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Abstract

Configuring and reconfiguring a manufacturing system is presented as
an issue with increasing importance due to higher frequency of system
configuration or major reconfigurations to accommodate new set of
requirements and/or the need to configure the system to make it usable
across generations of products or product families.

This research has focused in the modeling, evaluation and selection
decisions which involves multiple, incommensurate and conflicting ob-
jectives. Which renders configuration a multi criteria decision making
or multi objective optimization problem.

A manufacturing system configuration design is strategic, i.e., the
effects are long term and determines the competitiveness of manufac-
turing. A case study in one of Swedish large discrete part manufactur-
ing which produces variants of products for two different market seg-
ments is conducted to verify the fit between the manufacturing strategy
and the existing system configuration.

The relevance of aggregate modeling is discussed and it’s argued
that system dynamics has the advantage over analytical methods in
its capability to capture the complexity, its capability to evolve into
more rigorous and detailed model, and the lesser time needed for the
assessment especially when there are a number of alternatives.

Circumstances are when a cost model may suffice for certain com-
parative analysis. The challenge with cost models is the difficulty in
projecting intangible factors in terms of cost.

However, approximation to some important factors can be made
that may give insights in the comparative performances of alternatives.
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In line with this view a cost model that comprises the investment and
operation costs, quality and reliability is proposed.

Application of AHP and ANP for preference weight (subjective)
elicitation and qualitative performance evaluation, entropy for objec-
tive weights calculation that may help to evaluate the discriminating
ability of a criteria, Pareto frontier Analysis particularly Data Envel-
opment Analysis for selection and ranking of alternatives are shown to
be relevant and applicable in configuration design.

A comprehensive design decision matrix called House of Assessment
is proposed that captures the dependency among the criteria and eval-
uation objectives weights of the criteria using entropy to determine the
discriminating ability of the criteria whenever appropriate.
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Chapter 1

Introduction

In this chapter the research background and theme, the motivation for
research in MS configuration design and the research questions are pre-
sented.

1.1 Background

The ever-increasing need to reduce time to market and cost while ful-
filling the all-the-more customized products with better quality are the
driving forces for the advances being made in all aspects of manufac-
turing.

In quest of achieving these needs, manufacturing has witnessed a
number of paradigm shifts that are embodied with new strategies and
methodologies to enable competitive manufacturing.

The frequency of introducing new products and manufacturing tech-
nologies is increasing. The implications of these to the manufacturing
system is obvious: higher frequency of system configuration or ma-
jor reconfigurations to accommodate new set of requirements and/or
configuring the system so as to make it usable across generations of
products.

2
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Figure 1.1: MS Life Cycle (slightly modified from (Wu, 2001))

Platform manufacturing, reconfigurable manufacturing systems, holonic
manufacturing are some of the examples for the latter.

A manufacturing system design approaches essentially involves a
structured top down approach. (Cochran et al., 2000), (Warnecke,
1993).

Generic to this top down approach, a number of interrelated and
possibly iteratively executable tasks can be identified. According to
a phase based design task model there exist three phases or stages:
preliminary design, system or configuration design and detail design.
(Wu, 2000), (Beitz and Pahl, 1988).

In preliminary design task a top down analysis of the design re-
quirement and transformation to a functional specification are made.
(Beitz and Pahl, 1988) . During this stage user needs and performance
requirements consistent to strategic objectives are identified and the
system is specified in terms of functional requirements. The product
of this phase is a set of preliminary system specifications.

Ensuing to this task, physical descriptions are developed in con-
figuration design to fulfill the requirements. In this stage, technology
selection and process planning from which a Master Flow Diagram or
Technology Diagram is developed, design parameters are identified and
connected or arranged to form the system.

3



1. Introduction

In configuration design task, alternative design solutions may exist
among which a specific one has to be selected.

For instance given a set of design requirements and a Technology
or Master Flow Diagram, alternative routes of production could exist
that can be realized by possibly multiple alternative resource types and
arrangements, i.e., there could exist multiple alternative configurations.

The design space of such a configuration task is thus formed as a
set of all these alternatives. In detail design stage, detailed issues such
as the spatial details of the arrangement, ergonomic considerations,
method and job designs and operational issues are completed.

Being a design tasks, configuration design can also be thought to in-
clude three stages at each level namely: generate solutions(alternatives)-
evaluate - and select. The focus of this research is in the latter two i.e.,
in the evaluation and selection of system configurations.

1.2 Research Questions

The following premises form the background for the main research ques-
tion

i. Firms need to be high performance or responsive to be or remain
competitive in today’s manufacturing.

ii. Manufacturing system configuration is a strategic process with a
long term effect.

iii. During the manufacturing system design process, there exist a need
to handle multiple objectives some conflicting with each other and
incommensurable.

iv. Developing new tools, methods and methodologies pertinent to
configuration design is a persistent research endeavor.

v. The efficiency and effectiveness of these tools, methods and method-
ologies are determined, among other factors, by their contribution

4



Motivation

to the reduction of the overall development time, re-usability and
accuracy of output.

vi. Typical to a design process, configuration design can be considered
of having three stages: generate alternatives (define the design
space), evaluate the alternatives, (mapping to performance space)
and select the best.

This research focuses mainly on issues related to the latter stages
of configuration design i.e., the evaluation and selection by raising the
main research question that is stated as:

For high performance and responsive manufacturing system configu-
ration, how should the multi objective nature of configuration be handled
during evaluation and selection stages?

Derived from this main research question and as a gateway toward,
the thesis focuses on the following three research questions:

1. How can a generalized configuration design and the various con-
figuration types be defined?

2. How can the dynamics of production systems be captured (mod-
eled) and analyzed compatible to the particular configuration
task?

3. How can the requirements corresponding to a specific configura-
tion task be analyzed to suit the evaluation process?

1.3 Motivation

In Section 1.1 it was stated that configuration or reconfiguration of
a manufacturing system has increasingly become a crucial issue as a
result of the need to accommodate new product requirements and the
need to prolong the useful life of the manufacturing system across gen-
erations of product variants.

5



1. Introduction

Accordingly the industrial relevance of the research is evident from
the emphasis given to configuration in industry in relation to their
competitiveness.

From the academic point of view, modeling of the system at dif-
ferent decision or abstraction levels and analysis of requirements for a
certain configuration task are of interest even beyond the domain of
manufacturing.

1.4 Disposition

This thesis contains the description of the research background, theo-
retical frame of reference and the body of the research carried out and
is organized in three parts.

In Part I, two chapters are included the background to the research
and the research method used. Following this in Part II, which contains
three chapters, relevant concepts and the theoretical frame work is laid.
Configuration design as a design is further discussed and taxonomy of
configuration design tasks is proposed.

In the last part, Part III, the research results are expounded followed
by a chapter in which concluding remarks and reviews are presented.
The publications are also annexed at the end of the thesis.

1.5 Publications

The findings of this research has been reported earlier in some publi-
cations. The list of these publication is presented. Apart from these
more publication and manuals for internal teaching uses are made in
simulation and design.

1. Publication 1. Tesfamariam D., and Lindberg B. (2005) Ag-
gregate analysis of manufacturing systems using system dynam-

6
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Figure 1.2: Thesis Structure and Publications

ics and ANP Computers and Industrial Engineering 49 (2005)
98:117

2. Publication 2. Tesfamariam D., and Lindberg B. (2002) Im-
proving the Performance of a Manufacturing Cell by Reconfigu-
ration, Proceedings of CIRP International Seminar on Intelligent
Computation in Manufacturing Engineering, Ischia Italy 14:18
2002.

3. Publication 3. Tesfamariam D., and Lindberg B. (2004) Com-
parison of Manufacturing System Configurations Using Simula-
tion Cycle Time and Throughput Plots. Published in Proceedings
of the 15th IASTED International Conference on Modeling and
Simulation. 2004 march 1:3, 2004 Marina del Rey, Ca, USA.

4. Publication 4. Tesfamariam D., and Karlson K. (2004) Manu-
facturing Strategy and System Configuration, a Systematic Anal-
ysis of a Decision Making Process Published in Proceedings of
the International IMSForum 2004. May 17:19, 2004. Villa Erba,
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1. Introduction

Como (Italy).

5. Publication 5. Tesfamariam D., and Lindberg B. (2004) An
Integrated Approach To Evaluate Alternative System Configura-
tions Published In Proceedings Of The EUROMA 2004 Opera-
tions Management As A Change Agent INSEAD, Fontainebleau,
27 : 29 June 2004.

6. Publication 6. Karlsson, K., Tesfamariam, D., Manufacturing
strategy linked to manufacturing system flow principle. Published
in proceedings of the 7th CIRP International Seminar on Manu-
facturing Systems (ISMS:2004), Digital Enterprises, production
network 2004.

Other publications include

7. Tesfamariam, D., New Design Paradigms and Appropriate Tech-
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Chapter 2

Epistemology and Research

Method

In this chapter a brief discussion of the knowledge creation process and
epistemological foundation of design is presented. Furthermore a com-
parative analysis of a reductionist and systemic world views is given
with indications of the views and approaches adopted in the research.

2.1 Research in Design and the

Knowledge Creation Process

The issue that whether research in engineering design is scientific or not
is a contentious issue. According to Popper’s falsificationist view the
demarcation between science and non science is if the hypotheses or the
theory made are falsifiable or not, i.e., if it is possible to make a clash-
ing statements drawn from observations and empirical data. (Popper,
1959).
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2. Epistemology and Research Method

Therefore, scientific researches are stated on the basis of the hy-
potheses with the eventual outcome of falsifying or corroborating them.

Popper’s view of the knowledge creation process is one of evolution-
ary and radical by essence.

On the other hand Kuhn viewed the knowledge creation process
in terms of paradigms which are created, strengthened and eventually
outdated and replaced by other paradigms - a paradigm shift. (Kuhn,
1962)

The creation of new paradigms are revolutions in science while the
strengthening is just normal science. This implies the existence of two
alternate phases of scientific knowledge development: scientific revolu-
tion or (paradigm shift) and normal science.

Normative scientific research relies on and is loyal to the framework
and theories contained in the existing paradigms and is an attempt
to resolve issues using the cumulative knowledge which embody the
paradigms.

Following the world views in knowledge creation and development,
the role of model based research is described which is relevant to this
research.

2.1.1 Model Based Researches

Unlike case based reasoning in which previous similar experiences are
used to solve a particular problem at hand, model based reasoning or
more generally model based research attempts to provide solutions or
descriptions based on models which are representations of systems in
real world.

Model based analysis and decision making can be represented in
a cyclical process that brings changes to the real system. Figure 2.1
refers to a simulation based research (or decision making) cycle.

This research is model based, and hence to describe the approach, it
is necessary to distinguish between axiomatic and empirical researches
and further between descriptive and normative model based researches.
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Research in Design and the Knowledge Creation Process

Real World

Model

Output Information

Decision

Abstraction and
simplification

Execution

Analysis

 Decision
Making

Implementation

??

Figure 2.1: Cycle of Simulation Based Decision Making

Axiomatic researches are primarily driven by the model and pro-
duce knowledge about the behavior of certain variables in the model
itself. On the other hand empirical model based researches are driven
to ensure a model fit between observation with actions in reality and
the model itself. (Will et al., 2002).

These two types of model based researches can be either normative
or descriptive. Normative research focuses in developing strategies and
actions while descriptive researches analyze the model for understand-
ing and explanation.

Therefore researches in model based research can be a combination
of these two types i.e., Axiomatic Normative, Axiomatic Descriptive,
Empirical Normative and Empirical Descriptive.

No one specific combination of these research approaches are used to
address the three research questions due to their wide scope. Therefore
for every question two or more the approaches are used.

However the larger portions of the research in research question
2 and research question 3 fall in Empirical Descriptive and Axiomatic
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2. Epistemology and Research Method

Normative Descriptive

Axiomatic Research Question 3

Empirical Case Study Research Question 2

Normative research approaches respectively as shown in the table. The
case study is a typical Empirical Normative research.

2.2 Epistemological Foundation

Unlike researches in physical sciences, which may be contained in a
mathematically mappable continuum requiring a single epistemological
basis, research in design essentially extends its scope to include the
human or subjective considerations necessitated by the stakeholders of
the design undertaking.

Hazelrigg (Hazelrigg, 1996) states that the epistemological founda-
tion of design is derived from all disciplines.

Similarly Love (Love, 2002) reasoned that the theoretical bases of
design (including manufacturing system design) emanate from disci-
plines that deal with the behavior and interactions of three key ele-
ments of a design process namely: humans, objects and contexts.

Being such a multi disciplinary discipline, engineering design activ-
ity, particularly design of complex systems as that of manufacturing
systems essentially requires a systemic world view. This is described
below as opposed to a reductionist view.
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Epistemological Foundation

2.2.1 Reductionism and System Thinking

Two fundamentally different approaches are used in practice for the
analysis of complex systems such as manufacturing systems:

1. Reductionism or Analytic
2. Systemic approaches

Reductionism decomposes complex system into its elements for the pur-
pose of studying individually in isolation. In this approach the system
behavior is assumed by putting together the individual constituents
(elements) contribution. Reductionism builds descriptions of systems
out of the descriptions of the components it contains. (De Rosnay,
1997).

According to reductionist approach if a system is divided into sub
parts and analyzed in isolation then it can be characterized by adding
the contributions of each of the sub parts. The premise of this approach
is based on additivity of properties.

In a simple mathematical terms this means dividing and multiplying
are always exact opposites, i.e., if a system is decomposed into a parts
then a × 1

a
always yields or describes the whole.

Humans

Context

Objects

Design

Figure 2.2: Design as interaction of Human Object Context
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2. Epistemology and Research Method

The antithesis of this approach, called systems thinking, considers
the relationships among the elements in a system as the basis for the
system behavior. In other words, the laws of the additivity of the prop-
erties of the elements to describe the system do not apply in systems
whose structure includes dependencies and feedbacks.

Hence decisions by looking into only one aspect in isolation will
have consequences on the other aspect of the system (Sterman, 2000).

In systems thinking perspective, events are snapshots of a certain
system behavior. These events have some pattern, i.e., there exist a
pattern of behavior that can be explained by analyzing the system
structure. (Senge, 1990).

The patterns of behavior of dynamic systems can be analyzed through
system archetypes which capture the common patterns. There are
about ten system archetypes yet identified. These archetypes help to
gain insight and can be applied diagnostically and prospectively. (Kim,
1995) Among these system archetypes the two often quoted are Rein-

a b

c

+

+

+

TIME

a,
b,
c

Figure 2.3: Reinforcing Loop

forcing or Balancing feedback loops. In reinforcing loops the increase
in one of the factors increase the other and so on as in Figure 2.3. In
other words it is a structure which feeds on itself to produce growth or
decline.

Factors a, b and c are related in such a way that the increase in
a brings increment in b and then c. Such systems can runaway if left
unconstrained.
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Epistemological Foundation

Reinforcing loops can be vicious or virtuous depending on the in-
crease or decline of the factor is desirable or not.

In balancing feedback systems on the other hand, the system main-
tains an equilibrium. The structure may begin with the current state
greater or less than the desired state, in which case the current state
may approach the desired state from above or below.

c

ba

+

+
-

TIME

a,
b,
c

Figure 2.4: Balancing Loop

A complex dynamic system comprises of multiple feedback loops
each of which can either a balancing or reinforcing one (vicious or
virtuous).
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Chapter 3

The Development Process

In this chapter the Manufacturing System Development (MSD) is dis-
cussed as a strategic process. The fit between the manufacturing task
and content, decision frameworks and the contents of an MSD method-
ology as a framework to the research are presented.

3.1 Manufacturing Strategy and

Manufacturing Systems Design

Manufacturing strategy has been described by various researchers and
generalizing it by a single definition is considered to be misleading.(Slack
and Lewis, 1999). However, most researchers and practitioners alike
refer to the definitions given by Hayes and Wheelwright (Hayes and
Wheelwright, 1984) and Skinner (Skinner, 1974).

Hayes and Wheelwright defined manufacturing strategy as a con-
sistent pattern of decision making in the manufacturing function which
is linked to the business strategy. (Hayes and Wheelwright, 1984).
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3. The Development Process

The pattern of decisions is the series of decisions the manufacturing
function makes over time. It is generally accepted that this pattern of
decisions should support or be consistent with the manufacturing task.

According to Skinner, Manufacturing Strategy is defined as exploit-
ing certain properties of the manufacturing function as a competitive
weapon. (Skinner, 1974)

As a common premise to the various definitions, the contents of
manufacturing strategy have been viewed as the strategic choices in
process and infrastructure. Conversely decisions related to the selec-
tion of process and infrastructure constitute the contents of the man-
ufacturing strategy.

It can be noted from the above definitions that manufacturing strat-
egy includes two core elements: the task of manufacturing and the
pattern of decisions.

The manufacturing task identifies the purpose or mission of man-
ufacturing and includes the objectives that must be accomplished by
manufacturing.

Miller (Miller and Roth, 1994) stated the link or fit between these
two core elements as: the demand that manufacturing choices and
manufacturing tasks be linked follows from the presumption that good
designs (such as those specified by the manufacturing choices) meet
appropriate design criteria (as defined by the manufacturing task.)

Hence mechanisms to integrate these two should be in place to en-
sure the desired fit. One such mechanism is to decompose the high
level objectives and preferences consistently to integrate into the dif-
ferent decision levels of the design process.

From the above definition its evident to see that a manufacturing
system design process is a strategic process in which substantial invest-
ments are made that brings a long term effect on the manufacturing
firm.
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3.1.1 MSD as a Strategic Decision Making Process

The performance objectives that a manufacturing is expected to accom-
plish can be described via dimensions of performance that commonly
includes quality, speed, dependability, flexibility and cost (Noori and
Radford, 1995).

When a firm express its market positioning using these dimensions
they are known as competitive factors or competitive priorities.

