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Abstract

Anessentialproblemin component-baseddesignis howto com-
posecomponentsdesignedin isolation. Several approacheshave
beenproposedfor specifyingcomponentinterfacesthatcapturebe-
havioral aspectssuch as interaction protocols,and for verifying
interfacecompatibility. Likewise, several approaches havebeen
developedfor synthesizingconverters betweenincompatiblepro-
tocols. In this paper, we introducethe notion of adaptability as
thepropertythat two interfaceshavewhenthey canbemadecom-
patibleby communicatingthrougha converter that meetsspeci�ed
requirements.We showthat verifyingadaptabilityandsynthesizing
anappropriateconverteraretwofacesof thesamecoin: adaptabil-
ity canbeformalizedandsolvedusinga game-theoretic framework,
andthentheconvertercanbesynthesizedasa strategy thatalways
winsthegame. Finally weshowthat this framework canberelated
to therecti�cation problemin tracetheory.

1. Intr oduction

ComposingIntellectualPropertyblocksis anessentialelement
of adesignmethodologybasedonre-use.Thecompositionof these
blockswhentheIPshavebeendevelopedby differentgroupsinside
thesamecompany, or by differentcompanies,is notoriouslydif�-
cult. Sideeffectsoften make the behavior of the resultingdesign
unpredictable.Designruleshavebeenproposedthattry to alleviate

�
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theproblemby forcing thedesignersto bepreciseaboutthebehav-
ior of theindividualcomponentsandto verify thisbehavior undera
numberof assumptionsabouttheenvironmentin whichthey haveto
operate.While this is certainlya stepin theright direction,it is by
no meanssuf�cient to guaranteecorrectness:extensive simulation
andprototypingarestill neededonthecompositions.Severalmeth-
odshavebeenproposedfor hardwareandsoftwarecomponentsthat
encapsulatethe IPsso that their behavior is protectedfrom the in-
teractionwith othercomponents.Interfacesarethenusedto ensure
thecompatibilitybetweencomponents.Roughlyspeaking,two in-
terfacesarecompatibleif they “�t together”asthey are.

Simpleinterfaces,typically speci�edin thetypesystemof asys-
temdescriptionlanguage,maydescribethetypesof valuesthatare
exchangedbetweenthe components.More expressive interfaces,
typically speci�ed informally in designdocuments,may describe
theprotocolfor thecomponentinteraction[1, 2, 3, 4, 5, 6]. In [4,
5] we presenteda formal methodologyfor specifyingtheprotocol
aspectsof interfacesin awaythatsupportsautomaticcompatibility
checks. The key elementof the approachis the interpretationof
an interfaceasa gamebetweena componentandits environment,
andthe useof game-theoreticalgorithmsfor compatibility check-
ing. With this approach,given interfacesfor differentIPs,onecan
checkwhethertheseIPscanbecomposed.

Whencomponentsaretakenfrom legacy systemsor from third-
partyvendors,it is likely thattheinterfaceprotocolsarenotcompat-
ible. This doesnot meanthoughthatwe aredoomed:approaches
have beenproposedthatconstructa converteramongincompatible
communicationprotocols.We referthereaderto [2] for references
anda discussionof relatedwork and for a generaloverview and
descriptionof the problemof protocolconversion. In [2] we pro-
posedto de�ne a protocol as a formal language(a set of strings
from an alphabet)and to useautomatato �nitely representsuch
languages.The problemof converting one protocol into another
wasthenaddressedby consideringtheir conjuctionastheproduct
of thecorrespondingautomataandby removing thestatesandtran-
sitionsthatled to aviolationof oneof thetwo protocols.While the
algorithmwaseffective in theexamplesthatweretried, it lackeda
moreformalandmathematicallysoundinterpretation.In particular
this madeit dif�cult to understandandanalyseits limitations and
properties.

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



but alsoto thesynthesisof interfaceadaptors, shouldtheoriginal
interfacesbeincompatible.Informally, two interfacesareadaptable
if they canbemadeto �t togetherby communicatingthroughathird
component,theadaptor. If interfacesspecifyonly valuetypes,then
adaptorsaresimply type converters. However, if interfacesspec-
ify interactionprotocols,thenadaptorsareprotocolconverters.The
convertermayneedstateto re-arrangethecommunicationbetween
the original interfaces,in orderto ensurecompatibility1. A novel
aspectof our approachis thattheprotocolconverteris synthesized
from a speci�cationthatsayswhich re-arrangementsareappropri-
atein a given communicationcontext. For instance,it is possible
to specifythattheconvertercanchangethetiming of messages,but
not their order, usingan � -boundedbuffer, or thatsomemessages
may be duplicated.Following andextendingthe approachof [4],
we synthesizeinterfaceprotocol convertersusing game-theoretic
methods.In thiswayweprovide ageneralformalizationandauni-
form solution,basedon gametheory, for the protocolconversion
problemof [2].

