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Design Fusion:
A Product Life-Cycle View for Engineering Designs

Extended Abstract
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Carnegie Mellon University
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Introduction _ .

This paper discusses the underlying philosophy and approach for the ljesign Fusion system th*g "9
currently being developed at Carnegie Mellon University. The goal of the Design Fusion project & to
create the underlying theories and methodologies for a oompdter-ba%d system that will assist in creating
mechanical designs which meet their function, cost, and quality requirements while simultaneously
meeting the constraints imposed by life-cycle activities such as manufacturing and maintenance.

The Design Fusion system is based on three uh'derlying concepts!

« Integrating life-cycle concerns through the use of views from muitiple perspectives* where
each perspective represents a different life-cycle concern such as manufacture, distribution,
maintenance, etc

* Representing the design space at different levels of abstraction and granularity through the
use offeatures, where features are the attributes that characterize a design from the viewpoint
of any perspective :

» Using constraints at different levels of abstraction to guide the design process and using
constraints to maintain consistency and propagate design decisions.

Using the concepts of per spectives, features, and constraints, the Design Fusion system gener ates, prunes,
and tests design alternatives. A key element of the Design Fusion architecture is the concept of degree of
fusion* that is, the degree to which ~ g nrirritinnt-iir simultaneously-generated and evaluatetfgbjuhe -
interacting per spectives. In Design Risioﬁ, aD per spectives may generate and test design alternatives at
all levels of abstraction and ac every stage in the evolution of the design. Thus, Design Fusion is quite
distinct from systems that use after-the-fact design critics to evaluate completed designs.

The design space can be viewed as a multi-dimensional spacé in which each dimension is a different
life-cycle activity such as fabrication, testing, serviceability, reliability, etc. These dimensions are called
per spectives because each dimension can be thought of as a different way of looking at the design. As a
design evolves, the designer moves from one viewpoint in the design space to another and moves from
one level of abgtraction to another both within a per spective and acr oss different per spectives.

By continuously viewing, commenting on, and intervening in, the evolution of a design from each of the
per spectives, the constraints of the product’s life-cycle are accounted for in the completed design. The
design system must allow implicit functional requirements such as manufacture, assembly, or testing to




beintegn”irtothederijn at the appropriatetimeand at the " peints Jevel of detail.

Design Rt90OD occtits not only in the ~pace of lifé-cycle concarns® but also in the gpace of design
mdhodologié During the design of a piodua nuny differtr* srategiesmay beem p k~ Based on
prdiminary sudies of desgners[1,2J. it isreasonableto believe that there are common, basic problem-
solving mechanisms that underlie most design modes. Therefore, a desgn system should support
different problem-solving modesand allow thedesigner tomatemaoe smooth trangtionsa m  theat.

Per spectives

A design that is created based only on Amctknal considerations often requiresmajor deagn changes
when life-cycle concerns such asassembly or serviceability areconsidered. 'Each life-cycle concern can
be viewed as a penptattt. A perspective defines both arepresentationof design knowledge and
methods for generatingor criticizingdesign decisions. Asadesign evolves, ft can beviewed ftom gpny
different perspectives, eg* Amction, fabrication, assembly, fawprrrionand testing, distributidL -ilett
service, reclamation, or traning.” N ’

Each per spective has two roles; to synthesize some portion of the artifact or to evaluate what has been
synthesized. How designs are generated depends upon” which perspectives are important.  Any
per ective may become more or less important as the design evolves. The more wdgbt given to a
perpective the greater roleit plays th synthesizing the 4f VK Tbe functional perpective lends to
dominate at the outset but may later recede depending upon the state of evolution of the design and the

component under congderation. Figure 1 shows a possible interaction among per gpectives during the
desgn of aturbine blade.

To generate acceptable designs fom the start each per spective must play an active role during design
synthesis. So, the per ectivesevaluate design decisionsat every step and every level of abgtraction. The
decreeof fusion isdetermined by the granularity of thedecision that isevaluated TTielarger thedecision
gep, theless Aision occurs. The boundary case occur swhen evaluation isperformed after the design i

complete. Consequently, design by per spéctive goeswell beyond the simple notion of design crmcs Out
evduatedesignsonly after they have been completdy specified.

