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Abstract. Hardware specificationsin English are frequently ambiguousand often self-
contradictory. We proposea new logic ESL which facilitatesformal specificationof hardware
protocols.Our logic is closelyrelatedto LTL but canexpressall regular safetyproperties.We
have developeda protocolsynthesismethodologywhich generatesMealy machinesfrom ESL
specifications.TheMealy machinescanbeautomaticallytranslatedinto executablecodeeither
in Verilog or SMV. Our methodologyexploits theobservationthatprotocolsarenaturallycom-
posedof many semanticallydistinctcomponents.Thisstructureis reflectedin thesyntaxof ESL
specifications.We usea modifiedLTL tableauconstructionto build a Mealy machinefor each
component.The Mealy machinesare connectedtogetherin a Verilog or SMV framework. In
many casesthismakesit possibleto circumventthestateexplosionproblemduringcodegenera-
tion andto identify conflictsbetweencomponentsduringsimulationor modelchecking.Wehave
implementeda tool basedon the logic andusedit to specifyandverify a significantpartof the
PCIbusprotocol.

1 Intr oduction

Motivation. The verificationof bus protocols,i.e., of communicationprotocolsbetweenhardware
devices,asin thecaseof thewell-known PCI bus,is a centralproblemin hardwareverification.Al-
thoughbusprotocoldesignandverificationhavebecomeincreasinglyimportantdueto theintegration
of diversecomponentsin IP Core-baseddesigns,evenstandardbusprotocolsareusuallydescribedin
Englishwhichmakesspecificationsoftenambiguous,contradictory, andcertainlynon-executable.

Example1. It is often the casethat Englishdocumentationattachesdifferent meaningsto a singlenamein
differentsituations,asin thefollowing definitionfor “dataphasecompletion”from PCI2.2[18], page10:A data
phaseis completedon anyclock bothIRDY#andTRDY#areasserted.OnPage27,however, thereis a different
definition:A dataphasecompleteswhenIRDY#and[TRDY#or STOP#] areasserted.Theobviousproblemwith
thesedefinitionsis whetherdataphasecompletionshouldincludethe casewhenboth IRDY# andSTOP#are
asserted.

By carefullyreadingtheEnglishdocumentation,onecanalsofind many contradictorystatements,asin the
following examplefrom PCI 2.2 [18], page50: OncethemasterhasdetectedthemissingDEVSEL#,FRAME#
is deassertedandIRDY#is deasserted.On Page51,however, it is saidthatOncea masterhasassertedIRDY#,
it can not changeIRDY# or FRAME#until the currentdata phasecompletes.The reasonwhy thesetwo are
contradictoryis that the first sentenceallows FRAME# to be deassertedwithout the currentdataphasebeing
complete,while thesecondonedisallowsthis.

�
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Moreover, almosteverycompany hasanimplementationof thePCIbusfor theircomputer. There-
fore, the lack of an exact standardmay causecompatibility problems.Even the standarditself has
a compatibilityproblem,asexemplifiedby the PCI specificationRev 2.2, wherethe providedstate
machinesconflictwith theEnglishspecifications[4].

Traditionalhardwaredescriptionlanguagesareusuallynot well-suitedfor protocolspecification
becausethey arebasedonexistingconcretedesigns(or abstractionsthereof)insteadof specifications,
andtheir executionmodelthereforefocuseson single-cycle transitions.With protocols,the specifi-
cation is naturallyrepresentedby constraintson signalswhich may connectrelatively distanttime
points.

Anotherproblemof transition-systembasedapproachesis thatnaive compositionof participants
in theprotocolmaycoverupimportantprotocolinconsistenciesdueto synchronizationfaultsor write
conflictsamongnon-cooperative participants.It is importantthat the specificationlanguagebeexe-
cutable,i.e., thata machinemodelcanbecomputedfrom thespecification.This is a trivial property
for hardwaredescriptionlanguages,but not for protocolspecifications.
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The ESL logic. We proposethenew logical languageESL which facilitatesspecification,verifica-
tion, andsimulationof protocols.ESL is basedon a variantof linear temporallogic (LTL) where
atomicpropositionsareconstraintson signalsin the protocol,e.g. ����	�

��������� . The coreof ESL
areESLscripts, i.e., finite collectionsof executabletemporalformulas.More precisely, a script is a
finite collectionof axioms����� ��� where��� is a temporalformulainvolving only thetemporal
operator� (immediatepast-time),and ��� is a temporalformulainvolving only thetemporaloper-
ator � , e.g. ��� �"!$#%�&�&� . Atomsin � � areinterpretedastestsof previoussignals,while � �
assertsconstraintsin thefuture.Scriptsmaycontainlocalvariableswhicharenotvisible in thetraces
(i.e.,models)of thescript.

An ESLmodule' is a finite collection ( ��)+*,*,*-) (/. of ESLscripts. Theintendedsemanticsis that
ESLscriptsdescribeMealyMachinesandthattheESLmodulespecifiesthesynchronouscomposition
of the Mealy machines.Dif ferentscriptsof a modulepotentiallyconflict if they employcommon



outputsignals.Note thatin generaltwo scripts ( �0) ( � describetwo differentMealy machines,while
theconjunction( �$1 ( � of two scriptsis itself a scriptwhichdescribesa singleMealymachine.

A finite collection 2 of ESL moduleswith pairwisedisjoint outputsignalsis calledanESLpro-
tocol. Thesemanticsof ESL protocolis the synchronouscompositionof its modules.ESL modules
cannotdirectly conflictwith eachother, but they mayhave receptivenessfailures.

In realprotocols,ESL scriptsdescribedistinct functionalitiesandfeaturesof hardwaredevices,
while ESLmodulescorrespondto thedevicesthemselves.Notethatdifferentscriptscanconstrainthe
samesignal,which is importantwhentranslatingnaturallanguagespecifications.

Experimentsand Results. Weshow thatsemanticallyESLexpressesexactly theregularsafetyprop-
erties.This propertyis crucial for synthesizingexecutablemodelsof theprotocol,anddistinguishes
it from otherexecutablelogics,e.g.[11]. A fragmentof LUSTRE hasbeenshown to capturethesame
expressive power [13] in the context of synchronousdata-flow languagesfor real-timesystems.We
presentefficient tableauandsynthesisalgorithmsto obtainexecutablemodelsof hardwareprotocols,
cf. Figure1. Sinceeachscript is convertedinto a Mealy machineseparately, thereis no stateexplo-
sion during the translationphase.The executionof ESL in Verilog andSMV makesit possibleto
usethepowerof well-known andhighly developedverificationparadigms;in particular, it is possible
to verify importantfeaturesabouttheESL protocol,suchassynchronizationcontradictionsbetween
differentscriptsandreceptiveness[1] of theESLmodules.

Another importantdebuggingmethodis propertychecking,i.e., existing Verilog monitorsand
modelcheckingtoolscanbeeasilyusedto debugESLprotocols.To improvecoverageof theVerilog
simulation,a dynamicallybiasedrandomsimulationtestbench[19] canalsobe written directly in
ESL scripts.

In a casestudy, we have usedESL to specifythe PCI bus protocolRev 2.2 [18]. Several errors
wereidentified,includingsomeerrorsfrom theEnglishspecification.Verilog monitorsandtemporal
formulasfrom [22] have beencheckedagainstthegeneratedVerilog andSMV models.