In Section2 we illustratewith an examplethe automata-based
approachto the synthesisof protocol converters[2]. Unlike [2],
herewe derive the converterstartingfrom a speci�cationof what
constitutesanacceptableprotocolconversion.We setup andsolve
theconversionproblemfor send-receiveprotocols,wherethesender
andthereceiverarespeci�ed asautomata.A third automaton,the
requirement, speci�esconstraintson the converter, suchasbuffer
sizeandthepossibilityof messageloss. In Section3 we recastthe
problemof protocolconversionin a moregeneral,game-theoretic
framework inspiredby [4]. This approachalso provides us with
ready-to-usesolution algorithms. Here the solution consistsof a
winning strategy that complieswith both the receive protocoland
the requirementin a gameagainstthe sender(which mustbe al-
lowed to follow any sequenceof actionspermittedby the send
protocol). If a winning strategy exists, thenthe two protocolsare
convertibleandthewinning strategy canbeusedto synthesizethe
converter. This shows thatconvertibility veri�cation andconverter
synthesisareindeedtwo facesof the samecoin. In Section4 we
outlinehow themethodcanbeextendedto dealwith fairnesscon-
straintson theconverter. Finally, in Section5 weadaptthesolution
to therecti�cation problemof [9] to producea protocolconverter,
andwe contrastthis approachto ourmethodology.

2. Automata-basedSolution

We illustrateour approachesto protocolconversionby way of
anexample,which is anextension(andin somesense,alsoa sim-
pli�cation) of the one found in [2]. A producerand a consumer
componentwishto communicatesomecomplex dataacrossacom-
municationchannel. They both partition the datainto two parts.
The interfaceof the produceris de�ned so that it canwait an un-
boundedamountof time betweenthetwo parts.On theotherhand,
theinterfaceof theconsumeris de�ned sothatit requiresthatonce
the �rst part hasbeenreceived, the secondis alsoreceived during
the statetransitionthat immediatelyfollows the �rst. Clearly, the
two protocolsareincompatible.Below, weillustratehow to synthe-
sizea converterthatenablesthemto communicatecorrectly.

Thetwo protocolscanberepresentedby theautomatashown in
�

Hencethe notion of protocolconverter canbe seenasa special
caseof thenotionof behavior adaptorintroducedin [7] to charac-
terizeamodelingapproachfor communication-baseddesignthatis
thebasisof theMetropolisframework [8].

Figure1. There,the symbols � and
�

(andtheir primedcounter-
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Figure1: Handshake andserialprotocols

parts)areusedto denotethe �rst andthe secondpart of the data,
respectively. Thesymbol � denotesinsteadthe absenceor irrele-
vanceof thedata.In otherwords,it actsasa don't care.

Figure1.ashows theproducerprotocol.Theself loop in state�

indicatesthatthetransmissionof � canbefollowedby any number
of cyclesbefore

�

is alsotransmitted.We call this protocolhand-
shakebecauseit couldnegotiatewhento sendthesecondpartof the
data. After

�

is transmitted,theprotocolreturnsto its initial state,
andis readyfor a new transaction.The ability to handlemultiple
transactionsis alsoanextensionof our previouswork.

Figure1.b shows the receiver protocol. Herestate � doesnot
have a self loop. Hence,once � hasbeenreceived,theprotocolas-
sumesthat

�

is transmittedin the cycle that immediatelyfollows.
Thisprotocolis calledserialbecauseit requires� and

�

to betrans-
ferredback-to-back.Similarly to thesenderprotocol,once

�

is re-
ceived the automatonreturnsto its initial state,readyfor a new
transaction.

Wehaveusednon-primedandprimedversionsof thesymbolsin
thealphabetof theautomatato emphasizethat the two setsof sig-
nalsaredifferentandshouldbe connectedthrougha converter. It
is thespeci�cation(below) thatde�nes theexact relationshipsthat
musthold betweentheelementsof thetwo alphabets.Notethat in
thede�nition of the two protocolsnothingrelatesthequantitiesof
one( � and

�

) to thoseof theother( ��� and
�

� ). Thesymbol � could
representthe togglingof a signal,or couldsymbolicallyrepresent
thevalueof, for instance,an 8-bit variable. It is only in the inter-
pretationof thedesignerthat � and �

�
actuallyhold thesamevalue.

