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1 Introduction

This paper describes compositional semantics (operational, denotational and logical) for a process
algebra enhanced with input/output actions and preemption combinators, in the presence of fairness.
The context of thispaper isTr i veni , aprocess-algebra-based design methodology that combines
threads and events in the context of object-oriented programming [CJJ*98a, C1Jt98b]. Tri veni
hasbeen realized asan API, JavaTri veni [CJJ"98a], in the Javaprogramming language. A case
study in JavaTri veni isdescribed in [CJJt98b], involving the re-implementation of a piece of
telecommunication software — the Carrier Group Alarms (CGA) software of Lucent Technologies
5ESS switch.

The semantics described in this paper is closaly tied to the JavaTri veni programming lan-
guage and environment. In particular, the design and implementation of JavaTr i veni motivate
the combination of features described in our semantics and the criteria placed on our semantic study.

e Theoperational model describedinthispaper isthepreciseformalizationof theJavaTr i veni
implementation.

e Thedenotational semantics servesasthe basisfor anon-definability result. Thisresult justifies
theintroduction of certain powerful preemption combinatorsas primitivesinJavaTri veni .

e The logical semantics forms the basis of our specification-based testing environment for
JavaTriveni .

The underlying process algebra and communication model.  Tri veni is based on a process
algebrathat adds preemption combinators [Ber93] to the standard combinators from process algebra
such as parallel composition, waiting for events, hiding events, and so forth. The Java event model
is based on the Observer pattern' [GHJIV95]; hence, compatibility requirements with event models
based on this pattern dictate certain aspects of the process algebra.

Criterion 1.1 Thecommunication model ismulticast; the processesareinput-enabled [LT89, Dil 88,
Jos92] and output actions cannot block [Vaa9dl].

*LoyolaUniversity Chicago: {colby,radha,laufer} @math.luc.edu

fLucent Technologies, Bell Labs: {lalita,cpg} @research.bell-labs.com

In the Observer pattern events are generated by event sources (subjects), and one or more listeners (observers) can
register with a source to be notified about events of a particular kind.
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Inaddition, Tri veni iscompatiblewith existing threads standards (e.g. Pthreads, Javathreads).
In particular, Tri veni alows existing threads (in the host language) that conform to an Observer-
pattern-based interface to be used as subcomponents. This forces the following “openness’ require-
ment on the semantic model.

Criterion 1.2 The semantic model must identify a general class of processes that can be used as
primitivesin the process algebra. This description must provide a criterion that can be checked on
the behavior of processes and must thus be independent of the syntax of processes.

Fairness in Tri veni . Fairness is necessary to provide useful techniques for reasoning about
preemption combinators in the context of threads; in particular, fairness ensures some liveness
properties which would not hold otherwise (liveness enhancing [AFK88]). For example, consider
the program

( DO p WATCH e? TOUT q) || EMIT e!

inwhich the left hand processis executing p until the occurrence of event e, after which p is aborted
and g isstarted. Theright hand process simply emitsthe e! event. Fairness among parallel processes
IS necessary to guarantee that the right hand side will eventually get a chance to emit the e! event,
and hence that the left hand side will eventually abort its execution of p and begin execution of ¢q. As
in any programming language, compositional reasoning is vital.

Criterion 1.3 The semantic model must support a compositional treatment of fairness.

1.1 Our reaults

The concerns of input/output actions, preemption, and fairness form the basis of our semantic study.
We describe operational, denotational and logical semantics and show correspondence theorems
relating the three semantics. Our results hold for both strong fairness (a process that is able to
execute some output event occurrence infinitely often is given a chance to execute that output event
occurrence infinitely often) and weak fairness (a process that is continualy able to execute some
output event occurrence is given a chance to execute that output event occurrence infinitely often).

Operational Semantics.  Our operational semanticsis given by SOS-style reduction rules, and our
operational model is based on a Petri-net algebra of input enabled processes, extended with a notion
of fairness. Our definitions of strong and weak fairness satisfy two of the criteriagiven in [AFK88];
namely, they are liveness enhancing and feasible.

We believe that our Petri Net description (Definition 3.2) is genera enough to encompass the
(event-related) behaviors of threads in the Java programming language; thus, these can be added as
primitivesto theal gebrawithout affecting theresults. Thus, from aprogramming language viewpoint,
our semanticsisindependent of the particular syntax that we have chosen for Tr i veni , making the
semanticsa study of Tr i veni and the relevant aspects of the Java programming language.

Our operational model isthe precise formalization of the JavaTr i veni implementation.

Denotational Semantics.  In order to support local reasoning on the behavior of programs, our
denotational semanticsisis compositional for all our process operators (Theorem 3.9). Theseresults
hold for both the (strongly/weakly) fair traces variants of the semantics.

The denotational semantics serves as the basis for a non-definability result (Theorem 3.10). All
the Tri veni combinators — with the exception of one preemption operator — have the following
property: they are closed on the class of Tri veni processes for which our strong fair semantics
and weak fair semantics coincide. Namely, this property is satisfied by the preemption combinator
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for process abortion, but violated by the preemption combinator for process suspension. Hence, this
result justifies the introduction of these preemption combinators as primitivesin Tri veni .

Logical semantics.  We describe a logical semantics based on propositional linear-time temporal
logic (PLTL) [MP91]. The primary purpose of the logical semanticsisto show that our definitions
of fairness are reasonable from a different viewpoint (Theorem 4.2), and to clarify the relationship
between our algebra and synchronous programming languages. This semantics also serves as the
basis for specification-based testing (of safety properties expressed in PLTL) in the implementation
of JavaTri veni (Theorem 4.3). From atechnical viewpoint, this semanticsis quite standard and
yields algorithmsfor deciding PLTL properties using model -checking techniques.

