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(ABSTRACT)

This dissertation analyzes the usefulness of existing “conventional” collaboration-transparen-
cy systems, which permit the shared use of legacy, single-user applications. I find that conventional
collaboration-transparency systems do not use network resources efficiently, and they impose an
inflexible, tightly coupled style of collaboration because they do not adequately support impor-
tant groupware principles: concurrent work, relaxed WYSIWIS, group awareness, and inherently
collaborative tasks. This dissertation proposes and explores solutions to those deficiencies.

The primary goal of this work is to maintain the benefits of collaboration transparency while
relieving some of its disadvantages. To that end, I present an alternate implementation approach
that provides many features previously seen only in applications specifically designed to support
cooperative work, called collaboration-aware applications. The new approach uses a replicated
architecture, in which a copy of the application resides on each user’s machine, and the users’
input events are broadcast to each copy. I discuss solutions to certain key problems in replicated
architectures, such as maintaining consistency, unanticipated sharing, supporting late-joiners, and
replicating system resources (e.g., files, sockets, and random number generators). To enhance the
collaborative usability of a legacy application, the new approach transparently replaces selected
single-user interface objects with multi-user versions at runtime. There are four requirements of
an application platform needed to implement this approach: process migration, run-time object
replacement, dynamic binding, and the ability to intercept and introduce low-level user input events.
As an instance of this approach, I describe its incorporation into a new Java-based collaboration-
transparency system, called Flexible JAMM (Java Applets Made Multi-user).

This dissertation reports the results of a controlled empirical study that evaluated the usefulness
of Flexible JAMM versus a representative conventional collaboration-transparency system, Microsoft
NetMeeting. The results validate that Flexible JAMM meets its goals, and uncover usability prob-
lems in both systems, particularly with respect to using floor control. Additionally, the dissertation
reports the results of an informal study that evaluated using Flexible JAMM as a groupware toolkit.

This dissertation demonstrates that it is possible to bring collaboration transparency closer to the
advantages afforded by collaboration awareness. Furthermore, the prototype system demonstrates
that collaboration-aware toolkits can include multi-user versions of some standard single-user com-
ponents that require no collaboration-specific programming by the toolkit user. Thus, the results of
this research advance the state of the art in both collaboration-transparency systems and collabo-
ration-aware toolkits.
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Chapter 1

Introduction

DILBERT reprinted by permission of United Feature Syndicate, Inc.

Recent decades have seen ”revolutionary” changes in information technologies. In the 1980s, The

personal computer “revolution” sought to break the dominance of expensive centralized computing

(Gates et al., 1995; Gupta & Toong, 1985). Today, although the vision of pairing each person

with a computer is not yet fully realized, personal computers are pervasive. Worldwide sales of

Intel-compatible personal computers were approximately 82 million in 1997 (Kaplan, 1998) and

are estimated to reach 90.7 million in 1998 (Turner, 1998). Computer Intelligence, Inc. recently

estimated that 45 percent of the approximately 100 million homes in the U.S. contain a computer

(McGarvey, 1998).
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CHAPTER 1. INTRODUCTION 2

The 1990s have had a related “revolution.” The need to transfer information among today’s

profusion of computers has led to explosive growth in networking, resulting in a remarkable number

of users able to access the Internet. The exact number of Internet users worldwide is unknown,

but is estimated to be well over 100 million in July, 1998 (Nua Ltd., 1998; Thibodeau, 1998),

approximately double the number from the year before. Although the rate of new users will slow

(Clemente, 1998), growth is expected to continue as more nations connect to the global network

(Reuters, 1998; Thibodeau, 1998).

Now, with the proliferation of computers and near universal networking, we need to shift our fo-

cus from personal computing to inter-personal computing. People often work together, and, because

a computer is used in much of that work, people need computer support for their collaborations.

Additionally, network technology allows people to conduct computer-based work from different lo-

cations. The cost of travel for face-to-face collaboration makes distributed collaboration appealing,

particularly as organizations become increasingly global.

This dissertation deals with systems that support real-time computer-based collaborations. Par-

ticularly, this dissertation discusses systems that provide the real-time shared use of legacy, single-

user applications. The work addresses both technical and human factors related to the development

and use of such systems. The remainder of this chapter defines the scope of this dissertation, describ-

ing the problem and defining relevant terms. The chapter includes a summary of this dissertation’s

contributions, which are elaborated in later chapters. The chapter ends with an overview of the

organization of this dissertation and a summary of the contents of later chapters.

1.1 Collaborative Computing

Collaborative interactions fall in a range from asynchronous, where the points of interaction are

separated by relatively long periods of time, to synchronous, where the interactions are simulta-

neous or separated by short periods of time (Grudin, 1994). There are many examples of successful

asynchronous collaborative applications that are commonly used by casual computer users: elec-

tronic mail (e-mail), discussion groups (e.g., Usenet), file version control (Cederqvist et al., 1993),

and publishing information on the World Wide Web. In a recent survey conducted by the Graph-

ics, Visualization, and Usability (GVU) Center of Georgia Tech (Read et al., 1998), respondents

considered some of these commonplace asynchronous technologies to be “indispensable.”
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CHAPTER 1. INTRODUCTION 3

Synchronous collaborative systems are not nearly as prevalent as asynchronous. However, syn-

chronous collaborative applications do exist, and more are emerging daily, including media spaces

(Bly et al., 1993), shared whiteboards (Streitz et al., 1994), joint exploration of data (Lee et al.,

1996), Multi-User Domains (MUD) (Nichols et al., 1995), joint document editing (Mitchell et al.,

1995), as well as real-time communication via text, audio and video conferencing systems (AIM,

1998; Dutta-Roy, 1998). Whereas telephony is a widely used synchronous collaborative technology,

use of computer-based synchronous collaborative systems is largely confined to computer enthusiasts

and early technology adopters (Dutta-Roy, 1998; Grudin, 1994).

The reasons for the lack of acceptance of synchronous collaborative systems are both technical

and social. Many of the technical challenges are being addressed by new approaches that expand the

limits of current technologies, such as Internet Protocol version 6 (IPv6) (Miller, 1997; Tanenbaum,

1996) and Gigabit Ethernet (Seifert, 1998). The social hurdles are also being researched, most

prominently in a subfield of human-computer interaction called computer-supported cooperative

work (CSCW) (Grudin, 1994), which explores the wide spectrum of collaborative computing.

Synchronous collaborative applications are customarily placed in two categories. The first, colla-

boration awareness, includes applications specifically designed to support cooperative work. The

developers were aware that their application would be used collaboratively. The second category is

referred to as collaboration transparency because the sharing is provided by a mechanism that is

unknown, or transparent, to the application and its developers (Begole et al., 1997a). The primary

distinctions between collaboration-aware applications and collaboration-transparency systems are

summarized in the next section and described in detail in Chapter 2.

1.1.1 Collaboration Awareness

A collaboration-aware application is one that was developed with the aim of allowing multiple users

to work cooperatively. Collaboration-aware applications may be either asynchronous (e.g., e-mail)

or synchronous (e.g., multi-player games).

Developing synchronous groupware applications has requirements beyond those of single-user

applications (Patterson, 1991). Such applications may be developed ad hoc or with a groupware

toolkit, which are surveyed in Section 2.4.1. The goal of groupware toolkits is to facilitate the devel-

opment of collaboration-aware applications so that they are only “slightly more difficult” to develop

than otherwise functionally equivalent single-user applications (Roseman & Greenberg, 1996a; Lee
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et al., 1996). Nevertheless, an application programmer must explicitly “build in” collaboration

through calls to the toolkit support functions. Therefore, whether employing a groupware toolkit or

not, a collaborative-software developer must make some additional effort over that of developing an

otherwise functionally equivalent single-user application.

1.1.2 Collaboration Transparency

A collaboration-transparency system allows the synchronous shared use of legacy, single-user software

by modifying the application’s run-time environment. The collaboration-transparency system itself

is collaboration-aware, but the single-user application is collaboration-unaware.

Several collaboration-transparency systems now exist, particularly for the X Window System.

Examples include XTV (Abdel-Wahab & Feit, 1991), Hewlett Packard’s SharedX (Garfinkel et al.,

1994) and Sun Microsystem’s ShowMe SharedApp (Sun Microsystems, Inc., 1998). Recently, Mi-

crosoft has released NetMeeting, a freely available collaboration-transparency system for the Win-

dows platform (Microsoft Corp., 1998) (collaboration-transparency systems are surveyed in detail in

Section 2.4.2). Because it is free, available for a widely used platform, and supported by a major soft-

ware vendor, NetMeeting is helping popularize collaboration transparency among casual computer

users. Over 45 million copies of have reportedly been downloaded (Dutta-Roy, 1998).

There is an ever-growing set of legacy single-user applications that coworkers may like to use

in support of their collaborative tasks. The primary benefit of collaboration-transparency systems

is that, by supporting the shared use of such legacy applications, developers make no extra effort

whatsoever for their applications to be shared. Additionally, application developers may consider

using a collaboration-transparency system as a simple groupware toolkit. For example, a simple

chess interface quickly becomes a two-player game when shared via collaboration transparency. As

with a physical chess game, players must use social conventions to ensure conformance with the rules

of play.

The next section contrasts the support for collaboration provided by collaboration transparency

versus awareness. Following that, the research problem and hypothesis are stated.

4
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1.2 Scope of Thesis

This dissertation primarily explores software in support of synchronous collaborations. In particular,

this dissertation deals with systems that provide the synchronous shared use of legacy, single-user

applications. The work addresses both technical and human factors related to the development

and use of such collaboration-transparency systems. In this dissertation, I explore the needs of

collaborating users, examine the limitations of existing systems, describe an alternate implementa-

tion design, and evaluate its effectiveness. The results have implications for future development of

collaborative software.

1.2.1 Problem Statement

During the course of a project, coworkers engage in varying patterns of collaboration: tightly and

loosely coupled, synchronous and asynchronous, private and shared, scheduled and opportunistic.

For many years, researchers have called for software that allows collaborators to seamlessly transition

among such styles of work.

Some collaboration-aware applications provide flexible support for varying styles of collabora-

tion, but currently available collaboration-transparency systems generally do not. I refer to the

currently available collaboration-transparency systems as conventional because they use the same

general implementation approach, which is the primary cause of the usability deficiencies found in

these systems. In particular, conventional systems do not adequately support the following group-

ware principles (Chapter 4 contains a thorough critique of conventional collaboration-transparency

systems).

Concurrent work Conventional collaboration-transparency systems do not allow simultaneous in-
put from more than one person.

Independent View In conventional collaboration-transparency systems, all participants see ex-
actly the same view at the same time.

Group awareness Conventional collaboration-transparency systems provide only limited informa-
tion about the locations and activities of other collaborators.

Network usage Conventional collaboration-transparency systems generally require higher network
bandwidth than collaboration-aware applications.

Figure 1.1 illustrates the dimensions along which transparency and awareness generally differ.

It is important to note that while conventional collaboration-transparency systems are clustered at
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Figure 1.1: Four dimensions along which conventional
collaboration-transparency systems and collaboration-
aware applications differ.

the left end of each dimension, specific collaboration-aware applications appear anywhere on the

scales. A particular collaboration-aware application may be no better than conventional collabora-

tion transparency in one or all dimensions.

Despite the problems previously enumerated, collaboration transparency remains attractive be-

cause of the low development cost of sharing legacy applications. When a sufficiently powerful

single-user application is suitable for a collaborative task, it makes sense to consider collaboration

transparency. In fact, given the lower application development cost of sharing via collaboration

transparency, is there any reason to develop a collaboration-aware application for such tasks? This

is the motivating question of this dissertation.

1.2.2 Research Hypothesis

The primary goal of this work is to maintain the benefits of collaboration transparency while re-

lieving some of its disadvantages, blurring the distinction between collaboration-transparent and

collaboration-aware systems. The claim explored in this thesis is that a suitably implemented

collaboration-transparency system can promote a single-user, collaboration-unaware application to

the level of support for collaboration previously provided only in applications specifically designed

for collaborative use. My hypothesis is: Many of the features of collaboration-aware applications can

be transparently provided in shared single-user applications.

6
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1.2.3 Approach

To examine the hypothesis, this work followed the familiar analyze-design-build-evaluate cycle. In

the first stage of the work, I examined the different implementation approaches and levels of col-

laboration support provided by collaboration transparency versus collaboration awareness. Several

questions were examined in the analysis. What are the usability needs of collaboration? How can

these needs be supported by software? What implementation approaches are best to meet these

needs? What are the causes of the inflexibility of conventional collaboration-transparency systems?

What are the platform requirements to build a flexible collaboration-transparency system?

Understanding the implementation differences between conventional collaboration-transparency

systems and collaboration-aware applications allowed me to design an alternative implementation

approach to collaboration transparency that provides many features previously seen only in colla-

boration-aware applications. The approach is based on an object-oriented replicated architecture

where selected single-user interface objects are dynamically replaced by multi-user extensions (Chap-

ter 5). The replacement occurs at run time and is transparent to the single-user application and its

developers. I implemented this approach in a new collaboration-transparency system called Flexible

JAMM (Java Applets Made Multiuser).

I conducted an empirical study that evaluated the effectiveness of the prototype system versus

a representative conventional collaboration-transparency system for performing tightly and loosely

coupled tasks. The results of this evaluation confirm the hypothesis that many of the benefits

currently seen in collaboration-aware applications can be provided in a collaboration-transparency

system. I also conducted an informal evaluation from a software developer’s perspective.

1.3 Summary of Contributions

This dissertation makes several contributions. The first is an analysis of conventional collaboration-

transparency systems and a critique of their deficiencies (Chapter 4).

Another result is the design and implementation of a replicated-architecture collaboration-trans-

parency system (Section 3.2.2). Replication uses network resources more efficiently and has lower

application response time than the centralized approach used by conventional systems. These ad-

vantages are important for Internet-wide collaborations. The replicated approach to collaboration

transparency has been explored previously, but the technology of the time made it impractical, and
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researchers recommended against replication for collaboration transparency (Lauwers et al., 1990;

Minenko, 1998). This dissertation demonstrates that a replicated architecture for collaboration

transparency is viable with current technology. This dissertation addresses known issues with repli-

cation and presents a new approach to transparent sharing of system resources, such as files, system

time and network connections (Section 3.2.6).

The most significant result of this dissertation has been to blur the distinction between the ca-

pabilities of collaboration transparency and awareness. This dissertation presents a general design

for a collaboration-transparency system that includes flexible support of multiple styles of collabo-

ration (Chapter 5). Additionally, this dissertation identifies platform requirements to implement the

approach (Section 5.2.3).

This dissertation makes several secondary contributions. A prototype flexible collaboration-

transparency system, Flexible JAMM (Section 5.3), is freely available on the Internet (Begole,

1997). The development of Flexible JAMM included many reusable multi-user software components:

telepointers, collaborator information and configuration components, a multi-user scrollable panel

(Section 5.3.5), and a multi-user concurrent text editor (Section 5.3.7). These components are

also used in a collaboration-aware interactive visualization system, called Sieve (Isenhour et al.,

1997). The development of these components also contributed to the design and development of a

collaborative learning environment, the LiNC (Learning in Network Communities) virtual school.

The evaluation of flexible versus conventional collaboration transparency (Section 6.1) corrobo-

rates the results of previous studies of group awareness interface techniques (Gutwin et al., 1996b;

Gutwin & Greenberg, 1998). The evaluation also substantiates previous claims that implicitly

passing control among collaborators is preferred over explicit control passing in some types of colla-

boration (Crowley et al., 1990; Lauwers, 1990; McKinlay et al., 1994) (Section 6.1.3).

1.4 Overview of Dissertation

This dissertation is organized as follows. Chapter 2 describes the foundation upon which this disser-

tation is built, reviewing the current state of the art in synchronous collaborative software, and sum-

marizing the relevant results of other researchers in CSCW. In Chapter 3, I discuss implementation

approaches and architectures to groupware applications. That chapter discuss issues and alternative

solutions for each type of architecture, and presents a new approach to transparent sharing of system
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resources in a replicated architecture. Chapter 4 critiques conventional collaboration-transparency

systems, and describes the implementation causes of their deficiencies. The bulk this dissertation’s

contributions appears in Chapter 5, which presents an alternate implementation approach that alle-

viates many of the problems in conventional systems. That chapter also describes the incorporation

of this approach into a new collaboration-transparency system called Flexible JAMM. Chapter 6

describes the methodology and results of a usability evaluation comparing Flexible JAMM to a

representative conventional collaboration-transparency system, Microsoft NetMeeting. That chap-

ter also presents an informal evaluation from the perspective of developers using Flexible JAMM

as a groupware toolkit. Finally, Chapter 7 draws conclusions from the work described in previ-

ous chapters and discusses the implications of this work for future collaboration-transparency and

collaboration-aware software.

9



Chapter 2

Research Foundations

This chapter provides context for the research reported in this dissertation by reviewing relevant

prior research and the current state of the art in synchronous collaborative software.

2.1 Overview of Computer-Supported Cooperative Work

Many researchers in the 1960s, notably Douglas Engelbart (1963), saw that network technology

provided an opportunity to change the way people work together. He and other researchers noticed

the potential for more direct interaction among computer-based workers and called for the study of

computer-supported cooperative work (CSCW) (Ellis et al., 1991; Grudin, 1994).

Because collaboration and computers are prevalent in many areas of society, CSCW is a broad

field. Collaborative applications include, but are not limited to, communications, group calendars,

resource schedulers, collaborative learning, joint editing of documents, interactive online sales, joint

exploration of data, simulations, and visualizations, as well as multi-player interactive games. Ex-

amples of all of these exist, and new products are continually emerging.

Jonathan Grudin (1994), describing the history of CSCW, categorized collaborative systems along

dimensions of time and space, as seen in Table 2.1. Each grid in the matrix represents a subcategory

of CSCW. There are three categories of place, which refers to the location of participants engaged

in a computer-supported collaboration: (1) each collaborator may be in the same place, such as an

electronic meeting room; (2) each collaborator may be in a different but predictable place, such as

at their own desktop machine during a video teleconference; or (3) each may be in a different and
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Table 2.1: Grudin’s categories of collaboration according to time and place.

Time
Different and Different andSame
predictable unpredictable

Same
Meeting Work Team

facilitation shifts Rooms

Tele/video/
Place

Different and
desktop

Electronic Collaborative
predictable

conferencing
mail writing

Interactive ComputerDifferent and
multicast bulletin Workflowunpredictable
seminars boards

not predictable place, such as participants in a computer bulletin board discussion (e.g., Usenet).

The times during which activity occurs in the collaboration also differentiates CSCW systems into

three categories: (1) the collaboration may exist in a single unbroken period, such as a meeting;

(2) activity may occur at different but predictable times, such as sending an e-mail that is expected

to be read within a certain period (typically a day); or (3) activity may occur at different and not

predictable times, such as coauthors working on independent parts of an article at various times.

This dissertation primarily explores software in support of same-time, different-and-predictable

place collaborations, or desktop conferencing systems. In particular, this dissertation discusses

application-sharing systems that provide the real-time shared use of off-the-shelf, legacy, single-user

applications. The dissertation addresses both technical and human factors related to the develop-

ment and use of such systems. The next section discusses some of the human factors relevant to

desktop conferencing systems.

2.2 Groupware Principles

Researchers in CSCW have identified many principles that should be incorporated in effective syn-

chronous collaborative software. This section reviews some of the fundamental groupware principles.
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2.2.1 Task Coupling

Dewan and Choudhary (1991a) refer to the degree to which collaborators work closely together

versus independently as tight versus loose coupling. They state that a “collaborative system must

support flexible coupling.” That is, the system should allow collaborators to vary their collaboration

style from tight to loose and back.

In a study of group writing, Posner and Baecker (1993) identified a wide variety of collaboration

styles used by writing teams. They observed collaborations ranging from tightly to loosely cou-

pled. They concluded that technology in support of collaboration must be “flexible and permissive,

allowing groups to change strategies and processes at any time during the project with minimal

distraction.”

2.2.2 What You See Is What I See

A principle which supports tightly coupled collaboration is strict What You See Is What I

See (WYSIWIS), which Stefik et al. (1987) defined as a mode of synchronous collaboration where

all participants see exactly the same view at approximately the same time. Figure 2.1 shows two

collaborators working with drawing software in a strict WYSIWIS mode.

Stefik et al. found that strict WYSIWIS is often too restrictive because it only supports tightly

coupled collaboration. They propose four dimensions along which WYSIWIS may be relaxed:

Space The locations of all shared items are the same for all collaborators under strict WYSIWIS.

However, it is sometimes useful to allow collaborators to maintain independent views of shared

items.

Time Under strict WYSIWIS, changes in the shared information are seen by all collaborators nearly

simultaneously. Relaxing this constraint allows the system to send updates at potentially

more optimal intervals, perhaps different intervals for each collaborator. Fully relaxing this

constraint leads to asynchronous applications, such as email.

Population Under strict WYSIWIS, the entire group sees the shared view. It is sometimes useful

to allow subgroups to split off.
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Figure 2.1: Strict What You See Is What I See (WYSIWIS) is a mode of synchronous
collaboration where all participants see exactly the same view. Here, two collaborators (one
in the left window, the other in the right window) see exactly the same view of a shared
drawing.

Congruence Everyone sees the same representation of the shared items under strict WYSIWIS.

Relaxing this constraint provides each collaboration with a different representation, perhaps

depending on each one’s role in the collaboration.

Relaxing WYSIWIS along these four dimensions provides support for both tightly and loosely

coupled collaborations. However, the advantage of strict WYSIWIS is that the collaboration is

grounded by the shared view; all collaborators know that they all see the same thing. Stefik et al. do

not provide guidelines that constrain the relaxation of WYSIWIS so that the software still effectively

supports collaboration. In what ways can WYSIWIS be relaxed before collaborators lose their sense

of working together? The next section discusses constraints on the relaxation of WYSIWIS.

2.2.3 What You See Is What I Think You See

Randall Smith (1992) provides a general constraint on the relaxation of WYSIWIS that maintains

the benefits of strict WYSIWIS. Smith argues that strict WYSIWIS is useful because collaborators

know what each other are aware of. Smith points out that real world collaborations, such as face-to-

face conversations, are effective without operating under strict WYSIWIS because collaborators have
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WYSIWITYS

Collaboration

Telephone conversations

Face to face
collaborations

Strict WYSIWIS

Exact shared views

Different views
awareness information

with

Different views with
awareness information

no

Figure 2.2: Collaborations occur with varying degrees of information about what each collaborator
can see. In the inner category, strict What You See Is What I See (WYSIWIS), computer-based
collaborators share the exact same view. In the middle category, What You See Is What I Think
You See (WYSIWITYS), real-world and computer-based collaborators may not have the same exact
view, but are aware of what each can see. There are some collaborations, represented by the outer
category, in which collaborators do not know what others see. (based on a diagram by Randall
Smith (1992))

a sense of what each other can see. That is, person B knows what person A can see. Smith refers to

this principle as What You See Is What I Think You See (WYSIWITYS). The WYSIWITYS

principle requires that each collaborator be able to construct a model of each other’s experience.

Strict WYSIWIS conforms to WYSIWITYS and is thus contained in WYSIWITYS, as illustrated

in Figure 2.2. WYSIWITYS provides a useful guideline as to how far WYSIWIS may be relaxed

and still maintain meaningful support of collaboration. By providing information that achieves

WYSIWITYS, the collaboration is grounded in the shared data as equally as under strict WYSIWIS.

The next section describes the type of information that a groupware application must provide to

support WYSIWITYS.
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2.2.4 Group Awareness

When people work together in the same physical location, they are generally aware of each other’s

locations and actions. However, when the collaboration is distributed, much of this awareness

information is lost. Without this information, groups have difficulty coordinating access control,

work-flow, and communication. This section describes research into providing distributed groups

with the information necessary to maintain awareness.

Greenberg, Gutwin, Roseman et al. from the University of Calgary’s Grouplab project have

contributed significantly to understanding awareness in groupware. They describe the following

aspects of group awareness (Gutwin et al., 1996a; Gutwin, 1997).

• Presence awareness1 is the sense of the presence and general activity of group members.

Who is available? Where are they now?

• Engagement awareness2 is the knowledge of a collaborator’s level of engagement in the

activity, including another person’s amount of interest, attention, and emotional state. In

same-place collaborations, visual cues, such as gestures, eye contact, and body language, sup-

port this form of awareness. Such information may also be conveyed audibly through tone of

voice, periodic acknowledgments (or lack thereof), and non-verbal sounds (Short et al., 1993).

• Structural Awareness is the knowledge of participants’ roles, positions on issues, status,

and group processes. Effective collaboration depends on collaborators’ implicit understanding

of such information (Mintzberg, 1993; Viller, 1993).

• Workspace awareness is defined by Gutwin et al. (1996a) as the up-to-the-minute knowl-

edge of other participants’ interactions and locations within a workspace. In real-world col-

laborations, a workspace is one physical location, whereas in computer-based collaborations,

a workspace is some shared data that are accessed via software and the collaborators may be

physically co-located or distributed.

Table 2.2 lists the elements of workspace awareness and the questions that users may have

with respect to each. Gutwin et al. propose that developers use this framework to design support

for workspace awareness in collaborative software. This framework primarily relates to providing

1Gutwin et al. (1996a) label this category informal awareness.
2Gutwin et al. (1996a) refer to this category as social awareness.
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Table 2.2: Elements of workspace awareness. Gutwin et al.’s (1996a) framework
of workspace awareness information for designing collaborative software.

Element Relevant Questions
1. Identity Who is participating in the activity?
2. Location Where are they?
3. Activity Level Are they active in the workspace?

How fast are they working?
4. Actions What are they doing?

What are their current activities and tasks?
5. Intentions What are they going to do?

Where are they going to be?
6. Changes What changes are they making?

Where are changes being made?
7. Objects What objects are they using?
8. Extents What can they see?
9. Abilities What can they do?

10. Sphere of Influence Where can they have effects?
11. Expectations What do they need me to do next?

information about individual work within a group. Another aspect of workspace awareness, described

by Ackerman and Starr (1996), is the aggregation of individual activity, called social activity.

Social activity information is used by groups in several ways. First, it helps individuals focus their

own activity. Second, knowing whether or not others are working can have a profound effect on an

individual’s motivation. Finally, acceptance of groupware systems often depends on maintaining a

certain threshold of social activity (Grudin, 1988).

2.3 Interface Support of Workspace Awareness

Several techniques are used in collaborative systems to provide information to support each of the

aspects of awareness. Media spaces provide presence awareness information through video or period-

ically updated still images of remote locations associated with distributed group members (Bly et al.,

1993; Harrison & Minneman, 1993; Mantei et al., 1993). Engagement awareness can be provided

with audio and video communications channels (Buxton, 1992). Researchers within the CSCW com-

munity have investigated providing support for structural awareness using electronic meeting rooms

(Mantei, 1993), decision and communication support systems (Pinsonneault & Kraemer, 1993), and

policy and role mechanisms within collaborative software (Edwards, 1996). Ackerman and Starr
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Figure 2.3: A telepointer indicates a remote participant’s
cursor location in the workspace. Typically, each user has
a unique color. Shapes and names may also be used to
distinguish users.

Figure 2.4: (a) Simple telepointer. (b) Telepointer convey-
ing action information.

(Ackerman & Starr, 1996) describe social activity indicators which provide visualizations of the

level of group-wide activity within a collaborative system. The type of awareness with which this

dissertation is primarily concerned, however, is workspace awareness. The remainder of this section

describes software support of workspace awareness.

2.3.1 Telepointers

A widely used workspace awareness interface element is the telepointer, an indication of a remote

participant’s screen pointer. A common variant of the telepointer is the telecaret, which represents

a remote user’s text insertion cursor, or caret. Examples of telepointers are shown in Figure 2.3.

In its simplest form, a telepointer provides fundamental awareness information: identity, and lo-

cation. Additionally, a telepointer can provide action information, such as mouse button presses and

releases. Greenberg et al. (1996) extended the notion of a telepointer to provide action information

. They described a semantic telepointer, which changes appearance based on the actions of re-

mote participants. Figure 2.4 shows (a) a typical and (b) an action-augmented semantic telepointer.

Tang (1991) found that real-world collaborators frequently use hand gestures to communicate. Ges-

tures include both movement and action. Thus, action telepointers enhance collaborators’ ability to

gesture.
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By changing its shape, color, or label, a semantic telepointer can convey much of the workspace

awareness information listed in Table 2.2: identity, location, activity level, actions, changes, and

abilities.

A telepointer provides a visual representation of a remote participant, but is only useful when

the telepointer is visible. In a location-relaxed WYSIWIS collaboration, not all of the remote

participants’ telepointers are necessarily visible at any given time. One means of providing action

information when telepointers are not visible is via auditory cues. In addition to displaying the

word “click” on the telepointer seen in Figure 2.4, a system could play a sound that represents a

mouse click. Gaver (1993) demonstrated that activity awareness can be enhanced by auditory cues.

However, the auditory cues used by Gaver were specific to the application he tested (a simulation of

a bottling plant). Generic actions like mouse clicks have context-dependent semantics. For example,

a click executed within an on-screen button causes the button’s function to execute, while a click in a

plain panel typically has no effect. A collaborator cannot infer that the application state will change

from simply hearing a click. Therefore, it is not clear that the benefits of the task-specific sounds

used in Gaver’s study will extend to generic (yet context-dependent) actions, like mouse clicks.

2.3.2 Multi-user Scrollbars and Radar Views

One aspect of workspace awareness not provided by telepointers is the extent of each collaborator’s

view of the shared workspace. When strict WYSIWIS is employed, collaborators’ extents are obvious,

since they are the same for each. However, additional information must be provided when an

application relaxes WYSIWIS so that each collaborator can have an independent view of the shared

data.

One interface mechanism used to indicate view extents is a multi-user scrollbar. Many times,

data are too large to display completely, and only a portion can be shown at one time. A scrollbar is

a widely used software interface item with which a user can navigate the viewed portion of too-large

data. The user slides a “thumb” button to move his or her position. In many implementations, the

size of the “thumb” button with respect to the total scrollbar size is proportional to the size of the

view with respect to the whole data. Thus, a scrollbar indicates the position and extents of the user’s

view. A multi-user scrollbar extends this by displaying the position and extents of each participant

in a collaboration (Baecker et al., 1993). Figure 2.5 shows an example of a multi-user scrollbar for

two participants in a collaborative text editor called Calliope by Alex Mitchell (1996). On the right,
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Figure 2.5: The multi-user scrollbar used in a collaborative text editor,
called Calliope (Mitchell, 1996).

a conventional scrollbar is used to move the local user’s position. Next to that, colored rectangles

indicate each participant’s position and extents. The local participant’s view extends to the top

of the document (indicated by the rightmost of the two rectangles), while the remote participant’s

view extends to the bottom (indicated by the leftmost of the two rectangles).

