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Abstract

Anessentiaproblemin component-basedesignis howto com-
posecomponentslesignedn isolation. Several approaceshave
beenproposedor specifyingcomponeninterfaceshat captue be-
havioral aspectssudh as interaction protocols, and for verifying
interface compatibility Likewise several appmoadeshavebeen
developedfor synthesizingcorverters betweenincompatiblepro-
tocols. In this paper we introducethe notion of adaptability as
the propertythat two interfaceshavewhenthey canbe madecom-
patible by communicatinghrougha corverterthat meetsspeci ed
requirrments\We showthat verifyingadaptabilityand synthesizing
anappmopriatecorverterare two facesof thesamecoin: adaptabil-
ity canbeformalizedandsolvedusinga game-theaatic frameavork,
andthenthe convertercanbe synthesizedsa strategy that always
winsthegame Finally we showthat this framevork canberelated
to therecti cation problemin tracetheory

1. Intr oduction

ComposingintellectualPropertyblocksis an essentiaklement
of adesignmethodologybasedn re-use.Thecompositiorof these
blockswhenthelPshave beendevelopedby differentgroupsinside
the samecompap, or by differentcompaniesis notoriouslydif -
cult. Sideeffectsoften malke the behaior of the resultingdesign
unpredictableDesignruleshave beenproposedhattry to alleviate
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the problemby forcing the designerso be preciseaboutthe beha-
ior of theindividual componentsndto verify this behaior undera
numberof assumptionabouttheenvironmentin whichthey haveto
operate While this is certainlya stepin the right direction,it is by
no meanssufcient to guaranteeorrectnessextensve simulation
andprototypingarestill needednthecompositions Severalmeth-
odshave beenproposedor hardwareandsoftwarecomponentshat
encapsulatéhe IPs sothattheir behaior is protectedfrom thein-
teractionwith othercomponentslinterfacesarethenusedto ensure
the compatibility betweencomponentsRoughlyspeakingfwo in-
terfacesarecompatiblef they “t together’asthey are.

Simpleinterfacestypically speci edin thetypesystenof asys-
temdescriptionanguagemay describehetypesof valuesthatare
exchangedbetweenthe components.More expressie interfaces,
typically speci ed informally in designdocumentsmay describe
the protocolfor the componeninteraction[1, 2, 3, 4, 5, 6]. In [4,
5] we presentedh formal methodologyfor specifyingthe protocol
aspect®f interfacesin away thatsupportsautomaticcompatibility
checks. The key elementof the approachss the interpretationof
aninterfaceasa gamebetweena componentandits ervironment,
andthe useof game-theoreti@algorithmsfor compatibility check-
ing. With this approachgiveninterfacesfor differentlPs,onecan
checkwhethertheselPscanbecomposed.

Whencomponentaretakenfrom legag/ systemsor from third-
partyvendorsit is likely thattheinterfaceprotocolsarenotcompat-
ible. This doesnot meanthoughthatwe aredoomed:approaches
have beenproposedhat constructa corverteramongincompatible
communicatiorprotocols.We referthereaderto [2] for references
and a discussionof relatedwork andfor a generaloverviev and
descriptionof the problemof protocolcorversion. In [2] we pro-
posedto de ne a protocol as a formal language(a setof strings
from an alphabet)and to use automatato nitely representsuch
languages.The problemof corverting one protocolinto another
wasthenaddressetby consideringtheir conjuctionasthe product
of thecorrespondingqutomatandby remaving the statesandtran-
sitionsthatledto aviolation of oneof thetwo protocols.While the
algorithmwaseffective in the examplesthatweretried, it lackeda
moreformal andmathematicallysoundinterpretationn particular
this madeit dif cult to understandand analyseits limitations and
properties.

