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ABSTRACT

The correct and timely creation of systems for coordina-
tion of group work depends on the ability to express,
analyze, and experiment with protocols for managing
multiple work threads. We present an evolution of the
Trellis model that provides a formal basis for prototyping
the coordination structure of a collaboration system. In
Trellis, group interaction protocols are represented sepa-
rately from the interface processes use them for coordina-
tion. Since these protocols are interpreted (rather than
being compiled into applications), group interactions can
be changed as a collaborative task progresses. Changes
can be made either by a person editing the protocol spec-
ification “on the fly” or by a silent “observation” process
that participates in an application solely to perform be-
havioral adaptations.

Trellis uniquely mixes hypermedia browsing with col-
laboration support. We term this combination a hyper-
program, and we say that a hyperprogram integrates the
description of a collaborative task with the information
required for that task. As illustration, we describing a
protocol for a moderated meeting and show a Trellis pro-
totype conference tool controlled by this protocol.
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THE MOTIVATING PROBLEM

We present a technology, collectively called Trellis, for
modeling, and analysis of coordination structures, and
for prototyping CSCW system based on such coordina-
tion structures. Our method separates the collaboration
protocol guiding the behavior of a CSCW system out
from the code for the system implementation. The col-
laboration protocol is interpreted and serves as a central
information engine in a CSCW system.

Some CSCW systems already provide “parameterized”
access to the underlying protocol. For example, the Suite
system [2] allows users to set and change the granularity
of text exchange, from character level up to paragraph
level. Our approach takes this ability to customize a pro-
tocol a step further, allowing dynamic alteration of any
aspect of a protocol, even aspects that system designers
do not (or cannot) anticipate. This capability is useful
for very long-lived interactions, ones in which the nature
of the shared tasks might evolve based on the outcomes
of earlier actions or decisions.

It is difficult to anticipate in detail all the behaviors
of CSCW systems, especially when parallel activities are
involved. Our method of separating out the protocol
and expressing it in a form different from the code gives
support for examining formally and informally the in-
teraction of parallel tasks and concurrent users. The
graphical notation of a network is no more difficult to
understand than direct code, and some researchers in
visual languages have found that graphical notations en-
hance human ability to understand parallel computation
threads. We exploit this informal enhancement in the
Trellis methods.

We also have developed formal analysis methods that
will find logical flaws in protocols while they are being de-
veloped. These methods are analogous to program proof
techniques in formal software engineering, and they com-



plement code testing and debugging in our CSCW sys-
tem prototyping process.

HYPERPROGRAMS AND CSCW

This report shows how Trellis hyperprograms are used
to prototype groupware applications based on explicitly
expressed, and dynamically alterable, collaboration pro-
tocols.

The Trellis project [12, 13] has investigated for the past
several years the structure and semantics of human com-
puter interaction in the context of hypertext /hypermedia
systems, program browsers, visual programming nota-
tions, and software process models. Our design work
has been guided since the early projects by a simplicity-
over-all principle; this means we develop as simple a
model as practical at first, and study how far towards
a general solution it will take us before we add more
capability, or “features” to the formalism. As a result,
our interaction models strike a balance between fully-
programmable/non-analyzable (like Apple’s Hypercard
product) and fully-analyzable /non-programmable (static
directed graphs).

In this report we will refer to an information structure
in Trellis as a hyperprogram. Due to the unique fea-
tures combined in the Trellis model, a hyperprogram in-
tegrates user-manipulatable information (the hypertext)
with user-directed execution behavior (the process). We
say that a hyperprogram wntegrates task with informa-
tion. In a CSCW context, this task is a description of
the coordinated interactions among multiple users; the
information is some interpretation given to this coordi-
nation framework for a specific application domain.

The Trellis model serves several functions with uni-
fied notational framework: its structures shared applica-
tions; its synchronizes loosely coupled parallel execution
threads; it provides a repository for application informa-
tion and historical data; and it provides mechanisms for
joint decision making and action. Semantic nets and link
typing may be as useful for pure hypertext description.
Object-based message passing languages are probably as
appropriate for expressing parallel threads. Production
systems are probably as useful for specifying group inter-
actions. However, Trellis provides a single formalism for
all these aspects of a collaboration support framework.

