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SUMMARY

The purpose of this program was to analyze the process of complex system design to
determine why designers often fail to consider potentially valuable technical information in making
design decisions. Based on this analysis, the goal was to define functional requirements for a new
class of supports that will enhance designers’ access and use of such information. Termed
Designer’s Associates, these supports derive from a thorough understanding of designers' tasks
and the services that intelligent computing technologies make possible.

Relevant design information exists in a variety of places, expressed in many forms, of
varying quality, etc. It includes both system-specific and system-independent elements.
Information also tends to be distributed across "data islands," making availability a problem. The
designer may not be aware of, misinterpret, or not value relevant information that could improve
his decisions. For better or worse, each designer assesses the costs and benefits associated with
information access, and acts in accord with this evaluation. A poor evaluation can effectively
block information from affecting design choices. The surrounding milieu, which is composed of
co-workers, organizations and technology, can interfere with access and use in a variety of direct
and subtle ways.

One approach for improving information access and utilization is through use of a new
concept in intelligent computer-based supports called "mixed-initiative support systems.” In
these systems, decision-making authority and task performance can be delegated to machine
intelligence to augment human performance. Based on successful application of mixed-initiative
systems in the aviation and process control domains, we examine the prospects for applying this
technology to information access and use in design. We consider technological needs, system
architecture, and how such a support system might be evaluated. The report ends with a future
scenario of what design might be like with the support of a mixed-initiative Designer’s Associate.
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PREFACE

This report documents work performed by Search Technology for the Armstrong
Laboratory under contract F33615-86-C-0542. Kenneth R. Boff served as the Air Force
technical director and program manager. William J. Cody served as program manager for Search
Technology.

The effort involved our examining the processes by which complex systems evolve, with
most examples taken from military aircraft and aircraft training systems. Our objectives were 10
identify support system services that will enhance designers’ use of technical information and to
define the technical and organizational requirements for implementation. To achieve this, we
interviewed, surveyed or observed nearly 250 people in design and design-related functions in
government, industry, and academia. We also developed prototypes of recommended support
functions both to gauge the technical challenges of scaling up to actual systems and to obtain
feedback from potential users and other stakeholders in the effort.

The recommendations offered in this report emerged from these activities and, hopefully,
reflect descriptions of how design processes work and can be supported made by the many
individuals with whom we interacted. We are indebted to these individuals and their sponsoring
organizations for their time, interest, and insights. Listed below are individual team members who
contributed to this effort and the many organizations that permitted our interacting with design
personnel. These acknowledgments, of course, do not imply the endorsement of views and
conclusions expressed in this report. We take full responsibility for its content.

Individual Contributors

Armstrong Laboratory MacAulay-Brown, Inc.
Air Force Systems Command Dayton, Ohio
Wright-Patterson AFB, OH Martha Gordon
Donald L. Monk . James R. McCracken
Tanya Ellifritt Kristin Rose
Roy Livingston
KristinMorton Hudson Research Associates
: D P Stuyvestant, New York
Search Pechnology ™ . T T C Janet E. Lincoln
Atlanta, Georgia LA
John T.'Baldwin """ - - Logicon, Inc.
Gian M. Cacioppo™ *~~ | Dayton, Ohio
%;Ipxph..@gberu‘.’;;_ o Sarah S. Swierenga
Ihomas A. Coonan A
PhillipC.Duncan ... .+ Systems Research Laboratories
Paul R. Frey - : Dayton, Ohio
Noman D. Geddes -~ - - Dieter J. Zirckler
Robert J. Glushko =~
Charles W. Howard ' Georgia Institute of Technology
William B. Johnson ; Atlanta, Georgia
David Resnick f. Alan L. Porter
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Daniel R. Sewell : ‘ ASD/EN
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Bradley J. Wiederholt Edward A. Martin
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We are also indebted to the participants at four independent workshops who answered our
questionnaires and, in several instances, submitted to follow-up interviews:

e Human Perception and Performance Workshop for System Designers
Moderator: Dr. Kenneth R. Boff, Armstrong Laboratory, Wright-Patterson AFB, OH
June 1986, Dayton, Ohio

o Human Perception and Performance Workshop for System Designers
Moderator: Dr. Kenneth R. Boff, Armstrong Laboratory, Wright-Patterson AFB, OH
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e Application of Human Performance Models to System Design
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INTRODUCTION

PROGRAM GOALS

The purpose of this program was to analyze the process of complex system design to
determine why designers often fail to consider potentially valuable technical information in making
design decisions. Based on this analysis, the goal was to define functional requirements for a new
class of supports that will enhance designers' access and use of such information. Termed
Designer’s Associates, these supports derive from a thorough understanding of designers' tasks
and the services that intelligent computing technologies make possible. The capabilities and
services that an associate system for designers should exhibit -- what they are, their rationale, and
implementation considerations -- are the subject of this report.

BACKGROUND

This project was performed between the late 1980s to early 1990s, a period that saw
profound change in product design and development processes in the U.S. Pressures for
improving the process emerged from several quarters. These included disasters associated with
human error in several large-scale systems (Perrow, 1984), a surge in litigation over product
liability (Burger, 1991), offshore industrial competition (Packard, 1986), concerns with
technology investment and ineffective transfer into practice (Buxton & Malcolm, 1991; U.S.
Congress, 1989), rapid evolution of computer-based engineering tools (Begg, 1984; Floyd, 1991;
Forbus, 1988; Hadley & Sommerville, 1990), and others. Numerous reports criticized U.S. global
competitiveness and called for a renaissance in the scientific, technological and educational bases
of design and product development (Eder, 1988; U.S. Congress, 1989).

These pressures served to focus attention on the "design process,” how artifacts come into
1 being, and also stimulated many corrective efforts. Both basic and applied research into the
design process experienced substantial upswings (American Society of Mechanical Engineers,
1986; Finger & Dixon, 19892, b; Mostow, 1985; Rouse & Boff, 1987; Steier, 1990). Managerial
interventions such as Total Quality Management and concurrent engineering came into vogue
(Linn & Winner, 1986; Rosenblatt & V/atson, 1991; Salzberg & Watkins, 1990; Winner, et al.,
1988). Many prescriptions for how to design products emerged in the public and proprietary
literature (Emery & Parks, 1987; Linton, 1987; Pahl & Beitz, 1984; Rouse, 1991; Suri &
Shimizu, 1989; Whitney, 1990). Makers of engineering design tools and information systems




introduced hundreds of paper- and computer-based products (e.g., Begg, 1984; Bogner, 1988;
Floyd, 1991; Forbus, 1988; McMillan, 1989). Educators began exploring ways to revamp
curricula to improve engineers' and technical specialists' preparation (Borovansky, 1987; Eder,
1988; Hazelrigg, 1988). These efforts shared the common objective of impréving the product
development process and infrastructures in hopes of improving the resulting systems.

Within this context, our initial goal was to improve the human usability of complex
systems in general and crew systems for military aircraft in particular. Usability is a sumnmary
term for a host of finer-grained attributes. Put simply, a system is more usable the easier it is to
leam, easier it is to operate, the fewer people it requires to operate and maintain, the more
tolerant it is of misuse, and so on. We had focused on this system attribute because, despite
infusions of advanced technology, newer systems were performing at lower levels and for greater
costs than expected (cf. Beevis, 1987; Johnson, 1987; Promisel et al., 1985). These shortfalls
were frequently traced to usability problems (Gould & Lewis, 1985; Hammond et al., 1983;
Meister, 1989; Promisel et al., 1985; Wahlstrom ex ai., 1985).

Earlier work had demonstrated that design decisions which affect usability often were
made without relevan. human-related technical information (Boff, 1987a, 1987b, 1988, 1990).
Such information pertains to the anthropometric, biological, behavioral, performance, learning,
reasoning, and social characteristics of system users. In some instances, the information was
simply not available. But in many cases, available information was overlooked, misunderstood, or
misapplied. These problems especially plagued individuals trained in disciplines other than human
engineering (Gardiner & Christie, 1987; Hammond et al, 1983; Lintz, Askren & Lott, 1971;
Meister & Farr, 1967; Meister et al., 1969). Consequently, toward the goal of better integrating
human engineering information into the design process, the parent program (called /ntegrated
Perceptual Information for Designers) for this effort had introduced several successful products
and services (Boff, 1987b; Boff, Kaufman & Thomas, 1986; Boff & Lincoln, 1988).

