Management and Visualisation of Non-linear
History of Polygonal 3D Models

Jozef Dobse

A dissertation submitted in partial ful Iment
of the requirements for the degree of
Doctor of Engineering
of the

University College London.

Department of Computer Science

University College London

February 7, 2015



To my parents Prof. Jozef Dobs and Ing. Eva Dobsova



3

I, Jozef Dobs, con rm that the work presented in this thesis is my own. Where information has been

derived from other sources, | con rm that this has been indicated in the thesis.







Abstract 5

Abstract

The research presented in this thesis concerns the problems of maintenance and revision control of large-
scale three dimension&D) models over the Internet. As the models grow in size and the authoring tools
grow in complexity, standard approaches to collaborative asset development become impractical. The
prevalent paradigm of sharing les on a lesystem poses serious risks with regards, but not limited to, en-
suring consistency and concurrency of multi-udBrediting. Although modi cations might be tracked
manually using naming conventions or automatically in a version control syM&®)( understanding
the provenance of a lar@® dataset is hard due to revision metadata not being associated with the under-
lying scene structures. Some tools and protocols enable seamless synchronisation of le and directory
changes in remote locations. However, the existing web-based technologies are not yet fully exploiting
the modern design patters for access to and management of alternative shared resources online.
Therefore, four distinct but highly interconnected conceptual tools are explored. The rst is the
organisation of3D assets within recent document-oriented No Structured Query LangdgQ0)
databases. These “schemaless” databases, unlike their relational counterparts, do not represent data in
rigid table structures. Instead, they rely on polymorphic documents composed of key-value pairs that
are much better suited to the diverse natur8Dfassets. Hence, a domain-speci ¢ non-linear revision
control system8BD Repois built around aNoSQL database to enable asynchronous editing similar to
traditionalVCSs. The second concept is that of vis@al differencing and merging. The accompanying
3D Diff tool supports interactive con ict resolution at the level of scene graph nodes that are de facto the
delta changes stored in the repository. The third is the utilisation of HyperText Transfer Prétdoaé)(
for the purposes d8D data management. TREML3DRepodaemon application exposes the contents
of the repository and the version control logic in a Representational State TraR&f&iT)(style of
architecture. At the same time, it manifests the effects of vaB@usncoding strategies on the le sizes
and download times in modern web browsers. The fourth and nal concept is the reverse-engineering of
an editing history. Even if the models are being version controlled, the extracted provenance is limited
to additions, deletions and modi cations. TB® Timelinetool, therefore, implies a plausible history
of common modelling operations such as duplications, transformations, etc. Given a colle®Dn of
models, it estimates a part-based correspondence and visualises it in a temporal ow.
The prototype tools developed as part of the research were evaluated in pilot user studies that suggest
they are usable by the end users and well suited to their respective tasks. Together, the results constitute

a novel framework that demonstrates the feasibility of a domain-sp&€) gersion control.
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Chapter 1

Introduction

“Alone we can do so little; together we can do so much.”

— Helen Keller

Helen Keller, deafblind from just a few months old, was a proli c American author and political
activist. Throughout her life, she was educated and accompanied by Anne Sullivan who herself was
blind. Their incredible story and achievements demonstrate the powetlaboration that to this date,
despite enormous technological advances more than a century later, remains a challenge for many.

Milestones in computer graphics such as the famous virtual desBoeifg 77 from early nineties
would not have been possible without thousands of people working in parallel over a period of more
than ve consecutive years. In this project alone, the information had to be communicated between
over 6,500 manufacturing personnel, 4,500 engineers and 200 supplles][ It is said that at the
peak of the design process, there were 2,200 workstations connected to eight mainframe computers
running systems such as the Computer-aided Three-dimensional Interactive Appli€ADIA ] by
Dassault Sysimes just to support the virtual assembly and analysis. These workstations were used
by multidisciplinary teams of professionals performing among other things stress testing, weighing,
tool design and even training. Although the computational technology and authoring packages have
progressed signi cantly since those days, collaboration and data exchange are pressing issues even 20
years on. As demonstrated by this and many similar examples, some of which are detaiegiar 3
the maintenance of information and assets in a large engineering project often involves many authors
with different skills and toolsets. Being able to access and visualise massive three dimer&)nal (
models is not only important during the design and review stages of a project but it is equally important
during commercial exploitation especially when interacting with potential clients and end users. These
different groups of stakeholders tend to represent diametrically opposite requirements and preferences
that have to be taken into account.

At Arup, a multinational leader in engineering consultancy that sponsored the research presented
in this thesis, a virtual design compromises iterative re nements mostly throu@ibatodelling and
production stages. More often than not, when developing land or transportational systems, these stages
are complicated by local government regulations. For instance, in the United Kinddidin &s well

as in many other countries around the globe, it is often a legal requirement to fhasli@consultation
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during which the members of the general public have the right to voice their concerns and le evidential
submissionsPep0y. This is typically achieved via physical exhibitions yet with very large projects
such as the High Speed BI$2) rail, such events incur signi cant costs and risk not reaching the key
stakeholders. Besides, the development plans change frequently and need continual review. In general,

the design process is best summarised as a series of overlapping steps as follows:

1. Firstly, standard two dimension&) design drawings are created based on the initial require-

ments as described by the client.

2. These are then transformed into polygadialmodels in a cycle of feedback integrating iterations
by tens of designers and engineers. During architectural development, such detailed models are
placed within the virtual context of existing surroundings, e.g. neighbouring buildings, represented

as low polygon geometry.

3. At a point of signi cant progress, a snapshot of the model is taken for series of simulations and
feasibility studies examining diverse factors such as carbon footprint, radiance, noise propagation,
etc. By the time these simulations are completed, the model is likely to have evolved signi cantly

making the results only informative.
4. Next, the project is presented to the clients for approval before it is fully unveiled to the public.

5. Suggestions from the public have to be collected and integrated into th8Dnddsign according

to the public consultation results.

6. Finally, the design is manufactured according to the given speci cation. In case of a built environ-

ment, contractors create their o8B representations for scheduling and plan of works.

To be able to communicate such a project with all of its stakeholders, it is common to create inter-
active visualisations throughout various stages of the design and development. Massive pdixgonal
scenes are manually subdivided into smaller sectors at natural splitting points, e.g. individual assembilies,
re doors or oor levels, in order to speed up the loading and therefore improve the overall usability of
the system. When interacting with geographically diverse teams, the assets have to be transferred either
physically on storage media or electronically through shared drives over the Internet. This data is then
discussed over the phone while the visualisation is navigated remotely by a designated presenter. The
debate usually involves not only the engineers but also clients who are often consulted on speci ¢ as-
pects of the design. Such an approach is clearly not practical in the fast evolving environment of current
design processes. What is more, individual designs from disciplines such as heating, ventilating, and
air conditioning HVAC), mechanical, electrical, and plumbing servickEP), steelwork, etc. have to
be federated into an overview visualisation model before decisions can be made. This thesis, therefore,
investigates novel means of large-scale polyg@matiata management in order to support collaboration
as well as interactive visualisation that can be shared online without reliance on any speci ¢ modelling
paradigms. Such an approach is akin to a text-based source code management that revolutionised soft-

ware development decades earlier, 8dapter Zor a comparison and analogy.
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1.1 Research Problem

The need for collaboration and ultimately version control in line-b&&domputer-aided desigi€@AD)

systems, the direct predecessors of the digital engineering packages of today, was identi ed as early as
the initial commercial spread of t@AD software itself NH82, KL84, BKK85]. This led to the proposal

of the rst unifying version control framework designed exclusively @&D with a public host such as

a mainframe or a server storing stable revisions and private clients working on volatile upcia®ss. [

Since then, the progress in the capabilities of graphics processing Gittss) [OHL" 08, BHS13

created the desire for even more detailed and more extensive data representations causing problems
particularly in the domains 08D modelling and visualisationZ[P05. Whilst engineering or general

scienti ¢ visualisations have long provided massive datasets, in domains ranging from architectural de-
sign to games industry and ev8d printing, there is a growing need to maintain and visualise large
polygonal3D scenes that might be edited by multiple users concurreGfRg 13, RFH" 14]. However,

with the ever-increasing data sizes, it becomes more and more dif cult to share the models especially
with those users who might not have access to the latest rendering hardware. This is certainly the case

in cultural heritage that has long been advocating the need for a centi@lisegository KFH10].

Still, the standard paradigm of collaborative modelling is sharing of les between various instances
of applications because no one tool provides all the functionality that might be required by the industry.
A common practice is to opeBD assets in a speci ¢ tool, modify them and then re-save those assets
again only to repeat the same process in a different application later on. Since most of these applica-
tions are single-user and desktop-based, such an approach presents problems not limited to maintaining
consistency of the models and dealing with concurrent edits in the same pa3Do$@ene. Thus, the
management of graphics assets is an important facility in many elds. Although some guidelines and de-
scriptions of the best practices exi§EE05 Aus04, a few standards, if any, are being implemented. In
general, the process can be split between storage on a le system and history tracking of le names and
the associated metadata. This usually involves strict naming conventions or xed le system hierarchies,

although, to reduce the storage requirements, a version control syé@sh ¢an be employed.

Alternatively, even a databasBB) might store le histories. To draw an example from the games
industry, if Perforce\[Vin09] is used to store les and OracleB [MH10] to track the history, creating
game levels involves querying thB to get a set of assets, copying them locally and processing them
before loading onto the target console. Dedicated tools such as Temerity Pipeline or Alienbrain offer
digital asset management and related faciliti#sSH0%. Specialised high-en@AD packages such as
Dassault Systmes Enovialpas12fp or Bentley AssetWiseHBen114 provide similar functionality, too.

The Asset Server in Unity308]a13, for instance, is a networked service for asset management that can
utilise variousvVCSs [UnilQ]. However, those systems that are commonly used, e.g. Apache Subversion
(SVN) [PCSFO08 or Perforce, are better suited to management of text than binary les. Line-based

differencing tools make these good at integrating source code but not binarydatag].

What is missing is an open distribut&®d modelling and visualisation framework that would be

independent of any one editing tool or a speci cation. This would achieve uni cation of design and
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version control capable of supporting all existing production pipelines regardless of the industry. The
research presented in this thesis, therefore, investigates the advances in recent No Structured Query Lan-
guage NoSQL) DBs over their relational counterparts in order to de ne a practical solution to polygonal

3D version control that would be independent of modelling packages. The rst challenge is to de ne a
scalable and extensible core framework for management of non-linear hist8bysafenes constructed

from polyhedral models in the cloud. The second challenge is the distributed access to and visualisation

of such data over the Internet.

1.2 Research Questions

According to Arup Foresight, Research & Innovati&irh14, engineering and architectural companies

deal with design projects that require collaboration of professionals with different sets of skills and
backgrounds. Changes in th&b models have to be reviewed by project managers, clients and key
stakeholders who further suggest design modi cations. All of them need the ability to load a large
number of assets for remote inspection and analysis. Despite version control being successfully deployed
to text-based les for many years, it does not ef ciently map to all type8Dfassets. Hence, there is

the need for a centralised yet exible system for management of poly@inhdhta that would integrate
version control with direct online visualisation of large models that are likely to evolve over time. Such

a system would have to support multiple users, distributed access, exible changes, ef cient storage,
access control across projects and revisions, interface with existing packages and should not enforce
any particular modelling paradigms on its users. Thus, the work presented in this thesis was guided by
research questions as postulated below in order to de ne a novel system suitable for the likes of Arup.

Each of the questions was broken down into speci ¢ sub-questions that address the overall research goal.

1. Can asynchronous collaborative polygors editing be scaled up to useful model sizes via the

application of a domain speci ¢ version control system?

1.1. Can a database substitute a traditional le system-based version control to enable ef cient

tracking of the numerous types3iD assets?

1.2. Is it possible to sustain collaborative editing of polygoid&) scenes via interactive user-

driven con ict resolution without the need for any asset locking?

The rst question is addressed by the design and experimental evaluation in Ctigutel’s This
work targets the central premise of whether the application of a rééeBQL DB dedicated to
the myriad of3D assets offers substantial bene ts over the existing solutions. The usability of a

con ict resolution interface is further supported by a formative user studhapter 4

2. Can such a speci @D versioning framework deliver real-time visualisations of large s&ile

scenes over the Internet?

2.1. Can client applications on desktop and mobile platforms connect to the versioning framework

directly in order to visualise the revisions of such models?
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2.2. Can client applications query the system indirectly for revisions and even individual assets in

formats that are independent of their underlying data representations?

The second question is addressed by the experimental prototypCigister 3and the de nition
of a Representational State TransfREST) architecture for access 8D assets ifChapter 5 This
work extends the revision control framework envisioned in Question 1 to support a rich variety of

client applications for remote repository visualisations.
3. Can a plausible editing provenance be extracted from a sequence of pohgjonabdels?

3.1. Can atimeline of high-level editing operations be implied even when no revision metadata is

available?

The last question is addressed by a novel reverse engineering algorithm and a prototype imple-
mentation inChapter 6 Unlike traditionalVCSs that record changes only added deletedand

modi ed, this approach extracts many more high level semantic modelling operations without the
reliance on standard metadata. This is complementary to Questions 1 and 2 by attempting to

understand provenance in legacy datasets that would not have been recorded in the novel way.

1.3 Contributions

The main contribution of this thesis is in the de nition and implementation of a novel practical set of
techniques for version control of dispar@® assets in a new breed boSQL DBs and the improve-
ments over existing solutions this technique brings. While the driving force behind this work was the
lack of suitable processes and tools that would support truly collabo&i@iveodelling and visualisation

on the scale required by the industry, identi cation of the speci ¢ problems and their formulation was
equally important. The research, therefore, introduces several novel concepts in the dodiaotatd

management and reverse engineering. The contributions of this thesis can be summarised as follows:
1.3.1 Theoretical contributions
Proposal for a scalable and highly extensible system for management and visualisation of non-

linear history of3D assets supporting branching and merginGhapter 3

Introduction of the concepts of visu8D differencing and merging as a means of interactive

con ict resolution without the need for per asset lockingdhapter 4

De nition of a novel REST architecture suitable for the management of version contr@d2d

assets over the Internet @hapter 5

Novel algorithm for reverse engineering of a part-based provenance from pol\Rjonabdels in
Chapter 6

1.3.2 Practical contributions

De nition of a exible NoSQL DBschema for version control of decompo$falassets including

prototype implementation of the system in a desktop, web and mobile clie@tsipter 3
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Implementation of a prototyp&D Diff tool and its experimental user evaluation@apter 4

De nition of an open application programming interfadeR1) implemented into a daemon service

and a novel web client application @hapter 5

Prototype implementation of a proposgid Timeline tool and its evaluation on six data sequences

spanning hundreds of lar@® models as well as a comparative user stud@livapter 6

1.4 Scope of Thesis

This thesis is concerned with the practical aspects of representation, storage, version control and dis-
tributed access to the various types3af assets that might have been modelled by multiple users con-
currently. In this context, a polygondD model is a hierarchical collection of assets organised in a scene
graph data structure as de ned x3.2.1 Although complex3D representations such as higher-order
surfaces like non-uniform rational basis splidJRBS), boundary representatioBREP), constructive

solid geometry CSG), parametrised models, etc., exist in computer-aided de§lgD], these are not
considered within the thesis. Nevertheless, due to the exibility of the proposed system, in principle, it
could be extended to capture these data structures just as wekstien 7.Zor discussion. Since large
polygonal3D scenes are often comprised of thousands of disparate parts, the focus of the research is on
their decomposition and tracking at the high level of scene graph components rather than the low level
of vertices. The aim is to de ne a framework that preserves sui@dlla changesia non-linear version

control in a remote repository regardless of the asset type or the le format. The theoretical contribu-
tions, where appropriate, have been demonstrated on prototype implementations as described throughout
the thesis. Each technical chapter, therefore, provides system overview and detailed description of the
key concepts that guided the design and development of such prototypes.

The3D repository proposed iG@hapter Jupports all aspects of non-linear version control designed
speci cally for 3D assets. This system can already track changes on cameras, comments, materials,
meshes, textures and transformations. Although animations, bones, higher order surfaces and similar
are not currently supported, the system was de ned in such a way that it is very easy to extend the
implementation with these and any other data representations in the future. Locking functionality was
not considered as it is a le system issue. Desktop, web and mobile clients developédyiter 3
demonstrate the feasibility of the proposed architecture and the overall principles of version control.
In a production environment, it would be appropriate to add plug-in interfaces to popular modelling
packages. This, however, is outside the scope of the thesis as the overall goal is to break away from the
vendor lock-in of existing modelling software that is so common in the marketplace nowadays. Instead,
the framework supports many differeBD le formats that are converted into uni ed data structures
stored in the repository. The visual con ict resolution interface present&hapter 4provides quick
merge suggestions by swapping the existing scene graph components in the system. The aim is not to
replace editing packages, hence any vertex-level modi cations are left for an external editor.

The server-side daemon application de nedinapter Zdemonstrates the principlesRESTstyle

of architecture suitable for version control3D assets on the web. During the experimental evaluation,
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it was discovered that none of the six tested encoding formats provides the right balance between the
number of requests and the speed of decoding. Here, the point was simply to demonstrate the exibility
of the framework to serve representationsSbfassets that are fully independent of the underlying data
store rather than de ning the most suitable format for delivery of polyg8Bainodels over the Internet.
Finally, the system for reverse engineering of editing provenance from consegitimedels pre-
sented inChapter Gestimates a plausible history of possible editing operations. Since different modelling
actions might result in the same models, no ground truth comparison was attempted. Instead, the pro-
posed algorithm and the corresponding prototype visualisation tool were evaluated for their speed and
consistency on six large and considerably different modelling sequences. The usability of the tool was
further evaluated in a comparative user study. Nevertheless, the relative ordering of the detected opera-
tions could not be determined as this would require studies into the behavidDrrabdellers which is

not the focus of this thesis.

1.5 Structure of Thesis

Chapter Zovers related research in the areas of version control, asset management and the aB8lysis of
models. This contextualises the work described in this thesis and provides a broad spectrum of existing
approaches, some of which motivated the novel solutions proposed in Chagier§hese chapters,
therefore, build upon more than 30 years of extensive research in the interrelated elds of poBQonal
modelling, revision management and data analysis.

Chapter 3is introductory and presents the main concepts of the management and visualisation of
non-linear history of polygoné8D models using &oSQL DB. Firstly, the motivation for the research
is presented. Functional requirements and system architecture outline the overall design of not only this
but all subsequent systems presented throughout the thesis that together form the framework designed
speci cally for 3D assets. Next, the organisation of data within the system is described and the parallels
between a scene graph and a revision history are drawn that enable ef cient version control of hierar-
chical assets in a linear data store. These are supported via revision management operations and their
prototype implementation in a desktop, web and mobile clients that are evaluated on diverse polygonal
3D models. The desktop client became the basis for further prototyping in Chdmads while lim-
itations of the direcDB approach were addressedGhapter 5 Finally, suggestions for extensions are
discussed irsection 3.6

Chapter 4presents the related concept of 2-way and 3-way visual con ict resolution. The pro-
cessing pipeline describes how t®D models and optionally their common ancestor are automatically
differenced and then interactively merged into a coherent result. This chapter further introduces the con-
cepts of explicit con icts resulting from concurrent editing as well as implicit con icts as the side effects
of the merging process itself. All of these concepts were developed into a prototype implementation with
support for various visualisation strategies that were evaluated in a formative user study.

Chapter Horesents a daemon service that overcomes the main limitation of the system presented in
Chapter 3 Instead of client applications connecting to the repository directly, this client-server infras-

tructure provides a gateway system viRBSTarchitecture able to delivedD resources in a represen-
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tation that is most suitable for the receiving client. System overview outlines the overall design of the
service which is built atop of the newly propos&BI for version control oBD assets over the Internet.

This is implemented into a prototype application and a corresponding web interface which supersedes
the original web client fronChapter 3 The system was evaluated on three increasingly confilex
scenes using six different encoding formats in some of the most popular web browsers.

Chapter 6presents a novel algorithm and a visualisation tool for reverse engineering of a part-
based provenance from consecutBi2 models. This is especially suitable for legacy dataset that were
not created using the version control techniques described in Ch&ptersSystem overview at the
beginning of the chapter outlines the processing pipeline stages as follows. Firstly, the system performs
an independent segmentation followed by correspondence estimation which is analysed and the results
are plotted as an interactive timeline in a prototype application. This was evaluated on six considerably
different 3D sequences spanning modelling as diverse as architectural develo@A&nprototyping
and even free form sculpting. The accompanying user study further evaluates the system for its usability.

Finally, Chapter 7draws conclusions from this thesis and outlines avenues for future work es-
pecially in those areas that were outside the scope of this thesis. The hope is that the ndings and
suggestions presented here will inspire software vendors in the future in order to embed the proposed

techniques into their next versions 3D authoring tools.
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Chapter 2

Background

Fuelled by the ongoing globalisation and the advances in information technology, interactive collabo-
rative environments gained on importance over the past years. This is due to an ever increasing in-
terest in rapid design and development processes that are shared amongst teams scattered all over the
world [Joh88 ZS09. Despite high-end computer-aided desi@#AD) and building information mod-

elling (BIM) integrated design tools such as such as Dassaulei@gsCATIA [Dasl1] or Autodesk

Revit [VKR13] providing a form of built-in collaboration via centralised data synchronisations, they are
often tied to speci c platforms or proprietary le formats. Hence, they do not support the breadth and

wealth of the ope8D content generation required by the engineering and creative industries.

Traditionally, such industries rely on highly specialised and diverse authoring tools operated by
skilled professionals with many years of experience. However, in these types of environments, collabo-
ration is still facilitated only through the exchange of les across various instances of applications. This
poses severe limitations in terms of design and work ow as multiple users are unable to work in parallel.

On projects spanning hundreds or even thousands of designers, engineers or contractors, each team uses
their own set of tools and processes. These, unfortunately, prevent asynchronous collaboration as large
scenes often encompass dispafideles that cannot be edited concurrently. Dilemmas that are com-
monly encountered are how to manage edits that involve multiple objects and how to keep their different
revisions synchronised. Thus, the aim of this chapter is to contextualise the research presented in this

thesis by reviewing literature as well as existing solutions and best practices that are commonly used.

The background is comprised of four main sections which narrow down the focus of the thesis in a
manner most suited to each research ques8ewtion 2.Jlexplores virtual collaboration through past and
current collaborative virtual environmentSVES) as well as approaches from the construction industry
in the UK. Section 2.4ntroduces popular solutions for asset management including the main advantages
of relying on database®Bs) over le systemsKkSs). Section 2.3urther discusses related concepts of
concurrent editing via differencing and merging. Such techniques that span from the elds of software
engineering are positioned in the context3af graphics including software instrumentation and mesh
composition. FinallySection 2.4laborates on asset distribution and different ways of enc@ngata

as well as networked protocols, gaming on demand3inchap services.
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2.1 Virtual Collaboration

In many engineering industries, collaboration &1d visualisation differ from general purpose com-
puter graphics requirements in several important ways. Firstly, the processing demands and the overall
delity tend to be much higher especially when representing engineering drawings or archit&@&ural
models. Simple primitive-based objects or meshes optimised for real-time rendering are neither suf -
cient nor general enough to support many different industrial concepts. Instead, the engineers have to
deal with various3D editing packages that create problems beyond simple syntactic discrepancies be-
tween le formats Mar07. Large industrial projects usually depend on a multitud8Dfsoftware that
together address various requirements of each task at hand. The tasks (d8IDdeodelling, stress
testing, radiance evaluation, carbon emissions, crowd simulations, planning and scheduling of works,
etc. HM04, BKFS13. However, each demands its own data representations and varying levels of se-
mantic meaning that have to be attached to the geometry. Secondly, specialised engineering software,
unlike games, is traditionally single-user without visual depiction of other operators within the3Eame
space. Although some authoring tools, e.g. Autodesk ReWiH13], enable le synchronisation via

their respective remote repositorig’suf10], they are not generally applicable to the next generation of

concurrent, design-in-context engineeriigdl14, Arol4].

There are many examples of large-scale computer-supported cooperative @8@RaK) [BS0(J.
These include the famous virtual development of the Boeing 777 aeroptaa@d from Chapter lor
the London King's Cross train station redevelopmedt¢19 described inChapter 3 Such projects
involve multiple companies and contractors with thousands of employees working on the nal product
delivery. Especially in the architecture, engineering and construcli&c) industries, the interoper-
ability of the authoring tools is a serious isstaf1?. This has been only partially resolved by the
Industry Foundation ClasseB-C) [buil3 data format which represents some but not all of the engi-
neering aspects that are required by the construction indusk(Q ZYLH14]. The actual concept
of generation and management of virtual representations in architectural projects has been proposed a
long time ago EFL* 74]. Different software vendors used their own label for the concept such as Vir-
tual Building by GraphisoftiRes03, Integrated Structural Modelling by Bentley Systerdisiil( or
BIM by Autodesk Put03]. Whatever the name, the goal is to enable collaboration and decision making
via 3D models. Traditionally, the focus &@AD was on2D drawings with the support for layers and
eventuaBD representationd{B05]. Object-orientedCAD systems replacezD lines with3D elements
that could easily capture geometry as well as metadata. Several commercial solutions for collaborative
management of engineering models exist. Bentley ProjectViisal[1h} is speci cally designed for
document management in infrastructure projects. This provides le caching servers for geographically
distributed teams, dedicated web servers for online access as well as connectors to ASBH [
and Oracle SpatialJral2l) systems. This supports search for documents at the le as well as compo-
nent levels, examination of spatial views for map-based navigation and management of access through
complex relationships. In contrast, Autodesk NavisWo¥kst)7] enables federation of multiple engi-

neering models into one visualisation environment for reviewing purposes using functionality such as



2.1. Virtual Collaboration 27

Search for Address[ 2772 Ipswich Road ‘ Search

e T TEWNN\NF % e .
o (o | NN |\ - JB X ! | Map | Satellite
. P ” . L\ o s
s A 8 A

>4 L=

Categories
AR Click and drag the icon to locate
B your comment

)z m Environmental 73]
. 1 m Property )
‘ @ Transport 7
é 3 m Highway Design 7]
m General

JiGreenfield AL/

Layers
\ = Bikeways

Footpaths
—— Noise Barriers 7]
Onroad Bikeways

.\ £\ ~ S . : A e
. - S - - \ » > & 2 uN
pdata ©2013.6 ogletim gery, 62013 Cngs/Spotd age,DigiiaI‘Gl.Aeqmsl_ml'alr bt gro - Tems of Use Report a map error

Figure 2.1: Ipswich motorway upgrade project in Arup's Collaborative Map. A w&lS$ tool is an
online portal presenting layere?D aerial photography, building boundaries and street network in an
interactive fashion. Users of the system can collaboratively comment on the proposed development.

commenting, redlining, measurement takeoffs and clash detection. This further integrates with online
solutions such as Autodesk BIM 36A4t14k which further supports multidisciplinary coordination and
on-site management. Similar functionality is offered by Autodesk AutoCAD 360 including integration
with third party le sharing solutions. However, this stores metadata information in a at le on a le
system FS). Finally, Graphisoft BIM ServerGra0g acts as a document store with built-in version con-
trol support for the architectural industry. Component-level locking enables multi-user collaboration by
sharing updates via a centralisB&. Nevertheless, despite much supporting software already in place,
a common approach to version control is to steite les on local or shared hard drives with sequential
le names based on the current date and incremental revision number. Companies like Balfour Beatty
still heavily rely on solutions such as Business CollaboratidtIfL1] le sharing system to track various
versions of their project documents includidd models.

In contrast, an example of a transition from le exchange to virtual collaboration is the Ip-
swich motorway upgrade project by Arup where a custom-made o@lI8eapplication Collaborative
Map [Ovel] delivered proposed changes to a wide range of stakeholdersSigee 2.1 Quoting from
Arup's Built Environment Modelling BEM) Handbook §im1Q (page 37):

“WEB GIS Hosting an interactiveGIS model on the Web allows it to be used by a
wide range of stakeholders and members of the public, to engage with the design, as well as

allowing geographically diverse teams to collaborate on a project.”

Although this tool is able to visualise construction proposals and collect virtual comments by in-
terested parties directly through web browsers, it offers only a top-d&iwvaverview. Thus, it is not

directly applicable to visualisations where virtual polygodBlmodels need to be examined. This tool,
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therefore, became the inspiration for the Android apg$12 designed speci cally for the purposes

of public consultation as described in detaibi®4.5 The need for such a technology is underpinned

by the UK Government's Construction Strategy Pladrp1]] which mandates the use of collaborative

3D technology on all centrally procured construction by 2016. To achieve this, the British Standards
Institution speci ed the requirements for a Common Data Environm@biH) [Thel] to be the single
source of information for collection, management and dissemination of all relevant project data. In the
long term, stakeholders ranging from commissioners all the way through to the building operators and
even demolitioners will need to be able to access, visualise and modify the latest engineering revisions
without the need to manage hundreds of dispaB&teles in proprietary tools. In addition, there will

have to be an audit trail of changes originating from speci c companies and even individuals that can be
safely relied upon during legal proceedings. Such requirements are, of course, not limited to the con-
struction industry as other sectors would be able to bene t from a centra8idaépository, too. The
following text, therefore, examines virtual collaboration from the point of view of collaborative virtual

environmentsCVES) inx2.1.1and3D asset management 8ection 2.2

2.1.1 Collaborative virtual environments

Large-scale distribute@D environments have long been of interest to the research and design com-
munities [£S98 KVMP12]. Introduced in 1986, a highly in uential online role-playing game Habi-

tat by Lucas Im was the rst to coin the ternavatar to describe a virtual representation of one-

self [MF08]. Although not in3D and very limited by the available technology of the day, the game
consisted of a multi-player environment where the host maintained a state of a virtual world and updated
all connected clients accordingly. Early examples of distrib@@dvorlds include the Simulation Net-

work (SIMNET) [TBT* 87, MT95], Distributed Interactive Virtual Environmenb(VE) [CH93 and the

Model, Architecture and System for Spatial Interaction in Virtual EnvironmeisSSIVE) [GB94].

These systems tried to overcome geographical constrains in order to support cooperation between poten-
tially a large number of users. What they had in common was the exchange of informatiqmeever
to-peerconnections without the need for a centralised control. Each client would effectively broadcast
its actions and those interested in this information would process it accordingly. The second important
lesson learnt was the understanding that the clients might be different devices with different processing
capabilities all trying to interact with the same virtual environment. Other systems such as Minimal Re-
ality (MR) Toolkit [SGLS93 and the WAterloo Virtual Environment SysteVAVES) [Kaz9] further
exploited parallelism in order to share virtual worlds on low-end platforms iégeat-serverarchitec-

ture. These systems put even more emphasis on modularity of the design, code reuse and separation of
the rendering hardware from the underlying data manipulation in order to maintain interactive framer-
ates. The ability to represent groups of users simultaneously in the 3ampace is said to support

the perception opresencelocation, identity andactivity that can be utilised for collaborative purposes
[LHM97]. In thespatial modelthat was implemented into both tBéVE andMASSIVE systems, a vir-

tual space is de ned as a volume with boundaries within which various objects ré&gide94. These

objects are able to interact with each other at different levels depending on the medium that facilitates the



2.1. Virtual Collaboration 29

exchange of information. For example, one might be able to see an object approaching before being able
to hear it. Based on these principl&VEs such as Cybergat&¢h97, Virtual Society LHM97] and
ToolSpace S99 enabled rudimentary sharing and manipulation of virtsRlobjects using the Vir-

tual Reality Modeling Languag&/QML) [CBM97] directly in web browsers. Their goal was to enable

distributed multi-user collaboration in a virtual space that would be scalable and platform-independent.

The termmetaverseollectively describes the convergence of virtual and physical space as the di-
rect successor to the Intern&tg93. In this concept, users personi ed by avatars interact with the virtual
world as well as each other. There are many examples of metavérsgsl]. Arguably, the largest of
them all, introduced in 2003, is Second Life by Linden Lalyn07. This distributed environment is
a multi-user virtual world accessed through a cross-platform desktop-based viewer that heavily depends
on the processing and graphical capabilities of the client machines. Its system requirements list dif-
ferent hardware combinations that are necessary to run the viewer application such as NVidia GeForce
6000 series as the bare minimuirirf10]. On the server side, a virtual region consists of an area of
256 256 meters with a maximum of 50 avatars and 15,000 objects that is governed by a single central
processing unit¢PU) core [Tholl). These regions are organised into a grid-like structure to create vast
expanses of landju08]. However, the actuadD objects and textures are stored on independent asset
servers, where each asset is referenced by a universally unique idebtiuéd] [Tel0g. The separation
of assets from the world itself causes frequent system crashes most likely due to a bottleneck between
the serversNlin08]. The data is live streamed from the cloud to the clients using proprietary commu-
nication protocols which prevent proxy caching on the network. This means the same models have to
transmitted directly from the asset server rather than an intermediary location. In addition, the built-in
3D editor is primitive-based with a restriction to at mo§té@mponents comprising a single complex
model. Lately, an experimental support for meshes has been addéd][ These, however, cannot be
edited in the world directly. Despite these limitations, the platform was shown to support large-scale
collaborations and virtual meeting&08], teaching JTMT0Y, and even development of whole virtual

campuses)LFPTO09. A similar platform, albeit much less popular, is Active Worldé$§03.

Open SimulatorChi0g, also known as OpenSim, is an open-source C# derivative of Second Life.
Similarly to its predecessor, it is capable of hosting multiple worlds in a stand-alone server simulation or
in a grid composed of potentially hyperlinked regions. Founded in 2007, the OpenSim bene ted from the
Linden Lab's release of its proprietary client under an open source licence. This enabled the community
to reverse-engineer the communication system and eventually the server architecture. Although not
supporting some of the game-like features of the original, it runs the same protocol as Second Life
and can be accessed through the original viewer as well as a number of alternatives. There is already
a large number of third-party client€CLT" 10] that offer varying levels of functionality. OpenSim
further supports parametrised and sculpted primitives created either inside the world or, as in the case
of sculpted primitives, by a bitmap image withirB3® modelling software. Unfortunately, there is no
native support for standai®D models based on polygon meshes. This problem was further addressed

by the realXtend extension which utilises the G&jpeengine Jun1( to enable real-time shadows and
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more importantly standardised meshé#&[l1]. This project provides its own Qt-based$0g viewer

as well as an extended server. Scenes can be imported not only in the Ogre le format but also as
Collaborative Design Activity COLLADA) [BF0§ objects. However, these implementations have only

a limited polygon count support and are, therefore, not capable of renderin@2igedels. In theory,

an urban model could be broken into sections and loaded within the grid but this has never been tested.

Another example of an open sour€®/E is Open Wonderlandq{Y11], a project originally devel-
oped by Sun Microsystems as a showcase for 38veapabilities. After Oracle's takeover of Sun, this
project continued as a community effokdr10]. Similarly to otherCVEs, Open Wonderland enables
multiple users to interact with each other in a virt3& world. Since there is no in-worl8D editor,
the project support8D meshes vilCOLLADA imports [Foul(. In addition, it directly support@D X
Window System softwareSG86 Kil96]. This enables native desktop applications to be place2Din
environment as texture-mapped polygons. Due to such applications being solely single-user, one has to
take control over a window in order to interact with it. In addition, Open Wonderland provides support
for shared multi-use2D and 3D applications development. For example, a built-in slide show viewer
allows users to freely browse shared slides independently or synchronised with the presenter. It also

supports embedded web browsers that are accessible from witt8Dtiverld.

Finally, a generally more accessilfl&/E is offered by a cross-platform game Minecraft by Markus
PerssonPunl]]. In this pixelated procedurally generatg8d world, everything is made up of textured
1 1 1 blocks. Inthe creative mode, users can freely manipulate the world which leads to numerous
collaborative creations. This platform was also used for teaching purp8sed and even as the
basis for the Block by Block project with United Nationdl) attempting to collaboratively develop
virtual urban models of the futuréfan1d. Minecraft Overviewer GCBA1Z is an open source renderer
for Minecraft that generates a slippy map overview interface for large worlds created in the game. In
addition, MCEdit V17 is an open source world editor that is compatible with the standard Minecraft
servers. As of 2014, the Danish Geodata Agency recreated a 1:1 virtual representation of Denmark in

Minecraft [Age14. This took approximately 4,000 billion blocks and over a terabyte of disk space.

In summary, aCVE consists of a collection @D objects and tools that populate and manipulate
this collection, a communication link which facilitates data transmissiorSsegon 2.4and the devices
that display the objects. The collection itself can be persistently storeBBiar aFS, seeSection 2.2
or it can be volatile and stored in memory, s@e4.3 At the core of any such a system is a state-sharing
server which updates the connected clients with the latest content 8btkavironment as well as the
actions from every user. Alternatively, the clients can exchange information in a peer-to-peer manner,
although this is a less popular solution as eventual consistency cannot be guaranteed. What is more, even
with a small number of entities, there might simply be too many messages being exchanged at any given
time [Kaz93. The main disadvantage of these systems is their need for a live connection and session

broadcasting, although with supporting infrastructure such an approach is proven to scale well.

Even massively multiplayer online gamédNIOGs) such as World of Warcraft by Blizzard Enter-

tainment have been shown to encourage virtual collaborabibtOp]. If the world is partitioned into
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smaller sections, the client will not require updates from all the other users. Rather, it would need in-
formation only about the state of the closest proximity users. Nevertheless, the latency is still an issue
which can be tackled by data replication across different geographical locations. This, however, further
complicates the design of such a system as messages have to be relayed between the nodes across the net-
work. Still, despite the limited graphics quality and other major limitations of most non-gaBitits,

the interest in their research continues to this date in areas such as teleconferencing and remote presence
[SSO 11, SS17 and even their distribution using modern speci cations suciWabGL[BEC" 14].

