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ABSTRACT 

In this dissertation work, we investigated how real-time collaborative editing 

systems may be improved by utilizing dynamic, hierarchical locking algorithms.  Such 

algorithms reduce the communication required to ensure all users with the collaboration 

share a consistent copy by caching changes when possible and distributing local copies to 

other users within the system when needed.  We have developed client-server and peer-

to-peer algorithms and data structures to support this approach and applied them to 

hierarchical document trees; our algorithms integrate best-practices of collaborative 

editing systems research such as operational transformation and provide opportunities to 

resolve intention violations among multiple users.  Further, we have implemented the 

client, server, and peer components of our system and developed a heterogeneous 

architecture in which these components may be deployed.  Finally, we have simulated 

our algorithms and compared them to existing best-practice approaches in the real-time 

collaborative editing systems research community. 
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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 in real-time, and interacting 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 Collaborative Editing Systems (CES).  CES may be synchronous (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 conflicting changes to the  

shared documents is of central concern.   

Enhancing communication and collaboration is one of the increasingly popular 

uses of modern computing technology; we observe that computing technologies are ever 

more user-centric and allow multiple users to work collaboratively to solve modern, 

interdisciplinary and complex problems facing the world today.  We note that 

productivity software tools (document authoring, email, Web site management, etc.) 

increasingly focus on supporting collaboration among multiple users ï 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 preservation (see 

[66], [90], and [131] as examples) and still have limited capacity in achieving intention 

preservation.  Additionally, these systems that are replica-based in supporting 

concurrency control are costly with respect to communication and computation.  
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Therefore there exists an opportunity to view Real-time Collaborative Editing Systems 

(RTCES) systematically ï moving beyond OT algorithms and focusing in how viewing 

the system as a whole may uncover new opportunities for optimizations and new 

approaches to solving the problem of CCI. 

This research explores areas of RTCES that can be improved to be more scalable 

in supporting larger collaborations (as measured by the size of the documents being 

shared as well as the number of users within the collaboration).  Our research revisits the 

idea of using locking and intelligently cache operations when possible to reduce 

communication and computation costs.  First, we developed an open systems approach 

that supports existing client and server technologies.  Next, we formally developed our 

theoretical work in hierarchical locking algorithms and data structures to support 

caching operations and managing concurrency among the users in client-server and P2P 

scenarios.  Third, we integrate current best practices in Operational Transformation (OT) 

research into our theoretical work.  Finally, we extend our simulation results indicating 

the viability of our approach into prototypes of client and server technologies to support 

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 statement, goals, and contributions 

of this dissertation.  We conclude this chapter with a discussion 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 1980s [43][44] [119].  These systems 
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remain collaboration-centric as the computing system merely supports the activity at 

hand [87]. The following are select example domains in which our research in RTCES 

applications that correspond to research questions to be addressed in this work. 

Software Engineering: at the heart of software systems development is the 

coordination of various developers, project managers, documents, and source code [88].  

While much work within software engineering involves decomposing large systems into 

subsystems that can be developed in parallel [96][100][154], much work related to 

coordination remains a vital part of a software system development project [53][92].  

Managing ever-changing project artifacts such as requirements, plans, test documents, 

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 practices [92].  Developers of a software system 

must be informed of changes not only to the source code but also the foundational 

project definition documents (requirements, designs, plans, etc.) [99][101].  Awareness 

of what other 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 effort [101].  Coordination among developers can be formal or informal 

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 group and coordinate group effort.  In a traditional software engineering 

setting, these activities entail project task scheduling, status reporting (and meetings), 

and inter-group communication [33][52].  Recently, there has been an increase in 

commercial interest in the field of integrating collaboration mechanisms into integrated 
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development environments [7][14][81], validating that this area of research has interest 

in the commercial sector. 

