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Distrib uted Processesand Location Failur es
JAMES RIELY AND MATTHEW HENNESSY

ABSTRACT. Site failure is an essentialaspectof distributedsystems;nonethelessits effect on
programminglanguagesemanticsremainspoorlyunderstood.To modelsuchsystems,wedefinea
processcalculusin which processesarerunat distributedlocations. Thelanguageprovidesopera-
torsto kill locations,to testthestatus(deador alive)of locations,andto spawn processesat remote
locations.Usinga variationof bisimulation,we providealternativecharacterizationsof strongand
weakbarbedcongruencefor this language,basedon an operationalsemanticsthat usesconfigu-
rations to recordthe statusof locations. We thenderive a second,symboliccharacterizationin
which configurationsarereplacedby logical formulae.In thestrongcasetheformulaecomefrom
a standardpropositionallogic, while in theweakcasea temporallogic with pasttimemodalitiesis
required.Thesymboliccharacterizationestablishesthat, in principle,barbedcongruencefor such
languagescanbecheckedefficiently usingexisting techniques.

1 Intr oduction
Many semantictheorieshave beenproposedfor concurrentprocesses[23, 20, 6].
Although thesetheorieshave beenfruitfully appliedto the analysisof somedis-
tributedsystems,for themostpartthey ignoreanessentialfeatureof suchsystems,
namelytheirdistribution.

As a simpleexampleconsidertwo implementationsof a client-server applica-
tion in which theclient candemandan interactive serviceprovidedby theserver,
suchaspreviewing or updatingadocument.In oneimplementation(SystemA) the
serverspawnsaprocessto handlethedocumentat its own site,theremotelocation,
andtheclientpreviews thedocumentremotely. In theother(SystemB) theserver
sendsa process,includingthedocument,to theclient site,andtheclient previews
the documentlocally. Using the semantictheoriesmentionedabove it would be
difficult to distinguishbetweentheseimplementations,asthe only differencebe-
tweenthemis the locationat which activity occurs. We aim to develop a useful
extensionaltheoryof systemswhichwould take this typeof propertyinto account.

In [8, 25, 11] suchtheorieshavebeenproposed.All of thesetheories,however,
arebasedonaverystrongassumption:thatanobserver, or user, candeterminethe
locationatwhicheveryactionis performed.Herewestartfrom aweaker premise:
that in distributedsystemssitesareliable to failure. Themodelof failurewe have
adoptedis a fail stopmodelin whichfailuresareindependentof eachotherandthe
numberof failuresthatcanoccuris unbounded.In theconclusion,wediscusshow
our approachmight beextendedto othermodels.The assumptionthat sitesmay
fail is clearly reasonable;indeed,muchof the difficulty in designingdistributed
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systemsstemsfrom requirementsfor fault-tolerance.Assumingthatsitescanfail,
it is easyto seethatSystemsA andB, outlinedabove,areindeeddifferent:if, after
theclient hasbeguninteractionwith thedocument,a failureoccursat theremote
site, then in SystemA the client deadlocks,while in SystemB it can continue
operationunaffected.

Our work is motivatedby thepapers[3, 16]. In thesepapers,distributedlan-
guageswith locationfailuresaredefinedandshown to beveryexpressive. In both
of thesepapers,the semanticsis basedon barbedequivalence, which requires
quantificationover all programcontexts and thus is difficult to usedirectly. In
eachof thecitedworks,theauthorsprovide a translationfrom their languageinto
a simpler(non-distributed)languageandprove that the translationsareadequate
or fully abstractin somesense.While thesetranslationsprovide theoreticalre-
sultsabouttherelative expressivenessof distributedandinterleaving calculi, they
aresufficiently complicatedto make reasoningaboutexamples,evensimpleones,
verydifficult.

By restrictingattentionto anasynchronouslanguage,Amadio[4] hasrecently
improvedon theresultsof [3], providing simplertranslations.Althoughour work
developedindependentlyof [4], thelanguagewe studyhasmuchin commonwith
the languagedevelopedthere. The main differenceis that our languagehasno
value-passing,allowing usto concentrateontheeffectsof locationfailureandsim-
plifying the statementof many of our results. Sincethe issuesraisedby failures
andvaluepassingarelargely independent,thispapermaybeseenasproviding two
extensionalviews of a languagesimilar to Amadio’s; thefirst of theseis concrete,
asis his translation,thesecondis moreabstract.

In Section2, weconsiderasimplelanguagefor locatedprocessesbasedonpure
CCS [23], with whichweassumefamiliarity. For example')( a * p1 + b* p2 ,.- k ( a * q1 +
c * q2 , is a systemconsistingof two processes,onelocatedat ' andtheotherat k.
As in CCS, communicationis binary. In theexample,thefirst processcanperform
the actiona andthe secondcanperformthe complementaryactiona; therefore,
theseprocessescansynchronizevia the silent, or internal actionτ (which allows
no further synchronization)andevolve to ')( p1 ,/- k ( q1 , . In addition to the usual
operatorsof CCS wehave thefollowing new operators:02143�576)8 '�9 p: , whichspawnsprocessp at location ' .02;	<>=>= '�* p, which, if location ' is alive, kills ' (with the resultthatany process

locatedat ' is deactivated)andthenbehavesas p. If ' is alreadydead,this
constructmaysilentlyevolve to p (thatis, it behaveslikeτ * p).0?< @ 'BA�C 6�D p 6	= EF6 q, which silently evolves to either p or q, dependingon
whether' is aliveor deadwhenthetestis performed.

We first give anoperationalsemanticsfor this languagein termsof a labelled
transitionsystem.The judgmentsdependon a setL, of live locations,andareof
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the form L G P αH I7J L KFG PK , whereP andPK arelocatedprocessesandα is eithera
visible action,whichpermitssynchronization,or theinternalactionτ. Eachof the
new operatorsin our language— spawningaprocessatsomesite,killing asite,or
queryingthestatusof a site— aremodelledasτ-transitions;this reflectsthe fact
that in a distributedsystemthe implementationof theseoperatorswould involve
somecomputationandthusthe passageof sometime. Note that the operational
semanticsdoesnot recordthelocationatwhichactionsareperformed.

Basedon this labelledtransitionsystem,we wish to defineanequivalencebe-
tweenprocesstermswhichis appropriatefor thelanguage.It is immediatelyappar-
entthatstandardequivalences,suchasCCS bisimulation[23] areno longerappro-
priate.For exampletheterms')( a,.- k ( b, andk ( a,.- ')( b, wouldnotbedifferentiated
by theseequivalencesalthoughthey caneasilybedistinguishedby anobserverthat
hasthecapabilityof killing ' or k. In short,thestandardsemanticequivalencesare
no longerpreservedby all contexts in our language.

To decideon anappropriateequivalencewe follow theapproachadvocatedin
[29]. We defineboth strongandweakbarbedequivalencebetweenprocesses,

*L
and

*M . Thesedefinitionsaredefinedin termsof the reductionrelation τH I7J anda
basicobservationpredicate.We thendictatethat therequiredequivalence,which
wereferto asbarbedbisimulationequivalence, is defined(for examplein theweak
case)as:

P M Q if andonly if for everysuitablecontext NPORQTS , NPOPS *M NPOQS
Although this may be reasonable,it is not a very usefuldefinition; the readeris
invited to determinewhetherthefollowing pairsof processesshouldbeequivalent
or distinguished.

P1 UWV 'X( α ,Y- k ( α + τ * a,�Z7[ α
Q1 UWV 'X( α + τ ,Y- k ( α * a,�Z7[ α
P2 U 8 ')( α ,Y- k ( α * a, : [ α
Q2 U 'X( 1\3�576�8 k 9 a: ,

The first main result of the paperis a characterizationof thesecongruences
usinga variationof bisimulation. In Section3 we definetwo bisimulation-based
relations,strongandweakLocated-Failure equivalence(LF-equivalence), ] and^

, andshow thatthesecoincidewith theindirectlydefinedbarbedcongruences.
SincebothstrongandweakLF-equivalencearedefinedusingbisimulations,the

problemof decidingthattwo systemsaresemanticallycongruentcan,in principle,
be solvedusingstandardproof techniquesassociatedwith bisimulation[23, 10].
However, constructinganLF-bisimulationrequiresthatoneconsiderthebehavior
of the systemsunderall possiblesequencesof kills, by both the systemsthem-
selvesandthe environment. Thenumberof statesthat mustbe exploredmay be
exponentiallylargerthanthenumberneededto constructa CCS bisimulation.
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In Section4 we usethe ideasof [19] to give alternative symboliccharacteri-
zationsof LF-equivalencethat canbe decidedusinga muchsmallerstatespace.
The ideais to replacethe operationaljudgmentsL G P αH I7J L K G PK with judgments
of theform P αI7J

ϕ PK , whereϕ is a logical formulathatdescribesthecircumstances
underwhich theactionα canbeperformed.In thestrongcasethe requiredlogic
is straightforward: a propositionallogic thatdescribesthestate(deador alive) of
the sitesin the system. In the weakcase,however, we requirea more compli-
catedlogic thatcanexpressstatementsof the form site ' wasalive at somepoint
in the past. Using thesesymbolictransitions,the standarddefinitionof symbolic
bisimulation[19] requiresonly minor modificationto capture] and

^
; hencethe

symbolicprooftechniquesandtoolsof [19] maybeusedto checkthenew semantic
equivalencesproposedin thispaper.

Up to now the paperhasconcentratedon a semantictheoryfor locatedpro-
cesses. In Section5 we briefly show how thesameframework canalsobeapplied
to basicprocesses; usinga slight variationon LF-bisimulationswe give a charac-
terisationof barbedcongruencefor basicprocesses.

2 The Language
2.1 Syntax

The languagewe adoptis basedon CCS, extendedwith constructsto locateand
spawnprocesses,to kill locations,andto query the stateof a location,that is, to
testwhethera locationis deador alive.

Thesyntaxof processesis parameterizedwith respectto severalsyntacticsets.
We assumea setLoc of locationsk, ' , m anda setPConstof processconstantsA,
usedto definerecursive processes.As in [3], we presumethatthesetof locations
includesadistinguishedelement_a` Loc, whichrepresentsanunfailingor immor-
tal location; this locationbehavesdifferently from all othersin that it cannotbe
killed. Of the resultsin the paper, only Theorem5.1 dependson the useof _ ; it
alsosimplifiessomeexamples.

As usualfor CCS, we alsoassumea setAct of communicationactionsa, b,
c, suchthat every actiona ` Act hasa complementa ` Act ( Q is a bijection on
Act). Thesetof (strong)actionsActτ U Act bdc τ e includesalsothedistinguished
silent action τ. We useα to rangeover Actτ. (In examples,we often useα and
β for restrictedcommunicationactions,asin P[ α.) Theformal syntaxis givenin
Table1.

We have adopteda two-level syntaxwhich distinguishesbetweenbasicpro-
cessesp andlocatedprocessesP. Intuitively, a basicprocesscorrespondsto what
onenormally thinks of asa process: a collectionof threadsof computationthat
mustberun at a singlesite. A locatedprocess,instead,correspondsto a distribu-
tion of basicprocessesoverseveralsites.A basicprocessp is locatedat ' usingthe
construct'X( p, . Locatedprocesses,then,maybecombinedusingany of thestatic
operators of CCS: parallelcomposition(p - q), actionrestriction(p[ a) andaction
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Table 1 Syntaxof basicandlocatedprocesses

p 9 q 8 ` BProc: :: U a * p τ * p A ∑i f I pi143�576)8 '�9 p: ;7<g=T= '�* p < @ 'hA�C 6	D p 6	= EF6 q

p - q p[ a p i f j
P9 Q 8 ` LProc: :: U P - Q P[ a P i f j 'X( p,

renaming(p i f j ). Note thatmany basicprocessesmaybe locatedat a singlesite,
andabasicprocessmayshareaprivatechannel(unknown to otherbasicprocesses
runningat thesamesite)with a remoteprocess.Notealsothat restrictionandre-
namingoperateonly on actions,not locations. We make the usualassumptions
abouttherenamingfunction f : f 8 τ : U τ and f 8 a: U f 8 a: .

Basicprocessesmaybecombinedusingstaticor dynamicoperators.Thelatter
include all of the new constructsdescribedin the introduction(spawn, kill and
query)and the dynamicoperatorsof CCS: actionprefixing (α * p), recursionvia
processconstants(A) andCCS choice(p + q).

As usual,we write the inactive process(∑ k ) as D�<>= . In locatedprocess,we
sometimeswrite 'X( D�<>= , as D�<g= , droppingthelocationsubscript;in basicprocesses,we
almostalwaysdropfinal D�<g= term,writing “a * D�<>= ” as“a”. Wealsousethefollowing
abbreviationsfor queryexpressions:< @ 'YA�C 6�D p

defU < @ 'lA�C 6�D p 6�= EF6mD�<g=< @ 'YA�C 6�D p
defU < @ 'lA�C 6�DnD�<g=�6�= Eo6 p

Thetwo-level syntaxensuresthatall of theoperationsin our languagearere-
alistically implementable.For example,it disallows distributedchoicessuchas'X( a,X+ k ( b, . (For technicalreasons— Theorem3.11— wedoallow infinitechoice;
however, for sort-finiteprocessesfinite choiceis sufficient.)