As we were concentrating on usability, other investigators were reporting design
deficiencies along system attributes that were sacred ground to their domains. Examples include
assembly, manufacturability, testability, reliability, and many others (Finger & Dixon, 1989b; Suri
& Shimizu, 1989; Whitney, 1990). Deficiencies varied with product domain, but the source of the
problems was similar to what we had observed -- suppliers believed that useful information about
assembly, manufacturability, etc., was available, but was not being factored into design decisions.
Many of these transfer failures were associated with information in archival sources that were
external to the design organization (e.g., Allen, 1977; Borovansky, 1987). However, cases of




system-specific information that failed to transfer from one area to another within the same
organization were equally common (Winner, et al., 1988). The latter of these anomalies
suggested a "stovepipes” image of groups within design organizations, and helped create the
impetus for concurrent engineering initiatives (Linn & Winner, 1986).

The similarity between others' complaints and our own demonstrated that difficulties with
access and use of information in design are independent of particular disciplines and system
attributes (Rouse, Cody & Boff, 1991). The problem is not confined to human-related
information; it is pervasive. Moreover, it has at least three deleterious effects. First, product
quality may suffer when design decisions reflect a narrower base of relevant information than is
available. Second, the design process itself becomes less efficient when product deficiencies must
be reworked that could have been prevented with better information transfer. Finally, investments
in R&D and design efforts are lost when the concepts, principles, methods, tools, components,
lessons, data, etc., that they foster are left to languish in the archives.

The pervasiveness of this problem caused us to shift from an information-centered
perspective to a designer-centered perspective. Rather than concentrate on promoting a
particular class of information, the goal became to specify an information system that could help
any design participant obtain any type of relevant information. Aside from technical barriers
associated with linking up to information, this goal required our understanding why designers use
some types of information and discard others. The designer's information world is massive. It
contains elements generated by the project such as requirements, conceptual designs, engineering
drawings, prototypes, test data, and so on. It contains project-independent sources such as past
designs, new technology, regulations, principles, tools, models and data, including human-related
information. The evidence suggests that designers use a very small fraction of the total store (cf.
Allen, 1977; Rouse, 1986). By distinguishing what designers use from what they ignore, we
sought to understand characteristics of information that designers value. This knowledge would
be instrumental to changing information, the designer, or both to facilitate use and, thereby,
improve design. Thus, support systems that enhance information transfer were expected to have
general appeal. Figure 1 depicts these overall support objectives in terms of the two broad classes
of designer task and two approaches to task support.

Information access and utilization, illustrated by the left and right circles in Figure 1,
represent the targets for support. *¥hile not synonymous with design, these tasks are integral to
good practice and a part of the process that we believed would be amenable to support. For
present purposes, access refers to activities that produce an object from the information world for




subsequent use. Access has both physical and cognitive components. Utilization refers to
operations performed on or with an object to support problem solving and decision making.

Training in
Information Access

Training in Use
of information

Training
&
Coaching

Information\
Access '

Aiding
&
Decision Support

Aiding the Access

Aiding the Use
of Informatiq_n

of information

Figure 1. Four classes of design support emerge from the combination of two types of task and
two types of intervention.

Figure 1 also depicts two general ways in which human performance in complex task
domains can be supported (Rouse, 1991). Training and coaching refer to investing in people's
knowledge and skills so that they possess the potential to perform without help. Aiding and
decision support refer to augmenting people's performance directly, often through automated
means. These supports represent complementary forms of adaptation (Rouse, 1986). Training is
adaptation of the user that causes him or her to adopt more effective or efficient task strategies.
Aiding involves adapting the environment fo the user in order to complement the user's style and
abilities and overcome his or her limitations.




As suggested by the darkened regions in Figure 1, mapping the two types of support to
the two types of task yields four support classes. Put simply, one can train or aid the designer in
accessing information, and one can train or aid the designer in applying information to solve
problems and make decisions. Within each class, a wide variety of specific supports are possible.
Comprehensive support systems will integrate all four forms. It is our intention through this
report to foster development of such systems.!

OVERVIEW

This document is intended for people who develop information support systems for
designers and for those who procure them. Its purpose is to present and rationalize the goals,
functions and objectives for such systems. In addition, it identifies implementation requirements
for delivering the proposed functions.

1 we recognized the distributed and collaborative nature of system design, and were familiar with emerging
supports that are emerging for group work (cf. Corcoran, 1988; Galegher et al., 1990; Kraemer & King, 1988).
However, we focused on support requirements for designers when they work individually for three primary reasons.
First, our investigations suggested that individuals and groups play different roles in the design process. As
discussed in greater detail in this report, individual designers perform the bulk of technical tasks, whereas groups
function primarily to manage individuals' work by allocating work and reviewing task results (Rouse & Boff, 1987;
Rouse & Cody, 1988). There is no question that design management can be supported and improved; however, our
interest was in supporting technical tasks.

Second, our investigations suggested that design processes could be enhanced by reducing cross-
disciplinary communication difficulties (cf. Boff, 1987a). A variety of approaches are possible. Groupware may
help achieve this. Total quality management and concurrent engineering also seek to remove disciplinary
"stovepipes” through managerial intervention. We elected to take an alternative approach based on innovative
computer-based education (cf. Boff et al., 1991) -- in effect, alleviating communication problems by increasing
each contributor's knowledge about others domains. A support system can introduce a person to concepts and
practices in specialties other than his own so that he becomes a more effective team player. Furthermore, the
support can be delivered "just in time" as the specialist needs it, rather than through traditional, and more arduous,
educational practices. This approach necessarily focuses on individual’s knowledge and skill, not on group
activities per se.

Third, the mixed-initiative supports advocated in this report require a robust model of the process being
supported. Our review of research on group dynamics in design suggested that the theoretical and empirical bases
were not adequate for constructing such a model. This is not to say that emerging "groupware” is or will be
ineffective. Simply, the present versions of these aids are not mixed-initiative systems.

Finally, it should be noted that nothing prevents the supports that we advocate from being used in group
settings where participants discuss design issues, negotiate system characteristics, and so on. Moreover, given
information about what is being discussed, a mixed-initiative system could provide the same types of support that it
does for users working alone -- search and retrieval, compiling information, transforming displayed information in
forms that the designer likes best, etc.




Following a brief review of study methods, we first identify designers’ information needs
that a support system should help to meet. In keeping with human engineering traditions, this
required understanding what designers do and the types of information they value in performing
these activities. Elsewhere we have called this the "human factors of design” to emphasize our
focus on designers, not their end-users (Boff, 1990; Rouse, Cody & Boff, 1991). Our analysis
concentrates on limitations that designers exhibit with respect to access and use of information in
support of design tasks. Given these needs, we then define a list of support system goals.
Functional requirements to achieve these goals are presented next. This leads to consideration of
how system functions might be implemented.

Several implementation schemes are possible, some more automated than others. We
focused on "mixed-initiative systems,” a new concept in intelligent computer-based supports. In
these systems, decision-making authority and task performance can be delegated to machine
intelligence to augment human performance. Based on successes that Rouse and his colleagues
have had with mixed-initiative systems in the aviation and process control domains (Geddes,

1989; Rouse, Geddes & Curry, 1987; Rouse, Geddes & Hammer, 1990), we examine the
prospects for applying this technology to information access and use in design. We consider
technological needs, system architecture, and how such a support system might be evaluated. The
report ends with a future scenario of what design might be like with the support of a mixed-
initiative Designer's Associate.




METHODS

To examine the design process and designers' tasks, we conducted a workshop on the
nature of system design, collected information from practitioners in industry and government
using "naturalist” methods, and reviewed the literature on design and design support.

WORKSHOP

The workshop, held in March 1986, explored design across engineering systems, software,
consumer products, and architecture. Thirty individuals convened for a 3-day meeting. They
represented government, industry and academia, and had backgrounds in engineering, computer
science, psychology, industrial design and architecture. Participants addressed three main topics:
1) the nature of design and designers from both individual and organizational perspectives; 2)
design tools in terms of their psychological impact and technological requirements; and 3)
organizational environments within which designers work and how these environments influence
designers’ behavior. Complete results from the workshop appear in Rouse and Boff (1987).