In this paper we combineand extend the resultsof both [4]
and[2]. In particular we apply the game-theoretiinterface par-
adigmof [4, 5] not only to the checkingof interfacecompatibility,



but alsoto the synthesisof interfaceadaptos, shouldthe original
interfacesbeincompatible.Informally, two interfacesareadaptable
if they canbemadeto t togetheby communicatinghroughathird
componenttheadaptor If interfacesspecifyonly valuetypes,then
adaptorsare simply type converters. However, if interfacesspec-
ify interactionprotocols thenadaptorsareprotocolconverters.The
corvertermay needstateto re-arrangehe communicatiorbetween
the original interfaces,in orderto ensurecompatibility*. A novel
aspecbf our approachs thatthe protocolconverteris synthesized
from a speci cationthatsayswhich re-arrangementareappropri-
atein a given communicationcontet. For instanceit is possible
to specifythatthe convertercanchangehetiming of messagedgut
not their order usingan -boundedbuffer, or thatsomemessages
may be duplicated. Following and extendingthe approachof [4],
we synthesizenterface protocol convertersusing game-theoretic
methodsln thisway we provide ageneraformalizationandauni-
form solution, basedon gametheory for the protocol corversion
problemof [2].

In Section2 we illustrate with an examplethe automata-based
approachto the synthesisof protocol corverters[2]. Unlike [2],
herewe derive the corverter startingfrom a speci cation of what
constitutesan acceptablgrotocolconversion. We setup andsolve
thecorversionproblemfor send-receie protocolswherethesender
andthereceiverarespeci ed asautomata.A third automatonthe
requirement speci es constraintson the corverter suchas buffer
sizeandthe possibility of messagéoss. In Section3 we recastthe
problemof protocolcorversionin a moregeneral,game-theoretic
frameawork inspiredby [4]. This approachalso provides us with
ready-to-usesolution algorithms. Here the solution consistsof a
winning stratgyy that complieswith both the receve protocoland
the requirementn a gameagainstthe sender(which mustbe al-
lowed to follow ary sequenceof actionspermittedby the send
protocol). If awinning strategy exists, thenthe two protocolsare
corvertible andthe winning strat@y canbe usedto synthesizehe
corverter This shavs thatconvertibility veri cation andconverter
synthesisareindeedtwo facesof the samecoin. In Section4 we
outline how the methodcanbe extendedto dealwith fairnesscon-
straintson the corverter Finally, in Section5 we adaptthe solution
to therecti cation problemof [9] to producea protocolcorverter
andwe contrasthis approacho our methodology

2. Automata-basedSolution

We illustrate our approacheso protocol conversionby way of
anexample,which is anextension(andin somesensealsoa sim-
pli cation) of the onefoundin [2]. A producerand a consumer
componentvishto communicatesomecomple dataacrossacom-
municationchannel. They both partition the datainto two parts.
The interfaceof the produceris de ned sothatit canwait anun-
boundedamountof time betweerthe two parts.Onthe otherhand,
theinterfaceof the consumeis de ned sothatit requiresthatonce
the rst parthasbeenreceied, the seconds alsoreceved during
the statetransitionthatimmediatelyfollows the rst. Clearly, the
two protocolsareincompatible Below, weillustratehow to synthe-
sizea converterthatenablegshemto communicateorrectly

Thetwo protocolscanberepresentely theautomatashavn in

Hencethe notion of protocol corverter canbe seenas a special
caseof the notion of behaior adaptorintroducedin [7] to charac-
terizeamodelingapproactHor communication-basedesignthatis
the basisof the Metropolisframework [8].

Figurel. There,the symbols and (andtheir primedcounter
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Figure 1: Handshak andserialprotocols
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parts)are usedto denotethe rst andthe secondpart of the data,
respectiely. Thesymbol denotednsteadthe absencer irrele-
vanceof thedata.ln otherwords,it actsasadon't care.

Figurel.ashavsthe producerprotocol. Theselfloopin state
indicateghatthetransmissiorof canbefollowedby any number
of cyclesbefore is alsotransmitted.We call this protocolhand-
shale becausét couldnegotiatewhento sendthesecondartof the
data. After is transmittedthe protocolreturnsto its initial state,
andis readyfor a new transaction.The ability to handlemultiple
transactionss alsoanextensionof our previouswork.

Figure 1.b shawvs the recever protocol. Here state doesnot
have aselfloop. Hence,once hasbeenreceved,the protocolas-
sumesthat is transmittedin the cycle thatimmediatelyfollows.
This protocolis calledserialbecausét requires and to betrans-
ferredback-to-back Similarly to the sendeprotocol,once is re-
ceived the automatonreturnsto its initial state,readyfor a new
transaction.