Related and Future Work.  From a programming language viewpoint, one aim of the semantic
study of the Tri veni project is the potential use of concurrency theory techniques for a formal
semantic description of substantial fragments of Java— one might even use poetic license and dare
to dream of something with the precision and completeness of the formal definition of ML. In this
context, the contribution of this paper is to demonstrate that a smple compositional trestment of
fairness is necessary and possible. In the future, we plan to study the issue of mobility [MPW89,
Mil91, FGL*96], namely dynamic channel creation and passing. We expect that this will nicely
enhance Tr i veni , since mobility permits a uniform semantic treatment of dynamic channels and
process creation [ San92] and the rudiments of object-oriented programming [Wal91].

Our work inherits the ideas of preemption combinators and input-enabled processes from syn-
chronous programming languages such as Esterel [BG92], Lustre [HCRP91], Signal [GBGM91],
Statecharts [Har87] etc.. (See, for instance, [Ber93, BB91, Hal93] for surveys.). From the view-
point of synchronous programming languages, the semantic descriptions in this paper demonstrate
the extent to which “instantaneous is approximated by eventually + fairness’ ; this relationship is
explained more precisely in the section on logical semantics. Indeed, a portion of our work can be
viewed as adding notions of asynchrony to synchronous programming languages [BRS93]. While
Tri veni is(intentionally) less expressive than the language of [BRS93], we remark that the issues
and context of the semantic study of fairness of this paper remain relevant to [BRS93]. In particular,
we believe that the methods used to address issues of fairness in this paper do not conflict with the
methods used to describe the semantics of the more powerful language of [BRS93], and we plan to
study the extension of our resultsto [BRS93].

Definability results distinguishing different notions of fairness have been studied extensively in
the dataflow literature, e.g. see [PS88b, PS88a, Sta90]. Similar resultsin SCCS distinguish different
delay operators [CP91]. In contrast, our definability study focuses on distinguishing preemption
combinators; we use the different notions of fairness as toolsin this study.

Our work is related to I/0O Automata (e.g., see [LT89, GSSAL94, Seg92]), Complete Trace
Structures [Dil88], and Receptive Process Theory [Jos92]. These theories distinguish input and
output actions and require al input actions to be enabled in every reachable state of the system.
However, inall of these theories, only componentswith digjoint output al phabets can be composed in
parallel; thisrestriction isessential for the substitutivity of thefair traces semantics. SinceTr i veni
isthe basisfor a programming language, thisrestriction isfar too stringent for our purposes, and our
fair traces semantics are compositional even for parallel processes whose al phabets may intersect.

Our work is strongly inspired by the elegant results of Vaandrager [Vaa9l], who also lifts this
restriction, defines a general class of 1/0 Calculi and gives a definition of (weakly) fair traces based
on the actual proof derivations of terms. He then shows that his (weakly) fair traces semanticsis
substitutive for any 1/0O Calculus. Our process calculus Tri veni isin fact an 1/0O Calculus, and
hence hisresultsimmediately imply that hisweakly fair trace semanticsissubstitutivefor Tri veni .
However, our fair traces semantics differ from that of Vaandrager in afew important respects. First,
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our results hold for strong fairness and weak fairness, and hence yield our non-definability result.
Secondly, we justify our definitions via an aternative treatment of fairness — namely, a standard
temporal logic based analysis. Thirdly, the Petri net basis of our semantic study — in particular, the
succinct coding of paralel composition — motivates an efficient implementation of JavaTr i veni
programs: the size of the implementation is linear in the size of the program. Finally, in contrast
to[Vaa9l], our semanticsarefair only with respect to the parallel composition operator, and not with
respect to different event occurrences that arise from loop unwinding. We clarify this point later,
merely noting here that our view permits our semanticsto satisfy the equation LOOP p = p; LOOP p.
This equation is important in a programming context such as Tri veni . On the other hand, we
emphasize that our results apply only to process calculi on our particular class of Petri Nets — the
interpretation of the general class of 1/0 Calculi in our class of Petri nets is a problem to be studied
in the future.

Other related work [Hen87, BRV 95, NC95] studiesfailuresand testing congruencesin the setting
of process algebras with fairness. Werestrict attention to trace-based semantics, primarily dueto the
strong connection with PLTL.

Rest of the paper. First, we introduce the process algebra via SOS rules. We follow with a
description of the Petri net model. We establish an algebra of combinators on the Petri net model and
show that the Petri net model satisfies the desiderata on fairness. This section includes a description
of the denotational semantics based on traces. The section concludes with the compositionality
theorem of the model of (strongly/weakly) fair traces, and the non-definablity theorem. Finally, we
sketch of alogical semantics based on temporal logic and Buchi automata.

2 TheProcess Algebra

Let e range over a possibly infinite? set £ of events. e? denotes an input event, e! denotes an output
event, £?denotes {e?: e € £}, and £! denotes {e! : e € £}. There are three distinguished actions
7,v/, f notin E1 U £?2. Wewrite o to denote {/, f} U £E?U &I,

The rest of this section illustrates input-enabledness and the preemption combinators in the
context of a concrete syntax of processes and labeled transition systems. (Recall, however, that our
main results allow alarge class of Petri Nets to be used as base cases in the algebra.) Note that the
processes are input-enabled; al our constructions will carefully ensure that there is a transition on
any input event.

p ::= NIL |DONE|EMITe! |p||p|p;p| pHIDEe | T—p | e?—p
LOOP p | DO p WATCH ¢? TOUT p | SUSP p On ¢?RES ¢? | WAKE p on ¢? SLEEP ¢?

The f action is specia, useful in the treatment of fairness. All processesidle on the f action.
| ! |
p—7p

The processes NIL and DONE cannot perform any output action in £!. The difference between them
is that DONE terminates, as indicated by the |/ transition. Importantly, our definition of fairness will
guarantee that every fair trace of DONE will contain an occurrence of /.

NIL <% NIL DONE <% DONE DONE Y NL ecé€

The process EMIT can perform an output action and evolve to DONE. Our definition of fairness will
guarantee that every fair trace of EMIT e! will contain e! and /.

