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Distrib uted Processeand Location Failures

JAMES RIELY AND MATTHEW HENNESSY

ABSTRACT. Site failureis an essentialspectof distributed systems;nonethelesds effect on
programmindanguagesemanticsemainspoorly understoodTo modelsuchsystemsyve definea
processcalculusin which processearerun at distributedlocations Thelanguageprovidesopera-
torsto kill locationsto testthe statugdeador alive) of locations,andto spavn processeatremote
locations.Usinga variationof bisimulation,we provide alternate characterizationsf strongand
weak barbedcongruencdor this language pasedon an operationalkemanticghat usesconfigu-
rationsto recordthe statusof locations. We then derive a second,symbolic characterizatiorin

which configurationsarereplacedoy logical formulae.In the strongcasethe formulaecomefrom

astandardpropositionalogic, while in the weakcasea temporallogic with pasttime modalitiesis

required. The symboliccharacterizatioestablishesghat, in principle, barbedcongruencdor such
languageganbechecledefficiently usingexisting techniques.

1 Intr oduction

Many semantidheorieshave beenproposedor concurrenfrocesse$’ s, 20, 6].
Although thesetheorieshave beenfruitfully appliedto the analysisof somedis-
tributedsystemsfor themostpartthey ignoreanessentiafeatureof suchsystems,
namelytheir distribution.

As asimpleexampleconsidertwo implementation®f a client-serer applica-
tion in which the client candemandaninteractve serviceprovided by the sener,
suchaspreviewing or updatingadocumentin oneimplementatior{SystemA) the
senerspavnsaprocesso handlethedocumengtits own site,theremotelocation,
andtheclient previews the documentemotely In the other(SystemB) the sener
sendsa processincludingthe documentto the client site,andthe client previews
the documentocally. Usingthe semantictheoriesmentionedabove it would be
difficult to distinguishbetweentheseimplementationsasthe only differencebe-
tweenthemis the locationat which activity occurs. We aim to develop a useful
extensionakheoryof systemavhich would take this type of propertyinto account.

In [8, 25, 11] suchtheorieshave beenproposedAll of thesetheorieshowever,
arebasedn avery strongassumptionthatanobsener, or user candeterminehe
locationatwhich every actionis performed Herewe startfrom awealer premise:
thatin distributedsystemssitesareliable to failure. The modelof failurewe have
adopteds afail stopmodelin whichfailuresareindependendf eachotherandthe
numberof failuresthatcanoccuris unboundedin theconclusionwe discusshow
our approachmight be extendedto othermodels. The assumptiorthat sitesmay
fail is clearly reasonableindeed,much of the difficulty in designingdistributed
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DistributedProcesseandLocationFailures 2

systemsstemsfrom requirementgor fault-tolerance Assumingthatsitescanfail,

it is easyto seethatSystemsA andB, outlinedabove, areindeeddifferent:if, after
the client hasbeguninteractionwith the documenta failure occursat the remote
site, thenin SystemA the client deadlockswhile in SystemB it can continue
operationunafected.

Our work is motivatedby the paperd 3, 16]. In thesepapersdistributedlan-
guageswith locationfailuresaredefinedandshavn to bevery expressve. In both
of thesepapers,the semanticgs basedon barbed equivalence which requires
quantificationover all programcontects andthusis difficult to usedirectly. In
eachof the citedworks, the authorsprovide a translationfrom their languagento
a simpler (non-distriluted) languageand prove that the translationsare adequate
or fully abstractin somesense. While thesetranslationsprovide theoreticalre-
sultsaboutthe relative expressvenesf distributedandinterleaving calculi, they
aresufficiently complicatedo make reasoningaboutexamples gvensimpleones,
very difficult.

By restrictingattentionto anasynchronoutanguageAmadio[4] hasrecently
improvedon theresultsof [3], providing simplertranslations Although our work
developedindependentlyf [4], thelanguagave studyhasmuchin commonwith
the languagedevelopedthere. The main differenceis that our languagehasno
value-passingllowing usto concentrat®n theeffectsof locationfailureandsim-
plifying the statemenbf mary of our results. Sincethe issuesraisedby failures
andvaluepassingarelargely independenthis papemaybe seerasproviding two
extensionaliews of alanguagesimilarto Amadio’s; thefirst of theseis concrete,
asis histranslationthe seconds moreabstract.

In Section2, we considelasimplelanguagédor locatedprocessebasednpure
ccs [23], with whichwe assumédamiliarity. For examplel[a. p1 + b.p2] | k[a.a1 +
c.gz] is a systemconsistingof two processespnelocatedat £ andthe otherat k.
As in ccs, communications binary. In the example thefirst procesanperform
the actiona andthe secondcan performthe complementaractiona; therefore,
theseprocessesansynchronizevia the silent, or internal actiont (which allows
no further synchronizationand evolve to £[[p1] | k[g1]. In additionto the usual
operatorof ccs we have thefollowing new operators:

e move(4, p), which spavnsprocess atlocation/.

e killZ.p, which, if location/ is alive, kills ¢ (with the resultthatany process
locatedat / is deactvated)andthenbehaesasp. If £ is alreadydead,this
construcimaysilently evolveto p (thatis, it behaeslike T.p).

e if / then p else g, which silently evolvesto either p or q, dependingon
whether? is alive or deadwhenthetestis performed.

We first give an operationakemanticgor this languagen termsof a labelled
transitionsystem. The judgmentsdependon a setL, of live locations,andare of
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the form L>P +%s L'>P', whereP andP’ arelocatedprocesseanda is eithera

visible action,which permitssynchronizationgr theinternalactiont. Eachof the

new operatorsn our language— spawninga processtsomesite,killing asite,or

queryingthe statusof a site— aremodelledast-transitions;this reflectsthe fact

thatin a distributed systemthe implementatiorof theseoperatorsvould involve

somecomputationandthusthe passag®f sometime. Note thatthe operational
semanticgloesnotrecordthelocationat which actionsareperformed.

Basedon this labelledtransitionsystemwe wish to definean equivalencebe-
tweenprocessermswhichis appropriatdor thelanguagelt isimmediatelyappar
entthatstandarcequivalencessuchasccs bisimulation[23] arenolongerappro-
priate.For exampletheterms/[a] | k[b] andk[a] | £[b] would notbedifferentiated
by theseequialenceslthoughthey caneasilybedistinguishedy anobsenerthat
hasthe capabilityof killing £ or k. In short,the standardsemantieequivalencesare
nolongerpreseredby all contetsin ourlanguage.

To decideon an appropriateequivalencewe follow the approachadwocatedn
[29]. We defineboth strongandweakbarbedequivalencebetweenprocesses;-
and~. Thesedefinitionsaredefinedin termsof the reductionrelation— anda
basicobsenation predicate.We thendictatethatthe requiredequivalence which
wereferto asbarbedbisimulationequivalenceis defined(for examplein theweak
caseks:

P~ Qif andonly if for every suitablecontet P[], P[P] ~ P[Q]

Although this may be reasonableit is not a very useful definition; the readeris
invited to determinewvhetherthefollowing pairsof processeshouldbe equivalent
or distinguished.

P, = (¢[o] | k[a+t.a])\a
Qq = (¢[a+1] | K[or.a])\a

P, = (¢[a] | K[o.a]) \a
Qo = £[move(k, a)]

The first main resultof the paperis a characterizatiorof thesecongruences
usinga variationof bisimulation In Section3 we definetwo bisimulation-based
relations,strongandweakLocated-Rilure equivalencéLF-equivalencg ~ and
~, andshaw thatthesecoincidewith theindirectly definedbarbedcongruences.

SincebothstrongandweakLF-equivalencearedefinedusingbisimulationsthe
problemof decidingthattwo systemsaresemanticall}congruentan,in principle,
be solved using standardproof techniquesassociatedvith bisimulation[23, 10].
However, constructingan LF-bisimulationrequiresthatoneconsiderthe behaior
of the systemsunderall possiblesequencesf kills, by both the systemshem-
selvesandthe ervironment. The numberof statesthat mustbe exploredmay be
exponentiallylargerthanthe numbemeededo constructa ccs bisimulation.
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In Section4 we usethe ideasof [19] to give alternatve symboliccharacteri-
zationsof LF-equivalencethat canbe decidedusinga muchsmallerstatespace.
Theideais to replacethe operationajudgmentsL>P % L'>P’ with judgments
of theform P % P’, where¢ is alogical formulathatdescribeshecircumstances
underwhich the actiona canbe performed.In the strongcasethe requiredlogic
is straightforvard: a propositionalogic thatdescribeghe state(deador alive) of
the sitesin the system. In the weak case,however, we requirea more compli-
catedlogic thatcanexpressstatement®f the form site / wasalive at somepoint
in the past Using thesesymbolictransitions the standarddefinition of symbolic
bisimulation[19] requiresonly minor modificationto capture~ and=; hencethe
symbolicprooftechniquesindtoolsof [ 19 maybeusedo checkthenen semantic
equvalencegproposedn this paper

Up to now the paperhasconcentraten a semantictheoryfor locatedpro-
cessesln Section5 we briefly shov how the sameframewnork canalsobe applied
to basicprocessesusinga slight variationon LF-bisimulationswe give a charac-
terisationof barbedcongruencéor basicprocesses

2 ThelLanguage

2.1 Syntax

The languagewe adoptis basedon ccs, extendedwith constructgo locateand
spawnprocessegpo kill locations,andto querythe stateof a location,thatis, to
testwhetheralocationis deador alive.

The syntaxof processess parameterizewith respecto severalsyntacticsets.
We assume setLoc of locationsk, £, m anda setPConstof processconstantsA,
usedto definerecursve processesAs in [3], we presumehatthe setof locations
includesadistinguishecelementc € Loc, whichrepresentanunfailing or immor-
tal location; this location behaes differently from all othersin thatit cannotbe
killed. Of the resultsin the paper only Theorem5.1 depend=n the useof x; it
alsosimplifiessomeexamples.

As usualfor ccs, we alsoassumea set Act of communicatioractionsa, b,
c, suchthat every actiona € Act hasa complemen@ € Act (~ is a bijection on
Act). Thesetof (strong)actionsAct; = ActU {1} includesalsothe distinguished
silentactiont. We usea to rangeover Act;. (In examples,we oftenusea and
B for restrictedcommunicatioractions,asin P\a.) The formal syntaxis givenin
Tablel.

We have adopteda two-level syntaxwhich distinguishesetweenbasic pro-
cesse® andlocatedprocesse®. Intuitively, a basicprocessorrespondso what
one normally thinks of asa process a collectionof threadsof computationthat
mustberun at asinglesite. A locatedprocessinstead,correspond$o a distribu-
tion of basicprocessesverseveralsites.A basicprocesg is locatedat/ usingthe
construct[p]. Locatedprocesseghen,maybe combinedusingary of the static
opefators of ccs: parallelcomposition(p | g), actionrestriction(p\a) andaction
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Table 1 Syntaxof basicandlocatedprocesses

p,g(eBProc) == ap | tp | A |Siap
| move(¢,p) | kill.p | if £then pelse g

| plg | p\a | p(f)
PQ(eLProc) == P|Q | P\a | P(f) [ ¢[p]

renaming(p(f)). Notethatmary basicprocessesay belocatedat a singlesite,
anda basicprocessnay sharea privatechannelunknown to otherbasicprocesses
runningat the samesite) with a remoteprocess.Note alsothatrestrictionandre-
namingoperateonly on actions,not locations. We make the usualassumptions
abouttherenamingfunction f: f(t) =t andf(a) = f(a).

Basicprocessemaybecombinedusingstaticor dynamicoperatorsThelatter
include all of the new constructsdescribedn the introduction(spavn, kill and
guery) and the dynamicoperatorsof ccs: action prefixing (a.p), recursionvia
procesconstant$A) andccs choice(p+ q).

