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Abstract

Arguing that design is a social\process, we expand the meaning of modeling and analysis to include all
activities facilitating continual refinement and criticism of the design requirements, process, and solutions.
We do not assume any a priori methods for modeling or analysis; rather, we provide a framework and an
approach to study designers and give them whatever modeling and analysis capabilities they choose. Our

approach is the basis for a support tool, /i-dim, currently under development.




1 TheObjective of Modding and Analysis

Design as a social process involving designers, customers, and other participants consists of creating and
refining ashar ed meaningof requirementsand potential solutionsthrough continual negotiations, discussions,
darifications, and evaluations. Thisshared meaning, crystalized asthedesign artifact and madeper ssent as
shared memory formsthe basisof accumulated experience upon which subsequent designsdraw. Therefore,
designrequiressupport for thefollowingactivities: negotiatingto establish shared meaning, maintainingand
refining thecomponentsof the shared meaning, and maintaining and accessing prior information congtituting
fragments of shared memory. All these requirements are facilitated through iterative modeling and analysis
(MA) activities of various forms. If the information about these MA activities is maintained property,
the development of shared meanings can be incremental. Therefore, MA activities can rely on previous

experience, ingead of being rc-invenied each time, and pitfallstypically encountered in MA can beavoided.

In the process of reaching this shared meaning, both modeling and analysis take place, albeit often in
an informal and inchoate fashion. For instance, when two designers interact, their exchange involves a
particular aspect of the design that is modeled in their discussion. A question-posed by one designer
congtitutes modeling and the response an analysis. Often, the focus of the discussion or negotiation drifts
marking the use of several models which, while possibly loosely connected, are neverthelessinvaluable for
the negotiation. Therefore, to benefit from past models arising in collabor ative processes, the information

derived from previousnegotiations between designer sneedsto be maintained.

Access to information from previous, analogically related, design situations is a basic requirement for
improving design. In fact, the very act of accessing and applying previousinformation impliesa mode of
past information and requiresmodels and analyses of the present. To illustrate, if designer screate aquexy to
retrieve pansfrom a database for satisfying a specific function, they mode the functionality required using
ardatively small set of parametersrelated to, and perhaps derived from, past models. If thequery retrieves
useful pans, the analysis was successful and the modeling appropriate. |f the query fails, knowledge about
thefailure constitutesvaluable information aswell. Consequently; it isnecessary that not only successes but

also that failures bemaintained.

MA activities manifest. in negotiation and information retrieval are by and large informal, as opposed to




formal modeling viamodels cast in mathematical form as traditionally conceived of in engineering.

LI - Forma Mod€ds

Even within thesphereof formal models, a consderabledegree of informal MA takesplace. To begin with*
all aspectsof theevaluation of formal modelsisdone* in the main* using the criterion of sufficiency* asin
"it issufficiently accurate” "it isa good enough modd** etc* Such acriterion is® on thevery face of it* not
aformalizablecriterion.! In fact, a strong argument against formalizing such acriterion can bemade* since
the knowledgethat would necessarily be needed to formalize it is constantly changing, and quiteoften isin
an inchoate, unstable, or even inaccessible state (e.g.. in the heads of multiple people, with their peisonal
and often conflicting per spectives, etc.). In short, thevery definition of sufficiency is a negotiated outcome

of thedesign process, and nat an input, apriori or otherwise.

Intheprocessof MA, formal modelsareevaluated along several dimensions: accuracy, applicability; intent,
and mutual consistency. Observethat thisis, itsdf, an informal model of the applicability of formal modes
and isnot presented here assomeapriori truth about all formal modelsor methods. Wenotein passingthat
the criterion of cost is embedded within each of these dimensions; that is, cost is itself a multi-dimensional

criterion (thecost of building/applying a modé, the cost of amistakedueto a modeling error, etc.). Brigfly,

we define these dimensions be ow.

Accuracy: Nations of both how accurate the mode is vis a vis some sandard and how to interpret this
accuracy. Often such sandards arc determined on benchmark problemsthat are only modelswith restricted
scope or applicability. Therefore, a model may be accurate under certain conditions, for certain purposes,

etc and never be definitely accurate (note " how accurate are theresults*°vs. " how accurate a portrayal of
thereal world isthemodd™).

Applicability: How applicable is the mode to the given situation; thisisrelated to, but not the same as
accuracy. That is, will theresultsone gets from themodel actually answer any of the questionsonehas® or

bringup any questionsoneisinterested in discovering?

Intent. Doesthe modd do what onereally wants it to do? That is, (a) does one have a good enough

'CL DcMillo, Upton, and Perils (1979) in thedomain of mirtwtmincil proofr and fonnat vefification of compotcr profiiiM.




description of the "rcai world" (the object being designed, its context, etc) to know that the mode is
fulfillingthe puiposeonethinksit should? and (b) doesone understand the " purpose one thinksthe model

should fulfill* well enough to reconcile the mode with the " real world" ? _

Mutual consistency. Theunion of all formal modelsused to describean anifact or situation isnot necessarily
(@) meaningful or (b) complete. Firg, different models can overlap in inconsistent ways, can present.
conflictingresultsand descriptionsof overlapping or similar things, and can view theworld in fundamentally
incondstent ways, et ¢ Second, one cannot know that all these models, taken together, describethewhole

picture (in fact, one cannot even describe what thewhole picture might look like).

Inshort, whatever thestatusof formal (analytical) methodsand modelsmight bein an academic setting, their
use in design necessarily entails their evaluation along (at least) these four dimensions using the criterion
of sufficiency, all of which is necessarily an informal process. Perhaps more to the point, this evaluation
occursin ahighly context-sengitive form: whether thedesigner isthe lonedesigner or amember of adesign
team, the evaluation of a given formal method is colored and tempered by the stage in thedesign cycle, the
artifact being designed, the previous experiences of the designer and theteam, and so forth. That is. model

selection, model application, and interpretation of mode results are the outcomes of a negotiation.”

L2 Informal Models

From studies of design, several interesting features of how designerswork in various organizations can be
Li*cemed:

« Different designer susedifferent vocabulariesto describethesameor very closelyrelated setsof things
(Sargent etai- 1992).

* -Engineerstypically spend at most 15% (Hales, 1987) of their time doing analytical tasks, therest of
their time being spent negotiating various aspects of the design, including the sructure of the task of
doingthedesignitsdlf. Thisnegotiation most often takes the forms of one-on-one meetingsand paper

being passed about within the or ganization.

