Systematics of Changeability

5.1 Introduction

Generally, due to the globalization of the goods
and service market since the 1990s, the extent and
speed with which these changes have to be
implemented, has significantly increased. These
concern both the market offerings and the busi-
ness processes, which are introduced in Sects. 2.3
and 2.4 as the strategic basis of a factory. We refer
to the overall ability to undertake these adjust-
ments as changeability. However, a countless
number of related terms are to be found in
publications and in the practice e.g., flexibility,
reconfigurability, adaptability, agility, transform-
ability and dynamic. Therefore, in the following,
we will more closely consider the terms funda-
mental to production and factory planning and
organize them systematically.

5.2  Flexibility

Flexibility of production is the most frequently
discussed concept in this context. Extensive
meta-analyses (e.g., [Ton98] which is based on
120 publications about this topic), have shown
that flexibility is either static or dynamic. Static
flexibility describes the ability to steadily operate
within a defined range of products, processes and
their quantities with regards to quality, costs and
delivery time. In comparison, dynamic flexibility
describes the ability to change the production
system with regards to its capacity, structure and

processes quickly and without any substantial
costs. Flexibility can either refer to the entire
value-adding chain from the supplier to the cus-
tomer (horizontal classification) or to different
layers of the production, from individual work-
stations to sections up to sites and production
networks (vertical classification). Moreover the
time aspect of the flexibility—which can also be
described as the speed of response—should be
considered. Here, flexibility can be categorized
as short, medium or long term (also known as
operative, tactic and strategic flexibility, respec-
tively). Finally, the object which the flexibility of
the production’s performance is concerned is also
pertinent. This then addresses on the one hand,
the volume and mix of the product spectrum and
on the other hand, the items it contains with their
different base materials, manufacturing methods
and work sequence.

What proves to be problematic is measuring
the flexibility and the costs that are associated
with it. Currently, there are still no generally
accepted methods or approaches for determining
this. The most important classes according to
Toni and Tonchia are ‘direct’, ‘indirect’ and
‘synthetic’ aggregated indicators. The first, direct,
analyzes how the flexibility of the observed sys-
tem behaves in different situations based on
possible options or measures, whereas indirect
indicators examine the character of the flexibility
(technological, organizational) or the costs and/or
effort connected to the flexibility. With synthetic
indicators the aim is to set the (internal) system
flexibility in relation to the strived for (external)
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objective and from that to calculate a type of
fulfillment rate. In the end, the flexibility cannot
be precisely measured; rather, it is comparable to
the abilities of a person or organization to react to
disruptions in their environment within an
appropriate time and with a suitable amount of
effort without endangering themselves.

Flexibility is also increasingly considered a
strategic approach to turbulent environments and
as such is further differentiated. In an extensive
and thorough meta-analysis of 70 published
sources, Rakesh Narain, R.C. Yadav et al. dem-
onstrate the lack of guidelines for determining
the flexibility an organization requires [Rak00].
The authors suggest that there are three different
types of flexibility (necessary, sufficient and
competitive) to each of which they allocate cer-
tain classes of problems and approaches to
solutions (see Fig. 5.1).

Necessary flexibility is required to be able to
quickly react to operative problems, which spo-
radically and unpredictably arise in the form of
product changes, machine malfunctions, absent

personnel, supplier problems and demand fluc-
tuations. They directly impact the technological,
logistic, and personnel related resources that
participate in processing orders. Solutions in this
area are aimed at ensuring they are sufficiently
elastic and easily converted. Medium term, tac-
tical flexibility—referred to by the authors as
sufficient flexibility—ensures that processes have
the ability and certainty required for today’s
business with regard to product quality, delivery
time and delivery reliability as well as production
costs. Manufacturing processes thus have to
allow different parts to be finished with different
materials and without higher costs. This requires:
(a) machines and measuring tools that are easily
converted, (b) flexible handling and supply of
parts and (c) employees to be trained accord-
ingly. Finally, the strategically based competitive
flexibility, which works over the long term, aims
at controlling product changes as well as the
supplier’s and market behavior. The entire pro-
duction is considered here, whereby the solutions
cited focus on the machinery level and their

feature | | expression
flexibility type necessary sufficient competitive
S operative tactical strategic
short-term medium-term long-term
A unforeseeable/ B product quality, cost product and environmental
problem class sporadic problems and time c changes
* machine * process  production
¢ product * operations * expansion
- * workers * program ¢ market
flexibilitvlcloments * materials management * material

operation sequence
volume

 universal machines

* layout

* modular PPC system
* universal fixtures

* NC control

solution trials

« convertible machines
* new manufacturing
technologies

* machine flexibility
e universal machining
centers

* tool and fixtures
handling

* material supply

* cross qualified
employee

« design for manufacturing

« alternate routings

« flexible material
handling systems

* modular, flexible
machine cells

« flexible layout

« factory information
and control system

Fig. 5.1 Characterization of types of production flexibility (per Rakesh Narain a.0.). © IFA 9897SW_B
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handling devices as well as on the layout and
control system level.

In keeping with the character of the publica-
tions, no concrete suggestions are made for the
three types of flexibility. Moreover, the analysis
does not consider the relation to logistics,
buildings or their equipment and does not include
the production site and the development of it.
Nevertheless, this classification provides a valu-
able basis for systematically addressing how to
design flexibility.

In German publications, Kaluza, among oth-
ers, intensively examined the concept of flexi-
bility based on his own extensive work as well as
an evaluation of numerous publications [KalO5].
He defines a broad notion of flexibility which
should include the fundamental operational
aspects:

“Flexibility is the ability of a system to allow
proactive or reactive as well as targeted changes
in the system’s configuration in order to fulfill
the altering conditions of its surroundings”
[KalOs, p. 9].