As usual,we write the inactive process(y @) asnil. In locatedprocesswe
sometimesvrite £[nil] asnil, droppingthelocationsubscriptjn basicprocessesye
almostalwaysdropfinal nil term,writing “a.nil” as“a”. We alsousethefollowing
abbreviationsfor queryexpressions:

if £then p = if £then p else nil
if £then p ' if £ then nil else p

The two-level syntaxensureghatall of the operationsn our languagearere-
alistically implementable.For example, it disallons distributed choicessuchas
£[a]+K[b]. (Fortechnicareasons— TheorenB.11— we doallow infinite choice;
however, for sort-finiteprocessefinite choiceis sufficient.)

Thelocationsort of a processermreportsthe setof locationnameshatoccur
in the term, regardlessof behaiour of the term when consideredas a process.
We definethe function “locs” to maptermsto their locationsorts. For example
locs(if £ then nil) = {£} andlocs(£[move(K, nil)]) = {£,k}. If locs(P) is finite, we
saythatP is location-finite
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Table 2 (Part A) Transitionsystemwith configurations

el {eL
(Actc) (Tauc)
L>£[a. p] —% Le-£[p] L>£[t.p] = Le£[p]
(Kill, tet U {L\{m}, ot
Lo£[killm.p] —= L'>£[p] L, otherwise

fel melL

(Live)
L>£[if mthen pelse g —— L>£[p]

fel m¢L

(Dead.)
L>£[if mthen pelse q] — L>£[q]

el
L>£[move(k, p)] — L>K[p]

(Spawnc)

L>£[pj] - L'>K[p}]
L>£[Sicr pi] = L'>K[pj]
L>£[p] — L'>K[p] N

(Defe) Lo f[A] S Uoklp]

(Sumc

2.2 Operational semantics

The ability of a procesgo performan actionis dependenbn the setof live lo-
cations,and consequentlythe transitionrelation determiningthe operationalse-
manticsis definedbetweenconfiguations A livesetL is ary setof locationsthat
includesx. Intuitively, a livesetkeepstrack of the setof live locations.A config-
uration (L>P) is a pair comprisinga livesetL anda locatedprocesgsermP. The
setof all configurationgs Config rangedover by C andD. Whenwriting livesets
we almostalways omit explicit referenceso . Thus“L = {¢/}" shouldbe read
“L={¢,%}" and“L C Loc’ shouldberead“{x} C L C Loc".

In Table2 we definethetransitionrelation (-*+) C Configx Config(the sym-
metric rulesfor parallelcompositionhave beenomitted). The definition usesthe
following simplestructuralequivalenceon processes:

(pld] = £[pl|elal  £[p\a] = £[pNa £[p(f)] = £[pI(f)

Most of therulesin Table2 arestraightforvard, beinginheriteddirectly from
ccs, modulothe constrainthatthe proces<[p] canonly moveif £ is alive. Note



DistributedProcesseandLocationFailures 7

Table 2 (Part B) Transitionsystemwith configurationgcontinued)

P=P LoP % L' QY Qd=Q
LoP+S LU'>Q
LoP-3 UsP LeQ-3S LUnQ
L>P| Q= LU'sP' | Q
L>P % L'>P
L>P| Q-5 L'sP | Q
(Restr¢) LoP o LoP a ¢ {a,a}
L>P\a+% L'sP\a
LoP % L'>P
Lo P(f) -9 L/ P/(f)

(Strc)

(Comm)

(Par¢)

(Ren¢)

that the threenew operators— kill, spavn andquery— areall deemedo take
somecomputationaeffort andthusaremodelledusing—. For example,letL =
{£,k} andP = £[(a.(B | move(k, B.b)))\B]. ThenP canengagen the following
transitions:

L>P ~25 L>£[(B|move(k, B.b))\B]
= L (¢[B] | £[move(k, B.b)])\B
5> Lo ([B] | K[B-b])\B
Weaktransitionsaredefinedasusual:

e £ (L)

g & g, ifa=t
EL £ (s %y L Ry "~ la, otherwise
The function” relatesthe labelsof strongtransitionsto thoseof the weaktransi-
tions. We alsousestandardabbreiationsthroughoutthe paper For example,we
write C %+ to indicatethatfor someC’, C+% C/.

2.3 Barbed equivalence

We now discussthe problemof definingan appropriatesemanticequivalencefor
locatedprocessedyasedn thetransitionrelation—s. An obviouspossibilityis to
adaptthe bisimulationequialencesf ccs [23]. (Strong)ccs bisimulationis the
largestsymmetricrelation~<* on configurationsuchthatwheneerC ~<* D and
C +% C' thereexistsa D’ suchthatD +%s D’ andC’ << D'. A weakversionof
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this relation,~, canbe obtainedby adaptingthis definition,in the usualway, to
theweaktransitionrelation.

To seethatccs bisimulationis not suitablefor ourlanguagefor exampleis not
a congruencegonsiderthe “suicide process™[kill £]; this is strongccs bisimilar
to /[[t]] in isolation,but notin a contet thatcanperformanactionat £:

{€}>L[[kill£] ~°= {£}>L]T] {£}>L]a] | £[kill£] == {£}>£[a] |£[T]
A moreinterestingexampleis thefollowing:

P3 = (¢[a.a] |K[a])\a Q3 = (¢[a] |K[a.a])\a

{£,k}>Pg ~c {£,k}>Qg, but theseprocessesanbe distinguishedoy a context
thatkills location/ — solong asthekill actionis performedaftertheinitial com-
municationona.

The useof ~°= for ccs hasbeenjustifiedin [29] by the factthatit coincides
with the congruencebtainedfrom a simple notion of obsenation calledbarbed
bisimulation Similar resultshave beenobtainedor lazy andeagerfunctionallan-
guageqd 1, 18, 7], giving furtherevidencefor the reasonableness this approach.
Roughly two processesre barbedbisimilar if every silenttransitionof onecan
be matchedby a silenttransitionof the otherin sucha way thatthe derved states
are capableof exactly the sameobsenableactions;in addition,the derved states
mustalsobe barbedbisimilar. The obsenableactionsarethe “barbs”, for which
we adoptthefollowing standardotation:

Cla & Ccvay Cla € Cc&

DEFINITION 2.1 (BARBED BISIMILARITY). Weakbarbedbisimilarity (~) is the
largestsymmetricrelationover configurationsuchthatwheneerC ~ D:

(@)C+% C'implies3D’: D D' andC' ~ D
(b)va: ClaimpliesD |4

Strongbarbedbisimilarity (~) is obtainedby replacing= by — and | by |
everywheren thedefinition. O

Barbedbisimilarity is a very weak relation; for example, it is not presered
by parallelcomposition.However, by closingover all contets we canarrive at a
reasonablesemanticequialencethat by definition enjoys an importantproperty
namelythatit is a congruenceln our languageve have two syntacticcateyories
— basicandlocatedprocesses— which inducedifferentrelations.

DEFINITION 2.2 (CONTEXTS, BARBED EQUIVALENCE AND CONGRUENCE).
We saythatP[-] is alocated-pocesscontext if for ary locatedprocess, P[P] is a
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locatedprocess.Similarly, P[-] is a basic-pocesscontext if for ary basicprocess
p, P[p] is alocatedprocess.

Barbedequivalencé~) reIateslocatedprocessesbarbedcongruence(é), in-
steadyelatesbasicprocesseslhey aredefinedasfollows:

~L Q & for everylocated-processontet P[], L>P[P] =~ L>P[Q]
P~Q & for everyliveset,, P~ Q
p~Lq & for everybasic-processontet P[], L>P[p] =~ L>P[q]
p~q & foreveryliveset., p~. q

If P~ QwesaythatP andQ arebarbedequivalentat L, andsimilarly for the
congruenceé. Strongbarbedequialence(~) andcongruencé~) areobtainedn
thesamemannerfrom ~. O

Remark2.3. Ourterminologyis inspiredby thatof [29, 5], in whichbarbedequiv-
alenceis definedby closingover static contets (thatis, thosecontets built up
usingonly parallelcompositionyestrictionandrenaming)andbarbedcongruence
is definedby closingover all contexts, includingdynamiccontets suchas|-] + a.
As usualfor bisimulation-basegemantictheories,~ is strictly finer than~
which is strictly finer than~. For mostof the paperwe concentrateon barbed
equivalenceturningto thefull congruencen Sections. a

Remark2.4. Notethatto checkP = Q, it is sufficientto checkthatP ~ Q for every
L ClocqP,Q), ratherthanfor everyL C Loc. Becaus®urlanguagéhasno facility
for the creationof new locations,the livesetcannotincreaseas a configuration
evolves;thatis, if L>P+% L'>P’, thenlocs(P’) C locs(P). In addition,extraneous
locationsdo not affectbehaiour; thatis, if £ ¢ locgP) then:

L>P+% L'sP if andonlyif L\{¢}>P+% L'\ {£}>P

Both of thesepropertiesare easily establishedy rule induction. Giventhese,it
thenfollowsimmediatelythat:

Loc>P =~ Loc>Q if andonlyif locgP,Q)>P ~ locsP,Q)>Q
if andonlyif  locgP)>P = locgQ)>Q

In particularfor location-finiteprocessedyarbedequivalenceandcongruence&an
bechecledby consideringonly finite livesets. a

1We couldalsohave defined~ and~ directly. For exampleP = Q if for every contet C[-] such
thatC[P] andC[Q] areconfigurationsC[P] = C[Q)].



DistributedProcesseandLocationFailures 10

Although someresultsconcerningtranslationsbetweenlanguageshave been
obtainedusingthe definition of barbedequvalencedirectly [3, 16], the relation
Is obscureand difficult to usein practicebecauset requiresquantificationover
all contexts. To shawv processesire distinguishedt is neccessaryo find a live
setanda context for which the resultingconfigurationsare not barbedbisimular
Thesecanbefoundfor thetheprocesse®; andQq, givenin theintroduction,and
thereforethey aredistinguishedy ~. However P, andQ, areidentifiedthoughit
is farfrom obviouswhy. Evenworse,processe®g andQg (givenon pageld) are
related althoughestablishinghis factrequiresthatoneprove thatP; andQq are
relatedunderthe assumptiorthat/ is alive at thetime P; andQq arecompared,
thatis, £ is initially alive.

We endthis sectionwith someadditionalexamples. The processeg[a] and
k[a] canbedistinguishedy acontet thatkills oneof thetwo locations.Thesame
context canbe usedto distinguishthe basicprocessesove(4, a) andmove(k, a),
regardlesof wherethey arelocated. Theseexamplesndicatethatalthoughthelo-
cationsatwhichactionsareperformedarenotdirectly obsenable,they doimpinge
onthebehaior of processes.

The orderin which kill actionsare executedis alsosignificant. For example
kill £.killk can be distinguishedirom killk.kill £ usingthe process/[a] | k[b]. On
the otherhand,only thefirst kill of a site is obsenrable; thus, killk.(killk+ p) is
indistinguishabldrom killk.(t + p). The conditionalexhibits a relatedproperty:
L[if £ then pelse q] ~ £[t.p].

Thespavn operatoisenesasa syntacticbridgebetweerbasicandlocatedpro-
cessesthus,it is not surprisingthattop-level spavnscanbeeliminated:

L[move(4, p)] =~ £[1.p]
[move(k, p)] =~ (¢[a] | k[a.p])\a, if a doesnotoccurin p

However, the interactionbetweenspavn andparallelcompositionis quite subtle.
Considerthebasicprocesses:

P4 = move(k, r) |move(k, s) qq = move(k, r |s)

If K[r] = K[s] andZ # % then{[p4] ~ £[q,4]; theseprocessesanbedistinguished
by killing ¢ after p, hasspavned one subprocesut not the other Immortal
locationsarepeculiarin thisrespectx[p,] ~ x[d].