% n fact, thisis sue even in the academic selling who* differem modeling technigtiesarepresented for p” scrutiy sad some
becomemor eanrtpiablathan others, not alwaysduel D " objective' evaluation. .
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 Since individuals tend to organize information in idiosyncratic ways*® there ts usually substantial
overhead in the process of merging all of the individual r epresentationsin a design team intoasingle,

coherent view.

All of these are informal aspects of modeling in design. Furthermore, our comments on formal models
extendsto all ! Tfr'Zi"ax (models) use by engineers including formal or informal, ad-hoc, experimental,
verbal (peer feedback), qualitative or quantitative, precise or approximate. The key to engineering practice
appears to be a smple pragmatism: anything that works, goes (Feyerabend, 1975; Konda et aU 1992,
Petroski, 1992). Engineersalso use a variety of media and modes. Themedia run the gamut from grcifchn.
notes, diagrams, abstraa graphical objects, initially loosely or ganized with fragmented content. Themodes
range from exchangesin absentiato gestures and facial expressions (Lefer, 1991). Thepractice of design
which involves multiple representations, disciplines, and designers, introduces the need to broaden the
horizon of modelingtechniques. Thisisnot just beingin linewith present interest in concurrent engineering
but rather the acknowledgment that a single entity missescrucial contributionsto design provided by peers

and other affected parties.

The connecting thread between these activitiesor approachesisthat they are ail expected to provideinsight
into the problem at hand; they are meant to facilitate a better under sanding of needs, problemsencountered,
and potential solutions, in thisexpanded view of design, therefore, MA areanyandall activitiésfacilitating
understanding. An"ideal" undergtanding facilitatesefficient problem solving since under sanding requires
shared meaning which is. among other things, a negotiated common vocabulary (Konda et al- 1992),
However, such a gateis not necessarily attainable, but can be approached via modeling, modd utilization

(analysis), and mode refinement in the dialectic of negotiation.

Theresultingmodels of the design process, the designrequirements, the design solutions (however appr ox-
imate formal, or informal) can be codified into modeling conventions.®> These conventions congeal in a
social context, and their future utility is determined in yet another social context. The conventionsare® as
a consequence, necessarily results of both socio-iinguistic and more formal, precise, albet limited, formal

languages. Perhaps some consolation can be derived by pure formaligts from the observation that in the

"These cooventioiisiieopenitfmalized by whit m  ealled modeling ianguages in a-dim. See Section 5 for t mote detadiad
discussion,




pureg of intelectual pursuits — mathematics — proofs are determined to be correct and valid as social

congructions(DeMilloet al., 1979: Kanigei, 1991).

13 Combininginformal and formal modeling

We have seea that formal modeling techniquesare also inherently informal, not in their formulation* but in
their applicability to practical design. Therefore although most design activities, especially those dealing
with complex sysems* end with detailed MA using a variety _of formal methods, designers necessarily
combine bothtypesof MA in their work. Thispaper elaborateson thisproperty of design and then presentsa
tool, /i-dim, that supportsinformal aswell asformal M A activities. Theremainder of thispaper is or janized
asfollows. Section 2 providestwo case sudieson the use of formal modelsin engineering. Sections3 and4
discussseveral observationson MA and outline somerequirementsfor systemsthat areintended to support
these activitiesin actual practice. Section 5 introducesn-dtm, a system built upon the guidelinespr esented.
Section 6 illugtratesthe use of n-dim for both formal and informal modeling. Section 7 concludesthepaper.

2 Case Studiesin the Utility of Formal M odelsin Design

Inthissection, wepresent dataon MA in twoengineering Situations. a basic engineering problem (behavior
of plastic materials) and amorecompr ehensiveengineer ing problem (thedesign of ship hulls). Weemphasize

theincompletenessof formal MA in theseengineering practices, thusleading to the need for informal MA.

Il Basic engineering models

Often, it may be perceived that a compilation of information about possiblemodels yields comprehensble
and comprehensve knowledge. For example. Table 1 contains a comparison of the utility of different
eguation*! models for describing the behavior of plastic materials. Such eguations exemplify the most
fundamental kind of engineering knowledge, based on experience, or on theoretical models of behavior
and their calibrations through experimental testing. While the representation of these equationsisformal,
their development through theorizing and negotiation and their experimental testing are themselves based




on modelswith intrinsic often tacit, underlyingadaptions.

Table 1: Comparison of constitutiveequations (adapted from (Tucker. 1989))
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While Tabie 1 clearly contains significant anineuing experience and knowledge, nevertheless many ques-

tions are left unanswered or informatly specificd. To begin with, the descriptive terms used in such tables

(even with some quantification) have 10 be interprered. not onty in the context of their original compilation.

but also in the context of their current use. How, for exampie, does one decide between using the Integral or

the Lodge models, given that their evaiuations arc the same as shown in Table 17 Are there any cxceptions
{ ' ( 1 | t : : ; 1 . only poor?
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toprediotheconsequencesof using them.




22 Comprehensive engineering models

At the other end of the spectrum from models of basic material behavior arc models of complete artifacts
and design processes. It seemsobviousthat complicationsat least as sever easthoseencountered in theuse
of basic models will be manifest in the modeling of complete systems. To make things smpler, we will
discussmodeling activitiesin a seemingly " matureé' design practice: the design of ship hullswithin naval
architecture,

In naval architecture, asin few other design practices, models have evolved over many year s and have been
incorporated gradually into practice. The conservative nature of naval architecture driven by two critical
design considerations (cost and risk) led to the careful compilation and saving of significant experienceover
many years. Nevertheless, as we show through examples from Frittsct al. (1990), there are significant
omissionsin the compiled knowledge to a much greater extent than those observed in the seemingly basic

models of material behaviors.

Thedesign process. Before wedart, we mug providea brief over view of thedesign problem discussed: the
design of ship hulls. Thetask isto define an enclosed shape with the following properties. displacewater
equal to the total weight of the ship, be stable, have small resistance, behave comfortably in sea waves,
be easy to maneuver, and induce small loads on the ship structure. These properties are interlinked.. For
example, increasing the resistance necessitates installing a larger engine to maintain speed, which in turn,
increasesthetotal weight of the ship that must be compensated for by increasing the hull dimensions. Each

of these actions have an impact on the stability, seaworthiness, or maneuver ability of the ship.

