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Abstract

Many design theories lack scalability to systems with many elements. They provide guidance
to designers about specific facets of a design task but are too cumbersome to apply
thoroughly from conceptual to detailed design. Thus the opportunity for rational design is
missed.

Axiomatic design (AD) seems ideal for directing the design of large systems because it
proposes general principles and a recursive design process. AD provides a fundamental basis
for understanding decision making during design. it contains representations for the design
object (a hierarchy of functional requirements, design parameters, and design matrices) and
the design process (decomposition and zigzagging) combined with rules for decision making
(the independence and information axioms). Challenges remain, however, in implementing

the theory to large system designs.

The challenge addressed in this thesis is decomposition, the activity through which details of
the design emerge. In decomposition, FRs satisfied by conceptual DPs are reduced into sets
of sub-FRs. This activity is repeated until the design is completely embodied as a physical
system of hardware and/or software. A question asked about decomposition concemns
consistency: How can decisions about sub-FRs, and the rest of the decomposed design, be
made so that they match the design decisions and representations of the design that were
made at higher levels of the design hierarchy? To enable designers to do this, this thesis
extends AD by providing a model of the decomposition process that identifies the activities
performed and provides guidelines and tools to assist the designers.

The designers’ goals and guidelines for achieving them have been generalized and evaluated
for each of the decomposition activities: generating sub-FRs, identifying relevant customer
needs, integrating sub-DPs, directing progress of the decomposition, dimensioning DPs,
layout of DPs, carrying down and refining constraints, and =nsuring consistency between
levels. The theoretical concepts, the model, guidelines, and tcols, have been validated
through application to industrial cases including a new reticle management system
accommodating customer variety, software algorithms for machine control, system analysis,
reuse of design rationale, and software design. The cases examined cover a wide breadth, are
from different fields, and have different numbers of designers.

Thesis Supervisor: ~ Nam P. Suh
Title: Ralph E. and Eloise F. Cross Professor of Manufacturing
Head of the Department of Mechanical Engineering



If he had said this to me two weeks ago I would have popped him in the
mouth, six weeks ago I would have broken his arm, four months ago and I
would be telling this story to my death-row prison mates. Today all I could
do was laugh at him.—Eddy L. Harnis, South of Haunted Dreams, p. 244

On occasions when [Robert E.] Lee and General Francis Smith,
Superintendent of VMI, marched together in some joint exercise, Lee
consistently marched out of step. A faculty member recalled, “He simply
walked along in a natural manner, but although this manner appeared so
natural, it seemed to me that he consciously avoided keeping step, so
uniformly did he fail to plant his foot simultaneously with General Smith or
at the beat of the drum.” —Emory M. Thomas, Robert E. Lee, p. 396
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CHAPTER 1: INTRODUCTION

1.1 Motivation

Why is design theory important? What issues does it cover? Is it useful for real-life
applications? This introduction places the research presented in this thesis into the larger
context of design theory in general by addressing these questions.

1.1.1 Needs of designers in industry

There are several different objectives that companies have in applying design theories and
methods to their product development processes, including these:

e reduce use of product development resources (time, money, etc.)
e improve product functionality
e improve product reliability
e reduce product life-cycle costs
¢ reduce manufacturing cycle time
Better product design processes lead to shorter development times and lower costs as

described by a typical Wall Street Journal article that discusses the efforts of Japanese and
American auto makers to reduce development times [Reitman and Simison (1995) p. B1]:

Shortening development time has become an increasingly important goal for the
world’s auto makers. Not only do faster development times cut costs by saving
overhead and using engineering and production resources more efficiently, they
make it possible for auto makers to get cars to market before trends and customer
tastes change.

Companies continually strive to improve their performance and capabilities in product
design, and product life cycles are ever shortened. Thus, the goals which companies set are
not, nor should they be, fixed for all ime. What constitutes a competitive performance in
terms of development ame today can be out-of-date tomorrow. A company’s
performance—and survival—are in part determined by its ability to rapidly introduce new
products to meet changing market demands.

1.1.2 Impact of design theory in industry

To address the needs of industry, academia has been developing the research area of design
theory. The areas of fundamental knowledge which are covered within design theory are
abstracted as these:' the design process, the design object, designers, resources (time,
money), and specific field knowledge.

1 The design process is the set of activities whereby designers develop and/or select the means to 2chieve a set of
objectives, subject to constraints. The design process may entail the creation of a new solution, the selection of
an existing solution, or a combination of the two. A series of activities are performed by which the customers’
perception of a design task is transformed into an output—the deggn object, which is any satisfactory solution to
this task. The transformation occurs by means of designers working with design tools/methods, with their
knowledge of discipline-specific information, and with a set of available resources.

Demck Tate 9
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When forming overall questions to be answered by this field, several broad questions can be
considered, including the following:

1. How should the products be designed within the company? What activities are
required? What organization should be used? What theones, methods, and rules are
aseful?

2. Who should design the products within or outside the company (vendors,
universities, etc.)?

3. What products should the company design, given the context described by the
current company goals, resources, and competencies? When should the products be
designed?

The scope of this thesis falls within the first question: identifying theores, rules, and
methods for specific design activities. This thesis, however, builds on a scientifically based
theory of design which can be applied in answering each of the above three questions.

Unfortunately, design theory as a whole has been relatively unsuccessful at gaining
acceptance within industry’ or in achieving consensus within academia. One contributing
factor is that researchers are not proposing broad, generalizable answers.’ As noted by
Ullman, “There are very few researchers in the United States who are trying to find a basic,
philosophical, underlying science of design. This search for an idealized model has been
overshadowed by the development of domain and phase dependent [theories] as a result of
the interest of the financial sponsors.” [Ullman (1991) p. 798]

1.2 Background and context

While some researchers have noted that a research community in design theory does exist,
the status of the field of design theory has been termed a pre-theory (or pre-paradigm) stage. For
example, Dixon says, “researchers in engineering design theory...constitute a single goa/-
directed research community’, yet “[tlhere is much yet to be learned and formalized before we
may say that a scientific theory and foundation of principles exists for engineering design.”
Thus, he concludes, the field is “in a pre-theory stage”. [Dixon (1987) p. 146, 147] Likewise,
in Ullman’s opinion, “there is not yet a specific theory to describe. It is still evolving...Design
theory research is in the pre-theory stage. There is still a search for the basic vocabulary and
building blocks of a theory”. [Ullman (1991) p. 794, 800] This is because, as the discussion at
a workshop conacluded, the field of design theory “lacks a clear agreement about the goals to
pursue, a shared research methodology, and a broad theoretical framework to relate the
findings of isolated pieces of research to one another.” [(1992) p. 213]

1.2.1 Paradigm for design theory

The lack of an accepted set of research methods is the crux of the issue. The fragmented
nature of design theory research is not due to a disagreement about the overall goal of design

2 For use of design theory in industry see [Araujo, et al. (1996)], [Fulcher and Hills (1996)], [Fredaksson (1994)],
and [Frednksson, et al. (1994)].

3 The reader is referred to [Cross (1993), Evbuomwan, et al. (1996), Hubka and Eder (1992), Karandikar and
Shupe (1995), Tate and Nordlund (1995), Wilson (1980)] among others to understand the breadth of research
within the field of design theory.

10 Dernck Tate
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theory or a lack of communication channels, but rather due to differences in the means by
which design researchers seek to reach that goal that have led to the current state of the
field. For example, one paper asks,

Is there convergence and agreement internationally on the research results to
date?...What is the best methodology for design research?...Is a structure for research
topics emerging?...Should design research be carried out in accordance with the
discipline and methodology of orthodox engineering science? Or should it conform
to research methodologies used in social sciences?...Or should design research stand
on its own two feet somewhere in the middle—a new pure form of research or a
hybrid? [Fulcher and Hills (1996) p. 184)

A unifying view of design researchers is needed. This view is termed a paradigm,” consisting
of “accepted examples of actual scientific practice—examples which include law, theory,
application, and instrumentation together— that] provide models from which spring
coherent traditions of scientific research”. [Kuhn (1970) p. 10] Thus, the framework for
doing design research includes the identification of important design phenomena to address
(that is, identifying which decisions or tasks of designers to aid, for example, how to choose
the best concept), the selection of a means to address these phenomena, a history of past
successes with other phenomena, and a language for communicating phenomena. Currently
there are multiple, competing paradigms, each with its own objectives and research
approach, as can be seen by examining the literature®

1.2.2 Aim and scope of design theory

The needed view for unifying design must possesses several important characteristics: It
must recognize the importance of rational decision making, identfy the cognitive aims of
designers, and provide rules for achieving these aims. It is argued in this work that a
paradigm for design theory /s available, and the view provided by this research tradition
forms a foundation for this thesis. The basis for this view of design is provided by axiomatic
design.

1.2.2.1 Importance of rational decision making

In design, decision making is most important.” This is because designers must make many
types of decisions: for example, the choice among various alternatives in order to create or
select the best design, the development of a set of suitable requirements, the division of the
work among several designers, etc.. Kitcher describes how to answer the question of
whether a system is well designed: “We can make this question more precise by specifying

% Paradigm is the terms used by Kuhn, and I argue that this is fundamentally the same concept as Lakaros’s
research program ot Laudan’s research tradition—although none of the three makes the same argument himself.

> See [Tate and Nordlund (1995)] or appendix 3 for further discussion of competing paradigms within desigr:
theory.

¢ Axiomatic design as a paradigmatic basis for viewing design is discussed in section A1.6 in appendix 1.

7 This fact 1s recognized researchers as diverse—and as removed from axiomatic design—as Hazeldgg
[Hazelngg (1997)] and Andreasen [Andreasen (1991b)). It must be noted, however, that Hazelrigg neglects the
creative task of synthesizing the set of options from which the designers must make their choices.

Dermick Tate 11
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the entity (or entities) whose design we are to investigate, the kinds of goals we bring into
consideration, and the standard for good design.” [Kitcher (1993) pp. 178-179] Therefore, in
making their rational decisions, designers must choose from among the options they create,
according to explicit or implicit rules, in order to meet their cognitive ends.

1.2.2.2 Cognitive aims of designers and scope of design theory

Different researchers consider the scope of design to be more or less broad. At the narrow
end of the range, German researchers study the detailed activity known as konstruktion. At
the broad end, Clausing views the purpose of design research as synthesizing a “modern way
of developing new products that will be competitive in the global economy. It combines the
best engineering, the best management, the best strategy, and especially, the best teamwork.
The resulting improvements are greatly reduced development time, a reduction in all costs,
higher quality, and increased product variety.” [Clausing (1994) p. 3] In-between these two
extremes, the scope of Suh’s axiomatic design has covered the following: “Design, as the
epitome of the goal of engineering, facilitates the creation of new products, processes,
software, systems, and organizations through which engineering contributes to society by
satisfying its needs and aspirations.” [Suh (1990) p. 5]

1.2.2.3 Rules for achieving the designers’ aims

Some researchers believe that, to understand design and to develop theories, a distinction
needs to be made between descriptive and prescriptive research.” The distinction between
prescription and description is said to be that “[slome...models [of the design process] simply
describe the sequences of activities that typically occur in designing; other models attempt to
preseribe a better or more appropriate pattern of activities.” [Cross (1994) p. 19]

The two, however, properly go together; they cannot be separated. As a result of identifying
the goals, options, and rules used by designers in design, as described above, 2 robust
methodology for design will be established. That is, “one can show that a thoroughly ‘scientific’ and
robustly ‘descriptive’ methodology will have normative consequences.” [Laudan (1996) p. 133] This is
because

Once we recognize that methodological rules deal with the relationship between
cognitive ends and means, we can recognize that it is an empirical question, not a
matter of convention, which means promote which ends....Whether certain proposed
methods do in fact promote certain ends is generally a...question about cause-effect
linkages in the natwral world. Methodological claims...are no less ‘factual’ than any
claims made by natural or social scientists. [Laudan (1996) p. 18]

8 Clausing calls this set of activities partial design: “The undergraduate engineering curriculum typically. . .includes
one or two design courses. These concentrate on creative concepts and feasibility, the assurance of a first-
order compatibility with the laws of nature. Let us call this partia/ design.” [Clausing (1994) p. 5]

9 [Dixon (1987), Finger and Dixon (1989)] are examples of this view.

12 Dermck Tate
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1.2.3 Basis of axiomatic design

The foundation for this thesis work is axiomatic design theory."” The underlying hypothesis
of axiomatic design s that there exist fundamental principles that govern good design
practice.'" It is a general theory of design which provides a time-tested, scientific basis for
designers to make design decisions. It is a scientific approach to design, in which decisions
are made at multiple levels of abstraction, starting at the system level and progressing in
more detail until the design is completed. Axiomatic design theory can be applied recursively
throughout the design hierarchy. Design problems are stated; solutions are proposed and
analyzed; and decisions are made. The components that distinguish axiomatic design from
other design theories are domains, hierarchies, zigzagging, and the two design axioms:
independence and information.

1.3 Area of research: current theory and needs

One reason that axiomatic design is a valid starting point is that it meets the criteria for a
progressive research program.” This thesis may be considered then an extension of
axiomatic design theory.

1.3.1.1 Scope of decomposition and project control

The activity of focus in this thesis is decomposition and project controt that is, the process of
defining and relating a set of sub-FRs to fulfill a parent FR-DP pair. It is an activity where
the details of the object being designed emerge, in which conceptual FR-DP pairs are
reduced to sub-FRs, in which sub-DPs are embodied and integrated, and that is repeated
untl the design is completely embodied.

Table 1-1 contrasts activities which are considered part of decomposition and those which
are not. The distinction is that decomposition concerns those activities which relate multiple
layers of the design hierarchy, for example, defining sub-FRs and physical integration of
DPs. Other activities in design—those not part of decomposition—occur within each level
of the design hierarchy, so they do not span multiple lcvels, for example, defining and
selecting a set of DPs.

19 See appendix 4 or [Suh (1990)} for a more detailed overview of the theory. They give insight about the way
AD represents design tasks and its past successes.

" According to Suh, common features of the creative process that “permeates all fields of human endeavor”
can be used to “distinguish between good and bad designs.” [Suh (1990) p. 5]

12 A progressive research program is expanding in the scope of phenomena that it explains (theoretically
progressive), that its predictions correlate with empirical results (empircally progressive), and that anomalies
and unclanties are being brought within the theory without being ad hoc (heuristically progressive). [Lakatos
(1978), Larvor (1998)] This is discussed more in chapter 5 and especially in appendix 1.

Dernick Tate 13
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Table 1-1. Activities considered part of decomposition versus those that are not

Generation of sub-FRs e Synthesis of DPs

® Physical integration of DPs e Ccmparson of DPs versus
constraints
e Directing the progress of the e Analysis and selection of a
decomposition: what to design concept (choose a set of
decompose next, when finished DPs using the 2 axtoms)
e Dimensioning and e Decoupling of 2 coupled design

configuration of DPs: how
many of a particular module

e Layout of DPs ¢ “Optimization”: seting
parameters of an existing,
coupled design

e Carrying down and refining e “Tuning”: setting DP parameter

constraints values of a decoupled or
uncoupled design

» Ensuring consistency between
levels: FRs, DPs, DMs, Cs

e Identifying relevant CNs

Given the above activities that comprise decomposition—and assuming that a rational
process can be abstracted that includes them—how can the results of decomposition (and
the individual activities within it) be evaluated? Each activity can have its own specific
criteria associated with it, but from a perspective that views the decomposition activity as a
whole, the important consideration is consistengy. By having lower-level decisions consistent
with those made at higher levels, iteration in the design process is minimized, and good
design decisions are made more quickly.

1.3.1.2 State of current theory and design practice

The aim of design theory is to improve the decision-making capability of the designers. The
current state of the art is that there are certain types of questions that are asked about how
decisions in design are to be made that design theory is able to answer. For example, given
several alternative design concepts, the design axioms enable designers to rationally choose
among them—even during early, conceptual stages of design. [Suh (1990)] There are certain
other types of «uestions that are harder to answer. For example, how can the concept of a
parent DP be dctailed as a set of sub-functions? That is, as designers seek to make decisions,
designi theory is able to provide tools and guidelines for making some of those decistons; for
others, however, current design theory is able to provide less input.

Many of the issues which have not been addressed in desigr: theory (and specifically in
axiomatic desig::) concem the subject of decomposition. This includes, in particular, the
generation of sub-FRs, but it also includes also other decisions that the designers make that
require that they have a view of the design object which includes the connections between
the levels of the design hierarchy. Decomposition is the way that decisions and information

14 Derrick Tate
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about the design object are organized during the design process. It i1s defined as the
definition of a set of sub-FRs given a parent FR-DP pair, and it includes all the activities
required to progress from one level of the design hierarchy to another.

The current process for decomposition is ad hoc. Axiomatic design theory provides tools
and criteria to designers who are selecting between alternative designs proposed at one level
of the design hierarchy;" however, the connections between the levels are rather tenuous.™
The basic idea of this work is that axicmatic design theory can be extended with descriptions of the
activities that take place during design combined with decision-making tools and workflow paths to provide
additional decision-matking guidance to designers. In particular, the activities articulated are primarily
concerned with decomposition, an area which thus far has received little theoretical attention
from a perspective that is consistent with axiomatic design.

Example

Before moving on with a vision of how to creatiori a rational basis for decomposition,
consider the ad hoc nature of decomposition. This example concerns the design of an end
effector to transfer parts (reticles) between ditferent locations within a machine tool. The
end effector is responsible for picking, holding, moving, and placing the reticles between 5
different locations within the machine tool. Suppose that at each location, the requirements
on the design of the end eftector are slightly different.

Axiomatic design describes the means to represent the different FRs that the end effector
must satisfy over time. These may be represented by a series of vectors of FRs. A vector is
stated for each discrete interval of time which has a unique set of requirements, or unique
constraints. [Suh (1995b)]

FR

1 FR, FR,
S : (1-1)
FR,), \FR,) |FR.],

The designers who are responsible for the design of this end effector can look at its
operation and describe a set of FRs for each time interval. Then appropriate sets of DPs can
be selected for each, using the design axioms, and the design, hopefully, can be integrated in
a manner that does not compromise the functional independence of the FRs that are to be
satisfied at each time.

Now step back and consider the situation in which the designers are responsible not only for
the design of the end effector, but also for the larger system in which it is to be located. Now
they must consider this question: how many sets of FRs should this design satisfy? 5, 10, 11,
20? This is a question involving the relationship of the end effector design to the decisions

13 The model proposed in [Wilson (1980)] descrbes the activities which are performed at one layer of the
decomposition, namely, problem formulation, synthesis, and analysis.

14 One idea that has been proposed conceming the relationship petween the levels of the design hierarchies in
axiomatic design 1s the definition of %af and non-leaf DPs. (See, for example, {Suh (1998a)].) In considering the
operation of the design object, it is the leaf DPs that are of primary importance; these leaves “sum together” to
produce the desired system-level functionality. Therefore, the DPs at the intermediate levels must be primarly
important during the design process itself. The nature of the intermediate-level DPs and the way in which they
specifically provide guidance to the designers as the design progresses during decomposition has not been
articulated.

Derrick Tate 15
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that have been made at higher-levels of the design hierarchy, including, for example, the
number of mechanisms, the number of end effectors within the machine, and how these are
tr be physically integrated.

A potential set of sub-FRs this end effector is given in table 1-2.

Table 1-2. Decomposition of FR-DP3.3.3.1 “Handoff reticle to stage from first
mechanism” using “End effector”

Acquire reticle (to s) ' “Stageacq:re .'

Release reticle (with vacuum chuck) Vacuum chuck geometry during <1st
mechanism handoff, release>

Sense reticle (with vacuum) Vacuum sensors dupng <1st
mechanism handoff, sense>

Schedule 15t mechanism handoff Command and control algorithm
during <load, 1** mechanism
handoff>

In stating this set of sub-FRs, the designers need to answer questions including these:

e Does the design need to be decomposed further?

e If so, which FR-DP pair should be decomposed next?

e What are all the sub-FRs required to perform the parent FR, and how can the
concept of the parent DP be detailed as a set of sub-functions?
What constraints apply in choosing the sub-DPs?
Can these sub-DPs be physically integrated with other DPs?

The design axioms provide criteria for selecting a set of DPs to meet a set of FRs. Once a
set of DPs has been chosen at this level of the design hierarchy, the design process must
progress from this point. How can a rational, systematic approach to decomposition—and
physical integration, among other activiies—shed light on the definition of these sub-FRs?
How can these sub-FRs be determined from the parent-, or system-level design
decomposition of which the end effector is a part?

Without a rational approach to decornposition, the definition of these sub-FRs is done in an
ad hoc manner, and there is no guarantee that a necessary and sufficient set of FRs will be
generated. Moreover, there is no guarantee that a good design will be created in a timely
manner. It is argued here that the statement of such sets of sub-FRs as these must be—and can be—
done throngh a rational process for decomposition. This process for decomposition is the subject of this thesis.
Just like there are characteristics that distinguish good design decisions in selecting concepts,
there are charactenstics that distinguish good decisions in decomposition and physical
integration.
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1.4 Research goal of the thesis

The design axioms are an effecuve tool for supporting designers in their design decisions at
one layer of the design hierarchy, but axiomatic design theory needs to be further developed
in supporting decision making which occurs across layers—going from higher to lower levels

as prescribed by zigzagging during the synthesis of new designs.

Because the designers’ decision making is the subject of design theory, the challenge is to
create a model or a theory of the design process that is neither too broad nor too restrictive.
That is, current models of the design process are either so broad that they vaguely describe
the activities of any designer but do not provide assistance in real decision making, or the
models are so resirictive that they cannot provide an accurate representation of actual design
practice. The solution is to create a general model from which designers can structure a
specific implementation of the design process. [Tate and Nordlund (1996)] This general
model must be spedfic to provide useful guidance to the designers, yet it must be flxible to
cover all instances of the design process.

For understanding and aiding decomposition, designers need a clearly defined set of
activities with supporting rules and tools. The activities are not a rigid set of steps that must
always be performed in a particular order. Rather, the model of decomposition consists of
the possible activities with inputs, outputs, and connections between activities that have
been clearly specified, and using this model, the designers can orient themselves. They can
also then identify particular tools and theories to assist them in performing each of the
activities. However, the model is flexible, showing the different options that the designers
have in performing the set of activities: that is, what activities can be performed next? and
what are the criteria for deciding which activity will be done next?

1.4.1 Research question

Thus, my overall research question may be stated as follows:

What is a process for decomposition—consisting of activities, tools, and theories—that erspowers
designers to make rational and consistent design decisions across multiple levels of the design
hierarchy?

1.4.2 Needs

The model of the decomposition process needs to describe how the activities given in table
1-1 fit together to yield good design decisions in decomposition. Each of the activities in this
table needs to be detailed. The specification of the details of each activity include describing
the activity, listing the types of questions the designers answer in performing the activity, and
identifying clearly its inputs and outputs.

As described above, a model, or roadmap, is needed of decomposition which

o identifies the activities performed (in terms of explicitly defining their inputs and
their outputs)
e provides tools and rules to assist the designers in performing the activities

o guides designers in the sequence of the design process by relating the flow of
.activities to one another

Dernck Tate 17
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e places decomposition into the overall context of system design'®

My vision for a theory to help designers is to prowde them with a design process which clearly
articulates the activities that are performed that are then supported by appropriate tools or
guidelines in the same way that the design axioms provide a guideline to enable the task of
choosing among alternative designs.

1.4.3 Scope and contributions of the thesis

While much work has been done examining individual designs at one level of the design
hierarchy, in terms of selecting a set of DPs to satisfy a set of FRs by means of the design
axioms, this thesis 1s unique in detailing decomposition (and by extension system design) and
in providing tools for designers to perform these activities.

The specific challenge addressed in this work 1s that of decomposidon, the activity through
which the details of the design emerge. How can lower-level design decisions be related
consistently to the decisions represented in design matrices at higher levels? While designers
have done much work using axiomatic design, additional tools and guidarice are needed for
handling the design of larger systems. Specifically, tools are needed to guide designers in
decomposition and other system design decisions (such as layout, numbers of DPs, physical
integration, command and control, etc.).

The contributions of this thesis are means for enabling designers to deal with the complexity
introduced in system design. This thesis provides extensions to AD in three areas:

e activities: The design process is modeled to accurately represent decomposition.

o guidelines: Criteria of good design decisions for decomposition acivities are
identified, and guidelines for achieving the designers’ objectives are developed.

e tools: The changes of FRs and DPs over time during the operation of the design are
defined and represented more clearly. Metrics of flexibility and modularity which can
be incorporated into the AD measure of information content are defined.

The intent 1s to produce a comprehensive general theoretical basis to be used by designers
during decomposition. The theoretical concepts are validated through application to cases
from industry. The cases to which these ideas have been applied include the following:
design of a tool-exchange mechanism which accommodates much customer variety,
software control algorithms for machine control, reuse of design rationale for manufacturing
cell design, and diagnosis of coupling in machines and suggestions for changes.

1.4.4 Structure of thesis

This thesis follows a structure parallel to that found in experimertal theses. This is illustrated
in table 1-3 which shows a generic thesis structure for a thesis concerned with advancing
design theory and contrasts that with an experimental thesis (such as developing and
modeling a new manufacturing process). A flowchart for this thesis is given in figure 1-1.

15 This shows how the inputs and outputs descrbing the design object are refined as decomposition progresses
and how the tools can change as the decomposition progresses through different levels of the design hierarchy.
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Table 1-3. Thesis outlines for experimental versus design work

* Chapter 1: Introduction
Background ' Chapter 2: Research question and
theory extenstons

; Theoretical model/analysis - Chapter 3: Activities and theorems for
! . decomposition ;
. - Chapter 4: Tools for system design '
. Experimental design and setup " Chapter 5: Case study methods
| Experimental results Chapter 6: Case study results and
- Comparison of theory and results  discussion
. Conclusions - Chapter 7: Conclusions

Dernck Tate
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CHAPTER 2 THEORY DEVELOPMENT

2.1 Introduction

This chapter motivates the theory presented in later chapters. Specifically it answers several
issues that arise concerning the overall research question posed in chapter 1. That question is

What is a process for decomposition—consisting of activities, tools, and theorics—that empowers
designers to make rational and consistent design decisions across multiple levels of the design
hierarchy?

In developing an answer to this question, the characteristics of three areas need to be
discussed: the design process, rules and decision-making criteria for designers, and additional
field-specific tools. The discussion of these three areas motivates and provides direction for
the contributions of the next chapters. In this chapter the following questions are answered:

1. What is known about the design process? Can existing models cf the design process
adequately capture the design decisions made during decomposition? Are they
sufficiently thorough? Can they both describe the real-life design tasks of engineers and
prescribe good design practice?

2. How do rules look that provide guidance to designers in terms of criteria for good
decision making?

3. Does system design have characteristics that distinguish it from more simple component
design? Can tools be developed to enable designers to deal with issues that occur in
specifically system design? What tools are useful?

2.2 Vision

As stated in chapter 1, my vision for a theory to help designers is to provide them with a design
process which clearly articulates the activities that are performed and that are supported by appropriate tools
or theortes in the same way that the design axioms enable designers to choose among alternative designs. And
in chapter 1, T argue that decompositon is an important area in design that is not adequately
covered by current theory.

2.2.1 Consistency: a measure of success in decomposition

In performing decomposition, a measure of success is that of consistency. That is, do the
sub-FRs, and the rest of the decomposed design, match the design decisions and the
representations of the design that were made at higher levels of the design hierarchy? Good
decision making in performing decomposition leads to design hierarchies that describe a
design object at multiple layers of abstraction, but that consistentty describe the same design object.

The concept of consistency is illustrated in equations 2-1 and 2-2. Equation 2-1 shows a
portion of a design matrix that captures the relationships between the FRs and DPs at an
arbitrary level of the design hierarchy. The elements of the design matrix indicate the effects
of changes of the DPs on the FRs. A question which can be asked in evaluating the
significance of the design matrix elements is this:
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Will a change in DPxj tha is consistent with fulfilling FRxj affect the satisfaction of FRx.¢?
That is, does this change in DPx.j require a change in DPx.i¢

FRxi | |+ Ax(ii)  Ax(,)) DPx.i 1)
FRx. Ax(j,i) Ax(j,j) -||DPx.j

Given a satisfactory solution to the design task at this level of the design decomposition, as
evaluated by the design axioms, the designers progress to the next level of the
decomposition as shown in equation 2-2. Now the question of consistency is raised.

A consistent decomposition is defined as one in which the lower level of the design hierarchy
corresponds to the higher level. Equation 2-2 shows the decomposition of equation 2-1. In
equation 2-2, FRx.i-DPx. is decomposed into two sub-FRs: FR.7 and FR..2. Likewise the
FRx/-DPx pair is decomposed into FRx,.7 and FRx:.2. Once these sub-FRs have been
formulated, sub-DPs are chosen to fulfill each of these. But are these lower-level decisions
consistent with those made at the higher level?

| FRx.s.1 Ax(il, j1)  Ax(il, j2) | DPx.i1
FRxJ{FRx : 9 . Ax(i, i) g S DPx.j DP.i2
< 2 Ax(i2, j1)  Ax(i2, 72) 2l g
JFRx A~ Ax(f1,i1)  Ax(j1,i2) . [ DPx. j1
FRx.j . .y b Ax(j, /) ~+ || DPx.j :
FRx. j.2 Ax(j2,i1) Ax(j2,i2) DPx. j.2
! : )L 5 L é )

The model of the design object represented at one level of the design hierarchy presents one
picture, or gives one set of answers, about the design object. Either these answers are the
same, that is, consistent, with the answers given at the next (or another) level of the design
hierarchy, or these answers are different, that 1s, nconsistent, resulting in inaccuracies in the
connections between levels of the design hierarchy.

In looking at the above equations, it can be seen that there are three fundamental ways in
which inconsistencies can be manifest. These are inconsistencies in

e sub-FRs

e sub-DPs

e the design matrix elements

In addition to those shown in the above design equations, other inconsistencies can arise due
to the misapplication of constraints (Cs) across levels.

These inconsistencies can be described by the following;

! We want to be able to ask questions of the model of the design to be able to propose and evaluate different
design alternatives. Furthermore, these altemnatives are of different types depending on the portion of the
hierarchy that the desigrers are considering. Changing the lowest-level DPs, “leaf-DPs”, corresponds to setting
pacameter vaiues; changing higher-level, “non-leaf DPs”, corresponds to changing details of that DP, that is, its
intermediate sub-FRs.
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o inconsistent FRs: Sub-FRs do not provide the functionality as described by the
parent FR-DP pair. Either there is an additional, unnecessary sub-FR or the desired
parent FR is not satisfied or the parent FR is satisfied in a way other than as
described by the parent DP.

e inconsistent DPs: Sub-DPs do not provide sufficient capacity or have been
physically integrated in a way that violates the functional independence indicated at
the parent level. Alternatively, the DPs at the parent level were said to satisfy the
constraints as described at that level, yet the sub-DPs do not satisfy the Cs as applied
to them.

o inconsistent DM: The higher-level design matrix indicates no relationship exists
between an FR-DP pair, and at least one of the corresponding sub-DM elements
indicates that there is a relatonship. Alternatively, as for an on-diagonal element, the
higher-level design matrix indicates the presence of a relationship between an FR-DP
pair, and none of the corresponding sub-DM elements indicates that there is 2
relationship.

o inconsistent Cs: The sub-DPs do not meet the Cs carried down from their parents.

These are the types of inconsistencies that can occur. The objective of this work 1s %
understand the decomposttion process and provide tools so that a correct decomposition process is performed
and such inconsistencies are prevented.

2.2.2 Note on software implementation

It should be noted briefly that one application of a theory for decomposition is that of
enabling the creation of better design software. A roadmap of design activities that includes
decomposition provides a rational basis for determining the location of the designers in the
design process. By clearly identifying the inputs and outputs of the activities, the software is
able to track the effectiveness in performing each activity because each has a clearly defined
starting and end point. Furthermore, tools and theories can be provided to the designers in
accordance with the specific activity they are performing and where they are in the decomposition. So, the use
of theories and tools will be more focused on the decisions in which they provide the most
assistance. Lastly, areas for new theory or tool development will be identified. This
assessment will be based on identifying both where designers need help and where
applicable tools or theories do not exist.

2.3 Understanding the design process’

The first step in understanding the role of decomposition is to examine how it fits within the
design process. Then a model which details the decomposition-specific activities can be
generated.

2 Parts of this secton are adapted from [Tate and Nordlund (1996)], which will also appear as [Tate and
Nordlund (1998)).
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2.3.1 Desired characteristics of the design process

This section looks at the important characteristics of the design process that must be
included in a model in order to enable designers to make project plans which effectively use
all available resources, methods, and tools. These characteristics must be included in the
model in the sense that the model must explain, predict, or allow for explanation or
prediction based on these characteristics.’ The characteristics are

1. Decision making. The purpose of the design process is to make decisions, specifically to
find a solution in terms of a design object to some design task. Thus, clearly defined
decision points and decision criteria, and/or rules, must be visible in the process.

2. Performance measures. Performance of the design process is evaluated against the
quantity of resources (time, cost, manpower, etc.) used to satisfy the objective (that s,
solve the design probiern or task). An activity is evaluated against the resources expended
to produce completely its outputs.

3. Iteration. The design process includes iteration. That is, similar activities are performed
at different points (historical times) in the design process applied to different portions of
the design task. This should not be confused with undesirable repetition arising due to
re-doing the same portion of the design multiple times.

4. Sequence of activities. Although the individual activities performed are similar
throughout the design process, they can be sequenced in different ways over the deisgn
hierarchy.

5. Levels of scope and levels of abstraction. The design process deals with tasks at multiple
levels: levels of scope (a measure of the amount of impact the task has on the overall

design) and levels of abstraction (a measure of how conceptual or how detailed the task
is).
6. Information management. Data about the design object is collected, generated, used to

make decisions, and stored. The information gathered varies in certainty, quantity, and
relevance for current and future use.

2.3.2 Existing models of the design process

In this section models of the design process are grouped according to the categorization of
Evbuomwan [Evbuomwan, et al. (1996) pp. 311-312]. Then the properties of these groups
are compared against the characteristics described above to discuss the effectiveness of
existing design process models in matching reality. In this analysis, design process models are
grouped into two classifications: those which are based on activities and those based on the
phases of evolution of the design object. These two classifications are shown in table 2-1.

3 The list of characteristics of the design process was established by performing industrial case studies and by
researching published papers [Andreasen (1991b), Baya and Leifer (1994), Cross (1992), Evbuomwan, et al.
(1996), Fortenberry (1991)).
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Table 2-1. Some existing models of the design process [after [Evbuomwan, et al.

(1996)11*
- Activity-based models =~ Phase-based models
Archer | Asimow
Cross - Clausing [Clausing (1994)]
‘ Harris French |
| Jones ! Hubka |
i Krick | Pzhl and Beitz |
' Marples | Pugh [Pugh (1991)] ‘
{ Wilson [Wilson (1980)] |  Ullman [Ullman (1992)] .
; VDI 2221 |
i Watts 3

2.3.2.1 Activity-based models (analysis-synthesis-evaluation cycle)

One view represented in the literature is that the design process consists of repeated
iterations of three activities.” The names used for these activities can vary, but are typically
referred to as analysis, synthesis, and evaluation. They can be defined as the following [Jones
(1962)]:

1. Analysis deals with understanding the design task and generating the requirements and
specifications.

2. Synthesis deals with generating ideas and solutions by exploring the design space.

Evaluation deals with the appraisal of design solutions against the requirements,
specifications, and “set corporate criteria”. [Evbuomwan, et al. (1996)]

2.3.2.2 Phase-based models

Phase-based, sequential models of the design process tend to emphasize the progression of
the design in terms of the amount known about the details of its implemenmﬁon—its
phys:cal embodiment. The phases can be augmented with more specific activities or steps as
in the activity-based models. [Evbuomwan, et al. (1996), Pahl and Beitz (1996)] In the model
of Pahl and Beitz, these phases of the design process are described by the following® [Pahl
and Beitz (1988) pp. 40-42]:

1. Planning and clarifying the task (specification of information in a requirements list): The

market, the company, and the economy are taken into account to create and select

4 Models not‘given in [Evbuomwan, et al. (1996)] are shown with references.

5 In these models, additional activities cbserved by Evbuomwan included “optimization, revision, data
collection, documentation, communication, selection, decision making, modeling, etc.” [Evbuomwan, et al.
(1996) p. 312}, yet the three key activities predominate.

¢ Similady the model by Pugh descrbes the sequence of design activities as following a central design core. This
core “consists of [activities which produce or identify] market (user need), product design specification,
conceptual design, detail design, manufacture and sales.” [Pugh (1991) p. 5]
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suitable product ideas. Then, requirements and constraints are formed into a
requirements list.

2. Conceptual design (specificaion of principle): The objective of this phase is to
determine the principle solution. To do this, the essential problems are abstracted;
function structures are established; suitable working principles are sought; a working
structure is synthesized; and lastly, solution concepts are evaluated against technical and
economic criteria.

3. Embodiment design (specification of layout): In this phase a working principle is
elaborated in the form of preliminary layouts which are then evaluated and rejected
and/or combined to produce a definitive layout.

4. Detail design (specification of production): In this phase all production documents are
produced.

These phases are qualified with two disclaimers by their proponents. First, a clear border

cannot always be drawn between these phases, and second, it is not possible to avoid

backtracking. [Pahl and Beitz (1996) p. 65] The reasons why these are so are explained in the

next section.

2.3.2.3 Comparison with desired characteristics

The two types of models for viewing the design process are compared against the desired
characteristics of a design process model outlined in section 2.3.1. When such a comparison
is done, the strengths and weaknesses of each model type become apparent. See table 2-2.

Table 2-2. Strengths and weaknesses of design process models
(key: ¥'=strength, ®=passable, x=weakness)

Characteristic ‘ Activity ; Phace !

1. Decision making v x l

2. Performance measures @ &

3. Iteration 23] B

4. Sequencing of activities x . ox ;
i 5. Levels of scope & abstraction x : v

6. Information management @ ! v

The strengths of the activity-centered models are that they acknowledge the irnportance,
within the design process, of making decisions in order to meet needs. Furthermore, given
an understanding of the products of each activity, an evaluation of the performance of each
activity can be made in terms of the resources expended to complete the activity. Iteration in
design 1s clearly indicated in some of these models (see [Cross (1994), Wilson (1980)}). The
models, however, tend to emphasize repeated evaluations of multiple concepts proposed for
the same problem; thus, they do not acknowledge the similar sequence of activities at
multiple lower levels of the same design once the higher-level decisions have been made.
Lastly, the information management consists of producing information such as lists of
factors, interaction matrices, partial solutions, and combined solutions.
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Phase-based models emphasize two things concerning the information produced about
design objects: first, its progression from abstract to detailed and second, its increasing
quantity. Understanding the design task is weighted to the front end of the process, and the
solving this task can become divorced from the production of solution details. The
documents that are produced tend to evolve as the design progresses; thus, since they lack a
clear endpoint, it is difficult to measure the resources expended to perform each task.
Furthermore, while repetition, or revisiting, of a phase is undesirable because it tends to
change design details already produced, it is acknowledged to occur frequently in practice.

The discussion above explains why often neither approach can be used to trace the
progression of a design in an effective manrer. This result occurs because the progress of
the design process does not match its description in the model. Thus these models function
as ideal cases only and not as useful descriptions of what was actually done.

Looking at typical models of the design process, Bucciarelli has concluded that “[t]o anyone
interested in process, these diagrams shed very little light on how design acts are actually
carried out or who is responsible for each of the tasks within the various boxes. Nor is it
apparent what these participants need know, what resources they must bring to their task,
and, most important, how they must work with others.” [Bucciarelli (1994) pp. 112-113]

Summary

The conclusion of this section s that a new model of the design process is needed which
accurately describes the sequence of activities performed and which can be used to guide
designers more effectively.

In particular 2 model is needed to explain decomposition that details the decisions that the
designers make so that rules and guidance can be developed. The mode! developed is
presented in chapter 3 and is used in the case studies presented in chapter 6.

2.4 Raules

This section describes the development of rules to aid designers in their decision making.
The objective is to develop rules to aid designers in their decisions when nerforming the
activities identified for decomposition; however, the same argument can be made about any
such rules for design, including the design axioms, as shown below.

2.4.1 Discussion of the relationship between goals in decomposition and
the overall design process

The theorems advanced by Suh’ concerning decomposition allow the designers to separate

out the objectives of decomposition and system integration activities from their objectives

and considerations at one level of the design hierarchy. This is true because functionality and

independence have been taken into account in selecting the DPs according to the design

7 These theorems are as follows [Suh (1999)):

Theorem S1: The decomposition process does not affect the overall performance of the design if the
highest-level FRs and Cs are satisfied and if the information content is zero, irrespective of the
specific decomposition process.

Theorem S2: Two “equivalent” designs can have a substantially different cost structure, although they
perform the same set of functions and they may even have the same information content.
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axioms. The result is that the designers are free to satisfy other additional goals in
performing decomposition activities as long as they meet the constraints imposesl on the
products of their decomposition—such as maintaining consistency with the higher-level
design decisions.

This can be represented by the following design equation:

{ provide functionality } N [X O] { decisions at each level }

lx x @3

MinNimize resource use decisions between levels

This equation describes the fact that the decisions made for each design equation (at each
“node” in the design hierarchy) affect the subsequent decomposition process and the
decisions that are made there. If the decisions at one level change, then the decomposition
will also necessarily change. The decisions in decomposition, however, are neither sufficient
to ensure product functionality, nor do they adversely affect functionality, assuming they are
done consistently with the decisions made at each higher level.

The reason for understanding decomposition is to help designers perform it more quickly
and easily. Correctly performing the process for decomposition is not sufficient to ensure
that the design satisfies the axtoms (although it must be consistent with this), but it does
allow the designers to concentrate more of their efforts on synthesis, analysis, etc.—that is,
satisfying the axioms—rather than becoming bogged down with questions about the process
elsewhere. The designers are thus enabled to focus on the aspects of the design process that
have the biggest impact on the functional performance of the design: synthesizing
appropriate DPs and ensuring functional independence.

In articulating the objectives of the designers, it should be noted that decomposition and
system integration activities—termed decomposition and project control—has its overall goals
including finishing it quickly, making satisfacticn of the design axioms easier, etc. Likewise
each of its sub-activities has its own goals such as creating a sufficient set of sub-FRs,
accounting for all constraints, etc. The goals are not all at the same level of abstraction.’
Some of the goals derive from the nature of the activity being performed, for example, the
need to map DPs to physical parts; some are 2 means to an end, contributing to the higher-
level goals of decomposition or the whole design process itself, such as keeping the number
of sub-FRs to a minimum.

2.4.2 Approach

The objective of this thesis 1s to identify the activities performed by the designers during
decomposition and to understand the means to achieve the desired aims of the designers as
they make design choices and decisions. This approach taken in this work nvolves
identifying for each of the activities performed by the designers, the designers’ cognitive

8 McMullin discusses different abstractions of goals in the context of scientific methods: “Some kind of
ordering of means and ends is clearly needed here. Some of the values we have been talking about seem to
function as goals...of the scientific enterprise itself: prediciive accuracy (empircal adequacy) and explanatory
power are the most obvious candidates....Other epistemic values serve as means to these ends; they help to
identify theones moze likely to predict well or to explain.” [McMullin (1993)] (p. 129-130 in [Curd and Cover
(1998)))
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aims, the options faced by the designers, and rules (or guidelines) correlating options to
cognitive aims. Statements of three types result:

o Statements of the designers’ goals: These statements describe the cognitive ends that

designers are trying to satisfy either for the overall design process or for a specific
activity within the design process.

° ements of options available t igners: These statements describe the
choices available to the designers, for example, identifying tools which are avaiiable
for a particular activity or identifying the possible activities that can be performed
next.

¢ Normative statements of which options lead t : These statements correlate the
options and goals stated above. They idertify which options are most likely among
the available options to lead to the desired cognitive ends.

2.4.2.1 Normative statements as universal laws

The use of normative statements as universal laws’—as is done in this work and in axiomatic
design generally —may strike some people as inappropriate. As argued by Laudan, such fears
are unwarranted. [Laudan (1996)] Normative statements can easily take the form of universal
laws when the cognitive ends of the statements are made explicit.”

Justifying normative statements is no more difficult than justifying any other scientific
theory. Such prescriptive statements are on the same epistemic basis as other scientific laws;
that is, they can be justified using the same scientific methods as for other more obviously
descriptive laws. The statements, however, should be linked to a desired cognitive end. That
is, by following such a rule, what is it that the users are trying to achieve?