Within asite,parallelismcanbereducedo nondeterminismfor example /[a] |
/[b] ~ £[a.b+ b.a]. However, thisis nottrueacrosssites.Giventheexampleshus
far, wewould expectto have /[ a] | K[b] ~ a,.bx+ bk.ay, butthelatteris notatermin
our language While suchatermis understandablasthe resultof aninterleasing
law, it is difficult to understanccomputationallyon its own right; we have been
carefulto constructour languagesothatthe termscorrespondat leastintuitively,
to realisticallyimplementablalistributedsystems.
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Table 3 Transitionsystemwith explicit kills

All rulesbut Kill. from Table2, with a replacedoy pand— replacedoy —.
Lel —fallible, (m)
L>£[killm.p] - L>£[p]
Lel fallible, (m)

(Kill1,)

(Kill2y) Lo ¢[killm.p] <40 L\ {m}>£]p]
fallible, (m)
(Faily) fail
LeP 250 L\ {m}>P

3 Located-Failuresequivalence

In this sectionandthenext we provide alternatecharacterizationsf barbedequiva-
lencefor locatedprocessesiVe startby giving anenrichedconfigurationrsemantics
which, while not strictly necessarygreatly simplifies the notationand sharpens
mary of the definitions. We then defineboth strongand weak LF-equivalence.
The maintechnicalresultof this sectionis that LF-equivalenceandbarbedequiv-
alencecoincide. Throughexampleswe shav thatweakLF-equivalenceis some-
whatwealerthanonemight expect— with somesurprisingresults.

3.1 Enriched configuration semantics

The examplesat the end of Section2.3 shawv that actionsperformedby the kill
operatoraresometime®bsenable,albeitindirectly. For example kill £ is different
fromtif Zisalive,butit is thesameotherwise In Table3 weintroduceatransition
relation(—) in whichthisdistinctionis manifest.Thedefinitionuseghepredicate
“fallible.”, definedasfollows:

fallible, (m) & m#*andme L

This enrichedelationusesexplicit kill actions(kill £) andfail actions(fail £).? Un-
lessotherwisenoted,we obsenre the following disciplinewhenreferringto labels
in transitiongraphs:

a = 1]a
o= ol kille
S = p | fails

2Whereasill actionsareessentiain thedefinitionof symbolicLF-equivalencethatwe present
in Sectiond, fail actionsareintroducedpurelyfor notationalcorvenience.
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Also let KActbethesetActuU {kill £ | £ € Loc}; thusp normallyrangesover KAct.
For a summaryof the notationusedin the papey seeAppendixA.

Intuitively, a kill actionmarksan effectiveexecutionof thekill operator;inef-
fectiveexecutionsof thekill operatorare modeledby t-transitions.A fail action
marksthe executionof an effective kill by the surroundingcontext. Therule Fail
says,in effect, thatary locationmayfail at any moment. Note thatthe rule does
not dependon the procesgerm, but only on theliveset;thusit is sufficientto use
M, ratherthand, in theinductive rulessuchasPar.

Therelationshipbetweerthe two transitionsystemss given by the following
Lemma

LEMMA 3.1. Cc+~& C' if andonlyif C 2 C'
C+% ¢ if andonlyif C - C'or 3k: C Xk ¢
Proof. Straightforvardrule induction. 0

Notethatif L>P -2 L'>P, thenl’ is determinedby L andd. To emphasize
this, we adoptthe following notation. For eachactiond, the functioniafters(L)
(immediatelyafterd) reflectstheeffectof actiond onL,; for examplejaftery(L) =L
andiafter ({£,k}) = {k}. The relations—f> and:f> describethe &-transitions

of aprocessunderliveset.. Thusif P = /[a.a] | k[a], thenP ﬁ% nil, but P has

no a-transitionundertheliveset{k}. Theformal definitionsareasfollows:

iafters(L)

w [L\{K}, if 3=Kkillkord=failk
L, if 8¢ Actu{t,¢}

P-2 P & LoP -2 iafters(L)>P

P:E’> P & LoP =2 iafters(L) > P’

3.2 Strong LF-equivalence

We would lik eto defineLF-equvalencedirectly on procesgerms,ratherthancon-
figurations. It is not difficult to seethatto do so, we will first have to definean
equialencethatis parameterizetyy the setlocationsthataredead(or corversely
alive) atthetime thatthe processearereachedFor exampleconsiderthefollow-

ing processes:

P = Kif £ then if £ then &] Qs = K[if £ then if £ then b]]

Theseprocessesire barbedequvalent, but establishinghis fact relies on com-
paringthe processesif £ then @’ and*if £ then b” underthe assumptiorthat/ is
alreadydead.We arethusleadto a definitionin two steps.Firstwe definea param-
eterizedequivalence(~ ) whichcompare$ocatedprocesseandertheassumption
thatthesetof locationsL arealive. In orderto take into accountall possibleinitial
contets, we thenquantifyover all suchlivesetgo definetheequivalence~.
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DEFINITION 3.2 (STRONG LF-EQUIVALENCE). Let § = {8}, - . be an in-
dexedfamily of relationson LProc. § is a strong LF-bisimulationif for everyL,
S is symmetricandwheneerP § Q:

P -2 P'implies3Q": Q-2 Q andP’ Siafrer (1) @

P and Q arestrongLF-equivalentunderL (P ~ Q) if thereexists a strongLF-
bisimulations with P §| Q.
P andQ arestrongLF-equivalent(P ~ Q), if P~ Q for everyL C Loc. O

The definition of LF-bisimulationis similar to the definition of ccs bisimulation.
Here,however, akill actionby P mustbematchedy exactlythesamekill actionby
Q; in ccs bisimulationkill actionscouldbematchedy ary silentaction.However,

it is theuseof fail actionsthatis moreimportant;becausef fail actions,P andQ

have the samebehaior in thefaceof ary kill actionsthatthe surroundingcontext

might perform. Thefollowing Lemmashaowns how LF-bisimilarity may be defined
without the explicit useof fail actions.

LEMMA 3.3. 8 is a strong LF-bisimulationif and only if for everyL, S is sym-
metricandwheneerP § Q:

(@) P+~ P implies3Q: Q- Q andP’ 8jzper, 1) Q

(b) foreveryke L P8pq Q
Proof. Immediatefrom thedefinitions. O

THEOREM 3.4. For all locatedprocesses? ~| Qif andonlyif P~ Q.
Proof Similarto thatof Theorem3.11, whichis moredifficult. O

The following Lemmademonstratethat the strongbehaior of locatedpro-
cesseslepend®nly onthesetof locationsthatareknown to bedead andtherefore
for location-finiteprocesses: (which quantifiesover all initial livesets)oincides
with ~| oc (SeeRemark2.4). Surprisingly this propertydoesnotextendto theweak
case.

LEMMA 3.5. (a)LetP andQ belocation-finite.ThenP ~_ Q andM C L imply P
~m Q. (b) If Locisfinite, thens§ is a strongLF-bisimulationif andonlyif for every
L, 8L is symmetriandwheneerP §; Q:

M C L andP 4 P'implies3Q': Q > Q andP’ Siafter,m) @

Proof. (a) followsfrom Lemma3.3. (b) isimmediatefrom thedefinitionof strong
LF-bisimulation. O
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3.3 WeakLF-equivalence

We startwith an example. Considerthe following processesinderweakbarbed
equvalence:

(K[[bBa—i—b 1] | k[B. (@+T1.8)+0. a]])\a\B
Q6= (5[[b- (@+1)] | k[[ﬁ.a]])\a

If Zisinitially dead Py andQg areclearlyequivalent:botharestrongequialentto
nil; if only k is initially dead they areweakequvalentto b.nil. If £ andk areboth
initially alive, however, thesituationis notsoclear Thequestionablenoveis Pg's
b-transitionto:

Py ~ (¢[a] |k[a+T.a])\a

To matchthis move Qg mustperformaweakb-transitionto:

Q1 ~ (¢[a+1]|K[o.a])\a

But P; andQq arenot barbedequialent: if £ is dead,thenP; is capableof an
a-transitionthatQq cannotmatch. This would leadoneto believe thatP5 andQg
arenotbarbedequialent;however, they are.

Intuitively thisis true becausevhenPg reached;, £ mustbealive— if £ had
beendead,the b-transitionto P; would have beenimpossible. ThusP; andQq
needonly becomparedunderthe constrainthat/ is initially alive. Oncethis com-
parisonhasbegun, the environmentcandistinguishP; andQq only by killing Z,
but it cannotcontrolinternalactiity onthe partof Qq before/ is dead.Killing k
doesnt helpto distinguishthetwo processesTherelevantsectionf thetransition
systemsare shavn below. To improve readability we have not shown the transi-
tionslabelledfail k; in addition,we have markedthe stateswith differentsymbols,
eachsymbolindicatinga setof bisimilar states.

fﬁﬁk}bp\% . féﬁk}DQ\l
Efa”e l\ Zfanz ©failt J§\ Zfallé
a\\ /fallﬁ 3\1\ /fallﬁ

DEFINITION 3.6 (WEAK LF-EQUIVALENCE). § is aweakLF-bisimulationif for
everyL, §_ is symmetricandwheneerP 8§ Q:

P -2 P implies3Q: Q =E> Q andP’ Siafrer;(L) ¥

We write ~ for weakLF-equivalenceand~ for weakLF-equivalencatL. [
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We canalsogive thedefinitionwithout fail actions,makingthe casesxplicit:

LEMMA 3.7. 8 is aweakLF-bisimulationif andonlyif for everyL, 8 is symmet-
ric andwheneerP § Q:

(@) P Pimplies3Q': Q% Q andP’ Sjafrer, L) Q
(b) foreveryke L 3Q: Q=>- ﬁ Q andP 8,14 @
Proof. Immediatefrom the definitions. O

The last clauseof Lemma3.7 is somavhat surprising. It says,in effect, that
if the ervironmentkills a locationk, thenQ mustbe ableto (silently) evolve to a
proces€) thatmatche$?; butin reaching?’, Q mayexploit theintermediatestates
of the system(thatis, k alive, thenk dead). Unrolling the recursve definition, if
k,me L thentheremustexist Q; and@, equialentto P underL\ {k,m} suchthat

€

€
OMky  D{kmy

andlikewisefor any subsebf L.

It may alsobe surprisingthatin Lemma3.7 we do not needto allow for the
possibilitythata t-transitionis matchedoy akill-transition. This factis explained
by thefollowing Lemma

3 / 2 £ =
Q= Q and Q= 7= Taw @

KilK o s £ £ . pl
LEMMA 3.8. P:L‘$P implies P?-WP

Proof. Immediatefrom the operationakemantics. a

Remark3.9. Let | betherelationobtainecby substituting® =E> P for P -2 P!
in Definition 3.6. As usualwith weakbisimulationrelations & = = . O

We now shov that = is a congruenceon locatedprocessegin otherwords,
that= is substitutvein all staticcontexts) — LF-equivalences alsoa congruence
for mostoperatorson basicprocessesaswe will discussin Section5. We then
presenthe mainresultof this section:thatbarbedequvalenceandLF-equivalence
coincide.

THEOREM 3.10. Ead relation=, , andtherefore =, is a congruencdor located
processes.Thatis, if P~ Q andP[-] is a contet sud that P[P] and P[Q] are
locatedprocessethenP[P] = P[Q].

