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Abstract The design of any industrial system is a
complex problem where many domains are involved.
Each domain developed its own way of modeling based
on a mono disciplinary perception. This leads to a
communication problem and consequently to expec-
tations on the formulated solution that do not corre-
spond with the real solution. To enable the
communication between domains and to preserve the
match between intentions, expectations and reality of
the system to be designed, a combination of a soft and
hard systems approach is used to define a Conceptual
model for Industrial Systems (CIS). The use of the
model during design is illustrated for the technical
domain, but has proven to be applicable for the orga-
nization and information domain as well.

Keywords Systems approach - Conceptual design -
Concurrent engineering - Collaborative design

1 Introduction

One of the recurring problems in any large-scale design
project is the relation between the multidisciplinary
design and the mainly mono-disciplinary participants.
There is a clear mismatch between the intentions of the
decision makers and the perceptions of the domain
experts. This mismatch can only be explained by
assuming a communication problem. Every domain

H. P. M. Veeke (X)) - G. Lodewijks - J. A. Ottjes

Faculty of Mechanical, Maritime and Materials Engineering
(3mE), Delft University of Technology, Mekelweg 2., 2628
Delft, The Netherlands

e-mail: H.P.M.Veeke@wbmt.tudelft.nl

developed its own vocabulary and its own specific way
of conceptual modeling. Although often based on ““a”
system approach, the models differ significantly with
respect to the defined elements and relations. For
example, organization experts consider organizations
as combined social, technical, and economical systems;
Logistics emphasizes an integrated approach to deal
with an operational system; Information technology
developed several approaches for the design of infor-
mation systems. They all construct conceptual models
to formulate problems and find solutions. However,
each of these conceptual models covers only part of the
elements and/or relations of the system as a whole.
Apparently, conceptual modeling is considered part of
the domain itself.

During the last decades, there is a clear tendency to
expand conceptual models in order to include more
elements and aspects of the whole system to be de-
signed. For example, until shortly object oriented
information system methodologies were used just to
design software systems; the more recent Object Ori-
ented Change and Modeling Language (OOCL) is
used to design and understand business systems as a
whole (Swanstrom 1998).

However, expanding conceptual modeling from a
domain specific view does not solve the problem of the
different system perceptions as mentioned above. It
rather invites to a fortified defense of the domain
borders and complicates the communication between
the domains. The result is a problematic cooperation,
which complicates the job of project management in
order to achieve the common project goals.

Our approach is to avoid the differences in system
perceptions by considering the activity of conceptual
modeling a generic interdisciplinary rather than a do-

@ Springer



86

Res Eng Design (2006) 17:85-101

main specific activity. The term “interdisciplinary”
denotes cooperation with a common objective (and by
this a common perception of the system). This objec-
tive is and stays the starting point for all activities
during the design project and project management
serves this objective. An interdisciplinary approach still
incorporates domain specific concepts, but it starts
from a single system concept. This single system con-
cept supports an improved and unambiguous cooper-
ation and communication between the different
domains.

Therefore, the main questions that will be answered
are:

1. What methodology can be used for generic
conceptual modeling?

2. Until what stage of design can a generic conceptual
model be used and how does it connect to domain
specific conceptual models?

With respect to the first question, the “‘systems ap-
proach” emerged during the last half of the 20th cen-
tury originally as an interdisciplinary approach to study
“systems.” It opens the way to a generic conceptual
way of modeling of industrial systems, thereby avoid-
ing the jargon and specifics of separate domains. Here
the systems approach will be elaborated by starting
with a general concept for purposive systems. This
concept will lead to a real conceptual model for
industrial systems (CIS) until the level, where single
domains inevitably have to become specific.

With respect to the second question, the use of the
conceptual model during a design project will be
explained emphasizing the interaction with domain
specific concepts. In order to achieve a concrete and
applicable result, the domains considered are restricted
to Technology, Organization, and Information Tech-
nology. Other domains like Sociology and Economics
could be added, but are not considered here.