2.2 Asset Management

For relatively small projects, relying on a version control syst&@S) is a popular substitute for
purpose-built asset management solutiod®(9. Especially in demonstrations that include source
code or animation scripting, there is a temptation to place everything into a single repository. However,
popularVCSs that are being used such@€N [Cha09 or Git [Cha09 use text-based differencing tools

to manage concurrent editing. If the changes take place on different parts of a le, then the intention of
both authors can usually be preserved by merging these editSestien 2.3or further details. The
Google Docs application suit€&spo1g is another recent example of this type of editing performed in
real-time. This system was even adapted for collaborative academic wiitin@§|. In general, how-

ever, preserving intentions of edits is more dif cult with binary data or more complex scene structures.
If a 3D model was stored in a binary format, it is unlikely that two sets of binary changes to the les
could be merged successfully. A good example of this shortcoming is the rst open source movie Sintel
which usedSVN for its data and asset management. At the end of the project, the repository reached
over 100GB in size RVD" 11]. What is worse, the team on the project resorted only to linear asset
development, sekigure 2.2 due to the lack of suitabl@D differencing and merging functionality that
would have been able to identify and resolve con icting edits. Nonetheless, as discuSssdion 2.3

many important lessons can be learnt from existing tools and techniques.

Whilst proprietary asset management systems such as Bentley AsseB#iself and Asset
Server in Unity3D Blal3 are very capable, se®ection 1.1 they are either not open, are dif cult to
implement or deal wittBD data at an in exible, per- le level. On the other hand, document-based
management systems such as Business Collabotakdli]l] create project extranets in order to offer
document and work ow le sharing capabilities. The aim of this thesis is, therefore, to create a domain-
speci ¢ versioning system with the who8D scene and its revisions being stored in a single centralised
location. This solution should unify the creation of and acces3ta@ata as de ned in3.1.1 Such
an approach should also save signi cant storage space over equivalent systems using le-based revision

control and provide the ability to manage all asset types and not just the geometry.

2.2.1 File systems

An important debate revolves around the relative merits of using le syst&i&s) (ersus databases
(DBs) for storing large geometric models. As a simpli catidess provide mechanisms to store, lo-

cate and retrieve packaged data, i.e. les, on local or remote devie&ST]. A distributed le sys-
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Figure 2.2: An example of a linear asset development in the open source movie Sintel. In this project,
all assets were managed using Apache Subvers&bdi(which was never designed to supp8ib data.

tem OFY) [Sat93 provides transparency of access to les when the actual storage device is hosted on
different servers, whereas a local le system provides fast access to local devices. Whether a le is stored
on a local or a distributed system can potentially have a huge impact on the retrieval process and access
speeds, although distributed devices are usually used to provide data reliability. Common issues with le
systems include how to support user access control and how to enable atomic or concurrent edits. Hence,
most le systems come with some form of access control and various mechanisms for managing large
storage such as shared names, symbolic links, Bta(]. Be that as it may, there are several issues with
usingFSs to support large-scalgD modelling [L.TZH09, KFH10]. The rst is version control. Whilst

VCSs are very popular, they aggregate edits at a per le level. This means that when assets are changed,
the whole les are being modi ed. However, the scale and type of edits mean that the textual changes
might be quite large and pervasive across the le. In the domaB8Dajraphics, it is common to have a

scene description separate from individual models. There might be a dedicated description le, though
some formats such as Extensible 3kBD) [JIS" 13] can recursively include other les and thus serve

both purposes. Another problem with les is that certain modelling operations will require loading of
multiple asset les, even though modelling programs tend to only process one asset at a time. If they do
support multiple les, this requires careful management, e.g. XRefs in Autodesk 3dsINI3]. This

then leads to the another issue which is that the le system itself does not provide the facilities to track
assets. Such information must be stored in another form, usually in a format-speci ¢ asset management
system that serves the roles of both revision control and asset tra¢kis@€. The third issue is access
control which is complicated by the operating system. Unix-like permissions or access control lists can

be useful for managing per le data access but these can be dif cult to handle remB@&iy[P4q.
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2.2.2 Databases

There are several potential advantages of using database management 49Bii8s) [RGG0J over

le systems Ss), especially for the purposes of large-s@emodelling. For instance, a database pro-
vides centralised control. The database itself might support multiple servers, caching, etc., but logically
there is only one point of controldM08]. In addition, DBs are naturally designed to be used either
locally or over the network. Furthermore, the unit of access is under the control of the schema designer.
This means that there is exibility in ho8D data can be stored—it could be represented as a binary
blob per mesh or as a single entry per vertex. This choice and its implications are further discussed in
Section 3.6 Sophisticated user access control and locks can be integrated im8 theo. For instance,
Oracle Workspace ManageDfal2¢ enables tracking of current, next and historical versions of data
on a per row basis via locks on version tables. Databases also support some or all of the atomicity,

consistency, isolation and durabilithCID) principles [CB04], so they can preserve data integrity.

CAD databasesin the eld of computer-aided desigrC@D), very early works introduced the notion

of consistent transactions stored ib& [NH82] and even high-level functional requirements of such

a DB [BSF83. These include multiple views of data using a variety of devices, support for different
levels of data representations, easy change management as the work progresses, data distribution over
the network, storage and manipulation of geometry and nally support for metadata. Such concepts were
later transformed into a detailed functional speci cation d£AD DB [SA84. In order to reduce the

disk space requirements when storing versions of large design les, Bdee{q data structures were

used to preserve differential les rather than the whole revisi6nsft]. These ideas were later grouped

into unifying frameworks for version modellingK86, BM88, Kat9(. Still, due to the hardware limita-

tions at the time, the very rst architectural walkthrough visualisations were able to support some 8,000
polygons only Bro87]. These works culminated in standardisation efforts around the Product Data Ex-
change StandardPDES and the STandard for the Exchange of Product Model C&it&p formats that

were nally merged in 1991 into the International Organization for StandardizatRD){STEP[Eas99

speci cation. For comprehensive accounts of subsequent developm@#in see BD94, Ana9q.

With the increase in graphics performance and further digitalisation of manufacturing processes, various
systems such as relational, object-oriented and even deductive databases based on logic programming
were used to store large-scale hierarch@@AD objects [Liu99]. Later works concentrated on searching

and data retrieval from these databases including solitisJR01 KKM * 03], feature based similar-

ities [BKS™ 05, DA10, BGT* 10], shape benchmarks/KIR06, FGLWO0§], etc. The research area of

CAD databases is vast, sé&[08, DDB11] for general reviews andJOSD" 12, Yag17 for reviews of
indexing strategies and formal requirement€hD/CAM/CAE DBs respectively.

Spatial databasesA special subgroup oDBMSs is that of spatial databasega$V0]. TheseDBs
originate from theGIS domain FR13, seeFigure 2.1for an example. They store geographic features
such as points, lines, areas, etc. and data about those features such as heights, names a8 8igilar [
Whilst they can store a wide variety of data, they are structured to provide access on a per feature basis.

For instance, one might have individual road centre-lines accessible independentlyDiB.th% few
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commercial and open source databases support spatial data directly, in particular OracleCBpated [

and PostGIS QH11] for PostgreSQL. The Open Geospatial Consortium provides data standards for
interchange of spatial dat®fC* 96, Opel]. Although these systems offer exibility for generic
spatial and proximity queries, e.d4$99 PTMHO0Y, they also introduce several limitations, the most
obvious being a consumption of a signi cant amount of storage that reduces the performance of the
underlyingDB [SCR" 99, PSZ0§4. This has a direct in uence on data transmission and introduces
the need for large backups and replication. Furtherm@i8,systems are not capable of representing
BIM data. 3D les, on the other hand, group every scene or object into a single binary or plain-text
representation trading exibility for storage ef ciency. For instance, individual les do not support sub-
object queries. Nevertheless, transactional version managent@Is gystems using relational database
management systerRDBMS) before AW96]. In application suite SmallworldNT11] the transaction

control is achieved through recording of changes between states identi ed by primary keys and the types
of change such as insertion, deletion and modi cation. An alternative is to support map-sheets as an
extension to document managemexie{v07. Hence, when compared to spatial databases, this thesis
focuses on distributed access to and editing of general polygonal models suitable for content generation

pipelines. SpatiaDBs focus mainly or2D information and metadata, n8D scenes with properties.

NoSQL databaseslIn the past few years, the requirement for an ef cient data representation and man-
agement that would be suitable for the growing needs of the web led to the rise db68@L move-

ment RW1Z. Unlike traditional RDBMS, NoSQL DBs store collections of structured data offering
greater exibility, horizontal scalability and ease of use. In genéMalSQL DBs avoid rigid table struc-

tures and tend to be optimised for large read-write operations. Data in these systems is normally stored
either as columns, key-value pairs, graphs or documeittd_P11]. Several recent studies compare
performance gains over relatioriaBs [Cat1], ZYLH14]. Assuming that most polygon8D models are
commonly represented in a form of scene graphs, i.e. directed acyclic gpGs), seeSection 3.2

a natural t for their storage might be tho$&Bs that are capable of representing tree and graph-like
structures. Such systems store information in nodes with their associated interconnecting edges, see
[AGOg] for a survey of the eld and DSMBMM™ 11] for a discussion of their important characteris-

tics. Dedicated graph databases like Preélp * 09] are suitable for large-scale distributed processing

that utilises the Map/Reduce paradig;d0g. Tasks are performed in parallel so that they can con-
tribute to a single reduction step that generates the results at the end of the processing. Commercial
graph management systems such as Ne®4yE13, HyperGraphDB [or10] and OrientDB [les13
represent graphs in le system&%$s). A study comparing the advantages of Neo4j over relational
MySQL [SZT19 when storingDAGs concluded that, although better at string-based searcheBBhis
would not necessarily be suitable for a production environment due to the way the data has to be struc-
tured VMZ* 10]. Another branch oNoSQL advocates the use of document-orienbls. Systems

such Apache CouchDBALS10] and MarkLogic gha09 represent data as collections of polymorphic
JavaScript Object Notatiod$ON-based ECM13 documents. MongoDB\IPH1(, on the other hand,

utilises a Binary JSONBSON) [Mon144 speci cation for ef cient data transmission and manipulation
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in memory. It also supports full indexing, replica datasets, Map/Reduce and even geospatial indexing
that can provide many features similar to spatial databases. Wortmik1[], for example, stores a
directed graph of 12 billion documents with an average retrieval oi€® MongoDB.

In summary, graptbBs are suitable for the discovery of relationships between data such as con-
nectivity in social, biological or informational networks. However, a domain-speci ¢ solution for the
management of non-linear history of polygoBal models is unlikely to require graph traversal compu-
tations. Instead, it needs an ef cient way of encoding various objectdikelata in a version control
repository. Indeed, architectural and engineering models, certainly in the eld of building information
modelling BIM), are composed of interconnected objects that capture the shape as well as the proper-
ties of a design. Despite all of the aforementioned advantages, there are also arguments against using a
database approach altogether. The main one is that loading from a le could be faster than loading from
a database. Only a few le formats are described in a way that can be directly mapped to memory; most
require some form of single pass or multi-pass parsing to construct a consistent in-memory representa-
tion suitable for further processing, sBection 2.4or examples. This does not mean thatBi&access
cannot be fast, of course. BB might store binary data that is intended to be loaded into memory and

treated as parts of les for parsing or arrays for passing into the rendafnglirectly, seeSection 5.6

2.3 Differencing and Merging

The management of versions of documents and other artefacts presents perennial challenges across cre-
ative industries, from engineering through to writing. A problem related to asset control and revision
management is how users can manage different versions of the same le so that they can then col-
laboratively edit it Dou93. One area where version management has been extremely well studied is
software engineering. Most individual programmers or programming teams use some foiGSof

to support their development effortBKPS97. Many ways of using/CS in development have been
documented, from simply acting as a roll-back mechanism that allows the programmers to revert to an
earlier version of the code and discard recent edits across a set of les through to the management of
multiple versions of a codebase that might have different functionality such as managing bug xes on a
released version whilst developing a new branch. There is an excellent tool suppé@3srthrough

open source software such as Mercurbdbp0g, SVN [PCSFO§or Git [Cha09, and commercial soft-

ware such as PerForc@/[n05]. All of these systems represent history aBAG in order to support
branching and merging3au0g. Modern integrated development environmenBHs) such as Visual

Studio RGAM1(Q], Eclipse Bur09, XCode [Wen14, Qt Creator Ris13, etc. can accommodaléCSs

directly. MostVCSs that are supported enable distributed access to the repository so that multiple editors
can modify the les and one editor can operate on multiple version sets or computers. This then opens
up the risk that different copies of the les will be edited in con icting ways. Dealing with con icts is

one of the main functions of ¥CS. The more general issues of dealing with software changes have
stimulated independent journals and conferences, B [ 05 for a taxonomy. Despite attempts to
automate propagation of software changes, manual intervention is necessary to verify change integration

except in very speci c controlled situations such as source code refactoring.
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Surveys of software mergindlen02 ASWO09 identi ed several concepts that are useful when

considering versioning &D models as follows:

1. Firstis the observation that pessimistiozersion control, con icting edits are mostly avoided by
locking speci ¢ les or assets in th&CS. An analogy in a3D model would be to lock specic
asset les to prevent editing. However, in both the source code and iBRheases, pessimistic
version control assumes that the changes are local. This might be the case if the meshes, textures,
etc. in the3D model were not reused elsewhere in the same scene. Pessimistic version control is,
thus, hard to manage and does not scale welbpltimisticversion control BS99, each editor
gets a full copy of the les or assets. Unfortunately, when they attempt to reconcile their changes

with another revision, they might nd that there are con icts and these have to be merged.

2. The second concept that is useful is whether the merging supmEtgtesbasedchange-based
or operation-based State-based merging uses only the state of the les or assets at the time of
merging. It is characterised by the standard visual differencing tools that are common to modern
development environments. In contrast, change-based merging considers all individual changes
done to a version of a le or an asset. A specic avour of this, operation-based merging, asso-
ciates each change with a particular operation in an editor. With operation-based merging, it may
be that the operations can be re-run inside the editor, and two or more sets of operations can be
interleaved appropriately to achieve a satisfactory merge. This can be supported as an extension of
action tracking in modern editors, and it is the basis of a relatively recent work on version control
of 2D images CWC11]. This thesis, however, focuses on a state-based merging;lsgaer 4
because commo8D formats do not easily identify operations, and because the system needs to

support a broad range of authoring tools, €bapter For the reasoning and motivation.

3. Next is the distinction betweenraw, a 2-way, and a3-waydifferencing and merging. In a raw
merge, which is supported by change-based systems, if two les conict, the merge is effected
by transferring all changes from the second into the rst le. This is prone to problems, and thus
needs veri cation ASWO0Y. In a 2-way differencing, two versions of one or more les, typically a
single le in most common tools, are presented and the editor selects changes from both to create
a new version that combines modi cations or parts from both input versions. This type of tool is
commonly provided in modertDEs. A typical layout would include side-by-side views of two
source code les with highlighted additions, deletions and modi cations. In a 3-way differencing,
the two con icted versions are compared against their common origin. As further discussed in
Chapter 4in a 2-way differencing, if a change is in one le but not the other, itis unlikely that it is
possible to tell whether the change is an addition from one le, or a deletion from the other. With

the addition of their origin, there is no more ambiguity since the common ancestor is known.

4. Finally, there is the distinction betwetaxtual syntactic semanti@andstructuralchangesiflen03.
Most differencing tools use just textual changes, that is, they do a line-by-line change detec-

tion [HVT98] based on implementation similar to the original le differential algorithim76].
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Line-by-line changes work reasonably well for code and other text-based les, but they do not
work well for highly structured or binary data. For code, syntactic and semantic change detection
tools can identify the language being edited. Structural changes are common in code situations,
when a class is refactored, or a piece of code is isolated as a function. There, it can be that these
are extensive textual but little functional changes. 3BeDiff tool [ DS12g DS12H, described in

detail inChapter 4 performs a form of semantic change detection because its focus is on a scene

graph representation 8D models. See also a related data organisation discusst®eciton 3.2

2.3.1 \Visual differencing

The previous section already described differencing tools designed speci cally for text les. Most mod-
ernIDEs include some form of visual differencing, e.g. FileMerge for XCodei14 or WinDiff for
Visual Studio RGAM10]. These tools allow the user to visualise the differences and also create a new
le that integrates changes from revisions that are being compared. Because of the problems identi ed
with textual changes not representing syntactic, semantic or structural properties of the original les, it
is common amongst such tools to allow raw text editing for situations where a coherent version of the
le cannot be formed simply by selecting the sets of con icting edits from either of the input les. To
support structured data, there have been many extensions to other domains, where the differencing tool
models the contents of the les, rather than the le itself. Firstly, the tool must be able to detect con icts
in the model and then visualise them appropriately. Secondly, the tool might, but will not necessarily,
allow some form of editing.

The ability to detect and highlight differences falls within the information visualisation and human-
computer interactionHCI) domains. A comprehensive survey by Gleicher et@A\V* 11] identi ed
three main strategies for visualising differenc@sxtaposition(side-by-side) superposition(overlay)
andexplicit encodinggtime warp or subtractions). Juxtaposition visualisation is the most obvious form
characterised by text-based differencing tools. Superposition is known to be superior in the cases where
there is more structured data to process such as is the case oft@&s(3]. Finally, explicit encodings
annotate a diagram with changes. As discussegkiction 4.3 a side-by-side visualisation is the most
intuitive comparison technique f8D data especially due to the dif culty and clutter of superposition or
explicit encodings irBD space. There are useful guidelines for developing these kinds of visualisations
such as providing a shared focus and contéxB[/VK0Q] that have been applied @hapter 4

In software visualisation, especially software diagrams, the problem of change visualisation and
merging is well studied, se&{Vv07] for a review. Since a common data structure to describe polygonal
3D models across various applications is a scene grapiC{ 00, BRDAL1], there is also a connec-
tion to graph visualisation tool$/[GT* 03, HYWO08§]. The exible tree matching algorithmKTA* 11],
for example, nds corresponding tree nodes even if they have varying descendants. This and similar
solutions, however, focus on the structure of the graph while this thesis targets polggomaidels
with visual differencing as the main user interface. There are also some parallels with work on con ict
resolution for2D hierarchical diagramd]S1Q ZKS11]. The issues are somewhat different as the types

of con icts that are present in 2D diagram are different t8D models. For example, restructuring the
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diagram can help with con ict detection, something that would not be immediately applicable to general
polygonal3D models where the layout is usually critical and directly in uences the nal rendering.
One of the rst attempts of dedicate8D differencing is the abandoned Art Diff foBVN
project Mej09]. This tool loads3D les for a very basic side-by-side visualisation. However, it does
not detect any con icts nor does it support merging. Similarly, Thingid#{1] is a simple web-based
overlay visualisation for STereoLithograph$TL) [Ros8§ and Wavefront Objectipc04] le formats
such that additions are highlighted in green and deletions in red, but still without any support for merging.
For differencing in2D images, the world's largest code host GitHub deployed a web-based user
interface 1) extension McE11]. This tool offers four visualisation techniques, namely "2-up' as a
simple side-by-side visualisation, "Swipe' as an overlay with a slider unveiling one or the other image,
“Onion Skin' as an overlay with varying opacity, and "Differencing’ displaying only the modi ed pixels.
More recently, they also introduced another extension for visual differencif@lofles [ Skal3. Here,
the two input polygonaBD models are overlaid on top of each other. A binary space partitioBB8)(
tree determines what has been added, shown in green, versus what has been deleted, shown in red. This
further provides a simple slider to blend between the two models, but same as before, without any support
for con ict resolution or merging.
Although standard line-based source code differencing tools are capable of identifying portions
of the original le even if displaced signi cantly from their previous locations, none of the existing
approaches for polygonaD models can identify the same geometry when repositioned within the same

scene. Furthermore, they do not represent the various types of con icts as @inBiff, seeChapter 4

2.3.2 Edit tracking

Since standard merging of binad® les, their Extensible Markup Languag&L ) or plain text coun-
terparts, se&ection 2.4is not feasible, many solutions rely on real-time aspects of simultaneous col-
laborative editing. One approach to identifying changes is to track all editing operations that the users
perform on the les with the expectation that a record of the operations can be used to inform the merge
process\\VK96]. A macro, i.e. a collection of commands in a graphical user interfdte[KF92], can

be regarded as an editing history. An example of this is the implementation of concurrency control based
on the selection of objects inside a custom-mabediting tool [CO0QJ. In this system, th& RML for-

mat [CBM97] was used for data interchange between individual clients. Another example is the con ict
detection and resolution in a range of multimo88l applications via individual actions depending on
their time stamp in a queu&PZB0g. To lower the data load, this framework passes only manipulation
messages to and from the server instead of the eBiirecenes. This work was further extended to in-
clude dynamic locking synchronisation09] which also relies on a server-side queue just liR&PJ

in order to resolve the sequence of edits and their application to a corBaaset. A similar solution

was implemented as part of the Uni-verse systemx&ek3for details. Proprietary high-erdAD sys-

tems also provide comparable functionality. For instance, DassaukrSgstEnovialpas12f enables
collaborative editing over the network which can be considered a form of real-time simultaneous editing

as the users have to work synchronously. Capvidia's Compare\ittia]2 validates and compares
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CAD models and classi es them as passed or failed based on user criteria. SirBilafyff by 3DSys
[3DS17 is a Visual Basic add-on to Dassault Syisies Catialpas1] that lists and highlights structural
differences inCAD models. Unfortunately, these commercial tools are tied to speci ¢ packages and their
algorithms are not known. Those that are known rely on binary-level delta changes that despite saving

space provide no direct semantic understanding of the scene changes.

Likewise, scienti c work ow management systems capture data ows for visualisation and manip-
ulation by recording individual user actions. VisTrails by University of Utah is an open source system
with a broad support for versioning of scienti ¢ work ows and visualisation of datasets from their re-
visions. This system provides multi-view visualisations, graphical provenance trees, i.e. histories, and
undo-as-deletdunctionality BCC" 05, DF0§. VisTrails' commercial Provenance Explorer for Au-
todesk MayaYis12] includes a side-by-side as well as an over®dyvisualisation tool. However, the
differences are detected and merged based on their underlying provenance histories stored in a relational

database rather than by the extraction directly fRibnles [ Cal09g.

In the domain of computer graphics, collaborative editing and visualisation, e.g. the generation of
photo editing sessions based on author demonstrati®As {09], are increasingly becoming impor-
tant. The Chronicle systenMF1( visualises the editing history &fD documents in a timeline, but
to do so, it instruments the editor and video records the entire session. This tool supports document
history exploration by linking the editing events and components obthiato playback functionality.
The resulting video is indexed and hierarchically clustered what results in large data sizes for generated
sequences. This system was extended to support Autodesits software Putl2] where 3D mod-
elling sessions are video-recorded and shared via a dedicated website. Similarly, a non-linear versioning
system for2D images CWC11]] based on the GNU Image Manipulation Progra@BiNIP) [GS1( is
operation-based and thus records user actions so that they can be replayed via a revision tree. The sys-
tem uses ®AG to represent sequences of edit operations as graph nodes and the corresponding spatial,
temporal, and semantic relationships as graph edges. These recorded graphs are then visualised to dis-
play a revision history. In addition to the side-by-side differencing, it also provides action replay with
a varying speed. Its merdél shows two revision images and a preview of the nal combined result
such that any con icting modi cations have to be resolved either manually or by selecting one of the
revisions. In the3D domain, the Mesh ow systenTJKP11] obtains sequences of user actions via an
instrumented Blendellal? plug-in which records all editing operations. By clustering the edits in
several layers of regular expressions, this system allows for interactive playback of the modelling his-
tory. The algorithm analyses the frequency of repeated operations that can be lItered by type or vertices
that have been affected. However, it only deals with simple meshes, does not scale &Dlagnes
and provides no support for semantic understanding of changes. Finally, a very recent tool for generating
history assisted views froBD modelling sessionsJGW" 14] generates informative view points during
the editing process. This system records and subsequently investigates the modelling work ow along-
side a few discrete snapshots of the model itself in order to infer important regions for visualisation. In

addition, the system can visualise the time the modeller spent on a speci c region via a heat map.
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Whilst edit tracking as a form of change management is certainly viable, it requires the instrumen-
tation of the editing software and thus is only applicable if it was enabled during the creation process.
Hence, the3D Diff system developed i€hapter 4s state-based rather than change or operation-based.

The reason for this decision is the vast variety of tools that can be used 8Dedibdels, se€hapter 6

2.3.3 Mesh compositing

Combining parts of polygonaD models or sections of individual meshes in order to automatically
generate novel shapes is a broad research &@8C006 KJS07 Sch1(. Meshmixer FS1Q, also a
part of Autodesk, offers a user interface for rapid mesh composition. By geometry drag-and-drop and
mesh cloning they support a seamless transfer of detail from one mesh to another. A standard technique
for establishing analogies betwegD models is to compute a signature for each pag8CO0gand rely
on a contextual part-based hierarchy to add support for certain con gurations of compds@ata [).

Over the years, researchers have investigated how to compute consistent alignments and correspon-
dences within surface pair¥ KZHCO11], and on collections 08D models NBCW* 11, HKG11] as
well as structural regularities within the same sceBIV" 08]. Since in many contexts point-based
correspondence can be ambiguous and fuzzy, a more abstracted part-based correspondence has been in-
vestigated. Golovinskiy and Funkhous€&HO09 rst proposed consistent segmentation in the context
of mesh pairs. They relied on rigid alignment and nearest neighbours to establish correspondences, and
jointly segment all the input models into separate components. Subsequently, several methods have been
developed to address the problem of consistent segmentation and labelling by clustering points in an
embedded space of local shape featuké3§10, HFL12, SYKK* 11, WAVK * 12] or by coupled modal
analysis KBB* 13], either in supervised or unsupervised settings. Recently, Kim eKaM[" 13]
jointly optimised for correspondence, part segmentation, and part-level deformation to analyse model
collections. Unlike these algorithms that investigate similar objects coming from related shapes, the
focus of 3D Timeline [DMS14] is to reverse engineer an editing sequence from multiple frames of a
modelling session. Similarly to the recent inverse image editiig\] * 13], it proposes a set of simple
geometric rules and methods to extract common edit operations and the semantic provenance. The goal
is to detect operations such as mesh re nement, instancing, etc., while the untouched parts of the meshes
remain identical across the frames. The linear sequences of input models are not suited for co-analysis,
since geometric similarities are con ned to neighbouring scenes;kapter 6

In the presence of point-level correspondence information across pairs of meshes, early efforts
in computer animation proposed multiresolution mesh interpolation framewbikS§99 MKFCO1].
Subsequently, algorithms have been developed to interpolate mesh collections by constructing and
navigating underlying shape spac&Z{5P0%. In contrast, a system for part-bas8® recombina-
tion [JTRS12 establishes mesh correspondence in two unrelated models in order to synthesg® new
shapes. Using shape analysis, it determines which parts of the models are in contact and symmetrical.
The Ul provides a single slider to control the interpolation weight between the models when replacing
matching sections. Even though this processing is completely automated, many of the resulting shapes

are not desirable or visually satisfying. TBB Timeline interface irChapter @lso interpolates models
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via a slider, although the challenge there is to reverse engineer the edit trees from the input data. More
recently, in an interesting system MeshGit{13, the edit distance between meshes is approximated as

a cost of matching elements. By treating faces and vertices as nodes of a graph with edges representing
their adjacency relations, it converts the task of mesh differencing into a maximum common subgraph
isomorphism problem. The method relies on spatial adjacency and does not handle modelling operations
such as instantiation, free-form shape manipulation, remeshing, etc. A comparison with this algorithm
is presented im6.5.2 What many of these works have in common is the idea of generati®b sfiapes

and whole models that did not exist before. This can be achieved via consistent segmentation and analy-
sis of the input models. However, these solutions do not determine the actual differences between parts
of models, the main requirement of the system present&thapter 4 Such techniques might be useful

in the future when it can be detected whether explicit con icts have a similar shape or nGhapter 7

2.4 Asset Distribution

Distribution of 3D assets over the Internet can use different types of networked protocols and data repre-
sentations. In the HyperText Transfer Protod¢dTTP) [FGM* 99, it is the client who requests the most
appropriate representation of resources depending on their intended application. For example, there exist
several encoding formats for the web pages, e.g. HyperText Markup Landdialyl (, Extensible Hy-
perText Markup LanguageXHTML), etc., each providing its own set of advantages. Jiddata, the
distinction of encodings is even more important as very different component types and le sizes make up
the structure of a comple3D scene. As recently demonstrated by Jung etlaH[ 13, by relying on a
guantisation it is even possible to render a 91 million polygon model in a web browser. It is, therefore,
important to examine various data representations in order to understand their bene ts and drawbacks
that might further in uence the design and evaluation of a web enabled system propdsedpter 5
Several previous attempts at providing online accestDt@ssets have been implemented before. An
ongoingrest3dinitiative sponsored by Advanced Micro Devices, InaMD) [PA1]] proposes to de ne
aREST[Fie0( interface shared by aliD resources on the web. The only suggested delivery formats are
XML [BPSM' 08] andJSON[ECM13. However, both are considered outside the scope of any version
control. Furthermore, the bene ts ofRESTweb service integration have been demonstrated on a C++
scene graph system OpenS&3U* 10].

Historically, the rst standardisation efforts began in 1995, setting out the requirements for a scene
description language for the webHIM97]. This lead to the adoption of a proposal for a static scene
de nition based on the Open InventonVEr94 APl and le format referred to as the Virtual Reality
Modeling LanguageMRML) [Rag94. The initial version 1.0 was a simple graphics de nition made up
of transformation and geometry nodes forming a tree hierarchy commonly known as a scene graph, see
Section 3.2 Just likeHTML, VRML supports the linking and embedding of other media types including
2D and3D documents. Later, the static de nition was extended to support interactive scenes and sharing
via new node types for sound, video and mechanisms to associate scripts, animations and events with
3D objects HMRL95]. These extensions were combined into a proposaV/fRKL 2.0 which became

an ISO standard known a¥RML 97 [CBM97]. This added a routing mechanism that enables events
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to be generated and passed onto sections of a scene graph such as script nodes. With the continuous
advances ir3D graphics, th&/RML Consortium was renamed to W&ib Consortium which introduced
a backwards compatible successor to the standard céBBJJIS" 13] as well as an integration model
for HTML5 called X3DOM BEJZ09. This lead to the introduction of experimental binary container
nodes such as ImageGeometry and BinaryGeomBttiy$12 as well as POP Bufferd JBA13]. These
concepts are now being transformed into a Shape Resource ConBRE@r[(TBF14] as a candidate
for standardisation iX3D 4.0. A competing declarativ@D for the web is Extensible Markup Language
3D (XML3D) [SKR" 10] with its data ow extension X ow [KSR* 12] and an equivalent binary encoding
format Blast 5SS14. A prototype server supportingOSTandGETmethods withXML3D rendering,
although without external referencing of resources, was devised previGilsiy] Chapter Sollows
in these footsteps and de nes a fully speci &1 with several example data encoding implementations
where signi cant considerations were made for the speed of data delivery on various platforms including
mobile devices as well as versioning. For differences between X3DONKEHSBD, seeSection 5.3

A recent Massachusetts Institute of TechnologyT) spin-off, Sunglassl)R17, provides a pro-
prietary Web Graphics Library{(ebGL)-based ar11]] collaborative3D modelling solution. Their paid
for servers can be accessed VIRBST APlin order to managdSONmesh representations alongside
the original binary les. Version control in this system stores a linear history of binary snapshots without
delta changes, lacking support for differencing or merging. Autodeé3kB package AutoCAD also
supports editing and sharing 6AD drawings via its online viewer and mobile apps suiefl4d. In
contrast, the open source visualisation system, VisTr&i3J" 05], provides a broad support for the
versioning of scienti ¢ work ows. Despite the provenance history being represent&#lasor stored
in a relational database, the act@@l les have to be managed locally. The spreadsheet-like work ows
can be visualized using the Visualization ToolRT(K) [SML0O6] and HTML renderings. Similarly, a
scene graph rendering engine ScenédSL" 09], provides a high-level JavaScripPl! for WebGL Its
JSONbased representation can be easily transported over the network and stoEz8.iDa the other
hand, repositories such as the former Google Warehouse, now known as T3imklarehouse, Tur-
boSquid or 3D Repository by the Advanced Distributed Learn8igR) are large online libraries &D
assets. Despite offering searchable web interfaces to locate prede ned le format8Riyrovides a
basicREST APlaccessible usingML andJSONencodings fAdv11].

In summary, most onlin8D APIs support theXML andJSONdata formats, although many lack
version control altogether. There are of course many more formats and approaches to chose from and

the taxonomy oBD data encodings for the web is summarise&igure 2.3

2.4.1 Textformats

The 3D data formats for the web can be categorised into text-based and binary formats. In general,
formats encoded as text are human-readable, although their le size is usually much larger than of the
equivalent binaries, sekble 5.2 They also need to be parsed which causes an undesirable decoding
overhead increasing the initialisation time before the rendering takes place. The text encodings can be

further subdivided into two distinct groups of document and pure data-based formats as follows:
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Figure 2.3: Taxonomy 08D data representations for the weD R 13].

Document-basedUsually, the document-based formats represent a whole scene and also some runtime
information in order to enhance an otherwise static visualisation. A common approach is to group
geometry together with animation and shader resources directly within the same document. This makes
the resources available to the document object m@@) [Mar0Z API at the parse-time, even though

the resulting string encodings tend to be larger in size and, therefore, take longer to download and render
in contrast to binary formats. Often, the interaction witBzamodel is possible only once the parsing

of the entire document has nished. Inclusion of resources as an attribute or a character component
of XML can be found in popular formats such@®LLADA andX3D. In the context of declarative

3D for the web, a document is simply &iTML page describing one or moBD scenes. In such a
document, the resources are encoded internally or externally using uniform resource idésIgr (
semantics. Alternatively, it is possible to include only those resources that are required at the runtime

while referencing all static elements externally, Bégure 5.2for an example.

Data-based Multiple formats can be used to encode referenced resources that are external to the doc-
ument. Following theREST[Fie0( principles, externalised text encodings can contain either a single
resource or a collection of resources such as all shaders3bf gscene in one external le. Modern

web browsers provide functionality to load such resources during the runtime. XMLHttpRextEs) (
[KASS14], the main component of Asynchronous JavaScript and XKIAX) [Pau0%, de nes anAPI

to transfer data between a client and a server. These were already used toX&ialsiever commu-
nication, most notably to preserve user annotationsNto8QL DB[OIb17. Fortunately, XHR is not
restricted toXML only. Together withJSON these two text-based encodings are the most common
external formats used on the web since web browsers expose native parsing capabilities &8 0bth.

is particularly popular since in contrastXdiL , it omits the end tags which makes it smaller for highly
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structured documents that have small data entries. For poly@@nalodels, however, the difference is
negligible as these consist mostly of large vertex and normal arrays while the structure accounts for only
about 5% of the overall scene siz2JFS12. SeeTable 5.2or comparison oKML andJSON le sizes.
NeverthelessJSONdoes not offer a natural way of addressing its internal elements. Web browsers,
on the other hand, provide cascading style sh&e89 Selectors and XML Path LanguageRath to

access elements &fOM, the in-memory representation of 2ML document. IrHTML, the uniform
resource locatol{RL) fragment can be used to refer to elements by their identl@} attribute. Hence,

XML, unlike JSON can be used to represent collections rather than just the individual resources. Both
formats can be compressed with the De afee[1964 or Gzip [Deu96f compressions that are available

in all major web browsers. This increases the decoding time but reduces the bandwidth requirements
when transmitting the data over the Internet. Despite this, they both suffer from the issues of any generic
string representations. For théebGL APIto be able to access such data, the strings have to be deseri-

alised intoTyped Arrayg§Khr13].

2.4.2 Binary formats

Binary encodings are often used to represent proprietary data formats. Some of these can be uploaded
to theGPU directly to avoid unnecessary parsing overheads in JavaScript. As shéiguire 2.3 they

can be further subdivided into four categories as follows:

Unstructured buffers. Binary data can be transmitted iR asArrayBuffers[Khr13] that represent

any generic xed-length raw binary data buffer. These cannot be manipulated directly, however, it is
possible to generate Typed Arrays or a speci ¢ data view from them. For example, every four bytes can
be treated as one oat entry thus derivingrl@at32Array . This strategy is used for an internal data
storage of a newly propose&D version control repository as demonstrateckdm.2 Obviously, such

an encoding provides no explicit structure, hence3drdata transmission one approach is to request a
buffer per vertex attribute as proposed in BinaryGeomé&dFs12 or gITF [RPO13. Unfortunately, for

very large scenes this results in a large numbettéR requests that leads to a reduction in performance
especially over high-latency connections. With many concurrent users this would cause the server to

become unresponsive. However, multiple vertex attributes can be interleaved into a single ArrayBuffer.

Multi-purpose. General structured data can be encoded using multi-purpose binary formats. Several
competing standards for bina¥ML exist, for instance XML Metadata InterchangéMl) [Obj11] and
FastInfoset El) [Tel05. A common approach is to rely on a dictionary compression for element and
attribute names and a binary encoding for acXisllL data types that can be further compressed, e.g.
using the De ate algorithm as iXMI. Binary encoding oX3D is based orFl in order to exploit its
capabilities such as referencing prede ned dictionaries and custom compression methods. These make
the FI a hybrid between a generKML encoding and a domain-speci ¢ compressed format that can
achieve very high compression rates within a generic forf8&tlfl. However, no readily available
JavaScript implementation & exists so it is not yet utilised on the web. On the other hand, a binary
derivative of JISONis BSON [Mon144, that was originally developed as an internal data format for

MongoDB [MPH1(. This encoding does not support any dictionary compression but provides the
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means of representing the structure and data types in a binary document that can be easily deserialised
during the runtime. In additiolBSON contains extensions for data types that are not part of the standard

JSONspeci cation such as a byte array or a date, while omitting its universal number type.

3D speci c. Many open and proprietary domain-specBD le formats also exist. Some of these exploit

the knowledge about the data properties for the purposes of compression. Open Compressed Triangle
Mesh OpenCTM) [Gee09andWebGL-loader [Chul3 are of particular interest for weBD data deliv-

ery because they come with a JavaScript decoder. Both use classical compression schemas such as Delta
[HGF 02] and ZigZag [50014[ encodings. In addition, th&/ebGL-loader exploits the variable-length
encoding of Universal Character Set Transformation Format—8JGiF{8) [Yer9€] to capture any val-

ues with one to three bytes. On the web, any structured binary formats need to be decoded from their
binary representation into JavaScript since they are not directly compatible with Typed Arrays. The time
required for the decoding is signi cant, especially on mobile devices. To prevent blocking b tine

the web browser, it is possible to move the decoding into a separate threat using a web Ritkker [

Image geometryA special case of a binar§D format is encoding geometry in images since there is

no requirement to modify the data in JavaScript. Images are treated simply as data vessels that carry
bytes. These are decoded by the browser natively and can be uploade&fUluirectly to serve as a

data buffer. Sequential Image Geome®y®) [BJFS12 extends this idea even further by splitting vertex
arrays into 8-bit chunks of decreasing relevance that are distributed as a sequence of images. By omitting
the later images, i.e. the least signi cant bits, the approach supports quantisation and progressive loading
as long as the images arrive in the correct order. How&I& also requires data fetching from images

in a vertex shader that is not yet supported on many mobile devices. On those devices that support
four texture units, these would be occupied by vertex coordinates with two images representing 16-bits,
one image for eight-bit normals and one for eight-bit texture coordinates. If none or too few texture
units are available, JavaScript can create Typed Arrays from the images, although this would degrade the
performance. Nevertheless, images were never designed to ref@Psiats, so formats such as Portable

Network Graphics®NG) [Bou97 cannot achieve high compression rates for such asBétsJ17.

