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CHAPTER 1

INTRODUCTION

Imagine a scenario in which a geographically distributed team can work together,
sharing ideas, collaboratively editing a shared document iftineal and integicting as
closely and productively as a team of workers within the same room. This is one of the
goals of the field of Computer Supported Collaborative Work (CSCW) and in particular
the subfield of @llaborative Editing System<ES. CES may be synchrons (real
time) or asynchronous in coordinating the collaboration among users; in either case,
managing a repository of the shared documents, maintaining consistency among replicas
of the documents, and resolving concurrent and potentially conflictinggebao the
shared documents is of central concern.

Enhancing communication and collaboration e @f the increasingly popular
uses of modern computiigchnology we observe that computing technologies are ever
more useicentric and allow multiple use to work collaborativelyto solve modern,
interdisciplinary andcomplex problems facing the world todayWe note that
productivity software toolgddocument authoring, email, Web site management, etc.)
increasingly focus on supportingollaboration amongmultiple usersi a welcome
addition to their core functionality

However, the current state of CES research uses ever increasingly complex
algorithms to achieve convergence, causal preservation, and intention pres€sesion
[66], [90], and[131] as examplesand still have limited capacity in achieving intention
preservation.  Additionally, these systems that are replhsad in supporting

concurrency control are dbgs with respect to communication and computation.
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Therefore there exists an opportunity to viBwattime Collaborative Editing Systems
(RTCES systematicallyf moving beyond OT algorithmand focusing in how viewing
the system as a whole may uncover nepportunities for optimizations and new
approaches to solving the problem of CCI.

This research explosareas of RTCES thatanbe improved to be more scalable
in supporting largercollaborations (as measured by the size of the documents being
shared asvell as the number afserswithin the collaboration) Our researchevisits the
idea of using lockingand intelligently cacheoperations when possible to reduce
communication and computation costs. First, we develapeopen systems approach
that suppats existing client and server technologiellext, we formally developed our
theoretical work in hierarchical locking algorithms and data structures to support
caching operations and managing concurrency among the users irsehesit and P2P
scenarios.Third, we integrate current best practice©jperational Transformatior®O(T)
research into our theoretical work. Finally, we extend our simulation results indicating
the viability of our approach into prototypes of client and server technologiesgorsup
our approach into RTCES

This chapter presents the motivation of our research, the current state of the art
and its limitations, and then we present our problem statemeails,and contributions
of this dissertation. We conclude this chapter witliszsussion of the organization of

the remainder of the dissertation.

1.1. Motivation

CSCW and specifically RTCES and CES have a rich history of research and

significant contributions in various fields since the 198(&[44] [119]. These systems
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remain collaboratiomtentric as the computing system merely supports the activity at
hand[87]. The following are select example domains in which oseaech in RTCES
applications that correspond to research questions to be addressed in this work.

Software Engineeringat the heart of software systems development is the
coordination of various developers, project managers, documents, and sourf&8tode
While much work within software engineering involves decomposing large systems into
subsystems that can be developed in par{d&][100][154], much work related to
coordination remains a vital part of a software system development pfagH&2].
Managing everchanging project artifacts such as requirements, plans, test dosyment
and system models involves coordinating access to either a centralized document
repository or a distributed, replicated document repository; with this comes the
concomitant consistency management practi@ggs Developersf a software system
must be informed of changes not only to the source code but also the foundational
project definition documents (requirements, designs, plans,[@8[101]. Awareness
of whatother users are doing within the system as well as a view of what documents
other users are accessing helps avoid conflicting changes and coordinate the
development efforfl01]. Coordination among developers can be formahfmrmal
and is often driven/defined by the software engineering processes employed with the
project[40][147]. Central to the ability to collaborate on documents is the ability to
work within a goup and coordinate group effort. In a traditional software engineering
setting, these activities entail project task scheduling, status reporting (and meetings),
and intergroup communicatio33][52]. Recently, there has been an increase in

commercial interest in the field of integrating collaboration mechanisms into integrated
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development environmenfg][14][81], validating that this area of research has interest
in the commercial sector.

Collaborative Document Developmenmoving from the specific field of
Software Engineering, we can generalize to document sharing and collaborative editing
as a joint task aong multiple authors either docated or distributed geographically
[52]. Additionally, users may wish to edit the shared document synchronously (at the
same time) or asynchronously (at different tinjédp]. Collaborative document editing
involves a high level of interactivity among users, and ensuring rapid response time to
changes in the document and maintaining a familiar -boukfeel (allowing use of
userso6 favorit e, ar@amuntsdesign goale fri any cokkaboratier e
document editing systef@6][100]. As an example of the need for such collaboration,
consider a large research proposal authored by faculty from mdesedif universities.

There has been an increase in recent commercial development of collaborative document
management systems in recent years, validating that this area of collaborative editing
system research is becoming commercially viald2][81]. While these systems
demonstrate some problems in the field of collaborative document development have
been solved, other research problems remain open.

Computer Aided Design (CADanother field thatve note would benefit from
computer assisted collaboration is design. CAD systems have long supported designers
develop schematics, renderings, and other desigiied documents. Recent studies in
CSCW also support the idea that the design process eaefitbofrom collaborative
editing [32]. What is most interesting about this particular field of CES is that modern

CAD systems store the documents being edited as objects with layering, so it is believed
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that the concurrencyoatrol employed in CAD systems must manage collections of
objects within the document that are not necessarily spatially structured but are rather
structured via grouping. For example, all of the electrical wiring (the electrical objects
collection/layer)of a building schematic could be locked by one user for editing while
all of the flooring (the flooring objects collection/layer) could be locked by another user
for editing. We specifically address this domain of CAD because it offers an
opportunity tomanage concurrent access to collections of objects within a document that
are not necessarily spatially relatd®d7], and our algorithms and models generated

this work easily accommodate this rgpatial organizational stcture.