NATURALIST METHODS

Design takes place in the industrial business environment and is not easily studied in the
laboratory. Therefore, we adopted methods from social psychology and ethnology -- interviews,
questionnaires, and direct observation -- to study designers on location. Our principal interests
were in the tasks these individuals perform, where and how they obtain needed information,
difficulties they have, and their reactions to various forms of computer-based support.

We conducted 62 interviews ‘v.th aerospace crew syste-1 designers (Cody, 1989),
collected 168 questionnaires from participants at four different workshops devoted to uses of
human-related information in design (Cody & Rcuse, 1989; Rouse & Cody, 1989a, 1989b), and
took up residence for six months with a 10-member Air Force group in the early stages of their
designing a new cockpit for a fighter aircraft (Sewell, 1990). Table 1 summarizes who we studied
according to nature of their work, job specialty, and data collection method. Individuals included
under System-Independent R&D pursued applied research and advanced technology
development. People under System-Specific Design & Development worked on aircraft programs
such as the Air Force's Advanced Tactical Fi,t:.:r ar 1 the Army Apache helicopter, either to
define system requirements or respond with design specifications. The Engineer category
included people trained primarily in electrical, mechanical, structural, and software domains.
Human Factors included behavioral scientists and specialists in training and education.




Table 1. Distribution of Crew System Designers Included In Data Collection

System-Independent System-Specific
Research & Development Design & Development

Human Human
Data Collection Method Engineering Factors Engineering Factors Total
Interviews
Number 16 7 8 11 62
Ave years experience 158 11.7 215 179
Questionnaires
Number 32 49 56 31 168
Ave years experience 148 124 144 9.0
Observation
Number - - 3 7 10
Ave years experience 63 9.1
Total
Number 48 56 87 49 240
Ave years experience 151 123 16.5 11.0 14.1

Of the 240 individuals, 118 were Department of Defense employees, 105 worked in
industry, and 17 were from academia. Regarding the primary purpose of their work outputs, 182
people contributed to operational systems or their technology base (e.g.. a particular aircraft or
helmet-coupled displays); 58 contributed to training systems or training technology (e.g., aircraft
simulators). Overall, the 240 people averaged 14.1 years of job experience, ranging from 1 to 35
years.

Given our interest in common needs across design disciplines, it is worthwhile to consider
whether the 240 individuals were representative of archetypal "designers.” Our sample was
composed mostly of people who contribute to human-machine systems and, therefore, could be
questioned for being parochial to this domain. We believe, however, that our sample was
representative of a broad base of designers for two reasons. First, crew system design requires
expertise from over 40 technical disciplines (cf. Cody, 1989; Rouse, Cody, Boff, & Frey, 1990),
many of which were represented our sample. Second, aerospace designers face problems of
comparable complexity and use tools and methods that are similar to those used by designers in




the process, power, and manufacturing sectors. Consequently, we expect that they exhibit similar
problem-solving and information-seeking behaviors. In contrast, our sample may differ along
these dimensions from designers of consumer products and other less complex systems.

We also recognize that conclusions drawn from naturalist studies tend to be fairly
qualitative and open to alternative interpretations. ‘When we began this work, the research base
on the human factors of design was sparse. Although many prescriptions for how design ought to
be done were available (e.g., Nadler, 1985; Ostrofsky, 1977; Spillers & Newsome, 1989), there
were few studies on how design actually is practiced and why. Under these circumstances, we
felt that naturalist methods would produce greater insight into the character of this complex
process than would conventional experimental approaches that focus on few factors and
relationships at a time. Other "naturalists" had reached similar conclusions at about the same time
(e.g., Curtis, Krasner & Iscoe, 1988). Since then, the literature on design activity has begun to
grow, as exemplified by Ullman et al. (1988) in mechanical engineering, Schon (1983) in
architecture and structural design, and Malhotra et al. (1980) and Guindon (1992) in software
developmeni.

LITERATURE REVIEW

Throughout the program, we reviewed papers, books and technical reports on the nature
of design, design theory, prescriptions for designing, organizational and social phenomena in
design, cognitive and behavioral phenomena in design, as well as design support systems. These
sources represented a variety of perspectives including management sciences, systems
engineering, traditional engineering fields, computer science and artificial intelligence, human
engineering, several branches of psychology (cognitive, engineering, social, consumer), human
factors, information and library sciences, architecture and art. In addition to the references
section of this report, bibliographies of works on design are available (American Society of
Mechanical Engineers, 1986; Bruns & Gerhart, 1986).




CHARACTERISTICS OF DESIGN

In order to define designers' needs, it is important to understand characteristics of design
problems and the processes by which these problems are addressed.

NATURE OF DESIGN PROBLEMS

It is generally acknowledged that design is different from other sorts of problem solving
such as decision making, diagnosis, and negotiation. While the overall goal of design is relatively
clear, in contrast to these other varieties, design problems have been described as "wicked.” The
initial state, end state, and legal transformations between the two are all ill-defined (Smith, 1981).
As a result, the functional demands posed by design problems tend to be unique.

Design Goals

Many definitions for the overall goal of design have appeared. One useful definition
composed from several sources (American Society of Mechanical Engineers, 1986; Bruns &
Gerhart, 1986; Gero, 1990; Goel & Pirolli, 1989; Hazelrigg, 1988; Mostow, 1985; Nadler, 1985;
Newsome et al., 1989; Smith & Browne, in press) is as follows: the overall goal of design is to
specify an artifact whose functions and attributes satisfy requirements and criteria held by
stakeholders in the effort. Several elements of design that are captured in this definition merit
comment.

Artifacts, the things that get designed, can be described as complex collections of
attributes that assume particular values (Buur & Andreasen, 1989). Physical artifacts, for
example, have particular values of size, reliability, and exhibit certain levels of performance.
Software artifacts are more or less modular, fast, and free from logical errors. A given artifact
has myriad attributes. These are related to one another in a tangled hierarchy (Eder, 1988). The
designer selects values for basic or foundation attributes directly, such as materials used, layout of
components, and tolerances. In turn, these choices drive the values of attributes at higher levels
of abstraction and aggregation in the artifact. Higher-order attributes, such as ease of use and
operating cost, are often termed "emergent” both because they result from more fundamental
design choices and because their values emerge with certainty only after the artifact is

implemented (Hazelrigg, 1988).
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While the artifact eventually does emerge from the overall process, most design has
become the production of detailed instructions or specifications, rather than of the artifact per se
(Goel & Pirolli, 1989). This is due to the separation of product development into design,
manufacture, distribution and use in modern society. This characteristic has two implications.
First, designers spend much of their time generating and using representations of the artifact and
its effects on the physical, social and economic environments as opposed to the artifact itself
(Buur & Andreasen, 1989; Shah & Wilson, 1989). Second, since the designer is not the
fabricator, there is a premium on clarity with which fabrication instructions must be expressed.
The amount of time required to produce these specifications is directly related to the complexity
of the artifact.

Conceptualizing artifacts in terms of attributes helps to define various terms used in design
practice. For our purposes, requirements refer to both goals and constraints. Goals are the
raison d'étre for the design. Constraints are conditions that the design or design process must not
violate. While not valued per se as goals are, constraints help to identify unacceptable designs.
Requirements are usually stated in terms of the problem to be solved without implying a singular
solution (Smith & Browne, in press). Criteria refer to value(s) or ranges of values that attributes
can assume and still be judged acceptable. Specifications are precisely stated settings of attribute
values, and are normally called out in a formal document. Although not inviolate, criteria teid to
apply to emergent properties such as performance, reliability, and usability, whereas specifications
more often pertain to basic properties like tolerance. Thus, specifications can be considered a
special class of criteria.