2.4.3 Networked protocols

Related to storage and control of assets is the way in which they are transferred over the network. Many
forms of distributed virtual worlds and games also provide some sort of netwdikéamats F0O09. A

database implicitly supplies a query language and this can usually be accessed over the network. Of par-
ticular interest are the systems that support distribution of complete scene descriptions alongside scene
edits. Systems such as Distributed Open Invertt8HP99 supported the distribution of a full scene

graph and subsequent real-time edits. A related concept, the use of a scene graph as a data format to inter-
mediate between different applications, was presented in the scene graph as a busZaeod].

There are of course many remote desktop protocols such as the Remote Framebuffer grot@eh| |
Windows Remote Desktop ProtocdkDP) [Mic14], Google Chromoting protocoldool43, etc., but

these transfer desktops through frame buffer capture rather than abtaahtent. A successor RDP

is RemoteFX Mic11] which provides &D virtual adapter, codecs and other functionality.
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Second Life, described in detail i2.1.1 relies on a standardised open protocol for sending and
receiving3D models as serialisedML via aREST API[Len0§. In principle, this protocol could be
re-purposed for sharing of any kind 8D assets over the Internet, but in practice it is customised for a
real-time application and not for a general-purpose data retrieval. Additionally, it is highly constrained
to the types of data encodings by the platform it was designed for, hence it is not as exible as other web
3D data representations suchX€gL3D.

In contrast, a somewhat similar approach to @Es from Section 2.1was taken by the Uni-
Verse project BS07 which was a collaboration between The Royal Institute of Technol&gyH(),

Helsinki University of TechnologyHUT) and the Blender Foundation until 2007. This open source
online platform supported sharing 8D geometry, high-dynamic-range imaging@RI) textures and
shaders, all distributed from a centralised server to the connected clients. The main system was built
around a low latency network protocdtrseon top of which different clients and plug-ins for modelling

tools such as BlendeB[alZ were created. All local changes were automatically distributed to the
server and pushed further down to the remaining clients. Unfortunately, the integration of Verse protocol
was dropped from the main trunk of Blender in version 2.5.

The Verse 2.0 protocoHn'10, Hn'12], introduced during the ® annual Blender conference, is
a revival attempt addressing some of the de ciencies of the rst version such as weak security and
utilisation of only a single socket. This further introduced a new packet structure listing version number,
ACK& NAK ags, system and node commands as well as locks granting access permissions to individual
assets that is a signi cantly more complex de nition than the original version. Nevertheles$y'in],
it was shown to provide better performance than any one of the User Datagram ProtioBp[Pos8(),
Transmission Control Protocdl CP) [Pos8], Scalable TCPRTCB [Kel03] and Datagram Congestion
Control Protocol DCCP [FHKO6]. This system on its own, however, does not provide any persistent
state preservation so as soon as the server is switched off or rebooted, the already3@entatbls
and user interactions are lost. Recently, the ability to store the nal state of the server in MongoDB
[MPH1Q before exiting was propose#ifi'13]. The current developmentis primarily focused on reliable
congestion control, prioritisation and scheduling of data to be sent to the client. This will increase the
probability of successful delivery of high priority data blocks.

Each of these network protocols demonstrates that changes can be propagated but this is only one
aspect of a distribute@D editing. Nevertheless, such protocols could be useful in the future when the
bandwidth requirements of the database transfers become limiting due to the sheer volume of data or the

number of connected users, neither of which fall within the scope of this thesis.

2.4.4 Gaming on demand

A separate category in the distribution3id content has been recently created by the Gaming on Demand
(GoD) services that offer instantaneous access to high-end game play and even whole operating system
(O9) over the Internet. Solutions such as OnLi@n[.09, Gaikai [Gaild, Otoy [Hen0g, etc. render

game content on a server and transfer the scenes to the end user as a compressed video stream. In

exchange, the users continuously supply commands that control the navigation enabling nearly identical
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level of interaction as experienced when running the game locally. However, the re@Bireadering
and interaction signi cantly depend on the users' bandwidth and latency to the s€&$RR17, which

currently limit access to these services to a close proximity to the cloud 6aly {11, MHUC12).

For OnLive, the accessibility range used to be arti cially limited to a xed radius from the data
centre Bhr1d. Apart from a dedicated desktop interface, OnLive also offers its own console with a
remote controller, similar to standard gaming consoles that are directly connected to a television set.
Within this console, all of the video decompression and game navigation happens on an underclocked
dual-core 1.Z5Hz Marvell Armada 1,000 chip with 5121B random access memoriRAM) [Hol10,

StelQ. OnLive was also the rst to present a demonstration of Autodesk Meiyaditing on Apple

iPad executed on Microsoft Windows WIfr1Q, despite neither of these being supported by the tablet
hardware natively. At the same time, a Samsung Galaxy Tab was able to spectate the live edits that were
streamed from a datacentre 50 miles away. After the nancial collapse and restructuralisation of OnLive
in 2012, this functionality is now being offered as the OnLive Enterprise solution. Nevertheless, OnLive
was shown to suffer from a “downstream turbulence”, i.e. an uneven distribution of packets sent to the

client [CFGS12. This is akin to a high-de nition video due to utilising large packets and high bit rates.

In contrast, Gaikai, acquired by Sony Computer Entertainment in 2022}, is currently being
integrated into Remote Play for PlayStatiorP5). At the very rst public testing session by Engadget
[Hol12], with a distance of roughly 15 miles to the cloud and latency between 25rts3he reviewers
experienced a signi cant input lag while receiving 720p video stream. Reported were also compression
artefacts mainly visible around small text with less smoothing when compared to OnLive. Furthermore,
in 2013,AMD unveiled Radeon Sky Graphics cardsl{/13] that power their streaming cloud solution
similar to otherGoD services. It is generally believed that such solutions require at least a single pro-
cessing unit per user making them computationally demandit®d17. A similar service is provided
by RealityServerlig14] originally developed by mental images. This cloud-based rendering provides

real-time ray tracing using Iray\[VI09] that is streamed to the clients.

These proprietary systems inspired open development such as the University of Southern California
(USCQ Game Cloud ¥HV12], GamingAnywhere HHCC13, a low-end architectureBL.CR10, etc.
Even though it would be possible to connect a version control system@toapter 3o a cloud-based
rendering system for visualisation purposes, the end-users would still need full access to the assets in
order to modify them locally. Such a requirement can be overcome if the entire modelling runs on the
server in which case the visualisation is not much different from a remote desktop session. In addition,
the service provider has to maintain data centres scattered around the world, increasing the costs and
environmental impact of such solutions. On the other hand, the owner has a full control over the content
and its delivery, reducing the problems such as software piracy, etc. Although the main benet of a
thin client solution is its portability and low end-user hardware requirements, there are still the problems
with off-line accessibility as well as scalability to many simultaneous us&fs§[S12. For instance, the

extremely high running costs are quoted as the main reason for the collapse of Grerivg.
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2.4.5 3D maps

Online 3D maps are one of the earliest web browser-ba&edexperiences available to the masses.
Google MapsGEO] is an online service offering Mercator projectiongdl92] of political and satellite

views of the whole world as well as of the street view which provides 360-degree panoramic images at
the street level from various locations. In addition, the map interface at a close range displaybbasic
shapes of buildings. Data in these services is transferrd@@sirather thanrXML due to its compact-

ness. The availablaPI is popular with theGIS community as it allows custom extensions such as a
visualisation of LondonGSM* 0§] to be built on top MapsGLis aWebGLversion of Google Maps with
hardware accelerated transitions and overall smoother performistec&lfl]. To support wide-spread
content creation for its maps as well as the Google Earth software, Google has developed several online
applications for3D modelling. Google Building Maker used to be an onlBi2 editor that enabled its

users to create basic models from aerial photography so that they could be submitted to Google Earth.
This application was, however, discontinued in 2083 . Instead, the Google Map MakeGpo083

is meant to replace the demand for futtd® content creation in Google's services. This interface,
similarly to Building Maker, relies on quadrilaterals to approximate the shape of buildings from aerial
imagery. Bing Mapsilic10], Microsoft's version of online maps, offer many similar features including
street level imagery and aerial photography. In addition, Bing Maps used to provide texture-mapped 3D
models of some of the world's largest cities with the ability to add custom models using 3DVIA Shape
for Maps softwarelpas12§ Similarly, Here Nok13, formerly known as Ovi Maps and later renamed

to Nokia Maps, is a mapping service that, on top of the standard set of features, pR@bigesvs of

several major cities as well as an earth-like rendering equivalent to Google Earth but in a web browser.
3D buildings in this system are automatically generated and texture mapped using a combination of
aerial photography and laser, hence the low polygon count of the actual models. Unlike the proprietary
services, OpenStreetMa@$M) [Coa09 follows in the footsteps of Wikipedia and establishes a new
approach to collaborative map content creation in order to develop a freely accessible spatial database.
Its web-based display relies on OpenLayers JavaScript libkaey(6 which embeds dynamic maps in

web pages. ThOSM-3D [OSNZ1( shows that it is possible to automatically generate web-based

city models from such a database with the addition of height information provided by the Shuttle Radar
Topography MissionfKO0(Q]. Buildings in this system are once again interpolated quadrilaterals with at
roofs. This website is maintained by University of Heidelberg and off@B aiew of the data stored in

OSM. Their solution is based on a scene graph with elevation model, although the viewer needs to rely
on a Java plug-in and hence is not as portable as the alternative soluatis] further show that it is
possible to use this voluntarily produced data to generate building models and more recently even anal-
yse the topology and geometry of street networké\[YM14]. OSM Buildings [Mar13 is a JavaScript

library for visualising3D buildings in this system that relies or2® canvas element (i TML and does

not require anyVebGLsupport. There is also 26ML3D viewer [Joc13 for the OpenStreetMap and the

OSM Buildings. Despite being collaborative in nature, these systems were not designed for large-scale

development of engineerir@D models as required i@hapter 1 SeeFigure 5.4for an example.
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2.5 Chapter Summary

This chapter has been divided into four main sections that cover the key relevant concepts from academia
as well as industry. With the ever increasing diversitgDfauthoring tools, the skills required to operate

them and the geographical spread of individuals across the globe, virtual collaboration is becoming
more important than ever befor8ection 2.lintroduced the prominence of collaboration in large-scale
industrial projects. Despite the research into collaborative virtual environn@wss) spanning nearly

three decades, these systems are not directly applicable to the development and distribution of complex
3D models. Although the idea of a Metaverse, i.e. the convergence of physical space and the Internet
has been around since the early nineties, it was only recently that the game-like environments such as
SecondLife and Minecraft withessed a surge in the general interest in collaborative modelling. These
systems, however, suffer from general low delity 8D models and the lack of support for advanced
editing tools. In the case of Minecraft, the entire virtual world is based on pixelated cubes only. Still, its

collaborative nature inspired a worldwide craze with entire countries being recre&Bd in

Section 2.2%focused on the aspects of digital asset management and the advantages of databases
(DBs) over le systemsKSs) when dealing with large-scaB® modelling. Many approaches to the vir-
tual collaboration rely on some kind of searchable persistent storage. Due to the vast number of software
vendors and domain-speci ¢ editing solutions, most of which are proprietary, interoperabifydrdta
is achieved via an exchange of les on a le system. Although many dedicated data management solu-
tions exist, they are often bound to speci ¢ software packages and le formats, or de@ivtiodels at
the level of individual les rather than actual scene components or changes. The problems that arise from
such an arrangement include version control, asset tracking and access control. In contrast, relational
DBs have been extensively studied as a suitable alternative to le systems for the purpGs€3 imian-
agement and geographical data representations. However, these are not suitable foB Denedalling
and edit tracking that would t equally well into the existing production pipelines of creative industries.
Fortunately, the receMoSQL movement promises exibility and scalability developed especially with
the modern web applications in mind. Since most polyg@tamodels are organised in hierarchies of
objects or engineering assembli€apter xamines the suitability of document-orientédSQL DBs

for the purposes of version control in these kindSbfmodels.

Section 2.3further explored the lessons learnt from the elds of software engineering and more
speci cally source code version control that might be transferable to computer graphics. There are
already many/CSs with extensive tool support and fUDE integrations available. Thus, important
concepts from software engineering might be useful for managem&m atsets. Firstly, there is the
difference between pessimistic and optimistic version control which determines the need for locking or
merging. Secondly, there is the distinction between state-based, change-based or operation-based merg-
ing depending on what kind of data informs the process. Thirdly, there are the concepts of raw, 2-way
and 3-way differencing depending on the typeMiS and the presence of the common origin of the
differenced models. Finally, there is the difference between textual, syntactic or semantic change detec-

tion. Some of these concepts have been incorporated into the 8BWRilf tool presented irChapter 4
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Although a common approach to collaborat®® version control is to instrument the authoring tools
in order to record all the editing operations, this thesis focuses on state-based merging. Whilst the aim
is to preserve the intentions of users in their editing operations, the system also needs to deal with the
wide range of editing tools that are used3ib modelling. Thus, this thesis does not explore the route
of software instrumentation and instead concentrates on importing and exporting les Do see
Section 3.1 Edit tracking is an avenue for future work once the plug-ins that connect directly [@Bhe
are developed. Nevertheless, an alternative approach to edit tracking is to reverse engineer correspon-
dence across multipldD models and recompose them into a new combined result. Such an approach
might be used to effect a merge by combining concurrent edits or, as explotéthpter 6to generate
a high-level overview of the editing provenance from conseciiveles.

Finally, Section 2.4explores the area &D asset distribution including various networked proto-
cols, gaming on demand a3 map services. Although not designed 8 data, theHTTP protocol
is commonly used for asset transmission over the Internet. Data encodings in formats 3iMh as
andJSONare becoming more and more popular due to their native parsing capability in modern web
browsers. Many existing web-accessiBl@repositories provide the export functionality in both of these
formats. However, those repositories that also dREIST APE do not necessarily utilise all of the as-
pects of this style of architecture such as version control. In addition, there are manyhdata
formats, some of which are compressed or binary, that are also available for thEiguete 2.3shows
a taxonomy. These different formats are, therefore, evaluated for their ef ciency and speed of delivery
in Chapter 5 In order to exploit the version control database introduced and developgeldaipter 3
Section 5.Xurther proposes a novBelEST APlthat provides the desired exibility so that the various

encoding strategies can be supported.
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Chapter 3

3D Revision Control Database

The rst research question iB@hapter lasks whether it is possible achieve asynchronous collaborative
three dimensionaBD) editing that scales up to useful model sizes. More speci cally, it attempts to deter-
mine whether a document-oriented datab&d&) (can substitute traditional version control syst&ftg)

systems. This chapter, therefore, presents a novel architecture and a prototype implementation of non-
linear revision control framework designed speci cally f8ib assets called 3D Repositor§li Repg.

This providesvVCS functionality but built around &loSQL DBto avoid their le-based constrains.

The main motivation for this undertaking are the drawbacks of storing poly@@nhaiodels as les
on a le system. Each user loads a particular scene into a modelling tool, modi es it and then re-saves
the whole le again, making the unit of access to the scene the le itself. If several users want to edit
a section of a scene concurrently, they have to access the same les but without extra infrastructure,
managing such changes becomes infeasible. The machine memory is a strict limit, too, as massive
industrial models often exceed the capabilities of even the latest rendering hardware. Besides, deciding
how a large scene should be partitioned into les is a non-trivial task, too. Splitting meshes across
different les causes problems not limited to the management of edits that involve multiple objects
and keeping them synchronised. Although version control and asset management systems suffer from
these problems, they are commonly used3Drdata administration. A variety of existing open source
and proprietary solutions have been documente@liapter 2 These either do not track ne-grained

component-level changes or are bound to a single le format.

Hence, there is the need for a centralised yet exible framework that would enable transparent asset
management and would support multiple users with distributed access. The argument is that the frame-
work should not, initially, rely on any one modelling tool or a speci cation, but instead, it should support

les that are external to the editoBection 3.4demonstrates the feasibility of the proposed architecture
on examples with up to several million polygons in size via three client applications. These clients sup-
port distributed editing over the Internet as well as real-time visualisations using OpenGL for Embedded
SystemsQpenGL E$[ML10] in mobile devices and even web browsers. The main contribution of this
chapter, therefore, lies in the uni cation of design and version contr@bhssets. Given the type of
database that is being utilised, the potential long-term bene ts include massive scalability, ability to t

into existing production pipelines and even crowdsouRanodelling in the near future.
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3.1 System Overview

Nowadays, much 3D content is procedurally generated or manipulated using custom and often incom-
patible proprietary tools. Even collaborative editing of scenes produced by a standard set of modelling
packages is not as straightforward as might be desired by the industry. According to Arup, in the case of
the King's Cross station in London redevelopment, over 800 engineers with different skills and toolsets
participated in thi€400 m project that lasted seven years from start to niSkig14. The workload was

further complicated by the fact that this Grade I-listed station, opened in 1852, was bombarded during
two World Wars. Yet, the cost of a laser scan survey of the entire site would have been prohibitively
expensive, hence was never done. By way of contrast, the Linux kernel has been modi ed by more
than 3,700 contributors for free over the past two years aldoelf]. Since accurate information and

close collaboration are crucial aspects of any such a large project, data exchange is currently one of the
major causes of unnecessary complexity and waste in the industry as explafiegipter 2 3D Repo
addresses these pressing problems by introducing a non-linear management and visualisation framework
designed speci cally for the most common types3@f assets. The framework is released under an open

source license in hope that the industry will embrace the new collaborative practi@@sREpo

3.1.1 Functional requirements

In order to separat8D modelling from its long-term storage, it is necessary to become agnostic to any
speci ¢ editing software. Such a system has to load and save va@us formats using a framework
that stores a uni ed scene representation in a centralised repository that can be shared by all stakehold-
ers equally. The role of the repository is, therefore, to presébrassets and to provide interfaces and
conventions to add, modify and extratglta changesi.e. incremental modi cations on them. By sup-
porting standard web-accessible front-ends, it also has to enable connections to modelling packages via
intermediary tools, or simply to viewers that visualise selected revisions from the repository. Due to the
potentially large data sizes, the system further needs to support retrieval of any full or partial revision
that can be exported as a n8® le. These requirements are addresse&attion 3.3andSection 3.4
Nevertheless, a simple lined@D versioning system, even if le-based, is only marginally better than
the undofunctionality [LAM76] found in most editing packages. Generally speaking, the undo allows
the user to remove at least the immediately preceding step, although these days it is more common
for programs to track a last in, rst out(FO) list of multiple steps. Unfortunately, such a list is
neither exhaustive nor is it preserved beyond the current editing session unless the le format supports it
natively, e.g. Autodesk Mayé#gl13. A linear 3D VCSsuch as Sunglas®R17 further adds the ability
to retrieve any revision regardless of its order of creation. Despite several users being able to contribute
changes to such a system, if no con ict resolution interface exists, they are unable to work concurrently.
Since by de nition no branching is supported in a lin®&S, the users cannot work on separate sections
of a 3D scene independently of each other causing explicit problems in terms of access control and
locking. For these reasons, a truly collabora®& VCShas to support non-linear branching and, more
importantly, merging as well as provide visgd differencing that would highlight incompatible edits

and offer merge suggestions akin to the text-bd3ifd This need is addressed@hapter 4
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Figure 3.1: Conceptual framework overview. Editing software expor&bale into a GUI that facili-
tates version control by storing decomposed scenes inside a remote 3D Repository. Lightweight clients
further visualise the contents of the repository without the need for write privileges.

Requirements summary.Summarised below are the key functional requirements derived from formal

sessions with Arup Foresight, Research & Innovation, Arup Associates and Balfour Beatty:

1. Store a wide variety 08D assets including geometry, transformations, materials, textures, etc.,

independent of the modelling tools that created them.

2. Support domain-speci ¢ metadata such as engineering attributes, assemblies or hierarchies.

w

Preserve a traceable audit trail of modi cations and manage changes alongside a non-linear revi-

sion history in a centralised repository.
Enable easy access control and full querying potential@B ancluding sub-object retrieval.
Implement an interactive user-driven approacBRdadifferencing and con ict resolution.

Access the repository via lightweight clients without the need for plug-ins or rewall exceptions.

N o &

Fit into existing production pipelines of architectural, engineering and creative industries.

3.1.2 System architecture

In search of a suitable solution to the problem3&F version control, recent developments in the No
Structured Query LanguagRldSQL) DB technology are being exploited heioSQL databases avoid

rigid table structures and tend to be optimised for large read-write operations while adheringé¢e the
mantic weld BLHL * 01] paradigm. This advocates the inclusion of high-level meaning in web accessible
content so that information can be shared and reused across applications automatically without the need
for human intervention, although, according to Shadbolt eEAIHL0€], the potential is still unrealised.

Even though unstructured databases do not necessarily support hierarchical data representations,
their ability to organise and query collections of polymorphic documents that are independent of one
another make them remarkably suitable to the diverse natuB® afssets. It is, thus, possible to store
entire deconstructed scenes iDB and, due to its exibility, also track associated metadata such as
semantic relationships of respective scene graph components, their engineering attributes, assemblies,
and even revisions. Once in a database, the access is implicitly supported in a distributed manner via a
dedicated query language without the need for any functional changeshBthplementation itself.

3D Reposystem uses one of the most popular open soNa®QL databases MongoDB/[PH1(
for its centralised data store as outlined in the architecture overvigwigimre 3.1 This particular
database was chosen because it is proven to scale massively] DGG" 13] and is built around the

Binary JSON BSON) [Mon144 speci cation which, as explained ix3.4.2 is suitable for ef cient bi-
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nary storage of vertex-bas8® data. The primary desktop clieBb RepdGUI, described irsection 3.4
facilitates repository visualisation as well as revision control incluiramchingandmerging This ap-
plication became the basis for the development of additional functionality such as 83uain ict
resolution, 3D Diff, and reverse engineering of editing provenard,Timeling presented in Chapters

4 and6 respectively. A secondary web-browser-based clie®¥.4 renders selected revisions using a
combination of Javagch14, JavaScriptiflall] and Web Graphics Library{ebGL) [Marl1]]. Finally, a
dedicate@D Repo Android Appx3.4.5 enhances mobile collaboration and feedback collection through-
out public inquiry, a process that is often required by law, §d&pter 1 These applications are in stark
contrast withXML3DRepoa daemon service described in detaiCimapter Sthat provides a layer @B
indirection on the server-side by combining the Extensible Markup LanguagX[8ID3D) [SKR" 10]
and3D Repotechnologies. Although it would also be possible to provide plug-in interfaces to popular

modelling packages, shown in dashed lin€&igure 3.1 this is outside the scope of the thesis.

3.2 Data Organisation

Geographic Information System&(Ss) such as Oracle SpatiagB11] or PostGIS PH11], described

in Chapter 2 offer the exibility for generic spatial queries but also consume a signi cant amount of
storage reducing the performance of the underlying database. In coasts group every scene
component into binary or plain text representations that do not support sub-object queries and require
whole les to be loaded into modelling software for editing. Even though many pogatatasets,

e.g. BMKF04, CGF09, embody manifold surfaces, examples of laBi2scenes such as architectural
models and game levels tend to consist of numerous disjoint components organised in some kind of a
hierarchical structure3D Repoexploits this natural partitioning as well as the conceptual similarities
between &cene grapland arevision historyto de ne a novel system for non-linear management and vi-
sualisation oD models. This section, therefore, de nes how a scene graph representaBbDraséets

can be stored inside a document-orierib&iand how the samBB can be extended to store their asso-
ciated revisions. Similarly to traditional le-based version control systems such as Concurrent Versions
System CVS) [Ves03 or Apache SubversionS{VN) [PCSFO0§ 3D Repopreserves delta increments
rather than the entire les. Nonetheless, the overarching architecture is independent of the prototype

implementation irSection 3.4and is applicable to any linear data store, not NBSQL databases.

3.2.1 Scene graph

A scene graph is a versatile data structure commonly used to organise, edit and render hierarchi-
cal visual information, se€&igure 3.2 The Programmer's Hierarchical Interactive Graphics System
(PHIGS [SBM86 was the rst standardised scene graph speci cation which was eventually trans-
formed into Open Graphics Library0penGL [SA94] as well as systems such as PerfornieHp4]

and Open Inventor\jler94. Throughout the history, scene graphs were used to de ne two dimen-
sional D) Scalable Vector GraphicSYG) [FJJ00 and became the basis for numer@i3 libraries

such as the3D Toolkit [SC9], OpenSG Rei0], OpenSceneGraphBP04] and the Visualization
Toolkit (VTK) [SMLO6]. Zeleznik et al. FHC* 00] and Berthelot et al. FRDA11] used scene graphs



3.2. Data Organisation 55
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(a) Modelling scene graph (b) Rendering scene graph

Figure 3.2: Scene graph toy example. Overall modelling scene gfaplis recorded as a hierarchy

of components that can be instanced and refererfodSuch an organisation is useful f8D editing

where changes on one component are applied to all its duplicates. Note that a tree is just a special type of
DAG. Diagram adapted and translated from ti¢.C Lib[Rib14. Model courtesy of Marcus Popescu.

to intermediate between vario@® applications. Likewise3D Reporelies on a scene graph as a le-
format-independent data representation that can be easily manipulated and st@gd wrdortunately,

no universally accepted scene graph de nition exists and different implementations impose their own re-
strictions on the node hierarchy depending on the speci ¢ application or rendering requirements. Thus,
an abstract interpretation of a scene graph is used iBEhRepoframework to provide a le-format-
independent scene representation as follows. Let scene graph SBAGwith a single root noderqt,

where each node 2 SG f nyetg is stored in its local coordinates with an associated transformation

Tn. When recursively applied frome; to each child, these transformations together describe the node's
global position in world coordinates. Such a broad de nition suppoagtancing seeFigure 3.2 which

is required for real-time rendering, i.e. the ability to reduce graphics processing#) fmemory load

by referencingthe same geometry at different locations, but alstomatic mergdunctionality which
resolves con icting edits without user's intervention. In this context, a scene graph node represents any
domain-speci ¢ information such as animations, bones, materials, meshes, shaders, textures, transfor-
mations, etc., as well as additional metadata in the form of engineering assemblies, Portable Document
Format PDF [Ado0g drawings and so forth. To abstract away from this complexity and to futureproof
the design, each node is treated as an “opaque” binary document with preserved relational information
about the other nodes. Similarly to HyperText Markup LanguagEML ) [BFL* 14], nodes unknown

to the application can be simply skipped to ensure continuous support in the future. Hence, it is possible
to add new node types and still be able to retrieve any full or partial graph from the scene regardless of
its composition. Unlike8D les, this polymorphic de nition offers the desired exibility yet establishes

a suitable compromise between storage ef ciency and querying potential of dpBtakeeSection 3.3
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(b) RevisionDAG evolution example

Figure 3.3: Scene graph vs. revision history comparis¢a) SceneDAG evolves over time so that the
unmodi ed nodes (dashed) do not need to be stored again in successive revisions. Those nodes that have
been modi ed (grey) share the8ID with common predecessoi&) Unlike the scene graph, a revision

history DAG explicitly preserves all of its nodes over time. Here, #1B is shared by those nodes that
belong to the same branch (grey). Note that each node of the revision history describes an entire scene.

3.2.2 Revision history

As exempli ed by popular le-baseCSs [Sin11], a revision history that supports non-linear branching
and merging can, just like a scene graph, be modelled afi#h@, seeFigure 3.3 This same data
structure enables revisions to have more than one parent while the acyclic property ensures that a revision
cannot become its own ancestor thus preventing time tr&ai(g. However, unlike a polymorphic
3D scene, a revision history graph is composed of only one node type that determines the modelling
progress including metadata such as timestamps, commit messages, etc. Therefore, if a heterogeneous
scene graph can be stored in a document-orieDi#&dso can be a homogeneous revision history.

To achieve this, every graph node regardless of it belonging to a scene graph or a revision history has
to specify its unique identi er¢ID), a functional requirement of any suitable data store. In a database,
the UID would be a uniqu®B key, while in a le-system, a unique le path. Each node has to further
specify its shared identi erg1D) with different meaning depending on the graph it belong&tgure 3.3
shows an example. In the context of a scene grapttthes shared by all revisions of the same logical
scene component. This can be based on the uniqgue name of a component or, in the case of engineering
modelling tools, directly on the component's identi di)), e.g. globally unique identi erGUID) in
Autodesk Revit YKR13]. On the other hand, in the context of a revision history, e is shared by
all members of a single branch. TI&4D of all zeros, also known as thwull SID, is reserved for the

trunk/mastetto explicitly mark the main development branch.
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Together, the unique and shared identi ers form a novel tuple
revision metadats ( UID; SID); (3.1)

which is a necessary part of each node in 3@eRepoframework. In relational databases terms, this
tuple would constitute a composite primary key on the scene graph and revision history tables so that each
scene component can contribute exactly once to exactly one revision and each revision can contribute
exactly once to exactly one branch respectively. The possibility of losing such a tuple during the round-

trip from the editing software to th@D versioning system and back is discussegdr6.1

3.2.3 DAG representation

The standard way of representing graphs, directed or not, in computing systems is to express them
either as collections addjacency listor matricesdepending on their sparsity, i.e. the number of nodes
versus the number of connections, as described in the textbook by Cormen@tRE(]. This has

been evaluated alongside some less known approaches in order to establish the most suitable way of

representinddAGs in a linear data store such ablaSQL DBas listed below.

Parental or child links. Storing information about immediate parents or children of a node, also known
as the adjacency list, requires recursive hierarchical queries for graph traversal. Unless there is a
direct support for this type of retrieval in the data store itself, such an access would have to be

implemented at the application level what is computationally expensive due to data transfers.

Adjacency or incidence matrix. Representing graph connectivity as2® boolean matrix requires
complicated memory management when dealing with large data structures. Given the potentially
complex hierarchies of polygon&8D models and the amount of data each node would have to

store, such an approach would not be feasible.

Nested sets.Celko [Cell] assigns to each node two integers that de ne the boundaries of all of its
children. In contrast to parental or child links, sub-graph retrieval can be implemented using a
single query. However, inserting a new entry into the store causes boundary re-indexing on all
nodes. This limitation was later resolved by Hazehf0g using real numbers represented as

guotients. Nevertheless, these are only suitable for trees where each node has exactly one parent.

Array of ancestors or materialised paths. Storing a full path from the root to each node makes re-
trieval of sub-graphs relatively easy; all nodes with a given node in their path are its children.
What is more, inserting additional nodes requires no updates on the existing entries. Unfortu-

nately, removing nodes requires-parenting i.e. updating the paths on all of their sub-nodes.

Materialised paths conveniently represent trees in a linear collection of documents. Unlike trees, how-
ever, generaDAGs can have any number of paths leading from their root to each node which would
cause unnecessary duplication when in storage. Hence, to provide an eDdéntepresentation and

to preserve the advantages of the standard materialised paths notation, an extension is proposed here.



58 Chapter 3. 3D Revision Control Database
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D:[A.B.D
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Figure 3.4: Extended materialised paths notation example. Each node lists all paths from rot
itself. Operator. symbolises parent-child relationship. NoBgfor example, can be reached either via
[A.B.D. Flor(signiedby_)via[A. B. E. FJ.

This reduces the need for duplication by recursively de ning multiple-choice paths asingtation as
illustrated inFigure 3.4

More formally, anyextended materialised paih de ned by a novel context-free grammar
G= ff SAg;fn;Noot; €9; P, So; (3.2)
wheree is an empty stringn 2 SG f Nyt andP is the set of rules

S! [Ngot - Al; (3.3)

Al ejnj(A)jA. Ai(A_A): (3.4)

In this new grammar, operatorsigni es a parent-child relationship on the graph whileigni es
a logical disjunction whenever there is more than one possible pathrfggnto n. Similarly to standard
materialised paths, when reconstructing graph from the selected nodes, the root of a full or a partial graph
is the node that has the shortest path as showiginre 3.4 This representation is equally applicable to

a scene graph as well as a revision history since both can be modelled 2A&.a

3.3 Revision Management

In order to support non-linear histories D models, it is necessary to provide similar functionality to

that of a standard le-basedCS, see Sink $inl]] for examples. Hence, the nlID, introduced in

x3.2.2 has been chosen to represent a single trunk/master of the revision history as the main development

path. As shown irFigure 3.3 unlimited branches allow for further side developments to be recorded in

the same revision history simultaneously. Although both the scene graph and the revision history are

represented aBAGs, a crucial difference between the two is that the scene graph makes 8Hasof

while the revision history oUIDs for their respective materialised paths. This is because scene nodes

shareSIDs across time while history nodes sh&i®s across branches, as illustratedrigure 3.3
Nevertheless, several additional features speci&alata have to be considered before a dedicated

version control framework can be built. Obviously, there is the need to retrieve theHatestrevision

from every branch as well as the need to identify all previous revisions in a sequence so that any one

of them can be queried and recovered independently. With large scenes in mind, the system has to also

support partial revision retrieval when only some parts of the original polygg@ibahodels are being



3.3. Revision Management 59

queried. This functionality is necessary for the manipulation of scenes where the whole ensemble would
not tinto the operating memory or when it is simply not required for that particular editing session. As
explained inSection 6.5it is a common practice amongst modellers to hide certain parts of a large scene
while editing. The ability to retrieve only a subsection of a scene is also useful for visualisation purposes
when only the closest proximity geometry might be visible at any given time. Next, the framework has
to allow for scene graph nodes to be marked as deleted so that they do not contribute to th&bDverall
scene from the next revision onwards. Finally, without proper locking, which is not supported in standard
repositories such as GiCha09 either as it is a le system issue, potential con icts on scene graph
modi cations as well as during merging can occur. These are ef ciently resolve3DRiff described

in Chapter 4that highlights clashing components and offers a fast con ict resolution. However, the

framework can easily be extended to enforce access control as discuSzadiom 3.6

3.3.1 Insertion

Initially, when the repository is empty, the enti8D scene has to be committed as a le-format-
independent scene graph data structure, de nex3i2.], together with the root node of the history

graph carrying essential information about the newly created revision. This information usually consists
of the standard commit metadata such as the revision author, message, timestamp, tag, etc., as well as
an explicitcurrent  list of all scene graph node¥IDs that belong to the revision. Further commits

add new scene nodes and replace thiids in the revision which also recor@Ds of all those scene
components that have just besdded , deleted or modified . However, trying to commit changes

on any node which is at least one revision behind the head, hence out of synchronisation, results in a
conict. In such a case, the local version has torbergedwith the head of the repository regardless of

the system being centralised ligd/N or distributed like Git.

3.3.2 Retrieval

To be able to retrieve any version of3® scene from the repository, thead or one of its ancestral
revisions has to be known. Assuming that the hisfG is represented using the extended materialised
paths notation as de ned ir3.2.3 the head is simply the revision history node that has the longest
parental path and has ti&D of the desired branch. This is because any ancestral revision bétdde

is listed in the path according to its order of creation. Since each node in the revision history graph
explicitly encodes theurrent  list of all scene component§)IDs that belong to its revision, once the
revision node has been identi ed, such a list can be queried. Upon retrieval 8Dtbkemponents that
match the requiretdIDs, the original scene graph structure can be reconstructed by relying on the same
materialised paths notation as before. Similarly, a sub-graph can be retrieved by querying only those

scene components that have the desired sub-n&dle't their path.

3.3.3 Deletion

A version control system has to preserve all revisions that have ever been created. Therefore, when
deleting a scene component from the repository, it is only marketbiesed in the next revision so

that it does not contribute to the newrrent  list. However, a deleted node is never actually removed
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Algorithm 1 Node Deletion

function DELETE(noderevision) ==node to be deleted
orphans FINDORPHANSNOdE
for each orphan2 orphansdo
revisiondeleted orphanuid
end for
end function
function FINDORPHANS(n0Od@
orphans node ==given node is always orphan
children GETCHILDREN(nodg
for each child 2 childrendo
if : HASANOTHERPARENT(nodeg child) then
orphans GETORPHANS(child)
end if
end for
return orphans
end function

from the storage as it always needs to be accessible as part of those previous revisions which it belongs
to. In addition, when marking a node as deleted, its entire sub-graph has to be recursively checked as
outlined in Algorithm1l. If any of its descendant nodes have no other parents, i.e. became orphaned due
to deletion, they also have to be deleted. Although it would be possible to automatically reparent such
orphaned nodes, marking them deleted yields a more robust and predictable system behaviour. Scene
graph is a hierarchical structure where node dependencies have direct implications with regards to the
resulting polygonaBD model. Therefore, it is safe to assume that the intention of the user was to delete

all remaining sub-nodes unless explicitly instructed otherwise.

3.3.4 Delta compression

Delta compressigralso known aslelta encodingn audio/video formats, is a technique commonly used

in VCSs to represent, interchange and store differences rather than whole revisions in order to reduce
data size IHVT98, Bau0g. For deltasD to be effective, it is important to select their granularity so

that the changes are small enough to be meaningful yet computationally tractable, especially on projects
comprised of thousands of contributors and millions of edits. Therefore, iBBhReposystem, the
individual scene graph nodes have been chosen to represent delta changes. Even though a single vertex
modi cation would require an entire new mesh document to be stored in the next revision, it can still be
considered a delta because only a partial change on the overall scene graph structure has to be preserved.

This provides the right balance of complexity and storage convenience.