A problem with multi-user scrollbars, such as the one shown in Figure 2.5, is that they cannot

effectively display more than a few participants’ independent locations. The required display space

increases with each additional collaborator. In the Shared Alternate Reality Kit (SharedARK),

Smith et al. (1989) introduced an alternative to multi-user scrollbars, called a multi-user radar

view. A radar view is a miniature overview of the shared workspace with a unique indication

(typically, a rectangle) of each collaborator’s view of the workspace. By allowing the view indicators

to overlap, the multi-user radar view requires a fixed amount of display space regardless of the

number of collaborators. In many implementations, the radar view updates the miniature display

whenever the workspace changes. Thus, participants can see when and where changes are being

made outside of their full-size view. Figure 2.6 shows three participants using a radar view to work

in a shared text editor. Gutwin and Greenberg (1998) have demonstrated that multi-user radar

views enhance the usability of collaborative applications for some tasks.

The combined use of telepointers and multi-user radar views supports nine of the eleven

workspace awareness elements listed in Table 2.2. The two remaining elements, intentions and ex-
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Figure 2.6: A shared text editor employing a multi-user
radar view. The radar view window on the right displays
a miniature overview of the shared document. A uniquely
colored and shaded rectangle indicates each participant’s
scroll position. Three participant positions are shown here:
(1) PC User and (2) Solaris User overlap near the top while
(3) Unix User is near the center.
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pectations, can be communicated by collaborators themselves via separate communications channels

(i.e., video or audio channels).

The remainder of this chapter reviews collaborative software systems and their support of aware-

ness needs.

2.4 Synchronous Collaborative Systems

Synchronous collaborative applications are customarily placed in two categories. The first, col-

laboration awareness, includes applications specifically designed to support cooperative work.

The application’s developers were aware that their application would be used collaboratively. The

second category is referred to as collaboration transparency because the sharing is provided by

a mechanism that is unknown, or transparent, to the application and its developers (Begole et al.,

1997a). This section describes notable research in collaboration-aware applications and toolkits, and

collaboration-transparency systems.

2.4.1 Groupware Toolkits

Synchronous collaborative application development has requirements beyond those of single-user ap-

plication development, giving groupware applications a higher development cost than single-user ap-

plications. Patterson (1991) identified the following three development requirements of synchronous

groupware that single-user application development does not necessarily require.

1. Concurrency: As multiple users simultaneously interact within a collaborative application,

concurrent inputs may conflict. The collaborative application must deal with conflicts from

concurrent inputs. In a single-user application, the application receives a stream of inputs

from a single source.

2. Separation of interface and data: To allow collaborators to access data from different

locations, the application’s data must be separated from its interface. Separating interface

and data is useful to single-user applications, too, but is not required.

3. User roles: In a typical collaboration, each coworker performs a different subtask. Ideally, a

collaborative application will support each role. In a single-user application, the application

only needs to support the role of the single user.
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The developer of a real-time collaborative application may address these issues ad hoc, or by

employing a groupware toolkit. Groupware toolkits attempt to facilitate collaborative application

development by providing implementations of some common problems. The goal of groupware

toolkits is to facilitate the development of a collaboration-aware application so that it is only “slightly

more difficult” to develop than an otherwise functionally equivalent single-user application (Roseman

& Greenberg, 1996a; Lee et al., 1996). This section first presents features found in most groupware

toolkits. The second part of this section lists groupware toolkits and compares their support for

common groupware requirements.

Groupware Toolkit Capabilities

Greenberg and Roseman (1998) state that groupware toolkits should provide four major components:

communication abstractions, distribution architecture, session management, and multi-user interface

components.

Communication Abstractions Synchronous groupware applications are distributed. Thus,

groupware developers must use some mechanism to communicate among the distributed compo-

nents. Groupware toolkits provide abstractions to facilitate such communication. For example,

most groupware toolkits provide a method to send a message to the distributed components of the

application.

Software Distribution Architecture Distributed software architectures fall in a range from

centralized, where the shared application is maintained in one physical location, to replicated,

where the shared application is copied to each collaborator (Greenberg & Roseman, 1998; Crowley

et al., 1990). Groupware architectures are discussed in greater detail in Chapter 3. A groupware

toolkit provides an implementation of one or more distribution architectures and provides the devel-

oper with mechanisms necessary for maintaining data consistency within the selected architecture.

Multi-user Interface Components Section 2.3 described several user interface techniques to

provide workspace awareness information in collaborative software. Such general awareness com-

ponents should be included in a toolkit. There may also be application-specific awareness needs.

Therefore, the toolkit should allow the development of application-specific multi-user interface com-

ponents.
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Session Management A session is the collection of synchronously collaborating users and the

software employed in the collaboration. A groupware toolkit must provide some means by which users

may start, find, join and leave a collaborative session (Edwards, 1994; Greenberg & Roseman, 1998).

Generally, groupware toolkits provide developers with facilities to create, and manage sessions. Some

provide a user interface to allow users themselves to manage sessions.

Notable Groupware Toolkits

The following groupware toolkits are presented in approximately the chronological order in which

they appeared in the research literature. These reviews only consider each toolkit’s suitability to

create real-time collaborative applications. Some of these systems provide further capabilities such as

persistence (e.g., DistView/CBE), domain-specific support (e.g., Sieve’s data flow and visualization

support), and integration with third-party software (e.g., audio/video conferencing tools launched by

Tango). These further capabilities should be considered when evaluating each toolkit’s applicability

to a particular collaborative need.

MMConf In 1990, Crowley and other researchers at Bolt, Beranek, and Newman, Inc. (BBN)

reported the development of an X-based toolkit written in C called MMConf. MMConf uses a

replicated architecture. It intercepts and distributes low-level user input events. MMConf provides

a single shared telepointer that can be controlled by one user at a time. MMConf avoids concurrency

conflicts by using floor control, as described in Section 3.2.3.

An interesting feature of MMConf is its support for accessing files in a replicated architecture.

When replicas open a file, MMConf ensures that each replica has a copy of the same file. Most

replicated systems do not address how to share system resources, such as files. Section 3.2.6 presents

an approach to sharing system resources in addition to files, such as sockets and system time, under

a replicated architecture.

Suite Dewan and Choudhary (Dewan & Choudhary, 1991b; Dewan & Choudhary, 1995) of Purdue

University developed the Suite toolkit, which they first reported in 1991. Suite uses a replicated

architecture and defines a set of multi-user programming primitives in C for updating replicas.

By following Suite’s programming conventions and using Suite functions to modify data, the

developer need not consider whether or not the application will later be used by a single person
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or multiple people. This sort of collaborative application development is called collaboration

unaware. Collaboration unawareness is similar to collaboration transparency. Under unaware-

ness, the developer uses a particular library to develop the application, and the library handles the

distribution architecture and other aspects of collaboration completely. Generally, the developer

knows that using the library will allow the application to be shared, but is unaware of how that

sharing occurs does not need to program support for the collaboration explicitly. In collaboration

transparency, however, the underlying sharing mechanism is completely unknown, or transparent,

to the application and its developer. That is, the developer created the application without any

notion that it would be shared later. Traditionally, collaboration-transparency systems are able to

share any application written to the standard Application Program Interface (API) of a particular

operating/windowing system, such as the X Window System or Microsoft Windows.

Suite provides mechanisms by which the developer can override the default, collaboration-

unaware behavior of an application. Suite provides functions to send messages to all or a subset of

users in the current session, and to set and read shared environment properties. Dewan and Choud-

hary introduced the notion of task coupling (the degree to which collaborators work closely versus

independently). A suite developer can specify the application’s task coupling support by changing

the granularity and timing of replica updates. For example, the developer of a text chat application

may choose to send each character as soon as it is entered, or only a whole line at a time.

Rendezvous Rendezvous is a groupware toolkit and language developed by Hill et al. (1994) at

Bellcore in the early 1990s. Rendezvous runs on the X platform and is implemented in Common

Lisp.

Rendezvous is unique among groupware toolkits in that it uses a semi-replicated architecture, but

the replicated processes all reside on a single host. Thus, Rendezvous applications are conceptually

replicated, but physically centralized.

One of Rendezvous’ contributions is the easy-to-use communication abstraction of its program-

ming paradigm, called Abstraction-Link-View (ALV), which separates an application’s data from its

interface. A single instance of an “abstraction” contains the data that are shared among the collab-

orators. Replicated “views” display the shared data. Each view may display the data differently,

allowing relaxed WYSIWIS among the collaborators. Each view is associated with an abstraction

via a “link,” which ensures that changes to the abstraction are reflected in the link’s corresponding
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view. That is, when the abstraction changes, each link updates its corresponding view. Conversely,

when a user changes a view, the link updates the abstraction. The replicated views interact directly

and exclusively with the centralized abstraction. Thus, a Rendezvous developer does not need to

propagate changes explicitly.

GroupKit GroupKit (Roseman & Greenberg, 1996a) is a groupware toolkit developed by Green-

berg, Roseman, et al. at the University of Calgary first reported in 1994. GroupKit, and applications

developed with is, use Tcl/Tk, which runs on multiple platforms including Microsoft Windows, X

and Macintosh. Thus, GroupKit applications have multi-platform capabilities similar to applications

developed with the Java-based groupware toolkits, described later.

GroupKit applications are fully replicated. Only the “registrar,” which maintains a list of active

sessions, is centralized. The registrar provides session management capabilities. GroupKit provides

three programming abstractions for communication among replicas. One, called multicast remote

procedure call, allows a replica to invoke a procedure on remote replicas. Another communication

abstraction is provided through the use of a shared “environment.” All replicas see any change made

to the state of the shared “environment.” Finally, GroupKit provides mechanisms to multicast and

receive messages.

The GroupKit team has pioneered research into multi-user interfaces. Thus, GroupKit includes

several multi-user interface components, such as semantic telepointers, multi-user radar panes, and

multi-user fish-eye lenses.

Clock Graham et al. (1996) at York University created the Clock synchronous groupware envi-

ronment and ClockWorks application builder, which they initially reported in 1996. Clock uses a

conceptually centralized model-view-control paradigm where the shared data are held in the central-

ized model, but updates are cached, pre-sent, or pre-fetched, essentially replicating the data. The

MVC paradigm, like Rendezvous’ ALV, allows relatively simple development. When any replicated

view-controller changes the data in the centralized model, the other replicas are implicitly updated.

Thus, the programmer is not concerned with the communications taking place among modules.

COAST In 1996, Schuckmann et al. (1996) at the German National Research Center for Informa-

tion Technology described COAST (COoperative Application Systems Toolkit), a Smalltalk-based

groupware toolkit. COAST employs a replicated architecture and a variant of the model-view-control
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programming paradigm. Changes to shared data are made via COAST’s transaction protocol and

implicitly propagated to replicas. Thus, applications developed with COAST are collaboration un-

aware.

Prospero Also in 1996, Dourish (1996b; 1996a) described the Prospero toolkit, with which pro-

grammers can build collaborative applications using the Common Lisp Object System (CLOS).

Prospero supports the creation of a variety of asynchronous to synchronous groupware applications.

The developer can specify a range of distribution architectures, from nearly centralized to fully repli-

cated. Whereas most toolkits emphasize preventing state divergence among replicas, Prospero does

not attempt to prevent divergence, but provides a framework to merge divergent replicas. Develop-

ers must create application-specific procedures to merge divergent replicas and restore consistency.

Prospero does not provide multi-user interface components.

Java-based Groupware Toolkits

Aside from any inherent programming features, Java is especially attractive for writing collaborative

software since it simplifies distribution of software and largely eliminates issues with heterogeneous

platforms. While these characteristics are useful for software in general, they are critical for col-

laborative software because each user within the collaboration must have a copy of the software.

Accordingly, several Java-based groupware toolkits have been developed in recent years.

The DistView Toolkit and Collaboratory Builder’s Environment The DistView Toolkit

(Prakash & Shim, 1994) and Collaboratory Builder’s Environment (CBE) (Lee et al., 1996) are

Java-based collaborative systems from Prakash et al. at the University of Michigan, described in

1996. CBE is essentially the session management interface for collaborative applications developed

with the DistView toolkit. CBE uses the metaphor of a room to represent a session, similar to

TeamRooms (Roseman & Greenberg, 1996b). All users in a room share the applications that the

room contains. Applications may be removed from a shared room to be worked on privately and

later returned to the room. CBE includes support of user roles and access privileges.

DistView provides a semi-replicated architecture, where the shared state of an application resides

on a central server and the user interfaces are replicated. Similar to the approach of Rendezvous,

when one user modifies the shared state, the replicated interfaces are updated.
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Java Shared Data Toolkit The Java Shared Data Toolkit (JSDT) (Burridge, 1998), developed

by Rich Burridge, was released by JavaSoft in August 1998, although beta versions were available in

1997. JSDT is a multi-point communications package for replicated collaborative systems. JSDT is

based on the International Telecommunication Union (ITU) T.122 recommendation for Multipoint

Communication Service, and roughly corresponds to the presentation layer of the Reference Model

for Open Systems Interconnection (OSI). JSDT uses the notion of a session which contains one or

more communication channels. Messages sent to a channel are distributed to all processes that are

registered as listeners of the channel.

JSDT defines an application programming interface (API) which is implemented on top of dif-

ferent network transport protocols. For example, the JSDT distribution includes implementations

based on standard sockets, Java Remote Method Invocation (RMI) (Wollrath et al., 1996), and the

Light-weight Reliable Multicast Protocol (LRMP) (Liao, 1998). This separation of API and imple-

mentation provides flexibility that allows the groupware developer to match the unique requirements

of a particular distributed application with an optimal implementation.

Java Collaborative Environment Researchers at the National Institute of Standards and Tech-

nology (NIST) and Old Dominion University (ODU) have developed a Java-based groupware toolkit

called the Java Collaborative Environment (JCE) (NIST, 1998), initially reported in 1996 (previ-

ously called the Java Collaborator’s Toolkit (Abdel-Wahab et al., 1996)). JCE uses a replicated

architecture where user inputs are intercepted and broadcast to replicas, similar to MMConf.

To capture user inputs, JCE requires a developer to use JCE’s interface library, called collawt,

which contains a replacement for each interactor (e.g., button, checkbox, text area) found in the

standard Java user interface library, the Abstract Window Toolkit (AWT). Typically, a single-user

application can be converted to a JCE collaborative application by replacing the AWT package

with collawt in the application source code. Since the developer must make this change to the

application source code, and is therefore aware that the application will be used collaboratively,

JCE is not a collaboration-transparency system.

JCE is easier to use than some groupware toolkits. The only requirement for a JCE-based collab-

orative application is that it use JCE’s interface library. In contrast to some replicated groupware

toolkits (e.g., GroupKit), the JCE developer is not required to determine when to send messages

to replicas because all user inputs are automatically distributed. On the other hand, JCE’s ap-
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proach to event broadcasting does not allow the developer to optimize network usage and imposes

strict WYSIWIS. Furthermore, JCE components do not show visual feedback to remotely generated

events. That is, a screen button is not drawn depressed when it is remotely pressed. This is be-

cause JCE broadcasts events after the local replica of the interactor has acted on the event. In our

own prior work (Begole et al., 1997b), we described the reasons for this problem, which we called

post-peer interception, and a solution, called pre-peer interception.

Sieve Sieve is a collaborative environment3 developed by Isenhour, Begole, and Shaffer at Vir-

ginia Tech beginning in 1997 (Isenhour et al., 1997; Isenhour, 1998). Sieve uses and extends a

popular component architecture, JavaBeans, as a framework for developing synchronous collabo-

rative software (Begole et al., 1998a). JavaBeans specifies a change-notification mechanism, called

bound properties, where an object notifies registered listeners whenever the value of a property

is changed. Sieve listens for property changes from each “bean.” When a change notification is

generated, Sieve packages it in a message that is sent to the corresponding replicas. These messages

are sent in the same order to each replica using JSDT. When such a message is received, the local

replica of the changed component is found, and the changed property is set to the new value.

The developer decides which parts of the component state to expose via bound properties. This

allows the developer some control over the degree of WYSIWIS under which the component will

be shared. If all of the state is accessed via bound properties, then the component will be shared

under strict WYSIWIS. Typically, however, only the essential data properties need to be bound. By

not exposing interface data, such as scrollbar position, the collaborators may work under relaxed

WYSIWIS.

Many useful collaboration-unaware components may be quickly developed and shared with the

bound properties approach. For some components, however, property changes may not provide

sufficiently fine granularity for efficient network usage. For those cases, a developer may create

application-specific events that Sieve will propagate and apply to corresponding replicas. Creating

application-specific events and handlers is equivalent to using multicast-send and receive procedures,

as seen in GroupKit and Suite.

3Sieve was initially intended to support collaborative interactive visualization (CIV). Hence, the name “Sieve” is
a pun on CIV and the filtering provided by Sieve’s data-flow library.
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Habanero Chabert et al. (1998) at the National Center for Supercomputing Applications (NCSA)

described a Java-based groupware toolkit called Habanero in 1998, but a version was available in

1997. Habanero uses a replicated architecture.

Habanero’s primary communication abstraction is to distribute events to replicas. By default,

Habanero distributes semantic events, such as the action event that results from a user clicking

on-screen button, rather than low-level user input events. A developer can choose to distribute low-

level events, such as mouse events, or new application-specific event types. Thus, Habanero’s event

propagation is more flexible than that used by JCE. However, like JCE, Habanero uses post-peer

interception (Begole et al., 1997b) when low-level input events are distributed. Thus, user interface

components in Habanero do not provide visual feedback to remotely generated inputs.

A developer can also create application-specific “events,” which Habanero will propagate to

replicas. As with Sieve, defining application-specific “events” and handlers is equivalent to creating

a message protocol.

Tango Tango (Beca et al., 1997) is a groupware toolkit by researchers at the Northeast Parallel

Architectures Center at Syracuse University, initially reported in 1997. Tango-based applications

can be developed in Java, JavaScript, C/C++, and other languages. Therefore, Tango is not strictly

a Java groupware toolkit, like the others in this section, but it is largely based on the Java platform.

Tango’s session-management facilities are launched as a Java applet via a web browser. In ad-

dition to providing a set of collaborative utility programs (e.g., text chat and shared white board),

Tango launches helper applications that provide audio/video conferencing (Buena Vista) and appli-

cation sharing (NetMeeting).

Tango-based applications use a replicated architecture. Like Habanero, the Tango communi-

cations layer distributes a message among replicas in the form of an “event.” The application

developer must explicitly send a message, or event, when a property of the application is changed.

The developer must also implement routines that receive messages and act upon them.

Summary of Groupware Toolkits

The previous list of groupware toolkits is not exhaustive, but represents the primary variants. Each

has varying degrees of support for the four components of a groupware toolkit enumerated at the

beginning of this Section: architecture, communication abstraction, session management, and multi-
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user interface components. Table 2.3 summarizes the features of each toolkit. Most of the toolkits

employ some form of replicated architecture. In fact, the one exception, Rendezvous, replicates

portions of the application, but they all reside on one central host. Various communication ab-

stractions are employed: distributing low-level user input events (MMConf, JCE, and Habanero);

collaboration-unaware development by implicitly propagating state changes to all replicas (Suite,

Rendezvous, COAST, Clock, DistView, and Sieve); periodic data merging (Prospero); multicast

remote procedure call (GroupKit); properties stored in a shared environment (Suite and GroupKit);

and simple multicast message sending (Suite, GroupKit, JSDT, Sieve, Habanero, and Tango). It is

possible to create relaxed WYSIWIS applications in all of the toolkits, except MMConf and JCE.

However, some of the toolkits facilitate relaxed-WYSIWIS development more than others. As an

indication of how difficult it would be to generate a relaxed-WYSIWIS application, the table lists the

WYSIWIS mode seen in the toolkit’s example applications. Generally, groupware toolkits provide

developers with facilities to create and manage sessions. Some provide a user interface that allows

users themselves to control sessions. Only five of the thirteen toolkits in this survey provide even

the most rudimentary awareness information with a telepointer. In all but MMConf and JCE, an

application developer could create application-specific awareness components.

We turn next to the other category of synchronous collaborative software, collaboration trans-

parency.

2.4.2 Collaboration-Transparency Systems

The earliest synchronous collaborative systems were collaboration-transparency systems. In 1968,

Douglas Engelbart et al. developed NLS (oN Line System) (Engelbart, 1975). NLS made several

contributions to the computing field, including the mouse input device and a hypertext-like journal.

Additionally, with respect to collaboration, NLS provided a facility which allowed users to collaborate

by sharing the view of their entire screen, called Shared-Screen. One user at a time could then

control the screen. Generally, applications in NLS’s time used the entire screen, and this type of

collaboration-transparency system is referred to as screen sharing.

In the late 1980s, Lantz, Lauwers, et al. (Lauwers & Lantz, 1990; Lauwers et al., 1990) advanced

application sharing to the granularity of individual windows, which they referred to as window

sharing. They introduced the term “collaboration transparency” to encompass both screen sharing

and window sharing. Since then, many collaboration-transparency systems have been implemented.
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Table 2.3: Feature comparison of groupware toolkits.

Toolkit Archi-
tecture

Communication
Abstractions

WYSIWIS
in example
applications

Session
Interface

Included
multi-user

components

MMConf Repl. Input event
distribution

Strict No Single shared
pointer

Suite Repl. Implicit change
propagation,
multicast send, shared
environment, coupling
control

Relaxed No

Rendez-
vous

Centr. Implicit change
propagation

Relaxed No Telepointer

GroupKit Repl. Multicast send,
Multicast remote
procedure call, shared
environment

Relaxed Yes Telepointer,
radar view,
fish-eye view,
others

Clock Semi-
Repl.

Implicit change
propagation

Relaxed No Telepointer

COAST Repl. Implicit change
propagation

Relaxed No

Prospero Semi-
Repl.

Periodic data merging Relaxed No

DistView/
CBE

Semi-
Repl.

Implicit change
propagation

Strict Yes
(CBE)

JSDT Repl. Multicast send Relaxed No
JCE Repl. Input event

distribution
Strict No

Sieve Repl. Implicit change
propagation

Relaxed Yes Telepointer,
radar view

Habanero Repl. Multicast send Strict Yes
Tango Repl. Multicast send Strict Yes
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Several collaboration-transparency systems are described below according to the application platform

they support.

X Window-based

Window sharing systems were facilitated by the introduction of the X Window System in 1987 (Get-

tys et al., 1990), which defines a graphics protocol that separates an application’s display from its

process. An application’s process, called an X client, sends graphics requests to the display server,

called an X server. The client and server need not reside on the same machine, a capability not

found in other widely used windowing systems, such as Apple’s MacOS and Microsoft Windows.

X’s separation of display and process yields a natural approach to implementing collaboration trans-

parency: intercepting and distributing an X client’s display requests to multiple X servers. This

centralized approach, called display broadcasting, is the most common implementation approach

to collaboration transparency (distribution architectures are reviewed in more detail in Chapter 3).

Applications shared under this approach use a strict WYSIWIS mode of sharing because each col-

laborator sees the same graphical display of the application.

The earliest window-sharing collaboration-transparency system, VConf (Lauwers, 1990), was

developed on TheWA, a precursor of the X Window System, which similarly separates display

and process. There were two versions of VConf, one centralized and the other replicated. X

has since supplanted TheWA, and several X-based collaboration-transparency systems now exist,

such as Dialogo (Lauwers, 1990), XTV (Abdel-Wahab & Feit, 1991), VisualTek’s X/TeleScreen

(X/TeleScreen, 1998), Hewlett Packard’s SharedX (Garfinkel et al., 1994) and Sun Microsystem’s

ShowMe SharedApp (Sun Microsystems, Inc., 1998). See Minenko (1996) for a more complete survey

of X-based collaboration-transparency systems.

Windows-based

Commercial collaboration-transparency systems exist for Microsoft Windows, notably Microsoft’s

NetMeeting (Microsoft Corp., 1998) and Intel’s ProShare (Proshare, 1998).

NetMeeting conforms to the ITU T.128 recommendation for Multipoint Application Sharing,

which was proposed by Microsoft and PictureTel. T.128 defines a graphics protocol that is con-

ceptually similar to the X protocol. Thus, T.128 facilitates the display-broadcasting described

previously for X-based collaboration-transparency systems. Other products that conform to T.128,
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and can therefore receive each other’s display, include Data Connection’s DC-Share (Downes, 1997),

DC-WebShare (Data Connection, 1998), and PictureTel’s LiveShare Plus (PictureTel Corporation,

1997). T.128-compliant clients have been implemented on X, Windows, and Macintosh, but T.128

application-sharing servers currently exist only on Windows. Like the X-based display-broadcasting

systems described previously, NetMeeting and other Collaboration-transparency systems that use

T.128 can only share applications in strict WYSIWIS mode. Strict WYSIWIS and other limitations

of the conventionally implemented collaboration-transparency systems will be discussed in greater

detail in Chapter 4.

Macintosh

Netopia distributes separate Windows- and Macintosh-based versions of its remote control sys-

tem, Timbuktu Pro (Timbuktu Pro, 1998). In addition to remote control, Netopia recently an-

nounced that Timbuktu Pro allows macintosh users to share NetMeeting-hosted applications, via

T.128 (Loney, 1998).

Wolf et al. (1996) at the University of Ulm, Germany described issues and approaches to applica-

tion sharing among heterogeneous platforms. The prototype systems they report allow a Macintosh-

based application to be shared among remote Macintosh and X clients.

Another Macintosh-based application-sharing system was RTZ Software’s The Virtual Meeting

(TVM) (Snyder, 1996), which no longer appears to be available. This was the only commercially

available application-sharing system that used a replicated, event-broadcasting architecture (See

Section 3.2.2 for more details of this approach).

2.5 Summary

This chapter reviewed relevant prior research and the current state of the art in synchronous collab-

orative software.

Researchers in the 1960s saw that networking technology provided an opportunity to change

the way people worked by allowing more direct interaction among computer-based workers. The

field called computer-supported cooperative work (CSCW) studies the wide spectrum of collabo-

rative computing. This dissertation is concerned with the subcategory of CSCW called desktop

conferencing in Grudin’s matrix (1994) (see Table 2.1).
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Researchers have identified several principles that effective collaborative software should incor-

porate. The degree to which collaborators work closely together versus independently is referred

to as tight versus loose coupling. Synchronous collaborative software should allow the collabora-

tion to flow between periods of tight and loose coupling. Strict What You See Is What I See

(WYSIWIS) describes a mode of collaboration where all participants see exactly the same view at

approximately the same time. Strict WYSIWIS is useful in tightly coupled collaborations, but is of-

ten too restrictive. Therefore, WYSIWIS may be relaxed in four dimensions: (1) space (participants

may have different locations in the shared workspace), (2) time (changes may not be immediately

propagated), (3) population (subgroups may share different views), and (4) congruence (participants

may see different representations of the shared data).

The principle called What You See Is What I Think You See (WYSIWITYS) requires

that participants be able to know what each other can see, although the views may be different.

WYSIWITYS provides a constraint on how far WYSIWIS may be relaxed and yet maintain effective

support for the collaboration (see Figure 2.2). WYSIWITYS is supported by software that provides

information about workspace awareness, which is the up-to-the-minute knowledge of other partic-

ipants’ interactions and locations within a workspace. Gutwin et al. (1996a) propose a framework of

eleven workspace awareness elements: identity, location, activity level, actions, intentions, changes,

objects, extents, abilities, sphere of influence, and expectations (see Table 2.2).

Several user-interface techniques exist to convey workspace awareness information. A widely

used technique is a telepointer, an indication of a remote participant’s screen pointer. Extensions

to the basic telepointer concept are telecarets, which represent remote users’ text insertion carets,

and semantic telepointers, which dynamically change appearance based on the actions of remote

participants.

A single-user scrollbar allows a user to position a viewport into data that are too large to

display all at once. A multi-user scrollbar extends this by also displaying the viewport positions

of other collaborators side by side. A multi-user radar view extends this further by overlapping

remote participants’ viewports in a miniature view of the too-large data. The combined use of

telepointers and multi-user radar views supports nine of the eleven workspace awareness elements,

leaving intentions and expectations to be communicated directly among participants.

The chapter next examined the state of the art in synchronous collaborative software emphasizing

the extent to which the previously discussed groupware principles are supported. Synchronous
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collaborative applications are customarily placed in two categories. The first, collaboration aware-

ness, includes applications specifically designed to support cooperative work. The second category

is referred to as collaboration transparency because the sharing is provided by a mechanism that

is unknown, or transparent, to the application and its developers.

Synchronous collaborative application development has a higher cost than single-user application

development. Three factors contribute to the cost of synchronous collaborative application devel-

opment (Patterson, 1991): (1) concurrency, (2) interface and data separation, and (3) user roles.

These factors may also arise in a single-user application, but they cannot be avoided in collabo-

rative systems. Groupware toolkits attempt to facilitate collaborative application development by

providing implementations of at least some of the following common requirements: communication

abstractions, distribution architecture, multi-user interface components, and session management.

Several groupware toolkits were surveyed, and Table 2.3 compares their features.

The chapter next reviewed collaboration-transparency systems for each of the three major com-

puting platforms: (1) the X Window System, (2) Microsoft Windows, and (3) Macintosh. All but

two of the known collaboration-transparency systems use a centralized display broadcasting ap-

proach, where the graphical output of a single instance of the shared application is multicast to

collaborators. Under X, this is naturally implemented by intercepting and multicasting X protocol

messages. On Windows, the ITU T.128 recommendation for Multipoint Application Sharing speci-

fies a graphics protocol that is conceptually similar to the X protocol. T.128-compliant clients have

been implemented on X, Windows, and Macintosh, but T.128 application-sharing servers currently

exist only on Windows.
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Chapter 3

Groupware Architectures

Synchronous collaborative systems are inherently distributed. That is, components of the system

execute on different host machines and communicate via a network. This chapter describes common

software distribution architectures and their tradeoffs. The chapter begins with a brief discussion of

distribution architectures in general, and next describes implementations of these architectures for

synchronous groupware.

