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Because things are the way they are, things
will not stay the way they are

Bertolt Brecht



Foreword

Creating value in any service market depends on many key factors. These include
the ability to work closely with customers, partners and suppliers; the ability to
anticipate customers’ future requirements; and the ability to integrate and optimise
business processes, people, tools and information to create value-added service
systems and solutions.

In today’s business environment, increased pressure on budgets means that
customers are increasingly looking for greater value for money, and long-term
service contracts to support complex engineering products are becoming the norm.
Customers for complex engineering products are not passive recipients of goods;
they recognise the need for close integration of service systems with their own
business systems and are taking an active role in working with their suppliers to
ensure those services deliver the outputs they need in an affordable way.

BAE Systems is not only one of the world’s largest manufacturers in the
defence, security and aerospace sectors; it is also one of the largest service pro-
viders in this industry. We have some of the best engineers in the world, creating
highly complex engineering solutions for our customers, and providing support
and services for these products requires complex engineering service systems. As
well as integrating industrial capabilities, complex service systems are often
embedded within a customer’s organisation, with multiple supply chains and an
extensive network of subordinate service providers.

The field of complex engineering service systems is a developing area of
interest for both ourselves, as industrial practitioners, and the academic researchers
with whom we collaborated in the areas described in this book. As an organisation
we have had the privilege, along with the UK Engineering and Physical Sciences
Research Council, of supporting the research undertaken by the Support Service
Solutions: Strategy and Transformation Project (S4T), upon which this book is
based.

The research carried out in this field has helped us to explore and address the
complexity of the challenging new environment in which our business operates to
support our customers better. Working with the S4T researchers and academics has
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given us insights and different perspectives into what underpins value-added ser-
vice offerings.

Complex engineering service systems do require new ways of thinking; changes
in mindset and an evolution in business models, processes, organisation, tools and
information management, to deliver continually improving performance over
product lifecycles that span decades. Our commitment to research in this field is
about investment in our future, to maximise our potential and to provide the
highest levels of service and best value for money for our customers.

I am proud that BAE Systems has supported the work described in this book. It
follows many years of association between people in the company and the Uni-
versity of Cambridge and its Institute for Manufacturing, and other institutions.
The result is a very powerful mix of academic research, innovation, rigour and
above all systems thinking, all being driven by clear business requirements as we
break new ground in this field. I am delighted to see the results of these collab-
orations being published.

Peter Fielder
B Eng(Hons), MA Mgmt, FIET, C Eng, MAPM, Hon FAPM

Managing Director
Performance Excellence

BAE Systems
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Chapter 1
Towards a Core Integrative Framework
for Complex Engineering Service Systems

Irene Ng, Glenn Parry, Duncan McFarlane and Paul Tasker

Abstract Complex Engineering Service provision is a developing area for both
practitioners and academics. Delivery requires an integrated offering, drawing
upon company, customer and supplier resources to deliver value that is an inte-
gration of complex engineered assets, people and technology. For a business to
present a sustainable value proposition, managers are required to develop a diverse
skill set, working dynamically across previously separated business areas with
established company boundaries. In this chapter we will present a framework for
complex engineering service system that is value-centric and that conceptually
integrates the chapters of this book. The framework proposes that the provision of
service requires companies to be capable of working together with their clients to
create value through three integrated transformations: people, information and
materials & equipment. Successful provision of complex engineering service
solutions therefore requires the integration and mastery of many different disci-
plines that bring about these transformations as well as understanding the
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interactions and links between both the transformations and the disciplines. The
challenge laid out in this chapter and developed throughout this book explores this
new environment, providing guidance and identifying areas requiring future work.

1.1 Introduction

Provision of goods has been a hallmark of manufacturing since the start of the
industrial era. Indeed, as early as 1776, Adam Smith proposed that the wealth of
nations was built upon a country’s ability to produce an excess quantity of goods
and then export this excess to generate wealth. This provided the foundation for
the dominant view of goods as the staple for value creation.

The key category of manufactured goods is ‘equipment’: systems generated to
provide a transforming function of their own. As equipment provision has become
more complex and as competition heightened, firms have felt the pressure to add
value, predominantly through the provision of services. Research has shown that
manufacturers provide services in the form of training, integration with clients’
capabilities, consultancy and other services related to the provision of equipment
(Ren 2009). Indeed, for many manufacturers to remain viable, research has shown
that they may need to diversify into the provision of services (Neely 2008). This
provision has been commonly referred to as the servitization of manufacturing.

Servitization has been discussed widely, frequently through an examination of
the move by manufacturers to generate greater returns by providing through-life
support for their products (Vandermerwe and Rada 1988; Matthyssens and Van-
dembempt 1988; Anderson and Narus 1995). The hazards and enablers to the
process of servitization have also been studied (Oliva and Kallenborg 2003; Mills
et al. 2008). However, due to the established paradigm that production of goods is
the basis of wealth creation, much of the discussion and analysis of engineering
service has been through the lens of goods-based thinking:

because manufacturing has been the dominant economic force of the last century, most
managers have been educated through experience and/or formal education to think about
strategic management in product-oriented terms. Unfortunately, a large part of this
experience is irrelevant to the management of many service businesses (Thomas 1978)

This raises the challenge for academics to question the assumptions upon which
conclusions are being drawn.

1.2 Theoretical Foundations

Servitization has resulted in combinations of offerings to generate value from both
products and services in bundled packages. These combinations of products and
services have been called Product Service Systems (PSS). Baines et al. (2007)

2 I. Ng et al.



defines PSS such that they embody ‘‘an integrated product and service offering
that delivers value in use’’, highlighting the importance of value. This introductory
chapter provides a value-centric integrated framework for Complex Engineering
Service (CES) systems which aims to deliver value to the customer through a
system of people, processes, assets and technology and the interactions between
them rather than the function of the individual components themselves. Such a
value is emergent from the CES system and not from a linear chain of operations
optimised individually. The understanding of CES systems requires individuals
within organisations to develop new skill sets as traditional boundaries are chal-
lenged and this presents further challenges as the current component, business unit
or functional operation of firms creates power bases that may provide resistance to
change. The trans-disciplinary challenge is also true for academics wishing to
understand and capture the nature of this new CES system as here too, reduc-
tionism is the dominant logic, with teaching split into subject disciplines without
focus on the interaction between them.

The move from design and manufacture of equipment and its corresponding
capabilities to a combination of activities and assets to achieve consistent and high
value outcomes is crucial to a world of depleting resources and to the global
sustainability movement.

The concept of value has long been discussed in academic literature. Organi-
sations have been called upon to deliver superior customer value as a major source
of competitive advantage (Payne and Holt 2001; Eggert et al. 2006; Liu et al.
2005; Ulaga and Eggert 2006). Similarly, value and customer orientation is echoed
amongst academics in different fields (Cannon and Homburg 2001; Chase 1978;
Amit and Zott 2001; Ramirez 1999; Kim and Mauborgne 1999). Indeed, Ravald
and Gronroos (1996) claimed that a firm’s ability to provide superior value is
regarded as one of the most successful competitive strategies in the nineties.
Within business-to-business (B2B) literature, delivering superior customer value
assists firms in developing and maintaining strategic buyer–seller relationships
(Liu et al. 2005), resulting in loyalty (Bolton and Drew 1991) and the potential to
grow margins and profits (Butz and Goodstein 1996). From the practitioner’s
domain, Drucker (1993) proposed that what value means to the customer is one of
the most important questions a business should ask. Thus, practitioners and aca-
demics alike have stressed the importance of delivering customer value as the key
to success.

The traditional notion of value is that of exchange value which underpins the
traditional customer–producer relationships, where each party exchanges one kind
of value for another (Bagozzi 1975), with something in exchange for something
else. However, contemporary literature has moved the discussion of value away
from this understanding to the concept of value-in-use (see Vargo and Lusch 2004,
2008; Schneider and Bowen 1995), which is evaluated by the customer rather than
the currency for the transfer of ownership of a particular ‘‘good’’. Value-in-use,
described by Marx, is ‘‘value only in use, and is realised only in the process of
consumption’’ [Marx 1867 (2001), p. 88]. In this regard, value and quality are
therefore significantly harder to conceptualise due to the requirement for the

1 Towards a Core Integrative Framework 3



customer to contribute to the service creation (Parasuraman et al. 1985), the notion
of value co-creation, as we will see from the book’s chapters. Thus, as proposed
by Ballantyne and Varey (2006), the exchange value implicitly includes an esti-
mate of the value-in-use of any ‘‘good’’ and activity that has been contractually
exchanged or promised for consumption. Sellers of services must focus upon use
through a relationship, ensuring the clients remain satisfied after the point of
exchange through constructive engagement, resolving their complaints and
meeting their future needs. Consequently, whether benefits to customers are
attained through tangible goods or through the activities of firms, a customer-
focused orientation would focus on value-in-use, delivered by the outcomes ren-
dered by a combination of equipment and activities. Where activities are often
tacit and heuristically driven and the equipment is highly complex in engineering
terms, the capability to design and deliver value becomes a challenge. This is thus
the book’s foundational premise.

A goods-centric legacy from the industrial era has embedded processes, sys-
tems and knowledge for the production of tangible products, which has been
effective in delivering high quality equipment, to the level of ‘six-sigma’ and the
like (Nonthaleerak and Henry 2008). As manufacturers add ‘service’ to the body of
goods-centric knowledge, the tendency is to treat services as an extension of that
body of knowledge. This is theoretically problematic for three reasons.

First, value in use for service activities would immediately imply an inseparability
of production and consumption (de Brentani 1991; Ng 2009). By its logical extension,
the delivery of value-in-use in service could happen at any and all encounters with the
customer, as the customer ‘uses’ the service. A goods-centric legacy of linear pro-
duction processes towards some tangible end may not hold for value that is amor-
phously delivered through a multitude of touchpoints with the customer.

Second, the use of tangible goods to achieve benefits is often conducted by the
customer away from the firm that manufactured it. Thus, for the manufacturing of
goods the responsibility of the firm ends at production or when the ownership of
the product has been transferred. In the delivery of service activities, however, the
firm’s responsibilities often include the customer where the customer’s capability
to use the service becomes the firm’s responsibility as well, so that beneficial
outcomes could be attained. A goods-centric mindset with boundaries of where
‘production’ ends may imply that the firm is only responsible for the delivery of
‘service activities’ which they undertake when faced with their customer. Such a
mindset results in a lack of motivation to truly understand how customers co-create
value with the firm, resulting in poor service outcomes.

Third, achievement of excellent service outcomes, as opposed to excellent
product outcomes, is through the contribution of resources by both the firm and the
customer. Traditional manufacturing systems, processes and knowledge frequently
exclude the customer resources in delivering a manufactured good. It may even be
proposed as a necessity to achieve consistent, high quality tangible goods. This
approach may need to be changed and the access to and integration with a cus-
tomer’s systems, processes and knowledge are proposed as a necessity for the
delivery of high quality service.

4 I. Ng et al.



To achieve a better understanding of this approach to service without the
baggage of goods-logic, some academic researchers have turned to service man-
agement research. Service management research, like research into production, has
a long history (Huang et al. 2009). Early work focussed upon goods as tangible
objects and services as intangible and a form of ‘performance’ (Say 1803; Senior
1863) and the concept that production and consumption are separate for goods, but
may be instantaneous for service (Hicks 1942). The intangibility and interaction
between producer and consumer formed two of the key building blocks for the
IHIP service definition [intangible, heterogeneous, inseparable and perishable]
which has been a touchstone for many service researchers (Kotler 2003). However,
much of this research is focused on service contexts that are inherently more
intangible in nature, such as hospitality, tourism, banking or telecommunication.
Even where tangible goods are involved, the goods are a component of the service.
In the way manufacturing researchers treat activities (services) as an extension of
manufactured goods, service management researchers often treat tangible goods as
merely a part of service activities, indicating that a service provision would range
from greater tangibility e.g., cosmetics, to highly intangible e.g., teaching and
education, on a spectrum (Shostack 1977). Such a point of view is also theoreti-
cally problematic.

While it is always possible to strategically distinguish between equipment and
people-based service offerings (Thomas 1978), it may not be meaningful. This is
because the operation of equipment may require different levels of skills. Thus,
equipment design and manufacture has to consider what is appropriate for the
market need and the cost of provision, whilst at the same time considering the
skills of the customer. For example most vending machines or carwashes are fully
automated and require very little skill to operate; dry cleaning equipment and the
projector in a cinema require relatively unskilled operators; civil aircraft require
highly skilled operators. The point is that from a value perspective, equipment
within a service environment is not unchangeable, particularly for engineering.
They are designed for ease of use and appropriate operability. Thus when cus-
tomers use equipment or goods that include service activity provision it is essential
that the combined offering delivered is integrated effectively to best serve the
customer’s requirement as well as being efficiently constructed for the firm. This
means that the equipment could be engineered and designed to facilitate service
activities provision just as processes and activities executed by service personnel
could be redesigned for better outcomes. For example, designing vehicles for ease
of service and repair became part of the focus of the thinking of German Porsche
automobile company, reducing the cost of service and maintenance at a later time
(Womack and Jones 1996, pp. 194). Particularly where service activities are tied to
equipment provision such as in the case of complex engineering equipment in
healthcare (MRI) or defence (fastjets), the understanding of use and outcomes
required by the customer over time could allow the organisation to change busi-
ness models, charging for use or outcomes (e.g., power by the hour� by Rolls
Royce) instead of equipment ownership. By not separating equipment from
activities and instead, focusing on benefits and the value offering in totality, firms

1 Towards a Core Integrative Framework 5



could also innovate for better outcomes and achieve efficiency gains from rede-
signed and re-engineered equipment that enable better service activities. There is
still great scope in both manufacturing and service fronts for exploring interactions
between equipment and services in creating service as an experience (Pine and
Gilmore 1998). More advanced knowledge on how equipment and service activ-
ities integrate and interact to deliver the outcomes is required.

Much of the research behind services and systems integration resides within the
information, communications and technology (ICT) literature where systems
integration has traditionally been about linking together different computing sys-
tems and software applications physically or functionally. Service related research
in the field of ICT has been growing significantly in recent years. Zhao et al.
(2007b) has provided comprehensive definitions on service computing, which
refers to an emerging area of computer sciences and engineering that includes a
collection of techniques, such as web services, service-oriented architectures, and
the associated computational techniques. Various other similar terms have been
used, such as services computing, service engineering, software as a service
(SaaS), service-oriented computing and service-centric computing (Zhao et al.
2007a). Moreover, the issue of service-oriented technologies such as web services
(Curbera et al. 2003, Brown et al. 2006; Demirkan and Goul 2006) and service-
oriented architectures (Spohrer et al. 2007) has also been the attention of many
information systems (IS) researchers who have endeavoured to design an inte-
grated service offering.

There are two theoretical criticisms of ICT research, both of which have come
from within the ICT domain. First is its focus on modularity and mechanistic
designs. ICT research often endeavours to modularise the service offering, where
modules are designed such that component interfaces are standardised, and
interdependencies amongst components are decoupled (e.g., Ulrich 1995; San-
chez and Mahoney 1996) so as to enable the outsourcing of design and pro-
duction of components and subsystems, within a predefined system architecture.
Thus, ICT research has often taken on the mechanistic, modular approach
towards technology, processes or people into some sort of component-based
architecture, so that the mixing and matching of modules could provide a best-
of-breed system (Lyons 2008). In a complex system offering of goods, people,
activities and technology, research has shown that components do not normally
‘click and play’. Indeed, a full specification of an entire system often does not
plan for interactions that could result in unpredictable emergent properties
(Prencipe et al. 2003; Ng et al. 2009).

Second, ICT research often over-emphasises the importance of technology in
value offering. To achieve value-in-use, the integrated offering of goods, activities,
people and technologies need to be effective in an integrated fashion, grounded on
how the customer could best engage with the service to achieve benefits, as well as
what is easiest or efficient for the firm where, in certain cases, less technology
could result in better outcomes.

In summary, the idea of ‘adding services’ to manufactured goods is based on a
flawed assumption that service activities are mere extensions of knowledge
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acquired in manufacturing goods. Similarly, service provision should not look
upon equipment manufacture as exogenous to the offering, even if it is less flexible
to redesign. A firm may have bundled resources that may be catalogued, but the
services those resources deliver are only realised during activity. Finally, tech-
nology may play a key role, but only as a way to enable value co-creation. From all
these perspectives, the need for a revolutionary rather than an evolutionary
approach is necessary.

1.3 Complex Engineering Service Systems: Core
Transformations

This book aims to reconcile the various streams of research through a value-centric
approach. Woodruff (1997) presented the following definition of customer value:

Customer value is a customer’s perceived preference for and evaluation of those product
attributes, attribute performances, and consequences arising from use that facilitate (or
block) achieving the customer’s goals and purposes in use situations.

Taking this value-centric approach, what operations need to be undertaken to
deliver value? A value-centric approach must therefore put value-in-use at the
centre of what the firm needs to deliver, in partnership with the customer. Con-
sequently, to achieve value in use, the firm has to ask how value is created and
understand the role of the customer within that space (Lengnick-Hall 1996).
Operations Management literature has proposed that firms deliver three generic
transformations. These three generic types of operations are often used to distin-
guish between organisation types. They are categorised on the basis of their
transformation process such as ‘material-processing operations’, ‘information
processing operations’, and ‘people-processing operations’—and academics have
discussed the various managerial challenges which differ across the three arche-
types (Morris and Johnston 1987; Ponsignon et al. 2007).

The three transformations are explained below:

• Transform materials and equipment (i.e., manufacturing and production, store,
move, repair, install, discard materials and equipment through supply chain,
repairs, obsolescence management, predictive maintenance)

• Transform information (i.e., design, store, move, analyse, change information
through knowledge management, information, communication and technologi-
cal strategies, data strategies in equipment management)

• Transform people (i.e., train use, change use, build trust through education,
influence, build relationships, change mindsets)

Operations literature has usually considered one type of transformation to be
dominant (e.g., Slack et al. 2004). Hence, hotels, schools and hospitals are about
transforming people, manufacturing and production are about transforming
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materials and equipment and media and information services such as Reuters and
CNN are about transforming information.

While the three transformations are useful to depict a particular industry or
sector, this model has an extended applicability to engineering services. In the
service and support of complex engineering equipment or systems, such as airports
or city transportation, what the customer considers as value, or experiences as
value in use, may no longer be delivered through only one form of transformation
but simultaneously through all three, particularly if the contracts are outcome
based (Ng et al. 2009). For example, consider the maintenance repair and overhaul
service of complex equipment such as ships, fastjets, submarines or tanks.
Materials and equipment transformation would be concerned with repair, main-
tenance, supply chain and logistics, information transformation would be con-
cerned with technology, information systems and communication with the
customer, and people transformation would be concerned with how customer and
the firm employees learn, react, use the equipment and interact with one another.
Even in early research (e.g., Lengnick-Hall 1996; McDaniel and Morris 1978),
customers have been proposed as a key outcome of transformation activities. To
meet the full value in use of the firm’s offering three integrated simultaneous
transformations are required. This provides us with a Core Integrative Framework
(CIF) and is shown in Fig. 1.1. The nomenclature reflects the development of a
more detailed CIF, bringing in key learning from the chapters, which is presented
at the end of the book.

When tasked to deliver the three transformations as the firm’s value proposition
to the customer, its respective delivery processes now interact with one another
and there is no guarantee that the processes and knowledge for each transformation
will complement each other if the delivery of all three was not designed into the
system. In a CES system the three core transformations form part of the integrated
value proposition, delivered through a value constellation (Normann and Ramirez
1993) and co-created with the customer.

Fig. 1.1 Simple core
integrative framework (CIF-
lite) for complex engineering
service systems
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The knowledge required to understand the various issues in complex engineering
service systems is, therefore, twofold: first, component knowledge of each type of
transformation; second, architectural or system knowledge which provides under-
standing of integration and how the value proposition will enable value co-creation
with the customer. Both types of knowledge are essential to inform research into
complex engineering service systems. However, research into component knowl-
edge needs to be mindful of the whole, whilst research into system knowledge has to
understand that the reduction of the system does not mean reduction of the system
into components. Yet, there is a temptation to reduce the CES system into its
components for ease of analysis and understanding. Indeed the standard scientific
approach surrounds the 3R’s of reduction, repeatability and refutation (Popper
1972). This has arisen essentially because many problems are complex and it
becomes much easier for scientists to select some aspects of a problem for further
detailed investigation. Science follows Descartes’ advice to analyse problems
piecemeal, that is, breaking down a phenomenon into its elemental parts. Accord-
ingly, scientific thinking is very closely associated with analytical (divided into its
constituent elements) thinking.

However, the reductionist approach is based on a number of assumptions that
we should consider before applying it to the problems of engineering solutions that
include equipment, human and technology interactions. The first and most crucial
assumption is that when dividing the complex problem into separate parts, we
assume that the elements of the whole are the same when examined independently
as when they are examined as a whole. This needs careful consideration. If the
elements are loosely connected then we can take them apart, analyse them,
improve or change them and then put them back together and the whole will be
improved. Whilst this may be true for the problems of simple mechanical systems,
does this assumption hold for complex wholes? For example can we take out a part
of the body e.g., the heart, modify it replace it back within the body and not expect
effects elsewhere?

Lipsey and Lancaster (1956) and Goldratt (1994) have identified implications
for the performance of parts where there is a close relationship. Goldratt pointed
out the implications of optimising one part of a whole process that was not the
limiting step. In his theory of constraints he points out that optimising the per-
formance of a process step upstream of the bottleneck will only increase work in
progress and working harder downstream is limited by the output of the bottleneck
(Goldratt 1994). Sprague (2007) sums this up neatly proposing that ‘‘Optimizing
the supply chain means convincing elements within that system to accept local sub
optimums for the good of the whole’’ (Sprague 2007). We argue that this holds for
any system rather than just supply chains. Thus, if we want to understand the
performance of the whole service system and if we have begun the understanding
by reducing to components, we would in essence be making three highly ques-
tionable assumptions; first, the connections between the parts must be very weak;
second, the relationship between the parts must be linear so that the parts can be
summed together to make the whole; and third, optimising each part will optimise
the whole. Our understanding of the three concurrent transformations would reject
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these assumptions as, with value co-creation and customer variability as core
factors, complexity becomes an inherent attribute of a through-life engineering
service system.

Complex systems may be characterised by the interdependence that exists
between the parts which make up a whole (Anderson 1999). Managers may create
the value proposition but must remain flexible and adapt to embrace change as
outcomes are emergent (Kao 1997; Snowden and Boone 2007; Santos 1998).
Organisational effectiveness is increased by ‘fit’ between structures and organising
mechanisms and the context in which they operate (Drago 1998; Brodbeck 2002).
But single organisations rarely own or control all the capabilities necessary to
deliver complex product systems. Bundling service in the business model increases
the complexity, which can be compounded through social and political complexity
between internal and external parties (Gann and Salter 2000). Gatekeepers stand at
an organisation’s boundaries and translate information between the internal and
external world of the enterprise (Lissack 1997). Standard processes of interaction
would provide greater clarity of communication, but the application of rigid
procedures would destroy the adaptable nature of the system. The gate keepers’
interaction with other business units, suppliers and customers requires greater
understanding and study.

Competitive advantage may be gained through creating the capability to con-
tinuously adapt and co-evolve within the complex environments created, embed-
ding a system capable of undergoing continuous metamorphosis in order to
respond to a dynamic business landscape (Brodbeck 2002; Lewin et al. 1999).
However, the rewards for the suppliers may not correlate with their capability as it
is suggested that it is the customer’s perception of complexity, not that of the
supplier which determines its contractual behaviour (Wikström et al. 2009). The
dynamics and complexity of the system are further influenced by two key vari-
ables, both driven by value co-creation with the customer. First, contracts deliv-
ering service and support of equipment and people may range from merely
supplying parts to delivering the availability of the equipment or to delivering the
full capability of the customer. Thus, the degree of value co-creation could be
contractually bound. Complexity arises when the firm shares resources across
multiple contracts with different degrees of partnerships with the customer.

Second, Woodruff (1997) and Ng (2007, 2008) observed that customer value
concepts differ because of time and context. For example, the firm and the cus-
tomer could be engaged in set tasks and activities together and yet the benefits are
different because of the context. This is the case for customers that face high
environmental variability such as in defence where the support of equipment and
people has to be designed to cater for delivery in a diverse set of environment,
from Afghanistan to training around the barracks. Thus, customer variability in
realising value needs to be factored into the design of the service system.

These system dynamics need to be recognised and organisational competency
developed to meet the evolving customer need through transformation. Transfor-
mation is an active process, implying a change of state from a current to a future
condition. The notion of service transformation, taken from a manufacturing
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perspective, is embodied in Fig. 1.2, where the manufacturing organisation is
engaged in a transformation from that which primarily delivers the value of
equipment manufacturing (i.e., the transformation of materials and equipment set
within the context of value in exchange) as the main value to the customer, to that
which delivers the value of transforming materials/equipment, information and
people (i.e., all three concurrently constituting value, working with the provider
understanding value in use), and in partnership with the customer, through the
realisation of value co-creation.

Thus, we define CES Competency as the ability of the firm to design, deliver
and manage the entire CES system that is able to carry out the three core trans-
formations above in a consistent, stable and profitable manner, co-creating value in
partnership with the customer. The development of CES competency is core to
companies engaged in the provision of complex engineering service. The com-
petence to work in this dynamic environment will be highly valued by customers
who realise greater value when working through partnerships.

1.4 Practice Implications

This book arose out of a research project entitled Service Support Solutions:
Strategy and Transition (S4T), a £2m project co-funded by the UK Engineering and
Physical Sciences Research Council and BAE Systems. Yet, the research on which
this book is based draws on a wide base of academic experience and is directly
applicable to other sectors struggling to contain and reduce the cost of those services
which are dependent on the sustainment of complex, long life engineering assets.

Fig. 1.2 Transformation challenge from manufacturer to partner in integrative service delivery
enterprise
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In the case of defence, government and taxpayer interest is in the ability to
deploy a defence service, essentially to provide the warfighter with the ability to
have the required military effect in accordance with sovereign political will. This
necessarily involves the cooperative working of a range of ‘‘customer’’ and other
public sector agents with a wide range of industrial agents working at a national, if
not a global scale. Each actor in the network is providing services to others all
focused on the overall objective of providing military capability with a central
theme of sustaining complex engineering assets, infrastructure and logistics from
which the value in use is as dependent on the customer and on the training of
operators, as it is on industrial efficiency. Operational and usage information is
required to effectively configure service delivery. The driving question is: how is
the overall service network best configured, how are its capabilities best integrated
and how are the underpinning assets best sustained to assure availability of the
desired overall service (military capability) at minimum cost?

It is suggested that there is little difference in principle between the defence
perspective on CES systems and that of other industries where a user service is
dependent on a complex and integrated delivery network reliant on complex, long-
life engineering systems. Obvious examples are: utilities—electricity, water and
gas—all of which have a complexity of service and/or ‘‘commodity’’ providers and
distributors largely sharing a complex and ageing infrastructure; mass transpor-
tation—particularly rail with a similarly complex range of service providers with
separate but common infrastructure provision; or medical services—particularly at
regional and national level with many users, service agents and a wide range of
assets and infrastructure.

Although the primary research base for this book has been defence, it is argued
that the resulting insights will have a broad applicability. However, the book is
developed from action-based research such that the underpinning case studies are
mostly (but not invariably) based on defence and BAE Systems’ programmes in
particular. Much use is made of the Tornado ATTAC programme (Availability
Transformation: Tornado Aircraft Contract) for case study material: this was ini-
tially a specific response by BAE Systems and the Ministry of Defence to the
escalating cost of supporting the UK fleet of fast jets with early success recognised
by the National Audit Office (NAO 2007). Whilst the ATTAC approach is becoming
the norm for the provision of ‘‘sustainment services’’ in the defence air sector, it is
arguably helping to point the way towards the development of more integrated
defence services which will be a better value for the UK taxpayer and is identifying
the issues associated with the co-creation of value between user, customer/owner
and service providers which need to be addressed in such complex service systems.
Clearly much more that can be done and the principle aim of this book is to identify
potential further steps for both practitioners and researchers interested in developing
the industry’s capability to deliver increasingly effective CES systems.

The work reported in the book does draw on other case studies: all are intro-
duced within the chapters which draw on particular insights or data so that the
individual chapters are able to stand alone. Defence air is perhaps disproportion-
ately represented because it is acknowledged, in many respects, to be leading the
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practice in the field. Other studies covered in defence are naval, land and missile
systems, in the civil sector, developing experience in commercial air and some
‘‘business to consumer’’ services reliant on logistics and technology such as
breakdown recovery. Tentative conclusions are drawn on a case-by-case basis.
Whilst the integrating framework provides an overall architecture within which the
chapter subjects, case studies and the resulting insights may fit, it is too early to
draw any overall conclusions.

One thing is clear: there is a developing imperative for users, owners and
operators of complex infrastructure and other engineering assets to improve ‘‘value
in use’’, and this is dependent on the development of service delivery networks that
are highly integrated, both behaviourally and organisationally, towards the co-
creation of value and which have efficient (or lean) engineering management of the
assets on which the service depends at their centre.

We consider the key dimensions of CES systems as: service performance and
operational management, the service supply network configuration and capability
and the engineering associated with efficiently sustaining the assets in service over
very long lifetimes. Service performance and operational management is about
ensuring that the customer and stakeholder needs are met and that users experience
a value in use to at least match their expectations. These services are invariably
provided as a result of integrating capabilities and individual outcomes across an
extensive network of agents—within a complex customer organisation, with
multiple supply channels and with a multitude of subordinate service providers.
And the engineering is truly challenging—these systems are being asked to operate
at the extremes of their performance availability over lifetimes spanning decades.
Frequent updates are needed to sustain or improve performance, operating safety
or environmental impact whilst increasingly efficient means need to be found to
deliver system maintenance which usually represents a significant proportion of
the overall service cost.

Although the case studies on which the research reported in this book is based
cover only aspects of this overall picture, it is suggested the complexity of defence
systems provides a good start towards understanding the imperatives in what is
essentially a new field of study and practice. In describing the case studies in each
chapter, authors have tried to reduce the ‘‘defence jargon’’ as much as possible in
order to help understanding of potential broader application. Where insights and
tentative conclusions are drawn these have, wherever possible, been expressed in
generic language.

1.5 Three Core Transformations as a Structure

The Core Integrative Framework (CIF) is foundational to research into the pro-
vision of CES systems, providing a basis for communication, understanding and
integration. It was with reference to the framework and transformations that this
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book and the contributions from authors were shaped. The outline of the book is
mapped onto the CIF in Fig. 1.3.

Part I of the book will address Organisational Transformation. The work
explores the meaning of Service Enterprise and how transformation may take
place. The challenges involved when transforming a complex multi-organisational
service enterprise are examined. The section further presents developmental tools
for enterprise transformation. ‘Enterprise Imaging’ describes a methodology used
to visualise multi-organisational entities that co-create value. The output of the
tool is an image of the organisation that is to be transformed, including partners,
contractors and sub-organisations. A developmental tool for complexity manage-
ment is then presented, based upon a framework capturing the factors identified by
ATTAC managers as making their enterprise complex. It is proposed that this
framework is used for discussion of complexities, leading to identification and
removal of unnecessarily complex structures and hence lowering cost and focus-
sing effort on complexities that are necessary to value creation. The section
concludes with an exploration of the service aspirations and fears of the ATTAC
contract stakeholders. For long term value to be co-created it is proposed that the
entirety of the required service, including but not limited to the service explicitly

Fig. 1.3 Transformation challenge from manufacturer to partner in integrative complex
engineering service system
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described in the contract, is articulated. This section includes all three forms of
transformation captured in the CIF.

Part II provides some of the foundations necessary for service contract devel-
opment and delivery. Initial work identifies the capabilities required to co-create
value within a ‘value-web’. Capabilities are mapped against core attributes of
value co-creation. It is proposed that this matrix be used to define a firm’s service
capability. The following chapter maps the major classes of uncertainty within
service contracts against service delivery cost drivers. The resultant uncertainty-
based cost framework provides information which may be used for service con-
tract development and negotiation. A study of how incentives in service contracts
impact upon organisational behaviour is presented. Service contract incentives
encourage flexibility and adaptability, but this may contradict cost reduction
objectives. Performance is dependent upon the customer and, therefore, incentive
mechanisms may include customer performance. The section concludes with an
analysis of the dependence of community level relationships upon successful
service delivery. The work presents the transition observed in two contracts, from
inter-personal relationships to community level relationships as the contracts
matured. The section touches upon all three transformations as work covers
capability, uncertainty of costing, incentives in contracts and relational
governance.

Part III is focussed upon the challenges of transforming information. The
section begins by introducing a model for the identification of service information
requirements. Combining the aspects of service supply networks and service
lifecycles, this 12-box model utilises a traffic light approach to signal how well
current solutions address information requirements. The section continues with the
analysis of how computer-based simulations play an important role in under-
standing trade-offs between service affordability and performance when devel-
oping service contracts. An application of discrete event simulation to service
systems for complex engineering products is described. Finally a service infor-
mation blueprint is introduced as a means of defining service contracts, processes
and relationships between the two.

Part IV is product transformation focused. The work presented shows how
products may be better managed for service provision, beginning by introducing
service support solutions used by the UK MoD to deliver contracts for both
availability and capability. An overview of techniques to plan equipment avail-
ability and maintenance is then given to raise awareness of techniques that may
strengthen support solutions. This is followed by a piece of work focused on the
applicability and implementation of predictive maintenance, providing details of
combining prognostic modelling with Condition Based Maintenance (CBM) and
how this may improve the repair and maintenance service provided for complex
systems. The section continues with work on operational requirements for com-
ponent replacement decision analysis and explores approaches to estimate maxi-
mum availability whilst preventing component failures. Research is then presented
into delay time modelling that may be used to optimise maintenance service
intervals with respect to specific criteria, such as system cost, downtime and
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reliability. Work using simulation methods to develop service procedures follows.
This shows how simulated service operations may inform support outcomes in
terms of learning, cost and process. A framework for the development of a
Maintenance Dashboard is then proposed which delivers status information to
stakeholders whilst an asset is ‘active’, aiding consistent decision making. In the
concluding chapter of this section modernisation of platforms through the insertion
of new technology is examined. This requires interaction between three principal
stakeholders: acquisition authority; product-service system provider; and end-user.
A transformation mapping approach has been developed which brings these three
groups together to set their joint vision and plan activities.

The final section of the book, Part V, returns to explore in more detail the
question we have begun to address in this chapter: how do we produce integrating
frameworks that link together the different disciplinary areas required to deliver
service?

It is noted that the transformation of people element of the CIF does not have a
specific section within this book. Many of the sections contribute to knowledge in
this area, but there is scope for further and more detailed work to be done. As further
service type contracts are put out to tender, further work may focus upon the
transformation of people, as they transform from a product to a service mindset.

Whilst the book reflects the work of a large number of academic and industrial
contributors, it does not claim to provide the full picture of complex engineering
service systems. Research in this area is ongoing and this book aims to set con-
ceptual foundations upon which others can build. We seek to provide an overview
and sufficient detail to engage the reader in the subject, both through the research
done to date and in identifying the gaps and continuing questions. We hope our
book represents a starting point for future researchers and practitioners engaging in
the challenge of designing, delivering and evaluating Complex Engineering Ser-
vice Systems.
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Part I
Organisation and Enterprise

Valerie Purchase, John Mills and Glenn Parry

Complex engineering service systems inevitably involve complex organisational
solutions which go beyond the boundaries of single organisations. The challenges
inherent in the delivery of complex, co-created services are considerable and
re-quire a significant shift in perspective and practices among the partners.

Each chapter in this section describes work undertaken within the S4T
programme work package tasked with examining the ‘organisational transforma-
tion’ necessary for the delivery of through-life support services. The chapters are
based on an in depth case study of the ATTAC programme, an early example of
the move to complex engineering availability service contract by a firm with a
strong heritage of design and manufacture. It provided a clear opportunity to
examine organisational transformation in action. The successful transformation of
complex service systems is a difficult and challenging undertaking for all
stakeholders as the literature review within the first chapter highlights. BAE
Systems and their partners have met those challenges and are breaking new
ground in their ways of co-creating value. The case study represents a stage in this
service journey and was offered by BAE Systems and their partners to enable
learning from some of the challenges identified and addressed in their
transformation.

ATTAC is a long-term, whole-aircraft availability contract where BAE
Systems takes prime responsibility to provide Tornado aircraft with a complex
service of depth maintenance and upgrades, incentivised to achieve defined levels
of available aircraft, spares and technical support at a target cost. However,
within this research project it quickly became apparent that no single organisation
delivered ATTAC. Instead the programme was delivered by a ‘multi-organisa-
tional service enterprise’ encompassing a complex network of co-dependent
organisational entities that must collaborate to deliver the contract KPIs and to
co-create further value via ongoing service improvement and cost reduction.
Within this section we examine some of the challenges involved in the
management and transformation of this complex service enterprise. The chapters
share a research community comprising academic, provider and client contrib-
utors, and present a range of perspectives and insights from our case study work.



The chapters also share recognition of the need to adopt a holistic multi-
organisational enterprise perspective in organising for the delivery of complex
engineering services.

In the first chapter entitled Service Enterprise Transformation, the partnered
organisation of ATTAC is briefly described, and the case study methodology
introduced. The chapter then examines the challenges in transforming a complex
multi-organisational service enterprise. The transformation is explored in three
parts: understanding the drivers and challenges inherent in the move to service;
examining the need for a ‘holistic enterprise perspective’ for service delivery in
complex engineering systems; and finally capturing the challenges in undertaking
such a complex transformation process.

One of the key challenges for the management of complex service enterprises is
identifying the organisational participants and enterprise boundaries. Chapter 2 on
Enterprise Imaging describes a methodology used to visualise the complex part-
nership of multi-organisational entities that participate in the co-creation of the
ATTAC support service. This enterprise level visual management tool sheds light
on the significant level of organisational complexity involved, yet makes explicit
the sub organisations within both client and provider that must co-create the
overall service. In this way it answers the question ‘‘What organisation needs to be
transformed?’’

Complex services involve complex organisational solutions but what factors
create this complexity? The research theme of complexity was given broader
consideration in the third chapter; Complexity Management identifies the set of
factors that add to the complexity of the ATTAC availability contract. The
complexity factors are described in context and a framework is presented which
clusters them into six key areas. It is proposed that this framework may then be
used as a tool for analysis and management of complexity.

Optimising organisational and enterprise solutions to deliver services, implies
that the required services within such contracts are clearly known to all parties.
Within the final chapter in this section, the need for recognition and exploration
of enterprise stakeholder aspirations and fears for service provision is explored.
A preliminary analysis of case study findings enables the translation of public
sector client aspirations and fears into the services necessary for a complex,
long-term service availability contract. Here we explore the operational services
demanded by the contract, the support services required to deliver the
operational service, which may or may not be explicitly described in the
contract, and strategic services highly desired by the client but absent from
the contract. This research begins to identify and focus on enterprise level
services requiring co-creation by combinations of organisations from client and
provider communities.

The research programme which underpins this section, like the ATTAC pro-
gramme itself, has been undertaken by a multi-organisational team of academics,
BAE Systems’ on-base service management team, MoD, and organisational
sponsors and contributors from the BAE Systems’ back offices. This ‘research
enterprise’ and agenda are continuing to explore issues relating to the management
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of complex service enterprises. This will involve making contributions to practice;
theory building in the areas of complex co-creation of value in service enterprises;
and supporting the generation of conceptual frameworks and ‘enterprise level’
tools to improve service enterprises leadership and performance.

Part I Organisation and Enterprise 23



Chapter 2
Service Enterprise Transformation

Valerie Purchase, Glenn Parry and John Mills

Abstract This chapter examines the challenges in transforming a complex multi-
organisational service enterprise. It builds on a review of relevant literature and an
empirical analysis of the early experience and lessons learned by industry and
MoD partners in the ATTAC (ATTAC (Availability Transformation: Tornado
Aircraft Contract) is a long-term, whole-aircraft availability contract where BAE
Systems take prime responsibility to provide Tornado aircraft with depth support
and upgrades, incentivised to achieve defined levels of available aircraft, spares
and technical support at a target cost.) enterprise which delivers a through life
support programme in the defence sector. The transformation will be explored
within three sections. The first illustrates and further develops current under-
standing of the drivers and challenges inherent in the move to service. In the
second section, the need for a ‘holistic enterprise perspective’ for service delivery
in complex engineering systems is discussed and illustrated through the ATTAC
case study. Finally, the challenges in undertaking such a complex transformation
process are discussed. The frameworks created may support future service enter-
prise leaders in identifying and communicating to all stakeholders the key drivers
for the transition to through-life support services and assessing the key barriers
which may be faced in managing their own transformation.

2.1 Introduction

Many organisations are in the process of moving from a product- to a service-
based business model. Such changes are driven by a variety of factors including
the opportunity to create a more stable source of revenue; to establish a source of
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competitive advantage and differentiation; and the opportunity through services to
build or maintain customer relationships. However, for companies who have a
long history as a product-focused business, such changes present a considerable
challenge in transforming processes, culture and relationships with customers.
Within this monograph, the focus is on complex engineering services which often
require multiple partners involved in co-creating complex customer solutions
beyond the capabilities of any individual organisation. In other words, the delivery
of complex engineering services requires a correspondingly complex multi-orga-
nisation ‘service enterprise’.

This chapter explores service enterprise transformation for the move to service.
A defence sector case study of a complex service enterprise, involving multiple
customer, prime and supplier partners, will be used to illustrate such efforts to
transform for service co-creation. The successful transformation of complex ser-
vice systems is a difficult and challenging undertaking for all stakeholders as the
literature review within the first chapter highlights. BAE Systems and their part-
ners have met those challenges and are breaking new ground in their ways of co-
creating value. The case study represents a stage in this service journey and was
offered by BAE Systems and their partners to enable learning from some of the
challenges identified and addressed in their transformation.

Following this introductory section, the chapter will be structured as follows:

• Section 2.2 will provide a brief overview of the ATTAC case study describing
the methodology used and identifying an outline of key parties involved in
delivering the programme;

• Section 2.3 will examine the key drivers in the shift from product to services,
and challenges to implementation at the individual, organisational and inter-
organisational levels;

• Section 2.4 will outline and discuss factors driving the adoption of a multi-
organisational ‘service enterprise’ for complex delivery of customer value;

• Finally in Sect. 2.5, the case study findings on the partners’ experience of the
overall transformation and change cycle for ATTAC will be discussed. Partner
behaviours, characteristics of each phase and changing relationships will be
illustrated and lessons will be identified for future implementation of service
contracts.

2.2 The ATTAC Case Study: Overview and Methodology

An in-depth case study of the ATTAC programme enabled researchers to examine
the transition involved in implementing the ATTAC contract for through-life
support. Through case study methodology phenomena can be examined in situ and
the meanings actors bring to such phenomena can be better understood. Case study
research is also useful when the aim of the research is to answer ‘how’ and ‘why’
questions (Yin 2003). This matches the wider aims of this research to gain an
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understanding of how and why such complex service provision contracts actually
materialise in practice, as perceived by involved (and uninvolved) actors in the
Provider and the Client. The ATTAC case study was chosen for two main rea-
sons—it was the first of its scale and complexity between the Provider and the
Client. Though both parties intended to continue to let and bid for such contracts,
this first attempt was an opportunity for both parties to learn and this enabled the
researchers to interview widely—six client and 22 provider interviews were
conducted. These informants were classified into three groups—those involved in
the design and implementation of the contract; those who supported implemen-
tation; and those who viewed the contract from a distance. The interviews were
conducted in 2008 and were semi-structured, face-to-face taking an average of
1.5 h each. Interviews enable researchers to uncover how informants perceive and
interpret situations and events (Bryman 2008). Themes covered were the scope of
the contract; their role in implementation and the obstacles and enablers they met;
their perceptions of issues in other areas of the implementation. The case study
analysis presented in the chapter has been rigorously validated through a series of
presentations to key customer and provider contract and support functions. Written
reports have also been made available for validation and feedback (Yin 2003). A
brief overview of the ATTAC programme and contributing partners is provided
below.

The UK Ministry of Defence (MoD) is increasingly opening the support of
military systems to private companies, and working in partnership with multiple
organisations to deliver support. One example is ATTAC (Availability Transfor-
mation: Tornado Aircraft Contracts), a long-term, whole-aircraft availability
contract where BAE Systems take prime responsibility to provide Tornado aircraft
with depth support and upgrades, incentivised to achieve defined levels of avail-
able aircraft, spares and technical support at a target cost.

The support contract is delivered through a complex ‘multi-organisational
service enterprise’ comprising a variety of on-base organisations at RAF Marham,
supported by off-base organisations acting in partnership (Mills et al. 2009). The
drivers for the adoption of this partnered approach was the need for reductions in
the cost of providing this service and the belief that the service could be more
effectively delivered through closer working between public and private sector
partners.

From the time an aircraft is recalled for servicing, to the time it becomes
available again for further duties, a wide variety of organisations and sub-organ-
isations have collaborated in providing this ‘availability service’.

BAE Systems are the prime service provider and perform many key roles either
directly or through managing RAF personnel to deliver their services. Managed by
BAE Systems, a ‘fleet management’ organisation provides the planning activities
that translate the RAF Squadron requirements for Tornados into the schedule of
aircraft through maintenance hangers. BAE Systems then manage the hanger
activity, staffed by both BAE Systems and the customer RAF Air Command
personnel, where the operational services are delivered.
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Engineering support is managed by BAE Systems based at both RAF Marham
and their other sites. This activity resolves technical queries and safety issues and
is similarly staffed by RAF and industry personnel.

The Defence Equipment & Support (DE&S)-managed Tornado IPT (Integrated
Project Team) contains solely MOD staff covering administration, engineering,
logistics, and commercial support of ATTAC on behalf of the Ministry of Defence.
This organisation is responsible for airworthiness and procurement and monitoring
of contract performance.

Following maintenance, the aircraft may need to be repainted. A third party
company provides a painting service, one of the later in-line processes in the
delivery of maintained aircraft and, therefore, a significant dependency.

None of the support services would be possible without the variety of sub-
organisations within RAF Air Command who both provide and are responsible for
the hangars themselves, and their electrical/hydraulic power and information
technology infrastructure.

A number of the supply chain organisations are also a critical part of this multi-
organisational service enterprise. Spare components and systems are provided by
both the prime and sub-tier supply organisations, which may deliver to the prime,
to the customer or directly to the RAF squadron for aircraft on duty. Finally, a
further organisation, the Defence Storage and Distribution Agency, is the sole
provider of transport and off-base storage of Tornado parts.

The ATTAC services are co-created by a complex and inter-dependent multi-
organisational service enterprise, which must align and coordinate activities to
support delivery of the service for the RAF. However, in order to fulfil this role,
the contributing partners and in particular BAE Systems have to undergo a sig-
nificant transformation in their ways of working and indeed in the business model
or rationale underpinning their practices. In the sections to follow, this transfor-
mation is explored in terms of the focus for transformation—the drivers and
challenges in the move to service; the need for a holistic multi-organisational
enterprise response; and finally, an exploration of the nature of the transformation
process experienced by the service enterprise partners.

2.3 The Move to Service

Within this section, key drivers and challenges in the move to service are
identified within the literature and an analysis of how such factors are evident in
the ATTAC programme has also been provided. Key messages from interviews
with the ATTAC partners are presented in the text to illustrate participants’
perspectives on the drivers for transformation and the challenges faced. The
analysis examines the drivers for the move to service more holistically and
likewise, considers obstacles or challenges to achieving this transformation from
the point of view of all parties.
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2.3.1 Key Drivers in the Move to Service

What are the key drivers in the move from product to service orientation? Several
studies have highlighted financial factors as drivers for a transition from products
to services, such as the additional profits and revenues that can be achieved by
manufacturers by focusing on aftermarket activities (Wise and Baumgartner 1999;
Mathe and Shapiro 1993). Oliva and Kallenberg (2003) cite the following drivers:
the generation of revenue from installed base of products with long-life cycles;
services have higher margins than products; and services are a more stable source
of revenue, resistant to economic cycles that drive investment and equipment
purchases. Ward and Graves (2007) likewise identify financial factors as drivers
for the move to Through-life Management. However in their study, the emphasis
was less on increasing profits and revenues and more on cost reduction and rev-
enue protection in the long term. Cost reduction included direct benefits for sup-
plying companies and the reduction of cost of ownership for both military and civil
customers. They emphasised that the aerospace industry has already supplemented
product revenues with aftermarket revenues and are now more focused on agreeing
through-life contracts, which seek to capture life-cycle business and revenues at
the earliest possible stage and aim to reduce cost of ownership for customers. Such
drivers are clearly in evidence within the ATTAC programme where interviewees
were clear that the context for their business activities had changed. A change in
the geopolitical climate ending the ‘cold wars’ have resulted in shifts within the
defence sector from manufacture to service.

Several interviewees described the principal value proposition for the lead
supplier as ‘an opportunity to access ongoing support budgets for the Tornado
aircraft’. It was recognised that the traditional stream of business was diminishing
in that there would be ‘no new manned air defence platforms in the foreseeable
future’. The move to service was, therefore, being made to protect revenues. Such
long-term support contracts were also perceived as representing a considerable
opportunity for stable profit over time.

Returning to the research literature, customers are also demanding more ser-
vices. Oliva and Kallenberg (2003) identify the role of changes within customer
firms in prompting calls for service from their suppliers. They include factors, such
as pressure to downsize, more outsourcing, focus on core competencies, increasing
technological complexity and the consequent need for higher specialisation in
influencing requirements for greater levels of through-life service. The nature of
value for the customer would also seem to be changing. This is evidenced through
the customer demand for capability, availability, operability and affordability
(Ward and Graves 2007).

Clients want more value and this value is connected to the use and performance of
systems; they want solutions more than just products or services; they want to take
advantage of their supplier’s know-how and not just their product; they want an integrated
and global offering and are reluctant to do business with several suppliers; finally, they
want customised relationships Mathieu (2001, p. 458).
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MoD is also changing its definition of customer value—emphasising avail-
ability and capability for future contracts. There is a willingness from MoD to
transfer support of defence assets to the industry (Ministry of Defence 2005).

Cost reductions were a major driver for the ATTAC customer. The ATTAC
contract offered savings of at least £510 million over the first 10 years. Savings
arose from reductions in RAF and civilian personnel and the improvements a
commercial organisation was expected to bring to task (Mills et al. 2009).

Competitive factors have also been suggested as key drivers in the move from a
product to a service focus since services are more difficult to imitate, and are
therefore a sustainable source of competitive advantage (Oliva and Kallenberg
2003). Mathieu (2001) also identified a number of competitive advantages in the
transition from product to service delivery. Services, Mathieu suggested, offered
strong competitive advantage through differentiation opportunities; can help in
building industry barriers to entry; and services which directly enhance the value
of the tangible product and support its application are more effective as compet-
itive weapons than services of a more general nature. Superior service increases
both first-time and repeat sales, enhancing the market share. Additionally, the level
and quality of the services offered is an effective way to maintain on-going rela-
tionships. Hence, services also provide marketing opportunities and the opportu-
nity to maintain strong customer relationships. There was evidence that
relationship-building opportunities were recognised within the ATTAC pro-
gramme where the delivery of support services was acknowledged as a factor in
maintaining or strengthening the relationship with the customer and helping to
secure the loyalty.

Finally, Ward and Graves (2007) additionally identified the need for risk
reduction or risk transfer as a driving factor in the development of TLM contracts.
They found some evidence particularly from defence sector companies that the
adoption of TLM involves the transfer of risk from the customer down through the
supply chain that assumes much higher levels of operating risk, financial risk and
technological risk. The issue of transferring risk would seem to represent both a
key driver and challenge for the ATTAC programme. The transfer of risk from the
customer to the supply chain is more complex in the defence sector where there is
a need to retain national capability.

Although the drivers for suppliers and customers have here been presented
separately, there was a strong tendency for both supply and customer interviewees
to express mutually beneficial drivers for the programme. There was common
agreement among interviewees that the programme was developed to deliver
‘more for less’ in such a way as to provide benefits for all parties and a belief that
the service could be more effective through closer working between public and
private sector partners.

However, there was also clear recognition that the programme was a testing
ground for new forms of contracting and collaborative delivery and that many
challenges would need to be overcome to achieve this move to a service model. An
overview of the key drivers for the move to service is presented in Table 2.1.
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Table 2.1 Overview of key drivers in the move to service

Key drivers Factors identified within research
literaturea

Driver for ATTAC

Financial
factors

Opportunity for additional profits and
revenues; higher margins for
services; more stable source of
revenue; cost reduction and revenue
protection in the long term; reduced
cost of ownership

The principal value proposition of the
lead supplier is an opportunity to
access ongoing support budgets
for the Tornado aircraft. No new
manned air defence platforms in
the foreseeable future

Considerable opportunity for stable
profit in a growing world market

Customer
factors

Pressure on the customer to downsize,
outsource and focus on core
competence; changing definitions of
customer value—availability,
capability, operability, affordability

Cost reductions were a major driver
for the ATTAC customer. The
ATTAC contract offered savings
of at least £510 million over the
first 10 years. Savings arose from
reductions in RAF and civilian
personnel and the improvements a
commercial organisation was
expected to bring to the task

MoD is also changing its definition of
customer value—emphasising
availability and capability for
future contracts. There is a
willingness from MoD to transfer
support of defence assets to
industry

Competitive
factors

Services difficult to imitate; source of
competitive advantage and
differentiation; can help create
barriers to entry

BAE Systems may have also
recognised that providing
through-life services in the
Defence sector would be difficult
to imitate and provide competitive
advantage

Marketing
factors

Superior service increases first time and
repeat sales; enhances market share;
and supports maintenance of
customer relationships

The successful implementation of the
ATTAC programme may lead to
further contracts, enhancing
market share; and maintaining
customer relationships. The
contract is an enabler to maintain
capability for upgrades to existing
manned air defence assets

Risk reduction
or risk
transfer
factors

Transfer of risk from the customer to
the supply chain

The transfer of risk from the customer
to supply chain is more complex
in the defence sector where there
is a need to retain national
capability

a Key Sources: Mathieu (2001), Oliva and Kallenberg (2003), Gebauer et al. (2005) and Ward
and Graves (2007)
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2.3.2 Challenges Faced in the Transition to Service

The research literature examining the transition to through-life services draws
attention to a broad range of challenges to achieving this aim. Such challenges
exist at the individual level where managers struggle to adopt the necessary service
mindsets and behaviours; at the organisational level where structures, systems,
governance and culture may all conflict with service needs; and at the inter-
organisational level where partnerships can be difficult to form, traditional
adversarial relationships dominate and suppliers or customers may need to be
educated in different values and practices. The individual, organisational and inter-
organisational barriers to the move from a product to a service orientation are
summarised in Table 2.2 and discussed in detail in the following paragraphs.
Evidence of the existence of such barriers within the ATTAC case study is
assessed and any further obstacles identified.

Beginning at the individual level, Gebauer et al. (2005) point out that strong
managerial motivation is necessary to support the scale and complexity of change
towards servitization and through-life support. However, managers from a tradi-
tional manufacturing background have considerable scepticism which must be
overcome in order for the move from products to services to generate positive
outcomes for their businesses. They argue that such managers have a number of

Table 2.2 Summary of the challenges faced in the move to service

Individual Organisational Inter-organisational

Implementation barriers identified within the research literature
Management tendency to

overemphasise obvious,
tangible characteristics
over less tangible services
potentially leading to
under-resourcing services

Organisational culture may be
an obstacle requiring a
change from a traditional
industrial to a service
culture

The need to work with other
service providers adds
greater organisational
complexity

Management scepticism that
services will generate
positive business outcomes

Complex organisational
structures can be a barrier to
seamless delivery of
services

Suppliers and customers may
retain traditional
adversarial perspectives on
the partnership
relationships

Risk aversion limits
estimation of potential
rewards for service
operations.

Need to develop information
systems to support services
which require greater levels
of information sharing

The service vision needs to be
communicated throughout
the inter-organisational
network of service
providersResistance to the changes

needed to traditional
incentive and performance
measurement systems

Support functions such as HR,
Purchasing and Finance
need to be persuaded to
adapt from a product to
service orientationResistance to structural

changes which threaten
organisational units
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cognitive biases which mean they favour tangible products over rather intangible
services processes.

The overemphasis on obvious and tangible environmental characteristics explains, for
example, why managers do not place a high valance (reward) on extending the service
business, thus limiting the investment of resources in the service area. Scepticism of the
economic potential explains why managers underestimate the probability that their efforts
will result in successful performance. Risk aversion limits managerial expectations of
estimating accurately that (successful) performance will result in the rewards Gebauer
et al. (2005, p. 17).

Further, they suggest that behaviour aligning with such assumptions can
become a self-fulfilling prophecy. In other words, managers place low investments
of time and effort into service, leading to poor performance. This can then create
further scepticism of the economic benefits of the move to a service model and
exaggerated perceived risks, thus resulting in further low investment (Gebauer
et al. 2005). Within the ATTAC programme, there was also evidence of a degree
of scepticism among some individuals within both supplier and customer partners
concerning the degree to which the contract would deliver benefits and whether
partners would be able to move beyond traditional adversarial relationships. This
scepticism seemed, however, to lessen as the process of transition progressed; this
will be discussed in the later section on the process of transformation.

In addition to overcoming manager’s preferences for working with the tangible,
leaders of the transition to through-life support also need to recognise that some of
the necessary adaptations to create a service environment will be ‘politically
sensitive’. For example, moving away from traditional incentive and performance
systems can be challenging and disturbing for workers and managers. Mathieu
(2001) also recognised such political sensitivities where changes would be seen as
a threat to some organisational units and an opportunity for others. MoD efforts to
reduce costs through the implementation of the ATTAC contract would no doubt
have resulted in the major changes for individuals and units within the client
organisations. In such circumstances there would naturally be strong resistance to
change among some individuals. For BAE Systems managers, this move to service
may likewise have threatened or enhanced ‘empires’.

Finally, the ATTAC programme faced a further challenge relating to the
individual career plans of those involved in the programme. For BAE Systems the
issue faced was recruitment and retention for services on base, within an organi-
sation where the traditional career pathways were in production and linked to
‘visibility’ at the main headquarter sites.

At the wider organisational level there are also a number of potential obstacles
to the transition to through-life services. An organisation’s culture may also be an
obstacle to the move to through-life support. Mathieu (2001) argues that service
culture is specific and different from the traditional manufacturing culture and that
service firms would also tend to be organised differently from manufacturing firms.
She argues that a manufacturing company will benefit from the implementation of
a service strategy, only if it is successful in making the transition from a traditional
industrial culture to a service culture where service quality is paramount.
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The organisation’s traditional internal efficiency metrics applied in manufacturing
may also be inappropriate for many service activities (Gronroos and Ojasalo
2004). Many respondents within the ATTAC case study highlighted cultural
factors as a major challenge in achieving the successful move to service.

In particular, on-base service contract staff noted very different timescales
which were adopted by front and back office staff and the difficulties of changing
such practices.

Services are often delivered through complex organisational structures which
can be a potential barrier to the seamless delivery of services and support to the
customer.

The part of the business providing services or support may be different to the part of the
business acting as the interface to customers and suppliers. This results in complex
interactions and often conflict and delays between different parts of the organisation, Ward
and Graves (2007, p. 474).

Geographical dispersion and a broader sense of fragmentation presented a very
real problem for the ATTAC programme. This issue is discussed in the later
section on transformation.

Likewise, the development of information systems to support advanced ser-
vices, and through-life contracts is a key issue facing aerospace companies (Ward
and Graves 2007). The information needs are complex and require greater levels of
information sharing between the customer and the service provider.

The move towards through-life management and the development of advanced services,
such as equipment health monitoring, requires significantly higher levels of data sharing
between customers, manufacturers and service providers. Contracts based on availability
targets need detailed reliability, failure and usage data. Support chain management and
integrated logistics support also require access to customer inventory data… However,
respondents across the participating companies admit that data and knowledge sharing,
whether within their own organisations or with customers and suppliers, could be
improved (Ward and Graves 2007, p. 474).

Within ATTAC there was recognition that there needed to be significantly
greater information sharing and openness. There was also a recognition that
reporting mechanisms, while changing, often still reflected more traditional, pre-
dominantly product orientation of some of the managers within the business.

As Mathieu (2001) also suggests, support function services like Purchasing, HR
and Finance also need to be persuaded to adapt from the embedded mindset and
systems of a traditional equipment supply business to understand and respond to
service needs. This challenge was also in evidence within the ATTAC case study
where changes were required in the culture and practices of support staff from
functions based in the corporate main sites towards better supporting the needs of
the service contracts. Improving the transparency and visibility of service
requirements and back office support processes are thought to be key enablers for
this mindset change.

The transition to through-life solution provision often cannot be made by an
individual company operating alone (Ward and Graves 2007), which, therefore,
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brings further inter-organisational challenges to adopting a through-life service
approach.

Where partnering is required with other companies within a group, other manufacturers or
independent MRO and support providers, some of whom may be competitor organisations,
the picture becomes even more complex (Ward and Graves 2007, p. 474).

The need to work in unison with other service partners adds a further layer of
inter-organisational complexity to the journey that service companies must make.
Some of the Aerospace case examples, presented in their study, were hindered in
their move to through-life services by either their suppliers or customers who
retained a traditional view of aftermarket activities. Within the ATTAC pro-
gramme dependencies between partners are a critical issue, where a wide number
of stakeholders are involved in service delivery.

Foote et al. (2001) even suggest that changing the basis of relationships with
traditional clients may be so difficult that it is new clients without that baggage that
should be preferred. For the ATTAC partners there is not an option of changing
clients or indeed suppliers until contract review. Both parties have had to deal with
historical relationships and stereotypes and forge new relationships over time.
There is a recognition, however, that such relationships are largely between
individuals. Respondents suggested that there is a need to move from positive
individual relationships to broader organisational relationships.

In Table 2.3 the individual, organisational and inter-organisational barriers
experienced within ATTAC are summarised and provide a framework that can be
used to analyse and communicate relevant barriers to key stakeholders in the
transformation.

2.4 Taking an ‘Enterprise’ Perspective

Complex engineering service systems inevitably involve complex organisa-
tional solutions, which go beyond the boundary of single organisations. The
brief overview of the ATTAC programme makes clear the complex network of
organisational entities involved in value delivery to the MoD customer. The
complex multi-organisational nature of the ATTAC enterprise is illustrated and
discussed in greater detail in the next chapter on ‘enterprise imaging’. Within
this and subsequent chapters in this section of the monograph, we have adopted
a holistic ‘service enterprise’ perspective when discussing the ATTAC pro-
gramme. This perspective views the boundaries of the enterprise as incorpo-
rating all inter-dependant parties involved in value delivery rather than a single
and separate ‘organisational entity’ perspective. It is our contention that to
understand the delivery of value in complex engineering service systems, the
service enterprise needs to be viewed and managed from this holistic enterprise
perspective.
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2.4.1 What is an ‘Enterprise’?

It is significant when a leader in aerospace or any industry asserts that a given set of
activities - regardless of scale - must be viewed as an interconnected whole. That inter-
connected whole is an enterprise Murman et al. (2002, p. 8).

From Murman et al.’s perspective, it would seem that, in terms of distinct
boundaries, an enterprise is whatever an enterprise leader says it is. This would
seem to be a rather arbitrary boundary definition. However, while basing enterprise
boundary definitions on leadership assertions may seem to devalue the concept, it
may perhaps also be the concept’s greatest strength. Leaders establish a coherent
enterprise perspective to encourage the achievement of common goals. As Mur-
man et al. (2002) argue, ‘the meaning of enterprise is not always clear. Leaders and
others have to assert the interdependence of various stakeholders, and make clear
that they are part of a common enterprise’ (p. 13). Nightingale (2000) attempts to
capture the complex web of inter-related processes and organisations involved in
her definition of ‘enterprise’,

Enterprises are complex, highly integrated systems comprised of processes, organizations,
information and supporting technologies, with multifaceted interdependencies and inter-
relationships across their boundaries Nightingale (2000).

This definition describes some of the elements of an enterprise and emphasises
the necessary dependencies. It does not however, define the essential character-
istics of an enterprise.

In the absence of clear definitions, the following defining characteristics are
offered for a ‘service enterprise’. A ‘service enterprise’ is an ‘organising perspec-
tive’ which is: (a) proposed by a group of leaders (b) as a means of establishing a
holistic approach (c) among a number of disparate enterprise stakeholders (func-
tions, organisations), for the (d) achievement of common complex significant pur-
pose/mission (value creation and delivery, performance improvement), and which
(e) cannot be delivered by single entity thinking and practices (interdependence).

This definition also emphasises the role of leadership in promoting a holistic
enterprise perspective as a means of establishing coherence among a number of
interdependent parties engaged in service delivery. The definition also echoes that
commonly given to ‘organisations’ by organisation theorists who claim that
‘organisations arise from activities that individuals cannot perform by themselves
or that cannot be performed as efficiently and effectively alone as they can be with
the organised efforts of a group’ (Hatch and Cunliffe 2006).

2.4.2 The Need for Multi-Organisational Inter-Dependent
Enterprises

In the earlier section, the drivers for the move from a product- to a service-oriented
approach were discussed. Such a move might be undertaken by an individual company
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operating largely independently and as indicated, the move would face many chal-
lenges. Within complex engineering services such as ATTAC however, value is
delivered by many partners operating interdependently and consequently, the move to
service is significantly more complex. So why would organisations choose to adopt a
multi-organisational, inter-dependant approach to delivering value?

In this section we will examine some of the key factors in the adoption of a
multi-organisational enterprise approach to service delivery. Several inter-related
factors will be considered including: the trend for organisations to narrow the
scope of their activities and outsource all non-core activities; the growing
requirement of customers to have holistic solutions; the increasing involvement
of customers in the co-creation of value; and finally, the need to work collec-
tively with others in the value chain to both reduce costs and improve
performance.

2.4.2.1 Focus on core competence and outsourcing of non-core activities

Individual organisations are increasingly adopting a strategy of identifying and
focusing on their core competence. This leads to a narrowing of capability and
increased specialisation. A core competence perspective states that companies
should differentiate between their competencies as ‘‘core’’, those that are essential
to compete in the market and the firm is extremely good at, and ‘‘non-core’’ those
that are not essential to compete in their chosen market (Lonsdale and Cox 2000).
Only those competencies that are non-core should be performed externally by a
third party company.

This trend is now well established in many sectors where prime contractors are
increasingly relying on ‘full service’ suppliers for whole subsystems (Gadde and
Jellbo 2002:43), as well as being in charge of managing and designing their own
supply chain (Doran 2003).

The objective of this approach is that firms should strengthen and leverage
their core competencies (Ellram and Billington 2001) and outsource non-core
competencies. This is particularly the case when ‘‘the total costs of owning
[them] are demonstrably higher than sourcing externally, and the associated
risks of market failure or market power are not excessive’’ (Lonsdale and Cox
2000). The ATTAC programme provides evidence of the application of this
principle in the defence sector where industry is being expected to take on
roles which are considered ‘non-core’ for the MoD. However, there are risks
within this approach, for instance where the MoD has a need to retain skill and
capability for reasons of national security. There are consequently some res-
ervations among ATTAC partners regarding the nature of activities appropriate
for outsourcing and the need to maintain skills and capabilities within the
armed forces.
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2.4.2.2 ‘Holistic’ customer solutions which cannot be delivered by individual
companies

While individual organisations have been engaged in narrowing their strategic
focus onto certain technologies, services or processes, customers are moving in
the opposite direction, increasingly seeking total solutions and services. As
highlighted in an earlier section, the MoD is clearly moving towards seeking
total solutions for maintenance and upgrade of their various platforms as evi-
denced in the rise of through-life support and availability contracts (Ministry of
Defence 2005). To meet this customer need, organisations seek to offer total,
systemic product or service solutions. However, since the trend has been to
outsource non-core activities, fewer organisations are able to provide a one-stop
solution utilising their own resources alone. This problem has driven organisa-
tions in all sectors toward greater inter-organisational collaboration. The strategy
deployed is to offer the customer a complete solution and to achieve this inte-
gration of each of the elements via close collaboration with a network of spe-
cialist external providers (Möller and Halinen 1999). The proposition that
collaborative multi-organisational enterprises, rather than single companies, now
compete is well supported in the literature (Akkermans et al. 1999; Lawrence
1999; McAfee et al. 2002).

2.4.2.3 Increasing involvement of customers in the ‘co-creation of value’

The need to adopt a strategy of operating within integrated and inter-dependent
‘service enterprises’, is also prompted by the increasing involvement of customers
in ‘value co-creation’. This shift in view, where customers are part of the value
creating enterprise has been highlighted by many writers. Vargo and Lusch (2006,
2008) described the shift as moving from a traditional goods centred or ‘product-
dominant logic’ to an emerging ‘service dominant logic’. In the former way of
thinking, the customer was seen as the passive recipient of goods. Recent thinking
has recognised that the customer is a co-producer or co-creator of value. Prahalad
and Ramaswamy (2000, 2003) argued that companies should encourage the cus-
tomer to be proactively involved in co-creation of value. They describe customers
as being ‘co-opted’ into the design and delivery of services. Indeed, they suggest
that the co-creation of value has shifted our ways of thinking about products and
services and the boundaries between the provider and customer.

The ATTAC programme represents a complex engineering service which is
truly co-created with the customer. For example, the hangar maintenance activities
are managed by BAE Systems and resourced by a combination of BAE Systems,
RAF and others. Maintenance activities are only made possible through a number
of RAF provided services including electrical/hydraulic power and information
technology infrastructure for the hangar buildings. The engineering support again
provided by both BAE Systems and MoD personnel is necessary to resolve
technical queries and safety issues. Finally, the service enterprise includes the
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Defence Equipment & Support managed Tornado IPT (Integrated Project Team)
containing solely MoD staff covering administration, engineering, logistics, and
commercial support of ATTAC on behalf of the Ministry of Defence. This orga-
nisation is responsible for airworthiness and procurement and monitoring of
contract performance. Such complex co-creation of value requires a holistic
enterprise perspective to function effectively.

2.4.2.4 Need for collaborative cost reduction and performance
improvement

Finally, companies are finding it necessary to engage to adopt a multi-organisa-
tional service enterprise perspective in their drive to reduce overall service costs.
Globalisation and customer demands for better products and services at lower
costs have led companies to seek ways to reduce the overall cost of delivering
customer value. This pressure for cost reduction is explicitly built into the ATTAC
contract and the enterprise partners are actively seeking to eliminate waste and
generate improvements.

While individual company costs might be reduced by a single company
approach, the impact of such cost reductions may be detrimental to the whole
service system. Therefore, a multi-organisational service enterprise perspective is
needed to achieve significant and sustainable cost reduction. Inter-organisational
cost management techniques, including the use of target costing, may deliver
significant benefits if they are adopted in an integrated manner (Slagmulder 2002).
In the same vein, performance improvement in the overall service to customers is
similarly only possible from a service enterprise perspective, in order to avoid
‘islands of excellence’ in an otherwise dissatisfactory service.

The need for a more holistic enterprise perspective and the challenges involved
in achieving such an approach were widely recognised by all parties within the
ATTAC programme. An enterprise approach involving greater integration would,
for example, facilitate faster and more informed decision making than could be
achieved in ‘old functional or organisational silos’.

Progress has been made within the ATTAC programme towards achieving an
enterprise perspective, but many felt that inter-organisational boundaries needed to
be removed. Nevertheless, while the need for a holistic service enterprise per-
spective has been explored, achieving the goal of designing and managing such
multi-organisational enterprises remain a significant challenge for all organisations
including ATTAC.

There is perhaps a need for more effective communication of a common service
vision within the overall ATTAC enterprise. Certainly, Ward and Graves (2007)
emphasise the need for systematic and proactive communication of the service
vision throughout the internal and external network of service providers. They
highlight widely differing experiences of success in achieving such coherent
communication. One company described within the study has ‘embraced the
through-life concept with conviction’ and is actively implementing a service
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strategy externally and internally. This is being achieved through a combination of
service dominated website and advertising; communication of their service strat-
egy throughout their internal and external network; a training programme intro-
ducing service theory and knowledge; and recruitment policies emphasising
service skills. For other companies within their study, the adoption of a service
strategy to support through-life management does not appear to be a consistent
strategic message. In a context such as the ATTAC programme where the cus-
tomer plays such a strong role in the co-creation of value, it is difficult to deter-
mine whose role it is to develop and communicate the service vision and to lead
the necessary transformation to achieve service goals.

In the next chapter of this book on ‘enterprise imaging’, a methodology is
described for visualising and delineating the organisational entities involved in
delivering service including the service providers, the customer and the supply
chain. Regardless of where boundaries are drawn, it is clear that the move to
service will require a significant transformation for all partner organisations. This
transformation process is explored in the remaining part of this chapter.

2.5 The Transformation Process

Within the change management literature there have long been attempts to dis-
tinguish the levels of magnitude of change with many writers contrasting levels of
significance or extent of the desired change and the impacts of such changes.
These changes have been variously described as ‘realignment’ versus ‘transfor-
mation’ (Balogun and Hope-Hailey 2008); ‘incremental’ versus ‘radical’ (Baden-
Fuller and Stopford 1995); or ‘incremental change’ versus ‘reinvention’ (Goss
et al. 1998).

Transformation has been described as a ‘change which cannot be handled
within the existing paradigm and organisational routines: it entails a change in the
taken for granted assumptions and the ‘‘ways of doing things around here’’. It is a
fundamental change within the organization’ (Balogun and Hope-Hailey 2008,
p. 20).

Incremental change is not always enough for some businesses that require a
more fundamental shift in their capabilities. ‘These companies do not need to
improve themselves; they need to reinvent themselves. Reinvention is not
changing what is, but creating what is not (Goss et al. 1998, p. 85). They go on to
suggest that reinvention involves ‘altering your context’ and that in doing so, this
makes it possible for organisations to alter their culture and performance, and to do
so sustainably.

In relation to the move from a product to a service business model, Mathieu
(2001) suggests that

the most ambitious service strategies are the ones which provide the manufacturing
companies with the greatest benefits … Nevertheless, the most ambitious service strategies
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are also the riskiest because they have to support multiple costs associated with their
implementation and challenges deeply embedded assumptions within the business
(Mathieu 2001, p. 471).

The ATTAC service enterprise incorporating each of the organisational entities
involved in delivering and supporting the programme would appear to be under-
going a significant transformation which has yet to be fully completed. The
interview analysis with both industry and MoD partners provided evidence from
the participants’ perspective on the magnitude of change and the lack of recog-
nition of the scale and complexity of the changes involved. There was also rec-
ognition that the service enterprise transformation process was significantly more
complex than transforming a single organisation.

A lack of full recognition by leaders of the scale and impact of transformations
on the participants seems to be common across all sectors.

Executives have frequently underestimated the wrenching shift— the internal conflict and
soul-searching— that goes hand in hand with a break from the present way of thinking and
operating (Goss et al. 1998, p. 86).

There is certainly considerable evidence within the ATTAC case study that
participants have found the transformation to a co-created service extremely
challenging and that they have been through a cycle of changing reactions to this
transformation. The stages through which the ATTAC enterprise has proceeded
are presented in an analysis which builds upon the classical emotional change
cycle first identified by Kubler-Ross in relation to the grieving process (1973,
2005) and widely adapted for organisational change processes (Scott and Jaffe
1994).

As the now classic change cycle suggests, those involved in change typically go
through four phases in their emotional reactions to change—denial, where the
impact of changes are underestimated; resistance, as the consequences of change
are recognised; exploration, as those involved begin to make sense of the changes
and experiment with new ways of working; and finally commitment, where the
changing patterns are accepted and become embedded in normal practice (Scott
and Jaffe 1994).

The findings of the ATTAC case study analysis demonstrated that participants
went through a period of ‘denial’ in the early bid development stages of ATTAC
where the parties involved were unaware of the scale and scope of the transfor-
mation to new ways of working and relating.

At this early stage, BAE Systems and the MoD would seem to have been
working closely from what might be described as an integrated ‘service enterprise’
perspective, where they attempted to understand and co-design what might be
involved in a partnered process of service delivery. This was demonstrated through
such measures as ‘co-location’ and ‘having a joint mantra and joint mission
statement’.

However, this holistic perspective may have been at least partially abandoned
once the programme was underway in what could be described as the resistance or
‘discovery’ phase when the contract was being implemented. Realities began to be

2 Service Enterprise Transformation 43



faced, blame allocated and some resistance experienced. Respondents suggested
that some individuals were allocated to the service contract whose background was
in building aircraft and who did not understand how maintenance differed from
their normal context. Such individuals were resistant to the change to service.

During this difficult initial implementation period, the various enterprise part-
ners seem to have reverted to ‘single entity’ rather than ‘service enterprise’
thinking, as they began to face the very real challenges of delivering the pro-
gramme. This sense of fragmentation was evident not only between but within
organisations as well. Such divisions were felt between on-base staff who directly
managed the delivery of service and supporting functions who seemed not to
understand the changing needs and timescales under which the service providers
operated.

The perception among ATTAC personnel that they were ‘out on a limb’
operating in a very isolated way, was further reinforced by a geographical split.
On-base personnel were supported by functions based on one of the company’s
main sites approximately 200 miles away and whom it was felt, did not understand
the new service ways of working. It seemed to some respondents that senior
corporate management which had a strong presence ‘on base’ during the initial
bidding phase seemed also to have migrated away during this implementation
phase. During this challenging period, the need for enterprise cohesion was
expressed by many through a desire to be co-located in order to have a better
communication and greater visibility of service needs.

The exploration phase, also evidenced within the ATTAC interviews, repre-
sents a recognition that things need to be done differently and also a greater clarity
on the differences between old and new ways of working. It was for example,
recognised that organisational pace and the processes needed to support it in
design, development, and manufacture ‘where lead times are measured in years’,
was significantly different to maintenance and upgrade, ‘where lead times are
measured in weeks or hours’. There was also acknowledgment that while the old
business models were outdated, there remained significant vestiges of such models
in the industry ‘hierarchies’ and ‘power bases’.

At the time of data collection, efforts were being made to make the necessary
changes towards new ways of working. There was evidence of a number of
improvement activities and efforts to reconfigure the organisational arrangements
in order to provide better service. While such efforts to make improvements seem
to have been largely single organisation-led, there was, however, evidence of a
return to a joint and holistic service enterprise perspective. When the findings of
the ATTAC case study were fed back to all the parties involved, there was
common agreement among the interviewee respondents and others present that the
programme had not yet fully reached the commitment stage in the change cycle but
that there were significant signs that they were getting there. The commitment
stage would involve all service enterprise partners working to deliver and improve
the service offered from a holistic enterprise perspective rather than optimising for
individual organisational benefit. The ATTAC enterprise partners recognised that
joint thinking was required to work as an enterprise both across and within
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organisations, through the involvement of multi-disciplinary and multi-organisa-
tional teams rather than viewing issues as an ‘industry—’ or ‘customer-problem’.

There was also clear evidence within the ATTAC enterprise of strong rela-
tionships and a common sense of purpose developing. Greater contact between
service personnel, who had recent operational experience, and industry partners
led to stronger ‘connection’ between the contract services and their customers’
needs. This clear line of sight between service providers and users has helped to
incentivise people to perform their best to deliver value to their customers. There
was also a developing understanding that cohesion as a holistic service enterprise
required time and increased openness to better understand partners motivations
and ways of working.

As the ATTAC enterprise began to work more closely together, new questions
were raised concerning how service enterprises should be managed, and who
should lead such enterprises. Much has yet to be learnt in managing multi-
organisational service enterprises.

Stages in the experience of transformation through contract development and
implementation are summarised in Fig. 2.1, and characteristics and behaviours
encountered at each stage are briefly outlined. As the enterprise partners have gone
through the change cycle, they have moved from initial efforts to jointly manage
from a holistic ‘service enterprise perspective’ to ‘single entity thinking’ while
they struggled with the realities of implementation before seeing a return in later
stages to the enterprise level management.

Fig. 2.1 Stages experienced in the ATTAC transformation (adapted from Scott and Jaffe 1994)
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This model may be supportive to other complex service enterprises in
understanding the cycle experienced in developing co-created services. Further
research will clearly be necessary to determine if all enterprise stakeholders face
a journey from initial enterprise cohesion in designing services; through a dis-
covery phase where enterprise partnerships may be strained; to an eventual
return to cohesion as partners come to understand their inter-dependence in
co-creating value.

2.6 Conclusions and Future Work

Complex engineering service systems inevitably involve complex organisational
solutions, which go beyond the boundary of single organisations. In this chapter,
the need for complex multi-organisational service enterprises has been explored
and questions have been raised regarding the challenges of managing such
enterprises particularly where customers are heavily involved in value co-creation.
Finally, the study has shed some light on stages in the transformation process and
the experience of those involved. This study, and the related work presented in the
chapters within this section, begins to uncover the significant challenges faced in
‘organising’ to deliver complex services. There is evidence of the need to clarify
the service vision, including the key drivers for the move to service. Organisational
leaders likewise must recognise and address the challenges faced in moving from a
product-dominant focus to a service ethos. For complex services there are addi-
tional challenges in the need for leadership across a multi-organisational enter-
prise. Traditional relationships between the customer and suppliers must change as
all parties recognise their inter-dependence in co-creating value. The transition
model discussed highlights the evolving nature of organising to deliver service.
Enterprise partners must experience a learning curve in discovering how to work
together and deliver service in this new environment.

The challenges inherent in the delivery of complex, co-created services are
considerable and require a significant shift in perspective and practices among the
partners. This case study represents an early stage in this service journey for BAE
Systems and their partners and has provided insights into some of the necessary
transformations in ways of working and thinking. The research partnership
underpinning the contents of the chapter is ongoing and continues to generate
learning for the service science community. Many questions remain, concerning
how best to manage the transformation of complex service enterprises. However,
the frameworks created may support future service enterprise leaders in identifying
and communicating to all stakeholders, the key drivers for the transition to
through-life support services and assessing key barriers which may be faced during
their own transformation.
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2.7 Chapter Summary Questions

The chapter has highlighted the challenges faced by multi-organisational service
enterprises in managing the transition from a product- to service-based business
model for traditional manufacturing partners, their suppliers and customers.

• To what extent are the service enterprise partners clear about the driving forces
and motivations for the move to service?

• What are the key individual, organisational and inter-organisational challenges
faced in the transition to service?

• How can service enterprise partners be supported through the transition curve?
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Chapter 3
Enterprise Imaging: Visualising the Scope
and Dependencies of Complex Service
Enterprises

John Mills, Glenn Parry and Valerie Purchase

Abstract This chapter develops a two dimensional ‘‘Enterprise Image’’ capable of
assisting independent provider and client stakeholders to take a holistic perspective of
their roles in complex support enterprises. Though the case study describes a complex,
through-life, availability contract in the Defence sector (Empirical data are taken from
ATTAC (Availability Transformation: Tornado Aircraft Contracts), a long term,
whole-aircraft availability contract where BAE Systems take prime responsibility to
provide Tornado aircraft with depth support and upgrades, delivering defined levels of
available aircraft, spares and technical support at a target cost.), the image is believed to
be applicable in other sectors. This is particularly the case in public sector to private
sector contracts where both primary providers and clients have multiple aims and
further independent organisations provide key inputs necessary for successful out-
comes. In this environment the prime providers may manage combinations of their
own and client staff at the client’s premises using facilities provided by the client. Thus
the provider may be directly dependent on actions by the client to fulfil the contract.
This research contributes to provide a novel and structured mapping that illustrates the
interfaces and dependencies that can emerge from complex, multi-organisational,
contracts, provide a shared basis for co-operative discussion between stakeholders and
thus raise opportunities for new resource configurations and integration mechanisms
that create further value for clients and providers.

3.1 Introduction

In this chapter we take a lead from earlier chapters of this book in describing initial
methods for supporting a common and shared holistic understanding of complex,
support contracts, particularly applicable to public sector clients. While the need

J. Mills (&) � G. Parry � V. Purchase
Institute for Manufacturing, University of Cambridge, Cambridge, UK
e-mail: jfm@eng.cam.ac.uk

I. Ng et al. (eds.), Complex Engineering Service Systems, Decision Engineering,
DOI: 10.1007/978-0-85729-189-9_3, � Springer-Verlag London Limited 2011

49



for management methods that take a holistic, multi-organisational perspective has
been well rehearsed in notions like the ‘‘extended enterprise’’ (Dyer 2000)—sets of
firms that collaborate to produce a product, or ‘‘virtual organisations’’ (Ahuya and
Corley 1999)—and more recently in the previous chapter of this monograph, there
are major obstacles:

the mindset of many managers favours individual unit thinking over cross- functional and
cross-firm thinking and performance measures which emphasize individual business
success rather than supply chain success Spekman and Davies (2004)

This mindset has been common amongst managers within large, single or-
ganisations so the challenge for sets of independent organisations to co-ordinate
towards ‘‘enterprise goals’’ is likely to be extremely challenging notwithstanding
researchers’ advocacy of a holistic, integrated view of supply chains regardless of
organisational boundaries. Indeed, there are few suggestions as to how a recon-
figured/realigned enterprise working together to co-produce and co-create value
might be coordinated; how their decision processes might work; where the locus of
control might lie; or how strategy might be deployed. Also unclear is what form
such reconfigured relationships or realigned management activities might take;
how they would come about; how they would function; and the dynamics of their
operation. As a result, the transformation path from company-centric to collabo-
rative enterprise functioning is also yet to be described or defined theoretically.

Within the Core Integrative Framework (CIF) discussed in the Introduction
chapter, the need for management processes at a holistic, enterprise level that
encourages co-creation of improved value between providers and clients is clear.
This research takes that enterprise perspective, acknowledging both client and
provider roles in specifying and designing management systems, organisations and
attitudes that enable value co-creation. The clients for this research are inevitably
senior managers in client and provider organisations because managing complex
through-life service at an enterprise level will require methods and behaviours that
will lie outside the rules, methods and assumptions of normal single organisation
business practice. Developing approaches and solutions to these new requirements
and business models are tasks only they can authorise.

A logical first step towards an enterprise perspective is to establish a shared
understanding of the boundaries of the enterprise and to identify the requirements
for enterprise level management processes between the major provider and client
constituencies. Such a shared understanding would form the basis for identifying
the interests and value propositions of the enterprise as a whole and its constituent
organisations. This chapter sets out to develop an empirically derived visualisation
of a complex through-life support enterprise. The research is a first step in
developing a generic visualisation capable of providing an improved and shared
understanding by clearly communicating the interfaces, leadership and organisa-
tion challenges that arise in multi-organisational service enterprises.

The requirement for such a visualisation emerged from a case study of the
ATTAC contract focused on ‘‘organisational transformation’’ where the
researchers, despite many interviews within the client and provider communities,
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failed to find a comprehensive representation of the ATTAC service delivery
organisation. Further, a convincing description of how the contract was managed
at an Enterprise level, above the major stakeholders managing their own activities,
could not be found.

Simply speaking, the researchers could not answer the questions:

• What organisation needed transformation?
• Who was managing or will manage the Enterprise level of that transformation?

Local optima were thus likely to be developed that were not guaranteed to be
supportive of the ultimate client requirement—a requirement that the researchers
imagined to be concerned with the defence of the nation rather than the lower level
yet necessary objectives of the contract—lower costs and availability of spares and
aircraft for the client, alongside a reasonable profit for providers.

The chapter is organised into five sections presenting:

1. A review of research on the use of pictures to support the development of multi-
organisational enterprise level understanding of the interactions between pro-
viders and clients, leading to a structured pictorial framework on which to place
the organisations involved.

2. Case research methodology.
3. Case study analysis of the ATTAC support contract leading to the identification

of six organisation types involved in that enterprise and their placement on the
framework. This included sub organisations within both the prime service
provider and the client as well as key third party organisations.

4. A critique of the visualisation, the questions it has raised and the benefits that
accrued.

5. A discussion of opportunities for future research, particularly the development of a
structured tool to enable joint stakeholder construction of their Enterprise Image.

3.2 Literature Review

This review addresses two areas of existing research:

• The use of pictures to aid the understanding of organisational phenomena
• Representations of multiple organisations in general and specifically repre-

sentations of the interactions between service providers and their clients

3.2.1 Pictorial Representations of Organisational Phenomena

Meyer (1991) advocated visual approaches for collecting and representing the
‘‘fuzzy multi-dimensional constructs met when analyzing organisations’’ and the
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notion of multi-organisational enterprise is certainly one such construct. Research
on the use of ‘‘boundary objects1’’ (Star and Griesemer 1989) to share knowledge
across functional and divisional boundaries was extended by Carlile (2002) to
show how, through their use, actors from various areas of knowledge and expertise
can create a shared understanding of phenomena. In our case a pictorial repre-
sentation of a complex multi-organisational enterprise may form a boundary object
for actors involved in the organisations concerned. Further, from a practical per-
spective, there are other benefits to using a picture:

Structured, pictorial approaches can enable data gathering and representation to be
combined; can assist data analysis and therefore may enable a representation to be built
and analysed in the time managers will make available Mills et al. (1998).

It is important to understand that the aim here is neither to produce a method
that creates agreement on a picture/boundary object nor to produce a picture
showing the flow of decisions, services, parts or repairs. The stakeholders have
particular individual interests and roles that bias their perspective. The most that
can be expected is a shared understanding of how each stakeholder sees their
world and understands how other stakeholders see theirs. It is from the
acknowledgement of these differences of perspective and discussion around them
that a shared understanding may be formed.

Bresciani et al. (2008) have developed a ‘‘collaborative dimensions frame-
work’’ which can be used to assess a visual artefact’s effectiveness or otherwise in
promoting ‘‘collaboration in circumstances that involve distributed knowledge’’.
They identify seven dimensions based on the work of Green (1989) and Hund-
hausen (2005):

1. Visual impact The extent to which the diagram is attractive and is facilitating attention
and recall

2. Clarity The ability of the diagram to be self-explanatory and easily understandable
with reduced cognitive effort

3. Perceived
finishedness

The extent to which the visualisation resembles a final, polished product

4. Directed focus The extent to which the diagram draws attention to one or more items
5. Inference support The extent to which new insights are generated as a result of the constraints

of the visualisation form
6. Modifiability The degree to which the items in the visualisation can be altered in

response to the dynamics of discussion
7. Discourse

management
Control over the discussion and work flow

1 Artefacts, documents and perhaps even vocabulary that can help people from different
communities build a shared understanding. Boundary objects will be interpreted differently by
different communities.
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These dimensions have been used as design criteria in this research; note here
that the dimensions do not solely refer to the structure and shape of the finished
visualisation but to the medium used and the methods used to create it.

3.2.2 Representations of Multiple Organisations

Typically, representations of multiple organisations have been structured around
concepts like supply chain, supply network, or value chain. They show flows of
components, products and/or services, usually from left to right, taking a holistic view
of an organisation—one box per company or company location, see Fig. 3.1. They do
not, therefore, acknowledge that many organisations, especially those that are large,
complex and hierarchic, do not have processes that fully integrate the behaviour of
their sub-parts. This implies that a range of client and provider sub-organisations on
which front line service delivery organisations depend upon must be represented.

Many methodologies have been developed to support representation of the
more detailed flow of products, information and services, for example service
blueprinting, BPMN,2 COMET,3 or IDEF.4 These representations and methods
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2 http://www.bpmn.org/
3 http://www.modelbased.net/comet/index.html
4 http://www.idef.com/
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may generate output that is overly complex and difficult to interpret. Our focus is
on supplying senior management with a holistic appreciation of the enterprise of
which they are part and that can represent:

• The scope of the enterprise
• Dependencies within and between their organisations
• Enterprise management issues

Why senior managers? Because attempting to manage complex through-life
service at an enterprise level will require methods and behaviours that will lie
outside the rules, methods and assumptions of normal single organisation business
practice.

The most common service-specific representation is ‘service blueprinting’, a
potentially useful representation of the interfaces between service providers and
clients. There are a number of variants of service blueprinting described in the
literature, for example, Lovelock and Wirtz (2004), Kingman-Brundage (1989,
1993) and Shostack (1984). They are all representations of the interactions
between the client and manifestations of the service provider over time. A typical
representation used for service blueprinting is shown in Fig. 3.2.

The main applications of this visualisation have been in the consumer markets
of banking, retail and hospitality and have tended to focus on single value-adding
processes, rather than on the value-adding enterprise itself. Clients interact with
the provider face-to-face (within the line of visibility—Fig. 3.1), or remotely
perhaps by telephone or the Internet. A useful concept from blueprinting is the
notion of ‘‘backstage’’ and ‘‘onstage’’—separate but coordinated sub-organisations
within the provider organisation. While consumers do not possess a back office,
complex businesses and public sector clients do. An important limitation of the
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Fig. 3.2 Key elements of a service blueprint (adapted from Zeithaml et al. 2009)
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technique noted by Fließ and Kleinaltenkamp (2004) is its inability to capture
dependencies between actions by the client and service provider. This is an
important restriction since the client’s role in obtaining effective and efficient
service outcomes has long been known to be critical (Mills et al. 1983; Mills and
Morris 1986). More recently, the term ‘‘co-creation of value’’ has been widely
applied in the service literature (Vargo and Lusch 2006, 2008) and this research
aims to increase awareness of value co-creation in client, provider, and third party
organisations providing critical inputs. The importance of taking a sub-organisa-
tional perspective on co-creation is amplified by increasing complexity in the
service task and when client and service provider are complex and hierarchical.

After some experimentation the key elements of an Enterprise Image were
developed (see Fig. 3.3). The image differs from service blueprints in three
important respects:

1. Both client and provider have back-offices.5

2. The time dimension is omitted since our aim is to represent the key contributors
to service outcomes—not the detailed processes involved.

3. For simplicity, the line of internal interaction has been removed, again because
we are taking an organisational rather than a process view.

Client’s Line of Visibility

Provider’s Line of visibility

F  O
R  F
O  F
N  I
T  C

E

SERVICE
PROVIDER
BACK 
OFFICE

CLIENT
BACK 
OFFICE

Organisations in the Client’s Back Office
Necessary for supporting Front Office Services

Organisations in the Client’s Supply Chain necessary
to support Front Office Services

Organisations in the Provider’s Back Office
Necessary to support Front Office Services

Organisations in the Provider’s Supply Chain necessary
to  support Front Office Services

Organisations providing and receiving front-line services

Fig. 3.3 Generic enterprise image

5 ‘‘Office’’ was preferred to ‘‘Stage’’ by this case community.
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Note that the ‘‘front-office’’ represents the prime location of value co-creation,
wherever, geographically, that happens to be.

3.3 Case Study Research Methods

An in-depth case study of the ATTAC programme enabled researchers to examine
and interpret phenomena in situ and to understand the meanings actors bring to
such phenomena. Case study research is also useful when the aim of the research is
also to answer ‘how’ and ‘why’ questions (Yin 2003). This matches the wider aims
of this research, to gain an understanding of how and why such complex service
provision contracts actually materialise in practice. Though our overall focus was
on understanding the obstacles and enablers to effectively implementing the ser-
vice provision contract, our focus in this chapter is on the service enterprise issues
raised and how these might be better and more widely understood.

The particular case study was chosen for two main reasons—it was the first of
its scale and complexity between the Provider and the Client. Though both parties
intended to continue to let and bid for such contracts, this first attempt was an
opportunity for both parties to learn and this enabled the researchers to interview
widely—six client and 22 provider interviews were conducted. These informants
were classified into three groups—those involved in the design and implementa-
tion of the contract; those who supported implementation; and those who viewed
the contract from a distance.

The interviews were conducted in 2008, were semi-structured, face-to-face, and
took an average of 1.5 h. Interviews enable researchers to uncover how informants
perceive and interpret situations and events (Bryman 2008). Themes covered were
the scope of the contract; their role in implementation and the obstacles and
enablers they met; their perceptions of issues in other areas of implementation; and
the management structures and processes used. The case study analysis presented
in the chapter has been rigorously validated through a series of presentations to key
customer and provider contract and support functions. Written reports have also
been made available for validation and feedback (Yin 2003).

The initial interviews used a diagram from the UK National Audit office report
on Fast Jet Logistics Transformation as a starting point. This diagram focused on
the hangar and supply chain activities but omitted much of the surrounding
dependencies on the availability contract. A key question centred on what other
parts of the interviewee’s organisation and/or other organisations influenced the
successful delivery of the ATTAC programme. Further organisational elements
key to delivering ATTAC were thus identified and later ascribed ‘front office or
back office’ status. These elements were raised by a series of respondents from
relevant organisations—BAE Systems, Air Command and Defence Equipment &
Support (DE&S). The initial focus in building the image was on volume, collecting
descriptors for a wide range of organisational elements within each partner
organisation and in the wider supply chain. Following initial outline development,
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the Enterprise Image was presented to all interviewee constituencies to assess the
validity and utility of the image.

3.4 Case Analysis

Since the case is complex it is inevitable that this section contains substantial
details; however, the key outputs from this section are six defined organisation
categories (Fig. 3.4). The six organisation categories are based on their location,
reporting lines and role in providing the overall service.

3.4.1 Partnered Direct Service Delivery Organisations
(Key: Rectangle)

These organisations are managed by the prime Service Provider, located where the
operational services are delivered and staffed by Provider and Client staff. These
organisations are fully visible to the Client and Provider and are placed firmly in
the front office. In this case there are four such organisations:

• Combined Maintenance and Upgrade (CMU): Covering the main hangar
activities that carry out depth maintenance tasks that result in aircraft with
increased available flying hours.

• Fleet management: Providing the strategic and operational planning activities
that translate the Forward Squadron requirements for Tornadoes of particular
configurations into the schedule of aircraft through CMU.

• Materials provision: Covering spare parts and repair requirements planning and
expediting to supply CMU and Forward squadrons.