Since each revision entry records thiDs of all scene nodes that belong to a particular revision as
well as theSIDs for theadded , deleted andmodified components, access time is reduced to one
request to retrieve the revision document itself and another one to retrieve the referred scene components.
If the user has a local copy of some previous revision ofsfecene, only the accumulatadded and
modified scene nodes need to be transmitted, akin to a stanfidia combinatiorwhich fuses the

desired chain of deltas into a single update in mod&n®s [Mac04.
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3.3.5 Branching

Since revision history in theD Reposystem is modelled after2AG, it also supports concurrent branch-

ing. Apart from contributing to the main development path, the users are able to create distinct branches
independently of each other. New revisions can be branched off from any previous revision that has been
already recorded simply by inserting a new child node into the history graph. This is possible even on a
revision that is not the currehiead . Being a new branch is designated by&iD that is different from

all otherSIDs in the system. Future members of the branch will have to share thiShzwhich can,

depending on the implementation, be uniquely generated even without a centralised coordination.

3.3.6 Merging

Based on the assumption that all scene graph nodes are stored in their local coordinates with associated
paths that de ne their global transformation, s&22.1, even changes that seemingly affect the same
part of the scene can be merged automatically. Suppose that trsmsked out the building model in
Figure 3.12and increased its height. By doing so, the roof mesh was displaced but not modi ed. Further
suppose that Usgadded a chimney in the meantime. Due to modi cations being independent of their
global position, Usercan commit the changes back to the repository using the auto merge functionality
without creating con icts. However, concurrent edits on the same par3@f scene such as modi ca-

tions of vertices, texture coordinates, materials, etc. by multiple artists are considered con icting. These
cannot be merged without a user intervention. Traditionally, such con icts are exportediinies and
resolved manually in a dedicated vertex-level editor. Unfortunately, most popular modelling packages,
e.g. Autodesk Maya or Blender, superimpose the models but do not aid the merging process any further.
Therefore, a fully automate8D Diff tool was developed as describeddhapter 4 Note, however, that

in the chimney example, adhering to the building height regulations would be the responsibility of the

user merging their changes into the repository.

3.4 Prototype Implementation

The feasibility of the proposed framework is demonstrated on three distinct repository front-ends that
support some or all of the revision management and visualisation aspects as des@#xbim3.3 The

3D Repaodesktop client is a stand-alone application that supports the parsing of co8ibmata formats

in order to provide a truly le-format-independeBD version control functionality. On the other hand,

the 3D Repoweb and mobile clients offer read-only access to the repository in order to render selected
revisions on memory limited devices that suppdopgenGL ESspeci cation [ML10] and its derivative
WebGL[Marl1]. The 3D repository itself is built on top of &loSQLMongoDB [MPH1(. Additional

server-side daemon service XML3DRepo is describedhapter 5

3.4.1 3D repository

Dedicated graph management systems such as Pidgel 109], Neo4j RWE13, HyperGraphDB
[lorlQ] or OrientDB [Tes13 described inChapter 2offer large-scale distributed graph processing ca-
pabilities. 3D Repoframework, however, does not require complicated graph traversal computations.

Instead, it requires an ef cient and more importantly a uni ed way of encoding various objecsilike
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components alongside their revisions in a single centralised repository. Fortunately, the latest document-
orientedNoSQL databases provide a suitable alternative to giaBh in order to store and query scene
and revisionDAGSs as de ned inSection 3.2 In contrast to the traditional relational database manage-
ment systemsRDBMSs), these neviDBs preserve structured data with greater exibility and ease of
access while not sacri cing the all-importabB performance and scalability. By desigwoSQL DBs
pose no restrictions on the underlying layout of their data collections, i.e. tables in rel@Briaims.
It is, therefore, possible to store any polymorphic documents in a single collection.

Despite this schema-less approach, it is important to enforce some basic rules regardiiy the
structure. Thus, unlike other systen3f) Repoassigns two collections per repository, one for all the
scene graph constituents and one for all those documents that belong to the revision history. Furthermore,

the system requires all documents to specify thiid andSID values as de ned ix3.2.2

A standard release open soutdeSQL MongoDB [MPH1( has been selected as the data store
for the 3D repository. In comparison to alternative JavaScript Object Notatl&®{-basedNoSQL
databases such as CouchDB_F10] or MarkLogic [Zha09, MongoDB utilises binary documents for
storage, querying and data transmission. What is more, this database provides eld indexing, full-text
search, replicdBs as well as auto-sharding, Map/Reduce functionality and even geospatial indexing
making it a suitable addition to existinglS systems and, therefore, an attractive choice for production
environments. Despite all of the aforementioned bene ts, MongoDB is not a functional requirement of

the 3D Repoframework and could be replaced by any other suitable data store if desired.

3.4.2 BSON encoding

Binary JSON BSON) [Mon143 is a little-endian serialised derivative 86ON[ECM13 that employs C

data types such dg/te ,int32/64  anddouble for its terminals. This not only makes tbé highly
responsive but also enables additiotale andbinary elds which are not part of the standad®&ON

speci cation but are necessary f8D version control. Th&JID andSID parts of the revision metadata,
seex3.2.2 are recorded using universally unique identi &{ID) as de ned by ITU-T [lel0g. This

is especially suitable for version control as it allows committing changes to a single repository without
the need for any centralised coordination. AltholBfPON is designed to be ef cient on scanning and
parsing, it can occupy more space thadS®ONequivalent because it explicitly encodes array indices.
Actually, arrays are nothing more than nested documents where each index is an explicit key with an
associated array value. Although ordin& attributes such as object name, material shininess, etc.,
can be encoded directly, the prototypP Repoimplementation stores long arrayslaigary entries

within BSONdocuments to avoid unnecessary data overheads.

Hence 3D verticesV are encoded as an array of triplets

V=[x y15 1) (%23 Y2 22) 5255 (%ns Yy Z0)]s (3.5)

where(x;;yi;z) 2 R are coordinates of a single vertegxandn is their cardinality. Normald\ are

represented similarly. However, vertices that correspond to points and lines usually do not de ne normals
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in which casgVj 6 jNj. Faceds~, on the other hand, de ne indices into the vertex avayThese are
encoded depending on the speci ed application programming interfB [evel as follows.

If faces de ne a mix of points, lines and general polygons, then these are represented as

Fr=[ke (ia i inkg) s o ke (inas 25 ing) s (3.6)

wherek is the number of subsequent values that are indid@® the vertex array and together form
a face. This encoding correspondsABl level 1. If, however, the faces represent only triangles, this

representation can be simpli ed as an array of triplets

Fo=[(is0in2501:3); 0 (inns iz in3)]s (3.7)

because each face is explicitly de ned by 3 indices only. This encoding correspoA&4 tevel 2.

Multi-channel texture mappindV is represented as one or multiple concatenated arrays

UV = [((ugsve)s s (Ugns vin)) s oo ((Ungs Vi) s 22205 (Unens Vi) (3.8)

whereu;;j; vi;j are texture coordinates corresponding to a vejtexchannei. There aren channels in
total. Similarly,U andUVW channels can be represented.
The byte arrays are assumed to be in a 32-bit little-endian orddtisiing 3.1shows an example of

a unit cube mesh document using this encoding witlB8&®N document. Hence, it is easy to perform

f
_id : BinData (3, "1OXvtFihRm6aH+nh+cioGw==""), /I Unique UUID
shared_id : BinData (3, "MAUSISmMEVIICQAAAAAAACA=="), /[ Shared UUID
paths : [[ BinData (3, "MAUSISMEVICQAAAAAAACA==")]], /I All paths from root
type : "mesh",
api : 1, /I APl level
name : “"cube" ,
vertices_count : 36,
vertices : BinData (0, "AACAPWAAQL8AAIC/AACAPw... " ), [/l Vertices array
faces_count : 12,
faces : BinData (0, "AWAAAAAAAAABAAAAAQAAAAAAA... "), Il Faces array
normals : BinData (0, "AAAAAAAAGLBAAAAAAAAAAAA... "), /I Normals array
bounding_ box : [[ -1.0, -1.0, -1.0], /I Min xyz

[ 2.0, 1.0, 1.0] /I Max xyz
g

Listing 3.1: An example 08D Repo BSOMnesh encoding. Please note that the comments (green) are

not part of a validBSONsyntax and are only used for explanation purposes. Binary entries for vertices

V, faces F and normals N have all been truncated. The full list of all supported scene graph node types

with their corresponding entries is available laitp:// 3drepo.org
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an early reject byte-by-byte memory comparison on the binary elds to determine whether they are iden-
tical to those already stored in the repository. If, for example, the number of vertices on a mesh differs
from that in thehead revision, it is agged asnodified . But even so, a full binary comparison is

still a reasonably fast operatioBD Repocan, therefore, store in a single database not only the common

3D assets such as meshes and materials, but also textures and even non-standard components such as
shaders that would have to be compiled during runtime. However, some of these, e.g. textures, can be
extremely large. For instance, the size &0ONdocument in MongoDB is currently limited to 268

only [MPH1(Q. This limitation can be overcome using the MongoDB's natiedFS functionality to
subdivide large documents into 288 chunks. Despite the name, GridFS does not correspond to a le
system but merely to two data collections inside a simfie Nevertheless, manyD formats already
impose their own size restrictions. Extensible 303D) [JIS" 13], for example, has a maximum of2

vertices per mesh. Hence, it is possible to represent components using un&godétdocuments.

3.4.3 Desktop client

3D Repo GUIis an example of a stand-alone application that enables repository management and asyn-

chronous3D version control. As depicted iRigure 3.5 the client consists of the following software:

1. 3D RepoCore is a portable C++ library that supports low-level data handling3@ndersioning
described irSection 3.3 The core provides an abstrd2AG de nition as well as its two concrete
implementations, one for the scene graph and the other for the revision history. Required abstract

methods convert these graphs into linear list8 8ON documents that can be stored iDB.

2. Open Asset Import LibraryASSIMP) [SGK* 14] converts more than 40 populab le formats
such as Collaborative Design ActivitCOLLADA) [BF08], Blender3D [BlalZ, Autodesk 3ds
Max [DD13], Wavefront Objectlnc04), etc., into a uni ed in-memory scene representation. This

data structure is in turn transformed into a gen8ficReposcene graph.

3. GLC Lib [Rib14] supports3D rendering of hundreds of thousands of components and millions
of polygons. This library is used to visualise individual revisions locally even when a third party

editing software is unavailable.

4. 3D Repo GUIis the application's front-end written in C++ and a popular cross-platidrimame-
work Qt [BS09. The aim of theGUI is to provide a convenient desktop-bag&version control

system without the need to resort to a command line interface.

3D Repo GUI - <y
| GLC Lib | 5 MongoDB
| ot | 4‘%)
| Assimp | | 3D Repo Corel Cz)

Figure 3.5: 3D Repo GUIclient technology diagram. This desktop-based client application utilises
cross-platformUl framework Qt and independent C++ libraries Assimp, GLC Lib to manage and visu-
alise 3D revisions from MongoDB.
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Figure 3.6: London King's Cross station iBD Repo GUI The desktop-based client supports version
tracking and asset distribution via a rem@® repository built on top of &loSQLdatabase MongoDB.
(a) Thehead revision loaded from thenaster branch. (b) Previous revision in orthographic projec-
tion. Model courtesy of Network Rail.
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Figure 3.7: 3D Repo GUI dialogs(a) Commit dialog listing all scene graph components that are to be
committed in the next revisiofb) Revision History dialog listing the revisions and associated metadata.

By utilising these components, tli&JI, shown inFigure 3.6 is able to act as a genefzD model
viewer and le-format converter while supporting scene graph delta commits, revision retrieval and
automatic con ict resolution as de ned iection 3.30n load, the user connects to a remote repository
using the host and port values and user-speci ¢ credentials which are required on a per-project basis
or globally if authenticated on the admin database. In a single session, the user can be connected to
multiple hosts for easier cross-domain data manipulation. The contents of the repositories, i.e. individual
version-controlled projects, are listed in a repositories dock panel together with the count of nodes and
the disc space occupied, see left-hand sid€igiire 3.6a These can be ltered using a built-in full-
text search. Underneath, there is a current log output preserved locally for auditing purposes. Multiple
revisions can be opened and manipulated simultaneously via interlinked navigatiéigwee3.11 On
commit, the user uploads only the most recent delta changes via automatic con ict resolution as de ned
in Section 3.3esulting in the commit dialog shown Figure 3.7a However, the5UI does not support
any vertex-level editing so if a more complicated merge is required, the con icting revisions have to be
exported into a separa@®D le for external editing. Once in the repository, several revisions can be
retrieved simultaneously using the revision history dialog as showviigare 3.7b The GUI is fully

multi-threaded and each action is performed per open window without freezing the whole user interface.

3.4.4 Web client

3D Repoweb client is a proof of concept example of a lightweight read-only repository front-end that
visualises revisions in web browsers. The purpose of this client is to connect directly to the database
in order to provide a simple and ef cient way of rendering selected revisions without the need for a

stand-alone application server.

Even though plenty of work has been done on the server-side management of MongoDB, there cur-
rently exists no standardised JavaScript library that would communicate wilBtfimm the client-side
[MPH1(Q. SinceBSONspeci cation is not yet supported by modern web browsers, one option is to rely
on the MongoDB Node.jslifir13] parser Mon14H. Another approach, however, is to utilise the native

MongoDB Java driver which not only decodes BB8ON data format but also handles the Transmis-
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Figure 3.8: 3D Repoweb client technology diagram. Client-side JavaScript leverages the MongoDB
Java driver (exposed via a custom applet) to quBBONdocuments from 8D Repo JavaScript-to-

Java communication is possible thanks to the LiveConnect feature of the Java browser plug-in. Once the
scene graph is reconstructédiebGLrenders the retrieved geometry inside a web browser.
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Figure 3.9: 3D Repoweb client rendering the Great Northern Ho®&dD model. This lightweight client
visualises the contents of the repositoryWebGl-enabled web browsers without the need for a dedicated
application server. Note that this proof of concept application has been superseded by a more advanced
XML3DRepo client discussed @hapter 5 Model courtesy of Network Rail.

sion Control ProtocolTCP) DB connections. This is possible thanks to tiieeConnec{Oral23 Java

plug-in feature that enables communication between the Java Virtual MadMi® énd the JavaScript

engine running in a web browser. On one hand, a Java applet can invoke script¥ MLapage and
populate JavaScript objects. On the other hand, JavaScript can access Java runtime libraries, static meth-
ods, create objects and execute public methods on Java applets. Therefore, the web client is written as a
combination of a default MongoDB Java driver, JavaScript AeibGL as depicted irFigure 3.8 The

driver is wrapped into an applet that exposes useful methods to JavaScript but has no execution logic to
manage the client itself. Additional static methods convert betweeB®@N document collection re-

trieved from the repository and a scene graph representation requik&dti@L. Once the scene graph

is retrieved and reconstructed, the JavaScript application renders the polggomaidel usingVebGL

as depicted ifFigure 3.9 However, as a safety measure, LiveConnect restricts the ability of JavaScript

to open any cross-domain Java connections, see the security model referecelind] Thus, the

3D Repoweb client has to be loaded from the same domain aBDByea small yet important limitation.
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Figure 3.10: 3D RepoAndroid app available in Google Play Market. The user logs in to a remote
3D Repodata store, selects a speci ¢ revision, previews the existing comments and commits new com-
ments back to the repository. This application was developed for the purposes of public enquiry during
which the members of the general public can voice their concerns in regards to public development.
Visualised here is the Great Northern Hotel which is a part of the King's Cross station redevelopment
project. Model courtesy of Network Rail.

3.4.5 Mobile client

Although most modern mobile devices support the respective technological component3@Riepo
web client, LiveConnect bridge between Java and JavaScript is currently not available beyond desktop
web browsers. Therefore, an Android-speci@Nl14 3D Repomobile client visualises centrally stored

polygonal3D models on mobile devices.

Since Android is inherently Java-based, the MongoDB Java driver &4 was ported to the
Android platform. A custom rendering engine basedQpenGL ESML10] was developed to query
the scene and update user annotations via an inter&fiyaeview. In order to offer a scalable visual-
isation platform, decomposed assets are streamed onto client devices, reconstructed into éBuitable

representation and displayed for viewing.

Similarly to the deskto8D Repoclient, the user rst selects the host and port to connect to and
provides user-speci ¢ credentials to log into the repository. Then, the user selects a project to visualise.
Once the scene is loaded, they can freely navigat8ihepace and read and write comments at any
location. As shown irFigure 3.10 these are divided into ve main categories identi ed by distinct
icons. Localised comments are pushed back to the repository for subsequent analysis. An overview of
the scene shows hotspots where most of the comments were posted. This concept is expected to improve

the public enquiry process and signi cantly reduce the costs of running such even¥)ager 1
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Figure 3.11: 72 revisions of thaJCL Cruciform building version controlled i8D Repo Random
colours have been applied to highlight manifold surfaces and their corresponding features. Model cour-
tesy of Jules Bodenstein.
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Figure 3.12: Revision history snapshot recorded using 3D Repo. Model courtesy of Johnathan Good.

3.5 Evaluation

Evaluated here are some of the main features supported I3Dtfepoframework and the associated

client applications presented 8ection 3.4

Visualised within the8D Repo GUIin Figure 3.6is an example of a large architectugid model

with 3,171,115 polygons and 2,439 meshes that is version controlled in a réDaépository.

The original scene created in Autodesk 3ds Ma®[L3] occupies over 3.&B of disk space and is
spread across 595 les, 365 of which are textures. In contB&sRepopreserves the same scene
in MongoDB using mere 36814B of storage. All assets including meshes, materials, transforma-
tions and textures are encodedB0ON and are fully version controlled. Hence the requirements

for storage are signi cantly smaller than other versioning methods descritiedapter 2
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As shown inFigure 3.9 it is also possible to retrieve a subset of a laBfescene from the repos-

itory and visualise it within a web browser. This model, the Great Northern Hotel, is tracked
through time independently of the main scene, the King's Cross station. Unlike the desktop client,
the web browser viewer provides a read-only access to the repository. Although this proof of
concept prototype demonstrates the feasibility of rendering the contents of the repository in web

browsers, it has been superseded by XML3DRepo and its associated viewehesser 5

Figure 3.10demonstrates the collaborative nature and the scale at whi@btirepoframework
can reach potential users. Using the mobile client, hundreds of stakeholders are able to seamlessly

collaborate on a single project by placing virtual comments directly int@ihscene.

Figure 3.11demonstrates a large number of revisions manageglbiRepo The desktop-based
clientis able to visualise all revisions simultaneously with interlinked user navigation. Each of the

revisions can be exported as a stand-af@dele for subsequent local editing.

Finally, Figure 3.12demonstrates an example of a non-linear history being trackegDsRepo
Features from a side branch are automatically merged into the main development stream of the
master branch. The Medieval dataset was created in Trimble Sketcheipl[3 and imported to

3D RepousingCOLLADA [BFOg le format.

3.6 Discussion

Interaction between the modelling software and a domain-spegiDcversion control framework

3D Repotakes place through the import and export of les via the main desktop-based application

3D Repo GUland other web-enabled lightweight clients. The software architecture and prototype imple-

mentations presented in Sectidh® and3.4 respectively succeeded in decoupling the modelling from

its long-term storage, as les are now considered to be only temporary representations of information
in order to facilitate data interchange with a variety of editors. This is of great importance as the range
of editing software and other mesh generation tools is already vast and likely to grow even more in the
future. Rather than relying on vendor-speci c features such as revision histories stored in the native
Autodesk Maya les or traditional le-base’CSs that are inherently not suited to the diversity3af

assets, the users 8D Repoare able to track revisions and store only the deltas rather than whole les.

3.6.1 Limitations

By de nition, the smallest unit of change in tt#® Repaosystem is a document. In a mesh, binary arrays
are used for vertex coordinates, normals and face indicessigesection 3.4.2 This representation

is ef cient if the likely access point is a collection of documents, but is not once the edits become
very localised. If, for example, a single vertex has been repositioned, the whole document but not the
entire 3D scene would have to be replaced in the next revision. This level of granularity might not
be suitable to all projects, although it would certainly be possible to support multiple types of object
representations within the same repository. Thecould store small edits as operations depending on

the structure of th®B collections (tables). In addition, when interacting with the framework, existing
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le representations need to convey changes ef ciently. That is, the system must be able to detect that
the imported scene components match the existing entries in the repository and that some of them have
changed since the previous revision. At the moment, the system relies on the assumption that imported
assets preserve revision metadat® andSID for each component. However, there is no guarantee that
the editing software will do this and users will always be able to modify the data if they wish. Thus,
an interesting matching problem occurs. It is possible to compare scene graph nodes against all their
previous revisions stored in tHe@B. This can be speeded up by relying on the data sizes as an early
indicator of correspondence and the fact that matching is a pure binary comparison. To go even further,
it would be necessary to support the matching of arbitrary meshes against each other, an interesting
research problem in itself which can be easily circumvented by a direct editor connectig,Gee

The main limitation of the current proof of concept applications present&keation 3.4is the
recurring directDB connection. Since no functional changes have been made tDRhiself, the
desired version control logic had to be placed at the application level. Unfortunately, schetia9€3s
databases like MongoDB lack data validation on insertion, unless speci ed as a unique key. Placing
the application authority client-side gives rise to potentially inadvertent damage on the repository as
each client gains a raw access to the data store. This limitation is addresSkdgter Sthrough the

development of a server-side daemon and a corresponding Representational State REGSjeAPI.

3.6.2 Extensions

As suggested irfrigure 3.1 GUI applications are not necessary to manage a re®bt&epository.

The applications that connect to tBd and facilitate revision control are mainly prototype examples
that demonstrate the feasibility of the proposed solution. The editing software could itself replace the
desktopGUI. Plug-in frameworks provided by many modern editors such as Autodesk 3ds Max or
Blender could connect to the DB directly, exploiting all the data available in the repository. In particular,
on committing changes back to timB, the system would know exactly at which point an asset was
retrieved and which revision it belongs to. Thus, the internal workings of the revision control could be
entirely hidden from the user. It is important to note that unless some form of access control is in place,
con ict resolution is still a required part of such a framework. An obvious feature that could be added
to the system is access control via locking. Even though it is not dif cult to add locks to the existing
DB schema, it is dif cult to preserve them in a round-trip to the le store. What is more, it is not trivial

to decide on the granularity level of the locks themselves. One can imagine supporting read-write locks
that would prevent con icts arising altogether. Hybrid types of locks, on the other hand, could enforce
geometric constraints on ti# model. A single polyline in such a case could de ne a locked interface
between a piece of geometry to be modi ed and the rest of the scene. Addressing this is planned for
future work, see€Chapter 7 Another feature to add is the facility to search for assets via spatial queries,
reminiscent of the role of spatiBIBs. To achieve this, a bounding box hierarchy could be provided. This
could be used for both general queries such as “fetch all objects within this region”, “fetch all objects
adjoining given object”, but also to facilitate the detection of matches when revision metadata has been

lost. MongoDB already offers native geospatial longitude and latitude indexing to further support it.
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3.7 Chapter Summary

The rst research question i@hapter lasked whether collaborati&D editing can be scaled to useful
model sizes. Thus, the framework presented in this chapter explored a novel approach to storage and
asynchronous revision control 8D assets using a document-orieni¢dSQL DB. Three differenDB
front-ends have been developed in order to enable non-linear version control speci cally desigiiad for
assets, automatic merging as well as remote repository visualisations. It is believed that the uni cation
of storage and versioning in a sing3 can provide signi cant bene ts over the common practice today
which uses traditionaV/CSs for asset tracking3D Reposystem, therefore, decoupled polygoal
modelling from its long-term storage by creating a suitable repository in a standard release MongoDB.
Firstly, the issues of representiidAGs in a document-orientedB was resolved. Next, the size and
types of elements stored were selected. On top of this, a revision control system was created that allows
for branching and merging and enables concur8ghimodelling over the Internet. When creating the
framework, support for editing using the broadest range of tools was decided; thus relying on import
and export of les rather than relying on speci ¢ modelling tools. In addition, the revision history was

captured alongside individu8D assets within the same repository.

The main contribution of this chapter spans from identifying and exploiting similarities between a
scene graph and a revision history. Since both data structures can be represema®as & not only
possible to store largéD scenes in a remote repository but also preserve their editing history at the level
of individual components. Feasibility of the proposed solution was demonstrated on numerous examples
with up to several millions polygons. The system is able to load over 40 different le formats and store
themin a uni ed scene graph representation Ma&sQL DB. In addition, each asset is version controlled

using unique identi erslOs) so that multiple users can collaborate on the same scene concurrently.

It is, therefore, fair to argue that this approach would be a suitable way of establishing large-scale
collaborative development and visualisation as asked in research Questions 1 abdapiar 1 The
prototype tools presented Bection 3.4are already useful for management and integration of a few
million polygon models, in that multiple versions can be stored in one place, and different users can
access the models remotely. Given the type of database in use is proven to scale massively, the potential
long-term bene ts include the ability to serve a large number of editors using a single scene, or even

open crowd-sourcing &D models, se€hapter 5

However, the3D Reposystem does not yet support per asset locking. Hence, a form of @Bual
differencing and merging interface is a crucial component of the non-lidBarersion control. The
3D Diff Ul, described inChapter 4 is able to utilise the knowledge about a common ancestor of two
3D models in order to effect a 3-way merge which automatically resolves con icting edits that would
otherwise be ambiguous. It further introduces the notiomydlicit and explicit con icts in order to
preserve semantic relationships3B models. Such a functionality is crucial for easy maintenance of
3D repositories where hundreds of users could collaborate on thedaswene simultaneously. Never-
theless, such tools including client applications present&gation 3.4equire a direcDB connection.

Chapter 5 therefore, introduces a daemon seriREST APIwhich acts as a gateway to the system
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and a layer of indirection on the server-side. Finally, to extract provenance from legacy dat8&ets, a
Timeline interface, presented @hapter 6reverse engineers editing histories from stand-aBihdes.
Since this algorithm makes no assumptions about the scene structures, it is able to compare different le

formats simply based on their geometry.
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Chapter 4

Visual 3D Differencing and Merging

Apart from application of a domain speci¥¥CSto management &D assets, the rstresearch question

in Chapter Jalso asks whether it is possible to sustain collaborative editing without the need for per-asset
locking. As modelling software grows in use, and3&smodels get more complex with input from many

users over time, there is an emerging problem of maintaining scenes that were edited concurrently. Thus,
in order to support non-linear history of polygorgd) models, an interface for visu8D differencing

and merging is required. AlthougdD Repoframework, introduced ilChapter 3is able to effectively
preserve non-linear revisions and branches alongside the main development path, it still depends on a
convenient and user-friendly tool to identify and manage concurrent ed&b.ssene might be edited by
different users simultaneously, hence, there is the need to merge several revisions to create a consistent
output preserving the desired changes from each user. Yet, most of the time it is possible to simply
take whole sections from respective models to form a coherent result. Such an approach is convenient,
especially, when manipulating complex scenes. It is also less prone to merging errors as it manipulates
xed scene components rather than low-level vertices. In general, comparing pol\Rjpnabdels is a
complex and time consuming task. When combining modi ed versions of the same scene, @apular
modelling packages show the models, enable their editing but do not assist the merging process in any
way. This chapter, therefore, presents a novel ®RIDIff, that supports visual differencing and merging

of 3D assets. Here, the problem is framed in a way that is analogous to source code con ict resolution.
Firstly, as described iSection 4.2the tool automatically detects the differences in polyg&Tamodels

by noting the correspondences and discrepancies between them. Secondly, it provides an intkdractive

to select between changes in order to effect a merge. To achieve this, the novel notgpkaitfand

implicit con icts in polygonal3D models are introduced iBection 4.2and a prototype implementation

that supports a novel con ict resolution process is developedSseton 4.4 This performs a bounding

box clash detection ar@D visualisation and allows its users to quickly select one of the revisions from
each of the con icted scene graph nodes. By further integrating the knowledge about the immediate
common ancestor of the differenced models, also known3away diff the tool is able to automatically
resolve more con icts than in a standa2eway comparison. This is evaluated in a pilot user study in
x4.5.1, the results of which suggest thaD Diff is an effective way to merge polygon8D models.

Section 4.@hus concludes that such tools have an important role in the maintenance d&asgenes.
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Figure 4.1: 3D differencing and merging vi&@D Diff. Two revisions, left and right, of the sar8®
model are compared. Con icting edits are highlighted in red, non-con icting modi cations in blue, user
selection in orange and manually merged results in grey. Model courtesy of Blender Foundation.

4.1 System Overview

Computers have become more capable in the scales and richness of graphics that they support. The
complexity and size 08D models as well as the amount of individuals collaborating on the same scene
simultaneously have grown dramatically over the past few decades. This explosion in content creation
is easily witnessed by a large number of models available in repositories such as SkkicWagre-

house Tri14] or TurboSquid Turl4. Thus, the emerging problem is that of maintaining a se3f

models over multiple artists working on the same repository concurrently. Existing popular modelling
packages such as Autodesk 3ds Ma[L3], Maya [Pall13 or Blender BlalZ, however, do not natively

aid this process and provide only manual means of con ict resolution. The most common approach is
to superimpose the models and delete scene components one by one until the desired merge is achieved,
seeFigure 3.12 Unfortunately, without an automated con ict detection, such an approach would not be

feasible for large scenes where there are often thousands of components present, seg.anabsi.

The problem of concurrer®D editing can be compared to an analogous situation in software engi-
neering. When multiple users edit the same le concurrently, one has to perform automated differencing
in order to identify the con icting changes. Maulglta algorithmsi.e. procedures that detect changes for
the purposes of version control and compression, have been proposed over thelyéai BMZ* 05].
Discrepancies identi ed using these algorithms are then resolved either by accepting or réfbetis

or “mine” whole revisions on a per le basis or by modifying con icting les line by line.

By way of comparison, in the domain of computer graphics, the novel concep3 differencing
and mergingdepicted inFigure 4.1 describe the process of identifying and resolving changes between
two or more input3D models that might be comprised of multiple binary or text les. Commonly,
these les tend to describe the geometry, material properties, textures, etc., and even application speci ¢
data such as shaders. TraditioML'Ss such asSVN or Git can store all such les, however, their
merging tools are not designed to support diverse typedDoissets. Whilst for small polygonaD
models it might be possible to perform a line-based merge as describgdaipter 2 the meaning
of changes in large scenes is almost impossible to comprehend and visualise using existing tools and
processes. Furthermore, it is not always possible to construct a consistent scene by only selecting parts

of the input models becaus® edits might interfere with each other. This is of similar character to



4.1. System Overview 77

Figure 4.2: 3D Diff processing pipeline.3D models are edited concurrently in standard modelling
packages such as Blender or Autodesk 3ds Max and exported as les. These are loaded into a stand-
alone 3D Diff tool which performs differencing and interactively resolves con icts into a merged result.
The result can then be exported as a new le or simply uploaded3id Repoversioning system.

software merging where a ‘iv@ approach may not preserve the semantics and structure of the source
code PL94, LHKR12]. A prototype3D Diff tool presented irSection 4.4therefore, identi esexplicit

con icts whenever the corresponding scene components have been edited differently, admeliicits

con icts that are caused as side-effects of the merging process itself. Although the concept of implicit
con icts has no direct relationship to the source code, it is related to the detection of the aforementioned
semantic conicts. 2-way and 3-wa$D differencing and merging are performed similarly to their

software engineering counterparkdgn0d.

Section 4.2thus, describes how two polygorzd models and, optionally, their common ancestor
are compared by their scene graph representations down to individual discrepancies at the scene node
level. Preserving the syntax and semantics of the models using such an approach is relatively straight-
forward as standard scene graph conventions isolate the geometry and associated metadata into units
that can be shared across different systems and applicationSesten 3.2 By respecting the ver-
sion control actions oadding deletingandmodifyingcomponents, the semantics of a scene graph are
being preserved. However, structural changes made3 scene, e.g. re-parenting of an object, can

potentially make no visual but huge structural changes to the model les.

Fortunately, unlike standandCSs that deal with les,3D Repq described irChapter 3is based
on a database of scene graph components and treats les only as temporary data representations. This
ensures that structural changes have no impact on the storage requirements of the repository or the
version control logic. Nevertheless, the output of this kind of high-18@emerging may not always be
completely resolvable, hence, in rare cases where vertex-level editing is required, this is expected to take

place in an externd@D editing tool.
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4.1.1 Processing pipeline

As depicted inFigure 4.2 the input to the processing pipeline are two polygd@ialmodels that are to

be differenced with an optional addition of a third model, their common ancestor. Although the ancestor
is neither necessary, nor is it displayed to the end user, in a 3-way diff, it helps the system to resolve
the ambiguous cases where there are scene nodes missing in one of the input models. These cases are
ambiguous because just from the two revisions it is not always possible to reliably determine whether a
new object has been added or whether an old object has been deleted. Even3fhougtels, espe-

cially when merging branches, tend to come directly from a rer@btespository instead of a local le
system, somewhere along the revision history the data must have been processed as les using modelling
packages, otherwise no changes would have been recorded. Therefore, the p&iddDjfienterface,
described inSection 4.4 supports polygon meshes with materials and textures loaded either from lo-
cal 3D les or from a 3D Reporepository through a le-format-independent scene graph representation
introduced inx3.2.1 Extensions to other forms @D asset types are a matter of implementation only

and does not present any speci ¢ challenges other than parsing and visualisation. At the end of the
pipeline, the output is a new polygon2lD model with some or all of the con icts resolved by taking

entire changes from one of the two con icting inputs akin to standard merging in source code version-
ing. Hence, the process that leads to syntactically and semantically correct combination of multiple edits

across several revisions of the saBizscene consists of two consecutive stages as follows:

1. The initial stage, described $ection 4.2 automatically detects discrepancies between the given
models and highlights them visually as a colour-coded overlay on top of individual scene compo-
nents in @D Diff GUI. In its default mode, the algorithm performs 2-way differencing comparing
only two polygonal3D models. The inclusion of the ancestor of the differenced models further

informs the process and helps to resolve some of otherwise unresolvable edéscter 4.2

2. Once all changes have been determined, automatic merge suggestions are proposed to the end user,
seeSection 4.3 In cases where direct con icts on the same scene graph node exist, the user has
to either accept one or the other revision, or leave both con icted components within the output

model and resolve them manually in an extei3ialeditor.

4.1.2 Scene node correspondence

Large3D scenes tend to encompass multiple separate components rather than a single manifold surface,
seeSection 3.2Zor a discussion.3D Diff leverages this natural partitioning and compares scenes via
their corresponding scene components. Hence, vaBDuke formats are converted into a uni ed scene

graph representation such that each node represents a delta change. If, for instance, a single vertex has
been repositioned in a mesh, this is considered a modi cation and the entire mesh has to be highlighted
for user's attention. In order to provide an automated detection of changes across two revisions of the
same scene, it is necessary to establish an individual node-to-node correspondence. That is, for each
node in one grapt8D Diff has to nd a matching node in the other. Some nodes will be the same, some

will exist in one graph but not the other, whilst some will occupy the same place in the scene hierarchy
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A MergeAB B

Figure 4.3: An example of an implicBD con ict. Here, two users expanded the Moon (left) and Earth
(right) independently of each other. When mergidD, Diff highlights bounding box intersections that

did not exist in either of the differenced models but were introduced during the merging process. Orange
shows the current user selection, while turquoise the offending change.

but a different region in 8D space. Sinc8D Reposystem assumesID revision metadata, de ned in

x3.2.2 assigned to each scene component, it is possible to establish a precise correspondence across two
3D models. For an alternative approach that makes no assumptions about the scene structure or metadata
especially when dealing with legacy datasets,Gkapter 6 Nevertheless, one of the main features of a
scene graph is its ability to instance components.Thus, if a node has been modi ed, all of its instances

get affected equally. If this was not desirable, the modeller would have split the instances beforehand.

4.2 3D Differencing

In order to determine what exactly has changed in different revisions of the same polggomaldel,

3D Diff compares the corresponding scene graph components in a pair-wise manner. This automated
process is analogous to the line-bagefl algorithm by Hunt et al. fiIM76], but is designed speci cally

for 3D models rather than the source code. Unlike the original algorithm, howgddjff starts with

two scene graphs comprised of different node types, where the correspondence between them is known
based on their shared identi eS[D) values as de ned ix3.2.2 Instead of lines of text, the con icts

de ned in this section are detected on part8Bfmodels regardless of their le format representation.

Explicit con ict. An explicit con ict in a part of the sam&D model in two of its revisions means that

the part exists in both models but is not identical. Part equality and its granularity is implementation
dependent. In th8D Repoframework, for example, the lowest level of change is a scene graph node.
Although it would be certainly possible to rede ne the system to deal with individual vertices rather than
whole components, it may not be suitable for a dedic&8@gersion control framework. This is because
changes on vertices on their own do not necessarily express any higl3lediting operations. What

is more, assigning a per vertex correspondence across two mdDedodels is a non-trivial task, too.
Performing subdivision, for instance, could replace all vertices meaning no direct matches would exist.
See comparison witiJP13 in x6.5.2 However, most engineering packages work with geometry at the

object level, so vertex-level differencing is not an explicit user requireme®éation 1.2

Implicit con ict. An implicit con ict, on the other hand, means that the semantics 8banodel are

somehow violated. Imagine that two users expanded the Earth and Moon mestigsran4.3inde-
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pendently of each other. Even after these expansions, the meshes did not overlap in either of their new
revisionsA and B. However, it could well happen that once such changes are put together in a new
combined revisiorMergeAB they would intersect. Whilst it is not always possible to infer all such
implied violations, a reasonable approach is to observe the changes in collisions beéwagects. If
two objects collide after a merge, where they did not before, they are likely candidates for an implicit
con ict. Itis reasonable to expect that any intersections in an input model are intentional as otherwise the
modeller would have not left them there. However, when merging changes from different revisions, new
intersections might be introduced that did not exist before. Since the bounding box clash detection is a
fast and common test BD graphics, it can be easily used for indirect con ict check on any geometry.
Hence, suppose that different mesimegnd k both present in two distinc@D model revisionsA
andB have been independently modi ed but did not have a bounding box intersection to begin with, as
shown inFigure 4.3 If in their merged resulMergeABthey do have a bounding box intersection, this is

considered an implicit con ict. Therefore, an implicit con ict occurs whenever the following holds:

)\ (ka) = O; (4.1)
(ne)\ (k)= 0; (4.2)
(NvergerB \  (Kvergean 6 0; 4.3)

where operator (mg) determines a bounding box of a componerih a model revisiolrR andng 6 kg.