Thecomplexity of ship hull designrequiresan iterative processin which different levels of approximateMA :
areused. These M A techniquesvary in (1) theaccuracy of their results, (2) their applicabilityxo aparticular
design phasein terms of concer ns such astime spent on preparing the model and executingthe anaJysis, and
(3) their degreeof validity with respect to thedesigners intern. Thesethree dimensionsroughly determine
whether a particular modeling approach is used in specific design phases such as feasibility, preiminary;
and contract design. The lagt evaluation criteria mentioned in Section 1.1, mutual consistency, seems less

critical aswe show shortly.

Artifactmodels. The object being designed can be modeled in a variety of ways. The hull can bemodeled




by its principal dimensions (e.g., length, width, draft and few other coefficients) (Taggan, 1980); most
experimental data exist for this type of mode and it is used mainly in feasibility studies of ships. This
ispossible not because one does not require great accuracy in feasibility studies, but because experience
is sufficient to provide accurate predictions with such minimal dau astheprincipal dimensions. Thehull
can be modeled by offsets: detailed dimensions of hull shape cross-sections at various locationsalongthe
hull. Although someexperimental dau exist for thismodel type, it mostly serves asan input to quantitative
(formal) modés. Thismodd isused often in prdiminary design. A variation on the offsetsmode includes
thedescription of the hull appendages such as rudder, fins, and propdler. Finally, the hull can bemodeled
by ascaled modd or by a full size hull; these models are mostly used in the contract design phase.

MA activities. Many MA procedures can use artifact models. These proceduresvary in the sophistica-
tion of the mathematical formalisms they employ: from simple algebraic relationships imposed over the
principal dimension* and critical design objectives to 3-dimensional differential equations used with the
offsetsdescription. Mode tests are a category by themselvesthat serve asvalidation of mathematical MA
procedures.

M odeling proceduresal so differ in theamount and precision of information they generate: from grossvalues
in empirical techniquesr elying on the compilation of significant experience and statistical modeling, through
morerefined valuesin preliminary techniques. 10 very detailed and precise values in detailed techniques

such as sophigticated mathematical modeling and scale modd testings.

Itiscritical to observethat an increased mathematical sophistication of models or the wealth of information
they generate doesnot automatically mean that designer s prefer them over, or that they are more accurate

than, lesssophigticated models. There are several issuesthat influencetheir choices, including:

1. Availabilityof information. I n early design sugeslimited infor mationisavailable, thus, smpler models
may beused. In contrast, complex modelsmust assume somedefaultsfor themissinginformation for

ther execution.

2. Validity of procedures. Even if the information is available, it is not dear whether theresultsof
sophigticated (and mostly new) techniques are useful since many of them have been hardly validated.

Incontragt, smpler models, ther esult of compiling experienceover many years, can provide reliable




and validated information for many design decisions.. Furthermore, the mathematical sophist'cation
of the models is not an indication of the accuracy of the results because me use of any of the models
issubject tomany critical informal decisions such as how the seaconditions should berepresentedin

theanalysis(eg* regular vs. irregular waves, combinations of wave directions and heights).

3. Cost of procedures. The use of sophisticated techniques is often costly and cumbersome. Moreover*

the interpretation of the enormous amount of output some of them generate is subjective.

Insummary, thechoicebetween empirical approaches and mote formal or sophisti cated engineering equation-
based approaches, when the choice is available, is governed by other than purely engineering criteriasuch
as satisfying desired function, calculating behavior, or maintaining theoretical rigor, to include criteria of

relative cost, time, complexity of use and interpretation, etc.

Fritts et al.  (1990) discuss the use of various models and analysis techniques in the design of ship hulls.
Table 2 displays asummary of the class of techniquesthat are used for each of these design phases and each

design aspect (i.e.. resistance, propulsion, scakecping, maneuvering, and sealoads).

Table 2. Level of MA techniguesvs. design phases (adapted from (Frittset al. 1990))

Ship type Conventional Advanced Submarine
monohull monohull

Design aspect R PSMUL|IR P S M LIR P S M L

Feasibility study E E E - -{E E P - -{E E .

Preliminary designt E P P - P{D D D P PY{D D - D D

Contract design b bpP P PID DD D P{D DD D D

Legend:
Design aspects: R: resistance. P: propulsion. S; scakecping, M: maneuvering, L: sealoads
Nature of techniques: £: empirical. P: preliminary, D: detailed

-not relevant

What does Table 2 tell us?

1. TKe newer or less common a design is (e.g., advanced monohull. submarine) the less empirical or

10




preiminary procedures are available. Thisis, of course, true virtually by the definition of empirical

approaches

2. Themoretraditional the design, the more empirics-= preiminary can procedures providereliable
information for making design choices. In the design of conventional hulls, preliminary procedures

aresufficient for many design concerns.

3. Different design concerns are amenable to different procedures some of which may not be mutually
consstent. Thismay be the result of the simplicity of a particular design concern or the availability

of different experiences.

4. The preferable trend is to gradually use empirical or preiminary procedures for advanced design
stages asexercised in the design of conventional monohuils. Where experience is lacking, detailed,
lessvalidated or reiable, procedures are slowly transferred fromresearchto practice. This, however,
takes ggnificant time to impact actual design. Thetimeto develop atechniquein research, transfer
it to practice, and useit in a design project can be 20 years (Frittset al., 1990), and even then, these

techniquesmaintain the peculiar properties of MA discussed before.

The specification of the type of techniques used in a particular design stage for a particular ship type by
no means deter mines the choice of what moded to employ. Table 3 contains details on the specific theories
or broad categories of techniques available for each design concern and for each design stage. Notethe
sgnificant variety of possibilitiesof such broad categoriesand the availability of potentially many technique*
implementing these broad categories.

Note that the representation of this slow diffuson into contract design as reflected in Tables2 and 3 is
mideadingsinceit conveysanimplicit satement that detailed techniquesaremor eaccur atethan preiminary
or empirical techniques. We have already argued againgt thisview. Moreover, in many cases the use
of detailed techniques in contract design are reflections of the particular contract, rather than based on

engineering necessities.