The two ways that these rules can be tested is through examining the historical record or
through showing necessity.'' An argument based on historical evidence answers the
question: did following this rule lead to the desired cognitive ends more often than following
competing rules? Alternatively, the necessity argument says that a design (or design process)
that meets the cognitive aim would necessarily have a certain characteristic, or characteristics,
as described by the rule. The thrust of this argument is “not to point to their efficacy in the
earlier history...but to recommend them on generai epistermnic grounds.” [McMullin (1993)]
(p- 130 in [Curd and Cover (1998)])

2.4.2.2 Form and justification of normative laws

The form for normative rules as universal laws is this:

?> The distinction between niversal truths and sniversal laws is given by the following: “To conceive of [a
statement of the form “All F’s are G”] as a universal truth is to conceive of it as a relationship between the
extensions of its terms; to conceive of it as a law is to conceive of it as expressing a relationship between the
properties (magnitudes, quantities, features) which these predicates express (and to which we may refer with
the corresponding abstract singular term).” [Dretske (1977)] (p. 830 in [Curd and Cover (1998)]).

19 The specific example that Laudan discusses is that of creating scientific methodology. (See [Laudan (1996)
Ch. 7, pp. 125-141)]))

11 See [McMullin (1993)] which discusses the evaluation of rules for theory choice in scientific practice.
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If actions of a particular sort, 7, have consistently promoted certain cognitive ends, ¢,
in the past, and rival actions, s, have failed to do so, then assume that future actions
following the rule “if your aim is ¢, you ought to do »/* are more likely to promote
these ends than actions based on the rule “if your aim is ¢ you ought to do ».”
[Laudan (1996) p. 135]

Statements of this sort are then evaluated according to the following:

Given any proposed methodological rule (couched in appropriate conditional
declarative form), do we have—or can we find—evidence that the means proposed in
the rule promotes its associated cognitive end better than its extant rivals? [Laudan
(1996) p. 135]

The same form applies to the design adoms. In this case, the desired cognitive aim is to improve
the satisfaction of requirements versus design resources (time, man-hours, iteration), and this
can be tested empirically. Overall, the idea for axiomatic design is that by following the
design axiosms better desigus will be achieved. Specifically either better designs should be
created using the same amount of time (improved effectiveness), or alternatively designs of
comparable quality should be achieved in less time (greater efficiency).

The above discussion must be made with one caveat. In something with as much freedom as
the design process—in which decisions are made by humans and in which the number of
possible design solutions cannot be numbered—the rules for decision making will need to
be qualified to account for multiple contributing factors. Ceteris panibus clauses need to be
inserted into universal laws to account for intervening cases. That is, a universal law can take
a causal form such as “A causes B ceteris paribus” (that is, all else being equal). This accounts
for situations in which B has multiple causes and another cause occurs before the effects of
A transpire.”?

Summary
As argued above, rules for decomposition are needed and can be structured as described.
These rules are detailed in chapter 3 and tested against industrial case studies in chapter 6.

2.5 System design issues and tools

The above discussion deals with decomposition in general, not being limited to a single field
of design tasks, yet the particular cases to which this work has been applied (and to which
AD has been applied recently) fall within the field of system design. The rules for decision
making discussed above are intended to be generally applicable to all instances of
decomposition; however, additional tools ate needed to deal with specifically system design.
These tools are motivated in this section by considering the features that distinguish system
design from more simple component design.

12 This is described by the following:

Suppose some event, ¢, has two potential causes ¢ and 4, in the sense that ¢ occurs and causes ¢, and
that d also occurs and does not cause ¢, but would have caused ¢ if ¢ had not occurred. dis a potential
altemnaiive cause of ¢, but is pre-empted by the actual cause ¢ [Ruben (1990)] (p. 722 in [Curd and
Cover (1998)))
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2,5.1 Definition of system design

A system 1s defined as “a regularly interacting or interdependent group of items forming a
unified whole...as...a group of devices or artificial objects or an organization forming a
network esplecially] for distributing something or serving a common purpose”."” [Merriam-

Webster's (1996)]

2.5.2 Unique features of system design

System design is unique from more simple component design in several ways. As indicated
by the definibon above, a system is composed of a number of distinct elements. In terms of
design, this means that an object that is designed as a system consists of an assemblage of DPs.
Therefore when conceptualizing 2 system, the designers consider a DP that is decomposed
into a collection of disparate elements that acting together perform the desired higher-level
furiction. An alternative is to consider the higher-level DP as a complete unit itself; then the
decomposition entails refining the single DP, and the lower-level design choices consist of
the several characteristics of the one DP.

In defining a system there are clearly identifiable, or clearly defined, interfaces' between the
DP elements that make up the system. These /nterfaces are places in the design where the
output of one FR serves as the input for another function. This means that systems can in
part be modeled as a series of transformations (for example, process and transport

functions).

Given this description of system design, several important features, or characteristics, of this
type of design can be identified:"

® Because a system is an assemblage of DPs, physical integration, layout, and dimensioning
of these DPs are important. The system is likely composed of DPs of different types and
it can have multiple copies of a single type of DP.

o The task—functional requirement—of managing these DPs and integrated resources is
cntical.
e Systems can be dynamic in nature. The functions being performed at one time can be a

subset of the functions performed by the system.® Or the values of the functions
required can change at different times.

e A system can be controlled through user interaction or through automation. This control
enables the switching between the different functions provided by a dynamic system."”

13 The International Council on Systems Engineering (INCOSE) defines a system as “[a]n integrated set of
elements to accomplish a defined objective”. The elements can “include hardware, software, irmware, peopie,
information, techniques, facilities, services, and other support elements”. [INCOSE (1998) p. 2-4]

11 An interface 1s defined as “”’the place at which two independent systems meet and act on or communicate
with each other”. [Webster's (1988) p. 631]

15 Not all of the above charactenstics need be present in each system. A system can exhibit a subset of them
and suli be considered a system design.

16 See [Suh (1995b), Suh (1997), Suh (19984), Suh (1999)].

Dernck Tate 31



A Roadmap for Decomposition: Activities, Theories, and Tools for System Design
Chapter 1: Introduction

e The integration of DPs into a system can impose constraints upon those DPs (for
example, through the design matrices), not found in situations where the DPs are
present alone.”

Given the above description, systems can be found at many locations of 2 design hierarchy.
Systems can be at the top or at any intermediate layer of the design hicrarchy. The only
locations within the hierarchy at which they can not be found is as leaves. This is because
leaves are by definition complete units. Leaves can be considered as systems to thefr
designers but when incorporated into a larger system must be considered a5 off-the-shelf,
finished items.

tivation for ific tools for system de si

The process for designing systems can be distinguished from non-system design. The
process for system design is this: identify FRs, determine possible DPs, rhen integrate into a
system. In this case, being able to understand the relationships among the different FRs and
DPs (as represented in the design matrices and hierarchies) is vital. Without this ability, the
design process becomes 2 confusing muddle, which can ultimately lead to poor and repeated
decisions. Furthermore, in system design, it is desirable that the same process be useful at all
levels of the design: the same approach is followed recursively, starting at the system level
and continuing until the system design is complete.”

2.5.3.1 Current tools in axiomatic design theory

Before describing new tools to aid system design, the existing tools within axiomatic design
are described in this section. For both new and existing designs, the system architecture
provides a valuable tool for guiding decision making. The gystem architecture (5A) is a tool for
decision making and its documentation in axiomatic design. It captures the requirements,
components, and their relationships. The requirements are stated in terms of functional
requirements (FRs) and constraints® (Cs); the components, in terms of design parameters
(DPs); and the relationships, in terms of design matrices (DMs) and design hierarchies. This
information can be depicted in a variety of ways. These include trees of design hierarchies
and design matrices, flow charts, and module-junction-structure diagrams. [Kim, et al.
(19912), Kim, et al. (1991b), Suh (1997), Suh (1998a)]

The system architecture is a2 model, or representation, of the design decisions that have been
made for the system. As such, it is a tool for further decision making because, as described
by Ross, “M is 2 model of A if M can be used to answer questions about A.” [Ross (1985)]

17 The algorithms (logic) for this control are wmmand and control algorithms (CCAs) as described in (Hintersteiner
and Tate (1998b)] and chapter 4.

18 These have been termed consequences of integrated systems (ColS) [Lindholm, et al. (1998)] or cwnsequences of
configured systems (CoCS) [Lindholm (1998))].

19 One tool for enabling this recursive process is the definition of generic FR templates for system design based
on the idea that systems share common, identifiable features (see [Hintersteiner (1999)]).

20 Constraints have been included previously in axiomatic design, but have not been discussed as part of the
system architecture.
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The types of questions that the system architecture can be used to answer include the
following:
1. What downstream side effects does a proposed change to the design cause (other

parts of the design that can need to be changed as a consequence)? [Harutunian, et
al. (1996), Nordlund (1996)]

2. In what sequence should design changes be made and/or the design be further
detailed? [Tate, et al. (1998)]

3. Where does coupling exist in the design and what are options for decoupling? See
for example, [Lee (1999))].

4. Given two or more options for decoupling a design, which of them requires the
fewer changes to the design?

5. How can attribute values of DPs be dynamically allocated to meet changing required
FR target values during the operation of the system?” [Hintersteiner and Tate
(1998b)]

2.5.3.2 Changing FRs, DPs, and values

This section describes the nature of changes of FRs and DPs and how these changes are
captured within the system architecture of the design.

Given a system architecture (SA) consisting of FRs, DPs, DMs, and Cs in a hierarchical
arrangement, the items that can be changed are these:

the Constraints (Cs) (or their values)

the FRs

the DPs

the desired (or “target”) FR value (or the acceptable tolerance around this value)
the DP value

21 In cases of system design, where coupling occurs because of two conflicting leaf nodes, the design fails by
not satisfying the FRs at the level where the two branches converge. The designers therefore have the option to
choose the branch in which to make changes including the choice to redo the whole system from the
convergence point downward.

2 The answer to this question follows from the answers to questions 1 and 3. Several options for decoupling
can be identified, and their downstream effects compared. The differznt options should lead to the same
improvement in functionality, namely satisfying the FRs that were not satisfied before; however, the means for
this can be through different new DPs. Furthermore the different options (appearning at two or more locations
of the design hierarchy) will require the use of different amounts of development resources (manpower, time,
cost, etc.) related to the number and amount of changes required, including downstream changes.

3 The SA is capable of showing the effects of changing FR and DP values; a single SA, however, is not capable
of representing cases in which the FRs and DPs themselves change (as discussed in section 2.5.3.2).
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Table 2-3: Examples of deslgn changes

T I REIIETREH
) ,emc+l Lh,mmﬁg 1 ‘ | {

Wl

C (or value of C) ' Reduce manufacturing DPs at that level and
cost ~___below
Set of FRs  New process recipe with = Parent DP
I different process steps !
DP Module with new span of ;| sub-FRs, DM, DPs
spin-speeds :
Value of FR ~ New coating thickness DP values at that level
Value of DP ~ New spin speed - DP values at that level

These changes are related to the DMs in the following ways:

o  Changing DP values: In designs in which the value of an FR is set during operation, this is
done through adjusting the values of its DP. For example, the amount of time a wafer is
exposed to a light source in photolithography is varied in order to achieve the FR of
causing a chemical reaction in different thicknesses of photoresist.

o  Changing FR values: In many designs, the target values of the FRs change during the actual
operation of a system, in addition to during the design process. For example, the user
needs to be able to set the value of coating thickness during operation.

e Changing DPs: In some designs there are options about the DP to be used to fulfill a
particular FR. This 1s described here as “changing the DP”.

o  Changing FRy: Changes to FRs require new DPs. In some cases a design may be
dynamically adjusted to correspond to a current set of FRs. In other cases no solution
can be found this way, and the design needs to be redone from that point in the
decomposition forward.

©  Changing Cs (or their values). A change in a constraint can affect the whole design.
Functions are by definition independent of one another, but there is no similar
restriction on constraints. For example, the weight of a system can be considered a
constraint. Therefore, if the maximum weight allowed for the systemn changes, all the
physical elements of the design are potentially affected since the total weight is the sum
of the weights of all the physical components which comprise the system.*

While the system architecture is sufficient for capturing changes in DP and FR values and in
some cases changes to DP, it does not capture changes to FRs, changes between alternative
DPs, or changes to constraints.”

During the design process, of course, there are many options for DPs, and the progress of
the design depends of the decisions made at the different levels of the design hierarchy.
Given a parent DP, if its set of sub-FRs changes, then the parent DP itself can be considered

24 Thus is discussed in section 3.4.3,

% Work is being done to expand the applicability of the SA such as [Friedman, et al. (1998b)] and
[Hintersteiner (1999)].
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to change; otherwise the DP remains the same and just some of its details or attribute values
change. If the DP itself changes, then a new column in the design matrix must be
evaluated.”

When the set of sub-FRs changes, this is treated as the change of a parent DP. That is, the
change of a set of sub-FRs is equivalent to the selection of an alternative parent DP. As
such, for a new set of sub-FRs, a new set of sub-DPs is needed as well as a new design
matrix corresponding to the two. Therefore, a change of this type is not captured by the
design matrix at this sub-level or at the parent level; this requires entirely new design
matrices at the parent and child leveis.

2.5.3.3 Need for new tools

Several decisions of the design process are difficult to capture in the current representation
of the system architecture. Unfortunately, the system architecture provides only limited aid
for guiding designers in stating sub-FRs and for maintaining consistency throughout the
design hierarchy, that is, ensuring that lower-level design decisions do not conflict with the
decisions made at higher levels. Also the SA documentation—consisting of hierarchies of
FRs, DPs, and DMs—is not sufficient to capture 44 necessary information about the system.
Additional information that needs to be captured includes

the layout
the operational states of the system (which derive from, but are not synonymous
with, the operand flow) that describe when particular FRs and DPs are executed

e the configuration (for example, numbers of physical resources that DPs have been
integrated into)

e the constraints (Cs)

Summary

To address the needs of designers in performing system design. Additional tools are
required. These include tools for managing DP resource allocation and integration and for
representing and evaluating the dynamics of flexible FRs. These tools are detailed in chapter
4 and applied to the cases described in chapter 6.

2.6 Summary

This chapter has detailed the research question and issues addressed in this thesis. First, the
state of current design practice and design theory was discussed. Next specific issues that
follow from this question and which are covered in this work were identified. Then the
extensions and developments to design theory that address the research issues and answer
the research question were described.

In performing decomposition, 2 measure of success is that of consistency. That is, do the
sub-FRs, and the rest of the decomposed design, match the design decisions and the
representations of the design that were made at higher levels of the design hierarchy? Good
decision making in performing decomposition leads to design hierarchies that describe a

% If the DP itself does not change, then the detailing of the design must be done in the right sequence as
specified by the design matrix, but no new design matrix needs to be constructed at this level.
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design object at multiple layers of abstracton, but that consistently describe the same design
object.

A model is needed of the decomposition process that identifies the activities performed,
provides rules and tools to assist the designers, guides designers in the sequence of the
decomposition process, 2nd places decomposition into the overall context of system design.

The goal is to understand the means by which the desired objectives of the designers are
achieved. This task is accomplished by identifying for each of the activities performed by the
designers, the designers’ cognitive aims, the options faced by the designers, and rules
correlating options to cognitive aims.

A system and system design are defined, and the characteristics which distinguish system design
from component design are identified. When the designers conceptualize a system, they
consider a DP that is decomposed into an assemblage of disparate elements that acting
together perform the desired higher-level function. The differences between system and
component design motivate the need for additional tools specifically intended for system
design.
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CHAPTER 3: ACTIVITIES AND GU IDELINES FOR
DECOMPOSITION

3.1 Introduction

The purpose of this chapter is to discuss how decomposition fits within the framework
provided by axiomatic design. This chapter discusses the activities that occur between
multiple levels of the design hierarchy and therefore may be considered part of
decomposition. Descriptions of the activities are given in terms of their inpurs and outputs
and typical questions asked by designers in performing the activities. Each description is
followed by a statement of the designers’ objectives in performing the activity, the options
available to the designers, and guidelines stated as rules for satisfying the obijectives.

3.1.1 Decisions that the designers make

As argued in chapter 1, the activities for decomposition, project control, and system integration
(decomposition for short) concern the progression and connections between the levels of a
design hierarchy. These activities may be distinguished fromn other activities in the design
process that are not part of decomposition and that may be carried out by considering only
one level of the design hierarchy.

The activities are illustrated by means of an example.
Example: Reticle management system (RMS) [adapted from [Friedman, et al. (1998a)]]
One branch of a decomposition of a parent FR is shown in figure 3-1 and table 3-1. The

highest-level FR shown is to “manage reticles”. This hierarchy is shown along one branch
for 3 levels.

manage
reticles
B e — I .
reucles . cxcl'.mngc .
(between fab setup reticles reticles schedule RMS integrate RMS
N (at stage)
— I p— —
l
PEP::::‘F unload old load new Tmz stoge I sch:d;xle
(o ) reticle reucle e new fencle
reticle) reucle) exchange

Figure 3-1. One branch of an FR hierarchy

In figure 3-1, the transportation FR “manage reticles” is broken down into five sub-FRs:
three transportation sub-functions, one command-and-control function, and one support
function. Likewise, the sub-FR “exchange reticles (at the stage)” has been broken down
further into a set of transportation sub-FRs and a2 command-and-control sub-FR.
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Tabie 3-1. FR and DP to “Manage reticles” by means of a “Reticle management

| , reticles

system (RMS) and some of their children

Reticle management system

(RMS)

Transfer reticles (betﬁ)een fab
and library)

Module for reticle carriers

Setup reticles (at Wait, for

Reticle setup scheme

exchange at stage)
Exchange reticles (at stage) Reticle exchange scheme
Schedule RMS RMS CCA
Integrate RMS - | RMS framework ) .
Prepare stage (with old reticle) “Stage in position” signal

Unload old reticle

Second mechanism

Load new reticle

First mechanisin

Return stage (with new reticle)

“Stage return” signal

Control

Schedule reticle exchange

Reticle exchange CCA

The types of decisions that the designers must make that concern multiple levels of the
design hierarchies are given in figure 3-2. Some of these activities occur before the designers
synthesize new sub-DPs and analyze the new sub-DPs using the design axioms. Others
occur after a satisfactory set of sub-DPs has been chosen by the designers.

For example, before the synthesis of DPs, the designers must identify a satisfactory set of
sub-FRs. Before they can generate a set of sub-FRs, they must select the next parent FR-DP
pair to detail. Furthermore, in generating sub-FRs, the designers must understand and
account for the effect of the parent-level constraints, which can affect both the generation of
the sub-FRs and the selections of satisfactory sub-DPs.

Once the designers have selected a set of sub-DPs, they are faced with another array of
decisions. They must decide whether some of these sub-DPs should be physically integrated
with other DPs. Furthermore, the designers must decide an appropriate number of instances
of the physical resources of the DPs and their layout.

Therefore, in the example the decisions made by the designers, apart from selecting a set of
sub-DPs, include among others the following typical questions:

e the next FR-DP pair to break into sub-FRs: Sub-FRs should be defined for which
FR-DP pair: setup reticles, schedule RMS, unload old reticle?

o the generation of sets of sub-FRs: What is a good set of sub-FRs for the FR-DP 3.1
pair “transfer reticles” by means of “reticle carrier module”?

e the physical integration of sub-DP: Should the sub-DPs 3.3.1 and 3.3.2 “first
mechanism” and “second mechanism” be physically integrated into a single
resource?

o the effects of parent Cs on sub-FRs and sub-DPs: How does the constraint on
exchange time impact the sub-FRs and sub-DPs for reticle exchange?
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These questions arise as the designers perform the activides which comprise decomposition
as presented in a roadmap in figure 3-2. The ways in which these connect with the activities
at one level are shown in figure 3-3. As shown in figure 3-2, the activities in decomposition
are generation of sub-FRs, identification of relevant CNs, physical integration of DPs,
directing progress of the decomposition, dimensioning and configuration of DPs, layout of
DPs, carrying down and refining Cs, and ensuring consistency between levels. As shown in
figure 3-3, the activities at one level of the design hierarchy that must connect with project
control and decomposition are design object analysis, decoupling, concept generation and
selection, optimization, and tuning [Tate and Nordlund (1996), Tate and Nordlund (1998)].!
Together these models should enable the explanation of the sequence of activities of any
design process.

There are two motives for further understanding these decision-making activities. First, the
designers should minimize the amount of ad hoc repetiion of these types of decisions.
Second, characteristics can be identified which distinguish good decisions from bad ones.
Both of these ideas are consistent with the approach of axiomatic design.

! The activities shown in figure 3-3 that occur at one level of the design hierarchy are described in appendix 2.
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3.1.1.1 Minimal repetition

Because the designers want to minimize the amount of resources—in terms of time,
manpower, money, etc.—needed to produce 2 design, they need to minimize repetition’ of
decisions. They need to minimize the number of instances in which the same decisions are
made multiple times. This benefit is similarly provided by the design axioms.” The design
axioms reduce the amount of unnecessary repetition of concept generation, or synthesis. In
the absence of decision-making criteria, designers repeatedly synthesize new designs untl
one happens to satisfy its requirements.

Likewise, consider the decision in which a set of sub-FRs to represent an FR-DP pair is
defined. If subsequent decisions—for example, either the generation sub-FRs later in the
design process or the selection of sub-DPs elsewhere in the design hierarchy—requires the
designers to revisit an earlier instance in which sub-FRs are defined, then this clearly would
be an undesirable repetition of an already-made design decision. As such, this is a large
potential imesink.

Perhaps the objection will be raised that a single designer can implicitly handle this type of
concern when performing small design tasks: The individual designer is able to keep in mind
all the relevant design dependencies between the parts of the design to be detailed, and the
consequences of revisiting decisions is minimal because the size of the design hierarchy is
small (few numbers of FRs and DPs). In the case of larger, distributed design projects,
however, this issue becomes acute. Furthermore, in a design project that is automated by
computer, a sequence to proceed in detailing the design necessarily needs to be determined.

3.1.1.2 Existence of distinguishing characteristics

This thesis builds on the scientific foundation for understanding, modeling, and guiding
design that is provided by axiomatic design theory. The underlying hypothesis of axiomatic
design is that there exist fundamental principles that govern good design practice.* The
axioms dictinguish good decisions from bad ones as the designers perform concept
generation and analysis. Likewise, there are charactenistics that distinguish good decisions
from bad ones 1n other parts of the design process.

For examnple, since the design hierarchy must be complete at some point, a task of design
researchers, therefore is to identify those characteristics that distinguish DPs that need to be
decomposed from those that do not. This is equivalently stated as knowing whether a DP
may be considered a leaf.

2 Repetition is used to refer to re-making a decision that has already been made at one location of the design
hierarchy. Iteration 1s used to refer to the performance of the same type of activity in a different location of the

design hierarchy.

* According to Suh, “Most inventive processes are hit-or-miss activities, requiring much tral-and-error....Often
people chase after worthless ideas because they do not know that their ideas have basic flaws...When [an]
invention involves synthesis, there [has been] no fundamental criterion in the past [to identify good ideas). The
axioms...provide such critena and thus can streamline the hit-or-rniss process.” [Suh (1990) pp. 29-30]

* According to Suh, common features of the “creative process [that] permeates all fields of human endeavor”
can be used to “distinguish between good and bad designs.” [Suh (1990) p. 5]

Dernclk Tate 41



Derrick Tate

[[(3661) purmpioN puv a121 (966 1) puripioN puv #01] woyf pardopr] dowppas ssawaid ugissp o “¢-¢ and]

dnoaa
Bl

S (R
|
I

/

f vonizodwodep parey jo wodes
— T T T T~ T owncxduwsmpoibomnpes
(D 1wun | _
0 4 poIdn0) a gy "

_ _

\ — — — — E- — T — — &

v | uonisodwodap
(1 1vurun ﬂm%—d—.—d WBap Funaa ™| uisap Junsxa

SNpEa dg < uonzTz; E._umﬁu 10 i paidned) ‘Yyq T4 uUO_JO ﬂWmmUQ poe " 'sD ‘SND
10w P “ [onu0d 133fo3 g
2 NQ pardossp 20 b
ﬂ —_— — pejdnosun) 44 ‘ny3- A—I _— — H::,Fmo._o'l _— —| — - 4 _

waam DN |

o 1w g na

q 1av-agBy |
% NQ poidoep 30 ‘uBnap mau s0) urd | _
padnacun) ‘Yq ‘Y4 I _

J !
(i mu TonsIps | _

ssnpadd Furon) R NG PUIdosp 0 puUe uonesauad |
patdnosun) i Ty 1dasuon " |
O — S O stcgect . S )

4@ Bunayer puv Bunuyaq

aH

mla
Liaa g

v

Aqaresary uBisap ay Jo [@E43[ 30O 1€ SANARADY sanwnae vonisodurosag

B
A
g
)
&
&
g
g
]
9
‘g
2
n’
g
:
<
g
&
=
&,
g
8
©
Q
&
:
&
<

Chapter 3: Activities and Guidelinies

42

ege w oot ek R e




A Roadmap for Decomposition: Activities, Theories, and Tools for System Design
Chapter 3: Activities and Guidelines

3.1.2 Approach to this chapter

An objective of decomposition is to enable the designers to satisfy the axioms at each level
of the design hierarchy more quickiy and more easily. This is done through articulating a set
of activities that are performed that relate to multiple levels of the design hierarchy. Once
these activities are identified, the goals for each are stated, and the corresponding options the
designers have in performing the activities are given. Then, in the spirit of axiomatic design,
gnidelines are established which relate the options to the goals for each activity. This way the
designers have a practical aid in making decisions within each of the activities.

The approach taken in this chapter is consistent with that followed in axiomatic design. I
followed the approach of nomothetic research in developing a set of activities and general
guidelines for decomposition. To identify rules, or crtema, for decision making in
decomposition, I abstracted general principles from recent case studies in which I
participated, that use axiomatic design, and that involve decomposition. This approach, in
which a researcher gathers data from multiple different events to search for patterns in the
data, is known as nomothetic research. This approach is similar to that used by Suh to generate
the design axioms.’

The results of this nomothetic study are presented as a sertes of activities along with rules, or
guidelines, for their satisfaction. These are illustrated by means of examples from the cases.
The three contributions of this chapter are

the model of decomposition activities (section 3.2 and figure 3-2)
the identification of the designers’ aims in performing the activities (section 3.3 and
table 3-2)
e the statement of generalized guidelines for achieving the designers’ aims (section 3.4
and table 3-16)
While the theory developed in this chapter—consisting of the set of activities, goals, and
guidelines—is intended to be generally applicable to all designs consisting of multiple levels
of design hierarchy, the guidelines are biased, if at all, towards system design. This is due to
the nature of the case-study projects that were examined in this work.

Because of the number of activities considered and the number of guidelines posstble for
each, it is impossible for the author to give the rationale for or the thought process that
generated every guideline. The author will therefore focus on a selection of activities and a
selection of guidelines within each.

The activities that are treated in the greatest detail in this chapter are sequencing the
decomposition (sections 3.2.1 and 3.4.1), generation of sub-FRs (sections 3.2.2 and 3.4.2),

5 Suh states that he “considered several projecrs that he had worked on in industry and at universities, and that
had tumed out to be very successful, and tried to identify the com:on elements present in all. He then tred to
generalize these common elements....Out of this exercise evolved 12 ‘hypothetical” axioms.” [Suh (1990) pp. 20-
21)
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carrying down and refining Cs (sections 3.2.4 and 3.4.3), physical integration of DPs
(sections 3.2.7 and 3.4.4), and ensuring consister.cy between levels (sections 3.2.8 and 3.4.5).°

Within the description of each activity, the goals of the designers are given followed by
guidelines for achieving the goals’ along with examples interspersed throughout the chapter
as an aid for explanation. The examples in this chapter are taken from a number of sources.
They are used to explain the concepts being presented in this chapter, not to explore the detarls
of the caser themselves. Additional information on the cases from which these examples are
drawn is found in section 6.3 in chapter 6.

Terminology

Because the complete details of the examples are not given in this chapter, a few points of
terminology are clarified here to aid the reader to quickly grasp the essence of the examples.
First, an FR is considered as a transformation of a target object. Second, the nunibering
schemes for FRs, DPs, Cs, and design matrices, incorporates their relative positions within
the design hierarchy. Third, systems are modeled using a standard template.

1. FRs as transformations

Functional requirements are defined as the minimum set of requirements that completely
characterize the design objectives for a specific need. [Suh (1990) p. 38) Each FR specifies a
target (or a span) of needed values that must be held within a tolerance. It should be
emphasized that FRs are to be defined in solution-neutral terms.® These values specified by the
FRs describe measurable characteristics of some object or objects. An object with a
characteristic that is affected by an FR, is called (in this thesis) a “target object” of that FR.
At one node of the design hierarchy, there may be more than one object whose
charactenstics are affected by the set of FRs, and in measuring some FRs, properties
between two or more objects may be relevant.

The target of an FR 1s not dependent on the choice of ihe DP to fulfill the FR. For example, in the
case of a function such as “transport passengers between Boston and New York City”, the
target object is the person, or persons, that are transported, not the DP that performs this
(such as a car, a plane, etc.). The concem with this FR is a property of the passengers,
namely their location, and how close this property is to the desired target value.

Some functional requirements may be described as transformations at some rate either in a
continuous manner or between discrete states. Assuming it is performed correctly, the FR
“transport passengers between Boston and New York City” changes the locaton of the
passengers from their initial values (in Boston) to their final values (in New York City).
Moreover, the target object affected by the FR can be a physical entity as in the case of
hardware design, or it can be an abstract entity as in software design.

In the example described previously, the FR is to “manage reticles”; therefore, the target
object is a reticle or reticles. The FR is stated in a solution-neutral way, and the designers

6 The other activities (dimensioning of sub-DPs, layout of sub-DDPs, and identification of relevant CNs) are
descrbed (in sections 3.2.5, 3.2.6, and 3.2.3 respectively) in terms of their inputs and outputs and typical
questions posed and answered by designers in performing the activities.

7 The form for the guidelines is “to achieve the designers’ aim ¢, do »7’ as described in section 2.4 in chapter 2.

8 This topic is discussed in much greater detail in section 3.2.2.
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have specified only properties of the reticle in generating the FR. They have not made any
decision about the DP chosen to fulfill this FR. Design parameters are defined as the tangible
design elements which have been chosen to fulfill the FRs, that is, to perform and control
the desired function, be it physical, logical, monetary, etc.

2. The numbering scheme for FRs, DPs, Cs, and DM

The numbering scheme for design matrices is as follows. Consider a design matrix [Ax] as
shown in equation 3-1; each off-diagonal term .Ax(sj) corresponds to the effect on FRx./ of
changing DPx.;. The interpretation of the design matrices used here is that an element of the

OFRxf , corresponds to asking the following

8DPx. j
question: Does a change’ in DPx,i—consistent with fulfilling FRx.j-affect FRx.2™

design matrix Ax(ij), which is given by

FRet] [4x(11) - 4x(1,j) - Ax(1,n)]{DPe1

FRwi | = .Ax'(i,l) Ax(t 7) Ax(: J) D};x.j (3-1)

FR:x.n Axtn,l) Ax-n,j) Ax('n,n) DP'x.n

In this notation x is the index of the parent FR and parent DP that has been broken down
into a set of sub-FRs; / indicates the placement of the sub-FR FRx./ within the vector of sub-
FRs {FRx.}; j indicates the placement of the sub-DP DPx.; within the corresponding vector
of sub-DPs. Constraints on the sub-FRs {FRx./} are numbered Cx-4.

3. A template for system design

In a general sense, the input-output transforrnations at the top level of a system design can
be broken down into several categories: process functions, transport functions, command
and control functions, and support and integration functions, as shown in equation 3-2."
The examples in this chapter follow this form.

(Pcrform Process l\ FX 6000 000 ( Process Module 1

Perform Process 2 0 X 0 00 06 00 Process Module 2

Perform Process 0 O X 0 O 0 o o Process Module w
Transport 1 [ X X - ?2 X O - 0 0 O ) Transport Medule 1 ,
Taansport 2 [ | 2 2 > 2 X 0 0 o0 Transport Module 2 (3-2)
Transport v > > P S X 0 O Transport Module »

Command System X X - X X X - X X 0O ||Commandand Contzol Algorithm

| Integrate System | X X X X X X X XJ { Structural Framework J

? The type of changes descrbed here are those which do not affect the terms of the design matrix—since such
changes cannot be captured in the design matrix itself. See section 2.5.3 for further discussion.

10 Specifically if a DP may be adjusted to satisfy its corresponding FR and the other FRs at that level of the
design tree are unaffected within their tolerances, then the requirement for functional independerce is satisfied.
See Theorem 8. [Suh (1990) pp. 121-123)

! This template for system design was first used in [Hintersteiner and Tate (1998b)] and is further refined in
[Hintersteiner (1999)].
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3.2 Activities in the design and decomposition process

The model of decomposition activities, given in figure 3-2, consists of a collection of distinct
activities with clear starting and end points. Each activity is a transformation from inputs to
outputs. These activities can be sequenced in different ways, and as indicated, some of them
are optional in any given cycle.

3.2.1 Seguencing the decomposition

As they detail a design object through the process of decomposition, the designers determine
whether there are any FR-DP pairs that need to be decomposed further during the activity
of sequencing the decorpposition. The designers carry out decompositior: until they “know what to
do from there”. [Suh (1998b)]'> Therefore, in design involving multiple layers of the design
hierarchy, both DPs which are decomposed and DPs which are not decomposed further
exist and may be termed non-leaf and laf DPs respectively. Furthermore, when there are
multiple FR-DP pairs to be decomposed, the designers select the one for which sub-FRs will
be defined next during this activity. If no further decomposition is required, this activity
directs the setting of the attribute values of the leaf DPs through design decisions.

Typical questions answered by the designers in performing this activity include the following:

o Does the design need to be decomposed further? Are there more FR-DP paits to be
decomposed, or are all the DPs &gf DPs?
e Which FR-DP pair should be decomposed next?
The input to this activity is a design object which has been detailed to some level of the
design hierarchy; this includes FRs, DPs, Cs, and DMs in a hierarchical arrangement. The
outputs to this activity can be several:

o 2 determination of whether the design needs to be decomposed further

o if the design does need to be decomposed, a selection of which FR-DP pair is to be
decomposed next

o if the design does not need to be further decomposed, a description of the order in
which the attributc values of the leaf nodes are to be set

3.2.2 Generation of sub-FRs

Generation of sub-FRs is the activity in which the designers develop a set of sub-FRs for one
parent FR-DP pair. The design has progressed to some level of the design hierarchy; 2 set of
parent DPs has been chosen to fulfill a set of parent FRs; and at least some of the DPs at
this level are considered to be non-leaves. Therefore, the designers continue the
decomposition by generating some sub-FRs.

Typical questions answered by the designers in performing this activity include the following:

© What are all the sub-FRs required to perform the parent FR?
e How can the concept of the parent DP be detailed as a set of sub-functions?

12 Compare [Suh (1999)].
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¢ Can information about the field of the design task be used in generating the sub-
FRs? Does the “look” of the FRs correspond to their particular field (mechanical,
software, systems, etc.)?
Can the stated sub-FRs be combined into a set with fewer elements?
What are different ways to define sub-FRs, and which is most appropriate for the
current situation? _
© Where does a command and control algorithm (CCA) fit within the hierarchies?
What functions does it perform? How can it be generated?
The inputs for the generation of sub-FRs are a selected parent FR and DP to be
decomposed. The output of this activity is a set of sub-FRs for the given parent FR-DP pair.

3.2.3 Identification of relevant CNs

Ldentsfication of relevant CNJ is the activity in which the designers match customer needs to the
current level of the design hierarchy. At the highest levels of the design hierarchy, this
involves collecting and sorting the information that has been gathered from the customers.
At lower levels this involves evaluating the applicability of the CNs to the current part of the
design task.

Typical questions answered by the designers in performing this activity include the following:

© Is the set of customer needs complete, or should additional information be gathered,
given the design decisions made thus far, at higher levels of the design hierarchy?
® Does constraint CN- apply to FRx./?
The input of this activity is a selected FR-DP pair to decompose and the customer needs
that have been collected. The output of this activity is a set of CNs that is relevant to the
selected FR-DP pair and potentially useful in defining its sub-FRs.

The organization of the customer needs (CNs) to facilitate the generation of FRs,
particularly at the top-level of the design hierarchy, is an important consideration although it
is beyond the scope of this work. The reader is referred to sources such as [Burchill (1993),
CE (1992), LPM (1996)] for ideas about the performance of this activity and the tools
available to assist it.

3.2. rrving down and refining Cs

Carrying down and refining constraints is the activity in which the designers transfer a set of
constraints that applies at a parent-level of the design hierarchy to the level’s sub-FRs by
assigning each parent level constraint to one or more sub-FRs. Constraints are a specification
of characteristics that the design solution must posses to be acceptable to its customers and
the company designing it. .
Typical questions answered by the designers in performing this activity include the following:
Does constraint Cn-; apply to sub-FRnj?
Have all the parent-level constraints been applied, or is there a constraint that has
not been applied to a sub-FR?

e Have additional constraints been introduced at the child level that should be applied!
at the parent level as well?
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The input of this activity is a set of sub-FRs and their parent FR and DP, along with the
constraints that applied at the parent level. The output of this activity is 2 set of constraints
applied to each of the sub-FRs as needed. The constraints that are applied at the child level
can be restated, or refined, as needed to clarify or detail their application to the sub-FRs.

3.2.5 Dimensioning of sub-DPs

Dimensioning of sub-DPs is an activity which occurs after DPs have been selected. In the
dimensioning activity, the throughput rate and other constraints on the FRs are used by the
designers to calculate 2 needed number of instances of each particular DP. This activity is
not necessarily performed at each level of the decomposition, but it must be performed for
each DP at some point during the design process.

Typical questions answered by the designers in performing this activity include the following:

e How many of this DP are needed to fulfill the FR, given the throughput rate

constraint (or takt time)?
What throughput rate can be achieved by the selected DP?
How many instances of this DP are needed to handle the capacity needed for the
FR?
How many transport resources are needed?
Can a generic scheduling algorithm for assigning DPs to meet FRs automatically be
developed?

The input of this activity is an FR and its selected DP. The output of this activity is a

dimensioning or number of needed instances of this same DP to fulfill the FR.

3.2.6 Layout of DPs

Layout of sub-DPs is the activity in which the designers arrange a given set of sub-DPs, either
physically in space or logically. This activity is like dimensioning in that it does not need to
be performed at each level of the design hierarchy, yet it must be performed for all the DPs
in the hierarchy at some point during the design process.

Typical questions answered by the designers in performing this activity include the following:

© How should these DPs be arranged spatially?
e How do changes in the number of process modules affect transportation or layout?

The input to this activity is a design object which has been detailed to some level of the
design hierarchy; this includes FRs, DPs, and DMs in a hierarchical arrangement. Because
this activity follows dimensioning, an additional input is the number instances of DPs. The
outputs to this activity are a physical description of the spatial or logical arrangement of DPs.
In mechanical design, this could be a set of drawings or in object-oriented software design, a
grouping of attributes (variables) and operations (methods).

3.2.7 Physical integration of DPs

The designers perform physical integration of DPs to reduce the information centent of the
design. In this activity the designers assemble a set of separate DPs into one physical entity.
This is done to reduce manufacturing cost, reduce development cost, minimize volume of
the product, etc. As several DPs are integrated into one physical unit, the individual DPs do

48 Derrick Tate



A Roadmap for Decomposition: Activities, Theories, and Tools for System Design
Chapter 3: Activities and Guidelines

not lose their uniqueness, their individuality, because if they did, that would compromise the
independent satisfaction of their associated FRs. Rather, in physical integration two or more
DPs are embodied in the same resource or set of components.

Typical questions answered by the designers in performing this activity include the following:

What is the minimum number of components needed to perform the FRs?

How can manufacturing costs be reduced?

How can DPs be fit into the required volume?

Is the same component being used to perform multiple FRs?

Can the resources and components be scheduled to prevent functional coupling?
What are the “interfaces” between DPs of different types?

How can different integrations be evaluated and selected?

The input to this activity is a design object that has been detailed to some level of the design
hierarchy. This design consists of sets of DPs which have been selected to fulfill FRs over
the design hierarchy. The DPs can include leaves and non-leaves set during either design or
operation. The output of this activity is information about the physical embodiment and
integration of the design in hardware and/or software components.

3.2.8 Ensuring consistency between levels: FRs, DPs,. DMs, Cs

Ensuning consistency between levels is an activity in which the designers check the layers of the
design hierarchy against each other to ensure that the layers are consistent with one another.
In this activity, which is shown occurring in multiple parts in figure 3-2, the FRs, DPs, DMs,
and Cs must all be checked.

Typical questions answered by the designers in performing this activity include the following:
Do these sub-FRs together produce their intended parent FR?

Are these sub-FRs consistent with the parent DP thar was selected?

Have the constraints been refined properly?

Are the FRs are defined at the correct hierarchical level?

Have all the design decisions made thus far in the design process been recorded in or
along with the design hierarchy (including layout, integration, etc.)?

For ensuring consistency between levels, the inputs are FRs, DPs, DMs, and Cs, at both the

parent- and sub-levels. The output of this activity is an evaluation of whether or not the
levels are consistent with one another.

3.3 Goals

Table 3-2 summarizes the cognitive aims of the designers in performing each of the
decomposition activities shown in figure 3-2.
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Table 3-2. Summary of cogmuve aims for decomposition activities

\ w I3t ‘—[ T .“;... R i-:'-’] {

OSIthn

e T A | e A RN

finish the design decomposition as quickly as possible (minimize use of resources: time, cost,
manpower, etc.) by finishing the selection of DPs and moving on to setting their attribute values

' distinguish between leaf and non-leaf nodes and thereby know when the design decomposition is

| finished !
_ identify the next FR-DP pair to decompose—if there is one '
i Generating sub-FRs:

develop a sufficient set of sub-FRs (with respect to the parent FR) ,
describe the parent DP (consistency is especially important for analyzing an existing DP) [
state solution-neutral sub-FRs !
develop a necessary set of sub-FRs (with respect to the parent FR)
| minimize the number of sub-FRs B
i understand the impacts of Cs on sub-FRs :

convert Cs from the parent level to sub-FRs as required, and distinguish Cs from FRs

i

: develop a complete set of Cs for each sub-FR

| Checking consistency of sub-FRs, sub-DPs, sub-DMs, and Cs:

" determine if descriptions of FR-DP relationships have been correctly identified and documented in
the design hierarchy (including decisions about physical integration, dimensioning, and layout)

determine if sub-FRs are consistent with choice of parent DP

. Dimension sub-DPs:

|

' satsfy geometric constraints

' determine minimum number of DPs to meet the throughput rate constraints
develop spatal arrangement

- sansfy geometric constraints

i meet throughput rate constraints

! Integration of sub-DPs:

assign sub-DPs to physical (or software) resources or components

minimize COst

fit within footprint, or volume

minimize information content
© Idenufican fr Ns:
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3.4 Guidelines for the design and decomposition process

In this section, guidelines are presented for some of the goals associated with the following
activities: sequencing the decomposition (section 3.4.1), generation of sub-FRs (section
3.4.2), carrying down and refining Cs (section 3.4.3), physical integration of DPs (section
3.4.4), and ensuring consistency between levels (section 3.4.5).

3.4.1 Sequencing the decomposition

For the activity of sequencing the decomposition, it is hypothesized that, to finish the design
decomposition as quickly as possible (thus minimizing the use of resources: time, cost,
manpower, etc.), the designers must do two things. The designers must distinguish between
leaf and non-leaf nodes and thereby know when the design decomposition is finished
(discussed in section 3.4.1.1), and the designers must identify the next FR-DP pair to
decompose (discussed in section 3.4.1.2), if there are non-leaf nodes remaining.

3.4.1.1 Distinguishing between leaf and non-leaf nodes

As shown in figure 3-4, a node in the design hierarchy is defined as a parent FR-DP pair plus
its associated children (sub-FRs and sub-DPs), constraints on the children, and the design
matrix of relationships between them. If the node is a £af then it does not have children; if it
is a non-leaf then it does. Likewise, kaf DPs are defined as terrninal DPs on the design tree,
and non-leaf DPs are defined as DPs that are further decomposed.” Figure 3-4 illustrates leaf
DPs, denoted by lighter colored rectangles with thin, dashed lines and non-leaf DDs,
denoted by darker rectangles with thick, solid lines.

