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Abstract

This paper describes a generic approach to guiding designers when making decisions during the early stages of design.
The objective of the research is to enable designers to foresee unintended life-cycle consequences during mechanical
component design. Engineering design is a process of evolving solutions to a design problem through the commitment
of decisions. As a designer commits a new design decision, a more concrete design solution is generated. Decisions
made can have intended and unintended consequences on the performance of the life phase activities that follow, such
as manufacturing, assembly, and disposal. Many existing tools only consider the impact of the design solution on later
life-cycle phases when the solution is almost complete. This makes changes expensive and difficult. This paper presents
a novel approach to how consequences encountered in down stream life-cycle phases can be brought to the designer’s
attention early in generation of component form. For this purpose, a knowledge model has been derived from a phe-
nomena model. The phenomena model describes how life-cycle consequences are generated during component syn-
thesis. An insight into the representation of the resultant knowledge model is discussed through examples. The
implementation of a prototype Knowledge Intensive CAD tool, entitled FORESEE, aimed at supporting life-oriented,
feature-based component synthesis and exploration, is also described. The results of the evaluation of FORESEE with
a range of designers show that by using the system designers are motivated to explore alternative design solutions and
are able to make more informed design decisions. This highlights that the knowledge structure provides a base for
extending feature-based component design to a ‘Design Synthesis for Multi-X’ approach.

Keywords: DFX; Decision Consequences; Concurrent Synthesis; Design Reuse; Features

1. INTRODUCTION the design of a component is associated with other aspects,

) . such as the material and production methéiescobsen,
Components are designed to perform a set of speftific-  19gg

tionsin their use phase. During the design process, there is pacisions made during design are known to influence the

aknowl_edge expansiabout the ar_tefact, frombstractand performance of other life-cycle phas@lesen, 199p The
undetailedto concrete and detailedMortensen & An-  raajity with which this paper is therefore concerned is that
dreasen 1996 Irrespective of whether the design process 'Sdesign decisions have consequend@srg & MacCallum
executed by an individual designer or by a team _Of designy g9, irrespective of whether the designer is aware or not
ers, (?hfferent design-process modelross, 1994; Dym,  f these consequences. As a result of focusing on function,
1994; Pahl & Beitz, 199reflect that thefinal design S0- 5 rtefacts are not being designed for a number of “x-abilities”
lution describes aeandy which the artefact’s desired func- (Duffy et al., 1993, such as manufacturability, assembly-

j[IOI’l can be p'hy5|cally attained. This reflects that form des'grhbility, and service-ability, with BrowfL996 reporting that

is function driven(Roozenburg & Eekels, 199%ven though “the number of ilities’ are growing’ The view taken in this

paper is that adopting a total life-oriented approach re-
ICurrently at Department of Manufacturing Engineering, University of gu'res deS|gners to adopt alook-ahead strategy, temm

Malta, Msida, MSD 06, Malta. idence(Olesen, 199p to foreseeandexplorethe total life
Reprint requests to: Xiu-Tian Yan, Department of Design Manufacturejgsyes. All this means that designers are now expected to

& Engineering Management, University of Strathclyde, 75 Montrose Street, id h fi f which b fth

Glasgow G1 1XJ, Scotland. Phoned4 0141 548 2852; Fax+44 0141  consider a host of issues, of which a number of these are

552 7986; E-mail: x.yan@cad.strath.ac.uk traditionally outside their domain. As a result, designers have
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to frequently make design—decision commitments with in-jor attraction for artefact life design, distorts the way de-
appropriate support. signers work in reality. Such a network offers a modeling
This paper presents a novel approach to enhancingorld where designers can, for instanceetermine the
computer-based, generative systems by providing lifeimpact of cost decisions on functionalityBowen, 1995.
cycle consequence knowledge to guide a designer in makNo distinction is made betweatesign characteristicthat
ing more informed design decisions. The objective of thecan be defined in reality by the designer apperties
research is therefore concerned with researching a desighat are derived, such a®sts(Olesen, 1992 Thus, net-
tool that enables designers to foresee and explore lifeworks concentrate on solving a problem expressecbas
cycle consequences during the generation of mechanicastraints which does not characterize artefact design
component design solutions. modeling with its associated synthesis decision-making pro-
cess. In addition, the need forpaedefinednetwork of pa-
rameter relationships describing the conceptual solution
1.1 Tools supporting life-oriented design itself, restricts design exploration to the same solution con-
cept. This makes constraint networks not readily applica-
Engineering design is an iterative process of solution genble to situations in which there is the co-evolution of the
eration and evaluation. It requires a designer to take a prowsolution and problem spaces. Another tool commonly used
idence approach when finalizing a solution. This sectionto avoid potential design solution problems-ailure Modes
briefly describes providence related research in the area @nd Effects Analysis (FMEA).ike other analysis-related
life-oriented design. An approach that allows designers tdools, failure modes are identified late and with FMEA, is
preview and take into consideration life-cycle issues, is thesubject to the analyst's design solution interpretation.
use of cross-functional design teams or virtual tiger teams In summary, the limitations of the above tools for early
(Cleetus, 1998 Teams offer the advantage of bringing all life design providence are:
expertise together during design. However, teams have dif-
ficulties in recognizing the complex dispositional effects 1. they provide an insight into life consequences rather
of decisiongAndreasen & Olesen, 199@inger and Dixon late in the design process;
(198.9 state.that tea_m_s do not ensure tha}t knovx{ledge abqut 2. they provide marrowandsegmentehsight into con-
making design decisions and compromises .WI|| be avail- sequences being generated:
able. Teams present many logistic, scheduling, and other ) o
management difficultieéBowen, 1995. In addition, team 3. they provide ageneric insightrather than problerh
members are frequently working alone, making decisions ~ company specific providence.

between team meetings. “Design For X" guidelines also o ] ]
provide support, in the form of a checkli€forbet et al., These limitations suggest that it would be desirable for