RelatedWork. Algorithmsfor synthesizingconcurrentanddistributedprogramsfromtemporallogic
specificationshave beendevelopedfor CTL by ClarkeandEmerson[6,7] andfor LTL by Mannaand
Wolper [15]. Both methodssynthesizeglobal statetransitionsystemsbasedon an interleavedasyn-
chronousmodelof computationandthenuseprojectionto obtaincontrollersfor individualprocesses.
Neitherof thesemethodshasbeenvery successfulbecauseof the computationalcomplexity of the
decisionproceduresinvolved.Protocolsynthesis,especiallysynthesisof busprotocols,is easier, since
many implementationdetailsarealreadygiven.Ourmethodologyautomaticallyexploits thisinforma-
tion by incorporatingit into thesynthesisprocess.

Variousformalismshave beenusedin hardwarespecificationandsynthesis.For example,Sea-
wright and Brewer usehierarchicalYacc-likeproductionswith embeddedVHDL codeto specify
protocols[20]. Hierarchicalproductionsaresuitablefor synthesis,but hardto useasa specification
language.Moszkowski hasdevelopedaninterval temporallogic (ITL) [17] for hardwareverification.
His logic waslaterusedby FujitaandKonofor synthesizinghardwarecontrollers[10]. However, the
sizeof the specificationsthat could beprocessedwaslimited becauseof the spacerequiredfor the
tableauconstruction.Recently, ShenandArvind usedterm rewriting systemsto specifyandverify
ISA andout-of-orderimplementationsof processors[21]. Processorstatesarerepresentedasterms,
andtheoperationalbehavioral of the ISA is specifiedasa setof rulesfor rewriting theterms.How-
ever rulesarerestrictedto specifyonly singlecycle behaviors,andbustransactionscannot beeasily
modeledasstatetransitionrules.

Variousexecutabletemporallogicshave beenproposedfor AI applications.For example,Gabbay
hasdevelopedanexecutablelogic [11] in which programsarewritten usingrulesof the form “If A



holdsin thepastthendo B”. Sincelivenesspropertiescanbeexpressedin his logic, it is not suitable
for Verilog simulation.LamporthasdevelopedTLA, thetemporallogic of actions[14], to represent
and prove propertiesof algorithms.Programstatementsarerepresentedby actions,anddeduction
rulesaregivento prove validity of formulas.

Thework that is mostcloselyrelatedto our approachis thatof Shimizu,Dill andHu. They use
monitorsto specifybusprotocolsformally [22]. A codingstyle is definedthatpromotesreadability,
discourageserrors,andguaranteesreceptiveness.Althoughour paperis alsoconcernedwith formal
specificationof busprotocols,thereareseveral importantdistinctionsbetweenthetwo papers.First,
our formalizationis a declarative formalismbasedon temporallogic. Second,their monitorsare
restrictedto interfacesignals.Consequently, constructingappropriatemonitorscanbetricky. For ex-
ample,identificationof “masterabort” in thePCIbusprotocolinvolvesobservingthebusfor several
cycles.Third, both Verilog andSMV modelscanbe obtainedfrom our specifications.Our Verilog
modelcandirectly generatevalid simulationpatternsandcan,therefore,be simulatedwith part of
therealdesign.In themonitorapproach,theVerilog versionsof themonitorsareonly applicableto a
completedesign,becausemonitorscannotbeusedto generatevalid patterns.

Consistency problemsariseat differentlevelsof specifications.Bryant et al [3] have developed
a notion of consistency by identifying combinationaldependencies.They show how to derive this
modelfrom a modularspecificationwhereindividualmodulesarespecifiedasKripke structuresand
give analgorithmto checkthesystemfor consistency.

Structure of the Paper In Section2, we describethelogical framework of ESL.Section3 contains
theprotocoldescriptionlanguagewhichis usedasinput to our tool. In Section4, thetranslationalgo-
rithmsarepresented.Section5 shows how to debugandverify protocols.Finally, Section6 contains
our practicalexperimentswith the PCI bus protocol.In Section7, we briefly summarizeour work,
andoutlinefuturework.

2 The ESL logic

In thissectionwedescribethelineartimelogicwhichunderliestheimplementationof theESLsystem.
A moreuser-friendly input languagefor ESLwill bedescribedin thefollowing section.

2.1 Temporal Logic on Signal Traces

Let 3546��7 � � *,*8* ��7,.9� bea setof variables(signals)whereeach 7,: hasanassociatedfinite domain;=<,>
. A variable7,: is Boolean,if its domain

;=<,>
is �����,?0� where ? denotestruth,and � denotesfalsity.

An atomis anexpression7,:$4A@ , where @B
 ;=<8> . Thefinite setof atomsis denotedby CBD8E9FHG . If 7,:
is Boolean,then 7,: abbreviates 7,:�4I? . Literals areatomsandnegatedatoms.For a set J of atoms,KMLON8P JRQ�4S��7%T for somevalue @U
 ; :��-7B4�@ 
VJ=� is thesetof variablesappearingin J . A typeis a
consistentconjunctionW ��X : X .�Y : of literals.As commonin logic, we shalloftenwrite typesassets
� Y � � *,*8* � Y .Z� . A completetypeis a typewhichdeterminesthevaluesof all variables.Notethateach
completetypecanbeassumedto containonly (unnegated)atoms.

Example2. Supposethat []\_^a`0bMc0dfeMg,h0i , where jlknmnop\q^Or8d�s0dft0i , and jlunvnwp\q^axMdaryi . Then zR{�|�}�~�\^a`0bMc�\�r,df`0bMc�\�s0df`0bMc�\�t�d�eMg,h�\�xMdfeMg,h�\�r�i . Examplesof two types � � d�� � are:

1. � � \�^�`0bMc�\�r8dfeMg,hp�\�x0i , or asaconjunction,� � becomes̀0bMc�\�r��BeMg,hp�\�x .
2. � � \�^�`0bMcp�\�s0dfeMg,h�\�r�i , or asaconjunctioǹ0bMcR�\Hs$�BeMg,h�\�r .



� � is acompletetype,becauseit determinesthevaluesof both `0bMc and eMg,h . � � is equivalentto thetype ^�`0bMc�\
r,d�eMg,hp\�r�i . � � doesnot determinethevalueof `0bMc , becauseboth `0bMcp\�r and `0bMcR\�t areconsistentwith
� � . Therefore,� � is notcomplete.

ESL is basedon a discretetime model,wheretime points aregiven by naturalnumbersfrom� 4���?M����� *8*,* � . A signal trace is an infinite sequence��4_� � � �+�,�,� , whereeach� : determinesthe
valuesof all variablesat time � . � canbeviewedasaninfinite string,wherethealphabetconsistsof
completetypes. Following thepreviousexample,

��4S������	R4q?��-�����p4A���M������	R4q?��-�����p4q?O�M�a����	R4����������p4
?0� *,*8*
is a signaltrace.Thus,thealphabetof signaltracesis givenby

� 4�����
V�0 $¡f¢8£l¤¥TM� is a completetypewithoutnegation� *
Thesetof signaltracesis givenby

�R¦
.

Traceswhich do not determinethe valuesof all signalsare importantfor us as well (seeSec-
tion 4.1).For thispurpose,weusethealphabet§ whichconsistsof all types,i.e.,partial assignments
to thesignals.Notethat § is a supersetof thesignaltracealphabet

�
. Formally, wedefine

§�4��0¨VTM¨ is a type� *
Thesetof tracesis givenby § ¦ .