2However, the decidability result for model-checking of Tr i veni processes only holdswhen this set is finite.
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EMTel “>DONE EMTel “52EMTel ¢ €&

Process 7—p can perform asilent action 7 and evolveto p.
T e?
T—=p—p T—p—T—p e€f& ‘

On receipt of event e, process e?—p evolvesto p; on any other input event the process terminates.

e?—p e—?>p e?—p “’DONE ¢ €€~ {e}

In parallel composition, e? and e! transitions synchronize. Note that the rules ensure that e! is
broadcast; i.e., asinglee! satisfiesal e? requests at this transition.

Py g5 p-p ¢Sy p-p -y

ecé&

I ! ?
plle = plle =7 ¢ plle =p | ¢

Parallel components can evolve autonomously on 7.

T, T,
p—p q9—4q

plla—7]lq plle—pld

Parallel composition terminates when both components terminate; the component terminating later
emits the required |/ action.

p—7p qg—d

T T
plla—q pllg—mp

Hiding e isintended to model local events. All internal e? transitions are restricted, and all internal
el transitions are transformed to 7 actions.

6! !
p—p pH DEe % pHIDEe
pH DEe — p' HI DEe
p—7p
- e {r,/IUEUE! — {e? ¢!
pHDEe = ) HDEe {rvi {e? et}

Sequential composition works as expected.

’ @,
p—7p p—Pp

piq—q pig—1piq

ac{rfug?ué!

L00OP p modelsthe looping construct. Asisusually the case in event-driven programming languages,
we use loop rather than guarded recursion; however, we note that all of our results hold for guarded
recursion as well.

(6% / \/ ’
L p—Pp ac{rtug?uél
LOOPp — p'; LOOP p LOOP p - LOCP p {r}

The watchdog DO p WATCH e? TOUT ¢ terminates and invokes ¢ on receipt of an external e (e?) or an
internal e (e!).

el

e? p—7p
DO p WATCH e? TOUT ¢ —> ¢ 5
DOp WATCH e? TOUT ¢ - ¢

Process p continues to evolve until either e? or e! happens or p terminates; the termination of p also
terminates the watchdog. Note that internal e? events of p are restricted.



p—p
DOp WATCH ¢? TOUT ¢ =~ DOy’ WATCH e? TOUT ¢

v, o
p—p

DOp WATCH e? TOUT ¢ -

ac{rtU&?UE! —{e?el}

SUSP p on e;?RES e,? suspends on receipt of an external e, (e1?) or internal e; (e1!), and resumeson
receipt of an external e; (e,?).
SUSP p 0n e1? RES ¢5? % WAKE p on e,? SLEEP ¢1?

el!

p—p
SUSP p on e1? RES €52 25 WAKE p on e,? SLEEP ¢1?

SUSP p on e,? RES e,? allows p to evolve and terminate.
p——p
SUSP p on e1? RES ,? %> SUSP p’ on e1? RES e,?

Voo
p—p

SUSP p on e1? RES 52 -

ac{rtug?2u&l —{e;?ei!}

WAKE p on e,? SLEEP e, ? slegps until an external e, (e»?) happens and goes back to sleep on e;.
WAKE p on ey? SLEEP 12 2% SUSP p on e1? RES e,?
WAKE p on e»? SLEEP ¢,? LI WAKE p one2? SLEEP €1? e € € — {ez}

Defining Other Combinators.
Example 2.1 Theanaogue of prefixing, aprocessthat waitsfor e and then starts p can be defined as

AWAIT e?—p = DO NIL WATCH e? TOUT p

Example 2.2 Thisexampleillustratesthat non-determinismcan arisein Tr i veni viathedelaysin
delivery of events and competition between events. 7.P; + 7.P, + 7. P3 can be defined as

[DO (DO EMIT ay! ; P, WATCH a,? TOUT DONE) WATCH a3? TOUT DONE ||
DO ( DO EMIT ap! ; P, WATCH a,? TOUT DONE) WATCH a3? TOUT DONE ||
DO ( DO EMIT ag! ; P3 WATCH a,? TOUT DONE) WATCH a,? TOUT DONE| HIDE a; HIDE a, HIDE ag

where ay, a,, az are fresh event names not occurring in Py, P, Ps.

3 Petri-Net Semantics

We now describe an algebra of netsunderlying Tr i veni . The heart of this sectionis Definition 3.2
that identifies RFT nets, our class of nets extended with a notion of fairness. We emphasize that
any primitive process P satisfying Definition 3.2 can be added as a primitive to the algebra, without
affecting the semanticresults. Inaddition, if the (strongly/weakly) fair traces of the Petri net model of
P form an w-regular set, all the decidability results of Section 4 aso hold. This makes our semantics
essentially independent of the particular syntax that we have chosen for the process algebra, and
allowsit to encompass the rel evant aspects of the Java programming language.
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The rest of this section is organized as follows. We begin by reviewing standard definitions
to keep the paper self-contained. We follow with the definition of RFT nets, and study general
properties of RFT nets with respect to fairness. Next we describe the algebra of RFT nets— in this
subsection, we rely on the power of pictures, leaving the detailed definitions to the appendix.

3.1 Background

We use the standard definitions (cf. [Vog92]) of Petri nets and their operational behavior. We use the
following notation. Let o be apossibly infinite sequence. Then |o| is defined to be the length of o if
o isfinite; |o| isdefined asw if o isinfinite. The restriction of o to an alphabet X iswritten o 5.

Definition 3.1 A labeled Petri Net, NV, isatriple (Sy, Ty, Sarty), where Sy isthe set of places,
Ty isthe set of transitions, and Starty isthe set of initially marked places (which contain “tokens”).
Every transition, ¢, in Ty has alabel [ (t), a preset prey(t), and a post-set post, (¢). Transitions
are represented graphically as horizontal bars, places are represented as circles, and tokens are
represented as dotsin these circles. The preset of atransitionisthe set of placesfrom which thereis
an arrow to the transition; the post-set of atransition is the set of places to which thereis an arrow
from the transition.