Due to the well-understood interpretation as hyper-
text, Trellis hyperprograms are especially useful for pro-
cesses in which human direction is an important aspect
of the control flow, such as software process models.
These forms of computation are referred to as being en-
acted, rather than executed, to distinguish the major role
they have for human input and human decisions (and for
CSCW, human interactions).

THE COLOR TRELLIS MODEL

Complete formal definitions of the color Trellis model
can be found in a previous paper [16]. In this report, we
are concentrating on the practical applications of Trellis
for collaboration protocols, so we summarize the model
informally.

The Trellis project is an ongoing effort to create in-
teractive systems that have a formal basis and that sup-
port analysis techniques. The first such effort was a hy-
pertext model [12], followed by a framework for highly-
interactive time-based programming (termed temporal
hyperprogramming [13]). The model we present here
is an extension of these earlier designs that explicitly
distinguishes the various agents acting within a linked
structure, and that provide a mechanism by which
agents may exchange data. This new model basically
follows the Trellis framework of annotating a form of
place/transition net (Petri net), and using both graph
analysis and state-space analysis to exploit the naturally-
dual formalism.

The following short section outlines some of the basic
concepts and terminology of Petri nets, their structure,
and common behaviors. Readers familiar with this ma-
terial may skip to the section on colors.

Net theory basics

The notation used here is taken from Reisig [11]. For
the interested formalist, Murata [9] gives a broad and
thorough introduction to net theory and modeling ap-
plications. We present here just the basics required for
understanding our application of this theory.

A Petri net is a bipartite graph with some associated
execution semantics. The two types of nodes in a net
are termed places, represented visually as circles, and
transitions, represented visually as bars. Activity in the
net 1s denoted with tokens, drawn as dots in the places.
Two nodes of the same type may not be joined by an
arc. Given the arc structure of a net, the set of inputs to
a node n is termed the preset of n, denoted en, and the
set of output nodes is termed the postset of n, denoted
ne. Figure 1 shows the common representation of these
Petri net components (we will discuss the interpretation
of this figure later); the varying patterns on tokens in this
diagram represent colors, a mechanism for class typing
discussed in detail later.

A transition ¢ in a Petri net is said to be enabled if
each place in et is marked, i.e., contains at least one to-
ken. Once enabled, a transition ¢ may fire, causing a
token to be removed from each place of et and deposit-
ing one token in each place of te. A net marking, or net
state, 1s a vector of integers, telling how many tokens re-
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Figure 1: CTN for a simple meeting protocol.

side in each place. Execution of a Petri net begins with
some initial marking, and continues through a sequence
of state changes caused by choosing an enabled transition
in the current state and firing it to get a new state. Exe-
cution certainly terminates if a state 1s reached in which
no transitions are enabled, but it may also be defined to
terminate with any marking that has some special sig-
nificance to the user of the net.

Color time nets

The Trellis model i1s based primarily on a syn-
chronously executed, transition-timed Petri net as the
structure of a hyperprogram. For use in CSCW, we have
employed a form of net model known generically as high-
level nets. High-level nets have been introduced in sev-

eral forms by different researchers, including predicate-
transition nets [4], colored Petri nets [6], and nets with
individual tokens [10].

We present our ideas in a hybrid notation. We will use
the Jensen’s terminology of colored nets, but the sim-
plified syntax presented by Murata in his high-level net
summary [9]. All forms of high-level nets can be trans-
lated into one another, and are thus equivalent, but the
simple syntax we use creates explanations that are more
clear. The net notation used in Trellis we refer to as
colored timed nets, or CTN.

In CTNs, tokens have type (color) and may carry data.
A CTN marking is a snapshot (at some point during ex-
ecution) of how many tokens of each color reside in each
net place. A token of one color is distinguishable from



a token of another color; within a color class, however,
individual tokens cannot be distinguished from one an-
other.

Color expressions appear on the arcs of a CTN, defin-
ing which combinations of token classes are required for
an event (transition) to occur (fire). In Figure 1 these
appear in boldfaced and italics, consisting of variable and
constant names and algebraic operations. Execution of
the net requires pattern matching of the expressions on
the input arcs of a transition to the colors of the tokens
in the input places. A transition is enabled if there is one
or more consistent color substitutions for the expressions.
When the transition fires, one of the valid substitutions
is chosen, the proper color tokens are removed from the
input places, and output tokens are produced according
to the substitution and the expressions on the output
arcs. Rather than being excessively formal, we will ex-
plain CTN execution behavior informally thorough the
extended examples to follow.