FRx DPx

; FRx.i)

— {[DMx]

{DPx.i}

Cx+j
' e S I 3 , ‘
Lo S e g non-lea
. - - - . =7 . Y =" .---'
Do | leaf

...... - - - -

Figure 34. FR or DP tree showing leaf and non-leaf nodes

Example: Reticle management system (RMS) [adapted from [Friedman, et al. (1998a)]]
One branch of a decomposition of a parent FR is shown in figure 3-5 and table 3-3. This is a
continuation of the example shown in table 3-1. The target object of the highest-level FR is a

t According to Suh, “When the decomposition process propagates down to the lower levels, a designer can
reach the level where one or more FRs can be fully satisfied (or controlled) by the selected set of DPs without
further decomposition. If the FRs do not have to be decomposed any further, they form terminal nodes of the
hierarchical tree. The design process terminates when all the lowest branches of the FR tree form the terminal
nodes. A terminal node is [called] a leaf of the FR tree.” [Suh (1998a) ch. 5 p. 18] also [Kim, et al. (1991b) P
167] and {Kim, et al. (1991a) p. 248]
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reticle; that is, the FR “manage reticles” operates on a reticle. This target object appears
in at lower levels. It is the target object of FRs at the next level, and it is carried down

over 5 levels."*

Table 3-3. FR and DP to “Manage reticles” by means of a “Reticle management

system (RMS) and some of their children

Manage reticles

Reticle management system

_RMS)

T Transfer reticles _(t;etweé_r'l' fab

Module for reticle carriers

and library)
Setup reticles (at Wait, for Reticle setup scheme
exchange at stage)
Exchange reticles (at stage) Reticle exchange scheme
Schedule RMS RMS CCA
Integrate RMS | RMS framework

Prepare stage (wifﬁ old reticle) |

“Stage in position” signal

Unload old reticle

Second mechanism

Load new reticle

First mechanism

Return stage (with new reticle)

“Stage return” signal

Schedule reticle exchange Reticle exchange CCA
First mechanism handoff End-effector
(reticle to stage)
Move reticle (towards stage) 6-DOF robot
| Schedule loading Load CCA
Change end-effector position 6-DOF arm

Sense position of end effector

Joint encoders

Minimize force (applied to Robot limits on F,X,X,X
stage)

Maintain parallelism (between | Robot flexures (for compliance)
reticle and stage)

Move CCA

Schedple move

In figure 3-5 the sub-FRs in which also operate on the “reticle” are depicted by dark
rectangles outlined with thick, solid lines. As these FRs dealing with the reticle are
decomposed, additional target objects appear in the design hierarchy including primanly the
“reticle stage” and the robot and end effector. The sub-FRs that have other target objects
are shown as lighter-colored rectangles with thinner dashed lines.

14 I total this FR has been decomposed into approximately 150 sub-FRs as described in section 6.3.3.
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schedule RMS|  |integrate RMS
Y i
! retum stage | schedule
non-leaf , (withnew reticle
retide) exchange
_____ 1
schedule
leaf load:
. . Y S
. e ™ minimize ' . meinwin '+ schedule
: end effector . effector ' foroe ' : pacallelism ' . move

Figure 3-5. Example of leaf and non-leaf nodes

The FRs with reticles as target objects have been further decomposed; the others are
constdered to be leaves. The satisfaction of the leaves under “move reticle” have been
passed on to other engineers within the project.

Guidelines

An FR does not need to be further decomposed if its target object is different than the target
object of its parent FR. However, a DP must still be selected to satisfy the FR. At each point
in the decomposition at which the target object changes between parent and child, a new
target object has been introduced into the decomposition. Therefore, the designers can have
the option to select a pre-existing DP which satisfies just the functionality of the child FR
with this new target object. In other cases in vhich the designers have been performing
decomposition, they have been refining and defining the functions performed on one target
object, and they must continue this process until the refinement is complete.”® Therefore, the
mark of completion is the transition to other target objects. This is stated as a guideline:

Distinguishing between leaf and non-leaf nodes

Guideline: To determine when a node is a leaf, the designers have the option of considering
a node to be a leaf—and thus not further decomposing it—when the target object of the
sub-FR 1s different from that of its parent.

3.4.1.2 Identifying the next FR-DP pair to decompose

Consider in a general sense the nature of the task to identify the next FR-DP pair to
decompose. One possibility is that the designers may generate any set of sub-FRs before any
other set of sub-FRs. Alternatively there can be a sequence in which sub-FRs should be
defined in order to reduce the amount of undesirable iteration described above. Here it is
shown that the design matrices capture the necessary information for determining the
sequence in which sub-FRs should be generated.

15 A leaf DP for one designer may be the a starting parent for another, as for example, when a complete sub-
system is bought from an outside vendor.
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Escample Photolithography process module [adapted from [Hintersteiner (1998b)]]
FR-DP1 “Transfer overlay pattern from reticle onto wafer surface” by means of “step-and-
scan photolithography process” is broken down into sub-FRs and sub-DPs as given in table

3-4.

Table 3-4. Decomposition of FR-DP1 “Transfer overlay pattern from reticle onto

wafer surface” by means of “Step-and-scan photolithography process”

4

R ST o | DA PR UCI PN IR SN vott Nkt LAt R | NI | I | |
Transfer overlay pattem from
reticle onto wafer surface

bty ] '

] Project image from reticle plan

OCESS

'v Prjctin optics (PO) asse

wafer plane
Process Align reticle image with wafer Alignment system for “step-and-
scan”
Process Illuminate image on reticle Laser illumination system (LIS)
Contro/ | Schedule and coordinate process Photolithography process module
tasks CCA
B Supporr | Integrate process components Photolithography process module
R support framework
The design matrix Al is given in equation 3-3.
1.1 Project image Y [X 0 0 0 O] 11POAssembly |
1.2 Align image X X O O O |{1.2Alignmentsystem
{ 1.3Iluminate pattern ¢={X X X O O 1.3 LIsystem > (3-3)
1.4 Schedule and coordinate X X X X O 1.4 CCA
| 1.5 Integrate X X X X X|{ 1.5 Support

FR-DP1.1 “Project image from reticle plane to wafer plane” by means of “Projection optics
(PO) assembly” is broken down into sub-FRs and sub-DPs as given in table 3-5.

Table 3-5. Decomposition of FR-DP1.1 “Project image from reticle plane to wafer

a(

plane” by means of “Projection optics (PO) assembly”

Project image from reticle plane to
wafer plane
D N oy e G LT e

reduction at wafer plane)

Projection optics (PO) assembly

Aspherical mirror assembly

Process

Parallelize beam

Lens groups

Process

Direct beam path

Fold mirror
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[ Process Vary numerical aperture (to adjust | Variable-iris diaphragm
‘ resolution and depth of focus)
% Process Correct aberrations in the image Wafer lens group
(88 Control Control magnification and Projection optics CCA
eE numerical aperture
Support | Integrate PO subassembly in an Sealed chamber

isolated environment

FR-DPI .2 “Align image on wafer” by means of “Ahgnment system for ‘step-and-scan’ is
broken down into sub-FRs and sub-DPs as given in table 3-6.

Table 3-6. Decomposition of FR-DP1.2 “Align image on wafer” by means of
“Alignment system for ‘step-and-scan’”

““““

Position and hold wafers precxsely
Process Position and hold reticle precisely | Reticle stage

Process Perform real-time motion AXIOM alignment system
adjustment of stages
Process Perform calibration of machine- Automatic calibration system
specific components (Autocal)
| Contro/ | Schedule and coordinate process Stage CCA
tasks

In this example, DP1.1 “projection optics (PO) assembly” has an impact on FR1.2 “align
image on wafer” given by the matrix element A1(2,1), shown in bold in equation 3-3.
Consider the types of changes in DP1.1 that are represented by the off-diagonal design
matrix element A1(2,1). If DP1.1 changes such that a different depth of focus is used or a
different image reduction is required, then the sub-FRs for position and calibration of the
wafer and reticle stages can also change.

A change in DP1.1 that affects its sub-FRs has the potential to necessitate corresponding
changes in DP1.2 “alignment system” and its sub-FRs in order to ensure that FR1.2 is still
satisfied. The sub-FRs of FR1.2 are affected by the choice of DP1.1 as given by its sub-FRs,
shown in table 3-5. The impact shows up in the sub-FRs of FR1.2 “align image on wafer”
that are shown in table 3-6.

Guidelines
Two guidelines for identifying the next FR-DP pair to decompose are stated:

Guideline: To identify the next FR-DP pair to decompose, at each level, define sub-FRs in
the order described by the design matrices.

Guideline: To identify the next FR-DP pair to decompose, there is no penalty in terms of
time/iteration for decomposing one branch of the design hierarchy more deeply than
another, provided that the order follows that given in the design matrices.
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3.4.2 Generation of sub-FRs

Three of the designers’ goals in generating a set of sub-FRs—developing a set of sub-FRs
that is sufficient, describes the parent DP, and is solution-neutral—are ends in themselves.
They are the mark of the successtul completion of this activity and are discussed in sections
3.4.2.1, 3.4.2.2, and 3.4.2.3 respectively. The other two—necessity and minimization—follow
from the goals of the designers for one level of the design. If there are extra FRs—either
individual FRs that do not belong (violating necessity) or the whole set of sub-FRs could
have been defined more succinctly although individually none of the sub-FRs can be
removed (thus violating minimization)—then the designers will have a more difficult time to
synthesize and analyze an appropriate set of sub-DPs. Moreover, even if the designers are
able to synthesize sub-DPs to meet each individual sub-FR, the challenge to produce a sez of
DPs which satisfies independence grows geometrically with the number of additional off-
diagor:al relationships between the FRs and DPs that must be considered.

Discussion of completeness and consistency of sub-FRs

Understanding completeness with respect to the generation of sub-FRs is not as simple as
identifying a set of sub-FRs which produces the parent FR. This is because the set of sub-
FRs must take into account the other factors which impinge on FR creation, namely the
other sources for sub-FRs: the parent DP, the parent-level Cs, and the parent-level DM.
Therefore, a complete set of sub-FRs is defined as a set of sub-FRs that is sufficient for
producing the parent-level FR, that also satisfies the parent-level'” Cs and the parent-level
DM, and that describes the parent-level DP.

3.4.2.1 Developing a sufficient set of sub-FRs by un:derstanding the sources of sub-
FRs

What sources should the designers consider in generating their sub-FRs? How can the
importance of the different potential sources be evaluated. Consider the following example.

Example CCA [adapted from [Hintersteiner (1998b)]]

FR-DP4 “Manage lithography tool” by means of “Lithography tool command and control
algorithm (CCA)” is broken down into sub-FRs and sub-DPs as given in table 3-7.

Table 3-7. Decomposition of FR-DP4 “Manage lithography tool” by means of
“Lithography tool command and control algorithm (CCA)”

Lithography tool command and control
algorithm (CCA)

| Manage Lithography tool

16 These goals include the conditions needed for FR consistency as descobed below in section 3.2.8 for the
acavity maiztan consistency between levels for FRs, DPs, DMs, and Cs. Specifically FRs are consisteat when they are
sufficient, necessary, and descrptive. The first two describe consistency with respect to the parent FR and the
last descrbes consistency with respect to the parent DP.

17 The parent-level Cs are relevant for generating sub-FRs as opposed to the lower-level Cs that affect the
selection of the child-level DPs but cannot be s2id to be sasffed by the lower-level FRs.
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"~ TTool controller loglc

Coordinate process and transport
modules according to predefined

process recipe

Product file

Facilitate operator interaction with tool

Human interface (HI)

Operate machine through fab host
computer

Fab computer interface (SECS/GEM)

o see how these sub-FRs arise due to various sources as described above, consider the
higher-level of the design hierarchy.

FR-DPO0 “Print patterns onto photo-resist-coated wafers” by means of “Lithography tool” is
broken down into sub-FRs and sub-DPs as given in table 3-8. The high-level constraints are
given below in table 3-10.

Table 3-8. Decompositicn of FR-DP0 “Print patterns onto photo-resist-coated
wafers” by means of “Lithography tool”

Print patterns onto photo-resist-
coated wafers

reticle onto wafer surface

Tra.nsferand ovcrly pattem rom

Step -and- scanphotohthogmp y

process module

Tranport | Manage wafers (input/output) (a) wafer handler system
(b) new wafer handler system
Tranport | Manage reticles (input/output) (a) reticle handler system
(b) reticle management system
(RMS)
y Comirol Manage lithography tool Lithography tool CCA
Support Integrate tool subsystems Tool support framework

The corresponding design matrix A0 is given in equation 3-4.

,

\

1 Transfer pattern [X 0 O

2 Input/output wafers X X O

4 3lnput/outputreticles =X O X
4 Schecule and coordinate X X X
5 Integrate X X X

X X O O O

O | Photolithography process]

O (b) Wafer handler

O K (b) RMS > (3-4)
0 Tool CCA

X

Tool support J

Il

By comparing the two levels of the design hierarchy, the following sources are identified:

© parent DP: FR4.1 anises because of the decision to use a software algorithm for
scheduling the operation of the tool.
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e GCs: Two types of interfaces are specified by the parent-level constraints (shown in
table 3-10 below): human-machine interaction (C-6) and interaction with the fab
facility according to a standard (C-5). These lead to two sub-FRs at this level: FR4.3
and FR 4.4

o parent DM elements: FR4.2 arises due to the need to schedule the resources within
the tool that are responsible for each of the process and transport functions.

Guidelines
The several different sources of suh-FRs are as follows:'?

parent FR

parent DP

parent DM (system integration)

parent (or higher-level) Cs

CNs

An altemnative view is that sub-FRs can be defined by considering only a subset of the above,
listed sources. In particular, some researchers believe that it is possible to define sub-FRs by
considering only the parent-level FRs.” However, this position directly contradicts the
fundamental concept known as decomposition through gigzagging” as described in axiomatic
design theory.

Guideline: To develop a sufficient set of sub-FRs, all potential sources of sub-FRs at a level
should be considered. These include, parent FR, parent DP, parent-level Cs, parent-level
DM (as a source of either potential Cs or sub-FRs), and the set of CN.

Guideline: A good order to consider these sources is first to define sub-FRs based on
knowledge of the parent CP. Second, define additional sub-FRs in accordance with the
parent-level FRs and Cs. Finally, consider the parent DM and CNis.

Guideline: To develop a sufficient set of sub-FRs, a template for system design consists of
sub-FRs of the form: process and transport, command and control, and support and
integration.

These are illustrated in the previous example in table 3-7, table 3-8, and equation 3-4.

'® Three of these were discussed in [Tate, et al. (1998)): parent FR-DP pair, parent-level Cs, and parent-level
DM. Also [Nordlund (1996) p. 35] discusses sub-FRs and Cs asising from CNs in general (though not mapped
to a specific level in the design hierarchy) and Cs adising from the environment: “Selection of a customer
domain generaies an environment in which the design object must reside. The enviconment can generate
constraints for the design process (e.g., geometncal and legal constraints).”

19 [Schulz and Clausing (1998)] and [Sontow and Clausing (1993)] are examples of this view.

20 Other theodes that include zgzagging include [Marples (1961)), the WDK school [Aasland (1995),
Andreasen (1991b), Andreasen (1998)], Olsson, and value engineering [Miles (1 972)).
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3.4.2.2 Developing a consistent set of sub-FRs by understanding the structure of the
design hierarchy

Consistency of sub-FRs is an issue that depends on the nature of the parent DP since the
question is whether the sub-FRs accurately represent the parent DP. Three general issues are
discussed here in terms of their consistent representation within the design hierarchy:

© command and control: Controlling the operation of a design is important at many
levels of the design hierarchy, particularly in cases in which the FRs and/or DPs that
are active change over time.

® integration and suppor~: Support for sub-DPs may be integrated into resources at
parent levels (such as a power supply), but there will be sub-FRs at lower levels
specifically tailored for the sub-DPs (such as connections to provide power to the
lower-level DPs).

e views: At different levels of the design hierarchy, different views of the problem are
important. For example a design that consists of FRs operating on a part being
manufactured at the highest level may consist at lower levels of functions operating
on elements within a machine itseif.

Example: CMP machine [adapted from [Melvin (1998)]]

The high-level decomposition of a CMP machine is shown in table 3-9. The first two FRs
are process modules required for planarizing and cleaning between layers the deposited
surface on a2 wafer. FR3 is a system-level process module that transports wafers between the
planarization and cleaning modules. FR4 is the CCA that is responsible for coordinating the
interactions between the process and transport modules and for passing appropriate control
parameters to each process and transport module. FR5 covers the necessary hardware for
integrating the sub-systems.

Remove matenal Planarization process
(a) 3-body abrasion
(b) 2-body abrasion

Clean wafer Cleaning sub-system
Transport wafer Wafer handler
Control tool System-lcvel CCA

&l Integrate tool subsystems Tool support framework

The relationships between the FRs and DPs for the top-level of the CMP machine are given
in equation 3-5.
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1 remove material X O O 0O Of(planarization process)
2 clean wafer X X 0 0 O cleaning module
4 3transport wafer L =|X X X O Of waferhandler ; (3-5)
4 control tool X X X X O} system-level CCA
5integratesub-systems| (X X X X X || support framework |

In 2 CMP machine capable of performing either two-body or three-body abrasion, the local
CCA is in charge of selecting which material removal mode (that is, DP1a or DP1b) to
activate. In addition, it is in charge of determining and sending commands to the matenal
removal module (DP1a or DP1b) indicating the amount of material to be removed.

Guidelines
The following general guidelines are advanced as patterns that have been observed across
multiple fields of design:

Guideline: To develop a consistent set of sub-FRs, an FR to control the time variation of a
DP (sequencing, scheduling, etc.) should be at the same level as the DP that is changing.

Guideline: To develop a consistent set of sub-FRs, for sets of sub-FRs which change
dynamically with time, the FR to coordinate their changes should be defined at their
parent level.

Guideline: To develop a consistent set of sub-FRs, define support FRs at the parent level
when support is camied to multiple sub-DPs on different branches. Then the
connection, between the higher-level support DP and a particular DP requiring that
support, will be a sub-FR.

Guideline: To develop a consistent set of sub-FRs, the character of sub-FRs will change
from part flows to machine operations to machine adjustments as the decomposition
progresses across succeeding levels that act on the same target object.

3.4.2.3 Developing a solution-neutral and minimal set of sub-FRs by understanding
FRs as transformations

At the highest-level of the design decomposition, the target object is specified by the CNs.
At lower-levels of the design, the target objects are determined by the higher-level DPs that
have been chosen. In generating a set of sub-FRs, the designers have a choice abut the
number of intermediate states of the parent-level target object, or target objects, to specify.
The target object has one or more attributes or properties that are being transformed by the
performance of the parent FR. For each attribute or property, the designers can specify an
integer number of intermediate states—including zero—of the attribute into which the target
object is transformed before the output of the parent FR is achieved.” Also, the designers
are able to introduce new target objects into the design as sub-FRs are generated.

21 See Ross for a descdption of the choice between two altemative pairs of transformations: “It is impossible
for you to have a choizx in how to break [a transformation] into fzv parts unless you realize that it culd be
broken into zéree parts.” [Ross (1977) p. 26]
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These concepts are illustrated in figure 3-6. In seeking to minimize the number of sub-FRs
and to develop solution-neutral sub-FRs, the designers should seek to specify as few

o target object attributes to transform:
e intermediate states of the target objects
© additional target cbjects introduced at a level

operands | * | nsformation | . OPerands
—with atrcibutes — T —with atrributes —
artt X ate2
operands Transformation operands Transformation operands
—with attcbutes - ~ TxA —with atnbutes — Tx2 ‘. [—with aunbutes -+
attl L X atti X : a2

Figure 3-6. Intermediate states of a tasget object in generating sub-FRs

Guidelines
Guideline: To minimize the number of sub-FRs and to state the most solution-neutral FRs,

specify as few attributes on the target object transformed by the parent FR as possible,
and specify as few new, additional target objects as possible.

Guideline: To state the most solution-neutral FRs, articulating multiple alternative DPs
serves as a check for solution neutrality.

Guideline: To minimize the number of sub-FRs, minimize the number of intermediate states
of the target object that are specified.

3.4.3 Carrying down and refining Cs*=

This section details the carrying down and refining of constraints. This is an area within axiomatic
design which can benefit from a more thorough treatment than it has thus far received. This
is especially true becanse engineers who are learning axiomatic design have found usefully
distinguishing between FRs and Cs to be challenging.”

“ Parts of this section on constraints are adapted from [Friedman, et al. (1998b)).
B See [Lindhotm (1998) p. 24].

Dernck Tare 61



A Roadmap for Decomposition: Activities, Theories, and Tools for System Design
Chapter 3: Activities and Guidelines
3.4.3.1 Documenting constraints by means of a constraints table

Table 3-10 gives generic examples of five types of constraints as applied to the top-level of 2
large machine tool. The refinement of these constraints to a specific sub-system is shown in
table 3-11.
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Meet throughput specifications

Marketing

C1 Marketing

C-2 Marketing | Meet process spec. (arbitrary # of instances)

C3 Marketing | Meet transport spec. (arbm-ary # of mstanccs)

C4 Marketing Handle customer specxﬁed target ob;ects (arbu:rary #
of instances)

C-5 Marketing | Integrate tool with factory environmeat (host
computer, air and water supply, facilities, etc.)

C-6 Marketing | Make tool "user-friendly” (ergonomics and software

interfaces)

Maximize availability / mhabllxty (minimize MTBF
and minimize MTTF)

C-8

Marketing

Minimize footprint (do not exceed maximum size)

C9

Management

Make tool serviceable (easy access for maintenance)

C-10

Marketing
Management

Minimize costs (design, manufacturing, operational,
maintenance, etc.)

Marketing
Management

Provide ease of testability (make components
compatible with standard and customer-defined
tests)

Marketing

Marketing
Management

Conform to industry and safety standards

Inl:egrate maximum amount of exlstmg technology
(minimize redcsngn of proven components, use off-
the- shelf equ:pmcnt whenever possnble)

Include spec1ﬁed components (arbxtrary # of
instances)
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Table 3-11 gives examples of the application of the constraints table to the RMS destgn. The
RMS subsystem satisfies FR-DP3 “Manage reticles” by means of a “Reticle management
system (RMS)”, and it is broken down into sub-FRs ac has been given in table 3-3 above.
The constraints from table 3-10 have been refined to apply to the RMS sub-FRs as given in
table 3-11.

Table 3-11. Constraints on decomposition of FR-DP3 “Manage reticles” using “new
RMS”

Exchange time (the RMS component of stage dOW"l time < 10
seconds)

Accommodate mult:ple types of reticle carriers with minimum
design effort

C-5 Transfer non-product file reticles (w/o impacting exchange time) | v

Accommodate multiple types of reticle stages with minimum
design effort

Make tool "user-friendly” (ergonomics and software interfaces) V|

Anticipate future FAB automation technology i.e. overhead track,

AGV "J
e il o —Global Constraintks b i Fe I

Meet system teqmrements for reliability v vl v] v] V|
Minimize increase to tool footprint v| v] v|] v] V]
Protect reticles from damage or contamination v| vl v| V] v
Maintain or reduce costs while increasing functionality vl v v] v] v
Conform to SEMI / industry / safety standards vl v] v] v
Make tool serviceable (easy access for mantenance) v| vl v] V] v
Provide ease of testability (make components compatible with AAdAA

standard and customer-defined tests)

".l?rO)e’ct Cdnstrmnts |
Minimize unique hardware and software components e.g. Staubli A A
RXG60CR

Production ready design w/”modular” interface available for AAdA A
integration in 6/99

i)
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3.4.3.2 Types of constraints and their impacts on the design

Table 3-10 shows a generic template for listing constraints at the highest level of the design
hierarchy. In this table, the constraints are derived from the customer needs (CNs) and from
considerations intenal to the company. The constraints are broken down into several
categories:

© cntical performance specifications: constraints imposed on the attributes of the top-
level target objects or on the rate at which these transforms are performed
° interface constraints: constraints imposed on the inputs and outputs that the system
must accept (often at the top level, but also at lower levels if the design is a portion
of an existing system)
® global object constraints: constraints with the potential to affect all DPs in the design
(or some significa:t fraction, such as all hardware) and which are broken down in an
additive way**
® project constraints: constraints on the development resources allowed for design or
redesign, or on the decisions made across projects (standardization, etc.)
© feature constraints: constraints that apply to the choice of specific DPs within the
system '
Constraints can have different impacts on the design object. First, constraints can serve as
filters, either allowing 2 DP to be chosen or necessitating its rejection. Alternatively they can
serve as a source of sub-FRs, as noted above. In this latter case, each C can be directly
connected to some subset of the FRs.

Some of the constraints may also arise from the CNs in such 2 way that they are conditional
they apply in case that certain DPs are chosen, but are not applicable for other selections of
DPs. Furthermore some constraints are non-negotiable, while some Cs are more flexible.

Th= categories of constraints given above are represented in table 3-12 that shows the
impact that different constraints can have on the design object. Some, like global and project
constraints can potentially impact the whole design and the choice of every DP. Others, like
interface and critical performance specifications, impact only a subset of the DPs.

Table 3-12. Source and impact of constraints

interface

roject feature
proj

Feature constraints should be avoided whenever possible since they only serve to limit the
available design space. Nevertheless, they should be documented and accounted for when
they are used in the design.

The guidelines stated here describe how the different constraints can impact the design.

24 For a discussion of a similar idez applied to function-means trees, see [Sturges, et al. (1996) pp. 258-264).
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Guideline: If the goal of the designers is to understand the impact of Cs on sub-FRs, the
designers should have knowledge of 4/ the constraints which apply at the parent level.
At the child level, these constraints should either appear as refined constraints or be
restated as sub-FRs.

Guideline: Critical performance specifications should be non-negotiable. Global and project
constraints can be negotiable.

Guideline: Interface and feature constraints are conditional upon DP choices within the
design object.

3.4.3.3 Distinguishing Cs from FRs and conversion of Cs into sub-FRs

Differentiating Cs from FRs has proven to be one of the most difficult tasks in learning and
teaching axiomatic design. The following guidelines describe the conversion of Cs into sub-
FRs and the means to distinguish constraints that are converted from those that are not.

Guideline: To convert Cs from parent level to sub-FRs and distinguish Cs from FRs, al/
critical performance specifications should be refined as sub-FRs at lower levels of the
design hierarchy. That is, they #é/ become a sub-set of low-level sub-FRs, instead of
remaining constraints.

Guideline: To convert Cs from parent level to sub-FRs and distinguish Cs from FRs,
interface constraints will be refined into sub-FRs, assuming they are applicable.

Guideline: To convert Cs from parent level to sub-FRs and distinguish Cs from FRs, global
object constraints will o be refined into sub-FRs; they will remain constraints even at
the lower levels of the design hierarchy.

Guideline: To convert Cs from parent level to sub-FRs and distinguish Cs from FRs, project
constraints will #ot be refined into sub-FRs; they will remain constraints even at the
lower levels of the design hierarchy.

Guideline: Project constraints can be conditional upon the DP chcices within the design
object.

3.4.4 Physical integration of DPs

Integrating DPs into physical parts involves analyzing a set of DPs and deciding which DPs
are integrated into which parts. The designers haw already selected the DPs. Therefore, the
question becomes how to group them. This involves grouping DPs from all over the design
tree: specifically parents with children and DPs on multiple branches of the tree. At higher-
levels, DPs may be considered as assemblies of parts; at lower levels, they may be part
attributes, features, etc.; and the DPs at higher-levels are ot necessarily assemblies of the DPs
below them

Example [adapted from [Do (1998)]]
FR-DP1.1.4.1.2 “Support FR generation” by means of “Structure for FRs” is broken down
into sub-FRs and sub-DPs as given in table 3-13.

66 Dermick Tate



A Roadmap for Decomposition: Activities, Theones, and Tools for System Design
Chapter 3: Activities and Guidelines

‘Table 3-13. Decompesition of FR-DP.1.1 “Support FR generation” by mez::s of
“Structure for FRs”

Descnbe 1he FRs S ‘ Attnbutes forFR | B

§ Display as graphics Attributes sent to GUI
el Manage inserted data FR methods
The corresponding design matrix A1.1.4.1.2 is given in equation 3-6.
Describe FR X O O FR attributes
Display as graphics = O X O |{ Attributessent to GUI (3-6)
Manage inserted data X X X FR methods

FR-DP1.1.4.1.2.3 “Manage inserted data” by means of “FR methods” is broken down into
sub-FRs and sub-DPs as given in table 3-14.

Table 3-14. Decompositior of FR-DP.1.1 “Manage inserted data” by means of “FR
methods”

2 ¥ Support data change “Change” method
&% Support deleting “Delete” method
! Support editing “Edit” methods

The corresponding design matrix A1.1.4.1.2.3 is given in equation 3-6.

Store new item X O O X|{ "New"method
Supportchanges| | O X O X ||"Change" method
Supportdeleting[ |0 O X X || "Delete" method
Support editing O O O X|| "Edit"method

(3-7)

The sub-FRs and sub-DPs associated with “supporting FR generation” are similar to those
for “supporting DP generation”, etc. Therefore, looking at table 3-15, since the target
objects are different, the parent DPs may be integrated into one resource. In this case, the
resource corresponds to an parent object class capable of handling the design elements: FRs
or DPs, which provides operations such as displaying the element graphically and managing
inserted data.

Table 3-15 shows when DPs may be physically integrated into common resources. A resonrce
for a leaf DP is defined as the physical part or parts with which that DP is embodied. For
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higher-level DPs, the resource assoctated with each is the collecton of resources associated

with its children.

Table 3-15. Levels 2t which DPs may be integrated into physical resources

P )

SR

The notation in table 3-15 corresponds to the following:

1. Higher-level (parent) resources can be integrated, but not leaves.
2. Resources can be integrated down to leaf level.

Given this definition of a resource, there is not in general a one-to-one correspondence then
between resources and DPs. A DP can be embodied in a part, but a DP can also be
embodied in 2 geometrical feature of a part, a material property, a feature between two or
more parts (an “organ”), a location of a feature, the number of features, etc. Likewise for
software design, a DP can be a collection of data (variables in objected-oriented modeling),
an algonithm (method in objected-oniented modeling), a pointer, a function call, etc.

The following guidelines state the information presented in table 3-15.

Guideline: DPs which perform the same FRs on the same target object at different times
(from the point of view of the machine), in different places in the design hierarchy may
be integrated physically into the same unit.

Guideline: For FRs which are operations to be performed simultaneously (from the point of
view of the machine), at sufficiently low levels of the design hierarchy, the resources
embodying the DPs should consist cf separate components.

3.4.5 Ensuring consistency between levels: FRs, DPs, DMs, Cs

The issuss relating to consistency of sub-FRs and the consistency of Cs have already been
discussed in the sections on generating sub-FRs (section 3.4.2) and refining Cs (section
3.4.3). The key issues are summarized as follows.

3.4.5.1 Consistency of sub-FRs

These goals for generating sub-FRs provide the conditions needed for FR consistency.
Specifically FRs are consistent when they are sufficient, necessary, and descriptive. The first
two describe consistency with respect to the parent FR and the last describes consistency
with respect to the parent DP.

3.4.5.2 Consistency of Cs

Accurately mapping constraints from the parent level to the child level describes consistency
with respect to constraints. This means that each C at the parent level applies to at least one
sub-FR or is converted into a sub-FR itself and that each C at the child level is derived from
a C at the parent level.
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3.4.5.3 Consistency of DM elements

The following guidelines are advanced to assist the designers in maintaining consistency in
terms of design matrix elements as the design progresses between the levels of the design
hierarchy:

Guideline: The sub-DPs within one design equation will not necessarily be at the same level
of abstraction as each other. Some will require more decomposition than others.

Guideline: The designers have a choice about the location of off-diagonal Xs in design
matrices when the X represents an interface between two processes.

Guideline: Given the choice of where to place an off-diagonai term when considering two
FRs and DPs, place it so the most technically challenging part of the design is done first.
That 1s, the interface between two sub-systems should be defined with the sub-system
that is more difficult to design.”

There are three options the designers have in ensuring consistency. First, they can ignore the
issue of consistency altogether. Perhaps they can assume that because a single designer is
working on a project that he knows everything about the design and that his understanding
of the FRs and DPs and decisions that were 1.1ade remain consistent throughout the design
effort. As an alternative, the designers can go through and compare new decisions based on
previous decisions. This can be done for all new decisions against all previous ones.
Obviously, this grows exponentially, and for any realistically sized project, even if effective,
would be unmanageable.” Third, the designers can identify decisions that are more likely to
lead to inconsistencies and to check only those, and structure their decisions in a way that
minimizes the nisk of creating inconsistencies.

This may involve some modification in the way that decomposition is carried out. A solution
put forth here is to define sub-FRs on different branches of the design hierarchy—according
to the design matrices as described earlier—and to define all sub-FRs for one design matrix
before selecting any of the sub-DPs. This is illustrated in equations 3-8 and 3-9. The reason
this minimizes inconsistencies is that the dependencies represented by the off-diagonal terms
can be adequately captured by comparing the parent-level DPs and the newly defined sub-
FRs. Once the sub-FRs for DPn.7, DPn.2, and DPn.3 have been defined in the sequence
given by the parent-level design matrix [4#n], then the sub-DPs, for each of the main-
diagonal boxes may be selected in any order.

FRnA X O O||DPni
FRn2py=|X X O (KDPn2 (3-8
\FR».3 X X X||DPn3

25 Note that 1n this case there is a relationship between the pair of FRs and DPs. The only question is where
this relationship is placed in the design matnx. The design decision is made about which DP is designed first.

26 Researchers that have tried this approach include these: [Albano (1992), Baldwin (1994), Lee (1999)].
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Once a2 DM has been determined, consistency can be checked. If the designers find an
inconsistency, they have several activities in the roadmap they can progress to. For example,
they can rzturn to the selection of DPs, and they can return to dimensioning, layout,
integration, etc. Alternatively they can simply update the DM and move on. This is
appropriate when the corrected DM is not coupled. In this case, continuing with the design,
that is, not going back would probably be the better choice.

3.5 Summary

An objective of decomposition is to enable the designers to satisfy the axioms at each level
of the design hierarchy more quickly and more easily. This is done through articulating a set
of activities that are performed that relate to multiple levels of the design hierarchy. Once
these activities are identified, the goals for each are stated, and the corresponding options the
designers have in performing the activities are given. Then, in the spirit of axiomatic design,
rules are established which relate the options to the goals for each activity. This way the
designers have a practical 2id in making decisions within each of the activities.

Therefore the designers are able to focus more of their attention, energies, and resources
towards the synthesis and analysis activities, the heart of design, aided by the design axioms,
instead of becoming bogged down elsewhere in the details of the design process.

The focus in this chapter is on developing a palette of activities and guidelines that can be
applied in decomposition. Thus this work has a practical slant towards addressing some of
the questions that arise in applying axiomatic design to real, industrial design tasks. This 1s
apparent Ly looking at the questions that have been identified and answered for each of the
design activities.

Specifically the following contributions are made:

o sequencing the decomposition: guidelines for identifying leaf options and guidelines
for guiding the decomposition process (what factors and what order is important in
generating sub-FRs)
generating sub-FRs: guidelines for developing a complete set of sub-FRs
constraints: tools for documenting constraints, guidelines for identifying the impacts
of constraints (such as which ones become sub-FRs and which ones do not)

o physical integration: guidelines for when DPs can be integrated into on= urit

o consistency: a procedure for generating sub-FRs consistently
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© overall roadmap and method: understanding the relationship between activities in
design and decomposition, identifying specific goals, and mapping activities to
available design theories
The criteria for evaluating the activities and guidelines is whether they provide a good means
for developing theory about decomposition. That is, to evaluate this work, the question
needs to be asked: does this constitute a progressive research program for understanding
decomposition 2s performed in axiomatic design?”’ This involves three sub-questions:

© theoretically progressive: Is the theory original in raising new questions and
providing new explanations?

® empirically progressive: Can at least some of the explanations be empirically tested,
and where they have been do they correlate with reality?

® heunstically progressive: Can the theory be refined, expanding its theoretical scope,
without throwing out its basic concept, and is it reasonable to expect that the theory
will be fruitful in producing new explanations and new verified results?

While the theory developed in this chapter—consisting of the set of activities and
guidelines—is intended to be generally applicable to all designs consisting of multiple levels
of design hierarchy, the guidelines are biased, if at all, towards system design. This is because
of the nature of the project cases that were examined in this work. However, this is
acceptable because this the theoretical area covered here is one that can benefit from
theoretical development and because the systems view of design problems can be applied to
many design problems and is commonly encountered in real-life, industrial tasks.

One application viewpoint for this work that has been kept in mind is that of design
software environments, namely the use of computer software as a support tool for designers.

#" This question will be elaborated in more detail in chapter 5 which establishes methods and crteda for
evaluating the case studies related to this work.
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Table 3-16. Guidelines presented for the decomposition activities

| Sequence the decomposmon |

| distinguish between leaf and  To determine when a node is a leaf, the de.,lgncrs Al

non-leaf nodes

1

have the option of considering a node to be a
leaf—and thus not further decomposing it— |

when the target object of the sub-FR is different |
than that of its parent.

- identify the next FR-DP pair
to decompose

iTo

identify the next FR-DP pair to decompose, at | A2
each level, define sub-FRs in the order described
by the design matrices. i

To

identify the next FR-DP pair to decompose, | A3
there is no penalty in terms of time/iteration for
decomposing one branch of the design hierarchy
more deeply than another, provided that the
order follows that given in the design matrices.

| Generate sub-FRs
. develop a sufficient set
|

" To

develop a sufficient set of sub-FRs, all potential ' Bl
sources of sub-FRs at a level should be
considered. These include, parent FR, parent |
DP, parent-level Cs, parenclevel DM (as a |
source of either potential Cs or sub-FRs), and

the set of CNs.

A good order to consider these sources is first to | B2

define sub-FRs based on knowledge of the '
parent DP. Second, define additional sub-FRs in :
accordance with the parent-level FRs and Cs.
Finally, consider the parent DM and CNs.

develop a sufficient set of sub-FRs, a template ' B3
for system design consists of sub-FRs of the
form: process and transport, command and '
control, and support and integration.

~ describe parent DP

develop a consistent set of sub-FRs, an FR to | B4
control the time variation of a DP (sequencing, :

scheduling, etc)) should be at the same level as | ‘
the DP that is changing. |

- To

develop a consistent set of sub-FRs, for sets of | B5
sub-FRs which change dynamically with time, |
the FR to coordinate their changes should be
defined at their parent level.
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- To

develop a consistent set of sub-FRs, define ' B6
support FRs at the parent level when support is |
carried to multiple sub-DPs on different |
branches. Then the connectiosi, between the :
higher-level support DP and a particular DP:
requiring that support, will be a sub-FR. ;

- To

develop a consistent set of sub-FRs, the B7

character of sub-FRs will change from part flows |
to machine operations to machine adjustments
as the decomposition progresses — across :
succeeding levels that act on the same target
object.

state solution-neutral sub-
FRs

‘ To minimize the number of sub-FRs and to state the ;| B8

most solution-neutral FRs, specify as few
attributes on the target object transformed by '
the parent FR as possible, and specify as fewI
new, additional target objects as possible.

‘To

state the most solution-neutral FRs, artlculatmg B9
multiple alternative DPs serves as a check for
solution neutrality.

develop a necessary set

minimize the number of sub-

FRs

‘To

minimize the number of sub-FRs, minimize the ; B10

number of intermediate states of the target |
object that are specified. |

Carry down and refine Cs

[

|

sub-FRs

- understand impacts of Cs on If the goal of the des‘gners is to understand the ' C1

impict of Cs on sub-FRs, the designers should ' |
have knowledge of 4/ the constraints which -

apply at the parent level. At the child level, these .
constraints should either appear as refined

!

constraints or be restated as sub-FRs. ;

|
|
\
i
|

' Critical performance specifications should be non- L C2

negotiable. Global and project constraints can be !

negotiable. i

Interface and feature constraints are conditional C3

upon DP choices within the design object.

| convert Cs to sub-FRs

Dermck Tate

To convert Cs from parent level to sub-FRs and : C4

distinguish Cs from FRs, a// cninical performance
specifications should be refined as sub-FRs at
lower levels of the design hierarchy. That is, they
will become a sub-set of low-level sub-FRs,
instead of remaining constraints.
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To convert Cs from parent level to sub-FRs and | C5
; ' distinguish Cs from FRs, interface constraints
| - will be refined into sub-FRs, assuming they are
i applicable.

. To convert Cs from parent level to sub-FRs and | C6
i distinguish Cs from FRs, global object
! constraints will 7oz be refined into sub-FRs; they
will remain constraints even at the lower levels |
of the design hierarchy.

; To convert Cs from parent level to sub-FRs and | C7
distinguish Cs from FRs, project constraints will

constraints even at the lower levels of the design
hierarchy.

|

i

!

|

| not be refined into sub-FRs; they will remain
I

|

:

. Project constraints can be conditional upon the DP ! C8
choices within the design object. '

develop a complete set

Integrate sub-DPs |

' assign sub-DPs to + DPs which perform the same FRs on the same | D1
’ components and ' target object at different times (from the point of '
resources view of the machine), in different places in the

|
\ design hierarchy may be integrated physically
| ? into the same unit.

For FRs which are operations to be performed | D2
simultaneously (from the point of view of the
machine), at sufficiently low levels of the design
hierarchy, the resources embodying the DPs
should consist of separate components.

| Check consistency of sub-FRs, ‘sub-DPs sub-DMs, and Cs

. determine if DM | The sub-DPs within one design equation will not | £1
f relationships have been ! necessarily be at the same level of abstraction as | |
i identified and ‘ each other. Some will require more | | |
' documented l decomposition than others. : !

' ' The designers have a choice about the location of | E2
off-diagonal Xs in design matrices when the X
represents an interface between two processes.

- Given the choice of where to place an off-diagonal | E3
term when considering two FRs and DPs, place |
it so the most technically challenging part of the |
design is done first. That is, the interface |
between two sub-systems should be defined with
the sub-system that is more difficult to design.
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CHAPTER 4: SYSTEM DESIGN TOOLS AND
APPLICATIONS

4.1 Introduciion

The purpose of this chapter is to introduce additional tools that have been developed to deal
with specific issues in system dcsign. In section 2.5.1 in chapter 2, system design is defined;
the features which distinguish it from other types of design are identified; and the se features
motivate the need for particular tools for empowering designers to perform system design,
supplementing the more generally applicable tools.

Chapter 3 is concemned with the general activities encountered in decompositior: and
integration; these activities occur between levels of the design hierarchy. Descriptions ot the
activities are given along with guidelines for the designers in performing the activities. These
rules are generally applicable to any design problem in which decomposition and multiple
layers of the design hierarchy are used to model the design object.

In this chapter, however, tools are presented which address situations that are encountered
in specifically system design. These tools are, therefore, not as generally applicable; instead,
their application is restricted to a particular class of design tasks. The tools are defined in
section 4.2 by considering concepts of modularity in axiomatic design. Then, descriptions of
their applications are given in section 4.3.

4.2 Concepts of modularity in AD

The topic of this section is modularity which, according to Webster’s, is the use of
“standardized units or dimensions” as 2 means for providing “flexibility or variety in use”
[Merriam-Webster's (1996)). Specifically, flexzbility is defined in AD terms as desired variety in
inputs and outputs in performing functional requirements (FRs),' and modularity is one
strategy for providing this desired flexibility.

The types of flexibility that are enabled by modular design include separate testing of
functions, synthesis of products with custom functionality using new combinations of
existing parts, and ease of product change. These benefits of modularity that are espoused by
proponents’ do not correspond to a single uniform set of product charactenstics. This is
shown in this section by describing systems using the axiomatic design framework.

In the discussion that follows, the designs considered are assumed to follow the
independence axiom of AD. Namely, it is assumed that there 1s a one-to-one
correspondence between FRs and DPs at each node of the design hierarchy and that each
design matrix is either decoupled or uncoupled.

Three types of modularity and associated metrics are defined from an AD perspective:

e  Resource modularity characterizes the ease of manufacturing. (section 4.2.1)

I According to Webster’s flexability is *‘characterized by a ready capability to adapt to new, different, or changing
requirernents’’. [Merriam-Webster's (1596)]

2 A wide range of possible benefits of modularty are given in [Erixon (1998)] and [Ulrich and Tung (1991)].
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o Operational modularity characterizes the extent to which the users have options in the
operation of the system. (section 4.2.2)

© Interfacial modularity characterizes the amount of design effort embodied in an
engineering change order (ECO). (section 4.2.3)

The first corresponds to the modularity of the DPs, the second to the operation of the FRs,
and the third to the medulanty described within the design matrices.

4.2.1 Resource modularity

The metric for resource modularity correlates the resources (for example, assemblies,
physical parts, etc.) within the system with their DPs and their desired functionality. As
assumed above, the design meets the independence axiom, and there is a one-to-one
correspondence between FRs and DPs as required by axiomatic design. Therefore, resource
modularity correlates DPs with their physical embodiments? 1t consists of two parts: one that
correlates the sub-DPs with their parent DP, and one that correlates the sub-DPs with each
other.

A resource for a leaf DP is defined as the physical part or parts with which that DP is
embodied. In the case of software, the resource would be the block of code (function,
procedure, etc.) that implements that DP. The resources for DPx./ and DPx. are represented
in equations 4-1 and 4-2 where p,, p,, p;, etc. are the physical parts associated with DPx.; and
DPx;.

