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Abstract — The increasing accessibility of heterogeneous ‘point
tools’ on the Web raises the question on how to best encapsulate
such tools in order to create (1) simple-to-use workflows of task-
specific tools and data, (2) communication channels between dis-
tributed participants to coordinate the collaborative control and
execution of the workflow until all pre-defined tasks are com-
pleted. This paper describes an agent-based architecture (Om-
niDesk) and a toolkit (OmniFlow) that support Web-based user-
configurable encapsulation environment and a GUI to create
domain-specific, distributed and collaborative workflows of het-
erogeneous applications and data, all erecutable within a Web-
browser.

The project is driven by two complementary drivers and 1is
beginning to demonstrate the promise, the capability, and the
extensibility of OmniDesk/OmniFlow environment: (1) as a
testbed for distributed design of collaborative experiments for
performance evaluation of CAD algorithms, (2) as a testbed
for distributed, re-configurable, and collaborative workflows of
university-based and commercial tools to support a distributed
design team in a major VLSI design project. Preliminary ez-
periments demonstrate that the performance of the proposed
Web-based collaborative architecture is nearly independent of the
cross-continental distribution of participants.

Keywords: Design environments, workflows, Web-browsers,
applets, security, collaboration, collaborative agents.

I. INTRODUCTION

The ubiquity of the World Wide Web and the Internet, with
its client/server model and the telecommunication protocols,
are stimulating developments of large number of diverse appli-
cations, all accessible and executable through a user-friendly
Web-browser interface. In its simplest form, the interface pro-
vides the user with an option to either enter the required data
through a form, upload it from a local file system, or a combina-
tion of both. Upon completion of execution, the user is provided
with answers on-line, a URL to download data to the local file
system, or a combination of both. More elaborate system ap-
plications may provide menus for interactive entry of graphical
objects, menu-driven controls to execute a workflow of applica-
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tions, and multiple choices of output data from each of the ex-
ecuted applications. However, there is currently no supportive
environment for putting together a user-configurable hierarchy
of executable workflows, given the heterogeneous applications
available on the Web. In addition, most of such applications
have been designed for interactions with a single user rather
than a distributed team.

With the increasing accessibility (on the Web) of heteroge-
neous ‘point tools’, workflows, and teams with ezpertise in us-
ing these tools, the question arises on how best to encapsu-
late such tools in order to create (1) simple-to-use workflows
of task-specific tools and data, (2) communication channels be-
tween distributed participants to coordinate the collaborative
control and execution of the workflow until all pre-defined tasks
are completed. Architectures addressing items (1) and (2) were
proposed in [1, 2, 3]; while effective, these architectures are not
suitable for the current Web technology. An environment ad-
dressing (1) only, in context of the Web, is described in [4].
This paper describes an architecture (OmniDesk) and a toolkit
(OmniFlow) that support Web-based user-configurable encap-
sulation environment and GUI to create domain-specific, dis-
tributed and collaborative workflows of heterogeneous applica-
tions and data, all executable through a Web-browser.

Since the proposed architecture and the toolkit are to support
an encapsulation environment for any number of heterogeneous
programs and data, a scripting language is a first candidate for
the task [5]. Our choice of TclTk [6] as the implementation
language for OmniDesk/OmniFlow has been influenced by a
number of factors:
o the large and active community of developers worldwide,
backed by a commitment from a tool vendor to continued free
distribution of Tcl core and its updates [7];
o the accounts of mission-critical Tcl applications from indus-
try such as the complete NBC’s broadcast automation system
[8] and the increasing number of TclTk applications in EDA
industry;
o the security mechanisms for applets available with Safe-Tcl
plugin [9] but not yet with Java [10], such as fine-grained access
and configurable security policies;
o the introduction of the TclTk extension WebWiseTclTk
[11, 12], significantly expanding the features of Safe-Tcl plugin
in current Web-browsers. Using WebWiseTclTk, developers can
now ‘wrap’ existing multi-window Tcl-based applications for im-
mediate Web-access as tclets — providing full capabilities of the
original application but without rewriting the existing Tcl code
and without compromising the security of the existing Safe-Tcl
plugin;
o the emphasis on support for collaborative implementation and
the diversity of applications, few of which are likely to be com-
pliant with CORBA [13].