With regards to the notion of production
flexibility, which is of particular interest for us
here, Kaluza distinguishes between a ‘real’ and
‘dispositive’ flexibility [Kal95]. Real flexibility

describes the ability of the personnel, technology
and materials to adjust, whereby the first two
factors are primarily of interest. Their flexibility
is further categorized into qualitative, quantita-
tive or structural. Figure 5.2 depicts the resulting
system of flexibility types as well as the selected
instruments or flexibility measures that are allo-
cated to them [Kal89].

Whereas qualitative flexibility characterizes
the basic ability of the personnel and techno-
logical resources to complete various tasks,
quantitative flexibility describes the range of each
of the performance indicators quantity, time and
intensity wise. Structural flexibility pertains to
both personnel and products. On the personnel
side, it depends on how successfully the borders
between planning, execution and control tasks
can be removed with measures for expanding the
work areas. In comparison on the production
side, structural flexibility is determined by the
type of layout and control and is described by the
routing freedom, redundancy of production
facilities and storage capacity.

In addition to this real flexibility, which could
also be interpreted as potential flexibility, Kaluza
posits the previously mentioned dispositive flex-
ibility. Here, he distinguishes between two types:
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Fig. 5.2 Scope and types of real flexibilities (per Kaluza). © IFA 10.000SW_B
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flexibility of the production planning and flexi-
bility of the production control. Supportive
measures for the first type of flexibility include
measures for structuring the product and systems
for planning production, whereas the second type
of flexibility can be supported by production
control methods and improved communication.

With these types of flexibility, Kaluza already
addresses fundamental elements which clearly
need to be considered when planning a change-
able factory. These include the work organiza-
tion, production facilities and logistical planning
and controlling of the order processing.

Further important impetuses for considering a
production’s flexibility arise from the work on
part family manufacturing and group technology
that has been taking place since the 1960s and is
aimed at overcoming the disadvantages associ-
ated with job shop productions i.e., high WIP
levels and long throughput times. Manufacturing
cells, segments, flexible production systems and
even lean production are a result of it (see Sects.
4.4-4.7). All of these have to be flexible on the
one hand and on the other hand allow machines
to be utilized economically.

In 1981, the Institute of Production Systems
and Logistics at the University of Hannover
already attempted to describe how production
flexibility is structured by breaking it down into
three sub-concepts [Wie81]. Figure 5.3 outlines
this suggestion according to areas and types of
flexibility, supplemented with examples.

Technological flexibility describes the possi-
bility of implementing different manufacturing
processes in one machine (versatility). This
allows different workpieces of a basic form e.g.,
rotational parts or cubic parts, to be completely
manufactured as far as possible in one setup
within the workspace of one machine. In com-
parison, setup flexibility means being able to
execute different manufacturing tasks with an
economically feasible degree of effort. Structural
flexibility, also referred to as routing freedom,
allows an order with different operation sequen-
ces to be guided through a manufacturing sys-
tem. It is generally determined by the more or
less strict orientation of the layout on the pro-
cessing sequence of the operations. Finally,
capacitive flexibility describes the quantitative
reserve of a production system (expansion
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potential), the possibility for shifts within the
production program (compensation ability), and
the possibility to balance differences in sales and
capacity trends by storing semi-finished or fin-
ished products (storage capability). These defi-
nitions which only refer to part manufacturing
represent a further building block on the way to
the concept of a changeable factory.

Similar considerations as those for part man-
ufacturing were developed by Eversheim in the
early 1980s for assembly systems [Eve83]. In
order to design the necessary modular elements,
the types of assembly flexibility had to be defined
(see Fig. 5.4).

Whereas, date oriented flexibility refers to the
assembly processes running on each of the indi-
vidual stations and either allows switch-overs for
individual workpieces or re-routing, time period
oriented flexibility concerns the setup or conver-
sion of an entire assembly system to another
variant or product. Disruption flexibility, which
plays a particular role in assembly systems due to
the short cycle times, is event oriented and gen-
erally concerns failsafe strategies that are to be
implemented when functions are unpredictably

assembly systems are increasingly available on
the market. Manual or automated stations can be
swapped out quickly in an assembly system, in
order to adjust to different products or fluctuations
in the number of pieces [Lot06].

While traditional German studies on factory
planning such as those by Kettner and Aggteleky
already explored the notion of flexibility on the
factory level quite early-on (see Fig. 5.5 and
[Her03]), Anglo-American literature has yet to
emphasize this topic (see e.g. [Mut89, Her06,
Tom10]).

Kettner recommends planning as far ahead as
possible during the factory planning phase,
which allows certain flexibility in the schedule as
a reaction to changes during the planning and
maintains a reserve in the sense of over-dimen-
sioning. The factory itself should be -easily
expandable and have capacities with a specific
degree of flexibility [Ket84].

Aggteleky already distinguishes more con-
cretely between the flexibility of the structure and
that of the layout [Agg87]. The first ensures
against deviating operating conditions through
universal facilities and the fault elasticity of the

disrupted due to malfunctions. Solutions for such production, whereas the layout flexibility
characteristic type definition examples
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Fig. 5.4 Types of flexibility in assembly systems (Eversheim). © IFA G1115SW_B
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Fig. 5.5 Approaches to flexibility in factory planning. © IFA 10.125_B.

approach according to Aggteleky

addresses the basic factory elements: manufac-
turing and assembly, storage and transport sys-
tems, buildings and technical infrastructure.

Both these approaches clearly show that due
to the comparably stable market conditions, the
scope of changes typical for today could not yet
be considered back then and that the concept of
changeability was not required.

5.3  Reconfigurability

From the perspective of manufacturing technol-
ogy, solutions that make machine tools and
production facilities more flexible technology
wise need to be emphasized. Since the 1990s
they have been discussed under the notion of
reconfigurability. Here, the focus is on dividing
manufacturing equipment into functional com-
ponents and thus making it possible to quickly
reconfigure machines e.g., by inserting a move-
ment axis or a spindle. After being mechanically
coupled, they are recognized by a higher level
control and are productive once a control

a Approach according to Kettner, b

program starts. The first implementation of this
technology was introduced in the USA by Koren
[KorO1]. In Germany, within the frame of a
public funded research project referred to as
METEOR  (http://www.meteor2010.de), solu-
tions for reconfigurable machine tools and man-
ufacturing systems were developed together with
the machine tool industry [Abe06]. Whereas,
reconfigurable assembly systems could be con-
sidered state of the art, reconfigurable manufac-
turing systems tend to still be in the research and
development phase. A comprehensive overview
of the current state of research on flexible and
reconfigurable production systems is provided by
[WieO7].