There is another level of modding that is manifest in engineering, namely, the modeling of theoriesin
computer codes. Not oneof thetechniquesin Table 3 isperfor med by hand; rather, engineer suseavariety of

computer programsthat implement a numerical solution of the gover ning equationsof thetheories. Again,

] . 1




Table 3: Methods of assessment vs. technology arc?.. : adapted from (Frittsct aU 1990))

r....le}. : Propulsion Seakeeptng Maneuvering Sealoads

Lmemman /\ /\ |C Coefficient algorithms ~ Rank 2sti—nLe Regression analysis
u r Regression analysis
Pralimaary | Wave muisancs Lifting line Strip theory Confiiciom sigoviehane  Datasmimintic waves
walh | -TOnslup + Small amplitude' Foves mowmens balance
----- « Slomear ship « 2*0 potential flow
Witt sided

Viscous - Linear free surface

* Empvical - Fraqueancy domasmn
Deuii Wave masince Lifting iine Model tests Coefficient algorithms ~ Model tests
aseiwnoni * Neumann-Kelvin Lifting surface « Tethered Regression analysis » Segmented model

* Dawson Panel methods -Radio controlled -Panel cages

Visoous Model tests *Rigid vinyl

« Empivical

* Model tests

the underiying assumptions made in codes and procedures are often hidden from praaitioners. Therefore,
even if one, wrongly, assumes that the theories are precise, their actual solutions in programs are not
guaranteed to be accurate. It is clear that computer programs that implement MA procedures must make

their assumptionsexplicit and be tested and validated as other modelsare

Altogether, the number of formai techniques available as computer programs and the vast amount of
information they produce make their use rely on significant informal information, more difficult, and even
risky, contrary to the desires of a conservative profession. Two necessary conditions for appropriate use of

forma M A appear to be (Odabasfs discussion of (Frittset al., 1990), p. 492);

1. Activeparticipation by the end-user community o that correct problems are identified,

formulated, and solved;

2. Training of the end-user community — considered one of the maost important issues —

with sufficient resour cesbeing available for this purpose.

Thefirst condition, also adopted in our work (Reich et al« 1992), ensuresthat pressing problemsof design
practice are addressed ingead of artificial or toy problems. It also ensures that the purpose of MA —
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pragmatic results — is not forgotten and replaced by work on elegant but unusable tools. Fritts et ai.
illustratethispragmatisam by discussingthe useof coar se-gr ained model sthat provide r esultsthat differ from
reality which are, nevertheless, used successfully by designers. Thereason for thissuccessisthat theintMtes
are sufficient for making comparisons between alter natives, although they fail in producing resultsaccur ate.

in some absolute BnCi.

Thesecond condition reemphasizesthat sophisticated techniquesin theabsmrff of proper undergandingcan
result in misapplication. Toillugtratethispoint, Odabas pointsto an examplein Frittset ai. that displays
improper use, as he argues, of a numerical technique. A designer who is unaware of the intricacies of

numerical techniquescan easily produce erroneous results, both qualitatively and quantitatively.

Our previousdiscussion centered around techniquesin a domain with along documented history of codes
and artifacts. Other domains, such as mechanical engineering, have not evolved such comprehensive
underganding of their activities and. as a consequence, the informal knowledge in these domainsis even

lesscodified asit were.

3 An Evolutionary Approach to Transforming Theory into Practice

Asdiscussed before and in the next section, the major aspect of MA istherole played by the assumptions
implicit in the theories underlying models, the proceduresimplementing these models, and the designers
activitieswhenthey select particular MA techniques, employ them, and interpret theresults. Inorder totake
these assumptionsinto account when developing new means for MA, new ways of developing procedures
arerequired. Inparticular the common approach that garts by posing questionssucn as: " What aspectsof
preiminary analysis can/cannot be automated?* or " What do engineersrequirefrom preiminary analysis

computer tools?® areprobably inappropriate.

Worse, these questions are premature since they assume thai significant research on descriptive design
methods has been done (e.g., the question of " what are thetypes of prdiminary analysis used in practice?®
lias been adequately answered), or they simply ignore practice by holding tight to prescriptive design
methods.




In fact, from our perspective, we as engineers designing toolsfor supporting MA* are at the prdiminary
stage of undemandingtheproblems. |f wereflect upon our activitieswe would acknowledge how littlewe
under gand about which M A toolscan aid usin our design. Therefore, it isprematureto attempt to address
ther equirementsof engineers from MA tools. We view therequirementsof a design support system-as
arisngmainly from how models, both formal and infoimal (Pfelaet aL, 1992), areused in context.. Inlight
of this, we have adopted a collabor ative, evolutionary prototyping approach in order to situate, as much as
possible, both our selvesand thetoolswe create in thewor king context. Asthisapproach progresses, further

resear ch directionsthat may impact practice are uncover ed by designer sthemselves.

Since we do not attempt to identify designers needs a priori, we must approach question of whether MA

can or should be mfl¥.2=** empirically. Thisisnot to say that automation of elementsin thedesign process

isnot desrable or achievable, ii isto say that we should collect information on design that will expand our
cnifW flinffag of design asawhole and. asa consequence, enableusand thedesigner sto identify thescope
of priminary analysis. What can and ought to be automated is one question among many others. This

appliesbaoth to us, as udents of design, and to designer sthemselves.

If wereally wish to make an impact on users, our re&arch should take a participatory mode (Reich et al,
1992) — the development of theory being coter minous with participation in and understanding of practice
(Floyd et al., 1989; Namiokaand Schuier. 1990: Mailer ct al- 1992). Therefore, wedo not view automation
as a goal, but as an option, whose specific coverage is usually different from case to case and needs to
be guided by context-specific srategy devised by designers to meet the exigencies of particular design

gtuations. In short, automation should not drive context — automation should bedriven by context.

4- Design support requirements. implicationsof the expanded view of MA

One of the essential. properties of moddling is representation. Modeling an entity involves representing it
in ways that, hopefully, reveal important properties of the entity being modeled. The behavior of theentity
may be calculated through the use of smulation tools formally, or thepast performance of entitiessimilar to

theoneat hand can be discover ed informally.

Sincedesignerauseavariety of M A procedures, itisour contentionthatnosingler epresentationor abstraction
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technique can beimposed on designers a priori, without severely limiting their ability to model. Wethus
use a notion of conceptual information modeling that allows multiple classificationsto be imposed over a

corpus of information. Abgtraction levelsareimposed by theusers, in whatever way they see fit

Since designersuse a variety of representationsto model and analyze designs depending on the types of
functionalitiesrequited in the performance of the task, we have built n-dim to support the incorporation
of any tools designers find appropriate to carry out the above activities. This allows n-dim to benefit
from research on numerical MA developed within engineering disciplines as well as from research on
symbolic MA, such asqualitative physics, developed in Al. n-dim isbeing developed to facilitate modeling
garting from theinitiation of a design process and continuing throughout the life-cycle of the artifact (L evy
et aU 1993; Subrahmanian et al., 1991).* Supporting this integration capability and insisting that n-dim
maintainsitsusability and scaleabiiity requiresaddressing significant problemsin diver seareassuch asvisual

programming, distributed databases, graph grammars, human-computer interaction, and machinelear ning.