The locationsort of aprocesstermreportsthesetof locationnamesthatoccur
in the term, regardlessof behaviour of the term when consideredas a process.
We definethe function “locs” to maptermsto their locationsorts. For example
locs8p< @ 'qA�C 6	D4D�<g= : U c�'�e andlocs8 'X( 1\3�576�8 k 9 D�<g= : , : U c�'�9 k e . If locs8 P: is finite, we
saythatP is location-finite.
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Table 2 (Part A) Transitionsystemwith configurations

8�rls Aut�: 'm` L

L G 'X( a * p, aH I7J L G ')( p, 8�vxwXy tz: '{` L

L G 'X( τ * p, τH I7J L G ')( p,8o|h<g=>= t�: 'm` L

L G ')( ;	<>=>= m* p, τH I&J L K G 'X( p, L K U }
L [ c me.9 if m ~U _
L 9 otherwise8z�X< 576 tz: '{` L m ` L

L G 'X( < @ m A�C 6�D p 6�= Eo6 q, τH I7J L G ')( p,8F�h6�w7� t�: '{` L m ~` L

L G 'X( < @ m A�C 6	D p 6	= EF6 q, τH I7J L G ')( q,8��"�	w��nD t�: 'm` L

L G�'X( 1\3�576�8 k 9 p: , τH I7J L G k ( p,8��"y)1 t�: L G ')( p j , αH I&J L KFG k ( pK j ,
L G�'X( ∑i f I pi , αH I7J L K G k ( pK j , j ` I

8o�h6�@ t�: L G ')( p, αH I7J L KFG k ( pK ,
L G 'X( A, αH I7J L K G k ( pK , A

defU p

2.2 Operational semantics
The ability of a processto performan action is dependenton the setof live lo-
cations,and consequentlythe transitionrelationdeterminingthe operationalse-
manticsis definedbetweenconfigurations. A livesetL is any setof locationsthat
includes_ . Intuitively, a livesetkeepstrackof thesetof live locations.A config-
uration 8 L G P: is a pair comprisinga livesetL anda locatedprocesstermP. The
setof all configurationsis Config, rangedover by C andD. Whenwriting livesets
we almostalwaysomit explicit referencesto _ . Thus“L U c�'�e ” shouldbe read
“L U c�'�9�_�e ” and“L � Loc” shouldberead“ c�_�e\� L � Loc”.

In Table2 we definethetransitionrelation 8 αH I7J :q� Config � Config(thesym-
metric rulesfor parallelcompositionhave beenomitted). Thedefinitionusesthe
following simplestructuralequivalenceonprocesses:')( p - q,�� ')( p,�- ')( q, 'X( p[ a,�� 'X( p,�[ a 'X( p i f j ,�� 'X( p, i f j

Most of therulesin Table2 arestraightforward,beinginheriteddirectly from
CCS, modulotheconstraintthattheprocess')( p, canonly move if ' is alive. Note
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Table 2 (Part B) Transitionsystemwith configurations(continued)

8�� A���t�: P � PK L G PK αH I&J L KuG QK QK � Q

L G P αH I7J L KuG Q8u��3�1�1 t�: L G P aH I7J L KFG PK L G Q aH I7J L KuG QK
L G P - Q τH I7J L K G PK - QK8F��w ��t�: L G P αH I&J L K G PK
L G P - Q αH I&J L KFG PK - Q8z��6�E A���t�: L G P αH I&J L KFG PK
L G P[ a αH I&J L KFG PK [ a α ~`�c a 9 a e

8z�"6	D t�: L G P αH I&J L KFG PK
L G P i f j f � α �H I�I�J L KFG PK�i f j

that the threenew operators— kill, spawn andquery— areall deemedto take
somecomputationaleffort andthusaremodelledusing τH I7J . For example,let L Uc�'�9 k e andP U '�� V a * 8 β - 1\3�576�8 k 9 β * b:�: Z&[ β � . ThenP canengagein the following
transitions:

L G P aH I7J L G ' � V β - 1\3�576�8 k 9 β * b: Z [ β �� L G V ')( β ,Y- 'X( 1\3�576�8 k 9 β * b: , Z [ β
τH I7J L G V ')( β ,Y- k ( β * b, Z [ β

Weaktransitionsaredefinedasusual:

ε�U�� defU 8 τH I7J :��
α�U�� defU 8 ε�U�� Q αH I7J Q ε�U�� : α̂ defU   ε 9 if α U τ

α 9 otherwise

The function Q̂ relatesthe labelsof strongtransitionsto thoseof the weaktransi-
tions. We alsousestandardabbreviationsthroughoutthepaper. For example,we
writeC αH I&J to indicatethatfor someCK , C αH I7J CK .
2.3 Barbed equivalence
We now discussthe problemof defininganappropriatesemanticequivalencefor
locatedprocesses,basedonthetransitionrelation H I7J . An obviouspossibilityis to
adaptthebisimulationequivalencesof CCS [23]. (Strong)CCS bisimulationis the
largestsymmetricrelation *L¢¡#¡�£ onconfigurationssuchthatwheneverC *L¢¡�¡#£ D and
C αH I7J CK thereexists a D K suchthat D αH I7J D K andCK *L¢¡#¡#£ D K . A weakversionof
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this relation,
*M ¡#¡�£ , canbeobtainedby adaptingthis definition,in theusualway, to

theweaktransitionrelation.
To seethatCCS bisimulationis notsuitablefor our language,for exampleis not

a congruence,considerthe“suicideprocess”'X( ;7<g=T= ' , ; this is strongCCS bisimilar
to ')( τ , in isolation,but not in a context thatcanperformanactionat ' :c�'�e G 'X( ;7<g=T= ' , *L ¡#¡#£ c�'�e G ')( τ , c�'�e G ')( a,Y- 'X( ;7<g=T= ' , *¤ ¡#¡#£ c�'�e G ')( a,Y- 'X( τ ,
A moreinterestingexampleis thefollowing:

P3 U V 'X( α * a,Y- k ( α , Z [ α Q3 U V 'X( α ,Y- k ( α * a, Z [ αc�'�9 k e G P3
*L¥¡#¡#£ c�'�9 k e G Q3, but theseprocessescanbe distinguishedby a context

thatkills location ' — solong asthekill actionis performedaftertheinitial com-
municationonα.

Theuseof
*M ¡#¡�£ for CCS hasbeenjustifiedin [29] by the fact that it coincides

with the congruenceobtainedfrom a simplenotion of observationcalledbarbed
bisimulation. Similar resultshavebeenobtainedfor lazyandeagerfunctionallan-
guages[1, 18, 7], giving furtherevidencefor thereasonablenessof this approach.
Roughly, two processesarebarbedbisimilar if every silent transitionof onecan
bematchedby a silent transitionof theotherin sucha way that thederivedstates
arecapableof exactly thesameobservableactions;in addition,thederivedstates
mustalsobebarbedbisimilar. Theobservableactionsarethe “barbs”, for which
weadoptthefollowing standardnotation:

C ¦ a
def§ C aH I7J C ¨ a

def§ C a�U��
DEFINITION 2.1 (BARBED BISIMILARITY). Weakbarbedbisimilarity (

*M ) is the
largestsymmetricrelationoverconfigurationssuchthatwheneverC

*M D:

(a)C τH I7J CK implies © D K : D ε�U�� D K andCK *M D K
(b) ª a: C ¦ a impliesD ¨ a

Strongbarbedbisimilarity (
*L ) is obtainedby replacing �U�� by H I7J and ¨ by ¦

everywherein thedefinition. «
Barbedbisimilarity is a very weak relation; for example,it is not preserved

by parallelcomposition.However, by closingover all contexts we canarrive at a
reasonablesemanticequivalencethat by definition enjoys an importantproperty,
namelythat it is a congruence.In our languagewe have two syntacticcategories
— basicandlocatedprocesses— which inducedifferentrelations.

DEFINITION 2.2 (CONTEXTS, BARBED EQUIVALENCE AND CONGRUENCE).
We saythat NqO¬QTS is a located-processcontext if for any locatedprocessP, NPOPS is a
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locatedprocess.Similarly, NPO¬QS is a basic-processcontext if for any basicprocess
p, NPO pS is a locatedprocess.

Barbedequivalence( M ) relateslocatedprocesses,barbedcongruence(
cM ), in-

stead,relatesbasicprocesses.They aredefinedasfollows:

P M
L Q

def§ for every located-processcontext NPO¬QS , L G.NPOPS *M L G.NPOQS
P M Q

def§ for every livesetL, P M
L Q

p
cM

L q
def§ for everybasic-processcontext NPORQTS , L G NqO pS *M L G NPO qS

p
cM q

def§ for every livesetL, p
cM

L q

If P M
L Q we saythat P andQ arebarbedequivalentat L, andsimilarly for the

congruence.1 Strongbarbedequivalence8 L : andcongruence8 cL : areobtainedin
thesamemannerfrom

*L . «
Remark2.3. Ourterminologyis inspiredby thatof [29, 5], in whichbarbedequiv-
alenceis definedby closingover static contexts (that is, thosecontexts built up
usingonly parallelcomposition,restrictionandrenaming)andbarbedcongruence
is definedby closingoverall contexts, includingdynamiccontextssuchas ORQTS + a.

As usualfor bisimulation-basedsemantictheories,
cM is strictly finer than M

which is strictly finer than
*M . For mostof the paperwe concentrateon barbed

equivalence, turningto thefull congruencein Section5. «
Remark2.4. NotethattocheckP M Q, it is sufficienttocheckthatP M

L Q for every
L � locs8 P9 Q: , ratherthanfor everyL � Loc. Becauseour languagehasnofacility
for the creationof new locations,the livesetcannotincreaseas a configuration
evolves;thatis, if L G P αH I7J L KFG PK , thenlocs8 PK :�� locs8 P: . In addition,extraneous
locationsdonotaffectbehaviour; thatis, if '¥~` locs8 P: then:

L G P αH I&J L K G PK if andonly if L [ c�'�e G P αH I7J L K [ c�'�e G PK
Both of thesepropertiesareeasilyestablishedby rule induction. Given these,it
thenfollows immediatelythat:

Loc G P
*M Loc G Q if andonly if locs8 P9 Q: G P

*M locs8 P9 Q: G Q
if andonly if locs8 P: G P

*M locs8 Q: G Q

In particularfor location-finiteprocesses,barbedequivalenceandcongruencecan
becheckedby consideringonly finite livesets. «

1Wecouldalsohavedefined® and
c® directly. For exampleP ® Q if for everycontext ¯�°>± ² such

that ¯�°P² and ¯x°Q² areconfigurations,¯x°P²4³®´¯x°Q² .
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Although someresultsconcerningtranslationsbetweenlanguageshave been
obtainedusing the definition of barbedequivalencedirectly [3, 16], the relation
is obscureanddifficult to usein practicebecauseit requiresquantificationover
all contexts. To show processesaredistinguishedit is neccessaryto find a live
setanda context for which the resultingconfigurationsarenot barbedbisimular.
Thesecanbefoundfor thetheprocessesP1 andQ1, givenin theintroduction,and
thereforethey aredistinguishedby M . HoweverP2 andQ2 areidentifiedthoughit
is far from obviouswhy. Evenworse,processesP6 andQ6 (givenonpage14) are
related,althoughestablishingthis fact requiresthatoneprove thatP1 andQ1 are
relatedunderthe assumptionthat ' is alive at the time P1 andQ1 arecompared,
thatis, ' is initially alive.

We endthis sectionwith someadditionalexamples.The processes')( a, and
k ( a, canbedistinguishedby acontext thatkills oneof thetwo locations.Thesame
context canbeusedto distinguishthebasicprocesses143�576�8 '�9 a: and 1\3�576)8 k 9 a: ,
regardlessof wherethey arelocated.Theseexamplesindicatethatalthoughthelo-
cationsatwhichactionsareperformedarenotdirectlyobservable,they doimpinge
on thebehavior of processes.

The orderin which kill actionsareexecutedis alsosignificant. For example;	<>=>= '�* ;7<g=>= k canbe distinguishedfrom ;7<g=>= k * ;	<>=>= ' using the process')( a,P- k ( b, . On
the otherhand,only the first kill of a site is observable; thus, ;	<>=>= k * 8u;	<>=>= k + p: is
indistinguishablefrom ;7<g=T= k * 8 τ + p: . The conditionalexhibits a relatedproperty:'X( < @ 'lA�C 6	D p 6	= EF6 q, M ')( τ * p, .

Thespawn operatorservesasasyntacticbridgebetweenbasicandlocatedpro-
cesses;thus,it is not surprisingthattop-level spawnscanbeeliminated:')( 1\3�576�8 '�9 p: , M 'X( τ * p,')( 1\3�576)8 k 9 p: , M V 'X( α ,Y- k ( α * p, Z [ α 9 if α doesnot occurin p

However, the interactionbetweenspawn andparallelcompositionis quitesubtle.
Considerthebasicprocesses:

p4 U 1\3�576)8 k 9 r : - 1\3�576�8 k 9 s: q4 U 143�576)8 k 9 r - s:
If k ( r ,¶µM k ( s, and '·~U _ then ')( p4 ,¸µM ')( q4 , ; theseprocessescanbedistinguished
by killing ' after p4 hasspawned one subprocessbut not the other. Immortal
locationsarepeculiarin this respect:_x( p4 , M _x( q4 , .

Within asite,parallelismcanbereducedtonondeterminism;for example,')( a,�-'X( b, M 'X( a * b + b* a, . However, this is not trueacrosssites.Giventheexamplesthus
far, wewouldexpectto have ')( a,�- k ( b, M a¹�* bk + bk * a¹ , but thelatteris notatermin
our language.While sucha termis understandableastheresultof aninterleaving
law, it is difficult to understandcomputationallyon its own right; we have been
carefulto constructour languagesothat thetermscorrespond,at leastintuitively,
to realisticallyimplementabledistributedsystems.
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Table 3 Transitionsystemwith explicit kills

All rulesbut |h<g=T= t from Table2, with α replacedby µ and H I7J replacedby I	J .8o|q<>=>=>º�» : '{` L ¼ fallibleL
8 m:

L G.')( ;7<g=>= m* p, τI	J L G�')( p,8o|h<g=T=¾½ » : '{` L fallibleL
8 m:

L G�')( ;	<>=>= m* p, kill mIFI�I�J L [ c me¿Gx'X( p,8FÀ�w�<g= » : fallibleL
8 m:

L G P fail mIoI�IuJ L [ c me G P

3 Located-Failuresequivalence
In thissectionandthenext weprovidealternatecharacterizationsof barbedequiva-
lencefor locatedprocesses.Westartby givinganenrichedconfigurationsemantics
which, while not strictly necessary, greatly simplifies the notationand sharpens
many of the definitions. We thendefineboth strongand weak LF-equivalence.
Themaintechnicalresultof this sectionis thatLF-equivalenceandbarbedequiv-
alencecoincide.Throughexamples,we show thatweakLF-equivalenceis some-
whatweaker thanonemightexpect— with somesurprisingresults.

