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ABSTRA CT

Legacysystemsengineering(LSE), the designof replacemen parts and assem-
blies for sustaining and enabling modernization of legacy medanical systems,is
increasingly becomingessetial due to excessie costsof replacing ertire systems.
LSE scenariogpresumeavailability of multiple, possiblyincompleteor inconsisten,
sourcesof information, lack of digital descriptions of the parts, needfor modern
CAD models that can drive modern CAM processesand hard time constrairts.
Previous approatesto designingreplacemen parts have not e®ectiely addressed
sud diversescenariosand hencepresen challengesin trying to adapt them to the
LSE problem.

The proposedMultiple Enginesring Resources aGent Environment (MER GE)
system enablesa new interactive approad toward LSE by providing a uni ed
ervironmert for simultaneouslycomparing,inspecting, manipulating and modifying
multiple heterogeneousesourcesin order to obtain accurate feature-basedCAD
models of medanical parts and assemblies. By enabling intuitiv e interaction and
coheren visualization of information, the MERGE system enablesquick identi-
“cation and resolution of inconsistenciesamong available resources thus making
the LSE processmore e®ectie. The MERGE systemalso aims at simplifying the
LSE procesdy integrating variouscomputational agentswith available resourceso
assistthe engineerin processinginformation and in synthesizingthe desired CAD
models.

The MERGE system s being implemerted in the cortext of a feature-based
geometric modeling system. A framework for e®ectie asserbly modeling and
analysishasalsobeenintegratedwith the modeling system. The LSE capabilities of
the systemare demonstratedusing a rocker mount part and a FormulaSAE engine

mount asserbly asexamples.
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CHAPTER 1

INTR ODUCTION

Complexmedanical systems sud asaircrafts, automobiles,and military equip-
mert, are typically utilized for extended periods of time in order to avoid ex-
cessie costs of replacing them with new systems. Sud systemsmay no longer
be commercially supported nor properly documerted becauseof their enduring
servicebeyond any originally plannedor projected scope of specializedfunction. A
classicexampleis that of the Boeing 707 aircraft. As reported by Wikip edia [44],
the 707sare in serviceto date in non-US airlines, charter servicesand air cargo
operations even though production of the 707swas terminated in the late 1970s.
Sud legacy systemsneedto be sustainedto ensureoperability and proper service.
Hence,it would be necessaryo enableprovision of newreplacemets of subsystems
for maintenancein caseof wear or failure. With improvemens in engineering
practicesand technology, it may alsobe desirableto modernizelegacysystems.The
processof designingreplacemen parts and assermblies for sustaining and enabling
modernization of legacy systemsis termed legacy systemsengineering(LSE) [1].
Due to its diverse nature, LSE is a time consumingand technically formidable
processand hence,dewveloping more e®ectie tools for it is increasingly becoming

an industrial imperative.

1.1 Strategies for LSE
As describted in [1], alternative strategiesfor LSE include reverseengineering,
re-engineeringand re-design.Reverseengineerings the procesof creating a replica
of a physical object using information from existing resources. The processnot
only involves recreating geometry but also inferring functionality, designintent,

materials, manufacturing processesetc. Rewverseengineeringis critical to an LSE



task and initiates re-engineeringand re-design. Section 1.3 discusseghe reverse
engineeringprocessin further detail and givesan accoun of previous approades
toward reverseengineeringof medanical systems.

Re-engineerings the processof modernizing an object by creating a replace-
mert with improved designand manufacturing methods. Re-engineeringnvolves
extensive analysis of form, materials, ass@iated manufacturing processesand a
subsequenre-speci cation of the object. The re-engineeredabject may be cheaper,
more reliable or more e®ectie.

In certain situations, the original objects may not have been suitable for the
target application. In sud cases,jt may be desirableto ignore the original object
and re-designit completely or replaceit with a di®eren object that providesthe
samefunctionality. In order to achieve this, one must infer the functionality and
the designintent of the original objects from accessibleesources.

The decisionof which strategy, or combination of strategies,to pursue,is deter-
mined by variousfactorsincluding availability of proper documenation, turnaround

time restrictions, costs,etc. Thesefactors are further discussedn Section1.2.

1.2 Challenges to LSE
LSE posesa signi cant engineeringchallenge due to its multifarious nature.

Someof the factors in°uencing the complexity of a LSE task include:

1. Original replacemen parts may no longerbe available due to the antiqueness
of the system. For the samereason the original designersnay not be available

for information.

2. Suzcient documenation in the form of engineeringdrawings may not be
available. If available, the documertation is likely to be in non-digital form
(drawings on paper, or in somecasesmylar material), since sud systems
were designedat a time when digital documertation technology was not
yet mature. On the cortrary, most modern design systemsinvolve digital
descriptions of parts and asserblies. In addition, available documertation

typically haserrors, inconsistenciesaand legibility problems.



3. An exemplar part may not represem original dimensionsdue to undocu-

mented modi cations and weatr.

4. Information about the part may be available from its assaiated asserbly
and is key to ensuring that the replacemen part is compatible with the
actual medanical system. The asseiated parts in the asserbly may not
be disasserhled for various reasonsand hence,information can be inferred

only from accessiblesubparts.

5. The original designrationale may be outdated and must be inferred from
existing resources.In addition, the original designmay have been°awed or

inadequatefor the target application scoge.
6. Often time is of the essencén manufacturing a replacemen part or asserbly.
7. The originally usedmaterials may no longerbe appropriate, or even available.

8. The originally usedmanufacturing practicesmay be outdated and thus, need
to be replacedwith current practices. Also, LSE scenariostypically involve
manufacturing replacemets of small batch sizes. This plays an important

role in the choice of the manufacturing processesiseddue to costsinvolved.

9. Further, an ertire asserbly of parts may needto be replaced. In this case,
relationshipsbetweenmating parts in the asserbly must be inferred and the
complex interaction modes between mating parts must be speci ed. Each

individual part may be reverseengineeredye-engineeredr re-designed.

10. In addition to replacemets, it may be desirableto add on new parts to

existing systemsfor added functionality.

To summarize,LSE scenariospresumeavailability of partial information from

multiple incomplete, inconsistert or even obsoletesources. The LSE task must
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yield modern CAD? models capable of driving state-of-the-art CAM? processes.
In addition, signi cant domain knowledge and designengineeringexpertise is an
essetial ingrediert in performing an LSE task. This thesis presens an approad

that is tuned to better aid a domain expert in performing a given LSE task.

1.3 Reverse Engineering
This section provides a brief overview of various approades toward reverse
engineeringof medanical systems. The generalapproad), as prescribed in [31],

involvesthe following steps:
1. Examine systemand infer overall functionality.
2. ldentify systemfeatures,determine operation and usageof system.

3. Disasserble system, identify componerts and their relationships, function,

materials, etc.

4. Mathematically model system(geometry function, underlying physical prin-

ciples, etc).
5. Perform engineeringanalysis.
6. Re-engineerr re-designbasedon requiremerts.
7. Determine manufacturing, asserbly and other processplans.

Model reconstruction has beentypically performedvia manual inspection of phys-
ical parts with or without the use of drawings for comparison. This implies that
the task is labor intensive and time-consuming. Also, in this case,analysis and
comparisonof the reconstructedpart with the sourceqdrawingsand original parts)

is dixcult.

1Computer-aided Design

2Computer-aided Manufacturing



More recerily, scannerssud as co-ordinate measuring macdines (CMM) and
laser range scannershave beenusedto speedup the processof inspection. The
scannersgeneratepoint cloudsthat can be usedto reconstruct models [21]. The
point clouds obtained from the scannerstend to be noisy. In addition, they may
exhibit important omissionseither dueto sensordropout or inaccessibiliy of certain
regionsof the part. Thus, CAD models reconstructedfrom the point cloudstend
to be inaccurate, error prone or even incomplete. Feature based tting techniques
for model reconstruction have also recerilly emerged[10, 11]. These techniques
generatefeature-basedmodels that more accurately represemn form and are more
intuitiv e to modify.

There are a variety of commercial CAD-basedreverseengineeringsoftware tools
that aim at automating the processof model reconstruction. Thesetools provide
functionality to independerly reconstruct models from either scansor drawings
alone. Sud tools are also not very robust [1]. Making assumptionsabout the
quality of available input data for automating the reconstruction processwould be
quite unreasonablén many cases.Thus, existing systemsdo not have the °exibilit y
to allow model creation from multiple incomplete, inaccurate or inconsisten data
sources.

Although reverse engineeringgeometry and form of a physical object can be
automatedto an extent, inferring designintent, materials, etc still involvesmanual
inspection. Thus, the overall theme of this researt is to leverageuserperformance

rather than aiming at automating the entire reverseengineeringprocess.

