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ABSTRACT

The Trellis project examines hypertext as a mechanism not
only for structuring information, but also for structuring pro-
cess. Process can be specified by aprotocol, and the number
of areas of study in which protocolsare of relevanceislarge.

In this paper we present the definition of anew Trellismode,
an expansion of earlier models, that incorporates colored
tokens into the previously-described timed-Petri-net-based
definition. We give examples of using Trellis to define pro-
tocols in the areas of Software Engineering and Computer
Supported Cooperative Work (CSCW). Trellis prototypeim-
plementations are based around a client-server architecture
and interpret their specifications. Consequently they provide
an environment for the rapid prototyping and incremental
development of multi-user distributed protocols.

KEYWORDS: Tréllis, protocols, colored Petri nets, CSCW,
software engineering

1 INTRODUCTION

A unifying focus in hypertext research is the identification,
definition and devel opment of commonalitieswith previously
orthogonal areas of study. Hypertext has been suggested as
an important component of systems supporting the software
engineering process [4, 21] and computer-supported cooper-
ative work (CSCW) [23, 7]. Hypertext can be generalized
even further; systems such as Apple’s HyperCard [1, 2] are
used to implement general-purpose computer applications.

A characteristic of these investigations is the central nature
of protocol specification in addressing the domain’s require-
ments. Software engineering protocols include formal and
semi-formal artifactsthat provide, for example, requirements
specifications. The relationships among these artifacts and
the procedures that are followed in their manipulation arein
turn defined by higher-level protocols. Inthe CSCW domain,
the coordination of the interactions among humans and be-

*Thiswork is based upon work supported by the National Science Foun-
dation under grant numbers IRI-9007746 and IRI-9496187, and by the
Texas Advanced Research Program under Grant No. 999903-155.

P. David Stotts
Computer Science Department
University of North Carolina
Chapel Hill, NC 27599-3175
stotts@s. unc. edu

tween human and computer can be formalized and refined
through the expression of protocols[29, 13].

TheTrellisproject isinvestigating the structureand semantics
of hypertextually-describedinteraction [24, 23]. Asthework
hasdevel oped over anumber of years, we have broadened our
scopefromthestudy of hyperdocumentsto encompass hyper-
programs. A hyperprogram associates user-manipulatable
information (the hypertext) with user-directed execution be-
havior (the process). Consequently a hyperprogram can be
said to integrate task with information.

Generalizating, the hyperprogram’s execution behavior can
be defined by the collective actions of agroup of entities, not
only the direction of a single user. Such actions can be gen-
erated by, and can coordinate the activities of, a collection of
human users, computer-based processes, and indeed reflect
and aredriven by theintentionsof the hyperprogram’sauthor.
The structural characteristics of a hyperdocument permit the
specification and documentation of aconcurrent protocol and
the characteristics of the specification’s definition potentially
enable the protocol’s verification. It is the dynamic charac-
teristics of the hyperprogramthat permit the prototyping and
deployment of the resulting specification.

Section 2 will present the current description of the Trellishy-
pertext model. Thismodel isarefinement of those previously
described[24, 6, 25, 27], isbased on col ored, timed Petri nets,
and has been implemented in several versionsusing a client-
server-based architecture [8]. Following the description of
the model, section 3 will give three brief examples its use
in protocol specification in two example domains—Software
Engineering requirements specifications and CSCW proto-
cols. Section 4 contains discussion about some of the issues
in implementation of protocols in the model and section 5
presents conclusions.

2 TIMED, COLORED TRELLISMODEL

The Trellis project is an ongoing effort to create interac-
tive systems that have a formal basis and that support an-
alytical techniques. The first such effort was a hypertext
model [24], with afollowup framework for highly-interactive



time-based programming (termed temporal hyperprogram-
ming [26]). The model we present here is an extension of
these earlier designs that explicitly distinguishes the vari-
ous agents acting within a linked structure, and that provide
an analyzable mechanism with which agents may exchange
data. This new model basically follows the Trellis frame-
work of annotating aform of Petri net, and using both graph
analysis and state-space analysisto exploit the naturally-dual
formalism. The discussion in this section is modified from
an earlier paper [23].

