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ABSTRACT

A CONTEXT-AWARE INFERENCE SYSTEM,
TO CAPTURE DESIGN RATIONALE

FROM LEGACY CAD

Publication No.
Ganeshram Ramiji lyer, PhD.
The University of Texas at Arlington, 2007

Supervising Professor: Dr. Venkat Devarajan

There exist numerous design rationale systems twivert captured
information into structured design rationale wipleviding rationale representation and
retrieval. These systems woefully neglect the desagionale that is present in legacy
CAD such as 2D drawings and 3D models. The digsemtaddresses the issues that
arise when dealing with the capture, representadiath retrieval of design rationale
from the 2D legacy CAD data, specifically the nonafi related data (e.g. text and
symbols). A definition for design rationale in tiAD domain is presented which
forms the basis of the proposed approach. The appbrases a unique context-aware

inference system to capture design rationale fregady CAD data. A brief explanation
\Y



of context is provided along with the advantagessing context for this task. The need
and use of an inference system is detailed. Aduatly a prototype system is
implemented to address these issues from a softegséem point of view. A
verification process is suggested that will valed#ie design rationale captured by the

system to that captured by human re-designers.
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CHAPTER 1

INTRODUCTION

1.1 Background

The use of CAD/CAE in design documentation and rliodeis becoming
ubiquitous [1]. Feature-based CAD systems have dstrated clear potential for
creating attractive design environments and fatifiy geometric reasoning related to
design function, performance evaluation, manufacgurprocess planning, NC
programming and other engineering tasks. In thedesade, interest in design rationale
systems has grown. Design rationale systems arertenp tools because they can
include not only the reasons behind a design decisut also the justification for it, the
other alternatives considered, the tradeoffs evatljaand the argumentation that led to
the decision. The use of a design rationale systentool for capturing and making
design rationale easily accessible - can thus iwgrdependency management,
collaboration, reuse, maintenance, learning, anclmentation. On the down side,
while it was expected that solid modelling or dasrgtionale systems would replace
drafting systems in design, this turned out to Ib®tthe case. Even today, most CAD
applications are based on two-dimensional draftBfzah [2] states that the reason for
this failure is the deficiency of the geometric rathcig tools. As the design and the

manufacturing process evolve around the geometiapes of the product, the current



generation of CAD systems is based on geometric efiing techniques. These
techniques have proved to be deficient as theifulrsess is limited to recording the
embodiment detail of the product. Unfortunatelyigiesrs no longer merely exchange
geometric data but need to share more generahnattwn about the product such as the
design rationale, constraints, specifications arathufacturing knowledge. As design
becomes increasingly knowledge intensive, the rieed¢omputational frameworks to
effectively support the formal representation, oapt retrieval and reuse of product
knowledge/design rationale, becomes more criti8al Commercial and governmental
entities looking to use design rationale systemsnjorove their product development
process, have to deal with the bulk of the desajiomale that resides in their current
design data, such as the 2-dimensional drawings désign rationale needs to be
propagated to a more reusable, intelligent anctistred format such as those used by
design rationale or knowledge-based systems.

1.2 What is MCAD and legacy MCAD?

Before stating the overall problem section provitles necessary background
on Mechanical Computer-aided Design (MCAD) and ¢ggslCAD. MCAD normally
refers to geometry authoring tools primarily usedreate detailed designs in numerous
mechanical domains such as automotive, aerosphipepsilding etc. Legacy MCAD
refers to the two main formats viz. 2-dimensior2D) drawings and 3-dimensional
(3D) models used by MCAD tools to store detailedigies. 2D drawings contain CAD
entities such as points, lines, arcs, circlesnsglietc. in addition to text and symbols.

3D models on the other hand are composed of CARiensuch as edges, surfaces,



solids etc. If the 3D model is parametric thenlsibacontains features, parts and sub-
assemblies which are composed of the lower leveD @Atities mentioned previously.
The text contained in the legacy CAD indicate noteaterials, dimensions, tolerances,
company-, project-, design-, designer info, surfacesh etc. The geometry indicates

shape, alternatives, dimensions, tolerances etc.
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Figure 1.1: Representative 2D drawing with releveaments highlighted
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Figure 1.2: Representative 3D model with relevégments highlighted
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There are numerous CAD systems that support tvesdarmats. Autodesk’s
AutoCAD software is probably the most used 2D dregwproduct in the market with
Autodesk’s proprietary DWG the most common storéigge format. Autodesk has
another file format termed the Drawing Exchangentadr(DXF) that is ASCII based.
The 3D market has many players such as Dassaukrsgs’ CATIA and SolidWorks,
UGS, PTC’s Pro/Engineer, Autodesk’s Inventor etc.

This dissertation addresses 2D formats, althoughntkthods and hypothesis
stated could easily apply to 3D formats too. Wigards to file formats the proposed
approach should work with all the proprietary fotma@f the commercial systems
though intermediate translators may have to betemito allow entity extraction. The
two file formats directly targeted are the DXF ahé DWG. The DXF file primarily
stores 2D drawings and although 3D is also possibBXF the current dissertation
does not address that specific format. To han@ieDW G file format, existing software
provided by Autodesk to convert the DWG file to DX¢-used. There is no loss of
necessary information in this conversion process aence deemed acceptable. In
addition to serving as a storage format for geoynédxt and symbols the DXF file also
provides manageability objects such as groups aydrd. To provide a brief
explanation of these manageability objects condigemeed to separate entities based
on their type i.e. by placing the geometry and txtdifferent layers the user can use
the properties of the layers such as visibility iiew either the layer containing

geometry or the layer containing text or both stamgously.



1.3 Overall Problem

The origin of the problem addressed in this dissiem comes from the U.S
Army the Tank Automotive Research, Development dfagineering Centre’s
(TARDEC) Tank Automotive and Armaments Command (TA@) department. It was
claimed that the manufacturing team from TACOM weeductant to move to 3-
dimensional (3D) solid models from 2-dimensiondD)2irawings. One primary reason
stated was the lack of design rationale in the 3ddets that was available in 2D
drawings. The lack of this information in the 3D dets may have something to do with
the manner in which these 3D models were createghaced with 2D drawings.

2D CAD systems such as AutoCAD primarily provide tirafters with tools to
replicate in digital format the paper and Mylar édblueprints that used to store design
artifact information. These paper and Mylar basédefrints were considered as
storehouses of all design decisions and informatith regards to the various artifacts
that were designed. Using a variety of techniques @s scanning of paper blueprints
to digital raster formats and then converting thster formats to vector formats using
software such as VPHybridCAD®©. These vector formatye usually available in
commonly available file formats such as AutoCADmrietary DWG or the DXF
format, which were both primarily 2D. Since the mgwareated vector-based, digital 2D
drawings were facsimiles of the original paper phugs these new 2D drawings were
now the storehouses of the design decisions thag eantained in the paper blueprints.
But 2D drawings and the CAD tools used to creatmtle.g. AutoCAD had many

problems viz. possibility of creating ambiguous metry, non-parametric geometry,



non-associative dimensions etc. To address thesblgons 3D modeling MCAD
(Mechanical Computer-aided design/drafting) systemese introduced that created
parametric, unambiguous, feature-based models. ake tdvantage of these new
functionalities designers and corporations begamvexing their 2D drawings to 3D
models. But 3D MCAD systems use a very differegiola of the artifacts as compared
to the 2D drawings. The 3D CAD systems focus pritpasn the geometry while
incorporating the non-geometric elements in arbytraanners. Additionally the process
of converting 2D drawings to 3D models largely iggtbthe non-geometric information
stored in the 2D drawings.

These two reasons account for the lack of the remmgtric information in the
3D models that was present in the 2D drawings het dlaim made by TACOM
manufacturers was that they could capture desigonede from 2D drawings that they
could not from 3D models. To validate this claindaddress the need of a method to
move design rationale from 2D drawings to 3D madal$Small Business Innovation
Research (SBIR) proposal was submitted in collabmravith Imagecom Inc, which
was awarded to Imagecom Inc in 2004.

The overall problem that this dissertation addresstems from this SBIR
proposal i.e. how can we capture design ratiorral®a fegacy drawings assuming that a

valid rationale exists behind any information tisaincluded on legacy MCAD ?



1.4 Key Issues and Hypothesis

The previous section (section 1.2) briefly providad overall problem. From
this overall problem statement we can identify\a fpiestions that need to be answered
which are:

* What is design rationale?

* What is design rationale in the domain of legacyAl2

* Why is it important to capture design rationalerrtegacy MCAD?

These questions are answered in Chapter 2 (RelRdsdarch) in section 2.3.
The key issues that are addressed in this diseertate:

» Existing design rationale capture methods do ndtes$ legacy CAD.

* Addressing the primary key issue requires us taemddsecondary issues

regarding scope when dealing with legacy CAD viz.
o a. What percent of all legacy MCAD can we address?
o b. What percent of design rationale on legacy CAD we capture?
0 c. Does using standard legacy CAD formats (ASME))I&id in
addressing scope?

These key issues are addressed systematically isuiisequent chapters. In an
effort to address these key issues the dissertd@earibes a new method by proving the
following hypothesis:

‘LEGACY CAD DESIGN RATIONALE CAN BE CAPTURED BY

IDENTIFYING THE SURROUNDING CONTEXT.”



The subsequent chapters also detail the steps chéedmove the hypothesis.
Chapter 2 provides the related research regartieckey ideas such as “legacy CAD
design rationale” and “context”.

1.5 Scope of Research

The idea of capturing design rationale from legBt@AD is not new but is
treated quite differently from the current statehs research in legacy MCAD. Chapter
2 provides the required related research on thiaitieh of design rationale in legacy
MCAD and its relationship to the definition of dgsirationale in general and why it is
more important to treat design rationale in legs@AD in this manner rather than
treat it in a manner consistent with current stdteesearch. The scope can be addressed
by providing the answers to the following questions

* What percent of all legacy CAD can we address?

This dissertation is limited to Mechanical Enginegrand more specifically to
machined piece parts and sub-assemblies. Syst&nQ&D is ignored.

* What percent of design rationale on legacy CADwarcapture?

The answer to this lies not in the proposed apprdact in comparing the
rationale captured by the suggested method to daptured by an experienced re-
designer. The system that is built with this disgesn cannot capture more rationale
than an experienced re-designer as the systentheill have to be rather extensive with
unlimited scope to match the experience and knaydetat the re-designer has access
to. But in general the system will perform betteairt an inexperienced re-designer if it

has access to well defined rule-bases. Additionally detailed later the percent of
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design rationale that can be captured will increagth continued input from
experienced re-designers.

* Does using standard legacy CAD formats (ASME, 1%)in addressing

scope?

It is generally easier to extract context from wafined CAD formats, rather
than random representation formats. While thealyiche system should be able to
parse CAD candidates at the same level as thatbp®ds/ a human, in practice the
maturity of the system will decide its accuracywall defined format aids in limiting
the scope of applicable legacy CAD to the following

. Groups of related (by company, project, designadggCAD
increases percent of successful context extraction.

. Related, formal legacy CAD increases probabilityirdérence:
The system that is proposed in this dissertatios baen
developed to address legacy CAD files belongingatsingle
project or company that have standardized layouh#&ts rather
than dealing with individual unrelated CAD files.

1.6 Outline of dissertation

The following is a brief outline of the rest of thlkapters in this dissertation.

Chapter 2 provides the required related researtdrtir®y with the need for
design rationale chapter 2 provides the state efrésearch in design rationale, its
capture, representation and retrieval. With an tstdeding of design rationale in

general, the chapter then details legacy MCAD degigtionale, its definition,
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importance and applicability of current suggestagtare, representation and retrieval
methods. Chapter 2 also provides the state ofd@kearch on the idea of context and
specifically the concepts of context in design andtext in legacy MCAD. To better
understand context chapter 2 provides the detdali@hature, structure, importance and
impact of context in both design and legacy MCAD.

Chapter 3 details the approach proposed to addinestiypothesis stated in
section 1.4. The first step of the approach isradyais process to identify the process
and rationale that can be captured by human catedid&he goal of the analysis is to
identify the nature of a software system that igetlgped as a part of this dissertation to
address the hypothesis in as automated a manpessible.

Chapter 4 details the software architecture prappdseautomate the capture of
design rationale from legacy MCAD. This chapteroatsiefly describes the system
implementation details such as the programminguagsgs, file formats and databases
used to achieve automation.

Finally, in chapter 5, a validation approachrisgmsed to prove that the design
rationale that is captured by such a system isdnee as that can be captured by human
candidates. During this validation step the desagionale captured by the two means is

compared to prove the quality of the design rat®wraptured by the software system.
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CHAPTER 2

RELATED RESEARCH

This chapter provides the related research andgbacikd required for the rest
of the dissertation. The topics covered in thisptbaare design documentation, design
rationale and more specifically design rationaléhe domain of legacy MCAD, context
in design and context in legacy MCAD.

2.1 Design Documentation

With any design there is a need for design docuatiemt Design
documentation is primarily used to store the dataymation that is generated during
the design process. Design documentation is alsiose of the final design or can be
seen as a snapshot of the final decisions of teguig@rocess. Re-designers use design
documentation for any required design changes andiigprovements while
manufacturers use the documentation for productpurposes, manufacturing
instructions, material selection etc. There are ynativantages and disadvantages to
using design documentation methods and tools.

2.1.1 Advantages of Design Documentation

Design documentation and tools that support doctemien are rather
ubiquitous and fairly easy to use. Existing, spemd tools such as computer-aided

design (CAD), computer-aided manufacturing (CAMYoduct data management
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(PDM) and product lifecycle management (PLM) in iidd to general productivity
tools such as Microsoft Word or Excel support desigcumentation very well. The
specialized tools focus on advanced geometry reptason and manufacturing
simulation and planning while the general toolsveeas storehouses of standards,
design tables and calculations etc. Due to ther@atnd availability of documentation
tools almost all product design tasks are acconggably the outputs of these tools
providing ad-hoc standards to store design de@s#g. using spreadsheets for design
calculations.

2.1.2 Disadvantages of Design Documentation

While design documentation is considered very \@kiat has some notable
disadvantages. Design documentation tends to ggtwaduminous and most times has
an unstructured format. The completeness of desigcumentation relies on the
designer. If the designer does not do a thoroughojoproviding necessary details the
documentation remains incomplete. If the departroerthe company does not provide
a formal, standard method for documentation therdticumentation format tends to be
rather informal, once again dependent on the dessgto define completeness and
consistency. All these reasons make the processaftaining and querying the
documentation rather expensive both economically mporally. But the primary
reasons why design documentation is consideredficisat are:

» It does not store the reasons or justificationsafparticular design decision

» It does not also store the alternatives that wepmoeed during the design

process and the reasons for their rejection. Ef/é¢inei designer does state
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the justifications for a design decision over aeralative, this information is
not easily available and very rarely stored with ¢higinal design itself.

2.2 Design Rationale

To address these disadvantages of design documentasearchers suggest
storing the rationale behind a design decisionddition to the data or information
pertaining to the design decision. This storedoratie is commonly referred to as
design rationale, design intent or design histddesign rationale stores design
decisions along with their reasons and justificstion addition to the alternatives
explored and the reasons and justifications foir tregection. Thus design rationale
provides both argumentation (a way to query for thason behind a particular
decision) and communication (a way to store theégdediscourse viz. the design space
explored) in addition to documentation (storing igesdata/information). Various
design rationale systems have been developed gircearly 1980’s. The research has
ranged from basic observations about the desigoepsoto different approaches to
capturing design rationale [4]. The results of theearch in design rationale have been
to suggest definitions for design rationale in &ddi to developing, approaches to
design rationale systems, representation schemaldsign rationale, approaches to
capture design rationale and, design rationaldevetl strategies. Some suggested
definitions include:

“Design rationale expresses elements of the reagamhich has been invested

behind the design of an artifact” [5].
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“Design rationale is the reasoning and argumeritldaas to the final decision
of how the design intent is achieved.” “Design nitis the “expected’ effect or behavior
that the designer intended the design object shaaldeve to fulfill the required
function.” [6]

“Design rationale means statements of reasoningryidg the design process
that explain, derive, and justify design decisidfg.

Design rationale means “information that explairts/van artifact is structured
the way that it is and has the behavior that it [is

“Design rationales include not only the reasonsirmela design decision but
also the justification for it, the other altern&svconsidered, the tradeoffs evaluated, and
the argumentation that led to the decision” [9].

Lee’s [9] definition is used as the basis for #msire dissertation.

2.2.1 Advantages of Design Rationale

It is well accepted within the design communitytttiee availability of explicit,
declaratively represented design rationale would abdremendous asset. Design
rationale would serve as a record of the basicttre of a design, codifying how the
design satisfies specified requirements, as wellegsdecisions that were made during
the design process. This information would fad#éitaollaboration among multiple
distributed designers — a tremendous benefit fayelscale design efforts. Rationale
would also provide guidance in exploring alternatilesigns, whether as part of the
natural evolution of a design or in response tongireg requirements. Finally, design

rationale would enable easier maintenance of atsifaver their life cycles and more
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effective reuse of designs by making it easierdownstream engineers to understand
how a design works [10].

2.2.2 Disadvantages of Design Rationale

While considerable effort has been put into devielppesign rationale systems,
none of these systems has been adopted for wigesprdustrial use [4]. Molavi and
his colleagues state that this failure is abovedakk to the costs and disruptions
associated with capturing and structuring of th&gterationale [33]. They contend that
although there have been some individual succesestof applying design rationale
systems in practice, almost every one of thesdban associated with heroic efforts by
a solitary champion of design rationale within thecessful project. There are few or
no published indications that significant desighorsale projects have been continued
past the pilot project stage [11]. Most designoragie systems are still in the laboratory
stage because further research and developmee¢ded to focus on the advancements
needed to take the science to the level at whictait be effectively deployed in
industry [4].

2.2.3 Overview of Design Rationale Systems

Figure 2.1 [4] shows the flow of data through aegahdesign rationale system.
The next few sub-sections provide a summary obtdwkground on the commonly used
terms with respect to design rationale viz. apgneac capture, representation and

retrieval.
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Figure 2.1: General architecture of Design Ratiesgstems [4]

2.2.3.1 Approaches to building design rationaléesys

The main approaches to design rationale systemsraxeess-orientedand
feature-oriented In dynamic design domains the process-orientgutoageh is used to
give historical representation of artifacts whitefields with a relatively high degree of
standardization, the feature-oriented approaclsél uo give logical representation of
artifacts, to follow the rigorous and logical rulgfsthe design process.

* Process-oriented approaches emphasize the desigmaia as a history of

the design process. Most design rationale apprsaate process-oriented.

The representation schema of process-orientechedéicsystem is generally

16



graph-based using nodes and links, with nodesatdig possible issues and
links indicating relationships among the nodes.

* Feature-oriented design rationale systems contammath knowledge-bases,
which can be used to support automated reasonidgtten generation of
design rationale. So representations of desigonake are usually more
formal than in a process-oriented design ratiosgtgem. In some systems,
the design rationale is represented with linkshtoexisting knowledge-base.
The retrieval and reuse of design rationale seeang vatural in the design
process of later artifacts [4].

