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Abstract We studyfrom animplementatiorviewpoint what constitutesa reasonabland
effective notion of structuralequivalenceof termsin a calculusof concurrent
processesind proposeopeiational effectivenesgriteriain the form of con u-
ence coheenceand standardizatiorpropertieson an orientedversionof the
structurallaws. We revisit Berry and Boudol's Chemical Abstract Machine
(Cham) framework using operationaleffectivenesscriteria. We illustrate our
ideaswith a new formulationof a Cham for Tccs with externalchoice,one
whichis operationallyeffective unlike previousCham formulations anddemon-
stratethatthenew Cham is fully abstractwvith respecto the LTS semanticgor
Tces . We thenshav how this approachextendsto the synchronousalculus
Sccs, for whicha Cham hadhithertonot beenproposed.

1. Intr oduction

Mostpresentationef structuraloperationasemantic§SOS)of concurrentanguagesovadays
emplg thenotionof structural equivalence betweerterms.This notioncanbethoughtof as
de ning algebraicstructurevhereagransitiond modulothis equivalencerepresentomputa-
tion acrosssuchstructuresTypically includedis arule

P PO P! Q Q Q°
POl Q°
which allows atermP to bereadjustednto a form P ° to which a speci ed transitionrule ap-
plies. At animplementationievel, however, sucha rule is not “effective”, in thatit doesnot
specify appropriateselectionsof elementswithin an equivalenceclass,nor doesit boundthe
amountof “structural adjustment™o be performed. Indeed,thereare few criteriafor decid-
ing what constitutereasonablaotionsof structuralequivalence,beyond Milner's injunction
[Mil93] that“structurallaws shouldbe digestiblewithout concerrfor the dynamicsof actions”
andthe olvious requirementhat the notion be decidable. Relevant work on the latter issue
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concernglecidabilityof structuralequivalencefor the -calculuswith thereplicationoperator
[EGO1].

In this paperwe proposdormal conditiongthatensureeasonablandeffective notionsof struc-
turalequivalence . Theseopemational effectivenessonditions discussedh 83, arein theform of
con uenceandcoheencepropertiedor anorientedversionof the structuralrules,whichyield
a “standardization’resultfor executionsequencesOur conditionsare closely relatedto the
notionsof coherencealevelopedin the contet of term rewriting moduloequialencerelations
[Vir95]. Also relatedis Noll's work exploring the notion of coherencevhile expressingnite
ccs (calculusof communicatingsystemswith SOSinferencerulesin a conditionalrewriting
frameawork [Nol99].
Operationakffectivenesensuresorrectandcomplete(abstractimplementation®f the spec-
ied semantics. Taken togetherwith terminationof the orientedstructuralrules, thesecon-
ditions yield a simple but completeimplementatiorstratgy. The import of theseconditions
is thatthey simplify establishingadequag and/orfull abstractiorresults. Con uenceandco-
herenceof oriented“administrative” transitionsarealsousefulin analysisandveri cation of
encoding®f concurrensystemssincethey vastlyreducethe statespacehatneedsxploration
(see[AP98, GS95]for useof this idea). The connectiorwith rewriting theory hasadditional
bene ts— while establishingcon uenceandcoherencestandardewriting techniguesuchas
completionhelpensurehatthereare“enough”structuralrules.

We motivate, develop and presentour ideasin the chemicalabstiact madine (cham) frame-
work proposedby Berry and Boudol [BB90, BB92], which was the inspirationfor Milner's
formulationof the notion of structuralequivalencein [Mil90]. Thecham framework is anin-
tuitive styleof presentingpperationasemanticgpresumablyalsoanabstracimplementation),
wherecomponent®f a parallelsystemarelikenedto moleculesandinteractionbetweerthem
is likenedto a chemicalreactionbetweenions. It exploits the commutatve monoidal (AC1)
propertiesof parallel compositionto presentsystemsas solutions essentially nite multisets
of moleculeswithin which reactionsarespeci edlocally in the form of conditionalrewriting
rules. “Structuraladjustments”accomplishediia the so-calledheating-coolingand clean-up
rulesandpermutation®n moleculesn a solutionvia a magical mixingmechanisn{which can
be seenasa prototypicaltreatmentof mobility), allow distantcomponentgo react,thusdis-
mantlingthe bureaucratiaigidity imposedby syntax. We arguethat operationakffectiveness
provides an importantcriterion for assessing cham speci cation, and for realizing an ab-
stractimplementatiorfrom it. It is centralin our articulationof a new perspectie onthecham
frameawvork, namelythatthe essencef chamsis thatthey de ne operationallyeffective rewrite
systemsnoduloan AC equationatheory We mustclarify thatthoughour presentatiotis in the
cham framework, the notion of operationaleffectivenessappliesto ary style of speci cation
basecdbn rewriting.

