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Abstract— Shared window systems allow collaboration-trans-
parent, single-user applications to be displayed and interacted
with on multiple users workstations, enabling the members of a
cooper ative ensemble to simultaneously share and reviseinforma-
tion. This paper presents a system capable of sharing applications
running under the X Window System. In contrast to previously
implemented systems, our shared window system addresses issues
that are crucial for general-purpose use.

Our shared window system is policy-free, i.e. thereare no pre-
ferred policiesfor handling issues such asadmission and floor con-
trol. Instead, it offersa set of essential mechanismson top of which
various policies and user paradigms may berealized. Further, the
system distributes the sharing functionality among all sites in-
volved in a cooper ative activity. M easur ements have shown a pos-
itive impact of this on the overall performance of the system and
thusjustified the viability of the design decisionstaken.

I. INTRODUCTION AND MOTIVATION

Today, the technical environment for high-speed data inter-
change enables people around the world to interact with each
other without a need for travelling. They may attend virtual
meetings without even leaving their office, being able to re-
trieve information from their personal or corporate information
systems.

Severa desktop conferencing systems designed for various
purposes have been brought to the market. While the actual
needs for desktop conferencing are still being discovered, it is
already apparent that the support provided for cooperative work
should aim at supporting self-organization of cooperative en-
sembles instead of disrupting cooperative work by computeriz-
ing formal procedures. Members of a cooperating ensemble
should be alowed to interact freely, i.e. without being con-
strained by prescribed procedures or established conversational
conventions, through the provision of facilities enabling them to
cooperate viajoint construction of acommon information space
[34].

One fundamental facility is a shared visual space, which al-
lows the members of a cooperative ensemble, each on his/her
own computer workstation, to simultaneously share and revise
information. A possible solution isto build a new set of collab-
oration-aware applications that explicitly support this facility.
Though representing the emerging generation of CSCW appli-

Manuscript received July 27, 1994, revised October 6, 1994; accepted by
IEEE/ACM TRANSACTIONS ON NETWORKING Editor Hannes P. Lubich.

The authors are with the Swiss Federal Ingtitute of Technology (ETH
Zurich), Computer Engineering and Networks Laboratory (TI1K), 8092 Zurich,
Switzerland.

|EEE Log Number 9401230.

cations, such an approach has several problems. Perhaps the
most critical of these is that users are limited to the use of spe-
cial-purpose collaboration-aware applications. Considering the
diversity of existing computer applications, this requirement
appearsvery limiting. Further, thelack of supporting infrastruc-
ture requires most collaboration-aware applications to be con-
structed from scratch.

Shared window systems are another solution to providing a
shared visual space. They exploit properties of the base window
systemto allow joint usage of unmodified applications. Such an
approach has several advantages. Firstly, users are not required
to use new applications—they can share the applications al-
ready in place. Secondly, the system does not need to be modi-
fied to support new applications or changes to existing
applications. Finally, the task of developing a cooperative envi-
ronment is greatly reduced. Instead of reimplementing many
existing applications, the developers only have to implement a
shared window system.

Many desktop conferencing systems offer application shar-
ing capabilitiesfor the X Window System [33]. X isanetwork-
transparent, device-independent windowing and graphics sys-
tem currently supported by most leading workstation manufac-
turers. With these desktop conferencing systems, quite a
number of shared window systems have been built [1, 16, 4, 5,
9, 11, 18, 23, 27, 24, 28, 29]. From the user’ s point of view, the
main difference between these systemsliesin the user interface
paradigms and the applicable palicies. Implementing a system
that allows X applications to be shared, however, is very com-
plex in detail due to some decisions taken when the X protocol
was designed [2, 30]. It is therefore reasonable to have just a
single general -purpose shared window system that can be used
for several desktop conferencing systems.

This paper presents a fully-distributed and policy-free sys-
tem for sharing applications running under the X Window Sys-
tem. In contrast to previously implemented systems, our shared
window system addresses issues that are crucial for general-
purpose use. The system is policy-free, i.e. there are no pre-
ferred policies for handling issues such as admission and floor
control. Instead, it offers a set of essential mechanisms on top
of which various policies and user paradigms may be realized.
Furthermore, the system distributes the sharing functionality
among all sites involved in a cooperative activity which has
shown a positive impact on the overall performance of the sys-
tem.

The remainder of this paper is organized as follows: Section
Il deals with the requirements that are fundamental to a shared
window system. The magjor design issues, the control mecha-
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nisms, and the system architecture are described in Sections 11,
IV, and V, respectively. Section VI sketches two rather differ-
ent applications of our shared window system. An evaluation of
the system including performance measurements is given in
Section VII. Finally, Section V111 concludes the paper.

1. FUNDAMENTAL |SSUES

In order to provide a generic service, a shared window sys-
tem must address anumber of issues. This section dealswith the
issueswhich webelieveto be crucial. Some of theseissues have
already been discussed previously. However, as as far as we
know, thereis currently no shared window system that address-
esall of them.

2.1. Background

Schmidt and Bannon [34] take the term “cooperative work”
as “the general and neutral designation of multiple persons
working together to produce a product or service”. In coopera-
tive work, the sharing of information plays an essential role in
that it provides a “shared context” for the cooperation [31]. A
shared context isaset of objectswherethe objectsaswell asthe
actions performed on the objects are visible to a set of users
[15].