2 Problem definition

To assure the validity and correctness of a conceptual
model, most domains develop verification and valida-
tion activities. Figure 1 shows these activities [based on
(van Gheluwe 2000)]. There are three ‘“‘systems’: the
real system with its (measured) input and output, the
conceptual model of the system with assumed input
and required output and finally the physical model with
modeled input and output. The conceptual model
usually exists in the mind of the modeler, based on
perception and expressed in modeling elements and
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rules. The physical model is the result of using domain
specific tools, varying from drawings to fully opera-
tional prototypes.

Validation checks the consistency of measurements
in the real system with the physical model. There are
various Kinds of validation. Concept validation between
reality and the conceptual model is primarily the
evaluation of realism of the model with respect to
the goals of the study. Structural validation concerns
the evaluation of the structure of the physical model
with respect to the perception of the system structure.
Behavioral validation evaluates the behavior of the
physical model. All kinds of validation depend on the
presence of a real system and offer the possibilities to
judge the quality of a model. Validation is answering
the question: “Is this the correct model?”

Verification checks the consistency of a physical
model with respect to the conceptual model. It is
answering the question: ““Is the physical model working
correctly?”” Verification is considered an activity that
exclusively belongs to the domain itself.

Validation is in fact the interface between the
domain and the other domains, in order to assure
confidence in the modeling results. In Fig. 1 the
boundaries of the domain are denoted by the dotted
rectangle. The way in which the subject matter experts
make their conceptual and physical models, is
controlled by the validation activities. In practice this
leads to two types of questionable situations:

1. Domain related support is considered a ‘‘black-
box’’: just pop in the questions and correct answers
will be returned. Validation has become the
responsibility of the subject matter experts.

2. Inthe case of innovation projects the possibility for
validation does not exist, because there is, as yet,
no real system. The real system itself is a subjective
perception of each participant involved.

Returning to Fig. 1, the absence of a real system
prevents the use of validation activities. The only way
to guarantee the correctness of modeling results now is
fully dependent on verification. For this reason, it is
necessary to involve other domains in the verification
activities. The structure of the conceptual model must
be implemented in a physical model in such a way that
it can be recognized (and thus verified) by all parties
involved. This is also important for the behavior of the
modeled system.

“Collaborative” is therefore defined as combined
verification of a common conceptual model. The
concrete advantages of ‘‘collaborative” conceptual
modeling will be:
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Fig. 1 Verification and
validation activities
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1. An improved correspondence between design
expectations and operational reality. The opera-
tional system itself will not be “better,” but the
results of the system will better fit to the expected
results. Indirectly this may lead to better systems, if
the expectations are not satisfactory and urge the
creation of a better design.

2. The construction of ‘“‘shared memory” for suc-
ceeding (re)design projects by creating a ‘“‘shared
meaning” for system related terminology. The
conceptual model represents decision-making in
defining goals, restrictions and alternatives. Future
projects can use this information to decide upon
the level at which a design revision effects the
original design.

The conceptual model will always be required for
communication on and feedback of detailed designs.
The use of the model supports the structured recording
and evaluation of elaboration and changes. This satis-
fies the major condition to construct “‘shared memory,”
from which future design processes can draw again.
Shared memory starts with ‘‘shared meaning” and the
model plays a major part in this (Konda et al. 1992).

3 A systems approach for a conceptual design model

The systems approach evolved as a generic domain
independent approach during the last decades to
investigate and describe ‘‘systems,” not only by
studying the elements but by emphasizing the relations
between the elements (Wiener 1948; Bertalanffy 1968;
Beer 1985). The systems approach supports decision-
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making by formulating problems “in terms of sys-
tems.” A system is defined as a: “‘set of elements that
can be distinguished from the entire reality, dependent
on the objective of the researcher. These elements are
mutually related and (eventually) related with other
elements in the entire reality” (in ‘t Veld 2002).

In literature, systems approaches are classified in
different ways (see a/o Jackson 1991; Whitmore 1998;
Wigal 2001; Daellenbach 2002). The classifications
range from dividing systems approaches according the
researcher’s subjective or objective system perception
(e.g. Keys 1991) to dividing systems approaches
according the system’s complexity level (e.g. Boulding
1956; Checkland 1981). Applications of the systems
approach are divided into three categories: ‘‘hard”
systems approach, “‘soft” systems approach and ‘‘crit-
ical” systems approach (Flood and Jackson 1992).

