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Abstract

The value of comprehensive rationale for documenting a design has long been recognized. However, designers rarely
produce detailed rationale in practice because of the substantial time investment required. Efforts to support the ac-
quisition of rationale information have focused on languages and tools for structuring the acquisition process, but still
require substantial involvement on the part of the designer. This paper describes an experimental system, the Rationale
Construction FrameworlRCF), that acquires rationale information for the detailed design process without disrupting

a designer’s normal activities. The underlying approach involves monitoring designer interactions with a commercial
computer-assisted desig@AD) tool to produce a rich process history. This history is subsequently structured and
interpreted relative to a background theorydekign metaphorthat enable explanation of certain aspects of the design
process. The framework provides an environment that can acquire rich, meaningful rationale information in a time- and
cost-effective manner, with minimal disruption to the designer.

Keywords: Design Rationale; Automated Acquisition; Plan Recognition; Clustering; Knowledge-based Methods

1. INTRODUCTION scale design efforts. Rationale would also provide guidance
in exploring alternative designs, whether as part of the nat-
Representations of designs in current-generation computetral evolution of a design or in response to changing re-
assisted desigfCAD) frameworks consist primarily of di- quirements. Finally, design rationale would enable easier
agrammatic specifications, possibly augmented with simplenaintenance of artifacts over their life cycles and more ef-
annotations andd hocdocumentation. Even the most so- fective reuse of designs by making it easier for downstream
phisticated design systems lack much in the way of strucengineers to understand how a design works. For example,
tured documentation for the design: Why is the design theBrazier et al(1997) presents an example of stored rationale
way it is? What key decisions and tradeoffs were madebeing used in the redesign of a model passenger aircraft to
What interactions and dependencies exist among comp@&ccommodate changes in the overall design requirements.
nents? What assumptions are critical for the success of the Despite the tremendous advantages that explicit design
designed artifact? rationale would provide, designers rarely produce it in prac-
It is well accepted within the design community that thetice because of the substantial time commitment required.
availability of explicit, declaratively representddsignra-  Tools that support the specification of structured rationale
tionalewould be a tremendous asset. Design rationale woulghy a designer have met with limited success because they
serve as a record of the basic structure of a design, codifyeither demand substantial designer time to enter informa-
ing how the design satisfies specified requirements, as wetion (Carroll & Moran, 1991 or they change the manner in
as key decisions that were made during the design procesghich designers workConklin & Yakemovic, 1991 Fur-
This information would facilitate collaboration among mul- thermore, designers have little motivation to participate in
tiple distributed designers—a tremendous benefit for largesuch activities since the benefits surface downstream of their
contributions. Recently, nonintrusive approaches have been
explored that involve video or audio recording of design
: o ) sessiongChen etal., 1991; Shipman & McCall, 199%ow-
Reprint requests to: Karen L. Myers, Artificial Intelligence Center, SRI . . .
International, 333 Ravenswood Ave., Menlo Park, CA 94025, USA. E-mail:€VEr, & lack of structure in the prOduced representations hin-
myers@ai.sri.com ders effective use of the information that they provide.
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Given the tremendous value of structured design ratioCAD tools [the design substratéHutchins et al., 1986;
nale but the unacceptable burden of constructing it manuFischer & Lemke, 1988 have meaningful semantic con-
ally, we were motivated to explore the use of artificial tent. For example, CAD tools allow users to select objects
intelligence(Al)) methods for automatically generating ra- with assigned semantic types from predefined libraries. This
tionale without disrupting the normal design process. Ourcontrasts with most tools for designing software, where in-
work focuses on theetailed desigrphase, in which tools teractions are generally at the level of keystrokes. Nonin-
(e.g., CAD systems, analysis packagere used to gener- trusive monitoring of the actions taken by a designer with
ate a schematic that meets the specifications laid out for aa CAD tool would thus provide a rich, semantically
artifact. This contrasts with theonceptual desigphase, in  grounded process history for detailed design. Techniques
which the scope and capabilities are set for the artifact to bélom Al could be used to structure this information into

designed. representations that would support query access and rea-
soning aboutesigner intentValuable reasoning methods
1.1. Rationale: Conceptual versus detailed design would includeclusteringtechniques to aggregate CAD op-

erations into abstract summaries of designer actiyitgn
recognitionto identify key episodes of activity, anglal-
itative reasoningabout the emerging design.

This paper describes the Rationale Construction Frame-
work (RCF), which embodies the above ideas in a system
'that automatically constructs rationale information for the
detailed design process. RCF records events and data of rel-
. %vance to the design process, and structures them in repre-
new artifact, . e sentations that facilitate generation of explanations for
. Th_e concep_tual phase foc_uses_ on |dent|fy|_ng and res(_)lvdesigner activities. RCF operates in an opportunistic man-
ng hlgh-leyel Issues of fL_mctlona_Ilty g_nd r_equwements, W't_hner, extracting rationale-related information to the extent pos-
d_eS|gn rationale recording the J_u.f,tlflcanons for the d(?C"sible from observed designer operations. For RCF, we
sions that have been made. Decisions are grounded p”mqﬁterpret rationale broadly to encompass any information that
ill further the understanding of a design and its develop-

ily in assumptions or nontechnical criteria such as end—us%
prgferences. During dgtailed design, f_unctionality and rf1nent. This philosophy fits thgenerative paradigniGru-
quirements may be refined. However, issues such as COMYer & Russell, 199p for rationale construction, which

ponent structures and interactions, validation, funCtiona”ty;ECUSES on supporting general queries about a design and

Moran and Carrol(1996 describe the life cycle of an ar-
tifact as having aequirementsor conceptual phase;(de-
tailed) designphase, which results in a detailed specification
of the artifact; abuilding (or construction phase; aleploy-
mentphase, in which the artifact is marketed, distributed
and used; anaintenancephase; and possibly eedesign
phase, in which the original design is modified to produce

and design alternatives are of greater importance. The levs S evolution rather than answering fixed sets of questions.
of abstraction at which these issues are considered is muc RCF extracts two different types of rationale-related in-
lower than during the conceptual phase. Choices and OIeCf(')rmation. The first is a series of hierarchical abstractions

sions are grounded primarily in physical constraints on com- f the design historywhatthe designer did, anahen In

ponents and the designer’s insights into the composition o, ddition, RCF reasons about intentviy the designer per-

good designs. These insights include criteria such as SIMy rmed particular actions. A set design metaphorsvhich

_ﬁ)_lr']C'ty’ e?se c;f Tofk'lf'cgt'?r.ll’ Znéj mtwnvs fee]! for Sgécess'describe temporally extended sets of designer operations that
us, rational€ for the detailed design phase IoCuSeman ., 4y 1o meaningful episodes of activity, drives the extrac-

a given design works, andhythe specific detailed design tion of rationale related to designer intéSection 4.2. De-

ch\t;\llceks twe(;etmadeth isit ¢ desi tionales h sign metaphors provide the basis for inferring intent on the
ork 1o date on the acquisition of design rationales Nag, ;v of the designer by linking observed activities to expla-
focused on the issues and choices made during the conce

ations for them. A rich query interface allows users to ac-

tua_l phase: deC|d_|ng on the fu_nct|ona| requirements for alkess extracted rationale from several different perspectives,
object, and the high-level design approaches to be pursueéiab“ng them to overview the design history, and to elicit

In meeting thosg reqwrement@arrgll & Moran’. 199). . information pertinent to their specific goalSection 9.

There h.as been little yvork on capturing the deC|S|c_m-mak|ng Automatic generation of complete rationale for all as-

a_nd ng|c that underlies the process O.f constructing the de'ects of a design is clearly infeasible. Certainly, designers
sign itself. It has been shown that designers are reluctant ake many critical decisions that are not explicit in the de-

do_cument their actions during the_detal_led deS|gn_ pro_c_esagns nor in the design process. The work reported here seeks
(Fischer et al., 1991 Because of this resistance, it is criti- to automate documentation of important but low-level as-
c_a_l to invs_:stigate _nonintru_sive methods for rationale vaUi'pects of the design process in a time- and cost-effective man-
sition during detailed design. ner, thus freeing designers to focus their documentation

) . efforts on the more creative and unusual aspects of the de-
1.2. The Rationale Construction Framework sign. Ideally, the methods presented here would be comple-
The premise for our work was the observation that manymented by interactive rationale acquisition methods that
of the operations that a designer can perform with modermvould enable designers to extend or correct automatically
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generated information. The ultimate goal is to produce an A rationale acquisition system can adopt more than one
annotated design history that tracks dependencies, assumgi-these perspectives. The work described in this paper fo-
tions, and tradeoffs, and so would greatly facilitate the uncuses on rationale as documentation and communication.
derstanding of a design by downstream designers. Specifically, in recording the design process we wish to
We evaluated RCF informally by applying it in a case make explicit the relationship between design decisions and
study that involved the design of a three-degree-of-freedondesign requirements, as well as the interactions among var-
surgical robotic armt.RCF recorded designer activity over ious assemblies and components in the design. This infor-
several versions of the arm, starting from a rough initial de-mation will be useful during the development of the initial
sign, through various stages of refinements and optimizadesign, providing the means for a designer to keep track of
tions. From these recordings, RCF was able to summarizeptions that have been explored and reasons for certain
designer activity at varying levels of abstraction, identify modifications to the design. However, we envision that the
phases where the designer concentrated on various partse&xtracted rationale will be of even greater value later in
subassemblies or where design parameters were tuned, traitle life cycle of a design. We envision many of the poten-
the results of design tradeoffs, and explain key desigrial users of RCF to be designers who have taken over a
changes. The results validate the idea that meaningful rgrevious design for maintenance or reuse. For them, it is
tionale can be generated nonintrusively through applicatiowrritical to be able to quickly develop an understanding of a
of appropriate Al techniques. design, including the key assumptions and tradeoffs that it
embodies, to ensure that modifications are consonant with
the intent of the original designer.
1.3. Different perspectives on rationale