We have usednon-primedandprimedversionsof thesymbolsin
the alphabebf the automatao emphasizehatthe two setsof sig-
nalsaredifferentand shouldbe connectedhrougha converter It
is the speci cation (below) thatde nesthe exactrelationshipghat
musthold betweerthe elementof thetwo alphabetsNote thatin
the de nition of thetwo protocolsnothingrelatesthe quantitiesof
one( and ) to thoseof theother( and ). Thesymbol could
representhetoggling of a signal, or could symbolicallyrepresent
the valueof, for instance an 8-bit variable. It is only in the inter-
pretationof thedesignethat and actuallyholdthe samevalue.
The speci cation that we are aboutto describedoesnot enforce
this interpretation but merely de nes the (partial) orderin which
thesymbolscanbepresentedo andproduceddy thecorverter It is
possibleto represenexplicitly the valuespassedthis is necessary
whenthe behaior of the protocolsdependon the data,or when
the datavaluesprovided by oneprotocolmustbe modi ed (trans-
lated) beforebeingforwardedto the otherprotocol. The synthesis
of aprotocolcorverterwould thenyield a convertercapableof both
translatingdatavalues,and of modifying their timing and order
However, the price to payfor the ability to synthesizedatatransla-
torsis the stateexplosionin the automatao describeheinterfaces
andthe speci cation. Obsere alsothatif and are symbolic
representationf data,someothermeansmustbe availablein the
implementatiorio distinguishwhentheactualdatacorrespondso



orto . At thislevel of thedescriptiorwe don't needto be speci c;
examplesof methodsincludetoggling bits, or usingdata elds to
specifymessageypes.

Whatconstitutesa correcttransaction?r in otherwords,what
propertiesdo we want the communicationto have? In the con-
text of this particularexamplethe answerseemsstraightforvard.
Nonethelessdifferentcriteria could be enforceddependingon the
application.Eachcriterionis embodiedy a differentspeci cation.

One exampleof a speci cationis shawvn in Figure2. The al-
phabetof the automatonis derived from the Cartesianproductof
the alphabetsof the two protocolsfor which we want to build a
corverter This speci cation stateghat no symbolsshouldbe dis-
cardedor duplicatedby the corverter andsymbolsmustbe deliv-
eredin the sameorderin which they werereceved; morewer, the
corvertercanstoreatmostoneundelveredsymbolatany time. The
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Figure 2: Speci cationautomaton

threestatesn the speci cationcorrespondo threedistinctcases.

State0 denoteghe casein which all receved symbolshave
beendelivered(or thatno symbolhasbeenreceved, yet).

Statea denoteshecasen whichsymbol hasbeernreceved,
but it hasnt beenoutputyet.

Similarly, stateb denoteshecasean whichsymbol hasheen
receved, but notyetoutput.

Notethatthisspeci cationis notconcernedvith theparticularform
of theprotocolsbeingconsideredor elseit would itself functionas
the corverter); for example,it doesnot requirethatthe symbols
or arerecevedin ary particularorder(otherthanthe onein which
they aresent). On the otherhand,the speci cation makes precise
whatthe convertercan,andcannotdo, ruling out for instancecon-
vertersthat simply discardall input symbolsfrom one protocol,
never producingary outputfor the destinationprotocol. In fact,
we canview thespeci cationasanobsenrerthatspeci eswhatcan
happen(a transitionon somesymbolis available)andwhatshould
not happen(atransitionon somesymbolis notavailable).As such,
it is possibleto decompos¢he speci cationinto severalautomata,
eachone of which speci es a particularpropertythat the synthe-
sizedconvertershouldexhibit. Thisis similarto the monitorbased
propertyspeci cationproposedy Shimizuetal. [3] for theveri -
cationof communicatiorprotocols.In our work, hovever, we use
the monitorsto drive the synthesisso thatthe corverteris guaran-
teedto exhibit thedesiredpropertieqcorrect-by-construction).