1999 of do and don’t rulesto ensure that a design solu- 1Y tool as§istling Qesigners, from the early stage of design,
tion satisfies the ‘X’ area. A major drawback with respect {© have an insight into consequences that influence a num-
to providence is that these DFX tools takenarrow and ~ Per of life phases. This paper will discuss such a tool sup-
segmentediew of the evolving solution rather than an in- POrtingDesign Synthesis For Multi-X (DEX). The variety,
terrelated, multi-X view. In addition, DFX tools are essen- COMPplexity and interactions of life-design issues that have
tially used for analysis when major design decisions havd® Pe considered during design make thanualexplora-
already been committed. Also, DFX knowledge is generict'on of the prpplem and solution-space difficult. C.omputer
rather than problem-specific in the sense that no guidanc&UPPOrt providing knowledge-based explorati@mithers

is provided to the designer about which rule applies for& Troxell, 1990 of such complex interactions is, therefore,
the situation at hand. Design expert systems support pro€en as oﬁerlng. an aFtractlve option. From the earlier dis-
idence due to their predictive modeling power. However,CUSSion on the !lmltatlons of current tools, such computer
the way the knowledge is organized, is not established iFUPPOrt should in essence:

terms of resources that have to be coordindteédcCal-
lum, 1991 during design and development. This results in
systems providing a narrow focus to the design solution,
making it difficult to exploretradeoffs between life-cycle
aspects of an evolving design solution. Also, the way knowl-
edge is structured makes maintenance difficult, an issue 2. have anaintainableandexpandabl&nowledge model
that cannot be ignored if such tools are not to become ob- to avoid a tool becoming obsolete.

solete in a real world where knowledge dynamically evolves.

Constraint networks can also assist designers in avoiding The knowledge modeis concerned withwhat factors

the generation of life-cycle problems by supporting coop-should form part of the structure, and with how these fac-
eration between multiple perspectivé®h et al., 1995  tors should berganizedandrelatedto each other in order
Their nondirectional inferenceapability, while being a ma- to provide proactive support, in the same way designers

1. provideproactivesupport and not simply serve as a
repository of information, leaving the designer to de-
termine what life consequences are relevant for the
evolving design solution;
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[ Fonemasy Of relevance to this research is the complastructional
E X‘ domainproduct breakdown produced at the end of the de-
[Faneva) (g sign process, hence other structures_, such as function_, means
L") structures will not be discussed. This means that during the
> ] course of the design process, the designer is gradually de-
Reality Prm _K,ﬁ fining the product breakdown structure in constructional do-
Mode! main using different product design eleme(ROES. Tjalve

(1979 states that fivéasic propertiegstructure, form, ma-
t terial, dimensions, and surface qualigistinguish them-

selves from other characteristics by the fact that together,
Fig. 1. From phenomena to knowledge models—Adopted from Duffy & they completely describe a product. These arectierac-
Andreaser(1995. teristicsthat can be manipulated by the designer, with all
otherproperties such as cost, weight, appearance, fabrica-
tion and ergonomy, being determined when these basic prop-
erties have been defind®lesen, 1992 That is, the five
basic properties have an influence on all other properties,
including total-life issues, such as fabrication.

work. This concept of focusing omhatto model rather than
howhas also been emphasized by Tomiyait@96. Sim-
ilarly, Duffy and Andreasei1995 state that computational
tools should be based anformation modelglerived from
models of reality, termeghhenomena model§he ap- 2.1. Design activities
proach, adopted in this research, shown in Figure 1, is th
it is aphenomena moddéhat identifieswhatelements han-
dled by designers should be modeled and related; whilst th?
a knowledge modek concerned with how knowledge of

a]the evolutionary definition of the artefact solution is
chieved through a number of activities that recur through
e design proceséDym, 1994; Roozenburg & Eekels,

. . . 1995. Kerr (1993 states that three significant activities
these elements and relationships should be organized to prﬁ'{atszjesigne(rs cgrry out to facilitate thg effective comple-

vide a usable and maintainable structure. The specific phetr . : )
. S . . .._tion of design stages amxploration synthesisandeval-
nomena considered in this research is that design decisions .. s - .
o . . . uation Synthesis is the activity that evolves the design
give rise to life-cycle consequences, irrespective of whether ~ "~ . > )
the designer is aware of them or not solution. The output of this activity is a representation of
’ the artefact solution, which is abstract and undetailed in
early design stages, and then detailed and concrete in later
2. COMPONENT GENERATIVE DESIGN design stages. During synthesis, past design solutions are

PROCESS AND LIFE-CYCLE ISSUES often reused.

Mechanical artefacts can be viewed as systems that can %EF_or components, the_ basic properties mampulated by the
. . . esigner(Tjalve, 1979 include reusable design elements,

decomposed into subsystems of a finer resolution. Thus,

observing the product structure from a constructional view-

point gives rise to what is termed @oduct breakdown

structure (PBS)which is schematically illustrated in Fig- Product design elements
ure 2. In th|s VieW, an artefact Consists Of a C0||ection Of ...................................................................................................................................
T . - RN Product
elements resulting in what is termed a compositional w
(‘part_of’) model of the productKerr, 1993. \%’.
This product breakdown structure consists of a number/ ........... \ ............................................................
of elements, callegrroduct-design elements (PDH) this Sub-Assembly

paper these being:

¢ a product the artefact purposely designed for a user,
that is, telephone;

¢ a subassembiyan element consisting of a set of com- &
ponents, that is, the PDE telephone enclosure, consists

Component

enclosure, and bottom plastic enclosure;

e a componenta single material product element pro-
duced without any assembly operations; for example,
bottom plastic enclosure; snap-fit rib boss  wal

e component elementsroduct design elements that con-
stitute a component. Component elements include the
form, material, snap-fits, and rib features etc. Fig. 2. Product composed of design elements.
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slot circular_hole gusset prismatic base

it internal thread pop-rivet

2.2. Decision-intensive design

¢

As aresult of the options encountered in the solution space,
the design process is decision intensfgeshi, 1991 For
early component design, the designer has degrees of free-
weld dom with respect to the manipulable parameters, such as
form, material and type of surface finish.