The system is thus designed so as to render it with desirable level
of properties in terms of these dimensions or their derivatives for a
competitive manufacturing. These dimensions are non commensurable
and some apparently conflicting to each other.

Two approaches or perspectives exist in viewing on how firms have
to be and remain competitive in relation to building their capabilities:

1. trade-off view: firms cannot be expected, or be required, to per-
form well on multiple manufacturing tasks (capabilities) simul-
taneously, that some manufacturing tasks must be traded-off for
others. (Skinner, 1974).

2. cumulative view: there exist a pre-specified order for building
manufacturing capabilities in which each succeeding capability
would be built upon certain minimum levels of the preceding
capabilities. (Noble, 1995) (Ferdows and De Meyer, 1990)

The trade-off view can be said to be the classical view which has
benefited by the advances made in multi criteria decision making and
multi objective optimization. Preferences are made to these factors
according to which decisions are made.

Based on empirical researches, proponents to the cumulative view
assert that firms can built the capabilities sequentially. From a re-
search on Japanese industries, a model (a preferred sequence) to build
capabilities is proposed as: first, a solid foundation of quality; second,
dependability; third, cost efficiency; and fourth, flexibility. that do not
compromise the benefits obtained from the other dimensions. (Noble,
1995). Similar conclusions are also made by Ferdows and De Meyer
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3. The Development Process

using a data from European Future Manufacturing Projects. (Ferdows
and De Meyer, 1990).

3.1.2 Product-Process Life Cycle Matrix as

Process Flow Selection Framework

Based on empirical studies and observations, few strategy decision
frameworks have been proposed to prescribe (or describe) the process
and infrastructure selection decisions.

Among these, researchers and practitioners alike often refer the
Product and Process life cycles Matrix (PPM) by (Hayes and Wheel-
wright, 1979), and the Generic Manufacturing Strategy by Kotha and
Orne (Kotha and Orne, 1989).

The core principle of the Product-Process Life cycle Matrix is that
there exist a trade-off between flexibility and cost effectiveness in mak-
ing process flow decisions that can be described along two dimensions
namely: the product structure (product variety or product life cycle
stages) and Process structure (flow types or process life cycle stages).

The product structure can range from a low volume, low standard-
ization and one-of-a-kind to high volume highly standardized products.
The process organization ranges from a jumbled flow job shop to a con-
tinuous flow. (Hayes and Wheelwright, 1984) Hayes and Wheelwright
reasoned that matching the product structure and the process struc-
ture according to the matrix, which implies to be on the diagonal of
the matrix, would result in the right level of balance between flexibility
and cost effectiveness. Off-set from the diagonal entails either excessive
capacity or lower flexibility than necessary.

The matrix is intended to explain the dynamic relationship between
the product and process structures, i.e., in relation to a product life
cycle with respect to market demand where the product is assumed
to pass through the introduction, growth, maturation and finally the
decline stages. Organization have to go diagonally down to the right
to meet the market need. Interpreting the matrix in its static form,
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Figure 3.1: Product Process Life Cycle Matrix

will only shows the snapshot of the relationship at a particular point
in time in the life cycle.

Delimiting the scope to discrete part manufacturing, the implica-
tions of the trade-off to other manufacturing dimensions such as cost,
batch size, product quality, inventory levels, etc., is described in Table
3.1.

Though some of the stated implications are dubious, for instance
regarding quality, the product process matrix has centrally contained
these trade-offs and has been a widely accepted reference framework
with some empirical validations. (Hayes and Wheelwright, 1979)

3.1.3 Critics and Limitations of PPM

Empirical researches to validate the PPM in today’s manufacturing
environment have come up with different conclusions. According to
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Shop
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ity

New Prod-
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size only
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stock

Process
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ment

Job
Shop

Low vol-
ume High
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trained
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size
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Frequent
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lines

Higher Lower
(make
to
order)

Flexible

Table 3.1: Trade-offs in the Product Process Matrix (Hayes and Wheel-
wright, 1984)

some of these findings, despite the significant changes manufacturing
has shown since the PPM was first proposed, the matrix can adequately
describe the product process relationship in contemporary manufactur-
ing. (De Meyer and Vereecke, 1996), (Safizadeh et al., 1996)

On the other hand, some empirical studies have shown that ma-
trix which is based on flexibility and cost effectiveness trade-offs has a
diminishing utility in present-day manufacturing environment (McDer-
mott et al., 1997). Spencer and Cox, after conducting a cross sectional
empirical study in Power Tool industries reached the same conclusion.
(Spencer and Cox, 1995)

This is due to the emergence of new production technologies, inno-
vative product design and manufacturing practices.

Ensuing to the aforementioned research findings and the inability
of the matrix to explain why firms positioned off the diagonal perform
well indicate the framework’s limitations in prescribing or describing
process selection decisions in today’s manufacturing environment.

These limitations can be attributed to three highly related propo-
sitions of the framework: two-dimensionality of the matrix, the need
to trade-off between flexibility, cost effectiveness and the product life
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cycle stages. In other words, the limitations are due to

• the inadequacy of the two dimensions, product and process struc-
ture, in capturing the different aspects of manufacturing such as
organization, innovation, manufacturing practices etc that have
a significant role in process selection

• the dwindling need to trade-off flexibility and cost effectiveness
due to advances in technology and manufacturing practices

• few products actually follow the product life cycle as described

A number of researchers argue that firms can achieve superior per-
formance by employing flexible technologies, manufacturing practices
and innovation management than by matching the process structure to
product structure.

This argument effectively implies that with the emergence of ad-
vanced processing technologies, innovative product design (such as prod-
uct modularization), new manufacturing practices (such as Just in
Time, Quality management, Single Minute Exchange of Die, SMED
/ Quick Changeover, etc.,) the need to trade-off can be slacked or
avoided altogether. (McDermott et al., 1997)

To address the need to incorporate the role of the technological,
organizational and innovation capabilities of the firm, a third dimension
is proposed besides the process and product structure. (Ahmad and
Schroeder, 2002a),(Devaraj et al., 2001).

Ahmad and Schroeder call the third dimension innovative initia-
tives that summarizes the pro activeness of a firm toward adopting,
implementing and practicing innovative processing technology, prod-
uct design, and managerial practices.

Their argument can be rephrased as: when firms are advancing on
this third axis, they become robust to the product process mismatch
as stipulated in the PPM. Fig. 3.2 depicts this statement.

Advances in manufacturing technology, innovative product designs
and manufacturing practices, the trade-off between flexibility and cost
effectiveness represented by the diagonal line slackened and replaced
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Figure 3.2: PPM and Advances in Manufacturing

by a region whose boundaries are receding from the diagonal as cost
effectiveness and flexibility increase.

The proposition, though seems plausible, is not straightforward to
make use of it since the advance in the third axis is rather a com-
plex phenomena involving a great deal of factors difficult to quantify
collectively.

Kotha and Orne developed a generic manufacturing strategy model
by extending the PPM with a third dimension which they call Organi-
zational Scope and taking the Strategic Business Unit (SBU) as unit
of analysis instead of a plant.(Kotha and Orne, 1989).

Though they did not explicitly give what aspects of production are
represented by this third axis, they stated that the scope increases
with increase in geographical distribution of production, geographical
market focus, vertical integration etc.

After formulating each dimension as a two level factor (low-high)
they identified eight generic manufacturing strategy configurations sit-
uated at the corners of the box.
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By slightly modifying the constructs of the generic manufacturing
strategy, Devaraj (Devaraj et al., 2001) mapped the PPM on the generic
model to provide increased prescriptive and descriptive capability.

3.1.4 Summary

The contents of manufacturing strategy are decisions made in the se-
lection of processes and infrastructure supporting the manufacturing
task consistent to the business strategy.

For the desired fit between the manufacturing task and the contents
of the manufacturing strategy, integration of the high level strategic
objectives into the different decision levels of the design process is nec-
essary.

The few strategic decision support frameworks as that of PPM are
having diminishing utility in todays manufacturing environment. The
issues that follows are then what methodologies exist for MSD and how
do the fit between the task and content of manufacturing strategy be
achieved.

In the forthcoming sections and chapters these issues with particular
emphasis to configuration design are described to further underpin the
underlying frame of reference.

3.2 Manufacturing System Design -

Methodology

Manufacturings system design is a process that contains a number of
linked or interdependent tasks. Generally it is a complex process the
degree of which largely depends on the underlying set of requirements
to be fulfilled.

Thus the design process is executed in an integrated and coordi-
nated way. The formal definition of Integrated manufacturing system
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design is formally defined as:
Definition An Integrated Manufacturing System Design is defined
broadly to include the interface and coordination of functions, the link-
ages of physical components, and the information flow and processing
that occur, both vertically and horizontally, throughout the entire or-
ganization. (Academy of Engineering Staff, 1988)

The breadth of integration requires more than the integration of
two or three machines or workstations or the integration of two or
three departments.

This rationalize the need for a methodology, i.e., procedures and
tools that can analyze and decompose a complex manufacturing system
design process into simpler manageable tasks while maintaining their
links and interdependencies.

A comprehensive methodology as that needed for an MSD process
should necessarily constitute

1. Reference Models
2. Modeling Formalism and the accompanying Graphical Tools
3. Structured Approaches and Enablers

(Doumeingts et al., 1995), (Wu, 2000), (Rao and Gu, 1997)

3.2.1 Reference Models

A reference model specifies the tasks included in the design process and
their relationships. A comprehensive reference model should support
the different abstraction levels, life cycle or the temporal dimension
and multiple views (e.g. function view, information view, resource
view etc,) so that the various aspects of the process at different levels
and stages are captured.

In this sense, the reference model can be thought as a collection of
models that includes a development process model.

Different research projects have developed reference models and ar-
chitectures mainly to address enterprise integration. Notable exam-
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Design Loop

Figure 3.3: A Systems Engineering Design Process Model

ples to this are the Computer Integrated Manufacturing Open System
Architecture (CIMOSA) of the ESPIRIT-project 688, 2422, and 5288
which has been carried out by the AMICE consortium (Beekman,
1989), Graph with Results and Actions Interrelated - GRAI Inte-
grated Methodology, (Doumeingts et al., 1987) and the Generalized
Enterprise Reference Arctecture and Methodology, GERAM(Bernus
and Nemes, 1997).

The system engineering process model is depicted in Figure 3.3.
At each design stage of the process the two loops show the iterative
approach of the design process.

3.2.2 Modeling Formalism and Graphical Tools

Modeling is the abstract and simplified representation of the real world
system that enables to capture the essential elements and functions
relevant to the question or objective. This representation need to be
formalized so that the associated concepts are expressed consistently
and unambiguously.

Modeling formalism refers to the ontology and meta models while
the graphical tools provide the representation of the modeling elements
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Figure 3.4: Activity Representation in IDEF0

and artifacts used to describe the process.

There are a number of such modeling formalisms with their corre-
sponding graphical tools aiming at delivering meta models that include
the Integrated DEFinition (IDEF) and the Unified Modeling Language
(UML) of the Object Oriented paradigm.

In this research the IDEF modeling methods, particularly IDEF0 for
activity modeling and IDEF3 for process flow modeling with sequencing
of processes and object state transitions are used.

3.2.3 Structured Approaches and Enablers

A structured approach in design methodology essentially should resolve
the ordering and control aspect of the design process, i.e., how the
design process proceeds. (Chandrasekaran, 1989).

The structured approach involves decomposition, problem solving
methods and data models.

Decomposition refers to the handling of the tasks in the process at
different abstraction levels. The complex task of system design is made
tractable by decomposition of the high level requirements in order to
search particular solutions for lower level requirements.
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Decomposition is also useful for traceability during the implementa-
tion stage and beyond for the management of the execution or operation
stage.

The issues around decomposition are related to what should guide
or how it should be done. There are several schema by which decompo-
sition can be made. Functional decomposition is one of these schema.
(Ulrich and Eppinger, 2000).

For such functional decomposition, for instance, Axiomatic Design,
recommends the application of two axioms, the independent and infor-
mation axioms, in order to make the right decisions leading to superior
design. (Suh, 1990)

Enablers in design, among other things include decision models and
requirements database The system engineering process is enabled by
ISO AP233 Data Models. The standard is not only meant to serve as
exchange of overlapping data among the various tools used in systems
engineering, but also to

• captures the semantics of SE information

• facilitates traceability and management of information

• opens up the possibility of creating central data repositories.

(Information Society Technologies, 2001)
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Chapter 4

Manufacturing System

Configuration Design

In Section 1.1 a brief description of the stages in manufacturing sys-
tem design was given. In this chapter a more elaborate description of
configuration design is presented.

4.1 Defining the Manufacturing System

Configuration Design Task

A manufacturing system configuration can be understood as a design
task in which system components are selected and arranged to form a
system. (Dixon and Poli, 1995).

Given the requirements as specified, the configuration design task
is to formulate and explore the design space and select the best alter-
native.
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4.1.1 Activity Model of Configuration Design

A generic activity model of the a manufacturing system design process
is shown in Figure 4.1.1. Brief descriptions of the activities in the
model are given in this subsection.

Activity 1 - Select Process

Input to this activity are the production volume, product variant and
the product model from which the product form features and proper-
ties are mapped to processes which can generate them. The production
volume and product variants are obtained from the requirement anal-
ysis.

Process planning tools with domain specific expertise are necessary
to accomplish this task. The output of this activity includes manufac-
turing processes or operations, tooling, capabilities and related techni-
cal specifications relevant for manufacturing resources selection. The
processes identified form the master flow diagram (or product routing)
the fundamental input to resource arrangement activity.

Figure 4.2 shows the decomposition of this activity showing the sub
activities contained. The sequence of these activities and the distinc-
tion between the variant and generative process planning is depicted
using IDEF3 in Figure 4.3.
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Figure 4.2: Activities in Process Planning

Activity 2 - Select Resource

Input to this activity are the processes identified in the Select Process
activity through the master flow diagram, production volume, prod-
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Figure 4.3: AN IDEF3 Process Scheme for Process Planning
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uct variant and the resource arrangement. The latter, i.e., resource
arrangement as input to this activity shows the iterative or concurrent
nature of the two activities.

Decision models based on cost models, multi criteria decision mak-
ing or mathematical programming can be used. This activity is con-
strained by the Process specification developed in the Select Process
activity and the Preferences in the Performance Objectives as derived
from the manufacturing strategy. The list of resources that will be
contained in the system is generated as an output.

Activity 3 - Arrange Resources

Based on the list of resources and the masters flow diagram, the re-
sources are arranged in a certain order. Decision models based on
Product Process Matrix, Cost, Group Technology, Systematic Layout
Planning, Formal Optimization and Frontier Analysis etc, are typical
tools and methods applied. Simulation based experimental design is a
useful tool for the selection of the basic layout types.

The constraining factors are those derived from the preferences in
the performance objectives, the production strategies (Make To Order,
MakeTo Stock, Customer Order Decoupling Point, etc.) the process
specifications and the spatial and technology related constraints.

A configured system in which the identified resources are connected
in some defined structure is the output of this activity. Production
batch sizes and buffer size are determined or constrained during this
and Activity 2 Select Resources.

4.1.2 Setting the Configuration Problem

For a configuration design task, the design artifacts can be process or
resource concepts depending on the abstraction level of the configura-
tion task.
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Defining the Manufacturing System Configuration Design Task

The configured system can be a uniquely defined implementable
concept or it is an open system concept which requires further config-
uration tasks to evolve into an implementable one.

The alternatives constitute the design space while the boundary of
the space are set by the realizability of the alternatives deduced from
the domain expertise. For a new system configuration the design space
degenerates from a possibly infinite number of valid alternatives to a
uniquely defined system.

It’s essential to distinguish between the design space and the per-
formance space. Performance space refers to an n-dimensional space,
n being the number of objectives, which constitute the evaluated per-
formances of the alternatives. The performances of the feasible alter-
natives form a subspace bounded by the constraints.

For instance in figure 4.4, the configuration design space is described
by two attribute values X1 and X2 while the performance space is
described by two objectives: Y1 and Y2.

In design decision matrices, these two spaces are described simul-
taneously i.e., the design space as one dimension of the matrix while
the performance objectives or criteria are the other dimension of the
matrix. The entries of such a matrix are the performances of the alter-
natives, i.e., the performance space. (Dieter, 1991).

Therefore, a comparative analysis problem in a configuration task
has the following generalized formulation

x1

x2

Y2

Y1

Performance Space Design Space

Figure 4.4: Performance Space and Design Space
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Given
a set of alternatives
a set of m criteria
a set of z constraints
Find the best or preferred alternative

The above general formulation renders configuration design as a
search for the preferred or best alternative. If the dimension of the
objective is more than one, which is often the case, then configuration
can be formulated as a Multi Criteria Decision Making (MCDM) or a
Multi Objective Optimization (MOO) problem.

4.2 Taxonomy of Configuration Design

Task

A number of types of configuration design tasks are carried out during
the development or subsequent phases of the system life cycle. Distinc-
tions among these configuration tasks is necessary in order to set the
context of this research and to identify their distinguishing properties.

The following definitions of terms are made in order to formalize
the descriptions of the different configuration tasks.

Definition 4.2.1 Form Generating Schema (FGS) fi is a technolog-
ically meaningful combination of a tool of specific geometry, a set of

relative motions between a part and the tool, and nominal levels of
technological output that can be associated with using that combination

of tool and relative motions. (Gindy and Ratchew, 1997)

An example of a Form Generating Schema is shown in Figure 4.5. A
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machine tool can have one FGS in the case of single operation machine
tools or multiple FGS in the case of multi task machining centers.

Process:      Face milling
Motion Set:
   translation Tx,Ty,Tz
   rotation     Mz
Performance:
    surface finish [Ra 1.25-Ra10]
    flatness         [0.02]

... ...

... ...