The speci�cation that we are about to describedoesnot enforce
this interpretation,but merelyde�nes the (partial) order in which
thesymbolscanbepresentedto andproducedby theconverter. It is
possibleto representexplicitly thevaluespassed;this is necessary
whenthe behavior of the protocolsdependson the data,or when
thedatavaluesprovidedby oneprotocolmustbemodi�ed (trans-
lated)beforebeingforwardedto theotherprotocol. Thesynthesis
of aprotocolconverterwouldthenyield aconvertercapableof both
translatingdatavalues,and of modifying their timing and order.
However, thepriceto payfor theability to synthesizedatatransla-
torsis thestateexplosionin theautomatato describetheinterfaces
and the speci�cation. Observe also that if � and

�

are symbolic
representationof data,someothermeansmustbe availablein the
implementationto distinguishwhentheactualdatacorrespondsto �



or to
�

. At this level of thedescriptionwedon't needto bespeci�c;
examplesof methodsincludetoggling bits, or usingdata�elds to
specifymessagetypes.

Whatconstitutesa correcttransaction?Or in otherwords,what
propertiesdo we want the communicationto have? In the con-
text of this particularexamplethe answerseemsstraightforward.
Nonetheless,differentcriteriacouldbeenforceddependingon the
application.Eachcriterionis embodiedby adifferentspeci�cation.

Oneexampleof a speci�cation is shown in Figure2. The al-
phabetof the automatonis derived from the Cartesianproductof
the alphabetsof the two protocolsfor which we want to build a
converter. This speci�cationstatesthatno symbolsshouldbedis-
cardedor duplicatedby theconverter, andsymbolsmustbedeliv-
eredin thesameorderin which they werereceived; moreover, the
convertercanstoreatmostoneundeliveredsymbolatany time. The
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Figure2: Speci�cationautomaton

threestatesin thespeci�cationcorrespondto threedistinctcases.

� State0 denotesthecasein which all received symbolshave
beendelivered(or thatno symbolhasbeenreceived,yet).

� Statea denotesthecasein whichsymbol� hasbeenreceived,
but it hasn't beenoutputyet.

� Similarly, stateb denotesthecasein whichsymbol
�

hasbeen
received,but not yetoutput.

Notethatthisspeci�cationis notconcernedwith theparticularform
of theprotocolsbeingconsidered(or elseit would itself functionas
theconverter); for example,it doesnot requirethat thesymbols�

or
�

arereceivedin any particularorder(otherthantheonein which
they aresent). On theotherhand,the speci�cationmakesprecise
what theconvertercan,andcannotdo, ruling out for instancecon-
vertersthat simply discardall input symbolsfrom one protocol,
never producingany output for the destinationprotocol. In fact,
wecanview thespeci�cationasanobserver thatspeci�eswhatcan
happen(a transitionon somesymbolis available)andwhatshould
nothappen(a transitiononsomesymbolis notavailable).As such,
it is possibleto decomposethespeci�cationinto severalautomata,
eachoneof which speci�es a particularpropertythat the synthe-
sizedconvertershouldexhibit. This is similar to themonitor-based
propertyspeci�cationproposedby Shimizuet al. [3] for theveri�-
cationof communicationprotocols.In our work, however, we use
themonitorsto drive thesynthesisso that theconverteris guaran-
teedto exhibit thedesiredproperties(correct-by-construction).

A high-level view of therelationshipbetweentheprotocolsand
thespeci�cationis presentedin Figure3. Theprotocolhandshake

a,b,T a',b',T'Handshake
protocol protocol

Serial
Converter

Specification

a,b,T a',b',T'

Figure 3: Inputs and outputs of protocols, speci�cation, and
converter.

producesoutputs� and
�

, theprotocolserial acceptsinputs ��� and
�

� . Thespeci�cationacceptsinputs � ,
�

, � � ,
�

� , andactsasa global
observerthatstateswhatpropertiestheconvertershouldhave. Once
we composethe two protocolsand the speci�cation, we obtaina
systemwith outputs� ,

�

, andinputs ��� ,
�

� (Figure3). Theconverter
will have inputsandoutputsexchanged:� and

�

aretheconverter
inputs,and �

� ,
�

� its outputs.
Thesynthesisof theconverterbeginswith thecomposition(prod-

uct machine)of the two protocols,shown in Figure 4. Here the
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Figure4: Compositionbetweenhandshake andserial

directionof thesignalsis reversed:the inputsto theprotocolsbe-
comethe outputsof the converter, andvice versa. This composi-
tion is alsoa speci�cationfor theconverter, sinceonbothsidesthe
convertermustcomplywith theprotocolsthatarebeinginterfaced.
However this speci�cationdoesn't have thenotionof synchroniza-
tion (partialorder, or causalityconstraint)thatthespeci�cationdis-
cussedabove dictates.