Duetothe key activities involved in design, this paper views
S |z > g on. thiepap

designers asinvolved in mainly three different decision com-

:

Form
b= 3

Assembly

external thread

Surface

textured : : .
smooth e rougn engraved | embosed mitmentg Borg & Yan, 1997, as defined in Table 1. One can
= Samless|| Mild argue whether synthesis, analysis, and evaluation activities
§ Steel Steel ABS should be treated separately or as taking place in any order,
but nonetheless the type décision commitmentgsulting
Fig. 3. Typical reusable component elements. from these activities will be different. What is significant is

thatthe commitments that result fraynthesis decisiorisrm
thelink between thedesign processand the ‘artefact modef
(schematically demonstrated in Figfdr design taking place
such as form and assembly featuf®alomons etal., 1993  from a constructional viewpoint. This paper, therefore, ar-
material and surface textures, with examples in Figure 3gues that the evolution of a mechanical component solution
Similarly, the realization of a component involves the re-is governed by the generative nature of synthesis decision
use of well-known technical processes, such as milling andommitments.
mechanical recycling, called, in this papég-cycle-process
elements (LCPEsYf relevance to the reuse of design so- .
lutions, such as PDEs, is the associated reuse of related co%‘—‘?" Propagation effects
sequences, as reflected by Andrea€ed92): This paper considers four main life-cycle phases of a com-
ponent, namelydesign realization use anddisposal As
It is very important to control the design activity in such argued by Mortensen and Andreas@®96), during the
a way that a maximum amount of the work becomes recourse of its life, an artefact meets a number of product life
use in widest sense, because this leads to low cost, lowystems, such as a transport system, a service system, an
risk, known quality, etc. assembly system and a fabrication system. Decisions made
during component design give rise to a number of problems
To determine the fitness of a solution to the design requirein different areas, making the different systems being met
ments, solutions ar@nalyzedo estimate properties and the by the component, victims of the design soluti@lesen,
resultsevaluatedwith reference to evaluation criteria, pos- 1992. That is, design decisions have a consequence on the
sibly using simulation techniques at both the detailed andneeting of the component with different life-phase sys-
conceptual design stag¥an & Sharpe, 1994; Yan, 1995 tems. Consider the example in Figure 5: The intention to
As argued by Cros§1994), a design solution evolves the dis-assemble a thermoplastic product during thefaseser-
design problem, this requiring the designertploreand  vice) and disposal phases may result in the designer com-
develop problem and solution together. Thus, during desigmitting a fastener assembly feature. This now requires a
synthesis, designers have to cope with the co-evolution ofircular hole to be committed to the component. Evidence
the problem and solution space. Therefore, exploring anghows that designers frequently define nominal diameters.
foreseeing the consequences associated with a solution froBue to the material’s shrinkage factor, this propagates an
a set of alternative options are significant activities in com-influence on théimeandcostperformance measures of de-
ponent design. veloping the mould tool, due to the need of a nonstandard

Table 1. Type of decision commitments made by designers

Commitment Type Concern Definition

Synthesis Artefact solution model Commitments that are reflected in the artefact's solution model, for example,
type of material or type of assembly feature.

Analysis Estimating solution properties Commitments concerned with what and how to analyze, so as to get an
indication of the solution’s derivable properties.

Evaluation Deviation in properties Thessessment concerning the deviation between resulting solution

properties and the desired properties.
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¢ problematic then it may motivate the designer to ex-
plore alternative commitments that result in theid-
anceor relaxationof consequences being generated.

Artefact

Due to the phenomena of propagation effects, consequences
resulting from a design—decision commitment can affect mul-
tiple life phases; these make it difficult for humans to be

) aware of them all.

Options|  Design Process {

8| e

,/Synthesis \

2.5. Life-cycle consequences

Fig. 4. Generative nature of synthesis decision commitments. o
Decisions that seem good for one phase can lead to prob-

lems in another. As a result, designers are frequently un-

core-pin. Also, the core-pin propagates an influence on th@ware oflife-cycle consequences (LCCH)ese being:

component realization phase as they frequently result in the
formation of weld line defects, this generates scrap, thereby
requiring longer production runs. In addition, the weld-line
defect propagates a consequence to the component’s use
phase as it gives rise to a cosmetic defect and a weak com-
ponent structure. This and other case studies encountered
reflect that design decisions havdife-propagation effect 2. life-phase behavior of the life-phase systetnsse are
(Borg & MacCallum, 1996 Decisions can have a positive reflected by performance measures, such as cost, time
influence on one life phase, but lead to problems in others. ~ and quality. For instance, specifying an ultrasonic bond
These case studies clearly show that the generation of aform  t0 join two thermoplastic components avoids the use
feature is closely influenced by life-cycle issues, and should ~ ©Of fasteners, thus eliminating the circular_hole form

be guided by the relevant life-cycle-consequence knowledge. ~ feature from the component and associated conse-
quencegsee Fig. 5. However, the service and main-

tenance systems are influenced negatively due to the
time, cost, and quality of disassembling the perma-
Design decisions result in decision consequences. One can  nently bonded components;

1. life-phase behavior of the artefaatue to certain de-
sign commitments, the artefact’s behavior is influ-
enced, e.g, defining the material of a component to be
thermoplastic results in the component not being able
to conduct electricity during the “use” phase;

2.4. Intentional and unintentional consequences

visualize a number of scenarios resulting fregnthesis- 3. new decision spacghe creation of a new decision
decision commitmentas explained in Borg and Ya1997), space in the same or different life phases; for instance
consequences can be glassmed by thmensionsillus- the design commitment to use aluminum as a material
trated in Figure 6. Thenintended consequenceB’ and gives rise to a decision space of size, shape, etc. The
'D’) are those consequences that the designer is not aware  sjze and the shape of the cross section of the compo-
of when committing the design decision. It is this type of nent is determined by the material type, given strength
decision consequences that the designer needs to be made requirements. What fabrication process can be em-
aware of for design guidance. If the unintended conse- ployed for aluminum?
g?:;?: tl)zmade known to the designer and is then consid- 4. introduction ohew artefact life-phase constrairtte-
' cause of decision commitments; for instance, the def-
¢ good then it provides additional benefits that may as- inition of a thermoplastic material for a component
sist the designer in reinforcing the decision commit- restricts the set of assembly techniques and the fabri-
ment being made; cation processes that can be used, for example, the com-
Component Design Mould Tool Design Realization Use
Circular Hole 200mm-+ g«- Upper-plate
Shrinkage Factor ) 1
2w©mm ® / o @ plastic part s e
] s/ I

<alover-plate W\eld line defects W\eak structure

\ b il \j\

Fig. 5. Typical component design propagation effect.
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Fig. 6. Dimensions of decision consequen¢Besrg and Yan 199y

J.C. Borg et al.

During the course of the design process, the designer
reaches stages where/Bbe has a decision quefi) with
a number of possible solution optiof®}, that is, a deci-
sion proposal BO}. From the arguments presented earlier,
this set of optiongO} frequently consist of reusable Prod-
uct Design Element&PDES9, such as form features and as-
sembly features. Given this set of options, the designer
engages in a decision-making procéBP) to select one
of the alternatives from the set. During the DMP, the de-
signers would consider a number of issues, such as circum-
stances and preferences. Following these considerations, the
designer would explicitly select one of the options through
a commitment actionresulting in a decision commitment
[d]z{O} to the evolving artefact model. As presented in Fig-
ure 7, all solution spaceptionsknown at the time of mak-

ponent cannot be fabricated with a spark-erosionng the decision commitment are included in the s¢Op
machine. Similarly, the dimensional tolerance that canThis fits in well with variant andadaptivedesign(Pahl &

be attained is restricted.