We are experimenting with two complementary project
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Fig. 1. Graph-based representation and its GUI for a hierarchical and distributed workflow and its states, executed as a collaborative

session of three teams.

drivers to demonstrate the promise, the capability, and the ex-
tensibility of OmniDesk/OmniFlow environment: (1) a testbed
for distributed design of collaborative experiments for per-
formance evaluation of CAD algorithms, (2) a testbed for
distributed, re-configurable, and collaborative workflows of
university-based and commercial tools to support a distributed
design team in a major VLSI design project. In this paper, we
highlight the tool-integration experiences with (2) from a per-
spective of a distributed, university-based team. Experiences
with (1) are described elsewhere [14].

The paper is organized into following sections: (2) WISIWYS
and NISNYS Paradigms, (3) Collaborative Architecture (Om-
niDesk), (4) Reconfigurable Workflow (OmniFlow), (5) Embed-
dable Web-Based Applications and Flows, (6) Collaborative Ex-
periments on the Web, and (7) Conclusions.

II. WISIWYS AND NISNYS PARADIGMS

WISIWYS is an acronym for What-I-See-Is- What- You-See [15].
It describes a collaboration paradigm that provides distributed
session participants with identical displays of an application.
Moreover, an interaction by any user with the application is
presented to all session participants simultaneously. To date,
WISIWYS is limited in support for applications within the Web-
browsers such as Netscape conferencing tools. In this paper, we
introduce an architecture that supports WISIWYS for Tcl-only
applications, executed through the Web-browser. Such browser
must have an installed Safe-Tcl Plugin 2.0.

NISNYS is an acronym for Now-I-See-Now-You-See. It de-
scribes a collaboration paradigm that allows participants to ex-
change views and and control execution of any single-user legacy
(non-Tcl) application serially, either through the Web-browser
or without. The paradigm supports a number of interactive col-
laborative activities and leverages the features of the proposed
WISIWYS application in TclTk. We describe an approach to
implement the WISIWYS/NISNYS paradigm in the next sec-
tions. The purpose of this section is to motivate and illustrate

the underlying features of both paradigms.

Illustrative design problem. Let DP be a design problem
that requires, for an effective solution, three toolsets and three
teams at locations A, B, and C, each one or more time-zones
away from the other. Labels associated with location A include:
team_A, toolsets_A and datasets-A on host_A, time-stamps_A;
similar labels are created for locations B and C. All toolsets
are executable through a Web-browser as described in the pre-
ceding section: they can be Java or Tcl applets, or CGI-scripts
executing legacy applications. Data dependencies between the
toolsets are as follows: given the initial datasets_ A, latest results
of computations on host_A are required to initiate and com-
plete computations on host_B, latest results of computations on
host_B are required to initiate and complete computations on
host_C. If results of computations on host_-C do not meet de-
sign specifications, the process may be repeated on either the
host_B by adjusting parameters in datasets_B, or the host_A by
adjusting parameters in datasets-A. Such decisions are made
in consultation with team members from all sites. We argue
that the WISIWYS/NISNYS paradigms can greatly facilitate
and improve the collaborative decision-making process in the
context of DP.

Let HG be a graphical user interface that supports creation of
hierarchical directed multi-graphs: (multiple) edges from node
A to node B are represented as a single super-edge and by click-
ing on node A or B, the node is expanded either into a set of
configuration forms that describe properties of the node, or an-
other directed multi-graph until we reach a set of configuration
forms for each node. A typical configuration form for a node of
type ‘data’ will identify its class by the extension (e.g. *.txt,
*.hmtl), and point to the owner, host, and the directory where
all data (with time-stamps) in this class is archived or can be
up-dated. Similarly, a configuration form for a node of type
‘program’ will contain an encapsulation script, the owner, the
host, and the directory where it is to be executed, with pointers
to required /optional input/output data nodes. Time-stamp de-
pendencies and a Petri-net model of the multi-graph formalize



conflict-free scheduling and execution of all program nodes, even
in the presence of data-dependent loops. We call the complete,
executable representation of such a multi-graph a workflow.