3.1 General Distributed Software Architectures

Distributed systems are used in a variety of applications: reservation systems for airlines, hotels,

and car rental agencies; bank account databases; the World Wide Web (WWW), and groupware

applications. Software distribution architectures fall in a range from centralized, where all of

the shared data are maintained and processed at a single location, to replicated, where each site

maintains and processes a complete copy of the shared data. The diagram in Figure 3.1 demonstrates

a fully centralized architecture, where two different host machines have access to the same data.

Figure 3.2 shows a fully replicated architecture for the same scenario.

Between the two extremes, a developer may choose to replicate portions of the shared data and

centralize others. In fact, the fully centralized model is purely conceptual because, as a minimum,

some representation of the data must be distributed in order to be useful. Thus, some replication

occurs even in systems that we refer to as fully centralized. For example, most WWW browsers keep
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Central Host

Host A Host B

Representation
of Shared Data

Representation
of Shared Data

Shared Data
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Figure 3.1: Centralized architecture. The shared
data, indicated by the shaded box, are stored
and processed at a single host. A person on a re-
mote host views and manipulates the data via a
representation, indicated by a dashed box. Here,
two hosts, A and B, have access to the central-
ized data. Arrows indicate network traffic.

Host A Host B

Shared Data
and Process 1

Shared Data
and Process 2

Figure 3.2: Replicated architecture. Each host
maintains and processes a full copy of the shared
data. When the data change on one host, all
replicas must be made consistent. Arrows indi-
cate network traffic.

a copy of each viewed page in a local cache of finite size. The original page’s data is maintained at

a central location, but are replicated on the host of each browser that views the page.

Each end of the centralized-to-replicated spectrum has merits and pitfalls. Typically, an im-

plementation will use a hybrid approach. It is important to understand the tradeoffs so that a

particular implementation will contain the advantages of each, rather than the disadvantages. Next,

Sections 3.1.1 and 3.1.2 contrast the advantages and disadvantages of centralization versus replica-

tion in general. Sections 3.2.4 and 3.2.5 contrast the implications of using a centralized or replicated

architecture in a synchronous groupware system.

3.1.1 General Tradeoffs of Centralization

A centralized model has a simple network connection layout. All data representations connect to

and communicate with only one central server, resulting in a star topology. This topology has linear

scalability. That is, the number of two-way network connections is simply n, where n is the number

of remote representations.
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A centralized architecture enforces data consistency by requiring that all modifications to the

data be routed through a central authority. However, this can lead to unacceptable performance

due to communication delays as each remote interaction must travel to and from the central site.

The centralized approach may be useful when the participating machines have different compu-

tation capabilities. For example, it is preferable to execute a complex computation on a powerful

central machine, when the remote hosts are relatively weak. Conversely, centralization can be a

disadvantage when the central machine is weak or burdened by several simultaneous processes or

network connections.

The centralized model supports the desirable separation of user interface (representation) from

application functionality (shared data). However, this requires the development of two separate

processes, which has some cost beyond developing a single application as in the replicated approach.

3.1.2 General Tradeoffs of Replication

In a fully replicated model, each site holds a full copy of the shared data. Replication allows, but

does not require, more complex connection topologies than does centralization. For example, it is

possible to have the nodes communicate directly with each other, forming a complete graph. Thus,

each replica can send a message directly to every other replica. However, this fully connected,

peer-to-peer topology has exponential growth in the number of connections, n(n − 1)/2. However,

replicated systems may also route all communications through a single server, resulting in a star

topology with linear growth, as described previously for the centralized approach. This topology

will require each message from a replica to go through a central site, resulting in two transmissions,

instead of one as in the fully connected topology.

When all hosts in a replicated system have roughly equivalent computing capabilities, local

performance can be improved over the centralized architecture by processing data locally before

updating remote copies. On the other hand, heterogeneous processing speeds can lead to perceived

inconsistencies as some machines will display updated data more quickly than others (Greenberg &

Marwood, 1994).

Because multiple copies of the data exist, consistency of the data is more difficult to guarantee

than under centralization, where only one instance of the data exists. A related difficulty is the

possibility of conflicting modifications generated from the concurrently running replicas. Approaches

to ensuring consistency and concurrency control are discussed in Section 3.2.6.
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Replicating the application process and data results in redundancy, which has disadvantages

and advantages. The primary disadvantage is that it may be considered wasteful to have multiple

processors performing the same operations on copies of the same data. The primary advantage,

however, is that this redundancy helps reliability overall. If one host fails, the other hosts can

continue processing their own copies. Hill et al. (1994) note that the reliability of the centralized

model also can be enhanced by maintaining one or more redundant copies and switching to one copy

in case the original site fails. However, applying redundancy to a centralized system is a form of

replication, resulting in many of the same problems as any replicated system, thereby losing some

advantages of centralization.

In a replicated model, only one application needs to be developed, as opposed to the two required

by the centralized approach (interface and process). However, this single application will likely need

to contain interface and process modules with similar development cost to that of the separate

modules in centralization.

3.1.3 Summary of General Tradeoffs

Centralized architectures guarantee consistency of the data among participants because there is only

one copy of the data. However, a centralized implementation typically requires higher network band-

width to distribute graphics information than does a replicated implementation which distributes

only minimal update information. Furthermore, centralized implementations have slower applica-

tion feedback due to network latency as each user interaction must travel to and from the central

location. Centralized approaches are less fault tolerant because the central host is a single source

of possible system-wide failure. In contrast, replicated architectures can have lower bandwidth re-

quirements, can have faster application feedback to interaction as the local copy can be updated

before remote copies, and are more fault tolerant because multiple copies of the application and its

data exist. However, the complexity of maintaining consistency among shared data replicas makes

the centralized approach attractive.

3.2 Groupware Architectures

The preceding discussion applied to distributed systems in general, such as airline reservation sys-

tems. Such systems attempt to hide simultaneous users from each other, giving each the illusion
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of sole access to the data. In contrast, users of groupware systems are aware that they are simul-

taneously accessing the shared data. This section describes implementation approaches and issues

specific to distribution architectures for synchronous collaborative systems.

3.2.1 Centralized Display Broadcasting

Of the collaboration-aware applications and groupware toolkits reviewed in this dissertation, only

Rendezvous (Hill et al., 1994) and Kansas (Smith et al., 1997) use a fully centralized approach. Some

groupware toolkits, like Clock and DistView, use hybrid architectures in an attempt to maintain

the advantages of each approach while obviating the disadvantages. Typically, the shared data

are centralized and there are multiple copies of view-controllers. Developers of collaboration-aware

software can keep the interface separate from the process, but it is difficult to make the separation

in pre-existing single-user applications. Thus, collaboration-transparency system developers must

choose to have the application fully centralized or fully replicated. Because of the difficulties with

replication outlined in Section 3.2.5, centralization is commonly used by collaboration-transparen-

cy systems in the form of display broadcasting (Begole et al., 1997a; Jones, 1993), where the

graphical output of the shared application is distributed to each participant’s host. In Figure 3.3,

a central conference agent receives all user input and merges the events so that a single instance

of the shared application receives a single stream of events. The conference agent then distributes

display updates to each participant’s host.

Display broadcasting is close to the concept of a fully centralized architecture (Figure 3.1). The

client’s processing requirement is low (receive and display graphics) and the data it maintains is

primitive graphics information, rather than application-specific data. Therefore, the client has no

knowledge of the semantics of user input to or graphic output from a shared application.

Another reason centralized implementations are common among conventional collaboration-

transparency systems, is that the earliest window-sharing collaboration-transparency systems were

implemented on the X Window System and its precursor TheWA, which are particularly suited to a

centralized architecture. X and TheWA distribute display and input capabilities, allowing the dis-

play of a single instance of an application to be distributed to multiple users. Display broadcasting

is also feasible on other platforms. For example, NetMeeting distributes graphics information via a

protocol called T.128, which is similar to the X graphics protocol (see Section 2.4.2 for a description

of T.128).
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Figure 3.3: A centralized application (shaded box) shared via display broadcasting.
Thin arrows indicate event traffic, which are merged and delivered to the appli-
cation. Bold arrows indicate (high bandwidth) display data, which is distributed
and displayed on each collaborator’s host, represented by the dashed boxes.

3.2.2 Replicated and Semi-replicated Approaches

Fully replicated architectures are often used by collaboration-aware groupware toolkits, such as

GroupKit (Roseman & Greenberg, 1996a) and DistView (Prakash & Shim, 1994), primarily because

they provide faster local application response than the centralized model. Some groupware systems

use a semi-replicated approach, such as Patterson et al.’s (1996) centralized notification server,

where only the shared data are centralized and views are replicated. The Clock groupware system

of Graham et al. (1996) uses a conceptually centralized model-view-control paradigm where the

shared data are held in the centralized model, but updates are cached, pre-sent, or pre-fetched at

each participant’s host, essentially replicating the data. See Section 2.4.1 for a review of groupware

toolkits.

In collaboration-transparency systems, the few replicated implementations use event broad-

casting, where each participant has a copy of the application and user inputs are distributed to

each copy. Figure 3.4 illustrates the replicated approach in which one component of a central confer-

ence agent is an event broadcaster whose job is to multiplex an input event from any participating

collaborator to every other collaborator’s replica. This allows every collaborator to invoke events to
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Figure 3.4: A replicated application (shaded boxes) shared via event broadcasting.
Arrows indicate event traffic.

the system, and those events along with the feedback that the events create are seen by all collabora-

tors. For example, if one collaborator moves a scrollbar, all participants see their corresponding copy

of the scrollbar move. The replicated data remains consistent because each deterministic application

receives the same input stream.

3.2.3 Common Groupware Problems

In a groupware application, multiple users may simultaneously generate potentially conflicting in-

puts. Strategies for concurrency control in groupware have been investigated by many researchers

(Ellis & Gibbs, 1989; Greenberg & Marwood, 1994; Karsenty & Beaudouin-Lafon, 1993; Mitchell,

1996; Sun & Ellis, 1998), and are briefly described here.

Coarse-grain Locking The easiest way to prevent conflicting operations is to use locking, where

only one user at a time can change the shared data. At the coarsest granularity, a user may be

required to hold a lock on the entire shared application. This is called floor control, and is

commonly used in collaboration-transparency systems. The disadvantage of floor control is that it

prohibits participants from working simultaneously in the application, limiting participants’ ability

to collaborate in parallel (see also Sections 4.1.1 and 6.1.3).
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Fine-grain Locking It is possible to provide fine-grain locking, allowing collaborators to safely

manipulate different portions of the shared data concurrently, such as paragraphs, sentences or words

in a text editor. Locking policies range from optimistic, where a lock is tentatively granted locally

upon request (the pre-locked state must be returned to if a conflict occurs), to non-optimistic,

where the local copy must wait for the lock to be granted by a global (possibly distributed) locking

arbitrator. Optimistic policies allow local interactions to be processed quickly in a replicated system.

3.2.4 Problems in Centralized Groupware

The primary advantage of the centralized approach is that it avoids the problem of maintaining data

consistency among replicas because only one copy of the shared data exists. However centralization

has the following disadvantages.

Higher Network Usage Requirement Display broadcasting generally requires more network

bandwidth than replicated approaches, which send only minimal update information. In a study of

X protocol traffic, Dunwoody and Linton found that users of typical X-based applications generate

relatively few input event messages compared to the number of graphics messages, approximately

1:25 (Dunwoody & Linton, 1988; Lauwers, 1990). Furthermore, event messages are always 32 bytes

long, but graphics request messages have sizes ranging from 32 bytes to 64 Kilobytes (for those that

contain bitmap images) (Gupta & Hwu, 1993). These factors account for the nearly 1:10 ratio of

event to graphics traffic noted by R. Smith (1996b) in an analysis of network traffic for an X-based

shared environment called Kansas (Smith et al., 1997).

The lower network demand of event broadcasting is apparent when we note that inputs are trans-

mitted in both replicated and centralized architectures, but the centralized approach uses additional

bandwidth to distribute the display information. Savings in network usage is especially relevant to

sharing applications over a wide-area network, like the Internet.

Slower Application Response to User Inputs In the X environment, it is possible to have

the application client and the X server reside on different hosts. Thus, the application process can

execute on a different host than the host on which the user interface is displayed. When that is the

case, network latency and throughput constraints result in noticeable delays of application response

to user input. The delays are caused by the network lag associated with each input traveling from
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the user’s host to the application’s host and the returning graphics messages. Users may find this

delay acceptable, particularly on a local area network where latency is typically 10 milliseconds and

throughput is often 3 Megabits/sec or greater. When the application to be shared already resides on

a different host than the intended display, it can be argued that X-based centralized collaboration-

transparency systems do not further slow application response to user inputs because multicasting

the display messages to additional display servers will not add to the delay already present.

In practice, however, a single-user application and its display typically reside on a one machine.

Latency is negligible within the single machine and throughput is only constrained by the machine’s

internal data transfer rate. Therefore, sharing an application via centralized display broadcasting

does delay application feedback to user inputs. As observed by Bhola et al. (1998), the delay may be

unacceptable to users, particularly on wide-area networks, where latency within the USA typically

ranges between 150 and 300 milliseconds and data throughput via a modem connection is no greater

than 56 Kilobits/sec.

Under a replicated environment, the response to local user input can be as fast as any single-user

application. User inputs can be processed locally first, then distributed to remote replicas. The

updates to remote replicas will be affected by network latency, but the local response will not.

Device Dependencies Another difficulty for centralized display broadcasting systems is differing

capabilities of heterogeneous display servers. Display devices have several properties, such as color

depth, number of simultaneous colors, and resolution (Abdel-Wahab & Jeffay, 1994; Wolf et al.,

1996). It is difficult to display a single instance of an application consistently on multiple displays

of differing capabilities. An approach is to choose a commonly available set of capabilities, typically

the least capable display. This may result in less than optimal display quality for some collaborators.

Under a replicated architecture, each copy of the shared application can use the capabilities of

its local display. Note that this may result in differences in what each collaborator sees.

In addition to the implementation difficulties described here, centralization imposes restrictions

on the collaborative usability of the shared application. Chapter 4 enumerates the usability defi-

ciencies of conventional collaboration-transparency systems, which are primarily due to the use of

centralized display-broadcasting architectures.

44



CHAPTER 3. GROUPWARE ARCHITECTURES 45

3.2.5 Problems in Replicated Groupware

Replication has several advantages over centralization: lower bandwidth requirement, faster local

application response to user input, and fault tolerance. However, replication has some disadvantages,

primarily related to the complexity of maintaining consistency among shared data replicas. This

section describes problems and solutions for a replicated system.

Replicated Collaboration Transparency

Replicated architectures for collaboration transparency has attracted prior research with mixed

results. At the time of their work on VConf and Dialogo, Lauwers et al. (Lauwers, 1990; Lauwers

et al., 1990) concluded that while a replicated architecture holds promise, it could not maintain

collaboration transparency with the then-present technology. From their experiences with MMConf,

a groupware toolkit that uses event broadcasting, Crowley et al. (1990) concluded that “it is almost

impossible for a replicated architecture to assure correct behavior in an unmodified single-user

application.” However, they further concluded that relatively minor modifications to applications

and toolkits are required to allow applications to run robustly under a replicated architecture.

Summarizing earlier work, Minenko (Minenko, 1998; Minenko, 1996) deemed event broadcasting as

“unusable” for the following reasons.

1. Sharing must be based on the assumption that application behavior is deterministic.

2. Application environments of all involved hosts must be identical.

3. Copies of the shared application’s executables must be available on each host.

4. Accommodating late-comers into an existing collaborative session is nearly impossible because

the state of shared applications must be updated by playing back the input events of the whole

session. This process is unstable and can continue for a long time.

5. The most significant disadvantage is difficulty in maintaining the consistency between the

multiple copies of the application. For example, the loss of input to one instance of the

application due to network loss can throw it out of synchronization with the others.

However, these difficulties can be overcome in the following ways (See also Begole et al. (1997a;

1997b)).
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1. Applications are in fact deterministic. Applications that seem nondeterministic by behaving

differently from one session to another are receiving different inputs. Interacting with the run-

time environment for information such as current time, random number seeds, files, sockets,

etc. can lead to seemingly nondeterministic behavior. However, if all input to an application

is replicated to each copy of the application, the states of all copies should be consistent.

2. Related to the previous point, the application environment can be made identical by ensuring

that each copy of the application receives the same response for the same system call (e.g. sys-

tem time) and that all applications share input–output resources such as files and sockets. This

implies that such resources must be controlled by the conference agent, which will distribute

input and output to all participants. Section 3.2.6 describes an approach to transparently

provide the same input to all replicas from sources such as files, sockets and system time.

3. Copies of the application software can be provided to all participants. Java executables, for

example, can be delivered to any host connected to the Internet.

4. Event replay is not the only way to provide late-comers with a replica of the current state of

an application. Chung et al. describe an application-migration approach called image-copy,

where an image of the process in memory is copied (Chung & Dewan, 1996; Chung et al.,

1993). The time required by this approach is dependent on the size of the application, rather

than the length of the collaboration.

5. Consistent input to all replicas will result in consistent replica states. Approaches to ensuring

consistency are described next in Section 3.2.6.

Replication is suitable for applications that do not have time-dependent inputs. That is, for

a given stream of inputs, the resulting application state will be the same regardless of the time

interval between any two inputs. In contrast, consider an application where a user selects a moving

object by clicking their mouse on it. This interaction is time-dependent because if the click does not

arrive at all replicas at the time that the object has moved under the click location, the resulting

states will differ. Because network lag varies, time dependency is a general problem for replicated

systems. A developer of a replicated collaboration-aware application that has a time-dependent

interaction can address the problem (e.g., see (Begole & Shaffer, 1997)), but it is difficult to handle

transparently. This limitation of replication applies to a relatively small set of applications, such as
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animated games and simulations. Many useful applications may be shared under a replicated event

broadcasting approach. In prior work (Begole et al., 1997a; Begole et al., 1997b), we found that

current technology can support a replicated architecture and that it is preferred for a Web-based,

or other wide-area network, collaboration-transparency system.

3.2.6 Ensuring Consistency in Replicated Groupware

Because multiple copies of the data exist, consistency of the data is more difficult to guarantee

under replication than under centralization, where only one instance of the data exists. A related

difficulty is the possibility of conflicting modifications generated from the concurrently running

replicas, described in Section 3.2.3. This section describes approaches to ensuring data consistency

combined with concurrency control.

Serialization

Consistency is assured if each deterministic replica receives the same inputs in the same order. Se-

rialization is the process of imposing a total ordering on events which change the data so that

each copy receives events in the same order. Serialization may be optimistic, where events may

be received and acted upon out of order, in which case inconsistencies must be detected and re-

paired, or non-optimistic, where events are always received in order, typically by routing through

a central server. When optimistic serialization is used, the local copy of an application can act on

an event before it is broadcast, allowing faster feedback of local interactions than in non-optimistic

serialization. However, optimistic serialization is vulnerable to conflicting operations generated by

concurrently running replicas (e.g., Figure 4.1).

Operational Transformation

One form of optimistic serialization is called operational transformation (Ellis & Gibbs, 1989; Sun

& Ellis, 1998). An operational transformation algorithm requires data changes to be represented

by atomic operations. The operation is applied locally, stamped with a global time, and then

distributed to replicas. A set of operations may arrive in different orders at each replica. Each replica

transforms incoming remote operations so that they are consistent with its own set of previously

applied operations. Section 5.3.7 describes operational transformation in greater detail.
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System Resources

So far, I have discussed distribution of user input and display output for collaborative systems.

In addition, applications commonly acquire input from and write output to many sources, such as

files, network connections, and other processes. Additionally, an application may access its run-

time environment for information such as the current time, host name, operating system name, and

environment variables. I use the term external resources for sources of input or output that are

external to the application and not provided to or from the user. That is, an external resource is

any input–output source other than display output or user input.

A centralized system can access external resources directly on the central host, just as a con-

ventional single-user application does. A replicated system, however, is not as easily handled. For

example, if a replicated application needs to read a file, on which host should the file be opened?

If each replica asks for the name of the host on which it is running, each will receive a different

name. Querying the system time will result in a different value on each host. In order to ensure

consistency among the replicas, the system must ensure that all replicas receive the same response

to such queries.

Replicated output can also pose a problem. In some cases it is acceptable to allow each replica to

generate a copy of the output. For example, other than being wasteful, there is little problem if each

replica of a collaborative editor wrote a copy of the same file on its local host. However, in some

cases it is not acceptable to have more than one output from all replicas. For example, it would be

more than just wasteful, if each replica of a collaborative electronic mail application posted a copy

of the same message.

Not all external resources should necessarily be replicated. Applications depend on many “en-

vironment variables,” such as the user’s home directory, current working directory, and executable

search path. If replicas are running on heterogeneous platforms and one is given the value of an

environment variable from a different platform, the replica may behave incorrectly. For example,

the user’s home directory is stored in an environment variable, named $HOME on UNIX machines and

is different for each user. If a replica running on one user’s machine requested the value of $HOME

and was given the home directory of a different user and that directory did not exist, the replica

would fail to access that directory. Therefore, the groupware application developer must take care

to distribute only those parts of the external environment required for data consistency among the

replicas.
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Many ad hoc collaborative applications and groupware toolkits use a replicated or semi-replicated

architecture. However, few groupware toolkits provide support for handling external input and out-

put resources. The developer must be aware of the issues, problems, and solutions to manage external

resources correctly. This section describes strategies to handle external input–output resources in

a replicated system. The first part describes ad hoc methods to use when there is no support for

external resources. The second part describes transparent replication of external resources.

Explicit Replication

The following strategies are used by groupware system developers to handle external resources in a

replicated system.

Network Accessible Resources An external input resource may be accessible from all replicas.

For example, a file that is delivered by a server can be loaded by all replicas, so long as they all have

access to that server. Many replicated whiteboard applications, for example, use this approach to

load image files from the WWW.

Single-source Resources Typically, an external resource is only available from one source and

cannot be directly accessed by each replica. For example, a particular data file may reside on only

one of the hosts in the replicated system. Even if all hosts have access to a similar resource, such as

the system time, we may want to designate one as the source of that resource. Thus, we can ensure

that all replicas receive the same information.

A common approach is to have just one replica read the data and explicitly distribute the data

to the other replicas. For example, consider a single-user text editor that reads an input file and

appends the file contents to a document by invoking some function, say append(String newText)1.

There are several ways a replicated multiuser editor might handle this situation. Figure 3.5 shows

a code fragment in which data are read by one replica. The replica explicitly generates a message

and sends it to all replicas, including itself.

It is unnecessarily wasteful for the originator to send the data to itself. Some toolkits (e.g.,

GroupKit, and JSDT) provide a means to only send a message to other replicas of the application,

1Java language syntax is used in all program examples in this dissertation
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1. public static final int MAXBUFFSIZE = 128;

2. public void readFile(String fileName) {

3. FileReader inFile = new FileReader(fileName);

4. char inBuffer[MAXBUFFSIEZE];

5. int numRead = 0;

6. while (inFile.ready()) {

7. numRead = inFile.read(inBuffer, 0, MAXBUFFSIEZE);

8. sendMessage("appendText", numRead, inBuffer);

9. }

10. }

11. // on each replica, the following exists:

12. public void receiveMessage(String msgType, DataInputStream dis) {

13. if ("appendText".equals(msgType)) {

14. String inputChars = dis.readUTF(); // reads a string of text

15. appendLocal(inputChars);

16. } else if ("someOtherMessage".equals(msg) {

17. //....

18. }

19. }

20. public void appendLocal(String inputString) {

21. doc.append(inputString); // text is appended to each document replica

22. }

Figure 3.5: Sample code to read a file into a replicated collaborative text editor. Data
are read from the file and then sent in a message to all application replicas (lines 1–10).
At each replica, when the message is received, receiveMessage() is invoked (line 12),
which determines the type of message received and handles each type appropriately. For
example, when the “appendText” message that was sent in line 8 is received by each
replica, the text is extracted from the message and then appended to the local copy of
the document by invoking appendLocal() (lines 12–22).
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6. while (inFile.ready()) {

7. numRead = inFile.read(inBuffer, 0, MAXBUFFSIEZE);

8. appendLocal(new String(inBuffer, 0, numRead));

9. sendToOthers("appendText", numRead, inBuffer);

10. }

Figure 3.6: Code to send file data only to remote replicas. Locally, the data
are applied directly in line 8. This code replaces lines 6–9 in Figure 3.5

not including the local replica. Using such a function, lines 6–9 of the code in Figure 3.5 could be

replaced by the code seen in Figure 3.6.

In the above examples, the developer was required to specify a message protocol, which consists

of several components. First, a message must be created that contains the information to distribute.

Second, the message must be explicitly sent to the proper receivers. Third, each receiver must parse

and handle the message correctly. Each type of message must have a unique identifier, so that the

receiver can handle each type differently. For example, in Figure 3.5, a message of type appendText

contains text to append to the local document, whereas some other action is performed upon receipt

of a message of type someOtherMessage.

Another approach is provided by GroupKit, called Multicast Remote Procedure Call (MRPC).

MRPC alleviates the developer from having to send and receive messages explicitly. With MRPC,

any component of a replicated system can directly invoke procedures on remote replicas. This is

similar to remote procedure call or remote method invocation, such as provided by the Common

Object Request Broker Architecture (CORBA) (Mowbray & Zahavi, 1995), Microsoft Distributed

Component Object Model (DCOM) (Brown & Kindell, 1996), and Java Remote Method Invocation

(RMI) (Wollrath et al., 1996). MRPC adds the ability to make the invocation on multiple remote

processes simultaneously. When the invocation is made, MRPC marshals the parameters of the call,

distributes the data, and invokes the method on remote components. Thus, the twenty-two lines of

code in Figure 3.5 could be simplified to the twelve lines seen in Figure 3.7.

Transparent Replication

It is possible to relieve the developer from having to treat external resources in a collaborative

application differently than resources are conventionally handled in single-user applications. One

approach is to automatically replicate a resource so that each replica has an identical copy. MMConf,

a groupware toolkit, and Dialogo, a collaboration-transparency system, implemented this approach
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1. public static final int MAXBUFFSIZE = 128;

2. FileReader inFile = new FileReader("sample.txt");

3. char inBuffer[MAXBUFFSIEZE];

4. int numRead = 0;

5. while (inFile.ready()) {

6. numRead = inFile.read(inBuffer, 0, MAXBUFFSIEZE);

7. invokeOnAll("appendLocal", new String(inBuffer, 0, numRead));

8. }

9. // on each replica, the following would be invoked:

10. public void appendLocal(String inputString) {

11. doc.append(inputString); // text is appended to each document replica

12. }

Figure 3.7: Code using a multicast remote procedure call to send file data to replicas.

(Lauwers, 1990). In Dialogo, a subdirectory was designated as a “conference directory,” and any file

placed in it was replicated to other participants’ conference directories.

Physically copying all external resources does not work in all cases. For example, if the collab-

orative application uses the fully qualified path name to a file, but each participant’s conference

directory resides in a different path, some replicas may fail to load the file. Additionally, differing

file naming conventions (e.g., Macintosh versus UNIX file systems) prevent uniform file names across

replicas. Furthermore, many external resources are closely tied to the underlying system. For exam-

ple, each replica can query the system time, but it will be different on each replica’s host. Finally,

in some cases it is infeasible or impossible to literally replicate an external resource. For example,

consider a client-server system where the server accepts only one connection at a time. It would be

impossible for each replica of the client to have an individual socket connection to the server.

Proxied External Resources

Although it can be impractical to literally copy each external resource, it is still possible to provide

the same input data to each replica. This can be accomplished by intercepting data from a single

instance of the external resource and distributing the data to all replicas. In prior work, we de-

signed and implemented such a system for sharing input files in a Java-based applet-sharing system,

called JAMM (Java Applets Made Multiuser) (Begole et al., 1997b), a precursor to Flexible JAMM

described in Chapter 5.
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In this semi-replicated approach, the external resource object resides at a single location and

is accessed via replicated proxies (Gamma et al., 1996) that multiplex input and output to and

from the single instance of the external resource. JAMM replaces the original resource objects

with proxies when the user initially shares the applet using a mechanism provided by Java Object

Serialization (JOS), which is used to send a copy of the application in its current state to a late joiner.

The proxy acts in place of the original resource and appears to be an instance of the original to

an application. The application programmer is completely unaware that this replacement happens,

maintaining transparency.

DIS
Original
Applet FIS

(a)

(b)

FIS
Server FIS

Master
Copy DIS

FIS
Proxy RMI

Joiner
Copy DIS

FIS
Proxy

Figure 3.8: (a) The original applet has a java.io.DataInputStream (DIS) connected
to a java.io.FileInputStream (FIS), which reads a file from a physical disk. (b) A
proxied FIS object is shared by two application replicas. The original FIS resides at
the original (master) host and is accessed via a server object. Proxies replace the
original FIS in each copy of the applet and communicate with the server via RMI.

Figure 3.8a shows an example of an applet with a FileInputStream object. The applet reads

data through an intermediary DataInputStream,which provides convenient access methods to data

in the file. Figure 3.8b shows a proxied FileInputStream. A proxy resides at each replica of the

shared application and communicates with the original object through a Java RMI server.

The remote file implementation consists of a client, called the proxy, and a resource server. The

proxy is a class that extends the original external resource class. Therefore, as a subclass of the

original, the proxy will pass the same run-time type checks as the original. The server includes an

interface which is required by Java RMI, and the server implementation. The server implementation,
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Methods:

Fields:

Name:
FileInputStreamProxy

read()
close()
...

FileInputStreamServer

Methods:

Name:
ShareProxy

connectToMaster()
instantiate()
...

extends

implements

RMI

Methods:

Name:
FileInputStreamServer

read(String proxyID)
close( )String proxyID
registerProxy(String proxyID)
...

Methods:

Name:
FileInputStreamServerImpl

read( )
close( )
registerProxy(

String proxyID
String proxyID

String proxyID)
...

Fields:
FileInputStream

implements

class

interface
Key:

Methods:

Fields:

read()
close()
...

Name:
FileInputStream

...

Figure 3.9: Implementation of a proxy for the FileInputStream class.

when instantiated, is passed a reference to the original resource, from which the server retrieves data.

The data are cached by the server so that, as each replica makes the same data request, the server

will give the same data to each.

Figure 3.9 shows how this scheme is implemented for a java.io.FileInputStream proxy and

server. The proxy implements a ShareProxy interface which defines a method for connecting to the

server. This is called when the proxy object is created in a joining replica, and registers this proxy

with the server. Thus, the server knows how many proxies will be making requests.