A note on event timing

The timing of the original Trellis model has been re-
tained and combined with color to obtain the CTN no-
tation. Each transition in a CTN has two time values,
representing roughly a delay and a timeout. For a tran-
sition t, its release time ¢, represents the number of time
units that must pass once t is enabled before it can be
fired; its maximum latency t,, represents the number of
time units that may pass after ¢ is enabled before it fires
automatically. Fach time value may range from 0 to oo,
with the constraint that ¢, <¢,,. The degenerate case, a
(0, 00) transition, has a zero delay and an infinite time-
out, which is the behavior of transitions in an untimed
net. Our Trellis implementation of CTNs defaults each
transition to a (0,00) timing, which can be changed by
the designer of a net.

This temporal structure is very similar to that of Mer-
lin’s Time Petri nets [7, 8], with a few differences. The
two time values for each transition here are integers,
whereas Merlin used reals. We also have a need for the
maximum latency to possibly be unbounded, using the
special designation oo which is not in Merlin’s model.
Finally, times are not thought of as durations for tran-
sition firing in Trellis. Transitions are still abstractly
considered to fire instantaneously, like the clicking of a
button in a hypertext interface. Time values in Trellis
are thought of as defining ranges for the availability of
an event. In a previous report we showed how transition
timings are used to adapt net execution to user browsing
behavior [14].

Though we use timed events in Trellis hyperprograms,
space prevents us from discussing them further in our

examples here. Details on use of timed events have been
reported elsewhere [13, 15].

Annotations on a CTN

A Trellis hyperprogram is completed by giving anno-
tations for the components of the CTN. Considering our
earlier claim that Trellis integrates task with informa-
tion, one can consider the CTN as the task description,
and the different annotations as the information required
by the task.

One important category of annotation is content.
Fragments of information (text, graphics, video, audio,
executable code, other hyperprograms) are associated
with the places in a CTN. Another category of anno-
tation is events, which are mapped to the transitions
of the CTN. A third category of annotation is the ai-
tribute/value (A/V) pair; alist of A/V pairs is kept with
each place, each transition, each arc, and for the CTN
as a whole.

Annotations can be used by the Trellis implementation
to prototype group interaction tools. In our earlier ex-
periments, we showed how annotations can naturally be
used to produce hypermedia documents that coordinate
multiple readers. Such collaborative hyperdocuments are
the basis for our prototyping approach, discussed in de-
tail in a later section.

COLLABORATION PROTOCOLS

In the next few sections, through an extended exam-
ple, we illustrate the basic execution and interpretation
of a CTN as a collaboration protocol. Following this,
we discuss analysis of collaboration protocols and veri-
fication of the behavior encoded in one. After analysis,
we discuss the current Trellis implementation and show
how it is used to prototype groupware based on CTN
collaboration protocols.

Example: Simple moderated meeting

Figure 1 shows a CTN that encodes a simple moder-
ated meeting. To enhance the clarity of this example,
we have made some simplifying assumptions about the
actions in such a meeting; we discuss more realistic com-
plexities following an initial explanation.

We envision a meeting with two classes of agent: par-
ticipants, and a moderator (who may also act as a partic-
ipant). Participants can be in either of two states: listen-
ing, or speaking. When listening, they can request and
possibly obtain the floor to speak; when speaking, they
can release the floor, to return to listening. The modera-
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Figure 2: Detail for participant allocation.

tor has more extensive abilities. In addition to acting as
a participant, the moderator can: add or delete partic-
ipants in the meeting; suspend participants for a time,
and return them to a meeting (we presume that suspen-
sion 1s different from being deleted, as something like a
history would be kept for suspended participants); grab
the floor, preempting the current speaker, and drop the
floor, returning the preempted participant to speaking.
In the CTN shown, we have represented the partici-
pants all with one color; that is, we have used color to
represent the entire class rather than individuals. Conse-
quently, the net is simpler for an initial discussion, but no
participant can be distinguished from another. We will
remedy this shortly. We have assigned a second color for
the single moderator, and we have used a third color for
a token providing mutual exclusion of potential speakers.