The following short section outlines some of the basic con-
ceptsand terminology of Petri nets, their structure, and com-
mon behaviors; readers already familiar with these notions
may chooseto skipit. Followingthat weintroducethe group-
and timing-specific net definitions, and finally the model of
collaboration structures based on these nets.

2.1 Net theory basics

A Petri net! [20] is a bipartite graph with some associated
execution semantics. The two types of nodes in a net are
termed places, represented visually ascircles, and transitions,
represented visually as bars. Activity in the net is denoted
with tokens, drawn as dots in the places. Two nodes of the
sametypemay not bejoined by anarc. Giventhearc structure
of anet, the set of inputs to anode n is termed the preset of
n, and the set of output nodesis termed the postset of n.

A transition ¢ in a Petri net is said to be enabled if each place
in the preset of ¢ ismarked, i.e., contains at least one token.
Once enabled, atransition ¢ may fire, causing a token to be
removed from each place of the preset of ¢ and depositing one
token in each place of the postset of . A net marking, or net
state, isavector of integers, telling how many tokensresidein
each place. Execution of a Petri net begins with someinitial
marking, and continues through a sequence of state changes
caused by choosing an enabled transition in the current state
andfiringit to get anew state. Execution certainly terminates
if astate is reached in which no transitions are enabled, but
it may also be defined to terminate with any marking tg that
has some special significance to the user of the net.

2.2 Coloredtimed net

The Trellis model is based primarily on a synchronously ex-
ecuted, transition-timed Petri net as the structure of a hyper-
program. Recently, we have employed a form of net model
known generically as high-level nets. High-level nets have
been introduced in several formsby different researchers, in-
cluding predicate-transition nets [9], colored Petri nets [14],
and netswith individual tokens[19].

1A Petri net is a specific instance of the general placeftransition net,
which describes the place and transition net syntax that is common to many
forms of concurrent computation model. The Petri net is aform of PT net
with the specific (and familiar) execution semantics that will be described
here.

We present our ideas in a hybrid notation. We will use
Jensen’s terminology of colored nets, but the simplified syn-
tax presented by Muratain his high-level net summary [18].
All forms of high-level nets can be translated into one an-
other, and are thus equivalent, but the simple syntax we use
creates explanationsthat are more clear.

In colored nets, tokens havetype (color) and may carry adata
structure. A token of onecolor isdistinguishablefrom atoken
of another color; within a color class, however, individua
tokens cannot be distinguished from one another. Thetiming
of the original Trellismodel has been retained and combined
with color to produce this model:

Definition 1 Colored timed net structure
A colored timed net structure CT'N isa 5-tuple,

CTN=<S5,T, F, kK, T>

in which
S ={p1,..., pn}isafiniteset of placeswith
n >0,
T = {ts,..., t,}isafiniteset of transitions

withm >0,and SN T = 0,

F C(SxT)U(T x S) istheflowrelation, a
mapping representing arcsbetween places
and transitions.

k: {K1,..., K-} isafinite set of colors for
typing tokens, where each color isa func-
tionk; : S —{0,1,2,...};

7:T —={0,1,2,..} x {0,0,1,2,...} isa
function mapping each transition to a pair
of values termed release time and maxi-
mum latency respectively. For any transi-
tiont € T, wewrite 7(t) = (77, /") and
we requirethat 7, < 7.

In this model, we have simplified the notation used in
Reisig [20] by assuming that the weight on each arc is 1,
and that the token capacity of each place is unbounded. A
net marking isavector of token counts, with each token count
being avector of color counts; amarking providesasnapshot,
at some point during execution, of how many tokens of each
color residein each place.

For atransition ¢t € T, its release time represents the num-
ber of time units that must pass once ¢ is enabled before
it can be fired; its maximum latency represents the number
of time units that may pass after ¢ is enabled before it fires
automatically.

This temporal structure is very similar to that of Merlin's
Time Petri nets[16, 17], with afew differences. Thetwotime
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



whichisnotin Merlin’'smodel. Finaly, timesare not thought
of asdurationsfor transition firing in Trellis. Transitions are
still abstractly considered to fire instantaneoudly, like the
clicking of a button in a hypertext interface. Time valuesin
Trellis are thought of as defining ranges for the availability
of an event.