As a final note about the definition of design goals, attributes can be thought of as
"owned" by stakeholders in a design effort (Rouse, 1992, in press). For instance, people who
request artifacts decide what purpose it will help them or their constituents to achieve. Product
users decide, implicitly or explicitly, how easy to learn and use a system must be. Buyers, who
may be neither requesters nor users, judge whether benefits outweigh costs. Stakeholders also
include people who may not be interested in the artifact per se, but in its not violating important
constraints. Vendors, for instance, have a stake in ease of fabrication and will balk at designs that
exceed their fabrication capabilities. Similarly, project sponsors have a stake in the design process
insofar as they want it not to exceed constraints on resources and schedule. Many other
stakeholders and interests can be imagined.
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Design States

Regarding initial state, most design efforts are marked by radically incomplete
requirements and criteria for success. That is, what the problem (or opportunity) is and how
solutions will be judged are both unclear. There are several reasons for this. First, design is
usually carried out for a client and, therefore, the designer cannot determine all relevant goals and
constraints by introspection (Smith & Browne, in press). Second, people tend to be poor at
stating their needs in terms that translate easily into design objectives (Rouse, 1986). They are
much better at recognizing satisfactory solutions than they are at specifying them (Guindon, 1992;
Malhotra et al., 1980). This relates to a third reason. Needs that launch a project may not reflect
what a client wants after he realizes opportunities that a new design makes possible (Brown &
Chandrasakaran, 1989; Gero, 1990). This encourages continual discovery and refinement of
requirements across the entire development effort. Put simply, in contrast with most textbook
depictions, requirements definition is never quite done. As a result, problem formulation is
usually a central issue in design, much more so than in other sorts of problem solving (Hunt,
1987; Rouse, 1986).

The end state of design is also marked with quite a bit of uncertainty. Proof that a
particular solution meets requirements is often difficult to establish for one or more of several
reasons. First, it is generally difficult, if not impossible, to forecast precisely the effects that a
new artifact and its environment will have on one another (Smith & Browne, in press). Thus,
conclusions that a design is a success must await implementation and, for artifacts that have wide-
ranging or slowly evolving effects, this can take a long time.

Second, attributes vary in the precision with which they are defined and, therefore, in the
precision with which they can be measured in support of evaluation. Some attributes can be
measured directly and quantitatively (e.g., size, mass, speed). Others may be quantifiable, but are
more difficult to measure (e.g., reliability, ease of assembly, durability). Still others are
quantifiable only with subjective measurement practices (e.g., aesthetic appeal, acceptability, and
ease of use). Compare the difficulty of measuring an artifact's size or mass with its "usability."
Related to this measurement issue, criteria for acceptable attribute values are more or less precise
as a function of clarity and precision of the attribute's definition. Thus, the ease of verifying that a
design meets criteria varies with attribute. Establishing that the artifact meets the physical criteria
is generally easier to achieve than establishing that it meets criteria related to learnability and use,
for instance.
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Finally, even if measuring attribute values and comparing them to criteria were
straightforward, it is often difficult to identify who is the proper stakeholder to poll for a
judgment. Attributes usually map to stakeholders in complex ways. Moreover, stakeholders may
possess different and conflicting definitions for the same attribute or disagree with what value an
attribute ought to assume in the final product (Eder, 1988). Thus, identifying who the
stakeholders are, especially if the artifact introduces major changes in social or physical
environments, and reconciling their differences, are often more central to design success than
overcoming technical problems (Rouse, 1991).

Relationships Among Elements of Design

Figure 2 relates several characteristics about design made to this point. Focusing on the
left-hand side, the figure suggests that in design, one generally proceeds top-down from observing
the operational context to an artifact, although there is a great deal of iteration among steps.
Developers express their observations of operational conditions in terms of the problems that
people have. Problems are converted into needs which, in turn, are translated into the behavioral
H requirements and formal specifications for constructing the artifact. Each of these steps is
typically documented in more or less formal ways. Such documentation subsequently serves in
comparisons with the actual system.

Test and evaluation tends to proceeds in the opposite direction from the bottom of the
hierarchy upward toward the emergent properties in the system. In principle, testing first focuses
on whether the artifact "works" from an engineering perspective. Given that it runs, demonstrates
no fatal flaws, etc., then the artifact can be used in comparison with documented results of the
design effort. "Does the systemn meet specifications?"; "Does the system achieve its behavioral
requirements?"; and so on up the scale from basic system properties to the broader questions of
utility and cost effectiveness. Although not apparent from the figure, the artifact used for testing
| may range from a rough sketch on paper, to a low fidelity mockup, to a prototype or a production
copy of the actual system. The rigor of test procedures are usually adjusted according to the level
of artifact fidelity (Rouse, 1991).

The right hand-side of Figure 2 illustrates the mapping of attributes to stakeholders.
System developers tend to be interested primarily in lower-order questions which collectively ask
"Does the system work?" Given the system works, system users and buyers are much more
interested with questions of validity, acceptability and viability, i.e., "Is the solution worth it?" As
all successful product developers eventually discover, a development effort can derail at any level
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in the hierarchy. Perhaps behavioral requirements are not achieved. Or an engineering marvel

turns out to be unacceptable to users. Or a well-engineered solution that users like turns out to be
financially untenable.
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Figure 2. Design and test are complementary processes that create and evaluate, respectively,
different expressions of the artifact. Artifact properties are of more or less concern to

different stakeholders in the process.

THE DESIGN PROCESS

Understanding characteristics of the designer's goals and problem is necessary but not

sufficient to specifying supports. This also requires understanding the nature of the design

process -- who is involved, when, and what do these contributors do? Answers to these questions
are much more subtle than at first might be imagined (cf. Rouse, 1987a; Rouse & Cody, 1988).
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Who is the Designer?

We defined the designer to be anyone who intentionally influences the function or form of
the evolving artifact (Rouse & Boff, 1987). With little reflection, one sees that this definition
admits many contributors, especially in complex systems. Managers, specialists from several
engineering and technical disciplines, manufacturers, marketers, trainers, customer support
people, and several others intentionally influence the product -- many people beyond those whose
job title is "designer.” This is due to the variety of interests that must be balanced and to the
varieties of knowledge and skill required to achieve this. Beyond members of the design team,
there are also many stakeholders in most design efforts (Rouse, 1992). While these individuals
may not intentionally affect the product, their opinions and values are, or should be, taken into
consideration by those who do.

With the number and variety of people involved, design obviously is a collaborative, multi-
disciplinary process that is distributed across temporal, organizational and geographic boundaries
(Allen, 1977, 1986; Boff, 1987a; Curtis, et al., 1988; Rangan & Fulton, 1991; Rosenblatt &
Watson, 1991). Within the same project, participants are usually organized according to system
component (€.g., sensors, navigation) and type of analysis (e.g., aerodynamics, structures,
reliability) (Allen, 1986). These groups interact in two general ways: directly through a variety of
social exchanges and reports, and indirectly via the effects that their decisions and actions have on
the product, design resources and shared information.

As a consequence of the distributed nature of design, decisions emerge both from
individuals' activities and from activities when individuals collabcrate. Further, decisions are not
confined to a single early stage of the overall process. Contributors make decisions at all points in
the life cycle. For instance, R&D decisions influence what technology alternatives will be
available to product developers. Marketing decisions affect what functional requirements should
be met in the new system. Engineering decisions govern both functional and structural
characteristics. Procurement and sales decisions affect how the system is employed. Operational
experience, including training, affects the definition of new requirements as the cycle repeats itself.
In short, decision making in design is pervasive.

Stages of Design

Most commentators have similar characterizations of the process of design. Stage models
are common, both at levels of the overall program (Figure 2) and the individual designer.
Programs are said to move across stages of requirements definition, conceptual design,
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preliminary design, detailed design, fabrication, and deployment (Blanchard & Fabrycky, 1981).
Individuals' activities on particular issues are described in terms of problem formulation, design
generation or synthesis, design evaluation or analysis, and optimization (Rouse, 1986).
Regardless of the labeling of the stages, virtually every model or description of design emphasizes
iteration or cycling among processes. At the level of the individual, this has been expressed as
cycling among design states (Carroll et al., 1979) or among different levels of abstraction and
aggregation (Rasmussen, 1986, 1988).

Within stages, the design process can be examined both at the level of groups and the
organization as well as at the level of individual designers.

Groups and Organizations

Design groups or teams are central to designing complex systems. These teams are
multidisciplinary. Not surprisingly, engineering disciplines usually lead tue effort (Cody, 1989).

Designers spend a fair proportion of their time in group settings. For journeymen and
seasoned designers, the time allocation is typically 30% in group activities and 70% in individual
activities. Upper-level senior designers spend more time in group activity, serving as coaches and
mentors.

The design group or team has several roles. The group is usually involved with
decomposing the statement of work or other descriptions of objectives, requirements and
specifications. Based on this decomposition, the group will set technical goals, as well as
allocations of person-hours and schedule, for members of the group. Pursuit of these technical
goals is predominantly an individual activity. The group subsequently reviews the results of these
individual efforts.