Elliset al. [15] define “groupware” as “computer-based sys-
tems that support groups of people engaged in a common task
(or goal) and that provide an interface to ashared environment”.
Thus, groupware denotes systems that address the nature of co-
operative work. A number of groupware systems have imple-
mented the notion of a “shared view”, where multiple users
perceive the same object in the same state and perceive any
changes in the state of the object concurrently. Any changes to
the object by one user will immediately be perceivable to the
other users [34]. Shared window systems exactly support the
concept of shared views in that they permit sharing views and
interactions with single-user applications. Greenberg [20] men-
tions several possibilities how sharing of single-user applica-
tions can significantly augment people’s ability to work
together.

Sharing single-user applications is one approach for con-
structing multi-user interfaces. Another approach is to develop
special-purpose applications that explicitly handle the collabo-
rative situation. Lauwers and Lantz [24] identify the two ap-
proaches as “collaboration transparency” and “collaboration
awareness’, respectively. Ahuja et a. [3] refer to systems that
support collaboration transparency as “open systems’ while
collaboration-aware systems are termed “closed systems’.
Many closed systems—database systems in particular—insu-
late users from each other and provide theillusion of being the
only user of the system [15, 31]. In cooperative work, however,
users wish to be aware of other users’ activities.

Developers of collaboration-aware multi-user applications
are confronted with a series of challenging problems [21]. De-
velopers' experienceis still heavily based on single-user appli-
cations. That is why many groupware systems fail in getting
accepted by the end users. As agenera recommendation, Gru-
din [21] suggests that already successful single-user applica
tions should be extended for the use in a group context by

adding groupware features. This fits well with the notion of ap-
plication sharing, which makes existing single-user applica-
tions usable in a group context.

2.2. Sharing Metaphor

A shared window system allows collaboration-transparent,
single-user applications to be displayed and interacted with on
multiple users' workstations simultaneously. The terms “col-
laboration-transparent” and “single-user” denote that the appli-
cations were actually constructed for a single-user environment
and hence are not aware of being run in a group context.

A principal reguirement to a shared window system is that
applications need not be modified in order to be sharable. This
allows even “ off-the-shelf” applications to be shared. The pos-
sibility to share applications to which the users are already fa-
miliar isvery important since having to learn new interfacesfor
sporadic tasks discourages many users [11].

A shared window system has to be transparent for the appli-
cationsthat are to be shared, i.e. the applications should not see
any difference between the shared window system and the base
window system. Also, users should be able to run applications
under the shared window system without taking specia prepa-
rations. Even more important, the run-time behavior of applica
tions should not be affected by the shared window system,
neither in quality nor in performance. As for the latter, user in-
teractions with applications running under a shared window
system are dlightly slower than those running under the base
window system due to the overhead caused by the shared win-
dow system. However, this delay should not be noticable to the
user.

2.3. Relaxed WYSIWIS

“WYSIWIS’ stands for “What You See ls What | See” and
denotes interfaces in which the shared context is guaranteed to
appear the sameto each user [15]. Stefik et al. [35] defineanin-
terfaceto be“strictly WY SIWIS’ when all users see exactly the
same as well as where the other users are pointing. In practice,
strict WY SIWIS was found to be too limiting. The shared focus
of strict WY SIWIS makes concurrent operation with different
applications by different users impossible.

With “relaxed WY SIWIS’, only portions of the screen are
shared by distinguishing shared windows from private windows
[8, 15, 24, 35]. Shared windows are visible to each user while
private windows are displayed locally only. Furthermore, re-
laxed WY SIWIS allowsthe usersto rearrange private aswell as
shared windows as desired and to pursue independent activities
on their workstation.

Shared window systems are based on the notion of shared
windowsthat arevisible on each users’ workstation. Changesin
the contents of a shared window areimmediately reflectedin all
users shared window instances. Relaxed WY SIWIS distin-
guishes shared window systems from display sharing systems
where the whole screen content is replicated to all usersin a
conference[17]. However, as far asthe contents of shared win-
dows is concerned, shared window systems strictly adhere to
the WY SIWIS concept.

Even relaxed WY SIWIS may be too restrictive, especialy
when users have widely differing roles, knowledge, and abili-



ties [20]. Shared window systems cannot provide personalized
views. Thislimitation isfundamental and can only be overcome
with collaboration-aware applications.

2.4. Activity Awareness

To achieve successful cooperation, there is a clear require-
ment that members of a cooperative ensemble are aware of in-
dividual and group activities [14, 15, 31, 35]. Dourish and
Bellotti [14] define “awareness’ as the “understanding of the
activities of others, which provides a context for your own ac-
tivity”.

In cooperative work, users wish to be aware of what other us-
ers are doing. This requires the propagation of each user’s ac-
tivity to the other users[31]. There are several mechanisms for
this propagation. Dourish and Bellotti [14] distinguish informa-
tional and role-restrictive approaches from the approach to
present “shared feedback”, which makes information about in-
dividual activities apparent to the other users by presenting
feedback on operations within the shared workspace. Shared
feedback resembles the mechanisms that cooperative ensem-
bles already know from natural cooperation and allows usersto
vary their activities dynamically in response to the changing
state of affairs[14].

By their nature, shared window systems provide shared feed-
back and achieve awareness for the collaborative situation—
changesin the contents of a shared window are immediately re-
flected in all users shared window instances.

2.5. Workspace Management

The workspace management is responsible for visualizing
cooperative work in an appropriate way. A user wants to know
which items are private and which are subject of cooperation.
Furthermore, it is important that the user is able to associate
shared items to a cooperative activity and to understand the re-
| ationships among them.