1.2. Current State of the Art

Reattime collaborative editing systems allow multiple users to synchronously
edit a shared document in a geographiedistributed environment. In such an
environment, there are two approaches in managing the documenastahown in
Figure 1. The shared document is either centralized at one location within the
collaboration or a distributed replica/copy model may be used wherein each user
maintains a local copy of the shared document. CuR&@ES research utilizes the

distributed replica approach in order to maintain high local responsiveness.



=
User
< <
|\ [ =
User User
User User
Server
Replicas of the
Document state managed centre document at each clie

Figurel: Centralized and Replica Document State Management Approache

Because the current approach in RTCES research is to utilize a replicated
architecture, ancurrent changes are possible among the users; as a result, concurrency
control algorithms must be adopted to ensure the document replicas remain consistent.
CCIl1i convergence, causality preservation, and intention preservation (defined in detail
in Secton 2.4) T is the current benchmark standard by which RTCES are judged to be
correct; thus if a RTCES achieves CCI, then it is said to be corregeratnal
transformation(defined in detail in SectioB.5) is the most prevalently researched way
to achieve CCI Briefly, OT involves transforming operations that are created by a
remote user that are to be replayed on a local copy of the document; once transformed,
the operation may then be enactedthe local replica to achieve the intended result on
the document. Without OT, the remote operation, when replayed locally, may not have

the same effect as when it was enacted on the remote copy of the document.



1.3. Limitations of Current Technology

This setion discusses the limitatisnof current RTCES architectures and

concurrencymanagemertechniques.

RTCES Architectureshile the focus of RTCES research has traditionally been
on algorithms to better achieve CCI via OT, some research has developestanci
support for RTCES. The client editing and server repository technologies and the
connecting network of the collaborative system are for the most part assumed and little
work has been done to investigate how these technologies work togethgptot su
RTCES. The work of Li and L{68] focus on supporting heterogeneous client
technologies to work together by transforming operations into client techrotagsal
Aimet ao operations that cn@tedtigdechnaogieasr Bubr at e «
this heterogeneous approach has not been extended to server technologies necessary for
managing document repositories. Additionalligere has been work to differentiate
aware and transparent sharing of documents and waw&sfilesktopf2][3], and even
some commercial products have emerged from this resg&0thJnfortunately, these
architectures employ interaction interleaving, only alwi ng one wuser t o
cursor and concurrency is not supportefdl.2] performed an evaluation of RTCES
technologies currently developed and being developed (both by academia, industry, and
hobbyists), but this work dinot perform an analysis of the architectural structure of
these systems; it would be fruitful to compare each of these systems to see what
architectural components support the collaboration.

Concurrency Management whether the collaborative system emm@oya

centralized or replicatiebased approach to managing document state, concurrent access
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to the shared document must be manageds mi&ntioned in the previous section,
Operation Transformation (OT3 the most populaway to ensure consistency among
copiesof a shared document in RTCES that employ replication of document lstiate
OT is costly with regard to computation and communicatidfhenever an operation is
generated by a user, this operation is broadcast to all other users within the cadlaborat
and replayed locally after being transformed by the other users. Since almost all
existing OT solutions view operations at the keystroke level (i.e., the user inserts or
deletes a character), the number of messages and the processing of these mdhksages
RTCES can grow quickly[57] allows for operations to occur semantically higher than
simple characters, but their approach fixes the depth of the documentitn@esing
rigid constraints on what operations may befqrened i and all operations are still
broadcast to all usersAdditionally, a history of operations must be maintained at each
user6s copy requiring storage space for a
collaboration this history of operationss cal | ed a fAhi story buffe

Alternatively, in a centralized approach to document state managetoekig
may be employed to avoid concurrency problems of the shared document, but such
locking techniques as rounwbin, tokenbased, and exclusive lockj all reduce
concurrent access to the document because only one user may edit the document at any
given time. Some systems such as Coy&6] and COOP/Orn}73] attempt to increase
concurrent accasby reducing the size of the lock (to the -$ildo level), but the lock
does not adjust in size dynamically with regard to what other users are doing in the

collaboration. POEM71] utilizes the hierarchical nature of softwarode to lock at a
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subfile level, but the methods must be defined a priori by the user (contextostly
overhead), and again the locks remain fixed in size.

Further, while there has been some preliminary work in examining how semantic
structure contaed within the shared document can be ySé{ no work has been done
to investigate how history buffers may be consolidated (reduced) at opportune or
predefined times; nor has any research examined how operations storesl lavel
within the hierarchy of the document may be transformed and combined into operations

operational transformation applied within

1.4. Problem Statement and Research Goals

In this dissertation we have focused on the following goals in an effort to solve

some of the limitations addressed in the previous section:

1. Investigate how an open systems RTCES architecture may supsorigegiient
technologies that connect with existing server technologies with an emphasis on
extending legacgerver/repositoryech n ol ogi es and supporti ng
editingtechnologies.

2. Reuvisit the feasibility of utilizing locking to support concurrency management
such that communication and computation costs may be reddmsatcompared
to current replication and ndacking approaches.

3. Examine opportunities t o | ever age sem
structure to better achieve intention preservation, apply operations more

intelligently at semanticalbaware levels within the document, and reduce the
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size of the histonpuffers needed to managgerations withinsections of the
shared document.

4. Study how the natural structure of RTCES may be supported pagerto-peer
(P2P approachthat may increase reliability and avoid performaho#éleneck
at a singlesener.

5. Dewelop prototype implementations diie client and the server technologies
develop thatvalidate our theoretical approach is viable and easily @tgg in

actual, usable tools.