... ...

x
y

z

Mz

Figure 4.5: Form Generating Schema

The relation between processes, resource types and resources can
be described in terms of FGS;

• a process is described by FGS (f)

• a resource type can perform on or more processes

• a resource is an instance of a resource type.

Thus it can be said that a given resource or process sequence, F, can
be defined as a vector of Form Generating Schema, f ′s, that captures
the capability of the process. Equation 4.1 is a transposed form of the
vector.

F = [f1, f2, f3, . . . , fn]
T (4.1)

Similar to the Form Generating Schema for machining operations,
generic elements can also be defined for material handling and trans-
porting processes or resources.

4.2.1 Configuration Input Elements

Definition 4.2.2 Configuration Input Elements are the inputs to the

configuration task the set of which form the design space.
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Configuration input elements can vary from process capability de-
scription as those of the Form Generating Schema (FGS) to instances
of resource type that embody instances of one or more of these FGS’s.

The type of descriptions of the capabilities of input processes or
resources to the configuration design tasks can range from a generic
form as that of Form Generating Schema to specific description of the
capability of an instance of a resource type. i.e., the two extreme levels
of the description of the configuration input elements are:

1. generic description where processes are described independently
from the resource or equipment on which they may be executed
and

2. particular description of the capabilities of instances of resource
types.

Thus let ρ1, ρ2 and ρ3 designate the three possible configuration
input elements namely the generic process descriptions, resources types
and resources respectively.

4.2.2 Alternative Input Elements

For a given product form feature, alternative form generating schema
can exist. For instance a slot in a product can be machined using a
surface broaching or using a milling followed by a grinding operations
depending on the operation cost. (Black et al., 1996)

The input elements to the configuration design task may consist
alternative elements for a given function or set of functions. In such
cases, selection of the best or preferred alternative input element be-
comes part of the configuration task.

Definition 4.2.3 Alternative Input Elements may exist that necessi-
tate the inclusion of a sub task to select the best or preferred alternative

input element.
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Let this condition on the existence of alternative input elements be
designated as φ and the two possible values i.e., alternative elements
exist or not by φ1 and φ2 respectively.

4.2.3 Degree of Configuration

A given configuration task may be carried under a condition that the
basic system structure (layout) is already fixed which a constrain to
the configuration task. This is a typical case in most reconfigurations
where partial or the skeleton of the system is to remain unchanged.

In contrast to this, there may not be any constraints (except those
of the geometrical or technological constraints. This constraint in con-
figuration task is defined as Degree of Configuration and is defined as
follows.

Definition 4.2.4 Degree of Configuration is the extent of the config-

uration constraint that determines if the basic layout of the system is
open for design.

Let this constraint be designated as ω and the two possible values by
ω1 and ω2 A configuration design task is modeled as shown in Figure
4.6. The output, Configured system does not necessarily mean that it
is an implementable concept.

4.2.4 Proposition

A proposition is made here to categorize the different configuration
tasks based on the type of input elements ρ, the existence of alternative
elements φ and the constraint ω.

Proposition: 1 Configuration tasks can be categorized according to
the type of the configuration input elements ρ, the existence of alterna-

tive elements φ and the constraint ω.
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A0

Configuration

input
elements

degree of
configuration

Other
constraints

Configured
system

Domain dependent
knowhow, tools
and methods

Domain independent
knowhow, tools
and methods

Other inputs

Figure 4.6: Configuration Task

Each of the task category may be implemented at different levels of
abstraction depending on the need. For instance the dynamic behavior
of a group of processes can be modeled at different levels as illustrated
in the IDEF3 model of Figure 6.1 on page 69.

Following the above stated proposition, the different configuration
tasks can be identified by combining the three. The various combi-
nations of these and the corresponding type of configuration tasks are
given in Table 4.1.

The specific configuration tasks in a category share a number of
commonalities that can help to identify the decision support tools re-
quired and the methods applicable to them.
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Combin. Task Description Typical Examples

ρ1ω1φ1

Configuring a system from a given set of processes
described by their generic manufacturing capabili-
ties, FGS, that contain alternative input elements
and the basic layout unconstrained

Process Selection/Planning

ρ1ω1φ2

Configuring a system from a given set of processes
described by their generic manufacturing capabili-
ties, FGS, that does not contain alternative input
elements and the basic layout unconstrained

ρ1ω2φ1

Configuring a system from a given set of processes
described by their generic manufacturing capabili-
ties, FGS, that contain alternative input elements
and the basic layout is determined a priori.

ρ1ω2φ2

Configuring a system from a given set of processes
described by their generic manufacturing capabil-
ities, FGS, that does not contain alternative input
elements and the basic layout is determined a priori.

ρ2ω1φ1

Configuring a system from a given set of resource
types that contain alternatives and the basic layout
unconstrained

Process Grouping

ρ2ω1φ2

Configuring a system from a given set of resource
types that does not contain alternatives and the ba-
sic layout is determined a priori.

ρ2ω2φ1

Configuring a system from a given set of resource
types that contains alternatives and the basic layout
determined a priori

ρ2ω2φ2

Configuring a system from a given set of resource
types that does not contain alternatives and the ba-
sic layout determined a priori

ρ3ω1φ1

Configuring a system from a given set of resource
that contain alternatives and the basic layout un-
constrained

System embodiment

ρ3ω1φ2

Configuring a system from a given set of resource
that does not contain alternatives and the basic lay-
out unconstrained

ρ3ω2φ1

Configuring a system from a given set of resource
types that contain alternatives and the basic layout
determined a priori

ρ3ω2φ2

Configuring a system from a given set of resource
types that does not contain alternatives and the ba-
sic layout determined a priori

Table 4.1: Various Configuration Tasks
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Task Structure

Design Space
Alternatives:
Abstraction Level
Constraints:

Performance Space
Abstraction of Objectives:
Dimension:

Model
Type:
Variability

Output

Applicable Tool
Modeling:
Selection/Ranking

Table 4.2: Configuration Task Description Template

4.3 Configuration as A Combinatorial

Problem

A combinatorial problem is generally understood as combining and
arranging elements of a finite set to satisfy specified criteria. (Graham
et al., 1996)

Accordingly, configuration design is essentially a combinatorial task.
Combinatorial problems are characterized by their mathematical rigor
and certain types of configuration tasks particularly configuration of a
Cellular Manufacturing System, i.e., grouping both machines into cells
and parts into families, are typical combinatorial problems that may
require rigorous mathematical treatment. (Gupta et al., 1996).

In principle optimal solutions of combinatorial problems can be
found by enumeration. However, for practical problems it is frequently
impossible to solve problems of realistic size in which the number of
possible combinations (alternatives) explodes.

Facility layout problems, i.e., locating m facilities to m locations
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which can be modeled as a Quadratic Assignment Problem (QAP) as in
Equation 4.2 is a combinatorial problem known to be an NP-complete
problem.

minimize

n∑
i=1

n∑
j=1

fijdp(i)p(j) (4.2)

where

fij is a flow matrix F whose (i,j) element represents the flow
between facilities i and j

dij a distance matrix D whose (i,j) element represents the distance
between locations i and j. and

p(j) is the location to which facility j is assigned.

NP-complete problems are nondeterministic polynomial time prob-
lems to which no efficient solution algorithm has been found. So called
easy, or tractable, problems can be solved by computer algorithms that
run in polynomial time; i.e., for a problem of size n, the time or number
of steps needed to find the solution is a polynomial function of n.

Algorithms for solving hard, or intractable, problems, on the other
hand, require times that are exponential functions of the problem size
n.

4.3.1 Relation Between Configuration Design and

Production Control

Production control refers to the operational control carried out to en-
sure the in-time completion of production orders. There is a close
dependence between system configuration and production control.

High level strategic decisions such as the product positioning strate-
gies (MTO, ATO, ETO) or the position of the Customer Order Decou-
pling Point guide (or constrain) the system configuration design.
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For instance considering Make To Order (MTO) and Make To Stock
(MTS) strategies, higher product mix flexibilities are implied as a re-
quirement in the case of MTO than MTS since the fulfillment of due
date is more stricter in the former.

Furthermore the expected demand profile greatly affects in the se-
lection of resources and their arrangement or layout.

Three factors appear as common important factors between config-
uration and production planning and scheduling are:

• shared resources

• buffer sizes

• batch sizes

Manufacturing routings can be dedicated to a certain product fam-
ily or can be shared by multiple product families, the planning and
scheduling of the latter is much more complicated.

In a given configuration, the buffer sizes necessary at different stages
in the flow is determined principally by the production control should
account the variability existing in the system. Similarly the batch sizes,
is dependent on the product mix flexibility of the system, that in turn
is dependent on the individual resource flexibility and the routing.

The exact location of the CODP, the need and sizes of intermediate
buffers (WIP buffer sizes) directly related to the particular type of
production control policy. (Tesfamariam and Lindberg, 2002).

Naturally once the system is configured, the production control will
be constrained, i.e, the control policy need to adapt the system as
designed.

However the appropriate production control can also be considered
as design variable in which variants of control policies are analyzed.
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Chapter 5

Performance Objectives in

Configuration Design

Configuration is described to include exploring the design space to select
the best alternative. The evaluation and selection are based on the
performance of the alternative with respect to some objectives. This
chapter lays the frame of reference regarding the different performances
objectives.

5.1 General

The five performance objectives or dimensions of performance that are
often referred and are relevant to the scope of this research were men-
tioned in section 4.2 to be quality, time (speed), dependability, flexi-
bility and cost.

Each of these dimensions has derivatives. These dimensions with
their derivatives as pertinent to performance evaluation in configura-
tion design is described in the following sections.

45



5. Performance Objectives in Configuration Design

The description presented is not exhaustive. Accordingly all the
possible criteria that may be considered in configuration design are not
included particularly those related with soft and environmental issues.

5.2 Quality

Quality has been defined in many different ways among which the two
dominant definitions given by Juran (Juran, 1988)are :

1. quality consists of those product features which meet the needs
of customers and thereby provide product satisfaction

2. quality consists of freedom from deficiencies.

Consistent to the above definitions, two aspects of quality can be iden-
tified relating to manufacturing (Slack and Lewis, 1999):

• product design

• manufacturing conformance

Performance of a manufacturing system with respect to quality
refers to the manufacturing capability to produce products in confor-
mance to the design specification reliably and consistently. (Slack and
Lewis, 1999).

Quality non conformance in production dynamics is revealed in out-
put parameters such as rework rates, yield costs and quality loss.

Taguchi’s quality loss concept relates the consequence of the devi-
ations (non conformance) in the product as societal or customer loss
through the quadratic loss function. (Phadke, 1989)

A number of factors are attributable to non conformance in man-
ufacturing: deformation of the workpiece and tool, vibration, thermal
deformation, inaccuracies of machine tool, etc., affect the machining
accuracy.

For a limited number of machining processes, deterministic models
have been developed to account the relationship between the cutting
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parameters (such as cutting speed, feed, and depth of cut) and machin-
ing accuracy (such as surface finish and dimensional accuracy). In a
single machining operation, the root causes of quality non conformance
can be attributed to two activities:

• the setup operation

• the machining operation

5.2.1 The Setup Operation

During the setup operation the part is fixed in the fixture which is then
mounted on the machine tool table. Errors can be generated due to
improperly positioning the part on the machine tool.

The positioning of a setup operation can be considered as trans-
forming the part from a coordinate of its own (part coordinate) to
fixture coordinate and then to machine coordinate.(Huang et al., 2003)

5.2.2 The Machining Operation

The machine tool itself has its own contribution to the error referred
as the Tool Path Error. The ability of the machine tool to perform
within a certain range is described by its capability index.

Evidently not only the selection of the process/resources but their
arrangement significantly affects the performance of the system.

In Multi machining systems the non conformance or errors may
propagate, corrected or unchanged along the route the part follows.

For a multiple machining system the error propagation can be de-
picted as in Figure 5.1

In single machining systems or stations the errors are dependent
on the resource (i.e, machine tool) selected. Furthermore the error
propagation is dependent on the way the machines are arranged to
form the routes.
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SETUPx
Setup Error

Noise

xi-1
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Tool Path Error

Noise

Machining
xn

SETUPx
Setup Error

Noise

x
Tool Path Error

Noise

Machining
xn-1

Station i Station n

Figure 5.1: Error Propagation in Multi Machining Systems

Such analysis of errors and their propagation is an essential aspect of
configuration performance evaluation with respect to quality. Modeling
and analysis of multistage manufacturing systems is a growing research
area focusing in identifying the root causes of these errors. (Agrawal
et al., 1999)

Another quality performance is product variation or "dissimilarity"
of products that come out of different manufacturing lines. Product
variation becomes an important factor when high uniformity 1 is re-
quired by the customer or by processes down stream.

For a given quality feature, for instance, if the routing of a certain
part type has a converging point(station) as shown in Figure 5.2, which
may require resettings to accommodate the incoming dissimilar parts.

It can be argued that parts produced in a serial line, in which every
part traces the same flow will have smaller dissimilarity compared to a
parallel system or routings in which parts trace different paths.

The statement obviously assumes no tool wearing effect and iden-
tical part input.

1Uniformity means no or insignificant spread (variance) in the distribution of
products with respect to a particular feature
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Figure 5.2: Convergence of Two Lines
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Figure 5.3: Product Variability in Production Lines

5.3 Time

Time can be viewed in different ways abstraction levels. Different
derivatives of time as performance dimension are:

1. throughput time or makespan time

2. cycle time

3. tact time
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Throughput time or Makespan is a summation of the waiting, trans-
port, setup, actual operation and unloading times the product has to
spend in all stations it visits before it leaves the system as a finished
goods.

Cycle time is defined as the time (Hopp and Spearman, 2000)

cycletime =
∑

(transport + setup + operation + unloading) (5.1)

Takt time is the pace at which products are leaving the system.
Takt time is a crucial parameter in balanced system design. In an
ideally configured system, all tasks are balanced, they all require the
same time to execute and that time equals the Takt time.

Takt time =
total net operating time

total demand
(5.2)

5.4 Dependability

Dependability is defined in relation to keeping the delivery promises
and it is measured in terms of the random deviation, designated by δ

as in equation 5.3

δ = due delivery time - actual delivery time (5.3)

Dependability can be said to be antonymous to variability. Therefore
it can be measured in similar way as variability using the distribution
parameters of δ defined as in equation 5.4 (Hopp and Spearman, 2000)

Coefficient Of Variation (COV) =
variance

mean
(5.4)
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The higher the COV, the less dependable the system is.

The sources of variability are numerous. Hopp & Spearman (Hopp
and Spearman, 2000)summarized these sources as

• "natural" variability, which includes minor fluctuations in process
time due to differences in operators, machines, and material

• random outage (breakdown)

• setups

• operators availability

• rework

Except those causes related to logistical and availability of operators,
factors contributing to the dependability of a system are related to the
system configuration.

5.4.1 System Reliability

The reliability of the system, R(t) is defined as the probability that a
system performs without failure at time t. Accordingly, the reliability
of the system is simply the probability of the union of all mutually
exclusive events that yield a system without failure at time t.

The contribution of the reliability of a station to a multi station
system is dependent on the configuration. Therefore reliability analysis
is an essential part of configuration design.

Determining the reliability of complex systems is not a straightfor-
ward task. Three approaches are applied for system reliability modeling
and estimation
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• Part count

• Combinatorial methods such as Reliability Block Diagrams (RBD)
and Fault Tree Analysis (FTA)

• State space Markov analysis.

5.5 Flexibility

Flexibility is a broad concept which can be defined as an intrinsic prop-
erty of a manufacturing system that indicates the ease at which the
system adopts a changing requirement.

There are a number of flexibility related and the most relevant ones
for system configuration are

• product mix flexibility the ease at which the system is capable
to change producing from one product to another with in a given
product portfolio.

• product flexibility the ease at which the system accommodates
new product types.

• volume flexibility the ease at which the system is capable of
adopting variable demand volumes by changing its production
volume.

• routing flexibility is the existence of multiple routes for the
production of a given set of product portfolio within the system.

Finding a comprehensive measurement of flexibility is not an ob-
vious task. Chryssolouris (Chryssolouris, 1996) proposed a penalty-
probability approach in which flexibility is measured by the loss due
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to the inflexibility and the likelihood (probability) of the changing re-
quirement.

According to the penalty-probabilistic model, systems will be pe-
nalized for any consequence of their inflexibility that is proportional to
the probability of the condition that demands it.

POC = PROBABILITY XPENALTY (5.5)

For instance volume flexibility of a system with some discrete produc-
tion rates is measured as

V F =
T∑

t=0

high∑
n=low

(prodRate ∗ penality)nt × Prn (5.6)

where,

prodRate is the production rate required by a demand rate level
n at time t and

penalty is the cost incurred due to inability to meet demand level
n at time t.

Prn is the probability of demand level n.

In the upper values of the actual demand rate, the system is pe-
nalized by overtime, outsourcing or missed opportunity. The penalty
associated with lower actual demand rate is due to running at produc-
tion rates less than the break even level as shown in Figure 5.4, the
level at which the cost of manufacture equals the revenue or benefit.

When prodRate is within the maximum and the break even pro-
duction rate there will not be any penalty since the system is designed
with the right level of volume flexibility.
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Production Volume

ProductionCost
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Figure 5.4: Breakeven Point for Production Volume

For product mix flexibility the penalty could be the sum of the lost
production times in resettings from one product variant to another.

A system is said to be ideally product mix flexible when the reset
time from one product variant to another is equal to the resetting
between products of the same variant. In this case a batch size of one
is possible.

5.6 Cost

Cost related to system configuration is the cost of ownership of the
resources or services and the cost expended to operate during the entire
life cycle of the system. CO has two components: Fixed Cost a cost
associated with owning the resources or their services and a Recurring
Cost that is expended to operate and maintain the resource.
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Though most manufacturing costs fall within these two types of
costs, the yield cost and the capacity extension cost are assumed to be
derivatives of quality and volume flexibility respectively.