By counterexample, ifivergeas= Na intersectskyergeas but Kvergeas= kg, thenkg = ks would be
ignored because it was an intentional chang&.iihe same holds vice versa figs andka by symmetry.

Thus, instead of checking all possible bounding box intersections in all the mesheB afidMergeAB

it is suf cient to only compare those meshes that have been modi ed leading to the same result with a
signi cantly smaller amount of pair-wise checks. As this method does not rely on the common ancestor
of the input3D models, it is equally applicable to 2-way and 3-w&ly differencing. Nevertheless, it is

not applicable to materials or textures as they have no equivaler8@itersection.

4.2.1 2-way diff

A standard 2-wayD Diff compares two polygonadD models, highlights the differences and ignores
commonalities across scene components. A.ahd B represent tw@D revisions, i.e. respective sets
of scene graph nodes in two distirRID models, andh a single corresponding node which can change

across these revisions. Hence, for a 2-way diff, the only possible states of a companeas follows:

unmodied, (na=ng”"na6 0" ng6 0); (4.4)
added/deleted (na6 02 ng=0)_(na= 0" nz 6 0); (4.5)
conicted, (Nna6 ng”"na6 0" ng6 0); (4.6)

wherena 2 A andng 2 B. Note that red states cannot be resolved automatically. Those nodes that

correspond and are equal, are considered unmodi ed. Since transformations are part of a scene graph
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2-way 3-way
na nNg | state NAncgstorAB | A N | state
J J . J J .
unmodi ed i UL unmodi ed
]
3 T T | added
— | added/deleted B — | deleted
) ,__,— | deleted/modi ed
LN e ] LN modi ed
con icte .
B L N conicted

Table 4.1: Schematic representation of a 2-way vs. a 3-way diff. Discrepancies in revisions A and
B of the same node n are marked as . Since red states cannot be resolved automatically, users'
intervention is required when merging. Note that the table is symmetricafand ns.

structure in3D Repq repositioning a mesh would constitute a change on the transformation matrix but
not the mesh itself. However, even if the timestamps of the models were taken into account, they would
not necessarily guarantee the temporal ordering of changes. This is because there is potentially a large
number of modi cations that might have happened concurrently over a longer period than implied by
the timestamp. Hence, any discrepancy in the state of two corresponding nodes is considered con icted.
Similarly, a state of a node that is present in only one of the revisions is ambiguous. AltBibugbdels

to grow in complexity over time, se€hapter ¢ the node could have been equally deleted rather than

added. This can only be reliably determined by their ance3Bahodel as shown iffable 4.1

4.2.2 3-way diff

Let AncestorABbe the previous common revision Afand B, i.e. their ancestral set of scene graph
components. The extra knowledge of the original state of the iBpunodels helps to automatically

resolve some of otherwise ambiguous cases. Hence, the possible states of a compmastfollows:

unmodied, (na=ng”na6 0" nz6 0); (4.7)
added nancestorag= 07 [(Na= 0" ng 6 0) _ (Na & 0" ng = D)]; (4.8)
deleted nancestorag® 0" [(Na = O™ Ng = NancestorAB _ (N8B = 0" Na = NancestorABl; (4.9)

de|eted/m0dl Ed, nAncestorABS 0/\ [(nA: 0/\ nB 6 0/\ nB 6 nAncestorAa

(4.10)
_(ng= 0" na 6 0" na 6 NancestorBl;

modied, na6 ng” na6 0" ng6 0" [(Na = Nancestorad® NB & NancestorAB 4.11)
_ (Na 8 Nancestorad* NB = NancestorABl;

conicted, na6 ng”na6 0" ng & 0" Na 6 Nancestorad NB 6 NancestorAB (4.12)

wherena 2 A, ng 2 B andnancestoras? AncestorABAs before, red states have to be resolved manually.
Table 4.1shows a comparison of a 2-way versus a 3-way diff. Even in a 3-way diff, however, it is the
modelsA andB that are being compared, so if a node is preseAnicestorABut neither inA nor in B,

this is not considered a differenceAmandB.
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AncestorAB \ l

A MergeAB

Figure 4.4: 3-way 3D Diff using a common ancestor to resolve con icts. T3i2 Diff Ul automati-

cally highlights the differences in two versions A and B of the same model. Inclusion of their common
ancestor AncestorAB helps to resolve some of otherwise ambiguous cases. Subsequent interactive user-
driven merge resolves remaining con icts. Modi cations are blue, additions violet, explicit con icts red,
implicit con icts turquoise and user selection orange.

4.2.3 N-way diff

A prevalent issue described @hapter 6is the“disk full of models” problem. That is, repositories of

3D models created over a long period of time where the modellers do not even know which models
are the modi ed versions of the same base model. For this reason, the approach of 2-way and 3-way
differencing can be generalised to an arbitrary numbe3®imodels. Same as in a 3-way diff, it is
possible to compare eve8D model with all the remaining models in a given &t The number of
required pair-wise comparisons is then described as a binomial coefCieng) = g =n(n 1)=2,

wheren = jW is the number 08D models being compared as equality is a binary relation.

4.2.4 Sequential diff

Similarly to an N-way diff, it is also possible to perform a sequential diff in order to compare multiple
3D models that evolved over time, although, in a pre-de ned sequence rather than a set. Sequential diff,
therefore, performs differencing on pairs3id models so that the output from one differencing becomes

the input to the next, creating a sequence that can be visualiseg8lasditing timeline, se€hapter 6

4.3 3D Merging

3D merging, depicted ifrigure 4.4 can be described as an interactive user-driven process that combines
two or more versions of the same in@ID model into a coherent result. The aim is to produce a visu-

ally pleasing output that is syntactically and semantically correct and preserves as many of the desired
changes as possible. This process can be partially automated depending on the presence of a common
ancestor of the inpudD models, see4.2.2 Given that3D differencing took place, the merge process

can resolve all but the implicit and explicit con icts. Whenever a node has been marked as one of the
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addedor modi ed, it must be the latest change, hence can be copied into the merged result. In contrast,
a node marked asdeletedis left out of the output altogether. If a node is labelled asiamodi edin

either of its revisionsa or ng, it can be copied over. However, explicit con icts, de ned$ection 4.2

cannot be resolved automatically. In such cases, the user has to make the nal decision as to which
revision is going to be retained and which discarded. Nevertheless, it is desirable to always let the user
override any of the automated results. This is because some con icts might not be resolvable by simply
selecting one of the corresponding scene graph nodes. Thus, it is possible to leave the con icted nodes
in the resulting3D model with the intention to edit such changes in a exteBiaeditor. Therefore, in

conclusion, the automated merge results should always be treated as suggestions only.

4.3.1 Visualisation strategies

Even though some of the later research in the eld concentrat&Domerging as a problem of graph
matching between vertices and edges obli?13, it is argued here that in order to achieve the desired
merge results, con ict resolution has to be performed visuallginspace. Gleicher et alGAW™ 11]

formulated a taxonomy of the most prevalent information visualisation strategies as follows:

Superposition. Superimposing several versions of the same scene is a strategy previously used in the
differencing and merging o2D drawings CWC11]. There, it is easy to notice the differences
or icker between revisions to visually convey changes, e.g. "Swipe' and “Onion Skin' image
differencing on GitHubIficE11]. However, in the3D domain, it is dif cult to distinguish between

individual objects that are rendered on top of each other-gpae 4.580r an example.

Juxtaposition. Presenting previews in a side-by-side visualisation offers additional bene ts over super-
position alone as it places the objects next to each other avoiding visual clutter. However, the
user is required to rely more on his or her memdBAJV* 11]. This strategy is used in “2-up'
image differencing on GitHubMIcE11], four-sided view of the same scene3D software such

as Autodesk 3ds MaxJD13], or in a side-by-side comparison in Vistrails4l09, seeChapter 2

Explicit encodings. Explicit encodings provide direct visualisation of relationships between objects
such as substraction or a time warp. Although this type of visualisation pre-computes the re-
sults for the user, it is often hard to understand what is being shown due to the missing context.
Such representations have been popularised mainly in the eld of comparative genome visualisa-
tion where the number of potential matches is vasgtiBP04, MMPQ9]. In 3D Diff, this would

translate to showing only the differences without the rest of the iBpunodels.

Formative feedback from colleagues as well as professionals experienced in polggomaid-
elling, some of whom created the sequences presentedadpter § suggests that a suitable approach to
3D differencing is to highlight the detected discrepancies in a side-by-side view and combine the changes
into a larger overlay window which contains the current state of the o@fpcene, i.e. the results of
the merge process, with con icting changes being superimposed. This takes the best of all strategies and

presents a novélybrid visualisation implemented ix%4.4.2
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4.4 Prototype Implementation

Same as th8D Repodesktop client presented @hapter 3the3D Diff GUI, depicted inFigure 4.5is

written in C++ and a cross-platform framework @309, while rendering and navigation are enabled

via the GLC Lib [Rib14. The Open Asset Import LibraryAGSIMP) [SGK" 14] converts the most
common3D le formats into a uni ed in-memory scene graph representation that enables comparisons
across various le formats and makes this prototype independent of any parB8€utaodelling package,
seex3.4.3 Nevertheless, the choice of a generic scene graph gives rise to some limitations, most notably
the need to rely on the export froBD editing tools o’VCSs such a8D Repathat might not preserve all

of the original data from the editing sessions. Although it would be possible to edibBiff as a plug-

in inside the existing modelling packages, some, such as Autodesk 3ds Max, tend to have dif culties
rendering multiple8D contexts within the same application instance. In contrast, a stand@lasable

to compare many different generic scene types and le formats and can connect to Wigsls

4.4.1 Scene node equality

In order to determine whether a modi cation between two corresponding scene graph nodes has hap-
pened3D Diff establishes whether they are equal or different in any way. As mentiongddtion 4.2

equality of the scene graph components is purely an implementation dependent de nition and may be
varied from application to application based on the type of data being proces$#IDiff, if the same

SID is not present in one of the models, it is agged as deleted since the equality does not hold. How-
ever, if it exists in both models, the system performs an early reject byte-by-byte comparison. Currently,

the implementation considers only binary changes in meshes, materials and textures, but it can be easily
extended to other standard scene graph components such as animations, bones and even shaders. If there
are any discrepancies between corresponding nodes, these are labelled as different. This, unfortunately,
creates some false positives for meshes that are the same except for polygon order. In general, however,

such edits are rare and if they were to occur, it would be visually obvious iBDtgreview.

4.4.2 Userinterface

The intention of the3D Diff interface, shown inFigure 4.5 is to abstract away from the underlying
differencing technique as much as possible. Thereford/)theoks the same regardless of it performing

a 2-way or a 3-way diff. In a 3-way diff, the ancestgfd model is hidden from the user by default as itis

only used to inform the differencing process as described ip.2 After loading the inpuBD models,

the user can select which of teerlay, standardor smartvisualisation strategy to use. Superposition,
also known as an overlay visualisation, shows the differences as well as the merging suggestions in a
single window hiding the original models from user's attention. As demonstrateti 41, this kind of

Ul is less productive and more prone to error, hence considered only a basic appriadlifterencing.

In contrast, a standard visualisation shows the input models in separate internal windows, while the
merged result is shown as a larger preview such that their aspect ratios correspéiighiseé.5b This
ensures that in @D preview the same proportion of the overall scene is visible. Additional smart option

highlights indirect con icts de ned inSection 4.2 Differences are shown as colour-coded highlights
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on top of the scene components. In a merge list, the same differences are shown for the user to select
which of the two versions to preserve during merging using tick boxesrigeee 4.5 For con icting
edits, either of the revisions can be selected and the navigation interlinked across all windows. An

auto-selection camera reframes the viewport so that the selected object becomes the main focus.

45 Evaluation

A prototype 3D Diff tool was evaluated on a number of differe8id scenes varying in size and com-
plexity, some of which are shown in Figurésl to 4.6. The tool was found to work reliably across the
different scenarios providing useful insights into the editing provenance as well as creating consistent
merge suggestions especially with the inclusion of an ance&irahodel in a 3-way diff. In order to
determine the best approach to visualisatioBD@ifferencing and merging, and to evaluate the amount

of trust the users are likely to attribute to each of the techniques, a pilot user study with eight participants
was undertaken. All participants were postgraduate students in the elds of computer graphics or vision
with a medium to high level of experience in polygo8& modelling. The study teste®D merging of
pre-made changes with an increasing level of software assistance. This provided a unique opportunity to

obtain an early feedback on the prototype implementation o8ihBiff UI.

4.5.1 User study

In each trial, the participants had the same task of merging chang@&snrodels so that the most recent
versions of the meshes were to be preserved while not introducing any new implicit con icts. If con icts
could not be resolved using tt8D Diff alone, they were asked to leave the offending components in

a con icted state and indicate that they would rather use an external editor to resolve them manually.
After each task, the participants were further instructed to Il in an electronic questionnaire to comment
on their experience and at the end of the whole experiment also to rate the technigues from the best to
the worst, sed\ppendix C Each participant completed all of tAg 2-way diff overlay, T, 2-way diff
standard,Tz 3-way diff standard and, 3-way diff smart scenarios with different sets D models.

Each datase¥l; to M4 consisted of a sampl@D model such as a robot or an engine with less than 100
distinct components, e.§igure 4.5 and a large8D scene such as a city or a castle with more than 100
components, e.dgzigure 4.6 The scenes exposed the participants to all ve possible states a component
might be in, that isunmodi ed added deleted modi ed andcon icted. Each small model had eight

of such states, two per category, while each large model had twice as many. The order in which the
participants performed the tasks as well as the datasets where shuf ed according to Latin square in order
to suppress any effects of learning.

As shown inFigure 4.7 the highest average scores for ease of use, no technical dif culties and
trustworthiness were achieved by a standard 3-way diff, although, on average, the participants trusted
automated suggestions more as the level of software support increased, ranking the 2-way overlay the
least, while the the 3-way diff with an implicit con ict detection being the most trustworthy. Based on
the participants' written comments it is believed that the implicit con ict detection is a useful addition to

the system, although, in its current implementation where multiple meshes belong to a single component,
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(a) 2-way overlay

(b) 3-way smart

Figure 4.5: 2-way overlay vs. 3-way smart visualisation. A stand aldDeDiff GUI loads two versions

of the same&D model in order to highlight discrepancies amongst théa).In a 2-way overlay visual-
isation, only the merged result is showfin) In a 3-way smart visualisation, the two versions that are
being differenced are shown together with the merged result. Indirect con icts are in turquoise colour.
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Figure 4.6: Examples of larg8D scenes used in a pilot user study. A and B are the individual revisions,
while MergeAB the combined result with con icting edits resolved. Models courtesy of Johnathan Good.

large bounding boxes would indicate a con ict despite no apparent intersection with another mesh. As
one participant notediThe con icted BB [bounding box] is useful but needs to be calculated at lower

levels of meshesSimilar comments were made by others, too.

4.6 Discussion

The two main contributions of this chapter are in identifying the problen®badifferencing and merg-
ing, and in presenting a prototype tool that supports interactive con ict resolution as described in Sec-
tions4.2and4.3. Since3D Diff decomposes the most comm@8D le formats into their scene graph
components before differencing, it ensures that it is independent from any one modelling software. Ac-
tually, this technique enables differencing of otherwise incompafiblele formats. The stand alone

model viewer performs an early reject byte-by-byte comparison of the scene graph nodes from various
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Strongly agree 100% o 8s% ) ) 88% 90%  88%
78% 80% 80% 80%

730 75% 78% 80

Agree 75% |

Not sure 50% 1

Disagree 25%:-

Strongly disagree 09

Ease of use ‘ No technical difficulties ‘ Trustworthiness

Figure 4.7: 3D Diff user study questionnaire results based on sample averagés.T] correspond to
tested visualisation techniques with an increasing level of software support for merge suggestions.

revisions that share the sar8&. When there are discrepancies in the two models, these are treated as
con icting edits. However, a 3-way Diff is able to identify six instead of the basic three states, some of
which can be resolved automatically. If one of the revisions is the same as the original, the other must
be the intended modi cation.

Participants of the user studyx4.5.1were able to use the prototype successfully and were able to
explore different choices that thél provided, even though they varied in what they considered to be a
successful merge. Some conservatively discarded changes, whilst others, for aesthetic reasons, reverted
additions or deletions that were agged automatically. Thus, perhaps in a way that is not apparent in
software merging3D merging is a subjective judgement. Hence, the future tools should not assume that
the chronology of edits is the primary selection mechanism but should focus on the aesthetic justi cation
as well. Based on this initial evaluation, it is believed that such an appro&ghdon ict resolution can
signi cantly speed up the revision control management of polyg8mamodels in3D Repo Although
it has not yet been explored, t13® Diff interface could be connected to oth€CSs such asSVN.
Nevertheless, the user still has to con rm all changes before applying them as otherwise undesired
modi cations violating semantic relationships might be propagated. Integration into modelling packages

via their plug-in frameworks was not performed in this thesis but is certainly possibl€hsgxer 7

4.6.1 Limitations

Differencing and merging 3D models presents new challenges in computer graphics. Because speci ¢

decisions about the granularity of the tracked changes were made, the 8riifit prototype supports

only comparisons between nodes in a scene graph. In the future, it would be possible to extend this

approach to take into account more ne-grained modi cations to provide a truly robust solution for

3D asset management. For example, based on the established node differences, other algorithms could

compare individual vertices and nd only those portions of the meshes that have been modi ed. Also,

the system does not support any changes in the structure of the scene graph. If the scene graph layout has

been modi ed signi cantly, i.e. a node or an entire branch have been repar&ndaiff would replace

the modi ed chain of scene node components regardless of any structural impact. However, in some

cases, it might lead to visually unpleasant results and these would have to be resolved manually.
Currently, the3D Repoframework utilises universally unique identi er&)JIDs) [Tel0g for the

SID values that de ne a node-to-node corresponden@Diiff. Such 128-bit numbers can be repre-
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sented as 32 hexadecimal characters, plus four hyphens that can be omitted. Neverthele3B, laany
formats impose name size restrictions that are smaller than that. Autodesk 3ds le format, for example,
supports only 10 characters, while Blender blend format has only recently increased its limit from 24
to 64 characters. To overcome such problems when importing poly@@haiodels,3D Diff hashes
individual name strings int®UIDs. All that remains to do is to ensure that modellers when creating
new scene graph nodes did not introduce the same names concurrently. The simplest approach is to
agree on some kind of haming convention, for instance, pre-pending each new component with unique
initials of each of the modellers. Of course such an approach would not be applicable to legacy datasets
that might not have followed any set conventions in which case a more robust correspondence detection
will be required. Chapter 6 therefore, introduces a novel matching algorithm which is independent of
any data structures in the input models and is demonstrated to work well on large datasets composed of

hundreds o8D les and many millions of polygons in a matter of seconds.

4.7 Chapter Summary

Chapter 3ntroduced a novel version control framework speci cally designeddrassets in order to
partially address the rstresearch question de ne€impter 1 The outstanding question was whether it

is possible to sustain collaborati@® editing without the need for asset locking. This chapter, therefore,
introduced a highly related concept of vis@al differencing and merging. This is becoming increasingly
important as it is poorly addressed by the current visualisation tools and3&editing packages. In
framing the problem, analogies to source code management were made. Such a comparison is especially
interesting as a vast range of research has been performed on software merging and a number of different
tools have been built over the years. Unfortunately, processing pure textual chargiesnmdlels does

not work as the semantic structure of the les would not be preserved. On the other hand, administering
differences on binary assets suffers from similar issues due to the diverse nadlrenafdels and the

types of data representations that constitute a complex scene. Ti&egtion 4.1 a scene graph has

been chosen as an abstraction layer which ts well into3BeRepoversion control framework. This
ensures that the process3i differencing can be fully automated so that it generates syntactically and
semantically correct merge results. Apart from explicit con icts, where the same part3Dfsaene

were edited concurrently, the potential of implicit con icts due to violations in semantic meaning was
considered. It is, therefore, important to follow the rules of the design and construction when merging
changes by multiple authors. Those changes that introduced bounding box intersection where there were
none before are labelled as implicit con icts.

To demonstrate the proposed vis@&l differencing and merging, a prototype to8D Diff, was
developed inSection 4.4 and evaluated in a pilot user study $®ction 4.5 This novel interactive
interface performs 2-way and 3-way differencing and merging between various typPsoénes. The
input to the system are two polygorzD models and, optionally, their common ancestor, that are to be
compared by their scene graph nod&s.Diff calculates differences down to polygon meshes, materials
and textures stopping at the point when the corresponding objects are different. It then provides options

for resolving differences by allowing the user to select which parts of the con Riechodels to retain
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from which input. The output may not be completely resolvable because components might be explicitly
con icted or new implicit con icts might have been introduced by the merging process itself. In such
cases, the partially resolved merge result is exported as 8Bawodel and modi ed in a vertex-level
editor. Further contributions include the development of multiple visualisation modes for both 2-way and
3-way differencing combining approaches such as superposition, juxtaposition and explicit encodings.

A formative user study indicates that the user8DfDiff are able to perform merging tasks ef -
ciently, and can exploit the advantages of a 3-way diff including highlighting of potential implicit con-
icts. This suggests that the tool is promising and likely to be useful in everyday version control tasks
of differencing and merging. However, it currently relies on a known node-to-node correspondence via
SID values as assigned by tB® Reposystem inChapter 3 In situations where such revision metadata
based on unique scene node identi ers is missing, this differencing tool would not be applicable. Thus,
the conclusion is that a reverse engineering solution for legacy datasets that were recorded outside of a
VCSis still required. To address this limitatio@hapter Gintroduces a novel correspondence estima-
tion algorithm that makes no assumptions about the scene structure or metadata and provides a unique

timeline interface in order to visualise the provenance of a sequential differencing.
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Chapter 5

XML3DRepo Daemon Service

The research presented in this chapter was undertaken in collaboration with Kristian Sons and Dmitri
Rubinstein supervised by Prof. Philipp Slusallek in the German Research Centre for Arti cial Intel-
ligence DFKI). As the rst author of this work, my personal contribution spans the de nition of a
novel REST APlin Section 5.2 development of a server-side daemon service retrieving data from the
3D Reporepository inSection 5.4the experimental evaluation of various web browsers and encoding
formats conducted iBection 5.5as well as the discussion coverediaction 5.6 The full results of the

collaboration are included for completeness.

Chapter 3introduced a novel system for management and visualisation of non-linear history of
polygonal3D models andChapter 4addressed the issues3i differencing and merging. However, the
second research questionGhapter further asks whether such a specB® versioning framework can
deliver real-time visualisations that would be independent of the underlying data store. As described in
Section 3.6the applications that connect directly to the remote repository exposing the contents of the
underlying data store. By desigNoSQL DBs do not validate schema on insertion. Since no changes
have been made to tHeB itself, the version control logic had to be developed at the application level.
Each client is, therefore, required to adhere to the principledDofersioning, e.g. not removing any
older revisions, ensuring presence of revision metadata de ng8.th2 etc. Unfortunately, as soon as

any third-party client connects to the system, the integrity of the repository cannot be enforced any more.

This chapter, therefore, introducedaemon servicKML3DRepo which acts as a layer of database
indirection on the server-side in order to address this limitation. The aim is to prevent raw data access
and to provide a form of repository safeguarding via a gateway service. Hence, aRESEIAPlis
de ned in Section 5.2vhich support8D version control but does not expose thB connection to the
clients. A prototype implementation of the proposed system architecture including a novel web browser-
based client is presented $ection 5.4 This supersedes the original web client fre&4.4not only in
functionality but also in its ability to run on atlebGL-enabled platforms including mobiles and tablets,
not just desktopgrigure 5.5serves as an example. Ef ciency of the prototype was tested using multiple
data encoding formats as explainedSiection 5.5 Based on this evaluatio§ection 5.6concludes that
the best data format can be selected only by considering both the network properties and the processing

capabilities of the receiving client.
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5.1 System Overview

Although originally designed for sharing of text documents, the Internet has become a graphical envi-
ronment ever since the famous proposal for<ldG> tag by Marc Andreessen in 1998i[10]. Since

then, the software surrounding tirML and the HyperText Transfer Protoctd TTP) has evolved

to support all sorts of graphical content includia® images and polygon@D models. The recent

boom in online3D adoption can most likely be attributed to the introductiong¢bGL [Mar11] and

its wide-spread support in modern web browsers. This lead to the development of countless JavaScript-
based3D libraries such as X3DOVMHEJZ09, GLGE [Bru09, XML3D [SKR* 1(], SpiderGL Beniq,
SceneJSKHay1(, Babylon.js CRLR13 and arguably the most popular of them all Three(sip1Q.

This has exerted further pressure 3D content creation with the desire for even more complex scenes
being manipulated over the Internet. Web based tools are becoming ever more important in the shift from
single useBD desktop applications to shared social experiences online. Nevertheless, the current web
3D technologies are not yet fully utilising modern design patterns for accessing online resources such
asREST[Fie0(. The prevalent paradigm in tf#D domain is to use the web as a publishing platform

but not a development one. Formats such as Virtual Reality Modeling Langi&jdL() [CBM97]

and its successor X3D[S" 13|, seeSection 2.4are designed to be updated in place at runtime but do
not provide means of persistent modi cation preservation of their own. In contrast, Wiki8§] and

Google DocsYie09] are just a few examples of successfully exploiting the web as an editing platform.
Yet, an often overlooked property BITTP is its de nition of several verbs suitable fereating updat-

ing anddeletingshared resources, not jusgjuestinghem. With the ever increasing interest in mobile
devices, the limiting factors of bandwidth and latency are reintroduced as serious risks, too. Hence, it is
important to build an easily accessible and scalable platform for oBheersioning with support for
WebGL-enabled web browsers. Unfortunately, standard data integrity and data exchange tools cannot
be used for this task as these either deal with assets at an in exible per le level or are bound to speci c
data formats. What is more, a server-side daemon service is necessary to address the main limitation
of the system already proposed@iapter 3 3D Repq as the framework is called, enables non-linear
management of concurrently edit8® assets. The versioning functionality including branching and
merging is built atop of a centralisétbSQL database MongoDBPH1(0. However, the prototype im-
plementation developed fBection 3.4supports only raw database access thrdB§N queries. Such

a direct repository connection cannot ensure data consistency, a problem that was already identi ed in
Section 3.6 Thus, the aim of this chapter is to provide seamless data encoding 8ibessets are inde-
pendent of their xed le formats, and can be accessed in a consistent way over the Internet. This novel
platform would enable ubiquitous accessSdata in a form most preferred by the receiving client. To
achieve these goals, a simple yet poweHRBI that combines persistent version control with the conve-
nience of BRESTparadigm is proposed iBection 5.2 Unlike other approaches describeddhapter 2

this API enables client applications to mix and match different encoding formats as well as access the
previous revisions. This makes the proposed solution a truly le format-indepeB8erdrsion control

service as les, according to tHRESTprinciples, sea5.1.1, become temporary data representations.
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Figure 5.1: XML3DRepo high-level overview. Client connects to a server UIREB§T APl 3D content
is dynamically fetched from the repository and delivered to the web browser runniXiylaBD client.

A
Y
Y

5.1.1 Representational state transfer

Representational State TransfREST) [Fie0( is a style of software architecture for the web governing

the behaviour of clients and servers in terms of requests for resources and the corresponding responses. In
this architecture, a resource is a uniqguely addressable piece of data using the uniform resource identi er
(URI) string. Its representation is determined by the document which the data is returned in. A closely
related concept of persistent storage management, as is the caS8®atpository, is formed by the
functionscreate, read, update and delet@RUD). When deploying a web-based architectur@EsSTul

API maps all of these methods to the individi#I TP 1.1 protocol verbsHGM* 99] in order of POST,

GET, PUT and DELETErespectively, hence being “full”. In addition, it has to specify the bdsd

for the web service and the media content type of the supported representations, also known as the
Multipurpose Internet Mail Extension8/{(ME) [FKO05]. Therefore, the only required information for

a client to interact with a server is the location of the resource and the intended action. Requesting a

document representation makes this style of programming independent from the underlying storage.

5.1.2 System architecture

The purpose of the neRESTspeci cation is to de ne a transpareAP| that supports a uni ed access

to version controlledD resources over the Internet. At the same time, it is meant to support data re-
trieval that is independent of the enabling technologies or the data store itself. RelyinBB&Taul
architecture has the further bene t of attening the scene and revision hig§ias of 3D Repo This

is because the resources can be queried individually using their udRRy@r together as collections of
resources based on their common type, also referencedJR}.aAs shown inFigure 5.1 XML3D was
selected on the client-side for the purposes of a prototype implementation prese®éetiom 5.4 Even

though the rendering could be accomplished by other suitable libraries, some of which are mentioned in
Section 5.1XML3D provides many bene ts over alternatives especially in terms of external references
to resources, segection 5.3 In short,XML3D is an extension t6iTML5 that de nes interactiv@D
graphics as part of a web page source code. Similarj ML, all XML3D elements belong to the
document object modeDOM) [Mar07, a tree representation of the objects in web documents. Thus,
they can be easily accessed and modi ed via JavaScript by attaching events sarah@asseover

to scene objects. In order to demonstrate the advantages of the proposed solution, several le transfer
strategies have been implemented and evaluated for their speed of delivery and encoding ef ciency in
Section 5.5 These include Extensible Markup Languad®iL ) [BPSM' 0§], JavaScript Object Nota-

tion (JSON [ECM13, Binary JSON BSON) [Mon144, Sequential Image Geometr$IiG) [BIJFS1],

Open Compressed Triangle MesbpgenCTM [Gee09 and ArrayBuffers Khrl13].
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5.2 Application Programming Interface

3D Reporepository is based onldoSQL DB which stores individuaBD components alongside their
associated revision histories such that each component is treated as a delta change. (g bethg

the persistent storage provid8) Repoavoids constraints of a le-based system and offers extensive
querying functionality. To achieve this, eveDB entry regardless of it belonging to a scene or a revision,

has to specify a revision metadata tuple as de ne@éagtion 3.2 This consists of a unique identi er

(UID) which is a functional requirement ofl2B, as well as of a shared identi eB(D), which is shared

across instances of the same logical document. In a scene grafBithrepresents the same scene
component being tracked over time. In a revision history, howeverStBede nes a single branch

and theSID of all zeros is reserved for the trunk/master. Tl outlined in this section, therefore,
provides access t8D resources stored in 2D Reporepository without exposing the data store. The
overarching design can be summarised as a d&lencoding where in its core lies a combination of
theid andtype variables, the order of which determines the behaviour of the interface. In general, to
address a collection of resources thd/:type schema is used, while the invertetype/:id

combination addresses a single resource. Depending on the contékt,dée be either th&ID or SID

of a resource. In addition, the type variable de nes the family of resources such as materials, meshes,
textures and even revisions. What is more, each resource or a collection of resources can be requested in
various encodings speci ed vialiT TP header or a format extension at the end of the uniform resource
locator URL), e.g. 'xml', “json', etc. Such an approach decouples the storage implementation from
the querying interface. This successfully resolves the need for a di#connection of the original

implementation presented 8ection 3.4s0 that third-party applications can connecB8i» Repo

5.2.1 POST

Posting data to the server is used to create new repositories as well as to commit new revisions and to

perform merges. Here, théUID is assumed for both thdlD andSID.

/Ixml3drepo  Creates a new empty repository with a unique name if it does not already exist. Hence,
a name string input is expected. Note that when the name is missing or an existing name is

submitted, the system throws a suitable error messagebseé

/xml3drepo/:name Commits a new head revision to the trunk/master of the repository identi ed
by its unique name. This has the same effectxasi3drepo/:name/00000000-0000-
0000-0000-000000000000 , since the all zero$ID is reserved for the main development
path as described previously. The expected input is the data to be committed as well as a new
revision metadata such as the revision author, commit message, etc. These are then appended to

the revision histonDAG with the addition of a server-side timestamp.

/xml3drepo/:name/:id Commits a new revision but to a branch identi ed by 8D. If the
desired branch does not exist, it is created. When merging, the posted revision document speci es
the revisions to be merged as its parents inDiA& hierarchy of the revision history. TH&ID is

then the one of the branch which lives on after a successful merge operation.
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5.2.2 GET

Retrieving data is the most commonly used feature of any sué&PanTherefore, the speci cation has
to be exible enough to provide suitable means of addressing collections of resources, single resources

and even individual attributes, i.e. sub-parts of the resources.

/Ixml3drepo  Returns a collection of availabl@D repositories, i.e. a list of all unique names of

databases containir8D scenes with their revisions.

Ixml3drepo/:name Returns the head revision of a trunk/master, i.e. all components of a scene iden-
ti ed by its unique name from the latest revision of the main development path. Similarly to
POST, this has the same effect &anl3drepo/:name/00000000-0000-0000-0000-
000000000000 . Note that the scene is returned as a at collection of documents that has to be

reassembled by the receiving client into an aci&G before rendering.

/xml3drepo/:name/:id Returns a full scene similarly to the trunk/master's head, but from any
revision identi ed by its unique name andiD. If an SID is submitted instead, this call returns

the head of a branch tf& D belongs to.

/xml3drepo/:name/:id/:type Returns a collection of resources matching the requested type
that belong to a revision identi ed by itglID directly or by anSID if the head of a branch is

required. If the type is “revisions', returns a revision resource describing the author, message, etc.

/xml3drepo/:name/:type Returns a collection of resources matching the requested type from the
trunk/master's head. If the type is “revisions', returns the entire revision graph as a at collection
of documents. Similarly to 8D scene, this collection has to be reassembled into an aoA@l

on the client-side before use.

/xml3drepo/:name/:type/:id Returns a single resource matching the requested type and the
UID which can potentially belong to multiple revisions. If &hD is supplied instead, returns a

collection of revisions of the same scene component or a revision history depending on the type.

Ixml3drepo/:name/:type/:id/:attribute Rather than the entire resource, this request re-
turns a single attribute of the resource. This functionality is useful for non-standard formats such

as various Sequential Image Geome®yG) encodings that consist of 8-bit sectiofsIFS12.

5.2.3 HEAD

TheHEADrequest is de ned in the exact same way&GisT, however, it does not return the actual body

of the data. This is especially useful for accessingi&s structures of a scene graph or a revision
history without the need to fetch the contents of any heavyweight components such as meshes, textures
or in the case of a revision history the long listsaafded , deleted andmodified SID values as

speci ed in Section 3.3 Same as IGET, the DAGs have to be reassembled locally.
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5.24 PUT

Idempotence oPUT guarantees that sending a request multiple times has the same effect as sending it
only once. However, as soon as a resource becomes stored in a version controlled repository such as
3D Repq it can never change, only become superseded by a newer revision of itself. Alternatively, it
can become deleted but also only as a new revision. Th¥W&%cannot support in place updating.
Instead, when usinBUT, XML3DRepo will commit a new revision to the repository, although, posting

all new resources in a single commit is preferred instead of sending them one by one. In addition, this
command can be utilised for requesting changes in the state of the repository and resources, e.g. locking.
Nevertheless, otheXPls listed inChapter 2do not supporPUTrequests at all. Therefore, it is more of

an implementation decision as whether to enable this type of messaging sir®@3ieommand can

achieve the same functionality more conveniently. Note 3ftaRepodoes not support locking yet.

/xml3drepo/:name/:id/:type Commits a new revision of all resources identi ed by their type
to a branch identi ed by itSID. If the client is able to de ne unique revision identi ers, e.g. in
3D Repothe UUID is used, the system can accept a new single revision as well. If the type was

“locks', it would acquire a lock on a revision or a branch and would return a con rmation.

/xml3drepo/:name/:type/.id Commits a new revision of a speci ¢ resource identi ed by its
UID to the trunk/master or that of a head revision if identi ed by&D. If the UID is not at its
head revision, the request fails with a con ict. If the type was “locks', it would acquires a lock on

a single resource or all instances of the same logical componensiffawas supplied.

5.2.5 DELETE

As explained irSection 3.3when deleting data from a version controlled repository, it cannot be actually
removed from the data store but merely replaced by a new revision where it is marked as deleted. Thus,
the resource can still be accessed via older revisions when required. SimilBWTiat is preferred to

submit all deletes in a single query to avoid unnecessary new revisions being created one by one.

/xml3drepo/:name/ Force removes a repository identi ed by its unique name from the database.
Unlike deletion of a single or multiple resources, this operation cannot be reverted as the corre-

sponding collection is dropped. Hence, such a query should be used with caution.

/xml3drepo/:name/:id/:type Commits a new revision to a branch identi ed by 8D where
all resources identi ed by the speci ed type are marked as deleted. If the type was “locks', it

would release the lock from a resourc&JifD or a branch ifSID was used.

/xml3drepo/:name/:type/:id Commits a new revision where the resource identi ed by its
UID, or SID if the head is required, is marked as deleted. If the type was “locks', it would re-

lease the lock from the resource.

To overcome the missinQELETEfunctionality of some web browsers, it is customary to generate
a hidden eld value “delete’ and useOSTor PUTinstead RR07. When receiving a form with this

parameter, the server overrides the acHiBI' P request and ful Is the desired action.
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XML3D Document
‘ <data id="A"> ‘ Extern.json
Extern.xml T#A {"data" : {
- Extern.xml#A| Extern.json "
‘ <data id="A"> ‘ } <mesh> } J index" : {
: "type" : "int",
‘ <data id="B"> ‘ o}

Figure 5.2: Different ways of referencing resourcesXML3D. Intra-document resources (#A), entire
document as a single resource (extern.json) and resources inside external documents (extern.xml#A).
This mechanism applies to all types of resources such as shaders, animations, etc., and not just meshes
as depicted in this example.

5.2.6 Status codes

VariousHTTP/1.1 status codes can be received when usind\Ble The most commonly used ones are
the400 Bad Request when invalid syntax was submitte2l)1 Created when successfully com-
mitted, 406 Not Acceptable  when a requested encoding could not be achieved488d Con-

flict when committing changes that are in con ict with the head revision. In this case, a list of

con icting entities should be returned, séeGM* 99.