As summarized by Shipman and McC&ll997), design 1.4. Overview of paper
rationale can be viewedand defined from different  Section 2 describes the architecture for RCF, presenting over-
perspectives: views of the main components of the system. Section 3 sum-
marizes the robotic arm design case used throughout to
Argumentation: In this view, rationale captures the pro- illustrate the workings of RCF. Section 4 presents an over-
cess of reasoning and discourse, either by a single dardew of our approach to rationale extraction, which is sub-
signer or a design team. Rationale consists of thesequently expanded in Sections 5 through 8. Section 9
problems or issues that arise in the course of a desigrdescribes mechanisms for accessing the extracted rationale.
along with pros and cons for each alternative. Ratio-Section 10 discusses evaluation of the approach taken and
nale as argumentation need not be passive, but rathénture directions, while Section 11 describes related work.
can be used as a framework for structuring the desigrBection 12 presents our conclusions.
process, to clarify and facilitate it. For example, Con-
klin and Yakemoviq199]) discuss the use of various 5 RcE ARCHITECTURE
implementations of IBISRittel & Webber, 1973 or i o ) )
“Issue-Based Information System,” in commercial de-AS depicted in Figure 1, RCF contains three main compo-
sign settings. They report that the use of these tool§€Nts: an enhanced CAD tool, the Monitoring module, and
can often uncover key issues and communication breakh® Rationale Generation modulBGM).
downs during the design process that might otherwise _Wlthln RCF, the de&gner_mte_racts with the C_AD tool as
have been missed, or not detected until a later stage ift it Were a standalone application. The operations that he
the process. or she perfqrms, however, are tra(;ked by .the Monitoring
. . ] ) o module, which forwards relevant information about ob-
Documentation Fromthis perspective, rationale is viewed gy ed designer events in real time to the RGM. From this
as a “decision trail” for use by observers outside of thegyream of events, the RGM constructsiesign event log
design team. Rationale records what decisions werg,a¢ provides a comprehensive history of operations per-
made, when, why, and perhaps by whom. Informationggmed by the designer during the course of a design ses-
would be presented in away that makes the decision pragion. Based on the incoming events, RGM also constructs
cess clearto observers who do not have full bac:kgroungSymbonC design modéhat provides a qualitative descrip-
knowledge about the design effort. tion of the emerging design. The rationale construction
Communication: Rationale is interpreted as the passivemethods exploit these two components to construct ratio-
recording of design discourse as it occurs. Rationalenale, usingdesign metaphorand background information
stores the information needed to answer questions abo@out design requirements.
what was done, and why, possibly for recall during the
design process itself or for subsequent decision-makinge 1. CAD tool

Several criteria drove the selection of a CAD system upon
10ne of the authors served as the designer for this evaluation. which to build RCF. One criterion was the inclusion of so-
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Fig. 1. RCF architecture.

phisticated modeling capabilities that would provide arich sehents from predefined part libraries, which is standard in
of design operations suitable for demanding electromechamany current CAD frameworks.

ical design tasks. Asecond criterion was that the system em-

ploy a design substrate of sufficiently high levé&lutchins o

etal., 1986; Fischer & Lemke, 1988 hird, extensibility of ~ 2-2- Monitoring module

the systemwould be critical for enabling the insertion of mon—rpe monitoring facility within RCF nonintrusively tracks
itoring hooks and the definition of additional CAD opera- designer operations within MicroStation95, generating a

tions. After an extensive survey of available commercial and;;eam ottool eventghat are sent in real time to the RGM.

research systems, Bentley's MicroStation@entley Sys- 144 events are a system-dependent representation of the

]Egrgs, Inc., 1355\’\/6‘5 selected as the system that best Satisz}\ctivity of a designer. The tool events extracted by the mon-
ied our needs.

. . o itoring facility within MicroStation95 include the creation,
To support rationale acquisition within RCF, the set of ye|etion, and modification of points, two-dimensional pro-
operations provided by MicroStation95 was extended t0 infjje5 parametric solids, free-form solids, Boolean combi-
clude several capabilities that raised the overall semantifations of solids, and features on solid obje@tsluding
content of its design substrate. One class of added opergy)es posses, protrusions, ribs, and Lu¥gnipulation op-
tions,annotationsenables users to specify themantic type erations(e.g., move, copy, rotatare supported, as is the

of an object along with associated type-spec#&mantic  jirect assignment of attributes. Creation and deletion of joints
attributes The semantic type of an object refers to the in-5.q hossible, leading to the connection of parts in pairwise

tended semantic interpretation of the object with respect 9;hion into assemblies. The creation and importing of parts
the particular design domain, in contrast to the structural, supported, as is the invocation of built-in analysis pro-

and geometric description of the object. For example, they.ams. Finally, process-level commands such as the undo-
designer may declare that a given solid represents a gear, g% and redoing of operations are also tracked. Overall, the

well as specifying gear-specific attributes such as numbegg; of monitored commands is adequate for a wide range of
of teeth, gear ratio, or quality. Such semantic information,commex design tasks.

which RCF uses extensively, is provided as a by-product of ~grtain aspects of the design process are explicitly ig-

parametric design methods and part selection capabilitie§oreq by the monitoring process. Examples include certain
found in numerous state-of-the-art CAD systems. We alSqygmetric information associated with the manipulation and
augmented MicroStation95 with a set of analysis programgcfinition of objects(e.g., spatial positioning and design
that can be linked directly to components in the CAD model,.q mmands not immediately relevant to ration&dech as
thus extending the limited analysis capabilities within theviewing commands
core system. This modification reflects a growing trend t0- e monitoring process considers only fully prosecuted
ward building design environments that integrate a range ofymmands. Thus, intermediate changes made within the mid-
design tools. Finally, we added an ability to select compoje of specifying an operation are ignored. For example, an
operation to connect two components with a specified type
2While the RCF rests on top of a particular tool, its underlying models .Ofljomt requires selectlo'n of two ObJ?CtS and an appropriate
apply more generally to a wide range of CAD tools. joint type. For such multistep operations, a user may change
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the selected parameters for the operation before commitrable 2. Process-level design events
ting to a version of the command that should be executed:

The RCF monitoring process tracks only the executed’d° undo the previous ‘undoable’ operation
d Redo redo the last undone operation
command. File-Open create or read-in a design file
File-Copy copy a design file
File-Save save a design file

2.3. Rationale generation module

The Rationale Generation ModulRGM), the main infer-
ential component of the framework, performs the automated
generation of rationale structures. The RGM incrementally
gOZf;rt'iJ(frté ir;ﬁebdsgfgsires;evseenr:tlatlogig:]Okr)s\‘/ai:jveesda(fﬁoﬁ)_ to%Ition, modification, and manipulation of _object&ocess_-
op ’ 1gn ¢ agvhichp . leveloperationg Table 2 do not operate directly on design
independent characterization of key design operations.

X objects. Instead, they either manipulate information and
Besed onthe design eyent Iog, th? R.GM construsts @ metalevel structures related to the dediguch as filey or
bolic modelof the emerging design in incremental fashion.

This model contains the core elements of the design anniﬁmpaCt the interpretation for previously executed opera-
with key relationships among thefe.g.. parfsubpart re- ons(e.g.,Undo/Redooperations Tracking the impact of

. T . o process-level operations requires complex bookkeeping
lationships, interpart constraint$ndividual components are Within RCF of current and previous states, to maintain an

tagged with annotetions ihat are relevant te rationaie, SUClccurate characterization of the current design within the
as timestamps, revision histories, and reuse information. Th

symbolic model of the design contains limited geometry in gymbolic design model.
y . . gn col : >0 9 ety There are several possible semantic models for interpret-
formation, restricted mostly to dimensional information for

created objects. ing Undo/Redo operations. Our mod@s dictated by the

The design event log and symbolic design model proVideoperational semantics of MicroStationdénits the set of

the evolving information base from which rationale infor- operations that are "undoable.” In particular, only the base-
mation is generated in conjunction with a formal s ecifi-level operations Create, Copy, Delete, Modify, Manipulate,

) 9 o J . P nd Annotate can be undone, and only Undo events can be
cation of the requirements for the design task and a set

design metaphor#s described further in Section 4.2, de- edone. A given Undo or Redo operation impacts the most

. . . ‘ecent operation for which the Undo or Redo is applicable
sign metaphors characterize sets of operations that cons{lﬁat has not already been undone or redone

tute meaningful episodes of designer activity. As such, they Many tool events have direct correspondents in the de-

ggivoigs the basis for inferring designer intent from deS|gnerSign event modefe.g., Create-Slab tool events map to a Cre-

ate operation for objects of type ShabHowever, certain
design events correspond tsetof tool events(e.g., joint
2.3.1. Event models creation consists of an origin definition followed by a joint
The operations supported within the design event modelgeclaration. At present, there are ntin mappings within
while not exhaustive, were chosen for their adequacy withhe framework, although macro definitions would require
respect to an interesting set of design tasks. Two high-leveych a capability.
categories of operations are distinguished within the sys- seyeral properties are maintained for each design event.
tem.Base-levebperationg Table 1) support the direct cre-  The type property stores one of the base- or process-level
event categories described above. To@ eventgproperty
indicates the monitored operations that formed the basis for
the given design event. Ttetatusproperty tracks whether
the event isalive or :inactive, relative to UndgRedo op-
erations. Thestatusfor an event starts ouslive, but will

Table 1. Base-level design events

Create define a new object from scratch ) . :
Copy define a new object by reference to a previously defined SWitch to:inactive should the event be “undone” at some
object later stage. Thetatuswill be reset taactiveshould the un-
Delete delete a previously created object ‘ done event subsequently be redone. The role ofdhas
Modify change structural aspect of a design object objectproperty varies with the type of the design event. For
Manipulate reorient an object in space . .
Connect create a joint between two objects example, with a Qreate event, tfecus objectorresponds.
Import read in a predefined part to the created object; for a Delete event, the focus object
Annotate set/reset the semantic attributes of a design object ~ corresponds to the deleted object. Tin@actproperty stores
Analyze invoke an evaluation tool for analyzing some aspect of rgtionale-related information for this event.
the design

Additional type-specific properties are stored with de-
sign events. For example, an Analysis event includes infor-
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Table 3. Design event supertypes semantic categorgf the object. For example, an object in
: the semantic categoiyear could have semantic attributes
Construction  Create, Copy, Import, Part, Connect such asiumber-of-teetfratio, or width.® The specification
Revision Undo, Redo, Delete, Modify, Manipulate, Credteat f attribut id hinsight into th Iuti f
have been undone but not redprennotategthat change ora I’_I utes Can_ provide much Insight into the evolution o
rather than initiate valugs a design. For this reason, the RCF system keeps a record of
Deletion Delete, Undo the evolving values for each attributgructural and seman-
Assembly Connect tic) that enables retrieval of values for any stage of the de-

sign process.