The server keeps track of how many requests each proxy replica makes. When a replica makes

a request, the server checks to see if the replica is the first one to make this request. If so, then the

real external resource is queried for data, which is cached for the rest of the replicas, and then sent

back to the requesting replica. If the replica is not the first to make a request, then the data for

the request being made was previously cached, and so are sent directly to the requesting replica.

Data are only buffered so long as they are needed. When all the active replicas have made the same

request, the data for that request are released.
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Output proxies, such as FileOutputStream, use a similar approach, except that only the first

request to send data is actually written to the external resource. All subsequent write requests from

other replicas are dropped.

Introducing Proxies After Sharing In the JAMM prototype, an external resource could only

be replaced by a proxy at the time the applet was shared. That was because JAMM used JOS to

replace an external resource object with a proxy. When the applet is initially shared, JOS allows

the replacement of external resources with proxies. This was an important limitation of the JAMM

prototype’s implementation of sharing external resources. External resources could only be shared

if they existed before the applet was shared because JAMM could not create a server or proxy after

an applet had been shared.

Flexible JAMM (Chapter 5) has the added capability to create external resource servers and

proxies after the application has been shared. To accomplish this, it was necessary to modify

Java-level classes and native platform code in the standard Java run-time environment. Thus, the

implementation uses a non-standard Java run-time environment.

In the new implementation, instead of replacing the external resource with a proxy, each external

resource class contains a reference to either a proxy or a local resource object. This approach follows

the bridge design pattern, described by Gamma et al. (1996). A bridge decouples an abstraction

(e.g., FileInputStream) from its implementation (e.g., a physically remote file or a physically local

file), allowing the implementation to change at run time. When such an external resource object is

used in a shared application, the external resource object accesses its proxy object, otherwise the

local resource is accessed. A resource object can switch from using a local resource to a remote

proxy, if the application using it is later shared. The original local resource is wrapped by a resource

server, as in Figure 3.8.

Java External Resources On the Java platform, external resources are easily identified. As a

rule, a Java external resource class will access the local resource via a native method, which is

a platform-specific implementation of a method to which the platform-independent Java Virtual

Machine (JVM) passes control. For example, the java.io.FileInputStream reads an integer from

a physical file via a native method named read(). External resource classes in the core Java 1.1

class library are listed in Table 3.1 (the list is also posted on the Flexible JAMM Web site (Begole,

55



CHAPTER 3. GROUPWARE ARCHITECTURES 56

1. boolean shared = false;

2. public boolean inShareMode() {

3. return shared;

4. }

5. private void setShared(boolean value) {

6. shared = value;

7. }

8. FileInputStream proxy = null;

9. public int read() throws IOException {

10. if (inShareMode())

11. return proxy.read();

12. else

13. return readNative();

14. }

15. private native int readNative() throws IOException;

Figure 3.10: Code to replace the original public native FileInputStream.-
read() method. If the FileInputStream is being used within a shared
application, the proxy will be accessed for data (line 11). Otherwise, the
private native method, readNative, will be accessed (lines 13 and 15).

1997)). Note that not all external resources should be proxied, such as java.io.FileDescriptor

and java.lang.Runtime.

Some native methods are private, meaning they can only be invoked by objects of the class in

which they are defined. These are indirectly invoked by an application via public Java methods

that in turn call the private native method. In my implementation of post-shared external resources,

these public Java methods are overridden. If the resource is being used normally, i.e., not shared,

the native method is invoked as before. Otherwise, a proxy is accessed.

A public native access method, such as FileInputStream.read(), is not as easily wrapped

because the native implementation is directly executed when the method is called. For these cases,

I privatized the original public native method and renamed it in the form <originalName>Native.

Then the method with the original name is turned into a Java implementation (i.e., non-native)

that follows the bridge pattern as described. For example, the code seen in Figure 3.10 replaced the

public native FileInputStream.read() method.
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Table 3.1: Java external resource classes.
External Resource Reason
java.io.FileInputStream FileInputStream reads a file sequentially.
java.io.FileOutputStream FileOutputStream writes to a file sequentially.
java.io.RandomAccessFile A RandomAccessFile reads from or writes to a file in a

nonsequential manner.
java.io.File File contains platform-specific information for path and file

separators, and provides operations to create a directory,
determine a file’s access permissions and type, etc.

java.io.FileDescriptor FileDescriptor represents an open file or socket. Applica-
tions should not create FileDescriptor objects directly, so
this externality should not need to be proxied.

java.lang.Runtime Runtime provides information about the run-time environ-
ment, such as the amount of free memory. Runtime should
not be proxied because each replica will have a machine-
specific run-time environment.

java.lang.Process Process objects are returned by exec() calls on Runtime
and provide access to a child process’s input and output
streams. Process is an abstract class and is therefore not
inherently an external resource, but subclasses of it are.

java.lang.System System accesses properties, standard input and output
streams (stdin, stdout, and stderr) and the current time.

java.net.InetAddress InetAddress provides internet address information includ-
ing the local host name and address. InetAddress itself
has no native methods, but contains a platform-specific
subclass of InetAddressImpl, which has native methods.

java.net.DatagramSocket These classes provide input and output to a network.
java.net.Socket These classes do not contain native methods themselves,

but use platform-specific subclasses of the abstract Sock-
etImpl and DatagramSocketImpl classes.

java.util.Random Random generates psuedo-random numbers based on an
initial seed value. The system time is the default seed.
Random is not an external resource, but accesses system
time.
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Instantiating a Proxied External Resource When an object of an external resource class

is constructed, it must determine if it should access a proxy or a local resource. Not all external

resource objects should be proxied when sharing an application under Flexible JAMM. For example,

the Java Virtual Machine needs to open files to read class data, and query the system time to

determine when to execute garbage collection. Only an external resource object that is instantiated

by the shared application should be proxied.

To test for this, Flexible JAMM loads all classes in a shared application via an implementation

of java.lang.ClassLoader. Each java.lang.Object has a reference to its class, which in turn has

a reference to the ClassLoader in which it is defined (Gosling et al., 1997). Therefore, an instance

of ClassLoader defines a unique group of objects, the objects instantiated from classes loaded in

the ClassLoader.

Flexible JAMM uses class loader scope in a manner similar to how Java applet security determines

whether to allow access to a restricted resource, such as a file. The applet security manager checks

to see if an object was loaded via an applet ClassLoader, which are not allowed access, or via the

system’s default class loader, which are allowed access. In Flexible JAMM, when an application is

shared, a flag is set in the application’s ClassLoader to indicate that objects in this class loader’s

scope are shared. When constructed, an external resource class queries the Flexible JAMM security

manager to determine if it should construct a proxy or local resource. The security manager in turn

checks the class loader of each object on the execution stack. If any class loader is set to share mode,

then the external resource should and does construct a proxy.

If a shared external resource is being instantiated on the “master” replica, then Flexible JAMM’s

proxy manager creates a server and a proxy. The proxy manager also sends a message containing

the reference to the remote server to all replicas. On each remote replica, the proxy manager creates

a proxy and waits for the reference to the remote server to arrive. Once the reference arrives, the

replica’s proxy connects to the remote server, completing the proxy–server connection as seen in

Figure 3.8.

System Time Problem The previously described approach works for the majority of the ex-

ternal resource classes listed in Table 3.1. However, there is a problem applying this solution to

java.lang.System, which is used to query the current time. System is unique among the listed

classes in that an application does not instantiate System objects, but calls a (static) class method,
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currentTimeMillis(), to access an external resource, the current time. Therefore, for each replica,

there is one instance of the time proxy contained by the System class on the replica’s host. When

a newcomer’s System proxy registers itself with the server, the server sets the newcomer’s current

request number to be the same as the latest request number. A problem arises if several objects

on a newcomer’s replica query the system time for an initial value. The time server cannot know

how many requests such initializations will make, and therefore the newcomer’s requests can become

unsynchronized with the other replicas.

For example, consider an application that contains a timer object which is used to query and

display the current time once a second. When shared, this timer will be proxied so that all replicas

will display the same time. So far, this example will work using the proxy approach as outlined.

That is, for each participant, the server will set the proxy’s current request number to be the same

as the latest request number. When the application replica queries the time proxy, the proxy queries

the server, and the server will return the latest requested time. However, suppose the application

has another timer which is used to blink a text caret in a text field. Now, when the application is

copied to and initialized at a remote site, two timers will query the time, which will increment the

current request number on the server to one greater than that of the other replicas. Therefore, the

newcomer will be one time request ahead of the other replicas. This problem cannot be avoided

because the time server cannot know whether a time request is to be used to initialize a newcomer

(for which the server could return the time and not increment current request number) or is part

of the expected application behavior (for which the server should increment the current request

number).

Discussion

Most groupware toolkits use a replicated or semi-replicated environment. Yet few provide facilities

to ease the use of external data resources, such as files, sockets, and system time. It is possible

to transparently provide semi-replicated access to external resources via the proxy-server approach

described in this section. By incorporating this approach, a replicated collaboration-transparency

system can provide shared applications with access to external resources. A groupware toolkit can

use this approach to further facilitate the development of synchronous collaborative applications by

simplifying the use of replicated external resources.
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Table 3.2: Feature comparison of groupware architectures.
Ensuring
Consis-
tency

Band-
width

Network
Latency

Type of
Network

Client
Load

Number
of Users

Type of User
Interface

Replicated
Collaboration-
Transparency

difficult lower longer LAN–
WAN

higher 2–10,
and
>10

frequent graphics
changes, no time
dependencies

Centralized
Collaboration-
Transparency

easy higher shorter LAN lower 2–10 infrequent graph-
ics changes, time
dependencies

Semi-replicated
Collaboration-
Aware

easy–
difficult

lower longer LAN–
WAN

higher >2 frequent graphics
changes, time
dependencies

3.2.7 Comparison of Architectures

Full centralization and full replication define the limits of the range of distribution architectures

for groupware systems. Typical collaboration-aware systems use a hybrid architecture, generally

maintaining a central copy of the shared data and replicating the user interface (see Table 2.3 for a

summary of distribution architectures used by groupware toolkits). However, it would be difficult for

a collaboration-transparency system to determine the points of separation between an application’s

interface and data. Therefore, collaboration-transparency systems must use full centralization (more

common) or full replication (less common).

Table 3.2 summarizes the tradeoffs of each approach for collaboration transparency. The values

of the entries are approximations intended to illustrate the distinctions among the approaches, not

represent absolute limits. For comparison, the table includes the characteristics of an archetypal

semi-replicated collaboration-aware application. Each of the comparison factors is described next.

The first factor in Table 3.2 is the difficulty of implementing strategies to ensure consistency

of the shared data, which is among the more difficult implementation problems and is therefore a

primary concern of developers. Guaranteeing consistency is more difficult under replication because

multiple copies of the data exist, than under centralization where there is only one instance of the

data. Another key factor is the network bandwidth required by the system. Replication generally

uses less network bandwidth than centralization, as described previously in Section 3.2.4. The next

factor is the impact of message delay due to network latency. Under replication, locally generated

changes can be applied immediately to the local copy of the application. Under centralization,

each user interaction must travel from the user’s site to the central site and back. Therefore,
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replication is tolerant of longer network latency than centralization (see Bhola et al. (1998) for an

empirical study of application responsiveness under differing architectures, latency, and consistency

strategies). Combining the bandwidth and latency characteristics, provides the criteria for the type

of network that can support the different architectures. Replication can be used on local- to wide-

area networks with high- and low-bandwidth (e.g., modem) connections, whereas centralization is

effectively limited to high-bandwidth local-area networks. The computational load used by the client

end of each of these architectures is also important. Replicated systems impose a higher load on each

collaborator’s host than centralized because replicated systems execute a copy of the application on

each host. Another factor by which groupware systems are measured is their scalability in terms

of number of users. Collaboration-transparency systems are generally intended to support a small

number of simultaneous users (generally between 2 and 10) because passing control of the application

becomes unwieldy as the number of users grows. Both architectures generally can support groups

of small size. However, a collaboration-transparency system can be used as a presentation system,

so that one person can demonstrate a piece of software to a potentially large audience, for example.

The scalability of the number of participants is constrained by the available network bandwidth,

and replication scales better than centralization because replication uses less bandwidth and does

not necessarily have a message distribution bottleneck at the central application host. A final point

of comparison is the type of application each approach can effectively share. Centralization can be

effective when sharing an application that does not frequently change the graphical output because

the fewer graphics update messages will need to be sent than when sharing applications that produce

frequent graphics changes. On the other hand, replication can be used effectively with either type of

application interface. However, replication is not suitable for application that have time-dependent

user interactions.

3.3 Summary

This chapter describes common software distribution architectures for synchronous collaborative ap-

plications. Tradeoffs of architecture approaches are discussed both in general and as the architectures

are implemented in groupware systems.

Software distribution architectures fall in a range from centralized, where all of the shared

data are maintained and processed at a single location, to replicated, where each site maintains
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and processes a complete copy of the shared data. Centralized architectures guarantee consistency

of the data among participants because there is only one copy of the data. However, centralized

display-broadcasting typically requires higher network bandwidth to distribute graphics information

than does the replicated event-broadcasting approach. Furthermore, centralized implementations

have slower feedback to user inputs due to network latency as each user interaction must travel to

and from the central location. Centralized approaches are less fault tolerant because the central

host is a single source of possible system failure. In contrast, replicated architectures can have lower

bandwidth requirements as only minimal update information needs to be transmitted, can have

faster feedback to user input as the local copy can be updated before remote copies, and are more

fault tolerant since multiple copies of the application and its data exist. However, the complexity of

maintaining consistency among shared data replicas makes the centralized approach attractive.

The centralized approach is commonly used in collaboration-transparency systems, particularly

on the X Window System, which defines a graphics protocol allowing an application’s process to

execute on a different host than its display. T.128 defines a similar graphics protocol that is used

by some collaboration-transparency systems on the Windows platform.

Most groupware toolkits use a replicated or semi-replicated approach. However, replication

has previously been deemed unsuitable for collaboration transparency. Researchers have identified

several difficulties that must be addressed to maintain consistency among the replicas: heterogeneous

run-time environments; access to application executables; apparently nondeterministic application

behavior; distributing inputs other than user input events; and accommodating late-comers. These

difficulties can be overcome in the following ways: each replica’s run-time environment can appear

identical by ensuring that each replica receives the same response to the same system call; access to

application executables can be provided to all collaborators via HTTP; applications are deterministic

and it is possible to deliver the same inputs to all replicas, ensuring replica consistency; replicated

proxies can access centralized remote external resources to ensure that all replicas receive the same

data; newcomers can receive an image of the application’s process, data, and state. However,

replication is not suitable for applications that depend on the time at which an input arrives because

differing network lags will cause inputs to arrive at different times on each replica.

There are several approaches to ensuring consistency and managing concurrent inputs for repli-

cated synchronous systems. Consistency is assured if each deterministic replica receives the same

inputs in the same order. Serialization is the process of imposing a total ordering on events which
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change the data so that each copy receives events in the same order. One approach to avoiding

conflicts between concurrent users is locking, where only one user at a time can change the shared

data. At the coarsest granularity, floor control allows only one collaborator to hold a lock on the

entire shared application. Floor control is commonly used in collaboration-transparency systems.

The disadvantage of floor control is that it prohibits participants from working simultaneously in

the application. Collaboration-aware systems often use a finer-grained locking. A form of optimistic

serialization, called operational transformation, allows concurrent data changes, and avoids con-

flicts between operations while providing fast local application response to the change. Each replica

transforms incoming remote operations so that they are consistent with its own set of previously

applied operations.

Applications commonly acquire input from and write output to external resources, which are

input–output sources other than display output or interactive user inputs, such as files, sockets, and

system time. External resources raise difficulties for a replicated system. How can replicas access

an external resource that resides on only one collaborating host? The system must ensure that each

replica receives the same data from external input resources. Additionally, replicating output is not

always feasible or desirable.

Few groupware toolkits provide facilities to ease the use of external data resources. A groupware

developer must explicitly ensure that the data are distributed. Common programming approaches

are described.

It is possible to access external resources in a collaborative application in the same way as in a

conventional single-user application. One approach is to automatically replicate a resource, such as

a file, so that each replica has an identical copy. However, physical replication is not always possible

because of different file name conventions on heterogeneous hosts (e.g., Macintosh versus UNIX

file systems), the resource is closely tied to the underlying system (e.g., system time), or multiple

instances of the resource are not allowed (e.g., a server that allows only one network connection).

A semi-replicated approach to transparent replication of external resources is presented. The

external resource object resides at a single location and is accessed via replicated proxies that mul-

tiplex input and output to and from the single instance of the external resource. The problem of

creating proxies after an application is shared is described and a solution is presented. An imple-

mentation of this solution has been applied to the standard Java 1.1 class library which required

modifying some standard Java classes, such as java.io.FileInputStream and java.lang.System.
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Each modified external resource class now contains a reference to either a proxy or a local resource

object. When such an external resource object is used in a shared application, the external resource

object accesses its proxy object, otherwise the local resource is accessed. A resource object can

switch from using a local resource to a remote proxy, if the application using it is later shared.

The chapter describes a problem related to using this approach for system time. By incorporating

this approach, applications shared via a replicated collaboration-transparency system can transpar-

ently access external resources, and groupware toolkits can further facilitate the development of

synchronous collaborative applications.

64



Chapter 4

Conventional Collaboration

Transparency

Section 2.4.2 describes several existing collaboration-transparency systems, which I refer to as con-

ventional because they share the same basic implementation and resulting limitations described

in this chapter. Conventional collaboration transparency systems use a centralized architecture to

share an application (Section 3.2.1): inputs from users at multiple sites are merged and delivered

to a single instance of the application. Any change to the graphical output of the application is

broadcast to all participants.

Prior research in collaboration transparency has focused on feasibility and technical problems,

not on the usefulness of these systems for meaningful collaborative work. Researchers have made

scattered complaints about conventional collaboration transparency, but no thorough critique ex-

ists. I have found that conventional collaboration-transparency systems do not adequately support

collaboration. Conventional collaboration-transparency implementations do not use network re-

sources efficiently, and they impose an inflexible, tightly coupled style of collaboration because they

do not adequately support the following important groupware principles: concurrent work, relaxed

WYSIWIS, group awareness, and inherently collaborative tasks. This chapter enumerates the short-

comings and explores their causes.
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4.1 Deficiencies

This section describes the deficiencies of conventional collaboration-transparency systems in key

groupware principles: no concurrent work, strict WYSIWIS, limited group awareness, inherently

collaborative tasks. In addition, this section describes conventional systems’ inefficient use of network

resources.

4.1.1 No Concurrent Work

Under conventional collaboration-transparency systems, only one participant at a time can work in

the shared application. The controlling participant is said to hold the floor. Floor control policies

range from explicit, where participants deliberately request and release control of the application,

to implicit, where the collaboration-transparency system automatically requests control for par-

ticipants when they begin to generate input events. Crowley et al. (1990) describe four variants of

floor control policy: explicit request with explicit grant; explicit request with implicit grant; implicit

request with explicit grant; and implicit request with implicit grant. I use the term implicit floor

control only for the last policy because requesting and granting are both automated, and the term

explicit floor control for the first three policies because they all require direct action by the users.

Even when the interface is easy to use, explicit control diminishes collaborators’ feelings of

involvement in the collaboration because it makes the turn taking apparent. This effect was observed

in the study reported in Section 6.1. Under implicit control, on the other hand, collaborators do

not request and release control directly, and may not even be aware that only one of them at a time

may interact with the system. Nevertheless, under both models, only one collaborator at a time

may actually use the application.

The degree to which collaborators work closely together versus independently is referred to as

tight versus loose coupling (Dewan & Choudhary, 1991a). During the course of a collaborative

session, coworkers engage in varying patterns of collaboration: tightly and loosely coupled, syn-

chronous and asynchronous, private and shared, scheduled and opportunistic. During synchronous

collaboration, floor control imposes a tightly coupled mode of collaboration because while one partic-

ipant is in control, the others may only observe the work. Thus, floor control limits the collaborators’

ability to work in parallel. Many researchers have cited the imposition of tightly coupled work as
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Figure 4.1: (a) Desired and (b) actual output caused by event interleaving.

a serious problem with conventional collaboration transparency (Prakash & Shim, 1994; Reinhard

et al., 1994; Schuckmann et al., 1996).

Cause: Application-level Locking

Floor control is used to avoid potential problems associated with interleaving input events from

multiple collaborators. Collaboration-transparency systems must maintain the intended behavior of

the shared application. If input events from multiple users are simultaneously applied to the shared

application, event streams for non-atomic events (i.e., mouse drags) may become interleaved, and

the result may not be what the users intended.

For example, in Figure 4.1, Anders and Jehanne are sharing a drawing application, and they

simultaneously attempt to draw separate freehand curves by dragging their mouse cursors. However,

the location of the previous mouse-drag event for Anders is different from that of Jehanne. Unless

some protection mechanism is enforced, Anders and Jehanne’s mouse-drag events are interleaved

and delivered to the application. Figure 4.1a shows what was intended. Figure 4.1b shows the

potential result of the interleaved mouse-drag events. The application has drawn a line between the

alternating mouse positions of both Jehanne and Anders, instead of between the sequential positions

of Jehanne’s mouse, followed by sequential positions of Anders’ mouse. This is an unexpected and

undesirable result.

To avoid such conflicts, conventional collaboration-transparency systems use floor control, re-

stricting input to only one participant at a time. Floor control is essentially locking at the coarsest

possible granularity – the whole application. In contrast to application-wide locking, a collabora-

tion-aware application may also use locking at a finer granularity to permit safe, simultaneous ma-
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nipulation of different portions of the shared data, as described in Section 3.2.3. Such fine-grained

locking supports a more loosely coupled collaboration than floor control allows.

4.1.2 Strict WYSIWIS

In conventional collaboration-transparency systems, participants have the same view of the shared

application in a manner referred to as strict What You See Is What I See (WYSIWIS), where

the participants see exactly the same view of the shared application at the same time (Stefik et al.,

1987). This also contributes to the imposition of tightly coupled collaboration, since participants

must view the same portion of the shared data simultaneously. In contrast, collaboration-aware ap-

plications often support multiple modes of collaboration by relaxing WYSIWIS so that participants

can simultaneously view different portions of shared data (Gutwin et al., 1996b; Smith, 1992).

Cause: Centralized Architecture

The architecture used by all conventional collaboration-transparency systems is a centralized,

display-broadcasting architecture (Section 3.2.1). In this approach, participants receive only a graph-

ical depiction of a central instance of the shared application. A centralized architecture ensures that

the state of the shared application is consistent among the participants because there is only one

instance of the application. Unfortunately, because centralized display broadcasting leads to sharing

the application in a strict WYSIWIS manner, centralized display broadcasting becomes a principle

cause of conventional collaboration transparency’s poor support of groupware usability principles.

In Microsoft NetMeeting, display broadcasting causes such severely strict WYSIWIS that remote

views do not display portions of the application that are obstructed by windows or menus on the

central host. Figure 4.2 shows an example of strict WYSIWIS in an application shared with Microsoft

NetMeeting.

4.1.3 Limited Group Awareness

Schuckmann et al. (1996) point out that conventional collaboration transparency does not provide

detailed information concerning participants’ actions and locations. Typically, conventional col-

laboration-transparency systems provide awareness information only by means of telepointers,

representations of remote users’ cursor positions (telepointers are described in Section 2.3.1).
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Shared application on the central host

View of the shared application on a remote host

Figure 4.2: Strict WYSIWIS under NetMeeting. The top figure shows the shared application (Mi-
crosoft Word) at the central host. A menu overlays the shared application. The bottom figure shows
the shared application on a remote host. The segment of the application that is obstructed by the
menu on the central host is also not visible on remote hosts. Note that the occlusion only occurs
when it originates from the central host. For example, the popup menu in the lower right of the
remote host does not occlude the view of the application at any other host.
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In some collaboration-transparency systems, like Microsoft NetMeeting, one pointer is shared

among all participants and is controlled by only one at a time (the one in control of the applica-

tion). Therefore, the only awareness information provided is the cursor location of the controlling

participant. No information is available about other collaborators’ cursor locations. Not all collabo-

ration-transparency systems have only one shared pointer. Sun’s ShowMe SharedApp, for example,

displays a unique telepointer for each participant.

The single shared pointer in Microsoft NetMeeting has a related problem. Microsoft NetMeeting

uses the system pointer (i.e., the “hardware” cursor) of each host for the shared telepointer. This

prevents collaborators from working in windows not associated with the shared application because

their pointer will move independent of their mouse. Thus, NetMeeting further prevents independent

work, and imposes a tightly coupled style of collaboration, as described in the previous section.

Cause: Strict WYSIWIS

In fact, telepointers do provide sufficient information about participants’ locations for a conventional

collaboration-transparency system, since participants share a strict WYSIWIS view of the applica-

tion. However, G. Smith (1996a) as well as Greenberg and Roseman (1996) demonstrated that in

environments that allow users to have simultaneously independent views of the shared application,

called location-relaxed WYSIWIS, simple telepointers are inadequate. Section 2.3 describes

other multi-user interface elements that provide more detailed awareness information than simple

telepointers.

4.1.4 Task Support

Another fundamental distinction between collaboration transparency and awareness is in the type of

tasks they can support. Collaboration-transparency systems are only suitable for tasks that extend

from individual to collaborative performance, such as text editing. In addition to supporting such

individual-to-collaborative types of tasks, collaboration-aware applications can support inherently

collaborative tasks, such as voting by secret ballot, group decision making, and some multi-player

games. For example, consider a single-user role-playing adventure game. The player manipulates a

single character in the adventure. Sharing the single character via collaboration transparency is not

equivalent to a Multi-User Domain (MUD) where each player manipulates an individual character

with unique properties.
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Cause: single-user application sharing

By definition, collaboration-transparency systems share existing, single-user applications. These

applications were created to support one individual at a time. A collaboration-transparency system

supports collaboration externally from the application, whereas a collaboration-aware application

can provide internal support for cooperative work, including information, such as participant roles,

and behavior, such as enforcing access policies.

4.1.5 Network Usage

In addition to deficiencies in groupware usability, conventional collaboration-transparency systems

compare poorly to collaboration-aware applications in terms of efficient use of network resources.

Cause: Centralized Architecture

The primary cause of the higher network demand for conventional collaboration transparency is

the centralized display broadcasting architecture used by all conventional systems. Section 3.2.4

describes the higher network demand of centralized architectures over that of replicated architectures.

Cause: Lack of Knowledge of Application Semantics

Another reason that a conventional collaboration-transparency system uses higher network band-

width is lack of knowledge of a shared application’s semantics, which prevents the system from

optimizing network communications. A conventional collaboration-transparency system cannot de-

termine how a shared application will respond to a given user input event. Therefore, the system

must send all inputs to the application even though some might be safely omitted. For example, in

some applications, it might be acceptable to send no mouse position updates, only mouse button

press and release messages. However, because mouse position information may affect the state of

some applications, the system forwards all position updates.

Developers of collaboration-aware applications, on the other hand, can take advantage of their

knowledge of the application’s semantics, transmitting only the information needed to maintain state

consistency among the replicas and provide acceptable performance (Dourish, 1996a).
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Table 4.1: Comparison of collaboration transparency versus awareness.

Advantages Disadvantages

• No concurrent work
Collaboration
Transparency

• No extra development cost
• Collaborate using legacy

applications

• Strict WYSIWIS
• Limited group awareness

information
• Single-user tasks
• Higher network bandwidth

• Concurrent work possible
Collaboration
Awareness

• Relaxed WYSIWIS
• Detailed group awareness

information

• Extra development cost
• Potential advantages not

always applied
• Can support inherently

collaborative tasks
• Lower network bandwidth

4.2 Awareness versus Transparency

Collaboration awareness and transparency offer widely different support for collaboration. Each

limitation of conventional collaboration transparency contrasts directly to a capability seen in some

collaboration-aware applications and toolkits. Table 4.1 summarizes the characteristics of each

approach.

Although collaboration-aware systems may appear generally superior to conventional collabora-

tion-transparency systems, it is important to realize that not all collaboration-aware systems include

the potential advantages. For example, only five of the thirteen groupware toolkits surveyed in Sec-

tion 2.4.1 provide even the most rudimentary awareness information with a telepointer, and only

two include radar views. The omission of multi-user components from a groupware toolkit means a

developer must implement directly support for desired groupware usability features. Implementing

multi-user interface components is not simple, which may explain why toolkit creators do not include

them. Telepointers, for example, are particularly difficult to implement because common windowing

systems (i.e., Macintosh, X, and MS Windows) only support one screen pointer. Requiring a devel-

oper to create standard multi-user components is counter to a groupware toolkit’s fundamental goal

of facilitating groupware development.

In terms of development cost, conventional collaboration transparency has the advantage over

collaboration awareness because conventional collaboration transparency requires no modification
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to single-user applications. Therefore, when an existing single-user application is suitable for a

collaborative task, it makes sense to consider collaboration transparency. Generally, however, well

designed collaboration-aware applications provide better support for collaboration and are the only

choice for inherently collaborative tasks.

The purpose of this chapter is not to argue against collaboration transparency as a useful tech-

nology, but to point out deficiencies and their causes in current implementations. The next chapter

describes a new implementation approach to collaboration transparency that provides many capa-

bilities previously seen only in collaboration-aware systems.

4.3 Summary

This chapter describes deficiencies and their causes in conventional collaboration-transparency sys-

tems in contrast to capabilities seen in some collaboration-aware applications. Conventional colla-

boration-transparency implementations impose an inflexible, tightly coupled style of collaboration

because they do not adequately support the following important groupware principles: concurrent

work, relaxed WYSIWIS, group awareness, and inherently collaborative tasks. The deficiencies and

causes are summarized next.

(1) To avoid conflicts arising from interleaved nonatomic events (i.e., mouse drags), conventional

collaboration-transparency systems use floor control to prevent input from more than one person

at a time. Such application-wide locking limits participants’ ability to collaborate in parallel and

diminishes their feelings of involvement. (2) In conventional collaboration-transparency systems is

that all participants see exactly the same view at the same time, called strict WYSIWIS because

the centralized application sends the same display information to all participants. (3) Conventional

collaboration-transparency systems only provide rudimentary awareness information by means of

telepointers. Many systems do not even provide a telepointer for each collaborator. Additionally,

telepointers alone are inadequate to convey users’ locations when WYSIWIS is relaxed. (4) collabo-

ration-transparency systems are only suitable for tasks that extend from individual to collaborative

performance, such as text editing, whereas collaboration-aware applications can support tasks that

are inherently collaborative, such as voting by secret ballot.