A high-level view of therelationshipbetweerthe protocolsand
the speci cationis presentedn Figure3. The protocolhandshak

| 1a,b, T Serial
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Figure 3: Inputs and outputs of protocols, speci cation, and
converter.

producesutputs and , theprotocolserial acceptsnputs and

. Thespeci cationacceptsnputs , , , ,andactsasaglobal
obsererthatstatesvhatpropertiesheconvertershouldhave. Once
we composethe two protocolsand the speci cation, we obtaina
systemwith outputs , ,andinputs , (Figure3). Thecorverter
will have inputsandoutputsexchanged: and arethe converter
inputs,and , itsoutputs.

Thesynthesi®f thecorverterbeginswith thecomposition(prod-
uct machine)of the two protocols,shavn in Figure4. Herethe
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directionof the signalsis reversed:the inputsto the protocolsbhe-
comethe outputsof the corverter andvice versa. This composi-
tion is alsoa speci cationfor the converter sinceon both sidesthe
corvertermustcomplywith the protocolsthatarebeinginterfaced.
However this speci cationdoesnt have the notion of synchroniza-
tion (partialorder or causalityconstraintthatthespeci cationdis-
cussedibore dictates.

We canensurethatthe convertersatis eshothspeci cationsby
takingthe corverterto be compositionof the productmachinewith
the speci cation. Figures5 through7 explicitly shav the steps
that we go throughto computethis product. The position of the
statere ects the positionof the correspondingtatein the protocol
composition,while the label inside the staterepresentshe corre-
spondingstatein the speci cation. Obsenre that the bottom-right
stateis reachedwvhenthe speci cation goesbackto state0. This



procedurecorrespondso the synthesisalgorithm proposedn our
previous work [2]. The approachhereis however fundamentally
different: theillegal statesarede ned by the speci cation,andnot
by the particularalgorithmemployed.

Theinitial stepis shavn in Figure5. The compositionwith the

Figure5: InterfacecrossCorrectnessphasel

speci cationmakesthetransitionsdepictedn dottedline illegal (if
taken, the speci cation would be violated). However, transitions
canberemoved from the compositiononly if doingsodoesnotre-
sult in an assumptioron the behaior of the sender In Figure 5,
thetransitionlabeled leaving state0 canberemovedbecause
the machinecanstill respondo a input by takingthe self loop,
whichis legal. However, remaving thetransitionlabeled leav-
ing the bottom-rightstatewould make the machineunreceptie to
input . Equivalently the converteris imposinganassumptioron
the producerthat  will not occurin that state. Becausethis as-
sumptionis notveri ed, andbecauseve cant changeheproducer
we canonly avoid the problemby making the bottom-rightstate
unreachableandremove it from the composition.

Theresultis shavn in Figure6. Thetransitionghatareleft dan-
gling becausef the removal of the stateshouldalsobe removed,
andarenow shavn in dottedlines. The samereasoningasbefore
applies,andwe canonly remore transitionghatcanbereplacedy
otherswith the sameinput symbol. In this case all illegal transi-
tionscanbesafelyremoved.

Theresultingmachineshavn in Figure7 hasnow noillegaltran-
sitions. This machinecompliesbothwith thespeci cationandwith
the two protocols,andthusrepresentshe correctcornversion(cor-
rectrelative to the speci cation). Notice how the machineat rst
storesthe symbol without sendingit (transition ). Then,
when is received,the machinesends , immediatelyfollowedin
thenext cycleby , asrequiredby theserialprotocol.

3. Game-Theoketic Solution

We usegametheoryto reformulatethe problemandthe proce-
durediscussedn theprevious sectionmoreprecisely

Figure6: InterfacecrossCorrectnesgphase?
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Figure7: InterfacecrossCorrectnesgphases

In the previous sectionwe have usedanautomatorio describea
protocol. Herewe usea slightly enhancedersionof anautomaton
thatprovidesa functionthatexplicitly tells for eachstatethe setof
available transitions;we call suchstructurea transition structuee.
Givenanalphabet , atransitionstructureover consistsof the
following:

A statespace .

An initial state

A transition-availabilityfunction :
A transition-outcoméunction :

Herethetransition-outcoméunctioncorrespondso thetraditional
transitionrelationof automataThetransition-aailability function,
on the otherhand,speci esfor eachstatethe setof symbolsthat
thetransitionstructureis sensitve to. We saythatatransitionstruc-
tureis non-bloking if for every we have , sothat



thereis atleastonesymbolavailableat every state. Thetransition-
outcomefunction is meaningfulonly for thosesymbolsthat are
availablein a state.In thefollowing, we will usethesymbol“ " to
indicatethattheactualvalueis immaterial.