R(DPx.i) = {p1, p2} (4-1)
R(DPx.j)={p,, p3} (4-2)

Given this definition, therefore, there is not, in general, a one-to-one correspondence
between resources and DPs. A DP can be embodied by a part, but 2 DP can also be
embodied in a geometrical feature of a part, a material property, a feature between two or
more parts, a location of a feature, the number of features, etc. Likewise for software design,
a DP can be a collection of data (or attributes in objected-oriented modeling), an algorithm,
a pointer, a function call, etc.

DPx.: = {a, b,c} (4-3)
DPx.j={d, ¢} (4-4)
a,bepl,c,depz,ee 23 (4-5)

To simplify notation, a collection of parts can be termed collectively, an assembly,’ as in
equation 4-6.

ay ={p1, p2.--} (4-6)

> The resource modulasity metric is the one that most closely corresponds to those proposed by other
researchers. An important difference, however, is that other researchers do not make a distinction between

DPs and resources.

4 An assembly is defined as an “integrated set of components and/or subassemblies that comprise a defined part
of a subsystem”. [INCOSE (1998) p. 2-5]
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The resource associated with each higher-level DP is the collection of resources associated
with its children. This is shown in equation 4-7.

R(DPx)= UR(DPx.i) ={p1, P2, p3eee) 4-7)

The above discussions of resources are used to define two metrics of resource modularity.

The first measure, given in equation 4-8, looks at the overlap between resources for sibling
DPs. It :5 2 measure of the modularity of an individual DP: how separable the DP is from
other DPs at its level.

U[R(DPx.i)ﬂ R(DPx. )

M g (DPx.i)=1-2 (4-8)

|R(DPx.i)

The “ideal” case in terms of modularity, the one-to-one assignment of physical entities to
functions that is often referred to in the literature,’ corresponds to the metric shown in
equation 4-8 being equal to 1 for all DPs at z node. In this, there is no overlap between the
assignment of parts among the different DPs so that equation 4-9 holds.

R(DPxi)NR(DPx.;)={ },Vi = j (4-9)

This metric describes how easy or how difficult it is to separate DPs (and FRs) physically
from one another.

The second measure, given in equation 4-10, compares the number of instances of resources
with the number of DPs at a node. This is important because 2 DP can be embodied in
multiple instances, for example, to ensure adequate throughput.

[R(DPx)

My (DPx) = {DP)

(4-10)

4.2.2 erational medulari

The metric for gperational modularity provides a measure of the extent to which the user has
freedom in the operation of the system. Figure 4-1 shows that the performance of FRs over
time can be viewed from two perspectives. The first is that of a part, or data, that is passing
through the system. This is the perspective that should be considered when the top-level
requirements are being defined: In solution-neutral terms what are the functions that are to
be performed on the target object? The second perspective is that of the system that is
designad itself: What are the different FRs that are performed at any one time, and how does
the system change between these?

As can be seen by looking at figure 4-1, when considered from the perspective of a part, a
set of FRs can be performed in series—first one operation, then another—and when viewed
from the perspective of the system, the same set of FRs can be performed simultaneously—for
example, the system is processing multiple parts all at once.

® See, for example [Ulnch (1995) p. 422].
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Figure 4-1. Views of FR time variation (target obyjects shown as different colors, times shown by dashed lnes)

This is affected by the choice of DPs and their physical integration, as shown below.
Alternative embodiments of the design solution, with different configurations and
integrations of DPs, can have different values of the metric for operation modularity, given
by equation 4-11. The metric compares the complete sets of FR combinations with those
that are allowed based on the decomposition to some point in the design.

This measure examines the modularity of a set of sub-FRs with respect to machine states. A
machine is more modular the more it performs multiple tasks simultaneously on different
target objects. That is, each target object can be processed independently. For software, the
measure exarnines the extent to which multiple sets of data can be processed simultaneously.
An example of a machine exhibiting this type of modulanty is a track machine for coating
and developing semiconductor wafers. It is composed of many “modules” each of which can
simultaneously perform some operation on a wafer: heating, spin coating, chilling, transport,
etc.

The designers are able to ask two types of questions with respect to this type of modulanty:

o Is it possible to design the machine such that a set of functions can be performed
simultaneously, for example, on multiple target objects?
o  Has the machine been configured such that a set of functions can be performed
simultaneously?
When considering the design from the point of view of the target objects which are flowing
through the system, the parts or data that are being processed, the important consideration is
the ways in which the different FRs can be combined to produce the desired output. In the
case of the machine or system view above, the concem is with the cmbinations of FRs at
different times. In considering the flow of the rart, however, the concern is with different
permutations of FRs over tirne. This is given in equation 4-12.

P, ({FR) _
=, ((FRn) 12
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The purpose of this measure is to examine the modularity of the set of FRs with respect to a
process recipe. That is, when considered from the point of view of an target object that 1s
being transformed (such as a part progressing through a series of manufacturing steps or
data that is operated on by a series of procedures), a set of FRs is more modular if its sub-
FRs can be separated into individual steps, that is, if these steps do not need to be
performed simultaneously. This measure of modularity is useful in developing the software
controls for a set of sub-FRs.

4.2.2.1 Time Variation of FRs and DP resource allocation

This section covers tools for the resource allocation of DPs throughout the design hierarchy.
That is, time variation in FR performance and DP resource allocation is here incorporated into the
design hierarchy, thus extending the work of Suh® in which the FRs satisfied at any given
time can be a only subset of the total set of FRs. Considerations of time variation are shown
to have substantial impacts on two areas of the design:

e allocation of DP resources through command and control algorithms (CCAs)
(section 4.3.1)

o physical integration of DPs (section 4.3.2)
Time vanation of FRs and DP resource allocation is defined as keeping track of the sequence in
which FRs are to be performed. This theoretical concept was introduced in [Suh (1995b)].”
The theory presented in [Suh (1995b)] primarily concems vanations of FRs over time that
occur in 2 way that is unknown to the designers a prior® When the FRs that a design must
satisfy are not known, the ability of the designers to select the best design becomes limited.

In this work, the concept of FRs changing over time is expanded to include commonly
encountered systems in which designers have at least some knowledge of how the FRs vary
with time. In this thesis, it is proposed to document, or model, the order of performance of
sets of FRs a each level of the design hierarchy, in all system designs. This information is part of the
definition of the sub-FRs, and subsequent design decisions should not conflict with these
statements of the design task.

The time variation of FRs is an important consideration in many designs that needs to be
accounted for in the system architecture. This section describes the variation of the sets of
FRs where the FRs and the DPs to satis’ them are changed dynamically during the
operation of the system.” This concerns casc.. in which the FRs themselves vary as a function
of time. Cases in which just the target values of the FRs change with time is a separate topic
covered in section 4.2.3.1.

6 This has been termed large-system design [Suh (1995b)] or large, flexable system design [Suh (1997)).
7 It has alsc been described in [Suh (1997), Suh (1998a), Suh (1999)).

8 [Suh (1998a)] source presents 9 theorems. These are included in appendix 4, for the interested reader. Of
these 9 theorems, 4 of them (theorems 2, 3, 4, and 5) deal with the distinction between systems in which the
time varation of the FRs is known a prior versus systems in which it 1s not.

9 This can mean that the DPs are allocated completely dynamically to meet an FR sct that was unknown untl
that ime. This is an extreme case, however, and more likely the designers have at least some knowledge of the
FR variation beforehand.
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Sequential and simultaneous operation and distinction between viewpoints

In this section, a distinction is made between FRs which must be performed simultaneously
from those which are performed in a particular sequence (see figure 4-2).

For example, a process recipe for manufacturing semiconductor devices on silicon wafers
can be described in terms of a series of process steps. These can be a set of FRs from the
point of view of the device to be produced. Each step must be performed correctly in order
for the device to be manufactured properly, and the success of a following step is likely
contingent on those which proceeded it. This is illustrated with a right triangle in figure 4-2.
However, within a given process step, for example, several FRs can need to be performed
simultaneously in order for the step to be successfully carried out; this is shown by a
diamond in figure 4-2.

In other cases, the order of FR performance does not matter. The performance of FRs in a
particular sequence or not, is different than the type of information captured in the design
matrix that deals with the effects of changing DPs on the satisfaction of the FRs. In general,
the progress in the design decomposition is from a sequence of steps to lower-levels where
FRs are performed simultaneously on the same part. This transition can occur over many
levels, and the number of levels over which this transition occurs does not need to be
consistent from process step to process step.

FR hexarchy DP hcrarchy
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Coutm, CCA Type !
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2] <] [ 1 1 l l 1
Command/
Coamng re=p Coummg step Coutng rtrp Sub -
Al A2 A coatmel mub- I8 Az A3 CeATypell
LA '
n
0 A=BAC
urmulnecudy I.
n Genete Genenite Contral Hurdware Hardware CCA Type Tl
moton A21 mobon A22 motons actuator A21 sctutor A22 A rpe

Figure 4-2. FRs can need to be preformed sequentially or simultaneously

Scale of uncertainty in FR time variation

Consider equation 4-13 in which a set of # FRs is satisfied by a set of # DPs. In this case, all
of the FRs do not need to be satisfied simultaneously. Therefore they can be separated into
groups as in expression 4-14, and a design equation can be constructed for each of them as
shown in equation 4-15, so that independence can be maintained at each time. However, if
the designers do not keep track of time considerations when defining FRs, the sets of FRs
considered at each level of the design hierarchy are likely to be a mixture of choices of
process recipes, process steps to be performed senally, and/or operations to be performed
in parallei.
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Within the structure of the system architecture, the variation of FRs can be modeled in a
variety of ways. In order of increasing uncertainty, these are the following:

1.

FRs fixed for all imes: This is the simplest and most basic case, in which the FR and DP
hierarchies and design matrices are known, and they remain constant over the lifetime of
the system.

{FRA}{z)=c (4-16)

Repeating sets of FRs wn sets and known times): Some systems are required to
perform different sets of FRs over their life, but to do so in a cyclic manner.

{FRn.:}(¢) = c(n,[t}mod ) (4-17)

Known combinations of FRs—lasting unknown times: This describes systems that are
capable of performing in different modes of operation. These are systems that fulfill
known sets of FRs, but the duration of any given active set is unknown. Since there are
different modes of operation for such systems, some means of signaling the change from
one mode to another must be provided, possibly by user input, or by a command and
control algorithm, CCA.

{FRni)t)e {cl,cz,...,cm} (4-18)

Unknown combinations of FRs from a predefined database: This describes the case
where a set of permissible FRs and DPs is known beforehand, but the specific

operations required for a given target object or at a given time varies. The set that s
performed is drawn from a predefined database that describes 4/ the possible functions
that can be performed by the system.

{FRn.iYt) = {FRx.1, FR#.2,..., FRn.m}

4-19
FRxni € {FR1,FR2,...FR/} (#-19)

FRs unknown a priorz: This is the most general case of FR flexibility. In this situation, the
FRs are allowed to vary without limit, and the system must be designed to adapt to a
highly changing environment. Theorems for this type of case have been discussed in
[Suh (1995b), Suh (1997)].
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Cases 3 and 4 are somewhat similar, in the sense that there are known FRs lasting for
unknown times. However, the ways that these two cases are handled from a command or a
design point of view are different. Given the information that is captured about the time
variation of the FRs, command and control algorithms can be constructed to control the
operation of the FRs at a given level of the design hierarchy.

4.2.3 Interfacial modularity

The third measure of modularity is the one with the most significance. It is derived by
looking at the relationship between levels in the design hierarchy. One of the expressed
benefits of modulanity is that it empowers the designers to break the system design into
pieces that can be synthesized independently.”

The question is this: what characteristics that are represented in a design matrix make a
portion of the design easier to design independently of the decisions made elsewhere in the
design? The answer to this question that gives a measure for development modularity is
motivated by considering a design matrix as shown in figure 4-3.

DFx.2
- “ <
< - (] e} ted ke
(=9 : (=9 ~
A S N < a) [a)
(=% (=9 [-9
QA ) )

FRx 1

Figure 4-3. Factors influencing interfacial modulanity

Figure 4-3 shows a decoupled (in this case, lower trianguiar) design matrix. This design is
acceptable from the point of view of the independence axiom because design changes made
in the correct sequence can satisfy the FRs. The design is not completely independent in the
sense that the designers can make decisions about their portion of the design in isolation
without impacting the work of others. This is indicated by the shaded Xs in the figure. If
there were no off-diagonal terms, the design matrix would be considered uncoupled, and the
design tasks cox/d be done independently. Nevertheless, in the more general case, the design
is decoupled, and through the off-diagonal terms, the meaning of interfaces are defined.

10 See, for example [Uiach and Tung (1991) p. 75).
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The off-diagonal terms correspond to interfaces of some sort between the different DPs that
make up the design at this level of the design hierarchy'’. The relative positions and numbers
of these Xs in the design matrix impacts the ease with which decisions can be made about
FR-DFx.2 and the effects that these decisions will have on the rest of the design.

These considerations are captured in the next type of modularity defined, development
modularity:

___ P
0 = ]

P s the lowest index of the sub-FRs among {FRx.n.7} that are affected by changes in the
parent DPs {DPx.z} where m#n. In figure 4-3, P equals 2 since FRx.2.2 is affected by
changes in DPx.1.

M (4-20)

This develgpment (ot interface) modularity measure is useful for evaluating the amount of impact
design changes have on the overall system. It provides a measure of the development time
for the change of a DP.

Furthermore, it can be seen by again considering figure 4-3 that the ranges of input and
output values of the transformations of the target objects are important in determining the
ease with which a DP can be changed.

If the output of the previous transformation has a lacge span over which it can provide
values, then it is easier to redesign the next DP in the series. On the other hand, if the span
is smaller then the design of the second DP must be more precise to accommodate this. And
the converse holds true for the DPs downstream.

This motivates the need to consider such spans in inputs and outputs in selecting DPs and
why these need to be considered in the measure of information content.

4.2.3.1 Flexibility

In this section the concept of flexzbility in FR spans” is introduced. This deals with dynamic
spans in the specification of FR values, how these can be accommodated in DP selection, and
how the concept of information content and its calculation can be extended to deal with
them.

Definition of flexibili

Flexibility is 2 measure of the variety of customer inputs and outputs which can be satisfied
or provided by the design. This variety impacts the definition of sub-FRs and the choice
among alternative DPs. In this thesis, it is proposed to compare alternative designs based on the

' Albano recognized that off-diagonal terms in the design matrices correspond to interfaces within a system.
(Albano (1992) pp. 145-162] His metric of complexity termed the inzerface index is equal to the nullity of the
graph that represents the design hierarchy as a vertices and edges. It is equivalent to the number of off-diagnnal
terms in the design matdces:

Interface Index, Al = nulbty = edges — vertices + 1

12 The definition of gan used here is this: “an extent, stretch, reach, or spread between two limits” [}Mernam-
Webster's (1996).
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amonnt of flexsbility that each is able to provide. This can be done at each level of the design
hierarchy, looking at each set of DPs.

Example [from [Hintersteiner (1998b)]]

As an example of flexibility in FR spans, consider the design of the laser-illumination system
within the a photolithography tool. In this design, one of the sub-FRs is to provide laser
energy within a range (FR1.3.3). This requirement is satisfied by DP1.3.3, an attenuator. The
customers desire to vary the amount of laser energy that reaches the wafer in order to match
the type of photoresist and the process recipe.

Within the attenuator, there are sub-FRs that expand the width of the beam (FR1.3.3.1) and
then redirect 2 portion of the light to a beam dump (DP1.3.3.6) to dispose of the excess light
(FR1.3.3.6). The amount of light redirected, which controls the intensity of the beam
(FR1.3.3.3), is determined by the set position of a rotating beam splitter (DP1.3.3.3). In this
particular example, the rotating beam splitter can be set to allow 25%, 50%, or 100% of the
light energy, up to 15 Watts, through.

4.2.4 Uses and discussion

This section has described the ways in which a system design can be considered modular
from several points of view:

e resource modularity: correlating DPs with their physical embodiments

¢ operational modularity: measuring the freedom in the operation of a system

o development modularity: evaluating the amount of impact of design changes
These metrics are introduced to show that there are several ways that designs can be
“modular” from the point of view of axiomatic design. These correspond to embodiments
which exhibit modularity with respect to DPs, FRs, and their relationships in DMs,
respectively. When a system is modeled using axiomatic design, it is easier to explain the
different characteristics of the design that promote the desired ends of modular design.
Furthermore, it can be shown that the characteristics are not the same for all the different
desired ends.

The different concepts of modularity in system design are clarified and related to
characteristics of the design as modeled using axiomatic design. Next this understanding of
the nature of system design is applied to three particular applications:

o construction of command and control algorithms (CCAs)

o physical integration of DPs into resources

© extension of information content to include flexibility in inputs and outputs

4.3 Avplications

The above ideas are used to explain three types of decisions made in system design:
allocation of DP resources through commaad and control algorithms, CCAs, (section 4.3.1),
physical integration of DPs (section 4.3.2), and extension of information content to include
variety (section 4.3.3).
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4.3.1 Command and centrol algorithms (CCAs)"”

Given that changes in FRs and DPs are an important part of system operation, the question
becomes this: how can the system adapt to meet changing requirements? The answer is
given by the use of command and control algorithms (CCAs) as descnbed in this section.
System command and control1s defined as the function of the system to adapt to changing sets of
FRs and FR values. The CCAs are a means for keeping track of these changes and for
dynamically allocating sets of DPs to meet the currently required sets of FRs at their current
values. This section describes the functions and charactenstics of the CCAs.

In a general sense, the input-output transformations' at the top level of the system design
can be broken down into several categories: process functions, transport functicns,
command and control functions, and support and integration functions, as shown in
equation 4-21.” Command and control algorithms, therefore, can be viewed as the
embedded logic that controls and coordinates such input-output operations.

At a given level of the design hierarchy, once DPs have been selected to satisfy a set of
process and transport steps, the selection of an appropriate CCA at this level of the desipn
hierarchy can also be done. This CCA 1s in charge of scheduling the process and transport
sub-modules that appear on this level in this branch of the decomposition, and it is related
to the process and transport sub-modules by a lower-tnangular decoupled design matrix as
shown in equation 4-21.

N
(Perfor:n Process 1 X 0 0 o o 0 o0 ¢ ( Process Module 1 )
Perform Process 2 o X 0 0o 0 oo Process Module 2
Perform Process « o 0 X v 0 0 0 o Process Module »
e P
J Transport 1 [ _ X X ? X O o 0 O J Transport Module 1 (4_21)
Transport 2 7P ? 0?2 X o0 O O Transport Module 2
Transport » ) > 2 2 X 0O O Transport Module »
Command System ¥ X - X ¥ X - X X o ||CommandandControl Algonthm
| Integrate System | X X X X X x x x [l Structural Framework

This is the way that the design looks at higher, system (non-component) levels. At such
levels, the inputs for the CCA include information on the desired target object output (for
example, the desired geometry of a part to be made) and information on the available target
object inputs (for example, the set of available raw materials). The output of the CCA is a
complete description of the states of the system over some period of time. This can be
viewed in two ways as shown in figure 4-1:

1. information about the flow of individual target objects through the system
2. descriptions of the states of the system, in terms of the functions being performed at
future times on the currently allocated target objects

13 Parts of this section are adapted from [Hintersteiner and Tate (1998b)].

14 One of the fundamental assumptions in the development of a system architecture is that the systens can be
modeled as a series of interacting inputs and outputs.

!5 This template for system design was first used in [Hintersteiner and Tate (1998b)] and is further detailed in
[Hintersteiner (1999))].
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At lower levels of the design hierarchy, the execution of a process is performed by specific
pieces of hardware. The appropriate DP to satisfy the control of these hardware components
is a special case of CCA, a hardware-control algorithm (HCA). This algorithm 1s located at the
same level of the decomposition as the hardware being controlled.

Command versus control

Command is distinct from control, from a functional point of view, in the sense that contro/
determines the operating values of DP attribute for the system at a given for a given set of
FRs and DPs, whereas command must update or switch the DPs of a system to correspond to
a new set of required FRs."

Dypes of functions performed by command and control algorithms (CCAs)

The functions of the CCAs are different depending on the level which is being considered
within the design hierarchy. The higher-level CCAs deal with sequencing and scheduling, and
the lowest-level CCAs deal with hardware control. Mid-level CCAs can perform both sequencing
and scheduling, however, a given CCA is responsible for scheduling DPs at its level and for
sequencing sub-FRs at the next, lower level.

To differentiate the CCA functions clearly, the three types of functions which can be
performed by a CCA are the following: sequencing of FRs, scheduling of DPs, and control
of hardware parameter values.

These three types of functions to be performned by the command and control algonthm are
summarized in table 4-1 and are illustrated in figure 4-2. Here, coating step A2 1s composed
of two specific hardware motions (A2.i and A2.2), and coating step A2 is one of three steps
in the coating recipe (the three steps have to be performed in 2 particular order). At an even
higher-level of control, the command and control algorithm is responsible for selecting the
right process recipe that determines the sub-FRs which make up the process.

Table 4-1: Types of functions performed by Command and Control Algorithms

jiuii

I: Selection of recipes . series O
(determune set of FRs) i (“recipe” sequence)

II: Scheduling 0f DPs  series of FRs to be performed schedule of DPs (assigned DPs) and
(assign DPs at specific  (“recipe” sequence) FR values over time (desired output

IIT: Hardware control . FR values over time (desired
(control of parameter ' output of hardware)

|
|

times) ‘ . of hardware)
| signal to control hardware (DP
!

16 Consider the amount of uncertainty assoctated with the FR time vanation as descabed in section 4.2.2.1. The
first case 1s a system for which the FRs are known and fixed 4 prion (as shown in equation 4-16)—hence only
system control is required. Command issues anse in the implementation of systems where the second through
tourth cases apply (equations 4-17, 4-18, and 4-19, respectively). In these cases, there exists at least some
knowledge of the FRs beforehand, but the DPs to meet these FRs must be allocated from a pre-defined
database of DPs. The role of system command is to implement the swatching between the DPs over the
lifetime of the machine. Once a set of DPs are allocated to meet the current set of FRs, the design may be
considered as in the fixed-FR case, and system control can be implernented for that particular configuration of
the machine.
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values) ‘  values over time, 6(¢))

In the situation in which there are multiple sub-modules at one level of the decomposition,
one command and control algorithm can be used for this whole set. All the algorithms can
be integrated into one unit. Furthermore, the level of physical embodiment is not necessanly
uniform at a given level of the design decomposition. For example, one FR can be
decomposed into a set of sub-FRs, where some of the DPs are hardware components while
others are sub-systems with zh¢ir own sub-processes.

Example of CCAs in the design hierarchy

Figure 4-4 illustrates the presence of command and control algorithms at multiple levels of
the design hierarchy. These include command and control at the system, sub-system, and
hardware levels. In this section, a differentiatior of the functions of each CCA is made,
based on its position in the design hierarchy. The implementations of each are detailed in
sections 4.3.1.1, 4.3.1.2, and 4.3.1.3.
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Figure 44. Positions of command and control for process recipe A

In this example, at the system level, the CCA for process A is responsible for selecting the
appropriate DP that will satisfy the FR to perform process A. The choice of this DP consists
of a determination of the required sub-FRs to achieve this process and the sequence' in
which the sub-FRs should be performed.

The CCA at the middle level, responsible for the command and control of A’s sub-
processes, receives the FR sequence as an input. It then determines an appropnate schedule
of DPs that will meet the sequence of FRs by specifically allocating DPs or DP resources at
specific imes. If different recipes are available, the CCA also determines the desired FRs for
each, even-lower sub-process.

At the lowest level, the hardware control algorithm is responsible for translating the desired
outputs of the sub-processes into specific hardware control signals for the hardware DPs.

Table 4-2 summarizes the input-output characteristics of the CCA at each level of the design
hierarchy.

17 Sequencing is defined as the ordering of FRs in order to produce a certain target object output. Schedubing is
defined as the allocation of specific design parameters (DPs) over time.
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Tablie 4-2: 1/O characteristics for CCAs at mult1ple levels of the desngn hnerarchy

! desntedob]ect outputof A

~ (excample: desired thickness, desired rate
~for A)
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| processes of A)

Middle

desired target object output of sub-

process of A (example: process recipe for |

plananzing wafers, desired thickness,
desired rate for sub-process)

| schedule for A’s sub-processes, |

information on outputs of sub-FRs
| -~ample: scheduled times for sub-
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Hardware

desired motion characteristics of sub-
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. hardware components (exampl: é(t))

4.3.1.1 FRs and DPs for system command (CCA type I: “recipe selection”)

Consider a system in which the set of sub-FRs can vary with time as given by equation 4-22
in which the sub-FRs of DPx.1 are allocated dynamically based on the current CNs for the
system. The sub-FRs could be, for example, a set of manufacturing operations which are
performed to produce a part, be it 2 semiconductor device, an automotive component, etc.
This includes the selection of a particular recipe from a database of sub-FR sequences as
given by equation 4-22.

(FRx.1) produce flexible output

X

(FRx.2) system command X

( (DPx.1a) recipe a \
o (DPx.1b) recipe b
: : (422

X ||(DPx.n)system CCA

\

This is illustrated in figure 4-5 where there are two alternative recipes that can be followed
for coating. Considere' from the perspective of the parts to be processed, there are two
alternative sequences o1 sub-FRs that can be followed given by DPx.12 and DPx.1b.

In figure 4-5, some parts are produced by following recipe A while others are produced by
following recipe B. Some sub-FRs and resources are found in both recipes while others
belong exclusively to one or the other.
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Figure 4-5. Command and control including recpe selection

So, at this level in the system FRx.1 can be satisfied by two alternative DPs; the choice of
which depends on the particular part that is being produced. Each has its own set of sub-
FRs for processing. These constitute 2 database of sub-FRs, and the DP resources within the
system are allocated to meet these time-varying FRs. The means for selecting the correct
recipe of FR sequences (that is, the choice of DPx.1a or DPx.1b) is the command and
control algorithm (CCA) that is specified at this level of the design hierarchy. [Tate, et al.
(1998)] The allocation of the DP resources, given the choice of the FR recipe is done by the
CCA at the next, lower level of the design hierarchy as described in the next section.

4.3.1.2 FRs for DP scheduling algorithm (CCA type II: “s cheduling”)

In this section the command and control algorithms for scheduling of DPs are describe."
They provide a general means for scheduling a set of DPs. This can be applied during the
design of the system by the designers, for example in cases where the sets of sub-FRs are
known a priori as in equations 4-17 and 4-18. Alternatively they can be applied during the
operation of the system to match the incoming target object flow to the existing set of FRs
and DPs, for example when the sets of sub-FRs are not known 2 priori by the designers as in
equation 4-19.

In this case, 2 CCA fulfills the FR of scheduling a set of DPs or DP resources. This means
that for the set of FRs considered at this level that at least one of then has multiple DP
alternatives that can be considered.

The following functions detail the algorithm for scheduling DPs as implemented by a CCA
type I The sub-requirements for the command function given in table 4-3 can be described
as follows:

® Receive sequence: In order to perform the functions for a specific part, the sequence
of process operations—that is, order of sub-FRs—is given by the higher-level CCA
when it assigns an appropriate DP alternative.

® Insert new part into schedule (initial): A new part is inserted into the schedule of
parts around the operation which is the bottleneck, the operation with the longest takt

time given the number of resources. This is a preliminary schedule which is checked
and refined based on the other parts already scheduled.

'* For an zpplication of axiomatic design to scheduling, see [Lee (1999))].
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e Identify critical inter-module times: Depending on the naturc of the process, there

can be critical process steps between which the time can be restricted, that is, the
time between these steps must e less than a certain critical value. If so, these are
identified.

e Balance schedule with other parts: This function ensures that the assigned process

sequences do not violate any coupling in the machine that can occur when
operations are being performed simultaneously. Three things must be considered in
this balancing: the bottleneck in the process, the critical inter-module times, and any
potential resource coupling”

e Finalize schedule: Once the schedule for the new part is confirmed, any needed
adjustments to the database (table) are made, and appropriate commands (signals)
are sent.

Table 4-3 summarizes the DP options which satisfy the CCA type II FRs.
Table 4-3: DPs for CCA (Type II)

" Funetional Requiremients (FRs)| ** - Design Parameters (DPs) - "~
| (FR21) receive sequence determined by higher-level CCA |
1
(FR22) insert new part into schedule algorithm: schedule around module ;
(initial location) with least throughput
(FR23) identify critical inter-module recipe
times |
(FR24) balance parts in schedule algorithm: adjust given the critical
fimes, coupling due to resource
| ' pling d
', ' over-allocation, and bottleneck
| (FR25) finalize assignment of . commands
l resources !

4.3.1.3 FRs and DPs for control of hardware (CCA type III: “hardware control
algorithms, HCAs”)

This section describes briefly the design of hardware control algorithms as given in
[Hintersteiner and Tate (1998b)]. In this section, an information flow model for a hardware
controller that controls parameter values for specific pieces of hardware is analyzed to
determine the appropriate order in which design decisions are made. Next, the components
for control are examined from the perspective of the system architecture. While the
sequence of design decisions must—and indecd does—remain the same, the different
control components are included in different branches of the system architecture since the
system architecture is intended to reflect the functional hierarchy of the system. The key
results that are shown include the following:

19 This would be a list of potential couplings in resource assignments. It could be as simple as not assigning two
parts to the same rescurce at the same tme; oOr it could be two resources that cannot be operated
simultaneously.
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® Actuators and sensors are designed or selected as a part of the process or transport
module to which they belong.
¢ To coordinate all of the motions of a system, a hierarchical structure of control
algorithms is defined.
Figure 4-6 shows a schematic diagram of the flow of information through a generic motion
controller. Data are acquired from sensors, amplified and read into a computer through A/D
or other sensor-specific boards (represented by SP in the diagram), and processed through
one or more algorithms. The outputs of the algorithms are command signals for the
actuators, which are written out through D/A, motion controller, or other actuator-specific
boards, amplified as appropriate, and transmitted to the actuators.

- ]
|
Sensor 1 | ANP}——-D Actuator 1
i
|
Sunsor 2 Aml’}—b Acluator 2
Hardware
|

Contiol
|
Sensorn @ Amp m Actuatorm
I |
1 |
1 |

Software

Algorithm
Hardware Hardware

Figure 4-6. Information flow diagram for a generic controller

The information flow model of a controller is relatively intuitive to understand, yet it does
not reflect the order in which these components are designed or selected. The actuators
required for creating the individual motions and the sensors required for characterizing the
results of those motions are included in the design of the process or transport module of
which they are a part. Only after this hardware is specified can hardware control algorithims
be devised for creating the appropriate output signals from the given input parameters. Once
these algorithms are developed, decisions can be made as to the appropriate computer
hardware and software required for implementing the controller, and finally the appropriate
user and network interfaces to enable the controller to accept input from the user or from
other systems can be selected.

The controller design matrix that shows these design dependencies is shown in equation 4-
23. This can be considered a “lifting out” of ccmmand components from the systern
architecture. The design shows a decoupled matrix and thus specities that design decisions
are made in a non-iterative, sequentia! order.
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(Generate moton i) [X O O O O O O}  Actuator i
Sense parameter | > X 00 00O Sensor j
Control action k X X X 0O 0 0O CCAQ(3) k
{ Process input L: > X X X O O OX Signal processor j L (4-23)
Transmit output 1 X ? X0 X 0O Amplifier i
Coordinate actions O 0O X OO0 XO CCA(1 & 2)
(Implement conwrolj |O O X X X X X||Computer hardware |

The design matrix in equation 4-23 for a generic controller reflects the relationships between
the controller elements ir: teams of the design decisions that are made. However, it does not
capture the location of these elements in the system architecture. In general, several different
controllers operate in parailel within a process or transport module, and coordinating
communication and inputs between these different controllers must be considered. In
addition, the system architecture accounts for the design of the computers and the necessary
hardware interface boards required for implementing these controllers.

Hardware: During the design of the hardware for a process or transport module,
functional decomposition progresses to the point where a particular motion is preformed
as a sub-FR for achieving a process or transport function. The generic DP that satisfies
this FR is 2 “motion generator”. This DP is decomposed into sub-FRs that provide
motion, sense relevant parameters, and correlate input and output signals, as shown by
equaton 4-24.

Provide motion (1..m) X O OO Actuator (1..m)
Transmit moton (1..m) X X OO Transmussion (1..m) (4-24)
Sense parameters (1..n) B EREED SKe) Sensor (1..r)

Correlate input & output data X X X X/||Hardware control algorithm

Algorithms: Module command and control algorithms are required at each level of the
design hierarchy to coordinate all of the individual hardware control algorithms, so that
the module will work as one unit. Once all of the .udividual motion generators have
been designed for a process or transport module, algorithms are defined to coordinate
the motions needed to accomplish the task of that module. For example, a 3-axis robot
used to transport parts between two manufacturing cells should be able to generate each
axis motion independently; however, an algorithm is required to coordinate these
motions so that the robot can move the part between two points. Within the framework
of the system architecture, a hierarchical structure for these module control algonithms
emerges, as discussed above.

Implementation: The system architecture also includes the elernents required for
implementing the control system. The decomposition of the computer hardware
includes a specification of the hardware and software platforms, signal interface boards,
and network interfaces to other systems.
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4.3.2 Physical integration

The earlier considerations of modularity can be used to discuss the nature of physical
integration.

As described in section 4.2.1, DPs that have been physically integrated have one or more
resources in common. If the distinction between DPs and resources i1s not understood, this

can lead to confusion about the way that FRs change with ime and whether or not a single
DP satisfies more than one FR.

It is the resources, physical or logical entities into which DPs have been embodied, that
satisfy more than one FR. Pretty clearly a robot within a track rnachine, or 2 manufacturing
cell, is performing different FRs at different times. Sometimes it is picking up a wafer;
sometimes it is moving a wafer; and the different locations from and to which it is moving
are aiso continually changing.

From a functional point of view, the FRs being performed fall :n different locations of the
design hierarchy when the FRs have been defined solution neutrally at each layer of the
design hierarchy. The FRs fulfilled at any given time can be ar dfferent layers and even on widely
differing branches. There is no reason, for example, why the transportation mechanisms within
each sub-system need to fulfilled by the same physical resource. In fact, depending on what
parent DP is chosen for each sub-system, there may not be a required sub-FR for
transportation at all!

Suppose the designers decide to use a single robot for the transport functions within each
sub-system. Is it thus correct to say that the same DP is being used to perform multiple FRs? The

answer is no.

If the designers interpret a robot moving parts between many different locations as part of
different process recipes to be a single DP performing multiple FRs, then the corresponding
interpretation of the independence axiom is that this design is unacceptable and a better
design is to have individual transport “modules” for each part recipe. This, however, 1s not
what the independence axiom implies. Rather, both a single-transporter design or a multiple
transporter design can be acceptable from the point of view of the independence axiom.

This can be seen by examining figure 4-7. Here the design has progressed to some layer of
the design hierarchy. This question is asked: can two DPs be physically, or logically,
integrated? The answer depends on the nature of the FRs being performed. Are they done
on the same target object? Are they done at the same time?
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Figure 4-7. Several DPs can be integrated into a single physical (or logical) resource

The DPs can be physically integrated where they perform the same type of function on
different target objects (same of different class, different instance) at the same time, or the
same type of function on the same target object (same class, same instance) at different
times. This is given in table 3-12 in chapter 3. They can be integrated at the parent-level in
most cases, but they can be integrated down to leaves only in some special cases.

4.3.3 Additions to information content to account for flexibility

Flexibility 1s 2 measure of information content because the design alternatives considered are
assumed to be designed to perform the same sub-FRs. That s, for a given set of functions,
two different design alternatives can provide the same basic sub-FRs, but with different
degrees of flexibility of the design spans.

As an example of flexibility, consider the requirement to provide a certain speed for a device,
for example, the rotztional speed of a drill, the speed of spinning a wafer during resist
deposition, or the speed of an automobile.

Consider the definition of information content. Information content has been defined by Suh as
the log of the inverse of the probability of success of satisfying a function® [Suh (1990),
Wilson (1980)]

Assume that there is a desired target value for an FR that the designers want to meet. Then
an appropriate tolerance region about this target value can be specified; this region is known
as the design range, r, Different design alternatives are able to provide the desired function
within some system range, 7. This ts where the design alternative performs relative to the
design range. The intersection of the system range and the design range is called the common
range, 1, shown in equation 4-25. These three areas are shown in figure 4-8. The probability of

20 See appendix 4 for a more details on the fundamentals of axiomatic design.
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success, labeled p, to indicate its basis on the tolerance of the FR, then is defined as the ratio of
the common range to the system range, shown in equation 4-26, and the information
content, I, 1s the natural log of this as in equation 4-27.

nEnown (4-25)
r
b= = (4'26)
it
1
I=log,— (4-27)
)2
t .
5 3
N ~
S Bias | &
E System range =
£,
B3
. ™
3 Region of System Common
§\ rénge not wrthin range
3 .
3 ommon range i \
& Deggn range
" :
FR

Figure 4-8. Information content and probability of success

Now to compare different design alternatives, the concept of flexibility needs to be
incorporated into the determination of the information content. This is shown in equation 4-

28,
r=m——>" (4-28)

Proterance * P flexibitiry

Here information content is considered to consist of two components, one relating the
performance of the design to the desired tolerance and the other relating the design to a
desired flexibility. This indicates the perforrnance of the design compared with an FR that is
required to sausfy multiple values over its life.

Now return to the example. Designers are: creating a device in which one of its FRs is to
provide a desired speed, s. This speed must be satisfied within a certain tolerance, # and
there are two design alternatives that provide this. Then according to the definition of
information content as in equation 4-27, both of these designs have an information content
of zero and a hundred percent probability of cuccess. So, both of these designs perfectly
satisfy the information axiom.
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Yet, consider the following twist: suppose the value of this FR does not remain constant as
the design is used. For example, it must be designed to provide speeds over the region of
(0.5s, 1.5s),”" and suppose that the two design alternatives are not equivalent in this way.
Suppose the fisst alternative can provide speeds within the span (0.4s, 2s), and the second
alternative design can only provide speeds within the span (0.5s, s). Then clearly the first
design is the better choice because it is able to satisfy the FR at all times, whereas the second
design cannot meet the FR over half of its required span.

The definition of the wmmon span for flexibility, flexibilit) ommr 1S Shown in equation 4-29 and
figure 4-9. It parallels that for tolerances. Namely, it is the overlap of the span provided by
the system (system flexibility) with that required for the design (design flexibility).

S1exibility  ppmon = flexibility, o N flexibility,, e (4-29)

The definition of the probubility of success for flexibility, Praasss 1S given in equation 4-30. It is
analogous to that for tolerance in equation 4-26. A notable difference is that whereas for
tolerance, tighter design tolerances provided by the system are more likely to be within the
design span, this is nct the case for flexibility. Instead, a system which is more flexible is one
which accommodates more variety in its operating spans.

Sflexibility,
iy, 4-30
P flexibitiey ﬂexibilifyden'x" ( )

This illustrates the concept of flexibility. For some design alternatives, it is relatively easy to
adjust the design to expand the span that the DP provides, particularly if the design is an
uncoupled one. However, in other cases, the choice of a completely different DP is required.
For example, a airplane provides more flexibility in terms of the locations that it can go than
a train—not that this is the only FR for fransporting packages. Likewise cellular
manufacturing systems are designed to allow greater variety in the inputs and outputs of
their processes than transfer lines.

Some FRs naturally need to provide 2 flexibility while others do not. This is part of the FR
definition. Some FRs will always need to meet the same target value, while others will need
to be within a tolerance, at some target value that is set dynamically, perhaps by the user, as
the system operates.

21 In this notation (x, y), x indicates the lower bound on the FR and y indicates the upper bound. So, a dewice
that provides an FR within (x, y) can achieve a value of x or y or any value in between.
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Figure 4-9. Definition of flexability

The above example discussed flexibility in the output values of FRs. A system can also
accommodate flexibility in the inputs it allows into the system. This is also an important
concept when a set of FRs consists of a series of processes and the designers need to
determine the value that will exist between two processes: the output of one FR and the
input to the next process.

4.4 Summary

System design is different from more simple component design in several ways. In particular,
a system 1s composed of a number of distinct elements. Thus, when designers conceptualize a
system, they consider a DP that is decomposed into a collection of disparate elements which
acting together perform the desired higher-level function. Alternatively in component design, the
designers consider the higher-level DP as a complete unit itself. Then the decomposition
entails the refining of a single DP, and the lower-ievel design choices made by the designers
consist of attributes or charactenstics of that one DP.

In defining a system, there are clearly identifiable interfaces between the DP elements that
make up the system. These znterfaces are places in the design where the output of one FR
serves as the mnput for another function. This means that systems can in part be modeled as
a series of transformation, for example, process and transport functions.

The contnbutions of the chapter include detailing the following:

e explanation of the characteristics of a design which correspond to different
conceptions and benefits of modulanity
@ software and hardware interfaces, the integration of command and control within the
system architecture
e physical integration of DPs into resources that can be dynamically allocated to meet
the changing FRs
® extension of information content to include variety in inputs and outputs
In this chapter, tools are presented which address situations that are encountered in
specifically system design. The tools which are presented here are modeling of time variation
within a system design and representation of flexibility. That is, time varation in FR
performance and DP resource allocation is here incorporated into the design hierarchy, thus
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extending the work of Suh (that has been termed large-system design [Suh (1995b)] or large,
flexible system design [Suh (1997), Suh (1998a), Suh (1999)]) in which the FRs satisfied at
any given time can be a only subset of the total set of FRs.

Considerations of time variation are shown here to have substantial impacts on two areas of
the design: physical integration of DPs and allocation of DP resources through command
and control algorithms (CCAs). These CCAs perform three functions: sequencing sub-FRs,
scheduling DPs, and controlling hardware parameter values. This chapter demonstrates how
command and control issues can be represented in a system architecture. The components
(DPs) required for control are spread out over the multiple branches of the design hierarchy
where active control is required. On the lowest levels, specific actuator and sensor
equipment is correlated with a hardware control algorithm to coordinate low-level inputs and
outputs. On higher levels of the hierarchy, command algorithms exist to schedule and
coordinate all of the lower level command and control algorithms.

Additionally the concept of flextbility in FR spans is introduced. This deals with dynamic
“spans” in the specificat.on of FR values, how these can be accommodated in DP selection,
and how the concept of information content and its calculation can be extended to deal with

them.
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CHAPTER 5: CASE STUDY METHODS

5.1 Introduction

This chapter places this work into the context of research in engineering design. It explains
this work in light of the methods used for developing knowledge about engineering design.
Science is seen as the application of accepted “scientific methods” to generate knowledge; the
knowledge which is produced 1s known as zheory.

Axiomatic design is chosen as a basis for understanding good decision making in design.
This is followed by a description of the hypotheses of this work as related to the research
question and the issues presented in chapter 2. These hypotheses lead to consequences, for
each of the main issues (in chapters 2 through 4), which may be evaluated against the case
studies (in chapter 6).

5.2 Axcomatic design as a “Scientific” basis for this work

In this section axiomatic design is described as a valid starting point for scientific research in
design. This is followed by a description of the fundamental areas touched upon in this
thesis, the underlying hypotheses for each, and the means for theory validation used.

5.2.1 Can axiomatic design be considered a science of design?

Axiomatic design does possess all the necessary components of a research program
Moreover, axiomatic design constitutes a progressive research pmgmm

1. Axiomatic design makes predictions about designs and describes the successes and
failures of designers in ways that no other theory of design does: Only axiomatic design
combines the broad scope that describs any decision-making activity with relatively
clearly articulated concepts for applying general principles to many particular cases.

! A research program or paradigm (see section A1.2.2) consists of

»  ontology: an identification of the fundamental concepts or entities whick make up the field of study

e aims: an ariculation of the scope of the field in terms of both problems which have been solved
(exemplars) and problems remaining to be solved (anomalies) which should be covered by the
program, and are expected to be, but have not been yet

e methodology: guidelines for further developing the program—particularly in 2 manner consistent with
the problems which the program has already addressed

o theories: relationships between the fundamental concepts of the field and application to the specific
problems

A progressive research program (as opposed to a degeneraning one) meets three conditions (see section Al.5.4)
[Larvor (1998) pp. 54-55):
o Theoretically progressive condition: It must identify new and interesting predictions, that is,
“undreamed of” [Larvor (1998) p. 55] by other theories. Plus, these predictions are particularly good if
they are countetexamplcs to dval research programs. [Lakatos (1978) p. 5]

¢ Empircally progressive condition: Some of these new predictions must be corroborated by the
expedmental evidence.
® Heuristically progressive condition: As anomalies are identified, the progressive theory must

accommodate and explain these anomalies in a manner consistent with the spirit of its heunstc (as
opposed to in an ad hoc manner).
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2. It has proven useful for answering real-world questions encountered by designers in
industry.

3. Axiomatic design is not yet able to answer ewry question posed about erery design
problem. The presence of questions to be answered (or concepts to be further
elaborated), however, is a hallmark of a healthy research program and provides a
direction for further research.