Proof. By inductionon the structureof contets. Notethatwe mustonly consider
the operatordor parallelcompositionyenamingandrestriction.In all threecases
thearguments standardfor example,in thecaseof parallelcompositionwe define
arelation§ = {(P|R, Q|R) | P=L Q} andshaw that§ is a LF-bisimulation. [
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THEOREM 3.11. Foread L, P~ Qif andonlyif Pz Q.

The remainderof this sectionis devotedto the proof of this theorem,an obvious
corollaryof whichis thatx = ~.

Onedirectionof Theorem3.11 (= C ~) follows immediatelyfrom the fact
thateach=,_ is a congruenceln the otherdirection,we mustshav thatP ~ Q
impliesP &~ Q for eachL. Thisinvolvesconstructinga collectionof contexts C;’
— mappinglocatedprocesseto configurations— suchthattherelation

def

SLE{(RQ|3i,i: QP& Q)
is a LF-bisimulation.

ASSUMPTION 3.12. To simplify theexposition,we will assumehatLocis finite.
The Theoremalsoholdsif Locis infinite, aswe explainin Remark3.14 a

The contets are basedon thoseof Sangiogi [29). We assumethat the set
of actionnamess partitionedinto setsAct; andAct, with all actionsthatappear
in procesgermscomingfrom Act;. For eacha € Act; we assumehatthereis a
correspondingctionin Act, thatis differentfrom all otheractionsin Act; let &
denotethis action. We alsoassumehatAct, containssomeotheractions— ¢, c/,
{di,d/ | 0<i} and{livey | £ € Loc} — andthatall theseactionsareunique.Given
theseassumptiongherequiredcontets areasfollows. (We drop parameterfrom
(C'L" wheneerthey areunimportanor clearfrom context.)

LSensor & MeeLoclllive]
LKiller £ (S et ockill £.T . LKiller) + T.d)
LCount; d:‘Efdi'-l—c'.LCountiJrl, i>2

ASensor £ (Y acAct, AT (1.8 4 T.ASensor)) + T.do+ T.dy
ACount; d:efdj +cC.ACountjry, j>2

(Ci|_’j EN [:] | LSensor | x[LKiller | LCount; | ASensor | ACount;]

The contets are designedso that if C[P] is barbedbisimilar to C[Q] and
C[P] & C'[P'] thentheremustbe a @ suchthat C[Q] &> C'[Q] and C'[P']
~ C'[Q]. Significantly the context C'[-] must be the samefor both processes;
thatis, the structureof the context mustbe presered throughmatchingmoves.
Thisis achievedby making“obsenable”— via barbs— any changan the stateof
the context processes.

The processe?ACount and ASensor are taken directly from [29, Theorem
3.3.2]. In C[P], ASensor identifiesthe communicationactionsperformedby P,
whereasACount controlsthe numberof theseactionsthat P can perform. We
refer the readerto [29] for more detailson the useof thesecontexts. To these
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we addthreenew processesl Killer, LSensor and LCount. LSensor senseill
actionsperformedby P (in additionto thoseperformedby the context), in much
thesameway asASensor sensesctionsof P. LKiller mimicsthe manneiin which
the contet kills locationsandLCount disciplinesits useof LKiller, preventingthe
context from engagingn infinite internalactivity.

The resulting contexts are strong enoughto recover LF-equivalencefrom
barbedbisimilarity — specifically they arestrongenoughto shav that$ is aweak
LF-bisimulationupto =. To prove this wefirst needthefollowing Lemma:

LEMMA 3.13. If C[P] & C, C[Q] &= D andC ~ D, thenC and D musthave
exactlythesamdivesets.

Proof. Followsfrom thefactthatLSensor offersadistinctcommunicatiorfor each
live locationandis incapableof communicatioror silent transitions,within the
contet C[-]. O

We now completethe proofof Theoren3.11

Proofof Theoem3.11 We show that8 is anLF-bisimulationupto =. We usethe
characterizationf LF-bisimulationgivenin Lemma3.7. SupposehatP 8§ Q and
P % P’. We examinethethreeclauseof this Lemmain turn.

To satisfythefirst clause we mustshav thatQ canperformthe sameaction,
evolving to a matchingstateQ'. The proof canbe copieddirectly from Sangiogi,
usingLemma3.13to establisitheonly additionalrequirementthatthelivesetsare
unchangediuringtransitionsof C[P] andC[Q].

Ontheotherhand supposehatP <LK P andthereforeCy! [P] — CiL’\j{k}[P’] =
C’. This mustbe matchedoy amoveC Q] & D’ suchthatC’ & D'. We show
that D’ mustbe of the form C'L‘{k} (@], upto =. FromLemma3.13it is easyto

seethatthelivesetin D’ mustbe L\ {k}. To seethattherestof the context must
beunchangedpotethatC’ cansilently moveto a statein Whichtheonly d actions
possibleared), d/, do, andd;. D’ canonly matchthis stateif D' = |_ I(}[Q’]

for someQ@'. Therefore althoughk hasdied, the contet could not have kllled it
(sincethe LKlller hasnot moved). ThusQ musthave killed k, andwe have that
Q% Q’ andP’ 8;\rq Q, asrequired.

We noN turn to thefinal requiremenbf Lemma3.7. We mustshav thatQ :>
L\{k} —= Q for someQ’ suchthatP’ §\nq Q.

We know thatC}) [P] Ly - -1y Cr{lk‘ [P] = C', by the context killing theloca-
tion k. Thereforeit mustbe that C} EQT is ableto silently reacha configuration

3Thereis arisk of suchactiity becausencea site is deadary further attemptsto kill it are
treatedast-actions.LCount makesevery move of LKiller visible, thuspreventingit from internal
movesthatwould otherwisego unnoticed We useseparateounterdor LKiller andASensor sothat
communication-transitionsf P cannotbe matchedoy Kill-transitions.
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D’ thatis barbedbisimilarto C'. Reasoningsbefore,we canshawv thatD’ must
structurallyequialentto C'K{ll’(‘} [@] for someQ'. Theonly questionis: whokilled
k? Q or the context? ConsultingLemma3.8, however, the questionprovesto be

irrelevant. If Q % Q, thenthereexistsa Q" suchthat:

.,. ',' i ]_,' i 1a.
Qs QYR Ol QM S O Q]

. € € / /
Thuswe have asrequiredthatQ = - 5=+ Q andP’ 8,14 Q. O

Remark3.14. To simplify the expositionwe have assumedhatLoc is finite; how-

ever, the proof is only slightly more complicatedif Loc is infinite. In this case,
we mustchangehe contexts sothatthey do notincludeaninfinite numberof pro-
cessesTheculpritis LSensor which canbe changedsfollows:

LSensor’ = (S el ocif £ then livey) +d]

Thesolepurposeof LSensor isto guaranteéemma3.13 UsingLSensor’, theproof
of Lemma3.13is only slightly morecomplicated.The summandlj is necessary
to keepLSensor from moving in the casethatall locationsaredead.Note thatwe
couldachiere the sameresultby sensingdeadratherthanlive locations. O

Remark3.15. If we restrictthe language disalloving termsof the form killk.p
in which p # nil, theresultsdo not change.To accommodat¢his languagewith
“asynchronousills,” LKiller mustbe changedsfollows:

LKiller' =S ey ocT. (kill £] LKiller)

Usingthisdefinition,theresultfollows by extendingthestructurakequivalencewith
the following absorptionlaw: nil | P = P. (This is necessango thatthe residual
of the termkill Z.nil in the context canbe ignored.) The proof also makesuseof
Lemma3.8 O

4 Symboliccharacterizations

While LF-equivalenceprovide a greatdeal of insightinto the meaningof barbed
congruencén distributedprocesslescriptiorlanguagesuchasours,it is unwieldy
to usein practice. For a startit is basedon an operationaksemanticavhich uses
configurationsatherthanprocessesVioreoverthis operationabemanticsieeddo

takeinto consideratiomotonly all thekill actionswhichtheprocessesanperform
but alsothe possiblekills which canbe carriedout by the ervironment.As aresult
thelabelledtransitionsystemsassociatewvith eventhesimplestprocessearevery
comple.
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In this section,we definea symbolictransitionsystemdirectly on locatedpro-
cessterms,thengive characterizationsf strongandweak LF-equivalenceusing
thesesymbolictransitions. As oneshouldexpect,theweakcases quite a bit more
subtlethanthe strong. By adaptingthe algorithmsin [19], one could derve an
alternatve methodfor automaticallycheckingLF-equivalenceon finite statepro-
cessesBut thesymboliccharacterizationarenotonly usefulfor automategbroof;
they alsogreatlysimplify reasoningoy hand. To begin with, the symbolicgraphs
aretypically anorderof magnitudesmallerthantheir concretecounterparts.

We begin by giving thesymbolicoperationabemantics.

ASSUMPTION 4.1. Throughouthis sectionwe will assumehatLocis finite. The
resultscanbe generalizedn to location-finiteprocessedyut the notationrequired
is tedious. O

4.1 Symbolicsemantics

The symbolictransitionrelation makes use of BooleanformulaeT, p, in which
locationnamessene astheliterals.

mp = tt| L] L] Vigm [ mAp

Whereaditerals aredravn from Loc, atomsaredravn from LocU {Z | £ € Loc}.
Positiveatomsoccurin Loc; whereasmegativeatomsoccurin {¢| £ € Loc}. We
saythatrtis apositiveformulaif it containsoinstanceof anegativeatom;negative
formulaearedefinedsimilarly. If £ appearsasanatomin 1t, we saythat/ appeas
positivelyin p. If £ appearsn 1t the ¢ appeas positivelyin p. Thustt is botha
positive anda negative formula.

Remark4.2. We do notrequirefull negation,althoughincludingit would not pose
ary difficulties; we write ¢ for the negationof £. On the otherhand,we do allow
infinitary disjunction;werewe to restrictour attentionto image-finiteprocesses,
finitary disjunctionwould be sufiicient. O

Intuitively, a formula indicatesa setof constraintson the statusof locations
(deador alive) at thetime thatthe transitionis enabled.For example,if P -5 P/
thenP is capableof makinganp-transitionto P’ if location/ is aliveandmis dead;
thatis, P —}L1—> P’ if £ € Landm¢ L. Thesemantic®f thelogic is givenwith respect

to live sets:

LEtt always LETAp if LEmandLEp
LE? if £€L LEV;m if3j: LE
LEZ if£&L

In Table4 we definethetransitionrelation(—) C LProcx LProc (thesymmet-
ric rulesfor parallelcompositiorhave beenomitted). Therelationshipbetweerthe
two transitionsystemss summarizedn thefollowing Lemma We deferexamples
to Section4.3
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Table 4 Symbolictransitionsystem

(Acts) S (Taus)
¢a.p]—7> £1pl ¢[v.pl = £[p]
(Kill1g) — (Kill2g) — =
L[killm.p] 7w £[pl £killm. p] 5 £[p]
(Lives) (Deads)
£[if mthen pelse g4 £[P] £[if mthen pelse q) 4= £[q]
p;] s £[p;
(Spawny) - (Sums Ll Lp] €l
£[move(k, p)]—> K[P] Uier o] = £0]]
P=P P-4 Q = p] & £[p
st Q Q=Q ety LR APL o
P4 Q {A] > €[p]
P& P a PP
(Comm) o - Q5 Q (Pars) ————
P|Q-mp P'[Q PIQ—+4 P'|Q
Restr) 0 \gfam (Ren) T
trsg) ———— a,a s
= P Pa Bl P
LEMMA 4.3 (STRONG TRANSITION LEMMA).
P45 P ifandonlyif 3m: P PandLET
Proof. By ruleinductionin bothdirections. 0

NOTATION. We usesetsof locationsL in logical formulaeto denotethe conjunc-
tion of theliteralsin L. Similarly, L representsheformulaA {¢ | £ € L}. As usual
ff is shorthandor \/ 2. O

4.2 Strongsymbolic bisimulation

The standarddefinition of symbolicbisimulation[19] requiresthatwe defineen-
tailmentbetweerformulae which we doin thestandardvay:

Ttk p if andonlyif VL: LF mtimpliesLF p

Note thatentailments a preorderon formulae. If 1Tl p we saythatttis stronger
thanp. ff is thestrongestormulaunderit, tt thewealest.
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Remarkd.4. We write I+ ratherthant- to emphasizehat the relationis semantic
entailment(andbecauseave have alreadyusedthe symbolF). A proof systemfor
I canbe foundin ary introductorybook on logic. We usesemanticentailment
throughouthe paperbecausaet is sufficientfor our purposesandwe arenot here
concernedvith implementationssues. O

We mustalsoidentify a setof formulaesuitableas parametersn the recur
sive definitionof symbolicequialencethatis, the analogsf the parameters in
the definition of LF-equwvalence. Intuitively, whenwe saythatP andQ are LF-
equialentunderL, we arelimiting attentionto a single possibleworld, namely
thatin whichexactlythesitesin L arealive. Theideaof symbolicequivalencesin-
steadjs to treatmary possibleworldssimultaneouslyvia entailment) In thecase
of strongLF-bisimulation,wherefor location-finiteprocesse® ~ Q andM C L
imply P ~\ Q, thisis achievzed by restrictingattentionto negativeformulaein the
recursve definitionof symbolicequivalence.