Client’s Line 
of Visibility

F  O
R  F
O  F
N  I
T  C

E

SERVICE
PROVIDER
BACK 
OFFICE

Provider’s 
Line of 
Visibility

CLIENT
BACK 
OFFICE

Combined Maintenance and Upgrade CMU

Third party 
painting service

BAE Systems Manage Business
Admin, commercial, HR

Engineering support and
Airworthiness management

Fleet Management

Materials Provision

RAF Air 
Command

Strip/wash/report
Manpower & 
infrastructure

Rolls-Royce
Engines

DE&S Tornado IPT (Wyton)
Admin, Eng, Logistics, Commercial

Fig. 3.4 Enterprise image—ATTAC showing partnered and independent direct service delivery
organisations plus specific contract focused organisations
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• Engineering Support and Airworthiness management: Mainly located at RAF
Marham, but represented at two other remote RAF bases in the UK and a forward
base in Afghanistan. This activity resolves technical queries and safety issues.

3.4.2 Independent Direct Service Delivery Organisations
(Key: Octagon)

These organisations are not managed by or are responsible to the prime Service Pro-
vider, but provide significant inputs to the support provision task of performing aircraft
maintenance. They are located in positions that overlap front and back offices, cor-
responding to the degree to which they are visible to main clients and providers.

In ATTAC there are three main Independent Direct Service Organisations:

• Rolls-Royce, who manage the repair and overhaul of Tornado engines via the
RB199 Operational Contract for Engine Transformation, otherwise known as
ROCET, a contract between Rolls-Royce and the MOD

• RAF Air Command, who retain management of several key areas of depth
maintenance:

– The wash process plus all work connected with ejector seats, weapons and
pylons.

– Responsibility for the hangars themselves—the supply of electric/hydraulic
power etc. and Information Technology infrastructure.

– The supply of technicians, engineers and management personnel to the
Partnered Direct Service Delivery Organisations

• SERCO, another third party company providing a painting service, one of the
later, inline processes in the delivery of maintained aircraft and, therefore, a
significant dependency.

3.4.3 Specific Contract Focused Organisations (Key: Ellipse)

These organisations are managed by the Prime Service provider or the Client and
are focused solely on the focal contract. They are located in positions that overlap
front and back offices corresponding to the degree to which they are visible to
main clients and providers.

In this case there are two Specific Contract Focused Organisations:

• The ‘‘Manage Business’’ organisation is controlled by BAE Systems and operates
on-base. It covers the commercial, financial, and Human Resource needs of the
contract and operates principally in the front office, handling new contractual
requirements, the acquisition of skilled industrial staff and technicians.
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• The Tornado IPT (Integrated Project Team) is controlled by the MOD via DE
& S and contains staff covering financial, engineering, logistics and commercial
support of ATTAC. It is located at RAF Wyton—at the time the contract was
signed the wide expectation was that much of this organisation would move to
RAF Marham.

3.4.4 Back Office Support Organisations (Key: Parallelogram)

These organisations, within the Prime Service Provider or the Client, are focused
more broadly than on the focal contract. Their support, however, is vital in pro-
viding the overall service effectively and is critical to service improvement.
Typically they are located in ‘‘back offices’’ within the Client or the Prime Service
Provider.

In this case we have identified four such back office organisations in the MOD
and three in BAE Systems. They are placed in the appropriate back offices:

• Defence Estates manage the MOD’s estate as a whole, providing advice and
services on all property matters. Any change to structures on-base need support
from this organisation

• Defence Storage and Distribution Agency (DSDA) is the sole provider of
transport and off-base storage of Tornado parts

• Twenty Equipment/Commodity IPTs are dealt with here as a single class of
organisation. The Tornado IPT has Service Level Agreements with these or-
ganisations for a wide range of equipment (e.g., ejector seats, munitions) that,
in their centralised role, they provide to a range of other defence platforms

• Human Resources supervise HR plans and thus influence the supply of Engi-
neering and supervisory RAF staff to the partnered organisations

• BAE Systems Central Purchasing at Salmesbury, Lancashire
• BAE Systems’ Tornado Engineering support at Warton, Lancashire providing

in-depth technical back-up
• BAE Systems’ Human Resources at Warton, supplying appropriate manage-

ment resources and oversight of human resource development

3.4.5 Key Supply Chain Organisations (Key: Rhombus)

These third party suppliers are key to the provision of services not already
included. They are suppliers to either the Prime Support organisation, Client or
both. The case study shows supply may consist of tangible goods, human
resources, advice or opportunities to reduce costs. These are placed in the
appropriate back office(s).
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In this case we identified a key supply chain agency used by both Client and
Provider and several key suppliers to BAE Systems. Only two are shown in Fig. 3.5:

• Panavia, based in Germany, is an organisation jointly owned by Alenia, BAE
Systems and EADS. It arose from the extensive and complex supply chain for
parts, repairs and engineering support resulting from design and manufacture
work shares agreed between the UK, Germany and Italy who jointly funded
Tornado. Designed more for manufacture than support, it remains an important
agency for exchanging technical information and bulking up orders for spares
from the fleet of over 900 Tornado aircraft built. Both the Tornado IPT and
BAE Systems interact with Panavia over technical and supply matters.

• Morsons is the key supplier of contract technicians into the CMU.
• XChanging is an important supplier of outsourced HR services, particularly

recruitment.

3.4.6 Governance Organisations (Key: Triangle)

These are functional organisations that determine how the rest of the organisations
operate—for example their reporting rules, performance indicators, levels of authority,
mandatory processes and policies. They are placed in the appropriate back office.

BAE Systems has policies set at corporate level within its strong functional
structure and the MOD has Civil Service rules to work to.

3.5 Critique and Discussion of the Validity and Utility
of the Image

When fed back to interviewees from all constituencies the Enterprise Image was
revealed, organisation type by organisation type using Powerpoint.6 Each orga-
nisation type was colour-coded as well as represented by a shape. This step-by-step
building of the Enterprise Image was important to aid visual impact and clarity—
two of the criteria suggested by Bresciani et al. (2008).

There were several feedback sessions, firstly to the BAE Systems senior
executive of the ATTAC programme with related, Warton-based Human Resource
Executives. This led to several identical presentations to the BAE Systems on-base
management team with members of the RAF Air Command. This was followed by
a presentation to a joint group of the two most experienced and senior represen-
tatives of the DE&S Tornado IPT and senior members of the BAE Systems on-
base management team.

6 Microsoft Corporation
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The reactions of those involved in the front office could be described as ‘‘Yes—
that’s what we face! All those organisations need to adapt to this new situation.’’
The Enterprise Image, drawn by researchers, appeared to be a valid representation
of the ATTAC Enterprise with minimal suggestions for change. When the
researchers shared their conclusion that little or no Enterprise-level management
had been found, both Client and Provider agreed that each organisation managed
the ATTAC contract from their own perspective and this was not ideal.7

For those more peripherally involved in back offices the Image appeared to
provide, for the first time, an appreciation of the scope and complexity of the
interdependencies within the ATTAC Enterprise. There was genuine surprise at
their extent and the questions it raised for all were ‘‘How might this be managed
more effectively?’’ and ‘‘What are the key areas for Enterprise management?’’ It
was appreciated that Enterprise management raised major questions like ‘‘Who
would lead?’’ and ‘‘How could such processes be managed in a fair manner?’’ The
management of Service Improvement came to the fore. Though the need for
ongoing cost reduction and service improvement led by the main Provider was
clear in terms of performance improvement metrics, it was not made explicit in
terms of the duties of all partners, including the Client. All partners need to be
prepared to change methods, invest in training and other implementation aspects of
cost reduction and service improvement if Enterprise improvement was to be
achieved. This was clearly an important aspect of Enterprise management. Another
major insight concerned the Image’s ability to convey the dual challenges of on-
base, operational enterprise level organisational design and management, and the
need for supporting changes in the operation and structuring of parent organisa-
tions’ back offices. The need for structural change arose from displaying four
Enterprise Images representing all the fast jet support contracts in play and
planned: Tornado, Harrier, Typhoon and the Joint Strike Fighter fast jet plat-
forms—all platforms would require support from client and provider back-offices.

Thus far the Enterprise Image appears to work well in forming a picture these
Providers and Clients can recognise and promotes discussion on the need for
Enterprise management in both front and back offices. However, these preliminary
conclusions have not been arrived at scientifically and further research is required.

3.6 Further Research

Our preliminary findings have provided encouragement for further research to
refine the categories defined in the Tornado case and explore the Image’s ability to
encourage ‘‘Enterprise management’’ understanding and development in other

7 A meeting 2 weeks earlier between BAE Systems, Rolls-Royce, DE&S and senior Air
Command was mentioned—it had shown that an Enterprise perspective was required and useful
and both BAE Systems and IPT leaders hoped to continue that dialogue.
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sectors involving public sector clients and/or complex multi-organisational net-
works delivering ongoing service provision. The fact that the Enterprise Image
was built by researchers enabled an initial classification of organisations to be
defined, but such Images are then ‘owned’ by researchers rather than stake-
holders. Further case studies may uncover further organisation types and/or an
improved classification. However, we expect much of the practical utility of these
Images to arise from Enterprise stakeholders who co-create their own Image.
During that process, the position of the sub-organisations would be debated. A
particular focus might fall on the degree to which the operation of the provider
and/or client sub-organisations was visible and supportive to the aims of the
Enterprise. It is, perhaps, around differences in perception on these matters that
shared understanding may be built. While that can be attempted using the
framework and categories in this paper, a more structured, facilitated tool used by
principal Client and Provider stakeholders could be developed.

Research to refine a tool would use the perceptions of practitioners to evaluate
the Image’s efficacy in promoting collaboration based on Bresciani et al.’s (2008)
‘‘Collaborative Dimensions Framework’’ and the tool itself would be assessed using
the ‘‘Feasibility, Usability and Utility’’ dimensions proposed by Platts (1993).

The purpose of the Enterprise Image and its creation process is to:

• help organisational partners understand the boundaries and interdependencies
of the service enterprise;

• encourage them to take an enterprise perspective;
• operate as an initiator for discussion;
• provide a common reference point for multiple interpretations;
• and provide a basis for co-creating holistic Enterprise management processes.

Care is, however, needed in developing such visualisations, for while pictorial
approaches may be attractive many pictures of the same phenomenon could be
drawn. Each picture due to its size, shape and the methods used to create it will
emphasise different aspects, reflect the perspective of the artist(s) and even be
affected by the materials used. What are the potential biases in a particular picture
of a multi-organisational enterprise? Should the image be put on its side with
neither client nor provider at the top? Would the image have other useful con-
tributions if drawn before the contract is signed? These reflections are of both
academic and practical interest and will play a part in further research.

3.7 Chapter Summary Questions

The chapter has highlighted the challenges faced by multi-organisational service
enterprises in gaining a shared understanding of the scope of their operation,
shared aims, and the need for enterprise-level management processes. We have
found that the Enterprise Image assists this process by providing an ‘as-is’ visu-
alisation of the Enterprise but also it raises further questions:
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• To what extent can an Enterprise Image be used to inform future scenarios
where further services are incorporated and/or the service contract moves a
level higher, for example the provider is asked to provide support for an airfield
and the multiple aircraft based there?

• Can the Image be extended to show the ‘‘front offices’’ between providers and
between providers and client constituencies?

• To what extent can such visualisations enable increased understanding and
awareness of the need for Enterprise-level management processes and be
converted into action? What further understanding is necessary?
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Chapter 4
Complexity Management

Glenn Parry, Valerie Purchase and John Mills

Abstract This chapter explores the nature of complexity that arises in high value
contracts between large organisations. To develop a framework, a detailed case
study was undertaken to identify the factors that create complexity. The case
studied was the availability contract to provide depth maintenance and upgrade on
Tornado aircraft between BAE Systems and the MOD. The contract, named
ATTAC, is worth *£1.3bn and the MOD engaged with BAE Systems precisely to
enable them to more cost effectively manage the complex enterprise of over 22
organisations or business units that deliver this service. The work explores the
operation from a range of perspectives, interviewing managers from across the
organisations involved. The factors contributing to complexity are described in
context and a framework is presented which clusters them into six key areas. It is
proposed that this framework may then be used as a tool for analysis and man-
agement of complexity.

4.1 Introduction

Service providers seek to enhance their value proposition and their competitive-
ness through improving customer’s experience (Fitzsimmons and Fitzsimmons
2005). Value is realised not through the resources which create a value proposi-
tion, but by the value in use jointly created by the client and provider (Sandström
2008; Prahalad and Ramaswamy 2003). To deliver value in use, customers’
experience becomes integral to the offering (Sampson and Froehle 2006; Heineke
and Davis 2007). Servitised companies are faced with increased complexity as

G. Parry (&) � V. Purchase � J. Mills
Bristol Business School, Frenchay Campus, University of the West of England,
Bristol, UK
e-mail: glenn.parry@uwe.ac.uk

I. Ng et al. (eds.), Complex Engineering Service Systems, Decision Engineering,
DOI: 10.1007/978-0-85729-189-9_4, � Springer-Verlag London Limited 2011

67



customers move from deriving value from products to value derived from service
experience (Kates and Galbraith 2007). The competence to deliver these experi-
ences comes from skilful co-ordination of complex combinations of resources
(Vargo and Lusch 2008). Yet complexity is an inhibitor to process improvement
and hence the realisation of this value (Bateman and Rich 2003). We propose that
recognition and identification of the drivers of complexity within a service
enterprise will better enable managers to realise value, reducing complexity where
possible.

As a first step, an approach to complexity identification and classification has
been developed that forms the focus of the work undertaken for this chapter. The
research is based on a case study of the availability contract to provide depth
maintenance and upgrade service for Tornado aircraft between BAE Systems and
the MOD, named ATTAC. Interviews with senior management were used to
identify factors that contribute to complexity. A broad range of complexity ele-
ments were identified in the interview data. The elements that were identified as
contributing to the complexity of the service were placed within a framework,
Fig. 4.1.

The factors can all influence each other and cases could be made for most sub-
factors to be attributed under any lead heading. However, for the purposes of this
analysis, the contributing factors were placed under the main complexity factor
that best reflected the context being described in the specific interviews where that
factor was raised. In some cases the context described spanned multiple main
factors. We have grouped the contributing factors beneath the core factor that
appeared most appropriate. Categorisation was pragmatic and has been developed
to provide a starting point for organisational analysis and discussion. The factor
level examines the unit of analysis—for example a product, process or service—
displayed emergent behaviour, as a proxy for complexity, or was complicated but

Main
Complexity

factors

 
  

 

Product
Groups

 
 Process Contracting Organisation Finance People 

 

Contributing 
 Complexity 

factors 

Variant Dependency 
Contract 

completeness
Enterprise 
boundaries 

Financial 
regulation Cultures 

Fleet  Recovery Objectives 
Geographic 
dispersion 

Financial 
reporting Customer 

Resource Reporting Risk Structures Cost Leadership 

Technical Governance HR legal Stakeholders  
Line  

management 

Cross 
 platform Security Regulations Politics  Roles 

   
Partnering 
Constraints  Learning 

     
Transition  

management 

Factor Level  Emergent or Deterministic? 

Fig. 4.1 Framework for complexity factors perceived by enterprise managers

68 G. Parry et al.



gave outputs that were predetermined and thus not in itself complex. For example,
operation of a single product may provide pre-determined output, but the operation
of a number of products together may give rise to emergent complexity. This
thinking is expanded within this chapter.

Whilst we can make no claim for generalisation, we would expect that the
framework may be suitable as an initiator of analysis of complexity for many
enterprises.

The chapter will be structured as follows:

• A brief overview of management complexity theory from the organisational
and contractual perspectives

• A description of the case study approach used
• Identification of the elements of complexity for this service engineering support

enterprise
• Discussion of potential application of the framework and opportunities for

future work.

4.2 Complexity

What makes a business ‘complex’? Complexity is difficult to define and measure
(Foley 1996; Murmann 1994; Pighin 1998; Kim and Wilemon 2003; Schlick et al.
2007) and there appears often to be a resistance to provide clarification if it
involves simplification (Elliot and Kiel 1997; Cilliers 1998). There are many
definitions and perspectives, but here we seek only to present a condensed over-
view to provide understanding. Simple systems with small numbers of compo-
nents, such as a pendulum, are well understood. Complicated systems, such as a jet
aeroplane have many systems that interact through predefined rules (Perrow 1999).
Complex systems have many systems that autonomously interact through rule sets
that only emerge over time (Amaral and Uzzi 2007). Businesses are frequently
managed as though they are either simple or complicated systems, being pre-
dictable, linear, measureable and controllable (Boulton and Allen 2007). The
concept that businesses are somehow mechanical by nature has underpinned much
of the approach to strategy and management development (Mintzberg 2002). This
view is reinforced by the approaches and tools employed by managers e.g.,
standardisation, metrics, value stream maps. If businesses were so coherent in
nature the role of the manager could be automated and growth could be assured.
The experience of managers informs us that process outcomes are far from
assured, as systems of people are usually complex and are only mechanical in
nature under specific, stable circumstances (Boulton and Allen 2007). So how are
complex systems characterised?

A complex system may be described as one made of a large number of inter-
dependent parts which together, make up a whole that is interdependent within
some larger environment with which resources are exchanged (Anderson 1999).
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Complex systems are not deterministic; as part of natural phenomenon it is not
possible to see the final outcome at the start as there are infinite possibilities (Kao
1997). Emergent phenomena develop as local interactions between agents alter
their behaviour in response to each other (Bonabeau 2003). Cumulative local
interactions build and shape group behaviour, but group behaviour may be sepa-
rate and distinct from the behaviours of individuals. As such, systems that exhibit
emergence may respond in counterintuitive ways (Youn et al. 2008). Emergence is
formed in a ‘bottom up’ process and is used as a characteristic to classify systems
as complex. It is proposed that complex systems can be modelled from the bottom
up, simulating systems level behaviour by defining the distinct behaviours of
numerous individual agents (Bonabeau 2003).

Boulton and Allen (2007) provide a set of key principles for complexity: there
is more than one possible future; tipping points may occur, when systems tip due
to seemingly unimportant events into new forms with potentially radically dif-
ferent characteristics; systems are interconnected and diverse and it is the diversity
that permits change and creativity; local variation is a prerequisite for novelty as
change happens within the micro-diversity, unpredicted from the situational
‘average’, yet potentially impacting the global enterprise; systems are emergent
and co-evolving, with characteristics constantly changing with time; complexity
does not mean chaos and helplessness, but managers must both plan for clear
action based on best information and recognise that the best laid plans may give
rise to unintended consequences, unexpected outcomes and remain flexible enough
to react accordingly.

Pascale (1999) further divides complex systems into groupings and posits a
subset of complex systems named complex adaptive systems [CAS] for which are
provided four tests. First, there must be many agents acting in parallel. Second,
there are multiple levels of organisation. Third, the system is subject to the laws of
thermodynamics and must be replenished with energy to prevent it from slowing
down. Fourth, pattern recognition is employed by the system to predict the future
and learn—thus CAS can change or learn from its past (Pascale 1999). Beinhocker
(1997) proposes that CAS have three characteristics: they are open and dynamic
systems; they are made up of interacting agents; they exhibit emergence and self-
organisation. CAS transition between points of equilibrium occurs through self
organisation and environmental adaption. Order is said to be emergent, not pre-
determined, and mechanisms for controlling it must also be emergent (Dooley
1996). Many systems are complex (they meet some of the criteria), but not all are
adaptive, meeting all of the criteria. Inherent in this approach is the concept of
grouping different complex systems and the idea of some being more or less
complex.

Applying complexity to business processes or project management raises
challenges (Whitty and Maylor 2009). Managers must understand the system
under control (Taylor and Tofts 2009), developing the ability to cope with both
environmental change and changes in the task/customer requirement which
requires organisational structures that are sufficient to provide control and flexible
enough to adapt to local needs (Schuh et al. 2008).

70 G. Parry et al.



Attempts have been made to understand the degree of complexity and design
organisations to function accordingly in their environment. From an organisational
theory perspective, Daft (2007) states that the more external factors that regularly
influence an organisation and the greater the number of organisations in the
domain, the greater the complexity. In the context of a production process it is
proposed that complexity would be measured along three dimensions, giving three
factors (Daft 1992). The vertical axis shows the number of levels in an organi-
sation, on the horizontal is the number of departments or job titles and on the third
axis is the spatial complexity, perhaps of different geographical locations. A
second two-axis model proposed by Kates and Galbraith (2007) explores manu-
facture and integrated product and service providers, linking organisational form
to complexity and defining the space for organisational design. Their model fol-
lows Galbraith’s (2002) rationale of matching an organisation’s design to the
complexity of its environment. The X-axis of Kates and Galbriath’s model is titled
‘Product and Service Integration’ and shows a spread offering from standalone
product at the low end to an ‘integrated system’ at the high end. They describe
integrated solutions with reference to an IBM offering, the design and installation
of a new call centre comprising a range of hardware, software and staff training.
The Y-axis of their model is labelled ‘Complexity’. Their dimensions of com-
plexity include the number of products, variety of products and customers, cus-
tomer geographic distribution and degree of customisation offered. They provide a
rule of thumb for product number; four or fewer do not add complexity, whereas
12 or more can add significant complexity.

Care must be taken over viewing the delivery of service from a single business
unit perspective. A clear trend towards increasing specialisation among firms
(Mills et al. 2004) has inevitably been accompanied by the emergence of notions
like ‘‘Extended Enterprise’’ (Dyer 2000) and ‘‘service value networks’’ (Basole
and Rouse 2008). While firms have always been a part of multiple networks, their
dependence on other network members and hence their inability to fully control
their output, has grown alongside or as a consequence of the narrowing scope of
their competences. It may be salient to view the firm as a nexus of contracts that
together delivers a service (Jensen and Meckling 1976) and explores how the
nature of the contracts to deliver service may be an indicator of complexity.

The case study presented is based upon an availability contract (Ng and Ding 2010)
for the servicing offast jets, providing depth maintenance and upgrade, and is between
two parties. The literature on contracting and economics discusses complexity and
similarly presents factors that contribute to complexity. The degree of contract
complexity might be measured by the degree of customisation of formal contracts and
the requirement for considerable legal work (Macneil 1978). Additionally, a simple
measure of contract complexity is indicated by the length of the contract (in pages),
which previous work applied as an indicator of contract complexity (Joskow 1988;
Popo and Zenger 2002). Eggleston et al. (2000) discuss contract complexity as a
continuum and identify the three ‘standard’ factors contributing to contract com-
plexity as: (1) rich in the expected number of payoff-relevant contingencies specified
in the contract i.e., the contract assigns numerous different contingencies against
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future possible outcomes. This covers obligations and entitlements; (2) variability in
the magnitude of payoffs contracted to flow between parties i.e., contracts become
more complex as the variability of payments increases under the specified contin-
gency; and (3) severe in the cognitive load necessary to understand the contract i.e., the
contract is difficult to understand and follow as the previous factors create a great
number of permutations of potential outcomes, often spread across numerous annexes
making prediction of future effects difficult. A contract is deemed ‘complete’, termed
perfectly complete or ‘p-complete’ when it differentiates between all relevant future
states. However, Eggleston et al. identify that this state is mainly theoretical and in
most real world situations, due to factors such as a lack of trust, communication or
unverifiable valuation, contracts are ‘p-incomplete’. They may best achieve a state of
being ‘functionally complete’, in which they are able to distinguish between states to
the satisfaction of parties involved in a court. Faced with complex operations where
futures are uncertain, contracts that provide that detail may fail to achieve even a
functionally complete state. Longer contracts are more complete, but by necessity
more complex. Eggleston et al. (2000) conclusions suggest detail may be sacrificed for
the sake of simplicity, and suggest courts pay attention to the complexity of a contract
when interpreting them.

From the research perspectives on complexity explored, we notice that findings
and definitions from simple to complex are presented at a level of system
aggregation selected by the authors to make their point (Perrow 1999; Cilliers
2000; Amaral and Uzzi 2007). All of these systems may be subject to further
reductionism, yet the authors proposing them have taken a system, or system of
systems approach and have taken the viewpoint of a pragmatic holist, even if they
are of an in-principle reductionist viewpoint (Simon 1981), as they have chosen a
level of abstraction that best illustrates the point they are wishing to make. In a
search for understanding or solutions to a complex problem, the alternatives may
be numerous holist approaches or reductionist approaches to make the problem
faced simpler; the choice is made to best increase the chance of delivering a
successful solution (Edmonds 1999).

To further explore how complexity may manifest and be usefully understood in
relation to practice, we have undertaken case study research within an engineering
service enterprise with the aim of identifying factors that contribute towards
complexity.

4.3 Research Method

Pragmatically, we will follow Edmonds (1999) and argue that managers who are
faced with complexity are fully able to identify it from their practical, experiential
level of abstraction. Models of complexity are built upon the actions at the local
level (Bonabeau 2003) and we propose that it is from the actor level that we may
usefully identify characteristic drivers of complexity and explore the question of
managing complexity in an enterprise.
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We have chosen to proceed through a case study analysis (Yin 2003) and
have focused upon the BAE Systems/MOD ATTAC contract which provides an
availability service for the RAF Tornado aircraft. The particular case study was
chosen for two main reasons—it was the first of its scale and complexity
between the Provider and the Client. Second, though both parties intended to
continue to let and bid for such contracts this first attempt was an opportunity
for both parties to learn, which enabled the researchers to gain access to both
client and provider and interview widely at the senior management level.
Interviews were conducted face-to-face; 6 Client and 22 Provider interviews
were undertaken with key managers from across the enterprise. Interviews were
recorded then transcribed. The interviews were semi-structured at an average of
1.5 h per interview though some were considerably longer. They were con-
ducted in 2008.

The interview transcripts were initially codified against the questionnaire and
analysed to identify common responses and provide credence to findings whilst
qualitative ethnographic analysis was employed to explore content (Bryman 2004).
Further data content analysis followed a category scheme, deductively derived
from the answers provided (Weber 1990). Three coders were used to ensure a
degree of agreement among coders (Weber 1990). Participants were anonymous
during analysis in an attempt to remove any bias and at the request of participants
themselves (Seale et al. 2004). The anonymous results were presented back to
managers who validated the findings.

The analysis of the interviews by the three coders identified 258 different
quotations that referred to elements that made the service enterprise complex. The
coders then examined these quotations and extracted the specific factor(s) that
created the complexity. This analysis requires some interpretation but was repe-
ated for all the quotations using three coders, meeting during workshops over
6 months to provide consensus in analysis and agreement of the emergent
inductively derived categories. The resultant sets of data were analysed for
duplication of factors. Thirty-eight different complexity factors were identified.
Analysis of the factors and the context from which they were derived allowed them
to be grouped into 6 core categories with 31 sub-categories and a factor level
challenge to test if the unit of analysis displayed emergent behaviour or was
complicated but predetermined. It was recognised that there was opportunity to
place many of the sub-categories under a number of core categories, but prag-
matically they are placed under a single core category which was found to best
illustrate their context. The analysis presented in the chapter has been rigorously
validated through a series of presentations to key customer and provider contract
and support functions. Written reports have also been made available for valida-
tion and feedback (Yin 2003).

We shall now present the core and supporting complexities factors as perceived
and described by the interviewees.
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4.4 Factors Contributing to Complexity

Each factor as perceived by interviewees has been identified and coded during
analysis. These factors are presented here in context of their description.

4.4.1 Product Groups

In the case example the product being studied is a fast jet, in particular the RAF
Tornado aircraft. This is a complicated product as it is made up of a large number
of other products. Individual components may form units, which combine to form
systems. The authors contend that similar variant examples of the aircraft when
new could not be described as complex as they were repeatable, predictable and
any failure of the higher systems is subject to diagnosis by analysis through
reduction. As the individual aircraft is no-longer new and has been serviced and
modified numerous times, each aircraft has become unique with regard to its
operation and service history and its future performance and service requirement is
likely to vary accordingly. Aircrafts have increased variance which may cause
issues for servicing operations when making changes to systems or components,
perhaps giving rise to emergent behaviour, but individually each aircraft product
could still not be described as complex. When observed as a group or operating as
a fleet, we may see this individuality leading to complexity.

The product originally existed in a small number of different production vari-
ants, with later modifications made to individual aircraft according to intended use.
There were originally three basic product variants: a fighter bomber, a recon-
naissance aircraft and an interceptor. The product variants were subject to mid-life
upgrade, which modified the entire fleet. As the aircraft were bought by four
different nations, each nation also had its own variants. These factors add to the
product variance contributing to potential fleet complexity.

The RAF Tornado aircraft are described as a fleet, but they are operated as
numerous ‘fleets within fleets’. The 139 strong RAF Tornado fleet is currently
modified to a number of varying standards, giving rise to 20 different aircraft
clusters which have similar attributes that make up seven fleets (National Audit
Office pp. 31, 2007). The various operational aircraft are equipped for their
required mission. A number are ‘front line’ aircraft and may at any one point be
equipped with a number of different weapon and sensor equipment. Some are
trainer aircraft and will be modified according to the current training requirement.

The resources that were employed to construct the aircraft are geographically
diverse, both nationally and internationally as the aircraft was manufactured by
Panavia, a tri-national consortium (UK, Germany and Italy) formed and owned
by BAE Systems, MBB (Now EADS) and Alenia. Each country made a significant
contribution to the manufacture of major parts of the aircraft. In addition, numerous
sub-contracts were given to companies to produce systems, sub-systems and
components.

74 G. Parry et al.



A swing-wing fast jet such as the Tornado is demanding and complicated as a
piece of engineering. The multitude of interfaces, where the integration of the
numerous sub-systems from different suppliers, coupled with the varying states of
modification for each aircraft, may introduce technical complexity.

To reduce the possibility of complexity becoming a significant factor for the
aircraft as a product group, an upgrade programme is currently underway to reset
the fleet configuration to seven common clusters. More broadly a number of
components and systems are common across a number of platforms (aircraft and
other military equipment including ground vehicles etc.). This adds to its
robustness and supportability during operation.

4.4.2 Process

The process of supporting the availability of the product is challenging. The prime
contractor, BAE Systems, is a large manufacturing company and is able to operate
successfully because of its process rigour. To deliver availability in this contract,
the high level processes are partnered between the RAF and BAE Systems—two
large organisations which operate many processes that need to integrate at various
levels to deliver the availability levels required in the ATTAC contract. This can
lead to situations where processes are duplicated, incompatible or require sign off
from multiple parties which introduces bottlenecks. Also, many processes operate
deep within the organisations that impact upon the ATTAC contract, but do not
have line of sight to the operations. There may be many interfaces between the
process and front line operations and this loss of line of sight was highlighted as
leading to process complexity.

Many different process dependencies and interdependencies exist. The process
integration across multiple organisations in the enterprise created complexity due
to the dependency they had upon each other for the successful delivery of the
contracted service. The value that each individual placed upon a particular aspect
of the process frequently differed according to the value the party realised from the
transaction, creating imbalances in the dependencies.

Process rigour and standard operating procedures were also difficult to stabilise
due to emergent issues in the service requirement. Instances of emergent processes
included ‘unplanned parts requirements’ and the need for completely new pro-
cesses to be developed as some parts ‘‘simply had never been bought before as
spares’’. These issues introduced new, unknown lead times to processes, placing a
demand on all parties within the service enterprise to have process flexibility.

Such flexibility leads to a requirement for processes of recovery that may well
be constructed ‘ad hoc’ locally by individuals. Recovery consumes resource and is
an additional activity to the main planned enterprise processes. Whilst some
recovery actions may be planned for, through its nature it remains fundamentally
unplanned and may drive complexity as a factor affecting processes.
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Data reporting processes e.g., performance metrics, costing etc. in multi-
organisational enterprises may have been developed from different contexts and
different requirements. This may lead to a multiplicity of data requirements from
processes in operation. Some of these requirements, in this case due to both the
military and aviation contexts, may be legally binding and require specific
methods or signatures. Others may add no true value to the business and should be
halted.

Many are fed into corporate or public governance structures as proxy-monitors
of system performance. Compliance with governance requirements, public sector
and corporate in this case, took up a great deal of time, added to the workload and
complexity of management. Governance reporting may include data that are
legally required and both understanding the requirement and legal standing of a
request increased the complexity of process management.

Data and equipment that flows through the processes may also mean additional
security measures are required. Restricted data such as software code, product
detail or the service record for an aircraft may not be freely transmitted or dis-
played in a multi-organisational enterprise where not all the actors have sufficient
security clearance. Weapon systems or the aircraft canopy and the ejector seats
which contain explosive charges also place security restriction and impact upon
the processes. This restriction on the free flow of data between parties significantly
complicates processes. It also creates additional issues where it may not be pos-
sible to share data that would otherwise be useful. These restrictions to commu-
nication drive local behaviours which may give rise to unintended systems level
outcomes, a core element of complexity.

4.4.3 Contracting

ATTAC, as multi-organisational enterprise that has a contract to deliver fast jet
availability, has a complex contract that is between the primary contractor, BAE
Systems and the client, MOD. Availability contracts deliver an agreed number of
aircraft or engines at an agreed level of capability over the length of the deal. The
ATTAC contract for Tornado is for availability of the aircraft, not the engines,
though these are obviously a major dependence. This is a separate contract named
ROCET and is held by Rolls-Royce Plc. Whilst the contract will have a number of
companies named within it, there will also be a number of companies that have
process dependencies that are not named on the contract (Mills et al. 2010).

The ATTAC contract is described as ‘‘three and a half feet high’’, which,
allowing for colloquial exaggeration, would indicate that it is complex by the
definitions of contract complexity (Macneil 1978; Joskow 1988; Popo and Zenger
2002; Eggleston et al. 2000).

The contract length is a direct result of a desire by the government to cover all
the possible eventualities and create a functionally (f)-complete contract. How-
ever, due to the nature of service offered, approaching this task in this way is not
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feasible at the outset and could not be achieved at least until the enterprise has
been in operation for a number of years and the processes and outcomes are
established. Therefore the current contract may be described as not (n)-complete
and complex by the measures of Eggleston et al. (2000).

A key driver of the contract length is risk. Each party had the desire to minimise
risk to their institution and ensure that they are compensated for the risk that they
take on. The organisations also tried to ensure that risk was bounded so that any
liabilities will be limited. It was also important for the MOD not to transfer too
much risk and jeopardise the future of the commercial organisations.

Within this partnered enterprise there is a minimum requirement for 50% of the
personnel on the production line to be RAF and the other 50% may be from
industry. This creates a situation where two people working together on the same
job may be on completely different contracts with differing incentive structures.
Local individual agent interaction may lead this to be a cause tension, potentially
driving behaviours that create complexity systems level. It also makes the man-
agement of HR contracting more difficult as individuals seek to interpret their
terms against others and equalise their conditions.

During interviews, the contract was described as being ‘‘owned by lots of different
people with different objectives’’. The objectives written into the contract for the
prime contractor are many but the enterprise partners may change their objectives
over time, leading to either a conflict between contract and desired objectives or a
requirement to change the contract. The number of contract changes made was
described by one interviewee as ‘‘absolutely enormous’’. The multitude of objec-
tives and changing needs also creates a tension for the prime contractor between the
need to be customer focused and the need to be delivery focused.

4.4.4 Organisation

Whilst ATTAC was a novel contract which created a new way of interacting
between partners, the larger surrounding organisational constraints were not
changed to facilitate its operation. The enterprise that delivers the ATTAC contract
is a complex organisation existing of over 30 different entities, both public and
private, on and off base. Whilst the contract represents a significant sum of tax
payer’s money, approximately £1.3 billion, it is only a small percentage of the total
financial streams managed by the two main parties, MOD and BAE Systems.
These organisations co-create the value for ATTAC through servicing Tornado
aircraft on base, primarily at Marham, but both have vast ‘back office’ support
structures that directly and indirectly affect the operation.

This multi-organisational service enterprise creates a challenge in the identifi-
cation and definition of a functional organisational boundary. Some form of def-
inition is necessary for the organisational managers to understand and operate
within, though it is recognised that this boundary will need be flexible and likely to
constantly change.
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The clarity of organisation structure that delivers the contract is lacking as it is
difficult to conceptualise the numerous different entities that work together to deliver
the service and there are currently few suitable tools (Mills et al. 2009a). This makes
communication of organisational structure difficult and hence new managers are
challenged to understand the structures that they are faced with managing.

Both main signatories to the contract also make extensive use of acronyms in
their organisational structures. Such acronyms refer to semi-autonomous business
units within both provider and customer organisations. Many struggled to
remember what each acronym stood for. Adding further complication to gaining
understanding is the often misleading business names that the various companies,
business units or operations have. Even when known, both organisations are
constantly in a state of flux and the individual units moved, renamed or shut down
completely. This is a significant issue particularly for this organisation, as much
organisational knowledge is lost because there is a frequent turnover of staff due to
the 3-year rotation of military staff through the base.

Geographic dispersion adds complexity to the enterprise. The RAF has Tornado
service at both Marham and smaller operations at Lossiemouth. The RAF Tornado
support management team is located in RAF Wyton whilst MOD’s procurement
arm within DE&S is located in Bristol, the Defence Storage and Distribution
Agency [DSDA] holds some of the parts in Germany, Panavia is an international
organisation that was originally formed to build the aircraft and is a co-ordinator
for many of the aircraft spares, and the RAF Head Quarters is in High Wycombe.
BAE Systems have a similar operational spread.

Within and operating across the various organisations are management struc-
tures. During the initial transition to ATTAC implementation, many of these
structures were mirrored MOD/BAE Systems structures to facilitate communica-
tion, though this can lead to many agents acting in parallel. There are further
complications with the organisational and managing structures as we explored its
supply chain management. The RAF operates a number of different aircraft that
have commonality, if not directly in line replaceable units, then in the companies
that supply them. A number of RAF integrated product teams [IPTs] were created
to manage these parts or systems across the various platforms operated. Many of
these were ‘wrapped up’ when the ATTAC project began. However, a number
remain and the parts supply management for Tornado may be a very small part of
their activity. Since they are not a signatory for the contract, this can potentially
create further management challenges through diverse and potentially conflicting
intra- and inter-organisational priorities.

This challenge also raises the issue of stakeholder complexity. The operational
squadrons are the primary stakeholders in so far as they are the aircraft users.
However, they are not the budget holders. Moving away from base there are
numerous other public sector stakeholder organisations within the RAF such as Air
Command—the RAF HQ, but also non-RAF organisations such as Defence Estates
who provide the hangars, Defence Equipment and Support (DE&S) which equips
and supports the UK’s armed forces, the Treasury and ultimately Parliament.
Within the private sector the contract is primarily run by BAE Systems MAS
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[Military Air Solutions], who rely upon numerous BAE Systems organisations
such as HR, purchasing and engineering support functions and are ultimately
accountable to the BAE Systems board of directors and shareholders, many of
whom do not have ‘line of sight’ to the service operation.

Political challenges arise as these stakeholders do not represent simple rela-
tionships. Key decision makers are frequently far removed from the front line
operations. Decisions made in the UK Parliament around Treasury spending on the
armed forces or decisions to go to war directly impact upon the service operation.

The partnering aspect of the contract was recognised as a key success factor. The
nature of relationships between the partners, traditionally adversarial, has changed
to a more co-operative service nature and this is influencing the organisation.

A key element is the shared resources. BAE Systems operates its service
operation in an RAF hangar on an RAF base with 50% of their staff working on the
aircraft. As stated before, there are a large number of other contributing organi-
sations. However, legally the RAF cannot be a partner with business and they must
‘own’ the aircraft. There are also few options for finding alternative customers or
suppliers. All these issues create organisational constraints.

4.4.5 Finance

The finances for the enterprise were organised to be, at least notionally, simpler
through the use of an availability contract as opposed to a list of spares provision.
However, the finances are difficult to manage due to the complexity of the
enterprise, which in turn makes modelling and forecasting the cost of service
difficult. Budgeted risk cost is available to facilitate planning, but is very difficult
to access. It is also difficult for managers to put money aside in their budgets as
deferred spend since there is a potential double penalty as unspent monies may be
taken back and the overall budget may be reduced by that amount the following
year. The budgets are controlled by a number of top level budget holders who are
influential but many of whom may not be part of the contract, or even aware of the
detail of the ATTAC contract.

The complexity of financial reporting is affected by contributing factors from
process, contract and organisation. The challenge of appropriate enterprise inte-
gration goes beyond the budgeting and into their financial systems. Organisational
units within the ATTAC enterprise use different operational and financial software
systems which ‘do not talk to each other’. They often have different processes and
stakeholders.

Internally, the company has to attribute overheads to their staff which makes
them appear expensive in comparison to subcontract labour. However, in ‘real’
terms, this is not the case.

Financial reporting regulations also add to the complexity. As the government
is the customer of the service, there is no national taxation to pay. However, as the
work is undertaken by industry, the government customer pays tax which it must
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then claim back. This creates additional financial processes which are non-value
adding activity.

These processes all take up the time of the managers engaged in delivering the
service and create a time lag between requirement and funding. To deliver the
required service to the squadron in a timely manner the managers on both sides
had to carry short-term financial risk, effectively outside of contract and without
commercial cover, in order to ensure that aircraft were modified or serviced
correctly and available.

Financial reporting from the partnered organisation is therefore complex and
made more challenging by potential political pressures applied if the budgets are
either under or overspent. This influences behaviour across and beyond the
enterprise, though the understanding remains that the service should be delivering
best value to the taxpayer.

The service is constantly under cost pressure. The availability contracts,
including ATTAC were created as part of a cost reduction initiative by the MOD
and Defence Logistics Organisation.1 There is an underlying assumption that there
will be a cost reduction year on year from the service operation—though this
seems to be in contradiction to the increased demand being placed upon personnel
due to the number of conflicts that the UK is involved in.

4.4.6 People

A large number of people are directly and indirectly involved in the ATTAC
contract and it is the people who enable the complex service described so far to
operate successfully. Collaborative process design by all stakeholders has helped
reduce complexity.

Organisational cultures are strong across all the partners and this influences
agents, process management and outcomes. The RAF develops specific cultures as
part of its operations and BAE Systems has a distinct business culture. The various
operational sites for all the partners also have specific sub-cultures. The cultural
aspects of the business were described in both positive and negative terms. In the
early stages of contract implementation, when problems were encountered the
groups ‘retreated’ to their positions, making cross-cultural working difficult.
Problems were attributed to ‘working with civilians’ or to customers failing to
deliver necessary support. At later stages of contract implementation, the ‘on base’
partnered service has developed its own culture, including a strong sense of having
a shared objective and this has enabled the contract to become functional.

1 From 1 April 2007, the Defence Logistics Organisation ceased to exist and Defence Equipment
and Support was established to manage all equipment throughout its life, from acquisition to
disposal.
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The ‘customer’ that the enterprise creates value for is difficult to define as there
are so many different stakeholders. The final customer is the pilot of the aircraft,
but they are not budget holders. They are part of a squadron, another customer,
whose operational activity is controlled by fleet planning, RAF Air Command, the
MOD, Treasury and Government respectively. But the contract was between DLO,
subsequently reorganised into DE&S, and the service and operation of the aircraft
is directed by ILOC, the Tornado and Logistics Operating Centre, all of whom
may also be recognised as a primary customer. There is an additional complexity
in that, as this is a partnered arrangement where value is co-created, BAE Systems
and the other providers of government assets may also be seen as ‘customers’. In
this context the term ‘customer’ begins to lose its meaning, though it is still very
much in use. The authors highlight that great care needs to be exercised when
using or engaging in discussion of customer and clarity should be sought on what
exactly is meant.

The ATTAC contract has been discussed in terms of a partnered enterprise, but
is made up of individual organisational units, staffed by individuals from one or
possibly from a number of differing organisational cultures. For example, the
hangar activity is undertaken by a mixture of civil and military personnel with very
different cultural employer perspectives shaping their behaviour. With regard to
leadership, we found that each of the organisations had leaders for ATTAC located
within their management teams. The leaders managed their organisations contri-
bution and also managed their interactions with the other organisations. Consis-
tency of leadership can therefore be a problem both in terms of diverse objectives
and more literally as personnel change over time. Managing the programme
requires close relationships among the organisational leaders which is difficult to
maintain due to rotation of staff.

The blurring of the organisational boundaries, with people from different or-
ganisations working side by side on the same job on site means that line man-
agement is more challenging. Military personnel may find themselves reporting to
a business manager and vice versa. This may also reinforce cultural complexities
as traditionally the RAF managers play a much greater role in the life and career
management of their personnel, ensuring that they have broad experience but also
that their families are looked after. This is in contrast to private enterprise where
individuals play a much more active role in planning and managing their own
career progression and would not expect any management interest in their family
circumstances.

Roles that both the organisations and the people in the enterprise must under-
take to deliver the service have changed considerably due to the nature of the
ATTAC enterprise. Some of the roles are different as BAE Systems no longer sell
the RAF an aircraft, but instead work alongside them to deliver a service to the
front line squadrons. This changes the nature of some of the managers roles as they
are intimately engaged with operations and constantly faced with the ‘customers’
personnel. Their role requires greater flexibility as much of their work requirement
will be emergent as the value is co-created in the repair hangar. However, further
back in the organisations, away from the customer/supplier contact points many of
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the managers’ work requirements will appear to be the same. Functional managers
and staff who provide support for service contracts may therefore be unaware of
the changing business model within which they operate. This can also create added
complexities as behaviours and decision making may not align with new business
models.

Learning and recognition of change is required in many areas as the enterprise
transforms from a product-driven buyer-to-supplier relationship to an enterprise that
understands how complex engineering services are co-managed and co-delivered.
The differences and similarities between products and services and their manage-
ment need to be clearly understood by all parties. Likewise all enterprise parties need
to learn how to most effectively implement the new requirements in this inter-
dependent environment. The lessons learnt during the development and adoption of
the ATTAC contract must also be captured and disseminated so that when future
contracts are available, the enterprise can more rapidly and cost effectively develop.

Complexities were also attributed to the learning process necessary in contract
implementation. The learning process will be ongoing; will require constant
reinforcement and need to be an embedded part of the structure due to the rotation
of staff, both in the private and public sector.

Transition Management is a constant challenge within this case study. The
number of different businesses and departments and the seemingly constant change
or reorganisation they undergo is a significant complexity. The move from prod-
uct- to service-based contracts also brings in a significant number of new concepts
to these groups, not least ‘partnering to co-create value’. The ATTAC contract is
only one of many different programmes that drive change initiatives which impact
upon the enterprise including site closures, relocation and the introduction of Lean
process improvement techniques.

The ATTAC contract is the latest contract development from the MOD and it is
expected that in the future an increasing number of higher value contracts will be
offered for partnered delivery. It is critical therefore that the service enterprise
partners learn to effectively manage the organisational transition process. It should
be noted that whilst transition may reach a point of equilibrium, there will be no
recognised end to the process.

4.4.7 Emergent or Pre-determined

From the findings it would appear that the level of analysis may define whether a
factor is complex and may exhibit emergent behaviour, or complicated with pre-
determined output that potentially contributes to higher level emergence. The
behaviour of local agents shapes the behaviour of the whole system, but that
systems level may be independent of individual action. For example, a single
service operation undertaken on the aircraft may be described as complicated, but
it would be difficult to make any case for it being complex. All of the different
service operations have been detailed and captured in text, along with approximate
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times in which they may be completed, leading to single operations seemingly
having pre-determined outcomes. However, further issues may arise when
undertaking service and upgrade involving multiple processes that may necessarily
create changes in priority and hence create changes to planned operations. It is the
behaviour of local agents appropriately interacting and reacting when dealing with
arising requirements that combines to create emergent complexity. Management
are to question if a unit of analysis (process, system etc. being examined) exhibits
complexity as the outputs are emergent or is complicated representing output of a
predetermined system.

4.5 Using the Complexity Factor Framework

The ATTAC case has been presented as an example of a complex enterprise.
Following interviews and detailed analysis the factors identified as potentially
contributing towards complexity were placed within the framework shown in
Fig. 4.1. Six core categories, 31 sub-categories and a factor level challenge were
identified. Sub-categories were pragmatically placed beneath the core category
that best reflected the context in which it was raised—though it is recognised that
many subcategories may be relevant to a number of core categories.

It was widely recognised during interviews that many of the factors that add to
complexity were not a result of customer requirement, but rather bureaucracy or
historic precedence. As such, the generated complexity introduces time and cost.
The method for application of the framework forms part of ongoing research with
the enterprise and is currently being assessed as a basis for analysis of organisa-
tional change through reduction in complexity.

Each factor within the framework may be discussed with reference to a specific
context using a three-factor analysis of complexity value, based on the groupings
for waste from the Toyota Production System (Ohno 1988). First, those factors that
add to the complexity of the systems that are non-value adding and can be
immediately eliminated. Second, those factors that are currently embedded in
process, equipment, contract or other legal frameworks and must be identified and
strategies developed to remove or minimise their impact over a managed time
period. Third and perhaps most important, those factors of complexity that create
value and profit, embodying the reason that the company has been engaged to act
due to its competency in managing these factors.

Each factor is discussed by a management team within their context—does the
factor manifest in their operations and how does the factor affect them? Is there
sufficient evidence to support their responses and if not, how may this be gathered?
What plans are in place to act? Should the factor be applied to sub-processes and
each explored separately? These factors are assigned a red/amber/green status in
the framework to facilitate the identification and application of scarce resource
upon the issues that are deemed in need of most direct attention. At the time of
writing, practical application of this framework is ongoing.
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4.6 Conclusions and Future Work

Pragmatically, we have taken complexity of a service enterprise to be defined from
the actor’s perspective, identifying factors that may lead to complexity via a
qualitative case study using semi-structured interviews. The set of complexity
factors that result are a product of the respondent’s interpretations of their context.
Thus the generated complexity and complex adaption described use a set of cri-
teria defined by the interviewees, with complexity taken to be from their proposed
level of abstraction (enterprise, system, component etc.). Whilst the identified six
core, 31 supporting complexity factors and factor level challenge significantly
exceed the three factors for complexity of an organisation proposed by Daft
(1992), we find that the factors within the framework are supported by the general
meanings of complexity found in the literature.

The case study draws upon the complexity of the enterprise that delivers the
ATTAC contract, explored through the ‘perceived’ complexities identified in
interviews with managers across the enterprise. The case is presented as an
example of a complex service contract and the MOD engaged with BAE Systems
precisely to enable them to better manage the complex enterprise which delivers
the service. The meanings of the answers given to the question of complexity have
been interpreted by the researchers, but by using three different researchers we
have sought to minimise any bias. The factors presented represent a substantial
analysis of our findings, but we make no claim for identification of a compre-
hensive set of factors that represent the true scale of complexity of the case study
contract. By grouping into a factor framework we have further proposed a tool for
managers to analyse their enterprise based on complexity, such that time and cost
may be reduced. This tool is developmental at the time of writing. However,
knowledge and understanding of the complex service delivered by the enterprise is
still developing and it is expected that there will be further changes to the factor
framework and guidance on its application as a tool for complexity management.

4.7 Chapter Summary Questions

Complexity obfuscates and introduces cost and may exceed that which is inher-
ently needed to perform the service task. We provide a framework of complexities
identified by managers that may be used to discuss and identify strategies for
complexity management and cost reduction.

• Is our assumption that costs relate to complexity valid in your experience?
• What are the inherent complexities which are part of the job and what are

created unnecessarily?
• Are plans in place to reduce unnecessary complexity—both over the short and

longer term?
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Chapter 5
Towards Understanding the Value
of the Client’s Aspirations and Fears
in Complex, Long-term Service Contracts

John Mills, Glenn Parry and Valerie Purchase

Abstract This chapter focuses on the translation of public sector client aspirations
and fears into a specification of the services necessary for a complex, long-term
service availability contract. The contract is complex in many senses including that
many independent organisations must work together to deliver contracted service
outcomes and long-term being in excess of 10 years. These factors imply the need
for enterprise level management processes in addition to stakeholder centric
management. The alignment between the contracted services and the client’s needs
is investigated and the implications of partial mismatches are discussed. Particular
issues raised are the effect on behaviours around contract operation; potentially
missed opportunities to co-create value and build trust; and challenges to the
achievement of enterprise-wide management processes. The research highlights
the potential role of evolving and explicitly shared Client and Provider aspirations
and fears as a basis for enterprise-wide management.

5.1 Introduction and Case Background

Normative first steps in taking an enterprise (Binder and Clegg 2007) perspective of a
complex availability contract are: first, to define the boundaries of the enterprise—
what is included and what is not? And second, to identify the interests and value
propositions of the enterprise as a whole and its constituent organisations. Research
described in Chap. 3 developed visualisation of a complex support enterprise, a first
step in developing the generic visualisation capable of improving understanding of
the interfaces, leadership and management challenges in complex multi-organisa-
tional contracts between the Business and the Public sector (Mills et al. 2009).
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The enterprise environment is inherently complex and Chap. 4 has begun to
systematically identify the complexity factors present. However, the focus of
this chapter is on the role of client and provider value aspirations and partial
mis-matches between these aspirations and the realities of the contract. An
unexpectedly ambiguous environment was one result for front-line industrial
providers where the lead providers were surprised to find that changes to plans
were frequent; sudden, unexpected additions to the contract were the norm, and
working outside the contract seemed essential to satisfy the on-base client.

A military fast jet, through-life availability contract1 provides the context for
the study. The support front office is located in an RAF (Royal Air Force) base in
the UK and is supported by client, provider and third party on- and off-base
organisations. A more complete view is detailed in Chap. 3. This chapter focuses
on those organisations with an on-base (front office) presence; see Fig. 5.1.

The principals involved in the ATTAC contract are:

• BAE Systems as the lead provider
• DE&S (Defence Equipment and Support) as the original providers of the

support service and the negotiators of the contract on behalf of the ultimate
client

• The MoD (Ministry of Defence) as the ultimate client
• RAF Air Command as the users of the Tornado aircraft and who direct the

activities of squadrons and aircrew.

On-base, several types of organisation were found (Mills et al. 2009):

1. Partnered Direct Service Delivery Organisations: They are managed by the
lead provider (BAE Systems), located where the operational services are
delivered and composed of BAE Systems and Air Command staff:

Client’s Line 
of Visibility

F  O
R  F
O  F
N  I
T  C

E

SERVICE
PROVIDER
BACK 
OFFICE

Provider’s 
Line of 
Visibility

CLIENT
BACK 
OFFICE

Combined Maintenance and Upgrade CMU

Third party 
painting service

BAE Systems Manage Business
Admin, commercial, HR

Engineering support and
Airworthiness management

Fleet Management

Materials Provision

RAF Air 
Command

Strip/wash/report
Manpower & 
infrastructure

Rolls-Royce
Engines

DE&S Tornado IPT (Wyton)
Admin, Eng, Logistics, Commercial

Fig. 5.1 Enterprise image of on-base ATTAC organisations

1 ATTAC (Availability Transformation: Tornado Aircraft Contracts) is a long-term, whole-
aircraft availability contract where BAE Systems take prime responsibility to provide Tornado
aircraft with depth support and upgrades, incentivised to achieve defined levels of available
aircraft, spares and technical support at a target cost.
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• Combined Maintenance and Upgrade (CMU) includes most of the main
hangar activities that carry out depth maintenance and upgrade activities
resulting in aircraft with increased available flying hours.

• Fleet management provides planning activities that translate the Forward
Squadron requirements into the schedule of the aircraft through CMU.

• Engineering Support and Airworthiness management resolves technical
queries and safety issues.

• Materials provision plans and expedites spares and repair requirements to
supply CMU and Forward squadrons

2. Independent Direct Service Delivery Organisations. These are organisations that
are not managed by or responsible to BAE Systems, but are critical dependencies
on the delivery of the service. In this case there are three such organisations:

• Rolls-Royce manages the repair and overhaul of Tornado engines via a
contract between themselves and the MoD

• SERCO provides a painting service via a contract between themselves and
MoD

• RAF Air Command retained management of several key areas of depth
maintenance: the strip and wash process, strip report and all work connected
with ejector seats and weapons. They also manage the hangars’ upkeep,
power supplies and information technology infrastructure and provide
technicians, engineers and management personnel to the Partnered Direct
Service Delivery Organisations

3. Specific Contract Focused Organisations. These organisations are managed by
BAE Systems or the Client and are focused solely on the focal contract. They
may be located with the operational service provision, remotely or spread
between them. In this case there are two such organisations:

• The ‘‘Manage Business’’ organisation is controlled by BAE Systems and
operates mainly on-base. It covers the commercial, administrative and
human resource needs of the contract.

• The Tornado IPT (Integrated Project Team) is controlled by the MoD via DE
& S and contains staff covering administration, engineering, logistics and
commercial support for ATTAC.

Given this necessary introduction to the case context the chapter proceeds as
follows:

• A literature review of research in the area of outsourcing complex services and
the extra issues involved with outsourcing publicly funded services to industry

• A brief description of the research methodology used
• Case analysis leading to the identification of the aspirations and motivations of

Providers and Clients and a summary set of services required to deliver these
aspirations

• A discussion of the issues raised
• A summary of findings and directions for future research.
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5.2 Literature Review

With a clear trend towards increasing specialisation among firms (Mills et al.
2004) as they develop and concentrate upon their core competence has come an
inevitable emergence of notions like ‘‘Knowledge-Sharing Network’’ (Dyer and
Nobeoka 2000)—sets of firms with complementary competences that collaborate
to deliver products and/or services or ‘‘Virtual Organisations’’ (Ahuja and Corley
1999)—a form of extended firm suited to the delivery of products and services that
are competence-based. While firms have always been a part of multiple networks,
their dependence on other network members and hence their inability to fully
control their output, has grown alongside or as a consequence of the narrowing
scope of their competences. Thus, calls for the need to take a wider ‘‘Enterprise’’
or ‘‘Network’’ perspective have grown in parallel with the need to understand and
articulate competence in terms of an individual firm’s value proposition.

The service enterprise presented here is composed of multiple independent
organisations, as shown in Fig. 5.1. The services are highly customer specific,
related to the particular requirements of the product in the client’s context.
Mathieu (2001) deliberately used the term ‘client’ instead of customer to
emphasise a major change in the relationship necessary when transforming from
equipment to service provider. ‘Client’ implied a professional, expert, service
provider capable of delivering confidential advice, attention and support. The
technical quality of the product might even become a hygiene factor in some
contexts, for the client is looking for a ‘solutions provider’ (Galbraith 2002;
Davies 2004; Davies et al. 2007; Windahl et al. 2004). The provider charges a
fixed price to provide specified services over a set period rather than charging for
each service event (e.g., breakdown or upgrade). The provider takes on the risk of
equipment failure, establishing contracts that offer a set level of operational
availability, often combined with a specified response time in the event of failure
(Oliva and Kallenborg 2003). The notion of availability enables the client to
evaluate the value or worth of the provider’s offer compared to their current
internal and external costs of ownership. The profitability of an individual contract
is largely dependent on the provider’s assessment of failure risk and the combined
ability of the provider and the client to co-produce (Ramirez 1999) and co-create
(Vargo and Lusch 2006, 2008) improved returns from this new arrangement. The
challenges to making this transition are wide in scope and time consuming to
achieve for both the main provider and the client. In addition to responding to new
sources of profit and cost (Markeset and Kumar 2004), new capabilities are
required in four domains (Windahl et al. 2004). Of these, partnering and net-
working skills are a particular focus here. Researchers are increasingly realising
that client–provider partnering is a very limited view of the partnerships a solution
provider must enter. Windahl and Lakemond (2006) emphasise the importance of
partnerships within different departments in the solution provider, within the client
and with other independent organisations necessary to produce the solution.
Another difficulty is the need to share closely held design and/or financial data
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with partners and be honest about one another’s performance (Foote et al. 2001).
To illustrate the nature of the solution provider–client relationship, Helander and
Moller (2007) assert that the solution supplier’s senior management and client
peers must interact over the sensitive out-sourcing of key functions and
co-development and management of solutions over a long term. In other words the
strategic direction of each partner must be shared. It becomes very clear that the
‘‘co-creation’’ of value (Vargo and Lusch 2006, 2008) requires ‘co-management’
by the client and the provider and that developing and managing enterprise-wide
management processes may be central to the enterprise success.

Jost et al. (2005) study of private consortia taking over services previously
provided by the UK public sector describes factors that help build successful rela-
tionships in this context. Jost et al. (2005) findings focus on three key activities at
different levels of organisation—individual (assuring continuity), group (team-
building) and organisation (reconciliation of objectives)—underpinned by the
concept of trust (Vangen and Huxham 2003). The study also drew attention to the
uncertainty in such contracts—all eventualities cannot be predicted at the outset and
activities to reconcile objectives occur repeatedly in a cycle of negotiate, commit
and execute (Smith Ring and Van de Ven 1992, 1994). While the co-creation of
value remains central in these contracts, the cultural differences between the public
sector and the commercial constituencies may add another challenge. For example
the confusion created for military partners, used to visible symbols of rank and
authority, by an indistinguishable set of suited industrial managers was significant—
who was in charge? This is a fascinating area but outside the scope of this chapter.

The research explores challenges predominantly at the organisation level
concerned with reconciliation of objectives viewed from the translation of pre-
dominantly client aspirations and fears into the services required in ATTAC.

5.3 Research Methodology

Case study research is useful when the aim of research is to answer ‘how’ and
‘why’ questions (Yin 1984). This matches our wider aim of improving under-
standing of how and why such complex service provision contracts actually
materialise in practice, as perceived by involved (and uninvolved) actors in the
provider and the client. Though our overall focus was on understanding the
obstacles and enablers to effectively implementing the service provision contract,
our focus in this chapter is on the service enterprise management issues raised and
how these might be better and more widely understood.

This particular case study was chosen for two main reasons—it was the first of
its scale and complexity between the Provider and the Client. Since both parties
intended to continue to let and bid for such contracts, this first attempt was an
opportunity for both parties to learn. This interest in learning from experience
enabled the researchers to gain greater access to partner organisations—six Client
and 22 Provider interviews were conducted. In this chapter we differentiate
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between informants from the industrial on-base providers, Air Command (the
product user) and DE&S (the negotiators of the contract on behalf of the MoD).
For reasons of confidentiality, detailed roles are not divulged.

Key questions for this chapter concerned the client motivations to involve
industry in the provision of Tornado support and the motivations of industry to accept
this opportunity. What value was expected for each stakeholder and had this mate-
rialised? These questions also provoked discussion from some client constituencies
on what value had been put at risk by the contract and from the provider on what value
was at risk through unanticipated requirements and dependencies in the task.

All interviews were recorded and transcribed. ‘The case study analysis pre-
sented in the chapter has been rigorously validated through a series of presenta-
tions to key customer and provider contract and support functions. Written reports
have also been made available for validation and feedback (Yin 2003). A full
description of the case study analysis methods is described in Chap. 3.

5.4 Case Analysis

The analysis will examine the ATTAC case in terms of value aspirations and fears
for each of the key stakeholders taken from relevant documents and case study
interviews. The research findings will be presented in two sections: lead provider
strategic motivation, and client motivations and requirements from the outsourcing
including MoD, DE & S and Air Command perspectives.

5.4.1 Provider Motivations and Aspirations

The provider motivation for entering this contract was based on two major factors,
first the Joint Strike Fighter contract funded predominantly by the USA and the
UK appeared to be the last manned defence platform that would be developed for a
considerable time. Defence air programmes were now much more likely to involve
Unmanned Aerial Vehicles (UAVs). Second, the UK government (Defence
Industrial Strategy 2005) was, and remains keen to move towards partnering on
aircraft maintenance and support, providing alternative income for Defence OEMs
(Original Equipment Manufacturers) that could help maintain the capabilities
necessary for upgrading manned aircraft.

BAE Systems expected to continue support for Tornado and develop support
contracts for two more fast jet platforms—Harrier and the Eurofighter (Typhoon).
Since opportunities for OEMs and others to partner with governments in Defence
support are increasing rapidly in the UK, the USA and elsewhere, the support
business was seen as an important new market for Defence OEMs. This market
was expected to provide steady ongoing profits from long-term contracts.

This motivation was widely recognised by the service provider and the client
respondents. Better procedures for delivering the contract were expected by both
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parties to lead to increased profits for BAE Systems and ultimately in gain share
for the MoD. There were, however, tensions and a lack of trust in the commercial
values that were evident at the early stages of the contract implementation. Clients
were suspicious of provider motivations who may ‘still see it as a game that they
have to go out and win’. There were also fears that having given this type of
contract to industry, this may become a monopoly and result in price increases.

There was evidence, however, that such concerns reduced with experience of
contract delivery. Significantly, on-base provider respondents did not tend to
discuss their commercial motivations, focusing instead on the client’s motivations
and how the service provider might support the achievement of these objectives.
This may have been due to an awareness of potentially conflicting values or may
have been evidence of reconciling objectives through adopting the client’s
objectives. As the first major contract of its type, BAE Systems and the UK MoD
were keen for it to be a success.

5.4.2 Client Motivations, Aspirations and Fears

The Defence Industrial Strategy White Paper (Ministry of Defence 2005) set out the
MoD/UK government perspective on partnering with industry. It was widely
accepted by all interviewees that the principal motivation for outsourcing Tornado
support (and subsequently support of other Defence assets) was to reduce the cost
per flying hour. The ATTAC contract offered savings of £510 million over 10 years.
These savings arose from reductions in RAF and civilian-related personnel and the
improvements a commercial organisation was expected to bring to task.

From the DE&S perspective, the organisation previously tasked with Tornado
support, their task became one of negotiating a reduction in the price per flying
hour and helping to implement the contract.

Further reductions were also expected from a gain/share agreement within the
contract—with an open book partnership, savings made in excess of the target
would be shared between the client and the provider. Particular areas such as
supply chain management were seen as ripe for cost reduction.

There was thus a strong requirement that cost reduction would be ongoing.
The need for a cost reduction service is clear with a lead from the lead provider.
One major source of cost reduction concerns the problems that arise in the forward
squadrons that are corrected without provider input. Sometimes, mis-diagnosis
leads to a repair cycle costing over £30 K and a result of ‘‘no fault found’’. Good
data on these events can be difficult to obtain and the provider could justly ask that
the Air Command cooperates to provide an improved data service on these events.

However, reducing costs could not be achieved without other effects. The
manpower reductions were felt to limit the flexibility of an organisation whose
purpose called for very fast response. The old organisational arrangements were
considered to be ‘almost infinitely flexible’ and thus could cope with ‘surges and
unexpected events’.
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There is a strong requirement that the provider will be as flexible as possible.
The importance of this aspect should not be under-estimated for the level of
flexibility potentially required by a military defence client is difficult, if not
impossible, to cover in a contract.

However, this requirement was fully recognised by the on-base industrial
providers. They recognised their customers’ concerns; that retaining flexibility was
‘hugely important’; and that ‘politicians will change their mind’ resulting in new
operational requirements and the need to change plans.

The manpower reduction had further consequences—potentially reducing the
RAF’s engineering knowledge and capability and implying changes in career
structures. As industry assumes management of such contracts, there were con-
cerns that there may be fewer career routes for service personnel who would be
moving beyond operational duties and would have traditionally played a role
within Integrated Project Teams. Such roles gave service personnel important
knowledge and understanding of the system and skills sets working with industry.

Having fewer graduate engineers implied a change in career pattern to establish
and maintain a new balance of scope and depth of knowledge and skills.

The Air Command perspective was not covered in depth in our interviews;
however two potential losses in value from the new arrangements needed to be
guarded against. The first concerned the skills of the technicians and whether they
would be as well trained as before in a hangar managed by an industrial provider.
In-depth skills give RAF technicians an understanding of the aircraft that can be
used in the front line and the loss of such skills would be detrimental. Having
fewer service technicians implied an adaptation of training procedures to maintain
new net skill levels.

The second potential danger was a cultural factor. The defence customer
emphasised that ‘respite’ from operational duties was an important factor for service
personnel involved in delivering the ATTAC contract. In relation to this issue, it was
important that personnel should not leave their squadron where they felt pride in their
defence role, to then feel that they had been ‘abandoned for a few years in a civilian
organisation’. There was therefore a necessity to maintain the ‘military culture’ by
ensuring that such personnel were not a minority in a largely civilian community.

5.4.3 Sample of Services Required to Deliver Client
and Provider Aspirations and Fears

Having understood the context and the value propositions, it becomes possible to
express the value propositions that have been contracted for and express them in
terms of the service bundles offered (Vargo and Lusch 2008). Table 5.1 summa-
rises the operational services within the contract, those support services implicit in
the contract and un-contracted services.

We do not claim that this collection of services is comprehensive; they do
however provide examples of client aspirations and fears translated into services
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required by the client whether they have been explicitly recorded in the contract or
contracted for at any level.

5.5 Discussion of Issues Raised

As in many other outsourcing decisions, reductions in cost for the client and the
prospect of profit for the provider lie at the heart of the decision. A cost focus on the
client’s part invariably leads to losses in value—increased dependence on the pro-
vider, a potentially slower response to emergencies and effects on careers in the client
organisation. In this section we discuss un-contracted services and implicit services.

5.5.1 Un-Contracted Services

5.5.1.1 Flexibility and Responsiveness

On-base provider personnel are well aware of the client’s requirement for fast
response; indeed it is not advisable to refer to the contract when a new requirement
arises, for the on-base client interprets that behaviour as lack of flexibility.

Table 5.1 Samples of contracted, implicit and un-contracted services

Contracted operational services Lead

Depth maintenance service (CMU) BAE Systems
Fleet management service BAE Systems
Engineering support and Airworthiness data management service BAE Systems
Materials provision service to CMU and forward squadrons BAE Systems
Support services implicit in the contract

Training service for industrial technicians and engineers BAE Systems
Training service for RAF technicians and engineers Air

Command
Cost reduction and improvement service BAE Systems
Forward data provision service on faults Air

Command
Service to support and develop the hangar infrastructure Air

Command
Service to provide strip, wash, ejector seat and weapons aspects of depth

maintenance
Air

Command
Service to assist integration with contracts outside ATTAC e.g., Engines and

Painting
Air

Command
Commercial service providing open book data, quotations etc. BAE Systems

Un-contracted services
Highly responsive service on all operational services BAE Systems
Skills maintenance and development service for RAF technicians BAE Systems
Skills maintenance and development service for RAF graduate engineers BAE Systems
Respite provision service that maintains the RAF ethos BAE Systems
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The need to be highly flexible and responsive creates challenges for the service
provider. It was suggested that it would be ‘very rare that we would say ‘No’.
It was often necessary to meet the defence customers’ needs and agree afterwards
how this should be handled in terms of the contracted agreements. This would
mean that the provider needed to rely on, for example, ‘minutes of meeting for
their authorisation to undertake work’. This process of meeting requirements and
negotiating contractual impact afterwards relied heavily on mutual trust between
the provider and the customer, and presented challenges for the provider.

The client’s behaviour when fast response is needed is to ignore costs. They do
not expect to discuss how much the new requirement may cost—they expect
action, costs can be discussed later. Commercial providers try hard to avoid
spending money on tasks that are barely defined and for which no formal order
exists. Responsive behaviours that please the client are not always understood in
the provider’s back office.

Nevertheless it can be no surprise that the client has not fully2 put their flexi-
bility and responsiveness needs in the contract since commercially, the provider
would be taking huge risks and the contract price would rise substantially. The
client, therefore, chooses to pay separately for each new requirement for fast
response. The on-base providers had become reconciled to the client’s need for
flexibility and fast response. However, there was less acceptance of the provider’s
commercial requirements, with little progress on alternative co-created adminis-
tration processes to handle emergencies and help on-base providers satisfy their
back office managers and accountants.

5.5.1.2 Skills maintenance

The fear of loss of product capability and knowledge is likely to remain important
since in forward positions, the squadrons need good current knowledge of their
aircraft. They do not outsource the whole of Tornado support and remain involved
in depth support for sound strategic reasons. Thus with lower numbers of RAF
engineers and fewer opportunities for advancement, the development and main-
tenance of past levels of RAF capability will need active co-operation from
industrial partners. For example, in planning actual movements into the roles
necessary to equip RAF engineers for more senior roles, the RAF no longer has
full control over each role; the provider’s staff occupy many of these roles. Thus
the two services in Table 5.1 that provide manpower from the Provider and the
Client into the Partnered Direct Service organisations will need to be strongly
linked. This issue, a problem for the RAF and an opportunity for the provider, is
not unanimously appreciated. It may be regarded as a chore rather than a critical

2 The contract does address ‘‘surge’’ requirements using the key metrics, however many
requirements for flexibility are completely new.
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piece of value add for the client since the provider can feel that ‘by the time we’ve
trained them up, they’re thinking of the next posting’.

The provider and client have an opportunity to co-create an improved service in
this area. A review and modification of both technician and engineer training and
education may enable training to be delivered more swiftly. These trained engi-
neers and technicians benefit the provider since they are more capable of carrying
out depth support; they benefit the client by enabling technicians and engineers to
gain and maintain more capability than otherwise; and finally they benefit the
client and provider by maintaining and developing the client’s technical and
commercial intelligence.

5.5.1.3 Respite

The provider is implicitly required to provide a respite service that maintains an RAF
ethos embedded in the partnered organisations they manage. There is already some
sensitivity to this on base among BAE Systems managers in terms of what can and
can’t be done with RAF technicians. This is a semi-reactive stance but articulated
explicitly as here, this service could provide a trigger for ideas to further improve
mutual understanding and respect in provider–client relationships. This is another
significant opportunity for value co-creation between the client and provider.

5.5.2 Implicit Services

Most of the implicit services in Table 5.1 concern dependencies for the effective
provision of contracted operational services. These are generally well represented
in the contract and are an acknowledgement of the need for the client and provider
to co-operate to deliver the operational metrics specified in the contract. The cost
reduction and improvement service, however, is less well described. As shown in
Sect. 5.4.2, ongoing cost reduction is expected by the client yet the contract
appears to say little of how a cost reduction service might work. Compared to the
other implicit services, a cost reduction service can involve any of the stakeholders
in the client and provider organisations and extend into the supply chain. It is,
therefore, a key ‘‘enterprise level’’ service, requiring involvement, co-operation
and effort to implement new processes and ways of working across multiple
stakeholders. It could also reasonably generate new implicit service requirements.
For example, the forward data provision service on faults; see Table 5.1.

In summary, un-contracted services based on client aspirations and fears pro-
vide opportunities for service improvement and value creation. If they are artic-
ulated as services that need structure, management and review—perhaps to—they
potentially promote trust in the provider by demonstrating that client requirements
are understood, respected and being actively managed. Paying attention to more
complex, enterprise level implicit services may be important to:
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a. ensure that a collaborative approach is taken to complex inter-dependent tasks;
b. jointly generate proposals for future services rather than react to the client

requests; and
c. signal the need for enterprise management of complex support organisations.

5.6 Preliminary Findings, Limitations and Future Research

This section is divided into two main parts. First, a discussion on findings with
respect to previous research; new findings that are particular to military avail-
ability contracts and new findings worthy of wider recognition. Second, a critique
of the research methods used, discussion of the paper’s contribution and proposals
for further research.

5.6.1 Discussion of Findings

This research supports Jost et al. (2005) study on the importance of reconciling
partner objectives. In this case, there was evidence to suggest that the nature of
partner motivations, requirements and, therefore, objectives are complex and
interdependent. Partners in the ATTAC contract had diverse initial objectives
that were recognised but little discussed. The extent to which objectives
were reconciled was not clear, management processes that spanned the enterprise
were little developed, however, the need for such enterprise management pro-
cesses appeared to be emerging as we reported our findings jointly to providers
and clients. It is clear, however, that a joint overall objective for ATTAC
was not explicitly articulated. In our minds this would have been concerned
with supplying an aspect of the UK’s Defence capability effectively, safely and
economically.

Jost et al. (2005) also asserted that complex service contracts were inherently
uncertain since all eventualities could not be predicted at the outset. Thus rec-
onciliation of objectives required regular discussion and review of objectives to
ensure that evolving partner requirements were understood and taken into account.
This research suggests some of this evolution might be accelerated if the partners’
requirements were more explicit at the outset.

Implications from the preliminary findings from this case will be discussed in
three sections:

1. Translating requirements into a contract;
2. Findings particular to complex military service out-sources; and
3. Findings worthy of wider recognition in complex service provision.
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5.6.1.1 Translating Requirements into a Contract

A series of stakeholder motivations and fears have been identified, some of which are
being met through the service contract while others are currently neither met, nor
contracted for, in a systematic way. It is interesting to note that the contracted services
in the case are services aimed at the ‘product’, while the uncontracted services are
what Mathieu (2001) would call services for the ‘client’; for example, maintaining
engineer and technician capability. Likewise only the operational support of Tornado
aircraft drew attention in the development of performance indicators and targets. This
suggests both the client and provider quite reasonably have much to learn on the
meaning of ‘‘service’’ in their context, as both took an enormous step from their
‘product dominant’ experience base and traditions in contracting for ATTAC. It is
also possible that in not fully articulating their requirements in the contract, they
obtained a more competitive contract price than otherwise. While the inexperienced
lead service provider concentrated on tangible ‘‘product’’ aspects of the contract, the
number of new requirements the client would need was significantly underestimated.
The client must rely on provider goodwill for un-contracted services, especially in
terms of avoiding steps that might oppose their long-term aspirations and needs.

The contract was created around the need for cost reduction rather than joint
value creation and this will inevitably bias the nature of the partnership and slow
the development of trust. Nevertheless, there is evidence that trust and mutual
respect and understanding are developing in this contract, especially on base.
However, the need for cost reduction and service improvement led by the main
provider, though clear in the contract in terms of performance improvement
metrics and a gain/share agreement, was not made explicit in terms of the duties of
all partners, including the client. All partners need to be prepared to change
methods, invest in training and other implementation aspects of cost reduction and
service improvement if holistic enterprise improvement is to be achieved. At the
time of ATTAC contract development this was an unpopular move, as far as many
in the RAF were concerned, and this did not provide an environment where the
duties of the Air Command in cost reduction activity could be discussed.
Relationships have developed and now may be the time to discuss these aspects.
The economic situation of the client has significantly worsened since contract
signature, thus the cost reduction aspiration of the DE&S client and, we suggest,
any UK public sector service client needs diligent attention. Ongoing service
improvement, however defined, is a key potential advantage of public sector out-
sourcing to industry since the complementary capabilities and mindsets of industry
towards cost reduction and improvement in general need to be fully exercised.

5.6.1.2 Lessons for Complex Military Support Outsourcing

The specific lessons for military outsourcing concern the strategic necessity for
them to be incomplete, and the linked necessity for the industrial provider to
maintain a military ethos across the service operation. Military clients must be
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knowledgeable about their equipment to be effective in a war zone where limited
civilian expertise is available. This is particularly the case for aircraft where safety
considerations vis a vis the public (as well as the military) are high. First-line
maintenance of warships, tanks and other weapons cannot be outsourced to
civilians in a war zone. There are large differences between the knowledge
required to conduct first line maintenance; for example, in the air sector, training
for both engineers and technicians is a lengthy process and now takes place in an
environment where civilian and military personnel work together.

5.6.1.3 Lessons for Other Complex Service Outsourcing

We see no reason why the following preliminary findings from the ATTAC case
are not of wide interest to complex service outsourcing across the public sector.
The particular lessons we would draw attention to are:

a. The need for over-arching enterprise objectives to help reconcile individual
partner objectives;

b. Evolving requirements and their role in understanding that non-contracted, yet
vital services can assist partnership development as well as providing oppor-
tunities for value co-creation; and

c. Making explicit ‘‘implicit service requirements’’ that require management
processes involving all partners, is a vital step towards holistic management of a
complex service enterprise. ‘Service improvement’ services would appear the
key in this context.

5.6.2 Limitations and Further Research

This research has three key limitations; the research methods used, its client
centric focus and the normative assumptions on which the research is based.

First, the interview methodology could not achieve a comprehensive set of client
aspirations and fears. This could be addressed using a framework that tested infor-
mants’ views across the documented pros and cons of service outsourcing.
In defence, the original interviews were focused on gaining knowledge across the
ATTAC case and the methods did much to ensure the data collected were reliable.
It was then concluded that the data generated on client aspirations and fears were
sufficiently interesting to explore and publish. Second, the study was clearly client-
centric; we now believe the providers’ perspective to be equally important. Providers
have rights, and from our observations, it appears an explicit view of the client,
provider and product services are required to organise and negotiate Enterprise level
management and improvement as well as set the scene for contract development. We
thus concur with Gummesson’s (2008) appeal for ‘‘balanced’’ rather than ‘‘customer
centricity’’ in the case of complex service outsources. Third and finally, a root
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assumption of the research is that all partners will co-operate to make their aspira-
tions and fears explicit and enable a reconciliation of their needs with the needs of the
enterprise at large. As a result of that knowledge, service improvement at the
Enterprise level can begin, as partners can more clearly view the implications of
change for other partners and thus negotiate change. However, they may not wish to
do that for many reasons—they lack trust in one another; they are not used to working
with each other in this way; their back offices and corporate governance will not let
them; clients refuse to relinquish part of their power and so on. Having seen how in
this case, clients and providers discussed these issues at our validation report-backs,
the benefits are clear for those supplying service and their client contacts. The road is
likely to be much more challenging in their back offices. It is our belief, however, that
those clients and providers who do experiment in this way are more likely to learn and
thrive in complex service contexts.

Given these criticisms, what is the contribution? Research of this kind is rela-
tively rare; it exposes aspects of the empirical reality of complex service enterprise
life and that is the contribution. There is much research in the services management,
supply and value chain arena suggesting generalised advice, as yet there is little
in-depth empirical data on how aspirations and fears are translated into contracts or
the utility of those contracts to form a basis for enterprise management.

Further research is required to more comprehensively identify client and pro-
vider aspirations and fears and thus the operational, support and un-contracted
services required from both perspectives. This should not be restricted to the lead
provider, for example in ATTAC at least three ‘‘second tier’’ providers could be
(or could have been) included. Also, much more needs to be known about the
means of promoting and supporting value co-creation in public sector service out-
sourcing and the conditions in which it may thrive. There may be opportunities to
investigate this area in the near future if governments see service outsourcing as a
significant and realistic means of implementing budget reductions.

Overall the study confirms previous advice for service providers to fully
understand the value propositions of their clients and amplifies the importance of
this advice when dealing with a complex public/private sector service enterprise.
It illustrates how requirements can be framed in terms of the additional services
required to deliver the core services. The research also suggests that un-contracted
aspirations can be translated into potential additional services from both the client
and provider that, jointly recognised, can lead to improved mutual understanding,
respect, opportunities for further value co-creation and increased recognition of the
need for enterprise level management.

5.7 Chapter Summary Questions

The chapter has highlighted challenges faced in translating client aspirations
and fears into a complex service support contract and the potential benefits
of understanding the clients’ full requirements. Even though they may be
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unaffordable or too difficult to contract, many questions remain. In a complex
service partnership, given the roles of providers and clients are to co-produce the
service and co-create value, it is essential that all stakeholders openly understand
the requirements of the client and provider constituencies.

• How can a sufficiently comprehensive and shared understanding of client and
stakeholder aspirations and fears be achieved?

• How might these aspirations and fears be converted into services required by an
‘‘ideal’’ contract for both provider and client communities?

• Since an ‘ideal’ contract will be unaffordable, how best might un-contracted
service requirements be respected?

• How might service improvement requirements be implemented more success-
fully in such partnerships?
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Part II
Delivering Service Contracts

Rajkumar Roy

Service contracts underpin a longer term and closer relationship between a firm
and its customer. Delivering a service contract for complex engineering systems
requires redefining the value proposition; dealing with additional uncertainties and
therefore costs; exploring opportunities for additional revenue generation and
developing a sustainable risk-sharing environment within the supply chain. The
contracting for services could bring additional benefits in comparison with the
traditional contracting for product sale for the customer, the firm and its supply
chain. The benefits could come from reduction in the whole life cost of the service
provision, stronger partnership within the supply chain, increasing the loyalty of
the customer and new revenue generation opportunity for the firm and its
suppliers. The service contracts play a major role in shaping an environment for
the long-term relationship essential for the complex services. This section presents
the key concepts and challenges involved in delivering a service contract.

Complex Engineering Service Systems delivers value-in-use in partnership with
the customer. This is a shift from good dominant logic of business to a service
dominant logic. The shift in business logic requires transformation in organi-
sational capability for both the customer and the firm. This section identifies the
capabilities required to co-create the value within a ‘value-web’, where a value-
web represents integrated capabilities of the customer, the firm and its suppliers.
There are seven major attributes of co-creation that impacts the organisational
capabilities: complementary competencies, empowerment and control, behav-
ioural transformation, process alignment, behavioural alignment, firm’s expecta-
tions, customer’s expectations. The chapter presents a capability matrix by
mapping the attributes against six dimensions of the service capability. The matrix
can be the basis to define service based organisational capability within a firm.

Development of service delivery contracts need to understand and reduce the
uncertainties involved over the entire duration of the contract. Uncertainty is
defined as the indefiniteness associated with the outcome of a situation.
Understanding of the uncertainties is even more important for a service contract
due to its long-term nature and complex dependencies among the members of a
value-web. The service uncertainty is driven by the quality of information flow and



knowledge across a given value-web over the duration of a contract, which creates
challenges in arranging the operational requirements. Therefore, predicting cost of
a service delivery will also depend on the understanding. Service cost estimation is
more challenging than estimating the acquisition cost of a product. The service
delivery process involves potential demand variability, intangible expectations
from customers and relationship management within the value-web, and that
brings additional costs to the contract. The chapter presents a mapping between the
major classes of uncertainties and the cost drivers for service delivery. The chapter
demonstrates the impact of the uncertainties on service cost estimates through a
case study. The uncertainty based cost estimation framework could provide
essential cost information for a contract development and negotiation, and reduce
the whole life cycle cost.

Revenue generation for the firm and its supply chain is dependent on the
relationship with the customer and the risk-sharing environment for the service
contract. There are increased risks when a firm moves towards the servitization.
Incentives are used to influence the motivation and relationships among the
members of a value-web. An appropriate incentive mechanism could develop
sustainable value-web and reduce the whole life cost. Incentives motivate a firm or
a supplier to achieve higher performance than the one specified originally and
reduce the service oriented risks. It is often win-win for the firm and its customer.
The chapter identifies the impact of incentives on organisational behaviour within
a service contract through a case study. One of the major attributes for the service
contract incentive is to encourage flexibility and adaptability within the value-web.
The adaptability requirement often contradicts the whole cost reduction objective.
The performance of the service contract depends on the value co-creation with the
customer and that means the incentive mechanism may include the performance of
the customer.

Finally, the section argues that successful service delivery is dependent on
community level relationship among the members of a value-web. Commercial
contracts are often limited to capture this aspect of the service delivery in an
objective manner. The relationship is developed through relational governance.
The governance is the strength of socio-commercial relationship norms present in
the service delivery. The chapter observes the transition from an interpersonal
relationship to a community level one with the maturity of two contracts. The
study also highlights the challenges in defining the performance measurements for
service contracts. It is observed that the relational governance is more efficient
than purely commercial contract governance in delivering the service based
contracts. Due to the dynamic nature of the service contracts, it is often difficult to
specify the boundaries and roles, and measure the value-in-use as the outcome of
the service. It is necessary that the service delivery focuses on achieving the
required value-in-use rather than just satisfying the key performance indicators of
a contract. Interpersonal relationships among the key personnel across the value-
web play a major role in co-creating the value, and therefore selection of a right
team is even more important for the service delivery.
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The section provides the foundation for service contract development and
delivery. The four chapters address the key aspects of the service contracting and
highlight the need for more flexible relationship based governance for the service
delivery.
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Chapter 6
Redefining Organisational Capability
for Value Co-creation in Complex
Engineering Service Systems

Irene Ng, Sai Nudurupati and Jason Williams

Abstract There is evidence that service transformation is bringing substantial
benefits to traditional design and manufacturing organisations leading them to
invest in transforming into service firms co-creating value with their customers.
However there is lack of understanding in how these organisations can effectively
and efficiently (re)design their service delivery to co-create value with customer to
attain optimal benefits. This chapter explains the seven key attributes that are
essential in value co-creation: complementary competencies, empowerment and
control, behavioural alignment, process alignment, behavioural transformation,
firm’s expectations and customer’s expectations. It describes how the seven
attributes demand the need for organisational structural change. The chapter then
describes how the six dimensions of organisational capability, i.e., competence,
capacity, culture, structure, systems and infrastructure should be redefined for
better value co-creation and proposes key actions organisations need to take to
develop the capability for value co-creation. In doing so the chapter provides a
starting point for organisations to understand and begin to plan how their organ-
isational capability could be re-configured for enhanced co-creation of value.
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6.1 Introduction

Traditional academic literature focuses on value as exchange value (e.g., Marshall
1927; Thomas 1978). This notion of exchange value underpins the traditional
customer–producer relationships, where each party exchanges one kind of value
for another, with something in exchange for something else. With the advent
of servitization (Anderson and Narus 1995; Neely 2007; IBM Research 2005), a
value-centric approach with service dominant logic puts delivering value-in-use as
the key to superior competitive advantage (Vargo and Lusch 2008; Ng 2009).
Consequently, to achieve value-in-use, the firm has to ask how value is created and
understand the role of the customer within that context (Lengnick-Hall 1996). The
challenge lies in changing the nature of collaboration between the firm and its
customers. This challenge is amplified and becomes more complex when the firm
shares resources across multiple contracts with different degrees of involvement
with the customer. This is prevalent in complex engineering service systems such
as firms operating in the defence industry (aircraft manufacturing, maintenance,
repair and overhaul services). Collaborative activities become increasingly com-
plex as they cross organisational boundaries.

According to Marion and Bacon (2000), traditional organisations with a closed
system approach of complexity limit their organisation’s ability to adapt to its
environment resulting in loss of control and opportunities. Hence cross-organi-
sational activities should be managed with an open systems approach by devel-
oping flexible capabilities to continuously change and co-create value with
customers (Brodbeck 2002). Firms can increase their effectiveness by achieving a
good ‘fit’ between their structures and coordinating mechanisms and the context in
which they operate (Drago 1998). To collaborate in this way, organisations
must nurture flexibility within processes and procedures and encourage and
empower employees to reactively self-organise as change occurs. Such proce-
dures, modelled on complexity theory, would suggest a capability to adapt
and provide an enduring fit between structure and context (Brodbeck 2002).
Competitive advantage may be gained through creating the capability to contin-
uously adapt and co-evolve within the complex environments created, embedding
a system capable of undergoing continuous transformation in order to respond to a
dynamic business environment (Brodbeck 2002; Lewin et al. 1999).

The objective of this chapter is to discuss the seven attributes of value co-creation
presented by Ng et al. (2010) and their impact on the organisational capability
required to deliver complex services. A new definition of capability is proposed that
is configured to enable effective co-creation through a value-web (capability inte-
gration perspective), rather than delivering its value proposition through a value
chain (vertical integration perspective). Initially, it presents the seven attributes from
a more technical paper on the subject. Later on it presents the six dimensions of
service capability identified from literature. By mapping the dimensions of capability
onto the attributes of value co-creation, we propose a matrix that redefines organi-
sational capability and suggest actions for firms to achieve that capability.
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6.2 Attributes of Value Co-creation

In service delivery, the value of the service is embedded in the processes and
interactions between the customer and the firm over time. Recent literature have
discussed these interactions as those where the value is co-created between the
firm and the customer. For example, maintaining and servicing equipment and
parts on site, integrating systems, or training. Consequently, whether benefits to
customers are attained through tangible goods or through the activities of firms, a
customer-focused orientation would focus on achieving value-in-use, delivered by
the outcomes rendered by the firm’s value proposition of goods or activities
(Vargo and Lusch 2004, 2008; Tuli et al. 2007).

In striving to achieve value-in-use the firm now becomes an essential part of the
consumption process. According to this perspective the relationships, service
delivery processes and interactions between firm and customer become crucial in
determining the value created. Hence greater concern should be placed on post-
purchase interactions as they directly impact on value creation and the likelihood
of future contracts and revenues (Bolton et al. 2008).

6.2.1 Value Co-creation

In co-creating value, firms do not provide value, but merely propose value (Vargo
and Lusch 2004) and it is the customer that determines the value by co-creating it
with the firm. As Ballantyne and Varey (2006) puts it, a ‘‘customer’s value-in-use
begins with the enactment of value propositions’’ (p. 337). Hence, a firm’s product
offering be they goods or activities, are merely value unrealised. Through this logic
the offering is a, ‘‘store of potential value’’ (Ballantyne and Varey 2006, p. 344)
until the customer realises it through a process of co-creation and gains the pro-
posed benefit. Value co-creation is therefore the customer realising the value
proposition to obtain benefits (value-in-use).

Woodruff and Flint (2006) suggested that customers have an obligation to
assess the provider’s needs and to assess their resources to deliver these needs as
part of the co-creation of value. In doing so, there is a need to understand the role
of the customer in the firm’s processes and systems, and vice versa. Payne et al.
(2008) developed a process-based framework for co-creation in which they pro-
posed customer value-creating processes, firm value-creating processes and
encounter processes through which customers derive benefits from the firm’s value
propositions. Ulaga (2001) argued that suppliers and customer organise the service
system where value is jointly co-created with superior value arising from the
effective combination of core competency and relationships (Kothandaraman and
Wilson 2001).

Thus, for co-creation to be understood in its fullest the customer’s role in
attaining benefits for themselves cannot be ignored and firms have to face the
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challenge of understanding customer consumption processes (Ballantyne and
Varey 2006). While there is clearly a need to better understand the dynamics of
how value is co-created, literature in this area is scarce. Most research has dis-
cussed value co-creation in terms such as interactions, relationships, reciprocity,
and customer orientation. Value co-creation has also been described as, ‘‘spon-
taneous, collaborative and dialogical interactions’’ (Ballantyne and Varey 2006,
p. 344). Whilst accurate, such descriptions are not useful for developing the
organisational capability or for designing services that effectively co-create value.

Oliva and Kallenberg (2003) noted that the transition from a transaction-based
business model to a relationship-based model requires the firm to develop the
capability to co-create value. This in turn requires an evaluation of organisational
principles, structures, and processes—a major managerial challenge. This is also
echoed in redefining the value chain towards a ‘web’ model (Prahalad 2004)
or ‘value constellations’ (Normann and Ramirez 1993; Ramirez 1999) that could
enable more effective value co-creation. This is particularly important for
organisations that deliver to outcome-based contracts (see Ng et al. 2009), where
the focus on delivering to outcomes extend the boundaries of the organisation’s
responsibility, compelling the organisation to co-create value with the customer
and embed value co-creation as an organisational capability.

Current literature places more emphasis on relationships and less on organi-
sational or service design that could facilitate such relationships. Much of the
research in value co-creation resides in the theoretical and conceptual domain with
little empirical evidence (e.g., Prahalad and Ramaswamy 2004; Vargo and Lusch
2004, 2008; Lengnick-Hall 1996). It is still unclear how firms should design their
service delivery to co-create value with customer to attain the highest benefits. In
other words,

What attributes should a service system exhibit that would enable co-creation of value
with the customer to attain beneficial outcomes and how should such attributes impact on
the organisation’s capability?

A study to uncover the attributes was conducted and the results reported in a
more technical paper (see Ng et al. 2010). The following section will present the
key aspects of the study and following on, develop a framework on managerial
implications for organisation capability.

6.2.2 The Seven Attributes of Value Co-creation

The seven attributes were initially discovered through qualitative study, with data
collected through interviews, participant observation, analysis of texts and docu-
ments as well as recording and transcribing. The data was then analysed through a
grounded theory approach (Strauss and Corbin 1990) to arrive at the seven attri-
butes of value co-creation (AVCs). The study also operationalised these AVCs and
internally validated them using Exploratory and Confirmatory Factor Analysis
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from the data obtained through an internal survey. It found that the role of the
customer in achieving outcomes or value-in-use is dependent on use practices in
different contexts which ‘push back’ into the organisation’s system. This meant that
organisations have to develop a capability to manage open systems and where even
when the customer and the firm do the exact same thing each time, the context
changes and together with it, benefits, satisfaction and costs. The seven AVCs
derived from Ng et al.’s (2010) study provide a starting point towards changing the
internal organisation to ensure more effective interfaces with the customer.

1. Complementary competencies 5. Behavioural transformation
2. Empowerment and control 6. Congruence of the customer’s expectations
3. Behavioural alignment
4. Process alignment

7. Congruence of the firm’s expectations

The first of the AVCs is complementary competencies, described as both the
customer and the firm employees having to provide the right competencies, in
terms of expertise and judgment, and complementary resources. Organisations
exhibiting such an attribute would benefit from improved planning with increased
resource demand and cost predictability. When the customer shares complemen-
tary information, material and skills, the firm will have the opportunity to learn and
develop new technologies, skills and behaviours necessary in delivering the
availability of service (Ng and Nudurupati 2010).

The second AVC is empowerment and perceived control. Empowerment is
described as ‘‘employees with suitable autonomy to make situational decisions as
well as to implement new ideas’’. Perceived control is defined as ‘‘employees and
customers ability to demonstrate their competency over the environment’’. During
the course of service delivery changes in roles and responsibilities cause dis-
comfort and disruptions resulting in a reduced sense of control and security within
individuals. Hence empowerment of the employees in the firm allow them to turn
problems into opportunities, exercise personal judgement for greater effectiveness
would improve the service efficiency and effectiveness. Also, allowing customers
sufficient visibility of service delivery information and processes renders
employees of both organisations better perception of control.

The third AVC is the behavioural alignment between firm’s and customer’s
personnel. Success in co-creation is highly dependent on personal relationships.
Ensuring the right behaviours such as co-operation, teamwork, trust and open
communication (of plans) is essential in delivering the required outcomes.

To facilitate behavioural alignment, the firm and the customer also need to
(re)align their processes to enable exchange of information through emails, tele-
phone, meetings, and seminars. The processes should also enable smooth flows of
material/equipment between the firm and the customer to enable efficient service
delivery. For these reasons process alignment was identified as the fourth AVC.

The fifth attribute of behavioural transformation is essential for delivering
outcomes (value-in-use) as customers need to be educated on the best usage of the
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firm’s assets and activities. Thus, firm employees have to transform the behaviours
of customers to ensure better usage in achieving outcomes. Better usage results in
lower costs of delivery and higher satisfaction.