Collaborative Document Development: moving from the specific field of 

Software Engineering, we can generalize to document sharing and collaborative editing 

as a joint task among multiple authors either co-located or distributed geographically 

[52].  Additionally, users may wish to edit the shared document synchronously (at the 

same time) or asynchronously (at different times) [145].  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 look-and-feel (allowing use of 

usersô favorite, existing editors) are paramount design goals for any collaborative 

document editing system [86][100].  As an example of the need for such collaboration, 

consider a large research proposal authored by faculty from many different 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 viable [42][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 (CAD): another field that we note would benefit from 

computer assisted collaboration is design.  CAD systems have long supported designers 

develop schematics, renderings, and other design-related documents.  Recent studies in 

CSCW also support the idea that the design process can benefit from 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 concurrency control 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 to manage concurrent access to collections of objects within a document that 

are not necessarily spatially related [157], and our algorithms and models generated in 

this work easily accommodate this non-spatial organizational structure. 

1.2. Current State of the Art 

Real-time collaborative editing systems allow multiple users to synchronously 

edit a shared document in a geographically-distributed environment.  In such an 

environment, there are two approaches in managing the document state as shown 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.  Current RTCES research utilizes the 

distributed replica approach in order to maintain high local responsiveness.    
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Because the current approach in RTCES research is to utilize a replicated 

architecture, concurrent changes are possible among the users; as a result, concurrency 

control algorithms must be adopted to ensure the document replicas remain consistent.  

CCI ï convergence, causality preservation, and intention preservation (defined in detail 

in Section 2.4) ï 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 correct.  Operational 

transformation (defined in detail in Section 2.5) 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 enacted on the 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. 

Figure 1: Centralized and Replica Document State Management Approaches 
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1.3. Limitations of Current Technology 

This section discusses the limitations of current RTCES architectures and 

concurrency management techniques. 

RTCES Architectures: while the focus of RTCES research has traditionally been 

on algorithms to better achieve CCI via OT, some research has developed architectural 

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 together to support 

RTCES.  The work of Li and Li [68] focus on supporting heterogeneous client 

technologies to work together by transforming operations into client technology-neutral 

ñmetaò operations that can be incorporated into varied client editing technologies.  But 

this heterogeneous approach has not been extended to server technologies necessary for 

managing document repositories.  Additionally, there has been work to differentiate 

aware and transparent sharing of documents and workspaces/desktops [2][3], and even 

some commercial products have emerged from this research [80]. Unfortunately, these 

architectures employ interaction interleaving, only allowing one user to ñcontrolò the 

cursor and concurrency is not supported.  [12] performed an evaluation of RTCES 

technologies currently developed and being developed (both by academia, industry, and 

hobbyists), but this work did not 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 employs a 

centralized or replication-based approach to managing document state, concurrent access 
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to the shared document must be managed.   As mentioned in the previous section, 

Operation Transformation (OT) is the most popular way to ensure consistency among 

copies of a shared document in RTCES that employ replication of document state, but 

OT is costly with regard to computation and communication.  Whenever an operation is 

generated by a user, this operation is broadcast to all other users within the collaboration 

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 messages in the 

RTCES can grow quickly.  [57] allows for operations to occur semantically higher than 

simple characters, but their approach fixes the depth of the document tree ï imposing 

rigid constraints on what operations may be performed ï and all operations are still 

broadcast to all users.  Additionally, a history of operations must be maintained at each 

userôs copy requiring storage space for all operations that have been performed in the 

collaboration; this history of operations is called a ñhistory buffer.ò 

Alternatively, in a centralized approach to document state management, locking 

may be employed to avoid concurrency problems of the shared document, but such 

locking techniques as round-robin, token-based, and exclusive locking all reduce 

concurrent access to the document because only one user may edit the document at any 

given time.  Some systems such as Coven [16] and COOP/Orm [73] attempt to increase 

concurrent access by reducing the size of the lock (to the sub-file level), but the lock 

does not adjust in size dynamically with regard to what other users are doing in the 

collaboration.  POEM [71] utilizes the hierarchical nature of software code to lock at a 
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sub-file level, but the methods must be defined a priori by the user (contextually-costly 

overhead), and again the locks remain fixed in size. 

Further, while there has been some preliminary work in examining how semantic 

structure contained within the shared document can be used [56], 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 stored at one level 

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 support existing client 

technologies that connect with existing server technologies with an emphasis on 

extending legacy server/repository technologies and supporting clientsô preferred 

editing technologies. 