We canensurethattheconvertersatis�esbothspeci�cationsby
takingtheconverterto becompositionof theproductmachinewith
the speci�cation. Figures5 through7 explicitly show the steps
that we go throughto computethis product. The positionof the
statere�ects thepositionof thecorrespondingstatein theprotocol
composition,while the label insidethe staterepresentsthe corre-
spondingstatein the speci�cation. Observe that the bottom-right
stateis reachedwhenthe speci�cationgoesbackto state0. This



procedurecorrespondsto the synthesisalgorithmproposedin our
previous work [2]. The approachhereis however fundamentally
different: the illegal statesarede�ned by thespeci�cation,andnot
by theparticularalgorithmemployed.

Theinitial stepis shown in Figure5. Thecompositionwith the
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Figure5: InterfacecrossCorrectness,phase1

speci�cationmakesthetransitionsdepictedin dottedline illegal (if
taken, the speci�cation would be violated). However, transitions
canberemovedfrom thecompositiononly if doingsodoesnot re-
sult in an assumptionon the behavior of the sender. In Figure5,
thetransitionlabeled�

�

�

�

leaving state0 canberemovedbecause
themachinecanstill respondto a � input by taking theself loop,
whichis legal. However, removing thetransitionlabeled�

�

�

� leav-
ing thebottom-rightstatewould make themachineunreceptive to
input � . Equivalently, theconverteris imposinganassumptionon
the producerthat � will not occur in that state. Becausethis as-
sumptionis notveri�ed, andbecausewecan't changetheproducer,
we canonly avoid the problemby making the bottom-rightstate
unreachable,andremove it from thecomposition.

Theresultis shown in Figure6. Thetransitionsthatareleft dan-
gling becauseof the removal of the stateshouldalsobe removed,
andarenow shown in dottedlines. Thesamereasoningasbefore
applies,andwecanonly remove transitionsthatcanbereplacedby
otherswith the sameinput symbol. In this case,all illegal transi-
tionscanbesafelyremoved.

Theresultingmachineshown in Figure7 hasnow noillegaltran-
sitions.Thismachinecompliesbothwith thespeci�cationandwith
the two protocols,andthusrepresentsthecorrectconversion(cor-
rect relative to the speci�cation). Notice how the machineat �rst
storesthe symbol � without sendingit (transition �

�

� � ). Then,
when

�

is received,themachinesends�
�
, immediatelyfollowedin

thenext cycleby
�

� , asrequiredby theserialprotocol.

3. Game-Theoretic Solution

We usegametheoryto reformulatetheproblemandtheproce-
durediscussedin theprevioussectionmoreprecisely.
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In theprevioussectionwehaveusedanautomatonto describea
protocol.Herewe usea slightly enhancedversionof anautomaton
thatprovidesa functionthatexplicitly tells for eachstatethesetof
availabletransitions;we call suchstructurea transitionstructure.
Given an alphabet� , a transitionstructureover � consistsof the
following:

� A statespace� .

� An initial state������� .

� A transition-availabilityfunction 	 : ��

��� .

� A transition-outcomefunction � : ������
�� .

Herethetransition-outcomefunctioncorrespondsto thetraditional
transitionrelationof automata.Thetransition-availability function,
on the otherhand,speci�es for eachstatethe setof symbolsthat
thetransitionstructureis sensitive to. Wesaythatatransitionstruc-
ture is non-blocking if for every ����� we have 	��������

� � , so that



thereis at leastonesymbolavailableat every state.Thetransition-
outcomefunction is meaningfulonly for thosesymbolsthat are
availablein astate.In thefollowing, wewill usethesymbol“ � ” to
indicatethattheactualvalueis immaterial.

It is easyto translatethetwo protocolsof Figure1 andthespec-
i�cation of Figure2 in theabove representation.For thehandshake
protocolwe have:
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For theserialprotocolwehave:
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And �nally thespeci�cationis obtainedasfollows.
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In theprevious section,theprotocolconversionproblemis solved
by constructingtheproductmachineof theautomatathatrepresent
theprotocols.Herewe solve thesameproblemasa gamebetween
two players. Intuitively, with referenceto Figure3, synthesizing
a converter correspondsto solving a game: canthe converter, by

readingoutputs� and
�

, provide inputs ��� and
�

� that satisfyboth
theprotocolsandthespeci�cation?Thegameisplayedbetweenthe
protocolsandthe speci�cation,on oneside,andthe converter, on
theotherside.A moveof theprotocolsandspeci�cationconsistsin
choosingwhetherto emit � ,

�

, or � , andis thusessentiallya move
of the �rst protocol. A move of theconverterconsistsin choosing
a conversionfunction ���

�

���

�

� �

�




�

� � �

�

� � � �

�

, that is usedto
convert a symbolof the �rst protocolinto oneof the second.The
goalof thegame,for theconverter, consistsin ensuringthat, if the
�rst protocolemits ���

�

� � accordingto its de�nition (Figure1.a),
thenthesymbolproducedby the conversionfunction corresponds
to a transitionbothof thesecondprotocol,andof thespeci�cation.
If thegamecanbewon, theconverterconsistssimply of animple-
mentationof awinning strategy.