Hard systems approaches consider a system logically
based and capable of unbiased description. They are
characterized by the modeling of purposive systems in
order to optimize a performance or required objective.
The basic assumption, whether or not implicitly, is that
the problem is stated right and unambiguous. Typically
hard systems approaches are Operations research,
systems analysis, software development, database de-
sign and systems engineering.

The soft systems approaches consider a system a
subjective perception: dependent on the observer the
same system is presented in different ways. The ob-
server himself may also be part of the system and may
have his own objectives besides the system’s objective.
Soft systems approaches therefore are mainly aimed at
the understanding and the formulation of these so-

@ Springer



88

Res Eng Design (2006) 17:85-101

called ill-defined problems and address the ‘“what”
question instead of the “how’ question.

The critical systems approach emerged in the 1980s
and ‘“‘sits somewhat uncomfortably in the overlap be-
tween sociology, organization theory, systems thinking
and by extension management science’ (Daellenbach
2002). This approach looks at the methods developed
by hard and soft systems approaches from the per-
spective of existing social structures and aims to define
the conditions for their applicability. The contribution
will result in a better definition of preconditions for
problem statements and the period of validity of
solutions.

The hard systems approach is in fact part of the soft
systems approach. Once the stakeholders reach
agreement on the problem statement (a consensus on
subjective perceptions), methods of the hard systems
approach can be used to solve the problem. Recapit-
ulated briefly, the soft systems approach aims to state
the right problem and the hard systems approach aims
to solve the problem right.

The design process of an industrial system requires a
soft systems approach to deal with different percep-
tions. The design process starts with a so-called ill-de-
fined problem. The first steps of the process must lead
to an agreement on the objectives and conditions. By
then it is called a well-defined problem.

Example Efficiency generally forms part of the
objective of an industrial system as a whole. But an
operations manager interprets efficiency as a need for a
high and constant degree of capacity utilization (an
operational objective), which can be achieved by high
stock levels; However, a financial manager interprets
efficiency as a need for low capital costs (a financial
objective), which can be achieved by low stock levels in
contrast with operations.

Using a hard systems approach only would pass over
the proper objective definition and will lead to:

1. Accepting system boundaries as given. For exam-
ple, looking at the effect of economic lot sizes, if
one does not take the environment of the total
supply chain into account, the savings may be
smaller than the extra costs (Christopher 1998).

2. Considering elements as being naturally defined. 1f
one regards an organization as a system, often the
existing departments are regarded as the elements.
But the departments are the result of design pro-
cesses in the past. By doing so, the assumptions and
starting points of these earlier design processes are
implicitly imported into the new design process,
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with its new objectives and in a changed environ-
ment.

Research in a “‘systemic” way aims to identify the

general, structural and functional principles that can be
applied to one system as well as to another.
Example The activities at a container terminal are
performed by many types of equipment; there are quay
cranes (QC), stacking cranes, straddle carriers (SC),
multitrailer vehicles, automatic guided vehicles
(AGYV), etc. Yet, regardless of the equipment used, all
activities are traced back to three types of functional-
ity: to transfer, to transport and to store. These form
the functional principles of all activities in any con-
tainer handling system.

Activities expressed in terms of their functionality
will be called ““functions.” Now the problem is to find a
system concept in a hard systems approach, which can
be generally applied within the design process of an
industrial system, taking the soft systems approach into
account, which can provide a more or less lasting
framework for specification and review of industrial
systems.

Such a system concept will be called a conceptual
system model and these models should contain func-
tions as elements. Checkland (1981) positions the use
of these models in his Soft Systems Methodology
(SSM), the most widely used and accepted soft systems
approach. The basic principle of SSM is shown in
Fig. 2.