5.3 XML3D

XML3D by Sons et al. KR 10] is a moderrdeclarativescene graph representation de ned as an ex-
tension to the basdTML5 speci cation. Another example of a declarat®B® technology is X3DOM

by Behr et al. BEJZ09 which together withXML3D forms the evaluation platform of the World Wide
Web Consortium\(V3C) Community GrouDeclarative3D for the Web ArchitectureX3DOM speci -

cation is based oA3D which in turn is based oRML 97 and, therefore, inherits many of its original
concepts. Although X3DOM supports many features that are simildMb3D, the latter was chosen

due to its consistent data handling capabilities. As explainddgare 5.2 XML3D supports multiple

ways of referencing external resources. Such a functionality is crucial for the experimental evaluation of
the proposed\PI presented irSection 5.5s it enables comparison of several different methods of data

delivery from the server to the client.

According to Behr et al. BJFS12, only about 5% of the overall polygon&D model size can
be attributed to the scene graph structure including transformation groups and materials. The remaining
959% consists of heavyweight unstructured data containers such as meshes and textures. Since declarative
3D by de nition embeds scenes directly into web pages, it is necessary to externalise as much of the
model information as possible. This is because in general, web browsers will not render a page until
the wholeHTML DOM de nition has been loaded. However, at the same time, the web browsers are
very good at asynchronously fetching data linked via external containers that can signi cantly improve
the responsiveness of the system. In human-computer interattioh), (it is well-known that if an
application does not provide feedback within 1 to 10 seconds, the user will lose interest or consider the
application brokenNlei94]. Hence, it is crucial to load large visudD data containers independently of

the actual web page in order to provide a suitable user experience.
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5.3.1 Data referencing

One of the core components BML3D is the<data> element. This element provides functionality

that groups arrays similarly to thmifferdata structures of modern graph#&BIs. Unlike buffers such as

vertex arrays, however, these elements can reference<athtr> elements creating nested, recursively

de ned structuresFigure 5.2shows three different ways of referencing that are possible Xkth3D .

Firstly, references can point to resources within the same document, also knantnasgocument
resources These are suitable f@&D scenes that are small in their number of components and data sizes.
Secondly, references can point to external resources de ned in a single le. Such an approach is suitable
for representations that cannot be natively accessed from withiD@hé de nition itself but have to be

parsed using JavaScript. Although only a single scene graph component can be accessed in this way, this
already enables web browsers to fetch data asynchronously just like when loading externalised images
or cascading style sheet€%9. Regardless of the increase in loading speed, which is bound by the
available bandwidth, a much more important side effect is the increase in perceived responsiveness of
the web page itself. Instead of waiting for the wh82 model to load, the renderer can now visualise
individual scene components as they become available. This is possible only because the whole scene
graph structure including world-space transformations is already pre-loaded as partdithepage.

Finally, multiple resources that reside within the same external document can be referenced simply by
using standartRI semantics. This enables grouping of scene entities into larger data blocks especially
where these would be too small or inef cient on their own, e.g. materials. These different concepts
together with theJRI referencing of the proposedP| provide a remarkably ne-grained control over

the composition of larg8D scenes that are to be loaded from a remote repository susb &epo

In this system, data can be reused as well as organised across multiple resources if necessary. Such
data concepts apply tomesh> elements that de ne geometry of3® scene<shader> elements that
describe material properties as welldightshader> elements that describe available lights. All of

these are just specialisedata> elements.

A declarative data ow extension t§ML3D is X ow by Klein et al. KSR* 12]. In addition to the
core de nition, eachcdata> element can reference an operator that computes an output from entries
of a data block which act as its input parameters. Therefore, X ow is able to transfarash>,
<shader> and<lightshader> elements into sinks of a data ow. It thus provides functionality
for dynamic mesh morphing, animation of shader parameters, etc. Since in thiSM&BD supports
external references to arbitrary data containers without the need for any further extensions, it is possible
to implement the delivery formats as proposed&iil.2 To achieve this, the only required action is to
develop a loader plug-in for each data format independently to decode the resources and to map them
onto collections of data entries in the ba€dL3D scene graph. This even enables the client to mix and
match several different representations in order to recompose a 3Dgésource. In contrast, theline
node mechanism of theRML/X3D de nition provides means for inclusion of complete subsecenes
only. Inline node, therefore, cannot be used for a ne-grained referencing as there is no way to access
parts of a subsceneBJFS12. Hence, X3DOM is not suitable for the work describedSiection 5.5
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Node.js
| REST API | ——
%
Web Browser 2 ‘ Express ‘ ‘ Jade ‘ 2 MongoDB
EED || <8 | XML3D <2
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Figure 5.3: XML3DRepo prototype implementation overview. Remote web browser client connects to a
server using th&®EST API Dynamic web pages are created on demand using the Jade templating engine
and Express middleware. UnlildD Repgthis system enables data retrieval in a variety of encodings.

5.4 Prototype Implementation

A prototype implementation of thREST APIwas developed iXML3D andnode.js[Ihr13]. As ex-

plained inSection 5.3 XML3D was chosen because it enables ne-grained data compositing when
rendering3D models on the web. Node.js, on the other hand, was chosen because it has gained a lot
of attention recently due to its non-blocking asynchronous event handling capabilities. This framework
is based on JavaScript that is executed in Google's run-time engin&¥80BH that was originally

written for their Chrome web browser in C++. This is especially useful as it enables even inexperienced
web developers to create scalable server-side applications without the need to learn yet another scripting
language such as PHP4t13 or Ruby on Rails FF14. It, therefore, bridges the server and client devel-
opment so that both sides can share the same basic principles, programming environment and common
data formats. What is more, traditional web servers such as Agden® Server BC0§ designate

a new thread to each incoming request creating an unnecessary overhead due to the required memory
allocation and context switching. For the purpose8D¥ersion control this would be highly limiting as

there are often thousands 8D components that have to be queried independently. Multiplying that by

a large number of concurrent users would almost certainly cause the server to become unresponsive. In

contrast, node.js uses a single thread and relies purely on asynchronous callbacks for scRlabilBy [

Figure 5.3depicts the overall system architecture and software components that were used to de-
velop the prototype. MiddlewarExpressand templating engindade both available as internal node
packaged moduleNPM), were used to provide th&PI routing mechanism and TML output de ni-
tion respectively. In addition, calls to tligpenCTMC++ library were executed directly from JavaScript.
However, instead of relying on the origin2lD RepoCore library as de ned ix3.4.3 a new JavaScript
port was developed in order to utilise the callback functionality and scalability of node.js. Same as in
3D Repq theUID andSID revision metadata were realised@dID [Tel0§ values. Therefore, any re-
source can be directly addressed viditD, e.g./xmi3drepo/UT4 _Baeza/meshes/4e992f02-
3777-41ad-b777-91ad377791ad.xml , although strictly speaking, the format extension, such as
“xml' in this case, can be omitted. This is becauseHi& P Accept header sets the desired format in
the requestfGM* 99]. Most of the time, however, it is present or speci ed as a query parameter such

as?meshformat=xml . If the header and format are in con ict, the header gets a preference.
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Figure 5.4: XML3DRepo in Google Chrome web browser on desktop. Visualised is the square mile of
London3D model which is accurate down to 150 mm in real world. Right hand side shows the Chrome
Developer Tools listing individuaPI requests being sent from the browser to the server. Model courtesy
of Vertex Modelling.

5.4.1 XML3DRepo web client

The associated web client, shownkigure 5.4 was developed ixXML3D and JavaScript. Its pur-

pose is to replace the original web client presentex3id.4 with support for the newAPI. Although
declarative3D has been proposed as an extensiofTdvIL 5, it has not been of cially rati ed, yet.
Therefore,XML3D does not belong to the standand3C technology stack recommendation. Never-
theless, this speci cation is already supported in two different implementations. First is based on the
native web browser modi cations that have been forked as separate projects. There is the support for
Mozilla browser framework which is the basis of Firefox, as well as for WebKit framework in browsers
such as Google Chrome and Apple Saf&iKR*" 10]. These, however, require the users to download the
modi ed web browsers in order to experiens®IL3D natively. Second and more recent isay Il im-
plementation based dfebGLand JavaScript that is meant to emulate the missing parsing functionality
before declarativBD becomes widely adopte@5K" 13]. This runs in all moderiebGL-enabled web
browsers including their mobile variants, deigure 5.5 In addition, it offers functionality for external
le-format loader plug-ins that can be registered for a spedMtME type, e.g.application/j-

son for JSON If multiple loaders are assigned to the same type, each is queried for support of the
downloaded data block and the rst in order of registration gets executed. The ability to externalise re-
sources ilXML3D further enables a form of progressive loading where downloaded components appear
on the screen one by one. This returns control back to the main execution thread which prevents the
client from becoming unresponsive. Such a exible approach supports implementatidhd QfISON

BSON, SIG, OpenCTMand ArrayBuffers delivery formats, each of which sets its own challenges. These

representations were evaluatedSaction 5.5or their encoding ef ciency and speed of delivery.
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Figure 5.5: XML3DRepo in Mozilla Firefox web browser on tablet. Left and right arrows in the top
right enable selection of previous and next revisions respectively. Model courtesy of Balfour Beatty.

XML andJSONcan utilise native parsing capabilities of modern web browsers. Binary formats,
however, require development of custom loader plug-ins for their parsing. In the c&s0M, the
downloaded data block is rst deserialised into a JavaScript object using a client-side liBrerg].[
Vertices, faces and normals are then transformed into X ow buffers for rendering. SimlanCTM
comes with a ready-made JavaScript deco@exe[09 that can be simply wrapped into a loader as re-
quired byXML3D. In contrastSIG encodeSD geometry as binarD images. This requires generation
of an implicit vertex buffer that acts as a set of texture coordinates for the input textures. These depend
heavily on the number of vertices in a mesh as well as the resolution of the images. Hence, when pro-
cessingSIG data, X ow was used to create texture coordinates so that the server delivers a mesh node
that references an X ow graph that in turn references the images. In order to minimise any unnecessary
overheads, all X ow graphs were clustered into a single external resource so that only one additional
HTTP request was generated. Since the W supports retrieval of collections of resources, single
resources as well as their individual attributes, G& de nition in Section 5.2it is possible to query
separate images per eight-bit sections of the vertex and normal arrays as req@t€d Binally, Array-

Buffers were implemented similarly BinaryGeometrypy Behr et al. BJFS12. With the introduction
of Typed Array{Khr13] speci cation, it is now possible to load and decode vertex data ostPig with
very little processing required in JavaScript. The data arrives asragBuffer object from which a
Typed Array view is generated and uploaded as a bound Vertex Buffer Okjg€t)(to theGPU. This

sets a baseline when comparing various ways of enc&ingsources for the web.
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3D Scene | Vertices| Faces| Meshes| Materials | Textures
UT4 Baeza 93,609 31,203 196 196 147
UT4 Paris v2 129,801| 43,267 291 291 247
UT4 Intermodal Beta) 170,717| 56,915 482 482 418

Table 5.1: Statistics for the evaluate8D scenes. These models were selected due to their increasing
complexity in terms of geometry as well as scene structure.

5.4.2 Caching

Caching is a vital part of any such a client-server architecture. The aim is to reduce the latency and
network traf ¢ by serving locally stored copies of the requested data. For instance, it is common for
web servers to cache resources that are accessed frequently. In large deployments, content delivery
networks CDNSs) are used to replicate information across different physical locations that are closer

to the end users in order to ensure high availability and improve performatit@d Web clients
cacheHTML pages and external les so that only modi ed resources are downloaded when visiting
the samdJRL again. In XML3DRepo system, to prevent too many connections being open from the
server application to the underlying database, the connection to each repository is cached when opened
and deleted via a callback when dropped. This is necessary because hundreds of requests might be
needed for a singl8D scene, se@able 5.2for examples. MongoDB itself will also cache “hot data”,

i.e. frequently accessé8iSON documents, in memory. This raw information has to be processed into
requested encoding format before it can be served to the client. Given tt&D thhata in the proposed

system is version controlled, the revisions will never change. Therefore, these can be cached at the
application level above the database. 3D Repq even if the data is updated or deleted, the original
revision will always be accessible via itiD. Hence, theJID together with the encoding format can

act as a caching key. The same principle, however, cannot be applied to those resources that are accessed
via theirSID values as these often refer to the head revision and that changes over time. Sc2toas
5.2explain the difference itVID andSID use cases and interpretations. In addition, the resources can be
cached directly in the web browsers as well as proxy servers on the way to the ertdTuBRiprovides

three in-built controlling mechanisms in form fséshnessvalidationandinvalidation[FGM* 99]. This
functionality is controlled using the response headers either as an absolute expiry or a last modi cation
time, although, neither would apply if the connection was encrypted or the user authenticated. Still,
these headers set only conditions under which the applications are not meant to keep the data. When and

where a cache is emptied is purely implementation dependent and may differ from client to client.

5.5 Evaluation

Performance of the differer®D delivery formats listed ink5.1.2was measured in a formative system

study. The aim was to test the suitability of th@1 for 3D content delivery, and to provide indicative

values for both the cumulative central processing UDRJ) decoding time as well as the overall down-

load time in a variety of scene sizes and web browsers. As showiginme 5.6 the3D scenes used in

the experiments are readily available game levels. These were chosen because they gradually increase in

geometric and scene structure complexity as summarisédite 5.1 They are also real-world exam-
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UT4 Baeza UT4 Paris v2 UT4 Intermodal Beta
Format Size MB] Size MB] Size MB]
Raw | Gzip | Requests| Raw | Gzip | Requests Raw | Gzip | Requests
XML 89| 14 408 | 7.7| 1.4 508 | 119| 24 980
JSON 88| 1.3 408 | 76| 1.4 508 | 11.9| 23 980
BSON 104| 2.8 408 | 10.9| 3.0 598 | 15.7| 4.6 980
SIG 8-bit 1.7 1.0 800 | 22| 1.2 1,180| 25| 1.7 1,944

SIG 16-bit 23| 16 1,192 25| 16 1,762 32| 24 2,908
SIG 24-bit 27| 19 1584 29| 21 2,322 39| 3.3 3,872
SIG 32-bit 33| 25 1976| 36| 29 2926| 48| 4.0 4,836
OpenCTM 16| 0.8 408 | 1.7| 0.9 508 21| 13 980
ArrayBuffers| 3.7 | 1.2 1,192 41| 2.7 1,762 59| 4.0 2,908

Table 5.2: Compression and performance comparison across different representations. Overall down-
load size of uncompressed (Raw) vs. compressed (Gzip) encodibtis amd the total number of re-
quests for models used in the system evaluati@eirtion 5.5

ples of the types 03D data that are commonly accessed over the Internet. Apart from materials, textures

and other visual effects were excluded from the experiments to make sure the overhead for each scene

would be the same regardless of the speci c delivery format. TBBsmodels were evaluated using the

built-in Developer Toolsn Google Chrome 25.0.1364.1/rebugadd-on Hew0q in Mozilla Firefox

19.02 and the built-ibragon y tool in Opera 12.14, all with caching disabled. All measurements were

exported as HTTP ArchiveHAR) les [ WorlZ. Such les record traces of a web browser's interaction

with a server in a standardisd@&ONnotation. Apple Safari 5 and Microsoft Internet Explorer 10 were

not tested as they did not supp@vebGLon Windows at the time of the study. An XPC Shuttle SX58H7

with Intel Core i7-920 at 2.6GHz with 4 GB RAM running Microsoft Windows 7 was used as a desk-

top client. On the server-side, Intel Xeon at 2@z with 2GB RAM running Community Enterprise

Operating SystemQentO3J 6.2 and node.js 0.8.19 acted as a remote host over a local network with an

average round trip time of®s In order to mitigate the effects of data handling between the application

server andB, all experiments were performed with MongoDB's CBSON parser/serialiser enabled.
Despite using only eight-bits per normal array in the prototype implementati®adtion 5.4SIG

32-bit still requires four textures for the vertex array de nition alone. This means that the restllting

models are rendered without textures or shading even though the data has been downloaded. Albeit

not visually acceptable, measurements from these models are still included for compleéfabkss.2

shows the different compression rates achieved by individual encoding formats as well as the number of

requests made by the web browsers when retriesihgcenes from the servefigure 5.7charts median

values from uncompressed encodings measured across Ve trials. This is to suppress uctuations in the

network andCPU performance when evaluating the system. The overall download times are composed

of the time required to load tHeOM de nition as well as the external resources. In addition, the yellow

dots show the cumulativ€PU decoding overhead in JavaScript per format. Unfortunately,Sti@

format did not work in Opera. When compiling a vertex shader with texture fetches it failed due to a

DirectX-speci c error despite reporting available texture units. Results from compressed measurements

are similar due to the size of the data and the decompression overheads.
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(a) UT4 Baeza

(b) UT4 Paris v2

(c) UT4 Intermodal Beta

Figure 5.6: Three game levels used in XML3DRepo experiments. From top to bottom: UT4 Baeza
with over 93,000 vertices, UT4 Paris v2 with over 129,000 vertices and UT4 Intermodal Beta with over

170,000 vertices. Textures and other visual effects were deliberately excluded not to interfere with the
measurements. Models courtesy of Sniper Gaulois.
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Figure 5.7: Median values from ve trials of three game levels. Overall download time (left Y-axis) con-
sists of BDOM de nition and the external references processing while@J time (ten folds less, right
Y-axis) de nes the amount of cumulati@®U milliseconds required to decode the format. Measured on
XPC Shuttle SX58H7 with Intel Core i7-92PU at 2.67GHzwith 4GB RAMrunning Windows 7.
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5.6 Discussion

In the experiments isection 5.5all resources were queried independently. The additional 16 requests
constitute a constant overhead in form of a scaffold@M de nition, individual loaders required by
XML3D and supporting JavaScript libraries that make up the web client infrastructure. Since these are
the same regardless of the scene being loaded, they do not contribute to the differéngesei.7 In

a production environment, these supporting les would be mini ed, i.e. all redundant information such
as white spaces, comments and new line characters would be automatically removed. Also, only the
speci c loaders required for each resource type would be included, all of which are likely to be cached
by the browsers anyway. It is even customary to group multiple JavaScript les into a single larger

library in order to reduce the number of XMLHttpRequestsiRs) from the client to the server.

As expected, the differences in data sizes betwddh andJSONin Table 5.2are very small due
to the3D scenes consisting mostly of large vertex, normal and face arrays. Therefore, the contribution
of the end tags itrKML is diminished when comparing t#850ON In addition,XML can group multi-
ple resources into a single le where each can be accessed directlyURihgemantics, unlikdSON
which can only represent single resourcégyure 5.2shows an example. By way of contraBiSON
representation is noticeably larger than eith®@©ONor XML despite being binary. This is because of the
explicit array indices that cause a massive overhe&®idata. For this reason alor&) Reporelies on
unstructured binary entries for its internal representation of meshes. Unfortunately, unlike ArrayBuffers,
such binary blobs cannot be uploaded directly to®r)sinceBSONdocuments have additional header
information that has to be removed before rendering. Nevertheless, even with a larger size and a dese-
rialisation requirementBSON performed similarly to bottXML andJSON The number of requests
was the same and the overall download time was very comparable, too. The only major difference is the
increase in JavaScrif@PU processing that would disadvanta@8ON on less powerful clients such as
mobiles or tablets. In contrass|G decodes in native code and therefore achieves @étd overhead.
However, the number dfiTTP requests increases with the increasing precision and this signi cantly
hampers the overall download time despite a much smaller amount of data being transmitted. What is
more, the lower-bit quantisations cause visual degradation especially in those areas where there are high
frequency details. In architectural models such as those shown in Figdrasd5.5, the lower oating
point precision causes cracks between walls to appear on at surfaces. On the othedbpan@,TM
offers lossless compression that does not suffer from any visual artefacts. The advantage of this encod-
ing format becomes apparent with increasing model sizes. Nevertheless, Firefox would consume more
CPUto decode this format which must be speci c to its internal JavaScript engine implementation. On
the other hand, Opera would take much longer to download and display theZdta@ene in spite of
lower CPUoverheads. Note that the evaluated version of Opera uses a proprietary Pre=i§ [ayout
engine which as of version 15 was replaced by Bliglop13, a fork of WebKit [App99], that is also
used in Google Chrome. Therefore, in the later releases of Opera the results should be similar to those
of Chrome web browser. Finally, ArrayBuffers provide baseline results in that thered®b@verhead

and they encode ea@D buffer independently for a dire€@PUupload.
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Based on these results it is concluded that the best format can be only selected by considering the
properties of the network connection and the decoding performance. The former is becoming less of
a bottleneck nowadays due to the ever increasing processing capabilities of clients, nearly all of which
supportWebGL already. This system can be even executed on memory limited devices such as mobiles
or tablets as shown iRigure 5.5 The network connection is, therefore, the key factor for selecting the
most suitable delivery format. High latency requires fewer requests while low bandwidth requires more
compression. With the newPlI, the desired delivery format can be dynamically chosen by the client
making this a very exible system. In addition, it enables management of version contB@lledsets
in a manner that does not expose the underlying database to the end user. Thus, it enh80cBefiwe

system with the ability to enforce versioning principles even from third-party client connections.

Concurrent work to the evaluation presented@action 5.5s that of Limper et al. [WS* 13] that
was published in the same year and at the same venue as these ndings. They evaluated a text-based
X3D format together with binary formats such as BinaryGeometry (ArrayBuffers\ogpahCTM The
main difference is their use of polygonaD models that were at least an order of magnitude smaller
in their complexity. These were served as simple les rather than a larger set of decomposed resources.
Nevertheless, similarly to the results discovered here, they found that a text-based encoding generates the
largest data representations, although, after compression itis comparable to the tested binary formats, see
our Table 5.2 They also experienced the same trade-offs between decompression time and the overall
download time which are highly dependent on the available bandwidth as well as the model size and the

processing power of the receiving client. Thus the two studies complement each other.

5.6.1 Limitations

A common approach when loadid data over the Internet is to show a progress bar with a percentage
value indicating the remaining amount of data to be downloaded. This means that the user has to wait
until the entire scene becomes available before any interaction begins. In cases where large engineering
3D models such as the one depictedrigure 5.5are being fetched, it would be certainly a long time to

wait. This is because such models are not optimised in any way and often contain redundant geometry
and duplicated vertices. Although a form of progressive loading has been achieved in the prototype
implementation inSection 5.4by rendering scene components as soon as they become available, it is
still not a truly progressive visualisation. Representations such as progressive ni¢sh@§ gnable
morphing of the topology at the vertex level. The very latest POP butféis413], for instance, support
dynamic clustering and quantisation of geometry. However, such techniques are not yet supported by this
system. Even with progressive morphing, the client would still require the entire scene graph structure to
be available before meshes can be displayed unless components are already in their global coordinates.
For visualisations on the scale of an entire city, such an approach would not be feasible as the scene
structure alone might be too large to transmit even though only a portion of the entire model would be
visible at any given point. What is more, in experiments with mas8®emodels such as a section

of the M25 motorway or the London Olympic Stadium Transformati@87) by Balfour Beatty, it was

discovered that althou@D Repocan store and visualise these models without any optimisation, the web
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clients cannot. A motorway scene, for example, has over 74,000 separate components and JavaScript

engines in web browsers are simply not capable of handling so many scene graph nodes. Only when the

components are joined in order to reduce the scene complexity, it is possible to visualise such engineering

models in web browsers. Unfortunately, the client would not be able to select individual components.
Furthermore, the propos&EST APldoes not make any assumptions in regards to the user privi-

leges or authentication. In a real-world deployment, it will be necessary to restrict ac@&swadels

only to authorised users who can be validated viaAR¢ directly. It is common to provide means of

listing user details via calls such &snl3drepo/users or to log in by providing user credentials

via /xml3drepo/login . Although, this functionality is not supported by the system, it can be easily

added as an extension in the future. In addition, the choidéldDs for the APl makes the system

directly compatible witlBD Repodatabase schema as well as readily available for distributed access. In

the future, users could run a local instance of the server application to record of ine modi cations and

synchronise to a centralised repository where, just like in Git, the integration would happen remotely.

This proposition, although conceivable, was not evaluated as it is outside the scope of this thesis.

5.7 Chapter Summary

The second research questioi@inapter lasked whether a domain-specMCS can deliver real-time vi-
sualisations of large scaBP models that would be independent of their underlying data representations.
Hence, a novel fusion oKML3D and3D Repowas presented in this chapter. On one hatid]. 3D
is an open source extension HTML5 that supports interactiveD graphics inWebGL-enabled web
browsers. On the other han8D Repq introduced inChapter 3is a domain-speci ¢ version control
system for management and visualisation of non-linear history of polyc@ibahodels. The initial
framework, however, provides only raw access toNtsSQL database. Thus, the system proposed in
this chapter de nes a novel server-side daemon service which stores uni ed le format-independent
representations @D scenes irBD Repoand exposes RESTul API for deeper integration with other
services. This can delivedD resources in a variety of encodings that can be opted for by the client
application depending on the network properties and its own processing capabilities.

The overall system architecture was outline@gction 5.1and a simple yet powerfllPl was de-
ned in Section 5.2 TheAPI was developed into a web systenSaction 5.4uch that the client requests
hundreds of resources from the server directly. Such an approach is believed to be able to accommodate
crowdsourcing 08D models in the future as the users will be able to collaborate on large scenes remotely
without the fear of irrevocably overwriting previous revisions. For this purpose alone, different strategies
of 3D data encoding were developed and evaluated in terms of their speed and ef ciency across several
popular web browsers. As the results of the study implyAR&provides a consistent online addressing
of version controlleBD assets. The main advantage is that no changes in the repository implementa-
tion were necessary becale Repostores scene graph structure8iB8ONformat independent of any
XML3D formatting. Nevertheless, the novel client-server architecture demonstrates that the resource-
based approach supports delivery of requested assets in a variety of encodiSgstidn 5.3 it was

discussed holXML3D, due to its consistent approach to external resources, would be suitable for these
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purposes and how it could offer transparent use of different data representations on the web. This claim
was supported by six considerably different data delivery forma&ettion 5.5 The superiority of the

API over a simple web server is in its ability to query entire scenes, individual components and even
their attributes all in representations that are independent of the underlying data store.

Unfortunately, the experimental results show that currently there is no single delivery format that
would be suitable to all applications and use cases. Even thOpgmCTMoffers considerable size
reduction, it causes slow decompression on the client-side. This schema is applicable to triangular
meshes only, so other more generic formats suckMlks andJSONhave to be used for other types of
3D assets. These, however, require parsing and offer only generic compreski@fif In contrast,
the direct use 081G or ArrayBuffers suffers from increase in the numbeX#fR calls. What is more,

SIGis limited by the number of applicable textures on the rendering device. Therefore, it can be safely
concluded that none of the tested formats provides the right balance of the number of requests, decoding
overheads and compression rates. Thus, an ideal format would need to be ef cient in its encoding so
that it is compact for transmission but also based on TypedArrays so that it can be uploade@rRrdthe
directly. Furthermore, the data representation has to be structured in order to interleave multiple buffers
into a single streamable request. Finally, the format should not impose any speci ¢ schema but rather
provide extensibility for future data representations that might not even exist at present. Following
these suggestions, two experimental proposals for new data formats ba¥®dL8D and X3DOM
respectively have been very recently put forward by Sutter eB&IS[L4 and Limper et al. [TBF14].

Nevertheless, with the restrictions of existing data formats in place, the delivery framework pro-
posed in this chapter becomes even more important as it offers the right means of adapting resources to
the speci ¢ application needs of the receiving clients. Nevertheless, even with systems S8GcR@so
in combination with the neviREST AP| there is still no suitable way of examining legacy data sets
that were not preserved using such a version control framework in the rst plitapter 6 therefore,
introduces a novel system for reverse engineering of modelling history from indep&izides. This
provides an interactive visualisation interface in the form 8barimeline which displays dependencies

across components as well as editing operations that have been performed between revisions.
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Chapter 6

3D Timeline Reverse Engineering

A trend that has been identi ed i@hapter lis the need for organisation and inspection of large collec-
tions of polygonaBBD models. These range from engineering and architectural visualisations to games
development and eve3D printing applications.Chapter 3ntroduced a unique versioning system that

is capable of preserving deconstructed scene componentsl@S@L database. This framework sets

the granularity of detected changes at the scene node level which is appropriate in most situations where
models encompass thousands of dispaBBtassets. The associated Diff tool from Chapter Lurther
performs 2-way and 3-way differencing and merging so that concurrent changes can be combined into a
single coherent result. Finally, a novel client-server architecture develog&thipter Senables retrieval

and management of version controll@d assets in a variety of encoding formats over the Internet.

Nevertheless, the outstanding research questi@hipter lasks whether it is possible to imply
detailed editing history from legacy datasets especially if these were not stor&dd8.arhis leads to
what might be calleda disk full of models problem? there is a disk, or a version control repository,
with various revisions 08D models, but understanding the provenance of these potentially large datasets
is no easy task due to very little associated metadata being available. This chapter, therefore, presents
a novel tool for reverse engineering of modelling history fr8 les based on a timeline abstraction.
Although the timeline interface is commonly use®in modelling packages for animation compositing,
it is much less frequently used in geometry editing visualisation. Unlike previous methods listed in
x2.3.2that require instrumentation of the editing software, or é&@rRepowhich records delta changes
on every commit, this new approach does not rely on pre-recorded editing instructions. Instead, each
stand-alon&D le is treated as a keyframe of a construction ow from which the editing provenance is
reverse engineered. Hence, the concept of a sequential differencing introduleapiter 4is utilised
in a novel algorithm. IrBection 6.2the input models are segmented into separate components and their
correspondence is estimated. This is then analysed for high-level semantic operattatsiom 6.3
and the results are visualised as an interactive timelirfgeition 6.4 The algorithm was evaluated on
six complex3D sequences created in a variety of modelling tools by different professional artists. A
comparative user study iBection 6.5concludes that such a visualisation is well suited to the purposes
of provenance extraction and inspection of large datasets. Thus the contribution is in providing a novel

reverse engineering solution for extraction of semantic operations when no revision metadata is available.
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Figure 6.1: Extracted and collapsed editing timeline (bottom) from 9 keyframes (top) of a modelling
sequence with over 7.6 million polygons in total. Legend to the detected operations is ISigara6.4

6.1 System Overview

A frequently examined problem is the categorisation of large collectioB®afcenes, sex2.3.3 Such
collections might come from archives of similar models that need to be classi ed by type or shape. This
chapter, however, addresses a complementary problem of the organisation of poBiganatiels in

a temporal domain of editing history. This problem arises since many authoring tools do not save the
editing operations, and even if they do, only for a few recent steps. Native histories can anyway be
manually deleted or lost when exporting into interchange le formats. Although most tools allow le
names to be auto-increment and auto-saved, management of such les is poorly supported. Even if the
3D models were version controlled in a system sucBRadRepq the changes would be recorded only
between immediate revisions without any further semantic explanation of the steps that guided the cre-
ation of the entire data sequence. This is often experienced in the industries where projects span multiple
specialised engineering tools. A common practice is to periodically save snapshots oB®hlele for

archival purposes. Thus, a novel tool that takes a set of models and builds a visualisation of a high-level
editing provenance is presented here. The tool does this by reverse engingdauagilalehistory of3D
components and then summarising the important changes. These are displayed on a timeline that makes
it easy to visually track the lifetime of each part and its relationship to other parts. Using this tool, the
users are able to answer important questions about the model history, such as the timing of a particular

change or the steps that introduced an eff@ure 6.1shows an example.

The Chronicle system by Grossman et &MF1Q visualises the history of documents in a time-
line, but to do so, it has to instrument an editor and video record the entire session. This system has
been later extended to Autodesk's computer-aided de€igiD] software, too, although it is still not
applicable to legacy datasets where such a video capture might not exist. This is certainly the case for
the majority of already create&®D models that one might want to inspect. Hence, a newly develdped
Timelinetool has to be totally agnostic to the editors that generated the models and has to take as input

only complete3D les. In comparison to Chronicleé3D Timeline does not require any instrumentation of
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the editor, nor any pre-recorded editing sequences. To demonstrate the feasibility of the proposed solu-
tion, models saved from Autodesk Mayd]13, Pixologic ZBrush Bpel], Trimble Sketchup$ch13,

Blender BlalZ and Luxology Modo {zar13 were used in the evaluation iBection 6.5 These se-
gquences that are tackled initially consist of millions of polygons and thousands of components, see
Table 6.1for statistics. In order to make it tractable from an analytical point of view, and to achieve a
concise visualisation, this work is based on the observation that many models are composed of separate
parts rather than single manifold surfaces. These parts might re ect logical structure, or might simply
be a facet of the working process of the modeller. In addition, models are often comprised of duplicated,
symmetric or self-similar partdfPWC13. Hence, the focus is on reverse engineering of changes in
parts and the aspects of duplication, provenance from common roots and instantiation. Similar to the
very recent inverse image editing XM * 13] is the set of simple geometric rules and methods proposed

in x6.3.1 The aim is to detect common editing operations and extract their semantic provenance. In ad-
dition, 3D Timeline provides a compression by collapsing non-con icting edits and removing redundant
models. The analysed and abstracted timeline can then be displayed in a custom vigeeidan 6.4

to quickly browse over the history and key events. The system was tested on a selection of models, each

with thousands of components. This successfully recovered informative summariegeedss.9

6.1.1 System architecture

Given an input set of consecutive polygoB&l models, also known deeyframesthe goal is to reverse
engineer a modelling tree that explains their temporal relationships. In order to extract high-level se-
mantic meaning, the changes need to be explained beyond simple version control operations. This is
achieved by decomposing the keyframes into their constituent parts, and for each part, by tracking its
provenancei.e. how it is related to identical or similar parts in adjacent frames. The full editing timeline
will then explain the life-span of every identi ed model component. Since this is an inverse problem,
the task is inherently ambiguous. This is because several intermediate edits can potentially explain the
same input model sequence. Herig, Timeline does not attempt to recover the actual history, nor does

it attempt to exhaustively generate all possible permutations of the histories. Instead, it tries to infer a
plausible ow of steps that ful | the assumptions with regards to the permitted editing operations. This
ow has to provide a consistent explanation of the geometry found in the input models. As shown in
Figure 6.1 the detected operations together with their visualisation and playback form the core output
of the system. Even though the creative process of modelling might be regarded as continuous in the
temporal domain, here, itis discretised into individual events that are de n&i3nl These include the
following basic component-level operatiorsiditionanddeletion changes ipolycountandsizeof the
corresponding parts as well as detectiotrahslations duplications instancing andrepeated copying

Such operations are dominant in edit histories as validated on various modelling work a&&.iThus
understanding them provides valuable insight, despite not necessarily capturing all of the steps an artist
might have performed. Even though the c8E2Reposystem already tracks changesadslitions dele-
tionsandmaodi cations the crucial difference is th&D Timeline does not rely on any prior knowledge

of revision metadata. Instead, it automatically extracts and estimates a component-level correspondence



114 Chapter 6. 3D Timeline Reverse Engineering

uonejuaswbas
9@ouspuodsalio)
sisAjeuy

Input ) =) =) Output

Figure 6.2: 3D Timeline processing pipeline. A collection of consecutive models is loaded. In a pre-
processing step the meshes are individually segmented and a part-based correspondence is estimated.
This is analysed and the implied editing history is visualised.

ow across the input frames. This provides the right balance of complexity vs. usefulness. Subsequently,
the system implies the editing operations and visualises them using a timeline metaphor. The users can
then scrub through the timeline, as they might in a video editor, and an animation is created that demon-
strates how the model evolved over time. Similarly to Grossman ebBHL(], a timeline compression

simpli es the displayed information without violating the provenance 8.3 In rare cases when the

automatic correspondence fails, the users can override the assignment.

6.1.2 Processing pipeline
The input keyframes, or modelling “snapshots” as they can be referred to, provide direct evidence from
which a reverse engineering solution implies the missing editing steps that were not recorded; see

ure 6.2for summary. The system, therefore, proceeds in the following stages:

1. The input of the algorithm is a collection 8D les composed of polygonal meshes that represent
a linear evolution of a scene. Their temporal ordering is assumed to be known as it is often
explicitly recorded using naming conventions when modelling. Alternatively, such a sequence can

be exported from & CS such as8D Repq seex6.6.1for limitations.

2. Inthe pre-processing step$ection 6.2the system performs an independent component analysis
in order to extract model segments and to establish their mutual correspondence across all input
frames. This is a multi-stage process in itself. First, self-similar groups of the components are

identi ed and the correspondence is propagated backwards from the last to the very rst frame.

3. Semantic analysis fBection 6.3letects editing operations within estimated correspondence ows.
The extracted operations are then grouped, and possibly collapsed by merging non-con icting

edits over time in order to reduce the inherent complexity of the detected editing.