We write neg(1) for the projectionof tontothe setof negative formulae that
is, the formulaobtainedby substitutingtt for every occurrencef a positive atom
in . For example,neg(/ A k) = tt Ak

SupposehatP cantake a p-transitionto P’ undertheconditionp andwe areat-
temptingto shav thatP is symbolicalyequialentto Q. Thedefinitionwill require
a @ thatis p-reachablainderthe samecondition. The definition alsodetermines
the conditionsunderwhich we mustsubsequentlgompareP’ anda potentialQ'.
Thesearedeterminedy thetransformation$after,” definedasfollows:

M E aftery(p) if andonlyif JL: LEpandM CL
M E aftefqk(p) if andonlyif 3L: LE pandM C L\{k}

Note that for ary formula, after,(p) is uniqueup to HIF. Sinceour logic is very
simple, it is straightforvard to calculateafter,(p); a stepin this directionis the
following:

ff if p I+ ff
after,(p) = < neg(p) Ak if u=Kkill k
neg(p) otherwise

If p is unsatisfiablehen after,(p) is simply ff. Otherwiseit correspondso the
negative informationin p; if the actionperformedis a kill actionkill k, thenwe
mustalsoincludetherequirementhatk bedeadthatis, k.

We now haveall theingredientsiecessarto give ourdefinitionof strongbisim-
ulationequialence.

DEFINITION 4.5 (STRONG SYMBOLIC BISIMULATION). Let§ beafamily of re-
lationson LProcindexedby negative formulaed. § is a strongsymbolichisimula-
tion if for every 9, 8y is symmetricandwhenaerP 83 Q andP —&+ P’ thenthere
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exist 15, pj, andQ; suchthatfor all i,

(@) AT Vipi, (c) Q4 Q;, and
(b) pilk T, (d) P Safter,(p) Qi

We write P ~§ Q to indicatethat thereexists a symbolicbisimulation§ with P
Sy Q. O

Onecanreadthedefinitionasfollows: If P~§ Q andP -} P/, thentheremust
be away to partitionthe setof possibleworldswhich satisfyd A 1t (the p; provide
the partitions)suchthatin eachpartition, Q canmake a matchingmove. Clauses
(b) and(c) ensurghatQ canmove to the stateQ;, andclause(d) ensureghatthis
statematched® underall possibleworldsallowedby p;.

Notethatthedefinitionimplicitly quantifiesovertheindex setl from whichthe
i aredrawn. In particular if 9 = ff, it is sufficientto let | = &; thereforefor ary
P, Q we have thatP ~ Q. It is alsotrue that strengthenindormulaepreseres
bisimilarity: P ~§ Qandd’ I 9 imply P ~3, Q.

We aimto show that~y characterisekF-equivalencen thesenséhatP ~ Q
if andonly if thereis somenegative formulad suchthatP ~3 Q andL = 3. We
examinethetwo implicationsseparately

PROPOSITION 4.6. P~3 QandLF 3 imply P~ Q.
Proof Let Sk bedefinedasfollows:

def

Sk = {(P.Q)|35: KE I andP ~3 Q}

If P~3 QandL F 9 thenclearlyP &, Q.
We now showv that Sk is a LF-bisimulation using the characterizationn
Lemma3.5 SupposehatP § Q andtherefore:

LES andP~3 Q 1)

FurthersupposehatP JN‘I—> P’ for someM C L, andthereforeby the StrongTransi-
tion Lemma,theremustexist a Tt suchthat:

METand P 4 P/ (2)

SinceP ~3 Q, we know thattheremustbe T, pj andQ; thatsatisfythe conditions
of Definition 4.5. Using (1), (2) andthatfactthatd is negatve, M E 9 ATL Thus
by thedefinitionof ~*, theremustbe somej suchthat:

M E pj andpj I T (3a)
Q4 Q; (3b)
P ~2enoy) Q (3¢)
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We shav thatQ 4> Qj andP’ 8gier, v Qj-

From(3a), we know thatM E 15. Thenusingthe StrongTransitionLemmaand
(3b) we arrive atQ -+ Q;.

To shov P Safter(M) Qj, it sufficient — becauseof (3c) — to shav that
iafter,(M) F after,(pj); but thisis immediatefrom (3&) andthedefinitions. O

PROPOSITION 4.7. P~ Q implies P :SLOC\L Q.

Proof Let8s bedefinedasfollows:

Sy = {(PQ) |VK: KE 9 impliesP~¢ Q}
If P~_ Qthen,by Lemma3.5 M C L impliesP ~y Q. FurtherM E Loc\L implies
M C L, andthereforeP STc\L Q.
We now shaw that 83 is a symbolicbisimulation. Supposehat P 85 Q and
therefore:

VK: KE 39 impliesP ~¢ Q (4)

FurthersupposehatP & P. Enumerate’s symbolicp-transitionsasQ Jn."—> Qi,
andfor eachi let p; bethebooleandeterminedy

M & pi if andonly if Mk 15 andP’ ~jager vy Q (5)

We now shaw thatthesep; satisfythe conditionsfor a symbolicbisimulation.
The requirementghat Q —}ﬁ—) Qi andthatp; IF 1t aremetby definition. We must
only shaw that:

9 AT Vi pi (6a)
VK: K after,(pi) impliesP’ ~ Q (6b)

For (68), supposeahatM F 9 A Tt andtherefore(using Equation4) P ~y Q. We
shaw thatfor somej, M  pj. UsingthesuppositionshatP -5+ P’ andM E 9 AT,

we canapplythe StrongTransitionLemmato concludethatP > P’ andtherefore
thattheremustexist someQ’ suchthat:

Q J,\jT) Q andP iaftery(M) Q

By the Strong TransitionLemmathere mustbe somej suchthat QY = Q; and
M E 1;. BecauseM E mj and P/ ~iafter,(M) Qj, We canuse(5) to concludethat
M FE pj.

Firllally we prove (6b). If K E after,(pi) thenby the definitionof “after”, there
mustbe someL D K suchthatL & p;. By (5), P/ ~iaften,(L) Qi- Again usingthe
definition of “after”, K C L; thereforewe may useLemma3.5 to conclude,as
requiredthatP’ ~x Q;. d
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Combiningthesetwo Lemmaswe obtainthe following.

THEOREM 4.8. P~ Qif andonlyif there existsa nggativeformulaed sud that
P~3 QandL F 9. In addition, (=) = (=4,).

Proof. The first resultfollows immediatelyfrom the two previous Propositiors.
Theresultfor ~ follows from thatfor ~ . Onedirectionis immediatewhile to
prove ~C~3, it is sufficientto take thedisjunctionof thed, for eachL. O

4.3 Weaksymbolic bisimulation

As afirst attemptto defineweaksymbolicbisimulation,let ustry simply replac-
ing the strongtransitionsin Definition 4.5 with weakedgesdefinedby conjoining
formulae.For example we would have P == P; alsoP == P’ if P = - :§> P,
Unfortunatelythe equivalenceresultingfrom this definition doesnot suffice.
ConsidettheprocesseBg andQg definedin Section3.3; their symbolictransition
graphsaregivenbelav (wherewe have written - as-% to improve readability).

Ps= (¢[bpa-+b.(a+D)] | K[B.(@+Ta) +oa] )\a\p

Qs = (¢[b-(a+1)] | K[a.a] )\a
X Q
by 'O 6
Phee
Tenk - \ |
e L3 91 RANE

We know from Section3.3thatPg ~ Qg. Thuswe expectPg andQg to berelated
symbolicallyundertheformulatt; however, usingthefirst attemptediefinitionthe

relationdoesnothold.

— Theproblemoccurswhenwe try to match
P = (¢la] | K[o+T.a])\a Pg’s b-transitionto Py with Qg's transitionto
Qq = (4[o+1] |K[a.a])\a Q1. In this casewe endup comparingP; and
Q1 underthe assumptiortt, whichis equia-
lent to after (£ A k), yet we have alreadyestablishedhat Py andQq arenot LF-
equialentwith respecto all live sets.As notedin Section3.3, P; andQq areonly
relatedunderthe positiveassumptiorthat is (initially) alive;yet“after,” removes
all positive informationfrom aformula.

As a seconadattemptwe might simply changetherecursve requirementf the
definition(in the casethattheactionp beingmatcheds notakill) to readP’ 8y, Q;,
allowing positive aswell asnegative informationto carry over into the next phase
of the bisimulation. Whereasour first attemptproducedan equivalencethat was
too strong thereviseddefinitionis tooweak. For example thefollowing processes
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would beidentifiedthoughthey arenotbarbedcongruent.

P; = (¢[o.a] | k[a])\a Q7 = (¢[a] |K[a.a])\a

J/TZ/\k ¥ J/TZ/\k

i ?

& &
Using the seconddefinition, P’7 and Q’7 would be comparedunderthe formula
£ Ak, This formula, however, sayssomethingmorethanwe would like, namely
that/ andk remainalive until P’7 andQ’7 finish executingtheir first weakaction.
Yetit is possible for example,thatthe ernvironmentkills ¢ beforeP’7 performsits
a—transition;Q’7 is incapableof matchingthis sequencef events.

From thesetwo examples,we canseethat positive informationmustbe car
ried over into the recursve requirementof the symbolic version of weak LF-
bisimulation,but that the useof this informationis more subtlethan canbe ex-
pressedn our propositionalogic for locations.We requirea logic thatis capable
of expressinghe changesin thelivesetasweakactionsareperformed.

The next example,Pg, shaws thatthis logic mustbe ableto expressarbitrary
propertiesof the form “¢ andk musthave beenalive, then/ musthave died, and
afterthatk musthave died” Noticethatthis sequencef requirementgsorresponds
to the statemarked Rs in the graphto theright. The conditionalconstruct(along
with x) allows usto expresssucha procesgraphin the syntaxof thelanguage.