In addition to usability deficiencies, conventional collaboration-transparency systems generally

require higher network bandwidth than collaboration-aware applications. This is primarily because
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conventional collaboration-transparency systems use a centralized, display-broadcasting architec-

ture, whereas collaboration-aware applications are typically replicated. Another reason for higher

network usage is that a conventional collaboration-transparency system cannot determine which

input events can be safely modified, delayed, or dropped, and must therefore transmit all events.

Developers of a collaboration-aware application, however, can optimize the application’s communi-

cations.

In terms of development cost, collaboration transparency has the advantage over collaboration

awareness because, at the application level, collaboration transparency has no development cost.

However, a well designed collaboration-aware application will generally provide better support for

collaboration than a conventional collaboration-transparency system. On the other hand, not all col-

laboration-aware applications are well designed or include the potential advantages. Additionally, for

many tasks, there may not be a suitable collaboration-aware application while a powerful single-user

application may exist. Therefore, in many cases, sharing an existing application via collaboration

transparency is a useful means of computer support for a synchronous collaboration. The purpose

of this chapter is not to argue against collaboration transparency as a useful technology, but to

point out deficiencies and their causes in current implementations, leading to the alternate approach

presented in Chapter 5.
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Flexible Collaboration

Transparency

As discussed in Chapter 4, conventional implementations of collaboration transparency impose an

inflexible style of collaboration because they do not adequately support key groupware principles:

concurrent work, relaxed WYSIWIS, detailed group awareness, inherently collaborative tasks, and

efficient network use. Despite these problems, collaboration transparency remains attractive because

of the ability to share existing, legacy applications. This chapter describes a new implementation

approach that adds support for fundamental groupware principles in collaboration transparency,

providing support for multiple styles of collaboration. I term this model of application sharing,

flexible collaboration transparency because it allows collaborators to transition among various pat-

terns of collaboration. The approach to flexible collaboration transparency combines a replicated

architecture and run-time replacement of particular single-user interface objects with multi-user

extensions.

This chapter first enumerates the technical and usability specifications for flexible collabora-

tion transparency. Section 5.2 describes a general approach that satisfies the requirements. This

approach has been implemented in a prototype system called Flexible JAMM (Java Applets Made

Multi-user), which is described in Section 5.3. The chapter is summarized in Section 5.4.
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5.1 Specifications

Before describing my approach to flexible collaboration transparency, this section lists the desired

features of such a system.

5.1.1 Technical Specifications

In terms of sharing existing applications, the collaboration-transparency system should support the

following technical specifications.

• The underlying platform’s Application Programming Interface (API) should remain un-

changed. That is, the interface and functionality of any modifications to the application’s

run-time environment should appear unchanged to the developer, and no modification to the

application should be necessary. This requirement is fundamental to the notion of transparency

and provides collaboration transparency with its primary benefit: no additional application

development cost to allow shared use of the application.

• The collaboration-transparency system should not impose any performance cost on an applica-

tion when it is not being shared. That is, any performance penalty caused by the modifications

to the underlying platform should apply only to applications when they are shared, and not

to any non-shared applications that may be running concurrently.

• Minimal network bandwidth should be used. This is especially important to support Internet-

wide sharing.

5.1.2 Usability Specifications

In addition to the preceding technical specifications, a flexible collaboration-transparency system

should support the following usability specifications.

• The collaboration-transparency system should permit unanticipated sharing. A person

should be able to initiate sharing of an application at any time during that program’s execution.

In contrast, some application-sharing systems, such as SharedApp (Sun Microsystems, Inc.,

1998), require that shared applications be launched from within the system. Thus, users must

anticipate the need to share an application before they start it, which discourages spontaneous

collaborations.
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• Late-joining to a session should be allowed. Collaborators may want to join an on-going

session, and late-joiners to a session should receive the current state of the shared application.

This is a corollary to unanticipated sharing.

• The system should support multiple styles of collaboration, allowing collaborators to work

together closely or independently. To that end, the system should support the following

features. Addressing these goals in collaboration transparency is the primary focus of this

dissertation.

– Simultaneous work.

– Implicit floor control where “turn taking” is required.

– Location-relaxed WYSIWIS.

– Detailed group awareness information.

5.2 General Approach

The technical and usability deficiencies found in conventional collaboration-transparency systems

are due to their common implementation approach: a single, centralized instance of the shared

application with display broadcasting (Section 3.2.1). This section describes an alternate approach,

which is to use a replicated architecture and replace selected single-user interface objects with

multi-user extensions dynamically. This approach to collaboration transparency provides features

previously seen only in collaboration-aware applications.

5.2.1 Replicated Architecture

The first characteristic of this approach is the use of a replicated architecture. Section 3.2.5 describes

advantages and disadvantages associated with using a replicated architecture for collaboration trans-

parency. Briefly, replication requires less network bandwidth than conventional centralized systems,

but replication introduces the possibility that replicas of the shared data may become inconsistent

(Crowley et al., 1990; Lauwers et al., 1990; Minenko, 1998). We have found that a replicated

architecture can support transparent sharing of many, though not all, single-user applications (see

Section 3.2.5 and (Begole et al., 1997b)).
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In addition to network efficiency, replication allows concurrent work and relaxed WYSIWIS.

Because each collaborator has an independent copy of the shared application, the interface states

can differ while ensuring the application’s replicated data remain consistent. Prior researchers

have emphasized the network efficiency of replicated architectures for collaboration transparency,

but did not report the potential usability advantages (Crowley et al., 1990; Lauwers et al., 1990;

Minenko, 1998). Collaboration-aware applications and toolkits, on the other hand, often support

loosely coupled collaboration by using a replicated or semi-replicated approach (see Section 2.4.1

and Table 2.3 for a summary of collaboration-aware systems).

5.2.2 Single-User Interface Object Replacement

The second characteristic of the new approach is the run-time replacement of selected single-user

interface objects with multi-user equivalents. Today, user interfaces are commonly created by com-

bining objects from an object-oriented toolkit, such as the Java Abstract Window Toolkit (AWT),

Microsoft Foundation Classes (MFC), and wxWindows (Smart, 1998). These libraries include

often-used interface elements, such as the classic Windows, Icons, Menus, Pointers, and Scroll-

bars (WIMPS). Many compound interface components are also widely available, such as scrollable

lists, editable text areas, and dialog windows.

For example, Figure 5.1 shows a document-editing application that contains a single-user scroll-

pane which embeds a document. It is possible to replace the scrollpane object without modifying the

application source code. For example, in Figure 5.2 the scrollpane has been replaced by a multi-user

version that adds a radar view of the document indicating each collaborator’s scroll position. Radar

views are also discussed in Section 2.3.2. These screen images were taken from the prototype flexible

collaboration-transparency implementation described in Section 5.3.

The object replacement occurs at run time. The multi-user version must implement the same

interface for the replaced object as the original version did, so that the replacement appears to the

application to be an instance of the original. Therefore, the replacement is transparent to the single-

user application and its developers. For example, Figure 5.3a shows the object diagram of a simple

application with a single-user scrollpane object, which is replaced in Figure 5.3b by a multi-user

scrollpane and an associated radar view.
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Figure 5.1: A single-user editor, called Stylepad. A scrollable panel object contains the
document.

Figure 5.2: Stylepad shared via Flexible JAMM. The single-user scrollable panel is
replaced by a multi-user version, which displays a miniature view of the document in
the window on the right, called a radar view. A uniquely colored and shaded rectangle
indicates each participant’s scroll position. Three participant positions are shown here:
PC User and Solaris User overlap near the top while Unix User is near the center.
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(b) Shared application(a) Original application
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Figure 5.3: The objects of a simple application. (a) The original application (left) contains a
single-user scrollpane which embeds a panel containing a set of button objects. (b) A multi-user
scrollpane has replaced the original scrollpane and added a radar view object. The multi-user
scrollpane provides the same user functionality as the original plus multi-user capabilities.

Semantic Knowledge

A flexible collaboration-transparency system has knowledge of the semantics of input events that

occur within the replaced interface objects. For example, clicking the mouse in a scrollbar causes the

scroll position to change. With this information, the system can optimize its use of network resources

by minimizing the size and number of update messages distributed to replicas. For example, the

system can choose not to distribute events which simply change the scroll position, thus allowing

each replica to have an independent scroll position.

Without knowing how an event will be used by an application, a conventional collaboration-trans-

parency system cannot determine whether the event may be safely modified, delayed, or dropped.

Thus, conventional collaboration-transparency systems distribute all input events. Knowledge of

low-level input semantics allows a flexible collaboration-transparency system to provide relaxed

WYSIWIS, implicit floor control, concurrent work, and fast local application response, described

later in Section 5.3.6 in the context of the prototype implementation.
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5.2.3 Platform Requirements

The new approach requires the application platform to have the following capabilities: process

migration, run-time object replacement, dynamic binding, and the ability to intercept and introduce

low-level user input events. The need for each of these requirements is described next.

Process Migration

One of the usability requirements outlined in Section 5.1.2 is to allow new participants to join an

ongoing collaboration. In a centralized architecture, this is straightforward because there is only

one instance of the shared application (Chung & Dewan, 1996; Chung et al., 1993). In a replicated

system late-joiners must receive a copy of the application and the state in which it currently exists.

Transferring a process from one execution environment to another is called process migration.

Execution environments may differ physically (different machines) or temporally (same machine,

different time). Typically, the process stops execution in some state, is transferred to a new envi-

ronment, and continues execution from the previous state. In a replicated collaborative system, the

initial process continues to execute along with the transferred process.

There are two general approaches to process migration: event replay, where the system logs

all state-changing events during the session and replays them to a new instance of the process, and

image-copy, where an image of the process in memory is copied (Chung & Dewan, 1996). Events

in the event-replay scheme may be low-level user inputs, such as mouse and keyboard inputs, or

application-specific semantic updates, such as a database queries. Event replay has these disad-

vantages: the migration time depends on the length of the execution, and potentially expensive

operations are executed multiple times. Typically, events are replayed as quickly as possible, but

if the application state depends on the precise time at which an event occurred, then the replay

must be slowed to correspond with the original event timings. Because of these problems, Chung

and Dewan (1996) concluded that the time to migrate a process using event replay is approximately

an order of magnitude greater than image-copy schemes. However, image copy requires support by

the execution platform. The source platform must provide information about the process’ address

space, execution state (i.e., program counter, execution stack, and register values), and connections

to system resources (e.g., files, other processes, and network connections). The destination platform

must be able to recreate the process state and restart execution at the appropriate point. Few

current platforms support the image-copy approach, whereas event-replay is usually feasible.
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In the future, image copy may be feasible on more computing platforms than currently. Pro-

cess migration has received much attention by the research community, but the commercial uses

of such technology are only recently being appreciated. Distributed computing standards, such as

the Common Object Request Broker Architecture (CORBA) (Mowbray & Zahavi, 1995), Microsoft

Distributed Component Object Model (DCOM) (Brown & Kindell, 1996), and Java Remote Method

Invocation (RMI) (Wollrath et al., 1996), have given software creators and users a taste for Internet-

wide computing. However, under the current distributed computing frameworks, while data travel

freely among many hosts, process locations are fixed. As wireless, mobile computing becomes in-

creasingly common, developers will find an increasing need for process migration. To address this

need, future distributed computing standards, such as Sun’s recently announced Jini architecture

(Kelly & Reiss, 1998), will likely include support for process migration.

Run-time Object Replacement

As described previously, a fundamental characteristic of the new approach is the replacement of

selected objects after the application has begun execution. The replacement must occur during

execution to support the goal of unanticipated sharing, described in Section 5.1.2. To perform

this replacement transparently (i.e., without modifying the application source code), the execution

platform must provide a replacement mechanism that the collaboration-transparency system can use.

Like process migration, dynamic object replacement is not currently supported by many platforms,

but is feasible on the Java platform, as described later in Section 5.3.1.

Dynamic Binding

Transparent object replacement also depends on dynamic binding, the run-time resolution of a

function invocation or data access. Dynamic binding allows an instance of one class to function

in place of another, provided the replacement implements the same interface (i.e., the accessible

data and behavior of an object). The objects may share an interface explicitly by inheriting from a

common ancestor, as in Java and C++, or implicitly by responding to the same messages or method

invocations, as in Smalltalk and Self. In many object-oriented environments, such as Smalltalk and

Java, dynamic binding is the norm, whereas in others, such as C++, dynamic binding must be

explicitly programmed.
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Dynamic binding is necessary for flexible collaboration transparency so that one object can take

the place of another without modifying the application. Because the application source code is not

modified, the substitution is transparent to the shared application and its developers.

User Input Event Interception and Introduction

A collaboration-transparency system must be able to intercept user input events. In a centralized

implementation, the events from each participant are sent to the single instance of the shared

application. In a replicated implementation, the events must be intercepted and distributed to

all replicas before they are applied to the local application. The events must be applied in the

same order on all replicas. Therefore, locally generated events must be held back until the system

determines the total order of locally and remotely generated events. Equally important, the colla-

boration-transparency system must be able to introduce remotely generated events into the local

event queue.

5.3 Prototype: Flexible JAMM

Flexible JAMM (Java Applets Made Multi-user) is a replicated-architecture collaboration-trans-

parency system that incorporates the approach of dynamically replacing single-user objects with

collaboration-aware versions (see also (Begole et al., 1998b)). Flexible JAMM’s distribution archi-

tecture is based on an earlier replicated collaboration-transparency system, called JAMM (Begole

et al., 1997a; Begole et al., 1997b), which we developed at JavaSoft during in the Fall of 1996. Flexi-

ble JAMM extends the capabilities of that system by introducing support for multiple collaboration

styles. Figure 5.4 shows a single-user text editor shared via Flexible JAMM. Other applications

shared via Flexible JAMM appear elsewhere in this dissertation: Figure 5.2 on page 79, and Fig-

ure 6.12 on page 133.

Aside from any inherent programming features, Java is especially attractive for writing collab-

orative software because it simplifies distribution of software and largely eliminates platform com-

patibility issues. While these characteristics are useful for software in general, they are critical for

collaborative software because each collaborator must have access to the software on their platform.

Additionally, the Java environment supports the requirements listed in Section 5.2.3, as described

next.
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Figure 5.4: A single-user text editor application, called Notepad,
shared via Flexible JAMM.

5.3.1 Process Migration

Flexible JAMM uses an image-copy scheme provided by Java Object Serialization (JOS) to send the

current state of a shared application to newcomers. JOS is part of the core Java 1.1 class library

and provides the means to copy an object’s current state for storage or network transfer.

JOS provides the basic capability needed to migrate applets to new participants. However, some

JOS characteristics, while practical in normal usage, are too restrictive for transparent migration.

One limitation is that JOS does not transfer the class (static) variables which may be considered

part of an object’s state. Class variables are omitted so that when an object is received via JOS, the

already-existing values for class variables are not overwritten by new values. In the initial version

of JAMM (Begole et al., 1997b), we modified JOS so that the whole state of the application object,

including class variables, was transferred. To prevent overwriting already existing class variables on

the receiving end, the replica’s classes were loaded in a separate ClassLoader, which confines the

scope of a class and its variables (Arnold & Gosling, 1996).

In Flexible JAMM, however, I did not modify JOS to transfer class variables. There were two

reasons for this. First, the modification requires changes to the native platform implementation of

the Java classes, which requires porting, or at least recompilation, of JOS on each platform to which
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the Java virtual machine is ported. Thus, the first prototype JAMM forfeited a key advantage of

using Java: platform independence. Second, JOS now provides a means to explicitly transfer (or

otherwise restore) class variable state.

JOS is not transparent to application developers. For an application to be copied via JOS, the

developer must choose to make all application classes serializable. In most cases, implementing

serializability is straightforward. Much of the core Java library is serializable and classes that inherit

from serializable classes are implicitly serializable. Many standard Java classes are not serializable,

however, such as java.awt.Image and java.lang.Thread. Objects of non-serializable classes con-

tain platform-specific data that may not be transferable to a remote Java Virtual Machine (JVM),

that is potentially running on a different platform. In some cases, it is possible to transform the ob-

ject into a platform-independent format, transfer this format, and instantiate a platform-dependent

copy at the receiving site. Flexible JAMM takes this approach for two otherwise unserializable

classes: java.awt.Image, and java.awt.FontMetrics.

Objects of the Thread class present a more difficult problem. Although the Thread class provides

high-level execution state information, such as running, stopped, etc., it does not provide precise,

low-level information about the current execution, such as the program counter and execution stack.

A migrated process replica must have this information to restart the process. To address this dif-

ficulty, Flexible JAMM’s strategy is to use the java.applet.Applet.stop() and Applet.start()

methods, which a web browser calls to notify an applet when the browser leaves and revisits a page.

The intended behavior for these methods is that the applet stop its running threads and restart

them, respectively. While many developers correctly implement these methods, there is no guaran-

tee that all will. For example, Applet.stop() may not clean up all threads and Applet.start()

may incorrectly reinitialize variables. Using Thread.suspend() and Thread.resume() is insuffi-

cient because we cannot determine the suspended execution state of the thread, which is necessary

to resume it correctly at the receiving end. Another strategy might be to call Thread.stop() and

Thread.start(), but this also depends on the developer having implemented restartable threads.

Therefore, Flexible JAMM relies on applets conforming to the Applet.start() and Applet.stop()

design.

If a developer-defined class does not inherit from a serializable class, the developer must explicitly

make it serializable. Often, simply declaring a class to implement the java.io.Serializable

interface is all that is necessary. However, some classes are not so easily made serializable. For
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New-comer HostInitiating Host

Replacement
Filter

Figure 5.5: The replacement filter replaces objects sent from the initiating host to the new-
comer host. When the application is first shared, the initiating host is treated as a newcomer.

example, a common problem is that an interface object will get and hold a reference to the top-level,

machine-specific window in which it is contained. Suppose such an object is sent from host A to host

B. When the object is reconstructed on host B, the object will be placed in a new top-level window

on B, but the object will refer to a window on A and may attempt to access it, causing a run-time

error. The solution is not to hold a reference to a top-level window, but look up the top-level window

as needed. In this case, and most others, serializability is not difficult to implement. However, a

developer may not foresee any need for serializability and therefore neglect to include it.

In the future, Java developers may increasingly make applications serializable. One reason is

that serialization is required for a class to be considered a Java Bean (Hamilton, 1997), which is a

popular component architecture for the Java platform. Another reason is that the Jini distributed

computing architecture relies on JOS for process migration.

Because of the limitations described in this section, JOS does not fully support transparent image

copy. The Flexible JAMM web site contains a set of instructions to make existing applications

serializable (Begole, 1997). Section 6.2 describes an informal evaluation of the instructions. Flexible

JAMM is able to use JOS for process migration, requiring little or no modification to existing

application source code.

5.3.2 Run-time Object Replacement

JOS also provides the object-replacement capability needed for flexible collaboration transparen-

cy. For each object reachable from the initial target object during serialization, JOS provides a

mechanism to inspect and replace it with an instance of an equivalent class (i.e., a subclass or an

86



CHAPTER 5. FLEXIBLE COLLABORATION TRANSPARENCY 87

implementation of the same interface). The replacement occurs at run time when the application is

initially shared, and does not inspect or modify application source code. Thus, the replacement of

one object with another is transparent to the application and its developers.

Flexible JAMM introduces a replacement filter into the outgoing stream of objects sent via JOS,

as seen in the diagram in Figure 5.5. When the application is first shared, Flexible JAMM treats

the initiating host as a newcomer. Therefore, the initiating host receives the multi-user version of

the shared application.

The replacement filter uses the following procedure to make a replacement (Figure 5.6 lists the

critical code Flexible JAMM uses for the replacement process). As each object passes through

the output stream, the replacement filter compares the object’s class to each entry in a table of

replaceable classes (classCheck). The replacement table contains a dictionary of each replaceable

class and its replacement class (the table is initialized in lines 6 and 7). If the object is not an

instance of a replaceable class, or it is an instance of a replacement class (meaning the single-user

object has already been replaced by a multi-user object) (line 21), the filter returns the object

unchanged. Otherwise, the filter creates a replacement object (lines 24–29), which is returned in

place of the original (lines 30 and 40). When this stream of objects is received and reconstructed,

all references to the original are updated to refer to the replacement.

Each replacement class must have a constructor that takes an instance of the original class as its

single parameter. Flexible JAMM instantiates replacement objects by calling the constructor with

that signature. That constructor is found in lines 24–26 and invoked in line 29. The replacement

constructor must initialize the replacement object to the same state as the original.

5.3.3 Dynamic Binding

Java uses dynamic binding and run-time type checking for each method invocation and data access.

Therefore, after an object is replaced, the replacement will be used at the next invocation or access.

The replacement must be a subclass of the original or implement the same interface(s) as the original.

In Flexible JAMM, replacement classes are subclasses of the original, as described previously in

Section 5.3.2.
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1. public class rJammObjectOutputStream extends ObjectOutputStream {

2. ClassLoader loader = new rJammClassLoader();

3. private Hashtable classCheck = new Hashtable();

4. private void setupClassTable() {

5. try {

6. classCheck.put(loader.loadClass("com.sun.java.swing.JScrollPane"),

loader.loadClass("edu.vatech.cs.ui.JRadarPane"));

7. classCheck.put(loader.loadClass("com.sun.java.swing.text.PlainDocument"),

loader.loadClass("edu.vatech.cs.rJamm.ui.text.rJammSharedDocument"));

8. } catch (ClassNotFoundException ex) {

9. System.out.println("Error setting up class-check table: "+ex);

10. ex.printStackTrace();

11. }

12. }

13. protected Object replaceObject(Object obj)

14. throws IOException

15. {

16. // ...

17. Enumeration e = classCheck.keys();

18. while (e.hasMoreElements()) {

19. Class testClass = (Class)e.nextElement();

20. Class replaceClass = (Class)classCheck.get(testClass);

21. if ( (testClass.isInstance(obj)) &&

!(replaceClass.isInstance(obj)) ) {

22. try {

23. // instantiate a replacement

24. Class [] parmTypes = new Class[1];

25. parmTypes[0] = testClass;

26. Constructor replaceCons = replaceClass.getConstructor(parmTypes);

27. Object [] parms = new Object[1];

28. parms[0] = obj;

29. Object replaceObj = replaceCons.newInstance(parms);

30. obj = replaceObj;

31. } catch (Exception ex) {

32. // For all exceptions, just return the original object

33. System.err.println("Error replacing object: "+ex);

34. System.err.println(

"Unable to replace instance of class: "+ testClass+"\n"+

" with instance of class: "+replaceClass);

35. ex.printStackTrace();

36. }

37. }

38. }

39. // ...

40. return obj;

41. }

42. }

Figure 5.6: Flexible JAMM’s object replacement code.
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5.3.4 User Input Event Interception and Event Introduction

Java’s user input event queue has two important limitations that affect the development of a colla-

boration-transparency system (see also (Begole et al., 1997a)): (1) input events may be received by

the application before they can be intercepted at the Java layer and (2) it is not possible to introduce

remotely generated events into the local event queue. In the first JAMM prototype (Begole et al.,

1997b), we circumvented these problems by adding support for event interception and introduction

into the native-platform code of the AWT.

We call the interception/introduction point implemented in JAMM and illustrated in Figure 5.7

pre-peer because events are intercepted before they reach the native implementation of an interface

object, called a peer. In contrast, a post-peer interception point would exist anywhere along the

event path in the box labeled “Java Objects.” Post-peer interception is the only option if an AWT-

based collaboration-transparency system is to be implemented entirely in Java. However, post-peer

interception does not allow all replicas of the shared application to display graphical feedback to

user inputs.

User interface elements are normally expected to deliver feedback upon user input (such as

drawing a depressed screen button when the button is activated), signaling that the input has been

received. It is equally important to provide this graphical feedback to remote collaborators. Without

such notice, collaborators may be surprised by sudden changes in the application. As a minimum,

users should see interface element reactions to each collaborator’s inputs to the system. For example,

if collaborator A clicks on and drags the thumb button of a scroll bar, the other collaborators should

see A’s telepointer move to the scroll bar, and then see the scroll bar itself moving on their displays.

Pre-peer interception provides access to all low-level user input events and allows us to deliver

events to peers so that the GUI component can perform its graphical response to the inputs. The

downside is that it requires modifications to the native implementation of the AWT for each platform

to which the AWT is ported.

Swing

Flexible JAMM avoids the problems associated with pure AWT-based event interception and intro-

duction by requiring that shareable applications be implemented using the Java Foundation Classes’

(JFC) user interface library, called Swing (Java Foundation Classes, 1998). Swing is implemented

entirely in Java and has no platform-dependent portion, such as the AWT’s peers. Therefore, event
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Figure 5.7: The curved line extending from the mouse illustrates the path
of a user input event in the Java AWT. After the event is generated at
the hardware level, the operating/windowing system (e.g., MS Windows,
or X) puts it in the event queue of the Java AWT native code. The AWT
dispatches the event to the native GUI toolkit (e.g., MS Windows, or Mo-
tif), which contains the native interface components (AWT peers). A peer
may consume the event or return it to the AWT native code, which again
examines the event and this time delivers it to the Java applet-level AWT
objects with Component.postEvent(). The lines extending to and from
the cloud labeled “Event Broadcaster” show the path of an intercepted
event. Locally generated events must be intercepted at that point so that
the native-platform peers do not consume them before they can be dis-
tributed. Similarly, a remotely generated event must be introduced at that
point so that the native-platform peer can receive and potentially act on
the event.
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interception can be implemented entirely in Java at a post-peer interception point. Thus, Flexible

JAMM preserves Java’s advantage of platform independence that JAMM’s pre-peer interception had

forfeited.

There are several additional reasons why I chose Swing for the implementation of Flexible JAMM.

First, interface components in a Swing window are drawn on various layers. This allows a fairly

straightforward implementation of telepointers, which are drawn on a layer “above” the application’s

components. In contrast, telepointers in the AWT-based JAMM prototype were not pure Java code,

but required native platform implementations. Second, the Swing text package facilitates imple-

menting concurrent editing by having synchronized insert and remove methods and notification of

changes. Additionally, Swing’s text component has separate interface and data classes, whereas in

the AWT these are combined. Thus, Flexible JAMM is able to replace just the data object of a

text component, allowing different interface implementations for concurrent editing. For example

JTextArea and JTextField provide different interfaces using instances of the same data model,

PlainDocument. Finally, because Swing is a more complete interface library than the AWT and

will be a part of the core Java library in Version 1.2 (it is currently available as a free, but sepa-

rate, package), I expect Swing to supplant the AWT as the default user interface library for Java

applications. This final point, of course, remains to be seen.

Shareable Applications

Reliance on the Swing interface library and JOS comes at some cost. Collaboration-transparen-

cy systems generally allow the sharing of any application written for a particular operating sys-

tem/windowing toolkit (e.g., X or Macintosh). Due to the constraints outlined previously, Flexible

JAMM’s target platform for transparent sharing is not the entire set of Java applications, but rather

the subset of serializable, Swing-based Java applications. For the time being, the set of legacy

single-user applications that meet these constraints is fairly small. However, we can expect this set

to grow as Swing becomes part of the core Java library in Version 1.2. It is important to note,

however, that Flexible JAMM is not a commercial system, but demonstrates the approach to flex-

ible collaboration transparency outlined in Section 5.2. These techniques are applicable to future

collaboration-transparency systems.

91



CHAPTER 5. FLEXIBLE COLLABORATION TRANSPARENCY 92

5.3.5 Single- to Multi-user Replacement Classes

This section describes the two classes I have implemented to replace instances of Swing classes.

Although other classes were considered, these two appeared to offer the greatest benefit in support

of collaboration.

Multi-user Radar Pane

Flexible JAMM replaces each instance of com.sun.java.swing.JScrollPane by a multi-user radar

pane (see Figures 5.2 and 5.4), called edu.vatech.cs.ui.JRadarPane. The radar pane provides

several benefits to collaboration: location-relaxed WYSIWIS, detailed group awareness, and imme-

diate local response to scroll position changes. The radar pane class can be used in a single-user

application as well, where it’s overall view of an embedded component facilitates navigation.

The miniature radar view image is obtained by having the embedded component draw itself to a

special implementation of java.awt.Graphics, the class that defines drawing routines in the AWT.

The ScaledGraphics class scales the coordinates, images, and font sizes relative to the size of the

radar view. As opposed to drawing at full size then scaling the resulting image, on-the-fly scaling

has two advantages. First, on-the-fly scaling uses less memory because it draws directly to the

final miniature bitmap image, whereas the other approach draws first to an intermediate, full-size

bitmap image, which is then scaled to the final miniature. Second, on-the-fly scaling preserves the

order of drawing operations. That is, foreground items are drawn over top of background elements.

In contrast, full-size scaling cannot distinguish foreground from background elements and therefore

results in less-prominent foreground elements than on-the-fly scaling. Thus, images produced by

on-the-fly scaling are perceived as more clear than full-size scaling. For example, compare the scaled

documents shown in Figure 5.8.

On-the-fly scaling is another reason why I chose to use Swing over the AWT. Swing interface

components draw themselves through an implementation of Graphics and can thus be scaled on the

fly via ScaledGraphics. In contrast, only a full size image of an AWT component can be obtained

because they are drawn by the native-platform user interface library. Although that image can

then be scaled, the result is not as clear as that created by scaling the individual draw operations

generated by a Swing component.
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Scaled after drawing Scaled while drawing

Figure 5.8: Normal image scaling versus Flexible JAMM’s on-the-fly scaling while drawing. Both
images are miniatures of the document seen in Figure 5.2 on page 79. The image on the left was
created by obtaining a bitmap image of the document and scaling it. Java’s bitmap scaling approach
cannot distinguish foreground from background pixels, and the resulting image loses foreground
pixels. For example, only scattered dots remain of the smallest text in the left image. The image on
the right was drawn by scaling each graphics operation as it was executed. Thus, each line of text
was rendered by scaling the font as the text was drawn. Because this approach maintains the order
in which items are drawn, items in the foreground are wholly drawn. For example, distinct words
are recognizable in the smallest text of right image (although too small to read), whereas distinct
words cannot be discerned in the same text of the left image.
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Multi-user Text Editing

Flexible JAMM also substitutes each instance of com.sun.java.swing.text.PlainDocument (the

default data model of a Swing text component) with a multi-user version, called edu.vatech.cs.-

ui.SharedDocument. This provides significant groupware benefits: independent concurrent work,

and immediate local response to edits.