The yield cost particularly shows the performance in relation to
quality conformance. Similarly as discussed under volume flexibility
the cost of capacity extension refers to any cost related to capacity
compensation measures such as over times, outsourcing, etc. in re-
sponse to capacity limitation to meet demand.

Figure 5.5 summarizes the performance dimensions and their deriva-
tives.
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Figure 5.5: Performance Dimensions and Their Derivatives
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5.7 Single versus Multiple Objectives

As described in chapter 3, the performance objectives and criteria for
configuration design tasks are said to be multiple, incommensurate and
often conflicting.

To circumvent the difficulty in making decisions in the presence of
multiple, incommensurate and conflicting objectives, two fundamen-
tally different approaches are applied:

• aggregating the objectives to a single objective - Aggregate ob-
jective functions

• making use of preference weights.

The pros and cons of the two approaches as relevant to configuration
design is presented in the following sections.

5.7.1 Aggregating the Objectives to a Single

Objectives

When a single objective is used for ranking alternatives and making
decision is likely to be straightforward since its highly likely that the
most preferred one will emerge unambiguously among the alternatives.

Cost models (functions) are often used as a single objective to rank
and select among alternatives. In these models the performance values
of the alternatives are projected to cost and then aggregation of these
values is realized by addition.

In fact maximizing the Return On Investment (ROI) is the highest
level requirement in system design. (Cochran et al., 2000). Neverthe-
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less, the projection of the other dimensions to cost is not straightfor-
ward to accomplish.

Though some of the performance parameters such as time, quality,
throughput etc., can be projected to cost or revenue, there are a number
of soft qualitative factors whose projections to cost such as are not
straightforward or is impossible. This includes intangible factors such
as operators’ moral, customer response on the quality of product, etc.

Using cost approximations to rank alternatives may be applicable
when the error induced by the approximation does not bring a quali-
tative change in the ranking.

For instance in a case where three factors namely: amount of invest-
ment, the reliability of the system and the quality loss are considered
outstandingly important to discriminate among available alternatives,
the total cost TC can be approximated bu summing the initial cost, re-
curring costs, capacity decrease due to unavailability, quality loss cost
(Tesfamariam and Lindberg, 2002).

In the Decision Based Design (DBD) framework, a single utility
design criterion, a von Neumann and Morgenstern utility function, is
used to select the best design alternative. The argument for a single
utility function is reasoned by extending Arrows Impossibility Theorem
to Multi Criteria Decision Making.

One dimensional decision models such as utility function, invest-
ment financial assessment and cost models have been widely applied
(Ahmad and Schroeder, 2002b).

Furthermore, cost consideration focus on short term returns that
may not favor long-term competitiveness. Even discounted cash flow is
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based on relative comparison among the investment alternatives and is
vague in feed backing the effects of the different factors to the overall
performance.

In such cases the most widely used method is to assign importances
weights to the objectives criteria) to allow meaningful comparison.

When the decision space consists of discrete alternative configu-
rations, which is the case for most of configuration tasks, it can be
described by a two dimensional matrix namely: alternatives vs crite-
ria. The configuration problem in this case is a multi objective decision
making.

On the other extreme case, the configuration decision space consists
of variables that can assume any value which makes the space contin-
uous and the configuration problem a multi objective optimization.

5.7.2 Making Use of Preference Weights

The other approach to cost or utility based aggregate objectives, the
performance of the alternatives with respect to each dimension are
either compared correspondingly or aggregated to an index according
to which ranking is made. The latter approach is what is collectively
known as Multi Criteria Decision Making.

Assigning preference or importance weights to the multiple objec-
tives and evaluating the alternatives on the weighted performances is
a widely applied method. The different types of weights and their
application in configuration design is given in the following section.
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5.8 Importance Weights

Weights can be subjective or objective. Subjective weights are derived
from the decision makers perception or understanding of the strate-
gic or operational preferences while objective weights are derived from
computational analysis of the performance space.

Brief description of these two types of weights as relevant to design
decisions is described as follows.

5.8.1 Subjective Weights

These weights show the decision maker’s preference toward the perfor-
mance objectives. In section 3.1.2 it was stated that for a proper fit
between manufacturing strategy and the manufacturing system design,
the design process should guided by the requirements and preferences
derived from the manufacturing strategy. (Wu, 2000).

In other words the design criteria and their importance in design
decision making should be consistent to the manufacturing strategy in
case of conflicting criteria. Hence these weights are supposed to convey
the strategic task as perceived by the decision maker as well.

Preferences among the different criteria are given in terms of weights
perhaps in the form of Equation 5.7 or Equation 5.8.

1. as an ordinal ranking

A > B > C > D . . . (5.7)
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2. or as a vector of weights

{WA, WB, WC , WD, . . . , WN}T (5.8)

Where
N∑

i=A

Wi = 1 (5.9)

Weights assigned in Equation 5.8 are more refined than those given
as in Equation 5.7. However more care and mechanisms should be
in place to ensure consistency. Pairwise comparisons with consistency
check as used in the Analytic Hierarchical Process, AHP, are mathe-
matically based method to enhance the consistency. More descriptions
on pair wise comparisons are given later in connection to ANP.

5.8.2 Objective Weights

Objective weights are derived from computational analysis of the per-
formance space. Therefore objective weights are intrinsic properties of
the performance space. The objectives applied during the computa-
tional derivation of these weights vary and hence the meaning and use
of these weights depend on the objectives.

Two types of objective weights that have relevance in some config-
uration design decisions are

• virtual weights as derived from Data Envelopment Analysis, DEA.

• entropy weights as derived from Entropy analysis

The virtual weights as derived from DEA are described in Section
6.9. Therefore only the entropy weights are described here.
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After the seminal work of Shannon and Weaver on measuring tur-
bulence, Entropy has also been applied to measure the discriminating
ability of factors by assigning values derived from the performance of
the alternatives with respect to the dimension. (Hwang and Yoon,
1981)

Entropy analysis indicates the relevance or discriminating ability
of a certain performance dimension for a given design space, i.e., if
the performance of all competing alternatives with respect to a certain
performance objective or criteria are equal then the criteria does not
have any relevance in the comparative analysis.

On the other hand, if the performances are very different, then
the objective has an important discriminating ability, i.e., the more
uneven the performances are with respect to a certain performance
objective, the more important the objective becomes. Weights derived
from entropy analysis shows these strengths.

Starting from the design matrix for m alternatives and n perfor-
mance criteria, the entropy method computes the weights of the per-
formance objectives using the following steps:

1. Normalizing the performances along each of the n objectives

P =

∣∣∣∣∣∣∣∣∣∣∣∣∣

P11 P12 P13 . . . , P1n

P21 P22 P23 . . . , P2n

P31 P32 P33 . . . , P3n

...
...

... . . . ...
Pm1 Pm2 Pm3 . . . , Pmn

∣∣∣∣∣∣∣∣∣∣∣∣∣
where

Pij =
xij∑m
i=1 xij

∀j (5.10)
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2. then the entropy of a certain objective j is computed from

Ej = −k

m∑
j=1

Pij ln Pij ∀j ∈ {1, . . . , m} (5.11)

where
k =

1

nm
and 0 ≤ Ej ≤ 1 (5.12)

3. the weight related to the entropy is then

wi = 1 − Ej∑n
j=1 Ej

∀j ∈ {1, . . . , n} (5.13)

It is noteworthy that, criteria, which were considered relatively im-
portant from the decision makers perception can be given lower weights
by the entropy method.

Literature reports are found where the overall weight of a criteria or
an attribute is derived by normalized product of the subjective weight
as explicated from the decision maker and the weight that is obtained
from entropy method. (Hwang and Yoon, 1981) (Tavana, 2003).
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Chapter 6

Comparative Performance

Analysis

This chapter describes the frame of reference related to modeling, sim-
ulation, comparative evaluations and selection decisions as relevant to

configuration design.

6.1 Modeling and Simulation

There are a number of formal definitions for a model. However from
what is common in all and relevant to the context of manufacturing
system design, a model can be defined as an abstracted and simplified
representation of a real world system built for the purpose of analyzing
or answering specific issues.

Models can be prescriptive in which the model is used to set decision
variables or descriptive in which for a given set of decision variables,
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the performance of the system.

There are essentially three categories of system modeling approaches
applicable in the design and analysis of a manufacturing system con-
figuration:

• physical models drawings and prototypes such as two or three
dimensional CAD models of a system, two dimensional scaled
and iconic models as in facility layout.

• analytical models mathematical abstraction of the system such
as queue models, mathematical programming or heuristics.

• simulation models built to mimic the behavior of the system
by experimenting on it.

The last two modeling approaches are the ones most relevant to this
research hence further descriptions of them follows.

6.1.1 Analytical Models

Analytical models consist a set of mathematical equations that can
capture certain aspects of the manufacturing system. Once the system
is captured through mathematical relations, then exact or approximate
solutions for the objects of interest are sought depending on the com-
plexity of the underlying system.

The quality of these solutions in predicting or estimating the real
system depends on the models, i.e., on the assumptions and simplifi-
cations taken.
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6. Comparative Performance Analysis

For instance for systems at steady state, Little’s Law, described by
equation 6.1 can be used to estimate the work in progress or the length
of the queue and always holds true.

L = λ ∗ W (6.1)

where

L is the work in progress

λ is job arrival rate

W is throughput time

In discrete event system analysis, queue theory is a notable analyt-
ical modeling method and has been extensively researched and used to
analyze the steady state behavior of discrete event systems including
manufacturing systems.

Multi stations systems are modeled as a network of simple queue
elements1

For instance the closed queue networks, a network where a known
number of tokens or customers are circulating in a system, are applied
to model CONstant Work In Progress (CONWIP) systems while open
systems used for flow lines modeling. For a majority of manufacturing
systems, hybrid models i.e., one that contains open and closed net-
works, can be applied.

Models based on queue theory provide robust mean value estimates
when the underlying service and inter arrival distributional forms al-

1a queue element is composed of a server that serves randomly (deterministi-
cally) arriving customers with some stochastic (or known) service time.
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lows. Askin and Standridge (Askin and Stanridge, 1993) stated that
a final rough cut analysis throughput rates are within 5 to 10 percent
of actual and waiting times and queue lengths within 10 to 20 percent
can be obtained.

However the use of queuing networks is limited to steady state anal-
ysis and to certain types of production systems that can be modeled as
a product form - the solution for the state of the system is dependent
on the product of the utilization factor and the number of jobs - where
the assumptions such as exponential service times, FIFO discipline,
zero or negligible transport times, no scrap, etc, hold true.

The assumptions made in developing the relationship are so strin-
gent that their application is extremely limited. For instance Jackson
showed that if job arrivals in the network followed a Poisson process, if
the service times of the servers were exponentially distributed, and if

the job routing could be modeled by a Markov chain, then the classic
M/M/1 (or M/M/c) formula could be used to predict the performance
of each station.

This means, the joint probability distribution for the state of all jobs
in the network was the product of the marginal distributions (which
were the same as the single queue formulas) for the state of jobs at
each station.

Even with some relaxations or variations to these fundamental as-
sumptions (for instance processing time distribution be any type as
long as it has a rational Laplace transform) non product form mod-
els can not satisfactorily be used for a wide classes of manufacturing
systems.
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To summarize, analytic models give quick estimates whose qual-
ity depends on the assumptions and simplification made in the model
building. When the underlying system allows, or is analytically tractable,
they can be of efficient use.

In conditions where their solution or approximations seem accept-
able, queue systems are good enough for steady state rough cut esti-
mations. However, many issues related to manufacturing system are
too complex to be modeled analytically or are intractable for analytic
solution.

6.1.2 Simulation

Simulation is inherently a mathematical modeling approach i.e., sim-
ulation models are mathematical models. In fact simulation can be
defined as the process of imitating a real phenomenon with a set of

mathematical and logical relationships.

Unlike analytical models as queue models where solutions are for
steady state conditions and estimate the behavior using expected values
of the predefined performance metrics, simulation is capable of reveal-
ing the dynamic behavior by progressively solving the relations as time
advances.

Excluding the static or the Monte Carlo Simulation (Law and Kel-
ton, 2000) which give a snapshot scenario by making the temporal be-
havior irrelevant, dynamic simulation can be distinguished by whether
the model is:
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• Discrete event or continuous in time: Time can advance from
one event to another as in the case of discrete event or advances
continuously.

• Deterministic or stochastic: Events included in the model can
be triggered in predetermined time interval or sequence while in
stochastic models events are random. These two apporaches can
be followed for different abstraction levels as shown in Figure 6.1.

 Process A

Duration: 2.1 min

Duration:  ~norm (2.1, 0.8)

Process A1

Duration: ~norm(0.8,0.1) min

Process A2

Duration: ~norm(0.6, 0.6) min

Duration: ~norm(0.7,0.52) min

&

1.    Aggregate Deterministic

2.   Aggregate Stochastic

3.    Detail Stochastic

A
bs

tr
ac

tio
n

 Process A

Process A3

Figure 6.1: Different Abstraction Levels for Stochastic and Determin-
istic Models

• Terminating or non-terminating: The model is built to analyze
the transient or steady state behavior or more generally whether
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the simulation time is fixed or simulation time is flexible to ob-
serve steady state values.

Discrete Event

A given manufacturing system can be modeled as one whose behavior
evolves over time through finite events2 that occur at some discrete
points in time with a possibility of multiple events occurring simulta-
neously.

Discrete Event Simulation models are constructed at different ab-
straction levels, i.e., capturing different levels of detail of the events as
required by the objective.

During the course of simulation these events which can be determin-
istic or stochastic, are triggered (fired) as they occur and accordingly
the system changes its states discretely.

This event capturing modeling capability renders the use of discrete
event simulation to analyze systems at a much finer abstraction levels.

Continuous Simulation

On the other hand Continuous Simulation involves mathematical rela-
tionships among variables in a set of hybrid equations involving first
order differential equations (often non-linear), algebraic and logical re-
lationships.

The first order differential equation has the general form of

2An event is defined as an instantaneous occurrence that changes the state of
the system. (Law and Kelton, 2000)
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dx (t)

dt
= f(x(t),p) (6.2)

Where

x(t)→ is a vector of levels or state variables

f()→ is a vector valued function

p → is a vector of parameters

Figure 6.2 depicts a single station system dynamics model in a
push system (incomingRate is independent of the status of the station
or downstream stations)

WIP
incomingRate outgoingRate

Disturbance

DownstreamUpstream

Figure 6.2: Single Station SD Model in a Push System

The mathematical model that describes the WIP in the system is:

WIP = (WIP )0 +

∫ tf

t0

(incomingRate − outgoingRate)dt (6.3)

The outgoingRate is in fact the processing rate or production rate
and it is affected by the disturbances such as breakdowns, blockages,
lack of resources, etc. These disturbances can be deterministic periodic
or stochastic which can readily be included in the model.

Dependence of the outgoingRate on the WIP level shows volume
flexibility if it can assume values other than on or off. If there exist some
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delay in outgoingRate in response to changes in the incomingRate, that
would be shown in their relationship using delay functions.

6.2 Systemic View of a Manufacturing

Flow Dynamics

The primary premise of system dynamics is that the persistent dy-
namic tendencies of any complex system arise from its internal causal
structure. In complex systems such as a manufacturing system, objects
interact through feedback loops, where a change in one variable affects
other variables dynamically, which feeds back the original object, and
so on.

The interplays among the factors determine the different states the
system can assume in the course of time, i.e., its dynamic behavior. For
such a system, its necessary to see cyclical dependencies or feedback
loops rather than linear cause and effect, systemic view rather than an
isolated aspect, dynamic behavior rather than a snapshot of the system
state. (Sterman, 2000), (Forrester, 1961).

One such generic (abstract) representation of the flow dynamics
capturing the dependencies and feedback loops is presented as a Causal
Loop Diagram (CLD) in Figure 6.4.

The dependencies are shown by arrows and the signs at the tip of
the arrow shows the direction of change of the factor if the factor at
the tail of the arrow increases. (Tesfamariam and Lindberg, 2005)

The CLD is generic in a sense that the relationships or dependencies
and the feedbacks loops can uniquely be defined or instantiated for a
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Figure 6.3: A Causal Loop Diagram for a Generic Manufacturing Flow
Dynamics

particular case. The relationships as shown in the causal loop diagram
can be interpreted in different ways for different systems.

The model as presented in Figure 6.3 emphasizes the material flow
from the hard factors point of view. However, the soft issues that
includes the human factors and the socio psychological working envi-
ronments (Islo and Sohlenius, 1991) can be incorporated either in the
factors already included or the model can be extended.

To further describe the model, the CLD as presented in Figure
6.3 is segmented in three: Capacity, Quality and Availability. In the
following descriptions, control or operation policies may intervene in
the loop cycle or a particular relationships to trigger decisions that is
not captured in this generic model.
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Figure 6.4: A Causal Loop Diagram for a Generic Manufacturing Flow
Dynamics- Capacity in Focus

6.2.1 Capacity

Three loops namely the Throughput Loop and the WIP Loop and Pro-
duction Loop (often referred as Little’s Law) can be identified from the
outset. Considering the Throughput Loop, the Throughput deviation
represents if the throughput deviates from the demand, whether it is a
pull or push system.

Higher throughput deviations prompts higher production rates to
compensate the deviations and so on. This loop is a typical example
for a balancing archetype in system dynamics models.

The WIP loop similarly tends to balance the WIP level in the sys-
tem by adjusting the production rate to counter balance the WIP de-
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viation.

The WIP deviation refers to the difference between the target WIP
that may be set by production planning or operating policy and the
actual WIP in the system.

The above reasoning is valid even when constraints in the factor
levels are considered. Furthermore,it’s assumed in the model that pro-
duction demands are initiating the dynamics of the production flow.