Several interobject relationships are stored for use in rea-
soning about rationale, includingarent/child relation-
ships that reflect hierarchical structuring of complex objects,
copies/sourcerelationships, andttachmentrelationships
mation about objects used for the analysis and their attributegadicating connection of two design objects througbiat
the analysis program invoked, and the results of the analyof a designated type. We define assemblyto be the clo-
sis. An Annotate event stores information about the attributegsure of a set of objects under the attachment relationship
that are being modified, along with their newly assigned val<j.e., under joint connectivity
ues. A Copy operation records the source object that was On the process side, several additional forms of informa-

copied and the newly created object. tion are stored, including a record of all operations per-
formed on the object, analyses related to the object, time
2.3.2. Design event supertypes devoted to that object, the origins of the objéce., se-

lected from a part library, copied from a user, created by a
designey, and status informatiogalive or :inactive). In ad-
dition, a link connects each object back to the correspond-
y’ng tool objectin the CAD model.

Design event types distinguish design operations with sig
nificant differences in their operational impact. Certain of
the rationale generation techniques described (&ection
6.2) use more abstract categorizations of designer activit
organized around the set oesign event supertypés

Table 3.
3. CASE STUDY: SURGICAL ROBOTIC ARM

2.3.3. Symbolic design model RCF was evaluated in a case study involving the design of

The symbolic design model provides an abstracted repa three-degree-of-freedom surgical robotic arm. The main
resentation of the emerging design that supports the reasotechnical challenges for this design were to provide suffi-
ing required by the rationale construction process. It consistsient actuation torque, while maintaining low inertia and
of representations for key elements within the design anghigh precision. Table 4 provides detailed information about
relationships among them. It excludes certain informatiorthe design requirements for this case.
stored within the CAD model of the desigim particular, RCF recorded designer activity over several versions of
geometric information plays only a limited rglebut aug-  the arm, starting from a rough initial design, through vari-
ments the CAD representation to include relevant processus stages of refinements and optimizations. The designer
information for objects within the design. divided the design into three main subassembliesbtse

The representations employed support a rich set of deassemblyincluding the motors, tharm assemblyinclud-
sign elements, spanning solid objects, featustaictural  ing the transmission, and therist assemblyincluding the
attributes of an object, usually corresponding to a machinend effector and tool. Figure 2 shows the resultant CAD
ing operation, two-dimensional elements used in the draft- model. From the recorded events, RCF was able to summa-
ing process, and pointéLinear elements and points in and rize designer activity at varying levels of abstraction, to iden-
of themselves are not part of a design; rather, they are buildify phases where the designer concentrated on various parts
ing blocks used to construct objects within the modebm-  or subassemblies or where design parameters where tuned,
ponents can be defined in terms of other components an@ track the results of design tradeoffs, and to explain key
features; nested features are also supported. design changes. Examples from this case study will be used

Several categories of information are stored for a giverthroughout the remainder of the paper to illustrate the work-
design object. First, there is the standard definitional inforings of RCF.
mation: the object's geometric categdiye., sphere, slab,
line) and keystructural attributes(i.e., the diameter for a
spherg. In addition, thesemantic categorand category- 3As described in Section 2.1, enhancements to the underlying CAD
specificsemantic attributesre stored. Semantic attributes system support the explicit assignment of a semantic category and corre-

. . . sponding semantic attributes. A more advanced CAD system would pro-

encapsulate properties related to the intended semantics \(ﬁfe such capabilities through the selection of semantically grounded
the object. The semantic attributes are determined by théomponents from predefined component libraries.
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Table 4. Requirements for the robotic arm design case

121

Arm-Inertia-l, < 5 Ib-in?
Arm-Inertia-l, < 50 Ib-in?
Inertia (unbalancey < 1 Ib-in?
Precision(unloaded < 0.004 in
Precision(loaded < 0.01in
Tool Friction < 0.75 Ib-in
Max. Stress to Yield Stress < 0.4

Working Envelope > 12in
Mass < 2 1b.
Pitch Servo Resonance < 35 Hz
Pitch Cable Resonance < 70 Hz
Arm Mechanical Resonance < 70 Hz
Tool Torque < 16 Ib-in

4. RATIONALE EXTRACTION: OVERVIEW
OF TECHNICAL APPROACH

4.1. Rationale categories

4.1.1. Session content

We interpret design rationale broadly to include any aspect Comprehension of the evolution of a design requires
of a design session that could further understanding of theecords of complete histories of designer activities and snap-
resultant design and the process by which it was developeshots of the current and past states. Toward this sesk

RCF provides two categories of rationale informatises-

sion contentfocuses on characterizations at multiple

sion contentand designer intentSession content focuses abstraction levels of events and objects for a given design
on summaries and abstracted views of the design processgssion. At the lowest level, complete and detailed descrip-
organized from several different perspectives. These petions of all design events and objects are provided. Above
spectives support different approaches to comprehending thibat, a variety of views at higher levels of abstraction ag-
design, each suited to a different set of needs. Rationale r@regate events and design objects into related units. These
lated todesigner intenprovides explanations for key de- abstracted summaries provide broad overviews of the de-
sign changes. Rationale extraction is organized around a seign and its evolution.

of domain-independemtesign metaphor&Section 4.2aug-

RCF provides summaries of a design session from three

mented by limited amounts of task- and domain-specific dedifferent perspectives. Ttedfort-centeregherspective sum-

sign knowledge&Section 4.3.

Fig. 2. CAD model for the surgical robot arm.
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marizes where and how a designer spent his or her(8ae-

tion 5). The event-centeregherspective summarizes the
design session at multiple abstraction levels, using a com-
bination of design metaphors and clustering methods to per-
form the abstractiongSection 6. The object-centered
perspective provides historical and explanatory informa-
tion for individual design objects and groups of objects that
may be explicit in the desigfe.g., assembligor inferred

to be related by RCFSection 7.

4.1.2. Design intent

A finished CAD model shows the end product of a de-
signer’s efforts but omits thehangeghat were made in the
development of the design. Changes provide insight into
the evolution of the design, showing alternative paths that
the user explored and basic strategies used to produce the
final results. For this reason, a key focus within RCF has
been to identify and explain changes to a design, with em-
phasis on the following capabilities:

e Explain the motivations for changes in the design.

e Aggregate operations with a common purpose into co-
herent sets.

e Summarize considered options with possible explana-
tions for their acceptance or rejection.

In the terminology of Ger§1990, we focus on theval-
uation andreformulationof the design: the designer com-
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pares the desired behavior of the ideal artifact with the actugbose that the designer chooses a DC-DC converter to step
behavior of the proposed structure. Where the comparisodown from a 12V power supply to the required 5V control
is unsatisfactory, the designer attempts to modify the strucsupply, rather than a shunt regulator, the standard alterna-
ture accordingly. We assume that the desired behavior cative. DC-DC converters are, in general, more expensive and
be expressed as a set of design requirements, and that tless reliable, but more efficient than shunt regulators. So, in
analyses used to perform the evaluation are available fathe context of supplying power to a circuit, it is reasonable
inspection by RCF. to infer that the choice of DC-DC converters indicates that
We have explored an approach that involves situatingpower efficiency was a primary goal of the designer. Here,
changes within contexts defined blysteringrelated events, a fairly strong inference can be made. In general, task-
and reasoning witdomain knowledgabout qualitative ef-  specific metaphors support correspondingly deeper expla-
fects of design operations. This work is described in Secnations of designer actions; however, that increased detail
tion 8. comes at the cost of the knowledge engineering required to
encode metaphors for the given domain.

4.2. Design metaphors

Design metaphors are multistep patterns of evamisnec- 4.3. Domain knowledge

essarily contiguoysthat describe episodes of coherent de-The use of background knowledge can greatly extend the
signer activity. They can be applied at varying scales ofationale extraction capabilities. However, such knowledge
resolution: at the design event level, or over groupings otan be difficult and expensive to acquire and represent. For
abstractions of design events. RCF contains a suite of dehis reason, we explored a range of techniques that vary in
sign metaphors whose recognition enables generation of dégne amount of background knowledge that they use. RCF
feasible explanations of a range of designer activity. Twouses two kinds of optional background knowledge, which

example metaphors are presented here. primarily support explanation of certain forms of designer

e The Refinementmetaphor consists of a cycle 8ha- activity (as described in Section) 8

lyze X—Revisbehavior, indicating that the designer is
focusing on a particular design requirem#ntt is rea-
sonable to infer that intervening modifications to the
design are performed with the goal of addressifig
although not all such revisions will have been per-

e Overalldesign requirementare represented as a col-
lection of properties, possibly with threshold con-
straints that must be satisfidd.g., Arm-Inertia-l, <
50 Ib-in?). Nonmeasurable requirements, suctDas
rability, do not include explicit thresholds. Design re-

formed withX in mind. Thus, while the metaphor does
not definitively link action and intent, it provides a plau-
sible explanation for the designer’s actions.

e The 1:1 Part Substitutiormetaphor captures the no-

qguirements are used within RCF to provide possible
motivations for designer activities.