If the organisation and the customer have overlapping skills and roles, it creates
ambiguity such as to who should perform certain tasks, why it should be them and
not us etc., which can lead to a mismatch in expectations. Hence the firm should
understand and be clear of the customer’s expectations and vice versa. The con-
gruence of expectations between the firm and the customer of each other represents
the sixth and seventh AVCs.

The seven AVCs accentuate the need for structural change in firms to enable
knowledge sharing, communication, interaction and innovation (e.g., Sawhney and
Prandelli 2000; Grönroos 2004). Achieving value-in-use clearly does not follow
the typical value chain (Porter 1985) with interactions compartmentalised into
marketing, HR, operations, supply chain and logistics. Instead, value co-creation
transcends discipline, functional and organisational boundaries of both the customer
and the firm, focused only on outcomes and value-in-use. Value is co-created through
interactions at every level and with every resource be it equipment or people all
co-existing in a common service system. Using the seven AVCs, we redefine the
organisational capability required for value co-creation. The dimensions of organi-
sational capability are explored and discussed in the next section.

6.3 Dimensions of Service Capability

Where service is defined as the application of knowledge and skills for the benefit
of another (Vargo and Lusch 2008), service capability is defined as, the ability to
deliver beneficial outcomes to satisfy customers. The development and effective
execution of service capability is a key source of competitive advantage as it
represents the true ability to continually and consistently satisfy customers.

An organisation is said to have service capability when the business model is
explicitly focused on achieving the co-creation of value with stakeholders through
the application of specialist (core) competencies designed to create benefit for
customers. Particular emphasis is placed on the effective utilisation of operant
resources rather than operand resources (Constantin and Lusch 1994). In order to
explore the dimensions of capability, a brief literature review is presented in the
following sub sections.

6.3.1 Capability in Service Transformation

In planning and implementing the service transformation of an organisation
towards effective service capability it is essential to understand both the current
operating state and that required by the future operating model. A clear
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understanding of both states will inform the planning process, allowing detailed
activities to be structured around the transformation requirements necessary to
develop service capability. Capability is used as the basis for assessment because
the transformation aims to develop the service capability of the organisation.
To build and manage service capability a generic capability basis is required.

A capability perspective assists the understanding, integration and application
of capability to achieve common objectives. Adopting capability as the basis of
transformation is appropriate because it transcends organisational functions in the
same way that effective co-creation of value requires coordinated activity across
multiple functions and indeed organisations. Managing from a capability per-
spective promotes the creation of innovative solutions focusing on the integrated
management of interlinking functions (possibly across organisational boundaries)
and activities in a strategic context.

6.3.2 Capability in Strategic Management

Capability has been a much-studied topic within strategic management
(e.g., Helfat 2000). The growing volume of research on firm capabilities links
capability with performance, an indication of the importance of capability in
creating and sustaining competitive advantage. While the intricacies of the rela-
tionship between capability, performance and competitive advantage are widely
debated, it is clearly recognised that a firm’s ability to manage and develop its
capabilities over time is crucially important and will only become more crucial as
levels of competition continue to increase. Most literature would agree that
capabilities that are critical to a business achieving competitive advantage con-
tribute to the firm’s core competency (Hamel and Prahalad 1990).

Traditionally, organisations have focused on financial, strategic and techno-
logical capabilities to gain competitive advantage (Ulrich and Lake 1991).
However, it is beginning to emerge that such capability perspectives must be
supplemented by another capability, that of the firm’s ability to manage people.
Such an organisational capability emphasises the strong link between effective
people management, performance and competitiveness. Ulrich and Lake (1991)
see organisational capability as the glue between the traditional financial, strategic
and technological capabilities. ‘‘Managers who are able to understand and inte-
grate all four sources [of capability] are more likely to build competitive organ-
isations’’ (Ulrich and Lake 1991, p. 82). Today, organisations are increasingly
interacting with their customers resulting in value being embedded in a system of
interactions. This means that boundaries of what is value is fluid and the organi-
sation’s capability has to contend with the management of such a value proposition
as well as dealing with customer use variety to realise the value delivered by the
firm.

In establishing organisational capability the organisation must therefore
become adaptive by establishing internal structures (structure) and processes
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(systems) that aid the creation of competences (competence). Competence is fur-
ther nurtured through selective recruitment and importantly, ‘‘effective human
resource practices’’ (Ulrich and Lake 1991, p. 77). Recruitment and personal
development procedures allow an organisation to build a stable resource base
providing the necessary capacity to compete in the marketplace. Capability
development involves, ‘‘adopting principles and attitudes, which in turn determine
and guide behaviour’’ (Ulrich and Lake 1991, p. 77), i.e., the culture of the
organisation.

Ulrich and Lake define a capable organisation as consisting of four critical
elements: (1) A shared mindset both internally and externally (culture); (2) make
use of management practices to build a shared mindset (structure to build culture);
(3) create capacity for change through understanding influence and managing
organisational systems (systems influence culture); (4) empower all employees to
think and act as leaders (structure and systems nurture competence). In addition to
the five dimensions arising from Ulrich and Lake’s definition of organisational
capability, there is a sixth dimension, infrastructure, that cuts across all four of the
capability types (organisational, financial, strategic, and technological) by pro-
viding the physical environment needed for the operation of an organisation.
Infrastructure includes buildings, equipment, materials and IT systems, all of
which facilitate the working and interaction of the other capability dimensions.

By abstracting from Ulrich and Lake’s four types of interacting capability, we
propose a generic definition of capability and its six constituent dimensions.
Establishing a generic model allows the capability to be tailored or nurtured
for different purposes. In the case of service transformation we are interested in
developing service capability, a particular blend that focuses on co-creating
customer benefits, and in doing so align with Ulrich and Lake’s definition that
competitive advantage is build on customer value and uniqueness.

6.3.3 Extracting the Six Dimensions of Capability

Six generic dimensions of capability have been identified based on the examina-
tion of extant literature:

1. Competence: The level and type of knowledge and skills which can be brought
to bear (to an acceptable level).

2. Capacity: The level of output possible in a given time period with a predefined
level of staffing, facilities and equipment.

3. Culture: Collective assumptions, behaviour and values of a group of people.
4. Structure: The structure and associated governance mechanism that controls

activity.
5. Systems: Processes, procedures and tools used to transform inputs into outputs.
6. Infrastructure: The material, equipment and physical environment that supports

operational activity.
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The six dimensions of capability are mapped against the seven attributes of
value co-creation and represented as a matrix that illustrates the capability for
value co-creation, which according to current literature (Maglio and Spohrer
2008), is how we would define the firm’s capability for service. The matrix pro-
vides a framework for identifying key actions that can be taken by the firm and/or
customer to enhance co-creation of value through service delivery resulting in
greater benefits. This matrix with key actions is presented and discussed in the next
section.

6.4 Redefining the Firm’s Capability for Value Co-creation

In Sect. 6.2 we identified the seven attributes of value co-creation and in
Sect. 6.3 we identified the six dimensions of capability. In this section, we will
discuss how to configure the seven attributes against the six dimensions and the
actions that could be taken to enhance an organisation’s capability to co-create
value through effective service delivery resulting in greater benefit for the firm
and the customer.

As outlined in Table 6.1, organisational competence to co-create value is
defined by how well the firm’s institutional and human knowledge and skills can
be applied to deliver against the seven attributes. So for example, the competency
to ensure complementary competencies is defined by how well the firm’s
institutional and human knowledge and skills are able to continually ensure a
complementary fit between the knowledge and skills of the firm and the customer.
This type of competency can be attained with policies that ensure customer and
company share information on each other’s competencies, to achieve comple-
mentarity; policies that are also assisted by joint training and evaluation of tech-
nology and assets that are complementary. Furthermore, the firm is required to
build expertise throughout the organisation that allow it to understand, align with
and adapt to changes in customer expectations, processes and behaviours. Specific
skill sets are needed to ensure behaviours are transformed in the firm and customer
domains, where necessary changes produce improved outcomes. This is not
merely about training of employees but ensuring the roles within the firm are
redefined for the execution, rather than impediment, of such behaviours.

Organisational capacity is defined as the level and effectiveness of output
possible in a given time period with a predefined level of staffing, facilities and
equipment (resources). However, outputs are determined by how such resources
interact and the quality of the interactions and processes. Thus, the capacity to
co-create value is defined by the firm’s ability to deploy necessary resources (be
it people, facilities and equipment) to facilitate the service delivery in line with
the seven attributes. Hence the capacity for complementary competencies is
defined by how well the firm is able to deploy the necessary resources to
complement the customer’s lack of resources to achieve outcomes. Higher levels
of trust can improve capacity effectiveness and quality by reducing transaction
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and monitoring demands and costs. Similarly, the necessary resources should be
identified and allocated to facilitate the behavioural transformation and process
alignment, and where appropriate the relevant training should be provided to
sufficient numbers of people to enhance capacity effectiveness while co-creating
value with customer.

The organisational culture to co-create value is defined as, holding collective
assumptions, behaviours and values that are customer focused to collectively
co-create value across all co-creation attributes to achieve joint outcomes as shown
in Table 6.1. The culture to co-create value largely reflects a partnering culture
which encourages, through reward and communication, win/win situations realised
through complementary interdependence between parties. A variety of approaches
are required to nurture the necessary culture which include: creating a value set
that emphasises regular and open communication; formal skills sharing mecha-
nisms; encouraging agility by rewarding innovation; promoting trust and openness
through transparency and delegation of authority; and nourishing continuous
improvement through empowerment and reward incentives.

The behaviour of individuals within the firm is hugely influenced by the pre-
vailing culture. It is the behaviour of employees, acting upon and within the firm’s
capability, which ultimately determines the effectiveness of the firm’s role in
co-creating value with the customer. Hence, nurturing the culture to effectively
co-create value should be seen as a formal and critical activity and so prioritised
accordingly within any improvement programme.

As shown in Table 6.1, the organisational systems to co-create value are defined
as the processes, procedures and tools required to consistently manage service
delivery exhibiting all the co-creation attributes. In order to achieve this, the firm
should deploy the tools and processes to assess and map competencies allowing
analysis of the complementary fit across the stakeholder community. To ensure
congruence of expectations robust processes should be incorporated to ensure
roles, responsibilities and boundaries are clearly mapped and enable effective
ongoing communication between parties to clearly understand each other’s
expectations. To this end the implementation of tools and techniques such as
business process management (BPM) or other process change management tech-
niques to map, change and integrate interface processes for better process align-
ment and more effective co-production are warranted. A formal approach and tools
are required to aid the sustainability of delivery through behavioural alignment.
Many such tools arise from the areas of team dynamics and collaboration. In
addition a formal approach and tools for auditing behaviours and managing any
necessary change activity is required to ensure the continued effectiveness of
service delivery. Empowerment and control through the use of systems and pro-
cesses can be developed by allowing flexibility in internal processes and systems
to ensure adaptability and agility.

The organisational structure to co-create value is defined as the use of structure
and governance mechanisms to maintain a core of stability whilst providing the
ability to address and adapt to the seven co-creation attributes encountered across
customer environments. Consequently structure should provide the ability to learn
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about and adapt to a variety of customer environments as well as a flexible and
agile interface to manage changes in customer capability and requirement as
shown in Table 6.1. A sense of empowerment and control in the firm and the
customer should be nurtured by delegating power and authority appropriately to
levels where the impact of decisions is best understood. Finally, flexible gover-
nance mechanisms and dissemination of power should be implemented to
encourage staff to influence change in customer behaviour where service outcome
benefits can be jointly realised.

The organisational infrastructure to co-create value is defined as the material,
equipment, IT and physical environment that effectively support service delivery
in accordance with the seven attributes, as demonstrated in Table 6.1. The firm
should strive to create an infrastructure that utilises IT and the physical environ-
ment to effectively support communication and data sharing amongst the stake-
holder community which will in turn help ensure congruence of expectations and
behavioural alignment. The IT and communications infrastructure should also be
capable of mapping and communicating interface processes, roles and responsi-
bilities thus strengthening the process alignment. The infrastructure should
effectively support collaboration and skills sharing and thus strengthen comple-
mentary competencies. It is important to create an infrastructure that allows the
customer visibility and access to the people, information, equipment and facilities
involved in service delivery as this will promote empowerment and control within
the customer.

The framework (Table 6.1) which maps the six dimensions of capability to the
seven attributes of value co-creation provides a prescriptive tool with which
practitioners can begin to assess and diagnose the firm’s capability to co-create
value. Whilst in its current form the framework does not provide detailed guidance
or measures with which to interrogate the firm, it is sufficient to form an initial
analysis. An assessment can be carried out by comparing the organisation to the
definitions laid out in the framework; any significant differences being areas
requiring attention in order to enhance the organisation’s capability to co-create
value. It is important to understand the assessment provides only a perceptual
indication of the firm’s capability as it is reliant on the opinions, observations and
knowledge of individuals within the firm.

Moving beyond assessment, firms seeking to enhance their capability to co-
create value can use the actions included within the framework to direct activity
within and across the firm. As with its diagnostic abilities, the current frame-
work falls short of providing detailed guidance on coordinating improvement
activity but nonetheless provides an indication of how individual constructs
(cells within the framework) can be enhanced. This section has demonstrated
how the firm can reconfigure its six dimensions of capability to facilitate
the seven attributes of value co-creation to maximise benefits for all parties.
It has also highlighted some key actions that firms can adopt in order to better
configure service design and delivery to enhance the benefits arising from the
co-creation of value.
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6.5 Conclusion

Service transformation is beginning to bring about substantial benefits to busi-
nesses, leading traditional design and manufacture firms to invest in transforming
into service firms capable of managing the customer and the co-creation of value
in new ways. However current literature places the emphasis more on relationships
and less on organisational or service design that could facilitate such relationships.
Hence the emergence of knowledge for firms to reconfigure their capability to
effectively manage service delivery is still slow.

This chapter developed knowledge with which organisations can more effec-
tively configure the organisation as well as design and deliver service in such a
way that it promotes the effective co-creation of value with the customer. Through
integrating the dimensions of capability with the attributes of value co-creation a
new method of developing and enhancing service capability is proposed. This new
approach to service transformation now provides organisations with a tangible
framework for transforming organisational capability, service design and delivery,
thus presenting a significant step forward in developing effective service capa-
bility. The framework is void of any bias towards a particular industry, organi-
sational size, type or sector. In fact the approach to service transformation provides
a means for any organisation to improve its ability to co-create value, no matter the
nature of the value it seeks to co-create or its current ability to do so. In this respect
it presents a significant contribution for organisations seeking to deal with the
practical implications of value co-creation. The key revelations this chapter pre-
sents to practitioners are:

1. The firm cannot create value, instead it must be co-created through relation-
ships and interactions within a complex service system that includes the cus-
tomer within that system.

2. The ability to manage the service system for effective co-creation of value with
the customer requires a particular organisational capability, a service capability,
one that would provide a significant competitive advantage.

3. The service capability to effectively co-create value requires firms to be agile in
adapting to changing circumstances of customer use contexts and the ability to
work across functional and organisational boundaries.

The framework presented here is only the beginning; further research is
needed to enable empirical assessment of the capability to co-create value
(i.e., how do organisations compare to the framework) and to provide a method
for subsequently enhancing capability in a coherent and coordinated manner
(i.e., how organisation’s can improve their capability in line with the frame-
work). Research is underway to address these requirements and a toolkit is
currently being developed to enable the practical application of the framework
and its thinking.
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6.6 Chapter Summary Questions

This chapter has proposed that an organisation needs to be configured in such a
way that it can effectively co-create value. The framework presented above uses
six dimensions of capability as the basis for organisational design and poses them
against the six attributes required for effective co-creation of value. With these in
mind we pose a number of questions to organisations:

• Does the organisation have the right type and level of skills to address the
attributes of value co-creation?

• Does the organisation’s culture reflect the need to address the attributes of value
co-creation?

• Does the organisation have the processes and tools in place to address the
attributes of value co-creation?

• Is the organisation structured (including governance and control mechanisms)
to provide the flexibility required to address the attributes of value co-creation?

• Does the organisation have the right type and level of infrastructure to support
it in addressing the attributes of value co-creation?
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Chapter 7
Service Uncertainty and Cost for Product
Service Systems

John Ahmet Erkoyuncu, Rajkumar Roy, Partha Datta,
Philip Wardle and Frank Murphy

Abstract Service orientation in the defence and aerospace industries through
availability contracts is creating challenges in cost estimation due to uncertainties.
The chapter initially presents the topic of uncertainty in service delivery, which
subsequently leads to a classification of uncertainties. Then, the current uncer-
tainty-based service cost estimation processes are explained. By identifying the
existing challenges, an improved framework to estimate costs is highlighted. This
firstly involves enhanced understanding of the influence of uncertainties and cost
estimation capabilities through the analytical hierarchy process and the Numeral,
Unit, Spread, Assessment and Pedigree (NUSAP) Matrix approach. Secondly, it
involves using agent-based modelling to represent the dynamism in service cost
estimates. The chapter ends with a case study application of the approach.
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7.1 Introduction

The defence and aerospace industries are increasingly becoming service oriented
through performance-or outcome-based contracts such as Contracting for Avail-
ability (CfA), which seeks to sustain a system or capability at an agreed level of
readiness, over an extended period of time, by building a partnering arrangement
between Industry and their customers. This shift in paradigm has been studied in
the servitization literature, where the focus of research has been on explaining the
process of manufacturing organisations adopting through-life support for their
products (Vandermerwe and Rada 1988; Oliva and Kallenberg 2003; Vargo and
Lusch 2004, 2008; Aurich et al. 2006; Roy and Cheruvu 2009). A Product-Service
System (PSS) is considered to be a special case of servitization, which provides
value by integrating products and services (Baines et al. 2007) where CfA serves
as an example approach. The concept value in use has received much interest, as it
refers to the benefits that the customer obtains by operating a PSS (Ng et al. 2009).
This means that the shift has enhanced the importance of outcomes, which are
achieved by integrating goods and activities. As a result responsibilities across the
supply network (customer, Industry, suppliers) have been redistributed, whilst
focusing on the functional outcome (Alonso-Rasgado and Thompson 2006).
Furthermore, the importance of developing an efficient service support system
capable of keeping the hardware, software and other assets (e.g., process, people)
in good working condition has become essential. This means that all associated
parties need to understand the process, competencies, and assets required to deliver
the customer’s demand (Alonso-Rasgado et al. 2004).

In CfA the shift in the business model is associated with the shift in the level of
the service content, where service tends to be considered as processes and is
experienced, created or participated in, while its production and consumption are
simultaneous (Lovelock 1983). Furthermore, the CfA context promotes an inte-
grated view of the supply chain because of the need to attain the performance
requirements of the customer and inability to provide all required support opera-
tions (Kim et al. 2007). Driven by this, in order to manage the reliance on external
sources, incentives and/or penalties form a type of measure to improve the per-
formance (e.g., availability) over the Contract duration across the supply network.
Narayanan and Raman (2004) highlight that in order to achieve high overall
performance incentives are necessary across the supply chain. This involves a
consideration of a fair distribution of risks, costs and rewards of doing business.
Moreover, various aspects, such as information and knowledge sharing and trust-
based mechanisms are important to design well-aligned incentive schemes. Thus,
in order to achieve the desired outcomes of CfA an alignment between objectives
needs to be established. Also, for complex contracts in the bidding stage, various
target-cost methods, known as pain-share/gain-share mechanisms could be
employed to distribute the risk between buyers and sellers (Hughes et al. 2007).

Some of the main challenges in transforming the business model into CfA include
tackling the cultural change to shift to an availability-based context, issues in
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establishing boundaries between organisational activities, challenges in establishing
aligned objectives across the service network and increased complexity and unpre-
dictability in costs (Ng et al. 2009). The challenge in cost estimation (e.g., for
maintenance or spares) for Industry is driven by uncertainties, such as equipment
usage rate, failure rates, repair turnaround time, beyond economical repair, no fault
found rate, obsolescence rate and labour efficiency as well as financial measures,
such as exchange and inflation/deflation rate. Considering that Industry traditionally
was not responsible for most of these engineering tasks, capturing the dynamism of
these uncertainties has created challenges. Along with this factor, the need to con-
sider costs much before compared to the traditional context causes cost estimation
challenges. Considering that at the bidding stage driven by cost estimates major
agreements with large financial burden are agreed, there is a need to apply rigorous
steps to take account of the influence of uncertainty on the cost in CfA.

There is an expectation that availability type contracting will grow in the
defence and aerospace industries due to the national defence budget constraints
and downturn in the airline industry, competition and growth of the customer’s
willingness to transfer responsibilities. For instance, in the Availability, Trans-
formation; Tornado Aircraft Contract (ATTAC) service provided by BAE Systems
the proposed solution involves the delivery of Tornado fleet availability in the
configurations currently foreseen. This partnership between Industry and the
customer enables an affordable solution as for instance costs are reduced through
lesser arisings and ‘No fault found’ and saving the United Kingdom Ministry of
Defence (UK MoD) some £500 million over the initial 10 years (BAE Systems
2008). Expected growth of CfA further increases the necessity of research that
aims to enhance rigour in cost estimation.

The chapter combines literature and findings from real world case studies in
complex engineering service systems and proposes methods to improve incorpo-
ration of uncertainties in the cost estimation processes. The sections below are
organised as follows. Section 7.2 explains the sources of uncertainty in complex
engineering services from a value in use perspective for the defence and aerospace
industries. This section introduces the role of uncertainty in service delivery, while
also classifying uncertainties for PSS. Section 7.3 explains the service cost esti-
mation process in PSS, which includes a prioritisation scheme and the steps to
conduct service cost estimation. This section also explains a methodology to
reflect the influence of uncertainties in cost estimation. Section 7.4, presents a case
study, which consists of results from the applied approaches in identifying
uncertainty, and in service cost estimation through agent based modelling (ABM).

7.2 Uncertainty in Complex Engineering Services

Uncertainty involves the indefiniteness of the outcome of the situation and risk
is considered to be the chance of loss or injury (Knight 1921; Bernstein 1998).
For the bidding stage of CfA service uncertainty refers to uncertainties that arise in
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predicting the process of service delivery and associated costs. Service uncertainty
is driven by the quality of information flow and knowledge across a given service
network over the duration of a CfA, which requires alignment of operational
activities. At this stage cost estimation commonly suffers from the unavailability
of useful data to assist cost predictions, inability to identify the exact sources of
uncertainty and link them to cost drivers. The move towards CfA changes the
sources of uncertainties for Industry, which includes (Erkoyuncu et al. 2009a):

• Additional uncertainties arising from the in-service phase of the life cycle
(e.g., The Concept, Assessment, Demonstration, Manufacture, In-service,
Disposal cycle has been used by the UK MoD since 1999, CADMID). Under
traditional arrangements these additional uncertainties were managed under
follow-on contracts signed towards completion of the manufacturing phase

• Availability contracts also demand ‘left shift’ of the point-in-time at which some
uncertainties are addressed yet the information needed to resolve some of them
may not have been developed at the bid time, before the actual delivery begins

As well as the type of contract that is agreed, the scope of services to be offered
also affects the types of uncertainties that are experienced (Roy and Cheruvu 2009;
Armistead and Clark 1992). The service types that are delivered vary among
organisations; however, some of the commonly provided services include spares,
maintenance and training (Brax 2005; Oliva and Kallenberg 2003). Industry also
provides services, such as supply and support chain management, integrated
logistics support, asset management, equipment health monitoring, and reliability
trend analysis, which require enhanced know-how. Uncertainty in cost of provision
arises because the industry is no longer able to charge for provision on a per-
transaction basis, but rather as a bundled and concurrent service at a fixed price.

The main problem in cost estimation arises from the lack of ability for both
industry and customers to predict the demand rate and the cost of delivery over
future decades. Furthermore, a match between demand and resources enables
desired service quality standards to be achieved while also maintaining resource
productivity rates (Slack 2010). This hypothetical balance does not tend to occur,
which causes fluctuating service quality (Armistead and Clark 1992). In order to
rectify this, it is necessary to identify and study the processes involved in service
delivery (Johansson and Olhager 2004). Additionally, in the defence and aerospace
industries, the issue is more to do with the co-creation of value, which requires
enhanced collaboration across the supply network.

7.2.1 Service and the Role of Uncertainty

Service uncertainty is considered in relation to the success in achieving the cost,
schedule or performance targets and knowing what the customer targets will be,
and how the performance fluctuates over time (Slack 2010; Clark and Armistead
1991). From a project context processes refer to the work breakdown structure
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(WBS). A WBS should structure the data required for various activities involved
in the contract (DoD 2005). The selection of a set of performance measures or key
performance indicators (KPIs) is a key step to define the performance assessment
of activities in service delivery (MoD 2010). The equipment performance is driven
by design for reliability, maintainability, and supportability (MoD 2010), where
the significance of these metrics in CfA has advanced. Compared to the traditional
model, these metrics are continuously contributing to the availability level and are
measured throughout the life of the contract. Figure 7.1 represents the major
service delivery processes that have been mentioned in literature. The processes
involved in the provision of a service include demand variability, capacity and
resources, customer relationship, supplier relationship, service delivery, service
quality and service recovery (Cohen et al. 2006).

The role of uncertainty in service delivery is particularly driven by the agreed
contract type, while different payment models are available, two of which have
received more interest (Ng et al. 2009). Firstly, through a fixed price contract KPIs
may be defined, in association with pain and gain share mechanisms. Furthermore,
in the fixed contract, unless severe conditions arise, which are notified in the
contract, uncertainty is owned by the Industry. In this case, inability to meet targets
may result in payments being withheld or reduced. The second approach associates
maintenance requirement with the equipment usage level. Within this model the
customer brings in uncertainty by varying the level of equipment usage.

7.2.2 Classification of Uncertainty in Product-Service Systems

The types of uncertainties vary across projects. For instance, projects with inno-
vative designs face a larger set of uncertainty, due to lack of experience, e.g., it is

Fig. 7.1 Service delivery processes
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not possible to extrapolate from the experience of a prior ‘‘spares and repairs’’
contract. The types of uncertainties are driven by the scope of the support (e.g.,
contracting approach or service delivery model), which customer demand speci-
fies. Classification of uncertainties based on a systematic process serves the pur-
pose of eliminating or reducing personal bias (Ward and Chapman 2003). This in
turn, by better assessment of uncertainty, offers performance improvements in
support delivery and cost estimation. Through interaction with companies in the
defence and aerospace industries, uncertainties have been categorised into com-
mercial, affordability, performance, training, operations and engineering areas,
where the list has been referred to as CAPTOE (Erkoyuncu et al. 2011):

• Commercial uncertainty considers factors that could affect the contractual
agreement (‘‘the Contract’’)

• Affordability uncertainty considers factors that affect the ability to predict the
customers budget constraints (e.g., ability to pay) and perception of value for
money (e.g., willingness to pay)

• Performance uncertainty considers factors that affect meeting the performance
requirements in the Contract (e.g., KPIs)

• Training uncertainty considers factors that affect meeting the delivery of
training requirements in the Contract (e.g., trainer availability)

• Operation uncertainty considers factors that are associated to providing the
direct activities in maintenance requirement (e.g., in the naval domain onshore
activities, fixing breakdown) in the Contract

• Engineering uncertainty considers factors that are associated to providing the
indirect activities in maintenance requirements (e.g., in the naval domain off-
shore activities, obsolescence management) in the Contract

Figure 7.2 represents a classification of uncertainties in alignment with Roy and
Cheruvu (2009), which defines a competitive framework for industrial PSS. Whilst
the focus in a CfA is performance, this factor is influenced by all the other
uncertainty categories. Furthermore, the uncertainty originating from the operating
environment is covered under the engineering and operating uncertainty catego-
ries. Thus, the list of uncertainties can be considered to be a checklist that supports
in achieving cost targets, which may relate to affordability for customer, profit-
ability for Industry and sustainability for supply network. The study was conducted
within the defence and aerospace industries, but is applicable on a cross sector
basis. Each of the uncertainty categories contains a number of uncertainties, which
have been classified into internal and external sources. Internal sources focus on
Industry’s capabilities that drive uncertainties. External sources focus on uncer-
tainties that originate outside of the Industry (e.g., the customer or suppliers).
Some of the internal uncertainties affecting the PSS delivery include performance
against KPIs, rate of systems integration, skill level of maintainers, availability of
trainers, bid success rate and cost estimation process (Erkoyuncu et al. 2011).
Some of the external factors affecting the PSS delivery include rate of capability
upgrade, quality of components, trainee skill level, customer ability to spend, and
customer misuse (Erkoyuncu et al. 2011).
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Evidence from the study showed that each uncertainty may influence one or
more cost drivers as illustrated in the matrix at Table 7.1. The matrix takes into
account the typical cost drivers that arise at the bidding stage of a CfA, such as
failure rate, turnaround time, repair cost and labour availability. On the other hand,
the uncertainties follow the list presented in Fig. 7.2 along with additional
uncertainties. The aim of the matrix is to provide a structured approach to manage
the influence of uncertainty over cost drivers. This means that the reasons for the
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Fig. 7.2 Classification of uncertainties

Table 7.1 Example cost and uncertainty linkage

Uncertainty Failure
rate

Turnaround
time

LRU
cost

Repair
cost

Labour
availability

Cost driver
Customer misuse x x
Rate of emergent work x x
Performance against

KPIs
x x

Capability upgrades x x x
Quality of engineers x x
Rate of fault

investigation
x x

Repair time x x x
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variation in a specific type of cost can be better understood. Although, providing
such a list and pre-defined associations between costs and uncertainties may cause
a bounded mind set, it particularly suits the bidding stage to enhance effectiveness
in considering uncertainties. Furthermore, it also enables a basis for communi-
cation across projects to enhance the contents considered, while enabling better
overall uncertainty management. Also, the classification of uncertainties into
internal (OEM driven) and external factors aims to allocate the responsibility of
managing uncertainties to the suitable stakeholders.

7.3 Service Cost Estimation

Cost estimation refers to the process of collecting and analysing historical data or
creating analogy (e.g., when there is lack of data) and applying quantitative
models, techniques, tools and databases to predict the future cost of an item,
product, program or task (Boussabaine and Kirkham 2004; Curran et al. 2004).
A cost estimate is ultimately developed to be translated into budget requirements
(Roy 2003). Furthermore, a cost estimate also enables to determine and commu-
nicate a realistic view of the likely cost outcome, which is based on the consid-
erations in the WBS (NATO 2009).

In the bidding process, Industry is challenged to establish sufficient confidence
in a cost estimate given the immaturity of the design solutions for both product and
service. Immaturity may arise for technical reasons (e.g., the means for co-creation
of value with customer or supplier have not yet been explored), funding reasons
(e.g., budget constraints), or timescale reasons (e.g., bid response deadline). Also,
both Industry and the customer need to be confident that the cost estimate has not
been inflated due to excessive uncertainty budgets or management reserves, which
may affect the selling price. Concurrently, customers are challenged in establishing
sufficient confidence in their ‘‘should-cost’’ estimates to be able to evaluate
industries’ bids objectively (Datta and Roy 2009). Under these circumstances it is
necessary to focus resources on identifying and mitigating the largest sources of
uncertainty. A prioritisation scheme needs to be utilised in order to facilitate this
process (Chapman and Ward 2000). Methods, such as probability impact grids and
uncertainty rating schemes have commonly been utilised to achieve this (Ward and
Chapman 2003).

The Numeral, Unit, Spread, Assessment and Pedigree (NUSAP) Matrix
approach has recently received much interest due to its ability to turn qualitative
information gathered from expert opinion into quantitative results (Van der Sluijs
et al. 2005). The approach consists of five qualifiers that are used to qualify
quantities, including numeral, unit, spread, assessment and pedigree. The approach
is capable of combining qualitative analysis (numeral, unit, spread) and the sys-
tematic multi-criteria evaluation of a given knowledge base. Pedigree is expressed
by means of a set of criteria to assess these different types of uncertainties.
Although, subjective input is necessary, explicit definition of each score enables a
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reduction of subjectivity as the understanding of concepts and scores is established
(Erkoyuncu et al. 2009b). The pedigree criteria covered include basis of estimate,
rigour in assessment and level of validation, as explained below:

• Basis of estimate. Refers to the degree to which direct observations are used to
estimate cost. This measure focuses on the availability of data.

• Rigour in assessment. Refers to the methods used to collect, improve and
analyse data.

• Level of validation. Refers to the degree to which efforts have been made to
cross-check the data against independent sources.

Table 7.2 provides the definitions for each of the scores. Results from the
approach enable us to classify uncertainties into high, medium and low level of
uncertainty for services (e.g., maintenance). Subsequently an adequate process is
needed to reflect the influence of uncertainty in cost estimation. Some of the
challenges that require additional focus include ability to capture technical scope
of service requirement (e.g., modelling of reliability or arising), inflation/pro-
ductivity expectations and inadequate cost estimation methodology.

7.3.1 Uncertainty Based Cost Estimation Process

Cost estimates are subject to varying degrees of uncertainty. The Ministry of
Defence (MoD) specifies nine key steps in cost estimation (MoD 2009), which depict
the traditional approach to integrate uncertainty to cost estimation. Firstly, determine
the scope of the estimate, by covering the phases of life cycle and the technical
elements. Secondly develop a programme baseline, which involves capturing the

Table 7.2 Pedigree Matrix: Scoring of uncertainties

Score Basis of estimate Rigor in assessment Level of validation

1 Best possible data, large
sample, use of historical
field data, validated tools
and independently
verified data

Best practice in well-
established discipline

Best available, independent
validation within domain,
full coverage of models
and processes

3 Small sample of historical
data, parametric
estimates, some
experience in the area,
internally verified data

Sufficiently experienced
and benchmarked
internal processes with
consensus on results

Internally validated with
sufficient coverage of
models, processes and
verified data. Limited
independent validation

5 Incomplete data, small
sample, educated guesses,
indirect approximate rule
of thumb estimate

Limited experience of
applied process with
lack of consensus on
results

Limited internal validation,
no independent
validation

7 No experience in the area No established assessment
processes

No validation
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rules and assumptions and provides the basis for the cost estimate. Thirdly, develop a
WBS, which involves structuring of hardware, software, services, data and facilities
at agreed and appropriate level of detail for the programme to structure the cost
estimation. Fourthly, develop a cost-estimating methodology, which involves con-
sideration of the phase of the life cycle and requirements of the cost estimate. The
fifth step involves collection of data, which develops a data collection plan. The sixth
step is concerned with data analysis, while applying statistical analysis of data to
generate mean values and identify trends and outliers. The seventh step compiles and
validates the results by selecting the cost model to develop cost estimates, which also
needs to be validated with historical data and trends for similar projects. The eighth
step undertakes risk and uncertainty analysis, by integrating risk and uncertainty to
the generated cost estimate. A sensitivity analysis tends to be conducted to determine
the cost impact of uncertainties. When quantifying uncertainty proves impractical, a
qualitative assessment (e.g., using expert judgment) can be made. The ninth step is
concerned with generating results, which develops a report on the cost results.

In the context of a PSS, support costs are as much a matter of user choice
(patterns of use bounded by equipment capacity) as they are of equipment type and
supplier efficiency. The modelling of support costs is distinguished between
recurring and non-recurring costs (Roy et al. 2009). Recurring costs include labour
payments, spares, repairs and tangible consumable costs. On the other hand, non-
recurring costs include one-off costs, such as obsolescence management effort. The
estimation of non-recurring costs is harder, due to the stochastic nature of variables
(Curran et al. 2004). Adoption of service-oriented business models necessitates
enhancement of modelling capability to reflect the dynamic nature of service
delivery. Thus, approaches such as agent-based modelling have become popular
for their ability to capture dynamism. Some of the main advantages of adopting
this approach include (Datta 2007):

• Increased robustness against unpredictability and the dynamic nature of
uncertainties that arise in service delivery

• With complicated phenomenon there is necessity to understand the influence of
each uncertainty

• An agent-based model can represent many actors in particular their intentions,
internal decision rules and interactions

To sum up, there are a number of challenges that are creating the need for an
improved framework to consider uncertainty in service cost estimation. The scope
of the improved framework in Sect. 7.3.2 is defined by some of these challenges
including:

• The need for improving the prediction of uncertainties, such as equipment
reliability or failure rates, repair time, demand rate for spares, obsolescence,
and technology refreshes over cost estimates

• Difficulties that derive from the lack of useful data and poor timeliness of its
availability, which enhances the need for expert opinion

• Limited time that is available to build uncertainty-based cost estimates
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• Service delivery particularly depends on the service supply chain, where
challenges arise from lack of homogeneity in supplier characteristics (e.g., cost,
profit, sustainability)

• Difficulties in systematic representation of uncertainty driven by the be-spoke
nature of offerings.

7.3.2 Improved Framework to Integrate Uncertainty with Service
Cost Estimation

The improved framework integrates uncertainty to service cost estimation using
intelligent agents. In this chapter to capture the dynamic nature of the cost impacts of
incentive mechanisms and different risk sharing techniques a simple high level model
is constructed with customer, Industry and two suppliers—one supplying spares and
another supplying resources represented as agents. The model has the ability to
replicate the evolution of maintenance costs for various time scales including the life
cycle of the PSS delivery as a whole, a specific mid-term, or for the short-term,
however, the minimum time scale of the model is a year. Inside each agent there are
many parameters and decision rules that can be configured by the user in order to
capture the proposed scenario. Broadly, the agents can be designed to represent any
context (e.g., producing, consuming or selling) by assigning appropriate rules to
define their behaviour. The parameters and variables serve the purpose of defining
characteristics for each agent and they can be adjusted to perform what-if analysis.

Incentive mechanisms play a critical role in designing availability. Since CfA
promotes reliance on the supply chain, the presented model considers various
uncertainty sharing schemes between the spares, supplier and Industry. The three
scenarios include (1) uncertainty with Industry, (2) uncertainty with supplier, (3)
Industry and supplier share uncertainty. The complexity increases as the number of
stakeholders rises. In order to arrange the incentives the TPPI (Target Price
Performance Incentive) type of arrangement between customer and Industry is
considered. The key features of this incentive mechanism are:

• It gives a price sufficiently stable at contract signature to allow internal cus-
tomer and Industry approvals

• A price which easily changes with varying levels of equipment usage
• Fixed unit prices with Supply Chain providers
• A price which keeps uncertainty allowances to a minimum by understanding

and allocating risks as appropriate
• Provides a financial motivation (and simple share-out mechanism) for both

sides to want to work together to reduce ‘overall’ programme costs, not just
contract costs.

The structure of the TPPI is shown in Fig. 7.3. The concepts are based on the air
domain; however, the principles apply to other domains as well. A differentiation
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between variable costs and fixed costs is considered, as different measures are
taken between stochastic and fixed costs in the pain and gain share mechanism.

The model assumes that initially a price is set for the pre-defined equipment
usage (e.g., flying hours) levels. The price and payment for variable costs are
adjusted annually from baseline if projected equipment usage differs from contract
assumptions. Furthermore, annual adjustment also compares baseline cost/uncer-
tainty against actual cost/uncertainty spend to calculate either pain share or gain
share. Annual adjustment compares baseline cost/uncertainty against actual cost/
uncertainty spend to calculate gain share. Industry is expected to attain profits
between three and ten percent and any deviation from this range causes implica-
tions for Industry and the customer by means of savings or additional costs. The
variable costs are subject to 50:50 gain and pain share keeping aside a certain
percentage for profit. The assumptions of the model are:

• The model has been developed for peace time
• The customer and Industry have TPPI arrangement
• The spare consumption rate is assumed to be stochastic and expressed by a

probability distribution attaining values from 1 onwards
• No cannibalisation is assumed
• Spare consumption rate is independent of equipment usage (e.g., flying hours)

and may increase even if equipment usage reduces
• A certain amount of technical investment is necessary to reduce spare repair

costs both in case of supplier and industry

Compared to the traditional way of integrating uncertainty to cost estimation,
Fig. 7.4 presents the improved framework to integrate uncertainty to cost esti-
mation for a PSS context. The improvement that the framework proposes origi-
nates from two sources. Firstly, rigour in assessing the impact of uncertainty on
cost is enhanced. Secondly, the framework enables to represent cost in a dynamic
manner. The process involves an iterative process, which initially begins by

Risk allowance in price

100% Funded by customer 

Pain share at 50:50
Cost increase funded by 

industry

Industry retain 100% 
savings Industry retain 100% savings

Cost increaseCost increase

Profit @ 3%

Baseline cost 
and profit

Profit @ 10%

Cost decrease Gain share at 50:50 Gain share at 50:50

Variable costs

• Spares inclusive repairs
• Man power sensitive to 

equipment usage

Fixed costs

• Fixed management team 
• Training 

Fig. 7.3 Target price performance incentive mechanism
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inputting a single-point estimate that has been generated from an alternative cost
estimation approach. This estimate is revised by conducting a capability assess-
ment for cost estimation and an uncertainty assessment. The categories and the
process are influenced by the Capability Improvement Model for Cost Engineering
(CECIM) Industry (Pickerin and Lewis 2001) and the NUSAP matrix. The
assessment takes into account high level service cost estimation capabilities
including platform specific capability, work and expenditure planning, data
recording capability, service network cost, adaptation, analysis, assessment and
control, and risk and opportunity assessment. As a result of this assessment a score
is calculated by aggregating the level of capability for each mentioned aspect to
define a project level cost estimating capability. This in turn is used to revise the
uncertainty range using the guidelines provided by the Association of Advance-
ment of Cost Engineering (AACE), which specifies classes for cost estimates
based on confidence and suggests suitable ranges (AACE 2003). This revision
process is also followed for the uncertainties.

The assessed uncertainties are linked to specific cost drivers, while calculating
an uncertainty score for each cost driver. This then feeds into determining the
suitable ranges for cost drivers. Assuming that there is a top-down estimating
approach, as is typical early on at bidding, an initial total cost is required as an
input. The user then ranks the significance of cost drivers that contribute to the
considered total cost and through the analytic hierarchy process (AHP); the con-
tribution of each cost driver is calculated. The AHP is a pairwise comparison
method, which derives ratio scales of relative magnitudes for a set of elements by
making paired comparisons (Saaty 2006).

Decision making for 
scenarios

Assumptions Specify 
Scenario Project

information 

Requirement

CBS WBS 
Capability  
assessment 

Uncertainty 
assessment 

Rules

Single point  
estimate 

Revise to three 
point estimate 

Revise to three 
point estimate 

Parameter 
specification 

Agent based  
model

Authorisation and  
approval of  
cost estimates 

Fig. 7.4 Improved framework to integrate uncertainty to cost estimation
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Table 7.3 demonstrates indicative results from a participating project using the
AHP analysis for cost drivers. The results represent an aggregate outcome of three
participants, who have between 20 and 30 years of experience in service cost
estimation. The results from the table show that the most important cost drivers are
transport cost and failure rate. The uncertainty score is elicited through the
NUSAP matrix and the range values are defined using the AACE guidelines.
Based on the values the initial total cost estimate of £10.000 is refined for each
cost driver to reflect the minimum and maximum values. These feed into the
simulation model, along with input parameters including the percentage of costs
accounted by the spares and resource suppliers, the fraction of gain/pain share by
customer and for the Industry and for the uncertainty sharing scenario percentage
of Industry responsibility. This process also requires the user to select the suitable
scenario(s). This leads to the simulation model, where the interaction between
the agents is triggered by variables, such as equipment usage and failure rate. The
model output provides cost information regarding the specified scenario and
supports in comparing between scenarios to support with the decision making.

In the cost estimation practice, the outputs from running a traditional model
tends to field static results, which do not account for the element of time. On the
other hand, ABM is time driven enabling to capture dynamic results distributed in
time and space (Datta 2007). The simulation model, by assigning a distribution to
represent spares and resource arising, enables to attach dynamism to events by
triggering interaction between agents, which in turn causes the variation in cost.
As a result the rules and the dynamism considered in the model enable to capture
uncertainty more realistically (e.g., non-linear) compared to the traditional
approach of cost uncertainty modelling.

7.4 Case Study

The case study section highlights an iterative process, which initially involved
determination of major cost drivers and uncertainties, with a number of projects
across the defence and aerospace industries. This subsequently led to the

Table 7.3 Cost driver significance assessment: AHP results

Cost drivers Initial
total cost

Cost drivers Failure
rate

Turnaround
time

Transport
cost

Packaging
cost

Repair
cost

£10.000

Rank score 5 4 8 4 3
AHP significance 0.04 0.02 0.15 0.02 0.02
Uncertainty score

& range
0.52 0.62 0.44 0.26 0.78
-20/+30% -20/+30% -15/+20% -10/+15% -30/+50

Minimum cost 8.000 8.000 8.500 9.000 7.000
Maximum cost 13.000 13.000 12.000 11.500 15.000
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application of the developed agent-based model on a live project. Initially, a series
of workshops were held with 20 Industry personnel involved in availability-type
contracts (in areas of economic modelling, project management) to establish a
generic list of cost drivers and associated uncertainties, which can be used to
improve reliability while considering uncertainty in cost estimation. The discus-
sions focused on establishing quantifiable cost drivers. Along these lines, inputs to
economic and cost models were distinguished and the focus was put on value
drivers, as they reflect the requirements of the customer and constitute the sources
of costs. By scoring the influence of uncertainties for given cost drivers the study
also involved ranking the cost drivers through AHP. The top level generic list of
cost drivers based on functional breakdown along with components for each cost
category includes, supply chain (e.g., stock level), engineering (e.g., query vol-
ume), maintenance (e.g., availability of labour), performance (e.g., customer
actual usage), business management (e.g., incentive mechanism) and training
(e.g., number of courses). Also, the study integrated the cost drivers with uncer-
tainties, by defining associations, to better capture the sources of variation.
For instance, for the supply chain cost category, the main cost drivers are arising
rate, MTBF, purchase cost and repair cost. For each cost driver relevant uncer-
tainties are defined as represented in Table 7.3.

The described simulation model was applied on a case study involving a very
large military system-of-systems project in the naval domain with over 60 sub-
systems, largely procured from suppliers. The project is currently establishing the
maintenance requirements with the customer, while the estimation of cost is
creating challenges. In collaboration with three subject matter experts ABM was
run for the case study, while input to the model followed the process covered in
Fig. 7.4. The goal of the case study was to compare the cost impact of the sce-
narios that have been explained in Sect. 7.3.2, namely; (1) uncertainty with
Industry, (2) uncertainty with supplier, (3) Industry and supplier share uncertainty.
Across the three scenarios the inputs varied concerning the revised cost estimates
and the definition of parameters. For instance, the influence of uncertainty on cost
is the lowest when the Industry takes all risks (scenario 1). Also the influence of
technical investment on cost varies across scenarios, affecting the actual cost
across scenarios.

The plots presented in Fig. 7.5 compare indicative results for each of the sce-
narios considered in the case study. The results point to a consistent peak in all
three plots, which could be described as initially less failures in the project, later
more failures and replacement costs are high and at the end of the project the cost
of replacing will be postponed, which means no cannibalisation. Based on com-
parison of the average cost levels across scenarios, risk with Industry constitutes
the lowest whole-life-cycle cost. Thus, meaning that it would be better for the
customer to pass on all the risks to Industry. In scenario 1, because the Industry
takes ownership for its operations, it assumes that the uncertainty is minimised,
which affects the revised cost estimates. In scenario 2, the Industry perceives high
uncertainty arising from passing the risk to the supplier. Thus, with the difference
between estimated maintenance costs and actual, technical investment costs
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contribute to Industry costs. Finally in scenario 3, by sharing the risk the technical
investment is distributed, which reduces the technical cost for the Industry.
The marginally small differences between the cost outcomes of the scenarios could
be due to the relatively small cost figures considered in the case study. The con-
clusions drawn from the results are limited by the fidelity of the model (e.g., the
model may not take account of practical difficulties such as being forced to pass
risk to suppliers when they own unique Intellectual Property and will not reveal it
to the prime contractor). Through validation it was suggested that some of the key
benefits of the framework include costs that can be predicted for specified periods
as well as for the long-term. Though, the framework and the ABM specifically suit
the early stages of bidding where there is very limited information. Also, the
framework enables intelligent management of the influence of uncertainty over
cost early on in order to negotiate performance requirements against cost across
the supply network.

7.5 Conclusion

One of the most distinctive characteristics of services is their process nature.
Unlike physical goods, services are dynamic, unfolding over a period of time
through a sequence of events and steps. Furthermore with manufacturing-based
industries typically experiencing a shift towards service orientation major chal-
lenges have emerged due to the nature of services. Cost estimation, which has
significant financial implications, has been challenged by various factors, such as
determining the arising rate, obsolescence and technology refresh. The common
theme across these complexities is the dynamic nature, which is increasingly
challenging their representation through static models. To the contrary of static
models, dynamic models (e.g., ABM) are able to reproduce the evolution of a
system over time. Furthermore, it provides a suitable platform to create robust and
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accurate ‘‘what if’’ scenarios for decision making. Based on the case study it has
been possible to recognise that taking a systematic approach to identify uncertainties
in relation to cost drivers provides opportunities to enhance rigour in cost estima-
tion. Furthermore, it also offers the prospect of understanding the root cause of
uncertainty. Validation of the ABM model enabled to reflect that the rules and
assumptions and the framework were suitable for the early stages of the bidding
phase. Improvements to the presented ABM would need to take account of further
complexities that arise from the supply chain. The importance of the ABM approach
will increase as the complexity of the service solution grows (e.g., increase in the
number of customers, suppliers or scope and complexity of maintenance).

7.6 Chapter Summary Questions

• What are the main uncertainties and cost drivers related to PSS?
• What are the main challenges in service cost estimation?
• What is the current uncertainty-based service cost estimation process?
• What improvements can be made to the uncertainty-based service cost

estimation process?
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Chapter 8
Incentives and Contracting
for Availability: Procuring Complex
Performance

Nigel D. Caldwell and Vince Settle

Abstract Procuring complex performance where both the performance required
and the infrastructure to support the requirement are complex, is the current
frontier on procurement knowledge. Trends to bundle contracts for products and
services together exemplify the challenge. These product-service bundles take the
form of contracts for the use of the product (e.g., including long term maintenance
and support) rather than just the product as an artefact. Such contracts bind a Prime
contractor and the customer into complex long term agreements. Contractual
incentive mechanisms have long been used to align the interests of customer and
supplier in such projects. This chapter explores the use and role of incentives in
complex engineering support environment, drawing on a case study from recent
research on availability contracting to support fighter jets. The chapter presents the
challenge to the conventional incentive mechanisms inherent in the combination of
flexibility and cost control required in contracting for jet fighters availability.

8.1 Introduction

The aim of this chapter is to briefly outline the need for, and role of, incentives in
complex support environments. It discusses the major types of contractual
incentive, their advantages and disadvantages and how they relate to service
support engineering, and links incentives to the S4T core integrative framework.
The chapter provides a case study based on a composite of military fighter jet
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contracts to explore detailed issues in contracting for availability and incentive
mechanisms. The chapter ends with conclusions and comment on current trends
and areas of future interest.

Contractual incentives for performance have a long history. Their importance
can be illustrated through their use in the transportation of prisoners to Australia in
the eighteenth and nineteenth centuries. Those ships incentivised on an outcome
(i.e., number of prisoners delivered alive) were extraordinarily successful at
keeping their cargo well through a hazardous and arduous journey. Other ships
incentivised on inputs (speed, price and a share in any consumables such as food
and drink ‘left over’ at the end of the journey) had terrible convict passenger
attrition rates. So in this instance, giving those responsible for transporting the
prisoners the incentive of being able to sell off any unused provisions for their own
profit did not align with the intention of the contract. Following a scandal about the
poor mortality rates and a public enquiry, the Home Department, the equivalent of
the Home Office today, insisted that in all future shipments, the contractors should
be paid for the number of convicts landed, rather than for the number embarked
(for a full description of the history of incentives in UK government procurement,
see Sturgess 2010).

This example from the transportation of convicts shows an eighteenth century
use of an outcome-based contract for procuring complex performance. Given the
state of technology at that time performance of the task was complex, and it was
deemed necessary to incentivise the contractor. The example also illustrates how
badly incentives can affect performance when they are not thought through, (as
here) when some contractors were not incentivised on convicts delivered alive and
well, this is often termed the problem of ‘perverse incentives’. A perverse
incentive creates an effect that was not intended by the customer.

Incentives include penalty incentives, the early days of individual train operating
companies running the UK rail network provide an example of a penalty clause that
became a perverse incentive. The penalty on running a train very late was so high as
to incentivise the train operating companies to instead cancel the train entirely. Thus
incurring a much smaller penalty (but at great disadvantage to rail users) an unin-
tended consequence. Incentives are usually financial but can also include non
financial incentives such as reputation by association and the carrot of future work.

Incentives have been formally defined by Her Majesty’s Treasury (1991:1) as:

A process by which a provider is motivated to achieve extra ‘value added’ services over
those specified originally and which are of material benefit to the user. These should be
assessable against pre-determined criteria. The process should benefit both parties.

The purpose of incentives has been defined by Broome (2002:111) as to:

Align more closely the motivations of the contractor, consultant or supplier to those of the
client, so that any of the participants, by working for the success of their organization, is
indirectly working for the success of the project.

The key, as Broome states, is that an incentive will put more emphasis on
achieving a client objective rather than a contractual obligation alone (2002:111).
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Examples of financial incentives include profit sharing in cost-plus incentive
contracts, bonus performance provisions attached to various lump sum and cost
reimbursable contracts and multiple financial incentive mixes (Rose and Manley
2005). These detailed forms will be discussed below, the intention in this intro-
duction is to show why incentives matter.

The chapter is structured as follows. Firstly, we introduce the notion of pro-
curing complex performance (Sect. 8.2). Section 8.3 discusses contract strategy,
building on the basic forms of contract to introduce contracting and contractual
incentives for performance-based contracts such as availability. This section
introduces the importance of identifying and allocating risk. Section 8.4 is a case
study of incentive use in contracting for availability in military fighter jets.
The case material provides a lead into the conclusions.

8.2 Procuring Complex Performance

It is becoming increasingly common for organisations to leverage service oppor-
tunities to deliver more value, to both the customer and the organisation itself.
Cohen et al. (2006) suggest that this need to leverage service opportunities has
been occurring since the early 1990s in Western Europe, the USA and Japan.
As competition for manufactured products has increased and margins have
become reduced, offering service solutions has been seen as maximising revenues
and profit (Cohen et al. 2006). Many economies are increasingly servitized
(Vandermerwe and Rada 1988). Advocates of the move to services cite down-
stream (i.e., the customers end of the value chain) markets as offering large
potential revenues with higher margins, and also as requiring fewer assets than
product manufacturing; and that due to their steady service-revenue streams, they
can often be countercyclical (Wise and Baumgartner 1999). In complex engi-
neering support, services typically range from routine and planned maintenance, to
unscheduled repairs to inserting upgrades such as new technology into existing
systems or platforms, through to disposal.

Vargo and Lusch suggest that there is a

…need for refocusing substantial firm activity or transforming the entire firm orientation
from producing output, primarily manufactured goods, to a concern with service(s)’
(Vargo and Lusch 2008:254).

In the academic literature a concern with understanding these bundled offerings
of products and services has led to an interest in the product service system (Mont
2002; Baines et al. 2007).

Industrial and public sector customers as business to business procurement
professionals reflect these trends through increasingly purchasing (or in health
settings commissioning) a combination of products and services. One example of
this phenomenon is the blurring of traditional boundaries of ownership, design and
post-construction performance in major construction projects. In combining the
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purchase of service with a product the buyer is procuring complex performance
(Caldwell and Howard (2010); Lewis and Roehrich (2009); Caldwell et al. 2009)
or what is increasingly known as Procuring Complex Performance (PCP). PCP can
be defined as a combination of performance complexity (a function of the level of
knowledge embedded in the performance and/or the level of customer interaction
and infrastructural complexity. The latter involving substantial bespoke or highly
customised hardware and software elements (Lewis and Roehrich 2009). Caldwell
and Howard (2010) take a more relational approach to defining procuring complex
performance writing of the need for a co-ordinated, relationship-focused approach
to buying made necessary by the task being so composed of sub-elements that it
cannot be achieved by the sequential or additive achievement of individual tasks or
transactions.

This chapter addresses the contractual forms that are emerging to support the
procuring of the complex performance inherent in newly ‘servitized’ business
models and specifically contractual incentives in product service contracts where
availability is the key customer requirement. Typical product service contracts
must incentivise industry to provide new levels of service, for example, innovative
environmental practices, ease of maintenance, flexibility once in use and ease of
ultimate disposal. The client must in effect, procure complex performance (as
opposed to a complex product or building); clients increasingly value the ‘‘in use
value’’ of the product infrastructure over the tangible product. This theme is
returned to in the discussion of the core integrative framework. However, the move
towards a product service business model is not without risk. ‘‘In industries where
excellence in product manufacturing and design form the key to uniqueness and
hence power in the value network, diverting focus to an issue such as PSS [product
service system] development is a recipe to lose rather than win the innovation
battle’’ (Tukker and Tischner 2006: 1553). Incentive design can play a key role as
our case study will suggest, in maximising the opportunities and minimising the
risks in adopting a product service approach.

8.3 Contract Strategy

Although there are many variations, two contract payment systems have domi-
nated product logic-dominant manufacturing and construction that is either price-
or cost-based. Price-based contracts have a fixed price or rate, the customer does
not know what costs are incurred. This can be particularly problematic when in
large complex undertakings there is a time lag between the costs being incurred
and the contractor being able to consolidate and report the costs incurred,
potentially resulting in the customer facing a much larger bill than expected with
litigation a real possibility. Under cost-based payment systems the actual costs
incurred by the supplier are reimbursed together with a fee to cover overheads and
profit (including target cost-based contracts). To avoid the problem of cost lag
described above some form of cost transparency or ‘open book’ costing is
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required. Table 8.1 lists some key features of both types but also introduces
performance-based contracts, for example it might be a payment for the avail-
ability of beds in a hospital rather than a contract for the delivery of a facility.

Outcome or performance-based contracts are seen increasingly in the public and
private sectors. Such outcome-based contracts are by nature long term: ‘‘In the case of
resulted-oriented PSS [product-service systems], one actor becomes responsible for
all costs of delivering a result, and hence has a great incentive to use materials and
energy optimally’’ (Tukker and Tischner 2006, also Thierry et al. 1995). So for
example for a traditional manufacturer in a complex engineering environment such as
fighter jets, the scope of their business expands to include cost effective maintenance
and support service (and after sales) in addition to the core product. Such manufac-
turers then face decisions about the shape of their business, and their business model.

The business model (Spring and Araujo 2009; Spring and Mason 2010) in
defence, like many manufacturing models has historically have been able to make
money out of initial product sales and the subsequent market for spares.

And because manufacturing promised the greater returns through the provision of spare
parts as well as the purchase of original equipment, the judgment of manufacturing primes
about design tradeoffs and systems assignments had to be taken with some scepticism
Sapolsky (2004:24).

The design, manufacture and sell spares business model in fact did not incentivise
the defence OEM to produce reliability. Parts/systems that went wrong meant further
sales, an old fashioned ‘throw it over the wall’ to the customer approach. Engineers
could focus on new build and provision of spares and associated activity became a
backwater (although a profitable one). Defence companies and their engineering
talent were simply not incentivised to produce reliable easy to maintain components
or systems. One consequence of this business model was an ‘arms length’ rela-
tionship between engineering and support, with no feedback loop from supporting
maintenance (Davies 2004), and little ‘design for supportability’ (Goffin and
New 2001).

Table 8.1 Generic contract strategies

Price based—fixed
price contract

Cost based—cost
plus contract

Outcome based—
e.g., availability

Key advantage Customer knows in
advance the maximum
cost

Customer can verify the
basis of what they are
being charged

Customer can
specify the
outcome they
want

High performance
incentive for
supplier

Key disadvantage Supplier bears the risk of
costs exceeding
original estimates.
Supplier incentivised to
reduce costs but no
performance incentive

Risk is shared but costs
can escalate, supplier
has no incentive to
reduce costs, some
performance incentive

Understanding and
making risks
transparent
central to
contract success
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Thus in addition to a manufacturer having to adapt to a new business of support
the fundamental business model of the manufacturer has to change. In complex
engineering environments the complexity of such contracts mandates incentive
mechanisms to co-ordinate and align customer and contractor interests. The fol-
lowing case study now explores incentives in the complex procurement environ-
ment of fighter jets. The case study is based on over 30 interviews with managers
and engineers and the personal experiences of one of the authors over a career of
aircraft-related commercial management.

8.4 A Case Study of Military ‘Fast Jet’ Aircraft

When considering contracts for long term availability for military ‘fast jet’ aircraft,
there are some key requirements unique to the military arena which make these
contracts perhaps more difficult and challenging to construct than the ones in
normal commercial environment between industrial companies or civilian public
bodies. Incentivisation is the key to making such contracts work effectively and
this case study examines some of the differences and difficulties in constructing
incentivisation mechanisms.

It is generally accepted that military commanders, when in a war situation,
demand the best products and services available, delivered when they want them
and subject to constant changes as the threat changes. Whilst this could also be
argued to be true of any public body, civilian or industrial contracts, the military
are in a unique ‘all or nothing’ situation where being second best or being late is
unacceptable if they are to win the war.

For these reasons, during the Cold War, the UK Government (and other NATO
allies) adopted an approach whereby their Armed Forces and the civilian Ministry
of Defence between them, enabled and controlled this required flexibility by
carrying out the work ‘in-house’ (i.e., Royal Air Force (RAF) personnel servicing
the aircraft) and having MoD staff purchase the necessary equipment and technical
services to support this on a piecemeal basis from many contractors; i.e., setting
up ‘‘enabling contracts’’ with a multitude of supplier companies to procure spares
and repairs on an ‘‘as required’’ basis. For instance, the Tornado aircraft had some
350 separate contracts for the MoD team to manage. To add to this supply
complexity, the capabilities of the aircraft need to be improved constantly as new
technology becomes available and the capabilities of potential enemies also
improve. Therefore, a key feature of the newly emerging CFA (Contracting for
Availability) contracts is both to keep costs down and to keep aircraft availability
up, such capability improvements must be embodied at the same time as routine
servicing work. The use of servicing ‘downtime’ to fit upgrades maximises
availability (when done well) and was previously not the case under in-house
servicing. Any incentivisation mechanism, therefore, has to recognise that
the technical standard of the aircraft will be enhanced again and again within the
existing contract.
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In recent years, budget pressures have meant that the traditional in-house driven
flexibility (i.e., in house servicing and separate upgrading) is unaffordable and
although there have been some successes, recent studies have shown that part-
nering with industry on long term, output-based incentivised contracts is the way
ahead to achieve demanded cost savings. Indeed recent Defence Support Review
(Ministry of Defence and Deloitte 2010:7) states:

incentivisation is key if the department [MoD] is to seek further savings in support costs
once responsibilities are transferred to industry.

A particularly difficult issue remains though, in that the budget-holders demand
for cost efficiencies should not be allowed to over-ride the military commanders’
rightful expectation of demand-flexibility. They need to sit side by side.

Figure 8.1 illustrates the tensions within a typical availability contract for
fighter jets (or other complex military procurements) between the operational user,
here the Royal Air Force, the Treasury represented by the Defence and Equipment
Support Agency and the civilian Prime contractor. As this case draws out the key
requirements for the user are flexibility and availability. However the Treasury are
concerned with minimising cost whilst the Prime contractor needs the stability to
be able to plan for a sustainable business. At first view these three differing
requirements can be seen as irreconcilable. So, how is this dilemma between cost
efficient supply and maximum military flexibility resolved? It must be stated here
that the solution of simply reducing cost by reducing quantity of products is not
part of this paper (for example, if politicians decide that squadrons of aircraft will
be taken out of the inventory). What is in discussion is trying to make the max-
imum use from the inventory available—and at the cheapest cost.

Incentivisation with Industry is seen as a key enabler in this. Examples of
incentivised contracts are now available for the RAF’s fast-jet fighter fleets,
covering Tornado, Harrier and most recently, Typhoon. These contracts transfer
the bulk of the servicing work [i.e., planned periodic servicing and capability
embodiments] to Industry [and its’ attendant contractual relationships with the
layers of suppliers], through a Prime Contractor promising guaranteed outputs

Availability/ 
Flexibility

Optimised
Cost down Profit

RAF Operational User

MOD Procurement Body
(Defence Equipment & 
Support)

Industrial Prime/
Sub Companies

Fig. 8.1 The Benefits
Triangle
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(e.g., aircraft availability, flying hour levels, etc.). Put another way, 350 contracts
can be merged into one contract, with the key feature that output is guaranteed,
whereas, in the ‘‘enabling contract’’ regime before, there were no guarantees, only
the best efforts of the RAF and civilian personnel managing the process.

A new pricing method has been developed by BAE Systems to introduce an
incentivisation framework and attendant behavioural changes necessary to moti-
vate all the parties to drive down costs. Referred to as Target Performance Price
Incentive (TPPI), this method links technical/maintenance data and individual
prices on specific equipments (repairs, spares) with an incentivised gainshare
which rewards the parties fairly in accordance with the effort they have put into
achieve savings through reliability improvements or servicing periodicity changes.
So for example if the Prime Contractor can reduce the break downs on the aircraft
which leads to ‘repair arisings’ at the supplier company on a particular component,
then the TPPI gainshare mechanism allows for the reduction in through-life cost to
be shared between customer, prime contractor and equipment supplier on an
agreed pre-set basis. What is new is that TPPI can track savings on each equip-
ment, rather than as previously where only total contract cost reductions would be
known, with no audit trail as to why costs had come down.

However, data capture is essential to the process and this is an absolute must for
the process to work. It is a difficult balancing act to manage this process, as within
the industrial forum the prime contractor has to ensure engagement with his
suppliers, who also have to be financially motivated to contribute their intellectual
effort. A 3-way split of savings to include the supply base is much harder to
achieve equitably than a 2-way split. A further issue is that the true end-to-end
savings from any initiatives may be hard to determine, as the MoD budget process
separates industrial spend controlled by MoD Defence Equipment and Support
(D.E. & S) from other spend within the wider MoD. For example, the cost of
providing an output from an RAF base will consist largely of the items listed in
Table 8.2.

In seeking to carry out a cost benefit analysis of cost reduction initiatives and to
construct an incentivisation method to reward all the parties according to savings
effected, it is extremely difficult to assess the effect on all three military budgets in
Table 8.2 without a long and cumbersome exercise, but without this any cost-
benefit case is flawed. The current challenge is now to construct such end-to-end
cost models and hence to establish the true cost of individual military platform
outputs relative to their perceived military benefit.

Table 8.2 The different budget centres involved in providing output from an RAF base

Activity Budget centre

RAF personnel, fuel, infrastructure
services

RAF budget

Industrial personnel and supply
chain Equipments

DE & S budget (Defence Equipment and Support)
N.B. the prime contractors costs [and his supplier costs]

are within this budget.
Buildings Defence estates budget
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Finally, it must not be forgotten that the possibility of cost overruns is always a
threat (either for the customer, the contractor or both depending on the contract pricing
method chosen) and commercial staff must always consider this in any risk assess-
ment within the contract price. The issue here is determining firstly who is best placed
to hold the risk, as risk always equates to price in a contract, and secondly how do we
motivate the parties to work together to mitigate that risk? The methods to share the
risk of cost overruns or the rewards of cost under run are now commonly referred to as
Painshare or Gainshare mechanisms. The latest thinking is that the customer will
accept a share of the pain if that means the datum contract price is lower, and thus more
affordable. Although such sharing arrangements have been used in the past for
example, large one-off development contracts, the new CFA Contracts are unique in
that they can track the reasons for cost variances down to component level.

The challenge in constructing incentivisation methods in the military envi-
ronment can, therefore, be summarised as:

• How to adequately motivate all parties to reduce costs but maintain the required
flexibility?

• How to make the incentive mechanism simple to operate, yet take into account
true end-to-end costs?

• How to make the mechanisms dynamic to change, as the products are operated
in different ways, and updated, over time?

We now examine each of these in the context of fast jets.
The least developed of these challenge questions is that of flexibility for the

military and it is that question which will cause the most difficulties for com-
mercial staff who are trained to look for stability in contracts. The issue is how to
construct a cost model and attendant contract conditions which accurately portray
the increased price of risk (if any) of providing a far greater degree of output
flexibility and with a rapid reaction time. If this is possible a reasoned judgment
can be made by the customer’s military staff and budget holders as to the price
they are willing to pay for that flexibility.

Finally, questions are now being asked as to how to create the next generation
of contracts and incentive mechanisms which move beyond single-aircraft con-
tracts into multi-aircraft contracts, in order to give output flexibility across a range
of aircraft in the RAF inventory but within one budget. Military Commanders
now require a ‘force-mix’ approach to the deployment and use of their assets.
For example, they may require a period of ‘‘surge’’ in flying for many months on
one aircraft, as it has the capability to use a particular type of smart weapon. Yet,
there is no increased budget available to pay for this higher usage.

The higher levels of MoD may, therefore, decide to ‘‘suppress’’ the flying levels
on another aircraft in order to pay for this specific surge. Current individual aircraft
contracts allow for a limited flexibility, and the force-mix approach would enhance
this, but much improved budgeting and incentivisation models may be needed to
allow the ‘‘budget balancing’’ as the cost of operation of each aircraft is different.
What then is the way forward? What improved features should a second generation
of CFA Contracts contain?

8 Incentives and Contracting for Availability 157



The challenge now is to be able to construct contracts and their incentive
mechanisms which recognise force-mix, involving varying outputs as demanded,
and at probably a short notice. However, they must be able to track savings and
equitably reward the parties, when some stakeholders may be disadvantaged by
reducing output on one aircraft to generate an increased output on another. This
must be done whilst continuing to service the military need at the time, all within
the original fixed budget! Taking this one [rather large] step further, it is possible
to construct a scenario whereby force-mix applies to the full military inventory.
Such an approach would allow budget trade-offs between aircraft, tanks, ships, etc.
in terms of what assets are needed for particular missions, and the total potential
cost.

Such a scenario would demand an ever-closer partnering relationship not just
with the contracting customer (MoD D.E. & S) but with the Military as operators.
Industrial companies, and particularly their commercial staff, have to understand
how these products are used and deployed in-theatre to understand the flexibility
required and be able to construct an incentive mechanism which will stand the test
of time over perhaps 10–15 years in operation. Building upon the first generation
contracts with output flexibility and an agreed risk-sharing mechanism, far more
complex cost models are required to simulate the risk and cost involved in pro-
viding more flexibility and in shorter timescales. These must also recognise that
any Prime Contractor must persuade his entire supply chain of the need to actively
engage with this approach.

8.5 Discussion

Contracting for the availability of fighter jets is an example of procuring complex
performance. Core to the contract is to enable instant flexibility to change outputs,
e.g., primarily to increase or decrease the flying hours. However, additional
complexity is added by the air force’s need as a customer to have instant and
unpredictable access to aircraft, and to be able when required to use the aircraft in
unspecified ways. Given the unique ‘bill of materials’ of each fighter jet which will
have already been through many major and minor maintenance and upgrade
procedures the Prime contractor takes on huge risk which mandates the collection
of robust data on usage and costs. Yet, there may at times be direct conflict
between the Prime’s need for reliable data for planning and cost management and
military requirements for speed and flexibility. Current incentive mechanisms for
gain and pain share rely on this detailed data collection.

The picture that emerges from the case is of the need for a strategic partnering
relationship based on intense working together for collaborative advantage
(Huxham and Vangen 2004). This relational approach is far removed from a
transaction-based business model. Previous academic work in this area (Lamming
1993; Dyer and Singh 1998) has noted the need for new levels of information
exchange in such relationships. Whilst such relational approaches do stress the
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need for mechanisms to enable inter-organisational dialogue the scale and com-
plexity of the fighter jet Prime and user interface place huge stresses on traditional
mechanisms such as early customer-contractor dialogue on risks and the
requirement for a joint, not contractor only assessment log. These additional
relational costs and the costs of the incentive mechanism itself have to be costed
into the contract. From the interviews it was clear that the costs of collecting the
information required to support certain incentive schemes were not insignificant
both in financial terms and in the time involved.

In complex environment like fast jet support, companies do not just add value,
they reinvent it according to Normann and Ramirez (1993:66). These authors
suggest working with other economic actors like suppliers and customers to
co-create value is more important than relying on a location within the value
system or supply chain. What is significant about the customer role in value
creation (and value destruction) is the ability the customer will have to ensure that
the incentives are achieved/not achieved. There is a two part challenge, firstly to
ensure that the customer (and all levels of the customer) has an understanding of
how the contract is incentivised. Secondly that the customer value element to the
work-mix is added in a way that is relevant, appropriate and sustainable. As the
customer and end-user may not evaluate value delivered in a fixed or stable way it
is critical that the incentive structure adapts to changes in the customer/end user,
e.g., in military contexts these might be ‘surges’ when additional resources are
required or slow periods when resource demand is reduced. This is a key problem
in PFI hospital contracts where incentives support the expansion of hospital
capacity by the contractor, for example rewarding the contractor by the number of
beds the hospital supports. But such incentive structures do not support any moves
by the end user to reduce capacity (for example through reallocating services
around an area or by reducing demand). In effect one-way incentives are created
that discourage the contractor from supporting strategic change by the user.

Earlier traditional manufacturing business models based on the volume supplied
were discussed. With the pressure on the Prime to achieve reliability in availability
contracting the supply chain faces lower volume requirements. A key challenge
raised by the case study is how to effectively incentivise the supply chain of
suppliers to the Prime to transition to a business model not based on volume. It is
still relatively early in the development of availability contracting, and these first
generation contracts have not addressed the issue to the depth that prolonged use of
availability would require. The recommendation from the incentive literature
would be the need to pay a premium over existing prices to compensate for lower
volumes. But such ‘largesse’ may be restricted by the cost ceiling within which the
Treasury require such contracts to be operated; this topic is significant and requires
further exploration.

The Benefits Triangle (Fig. 8.1) was used to identify the tensions arising from
the multiple parties within a fighter jet availability contract. So far this chapter has
discussed the user and Prime perspectives. Turning to the MoD, DE & S or
Treasury perspectives identifies a paradox at the centre of these contractual forms
as often used in the UK. It is ironic that an outcome-based contract such as those
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discussed should be created through a focus on an input—a fixed or maximum
contract value. For example, according to the National Audit Office:

The Harrier Integrated Project Team’s Joint Upgrade and Maintenance Programme cost
model contained all the appropriate efficiency levers, but its starting point was the budget
available and the estimate from the Prime Contractor on how much a contract may cost
(2007:24).

It is often the case that incentive schemes are created within this maximum
price, with the only option of cost reduction through gainshare. From the generic
case study it would appear that the military are currently pushing at the frontier of
how flexible a Prime can be under such a fixed-price (target price) contract. It is
perhaps still not proven that where such contracts create a focus on cost reduction
that innovative solutions (in innovation terms really new ideas or methods as
opposed to incremental improvements) will be encouraged in the long term.

8.6 Conclusions and Trends in Incentive Design
in Complex Support Environments

Contracting for a bundle of goods and services creates complexity, when these
bundles are significant engineering capabilities such as availability in jet fighter
contracts the procurement is for complex performance. Conventional incentive
schemes including those with elements of shared pain/gain work to align customer
and supplier/contractor interests. However, in the military environment of fighter
jets support, the interests or requirements of the customer demand almost total
flexibility from the Prime contractor, who is in turn reliant on robust data for their
own planning purposes.

The Prime in such contracts needs to have the ability for example to accu-
rately monitor contracts critically in major temporary cost overruns in periods of
exceptional usage (e.g., flying hours). Yet it is at just such times that the military
will have least time and sympathy for supporting data collection. In the case
study it is clear that flexibility is the customers’ key concern (within a tight
budget envelope) which can then only be contracted for when translated into a
business model that can model that risk, hence the repeated need for joint
consideration and management of the risk registers. Any incentive scheme will
only work well where it is cost effective and the contractor genuinely has control
over performance.

Whilst it is easy to appreciate military needs for flexibility, advanced con-
tracting for availability must also provide Primes with sustainable business
models, which includes the capacity to plan internally, externally and financially.
The increasing emergence of targets, Key Performance Indicators (KPIs) and
performance criteria on the customer in such contracts are likely. Outcome-based
contracts like availability in complex engineering support areas may require
incentive schemes to include the performance of the customer.
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Whilst such contracting does provide a reliable and consistent source of income
for a Prime, there is an unanswered question over whether the Prime moving to
increased flexibility of support provision is consistent with such Primes also
coming up with truly innovative solutions. If, as the case study suggests, the next
frontier for availability is contracts that support more than one platform, and even
ultimately different platform bases (e.g., combining elements of land, sea and air
platform availability) the supposed link between contracting for long term avail-
ability and innovation must be proven.

Finally it remains a challenge to incentivise the supply chains to achieve
through put (volume) reductions as down times are reduced in better maintained
availability contracts. Suppliers will need to migrate to new business models, some
suppliers can become consolidators providing a bigger volume of parts, others may
need higher prices to accept the change. There is little work in this area which will
grow in importance as availability contracting matures.

8.7 Chapter Summary Questions

The chapter considers that the user/operator requires far more flexibility than the
current Prime provision, and this drives the following questions:

• What processes can be taken to ensure the customers have articulated their real
requirement?

• Is that requirement an assessable requirement (i.e., can it be measured cost
effectively in some way to reflect performance against it?)

• Does the current incentive mechanism encourage behaviours on all sides that
encourage collaboration?

• Is the distribution of benefit from the incentive scheme equitable over time?
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Chapter 9
Behaviour Transformation:
An Examination of Relational Governance
in Complex Engineering Service

Lei Guo and Irene Ng

Abstract In the present study, we investigated two outcome-based maintenance,
repair and overhaul (MRO) service contracts in the attempt to better understand the
effect of relational governance on firms’ boundary-spanners behaviours in co-
producing complex engineering service. Our field interviews indicate that managers
are heavily dependent on interpersonal relationships to promote mutual cooperation
in service delivery. The role of legal contracts in monitoring behaviours seems
insignificant. Furthermore, we noted that with the development of interpersonal
relationship, cooperation moved from reciprocal to communal. That is, at the early
stage of relationship, both parties cooperate conditionally according to the norm of
reciprocity. When the relationship becomes more mature, both parties share a
common identity and work towards their collective goals. To that end, service
performance would then be greatly enhanced. Through a theory-in-use methodol-
ogy, our study maps the practices of behaviour transformation in complex engi-
neering service systems, effected through interpersonal relationship development.

9.1 Introduction

The importance of social relations in supporting economic exchanges has been
recognised across a wide range of theoretical perspectives (Eccles 1981; Grano-
vetter 1985; Macaulay 1963). Most agree that relational governance, which is
dominated by relationship norms, figures prominently in explaining the success
and stability of inter-organisational exchanges. Yet, in equipment-based services,
e.g., complex engineering service, the provider and the customer organisations
often rely on legal contracts monitoring service activities. In contrast to people
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centric services or ‘pure’ services, the significance of social relationships in
equipment- based services is often overshadowed by a focus on the more tangible
products attributes. Our study offered the first empirical investigation of relational
governance in complex engineering service from an interpersonal relationship
perspective. In the present study, two outcome-based maintenance, repair and
overhaul (MRO) contracts of defence equipment provision have been examined.
Unlike the conventional MRO contracts where the firms are paid on the basis of
maintenance, repairs or spare parts used, the contracts were awarded on the basis
of the availability of the equipment. The service provider relies heavily on the
customer’s operand (e.g., tangible equipment) and operant resources (e.g.,
knowledge and experiences) to deliver service outcomes. It is not possible to
deliver an outcome without the customer co-producing the service with the firm. In
day-to-day work, service performance is accomplished by individual employees,
especially those who span the boundaries of the two organisations. Hence, there is
a need to understand service co-production at individual levels.

Despite the importance of such perspective, there has been a lack of attention
devoted to the study of the individual service provider and customer in complex
engineering services literature. Nevertheless, our field work reveals that interper-
sonal relationships between them are essential to the overall service performance.
Managers are often dependent on their relations with the customers to enhance inter-
organisational cooperation. Furthermore, our interviews indicate that with the
development of interpersonal relationships, the cooperation between the individual
providers and customers can move from reciprocal to communal. That is, at the early
stage of relationship, they cooperate conditionally based on the norm of reciprocity.
When their relationship becomes more mature and both parties share a common
identity, they will cooperate communally in the attainment of collective goals. To
that end, service performance would then be greatly enhanced.

We begin with a literature review on equipment-based services, service co-
production, and the interplay between relational governance and contract gover-
nance that will serve to illustrate the inadequacies of academic literature in pro-
viding insights of relational governance in equipment-based services. Following on,
the method section outlines the details of the exploratory investigation of 19 in-depth
interviews with individual providers and clients at all levels in both contracts. These
interviews were coded and categorised through a theory-in-use methodology, sup-
plemented by academic literature. We then close with a discussion on the impli-
cations of the findings, study limitations and directions for future research.

9.2 Literature Review

9.2.1 Service Co-production

The concept of equipment provision has been around since the start of industrial
era. Indeed, as early as Adam Smith, the Wealth of Nations provided the dominant
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view that countries produce excess quantity goods to be exported and generate
wealth. To date, the provision of equipment has become more complex as com-
petition heightened, firms have felt the pressure to add value, predominantly
through the provision of services. Research has shown that firms add on services
integration with clients’ capabilities. This provision has been commonly referred
to as ‘the servitization of manufacturing’ (Baines et al. 2009). It has resulted in
combinations of offerings to generate value from both products and services in
bundled packages, frequently through providing through life support for their
products by manufacturers (Vandermerwe and Rada 1988; Anderson and Narus
1995). Recently, the servitization of manufacturing has been reviewed and
revisited. The emergent service-dominant logic (S-D Logic) (Vargo and Lusch
2004) provided a new paradigm that is rapidly gaining an established position in
marketing literature. S-D Logic is captured in a list of Foundational Premises, such
as ‘the customer is always being a co-creator of value’ with the firm. There is a
distinction between value co-creation and service co-production though both imply
the involvement of the customer and the firm. With S-D Logic, value is viewed as
customer value which is proposed by the firm and unfolded by the customer over
time. Nevertheless, service co-production is a process where the customer and
the firm involve in delivering service outcomes. In the present study, our focus is
service co-production.

Co-production represents a central construct in service literature (Zeithaml
et al. 2006), such that the customer always plays an active role in the service
offering. This conceptualisation derives from a specific characteristic of the service
provision, namely, that the production phase cannot be disconnected from con-
sumption activity (Lovelock and Wirtz 2004). Customer participation in service
production has been defined as ‘‘the degree to which the customer is involved in
producing and delivering the service’’ (Dabholkar 1990, p. 484). In this article, we
adopt the view of co-production as ‘‘engaging customers as active participants in
the organization’s work’’ (Lengnick-Hall et al. 2000, p. 359). Therefore, we do not
consider the situation of customer self-service (Meuter et al. 2000). When we refer
to service co-production, we mean the joint production of service outcomes. Joint
production is a situation in which both the customer and the firm’s contact
employees interact and participate in the production (Meuter and Bitner 1998).

The early work in co-production was largely firm-centric, the economic ratio-
nale provides the focus on cost benefits to the firm in terms of productivity gain,
with customer labour substituting for employee labour (e.g., Fitzsimmons 1985;
Lovelock and Young 1979; Mills et al. 1983; Mills and Morris 1986). The domain
has then shifted to customer-centric, research in this theme has focused on when
and why customers may be motivated to participate in service production as partial
employees. This perspective has widely discussed topics such as technology
readiness (Dabholkar 1996), provision of adequate training (Goodwin 1988) and
identifying customer psychological responses (Bendapudi and Leone 2003). The
concept of service co-production recently has been enhanced by S-D Logic (Vargo
and Lusch 2004). That is, the personalized interaction between the firm and the
customer thus becomes the locus of service co-production and resultant value
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creation. The new framework implies that all the points of customer–firm inter-
action are critical for creating value and value is co-created through their reci-
procal and mutually beneficial relationship (Vargo et al. 2008). We argue that such
relationship is grounded by interpersonal relationships between individual pro-
viders and customers. For example, when a customer talked about the relationship
with the service provider, most likely, he/she was referring to the firm’s employee,
David or Susan. Therefore, co-production management need to place simultaneous
emphasis on the role of interpersonal relationships in managing a successful inter-
organisational relationship, and stimulating cooperative attitudes and actions.
Although some authors argued that customer participation in service process is
integral to service success, affecting overall performance and quality (e.g., Kelley
et al. 1990; Schneider and Bowen 1995), interpersonal interactions between the
individual providers and customers have been studied only in a limited fashion,
especially in equipment-based services. This lack makes it impossible to draw
strong conclusions about the effect of interpersonal relationships on service
outcomes.

9.2.2 The Interplay of Relational Governance and Contract
Governance

In inter-organisational exchanges, formal contracts are mechanisms that attempt to
reduce risk and uncertainty (Lusch and Brown 1996). However, an undue reliance on
the formal contract signifies a transaction oriented approach and an adversarial
relationship (Gundlach and Achrol 1993). Williamson (1975) noted that contracts
are incomplete because of parties’ inability to write a comprehensive agreement that
covers future contingencies, and Macneil (1980) recognised that the legal contract
cannot explicitly state how potential situations will be handled in the future. It
follows that strict adherence to the written contract may preclude the necessary
flexibility in an exchange. Exchange performance can suffer when detailed contracts
are used without a well developed social relationship (Cannon et al. 2000), and ‘‘the
misuse of contracts could create irreconcilable conflict and other forms of dys-
functional behaviour that could ultimately harm channel member performance’’
(Lusch and Brown 1996, p. 19). Ghoshal and Moran (1996) argued that the use of
rational, formal control has a pernicious effect on cooperation. They contend that for
those parties being controlled, the use of rational control signals that they are not
trusted to behave appropriately without such controls. Consistent with this logic,
Bernheim and Whinston (1998) developed a formal model and showed that making
contracts more explicit may encourage opportunistic behaviour surrounding actions
that cannot be specified within contracts.

Research has long recognised that the importance of social relations in sup-
porting inter-organisational exchanges. For example, Poppo and Zenger (2002)
propose that for relationally-governed exchanges, the enforcement of obligations,
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promises, and expectations occurs through social processes that promote norms of
flexibility, solidarity, and information exchange. Flexibility facilitates adaptation
to unforeseeable events. Solidarity promotes a bilateral approach to problem
solving, creating a commitment to joint action through mutual adjustment.
Information sharing facilitates problem solving and adaptation because parties are
willing to share private information with one another, including short- and long-
term plans and goals. As the parties commit to such norms, mutuality and coop-
eration characterise the resultant behaviour. In addition, Poppo and Zenger (2002)
also suggest relational governance may promote the refinement (and hence
increased complexity) of formal contracts. As a close relationship is developed and
sustained, lessons from the prior period are reflected in revisions of the contract.
As a consequence, relational exchanges may gradually develop more complex
formal contracts, as mutually agreed upon processes become formalised. In the
present study, relational governance is defined as the strength of the relationship
norms present in the service activities co-produced by the individual providers and
customers.

However, researchers cannot agree on whether relational governance and
contract governance function as substitutes or complements (see Poppo and
Zenger 2002 for a full review). One stream of research has viewed them as
substitutes. The underlying logic is if contracting parties trust each other, there is
little need for contractually specifying actions. Informal social controls push these
formal contractual controls to the background. In particular, Adler (2001) argued
that trust can replace formal contracts by ‘handshakes’ in marketing exchanges.
Dyer and Singh (1998) concluded that formal contracts are rather unimportant as
informal self-enforcing agreements which rely on trust and reputation ‘often
supplant’ the controls characteristic of formal contracts. Alternatively, other
research contends the complementary relationship between relational governance
and contract governance. In particular, in settings where hazards are severe, the
combination of formal and informal safeguards will deliver greater exchange
performance than either governance choice in isolation (Poppo et al. 2008). A
common rationale is that the presence of clearly articulated contractual terms,
remedies, and processes of dispute resolution as well as social controls can inspire
confidence to cooperate with the counterparty.

In the execution of service contracts, relational governance becomes a nec-
essary complement to the adaptive limits of contracts. It may heighten the
probability that social relations will enhance trust and cooperation, and safeguard
against hazards poorly protected by the contract. Typically, prevailing literature
is mainly concerned with contractual and relational governance at the firm’s
level. Monitoring service activities at individual levels remains complex and
troubling in management practices. Specifically, in outcome-based delivery,
governance is complicated by the lack of specification in individual boundaries
and roles. In the present study, we offer an empirical investigation on relational
governance in complex engineering service from an interpersonal relationship
perspective.
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9.3 Context and Research Method

Our data was collected from two prime contractors working for the Ministry of
Defence (MoD), UK. They provided the MRO service for defence equipment, e.g.,
fastjet and missiles. The contracts were awarded on the basis of the availability of
the equipment. Both organisations were awarded for the MRO of whole operable
life of the equipment till the out-of-service date. The availability of the equipment
means that subject to certain conditions of how and where the equipment is used
by the customer, the firm is obliged to deliver a set number of flying hours on the
fighter jet and a fix percentage availability over a certain period of time (e.g., 95%
availability) for the missile system. While the MRO service is outsourced, the
MoD had a big role in the partnership which is to provide Government Furnished
Materials (GFX) including supplying physical facilities, material, data, IT and
manpower to facilitate the company in achieving its outcomes. Both parties were
co-located at the service site and worked together for the contracts. Under this
circumstance, interactions at the interpersonal level are intense. This context is
best for the study of relational governance from an interpersonal relationships
perspective.

The field study was carried out over a 2-year period from 2007 to 2008. Multiple
qualitative methods had been employed to extract data for the purpose of under-
standing the dynamics arising from outcome-based service contracts. We had 19
interviews with team members from both sides, attended the contractors’ orientation
meetings, presentations and visited the service sites several times. Meanwhile,
supplemental materials such as project briefing brochure and contracting documents
(although not released to be reported in this article) were collected. The logic behind
using multiple methods was to secure an in-depth understanding of the phenomenon
in question. These interviews followed the phenomenological focus, that is, from the
perspectives of the participants (Thompson et al. 1989). The primary aim of this type
of qualitative investigation is to understand experience as closely as possible as its
participants feel or perceive it. The depth-interview method offered the opportunity
to gain insight into individuals’ subjective experience with the contract. The course
of the interview dialogue was set largely by the participants. The interviewer’s
questions were formulated in concert with the participants’ reflections and were
directed at bringing about more thorough descriptions of specific experiences. The
primary objective was to allow the participants to articulate their own system of
meanings (Thompson et al. 1989): the personalised meanings and meaning-based
categories that constitute the individual’s abstracted understanding of governance in
service delivery.

The interviews included 11 managers from the service providers and 8 mem-
bers from the clients in both contracts. The goal was not to compare between size
and structure of the two joint delivery teams but to provide personnel at each level.
The participants represented all levels of the teams (4 project directors [senior
executives], 2 general managers [mid-level executives], 9 project managers [mid-
level executives] and 4 engineers/technicians [staff]). These positions were
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included primarily because of significantly interpersonal interactions involved in
their work. The interviewees were not selected in advance but by availability and
also sequential recommendation from those who participated. Interviews were
completed between 50 and 120 min. Prior to the interview, the participants were
asked for their consent, which assured them and their firm of confidentiality
regarding the interview texts and any other materials provided. The purpose of
study was described to each participant as an exploration of outcome-based service
contracts they were working on. The interview began by obtaining general
background information on the participant (e.g., position, employment history and
length of time on the contract). It then shifted to specific topics such as relational
governance using the following probe: ‘‘How would you find the relationship
between you and the customer?’’ or ‘‘Tell me about the relationship.’’ The logic of
this interview flow is straightforward: questions at the beginning of the interview
provide the broader descriptions needed to contextualise the participant’s specific
experiences in the later part. Each interview was recorded and transcribed.

Data analysis proceeded, using discourse analysis to uncover the meanings and
emerging themes of relational governance. The discourse analysis of this research
was primarily focused on verbal discourse as opposed to written discourse. This
has been termed the ‘‘talk as text’’ approach (Potter 1996). As talk and texts are
parts of social practice, they ‘construct’ knowledge rather than ‘describe’ facts.
The discourse analysis of the interview transcripts proceeded with the use of a
hermeneutical procedure outlined by Thompson (1997). The hermeneutical circle
is implemented by continually modifying the initial understandings of participant’s
personal experience with specific contracts, based on earlier passage with respect
to the participant’s general background. Earlier readings of the text inform later
readings, and reciprocally, later readings were incorporated into the interpreting
participant’s broader life experience. As the analysis proceeds, the textual inter-
pretations were broaden, with the resultant thematic structure reflecting the
understanding of individual experience in the broadest context. Accordingly,
readings on texts expressed by different participants allow the researcher to
identify key patterns of relational governance across all the interviews and derive
general managerial implications.

As demonstrated in the literature review, the divergence between practice and
what the literature suggests is the backdrop against the reasons why a theory-in-use
methodology seems warranted. In their book Theory Construction in Marketing:
Some Thoughts on Thinking, Zaltmann et al. (1982, p. 113) illustrate the funda-
mental concept of a theory-in-use approach:

Practitioners… are generally more concerned with informal theory based on everyday
observations (versus controlled experiments), having less than precise concepts (versus
explicit empirical referents), and being related to one another intuitively (versus in rig-
orous testable relationships). The informal theory built and maintained by practitioners in
their everyday activities represents an important source of insight for the researcher
concerned with formal theory. By mapping these informal theories and applying their own
creativity, a researcher may gain insights into marketing phenomena which might not
otherwise be obtained.
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This methodology is therefore an exercise in reconstructed logic; mapping
informal theory, linking with academic literature and developing a greater
understanding of the phenomenon. Our purpose is to understand, formalise and
document practitioners’ experience of governance in service co-production as a
contribution to academic literature.

With the assistance of qualitative software Nvivo 7, we started with open
coding of the transcripts of the interviews, scrutinising the transcripts line by line
in order to identify key words and phases that would give us insights into what was
happening in the data. At this stage, coding was unstructured and hundreds of
codes had been identified. Inevitably these need to be reduced as coding moves on
to a more abstract level in the search for patterns and themes that suggest a
relationship. We employed axial coding which clustered the open coded nodes in
terms of their dynamic interrelationships. These categories were then re-evaluated
and gradually subsumed into higher order categories which suggested the emer-
gent themes of relational governance in equipment-based services. Meanwhile,
memos were written to note ideas and reflections during data collection and
analysis. The coding and memos had been constantly revisited and compared in
searching for patterns of relational governance. The interviews had been con-
ducted in an ongoing manner until no new insights arose from fresh data. The fresh
data were compared with existing transcripts and were scrutinised for any new
information. Whilst no new concepts emerged, the significance of those identified
were reinforced and strengthened with further examples in different contexts.
These concepts paved the way for categorisation.

9.4 Findings

9.4.1 Contract Governance

Our findings:

• Comprehensive contracts cannot provide complete safeguards against potential
risks and uncertainties.

• The lengthy procedure of contract amendment has negative impact on service
performance.

• Outcome-based contracting has difficulty in specifying boundaries and roles.
• Financial incentives failed to motivate interpersonal cooperation.
• Strictly working around the contract can lead to service failure.

Contract governance has previously been examined in terms of the existence of
a detailed agreement (Cannon et al. 2000), its enforcement under conditions of
violation (Antia and Frazier 2001), and the stipulation of expected behaviours and
roles in the exchange (Lusch and Brown 1996). As far as concerned by our
interviewees, contract governance has several limitations. First, even the most

170 L. Guo and I. Ng



comprehensive contract cannot provide full safeguards against potential risks and
uncertainties as the negotiating parties only write down clauses they agree on but
remain silent on issues on which they have debate. One of the interviewees
explained this practice to us:

Well contracts tend to be tend to be silent on a lot of, on a lot of issues, you don’t tend to
may be because you haven’t thought of them may be ‘cos you didn’t particularly want to
broach that particular subject because you knew it would be difficult or whatever so
sometimes you just don’t bother to write them down and you will work your way through
that once you get err once you get into the contract… Well inevitably, inevitably you
never, you are never able to cover I don’t think everything that you are going to have to be
able to do. I mean first of all you would have a contract which was probably five times the
size and you probably never actually reach a conclusion you have just got to assume that
certain things kind of will happen. You are not, you never ever going to be able to tie
everything down to you know a black and white in a contract it just isn’t going to happen,
it’s not practical.

Secondly, the contract amendment procure is lengthy. In some situations, the
foremost task is to solve the problem; otherwise, service performance will suffer
from the bureaucratic process. Under this circumstance, the service provider and
the customer would prefer to get things done rather than wait for the contract
amendment. One interviewee described the lengthy procure of contract
amendment:

Now if you just follow the absolute letter of the contract then we would just stop, we
wouldn’t do anything right we would officially declare that we are not going to provide
this manpower and we would go through a lengthy process of asking us for a quote, we
would give them the quote and then get the money approved and the money finally turns
up they put a contract amendment in and then we get to go out and we recruit sub
contractors. That will take months and months and months.

Thirdly, outcome-based contracting has difficulty in specifying boundaries and
roles. Individual service providers and customers did not sufficiently understand
their roles in terms of the tasks and behaviours required in service delivery. As a
result, the provider strictly adhered to the Key Performance Indicators (KPI)
activities as defined in the contracts. On the other hand, the customer supervised
rather than co-produced the service with the provider as they perceived that the
provider was solely responsible for service outcomes.

Fourthly, contracting mechanisms such as ‘gain share’ and ‘pain share’ of
financial incentives crafted to promote the firm-level cooperation failed to moti-
vate interpersonal cooperation as individual customers (i.e., users) were more
concerned with operational efficiency and effectiveness. The customer’s percep-
tion that the provider was after profit rather than operational capability almost
caused a difference in commitment. The service provider complained that the end
user community was reluctant to get involved in service delivery. One interviewee
shared his observation of the end users’ ignorance:

They (end users) don’t know what’s going on in that background and the user doesn’t
necessarily want to get involved in a lot of these contracts. Whether it be (end users),
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whether it be any (end users) you know if it came for (end users) or something like that,
the user is just principally standing back going, well it’s got nothing to do with me.