2.2.3.2 Capture of Design Rationale

In a design process, capturing design rationaleolvi@s recording the

reasonings, decisions, oppositions, trade-offs,aeit constructing a formal or semi-
formal structure so that the design rationale camided in the decision-making process
during design [4]. There are two main methods tptwa design rationale viz.

automatic and user-intervention [12]. The automateethod does not require the
designer to input or record design discussionsjsigs and reasoning themselves
while the user-intervention method does. Theserethods are used to capture design
rationale using either process-oriented or featuiented approach. In the process-
oriented approach design rationale is seen ag@isf the design process while in the
feature-oriented approach design rationale has rmdlp logical structure and is

supported by domain knowledge-bases. Thus in fielidls relatively high degree of

standardization the feature-oriented approach ied ughile the process-oriented
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approach is used in dynamic design domains. Leqd [f8rs the following

classification for the rationale capture systems:

Reconstruction [9]
o Captured outside the design process, usually aftdras been
performed using information recorded during design.
* Automatic generation [9]
o Generated from an execution history
» Methodological byproduct [9]
o Emerges during the design process.
o0 Methodology aids design and captures rationale
* Apprentice [9]
o0 System monitors designers actions and comparespnatigenerated
rationale
» Historian [14]
o Similar to Apprentice but does not make suggestions
2.2.3.3 Representation of Design Rationale
The choice of a representation schema is a critisslle [4] because it
determines how to organize this enormous amoudivairse material and build in into
a usable structure. It also determines how to capand retrieve the design rationale
[4]. The following are some of the commonly referrepresentation schema.
* Argumentation-based design rationale representaisorthe most common
format. With argumentation, designers can easilyintam consistency in
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decision-making, keep track of decisions and comoat@ about design

reasonings. The most common argument structuresefecting and organizing

information are IBIS (Issue-based information sygtg15], PHI (Procedural

Hierarchy of Issues) [16], QOC (Questions Optiond &riteria) [17] and DRL

(Decision Rationale Language) [18].

o

In IBIS the key issues are usually articulated asstjons, with each
issue followed by one or more positions that regptnthe issue. Each
position can potentially resolve or be rejectearfrime issue. Arguments
either support or object to a position.

The Procedural Hierarchy of Issues (PHI) extendsS IBy broadening

the scope of the concept “issue” and by alterirggdinucture that relates
issues, answers and arguments. First, it simpliékgions among issues
by using the “serve” relationship only. Secondynbvides two methods
to deal with design issues: deliberation and deasitpn i.e., to give

answers to the issue or to break down the issweantariety of sub-

issues which in turn could be deliberated or decusag.

QOC represents the design space using three comigovie. questions

identify key issues for structuring the space dkeralative; options

provide possible answers to the questions; critarea the bases for
evaluating and choosing among the options. The Q€&iesentation

emphasizes the systematic development of a spaceafin options

structured by questions, and the rationale reptasen in QOC is
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created along with the descriptive representatspedification) or the
artifact itself (prototype).
o Decision Rationale Language (DRL) uses designmateas an account
of how the designed artifact serves or satisfiggeeted functionalities.
DRL is an expressive language, which representssgface around
decisions. The DRL is used to represent and matiagequalitative
elements of decision making: for example, the al#ves being
considered, their current evaluations, the argusmergponsible for these
evaluations, and evaluation criteria.
Functional representation (FR) is a modified forhh asgumentation-based
representation. Like DRL, FR uses design ratiom&lean account of how the
designed artifact serves or satisfies expectedtifumality. FR takes a top-down
approach to represent a device; the overall fundsodescribed first and the
behavior of each component is described in theexvndf this function. FR
encodes the designer's account of the causal wesem the device that
culminate in achieving its functions. The StructBehavior-Function (SBF)
[19] and KRITIK [20] are examples of FR.
Augmenting Design Documentation (ADD) [21] represetiesign rationale by
documenting the complete design decision path agsdcwith the artifact as
well as the rationale behind each decision predehtethe user. Recently a

system called ADD+ was proposed that uses the s@sie model as ADD but
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stores the wealth of knowledge by organizing itoiritigh-level rhetorical
structures.

The Core Product Model (CPM) [22] is an object-oteel framework for
representing products. The CPM stores a complets of a product and hence
contains a Rationale class. The Rationale clasgyalth its sub-classes stores
the justifications and evolution of the product luting functions and
constraints.

2.2.3.4 Retrieval of Design Rationale

At different design stages there are various pwpd®r accessing design

rationale. The reuse of design rationale is madssipte by successful retrieval

strategies. The integration of design rationaléesgs with other design support systems

can greatly improve the retrieval of design ratlenalhe following are some of

methods proposed for design rationale retrieval:

Design rationale retrieval shares much in commoth wase-based reasoning
and retrieval. The goal of most design rationalgeays is to store rationale so
that relevant past experiences can be retrievediton current problem solving.
Case-based retrieval methods are thus the most oammetrieval methods in
design rationale systems.

Design rationale Navigators permit the designermvestigate stored rationale
using a graphical interface. The designers traviees&@een nodes connected by
links to facilitate investigation. Navigators arememonly implemented in most

design rationale systems to provide a graphicalfiate to the designer.
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* Retrieval strategies that retrieve answers to desgj queries are generally
considered more efficient than navigators. Questiminthe type of “what-if” or
“why” provide the designer with ways of exploringlteanatives and
justifications of the argumentation or reasoningibe a decision.

» Automatic triggering is another common retrievalthogl that monitors the
designer’s actions as it checks the design processpares the decisions made
with the constraints, rules or criteria in a desigtionale library or knowledge-
base. If differences are detected the new decisitirbe stored in the design
rationale library. This type of retrieval is iddal use during the design process.

2.3 Legacy MCAD Design Rationale

With a general understanding of design rationatbthe state of the research in
the areas of approach, capture, representatiomedneval, the following section deals
with design rationale in the limited domain of legaMCAD. Current attempts to
capture design rationale from legacy MCAD fall ksg into two categories 2D
drawings to 3D model conversions and drawing imtggtion. The next two sub-
sections present the state of the research aiwd aesign rationale in legacy MCAD.

2.3.1 2D drawings to 3D model conversions

There exists much research to capture the infoomagiresent on the 2D
drawings and propagate it to an intelligent, pataig)efeature-based 3D model. Weiss
and Dori [23] propose an approach that automat8Ehobject reconstruction from 2D
engineering drawings by mimicking human intelligen®ori and Wenyin [24] have

described a complete system that realizes the eeminocess of understanding
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mechanical engineering drawings from scanning to r@Bonstruction. The system
described has the capability of separating geometrtities from non-geometric, such
as text, arrowheads, leaders, dashed lines ant lia¢s etc. Tanaka et al [25] describe
a method to automatically convert 2D assembly digwito 3D part models, generating
a unique solution for designers regardless of tdmepiexity of the original 2D assembly
drawings. They use the dimension lines, part numbad part lists, usually drawn on
the 2D, to create the 3D assemblies.

On the commercial side too there are numerous pegpsolutions. Imagecom
Inc. [26] has a product named FlexiDesign that eotsv2D drawings in AutoCAD
DWG and DXF formats to parametric, feature-basedndiiels in a variety of target
MCAD systems e.g. PTC’s Pro/Engineer, SolidWorkgjtoflesk’s Inventor etc.
FlexiDesign, as it stands, currently handles piege-drawings but is being extended to
handle assembly drawings. Various MCAD systems sash SolidWorks and
Pro/Engineer also provide the user with basic 2BRaconversion tools built into their
system, though these tools are largely manual emgramarily facilitate drawing reuse
rather than conversion.

2.3.2 Drawing interpretation

There are many drawing interpretation solution® alaggested that allow a
designer to query CAD files for required informatioJoseph [27] has presented a
methodology for the interpretation of engineeringvdngs based on a combination of
schemata describing drawing constructs with a Mbraf low-level image analysis

routines and a set of explicit control rules applley a parser. The resulting system
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integrates bottom-up and top-down processing sfiegewithin a single, flexible
framework modelled on the human perception cycle $ystem, termed Anon, is a
knowledge based image analysis system intendegttace 2D graphical elements and
symbols from a grey level image of a mechanicalirexeging drawing. The system
classifies the information on the drawing into aygprate schematic classes such as
solid, dashed and chained lines, solid and dasheds, cross hatching, text, withess
and leader lines and certain forms of dimensionfdgeng and Yang [28] propose a
knowledge-based graphic description tool that isduto recognize and understand
engineering drawings. The graphic description tbasically consists of a concept
description network, a graphic description languagphysical description framework,
a set of image processing modules, a matcher, eebaded inference engine, an
interpreter and blackboard control architecturee Toncept description framework,
graphic description language, and physical desoripframework are designed to
represent domain knowledge, graphic semantic krdiydleand physical properties of
engineering drawings in different fields. The maicihecognizes all graphic symbols
and characters that are extracted by the low-lenafe processing routines. The rule-
based inference engine is built to infer possiklations among graphic symbols and
generate a relational graph. The interpreter ig tosgenerate an acceptable explanation
in terms of traversal of the relational graph. Tigsnework does not attempt to create a
solid model from the captured information but imstébuilds an engineering drawing
understanding system that could be queried as s@gesvVaxiviere and Tombre [29]

present a knowledge based system named CELESSTHiNe#ttracts technologically
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significant entities and analyzes the whole setuih wespect to disassembling and
kinematics knowledge. These technologically sigaifit entities allow CELESSTIN to
start using rules referring to the semantics of riq@esented object itself. The paper
illustrates how to assign a simple syntax on thgcbatructures to recognize simple
mechanical entities such as shafts or screws.

Almost all solutions, except Cheng’s and Yang's][2&8hd Vaxiviere’s and
Tombre’s [29] address the problem of 2D drawing8@omodel conversion as mostly
geometric with possible input from the supportiggibols and text that may be present
on the 2D drawing sheet. Research to identify agphiate product geometry from
dimension sets, arrowheads, hatching lines, tedt ymbols fall short in failing to
recognize that the non-geometric information on thawing sheet contributes to
engineering knowledge, design intelligence and sde®gn rationale. Tanaka’'s [25]
solution is further limited, in that one major r@gment for their algorithm to work is
that the original assembly drawings consist of ddan parts such as bars and plates.
While Cheng and Yang's [28] paper describes a hased system that recognizes,
examines and classifies the graphic symbols iretiggneering drawings, their graphic
description language diverges from the currenttm@amf using vectorized geometric
information. The specific domain knowledge of tlhawdng that their system extracts is
mostly used to examine and classify the graphigahb®Is in a field. Very little
semantic knowledge is attached to the graphicabsysnusing the domain knowledge.
Vaxiviere’'s and Tombre’s CELESSTIN [29], while abl® recognize simple

mechanical entities, will face difficulties wherethomplexity of the mechanical entities
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grows beyond symmetric blocks. CELESSTIN also lasiépport for non-geometric
entities, which could pose problems when informrai®missing from the geometry of
the artefact.

Most importantly it must be noted that none of &heslutions capture design
rationale as the reason for the artefact or agdatt No methods exist that capture the
functions, justifications or alternatives in them@away as traditional design rationale
systems. This is one of the biggest failures cdtygVICAD design rationale systems.

2.3.3 Definition of legacy MCAD Design Rationale

From the summary of related research and backgrpoesknted in preceding
sub-sections it is clear that there exists no cleaterstanding of what is meant by
design rationale in legacy MCAD. Based on an exwvenditerature survey it is
concluded that no researcher has even providediratda for design rationale in the
domain of legacy MCAD. The definitions stated fangric design rationale in sub-
section 2.2 are not applicable in the domain oaéygMCAD. In an effort to better
understand legacy MCAD design rationale the folluyvlefinition is suggested:

“Design rationale contained in legacy CAD is thesight into the design
variables implicit in the structural, semantic gmectical relationships between the
geometric and textual entities present in the CApresentation” [30].

The design variables are the functions, flows, dbjes, constraints, principles,
guidelines and manufacturing that are considerehglthe design process. It should be
noted, however, that the design rationale thatbeanaptured from legacy CAD will be

limited due to the nature of the information preésen it. 2D drawings contain only
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unstructured graphic entities such as lines, tetd symbols while 3D models,
although they contain a well structured geometieevwy do not provide a comprehensive
view of the product beyond geometry. To bettersiflate the definition for legacy
MCAD design rationale refer to Figure 2.2, whichosfs that design rationale is
implicit from the entities present in the legacy [@And also from the relationships that
exist between the entities. This dissertation quigehat these are the aspects that play

a major role in design rationale capture.

/- Legacy CAD Design Intent \
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Figure 2.2: Legacy CAD Design Rationale

2.3.4 Importance of legacy MCAD design rationale
Design rationale is considered important for vasioeasons. Pena-Mora et al.

[31], while they do not attempt to define desighomale, state that the Architecture/
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Engineering/Construction industries can benefitnfrine explicit representation of the
design process rationale in many ways;

« Large and lengthy projects change over time anduireqcertain design
decisions to be modified during the design-consibacprocess. Reasons or
justifications used during the initial design stag@an be lost resulting in the
need to define them over and over resulting ineased project costs and
delays. The ability to store and recall these neasall improve productivity.

 The quality of the project increases as the projationale is represented
explicitly and is readily accessible for review.

* A model that allows the rationale to be explicghated and easily manipulated
leads to a more intelligent use of knowledge asdueces.

* Understanding design rationale of designers is atsportant to achieve
coherent integration of design solutions and temdésign knowledge [32].

2.3.5 Lack of Design Rationale system deployments

While industry increasingly uses more intelligemgmeering frameworks to
improve their product development process therstils a lack of design rationale
system use. Hu et al provide a list of reasongHigrin [12]. They state that for design
rationale systems to be adopted for widespreadsindl use, the systems have to be
advanced enough to be effectively deployed. Thaiyrcthat there are still open issues
with regards to capture, representation, retrieva approach that need to be addressed
before any effective deployment. Molavi et al [33&te the reason for the failure of

design rationale systems is due to the costs asrdplions associated with capturing
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and structuring of the rationale. The following seas can be added to the list of
failures. Legacy CAD is still considered as theaouse of current design data. There
are still a large number of legacy CAD files in usgovernment and industry and their
use is not decreasing any time soon. While it reegally considered better to use design
rationale systems we cannot ignore the bulk ofisggn rationale (product knowledge)
that resides in legacy CAD. Some method is needatddaptures the design rationale
from legacy CAD and propagates it to the desigiomate system. The next few sub-
sections evaluate the applicability and limitatiasfsthe capture, representation and
retrieval methods available for generic desigroradle systems to the domain of legacy
MCAD.

2.3.5.1 Applicability of Capture methods

When considering legacy MCAD the design procesealy complete since at
this stage we have a detailed representation gbtbeuct. This implies that any design
rationale capture method must be after the congpiedf the design process. This means
that the methods mentioned previously in sectidh32 for design rationale capture
viz. Methodological byproduct, Apprentice, Autontaeneration and Historian are not
applicable as they capture design rationale durthg design process. The
Reconstruction method is the only one that seemBcaple but based on its definition
the Reconstruction method depends on process dptared during design e.g. video,
email discussions, design documents etc. to irdgomale. In the limited domain of

legacy CAD there is little or no access to thisadat
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2.3.5.2 Applicability of Representation methods

Legacy CAD design rationale representation facssnédar problem as capture
(section 2.3.5.1). The current representation nistlsniggested in section 2.2.3.3 do not
address legacy CAD. Those representation methogisiree knowledge of issues,
guestions, options, alternatives, functions, evaunacriteria etc., most of which are
unknown in the domain of legacy CAD, where onlyadstof the end product is known.
If we were to use one of the aforementioned reptasen schemas, it may result in
incomplete representation due to lack of data. Asla note, one representation method
that seems viable is the Core Product Model's R&fionale class. Since the Rationale
class is object-oriented we may be able to modify tlass and limit it to legacy CAD.

2.3.5.3 Applicability of Retrieval methods

Unlike capture and representation methods, curegneval methods mentioned
in section 2.2.3.4 may still be relevant in the damof legacy CAD. Since retrieval
methods are dependent on capture and representiagithods and on the particular use
of design rationale, some modifications may be iregubut largely still applicable.

2.4 Context

This section presents a survey of literature rdlabecontext [34] [35]. This is
primarily to help understand what is context, wigalits structure, is it important in
design, does it influence design, how would one csetext in design, how does
designing using context differ from other approacke design modeling and finally
what is the impact of context in design? An excelRurvey of context in a wide variety

of fields (Artificial Intelligence, Natural LanguagProcessing, Architecture, Software
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Engineering) is presented by Brezillon [36]. Thevey presented here is intended to
look at the use of context and to help determimeittportance of context in domains
other than those covered by Brezillon [36].

2.4.1 What is Context?

To answer this question the following paragraples@nt a survey of the use of
context and definitions provided for it in domassch as patterns, design, user access
control, software etc.

2.4.1.1 Context in Patterns

Alexander [37] defines a pattern (in architectutasign) as the description of a
problem that occurs repeatedly in our environmertt the core, reusable abstracted
solution in a context. This explicitly means thatem creating patterns such as those
described by Alexander one must take into accdumtcbntext that is relevant to the
design pattern. The introductory paragraph of éepakexplains how the current pattern
fits in or completes the larger patterns and descbntext of the pattern. The context
delineates the situation under which the patterapiglicable. Context often includes
background, discussions of why the current patéxists, and evidence for generality
[38]. The importance of context in patterns is thusie the stated problem to the core
solution described in the pattern. The lack of # defined context will hamper the re-
usability of the pattern taking away from the bgsicpose of patterns. Unfortunately,
Alexander does not define context very clearly. s this, his idea of patterns and

contexts in design is finding increasing use irtwgafe engineering.
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2.4.1.2 Context in Search

Many aspects of design involve search: search &alague items such as
bearings and gears, search through a multi-paransgeece for an optimum set of
values, etc. Web search engines generally treatiseequests in isolation. This is yet
another area where the context will gain importainceext generation search engines
[39]. Glover et al. [40] present a meta-search maghat operates as a layer above
regular search engines. The engine, Inquirus 2stéke query plus context information
and attempts to use the context information to feldvant documents via regular web
search engines. Budzik [41] present a system thtatratically infers the context of the
search request. The system, Watson, does this loasdtke contents of the document
that the user is editing. Popular, commercial wesrch engines such as Google [42,
43] and Yahoo [44] also support user context sushtle user’'s location and
personalization to improve search results. Whesed logs into these commercial web
search engines the search systems store the centeatinding the search terms as well
the results. The system may also track the reghls the user views. Using an
intelligent ranking system on the captured contaxthe users search behaviour will
provide search results that are more relevant eouber. No definition is given,
however. If such context based search enginesieepoevelant and we can define the
context surrounding a specific design problem,glesiill become easier.

2.4.1.3 Context in Access Control

Mostefaoui and Brezillon [45] propose a conceptmaldel for context-based

authorizations that offers a fine grained contngroaccess on protected resources. The
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context, in this case, is made up of the usersesmvttonment’s state and information.
As opposed to a static access policy based on s$k€suidentity, Mostefaoui and
Brezillon state that a context based policy woesipond in a flexible manner in highly
dynamic computing environments due to the dynamicine of context itself. Context
thus becomes the key to the approach to specifpdheies to grant or deny access to
resources. Within global design teams access ¢teqgted resources is becoming
important. Such research results will make it eakr the member of such teams to
access the design data and information.

2.4.1.4 Context-aware computing

Dey [46] presents an operational definition of eomtaware computing and
discuss the different ways in which context carubed by context-aware applications
such as possibly those used by global design tekhssdefinition is: a system is
context-aware if it uses context to provide relévaformation and/or services to the
user, where relevancy depends on the user’s tasktddes that context is a poorly used
source of information in computing environments.aAesult we have an impoverished
understanding of what context is and how it canubed. In [46] Dey presents the
Context Toolkit, an architecture that supports thailding of context-aware
applications. Dey contends that a new definitiorcanftext is required as the existing
definitions do not provide any easy way to deteemivhether a type of information
listed in the definition is context or not. His nelefinition, Dey states, makes it easier

for developers to enumerate the context for a gajgplications scenario. Dey uses this
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definition of context as the basis for his Contéablkit which makes it easy to add the
use of context to existing non-context-aware appns.

2.4.1.5 Context in Software

Software applications used by designers among ®tiezd to be deployed on a
variety of platforms and within a variety of contexn general. Currently platform
independent modelling techniques such as the WhMedelling Language are used to
model the software applications and these modestlen transformed to a refined
model. That means that for each new target platf@tmleast one new model
transformation is needed. Wagelaar [47] proposescoatext-driven modelling
framework that models each target context in aednimodel. The framework can
automatically select appropriate transformationesulfor a concrete context and
configure them into a context-optimized transformat While he does not define
context, this research could have application siglewhere design models need to be
viewed from different contexts (design, manufactgyiprocurement, analysis etc). If
we can define the various design contexts propetgn such a system could
automatically transform the CAD model into the ayprate design context.