Qualitative model®f the effects of design operations
provide linkage from observed activities to their im-

tion that the designer has swapped one functional com-
ponent for another. In particular, Pdtis considered

to be substituted for Pa when it is observed that
first, PartAis removed, and then some PBrirom the
same functional category is added to the assembly with
the same connectivity as PatThese part operations °- EFFORT ALLOCATION

must occur within a certain window of activity— e manner in which a designer allocates his or her efforts
namely, an interval of operations that the system haga hrovide valuable insight into the design. Time spent,
identified as being relategsee Section 6)3-butneed o ¢/ of detail, and the number of alternatives explored can
not be consecutive. all indicate what the designer thinks is important or what

i _ . has proven to be difficult within a given design task.
TheRefinemenandl:1 Part Substitutiometaphors cap-  RcF tracks effort with respect tiperation allocatiorand

ture general design principles and as such are applicable igne 5ji0cation Operation allocation is measured in terms

a broad range of design tasks. To date, all design metaphogg n mper of design events. Time allocation is measured in
within RCF share this domain-independence. Task-specifigymg of clock time devoted to design events. In particular,
design metaphors could readily be added to the system Q5| eyents are tagged with normalized timestamps to pro-
increase explanatory power, although at the cost of thg;qe 5 pasis for our temporal allocation model. The dura-
knowledge engineering involved. As an example, considefion perween timestamps is “wall-clock” time, including both
the choice of a power regulator for a control system. Supthe ime required to perform the operation, and inactive time
(i.e., between tool operationg\ normalization process elim-
inates large time gaps between tool commands, which are
assumed to correspond to designer idle time; tool events that

pact on key design properties. Within RCF, these mod-
els enable casually grounded explanations of designer
activity.

4Additional substitution metaphors could be defined that capture, for
example, one-to-many and many-to-one substitutions.
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occur after such gaps are assigned a default duration to gefi-1. Versions

erate the next timestamp. The time for a design event is de-

fined to be the difference between the normalized timestamp¥ersioning relies on the observation of coherent sets of op-

for the corresponding tool event and the tool event for theerations within a design file. Within RCF currently, the met-

previous design event. aphorCreate/ Copy File—Activity—Save Fildefines version
Time and operation allocation can be reported relative tdoundaries(Qureshi et al., 1997uses a similar conven-

a given design object or a class of design objects. In addition. Clearly, more general metaphors are possiaedis-

tion, time allocation can be obtained for a given design evengussed further in Section 10

or a class of design events. Relative distributions across de- Within a version, the system tracks the different activity

sign event types and objects are also supported. phases of the designer, the subsystems of the design worked
These effort allocation models have certain drawbackson the most, the design requirements that were addressed,

Characterizing operational effort in terms of number of de-and significant structural and attribute changes. Figure 3 sum-

sign events ignores the relative significance of different kindgnarizes designer activity for one versioversion 2 of our

of operations. For example, an operation that reads in a prélesign case studyMore detailed information about trze-

viously defined complex part would contribute only a sin- tivity phasesvithin this summary is provided in Section 6.3.

gle increase to the operation tally, while recreation of theFigure 4 summarizes the changes between Versions 1 and 2

part by hand could require a substantial number of operaof this same design.

tions. In certain situations, a weighted model for operations

might be appropriate; however, effort measured in terms of

operation count still provides insight into where the de-6.2. Part-level operations

signer focused his or her effort. ) o , .
Issues arise as well with the model for time allocation. APart-level operations aggregate individual design events into

“credit assignment” problem arises in determining time a|_higher level units that focus on design objects qt t.he IeV(_aI .of

location in that several preparatory operations may be rebarts in the assembly. Thus, rather than ex.ammmg.a?ctlwty

quired for a given creation operation. For example, consideP the level of features or components being modified or

the creation of a linear profile with a complex shape that ig°ined, a part-level chronology consists of parts being cre-

to be usedwith minor modificationg as the basis for anum- &ted, added or removed from the assembly, substituted for

ber of free-form solids. Ideally, time allocated to the cre-Other parts, or modified. The part-level view of the design

ation of the profile should be distributed over all shapes builProcess is both more understandable to human observers and

with that profile. The complexity of the problem increases MOre convenient for recognizing abstract design metaphors.

once modifications and revisions are taken into account.  Part operations, shown in Table 5, are characterized in
Despite the crudeness of the underlying models, efforf€rms of the event supertypes displayed in Table 3. By ne-

allocation information can provide useful insights into un- CeSSity, the part-level models within RCF are somewhat

derstanding a design. For instance, when faced with the tadRPlémentation-specific to MicroStation95. _

of modifying a design, knowledge that the original designer Figure 5 shows an example part-level abstraction pro-

spent a significant amount of effort on a specific compo-duced by RCF. The excerpt from the design event(tuy

nent should alert the downstream designer that subtle de-

sign issues may be at hand. Alternatively, information that a

component received little attention could indicate either that

the component is relatively unconstrain@ahd hence was Table 5. Example part operations

easy to design or that the designer simply lacked suffi-

cient time to refine it.

Part Creation A series of construction and revision events on a
setof related design objects, culminating in a part-
declaration command, defining a representative
component of this set of objects as a part.
Assembly and construction events for objects that
are parts, design objects derived from parts, or
joints between parts. Operations on features and
subcomponents are explicitly excluded, corre-

6. THE EVENT-CENTERED PERSPECTIVE Part Addition

The event-centered perspective provides summaries of a de-
sign session at varying levels of abstraction. To support these

different views, RCF first partitions the design event log sponding instead toart modificatiorevents on the
into versionsof artifacts(Section 6.1 Within a given ver- parent component of the feature.
sion, RCF then aggregates designer activity into higherPa” Removal Events that delete a part or all joints that link the

part to other parts within an assembly.
Part-level revision events and feature-level cre-
ation or revision events on children of a part com-

level abstractions. Individual design events are grouped intg N
. . . . art Modification
part-level operationgSection 6.2, which focus on design

objects at the level of parts in an assembly. Next, part-level ponent.
operations are grouped in&xtivity phasegSection 6.3,  Part Substitution Defined by the 1:1 Part Substitution metaptebe-
which correspond to broader collections of activities with a scribed in Section 4)2

common design objective.
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From event 218 to 374

>>>>>>>>>>>>>>>>> Activity Phase 0 <<<<<<<<<<<<<<<<
Activity type: CONSTRUCTION
Primary focus on (ARM3 ARM)

>>>>>>>>>>>>>>>>> Activity Phase 1 <<<<<<<<<<<<<<<<
Activity type: REVISION

In the BEGINNING, no detected focus

In the MIDDLE, MILD focus on (WRIST)

In the END, STRONG focus on (BASE)

>>>>>>>>>>>>>>>>> Activity Phase 2 <<<<<<<<<<<<<<<<
Activity type: REFINEMENT
In the BEGINNING, focus on (ARM-INERTIA-IZ WEIGHT)
Refinement of ARM-INERTIA-IZ:
(60.0 50.0) --> REDUCE
Modifications primarily on
DOBJ92 ( BASE_GEAR ) from assembly BASE
DOBJ207 ( BV_1250 ) from assembly WRIST

Refinement of WEIGHT:
(2.2 2.0) --> REDUCE
Modifications primarily on
DOBJ92 ( BASE_GEAR ) from assembly BASE
DOBJ207 ( BV_1250 ) from assembly WRIST

In the END, focus on (STRESS)
Refinement of STRESS:
(0.6 0.4) --> REDUCE
Modifications primarily on
DOBJ31 ( BV_0625 ) from assembly WRIST
DOBJ207 ( BV_1250 ) from assembly WRIST

>>>>>>>>>>>>>>>>> Activity Phase 3 <<<<<<<<<<<<<<<<
Activity type: CONSTRUCTION

In the BEGINNING, STRONG focus on (GROUP4 BEAR_BR)

In the MIDDLE, STRONG focus on (GROUP4 BEAR_BR)

In the END, MILD focus on (GROUP4)

>>>>>>>>>>>>>>>>> Activity Phase 4 <<<<<<<<<<<<<<<<
Activity type: ANALYSIS

From event 371 to event 374

Analyses performed:
Analysis PRECISION-LOADED, with outcome 0.1; design requirement UNSAT
Analysis PRECISION-UNLOADED, with outcome 0.018; design requirement UNSAT
Analysis SERVO-RES, with outcome 50.0; design requirement UNSAT
Analysis FRICTION, with outcome 2.0; design requirement UNSAT

Fig. 3. Summary of activity within a single version of an artifact.

the left) constitutes a period of revision activity, in which part generally includes the name of the original part from
the designer replaces selected components in the desigwhich it was created. Thu§OBJ212 and DOBJ213 are
Within MicroStation95, goint connects two design objects instances of the previously created pARM3

at a contact point; disconnecting a component from an as-
sembly generally requires a series of joint deletions. RCF6
maps a joint back to the components that the joint connects,’
and thus keeps track of parts being switched in and out ofctivity phasegre groupings of events that describe the de-
the design. The part-level description on the right abstractsigner activity at the level of abstract operations on compo-
the explicit joint manipulations into a summary of the partsnents, parts, or the design artifact itself. Four types of activity
being removed, added, or replaced. Each object within RCphases are extracted from the sequence of part operations;
has a uniquélesign object idfor exampleDOBJ167. Ref-  these types are summarized in Table 6. Analysis and part-
erence to a design object corresponding to an instance oflavel statistics are kept for each type.

3. Activity phases
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>>> Summary of Part Changes between Version 1

Deletions:
Part GR_16_1 all instances deleted
Part GR_08 : all instances deleted

Part BV_1875 all instances deleted
Part BASE_PULLEY1l all instances deleted

Additions:
Part ARM4 was added
Part BASE_PULLEY_3 was added
Part BEAR_BR was added
Part BELT was added
Part BRNG_W_S3 was added
Part BV_1250 was added
Part GEAR_16_3 was added
Part GR_08_4 was added
Part TOOL_BRNG was added

Modifications:
Part BASE_GEAR was modified

125

and Version 2 <<<

Fig. 4. Summary of part changes between two versions
of a design.