Finally, strictly working around the contract had caused insufficient commu-
nication and interactions at individual levels. Although there were formal com-
munication channels such as regular meetings, interpersonal interactions were
lacking. As observed by many interviewees, the provider and the customer would
sit separately during the monthly meeting and not mingle with each other at all. As
the customers recalled, at the beginning stage of the contract, a lack of interper-
sonal communication with the provider had left them in the dark. They had no idea
why the provider had delivered the service differently from what had been done in-
house. One customer told us the misunderstanding of the provider’s practice,

That’s not to say they are doing them worse they are just doing them differently but they
hadn’t communicated that that’s how they were going to do business. So therefore we
were scratching our heads and not understanding why they were making some of the
decisions that they were making but it was because they hadn’t told us that their phi-
losophy was that way or this way.

Consequently, service co-production was going to break. However, both parties
cannot afford the contracts to fail, as the customer wanted to achieve service
outcomes whereas the provider looked forward to business success because any
failure would be harmful to the company’s reputation. Therefore, they decided to
work on relationships to rescue the service.

9.4.2 The Relationship Development

Our findings:

• Interpersonal relationships developed through informal interaction and
socialisation.

• Interpersonal similarity is key to relationship development.

The individual provider and customer described their initial relationships as ‘‘an
arranged marriage’’. The newly married couple has yet to find any common goals
in life. The customer community treated the provider as an opportunist who was
eager to make money from the marriage. Some even considered that working with
the provider would be a nightmare. Likewise, salient cultural differences have
discouraged interpersonal interactions. For example, many of the end users, in this
case the soldiers, had problems in dealing with industrialists. Similarly, industry
people also found it difficult in adapting to military culture:

there is very much a focus on the task at the expense of anything else that is a bit of a
different culture, and so that has for some individuals understandably who didn’t join up to
be military they have found it difficult to adjust to.

As stated early, in order to rescue the contracts, both organisations as well as
their employees were making efforts to develop relationships. The firms were
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trying to put the right people at the boundary positions. For example, they
recruited ex-military staff who could understand the protocols of the army and
build rapport with the soldiers. The shared experience tended to break the ice of
interpersonal interactions. On the other hand, individual providers and customers
realized that informal events facilitating relationship development. Social activi-
ties such as golfing, outings and barbeques were organised to promote interper-
sonal interactions. The ongoing interaction did not develop in a vacuum but rather,
it accounts for the social relationship bonds. The providers and customers became
more joined up through socialising. Many relationships seemed to be developed
outside of the work environment. One interviewee told us how they got to know
the counterparty through social events:

we had a night out with them so you get to know people that way socially and they’ve also
got I think it’s a, end of July like an open day barbeque and all that which I think most of
us will be going to. Again you will get to know them that way.

In addition, we found that the influence of setting on formulating relationships
was rather weak. Although co-located and work together on a daily basis, indi-
vidual employees only developed close relationships with those who were similar
to them.

9.4.3 Relational Governance

Our findings:

• Through developing interpersonal relationships, co-producing service became
possible.

• When service provider–customer relationships developed into in-group rela-
tionships, cooperation moved from reciprocal to communal.

Cooperation and mutual adaptation provided the flexibility to cope with inev-
itable uncertainties that arise in the contracts. The expectation of continuity gen-
erated incentives to invest in relationships. As well, the expectation of longevity
minimised the need for precise performance measurement in the short run as both
parties expected that short- term inequities would be corrected in the long term.

Relational governance refers to a social institution that governs and guides
exchange partners on the basis of cooperative norms and collaborative activities
(Heide and John 1992; Macneil 1980; Zaheer and Venkatraman 1995). The
mechanisms through which relational governance attenuates contract hazards are
both economic and sociological in nature. Economists emphasise the rational,
calculative origins of relational governance, emphasising particularly expectations
of future exchanges that prompt cooperation in the present. Sociologists emphasise
socially derived norms and social ties that have emerged from prior exchange
(Uzzi 1997, p. 45). Trust is therefore considered a trait that becomes embedded in
a particular exchange relation. Many conceptual (e.g., Bradach and Eccles 1989;
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Dyer and Singh 1998; Uzzi 1997) and empirical (e.g., Artz and Brush 2000; Dyer
and Chu 2003; Poppo and Zenger 2002) works have established the benefits of
trust-based forms of governance. In essence, once an exchange partner is granted
trustworthy status, they are expected to behave in a trustworthy fashion in the
future. Williamson (1996, p. 97) suggests that the term trust is misleading, arguing
that ‘‘because commercial relations are invariably calculative, the concept of
calculated risk (rather than calculated trust) should be used to describe commercial
transactions.’’ Nonetheless, there is considerable overlap in the arguments of
sociologists and economists surrounding trust and cooperation. Poppo and Zenger
(2002) summarise that both sociologists and economists, for instance, argue that
repeated exchange encourages effective exchange, and that repeated exchange
provides information about the cooperative behaviour of exchange partners that
may allow for informed choices of who to trust and who not to trust. While the
mechanism may differ slightly, both economists and sociologists emphasise that
reputations for trustworthy behaviour are rewarded and reputations for untrust-
worthy behaviour punished in the broader network of potential exchange partner.
Consistent with the literature, our interviewees agreed that interpersonal trust is the
cornerstone of relational governance. Following the economic logic, one inter-
viewee told us the trustworthy status is conditional upon the benefits that accrue
from trustworthy status over time contrasted with the benefits that accrue from
self-interested moves that break from the trustworthy status. He said:

we have to be nice it’s okay we can trust them on this it’s fine we trust them and you know
the first time they ever let us down then that will destroy four or five years of relationship
the same as if we ever let down that would destroy the relationships.

Amongst the advantages of relational governance, cooperation and resultant
work efficiency and effectiveness were specially highlighted. As we discovered in
our study, interpersonal relationships were considered as the glue that made all
things work. The interviewees suggested that what was stated on paper (e.g., the
contracts) may never happen but relationships helped make sure things get started
and finished in a positive tone. Even when the process got stuck, having the right
relationship could move it on. Otherwise, it would just stop there. As a result,
interpersonal relationships enhanced efficiency and effectiveness in service
co-production. For example, one interviewee thought social relationships were the
solution of dispute:

Now you can either spend two years having the fight and winging or if you have got the
relationships you can just, it will get sorted out so it’s things that you don’t put financial
fund it works it just makes everybody’s life a lot easier and things just get done.

Noteworthily, our interviewees made it clear that relying on relationships does
not mean shortcutting everything. Things can go wrong if one attempts to shortcut
an established process in the contracts. It echoes the previous research that rela-
tional governance is complementary to contract governance. Next, we use
examples to illustrate how relational governance was effected through relationship
norms. Throughout the interviews, the norm of reciprocity was underlined. When
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one party gave favour to the other, he/she had the expectation that the counterparty
would repay e.g., helping with the milestone task. Typically, the individual pro-
viders were developing personal relationships with key customers in exchange of
resources, information and preferable treatment. Their cooperation was reciprocal,
as illustrated by one interviewee, ‘‘they might bend the rules a bit and you might
bend the rules a bit’’. We thus termed this relationship as the exchange relationship
where relationship parties cooperate conditionally to facilitate the attainment of
each other’s goals.

Interestingly, we noticed the other type relationship norm which we refer to it
as communal cooperation. Over time, some of the relationship development efforts
gradually eliminated estrangements. The individual providers and customers dis-
covered their interpersonal similarities and eventually moved from the ‘them vs.
us’ split into a collective ‘we’. Getting back to the marriage analogy, the marriage
did not actually happen at the time they signed the contracts, but when both parties
made the emotional commitment to act as one united team. After working on the
contract for nearly one and half years, for example, we observed the ‘we-ness’ on
some occasions. As a visitor, we could hardly distinguish between them when both
parties were working at the service site. Our interviews also revealed, as a result of
relationship development efforts, some of the individual providers and customers
started to share a salient identity and they treated each other as ‘one of us’. In some
cases, the individual providers had been empowered to plan and solve problems
for the customers with full knowledge of the goals. One interviewee shared his
experience of being treated as an integral part of the team by the customer:

just recently only a couple of months ago I went on a, on a military field trip with them
into (the place) you know just another member of the team basically that’s how I get
treated.

He continued later,

Oh yeah I am on the (the client’s premises) now so I sit with (the client’s team leader) and
his team once a week and we go through they tell me things which are military, we go
through military issues and they, they ask me for my industrial opinion. So they’ll say err
we are thinking about closing (the place) next week (name of the interviewee) for a day
because we’ve had a really good err (the inspection) how does that affect output for us? I’ll
say well you’ll lose a day’s production you know, it’ll cost us X number thousands of
pounds but I am consulted the issue isn’t the answer the issue is the consultation is the
issue.

Social identity approach (Haslam 2004) specifies the circumstances under
which individuals are likely to conceive themselves either as separate individuals
or as part of a collective group. This in-group relationship is characterised by the
norm of communal cooperation, that is, both parties cooperated for the attainment
of collective goals. One individual provider told us he was supported by the
customer’s team leader when attempting to correct certain behaviours of the end
users for the purpose of cost saving:

Right you know right but that’s the kind of relationship we’ve got. I can go in there and be
very outspoken with them because I’ve built up that level of trust with them and you
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know. Yeah but that’s the kind of relationship we’ve got you know and (the client’s team
leader) sits there and he says I agree it’s completely unacceptable and you know.

9.5 Discussion, Implications and Limitations

Our findings indicate that relational governance plays a very significant role in the
delivery of outcome-based service contracts, especially in promoting service
co-production at individual levels; whilst contract governance seemed unimpor-
tant. Although comprehensive contract mechanisms have been designed to safe-
guard service delivery, managers in fact rely heavily on relational governance to
improve service performance. They tend to count on reciprocal or communal
cooperation to weather through the various uncertainties in service delivery. In
relationship development, we note that interpersonal similarities can foster close
relationships. Likewise, informal interactions and socialising eliminated differ-
ences and misunderstanding. Accordingly, two types of individual provider–cus-
tomer relationships were discovered. In exchange relationships, relationship
parties cooperate based on the norm of reciprocity. As relationships develop into
in-group relationships, both parties cooperate unconditionally and work towards
collective group goals. A major contribution of this study is the advancement of an
interpersonal relationship perspective of relational governance on service contracts
through a theory-in-use methodology. It is our belief that this contribution pro-
vides pedagogical benefits and substantial relevance to the practice of service
co-production and management thinking.

In this article, we have used our field study to structure inquiry into how
relational governance works on service co-production at individual levels.
Through our findings, we present an integrative view of contract governance and
relational governance in service contracts. We not only bring together interper-
sonal relationships and relational governance but also relate cooperative behav-
iours to types of relationship norms. Furthermore, drawing on our field
observations, we address the gap between theory and field research by introducing
the idea that different types of relational norms, reciprocity and communality, can
affect interpersonal cooperation in service co-production which has not been
studied adequately in literature.

The striking factor in our study is that relational governance as a strategic
resource to improve service performance. This seems particularly advantageous
for outcome-based service contracts where environmental and behavioural
uncertainties are a major obstacle in delivering outcomes, and where interactions
between equipment, people and information increase the complexity. Our article is
descriptive rather than normative in nature, and does not focus on performance
implications of service delivery. Thus, generic and explicit recommendations on
how organisations should manage contractual and relational governance cannot be
drawn directly from our research. However, assuming that qualitative case studies
provide better insights, we at least can make tentative statements of how our
observations will guide managerial decisions:
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• Outcome-based delivery in lack of specification in boundaries and roles, results
in a greater dependency on relational governance.

• Delivering outcomes, rather than contracted performance measurements, is the
primary focus of service co-production, with contracted performance mea-
surements a secondary result arising from the primary focus.

• Interpersonal relationships oil the wheels of service co-production. Without
proper relationships, the individual providers and customers won’t co-produce
anything and the service provided is not sustainable.

In addition, this relationship is a dyad, we urge the provider and the customer
organisations to align their personnel arrangement at all levels with the counter
side and relationship bonding activities are highly recommended.

The predominant emphasis of this study is to obtain in-depth understanding of
the phenomenon of contractual and relational governance in equipment-based
services. Although the investigation of two outcome-based contracts would still be
relevant to the theory-in-use methodology (Zaltmann et al. 1982), multiple cases
should be chosen as a way of discovering more patterns of relational governance.
The study scope has limited our ability to generalise our findings.

It is interesting to note that what originally started as a study on relational
governance of service contracts seems to have obtained quite unexpected results.
Along the course of our study, we discovered two different types of interpersonal
relationships between the service provider and the client: exchange and in-group.
Specifically from the point of view of managing interpersonal cooperation, in-group
relationships motivate collective actions which may hugely increase service output.
At the best of our knowledge, this type of relationships has not attracted enough
attention in academic research as much marketing literature is focused on the
exchange type of relationships. Our study suggests a divergence between academic
literature and practice in so far as the focus and approach towards individual
provider–customer relationships are concerned. In light of this, there is a need for
greater research attention towards the communal type of relationships.

9.6 Chapter Summary Questions

The chapter has raised the issue that relational governance is more important than
contract governance in co-producing complex engineering service at individual
levels, and hence it drives a few concluding questions:

• First, how can the firms train their boundary spanners to use relationship-
building strategies?

• Second, can relationships be duplicated to other service contexts? i.e., another
service contract?

• Third, what do the firms need to do to encourage the formation of a common
identity in the service provider–customer joint work team?

• And finally, is there an issue if the key contact person leaves the team?
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Part III
Service Information Strategy

Alison McKay, Duncan McFarlane and Chris Pearson

The effective delivery of complex engineering services critically relies on the
timely availability of appropriate information in forms suitable for use in a service
operation. Additional complexity arises from the fact that service information
typically has many owners and users dispersed across multiple organisations. As
the trend for businesses to change from the delivery of goods and equipment to the
delivery of complex services increases, so does the demand for improved
understanding of how engineering information needs to change to support complex
engineering services. Building this new understanding was one of the key
challenges addressed by the S4T project.

The chapters in this section resulted from research carried out as part of the
Service Information Strategy work package. Research in this work package
examined the role and organisation of service information in the provision of
availability and performance-based service contracts. The overall research
question addressed was, ‘‘What are the most effective strategies for service
information provision in support services solutions?’’ The three chapters provide a
grounding for ways in which information and information systems might evolve as
an organisation transfers from being a goods or equipment provider to a complex
engineering service provider. Hence, with reference to the Core Integration
Framework discussed in the Introduction, this section is primarily concerned with
enabling appropriate information transformations which are central to delivering a
complex engineering service.

As the research began it was recognised that the information requirements for
complex engineering services are multifaceted and highly dependent on the nature
of both the service offering and the underpinning service agreement. In parallel, a
key challenge for industry lay in understanding how businesses might best
transition from being product to service delivery enterprises. Early research
highlighted the need for practitioners to understand information implications, risks
and opportunities at different stages of the PSS (Product Service System) life-
cycle. For example, when contracts are being agreed all parties in the co-creation
process need to be able to appreciate the implications of their decisions for



information through the whole life of the PSS whereas when service information
systems are being built detailed information requirements need to be defined.

In the first chapter (Chap. 10), a framework for the identification of service
information requirements, the so-called ‘‘12-box model’’, is introduced. The 12-box
model combines aspects of service supply networks and service lifecycles. It was
used to provide insights on information maturity in nine industrial PSSs through a
traffic light approach where information requirements were labelled as being
either green (completely addressable by the current solutions), amber (partially
addressable by current solutions) or red (calls for new solutions). In addition,
positive feedback from the BAE Systems Support Council led to the 12-box model
being used within BAE Systems and mapped to current service development
processes within the company.

An important challenge lies in understanding service affordability, feasibility
and risk from the perspective of both supplier and customer, and the impact of
performance-focused service requirements on service costs. In the second chapter
(Chap. 11), an application of discrete event simulation to service systems for
complex engineering products is described. The chapter uses a number of different
service contract types and information availability scenarios to highlight the role
that computer-based simulations might play in understanding trade-offs to be made
between service affordability and performance when developing service contracts.

Having identified information requirements service developers need to understand
their detail in order that appropriate service information systems can be designed and
built. In the third chapter (Chap. 12), a service information blueprint is introduced as
a means of defining service contracts and processes, and relationships between the
two. By supporting both (a) the capture of process definitions (including process
flows, steps and decompositions) and performance requirements related to both the
contract and the parties in the co-creation process, and (b) the definition of rela-
tionships between process definitions and performance requirements, the service
information blueprint provides a bridge from PSS to traditional engineering infor-
mation system design and development methodologies.

Service industries today represent over 70% of employment in the USA and
Europe. Increasingly, traditional manufacturers are exploring strategies for
evolving their product offerings into product-service systems. This is a response
to increasing purchase costs of capital equipment that means owners are using
assets for longer and require suppliers to take a greater role in their support. In this
section we have presented three contributions that can be used by organisations to
build understanding of how their engineering information needs to change to
support service offerings. The ‘‘12 box model’’ (Chap. 10) enables managers
without specific IT experience to engage with information systems by identifying
stages that information must pass through to fulfil a service contract. On this basis,
the information blueprint (Chap. 12) can be used by service designers to define
service processes and relate them to both the service contract and existing infor-
mation resources, and service simulations (Chap. 11) provide means by which the
operation of service processes can be visualised to provide insights on their likely
performance with respect to the service contract.
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Chapter 10
A Framework for Service Information
Requirements

Rachel Cuthbert, Duncan McFarlane and Andy Neely

Abstract The increase in the percentage of revenue gained by nations as a result
of growth in the service sector has been accompanied by the use of performance-
based contracts to support such services. These performance-based contracts tend
to be long-term in nature and often involve multiple parties in their service
operation. In order to support such a service operation, information is required for
its design, delivery and evaluation. This chapter provides a review of models and
frameworks for the design and development of services. It focuses on providing
details of a framework which has been developed for the determination of, spe-
cifically, service information requirements in order to design, deliver and evaluate
services provided against engineering assets. It provides some general analyses of
problems encountered within service providing organisations, and highlights areas
of good practice. Further areas of application for the proposed framework are also
presented.

10.1 Introduction

The proportion of revenue derived from different sectors of the economy has
changed. In the UK, service, industry and agriculture account for 76, 23 and 1% of
the nation’s Gross Domestic Product (GDP), respectively (The World Factbook
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2008). This growth in the UK’s service sector has been steady from around 55% in
the 1970s (OECD 1996). The growth in the provision of services may be from
traditional services, such as education and healthcare, through to those provided in
an industrial context around complex engineering assets. While the split is not
indicated by these statistics, they reinforce an apparent trend in the servitization of
engineering organisations. Research by Neely indicates that the boundaries
between manufacturing and service firms are breaking down across the globe.
From a study of publicly listed engineering companies from around the world,
30% had been deemed to have servitized and 70% had remained as pure manu-
facturing firms (Neely 2009). Therefore, in consideration of the figures for the
GDP above, a number of the service providing firms may potentially be derived
from the industrial or service categories.

Alongside this rise in services there has been an increase in the use of contracts
to support the delivery of such services. A number of types of contracts are used in
such contexts ranging from a traditional context where these were generated on a
case-by-case basis to a situation where contracts are now performance-based
agreements, often involving multiple parties. Typically, four types of contracts are
referred to within this chapter, namely, spares and repairs, spares inclusive,
availability and capability. In the context of a spares and repairs (or discrete)
contract, the industry is contracted for the supply of assets while the customer is
responsible for the repair and overhaul of assets. Spares inclusive are similar to
spares and repairs contracts in terms of the supply of parts, while joint customer–
supplier teams undertake the maintenance and overhaul and share the risks.
However, responsibility for the equipment remains with the customer (National
Audit Office 2007). In the context of an availability contract the risk and
responsibility is, again, shared between the customer and the supplier. The supplier
is often the equipment design authority while both customer and supplier commit
to contractual performance guarantees, or Service Level Agreements (SLAs) in
order to enable a fit-for-purpose asset (National Audit Office 2007). The supplier/
service provider guarantees availability of assets, at a pre-determined level,
throughout the lifetime of the product (Cohen 2006; Kim et al. 2007). These
agreements may last from months to tens of years (Gruneberg et al. 2007) and,
as such, the relationship between the customer and supplier has lengthened.
A capability contract places all risks and responsibilities on the supplier, who is
responsible for providing a given capability without specification of the means by
which this may happen (National Audit Office 2007).

As contracts move from traditional towards capability, the number of contracts
provided by an organisation often reduces while their value increases. In addition
to the financial and strategic incentives of higher revenue (Wise and Baumgartner
1999) with increased longevity, the change has also given rise to environmental
benefits. This change has also impacted the nature of the risk associated with the
service offering (Stremersch et al. 2001).

Information is critical to support the contract and, thereby, to furnish the ser-
vice. While information about the asset location, condition and use is of impor-
tance to the service, additional information elements are needed in order to provide
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the service including, for example, information about the logistics, resources and
finances of the service. Information has been described as the lifeblood of the
organisation, the most valuable resource in industry today, a prerequisite to invoke
the service and, despite this, an undervalued resource (Court 1995). Information is
central to requirements determination for products and services. Given that the
fundamental task of delivering a product or service is to ensure that the final
outcome matches the specification (Levitt 1972), it is of utmost importance that
information requirements are determined as accurately as possible. For the pur-
poses of this chapter, information related terms will be defined as follows:

• Information: a combination of fact, context, meaning and relationships (as
opposed to data which may be defined as that which is known or granted
without a wider sense of meaning or interpretation).

• Service Information: information used to make decisions and take actions in a
service environment. This will include, among others, information on mainte-
nance, operations, resource, finance and engineering.

• Information Requirements: information needed to make decisions and take
actions in a service environment (Cuthbert 2009).

These long-term performance-based contracts which are of a multi-organisa-
tional nature require an increased level of trust, openness and sharing in order for
the service to be successful. A number of frameworks have been proposed to
support the design and development of services, but information is not central to
these. Situated within the Core Integrative Framework (CIF) is the transformation
of information in the provision of services (Ng et al. Introduction chapter). The
work described within this chapter is of a framework to enable the determination
of information requirements for the design, delivery and evaluation of services.
The framework may also be used to determine the information transformation
required as services evolve.

10.2 Background

A significant amount of research has taken place over the years in the area of
information requirements. However, relatively little research has been devoted to
information requirements in a service context, and hence we predominantly draw
here on research in relation to engineering design and information systems
development.

In the context of engineering design, information provides a key resource at all
stages of the product lifecycle (Hicks et al. 2002; Court 1995, 1997; Court et al.
1997; Lowe et al. 2004). Information influences beginning-of-life design and
development decisions for new products (Hicks et al. 2006), middle-of-life product
maintenance and design improvements, and end-of-life disposal and recycling
actions. At each stage, information about the asset configuration and use is crucial
in making informed decisions.
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In the context of systems development the beginning-of-life phase or the
requirements phase is recognised as the most important but also seen as a
major problem (Davis 1982). Developers of systems tend to have limited
understanding of the nature of the information needs while users may often be
unable to accurately define what information they need (Wetherbe 1991;
Watson and Frolick 1993). Furthermore, requirements can often be thought of
as complete and static when, in fact, they will be continually evolving and
differ between system users (Court et al. 1997; Flynn and Jazi 1998; Dearden
1964; Grudnitski 1984).

In a similar way to the engineering design and information systems develop-
ment contexts, information within a service context also needs to be recognised as
an essential input. A key element of services is that they receive and process
customer information (Wathen and Anderson 1995). When compared with a
manufacturing environment, information may be said to be ‘‘the raw material of
service organisations and how it is processed will have a direct bearing on their
productivity’’ (Wathen and Anderson 1995). Its quality, quantity and the process
performed upon it will have a direct impact on the quality and productivity of the
output operation. Services require the involvement of the customer in order to
determine and understand their requirements (Fleiss and Kleinaltenkamp 2004)
and, in circumstances where the service provided supports a complex engineering
asset, a large amount of information about the use, components and configuration
of assets is needed. Despite this, the design and implementation of services is not a
well understood process (Tax and Stuart 1997).

In service models, information is dealt with to varying degrees, often focussing
across the breadth of the service or in depth on other elements of the service.
A review of a selection of these is provided in order to show their contribution in
relation to information requirements determination for the design, delivery and
evaluation of services.

A model for the development of new services was created by Johnson et al.
It shows the new service development process as a continuous cycle (Johnson et al.
2000) and highlights some of the key enablers for the process which are shown as
core elements within this model. However, information is excluded as one of these
core enablers.

The design and delivery of service quality which reviews the design and
delivery of the service was modelled by Ramaswamy (1996). A model for the
design and management of services, reviewing service design and service man-
agement as two distinct domains, was also created. The design specification, its
attributes and performance standards are developed within the design stage. From
this, design concepts are generated and evaluated for subsequent development.
Delivery and evaluation of the service is encompassed within the service man-
agement stage. The delivery is viewed as the implementation stage while the more
significant evaluation stage comprises performance measurement, assessment of
satisfaction and performance improvement.

Parasuraman et al.’s service quality gap model (Fig. 10.1) highlights four main
gaps in the service process:
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• the gap between customer expectations of the service and the company
understanding of those expectations,

• the gap between the company understanding of customer expectations and the
development of customer-driven service designs and standards,

• the gap between the development of customer-driven service standards and the
actual service performance by company employees, and,

• the gap between the service delivery and the service provider’s external com-
munications or what the supplier advertises to a third party that it is providing
which may raise the customer’s expectations are highlighted (Parasuraman
et al. 1985; Zeithaml and Bitner 2000).

Sakao and Shimomura developed Service Explorer, a computer aided design
(CAD) tool consisting of four sub-models. These sub-models are termed the flow,
scope, view and scenario models and, respectively, represent the different players
in the service supply network, the boundaries of the service network, the variables
which impact the customer experience and the service receivers and their
behaviours in receiving the service (Sakao and Shimomura 2007). This model does
not deal with information requirements throughout the service.

Johnston and Clark describe a model which shows services as consisting of five
main elements: the idea, experience, outcome, operation and value (Johnston and
Clark 2005). This model provides a useful framework from which information
may be highlighted or specified, but does not explicitly refer to information.

Word of 
mouth communications Personal needs Past experience

Expected service

Perceived service

GAP 5

Service delivery
(including pre - and post -

contacts)

Translation of
perceptions into
service quality

specs.

Management 
perceptions of 

consumer expectations

GAP 3

GAP 2

GAP 1

MARKETER

CONSUMER

External
communications

to consumers

GAP 4

Fig. 10.1 Service quality model (Parasuraman et al. 1985)
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Industrial tools and models which are available tend to focus on the depth of
information in a specific organisational function, whereas, the academic tools and
models tend to focus on the breadth of service with scant consideration of infor-
mation. There is a degree of overlap between areas of these frameworks in terms of
the aspects of the service operation which these capture.

In most cases, the perspectives taken, the coverage provided by the framework
or the enablers highlighted within the frameworks do not provide a broad infor-
mation perspective across the service offering. What is evident overall is that these
frameworks each deal with different issues relating to the design and modelling of
service operations, covering service management, design, evaluation, quality and
the enabling elements of services but without specific reference to information as
one of these.

Breadth and depth of information throughout the design, delivery and evalua-
tion of services is necessary in order that the desired service is developed by the
provider, delivered to the customer and improved by the provider. Without key
information throughout these stages of the process, the operation of such services
to a desirable quality is likely to be challenging. With these other models in mind
and their limited coverage with respect to information, an alternative framework,
focussing on information requirements throughout the different stages of the ser-
vice, offers real benefits which are critical to the effective design and delivery of
the improved services.

10.3 A Model for Service Information

The previous section highlighted the lack of a framework to provide breadth and
depth of information in a service providing environment. A framework which
encompasses these requirements is proposed and described within this section
(Cuthbert 2009). The evidence on which this framework is based is from close
collaborations with a number of companies which have also led to a number of
case studies (Cuthbert 2009).

The framework proposed in Fig. 10.2 deconstructs the service process from an
information perspective. It is based on a representation of a notional four stage
service supply chain. Each stage is represented by one of the four rectangles in the
figure, namely, service need, service specification, service offering and service
operation. These stages encompass the customer’s domain (at the right hand side
of Fig. 10.2) where a service need is generated. This is then jointly developed by
the customer and supplier into a formal service specification. After this has been
developed, the supplier progresses design of the service offering to meet the
specification, and the design of the service operation to enable the service to be
delivered. Traversing these service supply chain stages are underlying processes
and information flows which are required to enable the service. Phase one is design
information, used to develop the service and predominantly flows from the cus-
tomer’s domain to the supplier’s domain. Phase two refers to information required
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in order to deliver and improve the user’s interaction with the service. The third
phase provides an indication of the performance and the effectiveness of the
delivered service and a means by which the service may be measured. This may
enable the provider to ensure that what is being delivered satisfies that which is
required by the customer and also provides a mechanism from which improve-
ments to the service may be made where necessary. While work on the nature of
information services is evident (Berry and Parasuraman 1997; Lovelock 2001) the
work reported within this chapter differentiates between information forming part,
or all, of the service and information playing a role in the effective delivery of the
service. This framework focuses on the latter. The role of three categories of
information is considered, which form part of the overall service information
requirement, namely, design, delivery and evaluation information (McFarlane
et al. 2008).

The right hand side of the Service Information Framework represents the
domain in which the customer has the most influence while the centre and left
hand sections represent the domains in which the supplier has the most influence.
Throughout the service supply chain are underlying process and information flows
which correspond with information required to design, deliver and evaluate the
service. The evaluation stage ensures that, as far as possible, the delivery is cri-
tiqued against the design to ensure that the customer’s needs are satisfied. This
ensures that the delivery is aligned with the design and the customer’s need.

This framework was developed by dividing it into a three-by-four matrix as
shown in Fig. 10.3. In this figure, the columns correspond with the stages of a
nominal supply chain and the rows correspond with the underlying processes and
information flows. This framework should be regarded as a closed loop system
with feedback from the evaluation stages into both the design and delivery stages
in order to constantly improve the service.

Service 
operation

Service 
offering

Service 
specification

Service need

1. Design Information

2. Delivery Information 

3. Assessment/ Evaluation Information

Provider Customer

Infrastructure                      Service                            Use                             Fulfilment

Fig. 10.2 Service information framework (developed from Cuthbert et al. 2008 by the addition
of the terms infrastructure, service, use and fulfilment to correspond with the stages of the supply
chain. The area within which provider and customer operate and have influence has also been
updated to improve industrial relevance.)
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The framework presented in Fig. 10.2 provides a structure to inform data col-
lection. In conducting case studies a key question is which firms, sectors and
organisational characteristics would be appropriate? The criteria of this research
require companies to display a core set of characteristics. This must include the
provision of services against a contract monitored via some key performance indi-
cators. Contracts should represent an increased level of risk to the organisation as their
product or service offering is extended. There should also, ideally, be multiple part-
ners involved in the provision of the service as this is likely to highlight some of the
information sharing and ownership issues which the framework seeks to determine.

Before using the framework, a set of high level, generic information is gathered
in relation to each of the case study organisations and the terms around the con-
tract. The framework is then used as a guide in a semi-structured interview.
Ideally, several interviews would be carried out for one particular contract to
provide different perspectives of the same service and contract. The text detailed
within each of the 12 boxes of this model represents a high-level generic
description of the information type required at each stage. These are reviewed with
the interviewees in numerical order, detailing the types of information needed
within each box/stage. The information required for each box is recorded and these
are reviewed to gain an understanding of which of the required information is
actually available to the service provider. These are taken directly from the order
and direction of the arrows, representing the underlying processes and information
flows, in the original service information model of Fig. 10.2. A more detailed
description of the information required in each of the twelve boxes follows.
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Fig. 10.3 Developed service information model; a three by four matrix of information types
required in service development (developed from Cuthbert et al. 2008)
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10.3.1 Design Process

In Box 1, information is required around the service need. This is a set of requirements
from the customer which may be conceptual as the customer may not fully understand
what they require, despite believing that they have a clear set of requirements. Box 2 is
the information required to determine the specification of the service design. This is
information from Box 1 combined with other information from the supplier and other
external sources which may provide a new perspective on, for example, the context of
the service and how it may change in future. The information required at this stage will
be formalised into a contract and subsequently signed off by both parties. Box 3
requires information around the service use to develop the service offering. This should
use a full set of requirements drawn from the specification and is used to determine how
the solution will look. The means by which the service will be measured needs to be
designed into the process. Box 4 requires information around the infrastructure on
the service operation. This is the space in which the technical solution is developed, and
the hardware and software are specified. Information is required to help determine the
tools, maintenance facilities, people and other resources.

10.3.2 Delivery Process

Boxes 5–8 correspond with the delivery process. For Box 5, information is required
on the hardware and infrastructure issues or failures which prevent or impede the
service delivery. Information on other infrastructure issues which may help with the
planning of, or possibly impede the delivery of, the service is also required. For Box
6, system level functional information to supply the service is required. Information
on how the service is actually delivered by the supplier is required. This may include
information on the availability of the asset for maintenance to plan the delivery of the
service, as well as usage of information and information on the asset relating to work
carried out by the customer of Box 7 will include information with respect to the
service use, information on how the assets have actually been used (against what they
were specified for) and information on the actual consumption of the service (spares,
hours used etc.) compared with what was specified. Box 8 requires information to
enable the customer to best use/achieve fulfilment from the service. This may include
information about the assets (provision of training) or information on the customer’s
use of the service compared with their stated requirements.

10.3.3 Evaluation Process

Boxes 9–12 correspond with the evaluation process. Box 9 requires information
which evaluates the customer’s fulfilment from the service delivered against the
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original need stipulated by the customer. This should indicate the customer’s
perception of their requirements against what was received or made available to
the user. Box 10 requires information which provides an evaluation of the spec-
ified service agreed between supplier and customer. This will enable an evaluation
of the perception versus expectation of the formally agreed requirements and will
be measured against the contractual SLAs. Box 11 measures the effectiveness of
the service offering and the SLA metrics and whether the SLAs skew the service.
It seeks information to determine whether the service which has been delivered is
equivalent to that which was designed, based on the specification. It is also used to
determine whether the service is being used fully or whether elements of the
service are not being used. Box 12 seeks information to determine whether the
elements of the service (infrastructure) are performing as they should be to satisfy
the service design/delivery.

10.3.4 Framework Application

The framework has been applied to a range of different services provided within
traditional service organisations and also for services delivered around complex
engineering assets involving different contract types. It has been used to provide
insights on information maturity in nine industrial Product Service Systems (PSSs)
through the use of a classification approach where information was categorised as
being both required and available, inconsistently available or not available but
required. Figure 10.4 summarises the general state of information availability for
the three scenarios (S1, S2 and S3) of the washing machine case study of Chap. 11
highlighting areas where information is consistently available, inconsistently
available or unavailable. In a full application of the model, each shaded box
(e.g., the design stage of the service need) would be subject to a detailed iteration
to determine the availability of specific types of information within that box.
Examples within the category of the design stage of the service need might include
information on the systems or capabilities required of the service, the customer’s
budget, or the likely geographical deployment of the asset.

Overall outcomes from the nine industrial PSSs indicate some general areas of
problems encountered within service providing organisations as well as areas of
good practice. These are discussed in the following section.

10.4 Analysis Using the Framework

In the first instance, this framework has been applied extensively to a number of
services provided both in traditional service providing sectors as well as in services
provided against complex engineering assets. In each case, the type of contract
against which the service was provided differed from spares and repairs, spares
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inclusive, availability and capability (Cuthbert 2009). The type of contract is of
significance as the information required, owned and available to the customer and
supplier in different contractual scenarios is likely to differ due to the differing
roles and responsibilities of each party. However, the framework was predomi-
nantly used to highlight differences in the information required and available for a
number of services. From this, a gap in the information which was consistently
required and available could be determined. Despite a number of case studies
being carried out against services with different contract types, information
problems re-emerge with similar themes across the case studies, and it is these
common themes which are presented within this section.

In all instances of its application, the framework showed that a limited set of
information tends to be available around the customer need. This may be shown as
a deficiency due to the suppliers not being thorough enough in their requirements
gathering processes or attributed to the customers not always understanding their
own needs of the service, or the potential of the service which could be offered. In
instances where the customer has a clear definition of their needs, these may still
be difficult to articulate and specify.

Applications of the framework illustrated a consistently poor level of historic
information available to service providers in relation to the complex engineering
asset being serviced. This was often a result of the service being passed from one
provider to another, and the information which was also passed between providers
to enable the service provision. With such a deficit of information, the design and
delivery of the service must be based upon models and estimates, rather than more
factual information. This deficiency also includes information on external factors
impacting the service such as information from third party providers.

The framework is designed in such a way that the design and delivery of services
should always be compared through evaluation information. A dynamic approach to
this is required to ensure that the services delivered satisfy the original needs.
Furthermore, in carrying out this comparison any evolving changes in the nature of
the service may be highlighted by the framework. The realities of such services are
that the requirements are constantly evolving as customer requirements change and
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Service 
Specification

Service 
Need

S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3

Design

Delivery

Evaluation

information which is both 
required and available 

information which is 
inconsistently available 

information which is not 
available but required 

Fig. 10.4 High level example application of the service information model to the washing
machine case study of Chap. 11
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as new capabilities may be provided by suppliers. This indicates the need for a
regular review of the service, which this framework may provide.

Insights were also provided by the framework into the information requirements
for the different contracting arrangements of the different services. Availability
contracts tended to show a better level of information at the design stage enabling
a thorough understanding of customer’s needs. During the delivery phase of the
services, more information about the costs and requirements of the services tends
to be available. In the evaluation stage, more information is available to enable
analysis of services provided in order to populate performance metrics. In addition,
information to forecast the likely use of assets and their failure is available.

Further to the application of the framework to understand differences in
information required and available and the impact of different contract types, a
number of other application areas may be considered in the areas of contracts,
organisational function, sectors and projects. Firstly, the framework may be used
to indicate the types of information required at different stages of new or existing
systems or processes. It may also be used to enable an understanding of the gaps
within existing (IT) systems, processes, information (required and available
information). The framework may be used to highlight dependencies upon infor-
mation shared between organisations. In such cases, weaknesses in information
links/exchange between organisations and their vulnerability in terms of who owns
what information may be highlighted. Finally, areas where improvement is
required in terms of information may be illustrated.

10.5 Conclusions

A framework has been presented which has been used to determine information
requirements for the design, delivery and evaluation of services. It has been
demonstrated to provide a high level assessment of the information required for the
service, and to understand the gap between this and the available information.
Its application has been across a broad range of situations, including different
contracts, organisational functions, projects and sectors.

This is useful in a number of situations. For organisations providing services
against contracts, it may enable an understanding of the different information
needs for different types of contracts and enable the organisation to upgrade its
service provision, more easily, from one contract type to another.

From an organisational or functional (e.g., R&D, finance etc.) perspective, it
may provide a gap analysis of information required and available in different areas
of the service operation. This may enable the organisation to identify information-
deficient areas within their organisation and to focus their efforts in order to
improve their performance as a company and the service delivered to their
customer.

For an assessment of different industries, the model may be applied to
understand how advanced different sectors (e.g., Engineering (Commercial and
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Defence), Information Technology, Finance, etc.) are in terms of information
provision. This may enable an organisation to learn areas of good practice from a
non-competing business and apply this within its own domain.

Areas where this framework has been applied successfully include cross-sector,
-project and -contract scenarios. Within some of these areas, the framework could
be developed in order to take the information assessment to a more detailed level.

10.6 Chapter Summary Questions

This chapter has raised a number of issues in relation to the information elements
of service design, delivery and evaluation. Pertinent to this is understanding fully
what information is required at each stage of the design, delivery and evaluation of
the service and what information gaps are present within existing services. Of note
within this work is the information required around the customer’s need as well as
an understanding of the information needs of the service provider. The type of
contract will also impact the information availability to the service provider and
present some dependencies and vulnerabilities within the information available.
Some key questions are:

• How may required information be best identified, and made available within a
service environment?

• What mechanisms may ensure that the customer fully understands their
requirements, and the full capability on offer by the provider? How is this best
articulated?

• What process may be used to ensure that the service remains dynamic and
evolves with the customer’s needs and the supplier’s capabilities?
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Chapter 11
Investigating the Role of Information
on Service Strategies Using Discrete Event
Simulation

Rachel Cuthbert, Ashutosh Tiwari, Peter D. Ball, Alan Thorne
and Duncan McFarlane

Abstract This chapter details the work on a demonstration to illustrate the impact
of information in the context of complex engineering services. The demonstration
is achieved via a simulation model which illustrates factors, such as different
service contracts, different levels of product condition information required by and
available to the service provider, other constraints on the service system and
different service performance levels achieved. The contribution of this work is
showing, through simulating several scenarios, how support services may be
improved as a result of providing better product condition information feedback to
the service provider. In addition, the model factors in a number of other variables
which have a significant impact on the level of the service provided. Results from
the simulation models are presented, and a discussion of areas for further work is
also provided. This discussion includes some suggested next steps and future
information-related questions which the model may seek to answer.
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11.1 Introduction

The research has focused on understanding the information requirements for
organisations which traditionally manufactured engineering products but which
are now moving into the provision of services to support these products.
Accompanying these services are support contracts which may take various forms
and be of varying duration.

Much of the research to date has provided background on the state of infor-
mation provision in relation to the delivery of services for such organisations
(Tomiyama et al. 2004). This has highlighted some issues around the information
required to deliver service contracts and issues around running multiple contracts
where service resources must be prioritised against information available to the
provider and the potential contract value or penalties.

Discrete Event Simulation (DES) involves the modelling of a system, as it
evolves over time, by representing the changes as separate events. In discrete event
simulation, the operation of a system is represented as a chronological sequence of
events. Each event occurs at an instant in time and marks a change of state in the
system. There are numerous applications that make use of DES particularly in
manufacturing systems (Pidd 2004) but with potential beyond manufacturing.

Within this project, the authors have used discrete event simulation to
develop models of various scenarios in the context of an engineering-based service
environment. These models demonstrate how support services can be improved as
a result of providing better product condition information feedback to the service
provider. This is a novel application of discrete event simulation that has typically
focused in the past on modelling manufacturing operations. Simulation has been
applied to model some service provision but the role of product condition infor-
mation feedback for different business models has not been explored.

Key questions which this work seeks to answer, at a high level, are to under-
stand the role of product condition information, how this information can impact
current performance and how the information can impact future contracts. More
specifically, the questions which this work answers are:

• Does improved product condition information lead to improved service per-
formance in terms of operational Key Performance Indicators (KPIs)?

• At what point does product condition information have no, little or most impact
(bearing in mind other variables, bottlenecks in the process etc.)

• What other variables compete with such information provision?
• What is the impact of resources on meeting a service level in a given scenario?

11.2 Background

Although the field of simulation is well established, there is limited literature on
the use of simulation for evaluating service solutions. Komoto and Tomiyama
(2008) propose an Integrated Service CAD and Lifecycle simulator (ISCL). ISCL
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plays the role of CAD/CAE tools, used for product design, within a Product-
Service Systems (PSSs) design context. In ISCL, the service CAD supports
systematic generation of alternative PSSs based on service modelling and the use
of a lifecycle simulator analyses their economic and environmental performances.
They argue that the performance of service is influenced by market conditions
(e.g., preference of the market for upgrading service) and technology conditions
(e.g., interval of new function releases) (Tomiyama et al. 2004). They illustrate
that a designer can systematically define and search PSSs as a combination of
service contents, service channels and corresponding activities defined in the
service CAD.

Shimomura et al. (2008) propose a method for evaluating service solutions
based on the Quality Function Deployment (QFD) with some mathematical
reinforcements. They argue that customers generally evaluate services and prod-
ucts concurrently rather than separately. They have shown that a specific function
is the most important among a multistage structure of the target service.
Shimomura et al. (2009) recently proposed a method for designing service
activity and product concurrently and collaboratively during the early phase of
product design. They provide a fundamental, unified representation scheme of
human process and physical process in a service activity in order to increase
customer value within services by extending service blueprints. They observe
that the original blueprint, widely used to describe service activities, lacks
design information and has insufficient normative notation to apply to actual
services.

Hara et al. (2009) propose a design method to integrate products and service
activities for total value. They argue that their design method differs from
Traditional Engineering and Concurrent Engineering (CE) in that products and
service activities are designed in parallel according to customer value. In addition,
they claim that the CE design process fails to design for value or for the rela-
tionship between products and service activities. They replace product planning
with value design and service content design. The service blueprint is argued to be
unable to correlate customer value and service activity properly, and finds diffi-
culties in the association of the described service process to the customer
requirements. They propose that the blueprint of a service offering, such as PSS,
should contain information concerning the product and its service behaviour as
well as information on the human activity associated with the service. They extend
the service blueprint to include the product and its behaviour.

There is potential for the engineering sector to learn from others on how
information is modelled. The focus of simulation within the healthcare sector has
been on scheduling resources within hospitals and other health-related facilities.
For example, Davies and Davies (1986) discuss the use of simulation within the
healthcare domain for the planning of health service resources. Further to this, a
limited number of attempts have been made to use Discrete Event Simulation
(DES) in a service design context. A Virtual Enterprise Architecture (VEA) has
been modelled and simulated using DES for the development of an automated
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baggage handling system which can be used in airports (Møller et al. 2008). This
involves an Automated Transport and Sorting system (ATS). A virtual enterprise is
a network of several different organisations working to achieve a common goal.
The goal in this instance is the provision of service to customers. A logistics
service has been evaluated using DES modelling. In this case, the service is
separated from its products and a framework has been generalised and validated
for VEA based on DES (Møller et al. 2008).

The field of discrete event simulation and the commercial tools available (such
as WITNESS from Lanner Group Limited, Arena from Rockwell Automation and
Simul8 from Simul8 Corporation) have so far focused on modelling traditional
manufacturing and service systems.

A relationship between service design and DES has been identified. Many
other examples of DES can be cited but none showed the use of different levels
of information on service provision. This research is a novel application of
discrete event simulation to the domain of engineering-based service environ-
ments.

11.3 Demonstrator Design

11.3.1 Demonstration Requirements

The objective of this work is to scope and develop ‘‘a simple, illustrative dem-
onstrator that will be developed to illustrate key differences between current and
future information requirements and capture key elements of the blueprint pro-
posed’’. Key areas which this would then simulate are:

• Information Structures
• Service Contracts
• Information requirements for different types of service contract
• Information Model
• Frequency/Availability of information
• Service performance levels achieved

The simulation should highlight the concurrent provision of services, by one
provider, to a number of customers. The different customers may have different
types of contracts provided with different performance levels and the provider may
be privy to different levels of information at different frequencies and with dif-
ferent levels of quality/reliability. The owners and users of the information may
vary between contracts and the level of demand, placed upon the supplier by the
customer, is likely to vary.

The types of contracts which might be of concern in this context are indicated
in Fig. 11.1.
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11.3.2 Simulation

In order to illustrate the requirements and to highlight some of the key issues
around the research to date, a number of scenarios were developed which would be
part of the simulation. All scenarios are set up with standard elements:

• Three form contracts running in parallel to service three sets of washing
machines. These are supported by one service provider but may have different
performance requirements for each.

• Maintenance resource.
• Spares management (ordering system and inventory).

The details of each scenario are described in the following sections.

11.3.2.1 Scenario 1: No Information/Feedback Available

The first scenario will provide a traditional maintenance process provided to the
assets in the order in which failures have occurred. Service personnel will arrive at
machines as they become available for carrying out maintenance. No product
information will be available to plan the maintenance ahead of time. The cause of
the failures will only be diagnosed by the maintenance person during the first
maintenance visit meaning that a high proportion of the initial maintenance visits
to the assets within the fleet will result in the machine not being repaired.

If a machine needs a part, the maintenance person will check for spares in
inventory. If the part is not available it will be ordered and, in the meantime, the
machine then goes back to the end of the queue awaiting maintenance. Once the
part is available it will be shipped to the machine. When available, the mainte-
nance person will return to the machine to complete the repair.

Spare parts can be ordered as a one-off part but are generally controlled through an
ordering system (e.g., periodic ordering with variable batch size). The assets are
affected by two failure modes which will require different spare parts in order for
them to be repaired. These will be part 1 with lead time 1 and part 2 with lead time 2.

Fig. 11.1 Types of contract
(National Audit Office 2007)
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Maintenance can be carried out by different maintenance groups as they are
assigned to fleets. One or more maintenance groups may be assigned to a particular
fleet for maintenance, or to visit a particular fleet first if maintenance is required,
depending on the requirements of the contract and, subsequently, the priorities set
within the model.

In this scenario the time requirements break down into one resource unit for the
first visit, one spare lead time unit for the delivery of the part required and two
time units for the diagnosis and repair of the asset.

11.3.2.2 Scenario 2: Component Failure Information Available

The second scenario illustrates a reactive maintenance process enhanced by
machine information. Here machines fail, sensors diagnose the fault, communicate
this with the service operation and maintenance is initiated once a replacement
spare part has arrived at the machine (the maintenance activity is triggered by the
dispatch of the spare part from warehouse). This spare part will be ordered by the
machine on failure of the part concerned. The shipment of the parts will be direct
to the machines. Following the arrival of the part at the machine followed by a
possible delay (due to unavailability of personnel), the maintenance person will
arrive at the machine to carry out replacement of the part. This will take place in
the order in which the machine breakdown occurred. The two types of part have
different frequencies of failure and different repair times.

Information about the failures on the machines will be available. This infor-
mation will include information about which part has failed, when the spare part
leaves the warehouse/reaches the machine and what the options are to re-order
spares based on historic consumption. Key differences between scenarios 1 and
2 are:

• The elimination of the exploratory visit (there and back)
• The elimination of the ordering process
• The elimination of the possibility of a repair visit prior to part arriving
• Improved information quality on spares required

Resulting in:

• Reduced downtime
• Reduced repair time (resulting from the exploratory visit)

A limitation which remains with this scenario is that multiple part failures may
not be diagnosed. A benefit over Scenario 1 is that the system provides the
potential for reduced inventory levels at the supplier, for reduced lead times and
lower staff loading.

Scenario 2 provides improved resource utilisation as it eliminates an initial visit
to diagnose the failure. In this the time requirements break down into one resource
unit for the first visit, one spare lead time unit for the delivery of the part required
and one time unit for the repair of the asset.
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11.3.2.3 Scenario 3: Component Failure and Machine Usage
Information Available

In this third scenario a proactive maintenance process is modelled. The detection
of impending faults triggers maintenance activity prior to machine failure through
the availability of product condition information. In this scenario, the machine will
order a spare part prior to its predicted breakdown. This part is shipped directly to
the machine from the warehouse followed closely by the maintenance person.

The failure of the machine will be based on the same failure distribution for the
particular part as used in earlier scenarios, meaning that the part may arrive before
or after the breakdown has occurred. Ideally, the part should arrive before
breakdown has occurred. Secondary faults, linked to the predicted failure of the
part specified, will be allowed for within this scenario and reordered at the required
time. The lead time of the spare part may also be factored into this scenario as the
failure detection will be programmed to allow for this timeframe. Repairs within
the model are currently prioritised statically. This is based on the priority assigned
to an overall fleet within the scenario and this is fixed throughout a run. Priority is
given to failed machines, followed by those still running but with a replacement
part available as failure is imminent.

Cross-contract decisions need to be included to improve the performance of the
service (and minimise loss of revenue) via KPIs across the fleet through adjust-
ments in the:

• service resource required
• level of spares required
• fleet size required to achieve KPI

Information about the failures on the machines and across fleets will be
available, including:

• Which component has failed
• When spare part leaves warehouse/reaches machine
• Status of all machines—idle/working/failed etc.
• Option to turn on spares reorder based on historic consumption

The maintenance in this scenario will largely be preventative based on the
machine usage/remaining life. The scenario is currently configured for the same
service personnel to carry out both non-scheduled and preventative maintenance.
The time taken by each resource for repairs will only require one time unit to cover
the asset repair time only.

Key differences between Scenarios 2 and 3 are:

• A further reduction in downtime prior to machine repair taking place
• The time when the machine is not working is predominantly the repair time.

However, in a few cases, the machine may break down before the spare part
arrives in which case some waiting time will occur prior to the repair taking place
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• Prediction parameters can be varied so that the machine should not breakdown
in Scenario 3

Within Scenario 3, resource may be optimised to show the benefits of the
improvements of Scenario 3. Scenario three may also compensate for effects of
variable lead time by adjusting the prediction parameters for part failures. How-
ever, this may lead to unnecessarily early replacement of parts and a higher overall
level of spares consumption. This can be factored into the reorder time with
minimal impact on the maintenance process.

11.3.2.4 Different Environments within Scenarios

Within each scenario, three fleets are specified. Within the context of washing
machine service provision, different contracts simulated might correspond with a
launderette, a hospital and a domestic user. These different environments are likely
to expect different performance levels. They will also be subject to very different
levels of usage, different users with different training levels and load/cycle
requirements. For example, the launderette machines will be subject to mixed uses,
mixed loads and cycles, and a range of commercial and domestic users who are not
trained. The hospital machines will be subject to continuous use, heavy loads and
heavily soiled items requiring high temperature cycles, and operated by multiple
users who are likely to be trained. The domestic machine is likely to undergo less
frequent use and light loads operated by a trained single user.

11.3.3 Parallels between the Demonstrator Scenarios
and Engineering-Based Service Solutions

The fleets within scenarios have been set up to represent different possible sce-
narios within engineering-based service organisations. These might include:

• ‘‘fleets within fleets’’. For example, in the air world this might be BAE Systems
Harrier with aircraft located in the UK and overseas where some of the fleet is
sea-based rather than land-based. BAE Systems Tornado is also another
example, where a priority fleet, standard fleet and a training fleet exist.

• Equivalent assets, operated by the same customer, being located in different
locations around the world. Implications from this will be more significant as a
result of travel time to and from the asset. Alternatively, support staff may be
located near the assets, in which case there will be a resource cost in doing this.

• Equivalent assets, operated by different customers with different asset perfor-
mance and service requirements (e.g., a civilian/commercial maintenance, repair
and overhaul (MRO) provider).

The separation of these fleets within scenarios enables priorities to be given to
customers which would be more costly in the event that a KPI is not met. Priority
can be given which will impact the allocation of spares and resource in particular.
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Scenario 1 might be likened to a traditional reactive spares and repairs approach
to servicing such assets. There are also instances within this scenario where spare
parts, ordered for one machine, may be stolen by another.

11.3.4 Simulation Modelling

This section will describe the modelling used for the scenarios described in Sect.
11.3, and provide further detail on the scenarios in the context of the model.

The combination of the availability of machines for incoming washing loads,
the availability of spares and the availability of service groups leads to a complex
situation where there is competition for resources. The most appropriate means for
understanding the likely performance is via simulation.

Simulation modelling is a technique that enables abstract representations of
systems in a software model on which ‘‘what if’’ experimentation can be performed.
A specific type of this modelling technique is discrete event simulation which is able
to model production systems, inventory and service systems over a period of time.
As the model runs, particular events are modelled, such as the breakdown of
machines, competition for resources and availability of maintenance personnel.
Resources in the simulation can be modelled using probability distributions. This
enables events, such as breakdowns, to be represented with the same unpredict-
ability as it occurs in reality. The software selected to perform the modelling here
was WITNESS (manufacturing edition) (lanner.com) which incorporates the
capability to perform discrete event simulation. The modelling domain for this
software is in manufacturing environments. It has the ability to model service sys-
tems and specific functionalities surrounding breakdowns and the replication of
machines for fleets. Standard results are automatically generated by the software and
additional results are collected by incorporating ‘‘additional results counters’’.

11.3.4.1 Description of Models with Screen Shots

The three scenario models created in WITNESS for this work incorporated three
fleets which may be activated as required. Each fleet can contain different
parameters for washing load arrivals, cycle times, breakdowns and repairs. The
fleet sizes may also be easily adjusted in size. The model’s layout is shown in
Fig. 11.2.

As the time progresses in the model washing loads arrive within each fleet at
fixed intervals. Each load will be randomly allocated to an available washing
machine. Each washing machine processes the washing load according to a var-
iable cycle time and then exits the model adding to the number of loads ‘com-
pleted’. There is a small amount of buffering for incoming washing should no
machines be available to process the washing. If the buffering is exceeded the
washing loads are rejected and recorded in the results as ‘lost’.
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Each washing machine has two variable breakdown patterns associated with the
failure of two types of parts. The first part is likely to fail more often and the spare
is quicker to replace and more predictable to source if stocks are unavailable. The
second part associated with the second breakdown type is less likely to fail but
when it does it takes longer to replace and is less predictable to source if stocks are
unavailable. Spares arrive in batches at regular intervals to the spares delivery
area. When spares are required but unavailable, one-off spares orders are placed.
Service groups are able to attend to failed machines and there is flexibility around
which fleets they cover. For simplicity, within the examples here, each service
group is associated with one fleet; however, they can be associated with more than
one fleet. For this purpose the fleets are prioritised. Should there be any compe-
tition for resources between fleets then the priority order between them, from
highest to lowest, is fleet 1 then fleet 2 and then fleet 3.

The model of the fleets can be used in each of the three scenarios described
earlier. One model is used for the three scenarios rather than splitting each into
three models. This means that variations between scenarios are due to control logic
rather than specific functionality unique to one particular model. The control logic
uses standard WITNESS breakdown and repair functionality as well as consid-
erable macros to support this unusual application. The scenarios were as follows:

• In the first scenario, the service group visits a failed machine, diagnoses and
replaces the appropriate part with a spare if available. If no spare is available
then the spare is ordered, the service group leaves the machine

• and returns once the spare becomes available. Ordered spares are not allocated
to a fleet or a particular machine and are sometimes ‘stolen’ by other machines

• In the second scenario, the failed part is sensed by the failed machine. The
appropriate spare part is then ordered and delivered to the machine. Only once

Fig. 11.2 Screen shot of the model after being run with fleet 1
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the spare has arrived at the failed machine will the service group attend and
carry out the repair. This repair will then take the same time to carry out as the
repairs in Scenario 1.

Scenario 3 has the same failure patterns and service group functionality as
earlier scenarios along with functionality to predict the next failure type. Each
machine monitors its run time and will order appropriate spares prior to the likely
failure. Once the spare arrives at the machine the service group will attend, stop
the machine, replace the spare and effectively cancel the impending breakdown. If
a machine fails prior to prediction then the behaviour follows that of Scenario 2.

11.3.4.2 Test Areas for Models

Three scenarios as described above were modelled. The resulting parameters
collected were:

• Washing loads. Completed and lost.
• Fleet utilisation. Average percentage times which machines spend idle, busy,

down waiting repair and down being repaired. Availability of machines (count
of machines not down). Number in fleet currently available.

• Spares stock.
• Service group utilisation. Average percentage times idle/busy.

Most of these results are illustrated as the model runs, see Fig. 11.2. Results
shown were aggregated for each fleet and service group. Results were readily
available at individual machine and service group operator level but were not
considered valuable here.

Varying the input parameters described earlier (washing load arrival rates, fleet
size, machine cycle times, breakdown frequencies, repair times, service group size,
spares delivery quantities, spares lead times) impacts the above results. The work
described here is focused on the different strategies for maintaining assets.
Parameters, such as arrival rates and breakdowns, were not changed during
experimentation. The focus was on the control logic in the scenarios and associ-
ated influences that a service provider has on areas such as spares availability and
service group availability. In general, the comparisons focused on the different
scenarios and the way in which spares and service group configurations impacted
on fleet utilisation and washing loads completed and lost.

11.4 Results

11.4.1 Assessing the Simulations

This section discusses the three simulation scenarios which have been set up and
run as well as some initial results from these. The results from these simulation
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scenarios were examined to assess the impact on the given KPI for the contract as
a result of variations in the:

• size of fleet;
• service/maintenance resource level;
• spares availability; and,
• lead time.

These were also reviewed in the context of increasing information availability
in each successive scenario. For the purposes of illustration only one fleet was
modelled, as running multiple fleets introduces the complexity of competing for
personnel and spares across fleets.

11.4.2 Simulation Outputs

The three scenarios were run on the base model for the first set of results. Simple
changes were then made to understand differences in behaviour. For simplicity, the
results shown are illustrative based on a single run rather than being an average of
multiple runs. The warm-up time was 1 year (*10,000 h) to ensure that a mini-
mum of three major breakdowns were experienced by every single machine. The
run time for the results collection was just over a further 4 years (to 50,000 h). A
typical run without graphics would take the order of 10 s with an average desktop
PC. The input data are shown in Fig. 11.3. The results obtained from running the
scenarios are summarised in Fig. 11.4.

11.4.3 Analysis of Results

Key points to gain from the results shown in Fig. 11.4 are detailed in the following
section. Key overall results obtained were as expected:

• As the level of information available to the supplier increases (from Scenario 1
to Scenario 3) the number of washes achieved is higher. The number of washes
which is lost due to machine non-availability decreases with increased infor-
mation availability.

• Similarly, as the level of information available to the supplier increases (from
Scenario 1 to Scenario 3) the utilisation of resource decreases at the same time
as a performance increase.

• For Scenarios 1 and 2, the wait repair time is high due to the maintenance
resource being a constraint. The wait-repair time is lower in Scenario 3 as the
machines wait for the person once the part has arrived at the machine (usually
ahead of the actual failure).

• Scenario 3 also has a higher running time and achieves a greater number of
washes because the information available within the scenario means that more
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machines are attended to prior to breakdown occurring. However, this has the
impact that the consumption of spares is higher. If machines had been run to
failure, the full life of the parts would have been realised and hence fewer spares
consumed but the replacement of the part would have been reactive rather than
scheduled. There is higher downtime but lower wait-repair time due to more
frequent repairs but machines can carry on running whilst waiting for ‘repair’.

• Typical of any system, where the demand on available capacity is high, the idle
time will be low and queues (or in this case rejected or ‘lost’ washing loads) will
occur.

• Where fleet repair times are high the service group utilisation will be high.
• Where fleet idle and run times are low, the fleet availability (number of

machines available at any one time) will be low.

Scenario 1 Washes
Int arr rate Achieved Lost Achieved Fleet performance (%) Wait Service groups (%)

Fleet Fleet size (hrs) (number) (number) (%) Idle Running Repair  repair Staff Idle Busy
1 10 1 to 15 3563 1394 72% 0 53 26 20 1 3 97
1 10 1 to 15 4353 606 88% 6 65 26 2 2 37 63
1 12 1 to 15 4748 214 96% 11 59 25 4 2 29 71
1 14 1 to 15 4957 2 100% 23 53 21 3 2 27 73

Scenario 2 Washes
Int arr rate Achieved Lost Achieved Fleet performance (%) Wait Service groups (%)

Fleet Fleet size (hrs) (number) (number) (%) Idle Running Repair  repair Staff Idle Busy
1 10 1 to 15 4394 568 89% 4 66 8 22 1 21 79
1 12 1 to 15 4817 138 97% 11 60 7 21 1 13 87
1 14 1 to 15 4902 60 99% 18 52 6 23 1 10 90
1 10 1 to 15 4639 322 94% 10 70 8 12 2 59 41
1 12 1 to 15 4874 85 98% 21 61 7 11 2 56 44
1 14 1 to 15 4960 2 100% 31 53 6 9 2 55 45

Scenario 3 Washes
Int arr rate Achieved Lost Achieved Fleet performance (%) Wait Service groups (%)

Fleet Fleet size (hrs) (number) (number) (%) Idle Running Repair  repair Staff Idle Busy
1 10 1 to 15 4886 75 98% 14 73 10 3 1 47 53

Warm up 10,000 hrs (~1yr) Int arr rate = the time between arrival of the next washing load (input value)
Run time 50,000 hrs (~5yr) Service groups are unique to fleets

Fig. 11.4 A summary of the base simulation runs and variants

Basics washing Washing machine cycle time Time units hours
Fleet Size int arr tm priority Min Max

1 10 15 1 30 90
2 5 15 2
3 5 45 3

Failures
Same for all fleets, times base on machine busy time

Breakdown (MTTB) Repair (MTTR) Distribution Predicting the failure
Failure Spare Min Mean Max Min Mean Max Used Increment Threshold

1 1 600 1200 1800 60 90 120 Uniform 60 1200
2 2 1200 2400 3600 120 180 240 Uniform 480 1200

incremented each cycle time
Spares leadtime distribution spare ordered once reaches threshold
Spare Min Mean Max used

1 120 240 360 uniform
2 10 240 480 uniform

Fig. 11.3 A summary of input data used for the model
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Comparing Scenarios 1 and 2:

• A noticeable difference can be seen in the repair time of machines. This dif-
ference is due to the service group often not having the available spare on their
first visit to a machine in Scenario 1. If the spare is not available, the service
group leaves the machine in the broken down state and returns later when both
maintenance personnel and spare part are available. Where the service group is
highly utilised the delay in returning to the machine to carry out this repair can
be significant.

• A lower repair time is evident in Scenario 2 compared with Scenario 1 giving a
greater machine running time for Scenario 2. This is due to the lack of machine
information in Scenario 1 meaning that the machines wait for spares to be
delivered following a first visit from the maintenance personnel after which the
part is ordered. Machines in Scenario 2 automatically re-order the spare part
directly from the supplier meaning that the repair time is then just due to the
delay of the maintenance personnel arriving and repairing the machine.

• The more proactive approach to fault diagnosis in Scenario 2 (through machine
monitoring) can lead to a higher performance and, through more complete
testing by changing the variables within the simulation, could require less
investment in the number of assets required to achieve the same performance.

Figure 11.4 also shows the results for Scenarios 1 and 2 when the number of
people in the service group and the fleet size are varied. As the constraints on both
the number of people in the service group and the fleet size are relaxed,
the benefits in Scenario 2 are marginal. There are, however, clear benefits in
Scenario 1. It can be seen from Fig. 11.4 that when the system is ‘under stress’
(i.e., resource constrained) Scenario 2 shows better results than Scenario 1.

11.5 Discussion

11.5.1 Areas Illustrated by the Modelling

The main point shown by the simulation is that of improved machine performance
and utilisation and reduced resource utilisation with increased product condition
information availability for the different scenarios. An outcome of the later sce-
narios is that the level of manual data entry (for example, on part re-ordering) is
reduced. This will enable improved product information quality and help to reduce
errors and misinformation.

Within scenarios, benefit may be derived from understanding how contracts
may drive decisions to prioritise which contracts or fleets should be serviced and in
what order. This would minimise the level of likely penalties from each contract if
the service level for one or more of the fleets is not attained. Such simulation
would provide a useful insight into the business implications/costs of service (non)
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provision. Hence simulation modelling of this type has the potential to assist with
the business case for implementing component health monitoring equipment onto
products.

Linking this work to the earlier research, in particular the 12-box model
(Cuthbert et al. 2008), areas which the simulation currently and potentially could
satisfy are illustrated in Fig. 11.5. The work here has focused on delivery and part
of evaluation. There is potential to use simulation in the fundamental design to
understand the implications of different design configurations and more subtle
policy options as well as in the area of evaluation.

The Core Integrative Framework (CIF), proposed in this book, models value co-
creation through three interrelated components (Materials and equipment, Infor-
mation and People) in a partnered environment. The focus of the simulation work
shows the impact of information on the transformation of materials and equipment,
in the context of the supply chain, maintenance and repairs, and also how it
impacts the transformation of people in terms of resource utilisation for value co-
creation. The main emphasis is to demonstrate how the availability of appropriate
information transforms service provision.

11.5.2 Limitations of the Modelling

The key limitations and assumptions of the modelling are as follows:

• Travel time for the service personnel is not considered.
• Transportation time for the spare parts is not considered.
• The location of spare parts is not considered.
• Input data used for the model (Fig. 11.3) are artificially generated.
• Simple distributions are used for the input data.
• Single, rather than multiple, runs have been used.
• The model has been developed (so far) for demonstration purposes only.
• The model needs to be populated with real data and then validated, before it can

be used for decision making.
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• Predicted failure is based on busy time of the machine that fails randomly rather
than sensing actual failure in advance.

11.5.3 Future Developments of the Simulation

One area where it might be useful to extend this work is to separate the ‘‘diagnose’’
and ‘‘repair’’ times and to add a fixed time for part order administration which may
help to highlight some of the improvements, in terms of resource utilisation,
between scenarios. The impact of this would be evident in Scenario 1 in particular.

Another area which might be interesting to investigate would be to understand
the costs around the service including the level of resources required, the amount
of inventory held/owned by the customer or supplier at a given point in time. In
addition to this understanding, for each fleet, the machine location and the travel
time required for maintenance personnel to reach the machines should be known,
as this will have an impact.

Extending the work, in Scenario 3 in particular, may lead to further inter-
esting results. There are a number of ways in which this could be done, but
examples of this might include allocation of dedicated maintenance personnel to
either non-scheduled maintenance or preventative maintenance. Repairs might
also be prioritised based on the requirements of other machines serviced under
other contracts provided by the same provider. This prioritisation will take
into account factors such as the number of other machines within the fleet of
assets which are working, the cost of not repairing machines in other contracts
(against KPI penalties) and the type of failure/time to repair/availability of
spares/resource.

An increased benefit could be introduced within Scenario 3. In this scenario, the
machine predicts which part will fail and anticipates this event by re-ordering the
spare part prior to breakdown. However, it may be the case that the machine is
better at diagnosing the failure (whether from its own ‘‘knowledge’’ or based on
trends), compared with the maintenance personnel, and in so doing may pick up
multiple possible failures which, under normal circumstances, may be masked by
other apparent symptoms. For example, if a pump fails then the machine may
know that the filter is likely to fail and should also be ordered at this point.

A further development, of relevance to Scenario 3 in particular, would be to
show how variable lead time may be accommodated if the machine predicts
failures far enough ahead. However, as the lead time of parts increases, parts may
be replaced more often when they have more remaining life than would ideally be
the case. Repairs may become more ‘‘scheduled’’ than dynamic/predictive and this
would lead to an interesting problem around the cut-off point between types of
maintenance schedules. The issues here would be to understand the:

• trade-off point for scheduled versus predictive maintenance policies, and,
• issues around the location/travel time to repair the machine.
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The efficiency of the machine could be determined to provide a more dynamic
assessment of remaining machine life throughout its life. This might then lead to
developments around the level of preventative maintenance carried out which
might strongly correlate to machine efficiency and reduce non-scheduled main-
tenance time. Factors impacting machine efficiency would include remaining life,
usage and spares replacement as required.

Given the scalability of the scenarios, the final goal would be to explore the
scenarios across multiple contracts requiring different KPIs, where the impact of
this might be the greatest and the most important within Scenario 3.

11.6 Chapter Summary Questions

This chapter has introduced a simple, proof of concept study examining the way
that simulation can be used to examine service information values. In the future,
more detailed simulations can be conducted to answer the following key infor-
mation questions:

• What is the impact of different information provision on different contract
types?

• What is the band of operation performance within which product condition
information does have an impact on service outcome?

• What financial (or other) information would help to provide service performance
improvement for decisions around the trade-off between fleet size and resource
level for different contracts?

• What might be the impact of real information and the associated information
dimensions (timeliness, accuracy, completeness) on the performance of the
service?

• What impact would improved accuracy (i.e., of stock levels) have on service?
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Chapter 12
A Blueprint for Engineering Service
Definition

Alison McKay and Saikat Kundu

Abstract Increasing numbers of businesses are moving from the supply of
physical products to the delivery of product-service systems. The resulting need to
support information related to both physical artefacts and associated services has a
number of implications for the design of information systems used to support
product-service systems through their lives. The focus of this chapter lies on
service in the context of product service systems. Designers of service solutions
need to be able to answer the question, ‘‘What information is needed in service
design to enable the delivery of service excellence?’’ A key prerequisite to
answering this question lies in understanding service elements that need to be
supported, performance requirements of the service and how the service elements
are related to the required performance. This chapter introduces a service infor-
mation blueprint that has been designed to support service designers in gaining this
understanding. The service information blueprint is a general purpose model for
service definition that has been used both to define ‘‘as-is’’ and ‘‘to-be’’ services,
service breakdown structures and service performance indicators, and to specify
relationships between service processes and service requirements.

12.1 Introduction

Increasing numbers of businesses are moving from the supply of physical products
to the delivery of product-service systems. The resulting need to support both
physical artefacts and associated services has a number of implications for the
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design of information systems used to support product-service systems through
their lives. The focus of this chapter lies on service in the context of product
service systems. Designers of service solutions need to be able to answer the
question, ‘‘What information is needed in service design to enable the delivery of
service excellence?’’ A key prerequisite to answering this question lies in under-
standing service elements that need to be supported, performance requirements of
the service and how the service elements are related to the required performance.

A service information blueprint is introduced in this chapter. A review of
literature that informed the theoretical framework on which service information
blueprint is built is provided in Sect. 12.2. Three key questions are introduced at
the end of Sect. 12.2 and answered through the remainder of the chapter. A case
study that is used to illustrate both key features of the service information blueprint
and answers to the questions posed at the end of Sect. 12.2 is introduced in
Sect. 12.3. This leads into a discussion of the requirements for the service infor-
mation blueprint (in Sect. 12.4) and a description of how the service information
blueprint addresses these requirements (in Sect. 12.5). Finally, in Sect. 12.6, future
trends in service development are anticipated and areas for further research
outlined.

With respect to the CIF (Chap. 4) the service information blueprint focuses on
information transformation.

12.2 Key Characteristics of Service

Means of understanding product information needs are well established and
embedded within the development methods of product information exchange
standards such as STEP (ISO10303-1 1994). Typically they begin by building an
understanding of the activities and information flows to be supported and are
followed by a detailed analysis of the information flows that are deemed to be in
scope. This yields product information requirements. In product development
projects the activities to be supported typically align with the product development
processes for the products and organisations concerned (Ulrich and Eppinger
2004). Stage gated product development processes are important because they
allow practitioners to focus on key decisions, and the information needed to
support them. Product information system designers couple knowledge of key
characteristics of physical products with product information requirements to
develop information solutions.

Requirements for the service information blueprint were derived from two
sources: the activities that service developers carry out and key characteristics of
services. During service development activities, key issues that service designers
need to be able to address lie in the trade-offs to be made between service
affordability and performance. This leads to the requirement to be able to link
service process definitions with the key performance indicators from service
contracts. This is achieved in the service information blueprint by supporting both:
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a. the capture of service processes (including process flows, steps and decom-
positions) and performance requirements related to both the contract and the
business requirements of the service provider, and

b. the definition of relationships between process definitions and performance
requirements.

In addition, for companies designing multiple service offerings, there is a desire
to gain benefits of scale by enabling the reuse of service definition elements which
requires capabilities to create catalogues of service parts and configure services
using these ‘‘standard’’ service parts.

Given these high level requirements there is also a need to understand key
characteristics of services and how they relate to characteristics of physical
products. Johne and Storey (1998) provide a review of literature related to new
service development. New service development includes the definition and
delivery of services; the literature relates largely to traditional service products
such as financial and hospitality services. Five key characteristics that distinguish
service products from physical products are identified: intangibility, perishability,
non-ownership, inseparability of production and consumption, and variability. As
a result of these characteristics, the information structures applied to the definition
of physical products cannot be applied directly to services. A key difference
between the information content of a physical product definition and that of a
service definition lies in the core structure around which it is built. Both have a
product structure but physical products are defined around their physical parts
(typically through a bill of materials (BoM)) whereas service products are defined
around the processes that are used to deliver them (for example, through process
flow charts and scripts). A key difference between these information cores is that
the relationships in a BoM are part-whole relationships between part definitions
whereas the relationships in a service are flows between process step definitions.
Engineering information systems to support the lifecycles of product-service
systems need to accommodate these distinctions without compromising the need to
preserve commonalities between physical and service products.

Research on philosophy and engineering casts insights on relationships between
technical artefacts and the processes and actions that surround them. A key tenet of
the arguments put forward by Vermaas and Houkes (2006), (Houkes and Vermaas
2009) on the dual nature of technical artefacts is that technical artefacts have both
designed physical structures and intended functional structures. On intended func-
tional structures, Vermaas and Houkes, in their ICE (Intentionalist, Causal-role,
Evolutionist) theory (2006), assert that when engineers ascribe functions to artefacts
they have to consider explicitly the goals for which agents use artefacts and the
actions that constitute their use; the agents’ actions are captured in a ‘‘use plan’’.
Mumford (2006) discussess distinctions between function, behaviour and capacity
of physical artefacts and provides the following definitions for function and capacity:

• capacity is a property of an artefact that is understood according to what it can
do or what function it can play in relation to other properties;

• function is a capacity plus the use plan that exploits it for an intended purpose.
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Design rationale, as captured using tools such as the D-Red software tool
(Bracewell et al. 2004), is a means by which designed physical structures might be
related to intended functional structures. Design intent, for example as captured
using advanced requirements management techniques (Agouridas et al. 2001),
enables intended functional structures to be related to stakeholder intent and so
aspects of what Vermaas and Houkes refer to as use plans. Illies and Meijers
(2009) explore further relationships between artefacts and action schemes. The
notion of an action scheme can be used in the context of product-service systems
to include maintenance and support activities. As such, it can be argued that the
service part of a product-service system is a kind of action scheme.

On designed physical structures, Simons (2003) uses mereology1 to provide a
theoretical basis for the definition of physical product structures, of which BoMs
are a common manifestation. If services are regarded as products, or parts of
product-service systems, then the following questions arise given the discussion in
this section.

1. What are the intended functional structures of service products and how might
they be represented?

2. What are the designed structures of service products and how might they be
represented?

3. What kinds of service definition relationships are required to support the
information needs of service development processes?

In the rest of this chapter we provide answers to these questions.

12.3 Case Study

A service deliverer’s requirements arise from two sources: the requirements
specified in the contract with the customer and internal requirements needed, for
example, to ensure that delivery of the service offering is affordable and the
business sustainable in the longer term. For example, efficiencies might be gained
by sharing common service elements, akin to sharing standard parts in physical
products, without detrimental effects on the quality of the delivered service. As
product service system offerings develop, a number of different kinds of contract
are being identified. The defence sector is one of the most advanced in identifying
different kinds of service contract. The Logistics Coherence Information Archi-
tecture (LCIA)2 is a joint Government (UK MoD) / industry framework developed
to improve the way in which these different kinds of support service contract are

1 ‘‘Mereology (from the Greek leqo1, ‘part’) is the theory of parthood relations: …’’
[http://plato.stanford.edu/entries/mereology/].
2 The Logistics Coherence Information Architecture defines a structure for use in identifying
information requirements for logistics support solutions [http://www.modinfomodel.co.uk/].
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achieved; LCIA identifies a range of contracts from the provision of spares through
the delivery of equipment availability to the delivery of capability. The case study
used in this chapter is a fictitious maintenance and repair service for a coffee
making machine. Two kinds of contracts are considered: availability and spares
only type contracts. In the availability type contract the manufacturer supplies
coffee making machines to its customers and takes responsibility for ensuring that
the machine is available for use for an agreed proportion of the time. For example,
an availability of 95% would mean that the machine must be available to use for
95% of the time. On the other hand, for the spares only type contract, the man-
ufacturer supplies spare parts for the coffee making machine and carries out all
repair activities; however, the customer pays separately for the spare parts. Typical
service level agreements (SLAs) and key performance indicators (KPIs) for these
two kinds of contract are shown in Table 12.1. Commonalities and similarities in
the processes needed to deliver services under the two contract types are sum-
marised in Table 12.2.

The service provider delivers services to a number of customers, some on a
spares only basis and others as availability contracts, for the coffee making
machine in this case study. To improve efficiency, the company maximises the
sharing of common processes across different services, products and customers. As
such, when designing services a goal is to minimise service elements that are
specific to the product being serviced for the customer.

Table 12.1 Example service level agreements (SLAs) and key performance indicators (KPIs)

Availability type contract Spare only type contract

KPI 1 Call-to-Repair response time- 24 h (max) Call-to-Repair response time- 48 h (max)
SLA 1 Provider to supply, install, maintain, repair

and support spare parts and the whole
machine

Provider to supply and install spare parts
for the Coffee Maker

SLA 2 Service package includes planned
preventive and predictive maintenance,
and unplanned breakdown maintenance

Provider to repair back to safe working
and/or operating conditions for the
Coffee Maker

SLA 3 Provider is responsible for customer
training and to demonstrate the use of
the Coffee Maker

Provider responsible for customer training
and to demonstrate the use and/or
operation of the Coffee Maker

SLA 4 Provider to supply user manuals/training
materials to the customer

Provider to supply user manuals/training
materials to the customer

SLA 5 Customer to pay annual fixed price to the
provider for availability of the product
(Coffee Maker) and services

Customer to pay separate price for each of
the new or replaced spare parts
supplied by the provider

SLA 6 The price includes both spares and services
(i.e., complete availability and ready
for use)

Customer to pay annual fixed price to the
provider for repair services that cover
for a whole calendar year

SLA 7 24 months minimum contract period 12 months minimum contract period
SLA 8 Services are provided on both as-planned

and on-demand basis for the duration
of the contract

Services are provided on-demand basis
for the duration of the contract

12 A Blueprint for Engineering Service Definition 219



With respect to the questions posed at the end of Sect. 12.2, the following
answers can be provided.

1. What are the intended functional structures of service products?

The intended functional structures of services come from the service contract
and business strategies of the organisations involved in the delivery of the service
(both customers and suppliers). In the case study these are the KPIs and SLAs from
the service contract, and the company goal to maximise sharing of service ele-
ments across products, services and customers.

2. What are the designed structures of service products?

The designed structures of services are the means by which the intended
functional structures are realised. For this case study they are the processes used to
deliver the service, such as those that can be derived from the descriptions given in
Table 12.2. In addition, the designed structure is likely to include references to
standardised process elements.

Table 12.2 Process commonalities and differences across the two contract types

Availability type contract Spare only type contract

Service provider carries out planned
preventive and predictive maintenance
to an agreed schedule

Customer takes responsibility for the maintenance
and repair of the machine

If there is a breakdown the customer contacts (by telephone) the service provider, reports the
problem and schedules a service engineer’s visit

The engineer is expected to visit the
customer within 24 h of the problem
having been reported.

The engineer is expected to visit the customer within
48 h of the problem having been reported

The service engineer diagnoses the cause of the breakdown and tries to resolve the problem on-
site. If the problem cannot be resolved on-site the machine is taken from the customer’s
premises for repair. During the repair, if necessary, the service provider either purchases
replacement parts from its suppliers or uses parts that have been manufactured in-house

An alternative machine is provided to the
customer for temporary use

–

The service provider pays for any new or
replacement parts.

The customer pays for any new or replacement parts.

The faulty machine is then repaired by the service provider’s maintenance and repair team

Other planned, preventive and predictive
maintenance might be carried out

–

The service provider’s call centre staff contact the customer to arrange the return of the repaired
coffee making machine

The standby coffee making machine is
returned to the service provider

An invoice for the cost of the repair is sent to the
customer
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12.4 Requirements for a Service Information Blueprint

Requirements for the service information blueprint came from two sources: the
information needed to support downstream applications such as service simula-
tions and the needs of the service development process itself. These can be boiled
down into two questions.

• What do service developers need to be able to say? and
• What do service developers need to be able to do?

12.4.1 What do service developers needs to be able to say?

The flow chart given in Fig. 12.1 is the result of an analysis of the availability
contract example given in Table 12.2; an edited version showing the differences in
process flows and information uses for the spares only option is given in the
Appendix. The key in Fig. 12.1 is instructive in answering our question. It can be
seen that there was a need to capture three kinds of service process: those carried
out by the customer, those carried out by the service provider and those carried out
by both parties collaboratively. The spares only contract flow chart in the
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Appendix shows how these process steps change across different kinds of service
contract. Real-world situations are often more complicated than this because
services are frequently delivered and consumed by networks of stakeholders.
Common examples are package delivery services where the customer experience
(and so service quality) is influenced by the goods provider, the goods deliverer
and the customer; and industrial services such as those delivered to the armed
forces where the service is co-delivered and consumed by a number of agencies
who are related to each other in different ways. These kinds of service are beyond
the scope of the service information blueprint presented in this chapter.

There was also a need to capture information used in the service process;
typically these would be held in business information systems (for example,
contract and customer contact details) and engineering information systems (for
example, service histories and information about replacement products and parts).
The example used in this chapter oversimplifies these information systems; a key
role for the service information blueprint lies in supporting service developers in
identifying the detailed information requirements of their service; this is covered
in more detail later.

Finally, although not shown in the key to Fig. 12.1, it is important to capture
relationships between process steps and the service requirements to which they
contribute. For this reason, a third kind of relationship to capture is between the
process steps shown in Table 12.2 and the service level agreements (SLAs) and

Fig. 12.2 Relationships between process steps and SLAs and KPIs
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key performance indicators (KPIs) given in Table 12.1. Examples of these kinds of
relationship, for the availability contract are shown in Fig. 12.2.

Again, the key in Fig. 12.2 is instructive in identifying the kinds of relation-
ships that need to be supported. It highlights the need to be able to relate aspects of
the service process to parts of and whole KPIs and SLAs. This requirement is
mirrored in references to the service process where there is a need to refer to:

• individual process steps, such as in the case of SLA3,
• relationships between process steps, such as in the case of KPI1, and
• collections of process steps that are not necessarily defined as a self-contained

group within the service definition, such as in the case of SLA1.

In addition, although not shown in Fig. 12.2, there is a need to be able to refer
to parts of process steps, such as the Repair part of the Repair & do imminent
maintenance process step.

12.4.2 What do the service developers needs to be able to do?

Discussions with service design and development personnel led to the identifica-
tion of basic requirements for service developers. In essence they need to be able
to indentify implications of decisions made during contracting, especially on
affordability and performance. A key issue lies in enabling both the supplier and
customer to understand the affordability of requirements defined in the contract,
that is, what will it cost the supplier to deliver the requirement and is the added
benefit worth enough to the customer for them to pay for it?

Hence the basic needs of service developers were defined as being:

• to capture service definition processes in ways that can support evaluation
through, for example, simulation, risk assessment and life cycle cost models;

• to understand how the process elements relate to the contract; and
• to understand information and other resource requirements both at contract

definition and during service development.

With respect to the questions posed in Sect. 12.2, the following answers can be
provided.

1. How might the intended functional structures of service products be represented?

Service level agreements and key performance indicators in the service contract
need to be captured in such a way that relationships between them and process
elements of the service can be represented and visualised.

2. How might the designed structures of service products be represented?

From the case study, the designed structure of a service is its process structure.
Both flows and part-whole relationships between process steps are required.
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3. What kinds of service definition relationships are required to support service
development processes?

An analysis of the example given in Table 12.2 highlights the following rela-
tionships that need to be supported:

• flow relationships between service process steps;
• references to standardised service elements;
• information on who carries out which process steps;
• relationships between elements of the functional structure and elements of the

designed structure;
• relationships to product design and configuration data; and
• relationships to information generated through the service delivery process.

12.5 The Service Information Blueprint

Approaches to the definition and visualisation of service systems have emerged
from a number of disciplines in recent years, including social and behavioural
sciences, business, design and information technology. They are often tailored to
different aspects of service definition processes; summaries of a range of these
tools and techniques are available (Tassi 2008, 2009; Engine Group 2009). Service
blueprinting approaches have traditionally been used to capture services, such as
those in the hospitality and financial sectors, that are not associated with complex
products. The service information blueprint introduced in this chapter is an
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adaptation of the traditional service blueprinting technique that suits the needs of
complex service systems intended to meet requirements set out in a contractual
agreement with a customer and, potentially, other stakeholders. The overall
architecture of the service information blueprint is shown in Fig. 12.3 and an
application to the coffee making machine availability contract is shown in
Fig. 12.4.

It can be seen that the service information blueprint is constructed around a
collection of ‘‘swim lanes’’; these are shown by the horizontal grey bars in
Fig. 12.3. The idea of swim lanes is adopted from the Business Process Modelling
Notation OMG (1997–2010). However, the content of the swim lanes is based on
the core elements of a service blueprint.

It can be seen from Fig. 12.3 that the swim lanes are labelled as either Front
Stage or Back Stage. Front stage lanes can be seen, or experienced, by the service
customer whereas back stage lanes are not seen or directly experienced by the
service customer. In addition there are a number of lines superimposed on the
swim lanes in Fig. 12.3. The timeline represents the chronology of actions con-
ducted by the service customer and provider. A line of visibility defines the service
processes that are visible to the customer during service delivery. If the enactment
of a service blueprint is seen as a simultaneous production and consumption of the
service then this line governs which parts of the delivery of the service are visible
to the customer. Finally there are three lines of interaction: contact person (visible
actions), internal physical interacti
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• Service Standards and Scripts specify target performance levels for the service.
Examples from the coffee maker example would be the KPIs and SLAs in
Table 12.1, as shown in Fig. 12.4.

• Principal Stages are the key process steps as seen by the customer. Examples
from the case study include Product use, Fault reporting and service scheduling
and Fault diagnosis and product servicing.

• Physical evidence addresses the intangibility of the service itself. Service
activities are essentially intangible but they often leave tangible or physical
evidence that they have been carried out; this evidence often informs customers’
perceptions of the quality of the service. In the coffee maker example the
replacement machine, the tone of voice of staff who arrange the engineer’s visit
and the visit by the service engineer are examples of physical evidence.

• Two kinds of process are captured.

– Principal Actions can be of three types.

• onstage principal actions by the customer, for example, Contact service
provider in the coffee maker example;

• onstage principal actions by the service provider, for example, Replace
machine in the coffee maker example; and

• backstage principal actions by the service provider, for example, Schedule
visit in the coffee maker example.

• Support Processes are backstage processes that are carried out by the service
provider. Repair & do imminent maintenance is an example from the coffee
maker example.

• IT resources are the information systems, both engineering and management
information systems, used to support the service delivery. In the coffee maker
example the service history of the machine and contact details for the customer
are examples.on and internal IT interaction. The swim lanes contain the service
definition itself.

Product service systems are often designed and developed to improve perfor-
mance such as reducing time and cost, improving quality and responsiveness, and
maintaining a sustainable business. Effective delivery of services with improved
performance demands access to high quality service information (i.e., complete,
correct, minimal and available to the right people at the right time). This is
pertinent throughout the lifecycle (which typically includes definition, develop-
ment, delivery and evaluation) of the product-service system. To address this there
is a need to capture service information requirements while defining services. The
service information blueprint has information requirements associated with each
service activity (i.e., the principal actions and support processes). These are
intended to allow service designers to answer the following questions in the ser-
vice definition:

• What information is needed by this activity?
• Does the information exist?
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• If the information exists, where is it?
• If the information does not exist, where might it come from?

For each of the service activities, three types of service information are con-
sidered: input information, process information and output information. This
builds on the service information classification scheme proposed by Berkeley and
Gupta (1995). For the service information blueprint, input information refers to the
information that is needed before the service activity can be performed; process
information is the information required by the actor while performing the activity;
and output information refers to information that is available as a result of the
performance of the service activity.

In addition, the service information blueprint captures information associated
with relationships:

• between two elements within a swim lane of a service blueprint, such as the
flows between process steps are represented by arrows in Fig. 12.4; 3 and

• across the swim lanes of a service blueprint, for example, the relationships
shown in Fig. 12.2.

To date the service information blueprint has been used to aid the understanding
of as-is and to-be services. The blueprint can be used to provide a structure for
service definition workshops and a software prototype that can be used to create
digital service definitions is available.

With respect to the questions posed in Sect. 12.2, the following answers can be
provided:

1. How might the intended functional structures of service products be represented?

In the service information blueprint SLAs and KPIs are currently represented as
text that can be structured to enable parts of requirements to be identified. For
example, this allows ‘‘…maintain, repair and support spare parts …’’ in Fig. 12.2,
which is a part of SLA1, to be identified and then referenced by the relationship to
the relevant service process steps.

2. How might the designed structures of service products be represented?

In the case study used in this chapter, the service information blueprint rep-
resents service processes as process steps related by flow relationships. Although
not included in this chapter, the service information blueprint also supports the
definition of part-whole relationships between process steps; this is a key area of
functionality needed to support the definition of service breakdown structures.

3. What kinds of service definition relationships are required to support the
information need of service development processes?

In the case study introduced in this chapter, the service information blueprint is
used to capture the following relationship types identified at the end of Sect. 12.4:

3 Relationships within a given swim lane can be one of two types: connection and composition,
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• flow relationships between service process steps;
• information on who carries out which process steps; and
• relationships between elements of the functional structure and elements of the

designed structure.

Although not included in this chapter, the service information blueprint also
supports the definition of references to standardised service elements (using
hypertext links) and, through its underlying information framework [defined in
McKay and de Pennington (2001)], it offers the potential to define relationships to
product design and configuration data.

12.6 Discussion

The research that resulted in the service information blueprint concluded with a
road mapping activity where future trends in service information strategies were
anticipated. It was recognised that current practice in service design and
development tends to focus on bespoke services created to meet the needs of
individual contracts. A key area for improvement, for example in reducing costs
and improving the quality and reliability of service offerings, lies in standardisa-
tion across services. A key priority in this respect lies in the use of common
information system solutions which, in turn, leads to a need to use standardised
service processes. In the medium term it was anticipated that service design and
development activities will become more like product development activities
where new offerings are built using standard parts. This would change the nature of
service offering from being bespoke-to-the-customer to including standard-to-the-
supplier elements and, in the longer term, variants of services that are standard to
the supplier. As commonality across service elements increases opportunities for
significant savings in service delivery and the use of common IT/IS services for
common service functionality becomes a real possibility. Ultimately these could
be used to enable service providers to manage fleets of services in a similar way to
which fleets of products are managed today.

A number of drivers for product service systems development were identified
and could be used to inform future generations of service information blueprint.

• Need for more defined/accurate information at start of process to define service
Although desirable, and what a lot of designers and stakeholders might like to
have, this may not be feasible given the constantly changing landscapes for and
within which services are designed and delivered. In addition, the process of
designing and delivering a service might change such information. Thus, an
alternative need could be to build better capability of working with processes in
addition to physical products within organisations that are moving to the
delivery of services. A number of discussions during the research centred on
advanced business process modelling approaches and techniques such as ARIS
(Scheer 2000). The service information blueprint complements these systems by
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enabling the association of process steps with information requirements and
elements of the contract.

• Service cataloguing and reconfigurability
An analysis of current practice with colleagues in BAE Systems led to the
conclusion that typical service development processes involve the design of
bespoke services that respond to the needs of individual customers. Key issues
lie in the lack of consistency across resulting service offerings. For example,
opportunities for substantial savings from using the same process for a given
task could be identified in terms, for example, of avoiding the need for bespoke
information solutions and overly specialised training of personnel, and of
increasing transferability of people and information across different service
solutions. This led to the identification of a need to support the creation of
service elements through the configuration of ‘‘standard’’ service elements, akin
to the use of standard parts in physical products: service cataloguing and re-
configurability. Ideas on service configuration can be drawn from a large body
of work in product configuration. Product configuration involves linking phys-
ical elements together to form new products; part-whole relationships are used
to define product breakdown structures and connection relationships are used to
define how parts within a product breakdown structure relate to each other to
deliver intended functionality. Different kinds of connection relationship occur
in product breakdown structures: for example, mating conditions in assemblies
and functional interactions in functional definitions. These ideas can be trans-
ferred to service products in the service information blueprint because it is based
on an underlying meta-model that treats physical and service products in a
consistent way. However, whilst it is possible to use the service information
blueprint to define service breakdown structures, their use requires under-
standing of issues that were beyond the scope of this research.

• Reusability of service elements
This can occur within and across service information blueprint swim-lanes.
However, more understanding is needed of how to (a) select service parts and
(b) connect them to each other to create new services that will behave in
intended ways. Given a service catalogue, from which service elements can be
selected, how will service parts be found and then re-used? What are the
equivalents of, for physical parts, bearing calculations for use in the selection
and ‘‘assembly’’ of service elements?

• Platform-independent services
Two kinds of platform agnostic service were identified: services that can be
plugged into multiple platforms and assume that certain data from the
platform is available and services that use minimal data from the platform
and so can be applied in multiple contexts. The service information blueprint
could inform research and development in this area, for example, by sup-
porting the identification of relationships between the service definition and
physical product.
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12.7 Concluding Remarks

In this chapter we have introduced a service information blueprint that allows
service definitions to be created and used to identify both information requirements
for service delivery and relationships between service activities and service
requirements. A number of companies are using process mapping techniques. The
service information blueprint complements these techniques by supporting the
definition of relationships between service processes and service requirements in
addition to service processes. The way in which the service processes are repre-
sented make the service definitions well-suited to support some of the longer term
aspirations outlined in Sect. 12.6. For example, they include information needed to
support service simulations and the kinds of relationship supported could be used
to support the configuration of new services from standard service elements.
Further research is needed to demonstrate this potential and build understanding of
the additional functionality that would be needed.

We began this chapter with a question faced by designers of service solutions,
namely, ‘‘What information is needed in service design to enable the delivery of
service excellence?’’ The research upon which the chapter is based focused on the
first half of this question and information implications of alternative service
options in the context of product service systems. In delivering service excellence,
the service design needs to be operationalised. This is typically done through
networks of organisations (so-called ‘‘enterprise networks’’) and, within each
organisation, the people who deliver and receive the service. Further research is
needed to understand both social and technical aspects of service excellence and
the information needed to, for example, capture customers’ experiences of a ser-
vice both quantitatively and qualitatively.

12.8 Chapter Summary Questions

This chapter introduced a service information blueprint that embodies answers to
the following questions.

1. What are the intended functional structures of service products and how might
they be represented?

2. What are the designed structures of service products and how might they be
represented?

3. What kinds of service definition relationships are required to support the
information needs of service development processes?
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Part IV
Complex Product Integration

Svetan Ratchev and Emma Kelly

Service systems may be defined under a variety of contexts. At its barest level, a
service involves the application of competences for the benefit of another. This
thereby infers that a service may be a form of action, performance or business
requirement that is used as a type of value exchange between provider and client.
Complex engineering service systems invariably employ complex technological
solutions to meet availability, reliability and capability demands, as prescribed by
the client. These solutions are intrinsically intertwined with both the needs of
product life cycle management and the delivery of through life support.