2.4.1.6 Context in Communication

Communication is yet another domain where contéxyspan important role.
The context surrounding a particular communicatietps clarify the ambiguity that
may exist with words that may have varying meanirigsgarty et al [48] present a
study on the usage of a context-aware communicafient. The results of the study

show that the users of the client use the conte#ter colleagues as an indication of
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presence rather than the status of availabilitync&i communication clients that
integrate chat, video and voice is becoming an maod tool in communication,
especially among global design teams, the inclusibthe awareness of the users’
context is increasingly found in many commerciaérls. No commonly agreed on
definition in this domain exists, however. Thisearch also has possible application in
global design teams since not only do the memblessich teams come from different
cultures they also come from different industriahtexts.

2.4.1.7 Context in Databases

Goh et al [49] present an approach for databasgopéerability, in which the
notion of context is the key to circumvent the peofis that arise when dealing with
schematic and semantic incompatibilities of undedyheterogeneous and autonomous
databases. By context they refer to the implickuagptions underlying the way in
which an interoperating agent routinely represemtinterprets data. Since more and
more companies are using Product Data Managers @DdImanage the data and
information created during design and often diffikrsmiembers of the same team use
different PDMs, this is an increasing problem isida.

2.4.1.8 Context in Artificial Intelligence

Turner treats context for intelligent agents as a®@ntifiable configuration of
environmental, mission-related, and agent-relatadiufes that has predictive power for
behavior [50]. Bremond and Thonnat deal with cotuakinformation of a process as
the information whose value remains constant dupiragessing and changes when the

process is used for another application [51]. Brg@ind Brezillon state that context
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delimits a domain allowing the designer to resttlo¢ possible solution space of a
problem [52]. In their survey of context in problewmlving, Pomerol and Brezillon treat
context as a constraint in problem solving thatsdoat intervene in it explicitly [53].

From the above short review, it appears that a clefnition of context has not
yet appeared in the field of context in generahalgh the following definitions for
context have been suggested by various researchers:

“Turner treats context for intelligent agents ag aentifiable configuration of
environmental, mission-related, and agent-relatadiufes that has predictive power for
behavior [54].”

In addition to this definition, Turner also statbat “context is a distinguished
(e.g., named) collection of possible world featutes has predictive worth to the agent
[50].”

Bigolin and Brezillon state that “context delimits domain allowing the
designer to restrict the possible solution space mfoblem [55].”

Pomerol and Brezillon state that “context is whatstrains a problem solving
without intervening in it explicitly [53].”

Bremond and Thonnat define “contextual informatioh a process as
information whose value remains constant duringcgseing and changes when the
process is used for another application [51].”

Bigolin and Brezillon define context “as the deliation of a domain, that

allows to restrict the possible solution-space pfablem [52].”
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Dey defines context “as any information that canued to characterise the
situation of an entity. An entity is a person, glaor object that is considered relevant
to the interaction between a user and an applicaitnzluding the user and applications
themselves [46].”

Mills and Goossenaerts state that “a context sadimg an entity of interest is a
set of properties (with values), that are (a) pitedi by a set of entities in the same
symbolic or physical space as the entity of inter@y relevant to the entity of interest
in that situation of interest during some time & and (c) added to the properties of
that entity only within that context [56]. Proged can be parameters, rules, behaviors,
principles, filters, objects with their own propes, attributes, etc.”

The definition by Mills and Goossenaerts, whicluged in this work, can be
elaborated upon to understand it better. At anwntpaithe design, the focus is on some
entity of interest which exists in a symbolic orypital design space. The surrounding
situation (i.e. the context) adds to that entityimterest a set of relevant properties
which are in the same design space. A change erethe entity of interest or the
surrounding situation would change the context ihaipplicable. The entity of interest
is suggested by Dey [46] to be a person, placésiract object. In engineering design
the entity of interest could be the design problemdesign variable (e.g. design

function, solutions etc), or a designer etc.

37



2.4.2 What is the structure of context?

Sowa has discussed a structure for contexts, basetie linguistics domain
where the idea of context has been studied the [B@$t Sowa has proposed three
levels:

» Syntax: Partial basic meaning of a word or phrasexiracted from the
position of the word in the sentence.

e Semantics: Further meaning of the word or phrasisacted from its
location in the paragraph(s) surrounding it.

* Pragmatics: The final level of meaning is extradiredn the rest of the
surrounding situation in which the document wasat@é: author(s),
milieu, time of day etc.

We apply this idea of a context structure to thetext surrounding key aspects
of design; the function to be provided by the atéfind the problem solution. Drawing
a parallel between Sowa’s structure in linguisacsl engineering design we have for
design:

* Syntax: Key design constraints (e.g. spatial)

» Semantics: Weighted objectives, other constraiatg. (safety factors,
weight, stiffness)

* Pragmatics: Design rules, guidelines, standardsaiig environment

The syntax level consists of key constraints, whieln identify an expected
behavior. In several domains that we have lookeduch key constraints are often
implicit and need to be made explicit. For e.g. ki constraints for the domain of
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Mechanical Structure design are the allowance tdraal power sources, the presence
or absence of a ground plane and a set of spatmsti@ints on the force. Consider the
problem of supporting an object in a gravitatiorfi@ld. The function is that of
providing one or more forces which bring the ohjecting under the force of gravity,
into equilibrium. This function can be provided $gveral behaviors including (a) posts
anchored to the ground,(b) ties anchored to angeitir to a helicopter, (c) beams
anchored to side supports, (d) arches also anchorside supports, (e) a rocket motor
pushing up on the weight, etc. Each of these bemawan be supplied by numerous
shapes, dimensions and materials. In the case roéxample, the first key constraint
would be constraint on the application of exterphlysical power sources. This
constrains the use of actively providing the follm®ugh the means of artifacts such as
a helicopter or rocket motor and restricts us tespe&e means of supplying the force
such as reaction forces from a ground plane (useng the earth). If power sources
were allowed, then these solutions would remainvacbut may be eliminated at
another level (e.g. due to cost constraints). Usinglar key constraints we should be
able to identify a few relevant solutions which ¢hen be analyzed for suitability.

The next is the semantic level. The idea hereowdl that first suggested by
Pahl and Beitz [58] and further amplified by Dynddnttle [59] and Dieter [60]. They
use constraints and weighted objectives in gemgrgineering design to evaluate design
concepts. In the semantic level we place the atbastraints on the function and the
metrics of the weighted objectives to be fulfilleth the Mechanical Structures domain

context, other constraints typically include coasits on weight, cost, safety,
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durability, etc. The metrics for the weighted abpjpes also include the same
parameters as the constraints. No parameter howavebe both a constraint and an
objective [59]. Constraints are statements abbat desired product that limit the
design space. Objectives are statements that enlaegdesign space but can be used
later to rank possible solutions. The major diffiguat this contextual level is that
although we know what the metrics for the objectiaad the constraints should be, to
filter out unwanted candidates we need to calcullage actual values for equivalent
properties of the physical entities for varioususioh contexts that could provide a
solution. For these computations we need to krievshape, the dimensions and the
material properties as well as equations for catou cross sectional areas, volumes,
costs, moments of inertia, stress and deflectibme domain restricts the large possible
set of equations relating the metrics to the prigeer The equations for stress and
deflection, etc are further restricted by the syntavel to those associated with
particular structural behavior that the syntax ldwas identified. That is, as soon as the
syntax level has been built and surrounds the foimcthe particular equations have
been identified.

The third is the pragmatic level. In the pragnmtievel are the design
principles, design guidelines, Governmental andistiy regulations. These are applied
to the solution to add refinement. Application bfst principle to the solution would
require modifications to the overall design but Womost likely not require major

modifications.
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2.4.3 Is context important in design and doesfiuence design?

These questions are treated together since theyintgedependent. To be
important, context has to have some use and infieesign in some way. The view of
the research conducted during this dissertatighatcontext contributes implicitly but
strongly to design decisions. Most experiencedgiess reach a solution to a design
problem much more easily than inexperienced onbis i§ because they make use of
context implicitly as discussed below and that mgktontext explicit will enable any
designer to reach an appropriate solution/decisaster, easier and requiring less
experience. Context has an influence on design theddesign process primarily
because any design problem exists in a surroundomgext. By understanding the
elements of context and their individual influenoe design, context can be made
explicit.

Every design problem exists in an overall pragnsasiach as the domain of the
design problem, the domain of the design orgammatihe type of design and other
environmental aspects such as the experience ofidbigners, their training and the
hierarchy that the designer is a part of (departmeéesign team, projects etc). The
following is a brief explanation of the influencgthis pragmatic context.

» Designers attempting to solve design problems riglidefine the domain that
the problem lies in thereby limiting the class q@peopriate solutions. Even
when solving multi-domain problems one of the stepso break down the
problem into its individual domains before desigwl analysis. This implies that

if the properties of the domain were defined, thgrelefining the domain
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context, we would essentially limit the list of fttrons, constraints, objectives
and solutions relevant to the design problem. Invieyv, one of the reasons
inexperienced designers take longer to create #&rdas that they spend
considerable time implicitly defining the contexir®unding their particular

design problem — the entity of interest.
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Figure 2.3: Hierarchy within corporation
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The type of design is an important contextual pa&tem The design variables
are dependent to some extent on the type of thgrde&/ell understood design

types such as selection of bearing from a bearia@glague or choosing

appropriate dimensions in parametric design argets characterize than say
novel design where the designer may have to genagt concepts to arrive at
a solution. Thus design types that can be congideseaoutine may be easier to
automate and may require less experience to solve.

To understand the influence of the domain of th&giteorganization, consider
the designers and the information related to tHeoan be seen from Figure 2.3
that the designer does not exist independentlyinsiead forms an important
part of a design environment. Depending on the @mierarchy the designer
would be a part of one or more design teams, aadiésign teams would be a
part of departments and so on. Design teams foitamdards, guidelines or
good practices. These form a part of the conteat itifluences the designer’s
decision while solving a problem. Similarly if theeepartments or the parent
company have a different set of standards or guelelthen these too would
form a part of the designer’s context. (Of counsehould be noted that in a
stable hierarchy such as this we do not accountdaflicting properties being

added to the designer’s context from the diffestahdards. The “standards” is
an example of the context that is external to th&gher. Factors internal to the
designer are also equally applicable. For examplaleeady mentioned, the

experience level of the designer suggests the tireddnowledge possessed by
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the designer. This includes knowledge related wigiein general such as the

related domains and solutions and more specificghiéy surrounding context

related to the operational, financial and othergoithe company. To properly
aid the designer or to successfully automate tisegdgrocess any implemented
knowledge-driven design system needs access tadhiextual knowledge that
surrounds the designer (and hence the design pnplite arrive at a solution

more efficiently.

Just as the context that surrounds the design gmobifluences it, the context
that surrounds and influences design variables fuction, objectives, constraints,
solutions etc are identified. The following subts@ts detail the identified context, its
influence and its use to simplify design problems.

2.4.4 How would a designer use context in design?

In the course of research a design model was deseélthat is context-aware
and uses the structure for context suggested bya36W. The design model is based
on the process model suggested by Pahl and Bdijaf@l furthered by Dym and Little
[62], Fenves et al [63] and Gero and Kannengie8r The design model uses the
context structure to progressively narrow the rafteist of solutions in a step by step
manner using the three contextual levels (syntamastics, pragmatics) suggested
above. The basic premise of this model is: a foncth a context defines a solution.
This model is termed the Function-Context-Struct(F€S) model of design and is
shown in Figure 2.4. Like its parent models the FG@&lel is also function-based but

essentially adds a filter in the form of a struetlicontext to provide a mechanism to
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map design function to artifact solution. The FGC&ign model follows the stages
prescribed by Pahl and Beitz [58] and expanded ay [And Little [59], Fenves et al
[63], Gero and Kannengiesser [64] and Dieter [60] which are:
I.  Problem definition
ii.  Conceptual design
iii.  Preliminary design

iv.  Detailed design

DOMAIN
FIOHCTIONS

1

DETAILED F
DESIGH “+— PRAGMATIC

Figure 2.4: Function-Context-Structure Model of [Das
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(=R =
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All design begins with a problem statement whichymaerely be a client’s
statement. The first step in any design procegsdefine the problem clearly. This step
is not unique to the FCS model but is detailed laexat is during this step that the

domain and inner context are defined. The follonang the prescribed steps:
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* Identify the flows (input and output) both implicand explicit in the
problem.

* Determine the domains/sub-domains that the desigblgm lies in. Some
of the domains/sub-domains can be inferred fronfltves identified in the
previous step. The domains / sub-domains contritautiee domain context.

* Identify the overall design goal. This goal can drganized into sub-
objectives.

» ldentify any design constraints from the probleatesnent.

» Determine the possible list of design functiond tledate the input flow to
the output flow in this domain.

» Recall the designer’s context e.g. design guidslipeinciples and standards
pertaining to the corporation (commercial or goveental) etc.

* Having identified these design variables organizent into appropriate
context levels. Constraints can be split into keg. espatial and other
constraints e.g. safety etc. Key constraints prilgndorm syntactic context.
Objectives and other constraints form a part ofesgio context. Knowledge
of domain context allows the designer to filter dumctions and solution
artefacts that are not relevant in the currentgiesiomain. The principles,
standards and guidelines and domain context foenptagmatic context.

Step 2, conceptual design, involves the generaifoconcepts or schemes of

candidate designs. The main task in this step igetwerate design alternatives viz.
identify solutions that can achieve the objectivetypical function based design, the
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goal of the designer would be to identify solutidhst realize the functions while
satisfying constraints. For this stage Fenves’'strabdel [63] relies on a function-to-

form transformation to populate the initial struetusolution. Since it is not always
possible to infer functional information from austtural description or vice-versa [65]
the FCS model follows an adaptation of Gero’s amahrkengiesser’'s [64] approach of
determining conceptual solutions using the syntattiontext surrounding the function.
The syntax is made up of the key constraints thatewdentified in the ‘Problem

Definition’ step. The design function is filtereldrough the syntax to arrive at physical
effects. The classes of solutions belonging to dbmain identified in the ‘Problem

Definition’ step are then filtered through the canation of the syntax and physical
effects to arrive at the conceptual designs.

Step 3 involves refining the conceptual schemes pmeliminary designs. The
semantic context that was identified during ‘Prabl®efinition’ forms the primary
decision variable. The semantics mainly contain weghted objectives and other
constraints (not considered key constraints) suxhsatety, weight, price etc. The
semantics also consist of the equations determiyethe relevant physical effects of
the conceptual designs. The designer uses the sem#ém decide attributes such as
material and geometry. Ashby [66] provides a dethimethodology to select an
appropriate material along with a way to identify etficient geometric shape and we
are looking to use his methodology in the FCS mod@leé semantic filtering requires
the computation of values for equivalent propertéshe physical entities for various

solution contexts that could provide a solution.

47



The fourth step adds an additional level of fiker. the pragmatic context. The
design principles, design guidelines, governmeatal industrial regulations, domain
knowledge, company and designer information fore ghagmatic context. The result
of this stage would be a design artefact solutiath whe level of detail required for
production.

2.4.5 How does using context differ from other apghes to design modelling?

Design models, the results of much design reseamk, a symbolic
representation of real entities/processes for desagalysis, simulation etc. A model
captures essential parts of a system. Most desmptels viz. [67, 63, 68, 69, 64]) use
well-understood object representation schemes sgclUML, taxonomies, semantic
meta/networks, ontologies, process-oriented scherages Some of the newer methods
are using knowledge-based frameworks, patternsoategt-aware models etc. The
following is a brief description of the various sches:

» Taxonomies: - Simple hierarchical tree/graph likeuures that specify
relationships between the nodes. The nodes represes world
entities/processes.

« UML: - In UML real world entities or processes arepresented using
classes, class properties, use-cases and objgasifis instantiations of
classes).

* Semantic networks: - A semantic network or ned igraphic notation for
representing knowledge in patterns of interconreades and arcs. What

is common to all semantic networks is a declaragjragphic representation
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that can be used to either represent knowledgappost automated systems
for reasoning about knowledge. Some versions gftdyinformal, but other
versions are formally defined systems of logic.léwing are six of the most
common kinds of formal semantic networks; defimab networks,
assertional networks, implicational networks, exable networks, learning
networks, hybrid networks.

. Ontologies: - An ontology has been defined as aciBpation of a
conceptualization [70]. That is, an ontology is esdiption (like a formal
specification of a program) of the concepts andti@hships that can exist
for an agent or a community of agents. An ontolsgiepresented as classes
with slots (properties with/out values and limitgyt is not considered
complete without instances (like objects thesespeific instantiations of
classes). Unlike UML an ontology describes concepfsa domain
specifically designed for sharing and reuse. Oma 8ote, a shared context
is represented using ontologies [45].

Patterns: - A pattern describes a problem, whicuscover and over again
in an environment and then describes the core ef dblution to that
problem, in such a way that you can use this swiuéi million times over,
without ever doing it the same way twice. A pattermot an isolated entity
(problem-solution-description). It should merely esppy the field of
relationships and only the essential parametersnf@ement (solve) the

problem [71]. The following is the format of a patt:
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= A picture (symbolic representation) showing an atgpal example
of that pattern.
= Introductory paragraph which sets the context ef plattern. This
paragraph explains how the current pattern fitsfdetes the larger
pattern.
= Headline giving the essence of the problem (proldefmition).
= Body of the problem — empirical background, evidefar validity,
range of methods of manifestation (application).
= Solution to problem — contains required field ofypisal and social
relationships, instructions to build the pattern.
= Parent and child patterns.
Based on the preceding sections and our researcordext we can state the
following differences among context-based modetsthe other schemes:
* Unlike UML or taxonomies, context is not a reprdaéion language/method.
One can use these languages/methods to represgextco
* While UML classes are usually static (though flég)brepresentations of real
world entities/objects/processes, context addsvaelee and dynamism to the
entity of interest.
» A context provides the structure, the relationsmpl the situation (domain/sub-
domain) to define the problem, the solution or #pproach to the solution. It
does not merely serve to represent real worldiesiiirocesses like the other

methods.
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 If considered according to Alexander’'s pattern, antext represents
relationships among the current design problemssétutions) and the parent

(or child) problems (or solutions).

* Unlike ontologies which specify concepts, conteate dynamic filters that
narrow down the relevant information that applyttie current entity of interest

(e.g. to specify the field (domain) of interestloé design problem/solution).

2.4.6 What is the impact of context in design?

Bigolin and Brezillon [72] have stated that contexdnstrains the problem
space. That statement can be extended to mearnt timatst also delimit the design
domain allowing the designer to restrict the pdss#mlution space of a problem. The
impact of the domain context has been recognizedsaarch but no conclusive results
exist that show how a designer would use the dom@mext. This section provides the
details on the nature of domain context, its usagkimpact on the design process and
the solution. The term “domain” refers essentitdythe discplines that are in existence
in society today (e.g. engineering in general. maatal engineering, electrical
engineering). This dissertation has focussed maamythe engineering domain and
specifically on mechanical engineering. Table Husirates the proposed taxonomy of
domains. The classification of domains is basedhenflow that is contained in the
domain. For example if we are talking about mortentwe are in the finance domain.
Similarly if we are talking forces and torques thvem are in the mechanical sub-domain
(sub-domain of engineering). The presence of flusild either indicate fluid or

thermal sub-domain which can be further broken dasethe context of the fluid e.g.
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temperature considerations, relevant flow of fleid heat transfer etc. Since we are
concerned only with the engineering domain, oth@nains like Finance, Philosophy
etc. have been left out to enhance readability.théarwe only sub-classify the

Mechanical domain (as that is our domain of in®résrther treating Mechanisms,

Thermal, Fluids, Civil, Aerospace and Hydraulicsc.ets sub-domains of the

Mechanical domain.