1.4 Thesis Premise and Goals
This researt addresseshe enhancemen of LSE by integrating multiple en-
gineering resourcesin a uni ed interactive ervironment. This researt exploits
the fact that much of the low level processingcan be automated. In addition,
high level engineeringtasks, sud as analysis, can be greatly facilitated with in-
teractive computing and visualization ervironments. This thesispresens a system

that provides an interactive ervironmert in which one can visualize and process



information simultaneously from multiple resourcesto obtain CAD models that
more accurately capture the designintent of the physical parts and asserblies.
In particular, this thesisaims at:

1. Providing intuitiv einspectionand visual analysistoolsto enableidenti cation

of errors and inconsistencies.

2. Facilitating accessibiliy and transfer of data between di®eren resourcesin

an intuitiv e manner.

3. Incorporating various computational agentsin the systemto simplify the LSE

process.The agerts automate low level functionality of the system.

4. Enabling e®ectiv modeling and analysisof asserblies by allowing speci ca-

tion and visualization of relationships betweenmating parts.

In summary, this thesisaims at enabling reconstruction, analysisand revision
of digital models of parts and asserblies. This thesisalso aims at enabling speci-
“cation of new add-on parts, re-engineerecr re-designedparts to legacy systems
by allowing the designand integration of new parts with the legacysystemas an

asserbly.

1.5 Contributions

The main cortribution of this researt is a systemthat enablesa new approac
toward LSE in particular, and reverseengineeringin general,by allowing simulta-
neousprocessingof information from multiple heterogeneousesourcesn a uni ed
ervironmert.

Key componerts of the systeminclude intuitiv e interaction with, and visual-
ization of original and derived resources.This thesis presers techniquesfor visu-
alization of the structure and geometry of feature-basedCAD models, interactive
registration of drawings with CAD models and scansof physical parts, interactive
layout managemen of textual annotationsin the visualization ervironmernt, trans-

fer of data via direct intuitiv e interaction with resourcesand enhancedvisualization



of asserbly modelsvia lenses.All of the aforemertioned techniquessynergistically
improve the e®ectienessof an engineerperforming an LSE task.

In addition, this thesis presens an e®ectie technique for asserbly modeling
and analysis via the concept of asserbly interfaces. This thesis also provides
an implemertation of asserbly interfacesin a feature-basedgeometric modeling
system.

The ideaspresened in this researt are validated using the rocker mount part

and FormulaSAE enginemount asserbly examples.

1.6 Scope of the Thesis
This thesis addressesthe creation and analysis of accurate models of parts
and asserblies that are compatible with existing physical legacy systems. This
thesisdoesnot addressissuesrelated to materials, engineeringanalysis(e.g., nite
elemen simulations), manufacturing, asserbly sequencegenerationand planning,
etc., albeit the fact that thoseare alsoimportant processesnvolvedin LSE. Model
creation initiates other processesn a given LSE task and is hencea necessaryand

critical componert.

1.7 Thesis Outline
This thesisis organizedas follows. Chapter 2 discussegreviousrelated work.
An overview of the uni ed LSE environmernt is presenied in Chapter 3. Chapter 4
presens current systemcapabilitiesfor synthesizingmodelsof individual parts from
multiple data sources.Chapter 5 presens techniquesfor modeling and analysisof

assermblies of parts. Chapter 6 preserts conclusionsand ideasfor future work.



CHAPTER 2

BA CK GR OUND

The researt presenied heredraws and incorporatesideasfrom the following dif-
ferert areas: CAD-basedreverseengineering,immersive ervironments for CAD ap-
plications, engineeringdrawing analysis,feature-basedCAD model reconstruction,
CAD model structure visualization, annotation layout managemern registration of

drawings with CAD models/scans,asserbly modeling and magic lenses.

2.1 CAD-based Reverse Engineering

With the advert of CAD/CAM technology, product engineeringwith virtual
prototypeshasbecomean industry standard. In addition to cost savings and ease
of modi cation, mathematicalmodelsenableanalysisvia nite elemen simulations,
etc. Virtual prototypesalsoenableexploration of various what-if scenariosn which
onecantest and evaluate alternative designs,evaluate modelsfor new or extended
functionality and analyzeinterferenceand motion dynamicsof the new system.

The reverseengineeringprocesshas since beendirected toward reconstruction
of CAD modelswhich canthen be usedto drive CAM processedor manufacturing
replacemen parts. Previous work has addressedautomation of the model recon-
struction process[21]. Physical parts are rst scannedusing sensingdevices,suc
aslaserrangescanners.The scannersggeneratesetsof 3D points that are then used
to t polygonal meshesor NURBS surfaces. Suc generic geometric models are
dizcult to modify in an intuitiv e manner. Feature-basednodeling technology aims
at overcoming sud problems and automated feature-basedmodel reconstruction
techniques have beendeweloped. Thesetechniquesare employed in this researt
and are further described in Section 2.4. Figure 2.1 shaws a feature-basedCAD

model of a rocker mount part.



Figure 2.1. A CAD model of a rocker mourt.

2.2 Immersiv e Environmen ts for CAD Applications

Immersive virtual environmernts allow intuitiv e interaction with 3D information
and hence,thesetechniquesare increasinglybeing applied to a variety of problems
in the medanical engineeringdomain. Immersive ervironmerts allow usersto focus
on the higher-le\el objectivesof the problem by making the interfaceto the system
lesscumbersomethan a traditional WIMP ! interface.

Immersive ervironmerts also enableusersto explore large ervironmerts (e.g.,
ertire aircrafts) more e®ectiely. At the sametime usersmight be requiredto focus
on certain smallerregionsof the medanical system. Immersive ervironmerts allow
e®ectie focus+cortext visualization and interaction with large ervironments and
are hencevery powerful.

Immersive environments have beenexploredfor ab initio design[3], distributed
designreview [8] and analysis[45] of medanical parts. The DVDS system|3] dis-

cussesntuitiv e interaction techniquesin an immersive environment including hand

1windows, Icons, Menus, Point and Click
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motions, gesturesand voice commandsfor ab initio CAD design. The DDRIVE
system [8] utilizes an immersive ervironmert for multiparty distributed design
review. An immersive ervironmert for interactive simulation and analysis has
beendeweloped [45]. Immersive ervironments have also been previously used for
asserbly simulation and planning as presened in the VADE [24] and VEGAS [26]
systems.A more comprehensie list of immersive ervironment applicationsis pre-
sented in [25. We have not comeacrossany previouswork on applying immersive

ervironmerts for reverseengineering.

2.3 Engineering Drawing Analysis

Engineering drawings cortain geometric dimension and tolerance information
for parts in the form of textual annotations. Figure 2.2 is a typical engineering
drawing for the 3D model shavn in Figure 2.1. Extraction of this information
from the drawing can be automated, which provesto be very useful in importing
the drawing into a computing ervironment and transforming it into an interactive
resourcefor accuratemodel creation.

There hasbeenextensive work on automated interpretation of annotationsfrom
scannedmagesof engineeringdrawings[37, 39, 46, 12, 18]. Most of thesealgorithms
require noise free conditions which is an unrealistic assumptionin LSE scenarios.
The engineeringdrawing interpretation systemusedin this researt is basedon
the Non-Deterministic Agerts System (NDAS) preserted in [20] and [37]. The
NDAS systemtries to overcomenoise free requiremen constrains. As shown in
Figure 2.3, NDAS is an automatic, domain-knowledge-guidedmultiagent system. It
consistsof image analysis agents, structure analysis agentsand evaluation agents
Imageanalysisageris extract geometricprimitiv eslike linesand arcs,and interpret
alpha-numeric characters. Structure analysisagerns identify groupsof charactersas
dimensions. Evaluation agers calibrate, monitor and guide analysisageris using
stochastic optimization techniquesbasedon explicit and persistert knowledgeof the
engineeringdrawing analysisprocess. The physical processrepreseis the process

of scanningpaper drawings. NDAS's ewvaluation agens can requestrescanningof
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Figure 2.2. A typical engineeringdrawing. The dimensionsoutlined with boxes
show the results of dimensioninterpretation usingthe NDAS system.

drawings with certain requiremerts, sud as higher resolution. In Figure 2.2, the
dimensionsextracted from a sampledrawing are outlined.

Drawingsalsocortain geometricinformation about a part in the form of gures,
or sketches, that are 2D projections of 3D parts from various view directions.
These 2D views can be semiautomatically extracted and utilized in the model
reconstruction processas presened in Section2.4.

2.4 Feature-based CAD Mo del Reconstruction
Recerly, feature-basedpart modeling technigueshave emerged.Feature-based
models are a natural t in an interactive ervironment as they allow a user to

intuitiv ely modify a model in order to re°ect designintent. A detailed accourt of
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Figure 2.3. Overview of the NDAS system.

feature-basedCAD/CAM can be found in [34]. A feature is a high-level modeling
entity that links designintent or rationale with the model. Some aspects of a

feature include:

1. A featureis a distinct physical constituert of a part or an asserbly.

2. A feature relates to a particular shape whosegeometry may be de ned in

terms of dimensionparametersand geometricconstrairts.

