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Abstract. Design rationale comprises information from two aspects: informa-
tion about decision making and information about the artifact itself. This paper
presents an approach of representation and reuse of design rationale for design
decision-making. The relations between design description and design decision
are analyzed and the conditions for consistence are given. The ontologies for
design rationale representation are described. The constraints of consistence are
deducted based on the conditions and the design rationale model. A system for
presentation and reuse of design knowledge and design rationale is developed.
The method described in this paper was used to develop a system, which is ap-
plied to presentation and reuse of design knowledge and design rationale for a
railway vehicle bogie design.
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1 Introductidn ;

Knowledge about the rationale for a design—how and why a device is designed as it
is—can be valuable, but is difficult to capture in reusable form. A design rationale is
an explanation of how and why an artifact, or some portion of it, is designed the way
it is. A design rationale is a description of the reasoning justifying the resulting de-
sign—how structures achieve functions, why particular structures are chosen over
alternatives, and what behavior is expected under what operating conditions. In short,
a design rationale explains the “why” of a design by describing what the artifact is,
what it is supposed to do, and how it got to be designed that way [1].

Design rationale represents design knowledge that is used by people—possibly as-
sisted by interactive computer aids—for engineering tasks including manufacturing,
verification, diagnosis, and redesign. In current engineering practice, this knowledge
is often lost because designers forget it, leave the project, or are inaccessible in a
large organization.
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The design documentation at present focuses on the data about “how to implement
the design artifact”, while the information about “why the product is designed as it is”
is iznored. These information is believed to be as important as implementation data. It
h;“;;\s to support design reasoning, to facilitate design communication and to further
Jesign knowledge accumulation and development so that the quality and efficiency of
pmJuct design are improved and the product competence of enterprises are enhanced.
Design rationale (DR) research is exploring the representation, capture and uses of
these; information. Explicitly represented rationale can help individual designers clar-
ify their thinking about a design [2-6]. Perhaps more importantly, rationale capture
can support design by concurrent engineering (CE) teams over time. The reasoning
behind decisions becomes available for all team members to critique and augment.
Most existing rationale capture approaches support only individual users and are thus
not suited 1o team contexts.

Representing design rationale requires that one explicitly document the reasoning
and argumentation in design 7). Szykman er al. [8] presented two fundamental repre-
sentations of design rationale. First is the notion of design rationale as the recording
of the design intent of an artifact. For example, in traditional mechanical design,
rationale might include a functional description, geometric or assembly constraints
and performance criteriaThe second view is of design rationale as a record of the
design process, the communications among agents, the decision-making that occurs,
as well as the decision-making process. This view of rationale has been often studied
in the software design and computer-supported collaborative work communities,
where one goal is to support organizational intelligence and group decision making.

This paper is to solve the problem of “how to represent and reuse design rationale
in collaborative product design™ based on a combination of current design rationale
research and engineering practices in manufacturing enterprises. The relations be-
tween design description and design decision are analyzed and the conditions for
consistence are given. A system is developed and applied to presentation and reuse of
design knowledge and design rationale for a railway vehicle bogie design.

2 Representation of Design Knowledge and Design Rationale

Multidisciplinary collaborative design is a methodology for the design of complex
coupled systems, in which the synergistic effects of coupling between various inter-
acting disciplines are explored. These subsystems are usually geographically distrib-
uted and implemented in different computers to support complex design projects
carried out in multidisciplinary teams contexts. ‘

Multidisciplinary designers are no longer merely exchanging geometric data, but
more general knowledge about design and the product development process, includ-
ing specifications, design rules, design constraints, and design rationale. Furthermore,
this exchange of knowledge often crosses corporate boundaries. As design becomes
increasingly knowledge-intensive and collaborative, the need for computational
frameworks to enable engineering product development, by effectively supporting the
formal representation, capture, retrieval and reuse of product knowledge, becomes
more critical.
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Desigr} ratignale comprises information from two aspects: information about deci-
sion making (issues, alternatives, criteria, objectives) and information about the arti-
fact itself (req}lirements, function, structure, behavior). To support the four kinds of
computer services, we build an integrated information model of the two aspects. The
model is illustrated in Fig. 1. The concepts and relations between them are explained

as follows.
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Fig.1. The design rationale model.

Requirement: The specification describing the function, structure and behavior of
the design. It can be divided into criterion and constraint.

Criterion: The expectation for measurable product properties, such as cost, manu-
facturability, safety, etc.

Issue: A decision problem. It involves a choice among a set of alternatives, rele-
vant criteria, and information used to compute the utilities of the alternatives in terms
of criteria.

Alternative: The description of design or some part of it. Decisions are choices
among alternatives.

Constraint: An expression specifying a limit on the range of values of one or more
parameters.

Parameter: A variable describing some property of design artifact. Parameters can
describe the function, constraint and behavior of the design.