Under a shared window system, a user should be able to dis-
tinguish private windows from shared ones [24]. For shared
windows, the user should also be ableto seewithwhom they are
shared or from which user they come from, respectively, and
whether or not he/she may provide input to the underlying ap-
plications. This may be achieved by visual cues. Crowley et al.
[11] argue that the workspace management should not provide
avisible “shared workspace” on the workstation’s display, but
rather allow to easily mix and arrange shared and private win-
dows as desired in order to allow the users to pursue independ-
ent activities on their workstation.

Finally, a shared window system should allow usersto make
private windows shared and vice versa[24].

2.6. Floor Control

Single-user applications that run under a shared window sys-
tem are not aware of being runin agroup context. Thus, they do
not expect input from multiple users. “Floor control” serves as
aconcurrency control mechanismsthat determines at any given
point in time which user isallowed to direct input to an applica-
tion [15]. The right to generate input is denoted by the “floor”,
the user currently allowed to do so is called the “floor holder”.

Crowley et a. [11] separate the concept of floor control into

mechanisms and policy. The floor control mechanisms handle
the low-level activities of passing the floor and maintaining a
synchronized event stream for all users. Thefloor control policy
comprises a set of rules governing floor control, i.e. determin-
ing how users request and are granted the floor. Lauwers and
Lantz [24] characterize and discuss floor control policies along
three dimensions: the scope of the floor (per conference, appli-
cation, or window), the number of users that can concurrently
hold afloor, and how the floor is passed.

Floor policies may support explicit floor passing, where the
floor moves from one user to another by an explicit assignment,
aswell asimplicit floor passing, wherethe floor isimplicitly as-
signed to a user as soon as he/she generates input events. Im-
plicit floor passing corresponds to the concept of having no
floor at all. However, low-level mechanisms within the shared
window system then have to take care of avoiding inconsistent
input events being sent to the application.

Elliset al. [15] observed that after alearning period, implicit
floor passing is not chaotic but surprisingly useful because a so-
cial protocol isused for mediation. The fact that users need not
perform an explicit operation to request or grant the floor, con-
stitutes an enormous advantage of implicit floor passing. How-
ever, while being reasonable for small groups, it isnot sufficient
to solely rely on social protocols. Thisisespecially important in
high-delay environments [24].

The preferred floor control policy for agiven situation is de-
pending on the group task, the size of the group, the palitics of
the group’s interactions, and the application itself [20]. Since
any given policy will not be able to satisfy all groupsin all sit-
uations, a shared window system should not enforce specific
floor control policies. It is better to provide simple mechanisms
that allow various floor control policies to be built on top of
them.

A fundamental limitation of shared window systems is that
they do not alow concurrent, independent input to the same
shared application because there is only one input focus per ap-
plication. As with personalized views, collaboration-aware ap-
plications are required to handle this situation. However, this
brings new demands on usersto stay informed about what other
users are doing [35]. They can less easily interpret sudden dis-
play changes resulting from others' actions[15].

2.7. User Management

Schmidt and Bannon [34] point out that membership in co-
operative ensemblesis not stable and often even not determina
ble. Many cooperative activities do not occur in the context of
scheduled meetings, but rather spontaneously and unplanned.
Users cannot always anticipate with whom they will be cooper-
ating, nor which itemswill be subject of cooperative work [24].
In order to support spontaneous interaction, it must be possible
toinitiate cooperative activitiesin a“light-weight” fashion. Itis
desirable—especialy for longer-term cooperation—that users
areabletojoin and leave a cooperative activity at any time[20].

A related aspect isadmission control. It determineswhich us-
ersare allowed to participate in a cooperative activity aswell as
how they join. Aswith floor control, different policies for han-
dling admission control may be appropriate depending on agiv-
en setup. As cooperative ensembles typically intersect [34], a



user should also be able to participate in multiple cooperative
activities simultaneously.

Dynamic user participation is akey requirement for a shared
window system since cooperative activities often evolve in un-
expected ways. A shared window system, therefore, should pro-
vide mechanisms that support dynamic user participation and
allow various admission policiesto be realized.

2.8. Conversational Support

Providing only a shared visual space is not meaningful
enough for carrying out desktop conferences. The observation
that people coordinate their activities via their conversation
brings the demand for additional support [15].

Voice conversation allows the users to discuss the contents
of shared windows and to coordinate their work. Computer-
based communication facilities such as desktop videophones
may be used for that purpose. Often, applications are shared be-
tween two persons only. In this case, atelephone call may suf-
fice.

In many desktop conferencing systems, we also find tele-
pointing facilities that provide pointing tools visible in all in-
stances of the same shared window. They have proven useful to
draw attention to a particular object within a shared window
[20, 24, 32]. Aswith telepointing facilities that serve gesturing
purposes, graphical annotation facilities may also be useful in
many situations [24, 32]. Graphical annotation enables usersto
draw on top of shared windows in a way that is transparent to
the underlying applications.

In our opinion, ashared window system should not offer tel-
epointing and annotation facilities directly, but rather provide
mechanisms that support the construction of such facilities. As
with admission and floor control, the reason is that the shared
window system should not impose a specific policy.

I11. MAJOR DESIGN ISSUES

3.1. Single-Execution vs. Replicated Execution

A primary design decision to be taken was whether to choose
areplicated or acentralized architecture with respect to applica-
tion execution. In acentralized architecture (Figure 1a), asingle
instance of the application executes. The shared window system

then distributes output to and collects input from each confer-
ence participant. [1, 4, 5,9, 18, 23, 27, 28, 29] are examplesfor
such an architecture.