3.1 Enriched configuration semantics

The examplesat the endof Section2.3 show that actionsperformedby the kill
operatoraresometimesobservable,albeitindirectly. For example,;	<>=>= ' is different
from τ if ' is alive,but it is thesameotherwise.In Table3 weintroduceatransition
relation( I	J ) in whichthisdistinctionismanifest.Thedefinitionusesthepredicate
“f allibleL”, definedasfollows:

fallibleL
8 m: def§ m ~U _ andm ` L

Thisenrichedrelationusesexplicit kill actions(kill ' ) andfail actions(fail ' ).2 Un-
lessotherwisenoted,we observe thefollowing disciplinewhenreferringto labels
in transitiongraphs:

α :: U τ a

µ :: U α kill '
δ :: U µ fail '

2Whereaskill actionsareessentialin thedefinitionof symbolicLF-equivalencethatwepresent
in Section4, fail actionsareintroducedpurelyfor notationalconvenience.
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Also let KActbethesetAct b´c kill ' - 'Á` Loce ; thusµ normallyrangesoverKActτ.
For asummaryof thenotationusedin thepaper, seeAppendixA.

Intuitively, a kill actionmarksaneffectiveexecutionof thekill operator;inef-
fectiveexecutionsof the kill operatoraremodeledby τ-transitions.A fail action
markstheexecutionof aneffective kill by thesurroundingcontext. Therule À�w�<g=
says,in effect, thatany locationmay fail at any moment.Note that the rule does
not dependon theprocessterm,but only on theliveset;thusit is sufficient to use
µ, ratherthanδ, in theinductiverulessuchas ��w � .

Therelationshipbetweenthetwo transitionsystemsis givenby the following
Lemma.

LEMMA 3.1. C aH I7J CK if andonly if C aI	J CK
C τH I7J CK if andonly if C τI	J CK or © k: C kill kI�IXJ CK

Proof. Straightforwardrule induction. «
Note that if L G P δI	J L K G PK , thenL K is determinedby L andδ. To emphasize

this, we adoptthe following notation. For eachactionδ, the function iafterδ
8 L :

(immediatelyafterδ) reflectstheeffectof actionδ onL; for example,iaftera
8 L : U L

andiafterkill ¹ 8 c�'�9 k e7: U c k e . Therelations δI	J
L and δU��L describetheδ-transitions

of a processunderlivesetL. Thusif P U ')( α * a,l- k ( α , , thenP aUzU�Uz�Â ¹uÃ k Ä D�<g= , but P has

noa-transitionunderthelivesetc k e . Theformaldefinitionsareasfollows:

iafterδ
8 L : defU   L [ c k e�9 if δ U kill k or δ U fail k

L 9 if δ ` Act bÅc τ 9 ε e
P δI	J

L PK def§ L G P δI&J iafterδ
8 L : G PK

P δU��L PK def§ L G P δU�� iafterδ
8 L : G PK

3.2 StrongLF-equivalence
Wewould liketo defineLF-equivalencedirectlyonprocessterms,ratherthancon-
figurations. It is not difficult to seethat to do so, we will first have to definean
equivalencethat is parameterizedby thesetlocationsthataredead(or conversely
alive) at thetime thattheprocessesarereached.For exampleconsiderthefollow-
ing processes:

P5 U k ( < @ 'lA�C 6�D{< @ 'hA�C 6	D a, Q5 U k ( < @ 'hA�C 6	Dn< @ 'hA�C 6�D b,
Theseprocessesare barbedequivalent,but establishingthis fact relies on com-
paringtheprocesses“ < @ 'PA�C 6�D a” and“ < @ '/A�C 6	D b” undertheassumptionthat ' is
alreadydead.Wearethusleadto adefinitionin two steps.Firstwedefineaparam-
eterizedequivalence8 ] L : whichcompareslocatedprocessesundertheassumption
thatthesetof locationsL arealive. In orderto take into accountall possibleinitial
contexts,we thenquantifyoverall suchlivesetsto definetheequivalence] .
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DEFINITION 3.2 (STRONG LF-EQUIVALENCE). Let Æ U c�Æ L e L Ç Loc be an in-
dexedfamily of relationson LProc. Æ is a strongLF-bisimulationif for every L,Æ L is symmetricandwheneverP Æ L Q:

P δI	J
L PK implies © QK : Q δI	J

L QK andPK Æ iafterδ � L � QK
P andQ arestrongLF-equivalentunderL (P ] L Q) if thereexists a strongLF-
bisimulationÆ with P Æ L Q.

P andQ arestrongLF-equivalent(P ] Q), if P ] L Q for everyL � Loc. «
Thedefinitionof LF-bisimulationis similar to thedefinitionof CCS bisimulation.
Here,however, akill actionbyPmustbematchedbyexactlythesamekill actionby
Q; in CCS bisimulationkill actionscouldbematchedbyany silentaction.However,
it is theuseof fail actionsthatis moreimportant;becauseof fail actions,P andQ
have thesamebehavior in thefaceof any kill actionsthatthesurroundingcontext
might perform.Thefollowing Lemmashowshow LF-bisimilarity maybedefined
without theexplicit useof fail actions.

LEMMA 3.3. Æ is a strongLF-bisimulationif and only if for every L, Æ L is sym-
metricandwheneverP Æ L Q:

(a) P µI	J
L PK implies © QK : Q µI	J

L QK andPK Æ iafterµ � L � QK
(b) for everyk ` L P Æ LÈ Â k Ä Q

Proof. Immediatefrom thedefinitions. «
THEOREM 3.4. For all locatedprocesses,P ] L Q if andonly if P L

L Q.

Proof. Similar to thatof Theorem3.11, which is moredifficult. «
The following Lemmademonstratesthat the strongbehavior of locatedpro-

cessesdependsonly onthesetof locationsthatareknown to bedead, andtherefore
for location-finiteprocesses] (which quantifiesover all initial livesets)coincides
with ] Loc (seeRemark2.4). Surprisingly, thispropertydoesnotextendto theweak
case.

LEMMA 3.5. (a)LetP andQ belocation-finite.ThenP ] L Q andM � L implyP] M Q. (b) If Loc is finite, then Æ is a strongLF-bisimulationif andonly if for every
L, Æ L is symmetricandwheneverP Æ L Q:

M � L andP µI&J
M PK implies © QK : Q µI	J

M QK andPK Æ iafterµ � M � QK
Proof. (a) followsfrom Lemma3.3. (b) is immediatefrom thedefinitionof strong
LF-bisimulation. «
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3.3 WeakLF-equivalence

We startwith an example. Considerthe following processesunderweakbarbed
equivalence:

P6 UÊÉ '�� b* β * α + b* 8 α + τ :F� - k � β * 8 α + τ * a: + α * a��Ë [ α [ β

Q6 U É ' � b* 8 α + τ : � - k � α * a��Ë [ α
If ' is initially dead,P6 andQ6 areclearlyequivalent:botharestrongequivalenttoD�<g= ; if only k is initially dead,they areweakequivalentto b* D�<g= . If ' andk areboth
initially alive,however, thesituationis notsoclear. Thequestionablemoveis P6’s
b-transitionto:

P1 ] V 'X( α ,Y- k ( α + τ * a, Z [ α

To matchthismoveQ6 mustperformaweakb-transitionto:

Q1 ] V 'X( α + τ ,Y- k ( α * a,�Z7[ α
But P1 andQ1 arenot barbedequivalent: if ' is dead,thenP1 is capableof an
a-transitionthatQ1 cannotmatch.This would leadoneto believe thatP6 andQ6
arenot barbedequivalent;however, they are.

Intuitively this is truebecausewhenP6 reachesP1, ' mustbealive— if ' had
beendead,the b-transitionto P1 would have beenimpossible.ThusP1 andQ1
needonly becomparedundertheconstraintthat ' is initially alive. Oncethiscom-
parisonhasbegun, the environmentcandistinguishP1 andQ1 only by killing ' ,
but it cannotcontrol internalactivity on thepartof Q1 before' is dead.Killing k
doesn’t helpto distinguishthetwo processes.Therelevantsectionsof thetransition
systemsareshown below. To improve readability, we have not shown the transi-
tionslabelledfail k; in addition,we havemarkedthestateswith differentsymbols,
eachsymbolindicatinga setof bisimilarstates.c�'�9 k e G P1ÌÌÍ ÎÌ Í Ï ÏÍfail ¹ÐÑ Ò Ò Ò Ò Ò Ò Ò

τ ÓÔ
a ÓÔ

τÓÔ
fail ¹ ÐÑ Ò Ò Ò Ò

a ÕÖ ×××× aÕÖ××××
fail ¹ÐÑ Ò Ò Ò Ò

τ ÕÖ ×××××××
fail ¹ÓÔ *M c�'�9 k e G Q1Í ÎÌ Í Ï ÏÍfail ¹ÐÑ Ò Ò Ò Ò Ò Ò Ò τÓÔ

fail ¹ ÐÑ Ò Ò Ò Ò
a ÕÖ ×××× aÕÖ ××××

fail ¹ÐÑ Ò Ò Ò Ò
τ ÕÖ×××××××

fail ¹ÓÔ
DEFINITION 3.6 (WEAK LF-EQUIVALENCE). Æ is a weakLF-bisimulationif for
everyL, Æ L is symmetricandwheneverP Æ L Q:

P δI	J
L PK implies © QK : Q δ̂U��L QK andPK Æ iafterδ � L � QK

We write M for weakLF-equivalence, and M L for weakLF-equivalenceat L. «
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We canalsogive thedefinitionwithout fail actions,makingthecasesexplicit:

LEMMA 3.7. Æ is a weakLF-bisimulationif andonly if for everyL, Æ L is symmet-
ric andwheneverP Æ L Q:

(a) P µI7J
L PK implies © QK : Q µ̂U��L QK andPK Æ iafterµ � L � QK

(b) for everyk ` L © QK : Q εU��L Q εU�U¿U��LÈ Â k Ä QK andP Æ LÈ Â k Ä QK
Proof. Immediatefrom thedefinitions. «

The last clauseof Lemma3.7 is somewhatsurprising. It says,in effect, that
if theenvironmentkills a locationk, thenQ mustbeableto (silently) evolve to a
processQK thatmatchesP; but in reachingQK , Q mayexploit theintermediatestates
of the system(that is, k alive, thenk dead).Unrolling the recursive definition, if
k 9 m ` L thentheremustexist QK1 andQK2 equivalentto P underL [ c k 9 me suchthat

Q εU��L Q εU�U�U��LÈ Â k Ä Q εU�U�U¿UØ�LÈ Â k ÃmÄ QK1 and Q εU��L Q εU�U¿U��LÈ Â mÄ Q εUØU�U�UØ�LÈ Â k ÃmÄ QK2
andlikewisefor any subsetof L.

It may alsobe surprisingthat in Lemma3.7 we do not needto allow for the
possibilitythata τ-transitionis matchedby a kill-transition. This factis explained
by thefollowing Lemma.

LEMMA 3.8. P kill kU�U��L PK implies P εU��L Q εU�U¿U��LÈ Â k Ä PK
Proof. Immediatefrom theoperationalsemantics. «
Remark3.9. Let

^ KL betherelationobtainedby substitutingP δ̂U��L PK for P δI	J
L PK

in Definition 3.6. As usualwith weakbisimulationrelations,̂ KL U ^
L. «

We now show that
^

is a congruenceon locatedprocesses(in otherwords,
that

^
is substitutivein all staticcontexts)— LF-equivalenceis alsoa congruence

for mostoperatorson basicprocesses,aswe will discussin Section5. We then
presentthemainresultof thissection:thatbarbedequivalenceandLF-equivalence
coincide.

THEOREM 3.10. Each relation
^

L, andtherefore
^

, is a congruencefor located
processes.That is, if P

^
L Q and NPORQTS is a context such that NqOPS and NPOQS are

locatedprocessesthen NPOPS ^ L NPOQS .
Proof. By inductionon thestructureof contexts. Notethatwe mustonly consider
theoperatorsfor parallelcomposition,renamingandrestriction.In all threecases
theargumentis standard;for example,in thecaseof parallelcompositionwedefine
a relation Æ L U cØi P - R9 Q - Rj - P ^

L Q e andshow that Æ is aLF-bisimulation. «
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THEOREM 3.11. For each L, P
^

L Q if andonly if P M
L Q.

The remainderof this sectionis devotedto theproof of this theorem,anobvious
corollaryof which is that

^ U M .
Onedirectionof Theorem3.11(

^
L � M

L) follows immediatelyfrom thefact
that each

^
L is a congruence.In the otherdirection,we mustshow that P M

L Q
impliesP

^
L Q for eachL. This involvesconstructingacollectionof contexts Ù i Ã j

L
— mappinglocatedprocessesto configurations— suchthattherelationÆ L

defUÛÚ i P9 QjÁÜÜ © i 9 j : Ù i Ã j
L OPS *M Ù i Ã j

L OQSoÝ
is aLF-bisimulation.