1.5. Contributions and Significance

We have made the following contributions toe tfield of RTCES in this

dissertation work:

1. An open systems architecturave have developed an architectdinat allows
existing client technologies to connect via Web services API to existing server
technologies. Our architectuemables clients to contie to use their preferred
editing tools with hooks that capture events and translate them into recognizable
messages for others within the collaboration to respond to. Further, our
architecture allows existing server repositorie$ documents to host
col aborative editing sessions and manage
2. Theoretical algorithms and data structures to support dynamic lockedave
developed a set of algorithms and data structures to support dynamic,
hierarchical locking that maximizes the spam&ned by a user to increase

caching and reduce communication costs in a RTCES. We developed client
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server and P2P versions of these algorithms and data structures that are validated

empirically via simulation.

. Integration of OT best practices and improve@l: further, we have integrated

best practices of OT techniques into alynamic lockingapproach such that
concurrent editing of a shared document is supported while minimizing the costs
relative to an OJonly approach. Additionally, our approach ismsatically
aware, so we are able to apply operations intelligently and achieve better

intention preservation within a RTCES.

4. Prototype client and server technologiégally, we have developed a functional

client editor that connects to a functional Wedrvice API server. These
technologies implement our theoretical developments and show that our

approach is easily integrated into usable tools for clients to use.

Organization of the Thesis

The remainder of this dissertation is organized as follows.

Chaper 2 introduces the reader to the background for the research including

collaborative editing systems, various architectural approaches to supporting

collaboration, locking policies, the CCl model, operational transformation, and existing

systems within té field of RTCES.

Chapter 3 introduces thgpen systems architectural approaed developed to

support a heterogeneous collection of client and server technologies. We present our

architectural components and the research that validates this approasaltime

collaborative editing systems.
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Chapter 4 presents the algorithms and data structures we developed to support
relaxed/lazy consistency viaierarchical, dynamic locking on a document tree. We
discuss how documents may be modeled as trees, whyadvantageous to maximize
the space a user locks within a document, and then present the lock request and lock
release algorithms. We discuss our initial simulation results demonstrating that such an
approach may reduce communication costs associatdd aviRTCES, present the
correctness and efficiency of these algorithms, and conclude with a discussion of related
work.

Chapter 5 extends the research developed in Chapter 4 by showing how our
relaxed consistency approach may integrate existing OT algaritton support
concurrent writers and better achieve CCI. We present the improved versions of our
approachandsimulation results validating this approach are also presented.

Chapter 6 extends the cliesgrver algorithms of Chapters 4 and 5 into P2P
algorithms and data structuresResults of the simulation presented in this chapter
demonstrate that this P2P approach is effective in load balancing work among peers and
avoiding a single point of failure and bottleneck in processing user actibesalso
presenta discussion of the correctness and efficiency of our algorithms.

Chapter 7 presentsur work in reducing history buffers hierarchically at various
depths within the document tree. As a result of this reduction approach, we are able to
explore opprtunities for better intention preservation. We present simulation results
that show how the history buffers are distributed among the peers managing the

document tree.
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Chapter 8presentsour work in developing prototypes of client and server
technologis andthe simulatiordesign approach we utilize@iheseémplementations are
based upon our previous theoretical work dathonstratéhe viability of our approach
The process of moving from models of both the client and the server to fully
implemented visions of the client and server technologies is also presented.

Finally, Chapter $resents conclusions of this dissertation work and discusses our

future research direction.
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CHAPTER 2

BACKGROUND

In Chapter 1, RTCES was identified as an active area eares and important
field in the future of collaborative and distributed computir@pnsequently, the goals
of this research focus on viewing RTCES in a systematic way, addressing opportunities
for improving architectural structures that support RTCESraddcing communication
and computation costs associated with RTCES by addressing fundamental, theoretical
algorithms in achieving CCIl. To establish a basis by which to evaluate our
contributions, we begin by discussing the past work within the fieldT&ES research.
This chapter presents an overview of collaborative editing systems with an emphasis on
reattime collaborative editing systems; we then present the existing architectural
approaches to support RTCES and concurrency control policies usdbese
architectures; next, we define CCIl and OT and present current OT approaches; finally,

we conclude with a discussion of existing systérbsth prototype and commercial.

2.1. Collaborative Editing Systems

Collaborative editing systems may be asynchrormusynchronous (redaime).
In an asynchronous collaborative editing system, users collaborate at different times on
shared documents. Rdahe collaborative editing systems allow users to concurrently
share a common document, make changes to thiedshdocument, and have their
changes distributed to other users within the system.

Because responsiveness and usability are key components to -émeeal

collaborative editing system, researchers in RTCES have adopted a replicated approach
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to RTCES architdacur e s ; under this approach, t he d
machine, and the users interact with their local copy of the document. When a change
(operation) is made to the document, this operation is broadcast to all other users within
the collaborat i o0 n and the operation is enacted or

To enable concurrent access in a distributed collaborative system, we must either
centralize the storage of the document bei
that merely relay usenput/changes, or copy the document being edited onto the clients
and coordinate the changes made to the document by all the users (essentially ensuring
cache consistency). A centralized approach has proven to be too costly with regard to
communication osts and lacks adequate responsiveness typicanointeractive
application[39]. Consequently, distributed approaches are typically employed in CES.

Assuming a multuser system employs replication to allow multiple usecess
to a shared document, we must ensure that the replicated document state is consistent
among the users. If all users are allowed to make local changes to their copies of the
document, these changes could be broadcast to the other users and the changes
Airepl ayedo on the | ocal copies to ensure ¢
replayed changes is not preserved, and consequently the replicated copies of the
document become unsynchronized. To ensure consistency among the replicas of the
doaument, some form of concurrency must be employed.