We representa gameusing a structuresimilar to a transition
structure,but with two alphabets(oneperplayer),two move avail-
ability functions,and a joint move-outcomefunction. Precisely,
given two alphabets�

� and �
	 , a gamestructure � over �

� and
�
	 consistsof thefollowing:

� A statespace� .

� An initial state������� .

� Two move-availabilityfunctions, 	

� : ��
 � �����

� for play-
er 1, and 	�	 : � 
��

���
for player2.

� A move-outcomefunction � : � � �

�

���
	


�� .

Similarly to the transitionstructures,the move-availability func-
tions provide for eachstatethe set of moves that eachplayer is
allowed to play. We requirethat player 1 hasat leastone move
availableat every state. The move-outcomefunction givesus the
statethatis reachedin responseto a particularpair of movesof the
players.As for thetransition-outcomefunction in transitionstruc-
tures,this is meaningfulonly in conjunctionwith moves that are
availablein eachstate.

Whendoesoneplayerwin thegame?Thetwo playersstartfrom
theinitial state�

� andeachchoosesoneof theiravailablemovesfor
that state. The gamethentransitionsto the stateindicatedby the
valueof the function � correspondingto the currentstateandthe
chosenmoves. Player2 wins if it alwayshasa move availablefor
all thestatesthatarereachedduringthegame.Player1,ontheother
hand,wins if thegametransitionsto astate� suchthatplayer2 has
noavailablemoves(i.e. 	�	������

� � ).
Insteadof randomlychoosinga move for eachstateduring the

game,a playercanplay accordingto a strategy. A strategy for a
player is simply a pre-determinedway of choosingthe move for
eachstate. In general,a strategy is a function that mapsthe cur-
rent history of the gameto one of the available moves. In prac-
tice, if only safetypropertiesare consideredin the speci�cation,
a simplerstrategy that only looks at the currentstateis suf�cient.
Thesestrategiesareknown asmemory-lessstrategies. A memory-
lessstrategy for player2 is a function ��	�� � 
 �
	 suchthat for

����� , if 	
	

�������

� � , then �
	

����� ��	
	

����� : in otherwords,thestrat-
egy assignsonly symbolsthatcanbeplayedby player2, provided
at leastonesuchsymbolexists.

Given a strategy �
	 for player 2, not all statesin � can be

reached. We de�ne the spacereached in � under ��	 to be the
smallestset � ���

	
�! � suchthat (1) �

�
�"� ���

	
� and (2) for

all � �#� ���$	 � and %

�

� 	

�

����� , we have � ���&�'%

�

�(�$	 ����� � �#� ���$	 � .
Wesaythata strategy is winningif a playernever loseswhenplay-
ing accordingto thestrategy. Givenourde�nitions, ��	 is a winning



strategy for player2 if for all reachablestates� � ����� 	 � we have
	�	������ �

��� . In otherwords,thestrategy �$	 steersthegamein such
a way thatplayer2 hasalwaysmovesavailableto play.

We arenow readyto setup theprotocolconversionproblemas
a game.We will usethe conventionthat if

�

�

� ��� � � � 	�� ��� is a
transitionstructurewith alphabet� , then ���

���

�

� , � � �

���

�

� �

andso on. Thus, let
�

and � be the transitionstructuresfor the
senderandthereceiverprotocolwith 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-
lem is de�ned asa gamestructure� with alphabets�

�

�

� and
� 	

�

� � 

� �

�

(thenotation � � 

� �

�

denotesthesetof all
functionsfrom � to �
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) suchthat:
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Note that the gamestructureis de�ned on the Cartesianproduct
of thestatesof thecommunicatingprotocolsandthespeci�cation.
Intuitively, thesede�nitions de�ne, for eachmove of

�

, thesetof
possibleresponsesof theconverterthatagreewith theprotocolof

� while satisfyingthespeci�cation � . It is possiblethat for some
of the statesthesetof possibleresponsesis empty. The objective
is thus to �nd a strategy that avoids suchstates. In otherwords,
a protocol converter is a winning player-2 strategy for � . If no
suchstrategy exists, thenthe protocolconversionproblemcannot
besolved,andthetwo protocolsarethusnot adaptable.