Remark.To keepthepresentationsimple,we tacitly identify two elementsof § , if they arelogically
equivalent,e.g., �����V4©? and ���M��ª4I� . Thus,a rigid formal definitionof § would requirethat the
alphabet§ is givenby thefinite numberof equivalenceclassesof types.For example,wemayusethe
lexicographicallyminimal typesasrepresentativesof theirequivalenceclasses.

Since
��« § , everysignaltraceis atrace,andall definitionsabouttracesin principlealsoapplyto

signaltraces.Themaindifferencebetween
�

and § is thateachelementof
�

determinesthevalues
of all signals,while § maycontainpartial information.On theotherhand,with eachelemenẗ of §
we canassociateall elementsof

�
which areconsistentwith ¨ . To this end,we definethe function¬�­0®=¯ TM§�°±��² by ¬�­0®p¯³P ¨/Q+4´����
 � T��%�±¨³� *

¬�­0®=¯ is called the completionfunction, becauseit mapsa type ¨ to the setof all completetypes
consistentwith ¨ . In otherwords, ¬�­0®p¯ mapsa partial assignmentto the setof possiblecomplete
assignments.Let µA4�¶ � ¶ � �,�,� 
·§ ¦ bea trace.Thenthesetof signaltracesdescribedby µ is given
by ¬a­0®p¯�P µ¥Q�4´����4�� � � � �,�,� 
 � ¦ T for all � , �a:+
 ¬�­0®p¯³P ¶�:fQ�� *
For a set ¸ of traces¬a­0®p¯�P ¸+Qp4I� ¬�­0®p¯³P µ¥QBT9µ&
�¸�� . Giventwo sets ¸ � ��¸ � of traces,we define
¸ ��¹ ¸ � if f ¬a­0®p¯�P ¸ � Q+4 ¬a­0®p¯�P ¸ � Q , i.e., ¸ � and ¸ � describethesamesetof signaltraces.

Example3. Let `0bMc and eMg,h beasin Example2. Thenthetrace º�\�»¼^aeMg,h½\�r8df`0bMcl\�r�i8^aeMg,h½\�xMdf`0bMc¾�\
s,i8¿ÁÀ doesnot determineÂ in all positions.It is easyto seethat Ã�Ä�ÅÇÆZ»nº+¿ is givenby the È -regular expression
»¼^aeMg,h¥\�r,df`0bMc�\�ryi,^�eMg,h¥\�xMdf`0bMc�\�r�iMÉ ^�eMg,h¥\�r,df`0bMc�\�ryi,^aeMg,h½\�x�dÊ`0bMc�\�t0i,¿f¿ À�Ë

A traceproperty ¸ is a setof signal traces.̧$. denotesthe setof finite prefixesof length Ì of
wordsin ¸ . A safetypropertyis a traceproperty̧ , suchthatfor each¶pª
Í¸ , thereexistsafinite prefixÎ of ¶ , suchthat Î ª
V¸�Ï Ð�Ï . In otherwords,tracesnot in ¸ arerecognizedby finite prefixes.



For a set � of atomsanda set Ñ « 3 of variables,let �9Ò denotetherestrictionof � to atoms
containingvariablesfrom Ñ only. Similarly,

� Ò denotesthealphabetof completetypesfor thesetof
variablesÑ .
3 is partitionedinto two sets 3�Ó and 3�Ô of global andlocal variables.Thedistinctionbetween

global andlocal variableswill be justified in Section2.2.Thus, �/Õ0Ö denotestherestrictionof � to
global atoms, i.e., atomsusingglobal variables.Similarly,

� Õ0Ö denotesthe alphabetof complete
typesfor thesetof variables3�Ó . Let ×9ØÁEZÙ$Ú�Ø betheprojectionfunctionwhichmaps

�
to
� Õ0Ö by

×9ØÁEZÙ$Ú�Ø P �/QÛ4A� Ü%CBD8E9FHG�Õ0Ö *
Intuitively, the function ×9Ø¼E9Ù$Ú�Ø removes all local atomsfrom the alphabet.With eachsignal trace
�I4±� � � � �,�8� we associatethe global signal trace ×ZØÁEZÙ$Ú�Ø P �ÝQ�4Þ×ZØÁE9ÙÝÚßØ P � � Qf×9ØÁEZÙ$Ú�Ø P � � Q �8�,� over
�  Ý¡f¢,£¥¤�à Ö .

Example4. Let á�\�»¼^,â�\�r,dfãä\�s,i,^8â�\�xMd�ãB\�t�i,¿ÁÀ bea signaltracewhere ã is a local variable.Thenå�æ |�ç9è æ »¼á/¿³\�»¼^,â�\�r�i8^,â�\�x0i8¿ÁÀ .
Given two sets ¸ � �-¸ � of traces, we define ¸ � ¹lé�ê ¸ � if f ×9ØÁEZÙ$Ú�Ø P¼¬a­0®p¯�P ¸ � Q�Q 4

×9Ø¼E9Ù$Ú�Ø P¼¬�­0®=¯�P ¸ � Q�Q , i.e., ¸ � and ¸ � describethesamesetof globalsignaltraces.

Lemma 1. If ¸ is a safetyproperty, then ×ZØÁEZÙ$Ú�Ø P ¸+Q is a safetyproperty.

We considera linear time logic with temporaloperators� , � , and ë . Let µ_4_¶ � ¶ � *8*,* bea
trace.We inductively definethesemanticsfor atomicformulas ì andtemporaloperators� , � , ë
asfollows:
µ�����í 4�ì if f ¶�:��±ì (Here,weusethefact that ¶�: is a type,andthusa formula.)
µ�����í 4��Iî if f µ��-�ßïA?pí 4�î
µ�����í 4���î if f �ñð�� , and µ����9ò�?óí 4�î
µ�����í 4�ë&î if f ôßõ¾ð��9µ��öõUí 4�î

The semanticsof the Booleanoperatorsis definedasusual.Existentialquantificationover tracesis
definedasfollows:Let 7 beavariable,andlet µ÷4�¶ � ¶ � �,�8� beatraceover

� ÕÛø/ù <,ú , i.e.,a tracewhich
doesnotassignvaluesto 7 . Thenwedefine
µ����·í 4üû�7 * î if f thereexists an infinite sequence� � � �$*,*,* of valuesfor 7 suchthat the trace

��4 P ¶ ��ý �07V4þ� � ��Q P ¶ ��ý ��7V4I� � �0Q *8*,* satisfiesî at time � , i.e., �$�-�Bí 4þî . Given a formula î ,ÿ�� Ú�����G P î$Q denotesthesetof signaltracesµ suchthat µ��8?pí 4�î .
Tracescanbecombinedin avery naturalmanner:

Definition 1. Let µ÷4�¶ � ¶-� �8�,� and ��4�� � � � �8�,� betraces.Thenthecombinedtrace µ � � is given
by theinfinitesequence� � � � �8�,� where

� : 4 � ¶�: 1 ��: if ¶�: and �a: are consistent

�
	 L���
�� � ­ ¶���� Î�� �¼���
We saythat µ and � are compatibleif there is no � such that �ß:ñ4
��	 L���
�� � . Otherwisewesaythat µ
and � contradict.Let ¸ � and ¸ � besetsof traces.Theņ � � ¸ � 4��,µ � � µ � T0µ � 
V¸ � ��µ � 
V¸ � � .
Theabovedefinitionseasilygeneralizeto morethantwo traces.Notethattheoperation

�
introduces

thenew symbol 	 L���
�� in thealphabetof traces.
Thefollowingimportantexampledemonstrateswhytheoperator

�
is differentfromconjunction,

andwhy weneedit to analyzetraces.