A marking of anet is an assignment of a non-negative number of “tokens” to each place in the
net. A transition, ¢, is enabled under amarking iff every place in the preset of ¢ contains at |east one
token. If atransition ¢ is enabled in a marking, then ¢ can fire by removing a token from each place
in its preset and placing a token into each place in its post-set. We write M —— M’ if ¢ is enabled
inmarking M, and firing ¢ in M resultsin marking M.

A run r of anet isafinite or infinite sequence, Mit1Myt, . .., of markings and transitions such
that M, istheinitia marking and M; LN M; 4 for al i with1 < i < |r|. The reachable markings
of anet are exactly those markings that result from firing some run. A net is 1-safe iff every place
contains at most one token under any reachable marking. The trace of arun r is the projection of
the sequence of transition labels of » onto £! U £?U {/, f}; in particular, al occurrences of T are
erased. Thetracesof N arethe traces of runsof N.

3.2 RFT nets

RFT Nets are a subclass of |abeled 1-safe Petri nets, which extend the above class of nets with a set
of “fair places.” Thefollowing definition captures quite ageneral notion of an input enabled process:

Definition 3.2 Let £ be a (possibly infinite) set of events. Then (Sy, T, Sarty, F'Sy) isaRFT
Net iff

1. (Sn,Ty,Sarty) isal-safe, (possibly infinite) Petri net, with transitions |abeled by actionsin
E?U U {r,+/, f}. All transitions have non-empty presets.

These conditions are standard in Petri-net-based semantics of process algebras[Vog92, Jat93].

2. Sarty (theinitial marking) isfinite, and the preset and the post sets of all transitions arefinite.
For any reachable marking A/, the number of markings M’ immediately reachable from A
(i.e. M — M’ for some transition t) is finite.

This is a computability restriction capturing finite branching constraints (as adapted to input
enabled processes). This condition is not restrictive since the primary source of infinite

branching in specifications arises from the imposition of fairness considerations, and RFT nets
capture the transition system before fairness considerations are imposed.
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3. F'Sy C Sy istermed the set of “fair places.” For every place s € F'Sy and every transition
t € Ty suchthat [y(t) € £, s & prey(t) — posty (t).

Thisistheintentional information for modeling fairness— the key innovation in thisdefinition.

4. Thereis some f-labeled transition enabled in every reachable marking. Furthermore, for all
f-labeled transitionst € Ty, prey (t) = posty (t).

This condition can be satisfied by adding idling transitionson f to every place.

5. For al a € £7?, thereis some «a-labeled transition enabled in every reachable marking.
This condition corresponds to input-enabledness.

6. Let M and M’ be any reachable markings such that A/ —— M’ for some /-labeled transition

t € Tx. Then for al transitions ¢ € Ty and markings M", if M’ LN M", then Iy (t') €
E2U{f}and M" = M'.

This condition merely saysthat the net is“ quiescent” once a |/ transition is fired.

Theroleof thefair places of RFT netsisto ensurethat if atransitionwhoselabel isin£!'U{/, 7}
is enabled infinitely often (or continually) in arun, then it is fired infinitely often in that run. The
following definition captures thisintuition.

Definition 3.3 Let s beaplaceinanet IV, and M be areachable marking of V. Then s isemptiable
in M iff thereis sometransition ¢ enabled in M suchthat s € prey (t) — post, (t), and we say that ¢
empties s.

Let r = Mit; Myt, ... bearunof aRFT net V, and let s beaplace of N. Then r isstrongly fair
for s iff the following holds: if there are infinitely many A; in r such that s isemptiablein M, then
there are infinitely many ¢, in r that empty s. We say that r is strongly fair iff it is strongly fair for
al s e FSy.

Let r = Myt1Myt, ... bearun of aRFT net IV, and let s beaplaceof N. Then r isweakly fair
for s iff the following holds: if there exists some: such that s is emptiablein A/; for al j > ¢, then
there are infinitely many ¢, in r that empty s. We say that » isweakly fair iff it isweakly fair for all
s € FSy.

We note that Definition 3.3 and conditions (3) and (4) of Definition 3.2 together imply that fair
places can be emptied only by transitionswith labelsin &' U {/, 7}.
The definitions of fair runs induce the definitions of fair traces.

Definition 3.4 Thestrongly fair tracesof NV, [ N]s.ng, 1Sthe set of infinite traces of strongly fair runs
of N. The weakly fair traces of N, [N]we. IS the set of infinite traces of weakly fair runs of .
[N]&n isthe set of finite traces of V.

3.3 Feasbility
Our definition of fairnessis feasible [AFK88], as adapted to input-enabled processes [Vaadl].

Lemma3.5 Let N beany net. Then

e Let o beafinitetrace of V, and let v be a (possibly infinite) sequence over £?. Then thereis
some ¢’ such that -y isthe projection of ¢’ onto £?and oo’ isan infinite strongly (weakly) fair
traceof N.



e Theset of finite prefixes of elements of [V ] s, the set of finite prefixes of elements of [V ] e,
and the set [ N], are dl equal.

These assertions are proved by the construction of schedulers that essentially maintain a FIFO
discipline (details omitted for space reasons). These schedulers permit every finite execution to be
extended to an infinite (strongly/ wesakly) fair one.

3.4 TheNet Trandation

We now define operations on RFT nets. In al the following figures, the word “tick” is used to
represent the termination symbol /.

The base cases. Consider Figure 1 — the formal definition is given in Definition A.1 in the
appendix. The (strong/wesk) fair traces of NIL will be (£?U {f})“ since the net trandation of NIL

al labels fair all labels
inE?and f place inE?and 1

NIL dl labels
f?” = inE?and{
place
all labels N
fair inE?and f tick
place (?f\
tiCkT %ﬁ
j\i al labels
inE?and f

all labels
inE?and f EMIT e

DONE

Figure 1. Net trandation for NIL , DONE, and EMIT e!

has no fair places. For DONE, theinitial place isafair place, and the only transition that emptiesitis
the one labeled +/; hence, the definitions now ensure that any (strong/weak) fair trace of DONE will
containa./. For EMIT e!, the only transition that emptiestheinitial (fair) placeisthe onelabeled e!.
Similarly, the only transition that empties the second (fair) placeis /. The definitions now ensure
that any (strong/weak) fair trace of EMIT e! will contain these two events.