We use the graphical user interface HG to represent the de-
pendencies and the flow of execution for the design problem DP.
At the top level of DP representation, we have three nodes,
(A, B,C), and two directed superedges, ((A, B),(B,C)). The
corresponding workflow, in its ‘archived state’, is shown in Fig-
ure 1 under the label Flow(0). Each of the nodes, A, B, and C,
now represents stand-alone workflow of its own. However, some
of the output data generated on host host_A is designated as
‘required input’ to applications on node B; and similarly, some
of output data generated on host host_B becomes the ‘required
input’ to applications on node C.

Collaborative execution. Assume that the workflow Flow(0)
is archived on a collaboration Web-server and can be checked-
out by an authorized member of team A, B, or C. The collab-
orative execution of this workflow can be captured in a number
of flow states and node states as illustrated in Figure 1 under
the labels of Flow(1), ..., Flow(4):

Flow(1): Here, team_B checks out Flow(() and initiates an
editing session by clicking on node B. While view of the 3-
node workflow is available, only clicking on node B produces
a response since other teams have R/W permission to work-
flows associated with other nodes. Three more transactions take
place: state of flow changes to Flow(1), state of node B changes
to B(1) (purple), and a ‘talk window’ is opened, with the sta-
tus bar marking the entry time (¢ = ¢1), the window owner (B),
and a checked permission status box to indicate that by default,
only team_B has presently R/W permission at this node.

Flow(2): Here, team_C has joined the session at time t = to,
followed by team_A at time ¢ = ¢3. States of all nodes are (1), in-
dicating that all teams are in editing mode. There appear to be
some written communication between team members through
the respective talk windows.

Flow(8): We observe that node A is in state A(3) (yellow),
hence executing, while team_C has left the session (node C' is
returned to state C'(0) and the talk window for C has been
removed).

Flow(4): Here, node A has completed execution which allowed
for execution of node B. Next, team_C has re-joined the session
at time t = t4 with expectation to be in a position to initiate
the execution of node C once it become noted that the node B
has change to state B(2).

We discuss the role of WISIWYS and NISNYS in the context
of the collaborative session as just described. In order for the
session to be ‘user-friendly’, the workflow and its states must
be continually visible, to all session participants, i.e. WISIWYS
must be supported for at least the top level of hierarchy of the
workflow. Once WISIWYS is achieved for the Tcl-application at
the top-level, any Tcl-application invoked at the top-level is also
available as WISIWYS. However, rendering a legacy (non-Tcl)
EDA application collaborative as WISIWYS through a Web-
browser is an open research problem. The alternative NISNYS
paradigm can be realized more readily in the context of our
current work:

¢ team controlling the legacy application and associated data
requests technical assistance from another team. To get assis-
tance, the team must be willing to relinquish control by uncheck-
ing the checked permission status box in the team’s ‘talk win-
dow’;
« once the permission status box signifies permission to access
the top-level node, another team can exercise control over the
legacy application, view the input data and render the output,

say circuit layout, and then advise on a course of action. The
control can change any number of times, to resolve the out-
standing issues.

The challenge then is to devise an architecture to support col-
laboration as well as a toolkit to allow users to build their own
workflows on the Web.

ITII. COLLABORATIVE ARCHITECTURE (OMNIDESK)

Architectures supporting distributed, collaborative applications
are subject to open research, in particular applications that are
to be executed through an off-the-shelf Web-browser. Tradi-
tional pre-web architectures that support collaboration [16] ei-
ther rely on centralized server model on which all applications
reside, or a replicated model where applications are distributed
and reside on the local host of each session participant. None
of these models are suitable for the development of Web-based
collaborative applications. The centralized model is impracti-
cal due to heterogeneity of Web clients. On the other hand,
replicated architecture may become too complex to manage, in
addition to unresolved security issues.
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Fig. 2. Architecture for collaboration on the Web.