Beitz, 1996. For creative design, new, additional options
(e.g., a new materiphre generated and included in the set

Therefore, making designers aware of the unintended lifeef options of the decision proposal. The decision commit-
cycle consequences is useful for exploring artefact life opment[d]c{O} itself, that is, the option selected can result in

portunities and for avoiding or relaxing problematic

a new decision spad®). For instance, selecting a circular

consequences. Revealing the unintended consequenceshi@e, gives rise to a set of decisiofi@hat radius? What

thus a necessity foguiding designers in taking a host of
component life issues into consideratieiengenerating
and exploring component design solutions.

3. PHENOMENA MODEL

center-point? What depth? What orientation_angl&3ch
member of the set of decisions is a new decision qUBy
having its own set of options. For instance, the set of op-
tions for the decision proposal about thentation_angle
range from O to 360

This section will present the phenomena model derived irg 5 Notation of decision commitment

this research, outliningowlife-cycle consequences are gen-

erated during component synthesis. To aid understanding,he following notation is introduced to formally character-

decision—commitment formalization is introduced next.

3.1. Decision-commitment formalization

The design decisions of interest to this paper are those that
result in the generation of the artefact model: that is, syn-
thesis decision commitments. The synthesis commitment

view of the design process will be described through
Figure 7.

Part_of Artefact
—— Model
o~ = Commitment ~ ‘
O > Action O
o J

\/./

D{O} = Decision proposal
with a set of options

[d] ¢ {O} = Decision
commitment

Fig. 7. Simplistic view of solution evolution in design synthesis.
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ize the decision—commitment process for phenomena mod-
eling purposes:

[a] = ‘a’ is an element that can be directly de-
fined by the designer, such as a PDE; for
example[material;

la] =‘a’ is a class; for example]ferrous
materialg

{a} C {a,p =‘a’is a subset ofa, b
a0—b ='a’is attained by ‘b’, that is, ‘a’ requires
properties ‘b’
a>-—b = ‘a’is suitable for ‘b’

as«— b = a is akind_ofb, that is, ‘a’ inherits from

e
a=b="'a implies ‘b’
a— b="‘a'is apart_of'b’
alb = ‘a’and ‘b’ (conjunction
al0b="'a"or ‘b’ (disjunction

[F] = form feature, for exampléole
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[F,] = assembly feature, for examplenap-fit

[M] = component material, for example,

aluminum;

[P] = A life-phase process, for examplg] =

milling;

D = decision query, for exampl®, = what form
feature? or D= what value for the orien-

tation angle

{O} = a set ofoptions{O} relevant to D; options
include reusable PDEs, for exampl®} =
{circular_hole [ rectangular_hole O

triangular_hole}

393

the parameter orientation angld@s-3607},
but due to some constraint CN [(orien-
tation angle= 45°) AND (orientation an-
gle<180)], the valid decision proposal set
is {45-180}. For a discrete option s¢O}

of the type[a O b Oc], a constrainfCN)
can be CN=[-b];

Based on this notation, it is possible to describe life-cycle
consequence generation formally during decision making.
This greatly facilitates the representation of life-cycle mod-
els in a computer system. Throughout this paper, examples
will be illustrated using this notation.

In early component design, due to lack of complete in-
formation, the designer may prefer to makai@aimum com-

1. An option set can be constrained and mitment This principle of minimum commitments used by

continuouda-hJ; for example, the val-
ues of parametarientation angleange

from [20 to 180], or

Guan and MacCallurtiL995 for geometric modeling, is also
applicable to other aspects of early component design. For
instance, during early design, the designer might not be sure

2. Anoption set can be discrete of the type or concerned with whether to define a snap-fit or fastener

[aOb Oc]; for example, type of mate-
rial: [mild steelO stainless steell duc-

tile cast iron

D{O} = decision proposal: a que(p) being oper-
ated on a set of option©}; for example,
what value for the orientation angld?20

to 180]

assembly feature as part of the solution model, but may pre-
fer to make a minimum commitment by simply adding “non-
permanent bond” to the artefact model. In this case, the
decision commitmenfd]{O} is a minimum commitment
rather than a specific commitment. For instance, in defining
a form feature, a typical scenario is:

D = which form feature type? And

[d]e{O} = explicit decision commitment; that is, the {[F]} = {Opening Protruding} and D {[F]} results in[d]{[F]}

selected option. Informally, this is the op-
tion selectedrom the given option s€0};
for example, if DaOb Oc}, then one type
of [d] could be ‘b’, formally stated as:

[d]lefaObOc} = b;

for example,what value for the orienta-

tion angle?[20 to 180] = 4%°

S={D} = decision space; that issatof decision que-
ries{D}; that is, S={D} = {D, 0D, 0D},
that have to bell considered and eventu-

= Openingthen
S= {D’} = {which type of opening form feature}

this eventually resulting in the need for more specific
commitments such as:

D’ = which type of opening form feature? and
{[F"]} = {circular_hole Orectangular_hole&]triangular_hole}
and D{[F ']} results in[d]g{[F"]} = circular_holethen
S ={D"} = {what radius?C0 what depth?
Owhat orientation angle® what center point?}

ally committed. That is, they are not op- commitments made to the artefact model may result in un-

tional. For instance,

([d]&{[F]} = circular_hol¢ = S={D'}

= {radius?depth?0 orientation angle?

U center point?

intended life-cycle consequences. This new state of knowl-
edge(of life-cycle consequenced)ring design may motivate
the designer to retract the commitment made and consider
other options. Thus, design inherently involves the retrac-
tion of commitments. An explored option is onpartially
deletedfrom the set of options forming part of the decision
proposal QO}. This is because it may be found, afeet-

CN{O} = based on the view that design is a DMP, ploring the consequences associated with other options, that
then a constraint is a restriction on the mem- option is after all the most desirable one. This means that it

bers of the set of option®} forming part
of the decision proposal{®}. Becausg¢O}

can be either continuoys—b] or discrete
type[aOb Oc], constraint§CN) are re-

will be recommitted, unless due to creativity, additional op-
tions are proposed as part of the new &8f. The above
representation clearly provides a vigorous yet flexible way
of modeling the decision commitment process suitable for a

strictions on these type of options; for ex- design solution generation system. As well as supporting
ample, the set of unconstrained values forthe design—decision selection, the approach derived in this
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research therefore also supports the exploration of decision
options.