3. A feature hasfunctional signi cance assaiated with it and hascertain prop-

ertiesthat can be expectedfrom it when utilized in a medanical system.

There are various kinds of featuressud as, form features, assembly features,
manufacturing features, material features, etc. basedon the phase of the part
engineeringprocessin which the model is used. In this thesis, we refer to the class
of form features that capture the geometry of the features and their assaiated
functionality.

The feature-basedmodel reconstruction techniques used in this researt are

basedon techniquespresetted in [9, 10, 11]. Thesetechniqueswork with 2.5D
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featuresthat are de ned by a feature pro le in 2D and an extrusion depth in the
third dimension.

As shawn in Figure 2.4, the processbegins with the acquisition of a three
dimensional point cloud scanof a physical part using scanningdeviceslike laser
rangescanners.A stochastic plane nding method determinesmajor planar regions
of the part and classi esthe points in the point cloud according to the tted
planes. These points are then segmeted by semiautomatic meansto separate
out individual planar feature regions. Initial geometric models are 't to all the
feature regionswith geometricprimitiv esincluding lines and arcs. After this step,
geometricconstraints on the primitiv essud astangency perpendicularity, etc are
automatically hypothesized.An optimization of the set of hypothesizedconstrairts
generatesthe nal feature primitives. The line-arc based geometric models are
then corverted to 2D NURBS pro le cortours. Each of the nal 3D featuresare
constructed by extruding the 2D pro les to obtain 3D NURBS surfaces,that are
then conmbined using geometric modeling oerations (e.g., boolean operators) to
obtain a complete CAD model.

This technique canalsobe usedto reconstructfeature-basedmodelsfrom draw-
ings. This is adieved by segmeting out the 2D views of the model from the
drawing and sampling the views to generatepoint clouds. In this case,the plane
‘nding step is unnecessarnyas the points are already planar. The remaining steps

are identical to reconstructing models from scansof 3D parts.

2.5 CAD Mo del Structure Visualization
Understandingthe structure of a CAD model is essetial for an engineerto make
decisionsregarding modi cation of the model, i.e., what parametersto changein
order to achieve the desirede®ect. Previous work preseits separatevisualization
of the geometryand structure of feature-basednodels[6]. The structure of models
is visualized using symbols to represen features.
Our goalis to presen an\as is" visualization of the data structure underlying

the geometry of the CAD model, thus showing the structure of the CAD model
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in addition to its geometry with actual spatial orientation relationships between
features. In addition, we also aim at allowing a userto interact directly with the
visualization to inspect and modify the geometryof the target CAD model. These

ideasare presetted in Section4.3.

2.6 Annotation Layout Managemen t

Annotations arecommonlyusedto complemen graphicalvisualizationsin order
to descrile certain important featuresin more detail. Annotations usually cortain
text, numerical information and symbols, all of which is basically 2D information.
The goal is to nd a suitable layout of the annotations in the vicinity of the
objects they descrike. This problem has been approated in a variety of ways
based on the target application. Approaches preserted in [2, 17, 16 address
situations wherethe information visualization environmert is intrinsically 2D (e.qg.,
geographicmaps). For ervironments with 3D information (e.g., medtanical parts),
the generalapproad is to simplify the layout problem by restricting the location of
the annotationsto a plane and then nding suitable locations on the plane based
on the requiremerts of the application. Previousapproatesinclude overlaying the
annotation on the object of interest in an augmerted reality(AR) environmert [4],
placing the annotations on the shadav of the object [32], renderingthe annotation
on a polygon derived from the projection of the object in screenspace[36], and
overlaying the annotations at the extreme cornersof the screenin an AR environ-
mert [33].

The approad presened in [33 is most directly related to ours. They prevert
annotations from occluding the objects of interest by renderingthe annotations at
the far cornersof the screen. This approad will not work directly in our caseas
the ervironmert is Tled with other objects and we do not want the annotationsto
occlude them. Also, we do not want the annotations to occupy the ertire screen
even when the object is far away from the user and henceoccupiesa very small
areaon the screen.

While we do not aim at replacing the current state-of-the-art in annotation
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layout managemety we need a variant of these algorithms that best suits our
application. Our requiremert is a simple, interactive and computationally light
solution that does not hinder the performance of other major functions of the
system. A major problem with the annotation layout managemen is dealing with
scenariosvherea large number of annotations needto be renderedin a small area,
and at the sametime, avoiding clutter and maintaining a comprehensibleayout.
Our strategy for avoiding clutter is to allow the userto selecta subsetof annotations
to be displayed. We alsoaim at allowing usersto interact with the annotations to
modify the target CAD model. The approad employedin this researt is presened

in Section4.5.

2.7 Registration of CAD Mo dels,
Point Cloud Scans
and Drawings

In order to enabledirect visual comparisonof CAD models, point cloud scans
and drawings, they needto be registeredin a common coordinate frame. While
automation of the alignmert processs desirable,currert techniquesfor registration
do not successfullyaddressthis problem.

Although the reasonfor registering the resourcesis to compare and idertify
inconsistenciestheseinconsistenciegnake registration a more challengingproblem.
Another problem is that legacy engineeringresourcesmay be incomplete. In
particular, the sketches on the drawing may not exactly match the featureson
the point cloud (and hence,the model derived from either resource)due to various

reasons:
1. The physical part may be broken in which casethe scanis incomplete.

2. The scanof the physical part may be noisy, and/or incompletedue to sensor

dropout or inaccessibiliyy of certain regionsof the part.

3. The physical part may not re°ect original dimensionsdue to undocumerted

modi cations or wear.
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4. The featuresin the physical part may be misaligneddueto incorrect xturing

or other manufacturing errors.
5. In somecasesthe drawings may be damaged,torn or illegible.

The problem of registeringinconsisten data for visual analysishasbeenstudied
in the eld of medicalimaging. Registration of magneticresonancamaging (MRI)
scansof the human body aids cross-sulpect analysis. Di®erencesn the appearance
and location of anatomical ertities amongvarious individuals makesaccuratereg-
istration dixcult. Previous solutions for tackling this problem have beendirected
toward modeling the variations in anatomical ertities using statistical techniques
and using this knowledgeto achieve more accurateregistration results[7]. In their
approad, a training set of MRI imagesof the human brain were registeredwith
an atlas (one subject's scanchosenas the standard) and the variations were then
statistically modeled in terms of image intensity and geometry This statistical
knowledge was then usedto guide a deformation processthat would then align
other imageswith the atlas.

A signi cant di®erencein the legacy engineeringscenariothat does not allow
us to directly incorporate ideas presetted in [7] is that we have at most a single
exemplarphysical part and a singledrawing. Thus, we do not have enoughdata to
obtain a statistical distribution of the variations.

In order to register drawings, CAD models and point clouds, we only need
to register any two of them sincethe CAD models are derived either from the
drawings or the point clouds and hencethe alignmernt betweenthe CAD model
and the resourcefrom which it was derived is known. Figures?2.5and 2.6 show all
possiblecaseghat we have to consider.

From these gures, it canbe inferred that we have three alternatives:

1. Registration of 2D views on drawing with point cloud scans. The 2D views
sketched on the drawing are projections of the 3D part on di®eren planes.

The 2D viewson the drawing can be sampledto obtain 2D point clouds. The
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3D point cloud scanscan be projected onto planesand then registeredwith

the sampled2D views.

2. Registration of 2D views on drawing with CAD models. In this case,CAD
models can be sampledto obtain 3D point clouds and then projected onto

planesfor matching and registration asin the previouscase.

3. Registration of CAD modelswith point cloud scans.In this case,the point-

sampledCAD models can be usedfor registration.

Thus, the problem reducesto aligning sets of point cloudsin ead case. A
straightforward approat would be to register the two point clouds using the
iterative closestpoint (ICP) algorithm [28. Howewer, the two main problems
with this approad have been pointed out in [28§. First, it is dizcult to nd
correspnding points and second, the registration processis prone to problems
asseiated with local optima. Hence,accurate registration using ICP is ditcult.
The techniquesusedfor registration in this researt are presened in Section4.4.1.

A modi ed approad for automated registration of CAD models with point
cloud scansis presenied in [28]. They suggestprojecting the point cloud on the
CAD model and use the projected points as the correspnding points. Then a
least-squareptimization processfor registeringthe two point cloudsis performed
iteratively. At ead iteration, the original point cloud is projected onto the CAD
model to obtain new correspnding points, thus avoiding the problemsassiated

with local optima.