In areplicated architecture (Figure 1b), an instance of the ap-
plication executes at each conference site. Here, the shared win-
dow system distributes only user input to al the other
application instances ensuring that each receives the same se-
guence of input events. Asall instances seethe sameinput, their
states remain synchronized, yielding identical output on each
site. [16, 11, 24] describe conferencing systems based on arep-
licated architecture.

Compared to the centralized approach, the replicated ap-
proach tends to offer superior response time and reduced net-
work load as only input events are sent across the transport
system. Also, it iseasier to accommodate differencesin display
hardware since each application instance can tailor itself to the
local characteristics.

However, these advantages disappear when considering the
serious synchronization and consistency problems associated
with application replication [3, 25]. First of al, the replicated
approach does not work if an application to be shared is not
avallableat all sitesor if theinstalled versions are different. Fur-
ther, it is almost impossible to fulfill the dynamic participation
requirement and thus allow for spontaneous interaction.

In areplicated architecture, the shared window system guar-
antees that the same user input isdelivered to all applicationin-
stances, but it cannot assure the equivalence of input originating
from other sources such as data read from files, values of envi-
ronment variables, or messages from other applications. The
general need for datareplication constitutes an enormous disad-
vantage of the replicated architecture.

A related problem is output consistency. Applications may
send output to various destinations in the environment, e.g. by
writing to afile, sending a document to a printer, or invoking a
mailer. When multiple instances of a shared application pro-
duce such output, the shared window system should maintain
the single-execution semantics. However, this can hardly be
achieved without modification of the applications to be shared.

All these arguments considered, we decided to choose the
single-execution approach, where applications execute only
once. Given the high-speed networks that recently have
emerged and the asynchronous nature of the X Network Proto-
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col [30], we do not take the distribution of application output as
asignificant disadvantage. Ahujaet al. [3] report that the single-
execution approach does not suffer a significant performance
loss as compared to the replicated approach. Finaly, it is aso
worth mentioning that the single-execution approach saves li-
cense costs for applications to be shared.

3.2. Separation of Policies from Mechanisms

Our approach strictly separates policies from the underlying
mechanisms. Thisallowsvarious policies and user paradigmsto
be realized on top of a set of essential mechanisms such that a
wide range of cooperatives styles can be supported [31, 32].
Consequently, we use atwo-layer model (Figure 2): application
sharing is carried out by cooperating “ Shared Window System
Agents’ (system agents), which offer the mechanisms, whereas
user paradigms and policies are implemented by cooperating
“Shared Window Control Agents’ (control agents). The mech-
anisms are described in Section IV.

A control agent is the initiator of all sharing activities. On a
per-application basis, it essentially turns sharing on and off, and
implements admission and floor control. Admission control is
used to allow or deny application sharing for specific applica-
tions and/or users. Another important functionality of the con-
trol agent is the administration of users and hosts. Since the
system agent does not know anything about users, thisinforma-
tionis stored and handled by the control agent.

By separating the shared window system from shared win-

dow contral, it is easy to replace one control agent by another
such that smple X sharing systems as well as complex desktop
conferencing systems can be constructed on top of our shared
window system. Section VI briefly describes the respective
control agents for (1) “EasyShare”, a light-weight sharing sys-
tem suitable for a user help desk, and for (2) “JVTOS’ (Joint
Viewing and Tele-Operation Service), acomplex conferencing
system comprising application sharing, telepointing, and audio/
video conferencing [12, 13, 22].

3.3. Centralized vs. Distributed Architecture

The choice of an appropriate topology is also an issue of ma-
jor impact. With a centralized architecture (Figure 3a), al con-
ference activities are mediated by a central conference server.
In contrast, adistributed architecture (Figure 3b) distributes the
sharing functionality among all sites that are involved in a con-
ference. For several reasons, we decided to choose a distributed
architecture.

First of al, a centralized architecture is much more vulnera-
ble to failures of either the conference server itself or the com-
munication links connecting to it. Further, the load of the
conference server grows as the number of participants and ac-
tivitiesincreases. Thisisan obvious obstacle for scalability. Fi-
nally, all conference participants but the one running the
conference server suffer from a long communication path
which results in unnecessarily bad performance for user inter-
action with locally executing applications.
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The master/slave concept inherent in the centralized archi-
tecture hampers user autonomy. It is our strong belief that the
concept of independent cooperating entities is more promising
for the further development of open systems for cooperative
work. Note that theimplementation of achaired conference par-
adigm is still possible on the layer of shared window control.

IV. CONTROL MECHANISMS

This section describes the mechanisms provided by the core
of our shared window system. A control agent locally controls
the shared window system by communicating with the system
agent over a well-defined “ Shared Window Control Protocol”
(control protocoal). It provides means for:

« admission control (adding/removing users to/from
applications),

« floor control (controlling user input to applications),

« application information,

* miscellaneous support.

Figure 4 shows the elements of the control protocol. The
shared window system is controlled by issuing requests where-
as notifications are accomplished via events. Requests to which
an immediate reply is given are referred to as round-trip re-
quests.

4.1. Admission Control

Many desktop conferencing systems offer admission policies
comprising primitives such as INVITE, JOIN, DROP, and
LEAVE. In our shared window system, thereisno preferred ad-
mission policy. Instead, the shared window systemisflexiblein

that it offersthe concept of an “ application owner” and the con-
cept of attaching/detaching additional users to/from applica-
tions.