The powerful plug-ins for the Web, such as Safe-Tcl and its
extensions, WebWiseTclTk, can support a new hybrid archi-
tecture, adopted for our Web-based WISIWYS/NISNYS exper-
iments, as shown in Figure 2. NSTP [17] also uses a hybrid
approach, however, our architecture targets Web-based applica-
tions. There is a dedicated Web-server hosting a collaborative
Tecl application OmniDesk, a library of other Tcl applications,
notably OmniFlows which is another name for workflows to be
described in the next section, and Client Transaction Archive.
Clients are Tcl-plugin enabled Web-browsers A, B, and C asso-
ciated with team_A, team_B and team_C. For the context of this
discussion, we assume that the Tcl applications such as Om-
niFlows have been designed for at least 2 collaborating clients
and the task of OmniDesk is to set-up and manage the WISI-
WYS/NISNYS functionality as described in the previous sec-
tion. For each client, a Notify Agent and an Update Agent are
set-up automatically by OmniDesk once the client requests a
Tcl application, say Foo, from its OmniDesk library. The first
instantiation of the Notify Agent also instantiates the Archive
Agent and the Broadcast Agent on the Web-server host. These
two agents have responsibility to archive any state changes of
the Tcl application (Foo) induced by the first and later par-
ticipants, and to broadcast these state changes to all Update



Agents activated by clients who requested the application Foo.
In other words, while there can be up to n preauthorized users
requesting to checkout the application Foo (and subsequently,
up to n Notify and n Update Agents), there is only one Archive
Agent and one Broadcast Agent associated with the application
Foo.

Consider the workflow application in Figure 1 to illustrate
the role of the OmniDesk in support of the WISIWYS/NISNYS
environment.

Whenever the client B tries to access an workflow from the
Web server, such as one shown in Figure 1 Flow(0), the Om-
niDesk is also downloaded to the client. Client B is initialized
with a workflow that contains all its nodes to be in archived
state and hence shaded gray. At this time, no other client is
accessing the same workflow and therefore, client B is set up
for interaction with the flow in single user mode. However, the
OmniDesk also creates two agents: the Notify Agent, and the
Update Agent, which contact the Web server to establish a live
connection with the Archive Agent and the Broadcast Agent
residing on the Web server respectively. The role of the No-
tify Agent is to transmit any user interaction with the workflow
to the Archive Agent on the Web server, which in turn logs
the transaction. At this time, the Update Agent is idle since
there are no other clients participating in the workflow execu-
tion. The OmniDesk also sets up a talk window for client B, as
shown in Figure 1 Flow(1), that can be used for communication
with other participants that may join the session later. Thus,
as soon as the client B starts interacting with her node, such
as editing data, the node turns purple and the transaction is
logged in the archive.

Now, let us assume that client C' wants to join the collabo-
rative session. It downloads the OmniFlow and the OmniDesk
and undergoes a similar process of setting up agents and cre-
ating a talk window as client B did earlier. In addition, the
OmniFlow of client C is initialized to the current state of client
B by retrieving B’s transactions from the archive. This results
in rendering the B node in the workflow to be purple. At the
same time, client B is informed by the broadcast agent that a
new participant, client C, has joined the session. The update
agent of client B then creates a talk window for client C to
receive messages typed by client C. Once client C' starts inter-
acting with the workflow, these transactions are also logged in
the archive and simultaneously broadcast to client B.

In a similar fashion, any number of clients can join an existing
collaborative session. Figure 1 Flow(2) shows three participants
A, B, and C editing or executing different nodes of the same
workflow. It also shows three talk windows, one corresponding
to each participant. The top-left corner of the talk window
also displays the time at which each participant has joined the
session.

An active participant also has the option of leaving a col-
laborative session simply by closing the OmniFlow/OmniDesk
application. The Notifying Agent informs the Archiving Agent
about the removal of the participant, which is then broadcast to
all other participants. In Figure 1 Flow(3), client C has left the
session. Therefore its talk window is removed from the client
B’s application and the node corresponding client C' is marked
gray. Later, client C joins the collaborative session again, as
shown in Figure 1 Flow(4).