5.4 Changeability and Change

Enablers

From the perspective of factory planning, the
question of which flexibility is required for the
entire factory has been discussed since the end of
the 1990s under the concept of changeability.
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Already in 1997, Reinhart referred to change-
ability as a new dimension of flexibility [Rein97].
He defined the concept as a combination of
flexibility and responsiveness [Rein00], whereby
flexibility is understood as the “possibility for
change within the provided dimensions and
scenarios” and “responsiveness [is] a potential
for being able to act beyond expected dimensions
and corridors”. Later, Reinhart explained the
concept of changeability more precisely:

“Changeability is understood as the potential
which makes it possible to quickly adapt also
beyond given corridors in relation to organiza-
tion and technology without having to exten-
sively invest” [Rein08].

Figure 5.6 provides a visual depiction of this
(see also [NyhO8, p. 25]). Accordingly, when
there are change drivers that do not exceed a
certain degree, the “built-in” flexibility of the
system comes into play. The required change
thus takes place within the system without hav-
ing to convert it and reconvert it. If the require-
ment of a change driver exceeds the thus defined
flexibility corridor, the system has to be changed.
A solution space within which the system can be
modified is foreseen for such situations. This
space allows almost any configuration of
resources, however is still limited for example,
with regard to the size and precision of products.

T

dimension of
transformability

flexibility corridor f1

If a change driver arises necessitating a modifi-
cation, (e.g. a considerable increase in the num-
ber of pieces), a structural change, which can
however be built-back, is required.

Westkdmper [West99] also  contributes
important impulses for the changeability of the
entire production enterprise. As depicted in
Fig. 5.7, he differentiates the changeability of
company structures according to elements (real
estate, mobile property, information processing
and personnel) as well as time horizons (short/
mid/long term).

From there, Westkdmper derives the techno-
logical innovation necessary for allowing the
production to be continuously re-planned and
reconfigured. He then also recommends concrete
approaches for accomplishing this [West00].
Here too, flexibility is distinguished from
changeability:

“A system is referred to as flexible when it is
reversibly adaptable to changed circumstances
within the frame of a generally anticipated span
of features and expressions.”

Moreover:

“A system is referred to as changeable when
its processes, structures and behavior inherently
possess a specific, implementable variability.
Changeable systems are capable of not only
adapting in reaction but also able to intervene in

flexibility corridor f3

time
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transformability
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= volume / variants
= costs/time
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= transformation if necessary
= dismantling option as basic attribute

= provided capability range
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Fig. 5.6 Comparison of flexibility and changeability (Z&h, Reinhart). © IFA 14.788_B



98

5 Systematics of Changeability

Fig. 5.7 Changeability of
company structures
(Westkdamper). © IFA
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anticipation. These activities can work towards
changing the system as well as the environment.”

Management, people, technology and organi-
zation are singled out as the basic starting points
for designing the changeability. Stemming from
there, Westkdmper provides an extensive
description of the Stuttgart approach to a
changeable company in [West09].

Wirth defines a further developed form of
changeable factories as flexible temporary fac-
tories which only serve a specific market with a
specific product for a limited time [WirOO]. The
knowledge that the length of the lifecycles of the
products, processes, factory buildings, and area-
use continually drift farther and farther away
from another is decisive for this approach (see
Fig. 1.4).

In addition to the previously known discus-
sion about the product and production processes,
the type of building (universal, low cost or
modular mobile buildings) and the role of the
factory grounds are focused on within the frame
of the city/town planning. Along with that, Wirth
sees a change in the roles and function of factory
planning. In addition to the traditional “core
planning” of resources, personnel and areas he
includes also the local lifecycle of a temporary

Q today's condition @ changeable condition

factory with preparations, ramp-up, dismantling
and relocation as well as its external network and
logistics.

As a further development of this approach,
Schenk and Wirth suggest a factory based on a
network of competences integrated in a heterar-
chical (in comparison to hierarchical) network
organization [Sche04, p. 364 f]. It consists of the
smallest value-adding units capable of surviving
and of changing, i.e., so-called ‘competence
cells’.

The Institute of Production Systems and
Logistics (IFA) also began to research the subject
of changeable factories early on and has made
concrete contributions in the form of talks,
papers and factories which have been built
[Wie00, WieOl, Her03]. The system of change-
ability Herndndez developed together with
Wiendahl at IFA stems from system theory and
provides the foundation for this book with
regards to the changeability of a factory [Her03].
In doing so, particular emphasis is placed on
considering the architectural requirements early.
From there, recommendations for incorporating
process and spatial perspectives in the initial
stages of the factory planning were derived, and
further developed by Nyhuis and Reichardt into
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an approach referred to as ‘synergetic factory
planning’ [NyhO04, Rei07].

The IFA approach to changeability starts by
defining a factory as a system which, in this
context, possesses the basic properties mentioned
in Fig. 5.8 [UIr95].

The notion of wholeness and parts emphasizes
that the quality of a factory is not the sum of the
qualities of its parts, but rather the interaction of
its parts as a whole. The degree of interlinkage
describes the density of relationships. The indi-
vidual elements are not simply linear, but rather
are linked together in intermeshed control loops
and to some extent backwards coupled. The
openness of the factory results from the strong
correlation to the environment. There is no doubt
that a factory has a high degree of complexity—
complexity is in fact necessary for its survival as it
allows the factory to take on different states
quickly [WEM12]. Complexity is based on the
number of elements and the possible relationships
between them and their surroundings. The
dynamic of the ‘factory’ system describes the
behavior while processes are being conducted
and results from the change in the system

purpose-and
task orientation

output

wholeness and parts

&
=

elements. The ability to then regulate the system
is described with control. This is accomplished
to some extent automatically, however predomi-
nantly via employees. The ability to develop can
be interpreted as the ability to learn and react
to impulses by adjusting or changing. Finally,
the purpose and task orientation is the driver to
suffice the environment’s expectations and
demands e.g., from the market, politics, local
surroundings etc.