Step 3 is the first step, which can be called ““Systems
Thinking.” The free form description of the system
(“rich picture”) is analyzed and “root definitions” are
defined by abstraction. Relevant systems are distin-
guished in which activities are formulated. A number
of activities is declared absolutely necessary for the
system and these are the root definitions. A correct
root definition satisfies the so-called CATWOE prin-
ciple. It states explicitly the Customers, the Actors of
the activity, the Transformation performed by the
activity, the World view (Weltanschauung) of the
activity, the Owners and the accepted preconditions
from the Environment. The root definitions are used to
construct conceptual models in step 4. In the next step
these models are compared with reality as described by
the rich pictures. The comparison leads to the identi-
fication of feasible and realizable changes. These
changes determine the actions required to improve or
solve the problem situation.

One of the main shortcomings of SSM is that “the
objective” is missing in the definition of a root defi-
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Fig. 2 The soft systems
approach
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nition according the CATWOE principle; the very
same objective, which was found to be the expression
of subjective “‘perception.” Therefore, in order to
apply a hard systems approach in the conceptual
models, the objectives must be preserved by defining
the elements as ‘“functions” rather than as “activi-
ties” or ‘‘tasks.”

There are only a few models that conform to the
function approach in order to construct a conceptual
model of an industrial system. The models are the
Formal System Model (FSM) of Macauley (1996), the
Viable System Model (VSM) of Stafford Beer (1985),
the Steady State Model and Innovation Model of in ‘t
Veld (2002) and the Control Paradigm model of de
Leeuw (1982). FSM, VSM, and the Control Paradigm
focus on the modeling of control, there is no concep-
tual representation of products or transformations
being made; while the emphasis is on industrial or
producing systems, the focus will be on the models of
in ‘t Veld. However, some general rules can be derived
from the other models that should hold for all con-
ceptual models of industrial systems:

1. There should be some objective and a measure of
performance.

2. There should be a decision-making process with
decision-making resources.

3. The system should be stable or be able to recover.

4. The system is part of a wider system or an
environment.

Root definitions
of relevant
systems

Systems Thinking

4.
Conceptual
models

4b.
Other
Systems thinking

4a.
Formal system
concepts

5. The goals of (and thus the functions within) control
can be divided in objective-keeping and objective-
adjustment goals. Beer calls the objective-keeping
functions System 1, 2, and 3 (“‘here-and-now’’) and
the objective-adjustment functions System 4 and 5
(“there-and-then”). de Leeuw calls them ‘‘routine
control” and ‘“‘adaptive and strategic control.”

6. All models recognize the property of recursive-
ness. Each function in the model can be regarded
as a complete system again.

in ‘t Veld (2002) defines two separate models: the
Steady State Model and the Innovation Model. The
Steady State Model exactly matches the objective-
keeping functions of all models mentioned above and
the Innovation Model all objective-adjustment func-
tions. Above that, in ‘t Veld relates the functions to the
primary operational function (the “‘transformation’”) of
an industrial system, stating that these systems always

1. have repetitive processes. They do not make one
single product, but they aim to make many (more
or less) identical products.

2. should not only control the making of a single
product but also the making of a series of products.

3. have many repetitive processes and that it depends
on the goal of the researcher, which process will be
considered the primary process. Not only products
are being made in a repetitive way, but also orders
are being handled repetitively, and information is
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being processed repetitively. Selecting the repeti-
tive process to consider, restricts the model of the
system to one so-called “‘aspect.” For each aspect a
complete Steady State Model can be constructed.

For this moment, the Steady State Model will be
further explained. The Innovation Model will be
explained in the description of the design process of an
industrial system. The design process is the conse-
quence of changed or new objectives.

The steady state model represents the required
functionality for only one single aspect of the system.
The design of a multidisciplinary product or system
requires several steady state models, one for each as-
pect. Each aspect will be reflected by a single flow of
elements.

Considering an industrial system, three aspects
should always be included in the conceptual model.
First of all the “product” as a flow of elements to be
transformed. To make a product “‘resources” (people,
tools and equipment) are required. To be able to use
them, they must enter the system and they will leave
the system as used resources. The third aspect is the
flow of orders; without customer orders no products
will flow and no resources are needed. Orders are
transformed into handled orders. The combination of
these aspects with the control paradigm of de Leeuw
results in the basic CIS (Veeke 2003, see Fig. 3).