Prefixing. Thedescriptionsof thenet constructionsfor e?— N and guarded choicearenot surprising
and are given in Definition A.2 in the appendix. We merely note that the fair places of the resulting
nets e?— N come from the union of the fair places of NV and the fair places of DONE. Furthermore,
the strongly fair traces of e?— N are of the form (£? — {€?})[DONE] g U €75, Where s € [N]syong-
A completely analogous property holds for weakly fair traces.

Hiding. N HIDE e isinformally depicted in Figure 2 (the formal definition isin Definition A.3 of
appendix). Thefair places of the resulting net are completely induced by the fair places of V.
There are two kinds of strongly fair tracesin [NV HIDE e?] .. FOr thefirst kind, let o be asome
strongly fair trace of NV that does not contain any occurrences of ¢?, and let o' = «;a,. .. be the
projection of o onto £?2U (€! — {e!}) U {+/, f}. If o' isinfinite, then any sequence of the form
o" = e ae? ... isastrongly fair trace of N HIDE e?. (Namely, all occurrences of e?in o are



@ start places

i \ N of N
e? initialy

marked

remove al e?-labeled transitions from N
relabel al el-labeled transitionsin N to tau

Figure 2: Net trandation for NV HIDE e?

restricted, all occurences of e! in ¢ are hidden, and then finite sequences of e? events are interspersed
at arbitrary pointsin the middle.) For the second kind of strongly fair traces, let o be afinite trace of
N that does not contain any occurrences of e?, and let ¢’ and ¢” be as above (except that they are
finite). Then o”e?” isafair trace of NV HIDE e whenever o f“ isafair trace of N. Thus, for hiding,
the f event serves as a“ quiescence detector” (much as / serves as a termination detector). Infinite
subsequences of this event predict when it is correct to append an infinite subsequence of ¢? events
to afinitetrace. A completely analogous property holds for weakly fair traces.

Sequential composition.  Figure 3 presents the (standard) intuition for the net construction for
sequential composition (Definition A.4 of appendix); we merely note that the set of the fair places
of Ny ; N, isjust the union of the fair places of N, and thefair places of N,.

N1 start places of N1
\
@\\ initially marked
> tau
start /N
places N2
of N2

new placein preset of all N1 trans

new place in postset of all N1 non-tick trans
start places of N2 in postset of all N1 tick trans
relabel al N1 tick transto tau

Figure 3: Net trandation for Ny ; NV,

The strongly fair traces of N, ; N, are of two kinds. Firstly, any strongly fair trace of NV, isastrongly
fair trace of N, ; N,. Secondly, any finite terminated trace of /V; concatenated with a strongly fair
trace of V, isalso astrongly fair trace of N; ; N,. Similarly for weak fairness.

Loop. Thedefinition of thenetfor LOOP N (Definition A.5 of appendix) followsstandard intuitions
(countable many copies of N connected by ; ). The fair places of LOOP N are simply the union
of the fair places of the countably many copies of N. Thus, the strongly fair traces of LOOP N are
of two kinds. Firstly, any trace that involves infinite unwinding of the loop is a strongly fair trace
of LOOP N. Secondly, any trace that involves finite unwinding of the loop and projects down to
a strongly fair trace on the last unwinding is also a strongly fair trace of LOOP N. An analogous
property holds for weakly fair traces.
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The construction for LOOP shows that our definitions of fairness (both strong and weak) applies
only to event occurrences rather than event names: in particular, loop unwinding does not preserve
event occurrences. (Thisisin contrast to [Vaa9l]).

Example 3.6 Consider aprocess » = LOOP (EMIT e! + ¢). Our trestment considers an execution of
r that continually chooses to execute the ¢ process to be strongly fair, since the different enablings
of e! in the unwindings of the loop correspond to different event occurrences. Consequently, our
treatment of fairness (both strong and weak) satisfies (in terms of fair traces): LOOP p = p; LOOP p

Watchdog. Thewatchdog combinator is described in Figure 4 (Definition A.6 of appendix). The
fair places of the resulting net are given by the union of the fair places of Ny, V.

N1

start places
ﬁx oiNL
areinitiall
e? \ el marked Y

tick
Start > /

laces
8f N2

N2
al labelsin

E?and f

remove al e?trans from N1

new marked placein preset of al N1 trans

new marked place in postset of all N1 non-tick and non-€! trans
start places of N2 in postset of all N1 el trans

Figure 4: Net trandation for DO N; WATCH e? TOUT N,?

The strongly fair traces of DO N; WATCH e? TOUT N,? are of two kinds. Firstly, any strongly
fair trace of /V; that does not contain e? or e! is a strongly fair trace of DO N; WATCH e? TOUT Vs.
Secondly, any finitetrace of N, that doesnot containe?or e! except asitslast element and isfollowed
by astrongly fair trace of NV, isalso astrongly fair trace of DO /N; WATCH ¢? TOUT N,. An analogous
property holds for weakly fair traces.

Suspension—Activation.  The definition for the supension-activation combinator follows the in-
tuition described in Figure 5 on the next page (Definition A.7 of appendix). The fair places of the
resulting net are given by the fair places of V.

The supension-activation combinator illustrates the difference between strong and weak fairness.
Indeed, this combinator is the soleway in Tr i veni to have alternating enabling and disabling of
event occurrences.

Example 3.7 Consider the process
[ SUSP EMIT e! ona?RES b7 || [LOOP EMIT a!] || [LOOP EMIT b!]

Every strongly fair trace of this process must contain the event e¢!. However, there are some weakly
fair traces that do not contain the event e!.