Pickanarbitraryprocesssayx[a]]. Underwhatcon-

ditionsis Pg equivalentto x[a]? The equivalenceholds R PS\g
if andonly if eachof the statesR; is equivalentto x[a]. Tk ‘Qé 1
To capturehisrequiremenin thedefinitionof symbolic 1/0‘ 7 R
bisimulation,we mustfind appropriatdogical formulae R3 rk ° T

¢i suchthatVc ¢; is atautologyfor | = {1,...,6}, but . rk\R4
not for ary smallersetl. For example,if R = x[a] for \Pe

i <5, but Rg = «[b], thenclearly Pg is not equivalent
to x[a]; thisis dueto the behaior of Pg in the world in which £ andk are both
initially alive andthenbothdie, £ first. To capturesuchpossibleworlds, ourlogic
mustcapturepropertief sequencesf livesets.

Our solutionis to defineweaksymbolicedgesisinga past-timgempogal logic
[22, 30)]. Ournotionof “time” is quiterestrictve: time passesnly whenasitefails;
in addition,ary two sitefailuresmustbetemporallyordered— thatis, failuresoc-
curoneatatime. Thisintuition is formalizedin the notionof alive sequenceFor
example,({¢}, @) isalive sequenceyut ({¢}, {¢/}) and{{¢,k}, &) arenot.

DEFINITION 4.9 (LIVE SEQUENCE). A live sequencé is a finite nonemptyse-
quenceof locationsets(Ly, ..., Ly), suchthatfor everyi betweerl andn— 1 there
existsalocationk suchthatL;; 1 = L;\ {k}. O
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NOTATION. We write |L| for the lengthof L, L) for the it elementof £, and
L, for the subsequencextendingfrom theit" to the ji" elementinclusive. If
I <lori>|L[thenL isundefinedandsimilarly for £ jy. L- £ denoteghelive
sequencebtainedby prependingd- to L. Finally, we write L, for £ ¢)), thatis,
thelastelementof L. O

Thesesequencesre usedto give the semanticsof temporalformulae ¢, (,
which mayincludethe past-timemodalitieso, $ andH.

LEtt always L E Via ¢i if3jel: LFEQ;
LEY if € L, LEod it Lo1je-2) @
LET if £ L, LESO if 3j <[L[: Loy Fo
LEOGAY ifLEdandCEY L EBO fvj<|C]: LjFo

We alsoadopttwo abbreviations:

def

Pt = MASO  “¢ thent!
st & A o “¢ thenimmediatelyrt’

Notethatwe allow only Booleanformulaert ontheright-handsideof theseopera-
tors. Thusthey “associateo theright”; for example,d s1tsp = (¢ 51) 5p.*

Theatomicproposition? is interpretedo meanthat/ is alive now, in statel ),
which is the final stateof L; it thereforefollows that £ musthave beenalive at
all pointsin the past. The proposition? specifiesthat/ is now dead,althoughit
may have beenalive in the past. Hp specifieghatat all pointsup to now, ¢ has
beentrue. $¢ specifiesthat at somepoint— now or in the past— ¢ wastrue.
Theformula¢ ¢ Tt specifieghat$ wastruein the pastandrtis true now. Notethat
becausdive sequencemustbe strictly decreasing s £ is unsatisfiablehowever
({0}, @) EL3d.

NOTATION. Fortherestof the paperwe will usethe symbolkF only for temporal
formula, whosemodelsarelive sequenceslf we wish to referto the satishction
relationfor Booleanformulae,we will adda subscripti=,. O

The definition of weak symbolic transitions,which usesformulaefrom our
extendedogic, is givenin Table5. Intuitively P P’ meanghatP canperform
theactionp to becomeP’ in anernvironmentwherethe changen live setssatisfies
theformula¢. For exampleif ¢1 = (£AK) 3£ andd, = (£ AK) sk thenP; hasthe

4Thegeneraform, ¢ 5 £ WA S0, is notassociatie, since:

(01302)5W1 = WA R (D2AGP1) Y (WA SD2) ASd1 = d15(d25Wa)

The inequality can be seenas deriving from the fact that & doesnot distribute throughA. An
alternatve is to usethe “chop” operatorof [26]. We have decidedto usethe standardoperators
preciselybecausehey are standardithey may also allow for more efficient decisionprocedures

[24].
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Table 5 Weaksymbolictransitions

Po P PP

— — _ % =
P?P PWP’ Pﬁp’
kl||k a /
P=(¢/\Tr);1R =4 Pﬁ/\ P

symbollctransmon? but not? whereador Q7 it is the opposite.Recallthat
thedefinitionof P, andQ7 areasfollows:

P, = (¢[a.a] | K[a]) \a Q7 = (¢[a] | K[a.a]) \a

The definition of weaksymbolicbisimulationis similar to that for the strong
case.Thus,asfor the strongcase we mustspecifya collectionof formulaewith
which to parameterizéhe recursve definition aswell asan operatoron formulae
— correspondindo “after,” — for generatinghem.Notethat,unlikein thestrong
case the transformatiorfunction neednot be parameterizethy the actionp since
therelevantinformationis alreadyencodedn thetemporalformulae.

Theformulaewe chooseasparameterso therelationaresimply Booleanfor-
mulae,but now interpretecontheinitial livesetof alive sequenceRatherthanuse
two logicsin thedefinitionor introduceadditionaloperatorsye insteaddefinethe
function*initially ” which convertsBooleanformulaeinto temporalformulaewith
this interpretationin mind. The transformatiorfunctionfor generatingormulae,
which we call “finally”, mustthentake atemporalformulaandtransformit into a
propositionabne. Thedefinitions(uniqueup to i) areasfollows:

L F initially () if andonlyif L) F,Tt
M Epfinally(¢) if andonlyif 34: LF ¢ andM = L,

For example:

initially (£ AK) v m) = (($£) A (BK)) vEom
finally((£AK) g (mAN) g (MA ) =KANAMA j

Thefunction“initially ” is easyto calculate:on unsatisfiabldormulaeit is ff;
on satisfiabl€ormulaeit is ahomomorphisneverywherebut for atoms;onatoms,
initially (¢£) = &£ andinitially (¢) = BE¢. The calculationof “finally” is difficult in
general;however, the resultsof this paperrequireonly a well-behaed subsetof
formulae.We discusghe calculationof “finally” furtherin AppendixB.
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DEFINITION 4.10 (WEAK SYMBOLIC BISIMULATION). Let 8§ be afamily of re-
lationson LProcindexedby Boolearformulaert. § is aweaksymbolidisimulation
if for every 11, 81t is symmetricandwheneer P §;; Q andP % P’ thenthereexist
¢i, Y;, andQ; suchthatfor all i:

(a) initially () AGIF Vi, (€) Q5> Q. and
(b) Wik i, (d) P’ Stinaily(y) Qi

We write P &3, Q to indicatethatthereexistsa weaksymbolicbisimulation$ with
P8nQ.° O

Before presentingthe alternatve characterizatiortheorem,we first discuss
someof theexamples ConsideP; andQ. To shav thesetwo processesymboli-
cally bisimilar, thereare two interestingtransitionsthat mustbe matched. First,
considerthe transition Q1 £, nil, whered = £3tt. To matchthis, we must
usetwo e-transitionsof Py: Py % P;, where¢; = tt and iy = £Akstt, and
Py % nil, whered, = £ AK3 tt anéqu = ¢ Akgtt. Thesechoicesfor the s;, meet
all of the requirementdor the definition, even if we take t= tt. In particular
¢ IF Y1V W2, Py 2% oy, Nl Wherefinally(¢1) = k, andnil Minally(9,) Nil Where
finally(¢2) = tt.

Secondconsiderthe transitionP; & nil, for ¢ = kgk. Q1 cannotmatchthis
transitionattt becaus®’sonly a-transitionis parameterizetly A ksk andk does
not entail £ A kg k; however, the transitionscanbe matchedunderthe assumption
= /¢ since($4) Ak doesentail £ Ak k.

Ps and Qg then,arerelatedat tt, sincethe definition ensureshatP; andQq
are comparedunderthe assumptiorthat £ is alive. By the sametoken, P; and
Q7 canonly be relatedat formulaethat entail 2 v k; P’7 and Q’7 arealsorelated
underthe assumptior? A k, but neitherP; nor Q; cangeneratesucha formula,
dueto the wealeningthat happensn e-transitions. Note that the constructionof
weaksymbolicedgeswhich differsfor visible andnon-visibleactions,is crucial
in achiezing the correctresultsfor theseexamples.

THEOREM 4.11. P~ Qif andonlyif there existsa Booleanformulatt sud that
P a5 QandL F, 1t In addition, (%) = (&%,).

Theresultfor & follows from that for . We devote the restof this sectionto
the proof of this theorem. As a first stepwe mustrelatethe symbolicmovesto
(sequencesf) concreteactions.Thisis achiezedby definingconcretanoveswhich
areparameterizedy live sequences:

SIf oneusesP —5+ P’ ratherthanP % P’ in thedefinition,thenclause(a) becomes:

initially () A (psgtt) IF VWi, ifpu=rt
initially () A (pg' k) IF VWi, if u=Kkillk
initially () A p IV, Wi, otherwise
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DEFINITION 4.12. For eachlive sequence, andfi € KAct, :%» is the leastrela-
tion satisfyingthefollowing:

P|<=“|:>> P if P P
kill k ; Kill /
Py P P:&F >
Pete P if P .l PP andl g = L\ {k} O

Note that this use of the symbol = is entirely different from that of

Section2.2. Also recallthat P “‘:l'_K; P” if andonly if k € L andP =% - ﬁ =2
In orderto relatethesetransitiongo weaksymbolictransitionsye first provide an

alternateview of the symbolictransitions.

LEMMA 4.13. (a) P =% P if andonly if there exist P, 15 and h sudh that 1 < h,
P. = P, B, = P, andthefollowing hold:

foreveryl <i<h, B <+ Ry, and
¢ HFTs...3TH 15t

(b) P % P’ if andonly if there exist B, T;, handn sudhthatl1<h<n,P, =P,
Prr1 = P/, andthefollowing hold:

foreveryl <i<n,i#h, B = PRy1, and
ifu=a thenP, = Phaandd -, .5Th 15Th A Thet A... ATh
if p= kill kthenP, K05 Py g and¢ I Ta3...3Tho15Th§ ThitA... AT,

Proof. The forward direction(only if) follows by rule induction. The reversedi-
rectionfollows by inductionon n. g

LEMMA 4.14 (WEAK TRANSITION LEMMA).

Pl%» P’ if andonlyif 3y P—_l%> P andl E
Proof. In bothdirectionsby inductionon the definition of weaktransitionsusing
the StrongTransitionLemmaandLemma4.13 O

The proof of the theoremdependson the following characterisatiorof LF-
bisimulationequvalence(compard_emmas.3d).

LEMMA 4.15. § is a weakLF-bisimulationif and only if for everyL, §_ is sym-
metricandwheneerP §, Q:

Ly =LandP2> P imply 3Q: Q= Q' andP St @
Proof. Straightforvard. a
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We now prove the maintheoremtreatingeachdirectionseparately

PROPOSITION 4.16. For anyBooleanformulaformulaert, if P =35 Q andL F, 1t

thenP = Q.

Proof. Let Sk bedefinedasfollows: Sk = {{P.Q) | 3rm: KF, mandP &3 Q}. If
~3 QandL F, tthenP 8. Q.

Using the characterisatiorgiven abore we now shov that Sk is an LF-
bisimulation. Supposehat P 8ey Q andthereforewe fix a Booleanformula 1t
suchthat P =5 Q and L(y) F, T, thatis, £ F initially (). Furthersupposethat
P I%> P’. Usingthe WeakTransitionLemma,theremustexist a ¢ suchthat:

LE¢ andP = P (7)
SinceP &3, Q, we know thattheremustbe somej suchthat:
LFgjandy; - ¢ (8a)
Q> Qj (8b)
P inaiy(y) Qi (8c)

From (8g), we know that L F ¢;. Usingthe Weak TransitionLemmaand(8b) we
may concludethat Q == Qj. It remainsonly to shov that P’ Sg(.) Qj, but this
follows using(8c) andthedefinitionof “finally” a

PROPOSITION 4.17. If P=| QthenP &i/\m Q.