A simplified version of Tcl code is shown in Figure 3 to setup
and initialize the Update Agent and establish a connection with
the Broadcast Agent. The first two lines identify the server URL
and setup a security policy for enabling the Agent to establish
connection with the Agents on the server. The third line creates

# Get the server URL for tclet’s server site
set servUrl [getattr originHomeDirURL]

# Set up ‘home’ policy to connect to server
policy home

# Initiallize Update Agent to connect to
# Broadcast Agent
after idle \
"::browser::getURL ${servUrl}BroadcastAgent.tcl \
{} {} UpdateAgent UpdateAgent"

# A procedure to update the application
# on receiving new data
proc UpdateAgent {size data} {
uplevel #0 $data
}

# Rest of the tclet code ...

Fig. 3. Tcl code to setup agent for collaboration.

an Update Agent which always runs in the background. When-
ever a transaction is broadcast by the Web Agent, the Update
Agent calls an update procedure to bring the main application
to a consistent state.

IV. RECONFIGURABLE WORKFLOW (OMNIFLOW)

An OmniFlow is an executable graph-based representation of a
user-specified, data-dependent task sequences. It is represented
as a directed dependency graph of data, program, decision, and
OmniFlow nodes. The OmniFlow node itself may consist of
data, program, decision, and other OmniFlow nodes. Data and
program nodes, represented by ovals and rectangles respectively,
may reside anywhere on the Web. Data-to-program edges rep-
resent activities such as downloading the data files from URL
host to local host and uploading the data files to a URL host
where the program node is executed. During execution, each
edge is blinking during the file download and all input edges
to a program node blink simultaneously during data upload.
Program-to-data edges link the executable program node to the
output data nodes. Both reside on the same host. The pro-
gram node can be an applet, downloaded from URL host to
local host, or a program residing on the local host. Program
nodes can be scheduled to execute serially or in parallel, all are
blinking during their execution. Hierarchical nodes expand into
OmniFlows of their own during execution.

A simple OmniFlow for Graduated netlist mutation is shown
in Figure 4. Graduated netlist mutation is a tool that is accessi-
ble as cgi-script on the Web using an html-form. It expects the
user to upload a netlist file, and supply few parameters to gen-
erate a set of mutant circuits. The OmniFlow in the Figure 4
depicts a program node Graduated Mutation corresponding to
the cgi-script and its input and output data nodes. Whereas a
user is required to manually fill out the html-form and download
the results whenever a netlist data is submitted for execution,
the OmniFlow provides sufficient capabilities to:

« represent all the netlists as a data node Input Netlist,

« automatically submit each netlist to the cgi-script ‘graduated
mutation’ on the Web, and

o download the resultant mutants generated on invoking the
cgi-script.

We next describe the steps involved in creating program and
data node configurations to execute a cgi-script. A program
node configuration template, which encapsulates a cgi-script,
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can be either created by the user, or can be generated automat-
ically from its corresponding html-form.
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Fig. 5. Configuration template for a progam node.

Figure 5 shows the configuration template for the program
node Graduated Mutation. This node has been instantaneously
created by specifying the URL of the corresponding html-form.
The top part of the template consists of the various cgi-form at-
tributes such as action URL, encoding method, etc, for invoking
the cgi-script. Traditional Web browsers, such as Netscape and
Internet Explorer, normally hide this information and display
only the cgi-form parameters to the user. In a cgi-script node,
we display both the information to the user to enrich the ca-
pabilities that are very useful for repeated invocation of the
cgi-script. Each parameter in the form is tagged with a star ‘x’
that allows the user to define a variable corresponding to the
parameter. This variable can be dynamically changed during
the execution of the workflow, thereby providing a mechanism

to invoke the same cgi-script with modified parameters. Ad-
ditionally, form-parameters, which expect the user to upload
data, can be associated with data nodes to represent a class of
data. In Figure 5, the parameter ‘Reference Netlist File (blif
format)’ is linked with the the data node Input Netlist. In
such a case, the cgi-script is invoked as many times as there are
datafiles ( netlists ) in the data node directory.
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Fig. 6. Configuration template for a data node.