In general, any infinite trace that involves infinitely many suspensions and activations of NV is a
weakly fair trace. Such atraceisstrongly fair only if its projectionto N is strongly fair.
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N
start places
X of N
areinitially
el? \ el marked
tick
e27 \
all non-e2? al labelsin
labelsin E?and f
E? and f

remove all el1? transitions from N
new marked place in postset of al N non-tick and non-el! trans
new marked place in preset of al N trans

Figure 5: Net trandation for SUSP N on e;?RES e,?

e

N1
el?
@ e
f N
tau tick \ / tick tau

synchronize all compatible transin N1 and N2

keep all tick and tau labeled transitions

new unmarked place in preset of al tick trans
make a copy of al tick transin N1 and N2

new marked place in preset of all copied tick trans
new unmarked place in postset of al copied tick trans
relabel copied ticksto tau

Figure 6: Net trandlation for Ny || N,

Parallel composition.  For paralel composition, it helpsto formalizetheideaof compatiblelabels.
Let g, ap € E2UEN U {7,+/, f}. We say that o; and o, are compatible iff either a; = €? =
for somee € £ (in this case, the compatible label ise?); or oy = e? and «; = e! (or vice-versa) for
somee € £ (in this case, the compatible label ise!); or a; = f = «, (in this case, the compatible
label is f). For compatible o, ap, We write compatible (o, ap) to denote their compatible label.
Figure 6 describes the construction for parallel composition; note that the fair places of the resulting
net is the union of the fair places of the individual nets. Indeed, the “disoint-union” of places that
naturally arisesin the Petri net presentation—a reflection of its“truly concurrent nature’—iscrucial
to our theory. The definition (formally in Definition A.8 of appendix) also reflects that our parallel
composition terminates when both components terminate; the first terminating component emitsa
rather than a /, and the later terminating component emits the required / action.

The definition of parallel composition preserves intentional information about which parallel
component emitted a particular transition with label in £! U {7, /}. The theories of [Dil88, LT89]
accomplish this by requiring the stringent restriction that parallel components have disjoint labels.
The “digoint-union” of places that naturally arise because of the “spatial true concurrency” nature
of Petri nets, together with our condition (3) on fair places of RFT nets, allow us to remove
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this restriction while preserving compositionality. In particular, the emptiable condition on places
preserves intentional information about which parallel component emitted an output action.

These intuitions are summarized in the following discussion. Any fair place s in an RFT net
N = Np || N must be afair place of exactly one of N; or N,. We now argue informally that s is
emptiable in a marking of NV whenever s is emptiable in the induced marking (A;) of Ny or (M
of) N,. Assumethat s isafair place of N; (the other case is symmetric). We argue informally as
follows. Suppose that s is emptiable in marking M of N. Thus, there must be some transition ¢ in
N with label in &' U {7, /} such that s € prey(t) — posty(t). The key caseiswhen ¢ islabeled
with e!. In this case, ¢t must be of the form (¢4, ¢,), where e! is the compatible label of Iy, (¢1) and
In,(t2). Thus, exactly one of 4,1, must be e?-labeled in their respective nets, and exactly one of
them must be e!-labeled. Since s € prey (t) — posty (), the parallel composition operator implies
that s € prey, () — posty, (t); thus, condition (3) of RFT netsimpliesthat ¢; cannot be e?-labeled in
N;. Hence, it must be e!-labeled, and so s is emptiable in marking M, of V.

3.5 Theorems

The net constructions are reasonable. For any process p, net(p) is defined inductively: the
base processes are defined as the corresponding RFT nets, and the process operators are defined
compositionally from the corresponding net operators in the obvious manner. The following lemma
iIssimply acoherence check: ignoring thefairnessinformationin RFT netstakes us back to afamiliar
transition system point of view.

Lemma 3.8 e RFT nets are closed under all of the net operators.

e Thelabeled transition systems of p and net(p) are strongly bisimilar.

Compositionality of Fair-Trace Semantics. The following theorem is the fruit of labor of the
preceding pages. The formal proof is omitted for space reasons. However, the intuitions behind the
proofs of the key cases of hiding and parallel composition have been described informally earlier.

Theorem 3.9 The finite trace semantics [-]«,, the strongly fair traces semantics [-]smg, and the
weakly fair traces semantics [-] . are each compositional for all the process operators on nets.

Non—-definability result. All process operators except suspend—activate are closed on nets that do
not distinguish weak and strong fairness, i.e. nets NV such that [N]sog = [N]we- (This makes
intuitive sense since these operators do not ever reenable a disabled transition.) As we have seen
earlier (Example 3.7), the suspend—activate combinator does not satisfy thisinvariant. Thus,

Theorem 3.10 The suspend-activate combinator is not definable from the following algebra:

e (External) constants are RFT nets N satisfying [N]siong = [V ] wea-

¢ All process combinators except the suspend-activate combinator are allowed.
Implementation notes In the implementation of the Java programming language, there are two
queues’, one each for active and suspended processes. The standard Java scheduler (in most non-

Unix platforms) timeshares between the processes in the active queue. There are no guarantees
provided about the position of a process when it moves to the active queue from the the suspended

3More precisely, two queues per priority level; we ignore priority issues here since al threadsin the implementation
of Tri veni havethe same priority
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gueue. Thus, a straightforward implementation that realizes event emission via threads implements
weak fairness. Our current implementation implements strong fairness using the scheduler in the
proof of the feasibility criterion for strong fairness. This scheduler essentially manipulatesthe above
two queues by itself.

Noteson Equivalencerobustness [AFK88] definesthe criterion of equivalence robust asfollows:
reorderingsof independent event occurrences do not affect thefairnessof an execution. Thefollowing
example suggests that a reasonable notion of fairness cannot be (non-trivially) equivalence robust.

[LOOP EMIT a!] || [LOOP EMIT b!] || [LOOP EMIT ¢!] || [LOOP EMIT d!] ||
( SUSP [ SUSP EMIT e! on a?RES b7 on ¢?RES d?)