2. Revisit the feasibility of utilizing locking to support concurrency management 

such that communication and computation costs may be reduced when compared 

to current replication and non-locking approaches. 

3. Examine opportunities to leverage semantic knowledge of a documentôs 

structure to better achieve intention preservation, apply operations more 

intelligently at semantically-aware levels within the document, and reduce the 
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size of the history buffers needed to manage operations within sections of the 

shared document. 

4. Study how the natural structure of RTCES may be supported via a peer-to-peer 

(P2P) approach that may increase reliability and avoid performance bottlenecks 

at a single server. 

5. Develop prototype implementations of the client and the server technologies we 

develop that validate our theoretical approach is viable and easily supported in 

actual, usable tools. 

1.5. Contributions and Significance 

We have made the following contributions to the field of RTCES in this 

dissertation work: 

1. An open systems architecture: we have developed an architecture that allows 

existing client technologies to connect via Web services API to existing server 

technologies.  Our architecture enables clients to continue 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 repositories of documents to host 

collaborative editing sessions and manage clientsô connections. 

2. Theoretical algorithms and data structures to support dynamic locking: we have 

developed a set of algorithms and data structures to support dynamic, 

hierarchical locking that maximizes the space owned 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. 

3. Integration of OT best practices and improved CCI: further, we have integrated 

best practices of OT techniques into our dynamic locking approach such that 

concurrent editing of a shared document is supported while minimizing the costs 

relative to an OT-only approach.  Additionally, our approach is semantically 

aware, so we are able to apply operations intelligently and achieve better 

intention preservation within a RTCES. 

4. Prototype client and server technologies: finally, we have developed a functional 

client editor that connects to a functional Web service API server.  These 

technologies implement our theoretical developments and show that our 

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

1.6. Organization of the Thesis 

The remainder of this dissertation is organized as follows. 

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

collaborative editing systems, various architectural approaches to supporting 

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

systems within the field of RTCES. 

Chapter 3 introduces the open systems architectural approach we developed to 

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

architectural components and the research that validates this approach to real-time 

collaborative editing systems. 
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Chapter 4 presents the algorithms and data structures we developed to support 

relaxed/lazy consistency via hierarchical, dynamic locking on a document tree.  We 

discuss how documents may be modeled as trees, why it is advantageous 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 associated with a RTCES, 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 algorithms to support 

concurrent writers and better achieve CCI.  We present the improved versions of our 

approach, and simulation results validating this approach are also presented.   

Chapter 6 extends the client-server algorithms of Chapters 4 and 5 into P2P 

algorithms and data structures.  Results 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 actions.  We also 

present a discussion of the correctness and efficiency of our algorithms. 

Chapter 7 presents our 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 opportunities 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 8 presents our work in developing prototypes of client and server 

technologies and the simulation design approach we utilized. These implementations are 

based upon our previous theoretical work and demonstrate the viability of our approach.  

The process of moving from models of both the client and the server to fully 

implemented versions of the client and server technologies is also presented. 

Finally, Chapter 9 presents 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 of research and important 

field in the future of collaborative and distributed computing.  Consequently, the goals 

of this research focus on viewing RTCES in a systematic way, addressing opportunities 

for improving architectural structures that support RTCES and reducing communication 

and computation costs associated with RTCES by addressing fundamental, theoretical 

algorithms in achieving CCI.  To establish a basis by which to evaluate our 

contributions, we begin by discussing the past work within the field of RTCES research.  

This chapter presents an overview of collaborative editing systems with an emphasis on 

real-time collaborative editing systems; we then present the existing architectural 

approaches to support RTCES and concurrency control policies used in these 

architectures; next, we define CCI and OT and present current OT approaches; finally, 

we conclude with a discussion of existing systems ï both prototype and commercial.  

2.1. Collaborative Editing Systems 

Collaborative editing systems may be asynchronous or synchronous (real-time).  

In an asynchronous collaborative editing system, users collaborate at different times on 

shared documents.  Real-time collaborative editing systems allow users to concurrently 

share a common document, make changes to this shared document, and have their 

changes distributed to other users within the system. 