During a given activity phase, a designer will often focusvals could be computed dynamically by applying clustering
on a specific part or set of parts for some time before switchtechniques to define focus areas.
ing attention to another aspect of the design. Using the ef- Figure 6 shows example revision and construction types
fort allocation models described in Section 5, RCF identifiesof activity phases and the detected foci within each. In Ac-
the evolving focus of designer attention, at the level of detivity Phase 3, note the focus on an implicit group of parts,
sign requirements being addressed, individual parts, sulgroup4 , a set of bearings. The parts gnoup4 are not
assemblies of parts, arithplicit groupsof parts that are explicitly linked in the design, nor are they even members
identified automatically during the extraction of activity of the same subassembly; they were grouped because activ-

phasegsee Section 7)2

ity on any one part in the group correlated strongly with

The focusduring an interval of activity is defined as a activity on other parts in the group. Section 7.2 discusses
part, a grouping of parts, or a design requirement, for whichthe methods used to identify sughplicit groups
the percentage of effort devoted to it exceeds some thresh-

old. Itis possible for a period of activity to have no detected

7. THE OBJECT-CENTERED PERSPECTIVE

focus. The effort metric used to determine attention focus
can be either number of operations or accumulated time péeFhe object-centered perspective provides information about
part. For simplicity, RCF simply subdivides an activity phasethe design process with respect to a particular design ob-

into three equal subinterva(8EGINNING MIDDLE, and

END. More generally, the number and length of

263:
264:
265:
266:
267:
268:
269:
270:
271:
272:
273:
274 :
275:
276:
277:
279:
280:

DELETE JOINT90

DELETE JOINT91

CONNECT JOINTO92
CONNECT JOINT93
DELETE JOINT65

DELETE JOINT66

CONNECT JOINT94
CONNECT JOINT95
DELETE JOINT86

DELETE JOINT87

CONNECT JOINT96
CONNECT JOINT97
DELETE JOINT80

CONNECT JOINT98
DELETE JOINTS81

UNDO

DELETE JOINT82

Devent
Devent
Devent
Devent
Devent
Devent
Devent
Devent
Devent
Devent
Devent
Devent
Devent
Devent
Devent
Devent
Devent

ject, or set of objects. Two types of object-centered infor-
subinter-mation are produced by RCF. Expli@bject historiesare

From design event 263 to design event 280

Assemblies involved:
MAIN-ASSEMBLY

WRIST
ARM

Parts added:
DOBJ229 (GEAR_16_3) from assembly WRIST
DOBJ228 (GEAR_16_3) from assembly WRIST

Parts removed:
DOBJ183 (GR_08) from assembly WRIST

Part substitutions:
DOBJ167 (BV_1875) was replaced by DOBJ227 (BV_1250)
DOBJ168 (BV_1875) was replaced by DOBJ226 (BV_1250)
DOBJ212 (ARM3) was replaced by DOBJ225 (ARM4)
DOBJ213 (ARM3) was replaced by DOBJ224 (ARM4)

Fig. 5. Abstracting from design events to part-level operations.
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Table 6. Types of activity phases

Construction a period of interleaved part creation and part addition
events

Revision a period of interleaved part revision, part addition, part
deletion, andor part substitution

Analysis a period of analysis events not linked to any revisions

Refinement

maintained for individual and aggregated objects. In addi
tion, RCF looks for interesting relationships among parts o

K.L. Myers et al.

from alibrary or a catalog, it can be created from scratch, or
it can be copied from another part. A part can have several
versionsfor example, ifPartBis created by making a copy
of PartA, and then modifying it, theRartAis considered to
be a previous version dartB.

A part’s history includes when it was introduced into the

a period of analysis events and related revision events gssembly, if and when it was removed, whether it was re-

placed by another paft.e., instances of th&:1 Substitu-
tion metaphoy, and modifications to the part or any of its
attributes. The context of these operations is reported: which
version and what type of activity phase. Also recorded are
hypothesized explanations for activities related to the part
(see Section B detected relationships between a part and

between a part and design requirements, based on desigr%?y design requirements, and inferred dependencies on other

activity.

7.1. Object histories

For each design object, RCF maintains a detailed histor
that includes the object’s originklow and when created
related design events, connections to other objects, and

parts through membership implicit groups
Figure 7 shows the part histories for padRM4and
BV_1250. ARM4was copied fromARM3 and then re-
placed it in the assemblyARM3was copied fromARM2
nd then modified. The modifications made at the time of
he part copy are recorded and shoBK, 1250 was added

die the assembly as the replacement for another part. Fur-

fort expended for that object. Additional information is kept thermore, RCF hypothesized an implicit constraint between

for parts: related part-level operations, a detailed part his*
tory, andpedigreeinformation. Pedigree information refers

thematerial  attributes oBV_1250 andBV_0625.

to the heritage of a part. For example, a part can be selectetd2. Object abstractions: Implicit groups

>>>>>>>>>>>>>>>>> Activity Phase 1 <<<<<<<<<<<<<<<<
Activity type: REVISION

In the BEGINNING, no detected focus

In the MIDDLE, MILD focus on (WRIST)

In the END, STRONG focus on (BASE)

>>>>>>>>>>>>>>>>> Activity Phase 2 <<<<<<<<<<<<<<<<
Activity type: REFINEMENT
In the BEGINNING, focus on (ARM-INERTIA-IZ WEIGHT)
Refinement of ARM-INERTIA-IZ:
(60.0 50.0) --> REDUCE
Modifications primarily on
DOBJ92 ( BASE_GEAR ) from assembly BASE
DOBJ207 ( BV_1250 ) from assembly WRIST

Refinement of WEIGHT:
(2.2 2.0) --> REDUCE
Modifications primarily on
DOBJ92 ( BASE_GEAR ) from assembly BASE
DOBJ207 ( BV_1250 ) from assembly WRIST

In the END, focus on (STRESS)
Refinement of STRESS:
(0.6 0.4) --> REDUCE
Modifications primarily on
DOBJ31 ( BV_0625 ) from assembly WRIST
DOBJ207 ( BV_1250 ) from assembly WRIST

>>>>>>>>>>>>>>>>> Activity Phase 3 <<<<<<<<<<<<<<<<
Activity type: CONSTRUCTION

In the BEGINNING, STRONG focus on (GROUP4 BEAR_BR)

In the MIDDLE, STRONG focus on (GROUP4 BEAR_BR)

In the END, MILD focus on (GROUP4)

Fig. 6. Example activity phases.
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The aggregation of objects into logically related groups is a
powerful mechanism for improving the understandability
of complex structures. Assemblies and hierarchies provide
examples of groups that a designer defines explicitly. In ad-
dition, “hidden” relationships can be present in a design that,
if made apparent, could similarly improve understanding.
For example, two part§ossibly from different subassem-
blies) may be implicitly dependent on each other, either struc-
turally or functionally, in a way that would not be apparent
from examination of the finished CAD model.

RCF searches famplicit groupsof design objects that
satisfy such hidden relationships. While the system may or
may not be able to identify precise constraints among the
parts in an implicit group, it can bring them to the attention
of a designer, who may be able to identify a reason for such
a dependency. RCF contains design metaphors for recog-
nizing several types of implicit groups, which are listed in
Table 7. Figure 8 summarizes several implicit groups de-
tected during a portion of the robotic arm design session.

The period of time over which one looks for these part
activity patterns impacts the set of groups that are ex-
tracted. One could look for patterns conservatively, over the
entire session. This strategy would result in groups that are
likely to be significant; on the other hand, other significant
patterns, which may exist only for a shorter interval of the
session, will be missed. These groups would be discovered
by more localized search, over a single version of the de-
sign, for example. In this case, however, one might extract
spurious, coincidental patterns of activity. Currently, func-
tional groups are local to a single refinement phase, and are
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Part History: ARM4
--- Source ---
Design object DOBJ214

is Part ARM4 of type ARM
from file c:/models/versionl/arm4.dgn

127

Part History: BV_1250 ----------
--- Source ---
Design object DOBJ207

is standard part BV_1250 of type GEAR

from file c:/models/versionl/std_1250.dgn

and is originally derived from part ARM3

--- Constraints ---
--- Part Activity --- BV_1250 (GEAR), attributes (MATERIAL)
In Version 2, Activity Phase 1, type REVISION: constrains

>> added to assembly as replacement for ARM3 BV_0625 (GEAR), attributes (MATERIAL)

--- Part Activity ---

In version 2, activity phase 1, type REVISION:
>> Added to assembly as replacement for BV_1875

Part ARM4

—————————— Version Info:
Part ARM4 was originally copied from Part ARM3
In version 2, activity phase 2, type REFINEMENT:
>> Modified
Event 305: ANNOTATE CAT_NUM ==> BERG_M48N2A;
--> Possible Effects: (ARM-INERTIA-IZ DOWN)
(WEIGHT DOWN)

Part ARM3 was originally copied from Part ARM2
WIDTH changed from 0.0 in ARM2 to 1.6 in ARM3
HEIGHT changed from 1.6 in ARM2 to 0.0 in ARM3

Part ARM2 was originally copied from Part ARMI1
WIDTH changed from 2.25 in ARM1 to 0.0 in ARM2
HEIGHT changed from 2.5 in ARM1 to 1.6 in ARM2

>> Modified
Event 313: ANNOTATE CAT_NUM ==> BERG_M48N2A;
MATERIAL ==> SS;
--> Possible Effects: (WEIGHT UP)
(STRESS DOWN)

Fig. 7. Example part histories and part version summaries.

taken with reference to the associated analysis. Other informing particular operations or groups of operations. The

plicit groups are taken over the whole session. hypotheses postulate that the designer intended to impact
some design properte.g., Torque, possibly to move in
some specified directiofe.g.,increaseor decreasg The

8. EXPLAINING CHANGES evidence is based on three sources of information: observed

The linking of activity with intent constitutes a key compo- Operations by the designer, design requirements, and infor-
nent of rationale. RCF reasons about designer intent duringtation about the impact that various changes could have on
refinement phases, using a set of methods that vary in th@esign requirements. As discussed further below, the latter

amount of background knowledge about the design task thd0 types of evidence are not required, but enable richer
they require. explanations when provided. A calculus for combining ev-

The approach involves gatherimyidenceto support a  idence provides inference of defeasible conclusions about
range ofhypothesess to the designer’s motivation for per- designer intent.