So far, given these objectives, the development of n-dim has de-emphasized artificial intelligence (AD- We
are, however, using asdements of our work, techniques from Al such as semantic network representations,
rule structures, machine learning techniques, and other techniques and representations. Techniques such
asrelational databases, hypermedia, graph grammars, etc. can be used to empower the user to organize,

conceptualize, and reason over (including mode!) infor mation/

Whiledesignisasocial process, it alsotakesplacein alarger social context. Thus, twotypesof hurdlesneed
to beover comein applyingour techniquetoreal lifeproblems: organizational and technical. Our contention
isthat the organizational is more important than the technical seemingly sound techniques fail congtantly
in practice due to lack of attention to organizational issues. Our development approach—participatory
design and evolutionary prototyping—is geared towards alleviatingthisproblem (Reich et ai- 1992), while

the techniques implemented in n-dim are meant to give designersthe ability to model and analyze ther

*Thethnd generation of n«faniicunemiylwtttin apaitfc’siory evolutionary protyping mocs: we SHCOUTAZS S36TS 1D NS the
toolindptnicipateipittdevctopmencw s uss it o exodel and impiement ity dagign in sevaral ways, including issos-besed models
(like gffllS*Conkiim and B egem s1988), modals of the actzal impiementation of the software (decompogitions in 11 of class
hjgnchiei, funrrinnil.icgniier ecm, document*, etc) and other kinds of infbnntdom and we introduce changes uwemenialifc

rather thm alxuptiy*
°One wouki not bewrong if one deter a here «ttaieoiem agai *“song™ AL wish, howeves, an sppreciation of Al tools. .
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organization* the interactionswith ther peers, and the flow of information within the organization.

5 A description of n-dim

In this section, we attempt to give first a brief overview oi' the way in which n-dim allows one to model
information, and then eaborate on certain key elements of these moaeling facilities, aswell as operational
issues assaiciated with usingthem. For amore detailed discussion of theimplementation of the system (L evy
etal-1993).

There are many analogies that can be drawn between n-dim and other types of systems. One can think of
n-dim as providing:

* A hypertext-likesystem with typed, fir s-classlinks;

* A large, extensble, digributed rule-based system with ver sioning capabilities:

« A cohfiguration management and revison control system built on top of a relational database.

The following will focus on the three main aspects of n-dim that, when combined, seem to form a of
critical mass which together imbue /z-dim wiih its special enabling character a flat space of objects, a

generalizednotion of modeling that extends fram prototypesto classesin a uniform way, and the semantics

oi publication.

5.1 Flat Space

The space of abjectsin n-dim is conceptually flat: that is, objects do not contain other objects, per se.
T, multiplestructures can be imposed on this Hat space by means ol models* which are comprised of
links, or relationshipsbetween objects (modelsthemselvesbeing objects). In thisway, the sameabject may
participate in many models.® Since n-dim models are nothing but linked infor mation objects, they enable

Si<lim isimplementedin t pr ow c”-basad objecs sysicm cailod BOS. tha Basic Object Systam (Levy and Dutoit, 1993). Since
itif piotDiype-based, thereaxenoclasses, per se: rather, any objectisapoiemulpr ot 0" for another object. For more informetion
on pTOtDtype-btsedobjectsyitems. seetUngtr and Smith. 1991).
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the capture of therich and complex forma and informal contexts of a given object and hence* n-dim models

can be the bridges between formal and informal modeling as discussed in the previous sections*

Thereis abasic cleavage in the space of n-dim objects between atomic and structured objects. Asthename
indi cates, atomicobjects cannot be broken down any further, e.g. aninteger, alink, apieceof text, animage,

an audio bitstream, etc One could think of atomic objects as things that have values of some son.’

Theprimary form of structured object isthe model. A model is aset of links, which are, themselves, atomic
objects. Thevalueof alink object is a 3-tuple, {sourccjargcuypd where type is merely alabel forthelink;
link types are given their meanings) by the modeling ianguage(s) in which they occur.® It isquite possible
to have the same link type mean totally different things in different contexts: we view the meaning of links
as something to be negotiated by users of the system over time. Operationalizing the semantics of panicular
interpretations of linksis considered an open-ended process: n-dim provides mechanisms for doing so* but
doesnot requireit to be done in order to use a link type. There is one special link type which isknown to
thesystem: thepart link. By convention, n-dim models arerendered in aboxes-and-anows presentation;
part linksare displayed as boxes inside of boxes, whereas all other kinds of links are displayed asdirected
arrows. Iftwo models are pans of a third model, the parts of the two included models are not visible from
the third model. The pans of the included models cannot be linked in the including model: only objects

which are explicitly represented as pans of a model can be the source or target of links.

52 RolesofaModd

Models play (at least) two roles in n-dim: instance/prototype and language.’ In its role as aprototype, a
model can be conceived of as an object in a prototype-based object-oriented system such as SELF(Ungar
and Smith, 1991): prototypesmay be copied as staning points for new models. In addition, every model can
— e CTEAITON OF NEW aromic ob] ect Types generally requires some programming, sincenew types of values often mdfcatft new
typesof fbfiflimmifil operations, Thesuue of built-in atomic obj ect types, while not completely exhaustive, isrich enoughso make

balding tip new kindsof objectsfrom the existing set at least possible.

*Section 5.2. betow
L We will asm the terms " instance" and " prototype’ somewhat interchangeably in what follows, since, in a pnHocype’based

system, the two concepts coincide. However, the different connotations are useful in distinguishing various uses of the word

“model”.
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beviewed asrepresenting a classof modelsin a generativesense: thai is, theset of linksand objectsused in
themode becomethevocabulary, and the (embedded) rulesof composition becomethe syntax and scopeof
semantics for buildingother models. In thissense, amode servesasalanguage. All objectsrefer to another
modd astheir modeling language, and are said to bein that language. The only kinds of objects and links
that can beput in amodel arethose mentioned in itslanguage, and only legal compositionsof these objects
and linkscan becreated.’ A modd viewed asa modeling language can bethought of asa grammar. More

formally, thisgrammar defines:

» Theset of legal panswhich models in that language may contain:
* Theset of legal link typesor labels between pans of models in that language:

* - Rules of composition (modd-building) for the set of objectsand the set of links.