2.3 Collaboration protocol structure (CPS)

The timed Trellis model of hypertext uses the structure and
execution rules of timed Petri netsto specify both the linked
form and the browsing semantics of a hypertext. Thislogical
structure then is interpreted through a layer of indirection
to arrive at a displayed form for reader consumption and
interaction. Hypertext content and linked structure are thus
effectively separated by the timed Trellis model.

Definition 2 Collaboration protocol structure
A collaboration protocol structureis

CPS =< CTN, My, C, W, B, P, Py >
inwhich

CTN =< S, T, F, k, 7 > isacolored
timed net,

Mo : S =< ci,cp,...,c. >isaninitial mark-
ing (or initial state) for CT' N, wherer =
|kl and Vp € S, Mo(p), = ci = ki(p),

C isa set of document contents,

W isa set of windows,

B isa set of buttons,

P, isalogical projection for the document,

P, isadisplay projection for the document.

A CPS consists of aCTN representing the document’slinked
structure, a marking to tell how many tokens of each color
start in each net place, several sets of human-consumable
components (contents, windows, and buttons), and two col-
lections of mappings, termed projections, between the CTN,
the human-consumables, and the display mechanisms. A
window from ¥ is alogicaly distinct locus of information.
A button from B is an action that causes the current display
to change in a specified way. Content elements from C' can
be many things: text, graphics, tables, bit maps, executable
code, sound, or, most importantly, another CPS,

A logical projection P, provides mappingsfrom components
of aCTN to the human-consumabl e portions of agroup work
environment as mentioned above. Each placeinthe CTN has
acontent element from C' mapped toit, aswell asan element
of W for the abstract display of the content. Each transition
inthe net hasalogical button from B associated withit. The
display projection P, is a set of mappings that take the log-
ical components and produce tangible representations, such

as screen layouts, sound generation, video, etc. P, deter-
mines how thingslike text and buttons are visibly displayed,
e.g., whether a user selects a link from a side menu or from
highlighted words (or icons) within the content display.

The net marking My enables a CPS to represent both the
logical structure of a collaboration and the current state of
inter-activity within it. Together with the execution rules of
the CTN, every marking is a characterization of the possible
paths in a collaboration from the browsing point it repre-
sents. Different browsing patterns (for, say, different classes
of reader) can then be enforced on a single CPS simply by
choosing appropriate different initial markings.

2.4 Execution rulesfor a CPS

The execution behavior of a CTN provides an interpretation
of the collaborators experiences when interacting under the
control of aCPS. Asin the original Trellismodel, atokenin
a place p indicates that the contents of the place C;(p) are
displayed for viewing (or editing, or some other interaction).
Content elements comeinto and go out of view (or begin and
end execution) as tokens move through the net. Transitions
are fired by selecting logical hypertext buttons. When a
transition ¢ isfireablein the timed Petri net, itslogical button
B (t) isdisplayedin some selectable area of the screen, such
as on a (highlighted) word in atext section, or in a separate
button menu.

Thegeneral execution behavior of the CTN inaCPSrequires
pattern matching to be done on all arc expressions that are
inputsto atransition. Thetransitionisenabled if thereisone
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 in-
put places, and output tokens are produced according to the
substitution and the expressions on the output arcs.

2.5 Implementation note

The Trellismodel has been implemented in prototypeforma
number of times. Theinitia implementation, called aTrellis,
ran under SunTools. A currentimplementation, x Trellis, uses
the X-windowssystem. Each of theimplementationsisbased
on a client-server architecture, as has been described in [8].
A central server implements the semantics of the CTN and
the CPS but has no user-visible manifestation. One or more
potentially distributed client processes communicatewith the
server. (In the current implementations, this network com-
munication protocol is achieved using RPC.) These clients
produce the external representations of the hyperprogram.

A single user’s interface, then, may be produced by the co-
ordinated actions of one or many client processes. Many
client processes may be required, for example, when multi-
media material is presented to the user—one client may be
responsiblefor delivering audio, another for video, athird for
graphics, and a fourth for text. Alternately, separate clients
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Figure 1: CPS Elevator specification

may produce different “views’ of the information space, for
the benefit of the reader.