Color constants

In this simple protocol, the moderator 1s fixed for the
duration of the meeting (we will explain a more compli-
cated alternative to this, as well, following). To under-
stand the notation on the net, consider the action “add
participant” that the moderator can perform. This is
represented in the net as the transition labeled “addPer-
son”. There 1s one input arc to this transition, labeled m
coming from place “moderator”. The label m in boldface
indicates a color constant which we have selected for the
moderator token. The “addPerson” transition has two
output arcs: one labeled p to place “listen”, and another
labeled m back to place “moderator”. As before, p is a
color constant representing the participant class.

When a token of color m is present in place “moder-
ator”, the operation can be invoked (i.e., the moderator
can invoke it whenever desired... no other preconditions
exist). Firing the transition consumes the m colored to-
ken, but it also places one back into the moderator place
(i.e., the moderator does not give up his role by adding
a new participant). Firing also places a new p colored
token into place “listen” | thereby increasing the number
of participants by one.

Color variables

So far we have seen behavior that is accomplished
with color constants indicated on arcs. However, the
real power of the CTN notation comes in allowing color
variables to appear on arcs. Such a structure appears in
figure 1 on the left side, in the net region containing the
“getFloor” and “releaseFloor” operations. Note that an
m colored token is located in place “listen” along with
all the p colored tokens. This, along with color variables
on arcs, implements our claim that the moderator should
be able to act as a participant also.

The arc leading from place “listen” into transition
“getFloor” is labeled with the expression d, where the
italics indicates a color variable. The arc leading out of
“getFloor” to place “speak” is also labeled with d. Note
that the arc leading to “getFloor” from place “mutex”
i1s annotated with the color constant y. The meaning of
this net fragment, then, allows “getFloor” to fire with
some variability in its input token colors—not just with
specific input colors, as in the previous example. Transi-
tion “getFloor” may fire if there is specifically a y color
token in place “mutex” (i.e., if there is no one currently
speaking), and if there is some token of any color (call
it d) in place “listen”. When it fires, the y color token
1s consumed from place “mutex”; in addition, a token of
whatever color d stands for is removed from “listen”, and
a token of that same coloris deposited into place “speak”.
This means that the single operation “getFloor” may be
used to move either an m color token or a p color token
into place “speak”.

The same sort of color variable behavior controls the
firing of transition “releaseFloor” when someone wished
to stop speaking.

Variant: Distinguishing participants

Let’s consider other CTN structures that add more
detail to the simple protocol previously discussed.

One reasonable change is to allow a different color for
every meeting participant. This can be done by creating
a finite pool of differently colored tokens that is held in
reserve. When a new participant is to be added, a “new”
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Figure 3: Detail for changing the moderator.

color is allocated from the pool and added to the meet-
ing; when a participant is removed from the meeting, the
color is returned to the pool.

This alteration is depicted in the CTN fragment of fig-
ure 2. In addition to the pool of colored tokens, the net
shown in figure 1 has been changed to include varying
token colors in place “listen”. Also, arcs leading from
the moderator operations to place “listen” are now la-
beled with the variable expression d instead of with the
constant p.

It is important for analysis purposes (explained later)
that the pool of potential participants be finite. That
is, the CTN must specify all colors that might be used
by meeting participants, and no truly new color can be
injected into the net as a whole during execution. How-
ever, the finite number of participants can be arbitrarily
large. This limit presents a practical problem only if
the meeting protocol to be modeled must allow an un-
bounded number of participants. Note that the simple
example we presented first, in which one color was used
for the entire class, does allows an unbounded number of
(indistinguishable) participants. Whether or not a truly
unbounded number of participants is a reasonable re-
quirement for a CSCW tool is a point for separate dis-
cussion.

Variant: Changing the moderator

Another practical addition to our meeting protocol is
the ability to change moderators while the meeting is in

progress. For this example, we will build on the one from
figure 2 with the finite pool of participants. We continue
to assume that each participant, moderator or otherwise,
is assigned a unique token color.

Figure 3 shows more CTN details for moderator swap-
ping. In this fragment, we have altered the labels on
arcs between the “moderator” place and the previously
existing operations (like “addPerson” and “delete”) to
have the variable expression m. Labeled in this way, the
moderator is not fixed as always being the constant color
m as before, but instead can be any color; having m on
all arcs between place “moderator” and operations like
“addPerson” specifies that execution of such an opera-
tion must maintain whatever color m represents (i.e., the
moderator cannot change simply by executing “addPer-
son” and the other previously discussed meeting control
functions).