4. CONSEQUENCES GENERATION MODEL

From research case-study observations, a phenomena model
has been generatéBorg & Yan, 1997. This describes how
life-cycle consequencé& CCs) are generated from synthe-

sis decision commitments made under two different condi-
tions, (see in Fig. 8.

1. Individual commitments
Consequences in this case result during the compo-
nent life due to the presence of individual PDes
LCPES introduced by synthesis decision commit-
ments madéndependentlyf other PDEgor LCPES
present in the artefact life model. That is, a LCC of

this type depends on one specific element commit- o

ment. Considering Figure 8a, this means that given the
set{O,} of elements, the option selected by the de-
signer in this case, that is} pintroduces its associ-
ated consequences of theninteractingype(LCC,,),
schematically shown as ‘x’. Formally, this can be stated
as:

([d]e{O4} = 01 ) = LCCyyi =X’ 1)
A typical example is when a snap-fio}) is selected
from a set of assembly featurf3, }, this individually

results in the consequenEe that “the resulting bond
will be weak,” formally stated as:

([d]g{snap-fitd. . . Oscrewl] adhesivg = snap-fi}

= LCC,; = “weak bond” (2

set(0,3={(0) }
set (0,3 = {(%' ] }

O

Individual elements Interacting elements

Legend
> Non-interacting consequences [ Interacting consequences wzz> Part_of

Fig. 8. Consequence generation phenomena model.
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Using this life-cycle knowledge, a designer is guided
in the selection of PDEs such as form or assembly fea-
tures, by being provided with related and important
life-cycle information.

Individual elements committed can also have other
associated non-interacting consequences. For in-
stance, for the snap-fit example, another conse-
quence is “not good for frequent, repetitive assembly
and dis-assembly.” An example concerning Life-
Cycle Process ElementsCPE) is the decision com-
mitment to opt for an injection molding process, this
resulting in the consequence “mould required,” for-
mally as:

([d]g{[P]} = moulding = LCC,; = “mould required”

)

Interacting commitments

Consequences may result fromambelof specific syn-
thesis commitments. In this case, LCCs depend on a
set of n’life-synthesis commitments whene>1. Con-
sidering Figure 8b, as the design process proceeds,
besides the element gthe designer makes other deci-
sion commitments concerning another set of elements
{0,}. Assuming that the designer selects optidrtbis
introduces its associated consequences of the non-
interacting type, that is, ‘'y.” However, the elements
committed; that is, band @ interact to give rise to a
consequence ‘z’, thus termed arteracting conse-
guence (LCQ. Formally, this can be stated as:

([dle{Os}= 01) O([d]efOs} = 03) = (LCC ='Z")  (4)

A typical example is the set of the following compo-
nent life-synthesis commitments:

([d]e{[Fal} = snap-fiy O ([d]e{[M]} = ABS)
O ([d]g{[P]} = Moulding)
= (LCC; = ‘sink mark defects), (5)

which interact as schematically illustrated in Figure 9
to give rise to the formation of sink mark defects dur-
ing the realization phase. Due to phenomena of inter-
acting commitments, this paper, therefore, argues that
concurrent artefact and life-phase synthesis is a ne-
cessity if designers are to take into consideration these
types of consequences.

This allows them to explore the avoidarice
relaxation of such consequences during form genera-
tion and synthesis. For example, retracting any of the
interacting elementdM], [F,] or[P]) committed will
result in the avoidance of this specific sink-mark de-
fect generation.
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Evolving sub-assembly model seeing and exploring consequences during early compo-
7 nent design.
' 3, 5.1. Noninteracting commitment consequences

L
=)
S

The different PDEs being reused during solution synthesis
can be organized into differekind_of taxonomies, as sche-
matically illustrated in the non-exhaustive classification of
Figure 10. Akind_oftaxonomy allows element®r con-
ceptg at the top of the hierarchy to be more abstract than
those lower down. For instance, we can say instance
[M8] «— |Nuts&Bolts|. A kind_oftaxonomy allows such
elements to be related and organized imlasses A
classis a generalized set of elements. For instance the class
| Fastenerkis a generalization of the sékNuts&bolts|,

Fig. 9. An example of an interacting consequence. | Screwg;. Similarly, the clasgNon-Permanents the gen-
eralization of the sef| Fastenerk | Snap-Fitg}. This also
means that re-usable concepts can be organized into classes
with some classes having sub-classes. Sub-class are differ-

5. KNOWLEDGE MODEL ent from a mathematical subclass; they represent a narrow-
ing of the concepts and an expansion of the information

The reusable PDEs and LCPEs reflect characteristics thabout the concepiWalters & Nielsen, 1988

can be directly defined by designers during concurrent com- The significance of theskind_of taxonomies is that

ponent design. An example is the abstract artefact compdnowledge of consequences resulting from the phenomena

sitional model illustrated in Figure 9. This means that duringof individual commitmentsan be associated to different ab-

solution generation, it is possible for designers to interacstraction levels in the taxonomy. For instance,

with a knowledge model about these elements. The distinc-

tion provided by the phenomena model ashtow conse-  |Fastenerg= (LCC,; = “assembly slow’l “requires hole”

guences are generated from eitledividual or a set of

interactinglife commitments is useful in structuring knowl-

edge of consequences associated to such elements. It alShis philosophy of associating knowledge with relevant

shows that it is not sufficient to use the knowledge modelclasses reduces knowledge duplication, thereby making it

based on shape grammar alone to support designers in forattractive from the point of view of knowledge manage-

I Component model |

Life design process
Set {P}
*Moulding
*Casting

*Drilling Realization Phase Model

0“more parts) (6)

Z

Welded Joints

LEGEND

Fused | | Solid - state

welds welds
-
= Adhesive Class Instance
[ op rive!
arc_welds
kind_of
‘e >y

Cantilever

Fig. 10. Assembly PDEkind_oftaxonomy.
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ment. Thus, there is no need to explicitly specifgduires holé to the specific instancEM8], as this piece of knowledge

will be inherited This mechanism of inheritang&Valters & Nielsen, 198Bprovides a suitable way of organizing the
declarative knowledge of PDEs and LCPEs, and results in a structure with inferential capabilities on knowledge of conse-
guences resulting from the phenomenanalividual commitmentsThis structure also provides designers with the freedom

of making decisions at a specific level of commitment they feel appropriate at the time of synthesis decision making. From
the taxonomy in Figure 10, we know that for example:

[Non-Permanert (LCC,; = “disassembly easy” (7
but for a more specific class, more knowledge is inherited, such as:
| Cantilevet = (LCC,; = “disassembly easyl “weak bond"[] “assembly fast'T] “poor repetitivenesy” (8)

During early design, it may only be possible to makei@imum commitmergpecifying that the assembly feature to be
used is of the nonpermanent type, formally stated as:

(de{[F.]} = [Non-Permanert = (|Non-Permanert> [component_modg)
T T 9

designer’s action update to component model

Then, from Eq(7) the designer would be made aware that
dis-assembly would be easy. This freedom to make mini- On the other hand, the clagBop rivejdemonstrates a
mum commitments is a necessity if designers are to be madzase of having two parent classes within the same taxon-
aware of life-cycle consequences early in the componemmy, that is:

design process. This conceptlahd_oftaxonomies is also

useful when organizing knowledge abaife-Cycle-Process (| Pop rivef « | Semi-Permanetit (| Pop rivef « | Fastenerp.
Elements (LCPEsJor example gnonexhaustiveglassifi-

cation of component fabrication processes is illustrated in (12

Figure 12. A similar taxonomy for disposal phase processes o clasgPop rivef inherits knowledge as described in

is provided in Borg and MacCallurf1997. Eq.(6), and “disassembly easy” as described in&g}.How-
ever, the latter contradicts the knowledge “disassembly dif-
ficult” inherited from the clasgSemi-Permanemnt This
example also highlights that whilst union inheritance facil-
The organization of PDEs and LCPEs ikind_oftaxono- itates knowledge inheritance, thereby reducing knowledge
mies can also take advantageunfion inheritancgWalters  duplication, it still requireknowledge validationThe sys-

& Nielsen, 1988 (Fig. 11). This is useful in situations when tem will provide consistency checking and user prompt for
a class can have more than one parent classes, which csalidation.

belong to either the same or a different taxonomy. An ex-

ample of a class having parent classes belonging to differ- ) _
ent taxonomies isSnap-fitd, 5.3. Interacting commitment consequences

5.2 Union inheritance

Knowledge of consequences resulting from interacting com-
mitments can be modeled by causally relating the relevant
(100  set of interacting commitments to a consequence. As the
commitments reflect PDEs or LCPEs that belong to differ-
Now, entkind_oftaxonomies, this means that these causal mod-
els can be made generic to enable lower classes to be
|Protruding= (LCC,; = “more volume’ (11 considered for any interaction with other commitments. A
well maintained causal structut&an & Sharpe, 199bis
Thus, from(10) and(11), the clasgCantilevel, a subclass of significant importance to allow the derivation of logical
of | Snap-Fitg, will inherit from the Assembly Features’ life-cycle consequences. An example is illustrated in Fig-
taxonomy the knowledge as described in E).together ure 12 for sink-mark defects. In this example, the taxon-
with “more volumeé from the Form Features’ taxonomy, omy “Form Features” is related to the other taxonomies
as highlighted by the bold kind_of relation arrow symbol with the most general class relevant to the sink-mark con-
indicating that the clagsSnap_Fit$is also a kind_ofPro-  sequence; that i$Protruding. Similarly, the taxonomy of
truding| (see Fig. 1L engineering materials is related to the other relevant tax-

(| Snap-fitd e | Non-Permanen} [ (| Snap-fit§ « | Protruding).
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Assembly Feature

Dis-asse,
difficylt

="

Circular_Holes Slots

Int_Threads

Adhesive Screws

Cantilever

Fig. 11. Exploiting the concept of union inheritance.

onomies with the most general class relevant to the sinkbe injection molded. Therefore, this knowledge structure
mark consequence; that |§,hermoplastick The same ap- besides avoiding the duplication of knowledge for conse-
plies to the taxonomy of “Fabrication Processes,” which inquences resulting from interacting commitments, allows de-
this case is related via the clagdoulding|. This means signers to equally makspecificor leastcommitments as
that the same causal rule modeling the formation of sinkdesired at the time of decision making. Adopting the for-
marks is applicable to, for instance, a rib form feature in amalism offered by production rules, this piece of knowl-
component made from a Styron material that is going toedge for interacting commitments can be structured as:

&

Stainless
Steels

Powder Metallurgy

Injection

Fig. 12. Interactions between elements of differé&md_oftaxonomies.
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Causal rulga) Table 2. Typical propagation effects
IF: ( ([M] e | Thermoplasti¢) — [componenf)
. Consequence Life-Phas&ystems Affected Influence
AND ( ([F] e~ |Protrudind) — [componenf)
Assembly slow Assembly, service, disposal Time, cost,
AND ( ([P] e |Moulding]) — [realization_phade quality of service
. Requires Hole Design, realization Time, cost
THEN: LCG = ([S|nk mark defedt_) [componen]) More parts Purchasing, assembly, service  Time, cost,
quality of service
Disassembly easy  Service, disposal Time, cost

5.4. Propagation of consequences

Consider the case depicted in Figure 9. As reflected from
Eq. (3), the specification to use injection moulding results
in the need of a mould tool. The need of a mould tool now
propagates an influence on component form design as a drait
angle needs to be introduced to form features to facilitatd” Table 2.

component ejection. Consider now, the case where in order Thus, by struct_urmg knowled_ge as explained, conse-
to avoid the formation of a sink-mark defect. the Compo_quences propagating across multiple life phases can be made

nent designer decides to explore using an alternative asseljﬁr-mwn to the designer. These examples reflect that life-

A . cycle knowledge has a significant impact on component-
32; er?;];gtt ZZ isnp(é?(fg)mﬁlgx ?rziqo:;?gluibfg instead of life-oriented design. As it provides a basis for performing

more informed decision commitments, this knowledge has
[M8] + | Fastenef (13 an important influence on the final selection of PDEs, such

as form features when designing a component.

then, from Eq(6), one of the noninteracting consequences

inherited isrequires hole Therefore, the introduction of a

bolt to the subassembly also requires the commitment of

circular_hole form feature to the evolving component solu-There are a number of elements that need to form part of

tion, formally: the proposed knowledge structure. Essentially, these are the
elements manipulable by a designer, and can be defined by