The CPS has been developed primarily to support the coor-
dinated efforts of multiple users. These applicationsalso are
implemented with multiple clients, where each user invokes
separate instances from a set of relevant clients. Certainly
a particular user may invoke a collection of clients intended
to tailor the information space display, but in most cases
there will be separate instances of the same client process,
homed on separate workstati ons but communicating with the
same server process. Communication and coordination in
this case is managed through the intermediary of the single
Server process.

3 PROTOCOLSIN TRELLIS

In this section we examine three examples of CPSs from two
domains. software engineering and CSCW. The first two,
based on formal requirements specifications from Software
Engineering, use only a single color in conjunction with the
timing characteristics of the net. The fina example, taken
from CSCW, uses token color.

3.1 Exampleone: elevator specification

A classical example problem for requirements specification
isthat of describing the actions of abuilding’selevator. Petri
nets are one of the mechanisms that have been examined
for their usefulnessin providing formal specification of soft-

ware requirements (see for example the discussions in [10]
and [22]). Figure 1 shows one formulation of this prob-
lem, adapted from the specification developed in [10]. This
formulation has been developed using our older prototype,
aTréllis. Theview in figure 1 is of the net editing client.

In this example, we are representing an elevator for a three
floor building. The elevator has three buttons inside of it to
indicate which floor we wish to travel to and also buttons on
thewall on each of thefloors. There are two buttons on floor
two that can call the elevator to head upward or downward.
Thereis one button on floor one and threeto call the elevator
for an upward and downward trip, respectively.

Figure 1 appears complex, but it is actually quite regular. To
help illustrate that regularity, 2 shows a view of the same
net with arcs suppressed (i.e., only places and transitions
are shown). Examination of this figure shows that certain
constructs are repeated with regularity. For example, one
common construct is an “elevator button.” On the left hand
side of the diagram are the constructs for four such buttons
representing the call buttonslocated on thewall on each floor.
On the right hand side of the diagram are three more buttons
representing the buttons within the elevator.

A rider on the second floor may request the elevator in, for
example, an upward direction while the elevator isin motion
and about to reach thefloor. If therequestisfor thedirection
of travel of the elevator, the elevator stops at the floor. Other-
wisetherequestishandledlater. Thedirectionof travel of the
elevator is represented by the two vertical slices of net to the
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Figure 2: CPS specification with arcs suppressed
middleleft of center (travel upward) andtothemiddleright of Mode | Event New Mode
center (travel downward). The constructsin the middle of the Off @T(Running) when TempOK | Inactive
diagram represent the behavior of the elevator on reaching a @T(Running) when TempLow | Heat
desired floor (opening the door and then closing it once again @T(Running) when TempHigh | AC
after a period of inactivity). In addition, a matrix associated Inactive | @F(Running) Off
with the second floor handles the case when arequest arrives @T(TempLow) Heat
that requires an idle elevator to change direction. @T(TempHigh) AC
. . . . . H F(Runnin ff
Itis possible to use a CPSto drive a simulation of the proto- et gT((T(laJm 0?2) Iaactive
col. If the standard Trellistext browser is used, then external AC @F(Runrﬁ)in ) o
inputs to the protocol (for example in this case riders push- @T(Tem 0?0 Inactive
ing buttons in this example) are represented as hypertextual P

buttons. In other words the selection of a link for follow-
ing represents the rider’s selection of an action. In addition,
standard Trellis timing semantics cause the smulation to re-
act dynamically to such external stimuli. It is aso possible
to create special purpose browsersthat more closely simulate
the problem domain. Figure 3 shows one such representation
for this domain, presenting the protocol’s response when the
“floor one” button is pushed within an elevator that isinitialy
idle on the third floor. The screens in the figure show two
browsers: to the left the standard oTrellis text browser and
to the right a custom browser representing the elevator’s sta-
tus. Since the Trellis prototypes are based on a client-server
architecture, both browsers are active simultaneously and
present different interpretations of the protocol’'s state. This
particular custom browser was generated very quickly (with
about half an hour’s programming effort) to help provide
insight into the CPS's behavior. Certainly with correspond-
ingly greater effort, amore complex graphical representation

Figure 4: SCR (A7) requirements representation of asimple
temperature control system (from[3])

of the elevator and its state could also have been provided.