We have added another operation, “newModerator”,
to specifically perform moderator swapping. The arc
leading into “newModerator” from place “moderator” is
labeled with the expression m, and the arc leading into
the transition from place “listen” is labeled d + m. This
shows that the “newModerator” function can only be in-
voked if the “listen” place contains both a participant
with the same color as the moderator, and another par-
ticipant with a different color from the moderator (we
assume no aliasing in color substitutions). When fired,
the “newModerator” transition leaves the token counts
in “listen” unchanged, but it takes whatever color was
in “moderator” (represented by variable m) and replaces
it with a token of whatever color i1s represented by d.
Since we know the value of d is different from the value
of m (the “no aliasing” assumption), we know that the
moderator has changed. Neither participant leaves the
meeting—they just exchange capabilities. Also note that
the new moderator color 1s drawn not from the pool, but
from the actual participants found in place “listen”. Fi-
nally, as written, the CTN allow a moderator to swap
only with someone who is listening—a speaker cannot
become the new moderator without first releasing the
floor.

PROTOCOL ANALYSIS

The need to analyze a CTN should be apparent to the
reader that has spent some time considering the possible
behavior of even the simple protocol given in Figure 1.
As motivation for this analysis section, let us consider
for a moment what can happen when the CTN for the
simple meeting is executed.

There are two pairs of operations that are intended to
be used 1n alternation by individual speakers: “getFloor”
followed by “releaseFloor”, and “grabFloor” followed by



“dropFloor” (by the moderator only). If a normal par-
ticipant executes “getFloor”, the “dropFloor” operation
cannot be executed thereafter since the arc leading from
place “speak” to that transition requires an m colored
token.

If the moderator executes the “getFloor” operation,
as a normal participant would, it might appear that the
moderator could then execute the “dropFloor” opera-
tion, in violation of the informal expectation. In fact, the
net structure prevents this by requiring a p colored token
to be in place “hold” for firing transition “dropFloor”.
In other words, “dropFloor” can only be executed if the
“grabFloor” operations has first placed a participant on
hold. It would appear, then, after a quick informal anal-
ysis that the net maintains our intentions.

However, more careful reasoning about the protocol
uncovers this interesting behavior. If a moderator first
executes “grabFloor” and puts a speaker on hold, there
18 no requirement in the net that the next operation
be “dropFloor”. Once an m colored token is in place
“speak”, the “releaseFloor” operation can be executed,
no matter how the m token got there. In essence, if a
moderator grabs the floor, it can then behave as if it
obtained the floor through the normal channel. If such
a moderator follows “grabFloor” with “releaseFloor”, a
second m colored token will be deposited into place “lis-

ten”.

If a participant does “getFloor” to begin speaking, this
scenario can then be repeated. The moderator can again
execute “grabFloor” followed by “releaseFloor”, putting
a second participant on hold and putting a third m col-
ored token in place “listen”. This behavior can continue
until all participants are put on hold, and “listen” con-
tains a number of moderator tokens equal to one greater
than the number of participants on hold.

This behavior can also be undone. While participants
are on hold, the moderator can execute “getFloor” with
one of the m colored tokens in place “listen”, and then
(against the alternation assumption) follow that with
“dropFloor” | releasing one of the held p colored tokens
and eliminating one of the extra m tokens. The partici-
pant, now speaking again, can execute “releaseFloor” to
rejoin the “listen” pool. The moderator can repeat this
cycle, releasing in turn all held participants.

Several points should be made about this situation.
First, even simple protocols can exhibit complex behav-
ior. Secondly, complex or not, the behavior of a CTN
easily can be unexpected. We did not intend for the
example protocol to have the behavior described; the
“covert” operations were discovered well after its design
as other aspects of the CTN structure were being dis-
cussed. This surprise, though small, illustrates our point

about analysis quite well. In this case, the CTN behav-
ior is not particularly harmful; however, its operation
does not match the specifications we had in mind, and
its extra behavior does not map well onto the natural
and expected actions of a meeting.

Thirdly, informal reasoning cannot be counted on to
reliably uncover all the possible behaviors of a CTN. We
draw an analogy to program testing vs. program verifica-
tion; testing (sampling) is necessary, but not sufficient for
full confidence. In our example, we first concluded that
a moderator could not execute “getFloor” followed by
“releaseFloor”, arguing that a p color token was needed
in place “hold”. We then went on to contradict this con-
clusion, discovering another vector by which that pre-
condition could in fact be obtained. With such informal
reasoning, one cannot be sure all important behavior has
been deduced. When is it safe to stop reasoning?