The organization, both the company and the marketplace, strongly affects group and
individual activities. Company policies and procedures directly influence activities. Success
criteria and reward mechanisms, both internal and external to the company, influences motives
and values. Corporate and market cultures influence, for example, relative weightings on
performance, cost, and quality.

Several investigators have noted characteristics of group communications that pose
substantive demands on individual designers (Curtis et al., 1988; Kraemer & King, 1988). In
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face-to-face encounters, demands emerge from unsystematic coverage of issues, information
overload per individual in real-time, failures to record information, misunderstood messages,
incomplete communications due to dominance by one or a few individuals, unfocusing, peer
pressure, and premature closure. Outside the meeting context, demands emerge from
communications related to notifying others about decisions and actions, and from keeping abreast
of others' design activities and changes.

Of particular importance are problems with cross-disciplinary communications. As Boff
(1987a) has noted, the multidisciplinary nature of system design can cause design communication
to suffer from a Tower of Babel phenomenon -- everyone talking at each other from different
conceptual frameworks in different jargon and terminology.

Rouse, Cody & Boff (1991) explored the cross-disciplinary issue in some depth. They
noted that the nature of design problems that different disciplines on a design team resolve
inherently require different approaches. As a result, different disciplines must employ different
tools, methods and computational approaches.

This, in and of itself, however, is not the difficulty -- design problems require these
different approaches. Communications problems emerge when people use their specialized tools
and methods, which are well suited to a particular class of problems, as metaphors with which
they view all problems. Thus, for instance, many electrical engineers view all problems in terms
of control systems analogies (i.e., dynamic state equations and feedback control laws). Similarly,
many ‘human factors practitioners, given time and resources, address all p: ‘blems experimentally
and with analysis of variance (i.e., linear statistical models). Few people realize that their
representational framework so dominates their perspective. Consequently, they may be unaware
that they interpret every problem as a type of nail that their hammer will fit, resulting in
miscommunications.

Individual Designers

Much of our data collection, especially with questionnaires and observational study,
focused on design problems, information sought in solving these problems, and possible design
support functions. Understanding these issues required us to explore what tasks and activities
designers perform as they seek information and solve problems.
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Several initial hypotheses emerged from early data collection efforts and were tested,
usually informally, in subsequent data collection efforts. This series of efforts eventually led to a
more cogent description, which states that design occurs within the three-dimensional space
depicted in Figure 3 and 4 (Rouse & Cody, 1989b). Figure 3 depicts the abstraction and
aggregation dimensions of the design space. This characterization is based on Rasmussen's
(1988) constructs. The definition of aggregation is obvious from the figure. Abstraction is more
subtle.

The concept of abstraction relates to the types of representation relevant to design. The
three levels shown in Figure 3 can be defined as follows:

s Purpose: Representation of design requirements, objectives to be met, problems to be
solved, etc. via requirements documents, scenarios, simulations, etc.

o Function: Representation of relationships (i.e., physical, computational, temporal,
etc.) via diagrams, equations, simulations, etc.

e Form: Representation of appearance (i.e., assembly, geometry, etc.) via drawings,
pictures, mockups, etc.

Figure 4 depicts the task dimension of the design space. These tasks, and perhaps others
that are similar in nature, can be viewed as the designer's proximal intentions as he works toward
developing a complete design description. Although not shown in the figure, these activities are
also pursued at each level of aggregation -- system, subsystem, etc.

Based upon interview and questionnaire studies (Cody, 1989; Rouse & Cody, 1988,
1989a), we hypothesized that design can be characterized as sequences of the activities in Figure
4 that form paths or trajectories across levels of abstraction and aggregation in this artifact space.
"Moves" along the three dimensions can be seen to represent different types of tasks.
Translations along the abstraction dimension are associated with specification (moving from
higher to lower levels of abstraction), and design justification (lower to higher). Decomposition
and integration are associated with moves along the aggregation dimension. Moves among tasks
within the same levels of abstraction and aggregation are associated with the generation and
reduction of variety via synthesis and evaluation activities.

In one study (Rouse & Cody, 1989a), we developed a fictional design scenario based on a
representative task sequence. Practicing designers read the scenario, and then rated its realism
and provided explanations for their ratings. The practitioners said that, from their experience, the
scenario was a familiar and realistic portrayal of how designers behave. Although this method for
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LEVEL
OF
AGGREGATION

LEVEL OF ABSTRACTION

Purpose Function

Form

System

Subsystem

Assembly

Component

Figure 3. Design objects can be described at different levels of abstraction and aggregation.

PURPOSE

FUNCTION

FORM

Explore Problem/Need

Study current requirements
(e.g. Statement of Work) -- read
and analyze

Study scenarios of operational
need -- view and analyze

Review requirements for past
designs-- read and analyze

Explicate performance criteria
and attributes -- integrate and
decide

Conceptualize Solution
Functionality

Review functionality of past
designs -- read and analyze

Synthesize/derive input-output
relationships -- create and
represent

Develop model of functionality --
integrate, analyze and test

Predict performance (exercise
model) -- calculate/simutate,
analyze and interpret

Compose Form of Solution

Review forms of past designs --
read and analyze

Synthesize form of solution --
create, visualize and "sketch”

Prototype/mockup solution --
integrate and fabricate

Measure performance (coflect
data) -- observe, measure,
analyze and interpret

Figure 4. Archetypal design tasks associated with different levels of abstraction.
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testing the hypothesis is somewhat indirect, the results of the study supported the notions
captured by the design space.

Since this study, considerable support for the model has emerged from observational
studies of designers working on actual problems. Guindon's (1992) series of studies with
software designers is representative. Starting from an overall requirements document for a
software system, Guindon's subjects appeared to move chaotically from task to task and between
knowledge domzins, especially during early stages of design. They developed partial solutions
that contained pieces of different subsystems and these were expressed at various levels of
abstraction. These interim solutions appeared to serve as hypotheses which the designers used to
test their understanding of requirements. Such tests often led to discovery of unstated or new
goals and constraints and to drastic restructuring of either the problem, the solution, or both.

Subjects were also very eclectic in their choice of methods. Faced with different instances
of very similar design problems, they might on one occasion proceed bottom-up to arrive at a
tentative solution, and on another occasion, decompose the problem in a structured top-down
manner. Similarly, when they needed additional information about some issue, sometimes they
accessed sources external to the problem (e.g., a text), sometimes used a tool to produce the
information (e.g., computer-based drawing package), but most often, relied on their own best
judgment from past experiences with similar issues. Their verbal commentary about their
strategies indicated that choice of method was driven by context-specific factors.

Findings showed that design activities are recursive. For example, information needed to
address a design problem often stimulates the need to have information about the information
(e.g., where it might be located; estimates of its validity). The need for information part way
through a task forces the designer :: suspend to original task, resolve the information need, and
then pick back up with the originai iask. Thus, with recursion comes the need to keep track of
tasks and information that are left in partial states of completion.

Finally, activities that applied to the primary artifact also pertained to information
generators such as models and simulators. In a kind of "design within design," the designer must
develop methods and tools that produce information which, in turn, helps him to make decisions
about the primary artifact. In this way, the design world becomes populated with information
generators which, like the primary artifact, must be retrieved, evaluated, explained, managed, etc.
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From these and other observations, Guindon (1992) concluded that design is opportunistic
and does not uniformly follow a top-down approach. Schon (1983) referred to similar behavior
among architects and engineers as "iteratively uncovering phenomena and seeking explanations.”
Similar observations have now been reported in studies of mechanical engineering (Ullman et al,,
1988), software design (Malhotra et al., 1980), and consumer product design (Ballay, 1987),
lending credence to the generality of the description in Figures 3 and 4.

Aside from knowing about typical task sequences, it is also important to understand the
demands posed by the individual tasks in Figure 4. Of particular interest are the designer’s use of
systematic methods for achieving these tasks and his creation and use of design representations.

Design Methods

As suggested above, design is generally described as a heterarchical, somewhat chaotic
process involving transitions back and forth between synthesis and analysis at several levels of
abstraction and aggregation. Various attempts have been made to organize design activities into
prescribed steps, typically involving a top-down hierarchical process. These approaches have the
advantage of fostering systematic evolution of solutions, but the disadvantage of potentially
inhibiting insights and innovation.