(de{[Fal} = [M8]) = (|circular_hold— [componenp. (14)  the following:

quences will contribute their own influence as illustrated

2.5. Elements and typical causal relationships

This shows how the life-cycle knowledge about sink mark ¢ Component modelgorm featuregF]; for example, cir-
defect formed due to protruding thermoplastic snap-fit, can ~ cular hole; assembly featurgs,]; for example, inter-
motivate a designer to explore using an alternative assem- nal thread; feature parametéfs|,; parameter values
bly feature. At the same time, this introduces a circular_ LFlpv: for example, height; feature parameter toler-

hole into the design solution. Now, as illustrated in Figure 12, ~ @ncedT].[F],; component materigM]; for example,
ductile cast iron; surface finisf8F.

circular_hold «s | Openings. (15) o Customer requirements modet®mponent quantities
[Q]; for example[Q]=1000.
This therefore gives rise tor@ew setof commitments that o Life-phase modeidife phase ‘i'{phasg, life phase pro-

according tocausal rule (b)gives rise to the formation of cessegP]; for example, milling; process parameters
weld line defects: [P],; parameter valug®],,,; for example, feedrate; pro-
Causal rulgb) cess performance measufBs/][P]; for example, time

of milling; process technologhP],; for example, chip
formation for material removal type of fabrication pro-
AND  ([F] > [Openingg) — [componenk cesses; and process economic quantity; for example,
[Moulding][Q]economic= 10,000.

IF: ([M] e | Thermoplasti¢) — [component

AND  ([P] e |Injection|) — [realization_phage

THEN: LCC = ([weld line defect — [componenf) As an example of the utility of the established relationships
between these elements for inferring consequences, con-

In addition, the bolt brings along its own non-interacting q;qe the relationship between a form feature and the result-
type of consequences, as reflected from H@sand(7), g gecision space ‘S’ related to feature paramef€s,
these being listed in Table 2. For instanoggre partsvi- formally:

olates a design for assemlfigorbet et al., 1991rule there-

fore having an influence on performance measures, such [d]e{[F]} = S{[F]p. (16)
astime, cost andquality of the assembly and purchasing

systems in the realization phase together with the servic®n its own, the relationship in EL6) gives awareness of
system in the use phase. Similarly, the other relevant conconsequences on the design phase itself. This is not suffi-
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cient to support component life-oriented design. This is be-([d]g{[F]} « circular_hol¢ O ([d]g{[M]} «> thermoplastig 0
cause a form feature can be applied to different components

made from different raw materials. Therefore, depending ~ ([dlet[P]} « moulding

on the component material specifieglg, ABS thermoplas-
tic vs. sheet metalthe life-cycle consequences will be dif-
ferent due to the different technical processes that can bglaking specific commitments to the hole parameters can
employed during the realization phase. Thus, relationshipeveal more specific consequences. For instance, specify-
(16) can be expanded to cater for the material specified tang an oblique orientation angle to the circular_hole re-
the component, this inferring the need of making a deciquires the core-pin introduced in E@5) to be also oblique.
sion concerning a set of compatible fabrication processeshe consequences of this include a dearer mould cost, lon-

= (| core-pin— [mould tool). (25)

[P], formally: ger injection moulding time and thus longer production runs.
Making these consequences known is beneficial to moti-
[dle{[F]} O[d]e{[M]} = D{[P]} O S{[F]p}. (17) vate the exploration of an alternative value for the angle to

) ) ) _avoid/relax such consequences. Also, if 9000 such compo-
An example is adding a circular_hole to a thermoplastic,qnts are required, then

component:

d = 9000 = =900 h 26
([d]g{[F]} e circular_hole = (| circular_hold— [componenf), (lee]le] 0=(al 0 <phaseuse 29

Now, from Eqs(26), (23) and(22), relationshipg21) can be
used to infer that the use of injection moulding process is
this from Eq.(17) revealing the decision spacdv@hat ra- not ec_:onomically feasible and should therefore k_)e retracted,
dius? what depth? what center point? what arjgée®l a in which case Eq923) and(24) are no longer valid. These

decision query(D) concerning possible fabrication pro- examples reflect the significance of concurrently exploring
cesse$P], such as component and the life-phase solutions to harmonize the

component’s form design with a host of total life issues.

(18

D{drilling O moulding. (29

Anoth lationshi th . titi 6. CONSEQUENCE AWARENESS DESIGN
nother relationship concerns the economic quantities as- oy NTHESIS APPROACH

sociated with a technical process and its relationship with

the quantities required by customers, As previously argued, many well-developed concepts, PDEs
and LCPEs are commonly reused during the design and de-
[P] >— [Qleconomic (200 velopment of components. The design phase is the phase

wherethe majority of component life commitments are made.

[Q] < [Qleconomic= ~ [de[P]. (2D Thus, as illustrated in Figure 13, during concurrent compo-

. nent synthesis, a designer could intergté with a li-
Assume that for example it is known that: y g atep 1

([P] = Injection_moulding >—[Q =10,00Q (22

and that for the case in E¢L9), the designer commits: &“l"egug 9= L Knowledge model
([dg]{drilling O moulding = moulding Design >;
Realization| X P
= ([P]=moulding — <phasé>geaLizarioN - (23 Use |V
Disposal J

During early design, the designer may not be in a position
to commit values to the hole parameters introduced by—--#-------------------- :
Eqg.(18) due to Eq(17). However, at this level of commit- |8 |

ment, the designer would still be made aware of conse
guences, such as the formation of weld line defects as
reflected through causal rul®) and the need of a mould
tool from Eq.(3), resulting in:

Component model

[mould tool— <phasé>geaLization - (24) S
A hole in a component that is going to be injection molded,

requires a core-pin in the m9U|d tool. This provides a piecerig. 13. Knowledge of consequences approach to design synthesis for
of causal knowledge modeling concurrency, multi-X.
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brary of PDEs including form and assembly features, andnvironment required additional programming. Also, CLIPS
LCPEs organized ikind_oftaxonomies, to generate com- does not readily support the concurrent generation of com-
ponent and life phase compositional models. Besides haypositional models of component and life-phase models. This
ing knowledge ofnoninteractingconsequences associated required additional programming to provide a sioaft_of’

to the different abstraction levels, these taxonomies will beio the frame describing different PDASCPES, which is ap-
causally related to model consequences ofithieracting  propriately updated when an elementis instantiated and then
type as explained in the previous section. Through the knowlassociated with some model during solution synthesis. The
edge structure proposed, the designer can select an elemeaxploratory nature of component life design involves deci-
from a set of alternatives at either a least or specific level osion commitment and retraction, and this requirath main-
commitment. tenanceof the causal relationshiggan, 1995 for:

When an element is committed to the evolving compo-
nent solution mode(step 2 life cycle consequence knowl-
edge within, the knowledge model works independently in
the backgroundfrom the designer, inferringstep 3 the
relevant interacting and noninteracting consequences influ-
encing the performance measures of different life phases.
Hence, by interacting with such a life-cycle knowledge
model, the designer becomes awéstep 4 of unintended
consequenceduring solution generation. Providing aware-
ness of which commitments give rise to a consequence en-
ables the designers to avoid or relax the consequence, by
exploring the commitment of alternative elements, or mod-
ifying the parameter values of the currently selected de-
sign element.

e consequencesetracting a commitment from a set of
interacting commitments should be reflected by a re-
traction of the consequence. This was achieved in
FORESEE by modeling the consequence facts in the
expert system to bgically dependentn the set of
interacting elements committed to the evolving solu-
tion model.