Features

The use of featureS|sakey eement of Deagn Fuson D|xon f3] defines a feature as " any geometric
fan or entity that is used inreasoningin one or more design or manufacturing activities' Weuse a
simila; byt broader definition. We define a feature to be a relationship among a set of dements of a
design. Thus, featuresare not limited to being geometric entitiesnor arethey limited only o the design

tnd manufacturing per spectives. Featurescan be used in reasoning about adesign from the viewpoint of
*V perspective

Busing {he design process, the same product design looks quite different when viewed through die
“Penise of the différent perspectives. Each per spective emphasizes particular aspects of the design and
*PPreses certain detailsin order to evaluate and synthesize. In addition, asthe design evolves, so does
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Figurel: Each pergectivegenerates, tests, and critiquesdesign decisonsasthey are made.

the view fiom éach of the perspectives that is* what is emphasized and what is suppressed changes
depending on the current sute of thedesign. For example, selecting thediameter of a motor armature has
quite different consequences depending on which perspective is viewing the design. The functional
perspective may view the diamee as the primary detlerminant of the armature loading and the
manufacturing (Samping) pergective may view the diameter as the deerminant of the number of
laminatesthat can be gamped from a sock sheet Hence, the diameter fegture has different attributes and
associated congtraint* iseach per spective.

Features are hierarchical and may be composed fiom primitive features and congraints or fiom the
underlying physical properties of the designed artifact Given a set of primitive features for each
perspective and for each absraction type (function, layout geometry, etc.). features may then be
composed of other features or composed from underlying feeture primitives. A major focus of our work
on featuresison the rales by which features are composed from primitive features and the reationships
among featuresfrom different per pectives.

We view design as the successive refinement of feetures from high-lev_el behavioral attributes through
schematics and layouts, down to topology and geometry. Specifying a feature may condrain the
underlying description, but is not necessarily sufficient to specify -all or even any of the associated

physical properties Features enable the designer to. focus on specific parts of the design, to perform -

detailed design of some parts and to leave other parts of the design as more abgract features.




Congtraints
to DesiptFWoivwebringtogether differ e+ 3pproaches 1o constraints 1 create 8 constraing-besed design

system, Son* critical issues that we address include the hierarchical repmenurion of congtraints,
awtratesatistMionaDdr elaxati” constraint abstraction snd constraimt-directed design.

In the context of engineering design, a condraint can be thought of as arequiredrelationshipamong
desgnfeaturesand characterigics. Gxmraiasmay embody a design objective(e* weight), a physical
law (eg. F»ma), geometric compatibility (eg. matingofpamX production requirements(c.g. noblind
boles), or any other design requirement Collectively, the condraints define what will be an acceptable
design. The number, diverdty, and variable context of congraints makefinding an arrrptahte design a
difficult task. furthermore, finding the design that satisfies aD the congraintsisonly possible when the
condraint network representsaO design alternatives, is complete and nwtfftent, and resultsin a unique
olution. These conditions arerarely. If ever, met |If the congraint network it overoongtnined, no
lution exists, and some condraints mugt be relaxed or the goals modified. If the nework is
under congntined, too many solutions exis jnd condraintsor goals must be added so that a design may
besdected. It isnot sufficient to satisfy a network of congtraints; it iscritical to kfentity characterigtics of
the congraint network that influence the modiflcatktt of constrainsand the|iefer ences of the dedmi, ,
) 1

A large body of resear chexists on solving condraint propagation problems. These techniquesprovide a
aoreof solution methods, however, adesigner needsnot just the solution, but alsoneedsan under ganding
of the nature of the solution. In particular, adesigner needsto understand how certain design decisionsor
variables were set, how those variables depend on other design variables, and the leverage that design
variables and congraints have upon other design decisions. Weaddressthisneed by providingnot only a
lution but also an explanation of the solution that tracks the dependenciesin a congraint nework and
evauatestheimpact of a decision on ather design variables.