Design methods can be distinguished along several dimensions. One dimension is the task
supported. There are methods for problem definition, decomposition, synthesis, evaluation and
optimization. Another distinction is between general and focused methods. Examples of general
methods include work breakdown analysis and overall systems design (Nadler, 1985). Focused
methods on narrow tasks are typically discipline-specific. In human engineering, for example,
methods for allocating functions between human and machine (Rouse & Cody, 1986) or for
design of displays for human users (Frey et al., 1984) exemplify focused methods. Methods can
also be distinguished as formal or informal, and as discipline-specific or discipline-independent.
and to another due to differences in the types of phenomena and representational forms used to
understand and manipulate these phenomena (Rouse, 1982; Rouse, Cody & Boff, 1991).

For purposes of developing design supports, it is important to recognize that, as with
representations, designers have a wide variety of methods with which to achieve their tasks. No
doubt, selection of a particular method under any one set of conditions is driven by the designer's
awareness of alternative methods and his perception of their relative costs and benefits. This does
not imply that formal tradeoff analyses of methods either are the norm (they are not) or should be
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(they need not). Rather, the key insight is that a support system which understands that designers
can accomplish tasks in several ways can help generate and evaluate methods for the designer's
consideration that appear to be "missing" as he works toward a goal.

Use of Representation in Design

Whether applying a particular method or not, designers spend a great deal of time using
representations of the artifact to accomplish the tasks in Figure 4. A representation or model is
defined as a partial reproduction of the attributes of an object.2 Designers use representations to
gain insights into properties of the not-yet-completed artifact.

Models vary along several dimensions. Those of particular interest in design are shown in
Figure 5 grouped into three categories. The first category reflects the modeling activity. It
includes properties related to why a model might be built, the object and attribute(s) of concern,
and the beneficiary of the activity. The model user may be the designer himself as he tries to
understand the nature of the problem, evaluate his ideas, etc. Models are also used to describe
ideas or actual functionality to colleagues and customers. Similarly, computers and numerical
control machines "use" models to predict artifact properties or control factory processes.

The second category includes the abstraction and aggregation dimensions discussed in
connection with Figure 3. The most commonly used representations in design capture artifacts at
various combinations of these two dimensions -- requirements documents, sketches, functional
models, equations, detailed engineering drawings, mockups, production versions of the product,
etc.

The final category focuses on properties of the model itself. Models derive from concepts
and techniques in different disciplines. They also vary in their physical similarity and precision in
detail to the artifact -- a rough block diagram of how a system component might function is an
abstract, low precision model. In contrast, a manufacturing prototype for the same component is
both concrete and fully detailed.

2 Note that "object" is intentionally a very broad concept here, meant to indicate any type of cntity in the design
world. It certainly applies to the artifact. It also applies, however, to the design process (tasks, assignments,
schedule), collateral processes that the designer must consider (production, testing, customer support, etc.), and
methods and tools that the designer may need to construct (¢.g., a simutator). Each of these objects can be
captured at various levels of abstraction and aggregation, with more or less precision, more or less expressiveness,
in formal and informal ways, etc.
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PROPERTIES RELATED TO MODELING ACTIVITY

Purpose of Model Description, idea generation, evaluation, specification

Obiject of Interest Artifact, design tool, design process, production process...
Attribute(s) of Interest Basic (tolerance, materials) to emergent (reliability, usability, safety)
Primary User Designer himself, colleague, customer, user, draftsman, computer,

numerical control machine...

PROPERTIES OF THE ARTIFACT BEING MODELED

Levetl of Abstraction Purpose, function and form
Level of Aggregation System, subsystem, component, part...
PROPERTIES OF MODELS
Disciplinary Origins Electrical, mechanical, chemical, software, behavioral, social...
Form similarity Abstract to concrete
Precision Coarse (rough or sketchy) to detailed
Expressiveness Number of attributes and interrelationships
that are represented
Formality Informal (e.g., sketching), semi-formal (e.g., diagramming)
to formal (basis in mathematics & logic)
Code Natural language, symbolic, spatial
Medium Text, speech, graphic, video, 3-dimensional (virtual, paper, foam
core,...)
Machine Processability Low (e.g., text) to high (e.g., equations)

Human Understandability Low (machine instructions) to high (text and graphics)

Figure 5. Artifact representations vary along several dimensions.




Expressiveness refers to the variety and interconnectedness of attributes that are captured
in the model. Most models are relatively low in expressiveness, as they portray an artifact from a
single perspective. We will return to this aspect of models in particular as it relates to functional
demands on the designer.

Formality refers to whether the model emerges from a system of primitives and combining
operations or from a more heuristic basis. Formal models, like equations, have a mathematical or
logical basis and are amenable to machine processing. Models such as operational sequence
diagrams and circuit diagrams are semi-formal insofar as they derive from systematic, but heuristic
bases. Sketches are informal models.

Finally, models can be prepared in various codes (e.g., natural language, electrical
symbols, numbers, etc.) and media (e.g., paper, computer display, speech at a design meeting).
These properties plus their basis in formal systems of logic and mathematics make a given model
more or less amenable to machine and human understanding.

Clearly, models are essential to design. They capture reldtionships among attributes,
thereby allowing the designer to explore implications of design choices as well as discover
unstated goals and constraints. They support the desigsier's apprehension of the problem and
offload memory by externalizing these relationships (Buur & Andreasen, 1989). In this role,
models enhance communication among people who contribute to design. Models also enable
product evaluation, serve as the record of design decisions, and help maintain coherence within
the design (Gero, 1990; Maher, 1990).

All models, however, are inherently limited in four ways which impose different types of
functional demands on the designer. First, any one representation can capture only a small
fraction of the pertinent attributes and interrelationships, i.e., "expressiveness” of the majority of
representations is low relative to the artifact itself. Thus, the designer must access several
different models to obtain an overall understanding of the design state (trying to "apprehend the
elephant” from many highly specialized views). From a practical perspective, only a few
representations can be viewed simultaneously with contemporary display surfaces. Consequently,
low expressiveness per model also induces much swapping in and out of views.

Second, most representations are static and nonexecutable. The designer must mentally

simulate the behavior of the design solution, a task which suffers from the limited capacity of
human memory (Goel & Pirolli, 1989; Zachary, 1986).
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Third, models possess properties that do not belong to the artifact and which are irrelevant
to the purpose of modeling. For example, a mockup may match the structural properties of an
actual product, but induce task procedures that will not be required in the final product. Thus, the
designer must know to ignore irrelevant features of representations, a particularly difficult task
when the representation is from a discipline other than one's own (Buur & Andreasen, 1989).

This relates to the last demand.

The types of representation and languages for creating and manipulating models are
practically boundless. Most are discipline-specific. Moreover, having emerged during the “craft
stage” of their parent disciplines, most representations have no formal foundation in logic or
mathematics (Webster, 1988). This property makes principled conversion of one representation
into another tricky (Rinderle et al., 1989). Since translation is a problem, effective designers must
be fluent in several representational languages (Eder, 1988; Meister, 1989). If the designer is
unfamiliar with or does not value the concepts, data, methods, and design types from another
discipline, two problems emerge. He is often cut off from a stock of ready-made and proven
solutions that could be adapted to the problem at hand (Smith & Browne, in press). Also, if he
creates representations at all, chances are they will be inappropriate (Lintz et al., 1971; Meister &
Farr, 1967).

Working with multiple representations or "views" of the same object induces several
demands for information management (Goel & Pirolli, 1989; Guindon, 1992). For instance, when
the designer edits a system element in one view (e.g., structural), updates are invariably required
in other views (e.g., kinematics, behavioral) of the same element. This is due to the systemic
character of designed artifacts. This effect emphasizes the need for dependency tracking, version
control, and change control, issues that have received a great deal of attention in engineering
information systems in terms of storage requirements, tagging, security and other artifact-related
matters (Linn & Winner, 1986; Roussopoulos et al., 1991; Salzberg & Watkins, 1990; Winner et
al., 1988). We only add here that they suggest support requirements for the designer as well.

SUMMARY
Design is a complex goal-oriented activity that resolves problems which, by their nature,

involve many conditions and stakeholders. Designers include a variety of individuals and groups
who affect the form and function of the system in direct and indirect ways. This characteristic
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introduces needs to collaborate and share information, processes which run into difficulties due
the multi-disciplinary knowledge required.