Example5. Considerthe two formulas ë P �V� �5!aQ and ë P ��� ���+!�Q . Their setsof tracesare
givenby ÿ�� Ú�����G P ë P �p�±�&!�Q Q ¹ P ���ß����!,��í ���+�ß��Q ¦
and ÿ�� Ú�����G P ë P �B�Þ���+!�Q Q ¹ P ���ß�M���+!,��í ���+�ß��Q ¦ *

Whenviewedasspecificationsof differentdevices,thetwo formulasareintuitivelycontradictory
whentheinputsignal � becomestrue.In fact, in thesetof combinedtraces

ÿ�� Ú�����G P ë P �p� �þ!�Q�Q � ÿ�� Ú�����G P ë P �B�Þ���+!�Q Q ¹ P ���ß�M��	 L���
�� ��í ���+�ß��Q ¦
the contradictionsbecomevisible immediatelyafter � becomestrue. On the other hand,the naive
conjunctionë P �¾�Þ�I!�Q 1 ë P �B�Þ���+!�Q of theformulasis equivalentto ë��+� , theirsetof traces
is givenby

ÿ�� Ú�����G P ë��+��QÝ4 P ���+�9�-!���í ���+�9���$!,��Q ¦ , andthusthepotentialcontradictionvanishes.

2.2 ESL scripts

Thefollowing definitiondescribesthefragmentof lineartime logic usedin ESL.

Definition 2. ESL scripts

(i) A retrospectiveformulais a formulawhichcontainsno temporaloperatorsexceptP .
(ii) A prospectiveformula is a formulawhichcontainsno temporaloperatorsexcept � .
(iii) A script axiom � is a formulaof theform � � � � � where� � is a retrospective formula,

and � � is aprospective formula.
(iv) An ESLscript ( is a conjunctionW �-X! 0X�" �  of scriptaxioms�  .
(v) With eachscript ( , weassociatetheformula ë P (�QÛ4�ëüW �-X! 0X�" �  .

Intuitively, atomsin � � areinterpretedastestsof previoussignals,while � � assertsconstraintsin
thefuture.For simplicity, weassumethatno localvariableappearsin two differentESLscripts.

Example6. Considerthe ESL script #�ã½�%ã%$ü»'&�ã)(*&+&AãM¿ . The script saysthat if ã held true in two
subsequentcycles,then ã mustholdtruein oneof thetwo following cycles.

Thefollowing lemmasaysthatthetemporaloperator� is redundant.

Lemma 2. Let ( beanESLscript.Then ë P (�Q is equivalentto a formulaof theform ë P î Ó Q 1 î-,�.
/ 0 ,
where î Ó and î-,1.�/ 0 are temporal logic formulaswhich containno temporal operatorsexcept � .

The following theoremstatesthat the projectionoperator×ZØÁEZÙ$Ú�Ø achieves the sameeffect as
existentialquantification.

Proposition 1. Let ( be an ESL script, and 2 � � *,*,* ��2 . its local variables. Then
×9Ø¼E9Ù$Ú�Ø P ÿ�� Ú�����G P ë](�Q Q+4 ÿ�� Ú�����G P û!2 �Ý�,�8� 2 . ë P (�Q�Q .

Thus,projectionamountsto a kind of implicit existentialquantification.Theeffect of this quan-
tification is characterizedby thefollowing theorem.

Theorem 1. On global signals,ESLscriptscapture theregular safetyproperties.Formally, for each
regular safetyproperty̧ over

� Õ Ö , thereexistsanESLscript ( such that ×9ØÁEZÙ$Ú�Ø P ÿ�� Ú�����G P ë P (�Q Q�Q+4
¸ , andviceversa.



Weconcludefrom Theorem1 thatprojectionextendstheexpressive powerof thelogic to capture
all regularsafetypropertieson global variables. We will show in thenext sectionthat in praxisthe
complexity of our logic doesnot increasesignificantly. Thus,theadditionof local variablesappears
to beagoodchoicewhichbalancesexpressive powerandcomplexity.

Corollary 1. For globalvariables,all pasttimetemporal operators,aswell astheweakuntil opera-
tor W are expressibleby ESLscripts.

2.3 Regular tableaus

Thetableauof anLTL formula î is a labeledgeneralizedBüchiautomatonµ thatacceptsexactly the
sequencesover P �  $¡f¢8£l¤�3 Q ¦ thatsatisfyî [12]. (Here,CBD8E9FHG
4 denotesthesetof atomicpropositions
appearingin î .) In thissection,wedefineregular tableausby adaptingLTL tableausto ESL.

Definition 3. Regular Tableau
A regular tableau5 is a tuple 6�798R�
7-8: ��;<8¥��¸=8½��>?8�@ where

– 798 is a finite setof states,798: « 798 is a setof initial states,and ;A8 is a finite setof atoms.
– ¸=8�T!798�°±§ is a labelingfunctionwhich labelsstatesby types.
– >B8 « 798DCE798 is thetransitionrelationof thetableau.

Sinceby Theorem1, ESL definesonly safetyproperties,tableausfor ESL do not needall the
expressive power of F -automata.Moreover, thestatesof regular tableausarelabeledonly by setsof
atoms(andnot by temporalformulas).Intuitively, temporalformulascanbe omittedfrom tableaus
becausewe have local variableswhich carry the informationthat is usuallycarriedby the temporal
formulas.

Definition 4. Regular TableauAcceptance
A traceµ÷4�¶ � ¶ �$�8�,� 
Í§ ¦ is acceptedby 5 if thereexistsa sequence� � � �+�,�8� 
 P �-8�Q ¦ suchthat

(i) � � 
V�-8G
(ii) � � � �+�,�8� is aninfinite pathin thegraphgivenby thetransitionrelation H?8 .
(iii) For all � , ¶�:��±¸=8 P �a:�Q .

The languageI P 5¾Q is the setof tracesµ acceptedby tableau5 . Let ( be an ESL script,and 5 a
tableau.5 is a correct tableaufor ( , if I P 5¾Q ¹ ÿ�� Ú�����G P ë P (�Q�Qa� i.e., if the tracesgeneratedby the
tableaudefineexactly thesignaltraceswhichsatisfythescript ( .

3 ESL Protocols

ESL facilitatesmodularspecificationof protocols,in particularhardwareprotocols.ESL protocols
consistof moduleswhich in turn consistof scripts.Underthe intendedsemanticsof ESL, modules
correspondto distinctdevices(e.g.a masteranda slave device), while scriptsdescribeindependent
functionalitiesof thedevices.

Formally, anESL module' is a finite collection ( � � *8*,* � (/. of scripts.Eachscript (/: is givenby
afinite conjunctionW î  of specifications.Theintendedsemanticsis thatESLscriptsdescribeMealy
Machinesandthat the ESL modulespecifiesthe synchronouscompositionof the Mealy machines.
Therefore,weshallwrite ( �0) ( �$*,*,*-) (/. to denote' . Dif ferentscriptsfor thesamemodulepotentially
conflict if they employcommonoutputsignals.Scriptsmay containlocal variableswhich arenot
visible to otherscripts.