4. Finally, the implied provenance is visualised as a timelinggntion 6.4with colour-coded corre-
spondence, highlighted events, and a playback option. The compressed timelines provide succinct

edit summaries showing a quick overview particularly in long sequences.
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6.2 Pre-processing

Artists typically create, represent and manipulate shapes as collections of components that are commonly
supported by various primitive-based modelling tools. In contrast to co-analysis of model collections,
reverse engineering from editing session8bfmodels poses different problems altogether. Generally
speaking, when assigning correspondence in any3ivscenes, those vertices and faces that are identi-

cal in world coordinates might not necessarily correspond to the same part of the overall geometry due to
often localised discrepancies, e.g. a subdivided plane being shifted half its width sideways. As demon-
strated in 5F09, relying strictly on pre-alignment of the meshes can yield poor results. Ther&fore,
Timeline makes no assumptions with regards to the initial global alignment of the models. Instead, it
builds upon the observation that the early design stages are often characterisassiygi.e. outlining

of the most prominent volumes rst before progressively adding detail |&&d[]. The focus is on
establishing a component-level correspondence across frames, starting with the largest dominant com-
ponents that then provide additional contextual information for the less prominent parts. This factors out
any global rigid transforms. Furthermore, the neighbouring models in a construction sequence tend to
be highly correlated with many sections being locally unmodi 8®. Timeline takes advantage of this

characteristic to formulate a correspondence estimatiaf.2

6.2.1 Segmentation

Many segmentation strategies exist, eapdomised cutfGF0g, joint shape segmentatighlKG11] or
unsupervised co-segmentatifBvKK* 11, WWS' 13, MXLH13] to hame just a few. These, however,

are computationally expensive and rely on speci c descriptors and a xed number of oversegmenta-
tion clusters. In contras8D Timeline requires fast segmentation for pre-processing only. Thus, the
classicahierarchical face clusteringpy Garland et al. EWHO1]] is used to independently generate non-
overlapping components as clusters. This algorithm builds a dual graph of a mesh surface such that
nodes represent clusters initially seeded by individual faces. Edges, ordered according to their cost of
collapsing, represent the adjacency of faces in this graph. At each iteration, the lowest cost edge is re-
moved, its clusters are merged and the costs of their inherited edges are recalculated. The best- tting
plane for a collectiolV of verticesy; 2 V is de ned by their mean verte\x:_ﬁ a;Vi, and a normah of

the plane which is the eigenvector corresponding to the minimum eigenvalue of their covariance matrix
Cow = a;(vi V)(vi V)T.Thel? tting error to this plane is then de ned ds’ = &;[n(vi V)] In ad-

dition, thecompact shape bissdds a penalty based on the relative change in the clusters' irregularity in
order to prevent long skinny and otherwise degenerate clusters. This irregularity is de néd 4sA),

wherer is the perimeter and the area of a cluster which is simply initialised by the polygon faces
and grows as the sum of the collapsed areas. However, the perimeter of a cluster is the sum of its two
previous perimeters minus twice the length of their common boundary. This boundary length is stored in
each edge. When collapsing two clusters, the new boundary lengths are the sums of the boundaries with
the neighbours they had in common. If the algorithm proceeds until all edges have been exhausted, it
effectively identi es disjoint manifold components. Apart from clusters' planarity, the cost can express

conformity to shapes such as spheres and cylinders, see Attenefdgtalq.
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6.2.2 Correspondence ow estimation

In order to establish a correspondence ow
F=1G! G,,! ! G, .0 (6.1)

i.e. an assignment of a componéhat timet to a componentlat timet? it is simply not suf cient to

nd the most similar meshes since components can be deformed, re ned, copied, etc. Instead, the exact
same component needs to be identi ed and tracked across all keyframes so that its provenance can be
reliably determined. The correspondence measure has to be robust to changes in shape and location, yet

it has to discriminate duplication. Therefore, four consecutive steps are executed as follows:

PCA-aligned bounding boxesAlthough complex algorithms for calculating the exact as well as ap-
proximate minimal-volume bounding boxes3D exist [0'R85, BHP99, in the interest of tractability,

a strategy similar to that of Jain et allTRS12 is used here. To begin with, a principal component
analysis PCA)-aligned bounding box is calculated in order to establish a rough descriptor for each com-
ponent. PCA of verticesy; in a componen€ weighted by the cumulative areq of the parent faces
provides a transformation from the global to a local coordinate systentC Letw; h;d] be the bound-

ing box of C in this coordinate space with a centroigt 3L Avi=&L ; A, and[w; h;d] its respective

width, height and depth. This bounding box is easy to compute, re ects the spread of vertices along the

principal axes, is rotation invariant and robust to local geometry modi cations.

Part-based hierarchy.Building a part-based hierarchy is a common way of adding contextual support
and relative localisation to otherwise loose componed®&d 10, JTRS12. Instead of creating a com-
plicated tree of components, in this step at each keyframe independéiotigstof one-level deep trees

rooted at the largest components is de ned. Hence, the p&ewof a componencC is the one that
contains its bounding box and has the largest volume. This provides localised systems where the largest
components have an implicit global reference at the origin. Note that the parent might not be the same

part of a scene as components can be translated, disconnected, etc.

Correspondence estimationBased on the bounding boxes and their hierarchy, correspondence between
components can be estimated. Egtbe a similarity error between two compone6tandC®de ned as

a Euclidean distance of their bounding boxes irrespective of their centraftls —

Es:= kC [wh;d] C°w?*h®d9k: (6.2)

This measure is used to group self-similar components in each keyframe, stepi)rie 6.3 Let
E_ be alocalisation error de ned as an absolute difference of the Euclidean distances of the centroids of
the component bounding box@s;C° to the centroids of the bounding boxes of their associated parental

component€p ;C5 as

EL:= kv vpk k W Bk : (6.3)
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Figure 6.3: Correspondence assignment from tinet; 1. (1) Firstly, independent self-similar groups
are established in each keyframe. (2) Next, a one to one correspondence is assigned. (3) Finally, a
majority vote ensures all correspondences in tome from a single group in.t

Combining Equation$.2 and6.3for each pair of components in two frames leads to an af nity matrix

Sas a weighted sum of the similarity and localisation errors:

S;j=aEs+t(1 a)E.: (6.4)

Correspondence propagationFinally, a greedy one to one assignment based on the af nity m&trix
estimates the initial correspondence from frare® t; 1, see step (2) ifrigure 6.3 This assignment

is then evaluated for consistency based on a majority vote within each group. Outlters ith
correspondence assigned from a non-matching self-similar groy e reassigned to the remaining
components of the group tathat was voted as a majority preference. This step enforces a consistent ow
between groups of components rather than individuals, see stepKRjure 6.3 The system proceeds
through pairs of neighbouring frames in this fashion from the last to the rst. If a correspondence cannot
be reliably established between two frames, the frame is skipped in order to seek a match in the next
frame until a suitable candidate, if any, is found. The self-similar groups ensure that the components

gain not only a one to one but also a one to many correspondences, see the “funhgstént.9

6.3 Semantic Analysis

As illustrated inEquation 6.5the extracted correspondence ows fro.2.2can be represented as a

sparse binaryn  nmatrix F, wheremis the number of ows ana the number of keyframes.

t t t
0 1 2 n 1
Fi p Ci1 Cip2 Cin

Co1 Co Co.
- (6.5)

I:m;n=

Fm Cm;l Cm;2 Cm;n

Entries inF express the presence of a compor@ntin keyframe at time;. Hence, each row de nes a
single logical scene part tracked over time, while columns de ne collections of components that belong
to a particular keyframe. In this representation, the natural temporal ordering is from left to right, i.e.
from the rst to the last keyframe. By sorting the rows such that a presence in an earlier doandn

more overall entries across all columns are favoured, a top to bottom temporal ordering is created.
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Figure 6.4: 3D Timeline legend. Each icon signi es a detected operation in the resulting timeline.

6.3.1 Editing operations
Once the correspondence ows have been organised into the riattite part by part changes between
the pairs of keyframes can be examined. These are classi ed into one or more of the following operations

such that each operation is assigned a visual icon as depickéglire 6.4

Addition. A componentC;;j has beemddedbetweert; ; andt; iff it is the rstin its self-similar group

and there is no associated corresponding compdigni.

Deletion. Conversely, a compone@;; has beemleletedbetweert; andt;. 1 iff no correspondence at
tj+ 1 exists. However, components that are present in the last keyframe provide no more evidence

to support the deletion detection, hence are left unlabelled.
Life-span. The time distance between a component being added and deleted repre$iéevsgis

Duplication. A componen(C;;j is aduplicateiff it is added but not @emplate i.e. not the rst in its

group. The choice of a template is implementation dependent but, in general, can be arbitrary.

Polycount increase. A componenC;;j hasincreased in polycourttetweert; ; andt; iff it has a larger

number of polygons tha@;;j 1.

Polycount decrease.Conversely, a compone@}; hasdecreased in polycoulietweert; 1 andt; iff it

has a smaller number of polygons than .

Size increase.A componenC;;j hasincreased in sizéetweert; ; andt; iff its bounding box volume

is larger than that of;;j 1.

Size decrease Conversely, a compone@};; hasdecreased in sizeetweert; ; andt; iff its bounding

box volume is smaller than that Gf;j 1.

Translation. A componentC;;; has beetranslatedbetweert; 1 andt; iff there is a translatio signi-
fying a difference in the global position of its bounding box centrgigto that ofC;;; 1 or to its

template at; if it is a duplicate.

Repeated copy.A componencC;;j is arepeated copyetweert; ; andt; iff it is a duplicate and itsT

belongs to a list of at least three successive translationg6sge

Instancing. A componenC;;; is instancedff it is a duplicate and its life-span operations match all of

those present in its template.
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Figure 6.5: Repeated copying detection. (1) Distances from an arbitrary seeat€Ccalculated. (2)
The smallest vector de nes the desired line direction. (3) Components with parallel vectors are selected
and unparallel (4) rejected. (5) The furthest component becomes the new template.

This semantic labelling iterates through each row of mdtriand for each column it detects such
operations through a lookup table. Here, it is important to process the data row by row since instancing
needs to compare all operations of the template component with the currently examined one. Certain
operations such as changes in polycount and size or instancing and repeated copying can and often do
occur simultaneously. This needs to be taken into account when visualising the timeliBectea 6.4
Additional operations such as rotation and scaling were not considered. This is because PCA-aligned
bounding boxes are rotation invariant and their scaling is ambiguous unless the component-level corre-

spondence is known beforehand.

6.3.2 Repeated copying detection

Apart from instancing, another special case of duplication is repeated copying. A template component
that was duplicated and belongs to a self-similar gr@ymt timet; is a component with the largest
lifetime. In a case of multiple candidates ful lling this criterion, the choice would be arbitrary. Repeated
copying, however, differs from basic duplication in that the translation from the template to each copy
is repetitive, i.e. it can be expressed as an incremental succession of the same trahidatibnthat
the most immediate copy is assigned T, the next 2 T and so on, whilél' is minimal. Essentially,
the repeated copying detection is looking for a 1-parameter regular structure? v 08], where
the component-based instances and repetitions are exact, thus easier to discover. The focus here is on
duplicates that are equally spaced.

Given a self-similar grougs, an arbitrary componeris 2 G is selected as a seed. The aim is
to identify at least two other components that would form a repeated sequenc€gyitieir spatial
ordering, the template component and the translafidhat governs this repetition. In order to unravel

such repeated copying, the detection algorithm proceeds as follows.

Firstly, distances fror@s to all other components are calculated, see step #iguare 6.5 Le{ACS
be a vector from any arbitrary componex2 G* A6 Cs. A distance fronCsto B2 G is considered
negativeiff! ACS! BCs < 0. The components are, therefore, sorted according to their signed distance
from the most negative to the most positive witg also being included due to its trivial non-negative
zero distance to itself. Létg 6 Cs be the component with the smallest unsigned distance, in absolute
terms, toCs. Vectorlcscg then de nes a line on which the repeated copying is expected to occur while

its magnitude de nes the desired repetition distance, see step Ryime 6.5 Next, the components
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Figure 6.6: Timeline compression. (a) Full timeline. (b) Row-wise collapse of instanced duplication.
(c) Column-wise collapse of (b) where no colliding operations were detected.

are examined one by one in the order of their signed distances. Compatienbnsidered a member

of a repeated copying subgroup iEICSD !Cscgk = 0, i.e. the vector from a seed componentXas

parallel with the desired line andoc(liCsDk; k!Cscgk) = 0, see step (3) dfigure 6.5 If less than three
components ful | this condition, vect!c@scgcbvith the next smallest magnitude is selected as the new seed

and the process is repeated, this time \mg'removed fromG. If, however, three or more components

are found, these form the desired copying subgroup with the head of the list being the new template and
the translation calculated as multiples of it, see step (B)aidre 6.5 This subgroup is removed fro@

and the algorithm is recursively repeated until there is not enough components left or all possible seed
distances have been exhausted. This algorithm, therefore, identi es repeated copying sequences that are

likely to occur by copying the same component in a rBigure 6.8shows an example.

6.3.3 Timeline compression

In the tested Medieval dataset shownHigure 6.7 there were 510 separate components across the
sequence, yet these formed only 17 self-similar component groups altogether. In addition, many editing
operations were repeated across multiple components such as is the case of instancing, while others
were independent of each other. Thus, the goal of the timeline compression is to simplify the apparent
complexity of the matridk while preserving the essence of the reverse engineered provenance. This can

be achieved via two analytically independent collapsing steps as depidtaglie 6.6

Row-wise collapse.Instanced duplicates are by de nition created using the same operations as their
templates. Hence, mw-wise collapsenerges all instances into their parental components while
remaining components are left unmodi ed. This signi cantly reduces the matrix height, in the

case of the Medieval dataset from 189 to 28 rows.

Column-wise collapse.Operations in the neighbouring frames that do not affect the same correspon-
dence ow can be considered independent. Therefore, it is possible to perfootluran-wise
collapsegiven the operations #tdo not collide with those dt 1 and vice versa, i.e. when opera-

tions do not occur in neighbouring frames concurrently.
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Figure 6.7: Prototype3D TimelineGUI implemented in a cross-platform framework Qt. Morph window
is at the top, keyframes with correspondence in the middle and estimated timeline at the bottom.

6.4 Prototype Implementation

Representing events in a timeline is a common way of abstracting complex temporal interactions into
a meaningful and easily understandable ow. Apart from linear dependencies, timelines can also dis-
play hierarchical informationgNF1(Q and can be even used as a collaboration platf@®g" 10]. In

computer graphics, however, timelines are mostly used for animation compositing such as is the case
of many3D authoring tools, e.g. Autodesk May&dl13, Blender BlalZ, etc. In this implementation,

a hierarchical timeline representation has been chosen as it matches the linear succession of the input
data but still enables display of dependency relationships between components and their groups. Such a

visualisation encourages both manual exploration and automated playback.

Similarly to desktop prototypes from Chapt&and4, the viewer, shown ifrigure 6.7 was imple-
mented in a cross-platfortdl framework Qt BS0g. The ASSIMPlibrary [SGK' 14] was used to load
various3D le formats andGLC Lib [Rib14] provided the rendering capability. Although the highly
parallelised pre-processing algorithm fr@ection 6.2might be suitable for &PU implementation, in
this case a multi-threadegPUversion was developed as tB&Uis already occupied by a large number
of 3D scenes that are being rendered simultaneously. In a way similaki®11], the 3D TimelineGUI
shows a main blending preview at the top and a sequence of thun3ihaibdels ordered from left to
right underneath. In addition, the reverse engineered provenance is visualised at the very bottom. Mod-
els are initially coloured based on their independent segmentation using a random colouring scheme,
but once the correspondence estimation has been completed, the colours become consistent with the ex-
tracted timeline. In this application, it is possible to select a single component or groups of components
in order to highlight the corresponding parts across the frames.3Dhthumbnails can be navigated

synchronously while the main t&D window can be explored independently of other models.
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Figure 6.8: Repeated copying blending is interpolated sequentially. In this case, it is detected on the
corner stones of the Medieval dataset, Begire 6.7

6.4.1 Timeline interface

The timeline itself is divided into equally spaced buckets that illustrate the time that elapsed between
neighbouring keyframes, see vertical lines under &iglthumbnail inFigure 6.7 This is only an ap-
proximation as there is no requirement for the input models to be created in equal amounts of time. In
addition, each of the alternating rows signi es a correspondence ow as extractecition 6.3 The
life-span of components is visualised as a collection of culézi® curvesPT97 forming a path that

can diverge from the assigned timeline row whenever a duplication has been detected. These are laid
out from top to bottom in the order of a template followed by repeated copies and general duplicates.
Their colouring is consistent with the correspondence assignment in the thurBbnaéws. Instanced
duplicates have decreased opacity for easier identi cation even when the timeline is not collapsed, as
shown inFigure 6.7 Double clicking on a path highlights the corresponding components in the thumb-
nail views. Vectorised icons of the detected editing operations, listegl 811, are placed directly on top

of the paths. From left to right, the additions are placed rst, followed by relative changes in polycount
and size, with translations being the last between paigahodels. Such an arrangement ensures that

in a duplication, the relative geometric changes appear only once in the timeline while the translations
are recorded along their matching paths. Even though there is no evidence that the events have happened

in any particular order, this layout signi cantly declutters the interface.

Just like in standar@D animations, the time between two successive keyframes is linearly interpo-
lated so that componentstaare morphed into their known stategjat via extracted editing operations.
In addition, the opacity of a compone@t; 1 changes from 100% to 0% while f@y; it changes at the
same rate but in reverse. Those components that do not change are rendered grey to make the immediate
modi cations stand out during playback. Repeated copies, however, change their opacity one by one
for a pleasing visualisation of their successive constructioni-gpee 6.8for an example. Even though
the animation is linearly interpolated, more emphasis can be put on certain operations by slowing down
the playback speed for desired event classes. The same effect can be achieved by manually dragging the

timeline slider forwards or backwards.
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Dataset Frames| Polycount| Comp. | Corr.[mg | Analysis[mg | Total[s] | Through.[C=5]
Medieval 6 16,005 510 51 40 0.09 5,604
Brick 16 16,703 141 47 25 0.07 1,958
Engine 55| 3,414,103| 2,460 1,435 512 1.95 1,264
Cruciform 74 924,123 | 23,695 74,712 1,140 75.85 312
Portico 158 | 2,442,104 3,622 1,908 784 2.70 1,346
Character 9| 7,609,539 189 6,685 1,875 8.56 22

Table 6.1: Statistics for test sequences evaluated on a Thinkpad X230 with Intel Core i7-3520M

at 2.90GHz with 16 GB RAMon Windows 8. From left to right: the number of frames in a sequence,

the cumulative number of polygons, the number of detected components, duration of the correspondence
estimation, duration of the timeline analysis, sum of correspondence and analysis, and the throughput as
the number of components processed per second (Components / (Correspondence + ArE)$)s)

6.5 Evaluation

The prototype3D Timeline tool developed irsection 6.4was evaluated on a variety of modelling se-
guences created by multiple professional artists in Autodesk Maya, Pixologic ZBrush, Trimble Sketchup,
Blender and Luxology Modo authoring tools. Each generated sequence provided a distinct set of chal-
lenges including detailing, large number of polygons and even organic sculptingppeadix E On
average, they represented changes recorded every ve minutes, although this was not a strict prerequisite.
Table 6.1lists the statistics for these sequences whilgure 6.9shows the extracted timelines as well
as some of the input models with their assigned correspondences. In this evalaatidh3 was used
in Equation 6.4and a zero tolerance threshad= 0:0001 was set in the repeated copying detection in
x6.3.2 Note that even if the actual editing history existed, it would represent only one plausible evolution
that achieves the same sequences, hence no ground truth comparison was attempted. Instead, the focus
was on the feasibility of the solution and its ability to aid its users in identify the key editing operations.

All measurements were performed on a Thinkpad X230 with Intel Core i7-332BMat 2.90GHz
with 16 GB RAM running Microsoft Windows 8. The tested modelling sequences varied signi cantly in
their number of input keyframes as well as scene and geometric complexity to make sure they properly
represented a cross section of some of the most common editing operations. As shabie iB.1 the
performance of the prototype system largely depends on the number of polygons as well as the number
of components and their structural organisation within the scene. Although the Cruciform dataset in
comparison to Portico was only half as complex, it took 28 times longer to process. This is because the
Cruciform had by far the most separate components and, therefore, the correspondence estimation had
to compare signi cantly higher numbers of possible candidates. The situation was further complicated
by the presence of many repeated components such as window frame dividers that accounted for the
majority of scene complexity throughout the sequence. On average, all other sequences were examined
in under three seconds. The Character dataset, shoRigime 6.1 further reveals that large polycount
can also have an adverse effect on the processing speed, see the throughput coabten6ril Such a
behaviour is caused by tRCAbounding box calculation ir6.2.2which takes into account all available
vertices. Even though it would be possible to subsample the meshes, this technique was not employed in
the tested prototype. Nevertheless, the segmentation was already parallelised on a per mesh basis, while

thePCA hierarchy was calculated across all keyframes simultaneously.
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Multiview Timeline

Experience | Q1 Q2 Q3 tlm SUS| Q1 Q2 Q3 t[m SUS
P1 Intermediate F F F 59 70.0f F T T 3.3 675
P2 Expert T T T 18 750 T T T 25 375
P3 Intermediate T T F 3.1 750 F T F 20 725
P4 Intermediate F F T 2.3 675 F T F 43 675
P5 Expert F F F 36 445 T T F 1.5 775
P6 Intermediate F F T 43 475 T F F 2.6 60.0
P7 Intermediate F F F 24 375 T T F 1.9 85.0
P8 Intermediate F F T 15 375 F T F 15 875

Average| 25% 25% 50% 3.1 56.850% 88% 25% 24 69.4

Table 6.2: Pilot user study results based on 3 quiz questions. Evaluated are the multiview and timeline
interfaces, time to completion in minutes and the system usability 2d® ¢cores. T = true, F = IT.

Figures6.1and6.9depict the compressed results from 8i2modelling sequences. Each input set
produced a consistent correspondence and a timeline visualisation, although the Portico models caused
the system to lose track in four instances that are visible as steps at the botkoguief 6.9 This is
because the fagade was modelled as a single continuous mesh with drastic changes in geometry. Fur-
thermore, in larger datasets, it became obvious from the timeline that many components, once created,
do not change throughout the rest of their life-span. This indicates selective modelling where the detail
is progressively added rather than performing adjustments on a global scale. It is, this, belie@&d that

Timeline provides useful insights into large sequences that was not achievable otherwi8e; dee

6.5.1 User study

The usability of the3D Timeline prototype was evaluated in a comparative user study with eight post-
graduate researchers in the eld of computer graphics. These were selected based on their intermediate
or expert level inr3D modelling experience. In order to compare and contrast the timeline interface, a
multi-viewscenario with only a basic side by side visualisation and interli8kedavigation was used in
the study. The participants were given a sample dataset before each trial to familiarise themselves with
the different visual environments. The task was to answer a short quiz with regards to the modelling
provenance. The questions asked where the most unique components were added, how many compo-
nents had the longest lifespan and which models had the most duplication. After each session, a system
usability scale $US [Bro9€] questionnaire was handed out, gggpendix D The order of the datasets
and interfaces was shuf ed according to Latin square to prevent any effects of learning, sde

As shown inTable 6.2 the overall average success of answering the quiz questions correctly based
on predetermined ground truth was 54% in the timeline versus 33% in the multiview scenario. The
timeline also scored better in terms of the system usability s&&(reaching a grade B, i.e. an above
the average user interface for the task at hand. According to this score, the users found it easy to interact
with the interface, would not need any technical assistance and would happily u3B fhieneline
tool again. One expert user, however, assigned a3bt@to the timeline due to his strong preference
of the multiview interface. Note that the study had only six frames to give the baseline viewer a fair
comparison. The general experience is that on longer sequences of 15+ frames, visual examination

without the timeline becomes nearly impossible due to a vast number of changes being present.
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Figure 6.9: 3D Timeline results. Collapsed timelines for Medieval, Brick, Engine, Cruciform and Portico
datasets as presentedTable 6.1 Character sequence is shownRigure 6.1 Note that for brevity only
subsets of keyframes are shown for the Engine, Cruciform, and Portico datasets.
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Figure 6.10: 3D Timeline vs. MeshGit()P13 comparison. Compared is theghuttle = model and

the rst 12 frames of ouEngine dataset. MeshGit shows changes in adjacency (red/green), geometry
(blue) and sequential changes (orange). The timeline shows unmodi ed component groups (grey) and
modi ed (corresponding colours). It also detects bending between Engines 8 and 9.

6.5.2 MeshGit comparison

The MeshGit system by Denning and PellacibF[L3 focuses on vertex-level pairwise model compar-

isons, hence a complementary reverse engineering subproblem. This system can be run in a sequence
to provide a form of linear differencing as shownkigure 6.10 Such an approach is similar to a 2-

way sequential differencing already describe&éattion 4.2 Being higher-level and component-based,
however, the detection &D Timeline is faster and scales to much larger datasets. For example, on the
shuttle their largest example with over 5,000 separate components, MeshGit takes 9.7 minutes to com-
plete. When the same model pair was evaluated on a comparable hardware, described at the beginning

of Section 6.5it took mere 14 seconds BD Timeline.

On datasets fronfrigure 6.9where there were strong changes in adjacency of vertices and faces,
MeshGit matched large areas that do not correspond as repositioned, added or deleted. See the rst
12 models of the Engine datasetRigure 6.10 3D Timeline can also handle modi cations that trans-
late components signi cantly, the main limitation discussed in the MeshGit paper. Nevertheless, in
many cases MeshGit provides insights into ne-grained editing 3taiimeline does not attempt to
recover due to tractability in real-life applications. Despite this, it is conceivable t8[ddémeline for
component-based analysis and then selectively apply MeshGit to vertex-level changes once the corre-

spondence has been established. For instance, this could be activated on user selection.
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6.6 Discussion

Since3D Timeline makes no assumptions about the temporal coherence of the modelling effort, nor does
it rely on any scene graph organisational structures or revision metadata, it presents a practical solution to
a complex reverse engineering problem. It thus gives its users the ability to explore some of potentially
many high-level semantic operations in lafgje datasets that would not be explained by@S. This
demonstrates that it is possible to imply editing operations even when no metadata is available as stated
by the third research Question@hapter 1

In general 3D Timeline highlights deformations and other modi cations that are hard to detect by
visual inspection alone. This becomes even more apparent with the growing size of the input sequences,
although even for pairs of polygonaD models this solution already reveals previously unnoticed editing
operations. For instance, between the rst two keyframes of the Medieval dataset, there is a vertical
stretch of the facade geometry with an upward translation in its roof structures. Even in a direct side by
side comparison, it is dif cult to notice this, yet both the timeline and the blending preview reveal this
precisely. See the detected translation on a red line between the rst two framiggsie 6.7 At close
inspection of the Brick and Engine datasetds-igure 6.9 it can be also seen that the respective logos
were created separately and put in place once completed. If the frames are visually too close to each
other, i.e. nearly perfectly identical in their geometry, the algorithm detects no changes and those frames
are collapsed. If, however, they are too dissimilar, at some point the correspondence estimation fails and
the components are marked as deleted in one frame and added in the subsequent frame.

Another interesting revelation arises from the Portico dataset that consists of 158 distinct models,
the largest sequence tested with the system. A common practice when creating Basangels is to
temporarily disable or even totally remove certain parts of a scene in order to lower its memory footprint,
hence unburden the editor. This hidden geometry is then reintroduced at a later stage when the full scene
is required. As visible in the rst 29 keyframes, represented by seven green thumbnails at the beginning
of the Portico dataset, the last sequendeigure 6.9 the modeller created a set of pillars with attempted
detailing which then disappear entirely. Later, the columns reappear, but this time with a different height
and shape. Unlike the common practice of hiding geometngih€imeline identi ed this situation as a
massive deletion followed by an addition. This is because the reintroduced geometry signi cantly differs
from that of the supposed original. Upon con rmation with the modeller it became obvious that it was
indeed the intention to delete the rst version of the columns so that the positioning and the height of the
roof would govern their construction in the next stages. Without the timeline it would have been very
dif cult if not impossible to discover such cases. The prototype application was even able to render the

largest sequences, although the frame rate would drop when navigating all 158 Portico models together.

6.6.1 Limitations

While the centre of this work is the analysis and visualisation only, once a timeline of this type is avail-
able, it would be possible to start editing the sequence based on its history. For example, paids of a
scene could be substituted with their previous revisions for quick alterations. Similarly, the timeline inter-

face could be used to extract editing provenance directly from a version controlled repository. However,
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systems such &D RepouseDAGS to represent revision history. Unlike standard tr&#s;s cannot be

simpli ed into a collection of linear construction sequences because one model can have multiple parents
in a DAG. Nevertheless3D Timeline can be used on liner histories store@imRepo Furthermore,

the system in its current form cannot imply the relative ordering of operations between two frames. For
example, it cannot reliably establish whether an increase in the number of polygons has happened before
or after a duplication. This would require an extensive study of modelling behaviour based on software
instrumentation which might provide evidence for patterns of events that occur more frequently than
others. Similarly, the choice of a template component in duplication is currently arbitrary, although, it
might be possible to devise extra set of rules to break ties. In addBDrTimeline does not detect

join operations, i.e. multiple components becoming a single manifold surface, or mirroring, rotations
and scaling. This is noticeable in the largest dataset where the most of the geometry is modelled as a
single continuous mesh. Although the correspondence estimation is greedy, hence not globally optimal,
it is robust in most cases and together with the detection of changes can uncover even non-rigid trans-
formations such as bending, see the Engine modEidnre 6.10 Nevertheless, the estimation might

fall into a local minima. In general, these cases are resolved by a majority vote reassignment within a
self-similar group as depicted Figure 6.3 In rare cases, however, if tiCA-aligned bounding boxes

of non-corresponding components are too similar, the algorithm might be unable to recover and would
result in a wrong assignment. Furthermore, the tight threshold of the repeated copying detection does

not support approximate regularities, unlil MW+ 08].

6.7 Chapter Summary

The third and last research questiorhapter lasked whether a plausible provenance can be extracted
from a sequence &D models. Hence3D Timeline presented in this chapter is a novel tool for reverse
engineering of a part-based provenance from linearly consecutive polygonal models. In comparison to
previous works described i@hapter 2 this approach does not require any pre-recorded editing opera-
tions from the actual modelling session. Thus, it is applicable to all sorts of legacy datasets that are often
found across various industries. For instargie,Repq introduced inChapter 3 can preserve changes

in 3D scenes that are discovered using 3eDiff tool from Chapter 4 In order to establish part-based
correspondence in two modeBD) Diff relies on revision metadata such as the unique component names

or IDs values to be present in the input data formats. These are decomposed so that their delta changes
can be stored in AloSQL database. Such an approach, however, supports only tracking of simple addi-
tions, deletions and modi cations. In contrast, 3@ Timeline is able to reliably determine many more
high-level semantic operations that are likely to have happened during the editing. To achieve this, the
system establishes correspondence based on contextual support from hierarchies of scene components
that are independent of their original scene graph structures. Hence, the timeline takes as input only a se-
guence of polygona&@D models consisting of polygonal meshes. The pre-processing sigztion 6.2
establishes the self-similar groups in each of the models and then propagates a consistent correspondence
across the entire construction chainSection 6.3such correspondence ows are gathered into a sparse

matrix which is then semantically analysed for modi cations across components. Apart from the stan-
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dard additions and deletions, these include changes in the size and polycount, duplication, instancing and
repeated copying. Finally, the results of such an analysis are visualised as a timeline so that the matching
components share the same colouring throughout the sequence. In order to reduce the apparent com-
plexity of the timeline, two independent compression operations have been introduce8.& These
signi cantly lower the number of displayed rows but still preserve the essence of the reverse engineered
provenance. If the inpu8D models are too similar, i.e. no changes have been detected, those can be
hidden, too. Therefore, such a novel system addresses the aforementioned research question.

To evaluate the feasibility of the proposed solution, the timeline was implemented into a prototype
tool in Section 6.4hat offers a mair3D blending preview at the top, thumbn&ID models in the middle
and an extracted timeline at the bottom.Saction 6.5the tool was successfully tested on six construc-
tion sequences spanning architectural modellidgP prototyping and even free form sculpting. The
pilot user study in6.5.1suggests that this tool is usable by untrained users who preferred it over a stan-
dard side by side visualisation technique that is commonly found in existing modelling packages. Thus,
the3D Timeline can be useful for artists revisiting modelling processes to learn from. The conclusion is
that it is indeed possible to extract high-level semantic editing operations even when revision metadata
is not available what is especially useful for legacy datasets. The hope is that this typeidifinspire

software vendors who could embed such a system into their editors in the future.
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Chapter 7

Conclusions

In the domain of computer graphics, collaborative editing and visualisation are becoming increasingly
important. Studied were topics such as generation of tutorials from photo editing sessions based on
author demonstration$SJAL* 09] and even integrated revision control 2B images CWC11]. These
approaches, however, require instrumentation of the authoring tools and tracking of the individual editing
operations. Similarly, the visualisation and exploration of document histd&bE-[L(] requires video
recording of the entire sessions and a large disk space to store the generated sequences. Nevertheless, this
particular system was extended to support recordin@AD software under the of cial name Autodesk
Screencastqutl2]. Furthermore, in the context 8D models, recording of editing operations was used

to enable clustering and visualisation of modelling historigiiP11]. Even commercial products such

as the VisTrails Yis12] plug-in for Autodesk Maya preview only recorded edits. However, most of the
time such a capture might not exist. Only very recently the extraction of semantic meaning from pairs of

modi ed 2D images HXM™* 13] and vertex-based comparison2 models PP13 were proposed.

Thus, the research in this thesis explored the management and visualisation of non-linear history
of polygonal3D models. As argued i€hapter 1 there is the need for a highly scalable and extensi-
ble system that is able to support the widest possible range of polymorphic assets in a uni ed version
control and online visualisation system. Hence, the newly prop8BeBeposystem fromChapter 3
was designed in such a way that is independent of any speci ¢ modelling para@igapter 4further
documented the highly related concept of visBaldifferencing and merging in order to support asyn-
chronous collaborativ8D editing directly through this framework. The aim of the accompanying user
study was to establish a suitable visualisation strategy for the system as several different possibilities
were identi ed. Chapter Surther explored the suitability of the Representational State TrarRfes1)
[FGM* 99 style of architecture for the purposes &b version control directly over the Internet. Its
experimental evaluation tested six different encoding formats for their ef ciency and speed of delivery.
Finally, Chapter @ntroduced a novel algorithm for reverse engineering of a part-based provenance from
3D models. This was visualised in an interactive timeline to enhance the higher-level semantic under-
standing of such sequences. The ndings from a user study suggest that this typasopreferred
over a standard side by side visualisation. Thus, the overarching goal of the thesis was to design and

demonstrate all components of a domain-speci c version control framework applicable to the purposes
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of collaborative3D editing of large scale engineerir8 models. The importance of this work was
stressed on numerous examples throughout the text. This closing chapter, therefore, summarises the
research presented in this thesis. Firstly, a conclusion is presented relating the chapters back to the re-
search questions fro@hapter 1 Next, the results from each chapter are recounted. Finally, directions

for potential future work are outlined especially in the areas that were outside the scope of this thesis.

7.1 Contributions

The overarching goal of the research was to investigate and propose a highly extensible framework for
management of non-linear history of various types3bf assets that would enable collaborati®
modelling on the scale required by the indust@hapter 1 therefore, introduced three central research

guestions that de ne the components of this goal as follows:

1. Can asynchronous collaboratiaD editing be scaled up to useful model sizes via application of

a domain speci c version control system?

2. Can such a speci @D versioning framework deliver real-time visualisations of large s@ile

scenes over the Internet?
3. Can a plausible editing provenance be extracted from a sequer82 wiodels?

The rsttwo questions are concerned with the management of and distributed acBBsgtisions

in a remote cloud-based repository. Both deal with the central premise whether a domain speci ¢ version
control framework can address the shortcomings of a le-b&2dsset management and whether such

a collaborative framework would be suitable for online repository visualisation. The nal question is
concerned with legacy datasets that were not recorded using the newly developed framework. This
thesis thus made theoretical as well as practical contributions. The theoretical contributions consist
of a proposal for a novel architecture for version controBbBfassets and the associated processes and
algorithms. The practical contributions concern demonstration of the feasibility of the proposed solutions

via several different prototype implementations and their corresponding evaluations.

7.1.1 Theoretical contributions

This section presents substantive theoretical contributions documented throughout Ch#&ptéhese

concern the design of a novel architecture capable of representing, storing and distributing different types

of 3D assets independent of any speci ¢ authoring tools or le formats. The feasibility of this approach

was established on several prototype implementations that, as a part of the practical contributions, are

further summarised ir7.1.2 Hence, the theoretical contributions address the main research questions.
The rst question asked whether a domain specdV€S can support asynchronous collaborative

3D editing of useful model sizes, i.e. those sizes that are commonly found in the industry. A central

observation of this research is that largf@ scenes consist of thousands of disparate components or-

ganised in hierarchical data structures. This is certainly the case for most authorin@alsgd 3D

le formats as well as rendering enginesJJ0Q BO04, SML06]. Such an observation is further sup-

ported by numerous examples of large engineeBingnodels presented in Chapt&rand6. The next
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prominent observation is the striking similarity between a scene graph and a revision history both of
which can be modelled after@AG. This enabled the de nition of a nov@D repository in aNoSQL

DB. Unlike their relational predecessors, the document-orieRtESQL DBs provide a dictionary-like
interface where each polymorphic document is stored as a collection of key-value pairs independent of
other documents. Hence, the repository can represent not only various tygeass$ets but also their
associated non-linear history in a single centralised location. To futureproof the design, a nondescript
scene graph node was selected as the smallest unit of change. Thus, each partsckae is treated

as an opaque binary document, the granularity of which is decided by the individual authoring tool that
created it. Since the version control logic only depends on the structural organisation of the data blocks
and not their content, the repository can handle any asset type. This is because it is the responsibility
of the client application to interpret such documents while the framework is being oblivious. These
concepts apply to all linear data stores and not NsEQL DBs. A subquestion of the rst research
question inChapter Ifurther asked whether it is possible to sustain asynchronous collabcatiedit-

ing without the need for per asset locking. Thus, the problem of con ict resolution suitat8®fassets

was addressed bghapter 4 The newly introduced concept of visua differencing and merging was
compared to an analogous situation in software engineering. Apart from the standard 2-way and 3-way
differencing,Section 4.Zurther proposed the notions of explicit and implicit con icts that are speci c

to 3D models. Based on these results, the rst research question may be answered af rmatively as the
proposed framework successfully decoup8i modelling from its long-term storage and provided a

suitable means of scalable asynchronous collaborafivediting not possible otherwise.