For instance for a constrained production rate, if some or all of the
loops prompts the production capacity to increase which has already
reached its limits, the capacity can be extended by overtimes, increased
number of shifts, outsource or declining customer orders, etc depending
which measure suits a particular case.

In fact, for some particular cases, some of the loops may not be
dynamically active. For instance for a takted system the production
rate of the system is apparently constant. Hence the need to change
the production rate due to changes in the related factors is non existent.

In such cases as mentioned earlier for WIP deviations and lead time
or production rate change is effected by capacity extension measures
such as extra shift or overtime work or outsourcing. Such measures are
consequences of throughput deviations due to demand change or low
availability.

6.2.2 Quality

Like the Capacity Loop, the Quality Loop is taking decision based on
the deviation in reference to the nominal or acceptable values described
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Figure 6.5: A Causal Loop Diagram for a Generic Manufacturing Flow
Dynamics - Quality in Focus

by the Tolerance.

Deviations from this values lead to rework, reject, invoking resetting
the downstream operations to accommodate the nonconforming prod-
uct or even shipped with quality loss (Taguchi and Clausing, 1990).

In reference to systems configurations, the most trying and complex
relationship is between the resource capability and system capability.
More on this is described in Chapter 5.

6.2.3 Availability

The Reliability or Availability Loop is formed from the relationship
between the production rate and the time to fail of resources which in
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turn affects the system reliability and thus availability.
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Figure 6.6: A Causal Loop Diagram for a Generic Manufacturing Flow
Dynamics - Availability in Focus

6.3 Building A Continuous Simulation

Model

Jay Forrester principally introduces system dynamics as a modeling
method in his seminal book, Industrial Dynamics. Since then consid-
erable advances have been made and it has become a valuable tool to
represent, analyze and understand the dynamic behavior of complex
systems for strategic and policy related decision-making.

As described earlier in the case of modeling a single station flow,
modeling in system dynamics is to write the connections between the
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variables involved as a system of First-order (usually non-linear) differ-
ential equations and other time dependent or independent functions.

These are then replaced by difference equations to be applied over
successive intervals of time called solution interval ∆t.

Causal Loop Diagram as that shown in Figure 6.3 is a basis to build
a a system dynamic model. The factors in the CLD are transformed to
any of the three elements of a System Dynamic Model, Levels (reser-
voirs), rates, and variables (including constants).

The simulation model elements with their corresponding examples
are:

1. Level : WIP, Throughput, order backlog, number of rejects, re-
works, etc.

2. Rates : Production rates, rework rate, defect rate, throughput
rate, demand rate, etc

3. Variables: Cycle time, order processing time, etc.

These elements are then connected and related mathematically.
During simulation the equations are integrated to reveal the system
dynamic behavior. A generic SD model for a manufacturing system
flow is developed in 7.1

Vennix (Vennix, 1996) discusses four points on the suitability of
system dynamics for a specific case. These are

1. The problem needs to be dynamically complex.

2. Check whether the problem description gives rise to thinking in
terms of flow processes.

78



Discrete Event or System Dynamics Simulation

3. Check whether it is possible to generate a reference mode of be-
havior which may represent a problem.

4. Typically system dynamics addresses long term problems.

According to Vennix’s interpretation, dynamic complexity refers to
existence of feedbacks loops in the system. Furthermore a flow like
thinking is applicable naturally for material and information (data).
The third point refers to the question of model validation which is not
unique to system dynamics.

These statements are consistent to Forrester’s assertion that a sys-
tem dynamic model is often at higher abstraction level (aggregation
level) and simulation is run for a long time horizon. (Forrester, 1961).

With the exception of its use for supply chain analysis, application
of system dynamic is scanty in other areas of manufacturing though
recently there is a growing trend to apply it to a more accurate ap-
plications where it is used as a performance measurement tool in the
presence of hard and soft factors. (Zahn et al., 1998), (Mandal et al.,
2002).

6.4 Discrete Event or System Dynamics

Simulation

The question then follows whether to use system dynamics (continu-
ous)or discrete event simulation in configuration evaluation analysis.
The main factor in deciding which modeling tool to use is the level of
model aggregation sufficient for a particular objective at hand.
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WIP Throughput
jobArrivalRate productionRate

reworkRate

Figure 6.7: A Continuous Simulation Model for a Station

To show the equivalence of the two modeling approach, consider a
manufacturing station with a rework, a downtime(breakdown) profile
determined by TTF and TTR.

The processing time in DES model is equivalent to the delay re-
lationship between the input and output rates, the TTF and TTR
values in DES are arranged as a pulse train function of TTF and TTR
disturbances in the continuous models.

Equivalent results can be obtained if correspondingly identical pa-
rameters are used for both models.

6.5 Section Summary

The modeling and simulation issues discussed in this section were the
ones relevant to the comparative analysis of manufacturing systems.
The use of analytical models have an advantage of quick and easily
interpretable results and hence are the preferred ones as long as the
underlying system allows for a specific objective of analysis.

However often design and operational issues of a manufacturing
system are too complex to be analytically tractable.
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Furthermore the analytical models, such as those of queue network
models are formulated on the basis of critical assumptions which limits
their application only to a narrow class of manufacturing systems.

In such conditions, one resorts to the application of simulation,
discrete or continuous in time. which simulation method to use depends
on the time frame of interest, complexity of the system and if the
different states of the system are in focus or not. Complexity of the
system in this case particularly means the size of the system.

In other words if the different states of the system are in focus,
which requires a detailed view of the material flow, a discrete event
simulation is appropriate.

Correspondingly if the time frame of events is shorter than that of
the time frame of interest then continuous simulation may suffice.

Moreover if the material flow is viewed from a higher level where a
continuous inflow and outflow of material is sufficient for the objective
of simulation a continuous simulation is applicable.
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6.6 Selection and Ranking Methods

In practice a number of selection methods are applied at different stages
of a system design. If one uses a funnel like depiction of the design
process, the various stages for selections can collectively be identified
as shown in Figure 6.8.

The comparative advantages of a particular method depends on the
following factors:

• Objective of the selection problem, the type of selection decision,
i.e., whether it is screening, selecting the best or ranking.

• The design space i.e., the multi-dimensionality of the space, type
of the dimensions, the relative positions of the alternatives in the
design space, etc.

The methods used in selection decision can collectively be divided into

ScreeningFeasibility Scoring

Design  Progress

Figure 6.8: The Selection Process (slightly modified from (Ulrich and
Eppinger, 2000))
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three groups:

1. qualitative methods

2. quantitative methods and

3. integrated methods

6.6.1 Qualitative Methods

Qualitative methods are often used for aggregate screening of multi-
ple alternatives or when quantitative information is not available or
impossible to obtain.

It is also a matter of preference; it is argued that numerical ap-
proaches can be misleading or can reduce the focus on creativity re-
quired to develop better concepts (Pugh, 1990). In this group of meth-
ods, alternatives are qualitatively evaluated mostly by intuition or sub-
jective judgment of the designer or the decision maker.

Typical to this group are Pugh Concept Selection Method (Pugh,
1996), Decision Matrices (Pahl and Beitz, 1996), (Dieter, 1991) and
variants of Decision Matrices such as Technology Readiness Assessment
(Otto, 1995) (Ullman, 1992), AHP/ANP (Saaty 1996).

Though the latter methods involve a rigorous mathematical pro-
cedure to rank the alternatives, evaluation is based on the decision
maker’s subjective judgment and thus are qualitative by essence.

Generally qualitative evaluation is a non-trivial task since it is often
non axiomatic with inconsistent and inconclusive outcomes. This is
particularly true when several alternatives or factors are considered.
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6.6.2 Quantitative methods

In quantitative methods selection is based on some mathematical ax-
ioms or relations contained in either analytical or simulation based
analysis. Simulation Based Analysis (Forrester, 1961), Statistical Rank-
ing and Selection methods, Utility Functions (Otto, 1995), Fuzzy Meth-
ods (Wang, 2001) Axiomatic Design (Suh, 1990), and Frontier Analysis
such as Data Envelopment Analysis (Charnes et al.).

6.6.3 Integrated methods

Methods in this group combine qualitative and quantitative evalua-
tions. Necessity for integrated methods emanate mainly from the need
to account both tangible and intangible factors.

Applications the integrated approach includes technology selection,
assessment of FMS, layout design, machine grouping for cellular etc.
(Yang and Kuo 2003), (Sinuany-Stern and et al 2000).

Many of the methods involve importance weights or preference elic-
itation. Application of weights has been criticized from multi objective
optimization viewpoint for possible rejection of a potentially good al-
ternatives.

6.7 Analytic Network Process

The Analytic Network Process, developed by Thomas Saaty (Saaty,
1996) is a more general form of its predecessor, the Analytic Hierar-
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chical Process (AHP) for ranking alternatives based on some set of
criteria.

The principal feature of these method is that the decision maker
uses pairwise comparison of criteria and alternatives to formulate a
pairwise comparison matrix out of which the preference or importance
weights are mathematically derived.

Unlike AHP however, ANP is capable of handling feedbacks and
interdependencies, which may exist among criteria, or between criteria
and alternatives or even among alternatives.

Step 1 Construction of Network Model

Network model that shows the dependencies among the goal, cri-
teria (clusters) and the nodes (sub criteria) is formulated.

One such network is depicted in Figure 6.10 on page 87 where
the five performance objectives (competitive priorities) are mod-
eled as clusters containing the criteria called nodes in the network
model. A hierarchical model is shown in Figure 6.9 for compari-
son of the two models.

Each cluster is connected to overall performance, which is the
highest-level objective or goal; similar to a hierarchical model.

Furthermore, the uni-directional or bi-directional arrows connect-
ing the clusters show the influences among each other.

Since the system alternatives themselves are not interdependent,
i.e., there is no influence among each other hence they are ex-
cluded from the network and considered separately similar to an
AHP model.
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Step 2 Pair Wise Comparison

Pair wise comparison matrix are formed by comparing the influ-
ences of two at a time toward a reference criteria. Values are
assigned according to importance. (Saaty, 1996).

A pairwise comparison uses a scale of one to nine to compare
the relative importance of the criteria in comparison toward the
reference criteria.

The relative weight is then found from the normalized princi-
pal eigenvector corresponding to the maximum eigenvalue, λmax.
eigenvalue.

The consistency of each comparison matrix is checked by the
following equation,

CR =
CI

ACI
× 100% (6.4)

where

CI =
λmax − n

n − 1
(6.5)
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Figure 6.9: A Hierarchical (AHP) Model
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Figure 6.10: A Network (ANP) Model for Performance Objectives

n 1 2 3 4 5 6 7 8 9 10

ACI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49

Table 6.1: Average Randomly Selected weight

ACI is the average index for randomly generated weights as
given in table 6.1

λmax is the maximum eigenvalue

n is the dimension of the matrix.

Saaty’s rule of thumb states that CR should be less than 0.1 for
consistency otherwise the comparison should be revised.

Three levels of comparisons, for instance, are constructed for the
model shown in Figure 6.10.
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1. Vertical comparison of importance among the clusters (cri-
teria) with respect to the goal, overall performance.

2. Horizontal comparison of influences among the clusters for
interdependencies

3. Vertical comparison of importance of the nodes toward their
respective clusters.

Step 3 Construction of the super matrix The principal
eigenvectors from each comparison table form a super matrix
from which is normalized and mathematically manipulated to
get the limiting super matrix from which the desired weights are
derived.

There are a number of ways to extract the weights from the super
matrix depending on the presence of sinks3.

For a sufficiently connected network, the super matrix is first
normalized so as to make column stochastic i.e, the column sums
become unity. The this column stochastic super matrix i then
raised iteratively to some integral power until it converges4.

If, W is the column stochastic super matrix, then the limit super
matrix Wlimit is obtained as

Wlimit = W m (6.6)

Where m is a sufficiently large integer.
3sinks are nodes which are not connected to , perhaps connected from many,

in the network. These nodes have zero columns in the super matrix. (William, A.,
2001)

4The analogy is from a discrete Markov chain process which converges to some
steady state values after a number of discrete time periods
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Step 4 Extracting the weight

Then relative weights of the criteria are read from the correspond-
ing columns of the converged limit super matrix.

6.7.1 Symbiosis Between System Dynamics and

ANP

Description of system dynamics was given in Chapter 3. There it was
stated that the bases for a system dynamics model is to establish a
causal loop relationship that captures dependencies and feed backs.

In Section 6.7, it has been said that, the network model of criteria
is meant to capture dependencies and feed backs.

Based on these premises, it may be obvious to see a symbiosis be-
tween System Dynamics and ANP that can be established on the basis
of the causal loop diagram where the identification of important factors
and the dependencies and feed backs are identified. Dependencies and

Manufacturing
Strategy

MS Model
Parameters

SD
Model

Causal Loop
Diagram

Output
Analysis

Decomposition of
high-level objectives

System Dynamics
Modeling

Dependencies and
feedbacks in performance

parameters

Identification of
 relationships and
feedback loops
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Figure 6.11: Symbiosis between System Dynamics and ANP
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feedbacks that exist in the criteria are extracted from the CLD and a
network model, ANP model, can be established. Even decision to use
either a hierarchical or network model can be made depending on the
strengths of the dependencies by analyzing the CLD.

In similar way, the CLD can be transformed to a stock and rate,
System Dynamics model as described in Section 6.3.

Figure 6.11 shows this relationships that can be exploited for a
performance evaluation of a complex system.
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6.8 Pareto Frontier Analysis in

Configuration Design

It was stated in Section 1.2 that developing efficient exploration of the
design space is one of the fundamental areas in configuration design
research. A group of methods that attempt to identify the Pareto
optimal alternatives are collectively known as Pareto Frontier Analysis.

An alternative is said to be Pareto optimal if there are no other
alternatives in the design space which are better in all objectives.5

In mathematical terms, for a set objectives with minimum is the
best, a system configuration concept with performance vector φp is
pareto optimal if there is no other alternative with performance vector
φi suchthat φi ≤ φp with at least one strict inequality in one of the
performance dimensions.

The Pareto frontier is one that is composed of Pareto optimal alter-
natives, i.e., for each alternative on the frontier one cannot improve the
value of one of the performance dimensions without causing a reduction
in one or more of its other dimensions.

The Pareto optimal alternatives that considers two performance
objectives namely cost and number of nonconforming parts are repre-
sented by the dark dots in Figure 6.12.

5pareto optimality can also be defined for a combination of parameter (at-
tribute) values defining a certain alternative to which any one of the attributes
cannot be improved without causing a reduction in one or more of its other at-
tributes.
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Figure 6.12: Pareto Optimality and Pareto Frontier

In fact each system configuration concept often has multiple Pareto
points which can be represented as a curve instead of a point. This
implies, the Pareto Frontier for a specific design space is formed by
merging these individual concepts. The line or curve that connects
these points in the performance space is the Pareto Frontier.

An alternative concept can be pareto optimal for a wider operation
ranges in which it will be represented by a curve instead of a point.
Mattson called the frontier formulated from such concepts s-Pareto
Frontier (Mattson and Messac, 2004). Figure 6.13 shows one such
frontier for a bi-objective minimization problem.

It’s evident that the desired configuration alternative lies on the
Pareto Frontier and hence analyzing the frontier will yield the best
alternative.

Selecting among the Pareto optimal alternatives require making use
of importance or preference weights in the performance objectives to
resolve the conflicts.
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Figure 6.13: Pareto Frontier From Multiple Design Concepts

6.9 Data Envelopment Analysis

One of the properties a Pareto Frontier, as the one shown in Figure
6.12 is that it envelops all the other alternatives excluded from the
frontier, and hence the term Data Envelopment.

DEA is a non-parametric method such that it does not require any
functional form of the manufacturing system model, i.e., the inputs to
the analysis are the outputs of earlier evaluation processes.

It’s application in manufacturing context arises from the intuitive
approach of comparing alternatives by their efficiencies, i.e., how well
they transform inputs to outputs.

DEA with its different variants, is an established method as ana-
lyitic (mathematical) optimization for decision making.

The technical efficiency of a particular system is evaluated in refer-
ence to an ideal or virtual alternative that lies on the frontier.
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Relative Efficiency in DEA is thus defined as the ratio of the weighted
sum of outputs to the weighted sum of inputs as in Equation 6.7.

Relative Efficiency =
weighted sum of outputs

weighted sum of inputs
(6.7)

6.9.1 The Analysis

DEA analysis is performed by finding the weights that maximize the
relative efficiency of each alternative in turn and compare if the alter-
native (or Decision Making Unit, DMU)6 with the weights so obtained
is Pareto optimal or not.

This maximization (Optimization) problem is formulated as a linear
programming problem. If there are n alternatives, then the linear pro-
gramming problem is solved n times each time changing the reference
alternative, i.e., the alternative to which the maximization is carried
out.

DEA creates a performance frontier and discriminate or rank the
alternatives by the relative distance they have from this frontier. In
the basic DEA model, an alternative on the frontier is said to be 100%
efficient if it lies on the frontier and inefficient otherwise.

The basic DEA formulation is known as the CCR model, (Charnes
et al.). The model is described by Equations 6.8 to Equation 6.11.

6Though the term DMU is common in DEA, for the sake of consistency in this
thesis, the term alternative will be used henceforth
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The virtual input and output are formed by weights vi and ur re-
spectively as in Equation 6.8 which are optimization variables in the
mathematical programming formulation.

The Equation 6.7 can be rewritten in terms of these weights as in
equation 6.8. (Cooper et al., 1999)

RelativeEfficiency =
virtualoutput

virtualinput
=

viyi + . . . + vmym

ujxj + . . . + unxn
(6.8)

The mathematical programming that has to be solved for every
alternative k is then

max
∑n

i=1 viyik∑m
j=1 uixjk

∀k (6.9)

Subjected to

∑n
i=1 viyik∑m
j=1 uixjk

≤ 1 (6.10)

vi, uj ≥ 0∀i, j, i ∈ [1, n] , j ∈ [1, m]

yik output i by alternative k

xjk input j by alternative k

vi weights of output i

uj weight of input j

The linear dual form of equation 6.9 is widely applied which can
be either output or input oriented depending whether the output or
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the input terms from the objective function of equation 6.8 is used to
define the objective function.