Ouralternatve perspectie onthecham framewvork makespossibleusinga uniformdisciplined
cham idiom for expressingconstructsnvolving non-localinteraction suchasexternalchoice,
which areproblematicn anasynchronousystemwith purelylocal interaction[NP96, Pal97].
Severaldistributedsystemsandprotocolsemplg/ non-localinteractionvia someinfrastructure
or exhibit somedegreeof synchroly with theenvironment,andwe believe thatit is importantfor
arobustframewvork for specifyingconcurrenbehaiour to beableto expresssuchmediatedor
catalyzednteractionat an apptopriate level of abstiaction Roughlyspeakingpur alternatve
formulationtradesthe simplicity of autarkicasynchronousomputatiorfor applicability of the
cham ideato morecomple interactions Thecon uenceandcoherenceonditionsprovide the
necessarylisciplinefor structuringcomputatiorandcontrolling the effectsof non-localinter
action.Weillustratethis ideaby focussingon concurreng combinatorsuchasexternalchoice
in avariantof ccs andsynchronougparallelcompositionin Milner's synchronousalculusof
communicatingystemgSccs) [Mil83].



Organization of the Paper. In 82 we introducethe cham framevork andour notation. The
ideaof operationakffectivenesgor chamsis describedn §3. The original cham in [BB90,
BB92] for the variantof ccs called Tccs [NH87] fails to satisfy the con uence-coherence
propertiesandaccordinglywe present reworked cham for Tccs in 84. We believe thatthis
cham alsosufces for the -calculus,atleastthe partwithout name-matchingsinceit imple-
mentsscopeextrusionandthe otherstructuralequivalences Further we shav thatthis cham
is in full agreementith the standardabelledtransitionsystem(LTS) semanticgor Tccs ,
with bisimilarity asthe notionof equivalence.This resultimprovesonthefull abstractiorresult
sketchedby Boudol [Bou94] in thatit works for externalchoicecontets aswell. The proof
techniguewe useseemso be widely applicable,andrelieson the con uenceand coherence
propertiesof structuralrules.

We thenexplore a“chemistryfor synchroly” in 85, providing a cham for a versionof Sccs.
This is the rst synchronoucham of which we are aware (hithertoall cham s werefor cal-
culi with asynchronougrocessexecution). Paucity of spacepreventsusfrom presentinghere
a treatmentof choicein Sccs, which appearsn the full versionof this paper The proof of
correctnesfollows the sametemplateasthatfor the Tccs cham. Themainanalysisrequired
in all our examplecham sinvolvesshaving thatvariousrulescommute.The Tccs andSccs
cham examplesusemechanism$asedon information-carryingtagsfor capturingnon-local
interactiondn externalchoiceandsynchronouparallelcomposition.Thesetagsare,however,
manipulatedby local rules, giving workableimplementation®f theseconstructgthatinvolve
non-localinteraction. We believe that this model canbe extendedto distributed settingsbe-
causeof its compositionahature.The concludingsection(86) commenton theessencef this
alternatve view on chams, extensionsandfuture directionsof work. The full versionof this
papercanbe obtainedfrom http://www.cse.iitd.ac.in/ ~sanjiva .

2. Preliminaries

A cham consistof aspeci cationof its moleculessolutionsandtransformatiorruleson solu-
tions. Therewriting semanticss thatarulel ! r maybeappliedto ary solutionthatcontains
substitutioninstance®f themoleculeof |, which arereplacedyy theinstancesinderthe same
substitutionof themoleculesin r. Considerthefollowing sub-languagécalledccs ) of ccs,
wherep denotesatypical procesgermand atypicalactionde ned overasetAct = N [ N’
whereN is asetof namesandN = fXjx 2 N gisthesetof “co-names”.The“co” operation
is involutive,i.e., X = X.

p:=0j:pj xpjpipj:::
Here 0 standsfor inaction,“.” denotesactionpre xing, “j” parallelcompositionand® " the
restrictionoperation(written in the notationfavouredin the -calculus).

m;, delimited by the membranéraclets“fj jg”. In thecham framework, all transformations
are speci ed on solutions. Moleculesare basicallyterms,extendedto allow solutionswithin
them,andcertainconstruction®n solutions.Moleculesfor ccs  (typically m) arede ned as
follows:

m:=pj xS S = fijmyg;:i;mejg (k- 0)
Let] denotemultisetunionon solutionsi.e.,

tional steps,which may be non-deterministicaredenotedusingthe arrov “7! ", possiblysub-



scriptedby arule label. (b) Structual rules which areeitherthe reversible “heating-cooling”
rulesS S%or oriented“clean-up”rulesS ; S°thatgetrid of inert terms. Heatingrules
usuallyareof the form fjmjg * fim?;::: mjg andintuitively areintendedto preparea so-
lution for reaction. Cooling rules, the inversesof the heatingones,usually are of the form
fim?;:::mPjg + fjmjg. Weusethesymbol+ todenote* !, thesymmetricinverseof the
heatingrelation. Clean-uptransitionswill bedenotedby ; . Clean-uprulesaredistinguished,
asa matterof taste,from heatingrulesin thatthey do notincreasethe ability of a solutionto
react,andtheir orientationis obvious.
Laws commonto a variety of calculiinclude: (a) The ChemicalLaw, which permitsrewriting
within asolutionaccordingo alocality principle thatallows reactionsandadjustmentso occur
independentlyof the othermoleculesin a solution (here“! ” denotesary rewriting, whether
reactionor structural):
st s°

S] SOO! SO] SOO

(b) TheMembanelLaw, which permitsreactiongo occurwithin reductioncontets:
st s°

ficlSlig ! fiCIS°lg
A reductioncontet C[ ] is a moleculewith a solutionshapedhole in it, thatis only a so-
lution may be placedin sucha hole. Berry and Boudol also emplagyed an Airlock Law in
somechams, particularly for implementingchoice. It allows particlesto be isolatedfrom
a solution, to supportrestrictedinteractionwith the externalcontext: fim; m1; ;mnjg
fim/ fimy; ; mnjgp: In ourtreatmentwe dropsucha law, sinceit doesnot have thedesired
con uenceproperties.