In this model the processes are shown in a structure
including a control function. The control function
translates requirements into feasible standards for each

Requirementi PPen‘ormance

' |

' |

| Control |

! !

' |

| Standards Results |

| v |

' |

' |
|:|::{> Perform : >
Customer | | Handled
order : ﬂ Task W | order

|

I
I:Ef‘> Operate :
Product | | Delivered

I W Assignﬂ | product

| ment |
|:If‘> Use : >
Resources | | Used

I | resources

Fig. 3 Basic conceptual model for industrial systems (CIS-model)
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of the aspects and their interfaces. Zooming in one
level results in three one-aspect models that are steady
state models on their own, but they are related by a
task-progress interface between Perform and Operate
and an assignment-relapse interface between Use and
Operate. Each of the steady state models consists again
of a control and process function and represents a
complete function.

In order to stay clear and to preserve the notion of
“objective” (preventing the same problem as with the
CATWOE principle), now the terms ‘function,”
“process,” ‘‘transformation” and ‘‘task” will be de-
fined unambiguously. During this, the complete Steady
State Model will be constructed and it will finally be
positioned into the structure of Fig. 3.

Each form of industrial activity fulfills a function,
transforming input into output, based on requirements
from the environment or surrounding system. Fig-
ure 4a shows a function as a black box.

Neither resources nor organization nor technology
are specified yet, only the physical realization (the
output) and the performance are represented. A
function is therefore defined as ‘‘the required contri-
bution of an element to a wider system to which it
belongs.” How this contribution is achieved is of no
concern here, it should only agree with the require-
ments. Thinking and describing systems in this way
preserves all possibilities to achieve the required out-
put and opens the way to consider other technological
and organizational possibilities than the one being used
now. If there is no need for the output, the function is
useless.

Example A dynamo of a bicycle transfers mechanical
energy into electricity by using the rotations of the
wheel; this is a task description for the function ‘“‘to
produce electricity.” The function can be fulfilled in
many other ways (for example, by a battery). A task
description is device specific.

The output is physically realized by a ““process” and
according the control paradigm (as explained with
Fig. 3) the performance should be achieved in a con-
trolled way (see Fig. 4b). Function control is intro-
duced as the part of control, which translates
“requirements’ into ‘‘standards” for the process. The
output of the process is registered in “results,” which
are translated again into terms of performance. For
example, an outside requirement like delivering an
order at a certain delivery time, is translated into an
internal production planning scheme for the composing
parts production and assembly; and at a container
terminal, a customer requirement like a required berth
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Fig. 4 a The function B
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time of 24 h for a ship to unload and load is translated
into working packages/production rates per shift/QC.

These translations deliver standards for the process
in order to know their (lower-level) objectives and to
define things like “progress” during operation (the
interface with the perform function of Fig. 3). Within
function control two functions are required: the
initiating function to deliver the standards and an
evaluating function to deliver the performance. Both
functions interact with each other, which may lead to a
redefinition of the standards in case of regular
deviations in the results.

The process function correctly and repetitively
transforms correct input elements into correct output
elements. Based on this general definition three
function zones within the process blackbox can be
distinguished (see Fig. 5):

1. An input zone, taking care of the correctness of
input elements.

2. An output zone, taking care of the correctness of
output elements.

3. A transformation zone, transforming the elements
in a correct way.

What ‘“‘correct” means is expressed by the stan-
dards; in the input and output zone it applies to the
facets quality and quantity of elements. Quality func-
tions will be called filter functions and their objective is

A
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Fig. 5 Processing functions within the process

Function

to guarantee that input elements agree to the quality
standards, otherwise they are not allowed to enter or
leave the process.

Quantity functions are buffer functions for cases
that the input flow rate temporarily exceeds the
transformation rate or output elements cannot be
delivered immediately. Furthermore the input zone
may contain a function to uniquely identify each
element (encoding) for use in the transformation, and
the output zone may contain a function to identify it
for use by the environment (decoding). The latter
could be, for example, the way of packaging and user
manuals.