Therefore, following the research approach (benristic) of axiomatic design and addressing the

problems it identfies (anomalies or problems to be solved) is a valid way of adding to the

scientific body of knowiedge of design. As such it has been chosen as the starting point for
this research.

5.2.2 Scientific basis for this work

The fundamental knowledge areas related in this work are the design process, resources for
design, and the design object. Generalizable knowledge is sought in terms of how design
decisions can be made duning decomposition. The outputs of decomposition are related to
the process through a set of activities and guidelines (presented in chapter 3) and tools for
system design (presented in chapter 4). The outputs of decomposition are presented as
generalized descriptions of the design object.

In axiomatic design, it is assumed that characteristics exist “that distinguish between good
and bad designs” and that these have “common elements” across creative fields. [Suh (1990)
p- 5] The elements common to good design have been characterized by the two design
axioms. This thesis is consistent with axiomatic design. It recognizes the importance of good
design and supports the application of the design axioms. It fills in details of the process that
has been sketched out in the theory so far. Moreover, it uses the same approach to theory
building: identifying features or goals of good design decisions, articulating options, and
abstracting general rules or guidelines.

Furthermore, the work in this thesis meets the criteria of progressiveness for research
programs. The first of these is the zheoretically progressive condition that states that research
makes new and interesting predictions (or explanations®) that are “undreamed of” by other
theories. [Larvor (1998) p. 55] This is an issue of orginality and scope. As has been argued
throughout, this work is unique in providing a theoretical basis for decomposition activities
that is consistent with axiomatic design, and this is an area of keen interest to practicing
engineering designers seeking to apply theory to their work.

The other two conditions, empirical and heuristic progressiveness, can only be evaluated in
the context of the theory application. Research that is empirically progressive has corroborating
empirical evidence, and that that is beuristically progressive digests new problems consistent with

* As descobed by Snyder, prediction and explanation both provide support for a theory:

[Wihile the historical thesis is compatible with a personal theory of evidence, ...any purely
personal theory is sedously flawed in not capturing the nature of evidence as it is used in
science. In science, evidence is an impersonal concept. On impersonal concepts of evidence,
..some ¢ can be evidence for 4 whether or not any person knows or believes that ¢ is true.
Hence, the #me at which e is known is not relevant to whether ¢ is evidence for 4, as the
historical thesis holds. [Snyder (1994)] (p. 475 in [Curd and Cover (1998)])
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its problem-solving approach. The cases and discussion in chapter 6 argue that this work
satisfies each of these conditions.

5.2.3 Case studies and validation

The hypotheses of this work are empirically validated through several industrial cases. Case
studies are defined as empirical inquiries that investigate contemporary phenomena with
multiple sources of evidence in which the boundary between phenomena and context is
unclear. Their purpose can be description, problem solving, criticism/interpretation, or
theory building. [Yin (1994) p. 4] Case studies are a common, and accepted, means for data
gathering in research for design theory. (See [Dwarakanath, et al. (1996)] for examples, and
see section A1.5.1 for additional discussion of case studies and their role in design research.)

In the case study projects discussed in chapter 6, engineering problems from industry are
modeled as systems consisting of multiple layers of decomposition. The purpose of the case
studies discussed in chapter 6 i1s to empirically support the work presented in chapters 2
through 4. The cases to which these ideas have been applied include the following: design of
a tool-exchange mechanism which accommodates much customer variety, software control
algorithms for machine control, reuse of design rationale for manufacturing cell design, and
diagnosts of coupling in machines and suggestions for changes. These cases apply the theory
across a wide variety of examples. Thus they provide breadth in the level of abstraction at
which the theory is examined (that is, opportunities to look at the roadmap, the guidelines,
and the tools). Furthermore, they provide breadth in the field of the problem (that is, system
versus subsystem, hardware versus software, new design versus redesign versus
troubleshooting).

In general, the hypotheses of this work are that the theory presented in chapters 2 through 4
provide an accurate basis for describing and prescribing the activities of decomposition.
These can be elaborated such as the following:

1. The roadmap of decomposition shown in figure 3-2 and section 3.2 in chapter 3
comprises a compiete model of decomposition which places it into the context of system
design.

2. 'The goals of designers in performing decomposition activities are those given in table 3-
2 in chapter 3.

3. The guidelines in section 3.4 and table 3-16 in chapter 3 h~Ip the designers achieve their
goals in performing decomposition activities.

4. In chapter 4, modeling and documenting time variation (sequencing of FRs) provides a
tool for enabling physical integration, for dimensioning of DPs, and scheduling of DP
resources within a system.

Several questions will be addressed. The questions explored with the case studies include
these:
e Does the roadmap of decomposition accurately represent the flow of
decisions/activities as practiced in decomposition?
e Are the goals for the activities consistent with practice?
Is the means for identifying leaves accurate?
e I[s the sequence for the design decomposition accurate?
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The list of hypotheses and questions are meant to be illustrative. Neither is intended to be an
exhaustive list.

5.3 Summary

It is the belief of the author that research into design can be performed in a scentific way. that
scientific methods can be applied to expand our understanding of design and the principles
which underlie it. The reader who is interested in a thorough treatment of scientific: research
methods and theory validation as applied to design is strongly advised to read appendix 1.

Axiomatic design theory possesses all the necessary components of a progressive research
program: It makes unique predictions about design and the successes and failures of
designers; it has proven useful for answering real-world questions encountered by designers
in industry; and it continues to successfully digest new problems to be solved without
resorting to ad hoc strategies in modifying the theory.

The approach followed in this work is consistent with that followed in axiomatic design
theory, and it also meets the criteria of a progressive research program. The hypotheses of
this work are empirically validated through several industrial cases as discussed in chapter 6.
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CHAPTER 6: CASE STUDY RESULTS AND DISCUSSION

6.1 Introduction

This chapter presents the results of several case studies from industry in order to provide
empirical support for the theory presented in chapters 2 through 4. The theory is evaluated
according to the criteria given in section 5.2 in chapter 5.

Section 6.2 gives an overview of techniques for empirically corroborating design theory.

Section 6.3 gives descriptions of the cases to which the theory has been applied, followed by
summaries of important facets of each. The cases to which these ideas have been applied
and evaluated are the following:

system analysis: photolithography machine (section 6.3.1)

hardware-software interface: CCAs for CMP (section 6.3.2)

design of a2 new sub-system: RMS (section 6.3.3)

software design: AD software (section 6.3.4)

system analysis: Track machine (section 6.3.5)

software design: PDM system (section 6.3.6)

reuse of design rationale: manufacturing cell design (section 6.3.7)

An example of the application of the theory is given in section 6.4. This discussion shows

how the several parts of the theory were applied to a single case. Throughout this discussion,
the similar application of the theory to other cases is highlighted.

A discussion of the results of the theory application is given in section 6.5 in three parts:
academic considerations (section 6.5), industry considerations (section 6.5.2), and
extensibility to software (section 6.5.3).

6.2 Discussion of theory evaluation
This section presents an overview of the means for theory evaluation in design.

Table 6-1 describes the types of arguments that can be made for the theoretical concepts
presented.

The concepts that are presented in this thesis fall into three categories:

© the design process model (section 6.2.1)
¢ guidelines for decision making (section 6.2.2)
® tools for system design (section 6.2.3)
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Table 6-1. Validation means for theoretical concepts

Design process model: activities and connections
Historical compare histonies of projects collect data on projects,
compare results
Necessity argue activities must connect in | logical necessity given
a particular sequence inputs and outputs
Controlled test | have designers explain ask about goals, survey
information they consider as and match goals,
they make decisions in design, compare results
“protocol study”
Guidelines
Historical show that a guideline matches compare leaves, their
what was done in successful parents, and
designs grandparents
Necessity argue from the negative: show show how decisions on
negative results that can one branch affect
happen if the gudeline is not another thus implying
followed sequence
Controlled test | compare results from groups system template
using and not using guideline,
compare time, COmpare Versus
specific goals, get feedback
from designers
Tools
Historical T compare results from past | successful cases versus
cases, compare their unsuccessful ones
funcuoonality, ime
Necessity argue why needed, argue from current models represent
| negative: show problems FRs with flexibility the
without tools (such as same way, thus failing to
decisions that are not distinguish between the
captured) designs
Controlled test | compare results from groups teach some engineers
using and not using guideline concept of CCAs
compare with control
group

6.2.1 Design process: activities, connections, goals

The intended use of the model of decomposition activities is to predict or explain the
decisions made by the designers. The model can be compared with reality in its descriptions
of the activities, the way tn which the activities connect, the inputs and outputs for each, and
the goals of the designers that were identified.
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A limitation, of course, is that it is difficult to perform controlled experiments on large,
industrial design projects. Multiple teams of designers cannot be assigr.ed to the same task
since that this is an inefficient use of resources.

6.2.2 Guidelines

Each guideline for decision making that is presented in chapter 3 is associated with one of
the activities that comprise decomposition. The important consideration in evaluating the
guidelines is whether or not they lead to the designers’ aims. Three types of arguments can
be made:

e historcal: Did following the guideline lead to the desired cognitive aim more often
than other, rival guidelines?

e necessity: Can the consequences of not following the guideline be shown to have
detrimental results, in comparison with following the guideline?

e controlled test: Using multiple sets of designers, teach some a guideline, and not
others. Then compare the results.

Examples of each of these approaches are given in table 6-1 above. For a specific guideline,

one or more of these strategies were identified 2s effective in providing empirical support.

In evaluating the guidelines, the correct identification of activities and goals must be
reasonably established, and the originality or non-obviousness of the guidelines should also
be established. If the guideline matches something that designers all do anyway, then merely
pointing this out, provides 1o benefit.

In looking at the historical record or in performing controlled experiments, the results of
following the guidelines are to be compared against the specific aim that they were created to
promote. Furthermore, the results can be compared in terms of functionality of the design
and originality of solution, time for the design task, and overall designer satisfaction 1n
following the guidelines.

6.2.3 Tools

The same type of argument can be made for the tools for system design as was made for the
guidelines for decision making. First, in their evaluation, the correct identification of
activities and goals must be reasonably established. Furthermore, the originality or non-
obviousness of the tools should be established. The results of using the tools can be
evaluated against the overall effectiveness of the design task: functionality of the design and
originality of solution, time for the design task, and overall designer satisfaction in following
the guidelines.

Summa

I do not claim that this thesis answers all questions about decomposition. It provides a
framework for understanding decomposition; the utlity of which will prove useful or not in
time. Is this framework useful for continuing to further develop an understanding of
decomposition? Does it provide direction to the intellectual debate on the topic? Do the
designers who use this theory find it useful?
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The example in section 6.4 illustrates the usefulness of the overall theory. The roadmap s
presented in the context of one specific case, and guidelines are shown to be applicable for
individual activities within the roadmap. The use of the guidelines in other cases is also
noted. Following this is a description of the use of the tools for system design.

6.3 Introductory descriptions of cases

The theory given in chapter 2 through 4 is discussed in light of several case studies. These
include cases in which the author played a substantial role and others with which the author
is familiar, but was not directly involved. The cases are listed in table 6-2.

Table 6-2. Characteristics of cases
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6.3.1 Photolithography tool

A system architecture has been constructed for a photolithography machine (or “lithography
tool”). The intention of the project is to provide 2 “basis for design decisions and
evaluations to be made”. [Hintersteiner (1998b) p. 4]

The work done captures the main subsystems of the photolithography tool including

the photolithography process
input/output and management of wafers
input/output and management of reticles
CCA:s for scheduling and coordination
support structure for subsystem integration
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The system architecture shows the functionality of the major subsystems and the way their
designs interrelate. Furthermore, the performance specifications are captured as high-level
constraints and are carried down into more specific constraints and sub-FRs at lower-levels
of the design hierarchy. The subsystems were decomposed 5 or 6 levels.

The lithography tool, being a preexisting system, was not designed using axiomatic design.
Therefore the FRs, Cs, and DMs are reverse engineered from the existing DPs based on the
perceived tasks the DPs perform, not necessarily those that the designers’ originally
intended. [Hintersteiner (1998b)]

Results
Alctivities and guidelines
According to Hintersteiner, the designer performing the system analysis of the

photolithography tool, the theory for decomposition activities was useful in the following
areas [Hintersteiner (1998a)]:

e constraint management: The theory provided gwdance about the treatment of
constraints. The way in which the system-level constraints were carried down to the
lower-level FRs was particularly important and relevant.

e decomposition sequence: This design exhibits many instances in which the order of
design decisions for one subsystem of the design must precede those of another
subsystem. And knowledge of how to identify leaves and thus be able to stop
decomposing was important in this analysis. Given the scope of the task—to create a
system architecture for the whole machine—knowledge of when to stop kept the
project manageable; otherwise it had the potential to continue indefinitely.

e levels of abstraction: It was useful to recognize that the DPs at a single layer of the
design hierarchy are not all at the same level of abstraction; therefore they do not all
need to be decomposed the same number of additional layers.

e defining sub-FRs: The template for system design was used to structure the sets of
sub-FRs, and the multiple sources of sub-FRs were considered in developing a
complete set.

The roadmap itself cannot be evaluated specifically in the context of this case because the
photolithography tool is an existing design; therefore its accuracy in describing and directing
the progress of the designers cannot be evaluated.

Tools

The concept of time variation and DP resource allocation was used in developing a hierarchy
of CCAs for the system. Furthermore, the concept of flexibility was useful in defining sub-
FRs more explicitly than could be done withour the concept.

6.3.2 Hardware-software interface: CMP

Manufacture of semiconductor devices is done through the build-up and patterning of layers
of metals and dielectrics to create semiconductor devices. Chemical-mechanical planarization
(CMP) fulfills a growing need for planarization between process steps as line widths and
depths of focus in leading-edge lithography processes decrease. In CMP, the surface
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roughness of the thin-film depositions on the wafer is reduced through the combined
chemica! (etching) and mechanical (abrasion) process.

The CMP example is based on an on-going MIT project in machine/system design. The
example as discussed here is a composite of several models for the design of the machine.
[Hintersteiner and Tate (1998a), Hintersteiner and Tate (1998b), Melvin (1998), Melvin
(19992)]

Results

The roadmap for decomposition was able to guide the design of the CMP machine in several
ways [Melvin (1999b)):

e guidelines: The specific guidelines that the designer singled out as useful include
considering all sources of sub-FRs (guidelines B1 and B2), idenufying multiple
alternative DPs to check solution-neutrality (guideline B9), defining support FRs
(guideline B6), and carrying down and refining Cs (guidelines C1-C8).

e CCAs: The role of CCAs in enabling operational modularity is useful for the CMP
tool. There are several different processes that the machine may be required to
perform, and the ability to reconfigure the machine dynamically greatly increases its
flexibility. The need to dynamically change the FRs and DPs of the machine
depending on the particular wafer requirements may be handled in an efficient
manner using CCAs. This overall machine control must be balanced with the low-
level control of individual axes. The natural refinement of the CCAs as the hierarchy
progresses allows the control system to develop in an integrated manner with the rest
of the machine.

6.3.3 New sub-system: RMS!

The RMS case has two primary objectives: redesign of a sub-system in a semiconductor-
manufacturing machine and development of company expertise and experience in using
axiomnatic design.” The customer needs for reticle management within a photolithography
tool have changed since the first introduction of the sub-system several years ago, and
increasing pressure to meet current—and prepare for anticipated—customer needs have
prompted a project for the redesign of the reticle management system (RMS).

Reticles are quartz plates with chrome printing on one side.’ The printing on the reticle is
divided into several specific areas: the pattern to be transferred to the wafer, coarse-
alignment targets, fine-alignment targets, etc. The pattern to be transferred to the wafer is
reduced 4x in its transmission through projection optics onto the wafer.

1 This section is adapted from [Friedman, et al. (1998a)].

2 The confidentiality agreement with the sponsor is that the information in this chapter can be used, but that |
cannot give the name of the company or its product.

3 The current generation of photolithography machines, or “tools”, uses reticles with dimension 6 x 6 x 1/4
inches (15.2 x 15.2 x 0.6 cm). New generation reticles will have dimension 9 x 9 x 3/8 inches (229 x 229 x 1.0
cm). The new, 9x9 reticles have a pattern with the same height and the same geometrical arrangement of the
alignment features as the 6xG reticles; the difference is an increase of the pattern width.
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The functionality of the reticle management system includes all reticle handling and
management between the introduction of the reticle into the machine and the handoff of the
reticle to the reticle stage. The reticle stage performs fine alignment and synchronizes the
reticle movement with the wafer as the wafer is exposed during the photolithography
process. The RMS receives commands from the higher-level machine software and the fab
software and performs the function to deliver the correct reticle to the reticle stage at the
correct time.

The changed customer needs for reticle management include

® quick exchange time: The mechanical handoff portion of the reticle exchange is to be
minimized. (target: 10s)
® accommodate variety in reticle carriers: The sub-system is to allow users to introduce
reticles into the tool using one of a variety of carriers that the user can specify. This
is to be accommodated with as little redesign of the machine for each carrier type as
possible.
e store reticle in a “library”: The users need to store significant numbers of reticles
within the machine and the more, the better. (target: 18 reticles)
® quick access to reticles: Some customers need to insert and remove idle reticles while
the machine is processing.
These needs are unmet by the current reticle handler design which has as a set of FRs based
on an older, simpler set of customer needs (CNs).

Results
The following innovative results were obtained in designing and analyzing the RMS:

development of design concept from system-level to leaves (hardware or software)
integration of software design with hardware design, as part of the same hierarchy
physical integration of DPs into resources for providing functions at different imes
including selection of appropriate hardware: end effector, mechanisms, etc.
® development of a “modular interface” that incorporates new and anticipates future
CNs and the prediction of the design effort for new variants of the “modular
interface”
® integration of axiomatic design on a project with multiple engirieers and distributed
task responsibility
The RMS case study demonstrates the usefulness of the theory presented in chapters 2
through 4. The roadmap of decomposition activities serves as a guide for the designers in
performing decomposition and system integration within the context of axiomatic design.
Furthermore, the goals articulated for the different decomposition activities are found to
correspond to the goals of the designers in practice, and the guidelines are found to provide
appropriate support to the designers in satisfying their goals. See also section 6.4.

6.3.4 AD Software

Because of the goals and direction of research in axiomatic design, the development of
software tools based on axiomatic design is an important research topic. Design rationale
and design history are both captured by combining axiomatic design with software tools for
designers. Design rationale is defined as an information structure which can be used to answer
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questions about why an object is designed the way that it is. Design history is a record of the
decisions that have been made concerning the design, their effects on the object being
developed, and the evolution of the design.

The most recent effort to develop a tool for designers to apply axiomatic design to their
projects has been carried out by Do [Do and Suh (1998), Suh and Do (1998)]." In Do’s
work, two themes are stressed:

e applying axiomatic design to software design
e development of a tool for using AD in large-scale industrial design projects

6.3.4.1 Application of AD to software

From one point of view, work on the axiomatic design software is interesting as an example
of the application of axiomatic design theory to the field of software design. The idea of
using AD to design software has been advanced elsewhere’; however, the axiomatic design
software itself is the “first known case study of a large scale software development based on
axiomatic design theory”. [Suh and Do (1998) p. 3]

6.3.4.2 Software for axiomatic design

An efficient and easy-to-use software program and project file for axiomatic design can
facilitate application of the AD theoretical framework and dara management within it.
Although axiomatic design can be carried out on paper, doing this for large development
efforts involving many levels of the design hierarchy becomes cumbersome.

The AD software incorporates the fundamentals of axiomatic design including: the FR, DP,
and PV domains, constraints, design hierarchies, design matrices, and the system
architecture. Important features of the software—in addition to such standard software
functions such as file management, error handling, etc.—include functionality to deal with®

e tracing the effects of design changes

e reducing design time through automated design matrix rearrangement

e documentation of alternative DPs

e displaying data in a variety of graphical formats
The axiomatic design documentation scheme structures design information so that it can be
further analyzed to understand how a change in one portion of the product propagates to
the remainder of the product. The impact of such changes cannot readily be determined by
the designer merely by looking at the design hierarchy because DPs at the same abstraction
level but on different branches of the design tree may have substantially different impacts on
the overall design. In recognition of this, the software automatically generates a list of
functional requirements within the functionai hierarchy which are affected by a change in
any FR or DP in the design of the product. Once the design matrices have been entered for

4 The most recent version of the software as described in {Do (1998)] is proprietary. The images shown are
from earlier versions with similar functionality.

5 See for example [Kim, et al. (1991b), Kim, et al. (1991a), Suh (1997), Suh (1998a)].

6 An earlier version also included limited functionality for applying the Information Axiom. [Harutunian, et al.
(1997))
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a hierarchy of FRs and DPs, the effects of design changes may be traced throughout, as
shown in figure 6-1.
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Figure 6-1. Flow chart displaying sequence of decisions for an engineering change order (ECO) [Harutunian,
et al (1997)]

The design matrices contain information that can be used to streamline the design process.
Once the DMs are entered, the software computes the set of least coupled sequences for
each matrix. The software then automates sorting through the permutations of the design
matrices, shown in figure 6-2, to find the best sequence for selecting design parameters. This
relieves the designer from the tedious task of manually rearranging the sequence of elements
within the design matrices.
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Figure 6-2. Window enabling matrix manipniation [Do and Sub (1998)]

The software provides a framework to enter alternative DP solutions for each function. This
aids the creative process by allowing the designers to revisit proposed solutions in light of
constraints on the project which change over product generations. Considering multiple
design alternatives is important in systems design. A number of functional requirements are
identified, and possible alternative design parameters are considered. These design
parameters are then combined or integrated to make up the system design. The system
which results and the nature of the design matrix will depend on the set of particular DPs
that is chosen.

The design hierarchies in combination with the design matrices are used to generate a flow
chart and a module-junction-structure diagram detailing the development or implementation
sequenice of the modules that make up the project. Each module is developed in a sequence,
with respect to the other modules in the system, based on the design dependencies captured
in the design matrix. The junctions between the modules are graphically displayed in the
software as determined by their respective design matrices. Modules which are connected in
an uncoupled design matrix may be summed to yield the desired system-level functionality
and are connected by a summation junction; decoupled designs are connected by wntrol junctions;
and coupled design must have feedback junctions to indicate the necessary iteration.
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Results

The roadmap for decomposition described the activities performed by the designer as the
project progressed. The theory for decomposition activities was useful in the AD software
case in the following areas:

® actvities and goals: Articulating a set of goals for the decomposition activities was
useful in guiding the designer, particularly in terms of assistance in generating sub-
FRs (keeping in mind all the relevant goals). Understanding design dependencies as
given in the design matrix and their implications on the sequence of decomposition
was also useful.

® sequence of activities: The sequence of activities in decomposition model proved
useful and is being incorporated into the latest version of the software.

¢ flexibility: The concept of flexibility was useful in structuring the options available to
the user and providing and representing the functionality to enable the options.

6.3.5 Track machine

A track machine is used in conjunction with a photolithography tool in semiconductor
manufacturing. The track machine performs pre- and post-exposure processing: the
deposition of photoresist film on the wafer surface and the development of the exposed
resist film. Both coating and developing are performed as a series of process steps. A system
architecture has been constructed for two generations (200mm and 300mm) of track
machines. An intention of the project is to understand the design of the previous generation
machine and to apply this leamning to the newer machine as it is designed. [Lee (1999)]

The work captures the main sub-systems of the machine including

e the coating process

e the developing process

o the system configuration

o CCA:s for scheduling and coordination
The previous generation machine (the 200mm) since it is an existing system, was not
designed using axiomatic design. Therefore, the FRs, Cs, and DMs are reverse engineered
from the existing DPs. The design of the scheduling software of the newer machine is being
done using axiomatic design, as part of research into the application of the system
architecture to current design tasks in industry. Therefore, the objectives of the project are
two-fold: 1. to facilitate the design of the next generation track machine and 2. to
corroborate several hypotheses about the generation and application of system architectures.

Lee developed a set of 13 hypotheses concerning the system architecture. Of these, several
were selected for detailed examination. [Lee (1999)] The hypotheses fall into 3 categories:

e accuracy of the system architecture representation
e the top-down approach to system design
e the system architecture as an analysis tool for systems
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Results

Activities and guidelines

According to Lee, the theory for decomposition activities was useful in the case study in the
following areas [Lee (1999)]:

e determining leaves: The guideline about leaves was useful in understanding the scope
of the project.

e template: The template for systems was used to structure the FR hierarchy.

e CCAs: The concept of the command and control algorithms was useful in evaluating
the functionality of the control/scheduling software.

6.3.6 Target-oriented product data management (PDM)

The purpose of this case is to configure a product data management (PDM) framework to
support manufacturing system design among companies that are collaborating. This work 1s
part of two German research projects: 1. Thixotec, to design and manage a virtual
thixocasting manufacturing system and 2. InfoLog, which concems field-spanning
information logistics for product development. [Lanza (1998)]

6.3.7 Reuse of design rationale for manufacturing cell desigr_f'

This case concerns manufacturing cell design and the use of axiomatic design as a means to
document and communicate design rationale. The cell performs operations on four families
of rear axle bridges. Each family may be characterized by the diameter of its rear axle pegs.
Within each family, part variants are characterized by different lengths 2nd the fasteners with
which they are equipped. In total there are 35 variants, and an example is showr in figure
6-3.

Figure 6-3. Exanple of part to be transformed

Results

This case from the automotive industry, looking at a cell for rnanufacturing rear axle bridges,
shown in figure 6-4, shows the usefulness of applying axiomatic design as 2 means for

7 This section is adapted from [Martensson and Tate (1998)].
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documenting and storing design rationale in manufacturing cells. The FRs of the system are
an examgple of the third class of time variation where fixed operations are performed on
several parts, in which the number of parts produced is determined independently for each
type. The necessity of fitting a cell within the current production system means that there are
constraints imposed upon the cell, some of which directly come from the design parameters
on a higher level of the system design. Also, as a result of this case, a number of areas vsere
identified as candidates for further work and development: integration of similar lower-level
DPs, determining the right machine capacities, and developing ways for designers to state
FRs consistently.

1. In station

2. Gantry arm |

3. Grinding machine 2
4. Outstation

5. Gantry arm 2

6. Buffer

7. Fixture

8. Drilling unit

9. Threading unit

10. Robot

11. Tool storage

12. Grinding machine 1 11— A . e
13. Buffer = ‘.,‘.'-f".‘-_.’.fi

Figure 64. Layont of the cell
6.4 Discussion of theory application’

This secticn shows more concretely the usefulness of the theory presented in this thesis. The
RMS decomposition (and top-level of the lithography tool) is used in this section to illustrate
the process of applying the roadmap, guidelines, and tools. Furthermore, as discussed in
section 6.2, some of the guidelines can be corroborated through examining cases. Therefore,
this discussion also includes descriptions of other cases in which each of the guidelines and
tools have been applied.

6.4.1 Roadmap and guidelines

The roadmap for decomposition, shown in figure 6-5, described the activities performed by
the designers as the design of the RMS progressed.

# This section is adapted from [Fdedman, et al. (1998a)).
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Figure 6-5. Roadmap of activities in decomposition

The focus in this example is on the new RMS that is being developed. Since the lithography
tool itself is an existing system, an analysis of the design to the point where the RMS fits in is
important to understand the impacts of the design of other subsystems of the tool on the
RMS. An analysis of the lithography tool, conducted independently of the RMS design, was
carried out as described in section 6.3.1 above.

/— LIGHT SOURCE

§ /- PROJECTION OPTICS

ISOLATED BRIDGE

/—BASE FRAME

RETICLE STAGE AIR BAR

RETICLE SUB STAGE
RETICLE PRECISION STAGE

\FAB FLOOR

Figure 6-6. Major components of the lithography tool

This discussion begins with the top-level of the system architecture of the photolithography
machine. The top-level FRs, DPs, DM, and Cs are given in equation 6-1 and table 6-5 below.
Some of the main components of the lithography tool are illustrated in figure 6-6.
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[ FRiTransferpattern | [X O O O O][Photolithography process]
FR2 Manage wafers X X 0 0 O (b) Wafer handler
X FR3 Manage reticles =X 0 X O O (b) RMS ( (6-1)
FR4 Schecule and coordinate X X X X O Tool CCA
FR5 Integrate X X X X X|| Tool support

The highest-level FR defining the project is to print patterns onto photoresist-coated wafers,
and the means for doing this is the lithography tool. The FRs in equation 6-1 are the result
of this higher-level decision. A different choice of the parent DP (other than a lithography
tool) would mean different FRs at this level. If the design of the lithography tool as a whole
were being carried out, the design process could then continue with the generation of a new
set of DPs for these FRs or the analysis of the existing set to see whether it is satisfactory.
Over time, the constraints and FRs for the design have changed thus necessitating changes
to the tool.

6.4.1.1 Sequencing the decomposition

The first activity considered here is sequencing the decomposition. The starting point of this
activity are the design decisions made so far as represented in the design matrix in equation
6-1 above. Guideline A1’ states

The designers have the option of considering a node to be a leaf—and thus not
further decomposing it—when the target object of the sub-FR is different from that
of 1ts parent.

The target objects at the top-level of the lithography tool are the wafers (with photoresist
coatings). At the level shown, the wafers continue to be target objects, and additional objects
are introduced at this level as a result of choosing the photolithography tool as the highest-
level DP (at the parent level). This is shown in figure 6-7. The FR satsfied by the
photolithography tool is to create a patterned layer in order to make a semiconductor device
on a silicon wafer. The DP for satisfying this is the photolithography tool itself. The FRs for
the lithography tool (given in equation 6-1) that affect the wafer and its coating are in darker,
shaded boxes. The FR for managing reticles does not directly affect the wafer or the coating;
reticles are introduced as a result of choosing to use a photolithography tool. The designers
can conceive of other means for creating patterns of light focused on the wafer surface.
These, however, would not be considered photolithography tools at the top level, and their
set of FRs at the next level would therefore be different.

Since this FR does not directly affect the wafer or the coating, the guideline about leaves
indicates that this is a potential leaf or that it can be the start of a project, as in this case. If it
is constdered the start of the project, the designers need to continue decomposition until the
hierarchy fully describes and determines the functions performed on the reticle. Leaves for
one branch of the RMS are shown in figure 6-7.

Guideline A2 states
At each level, define sub-FRs in the order described by the design matrices.

® The guidelines are compiled in table 3-16 in chapter 3. The numberng scheme is given there.
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The nature of the design matrix in equation 6-1 indicates that the RMS can be decomposed
by considering only the details of the photolithography process and the needs of reticle
management.

Figure 6-7. Leaf nodes for one branch of the RMS

Other places where the decomposition sequence can be shown are the CMP, lithography tool, etc. Leaves can
be shown with the track machine.

6.4.1.2 Generating sub-FRs

The next activity considered is the generation of sub-FRs. These sub-FRs are generated for
the FR “Manage reticles” satisfied by the DP “Reticle management system”. The designers’
goals in generating a complete set of sub-FRs are developing a set of sub-FRs which is
sufficient, describes the parent DP, and is solution-neutral.

sufficient set

The sub-FRs generated for the RMS are shown in table 6-3 and figure 6-8. This set of sub-
FRs follows the template for system design (guideline B3), and they are related to multiple
sources of FRs (guideline B1).

A template for system design consists of sub-FRs of the form: process and transport,
command and control, and support and integration.

All potential sources of sub-FRs at a level should be considered. These include,
parent FR, parent DP, parent-level Cs, parent-level DM (as a source of either
potential Cs or sub-FRs), and the set of CNs.
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A good order to consider these sources is first to define sub-FRs based on
knowledge of the parent DP. Second, define additional sub-FRs in accordance with
the parent-level FRs and Cs. Finally, consider the parent DM and CNs.

Table 6-3. Sub-FRs of FR-DP3 “Manage re
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Figure 6-8. Reticle movement through the RMS

The manufacturing cell serves as another exaniple of the system template.

consistent set including describe parent DP

The guidelines that concern consistently describing the parent DP deal with several elements
that lack an obvious within the system architecture. The particular elements that are
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considered in these guidelines are DP resources that vary with time (guideline B4), FRs that
change dynamically with time (guideline B5), and “support FRs” (guideline B6).

To develop a consistent set of sub-FRs, an FR to control the time variation of a DP
resource (sequencing, scheduling, etc) should be at the same level as the DP
resource that 1s changing.

Define support FRs at the parent level when support is carried to multiple sub-DPs
on different branches. Then the connection, between the higher-level support DP
and a particular DP requiring that support, will be a sub-FR.

In the example, the sub-FRs for reticle management at the top-level of the RMS are not all
performed simultaneously. The guidelines describe the nature of the command and control
algorithms (CCAs) that are used in the RMS. In particular, the CCA at the top-level of the
RMS (FR3.4 being considered) is responsible for scheduling the DP resources at this level.
In addition, the guideline about support says that some sub-FRs can be placed under the
“support structure”, connecting with the tool’s power supplies, vacuum lines, environmental
control, etc.

The CMP excample also illustrates the application of both of these ideas.

solution-neutral and minimum sub-FRs

The guidelines for solution-neutral sub-FRs apply to the top-level of the RMS. Different
possible DPs can be chosen (guideline B9). The number of intermediate states of the reticle
are minimized (guideline B10), and few attributes on the reticle are specified per each FR
(guideline B8).

Articulating multiple alternative DPs serves as a check for solution neutrality.
Minimize the number of intermediate states of the target object that are specified.

Specify as few attributes on the target object transformed by the parent FR as
possible, and specify as few new, additional target objects as possible.

The guidelines for generation of sub-FRs were followed. The attributes of the reticle that are
specified for the FRs at this level concern the reticles’ position and orientation (at the library,
wait, and stage-load positions). The intermediate states of the reticle (the target object) are
minimized, that is, the number of intermediate positions within the lithography tool. Setup
and exchange cannot be combined with transfer because the library is located within the
machine not external to it in the fab environment.

The CMP and track machines serve as additional examples of the application of these guidelines. In the
track machine, at the highest-level the attributes that are specified on the deposition (and the developing) of the
Pphotoresist are few; it is only through the selection of DPs, that other, additional process steps need to be
added.

Furthermore, with the CMP machine, there are different ways that material can be removed, thus illustrating
the creation of solution-nentral sub-FRs.
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6.4.1.3 Carrying down and refining Cs

The activity of carrying down and refining constraints is important for the RMS system for
two reasons. It operates within a highly constrained fab environment, and it is part of an
existing system.

The top-level Cs for the lithography tool are shown in table 6-4. Their application (carrying
down) to the sub-FRs that make up the RMS system is given in table 6-5.
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Table 6-4. Top-level constraints for lithography tool

C1 Marketing | Meet throughput specifications VivIivIY|Y
C-2 Marketing | Meet process spec. (arbitrary # of instances) E I I I I
C3 Marketing | Meet transport spcc (a:bntrary # of mstances) 2?2 4?2 |? j?

C-4 Marcketing | Handle customer specnﬁed target ob;ects (a.rbnrary # r\/_ VIivIviY
of instances)

C5 Marketing | Integrate tool with factory environment (host VIivIvI V|V
computer, air and water supply, facilities, etc.)

C-6 Matketing | Make tool "user-friendly” (ergonomics and software | v |V [V | vV | ¥
interfaces)

C-7 Marketing Maxu'mze avmlablhfy / tehabll:ty (mm.umzc MTBF VivIvIv|Y

and minimize MTTF)
C8 Marketing | Minimize fcotprint (do not exceed maximum size) ViviIvi VY)Y
Cc9 Management | Make tool serviceable (easy access for maintenance) | v | v |V | vV [V
C-10 Macketing | Minimize costs (design, manufacturing, operational, | v [V | v |V |V
Management | maintenance, etc.)
C-11 Martketing | Provide ease of testability (make components VIivIVIV|Y
Management | compatible with standard and customer-defined
tests)

Conform to mdustry and safety standards

Integrate maximum amount of existing technology
(minimize redesign of proven components, use off-
the-shelf eqmpment whenever possxble)

C-14 Marketing Include speaﬁed compoaents (arbm'ary # of
Management | instances)

The different types of constraints are illustrated: performance specifications, interface
constraints, global constraints, and project constraints.

All critical performance specifications should be refined as sub-FRs at lower levels of
the design hierarchy.

Interface constraints will be refined into sub-FRs, assuming they are applicable.
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Global object constraints will not be refined into sub-FRs; they will remain
constraints even at the lower levels of the design hierarchy.

According to guideline C4 and C5, the constraints that are expected to “be refined into” into
sub-FRs at lower levels of the design hierarchy are C3.1-6, the ones that are critical
performance specifications and interface constraints. This plays out in the subsequent
decomposition although it is not shown at this level. The sub-FRs that derive from Cs are
shown in figure 6-9 as colored rectangles.

Tabie 6-5. Constraints on decomposition of FR-DP3 “Manipulate reticles” using
“new RMS”

Exchange time (the RMS component of stage down-ume <10
seconds)

Accommodate multiple of reticle carriers with minimum

AGV

----- -‘Global Constraints: --- - 55 v

design effort d
C-5 Transfer non-product file reticles (w/o impacting exchange time) | v/ v] v
C5 ﬁ:;;m:;&d:te multiple types of reticle stages with minimum AAAA
| C-6 Make tool "user-friendly" (ergonomics and software interfaces) vl v] v{ 7] V|
Anticipate future FAB automation technology 1.e. overhead track, AdadaA v

standard and customer—d\.ﬁned tests)

| Minimize umque “hardware and software cmponents e g Staubli

: .__ro]ect Constram“f :

Meet system requxrements for reliability .‘ AA A

Minimize increase to tool footprint vl V| v| v] v

C-12 Protect reticles from damage or contamination vivivivlv

# C-10 Maintain or reduce costs while increasing functionality viv] v] v] v
{ C12 Conform to SEMI / industry / safety standards AAAA
1 Co Make tool serviceable (easy access for maintenance) v v v v] v
Provide ease of testability (make components compatible with AAAAV

integration in 6/99

| c. A v
13 | Rx60CR
C-14 Production ready design w/”’modular” interface available for AAdA A
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Figure 6-9. Sub-FRs affected by consiraints

Other cases that serve to illustrate these guidelines are the track machine and the manufacturing cell

6.4.1.4 Concept gener:tion and selection

A set of sub-DPs shown in table 6-6 and equation 6-2 was chosen for the sub-FRs for the
reticle management system. The design axioms were used in the process of generating and
selecting these sub-DPs. The process then continued with the activities on the bottom row
of figure 6-5. Two of these activities were riot done at this ime, dimensioning and layout.
The one that is considered next is integration of sub-DPs.

Table 6-6. Decomposition of

[}

FR-DP3 “Manage reticles” using “new RMS”

30/ T
; ’Isf eucle (bee lirary | Reticle carrier module
i Setup reticles (at WAIT, for exchange at the | Reticle satup scheme
stage)
il Exchange reticles (at the stage) Reticle exchange scheme
f Schedule RMS Command & control algorithm (CCA)
during <tool, RMS>
D Integrate RMS RMS support framework

The relationships between the system-level FRs and DPs for the new RMS are given in
equation 6-2.
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[FR3.3 exchange_reticles] [X O O O O] exhange_scheme ]
FR3.1 transfer_reticles O X O O Of| carrier_modules

{ FR3.2 setup_reticles = X X X O Of setup_scheme f
FR3.4 schedule_RMS X X X X O||command_control

| FR3.5integrate RMS | | X X X X X || RMS_framework |

6.4.1.5 Integrating sub-DPs

(6-2)

The guidelines for integration of sub-DPs are applied by considering the nature of the sub-
FRs at this level. In the RMS design, the sub-FRs are not all performed at the same time,
therefore according to guideline D1, the decision to integrate the DPs at this level into a
single physical resources is reasonable. This means the sub-DPs on each branch are allowed
to be integrated into the same resource. The details cannot be determined at this level.

DPs which perform the same FRs on the same target object at different times (from

the point of view of the machine), in different places in the design hierarc
integrated physically into the same unit.

hy may be

For FRs which are operations to be performed simultaneously (from the point of
view of the machine), at sufficiently low levels of the design hierarchy, the resources

embodying the DPs should consist of separate components.

Ultimately some of the sub-DPs are integrated, such as the “first mechanism”. Other places

in the design in which the resources for the sub-DPs cannot be integrated includ
for holding the reticles within the library, for example.

Figure 6-10. Integration of sub-DPs into resources

Another example in which sub-DPs are integrated into a single physical resource is the CMP
machine.

Dermck Tate
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6.4.1.6 Check consistency of DMs, etc.

The guidelines for consistency within design matrices are applied to the RMS top-level. The
sub-DPs at this level do not all require the same amount of subsequent decomposition. This
guideline may seem relatively obvious, however it shows that the designers need not be
concerned about whether the DPs at one node are at the same level of abstraction.

The other guidelines for this activity concern the placement of the off-diagonal terms in the
design matrix (guidelines E2 and E3).

The designers have a choice about the location of off-diagonal Xs in design matrices
when the X represents an intecface between two processes.

Given the choice of where to place un off-diagonal term when considering two FRs
and DPs, place it so the most technically challenging part of the design is done first.
That is, the interface between two sub-systems should be defined with the sub-
system that is more difficult to design.

The Xs in the design matrix for the top level of the RMS are consistent with the guidelines.
They are “interfaces” between processes. The X between the setup and exchange 1S an
example. Moreover, to the extent that the designers have freedom in choosing where to put
the X between transfer and setup, it should be placed so *hat the design of the DP for
transfer, the “modular interface” is done later.

Other examples of the application of this guideline can be seen in the AD software.

6.4.1.7 Sequencing the decomposition

After the activities in the bottom row of Figure 6-5, the designers return to the starting
activity of the example, sequencing the decomposition. This time the next FR-DP pair to be
broken down comes from the set of those that were just defined for the RMS. If the
lithography tool itself were the focus, the sub-FRS of the RMS would not be the only
candidates for decomposition, however.

None of the sub-FRs at this level are considered to be leaves (guideline Al).

To determine when a node is a leaf, the designers have the option of considering a
node to be a leaf—and thus not further decomposing it—when the target object of
the sub-FR is different from that of its parent.

Furthermore, the sequence of design decisions followed was that described by the design
matrix at this level (guideline A2).

To identify the next FR-DP pair to decompose, at each level, define sub-FRs in the
order described by the design matrices.

The sub-FR for reticle exchange is decomposed next. The sub-FRs were generated in the

order “exchange reticles”, “transfer reticles”, “prepare reticles”, “schedule RMS”, and
«’ »
integrate RMS”.
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6.4.2 Tools

Case-study example: CCAs for CMP [adapted from [Hintersteiner and Tate (1998a), Hintersteiner and
Tate (1998b), Melvin (1998), Melvin (1999a)]]

The concepts of the command and control algorithms presented in section 4.3.1 in chapter 4
can be illustrated by examining the details of the CMP case-study example. The high-level
decomposition is shown in table 6-7. The first two FRs are process modules required for
planarizing and cleaning the deposited surface on a wafer between layers. FR3 is a system-
level process module that transports wafers between the planarization and cleaning modules.
FR4 is the CCA that is responsible for coordinating the interactions between the process and
transport modules and for passing appropriate control parameters to each process and
transport module. FR5 covers the necessary hardware for integrating the sub-systerns.

Table 6-7. System-level decomposition of the CMP machine

Remove material Planarization process

(@) 3-body abras.on

(b) 2-bcdy abrasion
Clean wafer Cleaning sub-system
Transport wafer Wafer handler
Control tool System-level CCA
Integrate tool subsystems Tool support framework

The relauonshlps between the FRs and DPs for the top-level of the CMP machine are given
in equation 6-3.

removemateriall | [X O O O O|(planarization process]
clean wafer X X O 0 O cleaning module
4 transport wafer L =X X X O Of waferhandler } (6-3)
control tool X X X X O} system-level CCA
integratesub -systems| | X X X X X || supportframework |

Output of algorithms

Figure 6-11 shows various CCAs for the CMP machine as they are distributed throughout
the design hierarchy. The inputs and outputs of these different CCAs are given in table 6-8.
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DP
CMP maching
DP1 DP2 DP3 DP4 DPs
Plunanzan Qeaning sub | Systemn-level Tool supporg
process system Wafer handle cca framework
DP1.1 DPr1.2 DP1.4 DP16
Vedoary sub Abnasive Wn?erlc:m n Presvure Pohl.l) Pl S o Planasgizarion]
systemn system epplication hing p CCA
DP1.1.1 DP1.1.2
. DP.1.13
Rotary pad Wafer modon
sub-sy sub-y Veloaty CCA
Pt DP1112 DP1.1.13 Dr1.1.1.4
oary Motor Transmission Pad CCA
sensor

Figure 6-11. The CCAs of the CMP machine shown among the various branches of the DP hierarchy

L OCA T

I (4) system-level CCA 'p "

; | of FRs) ' MRRs, MRR for
| | - planarization!!

" (1a.6) planarization CCA® . planarization MRR . slucry flow rate(t),

| | ' celative velocity(t),
; |
| {

|
|
_

| applied nominal force(t)

10 All outputs are given in terms of desired values, for example, desired pad velocity—except in the case of a delta
value which is an amount calculated as the needed adjustment amount. The delta amount is based on a
comparison of the desired value and measured value (from a sensor).