A system always strives towards a state of
equilibrium with its environment, which in the
case of environmental changes necessitates
adjustments. If it does not possess this as a
change enabling quality, it loses its balance
becoming unstable, even to the point of its
destruction. System theory recognizes two types
of changes which are identified as structural
coupling and transformation (see Fig. 5.9).

With structural coupling only the relations
between the system elements change. It can thus
be interpreted as a flexible reaction which pro-
ceeds with the aid of defined control mecha-
nisms, such as redirecting an order to an
alternative machine. Transformation on the other

degree of interlinkage

A

openness

factory

control

==

order and
development

SO~

-

complexity

Lo®

Fig. 5.8 Properties of the system ‘factory’ (Hernandez). © IFA 10.137BSW_B
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Fig. 5.9 Types of factory changes from the perspective of system theory (Hernandez). © IFA 10.146_Wd_B

hand, changes not only the relation of the ele-
ments, but also their qualities and functions up
until the point that new structures and systems
are created. An example here is the transforma-
tion of a workshop production into a number of
manufacturing cells.

The changeability of the ‘factory’ system thus
allows the transformation of a system and is
supported by three of the eight characteristics of
a system mentioned in Fig. 5.8. They are pre-
sented once more in Fig. 5.10 accompanied by
the relevant system properties [Her0O3].

In order to be able to realize a transformation,
the system has to possess specific characteristics,
which in the following will be referred to as
change enablers. These are inherent characteris-
tics which can be activated in a specific time
period and create a desired change. The change
enablers identified in Fig. 5.11 can be derived
from the three system properties we described
above as being relevant to change [Her03].

Mobility as well as expandability and reduc-
ibility can be allocated to the system’s dynamics.
They characterize the objects’ ability to change
with regards to the location and extension.
Modularity as well as the function and utilization
neutrality are linked to complexity and describe

the ability to take on different system states.

Finally, the change enablers linking ability and

disintegration/integration ability are derived

from the degree of connectivity.

In practically applying these concepts it
became evident that they could be simplified
further and reduced to the five enablers depicted
in Fig. 5.12 along with their corresponding
definitions.

When it comes to practically implementing
changeability, in addition to these considerations
about the system from a technological perspec-
tive, it is important to consider the actors in the
enterprise  who decide about the degree of
changeability and how it will be concretely
realized.

e From the perspective of management the
question of interest is how quickly an entire
enterprise should react to risks and opportu-
nities, whereby aspects such as market and
product strategy, financing, cooperation,
organization and site are in the foreground.

e The business economics is concerned with the
opportunities and risks as well as the cost-
benefit relation of changeability. Is it worth
investing e.g., in increasing the changeability of
a production through a flexible manufacturing
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system which only pays itself off after the sec- it into concrete terms for the various classes and
ond or third product change? orders of a factory’s objects. In the following,

e A third perspective concerns the fechnical based on numerous discussions on the interna-
realization of the changeability of the indi- tional level, the term ‘changeability’ has been
vidual factory elements, beginning with the selected (see [WieO7]).

manufacturing and assembly facilities, as well

The next step is to identify the aspects which

as the logistic systems and their control up to need to be designed in addition to those in a
and including the buildings and their facilities. traditional factory planning in order to attain the

e Finally, from the industrial engineering per- desired changeability; an overview of this
spective there is the question of which condi- approach is provided in Fig. 5.13.

tions need to be met on the level of the

We will start by clarifying the external and

employees with regards to their motivation, internal change drivers (see Fig. 1.8), which
qualification and remuneration in order to present themselves in the demand volatility and
ensure the production is smoothly adjusted. the variety of goods and services forced by the
market. One of the frequent change drivers is a
new business strategy, triggered by a change in

ownership or management. The enterprise can

5.5 Aspects of Designing react by re-designing the market offering or the
Changeability production performance. In both cases the
changeability has to be adapted via the outlined

For the individual enterprises the question now is  change enablers. In regard to the market per-
how to define and concretely design the flexi- formance these change enablers include e.g.,
bility, reconfigurability and transformability that constructing modular products or services,
is demanded by all sides. In order to do so, it introducing a platform concept, or using pro-
seems practical to first select a generic term for gramming to build variants at a later time. Gen-
the different types of adjustability and to later put erally speaking, in the case of the production
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Fig. 5.13 Factors that impact the changeability of market and production performance. © IFA 14.790_B

performance the manufacturing processes, pro-
duction facilities and possibly the organization
should be designed to be changeable. In addition
to modularity, scalability and mobility are useful
change enablers here.

The degree to which the changeability should
be increased is dependent on the strategy selec-
ted, which—as already mentioned—ranges from
‘immediately required’ to ‘temporarily sufficient’
up to a °‘strategic orientation’. The degree of
changeability that should be pursued can only be
determined from here and is characterized by the
level of change and the acceptable duration of the
change as well as the costs deemed permissible
e.g., extra charges for having technological
building services that are easy to modify.

The improved changeability remains worth-
less if it cannot be quickly activated when there
is an impulse for change. It is thus necessary to
develop a concept for utilizing the changeability
i.e., in the form of a plan of action, trainings for
required personnel as well as ensuring that the

technical means for implementing it are avail-
able. This approach can be created in analogy to
a concept for fast setup processes.

Finally, it is preferable to be able to eco-
nomically evaluate planned or existing change-
ability and to be able to prove it as far as possible
with key performance figures.