Each application running in the context of the shared window
system has an application owner, which is defined as the user
on whose display the application is displayed when not being
shared. Usually, this corresponds to the user that launched the
application. An application owner ultimately decides about ad-
mission of other usersto his’her applications. Thus, no user can
access other users' applications without granted permission by
the application owner!

Attaching auser to an application means sharing the applica-
tion with an additional user, which will get aduplicate of the ap-
plication windows on his/her display. Depending on the current
floor control policy, the attached user might also provide input
to the application. Detaching disassociates an attached user
from an application, i.e. the application isno longer shared with
that user. The attach operation is valid for the application own-
er’ scontrol agent only whilethe detach operation may beissued
by the control agent of the application owner as well as of the
user in question.

The fact that not all control agents are allowed to use the at-
tach/detach mechanisms does not violate the concept of a poli-
cy-free shared window system since cooperating control agents
may realize any admission policy.

With the application owner and the attach/detach concept,
any admission policy can be implemented by cooperating con-
trol agents.

Functionality Class Request Type

Admission Control AttachUser
DetachUser
GetUserGroup *

Floor Control Enablelnput
Disablelnput

SetlnactivityTimeout

SetlnputSensitivityMask

GetlnputGroup *
GetFloorHolder *
ListApplications *

Application Information

GetApplicationName *

GetApplicationOwner *

Miscellaneous Support SendMessage

BroadcastMessage

SetXResourceMask
SetXEventMask

CreateControlWindow

ChangeControlWindow

DestroyControlWindow

(4a) Control Elements

Fig. 4. Elements of the Shared Window Control Protocol

R Round-trip request (i.e. request/reply pair)

Functionality Class Event Type

Admission Control UserAttached
UserDetached

Floor Control InputEnabled
InputDisabled
FloorShifted

FloorReceived

FloorLost

Application Information ApplicationStarted

ApplicationTerminated

Miscellaneous Support MessageReceived

XResourceCreated

XResourceDestroyed

XEventReceived

(4b) Notification Elements




4.2. Floor Control

Asour shared window system is policy-free, it does not sup-
port any specific floor control policy. It offersaset of floor con-
trol mechanisms only, that handle the low-level activities of
passing the floor token and maintaining a synchronized event
stream for all attached users.

Floor control isapplied on a per-application basis. The appli-
cation owner’s control agent grants the floor to a user and also
revokes it using Enablelnput and Disablelnput requests. Our
shared window system allows for more than one user to be floor
holder simultaneously. These users arereferred to as* candidate
floor holders’. Inside the shared window system, a scheme
called “implicit floor passing” is applied: the floor token is as-
signed implicitly as soon as a candidate floor holder generates
input events.

While more than one user may be candidate floor holder,
thereis at most one “current floor holder” at any given point in
time. The Setlnactivity Timeout request allowsto specify amin-
imum interval for input inactivity of the current floor holder that
is required before an implicit assignment to another user may
take place.

Input events are generated by actions such as pressing a key
on the keyboard, pressing a mouse button, moving the mouse
into awindow, or selecting awindow. However, it isnot appro-
priate to implicitly pass the floor on each input event. Practica-
bility may also vary from application to application. Consider
xfig [36], which is adrawing program. To draw aline, the user
first selects a starting point by clicking the mouse button, then
moves the mouse to the end point of the line and clicks again.
Thisaction must not beinterrupted by afloor shift. For thiskind
of application, shifting the floor on every mouse click is not de-
sirable. Therefore, theimplicit floor shift mechanism is config-
urable on a per-application basis. A control agent may set an
input sensitivity mask to select the events that trigger implicit
floor passing. By default, the floor is passed on keyboard input
and mouse clicks only.

The floor control mechanisms provided by our shared win-
dow system are sufficient to implement various floor control
policies, asillustrated in Section V1.

4.3. Application Information

Control agents are automatically notified about start and ter-
mination of each application that is running locally under the
shared window system. Further, it is possible to request alist of
the currently running local applications as well as of the appli-
cationsto which thelocal user isattached. Application informa-
tion comprises a globally valid application identification, its
name (a text string), and the identification of the application
owner.

4.4. Miscellaneous Support

Our shared window system supports communication be-
tween control agents. The control protocol allows a control
agent to send messages to other control agents. The addressing
schemeis quite simple. A message can be sent either to asingle
user’s control agent (SendMessage) or to the control agents of
all users attached to a given application (BroadcastM essage).

In order to support more complex conferencing facilities, the

shared window system provides application-related resource
and event information. Control agents can select the X resource
types in which they are interested (SetXResourceMask). The
control agent will then be notified whenever a shared applica-
tion creates or destroys an X resource of selected type. Further,
the control agent can set an event mask (SetX EventMask) such
that the control agent receives acopy of all X events of selected
typethat are sent to ashared application. Resource and event se-
lection is done per application. Asfor X resources, the notifica-
tion contains resource type and resource identifier aswell as a
global resource identifier which is globally valid within the
shared window system with respect to a given application. The
global identifier allows several users’ instances of the same re-
source to be related to each other.

Our shared window system also supports enhanced user in-
terfaces by allowing per-application controlsto beincluded into
the top-level window of shared applications. The control proto-
col provides mechanismsfor creating, changing, and destroying
control windows for a given applicaton. Once created, a control
window can be drawn into, resized, mapped, and unmapped by
the control agent. The control windows are handled by the
shared window system such that neither the shared application
nor the window manager are aware of it. Upon resizing of either
the application window or the control window, the shared win-
dow system automatically rearranges both according to the
gravities defined for the control window.

