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ABSTRACT

Creating practical design support systems is a complex design
endeavor. We approach it with an evolutionary process, one that
studies the design information flow then builds and tests infor-
mation management support systems. Through our experience
with industrial partnerswe have evolved this processinto a set of
methods and tools that support these methods. We have evolved
an infrastructure called n-dim, that is composed of a small num-
ber of building blocks that can be composed in ways that match
the complexity of design contexts and work. We have devel oped
this infrastructure to be highly flexible so as to alow us to con-
duct this evolutionary processin a practical project setting.

INTRODUCTION

Our approach to creating design support systemsis influenced by
several well documented observations regarding the nature of
modern engineering design. In this paper, we motivate our ap-
proach based on a considerable body of empirical work and on
the exigencies of supporting engineering design practice. Our ar-

gument is that an engineer’s work is characterized by features
which make the design information very complex. The goal in
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supporting such work, then, is to help the engineer tame this
complexity. This requires, in turn, a support system that is capa-
ble of representing the information in all its complexities and is
comprehensible, usable, and maintainable. Of course, one must
also be able to build the environment within a reasonable time
frame and budget.

In order to achieve this goal, we iteratively apply the following
steps: study the design work, develop systems to support the
work, and evaluate these systems by studying the new work en-
vironment after system deployment. While these steps are almost
obvious, carrying them out under pragmatic conditions can be
extremely difficult. In order to achieve and sustain the ability to
intervene in a workplace and improve design practice in an orga-
nization, we need tools, methods for applying them, and a gener-
al philosophy that guides the process. Furthermore the
philosophy, methods, and tools need to be internally consistent
Our approach consists of a diverse set of tools and methods bor-
rowed from a wide range of disciplines as required by the context
being studied and an over-arching philosophy that guides in se-
lecting the right tools and methods for each work context. We
have used this approach in several industrial and academic con-
texts and the results reinforce our claim of this approach’s value
in supporting engineering design.

1. Inorder to iterate this processin areasonably efficient manner, we must have
a computational infrastructure that supports such iterations by, for example,
supporting easy scripting and testing with throw-away code.
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The outline of the paper is as follows. The first section, “The Na- Empirical Studies of Design
ture of Engineering Work,” discusses our understanding of engi- mpirical Studies in endineering desian span a variety of obiec-
neering design as derived from empirical studies and documente ivez use a diversi ofgmethodi andgfocups at diﬁerer?/t IeveIJs of
observations. It highlights the complex heterogeneous context of ranl,JIarit (Clark atr¥d Fuiimoto. 1991- Hales. 1987- Kuffner and

design and the variety of information management activities that 9 y R J T o J ]

. . . S . Ullman, 1991; Leifer, 1991; Subrahmanian 1992; Tang, 1989;

comprise engineering work. The next section, “Addressing Infor- Wilkins et al., 1989). They range from comprehensive product
mation Management,” contends that, in order to address the com y ' y rang P P

plexity of design contexts, one has to match it with a development studies (Clark and Fujimoto, 1991; Hales, 1987) to
corresponding variety of building blocks and ways to connect

studies of individual designers (Bucciarelli, 1984). These studies
them. ‘h-dim: An Infrastructure for Information Modeling and

provide a tapestry of design covering the organization of design,
Applications” discusses our approach to identifying these build-

the evaluation of normative methods in design, group work
ing blocks and an infrastructure callediim within which they around a table, information flow analysis, process-based analysis,
can be composed (Levy et al., 1993). This section also reviews

and task-related analysis for cooperating groups. In this section,
. . . o we briefly describe studies of design conducted by us which de-
some basic features ofdim, the continuously evolving infra- ' ) .
. . o fine and affirm our approach. Table 1 presents summaries of the
structure for developing design support systems. “Hhegm . : ; : -
) ; A design process studies we conducted or in which we participated.
Addresses a Variety of Information Activities” illustrates how . . . .
- C These studies approached design from different perspectives and
n-dim’s features and some applications we have developed ad
dress the complexity of engineering design contexts and work.

employed a variety of methods to gather and analyze data. This
diversity enables us to obtain a relatively comprehensive under-
standing of the design process. Drawing upon these studies and on
THE NATURE OF ENGINEERING WORK those of others, we present below some key findings.
In order to understand the nature of engineering work as it is ac-
tually carried out in day to day practice, we present some of the
more important findings from empirical observations of real de-
sign situations. This is followed by a brief discussion of the in-
creasingly distributed and varied contexts within which design
takes place. We can draw some conclusions regarding the nature
of systems required to adequately support design activities in
practical contexts.

e The initial design phase is characterized by the creation of
an information base.