2.8 Assembly Mo deling
Medhanical systemsrarely exist as individual parts. Instead, they consist of
assenblies of interacting parts. Hence,replacemen parts have to be compatible
with their related asserblies. Also, ertire asserblies may needto be replaced.
Thus, accurate CAD models for individual parts needto be derived and relation-
shipsbetweenfeaturesof mating parts in an asserbly needto be satis ed. Feature

relations imposeconstrairts on feature parametersof related parts.
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Previous work on asserbly modeling includes techniquesthat allow speci ca-
tion and analysis of asserblies independert of geometric modeling systems|[47].
Theseasserbly modeling systemsallow separatedesignand analysis of asserbly
structure, positioning, asserblability, kinematics, etc. Howewer, it is desirable
to have an integrated framework for designand analysis of both parts and as-
senblies. Previous work on integrated feature-basedasserbly modeling systems
include [13, 34, 35, 41, 23.2

In [13], asserbly featuresare de ned as separatefeaturesin independert parts,
which when conmbined, form an asserbly. An exampleof peg and hole featuresis
preserted. The asserbly featurescanmate only if they satisfy certain relationships.
In [35, 34], assermbly featuresare de ned asseparateertities that specify featuresof
mating parts and their inter-relationships. Both approatesare deweloped for static
assemblies and are not intended for specifying or cortrolling kinematic interaction
betweenmating parts. They can be usedto determineif the individual parts are
compatible with ead other in the asserbly.

A more generalapproad preserted in [23], introducesthe conceptof interfaces
to managedesigncomplexity and designewlution. Interfaceswereusedto capture
designinformation relevant to interaction betweenparts in an asserbly including
feature descriptions, positioning and kinematic constrairts, etc. Interfacesexisted

as separateertities to which parts were linked to form the asserbly.

2.9 Interactiv e Focus + Context Visualization
using Magic Lenses

The conceptof magiclenseswasintroducedin [5]. Magic lensesare usefultools
that allow a userto selectiely investigate only speci ¢ regionsof interest from a
large dataset. They are basically visual Tters that render the region inside the
lens volume di®erertly from the rest of the space(e.g., magni cation lenses[27)).

Ideasfrom technical illustration [29) sud as ghosting and \pull-out" viewscan be

2In this researd, we focus on work related to managing parametric and geometric assently
relationships between part features. Work has been done on integrated managemen of other
kinds of relationships (e.g., functional, interaction) with varied goals[19, 15, 14].
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coupled with lensesfor enhancedvisualization of graphical data. Magic lenses
for selectiwe visualization would be useful for enhancedanalysis in the reverse
engineeringcortext, by allowing usersto focuson local feature regionsin a model
while retaining the overall spatial cortext in the model.

In addition to enhancedrendering of geometry this thesisintegratessemartics

with the visualizationsin order to better aid analysisaspresenied in Section5.2.4.



CHAPTER 3

SYSTEM OVER VIEW

This thesis preserts an interactive virtual environmert called the Multiple En-
gineeringResourcesaGert Environment (MERGE) in order to satisfy the require-
merts of LSE (Fig. 3.1). MERGE aims at providing a uni ed ervironment for
comparing and manipulating original data sources,suc as engineeringdrawings
and laser-scanneghysical artifacts, and derived feature basedmodels.

The MERGE system s built as an application layer above the Alpha_l ad-
vancedCAD researt testbed, which provides a feature-basedgeometricmodeling

ervironmert. Further information about the Alpha_1 project can be found in [40].

Figure 3.1. Userinteracting with the MERGE system.
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3.1 Agents in the MER GE System

Agerts in the systemco-operate with the engineerperforming the LSE task to
automate certain low level processesmaintain consistencybetweendi®eren data
structures in the system, and presern the original data and derived models in a
uni ed and accessibl€ashion. Figure 3.2 provides a logical overview of agers in
the MERGE system. Theseageris canbe classi edaccordingto their functionality.
The types of agerts currerntly presen in the systeminclude analysis agerns and
visualization agerts. Analysis agerts analyzethe original data sourcesand extract
information that can be usedin the LSE process. Visualization agens presert
information in a coheren and comprehensiblananner. The userof the systemcan
be consideredan expert agen that cortrols the behavior of other ageris in the

systemand guidesthe legacyengineeringprocess.

3.2 Human Computer Interface to
the MER GE System

The human computer interface to the MERGE system includes a 3D stereo
display and 6DOF tracked input devicesin addition to the traditional mouseand
keyboard devices.The Intersensd S900systemis usedfor tracking over a medium-
room sizedworkspace. A rear-projected stereo-vall screenis usedfor 3D display.
The userprimarily interacts with the systemusing tracked devices.In Figure 3.1,
the stereo-vall screenis shovn with the user interacting with the system using
tracked devicesin both hands. The tracked devicesinclude buttons and joysticks
for input that, along with natural hand motion, can be mapped into operations
sudh as picking and manipulation in the 3D environmert.



24

User
(Expert Agent)
’ ) ~

’ ~
A N
>

y - a
Analysis ] : [ Visualization ]
Agents 1 Agents
» ' 4
. Y p

Engineering

Resources

Figure 3.2. MERGE asa multiagent system.



CHAPTER 4

SYNTHESIS OF CAD MODELS OF
INDIVIDUAL PARTS

We rst considerthe caseof syrnthesizingmodelsfor replacingindividual parts.
Current system functionality is preserted via an example scenarioof reverseen-
gineering a rocker mount, a typical legacy part (Fig. 4.1). The rocker mourt is
usedto support the suspensionsystemof an automobile such asthe FormulaSAE
racing car. The part is subjectedto large amourts of stressduring operation of the

automobile, and henceis susceptibleto wear and failure.

Figure 4.1. A rocker mourt, outlined by the yellow frame, in its assaiated
asserbly cornext.
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Resourceswvailable for reverseengineeringhe rocker mount include an exemplar
physical part and documertation in the form of an engineeringdrawing. These
resourcesare imported into the MERGE ervironmert. Agens in the systemin-
cluding drawing analyzeragents,visualization manageragents,point cloud analyzer
agents, registration agentsand layout manager agents extract information from
these resourcesand presert them to the userin a coherem and comprehensible
manner. An initial CAD model is 't from the drawing. Figure 4.2 shows the
various engineeringresourcespreser in the ervironmernt. It presens a snapshot
of the systemduring the processof reverseengineeringthe rocker mount, wherein
a partial feature-basedCAD model has been generatedusing features from the
front view of the part sketched on the drawing. The CAD model can be compared
directly with available resourcesin order to interactively identify incorrect ts.
Theseinconsistenciesanthen beintuitiv ely xed usinginformation extracted from

the resources.Theseideasare presened in detail in the following sections.

Figure 4.2. Multiple engineeringresourcesn auni ed ervironmert. Starting from
left, an engineeringdrawing, a visualization of CAD model structure, a derived CAD
model and a point cloud scan.
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4.1 Imp orting Multiple Resources into the
MER GE Environmen t

Available resourcesare imported into the MERGE ernvironmernt and trans-
formed into interactive higher-lewel forms that can be usedfor intuitiv e inspection,
comparisonand modi cation of derived models (Fig. 4.3). The exemplar part is
scannedusing a laser range scannerto create a point cloud represetation. The
engineeringdrawing is scannedand imported as an image le. The image le
is then renderedinto the alpha channel of a transparert texture map, so that
lines and annotations appear solid without occluding other objects in the MERGE
ervironmert. Figure 4.2 shaws the drawing and the point cloud in the MERGE
ervironmert.

As a preprocessingstep, drawing analyzer agens extract key data elemens
from the engineeringdrawing. In particular, drawing analyzeragens extract the
individual 2D views (top, front, right) of the parts and alsointerpret the geometric
dimensionsof the part speci ed onthe drawing. Drawing analyzeragens consisting
of NDAS systems(Section 2.3) extract dimensioninformation. In orderto segmen
the individual 2D views, drawing analyzeragers require an image of the drawing
from which all the annotations and extraneousinformation has been removed.
Currently, image clearup is performed as a manual preprocessingstep. View
segmeiation is then a straightforward image processingstep.

The information extracted from the drawing is embeddedinto the drawing rep-
resertation in the MERGE system. This transformsthe drawing into a higher-le\el
object with which the user can interact, using the tracked input devices,to query

for attributes sud asdimensions.