Because responsiveness and usability are key components to a real-time 

collaborative editing system, researchers in RTCES have adopted a replicated approach 
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to RTCES architectures; under this approach, the document is copied to each userôs 

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 collaboration, and the operation is enacted on each userôs local copy. 

To enable concurrent access in a distributed collaborative system, we must either 

centralize the storage of the document being edited onto a server and have ñthinò clients 

that merely relay user input/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 costs and lacks adequate responsiveness typical of an interactive 

application [39].  Consequently, distributed approaches are typically employed in CES. 

Assuming a multi-user system employs replication to allow multiple users access 

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 

ñreplayedò on the local copies to ensure consistency.  Unfortunately, the ordering of the 

replayed changes is not preserved, and consequently the replicated copies of the 

document become unsynchronized.  To ensure consistency among the replicas of the 

document, 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 changes cannot 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 changes are operationally-transformed to the clientôs current 

document state to preserve user intention [100].  As Figure 2 demonstrates, the state of 

the document only converges when concurrent changes are broadcast and 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. 

 

Figure 2: Ordered Broadcast Ensures Convergence 

Because of the interactive nature of collaborative editing systems, traditional 

transaction-based and pessimistic locking schemes typically employed in database 

systems are often not appropriate as they are best employed in a batch environment 

where rollbacks are permissible.  Alternatively, 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 Systems 

[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 task of collaborative 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 (such as communication, 

awareness, and presence), because this work is focused on systems-level research 

regarding RTCES such as communication and computation costs savings and improving 

consistency within a RTCES, this section will focus on such systems-level 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 collaboration - the collaborative 

interface acts as an intermediary buffer for 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 the same interface.  The advantage of such transparent 

systems is that they can be integrated into most single-user applications without the need 

to recompile or edit the original application. 

Aware collaborative systems are so named because the collaborative interface is 

embedded within the application itself and the systemôs core interface and operations 

support synchronization and distribution/sharing of the systemôs content.  These systems 

are defined as aware because the application is ñawareò that the content is being shared 
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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 collaborative API (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 systems.  Application 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; with either model, the user is constrained to use the same 

application as all other users in the collaborative environment.  Even in heterogeneous 

application sharing environments, considerable concerns must be overcome in 

supporting the capture, communication, and replication of users' actions as discussed in 

the previous section. 

In comparison, transparency-based systems allow users to share applications 

without modifying the original program.  Transparencies originally involved screen 

sharing technologies in which 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 transparent 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 control" 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 modern object-oriented concept of reflection [69][115].  If a 

developer wanted to transform a single-user application into a collaborative multiple-

user application but did not have access to the source code, 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 single-user system, and even without access 

to the original source code, in-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 system and extend the collaborative software to 

support such relationships [69].  Of course, the prerequisite of this type of system would 

be that the collaborative API be built into the current system and that the system 

supports extension by allowing the user to establish relationships between objects.  Li 

and Patraoôs model exhibits such an interface by viewing the elements of the 

collaborative interaction as objects that support emergent sharing and distributed 

referential integrity.  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 costly low-level messaging 

(transparency-based) 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 a single-user application and 

then later decide to publish/share the application to another user) and support 

heterogeneous clients and independent views.  Additionally, the issue of "late comers" 

needs to be addressed in modern collaborative environments: how can the system bring 

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, late arriving clients. 

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 different 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 token-based mutex).  One difficulty that is avoided 

in such single-controller transparent collaborative systems is that of interaction 

interleaving; since only one user can ñcontrolò the cursor, then interactions cannot be 

interleaved incorrectly (i.e. the input is by definition sequential in nature and no 

undesired overlap is possible. 

Four attributes are useful in comparing aware and transparent collaborative 

systems [3] as shown in Table 1.   
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Table 1 - Comparing Transparent and Aware Collaborative 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 to provide input 

simultaneously, or is only one user able to provide input at any given time? 

 WYSIWIS: All users should see the same state at all times; What You See Is What 

I see. 