5.6 Morphology of Changeability
A morphology matrix for the changeability of a
production enterprise can be developed from the
diversity of influential factors and their charac-
teristics (see Fig. 5.14). Theoretically, in such a
matrix each shaping of a factor can be combined
with each of the others; changeability can
therefore appear in a vast array of forms. In order
to apply these practically, it is useful to break
them down into different types. Before doing so
however, we will first briefly introduce the fac-
tors and how they express themselves.
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Fig. 5.14 Morphology of the changeability of manufacturing companies. © IFA 9903SW_B

First, change drivers are not only influenced
by the markets uncertainty and variety of prod-
ucts in the sense of risks, but also contain
opportunities with the availability of new man-
ufacturing methods (in particular: laser technol-
ogy, information and communication technology
as well as micro-, Nano- and RFID technology).
New forms of co-operations already supported
by the internet are also used in development,
supplier, production and logistic networks.

The second influential factor, the change
focus, comprises three objects and is depicted in
Fig. 5.15 along with the abovementioned change
drivers. In addition to the product mix (com-
prising of functionally superior products with
significant customer benefit), the performance
required from the market perspective also con-
sists of an ability to adjust delivery volumes with
demand fluctuations while reducing delivery
times, increasing delivery reliability and at the
same time decreasing production costs. The
production performance (as the generic term for
the function of the production to fulfill orders) is
considered here on the level of six enabling
elements, which can serve as the focus of the
changeability. These basically entail the manu-
facturing technology and the related production
logistics, the hierarchical and process organiza-
tion including employees, as well as the

production buildings and the land they are built
on. The interactions of these elements with the
market offering need to be concretely identified
within the scope of factory planning.

The two expressions of changeability men-
tioned above are initially oriented on improving
the market offering (external view) or the pro-
duction performance (internal view). However,
there are also interactions between these two. A
new product requires new production perfor-
mances. Inversely though, an initially new pro-
duction technology that is product-neutral e.g.,
the introduction of an electron-beam welder can
offer new possibilities for designing products.

The third change focus thus refers to business
processes (see Fig. 2.7). In addition to the main
processes (market opening, product develop-
ment, order obtainment, order fulfillment and
service) the supportive processes (human
resources, information and communication tech-
nology, accounting, general services and quality
management) deserve equal consideration with
regard to a company’s changeability. In view of
the growing significance of services as a field of
operation of its own, particular attention should
be dedicated to its increased changeability.

Usually, the primary change focus is the
market offering. Based on an analysis of
the business processes the demands on the
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Fig. 5.15 Change drivers
and focuses from the
market and production
view. © IFA 9902SW_B
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production process and their changeability are
determined from it. However, in other cases the
progressive deterioration of the technical, logis-
tical and economic production performance can
also provide the reason for a fundamental
change.

After deciding upon the focus of the change,
the question arises of how much changeability
should be ‘built-into’ the market offering or
production performance along with how great the
change potential needs to be. This is ultimately
dependent on the chosen strategy regarding the
desired change potential. There are three types of
change potential ‘necessary’, ‘sufficient’ and
‘competitive’ which can also be characterized as
operative, tactic and strategic.

The sort of changes allocated to the operative
change potential concern the usual market fluc-
tuations and disruptions that are unavoidable
even in a relatively stable environment. These are
reacted to spontaneously within the frame of
practiced routines and do not, for example,
require products or production systems to be
structurally changed. From the product side,
examples include designing variants or modular
systems that can be tailored to each customer.
From the production side this might mean the
change-over of a machine or assembly station
including changing the control program, tool and

fixture in order to obtain the necessary change
potential.

In comparison, the tactical change potential is
concerned with the consistent ability to deliver a
defined product spectrum in the medium term
with sufficient certainty in regards to the quality,
costs and logistic objectives ‘delivery time’ and
‘delivery reliability’. This includes for example,
measures for introducing manufacturing methods
requiring no setups, but also allows manufac-
turing, assembly and logistic structures to be
quickly changed for instance by introducing
manufacturing segments, reducing the manufac-
turing depth or having components supplied just-
in-time.

Lastly, the strategic change potential is aimed
at being able to introduce new product variants,
products and processes very quickly. In doing so,
the firm should gain competitive advantages in
regard to the price or delivery times, which sur-
prise both the customer and competitors. The
strategy here is to productively generate turbu-
lence instead of only managing it reactively.

As already discussed an enterprise does not
have an unlimited degree of freedom, describing
it as precisely as possible therefore serves to
expose the actual or supposed limitations con-
cerning the changeability. First, we have to dif-
ferentiate between the technical and logistical
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degrees of freedom, which we can also refer to as
the hardware degrees of freedom. Here, we are
concerned with which types of materials, manu-
facturing processes, assembly techniques, han-
dling/transportation and storage processes can be
managed at all including the planning, control-
ling and testing processes. In comparison, the
organizational-cultural degrees of freedom are
more “soft” in nature. They affect the possibility
of changing the structural and procedural orga-
nization without considerable resistance of the
employees and attaining the necessary qualifica-
tions, learning abilities, and readiness for change.
The latter is obviously a question of the corporate
and in particular management culture. Finally,
the economic degrees of freedom are often deci-
sive for a desirable changeability. These can be
demands on the economic efficiency of an
investment, such as a specified group-wide pay-
back period or also a financial limitation in the
form of a given investment sum for converting a
production or for building a new factory.

The last basic influential factor of change-
ability according to Fig. 5.14 is defining the
extent of change. Here the level and span of the
changeability that will be pursued for the product
or production has to be clarified. On the product
side, it can range from single pieces and their
material, form, size and precision up to the
product mix, whereas on the production side it
can extend from individual workstations up to
the location in a production network.