The output oriented linear form is

max
n∑

i=1

viyik (6.11)

Subjected to
m∑

j=1

uixjk = 1 (6.12)

n∑
i=1

viyik −
m∑

j=1

uixjk ≤ 0∀k

vi, uj ≥ 0∀i, j

The equivalence of the fractional and linear programming formula-
tion is shown by (Charnes and Cooper, 1978)

The standard DEA model as given in the above equations assume
known, positive and deterministic values of the inputs and outputs.

Furthermore it is a dichotomy in a sense that it discriminates an
alternative either 100% efficient or not.

Hence there could be several alternatives with 100% efficiency as
long as they are pareto optimal for the values of the virtual weights,
which makes it ambiguous in ranking or selecting the best.

Andersen and Petersen (Andersen and Petersen, 1993), removes the
alternative being considered in the objective function from the con-
straint set allowing it to achieve an efficiency score of greater than 1,
and hence ranking can be possible among the efficient ones.
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6.9.2 DEA in Manufacturing System

Configuration Design

Few works have been reported on the application of Data Envelopment
Analysis, DEA, in manufacturing system configuration design tasks
particularly in cellular manufacturing system design. (Yang and Kuo,
2003), (Shafer and Bradford, 1995).

In Section 4.3 it was stated that for certain cellular manufactur-
ing system configuration, the problem is combinatorial possibly with
numerous alternatives to consider.

The inputs and outputs in configuration design problems can be
those performance which are desired to be minimized and maximized
respectively.

One of the desirable features of DEA for configuration design prob-
lems is the ability to handle design tasks with numerous alternatives.

Design of a cellular manufacturing system is a typical example
where there might exist numerous possibilities of cell configurations
as described in Section 4.3.

To apply DEA in manufacturing configuration design, three crucial
issues have to be resolved: (Tesfamariam and Lindberg, 2004a)

1. how to handle the qualitative performances which can at best be
given by ordinal data

2. how to handle stochastic input and output data that is prevalent
in manufacturing systems

3. how to incorporate the preferences in the model that convey the
managerial or strategic desires
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Handling Qualitative Factors

Ordinal data such as Equation 5.7 have to be appropriately trans-
formed to numerical values before they are incorporated into the DEA
model otherwise the model will become a non-linear problem due to
the unknown (unquantified) variables that can not be solved as a linear
programming problem.

Cook (Cook and Seiford, 1996), used ordinal data transformation
into a linear scale and their relative values are used into the model.
However, for ordinal data given by equation 5.8, the transformation
is already accomplished and hence the data can directly be applied.
Similar approach is also reported by Sarkis and Talluri. (Sarkis and
Talluri, 1999).

Incorporating Relative Preferences in the Criteria

Handling of the preferences on the objectives is often carried out through
the incorporation of the preference weights in the model as linear in-
equality constraints to restrict the virtual weights u and v with in a
given range known as Assurance Regions (AR). (Allen et al., 1997).

Stochastic Data Handling

The frontier in DEA is constructed from a set of deterministic input
output data, i.e., no variability is assumed in the values.

However, problems related to manufacturing system often involves
variability in input (such as demand fluctuations, supply of materials
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variability etc,) and output variability (such as resource availability,
quality conformance etc).

Therefore, the input and output values of a stochastic process are
not strictly deterministic or crisp. For a given confidence level, the
higher the variability the wider the interval.

A number of approaches have been proposed in what collectively
be known as stochastic DEA. Chance Constrained Programming, CCP,
introduces probability measures on the inequality conditions and mod-
ifies the objective function to reflect violations of these inequality con-
ditions. (Olesen and Petersen, 1995), (Cooper et al., 1998).

Use of point estimates of the mean values suffices for most applica-
tion with due attention to the results obtained.

6.9.3 Summary

Data Envelopment Analysis is a powerful approach for configuration
design task with several alternatives, as in evaluation of cell perfor-
mances in the design of cellular manufacturing systems.

Its comparative advantage is its less dependence on the subjective
weights for the selection of the best. In DEA model with Assurance
Regions, the subjective weights are only used to set bounds to the
virtual weights that maximizes the efficiencies of the alternative.
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Chapter 7

Description of Research Results

In the previous two parts of the thesis, the research background and
the Frame of References were presented. In this chapter the body of
research and the results obtained are presented. Each section describes
a specific research work and results obtained.

7.1 Aggregate Analysis for Configuration

Evaluation

7.1.1 Background and Proposition

When performance evaluation of complex systems by analytical meth-
ods is impractical, simulation based tools with a rigorous experimental
design and statistical output analysis are applied.

Evidently the time and budgetary resources required to assess com-
plex and/or several alternative systems can be inhibiting.
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In such cases, rapid and aggregate analysis are necessary to rel-
egate the unfeasible configuration alternatives at earlier stage before
proceeding to a more elaborate analysis.

This kind of analysis is essentially aggregate and referred as Rough
Cut Dynamic Analysis.

Though the methods and tools used for such an aggregate analy-
sis vary depending on the underlying system complexity, it’s generally
desirable for the evaluation method to have the following three prop-
erties:

1. Less time of analysis with consistency and qualitative accuracy.

2. Reusability of the model for multiple alternative systems.

3. Capability of the model to evolve into a more detailed model that
can be useful later in the system life cycle.

These three properties are considered as criteria in this research to
evaluate the analysis methods’ efficiency.

The limitations of analytical methods particularly queue networks
to model and analyze complex manufacturing systems has been dis-
cussed in subsection 6.1.1.

A continuous system dynamics simulation whose underlying causal
relationships as presented in Chapter 6, is proposed as an efficient
method for rough cut analysis in configuration tasks that involve mul-
tiple alternatives and those in which a new system is configured as in
those tasks identified as process or operation groupings (ρ2ω1 and ρ3ω1)
in Section 4.2.
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Figure 7.1: Generic SD Model for a Production Flow

Proposition 1 A System Dynamics (SD) model and simulation is an

efficient method for an aggregate analysis of multiple configurations.

One typical generic system dynamics model applicable for a man-
ufacturing system configuration design is shown in Figure 7.1. The
model is based on the Causal Loop Diagram described in Chapter 6.

7.2 The Model

The generic System Dynamics as presented is partitioned in quality,
capacity (time), availability and volume flexibility for the sake of dis-
cussion. These are described in the following.
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7.2.1 Capacity (Time)

Figure 7.2 shows the capacity (time) portion of the SD Model. The
DesiredRate is the rate at which it is planned to produce and the system
is fed with inputs to fulfill this DesiredRate.

The value of this parameter at a certain point in time is deter-
mined by the DemandRate and the capacityAdjustmentTime which is
the time the system needed to adjusted to a different capacity level, a
key parameter indicating the volume flexibility. If this is insignificant
it can be neglected.

DesiredRate
WIP

ActualProdRate

Aggregate
Throughput

PT

<DelayedMaxPR>

Availability

Demand
Rate

CapacityAdjustmentTime

Rework

Figure 7.2: SD Model - Capacity (Time)

This relationship can have of the form as in Equation1 7.1. Which
is the desired rate is a delayed value of the demand rate, the delay
time being the adjustment time that accounts the order processing
and planning time.

DesiredRate = DELAY FIXED(DemandRate, adjustmentT ime)

(7.1)
1The definitions of the mathematical expressions and functions is given in Ap-

pendix

104



The Model

The ActualProdRate is the rate at which products are produced in
the system and is dependent on the processing Time PT, the level of
WIP, availability of the system, and the maximum rate the system can
achieve.

If the system is down then the value of the rate is zero else it is any
value the upper limit being the maximum rate achievable.

This relationship can be described mathematically as in Equation
7.3

ActualProdRate = IF (Availability = 0) THEN 0 (7.2)

ELSE IF (DelayedRate < DelayedMaxPR)

THEN DelayedRate

ELSE DelayedMaxPR

The difference between the DesiredRate and the ActualProdRate rate
is actually the work in progress or WIP. The process time PT is used
to derive the intermediate variable delayedRate. PT can be assumed
constant or be dependent on the WIP level.

Availability2 is a function of TTF and TTR and the relationship
is described by a pulse train function as depicted in Figure 7.5. The
two parameters TTR and TTF can be stochastic variables the values
of which generated from the appropriate continuous distributions.

Availability = PULSETRAIN(1, ttf, ttr, final time) (7.3)

2Availability is to be understood here as the state of the system i.e., whether
the system is up or down.
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7.2.2 Quality

The YieldRate and ReworkRate (or Scraprate) are the two important
rates. The YieldRate is the rate at which quality accepted parts are
leaving the system while the ReworkRate is the rate at which rework-
able parts are re-entered to the system.

The AggregateThroughput, an intermediate level that shows the
level or amount of products that is to be streamed as, quality accepted
or unaccepted, is the difference of the integrals of the rates

AggregateThroughput =
∫

(ActualProdRate − Y ieldRate − DefectRate) (7.4)

The values of these rates in the model depend on the yield factor and
rework factor. Each of which are functions of the system capability. A
more elaborate case is presented in the appendix.

Aggregate
Throughput

QLossFactor

QualLoss

Throughput
Yield
Rate

Defects

DefectRate

ReworkRate

YieldFactor

ScrapRate

ActualProdRate

Rework

Figure 7.3: SD Model - Quality

7.2.3 Volume Flexibility

Volume Flexibility, as defined earlier, is related the ease the system is
responding to volume changes and is measured by the penalty function
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Figure 7.4: SD Model - Volume Flexibility

that takes in to account the probability that the demand will be as
assumed and the amount of difference between the total throughput
and demand. It is worthy to state that the model is extensible in a
sense that additional aspects of a production system can be added to
the model by establishing relationship with the existing factors.

The factors and parameters captured in a model depends on their
importance in relation to a particular objective.

For each configuration alternative, the relationships among the model
parameters are defined for instantiation.

As can be seen from the model, there are variables that can have
only two values, for instance, availability, which can take an up or down
values. Such variables made the model a hybrid one and care has to
be exercised in triggering these events in relation to the integration of
the differential equations and the simulation time step. The following
subsection discusses on these issues
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7.2.4 Events in Continuous Models

The issues of including discrete events in a continuous model can be
said to be in two areas:

1. the relation between the duration of the happenings triggered by
the events and the simulation time step

2. the relation among the type of integration method, simulation
time step and events that cause discontinuity.

Events and Simulation Time Step

The values of model variables are updated at simulation step values.
For instance the model variable values change from their old values at
time t to a new value at time t + ∆t.

Therefore including any happening triggered by event and that has
shorter duration than the simulation time step or whose duration termi-
nates within simulation time interval will cause simulation errors that
can be accumulated in the course of the simulation period. Typical of
such events in manufacturing system modeling are setups, breakdowns
and demand fluctuation.

Following Forrester’s rule of thumb, deterministic events that cause
delays in the flow are triggered during simulation if only the duration
of the delay is longer than ten times the simulation step time ∆t.
(Forrester, 1961), (Coyle, 1996), (Bartona and M., 1998).

To address this the simulation step time has to be improved or
those deterministic events which are excluded by this rule need to be
aggregated over some portion of the simulation period.
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Stochastic events, with likelihood of causing shorter delays than
the rule, their expected values, i.e., deterministic values are used. For
instance, in modeling availability, if the random TTR or TTF values
can assume smaller delays, then their deterministic expected values can
be represented as a pulse train function as shown in Figure 7.5.

TTF TTR
1 (Up)

0 (Down)

Figure 7.5: Pulse Train Function With Mean Values of TTF and TTR

Discontinuity in the Model and Integration Methods

The Runge Kutta, RK, integration method generally gives higher ac-
curacy compared to the difference or Euler method for the same simu-
lation time step ∆t.

However with the presence of discontinuities caused by disrupting
factors such as breakdowns (availability), RK methods even the order
auto time step may not converge to any solution for a given error
tolerance ε.

For instance the simulated WIP profile from the Euler and Runge
Kutta 4th order auto (RK4) integration methods using the same model
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parameter values and simulation step time is shown in Figure 7.6. The
error tolerance for RK4 was ε = 10−3.
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WIP : EULER widgets
WIP : RK4A widgets

Figure 7.6: Simulated WIP Profiles from Euler and Runge Kutta 4th

Order Integrations.
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Multiple Product Types

In cases of multiple product variants, the most typical product mixes
should be isolated, for instance using 80/20 pareto rule.

Each of these selected product mixes are represented by Pseudo-
composite products which have the weighted mean properties of the
composition. (Askin and Stanridge, 1993).

To illustrate this, suppose there are four product families that can
be identified as Pr1, P r2, P r3 and Pr4 with a typical product mix pro-
portion of: (x1, x2, x3, x4) for a given level of production volume where

∑
x1 + x2 + x3 + x4 = 1 (7.5)

The pseudo-composite product is the one that is composed of the
variants with properties derived as the weighted mean of the product
mix.

For example in gear manufacturing, different gear models can be
produced sharing the same process and resources and such cases those
different gear models can be aggregated by one pseudo-composite "gear"
representing the product variants.

For an aggregate analysis as described in this proposition, the pseudo-
composite approach suffice. Illustration of the approach is given in an
elaborated case in appendix.

Illustrative Case

To illustrate the approach described in the previous sections, a hypo-
thetical illustrative case that compares three alternative layouts for a
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production of four product variants is presented.

The timed product-machine incidence matrix with mean processing
times in minutes and the operation sequence numbers (in parentheses)
are shown in Table 7.1.

The three flow systems considered are: Job Shop (JS), Cellular
Shop (CS), and Dedicated Lines (DL). Two cells are considered in CS.
From Table 7.1, one possible cell grouping is a cell for Pr1 and Pr4 and
another cell for Pr2 and Pr3.

The typical product mix has the following proportions of the four
product variants, i.e., from Pr1 to Pr4

PM = (0.5, 0.3, 0.15, 0.05)T (7.6)

Each product mix is represented by a pseudo composite product
that has the weighted mean of processing times. This is one of the
aggregation rules described in earlier sections.

The rough processing times of the pseudo composite product (PCP)
in each layout is computed as follows

OP1 OP2 OP3 OP4 OP5 OP6

Pr1 7(3) 7(1) 10 (5) - 5(2), 9(4) -
Pr2 8(3) 6(2) 7(4) 9(2), 8(5) - 7(1)
Pr3 - 8(4) - 10(1), 10(3) 8(5) 6(2)
Pr4 - 6(1) 6(3) - 6(2) -

Table 7.1: Product Machine incidence matrix
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Figure 7.8: Two Cells Layout

Step 1 the processing time for each product PTi, i ∈(1, 4), is computed
based on the product machine incidence matrix.

Step 2 the number of machines required for each layout alternative is
determined using Equation 7.7

No.ofmachines = DemandRate

×
n∑

i=1

ProcessT imeij × FractionPrj

(7.7)
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where
DemandRate is the hourly constant demand rate assumed 20
parts/hr.
ProcessT imeij is the processing time for product i in operation
j from Table 7.1.
FractionPrj is the share (proportion) of the product type to the
pseudo composite product visiting machine j

Step 3 the processing times to produce a pseudo composite product in
each alterntiave layout is calculated using Equation 7.8

PT =

⎧⎪⎪⎨
⎪⎪⎩

∑4
i=1 PTi × FractionPri for JS

Max(
∑4

i=1 PTi × FractionPri)Cell j for CS
Max(PTi × FractionPri) for DL

(7.8)

Step 4 the maximum production rates for the pseudo composite product
in each alternative layout are obtained by considering the total
capacity of the bottleneck operation in the layout, i.e., maximum
capacity of the alternative is the capacity of the bottleneck oper-
ation.

These aggregate model variables including availability, quality fac-
tor, rework, etc are used in the system dynamics model shown in Figure
7.1.

For instance the ActualProductionRate is described in the model
by the

IF{Availability = 0, THEN 0

ELSE {IF {DelayedRate < maxDelayRate,
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THEN DelayedRate ELSE {MaxDelayedRate}}}

Simulation results of the three alternatives, the Work In Progress
WIP, Throughput, Reworks etc can be used to compare the perfor-
mances. For instance Figure 7.9 shows the WIP profile of the three
alternatives.
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DL

Figure 7.9: WIP Profile for the Three Alternatives

7.2.5 Justification of the Proposition

The proposition is justified by the following reasonings in reference to
the three criteria outlined in Subsection 7.1.1.
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Less time of analysis with consistency and qualitative

accuracy

The overall analysis time for comparative advantage of the method
increases with the number of alternatives. For such a model the anal-
ysis time is less since the need to build models for each alternative is
avoided.

Reusability of the model for multiple alternative systems.

The model is necessarily an aggregate generic3 one that capture the es-
sential elements of the production flow and yet capable of representing
multiple alternatives.

Capability of the model to evolve into a more detailed model

that can be useful later in the system life cycle.

The model can evolve into a more detailed model for a system thinking
based comprehensive analysis by integrating the different aspects of the
manufacturing system for needs that may emerge at subsequent stages
of the system life cycle.

This is particularly relevant in cases where the need for hierarchical
simulations are needed such as production planning and scheduling in
which the higher levels are modeled using system dynamics model and
the lower detailed models are modeled using discrete event models.

3definition of generic relating to or common to or descriptive of all members.
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7.3 A Cost Model for Reconfiguration

The advantage of using single objective whenever appropriate for a
comparative analysis has been described in Chapter 6.

In connection with this the application of a cost model, where the
different performances are projected or expressed to cost/benefit is said
to simplify decision making.

Projecting performances which are intangible or soft factors is not
a straightforward task. And some requires some consideration and
assumptions.