In design, a small set of congraints often is critical in determining many other design rdations. The
ability to identify and address these critical condraints early in the design process is important to the
dedgner. Asdifferent per ectives impose new condraints on the design the importance of identifying

bonleneck congraints becomeseven greater. Wearecurrently exploring several different techniquesfor
identifying these bottle-neck congraints

Individually and collectively even themost detailed condraints affect preiminary design decisons. It is
neessry to abdract from a complex nework of condraints those condraints that directly a/Tea
Prdiminery decisions. In most cases, however, a complete algebraic solution cannot be obtained. In
(tec cases many technigques can beemployed. One method isto identify-differential rather than absolute
ftbtionships amongvariables. In thisway certain scalingreationships, for example, can beidentified for
** dedgner. Ifit isnot possible to provide an algebraic differential reationships, the congraint network
=X be amplified usng numerical dominance and domain dependent design practices. Thefinal sep is

* introduce direct numerical methods to identify the numerical values of the differential redationships
****tdesggnvariables.

S Per spedtiverepresentsa life-cycle concern.  During the design process, the per spectives introduce




new constraints that guide the design by eliminating infeasible choices and by belping generate acceptable
ones. mmumnmwpmhmwm.wwmm
constraints to generate new altematives. One approach to generating altematives is the identification of 3
set of design decisions that satisfies the current set of constraints. By selecting design parameters that
correspond closely with previously identified critical constraints, acceptable design can be identified. We
will augment this strategy by transforming design constraints and features to reduce circularity in
eonsmimnuwortwpolocmdwpmidul&scnﬁdvebaiﬁummemuﬁm
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2. Each design version, composed of features connected by constraints, is represented on the design
blackboard. :
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Figure 2: Design Fusion systera architecture.
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Per spectivesarer epr esented askiww W~ soarces that can view the designs in parallel. Once a change
occuxs anAb propagated, each per spective can criticize the'change and can alsorequest that control be
giventoit so that h can daboratethe design. AawiOo/Wflctowniisusedtomangs which perspective
isin control. Specifically. the knowledge sour ces associated with the control blackboard manage the
design goalsand determinewhich requestsfbr control best match thecurrent goal set

An integral put of the representation of a design is the design record. Hie design recocd trades the
decisonsthat led to the creation of each part feature. A design decision isdefined by the per spective that
led tothe decision, the type of processng that generated the decision, and theinformation upon which it
was based. The design recocd also maintains a decision dependency neiwatfc in order to support
intenigent backtracking.

The problem solver opportunistically [5] moves from one per spective to ancther, from doe level of
abdraction to another, from onefeatureto another, and from ooe congraint to another. The controlling
perspectiveistheone that leads the synthesis process. Non-contralling per spectivesevaluate portions of
thedesign at whatever levd of gpportunism is apprdpriate®

To gener ate acceptable designs, the non-contr olling per spectives mugt play an active nde asthe desigp is
created. For example, to guarantee ease of fabrication when the fttKtional perspectiveisin conSoL the
fabrication perspective mugt narrow the aternatives that can be syntheszed. Thus, the contralling
per pective is the generator of design states, while the non-controlling per spectives act as evaluators of -
these design states.  The contralling: perspective can and should shift depending on the salient
characterigics at any point in theevolution of thedesign.

Conclusion

Woricon the Design Fusion sysem isin itsinitial stages at Carnegie Mdlon. The conceptsthat form the
bass of Design Fusion are complex, and it win require a long-term research effort to make progress
toward under ganding the complex processes of design.

Design Fusion uses a feature-basad representation to enable a design to be viewed from multiple
per ectives and uses condraints to guide the generation of design alternatives to ensure that life-cycle
concerns are explicitly incorporated in the design process. Design Fusion also entails the integration of
multiple problem-solving methodologies so that a designer can move easily from one level of absraction
to another or from one per spective to ancther asthe design evolves. It isour position that an inteligent
CAD sysem mug explicitly ftiselife-cycle knowledge within the generation of the design.
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