A time related change characteristic is the
frequency of the possible changes, which from
the product side is coupled with the rate of order
change-overs, product modifications, introduc-
tion of new products or changes in the product
portfolio. In comparison, extreme cases in the
production sometime include setup changes a
number of times per day, capacity changes a
number of times per week, structural changes a
number of times per month or site changes every
few years. Closely related to the frequency of the
changes is of course their duration. Generally it
can be determined that operative changes from
one order to the next should lay within the range

of minutes where possible, whereas structural
changes with tactical character are required
within the span of weeks to months. Even stra-
tegic changes in the products themselves or an
entire production must be possible within a span
of a year, in order to be able to cover the con-
version costs still with premium prices for orig-
inator products. A type of changeability that goes
beyond these is related to the enterprise as a
whole, which is searching in a global market for
future areas of operation in which the product
portfolio is established via a sales and product
network.

Finally, the permissible effort for a change
(measured on the internal and external personnel
capacity as well as the related earnings) are
highly significant for efficiently designing
changeable technical, organizational or personnel
elements of the market offer or product output.

5.7 Classes of Changeability

for Production Performance

As already indicated, when applied in industry it
is not very practical to define only one of the
changeability aspects for an entire production
enterprise. Rather, changeability serves as a
generic or umbrella term for different classes of
changeability corresponding to the different lev-
els of a production, which can be allocated to
corresponding levels of the market offer.

These levels of the production performance or
market offer can each be characterized from the
perspective of factory planning with six terms
that follow the traditional hierarchy of a factory
and its products. These in turn can be allocated to
different types of changeability. Figure 5.16
provides an overview (see also [HEMO9]).

The lowest level corresponds to the individual
workstation, which usually consists of one
machine and an operator. Here a defined oper-
ation is executed on a workpiece with the aid of
specific manufacturing methods e.g., a turning
operation, a surface treatment, etc. This leads to a



5.7 Classes of Changeability for Production Performance

107

classes of

changeability ICCHCHEVS

Fig. 5.16 Corresponding

levels of production, production level

changeability and products.

© IFA 14.791_B
@ network
@ factory
@ section
@ system
@ cell
@ workstation

product portfolio

- product group
£
8 >
L] £
£ > 8 individual product
c((2]l 2
s o || E
I * o group
(%]
e
part
part element

‘part element’, such as a drill-hole, gearing, or a
surface area. Accordingly, a number of parts are
joined into a sub-component on an assembly
station. In order to alter the process, so-called
change-over ability is required; on automated
stations this is attained by changing the control
program.

The next level comprises a manufacturing
cell, which can execute a sequence of operations
in order to produce a ready-to-use workpiece and
variants of it. Usually such cells are numerically
controlled and automatically change tools. Sim-
ilarly, a more or less automated process forms a
functional component in an assembly cell. Such
cells not only have to possess change-over ability
but also flexibility with regards to new parts or
components.

A system generally consists of a number of
stations or cells and represents a manufacturing or
assembly system depending on the operations it
conducts. It can be equipped with or without an
interim buffer and can arise in different configu-
rations e.g., circle, line, network etc. These sys-
tems serve to produce a group of different parts or
components, which however own a certain simi-
larity. Since not all of the variants of parts or
components are known when the system is being
installed, it has to also be possible to change it
structurally by inserting or removing components
as well as spatially re-arranging these components.

Thus in addition to being flexible, they also have to
be reconfigurable. If these systems in addition
own the change enablers defined in Fig. 5.12 they
are transformable.

Combining a number of such manufacturing
or assembly systems together, creates a section,
whose manufacturing and assembly units are
supplemented by logistic systems such as stor-
age, transportation and handling systems. Their
task is to produce different components, which
are in fact complete products that have been
tested and are able to be used. The sections have
to be flexible as well as reconfigurable when
there is a product change. If the sections in
addition own the change enablers, they are
transformable.

The factory level joins a number of such pro-
duction sections together, each of which yield a
defined market offer. In order to do so, in addition
to the manufacturing, assembly and logistics, it
needs certain infrastructural facilities for supply-
ing materials, energy, media and information as
well as for disposal. Here, in addition to the sub-
systems being reconfigurable, the planning and
control as well as the infrastructural systems and
employees have to be able to adapt to new tasks.
Are the change enablers available for all sections,
the factory is said to be transformable, otherwise
flexible. The presentation clarifies that a certain
factory level may well possess different classes of
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changeability, depending on the extent to which
change enablers are available.

Finally, a factory is generally part of a pro-
duction network. Such networks consist of a
number of factories on different locations and are
often closely linked with suppliers of product
components and sub-products. Changes on this
level are usually driven by strategies e.g., enter-
ing into a new market, changing the product
portfolio by introducing or removing products
from those offered, or merging with a newly
acquired firm. This requires agility and is first
and foremost a responsibility of management.

The types of changeability thus described are
defined as follows:

planning as well as a ramp-up and opti-
mizing phase.

Transformability refers to the tactic
ability of an entire factory, section or
system to reactively or proactively adjust
itself to a—usually similar—product
family and/or to change the production’s
capacity. This requires structural inter-
ventions not only in the production and
logistic systems, building structures and
their equipment, but also in the structural
and procedural organization as well as
personnel. The adjustment requires a

e Change-over ability describes the oper-
ative ability of a single machine or
workstation to be able to quickly execute
defined operations on a known work-
piece or part family at any desired point
in time with minimal cost. The change-
over is reactive and can occur manually
or automatically.

Flexibility refers to the operative ability
of a manufacturing or assembly system
to be able to reactively adjust itself to a
predefined number of workpiece types
or components by inserting or removing
individual functional elements quickly
and with minimal costs in regards to
hard/software. The adjustment is to
some extent manual but also includes
automated functions.

Reconfigurability refers to the tactic
ability of an entire production or logistic
section to be able to mostly reactively
adjust itself to a new—but similar—
family of components including the cor-
responding in-house manufacturing and
purchased parts. This adjustment is
accomplished by changing manufactur-
ing methods, material flows, and logistic
functions over the mid-term with an
average amount of effort in regards to
hard/software. The adjustment is mostly
done manual and generally requires pre

longer planning period, but can then
usually be put in place relatively quickly.
It is usually implemented in sub-projects
with strict project management and
includes both a ramp-up and optimizing
phase. On the levels below it, trans-
formability requires flexible, reconfigu-
rable systems that can be changed-over.
e Agility refers to the strategic ability of an
entire enterprise to mostly proactively
open up new markets, develop the nec-
essary market offering and production
performance and possibly to do this
across a number of sites. It requires con-
siderable abilities in the areas of man-
agement, financing and organization.