4.2 Fitting an Initial Feature-based CAD Mo del
A feature-basedCAD model of the part can be automatically generatedfrom
either the individual views extracted from the drawing or from the point cloud
represemation as preseried in Section 2.4. In our example, the features of the
CAD model have beenderived from the drawing. Theseare 2.5D featuresde ned

by a 2D pro e and an extrusion depth. The feature pro les are generatedusing
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Figure 4.3. Importing physical resourcesnto MERGE.

semi-automatictechniques. In the current system,human intervertion is required
at various stages,namely 1) removing extraneousinformation from the drawing
(e.q., sketchescorrespnding to hidden lines represeited by broken lines), 2) deter-
mining specializedfeature types (e.g., classifying a feature as a hole instead of a
genericpro Ie) and 3) specifying the extrusion depth. Once 3D featureshave been
constructedfrom the pro les, the featuresextracted from orthogonal views can be
conbined using boolean operators to generatea complete 3D CAD model. This
model is imported into the virtual ervironment, which seresas a starting point
from which the usercan createa more accurate CAD model of the exemplarpart.
In the MERGE system, one can generatepartial CAD models from particular
views of a part and x incorrect ts or modify them separately and then conbine
the partial modelsto generatethe nal model. This aids the userin focusingon
a small set of featuresand hence,simpli es the processof xing inaccurate ts or

modifying the model. As shawvn in Figure 4.4, a partial feature-basedCAD model
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Figure 4.4. Partial model of rocker mourt derived from featuressketched on the
front view of the drawing.

hasbeenderived from the featuresextracted from the front view of the part. This
model consistsof three features: an outer pro le, aninner pro le and a hole. This
is a much simpler model to work with as comparedto the nal CAD model shavn
in Figure 2.1.

4.3 Visualization of the Dependency Graph

The results of the processby which the featuresof the CAD model are derived
are stored in a data structure called the \Dependency Graph" [40, 23]. The
dependencygraph is a directed-acyclicgraph whosenodesstore information about
the formative geometryof the part. Modi cation of any parametersof the features
of a model is achieved by modifying the correspnding nodes of the dependency
graph.

The dependencygraph for the partial CAD model is shavn in Figure 4.5. As
it can be seen,the dependencygraph for a more complex part can be dixcult to

understand. We presert a more comprehensiblevisualization of the dependency
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Figure 4.5. The dependencygraph. For simplicity, only a single set of represen-
tativ e ertities (lines, arcs) are showvn for eadt feature.

graph to aid the userin understandinghow the nal CAD model is generatedand
thus enablinghim to decidehow to modify given parametersin order to obtain the
desiredmodel. We also allow the userto interact directly with the visualization,
thus enablingmodi cation of the CAD model in an intuitiv e manner.

Nodes in the dependencygraph correspnding to features and their ertities
(lines, arcs) are represeted visually with their actual geometry and the actual
spatial orientation relationships. Each level in the dependencygraph conformsto
a node in the dependencygraph visualization. Figure 4.6 shaws the dependency
graph visualization at the point in the algorithm where a partial CAD model has
beengeneratedfrom the front view of the part. In this gure, the upper node showns
the hole feature and the inner and outer pro e stock featuresof the partial CAD
model. The lower node shows the cortours de ning thesefeatureswhich consistof
ertities including lines and arcs. All of the featuresand their ertities are shavn
with the actual geometryand relative spatial orientations.

Visualization manageragens maintain comprehensiblevisualization of the de-

pendencygraph for ead individual part and update them whenany of the features
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Figure 4.6. The dependencygraph visualization. The upper node shows the
featurescomprising the partial CAD model and the lower node shows the various
ertities comprisingead feature.

are modi ed by the user. The MERGE environmert allows a userto work directly
with the dependencygraph data structure via its visualization. The usercan select
featuresor enities of interest using the tracked input devicesto view information
about their parametersor modify them. The parametersof selectedertities are

displayed around the 3D CAD model as preserted in Section 4.5.
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4.4 Direct Comparison of Features

Engineeringdrawings contain sketchesof 3D parts that are basically 2D projec-
tions of 3D parts from corveniert view directions (e.g., a view direction from which
featuresare fully visible). Typically, drawings cortain three orthogonal views that
are termed the top, front and side views of the part. In somecases,other views
may be included, sud as a cross-sectionaliew, view from a di®eren direction
which shows the featuresof a part more clearly, magni ed views of certain regions
of the part, etc. Theseviewsalsocortain broken linesthat represen projections of
featuresthat are hidden from the view direction. Thus the drawing for a 3D part
can get complicatedand dixcult to interpret.

One of the main objectives of building a uni ed environment for legacy engi-
neeringis to enablecomparisonof original resourcesand derived modelsto ched
for inconsistencies. It is quite dixzcult to comparepaper drawings with physical
parts and CAD modelsdirectly.

For example, a user can place the transparert drawing over the CAD model
and/or the point cloud for direct comparisonof featuresas shavn in Figure 4.7. A
usercanalsocomparethe tted featureswith the point cloudasshawn in Figure 4.8.
In this gure, it is clear that the hole feature in the tted model doesnot match

the hole presen in the point cloud.

4.4.1 Registration of Drawing Views with CAD Mo dels,
Point Cloud Scans

Instead of letting the user manipulate the drawing to align it with the model
(or the point cloud), we canregisterthe individual viewsfrom the drawing with the
model sothat they remain xed relative to model in their correct orientations. The
individual views of the part from the drawing can be interactively folded over the
‘tted model and/or the point cloud to aid the reverseengineerin assaiating and
comparing features sketched in 2D and the featuresof the 3D model. Figure 4.9
shaws the front view registeredwith the model and a snapshotof an animation of
the sideview registeringitself with the model. The interactive animation helpsthe

userin understandingthe relation betweenthe current orientation of the part and
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Figure 4.7. An engineeringdrawing directly comparedwith a reconstructedCAD
model and a point cloud. The point cloud is registeredwith the CAD model. Also
shown is a gray cylinder that represets a tracked input device.

Figure 4.8. The CAD model registeredwith the point cloud for direct comparison
of features.
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Figure 4.9. Sideview of model from drawing being registeredwith 3D model.

the orientation correspnding to the view. Figure 4.10 shows the result of all the
views registeredwith the model.

The current systemimplemerts techniquesfor soft registration of the drawing
viewswith CAD modelsor scans,that providesa reasonableapproximation to the
actual alignmert. Accurate alignmert may not be possibledue to incompletenesses
or quality of drawings aswell as scans.

As mertioned in Section2.7, CAD models and drawing views can be sampled
to obtain point clouds. The registration processis therefore aimed at aligning
setsof points. Sincethe views sketched on the drawing are 2D projections of 3D
parts, registration of a 2D view with a 3D point cloud beginswith projection of the
3D point cloud on a plane. As presetted in Section2.4, an automated stochastic
plane nding method determinesmajor planar regionsin a given point cloud and
‘ts planesin theseregions. In addition, histogram-basedpoint segmetation [11]
techniguescan be usedto determine another set of planesin the 3D point cloud.
The user can interactively selectany of these planesfor projecting the 3D point

cloud. Alternativ ely, if the aforemenioned techniquesdo not generatesatisfactory



35

Figure 4.10. 2D views from the engineeringdrawing superimposedon the 3D
model.

results, the user can interactively selecta set of points from the 3D scanand t a
planeto it. The problemis now simpli ed to the alignmert of setsof 2D points.

In orderto speedup the processof alignmert, convex hulls of the drawing points
and the projected point cloud are determined. Standard optimization techniques
sudh asthe simplex [30] method can be usedto determine a reasonablealignmert
betweenthe two setsof corvex hull points. In the current system,a 3DOF (two
degreesof translational motion, and one degreeof rotation) simplex optimization
processis used. The simplex optimization method requiresan initial alignmert es-
timate. Currently, the certer-of-massof the two convex hulls is usedfor initializing
the translational componerts. The optimization is then seededover an arbitrary
set of angles(0 to 360 degrees)and the alignmert resulting in least error is used
for registration. The registration procedureis summarizedin Figure 4.11.

One limitation of the above procedureis that the alignmert may result in a
rotational o®setof 90 or 180degrees.This canbe attributed to the fact that convex

hulls may be symmetricalabout oneor two axes. Instead of applying computational
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Figure 4.11. Interactive registration of drawing viewswith CAD models/scans.

techniquesto resole this problem, the system allows a user to interactively °ip
the viewsto match the scanwith appropriate orientation. Thus, the systemavoids

computational overheadby exploiting the advantagesof an interactive ervironmert.

4.5 Visual Presentation of Feature Parameters
The current value of feature parametersare displayed using labels connected
to the correspnding featuresin the 3D CAD model for quick veri cation and
correction. Each label is connectedto a symbolic line or a point on the 3D model
that visually represets the feature parameters. Thesesynbolic primitiv eshelp the
userin assaiating dimensionsspeci ed on the drawing with the featureson the 3D

model. Figure 4.12 shows a set of synmbolic primitiv esand labels arrangedaround
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Figure 4.12. Layout of labelsaround the model in an arbitrary orientation. Red
lines represen the symbolic linesto which labels are attached.

the CAD model. The labels are active in the sensethat the value on the labels
can be changed. The new valuespropagateto the correspnding featuresand the
model is automatically updated.