 Group Awareness: How 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 

ñlocationò of the other users; other systems provide thumbnails and more detailed 

views. 

 Network Usage: How 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 broadcast 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.  Transparency-based collaborative systems are useful in situations 

where the developer needs to create a collaborative system based upon a single-user 

application but does not have access to the underlying code base of the single-user 

system; transparency-based systems often consume more system resources and require a 

centralized server model, but they are often the only option in some circumstances. 

Another model to define CSCW systems is Pattersonôs [116] that defines 

groupware into four levels: display (renders the application to the user), view (contains 

the application's logical presentation), model (the application's state and internal 

information), and file (the persistent information of the application).  Based upon these 

four levels, three different variations can be described.  The shared model is one in 

which the different users each have their own displays and views, but the model and file 

levels are combined in a centralized server.  The shared view is one in which each user 

has a separate file, model, view, and display, but the models and views utilize 

communication mechanisms to ensure consistency.  The hybrid model is one in which 

the file and model are centralized and shared on a server, but the system allows for 

different views and displays (and views are coordinated via communication to ensure 

consistency).  These configurations are displayed in Figure 3. 
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Other modern models include the window system and coordination 

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 peer-to-peer system), hybrid (combination 

of server and peer-to-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 layers) [116].  Of course, other permutations of 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 components [142].  To increase 

reuse of CES components, Geyer et al [35] advocate aggregating components in an 

Figure 3: Distributions of Models, Views, and Displays 
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object-centric architecture and allowing each CES component to control access, rights, 

etc.  This model is similar to a Web-services approach, and coordination among such 

objects is critical to achieve successful utilization of the components.  Mehra et al [79] 

propose such a Web Services-based architecture as shown in Figure 4. 

 

Figure 4: A Web Services-based Collaborative Editing Architecture 

A "Distributed Version Control System" (DVCS) is one in which version control 

and software configuration control is provided across a distributed network 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 
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speed (response time).  Load balancing can be another benefit of distributed 

configuration management.  Of course, if file replication is employed, then we must 

implement a policy whereby all copies of the file are always coherent [64]. 

In order for distributed configuration management to work 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, the system 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 network [73][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 approaches with regard to locking: optimistic or pessimistic locking.  In 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 (to avoid losing work and ensuring that changes in one file have not adversely 

affected changes in the other file) [78].  In the pessimistic approach, users must obtain a 
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lock on a document before being able to edit it; this can reduce the parallel nature of 

development since at most one user can edit the document at any time. 

Real-time collaborative editing systems avoid the merge problem by immediately 

broadcasting edits to all other users within the system; in this way, all usersô copies of 

the shared document are kept reasonably up-to-date.  The concomitant problem with this 

approach is that communication costs are significant.  Additionally, since local changes 

could be made at one userôs machine before the changes on another userôs machine is 

received and processed, to ensure that the operation is ñreplayedò locally correctly, some 

form of transformation may be necessary. 

This section discusses mechanisms to manage concurrent access to shared 

documents including pessimistic locking, optimistic locking, and sub-file level locking. 

Pessimistic-lock based SCM systems such as RCS, VSS, and SCCS do not allow 

for multiple users to concurrently modify the artifact; thus by locking at the file level, 

these SCM systems can reduce concurrency in developing documents [19]. 

These systems pessimistically 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 this is a 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 typically implemented using a ñcheck inò 

and ñcheck outò API.  Users may gain access to an unused document by issuing a 

ñcheck outò request; the document is then locked for that user, and no other user may 

access the document.  When a user has completed any edits to a checked out document, 
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he may issue a ñcheck inò request, returning the document to the repository with any 

changes made to the local copy. 

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 system is avoided.  Thus, 

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

repository occur upon a ñcheck inò command, and the old copy of the document is 

overwritten with the new copy of the document.  Often, differentials are saved so that 

ñundoò or ñrevert to old versionò commands are possible.  Figure 5 illustrates this. 