V. IMPLEMENTATION

The environment of our shared window system consists of
several interconnected UNIX workstations (Sun Sparcstations),
with usually one user per workstation. In order to use the shared
window system, a workstation needs to run a system agent,
which intercepts all access to the local X server, and a control
agent. Both agents are automatically initiated upon start-up of
the user’ s workstation environment in an analogous way as the
X server and the X window manager are started.

The commonly used approach for sharing X applications is
to construct an X multiplexer [6] that intercepts the X display
connection between an application (the X client) and the asso-
ciated X display server and then multiplexesthe X protocol data
stream [30]. The X multiplexer distributes application output (X
reguests) to and collects input (X replies, events, and errors)
from the users among which the application is shared. Asthe X
Window System was not designed for application sharing pur-
poses, there are many problems an X multiplexer has to cope
with [2]. In particular, it must convert resource identifiers, atom
numbers, window coordinates, pixel values, key codes, and se-
guence numbers as well as provide fallbacks to support X serv-
ers with different capabilities.

Our shared window system is based on a distributed ap-
proach. The functionality of the X multiplexer is split up into a
“pseudo server” near the X client and “pseudo clients’ near the
X servers (Figure 5). The pseudo server communicates with the
pseudo clients using a proprietary extension to the X protocol
that we hererefer to as X'. The X protocol cannot be used in a
multicast environment. Therefore, we designed the protocol ex-
tension X’ in away that allows multicast to be used for distrib-
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uting X requests—an approach already proposed by Ahujaet al.
[3]. This fits well with emerging high-speed networks. The
main advantage of the multicast capability isthat it saves band-
width and thus makes even conferences with alarge number of
participants feasible.

The pseudo server multiplexes X protocol data streams and
keepstrack of X resources created by the applications. For each
user, apseudo client mapsthe X protocol datastreamsto there-
spective local characteristics. Keeping track of X resources en-
ables the shared window system to attach additional users to
applications and thus alows for dynamic user participation.
Further, repliesto many round-trip requests can be generated by
the local pseudo server, which resultsin low latency.

A Shared Window System Agent consists of a pseudo server
that multiplexes applications and of apseudo client that handles
applicationsto which thelocal user is attached. With the shared
window system being active, applications do not connect to the
local X server, but to thelocal system agent. Thisisachieved by
setting the environment variable DISPLAY accordingly. The
system agent creates an entry in its tables for that application
and then establishes a connection to the local X server. Aslong
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Fig. 6. Running an Application under the Shared Window System
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as the application is not shared with other users, the system
agent does nothing but forwarding X PDUs and keeping track
of resources (Figure 6). This task must not be time consuming
since applications are interacted with locally and not shared
most of the time. For resource tracking, we adapted an efficient
algorithm proposed by Chung et al. [10] that does not consume
much storage capacity.

When auser is to be attached to the application, the new us-
er's X server isbrought into the current state required for the ap-
plicationtorun, i.e. all resourceskept track of are created on the
new X server. Then, multiplexing and filtering are enabled. The
local system agent sends X requests to the attached user’s sys-
tem agent and receives X replies, events, and errorsfromthere-
mote system agent according to the current floor control
settings. The remote system agent mapsthe X PDUsto/fromlo-
cal characteristics. Figure 7 depicts a scenario where two users
both share an application with one another.

Low-level communication issues are separated from the
shared window system core such that the shared window system
can easily be ported to other platforms. A communication sub-
modul e provides a channel abstraction between cooperating en-
tities that is independent of the underlying communication
mechanisms. Currently, we support the mechanisms provided
by atypical UNIX kernel: internet and UNIX-domain sockets,
and shared memory. Among these, the communication submod-
ule automatically selects the most efficient communication
mechanism. Other transport systems and protocols (e.g. N-1S-
DN, ATM, multicast protocols) may be supported in the near
future without any changes to the shared window system core.
So-called “group channels’ allow datato be sent to multiple en-
tities at the same time without having to worry about using mul-
ticast packets or employing other mechanisms.

V1. APPLICATION SCENARIOS AND EXPERIENCE

This section describes the respective control agent instantia-
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tions for (1) “EasyShare”, a light-weight sharing system suita
ble for spontaneous application sharing, and for (2) “JVTOS’
(Joint Viewing and Tele-Operation Service), acomplex confer-
encing system comprising application sharing, telepointing, and
audio/video conferencing.

6.1. EasyShare/ User Help Desk

EasyShare is simple and easy to handle while providing all
required functionality for daily use. It was mainly built for
spontaneous application sharing where applications are typical -
ly shared for ashort period of time only. The idea behind Easy-
Shareisasimple export/import paradigm. An application which
is being shared is said to be exported by the application owner
and imported by other users.

Among the applications executing locally, each user may
specify which applications are to be exported as well as to
whom. Those users can accept or refuse attachment to these ap-
plications by selecting the applications to be imported. As only
the owner can grant admission to an application, unwanted
sharing of applicationsisimpossible.

The floor control policy in EasyShare is simple and straight-
forward. The application owner assigns and withdraws the floor
to/from the attached users. These may also issue floor requests
themselves which, however, will not be followed unless the ap-
plication owner confirms such requests. Asthe floor may be as-
signed to users without withdrawing it from others, multiple
users may hold thefloor simultaneously such that they may type
concurrently.