« Engineers spend a considerable amount of time in seeking,
organizing, modifying, and translating information relevant
to their design work (which often transcends the engineer’s
personal discipline). While specific percentages might vary
in different contexts, 75% appears to be a reasonable esti-
mate (Engelmore and Tenenbaum, 1990).
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Design is a social and linguistic process requiring the partic-
ipants to actively negotiate and translate information from
one object world into other object worlds each being a com-
posite based on the training, background, experiences (gen-
eral and specific), etc. of each individual participant
(Bucciarelli, 1984). There are difficulties in synthesizing
and organizing diverse information into a coherent view.

Due to the lack of adequate information integration, design-
ers often evaluate only a single alternative.

The organizational structure of the design team and the in-
stitution constrains information integration.

The media used are inadequate to capture the required level
of richness of the information.

Even in the more analytical side of an engineer’s work, the
non-formal, non-analytic, tacit information about an analyt-
ic step is an important piece of the design information (Sub-

» There are multiple perspectives on and terminological dif-
ferences in design information.

» Computational models and tools are distributed among dif-
ferent groups.

» The tools used impose limitations on effective collaboration.

» Design groups change over project lifetimes in structure and
composition.

» There is, often, a mismatch between who has the informa-
tion and who is assigned the specific design task.

« Communication characteristics (e.g., number of integration
channels, communication infrastructure) has an impact on
outcome.

* Functions of communication patterns (e.g., terminology
used, volume of information exchanged) can be used as in-
dicators of future design outcomes.

rahmanian et al., 1993b). For our purposes, the significant
thing about this is that even in the core of traditional engi-

neering work, the role of translation, annotation, clarifica-

tion, etc. is of central importance to the substance of an
engineers task.

In summary, one cannot separate “pure” engineering work (in the
sense of creating models, solving equations, etc.) from informa-
tion management activities (IMA). Given the disproportionate
time allocated to IMA in most engineering work, supporting
IMA (computational or institutional) takes on considerable ur-
Design history and rationale are continually being lost. This gency. In order to understand what is entailed in providing such
loss can result in the need to recreate the rationale of a desupport, we can re-phrase the above findings at a higher level of
sign. This reverse engineering process can lead to repeatingabstraction: Engineers continually and collaboratively carry out
the same mistakes and failures encountered during the orig-their work by manipulating information required to solve the de-
inal design process. The central problem here is that the in-sign problem at hand. It is also of considerable importance that
formation required to learn from the past is either not engineers be able to build upon and draw from the collective
captured or is so poorly organized and documented that its knowledge of the organization thereby enabling its reuse and im-
retrieval and value is compromised (Petroski, 1989). It is es- proving design performance (e.g. lower cost, less time, fewer er-
timated that less than 20% of the intellectual capital of any rors, etc.). In our studies of the current procedures in engineering
firm is re-used. information management in several industrial organizations, we
have discovered the following information integration activities
and needs.

L]

Design knowledge evolves since it is composed of a rela-
tively stable core of knowledge surrounded by a much more
unstable, rapidly changing periphery (which might later be- |nformation manipulation is characterized by three sets of ac-
come part of the core). tivities. The first set is the creation, retrieval, classification, and
evaluation of information. Supporting these activities requires
functional support for creating, structuring, and finding informa-
tion, and the use of standards. The second set is the transforma-
tion and translation of information across multiple
History maintenance for product classes plays an important representational structures. Supporting these activities requires
role in an organization’s ability to recoup on its investments functional support for sharing methods and tools, use of stan-
in design knowledge. dards, integrating legacy methods and tools and external methods
and tools, and the ability to evolve the system. The third set is the
storage, access, and protection of information. Supporting these
activities requires functional support for distributed storage and
The preliminary design phase is chaotic with the identifica- replication, access control, and security from external damage.

tion and definition of the required structures (design pro-

cesses and organizations) being part of this phase. Engineerd nowledge building is characterized by two sets of activities.
spend a significant part of their time coordinating, schedul- The first set is the capture and re-use of the design process and

ing, inter-relating, and reconciling their work with others. the design rationale. It requires support for capturing history,

L]

The relative size of the stable core with respect to the unsta-
ble periphery is a function of the maturity of the constituent
disciplines.