The key behind the success of a service system is its interdisciplinary qualities.
Focus is aimed not on one aspect, but on service as a system of interacting parts.
The science behind a service system builds on ideas from existing disciplines and
the transformations required between materials and equipment, information and
people in delivering value to the client. The introduction to this book highlights the
Core Integrative Framework (CIF) and the mapping of the three aforementioned
transformations. The chapters within this section concentrate on work undertaken
on the S4T programme in maintenance and capability enhancement, as well
parallel investigations into contracting for capability and availability. The more
knowledge intensive and customised the service, the more it depends on the
interaction between two key transformations identified in the CIF; transforming
materials and equipment and transforming information. This section addresses the
many technological challenges associated with delivering a service system.

The first chapter introduces the service support solutions currently being used
and adapted in the UK Defence Environment to deliver Contracts for Availability
and Contracts for Capability. These contracts aim to provide operational
availability through an integrated and effective support solution, The academic
theory behind availability and capability is considered alongside the practical
delivery of availability through comparing different support solutions. The over-
arching concepts behind the two contracts aid in delivering a support solution that
provides improved operational availability. The challenge is to re-emphasise and
reiterate the engineering inputs and connections with reliability, maintainability
and logistic support. To this end, Health and Usage Monitoring Systems,



Reliability Centred Maintenance, Condition-Based Maintenance (CBM) and
Prognostic Health Management are considered enablers for engineering and
support planning. The nature of these techniques and the challenges for their
adoption are investigated.

Subsequent chapters in the section address CBM. Innovative approaches are
needed to improve maintenance and reliability as well as to create unique
opportunities for value co-creation between stakeholders. The chapter on
‘Modelling Techniques’ focuses on investigating the applicability and implemen-
tation of combining prognostic modelling with Condition Based Maintenance
(CBM) and its role in providing improved service provision for the repair and
maintenance of complex systems. Staying within the theme of CBM, the following
chapter addresses the operational requirement for component replacement decision
analysis. The underlying issue of ‘why is residual life prediction important?’ is
both addressed and calculated through utilising available condition monitoring
data and incorporating prognostic modelling options, which are optimised to
estimate maximum availability whilst preventing component failures.

The chapters in the second half of this section address methodologies that have
been developed to assist in the planning, scheduling and outsourcing of tasks
associated with maintenance, platform modernisation and support solutions of
complex engineering systems. The first proposed methodology is based on the
delay time modelling concept and may be used to optimise maintenance service
intervals with respect to specific criteria such as system cost, downtime and
reliability. The concept may also determine the optimal inspection interval for
multiple types or levels of maintenance and service. Simulation methods for the
development of optimal service support procedures using an integrated product,
process and resource structure are also proposed. Significant cost drivers can be
identified and quantified through the virtual development of work breakdown
structures for service support processes, the results of which have system level
significance in reducing risk in service provision through the support of value co-
creation. The provision of simulation output data for higher level cost modelling
can also inform the strategy required for supply chain engagement through
incentivisation.

The services aspect of delivering a support solution includes the use of new
technologies and methods for managing technical products over their life cycle
and ensuring that client’s required capability and availability demands are met.
This imposes new challenges on subsequent maintenance, repair and capability
enhancement procedures. A framework for the development of a Maintenance
Dashboard is proposed to address this, the underlying purpose being to establish an
approach that supports the decision–making process on whether to maintain,
repair, upgrade or update a given asset. Through incorporating maintenance and
capability enhancement, both facets are considered in their entirety as opposed to
in isolation. Technology insertion provides the means to proactively sustain and
enhance the functionality and associated performance levels of legacy product
platforms. The final chapter in this section proposes a transformation mapping
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approach that brings these three groups together for both vision setting and activity
planning.

The chapters have been developed by a community working in the field of
support solutions, with contributions from academics, service providers and
service clients alike. The views presented have arisen from both the research
conducted and test case applications, which provide a variety of insights from the
different perspectives of those involved.
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Chapter 13
Contracting for Availability
and Capability in the Defence
Environment

Christopher J. Hockley, Jeremy C. Smith and Laura J. Lacey

Abstract This chapter discusses the extensive support solutions being used and
adapted in the UK Defence Environment to deliver what are described as Contracts
for Availability (CfA) and Contracts for Capability (CfC). They aim to provide
operational availability through an integrated and effective support solution,
generally by industry, or a combination of industry and the Ministry of Defence
(MoD). The chapter considers the academic theory for availability and capability
before reviewing how the defence environment currently delivers CfA and CfC. It
identifies the issues and diversity of current contracts in the military environment
where operational availability and capability are vital yet are required in variable
ways with periods of both dormancy and high intensity. The chapter analyses the
practical delivery of availability and capability using defence examples which
compare and contrast the different support solutions currently being delivered.

13.1 Introduction

Availability of equipment, facility or service is vitally important in the UK
military environment and probably more so than in the usually profit driven
commercial sector. Availability of defence equipment could significantly affect
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how operations can be conducted and lack of availability during military oper-
ations will almost certainly put military personnel in additional harm’s way.
With the ever increasing cost and complexity of military equipment, the defence
budget is always under pressure to reduce costs and to out-source much of the
activity that is not directly involved in the delivery of military effect. Thus,
traditional support activities, such as maintenance and repair have been candi-
dates for civilianisation in many solutions under the general banner of ‘Con-
tractor Logistics Support’ (CLS). Initially this merely gave contractors
responsibility for holding inventory and supplying spares. This was soon
expanded into Private Finance Initiative (PFI) solutions where contractors pro-
vided everything from the facilities to the manpower, examples being the Joint
Services Command and Staff College at Shrivenham and aircraft simulator
services. The MoD observed the resultant benefits such as having the cost per
year defined, make long-term budgeting easier. Whether it is in fact cheaper is
an ongoing question as it is a complex equation that does not compare like with
like. Two other terms came into common usage: Contracts for Availability (CfA)
and Contracts for Capability (CfC). Under a CfA contract industry is required to
deliver outcomes defined in terms of availability. Initially defined in terms of
platform (ship, aircraft, vehicle etc.) availability has evolved into outcomes more
clearly linked to the MoD’s operational requirements such as available flying
hours. Under a CfC contracting model industry is required to deliver a complete
capability which by definition would include the operators, maintainers and all
the support. This has proved difficult as there are few defence capabilities in
which it would be acceptable for civilians to replace serving military crews and
support personnel. A contractor would also find it difficult to deliver a contract
without full control over all of its aspects and this situation would exist if
military personnel were an integral part of the capability. A few MoD contracts
are described as and justify the label CfC, namely, the provision of aircraft
simulators. Others, for example the new air-to-air refuelling system for the Royal
Air Force (RAF), do not really justify it, as it is planned to include uniformed
RAF aircrew and possibly some of the groundcrew. CfA has been an effective
solution for the MoD so far but a problem with the CfA model is that it has
exposed a naivety about the make up of availability and what can be contracted
for successfully. It is thus essential that we first understand the theory and make-
up of availability.

13.2 Availability Theory and Practice in the Military
Environment

First we need a reasonably simple definition so that we can analyse availability and
what is important; the following is an adaptation of those in various standards
(British Standards Institution 1991 and Defence Standard 00-49; Ministry of
Defence 2008).
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The probability that the system or equipment used under stated conditions will be in an
operable and committable state at any given time (Hockley 2009).

When contracting for availability does this simple definition describe whether
the equipment is in the right condition or role for the task? For example the C130
Hercules aircraft has two distinct variants in its fleet, the C130K and C130J.
Within the C130K fleet there is a ‘‘stretched’’ aircraft which can carry more. There
is also a set number of aircraft with specialist equipment fitted for the ‘‘Special
Forces’’. Does a CfA contract need to deal with the ever-changing daily opera-
tional requirements in order to deliver the availability the user actually wants for
specific roles and tasks on a specific day? For this reason we need to understand
what is going to influence availability before a contract can be created.

The availability definition deals firstly with probability. This will tell us the
level of uncertainty and inevitably there will be statistics involved which need to
be understood and appreciated. Means and averages can be stated but meaningful
boundaries that capture what the user really wants are needed. When considering
probability there are certain considerations which must be evaluated. They are: the
operational consequence of failure, whether there are any reversionary modes, the
required mission duration, the logistic consequence of failure and what is realistic
and achievable. The next important aspect of the definition is under stated con-
ditions. This needs to define the function and how and in what environment the
equipment is being used and in what environment it was designed to be used. It is
primarily about environmental conditions but there can be many facets, such as
purely geographic (hot and dusty or cold and wet) the environment seen if fitted to
different platforms (helicopter versus road vehicle) and the maintenance, storage,
handling and transport environments. The word operable, the next important
aspect of the definition, implies that the equipment can be committed to operations
and will start its mission successfully. Finally time is highlighted. Here we identify
that at any particular time, the equipment will be able to operate (to start its
mission). However, because we have simplified the definition it says nothing about
how long it should operate for and whether the equipment will complete the
mission successfully, but perhaps it should! Availability is therefore, synonymous
with what the military calls ‘‘Operational Readiness’’ and is clearly a function of
both operating time which depends on reliability, and downtime, which depends
on maintainability and supportability. Downtime will be determined firstly by how
easy and quick it is to perform the maintenance or repair—its maintainability
features—and secondly by the time taken to supply the support resources, such as
facilities, personnel and spares.

Time is also an important aspect of the definition and indicates the ratio of time
it is available—or its ‘‘uptime’’—to the total time that it could be available and the
total time will be made up of both the uptime and downtime. Similarly we can also
think of uptime as being equivalent to the time it is working between the times
when it is not, or in other words when it has failed. Therefore, if uptime is
equivalent to mean time between failures (MTBF) in that case the downtime will
be equivalent to mean time to repair (MTTR).
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A ¼ Uptime
Total Time

¼ Uptime
Uptimeþ Downtime

¼ MTBF
MTBFþMTTR

Availability has to depend on the factors that make up both elements of the
equation but is surely more dependant on the support environment and resources
which will affect the downtime. Yet the first aspect we must consider in what will
affect the downtime is what the designer has actually designed into the equipment
because only he can influence the repair time with good maintainability features. It
is for this reason, and if we assume we have ideal support conditions, that we need
to designate this availability as inherent or intrinsic availability Ai.

In other words everything that is needed for repair and support is available. The
time to repair is then the active repair time so must not be designated merely mean
time to repair, MTTR; rather it must be designated Mean Active Repair Time,
MART. So if availability is defined as being in ideal support conditions, it must be
called intrinsic or inherent availability with the suffix i (as Ai) MTTR must always
be written as MART to ensure it means only the active time spent on maintenance
and repair. Sometimes maintenance instead of repair is mentioned and then it is
designated mean active corrective maintenance time (MACMT). However, there is
no provision made here for scheduled or preventive maintenance and this is dealt
with by achieved availability Aa which also defines availability in an ideal support
environment. Consequently mean active preventive maintenance time (MAPMT)
will describe the active time spent on scheduled maintenance. The downtime is
then both the active corrective and active preventive maintenance times.

Ai ¼
Uptime

Uptimeþ Active Repair Time
¼ MTBF

MTBFþMean Active Repair Time

However, it is operational factors and actual operational conditions, not ideal
conditions, which are really important. What needs to be considered is what
actually affects availability in an operational environment. There is also no con-
sideration of standby or dormant periods. Most importantly there is no consider-
ation of the downtime occurring from logistic and administrative delays such as
delays for spares, manpower, tools or test equipment. This is what determines
operational availability Ao which needs to include standby time in the uptime and
all the factors included that contribute to the downtime. Only in this way will there
be a realistic definition and measure of availability for equipment so that com-
manders will have an accurate assessment of availability for operational planning
purposes. So:

Ao ¼
OTþ ST

OTþ STþ TPMþ TCMþ ALDT

where OT—Operating Time, ST—Standby Time, TPM—Total Preventive
Maintenance Time, TCM—Total Corrective Maintenance Time, ALDT—
Administrative & Logistic Delay Time.
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Only by using operational availability, Ao, can we include the often lengthy
standby or dormant periods that most military equipment experiences between
periods of high intensity use. Moreover, only then can all the many variables that
affect actual repairs such as availability of resources be properly assessed. Ao is
therefore dependent on both the amount and the cost of logistic support supplied;
the greater the level of logistic support, the greater the operational availability that
might be delivered. However, having sufficient spares to hand and manpower for
every eventuality increases the cost of support. As the logistic support in terms of
management and cost is increased, inevitably the operational availability delivered
will tend towards the designed-in limit i.e., towards Ai. In reality of course there
will always be some margin lost to delays and to essential active maintenance.

The MoD, however, can no longer afford the luxury of allocating vast resources
to support its operations and is thus seeking ever greater efficiencies through CfA;
it is often used to buy a total support package where the contractor owns the
spares, provides the labour and is responsible for the administrative delay time.
Setting requirements for CfA contracts is going to be difficult particularly so if it is
operational availability that is required. If the contractor does not control all the
support systems, including facilities, manpower, spares and the entire support
chain, he cannot be held accountable for Ao as some parts of the support are
entirely outside his control. Contracting for third party responsibility for such
things as the efficiency and success of the supply chain is possible, but can be
fraught with problems. Contracting for downtime is possible and traditional
requirements might state x% availability with maximum unscheduled down-
time = t minutes. However, this is imprecise; Numerous factors can affect
downtime if it is operational availability that is required. For example, main-
tainability requirements also need to be set and should use suitable metrics for both
corrective and preventive maintenance; a metric such as mean maintenance man-
hours per flying hour might be specified, but this needs to be defined at each
appropriate level of servicing and also for scheduled and unscheduled mainte-
nance. Alternatively it might be specified that the removal of a single component
should take no longer than X hours or Y minutes. Those components which must
be capable of being removed within a set period could be stated. Regarding
manpower and tools, the number of maintainers might be stated and the use of
standard or specialist tools specified. Yet these are not the only considerations
when embarking on a strategy to reduce support effort with CfA. A variety of
support factors need to be considered, such as maintenance policies, philosophies
and processes being used by the customer and whether they are content to transfer
them all to a contractor. If so, must the contractor comply with the user’s policies?
The geographical location in which the maintenance and repairs will be conducted
and whether this will potentially put the support service in harm’s way is a factor
of rising significance and concern. Other considerations include: where will the
spares need to be positioned and what effect will the communication system and
transport have on the delivery of availability? A contractor seeking to deliver any
CfA contract, and particularly one for operational availability, will have many
significant investment factors to consider, for example: what investment is
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required for the provision of support resources, spares, facilities, tools and man-
power and how will this affect the price of the proposal? How much investment
will be needed? Lastly there are organisational factors to be considered. How will
the flow of information be managed between the user and the support solution
provider and will the arrangement cause delays in the effective delivery of the
required availability?

To answer these questions shows the importance of understanding the large
number of factors in the availability equation and the need to define exactly what
sort of availability each party is actually talking about. Simply talking about
MTTR, might have two very different meanings depending on whether it means
total time including any delays, or just the time actively undertaking the repair. It
must be a vital step to achieve a clear and common understanding of exactly what
is included and what is not, otherwise there is no chance of getting anywhere near
delivering proper CfA that meets both users’ and suppliers’ expectations. High
reliability is ultimately vital to mission success but working to improve a system’s
reliability can be more expensive than implementing more simple measures to
reduce delays in the area of ALDT. Therefore, when contracting for availability, it
is essential to be very clear about who is responsible for the logistic downtime
which will critically affect the delivery of operational availability to the user. All
too often assumptions are made for availability with neither a clear and common
understanding of the terminology and definitions, nor of the actual availability
required and the possibilities that various support solutions could deliver.

The MoD user’s aspiration, as one of their prime availability requirements, is a
reduced logistic footprint. This will include all the aspects of Logistic Support,
such as: the lines and levels of repair and the repair location, manpower—who and
how many, where the spares will be kept and how many are needed, repair versus
replacement which may affect turnaround times, and the physical location for the
logistic support. There may be differences in peacetime and training support
compared to the operational environment. Considering delay times, how these are
measured needs to be established and what should be included: debriefing, plan-
ning, diagnostic and administration times and time awaiting manpower or other
resources. Other factors must now also be considered and defined, such as the
mission length or the period over which the availability is required. Thought
should be given to what is the minimum, the maximum, the average or indeed the
range of values that the availability must be kept within? The definition of the
availability period might be time, distance or some other mission parameter such
as number of rounds fired. Similarly there must be a clear understanding of who
the user is; it may be a single user or a number of users. The boundary needs to be
defined as to whether the availability refers to the fleet, an individual system, or a
sub-system. Importantly, a definition of availability needs to be explicit as to
whether it is inherent or operational availability, or whether it is some user-defined
availability between these two extremes which will then need its own suffix. When
determining availability requirements the frequency and value of the data points
can have a major effect though on the perception of overall availability. For
instance if there is a monthly availability return, the values might still provide the
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required average, yet at a particular moment during the month they might not be
providing the minimum level required. Other aspects that must be determined are
what frequency of measure is needed and what activity will be measured: a Bat-
tlefield Mission or Battlefield Day.1 How the required data are captured and
measured and how to decide what data are important to capture, is vital.

Once the correct definition of the required availability has been decided, there
are a few more considerations to be dealt with for CfA contracts. Any CfA
arrangement must benefit and incentivise both parties: MoD and contractor. It is
unlikely that a successful partnership will be achieved without mutual trust and
openness and it will be necessary to understand where responsibilities and con-
tractual boundaries lie and how they will work in particular environments and
locations. There are other questions to resolve. What is going to be measurable and
will it deliver the information to demonstrate satisfaction and success? Will one
solution such as ‘‘power by the hour’’ which works for one fleet, work for another
type of equipment? Are the definitions for availability able to be clarified without
any chance of misunderstanding? Who will be responsible for every aspect of the
delivery of the availability requirement and in particular the supportability
aspects? Will the military user need to retain maintenance experience and currency
for the inevitable periods of operational commitment for which contractual support
may not be achievable or desirable and for which organic, uniformed military
capability will be necessary? Will just contracting for spares provision provide
enough incentives for a contractor to design in reliability?

If all these questions can be answered satisfactorily, then requirements may
have been developed which will have forced the risks to be examined in some
detail. There are nevertheless still problems to be faced such as dealing with
incomplete systems, the need for clear contracts, renegotiation points, break-
points, incentives, gain-share options and longevity of the contract to provide
sufficient incentive for suppliers to make the necessary initial investment.

13.3 MoD and US DoD Policy for Availability Contracting

MoD is being driven to be more efficient, not by competition but by budgetary
reality, its public service agreement responsibilities to the taxpayer, political
pressures and social pressures. A powerful driver for the outsourcing of support
services and the adoption of CfA contracts in the MoD was the Strategic Target
placed on the Defence Logistics Organisation (DLO) in 2000 to reduce the cost of
its outputs by 20% over a 5-year period. However, demonstrating the risks this
engendered, Charles Haddon-Cave QC, in his wide-ranging review following the

1 In essence this is a description of the activities which a given combat element will execute and
experience in achieving a mission or during a day of operations. It will include, for example,
distance travelled (tracks and wheels), rounds fired, terrain covered.
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crash of the Nimrod (XV230) in Afghanistan in 2006 stated, ‘‘There is no doubt, in
my view, that dealing with the waves of organisational change and the cuts and
savings stemming from the SDR and the ‘Strategic Goal’, proved a major dis-
traction for many in the DLO, particularly during the period 2000–2006. The
overriding imperative during this period was to deliver the cuts and change
required’’ (Haddon-Cave 2009). In the case of the Nimrod crash it was a con-
tributory factor in the sequence of events that led to the crash.

MoD and industry would maintain that CfA contracts enable agile and
responsive acquisition, facilitating incremental acquisition, technology insertion,
upgrades and updates of military equipment because industry has more control of
the equipment when undergoing maintenance and repair. The arguments for CfA
also include the benefits of long duration contracts giving industry the commitment
and confidence to invest and rationalise. There are also mutual benefits to be
gained from incentives and gainshare of any profit and efficiencies. Industry makes
a persuasive case that they are best placed to incorporate new technologies, many
of which may have a cost but which are more likely to be adopted to drive
improved supportability. Industry is more likely than the MoD to invest in tech-
nology because it is less prone to have to redistribute money within an annual
budget from its planned support expenditure to pressing operational imperatives.
When industry gains experience in what the support costs are any savings it can
make should be returned in additional profit and gainshare.

A large contributor to support costs, and inevitably availability, is inventory. It
generates significant storage, transport and personnel costs and incurs cost of
capital and depreciation charges; yet a large stock of spares in the right place will
help deliver better availability. Having just what is required in the right place is
obviously the aim and having complete control over inventory is an essential
aspect of delivering better availability. Similarly a more intelligent approach to the
whole aspect of support and maintenance by an improvement in engineering and
asset management is required to reduce the downtime equipment many experience.
Many approaches are available, including better diagnostic systems, Prognostics &
Health Management, design improvements so there is an understanding of the
physics of failure, and Health and Usage Monitoring Systems (HUMS). The MoD
has been slow in adopting these techniques and processes, a likely cause being its
response to the imperative for substantial financial efficiencies in the short term,
which shaped its early focus on CfA initiatives. In the USA the experience has
been markedly different, yet it faced essentially the same cost reduction goals and
the aim to improve equipment availability. In 2001 the DoD identified Perfor-
mance Based Logistics (PBL) as their preferred support strategy for military
systems. PBL initially arose from efforts to reduce support costs; however, pub-
lished policy and practice actually placed performance first. The US Defense
Planning Guidance 2001–2005 (Department of Defense 1999) advanced cost
reduction intent by setting a goal for each department to reduce operation and
support costs of fielded equipment by 20% by financial year 2005. An area
identified for cost savings was reducing demand on the supply chain through
improving reliability and maintainability (R&M) of equipment. Arguably the DoD
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had been progressing this goal for many years under various initiatives. However,
it is instructive to see how the USA has kept the aim of improving levels of R&M
at the top of their requirements. Other areas identified were to reduce supply chain
response time and increase competitive sourcing of product support. In the DoD
Directive 5000.1 (Department of Defense 2003), they stated their requirement to
implement PBL strategies that optimise total system availability while minimising
cost and logistics footprint. The aim of PBL was to purchase performance by
delivering operational availability, lowest cost per unit of usage, operational
reliability, minimal logistics footprint and lowest logistics response time. They
made the distinction between owning and managing inventory. It was asserted that
if Defence retains ownership and contracts industry only to manage inventory,
industry is not inclined to invest to improve R&M because, instead, it just buys
more inventory which Defence has to pay for. Concurrently the UK experience
was coming to the same conclusions. Inventory optimisation had progressed as far
as industry could go without taking full responsibility for it. R&M had improved
but only where realistic and affordable metrics had been specified. Alas, MoD did
not understand the support cost drivers as it owned few good systems for collecting
and managing the performance and usage data. Indeed in many cases the data just
did not exist.

13.4 Support Contracting for Availability

The traditional support contracting model usually encapsulated three separate
contracts: a repairs contract, a spares contract and a Post-Design Services (PDS)
contract. The repairs contract, typically a firm-price arrangement, negotiated to
cover just a few years, was based on past equipment failure rates adjusted for
future predictions based on modifications, usage rates and known deployments.
The contractor’s cost breakdown structure would be assessed to ensure they were
not making excessive profit. Equipment was fed in on a per-arising basis, to a
contractually agreed maximum. As the contractor was paid per-arising there was
no incentive to reduce the number of arisings. MoD, under obligation to reduce
costs, had little leverage that could be applied other than postponing the inevitable
or, for example, delaying in-year work and paying for it later thus creating a
backlog. The contractor, solely responsible for the repair, left all other ownership
of the supply chain falling to MoD. There was no incentive for MoD to reduce
stocks of spare parts because it was money already spent and the stock served as an
insurance against items becoming obsolete. The spares contract provided the
spares that would be used to do the repairs. It drew on historical demand data.
Spares were typically bought in batches to smooth spending profiles in-year and to
attract a discount for quantity. Often suppliers would only agree to produce
whatever was deemed to be an economic quantity, so MoD would end up with
more than it required anyway. Platform or equipment specific spares would be
bought by the Integrated Project Team (IPT) and common use items, which were
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generally more readily available, would be bought by a commodity IPT. Under the
spares contract, suppliers would be under no obligation to reduce spares utilisation,
to manage obsolescence proactively, or to develop alternatives. As MoD was
responsible for spares procurement, any non-availability gave the contractor a
good excuse for failure to meet a repair schedule or milestone. The final contract
was for PDS. As it was always difficult to predict the demand for post-design
activities, PDS contracts were something of an insurance policy, usually an
expensive one, against the unexpected or unforeseen. They ensured that the design
authority (DA) retained up-to-date drawings and specifications thus enabling the
MoD to task them with defect investigations, repair schemes, technical improve-
ments and modifications. PDS contracts were often used to cover a multitude of
other requirements which were not funded elsewhere and so were a very useful
enabling tool.

Having three such contracts for each platform or major equipment inevitably
led to fragmentation and incoherence. There was lack of visibility of the whole
support chain and the various dependencies and linkages, the cost drivers and how
to manage them. There was also a culture of lack of responsibility as it was always
someone else’s fault or problem. In trying to illustrate the need to evolve from
these traditional support arrangements to models which gave greater involvement
to industry and grew MoD’s role as ‘‘Decider rather than Provider’’, the DLO
proposed a graphic, the transformation staircase which illustrated, simplistically,
four contractual positions (Fig. 13.1) (Ministry of Defence 2005a). Some IPTs
interpreted this, incorrectly, as a directive to move up the staircase towards
Contracting for Capability rather than to be in the best place contractually at a
given point in the lifecycle. This misunderstanding persuaded the DLO that this
graphical illustration should no longer be endorsed. However, it is important to
understand the basic differences between the four broad arrangements it describes.
In the traditional model, industry delivers assets to MoD. In turn MoD delivers
support through life using its own organic capabilities. Industry sells spares to
MoD but industry is not capable of delivering any benefit through more extensive
ownership of the support chain and its cost and performance drivers. In the spares
inclusive model, MoD outsources the ownership and management of spares. MoD

Fig. 13.1 The MoD
transformation staircase
(Ministry of Defence 2005a)
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then benefits from industry’s ability to buy spares at lower cost and its ability to
plan spares requirements more effectively than MoD. MoD saves on inventory
costs and charges by holding fewer spares and on the administration costs of spares
provisioning. It also enables incentives to be agreed for reducing turnaround times
and opportunities for capital spares and asset disposals or purchase avoidance of
spares not required. CfA is the next model, where the supplier is responsible for
delivering platforms and equipment to an agreed performance and output standard.
It is usually described in terms of availability of equipment ready for operation, but
might also be described in a number of hours or days of availability. CfC is the
most comprehensive model where the supplier is responsible for providing the
whole capability and outputs to agreed performance standards. Conceptually this
model presents real challenges, primarily around how capability is defined and
how realistic it is to expect the contractor to be responsible for all of its constituent
parts and to be contracted to be so. A more sophisticated model than the trans-
formation staircase, and one which is in favour and still valid, is the Support
Options Matrix (SOM) (Smith 2009). Its purpose is to:

• present the range of support options with more granularity,
• provide a clear rationale behind each support option,
• help a project team to make the right decisions for a given support chain,
• provide clarity of requirement to Industrial partners.

As such, the SOM is intended to help an IPT move to the best place in support
contracting. It provides more options—as illustrated at Fig. 13.2 and explained in
more detail below—and a project team leader is able to appreciate the nature of
support cost drivers and who is best placed to manage them—MoD or industry.
Figure 13.2 also shows how the simple transformation staircase and the SOM can
be matched together with many more options now available. These are as follows:

• Spares Exclusive Upkeep (SEU). MoD defines the ‘‘upkeep’’ policy, the
requirements and plans. Industry completes ‘‘depth’’ upkeep which MoD pays
for. MoD pays for all spares used, including those consumed in depth, and pays
for industry’s labour and overheads,

• Spares Inclusive Upkeep (SIU). Industry develops a spares provisioning capa-
bility, plans and procures spares for depth ‘‘upkeep’’. MoD should benefit from
industry’s ability to plan spares more effectively and buy them at a lower cost,

• Incentivised Upkeep Cost Reduction (IUCR). Industry is incentivised and given
the freedom to change the support, repair and test regime to reduce the cost of

Fig. 13.2 The MoD support
options matrix
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spares. This would require a longer term contract and precise MoD forecasting
to assess demand,

• Incentivised Reliability Improvement (IRI). Industry is incentivised to develop
and implement improvements to the reliability of the equipment,

• Asset Availability Service (on Balance Sheet) (AAS (on)). Industry is respon-
sible for providing MoD with a specified level of equipment availability on
assets that remain on the MoD’s balance sheet,

• Asset Availability Service (off Balance Sheet) (AAS (off)). Industry is still
responsible for providing MoD with a specified level of availability but capital
assets are not on the MoD’s balance sheet,

• Capability Service (on Balance Sheet) (CS (on)). MoD contracts with industry
to provide a defined capability and has ownership of defining capability
upgrades. MoD is responsible for ensuring compliance with safety legislation,

• Capability Service (off Balance Sheet) (CS (off)). The MoD contracts with
industry for the provision of a defined capability which, because there are third
party users, requires that the capital assets are not on the MoD’s balance sheet.

Given the much better granularity of the SOM, there are some generalisations
and issues to be addressed. MoD is moving to a position of being only interested in
buying performance outcomes. The contractor then receives payment in return for
agreed levels of performance; this might be numbers of platforms available to the
military for tasking or the completion of maintenance actions within specified time
frames. MoD and the contractor need to agree to a common understanding of what
is required; performance standards, therefore, need to be carefully specified.
Undoubtedly the contractor is made more accountable with CfA, whereas before in
the traditional contracts it was a transactional relationship, where MoD initiated
and managed the transaction, telling the contractor ‘‘how it was to be done’’.

CfA is all about strategic partnerships, as espoused by MoD in the Defence
Industrial Strategy (Ministry of Defence 2005b), demanding the long-term com-
mitment from both parties that enable strategic investment, rationalisation and
decisions which both must make to be more efficient and effective. Generally, it
takes a long time to reach a baseline from which a CfA arrangement can be
negotiated and activated and it must be allowed to evolve and mature. Many of the
contracts have employed a ‘‘soft-start’’ where risk and the amount of work are
gradually transferred to the supplier over a period, typically a year or two. Sim-
ilarly, the gain-share arrangements are often not a simple straight-line graph, but
have thresholds for changes in gradient or step-changes and also some absolute
limits. Things may, however, go wrong and when they do the first reaction should
not be to reach for the contract but, rather, to work together to find a solution.
Successful partnerships will deliver the aspirations of both the user and the support
provider but require a code of partnering behaviours to be developed and agreed;
effectively there should be an ethos of shared values, information and vision—
‘‘need to share’’ replacing ‘‘need to know’’.

The basic model for CfA is for MoD to have fewer, more rationalised, con-
tracts. The prime contractor is left to manage relationships with his suppliers and
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performance measurements and management arrangements are agreed and applied
by both parties. CfA and CfC only really attract those with broad shoulders who
are adept at providing integrated solutions. Pricing structures will also be more
complex, perhaps with a non-variable element which is a guarantee of income to
the contractor, together with a variable element for performance above the
requirement specified. A lesson from all the current CfA arrangements is that
incentives are required to motivate successful delivery. In many CfA arrangements
MoD and contractors are working together, physically co-located and following
common processes, sharing information and taking a shared approach to problem
solving. In many respects with CfA, risk is transferred to industry and there is a
financial cost attached to this; it should never be forgotten, however, that ulti-
mately operational risk lies with the MoD!

13.5 Comparison of Contract Options: Fixed Wing

The first significant CfA contracts originated in the air environment and have
grown in number, encapsulating fast jets, transport aircraft and helicopters. Air-
craft simulators have been highlighted where commercial operators took over the
complete provision of the simulator service and its support. The RAF Simulator
technician trade-group was disbanded and many technicians were immediately
re-employed by the commercial operators. Also aircrew instructors were recruited
from ex-RAF aircrew. These contracts were not initially labelled as CfC although
they do in fact provide the complete capability which is implicit in the term.

In the fixed wing area MoD/BAE Systems/Rolls Royce negotiated the ATTAC
contract and ROCET, the parallel contract for the RB199 engine (which powers
the Tornado). The Harrier Platform Availability Contract (HPAC) valued at
£574M was signed in April 2009 and incorporates the Harrier Joint Upgrade &
Maintenance Programme (JUMP) which finished in late 2009. The Typhoon
Availability Service (TAS) contract, valued at £450M, was signed 4 March 2009
(BAE Systems 2009; National Audit Office 2007).

Before these arrangements, all the corrective maintenance and most of the
preventive maintenance was done by the RAF at each operating base; the only
exception was the Major, or largest of the scheduled servicings, often including
large modifications or upgrades, which was usually done by industry in their
facilities. A major change occurred in the period 2001–2006 with these contracts
requiring a major rationalisation of RAF engineering and support and leading to
industry taking over much of this work at regional centres, or hubs, with RAF
personnel concentrated with the operational squadrons. LEAN2 manufacturing
principles were applied, in which aircraft are ‘‘pulsed’’ along a line incorporating

2 The RAF have adopted LEAN principles in its maintenance operations as a way of reviewing
the way it operates in order to drive out waste in all its processes and maintenance practices.
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on-platform and off-platform maintenance and upgrade tasks. Reporting in July
2007, the NAO noted the savings and improvements the ATTAC and ROCET
initiatives had generated (National Audit Office 2007):

• The pulse line at RAF Cottesmore reduced time for a Minor servicing by 19%,
• The JUMP programme (combining the Minor and Major upgrade programme)

had reduced the time to convert Harrier GR7 to GR9 standard by 43%,
• Improved repair processes on the pulse line for Harrier Pegasus Engine have

reduced turn-round times by 59%,
• The Tornado GR4 pulse line reduced Minor servicing repair times by 37%

compared with previous times at the Defence Aviation and Repair Agency,
• ROCET has delivered 100% availability of the Tornado RB199 engine, reduced

rejection rates and reduced numbers of engines in depth repair which generated
savings of approx £12M in its first year, shared on a gainshare basis,

• Tornado and Harrier Integrated Project Teams’ costs have reduced from £711M
in 2001–2020 to £328M in 2006–2007, a cumulative saving of £1.4Bn.

The NAO also highlighted some of the difficulties associated with the fast jet
CfA arrangements. The contracts had all retained some elements of RAF man-
power providing either some specialist services or some skills. It was difficult to
establish why this had occurred but the belief was that it was to retain the specialist
technical skills available for operational deployments. At the time of the Report,
however, MoD had not been able to meet its contractual commitments for military
manpower for either the Tornado or the Harrier pulse lines. The skill and expe-
rience mix of the workforce, therefore, did not match the plan or the requirement.
It was also probable that MoD did not have sufficient commercial, cost modelling
and project management skills to have developed wholly successful and com-
mercially viable support solutions in the first place. There had inevitably been an
aversion to risk and concern about losing direct RAF manpower involvement in
some of the depth tasks and this attitude shaped some of the contractual
arrangements. Whether MoD also had the skills and expertise necessary to
negotiate ever more complicated support arrangements and contracts, given the
increasing complexity and likely volume of industrial logistics support it needed,
is an open question. MoD has since made some effort to up-skill its personnel in
these areas but still lacks sufficient personnel with the relevant experience and skill
levels to equal their industry counterparts (National Audit Office 2007).

There are many supply chain issues which CfA brings to the fore. The NAO
commented on pulse line delays at both RAF Marham (Tornado) and RAF Cot-
tesmore (Harrier) being attributed largely to failure to deliver spares on time with
on-time averages for Tornado at 81% and for Harrier at 72%. For sourcing of
spares, the NAO noted that the Harrier IPT controlled 77% of spares required by
the JUMP pulse line, but had limited influence over activities of commodity IPTs
(National Audit Office 2007). These commodity IPTs and their suppliers, further
down the supply chain, can have a serious impact on spares availability. Under
CfA, industry should ideally take on full responsibility for all spares provision and
the question needs to be addressed as to whether it matters to MoD if it loses this
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hitherto direct relationship with its commodity suppliers. The key issue is the risk
involved in delegating responsibility to a prime and how confident MoD can be
that the prime will be able to manage its lower tier suppliers satisfactorily.

13.6 Comparison of Contract Options: Rotary Wing

The other air capability area that has made significant progress in availability
contracting is rotary wing. All helicopters are now supported via a form of CfA
partnered contract using a generic model called Integrated Operational Support
(IOS)—the Sea King Integrated Operational Support (SKIOS) and Integrated
Merlin Operational Support (IMOS) being two examples. MoD and AgustaWest-
land (AW) have established a Strategic Partnering Arrangement (SPA); the term
arrangement adds substance to the principle that what matters is how the partners
work together to resolve difficulties rather than resorting to contractual, legally
binding, mechanisms. It covers 10 years’ support for all rotary wing assets for which
AW is the Design Authority (DA) but is reviewed every 2 years. Focused on
business transformation as a key enabler, it is encapsulated in a MoD/AW Business
Transformation Incentivisation Agreement (BTIA) where Key Measures of Success
include: operational serviceability, performance, cost and time improvement, rela-
tionship maturity, DA effectiveness, health and sustainment (Pay and Collins-Bent
2008). The dynamics of partnering are laid down together with the process of setting
appropriate milestones to drive transformation; this covers the top-level require-
ments for aircraft availability, schedule adherence, responsiveness, and sustainable
on-shore DA skills. The BTIA also covers the essential details of cost, establishes
where there are clear dependencies, the cost retentions and how rewards are bal-
anced at a 3 years review. AW maintains that the SPA and BTIA have been
developed to overcome the challenges of protecting military flexibility whilst
improving industrial predictability (Pay and Collins-Bent 2008).

In practice the IMOS and SKIOS contracts are priced with an element linked to
flying hours. There are non-variable and variable elements of pounds per flying
hour (££s/fg h). For IMOS, the price, from contract initiation is valid between 70
and 120% of the MoD target of flying hours. With this arrangement the more the
Merlin Mk1 and Mk3 helicopters fly, the more turnover and contract value that
industry achieves.

With the payment and profit mechanism based on ££s/fg h, the incentivisation
mechanism works on both a penalty and a bonus mechanism. If hours are under
70% then there is a penalty and if hours are between 70 and 120%, there is an
increasing incentive. There are also Key Performance Indicators (KPIs) for the
operational fleet size and the Merlin Mk1 training system availability, but the
principal one is for aircraft serviceability. In general the IOS contracts rely on
good management information systems, meaningful KPIs, incentivisation mech-
anisms and partnering or ‘‘teaming’’ together with other management arrange-
ments. They provide for significant value leverage and have delivered recognised
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savings over previous arrangements. Some of this has undoubtedly been as a result
of the re-organisation of Royal Navy (RN) and RAF maintenance arrangements
and the centralisation of depth servicing. The fixed price contract with incentives
has also encouraged the contractor to generate and incorporate modifications or
system enhancements to improve reliability and to achieve contracted fleet
availability whilst reducing maintenance and recovery effort by the Prime and sub-
contractors (Fig. 13.3).

Under the SKIOS contract AW have gone further for the Search and Rescue
(SAR) fleet by taking on responsibility for providing 1st line maintenance activ-
ities for the SAR Sea Kings at 8 bases (7 in UK, 1 at the Falkland Islands). This
departure from normal operational support arrangements, where the RAF carry out
the 1st line support, means this arrangement is tending towards CfC although not
actually reaching genuine CfC status because the Sea Kings are flown by RAF
aircrew. It is possible because the SAR units are fixed to provide 24 h SAR cover
and are, therefore, not subject to the same need for flexible deployments.

Many lessons are being learned from the AW experience. There are joint teams
at all levels of management in both technical and commercial areas allowing the
contractor to be able to see and understand how and why the customer needs to
‘‘move the goal posts’’ as operational needs change. The customer must also have
sight of the contractor’s problems in meeting availability and be aware of the
activities that the contractor may propose to limit his liabilities, for example
modifying equipment to improve reliability in order to reduce the contractor’s
repair costs within the fixed price being paid. There needs to be due diligence in
the technical issues based on a mutual and shared understanding of the risks and
benefits. Likewise there needs to be logistics due diligence, which means a shared
understanding of the repair and supply loops for the contractor’s support strategy.

13.7 Comparison of Contract Options: Maritime

The RN used to have five Island Class Offshore Patrol Vessels (OPVs) which were
commissioned 1976–1979 with the role of fishery protection and oil and gas field
protection. Additional roles were added by the late 1990s for assisting HM

Fig. 13.3 Merlin contract
price for flying hours (Pay
and Collins-Bent 2008)
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Customs and Excise, scientific and environmental roles and assisting vessels in
distress. It was soon realised that the Island Class vessels did not have the cap-
abilities to perform all these roles effectively and they were also proving costly to
maintain and support. In December 2000 an Invitation to Tender (ITT) for the
replacement OPV capability was issued to eight UK shipbuilders. MoD was
looking for innovative ways of delivering the capability. In March 2001 Vosper
Thorneycroft (VT) was selected as the preferred bidder and the contract was
placed in May 2001. The vessels entered service during 2003. The acquisition
period, just 3 years, was remarkably quick, particularly so for ships, and there
were several reasons. Firstly, the Island Class ships had become too expensive to
maintain and there was considerable pressure to reduce the short-term support
costs. Gapping the capability was not an option so a new, cheaper solution was
urgently required. Senior MoD management were under pressure to deliver early
savings to prove the worth of the new Smart Acquisition process. The OPV fleet
provided an opportunity to deliver clear short-term savings and demonstrate to
politicians and taxpayers that Smart Acquisition was a success. In December 2000
VT had been forced to issue redundancy notices to much of its workforce and there
was consequently considerable political pressure to ensure that VT won the con-
tract with an order for at least three ships to maintain these jobs and to keep its
shipyard open. As a result of winning the contract, VT was able to reduce job
losses to 120.

The acquisition was a breakthrough in terms of CfA for MoD as it involved VT
leasing three ships to the RN with support and maintenance provided through a
Contractor Logistics Support (CLS) arrangement. VT retained ownership of the
vessels and chartered them to the MoD for 5 years, with a daily charge for
complete logistic support. VT also guarantees 960 days availability per year across
the three ships. Only when those ships are available for MoD tasking is the MoD
liable for CLS costs. In the first year of operation, the three River Class OPVs
achieved 97.5% availability, compared with a maximum of 82% for the five, less
reliable, Island Class they replaced. There are other advantages as well. The new
vessels are more capable; they are also 30% larger. They are more fuel efficient
and have a smaller crew, 30 compared with 35 on the Island Class. Total RN
manpower involved in their operation has consequently reduced. Based on this
success, a further vessel, similar in design, was acquired as the Falkland Islands
Patrol Vessel. At the end of its initial 5-year lease the MoD decided to extend the
lease for a further 5 years, out to 2013, and with the same CLS arrangements.

The fact that uniformed RN crews are part of the capability and are provided
and paid for by MoD, puts this arrangement into the CfA contracting model. There
is no doubt, however, that it has been delivered successfully and has generated
savings for MoD. Such contracts would seem to be most suited to relatively
simple, commercially available technologies used in routine, predictable opera-
tions such as fishery protection, rather than front-line warship capabilities. The
contract incentivises the company to meet and exceed the capability and avail-
ability requirements. Leasing may not always be the cheapest option however, but
it does provide smooth, predictable yearly budget requirements where the risk is
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transferred to industry. It enables a ‘‘try before you buy’’ approach that also
reduces risk significantly. The counter argument of course is that support costs are
usually significantly lower in the first few years of operation and should MoD then
transfer ownership of the OPV class, it is in the next 20 years that support costs
could be expected to increase. Another advantage that had encouraged the leasing
option was that under the Resource Accounting and Budgeting processes which
MoD operates as a public sector department, it was beneficial not to hold the ships
on its own balance sheet. There has been some debate, however, as to whether it is
acceptable to hold what are classed as National War Fighting Assets off balance
sheet. If it becomes policy that this is not acceptable and MoD then has to buy
them the balance of financial benefits will change.

13.8 Comparison of Contract Options: Land

The provision of availability of vehicles and systems in the land environment
presents different challenges and less progress has been made than either air or
maritime. The MoD examined how to combine its concept of Whole Fleet Man-
agement with a whole fleet support arrangement for their armoured fighting
vehicle (AFV) fleet. There are compelling advantages to retaining a UK industrial
AFV capability and a whole fleet support solution would underpin that capability
by providing a maintenance and upgrade capability for current and future equip-
ment both in peacetime and operational theatres. The project, known as Armoured
Vehicle Support Transformation (AVST), aimed to move land vehicles towards
CfA solutions type by type and progressively towards the optimal solution for each
vehicle fleet. One arrangement, already in place and informing development of
AVST, was the AS90 Equipment Support Agreement (ESA). This was a single 5-
year CLS contract with BAE Systems to supply spares and repairs on demand over
the 5 years, together with technical support, for the AS90 155 mm Self-Propelled
Artillery System. AVST’s intended benefits were to develop an engineering logic
for hull/turret structural integrity and improve materiel availability by aligning the
industrial supply chains. It was also intended to reduce costs by collecting and
utilising data to reduce failure rates, improve demand planning, improve inventory
and optimisation. AVST sought to apply continuous improvement by learning
from experience and applied a structured approach to obsolescence management
which is a critical issue for many military equipment. The changes expected would
certainly deliver platform efficiencies by having a common requirement, devel-
oping a single solution and using it multiple times for the many different vehicle
fleets. The significant number of vehicles in each AFV type makes the need for
cohesive and workable solutions very important. AVST has yet to deliver on the
challenging requirement to provide a coherent service through-life whilst pro-
viding improved vehicle availability and faster response times to the Front-line
Command.
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13.9 Conclusion

By dealing with the theoretical issues of availability first it has been shown that
great care must be exercised when defining the exact availability required and by
whom. There is much potential for confusion in what exactly can be contracted for
in availability due to the downtime being misunderstood by both the customer and
support solution provider. Nevertheless, CfA and CfC are the most recent popular
service support solutions championed in the Defence environment. CfA has
developed from what in the past was known in its more limited form as Contractor
Logistics Support and a number of variants of the CfA model have been devel-
oped, the IOS model in the rotary wing domain being one example. What these
new over-arching concepts do is to bring the whole support solution together in a
partnership for the delivery of better operational availability. Yet what is unclear is
the real connection with reliability, maintainability and logistic support. The
engineering inputs and connections to these disciplines need to be re-emphasised
and re-iterated. They each effect operational availability but it is unclear to many
who require the simple delivery of operational availability just what these effects
are and how important each one is. MoD policy is to re-evaluate projects and select
support solutions that deliver the required availability and the most effective
support rather than a progression from traditional arrangements to CfA and CfC.
The SOM provides a greater range of options and provides a process for projects to
determine the best option. In a number of examples it has been shown that there
are already many ways of delivering CfA and CfC although few are perhaps true
CfC. Indeed the debate as to what defines the whole capability is one that justifies a
separate chapter in its own right. Nonetheless, it has been possible to show some of
the pitfalls that must be avoided and issues that must be resolved to deliver
successful and innovative support solutions which are meaningful and useful to the
user. This would be a beneficial area for further research both to encapsulate the
many and varied options, but also to expand the understanding of the SOM and to
provide more definitive guidance to MoD and commercial organisations alike.

Despite the potential pitfalls and lack of a clear understanding of the real user
requirements for availability, the move to CfA and CfC has been shown to be
beneficial for the user, the wider MoD and for companies who provide support
solutions in the defence environment. For the MoD, lower overheads and clarity of
in-year budgeting are but two of the value creations. For industry, increased
revenue from increased yet efficiently run business will generate more profit.

13.10 Chapter Summary Questions

The chapter has identified the many misunderstandings in trying to define avail-
ability and capability contracts in the Defence environment. It has compared what
is happening in practice across the air, sea and land environments and shown there
is no single format that is successful. It raises the following questions:
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• How do we re-connect the essential attributes of reliability, maintainability and
logistic support with the delivery of operational availability?

• What are the essential attributes and principles for a successful availability
contract and an innovative support solution?

• Can contracts for capability be realistically delivered for defence equipment?
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Chapter 14
Enabling Support Solutions in the Defence
Environment

Christopher J. Hockley, Adam T. Zagorecki and Laura J. Lacey

Abstract Health and Usage Monitoring Systems (HUMS), Reliability Centred
Maintenance (RCM), Condition Based Maintenance (CBM) and Prognostic Health
Management (PHM) are enablers for engineering and support planning and are not
being exploited to their full potential in the military environment. This chapter
explores the nature of the techniques and the challenges for their adoption in the
military environment. It shows that there is a connection not only between
engineering solutions that involve one or more of these techniques which aim to
provide effective support solutions, but that there is also a compelling case for their
adoption to improve operational availability to benefit both the user and those who
provide support solutions. The chapter first reviews the nature of failure and the
consequential need for maintenance. It then reviews the techniques of RCM and
CBM before looking at the processes of HUMS and PHM. Operational availability
and its constituent parts and enablers are not commonly understood by either the
user community or the support solution provider. Consequently HUMS and
Prognostics are not yet generally recognised as being able to improve operational
availability and make support solutions more effective. The benefits of RCM and
CBM on in-service equipments are likewise not being exploited fully.
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14.1 Introduction

In this chapter the state of the art for predictive maintenance and repair in the UK
Armed Forces is reviewed. The chapter looks at the nature of failure before
reviewing the philosophies and capabilities of Reliability Centred Maintenance
(RCM), Health and Usage Monitoring Systems (HUMS), Condition Monitoring
(CM), Condition Based Maintenance (CBM), and Prognostic Health Management
(PHM). The discussion focuses mainly on the Army, Royal Navy (RN) and Royal
Air Force (RAF) with references to civilian industry and US armed forces where
necessary. Current practices for maintenance within the UK Armed Forces and
opportunities to improve these practices through technology are identified. Which
technologies should be applied to increase the effectiveness of all forms of
maintenance are investigated. The statement technology can help, is not taken for
granted, rather it is considered as a proposition leading to the investigation of how
it can be achieved.

14.2 Reliability Practice and Modelling Failures

The approaches to maintenance have varied greatly through the evolution of
systems and their increasing complexity. Until approximately the 1950s the
approach to maintenance was very simple, whenever something failed it was
repaired. In the 1950s a new strategy became dominant, pre-planned maintenance
which incorporated the idea of preventive maintenance. In the 1980s new strate-
gies started to be developed; their aim was to increase reliability and reduce the
maintenance burden in terms of cost and time. The new techniques included:
failure modes and effects analysis (FMEA), usage and condition monitoring and
design for maintainability. Two factors played a critical role in this evolution:
constantly increasing complexity of systems resulting in a growing difficulty in
supporting maintenance; and increased understanding of the nature of failure—
both the physics of failure and the statistical aspects. The increased understanding
of the nature of failure also additionally led to an understanding of the linkage to
the safety and economic consequences of failure.

In recent decades information technology has offered a new array of tools and
processes to support maintenance and logistics. The new developments include
automated monitoring systems that utilise a wide range of sensors, and modelling
techniques that allow understanding and prediction of the physics of failure (PoF),
optimisation of maintenance regimes and planning of maintenance to avoid
unexpected failure. The leading institution researching PoF is the Center for
Advanced Life Cycle Engineering (CALCE) at Maryland University where over
100 researchers are employed on PoF and research into prognostics to improve the
level of understanding of failures and to produce methods and models to help
in design.
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In terms of maintenance, military equipment is especially challenging, much
more than in the civilian sector. Military equipment is used in many different and
extreme environments, sometimes outside of its original design specifications.
Ministry of Defence (MoD) equipment is also not used in a uniform manner; there
are heavy periods of operational or training use and there are often long periods of
standby or storage. It is, therefore, questionable if modelling techniques from
civilian applications that assume continuous and consistent patterns of usage are
applicable. Many modelling techniques for reliability assume that equipment is
used, if not continuously, then at least consistently—an assumption which should
not be made about MoD equipment. At least three generic modes of usage can be
identified for military equipment.

• Peacetime usage. Typical usage during peacetime is likely to see the equipment
used in a range of training activities. Some of these could be relatively gentle in
nature; others could be considerably more robust. An armoured unit undergoing
live-fire training in the dust of the British Army Training Unit in Suffield
(BATUS) Canada for example, will be deliberately pushed to extremes. This
reflects the fact that all military training is designed, ultimately, to prepare
service personnel for potential operations. During peacetime usage this heavy
usage will be followed by established maintenance activity and then possibly
storage. It would be wrong to assume, however, that all equipment in a par-
ticular fleet experience similar peacetime usage. The existence of fleets within
fleets in which different equipment are modified to suit training requirements or
particular roles or theatres is common.

• Storage Periods. The MoD has procured enough equipment for its operational
capabilities and has now instituted Whole Fleet Management (WFM) for vehicles
in order to ensure more equitable usage for all equipments within some of its
fleets. A part of the fleet will be used for training and operations while the rest is
kept in store and then the active fleet is rotated through the storage facility. These
storage facilities will in future hold most of the stored vehicle fleet in Controlled
Humidity Environment facilities which are known to reduce degradation.

• Operational Usage. In theory, operational usage is usually synonymous with
war-fighting which is characterised by short periods of intensive, and to an
extent, unpredictable activity. On such operations, the command imperative is
absolute and the commander will adapt usage, tactics and implementation of
procedures to counter the threat that prevails at the time whilst ensuring the
delivery of operational success. Commanders may override any established or
approved maintenance regimes and demand that equipment are used in novel
and unforeseen ways; they would then call upon the improvisation skills of
maintainers in the field to return equipment to full availability as soon as pos-
sible. What may be considered equipment abuse in peacetime may well be vital
and necessary on operations. Modelling failures for war-fighting operations can,
therefore, be extremely difficult, if not impossible. Other operational usage such
as fishery protection or maritime survey will be ‘‘operational’’ and equally
demanding but without the same pressures that war will generate.
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These three quite generalised usage patterns are likely to have applicability
across most MoD equipment but must be used with care. Not all equipments are
used on operations and some will experience quite predictable usage patterns.
Fishery protection vessels, for example, are unlikely to be used in any other role
and thus their usage patterns can be relatively easily predicted.

The military environment is by its very nature demanding and hostile for
equipment yet perhaps no more so than in the mining or construction industries.
Yet military equipment seems to be less reliable than its commercial equivalents.
This is often the result of being used outside its design specification, an issue that
needs to be addressed by the MoD. Unfortunately the reality is that the defence
environment and doctrine are constantly changing and the expected use and
specification will inevitably be out of date by the time the equipment enters
service. If specifications were originated to cater for all possible eventualities, an
already expensive solution would be un-affordable. However, a contributory factor
to the unreliability is the range of specialist equipment needed and environments
that military equipment must operate in, both of which inevitably increase the
complexity and the weight from the original design specification; adding more
armour because the threat increases is a simple example here. Of course there is
frequently a justified need to use the equipment in different ways and environments
than it was designed for. Additionally another contributory factor to the unreli-
ability is often the frequent modification of the equipment beyond its original
design intent; Warrior and CVR(T) vehicles are two of many possible examples.
Another influence on reliability is the level of equipment care provided by the user.
The military environment again poses special challenges and military operators are
well trained but naturally perceive military equipment as inherently robust and
expect it to be tough enough to withstand severe handling in demanding envi-
ronments. Yet often the required infrastructure for maintenance is not available on
deployed operations and this can adversely affect reliability. The challenge for
Whole Fleet Management (WFM) within the Army now is to overcome the
reduction in a sense of ownership that WFM brings with the shared training fleets
that result. It is not until users are issued with equipment in which they might have
to go to war that the sense of ownership and total equipment care returns. Poor
levels of husbandry care result in low availability and the Army tries very hard to
promote higher standards of equipment care through its monthly Kit! Magazine
(British Army 2010). It is nevertheless an on-going challenge.

14.3 Reliability Centred Maintenance (RCM)

RCM is an approach intended to improve maintenance policies and practices. It
was first introduced in the USA through a study initiated by United Airlines who
were concerned at the huge amount of scheduled servicing that would be required
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with the introduction of the Boeing 747 compared to their existing fleet of 707 s.
The process was called MSG after the Maintenance Steering Group that formu-
lated the process and in the airline industry is still used today as MSG-3 (Air
Transport Association 1993). RCM and its industrial derivative process RCM2,
developed by Moubray (2005) is very similar to MSG-3 and seeks, through a
structured process, to develop the optimum maintenance requirements for the
equipment or plant. Today’s RCM is defined in the USA by the SAE JA1001
(Society of Automotive Engineers 2006) standard and in the UK military by AP
100C-22 (Ministry of Defence 1999) for the RAF and aircraft and by Defence
Standard 00-45 (Ministry of Defence 2006) for the Army and RN. It is a powerful
tool if applied correctly and ensures that the most appropriate schedule is devel-
oped for equipment coming into service and that experience of using the equip-
ment in the real world can be used to modify the schedule once equipment have
been in service for a time.

The RCM methodology is in fact a systematic approach which can be used to
create cost-effective maintenance strategies to address dominant causes of equip-
ment failure. RCM emphasises predictive maintenance in addition to preventive
maintenance and determines the maintenance requirements by asking 7 questions:

• What are the functions and associated performance standards of the asset in its
present operating context?

• In what ways does it fail to fulfil its functions?
• What causes each functional failure?
• What happens when each failure occurs?
• In what way does each failure matter—what is the impact?
• What can be done to predict or prevent each failure?
• What should be done if a suitable proactive task cannot be found?

RCM therefore determines the appropriate maintenance action for a given
component and also lays the foundation for PHM. The RCM and MSG-3 processes
also recognise that there are three major risks posed by equipment failure: threats
to safety, threats to operations and threats to budget.

MoD requires RCM to be considered throughout the acquisition cycle. RCM
analysis should first be conducted to determine a preventive maintenance pro-
gramme for new equipment. Subsequently, after a period of real operational usage,
it should be repeated to ensure that necessary changes to the schedule, which take
account of actual usage and operating conditions, are incorporated. Further
reviews should be carried out periodically to refine the schedule in the light of
experience and changing circumstances. To achieve successful RCM application,
it is necessary to prepare and implement a RCM plan. Defence Standard 00-45
(Ministry of Defence 2006) ‘‘Using Reliability Centred Maintenance to Manage
Engineering Failures’’ is the top-level tri-Service standard that was first issued in
2006 (superseding Def Stan 02-45, developed for RN applications only). It states
that RCM is accepted by MoD as the process to be employed to define
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maintenance programmes for new capabilities and is managed as part of the
Integrated Logistic Support (ILS) process (Ministry of Defence 2006). The
development of RCM as a tool to assist in prognostics and predicting what
maintenance actions may be required, is yet to be really exploited due to the
immaturity of prognostics.

It is believed by the RAF that RCM has saved countless millions of pounds, in
particular through the rigorous review of maintenance schedules once an aircraft
has been in service for a time. Particular maintenance actions might be extended or
re-scheduled based on the review and the knowledge and experience of usage and
environment. RCM in the RN has also made great savings and is being gradually
applied to both existing and future ships. RCM is not mandatory however, for all
Army vehicles and yet significant savings have been identified for several vehicle
fleets which have undergone RCM. Implementation has often been slow because
of a lack of resources and budget to make and publish the necessary changes to the
schedules. The benefits of RCM are affected by fleet size and usage, the latter
being influenced by the composition of force elements deployed on operations, the
amount and type of training being undertaken and by the impact of WFM. It is
probable that RCM could lead to significant potential savings across many more
Army platforms but a major challenge would be securing the engagement of the
MoD’s Project Teams which are always operating under significant resource
pressures. Additionally, the design authority (DA) bears a major responsibility for
dealing with reliability issues, an aspect which may be addressed under availability
contracting, where the DA and the service provider may be the same entity and
will thus have a more direct stake in achieving improved reliability.

RCM has beyond any doubt proved its practical value both in industry and in
the military although the lack of a consistent approach across the three Services
suggests further significant savings could be achieved in the Army in particular.
RCM cannot only be used to define maintenance regimes and provide financial and
operational savings, but can also be very effective if supported by HUMS, CM,
CBM and prognostics. The RCM process can potentially be used to identify areas
where the introduction of HUMS, CM, CBM and prognostics could prove to be
beneficial. It needs an acceptance that these technologies and processes will be
cost-effective as solutions despite any initial costs for the technology insertion that
is then necessary. This may be especially true for legacy systems where the
potential is greatest but the technology insertion opportunities may be more
limited. In the light of difficulties with justifying the operational benefits of
HUMS, it is perhaps the cost benefits of HUMS that should be emphasised and the
fact that it will inevitably lead to more operational effect. However, these aspects
still require research and justification to make the cost benefit case. It continues to
be difficult to engage the operational staffs on the advantages and the increased
availability that RCM, HUMS, CM, CBM and prognostics can provide. Certainly
one of the clear benefits of RCM, based on RAF experience, is the extended
intervals between periodic maintenance which result from regular reviews of
maintenance schedules using real usage and experience of equipments in opera-
tional conditions and use.

262 C. J. Hockley et al.



14.4 Health and Usage Monitoring Systems (HUMS)

Health and Usage Monitoring Systems have been used increasingly in modern
equipment. However, CM is a similar technique which at its basic level might be a
visual inspection but is more generally a technique such as oil health monitoring.
In contrast to CM, HUMS is regarded as some form of a system that collects data
and then provides some analysis on the collected data. We are accustomed to such
systems in our modern cars and commercial aircraft. The Boeing 777 and the
Airbus family routinely use HUMS (known variously as Aircraft Integrity Man-
agement System—AIMS) for example. The main reason was the advance in
information technology that permitted cheap and reliable computers installed on
vehicles and machinery. Additionally, developments in sensors and measuring
technologies led to availability of a wide spectrum of relatively cheap sensors.
These two technologies, combined together, allowed for sophisticated monitoring
systems that could produce and store vast amounts of usage data that could later be
analysed. However, Formula 1 motor sport provides the ultimate in what is
capable with real-time monitoring of every aspect of the car and its use around the
circuit. It shows what is possible, albeit with a huge investment, but does dem-
onstrate and give a valuable insight into the real exploitation of this technology
and the real-time monitoring of health and usage. Potentially HUMS opens up a
wide range of opportunities such as allowing predictive maintenance, reducing the
logistic footprint and reducing through life costs. Some practical problems with
HUMS are that they may initially introduce extra costs, they may require changes
in maintenance culture and the quality of collected data may not be sufficient for
prognostic purposes. There are others. Currently the challenge within MoD is to
prove the usefulness of HUMS and its operational and cost benefits. Experience
thus far has been patchy and in particular is not coherent across the Services.

One of the limitations of HUMS and indeed CM, is the fact that instantaneous
failure modes (random failures) cannot be prevented by monitoring systems. Some
studies suggest that this type of failure is dominant for aircraft components and
electronics. This may suggest that HUMS ought to be limited to certain application
areas for which failures can be predicted. However, the value of HUMS does not
only come from the fact that the data collected can be used for failure prediction.
The usage monitoring itself can be very useful. For the components that fail
unpredictably HUMS can possibly provide estimates of failure probability distri-
butions (although this is currently not usually available). For components where
we know the probability curve, HUMS can provide realistic estimates based on
actual data. This can have immense value for defining maintenance schedules and
RCM studies would benefit greatly from reliable failure data which are related to
actual usage. The typical perception of HUMS is that it automatically implies
prognostics. It is commonly believed that data can be easily used for prediction
models. In fact currently collected data are often of insufficient quality for the
predictive models, or the systems are too complex for creating practical models for
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prediction purposes. These models need to capture not only how the system works,
but how it is being used in different environments and how it degrades over time.

The most active developments in the MoD in the past have been in the air
domain, particularly for helicopters, although there is little commonality of HUMS
equipments and technologies; consequently how it has been implemented and used
across platforms is different and has varied significantly from the original
aspirations. As a result a study is now underway to try to rationalise HUMS for all
military helicopters. Typical problems include data download and recording which
tend to be neglected by maintenance personnel. Part of the problem is that they see
no benefits for themselves or for the squadron in collecting usage data. Imple-
mentation of HUMS has happened in a piecemeal way so causing the present
situation and perception; some systems have limited on-board data storage capa-
bility and in reality there may be limited opportunities to download data before the
on-board storage capacity is exceeded; this results in much lost data.

James Fisher Ltd. has worked with the Royal Navy since 1988 to install the
MIMIC condition monitoring system, HUMS, as a part of the UK MoD’s policy of
RCM in the RN. Some 83 MIMIC products are installed on ships, submarines and
shore establishments. However, the system is not considered to be operating to its
full potential. The main problem is that whilst the data is being collected and
stored, they are not being analysed. A number of factors contribute to this, amongst
them the fact that initially the system was over-sensitive and triggered too many
false alarms leading to a reduction in user confidence. Although its sensitivity
levels were adjusted, this was not fully communicated to users and their confi-
dence in the credibility of the alarms, therefore, has remained low.

MAN trucks have a comprehensive HUMS installed on their commercial
trucks. The same system is now installed on the General Service Vehicle (GSV) a
range of trucks delivered to MoD and MAN is very keen to be able to monitor
them in real-time as part of the MoD support contract. The issue of security
however, arises if the HUMS are downloading data as this may alert an enemy to
the position of the truck; the willingness of MoD to allow a civilian commercial
organisation to track their assets in real-time in an operational environment is also
a security concern. Both parties continue to work to implement a workable solu-
tion but it is unlikely to be adopted for vehicles deployed on operations unless data
download can be achieved simply and with transmission to UK enabled easily and
securely at periodicities which allow for the security concerns and operational
reality. One option could be to give MoD the ability to disable, at will, the vehicle
tracking functionality in the HUMS fit when operational security dictates. MAN
Trucks are currently monitoring MoD vehicles being used for training alone and
this has allowed for detection of where driver training has not been fully effective
or exceptional cases of misuse. This latter category has to be handled carefully by
MoD commanders, using it to make drivers aware that the vehicle is under sur-
veillance, but only in the interests of raising standards of equipment husbandry,
usage and safety, rather than to catch them out. One example was the incorrect
usage of the secondary braking system: the instructional staff were able to take
corrective action, re-emphasising its proper use and thus rectifying the problem
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quickly, and before it caused consequential unreliability. Without the HUMS it
might have proved difficult to establish the cause.

HUMS addresses one of the key problems with estimating usage. It is known
that the usage is not an indicator of the state of the system, but rather the intensity
of usage is the key data required. Properly designed HUMS can collect data on
actual usage and the loads and strains that have been put on equipment during that
usage. This in itself provides a huge leap in terms of knowledge available to
maintainers and the information for possible predictive models. An example is the
helicopter undercarriage; flight hours are not a measure or a good indicator of the
state of the undercarriage. It may happen that a helicopter experiences multiple
landings within a short operational time, some of them being more intense than
others, or it may be that it experiences long flights with few well controlled, softer,
landings. HUMS can relate exact usage to other parameters and allow better
estimation of the health of individual components and thereby the whole platform.

A key aspect of assessing health is the need to define healthy as an identifiable
state. A useful way of doing this is to consider the P–F Curve (Fig. 14.1). By
considering health, or an item’s serviceability against its usage or time of opera-
tion, there is a point where the first opportunity is presented, point P, to predict an
eventual failure, point F. The interval between these two points is known as the P–
F interval. By knowing something about the life characteristics of the item and its
usage, some decisions can be made about how rapid its decline will be to failure;
with this information inspection intervals can be set so that the inspection interval
is shorter than the P–F interval. Analysis of P–F intervals is a fundamental part of
the RCM process to determine inspection tasks and intervals.

One of the key problems with HUMS is the need for expert analysis and
interpretation of the data or an ability to turn the data into useful information. This
may be done automatically on-board or off-board, but may also require some
human analysis and interpretation. A common tendency and error is also to present
the costs of HUMS as the cost of installation or embodiment and of the initial
personnel training. Most of the cost analysis in presentations ignores the through
life cost and through life benefits of HUMS. Other types of cost, might be the cost
in terms of electrical power consumption and some small additional weight to the
platform.

Even though HUMS are commonly associated with health monitoring their
usage monitoring functionality is the easier function to deliver as it provides

Fig. 14.1 The P–F Curve
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information which is as valuable, or even more valuable, than that provided by the
health monitoring functionality. First of all, usage monitoring is typically much
easier to achieve than health monitoring. Secondly, automatic usage monitoring
for systems that experience irregular use can bring useful information about sys-
tem usage and any damage or untoward shocks or vibrations it has experienced.
This could possibly be used to provide initial estimates of system condition
(Table 14.1).

Usage monitoring may be especially useful for military vehicles, where patterns
of usage are highly irregular, sometimes including long periods of inactivity
between high usage in extreme conditions. Moreover, usage patterns differ
between individual vehicles; some vehicles may spend most of their lives in
storage or unused, while others may be used intensively during training or
deployed on operations. Automated usage monitoring may also be an invaluable
tool to assess the potential availability of the fleet, especially for equipment subject
to WFM. Usage monitoring can challenge common beliefs on patterns of usage.
For example, research conducted by the MoD’s Material Integrity Group sug-
gested that flight patterns for Chinook were significantly different from what was
believed (Driver et al. 2007). This has an important implication and value in itself;
it provides objective data on actual system usage, thereby enabling better informed
assumptions on future usage to be made. Finally, any changes in usage trends can
be instantly identified by an automated HUMS. Usage monitoring itself (without
health monitoring) is also a quick win and can be used to promote HUMS. To
illustrate the point, RAF pilots’ flying hour recording was inaccurate by 40%.
Once automatic flight recording was introduced, accuracy improved to the extent
that reports were only 3% inaccurate. However, it should be noted that this result
was mostly attributed to a certain number of individuals who had a dispropor-
tionate influence on the statistics (Condition Based Maintenance in the Air Domain
Workshop 2008).

Table 14.1 Benefits and costs of HUMS

Benefits Costs

Increased life and availability Cost of purchasing of new
equipment

Reduced secondary damage and fewer maintenance-induced
problems

New maintenance skills to
learn

Reduced unplanned stoppages On-going support costs
Focused and better planned maintenance effort with resources

prepared and positioned for planned maintenance
Data storage

Reduced Logistic footprint Data transfer processes
Pre-mission screening of unhealthy equipment Data analysis
Increased crew awareness and overall safety, especially for

airborne platforms
Power consumption and

weight
Data for duty cycles, mission profiles, environments for design

improvements
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HUMS would seem to be necessary for successful availability contracting. It
would be extremely difficult to monitor a contract for availability without usage
monitoring, a fact not pressed hard enough by suppliers and not well understood by
the customer. Usage monitoring is an enabling technology that allows the con-
tractor to monitor usage of equipment to ensure that it is used in accordance with
the terms of the contract and is satisfying the availability requirement. A good
example is the Merlin helicopter. In the earliest design options HUMS was
available, but it was only during 2008 that the contractor realised that they needed
HUMS to meet contract requirements fully. They began to see HUMS as a critical
technology for their business.

This also brings up the very sensitive issue of who owns the data collected by
HUMS. There are two dimensions, legal and technical. Current HUMS produce
vast amounts of data and their storage may require significant technology and
storage on the platform and infrastructure off the platform, particularly for large
fleets. A common perception is that the Joint Asset Management and Engineering
System (JAMES) project, currently just used for Land vehicles, would serve this
purpose for all three Services in the fullness of time, but this is not correct. JAMES
does not have funding nor is it designed to act as a common data repository for all
HUMS data. Typically, contractors are very interested in owning and getting all
HUMS data, as this data potentially can be used to reduce maintenance costs and
improve support. However, sensitivity of some of this data is an important and
difficult issue and MoD in general is not being proactive in solving the issues of
ownership, data security and giving oversight of fleet usage and abusage; the
problem is probably not widely understood. The capability to exploit the HUMS
data exists on several MoD vehicles but currently MoD has not endorsed any
approved solution or issued directives on how to deal with these outstanding issues
of data ownership and security. Without JAMES, there exists what has been
termed the Air Gap between what is on the vehicle and the ability of the fleet
manager, whether he be the operational or the contractual manager, to obtain,
manage, exploit and use the data in a sensible timeframe. There is no recom-
mended or authorised medium, memory stick, CD or electronic recording device
that serves as the data transfer device. This is a major problem for the advance-
ment of prognostic and predictive health management in the three Services.

Cook (2007) emphasises that it is the continuous nature of HUMS data that
delivers the most important benefits for prognostics and consequently allows the
streamlining of supply chains and ultimately leads to improved availability. For
the MoD the real challenge is the acquisition of HUMS data from the platform and
its storage in a dedicated data repository followed by timely analysis. Currently
there is no infrastructure prepared to handle HUMS data in any general form. A
typical practice is to collect data using memory sticks and post them using the
normal mail system. Needless to say, such practice does not allow for real-time or
even close to real-time analysis and the data can easily be lost.

There is no plan to address this problem within MoD. The challenges to be
overcome include:
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• No generic HUMS data standard (and nothing expected in the near future).
• The current communication infrastructure (the BOWMAN radio) was never

intended to be able to handle HUMS data, especially because of the large
volumes which might be involved and which would need excessive bandwidth.

• Reluctance to use wireless communication in operational situations.
• There are no proper data repositories identified to handle HUMS data.
• There is no capability to analyse the data and therefore no results being provided

to show the operational benefits; hence, there is no perceived need by those at
the front line to provide data to improve their operational effectiveness.

• There has been collation of cost benefit data or evidence to show the operational,
maintenance and through life benefits.

• There is too big a gap between industry who might be able to improve opera-
tional effectiveness if they had the data and those at the front line who do have
the data but are not able to extract it.

The conclusion is that any contractor, who intends to use HUMS data from
MoD, should ensure that they provide an appropriate data repository and should
expect that this data will not be accessible in real time.

HUMS will collect data from a great many sources around the vehicle
depending on what has been decided as important data to collect. It may be data
from accelerometers, sensors and data available from the CANbus.1 Whatever
sensors are fitted, they only provide data which needs to be turned into informa-
tion, interpreted and used appropriately. Information is necessary in order to make
decisions; however, information must have relevance, effectiveness and timeliness
within the decision making process. In other words it must have operational value
for it to be worth collecting. Nevertheless without data being available in the first
place, no value will result. Moreover, decisions must depend on the accuracy and
correctness of the information supplied or collected so the information needs to be
clear, based on consistency, coherence and representing the complete picture of all
the available sources; in addition it must be based on clear and explicit definitions
and understanding. To realise the benefits successfully, the key requirement, which
is to use information produced by HUMS to change maintenance regimes for
improved safety, extended system life and reduced maintenance costs, it must
involve bridging the air gap. Industry cannot do this alone. Although systems and
contractual arrangements can be made to work in peacetime, it is during operations
and extended deployments that the MoD must exploit the operational benefit for
improved availability that is within their grasp.

HUMS in military applications do not mean prognostic models are available—
yet! At present they only produce data that in time can be potentially used for
prognostic models and further improvements in mission planning and operational
availability. Some of the HUMS currently fitted and being developed have the

1 CANbus is the multiplexed wiring system used to connect intelligent devices such as the
engine management systems and other electronic control units on vehicles, allowing data to be
transferred in a low-cost and reliable manner.
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ability to include prognostic models, but too many do not. So we must now look at
prognostics and how it can be developed with HUMS for military applications to
improve operational availability.

14.5 Condition Based Maintenance (CBM)

From the 1980s new technologies such as CM, computational analysis, together
with systematic approaches to understanding the nature of failures and their
consequences, allowed for improved maintenance processes and more preventive
maintenance. The key to the change was the realisation that failures are rarely due
to the age of the components and that failure modes are typically much more
complex processes. Furthermore, system designs were becoming more complex
and delivering ever higher levels of reliability was becoming even more
challenging.

Maintenance can be divided into corrective and preventive maintenance. Cor-
rective maintenance is reactive, allowing failures in the system to occur. This
approach has the disadvantage that it allows the system to suffer unplanned
downtime, which in a military setting can mean serious consequences if the failure
occurs during war-fighting. Unplanned failures in peacetime are also inconvenient
at best and can place users in difficult situations. Preventive maintenance tries to
address this problem by identifying components that might fail and, therefore,
replace them, or components which might need some restorative maintenance and
undertake their overhaul. The problem with this approach is that it is very difficult
to predict failures, particularly how far into the future any failure might occur. The
challenge is to determine when the failure may occur. CBM is a type of preventive
maintenance that utilises any appropriate process to determine the condition of an
item and to decide on whether any maintenance is needed. CBM comprises three
stages: data acquisition, processing function, and decision on maintenance.

The data acquisition is typically carried out by HUMS which might be
embedded sensors or portable equipment external to the system; the simplest
technique though is a visual inspection. The second stage is related to processing
the collected data. Other than for visual inspection it would be typically completed
using some mathematical or statistical models that capture the nature of failures.
Typically these models are implemented as computer-based analytical tools. Since
the key element of success of CBM is the knowledge of the state of the item, it is
crucial that these models are accurate in their assumptions and that they provide
reliable and robust results. Additionally data invariably have to be processed,
analysed and turned into information before it can be readily used. This is a
common feature of CBM and its enabling technology of HUMS. Finally, the third
stage, the decision on maintenance can then be made. This should take into
account multiple factors, such as reliability of the prediction models used, oper-
ational requirements on the system and confidence in any subjective decision
making which may occur such as for visual inspection for instance.
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The MoD’s Materials Integrity Group based at DE&S Fleetlands, Gosport
prepared and published in September 2007 a MoD Joint Service Publication
(Ministry of Defence 2007) which outlines the MoD policy for CBM and CM and
covers the Air, Land and Maritime domains. Separate working groups have been
established in all three domains with the intention of driving the process forward.
The JSP 817 defines CBM as:

Maintenance initiated as a result of knowledge of the condition of an item of equipment
gained from routine or continuous monitoring.

The air domain (Ewbank 2008), however, feel a more wordy definition is
required similar to the following:

CBM is the forecasting of maintenance, based on the analysis of data captured by Con-
dition Monitoring for maintenance significant items, to deliver the benefits of: effective
logistic support, decreased costs, improved availability and mission achievement, maxi-
mised safety and airworthiness and maintenance alleviation (to improve mission success
and fleet planning).

The US Army, for their air vehicles, have a definition which captures the
essence of the task without trying to define how it is achieved, which may or may
not be using automated technology (Ewbank 2008).

CBM is the ability to translate aircraft condition data and usage into proactive mainte-
nance actions that enable unit maintenance personnel to achieve and maintain higher
aircraft operational availability. It also gives commanders a mission planning tool.
Through the use of prognostics, the aircraft predicts its remaining mission availability
and/or time to failure, providing valuable information for the commander to determine
which aircraft are ready for battle and aircraft that require maintenance.

In the US, the Defense Acquisition Guidebook (Department of Defense 2004)
reflects US Department of Defense (DoD) policy for CBM and it states that CBM
is to be implemented to improve maintenance agility, increase operational avail-
ability and to reduce through-life operational costs. DoD Instruction 5000.2
(Department of Defense 2008) mandates the use of CBM. Early success of CBM
pathfinder projects led to an enhanced and more ambitious CBM Plus initiative in
2004 one of whose targets was a review of the Joint Strike Fighter programme. It is
a marked contrast that the US DoD mandates CBM and UK MoD does not.

In the air domain in particular, HUMS are more prevalent on helicopters and
full aircraft integrity management and monitoring is something the RAF expects to
get on the next generation of aircraft. Experience and lack of confidence with
Tornado Built in Test (BIT) and Built-in-Test Equipment (BITE) and their con-
tribution as a HUMS and CBM enabler has been mixed. The Typhoon fighter
aircraft which has just entered service and the A400M transport aircraft, whose
entry to service is expected in 2011, will provide the next increase in capability;
real usage experience with Typhoon is yet to be collated however.

The experience of CBM and CM in the maritime domain is similar to that in the
air domain. CM has been shown to provide benefits for the monitoring of heavy
machinery where oil sampling has been shown to be effective at monitoring
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contaminates and wear debris. Nevertheless, the oil analysis needs sophisticated
equipment in order to pinpoint accurately any problems and this is usually only
available at a few locations so the expected benefits have not always been
delivered. The new Royal Navy Type-45 destroyer will provide the next increase
in both CM and CBM application and together with more automated monitoring
and prognostic ability from within the automated systems, the benefits should be
able to be exploited. In the Army, oil health monitoring has been applied to good
effect on some vehicles such as the Challenger II tank. However, the problem of
distance between the operational area and the analysis centre has meant that the
failure has often occurred before the indicative results are received by the operator.
Oil sampling is perhaps one of the basic levels of HUMS and CBM. Very little
general progress has been made on adopting more general HUMS to existing or
legacy platforms due to the expected cost of retro-fitment and the inevitable air
gap in getting the data transferred to maintenance and operational managers.
Those new vehicles entering service with HUMS fitted are enabled for CBM but
have often suffered from contractual difficulties of getting the data downloaded
and sent back to the Original Equipment Manufacturer (OEM). Data are often
collected on a military classified network (such is the vehicle’s network) and this
can lead to problems when data have to be transferred from the vehicle and passed
to a civilian organisation for analysis. In addition to the security issues of trans-
mitting data from the battlefield an aggregation of seemingly non-sensitive data
can suddenly become classified for no other reason than its bulk. There have also
been issues with ownership of the data which have unfortunately not been solved
in the initial contracts. The OEM needs the data for warranty reasons, improve-
ments to support solutions and future designs. Solving the problem of data own-
ership is crucial for the Army before any benefits will be seen in whatever support
solution is provided. Without the data being available both on and off the vehicle
at nearly the same time, no support solution will be effective. Examples of projects
in the US involving CBM and HUMS show a cost benefit and one such example
quoted is the US Army CBM experience for the AH-64 Apache helicopter. It was
able to show a 4–5% reduction in operating costs achieved, with the main factor
being attributed to significantly better usage monitoring (Bayoumi et al. 2008).

Performance of any maintenance activity cannot be considered separately
without taking into account logistics that deliver spares, tools and resources nee-
ded for the maintenance activity. CBM is not only more challenging in terms of
maintenance, but requires more agile logistic support as the normal and predict-
able, fixed time maintenance activities will not take place; instead logisticians will
have to manage more irregular requests for spares and consumables from main-
tenance personnel. Where their response is slow or inaccurate, for example pro-
viding the wrong spares, the perceived benefits of CBM will be quickly eroded. It
is therefore important to include logistics in the process of modelling maintenance
regimes, as logistics responsiveness is an important factor in determining optimal
maintenance activities in CBM. Such modelling should take into account that the
logistic system is not a constant factor and at least two reasonably distinct states of
operations can be identified, covering peacetime and operational conditions.
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It is clear that there is a strong relationship between CBM and HUMS. In a
nutshell, HUMS provide the technology required for CBM and thus enables CBM.
But CBM is not only about HUMS; it is also about prognostic models, policy
changes and effective inspections that are appropriate to the situation among many
more things. In addition, one cannot have CBM without first having an effective
RCM process. RCM is required to understand the failure modes and decide the
best maintenance activity.

The potential benefits of CBM include:

• Increased equipment availability through improved maintenance management.
• Increased logistic chain efficiency by exploiting data on spares requirements.
• Reduced logistic footprint by reducing spares inventory.
• Reduced maintenance time and cost.

The CBM challenges identified include:

• Leadership. Without strong and committed leadership at the top management
levels of both the user and the provider, the required support will not be
available to make the necessary changes.

• Policy. Without a clear policy in support of CBM, the implementation of new
maintenance techniques is difficult.

• Maturity of technologies. It is not yet clear what data collection and predictive
models are practical and suitable. Many technologies are in the early stages of
development. Good understanding of the strengths and weaknesses is critical to
avoid risks related to implementing CBM.

• Difficulty identifying benefits. The benefits of CBM are not always clear and they
need to be identified and quantified. Good examples are needed to build confi-
dence that CBM can offer financial savings and improved operational availability.

• Logistics support. Implementation of CBM will require changes in logistics
support to meet new requirements for more agile and effective logistic support.
This will require the introduction of new business processes, changes to logistics
planning and improvements to the supply chain.

• Data repository. HUMS and CBM produce large quantities of data and infor-
mation requiring the appropriate infrastructure for its transfer and storage.
Development of specialised Military Information Systems is expensive and
challenging and there are already too many systems with no coherent solution
for operational HUMS data. The BOWMAN system, for example, was not
designed for carrying this kind and quantity of data.

If a modelling technique is intended to identify optimal maintenance regimes
for CBM, the modelling process should not just include the reliability of com-
ponents. In real life, the cost of maintenance both in monetary and delay terms
depends on many factors unrelated to reliability. Delays introduced by logistics,
availability of the system for maintenance and repair, shortages of manpower or
other resources, legal requirements on maintenance and repair activities and many
other things, contribute to the total costs of downtime and are too important to be
ignored in any realistic model.
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14.6 Prognostics and PHM Prognostics and PHM

Prognostics is a process and enabling technology for CBM. Prognostic models
should be developed in parallel with efforts to introduce CBM in practice. This is
why since 2003, the US DoD has required prognostics to be included in all new
military systems (Department of Defense 2007). In a nutshell, CBM requires
prognostics to provide information about the remaining life of a component, sub-
system or system. This estimate of remaining life should not only be reliable, but it
should be accompanied with information regarding its accuracy. In practice it is
not only a matter of providing an estimate of remaining life, but informing the user
how much confidence he or she should have in the obtained result. It is perhaps
this concept that has created the term PHM which embodies the notion of pre-
dicting the remaining life and thereby providing information as to the current
health of the system to allow management decisions to be made.

There is a great variety of scientific methods that can be used to provide
prognostic analysis of data. A general overview of the state of the art of prognostic
modelling is discussed by Jardine et al. (2006). The paper offers an extremely
broad literature review of 271 publications. This review is mostly focused on data-
driven methods and practical aspects of the problem situation are not given much
consideration by the authors. However, this is understandable given that the
combination of a monitoring technique together with the nature of the monitored
system and its operating environment, almost always creates a unique set of
conditions; hence trying to generalise any practical prognostic applications would
be extremely difficult, if not impossible.

An interesting practical problem with prognostics, noted by Cook (2007) was
that prognostics itself may not be sufficient without proper diagnostics. The fact
that a component deviates from an expected state does not imply that it will lead to
failure. Again this underpins the notion of the health management part of PHM. In
general unnecessary maintenance activities are costly and, therefore, if a prog-
nostic model is incorrect it can result in increased maintenance costs. The mod-
elling must be sufficiently rigorous and based on expert knowledge as well so that
it deals with the chain of consequence that starts with an initiating event, such as a
fault or error and its point of detection, followed by a failure with the resulting
damaging consequences. It should be understood that there is a significant gap
between monitoring to detect faults and fault prediction through a prognostic
capability. The CM technique of oil health monitoring, is a good example; it
allows for cost-effective and accurate monitoring and helps to diagnose failures
and assess the state of deterioration. However, predictions based on the collected
oil data can often prove to be unreliable and, therefore, not as valuable for
assessing how much remaining life there might be. The idea and concept of PHM
is that it seeks to encompass CM techniques, HUMS and CBM with prognostics in
order to provide more effective maintenance and support.
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14.7 Conclusions

The MoD is increasingly expecting operational effectiveness to be delivered by
contracts for availability and HUMS, CBM, CM and PHM are vital enablers for
their successful delivery. Yet the progress to achieve embodiment of these ena-
blers is very slow. Whilst it is a challenging aspiration, it is achievable given the
will and a willingness to spend to save. It could be achieved more realistically first
on legacy systems with small fleets, or on subsystems of large systems, rather than
for complex systems. It will be much more difficult on large fleets of diverse
legacy vehicles where there are fleets within fleets due to the problems of con-
figuration control and the variation and complexity of logistic support required.
Newer vehicle acquisition projects will be designed with a CANbus so will be
configured for HUMS and CM which will enable wider application of CBM;
whether PHM will be possible in the near future will depend on more research.

Another dimension is the likelihood of the system to be deployed for opera-
tions; the complexity of understanding the possible different operational contexts
and risks associated with them, will add challenges for contracts that seek to
deliver better operational availability and support solutions using HUMS and CM.
Yet both would enable greater operational availability and planning certainty if
embodied and the available data used and managed in the operational theatre.

RCM is another enabler that is not achieving its full potential; it can invariably
reduce the time spent on maintenance if the maintenance schedules are updated
using experience of actual operational usage. It is often not given the credibility it
needs though to enable changes to maintenance activities and periodicities. RCM
must not only be used to prepare the initial maintenance schedules but must also be
mandated once equipment has experienced actual operational usage. Changes to
maintenance periodicities based on experience and actual usage invariably mean
that the initial conservatism can be replaced by practical realism with the resultant
increase in operational availability and reduction in down-time as well.

Contracting for availability and successful support solutions, almost certainly
require HUMS and the data they generate. The significant shared benefits need to
be recognised by both user and industry as early as possible so that successful
contracts for availability and their underlying support contracts can be delivered.
HUMS implementation should be an essential attribute and requirement on all
future platforms if the user and contractor are serious about providing better
equipment availability. The air gap problem for the download and transmission of
HUMS data needs to be solved with a consistent and effective solution that gets the
data and information to those that need it in real or near to real time; this needs to
be enabled though for both peacetime and operations if the benefits for both user
and supplier are to be realised.

Formula 1 motor sport, commercial vehicles and aircraft demonstrate that
military applications and expectations for HUMS and prognostics lag way behind
the commercial sector. Boeing and Airbus have considerable knowledge and
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experience that shows what is possible if the delivery of availability is critical to
the success of the business or operation.

The UK Armed Forces could follow the US lead in mandating CBM and also
mandate HUMS, CM, and PHM for future platforms in order to deliver improved
operational availability. Whilst there will be some costs, the improvement in
system effectiveness and operational availability is achievable and the delivery of
predictive maintenance a realistic possibility with the development of PHM.

Further work in this area is now essential to highlight the cost benefits for
operational availability and through life support, although it is always difficult to
put a monetary cost on operational benefits. Nevertheless, candidate systems and
projects are needed which can be used to demonstrate the benefits of applying
these techniques to specific systems and projects.

14.8 Chapter Summary Questions

The chapter has identified that HUMS, RCM, CBM and PHM are enablers for
increasing maintenance management, planning effectiveness and operational
availability but are not being exploited in the military environment to their full
potential. Each has a contribution to innovative and effective support solutions.

• How can we demonstrate more effectively the support benefits and savings from
regular RCM reviews of in-service equipment?

• How can we better demonstrate the operational, support and cost benefits of
HUMS applications to military equipment?

• Is it possible to overcome the operational concerns for management of HUMS
and prognostic data in real time so as to benefit from predictive maintenance
instead of reactive maintenance and support?

• How can we demonstrate more effectively the benefits of both CBM and PHM
in delivery of both operational and support effectiveness?
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Chapter 15
Modelling Techniques to Support
the Adoption of Predictive Maintenance

Ken R. McNaught and Adam T. Zagorecki

Abstract Contracting for availability and contracting for capability are becoming
increasingly common practices in the defence world. With these new service-
oriented contracts, the responsibility for through-life support, including mainte-
nance, has been shifted from the user to the service provider. In this new
environment, innovative approaches to improving maintenance and reliability are
necessary and create new, unique opportunities for value co-creation between
stakeholders. This chapter focuses on investigating the applicability and imple-
mentation of an approach to predictive maintenance which combines prognostic
modelling with Condition Based Maintenance (CBM) and its role in providing
improved service provision for the repair and maintenance of complex systems.
The role of prognostic modelling and Health and Usage Monitoring Systems as the
emerging technologies that enable a value-oriented approach to maintenance are
discussed. Bayesian networks are discussed as a modelling framework that is
appropriate to capture uncertainties related to predictive maintenance. Special
focus is placed on reviewing practical challenges and proposing solutions to them.
The discussion is summarised in the form of a practitioner’s guide to implementing
prognostic modelling and CBM.
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15.1 Introduction

In the defence sector, there is a growing tendency to extend the working life of
complex engineering systems. With longer life spans, the challenge of providing
adequate and cost-effective support, maintenance and management of the ageing
systems is becoming of paramount importance. This trend has been recognised
both by defence suppliers and customers. The new forms of contracting, con-
tracting for availability and contracting for capability, are becoming the reality.
The focus of the defence business is rapidly shifting from manufacturing to pro-
viding services to support complex systems. However, the new business envi-
ronment has not been well understood. Service support for maintenance and repair
of complex engineering systems requires all three transformations described
within the Core Integrative Framework (Ng et al. Introduction chapter). We argue
that to improve performance of maintenance and repair service through CBM one
should not only focus on the technological aspect, but the organisational and wider
business context should also be addressed and these can be achieved only through
value constellation (Normann and Ramirez 1993). Those businesses which manage
to adopt all three transformations swiftly will be in the most favourable position to
win future defence contracts.

This chapter focuses on investigating the implementation of an approach to
predictive maintenance which combines prognostic modelling with CBM and its
potential role in providing improved service provision. While traditional mainte-
nance activities have emphasised equipment transformation, it is information
transformation that drives predictive maintenance. While recognising that people
transformation will also be required to enable some aspects of the information
transformation (e.g., training in condition monitoring technology), our focus in this
chapter is firmly on information transformation.

In recent years, significant technological and scientific advances in areas such
as information technology, intelligent systems, machine learning, sensors, com-
munications, data mining and data fusion have taken place. As a result, Health and
Usage Monitoring Systems are installed on new platforms and are capable of
producing immense volumes of data. Some of these advances have also contrib-
uted new methods for monitoring, diagnostics and prognostics. However, the
practical value of new approaches to repair and maintenance is yet to be deter-
mined and it is becoming apparent that their value is heavily dependent on the
context.

We discuss the challenges and propose a set of practitioners’ guidelines for
implementing prognostic modelling and CBM. In particular, we consider the
applicability of probabilistic graphical models as a modelling framework that
supports information transformation, allowing for flexibly combining various
sources of data and human expertise—a practical necessity for comprehensive
prognostic models.
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15.2 Prognostics and Condition Based Maintenance

Prognostics is concerned with predicting the residual life of an item or the time
until the next failure is expected. The item under consideration can be a compo-
nent or a complete system. Ma (2009) notes that Prognostics and Health Man-
agement (PHM) has been defined by the IEEE Reliability Society as ‘‘a system
engineering discipline focusing on detection, prediction and management of the
health and status of complex engineered systems’’. However, although the term
‘prognostics’, particularly when referred to in the context of PHM, is sometimes
used in a more wide-ranging sense to also include fault detection and diagnosis, its
use here is restricted to the narrower definition of prediction of future health.

In the defence sector, the F-35 Lightning II, the result of the Joint Strike Fighter
(JSF) programme, provides the leading example of PHM application today (Brown
et al. 2007), involving a mixture of on-board and off-board systems. The objectives
of PHM on the JSF are to improve mission reliability, availability and safety, while
reducing the overall costs associated with maintenance. CBM is an integral enabler
for achieving these objectives, replacing fixed-interval maintenance actions,
wherever possible, with maintenance only when required, as indicated by the
monitored condition of the equipment.

A number of usefulness criteria which can be used to help define the minimum
acceptable warning time for maintenance action are offered by Line and Clements
(2006) and include items such as prevention of mission abortion, advanced
maintenance planning, spares ordering and opportunistic maintenance.

CBM is appealing as theoretically it should lead to significant benefits including
reduced maintenance effort, improved reliability, and reduced logistics costs due to
better predictability of maintenance. If the remaining life of an item could be
predicted with any degree of accuracy, this would allow necessary maintenance
activities to be timed in an optimal manner as well as eliminating some unnec-
essary maintenance altogether. This in turn would provide many benefits,
including reduced maintenance costs, reduced downtime and improved equipment
availability. By reducing uncertainty associated with equipment failures, theoret-
ically some reduction of the logistics footprint could be achieved.

In summary, the theoretical benefits of CBM are:

• Reduced maintenance costs achieved by eliminating unnecessary maintenance
activities based on better knowledge of the health of the item.

• Improved reliability of the system through better knowledge of the state of the
system and maintenance activities being conducted just in time.

• Improved reliability should allow for increased availability of the system due to
reduction of unexpected failures and unnecessary maintenance activities.

• Reduced logistics footprint by reducing failures and reducing uncertainties
related to failures.

• Improved reliability through re-engineering of the system by gaining a better
understanding of the failure modes within the system, based on hard data col-
lected from monitoring the system in use.
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In reality, however, claims regarding the value of CBM are more in the realm of
beliefs and expectations than proven facts. CBM is more of a broad concept rather
than a well-defined set of techniques and applicable solutions to the problem of
improving maintenance. There is a vast number of different maintenance problems
and similarly there should be expected to be a large number of predictive main-
tenance techniques applicable to particular problems.

This does not mean that the lessons learned in one area of application should be
ignored and not applied to other problems. But it should be done with considerable
caution. For example, there may be two systems (such as land vehicles) that are
very similar from a technical point of view, but with very different fleet sizes, e.g.,
200 vehicles of one type and 2000 of the other. The difference in the number of
vehicles may affect the total cost of implementing CBM to these two fleets. The
cost of introducing CBM, which at this stage of development is considerable,
should be taken into account.

Given the problem-specific nature of CBM, one should not realistically expect a
general solution to it. The research on CBM should be driven by a small number of
pilot projects that are carefully selected based on factors such as:

• Expected gains from application of CBM should outweigh development costs:

– Current maintenance costs should be high due to factors such as fleet size, or
large penalty costs related to failure.

– Critical systems can be good candidates, their reliability can be valued more
highly to justify the cost of the maintenance.

• Technical and organisational feasibility of reliable on-board data collection, its
transfer and storage in off-platform repositories.

• Feasibility of implementing CBM in practice (for example, in the air domain,
safety regulations can prevent implementation of otherwise beneficial changes
in maintenance).

• Feasibility of defining predictive models based on available data (for example, a
prognostic model may be able to detect problems, but it may do that in insuf-
ficient time to improve the maintenance regime). The problem relates to sudden
failures versus slow progressive faults.

• Willingness on the organisational side to implement CBM and to introduce new
approaches to maintenance in a general sense (this aspect highlights the
importance of the three transformations identified by the CIF).