To provide concurrent editing, Flexible JAMM’s text data model uses atomic operations (insert

and delete) to update replicas. Flexible JAMM uses an operational transformation algorithm similar

to the REDUCE (REal-time Distributed Unconstrained Cooperative Editing) approach described

by Sun et al. (1998), discussed in Section 5.3.7.

5.3.6 Employing Semantic Knowledge of User Input Events

Flexible JAMM intercepts and distributes low-level input events before they are delivered to the

application. In addition, Flexible JAMM intercepts higher-level actions, such as scrollbar position

changes and text edits. Thus, Flexible JAMM is aware of the semantic result of certain low-level

input events. This section describes how Flexible JAMM uses semantic knowledge of input events

to provide key groupware benefits: relaxed WYSIWIS, detailed awareness information, flexible floor

control, concurrent work, and fast local application response.

Relaxed WYSIWIS

Replication and event semantics allow a flexible collaboration-transparency system to relax WYSIWIS

by providing participants with independent views of the shared application. Instead of automatically

distributing all inputs, in some cases Flexible JAMM does not distribute a given input event, but

only applies it locally.

For example, the result of an input event within a scrollbar is to move the position of the

scrollbar and in turn a viewport. In this case, a flexible collaboration-transparency system need not

distribute the mouse event to all replicas, but only apply it locally because each replica is allowed to

have an independent scroll position. Hence, the flexible collaboration-transparency system provides

location-relaxed WYSIWIS.
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Flexible JAMM allows the collaborators to turn off view relaxation, falling back to the tradi-

tional replicated approach of distributing all input events. Turning off this feature prevents replica

inconsistency, but loses the advantage of relaxed WYSIWIS.

Awareness Information

To allow participants to coordinate their work, it is necessary to provide information about each

other’s location and activities in the workspace (Section 2.2.4).

Continuing the previous example, after the scroll position is changed locally, the system should

send a message to remote participants indicating the new local viewport position. In response to a

viewport change notification, a remote replica will update its location-awareness interface elements,

such as the viewport indicators in the radar view (Figure 5.2). Therefore, in addition to telepointers,

Flexible JAMM provides group awareness information by indicating each participant’s viewport

position in the radar view.

Explicit and Implicit Floor Control

To avoid potential conflicts between non-atomic events such as mouse drags (see Section 4.1.1),

Flexible JAMM uses a floor control mechanism for events that occur in some, but not all, interface

components. Where floor control is used, Flexible JAMM provides mechanisms for both explicit

floor requests, where participants explicitly grab and release control of the application, and im-

plicit floor requests, where the system automatically makes floor requests as collaborators use the

application. Implicit control provides seamless floor passing as work flows among the participants.

Figure 5.9 shows the user interface to Flexible JAMM’s floor control mechanism. The control

holder is indicated by showing his or her name in the control panel and by having an arrow-shaped

telepointer versus hand-shaped telepointers for non-controlling participants (Figure 5.2). Control

is implicitly granted to the first participant to press a mouse button, who may be beginning a

potentially non-atomic series of inputs (i.e., a mouse drag). That participant holds control until he

or she releases the mouse button and for a short time (5 seconds) after. The delayed release allows

the same user to maintain control if they continue to generate inputs, which is often the case when

selecting an item from a series of cascading menus. Control may also be explicitly requested by

pressing the “Take Control” button. Control requests are granted unless the current control holder

checks the “Keep Control” check-box.
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Figure 5.9: Flexible JAMM’s input control panel indicating that control
is currently held by the collaborator named Janice. Input control may be
explicitly requested by pressing the “Take Control” button, or implicitly
when a participant presses a mouse button in the shared application.

Concurrent Work

Although implicit control passing is easier to use than explicit control requesting/granting, it still

allows only one participant at a time to work in the shared application. However, this application-

wide locking is not required when an event is generated within a collaboration-aware interface object,

such as the scrollbar of the Flexible JAMM radar pane and the multi-user text editing component.

In those cases, Flexible JAMM does not impose floor control; all participants may simultaneously

change their independent scroll positions and edit the text, as described previously.

Fast Local Response

In contrast to previous replicated collaboration-transparency systems, like JAMM and Dialogo

(Lauwers, 1990), Flexible JAMM does not automatically forward all user input events; some are

only applied locally. As described previously, key and mouse events that occur within a text area

are not broadcast, but are only applied locally. Similarly, inputs that occur within a scrollbar of a

radar pane are also only applied locally. In both cases, any resulting state change is sent some time

after the input event. Thus, the local replica of the shared application responds immediately to the

input and remote replicas are updated asynchronously.

The states of the replicas are not consistent until after all updates have arrived at each replica.

We can be sure that the final states are consistent because Flexible JAMM only delays events that

are not time dependent (discussed in Section 3.2.5). In the cases of scrollbar position and text entry

inputs, the replicas will be consistent because the result does not depend on when the events were

generated.
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5.3.7 Distributed Concurrent Editing

To enable concurrent editing without locking, Flexible JAMM uses an operational transformation

algorithm, several of which were reviewed by Sun and Ellis (1998). This section describes operational

transformation algorithms in general and Flexible JAMM’s approach in particular.

Operational Transformation

Operational transformation algorithms require no locking, yet preserve the users’ intentions where

conflicts occur (Ellis & Gibbs, 1989; Sun & Ellis, 1998). Each replica updates its copy of the

document by transforming incoming remotely generated atomic operations to be consistent with its

own set of local operations.

Operational transformation is distinct from serialized atomic transaction approaches used by

distributed databases to allow access by multiple simultaneous clients (see Coulouris et al. (1994)

for a general discussion of transaction approaches to shared data). Operational transformation

applies all transactions to the shared data, transforming them to preserve the users’ intentions.

However, potentially conflicting transactions generated on a distributed database may be aborted to

maintain the database’s integrity, which is counter to the user’s intention. Furthermore, distributed

database, operating, file, and time-sharing systems traditionally provide the illusion of individual

access to shared resources. That is, concurrent users are hidden from each other, which is counter

to the goal of collaborative computing.

To apply operational transformation to text editing, changes to the document are made via two

atomic operations: (1) insert(int position, String newText) inserts newText into the existing

text at the offset specified by non-negative position and (2) remove(int position, int length)

removes the number of characters specified by length beginning at position. An instance of

either operation is called an edit. For any edit, there is an inverse. For example, the inverse of

insert(4, "insertion") is remove(4, 9). The inverse of a remove operation depends on the

content of the text when the remove was generated. For example, if the document contained the

text "01234556789", the inverse of remove(3, 2) would be insert(3, "34").

When a user generates an edit, the system creates a message containing the edit information,

applies the edit locally, adds the edit to a queue of unacknowledged edits, which are used to transform

an incoming edit that was generated concurrent to a local edit. The system then distributes the edit
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Figure 5.10: Simple case of concurrent editing: no conflicting edits. the locally generated edit
does not conflict with any remotely generated edits. Arrows indicate message transmission;
horizontal lines indicate the message send and arrival times at each site. In this example, the
user at site 0 inserts the character ‘a’ at position 5. Edit operations are labeled eij , where
i is the site number and j is the edit number. For example, the first edit generated at site
0 is labeled e01. e01 is added to a queue of unacknowledged edits and sent to the broadcast
server. When e01 arrives back at site 0, it is considered acknowledged and removed from
the unacknowledged queue. When e01 arrives at site 1, it is applied to document replica 1,
resulting in the same text at both sites.

message to all replicas of the shared document, including the local replica. Messages from all sites

arrive in the same order at all sites (Section 5.3.8).

When each replica receives an edit message, it performs the following steps. If the incoming edit

matches the first edit in the unacknowledged queue, then this edit was generated locally and has

already been applied to the document. In that case, the edit is removed from the unacknowledged

queue and processing is complete. Figure 5.10 illustrates this case. Otherwise, the edit was generated

remotely. In that case, the system performs the following steps. If the unacknowledged queue is

empty, then the incoming edit does not conflict with any local edit and can safely be applied to the

document. If the unacknowledged queue was not empty, then the edits were generated concurrently

and must be specially handled, as described next.
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The more difficult case to handle is when edits are generated concurrently at different sites. In

that case, each replica updates its copy of the document by transforming an incoming remote edit

to be consistent with its own set of local operations. To do this, each edit message must contain

information about what state the document was in when the edit was generated. One way to provide

this information is by tagging each edit message with a vector clock timestamp, which represents a

notion of global time among the replicas (Coulouris et al., 1994; Singhal et al., 1994). Briefly, vector

clocks are implemented in the following way. The size of the vector is n, where n is the number of

participating sites. Site indices in the vector are numbered from 0 to n − 1. Each time a site sends

or receives a message, it increments the value of its clock value in the vector. All outgoing messages

are tagged with the current values of the vector (after incrementing the local clock value). When a

site receives a message, it again increments the local clock value in the vector. The site then updates

the values of each remote clock in its vector to match the values in the message’s vector timestamp.

This system of vector clocks allows a site to determine what state the document was in when an

operation was generated. Figure 5.11 illustrates how Flexible JAMM uses vector clocks to adjust

incoming edits to match the state of the local replica. The adjustment preserves the intention of

the edit in the context of the document state in which the edit was generated. Sun refers to this

characteristic of operational transformation algorithms as intention preservation. For example,

in Figure 5.11, the user at site 1 deleted the ‘r’ character. Therefore, at site 0, the operation is

adjusted so that the ‘r’ character is deleted there also. Note that intention preservation is a stronger

requirement than consistency, which requires that all replicas contain the same data. Consistency

may be satisfied by simply erasing the entire document contents at all sites, but that would not

preserve the intentions of the users.

In the example seen in Figure 5.11, the edits did not conflict. However, it is possible for users to

concurrently generate conflicting edits. For example, one user may be inserting a character into a

word while another user is deleting the same word. In that case, the system is unable to adjust edits

to conform to both users intentions. However, consistency can still be maintained, by applying one

of the edits before the other on all replicas. The order can be arbitrarily determined, for example

by assigning precedence according to the site indices, as long as the order is the same on all sites.

Figure 5.12 illustrates this approach. When user edits conflict in this way, the users must coordinate

their efforts.
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(1,0) remove( , 1)13 (0,1)insert(7, “to ”)

(0,1)remove(10, 1) (1,0)insert(7, “to ”)

(1,0)(0,0) (2,1)Vector
“Thanks to you, ...”“Thanks to your, ...”“Thanks your, ...”Text

Site 0

(0,0) (0,1) (1,2)Vector
“Thanks to you, ...”“Thanks your, ...” “Thanks you, ...”Text

Site 1

Figure 5.11: Users at sites 0 and 1 are collaboratively changing the replicated text from “Thanks
your, . . . ” to “Thanks to you, . . . .” Each site has concurrently generated and distributed an
operation (the broadcast server seen in Figure 5.10 has been removed from this diagram for clarity):
site 0 inserts “to ” at position 7, and site 1 deletes the ‘r’ character at position 10. When site 1’s
remove message arrives at site 0 with the timestamp of (0,1), site 0 can determine that the operation
was generated before site 1 had received site 0’s insert (otherwise, the timestamp would have been
(1, x)). Therefore, site 0 adjusts the position of the remove from 10 to 13 (in bold) and applies
the operation, correctly removing the ‘r’ character. When site 0’s insert arrives at site 1, site 1 can
determine that the operation was generated before site 0 had received site 1’s remove. However, in
this case, there is no need to adjust the position of the insert because the previous remove does not
affect the position of the incoming insert.

Flexible JAMM’s Operation Transformation Approach

Flexible JAMM’s approach is similar to that of the REDUCE system (Sun et al., 1998). This

approach differs from others in that remotely generated operations are not transformed directly.

Instead, the local replica maintains a queue of previously applied operations (both locally and

remotely generated) and their inverses. The inverse operations are applied to the local replica to

bring the document back to the state in which the remote operation was generated. Then the

remotely generated operation is applied to the document. Next, the local operations are modified

to preserve their intention and then re-applied. Figure 5.13 illustrates how Flexible JAMM actually

handles the general operational-transformation case seen in Figure 5.11.

An operation is only kept in its queue until it is clear that all sites have received and applied

that operation. This is determined as follows. Each operation, o, was generated by a particular site,
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insert(6, “i”)

(1,0)

(0,1)

“to cars ...”“to ther cars ...” “to their cars ...”
(1,0)(0,0) (2,1)

insert(6, “i”)

delete(3, 5) (1,0)

(0,1)

Vector
Text

Site 0

(0,0) (0,1) (1,2)Vector

“to cars ...”“to ther cars ...” “to cars ...”Text

Site 1

delete(3, 6)

Figure 5.12: Handling conflicting concurrent edits. Site 0 operations are given precedence
over site 1. Therefore, the insert is applied before the delete. The result is that on site 0,
the remotely generated delete is adjusted to include the inserted character, while on site 1
the insert can be safely dropped.

s. When a new operation arrives, if its clock value for s is equal to or greater than s’s clock value

for an operation in the queue, then the queued operation has been received and applied at the other

site. Therefore, the new operation was made in the context of the queued operation and the system

will only undo previous operations that were added to the queue after the queued operation. Thus,

when all sites have received an operation, it can be removed from the queue. In case a replica is

not generating operations that carry its vector clock information, each Flexible JAMM site sends

periodic messages with that site’s current vector clock. Thus, the operation queues do not grow

continuously.

Undo-Do-Redo versus Direct Transformation

The approaches used by Flexible JAMM and REDUCE (Sun et al., 1998) use more processing

time than other operational transformation approaches, such as Ellis and Gibb’s (1989) distributed

OPerational Transformation (dOPT) algorithm. When a remotely generated operation arrives,

Flexible JAMM uses the following processing sequence: previously applied operations are undone,

the new operation is applied, the previous operations are adjusted, and the previous operations are

re-applied. In contrast, other approaches transform the incoming operation and apply it directly.
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(1,0)insert(7, “to ”)

(0,1)remove(10, 1)
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“Thanks to you, ...”“Thanks to your, ...”“Thanks your, ...”Text
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undo( ) Thanks your, ...insert
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apply( )  “ ”
adjust( )
redo( )                 “ ”

remove(10,1)

insert

insert

Operations add to
local operation
queue.
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Intermediate Text

Figure 5.13: Flexible JAMM’s undo-do-redo transformation approach. When the remotely generated
insert arrives at site 1, the document state is returned to that in which the insert was generated at site
0 as determined by the vector clock stamp, (1,0). This is accomplished by undoing the operations
in the local operation queue that were applied after that, according to each operation’s vector clock
stamp. The insert is applied to the document, then the local operations are adjusted to preserve
the user’s intention. Thus, remove(10,1) becomes remove(13,1). Finally, the local operations are
re-applied to the application. A similar sequence occurs at site 0 when the remove operation arrives,
resulting in the same text at each site (on the right, in bold typeface).

However, Flexible JAMM’s processing time is less than the typical inter-arrival time of edits, which

is bound by the user’s typing speed. A user with an average typing speed of 35 five-character

words per minute will generate an edit operation at an average rate of approximately one every 343

milliseconds. Thus, in a session of three simultaneous participants, the inter-arrival time of remotely

generated operations will be approximately 343ms/2 = 171.5ms. As the number of participants

simultaneously generating operations grows, the inter-arrival time decreases, which requires the

local replica to process incoming operations more frequently. Although it is slower than other

approaches, Flexible JAMM’s undo-do-adjust-redo process is not perceivable in the typical-usage

scenario of only a few simultaneously editing participants. In laboratory trials, up to nine users of

the text editor seen in Figure 5.4 on Intel Pentium 133 MHz-based computers running Java 1.1.5
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have simultaneously edited a shared document without perceivable decrease in the application’s

response to locally generated edits.

Flexible JAMM Concurrent Editor Implementation

Flexible JAMM’s implementation of the previously described algorithm can be used in collaboration-

aware applications, and is available from the Flexible JAMM web site (Begole, 1997). The imple-

mentation is contained in a package named edu.vatech.cs.ui.collab. Table 5.1 describes each

class in that package.

5.3.8 Flexible JAMM Communications Layer

Flexible JAMM’s primary communications requirement is that messages generated from all sites be

received by all sites in the same order, which is referred to as total ordering. In recent years,

many multicast protocols have emerged (Obraczka, 1998), but few provide total ordering of mes-

sage delivery, and there are currently no Java implementations of total-ordered multicast protocols.

Therefore, Flexible JAMM uses a straight-forward communications layer where a replica sends a

message to a central site that in turn unicasts the message to each replica, including the originator.

Communications protocols may be synchronous, where the process sending a message stops

processing, or “blocks,” until a response is received from the message target, or asynchronous,

where the sender continues processing immediately after sending a message. Remote service pack-

ages, sometimes called “middle-ware,” such as Java Remote Method Invocation (RMI) and remote

procedure call (RPC) use a synchronous approach. Although these packages are convenient to use,

the processing delay imposed by the synchronous communications can severely impact the perfor-

mance of a real-time collaborative system. In a semi-replicated real time groupware system that

used a synchronous communications model, Graham et al. (1996) found that clients can spend up to

95% of the time blocked, waiting for responses. In many cases, such as sending update information

among replicated shared data, no response is necessary. In those cases, an asynchronous protocol

is more efficient than a synchronous one. It is possible to impose synchronicity at the application

layer using an asynchronous protocol, and asynchronicity can be implemented using a synchronous

protocol. However, in both cases, it is complex to implement one with the other.

In summary, an asynchronous protocol allows the sender to resume processing immediately after

sending a message, and relieves the system of half the network messages when no acknowledgment
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Table 5.1: Flexible JAMM’s concurrent editor classes are contained in a package named edu.va-
tech.cs.ui.collab. The list is in order of relevance to a developer. Interfaces are listed in italic

typeface.

Class Description
SharedDocument SharedDocument extends com.sun.java.swing.text.PlainDocument.

To start a concurrent editing session, the application should create a
SharedDocument and set it as the document of a Swing editor component,
com.sun.java.swing.text.JTextComponent. The SharedDocument
must also be assigned a global session identifier and a site number.

SharedDocument-

Listener

One or more SharedDocumentListener objects can be associated with
a SharedDocument. Whenever the local user generates an edit, all regis-
tered SharedDocumentListener objects are notified and given an Edit-
Command. The EditCommand should be sent to all replicas (including
the originating one) and arrive in the same order at each.

EditCommand EditCommand encapsulates the information required to perform either
an insert or a remove operation and its inverse, including the docu-
ment instance to which the edit applies and the vector clock stamp
when the edit occurred. EditCommand object vector clocks can be com-
pared to determine the order in which they should be applied rela-
tive to each other. EditCommand is serializable, allowing easy message
creation. When a remotely generated EditCommand arrives, it should
be applied to the local copy of the SharedDocument via the method
SharedDocument.applyEdit(EditCommand).

EditPrefilter One or more EditPrefilter objects can be added to a SharedDocument.
Each EditPrefilter is notified prior to the application of an edit and
can block the application of the edit. For example, Flexible JAMM uses
this to prevent multiple edits due to cut and paste operations.

Adjuster Adjuster modifies EditCommand objects to be consistent with the edits
previously applied to the local replica of the document. There are two
places in the distribution architecture at which Adjuster objects can
exist: either (1) one Adjuster for each replica (this is the default) or (2)
one Adjuster at the central message dispatcher.

GlobalClock A vector clock implementation. GlobalClock contains and manages the
local vector clock.

EventIdentifier An EventIdentifier object is associated with each EditCommand object.
EventIdentifier contains the vector clock stamp when the EditCommand
occurred.

EditCommand-
Vector

Allows fast processing of queues (vectors) of EditCommand objects.
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Table 5.2: Flexible JAMM’s message sending classes are contained in a package named edu.va-
tech.cs.collab.message. The list is in order of relevance to a developer. Interfaces are listed in
italic typeface.

Class Description
MessageQueue The MessageQueue interface defines a method to add a byte array mes-

sage to a queue.
UnicastSender UnicastSender is an implementation of MessageQueue . UnicastSender

writes newly added messages to an OutputStream, which is typically a
network socket or inter-process pipe.

MulticastSender MulticastSender is an implementation of MessageQueue . Multicast-
Sender writes newly added messages to a set of MessageQueue objects
(i.e., UnicastSender objects).

MessageOutput-
Stream

To send a message, an application constructs a MessageOutputStream
with a MessageQueue instance. Primitive data types can be written di-
rectly to a MessageOutputStream. The first data written must be an
integer which identifies the message type.

BufferQueue BufferQueue is an implementation of MessageQueue . BufferQueue does
not send the messages added to it, and is used to temporarily store mes-
sages for later transmission while a latecomer is brought up to date.

ByteArrayList A linked list of byte arrays used by MessageQueue implementations to
queue messages.

is required. In Flexible JAMM’s case, most messages contain user input events or other information

that require no response. Therefore, an asynchronous approach is preferred.

Flexible JAMM’s communications layer consists of message-sending and message-receiving classes.

The message-sending classes, listed in Table 5.2, are contained in a package named edu.vatech.-

cs.collab.message. Messages are sent by writing data to a MessageOutputStream, to which any

Java primitive data type can be written directly, and entire objects can be written by first con-

verting the object to a byte array using JOS. After the data are written, the application must call

flush(), which adds a message to an outgoing queue. The application can resume processing as

soon as the message is added to the outgoing queue. When there are messages in the outgoing

queue, a separate thread writes each message to the outgoing stream, typically a network socket

or an inter-process pipe. Flexible JAMM has two sender implementations, UnicastSender and

MulticastSender. Each application replica uses a UnicastSender to send messages to the central

message server, which uses a MulticastSender to send messages to all replicas.

Flexible JAMM’s message-receiving classes, listed in Table 5.3, are contained in a package named

edu.vatech.cs.collab.acceptor. On the receiving end of a network or inter-process connection,
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Table 5.3: Flexible JAMM’s message receiving classes are contained in a package named edu.va-
tech.cs.collab.acceptor. Interfaces are listed in italic typeface.

Class Description
Acceptor An Acceptor receives messages from a network socket or inter-process

connection. Acceptor dispatches messages to multiple Handler objects.
Handler Handler objects receive messages. A Handler implementation parses the

message and invokes an action.

one instance of an Acceptor receives each message, determines the message type, and dispatches

it to each Handler object that has registered to receive messages of that type. Multiple Handler

objects can receive the same message. For example, in the Flexible JAMM server, two Handler

objects receive participant-related information messages: one echoes the information to all replicas,

while the other logs the information so that it can be delivered to latecomers.

5.4 Summary

This chapter presents a general approach to flexible collaboration transparency that supports key

groupware principles that have previously been seen only in collaboration-aware applications: con-

current work, relaxed WYSIWIS, detailed group awareness, and efficient network usage.

The chapter first enumerates the desired features of a flexible collaboration-transparency system.

The technical specifications are: no change to the application source code or underlying platform

API (i.e., transparency), any performance cost incurred while sharing an application is not incurred

when not sharing an application, and minimal network bandwidth usage. In addition, to provide

flexible support for collaboration, the system should satisfy the following usability specifications: a

user is not required to anticipate the need to share an application, new collaborators can join an

ongoing session, collaborators can work simultaneously, “turn taking” is automated in situations

where simultaneous work is not possible, location-relaxed WYSIWIS, and detailed group workspace

awareness information.

Next, a new general approach to collaboration transparency that satisfies those requirements

is described. The new approach uses a replicated architecture where selected single-user objects,

such as a scrollable panel, are replaced at run time with multi-user versions, such as a multi-user

radar panel. The multi-user replacement must implement the same object interface as the original
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so that the replacement appears to the application to be an instance of the original. Therefore, the

replacement is transparent to the single-user application and its developers.

The first characteristic of this approach is replication, which provides relaxed WYSIWIS and

concurrent work, in addition to network efficiency. Each replica’s interface state can differ slightly

and operations can be concurrently applied to multiple replicas. The second characteristic of the new

approach, replacing single-user objects with collaboration-aware equivalents, provides the system

with knowledge of input event semantics. With this, the system can optimize its network usage by

minimizing the size and number of messages distributed to replicas. In some cases the system can

safely modify, delay, or drop an input event. In contrast, conventional collaboration-transparency

systems must distribute all input events.

To implement the new approach, the underlying platform must provide the following capabilities:

process migration, run-time object replacement, dynamic binding, and access to user input events.

Process migration is necessary to provide a copy of the shared application in its current state to

newcomers. Two forms of process migration are possible: (1) event logging and replay and (2)

image copy. Event logging is possible on most platforms, but can require approximately an order of

magnitude greater time than image copy. Image copy requires support from the platform to provide

the process’ address space, current execution state, and connections to system resources. Few current

application platforms support image copy. Object replacement must occur after the application has

started to support unanticipated sharing. Run-time object replacement is supported on some object-

oriented application platforms, such as Java. Dynamic binding is necessary for flexible collaboration

transparency so that one object can take the place of another without modifying the application.

Because the application source code is not modified, the substitution is transparent to the shared

application and its developers. Lastly, a collaboration-transparency system must be able to intercept

local user input events and introduce remotely generated events. Event interception is needed for

both centralized and replicated implementations.

Section 5.3 describes a Java-based prototype implementation of the new approach, called Flexible

JAMM. The section describes the Java platform’s support of the previously described requirements.

Process migration and run-time object replacement are provided by the Java Object Serialization

(JOS) library. Dynamic binding is inherent in Java. There are two difficulties using the standard

Java user interface library (the AWT) to intercept and introduce user events: (1) input events may be

received by the application before they can be intercepted at the Java layer and (2) it is not possible
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to introduce remotely generated events into the local event queue. In an earlier prototype, called

JAMM, we extended the AWT to avoid these problems by implementing pre-peer event interception

and introduction. However, this fix required modifications to platform-dependent portions of the

AWT, thereby forfeiting platform independence.

Flexible JAMM is able to preserve platform independence by constraining the set of shareable

applications to those that are implemented with the Swing user interface library. Swing is imple-

mented entirely in Java. Therefore, it is possible to intercept and introduce input events at the

(post-peer) platform-independent Java layer. Swing has additional features that make it prefer-

able to the AWT for flexible collaboration transparency: layers allow straightforward telepointer

implementation, text components have separate interface and data model objects, the text data

model facilitates concurrent editing by providing synchronized insert and remove operations and

notification of text changes, and Swing components can be scaled as the component is drawn.

Section 5.3.5 describes the two primary multi-user classes that replace single-user classes when

an application is shared: multi-user radar pane, and multi-user text document. Flexible JAMM’s

radar view scales components while they are drawn as opposed to drawing at full size then scaling

the resulting bitmap image. On-the-fly scaling has two advantages: (1) smaller memory requirement

and (2) foreground elements remain prominent.

Section 5.3.6 describes how Flexible JAMM uses knowledge of event semantics. Flexible JAMM

provides location-relaxed WYSIWIS, concurrent editing, and fast local response by not distributing

events that occur in collaboration-aware components. In contrast, previous collaboration-trans-

parency systems distributed all user events because they were unable to determine which could

be safely modified, delayed, or dropped. Event semantics also allow Flexible JAMM to provide

awareness information and to automate turn taking for non-atomic events (i.e., mouse drags) that

occur within components that are not collaboration-aware.

Section 5.3.7 describes Flexible JAMM’s operational transformation algorithm for distributed

concurrent editing. Operational transformation algorithms require no locking, yet largely preserve

the users’ intentions where conflicts occur. Each replica updates its copy of the document by

transforming incoming remote operations to be consistent with its own set of local operations.

Examples are given of handling cases of conflicting and nonconflicting concurrent edits. Flexible

JAMM’s operational transformation implementation is less efficient than other approaches, but is

not perceivably slower in typical-usage scenarios of only a few simultaneously editing collaborators.
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Section 5.3.8 describes Flexible JAMM’s communications package. Messages are sent from each

participant to a central host (the host on which the application was initially shared) and multicast

to all participants. The central distribution imposes a total ordering on messages so that each

application replica receives the same messages in the same order. Flexible JAMM uses asynchronous

message sending, which allows the sender to continue processing before the message is actually

transmitted. Message handling is optimized by requiring a message handler to declare the specific

message types it handles.

Flexible JAMM implements a new approach to flexible collaboration transparency, demonstrating

that it is possible to bring collaboration transparency closer to the advantages afforded by collabo-

ration awareness. The aim of this approach is to allow a collaboration to flow naturally within the

range of tightly to loosely coupled collaboration styles.
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Chapter 6

Evaluation of Flexible

Collaboration Transparency

Chapter 4 criticized conventional collaboration-transparency systems because they impose a tightly

coupled style of collaboration. However, when collaborators are working closely together, a conven-

tional collaboration-transparency system should be adequate. The approach to flexible collaboration

transparency presented in Chapter 5 aims to provide equivalent support for tightly coupled tasks

and to extend the conventional concept of collaboration transparency by additionally supporting

loosely coupled tasks. By supporting both ends of the range of collaboration styles, a flexible colla-

boration-transparency system should allow a collaboration to flow naturally between the two.

This chapter evaluates how well the flexible collaboration-transparency system, Flexible JAMM,

achieves these goals from both the user and developer points of view. This chapter consists of two

parts. The first part contains a formal usability evaluation that compared Flexible JAMM versus

a representative conventional collaboration-transparency system, Microsoft NetMeeting (Microsoft

Corp., 1998). The second part of this chapter contains an informal evaluation from the perspective

of developers using Flexible JAMM as a simple groupware toolkit.
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6.1 Usability Evaluation

Flexible JAMM provides features previously seen only in collaboration-aware applications: concur-

rent work, relaxed WYSIWIS and detailed group awareness. Each of these features has been shown

to be useful in the context of an application designed to support collaborative work (Ellis & Gibbs,

1989; Gutwin & Greenberg, 1998; Stefik et al., 1987). By introducing new interface elements (i.e.,

radar-views and concurrent editing) into a legacy, single-user application, it was possible that users’

unfamiliarity with the new interface items would offset the advantages provided by a flexible colla-

boration-transparency system. It is important to be sure that Flexible JAMM does not detract from

the capabilities commonly provided by conventional collaboration-transparency systems. Therefore,

I conducted a study to evaluate whether this flexible collaboration-transparency system did indeed

provide better support for loosely coupled collaborative tasks and did not adversely impact the

performance of tightly coupled collaborative tasks.

6.1.1 Procedure and Methods

The study consisted of two independent variables: (1) the type of collaboration-transparency system

(flexible versus conventional) and (2) the type of task (loosely versus tightly coupled).