L]

When the organization and/or the process is documented by
the designers, it is often inaccurate and obsolete.
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capturing rationale, and structuring information. The second set
of activities is the capture, consolidation, and re-use of knowl-
edge (generated from the previous set of activities) by designers
with different perspectives. Supporting these activities requires
functional support for learning by induction, enabling end user
customizing, and sharing information. Collaboration comprises
the activities of negotiation and coordination that require support
for sharing information, change management, and work flow and
process tracking.

The Context of Engineering Work

From these observations and the published literature, we can
characterize the context within which engineering work (includ-
ing, of course, IMA) takes place and some of the issues that need
to be addressed by support tools. In what follows, we describe
several of these characteristics. An extended list with the conse-
guences of creating design support systems can be found else-
where (Reich et a., 1996b)

1. Extended time. Engineering activities extend over potential-
ly long periods of time. The context of design must be main-
tained over that period and longer to allow for future reuse
and for addressing life cycle issues.

2. Multiple places. Engineering activities take place in multi-
ple locations which may change over time.

3. Multiplecultures, practices, and behaviors. Engineers partic-
ipating in design projects come from different cultures. Orga
nizations, through their development, evolve distinct cultures
consisting of different practices, policies, and behaviors.

4. Multiple languages. People from the same discipline but
from different organizational departments or divisions often
use different languages or terminol ogiesto describe disciplin-
ary knowledge (Sargent et a., 1992). People themselves also
use different languages (informal, e.g., text, images, audio,
video; or formal, e.g., equations, 3D models) to refer to dif-
ferent perspectives of the same objects (Subrahmanian et al.,
1993b).

5. Multiple tools. Sometasks, such as word processing, can be
accomplished using different tools or methods. The use of
different tools for the same tasks occurs in the same organi-
zation and certainly occurs in different organizations that
work together. Moreover, existing organizations have sig-
nificant investments in legacy tools that must be integrated
into new computationa environments.

6. Multiple areas of expertise, disciplines, or tasks. Engineer-
ing engages people with multiple areas of expertise in one
discipline (vertical integration) aswell as experts from mul-
tiple disciplines (horizontal integration) (Konda et al.,
1992).

7. Multiple perspectives. People with the same area of exper-
tise or from the same discipline may have different perspec-
tives about a particular project if they assume different roles
in the collaborative effort. One person can sometimes act as
a customer and in other cases as a developer. Perspectives
evolve or are determined in response to the context of a par-
ticular project.

8. Interchangeable interaction methods. A tool must support
different anytime anyplace interaction methods in the same
environment with the ability to switch back and forth be-
tween these methods.

9. Usability and adaptability to workerswith different levels of
computer-literacy. Of the tools desinged to support collabo-
ration that are described in the literature, alarge number are
developed for use by expertswho are proficient in the use of
computers. More importantly, the people developing these
tools may not appreciate the difficulties that regular users
may have. In real engineering work, no assumption about
the design participant’'s (customers as well as designers)
computer proficiency can be made.

Based on these observations, we are led to the conclusion that
much of the difficulty in doing design lies in acquiring, manipu-
lating, transforming, using, and storing information in multiple
and varied contexts in a manner suitable for subsequent re-use.
These factors results in a situation characterized by a great deal
of complexity and variety. As Ashby (1958) points out, a “con-
trol system” for such a situation, if it is to be adequate to the task,
must exhibit at least as much complexity and variety. In the next
section we explain how we approach the problem of providing
support in the face of such complexity.