ASSUMPTION 3.12. To simplify theexposition,wewill assumethatLoc is finite.
TheTheoremalsoholdsif Loc is infinite, aswe explain in Remark3.14. «

The contexts are basedon thoseof Sangiorgi [29]. We assumethat the set
of actionnamesis partitionedinto setsAct1 andAct2 with all actionsthatappear
in processtermscomingfrom Act1. For eacha ` Act1 we assumethat thereis a
correspondingactionin Act2 that is differentfrom all otheractionsin Act; let aK
denotethis action.We alsoassumethatAct2 containssomeotheractions— c, cK ,c di 9 d Ki - 0 Þ i e and c live¹ - '{` Loce — andthatall theseactionsareunique.Given
theseassumptions,therequiredcontextsareasfollows. (WedropparametersfromÙ i Ã j

L whenever they areunimportantor clearfrom context.)���Ø6�D7EF3 � defU ∏ ¹ f Loc ')( live¹ ,�Ø|h<g=T= 6 � defU 8 ∑ ¹ f Loc
;	<>=>= '�* cK * �Ø|h<g=T= 6 �#: + τ * d K0�)�x3�y)D A i defU d Ki + cK * �X��3�y)D A i ß 1 9 i à 2rl��6�D7EF3 � defUáV ∑a f Act1 a * c * c * 8 τ * aK + τ * rh��6	D7Eo3 �â: Z�+ τ * d0 + τ * d1rh��3�y)D A j

defU d j + c * rl��3�y)D A j ß 1 9 j à 2Ù i Ã j
L

defU L G ORQTS - ����6�D7EF3 � - _x( �Ø|h<g=T= 6 � - �X��3�y)D A i - rh��6	D7Eo3 � - rh��3�y)D A j ,
The contexts are designedso that if Ù\OPS is barbedbisimilar to ÙnOQS andÙ\OPS ε�U�� Ù K OPK S then theremust be a QK such that ÙnOQS ε�U�� Ù K OQK S and Ù K OPK S*M ÙYKzOQKgS . Significantly, the context ÙlKzO¬QTS must be the samefor both processes;

that is, the structureof the context mustbe preserved throughmatchingmoves.
This is achievedby making“observable”— via barbs— any changein thestateof
thecontext processes.

The processesrl�x3�y)D A and rl��6�D7EF3 � are taken directly from [29, Theorem
3.3.2]. In ÙnOPS , rh��6	D7Eo3 � identifiesthe communicationactionsperformedby P,
whereasrh��3�y)D A controlsthe numberof theseactionsthat P can perform. We
refer the readerto [29] for more detailson the useof thesecontexts. To these
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we add threenew processes,�Ø|h<g=>= 6 � , ����6	D7Eo3 � and �X��3�y)D A . ����6�D7EF3 � senseskill
actionsperformedby P (in additionto thoseperformedby the context), in much
thesameway as rh��6	D7Eo3 � sensesactionsof P. �Ø|h<g=>= 6 � mimicsthemannerin which
thecontext kills locationsand �)�x3Øy)D A disciplinesits useof �|q<>=>= 6 � , preventingthe
context from engagingin infinite internalactivity.3

The resulting contexts are strong enoughto recover LF-equivalencefrom
barbedbisimilarity — specifically, they arestrongenoughto show that Æ is aweak
LF-bisimulationup to � . To provethiswefirst needthefollowing Lemma:

LEMMA 3.13. If Ù{OPS ε�U�� C, ÙnOQS ε�U�� D andC
*M D, thenC and D musthave

exactlythesamelivesets.

Proof. Followsfrom thefactthat ����6	D7Eo3 � offersadistinctcommunicationfor each
live locationand is incapableof communicationor silent transitions,within the
context ÙnO¬QS . «

Wenow completetheproofof Theorem3.11.

Proofof Theorem3.11. Weshow that Æ is anLF-bisimulationupto � . Weusethe
characterizationof LF-bisimulationgivenin Lemma3.7. SupposethatP Æ L Q and
P αI	J

L PK . We examinethethreeclausesof thisLemmain turn.
To satisfythefirst clause,we mustshow thatQ canperformthesameaction,

evolving to a matchingstateQK . Theproof canbecopieddirectly from Sangiorgi,
usingLemma3.13to establishtheonly additionalrequirement:thatthelivesetsare
unchangedduringtransitionsof Ù\OPS and Ù{OQS .

Ontheotherhand,supposethatP kill kI�I)J
L PK andthereforeÙ i Ã j

L OPS τH I&J Ù i Ã j
LÈ Â k Ä OPKgS defU

CK . This mustbematchedby a move Ù i Ã j
L OQS ε�U�� D K suchthatCK *M D K . We show

that D K mustbe of the form Ù i Ã j
LÈ Â k Ä OQK S , up to � . From Lemma3.13 it is easyto

seethat the livesetin D K mustbeL [ c k e . To seethat the restof thecontext must
beunchanged,notethatCK cansilentlymoveto astatein which theonly d-actions
possibleare d K0, d Ki , d0, and d j . D K canonly matchthis stateif D K U Ù i Ã j

LÈ Â k Ä OQK S
for someQK . Therefore,althoughk hasdied, the context couldnot have killed it
(sincethe �|q<>=>= 6 � hasnot moved). ThusQ musthave killed k, andwe have that
Q kill kU�U��L Q εU�U¿U��LÈ Â k Ä QK andPK)Æ LÈ Â k Ä QK , asrequired.

Wenow turn to thefinal requirementof Lemma3.7. Wemustshow thatQ εU��LQ εU�U¿U��LÈ Â k Ä QK for someQK suchthatPK Æ LÈ Â k Ä QK .
We know that Ù i Ã j

L OPS τH I7J Q τH I7J Ù i ß 1 Ã j
LÈ Â k Ä OPS U CK , by thecontext killing theloca-

tion k. Thereforeit mustbe that Ù i Ã j
L OQS is ableto silently reacha configuration

3Thereis a risk of suchactivity becauseoncea site is deadany further attemptsto kill it are
treatedasτ-actions. ã�ä)å	æ�çzè makesevery move of ã7é�êë¾ë ì�í visible, thuspreventingit from internal
movesthatwouldotherwisegounnoticed.Weuseseparatecountersfor ã7é�êë¾ë ì�í and î�ï�ì�çzð�å�í sothat
communication-transitionsof P cannotbematchedby kill-transitions.
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D K that is barbedbisimilar to CK . Reasoningasbefore,we canshow thatD K must
structurallyequivalentto Ù i ß 1 Ã j

LÈ Â k Ä OQKgS for someQK . Theonly questionis: who killed
k? Q or the context? ConsultingLemma3.8, however, thequestionprovesto be
irrelevant. If Q kill kU�U��L QK , thenthereexistsaQK¾K suchthat:Ù i Ã j

L OQS ε�U�� Ù i Ã j
L OQK¾K S ε�U�� Ù i ß 1 Ã j

LÈ Â k Ä OQK¾K S ε�U�� Ù i ß 1 Ã j
LÈ Â k Ä OQK S

ThuswehaveasrequiredthatQ εU��L Q εU�U�U��LÈ Â k Ä QK andPK Æ LÈ Â k Ä QK . «
Remark3.14. To simplify theexpositionwe haveassumedthatLoc is finite; how-
ever, the proof is only slightly morecomplicatedif Loc is infinite. In this case,
we mustchangethecontextssothatthey donot includeaninfinite numberof pro-
cesses.Theculprit is ����6�D7EF3 � whichcanbechangedasfollows:����6	D7Eo3 � K defU 8 ∑ ¹ f Loc

< @ 'lA�C 6	D live¹ : + d K1
Thesolepurposeof ����6	D7Eo3 � is to guaranteeLemma3.13. Using ����6	D7Eo3 � K , theproof
of Lemma3.13is only slightly morecomplicated.Thesummandd K1 is necessary
to keep ����6	D7Eo3 � from moving in thecasethatall locationsaredead.Notethatwe
couldachieve thesameresultby sensingdeadratherthanlive locations. «
Remark3.15. If we restrict the language,disallowing termsof the form ;7<g=T= k * p
in which p ~U D�<>= , the resultsdo not change.To accommodatethis languagewith
“asynchronouskills,” �|q<>=>= 6 � mustbechangedasfollows:�|q<>=>= 6 � K defU ∑ ¹ f LoccKñ* 8u;	<>=>= ' - �Ø|h<g=>= 6 �ñ:
Usingthisdefinition,theresultfollowsbyextendingthestructuralequivalencewith
the following absorptionlaw: D�<>= - P � P. (This is necessaryso that the residual
of the term ;7<g=T= '�* D�<g= in the context canbe ignored.) The proof alsomakesuseof
Lemma3.8. «
4 Symboliccharacterizations
While LF-equivalenceprovide a greatdealof insight into the meaningof barbed
congruencein distributedprocessdescriptionlanguagessuchasours,it is unwieldy
to usein practice. For a start it is basedon an operationalsemanticswhich uses
configurationsratherthanprocesses.Moreover thisoperationalsemanticsneedsto
takeinto considerationnotonly all thekill actionswhichtheprocessescanperform
but alsothepossiblekills whichcanbecarriedoutby theenvironment.As aresult
thelabelledtransitionsystemsassociatedwith eventhesimplestprocessesarevery
complex.
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In this section,we definea symbolictransitionsystemdirectly on locatedpro-
cessterms,thengive characterizationsof strongandweakLF-equivalenceusing
thesesymbolictransitions.As oneshouldexpect,theweakcaseis quiteabit more
subtlethan the strong. By adaptingthe algorithmsin [19], onecould derive an
alternative methodfor automaticallycheckingLF-equivalenceon finite statepro-
cesses.But thesymboliccharacterizationsarenotonly usefulfor automatedproof;
they alsogreatlysimplify reasoningby hand.To begin with, thesymbolicgraphs
aretypically anorderof magnitudesmallerthantheirconcretecounterparts.

Webegin by giving thesymbolicoperationalsemantics.

ASSUMPTION 4.1. Throughoutthissectionwewill assumethatLoc is finite. The
resultscanbegeneralizedin to location-finiteprocesses,but thenotationrequired
is tedious. «
4.1 Symbolicsemantics
The symbolic transitionrelationmakesuseof Booleanformulaeπ, ρ, in which
locationnamesserveastheliterals.

π 9 ρ :: U ApA ' ' ò i f I πi π ó ρ

Whereasliterals aredrawn from Loc, atomsaredrawn from Loc b Ú ' - '{` LocÝ .
Positiveatomsoccurin Loc; whereasnegativeatomsoccurin Ú ' - '{` LocÝ . We
saythatπ isapositiveformulaif it containsnoinstanceof anegativeatom;negative
formulaearedefinedsimilarly. If ' appearsasanatomin π, we saythat ' appears
positivelyin ρ. If ' appearsin π the ' appears positivelyin ρ. Thus ApA is both a
positiveandanegativeformula.

Remark4.2. Wedonot requirefull negation,althoughincludingit wouldnotpose
any difficulties;we write ' for thenegationof ' . On theotherhand,we do allow
infinitary disjunction;werewe to restrictour attentionto image-finiteprocesses,
finitary disjunctionwouldbesufficient. «

Intuitively, a formula indicatesa setof constraintson the statusof locations
(deador alive) at thetime that thetransitionis enabled.For example,if P µIFIpJôRõ

m PK
thenP is capableof makinganµ-transitionto PK if location ' is aliveandm is dead;
thatis, P µI	J

L PK if '/` L andm ~` L. Thesemanticsof thelogic is givenwith respect
to livesets:

L ö÷ApA always L ö π ó ρ if L ö π andL ö ρ
L öa' if 'm` L L öÅò i πi if © j : L ö π j

L ö ' if '¥~` L

In Table4wedefinethetransitionrelation 8 µI	J
π :x� LProc � LProc(thesymmet-

ric rulesfor parallelcompositionhavebeenomitted).Therelationshipbetweenthe
two transitionsystemsis summarizedin thefollowing Lemma. Wedeferexamples
to Section4.3.
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Table 4 Symbolictransitionsystem

8�rls ApøF: 'X( a * p, aI7J ¹ ')( p, 8�v�w)y øu: 'X( τ * p, τI7J ¹ ')( p,8o|h<g=T=gº øp: ')( ;	<>=>= m* p, τI�I�J¹âù m 'X( p, 8o|h<g=T=¾½ øp: ')( ;	<>=>= m* p, kill mIoI�I�J¹âù m 'X( p,8o�X< 576 øu: ')( < @ m A�C 6�D p 6�= Eo6 q, τIØI�J¹âù m 'X( p, 8o�h6�w7� øF: ')( < @ m A�C 6�D p 6�= Eo6 q, τI�I�J¹âù m 'X( q,8â���	w��nD øF: ')( 143�576�8 k 9 p: , τI7J ¹ k ( p, 8â�"y)1 øF: ')( p j , µI	J
π ')( pK j ,')( ∑i f I pi , µI	J

π 'X( pK j , j ` I

8â� A��$øF: P � PK PK µI	J
π QK QK � Q

P µI	J
π Q

8o�h6�@ øu: ')( p, µI7J
π 'X( pK ,')( A, µI	J
π ')( pK , A

defU p

8p�x3�1�1 øF: P aI	J
π PK Q aI	J

ρ QK
P - Q τIXI�J

π ù ρ PK - QK 8F��w ��øu: P µI7J
π PK

P - Q µI7J
π PK - Q8o�"6�E A���øu: P µI	J

π PK
P[ a µI	J

π PK [ a µ ~`�c a 9 a e 8z�"6	D øu: P µI7J
π PK

P i f j f � µ�I�IXJ
π PK�i f j

LEMMA 4.3 (STRONG TRANSITION LEMMA).

P µI	J
L PK if andonly if © π : P µI	J

π PK andL ö π

Proof. By rule inductionin bothdirections. «
NOTATION. We usesetsof locationsL in logical formulaeto denotetheconjunc-
tion of theliteralsin L. Similarly, L representstheformula ú Ú ' - '{` L Ý . As usualû

is shorthandfor ò k . «
4.2 Strongsymbolicbisimulation

Thestandarddefinitionof symbolicbisimulation[19] requiresthatwe defineen-
tailmentbetweenformulae,whichwedo in thestandardway:

π ü ρ if andonly if ª L : L ö π impliesL ö ρ

Notethatentailmentis a preorderon formulae.If π ü ρ we saythatπ is stronger
thanρ.