If we now try to differentiate entire production
enterprises with regards to their changeability, in
addition to the described types of changeability
on the different levels and their objects we also
have to consider their ability to network.

Figure 5.17 depicts a portfolio developed
from this for strategically positioning a produc-
tion enterprise with respect to their abilities to
adjust. The portfolio is described by these two
characteristics (changeability and networking
ability) and the degree to which these are
expressed (low, medium, high and very high).

Changeability is expressed in correspondence
with the concepts mentioned in Fig. 5.16 i.e.,
change-over ability, reconfigurability, flexibility,
transformability and agility. In comparison, the
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Fig. 5.17 Characterization
of production enterprises
from the perspective of
changeability and
networking ability. © IFA
9900SW_B
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stages of networking ability refer to the intensity
of the co-operations with suppliers, development
partners, production partners and customers. The
lower degree of networking ability corresponds to
the networking ability of traditional relationships
between suppliers and production enterprises to
counter peak capacity demands. A middle degree
of networking describes when smaller groups of
articles or components are passed onto suppliers,
who are already participating in the technical
development. With high level networking, basic
components or sub-systems are already devel-
oped and delivered by a collaborating partner.
The production enterprise also has a number of
sites, and the work related to products or their
components is divided among these.

In situations where there is a high degree of
networking, the local production enterprise
becomes the integrator for specific market offers
by coordinating payments and possibly services
for a specific market, which are organized geo-
graphically or according to customer groups. Co-
operations include development partners (for

middle high very high

changeability

sub-systems), production partners (for part and
component families) as well as logistic partners
(for supplying parts, distributing goods and
interim storage).

In a field such as this, four segments can be
defined whose descriptions center around the
types of change i.e., agile organization, trans-
formable organization, flexible organization and
autonomous organization. Segments 1, 2 and 3
are self-explanatory. Segment 4 is comprised of
autonomous organizations, which only maintain
a weak external network with suppliers, whereas
internally only the workstations and manufac-
turing/assembly systems can be changed over or
reconfigured.

5.8 Evaluating Changeability

In order to make the concept of changeability in
practice manageable, the factory objects first
have to be systemized. It is thus recommendable
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Fig. 5.18 Systemization of factory objects. © IFA 13.440_B

to organize the objects affected by the change
according to the factory level of detail on the one
hand, and according to the type of changeability,
on the other hand. On the left hand-side of
Fig. 5.18 the levels of detail for a factory are
depicted. Research [Nyh04, WieO5, Rei07] and
practical experience in numerous factory projects
has shown that in comparison to Fig. 5.16, such a
detailed level classification is not necessary.
The network level is thus replaced with ‘site’
(since here, only the external relationships are of
interest) and the cell, system and section levels are
summarized into ‘section/sub-section’. The types
of changeability refer to the technology, organi-
zation and spatial arrangement of factory objects.
In the matrix formed by these, 26 factory objects
can now be assigned to the first order. Each of
these objects is then further broken down, result-
ing in a total of 116 factory objects on the second
order (for descriptions of these see Appendix Al).
Further informations can be found e.g. in [Step(09]
Furthermore, it needs to be kept in mind that
the significance of each factory item is different
on each of the factory levels. This is clarified in

Fig. 5.19, which in comparison to Fig. 5.18 has
swapped the columns and rows. To prevent
objects from being considered a number of times
within the planning frame, it is practical to assign
them to a specific level as marked in the figure.

The changeability of a production is evaluated
according to the control loop depicted in Fig. 5.20.
The control loop was developed within the frame
of a research project and tested practically by the
participating industrial enterprises [Nyhl0].
An extensive description is found in [Klel3],
however, we will briefly explain the process here.

The starting point is a running factory which
is being impacted by a change driver. The driver
requires modifications that facilitate attaining the
target output. Initially it is assumed that the
available changeover and reconfiguration possi-
bilities fail to suffice the required change. If both
the existing flexibility and transformability are
insufficient, the changeability has to be adjusted
i.e., the flexibility corridor either has to be shifted
or expanded. The following steps are then prac-
tical [Nyhl3, p. 30 ff.] and are conducted by a
team of internal and/or external experts:
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Fig. 5.20 Control loop of
changeability. © IFA
13.448E_B
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e The change drivers, which can be broken
down into seven groups (legislators, custom-
ers, market, suppliers, competitors, business
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and network, technology and employees) then
have to be more precisely analyzed. A list of
the change drivers and their definitions can be
found in Appendix A2. Further steps are based
on the identified change drivers. An expert
panel identifies the factory elements affected in
order to gain a preliminary estimate of the
degree of change required for each element.
Figure 5.21 depicts this principle strongly
simplified, based on the example of the change
drivers ‘increasing the production volume’ and
‘introducing a new technology’.

e Next the factory areas that are affected by each
of the drivers need to be described. Four dif-
ferent perspectives are possible here. By
means of traditional business process analysis,
the process view describes the production
process. The spatial view visualizes the spatial
relations in the layout of the facilities. The
organizational view describes the hierarchical

structure of the company’s organization
including its employees, their principle
responsibilities (planning, control and opera-
tive) and the communication between them.
Finally, the logistics view describes all of the
logistics tasks under the headings procure-
ment, production and distribution as well as
the underlying model (see Sect. 6.2.3).