Demands on individuals derive from uncertainty associated with what the problem to solve
is, who will judge the eventual solution, and along what criteria they will base their judgments.
Requirements and criteria for success tend to shift; the interdependencies among attributes of the
artifact are complex. To cope with these complexities, designers must be fluent in a wide variety
of methods and representational schemes with roots in different disciplines. Each method and
representation tends to support only a narrow portion of the overall effort. Coupled with the
artifact's emergence in stages, these characteristics force the designer to shift back and forth
among them to make progress. Each shift potentially suspends a partially completed task, thereby
introducing substantial task management problems.

This review of characteristics of design is relatively brief, and for more extensive
coverage, readers are encouraged to explore the wealth of available literature on design (cf. Bruns
& Gerhart, 1988). Traditional engineering (Dixon, 1966; Finger & Dixon, 1989a, 1989b) and
architecture (Broadbent, 1988) have especially rich literature.
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INFORMATION ACCESS AND UTILIZATION

The above characterization of design suggests that there is considerable variability among
the types of problem faced in design. Since supports should match the need, this might be
discouraging to those seeking to improve the design process -- who exactly does one support and
how to assure improvement?

Fortunately, there is a common denominator. Across all designers, tasks, and methods of
performance is the access and use of different types of information (Boff, 1987a; Rouse, 1986,
1987a). Access refers to activities that produce an object from the design information
environment for subsequent use. Utilization refers to operations performed on or with objects to
answer a variety of questions about the not yet finished artifact. "Will it be strong enough?”
"What does or will the product look like?" "Why does performance deviate from expectations?”
"How do users react to it?"

We focused on this general need in order to develop supports that would have broad
appeal and, thus, a potentially broad impact on design. The following discussion examines
information access and utilization in design, beginning with a characterization of the information
world.

INFORMATION WORLD

Figure 6 depicts the world of design information. By any measure, this world contains a
vast collection of time-varying data that are captured in numerous formats and media, distributed
across organizations, and often specialized by discipline or problem. At the center are the
designer's ideas. Around these ideas, information can be categorized into that which serves as
input to the design process, that which is generated by the process, and output information that
results from the process.

Input information includes both system-specific information such as marketing studies,
system requirements, design rules, and management information about tasking, resources and
people. It also includes a potentially massive amount of system independent information such as
technology, past designs, and scientific data. Information generated includes sketches, diagrams,
and system-specific models; analyses and results; and design documentation. Outputs include
engineering drawings and parts lists; manufacturing plans for hardware and software; and design




artifacts, i.e., physical encodings of information. For our purposes, we decomposed this
information world into four types of entity: artifacts, methods, tools, and adjunct information.

ntormation About
REQUIREMENTS

0.g.Whatis .7

PAST DESIGNS

og. . Whatwas _?
Why .7

DESIGNERS' IDEAS

e g. . Whatif .7

Information About

FALED IDEAS DESIGN COMPONENTS

0g. Whydd . ?

¢g. . Whetis .7
How .7

information About

DESIGN STATE

Figure 6. The designer's world contains a variety of types and sources of information.

Artifacts

Artifacts are complex abstractions composed of requirements statements, representations
of function (e.g., I/O representations, computer models) and representations of form (e.g.,
drawings, mockups, prototypes). These data are expressed at several levels of aggregation (see
Figure 3). Each representation captures a subset of attributes and values for these attributes.
Values may reflect requirements and criteria, predictions based on modeling exercises, or
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measurements from experimental tests. Attribute values can also be expressed as deviations from
expected or desired states.

Artifacts also contain identification information such as a name, revision number, author,
owner, and patent number. They contain annotations -- descriptions, explanation,, critiques, test
results. Constituent elements bear several types of relationships with one another, which also are
part of the artifact description. Relationships include composition (A consists-of B; B is-part-of
A), cross-representation (A transform from/to B), and utility (A uses B; B is-used-by A) (Linn &
Winner, 1986).

Both nascent and existing artifacts can be included as members in the overall class. The
principal distinction between nascent and existing artifacts is in their completion status, not their
informational structure. Furthermore, our including both types of artifact under one class reflects
our belief that access and utilization problems with present and past design are isomorphic.

Methods

A method refers to a combination of rules that describe preferred, default or mandatory
operations that achieve a design task. Methods vary in their breadth of application from very
general (e.g., systems engineering, spiral development) to specialized and narrow (e.g., particular
analysis techniques). Usually the broader the method, the more likely its individual steps
decompose into other methods. Also, methods may specify the use of particular tools and
resources per step to produce specific outputs.

In any particular instantiation of a support system, the range of available methods may
range from few to many. A broad range would include methods for requirements definition,
functional synthesis, form synthesis, functional modeling and model processing, form prototyping,
test and analysis. It would also include approaches to data analysis, information management
(editing, storing, linking...) and design process management (planning, scheduling, monitoring).

A narrow support system is also feasible in which only one or a few methods are represented.

Tools and Resources
Tools are manual or computer-based entities, plus resources, that enable execution of one

or more steps in a method. Designers retrieve, modify or construct tools to facilitate development
of the primary artifact. The methods that they support include representation (drawing, modeling,
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prototyping), measurement, analysis, management of the design process (scheduling and resource
allocation) and management of design information. Examples of design tools are drawing
packages, modeling and computation packages, and prototype development packages. They also
include general purpose and administrative supports such as spreadsheets and database managers.
Tools often have particular disciplinary roots and are packaged with more or less usable
information about their conceptual basis, instructions in use, and resource requirements.

There is a close correspondence between artifacts and tools. Some tools are
reproductions of the artifact at some level of fidelity. Also, in terms of information structure,
tools and artifacts may be isomorphic -- tools are composed of subsystems and modules, are
driven by requirements, have an integration status, and so on. M.ioreover, as noted earlier,
designers' activities that apply to artifacts also apply to tools. We separated tools from artifacts in
recognition of the difference between expending project resources on the design of a tool versus
on the design of the primary artifact.

Adjunct Information

The final class includes the vast store of additional information that designers may use.
This includes requirements statements and descriptions of operational need; information about
past designs with similar requirements, functionality or form; scientific and technical principles,
laws, models, and data; company practices, industry standards, regulations, and guidelines; and
sources for these data, including human sources. Most of these data are independent of the
particular system under design.

Support information includes descriptions of the current project and past projects from a
resources and management viewpoint. Elements include tasking, schedules, resources and their
allocation, authority relationships, and revisions of these items across the project. Designers
access these elements from past projects and the current project in order to adopt particular
management strategies or assess efficiency of particular approaches.

For our purposes, it was useful to conceptualize the information world as though it were a
massive centralized database. Clearly, this does not match reality. The information world is
actually composed of many "data islands" of provincial databases and file systems (Rangan &
Fulton, 1991). Some islands are accessible electronically, most are not. For developing support
requirements, however, we were more concerned with overcoming conceptual barriers to access
and use of the above objects than with present-day physical barriers.
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METHODS OF ACCESS AND UTILIZATION

To obtain items from the above information world, the designer generally has at least three
alternative means which can be applied to three primary sources. Figure 7 illustrates these
relationships in terms of nine alternative access methods. Cell entries exemplify the types of task.

The designer can retrieve an existing object and use it for the new application, based
perhaps on a correspondence between the new situation and situations he has experienced in the
past (Chandrasakaran, 1990; Klein, 1987; Maher, 1990). The designer may retrieve and modify
an object to suit present needs. This alternative induces the related need to access appropriate
tools and information about the tools (e.g., user's manual) for such modifications. Finally, the
designer can construct new information, perhaps by using a tool. Construction is more or less
complicated depending on the type of object. For example, a sketch for a new system component
may require only paper and pencil, whereas a precise geometric rendering may require
sophisticated CAD tools.

Three primary sources of information are also depicted in Figure 7. Human judgment
tends to be the preferred source (Rouse & Cody, 1989b). Designers satisfy most of their
information requirements simply by recalling their own experiences, asking colleagues and talking
with experts (Allen, 1977; Rouse & Cody, 1989b). Hence, the upper left-hand cell in Figure 7
represents a very popular means for producing needed information. The second source is the
archives, which include handbooks, textbooks, journals, magazines, catalogs, company
publications, and project databases. With the possible exception of trade magazines, designers
access the archives only when human judgment appears to be inadequate (Gerstberger & Allen,
1968).