ADDRESSING INFORMATION MANAGEMENT

In order to manage the complexity of engineering design infor-
mation, organizations have developed, adapted, and adopted a
very wide variety of specific methods and tools so as to have the
requisite variety necessary for effectively supporting design. By
and large these are point tools; i.e., tools which solve well de-
fined and circumscribed problems, often very effectively. Unfor-
tunately such an agglomeration of point tools further compounds
the complexity faced by the engineer since each such point tool
requires its own sub-language and other arcana. This suggests
that we develop an integrated support environment. However, a
sufficiently rich integrated environment, unless carefully de-
signed, could end up being as complicated (if not more so) to the
engineer than the original problem. In order to deal with this di-
lemma we chose to build a support system on a foundation of a
few well designed features which, when appropriately composed
(in light of the existing information management problem in its
context) can generate the desired variety in behavior. The strate-
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Figure 1: Design support system development cycle

Study
Engineering
Design

—>
Evaluate Iterate Build Iterate Build IM
Systems Systems Systems
(@) (b)
gy, then, is to carefully select features that are both simple to « information flow studies (Finger et al., 1993; Subrahmanian

grasp (for the design engineer—the user, and the system design- et al., 1993a) which identify the specifics of the situation;
ers—the developers) and yet can easily be put together to exhibit
a very wide range of behaviors. From a different perspective, and
generally because of the attendant complexity, it is almost im-
possible for any of us as support system builders to know enough
of a specific design context to get the larger integrated system e rapid prototyping (Dutoit et al., 1996; Reich et al., 1996b) us-
right—or even approximately right—the first time. ing specially developed infrastructures and languages designed
for the prototype as opposed to class-based development;

e user participation (Reich et al., 1996a) in as integrated a
fashion as possible to engender the maximum possible com-
munication bandwidth as well as legitimacy and buy-in;

We are then faced with a fundamental dilemma: either develop
good solutions to limited problems (in the sense of limited appli-  * field testing; and

cability, domain, or value) or develop comprehensive solutions | a distinct code hardening and maintenance step (which

t_hat tend to be either unusabl_e or just simply wrong. A_n alterna- might be undertaken by another development group) (Dutoit
tive strategy would be to begin small and gradually build up the et al., 1996)

integrated system in a series of iterations. Additionally, while in-

tegrated environments cannot and will not evolve from point The process we evolved is shown in Figure 1. In light of our ex-
tools, they must be able to incorporate them. Based on our expe{erienced observation of design work, the general cycle shown
rience and understanding of engineering design, the role of thein (a) is reinterpreted as shown in (b). We hasten to add that, in
integrative tool is to provide bridges between the specific to the keeping with our general approach of tentativeness, this process
general, among disciplines, and functions, and to address the colis also being continuously refined to suit specific projects and we
lection of information based activities as a whole. believe that such refinement will always take place. In order to
execute these steps, we have identified five broad methods: (1)
information flow-study, (2) user participation, (3) prototyping,

) _ _ . (4) testing by users (uncontrolled study) industry/classroom, (5)
opment. Instead of trying to avoid such failures, we anticipate ;o4e maintenance and hardening. The relations between the pro-
them, and indeed factor them into the development process incess steps and the methods is given in Table 2. Each method has
such away as to rapidly converge to the larger, more reliable, andy, pe reglized by some infrastructure component or specific tools
useful system. This convergence is achieved by the careful con-,q shown in Table 3. In this paper, we focus on the development
struction of basic building blocks which lead to a set of tools, ¢ the infrastructure (columns 2 and 3 of Table 3). The other as-

methods, _and code modules that exhibit the desired beh_avior:pectS are discussed elsewhere (e.g., Subrahmanian, 1992; Dutoit,
they are simple to put together, to comprehend, to use, and if Nec- 9g6)

essary to throw away. For example, we have identified a canon-

ical representation for information and knowledge which appears

to be extremely general. Thus far, we have been able to represe’{ .pjM: AN INFRASTRUCTURE FOR INFORMATION
all types of information and knowledge using this canonical rep- pODELING AND APPLICATIONS

resentation.