In the virtual environment, the user can manipulate the CAD model using a
6DOF tracker. Layout manageragens are responsible for maintaining a com-
prehensiblelayout of the labels for any orientation of the CAD model relative
to the user. The labels are renderedas planes on which the parameter value is
texture-mapped and lines connecting the labels to their symbolic primitiv es are
drawn. The layout managerinteractively updatesthe position of the labels based
on the orientation of the 3D CAD model relative to the user.

In order to maintain a comprehensibleview of all the labels, the layout of the

labels must satisfy the following constrains:

1. Labels, ideally must be located as closeto the feature or set of featuresthey

describe, while, at the sametime, not occludingthe 3D CAD model geometry
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2. Labelsmust not occludeead other.
3. Connectinglines should not crossead other.
4. Labels should not occlude any other label's connectingline.

The algorithm that is used for generating the label layout is presened in

Figure 4.13. We de ne the following terms that are shown in Figure 4.13:

1. Layout plane- In orderto simplify the problem, we restrict the location of the
labelsto a planewhosenormal is oriented alongthe line joining the eye-point
of the camera(of the graphical environment) and the certer of the 3D model
and is located between the user and the model. This plane is called the
layout plane. Clearly, the layout plane changeswith the user'sorierntation in

the environmert.

2. Anchor - In MERGE, an anchor is de ned as the point on the symbolic

primitiv esto which the label is connected.

3. Initial location of label - The location of the label's certers are restricted to
a circle that has a radius greater than that of the bounding sphereof the
model to ensurethat the labels do not occludethe model. For ead label in
sorted order, an initial location is determinedasthe point on the circle that

intersectsthe ray from the projected certer to its anchor.

Figures4.12and 4.14show the results of the layout management algorithm for two
arbitrary orientations of the part. The algorithm presened here di®ersfrom the
one preserted in [33] in that the labels locations are restricted to a circle instead
of the far cornersof quadrarts. Thus, the labelsplacedusing our approad may be
located closerto the actual featuresthan using the approad presened in [33).

As a practical matter, for a large number of labels, there may not be enough
room available to retain a comprehensibldayout. The usercan avoid this problem
by requestinga smaller subset of labels to be displayed. This can be done by

selectingcertain featuresof interest via the dependencygraph visualization or the
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Figure 4.13. The label layout generationalgorithm.
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Figure 4.14. Layout of labelsaround model in another orientation.

CAD model usingthe trackedinput devices.Accordingly, labelscorrespnding only

to theseselectedfeaturesare displayed.

4.6 Mo dication of Feature Parameters by Direct
Interaction with Drawings and CAD Mo dels

When aninconsistencyin the parametervalue of a feature hasbeenidenti ed(b y
direct comparisonor by comparisonof valueson the label and the drawing), the
user can readily correct it using the dimension information extracted from the
drawing. As preserted in Section4.1, the dimensionsare embeddedin the drawing
visualization. The user can selecta dimensionvalue from the drawing and drop
it on the appropriate label on the 3D model, using the tracked input devices,to
modify the parameterwith the value selectedfrom the drawing.

For example, in order to x the diameter of the hole feature of the CAD
model, the userselectsthe correspnding dimensionfrom the drawing as shown in
Figure 4.15and transfersit to the hole feature in the model via its correspnding

label as shavn in Figure 4.16.
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Figure 4.15. Selectingdimensionfrom drawing. A dimensionis highlighted when
the tracked input deviceis pointed toward it.

Figure 4.16. Selectingtarget feature parametersvia appropriate labels. The label
is highlighted when the tracked deviceis pointed toward it.
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4.7 Summary

Information about legacy parts may be available from multiple incomplete,
inaccurateand inconsistert data sourcessud asdrawingsand scans.The MERGE
systemenablesmodel creation from drawings as well as scansin a single environ-
mert, thereby enabling direct comparisonof derived models with input sources.
The MERGE systempreserts model structure and annotationsfor helping the user
in understandingthe current status of the model creation process. The MERGE
systemalso simpli es model revision by enablingintuitiv e interaction and transfer
of data betweendi®eren resources.



CHAPTER 5

MODELING AND ANAL YSIS OF
ASSEMBLIES

Assenblies typically consistof multiple parts and a web of inter-relationships
between part featuresthat dictate overall asserbly functionality. This researt
aimsat integrating asserbly relationshipswith part modelsin a singleframework to
enablevalidation and analysisof asserbly models. In this thesis,implemertation of
an asserbly modeling technique via the conceptof assemblyinterfacesis presened.
The ideaspresened herebuild on previousasserbly modeling techniquesdiscussed
in Section2.8. Recallthat CAD models of individual parts are maintained using
dependencygraphsin the Alpha_l system (Section 4.3). Thus, the goal of this
researt is to embed assernbly relationships within the dependency graph data
structure.

While the conceptof interfacespreserted in [23] wasimplemerted in the Alpha_1
system,the Alpha_1 systemitself has beenredesignedand reimplemened and the
implemertation of interfacesno longer exists. The ideas presenied in [23] were
aimedat managingcomplexity during designewlution. In this thesis,weimplemert
saliert featuresof assembly interfacesthat are similar to thosepreserned in [23. In
addition, we extend theseideasand shaw its e®ectienesdor LSE.

This chapter rst presens asserbly interfacesand its implemertation in the
Alpha_1 modeling system. The e®ectienessof this asserbly modeling technique

in LSE is demonstratedvia the FormulaSAE enginemount asserbly project.

5.1 Assembly Interfaces
In an assembly, the set of relationships betweentwo or more interacting parts

can be grouped into a separatelogical entity called the interface. Parts designed
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or synthesizedseparatelycan be linked with interfacesto form the asserbly. An
interface imposesgeometric, parametric, kinematic and other constrairts on eat

individual part to ensurevalid assenbly con gurations.

5.1.1 Why Assembly Interfaces?

This section presens a perspective on assembly modeling techniquesin the
Alpha_1 system with and without the use of asserbly interfaces and presens
interfacesas a better alternative.

Parts aremodeled,or programmed,usingthe shape creationlanguage(SCL) [40]
in the Alpha_1 system. SCL is a high-lewvel languagefor specifying features and
spline-basedgeometricmodeling operations. A part model can be consideredas a
setof SCL statemerts storedin a commonplace(typically, a Te ondisk). Features
and related parameters are object variables that are assignedlogically related
names. On execution of the SCL statemerts, a dependencygraph is generated
that keepstrack of relationships between named objects. A dependency graph
node is created for eadr named object speci ed in SCL. Edgesor links in the
graph are created between ead node and correspnding nodes of variables that
the object explicitly dependson (i.e., the variables speci ed in the argumen list
of the correspnding SCL statemen). Part modi cation is achieved by changing
the value of the correspnding variables stored in the nodes of the dependency
graph. The dependencygraph nodesare accessedia the variable names.Changes
are propagatedthrough the graph along all edges,thus keepingother dependen
variablesconsisten with the new values.

When an assembly is being designed,one would have to determine interaction
betweenparts and featuresin advance. We rst discussasserbly modeling without
the useof interfaces. The set of interacting featureswould be modeled using SCL
and assignedogically related namesto aid analysisand future modi cations. One
would then have to designthe remaining geometry of ead part in the sameco-
ordinate spaceas that of the interacting features. One obvious limitation of this

approad is that the ertire design processis constrainedto a single coordinate
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space,which, in somecases,can becomequite cumbersome! More importantly,
onehasto be aware of the ertire assermbly detail in advance. This approad canbe
consideredan implicit asserbly modeling technique. Typically, the SCL model for
the asserbly is storedin a common Ie, leadingto a large list of namedvariables
and SCL statemerts. The complexity of managingasserbly relationshipswould be
nontrivial.

The conceptof interfacesenablesexplicit managemenof asserbly relationships.
The interfaces,being independent ertities, give designersthe °exibilit y to design
or synthesizeindividual parts and their relationshipsseparatelyand then integrate
them together at a later stage. This approad alsoallows a designerto model eah
part in separatecoordinate spacesand then bring them together into a common
asserbly coordinate spaceby specifying position relationships betweenfeaturesof
mating parts in the interfaceobject. By explicitly specifying relationshipsbetween
parts in the interfaces,the complexity of the task is reduced.

In fact, implicit asserbly modeling techniquescan be usedsimultaneously with
interfaces, thereby giving more °exibility to designers. These obsenations are
summarizedin Table5.1.

Interfaceswould simplify modeling and analysis of dynamic or kinematic in-
teraction between parts in the asserbly by explicitly specifying constrains on
relative motion. The interface modeling approad could potentially be used to
automatically infer featurerelationshipsfrom a setof given parts and alsoautomate
the processof part modi cation to ensurecompatibility. Also, interfacesenable
distributed designby allowing individual parts to be designedby separateteams

that canthen be integrated with the interface speci cation to createthe asserbly.