3.2 Exampletwo: temperature sensor

Figure 4 shows a condensed version of an SCR reguirement,
aformalism used initially in specifying the characteristics of
the A7 aircraft [12]. This representation specifies the mode
transitions that occur when a set of events become satisfied.
An exampl e specification, taken from[3], is shown in figure
4. This specification states, for instance, that if the system is
in mode“ off” and event “ TempOK" holds, the system should
enter mode “inactive” when event “running” becomes true.
Similarly if the system is in state “heat”, it will enter state
“off” when event “running” becomesfalse.



The buttons at each floor are grouped

The elevator has 3 floors.

o
4
5
[}

i}

closed]

Doar

1}

Floor

closed]

Door

[[Trese are the buttons found uTihin The elevator
[[Trese are the buttons found uTthin The slevator

[<]Fron T1oor 2 down to floor ©

1 Closed|[g]At f1oor 1.

]

Elevator
#3 GoTo
#2 GoTo
Elevator
#3 GoTo
#2 GoTo
#1 GoTog
[:]
:|
B

#1 GoTog

X1t Content_Brouser

ere for convenience.

c
H
g

=]

@

2

c
3
o &
5a
I
i

o
5
*

hese are the buttons found within the elevator.

At floor 3...
Tdle...
oor closed.

Elevator
#3 GoTo
#2 GoTo
#1 GoTo
#3 Closed

O T ]

Door operf]

Exit Content Browser

AT floor 1...

[[Trese are the buttons found uTihin The slevator
[Z[Trese are the buttons found uTihin The slevator

[<]Fron T1oor 3 down to floor 2

I

1t Content browser)

1 open |

#1 GoTog

Elevator
#3 GoTo
#2 GoTo

#1 GoTog
Elevator
#3 GoTo
#2 GoTo

X1t Content_Brouser

I

Figure 3: Executing the specification



Inputs
P off button ©0)

Running_T Running_F

on button (0,0)

/,:/,, v 5
o (5T
o J
(bb) -~ 2.7 TempHigh
e T
(setqb\nfty)li . B
S !
(setq e nft)i)/,l/ i,
e (Y ,
——— (ad) - Initialy b, e, and a are set to infty
NewTemp - “~-<)I,_——‘
e (setq a infty)

(cond ((< tenp desiredtenp) (setq b 0))
((> tenp desiredtenp) (setq a 0))
(t (setqg e 0)))

Temperature Control System Running_T

TempOK

Running_T
TempLow

Running_T
TempHigh

Running_F

TempLow

PlaceName

Note: is shorthand for

Figure 5: CPS representation of requirementsgiven in figure 4

The example specification represents a smple temperature
control system. The system has an “on”/“off” switch and
a temperature sensor that is in one of three states: “Tem-
pOK,” “TempLow,” or “TempHigh.” Figure 5 shows a CPS
encoding of the SCR specification. The net fragments on
the left represent the encoding of the system’s controlswhile
the fragment on the right represents the encoding of the SCR
specification itself.

The fragment in the upper left hand corner of the figure rep-
resents the state of the on/off switch and the fragment to the
left of center represents the state of the temperature sensor.?
Events in the SCR sense are represented as transitions be-
tween states. Note that the temperature sensor fragment
depends on the Trellis transition timing mechanism and also
on Trellis previously-described dynamic adaptation agents
[27] totrand ateexternal ly-detected temperature readingsinto
system-invoked transition firings.

The fragment on the right hand side ties the event transi-
tions into the temperature system’s specification. In this
net the shorthand notation of Place Name means that the
correspondingly-named Petri net place is connected by arcs
to the designated transition, asillustrated at the bottom of the
diagram.

Taken together, these two examples illustrate some features
and shortcomings of the current CPS implementation. On
the positive side, the specification of the structure, based on
aformal mechanism, isamenableto subsequent analysis. In-
deed Atlee and Gannon [3] studied the conversion of SCR
specifications into aform that could be checked by Clarke's
MCB CTL-language model checker [5]. In doing so, they
discovered some unexpected inconsistencies in previously-
published specifications that were believed correct. The tar-
get they used is identical to the one we have used in our
previously-reported research in the hypertext domain [28]

2Thereis no distinction in this figure in the sense of the net specification
between the dashed lines and the solid lines—they are distinguished in the
diagram merely for purposes of graphical presentation.

and consequently similar results can be expected for CPS
applications.