¢ performance measurel due to the retraction of cer-
tain element, an interacting afar noninteracting con-
sequence is retracted, then the values of the affected
performance measures need to be updated.

e component and life-phase modedgnthesis decisions
resulting in a change to the component model may re-
quire an update to a life-phase model. For instance,
changing the material of a thermoplastic component re-

7. KICAD prototype implementation sults in a change in the shrinkage factor value, leading

To experiment with the knowledge structure and estab- to changes to the mould tool dimensions.

lished relationships, a prototype Knowledge Int_ensive CAD The major requirements of a KICAD tool that provides
.(KICC‘VI.D )dsystem, n_amed F?RngEE,Shas beein 'mflem?rnﬁegwareness of life-cycle consequences and supports artefact
In a Windows environment o expert system. 1Ne;z exploration during component solution generation are

domain selected for experimentation was the conceptual d yutlined in Table 3. The table also shows the extent to which

sign of thermoplastic components. Due to the usefulness %hese requirements have been met by FORESEE
kind_oftaxonomies and inheritancérames(Walters & '

Nielsen, 1988 provided a useful knowledge representation
scheme for PDEs and LCPEs, although as highlighted by

Kerr (1993, they only handle taxonomies with fixed per- Table 3. KICAD requirements
spectives. For handling interacting commitments, FORE

SEE employdrame-based reasoning/Valters & Nielsen,  Requirement Foresee
1988, useful fo_r mOdeI_mg causality be_tween mter_actlng eI'Supports the reuse of artefact life conce¢ptdutions(e.g, e
ements belonging to different abstraction levels kiral _of PDEs, LCPES

taxonomy and life-cycle consequences. In this reasoning apAust support inaccurate and incomplete commitments el
proach, goroduction ruleknowledge representation scheme Must support the evolution of the design solution model ' I
reasons about the characteristics of a frame by referring tﬁf‘“St support concurrent artefact and life-phase synthesis 1~
. . he system should provide intelligent, proactive consequence 1.~
its slot values as illustrated through causal ri@snd(b). AWAreness

Classes use a slot to store known noninteracting conthe system should provide intelligent consequence »
sequencesLCC,;). With Clips, theslot name“conse- avoidance support
quences” used to declare knowledge about the differengupports the dynamic evolution of knowledgef v
PDEYLCPEs classes is inherited, and so is any defauuf S?hnfne;:fenncaensce of consequences, models, performance 1.7~
knowledge associated with a parent class. However, the slo{measures a ’ P
content(knowledge inherited by a class is not readic-  support the concurrent awareness of multiple life phase s
cumulatedo other knowledge stored in the subclasses. This performance
is necessary for supporting both least or specific commitMaintain a decision commitment and consequence history 17~
ments and for minimizing knowledge duplication. Achiev-
ing this form of inheritance capability in the CLIPS w7 = supportedy = partially supported; ank = not supported.
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Table 4. Evaluation results (%)

Evaluation Criteria Yes No Other
Made aware of LCCs with an incomplete solution 96 0 (ndt sure¢
Made aware of LCCs with an imprecise solution 74 9 17
Made aware of multiple and interacting LCCs 64 4 (32gmented
Made aware with component life specific LCCs 45 24 (8tlution orientedl
Motivated to explore due to awareness of LCCs 87 0 (ri& sure
Awareness of LCCs assist committing decisions more consciously 83 0 (notBure
8. EVALUATION provided in Table 4. Major concerns reported in these dem-

onstrations were:

Formal demonstrations of the knowledge intensive compo-
nent synthesis and exploration approach were carried out e the problem of acquiring the relevant knowledge whose
using FORESEE, with a total of 23 individuals. A mixture source igpublicandprivate(Walters & Nielsen, 1988
of academic researche®) , practicing/consulting design- internal andexternalto an organization;
ers(7), and postgraduate studeii®, was used to acquire e some felt the simultaneous report of consequences
an unbiased assessment of the support resulting from the across a number of life phases disturbs their ability to
“knowledge of consequences” based approach to compo- focus on individual issues;
nent synthesis. o the lack of a graphical representation of the evolv-

The demonstration showed the synthesis and explora- ing component design solution does not fit in with the
tion of a thermoplastic component life solution. During the way designers traditionally visualize early solution
demonstration, the evaluators could ask for changes to the concepts;
solution and could observe the consequences. Following e the graphical user interfadeee Fig. 14is difficult to
the demonstration, each evaluator was given a structured manipulate. Users need to learn tlamguageof the
interview. A summary of the results of the interviews are system; and

"5‘ FORESEE - Component Life Design EICAD System

(g Comp O Phace Defiriion  View LisModel  Providenice Flenuds  Enowladoe Mansgement  Help
(o Gddbaeal e ;
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T et ETTIND

- Gams Parmanant ¥ Jre— [ =

= Bemove Fomuidssembl; Fastiots Howly Detnas ;mﬂ, 4 |Current Consequences List
COMPONENT Foemed_Thoaady

=-<—|SN.APF|:' 2] Design Name: ENCLOSURE

I - Date: 6/5/1958
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|
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I
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Fig. 14. FORESEE prototype.
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o the difficulty of comparing alternative solutions as the Brown, D.(1996. Which way to KIC? IFIP TC5 WG5.2nt. Conf. Knowl-
current implementation only handles one component €dge Intensive CApp. 291-295. Chapman & Hall, Camegie Mellon
. . . University, Pittsburgh, Pennsylvania.
life solution at a time. Cleetus, K.J(1993. Virtual team framework and support technology. In
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