Notation. Thesymbol! will be usedto denotethe union of (i.e., ary of) therelations* ,
+,; ,and7!, whereaghesymbol! » abbreiates* [ ; . Thesymbol$ A denoteghe
symmetricclosureof ! 4, and=, its re exive-transitve-symmetricclosure.For ary relation
R, letR®* , R* andR denoteits symmetric,its transitve, and its re exive-transitie clo-
sures,respectiely. The differentrewrite rulesarelabelled,andwe will often subscriptthese
reaction/heating/cooling/clean-uplationswith thelabelsof therulesof interest.

The operationakulesfor ccs arespeci ed asfollows. Communicatioris speci ed through

theirreversiblereactionrule (schema): (R) fjx:p;x:qg 7! fjp;qg
Fortheccs subsethestructuralrulesare:
(P)  fipjag  fip;dg (Oc)  fi0g ; fig
(M)  fj xpjg fi x:fipiop (o fi xSjg; S x2fv(S)

(E) fixSpg fi x(fipgl S)ig x 2fv(p)
All theserulesare applicablewheneer permittedby the Chemicaland Membrandaws. The
contets to be consideredre:
C:=1[]iC] Sjfj xCpg

The structuralrulesareadaptedrom the cham given by Boudolfor the -calculus[Bou94],
ratherthantheTccs cham givenin [BB92]. Themaindifferences thattheairlockmechanism
is not usedandinsteadthe rule (E) is introducedwhich allows scopeextrusion. Notethat in
this speci cationwe identifytermsupto -renamingof boundvariablesand swappingof con-
secutiverestrictionmembanes Therulesapply moduloan equationatheoryE (on solutions)
inducedby thefollowing equalitieshereM denotesa moleculeor a solution):

( cnv) xM = y:M[y=x] (y 2fv(M))

( swap x:fj y:Sjg = y:fj x:Sjg
The rst equalityexpresseshe essencef whatis meantby a termwith boundvariables.We
will outline (in §3) how the secondequalitycanbetreatedby orientedrewriting moduloan AC



theory

Proposition 1. Forary twoccs termspandq, p  qiff fjpjg =a fjqg, where denoteghe
standarchotionof structuralequivalenceonccs terms.

3. Effective Structural Transformations

Theabore-mentionedntuitionsfor the heating-coolingandclean-uprulessuggesthattherules
shouldbe oriented(rightwards)in the directionof heatingandclean-up If theseoriented! 4 -

movesarecon uent, they maybeappliedin ary orderand(if terminating)yield uniquenormal

forms, which are more reactve than all other structurally equivalent forms. Note that con-

uence of heatingimplies the following commutationwhich allows coolingto be postponed:
+ % * .+ . Further if heating/clean-upnovesarenot to pruneaway a potentialre-

action,thena seriesof heating/clean-ugtepsandary reactionstepcancommute.Combining
theseintuitions,we arrive at the following de nition of opemtional effectiveness

De nition 2 (Operational Effectiveness)A setof orientedstructuralrules(heatingandclean-
up rulesof acham) is saidto be opemationally effectiveif thefollowing two propertieshold:

1 (! a-conuence)Therelation! A isChurch-Rosserif S! 5, S;andS! 5 S, then
Si! A SzandS;! 5 Ssfor someSs.

2 (! o 7'-commutatioror coherenceforall S;S1;S, if S! 5, S;andS 7! S;, then
thereexists Sz suchthatS: ! 5 7! Sz andS; ! , Ss.

The coheenceconditionmay seemmoregeneraithanneededor mary instancesbut evenin
ourexampleccs cham, severalsuggestedtrongeversionsareunableto handleadequately
e.g., extrusionof the scopeof arestrictionby the (E) rule. Con uenceis anessentiatequire-
mentsincewithoutit, coherencés ineffective.

Immediateconsequencesf operationakffectivenesare= ! 4; (! Al) and
(I P as7h (0 A1), from which follows a standardizatiorior reductionse-
guences.

Theorem 3 (Standardization). If a setof orientedstructuralrulesis operationallyeffective
then8n 0, (=a:75;=a)" 1 A (750 )"0 AT

Proposition4. Thecham for ccs is operationallyeffective.

Thisresultfollows from shaving thatthevariousrulescommuteasrequired.In fact,mostpairs
of structuralrulescommutestrongly (strongdiamondproperty),with the exceptionof the (E)
rule.

We proposeoperationaleffectivenessas an importantcriterion for assessing cham speci -
cation. We obsenre that somechams in the literature (for the -calculusandthe Join cal-
culus [FG96]) seemreasonabldeffective), whereasthe Tccs andthe -calculuschams in
[BB90, BB92] are not, sincethe laws for restrictionandthe airlock law in the rst, andthe
hatchingandmembrandaws in the second]eadto non-con uentheating.