Table 2.1: Taxonomy of Engineering Domains

Social
Engineering
Mechanical
Structures
Mechanisms
Motion Witlibacceleration
Motion Wisttceleration
Thermal
Fluids
Civil
Structural
Transptida
Materials
Ceramics
Polymer
Metallucgl
Aerospace
Electronics
Hydraulics
Electrical
Software
Industrial
Manufacturing
Biomedical
Chemical
Nuclear
Petroleum
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Next presented is the taxonomy of functions debohitby the Mechanical
Engineering domain. This is not a new taxonomy isutbased on the taxonomy
proposed by Szykman et al [73]. This parent taxon@rused as it is one of the most
complete taxonomy of functions available in reseamtile being sufficiently concise
as they have removed synonyms and specializedidmsctSzykman et al’s taxonomy
is not domain-centric. To arrive at the domain-dgentaxonomies start with their
taxonomy and eliminate those functions that doapuly to the “Mechanical” domain.
The result of this elimination is all the functioinsSzykman’s taxonomy, except for the
division “Assembly-function” and their sub-divisisnThe “Assembly-function” and
their sub-divisions are relevant in the “Manufactgf domain. This condensed
taxonomy is shown in Table 2.2.

The taxonomy shown in Table 2.2 is constrainech&rby the sub-domains of
“Mechanisms”. To do so identify those functionstthee relevant in the “Structures” or
“No motion” sub-domain and those that are relevarthe sub-domain with “Motion”
and further for “Acceleration” and “No acceleratiorFor the “Structures” or “No
motion” sub-domain this implies that the “Conveyedfanction” and “Signal/Control-
function” sub-divisions are irrelevant. The readon this is because “Conveyance-
functions” primarily cause motion while “Signal/Qool-functions” are applied to

mechanical control elements e.g. mechanical valves.
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Table 2.2: Taxonomy of Functions in the Mechani2amain

M echanical Functions
Usage-function
Sink
Absorb
Consume
Dissipate
Source
Extract
Generate
Supply
Storage
Store
Combination/Distribution-function
Connect
Couple
Distribute
Link
Transformation-function
Amplify
Attenuate
Convert
Decrease
Modify
Conveyance-function
Rotate
Transfer
Translate
Transmit
Signal/Control-function
Actuate
Adjust
Decrease
Increase
Indicate
Inhibit
Maintain
Measure
Resist
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Other examples such as “Convert” are generallyiegiple in conjunction with
motion e.g. conversion of electrical energy to naital energy is accompanied by
rotational motion. Functions from other sub-diviscsuch as the “couple” function are
usually used in reference to the coupling of eleméor transfer of motion or energy
etc. The taxonomy of functions in the “Structurdsimain is shown in Table 2.3.

Table 2.3: Taxonomy of Functions in the Structresmotion) domain

Structures Functions (No motion)
Usage-function
Sink

Absorb
Source
Supply
Storage
Store
Combination/Distribution-function
Distribute
Link
Transformation-function
Amplify
Decrease

Similarly, to prepare a taxonomy of functions ftiet“Motions” domain all
functions shown in Table 2.2 are relevant but far ‘tSignal/Control-function” division
and its sub-divisions. While only the Mechanismand» is discussed the same
principles of classification apply to other sub-dons also. Consider for example the
“Manufacturing” sub-domain. The functions from Smn et al's taxonomy that are
applicable in the “Manufacturing” domain are thé4ypes of “Assembly-function”.

In a similar manner the taxonomy of flows in the dlenical Engineering
domain can be prepared. Once again Szykman dbabsmomy of flows [73] is used as
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a starting point, but do not follow their criter@ classification as is. It has been
modified to ensure uncommon flows such as “Gengénergy” or “Generic-Power” or
even those that we consider properties of flow$ sasc“Acceleration” or “Jerk” are not
part of my taxonomy of flows. This was done becdi®ss like “Generic-Energy” or
“Generic-Power” cannot be used directly in desigobfems. These have to be
converted to more useful types such as active #3jror “Kinetic-Energy” before they
can be applied. The resulting flow taxonomy is shawTable 2.4.

The next step is to delimit the flows shown in EaBl4 further for the sub-
domains of Structures and Mechanisms. This is alairprocess as performed the
functions where the irrelevant flows are discaredobn considering the “No motion”
sub-domain or the “Motion” sub-domain and its suorcins. The result of this action
leads us to the taxonomies shown in Table 2.5 aindieT2.6.

Care should be taken in how the taxonomy of flows'Motion” domain is
used. The sub-domains traditionally dealing withchamisms in motion such as
kinetics, kinematics and dynamics differ in thepgeudies of the flows such as velocity,
acceleration and their time derivatives but dedghwhe same flows as that found in the
“No motion” (“Structures”) domain. To better expiahis, consider the flow “force” in
the “No motion” domain vs. in the “Motion” domaifhe difference would be the
property of the force for e.g. in the “No motionbrdain the force does not cause
motion whereas in “Motion” domain the force could &ccelerated or could be a jerk,

causing a similar motion.
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Table 2.4: Taxonomy of Flows in the Mechanisms Dioma

Mechanical Flows
Energy
Motion
Translational
Impedance
Oscillatory
Relative
Rotational

Impedance
Oscillatory
Relative

Force
Friction
Weight
Spring

Torque

Generic
Kinetic
Potential

Gravity
Spring

Table 2.5: Taxonomy of Flows in Structures (No mojidomain

Structures (No Motion) Flows

Force
Friction
Weight
Spring
Torque
Kinetic
Potential
Spring
Weight
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Table 2.6: Taxonomy of Flows in Motion domain

Motion Flows

Translational
Impedance
Oscillatory
Relative

Rotational
Impedance
Oscillatory
Relative

Force
Friction
Weight
Spring

Torque

Kinetic

Potential
Spring
Weight

With the taxonomies of domains, functions and flowdas been shown that
identifying the domain allows designers to constrtie design variables such as
functions and flows to a manageable few. But thiss@nomies have an implicit
relationship embedded in them: only certain funi@re relevant when considering
certain flows in a particular domain [74]. So es&dly identifying the domain and the
flows of the design problem allows us to constrthi@ taxonomy of functions. This is
important because clearly defining the variablgdiagble to the design problem makes
the process of design more efficient and additigntie fewer choices of design
variables relevant to the current design probldiowafor easier design decisions. This
sub-section presents an additional set of taxormntirat define the relationships

between functions and the relevant flows. The taraes for the “Structures” (“No
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motion”) domain are presented but the same priaaimhy be applied to other domains
in order to prepare complete taxonomies readygerhy design automation systems.

Table 2.7: Relationship among Functions and FlowStructures (No motion) domain

Absorb Supply Store
Kinetic Force Potential
Potential Friction Spring
Spring Spring
Torque
Kinetic
_Potential
Spring
Distribute Link Amplify
Force Force Force
Friction Torque Friction
Weight Spring
Spring Torque
Torque
_Potential
Gravity
Spring
Decrease
Force
Friction
Spring
Torgue

The taxonomies presented have shown that the ingdaitte domain on the
design functions and flows is to limit them. Thendtion and flow taxonomies
presented here show that identifying the domairsttaims the functions and flows to a
manageable few. The focus is mainly on the “Meatehidomain for this dissertation
but Function and flow taxonomies for other domamsst and are suggested as future
research. Such delimited taxonomies when used mjugotion with the macroscopic

taxonomies presented by Ullman [75], Dixon et @][@nd Pahl and Beitz [58] etc.
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serve to provide a complete view of design. Oneafseur taxonomies could be as a

tool to educate novice designers. Current designicala concentrate on results of

numerous analyses of design artefacts as the pris@ection criteria. Our delimited

taxonomies could be used to teach designers tatsile most appropriate solution

artefact based on design variables that can beifiéeinfrom the client’s statement such

the design domains, functions and flows. Similay taxonomies could be used by

design automation systems to simplify the path $olation.

To be truly useful to the designer or design autmnasystems they must be

able to map the function domain to the physical domTo do so effectively numerous

product matrices are proposed based on the follpasic idea:

There exist various artifacts viz. gears, springs,ctures etc which
provide varying functions while meeting varying etfjves and
constraints. Designers implicitly group artifactdoi classes based on
the functions that the artifacts realize.

Each artifact class has numerous sub-types, (&.gvorm, helical,
spur and others are sub-types of gears, (ii) fiat & are sub-types of
belts and (iii) torque, conical, barrel, hourglasssion are sub-types of
springs) that have further constraints that mustcbesidered when
selecting that particular sub-type.

Designers select an artifact class based on thetitumthat they can

provide but selecting from the sub-types that eigsusually done
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based on certain key constraints. By identifyingsth key constraints
(or syntactic context) the selection process imflized.

Using that basic idea the following product maticare contributed. The
original product matrix was developed by Dr. JohiisMvho is using this matrix in his
course work to teach design students on using diea iof context based design
selection. The following tables provide the produmttrices for gears, springs,
structures and motors. It should be pointed out tthese matrices are in an early draft
and further research is required to consider thany tuseful. To use the product
matrices presented in Figure 2.5, Figure 2.6 agairgi 2.7 identify the constraints in
your problem and eliminate any selections that fmavex” in the row. The sub-type(s)
that are remaining are the artifacts that will mdssely provide your function while

meeting the design constraints.
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Conztart- Elastomeric | Spring Yolute!
¥ = ELIMINATE Helical Leaf Bellevile Gater  force  Power Torgion band  Clamp Conical
Canztart “atiahle
pitch  Conical Barrel Hourglass | pitch  |Extension Crawhbar Torsion
Type
Push kS kS kS kS kS kS kS kS kS
Pull kS kS kS kS kS kS kS kS kS kS kS kS
Targue kS kS kS kS kS kS kS kS kS kS kS kS kS kS
Raclial X X X X X X X X X X X X X X
Load
Linear kA
Mon-linear ? ? ? ? ? ? ? kS kS kS kS kS kS kS
Transmit Powver kS kS kS kS kS kS kS kS kS kS kS kS kS
Tranamit Canstant
Force X X X X X X X X X X X X X
Suitable for smal
IECES kA kA kA kA kA kA kA kA kA kA kA kA kA kA

ganeshram iyer:

? = nanrlinear is possible
with varying coi
distances of radi,

Figure 2.5: Product matrix for springs

2.5 Context in legacy MCAD

The definition for design rationale in legacy MCABtated in section 2.3.3,
gives us the impact of context in legacy CAD. Tleérdtion organizes design rationale
into the three levels for context suggested by SAwe definition for design rationale
mentions three levels of relationships viz. streedtusemantic and practical. The
structural relationship is a synonym for Sowa’stagtical context, while the practical
relationship is synonymous to Sowa’s pragmatic exintlyer et al [77] have also
suggested a context-based inference approach toreagesign intent from legacy
CAD. They use the three levels of context to cfggbie raw data that is extracted from

the legacy CAD into syntax, semantics and pragmatic
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Gears Others
Chain and [Flexible |
Sour Helical Bevel Worn Gear trains Belts and Pulleys |Sprockel |cable
Compound,r | Compound,
Constraints Parallel [Crossed |Straight (Helical |Hypoid [Spircid [Zerol Simple [everted  non-reverted [Flet [V |Timing
Geometric Constraints
Ayis orientation
Paralel X * b * X | X | X
Center distanca can varly
50.5 addendum X[ X X X X X
Very large parallelaxis] X | X X X K X KX X X b X
Non-parallel
intersecting
0 Xl X X %
=< 90 X[ X X X X K | X | X
non-intersecting
20 X[ X
Mo offset X[ X X X | X X
offset =05 gear| X | X X X Xl X X
offset <0.3 gear| X X X X X X X | X
=40 X X X
No offset X[ X X X K 1 X | X
offset 205 gear| X | X X * b X X
offset <0.3 gear| X X X X L X L
Space lmitation X X
Power transmitted constraint]
high power X X X %
medium power X
|Speed constraint
Constant angular veloety X
No glip alloweed Xl X
Retational speedigear ratiq constraint
| XX
»3 X X
0 X K
50 X[ X X X X X X Kl X | X X K
Surtace velocty »
5000 fthnin X X X H XX
»3000 frimin X
1000 ftinin X
<1000 fthnin X [ X
Torsional varistions possible| X X X X X X X | X X
Efficiency constraint
»89% K K| X [ X i X X[ X
>80% X X SOME
»70% SOME
Mo lubrication possible K| X X X b KX XX X X X K
Lo noise b X X Al X X
Cooling nct posskle X

Figure 2.6: Product matrix for gears, belts andgysl| chains and sprockets and
cables (courtesy Dr. John Mills)
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AC DC Torque Servo Stepper Linear
Asynchronous Sync Universal |Shunt Series Compound
Single Phase Three Phase
Permanent-

Split Shaded Wound
Capacttor Capacitor  Pole 'NEMA A NEMA B NEMA C NEMA D NEMAF Rotor
Motion
Rotary X

Linear X X X X X X X

High
Medium
Low

High
Low

None X X X X X X X
Low X
Medium X X X X X
High X X X X X
% 5-88-

!
B

Starting Torque
Low X X X X X
Normal
Medium X X X X X X
High
Starting Current
Low X X
Normal X X
Medium X X X X
High X X X X X

= =
= =
=
=
=
=
= o= o=
|| x

= =

Efficiency
Low X X X

Medium

High X X

= =

Low
Normal
Medium
High
Warying X
Constant X
Load
Light X
Medium
Heavy

Figure 2.7: Product matrix for motors
By comparing Sowa’s levels of context with legacyCAD we derive the
following context levels:

Table 2.8: Context in legacy MCAD

Syntax Notes, titleblock, shape, symbols

Standards, manufacturing, material (with charasties)
Semantics parts list, application, milieu, lternatives, part nam

inspection
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Table 2.8 - continued

Pragmatics

Function, flow, domain, objectives, constraintsjesigy

rules, guidelines, designer, project, company idtonain

The following is a sample of the information thefound:

e Syntax:

(0]

0]

The geometry of the drawing to determine overadipghof the part.

The tolerance values, including number of decimkdcgs, as an
indicator of tight vs. loose tolerances that maychgcal for assemblies
and part function.

The use of firm and relative dimensions to infeg thatum plane and
feature dependencies in the resulting 3D model.dfskmensions, table
data for validating geometry.

Importance of precise placement of holes for cotiviec between

related parts to form assemblies.

e Semantic:

(0]

The part name as an indicator of the part’'s fumc{mg. bracket, pump,
gear etc).

The material as an indicator of cost, strength,t ptrickness,
manufacturing process, etc. of the part.

The surface finish as an indication of possibleosxpe to elements,
mating connections, etc.

Any notes referencing markings and etchings asdicator that the part
may be a replacement part in the field.

Correlation of elements in notes and geometry ferithe treatment
and/or manufacturing operations.
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Symbols for manufacturing processes such as fimgghiwelding,
assembling, etc

Geometry and attributes of part as an indicataufeaobjective (i.e. ribs
in a part add strength while pockets make theldnter.)

* Pragmatic:

0]

Company and department name along with appropkiatevledge as a
method to infer information such as applicable d#ads, specifications,
applicable disciplines etc,

Designer information to gauge project information,

Date/time information to gauge document revisiomptetion
information.

2.6 Conclusion

With the required background the next chapters adltiress how a context-

based approach will address the problem, statedhapter 1, of capturing design

rationale from legacy MCAD.
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CHAPTER 3

APPROACH TO SOLVING PROBLEM

The following chapter details the approach propose@ddress the problem
dealt with in this dissertation. In order to dotke first requirement is to understand the
nature of legacy MCAD design rationale. The secoeglirement is to identify the
process of legacy MCAD design rationale capturelfitOnly after meeting those
requirements can we discuss a software architethatewill incorporate the process
identified to satisfying the second requiremente Sbftware architecture is discussed in
the next chapter.

3.1 Design Rationale Analysis of Legacy MCAD

From Chapter 1 we know the claim that the manufacsuwere making i.e. that
they are able to capture design rationale from 28waohgs that they are unable to
capture from parametric 3D models. This claim regpiifurther investigation and this
section details the approach and the results ofirtlkestigation. Legacy MCAD,
specifically 2D drawings, contains only unstructurgraphical entities such as
geometry, text and symbols. In order to propertgnpret the meaning and significance
of the contents of the legacy file, human re-designmplicitly create associations
between the unstructured entities to identify moreaningful classes of structured

entities. For example by creating associations éetwelevant geometric entities, the
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re-designer identifies the shape of the part. Bating associations between geometry
and text the re-designer could identify dimensiansl tolerances or manufacturing
symbols (e.g. surface finish) depending on the engs of the entities and the
associations created. When comparing the contérdas2® drawing with that of a 3D
model it can be seen that the 3D model has manetated geometric entities but uses a
different layout as compared to 2D drawings to ldigpgheir content. Most 3D models
do not contain the same text and symbol entitias ti+-designers expect to see in the
same manner as 2D drawings. This additional text smbols may be the key to
understanding the validity of the claim that thedesigners could capture design
rationale from the 2D drawings and not 3D modelss Teiterates the contention made
in section 2.3.3 on the importance of the inforwmtiother than geometry that is
contained in the legacy MCAD file.

3.1.1 Design Rationale Capture Analysis Process

To better understand the importance of all thetiestto capture design rationale
from legacy MCAD and the process that re-designsesto capture design rationale we
used the method suggested by Stauffer, Ullman aatieich published in their paper
titted “Protocol Analysis of Mechanical Engineeringesign” [78] and performed
“design rationale capture analysis of legacy MCAR'e worked with two candidates
for the first stage of analysis, the first an exgeced re-designer and the second an
experienced modeler. We identified sample drawings a repository available with
Imagecom Inc [79]. The two candidates were presenti¢h the same set of sample

drawings to ensure consistency between their fgelil\ sample drawing is shown in
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Figure 3.1. The analysis process required the dateb to verbalize their thought
process when identifying the entities, any relexas#ociations between the entities and

inferring design rationale.

1) Links to 1) Revision
standards block
2) Material ||} 2) Change
properties : notes
3) Surface
finish " Surface
properties 1l . findsh face
. selection
L, Alternative
Dimensicns ety
and
tolerances i |
Designer,
design,
| e | | project,
Notes . el | =="ez e == [H company
: : 2 e = St /| M| data

Figure 3.1: Sample 2D drawing
To provide support to the candidates and to imparformal order to the
verbalization, the candidates were presented wii$t af questions that they needed to
answer. The following is a sample list of questiposed to the interviewees.
» What steps do you take when presented with a MCAlidaet for
redesign?
* How do you rate the importance of entities contdime the legacy
MCAD - geometric, textual etc?
* Please infer the following classes from the drawing
o Function of part

o Flow related to part
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o Domain of part or assembly

0 Manufacturing instructions and symbols

o Material

o Standards, principles and guidelines

o Alternatives presented (geometry, material, martufagy etc)

o Constraints (dimensional, assembly etc)

o0 Possible objectives of part
Please state importance of above identified classespurpose of
redesign of part or assembly contained in drawing.
Do you use sources external to the MCAD represientad identify the
classes mentioned above? If yes, what are theseesou design
databases, engineering dictionaries, previous kexyd or other?
How do you deal with assembly representationshéset a need for
individual part drawings to determine assembly t@msts?
Do assembly drawings provide more information abihét function,
flow, domain, alternatives, objectives or constisn
Do manufacturing instructions included in the leg&@AD provide any
clues to the possible objectives or constrainthefpart or assembly?
How do you deal with alternatives (geometry or othge) shown on the
legacy CAD?
Do the change notes included in the CAD representgirovide any
insight into the design evolution of the part cseasbly?
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3.1.2 Results of Design Rationale Analysis

One result of the design rationale analysis waisthiegacandidates were inferring
a lot of meaning and significance from the legaity, fout each individual assigned
different importance to the identified classes. Experienced re-designer assigned
higher importance to the text and other attribetastained on the legacy MCAD file to
infer design rationale such as function, objectiegsconstraints. The experienced
modeler on the other hand focused more on the gepmaarts list and assembly
constraints as possible design rationale concem#dthe use and application of the
part, represented in the MCAD file. The modelerdutiee inferred application of the
part as possible reasons for the decisions containghe MCAD file. On the whole the
candidates could infer information about costs, liapflon, mating surfaces, function,
flow and domain by creating associations between uvlirious classes identified in
chapter 2. This validates the claims made in Chaptéy the manufacturers. The
subjects were able to infer design rationale fromlegacy CAD beyond the data that is
contained on the legacy CAD.