L ess positively, examination of the examples, particularly the
elevator specification, illustrates the need for mechanismsto
control the specification’s complexity. These issues will be
revisited and discussed in section 4.

3.3 Examplethree: meeting protocol

Figure 6 shows a snapshot of xTrellis, our current Trellis
implementation prototype. In the upper left corner of this
screen is the xTed CTN editor client, which is displaying a
CPSfor directing ameeting among severa participants. This
protocol is discussed in detail in an associated paper [7], so
the current discussion will just touch on some general points.

Colored tokens are used in this specification to distinguish
classes of participants. The specific classes of interest that
defined in this example are the discussion’s moderator and
its participants (in addition, someinternal classes are defined
to implement higher-level structures).

The CPSis designed to limit some operations to the moder-
ator and to permit the moderator to override participants if
desired. The remaining windowsin the display represent the
view seen by a meeting participants and by the moderator. In
actual use, display of these documents would be distributed
over multiple, separated, workstations and would serve as
“traffic control” for an ongoing meeting.

Asthe associated paper details, the specification can be flex-
ibly modified to reflect different meeting policies. Examples
include creating a separate class of token for each participant
(rather than an anonymous pool of participant-class tokens),
maodificationsand additions of moderator-limited actions, and
permitting the moderator to exchangerol eswith a participant
Since protocols are interpreted, dynamic modifications can
be made, either by a person editing the specification “on
thefly,” or through the actions of Trellis dynamic adaptation
agents, which could modify the effective appearance of the
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protocol based on “ observation” of the meeting participants
actions.

Further issues relating to interpreted collaboration protocols
will be discussed in the next section.

4 |SSUESAND DISCUSSION
4.1 Prototypingin hypermedia

The main point of this paper is to emphasize that with a
process-based hypermediamodel (like Trellis, or Hypercard,
or KMS using the scripting language), hyperprograms can
serve as specifcation documents, and even initial prototypes,
for software systems. Process-based hyperdocuments can
express the protocols underlying the behavior of software
systems.

In aprocess-based hypermediamodel, analysisisusually im-
possible since the process definition componentisacomplete
programminglanguage (scripting language). Theuniqueness
of the Trellis model is expression of processes with a nota-
tion that is less powerful for programming, but also fully
amenable to state space analysis. This has been the point of
some of our past research [28]; as shown in the example of
SCR (A7 aircraft) requirements, analysis is often desirable,
if not absolutely necessary. Little, if any, other hypermedia
research has looked at this browsing process analysis. We
are currently adapting the Trellisanalysis methodsto the new
colored model.

In the case of collaborative software systems, the colored
Trellis model is especially useful for expressing group in-
teractions within a linked information structure. This was
the point of the conference protocol example. To apply this
capability, We have been designing a groupware prototyping
method based on Trellis hyperdocuments. The method first
specifies the necessary group protocols as hyperprograms,
then migrates the Trellis structures into working programs
by replacing the textual annotations with functional code
modules[7].

4.2 Abstraction, hierarchy and CPS

M anaging the compl exity of agraphical specificationisagen-
eral problem when hyperprograms are represented visually.
A straightforward graphical representation rapidly becomes
spaghetti-like in appearance. When visua means are used
to specify the hyperprogram, the increasing complexity of
the display rapidly limits the size of program that can be
described.

Our experimentsin reducing graphical complexity have cen-
tered around the mechanisms of abstraction and of hierarchy.
We have described abstraction-based mechanism in earlier
papers. a pair-grammar-based mechanism using a textual
language as description mechanism [25] and a subsequent
study using the graph grammar descriptionto driveavisually-
based specification interface [15]. An issue when the net is
generated from a separate description rather than specified
directly is what the placement of net elements should be.



A second study [11] found that standard graph layout algo-
rithmswere applicablein the Petri net domain, and that if the
hyperprogramwas rooted, that additional advantage could be
gained.