Termination and strategy for implementation. Intheccs cham givenabove, we canshav
thattheadministratve! A -movesarestronglynormalizing.Thenontrivial aspechereinvolves
treatingextrusionof the scopeof restrictionby therule (E).

Proposition 5 (Strong Normalization). Therelations! a (heating+clean-upand+ (cool-
ing) arestronglynormalizingin thecham for ccs



Standardizatiorand terminationyield a fairly simple but completeimplementationstratey
(evenwith guardedrecursion):heat/clean-um solutionasmuchaspossibleusingrulesother
thanthe recursionrule, thenunfold onceeachrecursve term, andthenheat/clean-ugsmuch
aspossibleusingtheotherrules.

3.1 Rewriting modulo equivalence

A crucialquestions whetherit is semanticallycorrectto work with reduction(reaction)modulo
orientedstructuralrulesinsteadof reductionmodulo structuralequivalence. Our con uence-
coherenceonditionsensurethatit is indeedso for effective chams. We later found thatin
[Vir95], Viry hasstudiedthisissuein the generakettingof orientedrewrite theories(ORTS).
Technically an equationattheoryis decomposedhto a “core” notion of equality E (with re-
spectto which matchingis tractable)anda collectionof orientedrewrite rulesA. Thequestion
is“whencanR moduloE[ A® (thesemanticspesimulatecby (A) R(A) moduloE (theim-
plementation)?’For cham s, E shouldcaptureonly theessentiaéquationatheoryfor solutions.
Viry hasidenti ed coheenceconditionswhich sufce to establishithattheimplementatiorre-
lationsare completewith respecto the speci ed semanticgthe otherdirection, soundnesss
trivial). In the gure below, we depict(with solid lines quanti ed universallyanddottedlines
existentially)thefollowing propertiesi(a) con uenceof theorientedA rules,(b) ourcoherence
property and(c) Viry's strongcoheenceproperty
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Our coherenceropertyimplies Viry' s strongcoherenceroperty andtherefore ensuresom-
pletenesf the implementatiorwith respectto the semantics.Indeed,it doesnot needthe
extraA movesafterthe R move on the lower (existential) branchto completethe diagram.
This strongerpropertyslightly simpli es implementatiorandreasoninge.g., the proofsof full
abstraction.Note that coherencaloesnot require! a , to be terminating(moduloE) as, for
instanceNoll doesin his formalizationof ccs [Nol99].

Next, wearguethatthe essencef an effectivecham is thatit de nesanopeiationally effective
rewrite systemmoduloan AC equationatheory Rewriting moduloarbitraryequationatheories
may not betractablelNol99]. Viry hasgivenconditionsfor checkingthe coherenceonditions
(undertheassumptiorthatA is terminating) by checkinga nite numberof critical pairsmod-
ulo E whenaninstanceof a genericpermutationlemmaholdsfor E. Instancef thislemma
areknown for E = ;, E = A (associatiity) andE = AC (associatiity andcommutatvity).
Thelastof thesetheoriesagreeswvell with the notion of multisetrewriting which is at the core
of thecham framework. In the sequelwe illustratethatthe salientconcurreng combinators
— restriction,externalchoiceandsynchronougarallelcomposition— canall betreatedwithin
anAC framework.

The identity laws for parallelcompositionand non-deterministichoice,andidempotencdor
thelattercombinatoraretreatedasrulesin A, namelyasclean-uprulesin thecham. Thecon-
ditionson theseclean-uprulesensurethatthereareno problematiccritical pairs,thusavoiding
the terminationand completionrelatedproblemsthat may arisein rewriting moduloidentity.
Idempotencés dealtwith afairly simplecommutatiorargument.

If wedisregard -corversionwhichis uncontraersialandcanarywaybetreatedn a rst-order
theoryusinganindexing schemethe only equalitythatis not an AC propertyis the ( -swap)
equationintroduced§1 for theccs cham. Thiswasnecessaryo ensurecommutationvhen
usingthe (E) rule. It canbe eliminatedby the following mildly differenttreatmenbf restric-
tion, onethathighlightsthatrestrictionin somesensesatis esAC propertiegbasedn thoseof



setunion).

Factoring the (E) rule. Insteadof moleculesof the form x:S, we will write insteadSx ,
where X is a setof names,which are considerecboundin S. The (M) rule is recastas
fi x:pjg fifjpior xgJ0- Now the (E) rule cannow befactorednto thetwo rules:

fiSx;pg em fi(S] fipgxjg X\ fv(p) =;
fiSx;SYlg  er fi(S] SOhx+vig X\ fv(SY =Y\ fy(S)=;

With this factoring,the strongnormalizatiorpropertyis presered,andstrongerstatementsan
be maderegardingrule commutation— (E F) commutesstrongly whereagEM ) commutes,
but possiblyweakly with otherrules.

3.2 Agreementwith LTS semantics

Whatis therelationshipbetweera calculusP equippedvith alabelledtransitionsystem(LTS)
I, andits purporteccham formulationC? We outlinethekey notionsandatemplatefor prov-
ing thecorrectnessf thechamsin 84and8§5. First,we equipCwith alabelledtransitionrela-
tion7! basedon asuitablenotion of obserability for solutions.Let=) =1 ;7! ;! 4.
Thiswill bethetransitionrelationon C.