Ordered broadcast protocols may be used to ensure proper ordering of changes to
the shared document. But this approach requires that all changes be sent to a central
controlling server and local changeswoat be affected until the server responds to the

client making the change; consequently, the response time of such systems is typically
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not appropriate for interactive systems. Additionally, such broadcast protocol
approaches require that the changesoperationallyt r ansf or med t o t he
document st&t to preserve user intentiph00]. As Figure2 demonstrates, the state of
the document only converges when concurrent changes are@sbadd ordered in the
same total ordering on all clients or else executing A then B on Site 1 and B then A on

Site 2 would result in a different state at the different sites and may have unintended

results.
generate A
broadcast A execute A execute B
Site 1
Site 2
generate B execute A execute B

broadcast B

Figure2: Ordered Boadcast Ensures Convergence

Because of the interactive nature of collaborative editing systems, traditional
transactiorbased and pessimistic locking schemes typically employed in database
systems are often not appropriae they are best employed in admaenvironment
where rollbacks are permissibleAlternatively, most collaborative editing systems
employ some form of optimistic concurrency control in an effort to improve interactive

responsiveness.
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2.2.  Architectures Supporting Collaborative Editing Systens

[82] performed one of the earliest studies on design for combining synchronous
and asynchronous group editing and discovering components of both types of systems.
Therein, a model of cooperative work as applied to the tasiolaborative writing
suggests that mechanisms to support communication among participants and the sharing
of a common artifact/document are critical for the success of the CES. While there has
been other research to focus on the HCI side of CES (ssichommunication,
awareness, and presence), because this work is focused on dgstmesearch
regarding RTCES such as communication and computation costs savings and improving
consistency within a RTCE®is section will focus on such systesasel issues within
the scope of RTCES architectures.

Transparent collaborative systems are so named because the applications that are
being shared among multiple users have no idea of the collaboraltiercollaborative
interface acts as an intermediary buffer the application and receives all users' input
and relays these interactions to the application; when the application responds and
adjusts its output, the collaborative system/agent relays this information to all users'
computers such that all users see same interfaceThe advantage of such transparent
systems is that they can be integrated into most susge applications without the need
to recompile or edit the original application.

Aware collaborative systems are so hamed because the cdiladanterface is
embedded within the application itself an
support synchronization and distribution/s

are defined as aware becawsatentibleeingsphaedi cat i
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and the interface of the system enables such sharing. While there are many benefits of
embedding the collaboration within the application, the disadvantage is that the source
of the application must be available and the collabggaPI1 (synchronization, mutex,
etc.) must be tightly coupled within the application. This is often not possible, thus the
need for transparent systems.

Application sharing and transparency are two different approaches to
collaborative systemsApplication sharing involves either centralizing the application's
execution and distributing the input and output (display) among user machines or
creating a replicated, homogenous architecture in which each user runs the same
application across a network; wieither model, the user is constrained to use the same
application as all other users in the collaborative environméwnén in heterogeneous
application sharing environments, considerable concerns must be overcome in
supporting the capture, communicatiamd replication of users' actions as discussed in
the previous section.

In comparison, transparentysed systems allow users to share applications
without modifying the original programTransparencies originally involved screen
sharing technologies iwhich the user would share the entire screen to other users.
These systems evolved into sharing only specific windows or applications, rather than
the entire screen, and are best represented by the X windows protocol.

Under conventional collaborative tigrarent system, concurrency is not possible
- only one user is able to input to the application at any given time; while this is
appropriate for presentations and shared meetings, this is too limiting for collaborative

software development:Floor controf is the term used to define which user has access
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to the input stream (mutex), and this is needed to ensure that event interleaving is
avoided.

One promising concept of being able to merge the best of transparent and aware
collaborative systems is the nmerd objectoriented concept of reflectid69][115]. If a
developer wanted to transform a singker application into a collaborative multiple
user application but did not have access to the sawrde, then through reflection, the
developer could extend the program and add the communication/synchronization API
into the system externally via reflection. Unfortunately, this approach does require a
high-level knowledge of the internals of the siegker system, and even without access
to the original source code,-depth knowledge of the internals of the system is often
required.

An alternative approach would be to design systems that allow users to establish
relationships to objects within the sdgm and extend the collaborative software to
support such relationshipg9]. Of course, the prerequisite of this type of system would
be that the collaborative APl be built into the current system and that the system
suppors extension by allowing the user to establish relationships between objects. Li
and Patraods mod e | exhibits such an i nt
collaborative interaction as objects that support emergent sharing and distributed
referential ineégrity. Such objects inherit common attributes and provide a generalized
API for modification such that these modifications (small differentials) can be broadcast
to the users of the system and tracked; this avoids the more costigviemessaging

(transparencybased) system wherein all display information is broadcast.
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Li and Li [68] discuss current advances in the area of transparencies that should
support spontaneous application sharing (i.e. a user can use ausieglpplication and
then later decide to publish/share the application to another user) and support
heterogeneous clients and independent vieAadditionally, the issue of "late comers"
needs to be addressed in modern collaborative environments: how cgstéme kring
new users that were not present at the beginning of the session up to speed quickly; OS
hooks such as the Microsoft Windows API provides such capabilities that allow
collaborative transparencies to record sessions for replay on future, iNtegariients.

Begole et al[2][3] discuss a synchronous methodology for providing a
"transparent” collaboration system that works in coordination with existing applications.
This system is differ® from other existing collaboration transparencies in that it avoids
the "conventional” centralized architecture that require that only one person interact with
the system at any given time (single tokmsed mutex)One difficulty that is avoided
in swh singlecontroller transparent collaborative systems is that of interaction
interl eaving; since only one wuser can #fAco
interleaved incorrectly (i.e. the input is by definition sequential in nature and no
undesred overlap is possible.