Figure 6 shows the configuration template for the data node
Input netlist. The most important element of the data node
is the location of the data set, specified by a URL, followed by a
file-matching pattern. There can be a list of such URL patterns
although only one such pattern is shown in Figure 6.

Other cgi-scripts on the Web can be similarly accessed by
configuring a program template for each one of them. These pre-
configured program and data templates can be interconnected
with directed edges to construct an OmniFlow and thus specify
their sequence of invocation in relation to one another.

There are several custom client/server architectures be-
sides Web-based cgi-scripts. Java Remote Method Invocation
(JavaRMI) is a recent addition to such custom client/server ar-
chitecture that support
« operating system independence, and
« a sophisticated data packing mechanism to pass complex ob-
jects between client/server with minimum programmer effort.
JavaCADD [18] is a Java-based server and client that relies
on JavaRMI for providing user access to batch-oriented, dis-
tributed, ECAD services such as synthesis, place/route, etc,
without having to provide full login-access for the users. The
JavaCADD GUI uses templates stored at the server for GUI
definition, so new services can be added without modifying the
Java source code. Figure 7 shows the client GUI for accessing
and executing the services of Mentor layout tool using Java-
CADD. This mechanism has several distinctive advantages, in-
cluding:

o full login-access not required,

o easy addition of new services without modifying client GUI,
o automated transfer of input and output files between the
client and the server,
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Fig. 7. JavaCADD: Mentor layout tool task window.

« operating system independence, etc.

OmniFlows can easily encapsulate specific tasks of JavaCADD
client GUI, such as one shown in Figure 7, as a program node.
The configuration template of a program node for JavaCADD
is very similar to the one shown in Figure 5:

1. the action URL is specified as

jcadd://servername: [port] /taskPath/taskName

instead of

http://servername: [port]/cgi-bin/script

2. the cgi-form parameters are replaced by parameters for the
JavaCADD specific task.

Similarly, several other applications can be encapsulated in the
OmniFlow. The next section describes few such Web-based ap-
plications.

V. EXAMPLES OF EMBEDDABLE WEB-BASED APPLICATIONS

Experiments are in progress with a number of distributed web-
based applications. These include three sites, A, B, in C, dis-
cussed hypothetically in Section 2. To show the heterogeneous
nature of tools and interfaces, consider the examples of real ap-
plications executable at three remote sites:

e A Java based hierarchical schematic/block editor, WebTop
which supports hierarchical cells and multiple views of a cell
[19]. WebTop allows cells to have Verilog or SPICE views in ad-
dition to the schematic views. WebTop has hierarchical netlist-
ing capabilities for both Verilog and SPICE. WebTop also sup-
ports distributed cell access. Cells could be stored in differ-
ent Web servers and loaded as URLs. WebTop has interfaces
to other Web tools (high-level power estimation of media pro-
cessor, RTL power estimation of video compression, DC-DC
converter) and demonstrates how an Java applet tool could uti-
lize other CGI based tools on the Web. An example of the
multi-window interface is shown in Figure 8. Here, the user is
executing PowerPlay from within the WebTop.

o Distributed design library services and batch-oriented ECAD
services with commercial tools. A Java-based server and client
architecture allows user access to batch-oriented ECAD ser-
vices (synthesis, place/route, etc) without having to provide full
login-access for the users. The JavaCADD GUI uses templates
stored at the server for GUI definition, so new services can be
added without modifying the Java source code of the GUI. Java
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Fig. 8. Execution of PowerPlay from within WebTop.
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Fig. 9. Execution of a Synopsys-Partitioner-Xilinx flow.