De nition 6. GivenaLTShG! 2i,asymmetricelationR G Gis calledabisimulationon
Gif wheneer(p;g) 2 R andp!  p° thereexistsq® 2 Gsuchthatq! g’and(p%®) 2 R.

Suppose , and . standfor bisimulationequivalencein P andC respectiely. A translation
hi : P ! Cis calledadequate(sound)if lpi ¢ hgi impliesp , g, andfully abstract
if p p gimplieshpi ¢ hgi aswell. (Thesepropertiesalsoapply to reasonableotionsof
equivalenceotherthanbisimulation.)

Lemma7. If I a-movesof acham areoperationallyeffective,then= » is a bisimulationon
cham con gurations.

The crucial fact usedhereis that dueto coherencethe (eventual) possibility of a reactionis
preseredacrosd A -maves.

De nition 8 (Forward and Backward Simulation). cham C forward simulatesP if for
all processp;q 2 P suchthatp ! g, there exists a cham con guration S suchthat
hpi =) S = hgi. cham Cbadkwad simulatesP if for ary processp andcham con-
guration S, suchthathpi =) S, thereis aprocesg’suchthathp® =, Sandp! p°

Theorem9 (Bisimulation). Let cham Cbeoperationallyeffective andbothforwardandback-
ward simulateP . Thenthe following two relationsare bisimulationson C-con gurationsand
processe P respectiely.

1 Bc=f(S1;S2)j9p;asit:p p g S1=a hpi;S2 =a hoig
2 Bp = f(p;q) j9S1;S2 sit:hpi =a S1;hgi =a S2:S1 ¢ S20
The forward and backward simulationconditionsrelatethe!  moves of a processandthe

=) -movesof its imageunderthe translation.Lemma7 allows usto nd asuitable=) -
derivative of agivencham con gurationto ful | thebisimilarity requirements.

Corollary 10 (Full Abstraction). If theconditionsof Theorenm® holdfor acham, thentpi
hai if andonlyifp , Q.



4, An Effective CHAM for TCCS

We now extendccs  with externalchoice,andguardedrecursionj.e., in x ;(x = p), every
occurrencenf a processvariablex; in thep;'s is within anaction-pre xedterm. Guardedness
is avital conditionfor providing aneffective treatmenin the presencef recursion.

p o= injpllpj xi(x=p)
Thestandardsemanticdor Tccs is:
o P70 pd pp7 pp _ p 7P} P2 7' pd
potop pijp2 7' piips pupz 7' plipz pipz 7' paips
pL7! pd p2 7! pd p 7 p° p 7! p°( 6%x;Xg)
Pip2 71 plipe  pape 71 pajp xp 71 xp° xp 7! xp’
pr 7! py p2 7! p; p. 7' py p2 7' p3
pillp2 7' pillpz  pillpz 7! pufP2 pullz 70 p7 pallpz 70 p3

X (x=p) 7' pi[x;(x=p) =XjI'=1

In [BB90, BB92], externalchoicewasimplementedisingreversiblerulesfor airlocksandheavy
ions which carry tags(l or r) memo-ingthe componentof a choicefrom which an action
originated. Oncechoiceis resohed by the context, irreversibleprojectionruleseliminatethe
otheralternatves. Thistreatments quiteawkward: it introducesa greatdealof new syntax,and
is rigid in taggingthe heavy choiceions, contraryto the AC propertiesof choice. Furthermore
theairlock law leadsto non-con uence.
We generalizethe taggingapproachto a compositionaktreatmentwhile presentingan effec-
tive cham rewrite system.Tccs externalchoiceis implementedising“speculatve concurrent
execution”, i.e., running the various (tagged)alternatves concurrently until oneis selected.
Thereuporthe othersareculled away, usingthetagsto determinewvhich componentso retain
or kill. Givenary two sub-processeis a Tccs term,they areeitherin exclusive choiceor in
parallelwith eachother We usean unodered, nitely branching tree of nodesalternatingly
marked P andC (for parallelcompositionandchoicerespectiely) to represensuchrelations
betweerprocessesThe leavesaremarkedwith thetags. This abstractatastructure calledan
exclusiontreg senesasa catalysthatmediateghe non-localinteractionnecessarjor external
choice. While we presenit asa “global” componentjts manipulationmay admitsomeparal-
lelism. LetL = faj;az;:::gbeanin nite setof labels. An exclusiontree,denotecby T, is
de ned by thefollowing grammar

To=Tp Tp = ajP(Te;ii;Te)  Te = ajC(Tp;iii;Tp)
P andC denoteinternalnodesof thetreewith nite non-zeraarity. GivenanexclusiontreeT,
arbitrarynodesandsubtreesootedat thosenodesaredenotedby n andits decorated/ariants.

Givenanoden, thetypeof n isP (respectiely C) if thesubtreeootedatn wasproducedrom
thenon-terminall, (resp.T¢). Contexts for exclusiontreesaredenotedby C .