CBM relies on two technologies that are still relatively immature and are
subject to active research. These technologies include:

• Health and Usage Monitoring Systems (HUMS)—even though HUMS are
commonly installed on modern platforms, the usefulness of data collected by
these systems is not well understood. The problem lies in the fact that HUMS
are often driven by the availability of particular types of monitoring techniques
rather than the overall value of the information gathered (which often is simply
not known due to lack of experience). This value is really determined by the
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way this information is exploited to reduce maintenance costs, increase avail-
ability, etc., Additionally, the cost of maintenance and support of the HUMS
system itself is still not well understood.

• Prognostic modelling—unlike diagnostic modelling, prognostics is a relatively
new domain with few practical, fielded applications available. It should be
expected that the field of prognostics will become a very active research area in
the coming years. In particular, technologies like HUMS, advances in infor-
mation technology, data mining, knowledge engineering and various modelling
approaches have become sufficiently mature to enable rapid advances in the
research on prognostics.

The ability to predict the remaining useful life of a system or a component also
requires a reliable forecast of future equipment use. Although often mentioned in
the same breath, prognostics and diagnostics are fundamentally different. Fault
diagnosis is a post-event activity, aiming to assist recovery from a failure while
prognostics is a pre-event activity, aiming to avoid failure. The fact that the future
usage and the environment to which the item will be exposed are unknown makes
prognostics a much more challenging problem than diagnostics.

Prognostics aims at predicting when the component of interest will fail, and in
order to achieve this it would be desirable to identify and model the relevant
deterioration processes. It is important to emphasise that in most cases time is not
the only factor that determines remaining life. Usage patterns and shocks expe-
rienced are critical factors for remaining life prediction for mechanical compo-
nents and electronics. A prognostic model should not only capture the degradation
processes within the modelled system but also account for uncertainties related to
predicted usage of the system under consideration.

Uncertainties arising from the future usage of the system are strongly dependent
on the environment and intensity of system usage. These uncertainties for indus-
trial machinery may not be challenging, as typical manufacturing equipment
operates non-stop or in well-defined time periods under fairly constant environ-
mental conditions typical to the factory floor. However, they may pose significant
challenges for military systems, which are expected to be exposed to extreme
usage patterns: ranging from months and even years of storage periods (typical for
land systems) to intensive operational periods in conflict zones, where the systems
are expected to operate outside of their design limits. Because the life of equip-
ment is dependent on its usage patterns, prognostic models, in particular for
military systems, should account for such variations in usage and environmental
factors. This constitutes one of the key challenges for prognostic modelling and the
development of CBM in general.

Uncertainty plays a fundamental role in prognostic modelling and there are many
sources of uncertainties which affect our ability to predict the health of an asset. The
point of failure is typically defined as some threshold level of accumulated wear or
damage and this threshold itself might be variable or uncertain. The true current
condition of the item will also be subject to some uncertainty, even if it has just been
monitored, given that monitoring is imperfect. The future usage of the item may be
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uncertain but even if it can be reasonably known, the exact rate at which further
damage accumulates will always be uncertain. Although a point estimate of the
remaining useful life can be calculated, if the probability density function of the time
until failure follows a symmetric distribution (such as the normal distribution), there
is a 50% chance that the item will fail before the point estimate is reached. Con-
sequently, we have to ask what probability of failure is acceptable for the item. For
items where this is very low, some maintenance action will be needed well before the
damage level gets anywhere near the critical threshold. For other items, however, it
might be more cost-effective to wait until a higher level of damage has accumulated
before taking action. Although this runs a higher risk of incurring a failure, it reduces
the number of unnecessary and wasteful predictive maintenance actions. Identifi-
cation of the acceptable failure probability is crucial for determining when action
needs to be taken. The prognostic model should be able to predict the point in time
when this critical probability is reached. Subtraction of the necessary lead time for
maintenance and logistical activities then identifies the point where such actions
need to be triggered.

Additional uncertainties relate to the item’s failure modes and how well
understood they are. If there might be additional failure modes, not covered by the
prognostics, then the actual chance of failure may be higher than that suggested by
the modelling and consequently the intervention time will have to be brought
forward to compensate for this. The importance of Failure Modes, Effects and
Criticality Analysis (FMECA) can not be underestimated in this regard (Depart-
ment of Defense 1980). In fact, it has been suggested by Kacprzynski et al. (2001)
that the role for FMECAs should be expanded to support prognostic modelling
further. The task for diagnosis is to identify components that are acting in an
unexpected, faulty manner. To achieve this, almost by definition a system of
components is under consideration and the task is to identify a faulty sub-system.
In prognostics, even if the task is to determine the remaining useful life of a
system, each sub-system should be analysed to derive the remaining life of the
whole system. This implies that prognostics should always be done on low-level
components and when this step is achieved then the aggregation should take place.
Therefore, prognostic models should be developed for the component level first,
and later, aggregation models can be derived. This has a significant implication in
practical terms. First, applications of prognostic models and CBM should be
expected for systems that are of low complexity, or are independent sub-systems
of larger equipments. And this seems to agree with fielded applications such as
battery monitoring systems: in fact, it is a single component (battery) with well-
understood remaining life models and well-monitored environmental variables
(load on a system and temperatures).

Until now, PHM has been most widely applied to mechanical systems. A recent
review relating to rotating machinery is provided by Heng et al. (2009a). Appli-
cation to electronic systems has lagged behind, partly because of the perception
that electronic systems fail in a more random fashion and that consequently little
can be done in the way of condition monitoring. However, many such failures can
be attributed to mechanical causes such as broken solder and recently, PoF models
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have been developing rapidly in this area (Gu and Pecht 2007). The Center for
Advanced Lifecycle Engineering (CALCE) at the University of Maryland is a
leading developer of such models. An example of accelerated failure testing
applied to a GPS receiver in order to identify features useful for PHM is provided
by Orsagh et al. (2006).

In conclusion, the prognostic models of the future should be built based on a
combination of domain-specific knowledge and available data. HUMS will most
likely become the primary source of information for prognostic systems. Most of
all, HUMS will be able to provide objective data on usage and reliability of
systems, a new sea of knowledge that has not been available in the past. By itself,
HUMS is an enabling technology for prognostic modelling and CBM. However,
relying only on HUMS data may not be sufficient for constructing successful
prognostic models. Other sources of knowledge should be exploited as well.

Figure 15.1 shows conceptual dependencies between enabling technologies that
lead to Predictive Maintenance. In the top layer, there are technologies that are
presently available and well-established. The further down, the more uncertain and
less developed the methodologies are. We would like to indicate that the HUMS
systems are an enabling technology, but availability of usage data should not be
taken for granted just because HUMS is installed on the system. Getting the
collected data to an off-platform data warehouse, ensuring quality and complete-
ness of collected data, are real-life challenges, in particular in the defence sector
where data security is a serious issue. Additionally, for availability and future
capability contracts, issues around data ownership and access to it by stakeholders
can pose significant challenges. It should be understood that it is not only the
presence of HUMS itself that is important, but the availability of the data collected
by HUMS is essential to enable prognostic modelling.

15.3 Prognostic Modelling

Prognostic models in the literature are divided between data-driven methods,
model-based methods, statistical models and hybrid methods.

Fig. 15.1 Conceptual
framework for Predictive
Maintenance
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The data-driven methods rely explicitly on data collected on the system oper-
ations, maintenance, etc. These methods rely on data analysis to derive estimates
of the remaining useful life without an explicit physical model. This approach is
suitable in situations where (1) sufficient reliable data are available (2) a model-
based approach is not feasible because of lack of knowledge regarding the system.
Artificial neural networks appear to be the most popular data-driven approach to
prognostics. Recurrent neural networks are particularly popular given their suit-
ability for use with time series (Wen and Zhang 2004; Heimes 2008; Peel 2008;
Heng et al. 2009b). The main drawback common to all neural network approaches,
however, is the lack of transparency provided by the models.

Model-based approaches require an explicit model for capturing remaining
useful life. They generally utilise expert knowledge about failure mechanisms and
the physics of failure, and require less data as a result. Li et al. (2000) introduced a
defect propagation model for rolling element bearings. A model-based approach to
crack growth estimation employing particle filtering is described by Cadini et al.
(2009), leading to estimates of the component’s remaining lifetime given obser-
vations at a number of inspections. Model-based approaches are also increasingly
important for electronic components (Gu and Pecht 2007).

Statistical approaches rely on data and information collected for populations of
entities under consideration. Survival analysis is an example of such an approach
applied to the estimation of remaining life for humans; it clearly addresses
problems which are very close to those faced by reliability and PHM engineers.
One aspect of the problem which it has been particularly developed to account for
is censoring of observations. This could be especially useful in PHM as most of the
time, actual failures will not be observed. However, despite some interest from the
reliability community (Kumar and Klefsjo 1994; Kobbacy et al. 1997) the number
of studies making use of survival analysis for machine prognostics seems much
lower than might be expected. Consequently, we believe that this approach
deserves further investigation. Another example is logistic regression, used by Yan
et al. (2004) in conjunction with a time-series model to predict machine failure
given the values of condition variables. Wang and Christer (2000) employ sto-
chastic filtering theory to estimate the remaining life distribution of rolling element
bearings conditional on the observed past history of the items. Markov chains are
popular in reliability modelling of repairable systems and can be particularly
useful for representing degradation mechanisms (Saranga and Knezevic 2000).
Hidden Markov Models (HMM) have become increasingly popular for a wide
range of applications, including medical diagnosis and speech recognition. The
evolution of a system through time is represented as a Markov chain over a hidden
or unobservable state space. At a number of discrete points in time, observations
can be made which provide an imperfect indication of the true system state at those
times. An example of their application to diagnosis and prognosis of machine
cutting tools is given by Baruah and Chinnam (2005).

The hybrid models try to exploit advantages of two or more approaches. In
practice, only hybrid models are expected to provide practical value. This is
because HUMS data are readily available and can be exploited using data-driven
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methods. However, HUMS data by themselves are rarely sufficient. There are
additional invaluable sources of knowledge that can be exploited by prognostic
models that are not included in HUMS data. Examples of this can be: system
design, models for physical processes, knowledge on certain usage patterns, and
reliability data from repair records.

Since their introduction in the mid-1980s (Pearl 1988), Bayesian networks
(BNs) have become increasingly popular as a framework for reasoning under
uncertainty. While much of the initial growth stemmed from their popularity
within the Artificial Intelligence community, the last decade or so has brought the
attentions of the wider world of science and engineering, including the field of
reliability or, more generally, dependability modelling. A recent review of BNs in
reliability modelling is provided by Langseth and Portinale (2007).

Much of their appeal can be attributed to the flexibility which the modelling
framework supports (Pourret 2008). For example, the same BN might be used to
predict the probability of failure of some equipment and then to diagnose its cause
once a failure has occurred. Furthermore, hard statistical data can be combined
with softer expert opinion, perhaps regarding environmental factors or design
considerations. Extensions of the basic BN further enhance the capability of the
approach to not just match but exceed the power of traditional reliability modelling
techniques such as fault trees, reliability block diagrams and state-space methods.
Demonstrating the power of probabilistic representations, BNs have also been
shown to offer numerous advantages in fault diagnosis and detection over alter-
native Artificial Intelligence approaches such as rule-based systems, neural net-
works and case-based reasoning.

15.3.1 Bayesian Networks

Bayesian networks (BN) belong to the family of probabilistic graphical models
(Cowell 1999). Graphical models exploit graphs to express dependencies between
variables in a modelled domain. The graphs are easily readable and intuitive for
humans and at the same time are convenient tools from an algorithmic perspective.
In graphical models, variables are represented by nodes in the graphical part and
dependencies between variables are represented by links.

The ability of BNs to provide a flexible and powerful probabilistic modelling
framework makes them suitable for applications across the field of reliability and
maintenance. The earliest and still the most popular application is to fault diag-
nosis. Sanseverino and Cascio (1997) describe one such application to automotive
electronic sub-systems which has been implemented in hundreds of Fiat repair
centres across Italy. More recently, Romessis and Mathioudakis (2006) developed
a BN for fault diagnosis of gas turbine performance in the jet engine domain. Chan
and McNaught (2008) describe how BNs play a key role in a decision support
system designed to provide advice on fault diagnosis and correction during the
final system testing of mobile telephone base stations at Motorola. Another
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application in the mobile telephone industry involves the use of a BN to help
resolve problems in Nokia networks (Barco et al. 2005).

Indeed, many of the flagship applications of BNs are diagnostic applications,
both medical (Shwe et al. 1991; Ogunyemi et al. 2000) and hardware (Przytula and
Thompson 2001; Lerner et al. 2000; Forman et al. 1998). Among the different
approaches to applying BNs to diagnostic problems (Lerner et al. 2000; Forman
et al. 1998), one class of BN seems to be particularly successful. This class is
named BN2O—a two-layer network in which arcs can only connect nodes from
the top layer with nodes in the bottom layer, and nodes in the bottom layer are
assumed to have a particular dependence on their parents called the noisy-OR
interaction (a limitation on the probability distribution) (Pearl 1988). For the
diagnostic BN2O networks, the nodes in the top layer represent failure modes
(faults) while the nodes in the bottom layer represent observations, which can
include error messages, symptoms, diagnostic tests, etc. The main development
task is to define the fault variables in the model and for each fault, to identify
relevant observations. This task is typically performed by experts who have little
problem with naming all of the typical symptoms for each failure mode. There are
two types of parameters that are required to populate these models: prior proba-
bilities of faults and conditional probabilities of observations given faults are
present. For hardware diagnostic domains, the prior probabilities of faults are
typically easily approximated by using repair records or spares consumption
records. More challenging are conditional probabilities of symptoms assuming the
fault is present. However, in practice, for good performance of the models it is
usually sufficient to use approximate values. One of the approaches is to elicit
verbal descriptions (almost always, rarely, very rarely, etc.) from domain experts
and convert them into numerical probabilities.

A simple example of a diagnostic BN is presented in Fig. 15.2. The example
assumes three faults: Faulty Sensor, Pump Failure, and Leak Through Crack. The
observable variables are: Warning Light, Operation Failure, Low Pressure, and
Fluid Spill. In real models, observations are typically grouped in different cate-
gories. For example: mandatory observations, initial observations, and tests.
Mandatory observations are assumed to be known for sure at the time when the
diagnostic process starts. Typical examples would be fault and/or usage data from
an onboard computer, that includes error messages that appeared or not during
operation.

There are several factors that contribute to the success of this methodology:
(1) the models capture how the system fails, not how it operates. In real appli-
cations, failures are driven by reliability of components and there are modes of

Fig. 15.2 Example of
Diagnostic BN
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failure that are difficult to predict in the design process—these can not be deter-
mined from design and functional blueprints. (2) This modelling technique is
suitable for large, modular systems where failure modes and interactions between
components are well defined, thus making it suitable for engineered systems.
(3) The model is driven by probabilities, hence accounts for uncertainty and is
relatively robust to partial or false information. (4) The statistical inference is
objective, therefore it avoids known fallacies of human diagnosticians (such as
confirmation bias, disregarding certain evidence, etc.).

To allow modelling of maintenance decisions, influence diagrams or decision
networks are a natural extension of BNs, permitting additional types of nodes to
represent decisions and capture costs, benefits and preferences via utilities. Early
applications of these to reliability and maintenance modelling include Agogino
and Ramamurthi (1990) describing the use of influence diagrams to control the
real-time monitoring and control of milling machines, and Oliver and Yang (1990)
describing their use within the setting of nuclear power safety analysis. Another
application is troubleshooting where the costs of observation, testing and down-
time can also be accounted for in deciding what intervention to take next, e.g.,
replace or repair a component, or perform a diagnostic test. An example of this
approach applied to computer printers is provided by Heckerman et al. (1995).

Practical diagnostic models can easily reach several thousand nodes. Authoring
tools such as GeNIeRate (Kraaijeveld and Druzdzel 2005) have been developed to
support domain experts without requiring them to be familiar with BNs. A useful
feature of BNs is that once a model is developed, it can still ‘learn’ from new
cases. One possibility is to employ Bayesian updating of probability parameters
Heckerman (1997). A simple example concerning application of a BN to machine
tool maintenance is presented by Gilabert and Arnaiz (2006). In this they dem-
onstrate a method called ‘fading’ which also supports adaptation of the network
via updating of probability parameters based on observation of new cases.

There are many areas in engineering where it is beneficial to be able to account
for ‘soft’ factors. In the process of designing and producing a new product, for
example, it is clear that factors such as ‘experience with similar products’ and
‘level of quality testing’ will have an impact on final product reliability. In the
past, such factors were largely ignored in reliability prediction given the difficulty
of incorporating them in traditional tools. Neil et al. (2006) describe how this
approach was implemented in the TRACS project, a system based on a BN which
has been developed to assist the UK Ministry of Defence in the estimation of
military vehicle reliability.

15.3.2 Dynamic Bayesian Networks

The traditional BN is a static model, representing variables at a snapshot in time.
However, the approach has been extended to represent temporal aspects (Dean and
Kanazawa 1989), in the form of dynamic BNs (DBNs). This permits traditional
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Markov Chain modelling and more, while retaining the flexibility of the BN
framework. Essentially, to be able to represent the evolution of a system over time,
variables are replicated in each time slice. While arcs between variables in the
same time slice have the same meaning as in a normal BN, arcs between variables
in different time slices correspond to temporal dependencies. Muller et al. (2008)
describe a prognostic maintenance model employing a DBN with a manufacturing
example involving metal bobbins. Dynamic variables are used to track a number of
degradation mechanisms and the impact of different maintenance policies can then
be evaluated.

An example of a DBN for the prognostic domain is presented in Fig. 15.3. The
model presented here is an altered version of a model intended for modelling the
value of maintenance policies for fan coils which are a part of the chilled water
system of the Type 45 destroyer.

The arcs in the network represent dependencies between variables at given
time. Arcs labelled with numbers (called temporal arcs) indicate dependencies
between variables that occur over time and the numbers indicate the order of the
time lag. For predictive calculations the model is expanded as a chain of models
similar to the one presented here, but linked by temporal arcs. Strictly speaking,
the model is an influence diagram, as it includes decision and utility nodes
(denoted by rectangles and hexagons, respectively). These allow encoding of
utilities (such as maintenance costs) and the calculation of optimal decisions
(preferred maintenance policies).

Fig. 15.3 Example of DBN for a Prognostic Problem
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Past information on maintenance, and other relevant facts (such as the opera-
tional pattern of the ship and any gun firings, which are known to affect the chilled
water system) are entered into the model as evidence. Probabilities related to
future usage can be adjusted as well, based on current knowledge about the
platform. This information is then used to calculate probabilities and expected
utilities for different maintenance regimes using inference algorithms.

15.4 Practitioner’s Guide to Implementing CBM
and Prognostic Modelling

The first step in model development is problem definition. However obvious this
step seems to be, it should not be taken lightly. Prognostics and CBM are broad
terms and the problem to be solved needs to be precisely defined. From lessons
learned during this research, it is obvious that prognostics and CBM are under-
stood differently by different individuals. This should not be a surprise, as the
terms are broad and leave much room for interpretation.

For example, even such basic concept as remaining useful life is not really well
defined. It requires clarification of what useful means and it should be expected
that the predictions of remaining useful life will not be precisely defined to a
particular date and time. Instead, definition of suitable confidence intervals or
acceptable thresholds should be agreed.

The problem definition statement should identify which components or systems
will be considered by the model. This step is a critical one in terms of future benefits
that the model can bring. Some naïve futuristic visions often portray future vehicles
as capable of monitoring every component of the vehicle and predicting failures
accurately to the very moment of their occurrence. The reality is very different.
Monitoring and prognostics makes sense from financial, safety and reliability per-
spectives only for selected components and systems. To identify such systems is the
key to success of applying prognostics and CBM. A successful application of
prognostics and CBM is one where the benefits outweigh the costs of development
and implementation of the models and the new maintenance regime.

The costs of implementation of prognostic models and CBM can include:

• Development, installation and maintenance of the monitoring systems (HUMS).
• Cost and effort for data collection and storage (including required infrastructure

and implementation of new practices).
• Cost of initial model development for prognostic purposes (including research

time and tool development). Risk due to uncertainty of results may be significant
for this element.

• Cost of model maintenance, updates due to system re-designs and new failure
modes that may need to be included in the model.

• In case of CBM, the cost of introducing new processes, adapting logistic
arrangements and organisational changes.
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Factors that can significantly boost the benefits of introducing prognostics and
CBM for particular components and systems are:

• Significant cost of unpredicted failures, such as cost of downtime, cost of
shipping the asset to a workshop, cost of failure propagation through the system.

• Safety implications—can be related to safety implications of failure modes.
• Large number of similar components/systems in service.
• Failure rate of components—prognostics and CBM are more suitable for assets

that fail more often and less suitable for high-reliability assets.
• Availability of monitoring techniques—either those already installed on the

platform or the installation of additional low-cost HUMS.
• Affordable HUMS data collection and storage.

The second step is to identify the goals of the model. A model for defining
optimal maintenance schedules based on constant condition monitoring is the
ultimate goal. But such aims may not be realistic to achieve. Even though CBM is
the ultimate goal, some intermediate solutions may be of great value. There are
three groups of possible benefits that can be targeted.

• Prognostic models—this type of model is typically specific to the component
level. They are concerned with prediction of remaining useful life of the
component and they are focused on particular cases.

• Diagnostic model with elements of prognosis—this type of model is specific to
more complex systems that consist of multiple components. Basically, these
models extend diagnostic models by incorporating elements of prognostic
modelling. The diagnostic part is necessary to identify elements responsible for
failures or particular anomalies in HUMS data.

• Defining maintenance schedules—these models are focused on the broader
problem of modelling the value of maintenance schedules. They differ from the
previous types in that they include information on costs of operation, mainte-
nance, failures, etc. To address the problem, they should be looking at the issue
from the fleet perspective rather than at individual cases.

There are particular problems for which certain goals are more suitable than
others. For example, for a component or a simple system, the prognostic model
may be sufficient—information on the status of the asset can be sufficient for the
maintenance personnel to decide on the most suitable maintenance activities
without the need for an elaborate cost-benefit analysis.

15.4.1 Identification of Available Data

One of the main challenges in applying prognostic models (PGMs) to real-life
domains is the model creation stage. The model itself is only as good as the data
and expertise used to create it. Therefore, our main focus should be placed on
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obtaining relevant, high-quality data and gaining a good understanding of the
system to be modelled.

Even though modern HUMS provide large amounts of data, these data are
often not directly applicable for prognostic purposes. This can be for many
reasons. For example, HUMS are typically designed as monitoring systems and
their primary goal is to provide real-time data for the system operators rather
than for maintenance personnel. The operators may not be particularly con-
cerned with the predictive modelling aspect of maintenance. Another factor is
lack of understanding of the physics of failure—in some systems it is not clear
which measurements are relevant to estimation of the residual life in the
system. Therefore, it should be expected that many measurements which may
be critical for the purpose of residual life estimation might simply not be
collected.

In practice, some form of pre-processing of HUMS data will be necessary to
make these data directly usable for the PGM. We expect that this pre-processing
will be heavily problem-domain specific. For this purpose, we envisage using
standard data-exploration techniques (for example, principle component analysis)
and other data-mining techniques.

The HUMS data offer only partial information on the system. Modes of failure,
dependencies between the system’s components and their reliabilities should be
obtained from other sources as HUMS simply does not cover this type of infor-
mation. The basic interdependencies between these aspects can be deduced from
simplified blueprints and easily provided by the domain experts. Similarly, reli-
ability data should be provided based on the system’s maintenance and fault
reports. It is desirable to consider all readily available information sources. The
conceptual flow of data and information needed to define a PGM is presented in
Fig. 15.4.

Fig. 15.4 Conceptual flow of data and information for a PGM
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15.4.2 Model Development

Model development involves the integration of available data and knowledge into
a single framework which formalises them using a common language—for
example, probabilistic graphical models. This process is very much problem
specific and only a set of guidelines can be postulated.

The first step in model development should be the data exploratory phase. In
this phase, familiarisation with available data, clarification of the meaning of
variables and their relevance to the system should take place. At this stage, the data
should be subject to initial statistical and data mining pre-processing. The goal is
identification of variables that would be most relevant to the development of the
domain-specific PGM and, in general, gaining insight into the quality of the data
and its relevance to the problem.

The first version of the model should be constructed by a modelling
engineer who is experienced in PGM—we will call this person a ‘‘knowledge
engineer’’ who will develop the model based on initial meetings with domain
experts and insights gained during the data exploration phase. At this point,
the model is defined based on the understanding of the problem by the
knowledge engineer. Once this is done, the initial model should be presented
to the domain experts for discussion. Preferably, this should be done by means
of a formal presentation which should cover the data used, assumptions made
and initial results. A prototype model should also be presented by using some
model authoring software. All variables, interactions between variables and
parameters should be shown and discussed. Based on our previous experience,
given the intuitive nature of BNs, it is not necessary for domain experts to
have any familiarity with this modelling framework to be able to understand
and discuss the model.

The interaction between the knowledge engineer, domain experts and pro-
spective model users is one of the key elements for the success of the project. This
is because it encourages knowledge sharing and facilitates better understanding of
the problem. It relates not only to the knowledge engineer but also to the domain
experts, who gain a deeper understanding of their domain by exercising different
views of the problem.

Once the model is declared as finished from the perspective of including data
and knowledge sources, a phase of model refinements may be necessary. This is
especially true for models intended to capture the value of applying CBM, where
modelling of the costs is also required. Sensitivity analysis allows testing models
to identify variables and parameters that are most influential in producing results.
Since the models are built from uncertain data and knowledge elicited in less than
a sterile manner, it should be expected that, at least some of the information used
to define the model will be more ‘rough estimates’ than precise measurements.
Sensitivity analysis allows for testing the robustness of the results with respect to
such factors.
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15.4.3 Model Updates

The system introduced to service will undergo changes over time, some of which
will be long planned for and some of which will arise at short notice for various
reasons. Different mission profiles and operating conditions may emerge and costs
and gains may also change over time. Fresh data and knowledge about the system
and its failure modes will also keep accumulating. Consequently, the models for
prognostics should be expected to require modification over time to reflect the
changing system and its environment and improved knowledge. One of the pos-
sible benefits of prognostic models is to gain an understanding of the system and
its failure profiles that can be exploited for informed system upgrades and
improvement of its maintenance.

15.5 Summary and Conclusions

We discussed in detail the challenges of implementing prognostics, particularly in
regard to the informational transformation required: lack of good understanding of
physics of failure processes, uncertainties related to future use of the system, and
relative immaturity of scientific approaches. We concluded that recent advances in
monitoring techniques and their popularity on new platforms provide a basis for
the development of prognostic models.

We discussed the suitability of probabilistic graphical models as a tool for
prognostic models. As probabilistic graphical models have been a very successful
tool for practical, intelligent diagnostics in the automotive and aircraft industries, it
is worth considering if they have the same potential for prognostic applications.
We presented an analysis of the sources of success of diagnostic BNs and dis-
cussed requirements for prognostic BNs.

It is clear that a mixture of methods will be required for prognostics and the
development of predictive maintenance including physics-of-failure models, data-
driven, statistical and knowledge-based approaches. We believe that several
classes of model show significant promise for future development, including BNs,
proportional hazard models, recurrent and ensemble neural networks, physics-of-
failure methods and data filtering approaches. While Hess et al. (2006) suggest that
some form of integrative framework will be required to handle various information
sources, they do not say what that should be. In our opinion, BNs have much to
offer in this regard. They assist with the management of uncertainty and the
combination of expert opinion with imperfect observations, and are also extend-
able to permit the incorporation of costs, thus assisting with trade-off analysis.

Process modelling and functional decomposition are combined with the BN
approach to provide a system level prognostic modelling tool in Muller et al.
(2007). This is in contrast to most approaches in the literature which concentrate
only on components and reaffirms our belief that the BN framework offers
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considerable promise for PHM and should be investigated and developed further.
Future work may also seek to integrate some of the data-driven approaches dis-
cussed above within the overall BN framework.

15.6 Chapter Summary Questions

Although this chapter has focused on tools to support information transformation,
the implementation of these tools along with HUMS and condition monitoring will
require process changes which in turn will require people transformation, partic-
ularly in the customer organisation.

• What transformations within the customer organisation would be required to
ensure proper implementation and adaptation of CBM?

• How can we identify subsystems where CBM can lead to cost-effective support
and lead to value co-creation?

• How can we account for and quantify all of the benefits and costs related to
multiple transformations?
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Chapter 16
Component Level Replacements:
Estimating Remaining Useful Life

W. Wang and M. J. Carr

Abstract Condition based maintenance modelling can be used to maximise the
availability of key operational components that are subject to condition monitoring
processes, such as vibration or oil based monitoring and thermography. This chapter
addresses the operational need for a component replacement decision analysis problem
utilising available condition monitoring data and incorporating various prognostic
modelling options for the estimation of remaining useful life which is essential in a
prognostics model. Guidelines are presented in the chapter which enable the selection
of an appropriate prognostic model for a given application based on the characteristics
of the scenario and the availability of historical data to train the model. Consideration is
then given to scenarios where historical data are scarce or unavailable and new
modelling developments are presented to cater for this contingency. The objective of
the modeling process is to maximise availability whilst avoiding the occurrence of
costly component failures. The developed model has been programmed into a proto-
type software package for facilitating the implementation of the methodology.

16.1 Introduction

When developing a contract for service provision, it is important to define the
necessary capability and reliability requirements for the equipment in question.
In this chapter, we investigate the tactical planning issues and short term decision
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making associated with high value, high risk operational components, parts and
sub-systems. The components in question are those which are subject to condition
monitoring (CM) processes and require adaptive dynamic solutions for utilisation
in condition based maintenance (CBM) models. The use of CM techniques is
rapidly increasing for key operational components and has lead to increased
availability and a reduction in the occurrence of failures and the costs associated
with maintenance. The availability of CM information data provides a decision
maker an additional information to assess the condition of the plant and make
appropriate maintenance decisions. One of the obvious decisions is whether to
replace the component monitored now or later based on observed CM history.
However, how to best use the available CM information is still a question not
answered properly. This leads to the focus of this chapter, which is on the util-
isation of monitoring techniques in maintenance and replacement decision models.
The objective is to provide informed decision support for the application of CBM/
replacement models in a limited or incomplete information environment. The type
of CM information that we consider can be ‘indirect’ or ‘direct’. Direct CM
processes are those where the measurement or observation relates exactly to the
condition or state of the component, e.g., component wear or degradation, and the
objective is to predict the evolution of the degradation. In the case of indirect CM
processes, the observed information is assumed to be stochastically indicative of
the underlying condition. As such, we are concerned with estimating the state and
then predicting how it will evolve over time.

Indirect CM techniques include vibration based monitoring, oil analysis,
infrared thermography, acoustic emission analysis and motor current analysis. The
overall vibration level (or total energy of the vibration signal) combined with a
detailed spectral analysis of the signal is commonly used in the fault diagnosis of
rotating machinery. Vibration signals often correspond to a two stage process over
the life of a component with the first stage being ‘normal’ operation and the second
being ‘defective’ but operational; see Wang (2002). Most machine types can
potentially benefit from vibration monitoring except those that operate at very low
speeds. Techniques for sampling and analysing engine, transmission and hydraulic
oils are used to monitor wear and contamination and can be used to identify
impending failures before they occur. There is also the potential for reducing the
frequency of oil changes. Available oil-based monitoring techniques include
spectrometric oil analysis, electron microscopy, X-ray analysis and ferrous debris
quantification. See Collacott (1997) for a detailed review of CM techniques.

The literature on diagnostic techniques that utilise CM information to determine
the current state of a component or system is vast; see Jardine et al. (2005).
The literature on prognostic modelling techniques that use the indicatory condition
information for extrapolation purposes, in order to predict future states such as
component/system failures, is far less comprehensive. In many situations, condi-
tion monitoring can be ineffective if it is not combined with appropriate prognostic
modelling. CBM techniques are used to minimise the occurrence of failures and
increase the availability of the component for operational purposes in a cost
effective manner. CBM is superior to breakdown maintenance or frequent as

298 W. Wang and M. J. Carr



possible policies as action is typically only undertaken when deemed to be nec-
essary. Available prognostic techniques include stochastic filtering (Wang and
Christer 2000; Lin and Makis 2003; Wang 2002, 2006), proportional hazards
modelling (Kumar and Westberg 1997), Makis and Jardine (1991) and Jardine
et al. 1998), accelerated life models (Kalbfleisch and Prentice 1980), and Hidden
Markov models (Bunks and McCarthy 2000). The typical objective of a CBM
application is to develop an automated on-line maintenance decision system
incorporating CM processes, prediction abilities, scheduling routines and updating
capabilities.

CBM techniques are often misused or implemented ineffectively in operational
contexts. Complete past datasets of CM information with associated failure times
are rarely available to establish and initialise the maintenance model and the costs
associated with collecting suitable data can be high. With the research documented
in this chapter, we are attempting to address these practical issues in order to
develop a prognostic model that is as robust as possible for future CM and CBM
prognostic applications.

This chapter is organised as follows. Section 16.2 presents a condition based
replacement model. Section 16.3 discusses the guidelines for the selection of
prognostic models for remaining life prediction. Section 16.4 introduces the
prognostic models outlined in Sect. 16.3. Section 16.5 highlights the new devel-
opments made in the case of direct monitoring, while some part of modelling is
provided in an appendix. Section 16.6 presents the numerical examples based on
one of the new developments in Sect. 16.5 and Sect. 16.7 concludes the chapter.

16.2 Replacement Decision Modelling

The prognostic models proposed in this chapter involve the development of a
conditional probability density function (pdf) for the time until failure of an
individual component using observed CM information. A key advantage in
establishing a conditional pdf over the evaluation of a single point estimate of the
failure time is the availability of the conditional cumulative density function (cdf).
At each CM point throughout the life of a component, an optimal replacement time
can be scheduled using renewal-reward theory and the long run ‘expected cost per
unit time’ (Ross 1996). The conditional pdf and the resulting cdf are used in the
development of the replacement decision model that incorporates the probability
of failure before a particular instant conditioned on the CM history to date.

Figure 16.1 illustrates a CM process over time for an individual component
where, ti is the time of the ith CM point and yi is the observed CM information.
The failure time of the component is represented by T.

For the modelling of an individual component, we employ the notation;

• Tf—random variable representing failure time
• m—number of CM points before failure
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• ti—time of ith CM point (irregularly spaced)
• Y(t)—random variable representing CM information at time t
• y(t)—observed realization of Y(t)
• Y(ti)—history of CM observations at ith CM point; Y(ti) = {y(t1), y(t2),…,

y(ti)}
• TR—planned replacement time (to be optimised)
• cp—preventive replacement cost
• cf—failure replacement cost
• Ci(TR)—expected cost per unit time given TR at ti

We seek to determine, at a given CM point, whether or not a preventive
replacement is required before the next scheduled CM point. At the ith CM point at
time ti, the expected cost per unit time is given by

CiðTRÞ ¼
Expected Cost Given TR

Expected Life Given TR
ð16:1Þ

which is minimised to obtain the optimal replacement time TR
*. As such, the

replacement decision at the ith CM point is obtained via the minimisation of

CiðTRÞ ¼
cp þ ðcf � cpÞ PrðTf � TRjYðtiÞÞ

ti þ ðTR � tiÞf1� PrðTf � TRjYðtiÞÞg þ
R TR

ti
u p Tf ¼ ujYðtiÞ
� �

du

ð16:2Þ

for TR C ti where,

• Pr (Tf B TR|Y(ti)) is the conditional probability of failure before the planned
replacement time given the history of CM observations.

• p(Tf = u|Y(ti)) is the probability density function of failure at time u.

Clearly, p(Tf = u|Y(ti)) is the key in Eq. 16.2, which is the subject in the
following sections of this chapter. Illustrations of the potential replacement
decisions are given in Fig. 16.2. The solid curve represents a situation where
replacement is scheduled at optimal replacement time TR

* before the subsequent
CM point. In the case of the dashed curve, the decision produced by the model is to
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Fig. 16.1 The CM process
for an individual component
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leave the component in operation until the next CM point and then re-assess the
situation.

A simple alternative role for decision making would be to compare the product
of the probability of failure and the consequence of such a failure for each key
component and then those components with higher ranking should be scheduled at
the next preventive maintenance window or as soon as possible depending on the
maintenance capacity. This would provide a list for a maintenance dash board
where appropriate components can be selected for maintenance execution.

16.3 Review of Prognostic Models

This section reviews the prognostic models discussed in this chapter.

16.3.1 Non-Linear Stochastic Filtering

Non-linear stochastic filtering is a prognostic technique that has been tailored for
CBM applications; see Wang and Christer (2000), Wang (2002, 2006) and Carr
and Wang (2008). The model has been employed in a number of previous case
studies including applications involving rolling element bearings, aircraft engines
and naval diesel engines. A principal difference of the non-linear filtering approach
over alternative prognostic techniques, such as proportional hazards modelling, is
that the observed CM data are assumed to be a function of the component’s state,
which is generally accepted in practice. The filter based approach also has an
ability to incorporate the entire history of monitored information when making
predictions about the time until failure of a component.

Figures 16.3, 16.4, 16.5 illustrate some typical output from the stochastic fil-
tering model. At a given CM point at time t, the stochastic filter utilises the history

No replacement

Optimal replacement time

Time

)( Ri TC  

*
RT  1+it

Next monitoring point

it

Current monitoring point

Fig. 16.2 Illustrating the
replacement decision at the
ith CM point
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of CM information to construct a conditional distribution for the failure time of the
component. Initially, a prior component failure time distribution is specified and
initialised using historical failure time information, as shown in Fig. 16.3.

Bayesian theory is used to iteratively update the failure time distribution using
the age of the component and the available CM information. As more CM
information is obtained, the error in the distribution about the actual upcoming
failure time should decrease, assuming that a relationship exists between the
observed CM information and the underlying condition of the component. The
increasing accuracy of the failure time distribution is illustrated in Figs. 16.4 and
16.5 for monitoring points 1 and 2 respectively.

The prognostic failure time distribution is then incorporated into the replace-
ment decision model in order to evaluate the optimal replacement time from the
current CM point. Figure 16.6 illustrates some typical output from the replacement
model with a stochastic filter as the prognostic input.
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16.3.2 Failure Mode Filtering

Many monitoring scenarios provide evidence that the operational components
involved may potentially be subject to a number of individual distinct failure
modes, rather than a single dominant failure mode as modelled previously.
Figure 16.7 provides a typical example where the failure times of the components
and the final CM reading before failure are observed to be clustered in the his-
torical data.

The modelling procedure proposed to handle this scenario is based on the
assumption that an individual monitored component will fail according to one of a
number of predefined failure modes. Individual non-linear stochastic filters are
constructed to facilitate the failure time prediction under the influence of each
potential failure mode. The output from each filter is then weighted according to
the probability that the particular failure mode is the true underlying (unknown)
failure mode. The probabilities associated with each failure mode are recursively
derived using a Bayesian model and the CM information obtained to date. The
failure mode analysis filter is described in detail in Carr and Wang (2010a).
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16.3.3 Extended Kalman Filtering

Many established prognostic modelling techniques for CBM can be computa-
tionally expensive and the input from multiple simultaneous sources of CM cannot
be incorporated without resorting to data reduction algorithms or other approxi-
mate techniques, where much of the multivariate information is lost. The use of
different locations for vibration sensors or multiple oil contamination readings is
now very common and many established techniques are not satisfactory on a
theoretical or performance based level. To overcome these significant shortcom-
ings, we have developed an approximate methodology using extended Kalman
filtering and the historical CM information to recursively establish the conditional
failure time distribution. The one we developed is different from other extended
Kalman filters since we use a Log-nomal distribution for the state variable. The
filter can be used to construct the distribution in a computationally efficient manner
for a large number of components and CM variables simultaneously. The model
has been documented by Carr and Wang (2010b).

16.4 Guidelines for Prognostic Model Selection

For a given application, the choice of which prognostic model to use for the
development of the conditional failure time distribution (used in the replacement
decision model) is dependent on the nature of the CM information and the
availability of historical data for initialisation purposes. Figure 16.8 presents a
decision tree that can be used for prognostic model selection based on the type of
CM employed.

In the next section, we discuss the new developments (highlighted in Fig. 16.8)
during the course of the project.

16.5 New Prognostic Modelling Developments

As discussed previously, new developments are needed to model operational CBM
process requirements. The approach presented here is a new methodology for
failure time prediction and attempts to address some of the issues associated with
operational scenarios and applications. The models developed are a type of direct
monitoring. The approach has a number of advantages over the techniques
including an ability to initialise the model using expert engineering opinion in the
absence of failure time information. The model also incorporates updating capa-
bilities when operational data become available. The predicted time to failure is
based on the history of CM and is established using an initial threshold level and
the characterisation of a failure zone for the condition information. This is a novel
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approach as most of the available research on threshold modelling involves the
employment of a constant failure threshold level, whereas, here we use a distri-
bution on the assumption that no such convenient threshold level exists and that
each component should be treated individually. This implies that even when the
CM reading has exceeded the initial threshold level, the component may only fail
according to a probability distribution. We call this distribution a failure zone
distribution. The model is practical, robust and applicable to any type of com-
ponent or monitored information.

Figure 16.9 illustrates the modelling principles. When the CM information
Y(t) reaches a failure zone bounded by an open interval [YL, ?) and charac-
terised by a random variable yf with a pdf f(yf), where yf is the level of yt when
the failure occurs, a failure is deemed to be imminent and the system needs to
be shutdown for immediate attention. Both YL and f(yf) may not be fixed and
can be initialised using subjective expert information then updated as objective
data becomes available. The future CM path Y(t) is described as a function of
time with a random scaling coefficient and is modelled using two different
variants and updated using Bayesian theory and the observed CM information.
The first variant is a Kalman filtering algorithm and the second is based on
adaptive Gamma process theory. The output from the model is consistent with
that shown in Figs. 16.4, 16.5, 16.6 for the non-linear stochastic filter. Natu-
rally, as more CM information is obtained, the models predictive capability is
enhanced.

Non-linear filtering

Failure mode filtering Extended Kalman filtering

Extended Kalman &

failure model filtering

New developments

Is past CM information available?

Is past failure information available?

Is the CM data multivariate?

Are multi-failure modes evident? Are multi-failure modes evident? 

N

N

N

N
N

Y

Y

Y

YY

Fig. 16.8 Prognostic model selection decision tree
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There are two key issues for consideration when modelling the remaining
useful life in an operational context:

1. modelling the CM reading failure zone
2. modelling the deterioration process of Y(t)

16.5.1 Modelling the Failure Zone

Here we assume that YL is the lower boundary of a random variable which
characterises the failure zone in terms of observed monitoring signals. When the
observation exceeds the threshold YL the probability of failure is described by
another distribution. Both YL and the failure zone distribution are updated when
new information becomes available. We use a Bayesian approach for the devel-
opment of the failure zone. An initial distribution for the failure time CM reading
is specified using historical threshold levels, failure time CM readings (when
available) or expert engineering opinion. The initial distribution is then updated
when additional information becomes available from components monitored after
the initialisation of the model. For a detailed description of f(yf), see Wang and
Carr (2010).

If at time ti, fi(yf) is available, then

PrðTf � tjYðtiÞÞ ¼
Z1

maxðyðtiÞ;YLÞ

PrðTf � tjYðtiÞ; yf Þfiðyf Þdyf ð16:3Þ

Now we discuss the models for Pr(Tf B t|Y(ti), yf), that is, the probability of the
residual life is less than t given the history of the observed CM data and a threshold
level of yf.

CM reading failure

Zone distribution

CM reading

Past CM observation

t

Initial threshold, LY

Failure time distribution.

Potential CM paths

time

Fig. 16.9 Illustrating the modelling principles
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16.5.2 Modelling the Condition Monitoring Process

Now we discuss the modelling of a CM process over time and consider the
potential for updating our knowledge of the process when observations become
available. The objective is to accurately predict the path or trend of the CM
observations. Initially, we consider the modelling of Y(t) without updating. If we
know the starting reading for the CM process, y(0), the evolution of the monitored
variable over time can be described using a deterioration model. The CM reading
at time t is modelled as:

YðtÞ ¼ yð0Þ þ bgðtÞ þ hðtÞ

where, b is a scaling parameter, g(ht) is some function of time and h(t) is the
random error in the prediction over the interval (0, t). A number of different
functional trending forms for g(t) have been considered including (i) g(t) = t,
(ii) g(t) = ta, (iii) g(t) = eat, and (iv) g(t) = e-a/t.

For option (i), the scaling parameter, b, in the equation for Y(t) becomes the
linear gradient of the process. Naturally, this model is only appropriate for cases
where the CM variable changes linearly over time. After some initial numerical
studies, the modelling form that we have decided to adopt is option (ii). As such,
the CM variable is modelled over time as:

YðtÞ ¼ yð0Þ þ bta þ hðtÞ

This functional form provides a lot of flexibility in the different trend behav-
iours it can model, as shown in Fig. 16.10.

As illustrated in Fig. 16.10, when the parameter a is set to 1, the model reverts
to the linear case (option 1 above). When we have 0 \ a \ 1, the CM variable can
be modelled as increasing steadily and then levelling off asymptotically as the
component approaches failure. This type of behaviour is often observed when oil
based indicators such as metallic contamination levels are used as the CM input.
When a [ 1, the value of the CM parameter increases steadily at first and then

CM reading (Yt)
0<a<1

a=1

a>1

Time (t)

Fig. 16.10 Illustrating the
different types of trend
catered for by the
deterioration model
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begins to increase more rapidly as the component approaches failure. This type of
behaviour is consistent with vibration monitoring applications where the initiation
of a hidden defect in the component typically triggers a rapid increase in the
resulting vibration level.

We now consider the iterative modelling of the CM process Y(t) over time. If a
CM observation, y(ti), is available at the ith CM point, we are then interested in
modelling the behaviour of Y(t) from this point onwards. At time ti, we have

yðtiÞ ¼ yð0Þ þ bta
i þ hðtiÞ

and for t C ti, we model the difference in the CM variable over time, since ti, as

YðtÞ ¼ yðtiÞ þ bðta � ta
i Þ þ ðhðtÞ � hðtiÞÞ

This formulation uses the current monitoring value when making predictions
about the future trend of the CM variable over time but it does not utilise the
history of monitoring information. To incorporate the CM history, we have
developed a couple of updating procedures for the scaling parameter b.

Finally, we present the deterioration model that iteratively describes the
trending behaviour of the CM information over time. At the ith CM point we
model the future behaviour of the CM variable as

YðtÞ ¼ yðtiÞ þ bðtiÞðta � ta
i Þ þ hðti; tÞ ð16:4Þ

where, h(ti, t) represents the random error in the prediction over the interval
(ti, t) and, for t1 \ t2 \���\ ti B t, we have b(ti) as a function of {y(t1), y(t2),…,
y(ti)}. The modelling of Y(t) and the updating of b can be undertaken using one of
two new models proposed in this chapter. These are a Brownian motion model and
a Gamma process based model. It is via the modelling of Y(t) that, at any given
monitoring point, the distribution of the time to failure is inferred. The failure time
distribution is then utilised in the replacement decision model discussed earlier to
evaluate the optimal replacement decision. For the Brownian motion based model,
see Wang and Carr (2010). The Gamma based model is presented in the appendix.

16.6 An Example of the Gamma Process-based Model

We now present a case example using a simplified linear version of the proposed
Gamma process based model (with parameter a = 1) to obtain the failure time
distributions used in the replacement decision model in order to evaluate the
optimal decision at each CM point. The case we are considering is a limited data
case. The monitored information consists of the overall vibration level recorded at
irregular time points during the operational life of 6 components and the associated
failure-time information. The data were obtained in a fatigue experiment. The data
from 4 of the components are defined as historical data used to fit the model and
the other 2 are treated as new data to test and demonstrate the application of the
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model. Figures 16.11 and 16.12 illustrate the vibration histories for the 4 com-
ponents used to fit the model and the two component datasets used to demonstrate
the application of the model respectively. The black dots represent failures. The
costs associated with failures and preventive component replacements are £6,000
and £2,000 respectively. Using the maximum likelihood method, the estimated
parameters are given in Table 16.1.

Figures 16.13 and 16.14 illustrate the tracking of the residual life using the
Gamma process model at successive monitoring points for the first and second new
component, respectively. The solid line represents the actual remaining life and the
dotted line represents the mean residual life.

It is evident that as more information becomes available over time, the residual
life estimation process is substantially improved. This demonstrates the potential
advantages of utilising CM information. Figures 16.15 and 16.16 illustrate the fit
of the distribution about the actual failure at successive monitoring points. The
dots represent the actual failure time. As more information is received, the fit
improves giving increased confidence in the replacement decisions.

Figures 16.17 and 16.18 illustrate the evaluation of the optimal replacement
decisions (represented by boxes) and the time remaining before failure (repre-
sented by dots) for the two demonstration components.
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Fig. 16.11 The vibration monitoring histories used to fit the model

Table 16.1 The estimated
parameters

Parameter Estimate

r 1.1711
a0 1.2318
b0 2.9051
a 0.2061
b 0.0179
YL 20.9
k 0.1311
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At all CM points in Figs. 16.17 and 16.18 except the final one before failure,
the replacement is scheduled to occur after the subsequent CM point, at which time
the replacement decision is re-evaluated. As such, both components are kept in
operation until the final CM point and a failure is still averted. This illustrates how
the proposed prognostic technique and the replacement decision model can
maximise component availability, without compromising reliability, and in a cost
effective manner.
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Fig. 16.13 Tracking the
remaining life of the 1st
demonstration component
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Fig. 16.14 Tracking the
remaining life of the 2nd
demonstration component
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Fig. 16.12 The vibration monitoring histories used to test and demonstrate the model
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16.7 Summary of Developments

The models presented in this chapter tackle some of the issues associated with
scheduling replacements for operational components used in operational applications.
The models can be used to increase the availability and reliability for key components
and the costs of planned maintenance can be reduced by eliminating unnecessary
interventions. The newly developed model is a practical and robust procedure for
operational scenarios and incorporates subjective model initialisation techniques in the

Fig. 16.15 Illustrating the fit of the failure time distributions about the actual failure time for the
1st demonstration component

Fig. 16.16 Illustrating the fit of the failure time distributions about the actual failure time for the
2nd demonstration component
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absence of past life histories. In addition, an optimal replacement decision model has
been constructed which utilises the failure time prediction models and learning
algorithms have been developed for updating purposes.

16.8 Chapter Summary Questions

The first question from this chapter is why residual life prediction is important.
This leads to another question as what can we gain by predicting such as residual
life from observed condition information. The last question is do we need failure
data to enable the model introduced in this chapter?

Fig. 16.17 Illustrating the optimal replacement decision at each CM point for the 1st
demonstration component

Fig. 16.18 Illustrating the optimal replacement decision at each CM point for the 2nd
demonstration component
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• Why do we need to predict the residual life of operating equipment?
• What benefits can we obtain by predicting the residual life?
• What key information is needed for the new developments introduced in the

chapter?

Appendix

From Eq. 16.4, we describe the updating of b(ti) in the Gamma process model using
the observed Y(ti) = {y(t1), y(t2), …, y(ti)}. The updating process for b(ti) is difficult
in this case as an analytical form is not available. As such, we make a few assumptions
and attempt to obtain a closed form updating equation for b(ti) using the observed
monitoring information. Firstly, at time ti,, before considering the observed y(ti), we
assume that b(ti) = b(ti-1) and we define v(ti) = {y(ti) - y(ti-1)}-1 and V(ti) =

{v(t1), v(t2), …, v(ti)}. Secondly, we assume that the predicted pdf f(b(ti)|V(ti-1)) is
available using b(ti) = b(ti-1). With these assumptions, we have

f ðbðtiÞjVðtiÞÞ ¼
f ðvðtiÞjbðtiÞÞf ðbðtiÞjVðti�1ÞÞR1

0 f ðvðtiÞjbðtiÞÞf ðbðtiÞjVðti�1ÞÞdbðtiÞ
ðA16:1Þ

Assuming f (b(ti)|V(ti-1)) is Gamma and f (v(ti)|b(ti)) = Ga{v(ti); a, bb(ti)
(ti

a - ti-1
a )}, it follows that E[v(ti)|b(ti))] = a/bb(ti)(ti

a - ti-1
a ) and var[v(ti)|b

(ti))] = a/(bb(ti)(ti
a - ti-1

a ))2. Letting f(b(ti)|V(ti-1)) = Ga{b(ti); bi-1,ai-1} where
the parameters contain the history Y(ti-1), then after some manipulation we obtain

f ðbðtiÞjVðtiÞÞ ¼ GafbðtiÞ; aþ ai�1; bðta
i � ta

i�1ÞvðtiÞ þ bi�1g

with shape and scale parameters ai = a ? ai-1 and b (ti
a - ti-1

a )v(ti) ? bi-1

respectively. When the hyper-parameters for f(b(t0)|V(t0)) : f(b(t0)) are a0 and b0,
we have

f bti jVtið Þ ¼ Ga bti ; a0 þ ia; b0 þ b
Xi

k¼1

ta
k � ta

k�1

� �
vtk

 !

ðA16:2Þ

and a closed form updating expression is available as

b̂ti jVti ¼
a0 þ ia

b0 þ b
Pi

k¼1 ta
k � ta

k�1

� �
vtk

¼ a0 þ ia

b0 þ b
Pi

k¼1
ta
k�ta

k�1ð Þ
yk�yk�1ð Þ

ðA16:3Þ
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Chapter 17
Scheduling Asset Maintenance
and Technology Insertions

W. Wang and M. J. Carr

Abstract This chapter presents a methodology that has been developed to assist
in the planning, scheduling and outsourcing associated with maintenance and
service contracting of complex engineering systems. The methodology is based on
the delay-time modelling concept and can be used to construct and specify a model
of the failure and inspection maintenance processes for a given system or asset.
The resulting process model can be used for optimising the maintenance service
interval with respect to a number of different criteria including system cost,
downtime, availability or reliability. It also caters for a number of analytical
scheduling options. Most notably, the model can be used to determine the optimal
inspection interval for multiple types of maintenance and service, and can also be
used for validatory purposes or to improve the actual maintenance processes. This
chapter also discusses the application of the methodology in the context of fixed
service life contracts and the potential for incorporating technology insertion
processes over time in the modelling process. The model developed can be pro-
grammed into a software package to facilitate the actual use of the methodology.
The chapter concludes with some simple examples to demonstrate the concepts.
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17.1 Introduction

Due to advances in technology and production, longer product life cycles and
increased asset availability are increasingly common requirements in many sectors
and represent important considerations for the development of service plans and
contracts. This is particularly so when both the equipment providers and the
maintainers are under the pressure of performance-based contractual arrangements.
Improving the provision of contracts to incorporate servicing throughout the pro-
posed life of an asset should theoretically result in a reduction in the acquisition of
new engineering systems and equipment and ultimately a behavioural transforma-
tion within and between the relevant parties. Longer lifecycles mean that the like-
lihood of technological obsolescence is substantially increased and the necessity for
improved maintenance, repairs and spare parts planning becomes more apparent if
the goal of complex system capability enhancement is to be attained.

An important aspect of service contract provision is the development of a cohesive
cost-effective maintenance framework with the provision for technological insertion
planning and obsolescence management. The transformation from a traditional
product supply arrangement to a product supply and service provision contract will
involve the realisation of multiple support processes into a single coordinated multi-
tier plan. The maintenance plan should support the contract and demonstrate the impact
of the transition in terms of cost, downtime, risk, availability or any other criterion.

To clarify the objective of the type of the cost benefit analysis we are concerned
here with, considering a plant item with a maintenance practice, or concept, of
servicing every period t hours, says, weeks or months, with repair of failures
undertaken as they arise. The service consists of a check list of activities to be
undertaken, and a general inspection of the operational state of the plant. Any defect
identified leads to immediate repair and the objective of the maintenance concept is
to minimise the operational cost. Other objectives could be considered to include
downtime, availability, and output, but for now we consider cost reduction.

Conceptually, there is a relationship between the expected cost per unit time
E(C(t)), and the service period t, see Fig. 17.1. If t was small, the cost per unit time
would be large because the plant would frequently be unavailable due to servicing, and
if t were sufficiently large, the cost per unit time would essentially be under a break-
down maintenance policy. If the chosen service period is t*, all that can expect to be

E(C(t)

E(C(t*))

t* t

Fig. 17.1 The observed and
expected cost model v service
interval
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known of E(C(t)) is the observed value E(C(t*)), that is the current cost measure. One
wishes to reduce E(C(t*)), and if a model such as the curve in Fig. 17.1 was available,
there would be little difficulty in identifying a good operational period for t, which
could be infinite, that is do not inspect. Unfortunately, in the absence of modelling, all
that is generally available is the data of the dot in Fig. 17.1.

To obtain the curve in Fig. 17.1 requires maintenance modelling, and the curve
in Fig. 17.1 is a graphical representation of a model with only one type of the
service interval.

Plant inspection with only one type of the service interval has been well addressed
in the literature, Wang (2008a). However it is noted that multi-level service pro-
vision is increasingly common, particularly in the defence sector. The different types
of maintenance can be lines with different activities, differing levels of depth, or
different sub-systems. In many applications, service provision is grouped into two
different levels. The first level consists of on-base processes for maintenance and
upgrading activities. The second level consists of on and off-base support providing;
labour and management resources, material and repair services, technical infor-
mation and capability development services. A number of authors have presented
models for maintenance service contracts. Lugfigheid et al. (2007, 2008) discussed
finite horizon problems under a maintenance contract. Lisnianski et al. (2008) and
Jackson and Pascual (2008) model increasing failure intensities over the planned
service life of an asset. However, the effects of planned inspection maintenance and
multiple types of maintenance intervention are neglected in all of these studies.

This chapter presents a methodology developed for determining the optimal mul-
tiple inspection services and maintenance intervals. The methodology can be utilised
for a given application to integrate and schedule maintenance and serviceactivities over
different lines or at different levels of depth. The maintenance plan is constructed in an
optimal mannerand the scheduling isundertaken over the lifetime of an asset in order to
provide through-life support while balancing the competing objectives of capability
and affordability. The methodology has been developed with consideration given to the
limitations associated with operational scenarios and can be tailored to build a model of
the failure and planned maintenance processes for any given application. Upgrading
and technology insertion activities are regarded as part of the maintenance planning
process and capability enhancement trade-off decisions are readily incorporated.

The chapter is organised as follows. Section 17.2 introduces the background of
the modelling technique used. Section 17.3 presents the methodology and the
model. Section 17.4 develops the model based on a fixed system life, while Sect.
17.5 considers the impact of technology insertions. Section 17.6 illustrates
numerical examples and Sect. 17.7 concludes the chapter.

17.2 Background

Two maintenance policy extremes are typical in industry. These are (i) ‘break-
down’ maintenance policies where the system is only attended to upon the
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occurrence of a failure, and (ii) ‘frequent-as-possible’ maintenance scheduling.
However, it is rare for either of these policies to produce satisfactory results.
Figure 17.2 illustrates a typical defect arrival, failure and planned inspection
process for inspections undertaken on a regular interval t, where multiple defects
can be present in the system at the same time and defects that are present are
identified and removed or corrected as part of the inspection process. The circles
represent the initiation of random defects and the dots represent failures caused
by the defects if no maintenance intervention takes place. The arc linking a
circle and a dot is the delay time of the defect. Due to the impact of planned
inspection interventions, some defects in Fig. 17.2 are identified at inspection
and rectified. This reduces the number of system failures from 7 to 3. Clearly,
the interval of such an inspection is important since more frequent inspections
will identify and remove more defects and consequently reduce the cost asso-
ciated with failures but will also result in an increased total inspection penalty.
We introduce a modelling technique called delay-time modelling which can be
used for such a cost benefit analysis to balance the trade-off between these two
sources of costs.

Delay-time modelling can be used to optimise the inspection process and avoid
the obvious pitfalls associated with ‘breakdown’ or ‘frequent as possible’ main-
tenance policies. The methodology has proven to be very useful for complex
system maintenance scheduling since its introduction in Christer and Waller
(1984). Useful summaries of the key delay-time modelling developments are
provided in Christer (1999) and Wang (2008a). Typical case studies using the
delay-time modelling can be found in, Baker and Wang (1991) for medical
equipment, Christer and Waller (1984) for high speed canning lines, Akbarov et al.
(2008) for a baking production line, Christer et al. (1995) for an extrusion press,
Christer et al. (1997) for a hot steel mill, Jones et al. (2009) for a manufacturing
plant and Pillay et al. (2001) for fishing vessel to name a few. Virtually all
companies which use some kind of time-based inspection on their assets can
benefit from the delay-time model based analysis. Delay-time modelling provides
a framework that is applicable to any complex asset maintenance scheduling
problem. The delay-time concept defines the failure process of an asset as a two-
stage process. The first stage is the normal operating stage from new to the
origination of an identifiable defect in the system. The length of this stage depends
on the type and nature of the inspection process, the available technology and the
associated maintenance team. The second stage is defined as the delay-time of the
defect until failure. During the course of the delay-time, preventive maintenance
actions can be undertaken to remove the defect and prevent the impending failure.

Fig. 17.2 A defect arrival,
failure and inspection process
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By modelling the process in this manner, an optimal inspection interval can be
established based upon downtime, cost, availability, risk or any other criterion.
The delay-time concept is similar but has a number of advantages over the much
used P–F interval concept in reliability centred maintenance (RCM). However, the
P–F interval is only part of the plant life, and the time to P since new is more
important than the P–F interval, which was not considered in RCM at all.
Moreover, RCM only provided such a P–F interval concept, but the delay-time
modelling proposed a comprehensive way to estimate the time to P and the P–F
interval. No RCM literature has reported any way for the quantification of such a
P–F interval.

Initially, we are concerned with complex assets and inspections taking place in
every t units of time, where the aim of the interventions is to minimise the cost
associated with system failures. Figure 17.3 shows that the origin of a particular
defect is defined as time u, while h denotes the delay-time until failure. A main-
tenance intervention in the period (u, u ? h) would prevent the failure from
occurring.

If the averaged costs of failure, inspection and defect removal are available, we
wish to establish the curve depicted in Fig. 17.1 using the delay-time concept. The
expected cost per unit time is the sum of the cost of failures, inspection and defect
removals occurred within the interval divided by the interval. To present this in a
model we have

EðCðtÞÞ ¼ cf EðNf ðtÞÞ þ cs þ cdEðNdðtÞÞ
� �

=t ð17:1Þ

where C(t) denotes the total cost per unit time over t, cf denotes the average cost
per failure, E(Nf(t))denotes the expected number of failures in (0, t), cs denotes the
average cost of an inspection service, cd denotes the average cost of a defect
removal, and E(Nd(t)) denotes the expected number of defects identified at the
service point. The cost parameters may be available from the clients, but to get
E(Nf(t)) and E(Nd(t)) we need to know the average rate of defect arrival over time
and a probability distribution for the delay-time f (h). For the derivation of E(Nf(t))
and E(Nd(t)) see Wang (2008a). Clearly Eq. 17.1 is a function of t through E(Nf(t))
and E(Nd(t)), and once they and the cost parameters are available, Eq. 17.1 can be
readily calculated to assess which t is the best. Equation 17.1 is the fundamental
objective function we shall use throughout this chapter while all others are variants
of it.

Fig. 17.3 The delay-time of
a defect from conception to
failure
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17.3 Multiple Types of Maintenance

17.3.1 Methodology

Until recently, the delay-time modelling approach has only been used to optimise
the maintenance process for a single line or type of service provision. For complex
asset systems with many sub-systems and components, the planned inspection and
maintenance will normally be undertaken at different intervals, levels, and depths.
Typical practice involves a routine inspection on a more frequent basis to some
sub-systems or components which may be subject to more frequent failures and
then a longer interval applied to the system as a whole. An example of such
maintenance service practice can be seen in aircraft maintenance where up to four
different maintenance intervals may be in place (Sriram and Hagham 2003). These
different intervals are usually nested, as up-level maintenance with a longer
interval will include the content of lower levels of maintenance with shorter
intervals (Wang 2000, 2008b). The following summarises the methodology
devised for modelling multiple types of maintenance and the associated assess-
ment activities:

1. Collection, storage and pre-processing of events based data.
2. Drawing up a bill of material/product tree to show the structure of the system.
3. For each defined sub-system that will be serviced by a line or type of main-

tenance service:

– estimate the defect arrival rate,
– specify and parameterise the delay-time distribution,
– estimate the downtime or cost associated with failures and scheduled

maintenance servicing.

4. Establish the interactions between the different lines or types of maintenance.
5. Options for analysis include:

– optimal scheduling algorithms,
– candidate policy comparisons,
– reliability and availability evaluation,
– validation of existing scheduling activities,
– evaluate efficacy of maintenance activities,
– technology insertion sensitivity analyses.

6. Assess the performance by comparing the observed and expected output over
time.

7. Assess the availability and capability of the system using an expected down-
time and reliability evaluation. System reliability functions can be used to
assess the system from a risk perspective.

The methodology requires specification and adaptation for a given scenario and
is dependent on; the nature of the application, limitations on the availability of data
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and access to design/engineering expertise. However, regardless of the application,
the same building blocks are used to model the defect arrival, failure and pre-
ventive maintenance processes. It is an extendable and broadly applicable meth-
odology that can be applied to any system. As noted in point 6, for a defined test
case we are able to compare the expected cost against the observed operating cost
for a specified maintenance service policy when initiated. As such, the comparison
can be used to validate the delay-time model of the complex system.

17.3.2 Two Types of Maintenance

In this section, we address a simple case when two types of inspection process are
in operation. The model can be readily extended to more than two types of
inspections. We consider the categorisation of minor and major defects and fail-
ures and the scheduling of the corresponding minor and major inspection-based
interventions with different cost measures. The different defect arrival rates are
estimated independently as k1 and k2 for minor and major defects, respectively.
Similarly, the individual delay-time distributions are specified as f1(h) and
f2(h) and the average cost associated with failures, cf, inspections, cs and pre-
ventive defect removal, cd, are estimated independently for each defect type.
Table 17.1 summarises the modelling notation. We specify the following addi-
tional assumptions:

• There are two broad types of defects and therefore failures, namely minor and
major.

• Minor defects can be identified and rectified by a minor inspection service,
while major defects can only be identified and removed by a major inspection
service. A major inspection service includes the content of a minor inspection
service and occurs at one of the minor inspection service interventions.

Table 17.1 The modelling notation

Notation Definition

k Defect type, where k = 1 or 2
kk Rate of type k defect arrival
h Delay-time of a defect
fk(h) Type k defect delay-time distribution
ckf Average cost measure for a type k failure
cks Average cost measure for a type k inspection
ckd Average cost measure for a type k defect removal at a type k inspection
E[Nkf (t)] Expected number of type k failures over an interval (0, t]
E[Nkd (t)] Expected number of type k defect removals at a type k inspection after

an interval of duration t
E[C(•)] Expected cost per unit time with • as the decision variables
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17.3.3 Common Inspection Model

Firstly, we consider the scenario where minor and major defects and failures are
identifiable but the minor and major inspections are undertaken on the same
interval. As major inspections incorporate all the activities of minor inspections,
we only incorporate the cost associated with major inspections. Extending the
concept used in Eq. 17.1, the expected cost per unit time is

E½CðtÞ� ¼ E½N1f ðtÞ� c1f þ E½N1dðtÞ� c1d þ E½N2f ðtÞ� c2f þ E½N2dðtÞ� c2d þ c2s

� �
=t

ð17:2Þ

for a common inspection interval t.

17.3.4 Multiple Inspection Model

Now we consider the multiple inspection case where minor and major inspections
are scheduled. As discussed in the introduction to this section, major inspections
contain all the activities of minor inspections. As such, major inspections are
scheduled to occur at integer multiples of the minor inspection interval and the
cost associated with minor inspections is assumed to be incorporated in the major
inspection penalty. With minor and major inspection intervals of duration t1 and
t2 = mt1, respectively, we have

E½Cðt1;mÞ� ¼fmðE½N1f ðt1Þ� c1f þ E½N1dðt1Þ� c1dÞ þ ðm� 1Þc1s

þ E½N2f ðmt1Þ� c2f þ E½N2dðmt1Þ� c2d þ c2sg=mt1 ð17:3Þ

Naturally, when m = 1 the model is equivalent to the common inspection
model.

17.4 Fixed Service Life

A key assumption used in the construction of the models in the previous section is
that of an infinite planning horizon which allows the use of renewal reward theory
in the evaluation of the expected cost per unit time. However, many contracting
applications involve the scheduling of maintenance and service activities over a
proposed service life. As such, further modelling developments are required.
Initially some further notation is introduced:

• T is the planned service life, and
• E[C(•)] is the expected cost over T with • as the decision variables

322 W. Wang and M. J. Carr



Note that for fixed service life applications, we are interested in the total
expected cost over the planned service life, E[C(•)], rather than the expected cost
per unit time, E[C(•)], used previously. Continuing the multiple inspection interval
case with minor and major inspection types, the total expected cost over the service
life of the asset is the summation of the cost associated with minor and major
failures and minor and major defects identified and removed at inspections. Again,
we assume that minor defects can be rectified by minor and major inspections but
major defects can only be rectified at a major inspection of the system.

17.4.1 Common Inspection Model

If a common inspection on interval t is scheduled for minor and major inspections,
then the total number of inspection intervals during the service life is |T/t| where,
|x| is the largest integer less than or equal to x. As there will be no inspection at the
end of the asset service life, it follows that the total expected cost over the planned
service life is

E½CðtÞ� �
X2

k¼1

jT=tj � 1ð Þ E Nkf ðtÞ
� �

ckf þ E NkdðtÞ½ �ckd

� ��

þE Nkf ðT � ðjT=tj � 1ÞtÞ
� �

ckf

�
þ ðT=t � 1Þc2s

However, as we are interested in large values of T and comparatively small
values of t, the expected cost can be approximated as

E½CðtÞ� �
X2

k¼1

ððT=t � 1ÞfE½Nkf ðtÞ�ckf þ E½NkdðtÞ�ckdg þ E½Nkf ðtÞ�ckf Þ þ ðT=t � 1Þc2s

ð17:4Þ

17.4.2 Multiple Inspection Model

In the multiple inspection case, we define t1 and t2 as the minor and major
inspection intervals respectively. Assuming that t1 � t2 (i.e., the minor and major
inspections do not coincide), the expected cost over the contracted service life is

E½Cðt1; t2Þ� �
X2

k¼1

ðT=tk � 1ÞfE½Nkf ðtkÞ�ckf þ uks þ E½NkdðtkÞ�ckdg
�

þE½Nkf ðtkÞ�ckf

�

ð17:5Þ

In the nested case, where major inspections are undertaken on an interval
t2 = mt1 which is an integer multiple of the minor inspection interval t1, the
expected cost over the service life becomes
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E½Cðt1;mÞ� � ðT=t1 � 1Þ E½N1f ðt1Þ�c1f þ u1s þ E½N1dðt1Þ�c1d

� �
þ E½N1f ðt1Þ�c1f

þ ððT=mt1Þ � 1Þ E½N2f ðmt1Þ�c2f þ ðc2s � c1sÞ þ E½N2dðmt1Þc2d

� �
þ E½N2f ðmt1Þ�c2f

ð17:6Þ

It is straightforward to show that if technology insertions are incorporated,
which reduce the major defect arrival rate over time, the expected cost will be
smaller than in the no insertions case. This can be used partially to justify the need
for technological insertions if the cost associated with the actual insertion process
is not excessive. However, it should be noted that, if the major defect arrival rate is
not constant, then a variable inspection interval policy should be employed. This is
shown in the next section.

17.5 Incorporating Technology Insertions

During the lifecycle of major platforms, the implementation of technology
insertions is often carried out to increase the capacity of the platforms. However,
technology insertions should only be considered on the assumption that they
increase the capability and availability of the system, reduce the cost of planned
and unplanned maintenance interventions or prevent technological redundancy
over time. Technology insertions can be incorporated into maintenance and service
scheduling in a number of different ways and the objective may always not be able
to improve the operational capability of equipment. For the example in this
chapter, we consider a technological ‘upgrading’ mechanism that is manifested in
step-wise decreasing defect arrival rates as more reliable components are assumed
to be inserted over time. In many cases, technology insertion may be used to
combat natural degradation and obsolescence. This can be regarded as ‘main-
taining’ capability for consistent requirements. Alternatively, technology insertion
may be used to modify the asset for changing/evolving requirements over time. In
these situations, the delay-time modelling scheduling process should be adapted to
produce a plan designed to maintain levels of reliability.

Technological insertions are considered in many managerial papers in a qual-
itative manor; see Kerr et al. (2008a), Strong (2004), and Dowling (2004). These
studies mainly address the framework, concepts, components and dimensions of
such insertions. However, regardless of the particular application, justification for
the technological insertions will be required in the form of a cost benefit analysis
that should demonstrate the expected contribution with regard to the minimisation
of associated risks and costs. To incorporate an effective technology insertion
programme, it is necessary that system architectures are designed on an ‘open’ and
‘modular’ basis, Kerr et al. (2008a). Sensitivity analyses and a comparison of the
reduced maintenance costs attributable to failures and inspections and the cost of
the insertion activities can then be undertaken. Technological insertions must have
an impact upon the failure behaviour of the asset and therefore on the associated
inspection policy as well; Dowling (2004).
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To incorporate the impact of technological insertions over time for fixed
horizon inspection models, we introduce the following additional assumptions;

• New technology that may lead to component upgrading occurs during major
inspections at discrete time points and is assumed to impact upon the arrival
rate of major defects.

• The arrival rate for major defects is defined as a function of the time since the
last major inspection.

• The interval between minor inspections is constant, but the interval between
major inspections, which is influenced by aging and upgrading, varies.

Minor inspections are undertaken on an interval of duration t1 and the time of
the ith major inspection is denoted by t2,i. To model the impact of technological
insertions over time, k2(t2,i) is defined as the major defect arrival rate after the ith
major inspection. If the major defect arrival rate is influenced by technological
insertions over time, we must have a variable inspection scheme for the major
inspections. Assuming that there are n major inspections over the course of the
service life T, where n is a decision variable, we have the total expected cost
associated with maintenance as

E½Cðt1; n; ft2i; i1; 2; . . .; ngÞ� ¼ ðT=t1 � 1Þfc1f E½N1f ðt1Þ� þ c1s þ c1dE½N1dðt1Þ�g

þ c1f E½N1f ðt1Þ� � nc1s þ
Xn�1

i¼1

fc2f E½N2f ðt2;i � t2;i�1Þ� þ c2s

þc2dE½N2dðt2;i � t2;i�1Þ�g þ c2f E½N2f ðt2;n � t2;n�1Þ� ð17:7Þ

For the expected number of minor failures over a minor inspection interval,
E[N1f (t1)] and the expected number of minor defects removed at a planned minor
inspection, E[N2d (t1)], see Wang (2008a). Similarly, the expected number of
major failures over an interval between major inspections, E[N2f (t2,i - t2,i-1)],
and the expected number of defect removals at the ith major inspection, E[N2d

(t2,i - t2,i-1)], are also given in Wang (2008a). The expected cost can be compared
with proposed budgetary constraints on the maintenance and service activities.
This measure can also be used for contract negotiation if the maintenance service
is outsourced.

Assuming that major inspections occur at integer multiples of the planned
minor inspection interval t1, the objective function becomes

E½Cðt1; n; ft2;i; i ¼ 1; 2; . . .; ngÞ� ¼ ðT=t1 � 1Þ c1f E N1f ðt1Þ
� �

þ c1s þ c1dE N1dðt1Þ½ �
� �

þ c1f E N1f ðt1Þ
� �

� nc1s þ
Xn�1

i¼1

c2f E½N2f ðmit1Þ� þ c2s þ c2dE½N2dðmit1Þ�
� �

þ c2f E½N2f ðmnt1Þ� ð17:8Þ

where mi C 1 are the integer values and the major defect arrival rate after the ith
major inspection is
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k2ðt2;iÞ ¼ k2

Xi

j¼1

mjt1

 !

:

An optimisation algorithm is required to jointly optimise the objective function
given by Eq. 17.8 with respect to t1, n and mi for i = 1,2,…, n.

17.6 Illustrative Examples of the model developed

17.6.1 Example 1: Scheduling multiple inspection service intervals

This example illustrates the potential applications of the proposed methodology for
scheduling multiple types of maintenance and the benefits that can be realised for
the development of service contracts.

17.6.1.1 Historical Data

We assume that we are presented with r = 50 life cycles of historical failure and
inspection maintenance data. A constant cycle length of duration t = 7 days has
been used and the cumulative data are illustrated in Table 17.2 for two different
failure types. Although the different defect/failure types are identifiable, a single
inspection policy has been employed historically.

17.6.1.2 Single Inspection Interval

In the single inspection interval case, the data is analysed collectively, i.e., no
distinction is made between different types of defect or failure, as described in
Sect. 17.2. As such, the process parameters are estimated from the data corre-
sponding to both failure types as given in the row ‘both’ in Table 17.2. We assume
a single defect arrival rate k and employ an exponential form for the delay-time
distribution f(h) with parameter a. The cumulative delay-time distribution is
therefore F(h) = 1 - exp(-ah). Using the relevant values from Table 17.2 and

Table 17.2 The historical failure and inspection data

Type Total no. of
failures

Total failure
cost

Total inspection
cost

Total defect
repairs

Total defect repair
cost

1 TN1f = 300 TC1f = 1,200 – TN1d = 900 TC1d = 900
2 TN2f = 40 TC2f = 800 – TN2d = 150 TC2d = 750
Both TNf = 340 TCf = 2,000 TCs = 200 TNd = 1,050 TCd = 1,650
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applying a standard statistical procedure we obtain the estimated parameters
k = 9.267 defects per day and a = 0.197. The total number of events and the total
associated costs from Table 17.2 are used to estimate the average costs. The
average failure cost is estimated as cf = 2,000/340 = 5.882, the average inspec-
tion cost is cs = 200/50 = 4 and the average cost for an inspection-based repair is
cd = 1,650/1,050 = 1.571.

Using the process parameters and the estimated costs, the single inspection type
model of Eq. 17.1 can be used to analyse the effects of varying the maintenance
interval on the expected future performance of the asset. Using Eq. 17.1, Fig. 17.4
illustrates the expected cost per unit time, E[C(t)], against the inspection interval
t. The optimal inspection interval is found to be 2.526 days rather than 7 days
employed historically. As shown in Fig. 17.4, changing the single inspection
interval from the original 7 days to the optimal interval of around 2.5 days is
expected to reduce the expected cost per unit time from 11 to 9.524 which is a
13.4% reduction in the costs associated with maintenance. This illustrates how
modelling can be used to develop a tool for decision analysis that is used to inform
and assess the benefits of potential maintenance policy changes.

17.6.1.3 Two Types of Maintenance

Now we consider the modelling of two different types of maintenance, as
described in Sect. 17.3. We consider an infinite planning horizon and seek to
minimise the expected cost per unit time. The parameters are estimated for each
defect/failure type independently using the same process described in the previous
sub-section and the relevant events data from Table 17.2. The estimated param-
eters are; the rate of type 1 defect arrival k1 = 3.429, a1 = 0.087 (for exponen-
tially distributed type 1 delay-times) and the rate of type 2 defect arrival
k2 = 0.543, and a2 = 0.07 (for exponential type 2 defects). We introduce an
assumption that 15% of the inspection activities noted in Table 17.2 are attrib-
utable to the investigation of type 1 defects. As such, we have the cost associated

0       2 4     6 8        10
Inspection interval

13

12
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10

9

8

Cost per unit time, E(C(t))Fig. 17.4 The expected cost
per unit time, E[C(t)], as a
function of the inspection
interval, t
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with type 2 inspections as cs2 = cs (from the previous section) and the cost of a
type 1 inspection as cs1 = 0.15 9 cs2. The average costs are;

• Type 1: c1f = 1,200/300 = 4, c1s = 0.15 9 200/50 = 0.6 and c1d = 900/
900 = 1

• Type 2: c2f = 800/40 = 20, c2s = 200/r = 4 and c2d = 750/150 = 1

Attention is now turned to comparing the common inspection interval and
multiple inspection intervals models, as proposed in Sect. 17.3.3 and Sect. 17.3.4
and given by Eqs. 17.2 and 17.3, respectively. Figure 17.5 illustrates the expected
cost per unit time against the inspection interval, where the multiple inspection
intervals model is represented by the dashed line. Note that, in the multiple interval
case, the representation is for the type 1 inspection interval, t1, with the integer
value m maximised for each potential value of t1.

It is evident from Fig. 17.5 that a multiple inspection interval policy is superior
for this case. In the common interval case, we obtain the optimal interval
t* = 2.498 days, giving the expected cost per unit time E[C(t*)] = 9.456. In the
multiple interval case, we obtain the optimal type 1 interval t1* = 1.234 days and
m* = 3 giving the optimal type 2 interval t2 = m* 9 t1* = 3.702 and the
expected cost per unit time E[C(t1*, m*)] = 9.053.

17.6.2 Example 2: Fixed Service Life and Technology Insertions

A hypothetical system with associated maintenance policy is proposed over a
specified service life. The potential impact of technology insertion is then assessed
by comparing the expected costs over time with and without upgrading activities.
The example illustrates how the potential benefits of modelling and incorporating
technology insertion can be demonstrated. Alternative candidate maintenance
policies and a sensitivity analysis on the impact of upgrading activities can be
carried out in a similar manner for a given application. Figure 17.6 illustrates the
major aspects of the hypothetical complex system.

0 1 2 3 4 5 6 7 8
Inspection interval

12
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9

8

Cost per unit timeFig. 17.5 The expected cost
per unit time, for the common
and multiple inspection
models, as a function of the
inspection interval (type 1
interval in the multiple case)
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The system is composed of an assembly supporting two sub-systems and we
have A = B ? C ? D. The maintenance/service types, the associated activities
and the interval between interventions are given in Table 17.3 where, L2, L3 and L4

are positive integers. The proposed service life is T = 120 months.
We assume that an overhaul of the system (type 4 intervention) is compre-

hensive in that it includes all of the activities undertaken in type 2 and 3 inter-
ventions and more. As such, when an overhaul is scheduled to occur at the same
time as type 2 or 3 interventions, no type 2 or 3 takes place. Technology insertion
takes place at the same time as a system overhaul and its impact is manifested in
reducing rates of defect arrival for sub-systems 1 and 2 (B and C). Defects are
assumed to arise at an average rate of k1 = 2 a month in the assembly (D). For the
purpose of exploring the impact and analysing the cost benefit, we consider the
same maintenance schedule with and without technology insertion. Without
insertion activities, we adopt average defect arrival rates of 8 and 10 a month in
sub-systems 1 and 2, respectively. We now consider the effect on the arrival rates
when insertion activities are incorporated. If t2,i is the time of the ith overhaul, the
average defect arrival rate in sub-system 1 at time s when we have t2,i B s \ t2,i+1

is assumed to be k2(s) = 8 - 7t2,i/120.
Similarly, in the case of sub-system 2, we assumed the rate to be k3(s) = 10 -

8t2,i/100. The mean delay-time from the initiation of an individual defect until the
resulting failure is taken to be 1 month for all the different aspects of the system
and we assume that the delay-times are exponentially distributed. The various
process, system and cost parameters are summarised in Table 17.4.

A total expected cost model of the activities relating to the hypothetical system
over a proposed operational life is established using the methodology proposed in
Sect. 17.5 but extended to the 4 inspection type case. From the description of the
proposed maintenance schedule, we define E[C(T)] as the expected cost over the
proposed asset service life T and t2,i = iL4Dt is defined as the time of the ith
overhaul. The parameters cf and cs represent the costs associated with failures and
service interventions respectively and k and F(h) are the defect arrival rate and the

Fig. 17.6 The example
system

Table 17.3 The activities and intervals for each type of maintenance/service

Type Maintenance activities Interval duration

1 Assembly (D) inspection and repairs Dt = 1 month
2 Sub-System 1 (B) inspection and repairs L2Dt
3 Sub-System 2 (C) inspection and repairs L3Dt
4 System (A) overhaul and technology insertion L4Dt

17 Scheduling Asset Maintenance and Technology Insertions 329



cumulative delay-time distribution for the relevant aspect of the system. As the
delay-time distributions are assumed to be exponential, the parameters are the
reciprocals of the mean delay-time. We derive E[C(T)] as the summation of the
expected total cost for each aspect of the system and the associated types of
maintenance activity as follows;

Type 1—Expected Cost

E½Cð1ÞðTÞ� ¼ ðT=DtÞc1f E½N1f ðDtÞ� þ fðT=DtÞ � 1gc1s

Type 2—Expected Cost

E½Cð2ÞðTÞ� ¼
XT=ðL4DtÞ

i¼1

ðL4=L2Þc2f E½N2f ;i�1ðL2DtÞ� þ ðL4=L2Þ � 1f gc2s

� �

Type 3—Expected Cost

E½Cð3ÞðTÞ� ¼
XT=ðL4DtÞ

i¼1

ðL4=L3Þc3f E½N3f ;i�1ðL3DtÞ� þ ðL4=L3Þ � 1f gc3s

� �

Type 4—Expected Cost

E½Cð4ÞðTÞ� ¼ fðT=L4DtÞ � 1gc4s

The total expected cost over the proposed service life is simply

E½CðTÞ� ¼
X4

Type¼ 1

E½CðTypeÞðTÞ�

The specific schedule under consideration is a policy as specified in Table 17.4
with L2 = 4, L3 = 3 and L4 = 12 and the question is whether or not to incorporate
technology insertion activities over a contracted service life of 10 years. The
average costs associated with failures of the assembly, sub-system 1 and sub-
system 2 are taken to be 250, 300 and 250, respectively. The average costs
associated with interventions of type 1, 2 and 3 are 60, 75 and 50, respectively.
A type 4 intervention costs an average of 125 without technology insertion. The
cost of a type 4 intervention with upgrading activities (this includes the predicted
costs associated with the inserted technologies) is 10,000.

Table 17.4 The activities and intervals for each type of maintenance/service

Parameter Value Parameter Average Parameter Estimate

T 120 c1f 250 a1 1
Dt 1 c2f 300 a2 1
L2 4 c3f 250 a3 1
L3 3 c1s 60 k1 2
L4 12 c2s 75 k2(s) (with TI) 8 - 7 s/120

c3s 50 k3(s) (with TI) 10 - 8 s/100
c4s (with TI) 10,000 k2(s) (no TI) 8
c4s (no TI) 125 k3(s) (no TI) 10
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Figure 17.7 illustrates the events and expected costs incurred over time for the
four different types of maintenance intervention when technology insertion
activities are incorporated. Using the cost model, Fig. 17.8 illustrates the total
expected cost incurred over time for the maintenance/service policy with and
without technology insertion. From Fig. 17.8, it is evident that half way through
the service life, the benefits of the technology insertion programme have not yet
been realised. However, by the end of the proposed 10 years service life, the
insertion version of the policy is expected to produce a substantial saving; the total
expected cost associated with the insertion policy is 370310 compared with
455635 without.

We have illustrated how the methodology can be used to demonstrate the
potential benefits gained in the development of an integrated maintenance plan
incorporating the various sub-systems and a technology insertion programme for a
complex asset. The example demonstrates that any complex system can be
modelled if the defect arrival rates and the average costs associated with failures
and maintenance interventions can be estimated for each type of inspection or sub-
system. The failure process must be characterised and the defect arrival rates
estimated using historical events data and/or expert information. The example also
illustrates how the potential impact of technology insertion can be assessed and the
manner in which a sensitivity analysis could be undertaken for a given case.

Fig. 17.7 The events and costs associated with the different lines of maintenance when
technology insertion is incorporated
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17.7 Conclusion and Summary

The methodology presented in this chapter can be used to build a process model
for any asset, system or maintenance set-up. In this chapter, the methodology has
been used to investigate a two-type maintenance scenario. However, the approach
is not limited to the modelling of two types but can be tailored for any number of
types of maintenance, with associated interactions, if the process parameters can
be estimated using historical data (or subjectively using expert opinion). We have
also discussed the potential for scheduling activities over a fixed service life and
presented some ideas for the incorporation of technology insertion activities.
For the developed models to be useful in practice, software packages based on the
models reported in this chapter must be developed. We have developed demon-
stration prototype software which can be partly used for this purpose. The package
can be part of an existing computerised maintenance management system or as a
module in an ERP system.

17.8 Chapter Summary Questions

The discussion in this chapter raises several questions:

• Whether the delay-time concept used to model the inspection service interval
exists or not in practice?

• Why is such a delay-time concept be useful for optimising the service interval?
• Can other measurements such as downtime, availability or capability be opti-

mised instead of the cost measures used in the chapter?

Fig. 17.8 The total expected cost over the asset service life with and without technology
insertion
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Chapter 18
Simulation Based Process Design Methods
for Maintenance Planning

Joe Butterfield and William McEwan

Abstract The primary objective of this work is to use simulation methods for the
development of optimal service support procedures using an integrated Product,
Process and Resource (PPR) structure. Mid life fatigue modifications required on a
sub-system within an existing aerospace platform that have been used to demon-
strate the utility of this approach in supporting the transition of an original equip-
ment manufacturer (OEM) to availability contracting. Other objectives of the work
were to show how significant cost drivers can be identified and quantified through
the virtual development of work breakdown structures (WBS) for service support
processes and to show how the mechanisms used to develop optimal processes, can
produce animated instructional materials which enhance organisational learning as
processes evolve. This supports the effective communication of methods and work
breakdown structures between the technical author and service personnel. Although
this work has been completed using an aerospace sub-system as a demonstrator, the
outcomes are equally applicable to other platforms which utilise complex engi-
neering systems. The results of this work have system level significance in reducing
risk in service provision through the support of value co-creation. The simulation
outputs also provide data for higher level cost modelling which in turn, informs the
strategy required for supply chain engagement through incentivisation.

18.1 Introduction

The last 10–15 years have seen momentous changes in global socio-economic
conditions as well as a significant shift in military strategy as world orders changed
after the fall of communism. According to Spreen, this resulted in a drop in
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demand for military aircraft particularly in Europe during the 1990s and although
the emergence of new terrorist related threats prompted a recovery in the demand
for defence related equipment in the US after 2001, the probability that the number
of new military aircraft programs will recover to cold war levels is exceptionally
low. These circumstances have resulted in a contraction in the demand for new
product development and an increase in the pressure to keep legacy systems in
service for longer. OEMs are therefore, increasingly evolving from product sup-
pliers to service providers. Challenging commercial conditions have also resulted
in end users re-structuring their own core businesses. A faltering world economy
has placed enormous pressures on government finances and despite clear opera-
tional needs, defence spending has been highly constrained in recent years. The net
result of these circumstances and changing behaviours has been the need for the
OEM to integrate and manage support service activities in partnership with the
customer to deliver the availability of a given platform or product. This improves
the likelihood of operational sustainability for the OEM through shared com-
mercial risks while reducing the cost of ownership for the customer with equiv-
alent or improved platform availability.

In order to complete the transition to ‘availability contracting’, the OEM must
move beyond core business activities based on pure manufacture and supply to
become involved in the broader product lifecycle. This fundamental shift in
commercial practice must take place in partnership with the customer and it rep-
resents a significant challenge at all organisational and technical levels within both
organisations. A successful, sustainable outcome will depend on the extent to
which both parties become a ‘Learning Organisation’. This will require the
effective amalgamation of key business elements of the previously separate
enterprises and both the OEM and the customer will have to pass through the
evolutionary stages proposed by Pedler et al. (1996) as shown in Fig. 18.1, from
simply surviving as separate entities, through adaptation to joint sustainability.

Fig. 18.1 Evolutionary
stages of a learning company
(Pedler et al. 1996)
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A learning organisation is one that can change from within itself. Easterby-
Smith (1999) states that implicitly, its underlying principle is an adaptive one
where adaptation to environmental conditions or pressures leads to organisational
learning and changes. Learning and changing faster than others can help to ensure
the maintenance of any competitive edge or at the very least, increase the orga-
nisation’s chances of survival. According to Pedler et al. (1996) the characteristics
of the learning company are listed in Table 18.1.

This work has come about as a result of the recognition that evolution or
transition to availability contracting will become a significant part of the opera-
tional activities of BAE Systems moving forward. BAE Systems is already
evolving into a ‘learning organisation’ and the characteristics listed in Table 18.1
are all engendered in the EPSRC funded program entitled Support Service Solu-
tions: Strategy and Transition (S4T). The material presented in this chapter was
carried out as part of Work Package 3 within this program. It presents a strategy
for the virtual simulation of maintenance planning processes and their execution
for enhanced service provision. The main outputs required were WBS, the iden-
tification and quantification of sub-system level cost drivers (for subsequent use in

Table 18.1 Characteristics of the Learning Company

Learning approach to
strategy

Pilots and experiments used to inform direction

Participative policy
making

All stakeholders contribute to policy making

Informating Use of I.T. to automate and distribute information thereby empowering
operatives to act on their own initiative

Formative accounting
and control

One aspect of informating opening up budgeting, reporting and
accounting to broader enterprise

Formative accounting
and control

One aspect of informating opening up budgeting, reporting and
accounting to broader enterprise

Internal exchange All internal units and departments are effectively customers and
suppliers in a supply chain leading to the customer. Contracting with and
learning from one another

Reward flexibility Greater participation creates the need for flexible and creative
monetary/non- monetary rewards

Enabling structures Roles, departments, organisational charts, procedures and processes
can be viewed as structures that can be used to meet job, user or
innovation requirements

Boundary (interface)
controls

Used for ‘environmental scanning’ by those who have contact with
external users, customers, suppliers, clients, business partners etc.
Processes used for data handling passing into (and out) of the
enterprise

Inter-company learning Through joint ventures and other learning alliances, organisations
learn from other companies. This is facilitated by joint meetings for
mutually beneficial information exchange

Learning climate Management facilitating experimentation and learning from experience
through questioning, feedback and support. This is subsequently
exported to the broader commercial and technical activity and any
business partner
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system level cost models) and the provision of digital instructional materials.
Digital manufacturing tools were used to deliver these requirements. The data flow
diagram showing how simulation fits with the other research streams within Work
Package 3 can be seen in Fig. 18.2.

Butterfield et al. (2007) have stated that the need to minimise the risk of
commercial failure by developing leaner products has lead to the development of
manufacturing simulation software systems which use simultaneous or concurrent
engineering concepts for the design and engineering of new products across a
range of industries. The way in which any complex assembly is constructed or
de-constructed for maintenance, repair or overhaul (MRO) is an important con-
sideration if a whole life approach is taken to product design and process devel-
opment. Traditionally process design has not been supported by predictive
technologies to the same degree as other areas of product design and development.
To deal with this problem concurrent engineering concepts are now available in
computer aided design (CAD) and computer aided engineering (CAE) tools and
they are used to identify optimal process designs. Although to date, these tools
have been used in a product design and manufacturing context, they are equally
applicable to process design for the maintenance repair and overhaul (MRO)
activities that are at the core of availability contracting. The simulation techniques
that these systems offer allow process planners to define, validate, manage and
deliver fully optimised manufacturing or MRO process specifications.

Although software vendors can provide ‘off the shelf’ solutions for the
analysis of typical manufacturing processes, very often OEMs have company
specific activities and requirements which do not fit into standard software
versions. The CATIA1 (Computer Aided Three-dimensional Interactive

Fig. 18.2 Position of sub-system simulation activity within work package 3

1 CATIA is a 3D CAD modelling environment used for the design and specification of
engineering components.
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Application) and DELMIA2 (Digital Enterprise Lean Manufacturing Interactive
Application) software modules used for this work were enhanced and customised
where required, to suit the specific requirements of service support process
development. An exemplar is presented which provides an evaluation of simu-
lation methods on a ‘proof of concept’ basis. The exemplar is based on a mid
life fatigue modification required on a sub-system within the twin-engined
Panavia Tornado combat aircraft. The work shows how digital methods, origi-
nally developed for purely manufacturing applications, can be applied to a low
volume/high complexity task based on the replacement of a pintle frame section.
The pintle is a significant piece of internal structure in the front end of the
aircraft, see Fig. 18.3. The application in this instance is based on the simulation
of the removal and replacement of key structural components in order to
demonstrate how the entire process can be designed and captured in a virtual
environment. This, in turn, demonstrates how the methods used can be applied to
the service of elements within a complex asset which were never designed to be
replaced. This is an important example of the increasing complexity of defence-
based service provision.

The work focuses on the development and validation of an optimal WBS and
the main outputs are the process definition including task completion times
(to facilitate cost prediction), the development of digital animations for process
design purposes as well as instructional delivery. Butterfield et al. (2007) have
demonstrated the utility of the method in a manufacturing context for improving
operator learning through the use of animated work instructions. Butterfield et al.
(2008) have shown improved management learning using concurrent digital
working practices and Jin et al. (2009) for simulating manufacturing assembly times.

The work detailed in this chapter uses a CAD-based collaborative environment
to develop this approach to bring simulation and optimisation strategies in line
with the planning required for aerospace-based availability contracting at BAE
Systems. The structure uses, defines and retains process data for a single sub-
system in this case, but the hierarchical nature of the structure means that complete
systems can be modeled. The end result is an integrated, collaborative environ-
ment containing the WBS which is developed from the manufacturing bill of

Fig. 18.3 Pintle frame
location within the front
section of Panavia Tornado

2 DELMIA is an integrated, 3D CAD based environment used for engineering process design
and optimisation.
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materials (MBOM). It defines the processes associated with service support
activities and includes time and cost data for product assembly and dis-assembly as
well as the animated process definitions. According to Probst and Buchel (1997)
this then places the digital tools used for this work, in the role of a ‘bridge’
between the behaviours associated with the types of individual learning discussed
by Butterfield et al. (2008) (managerial, operator etc.) and those required for the
system level organisational learning which will aid the transition to availability
contracting, see Fig. 18.4.