It is easyto translatehetwo protocolsof Figure1 andthe spec-
i cation of Figure2 in theabove representationf-or thehandshak
protocolwe have:

gﬁi
gﬁi

For the serialprotocolwe have:

And nally thespeci cationis obtainedasfollows.

In the previous section,the protocol corversionproblemis solved
by constructinghe productmachineof the automatahatrepresent
the protocols.Herewe solve the sameproblemasa gamebetween
two players. Intuitively, with referenceto Figure 3, synthesizing
a converter correspondgo solving a game: canthe corverter by

readingoutputs and , provideinputs and thatsatisfyboth
theprotocolsandthespeci cation?Thegameis playedbetweerthe
protocolsandthe speci cation, on oneside,andthe converter on
theotherside. A move of theprotocolsandspeci cationconsistsn
choosingwhethertoemit , ,or ,andisthusessentiallya move
of the rst protocol. A move of the converterconsistsn choosing
a cornversionfunction , thatis usedto
corvert a symbolof the rst protocolinto oneof the second.The
goal of the game for the corverter consistan ensuringthat, if the
rst protocolemits accordingto its de nition (Figurel.a),
thenthe symbolproducedby the corversionfunction corresponds
to atransitionboth of the secondprotocol,andof the speci cation.
If thegamecanbewon, the corverterconsistssimply of animple-
mentationof awinning strateyy.

We representa gameusing a structuresimilar to a transition
structure but with two alphabetgoneper player),two move avail-
ability functions, and a joint move-outcomefunction. Precisely
giventwo alphabets and , agamestructue over and

consistof thefollowing:

A statespace .
An initial state

Two move-availabilityfunctions
erl,and for player2.

for play-

A move-outcoméunction :

Similarly to the transition structuresthe move-availability func-
tions provide for eachstatethe setof moves that eachplayeris
allowed to play. We requirethat player 1 hasat leastone move
available at every state. The move-outcomefunction givesus the
statethatis reachedn responseo a particularpair of movesof the
players.As for the transition-outcomdunctionin transitionstruc-
tures, this is meaningfulonly in conjunctionwith movesthat are
availablein eachstate.

Whendoesoneplayerwin thegame?Thetwo playersstartfrom
theinitial state andeachchoose®neof theiravailablemavesfor
that state. The gamethentransitionsto the stateindicatedby the
value of the function correspondingo the currentstateandthe
chosermmoves. Player2 wins if it alwayshasa move availablefor
all thestatedhatarereachediuringthegame.Playerl, ontheother
hand,winsif thegametransitionso astate suchthatplayer2 has
no availablemoves(i.e. ).

Insteadof randomlychoosinga move for eachstateduringthe
game,a playercanplay accordingto a strategy. A stratgy for a
playeris simply a pre-determinedvay of choosingthe move for
eachstate. In general,a stratgy is a function that mapsthe cur
rent history of the gameto one of the available moves. In prac-
tice, if only safetypropertiesare consideredn the speci cation,
a simplerstratgy thatonly looks at the currentstateis sufcient.
Thesestratgjiesareknovn asmemory-lesstratgies. A memory-
lessstratayy for player?2 is afunction suchthatfor

,if , then . in otherwords,the strat-
egy assignonly symbolsthatcanbe playedby player2, provided
atleastonesuchsymbolexists.

Given a stratggy ~ for player 2, not all statesin  canbe
reached. We de ne the spacereachedin  under to bethe
smallestset suchthat (1) and (2) for
all and , we have .