Collaboration-transparency Software The study compares the flexible collaboration-transpa-

rency system, Flexible JAMM version 1.0, versus a representative conventional collaboration-trans-

parency system, Microsoft NetMeeting version 2.0. NetMeeting was used because it is freely available

and is perhaps the most commonly used collaboration-transparency system today.

Flexible JAMM and NetMeeting have different target platforms. Flexible JAMM can share any

serializable Swing-based Java application, and NetMeeting can share any Windows-based applica-

tion. Since Java applications can be run on Windows, NetMeeting can share the same applications

that Flexible JAMM can. For the evaluation, I used an application that can be shared by both,

a Java-based text editor, called Notepad, which is shown in Figure 6.1 being shared via Flexible

JAMM.

Tasks The tasks in this study involved editing text. I was interested in evaluating the effec-

tiveness of the two collaborative software systems for tightly versus loosely coupled collaborations.

The tightly coupled task, called Copy Edit, was modeled after a real-world scenario in which a

111



CHAPTER 6. EVALUATION OF FLEXIBLE COLLABORATION TRANSPARENCY 112

Figure 6.1: The experiment’s shared text editor application,
Notepad, shared via Flexible JAMM.

manuscript editor guides an author in real time to make changes to an article. This is a text-editing

task analogous to the equipment-assembly task of Chapanis’ (1975) communication study in which

a source guided a seeker to construct a piece of equipment. In the current study’s text-editing

task, participants shared an electronic copy of a document that contained errors. One participant

assumed the role of a manuscript editor and was given a hard copy of the seven-page document with

ten corrections highlighted by bold-italic type. The other participant, in the role of the author,

was the only one allowed to make the changes to the text. The manuscript “editor” was allowed to

use the application to guide the “author,” but was not permitted to directly change the text.

The scenario used to evaluate the software in a loosely coupled collaborative task modeled coau-

thors writing independently in an article. In this task, called Text Entry, the participants were

given a two-paragraph article to enter into the editing software. The paragraphs had the same num-

ber of words (107) and approximately the same number of characters (601-611). The participants

were instructed to each enter one paragraph and decided between themselves who entered which.

For both tasks, participants were instructed to “work as quickly and accurately as you can.”
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Table 6.1: Counterbalanced ordering of task type nested in
software type. Task types: C = Copy Edit, T = Text Entry.
Software types: FJ = Flexible JAMM, NM = NetMeeting.
Thus, NM-T means NetMeeting was used to perform the
Text Entry task.

Group Order
Number 1 2 3 4

1 FJ-C FJ-T NM-C NM-T
2 FJ-C FJ-T NM-T NM-C
3 FJ-T FJ-C NM-C NM-T
4 FJ-T FJ-C NM-T NM-C
5 NM-C NM-T FJ-C FJ-T
6 NM-C NM-T FJ-T FJ-C
7 NM-T NM-C FJ-C FJ-T
8 NM-T NM-C FJ-T FJ-C

Experiment Design

This study used a two-factor factorial in a randomized complete block design. The task type was

one factor and the collaboration-transparency system was the other. Each pair of participants was

considered a block and received all four treatment combinations. This within-subjects design allowed

participants to the software and helped offset the notoriously high variability of groups because it

assumes that each block (pair of participants) is heterogeneous (Lentner & Bishop, 1993). The

order of the tasks was nested within the order of the software in a counterbalanced design shown in

Table 6.1. Each order combination was randomly assigned to one group.

Participants

In preparation for this experiment, I conducted a pilot study with four pairs of participants to

refine the tasks and questionnaires as well as determine the number of participants needed to ensure

statistical significance in the actual experiment.

Eight pairs (thirteen male and three female) of computer science undergraduate students with

a minimum typing proficiency of thirty-five words-per-minute participated in the actual study. A

ninth pair (two males) also completed the experiment, but were not included in the analysis because

they had been scheduled merely as a backup in case one of the other groups did not complete the

study. The ninth pair’s data are consistent with the analyzed results. All participants were each
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paid $7.50 US. Participants were allowed to choose a partner or were paired with another by the

experimenter. Some of the participants had heard of NetMeeting, but none had previously used

Flexible JAMM or NetMeeting for application sharing.

Procedure

Each session took approximately one hour. Participants signed a consent form and were given a

copy of it. They each then filled out a short demographic information form and took a short typing

speed test. Next, they were shown a brief (approximately 1.5 minutes) instruction video, which

demonstrated using the first collaboration-transparency system they would use to share the text

editor application. The instruction included the features of the collaboration-transparency system

they would need to know. For Flexible JAMM, the video defined telepointers, showed how to use the

radar view, and demonstrated concurrent text entry. For NetMeeting, the video defined floor control,

explained how to pass control, and demonstrated passing control between two users. Participants

then practiced using the text editor shared via the collaboration-transparency system until they felt

comfortable with it (typically, less than one minute). They then used the software to perform the

Copy Edit and Text Entry tasks, filling out the same questionnaire after each.

Before being introduced to the next system, participants rested for five minutes during which

a computer-animated cartoon was shown. Then they followed the same procedure for the second

collaboration-transparency system. Following that, the participants filled out a questionnaire that

asked which system they preferred overall and for each type of task. Finally, the experimenter briefly

interviewed the participants about observed critical usability incidents, their impressions about both

systems, and alternative interface details for Flexible JAMM.

Equipment and Layout

Typical laboratory setups for the evaluation of single-user software is inadequate to capture a collab-

orative session because more than one subject and computer are involved. Fortunately, I found that

equipment commonly used for single-user software studies can be configured to provide sufficient,

though not ideal, observation and recording of collaborative sessions.

The layout of the experiment site is shown in Figure 6.2. To use synchronous collaborative

software, participants must be able to communicate. To avoid potentially confounding effects due

to computer-mediated communication, such as audio and video conferencing software, participants
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Figure 6.2: The layout of the experiment site.

were allowed to speak directly to each other. Participants were seated across from each other in the

same room. The computer monitors were partially sunk into the desktop giving participants’ a clear

view of each other’s face, but preventing each from seeing the other’s screen.

The audio of each participant was recorded. Two video signals were recorded. First, the screen

content of one participant was captured with a scan converter. Capturing just one screen was

adequate, even though in one condition each participant can have a different view of the shared

application. The second recorded video signal came from a camera behind the participant whose

screen was not directly recorded. The camera’s field of view encompassed the uncaptured screen

and both participants. The two signals were mixed and recorded in a single “picture-in-picture”

video signal such that the screen capture was full size and the camera view was one-quarter size.

Figure 6.3 shows a sample of the recorded video. During recording, I dynamically moved and resized

the camera view so that it did not obstruct the activity in the software seen in the screen capture.

I found that the screen capture and audio were the primary media needed to review a session.

Generally, the camera view was only detailed enough to distinguish body gestures made by partici-

pants and was useful only to complete the record.
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Figure 6.3: Screen capture and camera video signals merged into one “picture-
in-picture” recording. The screen capture was recorded at full size and the
camera was recorded at one-quarter size in the bottom right quadrant. The
poor quality of the screen capture was due to converting the 800x600 pixel
screen to analog video. The poor resolution was sufficient, however, because
the evaluator knew the text contents (an excerpt from V. Bush (1945))

6.1.2 Results

The focus of the evaluation is the interaction of task type and collaboration-transparency system.

I performed a two-way analysis of variance (ANOVA) to compare completion times, accuracy, and

perceived effort. I used an alpha value of 0.05 to determine significance. Appendix A contains the

raw data, which I summarize and interpret in this section.

Completion Time

The interaction of task and system is significant for completion times (F (1, 7) = 15.56, p = 0.0007).

The results show that participants completed the Text Entry task significantly faster using Flexible

JAMM than using NetMeeting. The results are summarized in Figure 6.4 and Table 6.2. To

determine the amount of difference, I conducted pre-planned comparisons of the least squares means

(Tukey adjusted for multiple comparisons) of each combination of system and task. For Text Edit,
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Figure 6.4: Least squares mean seconds to com-
plete task. Error bars indicate 95% confidence in-
terval of actual mean.

the difference in completion time using Flexible JAMM versus NetMeeting is between 74.15 and

185.34 seconds at 95% confidence. For Copy Edit, there is no significant difference between the two

systems.

To confirm that the results were not confounded by transfer effects due to ordering in this

within-subjects design, I also performed a between-subjects analysis using only the data from the

first system used by each group. The results of the between-subjects analysis correspond to those

of the within-subjects analysis with p = 0.0001 for Text Entry and p = 0.364 for Copy Edit.

For the most part, these results match the expected results. Participants completed the Text

Entry task more quickly using Flexible JAMM than using NetMeeting because Flexible JAMM allows

simultaneous text entry. The mean time for Flexible JAMM is not half that of NetMeeting because

of several factors in addition to experimental variance. First, at the beginning of the task, up to 25

seconds was spent as the collaborators coordinated who would do what. Second, participants also

spent time after completing each task deciding that they really were done. Finally, the completion

time of concurrent text entry is bound by the slower typist. That is, the task is not complete until

the slower typist is finished.

For the Copy Edit task, I expected completion times to not be substantially dependent on the

system, but perhaps slightly longer using Flexible JAMM. In Flexible JAMM, each participant had to

117



CHAPTER 6. EVALUATION OF FLEXIBLE COLLABORATION TRANSPARENCY 118

Table 6.2: Least squares mean seconds to complete
task. Significant difference is indicated by bold
values for p.

Task
Text Entry Copy Edit

Flexible JAMM 223.75 247.50
NetMeeting 353.50 266.00

p 0.0001 0.7905
95% confidence interval = x̄ ± 29.33

Table 6.3: Least squares mean number of errors
per task and system. No significant difference was
observed.

Task
Text Entry Copy Edit

Flexible JAMM 2.25 0.50
NetMeeting 1.25 0.50

p 0.1519 1.0000
95% confidence interval = x̄ ± 0.989

scroll through the text independently, as opposed to NetMeeting where both scrolled simultaneously.

In fact, however, the observed mean completion times for the Copy Edit task were slightly faster

for Flexible JAMM. Factors that contributed to this result are discussed in Section 6.1.5 after the

remaining results of the study are presented.

Accuracy

To measure accuracy, I counted the number of errors in the resulting text after the completion of

each task. For this measure, there was no significant interaction of task and system (F (1, 7) = 1.11,

p = 0.3051). The number of errors is the same regardless of the system used. The results are

summarized in Table 6.3.

For Copy Edit, the results match expectations. However, for the Text Entry task I had expected

the accuracy to be better using NetMeeting because only one participant can enter text at a time

allowing the other to proofread for errors. In practice, only one group thought of and used this

error-checking strategy while using NetMeeting.
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Figure 6.5: Mean responses to questions after the Text Entry task. Error bars
indicate 95% confidence interval of the actual mean. Asterisks indicate significant
difference in the responses for that question for Flexible JAMM versus NetMeeting.

Again, as a check against within-subjects transfer effects, I conducted a between-subjects analysis.

The between-subjects results correspond to those of the within-subjects analysis with p = 0.280 for

Text Entry and p = 0.659 for Copy Edit.

User Perception

Following each task, participants were asked a set of questions to measure their opinion about aspects

of the collaboration-transparency system’s support of collaboration for that task. The questions

were formed as statements to which the participants marked the degree to which they disagreed

or agreed (strongly, moderately, mildly) or neither. The seven questions asked participants their

perception of (1) satisfaction with the collaborative software, (2) ability to work simultaneously, (3)

ease of controlling the shared application, (4) ease of indicating text locations to partner, (5) ease

of simultaneously editing text, (6) ability to have different scroll positions, and (7) ease of knowing

partner’s scroll position.

The responses for the Text Entry task are summarized in Figure 6.5. For all questions, the

responses were significantly positive using Flexible JAMM, whereas only question 3 received a sig-

nificantly positive response using NetMeeting. There are significant differences (p < 0.001) in the

responses between the two systems for all but questions 3 and 4. These responses generally cor-

respond to the observed use of each collaboration-transparency system in the performance of the

task. The lack of distinction in question 4 is because participants generally did not indicate text

locations to each other, although I had expected that they would to point out errors to each other.
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Figure 6.6: Mean responses to questions after the Copy Edit task. Error bars
indicate 95% confidence interval of the actual mean. Asterisks indicate significant
difference in the responses for that question for Flexible JAMM versus NetMeeting.

The significant difference in response to question 7 was unexpected. Since users share the same view

in NetMeeting, they should implicitly know their partner’s view position. The difference is possibly

due to the implicit nature of this knowledge using NetMeeting, whereas with Flexible JAMM, view

position information was made explicit.

The responses for the Copy Edit task are summarized in Figure 6.6. Participants responded

significantly positively for all questions using Flexible JAMM and for questions 4 and 7 using Net-

Meeting. There are significant differences in the responses between the two systems for questions 2,

3, 5, and 6 (p < 0.003). Note that the unexpected difference in response to question 7 for the Text

Entry task, described in the previous paragraph, does not show for the Copy Edit task.

I also performed a between-subjects analysis of the question responses. Unlike the objective

measures of completion time and accuracy, the results of the between-subjects analysis did not

exactly correspond to the within-subjects analysis for these question responses. For the Text Entry

task, significant difference was seen for questions 2, 5, and 6 (p < 0.005), whereas only question 6

showed significant difference (p = 0.0001) for the Copy Edit task. The lack of distinction in the

between-subjects analysis is likely due to the participants not having a base from which to make

judgments. Gutwin and Greenberg (1998) observed a similar lack of distinction in a between-subjects

study, which was a primary reason I chose to use a within-subjects design for this study.
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Overall Preference

At the completion of all tasks using both systems, participants were asked which system they pre-

ferred overall as well as which system better supported collaboration overall, better supported the

Copy Edit task, and better supported the Text Entry task. Respondents overwhelmingly selected

Flexible JAMM (χ2 = 16, p < 0.001) for all except for support of Copy Edit, where neither system

was selected over the other (χ2 = 0.29, p = 0.9). Table 6.4 displays the results.

Table 6.4: Preference scores for Flexible JAMM versus
NetMeeting.

Question Flexible JAMM NetMeeting
Prefer overall 16 0

better supported:
collaboration 16 0
Text Entry 16 0
Copy Edit 8 6

The majority of comments supported the preference ratings. However, one participant com-

mented, “... I’ve really not had too much prior experience with dual typing, so being introduced to

it makes it seem very extravagant.” He seems to feel that concurrent editing provided by Flexible

JAMM is a more novel capability than the sequential editing provided by NetMeeting. This par-

ticipant was also unfamiliar with NetMeeting. Therefore, he ought to consider sequential editing

equally novel. This was the only comment that indicated participants might have been influenced

by the novelty of either system. Therefore, the effect due to novelty was probably slight.

6.1.3 Breakdown Analysis

I performed a breakdown analysis of the evaluation sessions by reviewing the audio and video

record of each. Winograd and Flores (1986) describe a breakdown as an occurrence where a

person becomes aware of items in the environment as having properties of their own, as opposed to

implicitly existing as part of the environment. When using a computer to accomplish a task, for

example, the user is unaware of the system unless it behaves unexpectedly. At the point of such a

breakdown, the user must stop and reconsider how the system responds to their actions and how to

use it. A breakdown may be as severe as a critical incident, which Hix and Hartson (1993) define
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as having “a significant effect, either positive of negative, on task performance or user satisfaction.”

However, even when the effect is not significant, a breakdown identifies potential usability problems

by indicating cases where the user’s model of the system does not match reality.

Scrivener et al. (1996) have argued that analysis of breakdowns is especially effective for evaluat-

ing synchronous collaborative software. Breakdowns during cooperative work are easier to identify

than during individual work because a breakdown is often naturally accompanied by communica-

tion among collaborators. In contrast, it is difficult to identify points of breakdown when evaluating

single-user systems because the user may not give any observable indication that a breakdown oc-

curred.

This evaluation followed the methodology of Scrivener et al.. Under their methodology, there

are four categories of interactions in which breakdowns can occur: user and task, user and tool,

user and environment, and user and user. The breakdowns reported here were between user and

tool. For each task in this experiment, participants used two tools simultaneously: a collaboration-

transparency system, Flexible JAMM or NetMeeting, and the text editor, Notepad. User-tool

breakdowns therefore could occur between the user and three software tools: the collaboration-

transparency system, the Notepad, or the combination of Notepad shared with the collaboration-

transparency system. The breakdowns observed in each are detailed next.

Breakdowns Between Users and Flexible JAMM

Viewport Mismatch When using Flexible JAMM, each participant has a different view of the

text. There was one instance during the performance of the Copy Edit task where the collaborators

did not initially realize that their viewports were not aligned, although they quickly recovered.

Table 6.5 contains the transcript of the breakdown. This is the sort of occurrence that I expected

would lead to slower completion times in the Copy Edit task using Flexible JAMM than using

NetMeeting. However, the completion-time results, described in Section 6.1.2, indicate that this

sort of problem did not have a significantly adverse impact.

The radar views in Flexible JAMM show the position and extent of each participant’s view

(Section 5.3.5). The group transcribed in Table 6.5 used the radar view information to recover and

align their views, as did the other groups who did not experience a view-misalignment breakdown.

I do not consider view misalignment to be a serious problem when using Flexible JAMM for the

following reasons: the collaborators recovered quickly; there was only one occurrence of such a
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Table 6.5: Transcript of a breakdown when the collaborators views of the text were not
aligned.

Task: Copy Edit System: JAMM Group: 4 Date: April 2, 1998

Time Subject Transcript Notes

30:07 Editor Change ... correct the word
”violently.”

Points at the word.

Author I don’t see where you are. Viewports are not aligned.
Editor Go ... yeah. The author moves her view-

port in line with the editor’s.
Author Okay, I see

breakdown out of eight groups; and the Copy Edit task completion time was slightly faster using

Flexible JAMM than NetMeeting (Section 6.1.2). Nevertheless, a possible improvement to Flexible

JAMM’s radar view would be to allow a participant to synchronize their view position with another.

Text Highlighting Not Propagated Flexible JAMM provides independent text highlighting.

That is, the text highlighted by one participant is not highlighted on other participants’ replicas

of the shared text. One group performing the Copy Edit task under Flexible JAMM experienced

a breakdown in this regard. No transcript is available because the audio was not recorded for this

session, but the breakdown was recorded in the experimenter’s observation notes. The “editor”

highlighted a word and asked the “author” if he could see the highlight, which he could not. This

had only minor impact on the task performance, however. The “editor’s” telepointer and telecaret

pointed to the highlighted word, and the “author” correctly inferred which word was intended.

In comments and post-experiment interviews, subjects suggested that Flexible JAMM should

propagate user-specific highlights. By propagating highlights in each user’s specific color, awareness

of remote user activities would be enhanced.

Breakdowns Between Users and NetMeeting

NetMeeting Display Update Two groups experienced minor breakdowns when they noticed

a delay between the time they performed an edit and when the application displayed the edit

when using NetMeeting. Note that the sessions were conducted on an ethernet local area network.
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The breakdowns underscore the point that conventional collaboration-transparency systems are

inappropriate for collaborations spanning the Internet (see Section 4.1.5).

Floor Control The faster completion time in the Text Edit task (Section 6.1.2) is primarily

because Flexible JAMM allows simultaneous text entry whereas NetMeeting does not. However

we also saw somewhat faster times for Flexible JAMM in the Copy Edit task, where simultaneous

text entry cannot improve performance speed. Part of this can be explained by the awkwardness of

passing control of the application in NetMeeting, whereas it is not necessary to pass control when

entering text in Flexible JAMM.

Gaining control in NetMeeting is not difficult, but has an unexpected consequence. To gain

control, the requester needs to click the mouse or press a key once. The unexpected consequence is

that the control-gaining event is consumed by NetMeeting and not applied to the shared application.

As a result, many times when a participant took control with a key press that they intended to enter

in the text, they were surprised to see that it was not entered, as reflected in the following comments.

I made mistakes typing the first letter, because I would forget that I had to click a key
first, then start typing.

I consistently forgot the extra step of taking control when I wanted to type material into
the location indicated by my “editor.”

Another problem with NetMeeting’s floor control was that it did not indicate clearly who was in

control. NetMeeting provides two mechanisms to indicate which collaborator has control. The first

is to attach the initials of the hostname and user of the collaborator in control (e.g., “B.P.” for host

“Basil” and user “Pumpkin”). However, there is typically a lag of more than 5 seconds between

when control changes and the displayed initials are updated, by which time control may have changed

again. Because of this discontinuity, users had difficulty understanding that the initials indicated

control. Participants may not have realized that the initials signified their experiment partner

because the initials did not correspond to the actual name of the subject in the experiment. In

actual use, the initials would likely correspond to the hostnames and login names of collaborators.

The second indication of control is by displaying the words “In Control” next to the controller’s name

in NetMeeting’s participant list. However, the list is displayed in a separate window, which is often

obscured. The following comments indicate that NetMeeting’s control indications are inadequate.

While it was easy to take control, there was no strong indicator of who had control.
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Taking control in NetMeeting was kind of annoying. It wasn’t always entirely clear who
had control.

The problems experienced with NetMeeting’s explicit floor control affected the participants’

feeling of involvement. Users commented that because they had to take turns using NetMeeting,

they did not feel like they were working together. The following comments about NetMeeting floor

control were made before the participants had seen an alternative in Flexible JAMM.

You can’t really work together. Yes, it is real-time collaboration, but our working to-
gether required taking turns, which does not increase the efficiency of our work.

Sitting and watching wasn’t all that great.

Thus, even though passing control is fairly simple, interface difficulties and explicit turn taking

diminished the benefits of collaboration. In contrast, participants commented that they felt more

involved using Flexible JAMM because no floor control was required, as reflected in the following

comment.

Also, the lack of a “controller” [in Flexible JAMM] kept me involved instead of feeling
passive during the editing.

Breakdowns Between Users and the Combination of Notepad with JAMM

View snapped to Caret Location There was one problem unique to the combination of using

Notepad via Flexible JAMM. Whenever an edit is made in the text, the text area component (com.-

sun.java.swing.JTextArea) moves the scroll position so that the user’s text caret lies within the

view. This ensures that the user can see the text he or she is editing. If a user does not realize that

the caret had not been in view, this sudden viewport change can be surprising. In single-user mode,

a user may realize that the sudden change was the result of their immediately prior key press. In

multi-user mode, however, users are less likely to make such an inference because an edit may have

been generated remotely.

The following scenario illustrates the problem. User A scrolls the text past her local insert caret

and is reading some text. User B enters text somewhere in the document. User A’s copy of the

Notepad application snaps the view to include her text caret. Note that User A’s view does not

necessarily show the text inserted remotely by User B because her caret may not have been near

User B’s insertion. It will be difficult to infer why the view suddenly shifted.
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Table 6.6: Transcript of a breakdown when the scroll position unexpectedly moved.

Task: Copy Edit System: JAMM Group: 7 Date: April 2, 1998

Time Subject Transcript Notes

36:20 Editor Do you see where my cursor’s
blinking?

Near the top of the docu-
ment.

Author Yeah, “their old.”
Editor Type in “professional” there.
Author [types] Scrollpane view jumps to

bottom of text.
Editor That’s ... not right
Author Why did I go all the way to

the bottom?
Editor Maybe that’s where your cur-

sor was and you didn’t click.
Author Oh. Moves scroll position and

caret
Editor That’s the spot

Three groups experienced breakdowns similar to this scenario while performing the Text Entry

task with Flexible JAMM. Two groups were able to infer the problem and quickly recover from it.

In another case, however, the experimenter told the subject how to continue.

In these incidents, the collaborators did not discuss the problem between themselves, most likely

because only one of the collaborators witnessed the problem. Table 6.6 contains a transcript of a

similar situation, where the view snapping was caused by a local edit, not a remote edit as in the

previous scenario. Here, the “author’s” text caret is not located within his scrollpane view. As the

“author” begins to enter text, his view snaps back to the insertion point. The other collaborator

realizes the cause of the behavior, and they quickly recover.

This view shifting problem seriously disrupted the collaborators’ work. I addressed this problem

in version 1.0.1 of Flexible JAMM by overriding the view snapping behavior of the Swing text entry

component. Now, the view only changes as the result of locally generated edits, rather than any

edit. Like the other modifications I have made to the Swing library, this change is transparent to

the application developer, since no application source code was modified.
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Breakdowns between Users and Notepad

Notepad is a sample application included with the Swing class library as a demonstration application.

While it demonstrates functionality characteristic of a simple text editor, it is not complete. Some

of its problems are reported here. Fixing problems in Notepad is beyond the scope of this work.

No Word Wrap Notepad does not perform automatic word wrapping. To prevent excessive

attention to this during the experiment, participants were told that the format of the text (i.e., line

length and number of lines) they entered was not important to the task.

Misbehaving Paging Keys A critical problem with Notepad is that it responds incorrectly to

page-up and page-down keys. It does not merely shift the view by one page of text, but jumps all

the way to the top or bottom of the text. This problem initiated the view snapping breakdowns

described previously in this section.

6.1.4 Participant Comments

Participants commented on problems for which there was no apparent breakdown. In some cases,

the suggested remedies that would improve the system.

Flexible JAMM Telepointers

A few participants commented that Flexible JAMM’s remote telepointers occasionally obstructed

their view of the text. Figure 6.7 shows telepointers obstructing text. A local mouse pointer could

also obstruct a user’s view, but in that case the user can move the mouse and position the cursor

out of the way. However, a user has no control of remote collaborators’ telepointer positions.

Figure 6.7: Telepointers obstruct the view of the
underlying shared application.
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Participants and researchers proposed various solutions: smaller pointers, translucent pointers,

and pointers that fade and disappear after an idle period. The version of Flexible JAMM used for

the experiment (1.0) did hide the telepointers after an idle period of one minute, but that was too

long for these tasks. In Flexible JAMM 1.0.1, this period was reduced to a default of 15 seconds,

based on participant’s comments and the suggestion of an independent study conducted by three

graduate students in computer science. Furthermore, version 1.0.1 allows each collaborator to adjust

this period and other telepointer-related options, as shown in Figure 6.8. Participants liked having

the telepointers, and did not suggest telepointers be removed completely. Nevertheless, participants

may choose not to display telepointers in Flexible JAMM version 1.0.1.

Figure 6.8: Users may select several options for displaying telepointers.
The upper right region shows a sample of how telepointers will be displayed
using the currently selected parameters.

Another factor that contributed to view obstruction is that Flexible JAMM currently has only

two telepointer shapes of fixed size: (1) an arrow shape with a bounding rectangle of 20x20 pixels

and (2) a hand shape bound within 22x23 pixels. Flexible JAMM’s arrow telepointer is the same

size and shape as the standard arrow cursor on the X Window System. This size is appropriate for

a screen resolution of 1024x768 pixels, an increasingly common resolution. However, the equipment

used in the experiment to capture and record a screen, called a “scan converter,” allowed a maximum

screen resolution of only 800x600 pixels. Flexible JAMM’s telepointers are larger than the mouse

cursor at that resolution on the evaluation machines (10x18 pixels). To see this difference, compare
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the arrow-shaped local mouse cursor (10x18 pixels) in Figure 6.7 to the hand-shaped telepointer

under it (22x23 pixels). Therefore, another improvement to Flexible JAMM’s telepointers would be

to adjust the default telepointer size depending on the screen resolution.

Flexible JAMM Participant List

Subjects suggested that Flexible JAMM should display a list of the participants in a collaboration.

Version 1.0.1 of Flexible JAMM displays currently present collaborators, as shown in Figure 6.9.

Figure 6.9: The currently present collaborators are
listed. The list includes each collaborator’s name, color,
telepointer shape, and other information (e.g., “Left the
session” or “Control Holder” as in this example).

NetMeeting Floor Control Notification Obstructs View

Some users commented that a feature of NetMeeting’s floor control mechanism obstructed their view

of the application. In NetMeeting, when a non-controlling participant attempts to move their mouse,

a message window is displayed next to the mouse. Figure 6.10 illustrates the problem. This window

disappears after 3 seconds, but during that period it obstructs the view of the shared application.

Participants were unable to communicate about the underlying shared text while the message was

displayed. This was a considerable problem because the mouse position was usually the locus of

attention.
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Figure 6.10: The controlling collaborator on the left has highlighted some text. When the other
collaborator, on the right, attempted to move her mouse, a message window popped up at the mouse
position, obstructing the highlighted text.

6.1.5 Discussion of Results

Analysis of the measured results was largely consistent with expectations. The participants com-

pleted the Text Entry task using Flexible JAMM more quickly than when using NetMeeting. This

is not surprising because Flexible JAMM allows simultaneous text entry, whereas NetMeeting does

not. A more interesting result was that the mean completion time for the Copy Edit task was slightly

faster when using Flexible JAMM. I had expected participants to be slowed by unfamiliar multi-

user interface elements in Flexible JAMM, such as having to align their views as in the breakdown

described in Section 6.1.3.

Part of the explanation for slightly faster times using Flexible JAMM is that users were slowed

by floor control problems when using NetMeeting (Section 6.1.3), whereas they did not need to

explicitly pass control in Flexible JAMM. Participants rated NetMeeting significantly lower than

Flexible JAMM in response to question 3 (ease of controlling the shared application) for the Copy

Edit task, which required frequent control changes (see Figure 6.6).

Users commented that when they had to take turns in NetMeeting, they did not feel like they

were working together. Despite the fact that passing control is fairly simple in NetMeeting, interface

difficulties and explicit turn taking diminished the benefits of collaboration. In contrast, participants

commented that they felt more involved using Flexible JAMM because no floor control was required.

The study also showed that even in the tightly coupled Copy Edit task, relaxed WYSIWIS is

sometimes useful. In a few sessions, as soon as it was clear that their partner understood a specified

change, the “editor” would move to the next error while the “author” made the change. The results

support the aim of providing flexible support of multiple styles of collaboration in a collaboration-

transparency system.
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6.2 Developer Evaluation

Collaboration-transparency systems allow collaborative use of any application developed for a par-

ticular platform, such as X, Macintosh or Microsoft Windows. These are widely used platforms

for which many legacy applications exist. Flexible JAMM’s target platform is more limited than

typical systems, being constrained to serializable, Swing-based applets as described in Section 5.3.4.

For the time being, the set of legacy, single-user applications that meet these constraints is fairly

small. However, I expect the set of shareable applications to grow as Swing becomes part of the core

Java library (it is currently available as a free, but separate, package). I emphasize, however, that

Flexible JAMM is not intended as a commercial system, but demonstrates the approach to flexible

collaboration transparency outlined in Chapter 5.