Part: Elements composing of product design. It can be components, assemblies, or
subsystems.

Function: Expected behavior of design artifact in some operation environments.

Structure: The physical and/or logical composition of an artifact, typically in terms
of composition of parts, and connection topologies. Structure description is the basis
for realizing the artifact and is depicted with schematics or drawings.

Behavior: States and changes of the artifact in some operation environment. Be-
havior descriptions are relations over quantities of parameters if states are described

by these parameters.
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Dependency: Determination relations between design element (such as paramecters.
requirements, constraints and issues). The relations are unidirectional. Dependency
management is necessary because design reuse must involve design modifications.

These concepts and relations between them form the core of design rationale
model.

The ontologies to describe design rationale model using Unified Modeling Lan-
guage notations is shown in Fig. 2. The model comprised six modules:

1) Product module,

2) Process module,

3) Requirement and Function module,

4) Issue and Decision module,

5) Knowledge resource module,

6) Organization module.

Product. Process, Organization and Knowledge Resource modules provide design
rationale context constructs. The other two modules provide design rationale structure
constructs.
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Fig. 2. The ontologies to describe design rationale model.

The objects and relations in the model are explained concisely as follows:

1) Product module. In this module, Products are composed of subsystems. Subsys-
tems are composed of Parts. There are two kinds of Parts: Components are indecom-
posable and Assemblies are composed of Components and subassemblies.

2) Process module.{ln this module, Processes are composed of Subprocesses. Sub-
processes are composed of Activities and sub-Subprocesses. Activities can not be
divided further. We define five kind of Activity: Plan, Analyze, Data Collect, Gener-
ate and Evaluate. Iteration is modeled as a kind of Subprocess.
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3) Requirement and Function module. In this module, Requirements and Functions
can be decomposed to more specific Requirements and Functions. Requirements are
distinguisl?ed as initial requirements and derived requirements. Initial requirements
are explicit statements of customers. Derived requirements are derived from initial
requirements during the design process. Functional demands, Objectives, and Con-
straints can be extracted from Requirements.

4) Issue and Decision module. In this module. An Issue can be divided into several
sub-Issues, or rcspopded by one or more Alternative solutions. Each alternative solu-
tion may raise new issues. For each solution, one or more Evaluation may support or
oppose to it. Evaluations have their Contexts, which can be designer’s Assumptions
or existing Evidences. Decisions record the solutions selected and decision rationale.
Conflicts are treated as unexpected Issues.

5) Knowledge Resource module. We have defined three kinds of Knowledge Re-
sources in this module, which are Expert, Tool and Media.

6) Organization module. In this module, Enterprise is composed of Organizational
Units, which can be divided into sub-units. Organizational units are finally composed
of Agents.

The parts, requirements, functions, knowledge resources, activity and agents are
explicitly modeled, so intelligent information retrieval can be performed. The corre-
sponded relations between the requirements, functions and parts and their evolution
during the design process are also explicitly modeled so that effective requirements
management can be performed. The multiple views to present design rationale can
also be constructed on the information model.

3 Consistent Analysis of Design Rationale for Design Decision-
Making

For reuse of design ration. the consistent of design rationale should be analyzed. The
consistent analysis algorithm of design rationale can be described as:

Procedure Consistence-Checking(Rationale dr)
Begin
/*Decision behaviour checking*/
/*Constraints for feasibility*/
Fcr i From 1 to M=total number of alternatives Do
IF (selected(A,) And totalEvaluation(A,)<0) Then
Print (“feasibility constraints violated!”,i);
Break;
/*Constraints for optimality*/
For i From 1 to M=total number of issues Do
For j From 1 To N=total number of alternatives of
Issue i Do
If (selected(A)) And totalEvaluation(A,)!
=maxTotalEvaluation (I ))) Then
Print (“optimality constraints violated!” 1) ;
Break;
/*Decision content checking*/
/*Constraints for requirements*/
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For i From 1 to M=total number of requirements Do
IF (decomposed(R,) Then
For j From 1 To N=total number of keywords of R, Do
If (notContainedIn (K, keywords
(subRequirements (R,)))) Then
Print (“requirement constraints violated!”,i);
Break;
IF (generated (R;) Then
For j From 1 To N=total number of keywords of R, Do
if(notContainedIn(&,keywords
(generatedIssues (R;)))) Then
Print (“requirement constraints violated!”,1i);
Break;
/*Constraints for issues*/
For i From 1 to M=total number of issues Do

IF (decomposed (I,) Then

For j From 1 To N=total number of keywords of I, Do
If(notContainedIn(Kwkeywords(subIssues(R))))
Then
Print (“issue constraints violated!”,i);