Our approach is created to deal with these observations. We be
gin by assuming that we will fail in the first few rounds of devel-

The basic premise of thedim system is that every member in
Hence, while on the surface our iterative approach is not funda-the product design team operates in an information space, called
mentally different from other approaches in software engineering aworkspace, that is characterized by the domain of experience
(Boehm, 1988), the guiding principles, the architecture, the tools anq skill of the participant (Levy et al., 1993). The information
and methods, are all internally consistent and designed to supporkpace of the product is characterized by the union of the informa-
the rapid development of a series of increasingly rich support sys-tion spaces of the individual participants. (This allows us to ad-
tems which can then be followed by a hardening phase for final gress the issues associated with multiple locations, languages
deployment. The basic features of our approach are: areas of expertise, and perspectives of the design participants.)
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Table 2: Objectives/services and methods used to attain them

1 2 3 4 5
Methods Information | User participa- | Prototyping | Testing by users (un-| Code mainte-
flow-study tion controlled study) In- nance and
Process Steps dustry/Classroom “hardening”

Understanding of [ An information | Identification of

information man- | Business divi- |areafor support
agement sion studied

the current state of |map of the|a specific target

Development of
support systems specification

document

Use and system|A series of|Areas of improve-|Improving scope.
working proto- | ment of use and per- |quality, perfor-

types

formance before|mance, and us-
testing ability

Assessment of sup- | An information |Continuous
port system effec- | map after sys-|feedback.

new needs

tiveness tem installation
Evolution of sys- Continuous |Continuous |ldentification of
tem identification of | evolution needs (research and

improvement) to re-
duce effort and time

This union of information, the product (or organization) informa-
tion space, isnot astraightforward union as there are terminol og-
ical inconsistencies across the information spaces and well
understood and not so well understood relations between the el-
ements of the information space. Further, in each information
space of the participants and in the product information space,
the organization of information itself evolves as process and
product understanding increase to form a shared memory (Konda
et a., 1992). The objective is to support the individual evolution
of knowledge and the collective evolution of knowledge in the
form of information structures that are constructed by the partic-
ipantsin the course of the product development process. The his-
tory of both process and product is critical to ensuring that
evolution takes place in an effective manner. This is important
both to the short term evolution of a project and to along term
evolution of policies of operation. To addressthis, we havetaken
asour hypothesisthat ageneralized graph modeling environment
that operates over the elements (other information structures-

able. Structured objects are graphs whose nodes are atomic ob-
jects or other structured objects. The graph includes named links
that can exist between any two nodes.

Models: For convenience we use the term model to denote both
atomic and structured objects. Objects are referenced in a model
rather than being embedded in a model. Models imply object as-
sociation by having their pointers collected together. Named
links are used to describe the relationships between the object
pointers.

Flat space: Flat space is a term we have given to the conceptual-
ization of an information space where any model is directly refer-
able. This allows for the creation of a user defined set of
relationships across information objects of any granularity. Users
have the ability to create any arbitrary model over a subset of the
entire collection of information objects in the information space.

graphs and atomic information elements) in the information Modeling languages
spaces is necessary to capture the structure and evolution of in-

formation and knowledge, both formal and informal and indivi
ual and group. We hypothesize that this generalized graph is
canonical representation from which all others can be derived.

Concepts in n-dim

Information Objects: Information objects are of two types: atom-

d- A model can be abstracted to create a set of building blocks that

georrespond to the type of information objects in the graph and the

types of named links in the graph. These abstractions can be
made to create a vocabulary which can, in turn, be used to create
other model instances. For example, one can create an object and
abstract the features of that object in creating another object of

different dimensions, scale, etc. Here, one has developed a lan-
guage for describing that particular artifact. Languages restrict

ic objects and structured objects. Atomic objects are strings, the type of objects and named links users may use to construct
numbers, images, audio fragments, etc. They are not decomposfyrther instances of the model type. Modeling languages are
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Table 3: Methods, Tools, and Outcomes

1

2

3

4

Tools

Methods

Questionnaire
and interviews

Infrastructure for evolv-
ing information systems

Layered modular
architecture

Social Science methods (re-
gression/multiple regression/
natural language analysis)

Information flow-
study

Identifying com-

munication gap$

User participation

Source of action resea
methodology

rch

Prototyping

Support for quick prot
typing, customization
legacy tool integratio
and evolving the infrg

bPotential re-use g
existing legacy
nlayers (e.g., DB)

f

structure

Testing by userp
(not controlled
study) Industry
Classroom

early testing

High usability to suppol

—

Identification of needs (r¢g
search and improvement.) |to
reduce effort and time

Code maintenand
and “hardening”

[¢)

code

Support for improvingSupports improv,
performance of validatddng layers with

new technologies

Basic research
(e.g., study the rol
of Communication
in design projects)

D

Identification of needs (r¢g
search and improvement.)
reduce effort and time

models; therefore, any model can be used to define the grammar
of other models.