5.1.2 Implemen tation of Interfaces
In the current implemertation, assermbly interface objects are createdto encap-

sulateinteracting featuresand their relationshipsinto a singleertity. Theseobjects

1Even though remaining geometry can be modeled in di®erert coordinate spaces,manually
maintaining transformations betweenthe di®erer coordinate spacescan be ditcult.
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Table 5.1. Comparison of asserbly modeling techniquesin Alpha_1 with and
without the useof asserbly interfaces.

Without Interfaces With Interfaces
Implicit Explicit
Bottom-up Top-down

Basepart geometry on interacting features Design parts independertly
Naming convertions for managing complexity Group into logical entities

are maintained independerlly and do not belongto any single part. Assenbly

interface objects consistof the following attributes:

1. A setof feature de nitions for eaty mating part.

2. A setof geometricconstrairts that de nesthe relationship betweenparame-

ters of mating features.

3. A location anchor that de nesthe location of the mating parts in a common
asserbly co-ordinateframe.

Interface objects are createdusing the following SCL statemert:

interface_name = assembly_interface( interface_type",

I
I
I
I
I
I

partl_name,
feature_setl,
part2_name,
feature_set2,

location_anchor);

where,

interface_name is the nameof the interface object.
interface_type specifies the type of the interface object

(e.g. hole pattern)

partl_name, part2_name are the variable namesof parts to which

the interface object will be linked to create the assembly.
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I/l feature_setl, feature_set2 are the set of interacting features
/[ in partl and part2 respectively.
/I location_anchor(optional) specifies the location of the assembly

/I in 3D space.

When the above SCL statemert is executed,the systemperformsthe following
operations:

1. Copiesof the feature setsare createdand stored in the interface object.

2. The feature sets are validated based on constrains correspnding to the

interface object type.

3. If the feature setssatisfy all constrairts, a dependencygraph node is created
for the interface object. Dependencygraph edgesare created between par-
ticipating parts, featuresand the interface object, thus integrating asserbly

information within the dependencygraph.

4. If any constrairt is not satis ed, an exceptionmessages displayed.

In the implemertation of interfacesin [23], asserbly features were designed
independertly and stored in interface objects. Parts in the asserbly were linked
with correspnding featuresin the interfaces. This approad doesnot work well for
reverse engineeringapplications since the geometry of the reconstructed features
may be dependent on other parameters,implying that it may not be possibleto
isolate features. The approat preseried in this thesis overcomesthis problem
by allowing parts to be designed/reconstructedindependerlly and linked with
interfaces,which cortain feature de nitions and constrairt speci cations. Copies
of the participating featuresare createdin the interface objects that are then used
for constrairt validation. This approad is thus more generaland works for both

forward and reverseengineeringscenarios.

5.1.3 Interfaces in the Context of LSE
Interfaces can be used to analyze and validate compatibility of replacemen

parts with the legacysystem. Further, analysisof asserblies can be enhancedby
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visualization of asserbly relationshipsspeci ed in the interfaces(seeSection5.2.4).
In LSE scenarios,even though entire parts in the systemmay not be accessible,
one can still e®ectiely analyzecompatibility of replacemen parts with the rest of
the assemly sinceonly the set of interacting featureshave to be modeledin order
to specify interface objects. The rest of the asserbly may be partially scannedand
grouped with the featuresto form compound heterogeneousnodels. An example
of this scenariois presened in Section5.2.2.

One can also envision scenarioswhere it would be desirableto replace some
parts of an asserbly with newer designsor alternative parts themsehes. The com-
patibilit y of sud parts can be validated by specifying interfacesbetweenfeatures

of the new part and the asserbly.

5.2 Design and Analysis of the Form ulaSAE
Engine Moun t Assembly

The Scciety of Automotive Engineers(SAE) sponsorsa national competition
ewvery yearin which, studerts design,build and racea formula automobile (Fig. 5.1).
While majority of the componerts of the automobileare designedand manufactured
in house,someparts including the engineare purchasedfrom vendors. In order to
mount the engineon to the automobile, a suitable asserbly hasto be designed.
In this section, we presen this problem as an LSE task since prior information
regarding the mount asserbly is not available directly from documenation and
hasto be inferred from the physical enginepart. We demonstratethe e®ectieness
of the MERGE systemin simplifying and enhancingvisual analysis of this task.
Oncethe asserbly designhas beenvalidated, the required asserbly componerts
can be manufactured for mounting the engineon the automobile. Figure 5.2 shavs

an enlargedview of the enginemounted on the FormulaSAE automobile.

5.2.1 Comp onents of the Assembly
The enginerestson the rear region of the automobile’'sbody frame. Figure 5.3
shaows a surfacemodel of the enginereconstructedfrom 3D scans.The dimensions

of rear region of the frame are determined based on the size of the engine via



Figure 5.1. A FormulaSAE automobile prototype.

Figure 5.2. Closeupview of enginemounted on FormulaSAE automobile.
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Figure 5.3. Reconstructedpolygonal surfaceof an engineto be mounted on the
FormulaSAE automobile.

measuremets using the coordinate measuringmacdine (CMM). A CAD model of
the frameis shovn in Figure 5.4. The enginecan be securedn placewith the frame
by designinga pair of side-platesthat t on two opposite sidesof the engine. A
prototype model of the side-plateis shawvn in Figure 5.5. The componerts of the
FormulaSAE enginemount asserbly are summarizedin Figure 5.6. The side-plates
have to be designedbasedon the location and mannerin which they t on to the
frame and the engine. In this example,the side-platesrequire a pattern of holes
that match up with correspnding holeson the frame and the engine. Bolts can
then be usedto securethe parts in the asserbly. The location and size of the
hole featureson the frame are available from the designedframe CAD model. The
location and size of correspnding hole features on the enginehave to be reverse
engineeredqusingthe CMM). After the side-plateshave beendesignedthe asserbly
can be modeledin the Alpha_1 systemand analyzedusing the interactive MERGE

ervironmert.
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Figure 5.4. FormulaSAE automobile frame.

Figure 5.5. Prototype model of the side-plate. Hole features are showvn as
cylinders. A subsetof the hole features match other hole features on the engine
and the rest match with hole featureson the frame.
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Left Sideplate

Engine Frame

Right Sideplate

Figure 5.6. Componerts of the FormulaSAE enginemount asserbly. The links
betweenvarious componerts indicate interfaces.

5.2.2 Imp orting the FormulaSAE Engine Mount Assembly
Comp onents into the MER GE System

The CAD models(SCL les) of the frame and the side-platehave beendeveloped
in an older version of the Alpha_1 system. These models can thus be considered
legacyresourcesthat must be manually edited to work with the current Alpha_1
system. The hole pattern on the engineis also modeledin SCL using information
obtained via measuremets and imported into the Alpha_1 system(Fig. 5.7). The
engineis scannedusing a laser range scannerand a polygonal surfaceis recon-
structed using techniquespresentied in [43, 42, 38]. Note that the surfaceis only a
polygonal meshand no featuresare derived from this process. The reconstructed
enginesurfaceis shavn in Figure 5.3. A compound enginemodel consistingof the
scanand the hole pattern model (Fig. 5.8) can be createdusing the following SCL

statemert:

Engine_Compound_Modelarray(Engine_Scan,
Engine_Mount_Hole_Pattern);

It canbe noted that the reconstructedsurfaceis only an approximate model of

the enginefor a variety of reasons.First, the enginedid not have all componerts
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Figure 5.7. Pattern of hole featuresmeasuredfrom engine.

Figure 5.8. Compound model consistingof enginesurfaceand hole pattern. The
hole features on one side of the engine are outlined. The same pattern of hole
featuresare presern on the other side of the enginealso.
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attached at the time of the scan,soit is incomplete. Missing componerts include
support pipesand bolts. Secondsigni cant noiseis introducedduring the scanning
procedurethat resultsin erroneousartifacts on the surface. Third, the smoothing
techniguesapplied during the surfacereconstructionprocessalter the volume of the
model. Newverthelessthe reconstructedsurfacemodel is a reasonableapproximation
for quick visual analysis. In our example, accuracy of the measuredhole pattern
on the engineis more important as they constitute the interface between other
componerts in the assembly.

In orderto aid visual analysisof the assembly in the MERGE ernvironmernt, the
di®eren componerts needto be positioned with actual spatial relationshipsin a
commoncoordinate space. The relative locations of the frame and side-platesare
known from design. The location of the engine compound model relative to the
side-plates(and hence,relative to the frame also) can be derived using the location
of the measuredholes. First, a set of points from the enginescanare interactively
selectedby the user that are matched with the measuredhole locations. The
selectedpoints are in the enginescan'scoordinate space. The relationship between
the enginescan'scoordinate spaceand the hole pattern's coordinate space(which
has been measuredin the frame's coordinate space)can then be derived using a
technique sud as Horn's closedform solution [22]. Sincethe enginemodel is not
ertirely accurate as noted earlier, the alignmert processgives only a reasonable
approximation to the true relative location. In the MERGE ernvironmen, the
user can interactively modify the location of the enginefor better visual results.
Figures5.9,5.10,and 5.11show di®eren viewsof the frame, engineand side-plates

displayed together in the sameco-ordinate space.