Formal analysis methods

We have developed analysis techniques for CTNs that
allow a designer to determine if the behavior of a net
matches formal specifications of desired behavior [17].
Our current analysis software is a modification of a model
checking system developed by Clarke for verifying the be-
havior of concurrent programs. Since the Trellis model
is based on a concurrent automaton (Petri net), hyper-
programs are expressions of concurrent processes and are
quite amenable to the model checking methods of veri-
fication. The model (the Petri net) is annotated with
atomic predicates that indicate true conditions at each
node (such as “participant is speaking” of “floor can be
grabbed”). A temporal logic is used to specify properties
the protocol should exhibit during execution (such as “if
a participant is placed on hold, he should be given back
the floor before any other participant gets the floor”),
and the the model checker examines the state space of
the automaton (coupled with the atomic predicates at
each state) to see if the specification is upheld.

Our current system works by expanding CTNs into
normal Petri nets (termed “unfolding” in the net litera-
ture), then computing the state space of unfolded net as
the model for the checker. Interpretation is difficult in
this approach; the temporal logic properties make state-
ments about the unfolded model, but the results must
be interpreted back in the original Petri net protocol.
To ease this problem, we are working on model checking
algorithms that work directly on the CTN and do not
require an unfolding step.

PROTOTYPING GROUPWARE

In this section we explain the basic architecture of a
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Figure 4: System architecture of a Trellis implementation.

Trellis-based implementation and show how it can be
used for prototyping and enactment of a CTN. This
should illustrate more clearly the earlier observation that
a hyperprogram integrates task with information.

Recall that a CTN is a color time Petri net (CTN) that
is annotated with fragments of information (text, graph-
ics, video, audio, executable code, other hyperprograms).
The CTN encodes the basic individual actions and group
interactions of a CSCW application, but appropriate vi-
sual interfaces are needed to provide users with a tangible
interpretation of the net and its annotations. For exam-
ple, in our Trellis-based hypertext system, annotations
on net places are Unix file names, with “button” names
attached to transitions. When a token enters a place dur-
ing net execution, the file for that place is presented for
viewing. The names of enabled transitions leading out of
the place are shown as a menu of selectable words next
to the file contents. Selecting a button (with a mouse,
usually) would causes the net to fire the associated tran-
sition, moving the tokens around and changing which
content elements would then be active and visible.

In a Trellis implementation, this cooperative separa-
tion between net and interpretation is realized by a dis-
tributed client/server network, as shown in figure 4.
Every Trellis model is an instance of an information
server—an engine that accepts remote procedure call
(RPC) requests for its services. The engine has no visible
user interface, but does have an API that allows other re-

mote processes to invoke its functions for building, edit-
ing, annotating and executing a CTN. Interface clients
are separate processes that have visible user interfaces
and communicate with one or more engines via RPC.
Clients collectively provide the necessary views, interac-
tions, and analyses of a net for some specific application
domain. Simply put, Trellis clients are the syntax of an
application, whereas Trellis engines are the dynamic se-
mantics; clients and servers provide an application’s look
and feel respectively.

In the early stages of a collaborative tool design, a
Trellis hyperdocument is built that encodes the desired
interactions, as in the moderated meeting protocol dis-
cussed earlier. Text and graphics (or video, if needed)
are created to explain each activity represented in the
CTN; as part of the authoring process for this hyper-
document, the net components are annotated with the
names of the files containing these explanatory content
elements. Testing and analysis of the protocol can then
be done with model checking; usage trials can be done
through hypertextual browsing via the Trellis client in-
terfaces. At this stage, the prototype groupware tool is
an “active hyperdocument;” user interactions are accu-
rately simulated, but the necessary information exchange
and data manipulation are simply explained with text
and graphics stubs.

Figure 5 shows this stage in prototyping a conferenc-
ing tool based on the meeting protocol from Figure 1.
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Figure 5: xTed CTN editor client for Trellis.