Init-dim; any object can be used as a modeling language. If, for instance, one were to ask n-dim to use
an | nteger object™ with thevalue i asamodeling language, onewould get an object in the language 1,

which could only have asitsvalue the number 1. Thisgrammar hasonly onelegal sentence, which happens

to bethe grammar itself.

53 The n-dim notion of published

When a user of n-dim creates an object, it is theirs, and theirs alone. No other user of the system can
even know of itsexistence until its originator publishesit. Publishing an object makes it smultaneoudy
immutable and visible* to therest of the user community. In order for amodel to be published, thetargets
of all part linkswith it astheir source must also be published™. In order for a model to be used as a
language, it must fir st be published.

®Howevei; thebuilt-in Univer sal modeling languageprovides away around theserestrictions (see below).
"Notethat | nteger objectsaxe atomic!

#ThereiM asystem of access-controls available, a full treatment of which is beyond the scopeof this document It should be

noted, however that accesscontral is. likenearly everything el se, donedeclannvely through thecreation, publication and revision
of n-dim models

BThereisarecursivevariant of the publication operation to makethis slightly lessoner ous.
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Publishing an object in n-dim has precisaly the same effect as publishing a paper it becomes a pan of the
collective and ceasesto bethe sole property of itsoriginator: Just asit isnot possibleto remove from the
libraries of theworld all of the copies (and copies of copies) of a paper once published, so it isnot possible
to alter the statusof an object in n-dim once published. If arevision (or retraction!) isneeded, then the
published object mugt first bé copied, and the copy revised and subsequently published. Whenever any
objectiscopied, n-dim automatically creates or updatesapedigreemodel (constructed in abuilt-in language
called Pedigree)* which contains part linksto all relativesof the object and copy-of links between
them, which cany the trace of its evolution through time. A copy of an object can evolve and change so

drastically that it no longer resemblesiis immediate ancestor.**

Thefact that modelsmust be published to be used as languagesis significant. Oneof thekey notionsisthat
when a user goesback to look at an object published a year ago* it should behave asit didayear ago. This
becomes extremely important when oneréeatesthe volume of information that designer sand engineer smust
typically deal with to the length of time being considered. At any given time* most people can deal with a
few pages of text or afigureor two at a time, contrasted with the immense amounts of information that a
singleperson can generate and work with over the cour se of amonth or ayear. In this sense, collaborating
and negotiatingwith oneself can become a major issue. Since models must be published in order to beused
aslanguages, oneis guarantead that any model, oncepublished, will never haveits corresponding modeling
language changed " from underneath* it.™> Also, modeling languages being designed artifactsin thesystem,
likeany other abject they too have their hisory captured via publication.

5.4 Other Aspectsof the Representation

Although spaceistoolimited to present acompletedescription of n-dim, afew other pointsareworthnoting.

Structure, Projection andPresentation. First, all modelsactually haveatripartiter epresentation,referred to

asthestructure, projection and presentation layers. The gructure of amode issimply itslinks. Onecan

"“Ofcowse, the nwdeiing language used to coosuwattaeriginal aiso spply W copios. so thit i not #1 radical 8 notion as ik may
appear to be

" 1f one thinks of a modeling language as being akin to a compiler for a traditional computer language, and modelain that
language as programs, then the essence of this guarantee is that when e program written years ago is used, the version of the

compiler currentat th* linrn th* pro$ramwaswritten will bein effect.
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map a gructure of an n-dim moded onto multipleprojections, which discriminate between possibleviews of
that Sructure. Any projection can be mapped onto muitipiepresentations* which fix the characterigicsof a
projection visavisitsrendering. A rendering of a mode can be something like a window presented to the
user for interaction, a printed fjle, etc. Projectionsare models, asarerenderings, n-dim merely interprets

these models appropriately when needed.

The Univer sal modeling language. There is a special modding language built-in to n-dim called
Univer sal* whichisspecial in the sensethat models constructed usingit astheir languagecan contain any
kind of object or link. There are two main uses for Univer sal models: creation of " folder'Mypc modes*
used merely to organize other objects, and creation of models meant to be used as modeling languages. By

convention, all modding languages are congructed in Univer sal* although thisisnot a reguirement.

The Rule modeling language. The Rule language is another in the set of built-in n-dim modeling
languages. It provides a smple if/ihcn predicate sructure for representing in a declar ative fashion any of
several classes of information, including actions to be taken when a certain event (or pattern of events) is
seen by the system.™® limitationson the construction of models that cannot be easily (or at all) captured by

the modding-language mechanism.’ etc.

55 Statusof n-dim Implementation and Deployment

It has been our intention from the outset to producea tool that could be demongtrated to be something more
than an academic "toy" by real, indudrial users. Asof thiswriting, n-dim has seen three major prototype
implementations,® and is undergoing a fourth. In each generation, one of the major factors driving the
design and implementation has been scale. The fird Unix implementation (version 0.8,1991) was capable
of dealing with hundreds of objects and was singie-usen The current implementation (version 0.9,1992-3)
currently hastensof thousands of objectsored in it and can support several Smultaneoususers. Thenext

prototype (version | D, due 1993) will scaleto hundreds of thousandsor millionsof objectsand will support

" User -supplied oporadons on objects (also called methods) can be implemented in this fashion, with the triggering event being
an explicit user acticn.
" Such asquantifies, algebraic congtraints, etc

"OneasaHyper Card stack on the Macintosh, and two generationsof Unix ™ .based implementations.
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hundreds of smultaneoususers.

The version 0.9 prototype is being used and tested internally by the group and is being deployed both
internally at the Engineering Design Research Center at large, and at indudrial sitesfor exploratory use by
some of our sponsors. Members of the group have used thisver sion to experiment with integrating exter nal

computational agents (tools) into the n-dim environment, including:

» A text-based information retrieval system. Thisis a suiteof public-domain programs, some of which
were developed by members of the group, which use Natural Language Processing (NL P) techniques
to analyzelarge corpora of text. The suite includes a tagger, which tags every word with respect to
itspan of speech, a reguiar-exprcsson-bascd parser which can extract noun- and verb-phrasesfrom
tagged text, term-cluster programs and the beginningsof a semi-automated concept-nctwork-building
assistant Which can be used from inside of n-dim to create concept sructures (as n-dim models)
for specific domains, using the results of term-clustering. In our system, we use the NLP toolsin
conjunction with the SMART information retrieval engine from Cornell University (Saltoru 1971,
Buckley, 1985). A graphical interface user interfaceto the NLP system has been built and integrated

into then-dim environment.