We saythata strateyy is winningif aplayerneverloseswhenplay-
ing accordingo thestratgy. Givenour de nitions, isawinning



stratgy for player2 if for all reachablestates we have
. In otherwords,the stratgyy ~ steersghe gamein such
away thatplayer2 hasalwaysmovesavailableto play.
We arenow readyto setup the protocolconversionproblemas
a game.We will usethe corventionthatif isa
transitionstructurewith alphabet , then ,
andsoon. Thus,let and bethetransitionstructuresor the
sendemndtherecever protocolwith alphabets and |, respec-
tively; we requirethat the transitionstructure for the senderis
non-blocking. Let  be the transitionstructurefor the speci ca-
tion, with alphabet . Thenthe protocolconversionprob-
lemis de ned asa gamestructure with alphabets and
(the notation denoteghe setof all
functionsfrom to ) suchthat:

and

Note that the gamestructureis de ned on the Cartesianproduct
of the statesof the communicatingorotocolsandthe speci cation.
Intuitively, thesede nitions de ne, for eachmove of , the setof
possibleresponsesf the converterthat agreewith the protocol of

while satisfyingthe speci cation . It is possiblethatfor some
of the statesthe setof possibleresponsess empty The objective
is thusto nd a stratgyy that avoids suchstates. In otherwords,
a protocol converter is a winning player?2 stratgy for . If no
suchstrat@y exists, thenthe protocol corversionproblemcannot
be solved,andthetwo protocolsarethusnot adaptable.

In the caseof our example,the de nitions translateto a game
structure over and with

Accordingto thede nitions, we must nd awinning player2 strat-
egy for this gamestructure.Let

be the setof stateswhereplayer2 is non-blocled. The gamecan
thenbe castasa safetygame:player2 mustnever leave

The solutionto this safetygameis entirely classical[10, 11]. To
solve the games,for a setof states we de ne the set

of controllable predecessarof  asthe setcon-
sistingof all states wherethereis suchthatfor
all , we have . In formulas,
Intuitively, if player2 canreply to every move of

player1 andensurethat is notleft. Then,we computethe se-

guenceof sets by letting and,

for , . Foreach , theset
consistof the statesrom which player2 canstayin

for atleast roundsof the game: hence,the setof stateswhere

player2 canwin is givenby . Since

for all , thelimit canbe computedn atmost  stepsiter-

minatingas soonaswe reach suchthat . Player2

canwin the gameif theinitial stateis winning, thatis, 1in

this caseawinning stratgy  for player2 canbe constructedy

choosing,at each with , amove

suchthat for all ; at otherstates

the strategy playsarbitrarily. A protocolcorvertercanbe obtained
directly by implementingthis stratgy. The corverterkeepstrack
of the stateof thegame;ateachstate , it usestheconversionfunc-
tion to corvertthemove  choserby the rst protocol,and
thengoesto the new state . Thecomplity of
synthesizinghe interfaceadaptoris linearin the size of the game
structure .

The resultingconverter in our example,canbe representeds
the automatorof Figure7. At state0 the corverterplaysthe move

de ned by , , (this latter
choiceis arbitrary). At statel the converter plays the move
de ned by , (arbitrary),and .
At state? the corverterplaysthemove  de ned by ,

and (arbitrary). Oncethe moves
areplayed,thestratgly changestateaccordingo theedgelabeled
in Figure?.

4. FairnessConstraints

Thetheoryandthealgorithmsthatwe have presentedofar are
appropriatefor describingspeci cationsthatconsistin safetycon-
straints. It is often necessaryn communicatiorprotocolsto also
de ne livenessonstraintsfor exampleto specifythatthetransfer
of thedatadoeseventuallyoccur Indeed the speci cationautoma-
ton of Figure 2 speci esthat symbolsshouldnot be droppednor
duplicatedby the channelbut it doesnot specifythata symbol
or shouldbe eventuallydelivered,if followedby in nitely mary
occurrencesf thesymbol . Ourapproactcanbeextendedn this
direction, althoughthe algorithmsusedto solwe the protocol con-
versionproblembecomemorecomplicatedandmaybenon-linear
[12].