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

� and �

�
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Accordingto thede�nitions, wemust�nd awinningplayer-2 strat-
egy for this gamestructure.Let $&%�'(%
)+* '#,.-

�

�

� � �
�

	�	������ �

� �

�

be the setof stateswhereplayer2 is non-blocked. The gamecan
thenbecastasa safetygame:player2 mustnever leave $�%�'(%
)+* '#,.- .
The solutionto this safetygameis entirely classical[10, 11]. To
solve the games,for a set of states /  � we de�ne the set

0214365

�87 �� :9 of controllable predecessors of / asthe setcon-
sistingof all states� � � wherethereis % 	 ��	�	������ suchthatfor
all %

�

��	

�

����� , we have � ��� � %

�

�'%#	�� �;/ . In formulas,
0214365

�87 �
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� ��� �8< % 	 � 	�	 ����� � � %

�

��	
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����� � � ��� � %

�

�'%#	 � �=/

�

Intuitively, � �

02143>5

�87 � if player2 canreply to every move of
player1 andensurethat / is not left. Then,we computethe se-
quenceof sets/ � � /

�

�?/ 	����!���� � by letting / �

�

$@%
'(%
)+* 'A,+- and,
for BDC

�

, /�E!F

�

�

$@%
'(%�)G* 'A,+-IH

0214365

�872- � . For eachB�C

�

, theset
/JE consistsof thestatesfrom which player2 canstayin $�%�'(%
)+* '#,.-

for at least B roundsof the game: hence,the setof stateswhere
player2 canwin is givenby /

�

�LKNMNO

E�PRQS/�E . Since/�E�F

�

 T/�E

for all BUC

�

, the limit canbecomputedin at most
� � �

steps,ter-
minatingassoonaswe reach B suchthat /�E!F

�

�

/�E . Player2
canwin thegameif theinitial stateis winning, that is, � � �	/

�

; in
this case,a winning strategy �$	 for player2 canbeconstructedby
choosing,at each V �W/

�

with 	

�

�������

� � , a move % 	 � 	�	������

suchthat � ��� �'%

�

�'% 	 � �L/

�

for all %

�

� 	

�

����� ; at otherstates
thestrategy playsarbitrarily. A protocolconvertercanbeobtained
directly by implementingthis strategy. The converterkeepstrack
of thestateof thegame;ateachstate� , it usestheconversionfunc-
tion �

	
����� to convert themove %

� chosenby the�rst protocol,and
thengoesto thenew state� ���&�'%

�

� �$	������ � %

�

� � . Thecomplexity of
synthesizingthe interfaceadaptoris linear in the sizeof thegame
structure� .

The resultingconverter, in our example,canbe representedas
theautomatonof Figure7. At state0 theconverterplaysthemove

� � de�ned by � ��� � �

�

�
� , � ��� � �

�

�
� , � ���

�

�

�

�
� (this latter

choice is arbitrary). At state1 the converter plays the move �

�

de�ned by �

�

� � �

�

�
�
, �

�

� � �

�

�
�
(arbitrary),and �

�

�

�

�

�

�
�
.

At state2 theconverterplaysthemove ��	 de�ned by ��	�� � �

�

�

�

,
�$	�� � �

�

�

�
and �$	��

�

�

�

�
�

(arbitrary). Oncethe moves % � �

areplayed,thestrategy changesstateaccordingto theedgelabeled
% � � � % � in Figure7.

4. FairnessConstraints

Thetheoryandthealgorithmsthatwe have presentedsofar are
appropriatefor describingspeci�cationsthatconsistin safetycon-
straints. It is often necessaryin communicationprotocolsto also
de�ne livenessconstraints,for exampleto specifythat thetransfer
of thedatadoeseventuallyoccur. Indeed,thespeci�cationautoma-
ton of Figure2 speci�es that symbolsshouldnot be droppednor
duplicatedby the channel,but it doesnot specifythata symbol �

or
�

shouldbeeventuallydelivered,if followedby in�nitely many
occurrencesof thesymbol � . Ourapproachcanbeextendedin this
direction,althoughthe algorithmsusedto solve the protocolcon-
versionproblembecomemorecomplicated,andmaybenon-linear
[12].

Figure8 shows an automatonthat is equivalent to the onethat
we have usedso far for the speci�cation, and that is suitablefor
specifyingtheeventualdelivery of symbols. In particular, we had
to duplicatetwo of thestatesto separatethetransitionsondatafrom
thosethatoccurwhenno datais present.Fairnessconstraintscan
bede�ned in a varietyof formalisms.Herewe usetemporallogic
[13], andinsist that the automatonnever staysin statea, aa, b or
bb forever. Formally:XIY
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�[�

XIY

Z

���[�

XIY

Z

�

�
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Z
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Figure8: Speci�cationfor fairnessconstraints