1 This CCA passes its input to the CCAs at the next, lower level.

12 CCAs are named in table 6-8 according to their parent DP, so for example, the planarization CCA 15 part of
the planarization module, and the wafer carnier CCA is part of the wafer carrier.
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(1a.3.6) wafer carrier CCA planarization MRR | back-pressure(t),
retaining ring position(t),
: vacuum(t) :
! wafer tilt(t)!? |
(1a.1.3) velocity CCA . relative velocity(t) wafer velocity(t)
7 | pad vetocity(t)
- (la.1.1a.4) pad motion CCA ' desired pad velocity(t)  delta velocity(t)

6.5 Summary and conclusions

This section summarizes academic and industry considerations.

i ider:
The types of cases that have been examined cover a wide breadth. They are taken from
different fields, involve different amounts of detail, different numbers of designers, etc. And
the parts of the theory presented have been both applicable and useful. Therefore, it is

concluded that the theory presented in the preceding chapters meets the criteria for a
progressive research program as described in section 5.2.1:™

e Theoretically progressive condition: Does the theory make new and interesting

predictions or explanations?
The theory for decomposition activities makes predictions about designs and describes the
successes and failures of designers in 2 way that augments the existing body of knowledge
provided by axiomatic design: Only this theory combines the broad scope of describing
decompositicn activities with relatively clearly articulated concepts for applying general
principles to many particular cases.

* Empirically progressive condition: Have some of these predictions and explanations
been corroborated by the empirical evidence?

The theory has proven useful for answering real-world questions encountered by designers in
industry and acadernia as evidenced by the cases presented in this chapter.

© Heuristically progressive condition: As anomalies are identified, are they being

accommodated and explained in 2 manner consistent with the spirit of the heuristic of
the theory, not in an ad hoc manner?

While the theory for decomposition activities is not yet able to answer every question about
decomposition, the presence of questions to be answered or concepts to be further
elaborated, is a hallmark of a healthy research program and provides a direction for further
research. It s a reasonable expectation that the same approach can be used to shed light on
other decisions of the designers that are not yet understood.

1 The presence or absence of this CCA depends on whether there is dynamic control of the gimbal or not.
14 See also section A1.5.4 in appendix 1.
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2 In nsi ion

The importance and impact of this work can in part be evaluated by its applicability to real-
world industrial problems. A motivation, given in chapter 1, has been to address the needs
of designers working in industry in applying axiomatic design. To this end, this theory of
decomposition acuvities along with guidelines and tools for system design, provides answers
to questions that arise 2s designers apply axiomatic design to larger-scale, distributed design
tasks.

It should be noted that companies have adopted different strategies for incorporating
axiomatic design within their development processes. These have been termed the sgp-down
and the diffusive approaches.“ There are benefits and risks associated with each.

nsi rk r

This work can be extended to software tools to assist designers. It can be used to orient
them with respect to the task at hand. Then it can provide appropriate theories and tools as
needed. This way the designers can focus on the creative activity of concept generation and
analysis, aided by the design axioms.

15 The terms are from [Nordlund, et al. (1996)]. Other sources which descrbe the adoption of axiomatic design
by industry are [Fredrksson (1994), Fredriksson, et al. (1994)}.
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CHAPTER 7: CONCLUSIONS

7.1 Conclusions

I have intended to make the following points in this document:

Chapter 1 (and Appendix 4)

Companies have 2 variety of objectives in applying design theories to their product
development processes including reducing product development time and cost, improving
product functionality and reliability, and reducing product life-cycle costs. To address these
needs, academia is developing the field of design theory that relates the design process, the
design object, designers, specific field knowledge, and/or resources for development.

A unifying paradigm for design research is available—that used in developing axiomatic
design theory—and it is used in this thesis. Important characteristics of this view are the
recognition of the importance of rational decision making, an identification of the cognitive
aims of designers, and the development of a robustly descriptive theory of design with
obviously prescriptive consequences.

The particular facet of design theory developed in this thesis is a theory for decomposition. It is
the way in which decisions and infcrmation about the design object are organized during the
design process through the definition of a set of sub-FRs given a parent FR-DP pair and
including all acuvities which connect multiple levels of the design hierarchy. The intention of
this work is to replace the current, ad hoc process for decomposition with one more useful
to designers by providing an answer to this question:

What is a process for decomposition—consisting of activities, iools, and theories—thar empowers
designers to make rational and conséstent design decistons across raulisple levels of the design
hierarchy?

Chapter 2

In performing decomposition, a measure of success is that of wnsistency. That is, do the sub-
FRs, and the rest of the decomposed design, match the design decisions and the
representations of the design that were made at higher levels of the design hierarchy? Good
decision making in performing decomposition leads to design hierarchies that describe a
design object at multiple layers of abstraction, but that consistently describe the same design
object.

A model is needed of the decomposition process that identifies the activities performed,
provides guidelines and tools to assist the designers, guides designers in the sequence of the
decomposition process, and places decomposition into the overall context of system design.

The goal is to understand the means by which the desired objectives of the designers are
achieved. This task is accomplished by identifying for each of the activities performed by the
designers, the designers’ cognitive aims, the options faced by the designers, and rules
correlating options to cognitive aims.

A gystem and system design are defined, and the characteristics that distinguish system design
from component design are identified. When designers conceptualize a system, they consider
a DP thart is decomposed into an assemblage of disparate elements that acting together
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perform the desired higher-level function. The differences between sysiem and component
design motivate the need for additional tools specifically intended for system design. Two of
these proposed here are command and control algorithms (CCAs) and flexibility.

Chapter 3 (and Appendix 2)

A palette of activities and guidelines that can be applied in decomposition is developed. This
work has a practical slant towards addressing some of the questions that arise in applying
axiomatic design to real, industrial design tasks. This is apparent by looking at the questions
that have been identified and answered for each of the decomposition activities: definition of
sub-FRs, identification of relevant CNs, physical integration of DPs, directing progress of
the decomposition, dimensioning and configuration of DPs, layout of DPs, carrying down
and refining Cs, and ensuring consistency between levels.

Specifically the following contributions are made:

e sequencing the decomposition: guidelines for identifying leaf options and guidelines
for guiding the decomposition process (what items and order are important in
defining sub-FRs)
defining sub-FRs: guidelines for developing a complete set of sub-FRs
constraints: tools for documenting constraints, guidelines for identifying the impacts
of constraints (such as which ones become sub-FRs and which ones do not)

e physical integration: guidelines for when DPs can be integrated into one resource
unit
consistency: a procedure for defining sub-FRs so DM elements are consistent
overall roadmap and method: understanding the relationship between activities in
design and decomposition, identifying specific goals, and mapping activities to
available design theories

Chapter 4

In this chapter, tools are presented that address situations that are encountered in specifically
system design. The tools which are presented here are modeling and control of time
variation within a system design and representation of flexibility.

Considerations of time variation are shown to have substantial impacts on two areas of the
design: physical integration of DPs and allocation of DP resources through command and
control algorithms (CCAs). These CCAs perform three functions: sequencing sub-FRs,
scheduling DPs, and controlling hardware parameter values. This chapter has demonstrated
how command and control issues can be represented in a system architecture. It shows that
the components (DT's) required for control are spread out over the multiple branches of the
design hierarchy in which active control is required. On the lowest levels, specific actuator
and sensor equipment is correlated with a hardware control algorithm to coordinate low-
level inputs and outputs. On higher levels of the hierarchy, command algorithms exist to
schedule and coordinate all of the lower-level command and control algorithms.

The concept of flextbility in FR spans is introduced. This deals with dynamic “spans” in the
specification of FR values, how these can be accommodated in DP selection, and how the
concept of information content and its calculation can be extended to deal with them.

The contributions of the chapter include detailing the following:
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e software and hardware interfaces, the integration of command and control within the
system architecture

o physical integration of DPs into resources that can be dynamically allocated to meet
the changing FRs

® extension of information content to include variety in inputs and outputs

Chapter 5 (and Appendices 1 and 3)

It 1s the belief of the author that research into design can be performed in a scaentsfic way. that
scientific methods can be applied to expand our understanding of design and the principles
which underlie it. Axiomatic design theory possesses all the necessary components of a
progressive research program: It makes unique predictions about design and the successes
and failures of designers; it has proven useful for answering real-world questions
encountered by designers in industry; and it continues to successfully digest new problems to
be solved without resorting to ad hoc strategies in modifying the theory.

The approach followed in this work is consistent with that followed in axiomatic design
theory and also meets the criteria of a progressive research program. The hypotheses of this
work are empirically validated through several industrial cases.

Chapter 6

In summary, the cases presented in this chapter demonstrate the usefulness of the theory
presented in chapters 2 through 4. The roadmap of decomposition activities serves as a
guide for the designers in performing decomposition and system integration within the
context of axiomatic design.

Furthermore, the goals articulated for the different decomposition activities are found to
correspond to the goals of the designers in practice, and the guidelines are found to provide
appropnate support to the designers in satisfying their goals.

The cases to which these ideas have been applied, in which the author participated, include
the following: design of a tool-exchange mechanism (RMS) which accommodates much
customer variety, software control algorithms for machine control, and diagnosis of coupling
in machines. Other cases incorporating these ideas, but without the author’s direct
involvement include these: reuse of design rationale for manufacturing cell design, software
designs, and system analysts.

The following innovative results were obtained in designing and analyzing the RMS:

¢ development of design concept from system-level to leaves (hardware or software)
integration of software design with hardware design, as part of the same hierarchy
physical integration of DPs into resources for providing functions at different times
including selection of appropriate hardware: end effector, mechanisms, etc.
® development of a “modular interface” that incorporates new and anticipates future
CN's and the prediction of the design effort for new variants of the “modular
interface”
® integration of axiomatic design on a project with multiple engineers and distributed
task responsibility
The roadmap for decomposition was able to guide the design of the CMP machine in several
ways [Melvin (1999b)]:
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® pguidelines: The specific guidelines that the designer singled out as useful include
considering all sources of sub-FRs (guidelines B1 and B2), identifying multiple
alternative DPs to check solution-neutrality (guideline B9), defining support FRs
(guideline B6), and carrying down and refining Cs (guidelines C1-C8).

e CCAs: The role of CCAs in enabling operational modularity is useful for the CMP
tool. There are several different processes that the machine may be required to
perform, and the ability to reconfigure the machine dynamically increases its
flexibility greatly. The need to dynarnically change the FRs and DPs of the machine
depending on the particular wafer requirements may be handled in an efficient
manner using CCAs. This overall machine control must be balanced with the low-
level control of individual axes. The natural refinement of the CCAs as the hierarchy
progresses allows the control system to develop in an integrated manner with the rest
of the machine.

The roadmap for decomposition described the activities performed by the designer during
the progress of the AD software project. The theory for decomposition activities was useful
in the following areas:

e activities and goals: Articulating a set of goals for the decomposition activities was
useful in guiding the designer, particularly in terms of assistance in generating sub-
FRs (keeping in mind all the relevant goals). Understanding design dependencies as
given in the design matrix and their implications on the sequence of decomposition
was also useful.

e sequence of activities: The sequence of activities in decomposition model proved
useful and is being incorporated into the latest version of the software.

e flexibility: The concept of flexibility was useful in structuring the options available to
the user and providing and representing the functionality to enable the options.

According to Hintersteiner, the designer performing the system analysis of the
photolithography tool, the theory for decomposition activities was useful in the following
areas [Hintersteiner (1998a)]:

e constraint management: The theory provided guidance about the treatment of
constraints. The way in which the system-level constraints were carried down to the
lower-level FRs was particularly important and relevant.

e decomposition sequence: This design exhibits many instances in which the order of
design decisions for one subsystem of the design must precede those of another
subsystem. And knowledge of how to identify leaves and thus be able to stop
decomposing was important in this analysis. Given the scope of the task—to create a
system architecture for the whole machine—knowledge of when to stop kept the
project manageable; otherwise it had the potential to continue indefinitely.

o levels of abstraction: It was useful to recognize that the DPs at a single layer of the
design hierarchy are not all at the same level of abstraction; therefore they do not all
need to be decomposed the same number of additional layers.
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® defining sub-FRs: The template for system design was used to structure the sets of
sub-FRs, and the multiple sources of sub-FRs were considered in developing 2
complete set.

The types of cases that are examined cover a wide breadth. They are taken from different
fields, involve different amounts of detail, different numbers of designers, etc. The parts of
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APPENDIX 1: RESEARCH METHODS FOR DESIGN THEORY!

This chapter is about the development of design theory, about how research in design theory
is—and should be—done. Important works in design theory since 1850 are identified. The
current state of design as a pre-paradigm science is explained, in section A1.2, motivating the
need for a unifying view of design. Given the state of the field, a framework for design
theory is presented in section A1.3, and in section Al.4, a research process model is
proposed as a scientific way of doing research in design theory. These are discussed in light
of modem views in the philosophy of science and their criteria for theory evaluation and
scientific progress. Research in design can be treated in a scientific manner, but this must be
done from a sophisticated view of scientific practice, one with the proper criteria for
evaluating progress: at the level of the research program, not the individual theory as
explained in section A1.5. Lastly, the use of axiomatic design as a unifying program for
practicing design research is presented in section A1.6.

ATl.1 Introduction

Much research in design is being pursued currently at universities around the world. While
several studies that describe the subjects of research in design have been published, very few
publications provide guidance about how research can be done. It is difficult to identify
established research methods that have been accepted by most researchers in this field, and
in fact, when they are published, research results in design are rarely accompanied by an
analysis of the research method that was followed or a discussion of the validity of the
method with regard to the results of the work.

In order to provide a stringent research method that can be applied in this thesis, this
chapter proposes an answer to the question: what is a research framework that, if followed,
will lead to scientifically valid results? From this framework, a research process is derived to
apply to research in design theory. The main contribution of this chapter is a proposed
research process model to achieve scientifically acceptable research. The intent here is not to
make a major contribution to the philosophy of science but rather to transfer some of the
thoughts from this field to the field of design, to complement these with some published
ideas available in the field of design theory, and to form some relevant conclusions for the
present work.

Researchers have looked at parallels between performing scientific research and following
the engineering design process [Eekels and Roozenburg (1991)] or at the application of
general knowledge acquired through science in doing design [Willem (1990)]. Neither of
these is done here. Instead, the purpose in this chapter is distinct: It looks at the gpplication of
scientific methods lo generate knowledge about design. Science is seen as the application of accepted
“scientific” methods to generate knowledge. The knowledge which is produced is known as
a theory.

! Parts of this chapter are adapted from [Nordlund and Tate (1996)] and have appeared in [Nordlund (1996)).
The differences between this chapter and those sources lies primarly in changes to “Theory validation”
(section A1.5.4) and the addition of “Discussion on axiomatic design” (section A1.6).
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A1.2 Design theory: the need for a unifying paradigm

This section describes the ways in which research methods for design theory are an
intellectually interesting topic for discussion. First, the few papers which have addressed the
subject are discussed in section A1.2.1. Then the need for a unifying view (known as a
paradigm or research program) is detailed in section A1.2.2.

In this section, the need for accepted research methods within the field of design theory is
addressed. The main review papers for research in design in the US are the two parts by
Finger and Dixon from 1989 [Finger and Dixon (1989)).” These papers cover a large amount
of work either done in the US or translated into English. They are also significant because
other researchers have continually referenced them and have used the classification of design
research presented within them. The history of the field, however, may be traced back to
research done in Germany in the 1850s.

Table Al-1—which is derived from material presented by Altshuller, Bjarnemo, Pahl &
Beitz, Phadke, and Suh [Altshuller (1988), Bjirnemo (1983), Pahl and Beitz (1988), Phadke
(1989), Suh (1990)]—lists some of the most influential work in the field of design theory.’

Very little European research builds on theory developed in the US and vice versa. One
explanation for this is the language barrier. Finger and Dixon write that even though much
work has been published in German, only 2 small fraction has been translated into English
[Finger and Dixon (1989)], and going in the reverse direction, even less material has been
translated from English into German. Research tradition, peer pressure, and pre-existing
intellectual networks' have been additional important factors—beyond the language
barrier—in isolating the different research communities.

A1.2.1 Discussions of research methods

Only a handful of researchers have seen the need to discuss research methods for design
theory. Therefore, very few papers dealing specifically with research methods in design
theory are available.

2 Reviews of literature in design theory are plentiful, and the field has several examples of a particular type of
review in which research results are grouped according to some classification scheme—see for example, [Cross
(1993), Dixon (1987), Tate and Nordlund (1995)]—or according to geographic ongin—{Arciszewski (1990),
Eder (1990b), Hundal (1990), Tomiyama (1990)}. None of the classificatons found, however, were according
to research methods.

3 Other sources with many references for the field include the following: [Dwarakanath, et al. (1996),
Evbuomwan, et al. (1996), Hongo (1985), Hundal (1990), Karandikar and Shupe (1995), Steinberg (1994)].

4 [Collins (1998)] presents an interesting theory for the transmission of ideas (‘cultural capital”) across
generations. Some of the main components of this theory are the existence of few rivalries within an
intellectual field at any time, the importance of face-to-face contacts for identifying the current fronts of
intellectual investigation and debate, and the uneven production of papers across the research community.
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Table Al-1. Some unportam work in desngn theory

RSt T |
‘Researcher ..

| F. Redtenbacher | nnznpen der Mechamk und des Mashmenbaus B
F. Reuleaux and C. Moll | Konstruktionslehre fiir den Maschinenbau 1854
F. Reuleaux Teoretische Kinematik: Griindziige einer Theorie des 1875
Maschinenwesens
C. Bach Die Maschinenelemente 1881
A. Riedler Das Machinenzeichnen 1913
A. Erkens Beitrige zu Knostruktionserziehung 1928
F. Kesselnng Die starke Konstruktion 1942
H. Wogerbauer Die Technik des Konstruierens 1943
F. Zwicky The Morphological Method of Analysis and Construction | 1948
G. Niemann Maschinelemente 1950
F. Kesselnng Bewertung von Konstruktionen 1951
G.S. Altshuller On the Psychology of Inventive Creativity 1956
| R. Matousek Konstruktionslehre des Allgemeinen Maschinenvaus 1957
! M. Asimow Introduction to Design 1962
' A. Leyer Maschinenkonstruktionslehre 1963-71
H.A. Simon The Science of Design 1969
J.C. Jones Design Methods 1970
W. Rodenacker Methodishes Konstruieren 1970
G.S. Altshuller Algorithm of Invention 1973
R. Koller Eine Algoritmisch-physikalisch Orienterte 1973
Konstruktonsmethodik
V. Hubka Theorie der Maschinensysteme 1973
VDI 2222 Blatt 1 Konzipieren Technisher Produkte 1973
F. Hansen Konstruktionswissenschaft - Grundlagen und Methoden 1974
' K Roth Aufbau und Handhabung von Konstruktionskatalogen 1974
| V. Hubka Theorie der Konstruktionsprozesse 1976
F. Olsson Systernatisk Konstruktion 1976
G. Taguchi Jikken Keikakuho (Eng. trans. System of Experimental Design) | 1977-78
G. Pahl and W. Beitz Konstruktonslehre 1977
N.P. Suh, A.C. Bell and On an Axiomatic Approach to Manufacturing and 1978
D.C. Gossard Manufactuning Systems
G. Nadler The Planning and Design Approach 1981
| G. Boothroyd and Design for Assembly - A Designer’s Handbook 1983
; P. Dewhurst
© S. Pugh * Further development of the Hypothesis of | 1985
» Static/Dynamic Concepts in Product Design
- D. G. Ullman Mechanical Design Methodology 1986
" J. Hauser and D. Clausing ; The House of Quality | 1988
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Antonsson and Dixon [Antonsson (1987), Dixon (1987)] propose ways that scientific
methods can be applied to design research in order to stimulate discussion about the topic—
discussion which has not materialized. Dixon discusses general scientific methods such as
generation and validation of theories. He follows this with a description of three types of
design theories: prescriptive, descriptive cognitive, and computational.

Antonsson discusses the validity of hypotheses and means by which to test them. A
hypothesis the statement “2 device to perform a certain function can be designed and
fabricated” is not valid because it is not a research question; instead, the advancement of
design theory requires “investigation into aids for the [design] process”. [Antonsson (1987)
p. 153] The example Antonsson gives, however, is inconsistent with his stated criteria:
“Engineering design research /s more than the creation of new designs. Designing a new
toaster probably by itself is not EDR [engineering design research).” [Antonsson (1987) p.
154] The example conceming the design, fabrication, and testing of a robotic hand is not
research into design so much as research into grasping and manipulation.

Reich [Reich (1995)] proposes the study of research methods, but he does not propose any
method himself. “Since some [research methods] are better than others for different
purposes, it becomes valuable to study different methodologies and their influence on
research practice and results.” [Reich (1993) p. 211] Although Reich realizes that there are
multiple acceptable methods for performing design research, he does not recognize and
consider differences in goals among design researchers. He seems to assume that “impacted
design practice” is a goal of all design research. To say that it is the onfy valid goal at the level
of an individual research project, however, is overly restrictive. An idiographic study (see
section A1.5.1) describing the development of a particular design object,’ say the Boeing 777,
would not be considered design research according to this view.

A paper by Cross focuses on research methods to develop theories to “understand just how
it is that people do design”. [Cross (1992) p. 3] and gives several research methods that deal
with the collection of knowledge during an actual or simulated design project. Eder describes
the work of researchers following the WDK research tradition [Eder (1990a)] (see also
Wallace and Hales. [Wallace and Hales (1989))] Also, several useful papers can be found
dealing with research methods in general. [Reich (1994), Steinberg (1594)]

As the lack of literature dealing with research methods in design, their use, and their validity
indicates, when investigating bow scientifically valid research in design theory should be done,
very few guidelines can be found in the published literature.

Al1.2.2 Design as pre-paradigm science

This section answers the question: what is the status of research in design theory? Several
researchers have commented on the status of the field and noted that it is still in an early
stage of development. For example, in Ullman’s opinion, “there is not yet a specific theory
to describe. It is still evolving...Design theory research is in the pre-theory stage. There is
still a search for the basic vocabulary and building blocks of a theory.” [Uliman (1991) p.
794, 800] According to Dixon, “There is much yet to be learned and formalized before we

5 [Dwarakanath, et al. (1996)] gives an extensive list of descrptive studies.
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may say that a scientific theory and foundation cf principles exists for engineering design.”
Thus he says, the field is “in a pre-theory stage”. [Dixon (1987) p. 147]

Discussion at a workshop in design theory [(1992) p. 213] concluded that the field of design
theory “lacks

1. aclear agreement about the goals to pursue
2. ashared research methodology
3. a broad theoretical framework to relate the findings of isolated pieces of research to
one another”
In this chapter, the approach of Kuhn is used to describe elements required for the scientific
endeavor and to point out which are still needed within design research. [Kuhn (1970), Kuhn

(1977)

A1.2.2.1 The goal of design research

The goal of design theory can be stated in many ways. One encompassing description is that
by Cross: “the study of how designers work and think, the establishment of appropriate
structures for the design process, the development and application of new design methods,
techniques and procedures, and reflection on the nature and extent of design knowledge and
its application to design problems”. [[Cross (1984)] quoted in [Cross (1993)] p. 66] Individual
researchers are solving subproblems within this field, but their work contributes to the
overall goal of understanding how design is, can be, and should be done.

Al1.2.2.2 The design research community

There does exist a community of researchers in design, yet the community does not share a
common framework for viewing design research. Although the goals of individual
researchers fit within the overall goal of the community, the methods used vary greatly
depending on background and colleagues. In Ullman’s words, the design research
community “is still discipline and viewpoint fragmented”. [Ullman (1991) p. 800] That s, the
community consists of small groups which each have their own framework for viewing—
identifying, communicating, solving—research issues. (See [Tate and Nordlund (1995)] or
appendix 3 for a discussion of four such groups.)

The lack of a single paradigm, however, does not preclude the existence of a community. As
Dixon says, “researchers in engineering design theory...constitute a single goa/-directed research
community’. [Dixon (1987) p. 146] The claim that a common, accepted paradigm is not a
prerequisite for a research community is justified because, according to Kuhn, “Scientific
communities can and should be isolated without prior recourse to paradigms; the latter can
then be discovered by scrutinizing the behavior of a given community’s members.” [Kuhn
(1970) p. 176}

Moreover, it 1s the lack of an accepted set of research methods that is the crux of the issue.
It is not 2 disagreement about the overall goal of design theory or a lack of communicaiion
channels. The goal of design theory can be stated in such a way that it includes the work of
most researchers as done above, but differences in the means by which design theorists seek
to reach that goal have led to the fragmented nature of design theory research.
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A1.2.2.3 A paradigm for design theory

Paradigms for research consist of “accepted examples of actual scientific practice—examples
which include law, theory, application, and instrumentation together—][that] provide models
from which spring coherent traditions of scientific research.” [Kuhn (1970) p. 10] A paradigm
is a unifying view of a discipline (“the entire constellation of beliefs, values, techniques, and
so on shared by the members of a given [research] cornmunity” [Kuhn (1970) p. 175]) that is
brought about exemplars (“the concrete puzzle-solutions which, employed as models or
examples, can replace explicit rules as a basis for the solution of the remaining puzzles of
normal science” [Kuhn (1970) p. 175]). Thus, for example, Newton’s Prinapia is a treatise
which served as a unifying vision for the paradigm of Newtonian mechanics.

A research program can be defined as “a sequence of theories representing the development of
a central idea.” [Larvor (1998) p. 54] This is the term used by Lakatos, and I argue that this 1s
fundamentally the same concept as Kuhn’s paradigm or Laudan’s research tradition—although
none of the three makes the same argument himself.

According to Lakatos, a research program consists of a “hard core” and a “heuristic”. The
hard core is the governing idea for the research program which remains consistent throughout
the life of the program and which cannot be abandoned without abandoning the research
program altogether. The heuristic is the research programs’ collection of problem-solving
techniques. Similarly, for Laudan (who does not admit an unchanging hard coze), a research
tradition consists of “(1) a set of beliefs about what sorts of entities and processes make up
the domain of inquiry; and (2) a set of epistemic and methodological norms about how the
domain is to be investigated, how theories are to be tested, how data are to be collected, and
the like.” [Laudan (1996) p. 83]

Therefore from the above, a paradigm or a research program consists of

o ontology: an identification of the fundamental concepts or entities which make up
the field of study

o aims: an articulation of the scope of the field in terms of both problems which have
been solved (exemplars) and problems remaining to be solved (anomalies) which should
be covered by the program, and are expected to be, but have not been yet

e methodology: guidelines for further developing the program—particularly in a
manner consistent with the problem-solving approach that the program has been
following

e theories: relationships between the fundamental concepts of the field and application
to the specific problems

Kuhn describes the transition from the pre- to the post-paradigm period in the development
of a scientific field. “Before [the transition] occurs, a number of schools compete for the
domination of a given field. Afterward...the number of schools is greatly reduced, ordinarily
to one, and a more efficient mode of scientific practice begins....[Tlhe transition need
not...be associated with the first acquisiion of a paradigm....What changes with the
transition to maturity 1s not the presence of a paradigm but rather [the presence of a
paradigm of a specific] nature....Many of the attributes of a developed science [are]
consequences of the sort of paradigm that identifies challenging puzzles, supplies clues to
their solution, and guarantees that the truly clever practitioner will succeed.” [Kuhn (1970) p.
179]
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Lack of a common paradigm within design leads to miscommunication. Design theorists
hold multiple worldviews and see “different things when they look from the same point in
the same direction....[T]hey see different things, and they see them in different relations one
to the other. That is why a law that cannot even be demonstrated to one group of scientists
may occasionally seem intuitively obvious to another”. [Kuhn (1970) p. 150]

Differences between these competing paradigms can be seen by examining the literature
within design theory. For example, a consistent set of terminology for the field does not
exist. When one group of theorists describes the design process, this is only a fraction of the
activities considered design by another group. Also, the ways in which design objects are
modeled are very different as are the ways in which the models are used. (See [Tate and
Nordlund (1995)] or appendix 3 for further discussion.)

The conclusion of this section is that there does exist a research community in design theory.
The field of design theory, however, is in a pre-paradigm stage. There is no single accepted
framework (set of examples, and set of questions and solution approaches) which define the
work in this field. Rather, there exist several competing schools for design theory research.
Therefore, design theory is still in a pre-paradigm stage. The remainder of this chapter
articulates a view on how to move beyond this point. It describes what is needed in a
paradigm for design theory, proposes a framework for viewing research in design theory, and
describes a research process which contributes to theory development.

A1.3 Areas of fundamental knowledge for design theory

Knowledge in design can be abstracted into fundamental areas. When knowledge is related
between or within these fundamental areas, a theory of design is generated. The areas of
fundamental knowledge which are covered within design theory can be abstracted as shown
in Figure A1-2:

the design process

the design object (the product of the design process)
designers

specific field knowledge

® resources (such as time, money)

This abstraction agrees with fundamental areas put forth by other researchers. According to
Dixon, the areas of fundamental knowledge which are required for “a descriptive cognitive
theory of design” are the designer(s), the problem, the organizational environment, the
design environment (including information resources and computer-based and other tools),
and time. [Dixon (1987) p. 152] In the TIPS (theory of inventive problem solving) school—
researchers following the work of Altshuller—the fundamental areas modeled are a process
of design and products of this process [Sushkov, et al. (1995)]. In praxiologic design science,
from Poland, the elements considered are designers, the design object, and the design
process. [Arciszewski (1990) p. 211]

Specific design theories are then concerned with one or more of these fundamental areas.
For example, axiomatic design (AD) relates the design object to decisions in the design
process [Suh (1990)]. The theory of technical evolution within TIPS is an abstraction of the
evolution of engineering systems, from many fields; as such, it is concerned with only design
objects. Similarly other design theories provide insight about one or more of the above
fundamental areas.
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A1.4 A research process model and framework. for design theory

Al.4.1 Research process model

In this section a model of the research process is presented, as shown in Figure Al1-1. The
purpose of this model is to make explicit one scientifically acceptable research process that
can be applied to research in design theory.’

The input of the process is a research question and the output is a theory that can be tested
or used for explanation and prediction. The main phases of the research process are data
gathering, theory development, and theory validation. Each phase comprises one or more
activities that are performed to generate knowledge. In some research projects, an individual

6 The models in this section are presented using the SADT/IDEF0 notation. It is assumed that the reader 1s
familiar with SADT/IDEFO notation. For further reading on SADT/IDEFO, see for example [Marca and
McGowan (1993), Ross and Schoman (1977)).
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researcher works through all phases. In other projects, the work is imtiated by one
researcher, and the results of this phase are passed to a different researcher who then
contiinues the research by working in a subsequent phase.

Each phase and its activities are described in more detail in the following sections.

A1.4.2 Framework for design theo

Figure A1-2 shows that scientific theories cotnprise fundamental knowledge areas in the form of
perceptions and understandings of different entities, and the relationships between these
fundamental areas. These perceptions and relationships are combined by the theorist to
produce specal consequences that are predictions or explanations of observations.

Design process

Design object Designers
n-lnn'cnships General k.nowlcdgc
d Qg =
Field knowledge

Specific knowledge

areas

Special consequences

Cormpare with reality:
explain,
predict,

test

Figure A1-2. Elements of design theory

The fundamental knowledge areas are at a more abstract level than observations of real-
world data. Such fundamental knowledge may take the form of mathematical expressions
(mechanics), categorizations of phenomena or objects (biology), and other models. Such
fundamental knowledge, together with the relationships between them, constitute a #eory. “a
network of statements which, in conjurction with initial conditions, lead to explanations and
predictions of specific phenomena”. [Laudan (1996) p. 83] A theory may be one of two types,
depending on the way in which the fundamental knowledge areas are treated. They may be
treated as either

© hypothetcal

o axiomatic
If they are treated as axioms (ot /aws) then their validity is not questioned. The distinction s
not whether they are generally accepted as true, but rather the use to which they are put. If
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they are not being tested, they are being weated as axioms. The concern, in this case, is with
the consequences that follow. If the fundamental knowledge areas are being tested, they are
not being treated as axtoms. Instead, when questioned, the fundamental knowledge areas are
being treated as Ayporheses. In this case, the consequences which result are used to corroborate

or to refute the hypotheses.
So, the distinction between these two theoretical systems

e axioms (or laws), relationships, and consequences
e hypotheses, relationships, and consequences

is named by referring to the first case as an axiomatic theory and the second as a hypothetico-
deauctive theory. An axiomatic theory is concerned with denved knowledge; a hypothetico-
deductive theory is concerned with testing the validity of hypotheses.

In either case, the fundamental knowledge areas are combined with information about
particular real-world situations to derive logical consequences. The consequences themselves
are not the hypotheses. The consequences are at a more detailed, less abstract, level than the
hypotheses and/or axioms from which they were derived. These consequences can then be
used to fulfill three purposes:

® to test

e to predict

e to explain
Hypotheses lead to consequences which are used either to test or to make predictions
(which could be a test). Axioms lead to consequences which are used to explain or to make
predictions (which are subsequently not tested). The use of these logically derived
consequences to test or to predict is termed applied research. The use of the consequences to
explain observed events or facts is pure (or basic) research. [Follesdal, et al. (1993) p. 185]

An important consideration in understanding the expansion of knowledge is the interest of
the researcher. Is the researcher more concerned with fundamental knowledge or with the
application of such knowledge to a specific situation? Fundamental knowledge which resules
from different perceptions of phenomena or situations may be used to derive both
consequences which predict and consequences which explain. In the first case of
consequences which predict, the researcher’s concern is with expanding the quantity or
adding to the validity of the fundamental knowledge. This research adds to knowledge about
the hypotheses; more is known about whether the fundamental knowledge (hypotheses,
here) is valid, or not. In the second case, when consequences are used to explain, the
researcher’s concern is with the particular case in which observations are made and to which
the theory is applied. Thus, more is known about the particular case to which the
fundamentals (axioms, here) are applied. The researcher zdds to an understanding of that
special case.

In design theory, the role of a design researcher is to develop new design theories and to
verify these. In the following sections, a process for such activities is presented. It is not
intended that the algorithm below be interpreted as the only valid means to perform design
research, yet it should be a sufficient one.

The above approach may be interpreted as overlapping too much with the positivist
approach to science. Therefore a discussion of philosophy of science is needed. In particular
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the approach described here is distinguished from the positivist approach by the means for
theory evaluation (see section A1.5.4.2).

A1.4.3 Approaches to philosophy of science

Philosophy of science answers questions about ontology, epistemology, and methodology of
science. That is, what are the important concepts which make up science? How is knowledge
generated by science? What is good scientific practice?

Important developments in this field over the past fifty years are discussed here; this
provides background for understanding the development of design as a scientific discipline.

The following views of science are discussed here:

Logical positivism/logical empiricism

Falsificationism (Popper)

Scientific revolutions (Kuhn)

Methodology of scientific research programs (Lakatos)
Normative naturalism (Laudan)

The positivist view of science was well-accepted in the early part of the twentieth century. Its
emphases were on separating theory generation from theory validation and for developing
means to validate theories. The characteristics of positivism are dependence on empiricai
observation, defined vocabulary, explanations of phenomena deduced from laws and initial
conditions, and a belief in theory reduction (that the laws of specialized disciplines can be
explained by deduction from more basic laws, or axioms). Scientific inquiry in the positivist
view is seen to comprise four steps: recording of observed facts, analysis and classification of
facts, generalization of the facts by induction to form laws (or axioms), and further testing of
the laws. This view of science focused on using rules of induction to prove general scientific
laws. To account for the fact that a series of observation could not, strictly speaking, prove
the theories, statistical means were proposed for assigning probabilities to the likelihood of
different theories’ validities. The reader is referred to works such as [Hempel (1966)] for a
description of the positivist position.

Problems with the positivist view were recognized by Popper who attempted to solve them
by describing science as a process which grows through critical experiments and falsification.
In this view, scientists spend their time devising critical experiments and respond rationally
by rejecting theories as soon as they produce false results. The key intellectual quest for
supporters of this view is to devise means for demarcating science and non-science. As
applied, this is equivalent to dernarcating conditions under which a theory could be said to
be falsified and articulating experiments to test this.

The problem with the falsification view of science, of course, is that it is unsupported by the
history of science itself. It does not accurately describe the day-to-day activities of scientists,
nor does it describe the means by which new theories become accepted and replace old
theories. These faults were identified and rectified by Kuhn who proposed that science
advances by means of successive scientific “revolutions”. According to Kuhn, scientists
adopt a particular paradigm of their field which serves for establishing the important
concepts, for describing their relationships, for teaching, for identifying important problems,
and for directing research activities. [Kuhn (1970), Kuhn (1977)]
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To accurately account for the historical development of science (as done by Kuhn) while
maintaining a desire for demarcating good science from bad (as desired by Popper), Lakatos
developed a theory of scientific research programs. This theory is notable for its
sophisticated view of theory validation and choice of a research program. [Lakatos (1978),
Larvor (1998)]

Further clarifications of scientific practice have been articulated by Laudan. [Laudan (1996)]
Al.5 Research activities

This section discusses research activities which contribute to the growth of knowledge
within a scientific field. The useful output of theories are special consequences which serve
to explain or predict different phenomena. These consequences and their usefulness then
serve as a metric for measuring and evaluating the successes of theories and the research
programs of which they are a part. The use of theories and derivations to explain and predict
events is generally agreed upon by philosophers of science; the means by which such
consequences support theories or lead to scientific growth is, however, a subject of intense
debate and sharply diverging views.

A1.5.1 Data gathering

Data gathering is normally the first phase of a research project. It begins after a research
question has been proposed, and its outputs are data about one or several events or
phenomena.

The researcher can either gather data to provide a detailed description of one event or
phenomenon (this is called /diographic research), or the researcher can gather data from
multiple different events in order to search for patterns in this data (this is called nomothetic
research). In figure al-1, it is observed that the researcher acts as the control for these data
gathering activities; therefore the data that is gathered will be biased by the researcher’s
implicit or explicit hypotheses about which data are relevant and which are not.

Al.5.1.1 Empirical studies and case studies

Case studies are found in literature of design theory, yet their role in the research activity and
their scientific validity are often not discussed. Case studies are empirical inquiries that
investigate contemporary phenomena with multiple sources of evidence where the boundary
between phenomena and context is unclear. They can be either practical or scholarly, or
preferably, both. Their purpose can be description, problem solving, criticism/interpretation,
or theory building. [Yin (1994) p 4]

Because the data gathering activities lay the foundation for the research work, it is important
to ensure that the results of this activity are scientifically rigorous. Scientifically rigorous
case-study research should produce results that are [Bailey (1992) p 51]

e Generalizable: Good case studies identify those features that are uniform and
generalizable across organizations or events. At the same time, case studies wiil also
identify those features that appear to be relatively unique.

o Transferable: The findings or research solutions can be applied (some times with
minor modifications) in other similar organizations,
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o Replicable: It should be possible to reproduce the method of experimentation and
analysis. Given the same conditions and using the same methods, the same or similar
results should be obtained in other studies or with other organizations. However,
exact replication in design is most likely impossible since conditions can never be the
same twice. Changes in context; time; market and economic conditions; or the
possibility of Hawthome effects (see [Gillespie (1991)]) make research projects

involving human beings singular events.

To facilitate replication, Yin [Yin (1994) p 70] prescribes the use of a case study protocol.
Such protocols contain the case study method as well as the procedures and general rules
that should be followed. A protocol should include the following sections [quoted from
[Bailey (1992) p 51]:

e “Overview of the case-study project (project objectives and auspices, case-study
issues and relevant readings about the topic being investigated);

e field procedures (credentials and access to the case-study sites, general sources of
information and procedural reminders);

e case-study questions (the specific questions that the case-study investigator must
keep in mind in collecting data, table shells for specific arrays of data and the
potential sources of information for answering each question); and

e guide for the case-study report (outline, format for the narrative, and specification of
any bibliographical information and other documentation).”

The greatest pitfall in case study research is researcher bias. Researchers must avoid having
preconceived notions to prevent bias and to allow the discovery process to occur. In order
to avoid bias, it is recommended that researchers continually discuss their research design
and interpretations with colleagues. The need to avoid such bias thus precludes “a study
conducted retrospectively or concurrently on an organization by one of its employees” from
being acceptable research. [Bailey (1992) p. 52]

A1.5.2 Theory development

Theory development is made up by two different activities: hypothesis generation and theory
generation. A theory is defined as a set of fundamental concepts (axioms or laws) and the
relationships between them. Hypotheses are those fundamental concepts and relationships
which are being tested. Hypothesis generation is discussed in section A1.5.2.1, and theory
generation is discussed in section A1.5.2.2.

A1.5.2.1 Generating hypotheses

The hypothesis generation activity uses the data from the data gathering phase as its input,
and delivers hypotheses as its output. Hypotheses are always proposed as more or less
brilliant guesses.

When generating hypotheses, there can be a large number of hypotheses that can be used to
explain a finite number of observations. From all these potential hypotheses, a small number
should be selected for further investigation.
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The crteria for a good hypotheses are quantity and variety of corroborating evidence
(evidence the hypothesis was constructed to explain), strength of new predictions (those the
hypothesis was not constructed to explain), deductive support from other well-supported
hypotheses or theories, and simplicity (relative to other competing hypotheses). [Hempel
(1966) Ch. 4 pp. 33-46]

Hypotheses are stated as general laws for deductive-nomological explanation and prediction.
Specifically they are “statements of universal form”; that is, they assert a uniform connection
between different phenomena. They take the form of a statement that when certain
conditions are met, a certain outcome occurs, for example: “In all cases when conditions of
kind F are realized, conditions of kind G are realized as well”. Also a law can support both
subjunctive and counterfactual conditionals (things that might occur, but haven’t and things
that might have happened, but didn’t). [Hempel (1966) pp. 54-57]

A1.5.2.2 Generating theories

The characteristics of a theory are that it clarifies the concepts which make up the theory,
and more importantly, it clarifies the relationships between the concepts. [Follesdal, et al.
(1993) p 75] According to Popper, a theory “should proceed from some simple, new, and
powerful, unifying idea about some connection or relation (such as gravitational attraction)
between hitherto unconnected things (such as planets and apples) or facts (such as inertial
and gravitational mass) or new ‘theoretical entities’ (such as fields and particles)” [Popper in
[Blum (1996) p. 241]

A theory is created by grouping different concepts and then using logic to deduce principles.
Thus, the inputs to this activity are fundamental knowledge in several different areas, and
hypotheses. [Follesdal, et al. (1993) p 76] This is shown in figure al-1, where it can be seen
that during theory generation the researcher acts as the mechanism for generating a theory
while being guided by logic.

A1.5.2.2.1 Narmative statements as universal laws

Normative statements as universal laws may strike some people as inappropriate. As argued
by Laudan, such discomfort is unwarranted. Normative statements may easily take the form
of universal laws when the cognitive ends of the statement are made explicit.

Laudan argues that justifying such statements is no more difficult than justifying any other
scientific theory. Such prescriptive statements are on the same episternic basis as other
scientific laws; that is, they can be justified using the same scientific methods as other more
obviously descriptive laws. However, Laudan does stress that such statements should be
linked to a desired cognitive end. That is, what is it that the users are trying to achieve by
following such a rule?

The specific example that Laudan discusses is that of creating scientific methodology. (See
[Laudan (1996) Ch. 7, pp. 125-141].) These are prescriptive statements that researchers
should follow in choosing hypotheses and theories. The statement of a rule, could be that to
find a theory with a broader scope, researchers should not adopt ad hoc hypotheses. Then
this type of rule can be tested by examining the historical record and seeing if this is actually
the case. Did following this rule lead to the desired cognitive ends more often than following
competing such rules?
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The form that Laudan proposes is this:

If actions of a particular sort, 7, have consistently promoted certain cognitive
ends, ¢, in the past, and rival actions, 7, have filed to do so, then assume that
future actions following the rule “if your aim is e, you ought to do »° are
more likely to promote these ends than actions based on the rule “if your ain
is ¢ you ought to do n.” [Laudan (1996) p. 135]

and this is evaluated according to the following:

Given any proposed methodological rule (couched in appropriate conditional
declarative form), do we have-or can we find—evidence that the means

proposed in the rule promotes its associated cognitive end better than its
extant rivals? [Laudan (1996) p. 135]

A1.5.3 Use of consequences derived from theory

A theory, once generated, can be used to deduce special consequences that are used for one
or more of three purposes: to support or refute the underiying hypotheses during the theory
validation phase or to explain or predict events or phenomena. These uses are explained in
this section.

A1.5.3.1 Deducing consequences

Based on the theory and knowledge researchers have about a specific event or phenomena
(used as inputs), they can deduce special consequences based on the theory that apply to the
event or phenomena under consideration. These consequences are used to [Féllesdal, et al.
(1993) p 39]

e explain something that has been observed (section A1.5.3.2)
o predictsomething that has not yet been observed (section A1.5.3.3)
e test the theory and its hypotheses (section Al.5.3.4 and A1.5.4)

The special consequences also serve as feedback for the theory generation activity and guide
modification to the theory, if needed.