û
is thestrongestformulaunder ü , ApA theweakest.
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Remark4.4. We write ü ratherthan ý to emphasizethat the relationis semantic
entailment(andbecausewe have alreadyusedthesymbol ö ). A proof systemforü canbe found in any introductorybook on logic. We usesemanticentailment
throughoutthepaperbecauseit is sufficient for our purposes,andwe arenot here
concernedwith implementationissues. «

We mustalso identify a set of formulaesuitableas parametersin the recur-
sive definitionof symbolicequivalence,that is, theanalogsof theparametersL in
the definition of LF-equivalence. Intuitively, whenwe saythat P andQ areLF-
equivalentunderL, we are limiting attentionto a singlepossibleworld, namely
thatin whichexactlythesitesin L arealive.Theideaof symbolicequivalences,in-
stead,is to treatmany possibleworldssimultaneously(via entailment).In thecase
of strongLF-bisimulation,wherefor location-finiteprocessesP ] L Q andM � L
imply P ] M Q, this is achievedby restrictingattentionto negativeformulaein the
recursivedefinitionof symbolicequivalence.

We write neg 8 π : for theprojectionof π ontothesetof negative formulae,that
is, theformulaobtainedby substitutingApA for every occurrenceof a positiveatom
in π. For example,neg 8 'xó k: U ApAó k.

SupposethatP cantakeaµ-transitionto PK undertheconditionρ andweareat-
temptingto show thatP is symbolicalyequivalentto Q. Thedefinitionwill require
a QK that is µ-reachableunderthesamecondition. Thedefinitionalsodetermines
theconditionsunderwhich we mustsubsequentlycomparePK anda potentialQK .
Thesearedeterminedby thetransformations“afterµ” definedasfollows:

M ö afterα
8 ρ : if andonly if © L : L ö ρ andM � L

M ö afterkill k
8 ρ : if andonly if © L : L ö ρ andM � L [ c k e

Note that for any formula,afterµ
8 ρ : is uniqueup to þ�ü . Sinceour logic is very

simple, it is straightforward to calculateafterµ
8 ρ : ; a stepin this direction is the

following:

afterµ
8 ρ : U ÿ�� ��

û
if ρ ü û

neg 8 ρ :Øó k if µ U kill k

neg 8 ρ : otherwise

If ρ is unsatisfiablethenafterµ
8 ρ : is simply

û
. Otherwiseit correspondsto the

negative information in ρ; if the actionperformedis a kill actionkill k, thenwe
mustalsoincludetherequirementthatk bedead,thatis, k.

Wenow haveall theingredientsnecessarytogiveourdefinitionof strongbisim-
ulationequivalence.

DEFINITION 4.5 (STRONG SYMBOLIC BISIMULATION). Let Æ bea family of re-
lationsonLProc indexedby negativeformulaeϑ. Æ is a strongsymbolicbisimula-
tion if for every ϑ, Æ ϑ is symmetricandwhenever P Æ ϑ Q andP µI	J

π PK thenthere
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exist πi , ρi , andQi suchthatfor all i,

(a) ϑ ó π ü¶ò i ρi 9
(b) ρi ü πi 9 (c) Q µI	J

πi
Qi 9 and

(d) PK Æ afterµ � ρi � Qi

We write P ] £ϑ Q to indicatethat thereexists a symbolicbisimulation Æ with PÆ ϑ Q. «
Onecanreadthedefinitionasfollows: If P ] £ϑ Q andP µI	J

π PK , thentheremust
bea way to partitionthesetof possibleworldswhich satisfyϑ ó π (theρi provide
thepartitions)suchthat in eachpartition,Q canmake a matchingmove. Clauses
(b) and(c) ensurethatQ canmove to thestateQi , andclause(d) ensuresthat this
statematchesPK underall possibleworldsallowedby ρi .

Notethatthedefinitionimplicitly quantifiesovertheindex setI from whichthe
i aredrawn. In particular, if ϑ U û

, it is sufficient to let I U k ; thereforefor any
P, Q we have that P ] £� Q. It is alsotrue that strengtheningformulaepreserves
bisimilarity: P ] £ϑ Q andϑ K ü ϑ imply P ] £ϑ � Q.

Weaimto show that ] £ϑ characterisesLF-equivalencein thesensethatP ] L Q
if andonly if thereis somenegative formulaϑ suchthatP ] £ϑ Q andL ö ϑ. We
examinethetwo implicationsseparately.

PROPOSITION 4.6. P ] £ϑ Q andL ö ϑ imply P ] L Q.

Proof. Let Æ K bedefinedasfollows:Æ K
defU ci P9 Qj - © ϑ : K ö ϑ andP ] £ϑ Q e

If P ] £ϑ Q andL ö ϑ thenclearlyP Æ L Q.
We now show that Æ K is a LF-bisimulation using the characterizationin

Lemma3.5. SupposethatP Æ L Q andtherefore:

L ö ϑ and P ] £ϑ Q (1)

FurthersupposethatP µI	J
M PK for someM � L, andthereforeby theStrongTransi-

tion Lemma,theremustexist a π suchthat:

M ö π and P µI7J
π PK (2)

SinceP ] £ϑ Q, we know thattheremustbeπi , ρi andQi thatsatisfytheconditions
of Definition 4.5. Using(1), (2) andthat fact thatϑ is negative,M ö ϑ ó π. Thus
by thedefinitionof ] £ , theremustbesomej suchthat:

M ö ρ j andρ j ü π j (3a)

Q µI	J
π j

Q j (3b)

PK ] £afterµ � ρ j � Q j (3c)
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We show thatQ µI	J
M Q j andPK�Æ afterµ � M � Q j .

From(3a), weknow thatM ö πi. ThenusingtheStrongTransitionLemmaand
(3b) wearriveatQ µI	J

M Q j .
To show PK Æ afterµ � M � Q j , it sufficient — becauseof (3c) — to show that

iafterµ
8 M :�ö afterµ

8 ρ j : ; but this is immediatefrom (3a) andthedefinitions. «
PROPOSITION 4.7. P ] L Q implies P ] £

LocÈ L Q.

Proof. Let Æ ϑ bedefinedasfollows:Æ ϑ
defU cØi P9 Qj - ª K : K ö ϑ impliesP ] K Q e

If P ] L Q then,by Lemma3.5, M � L impliesP ] M Q. FurtherM ö Loc[ L implies
M � L, andthereforeP Æ LocÈ L Q.

We now show that Æ ϑ is a symbolicbisimulation. Supposethat P Æ ϑ Q and
therefore: ª K : K ö ϑ impliesP ] K Q (4)

FurthersupposethatP µI	J
π PK . EnumerateQ’s symbolicµ-transitionsasQ µI	J

πi
Qi ,

andfor eachi let ρi bethebooleandeterminedby

M ö ρi if andonly if M ö πi andPK ] iafterµ � M � Qi (5)

We now show that theseρi satisfytheconditionsfor a symbolicbisimulation.
The requirementsthat Q µI	J

πi
Qi andthat ρi ü πi aremet by definition. We must

only show that:

ϑ ó π ü¶ò i ρi (6a)ª K : K ö afterµ
8 ρi : impliesPK ] K Qi (6b)

For (6a), supposethat M ö ϑ ó π andtherefore(usingEquation4) P ] M Q. We
show thatfor somej, M ö ρ j . UsingthesuppositionsthatP µI7J

π PK andM ö ϑ ó π,
wecanapplytheStrongTransitionLemmato concludethatP µI	J

M PK andtherefore
thattheremustexist someQK suchthat:

Q µI	J
M QK andPK ] iafterµ � M � QK

By the StrongTransitionLemmatheremust be some j suchthat QK U Q j and
M ö π j . BecauseM ö π j andPK ] iafterµ � M � Q j , we canuse(5) to concludethat
M ö ρ j .

Finally we prove (6b). If K ö afterµ
8 ρi : thenby thedefinitionof “after”, there

mustbe someL � K suchthat L ö ρi . By (5), PK ] iafterµ � L � Qi . Again usingthe
definition of “after”, K � L; thereforewe may useLemma3.5 to conclude,as
required,thatPK ] K Qi . «
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Combiningthesetwo Lemmasweobtainthefollowing.

THEOREM 4.8. P ] L Q if andonly if there existsa negativeformulaeϑ such that
P ] £ϑ Q andL ö ϑ. In addition, 8 ] : U 8 ] £��� : .
Proof. The first result follows immediatelyfrom the two previous Propositions.
The result for ] follows from that for ] L. Onedirectionis immediatewhile to
prove ]´�4] £��� it is sufficient to take thedisjunctionof theϑL for eachL. «
4.3 Weaksymbolicbisimulation

As a first attemptto defineweaksymbolicbisimulation,let us try simply replac-
ing thestrongtransitionsin Definition 4.5with weakedgesdefinedby conjoining
formulae.For example,we wouldhaveP εU����� P; alsoP aUXUX�π ù ρ PK if P εU��π Q aU��ρ PK .

Unfortunatelythe equivalenceresultingfrom this definition doesnot suffice.
ConsidertheprocessesP6 andQ6 definedin Section3.3; theirsymbolictransition
graphsaregivenbelow (wherewehavewritten µI	J

π as µπI	J to improvereadability).

P6 UÊÉ '�� b* β * α + b* 8 α + τ :F� - k � β * 8 α + τ * a: + α * a��Ë [ α [ β

Q6 U É ' � b* 8 α + τ : � - k � α * a��Ë [ α
P60

P10 00 Q1 000
bô�	 
 
 
 


τô¬õ k ÓÔ
τ ôRõ k�	 � � τk���

akÓÔ
bô�� ������

τ ôRõ k���
akÓÔτ ô�	 � �

M Q6

Q1 000 bôÓÔ
τ ôRõ k���

akÓÔτ ô�	 � �
We know from Section3.3thatP6

M Q6. Thuswe expectP6 andQ6 to berelated
symbolicallyundertheformula ApA ; however, usingthefirst attempteddefinitionthe
relationdoesnothold.

Theproblemoccurswhenwe try to match
P1 U V 'X( α ,Y- k ( α + τ * a, Z [ α
Q1 U V 'X( α + τ ,Y- k ( α * a, Z [ α

P6’s b-transitionto P1 with Q6’s transitionto
Q1. In this casewe endup comparingP1 and
Q1 undertheassumptionApA , which is equiva-

lent to afterb
8 '�ó k : , yet we have alreadyestablishedthat P1 andQ1 arenot LF-

equivalentwith respectto all livesets.As notedin Section3.3, P1 andQ1 areonly
relatedunderthepositiveassumptionthat ' is (initially) alive;yet “afterµ” removes
all positiveinformationfrom a formula.

As a secondattempt,we mightsimplychangetherecursive requirementof the
definition(in thecasethattheactionµbeingmatchedis notakill) to readPK Æ ρi Qi ,
allowing positiveaswell asnegative informationto carryover into thenext phase
of the bisimulation. Whereasour first attemptproducedan equivalencethat was
toostrong,thereviseddefinitionis tooweak.For example,thefollowing processes
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wouldbeidentifiedthoughthey arenotbarbedcongruent.

P7 U V 'X( α * a,Y- k ( α , Z [ α
PK70 τô¬õ kÓÔ

aôÓÔ µM Q7 U V ')( α ,Y- k ( α * a, Z [ α

QK70 τ ô¬õ kÓÔ
akÓÔ

Using the seconddefinition, PK7 and QK7 would be comparedunderthe formula'�ó k. This formula, however, sayssomethingmorethanwe would like, namely
that ' andk remainalive until PK7 andQK7 finish executingtheir first weakaction.
Yet it is possible,for example,that theenvironmentkills ' beforePK7 performsits
a-transition;QK7 is incapableof matchingthissequenceof events.

From thesetwo examples,we canseethat positive informationmustbe car-
ried over into the recursive requirementof the symbolic versionof weak LF-
bisimulation,but that the useof this information is moresubtlethancanbe ex-
pressedin our propositionallogic for locations.We requirea logic that is capable
of expressingthechangesin thelivesetasweakactionsareperformed.

Thenext example,P8, shows that this logic mustbeableto expressarbitrary
propertiesof the form “ ' andk musthave beenalive, then ' musthave died,and
afterthatk musthavedied.” Noticethatthissequenceof requirementscorresponds
to thestatemarkedR6 in thegraphto the right. Theconditionalconstruct(along
with _ ) allowsusto expresssucha processgraphin thesyntaxof thelanguage.

Pickanarbitraryprocess,say _x( a, . Underwhatcon-
P80 R10 R2

R3
00 R4

R5 R6

τ ô ÐÑ Ò Ò Ò τ ôÕÖ ××
τkÐÑ Ò Ò Ò Ò τkÕÖ ×××

τ ô ÐÑ Ò Ò Ò τôÕÖ××××τkÐÑ Ò Ò Ò Ò τkÕÖ ×××
τkÐÑ Ò Ò Ò τkÕÖ ×××

ditions is P8 equivalentto _x( a, ? Theequivalenceholds
if andonly if eachof thestatesRi is equivalentto _x( a, .
To capturethis requirementin thedefinitionof symbolic
bisimulation,we mustfind appropriatelogical formulae
ϕi suchthat ò i f I ϕi is a tautologyfor I U c 1 9z*�*�*�9 6 e , but
not for any smallersetI . For example,if Ri U _x( a, for
i Þ 5, but R6 U _x( b, , thenclearly P8 is not equivalent
to _x( a, ; this is dueto the behavior of P8 in the world in which ' andk areboth
initially alive andthenbothdie, ' first. To capturesuchpossibleworlds,our logic
mustcapturepropertiesof sequencesof livesets.