The third source of information is models. There are three types of model -- experiential,
experimental, and analytical. When designers access a previous system, and the experience
associated with it, as a baseline against which the new design is referenced, they are using an
experiential model. This baseline is a model in the sense that at least a subset of its attributes are
predicted to be relevant to the new design requirements. Of course, this prediction can be wrong
if a poor baseline is chosen (Boff, 1987a).

Use of an experimental model involves producing the artifact and its conditions of use to
some level of fidelity. In the case of human-machine systems, the conditions include subjects who
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represent the eventual users. This is a model in the sense that the artifact, subjects and conditions
provide a model of the future.

METHOD OF ACCESS
SOURCE OF
INFORMATION
Retrieve Existing Modify Existing Construct
Object for New Use Object for New Use New Object
Adopt decigion from prior case Analogize from previous case Reason from principles
Human Judgment
Ask colleagues for past exampies | Brainstorm with colleague based Guoss
on his experience
Archives Conduct literature review; adopt Moadily object recalled from Compaose new paper regarding
object from reports literature object
Experiential Adopt a baseiine Adap! a baseiine e
. Re-use procedures and conditiond Modify procedures and conditions] Develop and execute new study
Models | Experimental from prior study from prior study measure attribute ‘4
Analytical Re-use existing model from sImIIaJ Retrieve and adapt existing model Deveiop new model with
system with appropriate wols appropriate tools

Figure 7. Designers have several alternative methods and sources for accessing information.

Analytical models are typically embedded in computational tools. Use of these tools
involves describing relationships at some level of abstraction (e.g., functional input-output
relationships, geometric relationships in structural drawings). Parameters within the
representation are then chosen, inputs are specified, and outputs computed.

The choice among these alternative sources determines which information will influence
the designer's thinking and decisions, and which will not. For example, if the designer chooses to
use personal judgment over another source, then that second source is blocked from influencing
his design decisions. To understand why some information is accessed and other information is
not, we need to examine the value of information in design.




THE VALUE OF INFORMATION

"Value of information" can be a rather elusive construct (O'Reilly, 1982; Rouse, 1986a).
On the one hand, the issue seems straightforward. Value is what one is willing to pay in money or
effort. This definition is reasonable for some purposes. However, it is not directly useful for
developing support system requirements. To be useful, the concept of value must be defined in
terms of benefits the desig :r experiences from using the information and the costs associated
with acquiring it. In this regard, it is useful to think of design as a decision making process under
conditions of uncertainty (Hazelrigg, 1988). Certainly this image corresponds with the
characterization provided earlier in this report.

Benefits of Information

One benefit of having information related to an issue is that it reduces uncertainty. This
may occur when the user is informed of something new or reminded of something forgotten.
Uncertainty may also be reduced if the need is to have "information about information," as was
discussed earlier in regard to recursion in design.

Designers may be uncertain about a variety of topics, as is illustrated by Figure 8. It
shows 26 types of question, grouped into four classes, that we derived from an extensive
observational study of a group that was involved in the early stages of designing a new aircraft
cockpit (Sewell, 1990). Some questions focus on requirements, others on ideas for satisfying
requirements, and others involve the artifact as it takes form and is evaluated and fielded. Our
expectation is that information which addresses these questions and, thereby, reduces the
designer’s uncertainty would be perceived as beneficial.

Uncertainty reduction is necessary but may not be sufficient for the designer to perceive
the benefits of some class of information. This assessment is also governed by his belief about the
relative importance of the issue over which there is uncertainty (Gemunden, 1985). Issues in
design are not all equally important. The payoff for being "correct” can range from trivial to
enormous and the risk of being wrong can range from none to catastrophic. Whether right or
wrong in his beliefs about the importance of an issue, the designer makes this assessment and,
thereby, determines whether information will be useful or not. Our expectation is that failures of
cross-disciplinary information transfer can be traced to designers in the "receiver” discipline
discounting the importance of issues from the "sender” discipline (Lintz et al., 1971; Meister &
Farr, 1967).
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11.
12.
13.
14.

16.
16.
17.
18.
19.

21.

24.
25.
26.

WHAT....?

What were the problems with the past design?

What were the requirements for the past design?

What are the requirements for the new design?

What new technologies are available?

What off-the-shelf components are available?

What are the capabilities of these components?

What are the performance limitations of...?

What is the current state of the design?

- Configuration, function allocation, physical form, schedule status...
What solutions to problem X are possible?

WHAT IF....?

What will be the impact of functionfform on...?

- Performance, operability, supportability, schedule, cost....

What criteria will be affected by function/form?

What effect will this idea have on compatibility with the current design configuration?
What effect will this idea have on compliance with design requirements?

What will the design support system do i | do...?

HOW....?

How did the past design function?

How can new technology be used?

How can available off-the-shelf components be used?
How can a particular "what if" question be answered?
How can a particular "why" question be answered?
How can the state of the design be updated?

How can the design support system be used?

WHY....?

Why did problems occur with past designs?

Why are the requirements for the new design as specified?
Why are the results of a "what if” question other than hoped?
Why did the state of the design change?

Why did the design support system respond as it did?

Figure 8. Uncertainty in design is associated with several issues.
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Figure 9 summarizes these observations about benefits in terms of a "perceived risk
space.” The axes show the designer’s uncertainty associated with an issue and his beliefs about
the importance (desirability) of the consequence. The comners of the space are given concrete
meaning with examples. Greatest uncertainty (probability = .5) is associated with events along the
central horizontal axis; the most extreme consequences occur at the left and right boundaries of
the space. The two darkened regions represent situations in which the designer perceives the
greatest degree of risk; this perception diminishes with distance from these regions.?

Certainly  [Doath & Sun will rise ]
p =.99999 T?“s again tomorrow
2
:
3
3
LIKELIHOOD
OF p=5
CONSEQUENCE
§
g
2
O
Unlikely Hit by Winnin§ the
p < .00000... lightning lottery
Undesirable Neutral Desirable
Greater loss Greater payoft

DESIRABILITY OF CONSEQUENCE

Figure 9. Perceived risk is a function of uncertainty and importance of the consequences.

3 Although shown as symmetric, the region associated with uncertain/undesirable events is likely to draw more of
the designer’s attention than the uncertain/desirable region.
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The designer realizes benefits with movement from one location to another in this space,
and information is the vehicle for doing so. We hypothesize that, from a given starting point, the
direction and magnitude of change afforded by a given class of information are directly related
with the designer's perception of benefit. Information that reduces uncertainty will be valued
more than that which increases uncertainty. Moreover, movement toward greater certainty will
be valued more when the issue is associated with extreme consequences. Thus, equivalent shifts
in uncertainty at the extremes of the desirability axis will be seen as more beneficial than those in
neutral regions.

Costs of Information

The second component that determines the value of information are costs associated with
its access and use. Costs could be measured in terms of money, but in the present context, they
are more likely measured in terms of effort required to obtain, interpret and determine the
implications to design choices of a class of information. Thus, information can be such that it
reduces uncertainty and pertains to an issue that the designer believes to be important, but
nevertheless is not valued because it i3 difficult to obtain or use (Boff, 1987a; Rouse, 1986).

Information may be difficult to obtain if it is not available through electronic means, is
proprietary to another group, is out of print, or has not yet become available. Information may be
difficult to use for several reasons. It may be expressed in a form that is inappropriate for design.
A typical example in design occurs when the designer receives qualitative information when
quantitative information was sought. Information can also be difficult to use if its disciplinary
origins are different from the designer’s and contains unfamiliar concepts and jargon.

For some information, it may be possible for the designer to transform it so as to make it
useful. However, the effort needed to make this transformation is likely to be perceived as greater
than the benefit to be obtained, especially if the issue is not perceived to be important.
Unfortunately, designers perceive much of the research literature suffering from these problems
(Rouse, 1986).

4 In the early stages of design, greater uncertainty in the form of having several feasible, rather than fewer,
candidate designs may actually be valued. To be consistent with the benefit space, the condition of having "too few
alternatives” might be seen as involving greater uncertainty about viable approaches that is the condition of having
several alternatives. As design proceeds, and deadlines approach, more (un-eliminated) alternatives are seen as
undesirable,
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Figure 10 summarizes the four factors that are assumed to contribute to the perceived
value of information. Reduction of uncertainty and issue importance affect utility, whereas ease
of access and transformation requirements govern per