In the following sections, a cost model that comprises the invest-
ment and operation costs, quality losses, Reliability/Availability, as
related to configuration or reconfiguration evaluation is proposed.

Total Investment Cost (TIC), system reliability and product quality
are the factors that need to be captured in terms of cost. Scalability
can only be described qualitatively referring to a specific condition.
The model is developed by individually analyzing the factors and their
cost implications.

7.3.1 Total Investment Cost

The total investment cost includes the initial costs of the machine tools
with installation cost, material handling equipment, tools, etc. Opera-
tion or recurring costs, can be included in the total investment cost by
taking their present value if deemed necessary.
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Therefore the Total Investment Cost (TIC) for reconfiguration is the
sum of all costs expended to modify or renovate the existing system.
TIC is given by Equation 7.9.

TIC =

n∑
i=1

Ci × NMi +
∑

AC (7.9)

where
Ci → Unit Cost of resource type i
NMi → Number of identical machines of type i
n → Number of types of machines
AC → Auxiliary Cost is installation costs associated with the configu-
ration.

7.3.2 Reliability, Availability

Reliability of a system is understood as the degree of confidence that
a system will successfully function in a certain environment during a
specified time period. (Juran, 1988).

When it’s expressed as a function of time as in R(t), it means
the probability of failure-free operations for a time period at least as
specified t. The reliability R(t) often takes an exponential distribution.

However if the gradual wear and tear of the resources, such as a
wearing cutting tool, is significant to affect the process, the capability
should be described by a suitable distribution that takes into account
the time behavior of the error or error rate. A Wiebul distributions
with appropriate parameters can capture these phenomena.

118



A Cost Model for Reconfiguration

Since system reliability is a function of the time between failures,
TBF, or failure rates of the individual components, decrease in relia-
bility means more risk to downtime and hence risk to have a decreased
availability or system capacity for a given period of time.

The system reliability or alternatively its availability can be esti-
mated using Reliability Block Diagrams or state space Markov Chain
models.

Taking the following assumptions and approximations, a relation
between reliability and cost can be formulated.

• The time to repair TTR, for all machine tools is the same, irre-
spective of the configuration.

• Portion of system capacity CD, that is risked due to machine
failure is.

CD = (1 − R) ∗ Totalcapacity (7.10)

The 1 − R term in Equation 7.10 can be replaced by the avail-
ability value as computed from the reliability estimation.

• The cost per capacity decrease designated as β, is constant for
all configurations and is known a priori.

• The machine reliability, and thus that of the system refers to the
time of interest and assumes to be constant. The implication of
this assumption is that system deterioration does not occur.

Based on the above assumptions, the cost equivalent of risk due to
system reliability can be estimated as

CR = β ∗ CD (7.11)
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This cost is actually probabilistic and is not tangible yet. However
it’s possible to use this as a comparison factor among different con-
figurations. Therefore including it in the cost model for comparative
assessment is logical.

7.3.3 Quality Loss Owing to Configuration

Conformance is defined as the measure of how accurate the dimensions
are from the design intent or target. The higher the deviation from the
target value, the lower the product quality and the higher the quality
loss. (Taguchi and Clausing, 1990)

Quality related costs are generally classified into four categories:
quality loss prevention costs, quality appraisal costs, costs due to in-
ternal failure which are identified before shipment, costs due to external
failure which are reported by the customer after shipment. (Noori et
al 1995).

Though this seem complete the quality loss as defined by Taguchi
(Taguchi and Clausing, 1990) that may not be reported should also be
included.

Prevention costs are largely accounted in using a robust and capable
machine tools which already influences the investment cost. The other
prevention costs include those related to the setup activity.

The quality loss related to the system arrangement can be estimated
by extending the process capability concept to a system level.

For instance for a given quality feature, assuming capability de-
scribed by a Gaussian error distribution, the capability profiles of series
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and parallel systems are shown in Figure 5.3.

If it’s assumed that the parallel lines have the same mean values, the
combined distribution of the lines can be described using the sample
statistics (x, s) where the combined standard deviation ss is given by

ss =

√√√√ n∑
i=1

s2
i (7.12)

where n is the number of lines or streams.

The cost owing to a given configuration can be estimated using the
Taguchi quality loss function.

The Taguchi quadratic quality loss function is expressed as

QLF = K ∗ [(m − x)2 + s2] (7.13)

where K quality loss coefficient, a function of the functional limit
in the deviation (Phadke 1989)
m the target value
x the mean of the distribution of the quality feature of the product
s2 the variance of the distribution.

As stated earlier, appraisal costs are related to testing and inspec-
tion costs.

Cappraisal = testing and inspection costs (7.14)

Therefore the quality costs owing to configuration can be estimated as
the sum of equations 7.13 and 7.14.
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The three cost terms developed so far can be combined to give a
cost model that can be used as a comparative rating model for different
configurations. It’s only indicative since the cost associated with reli-
ability is a probable cost and the quality loss is an indicator of quality
performance.

TotalCost = QLF + availabil (7.15)

Scalability, though an important factor in configuration, cannot be
included since it’s impossible to derive a general explicit way to trans-
late it to cost. However, rankings can be made among the alternative
configurations.
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7.4 System Configuration Under Variable

Operation Condition

A manufacturing system can be configured in the presence of variable
demand rate and the alternative systems themselves may be inherently
and significantly variable.

As discussed in section 5.4 systems may show variability due to high
rework rate, breakdowns and variability in processing and setup times
and it adversely affects their performances.

Variable operation condition here refers to the variability in the in-
put demand rate and the variability inherent to the underlying system.
(Tesfamariam and Lindberg, 2004b)

With the presence of severe variability in the underlying alternative
systems, the performance of these the comparative analysis for selection
may need to consider the ranking of the alternative configurations may
shift within a given operation range.

In such cases, the comparative analysis should not be based on some
typical operation condition that gives only the snapshot of the system
performance but on the entire range of the operation condition the
system may be subjected.

Hypothesis 1 When the operation condition is variable, comparison
of alternatives at only a small neighborhood of an operating point may

not be conclusive.

123



7. Description of Research Results

1 2

Figure 7.10: A Two Stations Serial System

The hypothesis is verified using a dynamic simulation based analysis
of two hypothetical alternatives to a manufacturing systems with high
variability.

The comparison of these alternatives, that leads to the corrobora-
tion or refutation of the hypothesis, is based on their cycle time over
a wider range of the operation condition to which the system may be
subjected.

Two systems each with two serially connected stations as shown
in figure 7.10 are to be compared. The two systems differ by their
second stations. The two systems can be considered as aggregates of
systems of many components whose aggregated variability is described
by gamma distributions.

The new process or resources fitted to the existing system and its
downstream are represented by the second station where the two alter-
natives differ.

The parameters of the two alternatives are as shown in table (in-
clude from the paper) The job arrival rates are the independent variable
derived from the demand (volume) rate. The variation in the demand
rates (job arrival rates) are represented by some discrete levels in terms
of shift.

The non-overlapping batch means method is used considering its
adequate efficiency in variance estimation and minimizing the effect of

124



System Configuration Under Variable Operation Condition

40,00

50,00

60,00

70,00

80,00

90,00

23,00 24,00 25,00 26,00 27,00 28,00

Job Arrival Rates [per 8-hour shift]

C
yc

le
T

im
e 

[m
in

]

System I
System II

Figure 7.11: Cycle Time plots of Two Systems with Variability

the transient state data.

Xb =
1

m

m∑
j=1

Xib+j (7.16)

Using a polynomial regression meta model, the result is plotted
and the shift in performance between the two systems is revealed. The
conclusion that can be drawn from such theoretical analysis is that,
when the underlying systems have significant variability and operate
under variable conditions, configuration tasks included in xω2 and xω3

categories need to consider the entire operation range of interest and
decision based on a single scenario may lead to erroneous conclusions.
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7.5 Case Study

Analysis of the Fit Between Manufacturing Strategy and System Con-

figuration and Flow

A case study on the suitability of an existing system configuration
and control policy to the manufacturing strategic objectives has been
conducted in a discrete part factory that belongs to a large Swedish
manufacturing company which is one of the leading manufacturers in
the world in the product sector.

There are two market segments for the products identified as Seg-
ment A and Segment B. Segment A demands highly customized prod-
ucts and competes with high flexibility, quality and delivery depend-
ability. (Tesfamariam and Karlsson, 2004)

Segment B needs standardized products which are configurable ac-
cording to existing specifications and competes with low cost and short
delivery time.

The annual production share of the two segments is about 56% and
44% for A and B respectively.

Until recently, the company did not have a clearly defined and out-
lined manufacturing strategy, nevertheless the manufacturing require-
ments with respect to the range of product variants and production
volume have changed considerably over the years.

With the formulation of a new manufacturing strategy that is being
introduced in a company-wide scale, the top production management,
that is also overseeing some more sister factories in the company, sets
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the competitive priorities and production plan to each factory including
the one in this study.

The challenges that the factory faces emanate from a number of
reasons among which the most significant and relevant to this research
are:

• implementing the manufacturing strategy formulated by higher
level management that essentially requires major reconfiguration
work but nonetheless should not disrupt significantly the out-
standing and incoming customer orders

• meeting the ever tightening customer demand particularly in de-
livery time delivery dependability and quality aspects

• operational problems such as current levels of customer claims,
higher WIP, system availability and rework.

In regards to the first, the existence of two market segments has
made the tactical and operational objective setting rather a complex
task. Stiffer customer needs has exacerbated the situation further.

For instance, the delivery dependability as required by customers
has forced the factory to target a 95% level of accuracy, which is con-
siderably higher than the current level.

All the product families have complex product structure with mul-
tiple sub assemblies and modules levels. With few exceptions, virtually
all the components are produced in-house.

The manufacturing section is configured in a cellular fashion, each
cell been assigned to product modules and components. The higher
level layout of the manufacturing section is as shown in Figure 7.12.
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Figure 7.12: Layout of the Manufacturing Section

Until recently, the company did not have a clearly defined and out-
lined manufacturing strategy, nevertheless the manufacturing require-
ments with respect to the range of product variants and production
volume have changed considerably over the years.

With the formulation of a new manufacturing strategy that is being
introduced in a company-wide scale, the top production management,
that is also overseeing some more sister factories in the company, sets
the competitive priorities and production plan to each factory including
the one in this study.

The challenges that the factory faces emanate from a number of
reasons among which the most significant and relevant to this research
are:

• implementing the manufacturing strategy formulated by higher
level management that essentially requires major reconfiguration
work without disrupting the outstanding and incoming customer
orders
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• meeting the ever tightening customer demand particularly in de-
livery time delivery dependability and quality aspects

• operational problems such as current levels of customer claims,
higher WIP, system availability and rework.

In regards to the first, the existence of two market segments has
made the tactical and operational objective setting rather a complex
task. Stiffer customer needs has exacerbated the situation further.

From several discussions and interviews held with the management
in order to explicate their views on the plant performance with the
should-be in line with the new manufacturing strategy, it becomes ev-
ident that delivery dependability is the most crucial issue in which the
plant falls far short of the required level.

According to the definition given for dependability in section 5.4,
besides the promised date given to the customers, the actual delivery
time is dependent on the variability of the system.

The delivery dependability as demanded by the customers has forced
the factory to target a 95% level of accuracy4, which is considerably
higher than the current level.

7.5.1 Case Study Questions and Methodology

Based on these preliminary findings the case study raises the following
three question:

4Measuring delivery dependability by the coefficient of variation as proposed in
Equation 5.4 in Section 5.4 would be more appropriate instead of percentage which
can hide the severity of the deviations.
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1. how limited is the present system to meet the requirements and
identify the constraining factors; in other words, how is the fit
between the manufacturing task and the manufacturing strategy
content?

2. what is the level of reconfiguration needed to improve this?

3. what configuration solution concepts exist to improve the perfor-
mance?

The first question requires to analyze the current system to assess
its performance with respect to the requirements.

Considering the level of detail required for the assessment and the
complexity of the routings and the associated stochasticity, a detailed
discrete event simulation analysis is carried out. The description of
this phase of the case study is presented in the following section.

The issue of determining the configuration task necessary to recon-
figure the current system is what the second question is about.

According to the proposed Configuration task taxonomy in Chapter
4 and referring to Section 4.2 in particular, the level of configuration
refers to the Degree of Configuration Freedom that define the configu-
ration (reconfiguration) task necessary to meet the requirement.

In the identified configuration tasks the importance of the different
solution concepts are evaluated and some prioritized using simulation
based experimental design.

Therefore the case study uses interviews, discussion and document
survey to identify the real problems associated with the current system
and explicate the content of the manufacturing strategy.
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This is essentially to capture the business requirement of the man-
ufacturing system.

Then a simulation based bottom-up analysis is carried out to iden-
tify, evaluate and propose the configuration tasks necessary to achieve
the desired level of performance.

7.5.2 Assumptions

Five principal product families covering over 70% of the annual pro-
duction in the recent past years are selected to represent the whole
product flora. The remaining product types are very similar interms
of either product structure or their manufacturing requirements.

Therefore the selected product families, projected to assume the
plant’s product variants will not be a critical assumption.

Considering its complexity in size and flow and being the cell which
produces the largest share of components, one of the cells C1 as shown
in Figure 7.12 is selected for the analysis.

This cell is truly a factor within a factory having 38 stations produc-
ing 70+ components in a typical job shop environment with complex
routings and multiple reentrants.

7.5.3 Analysis

From the interviews5 the two market segments A and B as identified
earlier, have competing against different order of priorities. Its found

5The interviews include a structured one to find out the reasonings when the
AHP pair wise comparison is made.

131



7. Description of Research Results

out that the two segments are characterized as shown in Table 7.5.3

A (Customized) B (Standardized)

Product Mix Flexibility Cost
Quality Time
Dependability

Table 7.2: The Two Product Segments and Competing Dimensions

Since the company is to launch a reconfiguration project to enhance
the performance of the plant and to fulfill the requirements, a detailed
simulation based analysis of the current system was necessary so as
to determine the level of (re)configuration task necessary. As per the
proposition made in Section 4.2 on taxonomy of Configuration Tasks,
the level of (re)configuration refers to the Degree of Configuration Free-
dom ω.

The simulation based analysis follows the standard methodology
which is shown in Figure 7.13.

Simulation Analysis

As mentioned earlier, due to its size and number of components visit,
this case study focused on the analysis of C1. Even though the higher
level layout as shown in Figure 7.12, the flow type within C1 is typi-
cally a jumbled job shop flow with 38 stations and over 70 components
passing through in complex routings and multiple reentrants.

Furthermore this cell contains a number of manual operations that
require a very high level of workmanship. Though each job is initiated
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Figure 7.13: Steps in Simulation Based Analysis

from a customer order, the planning and control policies are typical of
a push system.

Data for the simulation model, such as product structure, compo-
nents and their routing, the processing and setup time at every opera-
tion, is collected and captured in a database that is embedded to the
simulation model.

Machine parameters such as failure profile are gathered from main-
tenance archives and from results of previous availability studies. These
empirical data are then fitted to failure distributions and are included
in the model deliver the failure profile of each important or key station.

In addition to the actual machine failure, operators absenteeism,
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meetings (for various reasons) that interrupts production are also con-
sidered as another type of failure mode. for those stations where oper-
ators’ presence or attention is crucia.

A simple representation of the simulation set up is shown in Figure
7.14.

Product Routing Data
Distributions Estimating

Disturbances

Simulation
Model

Production Planning
and Flow Desciplines

Figure 7.14: A Setup for Simulation Analysis

Five parameters are used as system outputs (responses):

1. WIP the maximum amount of the Work in Progress in the system
in terms of product units6,

6the product unit refers to the sub assemblies and modules of a product unit
produced in this cell
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2. Throughput (Th), the total amount of units produced,

3. Flow Time (FT) the average time required to process a product
in minutes

4. Utilization (Ut) Utilization of the bottleneck machine and

5. Coefficient of Variation (COV)7 of the Flow Time that indicates
the Delivery dependability which is a function of the variability
of the system.

The model was validated using current production data. The sim-
ulation was run for 5328 hours which is according to the current oper-
ation at the company, is equivalent to one year production time.

Several runs are carried out that are sufficient enough to enable
estimating the variance of the output parameters accurately A replica-
tion/deletion method is used exclude the start-up states of the system.

The transient state data which lasts for about two weeks is trun-
cated to avoid any bias on the mean values. The total annual operation
weeks, is not affected by this truncation.

A commercial simulation software tool, Extend™from ImagineThat
Inc is used. In the result table shown, the Flow Time refers to that
product in product Segment A (competing in time) with the highest
flow time while the COV refers to that product in segment B (compet-
ing in delivery dependability)as described in Section 7.5.3.

From the result it can be seen that the variability is in the higher
values of the moderately high variability (Hopp and Spearman, 2000).
This implies that unless some measures are implemented, the current

7the ratio of the variance of the lead time to the mean value.
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system cannot fulfill the dependability as expected from the require-
ments.

Moreover from the simulation analysis the severity of constraints in
the bottleneck resources is also observed.

And since variability adversely affects the overall performance of the
system, preliminary measures should target in reducing the variability.

Incremental Improvement Measures

Considering the immense practical issues that may surface and the very
desire not to significantly disrupt or hamper the ongoing production,
while implementing the improvement measures, a two Stage proposed
to be carried out in two stages:

• short term improvement with simpler low investment measures
for and

• major high investment improvement measures

The rationale to have such a two stage analysis is to assess the
benefit of small incremental improvement measures.

WIP 171 parts

Throughput 236 parts

Flow Time 4211.2 minutes

Utilization 0.78 or 78%

COV 1.14

Table 7.3: Simulation Output of the As-Is System

136



Case Study

This enables to estimate the maximum performance that can be at-
tained without substantial investment and disruption of the outstand-
ing and incoming orders and to evaluate if these measures can suffice
to address the immediate challenges.