Proof. Let §;; bedefinedasfollows:

def

8= { (P.Q) | VK: K, mimpliesP =~ Q}

If t=L A Loc\L thenclearlyL F, 15, thusif P = Q thenP §; Q.
We now shaw that8; is a symbolicbisimulation.SupposehatP 8 Q; thus:

VK: KFE, timpliesP ~¢ Q 9)

FurthersupposehatP :% P’. Enumerate’s symbolicfi-transitionsasQ %‘? Qi
andlet y; bethetemporalformulacharacterisetly

ME g if andonlyif M E ¢j andP’ ~ Q (10)

We now show thatthesey; satisfythe conditionsfor a symbolicbisimulation.
The requirementshat Q % Qi andthat IF ¢; aremetby definition. We must
only shaow that:

initially (10 A IF \/; Yy (11a)
VK: K, finally(g;) implies P’ ~¢ Q; (11b)
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For (119, supposeahat M  initially (T) A ¢ andtherefore,using(9), P 2y, Q-
We show thatfor somej, M E . Usingthe suppositionghat P P andM E
initially (1) A ¢, we canapplytheWeakTransitionLemmato concludethatP % P/
andthereforesinceP M Q, thatthereexistssomeQ’ suchthat:

Q % Q andP’ =y Q

By the WeakTransitionLemmatheremustbe somej suchthatQ’ = Q; andM
$;. BecauseM F ¢ andP’ v,y Qj» we canuse(10) to concludethat M = ;.
Finally we prove (11h). SupposehatK F, finally(y;). Thentheremustexist
somel suchthatL ., = K andL £ ;. By (10), P/ L Qi, andthereforewve have,
asrequiredthatP’ ~¢ Q. d

5 Basicprocesses

In this sectionwe turn our attentionto the semanticof basicprocessesin order
examinethe behaiour of suchprocessessingour operationasemanticsve need
to locatethemat a specificsite. Moreover it is ratherobvious that the choiceof

this site cannotbeignored. For example,if p = kill£ | a, thenthe meaningof £[ p]

is differentfrom thatof K[ p]:

([kille|a] ~ f[t+at] & £[t|a] ~ K[kill£|a]

Anotherexampleof thisis p = move(¥, a) | b.

An interestingfeatureof basicprocessess thatthey determinethe semantics
of all locatedprocessesary locatedprocess canbe translatednto a primitive
processe®p suchthat P & x[p]. (For sucha translationto hold generally we
believe thattheuseof theimmortallocationis essential.)Thetranslations defined
asfollows:

(£[p])* = move(¢, p) (P\a)* =P"\a
(PIQ*=P*[Q° (P(f))* =P*(f)

THEOREM 5.1. ForanyL, P «[P*]

Proof. By inductionon the structureof P. The proof usesthe factthatfor any L,
*[move(4, p)] =L £[t.p] and{[[T.p] =L £]p]. O

This theoremsuggestshatit might be appropriatdo definea semanticequiv-
alencebetweerbasicprocesseby comparingtheir behaiour attheimmortal site
*. Howeverthis would ignoreimportantbehaiour of processesiamelywhatthey
candowhentheir principalsitefails.
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Insteadwe suggesthatthe semanticof basicprocesseshouldbe definedby
comparingtheir behaiour at somearbitrarynew locatiion, differentfrom x. The
following lemmasshaw thatit the choiceof new locationdoesnot matter Firsta
lemmaaboutweaksymbolicbisimulationequivalence.

LEMMA 5.2. Supposehat/ # x. ThenP 2% Q impliesP{¥/¢} &5 Q{¥/e}.
Proof. Theproofdepend®nthefollowing propertieof thesymbolicoperational
semanticsvhich areeasilyestablishedby rule induction.

1. P -5+ Q implies P{¥/c} %%i% Q{K/e}

2. P{k/e} 4> O implies 31.9,Q: P —» Q wherey = p{kie}, @ = Q{¥a},
! ¢ k
and¢’ = ¢{'e}.
It alsousesthefactthatd I+ @ impliesd{K/c} I- W{K/e}, the proof of which canbe
foundin, for example,[27]. O
As animmediatecorollarywe have thefollowing:

CoROLLARY 5.3. If £ andk are differentfromx and neitherappearin the basic
processep, q thens[p] = £[q] impliesk[p] =L k[q].
Proof. Followsfrom thepreviouslemmaandTheoremd.11 g

With thisresultwe have anaturalwayin whichto extendsemantiequvalences
from locatedprocesseto basicprocesses:

DEFINITION 5.4. For ary relationR on locatedprocessesye extendR to basic
processeasfollows:

ef

pRq & L[p] R £[q], wheref ¢ (locs(p) Ulocsq)) d

We examinetwo suchequvalencesz| , parameterisednthelivesetL, and=.
It turnsoutthattheformer, which behae well onlocatedprocessesreunsuitable
for basicprocesseghey arepreseredonly by avery restrictedclassof contexts:

LEMMA 5.5. Supposehat£[p] = £[q], then:

L[t.p] =L L[t.q] £[if kthen p] = £[if k then q]
L[move(k, p)] =L £[move(k, 0)]
Proof. Immediatefrom thedefinitions. O
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Theseequivalencesarenot presered by otherdynamiccontets, aswe shov
by examples.The examplesarebasedn P, andQq andtheirtranslationgp; and

dq (via()®):

Q1= (([a+1]|K[o.a))\a gy = (move(4, a+T)|move(k, @.a))\
Py = (/o] |[K[@+T.a])\a  pq = (move(/,a) | move(k, T+T.2))\a

For L = {/,k}, we have alreadyestablishedhatP; =_ Qq, andthereforethe
sameholdsfor «[pq]] andx[po]. It is alsonot difficult to shov thatm[pq] =
m[po] for somenew locationm. But mla.pq] 2, m[a.gy]. Thereasorfor thisis
thatthe ervironmentcankill £ beforea is executedforcing the matchingprocess
to do the same;thus p; and p, arecomparedinderthe liveset{k}, andthey are
clearlydifferentunderthisliveset.Thus~_ is not preseredby actionprefixing.

Exactly the samereasoningcanbe usedto showv that= is not presered by
the contets kill £.[-] or if £ then [-]. Lessobviously, we canadaptthe exampleto
alsoshow that=} is not preseredby contexts of the form if mthen [-] else g. We
considerthe context P[-] = if mthen [-] else b. Thegraphsfor P[p4] andP[q, | are
givenbelow:

Plpq] Play]

ijl\b:ﬁ %{evkam} Tle\b.m
e P1 &k g 1 E4nk
./ \. .z/ \.

iak iak

SupposehatwhencomparindP[p; | andP[q4 ] undertheliveset{£, k,m}, loca-
tion £ fails. After thefailureof £, P[p ] still hasavailableto it theactionb, in case
mfails,andtheactiona, in casemremainsalive. IP[q; ] cannotreachary matching
state.If it remainsatP[q, ], it losesthe ability to performthea action;if it moves
to g4, it losestheability to performtheb.

Therelation= is moresuitablefor basicprocesses.

LEMMA 5.6. Supposehat£[p] = £[q], then:

l[a.p] = {[o.q] [if Kthen pelse r] & £[if Kthen gelse r]
L[killk.p] = £[killk.q] £[if Kthen r else p] & £[if K then r else q]
£[move(k, p)] & £[move(k, )]
Proof. Straightforvardcalculations. d
Unfortunately= suffers from one of the standardoroblemsof ccs bisimula-

tion: it is not preseredby choice whichis acontext for basicprocessesAs usual,
however, aminoradjustments suficientto turnit into acongruence:
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DEFINITION 5.7 (LF-CONGRUENCE). We saythatP andQ areLF-congruentat
L (P=_Q)if P~_Qand

P+ P implies3Q": Q :T> Q andP = @
Q Q' implies3P’: P => P andP' = Q

P andQ areLF-congruent(P ~ Q) if for everyL: P gL Q. O

Thefollowing theoremshaws thaté, whenlifted to basicprocessess a con-
gruenceandmorewerit coincideswith barbedcongruence:

THEOREM 5.8. For Iocation -finiteprocessesp ~ S gif andonlyif p~ . g.

Proof. Onecanshaw that is acongruencéy usmgstandarctechnlque$o adapt
Lemmas. 6. Theinterestingoroblemis to shaw that~ C =, thatis, for everyliveset
L, ~ C ~. Thecontets arebasedon thoseof Sectlons a which we assuméhe
readethasfreshin mind.

For finite setof locationsK = {ka,... ,kn}, write “if K then p” for “if ky then

..if ky then p”. Let p andq have locationsortJ (thatis, locs(p,q) C J). We
supposesomeadditionalactionsin Acty: {initialy | M C J} andb. Let 8 beasin
Section3.3, andP|-] bedefinedasfollows:

def

P[] = Ywc3if I\M then initialy. ([-] + b)

def

R={(p,a) | Plp] 8. P[q]}

It is straightforvardto shaw thatR satisfieghe conditionsof Definition5.7. [

6 Conclusions

In thispapemwe have proposednen semanti¢cheoryfor distributedsystemsvhich
takesinto accountthe possibility of failuresat sites. This theoryis an adaptation
of standardisimulationbasedheorieq 23] basedn anoperationabemanticsgor
locatedprocessesThe new semantieequivalencesarejustifiedin termsof barbed
bisimulations[29]. We also give symboliccharacterizationsf the nev equia-
lenceswhich meansthat the equivalencecan be investigatedusing the symbolic
method=of [19].

The equivalencesve have definedare quite robustin the sensethatfor mary
variationsof theoperatorsn ourlanguagebarbedequivalenceandLF-equivalence
coincide.For example,barbedequivalencedoesnot changaf we remove the con-
ditional from the languagenor if we strengtherthe conditionalsothatit doesnot
performaninitial T-action.lIt is alsounchangedf oneremovesthespavn operator
but retainsthe conditional.Neitherdoesit changeaf we disallor termsof theform
killk.p where p # nil. Furtherit is unafectedif oneallows distributed choices,
usinga syntaxcloserto thatof [3].
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Relatedwork..

Sitefailurehasalsoplayedarolein languagestudiedn [3, 4, 16]. In thesepa-
persabstractanguage®asedon Facile[17] or the pi-calculus[24, 5] arestudied.
The original motivation for this paperwasto provide an alternatve characteriza-
tion of barbedequivalencefor languagesuchasthese. Although we have not
treatedvaluepassingor referencesye postulatethat our resultscanbe extended
in a straightforvard way to value-passinganguagesvhich retainthe assumption
thatall failuresareindependentsuchasthe languagesn [3, 4]. More delicateis
the extensionto languagesuchasthe distributedjoin-calculus[16] in which the
independencassumptioris dropped. In this casethe logical languageusedfor
symbolic bisimulationsmustbe extendedto allow statement@boutthe interde-
pendencef locations;we leave this to futurework.

A numberof location-base@quivalencesalreadyexist in the literature[8, 9,

, 27, 11]; however, noneof thesetheoriesaddressethe possiblefailure of sites.
Their emphasisrather is to definea measureof the concurreng or distribution
of a process:two processearedeemedequialentonly if, informally, they have
the samedegreeof concurreng. Indeedin all but the last two of thesepapers
theidentity of locationsis unimportantin AppendixC we give a seriesof counter
exampleswhichshow that= is incomparablevith all of theequivalencegproposed
in thesepapers.

Implementation issues..