Our aim is to build a machine JLK suchthat the languageacceptedby JLK coincideswith the
combinedtracesof thescriptsonglobalvariables,i.e.,

I P J K Q ¹lé-ê ÿ�� Ú�����G P ( � Q � �8�,� � ÿ�� Ú�����G P ( . Q *
As shown in Example5, tracecombinationwill enableusto identify contradictionsbetweenscripts.

A finite collection 2 of ESL moduleswith pairwisedisjoint outputsignalsis calledanESLpro-
tocol. Thesemanticsof protocolsis givenby thesemanticsof thescriptsof its constituentmodules.
ESLmodulesof aprotocolhavefewer sourcesof conflictamongeachotherthanESLscriptsbecause
they donothave commonoutputsignals.

3.1 Input Languagefor ESL Protocols

An ESL protocolmustcontainexactly oneprotocolmodulewhichstartswith thekeywordprotocol.
This is similar to themainfunctionin thelanguageC. Eachmodulecanhavethreetypesof variables:
input , output and local variables.Eachscript canincludemorethanonespecification,which start
with thekeywordspec.

In orderto facilitateeasydescriptionof propertiesandprotocols,we augmentthebasicESL lan-
guagewith “syntacticsugar”,suchasdefaultvalues,additionaltemporaloperators,andparametrized
macros.Defaultvaluescanbeassignedto outputvariablesor local variables.Scriptsareaugmented
by two new operators: M�NONQP and R . TheexpressionM�NONQP P ��Q meansthat thecurrentvalueof signal
� is theexactly thesameasthevalueof � in thepreviousstep.R is thetemporaloperatorfor weak
until. The formula îLR S meansthat î will be true alongthe pathuntil possibly S becomestrue.
By Lemma2, we could alsoaddall the pasttemporaloperatorsto the languagebecausethey only
defineregularsafetyproperties.In orderto adaptspecificationsto differenthardwareconfigurations,
we also introduceparameters into the language.The parametersarespecifiedinsidemodulesand
instantiatedwhenthemodulesareinstantiated.For example,in thepci arbiter which we describein
Section6, theparameter

�
getsthevalue � whenthearbiteris instantiated.Thefollowingexampleis

a fragmentof thespecificationof thePCIbusin ESL.It consistsof onemasterandonearbiter.

modulepci master
input T�U�V�T�W�d'X0b�Y[Z,b[\�d'][^�_�]�` ][^�a�dbU�c�d�_ T�`[T�U�^�d'e�f�g : bool;
output `0bMc�\�x : bool;
local d�_[c�_�hOdji�^aeMg,h�k�d¼h�l�mMg,`�g�dnh�gMg0i ;
script

spec ][^�_�]�` ][^�aBno&�»'][^�_�]�` ][^�a�pqc�r�r�] s�tOc�d�^�¿ ;
spec U�c�d�_ T�`[T�U�^�n�uv][^�_�]�` ][^�a ;

script
spec e�f�gwno& »�WO^�^�s�»n`0bMc8¿f¿xp d�_[c�_�hOd�\�eMg,h�k ;

endmodule

modulepci arbiter
parameter N;
input `[Z�g�d¼`0bMc [1 to N]: bool;
output e�f�g [1 to N]: bool;
local _[V�W [1 to N]: bool;
script

spec `[Z�g �y_[V�WOz|{~}�no&�»'_[V�W[z »�{!��ry¿���������}�\�r��D�b����z �|}Z\�x0¿��Ê|��v��\�r�{�|)� ;



endmodule

protocolpci bus
constant N = 2;
modulesÅpã[���'��� [1 to N]: pci master,ã[����{��'��� (N): pci arbiter;
connectionÅpã[���'����z {~} Ë e�f�g \�ã[����{'����� Ë e�f�g!z {~}��f|��={Z\�r${�|)� ;ã[����{��'��� Ë `0bMcQz|{~} \�Å=ã[�
������z|{~} Ë `0bMc�z {~}��f|��={Z\�r�{�|x� ;

endprotocol

This exampleincludestwo modulesandoneprotocolmodule.Eachmoduleincludesoneor two
scripts.In the modulepci master, REQ hasBooleantype andis initialized to 0. The local variable
statusdenoteswhetherthePCI masterabortsthetransactionor the time out happens.In themodule
pci arbiter, wedefinea parameter

�
whichwill beinstantiatedwhenthemodulegetsinstantiated.A

formula î P �ÁQ-��E � ��4_� D8E � is equivalentto î P ?8Q 1 î P ��Q 1�*8*,*�1 î P � Q . For example,thescriptof
themodulepci arbiteris instantiatedasaconjunctionof two formulas:

P HR�³µ 1 ¶ ­�� �8Ì=� ��� °Þ� P ¶ ­�� �,Ì=� ?���T 4q? 1 ¶ ­�� �,Ì=� ���ÝT 4���Q�Q 1P HR�³µ 1 ¶ ­�� �8Ì=� ?�� °Þ� P ¶ ­�� �,Ì=� ����T 4q? 1 ¶ ­�� �,Ì=� ?��ÝT 4���Q�Q
The protocolmoduleexplicitly connectsthe modulespci masterand pci aribter by matchingthe
correspondinginputsandoutputs.

4 Synthesisof ExecutableModels

GivenanESLprotocol,ourprocedurecomprisesthreemainstepsto transformexecutablemodelsinto
eitherVerilog or SMV programs.

1. Preprocessing. In this step,theESL protocolis parsedandtypecheckedto makesureeachvari-
ableis declaredandeachaxiom is well typed.For example,for a Booleanvariable � , an atom� 4A� is not allowed.Furthermore,theparametersareinstantiatedandthemacrosareexpanded.

2. ModuleSynthesis.ThisstepconvertseachESLmoduleseparatelyinto aVerilogor SMV module.
An overview of thealgorithmModuleSynthesisgivenin Figure2. In thealgorithm,wefirst gen-
eratearegulartableaufor eachscriptandtranslatethetableauinto anondeterministicautomaton.
Thenwe determinizethe automatonandtranslateit into a Mealy machinewhich canbe easily
implementedin Verilog or SMV. The combinerconnectseachMealy machine.Detailsof each
stepwill bedescribedin thefollowing threesubsections.

3. ModuleConnection.In this final step,the inputs andoutputsfrom differentESL modulesare
connected.In the synchronousbus protocoldesign,combinationaldependency loopsbetween
thesignalsarenot allowed.This stepidentifiesall combinationaldependencieswithin individual
modulesor betweenmodules.A shortoutlineof thisstepis givenin Section4.4.

4.1 Tableauconstruction

GivenanESLscript ( , ouraimis to generateaMealymachinewhoseoperationalbehavior is specified
by thescript.Considerthe two simplescripts � 4I?B� !=4þ? and !=4&��� �V4_� , where � and !