After studying the shop floor activity and extensive discussions with
management and shop supervisors, three possible candidate measures
that can enhance the performance are identified.

Except the third proposed measure, the other two do not require a
substantial amount of investment. These three proposed measures are:

1. Merging two stations

2. Job releasing frequency and policy

3. Increasing bottleneck capacity

The description of the proposed measures is presented below.

Merging Two Stations

Two stations which have multiple occurrences of back and fro material
flow between them are proposed for merging. This is for two reasons,

• to reduce the flow time by eliminating the setup time, time for
material movement within the cell and the reworking time.

• to decrease the effect of setup operation on quality nonconformity.

The quality of a product is affected by a number of operational factors
some of which are inherent to the processes and some are from the way
the operations are executed.
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The setup operation is typically the latter type source of quality
errors. When this is the case, reducing the number of setups may
substantially reduce the quality nonconformity.

Job Release

It presumed that increasing job release frequency may help to increase
the time performance of Segment A products the segment competing
with time. This might be at the expense of the products in Segment
B.

Therefore further investigation is necessary. From Segment B per-
spective (segment competing with dependability), maintaining the WIP
at some optimum level can increase the delivery dependability. This
effectively requires implementation of a ConWIP or base stock policy.

However, the complexity of the product mix and the job shop con-
figuration make the application of ConWIP a non trivial task since
there exist significant differences in the processing and set up times
among the components. (Hopp and Spearman, 2000).

Furthermore the basic ConWIP loop can’t be utilized due to the
unique and complex routings of each components. However the bottle-
neck machine is a fixed constraint.

This means components from different product families have this
same station as their slowest resource, hence the ConWIP loop is pro-
posed around the bottleneck resource to maintain a two weeks inven-
tory. Few simulation runs show that this WIP level is somewhat opti-
mum.
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Factor Levels and Description

Merging two stations (A) 2 levels; (current and merged)

Increase Bottleneck capacity (B) 2 levels (current and increased)

Job Releasing (C) 3 levels (weekly, every two
days and ConWIP)

Table 7.4: Experimental Factors and Their Levels

Increase Bottleneck Capacity

There is an obvious and sever constraint (bottleneck) in the production
flow. The station is operating in three shifts while the rest of the factory
is operating in two shifts.

The only way to improve this situation is therefore to increase the
capacity perhaps by adding another station in parallel.

Though this requires a relatively more investment compared to the
other proposals it is included in this analysis because it is already being
assessed by the management.

In order to investigate the impacts of the three proposed improve-
ment measures, a simulation based mixed level (2231) factorial experi-
ment is designed and conducted.

This is done to find if these measures can bring the desire improve-
ment. The factors levels considered are

From Table 7.5 it can be observed that all the three proposals have
a significant effect on performance improvement.

For instance using multiple replications, the F statistic values for
the effects of A, B and C to the output parameter COV is 23.7, 31.4,
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Run
Factors Response

A B C WIP TH FT Ut COV

1 - - - 171 236 4211.2 0.78 1.14
2 + - - 167 244 4073.4 0.81 1.15
3 - + - 131 301 3602.1 0.63 1.1
4 + + - 127 308 3801.7 0.67 1.12
5 - - 0 162 239 3992.4 0.79 1.09
6 + - 0 154 241 4021.3 0.77 1.1
7 - + 0 131 302 3781.6 0.64 1.07
8 + + 0 137 305 2932.7 0.62 1.08
9 - - + 123 246 3121.9 0.78 1.09
10 + - + 116 251 3089.1 0.71 1.12
11 - + + 106 304 2981.2 0.63 1.08
12 + + + 101 309 2781.3 0.67 1.09

Table 7.5: Experimental Design Setting and Response

and 42.3.

The corresponding F critical values (at α =95% confidence interval
and respective degrees of freedoms) are 5.4, 4.7, and 3.8 respectively.

The performance improvement that can be attained by implement-
ing the previous minor improvement measures cannot alleviate all the
challenges the factory is facing.

This is particularly true with respect to the current WIP level and
the variability even though they address some of the crucial urgent
needs such as higher production throughput.

From this it’s deduced that to achieve the best of the performance,
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it’s essential to carry out a major reconfiguration task.

Given the more than seventy components manufactured in such a
job shop environment, its proposed to consider a component focused
cellular layouts instead of the module or subassembly focused layout of
today.

Which implies the kind of configuration task necessary, according
to the taxonomy given in Section 4.2, is ρ3ω3.

The proposed Configuration Task description is as shown in Table
7.6.

Task Structure

Design Space: Cells differing in stations

they contain and the components visiting them
and the space availability as constraint

Performance Space: Multiple objective
including inter cellular movements, distance
between stations, number of stations, . . .

Output: Component focused manufacturing cells

Applicable Tool Layout Tools

Table 7.6: Description of Configuration Task
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7.6 House of Assessment
A Comprehensive Design Decision Matrix

The use of design decision matrices has been discussed where it’s de-
scribed as a matrix where each alternative is rated against pre-specified
criteria that could be weighted. (Ulrich and Eppinger, 2000).

In other words its a combined representation of the design space
and the Performance Space in a matrix form used for selection.

The challenging step in design decision matrix is assignment of
weights to the criteria. Three main interrelated issues need to be re-
solved

1. identifying the relevant criteria

2. checking for dependencies among the criteria

3. reducing the subjectivity factor in weight assignment

7.6.1 Identifying the Relevant Criteria

The relevant criteria is identified from the objectives and the design
space, i.e., the set of configuration alternatives being considered.

The latter is crucial since all the competing alternatives might have
sufficient scores in some criteria that the criteria loses its relevance for
decision making.
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7.6.2 Checking for Dependencies

When a given configuration task has multiple objectives which are con-
flicting then elucidation of the dependencies among these objectives
and their derivatives will enhance the quality of setting preference val-
ues.

It can generally be said that depending on the formulation of the cri-
teria, there may exist dependencies among the criteria whose strengths
or weaknesses depend on the design space i.e., the available alternative
configuration being considered.

For instance the relationships between cost and quality or related
criteria, though the dependence might be intuitive, its significance or
strengths for a particular configuration task is dependent on the design
space.

In other words, to assign preferences or importance weights to the
criteria in the presence of dependencies and influences, elucidating the
network of dependencies in the performance criteria and their deriva-
tives is essential. (Saaty, 1996).

The performance objectives as described in Chapter 5 and their
derivatives can be assumed to form either a hierarchy or a network.

Hierarchical models imply no or negligible dependencies while the
network model implies dependencies and influences. The two models
are depicted in Figure 6.10.

Checking for dependencies among the criteria is thus to determine
the type of model, i.e.,

• linear hierarchical models for no or insignificant dependencies or
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• network models for interdependent criteria

The design space, determine the strengths of the dependencies that
may exist. This means that the findings of this step may be counter
intuitive.

For instance the relation between cost and quality in selection is
intuitive. However, for a particular set of alternatives this relation may
be weak or non-existent. Causal loop diagrams capture the fundamen-
tal relations.

Elucidating the dependencies among performance criteria objectives
and their derivatives can determine the quality of selection in configu-
ration design.

7.6.3 Reducing the Subjectivity

Conflicts in the objectives of a configuration problem is resolved by
searching for break even or optimal solutions.

However the break even or an optimum solution is dependent on
the relative preferences of the objectives often expressed in terms of
weights as described in Section 5.8.

The inconsistencies, inaccuracies and uncertainties associated with
the subjectivity should be minimized. This can be done through con-
sistency checks, multiple views and judgments instead of a single judg-
ment. The resulting weights could be fuzzy or intervals instead of crisp
or point values.

Furthermore to make use of preference description in a quantitative
analysis one may need to transform the ordinal ranking into cardinal
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ranking. Hence Equation 5.8 is a more refined or transformed form of
Equation 5.7.

7.6.4 Proposition

In line of these premises and the arguments made in Sections 5.8 and
6.10, a comprehensive design decision matrix, called House Of Assess-
ment, HOA, is proposed.

HOA has two supplemental features that are not included in design
decision matrix. These are

• criteria dependency assessment matrix and

• objective weight generation from the performance scores in order
to check the relevancy and discriminating ability of the criteria.

The left most section is simply the representation of the design
space, i.e., the alternatives. In Figure 7.15 for a layout decision for
instance, the product-process matrix, PPM, is depicted.

The steps in the assessment are described as folllows.

Step 1 - Performance Mapping

The performances of each of the alternatives with respect to the criteria
are mapped to the design decision matrix. For quantitative factors, the
mapping can be done analytically or by simulation.
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Figure 7.15: House of Assessment

On the other hand, for qualitative factors, the performances can be
obtained from pair wise comparisons of the alternatives with respect
to the criteria; as in Saaty’s pair wise comparison.

These pairwise comparisons are modeled as in Figure 7.16 which
assumes that the alternatives are independent to each other.

In decision matrix, every element is normalized so as to have a value
between 0 and 1. This allows each attribute to have the same range of
measurement.
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Criteria 1

Alternative1
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Figure 7.16: A Model for a Qualitiative Analysis

Step 2 - Weight Assignment

The performance criteria are assumed identified a priori. The subjec-
tive weight assignment is carried after checking for dependencies.

• the existence of dependencies among the criteria may require a
network model for a bottom up weight assignment model instead
of the top down hierarchical model.

Dependencies or influences are checked analogous to Quality Func-
tion Deployment. However unlike QFD the purpose of the corre-
lation matrix is not only to analyze the relevance of the HOW’s
but also to select the appropriate model.

Existence of strong dependencies may indicate the use of network
models and otherwise linear hierarchical model.

• the discriminating ability. For each attribute its discriminating
ability is assessed by:

1. whether all the alternatives have scored equal or above the
desired or target, which means the criterion is irrelevant.
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2. its entropy weight of the attribute is very low in which case
it’s significance in the decision matrix need to be reconsid-
ered

The objective weight so obtained can also assist to critically analyze
the relevancy of the qualitative criteria.

For instance given that the entropy weight is low and there exist
a strong disparity among the decision makers or some degree of un-
certainty in the scores of the qualitative criteria, the relevancy of the
criteria in the decision can be reconsidered.

The above proposition is made to summarize the description of the
arguments made thus far in relation to subjective and objective weights.

For configuration tasks ρ3ω1 type, where resources can be arranged
in several possible ways application of Data Envelopment Analysis may
be preferred for reasons that includes

1. subjectives weights in intervals: the subjective preference weights
are given in the form of intervals or are fuzzy due to lack of
consensus or uncertainty instead of point or crisp values. This
is the case where multiple individuals are involve in preference
elicitation.

In such cases the weights obtained are incorporated in DEA
Model as Assurance Regions to restrict the optima virtual weights.

2. there are several alternatives that justifies its use

Results obtained from DEA can also indicate to some extent how
the dominated alternatives should be improved, i.e., compare each
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of them with their corresponding virtual alternative that lies on the
Pareto frontier.
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Chapter 8

Summary and Conclusion

In this chapter a discussion around the main themes of the research

is presented summary to the thesis. The research questions in rela-
tion to the research findings are critically reviewed. Further research

recommendations are also given with concluding remarks.

8.1 Discussion

Configuring and reconfiguring a manufacturings system is presented as
an issue with increasing importance due to

• higher frequency of system configuration or major reconfigura-
tions to accommodate new set of requirements and/or

• the need to configure the system to make it usable across gener-
ations of products or product families
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Discussion

Configuration is understood in this research beyond layout or posi-
tioning of resources but embraces also selection of processes and re-
sources. A taxonomy of the different categories of configuration tasks
is presented to support this the concept and used to set the research
perspective.

Just like any engineering design task, configuration design involves
three steps, to generate concepts, to evaluate these concepts followed
by selecting the best one. This research has focused in the latter two
steps, i.e., evaluation and selection.

Evaluation and selection in configuration design involves multiple,
incommensurate and conflicting objectives. Which renders configura-
tion a multi criteria decision making or multi objective optimization
problem.

A manufacturing system configuration design is strategic, i.e., the
effects are long term and determines the competitiveness of manufac-
turing.

The findings of the case study in a large Swedish discrete part man-
ufacturing reiterates this fact. In this case study the fit between the
manufacturing strategy and the existing system configuration and plan-
ning is investigated.

Using discrete event simulation and design of experiments, it has
been found that neither the existing system configuration nor even with
some minor improvements in the configuration and planning are able
to achieve the requirements posed by the two market segments: short
delivery time and higher level of delivery accuracy or dependability.
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8. Summary and Conclusion

The use of simulation based experiment as a method for such anal-
ysis is proved to be effective. Model building and model validations are
two formidable steps in the simulation analysis. This is mainly due to
the need to model the variabilities in the system.

Variability not only makes modeling and output analysis a difficult
task but also the comparative analysis may be inconclusive if carried
in a small neighborhood of an operation point.

Therefore, it’s argued with simulation based case that for compar-
ative analysis of systems with variability, the role performance plots as
those of Cycle time and throughput capture the behavior of the sys-
tems in the wider operation range of interest and better information
can be obtained.

Contrary to the reductionist view the system or System Thinking
world view is endorsed in the research.

Accordingly a generic causal loop diagram is developed to put for-
ward the relational arguments among the different performance dimen-
sions and most importantly to develop a system dynamics model that
can be used as an aggregate analysis.

It’s argued that the system dynamics based aggregate analysis has
the advantage over analytical methods in its capability to capture the
complexity, capability to evolve into more rigorous and detailed model,
and the lesser time needed for the assessment especially when there are
a number of alternatives.

Circumstances are when a cost model may suffice for certain com-
parative analysis. The challenge with cost models is the difficulty in
projecting intangible factors in terms of cost.
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Discussion

However, approximation to some important factors can be made
that may give insights in the comparative performances of alternatives.
In line with this view a cost model that comprises the investment and
operation costs, quality and reliability is proposed.

Quality is decomposed into its components which includes quality
loss the the cost due to non-conforming nonetheless shipped products.
The Taguchi quadratic loss function approximated is used to approxi-
mate this.

The intent of the loss function is to make aware of the fact that any
deviation from the target values entail cost, in this case societal loss.

The cost associated to reliability is probabilistic and estimated the
loss due to unavailability.

Issues concerning multi criteria decision making as relevant to con-
figuration design is discussed. Different methods and tools may have
comparative advantages over the others in some configuration design
tasks.

However, use of AHP and ANP for preference weight (subjective)
elicitation and qualitative performance evaluation, entropy for objec-
tive weights calculation that may help to evaluate the discriminating
ability of a criteria, Pareto frontier Analysis particularly Data Envel-
opment Analysis for selection and ranking of alternatives are shown to
be relevant and applicable in configuration design.

To summarize these approaches a comprehensive design decision
matrix called House of Assessment is proposed that encourages to per-
form
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• dependency analysis among the criteria after the performances
are filled in the matrix in order to decide which decision model
namely hierarchical or network that has to be used

• merge and analyze the qualitative and quantitative factors the
former by making use of AHP

• evaluation objectives weights of the criteria using entropy to de-
termine the discriminating ability of the criteria.

8.1.1 Critical Review

The subject of configuration design is a broad scope and hence no one
best method or tool or even a framework can be recommended. Thus
the research had to focus in a segment of this wide scope to address
more specific research questions.

As a result a number of fundamentally important insights in the
methodological approach relevant to configuration design have been
forwarded.

The first research question How can a generalized configuration de-
sign and the various configuration types be defined? has been addressed
by the formal proposed definition of configuration and the taxonomy
of the different categories of configuration tasks. The commonalities
and differences among these tasks has been discussed.

The second question i.e., How can the dynamics of production sys-
tems be captured (modeled) and analyzed that go with the particular

configuration problem? an extensive discussion has been given and the
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Further Research

use of aggregate analysis in cases where the design space contains a
number of feasible configuration concepts is forwarded.

In regards to the third question, i.e., How can the requirements cor-

responding to a specific configuration task be analyzed to suit the eval-
uation process?, refers identifying the type of decision model namely
either hierarchical or network, that should be applied for a particular
task.

This has been addressed by constructing the causal loop diagram
containing all the flow dynamics relevant to configuration and extract-
ing the criteria and deducing the strengths of the dependencies for a
particular design space.

For this purpose a System Dynamics Model is proposed as an effi-
cient method and a generic model is developed.

The list of evaluation methods cannot be exhaustive. However rais-
ing issues around selection in the presence of qualitative and quantita-
tive, selection in cases where criteria are interdependent, selection in
the presence of significant variability inherent to the system, selection
among several alternatives have been raised and addressed.

8.2 Further Research

A few possible research topics as further work to this research have
been identified. this includes

• Integration of System Dynamics in product realization and man-
ufacturing operation
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• Analysis of the relationships as described by the causal loop dia-
gram particularly the relationships among production rate, devi-
ation in conformance and the various failure modes at a resource
and system level

• Error propagations in different manufacturing systems configura-
tions

• developing a rule based or expert system that identifies and rec-
ommends the appropriate methods applicable to a given configu-
ration task. This includes developing a template for a Structured
Problem Solving methods that can be integrated in concurrent
engineering or even Collaborative Engineering Negotiation envi-
ronments.

8.3 Conclusion

Configuration of manufacturing systems has become increasingly a cru-
cial activity due to higher frequency of new product introduction, and
the desire to reuse a manufacturing system across generations of prod-
ucts and product families.

Newer manufacturing thinkings and technologies such as produc-
tion platforms, reconfigurable manufacturings systems (RMS), holonic
manufacturings etc are some progresses in this quest.

This research attempts to contribute to the body of knowledge in
configuration around evaluation and selection sub tasks by raising re-
search questions which can be said to be generic, i.e., applicable to all
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Conclusion

manufacturing systems though discrete part manufacturing is taken as
the underlying system.

The research findings as presented in the thesis are argued to be
conceptually sound and applicable.
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