Break; :
IF (responded (I,) Then
For j From 1 To N=total number of keywords of I, Do
If(notContainedIn(Kﬂkeywords
(respondedAlternatives(I,)))) Then
Print (“issue constraints violated!”,i);
Break;
If(notContainedIn(Kﬁ,keywords
(relatedCriteria(I,)))) Then
Print (“*issue constraints violated!”,i) :
Break; ;
/*Constraints for alternatives*/
For i From 1 to M=total number of alternatives Do

For h From 1 To L=total number of derived Issues of A,

Do flag=0;

For j From 1 To N=total number of keywords of I, Do
If (containedIn (K, keywords (derivedIssues (A;,h))))
Then flag=1;

Break;
If (flag==0) Then
Print (“*alternative constraints violated!”, i)
Break;
For i From 1 to M=total number of alternatives Do
flag=0;

For j From 1 To N=total number of keywords of A, Do
If (containedIn (K, keywords (relatedArgument (A,))))
Then flag=1;

Break;

If (flag==0) Then

Print (*alternative constraints violated!”,i)

Break;

/*Constraints for criteriax/
For i From 1 to M=total number of criteria Do
flag=0;
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For j From 1 To N=total number of keywords of C, Do
If(containedIn(&,keywords(relatedArguments(CJ)))
Then flag=1; :
Break;
If (flag==0) Then
Print (“criterion constraints violated!”, i)
Break;

End

4 System and Application

We develop a system for presentation and reuse of design rationale. The functionality
of the system includes three aspects: design rationale capture, design rationale brows-
ing and design rationale query.

1) The capturing of design rationale should be integrated firmly with design proc-
ess so that designers could record and index design rationale information while per-
forming design tasks. The tools of requirements management are integrated into the
design process support system. The structure of design rationale information is
formed during capturing with the support tools. The contexts of design rationale are
generated from the design activities. The contents of design rationale are indexed
according to domain ontologies by the designers interactively.

2) Design rationale is browsed through multiple views. Each view presents some
aspects of the contents, structure and contexts of the design rationale information so
that the access to design rationale information resources can be guided.

3) Design rationale can be queried by its properties, contexts and contents. The in-
formation can be browsed through proper views after the instances are found by
query.

The architecture of the system has three levels:

1) Application level. In this level, the tools of design rationale capturing, browsing
and querying are integrated with design process support system. Services are actively
provided according to specific design task.

2) Description level. In this level, design rationale information is described based
on ontologies. The contexts of design rationale information are described using enter-
prise ontology, including departments, processes, and activities, etc. The basic prop-
erties of design rationale information are described using information ontology, in-
cluding media, abstract level, etc. The contents of design rationale information are
described using domain ontology to specify domain keywords. These descriptions are
the basis for intelligent information retrieval.

3) Object level. This level is comprised of several kinds of design rationale infor-
mation instances. Instance classes include issues, parts, documents, requirements, etc.

Following is an example to illustrate how to application the methods and system to
design of a railway vehicle bogie. The bogie in the example is shown in Fig. 3.
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Fig.3. An example of bogie design.

In this example, issues, alternatives, criteria and related document objects are in-
dexed using enterprise ontology, information ontology and domain ontology so that
intelligent information retrieval can be performed. The contexts of design rationale
information are described using enterprise ontology, including departments, processes,
and activities, etc. The basic properties of design rationale information are described
using information ontology, including media, abstract level, etc. The contents of de-
sign history information are described using domain ontology to specify domain key-
words. The design rationale information instance is described as follows.

Class: Issue

Name : Spring selection

Media: Text

Abstract level: Qualitative

Requirement: Stability, safety

Function: Load allocation, concussion alleviation,
moving stability assurance

Product: Australian food car

Subsystem: Bogie

Part: Spring

Progess: Australian food car development

Activity: Bogie spring design

Department : Design department

Designer: J Zhang

Keywords: Freight car bogie, spring, elasticity,
concussion alleviation

Sub-issue: None

Super-issue: Freight car bogies design

Solutions: Round spring

Decision support by multi-attribute utility theory is provided to avoid personal bias.
For_ each decision issue, there are a set of criteria and an objective function to let the
designer to select between alternatives. Criteria include aspects such as cost, safety,
manufacturability, etc. Each alternative is evaluated against the criteria and given an
ev.alu_ation point based on the objective function, which makes a trade-off between
criteria. Different criterion will have different power in the objective function and the
power may change due to different requirements. Facts and assumptions which lead
to the evaluation point are also recorded.
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5 Conclusions

This paper presents a method of representation, reuse and consistent analysis of
design knowledge and design rationale. By describing design rationale information
with homogeneous ontologies, heterogeneous engineering information sources can be
accessed uniformly. This ontology-based approach overcomes knowledge acquisition
bottlenecks of design rationale system construction. The consistence is deducted
based on the conditions and the design rationale model. The scheme of representation
and consistent analysis is the basis for design decision-making.
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