All of these functions affect each single element and
each single transformation, but there are also functions
required to take care of disturbances within the process
itself. Each function defined until now, has standards to
be achieved, but it may happen that reality shows
deviations from these standards. Due to a bad supplier
the input flow may become too small for a while, and
vice versa: Due to disturbances in the transformation
the buffer function may overflow, etc.

Three types of control may be required to provide
controllability:

1. A feed forward control loop, measuring the cause
of disturbances.

2. A feed back control loop, measuring the result of
disturbances.

3. A material repair loop for elements that were not
correctly transformed but can be repaired.

Control loops consist of a measurement, comparing,
deciding, and intervention function.

Example Six hundred containers must be unloaded
from a container ship; the standard time taken to
unload the ship is 10 h (standard value 1). Each QC
unloads 30 containers/h on average (standard value 2).
So two QC are assigned to this operation. If after 6 h of
operation the number of containers unloaded is less
than expected, an extra QC is assigned. This is an
example of feed forward based on a disturbance in
throughput. From repeated monitoring of unloading
ships, it appears that an extra QC had to be assigned
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regularly. Now two possible decisions can be made:
decrease the standard value for the QC to 25 con-
tainers/h or increase the berth time of ships. The latter
will probably not be accepted by the environment. This
is an example of function control.

By this the complete steady state model for repeti-
tive processes has been defined. The model is recursive
in the sense that all functions within the model can be
regarded as complete functions again. The steady state
model is a real conceptual model for use in an indus-
trial system. It has all the characteristics of a concep-
tual model for objective-keeping processes and is
empty with respect to resources, tools and methods.

A function description must be determined by
means of abstraction from the physical reality in order
to construct a conceptual model. It is not important
“how” something is done, but “what” and ‘“‘why.”
Abstraction to functions offers two advantages:

1. It stimulates to be creative and to radically change
the way of realization, either by different techno-
logical tools and equipment or by combining
functions in a different way. It is a structured
pathway to reach innovation, next to the other
path of “‘accidental creation.”

2. If the design is recorded in terms of functions, the
basic assumptions and choices made during the
design process remain clear and accessible for fu-
ture design projects. This construction of ‘“mem-
ory” prevents the “invention of the wheel”” once
again and excludes the implicit assumption of
superseded conditions (see example).

Example During the design process of the highly
automated Delta Sea-land Terminal (as a part of ECT
in Rotterdam) the organization of the container
“stack” (storage) appeared to be one of the most
important factors for the performance of the terminal
as a whole. It was shown that reshuffling containers
during their stay in storage would significantly improve
the effectiveness of the final transfer process. However,
based on experience with manual container handling
the following principle was implicitly applied: “‘a con-
tainer once stored will not be moved until the moment
of final export.” The most important reason was the
risk of container loss or damage. This risk was no
longer under discussion with full automation and
therefore this principle was no longer valid.

Figure 5 also shows the difference between the
terms of function, process and transformation. A
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function expresses the objectives, a process the repe-
tition of transformations. As soon as a transformation
is expressed including the resources being used, it will
be called a task from now on.

Each of the rectangles Perform, Operate, and Use of
the CIS model of Fig. 3 can be represented by a steady
state model as depicted in Fig. 5. Showing the three
aspects ‘“‘order,” ‘“‘product,” and ‘“‘resource” in one
model, explicitly illustrates the requirement for a well-
defined coordination between these three. The com-
bined (function and process) control on these aspects
should preserve the feasibility of the requirements and
focus the attention to disturbances, which affect more
than one of the flows. For example, maintenance
programs and disturbance characteristics of resources
directly influences the assignment possibilities for the
Operation, and the level of detail of tasks sent to the
operation directly influence the flexibility of process
control there.

4 Using the conceptual model for industrial systems
model in a design project

In the course of the design process, the level of detail
of the CIS model increases continuously by succeeding
cycles of problem formulation and solutions, or in
terms of the previous paragraph by translating
requirements into standards. Zo