Additionally with this analysis we are able to dédish that design rationale on
legacy MCAD is not explicitly stated. The entitiesn the MCAD file and the
relationships between those entities i.e. contextiegacy MCAD, provide useful
information that someone with the required domaiovdedge can use to infer design

rationale about the represented part.
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Finally the process employed by the subjects tdurapdesign rationale from
the legacy CAD files was documented. The followeng the broad steps that the
subjects were using to infer design rationale.

» Brief review of the legacy MCAD file to identify levant entities and their
properties e.g. location, dimensions etc.

o0 This step is comparable to the parsing of the fildmere the human
candidates spent some time to identify the typesntifies contained on
the legacy MCAD file along with their location amédlation to other
entities based on certain associated properties agclocation, type,
color, annotations etc. The result of this stejha the human candidates
have essentially identified essential entities Hratpresent on the legacy
file.

* Having identified the essential entities the négpghe human candidates take is
to identify the relationships that exist betweea ithentified entities. The key to
creating these relationships is their knowledgehef domain. Three types of
relationships are created viz. the context levetgntax, semantics, pragmatics.
The first relationship to be created is the synteixich the candidates create by
identifying the properties and attributes of theites such as location, type,
color etc. By doing so they have created groupsntities that would aid in
identifying further relationships. Examples of sugloups are shape, notes,
titleblock, symbols etc. The second relationshigated is the semantics.

Starting with the groups of entities identifiedtla¢ syntax stage the candidates

72



try and identify common keywords and patterns #wst within the groups.

These identified keywords and patterns provide nmgato the created groups.
Examples of identified keywords would be iron, aloom, steel (which would

indicate materials), gear, yoke, cover (which wouldicate artifact names) and
ASME, DOD, STD (which would indicate standards).

The final relationship that the candidates infethie pragmatics. This involves
retrieving valuable information based on their eig®e and knowledge of the
concerned domain of the legacy MCAD file. The magnihey inferred in the

second relationship step allows the candidates reate links between a
particular meaning and the significance the meanmglies. For example

knowing a particular material would allow us todnfcertain significance such
as metal or non-metal, strength, hardness etc. Kpthe part name allows us
to infer for example possible functions and flowsstandards were identified
then possible guidelines and principles could beriad.

Having inferred the pragmatics the re-designerstlusse links to infer possible
design variables and possible reasons in the fdrabjectives and constraints,
possible alternatives and insights about matehaloe. All these collectively

form design rationale as we have seen in chaptEoRexample by identifying

the name of the part they could infer the posditetion of the part. From the
material, the re-designers could infer possiblesctbjes such as low weight,

high strength or corrosion resistance. From theufaauring process specified
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the re-designers could infer if the part was mefantlarge or small batch
products.

3.2 Identify context levels in legacy MCAD

Section 2.5 presented an overview of context iadggCAD. With the results
of the design rationale analysis presented in @ec8.1.2, the following section
provides the details of context in legacy MCAD. Ttheee levels of context that were
identified in section 2.5 are expanded upon tduche the entities contained on the
legacy MCAD and numerous other classes that caninbsred based on the
relationships between the entities which are aledeted.

The models were created using Microsoft’s Visidwafe in UML. The models
are standard UML Class diagrams with GeneralizaboriDependency relationships.
The Generalization relationship can be simply dbedras “part-of” where all child
classes are subparts of the parent class. SimilaglyDependency relationship can be
thought of as “depends on” where the propertiethefparent class are inherited by the
child classes.

3.2.1 Syntax in legacy MCAD

Since legacy MCAD contains only unstructured geoimetnd textual entities
the first step taken by the human candidates duhaglesign rationale analysis was to
perform a detailed survey of the entities, theraklions, properties, layers and any
structural relationships. Using this data the cdatdis were able to identify the syntax
level of the context in legacy MCAD which are thestructured entities in various

related groups. This class typically consists of #hape of the part, dimensions,
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tolerances, notes or title-block information. Fig.2 shows the syntax level with its

child classes.

Syntax

I I$$¢I |

Motes TitleBlock Shape Symbols

Figure 3.2: Syntax level with child classes

The following is a brief explanation of the chilthsses of syntax, the entities
they contain and the relationships between theiestti

3.2.1.1 Notes

These are typically text with some symbols includéde text can be single-
lined or multi-lined, while the symbols are usuallged to indicate surface finish,
tolerances or dimensions. The notes class is maag numerous single- or multi- line
independent notes that may be numbered or bulleted.

3.2.1.2 Titleblock

Titleblock is typically formed of tables, text asgmbols. The tables could be
composed of numerous lines arranged to contains em columns forming individual
cells that contain the text and symbols. The teay tme single- or multi- line and could
indicate parameter variables with their values,leviymbols could be used to indicate
global tolerances and milieu information such as ¢bmpany name, designer, design

and project information.
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3.2.1.3 Shape

The shape is normally only composed of geometryn{pdines, arcs, circles,
splines etc) but could use textual descriptionmtiicate details or repeating arrays of
entities or groups of entities.

3.2.1.4 Symbols

Symbols are normally made up of both geometric tartbal entities. Symbols
indicate surface finish, manufacturing, dimensidie¢grances, markers etc. Based on
the shape and contents the appropriate symbdieg al.

3.2.2 Semantics in legacy MCAD

Having identified the syntax classes the next gtepthe human candidates take
is to identify the semantics level from the syntd&sses using a variety of techniques.
By looking for certain patterns and keywords thert be found in the syntax classes the

candidates identify the semantics classes thagharen in Figure 3.3.

Semantics

JAYAYA

Alternatives Materials UsedOn Part Assembly PartName

Inspection PartsList Milieu

Figure 3.3: Semantics level with child classes

The following is a brief explanation of the childasses of semantics, the
entities they contain and the relationships betvikerentities:
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3.2.2.1 Standards

This class, shown in Figure 3.4, typically contdims standards, guidelines and
principles that are composed of text and explicéitsgted in the notes or title-block
classes. Some examples of standards are DOD-STOGOO0{AR), ANSI Y14.5M-

1982 etc. Standards are company, project or degigaific.

Motes TitleBlock

Standards

Figure 3.4: Standards class dependent on NoteSidadlock classes
3.2.2.2 Manufacturing
The manufacturing class is normally composed df ée>symbols and contains
instructions for the production of the part reprgsd in the legacy MCAD. Some
examples of text instructions are casting, forgiggench, temper etc. Surface finish
symbols and weld symbols are examples of the maturfag symbols that contain text

to indicate required values.

Motes Symbols

Manufacturing

Figure 3.5: Manufacturing class dependent on NabesSymbols classes
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3.2.2.3 Alternatives
Alternative shapes, materials or manufacturing rutstons are usually
explicitly represented and appropriately labeled@ash. They could contain geometry

or text and can be inferred from shape, notes gmibgls.

Notes

Shape Symbols
T = 7

1 | |
1 I |
1 | |
1 I |
1 | |
1 I |
k- 11 T ————— .

1 1 1

Alternatives

Figure 3.6: Alternatives class dependent on N@&ape and Symbols classes
3.2.2.4 Materials
The Materials class is typically composed of textitees and is derived from

Notes class. Some examples are Steel, AluminunBrkze, Cu, Sn etc.

Motes

0
|
[
|
|

3
]
Materials

Figure 3.7: Materials class dependent on Notesclas
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3.2.2.5 UsedOn
The UsedOn class is composed of text and dependseomitleblock class. It
indicates the assembly or the system level artidhavhich the currently represented

artifact is a part.

TitleBlock

UsedOn

Figure 3.8: UsedOn class dependent on Titlebloakscl
3.2.2.6 Part and Assembly
The Part and Assembly classes are composed oémtikies and depend on the
Titleblock, Shape and Symbol classes. They helmtiiye whether the currently

represented artifact is a piece part of an assembly

TitleBlock Shape Symbols

AT AT AT, AT |
] | | | | l
1 1 | | | |
1 1 | | I |
1 1 | | I :
1 1 I ! I :
1 1 I ! I :
1 1 I ! I :
1 I | | I :
| or————- A= ey |
|l === === A
1 1 1 11 1

Part Assembly

Figure 3.9: Part and Assembly classes depend teblttk, Shape and Symbols
class
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3.2.2.7 PartName
The PartName class is composed of text entitiesdapeénds on the Titleblock

class.

TitleBlock

T~
I
I
I
I

|
PartMame

Figure 3.10: PartName class depends on Titlebltadsc
3.2.2.8 Inspection
The Inspection class is composed typically of syislamd text and depends on

the Symbols and Notes class.

Notes Symbols

Inspection

Figure 3.11: Inspection class depends on NotesSgmibols classes
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3.2.2.9 PartsList and Milieu
The PartsList and Milieu classes are composed xif 4ad depend on the

Titleblock class.

TitleBlock

PartsList Milieu

Figure 3.12: PartsList and Milieu classes dependlitiaeblock class
3.2.3 Pragmatics in legacy MCAD
Having identified the semantics classes the hunaaadlidates inferred the final
level i.e. the pragmatics level by using their ekipe and knowledge of the domain. By
considering each semantics class individually theddates infer the appropriate
pragmatics class. Figure 3.13 shows the child etaasthe pragmatics level.
The following is a brief explanation of the childasses of pragmatics, the

entities they contain and the relationships betwikerentities:
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Pragmatics

(TN

Function Flow Domain Constraints Objectives Application

SpecificProperties RelativeCost DesignEnvironment Quality/inspection

Figure 3.13: Pragmatics level with child classelegacy MCAD
3.2.3.1 Function, Flow, Domain and Application
Information about the Function, Flow, Domain andoAgation can be inferred

from the PartName semantics class.

PartMame

Function Flow Domain Application

Figure 3.14: Function, Flow, Domain and Applicatiaferred from PartName
3.2.3.2 DesignEnvironment, Qualitylnspection, @byees and Constraints
Information about the DesignEnvironment, Qualitylestion, Objectives and

Constraints can be inferred from the Standards stoseclass.
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Standards

DesignEnvironment Qualityfinspection Objectives Constraints

Figure 3.15: DesignEnvironment, QualitylnspectiObjectives and Constraints
inferred from Standards

3.2.3.3 Constraints, RelativeCost, Qualitylnspectio
We can infer information about Constraints, Rekflest and Qualitylnspection

from the Manufacturing semantics class.

Manufacturing

|
1
|
Constraints RelativeCost Cuality/inspection

Figure 3.16: Constraints, RelativeCost and Qualggection inferred from
Manufacturing

3.2.3.4 Objectives and Constraints
Information about Objectives and Constraints can iberred from the

Alternatives semantics class.
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Alternatives

Objectives Constraints

Figure 3.17: Objectives and Constraints inferr@anfiAlternatives
3.2.3.5 Objectives, SpecificProperties, Applicataomd RelativeCost
We can infer information about Objectives, Speé&ifaperties, Application and

RelativeCost from the Materials semantics class.

Materials
RS
P
. |
[f=======<= B S b 1
| | | 1
Objectives SpecificProperties Application RelativeCost

Figure 3.18: Objectives, SpecificProperties, Apgtiien and RelativeCost inferred
from Materials

3.2.3.6 Application and DesignEnvironment
Information about the Application and DesignEnvimant can be inferred from

the UsedOn semantics class.
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UsedOn

Application DesignEnvironment

Figure 3.19: Application and DesignEnvironment iréel from UsedOn
3.2.3.7 Constraints and Application
We can infer information about Constraints and Aggtlon from the Part and

Assembly semantics classes.

Part Assembly
" T
| i
| i
| i
=== i
f=——— === 1
| |
Constraints Application

Figure 3.20: Constraints and Application inferreahi Part and Assembly
3.2.3.8 RelativeCost and Qualitylnspection
Information about the RelativeCost and Qualitylrtsjpe can be inferred from

the Inspection semantics class.
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Inspection

Quality/Inspection RelativeCost

Figure 3.21: Qualitylnspection and RelativeCosgirgd from Inspection
3.2.3.9 Function and Constraints
Information about the Function and Constraints &en inferred from the

PartsList semantics class.

PartsList

Function Constraints

Figure 3.22: Function and Constraints inferred fi@antsList
3.2.3.10 Application, DesignEnvironment and Domain
We can infer information about Application, Designionment and Domain

from the Milieu semantics class.

Milieu
S
|
|
[T ==/=== i 1
1 | |
Application DesignEnvironment Domain

Figure 3.23: Application, DesignEnvironment and aminferred from Milieu
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3.3 Automated capture of context from legacy MCAD

Having provided an understanding of the context ttem be captured from
legacy MCAD and the relationships that exist betwd#e context classes at the three
levels, this section describes the need and pradfesspturing the context from legacy
MCAD using an automated software system.

3.3.1 Need for automated capture of design ratienal

One of the results of the design rationale capamadysis stated in section 3.1.2
was the process that the re-designers used tocexwatext from legacy MCAD and
capture design rationale from the extracted contéxesign rationale that is contained
is legacy MCAD is to prove useful i.e. that re-gegrs looking to modify existing
designs use the rationale contained in these ledasign storehouses, then the design
rationale capture process needs to be simplifieprbyiding an automated and standard
capture method.

3.3.2 Process of automated design rationale capture

The automated capture design rationale from ledd©AD has two distinct
steps viz.

» Extraction of context from the legacy MCAD
» Inferring design rationale from the extracted canhte

An illustration of this process is shown in Figuse€24. The following sub-
sections provide the details on the process entllatehe automated software system.
To be truly useful, the proposed automated systamt rolosely emulate the process

followed by the re-designer and modeler describexbction 3.1.2.
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Legacy CAD

Geometry,
Extract Entfities Text,
Symbals
Preliminary
Information [t Ex tract Syntax |4
Storage
Preliminary
Extract -
> Semantics > In;c;gr:aa;gm
Design | Infer Pragmatics >
Rationale (Design Rationale)
Design Google,
Rationale Matweb
Rule-base WordNe't

Figure 3.24: Overall approach to capture DesigndRate from Legacy MCAD
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It should be noted that some steps of the procdksvied by re-designers may
prove impossible to emulate using software buntim@ber of such steps can be reduced
and the quality of the output of the system cannipgroved by building a system that
will grow based on input from experienced re-designin short by making the system
extensible we can ensure that the output is intrglyscloser to that captured by the re-
designer and modeler.

3.3.2.1 Extract context from legacy MCAD

To extract context from legacy MCAD the re-desigard modeler followed a
process that is described in section 3.1.2. Fautomated system to capture context in
a similar manner the following are the steps. Theteps are analogous to the steps of
the process described in section 3.1.2.

* Read all the raw data contained in the legacy MCADthis stage all
entities contained on the legacy CAD are extractedd, for
simplification, sorted into either geometric ortigad entity types. Basic
pattern recognition techniques are used to infdgmaroup and
categorize the entities into these types. A temyalata storage is used
for the output of this step. By using an open ASKkdsed MCAD file
such as DXF the system will be able to read thedata in addition to
their properties.

» Extract the syntax classes: By identifying the tiefeships between the
raw data as described in section 3.2.1 the systédinextract the syntax

classes. From the Design Rationale Capture Analysiss observed
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that the human candidates used the layout of thedaa to extract
relationships. Using comprehensive pattern seandhaaalysis methods
we categorize the extracted entities. To achieve ith a repeatable
manner the patterns could be pre-determined amddst8y identifying

the common patterns that exist for different sitweg e.g. company,
project or industry we can create templates thacr®e the syntax
relationships that exist. Using these templatestesn focus on the
extracted entity along with its context (e.g. sunmding entities, entity
type, entity properties) as defined by the template

» Extract the semantics classes: By using the relships between the
syntax classes the system can extract the sematdgses as stated in
section 3.2.2. In a manner similar to the proceszuchented during the
design rationale capture analysis the system usesemus keywords
files and pattern matching algorithms to extraet semantics from the
syntax classes.

* Infer the pragmatics classes: Using the relatigpshbetween the
semantics classes as stated in section 3.2.3 #tensycan infer the
pragmatics classes.

3.3.2.2 Infer Design Rationale
The final step is to infer design rationale usinge textracted contextual
relationships. To do so, an inference engine waplemented as a part of this

dissertation. An inference engine is a software mament that is implemented
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specifically to separate the data from the logiogit is language of reasoning. It
consists of a collection of rules that is used wheasoning. The next section describes
the various types of logic that exist, the typdamgfic that is implemented through the
proposed inference engine and the reason for ahgdsat type of logic.
1. Propositional logic: Propositional logic is logit the sentential level.
The smallest unit of information that has to beltde#h is the sentence
which is called a proposition. The reasoning precassumes each
statement as either true or false. No analysis edopmed of the
individual statements. The primary goal of propos@l logic is to
identify truth or falsehood of sentences based m@tquing sentences.
The following example illustrates propositional ilmg Consider the
following statements.
All men are mortals
Socrates is a man
An inference engine treats these statements astdidased on
these propositions can assert the following pramwsiwhich is treated
as true for any succeeding propositions that migvio
Therefore Socrates is a mortal
Propositional logic is not powerful enough to regamt all types
of assertions that are used in computer sciencenattiematics or to
express certain types of relationships between gsiipns such as

equivalence. For example, the assertion "x is grehn 1", where x is a
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variable, is not a proposition because you canalbivhether it is true or
false unless you know the value of x. Thus propmsa logic can not
deal with such sentences. However, such assewdigpsar quite often in
mathematics and we want to perform inference omdlassertions. Thus
we need more powerful logic to deal with these atieer problems. To
address this need other types of logic exist.

Predicate logic: Predicate logic allows us to repne fairly complex
facts about the world, and to derive new facts inag that guarantees
that, if the initial facts were true then so are tonclusions. It is a well
understood formal language, with well-defined syntsemantics and
rules of inference [80].

. Syllogistic logic: Syllogistic logic contains thaaysis of the judgments
into propositions consisting of two terms that astated by one of a
fixed number of relations and the expression oéreces by means of
syllogisms that consists of two propositions st@@ncommon term as
premise, and a conclusion which was a propositmolving the two
unrelated terms from the premises.

Modal logic: Modal logic deals with the phenomertbat subparts of a
sentence may have their semantics modified by abeerbs or modal
particles.

Mathematical logic: Mathematical logic is a suldielf mathematics that

is concerned with formal systems in relation towssy that they encode

92



intuitive concepts of mathematical objects suchsets and numbers,
proofs, and computation.

6. Philosophical logic: Philosophical logic is the &yuof the more
specifically philosophical aspects of logic. It teawith formal
descriptions of natural language. It is concernelg with those entities
— thoughts, sentences, or propositions — that apalgle of being true
and false [81].

The inference engine implemented with this disserafollows propositional
logic. The reason for selecting propositional logver other types of logic is the format
and nature of the data available in the limited dionof legacy MCAD. As has been
detailed previously, legacy MCAD is typically congeal of unstructured graphical
entities such as geometry, text and symbols. Téssilts in the captured contextual
relationships containing identifiable propositiossich as the material selected,
manufacturing instructions, part name, individuadsenbly parts, dimensions,
tolerances and design environment such company ,nprogct name, and designer
name. The resultant propositions are assumed &s kyudefault without further
analysis. This goes back to one of the assumptodnihe dissertation that a valid
rationale exists behind any information that iduded on legacy MCAD. In the case of
legacy MCAD the individual propositions do not neadditional analysis to assert
facts. Since the primary goal of the advanced typktdogic is to analyze the
propositions further they would be inapplicable thre specific context of legacy

MCAD.

93



The overall architecture of the implemented infeeeangine is shown in Figure
3.24. The input to the system is the informatiotraoted from the legacy MCAD viz.
Assembly, Artifact, Material, Manufacturing conditis and parameters and Geometry.
The inferencing itself is done in numerous sub-nesiualso shown in Figure 3.25 viz.
Infer Domain, Infer Function, Infer Flow, Infer (dmtives, Infer Constraints, Infer
Material Properties. The details on each of thesernsodules are provided in following
sections. For the implemented inference engine @édopm the task of asserting
succeeding propositions based on the input (pragggiropositions it has a collections
of known propositions or rules that is stored iruke-base, also shown in Figure 3.25
viz. Domains, Functions, Flows and Production Ruld® next section details the rule-

base, its need and format and the difficulties ¢#xadt to build and extend the base.