5.2.3 Speci cation of Interfaces for the Form ulaSAE
Engine Moun t Assembly

Once the models of the individual componerts have beenimported into the
MERGE ernvironmert, interface objects canbe speci ed to model the asserbly. As
shown in Figure 5.6, ead link is in fact, an interface betweenthe componerts. In

this example scenario,the asserbly consistsof four hole pattern type interfaces



Figure 5.9. Right sideview of the FormulaSAE enginemount asserbly.

Figure 5.10. Badk view of the FormulaSAE enginemourt asserbly.
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Figure 5.11. Left sideview of the FormulaSAE enginemourt asserbly.

betweenthe following componerts:
1. Engine and left side-plate.
2. Engine and right side-plate.
3. Frame and left side-plate.
4. Frame and right side-plate.

Theseinterface objects can be speci ed usingthe SCL statemert mertioned in
Section5.1.2. The feature setsfor all the above mertioned interface objects are sets
of hole features. Corresponding hole-pairsare speci ed in order in the feature set.
As implemerted in the system,the following parametric and geometricconstrains

are cheded for a hole pattern type interface:
1. Is the number of hole featuresin both feature setsthe same?
2. For ead hole pair, are the diametersof the holesequal?
3. For ead hole pair, are the axesof the holesco-inciden?

4. Are the axesof eat hole pair in the feature setsparallel?
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When any of theseconstrairts are not satis ed, a messagestating the inconsistency
and the correspnding parametervaluesis displayed. The usercanthen investigate
the problem visually in the MERGE environment as presened in Section5.2.4.

5.2.4 Visual Analysis of Assembly Relationships

Oncethe interfaceshave beenspeci ed, the usercan visually analyzethe ertire
asserbly and various asserbly relationships in the MERGE ernvironment. An
interfacelensis de ned for ead pair of interacting featuresin an interface. Lenses
display geometryof the participating featuresat a larger scale. Translucen spheres
are drawn around the location of the feature pairs to preser spatial cortext around
the region of interest in the asserbly. Translucen spheresare alsodrawn around
the magni ed features. Geometry surroundingthe feature pairs in the asserbly are
drawn inside the magni ed sphereto to provide focuswithin the regionof interest.
Various assemly relationshipsspeci ed in the interface are alsovisually preseried
within the magni ed sphere.

In the FormulaSAE engine mount asserbly example, participating interfaces
are all hole pattern type interfaces. For ead interface, the user can selecta pair
of matching hole featuresto be visualized using the lens. The hole features are
displayed at a larger scale. The axesof the hole featuresare also displayed thus
making it easierfor the userto visually identify mismatdes. Figure 5.12 shows a
lensvisualization of pair of holes,selectedrom the interfacebetweenthe engineand
the left side-plate. The samevisualization is shovn with the rest of the asserbly
in Figure 5.13. Recall from Section5.2.3that a messagas displayed to the user
wheneer an interface constrairt is not satis ed. It may not be straightforward
to isolate the inconsistert featuresfrom the ertire asserbly model and decidea
courseof action from the messagelone. The usercanthen investigatethe problem
using the lens visualization. Figure 5.14 shaws the lens visualization of a pair of
inconsistert hole features. The error in the hole axesorientation is immediately
clear and the user can locate the error in the model. The magni ed display of

feature geometryalong with additional information (such asvisual presertation of



58

Figure 5.12. Enhancedlensvisualization of hole feature pairs from an interface.
The translucert spheresshov the mapping of the focus of interest in the model.
The relative size of the spheresgive an estimate of the magni cation scale.

hole axes)help usersin intuitiv ely analyzinginconsistenciebetweendi®eren parts
of an asserbly.

5.3 Summary

Medhanical systemsconsistof asserbliesrather than individual parts. Assenbly
interfacesare essetial for ensuringcompatibility of di®eren parts within asserblies
and provide a basisfor interactive analysisof reconstructedasserblies. Moreover,
interfacesenableexibilit y of working simultaneouslywith heterogeneousesources
suth as CAD models and point cloud scans. Only the set of interacting features
needto be derived from the scans. Derived features can be compounded with
scansand linked with interfacesfor analysis, thereby alleviating the problem of
reconstructingertire modelsfrom incompleteand inaccuratescans.Thus asserbly

interfacesmake the LSE processsimpler and more e®ectie.
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Figure 5.13. Lensvisualization of hole feature pairs with ertire asserbly conext.
Surrounding enginesurfacegeometryis also magni ed for preseiting cortext.

Figure 5.14. Lensvisualization of a pair of inconsistent hole features. From the
magni ed visualization, it is possibleto isolate the inconsistencyto this particular
pair of hole featuresand their locationsin the asserbly. By visually preserting the
hole feature axes,analysisof the inconsistencyis further simpli ed.



CHAPTER 6

CONCLUSIONS AND FUTURE WORK

Reconstruction of models from di®eren resourceshas so far been achieved
by separatestandalonesolutions. This thesis preserts a new approad, that, we
beliewe, enhancesthe e®ectivnessof LSE by integrating multiple engineeringre-
sourcesinto a uni ed interactive ervironmert. An easy-to-usevirtual environment
enabling intuitiv e interaction and visualization allows a user to readily compare
di®eren resourcesunderstandthe ongoingprocessand manipulate derived infor-
mation to obtain more accurate CAD models of physical parts and asserblies that
are compatible with the target medanical system. Section 6.1 presetts further
insights gained from the researt presertied in this thesis. Section 6.2 preserts
possibledirections for future work to improve the MERGE systemin particular,

and LSE in general.

6.1 Conclusions

The MERGE systemallows augmenation of drawings, scans,and CAD models.
Ead of theseresourcesre visualizedin a 3D graphicalervironment. The resources
are transformed from static ertities to interactive and dynamic objects, which
intuitiv ely (visually) provide the user with necessaryinformation for ewaluation
of the model reconstruction process,and allow the user to intuitiv ely transfer
information for creating more accurate models.

This thesispresents researt embeddedin the current capabilitiesof the MERGE
systemusing the rocker mount part and the FormulaSAE enginemount asserbly
examples.Key abilities include projection of the model structure besidethe CAD
model, registration of multiple data sourcessud as drawings and scanswith the

model, folding of drawing views on the CAD model, display and modi cation of
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feature parametersin the regionsof interestin the CAD model, explicit modeling of
assembly relationships and enhancedvisual analysisof asserbly relationships via
lenses. Thus the useris allowed to focus on high level engineeringtasks, thereby
making the LSE processsimpler, faster and more e®ectie.

The componerts of the MERGE system have been deweloped speci cally to
enhancethe LSE process. Although not all of the individual componerts of the
systemare signi cant technical advancesin themselhes, when utilized together in
an interactive environment, they synergistically simplify, speed up and improve

model syrthesisin legacyengineeringscenarios.

6.2 Future Work

Avenuesfor future work includes providing more functionality in the MERGE
systemand incorporating other interaction techniques. Although model creationis
a critical step in the LSE process,it is by no meansthe nal step. Syrthesized
models must be evaluated using engineering analysis techniques sucd as nite
elemen simulations, etc. Manufacturing techniques,heat treatment processesand
other sud information hasto be inferred. Work needsto be doneto integrate suth
analysisand other CAD tools with the MERGE systemto ewaluate replacemeis
and enablere-engineeringand re-designof replacemets. It might be an interesting
option for commercial CAD vendorsto integrate LSE capabilities within existing
CAD systems.

Medhanical systemscan get damageddue to a variety of reasons. Recreating
scenariodor part failure might provide insights toward the designof more e®ectie
replacemens. It would be interesting to incorporate simulations for analysis of
failure-casescenariosand provide °exibilit y to explore various what-if scenariosin
the virtual ervironmert.

Further, work needsto be doneon improving the human-computerinterfaceto
the MERGE system. Interaction techniquessud as gesturesand speet can make
the interface more intuitiv e. Head-mourted display devicesmay be employed to

increasethe degreeof immersionin the virtual ervironmert. Further work needsto
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be doneon interface managemen for handling large systems(e.g., ertire aircrafts).
Realistic or physically-basednteraction (haptic or otherwise)and simulation would
de nitely bene t userperformancein the virtual ervironmert.

This thesis preserts insights on enhancingLSE processby integrating multiple
engineeringresourcesin an interactive ervironment. Model creation is used to
validate this claim. Howewer, this thesis does not solve the entire LSE problem
but instead, opens further opportunities for improving LSE in particular, and
design engineeringin general. Future work may involve evaluating the system
via userstudiesto understandthe extert to which this approad helpsan engineer

in preforming LSE and determining areasfor improvemert.
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