8.1. Clusters, hypotheses, and evidence

Table 7. Example implicit groups . . . . .
P pliet group To provide a context in which to relativize explanations, re-

Partsthatare consistently added together to the lated change events are grouped ititange clustersAnaly-
assembly during the same period of construc- sis events provide the basis for extracting change clusters,
20” activity (not necessarily in the same or- - jn gccord with the metaphdmnalysis . .. Analysig — Event
(&ZtaphorinsertAo...InsertA1(repeated) Event— Analysig, ; ... Anlalysiﬁ. The design proper-
Parts that are consistently modified together ti€S tested by the analyses within the cluster are adopted as
during the same period of part revisiomt ~ hypotheses for explaining the motivation for changes per-
necessarily in the same order formed within the cluster. For example, during the devel-
(Metaphor:Modify A, ... Modify A, opment of the robotic arm, the designer may conduct an
(repeateg). . . analysis to determine the resonance of the arm, perform some
Parts that are consistently refined together e e . .
within a single refinement phase, in connec- additional modifications, calculate the arm inertia, recalcu-
tion with the same design requirement. late the resonance, and then perform modifications to a dif-
(MetaphorAnalyz X - Modify A ...Modify  ferent part of the design. In this case, the system would
extract a cluster that begins with the first resonance analy-
sis and ends with the second resonance analysis. The hy-

Insertion Group

Modification Group

Functional Group

A, - Analyze Xrepeated).
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>>>>>>>>> Implicit Groups <<<<<<<<<<
Group INSGPO of type INSERTION: parts MOTOR TOOL TOOL_BCK1
Group INSGP1l of type INSERTION: parts PINIONN PINION
Group INSGP2 of type INSERTION: parts GEAR_16_3 BV_1250 ARM4
Group INSGP3 of type INSERTION: parts GR_08_4 GR_08_3
Group INSGP4 of type INSERTION: parts TOOL_BRNG BRNG_W_S3 BEAR_BR
Group INSGP5 of type INSERTION: parts B_SPOOL_1 W_SPOOL_1 CABLE
Group MODGP6 of type MODIFICATION: parts WRIST_PULLEY_1 WRIST_SHAFT
Group MODGP7 of type MODIFICATION: parts PINION PULLEY1l_ B
Group MODGP8 of type MODIFICATION: parts GR_16 GR_08 ARM2
Group MODGP9 of type MODIFICATION: parts BASE_PULLEY_3 GEAR_16_3 GR_08_3 GEAR_08_V3 ARM3
Group MODGP10 of type MODIFICATION: parts BRNG_W_S3 BRNG_WRIST_S2 BEAR_W
Group MODGP1ll of type MODIFICATION: parts CABLE B_SPOOL_1 W_SPOOL_1

Fig. 8. Implicit groups dedicated during a design session.

potheses for this cluster would be that the designer is trying An evidence calculuprovides the basis for combining
to impact resonance and inertia. collected evidence to produce final interpretations. Hypoth-
RCF collectsvidencdo strengthen or weaken these ini- eses that score over a designated threshold are considered
tial hypotheses. Table 8 displays the types of evidence cuias intended effects; as such, we do not assume that a de-
rently used within the systemMATCHED-ANALYSES signer has a single objective within a change cluster.
correspond to the inclusion of a pair of analyses, one from Different viewpoints or perspectives on the design pro-
the initial set of analyses and one from the final set, thatess can be supported by assigning different levels of sig-
analyze the same design property. For example, the resaificance to various types of evidence. RCF distinguishes
nance analyses in the above example satisfy this criterionwo categories of evidenceumulativeand primary. Cu-
As opposed to observing analyses in isolation, matched anafrulative evidence simply increases or decreases the likeli-
yses serve as an indicator that least some ofthe inter-  hood of a hypothesis in a straightforward manner. Primary
vening operations were likely performed to impact theevidence is deemeatkecessaryor a conclusion to be drawn,
design property that the analyses evaluate. Detection of thus providing the means to filter irrelevant observations.
REFINEMENT-TRENDwhereby an analyzed design prop- This technique allows the observer to specify the level of
erty changes monotonically within a cluster, would simi- granularity that the system should use to draw conclusions.
larly increase the likelihood that the cluster is focused onFor example, the observer may want a coarse level of gran-
impacting that design property]ATCHED-ANALYSE&nd  ularity, only considering the designer’s intentions over an
REFINEMENT-TRENDevidence are extractable directly extended period of time. In this case, he or she may decide
from observed design events. The remaining evidence typde designatéREFINEMENT-TRENRvidence as necessary
require additional background knowledge related to desigin order for an effect to be considered possibly intended.
requirements and effects of design operations; they are digSonversely, if an observer wishes to examine the design pro-
cussed in Section 8.2. cess on a finer scale, considering all possible effects on an

Table 8. Types of evidence to support hypotheses for impacting a design property

Type of Evidence Description Knowledge Requirements

MATCHED-ANALYSES The initial and final sets of analyses in the cluster include an analyNone
sis that evaluates the design property.

REFINEMENT-TREND The cluster contains a monotonic trefed length greater thantwo ~ None
in the value of the design property.

PREVIOUSLY- Modifications were made in a preceding cluster that moved theDesign Requirements
COUNTERED design property in the wrong direction with respect to its associated

design requirements.
KNOWN-SAT Requirements for the design property are known to be satisfiedesign Requirements
KNOWN-UNSAT (unsatisfied at the beginning of the change cluster.
MODIFY An event that could possibly impact this design property occurredeffects

in the cluster.
MODIFY-WRONG-DIR  Modifications were made that moved the design property in theDesign Requirements, Effects
MODIFY-RIGHT-DIR wrong (right) direction with respect to its associated design

requirements.
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event-by-event basis, he or she may choose not to designadeside effect of addressing some other requiremdritis

any evidence as primary. RCF interpretations also suppotihcreases the likelihood that the designer would be attempt-

specifications of weights for emphasizing different types ofing to address this recently countered requirement. The ev-

evidence. idence type$1ODIFY-RIGHT-DIR andMODIFY-WRONG-
Currently, RCF provides two interpretations.flhe-  DIR require information about design requirements but also

grain interpretation considers all observed effects, with noof effects; for that reason, they are discussed in the follow-

primary evidence. A coarseontext-emphasizinigterpre-  ing section.

tation requiresMATCHED-ANALYSEB8&vidence for an ef-

fect to be considered as intended. Both interpretationg 2.2. Effects of changes: QIC tables

combine cumulative evidence additively, although this need

not be the case. In a probabilistic model, for example, evi

dence would be combined multiplicatively.

Background knowledge of the possibééfectsof de-
'signer changes can similarly enable deeper explanations of
designer intent than is possible with observed designer ac-
tivity alone. We have developed an approach based on rea-
8.2. Background knowledge soning qualitatively about these possible effects. At the heart
of the method lies the specification of a tablegofalitative
The evidence types described above are grounded in dimpact of changeswhich encodes the effects that a given
rectly observable designer activity, and as such can be aptesign change can have on designated design properties. This
plied to a wide range of design tasks. However, they havénformation can also be used to assign intended effects to
limited explanatory power. Substantially more interestingspecific events and to identify side effects not manifested
explanations of designer intent can be generated through thg, the analyses performed.
use of background knowledge. We consider two types: task- Figure 9 presents an excerpt from tiaalitative impact
specific design requirementand general-purpose domain of changgQIC) table for the robotic arm design case. Here,

knowledge about theffectsof operations. the focus is limited to changes to semantic attributes. How-
_ . ever, the approach can be readily extended to handle struc-
8.2.1. Design requirements tural changese.g., the addition or deletion of objegend

When available, quantitative knowledge about task-magnitudes of changes. For a given change to a semantic
specificthresholded design requiremerii®., maximum or  attribute of an object, the QIC documents design-related
minimum thresholdscan be used to further weaken or properties that are affected, along with a specification of
strengthen belief in hypotheses. RCF uses five types of eshow those properties are impacted. As such, they can be
idence related to design requirements. If a change occurgewed as possiblexplanationdor performing a given de-
that increases the degree of satisfaction of a design requirsign change. Attributes have one of three typgésmeric
ment that is already known to be satisfied, it is less likelyattributes show positive or negative correlation with design
(but not impossiblgthat the designer was intentionally fo- properties.Binary attributes show correlation when the
cusing on that design requiremene., KNOWN-SATrom  attribute assumes values wfie or false . Enumerated
Table 8. Similarly, knowing that the requirement is not sat- attributes specify correlation for various ranking functions.
isfied would increase the likelihood that the designer was QIC tables share with theonfluencesf (De Kleer &
focusing on that requiremeriie., KNOWN-UNSATThe Brown, 1984 the goal of representing the qualitative ef-
evidence typePREVIOUSLY-COUNTEREIDdicates that fects of change. Confluences are equations defined in terms
modifications were made in one or more preceding clus-of qualitative derivatives of variables whose values range
ters that moved the design property away from the direcover some limited domaitusually +, —, or 0). For exam-
tion required to satisfy stated design requireméatg., as  ple, the confluencéP + JA — 9Q = 0 describes the behav-

IOBJECTCLASS ATTRIBUTE J TYPE l RANK | Precision |[Precision| Torque | Inertia | Friction|Max Stress [ Cost [ Durability| Resonance| Resonance|[ Mass
Unloaded| Loaded Avail Arm Mech. Servo
[Gears Ratio NUMERIC + + + * s
Radius NUMERIC] + + + * - e
Diametral Pitch NUMERIC] + A e
Quality NUMERIC| + - *
Width NUMERIC] + + * - i
Ct-Ct Tolerance NUMERIC] + - +
Adjustable Ct-Ct Dist BINARY | TRUE + +
Material ENUM Lighter - * =
Yield + + +
Stress + +