. Manufacturing
Assembly /"\“'ﬁ“’t / conditions and /
par: ters

Functions,
¥ g v Flows
Infer D . Infer Infer Infer Material
nfer Domain Objectives Constraints Properties
Production
| Rules
Infer Function Infer Flow INFERENCE ENGINE WordNet /
Google/
Matweb

Figure 3.25: Overall architecture of Inference begi
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The rule-base is where the collection of known psifions is stored. An
inference engine needs a rule-base as this helpmrage the data from the logic
implemented by the engine to select appropriatesrbbsed on the input. The rule-base
also provides an easy to understand explanatiovhgfa particular rule was selected as
no knowledge of the inference engine code is neeBgdmplementing the rule-base
using XML we achieve easy editing of existing ruéesl addition of new rules. Other
formats for rule-bases exist such as the Resoussription Framework which is a
World Wide Web Consortium (W3C) specification forodeling information. The
RuleML open specification also exists that providesarkup language to publish and
share rules on the World Wide Web [82]. The rulsebanplemented in this dissertation
implements a format simpler than that suggesteBulgML. The reason for this is the
lack for information that is needed to completelypplate the individual rules as
specified by RuleML.

Samples of the rules that were generated withdisisertation are presented in
Figure 3.26 and Figure 3.27. The following is tlyatax that was used to create the
individual rules.

» <rule>: Each individual rule is enclosed within this nodiae start and
end tags separate individual rules.
* <name>: The name of the individual rule. The value of thigry needs

to be unique for each rule. This entry is required.
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» <symbol>: The symbol is usually reserved for materials andsigally
specified as the symbol of the material that thers@> node states. This
entry is optional but must be included when maker@ae involved.

» <objective>: The objectives that are associated with the fités entry
is optional. If provided then the inference engsatects the objectives
for the matched rule. The objective node has twmrsades.

0 <property>: This entry states the specific objective at theemir
sub-node. If the <objective> node is included tla¢rieast one
node containing the property is required.

0 <value>: This entry states the value for the property & th
current node. If the <objective> node is includeeit at least one
node containing the value for the stated propertgquired.

» <constraint>: The constraints that are associated with the rTikes
entry is optional. If provided then the inferencegime selects the
constraints for the matched rule. The constraidentas two sub-nodes:

0 <property>: This entry states the specific constraint at the
current sub-node. If the <constraint> node is idelll then at
least one node containing the property is required.

0 <value>: This entry states the value for the property & th
current node. If the <constraint> node is includleen at least

one node containing the value for the stated ptgperequired.
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» <additionalrule>: Specifies any additional rules that are associ&ted
the current rule. This entry is optional. If progddthen the inference
engine processes the rule stated in this node ttwhmand select
additional specific rules. For example if the aiddial rule stated points
to a second rule-base then the inference engineegses this second
rule-base and matches and selects additional frdes this rule-base.
This is important in cases such as materials tkguire additional
processing to select all appropriate rules.

With the above description of the need and fornfathe rule-base this next
section describes the population of the rule-bdmemethod, the collected propositions
and the problems encountered.

For the inference engine to function the rule-b@seds appropriate propositions
to be present in the rule-base. The inference engges these initial propositions to
match and select the appropriate rules based owcutient input. These propositions
were created manually from various sources suchoas Manufacturer’s Engineering
Handbook [83], Mechanical Engineering Design [84hchine Design: An Integrated
Approach [85], Machine Elements in Mechanical Dedi@6], Mechanics of Materials
[87], and Materials Selection in Mechanical Degjg8] among others. A large portion
of the rules have their origins in the output of thesign Rationale Analysis [Section
3.1]. Sample of the rule-base are shown in Figu2é and Figure 3.27. The rule-base

does not differentiate among the various typesropgsition being stored. The rule-
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base stores propositions on material, manufactugogipany information, functions,

flows, domains etc.

»reliability</
>*high</ >

*low priority</
-
e
>zhelf life</
»long</ >

>

>

*number of parts manufactured</
>typically large</ >

»zingle set of reusable</

>

b

>turnarcund time</ >
>once dies have been manufactured, low</

b

>

*material properties at surface</
sgoods >

b

b

»repeatability of dimensions</
sgoods >

b

>

>geometric dimension</
>restricted«/ >

Figure 3.26: Sample rules from rule-base used teyence engine
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<rules>
<rule>
<name>aluminum</name>
<symbol=al</symbol>
<pbjective>
<property>weight</property>
<value>low<fvalue>
</objective>
<objective>
<property=strength</property>
<value>medium to high</value>
</objective>
<gbjective>
<property>coirosion resistance</property>
<value>high<fvalue>
</objective>
<objective>
<property>workability</property>
<value>good<fvalue>
<{objective>
<constraint>
<property></property>
<value></value>
<f{constraint>
<additionalrule>C:\cygwinthome\ganesh\cad\dissertation\dewv2005
\read_dbddata\aluminum.xml<fadditionalrule>

<name>steel</fname>
<symbol><fsymbol>
<objective>
<property>strength</property>
<value>low to high</value>
<fobjective>
<pbjective>
<property>strength to weight ratio</property>
<value>medium to high</value>
</objective>

Figure 3.27: Sample rules from rule-base used teyence engine
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The rule-base stores propositions by identifying tbject about which the
proposition is predicated. For example considerrthe named “aluminum” in Figure
3.27. This rule asserts the following propositions:

The material is aluminum
Aluminum has symbol Al
Aluminum has objective of low weight
Aluminum has objective of medium to high strength
Aluminum has objective of high corrosion resistance
Aluminum has objective of good workability
Aluminum has additional rule-base located in “alumam.xml” on disk

This rule is sufficient to handle input that prossdvery little information to a

lot. For example if the input states just alumintine, input proposition can be read as:
The Material is Aluminum
Since this is assumed true the following proposgican be asserted about the
subject “Material” by the above described rule:
Material has symbol Al
Material has objective of low weight
Material has objective of medium to high strength
Material has objective of high corrosion resistance
Material has objective of good workability

Material has additional rule-base located in “alumuim.xml!” on disk
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Thus by using the rule-base we are able to adserbbjectives for the input
material (viz. Aluminum) which constitutes desigationale based on the proposed
definition [30].

If in case the input states detailed informatioahsas Aluminum 4140 the input
proposition can be read as follows:

The Material is Aluminum 4140

This allows us to assert the propositions that asserted above when the
proposition is simply “The Material is Aluminum”.uB to assert additional propositions
based on the detailed input “4140” we need to refehe additional rule-base located
in “aluminum.xml”. A sample of this rule-base isosin in Figure 3.28. From the
detailed input it can be asserted known that theenah belongs to the 4000 series of
wrought Aluminum.

This assertion depends on the numbering formats @@ employed for
designating the individual alloys. This designatsystem is completely set forth in the
American National Standard ANSI H35.1 and in vasiquublications issued by The
Aluminum Association [83]. Appropriately the follomg propositions can be asserted
by selecting the <4000> series node for <wrougttmaum from the additional rule-
base [Figure 3.28]:

Material has Typical Applications in welding wileyv melting point brazing
alloys and architecture
Material has Objective of low weight

Material has Objective of high electrical condudiv

101



Material has Objective of high machinability

Material has Objective of low melting point

>for electrical and chemical field
»good</ >
>
>
»corros2ion resistance</
excellent</
>
>
s>workability</
excellent</ >
>
>
>wWweight</
>low<, >
>
>
>formability</
shigh</ >
>
>
>machinability</
shigh</ >
>
>

»electrical conductivity</

shigh</ >

>
>
»strength</ >
»low, but can be increased by strength hardening</

Figure 3.28: Rule-base for Aluminum
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Any asserted propositions that are repeating betwiee simple and detailed
input can be safely ignored. Thus having detailegui allows for additional
propositions being asserted in terms of typicalliappons and additional objectives,
which provides design rationale as previously d=finAs can be noticed from the
description above the following propositions wefsoaused in addition to the input
proposition to assert the design rationale:

Wrought Aluminum 4000 Series starts with the digit
Wrought Aluminum 4000 Series is a 4 digit system
Using these above propositions the following prajpms was asserted:
4140 is part of Wrought Aluminum 4000 Series

These propositions are part of rule-base as thermahtlesignation systems are
very specific to the material i.e. there is oneiglestion for Aluminum, another for
Copper (the 5 digit Unified Numbering System fortile and Alloys [83]), another for
Steel (4 digit AISI, ASTM or SAE) and so on for ethmaterials. The <additionalrule>
node specifies the location of the rule-base thates these propositions for the
individual materials.

But it should be noted that while some designatiassist in identifying the
detailed proposition from the additional rule-baisis is not the case for all materials.
This next section describes some of the probleras wrere faced in matching and
selecting the additional rule from the materiaksignation. The prime example in this
case is Steel. Steels are available in numerousstyp. carbon, alloy, high-strength

low-alloy, stainless, maraging and cast. The mostroon type of steel is carbon steel,
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which comes in three main groups — low, medium higth. A four-numerical series
adopted by the AISI and the SAO is used to desggaatndard carbon steels specified
to chemical decomposition ranges [87]. Designeteckdrom among carbon steels
based on the carbon content which provides infaonaegarding the steel properties.
The designations do not provide any way to difféede between the various groups of
carbon steels if only the 4 digit designation nunib&nown. So no rule can be used to
identify the carbon steel group i.e. no proposieorsts similar to the ones stated above
for Aluminum. For example consider the followingposition:
Low carbon steels have low strength
Consider for example that the input provides dethrhaterial information as:
The material is Steel 1018

In order to assert propositions regarding the nadténen we would need the

following proposition:
Steel 1018 is a low carbon steel

But this proposition is not available and cannotlbduced from the designation
system for Steels. In order to circumvent this peobthe proposed and implemented
method is to use open materials database availabligital format such as efunda [89]
and MatWeb [90]. There are no known researchepplications that utilize this idea to
identify propositions for use in an inference emginut the results from the current
implementation suggest that this is a viable metidee basic idea is similar to that
suggested by Google’'s Custom Search Engine whiahtadored search engine, which

prioritizes or restricts search results based opsites and pages that are specified, and
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which can be tailored to reflect a specific poihview or area of expertise [91]. In the
case of materials the aforementioned websites [89],are the specified websites that
provide materials related information requireddenerating necessary propositions.

The next section provides a detailed understandhgthe implemented
inference engine. The inference engine consistisreé distinct parts:

1. Production Rules: The Production Rules are storedhée rule-base.
These describe the condition that has to be matahddlso specify the
action that the inference engine must take when dbedition is
triggered.

2. Working Memory: Consists of the input that is th&eated as a
proposition.

3. Pattern Matcher: This is the main component ofittierence engine.
The primary goal of the Matcher is to identify puotion rules that
closely match the input, select one or at the rfesstrules by resolving
conflicts occurring due to the selected rules aretete the rules.

The inference engine has three basic processeshMales, Select rules and
Execute rules — which it performs to infer the appiate rule. In Match Rule all the
rules that are similar to the input are retriedadSelect Rule the rule that is exactly like
the input is selected by eliminating the other submsed on additional processing.
Finally in Execute Rule the rule is executed whitlay only be displaying the
properties of the selected rule or may be findidditonal rules that match the input

thereby repeating the process from Match Rule. Alsere are two basic types of
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inference engines — forward chaining and backwaaining. Forward chaining is data
based while backward chaining is goal driven. le ttelimited context of legacy
MCAD only forward chaining is relevant as theregappropriate goal that needs to be
achieved which is the basic function of backwardicimg.

3.4 Necessary Validation of Automatically Captubsskign Rationale

Once the automated system has inferred desigmeadg¢idhe final step is to test
the validity and quality of the captured desigrniamle. This dissertation proposes to
perform this validation step using human re-degigneith varying experience and
knowledge levels. In a manner similar to the desaionale capture analysis described
in section 3.1.1 we conduct validation interviewsene human re-designers record the
design rationale that they were able to capturenfeo sample set of drawings. The
software system is also fed the same sample satsaaadtput is recorded. The two sets
of outputs are compared for validating and checldnglity of the output from the
software system. This procedure is dealt with inerdetail in chapter 5.

3.5 Conclusion

With this chapter we have seen the approach folioteeaddress the specific
details of design rationale, context in designoraie and capture of design rationale
from legacy MCAD. The next chapter details the wafe architecture of the system

proposed to perform the automated capture of deatipnale from legacy MCAD.
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CHAPTER 4

SOFTWARE ARCHITECTURE

The following chapter provides the details of thehéecture of the software
system proposed to automate the capture of desijonale from legacy MCAD.
Chapter 3 briefly described the two primary stdpst have to be taken by a software
system viz. (i) extract context from legacy MCADd4() use extracted context to infer
design rationale. The following sections expandtioese two steps starting with an
overall architecture and then drill deeper intoheigentified sub-step.

4.1 Overall Architecture

The overall architecture is based on the approaated in section 3.3.2 in
Chapter 3. An illustration of this overall archit@® is shown in Figure 4.1. The
following is a brief overview of the steps in thegpess:

4.1.1 Entity Parsing

The first step in the legacy MCAD design rationalpture process is the
parsing of entities. In this step we read and p#nisee basic classes of entities viz.
geometry, text and symbols.

4.1.2 Extract Syntax

Having parsed the three basic entity classes tkiestep is to extract the syntax.

This is achieved by categorizing the entities phrse the previous step into the
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appropriate syntax class viz. notes, title-blotlgme and symbol. This is done by using

templates that describe the class including tlee@tion and other properties.

Legacy CAD
Geometry,
Extract Entities Text,
Symbols
Preliminary
Information iy EXTrACT Syntax |«
Storage
Preliminary
Extract )
> Semantics > lnfS{;LT:gt::n
Design | Infer Pragmatics <
Rationale (Design Rationale)
Design Google,
Rationale Matweb
Rule-base WordNelt

Figure 4.1: Overall Architecture
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4.1.3 Extract Semantics

With the syntax available from the previous stdye third step is to extract
semantics from the syntax. This requires the ifieation of numerous patterns and
keywords contained in the syntax to extract the@mpate semantics class.

4.1.4 Infer Pragmatics

The penultimate step in the process is the inferesfcthe pragmatics classes
which provide the first level of design rationale the form of values for design
variables viz. function, flow, domain, objectiveinstraints, application, relative cost
etc.

4.1.5 Infer Design Rationale

The final step in the process is the combinatiothefpragmatics classes to infer
the second level of design rationale as specifiesection 3.3.2.2.

4.2 Detailed Architecture

With that brief overview of the architecture thdldaing section provides the
details on the methods, algorithms and dictionahes were used to build the software
system.

4.2.1 Entity parsing

As mentioned in section 1.2 this dissertation prilpaleals with the DXF file
format. To read the contents of the DXF file thantains the legacy MCAD the system
uses a set of libraries developed by Imagecoma6t [These libraries were developed
using the Visual C++ language and are deployedhased dynamic linked libraries

(DLL). This allowed the current software systemctdl methods and use properties
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implemented by Imagecom’s Tools as black box caflsa manner that no
implementation details were known or necessarg&ol the DXF file. The only method
that was called to read the DXF file was the “Ré&x€{F” method. This method accepts
as input the path to the DXF file that needs togpbmcessed. The method outputs an
array of GE2D_Entity objects that is containedha DXF file. The GE2D_Entity is a
custom class implemented by Imagecom Tools to shemeyeometry, text and symbols
contained in the DXF file. GE2D_Entity stores thdites, their types, location and
other properties and mirrors the entities in theFDIe. The advantage of using the
GE2D_Entity class is that it is object orientedclantity sub-type viz. line, arc, circle,

text, symbol is stored as exclusive objects allgworotected access to its properties.

GEZD_Entity

READ_DXF -

Figure 4.2: Read DXF File and store array of GE2iliti£ objects

4.2.2 Extract Syntax

With all the raw data available from the previotepsin the form of an array of
GE2D_Entity objects, the next step is to extraet signtax from this raw data. DXF
files provide little formal structure to the drawgsthat are generated as a part of design
projects. The syntax that the drawings contain dusshave pre-defined locations or
other attributes thus making it difficult to exttads briefly described in section 3.3.2.1
the syntax extraction can follow a method similarthat employed by human re-
designers i.e. it can be done using situation fipel@mplates. This is advantageous

because with a change in the situation, which nfenge the syntax attributes, we can
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specify a different, more relevant template to usethis implementation phase a
sample template was implemented as a test casetelpate design was performed
with a care to easy extensibility and derivabilitg. if needed the template can be
extended for the current situation and also for sgwations we can derive common
elements from an existing template to create theteenplate for the new situation. The
templates primarily describe the syntax and semmsutliasses and their attributes. The
software system reads the templates and extraetsytitax from the DXF based on the
template attributes.

To simplify the implementation of the templatesvias designed in two specific
layers. The first and topmost layer is a genesadrahat is specific to the company. The
second layer is specific to each syntax classithdescribed in the company specific
template.

4.2.2.1 First layer template

The first layer template consists of informatioratths specific for a single

company (or even project). Figure 4.3 shows therfigany.xml” template for a sample

company.
< x| ="1.0" ="utf-8" 7=
<company ="sample">
<template_dir
="Chusershgrivcadhdissertationyread_dxfisample"> </termplate_dir>
<sheets ="'z < /sheets>
<materials =""> < /materials >
<manufacturing =""=</manufacturing>
<standards =" < /fstandards>
<ftitleblock ="'z < fhitleblock =
<notes =""=»</notes>
</ company >

Figure 4.3: Sample Company template
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The template is implemented in an XML format. Thiwantage of doing so is
that it provides an open, easily editable formlaheleded users can open the templates
in a text editor and modify the contents. The rootle is <company> that has one
attribute “name” that specifies the name of the pany that this template belongs to.
The <template_dir> tag has one attributes “locétibiat points to the location of the
second layer of templates viz. the sheets, masenahnufacturing, standards, titleblock
and notes templates. Different companies or prejaty use different values for the
attributes based on their specific situations. Tioeles, for the second layer of
templates, have a single attribute “location”.Hilstattribute does not have any specific
value then it is assumed that they are locatetiensame directory as that specified in
the <template_dir> node.

The second template in this layer is the sheetstemblate shown in Figure
4.4. This template is drawing sheet specific butld¢also vary from company (or
project) to company.

The sheets.xml template describes the sizes ddttrelard drawing sheet sizes
typically identified by alphabets viz. C, D, E, kceThe sheets.xml template describes
the dimensions of the individual sheet itself alavith the location and dimensions of
the notes and title-block syntax classes. The imeaand dimensions of the shape
classes can be inferred from the location and dsmes of the notes and title-block
classes and hence has been ignored in the temfflasemed necessary in the future

the sheets.xml template can be extended to in¢chatenformation.
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<?xml version="1.0" encoding="utf-8" ?>
<sheets>

<sheet size="¢c" [[x="0.0" lly="0.0" urx="44" ury="34"titleblockllx="14.95"
titleblocklly="1.5" titleblockurx="43" titleblockury="7 5" noteslix="1.25" noteslly="7.5"
notesurx="12.5" notesury="32 45"><fsheet>

<sheet size="¢" lIx="0.0" Ily="0.0" urx="44" ury="34"titleblockllx="29.5"
titleblocklly="1" titleblockurx="43.5" titleblockury="4" notesllx="0.6" noteslly="4"
notesurx="10" notesury="32.5"></sheet>

<sheet size="k" Ix="0.0" lly="0.0" ur="77" ury="40" titleblockllx="62.45"
titleblocklly="0.5" titleblockurx="76.5" titleblockury="3.5" noteslix="0.6" noteslly="3.5"
notesurd="10" notesury="39.25"></sheet>

<sheet size="k" [[x="0.0" lly="0.0" urx="66" ury="40"fitleblockllx="51 45"
titleblocklly="0.5" titleblockurx="66.5" titleblockury="3.5" notesllx="0.6" noteslly="3.5"
notesurx="10" notesury="39.25"></sheet>

<sheet size="d" lIx="0.0" Ily="0.0" urx="17" ury="11"titleblockllx="9.45"
titleblocklly="0.25" fitleblockurx="16.5" titleblockury="1.75" noteslix="0.6"
noteslly="1.75" notesurx="4 5" notesury="10.70"></sheet~

<sheet size="d" lIx="0.0" Ily="0.0" urx="34" ury="22"titleblockllx="18.5"
titleblocklly="0.5" titleblockurx="33" titleblockury="3.5" noteslix="1.1" noteslly="3.5"
notesurd="9" notesury="21"=<fsheet>

<fsheels>

Figure 4.4: Sample Sheets template

The sheets.xml template is useful to the softwastesn as it provides the

system with data necessary to locate and extractdhious syntax classes. To use the

sheets template for other situations it can benelde to describe the location and

dimensions of the syntax classes.