 

 

 

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

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

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

solutions to this problem exist: 

 

User 1 User 2 

Document 

A 

Checks out A 

Checks in Aô  

 

The differential is saved 

Edits A Ÿ Aô 

Checkout denied 

until Aô is 

checked in 

Figure 5: Pessimistic Concurrency Control 
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First, one can reduce the size of the code placed into each atomic element within 

the repository.  Since each 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 being 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 repositories may allow users to check out 

ñread onlyò copies of an already-checked-out document.  I.e., if one user already owns a 

document, other users may view (but not edit) the contents of this document.  Such a 

local copy could be used within local usersô workspaces for ñwhat ifò editing without 

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 optimistic locking.  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 concurrency among 

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 

ñagile developmentò environment where communication and productiveness trump 

tools, processes, and planning [88]. 

Optimistic coordination systems are typically implemented using awareness 

within the system such that users are made aware of each othersô activities.  Awareness 

is defined as ñan informal understanding of the activity of others that provides a context 
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for monitoring and assessing group and individual activitiesò [146].  In such a system, 

synchronous updates occur immediately when an edit occurs (akin to a write through 

cache policy in distributed shared memory systems).  Consequently, all users have a 

current copy of any shared document and no check-in and check-out is needed because 

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

simultaneously by many users) [88].  Figure 6 illustrates the optimistic coordination 

policy. 

 

 

Such awareness-based optimistic systems rely upon users to coordinate and avoid 

collisions in edits 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 users [88].  Two proposed reasons for this include the 

limited amount of cognitive information users may process simultaneously and the 

inherent dichotomy of informal coordination and formal, process-driven coordination. 

 

User 1 User 2 

Document 

A 

Accesses A 

Changes to A 

and Aô are 

immediately 

coordinated 

Edits A Ÿ 

Aô 

Accesses A 

Edits Aô Ÿ 

Aôô 

Figure 6: Optimistic Concurrency Control 
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Consequently, optimistic coordination policies work well in smaller collaborative 

environments with fewer users when self-coordination is accomplished by the users of 

the system.  Alternatively, algorithms to resolve disparate versions of the documents in 

real-time may be employed if the coordination of changes is to be made automatic; 

approaches such as operation transformation (OT) [132] as discussed later in this chapter 

can be used to ensure convergence of all copies of the document. 

Many software configuration management (SCM) systems managed locks at the 

source file level within the repository.  Examples include RCS, SCCS, VSS, CVS, and 

Subversion [Subversion] and view the file as the unit on which to manage locks.  But it 

is often advantageous to allow for finer granular locking to enhance concurrent access, 

increase reuse through aggregation of artifacts, and easy convergence/merging of 

disparate versions [17][35].  Given that many edits by users in a software engineering 

project are localized and only change a small section of the document [97][98], fine-

grain locking at a class/function/method level would be advantageous [16].  Some 

systems such as Coven [16] and COOP/Orm [75] allow the lock to be made at a sub-file 

level, but these systemsô unit of lock remains fixed in size; the lock does not adjust in 

size dynamically with regard to what other users are doing in the collaboration.  Another 

system (POEM) utilizes the hierarchical nature of software code to lock at a sub-file 

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, Causality-preservation, 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 concurrent users are preserved. 

Sun et al [132] proposed the most widely adopted standard for consistency 

maintenance in real-time cooperative editing systems when defining the CCI model.  

This model ensures convergence, causality-preservation, and intention-preservation. 

Convergence: when the same set of operations have been executed at all local 

copies, then the local copies will all have the same content/state. 

Causality-preservation: for operations O1 and O2, if O1  O2 then O1 precedes (is 

executed before) O2 at all local copies.  

Intention-preservation: executing an operation O does not change the effects of 

executing operations O1éOn where O1éOn are independent of O.  Further, the effects 

of executing O at any local copy is the same as the 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 model: operational 

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 the document could 

allow for different ordering of operations (violating causality-preservation) 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 semantic intention 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 causality-preservation) have been 

achieved, but intention-preservation 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 present relevant concepts 

such as integration algorithms, transformation functions, and transformation properties. 