EasyShare was implemented on top of our shared window
system. Since the shared window system does not provide pol-
icies for admission control and floor control, the desired func-
tionality wasimplemented within the control agents. Admission
control requires that EasyShare control agents communicate
with each other. Import and export requests are sent with the
SendM essage and BroadcastM essage requests provided by the
shared window system, as are the replies. The floor control pol-
icy was implemented in an anal ogous way.

The principal application of EasyShareis our user help desk.
When a users gets stuck while working with an application, he/
she may call the user help desk. The application is then shared
between the consultant and the user. Conversation takes place
through the telephone. The consultant guidesthe user and at the
same time sees what the user actually does.

We use EasyShare for the work with our students. They can
call us when they have problems with their exercises. Since we
cannot only see the application but also actively take part, prob-
lems are usually solved much faster than via telephone or elec-
tronic mail.

6.2. JVTOS

JVTOS (Joint Viewing and Tele-Operation Service) allows
for multimedia collaboration in a heterogeneous workstation
environment [12, 13, 22]. WV TOS isissue of work package 4.2
within RACE |1 project CIO (R2060) [7] and is still under de-
velopment. Unlike the export/import paradigm of EasyShare,
JVTOS uses a session-based model. Sessions are the frame in
which cooperation takes place. Besides application sharing, JV-
TOS provides atelepointing facility for gesturing and a picture-

phone that allows the session participants to communicate
audiovisually to each other.

Each session is managed by a chairperson who may invite
and drop users. Participants may themselves join and leave
sessions. JV TOS offers three admission policies:

* Closed session:
Only invited participants are admitted.

* Joinable session:
Users may join upon request, but the chairperson decides
about admission.

 Open session:
Anyone may join without confirmation by the
chairperson.

For each application, the respective owner isresponsible for
selecting an appropriate floor control policy. Four policies are
avallable:

 Chaired mode:
The application owner assigns the floor to a participant
who returnsit after use.

 Baton mode:
The current floor holder passes the floor to another
participant.

* FIFO queue mode:
Floor requests are queued. As soon as the current floor
holder returns the floor, it is assigned to the participant
heading the queue.

 Implicit mode:
Thefloor isassigned implicitly to a participant as soon as
he/she generates input events.

As compared to EasyShare, JVTOS uses an enhanced user
interface (Figure 8). Thetop-level window of each shared appli-
cation is modified in order to display information about the on-
going session. This information consists of application owner,
current floor holder, and applicable floor control policy. Fur-
ther, a pull-down menu allows to issue floor commands.

In IVTOS, any session participant may contribute shared ap-
plicationsto a session. But, as only the respective owner’s con-
trol agent can apply admission and floor control to an
application, control over the shared applications is distributed.
The control agents of all session participants cooperate by ex-
changing messages to jointly provide a coordinated session
management.

Telepointing requires that the identifiers of shared windows
are known and that corresponding shared window instances can
be related to each other. Thisis achieved by selecting notifica-
tion for window creation/destruction and for map/unmap
events.

The control window mechanism is used for displaying ses-
sioninformation in thetop-level window of shared applications.
After creating an empty control window viathe shared window
system, the control agent directly displays control information
viaan X display connection to the local base window system.

VII. EVALUATION

To evaluate the performance of our shared window system,
we applied several tests to the system. These tests were execut-
ed on Sun Sparcstations 2 running Sun OS 4.1.3 in an Ethernet



Fig. 8. JVTOS Application Sharing

LAN. The base window system used was the X server that is
part of the X11R5 distribution by the MIT X Consortium.

As the shared window system is located on top of the base
window system, the performance of the shared window system
cannot be better than the performance of the base window sys-
tem. Therefore, the results must be interpreted in relation to the
measurements for the base window system.

The performance tests were selected to answer the following
guestions:

1. How much does the shared window system degrade
application performance in single-user mode when
running under the shared window system, as compared to
running under the base window system?

2. What characteristics does the shared window system
show when scaling the number of users attached to a
shared application?

3. Can we gain some performance when running the shared
window system on another site than the one running the
base window system?

As applications are interacted with locally and not shared
most of the time, the relative performance of a shared window
systemin single-user modeis of great importance. Toget anin-
itial figure, we ran the “xbench” test program [19], which com-
putes a so-called “xStones” rating. The relative performance of
our shared window system turned out to be 55%.

The question arises how to interpret this figure. In order to
see where the shared window system shows good and bad per-
formance respectively, we applied another, more detailed
benchmark: the “x11perf” test program [26], which comprises
more than 200 test items. Table | summarizesthe most interest-
ing results.

As expected, relative performance is better than 55% for



TABLE |
SELECTED RESULTS FROM X11PERF TEST PROGRAM

Operation (x1lperf Test ltem) Pequfilfr:\e/lsce Operation (x1lperf Test ltem) Pequfilfr:\e/lsce
Dot 41 % Char in 80-char line (6x13) 50 %
10x10 rectangle 48 % Char in 60-char line (9x15) 50 %
500x500 rectangle 52 % Scroll 10x10 pixels 40 %
10x10 rectangle (161x145 stippled) 52 % Scroll 500x500 pixels 54 %
500x500 rectangle (161x145 stippled) 99 % Copy 10x10 from pixmap to window 45 %
10-pixel line 52 % Copy 500x500 from pixmap to window 80 %
500-pixel line 51 % Putlmage 10x10 square 35%
10-pixel circle 51 % Putimage 500x500 square 28 %
500-pixel circle 51 % GetAtomName 25%
100-pixel wide dashed circle 99 % GetProperty 25 %
100-pixel wide double-dashed circle 99 % Hide/expose window via popup (4 kids) 52 %
X protocol NoOperation 9% Move window (4 kids) 52 %

items that cause the base window system (i.e. the X server) to
perform more complex operations such as for “stippled rectan-
gles’ or “dashed circles’ (99%). On the other hand, the per-
formance is worse for drawing dots (41%), which is the most
simple operation, and even worse for “no operation” (9%). The
relative performance is also worse for operations that burden
much work to the shared window system such as the Putlmage
request that requires al pixel valuesto be converted (28%).