4.2.2.2 Second layer template

The second layer templates are similarly storedNL format. There are four

second layer templates that describe the syntsssetaviz. notes, title-block, shape,

symbols.
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Figure 4.5 shows the “notes.xml” template. The Natkass is extracted by the
software system using the “sheets.xml” templatet thigecifies the location and
dimensions of the notes. But having extract theellatlass, the system still needs to
recognize any patterns that exist to process thedNdhis is where the “notes.xml”
template helps. The notes template has four cluttes. The <layer> node specifies on
which drawing sheet layer the Notes are locatethi¢fis a blank value then the system
assumes the default drawing sheet layer as locafidlotes. It is common to provide a
title for the Notes section on the drawing file.otfie is provide then the value for that
title is specified in the <title> node of the “nstem|” template. If each individual Note
is numbered then their presence and the style ofbeu of each Note and each sub-
Note is indicated using attributes “value” and fstyof the <numbering> node. The
first value of the “style” attribute indicates thembering style of each Note while the
second value indicates the numbering style of sathNote. It is also common to find
Notes that are broken into multiple sentences. dimes> node describes whether the
Notes are “single” or “multi” sentence and if thaye multi- sentence the “ydist”

attribute specifies the distance between two mséitence Note.

<notes>
<layer ="40"> < flayer>
<title ="notes”> < /title>
<numbering ="yes” ="numeric,
alpha”> </numbering>
<lines ="multi” ="0.27"></lines>
< /hotes>

Figure 4.5: Sample Notes template
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Next is the title-block.xml template. Figure 4.608s the title-block.xml
template. The title-block on a drawing sheet isdgiby laid out in a grid format with
each cell of the grid containing parameters with tespective values. The title-block
template describes the contents of the title-blmckroviding an identifier that qualifies
the content of each cell. For example a standaadidg sheet title-block may contain
the name of the company to which the drawing bedohrgorder to name the company
the title-block would contain either just the napremay contain an identifier such as
“Name of Company” with a value in front of that iddier that names the company.

Other possible parameters may be the name of thehza is contained in the
drawings, a part number, designer information eagne, group etc, design information
e.g. date etc. The title-block.xml file containgmerous <cell> nodes that identify the
various cells of the grid along with the parametet is located at that particular cell
number. The numbering of the cell is dynamic and lsa changed based on various
criteria. Currently the numbering is done basedhmnrelative horizontal and vertical
locations of the cell in the grid. For a particuatuation e.g. drawings belonging to the
same company, the title-block may be pre-defined e cell numbers may remain
constant. When the situation changes i.e. a diffecempany or project, a different
title-block template may be needed.

The third template in this layer is the shape textgplThis dissertation does not

delve into extracting the shape of the artifacttaoed in the legacy MCAD.
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<title_block>

<cell

<cell
<cell

<cell
<cell
<cell

<cell
<cell
<cell

<cell
<cell
<cell
<cell

<cell
<cell

<cell
<cell
<cell

<cell
<cell

<cell
<cell
<cell

<cell

:II 1II
IIII:}{:!’CE":}

=II 2“

=II 3“
IIII}{:;CE"}

=II 4“

=II 5II

:IIEII
nmn :} {:fce" :}

— n ?II
— n BII

=Ilgll
nn :} {fce" :}

=II 1DII
:II 11II
:II 12“
=II 13“
""}{:fce"}
:II 14“
""}{fce"}
:II 15“
IIII:}{:!’CE"}
:II 16“
=II 1?“
:II 18“
IIII}{!’CE"}
:II 19“
=II 20“
""}{:fce"}

— n 21“

— n 1II

:II34II
IIII}{!CEII}

— n 35“
nn :\} {fce" :\}
— n 36“

< ftile_block>>

="company_info"

="part_name" =" feell =

="part_number"

="cage_ code" =" foell

="sheet size" =" fcell=

="sheet nos_of nos"

="unit_ wt" ="=fcell=

="gcale" =" fcell=

="contractor_info"
=II':Ia.tEII =““}{;CE"}
="drawn_by" =" foell=
="engineer" =" foel| =
="checked by"
="dwg_approval"
="design_approval"
="tolerance" =" fcell=
="unknown" ="z fcell=

="matl| engineer_date"

:nn}{fce"}
=||1||

:IIpmiCII
="used on"

="next assy"

:IIII }{ICEII}
="used on_title"
="next assy_title"

="application" =" foell=

Figure 4.6: Sample title-block template
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This task is passed to Imagecom’s FlexiDesign teldgy and is not addressed
in this current dissertation. The shape templaterimmarily geared toward identifying
the information required by FlexiDesign such asltiwation of the geometry describing
the shape. At this time the shape template isnedieirom the sheets.xml template based
on the location of the Notes and Title-block. Simnmeerlapping elements are not
considered good design the area of the drawingt steeoccupied by the Notes and
Title-block is considered to belong to the Shape.

The last template in this layer is the symbols temep Currently this template
does not exist in an open format. The system us@gdcom’s toolset to identify the
symbols that are contained on the drawing file.réurdrawing sample files contain
exploded types of symbols that are composed oflsinggometric and textual entities.
Numerous algorithms have been developed to exttate related geometric and
textual entities to group them to identify the syhbased on certain commonly known
patterns. For example to identify the surface Fnsgmbol the system tries to identify
two angular lines that intersect each other at emdpoint with an appropriate angle
between them (the angle between them is a pattalme vdepending on different
companies or projects or designers) with one lim&rter than the other. Other shapes
and variation of the surface finish symbol can dlscextracted based on the standards
of surface finish representation. A sample illustra of this symbol is shown in Figure

4.7.
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Figure 4.7: Surface Finish symbol
Another example of symbols that are extracted leystystem is the geometric
dimensions and tolerance (or commonly known as GDIhese are typically
represented as shown in Figure 4.8. The GDT is aldoacted using Imagecom’s
toolset and libraries with the extraction algorithiesigned and implemented in the
system currently being described. The GDT is prilparsed for inspection after the

artifact has been manufactured to confirm the tyafithe part.

Figure 4.8: Geometric Dimension and Tolerance symbo

4.2.3 Extract Semantics

After the system has extracted the syntax fromlegacy MCAD file the next
step is to extract semantics from the syntax ctabssed on the relationships between
the syntax and semantics classes as shown in seib2. To find the semantics

classes from the syntax the system uses numergusokds files and pattern matching
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algorithms. These keywords store the vocabularsesl by re-designers that are used in
various specific situations viz. specific domaiopslomain or company. The current

implementation of the keywords files uses flat tibets with keywords separated by a

new line characters. The patterns that the syss&s i3 stored in terms of the identifiers

stored in the template files described in secth@2.1 and 4.2.2.2.

4.2.3.1 Keywords

Based on the type of information that needs to doessed, the corresponding
keywords are stored with the rules database. Vampmrtions of the rules are used as
keywords e.g. the rule name or symbol are commuoséd as keywords to match and
select the appropriate rules. This allows a comiooation for the keywords that are
identified throughout the data set and additionpflyvides a common store to relate the
keywords with the information inferred about the\kerd.

To understand how the system uses the keywordsctrace the semantics
classes consider the materials keywords. The Méddesemantics class depends on the
Notes syntax class as shown in section 3.2.2. @esystem has extracted the Notes
syntax class along with the text that is contawédin the Notes, the next step is to run
a comprehensive search for the material keywortisimihat text. All search results are
stored and marked as possible materials that weatedsfor the particular drawing.
Once a material keyword is found the system alsalgethe text that surround this
material to identify more specific detail about theaterial. A similar process is

performed for the manufacturing and standards kegsvo
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4.2.3.2 Common Patterns

The templates described in sections 4.2.2.1 an@.2.are used by the system to
not only extract syntax but to also extract seneanti

The title-block template for example stores thentdeers that help the system
identify specific semantics classes. The complstmg of the semantics classes and the
syntax classes from which they are extracted isrdsd in section 3.2.2. The following
is a description of how the system uses the titbelotemplate to identify the following
semantics classes — Standards, UsedOn, Part, AlgseRdrtName, PartsList and
Milieu. The title-block on a drawing is normallyagas the placeholder for this kind of
information. But unlike a human re-designer thetesys would need additional
information to identify these classes merely frdra text that is contained in the title-
block cells. To aid the system the title-block tdat stores identifiers that provide
meaning for the content of the title-block cell.rFexample, cell number 1 from the
title-block template contains the company informaticell number 2 contains the part
name etc. Once the system has extracted the Tod&Bdyntax class by using these
identifiers from the title-block template the systextracts the semantics.

In a similar manner the system also extracts tepdation class by identifying
meaning that surround the Symbols class. The sys¢amthes for texts that accompany
the symbols that were extracted as part of theagynThis is done based on a
neighborhood algorithm depending on the orientatibrthe symbol. Currently the
system can extract the texts that are orientethenfaur regular, orthogonal quadrants

and are present in a specific location near thebgynfror example consider the surface
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finish symbol. The simplest form of the symbol épresented as shown in Figure 4.7
but may also have a text value contained nearhtbees leg. Figure 4.9 and Figure 4.10
show two sample orientations of the surface firiginbols in the % and & quadrant

that the system can extract along with the surfimegh value.

Figure 4.9: Surface Finish symbol in théduadrant

Figure 4.10: Surface Finish symbol in tH&@adrant
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4.2.4 Infer Pragmatics

Having extracted the semantics classes the peratétiratep that the system
takes is to infer the pragmatics. The system engptaymerous heuristic and retrieval
methods to infer the pragmatics classes. Theseouetare described in the following
sub-sections. The system uses heuristic algorithonsnfer the Function, Flow,
Application and Constraints classes and it usaegeval methods to find the Domain,
RelativeCost, Qualitylnspection, DesignEnvironmenQbjectives, Constraints,
SpecificProperties and Application classes. In filllowing sub-sections the method
used to infer the specific pragmatics class isildeta

4.2.4.1 Infer Domain

The system infers the domain to which the curreatvthg belongs to. It was
documented in the design rationale capture angbysisess that human re-designers use
their existing knowledge and expertise to make sieflerminations. For the software
system to make this determination in a similar neanrequires access to similar
knowledge. At the time of current implementatiodada file, shown in Figure 4.11, is
developed that allows the system to infer the Donhbaised on the PartName. The data
file is implemented as a flat XML file. By usingedludefinitions for the PartName from
resources such as WordNet [92] and even commoglseagines such as Google [91],
the system identifies the domain keywords withie thearch results. This overall
methodology is shown in Figure 4.12. Using thesmiified keywords, the system then
calculates probabilities for each domain and seldet domain with higher probability

for further processing as the domain of the Pantatoed in the legacy CAD file.
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Currently this data file is built manually but metis exist to automate building
such a data file in an automated manner. This regjaiccess to a dictionary such as the
Dictionary of Mechanical Engineering by G. H. F.yNa in digital form. The system
could run heuristic searches on such a digitaliahery to determine the specific
PartNames that belong in the Mechanical Engineeatomgain and use that to build the
data file. Similar techniques with the relevanttidicaries for other domains could be
used to build data files for all domains. This segjgd automated method is out of

scope of this dissertation due to lack of data eded

>mechanical</

>mechanis

rstructural</

Figure 4.11: Sample from the Domain keywords ditga f

4.2.4.2 Infer Function

As detailed in section 3.2.3 the function can Weried from the PartName and
PartsList class. The system accomplishes this Iplyimyy heuristics on definitions
retrieved from a lexical reference system. The daixireference systems that are
currently being used is the WordNet [92] databaseelbped by Cognitive Science
Laboratory at the Princeton University and the Gedg1] search engine. The system
accesses the WordNet database through COM (Comp@igact Model) interfaces,
while access to the Google search engine is thraimiple internet access using an

idealized web client. The methodology used by tystesn to infer the function of the
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artifact contained in the drawing file is showrFigure 4.13. It should be noted that the
“‘Domain Function Taxonomy” data set that is showrthe Figure 4.13 is filtered to

only include those functions that are relevanth® Domain that was retrieved in step

YES Is PartMame in
Domain Taxonomy

42.4.1.

Domain
Taxonomy

NO

Find Definitions W"r?"e‘
for PartMame
Google

\

Are Domains from
Taconomy in
Definitions

Rank and order
Domains <

Find synonyms |
for PartMame ™%

Are Synonymsin
Domain Taxonomy

F 3

Domain

NO

A 4

Find Definitions |
for synaonym: -

Mo Domain
NO P found Cuery
Re-Designer

Are Domains from
Taconomy in
Definitions

Figure 4.12: Infer Domain
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4.2.4.3 Infer Flow

Similar to inferring function the system infers Wwidrom the PartName. The
only difference for inferring Flow is that the sgst depends more on synonyms defined
in the Domain Flow Taxonomy. This is because oflimi&ed occurrence of the flows
from the taxonomy in the PartName definition. Tm$erence module is shown in
Figure 4.14.

4.2.4.4 Retrieve SpecificProperties

By using the Materials class the system can redriepecificProperties for the
specific material. To retrieve the SpecificProptithe system uses a materials
handbook that is available in digital format [98he system uses a wrapper around the
data provided over the internet by [93] to extthet required properties. For example if
the Material extract is Steel FS1025 then from [@® system retrieves the web page
that provides the material properties for FS1026e Tmplemented wrapper then
extracts the SpecificProperties from this retrieveeb page viz. Low Carbon Steel,
Density, Modulus of Elasticity, Tensile Strengththbd’ield and Ultimate and Brinell
Hardness.

4.2.4.5 Infer Objectives and Constraints

The system infers Objectives from the Materialssldhe Company Name and
the Manufacturing instructions. By using informatidrom a Materials handbook
provided in print format [94] copied over to a dajirepresentation for easy access the
system infers the Objective for the extracted Malerclass. Inferences from the

Company name are available from the Design Ratoralalysis process that was
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detailed earlier, whereas inferences from Manufaajunstructions were gleaned from

previously stated sources [88, 87, 86, 94].

YES

PartMame

Is PartName in

h 4

Rank and order

Function
Taxonomy

MO

v

Find Definitions
for Parthlame

Are Functions

Functions ‘

Function

from Taxonomy in
Definttions

Find synonyms

Domain
Function
Taxonomy

WordNet

!
Google

for Parthlame <

Are Synonyms in

unction Taxonamy

MO

v

Find Definitions

for synonyms <

Are Functions

from Taxonomy in
Definttions

MO

Figure 4.13: Infer Function
126

P

MNao Function
found. Query
Re-Designer




PartMame

Domain
YES Is PartName in oma
Flow Taxonormy
Taxonomy
MNO
Find Definitions Wur?Net
for Parti
crrerame Google
v
re Flows fro
RankFTlJn:‘;rder < Taxonomy in
Definitions

Find synonyms

for Parthame <

Are Synonymsin
Flow Taxonamy
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P Query Re-
Designer

Figure 4.14: Infer Flow

The inferred Objectives typically describe key mialeproperties such as

weldability, machinability, formability, strengthnd hardness which are the selection
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criteria for selecting the specific Material. Toatlavith the print format of data a
simplified version is created in a template fornilastrated in Figure 4.15. From the
Materials class the system retrieves the Spectjp#ities from section 4.2.4.4 and
using the information from the SpecificProperties system infers the Objectives from

the template file. This inference module is showfigure 4.16.

>carbon</ >
>Llowd /S >
>
>weldability</
>good<,/ >
>
>
>machinability</
sgoad</ >
>
>
>formability</
>good</ >
>
-3
>atrength</
»>lowe/ >
>
>
>hardness</
>Llowd/ >

>

>carbon</
smedium<,/ >
>
>weldability</ >
sbetter than low carbon stesl</
>

>

*machinability</ >
s*better than low carbon steel</

>

-3
>formability</ >
sbetter for hot than cold</

>

Figure 4.15: Materials Objectives and Constrair@mplate
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Figure 4.16: Infer Objectives and Constraints fidiaterials (example)

4.3 System Implementation

The system was implemented using the Visual C+gnaraming language. The
extraction, inference and retrieval modules werdtew as components, primarily
libraries. Additionally in an order to take advaggeof the digital dictionaries and online
materials handbook the Visual C# language was Ugisdal C# allows easy access to
COM objects and is portable across operating systiimugh the current system was

developed, deployed and tested only on the Winddperating System.
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To ensure that the data generated and used byskensis re-usable in other
systems and projects most of the data was savéeka§iles or XML templates. The
design of this data store was done using the ViSitatio Integrated Development
Environment (IDE) 2005. Since the data store amndprmats any text editor can be
used to modify these files.

Additionally the extraction process depended on libearies and toolset
provided by Imagecom. Imagecom also provided thectfanality to read the DXF
files. Imagecom’s toolset are implemented as libsaand the current system calls the
methods and uses the properties by dynamicallyngto the libraries.

4.4 Conclusion

This chapter has provided the algorithms requieekitract the context and
infer the design rationale from the entities ondhawing file, specifically the DXF file.
The system is implemented as libraries allowingtipl@ client access. Currently the
design rationale is stored as objects but outpt#dsso the results need to be collected

for the validation that is detailed in chapter 5.

130



CHAPTER 5

RESULTS AND VALIDATION

Having provided in detail the approach and thevemfé architecture of the
system developed to automate the capture prodass;shapter provides the output of
the system and also the output recorded duringdésegn rationale capture analysis
process described in section 3.1.1. The two setsitpluts are used to validate the stated
approach and also the effectiveness of the sysi&sun.described is the rationale behind
choosing this proposed validation method as oppdeedther possible validation
techniques.

5.1 Selecting a Validation Method

Two relevant validation methods were suggestednduthe course of the
development of the software system. Of these ortbadewas finalized upon based on
the advantages it offered. The following sub-sexidetails these two methods, their
respective advantages and disadvantages and fesdgts one of these methods.

5.1.1 Validation Method 1

The first validation method suggested requireggeldample set of more than a
100 drawing files. This sample set needs to beyaadlby human re-designers and the
software system. The results of both analyses allected using the output format

detailed later. These results are then compareduality and accuracy to validate the
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effectiveness of the proposed approach and dewlspitware system. The following
are the advantages and disadvantages of usingaiation method.

5.1.1.1 Advantages

The large sample set will prove that the approacti developed software
system do indeed work as proposed. By ensuringorandelection process of the
drawings it can be shown that the software systemapable of handling parts of
varying complexity and is as effective as a humesdeasigner in capturing design
rationale.

5.1.1.2 Disadvantages

Since the system needs to handle a large samplef s#tawing files with
varying complexity, it needs to be an extensiveesyswith numerous templates and
keywords and large amounts of inference informati®ach monolithic systems are
difficult to develop as part of an individual's destation as this normally requires
access to large amounts of resources. Additiorsalbh an approach would be a hit or
miss one, where the results of the human re-desge used to merely validate the
software system. The system does not have accesssign rationale captured by the
human re-designers and analyzing larger numbeax$ pvill not serve to improve the
effectiveness of the system.