The actual changeability corridor now needs to
be evaluated from these four perspectives
against the background of the identified driv-
ers. This reveals whether the changeability is
sufficient or if it needs to be adjusted. A
questionnaire helps find a differentiated answer
on a detailed level. In the example shown in
Fig. 5.22, the driver is the development of a
welding transformer which should reduce the
previous variety. The object being considered
is the assembly system with its sub-elements.
It turns out that the only existing possibility for
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Fig. 5.22 Excerpt from adaption catalogue (example). © IFA 17.595_B

adaption is for the tools, whereas new solu-
tions have to be developed for the tool han-
dling and manipulator.

e The last step serves the decision as to whether
adaption measures need to be implemented
and if so what those measures should be. The
basic procedure for this is shown in Fig. 5.23.
Criterion 1 asks whether there is already an
existing solution to adapt the element to the
driver. The answer to this is based on the
adaption questionnaire developed in the pre-
vious step. Criterion 2 requires solutions
which are first evaluated based on the available
activation period, while Criterion 3 questions
the costs in comparison to the existing budget.
Frequently a quick solution is more expensive
than a cost effective variant. In consideration
of the prioritized strategy (operative, tactical,
strategic) the team then decides which solution
should be planned in detail.

Systematically analyzing the factory compo-
nents with regards to their changeability already

makes it possible to derive approaches for a
changeable factory, which have a large potential
for success (Fig. 5.24).

A carefully considered market strategy which
orients the entire organization on the customer’s
benefit is always the point to start. This leads to
product structures which meet their demands as
is for example described in the Global Variant
approach to production (see Sect. 4.12). The
technologies and methods that are implemented
have to be aimed at manufacturing the exact lot
size that the customer has ordered, while logistic
strategies for the supply and order processing
have to follow the flow principle. Moreover,
buildings should be designed adaptively. Finally,
it is imperative that employees be involved in
designing and operating the factory. In the fol-
lowing chapters, each of these aspects will be
discussed on the various levels of the factory and
further explained.

In this chapter, we have been able to see that
the concept of changeability can be made
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tangible. When changeability is understood as a
strategic factor for success, the interactions
depicted in Fig. 5.25 should be kept in mind
[HegO7].

A change is only successful, when the
change process is (a) understood as a strategic
approach which always keeps a mind on the
balance between the target and actual change-
ability, and (b) is oriented on the speed
demanded by the market but never forgets to
keep an eye on the costs. It is thus not enough
just to attain the necessary changeability in the
sense of a process capability; rather when a
change is necessary, the changeability must also
be utilized within the required time. This in turn
requires employees to be competent in manag-
ing a change.

5.9 Vision of the Changeable

Factory

Based on our discussion up to here we are able to
develop a vision of a changeable factory based
on the model of a sustainable production. In
correspondence to Figs. 2.9 and 5.26 differenti-
ates this vision according to an external view
(production as a strategic mean) and an internal
view (factory as a physical enabler).

Divergent from the conventional factory,
which is characterized by change-resistance and
internal optimization, the future production has
to be oriented on market strategies and the
products derived from them. This requires teams
who, based on clearly communicated goals,
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independently plan and operate business pro-
cesses. In doing so, they are oriented on the
technical and operational limits of the shop floor,
but also on physical and logistical restrictions.
The basic principle in realizing the factory is
ensuring that the resources and organization is
appropriately changeable and mobile across all of
the structural levels from the factory site to the
buildings, to the manufacturing and assembly
systems down to the individual workstations.

This requires ‘usage-neutral’ buildings which
survive generations of products and processes yet
echo a design that mirrors the enterprise’s self-
image and its market offerings.

Finally, a clear ability to network externally
with respect to logistics, organizational aspects
and communications technology has to be
ensured in order to effectively co-operate with
suppliers, development partners and customers.
The notion of sustainability comprises a long-
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term economic success, which however, takes
into consideration the employee’s social con-
cerns and acts environmentally responsibly.

As a result, a vision for factories arises, which
—organized according to value-adding units for
different market requirements—can be converted
quickly and economically.

A modern theater can be seen as a metaphor
here, whereby its stage technology allows scenes
to be changed noiselessly in shortest time with
the curtains open. In a factory, this change-over
ability requires production modules, which are
reconfigurable within minutes or hours, because
thanks to the ease with which they can be moved
and locally controlled they can communicate
with a higher level control.

Due to the necessity of managing variants the
traditional separation between pre-manufacturing
and assembly has to be called into questioned.
Variants are thus formed in so-called ‘production
end stages’ during the latest possible step of the
final assembly by integrating variant defining
manufacturing operations in the assembly pro-
cess. Motivated by a logistic perspective, a fur-
ther vision is that of a steady flow of materials
without any stops through the value-adding
stages. This ensures the lowest inventories,
shortest throughput times and subsequently, the

greatest responsiveness. A maxim for this vision
could be “produce in one day, what the customer
ordered by the end of the day before—no more,
no less”. Ultimately, the changeable factory can
go as far as pre-tested, mobile factory modules,
which can be moved on the factory site, but also
to other sites. Whereby, a zero emission factory
is the benchmark for a healthy and attractive
work environment.

Before we extensively discuss the necessary
planning process under the heading of synergetic
factory planning in Chap. 15, we need to con-
sider what objects the planning has to look for in
order to create a real factory. Thus in the next
chapters we will describe this corresponding to
the levels depicted in Fig. 5.18 (workstation, sub-
section/section, factory and site). In doing so, we
will describe each level from both functional and
spatial design perspectives.

5.10 Summary

In this chapter changeability is defined as an
umbrella term for five classes of adaptability,
which are applicable to the different levels of a
factory: change-over ability on the workstation
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and cell level, flexibility on the cell, system,
section and factory level, transformability on the
factory, section and system level and agility on
the network level. In order to enable the factory
objects on the different levels to change,
changeability enablers are necessary which are:
universality, mobility, scalability, modularity and
compatibility. To install the appropriate change-
ability in a real case, a balance has to be found
between the desirable and the affordable. These
considerations in turn give rise to practical hints
about how to design the different aspects of a
factory beginning with product design, technol-
ogy, building, logistics and organization.
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