Cr = Cy Cp = [1iP(Ce;Te;ii3Te)  Ce = [1iC(Cp;Tp;i:i:Tp)
cham con gurationsarepairs,writtenT = S, whereT is anexclusiontreeandsS is asolution.
It is assumedhatall leavesin T aredistinct; this propertyis presered by the rewriting rules.
Tccs termsin thesolutionS arelabeledfrom thesetL . Moleculesmaynow berede ned.

m = p*j xS
A moleculep? is termedactiveif its taga is aleafin thetreeT. Only activemoleculesare
allowedto take part in areaction Therestmaybe garbagecollected.

TheequationatheoryE on con gurationsT ° S is obtainedby “lifting” to con gurationsthe
equationatheoryE de ned earlierfor solutions,andaddingthe equations
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Figure2. Thereactoperation

PC:inTiin T = PG T T

C(G:nTiirn Ty = CCGin Ty Tisen)
to emphasizehe unordered AC) natureof thetree. In addition,E alsocontainsthe following
renamingequalityfor labels.

T S= Tlag=au] = S[az=au] a2 62T;S
Let C denotea solutioncontext with a“solution-shapedhole.
C:=1[liC] Sjfj xCg

We saythata 2 T if thetreeT hasa leaf labeleda. Also, (n1 ny) 2 T if the parentof
nodens in T is thenoden;. If n is a nodewith only onechild n1, remove, (T) is thetree
T with thenodesn; n1 removedandthe childrenof n; connectedo parent(n); if n; is itself
aleaf, it is connectedo parent(n). T  (n1 n,) denotedreeT with thenoden; and
all its childrenremoved provided (n1 n)2T.Ifn 2T, T+ (M ny) is thetree
T with the additionalsubtreen; addedbelon nz. De ne splitaa,a,(T) = (T (a
n)) + (a1 n)) + (az n) when(a n) 2 T anda;;az 2 L arenotin T. Also,
subsplitaa;a,(T) = (T (@ n)+(° n)+ (@ n)+ (a2 n9if
(a n) 2 T. n%is anew internalnodehaving a type differentfrom n andai;a; 2 L are

labelsnotin T. Figurel depictstheseoperationgraphically
Fort 2 fP;Cgdene



T CIfi(pia)®al  » spliteaa:a,(T) * C[fip**; q*2jg] (a2T)
T CIfi( xp)®l w T C[fj x:fjp®jgg] (a2T)
T  Clfim; x:Sjgl e T C[fj x:(S] fimjg)jg] (x 62 v(m))
T CIfi(p0a)*dl ¢ splitciaaa.(T) " CIfip* ;o jd] (a2T)
T Clfixi(x=p% ¢ T Cli(pilx;(x=p=x]-)%0] (@2T)
T Clfip*lal i o T Clfi ol if a6
T C[ff Sig] ; ¢ T C[S] if X 62 v(S)
T CIfio"gl ; oc T (2 n)" CIfjig] (@ n2T

T+(n1 n) S ; a remove,(T) S if nhasonlyonechildnyinT

T C[fi(:p)*; ()il 7'r react,a,(T) " Clfip*;q*2g]
if ai;a2 2 T andreacta, ;a,(T) is de ned

Figure3. RulesfortheTccs cham.

splitaa ;:a, (T) if t = typg(paren(a))

SPlitiza 12, (T) = subsplit aa,:a,(T)  otherwise

Let LCA 1 (a1; a2) betheleastcommonancestoof theleavesa; andaz in T. Letai;a,; 2 T
andn = LCAt(a;;a2). Letn havetype P andT = C1[TY whereT? is the subtree
of T rootedat n and Cr is the restof thetree T. Dene reacts,.a,(T) to be the tree
Cr[P(ai;az2;T1;T2;:::)] whereTs; T2;::: areall the subtreeof T whoserootswere chil-
drenof nodesof typeP occurringontheuniquepathsfroma; ton andaz ton in T. Ther eact
operationis depictedgraphicallyin Figure2, with thesubtreed';; T»; : : : circled.

The rewriting rulesfor Tccs cham con gurationsaregivenin Figure3. Therulesarepre-
sentedascontext-embeddedewrites, ratherthanspecifyingelementaryewritesandinductively
propagatinghesestepsvia Chemicaland Membranelaws. This is just a matterof technical
corvenience.Suchan approachs often usedfor specifyingreductionsemanticfor -calculi
insteadof inferencerulesfor inductioncases.

Theheating-coolingules(M ); (E) areasbefore exceptfor thetagmanagementThe(P) rule
splitsthe leaf correspondindo the termwhereit is applied. The (C) rule dealswith external
choiceandallows atermp[]qto decompos@to p andq taggedvith leavesoccurringasseparate
childrenof aC node.Therule (F) for x-points allows recursve de nitions to be unfoldedin
the heatingdirection,andis standard.The (gc) clean-uprule allows oneto “garbagecollect”
inactivemoleculesthosewhosetagsarenotin T. The(aL) clean-uprule remosesnodesthat
represenasingletontermin achoiceor parallelcontet. Therules(0c) and( c) areasbefore.
The proviso on the reactionrule ensureshat both reagentmoleculesare active, and not in
mutual exclusion. The reactioneliminatesfrom the exclusiontreeall tagsthat marked terms
mutually exclusive of eitherreactingmolecule.

We de ne the administratve moves of the Tccs cham as the heatingand cleanuprules:
' A =* [ ; :Withasmallextensionof the earliertreatment,it is not dif cult to shav
that! a isstronglynormalizing(sincerecursionis guardedtheuseof * ¢ is bounded).