Algorithm ModuleSynthesis»'� ���v�����
� �� �¿
foreach ��¡¢Q£ > \¥¤§¦³è�ç æ�¨ è!©/»'��¡¼¿ª £ > \�z«©9{�|�}%èM{�|�¬$» ¢ £ > ¿ª®­£ > \¯#Û|[° ¨ ��~ ¨ {0» ª £ > ¿± £ > \®² ¨ ¬³¤ ¨ è æ�´ » ª ­£ > ¿
return Combine» ± £�µ d Ë�Ë�Ë d ± £�¶ ¿

Fig. 2. Algorithm to synthesizescripts

Algorithm MTableau»'�Ý¿
mark �¢[£ i \L·³¸�¹[º¼»�¸
½9»'�Ý¿
for all states �j¾ á³¿
À

if Á æ�¨ è!¬/»�Â-¿
À�¿ is inconsistent
then remove� fr om

¢ £
return

¢Q£
Fig. 3. TableauConstruction.

areBooleanvariables.Logically, thesescriptsareequivalent(since�p�±! is equivalentto �+!��Ã�+� .)
However, asspecificationsfor Mealy machinesthey shouldintuitively describedifferentmachines:
the formula �V4I?¾� !p4 ? describesa Mealy machinewhich asserts!B4þ? if it observes � 4I? ,
while !�4 ��� ��4©� describesa Mealy machinewhich asserts��4 � if it observes !�4 � . We
concludefrom thisexamplethatfor theoperationalbehavior of theMealymachinesit is importantto
know for eachoccurrenceof a variablewhetherit belongsto theretrospective or theprospectivepart
of a script.Variablesfrom the retrospective parteventuallywill becomeinputsof Mealy machines,
andvariablesfrom theprospectivepartwill becomeoutputsof Mealy machines.

In ourmethodology, wefirst build atableaufor ( , andthentranslateit furtherto aMealymachine.
As arguedabove, it is importantfor our tableauconstructionnot to losethe informationwhich vari-
ableswill beusedasoutputsof theMealymachinelateron.Therefore,wedistinguishsuchvariables
by markingthemwith asymbol Ä .
Definition 5. Givena setof variables354���7 � � *,*8* ��7 . � , 3xÅ is a set �07[Å � � *,*,* ��7[Å. � of new variables
calledmarkedvariables.

GivenanESL axiom î�4���� ° ��� andthecorrespondingalphabet§ , themarkedaxiom î-Æ
is givenby ���&° �wÅ� where�wÅ� is obtainedfrom ��� by replacingeachoccurrenceof avariable7
by themarkedvariable7[Å . ESL scriptsaremarkedby markingall their axioms.

Let Ñ beasetof variablesor atomsetc.ThenÇ$F¯È P ÑVQ denotesthesubsetof Ñ wherenoelement
containsa markedvariable,and F¯È9É P ÑVQ denotesÑ ò¯Ç$F¯È P ÑVQ . Thefunction �0ØÊ��Ú�Ë P ÑVQ removes
all markersfrom theelementsof Ñ , e.g. �OØ���Ú�Ë P 3)Å0Q$4S3 .

In Figure3, we outlinethe tableaualgorithmMTableauP (�Q for ESL scripts.In thefirst step,the
algorithmmarksthe script asdescribedabove. In the secondstepwe usethe standardLTL tableau
algorithmdescribedin [12] to generatea tableaufor the markedscript.Note that from thepoint of
view of the tableauconstructionalgorithm,a variable 7 andits markedversion 7QÅ aredifferent.In
thethird step,however, weexcludethosestatesfrom thetableauwheretheassertionsareinconsistent
with theobservations,i.e., thosestateswhoselabellingwould becomeinconsistentif themarkswere
removed.Thus,theresultingmarkedtableauis a correcttableaufor ( if themarkersareignored.

Lemma 3. Let ( bea script.Let ¸ bethesetof tracesacceptedby thetableauÌ ÿ Ú�Ù$Ø���Ú�Ç P (�Q . Then�OØ���Ú�Ë P ¸+Q ¹ ÿ�� Ú�����G P (�Q , i.e., afterunmarking,thetracesof thetableauare thesameasthetracesof
thescript.

Ouractualimplementationof thealgorithmMTableauremovesinconsistentstateson-the-flydur-
ing constructingtableaus.Thus,fewer intermediatestatesarecreated,andlessmemoryis used.In
principle,othertableaualgorithms[8] couldbeused,too.



Note that local andglobal variablesarenot distinguishedby the tableaualgorithm.The tableau
tracesin generalcontainlocalvariables.
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Fig. 4. An exampletableau.Boxes denoteinitial
states.
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Fig. 5. Thecorrespondingautomaton

Thefollowingexamplehighlightstheconstructionof tableausfor markedscripts.Wewill usethis
exampleasa runningexamplethroughoutthepaper.

Example7. Considerthe following axiom: ²%»nã¥nÑ�j(Ò&_ãM¿ The meaningof the axiom is: whenever ã
is asserted,thenin the next time point either ã or � shouldbe asserted.The correspondingmarkedaxiom is:²%»nã�n���Óv(y&�ã!Óy¿ Thetableaufor this axiomis shown in Figure4.

Beforedescribinghow to translatetableausinto automata,we first give a formal definition of au-
tomata.

Definition 6. A nondeterministicESLautomaton
�

is a 4-tuple 6Ê�$��� G ��§ ��Ô[@ , where � is a finite set
of states,� G « � is a setof initial states,§ is thesetof types,and Ô « �ÕC·§ÖCV� is the transition
relation.A trace µ�4S¶ � ¶ �+�,�,� 
H§ ¦ is acceptedby

�
if thereexistsa sequence� � � �Û�8�,� 
�� ¦ such

that � � 
�� G , � � � �+�,�8� is an infinite sequenceof states,andfor all � , thereexistsa type ¨�
H§ such
that ¶ : � ¨ , and P � : �-¨$��� :'× � Q�
ØÔ . ThelanguageI P � Q is thesetof tracesacceptedby

�
.

Givena tableau5_4Ù6ö�-8R�-�-8G ��J?8¥��¸=8¥��HB8j@ , thealgorithm CÚÇ$D8E9F�Ú�D,E�Ë P 5äQ computestheau-
tomaton Û 8 4Ü6f�$�-� G ��§ ��Ô[@ where �&4Þ�98 , � G 4 �-8G , and ÔH4Þ� P ���-¨$���
Ý Q·íÛ¨�
]§U� P �M���
Ý Q 
H?8R�-¸=8 P �,Q+4A¨³� . Thenthefollowing lemmaholdstrivially.

Lemma 4. The tableau 5 and the ESL automatonCÚÇ$D8E9F�Ú�D,E�Ë P 5¾Q acceptthe samelanguages.
Formally, I P 5¾Q+4§I P CÚÇ$D8E9F�Ú�D,E�Ë P 5äQ Q *
4.2 Mealy machinesynthesis

SinceESL automataarenondeterministic,wecannottranslatethemdirectly into Verilog. In this sec-
tion, we describehow to synthesizeautomatainto deterministicMealy machineswhich canthenbe
easilytranslatedinto Verilog programs.We proceedin two steps.First,we usea powersetalgorithm
to determinizetheautomata.Then,we usethevariablemarkersto determinethe inputsandoutputs
for eachstateof theMealy machines.



SinceESL automatado not have Büchi constraints,we usethe traditionalmethodfor automata
determinizationby powersetswhichis describedin many textbooks[23].