Furthermore, Flexible JAMM is not only intended as a collaboration-transparency system, but

also serves as a simple-to-use groupware toolkit. A developer who is cognizant of Flexible JAMM’s

capabilities might more easily build a single-user application that is meant to be shared than to build

a multi-user application explicitly. For example, a text editing application that includes scrollable

panels and text areas will become multi-user aware at the time of sharing. Thus, incorporating

multi-user radar panels and concurrent text components in a collaborative application has the same

development cost as including single-user scroll panels and text components in a single-user appli-

cation.

Unlike conventional groupware toolkits, where developers must make explicit calls to the toolkit

functionality, the Flexible JAMM developer need only ensure that the application conforms to two

constraints: (1) it must be serializable and (2) use Swing (see Section 5.3.4 for more about Swing

and serialization). This section informally reviews developer impressions of the difficulty of these

requirements.

6.2.1 Procedure

I gave three experienced Java developers the original Java source code of a physics simulation

applet. Figure 6.11 shows a screen-captured image of the test applet, by Serge G. Vtorov (1998),

which simulates the wave-interference properties of light. The source code consisted of ten files with

a total of 702 lines. The developers’ task was to modify the source code so that it was serializable

and used the Swing graphical user interface library.
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Figure 6.11: A single-user physics simulation of the wave-interference properties of
light. The simulation recreates the well-known “two-slit” experiment.

I gave the developers a set of instructions that specified how to modify an arbitrary, existing Java

application to allow it to be shared under Flexible JAMM (Begole, 1998). The instructions consist

of two parts: (1) how to convert the application to Swing and (2) how to make the application

serializable. The Swing section consisted of ten instructions in four subsections. The serialization

section consisted of seven instructions. The instructions are in a Hyper-Text Markup Language

(HTML) document that has a printed length of approximately four and a half pages. The instructions

are available at the Flexible JAMM web site (Begole, 1997).

6.2.2 Results

Among the most important results were the developers’ suggestions for improvements to the conver-

sion instructions. I incorporated each developer’s suggestions into the instructions before the next

developer began work. Thus, the instructions were iteratively refined during this evaluation.

The average time required to make the conversion was approximately two hours. Developers

indicated that the conversion was straightforward. Two developers complained of having to fix

“bugs” that existed in the original applet and were only brought to light using Swing. Two developers

felt that novice programmers might encounter difficulties.
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Figure 6.12: The single-user physics simulation seen in Figure 6.11
shared via Flexible JAMM. To be shared, the applet was converted to
be serializable and use the Swing user interface library.

All conversions met the criteria of being serializable and using Swing. However, the first conver-

sion did not run correctly after having been serialized and reconstructed because a critical association

between two of the objects was lost. I modified the instructions to have developers look for and

correct such cases. The second and third conversions, which used the modified instructions, worked

correctly.

The first two conversions contained an error regarding drawing text in Swing. Notice that the

column labels, seen at the top of the applet in Figure 6.11, are not displayed in the converted applet,

shown in Figure 6.12. This is because, unlike AWT, Swing does not implicitly set the text drawing

color to a component’s foreground color. The labels in the converted applet are unseen because they

are drawn in the same color as the background. After the first conversion, I included steps to correct

this error in the conversion instructions. The second developer said that he noted the instruction,

but did not see an error on his platform’s (Free BSD) implementation of Java, and therefore did not

include the fix. The third conversion worked correctly.

Flexible JAMM is available for download (Begole, 1997) on the World Wide Web. Version

1.0.x was downloaded 423 times in the two-month period between Jun 25, 1998 and Sep 2, 1998.
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A few of the downloaders have sent feedback, though most have not. Andreas Ruff, a graduate

student in computer science at the University of Stuttgart, Germany, provided some comments from

a developer’s perspective. He developed a simple applet and demonstrated sharing it under Flexible

JAMM to colleagues. In addition to making a suggestion to allow hiding telepointers, he gave the

following report after his demonstration (Ruff, 1998).

Everyone was quite astonished [at] how easy it is to develop applications/applets for
JAMM. I showed my (very) simple ButtonTest-Example and shared it with JAMM. No
one thought that it was possible to share it without programming special “administration-”
or “sharing-information.”

6.2.3 Discussion of Developer Evaluation

A secondary goal of Flexible JAMM is to act as a simple-to-use groupware toolkit. Beyond the

development of the application, there are only two requirements to allow the application to be

shared under Flexible JAMM: (1) the application must use the Swing interface library and (2) all

classes in the application must be serializable.

Experienced Java developers had little difficulty modifying an existing Java applet to be shared

via Flexible JAMM. Following a four-and-one-half page set of instructions, developers were able

to convert an applet of ten files in an average period of approximately two hours. In contrast, the

instructions to create a shareable application using GroupKit 5.0, which gives developers greater con-

trol of the distributed aspects of the application than Flexible JAMM does, consist of approximately

39 printed pages.

6.3 Summary

This chapter reports evaluations of Flexible JAMM’s effectiveness in supporting the two communities

it aims to benefit: users and developers.

The first part of this chapter describes an empirical usability study of users performing a loosely

coupled task, Text Entry, and a tightly coupled task, Copy Edit, using Flexible JAMM versus

using a representative conventional collaboration-transparency system, NetMeeting. Eight pairs of

computer science students participated. The study sought to confirm that users perform faster using

Flexible JAMM for the loosely coupled task because Flexible allows simultaneous text entry, whereas

NetMeeting does not. The study also hoped to confirm that there was no difference for the tightly

134



CHAPTER 6. EVALUATION OF FLEXIBLE COLLABORATION TRANSPARENCY 135

coupled task. However, there was concern that learning and using new interface elements (radar

view, telepointers and telecarets) would adversely impact performance times when using Flexible

JAMM.

Analysis of the measured results matched expectations in terms of task completion time: par-

ticipants were able to complete the Text Entry task more quickly using Flexible JAMM than using

NetMeeting. Participants completed the Copy Edit task slightly faster using Flexible JAMM than

using NetMeeting, but the difference was not significant. The number of errors was not significantly

different for either task using either system. Users rated Flexible JAMM significantly positively

for both tasks in a series of seven questions, whereas NetMeeting was rated significantly positively

for only one question in the Text Entry task and two in the Copy Edit task. The responses were

significantly different between Flexible JAMM and NetMeeting in five of the seven questions for

Text Entry and four questions for Copy Edit. Participants greatly preferred Flexible JAMM overall

and commented that they felt involved in the collaboration, whereas with NetMeeting, the explicit

turn taking made them feel like they were not working together.

Breakdown analysis and participant comments identified several areas needing improvement in

each collaboration-transparency system. Problem areas in Flexible JAMM included viewport mis-

alignment, no remote text highlighting, unexpected viewport shifting, telepointer obstruction, and

lack of a participant listing. I incorporated participant-suggested solutions to these problems into

version 1.0.1 of Flexible JAMM following the study. For NetMeeting, participants identified problems

in the following areas: display update lag, lost key presses, explicit floor passing, weak indication of

who has control, and the floor control notification obstructs the view.

The second part of this chapter contains an informal evaluation from the perspective of developers

using Flexible JAMM as a simple groupware toolkit. Three developers were asked to modify an

existing applet to meet the two requirements of sharing it via Flexible JAMM: (1) the application

must use the Swing interface library and (2) all classes in the application must be serializable.

Following a set of instructions, the developers were able to convert the applet of ten files in an average

of approximately two hours. They indicated that the conversion was not difficult. The instructions

were iteratively refined during this evaluation as each developer suggested improvements. There was

a major error in the first conversion. After updating the instructions to correct this error, subsequent

conversions worked correctly.
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The two evaluations confirm that Flexible JAMM contributes to the field of collaborative com-

puting in ways that benefit both users and developers. The usability study in Section 6.1 demon-

strates that it is possible to bring collaboration transparency closer to the advantages afforded by

collaboration awareness. By supporting the range of tightly to loosely coupled collaboration styles,

Flexible JAMM allows a collaboration to flow naturally between the two. This capability enhances

the collaborative use of the growing body of legacy, single-user applications.

The developer-oriented evaluation in Section 6.2 illustrates that Flexible JAMM also serves as a

simple-to-use groupware toolkit. Multi-user scroll panels and concurrent text components can be no

more difficult to include in a collaboration-aware application than single-user scroll panels and text

components are to include in a single-user application. Future groupware toolkits can and should

include multi-user interface components that are easy for developers to include in collaborative

applications.
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Chapter 7

Conclusions

In this research, I have examined the usability and implementation differences between conventional

collaboration-transparency systems and collaboration-aware applications and toolkits. I examined

how the use of particular distribution architectures affects support for collaboration. The claim

behind this research was that many of the benefits currently seen in collaboration-aware applica-

tions can be provided in a collaboration-transparency system. To that end, I designed an alternate

approach to collaboration transparency, implemented a prototype system, and evaluated its effective-

ness compared to a conventional collaboration-transparency system. This chapter summarizes the

main results of this research, discusses their significance, and offers suggestions for future research.

7.1 Summary of Results

This dissertation makes several contributions.

• Critique of conventional collaboration-transparency systems

Previously, researchers have made scattered complaints about conventional collaboration trans-

parency, but no thorough critique exists. My analysis finds that conventional collaboration-

transparency implementations do not use network resources efficiently and they impose an

inflexible, tightly coupled style of collaboration because they do not adequately support im-

portant groupware principles: concurrent work, relaxed WYSIWIS, group awareness, and

inherently collaborative tasks.
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• Application replication is feasible for collaboration transparency.

Replication has advantages over centralization that are important for Internet-wide collabo-

ration: lower network bandwidth requirement, and faster application response. In addition,

some degree of replication is necessary to support groupware usability requirements: concur-

rent work, and independent views. Previously, however, replication was deemed impractical

for collaboration transparency. Although it remains true that consistency cannot be guaran-

teed when replicating some applications (i.e., those with time-dependent user interactions),

this dissertation demonstrates that replication is viable for many applications.

• A system resource can be shared via replicated proxies of the centralized resource.

In a replicated environment, each copy executes on a different host, which may provide different

responses to requests for system resources, such as files, sockets, and time. This dissertation

presents an approach that ensures each replica will receive the same data for the same request.

• Multi-user scroll panels, telepointers, and concurrent text components can be as easy to include

in a groupware application as single-user versions are to include in a single-user application.

Few groupware toolkits provide multi-user versions of standard interface components, and those

that do so require additional programming over the single-user version to update remote users.

However, the object-replacement used by Flexible JAMM demonstrates that it is possible

to include multi-user versions of some standard single-user components with no additional

programming by the toolkit user.

• Many of the features of collaboration-aware applications can be provided transparently in shared

single-user applications.

This is the primary claim investigated in this dissertation and is supported by the above results.

Section 5.2 describes a general design for a new approach to collaboration transparency, and

Section 5.3 describes an implementation of that approach, called Flexible JAMM. Flexible

JAMM demonstrates that a collaboration-transparency system can promote some single-user,

collaboration-unaware applications to the level of support for collaboration previously provided

only in applications specifically designed for collaborative use.

• Flexible collaboration transparency requires the application platform to have four capabilities.

There are four requirements of an application platform needed to implement the replicated,

object-replacement approach to flexible collaboration transparency (Section 5.2.3): process
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migration, run-time object replacement, dynamic binding, and the ability to intercept and

introduce low-level user input events.

The work done for this dissertation makes several secondary contributions. A prototype flexible

collaboration-transparency system, Flexible JAMM (Section 5.3), is freely available on the Internet

(Begole, 1997). Flexible JAMM includes many reusable multi-user components: telepointers, partic-

ipant information components, a multi-user scrollable panel, and a multi-user concurrent text editor.

These components are also used in a collaboration-aware interactive visualization system called Sieve

(Isenhour et al., 1997). The development of these components contributed to the design and de-

velopment of a collaborative learning environment, the LiNC (Learning in Network Communities)

virtual school.

Finally, the evaluation of flexible versus conventional collaboration transparency (Section 6.1)

corroborates the results of previous studies of group awareness interface techniques (Gutwin et al.,

1996b; Gutwin & Greenberg, 1998). Additionally, the evaluation substantiates previous claims that

implicitly passing control among collaborators is preferred over explicit control passing in some types

of collaboration (Crowley et al., 1990; Lauwers, 1990; McKinlay et al., 1994).

7.2 Discussion

Because it contains features of both transparency and awareness, flexible collaboration transparency

has implications for how we view the capabilities of each. First, the target platform for transparent

sharing is shifted from the operating/windowing system level to the interface library level. Second,

groupware toolkits can provide easy-to-use multi-user interface components.

7.2.1 Transparency

Collaboration-transparency systems generally allow the sharing of any application written for a

particular platform (e.g., X or Windows). Due to the constraints outlined in Section 5.3, Flexible

JAMM is only able to transparently share serializable, Swing-based Java applications. We saw in

Section 6.2 that converting an existing AWT-based Java application to Swing and serialization is

straightforward. Such conversion, however, breaks the notion of collaboration transparency because

the application source code is modified.

139



CHAPTER 7. CONCLUSIONS 140

Flexible JAMM is not a collaboration-transparency system at the windowing system level, as are

conventional collaboration-transparency systems, but at the interface library level. Although this

clearly limits the set of shareable applications, the boundary is not delimited by hardware or oper-

ating/windowing systems, by which the sets of applications that are shareable under conventional

systems are constrained.

7.2.2 Multi-user Interface Components in Groupware Toolkits

In addition to demonstrating a new approach to collaboration transparency, Flexible JAMM has

implications for collaboration-aware groupware toolkits. Flexible JAMM may be viewed as a simple-

to-use groupware toolkit. A developer who is cognizant of Flexible JAMM’s capabilities might more

easily build a single-user application that is meant to be shared than to build a multi-user application

explicitly. For example, a text editing application that includes scrollable panels and text areas will

become multi-user aware at the time of sharing.

Groupware toolkits can provide multi-user interface components that are no more difficult to in-

clude in a collaborative application than to include single-user interface components in a traditional

single-user application. Currently, the few groupware toolkits that do provide multi-user interface

components require the toolkit user to explicitly send notifications of local changes to remote partic-

ipants. Therefore, considered as a groupware toolkit, Flexible JAMM advances the state of the art

by requiring no additional programming by the toolkit user to include standard multi-user interface

components.

7.3 Directions for Future Work

This research has brought to light several areas that deserve further exploration.

7.3.1 Multi-user Interface Components

An obvious extension to Flexible JAMM would be to create and integrate more multi-user interface

components. For example, multi-user menus that only drop down on the replica on which they are

invoked, but that notify remote users of the activity.
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7.3.2 Alternatives to Object Replacement

The object-replacement strategy works well, but has two limitations: (1) objects cannot be replaced

after the point of sharing an application and (2) subclasses of replaceable classes cannot be replaced.

Flexible JAMM replaces the target objects via a mechanism provided by JOS at the point when

the application is initially shared. Unfortunately, no such mechanism is available after this initial

point of sharing. Therefore, if the shared application later creates a new instance of a replaceable

object, such as a scrollable panel, Flexible JAMM is unable to replace it with a multi-user extension.

The other potential problem would arise if the application developer has subclassed a replaceable

class. Because the application presumably depends on the specialized behavior of the subclass, it

is not safe to replace it with a multi-user–aware object that does not contain the same specialized

behavior. In both of these cases, Flexible JAMM does not replace the target object, thus falling

back to the sharing behavior of conventional collaboration-transparency systems and losing the

advantages of flexible collaboration transparency.

There are viable alternatives to full object replacement. Many classes of the Swing interface

library expose enough information to provide multi-user capabilities externally without replacing the

object. For example, the Swing text components notify registered observers of each text insertion

and deletion, making it possible to attach an operational transformation algorithm to an existing

text object. Additionally, Swing allows a system to attach observers to a scrollable panel which are

notified when the scroll position changes. It is possible to use this information to allow independent

scroll positions and provide location awareness in an external radar view. Attaching observers is

possible in Swing, but not in other interface class libraries, such as the Abstract Window Toolkit

(AWT) because it does not expose sufficient information. Full object replacement remains a viable

strategy for such a library.

7.3.3 Barriers to Adoption of Synchronous Collaborative Software

There are many examples of successful asynchronous collaborative applications that are commonly

used by casual computer users: electronic mail, discussion groups (e.g., Usenet), and publishing and

reading documents on the WWW. In contrast, there are relatively few synchronous collaborative

systems that are widely used. Although the Internet’s population has expanded greatly, it remains

a place where workers are relatively isolated. Given that people commonly carry out synchronous
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collaborations in “real life,” we might expect synchronous collaborative applications to be used more

commonly than we see currently.

Past researchers (Ellis et al., 1991; Grudin, 1988) have investigated the adoption of group-

ware systems within an organization, and have identified several factors that affect the adoption of

groupware: critical mass of users, cost–benefit imbalances, organizational politics, and collaborative

application usability. Groupware continues to be an important area of research and, in addition to

the previously-identified barriers to groupware adoption, the following are some areas that I believe

need investigation before we see a dramatic increase in the use of synchronous collaborative systems.

Network Connection Persistence

Computer users outside of academic and scientific research communities have only recently acquired

wide-area network access to each other via the Internet. In the past, corporate networks were con-

nected for only brief periods of time to transfer batches of data. Such aperiodic connection permits

asynchronous software, such as email and discussion groups, but does not allow synchronous inter-

actions. Today, business users typically have persistent connections. Since synchronous interaction

has become feasible, we have seen the growing use of some synchronous collaborative systems, such

as multi-player games (e.g., MUDs and Diablo), and text chat systems (e.g., Internet Relay Chat

(IRC), and I Seek You (ICQ)). As network connections become more and more persistent, people

may become more accustomed to the notion that real-time computer-based interactions are possible,

and they will seek systems that provide such capabilities.

Concurrent with the trend toward connection persistence, there is a conflicting trend in the use

of portable devices (i.e., laptops and personal digital assistants (PDA)) that follow the previous

model of periodic connection for batch transfer. So, there is a tension for new software systems to

take advantage of persistent connections while supporting mobile, aperiodically-connected devices.

Dourish (1998) has proposed one programming paradigm that supports various degrees of connection.

This and other approaches need to be studied.

Collaborator Management

Potential collaborators need to be able to find each other in order to form groups. There are

many competing formats for maintaining individual user information. A well-known example of

one such format is the \etc\passwd file used by all UNIX systems. Although this format is simple
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and prevalent, it is not used by many systems that require similar user information, such as e-mail

servers. In fact, even among systems that provide capabilities similar to each other, different formats

are used. For example, two instant messaging systems, America OnLine’s (AOL) Instant Messanger

(AIM) and ICQ, use different formats for participant information (both of those technologies are

now owned by AOL, which may lead to consolidation in the future).

These competing user information formats add to the startup cost of using groupware systems

because each user’s information must be entered into each new system. Standards for user informa-

tion, such as X.500 (ISO, 1989), and access mechanisms, such as the Lightweight Directory Access

Protocol (LDAP) (Wahl et al., 1997), could ease the adoption of groupware systems.

Coordination and Session Management

Real-time collaborations may be scheduled or opportunistic. In either case, potential collaborators

need to be able to form, find, and join collaborative sessions. Currently, each real-time collaborative

system uses a different session coordination mechanism. Standard session registration and lookup

mechanisms, similar to that provided by X.500 and LDAP for individuals and groups, could ease

the integrated use of groupware systems from different vendors.

Suggestions to Improve System Support for Groupware

Presently, using a synchronous collaborative system, like Microsoft NetMeeting, requires users to

make several explicit actions. They must start the collaborative system, register and announce the

session, coordinate the joining of other users, and use potentially unfamiliar multi-user interfaces.

Such startup requirements discourage the use of synchronous collaborative systems.

This and prior work in collaboration transparency brings to light several limitations in exist-

ing operating/windowing systems with respect to supporting collaborative software. In addition to

suggestions made by prior researchers (Lauwers et al., 1990; Minenko, 1996), the following features

should be included in operating/windowing systems to support the implementation and use of col-

laborative software. Currently, collaboration transparency must be implemented as a layer between

the operating/windowing system and the shared application. However, with the following capabil-

ities, it would be possible to build application sharing into the operating/windowing system itself.

Enabling collaboration at the operating/windowing system level would facilitate users’ transitions

between individual and cooperative work.
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• Support image copy for process migration.

Some means of process migration must be used to give newcomers a copy of the shared ap-

plication in its current state. Event logging and replay can usually be used, but can require

considerably more time than obtaining and transferring an image of the process (i.e., address

space, call stack, and program counter). Image copy requires support from the system to

obtain process information and reconstruct it at the receiving end.

• Allow run-time substitution of one object with another.

The platform should provide a mechanism to replace one object with another at run time. This

way, the replacement can occur after some point when the user decides to share an application.

Such run-time replacement maintains transparency because no source code is modified.

• Use dynamic binding.

User interface classes should be programmed to use dynamic binding so that a replacement

object will respond to invocations after it has replaced some object.

• Support input from multiple sources.

Current operating/windowing systems assume no more than one simultaneous pointing device

and character input device. A mouse input event does not need to specify the source of the

event because there is only one possible source. However, in multi-user applications, and multi-

input environments in general, the application must be able to determine the source of the

input and act accordingly. To support multiple inputs, operating/windowing systems should

– provide the source of an input event, including the host and a unique device identifier.

– allow multiple simultaneous screen pointers (e.g., mouse cursors and text-entry carets).

7.3.4 Application Session Recording

In addition to applications in cooperative work, intercepting input events may be used to record the

use of an application. There are two areas where such a recording might be useful: (1) regression

testing newer versions of a system and (2) recording usability evaluations.
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Regression Testing

Event logging and replay could be applied to regression testing of newer versions of a system. An

initial session can be recorded by logging the input events. Later, the events can be replayed on

newer versions of the system, to ensure that some revision does not break another portion. When

necessary, the event log could be edited by adding or removing event sequences. Thus, the application

interface could change from one version to the next. Requirements and feasibility of such an approach

to regression testing need to be explored.

Recording Usability Evaluation Sessions

Logging events could be used to record a session of application use in a usability evaluation. Eval-

uator annotations (audio or text) could be recorded, and later replayed synchronously along with

the replay of user events. Recording a session in this way has three advantages over video recording.

First, less hardware is needed to record a session. Currently, a digital-to-analog scan converter is

physically attached to the computer video output. Second, the input logs could be used to analyze

patterns of use (Kelley et al., 1998; Hammontree et al., 1992). Third, the image quality will be

higher than video taping. For example, compare the video image of an 800x600 (the highest resolu-

tion that can be satisfactorily reproduced) display shown in Figure 6.3 on page 116 with a digital

image capture of the same application shown in Figure 6.1 on page 112.

Downsides of this approach need to be explored. One disadvantage is that it may not be possible

to view a session in reverse, whereas with video tape, reverse viewing is possible. However, by

saving snapshots of the application state at various points, an evaluator would be able to “rewind”

the session to a previous point. Other tradeoffs of this approach need to be identified.

7.4 Concluding Remarks

Flexible collaboration transparency blurs the distinction between transparency and awareness by

providing many of the advantages of each approach: no extra development cost to share existing

applications, lower network usage than conventional systems, concurrent work within multi-user

components, independent views of shared data, and detailed group awareness information.

This dissertation demonstrates that it is possible to bring collaboration transparency closer to

the advantages afforded by collaboration awareness. By supporting the range of tightly to loosely

145



CHAPTER 7. CONCLUSIONS 146

coupled collaboration styles, flexible collaboration transparency aims to allow a collaboration to flow

naturally between the two. This capability enhances the collaborative use of the growing body of

legacy, single-user applications. Furthermore, the prototype system demonstrates that collabora-

tion-aware toolkits can include multi-user versions of some standard single-user components that

require no collaboration-specific programming by the toolkit user. Thus, the results of this research

advance the state of the art in both collaboration-transparency systems and collaboration-aware

toolkits.
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Appendix A

Evaluation Data

The following data were obtained during the evaluation of Flexible JAMM versus NetMeeting. See

Section 6.1 for interpretation of these data.

A.1 Performance Measures

Table A.1 lists the time in seconds for each group to complete each task. The times for each system

(FJ = Flexible JAMM, NM = NetMeeting) are in adjacent columns to facilitate direct comparison.

Table A.2 lists the number of errors made by each group for each task.

Table A.1: Seconds to complete task by system.
Group Text Entry CopyEdit

Number FJ NM FJ NM

1 162 280 247 202
2 241 344 260 368
3 199 303 227 260
4 257 406 255 286
5 242 427 279 255
6 243 407 215 242
7 285 366 251 218
8 161 295 246 297

Mean 223.75 353.50 247.50 266.00
Std. Dev. 45.07 56.87 19.63 51.96
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Table A.2: Number of errors in task by system.
Group Text Entry CopyEdit

Number FJ NM FJ NM

1 0 1 0 0
2 6 5 0 0
3 4 1 1 0
4 1 0 0 0
5 3 2 1 1
6 4 0 1 2
7 0 0 1 1
8 1 0 0 0

Mean 2.25 1.25 0.50 0.50
Std. Dev. 2.31 1.67 0.53 0.76

A.2 Perception Measures

Tables A.3–A.9 list each participant’s response to each of seven post-task statements. After each

task, participants were given the following instructions followed by seven statements.

Please rate the collaboration software you used to complete the previous task. Please
read each statement carefully and circle one choice for the degree to which you disagree
or agree with the statement. The scale items are equally spaced. The scale is balanced,
having an equal number of items for disagree and agree. The ends of the scale are
typically extreme and therefore less frequently used. However, if you feel strongly about
a question, please indicate so on the scale.

Participants marked their responses on the following scale. For analysis, the scale was scored

ranging from 1 for Strongly Disagree to 7 for Strongly Agree.

|-------------|-------------|-------------|-------------|-------------|-------------|

Strongly Moderately Mildly Neither Mildly Moderately Strongly

Disagree Disagree Disagree Disagree Agree Agree Agree

Nor Agree
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Table A.3: Responses to post-task statement 1:
Overall, I am satisfied with the collaboration soft-
ware.

Participant Text Entry CopyEdit
Number FJ NM FJ NM

1 6 2 6 1
2 6 4 6 5
3 7 7 7 6
4 7 6 7 7
5 6 5 6 6
6 6 6 6 3
7 7 5 5 6
8 6 2 5 6
9 7 1 7 2
10 6 1 6 5
11 5 3 5 6
12 5 5 6 6
13 5 2 3 2
14 7 6 6 6
15 7 5 6 5
16 6 6 6 4

Mean 6.19 4.31 5.81 4.56
Std. Dev. 0.75 2.02 0.98 1.82

Table A.4: Responses to post-task statement 2:
My partner and I could effectively work at the
same time.

Participant Text Entry CopyEdit
Number FJ NM FJ NM

1 5 1 7 3
2 6 2 6 5
3 7 5 7 6
4 7 5 7 7
5 6 5 6 1
6 6 1 6 3
7 7 1 5 4
8 7 1 4 6
9 7 1 7 1
10 7 1 7 1
11 6 6 6 3
12 6 2 6 5
13 6 3 4 3
14 7 3 5 7
15 6 5 6 5
16 7 6 7 6

Mean 6.44 3.00 6.00 4.12
Std. Dev. 0.63 2.00 1.03 2.06
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Table A.5: Responses to post-task statement 3: It
was easy to gain control of the application to enter
text.

Participant Text Entry CopyEdit
Number FJ NM FJ NM

1 6 2 6 2
2 6 4 4 4
3 7 6 4 7
4 7 7 7 7
5 6 6 6 3
6 6 6 6 2
7 6 6 6 3
8 7 6 7 5
9 4 6 4 6
10 7 2 7 2
11 6 6 5 3
12 3 5 6 6
13 6 5 6 5
14 7 6 7 6
15 6 5 5 3
16 7 6 7 6

Mean 6.06 5.31 5.81 4.37
Std. Dev. 1.12 1.40 1.11 1.82

Table A.6: Responses to post-task statement 4: I
could effectively point out specific locations in the
text to my partner.

Participant Text Entry CopyEdit
Number FJ NM FJ NM

1 4 2 4 4
2 5 5 6 6
3 7 6 7 7
4 4 4 6 7
5 6 4 6 6
6 4 5 5 6
7 4 5 5 6
8 5 4 5 6
9 4 5 6 3
10 6 2 6 3
11 4 4 6 5
12 6 4 6 6
13 4 5 3 6
14 6 6 2 7
15 4 4 5 6
16 6 4 5 6

Mean 4.94 4.31 5.19 5.62
Std. Dev. 1.06 1.14 1.28 1.26
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Table A.7: Responses to post-task statement 5:
It was easy for us to both simultaneously make
changes to the text.

Participant Text Entry CopyEdit
Number FJ NM FJ NM

1 7 1 4 1
2 6 2 4 4
3 7 4 4 4
4 7 4 7 7
5 6 1 6 1
6 6 1 4 4
7 7 1 7 4
8 7 2 4 2
9 7 1 6 1
10 7 1 6 1
11 6 1 6 3
12 2 4 6 1
13 6 1 4 4
14 7 6 7 4
15 7 4 6 1
16 7 5 6 6

Mean 6.37 2.44 5.44 3.00
Std. Dev. 1.26 1.93 1.21 1.75

Table A.8: Responses to post-task statement 6:
We could both view different portions of the text
simultaneously.

Participant Text Entry CopyEdit
Number FJ NM FJ NM

1 7 4 7 1
2 4 2 6 2
3 7 4 7 4
4 4 4 7 4
5 6 4 6 1
6 6 6 7 1
7 6 4 7 4
8 6 2 6 4
9 7 1 7 1
10 7 1 7 1
11 7 4 7 2
12 7 2 6 6
13 6 4 7 1
14 7 3 7 7
15 7 3 7 1
16 7 1 7 4

Mean 6.31 3.06 6.75 2.75
Std. Dev. 1.01 1.44 0.45 1.98
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Table A.9: Responses to post-task statement 7:
It was easy to know what portion of the text my
partner could see.

Participant Text Entry CopyEdit
Number FJ NM FJ NM

1 4 4 7 6
2 5 4 6 6
3 4 4 7 7
4 4 4 6 6
5 6 1 5 6
6 6 1 6 6
7 6 4 6 5
8 5 2 5 3
9 7 7 6 7
10 7 7 6 7
11 5 4 7 3
12 7 2 6 2
13 5 4 3 7
14 6 6 6 7
15 7 4 6 6
16 7 6 6 3

Mean 5.69 4.00 5.87 5.44
Std. Dev. 1.14 1.86 0.96 1.71
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