Figure 8 shavs an automatorthatis equivalentto the onethat
we have usedso far for the speci cation, andthatis suitablefor
specifyingthe eventualdelivery of symbols. In particular we had
to duplicatetwo of thestatego separat¢hetransitionson datafrom
thosethat occurwhenno datais present.Fairnessconstraintsan
bede ned in avariety of formalisms.Herewe usetemporallogic
[13], andinsistthat the automatomever staysin statea, aa, b or
bb forever. Formally:
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Figure 8: Speci cationfor fairnessconstraints

When the speci cation includesa fairnesscondition  (suchas
the abore), we mustmodify the de nition of winning strateyy for
player2. In particular we needo considetistory-dependerstrate-
gies,thatchoose¢hemaove asafunctionnotonly of thecurrentstate,
but alsoof the pasthistory of thegame[12]. A (history-dependent)
stratgyy  for player is amapping that
associatesvith eachsequencef statesa move in the alphabetof
the player Again, for we requirethat for all

and  if then . in otherwords,
aslong asatleastonemove is available,the stratgy chooseonly

movesthatareavailable.Giventwo stratgies and for players
1 and2 andastate ,wede ne to bethe
setconsistingof thein nite sequences suchthat:

1

for all , we have and ;
for all , we have
We notethattheset eithercontainsasinglese-

guencewhichis entirelycontainedn
latter caseariseswhen,startingfrom , thestratggies , would
cause tobeleft. Then,astratgyy for player2iswinning
if, for all playerl stratgies , thereis ™

suchthat™ . Again, aprotocolconvertercorrespondso awin-
ning strategy. Gameswith suchfairnessconditionsand winning
conditionsare examplesof gameswith  -regular winning condi-
tions[11]. Suchgamescanbesolvedby themethodof [11, 14,15,
12]; awinning stratgy canbeeasilyderivedfrom a gamesolution.
We notethat, whenfairnessis presentthe winning stratgyy may
requirememory Neverthelessthe protocolcorvertercanagainbe
synthesize@sanautomatonsincetheamountof requiredmemory
is nite (seee.g.[12]).

,oritisempty The

5. Comparisonwith Trace Theory

As seenin the previous sections the modelsof interfacesthat
we use(including the onesfoundin [2] and[4]) constrainthe set
of possibleervironmentsthey canwork with by consideringllegal
thoseinputsthatcannotbehandled.Thisis unlike otherstate-based
modelslike 1/0 automatg16] thatmustalwaysbe readyto handle
ary possiblanput. For thisreasonthelattermodelsareoftencalled
input-enabledor receptive

Receptenessand environmentalconstraintsare not, howvever,
mutually exclusive. The two notionscoexist and are particularly

well-behaedin thetracetheoryproposedy Dill [1]. In thisframe-
work, developedfor the veri cation of speed-independertsyn-
chronouscircuits, a traceof a model(which correspondso the se-
quenceof inputsandoutputson a pathin our automatajs de ned
to beeitherasuccessr afailure. A model,calledatracestructure,
containsa setof successeanda setof failures. A tracestructure
mustbereceptve in thatary sequencef inputsshouldbeaccepted
aseithera succes®r afailure (by producingappropriateoutputs).
However, the setof failurescanbe usedto representhe behaiors
that shouldbe avoided by an ervironmentto work correctly with
thetracestructure.

Thetheoryde nesseveralconceptshatarerelevantto ourwork.
Here we provide only a brief descriptionand refer the interested
readetto [1] for arigoroustreatmenbf the subject.

Tracestructurescanbe composedn parallel by taking the in-
tersectionof the setsof the succesdraces. At the sametime, the
compositioncontainsthe failuresfrom the tracestructureghatare
beingcomposedhat are compatiblewith the behaior (successes
or failures)from the other Theresultis shavn to alsobereceptve.
A compositionis calledfailure-freeif theresultingsetof failuresis
empty

A tracestructure is saidto conformto atracestructure if
for all possibleernvironments , if thecompositionof and is
failure-free soisthecompositiorof and . Conformatiorcanbe
seenasare nementrelation,or substitutabilityrelation,becauséf

conformgto ,thenwecanreplace for  withoutintroducing
failuresin ary ervironmentthatcomposesvith  withoutfailures.
Two tracestructuresaresaidto be conformationequivalentf they
both conformto eachother

In our state-basedndgame-theoretimodels the“failures”are
implicitly de ned asthosetracesthat are not acceptedy the au-
tomatonbecause transitionon a symboldoesnot exist. The set
of failuresis, in otherwords, determinedby the setof successes.
The sameis achieved in tracetheory by a constructionthat takes
atracestructureandproducesanothertracestructurein canonical
form, thatis conformationequivalentto the original. In canonical
form, the setof successeandthe setof inputstogetherdetermine
the setof failures,sothey don't have to be representeaxplicitly.
In addition,two tracestructuresn canonicalform areshavn to be
equalexactly whenthey areconformationequivalent.