Since a RTCES is a distributed system in which various sites are performing 

operations, either a centralized or a replicated state approach must be adopted to share 

the document being edited, and if a replicated approach is adopted, we must have some 

way to ensure CCI.  When an operation occurs at a clientôs copy (site), four events occur 

[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 causal 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 among concurrent 

operations since the state of different sites changes when operations are performed and 

ñreplayingò an incoming remote operation may no longer be valid.  OT is an approach to 

overcome this problem and achieve convergence based upon transforming incoming 

operations to the locally modified state.  Figure 7 demonstrates the need to transform 

operations to ensure convergence among all sites within the collaboration.  Two 

concurrent operations can be executed in a different order on two different sitesô copies. 

As a result, when an operation is received, 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 on a receiving site does not ensure the 

copies converge. 

 

Figure 7: The Need for Operation Transformation ï State Convergence 

Causality preservation can be achieved by using a state vector that is generated 

when the operation is created [112][114] as follows. Assume that n is the number of 

sites, and sites are identified by integers 1 to n.  Each site n maintains an n-tuple state 
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vector SVn. Initially SVn[i] = 0, for 1 Ò i Ò n. After site n executes an operation created at 

site i, the site timestamps its sequence number is increased by one such that SVn[i] = 

SVn[i] + 1. Further, let O be an operation generated at site k and let SVo be the last 

timestamped state vector, which is transferred to other sites with O.  We can say that O 

is causally ready to be executed at site l (k Í l) with a state vector SVl if the following 

conditions are true: 

(1) SVo[k] := SVl[k] + 1 

(2) SVo[i] Ò SVl[i], for 1 Ò i Ò n and i Í k. 

To preserve causality, if an operation is not causally ready, then it must be 

delayed until both of the above conditions are true.  Holding on to these non-ready 

operations necessitates a queue of waiting operations.  Further, since operations may 

need to be undone at a future time, a history buffer must also be maintained.   

Having discussed causality-preservation, we now turn our attention to 

convergence.  To achieve convergence among all replicated states of the shared 

document OT defines two main components: the OT integration algorithm and the OT 

transformation function. 

The OT integration algorithm is responsible for receiving the incoming operations 

from remote sites, distributing locally-generated operations to remote sites, and 

executing the operations on the siteôs document state.  This component is essentially a 

distribution/communication and execution engine, and it invokes the transformation 

function as needed. 

The OT transformation function makes up the bulk of active OT research.  [29] 

defined a transformation function T to be a function that takes as parameters two 
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concurrent operations, op1 and op2 where op1  and op2 must be defined on a same state S. 

The function T returns a new operation T(op1, op2) that is equivalent to op1 (has the 

same effects) but is defined on the state Sô, where Sô is the state resulting when 

performing op2 on state S. 

[113] further refined the requirements of correctness of a RTCES in achieving 

CCI and demonstrated the sufficiency of TP1 and TP2, 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: 

TP1  For every pair of concurrent operations op1 and op2 defined on the 

same state, the transformation function T satisfies TP1 property if 

and only if: 

 

where  denotes the sequence of operations containing  

followed by ; and where  denotes equivalence of the two 

sequences of operations 

TP2  For every three concurrent operations op1, op2 and op3 defined on 

the same state, the transformation function T satisfies TP2 property 

if and only if: 

 

TP1 guarantees that the state generated at one site performing op1 and then op2 

(after op2 has been transformed relative to op1ôs resultant state) will be the same as the 

state generated at another site performing op2 and then op1 (after op1 has been 

transformed relative to op2ôs resultant state).  TP2 guarantees equality of the states at 
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different sites if op3 is performed after an equivalent transformation; this property 

ensures that once two sites achieve equivalence (after TP1), they will remain equivalent 

and cannot affect the resultant state after transformation on a future operation (op3). 

2.6. Discussion and Existing Systems 

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

developed since the fieldôs inception in 1989 and some of the most current systems that 

support modern RTCES techniques.  As shown in Table 2 [12], there have been 

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

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

been developed as a result of academic research.   