The second question asked whether it is possible to distribute real-time visualisatBihsa#nes
stored in such a domain-speci¥¥CS. To achieve this, two different approaches were identi ed as
subquestions of this research question. Firstly, it might be possible to connect to the repository directly
to query individual revisions. Secondly, an indirect connection via a gateway service might enable
retrieval of data representations that are not explicitly stored in the repository. The rstapproach requires
the client applications to decode a prescribed data format into indivigiDassets that can then be
reconstructed into a scene graph representation before rendering. Three such clients were demonstrated
in Chapter 3 However, memory limited devices, e.g. mobiles and tablets, might not be able to render
whole revisions from the repository. Examples of these are many large engin@eringdels that are
the main target of this research. Thus, an important feature of the system is its ability to track and serve,
apart from whole revisions, also their subsets. This is possible because of the introduction of a modi ed
materialised paths notation ¥3.2.3in Chapter 3which enables scene changes to be recorded without
the need to reindex any previously stored entries. Nevertheless, to make this design independent of the
underlying data store, the version control logic has to reside at the application level. (@éagter 5
further introduced a server-side daemon service capable of enforcing the internal rules of the repository
on all incoming requests. The newly propo$REST architecture enables client applications to query
3D resources in a representation that is most suitable to their speci ¢ needs. This preference can be

based on the network properties or the processing capabilities of the receiving client. Therefore, the
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second research question can be answered af rmatively since the design of the newly png&sed
for 3D assets enables direct as well as indirect online distributiddDadissets. Its feasibility is further
supported by real-time demonstrators summarised as practical contributisns i These include
desktop, web and mobile clients fro@hapter 3as well as a client-server architecture fr@hapter 5

The third question asked whether it is possible to imply the editing history from a sequeBioe of
models especially when no revision metadata is available. This question is important as there are a large
number of legacy datasets that were not recorded using the newly developed system from the previous
two research questions. Such datasets arise because many popular modelling packages auto-increment
and auto-save the work in progress, but do not provide any further support for their understanding or
managemeniChapter @nvestigated novel means of reverse engineering of the editing provenance from
consecutive3D models. This is related to another contribution of this thesis which proposed sequen-
tial visual 3D differencing inChapter 4 However,3D differencing identi es scene components only as
added, deleted, modi ed, unmodi ed and con icted based on the requirements ¥fGBantroduced in
Chapter 3 Reverse engineering aims to provide further high-level explanation of the semantic operations
that created the resulting set of models. TI&es;tion 6.Jproposed a tractable multi-stage algorithm that
can identify a plausible editing history. In a pre-processing stage, the algorithm rst segmefBi3 the
scenes into separate components and then estimates their correspondence within each model individ-
ually, i.e. by nding self-similar groups of components, as well as across the entire sequence. Next,
the identi ed correspondence ows are semantically analysed for changes in their size and polycount,
translations, duplication, instancing and repeated copying. Finally, the resulting provenance is visualised
as an interactive timeline. This is further supported by experimental implementation and evaluation as
discussed inx7.1.2 The only requirement of this implementation is a known temporal ordering of the
input 3D models. Nevertheless, it would be easy to imply such an ordering if this was not available as,
in general, the models tend to grow in complexity over time. Since no further assumptions about the
models including their internal structure or temporal coherence of the editing effort have been made, the

third research question can be answered af rmatively.

7.1.2 Practical contributions

In addition to the main theoretical contributions, this thesis also aimed to investigate the practical im-
plications of the management and visualisation of non-linear histoBDofodels. Prototype imple-
mentations developed throughout Chap8i#demonstrate the feasibility of the proposed solutions that
address the individual research questions as de ne&thiapter 1

Chapter 3ntroduced a novadNoSQL DBschema that was developed to evaluate the data organisa-
tion approach proposed Bection 3.2 This schema prescribes several compulsory elds that are shared
by every document regardless of the asset type it represents. These include the unique idéit) er (
and shared identi er%ID) values both represented as universally unique identl&dID) [Tel0g, ma-
terialised paths, the type of the document as well as its encddidevel. Additional optional elds
de ne all of the individual properties of cameras, comments, materials, meshes, revisions, textures and

transformations. Large data blocks such as vertices, normals and face indices as well as bitmap images
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are stored as serialised binary entries. Such a de nition is capable of tracking millions of polygons
spread across thousands of components as demonstra&edtion 3.5 To support this, three different
client applications, developed Bection 3.4 connect to the remotgD repository directly. A desktop-
based client was implemented in C++, a cross-platfdirframework Qt BS0g, the Open Asset Import
Library (ASSIMP) [SGK" 14] and the OpenGL Library Clas$3(C Lib) [Rib14. This enables load-

ing of more than 40 popul&D le formats into a uni ed in-memory scene graph representation that

is transformed into the requirddB schema for storage. This multi-threaded implementation supports
full version control, rendering of hundreds of simultane®3 contexts with interlinked navigation

and parallelised repository management. Furthermore, a web browser-based client was developed as a
combination of a Java applet, JavaScript aebGL [Mar11] in order to visualise the contents of the
repository over the Internet. This, same as all the other clients, interprédBtiehema via a dedicated
core library. Finally, an Android app was developed in Java@penGL EJML10] to demonstrate the
suitability of the system for the purposes of public consultation. Users of the app caBDisvisions

and submit localised comments for further analysis.

Chapter 4presented a prototypgD Diff tool capable of 2-way and 3-way visuaD differencing
and merging. The tool supports multiple visualisation modes as well as the detection of explicit and
implicit con icts as de ned inSection 4.2 This was implemented as part of the desktop client from
Chapter 3 hence, it is based on C++, ASSIMP andGLC Lib. It can, therefore, load various types
of 3D models to nd their discrepancies and propose automatic merge suggestions. The addition of the
common ancestor of the differenced models further helps to resolve otherwise ambiguous cases when
it would not be possible to establish whether a component has been added, deleted or modi ed concur-
rently. Correspondence between the components was obtained from revision metadata stored in a form
of SID values introduced iChapter 3 Their equality was based on an early reject byte-by-byte com-
parison. Various visualisation modes were evaluated in a formative user st8dygtion 4.5 ndings of
which suggest that the most preferfigtis a hybrid visualisation where the differencgd models are
visible alongside the proposed merge result. In addition, the detection of implicit con icts was found
useful, although the implementation only supported detection of bounding box intersections which, in

some cases, was not detailed enough. Thus, future tools should concentrate on mesh intersections.

Chapter e ned a novelAPI for version control o8D assets over the Internet. TIHA®I| supports
retrieval of collections of resources, single resources and even their speci ¢ attributes in an encoding rep-
resentation that is the most suitable for the receiving client. A prototype sever-side daemon application
was developed in node.jghf13] and a JavaScript port of the core version control library frGhrap-
ter 3 The corresponding web browser-based client was developEiiBD [SKR* 10], JavaScript
andWebGL Similarly to the base repository implementation, th&® and SID values were realised
using UUIDs that can be uniquely generated without any centralised coordination. Several different
encodings were tested in order to evaluate the system. These intMide JSON BSON [Mon144,
SIG[BJFS12, OpenCTM[Gee09and ArrayBuffers BJFS12. While the XML andJSONformats can

utilise native parsing capabilities of modern web browsers, the remaining encodings required develop-
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ment of custom decoderSection 5.5evaluated all of them for their ef ciency and speed of delivery.
Although the text-based formats provide the least gain in terms of size, they can be compressed using
standard compression methods in order to achieve data sizes similar to the binary formats. However, the
native parsing as well as the lower number of requiXétk requests make them faster throughout the
experiments when comparing to other evaluated formats. Nevertheless, the choice of the best encoding

largely depends on the network properties and the decoding capabilities of the receiving clients.

Chapter epresented a prototypgD Timeline tool for reverse engineering of a part-based prove-
nance from consecutiveéD models. This tool, same as the desktop client fil©@hapter 3and the3D
Diff tool from Chapter 4was developed in C++, Q§SSIMPandGLC Lib. Such a setup enables com-
parison of otherwise incompatible le formats. In a pre-procesing stage, the tool automatically segments
the loaded models, establishes their component-based correspondence and evaluates it in order to visu-
alise the implied editing timeline. This is rendered usirggzigr curves below the main blending preview
and thumbnaiBD models. Each component is colour-coded to match other corresponding components
across the thumbnails as well as their detected life-spans and operations in the timeline. The apparent
complexity of the timeline is further reduced by analytically independent row-wise and column-wise
collapse. Similarly to standa&D animations, the timeline playback is linearly interpolated between the
keyframes. This means that the opacity of the immediately modi ed components changes as the time
progresses. Furthermore, the timeline can be explored manually by scrubbing the cursor forwards and
backwards in time. The accompanying user study demonstrated that &uthspreferred over a stan-

dard multi-view interface by scoring higher in the system usability s@&llE [Bro96 questionnaire.

7.2 Results

Each of the Chapter8—6 presented a number of results that are summarised below. These include
novel technical approaches and prototype implementations in support of the proposed framework. The

theoretical and practical contributions are summarisegkiction 7.1

3D version control databaseThe architecture of a version control framework speci cally designed

for 3D assets was reported @hapter 3 This explored the asynchronous collaboration and storage of
decomposed polygon8D scenes in a remofdoSQL database. In order to support the vast number of
authoring tools and packages that already exist, the exchange of information was facilitated via external
3D les. Since aDB acts as a remote repository, such asset les are now considered only temporary data
representations that are transformed into a unD&Ischema for eventual permanent storage. Individual
assets are encoded as Binary JSBS®ON) documents before being uploaded to the repository. Upon
retrieval, such documents are decoded and reconstructed into a meaningful scene graph representation
for immediate rendering or further editing. Each document is considered a delta increment in this system.
Although a single vertex modi cation would force an entire mesh document to be committed again, this
is still considerably smaller than the whd@® scene, which might be composed of tens of thousands of
components. Such a scene con guration is anyway decided by the authoring tool that created it. This

chapter further explored the similarities between a scene graph and a revision history and introduced
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a novel extension to the materialised paths notation in order to ef ciently repregess in a linear

data store. Three differeB front-end applications were developed to support the non-linear version
control, automated merging as well as visualisations over the Internet. These prototypes are able to
represent polygonal geometry together with other types of assets alongside their revision history in a
single centralised location. The framework was demonstrated on millions of polygons and hundreds of

different revisions that each can be accessed remotely.

Visual 3D differencing and merging.The notion of visuaBD differencing and merging was introduced

in Chapter 4 This is required in order to support asynchronous collaborafivediting without the need

for per asset locking. When multiple users edit the same par3af scene simultaneously, the newly
developed3D Diff tool identi es changes between the revisions and offers automated merge sugges-
tions. For this, new concepts of con ict classi cation have been introduced. On the one hand, explicit
con icts are detected whenever discrepancies amongsmodels arise. On the other hand, implicit

con icts based on the bounding box intersections signify cases where the semantics of the models have
been violated. These are often caused as a side effect of the merging process itself. By further integrating
the knowledge about the common ancestor of the differenced models, it is possible to resolve otherwise
ambiguous cases. Several common visualisation strategies have been examined. The results of a pre-
liminary user study suggest that the most preferred visualisation is the one with the main merge result

visible alongside the two smaller differenc@d models.

XML3DRepo daemon serviceA novel client-server Representational State Trand$?&T) architec-

ture able to deliver and render revisions directly from a rer8Bteepository was presented@hapter 5

This system serves representation8fassets that are independent of the underlying storage or le for-
mats. Data from the repository can be queried as collections of resources, single resources and even
separate attributes depending on the speci ¢ requirements of the receiving client. Such an architecture
enabled implementation of six signi cantly different encoding formats. These were evaluated for their
speed and ef ciency across three popular web browsers. The accompanying experimental evaluation
demonstrated that th&P1 provides a consistent way of addressing version contr@lizessets over the
Internet. It further established that none of the tested encoding formad®fdata on the web would

be suitable for all scenarios and applications. While some formats offered considerable size reduction
via compression, they were slow to decompress on the client-side. Other formats, although faster, would
often require morédTTP requests that would impair the overall performance of the system. Hence, the

best format must be selected depending on the network properties and the client's processing capabilities.

3D timeline reverse engineeringFinally, an approach for reverse engineering of editing provenance
was reported irChapter 6 This implies high-level semantic operations from legacy datasets that were
not recorded in & CSsuch as the one presentedihapter 3 The algorithm rst automatically segments

the input3D models and established a component-based correspondence across the entire collection.
This is subsequently analysed for editing operations including additions, deletions, changes in their size
and polycount, duplication, instancing and even repeated copying. Such operations are then visualised

in an interactive timeline which encourages automated as well as manual exploration of the construction
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Figure 7.1: Construction supply chain data exchange complexityln the construction industry, there

is a high level of complexity when exchanging any kind of data, espe8ia/iamongst the members

of the supply chain(b) In the future, 3D Repo will aim to reduce the need for handovers and formal
Request for Informationdx(FIs) via application of a domain-speci ¢ version control repository. Similar
parallels can be found in the aerospace, automotive and creative industries where 3D models are heavily
relied upon, too.

sequence. However, it provides only one plausible history as many different actions might have resulted
in the same&D sequence. A comparative user study further demonstrated that 8dhspreferred to a
standard multi-view visualisation that is commonly found in existing modelling packages. Hence, it can

be useful for trying to identify occasions when important changes took place in a large data collection.

In principle, even higher-order representations such as parametrised models, non-uniform rational
basis splineJURBS), constructive solid geometr{CSG or boundary representatioBREP that are
commonly found inCAD modelling could be version controlled in the newly developed framework as
long as they are assigned to speci ¢ nodes within the overall scene hierarchy. The main advantage is that
the VCS can store not only control points and surface boundaries but also their pre-calculated attributes
such as centre of gravity, volume and mass. However, by design, the system is not able to support any

speci ¢ queries about spatial occupancy, clash detection, etc., thus unable to perform integrity checks.

7.3 Directions for Future Work

There are many avenues for future work. Some of these were already discussed in the context of limi-
tations and potential bene ts of the proposed approach, while others cover those topics that are outside
the scope of this thesis. The intention is to continue developing this new architecture into a scalable plat-
form that can be used by the community, thus making all of the developed software and speci cations
open source and available on GitHub. The framework will hopefully facilitate crowd-sourciB@ of
models for various purposes in the near future. In the upcoming releases, the system will be expanded to
support standard animations, bones and various types of engineering metadata such as volumes, materi-
als, etc. It will also support all attributes of the Industry Foundation Cla$6€3 [buil3 data format,

the de facto standard of the construction industry. The aim is to de ne a process change for the whole
construction supply chain as depictedrigure 7.1 Due to the use of decentralisedJIDs, it will be

also possible to extend the framework into a fully distributed system where the clients connect to a local
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database which is then dynamically synchronised with a remote repository. The overall aim is to track

ve dimensional 6D) data, i.e 3D modelswith costovertime.

The main architecture overview f@hapter 3suggested that it would be possible to avoid the use
of intermediaryGUI applications in order to connect to the remote repository directly. In a production
environment, it might be necessary to develop a plug-in to one or more popular editing packages. Such
a plug-in would be able to exploit the available information about the immediate changes. For example,
the system would know exactly when an asset has been created or modi ed and these changes could
then be seamlessly committed back to the repository for safekeeping without the need for any kind of
user intervention. Hence, the internal workings of the version control would be entirely hidden from
the end user. This approach could also support access control via locking. Although the support for
locking can be easily added to tiB schema, it would be dif cult to enforce when dealing wizid
models at the level of individual les. Thus, plug-ins might be better suited for this task, too, since
they can represent much richer information during runtime. Nevertheless, it would be still necessary to
establish the granularity of the locks. For instance, the entire components or assemblies could be locked,
or a polyline could specify an interface beyond which no changes are permitted. Such locks could have

time-limited validity which, upon expiration, would be automatically released.

Another feature that is already planned for the upcoming release is the ability to seaBih for
geometry based on spatial queries. Meshes stored in the system already represent bounding box coordi-
nates including their centroids. Given MongoDB's built-in geospatial indexing, it would be possible to
facilitate out-of-core rendering directly over the Internet. This technique is populaGi8iplatfroms
that often span vast land areas that would not t into the operational merm8&82[ PGO07. There, the
data is organised on local disks in such a way that it is possible to fetch only the closest proximity ge-
ometry required for immediate rendering. A similar approach would be possible with the version control
repository proposed in this thesis. This would, however, require a development of e&3Bopedtocol
for a real-time online visualisation as discussegdnt.3in Chapter 2 Data formats such a§3D and its
DOM integration model X3DOM are already evaluating compression streaming over the network. Re-
cent developments in the eld include POP BuffetSBA13] and the Shape Resource Contairf@R(Q)
data nodel[TBF14]. Ultimately, the aim is to scale the framework up to millions of concurrent users
contributing to the sam&D scene which will eventually be composed of billions or even quadrillions
of polygons. This will require addressing practical limits of B2 data storage in databases such as

clustered server-side infrastructure, tiling of the world when viewing and editing, etc.

Furthermore, the visudD differencing and merging a3D models inChapter 4dmposed certain
restrictions about the granularity of the changes that can be detected. To match the overall framework
requirements outlined i@hapter 3the3D Diff tool supports change detection at the level of individual
scene graph nodes. Since the tool only establishes whether there are any discrepancies between corre-
sponding nodes, it can be easily extended to take into account changes beyond the currently supported
node types. For example, existing image-based differencing techniques could be added in order to iden-

tify which portions of a texture were modi ed. Similarly, once the modi ed meshes have been found,
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it would be possible to further compare individual vertices. The next big challenge will be searching
random collections of unrelat&&D models to nd the correspondences and then to express exactly what
is different. First steps towards this goal were already achievE€thapter 6

The results inChapter 5demonstrate that amongst the most popular tested web data formats there
is currently no singl&8D encoding that would t all devices, networks and applications. This is because
of the existing limitations in terms of compression, decoding speed and the numd&i &frequests
that greatly in uence the performance of such a client-server infrastructure. Hence, there is the need
for a dynamic system that would be able to automatically establish the best encoding format based on
some predetermined heuristics. Alternatively, it might be possible to develop a new format that would be
generic enough to represent all kinds3af assets, yet ef cient in its encoding. This would also require
the ability to support progressive loading. Currently, the system f@wrapter Srenders individual
components as soon as they become available giving the user an immediate visual feedback. In the
future, this approach could be combined with vertex-level morphing and quantisation in order to visualise
massive data instantly after the very rst few bytes have been loaded. Nevertheless3Dangedels
tend to have too many components that the existing JavaScript engines simply cannot handle. Hence,
another suggestion for future work is the investigation of techniques that can merge meshes together for
visualisation, but still support per component selection. In addition, it will be interesting to evaluate the
best approach of data upload into such a system. For example, the data might be decomposed directly
in the web browser before committing. However, given the assumption that there is always going to be
many more reads than writes, it might be equally feasible to uploa®@Eamodels for a more powerful
server to process. Similarly to the version control repositor@hapter 3 it would be further possible
to extend the proposeREST APIlin Section 5.2vith the functionality to support spatial and proximity-
based queries. If the repository contained the semantic meanings of individual scene components, these,
too, could be queried. Itis likely that, in the future, it will be possible to enable collaboi@iivediting
directly in web browsers, just like Google Docs did for text documevits(9].

Finally, a simple addition to th&8D Timeline tool from Chapter 6would be the application of
a heat map to visualise the rate of change on a mor@iednodel itself. In a way similar to the
3D Diff from Chapter 4 once the component-based correspondence has been established, it might be
possible to combine the existing tool with further techniques that are able to determine vertex-level
differences. This could achieve a form of deep semantic understanding that would be used for training
purposes when the editing session could not have been recorded. An interesting avenue for future work
is also the exploration of automated intention preservation while modifying the timeline. It might be
possible to replace individual components along the timeline while preserving the semantic meaning
of other related changes within the sequence. Another addition would be nding structural regularities
in 3D models, e.g.PMW" 08, MPWC13, that could automatically suggest improvements and xes in
otherwise incomplete or damaged sequences of input les that often span from laser scanning.

Itis sincerely hoped that these results will inspire software vendors to embed such solutions in their

future modelling packages.
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The following acronyms appear in this thesis:

2D

3D

5D

3DR

3D Repo
ACID
AEC
AJAX
AMD
API
ASSIMP
BEM
BIM
BITE
BREP
BSON
BSP
CAD

CAE

two dimensional

three dimensional

ve dimensional

3D Repository by the Advanced Distributed Learning
3D Repository

atomicity, consistency, isolation and durability
architecture, engineering and construction
Asynchronous JavaScript and XML

Advanced Micro Devices, Inc.

application programming interface

Open Asset Import Library

Built Environment Modelling

building information modelling

Breakthrough Information Technology Exchange
boundary representation

Binary JSON

binary space partitioning

computer-aided design

computer-aided engineering
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CAM computer-aided manufacturing

CATIA Computer-aided Three-dimensional Interactive Application
CDE Common Data Environment

CDN content delivery network

CentOS Community Enterprise Operating System

COLLADA Collaborative Design Activity

CSG constructive solid geometry

CPU central processing unit

CSCw computer-supported cooperative work

CSS cascading style sheets

CVE collaborative virtual environment

CVS Concurrent Versions System

CRUD create, read, update and delete

DAG directed acyclic graph

DB database

DBMS database management system

DCCP Datagram Congestion Control Protocol

DFKI German Research Centre for Arti cial Intelligence
DFS distributed le system

DIVE Distributed Interactive Virtual Environment

DOM document object model

EPSRC Engineering and Physical Sciences Research Council
X3D Extensible 3D

FI FastInfoset

FS le system

GB Gigabyte

GHz Gigahertz



GIS

GIMP

GLC Lib

GoD

GPU

GUI

GUID

HAR

HCI

HDRI

HS2

HTML

HTTP

HUT

HVAC

ID

IDE

IFC

ISO

JSON

JVM

KB

KTH

LIFO

MASSIVE

MB

MEP

Geographic Information System
GNU Image Manipulation Program
OpenGL Library Class

Gaming on Demand

graphics processing unit

graphical user interface

globally unique identi er

HTTP Archive

human-computer interaction
high-dynamic-range imaging

High Speed 2

HyperText Markup Language
HyperText Transfer Protocol

Helsinki University of Technology
heating, ventilating, and air conditioning
identi er

integrated development environment
Industry Foundation Classes
International Organization for Standardization
JavaScript Object Notation

Java Virtual Machine

kilobyte

The Royal Institute of Technology

lastin, rstout

149

Model, Architecture and System for Spatial Interaction in Virtual Environments

megabyte

mechanical, electrical, and plumbing services
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MIME Multipurpose Internet Mail Extensions
MIT Massachusetts Institute of Technology
MMOG massively multiplayer online game

MR Minimal Reality

ms millisecond

NoSQL No Structured Query Language

NPM node packaged modules

NURBS non-uniform rational basis spline
OpenCTM Open Compressed Triangle Mesh
OpenGL Open Graphics Library

OpenGL ES OpenGL for Embedded Systems

(O] operating system

OSM OpenStreetMap

OSsT Olympic Stadium Transformation

PDES Product Data Exchange Standard

PDF Portable Document Format

PNG Portable Network Graphics

PCA principal component analysis

PHIGS Programmer's Hierarchical Interactive Graphics System
PS4 PlayStation 4

RAM random access memory

RDBMS relational database management system
RDP Remote Desktop Protocol

REST Representational State Transfer

RFI Request for Information

SID shared identi er

SIG Sequential Image Geometry



SIMNET

SRC

STCP

STEP

STL

SUS

SVG

SVN

TCP

UCL

UbP

ul

UK

UN

URI

URL

usC

UTF-8

uiD

uulilbD

VBO

VCS

VEIV

VRML

VTK

w3C

WAVES

151
Simulation Network
Shape Resource Container
Scalable TCP
STandard for the Exchange of Product Model Data
STereolLithography
system usability scale
Scalable Vector Graphics
Apache Subversion
Transmission Control Protocol
University College London
User Datagram Protocol
user interface
United Kingdom
United Nations
uniform resource identi er
uniform resource locator
University of Southern California
Universal Character Set Transformation Format—8-bit
unique identi er
universally unique identi er
Vertex Buffer Object
version control system
Virtual Environments, Imaging and Visualisation
Virtual Reality Modeling Language
Visualization Toolkit
World Wide Web Consortium

WAterloo Virtual Environment System
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WebGL

XHR

XHTML

XMI

XML

XML3D

XPath
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Web Graphics Library
XMLHttpRequest
Extensible HyperText Markup Language
XML Metadata Interchange
Extensible Markup Language
Extensible Markup Language 3D

XML Path Language



Appendix C

3D Diff Questionnaire for Chapter 4

"'LIl 8VHU 6WXG\

:HOFRPH WR WKH ' 'LIl 8VHU 6WXG\ ,@ WKMHOQEH W VNRIGQWWHVHY®R DQG HXY¥DOXDW
WHFKQLTXHV ZLWK YDU\LQJ OHYHO RI DRWRRDW LRH D ¥INHGU WD HY VB R VWRIQ R X U
S5HTXLUHG

$JIH
(QWHU EHORZ

*HQGHU

&KRRVH RQH RSWLRQ
@ 0DOH

@® )HPDOH

:KDW LV \RXU OHYHO RI IDPLOLDULW\ ZLWK ' PRGHOOLQJ"
&KRRVH RQH RSWLRQ

@ 9HU\ IDPLOLDU WRRN PXOWLSOH WUDLQLQJ FRXUVHV LQ WKH SDVW

@® )DPLOLDU WRRN RQH WUDLQLQJ FRXUVH LQ WKH SDVW

@® 6RPHZKDW IDPLOLDU WULHG VRPH EXW ZLWKRXW DQ\ IRUPDO WUDLQLQJ
@® LRW IDPLOLDU QR SUDFWLFDO H[SHULHQFH

+RZ FRQILGHQW DUH \RX DERXW \RXU XBRMHHMQ W R RP®HA SV QW D IWMXWRULDO"
&KRRVH RQH RSWLRQ

@ 9HU\ FRQILGHQW

@® &RQILGHQW

@® LWK QR H[SHFWDWLRQV
@® S$SSUHKHQVLYH

7THVWLQJ DQG (YDOXDWLRQ
30HDVH WHVW HDFK RI WKH WRROV GPA WQRA MRS DXKWHVWR @ QDH QMY D QW

<RXU WDVNV LV WR PHUJH HGLWV IURP WZR\GALKIBWHQW RERDGIPOW KH PR DLV X
PDNLQJ VXUH \RX SUHVHUYH WKH ODWHVWX®@GRQB\ERKHQRYHUWP BRBWOIVEGHG ,QHEW
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UHVROYH FRQIOLFWLQJ HGLWV E\ VHRKFARLQ ORQ Y H RMKH R I L\WY KIH FYRHQIDLLRF &)H G RXW
QHHG WR H[SRUW WR DQ H[WHUQDO HGLWRU VXFK DV %OHQGHU OD[ RU 0D\D

7KH IROORZLQJ FRORXU FRGLQJ LV XVHG WR FRQYH\ LQIRUPDWLRQ

25%$1*( FXUUHQW VHOHFWLRQ

5(' FRQIOLFWHG FKDQJH KDSSHQH G RWUN KM 8 DPAN VEH P FFHD @ Q RMRD X WRPDWLFI
PHDQW WR EH

*5((1 UHVROYHG RQO\ RQH RI WKH WZ®VFR\(KB IFWHE @ WWKKDO WV WDNHQ

%/8( PRGLILHG RQO\ RQH RI WKH WKHQYPMRIWILIR®'® Rl D PHVK KDV EH

%25'2 GHOHWHG D PHVK KDV EHHQ GHOHWHG

9,2/(7 DGGHG D PHVK KDV EHHQ DGGHG

785482,6( ERXQGLQJ ER[ FRQIOLFWHG ZEKR-MIQHGWEH E B LHeV QLRW HQ WHHRW HFW EH I

3RZHUHG E\ *RRJOH 'RFV

SHSRUW $EXWVPYV Rl 6 HIGAIPWWMLRODO 7HUPV
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"'LIl 8VHU 6WXG\

3DUW
5DWH WKH DFFXUDF\ RI HDFK Rl WKH IRECRZLWR VB U VEHRHBMORRQ D VFD

6WURQJO\ GLVDJUHH

'LVDJUHH

1HLWKHU DJUHH QRU GLVDJUHH
$JUHH

6WURQJO\ DJUHH

:KLFK WRRO GLG \RX XVH"

7KH ' PHUJLQJ WRRO LV HDV\ WR XVH

6WURQJIO\ CQV@I@HY @ 6WURQJIO\ DIUHH

, ZRXOG EH DEOH WR XVH WKH WRRO ZLWKRXW WKH LQLWLDO WXWRULDO
6WURQJIO\ CQV@I @ H) @ 6WURQJIO\ DIUHH

7KH WRRO VHHPV WR EH UHOLDEOH

6WURQJO\ GQV@I @ H) @ 6WURQJIO\ DIUHH

, IHHO WKDW WKH WRRO KHOSHG PH FRPSOHWH WKH JLYHQ WDVN ZHOO
6WURQJO\ GQV@I @ H) @ 6WURQJIO\ DIJUHH

7KH WRRO GLG 127 UHGXFH P\ DELOLWK R@®R WLPHVK WKH JLYHQ WD
6WURQJO\ CQV@I @ HY @ 6WURQJIO\ DIUHH

7KH IXQFWLRQDOLW\ RI WKH WRRO ZDV VWK HFLHQMW MDVAHDW RRARFPLSIIHWR W K H
6WURQJO\ CQV@I @ H® @ 6WURQJIO\ DIUHH

, KDYH 127 H[SHULHQFHG DQ\ WHFKQLWRB @ HIVMWFLXQIWRIHW K&X WIRR O
6WURQJO\ CQV@I@HY @ 6WURQJIO\ DIUHH

, WUXVW WKH VXJJHVWLRQV IRU DXWRPDWHG PHUJLQJ WKH WRRO RIIHUV
6WURQJO\ GQV@I @ H) @ 6WURQJIO\ DIUHH

&RPPHQWYV
$GG DQ\ FRPPHQWV WR 3DUW EHORZ

© %Dl | &RQWL

3RZHUHG E\ *RRJOH 'RFV

SHSRUW $EXVPRYV Rl 6HUGYGIEWMLRQDO 7THUPV
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"'LIl 8VHU 6WXG\

5HTXLUHG

3DUW
5DWH WKH DFFXUDF\ RI HDFK Rl WKH IREBEGRRZLWR V\BYVEHRHBRMORRQ D VFD

6WURQJO\ GLVDJUHH

'LVDJUHH

1IHLWKHU DJUHH QRU GLVDJUHH
$JUHH

6WURQJO\ DJUHH

:KLFK WRRO GLG \RX XVH"

7KH ' PHUJLQJ WRRO LV HDV\ WR XVH

6WURQJO\ CQV@I@H) @ 6WURQJIO\ DIJUHH

, ZRXOG EH DEOH WR XVH WKH WRRO ZLWKRXW WKH LQLWLDO WXWRULDO
6WURQJO\ CQV@I@H) @ 6WURQJIO\ DIJUHH

7KH WRRO VHHPV WR EH UHOLDEOH

6WURQJO\ CQV@I@H) @ 6WURQJIO\ DIUHH

, IHHO WKDW WKH WRRO KHOSHG PH FRPSOHWH WKH JLYHQ WDVN ZHOO
6WURQJO\ CQV@I@H) @ 6WURQJIO\ DIUHH

7KH WRRO GLG 127 UHGXFH P\ DELOLW R@® WLPLVK WKH JLYHQ WD
6WURQJO\ CQV@I@IH) @ 6WURQJIO\ DIJUHH

7KH IXQFWLRQDOLW\ RI WKH WRRO ZDV VW KHFLHQ@\WQ MRDVAHDW RRARPLSOIHWR W K H
6WURQJO\ CQV@I@H) @ 6WURQJIO\ DIJUHH

, KDYH 127 H[SHULHQFHG DQ\ WHFKQLWRB & HIVMWLXQQIWRIHW KHX WIRR O

6WURQJO\ C@V@I @ H® @ 6WURQJIO\ DIUHH

, WUXVW WKH VXJIJHVWLRQV IRU DXWRPDWHG PHUJLQJ WKH WRRO RIIHUV
6WURQJO\ CQV@I@H) @ 6WURQJIO\ DIJUHH

&RPPHQWV
7\SH DQ\ FRPPHQWV WR 3DUW EHORZ

© %D|| &RQWL(

3RZHUHG E\ *RRJOH 'RFV

SHSRUW SEXWVRYV RI 6HUGYAIEWLRQDO 7HUPV
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"'LIl 8VHU 6WXG\

SHTXLUHG

3DUW
5DWH WKH DFFXUDF\ RI HDFK Rl WKH IRECRRZLWR V\BUVEHRHBRMORRQ D VFD

6WURQJO\ GLVDJUHH

'LVDJUHH

1HLWKHU DJUHH QRU GLVDJUHH
$JUHH

6WURQJO\ DJUHH

:KLFK WRRO GLG \RX XVH"

7KH ' PHUJLQJ WRRO LV HDV\ WR XVH

6WURQJO\ CQV@I@HY @ 6WURQJIO\ DIUHH

, ZRXOG EH DEOH WR XVH WKH WRRO ZLWKRXW WKH LQLWLDO WXWRULDO
6WURQJIO\ CQV@I @ HY @ 6WURQJIO\ DIUHH

7KH WRRO VHHPV WR EH UHOLDEOH

6WURQJIO\ CQV@I @ H) @ 6WURQJIO\ DIUHH

, IHHO WKDW WKH WRRO KHOSHG PH FRPSOHWH WKH JLYHQ WDVN ZHOO
6WURQJO\ CQV@I @ H) @ 6WURQJIO\ DIUHH

7KH WRRO GLG 127 UHGXFH P\ DELOLWK R@R WLPHVK WKH JLYHQ WD
6WURQJO\ GQV@I @ H) @ 6WURQJIO\ DIJUHH

7KH IXQFWLRQDOLW\ RI WKH WRRO ZDV VWK HFLHQW MDVRHDW RRARFPLSIHWR W K H
6WURQJO\ CQV@I @ H) @ 6WURQJIO\ DIUHH

, KDYH 127 H[SHULHQFHG DQ\ WHFKQLWRB W HIVMWLXQIWRIHW KX WIRR O

BWURQJO\ C@V@I @ H® @ 6WURQJIO\ DIUHH

, WUXVW WKH VXJJHVWLRQV IRU DXWRPDWHG PHUJLQJ WKH WRRO RIIHUV
6WURQJO\ GQV@I @ H) @ 6WURQJIO\ DIUHH

&RPPHQWYV
7\SH DQ\ FRPPHQWV WR 3DUW EHORZ

© %Dl | &RQWL

3RZHUHG E\ *RRJOH 'RFV

SHSRUW $EXVPRYV Rl 6HUGYGIEWMLRQDO 7THUPV
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"'LIl 8VHU 6WXG\

5HTXLUHG

3DUW
5DWH WKH DFFXUDF\ RI HDFK Rl WKH IREBEGRRZLWR V\BYVEHRHBRMORRQ D VFD

6WURQJO\ GLVDJUHH

'LVDJUHH

1IHLWKHU DJUHH QRU GLVDJUHH
$JUHH

6WURQJO\ DJUHH

:KLFK WRRO GLG \RX XVH"

7KH ' PHUJLQJ WRRO LV HDV\ WR XVH

6WURQJO\ CQV@I@H) @ 6WURQJIO\ DIJUHH

, ZRXOG EH DEOH WR XVH WKH WRRO ZLWKRXW WKH LQLWLDO WXWRULDO
6WURQJO\ CQV@I@H) @ 6WURQJIO\ DIJUHH

7KH WRRO VHHPV WR EH UHOLDEOH

6WURQJO\ CQV@I@H) @ 6WURQJIO\ DIUHH

, IHHO WKDW WKH WRRO KHOSHG PH FRPSOHWH WKH JLYHQ WDVN ZHOO
6WURQJO\ CQV@I@H) @ 6WURQJIO\ DIUHH

7KH WRRO GLG 127 UHGXFH P\ DELOLW R@® WLPLVK WKH JLYHQ WD
6WURQJO\ CQV@I@IH) @ 6WURQJIO\ DIJUHH

7KH IXQFWLRQDOLW\ RI WKH WRRO ZDV VW KHFLHQ@\WQ MRDVAHDW RRARPLSOIHWR W K H
6WURQJO\ CQV@I@H) @ 6WURQJIO\ DIJUHH

, KDYH 127 H[SHULHQFHG DQ\ WHFKQLWRB & HIVMWLXQQIWRIHW KHX WIRR O

6WURQJO\ C@V@I @ H® @ 6WURQJIO\ DIUHH

, WUXVW WKH VXJIJHVWLRQV IRU DXWRPDWHG PHUJLQJ WKH WRRO RIIHUV
6WURQJO\ CQV@I@H) @ 6WURQJIO\ DIJUHH

&RPPHQWV
7\SH DQ\ FRPPHQWV WR 3DUW EHORZ

© %D|| &RQWL(

3RZHUHG E\ *RRJOH 'RFV

SHSRUW SEXWVRYV RI 6HUGYAIEWLRQDO 7HUPV
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"'LIl 8VHU 6WXG\

SHTXLUHG

&RPSDULVRQ

30HDVH UDQN WKH IRXU WRROV RQ WKHLU HDVH RI XVH

9HU\ KDUG +DUG 1RW VXUH (DV\ 9HU\ HDV\
7ZR ZD\ GLII 2YHUOD\@ [ ) [ ] [ ] [ ]
7ZR ZD\ GLII 6WDQGDU@ (] [ ] [ ] [ ]
7KUHH ZD\ GLII 6WDQGO@ G [ ] [ ] [ ] [ ]
7KUHH ZD\ GLII 2YHUO @ (] [ ] [ ] [ ]

'LG \RX ILQG DQ\ IXQFWLRQDOLW\ LQDRUH RHWKIXGAVRROV SDUWLFXO
$GG FRPPHQWYV EHORZ

'LG \RX ILQG DQ\ IXQFWLRQDOLW\ LQ RRRWIRKWKE WRKYW'GLVWUDFWL
$GG FRPPHQWY EHORZ

:KDW IXQFWLRQDOLW\ GR \RX WKLQN LW ZRXOG EH XVHIXO WR DGG"
$GG FRPPHQWYV EHORZ

(QG
7KH H[SHULPHQW LV QRZ RYHU 3O0OHDVH VXEPLW \RXU HYDOXDWLRQ

7KDQN \RX YHU\ PXFK IRU \RXU KHOS ZUWRPBIOWWILQI WHKH WRROW LIR@® DR U H

1IHYHU VXEPLW SDVVZRUGV WKURXJK *RRJOH )RUPV

3RZHUHG E\ *RRJOH 'RFV

SHSRUW $EXWPYV Rl 6 HAGAIFWLRQDO 7HUPV
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Appendix D

3D Timeline Questionnaire for Chapter 6

3D Timeline User Study

Thank you for participating in our user study. During this study you will explordiffecent

graphical user interfacasultiview andtimeline that both support exploration of 3D modelling
histories. Your tasls to answer very simple quiz questions with regards to presented 3D models,
assess the usability of the systems and at the end compare and contrast the two interfaces and the
types of explorations you will have experienced. The experiment will last no more Shamutes

and you can withdraw at any point in which case your answers wifivadidated.

Q0. What is your 3D modelling experience? Please tick as appabgari

|:| Beginner |:| Intermediate |:| Expert

Please continue on the next page.
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Appendix E

3D Timeline Input Models for Chapter 6

Figure E.1: Medieval dataset.
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Figure E.2: Character dataset.
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Figure E.3: Brick dataset.
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Figure E.4: Engine dataset.
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Figure E.5: Cruciform dataset.
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Figure E.6: Portico dataset.
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