5.1.2 Validation Method 2

The second validation method suggested requir@sitsad categorization of the
drawing files based on their complexity. The depelent of software system should

take this categorization into account. The proposgstem should be developed by
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starting with the lowest level of complexity andcbee progressively able to handle
more complex drawings. This requires that the sydie extensible.

5.1.2.1 Advantages

The focus is not analyzing a large sample set afvohg files but instead on the
quality and effectiveness of the design rationaptared by the software system. This
provides an easier method to determine succeskeofystem, as by developing a
system that can address a majority of the dranangise lowest level of complexity we
can ensure that the output of the system can tinadlof a human re-designer. There is
no need to develop a monolith system as by devajopn extensible system we can
ensure that the system can progressively handl&ehidevels of complexity.
Additionally by developing a system that can takivaatage of the design rationale
captured by the re-designers the quality of théesyswill continue to grow.

5.1.2.2 Disadvantages

The disadvantage of selecting the second validatimethod lies in the
development of an extensible system. To take adgantof the design rationale
captured by the re-designers the system must lee tablake advantage of both the
increasing database that the re-designer has acdnessrms of experience and
knowledge as well as the inference techniquestiigate-designer employs.

5.1.3 Selecting a Validation method

This dissertation suggest selecting the secondlatadn method over the first
and effectively addressing the issues relateddsétond validation method as follows.

By using open database formats and an open, moaidhitecture extensibility can be
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added to the system. The open formats allow thebeurof templates and keywords
that the system recognizes to be easily incredsectlty increasing the amount and
quality of design rationale that it captures. Adudhtlly the second validation method
necessitates clearly defining the various compjebevels of the drawing files. In the
following sub-sections these issues are addressed.

5.1.3.1 Definition of drawing file’s complexity

Four levels of complexity are suggested as follows:

» Simple: The Simple drawing files contain standar@tleast consistent
sheet sizes. The entities are all of known typébk Wnown attributes and
are well laid out on the sheet. The drawing filesuyers appropriately
by cleanly separating the various syntax groupsdiferent layers.
There are no keywords on the simple drawing filat tthe system is
unaware of. Finally the file is less busy with aw/fentities as needed.

* Medium: The Medium drawing files contain more eaitthan the
Simple and are busier. There are keywords thatsyflsteem does not
recognize. Multiple views are added for the shapthe part and may
contain additional inferences. Bill of Materials Bart Tables may be
present that provides rationale regarding AssemmbBpplication. Other
attributes remain the same as the Simple drawieg, fi

* Medium-complex: The Medium-complex drawing files ntan
numerous entities and the entities are laid outenqoorly than the

Medium level. This would necessitate additionaltaeg methods viz.
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semi-automatic or interactive methods to extra@ tontext. Other
attributes remain the same as the Medium drawlas. fi

 Complex: The complex drawing files are those trhaitain very little
context. They have no standard sheet sizes, feardayp separate the
different entity types and may contain little or keywords. The files
primarily contain geometry which provides littlesiign rationale.

5.2 Output Format

This section details the output format chosen $pldly the design rationale. The
format was chosen for the ease of use by the nigras. It also simplifies the process
of comparison required for validation. To fill othie form the re-designer needs to
simplify answer the question based on the instustiprovided for each individual
guestion. If multiple answers are required the esigher merely needs to repeat the
answer format as many times as necessary. To artbeaquestions the re-designers
were provided with a sample set of drawings and thiestionnaire to answer. This
guestionnaire can be filled out with an editor swh Microsoft Office Word or
OpenOffice Writer.

Table 5.1: Design Rationale Capture Analysis Oufmrmat

1. What function, flow and domain can you ascertaintfe part that is

contained in the drawing? These can be identifiechfthe name of th

D

part, if appropriately named.

i. State part name =
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Table 5.1 - continued

ii.  Infer function =

iii.  Infer flow =

iv.  Infer domain =
2. Can you determine if the represented part is a qfaan assembly? |

yes, identify the assembly constraints. These wadodd typically

identified from the geometric dimensions and tatemthat are present

on the drawing. In addition state if possible tlypet of assembly
constraint that is represented.
a. State dimension with tolerance =
I.  Infer constraint =
3. ldentify the specified material for the part. Tlian be found in th
notes section of the drawing. Infer the reason rtiaserial was chose
viz. the Objectives and Constraints for selecthmggpecified material.
a. State material =
i.  Infer objective =
ii.  Infer constraint =
4. Retrieve specific properties for the material
a. Modulus of Elasticity =

b. Tensile Strength, Yield =

c. Tensile Strength, Ultimate

d. Hardness, Brinell =

=)

(D
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Table 5.1 - continued

e. Relative Cost =
f. Machinability (Based on AISI 1212 steel. as 10
Machinability) =
g. Density =
5. ldentify the company name that is stated on theviiga From the
stated company name infer the design environmédnt ¢@mmercial,
governmental, US Army etc)
a. State company name =
I.  Infer design environment =
ii.  Infer possible goals (e.g.)
1. Reliability =

2. Shelf life

3. Cost priority =
6. ldentify all manufacturing instructions stated dme tdrawing. Infer
possible objectives and constraints for the marnufang instructions

(e.g. quench and temper to increase surface haynes

a. Manufacturing =

i.  Objective

ii. Constraint

D%
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5.3 Design Rationale captured by re-designers

With that output format available this section pd®s the design rationale
captured by the re-designers. Only a sample setsoits are presented here. The initial
capture analysis process was done with two carefidaith six drawings. The second
analysis process was done with two candidates tiwihe drawings. The results that are
presented here are from the second analysis proitesisould be noted that the re-
designers who were interviewed for the second armslynay be considered
inexperienced to intermediately experienced regihess. Candidate 1 holds a Doctoral
degree and has a little more than a year experiaace junior designer at Siemens.
Candidate 2 holds a Masters’ degree with more hpears experience.

5.3.1 Sample drawing 1

Table 5.2: Design Rationale captured from sampevohg 1 by re-designer

1. What function, flow and domain can you ascertain tfee part that is

contained in the drawing? These can be identifiechfthe name of th

[}

part, if appropriately named.

b. State partname = Yoke
I.  Infer function = Connect
ii.  Infer flow = Force
iii.  Infer domain = Mechanical

iv.  Can you determine if the represented part is aqdaanh

assembly? If yes, identify the assembly constraints
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Table 5.2 - continued

2.

3.

These would be typically identified from the geoneet

dimensions and tolerance that are present on
drawing. In addition state if possible the type
assembly constraint that is represented.

c. State dimension with tolerance = -0.005, +0.010

I.  Infer constraint = Assembly mate

Identify the specified material for the part. Then be found in the notes

section of the drawing. Infer the reason this makevas chosen viz. the

Objectives and Constraints for selecting the spatihaterial.

d. State material = Forging Steel, FS 1018
i.  Infer objective = Good Machinability
ii. Infer objective = High tensile strength

iii. Infer constraint =

Retrieve specific properties for the material

e. Modulus of Elasticity = 29700 psi

f. Tensile Strength, Yield = 39900 psi

g. Tensile Strength, Ultimate = 39900 psi
h. Hardness, Brinell = 126

I. Relative Cost = 0.8

j.  Machinability (Based on AISI 1212 steel. as 10

Machinability) = 52%

the

of

0%
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Table 5.2 - continued

5.

4.

k. Density = 0.284 Ib/in3
Identify the company name that is stated on thevidiga From the state
company name infer the design environment (viz. roencial,

governmental, US Army etc)

|. State company name = US Army Tank-Automotive
Armaments Command
I.  Infer design environment = UsS Army
ii.  Infer possible goals (e.g.)
1. Reliability = High

2. Shelf life

Long

3. Cost priority Low

Identify all manufacturing instructions stated ome tdrawing. Infer

possible objectives and constraints for the manufergy instructions

(e.g. quench and temper to increase surface hanes
m. Manufacturing =

i.  Objective =

Constraint =

|

and
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5.3.2 Sample drawing 2

Table 5.3: Design Rationale captured from sampevohg 2 by re-designer

1. What function, flow and domain can you ascertaintfe part that is

WD

contained in the drawing? These can be identifiechfthe name of th

part, if appropriately named.

a. State partname = Arm, Support
i.  Infer function = Support
ii. Infer flow = Force
li.  Infer domain = Mechanical

—

2. Can you determine if the represented part is a gfazin assembly?
yes, identify the assembly constraints. These wadodd typically
identified from the geometric dimensions and tatemthat are present
on the drawing. In addition state if possible tlypet of assembly
constraint that is represented.

a. State dimension with tolerance = Depth +/- 1/64

i.  Infer constraint = Assembly mate

11°}

3. ldentify the specified material for the part. Tlugn be found in th
notes section of the drawing. Infer the reason itiegerial was chosen
viz. the Objectives and Constraints for selectimggpecified material.

a. State material = Forged Steel 4145H

i. Infer objective = Good Machinability
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Table 5.3 - continued

ii.  Infer objective High tensile strength

Rockwell hardness C32

iii.  Infer objective
iv. Infer constraint =

4. Retrieve specific properties for the material

a. Modulus of Elasticity = 29700 psi

b. Tensile Strength, Yield = 39900 psi

b. Tensile Strength, Ultimate = 39900 psi
c. Hardness, Brinell = 126

d. Relative Cost = 0.8

e. Machinability (Based on AISI 1212 steel. as 100%
Machinability) = 52%

0.284 Ib/in®

f. Density
5. Identify the company name that is stated on thevithga From the
stated company name infer the design environmednt ¢@mmercial,
governmental, US Army etc)
a. State company name = US Army Tank-Automotive
and Armaments Command

i.  Infer design environment = UsS Army

ii.  Infer possible goals (e.g.)

1. Reliability = High

2. Shelf life

Long
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3. Cost priority = Low

Table 5.3 - continued

6. Identify all manufacturing instructions stated dme tdrawing. Infer

possible objectives and constraints for the marnufag instructiong

(e.g. quench and temper to increase surface hadnes
Quench and temper

a. Manufacturing

Increase hardness

v. Objective

5.3.3 Sample drawing 3
Table 5.4: Design Rationale captured from sampavihg 3 by re-designer

1. What function, flow and domain can you ascertamtli@ part that i$

contained in the drawing? These can be identiftechfthe name of

the part, if appropriately named.
Arm, Support, Suspension

a. State part name

i.  Infer function = Support
il Infer flow = Force
iii. Infer domain = Mechanical
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Table 5.4 - continued

2. Can you determine if the represented part is aqgfaah assembly?
yes, identify the assembly constraints. These wdgd typically
identified from the geometric dimensions and tatem that arg
present on the drawing. In addition state if pdssithe type of
assembly constraint that is represented.

a. State dimension with tolerance = Depth +/- 1/32
I.  Infer constraint = Assembly mate

3. ldentify the specified material for the part. Tlegn be found in th

notes section of the drawing. Infer the reasonrtraserial was chose

viz. the Objectives and Constraints for selectifg tspecified

material.
a. State material = Forged Steel 4145H
i.  Infer objective = Good machinability
ii.  Infer constraint =
b. State material = Forged Steel 4337H

i.  Infer objective = Good machinability
ii.  Infer constraint =
4. Retrieve specific properties for the material
a. 4145H
i.  Modulus of Elasticity = 29700 ksi

ii.  Tensile Strength, Yield =

=2

D
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Table 5.4 -

continued

5. Machinability

6.

iii.  Tensile Strength, Ultimate =

iv. Hardness, Brinell = 208

v. Relative Cost =
Vi.

Machinability (Based on AISI 1212 steel. as 100%

Machinability)

60%
vii.  Density = 0.284 Ib/ih
b. 4337H

i.  Modulus of Elasticity =

ii.  Tensile Strength, Yield =

iii.  Tensile Strength, Ultimate =

iv.  Hardness, Brinell =
v. Relative Cost =
(Based on AISI 1212 steel. as 100%
Machinability) =

vi.  Density =
Identify the company name that is stated on thevitiga From the
stated company name infer the design environment ¢gmmercial,
governmental, US Army etc)

a. State company name = US Army Tank-Automotive

and Armaments Command

i.  Infer design environment = US Army
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Table 5.4 - continued

ii.  Infer possible goals (e.g.)

1. Reliability = High
2. Shelf life = Long
3. Cost priority = Low

7. ldentify all manufacturing instructions

stated dre tdrawing. Infer

possible objectives and constraints for the marufang instructions

(e.g. quench and temper to increase surface hanes

a. Manufacturing =

i.  Objective =

Viil. Constraint =

5.4 Design Rationale captured by software system

The following section presents the design ratioraptured by the software
system. The output shown here is formatted to midwehesults of the capture analysis

process performed with the re-designers. This sgnplify the comparison process.

Table 5.5: Design Rationale captured from sampdeviohg 1 by software

1. What function, flow and domain can you ascertaintfe part tha

is contained in the drawing? These can be idedtifiem the name
of the part, if appropriately named.

a. State part name = Yoke
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Table 5.5 - continued

2. Can you determine if the represented part is a paran

i.  Infer function = Join,  Suppor
Connect
ii.  Infer flow = Motion
iii.  Infer domain = Mechanical

assembly? If yes, identify the assembly constraifitese would

be typically identified from the geometric dimensso and

tolerance that are present on the drawing. In exidistate if
possible the type of assembly constraint thatpsesented.

a. State dimension with tolerance = Diameter -0.0

I.  Infer constraint = Assembly mate (Shaft

. Identify the specified material for the part. Intéve reason thi

material was chosen viz. the Objectives and Coinssrafor

selecting the specified material.

a. State material = FS 1018
i.  Infer objective = Good
weldability, = good  machinability,  goo
formability
ii. Infer constraint = low  strength, lo
hardness

05

U)

o
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Table 5.5 - continued

4. Retrieve specific properties for the material
a. FS 1018

i.  Modulus of Elasticity =

ii.  Tensile Strength, Yield
iii.  Tensile Strength, Ultimate =
iv.  Hardness, Brinell =

v. Relative Cost =

Machinability) =
vii.  Density =
b. FS 1025

i.  Modulus of Elasticity
ii.  Tensile Strength, Yield =
iii.  Tensile Strength, Ultimate =
iv. ~ Hardness, Brinell =

v. Relative Cost =

Machinability) =

vii.  Density

29700 ksi
39900 psi
63800 psi
126

1.6

vi.  Machinability (Based on AISI 1212 steel. as 10

52%

0.284 Ib/ih

29700 ksi
39900 psi
63800 psi
126

1.6

vi.  Machinability (Based on AISI 1212 steel. as 10

52%

0.284 Ib/ih

D%

D%
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Table 5.5 - continued
5. ldentify the company name that is stated on thevithgh From

the stated company name infer the design envirohrf@n.

commercial, governmental, US Army etc)

a. State company name = uS Army Tank-

Automotive and Armaments Command

= UsS Army

I.  Infer design environment

ii.  Infer possible goals (e.g.)

4. Reliability = High
5. Shelf life = Long
= Low

6. Cost priority =

6. ldentify all manufacturing instructions stated dre tdrawing.

Infer possible objectives and constraints for thenofacturing

instructions (e.g. quench and temper to increagaihardness

a. Manufacturing

i.  Objective

7. Constraint =

Table 5.6: Design Rationale captured from sampavihg 2 by software

1. What function, flow and domain can you ascertaintfe part

that is contained in the drawing? These can betifcehfrom the

name of the part, if appropriately named.

149




Table 5.6 - continued

a. State part name = Arm, Support
i.  Infer function = Support, Cover
ii. Infer flow =
iii.  Infer domain = Mechanical

2. Can you determine if the represented part is a paran
assembly? If yes, identify the assembly constraifitese would
be typically identified from the geometric dimensso and
tolerance that are present on the drawing. In exidistate if
possible the type of assembly constraint thatpsesented.

a. State dimension with tolerance = Diameter 0.1{73-
0.203, 0.44-0.56
I.  Infer constraint = Assembly mate

3. ldentify the specified material for the part. Tlesn be found in
the notes section of the drawing. Infer the reagus material
was chosen viz. the Objectives and Constraintsétecting the
specified material.

a. State material = 4145H, 4147H, 86B45H
i.  Infer objective = Weldability and
Machinability better than low carbon steel, ggod

for hot formed
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Table 5.6 - continued

ii. Infer constraint = medium strength, and
hardness
4. Retrieve specific properties for the material
a. 4145H, 4147H, 86B45H
i.  Modulus of Elasticity = 29700 ksi
ii.  Tensile Strength, Yield =
iii.  Tensile Strength, Ultimate =
iv.  Hardness, Brinell = 208
v. Relative Cost =
vi.  Machinability (Based on AISI 1212 steel. as 100%
Machinability) = 60%

vii.  Density 0.284 Ib/ih

5. ldentify the company name that is stated on thevitigh From
the stated company name infer the design envirohrf@n.
commercial, governmental, US Army etc)

a. State company name = uS Army Tank-
Automotive and Armaments Command

i.  Infer design environment = UsS Arny

ii.  Infer possible goals (e.g.)

7. Reliability

High

8. Shelf life

Long
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Table 5.6 - continued

9. Cost priority = Low
6. ldentify all manufacturing instructions stated dre tdrawing.
Infer possible objectives and constraints for thenofacturing
instructions (e.g. quench and temper to increagacihardness

a. Manufacturing =

1. Objective

2. Constraint =

7. ldentify the Application of the part. This can betrreved from
the UsedOn information that is stated on the drgsin

M113A1

a. State UsedOn variable

iii.  Application Armed personal aarr,

Table 5.7: Design Rationale captured from sampdaviohg 3 by software

1. What function, flow and domain can you ascertaintfe part
that is contained in the drawing? These can betifcehfrom the

name of the part, if appropriately named.

a. State part name = Arm, Support, Suspension
i.  Infer function = Support, Cover
ii.  Infer flow =
iii.  Infer domain = Mechanical
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Table 5.7 - continued
2. Can you determine if the represented part is a paran

assembly? If yes, identify the assembly constraifitese would

be typically identified from the geometric dimensso and

tolerance that are present on the drawing. In exidistate if
possible the type of assembly constraint thatpsesented.

a. State dimension with tolerance = +-  1/64, (-

1/32

I.  Infer constraint = Assembly mate

3. ldentify the specified material for the part. Tlesn be found in

the notes section of the drawing. Infer the reagus material

was chosen viz. the Objectives and Constraintsétecting the

specified material.

a. State material = 4145H, 4147H, 86B45H

>

i.  Infer objective = Weldability an
Machinability better than low carbon steel, ggod
for hot formed,
ii. Infer constraint = medium strength,
medium hardness
4. Retrieve specific properties for the material
a. 4145H, 4147H, 86B45H

i.  Modulus of Elasticity = 29700 ksi
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Table 5.7 - continued

6.

5.

ii.  Tensile Strength, Yield

iii.  Tensile Strength, Ultimate =

iv.  Hardness, Brinell = 208

v. Relative Cost =

vi.  Machinability (Based on AISI 1212 steel. as 100%
Machinability) = 60%

vii.  Density 0.284 Ib/ih

Identify the company name that is stated on thevitiga From

the stated company name infer the design envirohrf@n.
commercial, governmental, US Army etc)

a. State company name = uS Army Tank-

Automotive and Armaments Command

i.  Infer design environment = UsS Arny

ii.  Infer possible goals (e.g.)

1. Reliability = High

2. Shelf life Long

3. Cost priority

Low
Identify all manufacturing instructions stated dre tdrawing.
Infer possible objectives and constraints for thenofacturing

instructions (e.g. quench and temper to increagacihardness

a. Manufacturing =
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Table 5.7 - continued

1. Objective

2. Constraint =
7. ldentify the Application of the part. This can betrreved from
the UsedOn information that is stated on the drgsin

a. State UsedOn variable =

viii.  Application =

5.5 Results of comparison

Comparing the design rationale captured by thenso# system with the re-
designers’ output it can be seen that the desigmnide is of the same quality. It should
be noted that the re-designers whose results aeempied in this dissertation are
primarily inexperienced to medium experienced rsigigers. This implies that the

system is mature enough to capture design ratioc@t@parable to inexperienced to

medium experienced re-designers.
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