18.2 Sub-System Level Simulation

18.2.1 Background

The recent extension to the service life for the Tornado has given rise to the Mid
Life Fatigue Programme (MLFP) within BAE Systems. A physical test programme
has identified several critical airframe components which are approaching the end
of their fatigue life. The original service expectation on the aircraft meant that
these components were designed to operate up to the temporal point now reached
by the aircraft. The extension to service means that these components must now be
replaced.

The original design constraints and demands on these components did not
include repair or replacement as they were expected to perform within design
tolerances for the specific life span originally dictated. Many of these components
are embedded deep within the airframe superstructure. Issues of access and
method of change remain the dominant feature of the MLFP programme. Limi-
tations of available data, as well as test case aircraft to assess concepts represents a
strong case for digital simulation of MLFP activities in order to arrive at optimum,
cost-effective solutions.

Fig. 18.4 Transformational bridge between individual and organisational learning, Probst
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For the purposes of this work, Queen’s University Belfast (QUB), in con-
junction with BAE Systems Warton, have digitally simulated the replacement
process of a major airframe structural component, the pintle frame, with a view to
establish an optimum solution in both technique and cost. Utilising an integrated
PPR structure, it was possible to model the relevant airframe components, asso-
ciated fixtures and spatial constraints using DELMIA V5. The working method-
ology through the BOM within the DPM (Digital Process for Manufacture)
environment and the associated work flow of the physical methodology. One
specific proposal was then animated and ergonomics and clash detection utilised to
establish the WBS.

18.2.2 Test Case ‘The Sub-System’

Figure 18.5, shows the major portion of the airframe investigated. The panel to
the rear of the seatwell box assembly, shown in exploded format, is the pintle
frame.

Fig. 18.5 Pintle frame
location
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18.2.2.1 Establish Maintenance Activities as Part of Standard
BAE Systems Protocol

Generic fitting activities are well established under the normal operating routines
at BAE Systems. Pintle frame replacement constituted a significant challenge even
with experienced fitting operatives. To gain access to the panel prior to replace-
ment, it was first necessary to dis-assemble and remove the undercarriage. With
access to the seatwell established, the hardware bolted to the interior surfaces of
the surrounding structures was also removed and/or loosened from position to gain
access to the pintle frame and create space within the seatwell, for the technician’s
working convenience.

From this point onwards, all activities are modelled within the digital envi-
ronment. All movements, associated tooling and fixtures were input as time
dependant variables representing the sub-system level activities contained in the
pintle replacement work package.

18.2.2.2 Assembly Model of Environment

Beginning with the major structural components, provided by BAE Systems in
CATIA V4 format, all CAD data was translated into the V5 environment. A set of
idealised shear walls were added to simulate the surrounding structural elements
(see Fig. 18.6) for which only 2D data in the form of lofted drawings was avail-
able. This was the standard method for providing engineering data for a given part
at the time when the Tornado was designed.

With the interior working volume established, the exterior surfaces were
modelled to accurately reproduce the working environment. Again a simple
idealised surface model of the exterior of the forward fuselage skin was used to
provide relevant information pertaining to the movement of technicians, tooling

Fig. 18.6 Simulation of
work space environment
surrounding pintle frame
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and fixtures around the work area. Information related to the distance between the
workshop floor and the fuselage model was required to establish the limitations on
technician movement around the work area.

18.2.2.3 Human Considerations

The shear wall surfaces were idealised to provide the physical boundaries or
ergonomic constraints for the human analysis model. Figure 18.7 shows how a
mannequin was used make an ergonomic assessment of the work area in front of
the pintle frame. Here the mannequin can be seen in a position of disadvantageous
medial rotation. This resulted from the lateral limitations of the work space in
conjunction with the forced positioning with respect to the work piece height from
the hanger floor. This example is an ideal illustration of how the effect of physical
limitations can be analysed to express the optimum solution for operator motion.
In this case the analysis of posture indicates a limitation on lateral and transverse
application of force available to the operator, and hence a clear design choice to
focus on longitudinal motions to execute the task. In response, the associated
tooling design to meet this particular objective was designed with longitudinal
motion as the key ergonomic requirement.

18.2.2.4 Identification of Parts and Fasteners

Fastener type and count were recorded based on the original manufacturing BOM.
It must be noted here that CAD definitions of the fasteners does not exist and is not
common practice in aerospace design. Fastener type, number and associated time
for removal and replacement, however was defined for the purpose of time gen-
eration and their locations were determined from the 2D data provided by BAE
Systems. To improve the efficiency of this task, a Visual Basic script was also
devised based on an automated search which recovered hole sizes, quantities and
depths directly from the feature tree in the CAD model see Fig. 18.8. Visual Basic

Fig. 18.7 Human analysis
simulation in pintle frame
area
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is a programming language that enables the development of graphical user inter-
face applications as well as access to databases using Data Access Objects,
Remote Data Objects, or ActiveX Data Objects. In simple terms, this was a
computer program designed to extract hole properties (sizes, quantities etc.) from
the CAD model. By associating fastener types with given hole sizes, fastener
counts could be established. The hole size and depth was equated directly with
drilling time.

18.2.2.5 Develop Simulation for Pintle Replacement

Initial product assessments showed that the major dis-assembly of the airframe that
was required to free the pintle frame for replacement was neither practicable nor
cost effective. From this, the decision to re-work the pintle in situ was made. From
this position, the first design constraints were established for any proposed engi-
neering solutions.

A preliminary trade-off study was performed to establish the optimum method
for the pintle replacement from a high level engineering perspective. The three
solutions considered were:

• Full Automation—Computer controlled robotic machine installations
• Semi Automation—Hand held machine tools and guide templates
• Manual—The use of manually guided hand tools only

Each of the potential methods was rated according to six different metrics:

• Time—Required to perform tasks including set up, measurement or metrology
and inspection; all value added activities

• Re-use—A measure of the potential utilisation of any hardware for future tasks
not associated with the pintle replacement

Fig. 18.8 Automated extraction of part data from feature tree in CATIA
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• Repeatability—The recurrent holding of tolerances in all worked parts
• Accuracy—The capacity to meet geometric requirements with regard to the

position of all worked surfaces with respect to existing geometry
• Ergonomics—Ease of operator movement (Includes measure of fatigue)
• Capital outlay—Cost of any associated hardware or consumables

The graphs shown in Fig. 18.9 illustrate the overall result of this decision
making process. Graph (a) shows how each of the three methodologies performed
with regard to the six metrics listed previously, as a mark out of a possible

Fig. 18.9 Results of trade off study to establish high level methodology
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maximum of five where: 1 = worst/low rating, 5 = best/high rating. Graph (b) in
Fig. 18.9 shows the weighted average of these values as a non-dimensional
expression between 0 and 1. This graph shows that, for the conditions used in this
trade study, the semi-automatic methodology had the best combination of per-
formance properties.

Having established the benefits of a semi-automated solution, a secondary set of
design criteria were established. The need to escape the uncertainty in both
repeatability and accuracy with the fully manual methodology, as well as the
intrinsic high temporal cost, predicated a maximum utilisation of suitable machine
tools. The limitations on such tooling, while including capital cost, were driven
primarily by physical size. A survey of available hardware, performed for the trade
off study, identified a number of miniaturised milling machines capable of carrying
the appropriate tool bits and performing with the necessary power to cut the
maximum skin thickness identified from the pintle geometry.

18.2.2.6 Fixtures and Tooling

The crux of the engineering problem presented here involves the fact that the
replacement pintle pieces are newly manufactured. These have to be fitted to pre-
existing, well used airframes of variable, and most importantly un-quantified,
dimensional stability. With this in mind, a decision was made to use a machining
pattern or fixture that would facilitate accurate and repeatable removal of the
redundant pintle material.

With the idealised machine tool modelled in the CAD environment, to provide
the required dimensions for the interface with the new piece, it was possible to test
the positions and motions of the tool to establish the optimum path. This was
carried out as follows:

• Tool path—derived from the final geometry of the portion of the pintle which
was to remain in situ, and the replacement piece to be introduced and fitted. The
minimum number of movements and set ups required by the operator in exe-
cution of cutting. Clash detection with all surrounding components with respect
to the mill dimensions

• Tool choice, cutting speed and feed rate—again derived from the final geom-
etry, variation in material thickness, minimum tool movement during operation
and best possible proximity of the mill to the work piece without clash

Choice of tooling implemented in the final design solution was established
iteratively through the simulated environment including design, assembly and
human analysis methods. For example, the mini-mill chosen for the machining
operations was one of a small number of machines initially selected for its size
characteristics. All primary tool choices had to be small enough to fit within the
confined space of the pilot seatwell with the operator. From within the design
environment, the tool path was established for the removal of material from the
original pintle. From the assembly environment, it became apparent that the
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proximity of the shear webs and pintle bush lugs to the tool path negated the use of
some of the primary tooling choices due to a physical clash between the tools and
the surrounding structure. From the human analysis environment, it could be seen
that the physical limitations on the operator posture resulted in a severe reduction
in the operator’s capacity to apply any meaningful degree of lateral force when
handling the tool. From this an engineering decision to select a tool which could be
handled in a predominantly longitudinal manner was made.

One major problem associated with the overall task was the establishment of
reliable datums on which to base all hardware. The replacement sections of the
pintle frame will be manufactured off site using a fixed set of dimensional con-
straints, but the surrounding airframe components and their position with respect
to one another cannot be assumed to be as per original design or replicant from one
aircraft to another. With these conditions in mind, it was decided to select the main
undercarriage bearing positions on the longerons as the most suitable datum. Since
the longerons are major structural components responsible for the positioning of
much of the rest of the airframe, it can be assumed that they are prone to the least
digression from original specification, both in terms of intrinsic dimensions, and
also with regard to position in respect to one another. By extension it is logical to
assume that the digression of the pintle frame position with respect to the
longerons is also limited. Finally, since the pintle frame shares the same bearing
locations as the longerons it is sensible to fix the position of the new pintle section
from these points and base the cutting geometry of the original pintle with respect
to the insert. This ensures that when the new section is inserted and located
correctly with respect to the bearing locations, the machined surfaces on the cut
out of the original pintle are aligned correctly with the mating surfaces of the
insert, regardless of any distortion present in the original pintle.

The design solution arrived at consists of a flat guide plate which locates on the
bearing positions and alters between a horizontal position for the early cutting
stages and vertical orientation for the latter stages. This plate has guide paths on its
surface which correspond to pins on the mill allowing it to follow set paths which
mimic the required cut out profile on the pintle frame. The translation between
horizontal and vertical positions is to allow the change in orientation necessary to
make the set of cuts that exist in different planes. This plate, like the mill, is
available for repeated use on each aircraft without the need for any measurement
or alteration. This particular feature represents a large time saving in the overall
time required to perform the task. In addition to this plate, a drilling template for
the positioning of holes in the outer webs of the pintle is also utilised.

Major structural components, idealised bounding surfaces and where data is
available, the sub-components fastened to the pintle frame were assembled within
the CAD environment. Parts, fasteners and the positioning of all relevant com-
ponents were fixed. The BOM, held within the PPR hub, was then available for
interrogation by the user. The final choice in milling machine was the Ricci Corp
Mini-mill.

For the given material properties of the components and the maximum material
thickness to be encountered, engineering rules were applied and a size up regime
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for the drilling operations was established as 2 mm to 3.5 mm to 5 mm. A long
taper flute drill is best suited to this material, however, the time deriving software
for drilling operations that was used in this project, SEER Design for Manufac-
ture,3 does not support such bits, hence, normal twist drills were used in this
model. Since drilling templates were used where new holes were to be established
without a pre-existing guide hole in a mating component, there was no requirement
for spot drilling to ensure accurate hole placement. This represents a classic
engineering decision within this model, to create a process which requires a
minimum of specialised skill on the part of the operator, and hence mitigating
against problems associated with the availability of highly skilled operators.

As mentioned previously, drilling operation times were established via SEER
where the times associated for the drilling of any specific hole was established as a
factor of drill size, hole depth, material properties and rotational speed of the drill.
In a similar manner, the cutting speed of the mill was established through SEER
also. The first milling operation involves the removal of the major portion of
extraneous material from the pre-existing pintle. A 2 mm diameter plunge and cut
bit of high speed steel with 4 flutes was chosen for this task. SEER has the capacity
to model milling operations according to tool specifications (as listed above), the
manner of cutting and the length and depth of the cutting path, or alternatively the
volume of material to be removed. As the depth of the material, through any given
cutting path was not consistent, each cut was modelled as a separate operation, the
number of which was equal to the number of step changes in material depth
through the entire cutting path. This provided optimal accuracy in the output time
from the SEER model.

With the first cut complete and the waste material removed, the mill was fitted
with a 10 mm diameter edge cutting bit of high speed steel with 8 flutes. With this
tooling the internal edge of the pintle was finished to final dimensions. The final
milling operation involves the removal of web material from the internal face of
the pintle. The web material is highlighted in Fig. 18.10.

A 28 mm diameter face and edge cut tool of high speed steel and 16 flutes was
selected. The final face profile is shown in Fig. 18.11. A three stage cutting plan
was followed which avoided the possibility of machining in-accuracies due to
removing too much material in one run.

Fig. 18.10 Pintle frame with
web material still in place

3 SEER is a registered trade mark for cost management software marketed by Galorath inc.
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Each discrete drilling operation was modelled within DPM where the tooling
can be seen moving around the work piece as per the process order. This in turn is
also seen in the output work instructions.

18.2.3 Process Definition

The dis-assembly activities and all associated data were established using the
simulation methods detailed above. A preliminary discussion with BAE Systems
led to the following broad work stream order: Fastener strip, disassembly and
removal of sub-components, clean down of exposed pintle frame, introduction
of fixture(s) for cutting, machining and dressing, cut and dressing process for
pintle frame, removal of now extraneous material from pintle frame, clean down,
assembly of new pintle sub-part, fastening, re-assembly of sub-components, fas-
tening and inspection. Each of these activities was broken down into sub-activities
with different requirements in tooling, labour and hence time. The sub-activities
relating to the work focussed directly on the pintle frame are derived directly from
the simulation as optimised solutions.

Figures 18.12 and 18.13, show 2 stages of the process required to replace the
pintle frame.

Fig. 18.11 Pintle frame in
final state

Fig. 18.12 Placing of mill
and tool lateral cuts

Fig. 18.13 Introduction of
new pintle part
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Each discrete component movement was animated within the CAD environ-
ment as they were removed or replaced. Clash detection studies were carried out to
establish optimum pathways for each component movement. In conjunction,
mannequins were utilised to perform an ergonomic assessment of the simulated
activities.

With a working order established to the physical activities, each was recorded
within Delmia Process Engineer (DPE)4 as discrete actions with their associated
time and tooling requirement.

18.2.4 Simulation Outputs

A number of outputs were derived directly from the digital simulations. These
were: Optimised work breakdown structure, identification of cost drivers, delivery
of representative times for activities and the generation of instructional materials.

Figure 18.14 shows the overall process structure for the use of simulation
methods to yield these outputs. Section 2.3 details the WBS which was defined in
the CAD environment and subsequently recorded in DPE. The WBS was sup-
plemented with process times and part counts.

The second output from this work package component was the identification of
cost drivers. The drivers arising from the parameters within the sub-system sim-
ulation were found to include: Replacement parts, tooling, fixturing, fasteners and
operator time (for dis-assembly/assembly and inspection/quality control).

The timing data generated from the simulations is in the form of the ‘hands on’
time associated with specific activities. When this is used for process costing at a

Fig. 18.14 Inputs, process
and outputs resulting from
sub-system level simulation

4 DPE is the process modelling arm of the Dassault Systemes suit where discrete processes can
be modelled, in order, and with associated attributes such as time.
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system level, these times must be supplemented with data associated with labour
type and source, i.e., BAE Systems staff or customer personnel. A utilisation factor
must also be applied to allow for ‘non hands on’ activities which are an integral
part of an operator’s working day. Consideration of learning curve impact is also
critically dependant on labour type. Both utilisation and learning curve allowances
will vary depending on the labour source and should be an important part of the
system level costing strategy.

The final deliverable is represented by the animated work instructions. Clash
detection, and ergonomic considerations, generated the most time conservative
solution to the task of pintle frame repair. From the same digital simulation,
instructional materials were generated to assist the execution of the pintle
replacement activities. Butterfield et al. (2008) have shown that the use of ani-
mated instructional materials can reduce the learning curve resulting in lower
manufacturing costs. It is expected that a similar result can be achieved with regard
to maintenance and repair activities if operator learning is driven by animated
work instructions. Here the process order and the specific details of each process
have been shown as virtual movement of the components complete with fixtures
and tools, as would occur in the real world scenario. Accompanying these ani-
mations are written instructions which appear as dialogue boxes at the points most
appropriate to the specific processes. These instructions contain the details that are
not immediately apparent from the animation. This includes such details as spe-
cific tool size or positioning of fixturing.

18.3 Discussion

The transition from a conventional supplier/customer relationship to an availability
contract arrangement, constitutes a significant challenge for both parties at all
levels within the enterprise—commercial, technical and human. According to
Butterfield et al. (2009), the nature of the commercial relationship changes as
previously separate business entities merge and self interests are replaced by the
need for optimal ‘co-performance’. Operational sustainability remains a challenge
for any business entity under current political and economic conditions. Compa-
nies must become learning organisations which can react efficiently to changing
market needs to retain any operational advantage or in extreme cases, simply to
survive. The fact that BAE Systems have recognised the need for and initiated the
S4T program means that it is evolving as a learning organisation. The charac-
teristics listed in Table 18.1 are engendered in the S4T program as a whole and the
simulation methods used for this work can be linked directly or indirectly to most
of the same characteristics.

The aerospace exemplar presented here shows how simulation and the princi-
ples of digital manufacturing can be used to design service solutions for complex
platform elements which were never intended for replacement. The functionality
of the simulation framework allows complete system definition through the
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hierarchical summation of process definitions and parameters within individual
sub-systems. The development, optimisation and retention of process knowledge
in the virtual environment, increases the likelihood of a positive outcome for both
the OEM and the customer by providing a framework by which the attributes of
value co-creation discussed by Ng and Nudurupati (2010) and Ng et al. (2010a),
can be facilitated using a controlled, measureable methodology. This enables the
transformation of process structures (information), product definitions (materials
and equipment) and people (instructional materials) in line with what will be
required for the provision of platform availability. The simulations deliver process
details from an engineering perspective, which include WBS for maintenance
operations, delivery of representative times for ‘hands on’ activities (which can be
used for resource optimisation and cost analysis), identification of cost drivers such
as labour, tooling, fixturing and inventory and the generation of instructional
materials. The outcomes can be used in turn, for system level cost modelling. The
approach to the delivery of instructional materials in this case has been to use
animated maintenance processes. The ability to carry out significant modifications
in small batches is an important factor in service provision. This emphasises the
need for an efficient means of transferring knowledge and instructing operators
who may not be under the direct control of the OEM. In a service context they may
have to carry out multiple tasks on a given system or across several platforms. The
availability of animated instructional materials facilitates the operational agility
and breadth of knowledge that an operator must have to deliver these efficiently.

The digital methods presented here are best suited for complex ‘hard’ engi-
neering problems such as the pintle frame replacement. For other test and
inspection activities the added value of this approach is questionable but the digital
systems used for this work can still play a part in developing and delivering
process definitions. Test and inspection activities can still be supported using a
digital approach but the instructions would be based on static CAD images.

Digital manufacturing provides an integrated framework for the generation,
management and delivery of engineering process definitions. Within a single
enterprise, this facilitates concurrent activities between the engineering disciplines.
The transparent and collaborative environment can be enhanced to include
maintenance activities, as the process node in the manufacturing hub is extended to
include the broader product lifecycle. The definition and optimisation of mainte-
nance processes in a virtual environment using virtual assets reduces the uncer-
tainty associated with availability contracting. Simulated process scenarios allow
the process designer and implementer to reduce or eliminate exposure to risk and
uncertainty by generating realistic data for important cost components.

This work has shown how digital methods can be used in support of the transition
to availability based contracting. The benefits of using process simulation methods in
support of this business model has been demonstrated on a proof of concept basis.
The next step would be the implementation of the methods developed here starting
with a pilot program covering a broader platform application working from sub-
system to system level simulations. In order to exploit the utility of the methods
presented here the question of how the simulation platform is managed has to be

352 J. Butterfield and W. McEwan



addressed. Process data related to MRO activities is generated at source by the
platform manufacturer. When held as a central data repository within the PPR hub,
process data can be accessed by individuals and disciplines across the enterprise.
Levels of access and user privileges can be controlled by setting the relevant per-
missions. With current software versions, this can be achieved across existing
enterprise wide networks but access can be a problem for outside parties due to
security set ups etc. Data should also be available to both OEM and the customer and
this has been recognised as an issue. Future versions of the software will be web
mounted making access between enterprises possible.

18.4 Conclusions

A sub-system level exemplar based on the partial replacement of an aerospace
structural panel has shown how simulation can deliver virtual process definitions
for service support activities including work breakdown structure, key cost drivers
and instructional materials. The utility of manufacturing simulation techniques in
maintenance process design has been demonstrated. This requires the extension of
a hierarchical PPR environment into the extended platform lifecycle where the
assembly and dis-assembly processes associated with MRO activities can be
modelled. The resulting process structure enables the determination of process
sequences, labour hours and part counts. Instructional materials are developed
concurrently with process design thereby eliminating the need for separate
instructional authoring. This has been demonstrated at a sub-system level and the
outcomes can feed into system level cost models. The PPR structure facilitates
the process of knowledge generation, capture and retention thereby facilitating the
transition of an OEM to availability contracting as a learning organisation.

The outcomes integrated with the other WP3 themes with digital methods
supporting the Attributes of Value Co-Creation as developed by Ng et al. (2010a).
The identification and quantification of sub-system cost drivers provided inputs for
the cost modelling activity carried out by Roy et al. (2009), which in turn,
informed the incentivisation work carried out by the University of Bath. Outside
WP3, the QUB simulation outcomes provide the ‘What?’ and the ‘How?’ in terms
of service support process definition and this information can be integrated with
the University of Salford, WP4 activities related to the question of ‘When?’ in
availability contracting.

18.5 Chapter Summary Questions

Having demonstrated the utility of digital methods for service provision on
complex assets, any decision to move forward with this technology should be
based on the outcomes presented here as well as the following:
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1. To what extent will existing customer assets be expected to perform beyond
their original design life?

2. How compatible are original platform designs with the types of service required
to extend their design life?

3. If provision for 1 and 2 above is required how will this be addressed in
emerging services?
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Chapter 19
Integrated Approach to Maintenance
and Capability Enhancement

Proposal of a Maintenance Dashboard
Framework

Emma Kelly and Svetan Ratchev

Abstract In the current climate, the industrial sector is increasingly characterised by
longer product life cycles and asset availability demands. There is likely to be a
reduction in the number of major acquisition projects in the future. This, combined
with organisational changes and the fact that both governmental and commercial
sectors are steering towards contracting for capability, has led to an internal shift in
manufacturing centric companies. These traditional companies are now providing
service offerings for their products, thereby reducing customer oriented risk. The
services aspect includes the use of new technologies and methods for managing
technical products over their life cycle and ensuring that customers’ required capability
and availability demands are met. This imposes new challenges on subsequent
maintenance, repair and capability enhancement procedures. A framework for the
development of a Maintenance Dashboard is proposed. The underlying purpose being
to establish an approach that supports the decision-making process on whether to
maintain, repair, upgrade or update a given asset. Through incorporating maintenance
and capability enhancement, both facets are considered in their entirety as opposed to
in isolation. The proposed framework aims to direct key asset status information at the
various stakeholders involved while an asset is deemed ‘active’, thus aiding consistent
decision-making which may ultimately be related to KPI management.

19.1 Introduction

The time between major platform acquisition projects in both the commercial and
defence sector is increasing. Thus, there is a need to prepare for a potential ‘ramp
up’ in the pace of technology insertion to enhance asset capability, as well
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considering robust maintenance management procedures as a means to sustain a
working asset. This can be achieved through taking into consideration techno-
logical advances, allowing a response to both ‘evolution and revolution in capa-
bility’. There is a requirement for open architectures which permit the incremental
insertion of technology in a ‘plug and play’ manner. In order to enable this,
platforms and systems need to be designed with adaptability in mind. New roles
for existing systems are also defined in response to changing market requirements.
Targeting those systems that need to be modular in nature requires specific
identification of technologies which evolve rapidly. Alongside capability
enhancement is the need to reliably predict system status. Prognostics is key to
aiding both operational and support planning. Effective maintenance planning
allows for improved fleet management and reduced support costs. The consider-
ation of these factors sets the scene for the development of an integrated approach
to maintenance and capability enhancement.

19.1.1 Retrospective Viewpoint

‘We have now reached a crossroads. We are seeing a shift away from plat-
form oriented programmes towards a capability-based approach, with corre-
sponding implications for the demand required of the traditional defence base’,
A1.4 (MoD 2005). While this quote is taken from a defence perspective, it is
equally applicable to the commercial world where companies such as Rolls-Royce
have coined the phrase Power By The Hour� for their performance-based
contracts.

The term capability is commonly used in a variety of contexts, and thus it is
necessary to define the term in relation to the context in which it is being refer-
enced. The UK Ministry of Defence (MoD) Acquisition Operating Framework
(MoD 2009) describes Capability as the ‘enduring ability to generate a desired
outcome or effect, and is relative to the threat, physical environment and contri-
butions of coalition partners’. The Oxford English Language Dictionary defines
Capability to be ‘the power or ability to do something’. Capability can thus be
defined on a number of levels ranging from high-level operational viewpoints
through to specific requirements, such as providing heating at a set temperature.
For the purposes of future discussion, capability is considered from a platform/
system perspective; ‘the ability of a platform or system to deliver a specific
requirement in support of an overall goal’.

Capability enhancement through the insertion of technology, either for the
purposes of upgrade or update (discussed in Sect. 19.2), falls within capability
management. At a simplified level, this would occur in response to an influencer.
An influencer may be either an internal or external factor which must be taken into
account if a given platform or system is to deliver the required effect. Influencers,
at a strategic level, may comprise a number of factors including changing market
requirements, threats, opportunities, environmental factors and/or internal policy
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changes. A further notable relationship occurs between capability management
and technology management. Technology management (Shanks 2008) is key to the
successful implementation of capability management since it involves developing
an awareness of available and upcoming technologies, and can thus inform the
decision-making process in any future integrated approach of the critical tech-
nologies available to meet a noted capability requirement.

Specific areas which require addressing in implementing an effective integrated
approach, which includes capability-based planning, cover; requirements man-
agement, integration on two levels—technologies into systems and systems into
platforms, and robust decision processes for determining potential solutions to
previously identified capability requirements.

Capability management employs a top-down approach to its delivery. Key to
the integrated approach towards maintenance and capability enhancement is a
rigorous planning and requirements specification phase. Maintenance involves
maintaining and securing systems in, or restoring them to, a state in which they can
perform their required function or functions. One of the challenges for mainte-
nance planning is to identify the actions for preventive maintenance and to ensure
that necessary resources are available (Rosqvist et al. 2009). The role of mainte-
nance has changed from simply being a repair solution to having an intrinsic role
in through life management. To this end, models for predicting the remaining
useful life of components or systems and prognostic methods for determining
future system defects can be utilised (Jardine et al. 2006; Wang 2008b).

From the viewpoint of examining maintenance within through life management
there are a number of issues which require consideration (Takata et al. 2004) and
are key to any proposed integrated approach:

• Adaptation to changes in platform capability requirements during the life cycle.
• Adaptation to platform changes due to technology insertion.
• Integration of past and future maintenance information.

One of the fundamental measures of success for a system is the degree with
which it meets its intended purpose. The eliciting of capability requirements
(Nuseibeh and Easterbrook 2000) is vital to the successful implementation of a
maintenance and capability enhancement decision process. Requirements Engi-
neering has developed into a key stage in the overall systems engineering process
(Stevens et al. 1998) with respect to interpreting and understanding user require-
ments and their successful transformation and implementation. Consequently,
parallels may be drawn between knowledge enriched approaches (Ratchev et al.
2003) and the specific requirements of an integrated maintenance and capability
enhancement approach.

Industry examples (Pagotto and Walker 2004; Rotor & Wing 2005; Aerosys-
tems International 2003), indicate that maintenance management and capability
enhancement programmes have been managed in isolation. Both governmental
and commercial organisations across the world are now declaring that they are
more likely to contract for capability rather than purchase specific products
(MoD 2005). The priorities within acquisition projects are shifting towards
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procuring the capability to carry out an operation. From a customer perspective
this offers reduced risk and support costs. This chapter proposes a framework
which will allow maintenance and capability enhancement to be viewed in an
integrated manner. These two aspects are embodied within the move towards
servitization, especially where the capability being delivered is underpinned by
data collection and information processing/analysis techniques. The framework
forms the high-level architecture for a Maintenance Dashboard.

19.1.2 New Approach to Maintenance and Capability
Enhancement

The reasoning behind the integrated approach stems from the fact that both pre-
ventive maintenance and capability enhancement techniques are based on the same
fundamental comparison of capabilities. At a basic level, in the case of preventive
maintenance, the performance of a capability enabling system fluctuates between
design operating and actual values. When considering capability enhancement, the
current system capabilities are compared with future and/or desired capabilities.
Preventive maintenance and capability enhancement are thus two facets within the
lifecycle of a system which can be addressed in an integrated approach and are
considered to embody the decision-making process behind the proposed
framework.

The majority of traditional manufacturing companies’ customers face contin-
uing budget pressure and as a consequence are implementing service methods
which are better value for money while maintaining equipment availability levels.
There is likely to be a reduction in the number of large acquisition projects in the
future. This, combined with organisational and market changes, has led to an
internal shift within traditional manufacturing companies from a manufacturing
centric organisation to a service centric organisation concerned with establishing a
service-based capability. Focus in this case is required in Enabling Through Life
Capability and a systems engineering approach. Customer organisational changes
have ultimately led to the manufacturer managing the risk. As such, customer
emphasis has been refocused towards minimising the cost of ownership while
maintaining high levels of equipment operability and functionality. Under the
umbrella of ‘refocused customer emphasis’, practical linkages can be drawn
between the potential outputs of the integrated approach in terms of asset status
and asset performance indicators. An analysis of maintenance data in conjunction
with capability enhancement information would enable clear reporting of asset
status under the guidance of noted key performance indicators and measures.

The systems engineering approach (Stevens et al. 1998; MoD 2005) can be
adapted from a support services perspective (Fig. 19.1). The top tier represents the
customer, companies such as BAE Systems often perform the mid-tier integrator
roles and, in conjunction with lower tier partners, produce a support service
solution. Systems engineering provides an inter-disciplinary approach to problem
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solving and is the backbone to delivering the end aim. The end aim being to create
a support service structure which satisfies the defined customer requirements while
remaining within cost and schedule constraints. An industrial consultation con-
ducted by the Engineering and Physical Sciences Research Council (EPSRC 2009)
noted product life-cycle as one of the key manufacturing research challenges, with
emphasis placed on providing a whole systems approach towards servitization.

Support service 
requirements

Establish support 
service proposal

Support service 
integration & test

Support service 
requirements
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services & sub-

systems

Support service 
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Fig. 19.1 System Service
‘V’ Diagram
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Fig. 19.2 Service requirements for an integrated approach towards maintenance and capability
enhancement
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The proposal of a Maintenance Dashboard is directly aimed at extending
product life cycles and contributes towards the creation of a support service
structure. Extensions to product life cycles are achievable through lengthening the
‘useful phase’ of the product, where the ‘useful phase’ is defined as the period
during which the product has a functional value. It is proposed that this may be
realised through a balanced integrated strategy towards preventive maintenance
and product modifications. In this case, modifications cover system adaptations
due to changing capability requirements, thereby conducted via capability
enhancement. In order to increase product life, the application and addition of new
technologies is imperative as a means to ensure the possibility of permanent
upgrading. Figure 19.2 illustrates the specific service requirements of importance
in developing an integrated approach within the context of the System Service ‘V’
Diagram.

19.2 Development and Integration of Preventive Maintenance
and Capability Enhancement

The concept behind the Maintenance Dashboard is discussed in the following
section. The main principle being a decision process which involves assessing
platform capability requirements alongside information retrieved from both pre-
ventive maintenance and capability enhancement trade-off programmes; the aim
being to provide an indication of platform status. In this manner it is possible to
specify, for example, whether a particular sub-system requires maintenance due to
a predicted defect or, if due to capability trade-off information, upgrade should
take place at the next maintenance opportunity. The decision process thus acts to
integrate preventive maintenance and capability enhancement and may be viewed
as a maintenance management assistance tool. Maintenance planning, with regard
to the ordering of parts and organisation of resources, can be managed in con-
junction with optimising maintenance activities associated with scheduled main-
tenance and repair tasks or system upgrade.

In Sect. 19.1 it was noted that the Maintenance Dashboard proposal could be
related to the design of sustainable product life cycles. Sustainable manufacturing
for the next generation is also focused on enhancing use-productivity in the total
product life cycle (Selinger et al. 2008). Sustainability, from a technological point
of view, can thus be viewed to be associated with ensuring the ‘useful phase’ of a
product’s life is extended. Figure 19.3 has been adapted (Nieman et al. 2009) to
represent the design of sustainable product life cycles from the perspective of
creating a support service structure.

The three central boxes illustrate that the success of the proposed Maintenance
Dashboard is reliant on service requirements, information and the customer. From
a holistic point of view the Maintenance Dashboard supports life cycle manage-
ment; within the framework the asset status is modelled and evaluated according to
available data. The solution proposed by the dashboard with respect to maintain,
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repair, upgrade and update is arrived at through a decision process that optimises
the required asset capabilities against a known scenario.

19.2.1 Methodological Design Progression

The proposed framework for the Maintenance Dashboard is adapted from the
precedent set by the reference architecture for the CommonKADS system
(Schreiber et al. 1994; 2000; Kingston 1998). The CommonKADS methodology is
a collection of structured methods for building knowledge-based systems (KBS);
permitting a structured, detailed analysis of knowledge-intensive tasks and
processes.

In brief, CommonKADS is a methodology for KBS development which pro-
poses the creation of different models between which implicit links are identified.
The models are thus both related to each other and depend on each other. The
methodology comprises six key models of which the design model is the main
element of regard in relation to the development of a framework for the Mainte-
nance Dashboard. The model proposed in this chapter comprises the technical
design process of the Dashboard.

The technical design consists of three main stages. Generic descriptions of the
stages are summarised for reference. Section 19.2.3 describes the stages with
specific reference to the Maintenance Dashboard in greater detail.

1. System Architecture Design: The general architecture of the Maintenance
Dashboard is specified.

2. Identification of Implementation Platform: The constraints with respect to the
implementation platform are identified i.e., environment in which the Mainte-
nance Dashboard is set.

3. Specification of Architecture Components and Application: The individual
architectural components of the dashboard are defined in greater detail, in
particular the interfaces between components. All knowledge-based informa-
tion is then mapped onto the system architecture. This includes tasks to be
performed (i.e., aim of dashboard), knowledge bases, associated inferences and
decision process mechanisms. The application specific sections within the
architecture are also specified.
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19.2.2 Decision Process

The principal aim of the decision process is to provide a means for comparing
current and future required capabilities in order to determine if the platform (or
constituent systems) requires maintaining, repairing, upgrading or updating. The
decision process thus presents a solution that indicates whether the maintenance
and/or capability enhancement route should be followed. This gives rise to one of
four solutions; maintain, repair, upgrade or update. The definitions assumed for
each of these terms are detailed in Table 19.1.

Taking into account factors raised in Requirements Engineering, the decision
process adopts a three-phase evolutionary approach:

1. Identification: Identification of specific capabilities (either individually or
collectively) to be taken into account. This phase also involves defining the
system/platform capability requirements (i.e., requirements elicitation).

2. Analysis: The majority of the analysis phase involves developing, refining and
evaluating all possible solutions to the given capability requirements from (1)
above. The decisions which govern whether a system should be maintained or
upgraded depend on, in brief; (i) the obsolescence attributes of the technology
in question that provide the capability, (ii) the ‘utility’ (e.g., performance)
realised to the system or platform by changing the technology and (iii) asso-
ciated capability priorities.

3. Solution: Determination of the best solution for meeting the required capabil-
ity(s) identified in (1).

19.2.3 Development of a Maintenance Dashboard Framework

The first stage, as noted in the design process, involves defining the structural
framework (architecture) of the Maintenance Dashboard. There are three main
components identified in the reference architecture. If the framework for the

Table 19.1 Maintenance dashboard solution definitions

Decision Function

Maintain Conduct scheduled maintenance according to prescribed maintenance plan
Repair Conduct unscheduled maintenance (and indirect capability enhancement if

upgraded technology spares used) through the replacement of faulty system
components

Upgrade Conduct capability enhancement through the replacement of systems or
components containing newer technologies capable of increased
functionality (also taking into account component replacement as parts near
end of life)

Update Conduct scheduled maintenance to maintain system capability through the
replacement of obsolete components

362 E. Kelly and S. Ratchev



Maintenance Dashboard were to be viewed as a system, then these components
would comprise the principal sub-systems. The three sub-systems are termed
Controller, Views and Application Model (Gamma et al. 1995). The framework
also structures the information flow from requirements elicitation through the three
major components, thereby delivering a solution.

The Controller represents an integral ‘‘command and control’’ centre which
handles external information (i.e., User Input) in order to activate application
functions. The input requirements model is composed from two data streams
obtained through requirements elicitation: (i) current system capability levels, and
(ii) required system capability levels. The integration of preventive maintenance
techniques and capability ranking data provide the system status with regard to
(i) maintenance schedule, (ii) urgent actions to be addressed e.g., component
failure, (iii) failure profiles and (iv) technology insertion programmes.

The Application Model specifies the functions and data that together deliver the
functionality of the dashboard application. Additionally it contains the reasoning
functions, including information and knowledge structures, which give rise to the
decision approach. It primarily contains the elements that realise a solution from
the functions and data specified during analysis.

Within the dashboard application, the View allows static and dynamic infor-
mation from the application to be available. Utilising information from the
decision process, the View delivers the output. This comprises one of four options;
(i) Maintain system (according to maintenance plan), (ii) Initiate repair strategy,
(iii) Update or (iv) Upgrade.

Figure 19.4 illustrates the formation of the structural framework for the
Maintenance Dashboard based on the reference architecture (Schreiber et al.
2000). Detailed component functional information specific to the Maintenance
Dashboard framework is expanded under Sect. 19.2.3.1, where the architecture
components are specified as per Stage 3 of the design process.

The platform specification phase (design process Stage 2) involved in devel-
oping the Maintenance Dashboard further is twofold; (i) specification of the asset
(e.g., aircraft) and (ii) specification of the computational infrastructure which will
support the Maintenance Dashboard. From a theoretical and concept generating
perspective, the design process behind the development of the framework for the
Maintenance Dashboard can be conducted independently of the computational
implementation platform.

19.2.3.1 Specification of Architecture Components and Application

The final stage in the design process involves defining the three major components
(Controller, Application Model, Views (Gamma et al. 1995)) in the proposed
Maintenance Dashboard framework. In addition, the interfaces between the
components and application specific facets of the framework are also identified.
The main purpose of this stage is to decompose the knowledge base into ‘chunks
of information’ which may be then used to determine a solution to the system
status query. In the case of the Maintenance Dashboard, functional decomposition
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is employed; inferences between knowledge elements are preserved according to
their functionality. The framework component of most importance, with regard to
the functionality of the Maintenance Dashboard, is the Application Model.
The Application Model embodies the decision process which ultimately deter-
mines the solution with reference to maintain, repair, upgrade or update.

Application Model
(knowledge base)

Reference Architecture for 
CommonKADS System

Controller

External Inputs to include:
(i) System status regarding
preventive maintenance.
(ii) Current system functional
requirement levels (capabilities).
(iii) Anticipated future system
functional requirements & known
solutions e.g. sub-system
replacement.
(Plus all associated cost 
elements)

Views

External output to provide 
suggested way forward:
(i) Maintain system (in line with 
current schedule).
(ii) Initiate repair strategy
(indicate urgent and non-urgent).
(iii) Update system (& programme
to be followed).
(iv) Upgrade system (&
programme to be followed).

Application Model
Forms the basis for the decision-
making process.
Knowledge base comprised from:
(i) Task knowledge
(ii) Inference knowledge
(iii) Domain knowledge

Transfer of functional 
requirements and system 
status into domain knowledge

Reasoning results from conducting 
the decision-making process

Proposed Maintenance Dashboard Framework

Controller
(input from external 

sources)

Views
(output to user 

interface)

Function
invocations

User input Output

Reasoning
update

Controller views

Decision
Solution

Output
User Input

Fig. 19.4 Proposed maintenance dashboard framework
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Under the third stage of the design process the application specific sections of
the framework are also defined. The proposed Maintenance Dashboard framework
is not platform dependent and thus fully adaptable since the decision process is
performed based on the data held within the knowledge base. The processes
contained within the framework are however scenario dependent. Therefore, the
Maintenance Dashboard is only applicable within the remit of determining plat-
form status (maintain, repair, upgrade or update) based on the current and required
platform (and/or system) capability levels. The processes and scenario-related
information are changeable, and thus the Maintenance Dashboard can be adjusted
to cover a variation in situation if the ‘maintain-repair-upgrade-update’ scenario-
related decision approach is inappropriate (i.e., to cover a change in requirements
to the desired output for assisting decision support). The Maintenance Dashboard
framework components are summarised:

The Controller represents an integral ‘‘command and control’’ centre which
handles both external and internal information (e.g., user input) in order to activate
application functions. Within the Maintenance Dashboard framework the con-
troller represents the central information hub and its function is threefold:

1. The principal purpose of the Maintenance Dashboard is to provide the platform
status with regard to maintain, repair, upgrade or update. Related information
(e.g., operational defect data, system concessions, alterations and additions
system operational priority ratings) is input into the Controller component to
aid this task. This data is then transferred to the Application Model for ana-
lytical purposes and comprises data streams on (i) current system capability
levels, (ii) required system capability levels, (iii) preventive maintenance
results (prognostics, failure profiles), (iv) urgent actions to be addressed (e.g.,
failure/imminent failure) and (v) capability trade-off ranking results taking
technology insertion into consideration (capability enhancement route).

2. The Controller component informs the Application Model when to conduct
analysis. The Controller thus initiates the first task that is necessary in order to
determine the status of the asset (and associated systems).

3. The results from the Application Model are relayed to the Controller. The
Controller ‘handles’ this information and transfers the solution of the analysis
conducted by the Application Model to the View Component. The Controller
also retrieves all data from the Application Model with regard to the analysis
reasoning process. The added handling of this data provides traceability of
information and permits clear reporting routes, if applicable.

Within the dashboard application, the View allows static and dynamic infor-
mation from the application function to be available. In brief, the View realises the
presentation of the Maintenance Dashboard purpose to the users. All data pre-
sented by the View is transferred from the central information hub (Controller).
The View simply acts as an interface between the decision process and the end
user. The solution output comprises one of four options; (i) Maintain system,
(ii) Initiate repair strategy, (iii) Update system and (iv) Upgrade system.
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The Application Model specifies the functions and data that together deliver the
functionality of the Maintenance Dashboard. The Application Model knowledge
base is formed from the data streams input into the Controller component as well
as the reasoning functions behind the decision approach. The Application Model
therefore contains the elements necessary for realising a solution. Within the
Maintenance Dashboard framework the Application Model provides the user with
decision support and assistance in determining the asset status relative to the
‘maintain-repair-upgrade-update’ scenario-related decision algorithm. The task
initiated by the Controller component results in the commencement of the decision
process. This task defines a single operation; conduct a comparison of current
capability levels with required capability levels. The execution of the task invokes
the decision algorithm (simplified illustration presented in Fig. 19.5), which in turn
results in the initiation of specific decision tasks (represented by �).

In performing the decision process, data is sought from the knowledge base.
This includes the current system status obtained from preventive maintenance
techniques, system specific technology insertion programme data retrieved from
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off rankings data

12. Upgrade
necessary ?

14. Obsolete
components ?

15 . Update13 . Upgrade

5. Maintenance
Plan

*B

3. Preventive
maintenance data

4. Maintain to 
schedule ?

6. Failure
prevention ?

7. Initiate Repair 
Strategy

8. Capability
ranking linked 
to failure?

10. Repair
through(13)/

(15)?

9. Repair16. Decision

*A

*A

*B

YesYes

Yes

Yes
Yes

Yes

Yes

Yes

No No No

No No No No

No

Fig. 19.5 Representation of application model component decision algorithm
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capability ranking procedures and associated inferences between the variables
contained in the data bases and the decision tasks. A ‘snap-shot’ of an example
knowledge base structure is illustrated in Fig. 19.6.

Control Knowledge defines both the content and structure of the task and
inference specific data: (i) Task Knowledge is defined by a key goal and
describes the decomposition process involved in the decision algorithm (deci-
sion tasks referenced in Application Model). (ii) Inference Knowledge describes
the inference steps that are to be followed in completing the key goal (task)
through utilising information obtained from capability ranking procedures for
example.

Domain Knowledge contains the concepts, relationships and facts that are
required in order to reason a given application domain. For example, in cases
where preventive maintenance techniques are used to describe inference steps,
system failure profiles are contained within domain knowledge.

19.2.4 Maintenance Dashboard Application: Asset Status

The framework developed to integrate preventive maintenance and capability
enhancement is realised through the representation of a Maintenance Dashboard.
The Maintenance Dashboard illustrates the functionality of the decision approach
and is structured to relay asset status information to the service provider at system,
platform and fleet levels (Fig. 19.7). A generalised schematic representation of
the Maintenance Dashboard, based on the structural framework illustrated in
Fig. 19.4, is presented in Fig. 19.7. An example of application of the Maintenance
Dashboard is illustrated in Fig. 19.8. In the given example, the dashboard is linked
to an overall support service offering by relating it to the defined Ministry of
Defence Defence Lines of Development.

At the highest level (Fleet/Class) the Dashboard offers a single overview rep-
resentation of all of the assets and their availability for a particular scenario and
duration. This availability is determined based on the status of the key systems
required for that particular scenario. The platform level (Asset/Warship) illustrates
the status of the asset systems (i.e., fully operational or issue identified) and
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Initiating Task
(from controller)

Domain Knowledge

Technology mappingRegistered defects

Maintenance
schedules

Capability
requirements

Preventive Maintenance Capability Trade-off Analysis
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Fig. 19.6 Knowledge base
‘snap-shot’ (requirements
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associated priority for reparative action. Relevant capability enhancement pro-
grammes are noted and information relating to enhancement options, cycle time
and fitment opportunities are detailed.

The decision support process (application model) summates this data into a
single operational capability level representation for instant service information
acquisition. The system level of the Dashboard provides similar analysis uti-
lising a greater degree of detail with regard to scheduled maintenance,
unscheduled maintenance, current and required system capabilities. The outputs
from the Maintenance Dashboard feed directly into maintenance planning
decision support. This is a significant component in the delivery of a service
support offering and directly links to the implementation of service methods as
noted in Sect. 19.1.2.

Fig. 19.8 Maintenance dashboard—an example application

FLEET ASSET SYSTEM

Operational Scenario

Duration

Asset Status Time to Service R-A-G

Fig. 19.7 Maintenance
dashboard—generalised
schematic representation
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19.3 Maintenance Dashboard and Services Transition

Servitization is noted to involve the innovation of an organisation’s capabilities
and processes so that it can better create mutual value. This is specific to the
relationship between customer and supplier, through a shift from selling products
to selling associated systems (Ng et al. 2010b). Consequently, service information
and related decision support tools, such as the proposed Maintenance Dashboard,
are instrumental to the successful delivery of a support service offering.

Popular advice to manufacturing based companies has been that ‘in order to
remain competitive they should move up the value chain and focus on delivering
knowledge-intensive products and services’ (Baines et al. 2007; Hewitt 2002).
Occurring in conjunction is that fact that governments are now declaring that they
will contract for capability (Neely 2009) and, as such, the support service aspect is
outsourced to the supplier. From a supplier perspective, servitization may be
viewed as a way in which sales revenue can be increased, whilst from a customer
perspective, servitization offers reduced risk and improves the way in which costs
and budgets may be set.

Servitization involves the use of the new technologies as well as methods for
managing technical products (i.e., asset) over their life cycle. Service science is
interdisciplinary and focuses on service as a system of interacting parts that
include people, technology and business (Demirkan et al. 2008). Within this
environment, product life can be evaluated. The Maintenance Dashboard proposal
is aimed at extending the ‘useful phase’ of a product’s life. This ‘useful phase’
being defined as the period during which a product performs a particular function
(in the context of this chapter, meets a given capability). This extension is
achievable through conducting preventive maintenance and modifications, where
modifications involve capability enhancement. To enable product longevity, the
option for permanent upgrading and updating must remain viable. The Mainte-
nance Dashboard provides an option for initiating a balanced strategy with regard
to maintenance and capability enhancement and thus better serves to increase the
‘added value’ of the product during its ‘useful phase’ in the life cycle. The solution
retrieved from the Maintenance Dashboard is of specific relevance to the different
management levels within a business/organisation. Figure 19.9 illustrates the
information flow.

1. Corporate with regard to business strategy; this may relate to budgetary control
for example.

2. Operational and tactical assessment of working scenarios/missions, required
fleet capabilities and determining the ‘most sensible time’ to conduct asset
maintenance, repair, upgrade or update.

3. Equipment management from the perspectives of those involved in mainte-
nance management and logistics planning (resources, spares, and work-space).

In the context of the Core Integrative Framework (CIF) (Ng et al. Introduc-
tion chapter) for complex engineering service systems, the Maintenance
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Dashboard fits within transformations (a) and (b). These transformations cover
transforming materials and equipment and transforming information. Ng et al.
document that if a customer were to consider contracts from an outcome based
perspective then value is likely to be added through the adoption of all three
transformations noted in the CIF. The ‘mutual value’ referenced in the definition
of servitization is thus delivered through the interactions between the three
transformations of information, materials and equipment and people. The
Maintenance Dashboard proposal does not dovetail with ‘transforming people’,
however the decision support provided by the dashboard may be used to, in
effect, persuade the adoption of different mindsets. The proposed Maintenance
Dashboard is able to provide support for day-to-day operations conducted under
the service paradigm plus address longer-term strategic perspectives from a
technical point of view. This serves to combine technical asset considerations
and interdependencies with the strategy challenges that may be faced through the
analysis of information. A simplified representation of the information interac-
tions between transformations (a) and (b), with reference to the Maintenance
Dashboard, is depicted in Fig. 19.2.

19.4 Concluding Remarks

‘The quality and shelf-life of current technical products is no longer determined
by wear and attrition but by being technically out of date’ (Niemann et al. 2009).
Current, and future, strategies for achieving maximum product utilisation are
required to consider longer-term planning for product life-cycles. The concept
behind life-cycle management aims to optimise product performance. This
covers the three main phases within a product life-cycle; (i) manufacture,
including design and development, (ii) usage and (iii) disposal/recycling. The
Maintenance Dashboard framework is directly aimed at extending product life
cycles and aiding the associated planning process. Extensions to product life
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cycles are achievable through lengthening the ‘useful phase’ of the product.
Within the Maintenance Dashboard this is realised through a balanced integrated
strategy towards preventive maintenance and capability enhancement. Through
incorporating maintenance and capability enhancement data, both facets are
considered in their entirety as opposed to in isolation. As a result, the proposed
framework takes into account the various stakeholders involved during the
‘useful phase’ of the product’s life-cycle as illustrated by Fig. 19.9. This entails
directing asset status information at the required level to the various stake-
holders. For example, an engineering director is likely to place greater emphasis
on knowing the high-level status of the fleet under his control, i.e., understand
x out of y assets are active and their respective status with regard to downtime
relative to maintenance programmes and planned modifications. An engineering
manager however will be interested in the details behind planned maintenance
programmes and their effect on items such as concessions.

The framework supports the analysis involved in implementing an integrated
maintenance and capability enhancement approach. The structural framework
architecture provides a concise representation of the processes involved in deter-
mining the status of an asset with regard to maintain, repair, upgrade or update;
while the knowledge base for the decision process is suitably customisable
dependent on the platform and related systems under consideration.

It has been reported (Neely 2009) that new business models for manufacturers
have implications for operations management frameworks and philosophies. This
is of particular relevance to situations where the delivery of an operational
capability is underpinned by the data collection and information analysis tech-
niques. The decision process associated with the Maintenance Dashboard is ini-
tiated by a single task; comparison of current and required capabilities (assumed
from a platform/system perspective). The Dashboard is dependent on the results
obtained from asset maintenance information and capability trade-off analyses.
These, in turn, are dependent on the data that can be retrieved from the asset and
planners.

The provision of service support is gaining in importance as more organisa-
tions move towards capability and performance-based contracts. There are an
increasing number of reasons for traditional manufacturing companies of high
value complex systems to include services into their product offerings. This list
is by no means exhaustive, however reasons include facilitating the sale of high
value products, further strengthening customer relationships and addressing
business growth and demand requirements. With the introduction of service
contracts customers are far more likely to expect integrated service solutions i.e.,
goods and services integrated into customer specific packages (Davies 2003;
Brax 2005). A service provision should offer value to both the customer and
manufacturer. It is postulated that the Maintenance Dashboard may form part of
a higher-level Integrated Support Service Dashboard and that the creation of a
dashboard hierarchy would enable increased planning of maintenance activities
alongside other functions.
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19.5 Chapter Summary Questions

This chapter has brought to the forefront the consideration that service information
and related decision support tools can be instrumental in the successful delivery of
a support service offering. The services aspect of a support offering can be said to
include the use of new technologies and methods for managing products over their
life cycle, while also ensuring that the customer’s required capability and avail-
ability demands are met. This drives the following questions:

• What process can be followed to ensure the service provider is able to consider
maintenance and capability enhancement in their entirety as opposed to in
isolation?

• How can these facets be structured into a framework for an integrated approach
towards a decision-making mechanism?

• Within the transition to services, do the outputs from the integrated approach
encourage the appropriate distribution and analysis of decision support results?
Are these results suitably directed at the three levels depicted within the
framework (i.e., fleet, asset, system)?
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Chapter 20
Mapping Platform Transformations

Clive I. V. Kerr, Robert Phaal and David R. Probert

Abstract Technology insertion provides the means to proactively sustain and
enhance the functionality and associated performance levels of legacy product
platforms. It aims to deliver in-service technological innovations in response to the
need for new capabilities that address emerging threats, obsolescence concerns and
affordability issues. Platform modernisation via technology insertion is an inter-
action between the three principal stakeholders of end-user, acquisition authority
and product-service system provider. To bring these three groups together for the
vision setting and planning activities, a transformation mapping approach has been
developed. It requires the participants to populate three visual templates that
respectively map the future strategic context, the portfolio/fleet of complex
product platforms and the key functional systems that generate utility. The
adoption of this approach provides the ability to outline future capability
requirements, determine product development options, and align these with the
associated technology upgrade paths against the time dimension. To illustrate the
implementation of the method, a case study from the defence industry is employed
to depict the typical outputs that can be generated.

20.1 Introduction

Military product platforms have exceptionally long lifecycles, in the order of
decades, and given the state of defence budgets there is the general trend of
sustaining the operational capability of those legacy platforms for much greater
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periods than their original design intent. In the context of through-life man-
agement for complex product-service systems, one of the key challenges is how
to direct and co-ordinate the flow of technology for platform modernisation
during the in-service phase of the product lifecycle. With a platform in active
use by the end-user, inserting the latest technological innovations is achieved
principally through technology insertion mechanisms. They provide the means
to upgrade and update the capability of a platform in terms of its functional
enhancement and associated performance attributes. The requirements for such
enhancements is driven by the likely changes in future military operations, the
pace of change in technology and the increasing pressures on lifecycle cost
reduction.

To guide practitioners, from both the military and industrial communities, a
mapping approach has been developed to support the front-end strategic dia-
logue in respect of the vision setting and planning activities. This approach
allows these different stakeholders to visually represent and examine the most
appropriate paths to support the operational sustainment of a product platform’s
capability. To demonstrate the application of the mapping approach a case
study on the Royal Australian Navy’s Surface Combatant Fleet will be used.
This illustration can act as a key reference case. From the position of complex
engineering systems, examples from the defence industry provide very rich
real-world content and context for exploration. In terms of the defence industry
itself, maritime platforms are ‘‘inherently technology sensitive and capital
intensive. This creates an imperative—an imperative to manage change’’ (Smith
2001). Thus, they lend themselves to being applicable for exchanging learning
outcomes across to the air and land domains. Additionally, in the maritime
environment the emphasis on the surface combatant fleet as the main focal
point is very pertinent as it represents the Navy’s largest investment (Davies
2008). Finally, bounding the discussion and illustration of this case example to
the combat system perspective ensures relevance to the current and future
issues faced by the Navy and naval industrial-base as it represents the heart of
a maritime product platform (SPC 2009).

20.2 Transforming Platforms Through Technology Insertion

Technology insertion is defined as ‘‘the utilisation of a new or improved
technology in an existing product’’ (Kerr et al. 2008a). It is concerned with
how to manage the flow of technology from the research and development
stages into the fielded arena where the recipient platforms are actively on
operational service with the end-users (Kerr et al. 2008b). However, it is
critical to first address the issue of modernisation viability, i.e., is it actually
worth considering the avenue of technology insertion to enhance the capabili-
ties of a given platform? [Note: the use of the term ‘capabilities’ in relation
to a platform signifies its functionality and associated performance levels].
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In terms of managing the defence capital stock, there are the two fundamental
choices (Dowling et al. 2007; Kosiak 2004) of either (i) continuing with the
legacy platform or (ii) replacing the current platform with a new generation.
Modernisation viability is a consideration of a legacy platform’s capacity to
still have a role to play in future military tasks weighed against the level of
investment that would be needed to satisfy these operational needs. ‘‘In general,
upgrading is less costly in the near term, but is only reasonable if the system
that is being upgraded can perform well enough and last long enough’’ (Bal-
aban and Greer 1999). ‘‘And even with upgrades, if the lifecycle period under
consideration is long enough, eventually the upgraded system will need
replacement, so acquisition is deferred, not avoided’’ (Balaban and Greer 1999).
From underneath this legacy versus replacement decision, technology insertion
can be described as the best method to utilise ‘‘limited resources to sustain
weapon systems and grow fielded capability’’ (Milas and Vanderbok 2006). In
that regard, technology insertion considers: (i) the use of better technology, and
(ii) a product in need of improvement (Kerr et al. 2008a). Thus, technology
insertion provides a mechanism to ‘‘enable faster and cheaper capability
upgrade’’ with a ‘‘focus on the pull-through of new technology’’ (MoD 2005);
in essence transforming a platform’s capabilities, and even role, through
selective enhancement packages.

The product platform dimension is obviously the mainstay for technology
insertion activities. Recognising that ‘‘much of a platform’s capability is
delivered through its subsystems’’ (MoD 2005), the primary consideration is
thus on product-centric (i.e., systems, equipment and component) changes as
opposed to either process orientated improvements or the betterment of asso-
ciated platform support arrangements. Therefore, in this chapter, the unit of
analysis will be the platform (product). Product-centric changes are in response
to only three fundamental reasons, as outlined in Kerr et al.’s (2008a) rationale
model. They are:

• The threat of obsolescence
• The requirement for additional or new capability
• The challenge of affordability

Additionally in the paradigm of technology insertion (Kerr et al. 2008a), there
are four classes of changes (Kerr et al. 2008b) that feed product-centric modifi-
cations, namely:

• Changes from the external environment
• Changes from user evaluation
• Changes from technology developments
• Changes from funding availability

Therefore, the promise of technology insertion is the repeated introduction of
the latest technology into an in-service platform as both the threats and the
technologies, themselves, evolve.
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20.3 A Mapping Approach for Visualising
Platform Transformations

This chapter describes the mapping approach developed by the University of
Cambridge’s Centre for Technology Management. The approach is based on
highly visual methods that can be used to clearly articulate and present the
capability transformation of product platforms. It is based on the integration of
Kerr et al.’s (2006, 2008c) visual framework for military capability and the
visually-orientated roadmapping scheme (Phaal et al. 2007; Kerr et al. 2009).
There are three steps in the general approach, namely:

• Map the strategic context
• Map the fleet
• Map the functional systems

First, there is the need to vision and articulate the future force for the specific
service branch of the military. This is a top-down holistic view that provides the
strategic context in which a platform will operate and from where the critical
drivers for product-centric changes are derived. It is framed according to the
layered structure of the military capability representation developed by Kerr et al.
(2006, 2008c). The approach requires the stakeholders to populate the end-state
template with their view of the future warfighting effects, functional force pack-
ages and building blocks. The template is depicted in Fig. 20.1. The building
blocks represent the inner layer of capability consisting of the lines of common
facilities, i.e., the support system, interwoven with the spectrum of strategic
platform types. Bonded onto the capability building blocks are the functional

Fig. 20.1 Template for the
military capability framework
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packages which represent the warfighting force functions. The final layer inte-
grates the effects-based approach.

The second and third steps in the approach utilise the roadmapping method.
Figure 20.2 shows the template used to structure the architecture of a roadmap.
Although it is a tailored configuration for the issue of platforms transformations,
the template’s layout has been constructed from and conforms to the basic form
and principles outlined by Phaal et al. (2004). The vertical axis of the template is
composed of three principal layers, i.e., capability/product/technology that reflects
the problem-structure for technology insertion. These three layers are broad cat-
egories that are to be unpacked to reveal higher levels of granularity. The hori-
zontal axis in Fig. 20.2 consists of a chronological timeline. This axis represents
the temporal shifts that take place as legacy capabilities/products/technologies are
transitioned to future states. These future embodiments may be evolutions of the
current generation, resulting in an incremental change, or a next generation that
results in a step/disruptive change. Through the roadmap template the transition
paths from the current to end-states can be plotted at both the fleet and functional
systems levels. Since capabilities are path dependent (Birchall and Tovstiga 2005),
the visual mechanism of roadmapping allows these paths to be clearly plotted that
is, mapping ‘‘the timeline of product needs and requirements against technology
advancement and obsolescence’’ (Milas and Vanderbok 2006). The power of
roadmapping comes from having a recognition that there exists windows of
opportunity for inserting technologies into future upgrade blocks, driven from the
four classes of change that feed product-centric modifications (as outlined in
the previous section), and matching these with the windows of availability from
the technology development activities (Kerr et al. 2008b).

Taking a psychosocial stance on the work of Phaal et al. (2007), the adoption
and practice of roadmaps provide a mechanism/vehicle to cogitate, articulate and
communicate (Kerr et al. 2009). The generated roadmaps are effectively boundary
objects because as entities they forge the links between the differing stakeholders
and communicate their shared viewpoints (Kerr et al. 2009). They provide a locus
for communication and co-ordination (Yakura 2002). Additionally, the resultant
roadmaps ‘‘should be reviewed and shared on a regular interval to ensure that

Fig. 20.2 Template for the roadmap
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discontinuances, developments, requirements and changes are known and moni-
tored’’ (Milas and Vanderbok 2006). It must be noted that the Australian Gov-
ernment’s Department of Defence (DoD 2006) highlight the power of
roadmapping in terms of its contribution in improving the quality of decision-
making and improving the subsequent implementation of those decisions.

20.3.1 Mapping the Strategic Context

The mapping of the strategic context starts with a top-down analysis beginning at a
country’s strategic and national interests, moving down through its defence priorities
to the concepts of operations for the relevant service branches of the military. For each
service branch, in turn, the future warfighting elements and effects are determined.
Finally, the complex product-service systems are surrounded by this high-level def-
inition of the future strategic context in which they will operate. Figures 20.3 and 20.4
present the case of Australia from the viewpoint of the Royal Australian Navy.

Fig. 20.3 Mapping national and maritime strategy
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The Australian Government has identified five enduring strategic interests
(RAN 2000):

• ‘‘Avoidance of destabilising strategic competition developing between the
United States, China and Japan as the power relationships between the three
evolve and change.

• Prevention of the emergence within the Asia–Pacific region of a dominant
power, or group of powers, whose strategic interests are hostile to those of
Australia.

• Maintenance of a benign environment in South East Asia, particularly maritime
South East Asia, which respects the territorial integrity of all states.

• Prevention of the positioning of extra-regional military forces in neighbouring
countries which might be used contrary to Australia’s strategic interests.

• Prevention of the proliferation of weapons of mass destruction.’’

Below these, in Fig. 20.3, are the associated five major tasks expected of the
Australian Defence Force in order to fulfil the nation’s security requirements,
namely:

Fig. 20.4 Mapping maritime capability
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• Defeat of attacks on Australia
• Defence of regional interests
• Defence of global interests
• Protection of national interests
• Shaping of the strategic environment

From the major tasks, the Navy’s contribution is composed of three maritime
concepts namely those of control, denial and power projection. Sea control is
defined as ‘‘that condition which exists when one has freedom of action to use an
area for one’s own purposes for a period of time’’ (JFADT 2004). This condition
‘‘includes the air space above and the water mass and seabed below as well as the
electro-magnetic spectrum’’ (RAN 2000). On the other hand, sea denial aims to
prevent the use of the sea by another force which implies a more passive posture
where the emphasis is on defence (JFADT 2004). For instance, the maintenance of
a blockade of enemy forces through the operation of exclusion zones or specific
campaigns against an adversary’s trade or logistic systems (RAN 2000). The
concept of maritime power projection is the delivery of force from the sea. For
instance, ‘‘the landing of amphibious or Special Forces or the delivery of seaborne
land forces, or bombardment by guided or unguided weapons from seaborne
platforms’’ (RAN 2000). These three elements encapsulate Australia’s maritime
strategy.

Figure 20.4 depicts how the complex product-service systems operated by
Royal Australian Navy map into its maritime strategy. The outer ring illustrates the
three concepts of sea control, denial and power projection providing the sur-
rounding strategic context in which the product platforms must provide end-users
with utility. Aligned to these concepts is the maritime mission space (Crane 2007)
that reflects the span of maritime operations (Booth 1977). There are three broad
categories:

• Combat
• Constabulary
• Diplomatic

Combat can be classified from two standpoints, i.e., operations at sea versus
operations from the sea. Operations at sea include such functions as strike,
interdiction, cover and containment (RAN 2000); whereas operations from the sea
include the functions of amphibious assault and support to operations on land. Of
course, the primary goal of Australia’s maritime strategy is to control the air and
sea approaches to its continent. Thus, the key requirement is to ‘‘maintain an
assured capability to detect and attack any major surface ships, and to impose
substantial constraints on hostile submarine operations, in the extended maritime
approaches’’ (DoD 2000). The constabulary category reflects the range of policing
duties. It includes such operations as anti-piracy, fisheries protection, embargos
and sanction enforcement (RAN 2000; Crane 2007). Diplomatic operations
embody ‘‘the use of maritime forces in support of foreign policy’’ (RAN 2000).
These are either as: (i) a demonstration of capability used to reassure, impress and
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warn, or (ii) a demonstration of readiness to deploy a degree of combat power
(RAN 2000).

The next layer towards the centre of Fig. 20.4 is the effects layer. The
Australian Defence Force describes it as the capacity or ability of the force to
achieve a particular operational effect (DoD 2006). The Navy has five strategic
capability-based effects to deliver, namely:

• ‘‘Understand the geopolitical and operational context and maintain appropriate
situational awareness.

• Shape (and deter) the choices of potential adversaries seeking to directly attack
Australia or its interests.

• Defeat any potential adversary seeking to launch attacks on Australia.
• Deny operational freedom to any potential adversary or security threat within

the immediate neighbourhood.
• Quickly and decisively assist the civil authorities of Australia by providing

military assistance’’ (Houston 2007).

Capability must also be considered from the perspective of combat functions
(Kerr et al. 2008c). Therefore the functional packages layer, underneath the effects
(Fig. 20.4), encapsulates the warfighting force structures of a future force. The
template of military capability illustrated in Fig. 20.1 has been populated with
the Royal Australian Navy’s Future Maritime Operating Concept Year 2025. The
definitions of the functional packages are given in Table 20.1.

Finally, the centre of Fig. 20.4 presents the key building blocks of military
capability, i.e., the product-service system space. The supporting infrastructure
consists of eight key lines of development (DoD 2006):

Table 20.1 Maritime capability enablers (RAN 2006)

Package Definition

Assured engagement The capability of maritime forces to decisively engage target sets
across the battlespace using networked systems to provide the
required responsiveness, weight of fire, precision and assure
success by employing lethal and non-lethal weapons

Maritime manoeuvre The capability of maritime forces to move freely between the open
ocean and the littoral environments and to project force through
exerting local sea control to facilitate the delivery of support to the
joint or combined mission

Sustained presence The ability for a joint maritime force of significant combat weight to
operate for an extended period at potentially long distances from
Australia

Enduring protection The ability of each maritime force element to successfully achieve
designated missions and tasks through the combined capability of
defensive, staying and fighting power

Knowledge, command
and control

The exploitation of superior battlespace awareness and, through
people, innovatively applying operational art and adaptive
command to gain decision superiority over an adversary
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• Personnel
• Organisation
• Collective training
• Major systems
• Supplies
• Facilities
• Support
• Command and management

These lines are interwoven in a matrix fashion with the spectrum of strategic
platform types. The Royal Australian Navy has seven product area groups (ANAO
2003):

• Surface combatants (SURF)
• Amphibious and afloat support (AAS)
• Aviation (AIR)
• Submarine (SUB)
• Mine clearance diving (MCD)
• Patrol boat (PB)
• Hydrographic, meteorological and oceanographic (HYDRO)

As a visual summary Fig. 20.4 represents Australian maritime capability for
2025. It is a high-level mapping of the future strategic context and presents the
future end-state for the Navy to work towards. An analysis of this future military
capability poses three challenges (DoD 2000):

• The adequacy of ships’ defences against the more capable anti-ship missiles that
are proliferating in the region.

• The requirement for a long-range air-defence capacity in the fleet.
• The future provision of support ships to increase the maritime capability by

keeping ships at sea longer and at greater ranges from port.

The next step is to then map the future shape of the fleet given these priorities.

20.3.2 Mapping the Fleet

Roadmapping provides a canvas upon which to map the maritime fleet as it
transitions from its current form to the future state required to fulfil the Navy’s
contribution and commitments to national strategy as outlined in Figs. 20.3 and
20.4. A fleet roadmap can be generated for each of the Navy’s product area groups.
The Surface Combatant (SURF) fleet is used to demonstrate the output that can be
achieved by adopting the methods developed by Phaal et al. (2007). This is pre-
sented in Fig. 20.5. The architecture of the roadmap is based on a grid layout. The
columns are formed from the timescale, in this case 2000–2025 and beyond, with
the rows splitting the map between product platforms via classes and technology
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Fig. 20.5 Mapping the surface combatant fleet
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insertion projects. In the top half of the fleet roadmap the in-service dates (ISD),
out-of-service dates (OSD) and life-of-type extensions (LTE) of the various ships
are plotted against the considered timeframe. The bottom half is populated with the
key update and upgrade projects.

As can be seen from Fig. 20.5, the current surface fleet consists of two classes
of frigate, i.e., Adelaide and Anzac. The Adelaide ships entered service between
1980 and 1993 (DoD 2000). They were based on the US Navy Oliver Hazard Perry
design. The first four of the class were built in the United Sates, with specific
modifications undertaken in Australia, whereas the last two ships (HMAS
Melbourne and HMAS Newcastle) were wholly constructed in Australia. The
Anzac’s entered service in the early 2000s. They are based on the German MEKO
200 design, with all eight ships constructed in Australia. These two classes,
Adelaide and Anzac, are the mainstay of the Royal Australian Navy’s fighting
ships currently in-service (Thomson 2008).

However, Fig. 20.5 also highlights that the surface combatant fleet is a force in
transition (Davies 2008). The Adelaide class frigates will be replaced by a new
Hobart class of air warfare destroyer (DoD 2000). This transition is mapped in
Fig. 20.5 as the arrow labelled ‘FFG to AWD’. The Hobart ships will cost nearly
AU$8 billion (DoD 2007) and the first-in-class will enter service in 2014 (SPC
2009). The Hobart class is using the Spanish F100 for its baseline platform design.
The three ships will be equipped with an Australianised version of the Aegis
combat system. This will then be coupled with the SM-6 surface long-range anti-
aircraft missile (Davies 2009; DoD 2009a). The other transition, labelled ‘FFH to
X’, is the likely candidate that will replace the Anzac class in the long-term. The
associated new product development programme is being budgeted under ‘Project
SEA 5000’ (Davies 2008). It will potentially see the production of a fleet of eight
new ‘Future Frigates’ (Davies 2009; DoD 2009a) to enter service sometime post-
2025.

In the period preceding the two transitions in class replacements, more than
AU$3 billion has been committed towards the upgrade of both the Anzac and
Adelaide class frigates in order to ensure that they remain at the forefront of
regional naval capability (DoD 2007). In respect of the Adelaide class, four of the
original six ships will receive an upgrade. As can be seen in Fig. 20.5, the fleet was
reduced from six to four vessels. HMAS Canberra was retired in 2005 and HMAS
Adelaide was withdrawn from service in 2008 (DMO 2008). These two ships were
decommissioned in order to offset the cost of upgrading the remaining four ships.
It is worth noting that AU$3 million was allocated for gifting HMAS Adelaide to
the New South Wales Government to prepare the ship for sinking as a dive wreck
(Thomson 2008). Additionally, HMAS Sydney and HMAS Darwin are to receive
life-of-type extensions (ANAO 2007) so that their service on active duty is pro-
longed by an addition 5 years as illustrated in Fig. 20.5. The details of the tech-
nology insertion programme for the Adelaide class will be outlined in Sect. 20.3.3
when the mapping of the upgrade paths for the functional systems is described.

For the Anzac class, the bottom half of the roadmap (Fig. 20.5) depicts the
technology insertion projects that will be conducted in the future so as to ensure
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that these vessels embody operationally relevant functionality and performance.
The aim of the upgrades is to enhance the air warfare capabilities and level of anti-
ship missile defences against the threats of the next decade (DoD 2008). There are
five key projects arranged into two phases. The upgrade paths are the shaded
boxed areas in Fig. 20.5 that link the projects with the ships in the Anzac class.
In the first bundle of upgrades, three technologies will be inserted into the fleet
namely:

• SEA 1448 Phase 4A Electronic Support System Improvements—This reflects an
improvement of the CENTAUR electronic system in order to maintain regional
capability parity and ensure the sensors align with future threats (DoD 2009b).

• SEA 1358 Mini Typhoon—This is to provide short-range surface defence
against asymmetric threats (DoD 2009b).

• SEA 1357 Close-In Weapons System—This is a block upgrade for the Phalanx
weapon for improved ship self-defence against anti-ship missiles, helicopters
and small craft (DoD 2009b).

Upon successful insertion of these technologies, a subsequent two further
upgrades will be incorporated onto the vessels during the second phase between
2016 and 2019. These are:

• SEA 1352 Evolved Sea Sparrow Missile—This is the addition of the named
missile system to defend against the evolving anti-ship cruise missile threats
(DoD 2009b).

• SEA 1448 Phase 4B Air Search Radar Replacement—This is a replacement of
the ageing AN/SPS-49 radar with a modern digital version which will com-
plement the phased array radar system recently installed (DoD 2009b).

On the roadmap, each of the five upgrades has specific metadata contained
underneath their named project title captions. The metadata consists of six attri-
butes and associated scores. This representation is based on the ACAT (acquisition
categorisation) method (DoD 2009b) as advocated in the Australian Department of
Defence’s AIS (acceptance into service) framework (DoD 2006). Table 20.2
describes the six attributes used to provide a measure of complexity for the dif-
ferent elements of the technology acquisition process and management activities.
Each of the attributes is scored on the basis of a 1–4 rating with 1 representing the
very high end and 4 being low.

From inspection of the insertion projects’ metadata, it can be seen that there are
two upgrades that stand out as being the riskiest. The Evolved Sea Sparrow Missile
(SEA 1352) upgrade presents the greatest contributor to cost; it equates to over
AU$1,500 million. Whereas, in terms of scoring across all of the attributes, the
Electronic Support System Improvements (SEA 1448 PH4A) rates as high.
The other three remaining upgrades rate as moderate (SEA 1448 PH4B) and low
(SEA 1358 and SEA 1357).

To summarise, the fleet roadmap is a visual tool for visioning the future class
transitions and also the key technology enhancements for the current in-service
vessels. It provides a high-level depiction for use by planners and contains
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metadata orientated for programme managers. The next level down in granularity,
which provides the detailed content that describes the actual technology insertion
projects is contained in the mapping of a ship’s functional systems, i.e., the ship
roadmap.

20.3.3 Mapping the Functional Systems

The third and final step in the mapping approach is at the ship level. This is
focused on the functional systems and mapping the contents of the bundles of
technology upgrades. To illustrate the mapping of the functional systems for a
ship, the historic example of the Adelaide class is used. The resultant roadmap is
given in Fig. 20.6, in which the focus is limited to the combat system. This map
visually outlines the upgrades to the four frigates that are to improve both their
self-defence and offensive capabilities until the delivery of the new Hobart
destroyers. The most significant enhancement was to address the threat from anti-
ship missiles (DoD 2008); this was listed as one of the top priorities for the surface
combatants in the Navy’s maritime strategy as stated at the end of Sect. 20.3.1. In
terms of threat, proliferated anti-ship cruise missiles are the principal access-denial
weapon against surface ships (Barber and Gilmore 2001) and the availability of
such weapons is increasing (Brooks et al. 2005). Due to the ‘‘proliferation of high-
capability anti-ship missiles such as Harpoon, Exocet and their Russian equiva-
lents’’ (DoD 2000). ‘‘Such weapons are relatively inexpensive to build or buy.

Table 20.2 Project attributes (DoD 2009b)

Element Definition

ACQ (acquisition cost) This includes the cost of the materiel system (i.e., mission system
plus support system), plus facilities costs. This does not include
ongoing sustainment budgets

PMC (project management
complexity)

This highlights complexity beyond that associated with traditional
project management knowledge areas, which are characterised
by a project execution environment which is novel and
uncertain with very high-level political interactions

SCH (schedule) This recognises the complexity brought about by schedule pressures
on the project requiring the application of varying levels of
sophistication in schedule management.

TEC (technical difficulty) This reflects the inherent complexities which are associated with
technical undertakings of design and development, assembly,
integration, test and acceptance

OAS (operation and
support)

This embodies the readiness of the organisation and environment
into which the system will be operated and supported

IND (commercial) This recognises the capability of industry to deliver and support the
required system/equipment, the complexity of the commercial
arrangements being managed including the number and level of
interdependency of commercial arrangements
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New technologies—global positioning receivers, compact gas turbine engines,
composite aerostructures—are available to virtually any state or non-state actor
wishing to fashion a precise and lethal cruise missile’’ (Thompson 2004).
The roadmap also provides an overview summary of all of the emerging threats
facing maritime forces (Mahon 2009); this is contained in the enclosed bullet list
on the right-hand side.

At the top of the roadmap (Fig. 20.6) there is the provision of a capability
assessment matrix using a traffic light grading scheme where red (R) signifies
major deficiencies, yellow (Y) for minor deficiencies and green (G) for sufficient
capability. The capability of the ship-level combat system is graded for each three
battlespace domains (air, sea surface and sub-sea/underwater) against the key kill-
chain functions. The functions are those of counter-detection, counter-targeting,
detection, classification, identification, engagement and counter-engagement
(RAN 2006). The matrix requires the combat capability to be reassessed after each

Fig. 20.6 Mapping the Adelaide class’ functional systems
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phase of the technology insertion activities. For example, in Fig. 20.6 the matrix is
completed for each of the three builds.

The main body of the ship roadmap outlines the individual upgrades that take
place. They are categorised into vertical layers based on the classification of
command and control, sensors, weapons and countermeasures systems (RAN
2006). The horizontal time dimension also ties the main columns to the respective
builds. In this case there are three phases to the Adelaide’s enhancement. The first
build is orientated to upgraded fire control, early warning radars and underwater
warfare systems (DMO 2008). Build 2 is a focused weapons upgrade which inserts
both the Evolved Sea Sparrow and SM-2 missile systems. The third build is the
replacement of the original command and control system with the Australian
Distributed Architecture Combat System (ANAO 2007) and a new dedicated Link
16 Joint Tactical Information System (DMO 2008). Each of the three build phases
has been populated with the relevant technology upgrades. Each project is tagged
with their operational battlespace domain (air, sea surface and sub-sea/underwater)
to which they contribute to and also a consolidated risk metric (high, medium and
low). For instance, the EuroTorp MU90 upgrade, in Build 1 under the weapons
layer, is for the underwater domain and has been assessed as a low risk project.
The EuroTorp MU90 is an off-the-shelf anti-submarine torpedo. The area of anti-
submarine warfare was shown to exhibit a capability shortfall (Davies 2008) and
this is reflected in the 1999 capability assessment matrix. The EuroTorp MU90 is
the replacement for the older Mk46 lightweight torpedo already installed on the
Adelaide class (DID 2009). ‘‘The MU90 has greater performance and lethality than
the Mk46 and requires less logistic support. It is 3 m long, weighs 300 kg, has a
range of more than 10 km and is designed to track and attack quiet-running
submarines at depths ranging from 25 m to more than 1,000 m’’ (Thomson 2008).
Finally, at the bottom of the roadmap there is a row of financial data corresponding
to the expenditure for each year and the associated cost variance. As can be seen
from Fig. 20.6 the upgrades for the four Adelaide ships totalled AU$1,064 million,
which is AU$ 39 million over its budgeted cost (ANAO 2007). In summary the
ship-level roadmap, which is populated with the functional systems upgrades,
provides a visually concise overview of the technology insertion projects that are
to be implemented for a given class of product platform. Although the examples
used in this chapter are those from the maritime sector, the approach can be
applied across to the product platforms in the air and land environments.

20.4 Summary

This chapter introduced an approach for visually mapping the future transitions in
complex product platforms. Using the case example of the Royal Australian
Navy’s Surface Combatant Fleet 2025, the steps in the approach were both
described and illustrated. This essentially provides a guide through the method for
practitioners and additionally acts as a key reference case that depicts the outputs
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which can be achieved by utilising the approach. The approach, itself, uses a visual
framework for visioning military capability together with a dynamic systems
orientated roadmapping template. Using a top-down process, the strategic context
in which a product-service system will operate is first determined. This effectively
provides a view of the future force for the respective service branch of the military.
The defence priorities, concepts of operations, operational-based effects and
warfighting elements are all determined. These then provide the surrounding
context to the product platforms and the supporting service infrastructure. In order
to satisfy this future end-state, the next step is to map the transitions between the
current-future portfolio of platforms. It involves plotting the life-of-type exten-
sions and out-of-service dates of the active fleet along with the in-service dates of
the next generation replacements. Aligned to the timeframe are the key update and
upgrade projects that must be conducted to resolve any capability gaps during fleet
transitions. Measures for acquisition cost, complexity of project management,
schedule constraints, technical difficulty, operation and support readiness, and
commercial arrangements are provided for each technology insertion project.
Finally, the phased introduction of the specific technologies within work packages
is mapped to the functional systems of the platform together with a capability
assessment of their utility with the end-user.

20.5 Chapter Summary Questions

• How do you maintain the technological edge in products that will remain on
active service for decades?

• How do you facilitate the engagement of all stakeholders in determining future
capability?

• How do you balance operational need, budget constraints and technology
availability?

• How do you manage the flow of technology for platform modernisation?
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Part V
Integrating Perspectives for Complex

Engineering Service Systems

Glenn Parry

Any discussion of complex engineering service system requires links to be made
between of a number of different areas of academic study, including, but not
limited to, management and engineering practice. The subject area draws upon a
breadth of knowledge and requires integration of numerous disciplines. This final
section seeks to provide more diverse perspectives on service and also seeks to
provide integration. We will provide forms of meta-analysis or meta theory,
descriptions and frameworks which we hope will help build a debate over the
elements involved in Complex Engineering Service Systems.

The first chapter explores the design of service solutions and explores how this
may be done in concert with the customer. The work explores the social context of
service, identifying the dominant thinking style in social space as ‘‘service
thinking’’, and counterpoints this to systems engineering. It identifies that the
social dimension is key to service design and delivery, highlighting the need for
research in ‘discerning the mind of the customer’.

The second chapter proposes an Activity Based Framework for Services
(ABFS), which has three aims: it seeks to situate and relate different disciplinary
definitions of services; understand the foci of different service design approaches;
and produce models of service systems. The ABFS seeks to move beyond the
transformational model presented in the CIF and provide more detail about what is
being transformed, the artefacts used and the activities undertaken by the system.

The final chapter reflects upon the contributions of the authors within the
context of the broader subject area. It provides a further development of the CIF,
attempting to provide a visualisation of the challenge of delivering service
excellence against changing customer contexts that permeate processes and seek to
push variety into a service system. The resultant evolution provides a framework
which may be used to place current research and locate areas requiring future
work.



Chapter 21
Service Thinking in Design of Complex
Sustainment Solutions

L. A. Wood and P. H. Tasker

Abstract Delivering contracted performance levels for service based on the
sustainment of complex engineering systems is a necessary but not sufficient
condition for user satisfaction. Service is received in a context that is shaped by the
state of mind of the customer—perceptions, biases, memories, intentions and
patterns of thinking. Service teams need to understand the ‘‘mind of the customer’’,
complementing the ‘‘voice of the customer’’ used in requirements development.
The chapter considers how service solutions are designed and suggests that the
state of mind of the customer needs greater consideration during solution devel-
opment. The service team functions in the social dimension to understand the
customer’s mind and harmonises the service solution. The dominant thinking style
in social space is characterised as ‘‘service thinking’’, complementing the system
thinking style which dominates in the conceptual space of product-service systems.

21.1 Thinking Styles for Product-Service Systems

This chapter explores the need to introduce a new thinking style, labelled ‘‘service
thinking’’, for the design of service solutions based on the sustainment of complex
engineering systems. These systems can be characterised as one-off (or few-off)
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designs with high engineering complexity, high performance, long life and likely
to incorporate in-service upgrades or change of use. Examples include military
equipment, large scale infrastructure and installations, major buildings and high
value production facilities. The hypothesis is that manufacturers of complex sys-
tems who offer end user service based on the assured availability of equipment
performance in operation (the product-service system) will be unable to achieve
service excellence in the mind of the customer without a paradigm shift in thinking
at corporate, team and individual levels. The need arises largely as a result of the
maturity of the engineering ‘‘system thinking’’ method (system engineering) used
for the development of large scale bespoke products. System engineering tools and
thinking style ably address the conceptual space of the manufacturing design and
integration process, ensuring that the customer’s expectations for system perfor-
mance are met by providing a structured approach to managing explicit require-
ments—the ‘‘voice of the customer’’. They are of little help in ensuring a
connection with the ‘‘mind of the customer’’ necessary to complete the service
solution design in the social space, nor in ensuring that the conceptual and social
visualisations are harmonised into an integrated solution which satisfies both the
tangible requirement for system performance and the intangible concept of service
need in the customer’s mind.

The proposition is that for a complex product-service system, service satis-
faction resides in the mind of the customer so that the sustainment of fit-for-
purpose goods is a necessary but not sufficient condition for customer satisfaction
in the overall service. The end state of service is a mental concept that is intangible
and its achievement is heavily shaped by the context in which it is received. The
context includes the emotional state of mind, its perceptions and preconceptions,
its patterns of memory and patterns of automated processing, and plans for the
future. Service satisfaction therefore requires the service provider to have a highly
developed concept of the mind of the customer; whether the customer is an
individual or an organisation, the same principle applies. The desired end state of
service provision is trust, wherein the customer habitually seeks more.

This language is unfamiliar in the product domain where achievement of
functional performance requirements is regarded as paramount. It is often tacitly
assumed that service is an inherent feature of the product, somehow embedded
within it: from the perspective of the product developer, the user is an extension of
the product. The user’s viewpoint is quite the opposite: the product is an extension
of the user, sometimes even anthropomorphising certain classes of products. Intel
Corporation has established a User Experience Group staffed by anthropologists
and ethnographers in order to better understand customer patterns of life that
determine how its product offerings are used. This group seeks to understand, for
example, how customers (situated users) accept certain products as ‘‘symbolic
markers of cultural practices, gender and even religious identities’’.

The system engineering thinking style is deeply embedded in the development
of complex systems, especially defence systems where it has become a universal
language; systems of regulation and governance are built on it. Notwithstanding
the development of soft systems and similar approaches, system engineering
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thinking is perceived to be inextricably rooted in the product paradigm ensuring a
cultural rigidity inhibiting development of the method to accommodate design in
the social space necessary for the attainment of service excellence. It is therefore
important to develop complementary techniques for service design in the social
space based on ‘‘service thinking’’ and the theory of mind, leading to new per-
spectives on leadership and the building of expert teams.

If service thinking is to be established as a separate and identifiable thinking
style that is complementary to system thinking, what is it, and how is it to be
implemented in the design of complex sustainment systems? This chapter explores
these questions from the practitioner viewpoint by firstly examining features of the
established system thinking style, then offering an argument to include the social
space in service design suggesting cardinal features of a service thinking style,
followed by suggestions as to how the two styles may be harmonised. This
inevitably leads to rich research questions and some suggestions for new practice.

21.2 Design in the Conceptual Space: Product-Service Systems

Design of product and processes is a journey through conceptual space, while
service is a journey through social space. They are parallel journeys. Each must
take into account the other; effective business solutions seek to harmonise them.

21.2.1 Current Design Methodologies

Like the trend to servitization, product-service systems have evolved over time,
with different industry sectors taking different paths. Servitization has been a route
to diversification for many manufacturers (Ng et al., Introduction chapter; Neely
2008), adding services to create enhanced value to cope with intensified compe-
tition. For some industry sectors, such as automotive, truck and mobile equipment
industries, service in the form of maintenance and repair (sustainment) has long
been a part of the enterprise business model, often implemented through a fran-
chise relationship with local businesses to enable broad geographic coverage. For
other industry sectors, different models have applied. In the civil airframe sector,
airline operators for many years have been the maintainers, while more recently
third party enterprises have become established as maintenance and repair
organisations.

In the defence industry sector, where complex, large scale and bespoke systems
are typical, sustainment has often been delivered organically by the defence
operators. In this situation, the product lifecycle is clearly divided into two very
distinct phases: acquisition and sustainment. The historic focus of this industrial
sector has been on acquisition, driven by the need for outstanding performance,
sometimes at the cost of sustainability. Over time, greater emphasis has been
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placed on sustainability by applying ‘‘design for’’ constraints, such as design for
reliability, design for maintainability, design for availability and many others. The
separation of acquisition and sustainment has gradually broken down in recent
years, especially in the context of new defence industry contracting policies as
exampled by the UK MoD Ministry of Defence in its Defence Industrial Strategy:
Defence White Paper (2005). Many western defence organisations have adopted
similar approaches. An increasing proportion of military sustainment activity is
now outsourced to commercial contractors, with outcome-based contracting (Ng
et al. 2009) evolving as a preferred commercial approach. Contracting in non-
defence sectors is also evidencing similar trends (Johnstone et al. 2008, 2009).
Defence companies have long been engaged in sustainment functions for the
military, but the outcome-based contracting approach has several important
differences. The historic sustainment activity has been for discrete tasks or com-
ponents within the larger customer organic solution (a traditional logistics support
function is based on the deep technical knowledge of the products being sup-
ported). In comparison, the outcome-based contracting environment requires that
the contractor provide a comprehensive integrated business solution wherein
significant contractual risk is transferred to the contractor.

The design of complex product systems is enabled by a comprehensive system
engineering methodology and tool set. Similarly, the traditional logistics support
activity is enabled by analytical methods (logistics engineering analysis), with
design and implementation supported by very detailed logistics support and
management processes based on system engineering (Blanchard 1998). A similar
situation applies for design and management of the supply chain, and also for
maintenance activities, all core elements of a sustainment solution. Business
process modelling also has a long history (Williams 1967), with a supporting
enabling suite of processes and software tools. Business modelling capability has
increased dramatically following the development and routine deployment of
software tools, with UML (Unified Modeling Language) and IDEF0 (Integrated
Definition function modeling) being among the dominant approaches.

The term ‘‘product-service system’’ is used in outcome-based contracts as they
are necessarily service-like in their objectives and approach; the contractor is
providing an intangible output to the customer within the user environment. In the
defence sector the output is typically the availability of a component of military
capability such as trained operators or assured availability of performance. Sys-
tematic design of service has been addressed by various authors (Shostack 1982;
Ramaswamy 1996). The subject of service design has often been approached
through the marketing and management disciplines, where service task elements
are identified and connected with adjacent tasks into a network that seeks to
produce a common goal, the service output.

Morelli (2006) has described product-service systems as ‘‘social constructions’’,
especially due to the value co-production aspects of service design. An important
feature of this work is the identification and understanding of the roles of the actors
in the network associated with the socio-technical process. The social approach to
design has been elaborated by Bijker et al. (1987) who analyse the sociology of
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technological construction. Bijker (1995) produced three comprehensive case
studies of socio-technical constructions (bicycles, bakelite and fluorescent light
bulbs). He points out that ‘‘society’’ and ‘‘technology’’ are both human constructs,
and that they are inevitably linked. A social approach to design leads to funda-
mentally different thinking about the nature of design. This basic idea is mirrored
to an extent in the product-service literature, where the primary drivers of aca-
demic research have been sustainable ecology and economically sustainable
business.

Nevertheless, some authors have reported that technical product-service sys-
tems are still designed without the benefit of a systematic methodology (Aurich
et al. 2006), observing that ‘‘service design is frequently performed detached from
product design’’, with very little interaction between the two. This has been
described as ‘‘intuitive design’’. Aurich et al. propose a systematic design approach
and evaluate its application to a business that produces heavy road construction
equipment. In this context, they identify three ‘‘dimensions’’ of technical service
design: the product dimension, such as maintenance and spares provisioning; the
process dimension, which describes the activities in the service operations; and the
information dimension, which describes information gathering and exchange.
They then compile an overall process methodology that responds to the top level
requirements of the product-service system. Alonso-Rasgado et al. (2004), Alonso-
Rasgado and Thompson (2006) have considered the design of systems of hardware
combined with a service system, which they term ‘‘total care products’’. They pay
particular attention to the customer–supplier relationship throughout the design
process of the total care product which they envision as a series of iterative
engagements.

One aspect of product-service systems that is challenging to incorporate into the
design process is customer satisfaction. Although product and service design
requirements attempt to capture customer needs, this is difficult to comprehensively
achieve. Bullinger et al. (2003) have introduced ‘‘service engineering’’ as a means
to systematise the development of services. Sakao and Shimomura (2007) describe
service engineering as ‘‘a discipline to increase the value of artifacts and to decrease
the load on the environment by reason of focusing service’’, in their view changing
the focus of product development from functionality to customer satisfaction.
Although engineering practice has arguably already moved to incorporate non-
functional aspects, Sakao and Shimomura’s approach is of interest in that it seeks to
explicitly incorporate the customer state through ‘‘receiver state parameters’’ which
may be dynamically assessed. The conventional engineering approach would be to
introduce customer characteristics through static requirements that constrain the
design. Receiver state parameters apply to a ‘‘Persona’’, an imaginary target user.
Persona data is divided into two classes: demographic data; and psychological data
(values and life style). The latter includes such parameters as sense of belonging,
relationships, self-fulfilment, enjoyment, respect, and excitement. Although this is
directed at traditional service industries, it is a significant attempt to incorporate
intangible values into a service design methodology. A different approach, through
the ‘‘design’’ of expert teams, is suggested later.
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Earlier steps to include psychological functioning were made by Hollnagel and
Woods (1983) (also Rasmussen et al. 1994). In the context of safety–critical
nuclear power plant operations, they sought to go beyond the conventional
approaches of ‘‘man–machine systems’’ (or human–machine interfaces). Using
what they termed ‘‘Cognitive Systems Engineering’’ (CSE), they incorporated the
psychological factors of operators in addition to the conventional physical and
physiological factors. They use the term ‘‘cognitive’’ to incorporate a spectrum of
psychological factors, including emotions, as well as attitudes, aspirations,
motives, etc. The sense is clear—‘‘a different interdisciplinary synthesis is
required’’. Hollnagel and Woods continue:

The central tenet of CSE is that a [man-machine system] needs to be conceived, designed,
analysed and evaluated in terms of a cognitive system. Like the Gestalt principle in
psychology, a [man-machine system] is not merely the sum of its parts, human and
machine. The configuration or organisation of man and machine components is a critical
determinant of the outcome or output of the system as a whole.

There are numerous instances of failure due to humans being forced to interact
on the machine’s terms. The CSE approach has attempted to avoid such problems
through a design process that accounts for human thinking characteristics. While
cognitive systems engineering was developed for the machine-human operator
design case, it has some parallels with customer thinking in product-service sys-
tems, where the customer can be conceived in the place of the operator.

The range of functions in complex product-service is one the challenges in the
architecting of solutions. There is a growing literature on the architecting of
complex systems (for example, Rechtin 1991). Many of the concepts are borrowed
from software engineering, which in turn draws extensively on system engineering.
Further, software architecting is itself established within the software engineering
discipline (Shaw and Garlan 1996). As a professional methodology, architecting
draws heavily on professional practice rather than academic theory. Architectures
are the ‘‘bones’’ of a design, a higher level of abstraction, upon which the design
may be ‘‘fleshed out’’, but it is not the actual design. Architecting is often described
as an ‘‘art’’, as opposed to a science (Maier and Rechtin 2002). It makes extensive
use of heuristics derived from experience, underscoring the professional practice
origins of architecting. Operating at a layer above design, architectural require-
ments are less precise and more interpretive, capturing concepts and principles
rather than specifics. There are now various frameworks developed for architecting
complex systems; widely used one is the US DoD Architectural Framework or
DoDAF (now at Version 2.0, US Dept of Defense 2009). It is quite general in its
potential applications and may be used in any enterprise, public or private, to
develop enterprise architectures. Importantly, it incorporates a service perspective
alongside systems, defining a ‘‘Systems and Services View’’ as one of its four
views. DoDAF enables the visualisation and understanding of complex, large scale
systems and underlying processes of almost any type, including product-service
systems. The authors know of several instances where it has been used to devise
sustainment solutions which have significant service features.
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Service-oriented architecture is a particular IT industry approach to business
architectures that incorporates customer, user and provider views (Allen et al.
2006). The approach recognises services as significant, not secondary to the
technology. Nevertheless, the services considered are software services, not the
broader total solution approach required for output-based contracts.