When the speci�cation includesa fairnesscondition � (such as
the above), we mustmodify the de�nition of winning strategy for
player2. In particular, weneedtoconsiderhistory-dependentstrate-
gies,thatchoosethemoveasafunctionnotonly of thecurrentstate,
but alsoof thepasthistoryof thegame[12]. A (history-dependent)
strategy ��� for player ���

�

��� �

�

is a mapping��� � �

�


 ��� that
associateswith eachsequenceof statesa move in the alphabetof
the player. Again, for ���

�

��� �

�

we requirethat for all � � �

�

and ��� � , if 	
�

�������

� � then �
�

��� � ��� � 	
�

����� : in otherwords,
aslong asat leastonemove is available,thestrategy choosesonly
movesthatareavailable.Giventwo strategies �

� and �$	 for players
1 and2 anda state� � � , we de�ne ��	�

�����

5

���&�'���&�(����� to bethe
setconsistingof thein�nite sequences�

�
���

�

���
	

�
����� suchthat:
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� �

�

� ;
� for all BDC

�

, wehave 	
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��� E�� �

� � and 	
	

��� E�� �

� � ;
� for all BDC

�

, wehave
� E�F

�

�

� ��� � �

�

��� �$������� ���2E ��� ��	 ��� � �����!� ��� E � � .

Wenotethattheset ��	�

�����

5

��� �'��� �(��� � eithercontainsasinglese-
quence,which is entirelycontainedin $&%�'(%
)+* '#,.- , or it is empty. The
lattercaseariseswhen,startingfrom � , thestrategies �

� , �$	 would
cause$

%�'(%
)+* '#,.- to beleft. Then,astrategy �
	 for player2 is winning

if, for all player-1 strategies �

� , thereis � ����	�

�����

5

����� � ��� �'�����

suchthat �
�

�

� . Again,aprotocolconvertercorrespondsto a win-
ning strategy. Gameswith suchfairnessconditionsand winning
conditionsareexamplesof gameswith � -regular winning condi-
tions[11]. Suchgamescanbesolvedby themethodsof [11,14,15,
12]; awinningstrategy canbeeasilyderivedfrom a gamesolution.
We note that, when fairnessis present,the winning strategy may
requirememory. Nevertheless,theprotocolconvertercanagainbe
synthesizedasanautomaton,sincetheamountof requiredmemory
is �nite (seee.g.[12]).

5. Comparisonwith TraceTheory

As seenin the previous sections,the modelsof interfacesthat
we use(including the onesfound in [2] and[4]) constrainthe set
of possibleenvironmentsthey canwork with by consideringillegal
thoseinputsthatcannotbehandled.This is unlikeotherstate-based
modelslike I/O automata[16] thatmustalwaysbereadyto handle
any possibleinput. For thisreason,thelattermodelsareoftencalled
input-enabled, or receptive.

Receptivenessandenvironmentalconstraintsarenot, however,
mutually exclusive. The two notionscoexist andareparticularly

well-behavedin thetracetheoryproposedby Dill [1]. In thisframe-
work, developedfor the veri�cation of speed-independentasyn-
chronouscircuits,a traceof a model(which correspondsto these-
quenceof inputsandoutputson a pathin our automata)is de�ned
to beeitherasuccessor a failure.A model,calleda tracestructure,
containsa setof successesanda setof failures. A tracestructure
mustbereceptive in thatany sequenceof inputsshouldbeaccepted
aseithera successor a failure (by producingappropriateoutputs).
However, thesetof failurescanbeusedto representthebehaviors
that shouldbe avoidedby an environmentto work correctlywith
thetracestructure.

Thetheoryde�nesseveralconceptsthatarerelevantto ourwork.
Here we provide only a brief descriptionand refer the interested
readerto [1] for a rigoroustreatmentof thesubject.

Tracestructurescanbe composedin parallelby taking the in-
tersectionof the setsof the successtraces.At the sametime, the
compositioncontainsthe failuresfrom thetracestructuresthatare
beingcomposedthat arecompatiblewith the behavior (successes
or failures)from theother. Theresultis shown to alsobereceptive.
A compositionis calledfailure-freeif theresultingsetof failuresis
empty.

A tracestructure$ is saidto conformto a tracestructure$ � if
for all possibleenvironments , if thecompositionof  and $

� is
failure-free,sois thecompositionof  and$ . Conformationcanbe
seenasa re�nementrelation,or substitutabilityrelation,becauseif

$ conformsto $

�

, thenwecanreplace$ for $

�

withoutintroducing
failuresin any environmentthatcomposeswith $

�
without failures.

Two tracestructuresaresaidto beconformationequivalentif they
bothconformto eachother.