The figure shows one instance of the Trellis CTN edi-
tor client, and two instances of the Trellis text browser
client. All three client processes are communicating with
a single Trellis engine, each giving a different view of
the information stored in that engine. One of the text
browsers has been executed using the “moderator” color
(meaning the browser only displays content elements for
places that are marked with tokens of its color); it con-
sists of the two windows in the upper right corner. The
other browser has been executed using the “participant”
color, and is the single text window in the lower left. No-
tice that the moderator window has extra buttons in its
button menu, indicating operations the moderator can
perform that a normal participant cannot. Notice also
that the moderator browser shows windows for both the
“moderating” activity and the “listening” activity, since

the CTN shows moderator-colored tokens in both places
(the moderator can also be a participant in a conference
under this protocol).

Selective dislay of events

One use of A/V pairsis in hiding events from being vis-
ible in some windows, as desired by the protocol designer.
Consider again the hyperdocument shown in Figure 5. A
decision must be made about where to display the but-
tons representing the enabled CTN transitions. Notice in
the net that the transition “delete” (delete participant) is
enabled for firing, and that it has as input places both the
“moderator” place and the “listen” place. The color ex-
pressions specify that if a participant-colored token (blue
in this case) is in place “listen” and a moderator-colored



token (red in this case) is in place “moderator” then the
delete operation can be performed to take a participant
out of the conference. Both a listening participant and a
presiding moderator are required as preconditions to the
delete operation.

But who is allowed to invoke this operation? By de-
fault in the Trellis browser shown, an enabled transition
i1s displayed as a button in the window for each of its
input places. In this case, under the default behavior, ei-
ther the moderator or the participant could then initiate
the delete operation by selecting the appropriate button
in their respective menus. Notice, however, that in our
example the “delete” operation only appears as a button
in the moderator window.

This selective display is accomplished with A/V pairs.
To override the default, the constant “all” is stored in the
engine as the value of attribute “HideButton” on the arc
connecting the “listen” place to the “delete” transition.
The browser interprets this A/V pair as telling it not
to display the button in the “listen” window no matter
what color it is using. Thus, neither participants nor the
moderator will see the “delete” button in the “listen”
window, and they will not be able to invoke the delete
operation from it.

Notice that the moderator does see the “delete” but-
ton in the “moderator” window. There is no “HideBut-
ton” attribute defined on the arc from that place to the
“delete” transition, and the default display behavior ap-
plies.

A different hiding behavior could have been achieved
by storing the A/V pair “(HideButton,blue)” on the arc
from place “listen” to transition “delete.” In this case,
rather than hiding the “delete” button from all listeners,
only browsers executing on behalf of participants (color
“blue”) would have the button hidden. When the mod-
erator browser displayed the “listen” place contents, the
“delete” button would be shown; the moderator would
then have the option to invoke the delete operation from
either its “moderator” window or from its “listen” win-
dow. For our example, the protocol designer thought it
less confusing for special moderator functions to be ac-
cessible only in the “moderator” place window.

Evolution to working code

Once the design of a collaboration protocol is stable,
a more substantial implementation can proceed by al-
tering the content annotations on the CTN. The pas-
sive text and graphics stubs are replaced with executable
content components—code written to realize the desired
actual behavior and to provide the services required by
the groupware tool. Evolution of the content annotation
from stubs to code is assisted again by the third class of
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annotations: attribute/value pairs.

For migrating static stubs to active code, A/V pairs
can be used to exchange data. An A/V pair is simply
stored in the engine as two character strings, attached
to some net component. Thus, a conference tool can
be created from the hyperdocument shown by taking a
copy of the browser code and altering it to present “chat”
windows instead of simple text file displays. The “chat”
behavior is implemented by having the browser instance
capture the keyboard input from its user and store that
as a character string in the engine (attached to the ap-
propriate net component, such as an active place) un-
der some agreed-upon attribute name like “TextToYou.”
The browser would also query the engine to obtain the
value of attribute “TextToYou” attached to some other
net component (representing some other participant).
After retrieving this value, the browser displays the text
in its interface as input from this other participant.

Dynamic protocols

More sophisticated behavior can be added to the
emerging groupware tool as prototyping proceeds, until
the desired level of functionality results. This final pro-
totype has its multi-user interactions governed by the
Trellis engine implementing the collaboration protocol.
Since the CTN defining this protocol is interpreted by
the engine (as opposed to being compiled into the ap-
plication) the CTN definition can be altered, even as a
collaborative work effort 1s underway.