Oursolutionis to defineweaksymbolicedgesusingapast-timetemporal logic
[22, 30]. Ournotionof “time” isquiterestrictive: timepassesonlywhenasitefails;
in addition,any two sitefailuresmustbetemporallyordered— thatis, failuresoc-
cur oneata time. This intuition is formalizedin thenotionof a live sequence. For
example, iuc�'�eX9 k j is a livesequence,but iFc�'�eX9�c�'�e�j and iuc�'�9 k eX9 k j arenot.

DEFINITION 4.9 (L IVE SEQUENCE). A live sequence� is a finite nonemptyse-
quenceof locationsetsi L1 9)*z*�*z9 Ln j , suchthatfor every i between1 andn I 1 there
existsa locationk suchthatLi ß 1 U Li [ c k e . «



DistributedProcessesandLocationFailures 26

NOTATION. We write - � - for the lengthof � , � � i � for the ith elementof � , and��� i Ã j � for the subsequenceextendingfrom the ith to the j th elementinclusive. If
i Þ 1 or i à - � - then � � i � is undefined,andsimilarly for � � i Ã j � . L Q�� denotesthelive
sequenceobtainedby prependingL to � . Finally, we write ������� for � ��� � � � , that is,
thelastelementof � . «

Thesesequencesare usedto give the semanticsof temporalformulaeϕ, ψ,
whichmayincludethepast-timemodalities! , I" and # .� ö ApA always � ö ò i f I ϕi if © j ` I : � ö ϕ j� ö÷' if '{`$������� � ö%! ϕ if �&� 1 Ã � � � ' 1� ö ϕ� ö ' if '�~`$������� � ö I" ϕ if © j Þ - � - : �&� 1 Ã j � ö ϕ� ö ϕ ó ψ if � ö ϕ and � ö ψ � ö%# ϕ if ª j Þ - � - : � � 1 Ã j � ö ϕ

We alsoadopttwo abbreviations:

ϕ ( π defU π ó I" ϕ “ϕ thenπ”
ϕ (*) π defU π ó+! ϕ “ϕ thenimmediatelyπ”

Notethatweallow only Booleanformulaeπ ontheright-handsideof theseopera-
tors.Thusthey “associateto theright”; for example,ϕ ( π ( ρ U 8 ϕ ( π :,( ρ.4

Theatomicproposition' is interpretedto meanthat ' is alivenow, in state�-�.��� ,
which is the final stateof � ; it thereforefollows that ' musthave beenalive at
all pointsin the past. The proposition' specifiesthat ' is now dead,althoughit
may have beenalive in the past. # ϕ specifiesthat at all pointsup to now, ϕ has
beentrue. I" ϕ specifiesthat at somepoint — now or in the past— ϕ wastrue.
Theformulaϕ ( π specifiesthatϕ wastruein thepastandπ is truenow. Notethat
becauselive sequencesmustbe strictly decreasing,'/(7' is unsatisfiable;howeveriFc�'�eX9 k j�ö÷'0( ' .
NOTATION. For therestof thepaperwe will usethesymbol ö only for temporal
formula,whosemodelsarelive sequences.If we wish to refer to thesatisfaction
relationfor Booleanformulae,wewill addasubscript:ö b. «

The definition of weak symbolic transitions,which usesformulaefrom our
extendedlogic, is givenin Table5. Intuitively P µU��ϕ PK meansthatP canperform
theactionµ to becomePK in anenvironmentwherethechangein livesetssatisfies
the formulaϕ. For exampleif ϕ1 U 8 '�ó k :1(�' andϕ2 U 8 '�ó k :2( k thenP7 hasthe

4Thegeneralform, ϕ 3 ψ def4 ψ 5768 ϕ, is notassociative,since:9
ϕ1 3 ϕ2 : 3 ψ1

4 ψ 5768 9 ϕ2 5768 ϕ1 :%;<>= 9 ψ 5?68 ϕ2 : 5?68 ϕ1
4 ϕ1 3 9 ϕ2 3 ψ1 :

The inequalitycan be seenas deriving from the fact that 68 doesnot distribute through 5 . An
alternative is to usethe “chop” operatorof [26]. We have decidedto usethe standardoperators
preciselybecausethey arestandard;they may alsoallow for moreefficient decisionprocedures
[28].
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Table 5 Weaksymbolictransitions

P εU���@� P

P εU��ϕ Q τI	J
π PK

P εU�U¿U�U�U��� ϕ ù π ��A �@� PK P µU��ϕ Q τI	J
π PK

P µUØU��ϕ ù π PK
P εU��ϕ Q kill kI�IXJ

π PK
P kill kU"U¿U�U�U��� ϕ ù π �@A B k PK P εU��ϕ Q αI	J

π PK
P αUØU��ϕ ù π PK

symbolictransition aU��ϕ1
but not aU��ϕ2

, whereasfor Q7 it is theopposite.Recallthat
thedefinitionof P7 andQ7 areasfollows:

P7 U V 'X( α * a,Y- k ( α , Z [ α Q7 U V 'X( α ,Y- k ( α * a, Z [ α

Thedefinitionof weaksymbolicbisimulationis similar to that for the strong
case.Thus,asfor thestrongcase,we mustspecifya collectionof formulaewith
which to parameterizetherecursive definitionaswell asanoperatoron formulae
— correspondingto “afterµ” — for generatingthem.Notethat,unlikein thestrong
case,the transformationfunctionneednot beparameterizedby theactionµ since
therelevantinformationis alreadyencodedin thetemporalformulae.

Theformulaewe chooseasparametersto therelationaresimply Booleanfor-
mulae,but now interpretedontheinitial livesetof a livesequence.Ratherthanuse
two logicsin thedefinitionor introduceadditionaloperators,we insteaddefinethe
function“initially ” which convertsBooleanformulaeinto temporalformulaewith
this interpretationin mind. The transformationfunction for generatingformulae,
which we call “finally”, mustthentake a temporalformulaandtransformit into a
propositionalone.Thedefinitions(uniqueup to þ�ü ) areasfollows:

�¶ö initially 8 π : if andonly if � � 1� ö b π
M ö b finally 8 ϕ : if andonly if ©2� : � ö ϕ andM U �������

For example:

initially 8�8 'xó k:,C m: U 8�8FI" '&:�ó 8 # k:�:,C I" m

finally 8z8 'xó k:2( 8 m ó n:2( ) 8 m ó j :�: U k ó n ó m ó j

Thefunction“initially ” is easyto calculate:on unsatisfiableformulaeit is
û

;
onsatisfiableformulaeit is ahomomorphismeverywherebut for atoms;onatoms,
initially 8 '7: U I" ' andinitially 8 '�: U # ' . Thecalculationof “finally” is difficult in
general;however, the resultsof this paperrequireonly a well-behaved subsetof
formulae.Wediscussthecalculationof “finally” furtherin AppendixB.
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DEFINITION 4.10 (WEAK SYMBOLIC BISIMULATION). Let Æ be a family of re-
lationsonLProc indexedbyBooleanformulaeπ. Æ is aweaksymbolicbisimulation
if for every π, Æ π is symmetricandwheneverP Æ π Q andP µ̂U��ϕ PK thenthereexist
ϕi , ψi , andQi suchthatfor all i:

(a) initially 8 π :Øó ϕ ü¸ò i ψi 9
(b) ψi ü ϕi 9 (c) Q µ̂U��ϕi

Qi 9 and
(d) PK Æ finally � ψi � Qi

We write P
^ £

π Q to indicatethatthereexistsa weaksymbolicbisimulationÆ with
P Æ π Q.5 «

Before presentingthe alternative characterizationtheorem,we first discuss
someof theexamples.ConsiderP1 andQ1. To show thesetwo processessymboli-
cally bisimilar, therearetwo interestingtransitionsthat mustbe matched.First,
considerthe transition Q1

εU��ϕ D�<g= , where ϕ U 'D(ApA . To match this, we must
usetwo ε-transitionsof P1: P1

εU��ϕ1
P1, whereϕ1 U ApA and ψ1 U 'Yó k (�ApA , and

P1
εU��ϕ2

D�<g= , whereϕ2 U 'xó k (	ApA andψ2 U 'xó k (7ApA . Thesechoicesfor theψi , meet
all of the requirementsfor the definition, even if we take π U ApA . In particular,
ϕ ü ψ1 C ψ2, P1

^ £
finally � ϕ1 � D�<>= wherefinally 8 ϕ1 : U k, and D�<g= ^ £finally � ϕ2 � D�<g= where

finally 8 ϕ2 : U ApA .
Second,considerthetransitionP1

aU��ϕ D�<>= , for ϕ U k ( k. Q1 cannotmatchthis
transitionat ApA becauseQ1’sonlya-transitionisparameterizedby '�ó k ( k andk does
not entail '.ó k ( k; however, the transitionscanbematchedundertheassumption
π U ' since 8oI" '7:Øó k doesentail 'xó k ( k.

P6 andQ6 then,arerelatedat ApA , sincethe definitionensuresthat P1 andQ1
are comparedunderthe assumptionthat ' is alive. By the sametoken, P7 and
Q7 canonly be relatedat formulaethat entail ' C k; PK7 andQK7 arealso related
underthe assumption'�ó k, but neitherP7 nor Q7 cangeneratesucha formula,
dueto the weakeningthat happensin ε-transitions.Note that the constructionof
weaksymbolicedges,which differs for visible andnon-visibleactions,is crucial
in achieving thecorrectresultsfor theseexamples.

THEOREM 4.11. P
^

L Q if andonly if there existsa Booleanformulaπ such that
P
^ £

π Q andL ö b π. In addition, 8 ^ : U 8 ^ £��� : .
The result for

^
follows from that for

^
L. We devote the restof this sectionto

the proof of this theorem. As a first stepwe mustrelatethe symbolicmovesto
(sequencesof) concreteactions.Thisisachievedbydefiningconcretemoveswhich
areparameterizedby livesequences:

5If oneusesP µ6FEρ PG ratherthanP µ̂4IH
ϕ PG in thedefinition,thenclause(a) becomes:

initially
9
π : 5 9 ρ 3uèñè : =KJ i ψi L if µ

4 τ
initially

9
π : 5 9 ρ 3NM k : =KJ i ψi L if µ

4
kill k

initially
9
π : 5 ρ

=KJ
i ψi L otherwise
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DEFINITION 4.12. For eachlivesequence� andµ̂ ` KActε,
µ̂�U��� is theleastrela-

tion satisfyingthefollowing:

P α̂�UpUp�� L � PK if P α̂U��L PK
P kill k�U�U¿U�U�U��� L Ã LÈ Â k ÄO� PK if P kill kU�U��L PK

P µ̂�U�U��L P � PK¾K if P fail kU¿U"�L Q µ̂�U��� PK and � � 1� U L [ c k e «
Note that this use of the symbol �U�� is entirely different from that of

Section2.2. Also recall thatP fail kU¿U¿�L PKK if andonly if k ` L andP εU��L Q εU�U�U��LÈ Â k Ä PK¾K .
In orderto relatethesetransitionsto weaksymbolictransitions,wefirst providean
alternateview of thesymbolictransitions.

LEMMA 4.13. (a) P εU��ϕ PK if andonly if there exist Pi, πi andh such that 1 Þ h,
P1 U P, Ph U PK , andthefollowinghold:

for every1 Þ i Q h, Pi
τI	J
πi

Pi ß 1 9 and

ϕ þ�ü π1 ()*�*�*R( πh ' 1 (&ApA
(b) P µU��ϕ PK if andonly if there exist Pi , πi , h andn such that 1 Þ h Þ n, P1 U P,
Pnß 1 U PK , andthefollowinghold:

for every1 Þ i Þ n, i ~U h, Pi
τI7J
πi

Pi ß 1 9 and

if µ U α thenPh
αI)I	J
πh

Phß 1 andϕ þ�ü π1 (X*z*�*S( πh ' 1 ( πh ó πhß 1 ó *�*z*zó πn

if µ U kill k thenPh
kill kI�IXJ
πh

Phß 1 andϕ þ�ü π1 (X*z*�*S( πh ' 1 ( πh ( ) πhß 1 ó *�*�*oó πn

Proof. The forwarddirection(only if) follows by rule induction. The reversedi-
rectionfollowsby inductiononn. «
LEMMA 4.14 (WEAK TRANSITION LEMMA).

P µ̂�U��� PK if andonly if © ψ : P µ̂U��ψ PK and �¶ö ψ
Proof. In bothdirectionsby inductionon thedefinitionof weaktransitions,using
theStrongTransitionLemmaandLemma4.13. «

The proof of the theoremdependson the following characterisationof LF-
bisimulationequivalence(compareLemma3.3).

LEMMA 4.15. Æ is a weakLF-bisimulationif andonly if for everyL, Æ L is sym-
metricandwheneverP Æ L Q:

� � 1� U L andP µ̂�U��� PK imply © QK : Q µ̂�U��� QK andPK Æ � ����� QK
Proof. Straightforward. «
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Wenow prove themaintheorem,treatingeachdirectionseparately.

PROPOSITION 4.16. For anyBooleanformula formulaeπ, if P
^ £

π Q andL ö b π
thenP

^
L Q.

Proof. Let Æ K bedefinedasfollows: Æ K
defU cØi P9 Qj - © π : K ö b π andP

^ £
π Q e . If

P
^ £

π Q andL ö b π thenP Æ L Q.
Using the characterisationgiven above we now show that Æ K is an LF-

bisimulation. Supposethat P Æ � � 1� Q and thereforewe fix a Booleanformula π
suchthat P

^ £
π Q and � � 1� ö b π, that is, � ö initially 8 π : . Furthersupposethat

P µ̂�U��� PK . UsingtheWeakTransitionLemma,theremustexist a ϕ suchthat:�¶ö ϕ and P µ̂U��ϕ PK (7)

SinceP
^ £

π Q, weknow thattheremustbesomej suchthat:� ö ψ j andψ j ü ϕ j (8a)

Q µ̂U��ϕ j
Q j (8b)

PK ^ £finally � ψ j � Q j (8c)

From(8a), we know that � ö ϕi . UsingtheWeakTransitionLemmaand(8b) we
may concludethat Q µ̂�U��� Q j . It remainsonly to show that PK Æ � �.�@� Q j , but this
followsusing(8c) andthedefinitionof “finally” «
PROPOSITION 4.17. If P

^
L Q thenP

^ £
L ù LocÈ L Q.