In ourstate-basedandgame-theoreticmodels,the“f ailures”are
implicitly de�ned asthosetracesthat arenot acceptedby the au-
tomatonbecausea transitionon a symboldoesnot exist. The set
of failuresis, in otherwords,determinedby the setof successes.
The sameis achieved in tracetheoryby a constructionthat takes
a tracestructureandproducesanothertracestructurein canonical
form, that is conformationequivalentto the original. In canonical
form, thesetof successesandthesetof inputstogetherdetermine
the setof failures,so they don't have to be representedexplicitly.
In addition,two tracestructuresin canonicalform areshown to be
equalexactlywhenthey areconformationequivalent.

Parallelcompositionof tracestructuresin canonicalform is not
guaranteedto yield a tracestructurethatis againin canonicalform.
If that is the desiredresult, the compositionmustbe followed by
a conversionto canonicalform. Thesameholdstruefor our mod-
els. In fact, it turnsout that theprocessof removal of illegal states
outlined in the previous sectionscorrespondsto that of autofail-
ure manifestationusedto convert ageneraltracestructureto onein
canonicalform. An autofailureis a successfultracethatbecomesa
failure asa consequenceof the occurrenceof outputsymbolsthat
noenvironmentcanstop.Fromthestandpointof conformation,the
resultdoesn't changeif autofailuresareaddedto thesetof failures.

In thecontext of protocolspeci�cation,theconceptof a mirror
playsanimportantrole. Themirror of atracestructure$ is themost
generalenvironment(againa tracestructure)thatcanbecomposed
with $ with nofailures.In otherwords,$ canbecomposedwithout
failureswith all and only the tracestructuresthat conform to its
mirror. Computingthe mirror is particularly simpleoncea trace
structureis in canonicalform: it is enoughto exchangethe inputs
with theoutputs.

Theproblemof thesynthesisof theprotocolconvertercannow
be analyzedin the context of tracetheory. Speci�cally, we adapt



the formulationof the recti�cation problemfound in [9]. There,
recti�cation is de�ned astheprocessof replacinga subnetwork of
a circuit by anothersubnetwork suchthattheresultingsystemcon-
formsto acertainspeci�cation.Moreformally, let � denoteparallel
composition, denoteconformationandmir theoperationof tak-
ing themirror. Then,if $ is thespeci�cation, $ �

� the replacement
subnetwork and $ 	 therestof thecircuit

$

�

�

�I$ 	  $ if andonly if $

�

�

 mir �.$ 	 � mir �.$�� � �

Theoriginal theoremin [9] alsoincludesthepossibilityof retaining
only partof thesymbolsin thealphabet.This is usefulto makevery
precisethesetof signals(symbols)thatthereplacementsubnetwork
canuseto performits function.If thefunctionproj �

�

� retainsonly
the symbolsin

�

, thenif
�

is the alphabetof the speci�cation $

and
�

�

� thealphabetof thereplacementsubnetwork $ �

� , wehave

proj �

�

� �.$

�

�

��$ 	 �  $

if andonly if

$

�

�

 mir � proj �

�

�

�

� �.$ 	�� mir �.$�� � � �

In our speci�c case,we take $
	 to be the compositionof the two

protocolsand $ to be the speci�cation of a correct transaction.
Thenthe $ �

� that is obtainedby the above formula correspondsto
thetracestructurefor theconverter.

Preliminaryexperimentsshow theviability of thisapproachand
that it producesresultsthatareequivalentto our earlierprocedures
whenusingthe sameexamples.However a thoroughcomparison
is madedif�cult by thefact that thetiming modelsusedin thetwo
solutionsaredifferent (synchronousin our case,asynchronousin
tracetheoryveri�er basedon [1] that wasavailable to us). Nev-
ertheless,the algebraicstructureof the tracetheoreticapproachis
very convenientand the formulation in termsof the recti�cation
problemis cleanandconcise.A generalizationof this approachis
partof ourcurrentresearch.

6. Conclusions

We presenteda general,algorithmic framework for checking
whetherincompatibleinteractionprotocolsof componentinterfaces
can be madecompatibleby inserting a converter betweenthem
which satis�esspeci�ed requirements.Theframework is basedon
andextendsthegame-theoreticapproachto interfacesof [4, 5]. If a
winning strategy for thegameexists,thentheinterfacesareadapt-
ableandthewinning strategy yieldstheconverterasa by-product.
The approachalso extendsand formalizesprevious work on the
synthesisof protocolconverters[2].

We notedan interestingrelationshipbetweenour approachand
theoneof [9]. In this work, tracetheorywasusedto studytheso-
calledrecti�cation problem,which canalsobe usedto synthesize
protocolconverters.Our researchnow concentrateson combining
andgeneralizingour approachand the trace-theoryapproach. In
particular, we areinvestigatingframeworks thatencompassmulti-
ple modelsof computationandenablethe synthesisof converters
acrossdifferentmodels.
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