* A blackboard-based system for maintaining consistency between parameters used by analysistools.
Thissystem has been used extensively by the group in working with industrial sponsorsto build an
n-dim-based infrastructure for design support which integrates access to existing analysistoolswith

accessto persstent shared memory (e.g. thepublished object base) (Finger et al, 1993).

» A generative layout system based on hierarchical decomposition called ABLOOS (Coyne* 1991),
developed at the Engineering Design Research Center. A group of graduate studentsspent asemester
developing n-dim modeling languages that could be used to describe an ABLOOS input problem.
aswell asrepresent libraries of sténdard pans. Methods defined in these modeling languagescould
amtoal atically producethe L1 SP sour cefileneeded by ABLOOStorun. Theuser interfacetoABLOOS

wasnot altered, but smply invoked from insideof n-dim.

Inthe fall of 1993, version 1.0 is scheduled to be used in support of a senior-level software engineering

cour se which features a team-based approach driven by the use-case methodology developed by Jacobson
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(Jacobson et aU 1992). Various other collabor ative efforts involving the deployment of thisand subsequent

implementationsof n-dim are on the drawing boards.

6 MA with n-dim: An example

We will now attempt to paint a picture of the use of n-dim in a design and manufacturing organization.

We emphasize the informal aspect of modeling, whether they underlie formal methods or not, rather than
theuse of formal techniques. The incorporation of the lauer in n-dim can follow procedures smilar tothose
used for incor porating the three external computational agent described in theprevioussection. Thescenario
illustrated dealswith designing a hypothetical product: a computer that can be carried by an operator along
the Alaskapipdineto gather information about the conditions of the pipe.

The design specification document created after discussions with the client provides the engineer with a
bassfor theinitial modeling (see Figure 1. also, asummary of somemodeling activitiesappearsin Tabled).
Themodd customer specs iscongructed to represent some requirements and their relationships. The
engineer interprets these reguirements as the essence of the design specification document. By extenson*

the engineer thinksthat thismodd is a good modd of the intended design..

Theengineer usesthisrough modd to query the cor por ate database (i.e., corporate memory) by highlighting
someessential objects. Thedefault query mechanism used by theengineer (themodel_query execution)
extendsthe query through an active agent called augment synonyms when executing the search: thisis
donethrough theuseof theaforementioned NL P toolsand the E x ecuti on modelinglanguagewhich allows
theincor poration and managing of external programs. Some synonymsinclude: portablefor carried
by handor collect information for gather information. The query is an absract model
of theintended design; itsanalysisdependson the way the designsretrieved succeeded and its applicability
onwhether thequery can lead to a successful new design. Asseen inthemoded previous designs, the
search retrieves several designs. Notethat only one of them (car computer) would have been retrieved

had the NL P toolsand synonyms not been used to dlaboratethe query.

Thepreviousdesignsare sudied to see whether any of them has functional requirementssimilar tothoseof
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Figure 1. Initial modeling activities

thepresent design (thereby allowing their use as prototypes). Through asmpleingpection and copying of
relevant pans of previoudy published design issues models, the engineer congtructsa design issues
mode for the present design. Laté, the engineer will transform this model into a modeling language for
specifyingissuesfor a portablecomputerized device (thereby usingthemodd asalanguage). Smilarly, the

engineer decidesthat thequery was useful and savesit in aseparatemodd (prev: by.properties) with
some annotations.

Browsing through the design specification document and design issues mode of previous designs, the
engineer decidesthatthepr eviousdesignmostsimiiarto thepresent designisthetr ansmission tower

monitor (TTM). Theengineer thinksthat itsdesign isagood model of theintended design and considers
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borrowing asmuch aspossiblefrom itsfunctional a- «» « ' -scomponent design. The TTM designisinspected
to uncover thecritical congtraintsgoverningitsoc.. allows from the assumption that the TTM pagt

analyses and constraint checking are useful modelsOl1x... < of thepresent design.

The engineer looks at the models written in the specjnarc . ceding language shown in Figure 2.
Note that the presentation of the marginsisin the form of tablestw... r~isd by part linkswhich smulate

hypertext-likelinks; other presentationssuch as graphical ban aresmilarly possible.

n-dim transmision tower monitor specmargin

ec margin | n-dim _ operating conditions spec_margin
cost 40% ,
software 15% it kel n-diin*rpackaging specjnargin
10%
hardware 15% power .
. // weight 10% spec margin
condiﬁogs b temperature 5% strength 20%
packaging 30% 50%

Flgure 2. Retrieved marginsof safety of an old design

The engineer observes that the TTM design was governed by thermal congtraints. Further, by tracing the
condraint back to thedesign, the engineer sec that ventilation holeswereintroduced in responseto analyss
results detecting an over heating of someeectr onic componentsnear thepower supply. Theengineer expects
that thethermal behavior of the new design will be better dueto itslower operating temperature, allowing
sgnificantly more heat to dissipate. The functional specificationscan be met with minor changesto theold

design.

After making theessential changes, the only additional analysisrequiredismechanical. Sincethisisoutside
the expertise of the engineer, the engineer decides to consult with the company packaging expert- The

discussion proceedsthrough the use of mode creation, publication, and modification (see Figure 3).

Theengineer'sgoverning issuesmodd containsthecritical constraintsand theobject n ot es contains
the question regardingthe gatus of the srength analysisin light of the low operating temperature- After

publishing the model, the engineer natifies the expert of its release. In response, the expert reviews the

24 -




, Engineer
Packagingexpert

Y governing iswes riBIS
=om strtii«Ui-Uinpemuirtretaik>n - Influtnct wdim

Ensile Swength (kgfiem 2x 10°)

20 10 O 10 20 30 40 50 60 70
TempciHBfe<“t3

Figurc 3 A discussiont»w«en Us> enjiwer and ihc packaging expen

question contained in notes and modeis the influence between the temperature and the stress saiu:m:::
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4o in the design specifiction document. These testing procedures madel the oPeritt
expeoallogoW Blhebeterior ofIhedoficeiiilheaeld.
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Duringtheimpact test, theprototypefails by breaking near an air ventilationholein thevicinity of thepower
suppiy base. Cleariy, at least one of the modds* whether foimal or informal, employed failed. It iscritical

to locate and modify it to avoidrecurringfailures.