De nition 11(LTS). A labelledtransitionrelation7! canbede ned as:
T C[fi(:p)®g] 7! T°  CJfip*ig] if a 2 T andC[ ] doesnot restrict . Here
T9= P(a;T1;T2;:::) whereTy; T2;: :: areall the subtreesof T whoseroot is a child of a



nodeof typeP occurringonthe pathfrom a to therootof T.
De nition 12 (Translation). Forpin Tccs ,dene hpi = a” fjp?lg a2 L

Lemma 13 (Tccs -Administrati ve Moves). The administratve moves! 5 of Tccs cham
areoperationallyeffective for boththe LTS (7! ) andreduction(7! r).

Lemma 14 (Tccs -Simulation). TheTccs cham satis esthepropertief forwardandback-
wardsimulationwith respecto boththe LTS andthereductionsemantics.

The proof of this lemmaemplgys an alternatve formulationof the cham, which is closerto
theinductie stylefollowed in LTS semanticof Tccs . In fact,the cham we have presented
wassystematicallyderived from the equivalentalternatve “inductive” LTS presentationThat
formulationwas rst “closed” with contexts to yield a reductionsystemwith inductive laws,
andthen* attened” with respecto contets to yield the presentewrite-ruleform.

Theorem 15 (Standardization and Full Abstraction).
1 FortheTces cham, (=a;! ;=a)" ! A 50 )" AH
2 FortheTces cham, (=a;7'r;=a)" ! Ai(7'R:! &)™ (0 A1)
3 TheTccs cham is afully abstracimplementation.

We note in passingthatin [Vir95], Viry had speci ed LOTOS semanticgwhich is closely
relatedto ccs) asan orientedrewriting theory We believe that his formulationis somevhat
unsatiséctorysinceit includesthe“ExpansionTheorem’[Mil89] in theorientedstructurarules
A. This amountsto embeddinga particular notion of obsenation and programequialence
into the structuralequivalence which seemso run contraryto Milner's injunction on keeping
structuralequivalenceindependenof the dynamics.

5. An Effective CHAM for SCCS

We now considera variantof Sccs [Mil83], a calculusin which processexecutionis syn-
chronous Assumethatthe setof actionsAct forms an Abelian monoid, underthe operation
, with 1 denotingthe identity element.Let 2 Act, a setof actions,andlet X Act. For
brevity, wewrite  for .
The syntaxof the subsebf Sccs we considelis givenby the abstracgrammar:

p = 0j:p jpijp2j X:pj xi(x=p)
0 representsnability to execute,“.” denotespre xing, and*“j” is now synchronougparallel
composition. Due to spacerestrictions,in this paper we omit the choiceoperatorconsidered
by Milner in his original presentatiorof Sccs. Furtherwe assumehatwe have only guarded
recursion We mustclarify thatfor continuitywith the previoussectionwe emplay arestriction
operator X similar in spirit to thatin ccs. Our X:p canbedenedaspo(Act X) in
Milner's syntax.
ThelLTS semanticdor this Sccs subsetre:

pL7!' ‘pd p 7! 2 pf

P 7P pijp2 7' 1 2 piips
p7l e P x=p=x10) 7' p°
. A0 — )

X:p 7! X:p Xx=p) 7' p

In asynchronousalculus all processeactin concert.At rst blush,this suggestsinalternatie
chemicallaw of theform:
SRS S, S?
S1]1S:! SP1S?




In acham, hawever, the processemustbe structurallyadjustedo bereadyfor synchronizing
with oneanother Sincethe numberof administratve ! o movescanvary for differentcom-
ponentsthey cannotbe performedin lockstep. Thuswe continuewith the old chemicallaw,
at leastfor the structuralrules, thoughwe discussbelav an alternatve chemicallaw for the
synchronizatiorsteps.

Sinceall termsin a Sccs processacttogetherto producea compositeaction, their individual
actionsneedto be propagatedipward on the structureof the term, andonly at the top level is
it decidedwhetheran actioncantake place. Our cham implementatiormimics this idea, but
severalimplementation-leel rewrite stepsareneededo accomplisha semantidransition. We
usetagsto propagatections.Let beanelemennotin Act (we callthiselementNotag”, and
it is usedto markmoleculesprior to ionizationor afteractionpropagation) Tagsareelements
of Act[ fg . Wedenotetagsby thelettert andits decorated/ariants.