Proof. Let Æ π bedefinedasfollows:Æ π
defU Ú i P9 Qj - ª K : K ö b π impliesP

^ £
K Q Ý

If π U L ó Loc[ L thenclearlyL ö b π; thusif P
^

L Q thenP Æ π Q.
Wenow show that Æ π is a symbolicbisimulation.SupposethatP Æ π Q; thus:ª K : K ö b π impliesP ] K Q (9)

FurthersupposethatP µ̂U��ϕ PK . EnumerateQ’s symbolicµ̂-transitionsasQ µ̂U��ϕi
Qi ,

andlet ψi bethetemporalformulacharacterisedbyT ö ψi if andonly if
T ö ϕi andPK ]�U ����� Qi (10)

We now show thattheseψi satisfytheconditionsfor a symbolicbisimulation.
The requirementsthat Q µ̂U��ϕi

Qi andthat ψi ü ϕi aremetby definition. We must
only show that:

initially 8 π :�ó ϕ ü ò i ψi (11a)ª K : K ö b finally 8 ψi : implies PK ] K Qi (11b)
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For (11a), supposethat
T ö initially 8 π :�ó ϕ andtherefore,using(9), P ] U � 1� Q.

We show thatfor some j,
T ö ψ j . UsingthesuppositionsthatP µ̂U��ϕ PK and

T ö
initially 8 π :�ó ϕ, wecanapplytheWeakTransitionLemmato concludethatP µ̂�U��U PK
andtherefore,sinceP ]&U � 1� Q, thatthereexistssomeQK suchthat:

Q µ̂�U��U QK andPK ] U ����� QK
By theWeakTransitionLemmatheremustbesome j suchthatQK U Q j and

T ö
ϕ j . Because

T ö ϕ j andPK ] U �.��� Q j , wecanuse(10) to concludethat
T ö ψ j .

Finally we prove (11b). SupposethatK ö b finally 8 ψi : . Thentheremustexist
some� suchthat ���.��� U K and � ö ψi . By (10), PK�] � �.�@� Qi , andthereforewehave,
asrequired,thatPK ] K Qi . «
5 Basicprocesses
In this sectionwe turn our attentionto thesemanticsof basicprocesses. In order
examinethebehaviour of suchprocessesusingour operationalsemanticswe need
to locatethemat a specificsite. Moreover it is ratherobvious that the choiceof
this sitecannotbeignored.For example,if p U ;7<g=>= ' - a, thenthemeaningof ')( p,
is differentfrom thatof k ( p, :')( ;	<>=>= ' - a, *L 'X( τ + a * τ , µ*M ')( τ - a, *L k ( ;	<>=>= ' - a,
Anotherexampleof this is p U 143�576�8 '�9 a: - b.

An interestingfeatureof basicprocessesis that they determinethe semantics
of all locatedprocesses;any locatedprocessP canbe translatedinto a primitive
processesp suchthat P

^
L _x( p, . (For sucha translationto hold generally, we

believethattheuseof theimmortallocationis essential.)Thetranslationis defined
asfollows: 8 ')( p, :WV U 1\3�576)8 '�9 p: 8 P[ a:WV U PV [ a8 P - Q:WV U PV - QV 8 P i f j�:WV U PV�i f j
THEOREM 5.1. For anyL, P

^
L _x( PV ,

Proof. By inductionon thestructureof P. Theproof usesthe fact that for any L,_x( 143�576�8 '�9 p: , ^ L ')( τ * p, and ')( τ * p, ^ L 'X( p, . «
This theoremsuggeststhat it might beappropriateto definea semanticequiv-

alencebetweenbasicprocessesby comparingtheir behaviour at theimmortalsite_ . Howeverthiswould ignoreimportantbehaviour of processes,namelywhatthey
candowhentheirprincipalsitefails.
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Insteadwe suggestthat thesemanticsof basicprocessesshouldbedefinedby
comparingtheir behaviour at somearbitrarynew locatiion,differentfrom _ . The
following lemmasshow that it thechoiceof new locationdoesnot matter. First a
lemmaaboutweaksymbolicbisimulationequivalence.

LEMMA 5.2. Supposethat '¥~U _ . ThenP
^ £

ϑ Q impliesP c kX ¹ e ^ £
ϑ
Â

kY ô Ä Q c kX ¹ e .
Proof. Theproof dependson thefollowing propertiesof thesymbolicoperational
semanticswhichareeasilyestablishedby rule induction.

1. P µI	J
ϕ Q implies P c kX ¹ e µ

Â
kY ô ÄI�I�I)J

ϕ
Â

kY ô Ä Q c kX ¹ e
2. P c kX ¹ e µ�I	J

ϕ � QK implies © µ 9 ϕ 9 Q: P µI	J
ϕ Q whereµK U µc kX ¹ e , QK U Q c kX ¹ e ,

andϕ K U ϕ c kX ¹ e .
It alsousesthefact thatϕ ü ψ impliesϕ c kX ¹ emü ψ c kX ¹ e , theproof of which canbe
foundin, for example,[22]. «

As animmediatecorollarywehave thefollowing:

COROLLARY 5.3. If ' andk are different from _ andneitherappearin thebasic
processesp 9 q then 'X( p, ^ L ')( q, impliesk ( p, ^ L k ( q, .
Proof. Followsfrom thepreviouslemmaandTheorem4.11. «

With thisresultwehaveanaturalwayin whichto extendsemanticequivalences
from locatedprocessesto basicprocesses:

DEFINITION 5.4. For any relation Z on locatedprocesses,we extend Z to basic
processesasfollows:

p Z q
def§ ')( p, Z ')( q, 9 where'�~` 8 locs8 p:�b locs8 q:�: «

Weexaminetwo suchequivalences,
^

L, parameterisedonthelivesetL, and
^

.
It turnsout thattheformer, whichbehavewell on locatedprocesses,areunsuitable
for basicprocesses;they arepreservedonly by avery restrictedclassof contexts:

LEMMA 5.5. Supposethat 'X( p, ^ L ')( q, , then:')( τ * p, ^ L 'X( τ * q, 'X( < @ k A�C 6	D p, ^ L ')( < @ k A�C 6�D q,')( 143�576�8 k 9 p: , ^ L 'X( 1\3�576)8 k 9 q: ,
Proof. Immediatefrom thedefinitions. «
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Theseequivalencesarenot preservedby otherdynamiccontexts, aswe show
by examples.Theexamplesarebasedon P1 andQ1 andtheir translationsp1 and
q1 (via 8 : V ):

Q1 U V 'X( α + τ ,Y- k ( α * a, Z [ α q1 U V 1\3�576)8 '�9 α + τ : - 143�576�8 k 9 α * a: Z [ α
P1 U V 'X( α ,Y- k ( α + τ * a, Z [ α p1 U V 1\3�576)8 '�9 α : - 143�576�8 k 9 α + τ * a: Z [ α

For L U c�'�9 k e , we have alreadyestablishedthat P1
^

L Q1, andthereforethe
sameholds for _x( p1 , and _x( p2 , . It is alsonot difficult to show that m( p1 , ^ L

m( p2 , for somenew locationm. But m( a * p1, ~^ L m( a * q2, . Thereasonfor this is
that theenvironmentcankill ' beforea is executed,forcing thematchingprocess
to do thesame;thus p1 and p2 arecomparedunderthe liveset c k e , andthey are
clearlydifferentunderthis liveset.Thus

^
L is notpreservedby actionprefixing.

Exactly the samereasoningcanbe usedto show that
^

L is not preserved by
the contexts ;7<g=T= '�*ñO¬QS or < @ '/A�C 6�D O¬QS . Lessobviously, we canadaptthe exampleto
alsoshow that

^ £
L is not preservedby contexts of theform < @ m A�C 6	D O¬QS 6	= EF6 q. We

considerthecontext NPORQTS U < @ m A�C 6�D O¬QTS 6	= EF6 b. Thegraphsfor NqO p1 S and NqO q1 S are
givenbelow: NPO p1 S 0

p1 000 τm ÓÔ bm[\]]]
εk^_�� ��

akÓÔε ôRõ k`a � �� �
~^ Â ¹uÃ k ÃmÄ NPO q1 S 0

q1 000 τm ÓÔ bm[\]]]
εô¬õ k^_��� ���

akÓÔε ô`a � � �� � �
SupposethatwhencomparingNqO p1 S and NPO q1 S underthelivesetc�'�9 k 9 me , loca-

tion ' fails. After thefailureof ' , NqO p1 S still hasavailableto it theactionb, in case
m fails,andtheactiona, in casem remainsalive. NqO q1 S cannotreachany matching
state.If it remainsat NPO q1 S , it losestheability to performthea action;if it moves
to q1, it losestheability to performtheb.

Therelation
^

is moresuitablefor basicprocesses.

LEMMA 5.6. Supposethat 'X( p, ^ 'X( q, , then:')( α * p, ^ ')( α * q, ')( < @ k A�C 6�D p 6�= Eo6 r , ^ ')( < @ k A�C 6�D q 6	= EF6 r ,'X( ;7<g=T= k * p, ^ ')( ;	<>=>= k * q, ')( < @ k A�C 6�D r 6�= Eo6 p, ^ ')( < @ k A�C 6�D r 6	= EF6 q,'X( 1\3�576�8 k 9 p: , ^ ')( 143�576�8 k 9 q: ,
Proof. Straightforwardcalculations. «

Unfortunately
^

suffers from oneof the standardproblemsof CCS bisimula-
tion: it is notpreservedby choice,whichis acontext for basicprocesses.As usual,
however, aminoradjustmentis sufficient to turn it into acongruence:
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DEFINITION 5.7 (LF-CONGRUENCE). We saythatP andQ areLF-congruentat
L (P

c^
L Q) if P

^
L Q and

P τI	J
L PK implies © QK : Q τU��L QK andPK ^ L QK

Q τI	J
L QK implies © PK : P τU��L PK andPK ^ L QK

P andQ areLF-congruent(P
c^

Q) if for everyL: P
c^

L Q. «
Thefollowing theoremshows that

c^
, whenlifted to basicprocesses,is a con-

gruenceandmoreover it coincideswith barbedcongruence:

THEOREM 5.8. For location-finiteprocesses,p
c^

q if andonly if p
cM q.

Proof. Onecanshow that
c^

is acongruenceby usingstandardtechniquesto adapt
Lemma5.6. Theinterestingproblemis to show that

cM � c^
, thatis, for everyliveset

L,
cM � c^

L. Thecontexts arebasedon thoseof Section3.3, which we assumethe
readerhasfreshin mind.

For finite setof locationsK U c k1 9�*�*z*�9 kn e , write “ < @ K A�C 6�D p” for “ < @ k1 A�C 6	D*�*�* < @ kn A�C 6	D p”. Let p and q have locationsort J (that is, locs8 p 9 q:m� J). We
supposesomeadditionalactionsin Act2: c initialM - M � J e andb. Let Æ beasin
Section3.3, and NPORQTS bedefinedasfollows:NqO¬QTS defU ∑M Ç J

< @ J [ M A�C 6	D initialM * 8 O¬QS + b:Z defU cØi p 9 qj - NqO pS�Æ L NPO qSâe
It is straightforwardto show that Z satisfiestheconditionsof Definition 5.7. «
6 Conclusions
In thispaperwehaveproposedanew semantictheoryfor distributedsystemswhich
takesinto accountthepossibilityof failuresat sites. This theoryis anadaptation
of standardbisimulationbasedtheories[23] basedonanoperationalsemanticsfor
locatedprocesses. Thenew semanticequivalencesarejustifiedin termsof barbed
bisimulations[29]. We also give symboliccharacterizationsof the new equiva-
lenceswhich meansthat the equivalencecanbe investigatedusingthe symbolic
methodsof [19].

Theequivalenceswe have definedarequite robust in the sensethat for many
variationsof theoperatorsin ourlanguage,barbedequivalenceandLF-equivalence
coincide.For example,barbedequivalencedoesnotchangeif we removethecon-
ditional from thelanguage,nor if we strengthentheconditionalsothat it doesnot
performaninitial τ-action.It is alsounchangedif oneremovesthespawn operator
but retainstheconditional.Neitherdoesit changeif wedisallow termsof theform;	<>=>= k * p where p ~U D�<g= . Furtherit is unaffectedif oneallows distributedchoices,
usingasyntaxcloserto thatof [3].
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Relatedwork..
Sitefailurehasalsoplayedarole in languagesstudiedin [3, 4, 16]. In thesepa-

persabstractlanguagesbasedon Facile[17] or thepi-calculus[24, 5] arestudied.
The original motivation for this paperwasto provide analternative characteriza-
tion of barbedequivalencefor languagessuchas these. Although we have not
treatedvaluepassingor references,we postulatethatour resultscanbeextended
in a straightforwardway to value-passinglanguageswhich retainthe assumption
thatall failuresareindependent,suchasthe languagesin [3, 4]. More delicateis
the extensionto languagessuchasthedistributedjoin-calculus[16] in which the
independenceassumptionis dropped. In this casethe logical languageusedfor
symbolicbisimulationsmustbe extendedto allow statementsaboutthe interde-
pendenceof locations;we leave this to futurework.