One way to dynamically alter a protocol is to use the
Trellis CTN editor. This client can be accessing an en-
gine no matter what other clients are using that engine.
Thus, a human can edit the net specification as the pro-
tocol 18 being executed, making changes and testing them
as a collaboration progresses. Such alterations are prob-
ably most useful in the debugging stage of protocol de-
velopment, but might also be important during use of
a collaborative system based on a Trellis protocol, es-
pecially if the effort has a duration of days, weeks, or
months. Changing the way a meeting is run would not
require termination of the meeting and recompilation of
the groupware tool. In effect, Trellis offers the protocol of
an interaction as persistent data rather than a “burned-
in” CSCW system aspect.

Significant changes can be made as well, not just mi-
nor variations. Some changes can be anticipated and
programmed into the protocol, as illustrated by our ex-
ample that allows a participant and the moderator to
exchange roles. In this way, Trellis offers the kind of
protocol “parameterization” offered by systems such as
Suite [2]. In Suite, several ways in which users might
want to change a protocol are anticipated, and the ability



to change these aspects 1s built into the user interface.
For example, users can decide to couple their text ex-
changes tightly (see every character others type as they
are typed) or loosely (only see new text when others en-
ter complete lines or paragraphs). This coupling can be
changed during collaboration.

However, not everything can be anticipated by a proto-
col designer, especially for complex activities. In Trellis,
the entire collaboration protocol is available for alter-
ation, not just certain designer-chosen aspects like mes-
sage coupling. Editing a Trellis CTN can allow new forms
of interaction to be created, tested, and then “linked” in
with a few new arcs in the net. Access control can be
designed and added with net structure, even as a col-
laboration progresses. Sections of protocol behavior can
be “detached” as needed and reattached as needed, all
by an “observer” using the net editor. Annotation can
be altered dynamically, allowing new information to be
substituted for old.

Trellis is a client server system, so rather than altering
a protocol with explicit human editing, a “silent” client
can listen to a collaboration, gathering data about the
interactions other clients are having with the engine and
making decisions about what alterations to make to the
protocol. Such a client makes changes by appropriate
RPC calls to the engine (add place, add arc, add transi-
tion, delete, annotate, etc.) during the collaboration.

RELATED RESEARCH

In general, the previously cited papers defining the
various forms of high-level Petri nets all mention the ap-
propriateness of the model for representing interactions
among users and computations. OQOur project goes be-
yond such recognition by providing a modeling frame-
work that includes unique analysis methods, as well as a
system design for prototyping and simulation of collabo-
rative tools.

Other research projects have looked at various aspects
of the domain we are studying. Fischer is using 1O
automata [3] to model human/computer interactions in
CSCW settings. Among the many group conferencing
tools and other CSCW systems that have been built, the
Suite project [2] is most in accord with our goals of dy-
namic protocol changes and easy prototyping of collabo-
rative interactions. Suite is a system for construction of
CSCW tools; its prototyping facilities are more sophis-
ticated than those of Trellis. In Suite, the group inter-
actions of a collaboration can change dynamically, but
only by adjusting values of predefined parameters. The
main protocol and its parameters are compiled into an
application; this protocol is specified in a programming
language (C) rather than being specified in the more ab-
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stract fashion of Trellis. No emphasis is given in Suite on
formal methods or analysis of the underlying protocol.

A commercial package, Design/CPN, is available from
MetaSoftware providing extensive editing capabilities for
building hierarchical color Petri nets.

The use of Petri nets as a specification medium for
man-machine interaction appears previously in the liter-
ature. For example, van Biljon [18] has described a spe-
cial grammar-based notation for designing man-machine
dialogues as languages, which are then realized with a
hierarchy of Petri nets as recognition automata. An-
other example is the work of Holt [5], who has designed a
PT-net-based graphical specification language for coordi-
nation of multiple cooperating agents in an information
processing organization. Trellis is a more complicated
model than these previous proposals, because it encom-
passes more than just the control aspects of man-machine
interactions. It contains an inherent notion of informa-
tion presentation (text, graphics, executable code), has
timing for events, and in later versions includes a Lisp
interpreter as a attribute processing facility.

The underlying Trellis information engine supporting
Trellis is related to other hypertext engines that have
been used in experimental software support systems.
The HAM (hypertext abstract machine) [1] was devel-
oped 1n 1986 by Textronix, and was used as the basis for
a hypertextual software support system called Neptune.
The uniqueness of Trellis is the basis on a parallel collab-
orative computation model—color time Petri nets. This
gives the model an elegant structure that can be both
programmed and analyzed.
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