Four attributes are useful in comparing aware and transparent collaborative

systemg3] as shown imablel.
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Tablel - Comparing Transparent and AwaCollaborative Systems

Transparency Aware
Concurrent Work Single Multiple
WYSIWIS Strict Relaxed
Group Awareness Little Detailed
Network Usage High Low

These attributes are defined as:

Concurrent work Does the system allow for multiple users t@jie input
simultaneously, or is only one user able to provide input at any given time?

WY SIWISAIl users should see the same state at all times; What You See Is What

| see.

Group AwarenessHow much detail does the system provide with regard to what
other users in the system are doing and what section of the document they are
viewing? Some systems simply provide a pointer/cursor showing the current
Al ocationo of the other wusers; other sy
views.

Network UsageHow much network bandwidth is consumed and needed by the
system? In aware systems, operations are typically all that is communicated (and
these messages are small), whereas in transparent systems typically rely upon
centralized server architectures and dozst display change information (quite

large).
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Aware collaborative systems consume less bandwidth, allow for concurrent work,
more easily provide flexible WYSIWIS interfaces, and allow for more inherently robust
group awareness. Transparei@sed collabrative systems are useful in situations
where the developer needs to create a collaborative system based upon-aseingle
application but does not have access to the underlying code base of theusémgle
system; transparendyased systems often conseimore system resources and require a
centralized server model, but they are often the only option in some circumstances.

Anot her mod el t o def i ne [C18]GKAt dsfipest e ms
groupware into four leveldisplay (renders the application to the usetigw (contains
the application's logical presentationyjodel (the application's state and internal
information), andile (the persistent information of the applicatiodased upon these
four levels, three diffemt variations can be describe@he shared models one in
which the different users each have their own displays and views, but the model and file
levels are combined in a centralized servBEne shared views one in which each user
has a separate dil model, view, and display, but the models and views utilize
communication mechanisms to ensure consisteftye hybrid modelis one in which
the file and model are centralized and shared on a server, but the system allows for
different views and display(and views are coordinated via communication to ensure

consistency). These configurations are displaydtguare3.
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Figure3: Distributions of Models, Views, and Displays

Other modern models include the window system and rdooation
agent/subsystem that communication to the presentation and functional core aspects of
the model. Based upon this view, the system can be central (contain server that
maintains all state), direct communication (a pegoeer system), hybrid (cdsmation
of server and pedo-peer), asymmetrical (in which the server resides on a user's
machine), and multiple servers (in which there is a hierarchy of servers and
communication layerg)l16]. Of course, other permutat®mf the placement of these
CES components are possible, and a goal of modern CSCW architectures is to
accommodate modular components that can accommodate a wide range of computation,
data management, communication, and application compofef2s To increase

reuse of CES components, Geyer e{3] advocate aggregating components in an
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objectcentric architecture and allowing each CES component to control access, rights,
etc. This model is siddr to a Webservices approach, and coordination among such
objects is critical to achieve successful utilization of the components. Mehr§/ét al

propose such a Web Servidessed architecture as showrigure4.
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Figure4: A Web Servicedased Collaborative Editing Architecture

4

A "Distributed Version Control System" (DVCS) is one in which version control
and software configuration control is provided across a distdmgévork of machines.
By distributing configuration management across a network of machines, one should see

an improvement in reliability (by replicating the file across multiple machines) and



25

speed (response time). Load balancing can be another befefiistributed
configuration management. Of course, if file replication is employed, then we must
implement a policy whereby all copies bEtfile are always coherej@4].

In order for distributed configuration managememtwork efficiently, the fact
that the files/modules are distributed across multiple computers on the network must be
transparent to the developer/user. The user should not be responsible for knowing where
to locate the file he/she is seeking. Rather,sysem should be able to provide an
overall hierarchical, searchable view of the modules present in the system; the user
should be able to find their needed module(s) without any notion of where it physically

resides on the netwofK3][74].

2.3.  Concurrency Control Policies

Since a shared set of objects reside at the heart of any collaborative system, some
mechanism must be in place to coordinate the activities of the multiple users within the
system. Traditionally in collaborative editing, one of two approaches is taken with
regard to coordination: pessimistic concurrency control or optimistic concurrency
control.

Configuration management systems (and CSCW systems) typically take one of
two approacheswith regard to locking: optimistic or pessimistic lockindgn the
optimistic approach, users are free to edit in a more parallel fashion, but conflict occurs
at the merge point when two sets of edits must be merged together and changes brought
together (@ avoid losing work and ensuring that changes in one file have not adversely

affected changes in the other fi[@B]. In the pessimistic approach, users must obtain a
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lock on a document before being able to edit it; this remluce the parallel nature of
development since at most one user can edit the document at any time.

Realtime collaborative editing systems avoid the merge problem by immediately
broadcasting edits to all other users within the system; in this way, allsue c opi e s
the shared document are kept reasonabliowgate. The concomitant problem with this
approach is that communication costs are significant. Additionally, since local changes
could be made at one userds wmaehdosmembelfiion
received and processed, to ensure that the
form of transformation may be necessary.

This section discusses mechanisms to manage concurrent access to shared
documentsncluding pessimistic lgking, optimistic locking, and sdtile level locking

Pessimistidock based SCM systems such as RCS, VSS, and SCCS do not allow
for multiple users to ancurrently modify the artifacthus by locking at the file level,
these SCM systems can reduce corenay in developing documerts9].

These systempessimistically assume that users within the system will desire to
edit the same object at the same time and that such edits will be destructive or cause
problems. Since thissia shared resource/object, consistency and causality are
important. Notice the similarity to causal memory, shared memory, and cache

coherency in distributed systems research.