In the situation where the principles which underlie the deduction of consequences are
assumed to be certain, this type of deductive system is referred to as a axiomatic system. In this
case, the interest of the researchers is not in verifying the truth of the underlying principles
(thus referred to as @donms); rather the researchers are concemed with the implications of the
axioms with regard to the specific event or phenomenon. [Follesdal, et al. (1993) p 77] If, on
the other hand, the researchers are deducing consequences in order to test the validity of the
underlying hypotheses, this approach to theory validation is known as the Aypothetico-deductive
method.

Researchers use laws (or hypotheses) for explanation and prediction by specifically deducing
an explanation of an event E from a set of general laws (L,, L,, ...L,) and inital conditions
(C,, Cy ... G

L,L,...L,

C.C,..C

Therefore E
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The only difference in this explanation between explanation and prediction is the time at
which the event occurs.

A1.5.3.2 Explaining

The explaration answers the question “why?” The phenomenon to be explained
(explanandum) can be an ewent, for example, why did the Chemobyl nuclear accident occur?
Alternatively a more permanent state of affairs can be explained, for example, why is the Boeing
777 wing shaped the way that it is?

There are three categories of explanations commonly used in science:

e Causal explanations are used in physics, where, for example, they contain references
to various forces that are causing some phenomencn. The ways in which these
forces act can, in turn, be explained by atomic physics. A causal explanation of an
event X, consists of identifying an earlier event Y and a set of initial conditions Z,
such that there is a causal law saying that under the conditions Z, Y will always be
followed by X. [Follesdal, et al. (1993) p. 199]

e The functionalistic explanation is the opposite of the causal explanation. A
phenomenon is explained by what it causes rather than what has caused it. Biology is
characterized by explanations of this kind: An organism’s behavior and structure are
explained by the organism’s function, for example, favorable effects on the
organism’s ability to reproduce. To provide a functionalistic explanation of a
property X in the organisms of a population is to show that X has better
consequences for an individual organism’s ability to reproduce, than all close
alternatives to X: That is, X is 2 local maxima with respect to reproductive ability.
[Follesdal, et al. (1993) p. 208]

® Intention explanations presume that there is a person or a “being” that has the
intention one is referring to when explaining the phenomenon. These explanations
are important when explaining actions or choices, for example, to explain decisions
made by organizations, corporations or nations. An intention explanation of an
action consists of showing that the acion—according to the acting agent—was the
best means te realize some desired ends. Furthermore, it must be shown that this
correspondence between action, desires, and ideas was not random, but rather that
the action was executed ecause it corresponded to the acting agent’s ideas and
desires. [Follesdal, et al. (1993) p 219)

A1.5.3.3 Predicting

Predictions have the same logical form as explanations. The difference is that the facts that
are expressed as the logical conclusion have not yet been observed.

A1.5.3.4 Testing

In order to test a theory, researchers first logically deduce a prediction and then observe
whether an event happens that fulfills the prediction. In order for a prediction to be useful in
hypothesis testing, it must be empirical. Such a prediction is then called an empirical
consequence. [Follesdal, et al. (1993) p 62}
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Strictly speaking the validity of consequences derived from a theory do not prove the validity
of the theory. Logically, it is impossible to conclude, based upon a true (successful)
prediction, that the theory from which the prediction was derived is also true. This faulty

reasoning is known as gffirming the consequent:
If H s true, then E

E is true (as shown by the empirical evidence)

Therefore, H is true

Given that such conclusions are not justified, how is it that science progresses? And how can
empirical evidence be used logically to guide researchers in theory selection? These are the
issues and questions that have plagued philosophers of science for the last fifty years or
more. An approach for dealing with them is discussed in the next section.

Al.5.4 Theory validation

The purpose of this phase is to validate the theory by testing consequences that regard some
specific situation and that have been derived from the theory. There are three activities
during this phase:
deducing consequences (as described above)
testing to support or refute the theory, and its underlying hypotheses (as described in
section Al1.5.4.1)
e evaluating the research program of which the theory is a part (as described in section
A154.2)

A1.5.4.1 Testing the theory

The last phase in the research process is the validation of the theory. As its next activity,
after deriving predictions, is testing to correlate predictions with empirical results; this is the
activity of festing the theory. It has as its inputs the special consequences from the previous
consequence-deduction activity empirical observations or facts, and the output of the activity
is a correlation between the predicted consequences and the observed facts. As can be seen
in figure al-1, the researcher and logic act as the controls for the hypothesis testing activity.
Empirical studies and case studies are often also used during this activity to gather
observations (see section A1.5.1.1).

A1.5.4.2 Evaluating research programs, not theories

The next activity, following the correlation of predictions with empirical results is to evaluate
the overall performance of the research program of which the theory is a part.

The way in which a research program advances is through developing and refining theories.
What largely remains consistent throughout the life of the program are the key concepts, the
scope of the field, and the history of past solved problems. However, the details of the
theories will change as more and more anomalies are brought within the scope of the
program and as the researchers’ understanding of the field grows and matures. Therefore,
according to Lakatos, this “shifts the problem of how to appraise zheories to the problem of
how to appraise [a] series of theonies. Not an isolated theory, but only a series of theories can be
said to be scientific or unscientific: to apply the term ‘scientific’ to one single theory is a
category mistake.” [Lakatos (1978) p. 34]
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The judgement of whether a research program is suitably scientific, or not, is done in terms
of several factors as discussed next. Specifically, two things are needed:

e cntera for evaluating whether a research program is progressing or degenerating
(section A1.5.4.2.1)
e alternative research programs to consider (section A1.5.4.2.2)

A1.54.2.1 Criteria for progressive and degenerating programs

The crteria for choosing a research program is related to—but not synonymous with—the
existence of anomalies or counterexamples. That is, anomalies are defined as “recalcitrant
instances, not [as] refutations” [Lakatos (1978) p. 4] Specifically, anomalies are identified
with the expectation that they will be “solved” by the research program. The issue is whether
the process of solving these anomalies is done in a2 manner consistent with the programs’
heuristic—that is, its program-specific set of problem-solving techniques. [Larvor (1998) p.
55] (As an example, for Newtonian mechanics, its heuristic consists of its mathematics:
differential calculus, differential and integral equations, etc. [Larvor (1998) p. 53]) Given that
all theories have anomalies (and thus according to Popper’s definition would be considered
to be falsified), their quality may be judged according to the following criteria. A “progressive”
research program meets these conditions [Larvor (1998) pp. 54-55]:

e Theoretically progressive condition: It must make new and interesting predictions,
that 1s, “undreamed of” [Larvor (1998) p. 55] by other theores. And these
predictions are particularly good if they are counterexamples to rival research
programs. [Lakatos (1978) p. 5]

e Empirically progressive condition: Some of these predictions must be corroborated
by the expenimental evidence.

® Heunstically progressive condition: Furthermore, when anomalies are identified, the
progressive theory must be accommodating and explaining these anomalies in a
manner consistent with the spirit of its heuristic (as opposed to in an ad hoc
manner).

Degenerating programs are ones in which the new theory lags behind the facts.

A1.5.4.2.2 Need for a better program to switch

Another thing which must be considered when evaluating research programs is the existence
of other, competing research programs. That is, no research program is abandoned without a
better research program to switch to. As Lakatos describes,

“Contrary to naive falsificationism, no experiment, experinental report, observation
statement or well-corroborated low-level falsifying hypothesis alone can lead to falsification.
There is no jfalsification before the emergence of a better theory...But, of course, if
falsification depends on the emergence of better theories, on the invention of
theories which anticipate new facts, then falsification is not simply a relation
between a theory and the empirical basis, but a multiple relation between
competing theories, the orginal ‘empirical basis’, and the empirical basis
resulting from the competition....The very term ‘counterevidence’ has to be
abandoned in the sense that no expernimental result must be interpreted
directly as ‘counterevidence’. If we still want to retain the time-honored term,
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we have to redefine it like this: ‘counterevidence to T, is a corroborating
instance to T, which is either inconsistent with or independent of T, (with
the proviso that T, is a theory which satisfactonly explains the empirical
success of T,). This shows that ‘cucal counterevidence—or ‘crucial experiments’ can
only be recognized as such among the scores of anomalies [to theory T] only
with hindsight, only in light of some superceding theory.” [Lakatos (1978) -p.
35-36]

A1.5.4.3 Switching to a new research program

Once a research program is degenerating and programs exist that rival it, how is the decision
made to switch from one program to another? This question can be posed from the point of
view of the individual researcher, and it can be posed from the point of view of the research
community as a whole.

The critenia for evaluating programs discussed above provides some insight into the nature
of the choices which are made. Specifically if a program is progressmg, it is a perfectly
reasonable decision to stick with a research program, and if a program is not progressing, it
is advisable to seek another program. The decision to abandon a research program, however,
is not made in a vacuum. It may be clear to researchers that the program to which they
belong s not longer progressing, yet their ability to switch to a new program is inherently
limited by the presence of other competing, attractive programs or by their ability to create
such.

The issues in switching to new programs are discussed in this section. These involve the
following:

revolutions as the mechanism for change (section A1.5.4.3.1)

incommensurability (section A1.5.4.3.2)

e gains and losses in the transition (section A1.5.4.3.3)

o the number and availability of competing programs (section A1.5.4.3.4)

A1.5.4.3.1 Revolution as the mechanism for change

The switch from one research program to another is what Kuhn refers to as a sdentfic
revolution. This term is used because of the radical change in world view that can accompany
the switch from one research program to another. It is not a sudden shift of the entire
research community; rather it is a gradual shifting in the numbers of the individual
researchers who practice one research program versus another.

In the situation where two programs are competing and one is progressing while the other 1s
degenerating, the choice between programs is straightforward. However, Laudan discusses
the choice researchers make between competing research programs when both are
considered progressive. (See [Laudan and Laudan (1989)].) In this case, conflict arises
between the groups of researchers in terms of their program choice when the groups do not
share the same criteria for evaluation. That is, the different researchers place differing
importance on the conditions listed above (for example, theoretical versus empirical results).

Some scientists will initiate the switch to a new program. Their motivation 1aay be the
greater scope of explanatory power of the new program, (that is, its application to a wider
variety of problems) or perhaps its intemal consistency or simplicity. Another attractive
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criterion is the explanation of novel facts which the old program is unable to explain, and
these can be the facts that the new program is constructed to explain. Lastly 1s the prediction
of novel facts which were not used in the generation of the program is wis~ attractive.

As more work is done to flesh out a new program, the amount of evidence which supports
or refutes the program will grow, and as the evidence grows, increasing numbers of
researchers will become convinced of the program’s merits—or lack thereof, Therefore, over
time, one program is likely to become dominant.

A1.5.4.3.2 Incommensurability

According to Kuhn, different paradigms exhibit incommensurability.” This quality prohibits
researchers who practice the different programs from having conversations that are
completely meaningful. The scientists are unable to communicate because—although they
may use the same words—the meanings of the words are different. Furthermore, these
scientists are unable to judge the validity of each other’s work because these differences in
concepts result in the fact that there is no uniform standard for what counts as evidence.

Scientists using different paradigms “inevitably see differently certain of the experimental or
observational situations to which both have recourse. Since the vocabularies in which they
discuss such situations consist, however, predominantly of the same terms, they must be
attaching some of those terms to nature differently, and their communication is inevitably
only partial. As a result, the superiority of one theory to another is something that cannot be
proved in the debate. Instead,...each party must try, by persuasion, to convert the other.”
(Kuhn (1970) p. 198]

One recourse to this problem is translation between the two views. As Kuhn describes,
“Brefly put, what the participants in a communication breakdown can do is recognize each
other as members of different language communities an then become translators....Each
[participant] will have learned to translate the other’s theory and its consequences into his
own language and simultaneously to describe in his language the world to which that theory
applies. This is what the historian of science regularly does (or should) when dealing with
out-of-date scientific theories.” [Kuhn (1970) p. 202]

There may not be complete communication between researchers within the two different
programs, However, once a rival program has been translated into one’s own, a researcher
should be able to make judgements about its merits in problem solving: the ones already
solved and its promise in new problems to be solved. Then the researcher can decide
whether to stay with the old program or to switch to the new.

A1.5.4.3.3 Some loss of explanatory ability in transition to new paradigm

The shift from one research program to another is not a uniformly progressive change. On
the one hand, it many address only some of the anomalies that the old program was unable to
solve, particularly at the beginning of the new program. So, some of the anomalies of the oid
program will remain as anomalies at the start of the new one. [Lakatos (1978) p. 36n]

7 For a counter argument, see [Weinberg (1998)].
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In addition to the above lack of progress, a new research program may not even explain 2/
of the successes of its predecessors. “When a new candidate for a paradigm is first proposed,
it has seldom solved more than a few of the problerns that confront it, and most of those
solutions are still far from perfect....Of course, it handles some problems better...But the
older paradigm can presumably be articulated to meet these challenges as it has met others
tefore [at least according to its defenders)....In addition, the defenders of traditional theory
and procedure can almost aiways point to problems that the its new rival has not solved but
that for their view are no problem at all.” [Kuhn (1970) pp. 156-157] Even Lakatos
recognizes that “one must treat budding programs leniently.” [Lakatos (1978) p. 92]

Laudan shows that such non-cumulativity can be due to the fact that some problems cannot
even be formulated in competing theories, let alone solved. The proper way of viewing

scientific progress then is progress towards a cognitive aim—be it, number of problems
solved, maximizing probability of beliefs, etc. [Laudan (1996) Ch. 6, pp. 113-122]

A1.5.4.3.4 One versus many paradigms in “normal science”

A key idea of Kuhn’s is the existence of one unifying paradigm for a field at a ime. Ths 1s
true, he argues, for mature sciences, and he sees this as a positive characteristic of science,
one that allows a field to progress. It is, in effect, a defining characteristic of a science: a field
which has one unifying paradigm may be termed sdentific. [Kuhn (1970) pp. 160-164] In
addition to mature sciences, Kuhn describes a stage in the history of any discipline in which
that field may be said to be in a pre-paradigm phase or a pre-saensific phase of its development.

The progress which Kuhn describes as happening within a mature science is the solving of
new “puzzles”; that is, science is fundamentally a “puzzle-solving” activity. Scientists draw
upon their education, experience, etc. (within a particular paradigm) in order to solve new
previously-unsolved puzzles, and the fundamentals of the field are no longer questioned.
“Before it [the transition from the pre- to the post-paradigm period in the development of a
scientific field] occurs, a number of schools compete for the domination of a given field.
Afterward, in the wake of some notable scientific achievement, the number of schools 1s
greatly reduced, ordinarily to one, and a more efficient mode of scientific practice begins.
The latter is generally esoteric and oriented to puzzle-solving, as the work of a group can be
only when its members take the foundation of their field for granted.” [Kuhn (1970) p. 178]

One a research community has adopted a common paradigm, at least the fundamentals are
no longer constantly questioned, and to a large extent the focus of the field’s practitioners is
on the solving of the puzzles articulated by the now-accepted paradigm, thus leading
effectiveness and efficiency to the field’s progress.

“When, in the development of a natural science, an individual or group first produces a
synthesis able to attract most of the next generation’s practitioners, the older schools
gradually disappear. In part their disappearance is caused by their members’ conversion to
the new paradigm. But there are always some men who cling to one or another of the older
views, and they are simply read out of the profession, which thereafter ignores their work.”
[Kuhn (1970) pp. 18-19]
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Al.5.5 Application to history of science

One advantage of Lakatos’ and Kuhn’s approach to the philosophy of science is that they
justify their work based on the actual historical progress of science. Lakatos goes so far as to
argue for his criteria of progressiveness as a means for evaluating his own work. Also
Laudan acknowledges the importance of evaluating methodological criteria against the
verdicts of history. [Laudan (1987)] That is, does a rule for theory choice lead to useful
resuits, validated by history? In contrast, the results frcm applying Popper’s falsification
criteria to Ais work leads to the conclusion that since sorae scientists stuck with their theories
despite empirical results which could be considered to have falsified them, then Popper’s work
has been falstfied and should be rejected! [Larvor (1998) p. 50]

Al.5.5 Summary

Therefore, the key idea of validation is that scientists do not look at individual critical
experiments, but rather evaluate the overall success of a program (series of theories) relative
to its competitors. No theory is ever going to be “proven” inductively from empirical
evidence, so in program evaluation, the questions becomes these: Which program does the
evidence support more? Which program holds more promise for continued good results
(correlation with reality) and for improved knowledge (new problems solved)?

A1.6 Discussion on axiomatic design

This section brings together the above ideas about design theory and research methods and
uses them to describe axiomatic design as a unifying research program for design theory.
This section discusses how axiomatic design fits the criteria for a unifying program and
evaluates it against the criteria for being progressive or degenerating,

A1.6.1 Axiomatic design: a science of design?

The components of a research program (as described in section A1.2.2.3) are these:

® ontology: an identification of the fundamental concepts or entities which make up
the field of study
® aims: an articulation of the scope of the field in terms of both problems which have
been solved (exemplars) and problems remaining to be solved (anomalies) which
should be covered by the program, and are expected to be, but have not been yet
® theories: relationships between the fundamental concepts of the field and application
to specific problems
e methodology: guidelines for further developing the program—particularly in a
manner consistent with the problem-solving approach that the program has been
following
The underlying hypothesis of axiomatic design is that there exist fundamental principles that
underlie good design practice. This is combined with a view of design practice as a broadly
applicable process including creativity and decision-making: a set of activities in which
designers develop and/or select the means to satisfy objectives, subject to constraints.

Of course, this idea is stated very broadly, but to flesh it out, Suh and his colleagues have
articulated specific concepts and examples to show, to teach, and to more fully understand
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how these ideas can be applied to specific situations.” Here, only enough of the theory will
be presented to explain how axiomatic design may be viewed as a research program for
understanding design.

Fundamental concepts

The fundamental concepts of axiomatic design are domains (including CNs, FRs, DPs  «.),
hierarchies, zigzagging, independence, and information content. Each of these concep. 1s a
hypothesis or set of hypotheses within one of the knowledge areas of design theory.

Relationship to fundamental knowledge areas and hypotheses

The above concepts of axiomatic design fall within the scope of the field of design as given
in secticns A1.2.2.1 and A1.3. Specifically the statements about domains and hierarchies are
hypotheses about the design object; the statements about zigzagging and information deal
with the design process and the design object; and the statement about independence is a
theory which relates the two areas with the resource of time. The concepts are listed in table
a1-2 along with their hypotheses and associated knowledge areas.

{701

mapping

Design problems can be modeled as a
between domains.
Requirements are to be articulated in a solution- |
neutral environment, that s, in a distinct domain
from the physical (or even mntangible) solution.

, Hierarchies Design object Design consists of a hierarchy of design tasks at
| multiple levels of abstraction. !
E Zigzagging Design object and Decisions made at higher levels of the design :
! process hierarchy constrain and formulate design i
| problems at lower-levels. !
Information Design object and Information content is a means for measuring the
! content process (more “quality” of a design. !
1 object) The quality of the design must be evaluated against
( a clearly stated set of requirements (including
f tolerances, etc.) O
. Independence Design object and There is a positive correlation between design
| process and decisions that maintain independence among ;
? resources functional requirements and both improved
design quality and reduced use of resources (such
as time) ‘
Independence can be modeled in terms of design
matrices.

8 An overview of axiomatic design is given in appendix 4 in which are discussed the basic concepts of the
theory, its development, and recent advances.

9 This is not meant to be an exhaustive list of hypotheses associated with each concept, rather, a representative
sample.
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Theories

The theories of axiomatic design relate the above concept and knowledge areas. The areas
which are connected by theory in axiomatic design are the design process and the design
object. Axiomatic design consists of the concepts plus the relationships between them.
There is a cotrespondence between the goodness of designs and the decisions made by
designers: Specifically, if designers follow independence in making their design decisions,
their designs will have a higher probability of meeting the designs’ requirements.

"Two universal laws of design are the design axioms. These are the Independence Axiom and
the Information Axiom. They are usually stated as follows:

The Independence Axciom:
Maintain the independence of the functional requirements.

The Information Axdom:
Minimize the information content of the design.

Can these properly be considered as scientific theories? The answer is yes.

Methodological statements as universal laws

An argument was made in section A1.5.2.2.1 that universal laws can have the form of
normative statements. The same argument can be applied to the design axioms. In axiomatic
design, the desired cognitive aim is to improve the satisfaction of requirements versus time
(and other resources), and this can be tested empirically.

Overall, the idea for axiomatic design is that by following the design axioms better designs
will be achieved. These better designs may be interpreted in terms of probability of satisfying
requirements and should also include a notion of time. Specifically either better designs
should be created given the same amount of time (improved effectiveness), or alternatively
designs of comparable quality should be achieved in less time (greater efficiency).

Aims and methodology

In this section the components which make up axiomatic design have been discussed, its
fundamental concepts and its theories. Moreover, the scope of axiomauc design is fully as
broad as that of design theory in general because axiomatic design is generally applicable to
all design problems—as evidenced by the breadth of the case studies to vrhich it has been
applied. Finally axiomatic design provides a mechanism for researchers or engineers to
addresses new problems through modeling the problems in terms of domains, hierarchies,
and design matrices, and then to examine the independence and information content of the
design.

Therefore, yes, axiomatic design does possess all the necessary components of a research
program, yet, 1s axiomatic design a progressive research program? The next section addresses
the growth of the field. Is axiomatic design capable of answering more and more questions?
Is it bringing anomalies (or problems to be solved) within its scope? Is it doing this in a
manner consistent with its heuristic? The answers to these questions are vital in proper
theory validation and program choice.

A1.6.2 Axiomatic design as a progressive research program

There are three conditions for a research program to be progressive (see section A1.5.4.2.1):
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® Theoretically progressive condition: Does axiomatic design theory lead to new,
“undreamed of” predictions—particularly in contrast with other theories?

e Empircally progressive condition: Does axiomatic design theory have experimental
corroboration of some of these predictions?

¢ Heunstically progressive condition: Is axiomatic design explaining and accounting
for anomalies in a way that is consistent with the spint of its heuristic?

The answers to each of these questions is yes as described briefly in the next sections,
A1.6.2.1, A1.6.2.2, and A1.6.2.3 respectively. Furthermore, it should be mentioned that there
are no competing, better research programs for design theory which explain the successes of
axiomatic design and make better predictions.

A1.6.2.1 Theoretically progressive condition: new predictions

Axiomatic design makes predictions about designs and describes the successes and failures
of designers in ways that no other theory of design does. Other research may describe what
it is that designers do (as in idiographic, descriptive research). Other research programs rnay
provide prescriptive advice about narrow design problems (for example, specific field-relateci
rules). Only axiomatic design, however, combines the broad scope of describing any
decision-making activity with relatively clearly articulated concepts for applying principles to
many particular cases thus enabling use of the theory and its empirical validation.

Axiomatic design as created explained the successes of a small number of designs—
principally from the field of manufacturing process design. (Granted the axioms were
intended to be universally applicable laws, but the number of concrete examples Suh drew
upon in creatung the axioms was very small, less than a dozen.) Subsequently axiomatic
design has been successful widely beyond the scope of the few design successes it was
inductively created to explain. Therefore, yes, axiomatic design leads to some interesting
predictions beyond the scope of the problems it was developed to explain.

Al.6.2.2 Empirically progressive condition: corroborating empirical results

Axiomatic design has proved useful in many real-life, industrial cases. The number and
variety of its applications are too numerous and broad to discuss in detail here. (See for
example [Nordlund (1996), Nordlund, et al. (1996), Suh (1996), Suh (1999)] for descriptions
of recent successes in using axiomatic design.) Axiomnatic design has been applied to many
fields—including products, software, systems, business planning, etc.—beyond the initial
one of manufacturing processes.

A1.6.2.3 Problem-solving approach and digesting of new problems
Axiomatic design poses interesting research questions which remain to be solved.

The heuristic for axiomatic design consists of its analysis of designs in terms of design
hierarchies and matrices. These concepts have been partially systematized in the form of
system architectures which capture the relevant information and have been assisted by
software tools for their capture.

Recent advances in axiomatic design are the incorporation of time-varying FRs, robustness,
command and control, CAD tools, application to business planning, incorporation of other
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tools (for example, TIPS), and ECOs. No one would have thought to look at some of these
issues without first understanding axiomatic design and identifying design questions the
researcher or designer needs to answer. Some areas of work to be done include cost, system
design, and diagnostics.

Al1.6.3 Summary

The argument made here is that, axiomatic design does possess all the necessary components
of a research program. Moreover, axiomatic design constitutes a progressive research progranr.

1. Axiomatc design makes predictions about designs and describes the successes and
failures of designers in ways that no other theory of design does: Only axiomatic design
combines the broad scope of describing any decision-making activity with relatively
clearly articulated concepts for applying general principles to many particular cases.

2. It has proven useful for answering real-world questions encountered by designers in
industry.

3. Axiomatic design, however, is not yet able to answer ewry question posed about every
design problem, yet the presence of questions to be answered (or concepts to be further
elaborated), is a hallmark of a healthy research program and provides a direction for
further research.

Therefore, following the research approach (beuristi) of axiomatic design and addressing the

problems it identifies (anomalies or problems to be solved) is a valid way of adding to the

scientific body of knowledge of design. As such it has been chosen as the starting point for
this research.

A1.7 Conclusions

In conclusion, this chapter has sought to make several points.

First, the need for a unifying view of design is established. Second, the ideas of philosophy
of science are applied to the field of design to elaborate the activities performed by
researchers who seek to understand desigr. It is the belief of the author that research into design
can be performed in a saentific way. that scientific methods can be 2pplied to expand our
understanding of design and the principles which underlie it. The criteria for judging the
results of scientific research—theories and research programs——are articulated and applied to
research in the field of design theory.

Third, the above ideas are brought together as axiomatic design is presented as fulfilling the
need for a unifying vision of design. Axiomatic design theory possesses all the necessary
components of a progressive research program: It makes unique predictions about design
and the successes and failures of designers; it has proven useful for answering real-world
questions encountered by designers in industry; and it continues to successfully digest new
problems to be solved without resorting to ad hoc strategies in modifying the theory.
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APPENDIX 2: DESIGN PROCESS ROA DMAP!

A2.1 Introduction

An effective product development process, supported by scientifically validated design
theories and tools, is becoming an increasingly useful asset in industry for reducing lead-
times and costs as well as for improving quality. However, engineers and managers in
industry have not been able to integrate theory and practice into their product development
processes because they lack a means by which to match their unique problem situations and
activities with available design theories and methods—including, for example, Axiomatic
Design [Suh (1990), Suh (1995z)], Pahl and Beitz’s method [Pahl and Beitz (1988), Pahl and
Beitz (1996)], Quality Function Deployment (QFD) [Clausing (1994)], Robust Engineering
(Taguchi methods) [Phadke (1989)], Structured Analysis and Design Technique (SADT)
[Ross (1977), Ross (1985)], Theory of Inventive Problem Solving (TIPS/TRIZ) [Altshuller
(1988)], Total Design [Fugh (1991), Pugh (1996)], VDI 2221, and the WDK school (Hubka’s
theory) [Andreasen (1991b), Hubka and Eder (1992), Hubka and Eder (1996)].

As stated by Cross [Cross (1992) p. 9], “[W]e lack a successful, sinplifying paradigm of
design thinking. Those simplifying paradigms which have been attempted in the past—such
as viewing design simply as problem-solving, or information-processing, or decision-making,
or pattern-recognition—have failed to capture the full complexity of design thinking.”

Ross defines a mode/ as “M is a model of A if M can be used to answer questions about A”
[Ross (1985)]. This chapter presents a model of design process activities for the use of those
interested in implementing product development processes, supported by theories and tools,
and for those interested in explaining the events and outcomes of these processes. The
purpose of this model is to provide answers to questions including

© What is a design process model which is flexible enough to include all instances of
the design process and which is specific enough to enable designers and managers to
integrare available design theories and tools into their practice?
How can an observed phenomenon in a design process be explained?
How can design theories and tools be used to better support the activities of the
design process?

e What is the context of a current research effort?

To answer these questions specific design activities which comprise all design processes were
identified so that practitioners can piece them together in an appropriate sequence. This
yields a flexible tool for structuring unique design processes for design situations
encountered in industry, yet the tool is sufficiently specific to allow mapping of theories and
methods to activities. It can also be used in academia to identify new research questions and
to place research in a context useful for industry.

! This chapter is adapted from [Tate and Nordlund (1996)), which will also appear as [Tate and Nordlund
(1998)].
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AZ2.2 Model of the design process

The design process model presented in this section is an abstraction and generalization of
several design processes that were studied in European and US industries. [Nordlund (1996)]
In the model, terminology from axiomatic design [Suh (1990), Suh (1995a)] has been used in
order to identify consistently the information developed during and transferred between the
activities.

A2.2.1 Properties of the design process model

The design process model consists of a collection of distinct activities with clear starting and
end points. Each activity is the transformation of inputs to outputs. These activities can be
sequenced in many ways. The activities are to be fit together into a project-specific design
process. Each project will have its unique sequence, depending on its status, scope, and

goals.

Figure A2-1 shows all activities and the possible links between them in a design process
roadmap. This model should enable the explanation of the decisions regarding the sequence
of activities of any design process. The design process model consists of a set of activities:
project control and decomposition, concept generation and analysis, design object analysis,
decoupling, optimization, and tuning,
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The start of a design process (i.e., project) is at the left side of figure a2-1. Here, customer
needs and constraints imposed by the customer and the environment are the input. At the
end of the design process, at the right of figure a2-1, a solution is specified in terms of
product and implementation (i.e., manufacturing) details.

A2.2.2 Descriptions of the generic activities and their problem situations

This section contains a detailed description of each activity in the design process model in
figure a2-1. Each description explains the acuwity’s purpose, inputs, outputs, and typical
questions encountered in the activity.

A2.2.2.1 Project control and decomposition

Project control and decomposition is the activity in which the scope of and controls on the
design project are established. In a design project, this activity will be revisited multiple
times. This activity will be performed when it is necessary either to plan for work at a more
detailed level of the design or to plan activities in response to an inability to solve a previous
problem.

Durirg project control, possible courses of actions are evaluated and decided upon. The
scope of the design project and other project management issues such as a budget,
milestones, etc. are decided. Typical questions of this activity include the following;

e What resources are available to solve the problem?
e Will a project be a new design or an adaptation of an existing design?
e How can the project be decomposed into subproblems?

The inputs of project control and decomposition can vary. At the beginning of a clean slate
project, the inputs are customer needs and constraints. At the start of a re-design, or
evolutionary design project, the inputs will include customer needs, constraints, and
additionally a representation of the existing design object. When this activity occurs in an
ongoing design project, the inputs will be descriptions of the design object at the current
level of abstraction and a description of problems which have occurred, if any.

Outputs of this activity are project goals, constraints, and instructions on for conducting the
design project through performing a sequence of activities.

A2.2.2.2 Design object analysis

Design object analysis, the analysis of an existing solution, presupposes an existing design
object about which there are questions regarding functionality or feasibility. The analysis may
follow a specific approach, for example, axiomatic design [Suh (1990)], functional analysis
(value engineering) [Miles (1972)], or TRIZ [Altshuller (1988)]. It is often a central activity in
feasibility studies where the results of this activity can be fed back to the project control
activity to allow a detailed planning <nd control of the design process. Design object analysis
can also be conducted to identuy areas for improvement in existing designs. Typical
questions of this activity include the following:

e Are off-the-shelf, or other existing, solutions acceptable for this project, or is a new
solution needed?
o Does the design meet its constraints?
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What are the DPs and FRs of the design, and are there couplings in the design?
What improvements can be made to the design?
How can the design object be changed to reduce cost? reduce the number of parts?
reduce assembly time?
In design object analysis, there are two inputs: an understanding of the customer needs, and
an existing design to analyze. The output of this process is a description of the design in
terms of its functions, constraints, physical implementation, and functional independence (or
dependence).

A2.2.2.3 Concept generation and selection

Concept generation and selection (conceptualization) follows project control and
decomposition. The objectives of the conceptualization activity are

® to develop concepts that satisfy the specifications derived in project control and
decomposition

® to decide which of these concepts to implement
Hence, this activity is supported by concept generating (synthesis) tools and by concept
selection (analysis) tools. Typical questions addressed during this activity include the
following:

¢ Given a set of functions, what are possible solutions?
What are different ways can this problem be solved?
Will this concept work?
Which concept should be chosen, and why?
How can conceptual solutions be physically integrated while achieving their
functions?
Concept generation tools include brainstorming, databases, morphological tables, etc., while
analysis tools include the design axioms [Suh (1990)], group decision making, Pugh concept
selection [Pugh (1991), Pugh (1996)], and other design rules. Suh illustrates this activity as a
feedback control loop (see figure a2-2) and emphasizes the complementary nature of
synthesis and analysis: “If we cannot analyze a design solution, then we cannot rapidly

generate the ‘best’ design since we cannot distinguish a good design from a bad design.”
[Suh (1990)]

X ‘ Y

G N
‘ Y/X=G/(1+GH)
H | G = Synthesis

H = Analysis

Figure A2-2 Feedback control loop depicting synthests and analysis during conceptualization, from [Sub
(1990)]

Inputs to this activity are a set of functional requirements (FRs) and constraints. Outputs are
a set of FRs, constraints, design parameters (DPs), and design matrices (DMs) which show
the functional dependencies within the design object.
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A2.2.2.4 Decoupling

Decoupling (conflict resolution) is one possible follow-up activity after design object analysis
in the case where the result of the analysis shows that the existing design object does not
satisfy Suh’s independence axiom (see [Suh (1990)]). (The other alternative in this case is the
optimization activity, described below.) The desired output of the decoupling activity is an
uncoupled or decoupled design and is sought by applying problem-solving strategies for
conceptual design (for example, Altshuller’s principles [Altshuller (1988)], su-field analysis
[Altshuller (1988)], Suh’s theorems [Suh (1990)], etc.).

Often, decoupling is performed when the designer must improve the design’s performance,
but the designer does not have the freedom to make major changes to the design. Typical
questions that this activity is intended to answer include these:

e What modifications to the design object would ensure functionality?
e How can the conceptual solutions be implemented better to meet the constraints?

The input to this activity is a description: either of a design or concept that is coupled or of 2
design object that does not satisfy its constraints. In the first case, the design object does not
perform its functions satisfactorily, in the second case, the design object performs its
intended functions, but the physical solution is unacceptable for another reason (e.g, it is
too big, or too heavy, or it does not meet some legal requirement, etc.).

The preferred output of this activity is a description of a design object, or concept, that is
functionally uncoupled and which meets all its constraints. With this result, the designer
decomposes the design further into sub-projects (in project control and decomposition), or
the designer progresses to implementation.

In cases which produce an unsatisfactory (coupled) design, a report of the activity’s failure is
then the input for a repetition of the project control.

A2.2.2.,5 Optimization

The objective of the optimization activity is to get the best possible performance out of a
design which does not satisfy Suh’s independence axiom (see [Suh (1990)]). (The tuning
activity concerns determining parameter values for designs which do satisfy the
independence axiom and is described below.)

The optimization activity becomes necessary when an existing design has been found to
have inherent problems, but no changes to the concept may be made other than small
changes to some DP values. In this situation, the optimization activity entails setting the
design parameters to values that, as closely as possible, provide the desired functionality.
Typical questions answered during this activity include the following:

e How should the values of these parameters be set to provide the best possible
functionality?

e What is the best functionality that can be achieved with this design?
The input to this activity is an unacceptable design (not independent or not meeting its
constraints) described in terms of functional requirements, constraints, design parameters,
and design matrices. Outputs of this actvity are functional requirements, constraints, design
matrices, and design parameters that are set at their optimal values given that they are a part
of a design which does not satisfy the independence axiom.
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A2.2.2.6 Tuning

The tuning activity is the desired final activity for any design project. The key difference
between tuning and optimization is that when tuning is performed, the analyses during the
design process have shown that all functional requirements can be achieved because the
design satisfies Suh’s independence axiom. A typical question for this activity is

® How should the values of these parameters be set to provide optimal functionality?

Inputs to tuning are functional requirements, constraints, design parameters, and uncoupled
or decoupled design matrices. Qutputs for tuning are functional requirements, constraints,
design matrices, and design parameters that are tuned to provide optimal functionality for
this design object.

A2.2.3 Connecting the activities

The design process roadmap presented in this paper consists of a set of activities as
described in the previous sections. These activities are project control and decomposition,
design object analysis, decoupling, concept generation and analysis, optimization, and tuning.

A design process (project) begins with the project control activity at the left side of figure
a2-1. Here, customer needs, constraints imposed by the customer or the environment, and
any existing solutions are the inputs. At the end of the design process, the final activity is
either optimization or the tuning activity in which a solution is specified in terms of a design
object and its implementation (drawings, models, and manufacturing) details. If no
solution—at all—can be found, a decision is made during an instance of the project control
activity to terminate the project.

The specific path which is followed between the starting and the end points is the
responsibility of the design team. The preferred outcome of the project is to reach the end
of the tuning activity—and thus be done with the whole project—as quickly as possible.

Each time an activity is completed, a decision is made about the progress of the design. By
understanding the desired outcomes of the various activities as described in the model (FRs,
DPs, uncoupled/decoupled DM, etc.) and by comparing these with the actual outcomes,
decisions can be made as needed and can be based firmly on concepts of independence and
minimum information (maximum probability of success) [Suh (1990)].

Often the choice to perform one activity over another if performed successfully will allow
the design team to reach its goal in less time with better results. For example, the choice to
decouple a design, as opposed to performing a optimization, will—if successfully done—
allow a design to be implemented which satisfies the independence axiom. Optimization, on
the other hand, is 2 much more involved and iterative process which is not guaranteed to
yield a desirable result.

A2.3 Summary

Existing design process models have shortcomings in that they either cannot be adjusted to
reflect an actual design process or do not provide sufficient specificity to support the
practitioners in this design process. Thus, a new tool for structuring and explaining the
product development process has been introduced. It consists of a roadmap of specific
design activities that can be assembled to describe any unique design process.
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APPENDIX 3: SCOPE AND EVOLUTION OF DESIGN RESEARCH!

A3.1 Introduction

In recent years, researchers and practitioners worldwide have recognized the importance of
structured, scientifically-based, and industrially-tested theories and methods for product (and
process) design and development. Recent research has sought similar goals: reduced
development time, reduced product costs, and increased value delivered to customers.
However, American and European research in engineering design and product development
have evolved differently and are distinct in their scope of application. Consequently, little
integration and cross-leaming have been done. In this chapter a categorization of design
research approaches® based on evolution and scope is given. This categorization is used to
explain the reasons for lack of integration of design research.

A3.2 Scope and evolution of design research

Four prominent programs of design research are covered:

e Suh’s axiomatic design [Suh (1990)]
total quality development (TQD) as elaborated by Clausing and others (including the
house of quality, quality function deployment (QFD), Pugh concept selection, and
quality engineering) [Clausing (1994)]
Altshuller’s theory of inventive problem: solving (TIPS) [Altshuller (1988)]
the Workshop Design Konstruktion (WDK) school—the work of Hubka and Eder
[Hubka and Eder (1992)], and Andreasen [Andreasen (1991a), Andreasen (1991b)]
Each program approaches engineering design from a different perspective. In discussing the
evolution (development) and scope (extent of treatment, activity, or purpose) of these design
theories and methods in this chapter, it is assumed that the reader is familiar with the basic
concepts and tools of each of these design theories and methods. The objectives of the
discussion are

e to explain the reasons for lack of integration of design research in academia

e to illustrate the difference between the creation of theories and methods and the
selection of such theories and methods for use in industry

A3.2.1 Evolution of research methods

This section addresses how researchers in the field of engineering design have answered the
question: how is knowledge and practice in the field of engineering design advanced? That is,
what general approach to studying, systematizing, and transferring engineering design
knowledge is to be followed?

By comparing different research programs and examining the literature on engineering
design, one realizes that design researchers have evolved their theories in different ways.

! This chapter is adapted from [Tate and Nordlund (1995)].
* Approach is defined as the broad approach researchers take to develop knowledge for their research programs.
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These differences can be explained by the different ends the research programs are seeking
to achieve as well as the approach the researchers have taken to achieve these ends.

In this section categories for classifying the evolution of design research are presented.
Several prominent research programs will be mapped onto this categorization in section
A3.23.

Systematic research in engineering design began in Germany in the 1850s. Matenal presented
by Altshuller, Bjarnemo, Pahi & Beitz, Phadke, and Suh [Altshuller (1988), Bjarnemo (1983),
Pahl and Beitz (1988), Phadke (1989), Suh (1990)], lists some of the most influential work in
the engineering design field.’

Very little recent European research builds on matenial developed in the US and vice versa.
One explanaton for this is the language barrier. Finger and Dixon write that “even though a
large body of research has been published in German, only a small fraction of this (e.g.,
Hubka and Pahl & Beitz work) has been translated into English”. [Finger and Dixon (1989)]
Going in the reverse direction, even less material has been translated from English into
German. Research culture and peer pressure have been other, unmentioned important
factors in isolating the research communities.

When examining how knowledge has been developed by the researchers tn this field, two
general approaches were found, these are described briefly in sections A3.2.1.1 and A3.2.1.2
below.

A3.2.1.1 Generation of new knowledge

Theonies and methods develgped from some fundamental principles

This is analogous to developing a new design from scratch. Based on the researcher’s
understanding of the problems with current design practice, a general statement of
objectives is created. This approach then leads to the development of prescriptions to meet
these stated objectives. The prescriptions take the form of theories or general principies. The
principles, as defined, cover a broad range of design problems. Lastly, a process is created to
apply these principles to the specific situations encountered by designers working in their
particular fields (e.g., mechanical design)

Theorzes and methods developed based on the study of good design practice

This is analogous to redesign of something which exists: We like the results we’re getting;
we’d just like to do things in fewer steps, cheaper, etc. Existing techniques for creating
product X are studied. Prescriptive principles are developed to aid in the design of the next
X. Finally these principles are applied to the design of new X.

A3.2.1.2 Selection/ use of existing knowledge

Obyjectives then selection of tools

This is analogous to selection frcm among existing designs. The objectives for the particular
problem at hand are stated, and design tools which exist are evaluated against a set of

3 See table A1-1 in appendix 1

182 Derrick Tate



A Roadmap for Decomposition: Activities, Theories, and Tools for System Design
Appendix 3: Scope and Evolution of Design Research

selection criteria. Finally, the design tools that best satisfy the objectives are integrated to
form a design process.

A3.2.2 Scope® and motivation

In this section, several specific research programs are examined and the objectives which the
researchers have stated are matched with the methods that they have follewed. In particular
the research programs which are examined are those put forth by Altshuller [Altshuller
(1988)], Andreasen [Andreasen (1991a), Andreasen (1991b)], Clausing [Clausing (1994)],
Hubka and Eder [Hubka and Eder (1992)], and Suh [Suh (1990)]. These programs were
chosen because they represent a cross section of research in design today—and are available
in English. Additionally by examining these, insight is gained into differences between
European theories which have drawn upon the early work of German researchers and those
which arose independently of German research over the last half century.

Two questions are answered in this section with respect to each of the programs examined:
1. What is the motivation for each program?
2. What is the scope of cach program?

The first question deals with the overall goal for the research: why is research in design
important? The second deals with how large a problem is addressed: what should be covered
by the program, and what are the limits of its applicability?

Altshuller

Alsshuller recognized the need for a scientific approach to invention after listening to
scientists and inventors speaking of “[design as] sudden enlightenment, the impossibility of
controlling the creative process, but also [the impossibility of] understanding what it is and
how it comes about.” These discussions prompted the following questions: “Why should
everything but creativity be open to scrutiny? What kind of process can this be which unlike
all others is not subject to control?” The consequences of creativity being an uncontrolled
process was clear to Altshuller in that “[m]any inventions have come too late [and that
ilnventors make frequent mistakes, dreaming up [unrealistic solutions].” [Altshuller (1988)
Pp- ix-x]

The motivating objective for Altshuller is to make creativity become a controlled process.
Creativity may be taken to be the activity of generating new designs. It does not include the
selecion from among existing designs, rather it is concerned with the statement of
problems, an analysis which identifies a key area of conflict, and the application of solution
guidelines to the specific situation at hand.

Altshuller’s program is intended to enhance the engineer’s thinking during innovative work
thereby contributing to the overall design process. According to Altshuller, the scope of his
method of creative or innovative thinking is general, although it is mainly aimed at engineers.
“The principle of controlled thinking in the solution of inventive problems (the principles
and not concrete formulae and rules) can be transposed to the organization of creative
thinking in any sphere of human activity.” [Altshuller (1988) p. xi] Applying this method in

¢ The definition of sagpe used here is the following: “extent of treatment, activity, or influence”. [Webster's
(1988) p. 1053]
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the context of a design project should provide benefits in the form of a reduced number of
iterations and better solutions (based on Altshuller’s definition of what is a good product).
Altshuller describes how to go abcut solving a technical conflict in his algorithm for solving
inventive problems.