Fig. 9. Excerpt from the QIC table for the robotic arm design case.
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>>> Cluster #1 <<< >>> Cluster #2 <<<
Key Design Events: Key Design Events:
#306: ANALYSIS of ARM-INERTIA-IZ with result 60.0 #316: ANALYSIS of STRESS with result 0.6
#308: ANALYSIS of WEIGHT with result 2.2 #318: ANNOTATE DOBJ209 (BV_1250)
#310: ANNOTATE DOBJ209 (BV_1250) CAT_NUM --> BERG_M48N2A;
CAT_NUM --> BERG_M48N2A; MATERIAL --> SS (was ALUMINUM) ;
#312: ANNOTATE DOBJ92 (BASE_GEAR) #321: ANNOTATE DOBJ31 (BV_0625)
CAT_NUM --> F32-A6-96; CAT_NUM --> BERG_M48N3;
MATERIAL --> DELRIN (was ALUMINUM) ; MATERIAL --> SS (was ALUMINUM) ;
#313: ANALYSIS of ARM-INERTIA-IZ with result 50.0 #323: ANALYSIS of STRESS with result 0.4

#314: ANALYSIS of WEIGHT with result 2.0
Intended Effects:

Intended Effects: ==> (STRESS DOWN) Likelihood = 3
==> (WEIGHT DOWN) Likelihood = 2 Evidence:
Evidence: (MATCHED-ANALYSES #316 #323)
(MATCHED-ANALYSES #308 #314) (MODIFY #318 #321)
(MODIFY #312) (PREVIOUSLY-COUNTERED Cluster-1)
(KNOWN-UNSAT #308) (KNOWN-UNSAT #316)
==> (ARM-INERTIA-IZ DOWN) Likelihood =1 Side Effects:
Evidence: ==> (WEIGHT UP) Likelihood = -1
(MATCHED-ANALYSES #306 #313) Evidence:
(KNOWN-UNSAT #306) (MODIFY-WRONG-DIR #318 #321)

Side Effects:
==> (STRESS UP) Likelihood = -1
Evidence:
(MODIFY-WRONG-DIR #312)

Fig. 10. Sample change clusters with evidence.

ior of a valve with flowQ, flow areaA, and pressuré; port the classification is provided, along with scores in the
here,0Q, dA, anddQ denote changes iQ, A, andP. While  range[ —5,5] determined by the application of the evidence
confluences can be used to represent relations among a rangg@culus in uséhere, thecontext-emphasizincglculusg. A
of changes to a device, QIC tables define only pairwise inpositive score denotes “intended” while a negative score de-
teractions between individual design changes and desigiotes “unintended,” with larger absolute scores indicating
nated design properties. Within the scope of our work, QlCgreater belief in the hypothesis.
tables were defined by hand. However, techniques for rea- Within these clusters, the change events consist of modi-
soning about causal effects, such as propagation of distufications to the semantic attributes of previously defined ob-
bances among confluencéBe Kleer & Brown, 1984 or  jects(via ANNOTATElesign events The two attributes
causal ordering and comparative stativgasaki & Simon, changed are the material and catalog nuntBexT-NUM.>
1986, 1994, could be used to derive QIC entries from for- In the first cluster, QIC knowledge is available only for the
mal descriptions of component behaviors. change inmaterial f{dbOBJ92fromDelrin  to lighterAlu-
Without QIC information, hypotheses are limited to the minum. RCF uses it to generate the hypotheses that the in-
design properties tested by analyses within the cluster. Whetent of the clusteris to reduegeight , decreasaertia
QIC information is available, the set of hypotheses is ex-or increasestress . Based on additional eviden¢guch as
panded to include the effects of all actions performed withinthe fact that the weight requirements were not satisfied at that
the cluster. QIC information also provides the basis for twopoint in the desigh RCF’s evidential reasoning calculus in-
additional types of evidenc8ODIFY evidence indicates fersthatEvent312was performed toredweight , butalso
that an action was performed that could possibly impact theaused an undesirable increasstiess (as indicated by
design property in questiofMMODIFY-RIGHT-DIR and the high likelihood valugs This latter inference bolsters the
MODIFY-WRONG-DIRndicate that the designer made hypothesis in the second cluster that the designer is attempt-
changes that moved the design property in the yighhtng  ingtoreducstress through material changesin Events 318
direction relative to the stated design requirements. and 321asreflected by theREVIOUSLY-COUNTEREY-
Figure 10 presents summaries of two example cluster&glence, even though doing so may counteract waight
extracted by RCF. Each summary includesthe key de- decrease of the previous cluster.
sign events for the clustéhere, analyses and changes to
semantic attributes of objegtsand(b) classification of ef-
fects of change operations within the clusiextracted from 5A change in catalog number corresponds to selection of a different
the QIC tablg asintendedor sideeffects. Evidence to sup- part from a part catalog.
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8.3. Tradeoffs in QIC usage We anticipate the extracted rationale to be of even greater
b in K led ded IC tabl bles th use to designers downstream in the life cycle of the design.
omain knowledge encoded as QIC tables enables the Sygye yiye redesign or maintenance will require that the down-

tem to generate richer and more mea”'”gfu," rauqnale thaetream designers have a deep understanding of the tradeoffs
does the log of rgcorded design events in |solat|9n. Howénd issues explored by the original designer, as well as key
ever, thg production _Of the QIC tables by a domain experfmplicit assumptions embodied in the design. Designers who
can be tlmg—consumng; the background knqwledge that fere not involved with the original design would benefit

human designer brings to bear when evaluating a.de5|gn the most; however, the original designers may also need to
so rich that to encode more than a small part of it can bgggesh their memories of the original design process. For

impractical. In our system, for example, the QIC tables en'redesign and maintenance, goal-directed access would cer-

code only the impact of changes to attributes or parameterl%inly be important. However, the designers would first need

of parts, although in principle the approach could be readiI){O develop a broad understanding of the process involved in

extended to the encoding of structural changes. In additior‘the original design, as provided by the summary mode of
the resulting tables are not necessarily reusable across dgécess ’

mains because they embed assumptions about the contextp o provides a hierarchical query interface for extract-

|nhwh|ch operations will take place and the magnitude Ofing summary information about a design session. Designers
changes. can obtain an overall summary of the design in the form of

By using a combination of contextual evidence and baCk'activity phases grouped by version. They can select a par-

ghround knfowleige, rlatc;onafle extrictlonl (;an procee_d alzngcular version and examine it at the level of activity phases
the range from knowledge-free to knowledge-intensive, deq,. 4 jevel operations. Refinement phases can also be ex-

pending on what is most practical for a given situation. HOW-2 ined at the level of change clustévehich provide hy-

ever, for the knowledge-free extraction to bg eﬁef:tlve, th otheses of, and evidence for, designer inteot at the
system must at least have access to the designer’s analys Ssign event level. Refinement phases can be further fil-

related activity. tered to examine only change clusters pertinent to a given
design requirement, or a given part. At the event level, RCF
9. ACCESSING THE RATIONALE: provides the option to output tabular data, suitable for graph-
DESIGNER INTERACTION ical presentation, showing the history of changes to analy-
sis and parameter values. Changes between different versions
Effective use of constructed rationale requires presentatiodf the design can be shown either as text or in graphical
of the information to a designer in a concise and understandorm, highlighting pertinent parts in the CAD file itself. A
able manner. The information can be presented from tw@olor-coded effort distribution for the different parts in the
perspectives: design can also be mapped onto the CAD model.
Information about parts and part histories can be ac-
Summary Mode: Information is presented as a general cessed. The user can query the final state of a part and its
overview of the design process: What did the designehjstory: its sourcga standard or library part, a modified
do, and when? What different decisions did he or shq;opy of another part, a part designed from scratethen
make, and why? What operations have been performegyhich version it was introduced into the design or re-
on this part? What operations affected this designmoved from the design, whether it was a replacement for
requirement? another part, modifications to the part, and the effects of
Goal-directed Mode Information is presented to ad- those modifications on design requirements, if any. The sys-
dress specific issues, related to the goals of a designéem also reports any detected dependencies between the part
who wishes to update or redesign an existing artifactof interest and other partgersionsof parts(i.e., a part that
Are there any dependencies between this part and thayas copied from another part and then modifiedn be
one? What pargsubassemblies are most important for traced back, along with changes from version to version.
this design requirement? What tradeoffs were made befhe history of changes to a particular parameter or attribute
tween this requirement and that one? What effect d®f a part can be presented either textually or graphically.
changes on a part have on the design? How important

was a given requirement in the overall desigriority)? 10. EVALUATION AND DISCUSSION

The rationale constructed by RCF would be valuable dur-The motivation for building RCF was to determine the ex-
ing the development of the initial design, providing the meandent to which nonintrusive methods could extract useful ra-
by which a designer can keep track of options that have beetmonale with minimal disruption to the design process.
explored and reasons for certain modifications. In this caseAlthough no formal evaluation has yet been undertaken, re-
access would be focused on answering questions that targstllts from the application of RCF to the robotic arm design
specific issues. As such, we would expected goal-directedase represent a qualified success: useful rationale was ex-
access to dominate. tracted and represented in structures that provide ready user
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accessibility. However, additional mechanisms will be re-10.3. Intrusiveness and usage requirements

quired to produce a deployable tool for designers. o )
The stated objective for this work was to generate useful

design rationale without substantially interfering with or
10.1. Future work modifying the normal operations of a designer. RCF strongly
satisfies the requirement for nonintrusiveness: it runs com-
pletely in the background without any interruption to the
design process. One could argue, however, that to produce
useful rationale information, some limited changes in the