Since there is no non-trivial causal relationship among the production of the a!,b!, ¢!, d! events,
equivalence robustness requires one to be able to reorder these events without affecting fairness.
However, the trace (alc!d!b!)” is strongly unfair whereas the trace (a!clbld!)” is strongly fair.
Similar but more involved examples demonstrate this for the case of weak fairness.

4 Temporal Logic

We now describe the connections with linear-time temporal logic and model-checking. For the
purposes of thissection, we areinterested in propertiesthat haveto do with eventsand fairness (rather
than termination). In this section, we assume that the set of events € isfinite. We use propositional
linear-time logic without next and previous (i.e., propositional linear-time logic without immediate
operators [MP91]), and where the propositions are output events.

¢ = e[ 0| oNP[dVI[P—=d[DP[CP[dUP|dW S| Bb|©d[0Sd|dB ¢

Letnil bedefined as O—(V, ¢ €!).

Instantaneous ~ eventually + fairness.  We use the standard definition [MP91] for when a
possibly infinite sequence o over £?2U £l U {/, f} satisfiesa PLTL formula. In particular, (o, )
satisfies e! iff e! isthe ;' element of .

Definition 4.1 Letp beaTri veni process, ¢ aformula. Then p strong (weak) fairly satisfies ¢ iff
al theinfinite strong (weak) fair traces of p satisfy ¢; namely, al sequencesin [p]song ([2]wea) SISy
¢. A similar definition holds for RFT nets.

A sampleof thepropertiesfollows. Thefollowing propertiesclarify the nature of the approximationto
synchronous programming languages achievedin Tr i veni ; inall cases, instantaneously isreplaced
by eventually in the presence of fairness. In particular, the liveness properties are guaranteed because
of fairness: they would not hold otherwise.

p O q ¢
(AVAITe?=p [[EM T el) E O6 ((DOp WATCHe? TOUT ¢) [[EM Tel) EO(éVnil)
EM Te! E el (( SUSP p on e1? RES €5?) HI DE ¢2) || EM T eg! = <ni |
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all labelsin E?and f

X @ all labelsin E?and f
tick

al labelsin E? and f

el

Figure 7: Buchi automaton for EMIT e!

NEW COPY-STATES FOR EACH STATE OF N.
Q COPY-S TRANSITIONS LABELED a? FROM EACH STATE TO COPY
TRANSITION LABELED b? FROM COPY BACK TO STATE

REPLACEALL (S->T)a TRANSITIONS inN
BY (S->COPYT) al TRANSITIONS

REMOVE ALL a? TRANSITIONSinN

FINAL STATES: FOR WEAK FAIRNESS, ALL NEW COPY STATES ARE FINAL
FOR STRONG FAIRNESS, NO NEW COPY STATE ISFINAL
ALL FINAL STATESOFN REMAIN FINAL STATES

Figure 8: Buchi automaton for SUSP N on a?RES b7

Alternatejustification for our fairnessnotions We can associate constructionson Buchi automata
with process combinators. The constructionsare straightforward and follow theintuitions of the Petri
net constructions; for example, the Buchi automaton for the processEMIT e! and the suspend—activate
combinator are in Figures 7 and 8, and the construction for parallel composition is a simple variant
of the standard intersection construction for Buchi automata.

Theorem 4.2 e The process combinatorsare closed on the subclass of nets whose (strong/weak)
fair traces form an w-regular set.

e Itisdecidableif aTri veni processp (strong/wesk) fairly satisfiesa PLTL formula ¢.

Thedecidability resultsfollow standard results on model-checking for Buchi automata(c.f. [Eme9Q]).

Safety properties The finite trace semantics [-]q, is closely related to the subclass of safety
propertiesty) [MP91]: modifying the Buchi automatadiscussed earlier, and using theresultssurveyed
in [Eme90], we get specializations of the earlier results to finite traces and safety properties. In this
case, using the fact that an infinite sequence violates a safety property only if some finite prefix of
the sequence violates the safety property [MP91], we get a sharper full abstraction result in the spirit
of the result for CSP [BHR84].

Theorem 4.3 e The process combinators are closed on the subclass of nets whose finite traces
form aregular set.

e Itisdecidableif aTri veni processp satisfiesaPLTL safety formula ¢.

e The[:]q, semanticsiscompositional, adegquate and fully abstract (with respect to all the process
operators) for observing safety properties: namely, for any RFT nets N1, N, [N1]a, = [N2]en
iff N1 and NV, satisfy the same set of safety propertiesin any process context.
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A Formal definitions
Definition A.1

NI L isdefined asthefollowing net L:

S, = {s} T, = {ta|a€&?0{f}}
pre,(ta) = {s} post, (ta) = {s} IL(te) = a
StartL = {8} FSL = @
DONE is defined as the following net D:
Sp = {s1,s2} Ip = {tanlaef?20{f},1<i<2bU{t,/}
prep(ta,s) = {sit posty (t(a,iy) = {si} Ip(tas) = «
prep(ty) = {si} posty(ty) = {s2} Ip(ty) =

Sartp = {81} FSp = {81}

EM T e! isdefined as the following net E:

Sg = {s1,s2,s3} Ty = {t(a,i) |la e E?20{f},1<i<3}U {t\/,te!}
preg(ta,y) = {si} posty (t(asy) = {si} lE(ta,y) = «
preg(te) = {s1} posty(te) = {s2} lp(ta) = e
preg(t,) = {s2} postp(t,) = {ss} lsty) =
StartE = {81} FSE = {81,82}

Definition A.2 Let (Sy,Tn,Sarty, F'Sy) bean RFT net, and let e € £. Then R = e¢?— N is defined
as follows. Let DONE be as defined earlier, let snew be a new place and Thay = {to| @ € E?2U {f}} a
set of new transitions, where the transitions are labeled by their subscript, {snew} is the preset of all the
new transitions, postz(ts) = {snew}, postp(t.») = Starty, and postp(t.) = Startpone for @l other a.
Then R = (Sy U {snew}, Ty U Thew, {SNew}, F'Sy U F Spong), Where the |abels, presets and postsets of all
transitions from IV stay unchanged,