Such agrammar defines what isacorrect instance of amodel (its
semantics) in a modeling language. Additionally, we can in-
crease the power of this approach by attaching behavior to a
model using what we call operations. In essence, operations are
pieces of code which, when executed with the relevant parame-
ters, allow amodel to automatically perform actions on behalf of
the user (or the modeling language designer). For example, an
operation on a model might be used to inform the user when
someone adds a part to that model. Symmetric to the semantics
behavior outlined above, operations are inherited by model in-
stances created by using the model to which those operations are
attached as the modeling language. Thus, the system allows for
standardization of modeling languages and their use and for the
evolution of new graph types from the model instances. Asare-
sult, the system supports both deductive and inductive approach-
es to the modeling process.

As more modeling languages and operations are devel oped, they
start to form repositories whose items can be reused for creating
new languages or applications or adapting old ones. We have
built theinfrastructure so that it will support the flexible creation
of such repositories and their effective reuse.

Evolution: Private, Public, and Published

History iscritica to effective evolution and ordered evolution is
essential to recording history. We have developed an ordered
evolution of the system with the following three facilities. These
fecilities deal with different levels of granularity: private, public,
and published.

Private: Private, asthe name denotes, is the private information
space of theindividual. Thereare no restrictionson how aprivate
space ismanaged. The users can add, delete, and restructure their
information objects.

Public: This mode of operation is a public forum area. Here the
primary objective is to provide the ability to al participants to
share and add to the model, both synchronously and asynchro-
nously. As with any forum, the language of the forum is restrict-
ed to the purpose and domain of discourse as determined by the
participants or the existing body of knowledge. History can be
recovered by viewing a model’'s state in time.

Published: The published mode of operation is an archival facil-
ity. Any information object that is entered into the published in-
formation space cannot be withdrawn (i.e., it is persistent).
Changes are published by copying, modifying and then re-pub-
lishing a model. The system automatically records the act of
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copying and re-publishing, thereby keeping abranched (timeand
owner) history of the model. The model that allows for the trac-
ing of the origin of the document is itself a graph within the sys-
tem.

In addition to the need to record history, the need to search for
information and effectively visualize information in different
ways is equaly important. As more information is created in
n-dim, knowledge could be organized in repositories that ease
the location and reuse of relevant knowledge.

The above characterization of the system is necessarily abstract,
as the details of the system cannot be described in this limited
space.

Strength and weaknesses of n-dim

Theprimary strength of the system isitsapproach to dealing with
software development and knowledge development in an evolu-
tionary manner. The system combines evolution, history, and
modeling within the same framework—the framework of graph
based modeling. The other main strength of the system is its flex-
ibility in allowing the easy integration of legacy tools, they can
be invoked from within the system in their native form or can be
integrated fully into the system. Further, the system also allows
for the creation of new tools by the user as needed (Dutoit et al.,
1996). For example, we are integrating a Natural Language Pro
cessing (NLP) tool to allow us to handle terminological differ-
ences in design contexts. We are also expanding our researc
efforts in creating a graphically based end-user scripting lan-
guage capability to make the above tasks easier.

Another strength of our system is the infrastructure upon which
it is built. The flexibility of the object tool kit allows for exten-
sions to the system incrementally without damaging the underly-
ing system (Dutoit et al., 1996). This problem is acute in many
commercial systems, where moving from one version to another
version often requires a transition time which may last from
hours to weeks.

Then-dim system itself is an infrastructure that is customized to
particular applications and within which new applications can be
built. For example, we have developed several types of issue-
based discussion applications and tested them (e.g., IWEB,
Coyne et al., 1994-dim is not a system that can just be bought
and installed. This can be viewed as a weakness from a commer
cial point of view and we are keeping that much in mind as we
plan for commercialization. But a flexible infrastructure with the
strong capabilities afi-dim including its quick prototyping and
code hardening capabilities is potentially a great strength for any
organization that chooses to make the investment.