Hierarchy—therestructuring of theinformation spaceto par-
tition the net into smaller, more manageable chunks rel ated
to one another by higher-level structures, has been a compo-
nent of the Trellisdesign sinceitsinitial definition. As noted
above content elements in a CPS are arbitrary in form, and
can be another CPS.

The semantics of invoking a nested CPS are straightforward.
Following the standard Trellis semantics, a subnet isinvoked
when the associated place first became marked, and is un-
invoked when the place became un-marked. Theinitial mark-
ing of the subnet is predefined.

The introduction of colored tokens has introduced an ambi-
guity that is not present in the single color case (as was the
case in the older Trellis definitions). What color should the
subnet tokens be give—that of the parent net or anew, unused
color?

4.2.1 Subdocument invocation semantics

In Trellis, we treat subdocuments asindependent documents.
In other words, our data model (or, asis more accurately the
case, processmodel) doesnot distingui sh between documents
and subdocuments. A subdocument in one structure might be
amain document on its own in another context. Any Trellis
document can be a subdocument of another; conversely, any
Trellis subdocument can be independently browsed outside
the enclosing context.

However, browsing asubdocument may not producethe same
run-time effects in a subdocument context as it would when
browsed independently. Thedifferencesarisefrom the multi-
reader semantics we have developed for collaborative hy-
permedia. The addition of colors to the Trellis model has
led us to discover semantics of subdocument invocation that
are not evident in “normal” hypermedia systems (i.e., non-
collaborative or single reader systems).

We have identified two ways to invoke a subdocument:
proxy, and join. When one proxys a subdocument, one
adds tokens to the net that are of some color already active
in the net. When one joins a subdocument, one adds to-
kens that have colors not active in the net. The differenceis
subtle: proxy alows a reader (by sharing a token color) to
“duplicate” some other reader, one already using the subdoc-
ument; join requiresthat areader enter adocument as anew
entity, distinguished with a new color. Thus proxy cannot
alter the future behavior of a subdocument, since any action
that may be taken by the proxy-reader could a so be taken by
the original reader with the same color. Join can change the
future behavior of a subdocument, since join in essence adds
anew (and different) participant to a group that is executing
the protocol of the subdocument.

We have also identified two waysto classify a subdocument:
new, and old. Old meansthat an existing copy of the subdoc-
ument (embodied by acurrently executing engine) isinvolved
in the invocation. New meansthat afresh engineis executed
to embody the subdocument net. We allow old to default to
the behavior of new if there are no existing active copies of
the subdocument.

Crossing these properties gives us ostensibly four subdocu-
ment invocation modes, though it turns out that two modes
have very similar semantics. We now discuss the nuances of
each mode.

¢ Join-old. Invoking reader gets tokensin an existing
engine running a copy of the subdocument. Invoking
reader receives a token color not already represented
inthe net, and so takes on therole of anew and differ-
ent protocol participant. The presenceof theinvoking
participant may then alter the future behavior of the
subdocument.

¢ Join-new. This mode create a new engine to run the
subdocument (even if there are many currently active
copies of the document), and the reader becomes the
first participant in the document protocol. Activity
starts at the initial places of the document. The in-
voking reader is given a new token color, though this
had limited meaning sincethe engineisnew and there
are no other participantsin the document.

e Proxy-old. Theinvoking reader assumes the role of
some participant in an existing copy of the subdoc-
ument. The invoking reader must receive the same
token color asone of theactive colorsintheengine. In
thiscase, the reader “ stepsinto the shoes’ of an exist-
ing participant. Theinvoking reader does not replace
that participant, but rather the protocol capabilities of
that participant are duplicated in two readers.

e Proxy-new. Thismodeis very similar to join-new;
in fact, for our experiments we have defined the se-
mantics to be the same. Another possibility would
be to define proxy-new to be an error. Since the en-
gine is new, there are no current participants in the
document. One could argue that the invoking reader
cannot “step into the shoes’ of a non-existent partic-
ipant. We have chosen instead to simply default this
caseto join-new.