Thefailure analystsand review detect the following. At atemperature closeto -30°C the impact srength
can decrease to lessthan 30% of its value at areferencetemperature of 20°C Not accounting for thisfact -
marks a failure of governing issues created. by the engineer to modd the complete influence of the
temperature on themechanical behavior of thedesign. It isalso a failureof theexpert's modd which relied
too heavily ontheengineer'squery without extending theinfluence of temperatureon strengthto itsinfluence
on impact. A close examination finds that while the old design passed the testing procedures, few of the
productsfailed in field use due to smilar bresks. These few failures despitefoimal thermal and mechanical
analyses followed by successful laboratory testings of prototypes can be traced to failures in the informal

under pinning of formal modeling. The specifics of this ingance are described below.

When the previousdesign was analyzed, theengineer sdid not takeinto account the stressesdueto assembly
operations. They only included the stresses due to impact loading in their calculations. The successful
laboratory testingsand the actual measurements taken wer e per ceived asverifying theresultsof theanalysis.
Unfortunatdy, the laboratory testing procedure was flawed: it did not modd the operating conditionswell.
In thetesting, pan of thedevice near the power suppiy warmsup to 50°C. Totest durability, thistemperature
was maintained for a reatively long time period, in which the material gradually under goes creep through
which assembly stresses are relieved. This process presented lower impact stress levels in the subsequent
impact tes.  Clearly, a portable computer can hardly be used for an extended period of time to allow such

behavior to occur in the field. Further, an impact load can occur even before oper ating the computer:

Following this analysis, both designs undergo revisons. In the present design, the ventilation holes are
diminated and in the TTM, a small design modification removes the assembly stresses. Both revisons
and their rationalesare modded and published for future reference. Additional links are created between

strength, impact, and temperature in the analysesmodels when designing with polymers.

In addition to the design revisions, the company's engineering division management revised the design
processmodd. It wasnow mandatory for any expert to providea comprehensiveresponseto limited queries

within their expertiseand subsequently review thedesign. Thiswasdonethrough revisingthedesign process
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Table4: A summary of MA activities

M odel

tion document

customer and engineers

Type Object modeled Analysis and refine* § Applicability
ment of model
design specifica- { informal/ unstructured intended design discussions  between § success of wouiuet

— informal/structured

customer informal/structured design specification { review of design docu- customer /v val

specification document ments by customer

query formal  (underlying ‘mfor- | intended design success of the designs | success of intended
malV structured retrieved design

analysisresultsof | anaysis — forma (underly- } analysis of intended | usefulness for design* { passing testing

old design ing informal), interpretation | design ing new design ¢ procedures

discussion edig—
neer expert about
temperature stress
reiaticnship

infonnal quesuon/ structured
and unstructured, formal pre-
sentation of response (under-

lying informal)/ structured

stress behavior of

intended design

testing procedures

success of product

testing procedures

scmi-formai (underlying in-

environmental op-

measurements in fied

survival of products

formal V unstructured erating conditions | operations
design  process § semi-formal/ structured optimal design | internal review failures of designs
model process due to organiza-

tional issues

model of the company.

n-dim isbeing developed to enable the capture, retention, and subsequent arr fss of cases of both formal and

informal modeling in design. Table 4 summarizes some of thecritical modeling activitiesdiscussed in this

scenario and their properties. It servesto ground these activitiesin thediscussionin previoussections. The

first column specifiesthemodel; the second specifiesthe nature of themodel (i.e* formal or infonnal) and

itsrepresentation (i.e® structured or unstructured); the third specifiesthe object being modeled; the fourth

how the model is analyzed and thetrigger for itsmodification; and thefifth specifies how the applicability

of themodel is dotermined.
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The character of the engineering design work as illustrated in this scenario exemplifies a number of MA
activities, formal and informal, that interact with each other. The interaction and organization of these
activities in engineering and design tasks is not determinate a priori. In this paper, we have described
an environment that allows for the capture of these interactions in as ubiquitous a manner as possible.
Furthermore, the activities described and their codification while they are used in design providerich data

for sudying MA activitiesin design and for further improving n-dim.

7 Discusson and Conclusons

We view thefollowing as central research goalsand challenging problems:

1. What arethetypes of modds and analyses used by designers?
2. What types of representations(modeling) and techniques arerequiredto perform such analyses?
3. How can thenecessary data be collected to address (1) and (2)?

4. How does one createtools, automated or not. which give designer sthe ability to improve their own
practice?

It isour hopethat thispaper hasoutlined an approach for addressing all of the above.

We have described an approach to the study of the practice of designers, and, further, to the development
of tools that aid designers throughout the design process. This approach will make use of whatever MA
tools designerswish to use, integrating available techniques or, possibly, formulating new problemswhen
availabletechniquesprove inadequate. We have argued that themajority and most critical of MA activities
in design areinformal, and, further, that even in the cour se of using supposedly formal techniques, awealth
of less formalized, codified or even understood knowledge must be brought to bear in order to successfully
apply, for ingance, equational modeling techniques. Therefore, we have focused our work on developing
support toolsfor informal MA, including a generic information gructuringtool called n-dim, which serves

asthemedium through which infor mation, toolsand, most importantly, peopleinteract. Wehavethroughout
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our work applied themaxim whatever works® as a means of grounding our sefvesin praxis. In thislight, we
view Al, NL P, machinelear ning, infor mation retrieval techniques, and all theother accumulated techniques,
practices, and tricksof thetrade as being interesting in so far asthey are useful to thetwofold task at hand*
namely, studyingdesign* and attemptingto help designershelp themselves. Of cour se, thealmost infer nally
rich, varied and chaotic wealth of information and experience available from the engineering disciplines

themselves, especially in applied settings, providesuswith constant inspiration and problems.

It isclear thai considering either formal or informal techniquesin isolation from practice is insufficient. to
addressthedecision support problem. We advocate and follow a methodology for developing design support
systems. theparticipatory design approach. We have developed and are continuing to develop n-dim asa

tool for actual usein several engineering domains.

Our participatory design approach in the design of n-dim itself providesthe answer to the issuesraised at
thebeginning of thissection. Since n-dim ismeant to be used in actual engineering practice, it will serveas
arepostory of techniques that are used by designers. The representationsand techniquesto support these
activitieswill be developed in an evolutionary manner, and the trace through time of their development
will also be captured, n-dim will also serve as a tcstbed for studying the activities of designersin the
course of their work. Our bdlief is that the approach we take in the development of n-dim will r@lt ina
successful system that supportsdesign, includingthe MA activities. Assuch it may serve asamode for the

development of support systemsfor other tasks as well.
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