A numberof location-basedequivalencesalreadyexist in the literature[8, 9,
25, 27, 11]; however, noneof thesetheoriesaddressesthepossiblefailureof sites.
Their emphasis,rather, is to definea measureof the concurrency or distribution
of a process:two processesaredeemedequivalentonly if, informally, they have
the samedegreeof concurrency. Indeedin all but the last two of thesepapers
theidentityof locationsis unimportant.In AppendixC wegiveaseriesof counter-
exampleswhichshow that

^
is incomparablewith all of theequivalencesproposed

in thesepapers.

Implementation issues..
For finite-stateprocesses,onecancheckLF-bisimulationautomatically, either

by usingthe concretesemanticsanda tool suchas the Concurrency Workbench
[10], or by usingthesymbolicsemanticsandadaptingthealgorithmgivenby Hen-
nessyandLin [19]. In implementingthesymbolictechniques,it would beconve-
nient to have a decisionprocedurefor entailmentbetweenformulae.In thestrong
case,wheretheformulaeareBoolean,suchdecisionproceduresarewell known. In
theweakcase,in whichweusealinear-timetemporallogic,morework is required.

Sincewe allow only a restrictedclassof modelsfor our temporalformulae,
theusualaxiomatizationsof linear-time temporallogic [22] do not directly apply.
However, we speculatethata proof systemfor our logic (or a conservative exten-
sionof it) canbederivedfrom thestandardaxiomatizationby addingthreeaxiom
schemas:1. if ' is dead,thenit mustbedeadat all pointsin the future; 2. if ' is
alive, thenit mustbe alive at all pointsin the past;3. at eachincrementof time,
exactly onesitedies.Oneway to approachtheimplementationwould beto marry
a tool for temporallogic, suchastheStEPprover[15], to theexisting implementa-
tion of HennessyandLin’salgorithm.

Other modelsof failur e..
We have assumeda simplemodel in which failuresarepermanentandinde-

pendentandthenumberof failuresthatcanoccuris unbounded.Ourapproachcan
alsobeadaptedto othermodelsof failure.
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For example,onemaywish to considera languagein which multiple sitescan
bekilled simultaneously(for example,usinganoperator;7<g=>= L * p whereL � Loc).
Suchmodelmay be of interestif communicationlinks aresubjectto failure and
we wish our processesto beequivalentregardlessof thenetwork topology. In the
weakcase,the inducedequivalenceis defined,using the concretesemantics,by
adaptingLemma3.7, changingclause(b) to read:

for everyK � L © QK : Q εU��L Q εUU�L È K QK andP Æ L È K QK
Usingthesymbolicsemantics,we needsimply enlargetheclassof modelsfor the
logic, relaxingtherestrictionthatbetweentwo statesin alivesequenceexactlyone
site mustfail. Obviously this changein the definitionof live sequenceswill also
changetheentailmentrelationbetweenformulae.

Perhapsamoreinterestingchangewouldbeto limit thenumberof failuresthat
canoccur. Suchmodelsof failureareoftenusedin thedistributed-algorithmslit-
erature.This modelcouldbeaccommodatedin theconcretesemanticssimply by
changingthedefinitionof thepredicate“f allible” givenin Section3. In thesym-
bolic case,onecouldagainaccommodatethenew modelby changingthedefinition
of livesequences(to containa minimumnumberof locations),with a correspond-
ing changein theaxiomatizationof entailment.

Thesymbolicapproachis particularlyattractive becauseof its modularity. In
theconcretecase,thesemodelsof failurerequirechangesin thetransitionsystem
or in the definition of bisimulation,whereasin the symbolicsemanticsonly the
proofsystemfor entailmentneedbechanged.

Onemightalsowishto relaxtheassumptionthatfailuresarepermanent,replac-
ing thekill operatorwith theoperatorspauseandresume. In thiscase,theinduced
equivalenceis muchfiner thanLF-equivalence.(For location-finiteprocesseswe
believe that it will beat leastasfine asLF/LA-equivalence,which we discussin
AppendixC.) Weleave theprecisecharacterizationof barbedcongruencefor such
a languageto futurework.
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A Notationsused

A b 2.1 Processconstantsin PConst
k cedfc m b 2.1 Locationsin Loc

K c L c M b 2.2 Livesetsin gihkj-l L l Loc
a c b c c b 2.1 Actionsin Act

α b 2.1 Labelsin Actτ m Act nog τ j
µ b 3.1 Labelsin KActτ m Act nog τ jpnog kill d-qrd?s Locj
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δ b 3.1 Labelsin FActτ m Act nog τ jpnog kill dfc fail d&qWd?s Locj
p c q b 2.1 Basicprocessesin BProc
Pc Q b 2.1 Locatedprocessesin LProc
C c D b 2.2 ConfigurationsL t P in Configuwvyx�z b 2.3 Located-processcontextsuwvyx�z b 2.3 Basic-processcontexts{ vyx�z b 3.3 Configurationcontexts

α| }�~ b 2.2 Transitionrelation(Config � Config)
δ}�~ b 3.1 Transitionrelationwith explicit failures(Config � Config)
δ}�~
L b 3.1 Derivedrelation(LProc � LProc)

π c ρ b 4.1 Booleanformulae
µ}�~
π b 4.1 Symbolictransitionrelation(LProc � LProc)
ϑ b 4.2 NegativeBooleanformulae

ϕ c ψ b 4.3 Temporalformulae
µm �ϕ b 4.3 Weaksymbolictransitionrelation(LProc � LProc)� c�� b 4.3 Livesequenceq �+q�b 4.3 Lengthof a livesequence�&� i � b 4.3 ith elementof a livesequence��������b 4.3 Lastelementof a livesequence�&� i � j � b 4.3 Subsequenceof a livesequence
µ�m �� b 4.3 Compoundtransitionrelation(LProc � LProc)�� b 2.3 Barbedbisimilarity� b 2.3 Barbedequivalence(congruencefor LProc)

c� b 5 Barbedcongruence(congruencefor BProc)� b 3 Located-Failuresequivalence��� b 4 Symbolicequivalence

B Computing “ finally”
We remind the readerof the definition of “finally” andalsodefinethe auxiliary
transformation“neg”, whichweusein thisappendix:

M � b finally � ϕ � if andonly if �2� : ��� ϕ andM m �-�.���
M � b neg � ϕ � if andonly if �2� : ��� ϕ andM l��-�.��� (12)

Ignoring � for themoment,we might hopeto compute“finally” usinga func-
tion f which is ahomomorphismeverywherebut for thetemporaloperators}� and�

; for theseoperatorsf � � ϕ � m f � ϕ � and f � }� ϕ � m neg � ϕ � . Sucha definition,
however, will fail on thefull logic, evenfor satisfiableformulae.For example,if

ϕ1 m � k � � d��2� �¡d¢� k � }� k � ϕ2 m � k � � d£�2� ��d0� }� k�
thenfinally � ϕ1 � ϕ2 � m k � d , whereasf � ϕ1 � ϕ2 � m � k � d£�2� ��d0� k� .

The problemis the full generalityof conjunction. Fortunately, noneof our
resultsrequirethis generality; in particular, we can limit our attention(modulo
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¤/¥
) to formulaegeneratedby thefollowing BNF:

ϑ :: m π ϑ ¦ π� ϑ �§d��,¦*¨k� d©� π �ªc whered doesnotappearin ϑ or π
ϕ :: m « i � ϑi � initially � πi �r�

We call suchformulaeadmissible.
To substantiateourclaim thatthissetof formulaeis sufficient,notethatall the

formulaedecoratingweaksymbolicedgesareadmissible,asareall initial formu-
lae. In addition,the formulaeψi usedin thedefinitionof weaksymbolicbisimu-
lation (Definition 4.10) canbeassumedto beadmissible,aswe now demonstrate.
Theseψi arerequiredto satisfytheproperty: ¬� ψi if andonly if ¬� ϕi andP®��¯ ����� Qi , whereϕi decoratesa transitionandthereforeis admissible.Admissible
ψi thatsatisfythis requirementcanbefoundasfollows:

ψi m±°³² ϑ qª� M : P® � M Qi and ϑ m ϕi � Loć M � M and ϑ satisfiableµ
For admissibleformulae,wecancalculate“finally” — usingtheauxiliaryfunc-

tion “neg” — asfollows. If ϑ is unsatisfiable,thenfinally � ϑ � m·¶ , likewise for
formulaeϕ; otherwise:

finally � π � m π
finally � ϑ ¦ π � m neg � ϑ �,� π

finally �r� ϑ �§d��2¦¸¨k� d©� π �r� m finally � ϑ �2� d©� π
finally � « ϑi � initially � πi �r� m±« � finally � ϑi �2� neg � πi �W�

“neg” is definedsimilarly, exceptthatwherever π occurson theright-handsideit
shouldbe replacedby neg � π � . (Recall from Section4.2 that neg � π � replacesall
positive literalsin π with ¹�¹ .)

Theproof that this calculationcaptures(12) follows (in eachdirection)by in-
ductionon thestructureof admissibleformulae.For thefinal clause,oneusesthe
factthat ��� ϑ impliesL

x ��� ϑ.

C Comparisonwith other equivalences
In this appendixwe show thatLF-equivalencediffersfrom all of thelocation-and
cause-basedequivalencesthatwe areawareof. Theequivalenceswe discusshave
beencharacterizedin many ways.Thelocation-basedequivalenceshavebeenstud-
ied, for example,in [8, 2, 9, 25, 27, 11]; the cause-basedequivalenceshave ap-
peared,for example,in [12, 13]. Comparisonsbetweentheseapproachesappearin
[21, 25, 14].

Mostof theseequivalencesaredefinedfor CCS,whichdoesnothaveexplicitly
locatedprocesses.To applythesedefinitionsto termsin our language,wefirst per-
form animplicit syntactictransformationthat removesexplict locationreferences
from theterms.
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Below, we list theequivalenceswe consider;theinterestedreadershouldrefer
to theoriginalpapersfor furtherinformation.º CCSinterleaving equivalence[23] wasdefinedin Section2.3.º Causal(C) equivalence[12] distinguishesprocessesbasedon the causality

of actions.º Locations(L) equivalence[8] distinguishesprocessesbasedon the local
causalityof actions.º Local/Global(LG) equivalence[21] distinguishesprocessesbasedonacom-
binationof their local andglobalcauses;it is strictly finer thantheintersec-
tion of theC- andL-equivalences.º LocatedAction(LA) equivalence[27, 11] is a finer form of locationsequiv-
alencein which locationnamesappearin thesyntaxof thelanguage,asthey
do in our language.º LocatedFailure (LF) equivalenceis therelationstudiedin thispaper.º LocatedFailure/LocatedAction (LF/LA) is definedto be the intersection
of the LF- and LA-equivalences.A moreexplicit characterizationof this
equivalenceis easyto derive.

Therelationshipsbetweentheseequivalencesaresummarizedin thefollowing
diagram,whereanarrow A ~ B indicatesthatA is coarserthanB. If thereis no
arrow betweentwo nodes,this indicatesthattheequivalencesareunrelated.

LF » LA

LFLA

L

CCS

GL

C

¼½ ¾ ¾¿NÀÁÁ¿NÀÁÁÁ¿NÀÁÁÁ¼½ ¾ ¾ ¾
¼½ ¾ ¾ ¾¿NÀÁÁ

The closestof theseequivalencesto ours is LA equivalencebecauseit is the
only oneof theserelationsdefinedona languagewith explicitly locatedprocesses.
The following example,due to Flavio Corradini, shows that two LF-equivalent
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processesneednotbeLA-equivalent.

P9 mÃÂ dpÄ b� α � a Å b Å β � α � aÆÇq k Ä α Å β � b� α Æ1Èp´ α ´ β
Q9 m Â d Ä b Å β � α � aÆ q k Ä β � b� α Æ1È ´ α ´ β

P9º º ºº ºº ºº

bÉÊËbÉÌÍ Î Î Î Î Î
τ ÉyÏ k ÊË

aÉ ÊË
τÉyÏ kÐÑ ÒÒÒÒÒ

bkÊË
τÉyÏ kÊË
aÉÊË

Ó Q9º ºººº

bÉÌÍ Î Î Î Î Î τ ÉyÏ kÐÑ ÒÒÒÒÒ
bkÊË
τ ÉyÏ kÊË
aÉÊË

To comparetheseusingtheLA-equivalence,it is sufficient to eraseall of thesub-
scriptsfrom τ actionsand then treat visible actionswith different subscriptsas
distinct actions. From this view, the processesarenot even traceequivalentbe-
causeP9

bÉm � x aÉ}Ô~ andQ9 hasnomatchingpairof transitions.Theseprocessesare
alsonotL-equivalent.

The following processesP10 andQ10 areLF/LA-equivalentbut not causally
equivalent.

P10 m Õ d¢Ä a � bÆÖq k Ä c � d Æ1×
Q10 m�Õ dpÄ a � � α � b Å b�SÆØq k Ä c � � α � d Å d �SÆ2×Ù´ α

The counterexample in the other direction is more obvious since LF-
equivalence is sensitive to the location of unguardedτ-actions, but none of
otherequivalencesare:

P11 m�Õ d¢Ä α � aÆ�q k Ä α Æ2×Ô´ α
Q11 m d Ä τ � aÆ

Theseprocessesareequatedby all of the location-andcause-basedrelations,but
distinguishedby LF-equivalence.

Finally we notethatit is importantthat in thedefinitionof LF equivalencethe
locationwhich fails is observable. Onecouldeasilydefineanalternative equiva-
lencein which it is observablethata site failed,but not which one. Theresulting
equivalenceis strictly weaker thanLF equivalence,asshown by thefollowing pro-
cesses.P12 andQ12 would be relatedby suchanequivalence,whereasthey are
distinguishedby LF equivalence.

P12 m Õ m Ä α Æ qÚd Ä α � aÆ q k Ä α � aÆ1× ´ α
Q12 m�Õ m Ä α Æ§qÚd¢Ä α � aÆÖq k ÄÜÛÞÝ¸ß Æ1×Ô´ α
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