We haveidentified athird dimension of subdocument invoca-
tion that is not yet fully explored: initial token placement,
or whereto havetheinvoking reader begin browsing. For our
current experiments, both join and proxy place new tokens
ininitial places, identified as special in the Trellis document
definition. Other possibilitiesinclude adding tokensto places
that already have tokens at invocation time (placement based
on subdocument activity); and adding tokens to places ac-
cording to some parameter specified by the invoking reader



at invocation time (placement based on reader preferences).
In future experiments we will be exploring these and other
variations on this dimension.

4.3 Interpreted protocols

The use of CPS to describe an interpreted protocol, as
sketched in section 3.3, suggests the possibility of using the
specification in avariety of ways during the protocol’slife—
design, implementation, training, verification, deployment,
adaptation, and modification. We are currently examiningthe
challenging research issuessurrounding such applications. In
this section, we briefly identify some of those issues.

Development of effective protocols to direct collaborative
processes will require the identification of higher-level spec-
ification mechanisms, as discussed in the previous section.
Further, we believe it useful if the specification language is
based on aformalism that permits machine-based verification
that the protocol does not suffer from inconsistencies. Such
verifications might include testing that the protocol does not
requirethe physically impossible (for example assigning two
mutually incompatibl e actions to the same agent® at the same
instant in time) or the undersirable (for example the specifi-
cation of useless actions whose results are not subsequently
used).

Training people in the protocols can be based around the
examination and computer-driven simulation of the proto-
col specifications. Certainly the characteristics of the proto-
col specification language is important here as well—a self-
documenting and executabl e protocol specification language
will aid in these activities.

Initial deployment of protocolswill undoubtedly uncover de-
ficiencies in the protocol’s specification. Since CPS are in-
terpreted, modifications can be made to the protocols*“on the
fly” In such cases timely re-verification of the protocol will
be necessary. We are examining techniques for incremental
re-verification in response to this need.

It is possible that the computer network supporting the dis-
tributed application will become partitioned during a collab-
orative session. Indeed, this becomes more of a likelihood
if some of the participants are using mobile or untethered
interfaces. |deally, the individual participants would be per-
mitted to continue working, although perhaps with reduced
functionality. When net connectivity is restored, a systems
challenge is the required state resolution necessary to make
everyone' sworld view consistent. Our current work is also
investigating responses to this situation.

As a final comment, we expect to encounter situations in
which it is desirable to combine protocol fragments or in
which separateteams, carrying out similar activitiesbut oper-
ating with independently-devel oped protocol s, wish to coop-
eratetogether but without changing their individual operating

SRecall that agents are either humans, computer processes, or both.

procedures. Consequently we are also examining means to
permit the automatic combination of protocols.

5 CONCLUSION

In this paper, we have demonstrated Trellis-based encodings
of protocolsin the application domains of software engineer-
ing and computer supported cooperative work. Furthermore
we have asserted that the resulting specification with itsbasis
in adynamic, analyzable hypertext specification mechanism,
asisthe Trellisrepresentation, exhibits useful characteristics
attributible to the underlying representation.

Hypertext has traditionally been viewed as a means of struc-
turinginformation. Therepresentationsof protocol described
in this paper represent an extension of that view to also en-
compass the structuring of process. However, since the in-
formation structuring mechanismsremain, documentation of
the protocol and of the structure can be carried along with the
specification of the protocol itself. It is natural and straight-
forward to associate additional documentationwith the nodes
representing the protocol definition, or indeed to define aux-
iliary structures to provide more precise annotation of the
structure.

The Trellis net-based representation provides a means for
specifying aprotocol that can be used directly for verification,
training, and simulation. When the hypertextual basis is
dynamic, it also provides the means for rapid prototyping of
the protocol. Ontheother hand, the visual presentation of the
net requires attention be paid to the complexity of theimage,
requiring investigation of structuring through abstraction and
hierarchy.

Finally, we close by noting that the Trellis implementation
decision to interpret the underlying net suggests experimen-
tation with an incremental methodol ogy in protocol develop-
ment. Asprototyping proceeds, more sophisticated behaviors
can be added and refined. Thereis anice symmetry between
this idea and the world-view of a hypertext as a dynamic
web, growing and developing as new paths are encountered
and envisioned.
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