Pessimistic coordination policies are t
and Acheck outo API. Users may gain acc
Aficheck outo request; the document i's then

access the document. When a user has completed any edits to a checked out document,
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request, returning

Since only one user has access to the shared document at any given time, the

problem of multiple versions of the same document within the syistenoided. Thus,

no two users can have writable copies checked out at the same time. Updates to the

repository occur upon

overwritten with the new copy of the document.

a icheck i no comman
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Figure5: Pessimistic Concurrency Control

One major limitation of the pessimistic coordination policy is the lack of

concurrency in the distributed environment; sinoéy one user can access each shared

document at a time, then concurrency of collaboration may be inhibited.

solutions to this problem exist:

A few
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First, one can reduce the size of the code placed into each atomic element within
the repository. Sinceaeh element (document) within the repository contains less code,
the probability of two users requesting the same document may be reduced. This is akin
to breaking up a large file into smaller files, each of which may be checked out
concurrently without eing inhibited by the pessimistic locking policy. Of course, it
may not always be possible to create small documents within the repository, and a
highly-desired document may inhibit concurrency regardless of its size.

Second, configuration management gfmries may allow users to check out
Airead onl yo c elpeckedsut dndumeatn |.eé dne wsex dingady owns a
document, other users may view (but not edit) the contents of this document. Such a
| ocal copy could bevoukesgpawieshifror| diavdnlat us &
corrupting the original, master copy. If such local changes are deemed relevant to the
master copy, the user can later check out the master and incorporate these changes.

SCM systems such as CVS employ optimigticking. This coordination policy
assumes optimistically that users will not need to access the same resource at the same
time frequently [76][89], thus this policy promotes increased concurrenoyoray
collaboration at the cost of potential problems in inconsistency in the shared documents
and loss of causal access. Such a policy is indicative of and seems to work well in an
fagile developmento environment whmpr e cor
tools, processes, and plannigg].

Optimistic coordination systems are typically implemented using awareness
within the system such that wusers are made

i s def i ned |uwnderstandimg ofi the habivitynohothers that provides a context
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assessilacy Ingucb a gysteenn d

synchronous updates occur immediately when an edit occurs (akin toeatthwatigh

cache policy in distributed shared memory systems).

Consequently, all users have a

current copy of any shared document and no cireeld checlout is needed because

any document a user is editing is by definition checked out (and perhapedimadk

simultaneously by many usergg8].

policy.

Figure 6 illustrates the optimistic coordination

Docu ment

Accesses A \Cce‘sses A
E d di

o) A

\?’z _ AOO
<\7\\>/\)\r' / Changes to A §\7\>
\f}r@a\ and \ (!“

— |mmed|ately
User 1 coordinated User 2

Figure6: Optimistic Concurrency Control

Such awarenedsased optimistic systems rely upon users to coordinate and avoid

collisions in @its to the shared document.

According to current CSCW research, this

seems to work reasonably well in smaller work groups, but does not scale well to larger

collaborations among many usdg3].

Two proposed reasons for thigclude the

limited amount of cognitive information users may process simultaneously and the

inherent dichotomy of informal coord

ination and formal, pro@kssen coordination.

n
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Consequently, optimistic coordination policies work well in smaller collah@ra
environments with fewer users when smbrdination is accomplished by the users of
the system. Alternatively, algorithms to resolve disparate versions of the documents in
reattime may be employed if the coordination of changes is to be made &gotoma
approaches such as operation transformation [CBP)] as discussed later in thrahapter
can be used to ensure convergence of all copies of the document.

Many software configuration management (SCM) systems managedabtthes
source file level within the repository. Examples include RCS, SCCS, VSS, CVS, and
SubversiorfSubversionjand view the file as the unit on which to manage locks. But it
is often advantageous to allow for finer granular locking to enhance comicaoeess,
increase reuse through aggregation of artifacts, and easy convergence/merging of
disparate versionfl7][35]. Given that many edits by users in a software engineering
project are localied and only change a small section of the docurf8#jf98], fine-
grain locking at a class/function/method level would be advantag@ls Some
systems such as Covgr6] and COOP/Ornji75] allow the lock to be made at a sfile
l evel, but these systemsd unit of Il ock re
size dynamically with regard to what otheersare doing in the collaboration. Another
system (POEM) utilizes the hierarchical nature of software code to lock atfdesub
level, but the methods must be defined a priori, and again the locks remain fixed in size

[71].
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2.4. Convergence, Causalitypreservation, and Intention-preservation

If mutual exclusion(locking) is not guaranteed as the mechanism for ensuring
consistency control, then another alternative technique must be adopted to ensure that
changes made by concurreisers are preserved.

Sun et al[132] proposed the most widely adopted standard for consistency
maintenance in redaime cooperative editing systems when defining the CCI model.
This model ensures convergence, causgligseration, and intentioipreservation.

Convergencewhen the same set of operations have been executed at all local
copies, then the local copies will all have the same content/state.

Causalitypreservationfor operations @and Q, if O; - O, then Q preceds (is
executed before) £at all local copies.

Intentionpreservation:executing an operation O does not change the effects of
executing operations © O, where Qé O, are independent of O. Further, the effects
of executing O at any local copy is the saasédhe intention of O (i.e. the intention is the
same across all copies).

Wang et al[156] build upon the CCI model and inject the notion of semantic
consistency. This work proposes three levels of consistency in their ropdehtional
consistency, content (syntactic or intention) consistency, and semantic consistency.
While this model acknowledges that the CCI model ensures consistency control, the new
3-level model addresses the fact that semantic knowledge within theneloteould
allow for different ordering of operations (violating causaptgservation) and allowing

for the omission of some operations (violating convergence in that not all operations
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must be executed) while still maintaining the syntactic and semiateiction of the
users.
Currently, the CCI model is the standard by which to measure the correctness of a
RTCES. The first two requirements (convergence and causatégervation) have been

achieved, but intentiepreservation is still an open problem.

2.5. Operational Transformation

Operational transformation (OT) is a mechanism which seeks to achieve CCI.
This section presents an overview of the approach and focuses on how causality
preservation and convergence are achieved via OT. We also presentt retewapts
such asntegration algorithrg transformation functions, and transformation properties.