Moleculesand solutions. Solutions(denoteddoy S) andmoleculegdenotedoy m) arede ned
by thefollowing grammar

m = pj X:8' S = fimiomg n 0
Taggedsolutionsandtaggedmoleculesare solutionsand moleculeswith a tag on them. The
tagis written asa superscripon the solutionor molecule. We de ne contexts for (untagged)
solutionsby thefollowing grammar

C == [I'j(fi( X:C)*jg] S)*

Rules. Theheating/coolingulesgivenbelov canbefreely appliedwhererer permittedby
aChemicalLaw or Membrand_aw. The(l ) rule describesonizationof apre xedterm.

fitp) g 1 fip g fit X:p) g wm fi( Xifipg) o
filbia) o » fip;alg fix;(x=p) g ¢ fipilx;(x=p)=x]-) 90

Reaction. Reactionin Sccs isaLTSmave S 7! S : Reactionis atop level rewrite, to
whichthe MembraneLaw andChemicalLaw do notapply

PropagationRules. Thepropagationulesgivenbelon propagatectionsonmoleculesandso-
lutionsupwardson the structureof the system.Synchronisatioris facilitatedby therule (P U).
Therule ( U) allows actionsto be propagategbasta restriction.

fim Y iomejg ) opu fimg;iiiympjgt "
fit Xss)! v fit X:S)jg 62X
Both the chemicaland membrandaw may be usedin conjunctionwith ( U). Obsere that

therule (P U) works on tagged solutions. The usualchemicallaw doesnot applyto this rule.
However the membrandaw does.Contets for taggedsolutionsarede ned asfollows.

Co == [1j(fi( X:C)'*g] )"

Alter native ChemicalLaw for (P U). Asthe(P U) ruleis essentiallyaboutsynchronizingac-
tionsfrom differentcomponentsheusualchemicalaw doesnotapply However, thefollowing
alternatve chemicallaw achieves(piecemeal}he synchronizatiorof actionsandupward prop-
agationdoneby (P U):

L L S, | (S S, ! pu (S) 2

fim .-I fim 1 PU 1 2 2

mag s eu M e 511 S2) ! pu (SIS L 2

Results. TheSccs cham given hereis alsooperationallyeffective, andis in agreement
with its LTS semanticsThis supportour casethatsynchronousperationcanbedealtwith in



adisciplinedcham framework.
De nition 16 (Administrati ve Moves).FortheSccs cham, ! o =* [ ]
De nition 17 (Translation). ForaSccs procesp, wede ne hpi = fjp jg :

Lemma 18 (Sccs-Administrati ve Moves). Theadministratve moves! 4 of theSccs cham
areoperationallyeffective for the LTS (7! g ).

Lemma 19 (Sccs Simulation). The Sccs cham forward and backward simulatesthe LTS
semantic®f Sccs.

Theorem 20 (Standardization and Full Abstraction).
1 FortheSces cham, (= a;7'r;=a)" ! A:(7'r:! A)" (0 2D

2 TheSccs cham is afully abstracimplementation.

6. Conclusion

We have amguedthatoperationakffectivenesds animportantcriterionfor assessingry struc-
tural congruencer cham speci cation,sinceit ensureghattheimplementatioris reasonable
andin agreementvith theintendedsemanticsThe critical notionsarethoseof con uenceand
coherencewhich turn out to be valuabletools for reasoningaboutsystemsandin proofs of
adequag andfull abstractionWe believe thatthecham framework is worth extendingbeyond
asynchronousystemgo accommodat@on-localinteractionsand (partial) synchronousper
ators. Accordingly we have proposedan alternatve “arti cial chemistry”in which reactions
are“mediated”,andin which operationakffectivenessprovidesa vital discipline. Indeed,we
contendthatthe locality principle articulatedby Banatre Boudol andothersshouldrelatenot
merelyto theparticularChemicalLaw they presenteqwhichworkswell for asynchronousys-
tems)but to thesenotionsof con uenceandcoherencewhich areatthe heartof ary reasonable
cham treatment.

In our two examples,we have consideredimited subsetf Tccs andSccs to illustratethe
ideas,andfor establishingstandardizatiomndfull abstractionThisis nota serioudimitation.
For instancejnternalchoicecanbetreatedby addingthefollowing reactionrules. Sinceinter-
nal choiceleadsto non-con uentbehaiour, it shouldnot be a structuralrule. Theserulesdo
not affectthe propertiesof operationakffectiveness.

T fi(pr p2)%g 7hic T fipllg ifa2 T i2f1;2g

actionsareinvisible moveswhich resole internalchoicebut not externalchoice. They can

betreatecby addinganextrareactionrule.
T fi( :p)%g 7'r T fipPg ifa2T

It is intuitive and satisfyingthat reasonablenotionsof structuralequivalencearisefrom rule
commutationsWe believe thatstructuralequivalencesarisefrom permittedcommutationsn a
framework suchasrewriting logic. Indeed the semantidoundationsof chamsin conditional
rewriting logic desere greaterstudy ([Mes92] shavs how chams can be expressedn that
framawork, thoughpropertiessuchascoherencef thoserewriting ruleshave not beenstudied
further thereor in subsequentelatedwork, e.g., [VM00]). We alsofeel that rewriting logic
canprovide aframeawvork for exploring the connectiondetweerasynchronouandsynchronous
calculi, sinceit canexpresshothkinds of chemistry
In summarywe tacitly identify the essentiamechanisnof acham asbeingorientedrewriting
moduloa collectionof AC equationatheories.We may positthatthe essentiahspect®f good



cham formulationsare: (a) The structuralrulesarefactoredinto a “core” AC equalitytheory
andanorientablesetof rewrite rules.(b) Theorientedstructuralrules! a satisfycommutation
properties thus exhibiting con uenceand strongcoherencef ! A with 7!. (c) Establishing
strongcoherencés keptrelatively simpleby avoiding problematiccritical pairs,particularlyin
non-superpositionasese.g., by disalloving reactionsvithin moleculeghatareheatable.
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