Clausing

The driving force behind Clausing’s work has been a very broad one—to improve industrial
performance. Our interpretation is that Clausing is trying to use product design research to
improve the overall product development process. He incorporates the work of other
researchers into his framework, which he calls “total quality development".

The scope of design as viewed by Clausing is very broad: “Total guality deselopment is the
modern way of developing new products that will be competitive in the global econcmy. It
combines the best engineering, the best management, the best strategy, and especially, the
best teamwork. The resultng improvements are greatly reduced development time, 2
reduction in all costs, higher quality, and increased product variety. Combined, these
improvements greatly increase customer satisfaction”. [Clausing (1994) p. 3]

Sub

Suh’s primary mouvation for developing axiomatic design is educadon; he wants designers
to learn how to make good design decisions. Suh’s goal is to establish an “academic
[discipline] for design and manufacturing”. [Suh (1990) pp. 21-22] The reason is found in the
following: “[ijn order to obtain better performance, both engineering and management
structures require fundamental, correct principles and [methods] to guide decision making in
design; otherwise, the ad hoc nature of design can not be improved”. [Suh (1990) p. 5] To be
effectve “the student must be taught to see the big picture and [be taught] the ability to
conceptualize a solution, as well as how to optimize 2n existing product or process”. [Suh
(1990) p. 22]

Suh’s view of the scope of design may be¢ summarized by the following: “Design, as the
epitome of the goal of engineering, facilitates the creation of new products, processes,
software, systems, and organizatons tarough which engineering contributes to society by
satisfying its needs and aspirations”. [Suh (1990) p. 5] This is 2 more restricted view than
Clausing, but encompasses more thar Andreasen or Hubka. In contrast to Clausing, Suh
does not describe how to connect design activities to the company’s general activities; Suh’s
theories and methods are focused on decision making in the design process.

In his book [Suh (1990)] Suh considers designs primarily in three fields: manufacturing
process design, product design, and organizational design. Although the bulk of his personal
experience in applying axiomatic design is himited to these three areas, he recognizes the
potental for its application in other fields. Industrial use and acceptance of axiomatic design
has been growing in a variety of fields. Recent applications of the theory have included
product design, manufacturing process design, the design of software configuration control
systems, organizational design, and corporate planning’

5 See [Nordlund (1994), Nordlund (1996), Nordlund, et al. (1996)] for a description of these applications.
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The WDK Schoo!

Hubka and Eder are working to enable systematic work in designing, and “independent
auditing” in order to improve the efficiency of the designer. [Hubka and Eder (1992) p- 1]
The motivation for this is given as follows: “to make [design] more efficient by scientifically
reducing or eliminating waste of labor, time, or materials”. [Hubka and Eder (1992) p. 45]

Andreasen observes that European schools of design in general have the utilization of the
theories and methods in practice as the declared aim of their research. Andreasen considers
the aim of design methodology to be “to structure design procedures and to model them,
and also to give support to each step through models and methods with the aim of
increasing efficiency and of making the area easy to learn and transparent”. [Andreasen
(1991b) p. 1]

Our interpretation is that although some literature on this school suggests that different
groups perform their tasks in an integrated manner, that these groups are separate entities:
product planning, engineering design, etc. Furthermore, these groups are not using the same
fundamental process (that is, the design process) for performing their activities. The design
process is restricted to the certain stages of the product development process: after
specification of needs, but before manufacturing.

Looking at the beginnings of the design process, Hubka and Eder state that design can be
considered broad enough to include defining needs and product planning as well as the
narrow view of designing. [Hubka and Eder (1992) p. 49] Clearly though, they do not feel
that this is mecessanily within the scope of design. An engineering design team begins its design
task when it receives a set of requirements (either from a customer or another sponsor).
“This document is the start of the design sequence, the engineering design team accepts the
assignment of the problem.” [Hubka and Eder (1992) p. 74] The end point of the design
process is a description of a technical system, specifically a “full and complete description of
an optimal product (i.e. a technical system) is considered the aim of an engineering design
process, its output”. [Hubka and Eder (1992) p. 46]

A3.2.2.1 Discussion

European schools of design tend to separate out a portion of product development activity
and address this primanily. There is no specific word in English for this activity, but Clausing
has 2 term for it: “The undergraduate engineering curriculum typically...includes one or two
design courses. These concentrate on creative concepts and feasibility, the assurance of a
first-order compatibility with the laws of nature. Let us call this partia/ design.” [Clausing
(1994) p. 5] This term is unsatisfactory, however, because it unfairly misleads. The activity is
not partial in the sense that it is incomplete; rather it only covers a small, well-defined
fraction of design. The Germanic word konstruktion is proposed for this narrow, detailed
activity.

A3.2.3 Evolution

In this section, the categorization among the evolution approaches described in sections
A3.2.1.1 and A3.2.1.2 of the theories and methods covered is described in more detail.
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A3.2.3.1 Generation of new knowledge

Theories and methods develgped from some fundamental princples

Altshuller

Altshuller identified “a need for new methods for managing the creative process capable of
radically reducing the number of ‘empty’ trials.” [Altshuller (1988) p.3] during a trial-and-
error approach. Also needed was a new organization of the creative process that would
permit the effective application of new methods. All this required a scientifically based
theory for the solution of inventive tasks that is capable of being implemented in practice.
[Altshuller (1988) p. 3]

In order to develop such a theory three requirements were established. If these requirements
were satisfied, it would be possible to guarantee a solution to any technical problem. The
requirements were 1) “information about the whole of physics,” 2) “tables linking the type
of problem to the respective physical effects,” and 3) “control of psychological factors that
inhibit the thinking of the inventor.” [Altshuller (1988) p. 35]

Altshuller begun work on an algorithm® for the solution of inventive problems [Altshuller
(1988) p. 36] in 1946. He studied the experience of inventive creativity from a fundamental
point of view and brought out the characteristic features of good solutions (that is what
distinguished thern from bad solutions). As a result of these studies, Altshuller discovered
that “the solution of inventive problems turned out to be good if it overcame the technical
contradiction’ contained in the problem presented, and bad if the technical contradiction
was not revealed and eliminated.” [Altshuller (1988) p. 40]

Sub

Suh started the development of his program by asking: “Given a set of functional
requirements for a given product, are there generally applicable axioms which yield correct
decisions in each step of manufacturing (i.e., starting from the design stage to the final
assembly and inspection stages) so as to devise an optimal manufacturing system?” [Suh, et
al. (1978)]

A heuristic approach was used to develop the axioms. This approach involved positing an
initial set of axioms that were subject to trial and evaluation in manufacturing case studies.
This eva..ation would then be used in order to expand, redefine, and refine the original set
of axioms, until the process converged on a comprehensive set of axioms. [Suh (1990)]
Based on such a set of axioms, many specific methods for analysis and problem solving
could be developed. [Suh (1990) p. 171] Out of this exercise evolved twelve hypothetical
axioms which later have been reduced into two and a set of corollaries and theorems. [Suh
(1990) p. 20]

Suh had started his search for design axioms by observing that that there are good design
solutions and unacceptable design solutions. Because these can be distinguished, this
indicated that there exist features or attributes that distinguish these. The first axiom defines

6 Altshuiler defines an afgorithm as any sufficiently clear program of action. [Altshuller (1988) p. 36]

7 A technical contradiction exists “if [when usirg) certain methods [to improve] one part (or one parameter) of
a technical system, it is inadmissible for an other part (or other parameter) to deteriorate in the process”.
[Altshuller (1988) p. 28]
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an acceptable design as one where design parameters and the functional requirements are
related in such a way that a specific design parameter can be adjusted to satisfy its
corresponding requirement without affecting other functional requirements. The second
axiom states that the best design of several proposed is the one that has the lowest
information content (highest probability of success). [Suh (1990) p 47-8]

Theories and methods developed based on the study of good design practice

The WDK Schoo!

In contrast with the other programs discussed here, this school, as presented by Hubka and
Eder, has its primary focus to develop descriptive models—of both technical systems and
the design process. [Hubka and Eder (1992) pp. 71-102] When such descriptive theories are
established, “it would be desirable if the [prescriptive] statements (of advice and compulsion)
could be derived from the descriptive [theories)”. [Hubka and Eder (1992) p. 116]

Based on this general procedural model of the design process, a procedural plan for a
specific situation can be “derived and adapted from the ideal model”. [Hubka and Eder
(1992) p. 59]

Andreasen, has further evolved Hubka and Eder’s work, based on his belief that designers
are, in general, unable to describe large parts of their work, as “it takes place in unnamed
patterns of ideas, rapid experimental patterns of association, and partly sub-consciously.”
Therefore, Andreasen determined that “the task of design research must be to create the
conceptual framework and the patterns of thought”” In order to support design of
mechanical systems, Andreasen concludes that the design theory must be based on a theory
of the design process and a theory of miechanical systems. [Andreasen (199ib) pp. 1-2] He
also believes that if “we are to make progress in design science, we have to create a
theoretical apparatus so that we can discuss design and atternpt to derive laws, models and
methods”. [Andreasen (1991b) p. 10]

A3.2.3.2 Selection/use of existing knowledge

Clansing

As was described in section A3.2.2, the motivation behind this approach is pragmatic; if a
technique works (that is, improves the design process or design object), it is more important
to put it into use than to understand exactly why it works. Thus this school consists almost
entirely of methods, not theories.

In developing his approach to design, Clausing has been using two primary sources: personal
experience from industry and benchmarking the best practices around the world then
integrating the best components he has found into a holistic approach to design. [Clausing
(1994) p. xix]

This approach of developing a design method is different in that it is totally goal onented -
improve industrial performance. Clausing doesn’t make any claims to be scientific in his
approach, but implicitly claims that it works better than any other approach (that he is aware
of) in an industrial setting. Clausing’s contributions are rnainly: 1) analyzing pragmatically the
different design methods and placing them in the context of the total development process
in a corporation, and 2) integrating the best design theories and methods with management
and strategy to form a cohesive approach to design. By its evolutionary nature, this program
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will continually change and improve as Clausing continues to search for new components
that complements or improves his approach.

A3.2.3.3 Discussion

Both Altshuller and Suh’s established a set of principles or axioms from which a variety of
methods or algorithms to solve specific problems can be developed. Both also attempt to
define what is a2 “good” solution or design, and interestingly, they arrive at virtually the same
definition independently of one another!

Based on their principles or axioms, Altshuller and Suh have developed different but
complementary approaches to arrive at a good design. Altshuller developed a system of
methods to separate contradictory properties through clever synthesis and integration of
parameters, while Suh developed a metric and analysis rule that warns the designer if he or
she is creating a bad design.

One of the complementary properties of these two methods is that while Suh’s analysis
method points out when interdependencies are harmful and can easily visualize
interdependencies between seseral variables, Altshuller’s method lacks this property.
However, once the conflicting interdependencies are identified, Altshuller provides a set of
tools to resolve it—something Suh’s method lacks. It has been proposed to use these
methods in a complementary fashion, making use of their respective strengths, to further
enhance these principled approaches to design. [Nordlund (1994)]

The approach that Hubka and Eder followed to develop WDK school is based on
observation and systematizing what designers already do, complemented with a theory for
modeling technical systems. This, appears to yield an after-the-fact approach to design, that
is, it will provide a scientific description of what the designers do—but no statement on
whether this is the right thing to do. The models of the technical system will be used by the
designer to describe how the technical system will function; however these models will not
provide any fundamental reason why it will or will not work.

Furthermore, the WDK school of Hubka and Eder does not appear to define what
constitutes a good design—something that is central to both Altshuller and Suh. Instead,
Hubka and Eder use the ISO 9000 definition of quality, “the totality of those properties and
characteristics of a product or an activity that relate to its suitability to fulfill the stated
requirements”. [Hubka and Eder (1992) p. 21] The quality is evaluated against a set of
criteria, and a composite quality number (representing e.g., technical and economical value)
is calculated. Hubka and Eder recognize that this method has problems, but implicitly
defend it in that all methods have their disadvantages. In comparison to Suh and Altshuller it
appears as a weakness of this school to lack a clear definition of what constitutes a good
design.

Clausing provides an important technology transfer link from the academic research
commurity to the community of users in industry. Clausing uses an unique approach in this
research field in applying a concept selection method, combining useful features from
several different methods to create a holistic method, then using benchmarking to ensure
that the new method indeed 1s superior.

Clausing’s way of evolving a design approach requires a number of properties: a broad
network of contacts that can provide information on new developments; more focus on
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pragmatic value than scientific value; and an open mind which is not committed to any
individual component of the approach, but rather is willing to replace components with new
ones that are better. Perhaps Clausing is the only researcher in this field who has found a
way to satisfy the following challenge by Ullman: “If only we could use a sound design
[method] to approach the problem of designing a theory....”” [Ullman (1991) p. 801] Even if
Clausing’s approach by some would be called unscientific, it is nevertheless effective.

This differences in approaching the development of knowledge in this field is captured in
the following statement where Sohlenius expands on a thoughts presented by Von Karman:
“The engineer creates what has never been, the scientist analyses what is, and the
engineering scientist analyses what is, imagines what should be, creates what has never been,
analyses the results of the creation.” [Sohlenius (1990)]

2.4 Proc r selecti f desi 1 in

In this section, the difference in perspective concerning design methods held by design
researchers and by practitioners is discussed. Furthermore, a process is proposed by which
practutioners can identify methods which meet their needs. Such a process implies that
design researchers need to provide information more accessibly to industry to facilitate the
selection of appropriate methods.

The perspective of researchers in academia must necessarily be different from that of
practitioners in industry. In particular academia asks the question: how can knowledge be
generated, or collected, to expand the body ot work which constitutes engineering design?
That is, design theories and methods are the product of design research, and researchers seek
to create, refine, and expand these by adopting a means to evolve their work. In contrast, in
industry design theories and methods are a means to achieve the end of product
development. Thus, rather than create a new knowledgebase of engineering design, the
strategy 1s to selct from among existing design research those tools which will meet the
objectives of the firms designers.

The procedure to be followed in selecting methods for use by industry is as follows:
understand the design process used currently, formulate specific objectives (improvements)
to be met in performing the design process, identify design tools/methods (products of
design research) which could potentially meet these objectives, analyze the situation to
identify conflicts (coupling) and synergies in the proposed process, and choose the best
proposal.

This is the same process which is followed when design is not performed from a blank slate,
but rather selection between existing design objects is performed. Here the iraportant
consideration is not the synthesis of new methods, but rather the selection of methods
which realize specific objectives that have been formulated and which are compatible with
each other.

A3.3 Summary

In this chapter, some current design thecries are classified according to their method of
evolution:

® Generation of new knowledge
e Selection/use of existing knowledge
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No single theory or method today covers all aspects of the product development activities.
This chapter demonstrates, however, that the way to evaluate and select design research for
use in a corporate setting is to identify the objectives which need to be sausfied for the
company and then to select from among theories which have been developed in academia.

In order to make this possible two things are necessary: 1) the company articulates its
objectives for product development and 2) the design theories and methods are presented in
such a way that the company can match its needs with the respective capabilities of each
theory and method. This requires advanced, systematized understanding of the design
process within the company as well as a more informative label attached to the design
theories and methods provided by academia.

190 Derrick Tate




A Roadmap for Decomposition: Activities, Theories, and Tools for System Design
Appendix 4: Fundamentals of AD

APPENDIX 4: FUNDAMENTALS OF AXIOMATIC DESIGN

A4.1 Introduction

This chapter provides 2 basic introduction to the concepts of axiomatic design, and it places
the work of this thesis into to the context of the larger body of axiomatic design research.
This chapter is organized in 3 sections. The first, section A4.2, defines the important terms
and concepts found in axiomatic design. The second, section A4.3, describes the diverse
ways in which the theory has been applied and extended. Lastly, section A4.4 relates the
work of this thesis to the existing, fundamental concepts of axiomatic design.

A4.2 Basic concepts of axdomatic design’

At its most basic, axiomatic design is composed of 5 concepts. These concepts are domains,
hierarchies, zigzagging, and the two design axioms.

The starting point for axiomatic design, as stated by Suh, is that “there exists a2 fundamental
set of principles that determines good design practice”. [Suh (1990) p. 18] These principles,
the axioms, are to be used in a design process that consists of at least three activities:
problem formulation, concept generation, and concept evaluation and selection. This section
focuses on information about the design object and its generation within the practice of
axiomatic design.

The design process and design objects

The design process is the set of activities whereby designers develop and/or select the means to
achieve a set of objectives, subject to constraints. The design process may entail the creation
of a new solution, the selection of an existing solution, or a combination of the two. A series
of uctivities are performed by which the customers’ perception of a design task is
transformed into an output—the design object, which is any satisfactory solution to this task.
The transformation occurs by means of designers working with design tools/methods, with
their knowledge of discipline-specific information, and with a set of available resources.

A4.2.1 Domains and mapping

During the design process, the task which is being addressed can be divided into four
domains. The number of domains remains constant at four for all design tasks, but the nature
of the design elements in each domain changes depending on the field of the problem.?

The four domains are generalized as the customer domain, the functional domain, the physical
domain, and the process domain. Associated with each domain are the design elements it contains.
In the order listed, the elements within each domain are customer needs (CNis), Junctional
requirements (FRs), design parameters (DPs), and process variables (PVs). Furthermore in addition
to these elements that are each specific:'ly associated with a particular domain, constraints
on the design task can also exist. Constraints are a specification of the characteristics that the

! Parts of this section are adapted from [Harutunian, et al. (1996)]. For a more thorough explanation of
axiomatic design see, of course, [Suh (1990)).

? Gebala and Suh [Gebala and Suh (1992)] list examples of the breakdown of tasks into the 4 domains.
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design solution must possess to be acceptable to its customers and to the company designing
it.

Functional requirements are defined as the minimum set of requirements that completely
characterize the design objectives for a specific need. [Suh (1990) p. 38] These FRs must be
specified in a “solution-neutral environment” in terms of the functions to be achieved, not in
terms of particular solutions. Design parameters are defined as the set of elements of the design
object that have been chosen to satisfy the FRs.

Customer Functional Physical Process
Domain Domain Domain Domain

Figure A4-1. Design domains

The four domains are shown in figure a4-1. AD provides guidelines consisting of axioms,
theorems, and corollaries. They specify the relationships that should exist between the FRs
and the DPs of a design. These guidelines answer the question—will a set of DPs satisfy the
FRs in an acceptable manner? These relationships also hold between DPs and PVs. The
relationships between CNs and FRs, however, are more loosely structured.

A4.2.1.1 Hierarchies

The design process progresses from a system level to levels of more detail. It progresses
from systems to subsystems to assemblies to parts to part features. This may be represented
in terms of a design hierarchy. The decisions about the design object are structured in three
of the domains in a hierarchical manner, and hierarchies exist for any design object in each
of the domains: functional, physical, and process. Thus an FR hierarchy, a DP hierarchy, and
a PV hierarchy exist for a design object. The information in the customer domain is an
exception and cannot be structured as rigorously.’

Domains, mapping, and hierarchies provide a structure for information about the design
decisions that have been made. The framing of design tasks in this way enables the
identification of regularities in design decisions.

A4.2.1.2 Zigzagging

The decisions that are made at higher levels of the design hierarchies affect the statement of
the design tasks at lower levels. The designers go through a process in which they zigzag
between domains—functional, physical, and process—in decompasing the design problem.

3 Strictly speaking customer needs can be structured i a hierarchy, however, they 4 not necessarily need to be. If they
are so structured into a tree, it does not correspond to the other trees: FR, DD, or PV.
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At a given level of the design hierarchy, a set of functional requirements exists. Before these
FRs can be decomposed, the corresponding design parameters must be selected. Once a
functional requirement can be satisfied by a corresponding design parameter, that FR can be
decomposed into a set of sub-requirements, and the process is repeated. Zigzagging between
the functional and the physical domairis is illustrated in figure a4-2.

For example, in designing a transportation system for a city, if the top-level solution is the
use of personal automobiles, then the further decomposition of the design task will be very
different from the situation in which a mass-transit system is selected.

how
-t

L3RR

Functional Physical
Domain Domain

Figure A4-2. Decomposition by zigzagging

Designer should realize what choices they make, their options should be identified, and a
good solution selected. The criterion for evaluation should be—is this option the most likely
one to provide a satisfactory result? The design axioms, combined with the designers’
knowledge, are a way to answer this question at early—even conceptual—stages of the
design process. The designers follow the zigzag approach, checking the correctness of the
design at each level, until they have decomposed the problem to a point where the solutions
to the remaining sub-problems is kncwn.

A4.2.1.3 The design axioms: Independence and information

As described, the designers follow a design process in which decisions are made about a
design object starting with high-level, system decisions and progressing to levels of
increasing detail. In following this process—at each level of detail—the steps through which
the designers progress can be described as in the Wilson model (see section 3.1): problem
formulation, synthesis, and analysis. [Wilson (1980) The design axioms provide a criterion
for analysis, particularly during conceptual design. The two design axioms are stated as
follows [Suh (1990)]*:

o The Independence Axiom (First Axiom):
Maintain the independence of functional requirements.

o The Information Axiom (Second Axiom):
Minimize the information content [of the design].

* The onginal reference on axiomatic design lists seven design axioms [Suh, et al. (1978)]. These were quickly
reduced to the current two.
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Once a set of FRs has been formulated and possible sets of DP alternatives have been
synthesized, the two design axioms are applied to evaluate the proposed designs. The
designers apply the Independence Axiom by using a design matrix. [Suh (1990)]

A4.2.1.3.1 Evaluating the design matrix

The design matrix (DM) shows the relationships between the FRs and DPs at one level of
the design hierarchy. The design matrix—{Ajresults from a design equation of the form
shown:

FRx.1 DPx.1
=[ak (A4-1)
FRx.n DPx.n

The elements of the design matrix are determined from the set of equations [Suh (1990) p.
122]:

AFRx.1= ARx1 ADPx1+---+ 1 ADPx.n
Px.1 JIDPx.n
: (A4-2)
AFRsn = BN Appoc 1 et T A DD 1
JDPx.1 ODPx.n
where each
Ax(i, j)= OFRx. (A4-3)
ODPx. J

In a design matrix an X represents a strong effect by a DP on an FR, and an O indicates a
weak effect, relative to the tolerance associated with the FR. There are three possibilities for
the nature of the design matrix. It can be a matrix populated both above and below the
diagonal, a triangular matrix, or a diagonal matrix. These are illustrated in design equations
A4-4a, A4-4b, and A4-4c, respectively. A triangular matrix, as in equation A4-4b, is known
as a decoupled design. A diagonal matrix, as in equation Ad-4a, is an uncopled design. Any other
matrix, s in equation A4-4c, is known as a coupled design.

(FRx.1) [X O ... O](DPx.1)
FRx.2 0O X O (| DPx.2
< L. =l ) N (¢ (A4-42)
(FRx.n) _O O - X||DPxun|
(FRx.1] [X O ... 0O](DPx.1)
FRx.2 0O X O || DPx.2
I T A (Ad-4b)
kFRx.nJ LO o - X_ LDPx.nJ

194 Dernick Tate



A Roadmap for Decomposition: Activities, Theories, and Tools for System Design
Appendix 4: Fundamentals of AD

o O |[DPx.1
X O || DPx.2

FRx.1 X

FRx.2 0]

. . (A4-4c)
FRx.n O O - X| DPxn

The strength of off-diagonal terms in the design matrix is defined mathematically by

Theorem 8. Given an FRx.i, the change in its value due to adjustments in other DPx.js must

not exceed the designer-specified tolerance FRx.i. [Suh (1990) p. 122] That is,

SFRx.; > E d ADPx. j (4-5)
Px. j
J=1 -/
j:l

In an uncoupled design, the FRs can be satisfied independently by means of the
corresponding DPs. In a decoupled design, the FRs can be satisfied if the DPs are varied in
the correct sequence. A coupled design has no guaranteed point where the FRs can be
satisfied. A similar matrix captures the relationships between DPs and PVs.

A4.2.1.3.2 Caleulating the information content

Information content has been defined by Suh as the log of the inverse of the probability of
success of satisfying a function. [Suh (1990), Wilson (1980)]

I =log, i (4-6)
Bias ‘go
=

Systers range Comon

range

Probability distribution function

/ _Dz.azguazge_> .
FR

Figure A4-3. Information content and probabilsty of success

In generating an FR, the designers define a desired target value for the FR. They also specify
an appropriate tolerance region about this target value; this region is known as the design
range, r; Bach available design alternative is able to provide the desired FR within its system
range. This system range, r, i1s the region in which the design alternative performs relative to
the design range. The intersection of the system range and the design range is called the
common range, r, shown in equation 4-7.
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r.=r,M07, 4-7)

These three areas are shown in figure a4-3. The probability of success, labeled . to indicate its
basis on the tolerance of the FR, therefore, is defined as the ratio of the common range to
the system range, shown in equation 4-8, and the information content, I, is the natural log of
this as given in equation 4-6.

p = (4-8)

r

5

For uncoupled designs the FRs may be considered independent variables. Therefore the
total information content for a set of # FRs in an uncoupled design is equal to the sum of
the sum of information contents for each of the » FRs:

n n 1
I, = Z, I = ;log, p— (4-9)

A4.2.2 Use of AD concepts

Axiomatic design provides a framework for describing design objects. This framework is
consistent for all types of design tasks and at all levels of detail. Therefore, different
designers can quickly understand the relationships between the intended functions of an
object and the means by which the functions are achieved.

Furthermore, axiomatic design theory encompasses a design process that has several benefits
for the creation of designs. First, the design axioms provide an analysis tool that is untique
among design theories. The design axioms provide a means for evaluating the quality of
proposed designs so that design decisions may be made on a rationa/ basis, supported by
easily understood analytical results. Second, the design process used guides designers to
consider alternatives at all levels of detail and makes choices between these alternatives
explicit.

A4.3 Advanced topics in AD

Most research in axiomatic design has been in its application. Because axiomatic design is
generally applicable to all types of design tasks, rapid growth in the numbers of areas in
which it has been applied is only natural. AD can be applied in the same way to problems in
many fields: product design, manufacturing process design, software design, system design,
business planning, and organizational design. Suh’s second AD book is structured around
several application areas and gives numerous examples in which axiomatic design has been
applied. [Suh (1999)

A4.4 Relationship of this work to AD

The three types of statements that are made in axiomatic design are axiorns, theorems, and
corollaries.® Within axiomatic design, an axiom is a statement that is “believed to be universal
in [its] application” but cannot be proven. [Suh (1990) p. 15] Theorems and corvllaries are

> Suh presents 8 corollaries to the axioms and 16 theorems in [Suh (1990)]; additional theorems are given in
[Suh (1995b)], [Suh (1995¢)], and [Suh (1999)].
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propositions that follow from axioms or other propositions that have been proven. Both are
vahd if their “referent axioms and deductive steps are valid”. [Suh (1990) p. 47] Furthermore,
a theorem is “equivalent to a law or principle”, and corollaries “can be applied to actual

situations more readily than the [design] axioms” and thus “may be...called design rules”.
[Suh (1990) pp. 47, 52]

These definitions are consistent with common usage. According to Webster’s an axaom is “a
maxim widely accepted on its intrinsic merit” or “an established rule or principle or a self-
evident truth”; a theorem 1s “a formula, proposition, or statement in mathematics or logic
deduced...from other formulas or propositions”; and a corvllary is “a proposition inferred

immediately from a proved proposition with little or no additional proof”. [Merriam-
Webster's (1996)]

According to the Oxford English Dictionary an axiom is a “proposition that commends itself
to general acceptance; a well-established or universally-conceded principle; a2 maxim, rule,
law”; a theorem is a “universal or general proposition or statement, not self-evident (thus
distinguished from an axiom), but demonstrable by argument”; and a wmlary is 2
“proposition appended to another which has been demonstrated, and following immediately
from it without new proof”. [OED (1989)]

The distinction between a thecrem and a corollary is that a theorem s less self-evident and
must be derived from a set of starting premises. A corollary, on the other hand, naturally
follows from a theorem that has been derived.

The three areas of contribution of this thesis are the roadmap and activities, the guidelines,
and the tools for system design.

The existence of the activities in the roadmap of the design process given in appendix 2 may
be considered a corollary to the design axioms and the body of knowledge within axiomatic
design.

This can be seen by considering the options available to the designers as they follow a
decision-making strategy based on the axioms. For example, when the designers analyze an
existing design and find that it is coupled, they have two options available: Either the
designers can decouple the design through developing and/or selecting new design
parameters to satisfy the functional requirements, or the designers can leave the design as it
1s and seek through optimization to find an operating point were the design is less sensitive
to the coupling. (Obviously the latter choice is undesirable and in most cases unacceptable.)
By examining the options available to the designers in their decision making, the activities
identfied in the roadmap of the design process, shown in figure 3-3 and A2-1, follow from
the framework of axiomatic design theory. Likewise the roadmap for decomposition
acavities 1s also a corollary in the same way.

The guidelines for decomposition activities may be considered theorems. They do not follow
immediately from the axioms, but may be denived by considering the axioms, the options
available to the designers, and the decisions that will lead to the best designs using the least
resources. For example, in the activity of generating a set of sub-FRs, the question is how
the designers can do this in such a way that leads to designs that satisfy the independence
axiom and munimize the information content of the design. The starting premises are the
basic concepts of axiomatic design described above in section A4.2. Following the sequence
of the design matrix in generating these sub-FRs will lead to less iterative design processes.
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Consider a design matrix as shown in equation 4-10 below; each off-diagonal term Ax(:;)
corresponds to the effect on FRx./ of changing DPx/. Specifically if a DP may be adjusted to
satisfy its corresponding FR and the other FRs at that level of the design hierarchy are
unaffected, then the requirement for functional independence is satisfied as per theorem 8.

The interpretation of the design matrices used here is that an element of the design matrix

Ax(tj), which is given by ggﬁx'l , corresponds to asking the following question: Does a

x. ]
change in DPx.f/—consistent with fulfilling FRx./-affect FRx.?
(FRx.1] [ Ax(1,1) - Ax(1,;) -+ Ax(n1)][DPx.1)
4FRx.if= Ax(1) - Ax(,j) - AxC, j)JDPx.jr (4-10)
 FRx.n] _Ax(n,l) o Ax(n, j) - Ax(n,n)_LDPx.nJ

If DPx. changes, for example due to a change in the technology used in the product or due
to a change in the customer needs concerning the value of FRxj, then the following
argument applies: Because of the nature of the design, DPx./ has been chosen to fulfill FRx.;
therefore, if the desired value of FRx./ has not changed, then the value of DPx./ will need to
be changed to counteract the effect that changing DPx.j has on FRx.:.

Equation 4-11 illustrates a design situation in which a change made to DPx.7 requires no
change in either DPx.2 or DPx.3. However, if a change is made to DPx.2 (for example,
because the target value of FRx.2 changes), then a change 47/ be required in DPx.3, assuming
that the target value of FRx.3 does not change. This shows that, as described by Suh, there is
a preferred sequence to changing the DPs. [Suh (1990)] These considerations apply to both
changes in DPx; itself and to changes in its attribute values. This includes changes made by
the designers during conceptual design.

FRx1) [X O O7[DPx1
FRx2}=|0 X O [{DPx.2 (4-11
FRx3] |0 X X ||DPx3

Decomposition within one node of the design hierarchy does have a sequence that is
dependent on the nature of the design matrix at that level. All changes to DPs necessarily
invoke the type of questions considered above—even such minor changes as changes in the
values of DP attributes. Therefore it follows that the decisions made in generating sub-FRs
correspond to “changes” in the sense described above. Consider the generation of a set of
sub-FRs for DPx.2. In this activity, the parent DPx.2 and the design matrix stay the same;
however, additional attributes of the DP are defined and for leaves their values are set. The
off-diagonal matrix element Ax(3,2) indicates that there is a relationship between the
decisions the designers make about DPx.2 and the satisfaction of FRx.3. Changes to DPx.2
including the generation of a set of new sub-FRs have the potential to affect FRx.3.
Therefore, FR-DPx.3 should be decomposed second to compensate for these potential
effects.
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A4.5 Summary

This chapter provides a basic introduction to the concepts of axiomatic design. Axiomatic
design provides a framework for describing design objects. This framework is consistent for
all types of design tasks and at all levels of detail. Axiomatic design theory encompasses 2
design process that has several benefits for the creation of designs. First, the design axioms
provide an analysis tool that is unique among design theories. The design axioms provide a
means for evaluating the quality of proposed designs sO that design decisions may be made
on 1 rational basis, supported by easily understood analytical results. Second, the design
process used guides designers t0 consider alternatives at all levels of detail and makes choices
between these alternatives explicit.
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APPENDIX 5: FUNCTION STRUCTURES OF PAHL AND BEITZ

AS5.1 Introduction

The work of Pahl and Beitz is considered a well-known and thorough approach to design. A
part of their approach is the development of function structures. Because these function
structures are ostensibly similar to FRs in axiomatic design, this section explores the
relationship between the work in this thesis and the work of Pahl and Beitz. How do the
ideas compare? Were the same guidelines developed from different starting assumptions? If
not, are the approaches complementary or contradictory?

Aim of Pahl and Beitz’s work

The goal of the work of Pahl and Beitz is to provide a comprehensive design methodology, “a
concrete course of action for the design of technical systems that...includes...plans of action
to link working steps and design phases...; strategies, rules and principles to achieve general
and specific goals...; and methods to solve individual design problems or partial tasks.” [Paht
and Beitz (1996) p. 10] Their approach is to “combine various methods in a coherent and
practicable way”. [Pahl and Beitz (1996) p. 25]

Scape of function structures

The overall design process presented by Pahl and Beitz is analyzed elsewhere (see section
2.3.2); here a portion of their theory is discussed. Created during the conceptual design
phase, a fundion structure is 2 “meaningful and compatible combination of sub-functions into
an overall function..., which may be varied to satisfy the overall function.” [Pahl and Beitz
(1996) p. 31]

The functions comprising the function structure may be classified according to two types:
main and auxiliary functions. The functions are connected to describe three types of flows
through a system: energy, material, and signals. An schematic is shown in figure 5-1.

* Note that the word satigfy is used differently here than in axiomatic design. In axiomatic design, an FR is
satisfied by its DP, not by its sub-FRs.
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Figure 5-1. Function structures showing aperational flows of materials, energy, and signals

A5.2 Compare and contrast Pabl and Beity versus AD

Several observations can be made about the relationship between function structures within
the work of Pahl and Beitz and the overall approach of axiomatic design.

1.

Pahl and Beitz agree with axiomatic design about the nature and definition of functions.
They are usually stated as verb-noun pairs.

Pahl and Beitz recognize the need for solution neutrality: “At this stage [of defining
functions] there is no need to stipulate what solution will satisfy this kind of function.
The function thus becomes an abstract formulation of the task, independent of any
particular solution.” [Pahl and Beitz (1996) p. 31] This is seen as a desirable, but an
unobtainable ideal, however, because “function structures are seldom completely free of
physical or formal presuppositions, which means that the number of possible solutions is
inevitably restricted to some extent”. [Pahl and Beitz (1996) p. 160]

In these two ways the theory of Pahl and Beitz is consistent with axiomatic design. There are
also important ways in which it differs.

1.

202

Pahl and Beitz lack a clearly delineated concept of domains. For example, the closest that
their theory comes to DPs is the identification of “working principles” and “working
structures”. Furthermore, since there is no concept of domains, there is also no
information produced that corresponds to the relationships contained within design
matrices in axiomatic design.

Also, the concepts of hierarchies and zigzagging do not exist in the theory. An example
1s given of developing a function structure for the overall function to “measure and
indicate quantities of liquid”. Once a set of sub-functions is developed, Pahl and Beitz
note, “The initial search for a solution will focus on this sub-function [to ‘receive signal’]
and the solution to this will largely decide to what extent individual sub-functions can be
changed round or omitted.” [Pahl and Beitz (1996) p. 161] The functions to be changed
or omitted are identified at the same time as at the function to “receive signal”. Clearly
this is different than zigzagging since the selection of a DP at this level is said to affect
the existence of other FRs ai this same level.
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3. Functions are classified as main or auxiliary functions. “Main functions are those sub-
functions that serve the overall function directly, [and] awdlary functions are those that
contribute to it indirectly.” [Pahl and Beitz (1996) p. 32] This 1s distinct from axiomatic
design in which all sub-FRs are important to providing their parent FR and thus must all
be satisfied by their sub-DPs, with no weighting factors.

4. Pahl and Beitz emphasize the operational flows and the ability to identify minor changes
to a design; axiomatic design is more concerned with good and possibly radically creative
design decisions. For example, Pahl and Beitz describe the development of variants,
“The relationship between sub-functions and overall function is very often governed by
certain constraints, inasmuch as some sub-furictions have to be satisfied [performed]
before others. On the other hand, it is usually possible to link sub-functions in various
ways and hence create variants. In all such cases, the links must be compatble.” [Pahl
and Beitz (1996) p. 31]

A5.3 Comparison of specific guidelines

Pahl and Beitz advocate several specific guidelines, which may be adapted for use within
axiomatic design. Their ideas are presented following a different structure of design phases,
rather than decisions made, but several guidelines may be separated out of the text.

For the purposes of this discussion, the functions in function structures are assumed to
correspond to functional requirements in axiomatic design terms. Significant differences
exist, of course, in the way that a function structure is developed as compared with the
development of an FR tree. This is due especially to the lack of explicit consideration of
domains and hierarchies as noted above.

The guidelines of Pahl and Beitz are therefore evaluated in terms of their usefulness in
generating sub-FRs.

Guidelines in Pahl and Beitz
Pahl and Beitz present the following guidelines for the development of function structures.

1. “From a rough structure, or from a structure obtained by the analysis of known systems,
it is possible to derive further wariants and hence to optimize the solution.” [Pahl and
Beitz (1996) p. 160]

The emphasis in this guideline is on producing varants in the way functions are carried out.
The idea that functions may be carried out in different sequences of operation is consistent
with axiomatic design, and the methods that Pahl and Beitz describe are useful for the
designers to consider thoroughly the different alternatives. In axiomatic design, however,
creative synthesis of DPs, more than simple rearrangement of FR cperation, is considered
necessary to create an optimal design.

2. “It1s useful to distinguish between main and auxiliary functions.” [Pahl and Beitz (1996)
p- 32]

As noted already, there is no distinction in axiomatic design between main and auxiliary
functions, therefore this guideline is inconsistent. Furthermore, the use and definition of
auxiliary functions is unclear. For example, in “some problems...auxilary flows have a aucal
bearing on the design.” [Pahl and Beitz (1996) p. 154] The confusion between these
functions probably arises due to the lack of a hierarchy established through zigzagging.
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3. “[Ulsing generally valid funcdons...at a higher level of abstraction...leaves open all
possible solutions and makes a systematic approach easier.” [Pahl and Beitz (1996) p. 34]

This guideline is not consistent with axiomatic design because an objective in axiomatic
design is to generate FRs at a proper level of abstraction, consistent either with the customer
needs and/or with the decisions that have been make for the higher-level FRs and DPs.
Furthermore, Pahl and Beitz are unclear in their advise about the merits of using generally
valid functions or task specific functions, that is, when to use one or the other. For example,
they state that the use of “generally valid sub-functions...may be helpful...beczuse they lead
to the discovery of task-specific sub-functions”. [Pahl and Beitz (1996) p. 151]

4. “The optimum method of breaking down an overall function—that is, the number of
sub-function levels and also the number of sub-functions per level—is determined by
the relative novelty of the problem and also by the method used to search for a
solution.” [Pahl and Beitz (1996) p. 150]

This guideline states that a function structure is dependent on novelty of problem. Designers
who have much experience with a specific design task are therefore expected to develop a
necessarily different function structure than those who are working on a project that is new
to them. This conflicts with the representation of systems within axiomatic design. Different
designers should be able to create and use similar if not identical descriptions of the same
design.” This is especially important in cases in which a design already exists and the
designers need to understand the impact of potential design changes. While different
designers having different experiences may make analyzing and/or designing a system more
or less easy, nevertheless, axiomatic design should promote consistency in understanding the
design task.

5. “If existing assemblies can be assigned directly as complex sub-functions, the
substitution of the function structure can be discontinued at a fairly high level of
complexity. In the case of new assemblies or those requiring turther development,
however, the division into sub-functions of decreasing complexity must be continued
until the search for a solution seems promising.” [Pahl and Beitz (1996) p. 151]

This provides a guideline for when to quit developing the function structure. The application
of this guideline is unclear because the authors do not state a crterion for the designers to
know when an existing design may be assigned directly to a sub-function.

6. “Itis...possible to begin with sub-functions whose inputs and outputs cross the assumed
system boundary. From these we can determine the inputs and outputs for neighbouring
functions, in other words, work from the system boundary inward.” [Pahl and Beitz
(1996) p. 156]

This guideline specifies that functions are to be defined inward from the boundary of the
system. This could be useful (and consistent with this work) in generating a set of sub-FRs.
In generating a particular set, consider the inputs and outputs of the parent FR-DP pair and
work inward n conceptualizing the sub-FRs.

1 Currently this may be considered an imperfecty realized ideal toward which the system template serves as an
aid. (See section 3.1.2.)
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This guideline is not consistent with this work, however, if it is interpreted to be an
instruction for sequencing the decomposition. There is no reason to expect that the design
matrix at some level of the design hierarchy is necessarily such that decisions about the
designs of the FR-DP pairs at the operational extremes of the system (that is, those that are
next to the system boundaries) should be made first. For example, in a track machine, wafer
motion occurs both first and last in the operational flow of the wafer through the system;
however, the design matrix for such a system indicates that the processes which make up
photoresist coating and developing should be detailed first, before decisions are made about
the transportation subsystemn.

7. There exits a particular sub-function that is identified as being “[a]n important sub-
function that must be satisfied first, and on which the working principle of which the
others depend”. [Pahl and Beitz (1996) p. 161]

This guideline may be considered consistent with this work. It describes the proper role of
hierarchies and zigzagging which should be incorporated into the development of the
function structures of Pahl and Beitz.

8. Pahl and Beitz propose several sets of functions that are commonly found together in
specific applications.

This idea is consistent with that of templates, such as the system template and command and
control algorithms. As an example, the controller for a technical system needs to perform

the sub-functions “operate”, “indicate”, “detect”, and “activate”, interacting with both an
operator and a piece of hardware to be controlled. [Pahl and Beitz (1996) p. 157]

A5.4 Summary

In summary, the guidelines presented in this thesis have a broader scope than those
presenited by Pahl and Beitz for the construction of function structures. The differences
between the directions of Pahl and Beitz and the guidelines presented in this thesis can
largely be traced to differences in modeling the design. This work starts with the concepts of
axiomatic design. In contrast, the lack of recogpition of these concepts in Pahl and Beitz—
especially domains and zigzagging—leads to instructions that are not especially useful or
complementary to this work.
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Finally, we arrived. The Product Ideation and Design Facility was a large wedge-
shaped room stuffed floor to ceiling with instrument parels throbbing with electric life,
glittering with lights and luminous screens and flashing dials. Arthur sat on a bench near
Carl, who was hunched over what appeared to be some sort of computerzed draftng
board-a wide flat screen crawling with moving diagrams and charts.

“How the hell did he figure out how to work the equipment?”

“Oh it's not so hard as you might expect”” Arthur rose, walked over, and peered
over Cad’s shoulder. “In this plant, in its day, engineers were looked upon as artists. They
really didn’t need to know much about engineering. Here, machine intelligences supply all
the data, all the formulae, all the know-how. They do all the dirty work. The only thing that
organic brains can supply is creativity. That's what Cad’s doing. He’s telling the machines
what he wants and what he wants it to do, and the machines are helping him design it. And
if the design is judged a worthy work of art, they just might build a prototype model.”

“That’s really something,” I said. And ic was, it was.

After lunch the plant foreman spoke to us. “We have begun production of the
prototype. Would you like to observe?” He sounded a lot like the design chief, and 1
suspected that the latter was merely a subsystem of the former.

Would {we] like to observe, yes.

We all boarded another robocart and swung out into the plant.

The place had come to life. We rode for an hour threugh the throbbing heart of
technological wizardry. What had been hulks of dead machinery now flashed and sparked,
whirred and hummed, chimed and beeped and thrummed and sang, while pink and violet
electrical discharges leaped between giant coils, translucent tubing glowed and pulsed,
luminescent motes swam inside huge transparent spheres, and veils of energy fluttered in the
air overhead like auroral displays.

“Goddamn Frankenstein movie,” was Cad’s reaction.

At last we came to a large quiet empty chamber. We got off and waited. Before
long, the far wall retracted, and two robots hauled the prototype out onto the showroom
flcor. — DeChancie, Paradox Alley, pp. 125-127.
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