Since a RTCES i= distributedsystemin which various sites are performing
operations, either a centralized or a replicated state approach must be &olgbizck
the document being editednd f areplicated approach is adopted, we must have some
way toensure CCIWhen an operation occurs at a cl i e

[90]:

1. The operation is performed locally
2. The operation is broadcast to all other sites
3. The other sites receive the incoming operation

4. The other sites execute/replay the received operation

In a distributed system such as one adopting a replica based approach to RTCES,
all operations have either gl relation (order) or concurrent relation with any other

operation[65]. Vector timestamps can be used to establish correct causal ordering for
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causally related operations, but convergence is not so easily achieved anmmrgeodn
operations since the state of different sites changes when operations are performed and
firepl anyncomiggoremate operation may no longer be valid. OT is an approach to
overcome this problem and achieve convergence based upon transfornomgngc
operations to the locally modified stat&igure 7 demonstrates the need to transform
operations to ensure convergence among all sites within the collaborafiam
concurrent operations can be executed in a differentorde n t wo di f f er ent
As a result, when an operati@mreceived, the state of shared object at the receiving site
may be changed relative to the state where the operation had been created. Thus,
executing this operation in its original form @nreceiving site does not ensure the

copies converge.

Site 1 Site 2
State = "acd” State = "acd”
0,=ins(1,'b’) 0, is concurrent to O.
) O.=del(1)
State = "abecd” T
State = "ad"”
O;=del(1) 0,20,
) ) 0:'=del(2)
State = "acd O, =ins(1,'b")
State = "abd”
Incorrect w/iout State = "abd"”
transformation Correct with
transformation

Figure7: The Need for Operation Transformatio®tate Convergence

Causality preservation can be achieved by using a state vector that is generate
when the operation is creat§tl?2][114] as follows Assume than is the number of

sites, and sites are identified by integer® h. Each siten maintains am-tuple state
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vectorSV,. Initially S\[i]= 0, if o @\ftelsited executes an operation created at
site i, the site timestamps its sequence number is increased by one suShfjat
SV[i] + 1. Further, letO be an operation generated at skeand let S\, be the last
timestamped statvector, which is transferred to other sites vith We can say thdd
is causally ready to be executed at bife 1) with a state vectoB\ if the following
conditionsaretrue

(1) SW[K] := SMK] + 1

(2)SVU[i]O @Mor10 inan@ ki

To preserve causalityif an operation is notausally ready then it must be
delayed untilboth of the above conditions ateue Holding on to these neready
operations necessitates a queue of waiting operations. Further, since operations may
need tdoe undone at a future time, a history buffer must also be maintained.

Having discussed causalipreservation, we now turn our attention to
convergence. To achieve convergence among all replicated states of the shared
document OT defines two main conmgmts: the OT integration algorithm and the OT
transformation function.

The OT integration algorithm is responsible for receiving the incoming operations
from remote sites, distributing localyenerated operations to remote sites, and
executing the opeiatons on t he siteds document state
distribution/communication and execution engine, and it invokes the transformation
function as needed.

The OT transformation functiomakes up the bulk of active OT researd@9]

defined a transformation functioh to be a function that takes as parameters two
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concurrent operations, ppnd op where op and op must be defined on a same state S.
The function T returns a new operation T{opp,) thatis equivalent to opl (has the
same effects) but i s déisithe estdte resulting Wwhen st at
performing op on state S.
[113] further refined the requirements of correetsof a RTCES in achieving
CClI and @monstrated the sufficiency ©P; and TR, two transformation properties that
must be met in order to preserve causality and achieve convergence in replicas within a
RTCES. These properties are defined as:
TP, For every pair of concurrent operations opfhid op2 defined on the
same state, the transformation function T satisfieg pgrBperty if
and only if:
ops ° T(0pz,0p1) = op, o T(0py, 0p2)
whereop; o op; denotes the sequence of operations containmg
followed byop;; and where= denotes equivalence of the two
sequences of operations
TP, For everythree concurrent operations @pop, and op defined on
the same state, the transformation function T satisfiegpidperty
if and only if:
T(ops,0p; © T(opz, 0p1)) = T(ops, 0p; ° T(ops,0p,))
TP; guarantees that the stagjenerated at one site performing apd then op
(after op has been transformed relativeto@® r esul tant state) wil
state generated at another site performing apd then op (after op has been

transformed relative to ¢p s ultard state). TPguarantees equality of the states at



different sites if op is performed afte an equivalent transformation; this property

ensures that once two sites achieve equivalence (afigrthy will remain equivalent
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and cannot affect theseltant state after transformation on a future operatios).(op

2.6. Discussion andcExisting Systems

This section discusses an overview of the field of RTCES systems that have been

devel oped s

support modern RTCES techniquesAs shown inTable 2 [12], there have been

ince the

f

i el dos

I nc e pnisithatn

n

numerous RTCES systems developed since 1989 when the field of RTCES research

began. Most of these systems have batveloped in the United States and half have

been developed as a result of academic research.