This brief overview of existing design approaches has highlighted a number of
parallel streams of development, all developed with different objectives and from
different origins:

• Conventional product design, where after-sales service is added
• Product-service systems, developed with environmental objectives in mind
• Service engineering, developed with customer satisfaction as the key focus
• Cognitive systems engineering, developed for safety critical systems with

humans in the loop
• Complex systems architecting, derived from professional practice
• Software as a service

It is apparent that there are many methods, practices and tools already available
that may be brought to bear on complex engineering service systems, including the
design of service processes. Yet in many instances there is often not a designated
‘‘chief designer’’ for the business solution. As Maier and Rechtin (2002) point out,
a notable feature of successful unprecedented systems is that they have a ‘‘clearly
identifiable architect or a small architect team’’.

21.2.2 System Thinking and System Engineering

System: a complex whole; a set of connected things or parts; An organised body of
material or immaterial things (The Concise Oxford English Dictionary, 8th Edition 1990)

System thinking has different meanings for different professional disciplines—
it is heavily loaded with interpretations. In the design of technical products, system
thinking is equated to ‘‘design thinking’’; in other contexts, it is limited to ‘‘holistic
thinking’’. Both are valid in context, but it is important to understand the context.

Engineering professionals would describe system thinking as the dominant
thinking style in complex product systems. Its specific implementation is system
engineering; it has become a ubiquitous methodology, a universal language,
especially for defence systems. This language, not in itself complex and certainly
easily learned, is nonetheless regarded as arcane and therefore not widely under-
stood beyond the discipline of engineering. For practitioners, system engineering
is the generic engineering method that enables them to manage complexity.

Like many useful words, system is a widely used term across many fields, often
carrying qualifying words, such as health system, library system, or as a qualifier
for another term, such as system biology or system ecology. Although retaining its
core meaning throughout, each application of this very versatile word usually
carries with it additional nuances that give it specific meaning and usefulness
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within that application. Some systems approaches, such as general system theory
(Bertalanffy 1962) focus on holistic behaviours at system level. Service is fun-
damentally concerned with system level behaviours, at the level of the outputs to
the customer. Because of its focus on system level behaviours, general system
theory is sometimes cast as an antithesis of scientific reductionism.

The system engineering method is both reductionist and holistic. This is an
important point. Product design requirements are reduced through several levels to
component requirements, always taking into account the interfaces that influence
behaviours at each level (and thus ultimately at the system level). The system
design has meaning at every level, and is rigorously verified at every level. Fur-
thermore, the physical instantiation of the design is integrated from its components
and at each level the physical design is validated by test. The devolution of
requirements is often not visible to observers external to the system engineering
process (hence is poorly understood), but until this reductionist phase is complete,
the highly visible physical integration and test phases cannot commence.

The system engineering process is often symbolised by the icon ‘‘V’’ that
illustrates both reduction and integration. From the top left of the ‘‘V’’, system
level requirements are reduced to fundamental units of design; they are then
integrated through a verification and test process upwards to the top right. The
physical instantiation of the design is integrated as the deliverable system.
Understanding the properties and behaviours of subsystems is critical to managing
risks to performance at the level of the delivered system. Product design is tightly
choreographed by the system engineering process, and is closely coupled with the
processes of business management (especially project management). The system
engineering process enables comprehensive budgets and schedules to be devel-
oped and risks to be identified and mitigated; system engineering and project
management are intertwined in execution.

When invoked in the business literature (including the services literature),
system approaches usually focus on the properties and behaviours of the whole
system. It is when we set out to describe product-service systems that systems
terminology becomes challenged. For service systems supporting safety–critical
technical products (such as a fleet of aircraft or power generation assets), confu-
sion over language must be assiduously avoided. The system engineering language
is the language of the technical regulatory environment and it is reflected in the
contracting environment. It is the language of customer requirements and of
project management. It is ubiquitous in the defence sector. The integrity of the
language is critical to product safety as well as product performance, and under-
standably, there exists an inertia of deeply embedded meanings.

Although diverse and even intangible constraints may be incorporated through
the requirements process, its default style is to consider constraints in product
(machine) terms. An example is human factors engineering (Stanton et al. 2005),
where product design is influenced by ergonomic requirements, both physical and
cognitive. Product performance and other requirements are elicited from the
customer before commencing design. Griffin and Hauser (1993) and Blanchard
(1998) describe requirements as the ‘‘voice of the customer’’, enabling designers to
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understand customer intentions. Mostly it is an early activity in the design process,
enabling a requirements baseline to be struck. Once the baseline is set, the ‘‘voice
of the customer’’ becomes an historical recording. This is very different to service,
where there is a continuing dialogue between the customer and service personnel.

Here we focus on the design of the product-service system which comprises the
product and the technical service system that supports it. The act of service delivery
will be considered in a later section of this chapter. The system engineering
approach is as valid for this product-service system as it is for the product system
and is routinely applied. In Fig. 21.1 where the design of a product-service system
is symbolically depicted, the same symbol ‘‘V’’ is used to describe the design
process in conceptual space (in contrast, service is conceived in social space).
‘‘Integrate’’ is used as a verb to capture the idea of assembly of the product-service
system from its many product and process components. ‘‘V’’ is also conveniently
symbolic of ‘‘voice of the customer’’, the customer’s requirements for the design.

There are numerous published variations on the generic system engineering pro-
cess in product design (and undoubtedly even more unpublished variations), but the
ideas of eliciting and evaluating customer requirements, developing a design concept,
validating the design against the requirements and integrating the design are all core.
The generic process uses a defined and structured language, supported by project
dictionaries, to provide an appropriate degree of linguistic precision. In contrast to
engineered products, natural systems such as biological systems (for example) are not
‘‘constructed’’ or ‘‘integrated’’ in the same sense as product. The engineering lan-
guage of construction is not paralleled in the system language employed for natural
systems. The systems biology language is predominantly focused on the need to
preserve existing system level behaviours, rather than to construct them.

21.3 Case Example of a Complex Sustainment Solution

This case example is used as an illustration of a complex sustainment system.
The Lead-in-Fighter In-Service Support Contract for the Royal Australian Air
Force (RAAF) is a performance-based contract involving the sustainment of an

Fig. 21.1 Top level depiction of the design of a product-service system. Design occurs in
conceptual space; its physical realisation is inferred rather than explicitly depicted here.
‘‘Integrate’’ is used as the primary verb describing the design activity. ‘‘V’’ is a symbol for the
system engineering process. It is also symbolic of ‘‘Voice of the customer’’
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aircraft fleet and requiring availability of mission-ready aircraft on a daily basis.
It is similar in many respects to the UK MoD Tornado support contract (NAO
2007).

This contract is for the sustainment of the Hawk fast jet training fleet operated
by the RAAF at bases on the east and west coasts of the continent. Under the terms
of the contract, the contractor provides:

• Deeper maintenance for on- and off-aircraft equipment, at two bases
• Engineering services for management of the aircraft to military airworthiness

standards
• Logistics supply support

There are several output measures of contract performance, the principal
measure being the availability of a contracted number of mission-capable air-
craft to meet the RAAF’s daily flying requirements. The contract is relevant
here because of the extent of the skilled engineering and maintenance opera-
tions, the nature of the availability measures and the nature of the relationships
between the stakeholders: contractor, customer and the independent military
airworthiness regulator. As an early performance-based contract, it was estab-
lished in a ‘‘product thinking’’ environment within both the customer and
contractor communities and has to consciously incorporate ‘‘customer-oriented
thinking’’.

The role of the independent airworthiness regulator should be noted. While it is
not party to the contract, it is a stakeholder in the technical systems aspects of the
solution and places hard constraints on the solution space. It functions as an
independent authority, setting engineering and maintenance standards that are
applied to both parties in the contract. It is typical for safety–critical engineering
sustainment systems to have an independent regulator as a stakeholder.

The original design for the Hawk training aircraft was conducted in the UK
many years prior to its service in Australia, although like many aircraft the type
has been subjected to continuing development over many years. The variant in-
service with the RAAF was developed specifically to meet its requirements as a
lead-in fighter trainer. Engineering support is provided by a small team of engi-
neering personnel in Australia who have access to a larger engineering support
organisation in the UK. All maintenance and logistics support is delivered on-site
in Australia at the end of a global supply chain.

In this example of a complex sustainment solution, teams of highly skilled
personnel function in tightly controlled and highly regulated environments to
deliver the contracted outputs. Some of these personnel have ‘‘back office’’ roles
with little direct contact with the military customer, while others (‘‘front office’’
personnel) have frequent and crucial contact. Project managers, senior engineers,
maintenance managers and integrated logistics personnel have direct customer
contact. Front office personnel requires appropriate social skills to perceive the
customer’s intentions and to manage the complex relationships among the stake-
holders. But back office or front office, all are part of the delivery team.
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21.4 The Social Construction of Service

Personnel responsible for service delivery in the case example typically employ a
social language of description for service activities. They may talk of ‘‘a journey
with the customer’’, ‘‘an evolving relationship’’, ‘‘understanding the customer’s
thinking’’, or similar term. These terms are suggestive rather than precise and are
in contrast to the structured and categorised descriptions necessarily employed in
the design of the aircraft product-service system.

21.4.1 Importance of the Social Dimension

If product system design requires the ‘‘voice of the customer’’ to be heard, then
service requires the ‘‘mind of the customer’’ to be understood. Many contractor
‘‘front office’’ personnel in the case example are in daily face-to-face contact with
their customer counterparts. This may be to manage defined tasks and plans that
have been routinised (such as flight training missions), or to negotiate variations to
standard programs (such as fleet maintenance schedules), or to review status of
major work tasks and plans. Arisings that occur from routine operations may
require the attention of both contractor and customer personnel to devise work-
arounds; these may have flow-on effects to other standardised tasks that will then
also require attention. Especially in the defence sector, the customer may impose
urgent (or surge) operational requirements (National Audit Office 2007) that
necessitate significant changes to the design of the sustainment solution, possibly
requiring suspension of an existing solution element and inclusion of a new ele-
ment. To meet these urgent needs, there may be insufficient time to meticulously
define the requirements in the usual manner of system engineering; in these cir-
cumstances it is essential that the contractor be able to ‘‘read between the lines’’ of
the sparse urgent requirement. When the relationship is mature and validated, the
contractor can rapidly infer the customer’s intentions and act accordingly.

As social beings, we create representations of the minds of others based on
schemas of our own mind (Rizzolatti et al. 2001; Frith 2002; Gallese et al. 2004).
The brain is an organ of adaptation, and developing a mental model the mind of
others is part of its work; this model is sometimes called ‘‘theory of mind’’. Neural
measurements have provided clear evidence that our capacity to develop an image
of the mind of others is related to our capacity to develop an image of our own
mental processes (Decety and Chaminade 2003). The fact that a mind can develop
a model of itself may be the basis of consciousness, and thereby the basis of social
cognition (Damasio 2000); without a sense of self it is impossible to develop a
sense of other. Building representations of the minds of others incorporates not
merely their focus of attention, but also their desires and intentions, beliefs, atti-
tudes, memories, emotions, patterns of thought and perceptions. Theory of mind is
mindful of the future consequences to others of current actions. Insensitivity to
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consequences is an indicator of an undeveloped theory of mind, or an immature
relationship.

Living organisms move with intention and by possessing a theory of mind can
build maps of intention of others, enabling them to attune and adapt to their
perceived internal states (Siegel 1999). Secure social relationships are an essential
enabler of this construction and develop when a state of trust exists. Trust is a
mutual state; it can be expressed as confidence in the intention of others, and, in
the context of contracts, supported by sustained prior performance and behaviours.
The social aspect of relationships acknowledges the influence of emotional pro-
cessing together with abstract reasoning; cognition and emotion are not indepen-
dent and each influences the other (Damasio 1996). In most instances of typified
by the aircraft availability example, the execution of relationship tasks requires
many-to-many—as opposed to one-to-one—relationships. Teams of people create
the relationship structure (relationships between networks/groups), although of
course it incorporates many one-to-one relationships. Extension from one to many
is common in cognitive science. For example, Hutchins (1995) in a detailed study
of team performance in maritime navigation tasks defined the boundary of the
cognitive unit as the team, not the individual. The team was evaluated as a socially
distributed system of cognition.

Milo et al. (2004) proposed the idea of superfamilies of networks (sociological,
biological and technological) and explored patterns within the networks—‘‘net-
work motifs’’. In biological systems, recurring patterns were associated with local
circuits to perform key information processing tasks. Similar pattern behaviours
were found in all three types of networks, but it is this feature in the sociological
network type that is relevant here. Greenfield (2008) observed certain aspects of
functional scalability between individual neurons, individual brains (networks of
neurons) and groups (networks of brains). Cozzolino (2006) has made similar
observations of cascading networks in the context of psychotherapy, introducing
the idea of the ‘‘social synapse’’ to describe communication between brains.
Sensing across the social synapse enables the construction of a theory of mind.
This functional scalability enables the understanding of human relationships at the
level of the mind-to-mind dyad to be applied at the level of teams.

21.4.2 Design in Social Space: The Creation of Expert Teams

The delivery of service is achieved by integrated teams of skilled personnel. In the
aircraft availability example, these teams comprise personnel from many disci-
plines, including engineering, maintenance, logistics, supply chain, contract
management and project management. They employ the product-service system in
combination with their domain expertise and social skills.

Effective teams exhibit socially distributed cognition. Hutchins (1995) con-
ducted his extensive study of team expertise and performance in the framework of
social cognition, and in the complex context of the workplace characterised by
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changing and stressful circumstances. Not all teams composed of experts become
expert teams (Hackman 1990), so clearly there is more to effective teams than
individual expertise which is where the concept of socially distributed cognition
becomes important. Neuroimaging has provided supporting evidence that social
cognition results in altered neural connections at the level of binary (one-to-one)
relationships; the progression to relationships among many is a natural extension.
Salas et al. (2006) have summarised evidence from studies of teams in business,
aviation, healthcare and military environments. They categorised the characteris-
tics of expert teams as follows:

• Expert teams hold shared mental models and anticipate each other’s needs
• They optimise resources by learning and adapting
• They have clear roles and responsibilities
• Expert teams have a clear, valued and shared vision
• They engage in a cycle or discipline of pre-brief, performance and de-brief
• Expert teams have strong team leadership
• They develop a strong sense of collective, trust, teamness and confidence
• They manage and optimise performance outcomes
• Expert teams cooperate and coordinate

This instructive list demonstrates a strong sense of reflection, assessment of the
states of others and adaptation to those states. This summary does not specifically
address the states of those outside the team (for example, an external customer
team) but the ability to develop representations of other minds is generic. This is
then coupled with the concept of social cognition that enables a shared under-
standing to be achieved. Arguably the most important skill set of the team com-
prises the social skills of attunement and adaptation to the intentions of others.
This is supported by observations and anecdotal evidence from industry practice
and the case example.

Thus, the primary hypothesis offered here is that, for complex engineering
systems, design in the social space is about the creation of expert teams, and the
primary skill set of expert teams is the ability to develop a ‘‘theory of mind’’ of
others. For this reason, in Fig. 21.2 the symbol for design in the social space is

Fig. 21.2 A top level depiction of design in the social space. The symbol ‘‘M’’ represents the
primary task to perceive the ‘‘Mind of the customer’’. ‘‘Connect’’ is the primary verb describing
the team activity. A rounded shape distinguishes it from system design in the conceptual space
(Fig. 21.1) which uses squared corners
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chosen to be ‘‘M’’, for ‘‘Mind of the customer’’. This has some symmetry with the
symbol ‘‘V’’ employed in system design which represents the ‘‘Voice of the
customer’’. The team ‘‘connects’’ with the cognitive state of the customer, attunes
and adapts its actions to the customer’s perceived intentions.

21.5 Service Performance: Harmonising the Social Space
With the Conceptual Space

Service performance via a heterogeneous socio-technical system combines
(‘‘harmonises’’) the intangible social cognition of the service team with the tan-
gible product-service system to achieve the solution. A symbolic representation of
harmonisation is depicted in Fig. 21.3. Some members of the service team in the
case example speak of judgment and creativity as critical enabling skills but these
skills often cannot be reliably replicated elsewhere as they are context-dependent.
They must always be used in conjunction with highly developed technical skills.

This chapter offers the idea of connecting with and modelling the minds of
others as central to service thinking for complex engineering service solutions. It
enables teams to attribute desires and intentions to others and to evaluate and
explain their likely actions. In a repeating cycle of attunement, evaluation and
adaptation, teams learn to anticipate customer aspirations and can adapt in
advance. When the cycle becomes habitual, backed up by technical performance
(delivering value), the customer develops confidence in the values (future per-
formance) of the team and a state of trust is achieved. In this sense, service
satisfaction may be described as value underpinned by values.

Three phases can be synthesised in the construction of representations of
another’s mind for the purpose of deciding on future courses of action (after Siegel
2007):

• Attunement—this involves orienting the focus of attention on the internal world
of another, free of judgmental bias, to perceive signals relating to their inten-
tions. These intentions may then be mirrored internally. Interaction styles may
be classified as: mature/regulated; disorganised; ambivalent; dismissive. A
mature/regulated style is essential if signals are to be correctly sensed. Effective
attunement provides motivation and energy for downstream action.

• Evaluation—evaluation is a deliberative conceptual activity that appraises the
received perceptions to classify or categorise likely responses into schemas of
action. Expert teams will have established patterns of practice that facilitate
rapid and routine (but effective) responses, but the evaluation must consider
whether the required response fits the pre-existing schemas. If not, then adap-
tation is required.

• Adaptation—when the need for change is identified, the team must then re-align
its activities accordingly. Expert teams will adapt quickly to achieve resonance
with the customer’s intentions, although a degree of negotiation may be required.
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Effective adaptation requires persistence beyond the initial connection so that
harmonisation occurs in the long term.

The idea of Fig. 21.3 recurring on a regular (even daily) basis to generate a
chain of attunement, evaluation and adaptation has some similarity with ‘‘appre-
ciative systems’’ described by Checkland and Casar (1986) and attributed to
Vickers (1965). Vickers referred to the interacting flux of events and ideas over
time (a ‘‘two-stranded rope’’). The social features of appreciative systems high-
lighted by Checkland (2000) are judgment and relationship management.
Checkland separates judgment into two aspects: judgments about reality (the world
in being), and judgments about values (distinguishing good from bad). Judgment
in both senses is present in the harmonisation chain, but arguably theory of mind is
a richer description than relationship management. Both are living, open systems.

21.6 The Need for Service Thinking as a Style Distinct
From System Thinking

We have developed, at least an initial argument, that the success of service systems
design and operation is as much dependant on consideration of the social
dimension as the more conventional conceptual approach using system engi-
neering methods. This is of critical importance to ensure that the expert team is
configured to understand the ‘‘mind of the customer’’ and hence deliver on the
expectations held in the customer’s own mental model of service excellence. It is
proposed that an extension of current systems thinking and system engineering
cannot for the foreseeable future successfully address this need as the reductionist
method is too deeply embedded in the development of complex systems. A new
complementary thinking style needs to be developed to design expert teams able to
achieve service excellence in the mind of the customer.

The president of Fuji Xerox Co. has been quoted in the daily business press as
acknowledging the difficulties in trying to shift his business model to a service-
oriented company: ‘‘it is a struggle to shift his back office experts from their

Fig. 21.3 Combining ‘‘mind of the customer’’ (M) with ‘‘voice of the customer’’ (V): a symbolic
depiction of solution delivery as actions Integrate/connect/harmonise. A situated solution in a
field setting would be a chain of recurring activities symbolised in the figure
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customary focus on manufacturing QCD (quality, cost, delivery) and indeed to
shift them out of the back office altogether. He wants his experts in the sales force,
developing solutions for clients and customers, and understanding that their copier
manufacturing company is becoming a service provider’’ (Alford 2009). There is
anecdotal evidence that other companies making similar shifts are experiencing
similar challenges.

It is difficult to change patterns of activity when existing schemas have served
well over long periods. Such is the case with system thinking as the dominant
cognitive style in the domain of complex product design implemented in system
engineering: it is too deeply embedded to support cultural change through incre-
mental development. The intention is not to reduce its effectiveness, but to com-
plement it with a distinctively different style. Making yet another adjustment to the
plethora of existing instantiations will probably mean that, in professional practice
where it really counts, its value will be depreciated merely by association with the
familiar. Variations and enhancements to such a dominant style, no matter how
important, tend to be subsumed within entrenched patterns of practice. If we
contend that service thinking is indeed critical to service delivery, then the lesson
from this account is clear: it must be offered as a distinctive style that stands on its
own, clearly distinguished from system thinking which, for system designers, is
equated to system engineering. Education is easier to achieve than re-education.

For the purposes of contrasting the two styles, systems thinking, driven from the
product paradigm, is characterised by:

• A product approach, with the customer at arm’s length
• Creation of a technical design solution and is an episodic activity
• Segregation of solution design from delivery
• Understanding of how things connect, incorporating mainly objective

requirements
• Incorporation reductionist method, supporting both holistic and elemental views

At a basic level, service thinking requires the service provider to account for
customer thinking, and availability contracts will usually (even if indirectly)
incentivise this behaviour. Managing the customer relationship becomes a critical
success factor in these contracts and it is here that social features (beliefs, attitudes,
memories, emotions, etc.), which cannot be encoded in product design, are
highlighted. Consequently, and as a comparator against systems thinking, service
thinking is characterised by:

• A social activity wherein the customer co-creates and co-delivers the solution
• Describing a business solution within which design is a continuing activity
• Integrating design and delivery which are closely coupled
• Understanding how minds connect and incorporates social content
• Not yet amenable to method, supporting only holistic views

These comparisons of thinking styles are heuristics. Product system practitio-
ners are accustomed to using heuristics, which is probably why they find these
contrasts to be useful. Heuristics are common in practical system architecting as
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noted earlier. Service thinking has strong social and business flavours. It recog-
nises affective content in solution delivery, something that does not fit comfortably
with system thinking which presents as an entirely dispassionate and objective
process, yet, the authors have found that among experienced systems practitioners,
when offered as a style distinct from system thinking, service thinking has
achieved acceptance.

The concept of co-production of service drives the need for service thinking. In
the context of complex engineering service systems, co-production is a continuing
activity where the contractor team repeatedly engages with the customer to
determine customer intentions. In contrast, requirements elicitation is an episodic
activity at arm’s length, rendering design requirements as historical records that
may be occasionally updated. Compared with product design, service is forward-
looking and gauges the intentions of the customer. It achieves this in the social
space where the service team seeks to connect with the mind of the customer. This
is a rich idea, involving both the person-to-person and team-to-team dyads, as well
as recognising the non-deliberative functions of the mind, including emotion.
Service design is about creating expert teams that generate shared awareness of
customer intentions, and acting on that shared cognition. The generation of trust in
service provision requires that the team deliver service performance, but it also
requires that the customer has confidence in the future performance of the team,
which in turn requires discernment of customer intentions.

Consideration of the case example offers some basic insights into the appli-
cation of these thinking styles to practical service systems. The face-to-face pro-
tocols of the aircraft availability contract in the case example are centred on
technical processes which utilise system thinking, but the relationships extend
beyond that. A cultural appreciation is required for customer fleet management,
maintenance and engineering operations, all of which must be conducted in strict
compliance with the regulations of the military technical airworthiness manage-
ment system. Contact between the contractor and customer occurs daily and the
social demands in relationship management are important. The cultural and social
demands of the contract are very real and critical to service satisfaction.

21.7 Chapter Summary and Questions

Based on professional experience and observations from current practise, this
chapter has offered some practical insights regarding the nature of service system
design for complex services. Some pragmatic suggestions can be made for the
design of future complex service systems to more nearly achieve ‘‘service excel-
lence’’ in the mind of the customer:

• A product-service system must have a clear ‘‘chief architect’’ who is attuned to
working in the social and conceptual space, and who is equipped to understand
the mind of the customer and contractor
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• The service solution must be co-developed with the customer with openness and
honesty so that both customer and contractor can understand each other’s mind.
The expert (delivery) team needs to include the customer as a joint enterprise
and needs to be initiated when the service need is identified—it is difficult to see
how successful service can be procured through competition

• The concept of measuring ‘‘service excellence’’ through system engineering
methodology is illusory—the social dimension needs to be considered, possibly
using team behaviours as an indicator

The key concepts of social construction of service, namely, service thinking,
designing expert teams, and discerning the mind of the customer, offer a rich field
for future research. The chapter suggests several research questions:

• Service thinking: what are the differentiators for service thinking which enable
excellence in service delivery?

• Expert teams: how do expert teams harmonise the social and system dimensions
in complex sustainment solutions, what are the characteristics that enable it, and
how can they be embedded in practice?

• Theory of mind: how do teams capture and use the mental models of others,
particularly with regard to intentions, to enable mutual trust and service
satisfaction?

Further work needs to be done to review and re-analyse case study material to
provide more specific evidence and further practitioner interviews are required. It
is nevertheless proposed that service thinking is sufficiently different from system
thinking (and important) to warrant a separate identity. Achieving its acceptance
by practitioners will still require patient explanation and example. As former
industrial practitioners, the authors recommend the pragmatism of this approach.
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Chapter 22
Towards Integrative Modelling of Service
Systems

Peter J. Wild

Abstract The chapter is concerned with presenting an approach to the high-level
and integrative modelling of service systems. The challenge of such an approach is
to provide a high-level view, without overloading the representation with too many
theoretical concepts, or too much detail of the final implementations of a service
system. The concern is with feasible or desired configurations and the potential
trade-offs implied by specific configurations; rather than an optimised specific
implementation.

22.1 Introduction

Recent years have seen growing interest in services that are complex, enacted over
long time-periods, and interrelate and interact with complex products (e.g.,
Mont 2002; Goedkoop et al. 1999). In the UK, projects such as S4T, IPAS and
KIM have examined products and services in combination. Monikers such as
(Industrial) Product-Service Systems (Goedkoop et al. 1999; Aurich et al. 2007)
and Functional Products (Alonso-Rasgado et al. 2004) attempt to get to grips with
the combined nature of product and services. Within industry monikers such as
sustainment, supportability, Power-by-the-Hour and related terms such as Smarter
Planet1 indicate practitioner and corporate interest in this area.

P. J. Wild (&)
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e-mail: peter.j.wild@gmail.com

1 Power by the hour is copyright Rolls-Royce and Smarter Planet is copyright IBM.

I. Ng et al. (eds.), Complex Engineering Service Systems, Decision Engineering,
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The contemporary services landscape can be seen to be rich, diverse, and
fragmented (Chesbrough and Spohrer 2006; IfM and IBM 2008), owing in part to
the multiple relevant academic and practitioner disciplines; rapid growth in the
research into the area; and an array of existing techniques that are applicable to
services (Wild et al. 2009c; IfM and IBM 2008).

Previously we have argued (Wild et al. 2009a) that the abstractions these
approaches embody are not enough to demonstrate how products, services and
people work together in different ways to provide value, or how we can distinguish
different kinds of service systems. As part of this argument, we demonstrated that a
range of common approaches did not consider all aspects that could be identified
in a service system (Wild et al. 2009a).

We argue that what is missing in these approaches is an attempt to identify
recurring key components across different services systems and consideration of
how these components interact and relate to each other in a systemic matter. The
concern of this chapter to is to present a developing approach to the integrative
modelling of service systems (Wild et al. 2009a, c; Wild 2010). The approach aims
to avoid viewing service delivery through a ‘single’ lens, for example as a tech-
nology management problem; as an information management problem or as a
human resources organisational design problem. Rather, modelling service sys-
tems are viewed as a systemic activity that needs to glue or bring together different
components.

The challenge of such an approach is to provide a high-level view, without
overloading the representation with too many theoretical concepts, or too much
detail of the final implementations of a service system. The concern is with fea-
sible or desired configurations and the potential trade-offs implied by specific
configurations; rather than an optimised specific implementation.

This chapter presents a conceptual framework for the Integrative modelling of
Service Systems. The framework known as the Activity Based Framework for
Services (ABFS) was first presented as an approach to relating a number of dis-
parate and cross disciplinary definitions of service, such as Service Blueprinting,
the Service-Dominant Logic and Product-Service Systems (Wild et al. 2009a).
Since then it has been used to represent high-level models of service systems (Wild
2010), and it is this capability that is of concern to this chapter.

The chapter continues emphasise on thought the following sections:

• Section 22.2 provides a high-level overview of what it meant by Integrative
Modelling

• Section 22.3 introduces the Activity Based Framework for Services modelling
framework

• Section 22.4 covers additional elements of the ABFS approach, including:
Different Types of Services and Domains; the relationship between a core and
service system; The Emergent and Co-Created Nature of Value

• Section 22.5 considers various sources of complexity
• Section 22.6 reviews the chapters and relates the ABFS to the Common Inte-

grative Framework (see Chap. 23).
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22.2 Integrative Modelling

Different disciplines, technical functions and organisations can use the same terms
in different ways. As a term critical to this chapter, we present a brief overview of
modelling, and what we mean by Integrative Modelling.

After Collins we maintain that a model is

a structure in one domain used to represent an object in some other domain, for the
purpose of understanding or controlling it (1994).

As such, an integrative service model is a representation of a service system
that aims to provide a high-level representation of the key entities within a service
system, including products, service activities information, organisational roles and
structures, service goals and the values by which people make effective
judgements.

Curtis et al. (1992) note that models embody some kind of abstraction or
idealisation. Frigg and Hartmann (2006) distinguished between Aristotelian and
Galilean idealisation:

• Aristotelian idealisation strips away properties from the represented entity that
are believed to be irrelevant to the problem at hand.

• Galilean idealisation involves deliberate distortions; for example, physicists
build models consisting of point masses moving on frictionless planes; econo-
mists assume that agents are omniscient; biologists study isolated populations.

Both forms of idealisation can be present within modelling approaches, and are
often difficult to discern. The lack of exceptions in many task and process mod-
elling approaches could reflect a concern for high-level abstractions, or it could
reflect a deliberate distortion to build normative and ideal models—for example,
training purposes.

Thus, motivation for modelling has a role to play; Minsky (1965/1995) takes a
pragmatic view in arguing a model of something is useful when it helps their users
in resolving questions they ask themselves about the thing modelled. If the aim is
to compare models across different domains then Aristotelian idealisation strips
away elements that are not being compared. If the aim is to model the basics of a
task for training then Galilean idealisation makes sense; rather than overloading
the trainee with exceptions, the Galilean method allows simplifications for training
purposes.

We can also distinguish between first- and second-class modelling concepts
(Wild et al. 2009a).

• First class concepts are those concepts considered ‘native’ to the modelling
approach; for example, tasks/processes and parameters in processes modelling.

• Second class concepts are elements which are not supported but are somehow
represented through annotation and the adoption of naming conventions; for
example, prefixing DOC or DB on process modelling parameters to indicate that
the information comes from a document or database.
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Modelling approaches of the same ‘type’ can embody different perspectives
(e.g., Melão and Pidd 2000). These perspectives can be formalised into distinct
theoretical positions or can exist more informally within different communities of
practice. Examples of perspectives include:

• the distinction between hard and soft systems modelling (Mingers 2006;
Checkland and Poulter 2006; Jackson and Keys 1984);

• different positions on process modelling such as: deterministic machines,
complex dynamic systems; interacting feedback loops and socially constructed
entities (Melão and Pidd 2000).

As noted, modelling approaches are defined as embodying abstractions; how-
ever, they differ in the level of detail they represent (Frigg and Hartman 2006).
Compared to many modelling approaches, simulation models require a lot of detail
about the domain being modelled but still make idealisations and abstractions
about it. Queues and behaviours are considered a core concept in many simula-
tions, but the size, shape and colour of the buildings are generally ignored.

In relation to abstraction, Daniels (2002) reminds us of the classic software and
systems engineering distinction between Conceptual, Specification and Imple-
mentation models and provides simple definitions.

• Implementation model: how something is implemented (e.g., specific staff in
specific roles)

• Specification model: a more abstract model that explains what should be
implemented (e.g., specific roles);

• Conceptual model: describes a situation of interest in the world (e.g., broad roles
needed).

The framework presented in this chapter is intended to be conceptual, which
contrasts with the work of Shimomura and associates (Shimomura et al. 2006;
Tomiyama 2005). Their approach, while still embodying abstractions, can be
viewed as a specification model of a specific service system. Implementation
models are particularly used in Software and are less applicable for representation
of the complexity of an enacted service system and may simply replicate repre-
sentations used in best practice in functions, such as Information Systems and
Human Resources.

Terms such as Service Science and Service Systems represent an aspiration
towards an interdisciplinary agenda for Services research and practice, recognising
long-standing interest in Services across a range of academic disciplines and
practitioner functions. Integrative/interdisciplinary research is an old term (e.g.,
Piaget 1970) that has had a resurgence of interest in the last few years (Winder
2005a, b; Szostak 2007; Tress et al. 2005).

We maintain that Integrative Models are representations providing abstractions
that act to show the links between the different concepts in different modelling
approaches. Integrative Models go for breadth rather than depth and will tend to be
descriptive and systemic rather than predictive or prescriptive. So, while Infor-
mation (data given meaning in context) and Actants (people and organisations) are
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first class entities within the ABFS, neither is explored with the depth of related
work (see Chaps. 3, 10, 12, 20). Rather, as a conceptual representation of service
systems the focus is on: the high-level systemic relationships between the different
parts of a service system; the identification of different systems and subsystems;
and recurring trade-offs between different possible service system configurations
[see also Daniels (2002); Woodfield (1997)].

It remains an open question as to whether integrative models could operate as
specification models. The ABFS was conceived as a conceptual model and ABFS
models should be seen as a general set of concepts for understanding a research
area, not tightly organised enough to be a full specification or implementation
model. In its current stage of evolution, the ABFS embodies abstractions that
would need additional translations for use as a specification of a Service System.
Several outputs from S4T and other projects could serve as detailed specification
models for a service system; for example, Enterprise Imaging (Chap. 3) and the 12
Box Model (Chap. 19).

22.3 The Activity Based Framework for Services

Three aspects re-occur across service definitions:

1. that services are activities (Hill 1977; Lovelock 1983; Vargo and Lusch 2004a);
2. that services activities can be transferred between people/economic units (Hill

1977; Lovelock 1983; Lovelock and Gummesson 2004; Vargo and Lusch
2004a);

3. that services exist in and interact with a context or system that includes people,
tools, products, goals, values etc. (Lovelock 1983; Mont 2002; McAloone and
Andreasen 2002; Wild et al. 2009a, c).

The ABFS builds on these three observations. Working from the view that
services are consistently defined as activities—rather than objects or artefacts—the
concepts of the ABFS are drawn from activity modelling approaches, such as task
analysis, domain and process modelling and soft systems methodology. This
synthesis produced a framework that can relate together the disparate streams of
service research (Wild et al. 2009a) and help classify the design foci (i.e., what is
being designed) of service design approaches (Wild et al. 2009c). The core con-
cepts of the ABFS are represented schematically in Fig. 22.1, and discussed in
turn.

22.3.1 Domain

The ‘world’ whose possibilities and constraints are organised in relation to specific
goals. A domain is conceptualised as being composed of concrete and abstract
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objects (Dowell and Long 1998; Wild 2010). Objects are the elemental focus of
services, such as heads and hairstyles or engines and aeroplanes. Objects can be
abstract/intangible (i.e., informational, social) or concrete and can emerge at dif-
ferent levels of analysis (e.g., physical, cognitive, affective and socio-cultural).
Representing domains in this manner allows for differences between different
service domains and contexts to be understood and represented.

22.3.2 Goals

The specification of desired or needed changes to domain objects. They are carried
out by actants, and sophisticated artefacts through automation, but can only be
‘held’ by actants. Classically, they are represented hierarchically, each goal
mapping to a finer description of changes to a domain (Dowell and Long 1998;
Diaper 2004). As service objects can be either concrete or abstract, goals also vary
in their concreteness or abstractness. Other work suggests that goals can be het-
erarchical, being embedded in a complex of higher and lower level goals (Diaper
2004; Wild et al. 2004). Some activities can achieve or contradict one or more of
these higher level goals simultaneously. Goals are also assumed to be public or
private, as well as being cooperative (i.e., complementary) or collaborative (i.e.,
shared).
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Fig. 22.1 Schematic of the activity based framework for services
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22.3.3 Activities

The sequence and type of actions (physical/non physical) carried out in order to
achieve goals. Activities are concerned with changing (education, surgery, tech-
nology, upgrades) or maintaining (preventative healthcare, hardware maintenance)
the states of service domain object attributes, when they are carried out they should
achieve all, or part of a goal.

22.3.4 Actants

Those entities capable of carrying out activities; the term covers people, and
groups of people. This element of the approach covers different teams, groups,
organisation and communities as well as the overlap between them and the roles
that individual and collective actants play. Key roles include service provider and
service recipient, but other stakeholders are also relevant.

22.3.5 Artefacts and Technologies

The tools used to carry out activities in a domain. The creativity and innovation of
people has enabled a huge range of technologies that enable new activities,
magnify and replace human abilities and skills. People can also be in a co-evo-
lutionary process of technological possibilities with new artefacts suggesting new
activities, which suggest new artefacts (Carroll et al. 1991).

22.3.6 Values

The criteria with which judgements are made about other entities (Checkland and
Poulter 2006). There is little evidence that there is a set of universally applicable
values and norms for the many different stakeholders involved in activities. While
the purchasing and outsourcing of services imply some kind of benefit exchange
for example, saving time for cleaning services; or complementary competences for
more complex services, this does not imply an automatic alignment of values. As a
key component in effectiveness judgements, values affect how a system is judged
by different stakeholders.

22.3.7 Environment

The world outside the service system—other than its domain—that has physical
and socio-cultural impacts on the system, as well as being affected by it (benefi-
cially and negatively).
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22.3.8 Structures and Behaviours

Structures provide capabilities (knowledge, skills, information) in reference to a
domain, while ‘behaviours’ are the activation of these structures to perform tasks.
Resource can relate to be effort (conative), emotion (affective), physical (1986)
and socio-cultural (Tiger 2000; Hall 1959; Elster 2007).

22.3.9 Service Effectiveness

Represented as a function of the Service Quality goals against the Service System
setup and execution resource costs. This includes those considered as concerning
the domain’s reason for existence, and increasingly ‘good’ management also
considers the wider implications for socio-cultural states, the physical environment
and the affective reactions of service recipients, even in domains considered
technical in nature (see Chap. 21).

22.4 Additional Elements of the ABFS Approach to Service
System Modelling

22.4.1 Different Types of Service and Domains

The ABFS expands the domain concept beyond its traditional association with
informational and physical changes (Rasmussen et al. 1994; Dowell and Long
1998) to take in affective and socio-cultural changes, in addition to the inclusion of
structures and behaviours that can be assessed as conative, affective and socio-
cognitive resource costs (Wild 2010). Because of these additional concepts, we are
in a position to start representing significant differences between service system
configurations. The patterns of how each element of the ABFS is instantiated start
to highlight differences between different service systems.

• Theme parks use heavily engineered artefacts to induce visceral and emotional
reactions, as well as physical changes to the client (e.g., gravitational shifts,
exposure to water). The client’s interest and ability to withstand such phenomena
leads to variable experiences of the services (e.g., exhilaration vs. nausea).

• Film, music and entertainment use people and artefacts to produce and/or
embody (i.e., record and play back) an abstract product (Hill 1999), such as a
song, book, play or film to produce visceral, emotional social and intellectual
reactions. Physical changes beyond the perceptual/physiological are not enacted.

• Recording, broadcasting and publishing services take abstract products (Hill
1999), and create either a physical media for the them (e.g., books, recordings)
or transmit it via an analogue or digital signal.

424 P. J. Wild

http://dx.doi.org/10.1007/978-0-85729-189-9_21


• Maintenance services undertake a range of physical and informational activities
to ensure a product runs, and can be supplied with consumables and replace-
ments when needed.

• Education and training using artefacts such as books, paper, computers, simu-
lations and other domain-relevant artefacts to change the service client’s cog-
nitive and physical knowledge and skills.

• Counselling services aim to change cognitive, effective, social and physical
behaviours. The behaviours promoted are associated with a value set considered
more functional than the one currently enacted by the client.

While artefacts and activities both provide an element of service (Vargo and
Lusch 2004b), artefacts and activities provide it in different ways in different
contexts (Stauss 2005).

22.4.2 The Emergent and Co-Created Nature of Value

Within Services Research a position has emerged that views benefit as being
determined by the customer (Vargo and Lusch 2004a), and in turn entails the
customer co-creating value with service suppliers. Vargo and Lusch presented a
10th Foundation Principle for the SDL that states ‘‘value is always uniquely and
phenomenological determined by the beneficiary (Vargo and Lusch 2008).’’ This
appeal to the often subjective and intersubjective nature of value is pre-dated by
work in Economics such as that of the ‘Austrian’ school (see Menger 1871/1976,
in Heskett 2009). In the ABFS, the values held by actants are a component in
making evaluations of Service effectiveness (i.e., benefit). These in turn shape the
public and private goals held by actants in the core and service system.

In the ABFS, value or benefit is modelled as an emergent property dependent on
two or more parties carrying out activities, rather than an explicit entity within the
Service System. In terms of the ABFS, this value or benefit is reliant on both
parties having the structures and behaviours necessary to co-create value. Values
are specifically included in the ABFS as a concept to indicate the criteria that
people bring to bear on judgements of value. Often, values are traded off against
each other; for example, a small premium for renewable energy versus lowest cost.
Even this process is not always rational; impulse buys of clothing can circumvent
values held; for example, to buy fair-trade or buying local produce. Approaches
such as Spiral Dynamics (Beck and Cowan 1996; Cowan and Todorovic 2000)
provide a deeper consideration of values that could act as a specification model of
the different value sets held by actants involved in a service.2 The ABFS includes
values as a concept in order to model at a high level how values affect service
effectiveness and how different value sets can be held by different partners, as well
as the relationship between values and goals.

2 Other value schemas have been identified (Hall 1959; Lages and Fernandes 2005).
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22.4.3 Core and Service Systems

The ABFS can be considered to outline a general high-level ‘architecture’ for
Human Activity Systems (Checkland and Poulter 2006). Following Vargo and
Lusch (2004a), we acknowledge that both products and services serve to create
value for people, but in different ways and in different contexts. However, agreeing
with Stauss (2005), we do not elide products and services and argue that products
and services—both tangible and intangible exist within a system, and provide
different and sometimes overlapping functions, depending on how the overall
function is allocated to actants and artefacts (Sheridan 1988). Following on from
the ABFS acting as a generic representation of an activity system, we suggest that
service systems are in a fundamental relationship with a core system. A simplified
view of this is illustrated in Fig. 22.2. Depending on the scope of the service
design and/or contract, the domain of the service system can embrace the actants,
artefacts and the informational objects of a Core Human Activity System. Actants
would be the focus of training or education services, while maintenance services
would focus on artefacts and planning support would draw upon the informational
objects in the domain (e.g., fleet plans).

In this example, the goal of the core service system could be force projection
(Kerr et al. 2006; Friedman 2009); the domain would be sea land and air territory,
targets and the information represented about them. Artefacts could include a
range of options, such as the carrier strike fleet, comprising an aircraft carrier and
its air fleet, destroyer submarine support and supply vessels, as well as long
distance reconnaissance artefacts (e.g., satellite, AWACS). Core system activities
embrace tasks such as target identification, tracking and elimination, command and
control or evacuation of personnel, and are enacted through and enabled through
the artefacts of the carrier group.

Table 22.1 provides an illustrative example of an ABFS model in relation to the
ATTAC and ROCET availability programmes. This is meant to be illustrative of
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Table 22.1 Elements of the ABFS in relation to ATTAC and ROCET

ABFS ROCET and ATTAC

Domain CORE SYSTEM: Airspace, targets
SERVICE SYSTEM: Physical objects such as aircraft and their major
subsystems (e.g., engine, airframe, weaponry, avionics and ejector seat)
COMMON TO BOTH Abstract objects such as usage patterns (e.g.,
Peacetime, Storage, Theatre, Fleets within Fleets). RAF staff (training,
emotion and articulation work)

Goals CORE SYSTEM: The overall goals of the RAF broken down to map to
specific fastjet instantiation (e.g., reconnaissance, bombing, interception
and training)
SERVICE SYSTEM: The overall goals of the ATTAC/ROCET service
system, both formally defined and contracted (i.e., KPIs) monitored (PIs),
and less formally through ongoing discussion, collaboration and evolution

Activities CORE SYSTEM: Maintaining the security of UK and UK-controlled/
protected airspace; reconnaissance; projecting munitions at targets
SERVICE SYSTEM: Concrete and abstract activities. The former being
heavily concerned with physical maintenance of the platform and the
movement and storage of components and modules. The later concern
flight and fleet planning, lifecycle costing, reporting and information/
knowledge management

Actants CORE SYSTEM: Relevant RAF pilot, co-pilot. Ground crew, 1st line
SERVICE SYSTEM: RAF (IPT, flight and ground crew); BAE Systems
(Project (ATTAC) and Capabilities (e.g., Engineering for Support); and
Rolls-Royce Project (ROCET) and Capabilities (e.g., Various service
lines)

Artefacts CORE SYSTEM: Aircraft and their major sub-systems (e.g., engine, airframe,
weaponry, avionics and ejector seat), runways, weapons, fuel
SERVICE SYSTEM: Ground Support Equipment, Hangers, Bays, HUMS,
Specific LCC costing software. General computers and software, general
artefacts, forms engine logs etc

Service
effectiveness

CORE SYSTEM: % target id, % target eliminated, % successful take off and
landing, availability of assets
SERVICE SYSTEM: The costs of maintaining the structures and
behaviours for the Tornado platform. Can be costed in financial terms, but
broader issues are present, such as changes in levels of trust and openness
to service innovation or taking on more non-traditional service areas.

Values CORE and SERVICE SYSTEM: ATTAC and ROCET are driven by
contracted and high-level goals (e.g., Defence Industrial Strategy). The
latter are concerned with the values held by each organisation involved in
the contracts, but also with the value placed upon retaining UK military
and general engineering capability. Values associated with value-for-
money; availability in generally; dependence/independence;
interdependence; duty-of-care;

Environment CORE and SERVICE SYSTEM: Socio-cultural: Covers the culture within the
MOD, RAF, RAF-IPT and industrial partners. Attitudes to risk, the rate
and reasons for changes to culture. The political attitudes to armed
services; costs of armed services; risk of conflict.
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the broad relationship between the framework and a domain and is not a definitive
account or report of case studies of ATTAC or ROCET [see Chaps. 2–5, and (Wild
2008)].

22.4.4 Changes to Service Systems

The economist Hill was keen to stress the role of exchange in defining services,
and to distinguish between activities that can and cannot be solely performed by
oneself. He noted that

if an individual grows his own vegetables or repairs his own car, he is engaged in the
production of goods and services. On the other hand, if he runs a mile to keep fit, he is not
engaged because he can neither buy nor sell the fitness he acquires, nor pay someone else
to keep fit for him (1977)

This indicates that there are transferable activities, and that this exchange is
subject to constraints, such as physical laws and socio-cultural practices. The
former include Hill’s exercise example along with other biological based-
processes.

These activities could be modelled using the concept of Enabling activities
(Whitefield et al. 1993). Enabling activities are activities that place or maintain
artefacts and people, in a particular state for normal or enhanced use (e.g., exer-
cise, food growing and preparation). For complex services, physical constraints
still operate (e.g., the size and location of air or naval bases) but they are less
inherently resistant to transfer than biological functions. Decisions to outsource
services should centre on the nature of the outsourcing organisation’s core mission
and the resources needed to enact that mission. The general process of service
outsourcing assumes that the external partner has structures and behaviours that
enable it to provide complementary or enhanced service quality and/or lower cost.
This can be due to economies of scale, reduced facilities replication costs, addi-
tional capabilities such as greater numbers of personnel and assets to deal with
surges, higher levels of product knowledge or better capability to model asset
usage (McIvor 2005; Mol 2006). It is also assumed that this is done in a manner
that reduces factors such as trust security, or the ability of the core organisation to
maintain its core mission in the face of changes.

The end of the Cold War and recent economic events have placed restrictions
on military and non-military economic resources. Several key projects have been
enacted to find ways of both reducing normal operating budgets and to increase
asset availability. Terry et al. (2007) discuss the contracts for the support of the
UK’s fleet of Panavia Tornados, which is now undertaken through collaboration
with industrially-based partners (BAE Systems, Rolls-Royce and additional supply
chain organisations). The core activity of system’s domain concerns transforma-
tions such as maintaining the security of the UK and UK-controlled airspace,
engaging in reconnaissance, and, where necessary, projecting munitions at targets.
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Thus, the domain embraces airspace, threats and allies, both as actual physical
objects and higher-level information about them. In executing tasks in this domain,
additional abstract objects are created to represent pilots, fleets and operations.
One artefact to enact this mission is the Panavia Tornado fast jet. As highly
complex engineered artefacts, Tornados require substantial maintenance support
and upgrade, alongside routine activities such as refuelling. In recent years, large
amounts of these activities have been taken on by industrial partners. RAF
maintenance staff retain responsibility for day-to-day physical changes, but with
the support from industrial staff in roles such as programme, supply chain and fleet
management. There is a move to shared planning activities so that the same
information is not generated two or three times for different parties (e.g., RAF,
BAE Systems and Rolls-Royce) and so that maintenance plans do not clash for
different service systems. This information is vital to the maintenance planning
and execution, as are the RAF base staff and facilities used within the service
system.

Using Whitefield’s (1993) terminology, the RAF’s previous arrangements uti-
lised a series of enabling entities (activities, actants, artefacts) within the ‘original’
RAF core system (see Fig. 22.3). In contrast, the post ROCET/ATTAC has greater
resemblance to Fig. 22.4, with the service sub-system becoming a service system
in its own right.

Effectiveness measures such as cost and availability have changed in the new
arrangement, with the former going down and the latter increasing. In contrast,
some resources such as trained maintenance staff have decreased.

What is not represented in Figs. 22.3 and 22.4 are the values held by actants
within different systems. Before ROCET and ATTAC, we assume that the
boundaries between the core and support system were softer; the ‘manager’ in

Core System

Service Subsystem

Core 
Domain

Actants

Artefacts & 
Technologies

D
om

ai
n 

of
 S

er
vi

ce
 S

ys
te

m

Service
Artefacts & 

Technologies

Service 
Actants

Core System

Service Sub-system

Core 
Domain

Actants

Artefacts & 
Technologies

D
om

ai
n 

of
 S

er
vi

ce
 S

ys
te

m

Service
Artefacts & 

Technologies

Service 
Actants

Fig. 22.3 Pre ROCET and
ATTAC, maintenance is a
sub-system of the core system

22 Towards Integrative Modelling of Service Systems 429



charge of the core system was responsible for the service system. Both groups
were recruited, trained and employed by the same organisation and could be
assumed to work with a value set and organisational culture more closely aligned.
Post-ROCET and ATTAC, we can assume that boundaries are more firmly set,
formally through the contract and more informally through the different tools used,
varying organisational identities, the buildings worked from and the lines of
management they report to.

However, it is not always as clear-cut as ‘them and us.’ As staff are transferred
from the MoD to industry and there is greater interaction between the different
service recipients and providers, there is also the potential for the development of
greater understanding between partners through articulation and emotional work
(Hochschild 1979; Schmidt and Bannon 1992). While such concerns may never
become formalised in contracts, they become an explicit part of ongoing rela-
tionship management activities, both explicit and implicit. In turn, the relationship
is not one way; in ROCET, the programme manager was keen to impress the need
to embed with the RAF, culturally and physically to better understand their service
requirements and learn about their culture and practices (Wild 2008).

Because service systems are socio-technical and include people, such changes
cannot be modelled deterministically. Transferred staff, however well they are
treated in the transfer, can still end up lacking motivation due to a conflict in the
their values of the organisation they end up in. In contrast, they could also learn to
embrace the view that there is nothing inherent with pursuing reasonable profit and
revenue and that it can be an effective way for maintaining military capability in
financially restricted times. After all, it was these same profit making companies
that provided the artefacts that support the core mission.
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22.5 Other Modelling Issues

Within this section we consider how issues such as complexity, adaptivity and the
emergent nature of value relate to the concepts of the ABFS.

22.5.1 Complexity due to differing and conflicting values

Values affect how actants view the effectiveness of service system configurations
that are acceptable and unacceptable (e.g., labour and timesaving vs. social
cohesion). For example, placing high value on one’s carbon footprint can lead to
transport choices such as cycling and walking, which may be in a trade-off situ-
ation with time use goals and values. Alternatively, certain values and their trade-
offs may lead to alternative behaviours such as carbon offsetting, using renewable
fuel and lift/car share schemes.

Values are a key aspect of scoping the other elements of a service system. The
form of the service system can reflect the values held by its actants. While a high-
level goal of restaurants is to provide food and generate profit, the values held by
the owners, staff and patrons could drive radically different manifestations of
eating location, menu and experience. Comparing a high-class restaurant with a
roadside catering outlet without reference to values would be meaningless, yet
their basic transformations and domain objects remain remarkably similar: the
preparation and serving of foodstuffs.

Some individuals and groups see their values as true and objective; those who
do not share your values are classed as having none (Beck and Cowan 1996;
Goodwin and Darley 2008). With respect to services, one key trend in recent years
has been the emergence of availability and capability contracts (Terry et al. 2007;
Tukker 2004). These go beyond outsourcing to contractual arrangements where
two or more partners work together to deliver services. In many contexts, this
brings commercial and non-commercial organisations together with a potential for
clashes of values, the most obvious being when public sector services interact with
commercially oriented organisations. Furthermore, these arrangements rely on the
service recipient providing facilities back to its supplier, with both parties acting as
supplier and recipient of services.

In other contexts, service design is tackling the design of public services,
another situation that can bring together different actants and values, from the
efficiency driven targets beloved by bureaucrats and politicians to those concerned
with retaining or promoting broad and difficult and abstract goals, such as com-
munity cohesion and community participation (Seddon 2008; Parker and Heapy
2006). Values can entail complexity because values are often difficult to articulate
and can result in implicit or tacit behaviours being performed that actually go
against stated or believed values.
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22.5.2 Complexity due to multiple and overlapping actants

One reason for complexity in service systems is the need for multiple organisations
(in ABFS terms, collective actants) to work together. Given the size and scope of
many service contracts, this can also entail organisations which are competing in
other markets to work together. While process alignment and complementary
competencies are seen as key parts of service co-creation (Chap. 6), this tension
between organisations adds to the complexity of assessing service system success.
While public goals can be developed and discussed, most actants will retain pri-
vate goals that will affect how they carry out service activities and ultimately affect
how they will judge the success of a service system.

22.5.3 Complexity due to multiple, overlapping and private goals

Service providers’ motivations in providing complex services are varied. Some-
times they complement national policies (MOD 1998) while at other times they are
concerned with keeping competitors at bay. The contract bidding goals are often
driven by cost-reduction concerns rather than longer-term considerations, such as
maintaining front line capability in the core organisation through readily available
staff. The ABFS offers the potential for representing this complexity by being able
to distinguish between goals of the core domain and service domain; higher-level
goals concerning the required resource costs for setting up and maintaining as
service system; and the possibility that goals remain private, but still affect
behaviour. Through the acknowledgement of public and private, shared and non
shared goals (Wild 2010), we have a mechanism for articulating, representing and
discussing some of the complexities multiple and overlapping goals.

22.5.4 Complexity due to multiple roles for a service system

The relationships between service systems can be complex. One source of com-
plexity is where the core system provides ‘services’ or assets usage back to the
support system. In contracts such as ROCET and ATTAC, this is referred to as
GFX or ‘government furnished assets’ (see Chap. 13), and within these contracts
the industrial partner makes use of government assets in order to provide the
service, with these assets embracing office space, maintenance workspace, tools
and personnel.

In some cases, such as military ones, service contracts reflect the need to
maintain the ability to service equipment in-theatre, as well as reflecting regula-
tions on non-military personnel working in-theatre. In other contexts, a services
customer may wish to retain some aspect of support in-house (McIvor 2005; Mol
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2006). A core system providing services back to the service system is not restricted
to the provision of physical assets. Activities such as providing asset usage
information and plans can be viewed as services back to the service provider, as
well as a key facet of co-creation.

The core system can also be considered a service system itself. Defence ser-
vices are set up to provide services to its native populace and government or the
populace and government of a defended territory. There can be a repeated and
complex pattern of relationships between different core and service systems.
Human activity systems are in numerous co-creational relationships.

22.5.5 Complexities of Service Aims

The ABFS represents the distinction between when a change is the ‘goal of the
system’ and when it is a ‘resource cost.’ Whether or not wider forms of resource
cost are explicitly taken into account in the Service Design process, all service
systems have such resource costs. They are ecological, socio-cultural, emotional,
as well as our usual measures of ‘cost’ such as time, throughput and financial costs.
The ABFS allow us to distinguish between situations where, for example,

• Affective issues are an evaluative criterion alongside others (e.g., work
applications)

• Where affective states such as ‘fun’ are the goal of the activity (games and
theme parks)

• Where affective states such as ‘fun’ are balanced against other factors such as
‘knowledge gained’ (e.g., modern interactive museums)

Thus, the same factor can act in different ways in different service contexts. In
the S4T context, while the maintenance or change of affective and socio-cultural
behaviours is unlikely to be a core part of the contracted process, both remain
important (see Chaps. 2, 5, 6, 9). It is naive to assume that services, which in
general require greater interaction than a product development process (Parker and
Heapy 2006, Chapter 20; Bitner et al. 1997), do not require emotional (Hochschild
1979) and articulation work (Schmidt and Bannon 1992) to maintain the ongoing
relationship.

22.6 Conclusions

The Activity Based Framework for Services’ development can be characterised in
three movements.

1. To situate and relate different disciplinary definitions of services (Wild et al.
2009a).

22 Towards Integrative Modelling of Service Systems 433

http://dx.doi.org/10.1007/978-0-85729-189-9_2
http://dx.doi.org/10.1007/978-0-85729-189-9_5
http://dx.doi.org/10.1007/978-0-85729-189-9_6
http://dx.doi.org/10.1007/978-0-85729-189-9_9


2. To understand the difference between the design foci of different service design
approaches (Wild et al. 2009c)

3. To produce models of service systems (Wild 2010).

This last issue has been the concern in this chapter and we have presented a
high-level approach to the modelling of service systems. In modelling mode, the
ABFS produces high-level models of service systems and can be seen to ‘sit’ on
top of a number of modelling approaches, both generic and developed specifically
within the S4T programme (e.g., Chaps. 3, 10, 12, 20). We have suggested a
foundational relationship between a Core system and one or more Service systems,
and presented examples of how concepts within the ABFS represent issues of
transformation and complexity.

Given that this volume has already presented a framework that makes claim to
provide an Integrative perspective for Complex Services, the Common Integrative
Framework (see Chap. 23), we consider how the ABFS relates to the CIF.

As the nascent discipline of Service Science/Systems matures, we can hope
that more and more approaches will emerge that are a synthesis of approaches
from the many fields (IfM and IBM 2008) that can contribute knowledge to
services. A less ambitious vision is to show systematically the links and rela-
tionships between the concepts and strands of research (Kagan 2009). Such
synthesis can be furthered by work that explores the connections between
knowledge communities and abstractions common to different disciplinary
knowledge bases (Wild et al. 2009a, c).

As a field of study emerges, the level or strength of integration can vary. Many
frameworks and approaches to Services can be found (Wild et al. 2009a; Sampson
and Froehle 2006; Vargo and Lusch 2004a; Lovelock and Gummesson 2004; Hill
1999). These are in addition to ‘locally’ developed approaches within organisa-
tions and companies providing services and service design capabilities (Vanguard
Consulting 2005; Seddon 2008; Parker and Heapy 2006; Guardian 2010; Cabinet
Office 2010). Many of these approaches make the claim that they are generic to all
services (Sampson and Froehle 2006; Vargo and Lusch 2004a; Lovelock and
Gummesson 2004), in effect claiming to be integrative.

Elsewhere (Wild et al. 2009a) we have argued that frameworks are a general set
of concepts for understanding a research area; that they are not tightly organised
enough to be a predictive theory and that they sketch out the general concepts of a
field of enquiry and the possible relationships between them. In turn we have noted
that frameworks could occur at one or more of three different levels (Wild et al.
2009b), see also (Rao 2007).

• The Strategic level is normative and is concerned with action and sequencing
commitments and issues such as what should a project recommend to partners as
well as making sense of the broad contributions to Services Science a project
can make.

• The Tactical level is descriptive. It is concerned with abstractions applicable to
all Service Systems; that is, how do we model recurring elements of a service
system?
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• The Operational is the methodological level. It is concerned with the actions that
realise strategy, and maps how research project outputs relate to specific
methods.

Overall, we consider the CIF to sit predominantly at the Strategic level while
the ABFS sits at the Tactical level. The CIF is a high-level, normative and stra-
tegically oriented framework that discusses high-level relationships between
Information, Material and People, in the co-creation of value, and the broad
transformations an Engineering Product organisation would have to undergo to
provide services to complex products. In contrast, the ABFS, while relatively high
level, is descriptive in nature.

This relationship between a core and one or more service systems also relates to
the relationship between the ABFS and the Common Integrative Framework (CIF),
which is illustrated in the next figure. Here, we demonstrate the mapping between
the three transformations of the CIF and the concepts of the ABFS (Fig. 22.5).

In contrast to the CIF, the ABFS goes beyond stating that service systems
transform material, information and people, to provide more detail about what is
being transformed. For example, is the service system transforming people’s
physical structure and behaviours (sports/exercise coaching); minds (education,
counselling, and entertainment); a combination (e.g., theme park); their physical
assets (e.g., decorating, car or other equipment servicing)? In turn, what artefacts
are we using, what activities are undertaken by the service system and by the core
system? The ABFS, by offering a set of concepts common to all service systems,
can start to tease out the complexities of the service system design and the dis-
tinction between different ‘kinds’ of service activities within the same contract or
service system.

However, Service Science is still evolving and the challenges of developing
designing and engineering services around complex engineered products entail
many different tools and perspectives. We have argued elsewhere that frameworks
can exist at different levels for different purposes, and that they can relate and
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Fig. 22.5 Outline of the relationships between core concepts of the ABFS and the CIF
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complement each other (Wild et al. 2009b). We expect both the CIF and the ABFS
to continue to evolve, to interact, but to retain a focus at different levels of concern.

22.7 Chapter Summary Questions

We conclude with a number of questions about modelling approaches in general
and in relation to Service Systems.

• What decisions about the types and scope of the abstractions are made in
modelling approaches?

• What explicit and implicit links between modelling approaches can be identified
and can they be pushed upwards into lightweight integrative models?

• Are modelling approaches aiming to model concepts, specifications, imple-
mentations or some combination of all three?
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Chapter 23
Complex Engineering Service Systems:
A Grand Challenge

Irene Ng, Glenn Parry, Roger Maull and Duncan McFarlane

Abstract This chapter examines the contributions made within this book and
seeks to add to the development of the framework for complex engineering service
systems. Particular focus is placed upon emergent value, which is co-created as
customer variety permeates processes.

In this chapter we reflect on the contributions made by the authors and further
develop the framework for complex engineering service systems to include value
co-creation with state-dependent outcomes where customer variety pushes into the
multi-organisation processes.

Managers and service researchers describe the ‘‘moment of truth’’ as the
defining period when the interaction between the firm and buyer is of crucial
importance to determine customer satisfaction (Bitner et al. 1990; Churchill and
Surprenant 1982; Anderson and Sullivan 1993). The service encounter embodies
value-in-use, value which is jointly co-created between the customer and the firm
for mutual benefits (Payne et al. 2008; Prahalad and Ramaswamy 2003). The
concept of value co-creation subsumes previous service research in operations and
strategy that has emphasised the role of the customer within a service system such
as the customer contact model (Chase and Apte 2007; Chase and Tansik 1983),
customer interactions (Johnson et al. 2005) and value co-production with the
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customer (Ramirez 1999). In exploring these concepts, much of the literature has
taken the dyadic firm/customer relationship as a unit of analysis and not articulated
the broader enterprise nature of complex engineering service delivery. The work
presented has extended this thinking into consideration of broader, multi-organi-
sational enterprise service systems.

Within this book we have sought to explore the concept and meaning of service
within the context of complex engineering service provision. In the Introduction
chapter we presented a framework to illustrate the core transformations delivered
by complex engineering service systems. We proposed that to meet the full value-
in-use of the firm’s offering, three integrated simultaneous transformations are
required; people, material/equipment and information. Through this book we have
begun to explore the transformations in more depth and the work demonstrates
the integrated nature of the transformations, showing clearly that for complex
engineering service each transformation cannot be considered in isolation from
the other. Mastery of the three simultaneous transformations within a multi-
organisational context and the interactions between them will provide a firm with
sustainable returns and competitive advantage.

23.1 Key Theoretical implications for a Value-Centric
approach in Complex Engineering Service Systems

23.1.1 Complex Engineering Service Systems to Deliver
Outcomes Changes Boundaries

At the beginning of the book we proposed that the purpose of complex engineering
service systems is for the integration of equipment, people and information
transformation to achieve excellent outcomes, as opposed to merely high-perfor-
mance outputs from complex engineered equipment. Several chapters within the
book have dealt with the notion of contracting for such outcomes, rather than for
resources (such as time) and materials. The exploration of outcome-based con-
tracting (OBC) for the provision of capability via the Tornado ATTAC contract
between BAE Systems and the MoD has been the focus of a great deal of the work
and provides a detailed and complex example of a contracting mechanism where
the firm is tasked to deliver outcomes rather than merely assets or activities. As a
further example, Rolls Royce offer ‘‘TotalCare�’’ contracting for their civil
aerospace engines, where the continuous maintenance and servicing of the engine
is not paid according to the spares, repairs or activities rendered to the customer,
but by how many hours the customer gets power from the engine. Hockley et al.
(Chaps. 13 and 14) give a comprehensive description of OBC in the defence
environment and compared the issues across a range of contracts, while Caldwell
and Settle (Chap. 8) explored the role of incentives in such contracts. Mills et al.
(Chap. 3) discuss the need for enterprise-level management to align behaviours

440 I. Ng et al.

http://dx.doi.org/10.1007/978-0-85729-189-9_13
http://dx.doi.org/10.1007/978-0-85729-189-9_14
http://dx.doi.org/10.1007/978-0-85729-189-9_8
http://dx.doi.org/10.1007/978-0-85729-189-9_3


between the customer and the firm to achieve such outcomes. From a service
perspective, McKay and Kundu in Chap. 12, describe how service information
blueprints allow service definitions to be created which can identify information
requirements for both current and future state service systems.

A higher level of outcomes (availability and capability) requires greater depen-
dency on the customer and its resources (Ng et al. 2009a). In essence, a firm that
contracts on outcomes has to have the capability to manage the customer, an area
over which the firm may or may not have much control. Improvements in the flow of
information may help improve this situation. In their work on the role of information
on service strategies, Cuthbert et al. (in Chaps. 10 and 11) show how services may be
improved as a result of providing better equipment condition information feedback
to the service provider. To realise the full value of this information feedback requires
customer input and transformations which support it. Consequently, the firm has to
be motivated to think about its capability as that which includes aspects of the
customers’ materials and equipment, information and people. The alignment of the
two organisations in co-creating value is paramount.

Theoretically, this is consistent with Lapierre et al.’s (2008) study, which
proposes that value is a multi-layered hierarchical concept where the customer
realises the firm’s value-proposition to achieve higher level ‘end-states’. Insofar as
availability or capability is an end-state, the use of customer resources to achieve
higher level end-states is undoubtedly necessary, which of course increases risk to
the firm as there is less control of the achievement of such outcomes. Figure 23.1
depicts the hierarchy of outcomes as the firm takes over greater responsibility from
the customer and offers higher level outcomes.

Where delivering availability is a desired attribute, increasing availability
levels may become an attribute of performance. Availability level contributes to
customer desire in terms of their use, which in turn contributes to the customer
end-states. Contracting for capability may therefore be the desired consequence for
value-in-use situations. To deliver a service closer to higher levels (end-states), the
combination of resources by suppliers, providers and customer takes centre stage.
Labelled as the co-creation of value (Prahalad and Ramaswamy 2004), Ng et al.
(Chap. 6 describe a way to develop that capability in an organisation. Similarly,

Contractual
boundary for time 
& materials 

Contractual
boundary for 
availability 

Contractual 
boundary for 
capability

High variety of 
endstates due to 
contextual use

Fig. 23.1 Hierarchy of
outcomes in complex
engineering service (width of
arrows indicative
contribution of resources)
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Sect. 23.1 of the book suggests an enterprise perspective, stating that ‘‘complex
engineering service systems inevitably involve complex organisational solutions
which go beyond the boundary of a single organisation’’ (Purchase et al. Chap. 2).
Cuthbert et al. in Chap. 10 provide a framework which may be used to determine
information requirements for the design, delivery and evaluation of different ser-
vice offerings. The framework provides a high-level assessment of the information
required for the delivery of service value-propositions and develops understanding
of the gap between proposition and the available information.

End-state was also discussed in Chap. 21 by Wood and Tasker, who proposed
that it is a mental concept highly influenced by the context in which it was
achieved. The notion of end-state here includes the emotional state of mind, the
perception and pre-conceptions of the customer. In Chap. 5, Mills et al. look at
how gaining an understanding of the client’s aspirations and fears is a value driver
for co-creation, even when their full requirement may lie outside of contractual
bounds. Such a concept challenges the core transformation of people in the
delivery of complex engineering systems to include customer transformation
processes and practices within its domain. Towards that end, Guo and Ng (Chap. 9)
emphasise interpersonal relationships between them, with cooperation moved from
reciprocal to communal, leading to a common identity and with both parties working
towards their collective goals.

More concretely, the move into end-states has an impact on material/equipment
transformation. From this perspective, the firm can no longer be content with
merely providing a repair solution, but has to consider the effect or consequence of
the asset through its usable life. As Kelly and Ratchev (Chap. 19) suggest, the firm
has to have ‘‘an intrinsic role in through life management’’ of the assets.
Since parties are aligned in wanting better outcomes (i.e., lower maintenance
cost, reduced occurrence of failures and increase availability), Wang and Carr
(Chaps. 16 and 17) suggest the use of condition-monitoring processes and con-
dition-based models to achieve this. Paradoxically, the move into end-states could
also compel the firm to redesign and reengineer an asset and its corresponding
activities to better achieve outcomes as Butterfield and McEwan (Chap. 18) have
shown. In their chapter, they propose digital simulation as an animated method for
the replacement of an aerospace structural panel providing a simple illustration of
a method that addresses not only implementation of design changes to the asset,
but also all activities surrounding it so that the entire subsystem can be optimised
for delivering the work and its corresponding costs. The chapter demonstrates how
the line between design, engineering and manufacturing of an asset and the service
provision becomes blurred when the firm begins to contract for outcomes. Indeed,
as Caldwell and Settle suggest (citing Normann and Ramirez 1993) in Chap. 8,
firms do not really ‘add value’ but ‘reinvent value’. This also impacts upon costs,
as shown by Erkoyuncu et al. in Chap. 7.

In summary, the book chapters have highlighted that contracting for outcomes
for complex engineering service systems blurs (a) the boundaries between the firm
and the customer, (b) the boundary between the processes of all three core value
transformation (material/equipment, information and people), (c) the responsibility
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for the core value transformations towards described end-states and (d) the lines of
accountability within a system that contribute towards costs for both customer and
provider firm. The higher the end-states, the greater the blurring and the more
complex is the system.

23.1.2 Complex Engineering Service System has to Focus
on Links, Interactions and Alignments which Requires
a Systems Approach

The industrial era of dividing tasks between functions (and academically, between
disciplines) has worked when there was an obvious value chain towards a concrete
outcome such as the production of cars or televisions. Within such environments, a
modular ‘click and play’ approach was appropriate as the interactions between the
functions (and disciplines) were minimal. One could therefore ‘lean’ the system
to make it more efficient to produce six-sigma outcomes and the like. Within
complex engineering service systems, processes, people, engineered assets and
automated technologies function oftentimes with the customer within the system
(e.g., airports, healthcare). Functional departments and academic disciplines have
to account not merely for the tasks they need to perform (for functions) and the
knowledge within its domain (for disciplines), but for the interactions between
them (Ng et al. 2009b). Thus, those working in complex engineering service
systems must move away from linear, cause and effect thinking and consider a
systems approach.

Systems thinking have a long academic tradition dating back to the open sys-
tems concepts of von Bertalanffy (1968) and the control systems work of Wiener
(1948). Much academic literature has taken this approach as an alternative to the
reductionist view which has dominated much of management as well as engi-
neering research. Reductionism breaks a problem down into its component parts
and seeking to optimise each part. At the core of such a reductionist approach are
three fundamental assumptions (Ng et al. 2010b):

1. The connections between the parts must be very weak;
2. The relationship between the parts must be linear so that the parts can be

summed together to make the whole;
3. Optimising each part will optimise the whole.

In the study of complex engineering service systems, particularly outcome-
based systems that we have discussed previously, these assumptions do not hold.
Complex engineering service systems involve tightly coupled parts; changing one
component (e.g., one of the core value transformations) affects many others,
leading to unintended consequences. The interactions between them are often
highly complex and non linear, as Parry et al. (Chap. 4) have elaborated. Forrester
(1968) points to the importance of time delays, amplification and structure on the
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dynamic behaviour of the system. Lipsey and Lancaster (1956) in their theory of
the second best show that achieving the optimal condition for a system could result
in sub-optimality of component parts. Buckley (1980) in his masterly essay on the
problems of causality in organisations summarises it thus;

Of particular importance are those kinds of mutual relations that make up circular causal
chains; the effect of an event or a variable returns indirectly to influence the original event
itself by way of one or more intermediate events or variables.

Thus, complex engineering service systems research has to reject the linear
perspective on causality for the richer insights that can be gained from the
systems view. Yet, such a rejection does not imply the rejection of the analytical
approach. Both analytical and synthetic research perspectives could be employed
in the scientific method. However, it is important to understand that certain
properties of the system (such as customer experience), could be an emergent
property that is not present in any of the component parts but in the dynamic
relationship of the parts. In such cases, the design of the system should consider
interventionistic approaches rather than believing that the system could be pre-
determined.

Given this orientation, a firm tasked to manage complex systems needs to not
only understand the nature of work and its responsibility at a functional (or dis-
ciplinary) level, but also the nature of the interactions and links between them.
Such linkages and interactions are crucial for the success of systems that are able
to consistently deliver service excellence. From an interdisciplinary perspective, a
complex engineering service system is not about finding a weak ‘glue’ between
various functions or disciplines who have an unwavering adherence to core
principles. Rather, it is how the same ‘glue’ becomes critical to deliver value and
superior customer experience and how the disciplines themselves adapt and move
forward to deliver new collective knowledge and excellent value outcomes.

Systems thinking and approaches are not new in engineering. Particularly in
defence systems, system engineering has become an accepted domain for the
interdisciplinary field of engineering that focuses on how complex engineering
projects (such as the Apollo programme by NASA) should be designed and
managed, integrating processes and including technical and human-centered
activities. However, system engineering and indeed engineering itself struggles
with social and behavioural aspects of a system as it has always been associated
with ‘‘assembling pieces that work in specific ways’’ (Ottino 2004) and ‘‘a process
of precise composition to achieve a predictable purpose and function’’ (Fromm
2006, p. 2). To achieve ‘‘a predictable purpose and function’’, deemed to be core to
engineering activity, becomes seriously challenged when the component parts of
the system are people whose activities may not be easily controlled by predictable
processes, and whom exhibit autonomous human behaviours and yet are compo-
nent parts of the value creating system. There is clearly an opportunity for further
study into the transformation of people as a core part of the system transformation.
This text notably does not contain a section specifically addressing the ‘people
transformation’
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A research agenda for the value transformation of people is currently under
development.

As Wood and Tasker (Chap. 21) put it:

The system engineering thinking style is deeply embedded in the development of complex
systems, especially defence systems where it has become a universal language; systems of
regulation and governance are built on it. Notwithstanding the development of soft sys-
tems and similar approaches, system thinking is perceived to be inextricably rooted in the
product paradigm ensuring a cultural rigidity inhibiting development of the method to
accommodate design in the social space necessary for the attainment of service excellence.

While inspired by systems thinking, systems engineering also struggles with
how to deal with the concept of emergent properties and its related concept of
interventions. Emergent properties are often described as properties exhibited by a
whole system that do not exist within its component parts, i.e., properties that
cannot be identified through functional or component-based decomposition.
Emergent properties epitomise the idea that a whole system is greater than the sum
of its parts. Emergence is often a result of a complex system and it has been a thorn
on the side of system engineering.

In his article about the significant issues that face the US National Academy of
Engineering, Wulf (2000) declares that ‘‘the key point is that we are increasingly
building engineered systems that, because of their inherent complexity, have the
potential for behaviours that are impossible to predict in advance’’. Within the last
decade, academic literature in engineering and information systems has attempted
to make sense of this phenomenon and in Chap. 4, Parry et al. discuss complexity
management and the factors that contribute to it.

When ‘‘predictable purpose and function’’ of complex engineering service
systems is oriented towards emergent outcomes (i.e., a customer experience), as
well as deterministic outputs (turnaround time for repair), engineering as a field of
study is further challenged. The challenge of contracting, designing, engineering
and delivering end-states that include both deterministic outputs and emergent
outcomes sets the agenda for future research in complex engineering service
systems.

One suggested approach when delivering excellent outcomes that are unpre-
dictable due to behavioural uncertainty and emergent properties is the use of
systemic interventions. Midgley (2000) defines systemic interventions as ‘‘pur-
poseful action by an agent to create change in relation to reflection on boundaries’’
(p. 129). In achieving better outcomes through technology insertion for example,
Wang and Carr (Chap. 17) propose four different types of maintenance interven-
tions through a theoretical model that could produce substantial savings. Future
research into interventions could also result in an ‘intelligent design’ of complex
engineering service systems that could allow for the achievement of deterministic
outputs (attribute performances) as well as emergent outcomes (end-states). While
engineered assets are called to deliver higher availability (lowered asset failure)
and lower through life cost across contexts, they are also called to answer the
challenge of higher capability in the same environment. This is clearly an
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important factor (Kerr et al. Chap. 20) and higher availability, lower through life
cost and better capability is often achieved through technology insertion.

From the resource perspective, the combination of resources to achieve end-
states therefore necessitates a combination of human activities and complex
engineered assets. It is important to know how each component resource impacts
on value or whether it is not merely the components but the interactions between
them that is the value driver. Hence in determining the value offer, the firm has
to understand what resources are contributed by both customers and the firm to
achieve the outcomes and outputs realised within the customer experience. In
Chap. 3, Mills et al. propose an enterprise imaging methodology that provides a
visualisation of the resources used to deliver value and also gives insight to the
interactions between providers and customer. Only by understanding the value
co-creation resources contributed by both parties can an assessment be made as
to whether they are appropriate substitutes for achieving the best outcomes for
customers in the target market, at the lowest costs. The substitutability of
resources contributed by firm, customer and technology/assets must therefore be
evaluated not merely from the cost perspectives, but with the possibility that it
could also lead to better outcomes, resulting in the firm being able to either
increase price, demand for the service and delivery of excellence within the
system (Ng 2007).

To deliver excellent service and be economically viable, firms need to develop
the customer as a core competence within the system, a point echoed by Prahalad
and Ramaswamy (2000). The customer’s failure to co-create value results in the
firm not being able to achieve the outcomes they have been contracted to deliver.
Hence, the customer’s capability to co-create value is now the firm’s responsibility
under complex engineering service system for outcomes. In Chap. 6, Ng et al.
propose that the capability of an organisation to exhibit seven value co-creation
attributes suggests they may deliver better service outcomes. Firms with these
attributes achieve effective behavioural transformation of the customer which
enables them to deliver a greater variety of service end-states. This is a require-
ment arising when the customers’ experience manifests in a variety of ways as a
result of the different contexts they are in when using a service.

23.1.3 Value-In-Use is Contextual and Variety-Laden Across
All Interactions in the System

At the beginning of the book we proposed that a value-centric approach in com-
plex engineering service systems must put value-in-use at the centre of what the
firm needs to deliver, in partnership with the customer. The previous section
described how a complex engineering service system for outcomes has the cus-
tomer within the boundaries of the system. In this section, we elaborate on further
challenges of customer presence within the system.
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To achieve value-in-use, the firm has to ask how value is created and under-
stand the role of the customer within that space. The chapters presented in the book
show that value-in-use (i.e., contextual value) is not a static concept. The notion of
‘use’ is dependent on the ‘state of the world’ and customer’s use in different states
(i.e., contexts) has a tremendous impact on the firm delivering to outcomes
(c.f. Karni 1983; Fishburn 1974; Ng 2008; Shugan and Xie 2000; Xie and Shugan
2001). In other words, as many of the chapters in this book demonstrate, even
when the firm is required to do the same activities each time to co-create value
within the system, the state of the world changes and together with it the resources
and capabilities of both parties. A simple analogy can be used to illustrate this.
A helicopter produced by a firm would consume various resources of the firm to
manufacture it. The customer would value the helicopter through the employment
of its own resources to ‘use’ it, thus achieving the co-creation of value. Yet, if the
weather was not good on a given day (i.e., a change in the ‘state of the world’)
the contextual value-in-use of the helicopter would be diminished, resulting in the
customer experiencing the service (or consuming the asset) differently with each
changing context. This implies that if the firm is serious about delivering higher
level end-states, it has to be capable of responding to the variability introduced by
the customer and the environment.

It is important to distinguish between the concepts of variability and variety.
Frei (2006) proposes that ‘throwing the customer into the works’ introduces five
types of variability:

• request variability (different requirements for each customer)
• arrival variability (peaks and troughs in service demand)
• capability variability (customers have differing skill levels)
• effort variability (some services require customer input/participation and

customers will have differing willingness to make effort)
• subjective preference variability (different and contradictory views of what

constitutes good service) (Godsiff 2010)

There is a difference between known and unknown variability. Some variability
introduced by the customer is predictable e.g., arrival variability for many call
centres is a known calculable using known functions, request variability may be
limited by a tariff sheet or catalogue. Other variability is unknown and a source of
shock or disturbance to the firm. This is often the case when the ‘state of the world’
changes.

When considering the firm, we can distinguish between resources and com-
petencies. The theoretical perspective of the resource-based view of the firm
considers resources as what we term properties that carry out the transformation.
They can be physical, human, technological or organisational. Competencies are
the capacity of a group of resources when well-managed to carry out an activity.
This has echoes of the Service Dominant Logic perspective; ‘‘that resources are
not, they become’’ (Lusch and Vargo 2006, p. 65), meaning that they are
only resources if used, otherwise they add no value and may be seen as waste in
the system (Ohno 1988). The process through which such resources become,
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in context, is the capability or competence of the producer system. A third con-
sideration has been added by Teece et al. (1997), who consider the dynamic
capabilities view which looks at the ability to renew competencies. This empha-
sises the managerial role in adapting, integrating and reconfiguring resources and
capabilities. Resources and therefore capabilities have limitations in what they can
do. Precisely defining these capabilities is notoriously difficult, particularly in
service environments where human knowledge is frequently the transforming
resource.

The coming together of customer variability and producer system capability is
described in Ashby’s Law of Requisite Variety. This in its simplest form asserts
that ‘only variety can absorb variety’. Ashby (1956) is stating that in order for an
entity to be viable it must have an internal state which responds to the external
stimulus in such a way as to produce a ‘survivable outcome’. It is likely that the
producer system has been designed to respond to only a limited set of customer
variabilities. Correspondingly, the customer’s use context that introduces vari-
ability may encounter the firm’s limited set of capabilities. In a world where
customer requirements are continuously changing even beyond the original
specification, the producer system needs to have the resources and competencies
and in particular the dynamic capabilities to be able to absorb the variety and
produce an acceptable outcome. In his articles on the viable systems model, Beer
(1981) recognises that in practice most organisations will attenuate the variety they
offer to the marketplace. In the case of complex engineering service systems for
outcomes, that attenuation may be unacceptable to the customer. The message for
the producer is that it must not just match the variety demanded in the original
specification but also be capable of matching the variety as the user requirements
change due to the use of the product in the varied contextual states throughout the
product life. This implies considerable inbuilt redundancy, required to absorb
variety. Yet, it may also provide opportunities for innovation and new business
models.

This book has identified how variety impacts on the determination of outcomes,
particularly in the defence industry. As Hockley et al. put it in Chap. 13,

When considering the phrase ‘‘under stated conditions,’’ it is primarily about environ-
mental conditions but there can be many facets, such as:

• In which geographic environment it will be used (e.g., hot, dusty, cold and icy),
• Different conditions will be seen by the same item when fitted on different

platforms (e.g., a helicopter or vehicle),
• Storage conditions (e.g., humidity controlled or open air),
• Maintenance may be completed in diverse environments,
• Handling and transportation will expose items to varied conditions (e.g.,

vibration and orientations).

In Chap. 19, Kelly and Ratchev discuss process resilience and focus upon three
adaptive considerations that the impact on variety:
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• Adaptation to changes in platform capability requirements during the life cycle.
• Adaptation to platform changes due to technology insertion.
• Integration of past and future maintenance information.

Their maintenance dashboard incorporates variety through accurate asset
maintenance information and analysis of capability trade-offs to ensure optimised
performance of assets. Similarly, Wang and Carr in Chap. 16 suggest the use of
condition-monitoring (CM) techniques and condition-based maintenance (CBM)
models to deal with usage challenges particularly where historical data on use is
not available. In Chap. 15, McNaught and Zagorecki also propose practitioner
guidelines for CBM and prognostic modelling, discussing the challenges posed on
information transformation in complex engineering service systems.

Contextual variety therefore challenges the firm to consistently deliver func-
tional outputs across contextual states. In Chap. 20, Kerr et al. suggest that such
changes come in the form of:

• The threat of obsolescence
• The requirement for additional or new capability
• The challenge of affordability

Certainly the cost implication is non-trivial. In Chap. 7, Erkoyuncu et al.’s
treatment of uncertainty in evaluating costs is a direct consequence of changes in
boundaries and also the incorporation of customer contextual usage (and varieties)
within the delivery costs.

We may learn from manufacturing as the ‘late customisation’ or ‘postpone-
ment’, in which a process is standardised as much as possible and variety capa-
bilities are introduced very close to the point of customer delivery. Even at the late
stage, a key challenge is to achieve high levels of product variety with a limited set
of standard process capabilities (Yang et al. 2004). In automotive manufacturing
operations, delivery of customer variety via the combination of modular units late
in the production process allows extensive customer variety to be delivered while
using standard processes and a controlled set of reusable constituent elements
(Parry and Graves 2008). Yet such late customisation assumes customer variability
enters through a limited set of ‘ports’ (cf. Godsiff 2010; Weinberg 2001), repre-
senting limited interfaces that connect them. In a complex system for outcomes,
the boundaries between production and consumption are blurred and overlapping.
Weinberg describes the interface between the customer and the firm no longer as a
‘port’ but as a ‘membrane’ where ‘‘an obvious example is the cell wall that may be
penetrated at almost every point on its surface, but not by everything and not at all
times.’’ This implies that customer variety permeates through the entire system.
Most disturbingly, variety permeation into the system often by-passes the firm’s
designed processes, disrupting them and creating complexity. This is paradoxically
a consequence of the firm’s original and implicit assumption of low customer
usage variability when designing the system. Consequently, rigidities and the
creation of closed systems are realised as a result of underestimating the number of
possible states for the system in requirements engineering.
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As Ashby’s law suggests, only variety can destroy variety and thus from a
systems perspective, a complex engineering service system can only be viable
(cf. Beer 1981) if the firm attenuates customer variety to match the rigidities of its
system, or the firm absorbs the customer’s variety by designing a system that can
do so while retaining economic viability.

Systems with high human resource can absorb more variety since human beings
are capable of a greater number of behavioural modifications and may be able to
match the customer’s contextual variety (e.g., being empathetic, smiling). Para-
doxically, such interactions by autonomous human behaviours that absorb variety
or persuade the customer to attenuate their variety (with a smile) actually result in
an improved customer experience (Ng et al. 2010a), thus increasing system via-
bility and stability. Yet, the use of human resources within a system to absorb
variety is often a challenge to replicate and scale. This challenge can be viewed
from three perspectives. On one hand, one can argue that human factors supporting
a product or equipment can be viewed as a resource to absorb variety to achieve
service and support excellence but may not be easily scalable or replicable. On
the other hand, the very product that human resources are supporting could
be designed in such a way that the human resource skill set required to support it is
more scalable or replicable even for the absorption of variety. Finally, the product
could be designed in such a way that the human resource to achieve absorption of
variety could be the customers themselves, such as how the iPhone is a platform
for customers’ usage of apps to co-create value for themselves contextually across
infinite states of use (which we term as hyper variety). In all three scenarios, the
central issue is around design and resource configuration of a complex engineered
service system towards outcomes.

23.2 Complex Engineering Service Systems: Concepts
and Research

Developing the complex engineering service systems framework, we have to
factor in customer variety that could either radically alter what was designed (if the
variety is absorbed) or create dissatisfaction (if the variety is attenuated). As an
example, the business traveller may favour an airline and choose the very same
airline for their family holiday, expecting the same level of service excellence.
That airline may have set processes for the business traveller who has few bags,
seeks speed and wants no distractions. How does the same process cope with large
numbers of bags and potentially small children who require distractions? Do they
absorb the variety or attenuate it? Customer variety is context dependent such that
the same customer may approach a service from a number of contexts, placing
different demands upon the system and expecting the same level of excellence in
outcomes. Figure 23.2 integrates these concepts, illustrating the nature of a
complex engineering service system.
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Value co-creation with the customer is at the heart of the system. Transfor-
mation of materials and equipment, information and people is undertaken by
multi-organisational structures that may include the customer and their resources.
The transformations occur to deliver service outputs, but these are state dependent.
Changing customer context introduces variety which pushes-back into the firm,
impacting on and across processes of transformation, leading to emergent out-
comes. Chap. 6 (Ng et al.) suggests seven attributes the system should exhibit to
ensure that variety could be absorbed with minimal disruption.

By delivering to an outcome, the firm is committed to the same outcomes even
when the context of usage changes. Thus, both the customer and the firm may not
know the contingency nature of the context that could change how the service is
delivered or co-produced at that point in time. For example, it may not be possible
to predict when the customer will increase their demand for service on a particular
day. Thus, delivering to a context dependent value-in-use suggests that the firm has
to be prepared and capable of absorbing customer variety and still deliver satis-
faction when committed to delivering outcomes.

There is a tendency to attempt to de-risk complex systems to minimise emer-
gence by establishing centralised command and control through reducing auton-
omous human activity. This may be useful if the objective of the system is to
achieve deterministic outputs, but may be erroneous if the system has also to attain
emergent outcomes such as customer experience (or perception of service

Multi-
organisation

Multi-
organisation

Multi-
organisation

Fig. 23.2 Complex service system of core transformations and value co-creation with state-
dependent outcomes
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excellence), where the very interactions that are autonomous and unpredictable
may be key to contributing to that emergence. Worse, when applied to outcome-
based systems as described in this book, the customer within the system that
introduces a high degree of variety and exhibits autonomous behaviour is the very
same customer that is to be transformed by the firm as part of an expected
emergent outcome. The concept of command and control management becomes
illusory if systems are to adapt to absorb variety and satisfy customer demand.
Revenue will be lost in the long term if rigidities are established to provide control
that attenuates demand to such a degree that outcomes fail to meet customer
expectation. The way managers plan or react to push-back of variety will have
subsequent effects upon the costs and the delivery of core transformation processes
and over the long-term sustainability of the enterprise.

This book has only begun to address the challenge of complex engineering
service. Research may broaden to provide detailed analysis of a range of complex
engineering service organisations. For example, it would be instructive to under-
stand the challenges faced by lower tier or third party complex engineering service
providers dealing with equipment, materials and potentially information from
different suppliers, such as those charged with oil refinery management. In addi-
tion, there remains a great deal of scope to address one of the core transformations,
the transformation of people. The long-term goal is the further development of
theory and practice on how sustainable revenues may be gained by enterprises
providing complex engineering services that incorporate the intelligent design of
the system for achieving contextual and variety-laden outcomes, both of the kind
that is deterministic and that which is emergent, and that includes the transfor-
mation of the customer co-creating that value. This, then is the grand challenge of
complex engineering service systems.
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Glossary of Terms

2D Two Dimensional
3D Three Dimensional
AACE Association for the Advancement of Cost Engineering
AAS (off) Asset Availability Service (off Balance Sheet)
AAS (on) Asset Availability Service (on Balance Sheet)
ABFS Activity Based Framework for Services
ABM Agent Based Modelling
ACQ Acquisition cost
AFV Armoured Fighting Vehicle
AHP Analytic Hierarchy Process
AIM Advanced Institute for Management
ALDT Administrative and Logistic Delay Time
AOF Acquisition Operating Framework
ATS Automated Transport and Sorting system
ATTAC Availability Transformation: Tornado Aircraft Contract
AVC Attributes of value co-creation
AVST Armoured Vehicle Support Transformation
AW Agusta Westland
BATUS British Army Training Unit in Suffield
BN Bayesian Network
BOM Bill of Materials
BTIA Business Transformation Incentivisation Agreement
C130J A variant of the Lockheed C-130 Hercules
C130K A variant of the Lockheed C-130 Hercules
CAD Computer Aided Design
CADMID Concept Assessment Demonstration

Manufacture In-Service Disposal
CADMIT Concept, Assessment, Demonstration,

Migration, In-Service, Termination
CAE Computer Aided Engineering
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CALCE Center for Advanced Lifecycle Engineering
(University of Maryland)

CATIA A 3D CAD modelling environment
CBM Condition Based Maintenance
CBS Cost Breakdown Structure
CE Concurrent Engineering
CES Complex Engineering Service
CfA Contracting for Availability
CfC Contracting for Capability
CIF Core Integrative Framework
CLS Contractor Logistics Support
CM Condition Maintenance
CMU Combined Maintenance and Upgrade
CS (off) Capability Service (off Balance Sheet)
CS (on) Capability Service (on Balance Sheet)
CSE Cognitive Systems Engineering
CVR Combat Vehicle Reconnaissance
CVR(T) Combat Vehicle Reconnaissance (Tracked)
DA Design Authority
DAO Data Access Objects
DARA Defence Aviation and Repair Agency
DBN Dynamic Bayesian Networks
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for engineering process design and optimisation
DE and S Defence Equipment and Support
DES Discrete Event Simulation
DIS Defence Industrial Strategy
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DoD Department of Defence (United States)
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HMM Hidden Markov Models
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HUMS Health Usage and Monitoring Systems
IBM International Business Machines
ILS Integrated Logistic Support
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IMOS Integrated Merlin Operational Support
IOS Integrated Operational Support
IPAS Integrated Products and Services
IPSS Industrial Product-Service System(s)
IPT Integrated Project Team
IRI Incentivised Reliability Improvement
ISCL Integrated Service CAD and Lifecycle simulator
ITT Invitation to Tender
IUCR Incentivised Upkeep Cost Reduction
JAMES Joint Asset Management and Engineering System
JSF Joint Strike Fighter
JUMP Harrier Joint Upgrade and Maintenance Programme
KBS Knowledge-Based System
KIM Knowledge and Information Management
KPIs Key Performance Indicators
LCC Life Cycle Costing
MACMT Mean active corrective maintenance time
MART Mean Active Repair Time
MLFP Mid Life Fatigue Programme
MRO Maintenance, Repair and Overhaul
MSG Maintenance Steering Group
MTBF Mean Time Between Failure
MTTR Mean Time to Repair
NAO National Audit Office
NATO North Atlantic Treaty Organisation
NUSAP Numerical, Unit, Spread, Assessment and Pedigree
OAS Operation and Support
OEM Original Equipment Manufacturer
OPV Offshore Patrol Vessel
PBL Performance Based Logistics
PCP Procuring Complex Performance
PDF Probability Density Function
PFI Private Finance Initiative
PGM Prognostic Model
PHM Prognostics and Health Management
PIs Performance Indicators
PMC Project Management Complexity
PoF Physics of Failure
PPR Product, Process and Resource
PSS Product-Service System(s)
QC Queen’s Counsel
QCD Quality, Cost, Delivery
QFD Quality Function Deployment
QUB Queens University Belfast
R&M Reliability and Maintainability
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RAAF Royal Australian Air Force
RAF Royal Air Force (UK)
RCM Reliability Centred Maintenance
RDO Remote Data Objects
RN Royal Navy (UK)
ROCET RB199 Operational Contract for Engine Transformation
RR Rolls-Royce
S4T Support Service Solutions: Strategy and Transition
SAE Society of Automotive Engineers
SAR Search and Rescue
SCAD Service Computer Aided Design
SCH Schedule
SDL/S-D Logic Service-Dominant Logic
SEU Spares Exclusive Upkeep
SIU Spares Inclusive Upkeep
SKIOS Sea King Integrated Operational Support
SLA Service Level Agreement
SOA Service-Oriented Architecture
SOM Support Options Matrix
SPA Strategic Partnering Arrangement
TAS Typhoon Availability Service
TCM Total Corrective Maintenance Time
TEC Technical difficulty
TIPSS Technical Product-Service System(s)
TLC Through-Life Capability
TLM Through-Life Management
UAV Unmanned Aerial Vehicle
UK MoD United Kingdom Ministry of Defence
VEA Virtual Enterprise Architecture
VT Vosper Thorneycroft
WBS Work Breakdown Structure
WFM Whole Fleet Management
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