HOW N-DIM ADDRESSES A VARIETY OF INFORMA-
TION ACTIVITIES

We have developed tiedim infrastructure based on a small set
of features we have identified in addition to the graph-based ca-
nonical representation of information described in the previous
section. We have also developed some applications using the in-
frastructure. In order to ensure that the goal of the information in-
frastructure conforms to the needs of the design context, we have
developed a table of influences (Table 4) to provide an under-
standing of how features and applications inrtftém system are
developed with reference to their impact on the dimensions of
complexity of design contexts. As contexts are studied and appli-
cations are developed, a cycle of hypothesizing and evaluating
the impact of the applications on the dimensions of the design
context occurs. This cycle enables us to perform a continual re-
finement of the core set of features that constitute the integrative
environment.

We have created Table 5 for information management activities
and their support with respectriadim features and applications.
The purpose of the table is to provide a check list to ensure that
the scope of the evaluation of the impact of features and applica-
tions covers individual information management activities. As
mentioned earlier, the development of an information system re-
quires the search for a minimal set of features and applications
that will allow for the matching of the needs and requisite variety
demanded by the context. Thus, it is important that we use a
check list of factors such as the dimensions of the design and the

imensions of the information management activities in under-
standing the implications of any feature and application added to
the system.

Tables 4 and 5 illustrate the endeavor of designing information
management systems as a design problem where the impact of
several interacting factors are unknown in specifying the correct
design. They serve as drivers for creating and testing hypotheses
about the utility of particular features and applications in an inte-
grative environment. By using this iterative and evolutionary ap-
proach we believe an integrated information management for
design can be created to match the complexity and variety exhib-
ited by a design context.

To illustrate this process, consider the example of NLP tools in
n-dim. We made the hypothesis that variations in the terminolo-
gy used by designers could be exploited to understand the design

process better. For instance, designers using a large number of

terms at the onset of integration could indicate that numerous

concepts are being discovered and reconciled. This high rate of
discovery so late in the process could be caused by the failure of
designers to communicate effectively before the integration
phase.
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Table 4: n-dim features addressing design context dimensions

Features and Applications 0 - o 5
of n-dim - ] k=) =2 i)
- 5 ]

Zlgizg |2 |82 (|8 |2

G lE|g |8 |2 |8 |®8 |6 |5 |a |8

= |7 |2 |8 |§ |& |2 = 4

Sz izl |E12 |28 |8 FRE

. . . s |z |5 |2 |Y g = o8 8 =
Dimensions of design context | 3 g 5 2 x |19
s = A 7

T|me + + +

Place + + +

Culture + + + +

Languages + |+ [+ + |+ +

Tools + + + +

Expertise + + + + |+

Perspectives + |+ |+ + + |+

Interaction + + + |+

Usability + + + + +

Table 5: n-dim features addressing IMA
5 Features and
B Applications of g .g
32 |2 n-dim S S ) )
g8 |2 c = B S B
s |3 | ¢ S c 5 2 [a)

Q 1S @ ® S @
HERE . RERERE g |2 213 |4
g |8 |5 |[!nformation = g8 |2 |5 |2 |8 |2 g |8 |3
? = |8 |Management Activities g |3 |5 8 |@ 1] £ |5 |7 @ |2
L |2 |3 g |8 |8 |5 |8 |8 |5 (% g |7 o
£ |x |[oO O [ [= & | |2 |8 x |2 [z
+ Creating Information + + + + + +
+ + Structuring Information + + + + + +
+ Finding Information + + +

+ + Sharing information + + + +
+ Information Visualization + + +
+ + Using Standards + + +
+ + | Sharing Tools + + +
+ Integrating Legacy Tools + +

+ + Capturing History + + +

+ + Capturing Rationale + + +

+ Learning by Induction + + + + + +
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To test this hypothesis, we studied a number of software projects ACKNOWLEDGMENTS
that relied on electronic means of communication (e.g., el ectron-
ic mail, newsgroups) (Bruegge and Dutoit 1997; Dutoit, 1996).
We used NLP tools to extract noun phrases from the electronic
messages and developed a statistical model to analyze the factors
that influenced their variations?. It was found, for example, that
delayed negotiation of terms between design teams was indica-
tive of future problems at the integration phase. More generally,
we found that communication metrics can be used as indicators
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