Table 2: 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 JotSpot Live 2004 

CoMedia 1991 Col.AutoCad 1998 Tendax 2004 

GroupIE 1991 Flex JAMM 1998 ACE 2005 

MACE 1991 CoDiagram 2000 Gobby 2005 

Ensemble 1992 GRACE 2000 InstaColl 2005 

GroupDesign 1992 Presence-AR 2000 Java Studio 2005 

GroupDraw 1992 CollabCAD 2001 Moonedit 2005 

SEPIA 1992 ICT 2002 Scratchpad 2005 

CoDraft 1993 Groove 2002 Writely 2005 

ConversionBoard 1993 LeoN 2003 Sigsoft 2006 

Iris 1993 LiveDrive 2003 SynchroEdit 2006 

SASSE 1993 Subethaedit 2003 Syntext 2006 

ShrEdit 1993 Chalks 2004 G.SpreadSheet 2006 
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There has been a steady increase in the number of RTCES developed since 1989ôs 

introduction of the GROVE system [29].  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 collaborative tools ï the question 

is almost universally raised: ñWhere can I get something like this to support my group in 

collaborating together?ò 

 

Figure 8: RTCES Development Growth: 1989-2006 [12] 

While there was an initial surge of RTCES development in the early 1990s, the 

pace of development cooled from the mid 90s until its resurgence in the early 2000s ï 

with the rise of Web-based systems. 

Additionally, as shown in Figure 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 graphics ï this also includes presentation 
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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 and OT algorithmic research. 

 

Figure 9: RTCES Document Types Supported: 1989-2006 [12] 

According to [12], there have been only five Web-based RTCES developed in the 

past 3 years (2004-2006); these systems focus on supporting rich-text editing and utilize 

the new Asynchronous JavaScript and XML (AJAX) technology for their 

implementations. 

While it is common that these Web-based RTCES are associated with Wikis  

given the collaborative nature of Wikis, it is important to note that Wiki technology 

utilizes version control and differentials that support asynchronous editing ï allowing 
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users to modify a shared document and ñcheck inò their changes once their edits have 

been completed [26] and not in real-time. 

A recent approach to ensuring consistency when utilizing a distributed, replicated 

groupware system is through a ñmark and retraceò approach [45].  In this approach, 

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

documentôs address space (state) is analyzed relative to the efficient/inefficient marked 

states as shown in Figure 10.  Mark and retrace is similar to the tombstone function 

approach of [90]. 

 

Figure 10: Mark and Retrace 

[20] presents work that allows for the extension of operational transformation 

techniques to be applied not only to linear text but also to tree-based 

XML/SGML/HTML documents.  The SGML notion of a ñgroveò of data is utilized and 

the CCI model is adhered to [134].  Others [132] have applied the techniques of OT to 
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more complex data structures required in word processors.  In this approach, termed 

multi-version, single-display (MVSD), multiple versions of the objectsô states are stored 

internally and only one version of the object state is displayed to the user; users may 

then select the correct version desired.  The multi-version approach is also employed in 

[140] within the domain of graphic editing systems, and the challenge of this approach 

remains achieving semantic consistency rather than syntactic consistency [156]. 

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 asynchronous 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 presented [63]. 

Concerning notification mechanisms, others have examined how to ensure that 

users of the system are kept up-to-date with respect to asynchronous editing (not real-

time, concurrency management).  Work such as [121] 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 Eclipse [27] and Visual Studio [149] 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.  Jazz supports awareness, communication (via 

chat and annotations) and coordination (informal via communication ï not through 

concurrency control mechanisms) as shown in Figure 11 [13]. 
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Figure 11: Integrating Collaboration into IDEs (Jazz) 

Existing applications such as CoWord and CoPowerPoint [158], and CoStarOffice 

[122] all allow multiple users to coordinate shared authoring of a document, but each of 

these systems employ an architecture that only allows a homogeneous collection of 

client applications.  Further, CoStarOffice requires explicit, token-based turn taking for 

coordination. 

When attempting to achieve multi-user collaboration, systems have taken existing 

single-user applications and modified them such that they can serve as a multi-user 

editing system.  DistEdit [62] is one such system that integrates additional multi-user 

capabilities into an existing single-user editing system.  Others include CoWord and 

CoPowerPoint [158], CoStarOffice [122], and CoOpenOffice [136]. 