Remote Method Invocation (RMI) is used for client/server com-
munication. Both client and server are Java applications, and
share the operating system independence unique to Java. An
example of a simple form-based interface is shown in Figure 7.
o A hierarchical, re-configurable desktop environment that pro-
vides the user with the ability to create ezxecutable directed de-
pendency graphs as workflows of data, program, decision, script,
and workflow nodes. Data and programs can reside anywhere on
the Internet, and execution of all nodes can be scheduled auto-
matically, regardless of the data-dependent cycles in the graph.
Such an environment can serve the needs of distributed design
teams as well as support an infrastructure for the distributed
design of experiments to test performance of CAD algorithms.
An example of such a workflow is shown in Figure 9. This
particular workflow executes a commercial tool (Synopsys) on
a remote site, transfers the netlists to another hosts where it
is partitioned, then mapped and placed into multiple FPGA
devices using a commercial software (Xilinx).



Additional sites, with similar tools, also part of this project, are
participating in creating a number of task-specific distributed
workflow configurations, each executable and executed collab-
oratively in the WISIWYS/NISNYS modes. An example of a
realistic application with such tools includes a scenario, suitable
for a demo in the University Booth:

o generating, at site A, a hierarchical schematic as per Figure
8, performing verification and power estimation and handing off
a standard cell netlist for placement and routing at site B;

o accepting the netlist from A at site B, parameterizing the
place and route tool as per options available in the GUI similar
to one as shown in Figure 7 and executing the place & route
tool;

« evaluate an alternative design option by mapping the design
from A into a set of multiple FPGA devices as per flow in Figure
9.

VI. COLLABORATIVE EXPERIMENTS ON THE WEB

The key to the efficiency of the collaborative architecture for
Web-based WISIWYS and NISNYS is the performance of the
the four collaborating agents in Figure 2. This performance
will vary, depending on the network traffic, server cpu and the
number of participants.

We have developed a testbed to measure the performance of
our architecture. In order to approximate typical instance of
a collaborative OmniDesk environment, we have used an ap-
plication, written in Tcl/Tk, that involves lot of graphical in-
teractions with the user. A Tcl/Tk-based game ‘Solitaire’ [20],
shown in Figure 10, provides a very suitable test case. It allows,
one user at a time, to play the game while others can watch the
game in progress.
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Fig. 10. Collaborative experiment on the Web with ‘Solitaire’.

A user typically interacts with the application by picking a
card from one location and placing it in another location. Sev-
eral events occur during such an interaction, as follows:

1. A user selects a card by clicking on it with the mouse button.
The Tcl command for selection of a card is:

pile_card_grab .table %x %y

The ‘.table’ is the name of widget on which the cards are laid
out and ‘%x’ and ‘%y’ correspond to the current mouse cursor
location.

2. With the mouse button depressed, the user moves the card
to a new location. This involves dragging the card in response

to the mouse cursor movement as follows:

pile_card_move .table %x %y
3. The card is placed at the desired location by releasing the
mouse button. This results in generation of the following Tcl
command:

pile_card drop .table %x %y
4. However, if the destination location, where the card is
dropped, is not a valid location, then the card returns to its
original location. The following Tcl command is used for re-
turning the card:

pile_card_return .table

These events and the corresponding Tcl commands, generated
in response to the user interaction with the application, are
transmitted and broadcast to all the other participants using the
four collaborative agents. A non-zero time delay exists between
occurance of every such event. This time delay is dependent on
the way a user interacts with the application. An average user
may execute these four events in one second, whereas a fast user
may complete it in half the time.

In order to perform a set of repeatable experiments, regardless
of the person who may be interacting with the application, we
have designed and performed a series of experiments such that
they can be repeated under different loading conditions, with
multiple phantom participants at a number of cross-continental
sites. To create a test case of representative size and complexity,
we captured the first 1000 events, along with the corresponding
time delay intervals, that were generated during the execution
of one such session. The test case that captures all events and
time delay intervals allows us to repeat the experiment in a
number of different environments.

In order to measure the effect of the network on a collabo-
rative session over the Web, we have created: (1) local envi-
ronment by installing the Archive and Broadcast Agents on our
host'; (2) in-state environment by installing the Archive and
Broadcast Agents on a host? which is about 30 miles from our
host; and (8) cross-state environment by installing the Archive
and Broadcast Agents on a host® which is about 3000 miles from
our host. Each experiment is repeated for all the three sites. In
addition, we vary the number of users participating during each
collaborative experiment. We repeat each experiment by dou-
bling the number of users - we start with a single user, then
increase the number of users to 2, 4, 8 and 16.