Table2: RTCES Developed by Year [Chen 2006]

RTCES Year RTCES Year RTCES Year
GROVE 1989 GroupGraphics 1995 CoPowerPoint 2004
Aspects 1990 JointEmacs 1996 CoWord 2004
DistEdit 1990 LICRA 1997 DocSynch 2004
MultimETH 1990 REDUCE 1997 JotSpotLive 2004
CoMedia 1991 Col.AutoCad 1998 Tendax 2004
GrouplE 1991 Flex JAMM 1998 ACE 2005
MACE 1991 CobDiagram 2000 Gobby 2005
Ensemble 1992 GRACE 2000 InstaColl 2005
GroupDesign 1992 PresencAR 2000 Java Studio 2005
GroupDraw 1992 CollabCAD 2001  Moonedit 2005
SEPIA 1992 ICT 2002 Scratchpad 2005
CoDraft 1993 Groove 2002 Writely 2005
ConversionBoarc 1993 LeoN 2003 Sigsoft 2006
Iris 1993  LiveDrive 2003 SynchroEdit 2006
SASSE 1993 Subethaedit 2003 Syntext 2006
ShrEdit 1993 Chalks 2004 G.SpreadShee 2006
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There has been a steady increase in the

introduction of the GROVE systelf29]. As Figure 9 shows, there is a consistent
interest in the field of developing RTCES, and this interest is supported by our
experiences when talking with colleagues about such collaborativel ttodsquestion
isalmostunr er sal ly raised: AWhere can | get

coll aborating together?0

No. of RTCES developed since 1989
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Figure8: RTCES Developmnt Growth: 1982006[12]

While there was an initisdurgeof RTCES devealpment in the early 1990s, the
pace of development cooled from the mid 90s until its resurgence in the earlyi2000s
with the rise of Wekbased systems.

Additionally, as shown inFigure 9, the document technologies supported in
RTCES research since 1989 have been: text documents (no structure), rich text

documents (with formatting such as fonts and graphitss also includes presentation

S

(0]

r

n
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and spreadsheet document types), vector graphics documents, and structured documents
(plain text documents with embedded bitmap graphics images). There has been a clear
rise in the interest of rich text documents since 2001, and plain text document RTCES
continue to be popular as this document type is most prevalent in consistency

maintenance ahOT algorithmic research.

No. of RTCES per document type

4.2 —m—Text

35 Rich Text £ \
3 Vec. graphics / \

2.5 —x— Structured doc. _/ \

. /7\\ _/f -
S e N S\ WA VA4 N N A —
S V2 VA VAV N N —

9 O
>’ O
S

Y
qq

oV
QD

o
)
QD

02
o)
NI\

2
)
NN

©
9
NN

/\
9
NN

\
9
INJEN

)
)
NN

O
Q
N Q

Q¥
.']/0

{V
Q
B Q

O
Q
) Q

02
Q
oS Q

O
Q" O
oS Q

P P

Figure9: RTCES Document Types Supported: 1-28806[12]

According to[12], there have been only five Wilased RTCES developed in the
past 3 yars (20042006); these systenfigcus on supportingch-text editing andutilize
the new Asynchronous JavaScript and XMLAJAX) technology for their
implementations.

While it is commonthat theseWeb-based RTCES arassociated with Wikis
given the collabative nature of Wikisit is important to note thaiViki technology

utilizes version control and differentials that support asynchronous editaigwing



users to modify a shared document and #dch

been completeff6] and not in reatime.

A recentapproach to ensuring consistency when utilizing a distributed, replicated
groupware system is thr oud4d. & thi$ aygponodch, and r

whena new operation from another editor arrives at the local copy of the document, the

document 6s addr ess s p atothe effidentaneficient maskeda n al vy :

states as shown iRigure 10. Mark and retrace is sinaf to the tombstone function

approach of90].

OROMOY,
Inszert{ “a"™ , 1) | |Insert{ “b™ , 1) || Insers{ “c™ , 3) || Insert( “d™ , 1)
=1, 0, 0= =0, 1, 0= =]1,1,2= =0, 0, 1=

J.Jgigl_%i

2 ¢ s

Delete( “b” ,2)
<21, 1=

-

acds

[

IBE[’{JLI [ ]

Figurel0: Mark and Retrace

[20] presents work that allows for the extension of operational transformation
techniques to beapplied not only to linear text but also to tlEssed
XML/ SGML/ HTML document s. The SGML noti on

the CCIl model is adhered [b34]. Others[132] have applied th techniques of OT to
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more complex data structures required in word processors. In this approach, termed
multi-version, singled i spl ay ( MVSD) , mul tiple versions
internally and only one version of the object state is digal to the user; users may
then select the correct version desired. The maltsion approach is also employed in
[140] within the domain of graphic editing systems, and the challenge of this approach
remains achieving semi@anconsistency rather than syntactic consistgfhb].

IRIS is a project that supports CSCW and CES through the use of optimistic
concurrency control and multicast for communication; this project supports synchronous
and asynhronous collaboration but does not offer specific conflict resolution algorithms
(instead, resolution is left up to the users as in CVS and RCS). Private local edits can be
made and selectively published (with conflict resolution possibly needed), but no
algorithms to handle such events are presdo&d

Concerning notification mechanisms, others have examined how to ensure that
users of the system are kepttagpdate with respect to asynchronous editing (not-real
time, conarrency management). Work such [@81] and [36] present customizable
notification mechanisms by which users may be notified when a document is changed
through a variety of interfaces.

Existing IDEs such as Eclipg7] and Visual Studig149] provide the ability to
extend the IDE and add new functionality. Jazz is one such project that adds the
capability of CES into the Eclipse IDE. Jaazpports awareness, communication (via
chat and annotations) and coordination (informal via communicétiot through

concurrency control mechanisnas shown irFigure11[13].
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Figurell: Integrating Collaboration into IDEs (Jazz)

Existing applications such as CoWaddCoPowerPoinf158], and CoStarOffice
[122] all allow multiple users to coordinate shared autlgpaha document, but each of
these systems employ an architecture that only allows a homogeneous collection of
client applications. Further, CoStarOffice requires explicit, tdb@sed turn taking for
coordination.

When attempting to achieve multser cdlaboration, systems have taken existing
singleuser applications and modified them such that they can serve as ausaulti
editing system. DistEdIif62] is one such system that integrates additional rugkr
capabilities mto an existing singleser editing system. Others include CoWardi

CoPowerPoinf158], CoStarOfficd122], and CoOpenOfficgL36].