For finite-stateprocessexne cancheckLF-bisimulationautomatically either
by usingthe concretesemanticsand a tool suchasthe Concurreng Workbench
[10], or by usingthesymbolicsemanticeandadaptinghealgorithmgivenby Hen-
nessyandLin [19). In implementingthe symbolictechniquesit would be conve-
nientto have a decisionprocedurdor entailmentetweerformulae.In the strong
casewheretheformulaeareBoolean suchdecisionprocedurearewell known. In
theweakcasejn whichwe usealineartimetemporalogic, morework is required.

Sincewe allow only a restrictedclassof modelsfor our temporalformulae,
the usualaxiomatization®f lineartime temporallogic [2Z] do notdirectly apply.
However, we speculatéhata proof systemfor our logic (or a conserative exten-
sionof it) canbe derivedfrom the standardaxiomatizatiorby addingthreeaxiom
schemasl. if £ is dead,thenit mustbe deadat all pointsin the future; 2. if 2 is
alive, thenit mustbe alive at all pointsin the past;3. at eachincrementof time,
exactly onesitedies. Oneway to approactheimplementatiorwould beto marry
atool for temporalogic, suchasthe StEPprover[15], to theexistingimplementa-
tion of HennessyndLin’s algorithm.

Other modelsof failur e..

We have assumed simple modelin which failuresare permanentindinde-
pendentindthe numberof failuresthatcanoccuris unboundedOurapproactcan
alsobeadaptedo othermodelsof failure.
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For example,onemaywish to consideralanguagan which multiple sitescan
be killed simultaneouslyfor example,usinganoperatorkillL.p whereL C Loc).
Suchmodelmay be of interestif communicatiorinks are subjectto failure and
we wish our processeto be equialentregardlesof the network topology In the
weak case,the inducedequivalenceis defined,usingthe concretesemanticspy
adapting.emma3.7, changingclause(b) to read:

foreveryK CL 3Q': Q% - fSK) Q andP 8\ @

Usingthe symbolicsemanticswe needsimply enlage the classof modelsfor the
logic, relaxingtherestrictionthatbetweertwo statesn alive sequencexactlyone
site mustfail. Obviously this changein the definition of live sequencewill also
changehe entailmentrelationbetweerformulae.

Perhaps moreinterestingchangewvould beto limit thenumberof failuresthat
canoccut Suchmodelsof failure areoften usedin the distributed-algorithmdit-
erature.This modelcould be accommodateah the concretesemanticsimply by
changingthe definition of the predicate‘fallible” givenin Section3. In thesym-
bolic case pnecouldagainaccommodatthenen modelby changinghedefinition
of live sequenceg@o containa minimumnumberof locations) with a correspond-
ing changen the axiomatizatiorof entailment.

The symbolicapproachs particularlyattractve becausef its modularity In
the concretecase thesemodelsof failure requirechangesn the transitionsystem
or in the definition of bisimulation,whereasn the symbolicsemanticonly the
proof systenmfor entailmenneedbe changed.

Onemightalsowishto relaxtheassumptionhatfailuresarepermanentieplac-
ing thekill operatomwith the operatorgpauseandresumeln this casetheinduced
equialenceis muchfiner thanLF-equivalence.(For location-finiteprocessesve
believe thatit will be at leastasfine asLF/LA-equivalence which we discussn
AppendixC.) We leave the precisecharacterizationf barbedcongruencdor such
alanguageo futurework.
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A Notationsused

Procesgonstantsn PConst

Locationsin Loc

Livesetdn {x} CL C Loc

Actionsin Act

Labelsin Act = ActU {t}

Labelsin KAct, = Actu {1} U{kill £ | ¢ € Loc}

[Veplieopliopliopliopiden]
WM
RPRRNR R



DistributedProcesseandLocationFailures 37

o §3.1 Labelsin FAct = ActU{t}U{kill £,fail £ | £ € Loc}
p,q §2.1 Basicprocesses BProc
P,Q §2.1 Locatedprocesses LProc
C,D §2.2 Configurationd.>P in Config
P[-] §2.3 Located-processontexts
P|-] §2.3 Basic-processontexts
C[-] §3.3 Configurationcontexts
2y §2.2 Transitionrelation(Configx Config
-8, §£3.1 Transitionrelationwith explicit failures(Configx Config
% §3.1 Derivedrelation(LProcx LProc)
EJ_F,) 84.1 Booleanformulae
t  §4.1 Symbolictransitionrelation(LProc x LProc)
9 §4.2 Negatve Booleanformulae
¢, §4.3 Temporaformulae
% 84.3 Weaksymbolictransitionrelation(LProc x LProc)
X, L §4.3 Livesequence
|| §4.3 Lengthof alivesequence
L §4.3 i™elemenbf alive sequence
L. §4.3 Lastelemenbfalivesequence
Ly §4.3 Subsequencef alive sequence

Compoundransitionrelation(LProc x LProc)

§2.3 Barbedbisimilarity
§2.3 Barbedequvalence(congruencédor LProc)
85  Barbedcongruencécongruencéor BProc)
63  Located-Riluresequvalence

s 84  Symbolicequvalence

1212 202 z-“ﬂ‘é
<
o

B Computing “finally”

We remindthe readerof the definition of “finally” andalso definethe auxiliary
transformatiorfneg”, whichwe usein this appendix:

M Ey finally(¢) if andonlyif 34: LF ¢ andM =L,

Mk, neg(¢)  if andonlyif 3&: L& andM C L, (12)

Ignoring & for the momentwe might hopeto compute‘finally” usingafunc-
tion f whichis ahomomorphisneverywherebut for thetemporaloperatorsy and
B; for theseoperatorsf(H¢) = f(¢) and f(&¢d) = neg(¢p). Sucha definition,
however, will fail onthefull logic, evenfor satisfiabldormulae.For example,if

b1 = (KABL) V (L AKASK) b2 = (kABYL) V (£ASK)

thenfinally(¢1 A ¢2) = kAL, whereasf (b1 A ¢2) = (KAL) V (£AK).
The problemis the full generalityof conjunction. Fortunately none of our
resultsrequirethis generality;in particular we canlimit our attention(modulo
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—IF) to formulaegeneratedby the following BNF:

9 o= m|9m
| (8 AL)5 (£AT), wherel doesnotappeain § or Tt
¢ = Vi(OiAinitially (1))

We call suchformulaeadmissible

To substantiateur claim thatthis setof formulaeis suflicient, notethatall the
formulaedecoratingveaksymbolicedgesareadmissibleasareall initial formu-
lae. In addition,the formulaey; usedin the definition of weaksymbolicbisimu-
lation (Definition 4.10 canbeassumedo be admissibleaswe now demonstrate.
Thesey; arerequiredto satisfytheproperty:M & (; if andonly if M E ¢; andP’
i, Qi where¢; decorates transitionandthereforeis admissible Admissible
W; thatsatlsfythls requirementanbefoundasfollows:

Pi=\/{8|3IM: PP~y Q andd = dpi ALoc\MAM and 9 satisfiablg

For admissibldormulae we cancalculatéfinally” — usingtheauxiliaryfunc-
tion “neg” — asfollows. If 3 is unsatisfiablethenfinally(d) = ff, likewise for
formulae¢; otherwise:

finally(m) =
finally(d ) = neg(d) ATt
finally((9 A L) st ({ATD)) =finally(9) ALATT
finally(\/ 9; Ainitially (15)) = V(finally(3;) A ney(Tt))

“neq” is definedsimilarly, exceptthatwherever 1t occurson the right-handsideit
shouldbe replacedby neg(m). (Recallfrom Section4.2 that neg(m) replacesall
positive literalsin Ttwith tt.)

The proof thatthis calculationcaptureg12) follows (in eachdirection)by in-
ductionon the structureof admissibldformulae. For thefinal clause oneusesthe
factthatl 9 impliesL- L E 3.

C Comparisonwith other equivalences

In this appendixwe showv thatLF-equialencediffersfrom all of the location-and
cause-basedquivalenceghatwe areawareof. The equivalencesve discusshave
beencharacterizeth mary ways. Thelocation-basedquivalencehave beenstud-
ied, for example,in [8, 2, 9, 25, 27, 11]; the cause-basedquivalenceshave ap-
pearedfor example,in [12, 13]. Comparisonbetweertheseapproacheappeain
[21, 25, 14)].

Mostof theseequialencesredefinedfor CCS,whichdoesnot have explicitly
locatedprocesseslo applythesedefinitionsto termsin ourlanguageye first per
form animplicit syntactictransformatiorthatremovesexplict locationreferences
from theterms.
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Below, we list the equivalencesve considerthe interestedeadershouldrefer
to theoriginal paperdor furtherinformation.

CCSinterlearing equivalencd 23] wasdefinedin Section2.3,

Causal(C) equialence[17] distinguishegprocessebasedon the causality
of actions.

Locations(L) equivalence[&] distinguishesprocessedasedon the local
causalityof actions.

Local/Global(LG) equvalencd 21] distinguisheprocessebasednacom-
binationof theirlocal andglobal causesit is strictly finer thantheintersec-
tion of the C- andL-equivalences.

LocatedAction(LA) equivalencd 27, 11] is afinerform of locationsequi-
alencein which locationnamesappeain the syntaxof thelanguageasthey
doin ourlanguage.

LocatedFailure (LF) equialences therelationstudiedin this paper

LocatedFailure/LocatedAction (LF/LA) is definedto be the intersection
of the LF- and LA-equivalences. A more explicit characterizatiorof this
eguvalences easyto derie.

Therelationshipbetweertheseequivalencesaresummarizedn thefollowing
diagram,whereanarrov A — B indicatesthatA is coarsetthanB. If thereis no
arrov betweertwo nodesthisindicateshattheequivalencesreunrelated.

LF /LA
/ N

GL LA LF
SN S
C L

oL
CCS

The closestof theseequivalencedo oursis LA equvalencebecausat is the
only oneof theserelationsdefinedon alanguagewith explicitly locatedprocesses.
The following example,dueto Flavio Corradini, shavs that two LF-equialent
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processeseednot be LA-equivalent.

Py = (¢[bova+b+Ba.a] | k[a+Bba])\a\B
Qg = (¢lo+Baa] | K[BbD])\o\B
Py N Qo

b/ N\
Iy iy

lTl/\k l’TMk

l@ laz

To compareheseusingthe LA-equivalenceijt is sufficient to eraseall of the sub-
scriptsfrom 1 actionsand then treat visible actionswith different subscriptsas
distinct actions. From this view, the processesre not even traceequivalentbe-
causePq ST N andQg hasnomatchingpair of transitions Theseprocesseare

alsonotL-equivalent.
The following processe®;  andQ1 g are LF/LA-equivalentbut not causally

equialent.
Pio= (¢[ab] | k[c.d])
Q0= (¢[a(a.b+b)] | k[c.(a.d+d)])\a

The countergample in the other direction is more obvious since LF-
equvalenceis sensitve to the location of unguardedt-actions, but none of
otherequvalencesre:

o
kS
./;:'
>
S
12

Ppy = (¢[a.a] k[a])\a
Q1= ([t

Theseprocesseareequateddy all of the location-andcause-baserklations,but
distinguishedy LF-equivalence.

Finally we notethatit is importantthatin the definitionof LF equvalencethe
locationwhich fails is obsenable. Onecould easily definean alternatve equiva-
lencein which it is obsenablethata site failed, but not which one. Theresulting
equvalenceis strictly wealerthanLF equvalenceasshowvn by thefollowing pro-
cesses P, andQq » would be relatedby suchanequialence whereaghey are
distinguishedy LF equivalence.

P1o> = (m[a] [£[a.a] | k[a.a])\a
Q12 = (m[[a] |£]a.a] | k[nil])\a
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