In general, the relative performance of an operation decreas-
esthemoreitshandling is expensivefor the shared window sys-
tem and the less it is expensive for the base window system,
respectively. Thisexplainsthe variation in relative performance
figures for different operations.

For round-trip requests such as GetAtomName or GetProp-
erty, arelative performance of 25% is achieved. Round-trip re-
quests are bound by the latency from which a request and its
reply suffer asthey are sent through the shared window system.
With our shared window system, the latency of around-trip re-
quest is 5.4 ms as compared to 1.4 ms with the base window
system only. The additional latency caused by a shared window
system is of particular importance for highly-interactive appli-
cations as it delays application output in reply to user input.
However, an additional delay of 4 ms cannot be perceived by a
human user.

Obviously, the purpose of shared window systemsisto allow
more than a single user to interact with an application. Thus, it
is also interesting to study the impact of the number of users.
Our shared window system was designed such that conferences
with even a large number of participants should be feasible.
Therefore, we decided to distribute the sharing functionality
among a single pseudo server and multiple pseudo clients (one
pseudo client per user). Further, the protocol extension X' al-
lows multicast to be be applied for sending packets from the
pseudo server to the pseudo clients. Thus, we actualy expect
the number of attached users to be of neglegibleimpact.

However, the current implementation emulates multicast by
multiple unicasting of packets. This causes an additional laten-
cy of about 1.4 ms per user due to the system calls required to

multiply send the packets. Figure 9 gives relative performance
figures gained from a proprietary test program that measures
how long the UNIX “more” command takes to display a 100-
page ASCII text file within an “xterm”. The performance de-
creases from 68% for a single user down to 47% for five users.
As expected, the performance curve flattens as the number of
USers increases.

As the shared window system and the concurrently running
base window system compete for CPU and 1/0O, we wanted to
see whether we can gain performance when running the shared
window system on another site than the one running the base
window system. In a scenario where the shared window system
runs on another site, we measured a latency of 6.1 ms, and
“xbench” reported arelative performance of 85% for the shared
window system. Moving the shared window system to another
processor seemsto increase the relative performance, but it also
creates additiona network traffic. The scenario introduces ade-
pendency on the network load as well as on CPU and 1/O load
of the second site. Further, it makes the management of the
shared window system more complex. We have serious doubts
whether this effort is worth the potential performance gain.

Relative Performance [%)]

N cs% f con | 54% | s0% |
i 1 User | 2 Users | 3 Users |§ 4 Users ||

Impact of the Number of Attached Users

Fig. 9.




VIIl. SUMMARY AND CONCLUSIONS

This paper describes a shared window system capable of
sharing applications running under the X Window System. It
must be admitted that several such systems have been studied
and implemented previously. Similar systems are even availa-
ble commercially. So what is innovative about our shared win-
dow system? The general answer to this question is that our
system, in contrast to all shared window systems known to us,
addresses fundamental issues that are crucial for a general-pur-
pose shared window system as outlined in Section I1.

In particular, our system is policy-free. It separates the core
of its shared window system, i.e. cooperating Shared Window
System Agents, from the control system, i.e. cooperating
Shared Window Control Agents. This separation alows to im-
plement user paradigms and policies independently from the
shared window system. Thus, various paradigms can be provid-
ed on top of a single shared window system.

Performance measurements have justified the viability of the
design decisions taken. The fully-distributed approach, which
distributes the load among all workstations involved in a con-
ference, has shown good scalability characteristics. Further, the
system is very responsive such that running an application un-
der the shared window system is not significantly less perform-
ant than when running under the base window system.
Considerable performance improvements have been achieved
with our communication submodule that automatically selects
the most efficient communication mechanism.

From our experience, the intuitive performance of the shared
window systemis“fast enough” as not to affect the usability for
daily work. As our shared window system is part of WVTOS,
which is being developed within RACE Il project CIO, thein-
tuitive performance will be judged by a larger community. In
particular, it will be interesting to study the impact of large dis-
tance to the acceptance of the system when users are confronted
with longer transmission delays. We are further looking for-
ward to using the shared window system on a transport system
that offers multicast capabilitiesin order to get experience with
large conferences. Initia trials and demonstrations have shown
promising results.

It is aso worth mentioning that the RACE project “BE-
TEUS’ (Broadband Exchange for Trans-European Usage) se-
lected our shared window system for incorporation into a
generic platform that supports interactive work between distrib-
uted end users. The BETEUS project aims at gaining early ex-
perience in real usage of collaborative services in a broadband
communications environment. The main focusis on multipoint
teleteaching and teleworking.

Our shared window system was written in ANSI-C and im-
plemented on Sun Sparcstations. It is highly portable since the
system-dependent parts are isolated in the communication sub-
module. Thus, the adaption of the submodule is sufficient to
successfully port the shared window system to another plat-
form. The shared window system is currently being ported to
the Macintosh platform. We are also considering to give the
shared window system into public domain in order to promote
application sharing on a variety of other workstation types and
thus encouraging cooperative work in a heterogeneous environ-
ment.
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