AlthoughthealgorithmPowersetis potentiallyexponential,theresultingautomatain our exper-
imentsareoften muchsmallerthanthe original automata.In Figure6, resultsfor 62 scriptsin our
PCI protocolspecificationareshown, wherefor eachscript,theratio of thesizeof thedeterministic
automatoncomparedwith thatof theoriginal non-deterministicautomatonis shown. It canbeseen
that,in our experiments,thedeterministicautomataarealwayssmallerthanthenondeterministicau-
tomata.Onaverage,theautomatacanbecompressedto about�QÞ[ß of theiroriginalsize.Theintuitive
explanationfor this behavior is that thepowersetalgorithmclustersrelatedstatesinto onestate.For
theexamplein Figure5, theautomatonafterdeterminizationis shown in Figure7.Sincethedetermin-
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Fig. 6. Compressionobtainedby determinization
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Fig. 7. Automatonafterdeterminization

istic automatonacceptsthesamelanguageastheoriginalautomatondoes,thebehavior of theoriginal
scriptsis maintainedafterdeterminization.

Finally, we describehow to generateMealy machinesfrom deterministicautomata.The Mealy
machinemodelpresentedin the following definition takesinto accountthe type conceptwhich we
usefor traces.

Definition 7. Mealy machine
A Mealymachine J is a tuple 6f�$�
7 : ��ñ���ò ��ó³��H)@ where � is a finite setof states,� G « � is theset
of initial states,ñ is a finite setof input variables,ò is a finite setof outputvariables( ñ½ÜEòþ4�ô ),ó�T+�+C �?õ ° ��ö

is the outputfunction,and H « �+C �?õ CH� is the transitionrelation. J is
deterministicif for every input � every statehasauniquesuccessori.e., for all �M���
Ý³
V� and ��
 �Bõ ,H P �����/�-��ÝnQ 1 H P ���-� �-��Ý|Ý Q%° ��Ýó4 �
Ý|Ý . J acceptsa trace µ 4 ¶ � ¶ �$�,�8� over alphabet

� õ ý � ö if
thereexists an infinite sequence��4þ� � � �Û�8�,� of statessuchthat (i) � � 
A� G ; (ii) for all indices � ,H P � : ��ÇÝF¯È P ¶ : Q���� :÷× � Q ; (iii) for all indices � , ó P � : ��Ç$F¯È P ¶ : Q�Q¥45F¯È9É P ¶ : Q . Thesetof tracesaccepted
by J is denotedby I P J�Q .
Given a deterministicautomaton

� 4 6f�$�-� G ��øä��Ô0��ùú@ , we generatea Mealy machine J 46��$��� G ��ñ���ò ��ó���H�@ suchthat
�

and J have the samesetsof statesand initial states.Let �!û!ü be
thesmallestnumbersuchthatnostatein

�
hasmorethan �!û!ü immediatesuccessors.

The input variables ñ of the Mealy Machine J are the unmarkedvariablesof the automaton�
, andthe new variable Ì/@ , ; .Oý 4 ��?M� *8*,* � �!û!ü�� . Intuitively, the new variable Ì/@ will be usedto

determinethesuccessorstateamongtheMAX possiblesuccessorstates.Theoutputvariablesò of J



arethemarkedvariablesof
�

, i.e., òq4�F¯È9É P øpQ . Theoutputfunction ó andthe transitionrelationH aredefinedby thealgorithmGenMealyshown in Figure8.

Algorithm GenMealy»�� ¿
foreach �j¾�áþ \�^�©/}%ÿ9»nãM¿ÛÉ��Q����¾äá d��O»��,d�ã�d���� ¿fi

for each ãú¾ þ� \�^
��É�©/}%ÿ9»'�-¿³\�ã�d��Q� � ¾ á9d��0»��,d��ad � � ¿fi
i = 1
for each �j¾ �	 \ 	�
 ^O»��,dfã��
���R\¯{Ád�}Øÿ��$»'�-¿f¿fi

if �O»��,d���d�� � ¿�\L_�]�hO^ thenâ�\�â 
 ^O»��,dfã��
���R\¯{Ád�� � ¿fi
i = i + 1

choosesome�j¾ �
for j=i to MAX	 \ 	�
 ^O»��,dfã��
���R\��8d�}%ÿ��$»'�-¿f¿fiâ�\Hâ 
 ^0»���dÊã��
���¥\��,d ��� ¿fi

Fig. 8. Pseudo-codefor GenMealy
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Fig.9. A deterministicMealymachine

Example8. TheMealy machineobtainedfrom theautomatonin Figure5 is shown in Figure9. ��� is thenew
unconstrainedinternalsignal.Thelabellingin state� � denotestheinput/outputfunction,for example���¥\�r��aã Ó
representsinput ���R\�r andoutputis ã Ó \�r .
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Fig. 10.Combinersfor aModule
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Fig. 11. Identified Combinational dependency
loops



Theorem 2. Let ( beanESLscript.Thenthelanguageof thesynthesizedMealymachinecoincides
with

ÿ�� Ú�����G P (�Q onglobal variables.Formally,

�0ØÊ��Ú�Ë P ÿ�� Ú�����G P ë �!Ë Ì+��Ú�Ø�� P �lE! ú� � G���D P C�Ç$D8E9F�Ú�D,E�Ë P Ì ÿ ÚßÙÝØÊ��Ú�Ç P (�Q Q�Q Q�Q�Q ¹ é�ê ÿ�� Ú�����G P (�Q *
TheobtainedMealy machinecanbetranslatedinto a Verilog programeasily. Detailsareomitted

dueto thespacerestrictions.

4.3 Combiner generation

Recall that eachESL script ( is translatedinto a Mealy machine,andthat differentscriptscanas-
signvaluesto thesamesignal.In Section2 we definedtheoperation

�
to combinetwo traces.As

exemplifiedin Example5, theoperation
�

on tracesis not thesameasconjunctionof scripts.
On the level of Mealy machines,we introducecombinerswhich performthe operation

�
on

traces.A combinermachineis definedasfollows.

Definition 8. GivenasequenceJ � � *8*,* ��J Æ of Mealymachineswith possiblynondisjointalphabets,
the combiner " P J � � *,*,* ��JLÆ½Q is a Mealy machinewhoseinput alphabetis the union of the input
alphabetsof the J : andwhoseoutputalphabetis obtainedfrom theunionof theoutputalphabetsof
the J : by removing themarks.Oninputof asymbol � , " P J � � *,*,* ��JLÆ½Q simulateseachof theMealy
machines,collectsthe outputs­ � � *,*,* � ­ Æ of the Mealy machines,andnondeterministicallyoutputs
oneelementof �0ØÊ��Ú�Ë P¼¬�­0®=¯�PÁ­ � � ­ � � *,*8* � ­ ÆpQ�Q .

Thus,if the outputof the Mealy machinesis consistent,the combinerwill output it; if it is in-
consistent,thenthecombinerwill output �0ìZ�Q2¼���O� ; if theoutputdoesnot determinethevaluesof all
signals,thecombinerwill nondeterministicallychooseconsistentvaluesfor theunspecifiedor under-
constrainedsignals.

ThealgorithmCombinegeneratesVerilog codefor thecombiner. In theVerilog translation,each
Mealy machineis translatedinto a Verilog module.Thecombineritself is a modulewhich usesthe
Mealy machinemodulesassubprogramsandcombinestheiroutputs.

In thetraditionalapproach(i.e.,synthesizingtheconjunctionof all scripts),thenumberof tableau
statesfor the conjunctionof thescriptscanbecomeexponentiallylarger. In fact, our techniquesare
tailoredto find inconsistenciesbetweenscripts;in conjunctedformulas,inconsistentbehaviorswould
beeliminated.