Parallelcompositionof tracestructuresn canonicaform is not
guaranteedbo yield atracestructurethatis againin canonicaform.
If thatis the desiredresult, the compositionmustbe followed by
a corversionto canonicaform. The sameholdstrue for our mod-
els. In fact, it turnsoutthatthe procesof removal of illegal states
outlined in the previous sectionscorrespondgo that of autofail-
ure manifestatiorusedto convertagenerakracestructureto onein
canonicaform. An autohilureis a successfulracethatbecomes
failure asa consequencef the occurrenceof outputsymbolsthat
no ervironmentcanstop. Fromthe standpoinbf conformationthe
resultdoesnt changdf autofiiluresareaddedo the setof failures.

In the context of protocolspeci cation,the conceptof a mirror
playsanimportantrole. Themirror of atracestructure isthemost
generakervironment(againatracestructurehatcanbe composed
with  with nofailures.In otherwords, canbecomposedvithout
failureswith all and only the trace structuresthat conformto its
mirror. Computingthe mirror is particularly simple oncea trace
structureis in canonicalform: it is enoughto exchangethe inputs
with theoutputs.

The problemof the synthesif the protocolcorvertercannown
be analyzedn the contet of tracetheory Speci cally, we adapt



the formulation of the recti cation problemfoundin [9]. There,
recti cation is de ned asthe procesf replacinga subnetvork of
acircuit by anothersubnetwrk suchthattheresultingsystemcon-
formsto acertainspeci cation.Moreformally, let denoteparallel

composition, denoteconformationand mir the operationof tak-
ing themirror. Then,if is thespecication, thereplacement
subnetwrk and  therestof thecircuit

if andonly if mir mir

Theoriginaltheoremin [9] alsoincludesthe possibilityof retaining
only partof thesymbolsin thealphabetThisis usefulto make very
precisethesetof signalg(symbols)hatthereplacemensubnetverk
canuseto performits function. If thefunctionproj  retainsonly

the symbolsin , thenif s the alphabetof the speci cation
and thealphabebf thereplacemensubnetwork , wehave
proj
if andonly if
mir proj mir

In our speci ¢ casewe take  to be the compositionof the two
protocolsand to be the speci cation of a correcttransaction.
Thenthe thatis obtainedby the abore formula correspondso
thetracestructurefor the corverter

Preliminaryexperimentshaw theviability of thisapproactand
thatit producegesultsthatareequivalentto our earlierprocedures
whenusingthe sameexamples. However a thoroughcomparison
is madedif cult by thefactthatthetiming modelsusedin thetwo
solutionsare different (synchronousn our case,asynchronousn
tracetheoryveri er basedon [1] that was availableto us). Nev-
erthelessthe algebraicstructureof the tracetheoreticapproachs
very corvenientand the formulationin termsof the recti cation
problemis cleanandconcise.A generalizatiorof this approachs
partof our currentresearch.

6. Conclusions

We presenteca general,algorithmic framework for checking
whethelincompatiblenteractionprotocolsof componeninterfaces
can be made compatibleby inserting a corverter betweenthem
which satis esspeci edrequirementsTheframevork is basedon
andextendsthegame-theoretiapproacho interfacesof [4, 5]. If a
winning stratgy for the gameexists, thenthe interfacesareadapt-
ableandthe winning stratey yieldsthe corverterasa by-product.
The approachalso extendsand formalizesprevious work on the
synthesiof protocolconverters[2].

We notedan interestingrelationshipbetweernour approachand
theoneof [9]. In this work, tracetheorywasusedto studythe so-
calledrecti cation problem,which canalsobe usedto synthesize
protocolcorverters. Our researchnow concentratesn combining
and generalizingour approachand the trace-theoryapproach. In
particular we areinvestigatingframenorks thatencompassnulti-
ple modelsof computationand enablethe synthesisof converters
acrosdifferentmodels.
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