Definition A.3 Let N = (Sy,Tn,Sarty, FSy) bean RFT net, and lete € E. Then R = N H DE e is
defined asfollows. Let snew beanew placenot in Sy and thew anew transition not in T . Then R is defined
as:

Sp = SyuU {SneW} Tp = {t €Ty | lN(t) #* 6’7} U {tneW}
prep(tnew) = {snew} post,(tnew) = {snew}
prep(t) = prey(t) postp(t) = posty(t) teTrNTy
Ip(tnew) = e? r(t) = { o i =« t€TrN Ty

Sartp = Sarty U {snew} FSp = FSy

Definition A.4 Let (Sy,,Tn,, Starty,, FSy,) and (Sn,, Tn,, Sarty,, FSy,) be RFT nets. Then R =
N1 ; Nz is defined as follows. Let snew be a new place. Then R is (Sy, U S, U {snew}, Ty, U
Ty,, Starty, U {snew}, F'Sy, U FSy,), where the labels, presets and postsets of al transitions from N,
stay unchanged. For al t € Tr N Ty, prep(t) = prey(t) U {snew}, and if Iy (t) # +/, thenir(t) = In(t)
and posty (t) = posty (t) U {snew}. If In(t) =/, thenlg(t) = 7 and posty(t) = posty (t) U Sarty,.

Definition A.5 Let (Sy,Tn, Sarty, F'Sy) bean RFT net, and for all n > 1, let (snew, n) be new places not
inSy. Then R = LOOP N isdefined as the following infinite net.
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SR
Tg

preg((t,n)
[r({t,n))

postr({t,7))

StartR
FSp

(s,
= {{s,n) s € posty(t)}
of

= {(s,n)|s € SyU{snew}andn > 1}
= {{t,n)|t € Tyandn > 1}

= {(s;n)|s € prey(t)} U {(snew, n)}

T if Iy (t) =/

In(t) otherwise

s,n)| s € posty ()} U{(snew,n)}  if Iy(t) # /

—~

s,n+1)| s € (Sarty U {snew))}  if Iy(t) = /

= {(s,1)| s € Sarty U {snew}}
{

(s,n)| s € FSyandn > 1}

Definition A.6 Let (Sy,,Tn,, Sarty,, FSy,) and (Sn,, Tn,, Sarty,, F'Sy,) be RFT nets, let e € &, let
snewy, snew, be new places, and let They = {thew, | a € E?U {f}} U {t.»} be new transitions. Then
R = DON; WATCH e? TOUT N> is defined as follows.

Sp =
Tp =

[p(tnew,) =
ZR(te?) -
Ir(t) =

pOStR(te?) =
post,(tnew,) =

post(t) =
preg(tnew,) =
preg(t) =

Sartp =
FSp =

SN, U Sy, U {snews, snew, }
{t € TN1 | lNl(t) #* 6’7} U TN2 U Thew

«
e?

lNi(t) iftETRﬂTNi

Sarty,

{snews }
posty, (t) U {snew;} ift € TrNTy, and iy, (t) € {e!,V/}
posty, (t) U {snewz} ift € Tr N Ty, and I, (t) =/
pOStNl(t) U Starth ifteTrN Ty, and lNg(t) =el
pOSth(t) ifte TN TN2

{snew;} preg(ter) = {snew}

{ prey, (t) U {snewy} ift € TN T,
prey, (1) ifte ThN Ty,

Starty, U {snew, }
FSNl U FSN2

Definition A.7 Let(Sy,, Tn,, Sarty,, F'Sy,) beaRFT net,andletes, e; € £. Then R = SUSP N1 0ne1?RESe,?

is defined as follows.

Let snew;, snew,, snews be new placesand let They = {tnew,, | « € E?U{f} U {tnew, |o € E?U{f} U
{tnew } be new transitions labeled with their subscripts.

e Exactly snews isthe preset and postset of all the thew,,.

e Exactly snew;, isthe preset and postset of all the tnew/, such that o # e?.

e preg(tnew,,») = {snew,} and posty (thew,,) = {snew }.

o prep(tnew! ) = {snew;} and post, (tnew; ) = {snew,}.
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Then R = (Sy U {snewy, snews, snews}, {t € T | In(t) # e1?} U Thew, Sarty U {snewy}, F'Sy), where
the labels of al transitions from NV stay the same.
For al transitionst € Tr N Ty, preg(t) = prey, (t) U {snew; } and

o IfIn(t) & {e1!,V/}, then posty(t) = posty, (t) U {snew }.
o If In(t) =/, then post,(t) = posty, (t) U {snews}.

o If In(t) = eq!, then posty(t) = posty, (t) U {snew,}.

Definition A.8 Let(Sy,, Tn,, Sarty,, F'Sy,)and(Sy,, T'n,, Sarty,, F'Sn,) be RFT nets, and let { snewy, snew,}
be new places. Then R = N3 || N, isdefined as follows.

Sk SNl U SN2
Tp = TuT'uT”
T = {(t1,t2)| ln,(t1) and Iy, (t2) compatible }

°
o
S
~~
—
o~
=
~
S
= =

°©
o
I
—~
—
~
8
g
~
~ ~ ~
I

compatible (I, (t1), I, (t2))
prey, (t1) U prey, (t2)
posty, (t1) U posty, (t2)

{(teopy, @) | t € Ty, and Iy, = +/}
prey, (t) U {snew; }
posty. () U {snew,}

T" = {teTy,|ln(t) €{r,V}}
R(t) = Iv(?) teT"NTy,
prey. (t) if Iy, (t) =7}
rep(t) = i I
Prer(?) prey, (t) U {snews}  if L (1) = /)
postp(t) = posty,(t) teT"NTy,
Sartp = Sarty, U Starty, U {snew; }
FSp, = FSN1 U FSN2
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