The inclusion of additional design metaphors, with partic-
ular focus on identifying intent, constitutes one important
direction for extending RCF. For example, Brploration

metaphor would track branching into different versions of a

design from the same source, thus generalizing the linedf€SI9n process are required. _
metaphor currently used. In addition, one might want to de- Within the current system, the designer must adhere to a

termine the priority of different requirements to the de- SMall number of conventions to support the use of RCF. For
signer. Evidence about priority comes not only from how€*@mple, when creating a new version of an existing design
much effort was spent on a requirement, but when in thdile, the designer must first make a copy of the file and then

session that effort was expended. Was effort spent mostl§€9in changes on the copy. Changes cannot be made di-
in the beginning, or mostly at the end, or was it distributed ©Ctly on the original design file and then saved to a new
throughout the session? The last case may indicate that thile (€., via aSave Asapability, since RCF would incre-
requirement was highly significant, and that the designelmental_ly modify its internal model of the original arnfagtln
spent much of his or her time balancing other requirementSteP With the designer’s changes, and then be left with no
relative to it. way to undo those changes when the user saves the artifact
The inspiration for RCF was the observation that many2S & NeW version. Conventions of this type amount to minor
of the operations that a designer can perform with a capestrictions on the kinds and order of operations that the de-
tool have meaningful semantic content. As CAD tools in-SIgner can perform, and could be eliminated through slight

crease in sophistication, the set of semantically meaning=nanges to RCF or the CAD system itself. In this case, for
ful operations will increase further, thus enabling additional®*@mPle, eliminating th&ave Asapability from the CAD

automated rationale extraction. For example, Active Catall@meworkwould prevent violations of the convention. Sim-

log (Ling et al., 1997 provides a rich query interface for ilarly, RCF could be readily extended to rollback changes
selecting parts from online libraries, as well as simulationVhen such Save As commands occur, and recreate them on

capabilities to support a “try before you buy” model of @ COPY of the original file.

interaction. Observation of the queries formulated by a de- A MOre contentious issue relates to RCF’s reliance on se-
signer interacting with such a tool would yield a rich data Mantic annotations for objects, as assigned through our ex-
stream from which to infer rationale. tensions to MicroStation95. While RCF can operate without

them, the semantic annotations are essential for enabling
certain aspects of the rationale extraction. In particular, the
10.2. Knowledge dependence Substitutiormetaphor and the effects-based reasoning about

There is a fundamental tradeoff in the design of knowledged€Signer intentSection 8.2 require knowledge of the se-

based systems between the cost of adding more knowleddBantic types of objects. As noted in Section 2.1, this type of
(in terms of knowledge acquisition and maintenanaed semantic information is generated as a by-product of para-

the value that the added knowledge brings to the prob|emr_netric design methods and part selection capabilities found

solving process. We intentionally designed RCF wittiran Within numerous state-of-the-art systems. Thus, while de-
crementaknowledge model that enables the system to rurp!9Ners are required to perform extra steps to supply anno-
with varying levels of domain-specific knowledge. The main tations within our framework, we feel that such steps will
sources of application-specific knowledge within RCF areP€ éliminated in future CAD systems. Of course, the ratio-
explicit design requirements and the QIC tables. The Sys[1ale extraction methods that require semantic annotations

tem can operate without this information, but generates inc0uld not be used in portions of designs that required novel

creasingly better results as more of it is provided. types of components, which will not be predefined in librar-

Within RCF to date, design metaphors are domain/€S OF s parametric models.

independent. However, extraction of more intent-oriented ra-
tionale will mostlikely require the addition of domain-specific 11 RELATED WORK
metaphors that can directly link actions to explanations.

For domains_ involving many one.—off d_esigns, Qevgllop—ll_l_ Models of the design process
ment of extensive background theories will not be justified.
However, for domains in which designs will be repeatedlyRCF bases its rationale extraction primarily on general met-
produced, the application of domain-specific knowledgeaphors for designer activity, rather than on domain-specific
could greatly increase the extent of the rationales that caknowledge about the artifact being designed. These meta-
be generated. phors are intended to reflect the process that designers use
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when working. Here, we describe efforts by others to modebn the component or feature level two thirds of the time,
design processes. with the remaining one third of the time divided more or
Thetask/episode accumulatiofTEA) model of the me-  less evenly between questions about the assembly as a whole,
chanical design process was derived from protocol analysimterfaces, or relationships between various components. The
of videotaped design sessiofidliman et al., 1988 This  designers asked questions about the original designin-
model focuses ononroutinedesign, whereby the designer formation that is more or less available in traditional docu-
has the requisite knowledge and experience to produce thmentation, and how potential changes could affect the
design but the specific task is new. The work was not ori-design. Questions often focused on structure and location
ented exclusively toward the automation of the process, buinore than the operation or purpose of an object; however,
more generally toward understanding the design process amweghen the designer did have operation or purpose questions,
its implications for education and the development of de-t was the human expert who most often was the source of
signer aids and work environments. The results suggest thatformation. In fact, although almost half the questipns
designers satisfy, rather than optimize, and that they do natonjectures posed by the designers went unconfirmed, or
work from a global plan, but rather develop a central con-were confirmed by the designers’ internal knowledge, the
cept from which to start, and then refine the concept lo-great majority of the remaining questions were answered

cally, on the task and episode level. by the expert. As the authors say:
The Generic Task Model of Desid@®TMD) models the
design process independently of the task dont&irazier The factthat ... designers referred to the examiner’s stored

et al, 1997. GTMD applies at all levels of design, from  knowledge at all indicates that mechanical designers would

Conceptual to detailed. In this model, design consists of three use design information stored in any inte”igent CAD tool,
types of manipulation subtasks: of requirements, of the de- f available.

sign process, and of the design object. Each of these sub-

tasks can be decomposed imdification updateof These results suggest that “intelligent CAD tools” should
modification history,deductive refinemerideriving prop-  .,ncentrate on providing operation and purpose informa-
erties, behaviors, and so forth from the current descripgion \yhere possible, because traditional documentation omits
tion), andupdate of current description . them. They also suggest that designers would use such a
The TEA model and GTMD address the full span of in- 5| even for information already stored elsewhere, if the

dividual designer activity, from receipt of the initial speci- ;.¢5rmation could be readily extractgds from a human
fications(possibly including the requirements of other partiesexper).

on the design teajo the production of the final design. In Based on a similar survey of designer protocol data, Gru-

contrast, RCF considers the design only through the mesg, ¢ Rsseli(1996 conclude that design rationale tools

dium of the CAD tool. Relative to the TEAmodel, RCF has ¢4 concentrate on collecting a broad range of pertinent
access to the layout and detail tasks, with some access {5 ahout a design. This data should be retrievable in re-
the catalog selection task. Information about the conceptuegponse to queries in such a way that rationale can be recon-

design_ is_ degmphasized. The TEA model apd the. GTMDyircted from the data. They call this tipenerative approach
have distinctions between the acts of generating options, afg design rationale.

alyzing and evaluating these options, and deciding among

them. Again, RCF has access to the analyaigl to a cer-

tain extent, the evaluationdecisions that take the form of 17 3. Design rationale acquisition and retrieval

patches, redos, or replacements can also be accessed. How-

ever, the generation step is less accessible. More sophistarly work on the acquisition of design rationale focused
cated access to the catalog selection task, such as the desigoairect solicitationmethods, whereby users are explicitly
using an online catalog that supports interactive quéegs, queried or provided with structured interfaces to elicit ra-
Ling et al., 1997, would provide deeper insight into the tionale(Russell et al., 1990; Gruber, 199Because these
selection task. approaches impose a heavy documentation burden on de-
signers, they have had limited success.

Several attempts have been made to facilitate automated
rationale generation by imposing structure on the design pro-
Kuffner and Ullman(1990 present the results of an exper- cess(Ganeshan et al., 1994; Brazier et al., 199he gen-
iment in which designers were given a design and its doceral idea is to model design as selection from predefined
umentation as well as access to an expert who was familigransformation rules. Rule selections are recorded along with
with the design. The designers were then recorded whileule-specific rationale. By structuring the design process,
performing a redesign task. The purpose of the experimernthese approaches can provide deeper explanations of de-
was to determine the kinds of questions that designers askesigner intent than can RCF. However, they greatly constrain
and how they found the answers. The authors noted severdesigner activities and are unsuitable for ad hoc design cases
interesting results. Questions about the design tended to requiring novel design methods.

11.2. Designer queries
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For example, Ganeshan et @994 describe a systemin ture, evolution, alternatives considered, and dependencies
which the design is generally manipulated through pre-in the design or among the requirements. This system pro-
defined transformations on objectives. To manipulate the devides more direct access to the designer’s thought pro-
sign directly, a designer must provide explicit justifications cesses and intentions than does RCF, but at the costs of
to the system. The design history consists of the log of transintrusiveness into the design process and labor-intensive data
formations, while designer intent is is described by the mapinput.
ping between transformations and objectives. Similarly, the
work in Brazier et al(1997) models deglgn as selgctlon f'rom 12. CONCLUSION
predefined transformation rules that include rationale infor-
mation related to the operations performed by the rule. UpoiRCF's methods for acquiring design rationale present an in-
selection of a rule, the choice is recorded along with thenovative approach to a difficult and important problem. Pre-
rule-specific rationale. The paper provides an example ofious work on rationale acquisition has focused on highly
how to use the produced rationale to support redesign, réntrusive techniques that either involve extensive participa-
lated to the design of the Fokker 6060 passenger air- tion by the human designer or change the underlying design
craft from the design of the Fo50. process. Because of the level of disruption to the underly-

The Active Design DocumerfADD) system(Garcia &  ing design process, tools of this type have not been em-
Howard, 1992; Garcia etal., 1997; Garcia & de Souza, 1997braced within the design community.
generates rationale fqgrarametric design tasksn which In contrast, our idea of extracting design rationale from
the design process involves constraining or selecting valuesbservations of designer activity is rooted in a philosophy
for fixed sets of parameters. This class of designs, whilef nonintrusiveness: rationale is produced as a natural by-
important, is much narrower in scope than that addressegroduct of the design process. The human designer will need
by RCF. The early ADD system observed the designer’s acto intervene to supply certain information of relevance to
tions, and then attempted to generate explanations for thethe design but should be relieved of responsibility for re-
by using a predefined knowledge base for the domain. Itording information about the noncreative aspects of a de-
the system was unsuccessful, or predicted an action othagign. We have shown that this type of automation is possible
than that taken, it would ask for an explanation. In this way,by applying key Al methods such as structured knowledge
a knowledge base could be built from observed cases. Moreepresentation, knowledge-based plan recognition, cluster-
recent versions of ADD generate ranked alternatives and alng techniques, and basic qualitative reasoning.
low the designer to change the knowledge base to update
the system'’s reasoning abilities.
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