We also simulate the interactions of different users by chang-
ing the time delay interval by a constant factor. For the given
set of experiments, we decided to repeat the experiment by
scaling the time delay intervals with a factor of 1.0, 0.1 and
0.0. Whereas the scaling factor of 1.0 corresponds to the origi-
nal speed of user interactions with the application, the scaling
factor of 0.0 represents the ideal case where the speed of user
interactions with the application is maximum, the time delay
intervals being reduced to zero.

Table I summarizes results of these experiments, performed
on the three hosts, with three scaling factors and the number
of clients varying from 1 to 16. Each experiment consisted of
executing 1000 events. Entries in the table represent the rate of
event execution. A value of 7.69 for a single client, on Host-1,
with a scaling factor of 1.0, implies that in average, 7.69 events
are executed every second. The rate of 7.69 events/second shows

1SUN SPARC station 5 (chip=170MHz memory=64Mb swap=432Mb) at
North Carolina State University in Raleigh, NC.

2SUN SPARC Ultra 1 (chip=143MHz memory=256Mb swap=288Mb) at Duke
University in Durham, NC.

33SUN SPARC ULTRA 2 (2 chips=200MHz memory=96Mb swap=365Mb) at
University of California in Berkeley, CA.



TABLE I
SUMMARY OF EXPERIMENTS: EVENTS EXECUTABLE PER SECOND

Server Scaling Number of clients

location factor 1 2 4 8 16
Host-1* 1.0 7.69 7.46 7.19 5.85 3.92
Host-2" 1.0 7.63 7.58 7.25 6.21 | 3.92
Host-3°¢ 1.0 7.69 7.63 7.41 6.62 4.24
Host-1 0.1 55.56 47.62 34.48 14.17 7.58
Host-2 0.1 52.63 47.62 | 35.71 | 17.86 | 7.63
Host-3 0.1 55.56 52.63 | 40.00 | 22.22 | 8.55
Host-1 0.0 200.00 100.00 47.62 20.00 7.75
Host-2 0.0 166.67 100.00 50.00 20.41 7.52
Host-3 0.0 166.67 | 100.00 | 58.82 | 23.26 | 8.20

“Host-1 is located on our site (Raleigh, NC)
YHost-2 is located about 30 miles away from our site (Durham, NC)

“Host-3 is located about 3000 miles away from our site (Berkeley, CA)

that we engaged a faster than average user to capture this ex-
periment.

The data reported in Table I allows us to evaluate the per-
formance of agent-based collaborative architecture as follows:
1. With original speed of event execution, the rate of execution
only decreases to about half even when the number of clients
are increased from a single client to 16 clients. This shows great
promise for collaborative applications on the Web.

2. As the time delay intervals are reduced to zero, the rate
of execution decreases by about half, whenever the number of
clients are doubled. The degradation in performance is expected
whenever computationally intensive applications are running.
3. The rate execution is more or less constant and independent
of where the server hosts are located. This is primarily due
to the efficient architecture where minimal amount of data is
transfered among different clients for collaboration.

4. A better cpu for the agent server improves the rate of exe-
cution, irrespective of the distance, as is noted for host-3 with
more than two clients.

VII. CONCLUSIONS

We have proposed and implemented (1) an agent-based archi-
tecture (OmniDesk) for collaboration on the Web that supports
the WISIWYS and NISNYS paradigms, and (2) a reconfigurable
workflow toolkit (OmniFlow) for encapsulating heterogenous ap-
plications, including legacy applications, on the Web. This en-
vironment supports user-configurable OmniFlows of distributed
data and distributed university/commercial software, each exe-
cutable within the Web-browser’s OmniDesk window.

The preliminary experiments demonstrate the feasibility and
advantages of the proposed collaborative architecture: (1) for
real-time applications, the performance of our approach is very
promising - even for large number of collaborative users, and (2)
for highly intensive applications, the performance is acceptable.
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