Finally, wecanformally statethecorrectnessof ouralgorithms,cf. Section3.

Theorem 3. Let 'V4�( � ) �8�,� ) ( . beanESLmodule. Then

I P Ì�E9É-ÇÝØÊ�$#%�³Ë�D�& ��G�'fG P '$Q�Q ¹lé�ê ÿ�� Ú�����G P ( � Q � �,�8� � ÿ�� Ú�����G P ( . Q *
4.4 Module Connection

In Verilog,connectingtheinputsandoutputsof modulescanbedonehierarchically. For synchronous
busdesigns,combinationalloopsarenotallowed.Therefore,in thevariabledependency graph,weuse
standardalgorithmsfor strongly-connectedcomponents[5] to identify combinationalloops.Our tool
will reportcombinationalloopsto theusers.Figure11 shows combinationalloopsidentifiedduring
PCIbusprotocoldebugging.Detailsareomitteddueto spacerestrictions.



5 DebuggingProtocolsin ESL

For a protocolspecifiedin ESL, it is essentialto have debuggingcapabilitieswhich verify that the
specifiedprotocol is indeedwhat the designerswant to specify. In this section,we describespecial
propertiesof thegeneratedVerilog andSMV codewhich facilitatedebugging.Dueto spacerestric-
tions,wedescribeonlysomeof thedebuggingcapabilitieswhichweimplemented.Thecodegenerator
for Verilog andSMV canbeextendedeasilyto handleothercapabilities.

Synchronization Contradiction. In ESL, two scriptscanpotentiallyassertcontradictoryvaluesto
signals,cf. Example5.To detectsuchcases,aflag (*) is definedin theVerilogcodefor thecombiner.
As soonasthecombinercomputes�
	 L��1
�� � , theflagis automaticallysetto ? . Accordingto Theorem3,
theflag (+) is setto ? if andonly if thetracesof thescriptscontradict.Therefore,to verify theabsence
of synchronizationcontradictions(i.e.,consistency) it sufficesto checkfor unreachabilityof (*)�4S? .
Receptiveness.A machineis receptive [1] in anenvironment,if startingfrom any state,for all possi-
ble inputsfrom theenvironment,themachinecanproducevalid outputandtransitto avalidnext state.
Receptivenessis amongthemostimportantpropertiesof protocols.In ESL, receptivenessquestions
ariseon thelevel of modules. Receptivenessis interestingfor a modulein connectionwith thewhole
protocol,but alsofor a singlemodulewith unconstrainedinputs.For eachmodule J , a specialflag,.- � is definedin theVerilogcodefor J . If aMealymachinebelongingto J getsstuck,i.e.,hasno
valid transitionfor thegiveninput, thentheflag

,.- � is setto ? .
Similarly as in the caseof synchronizationcontradictions,verificationof receptivenessfor J

essentiallyamountsto checkingunreachabilityof
,.- � .

Property Checking. Thespecificationof protocolsoftencanbepartitionedinto specificationsof a
fundamentalandoperationalcharacter, andanothersetof additionalspecificationswhich werelogi-
cally redundantfor acorrectprotocol,but areaimedatfindingout if theprotocolis correctlyspecified.

In ESL,webuild VerilogandSMV modelsbasedontheoperationalspecifications,andthenusea
Verilog simulatorandtheSMV modelcheckerto verify theadditionalspecifications.

6 Experimental Results

We have built a prototypesystemin StandardML, which includesabout13,000lines of code.To
testthecapabilityof our tool, we have specifieda subsetof PCI busprotocol[18]. Thespecification
consistsof 118formulasand1028linesincludingEnglishcommentsfor eachformula.Thespecifica-
tion includesfive moduletypes:mastersequencer, masterbackend,targetsequencer, targetbackend,
andarbiter. Onemastersequencerandonemasterbackendform a PCImaster;conversely, onetarget
sequencerandonetargetbackendform a PCI target.We have specifieda biasedrandomtestbench
[19] in the masterbackend,becausein PCI, the testbenchinvolvestransactionrequestgeneration,
which is anintegralpartof thebehavior of themasterbackend.Usingtheparameterconceptin ESL,
thenumberof moduleson thebuscanbeeasilymodified.

Thespecifiedsubsetof thePCI protocolincludesburst transaction,master-initiatedfast-back-to-
backtransaction,masterandtargetterminationconditions,initial andsubsequentdatalatencies,target
decodelatency, masterreissueof retriedrequest.We arecurrentlyworking on configurationcycles,
busparkingandparitychecking.We planto specifythecompletePCIbusprotocolin futurework.

Ouralgorithmis veryefficient,andit only takesabout15secondsto generatetheSMV or Verilog
modelfrom 62ESLscriptsona550MHzPentium/�/�/ machinewith 256MB memory. Thegenerated



Verilog is about7000linesof codewhile thegeneratedSMV is about6100linesof code.Usingthe
CadenceVerilog-XL simulator, weareableto simulatethegeneratedVerilogmodel.Many easyerrors
have beenidentifiedby checkingsynchronizationcontradictionin Verilogsimulation,includingsome
errorsin theprotocol.For example,thefollowing twostatementsfrom[18] canbecontradictorywhen
a PCI targetcanperformfastdecode.

1. A PCItargetis requiredto assertits TRDY# signalin areadtransactionunconditionally whenthe
datais valid.

2. Thefirst dataphaseon a readtransactionrequiresa turnaround-cycle (enforcedby thetargetvia
TRDY#).

The sixty nine Verilog monitorsfrom [22] areusedto characterizecorrectnessof the PCI bus
protocol.In orderto verify thatourVerilogmodelis correct,weconnectthemonitorswith ourmodel
to checkwhetherourmodelviolatesthemonitors.

Model checkingcanformally verify the correctnessof a given formula.However, it is limited
by the sizeof the model.We useit on a limited configurationof the protocol,namelyonemaster,
one target,onedummyarbiter. After abstractingthe datapath,e.g., the width of the bus, we have
successfullymodelchecked70 temporalpropertieswhich arederived from the temporalproperties
give by [22]. Theverificationtakes450MB memoryand2 minuteson a Sun6500Enterpriseserver
with 6.4GBRAM andten360MHzprocessors.

7 Conclusions

We have proposeda new logic ESL for formal specificationof hardwareprotocols.Our synthesis
methodologygeneratesexecutablecodein Verilog or SMV from ESL specifications.A significant
part of the PCI bus protocolhasbeenspecified,simulated,andverified usingour tool. Our experi-
mentalresultsclearlydemonstratethatour synthesismethodologyis feasiblefor systemsof realistic
complexity.

In thefuture,weplanto completethePCIbusspecificationandto experimentwith otherindustrial
bus protocolssuchasthe IBM CoreConnectbus andthe Intel P6 bus.To achieve this goal,we are
investigatingvariousextensionsof ESL.In particular, webelieveit is possibleto incorporateour logic
into Verilog withoutsignificantlychangingthesyntaxof thelanguage.Suchanextensionshouldalso
makeour tool easierfor engineersto use.

Finally, we believe thatgametheoreticnotionsof consistency [9,2] arenecessaryundercertain
circumstances.We intendto investigatevariousnotionsof consistency for our logic anddevisealgo-
rithmsfor verifying them.
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