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Abstract

Thispaperpresentsa methodfor the automaticsynthe-
sis of asynchronouscircuits from Petri net specifications.
Themethodis basedon a structural encodingof the sys-
temin such a way that a circuit implementationis always
guaranteed. Moreover, a setof transformationsis presented
for the subclassof Free-ChoicePetri netsthat enablesthe
explorationof differentsolutions.All transformationspre-
servethepropertyof free-choiceness,thusenablingtheuse
of structural methodsfor thesynthesisof asynchronouscir-
cuits. Preliminary experimentalresults indicate that the
quality of the circuits is comparable to that obtainedby
methodsthatrequireanexhaustiveenumerationof thestate
space.

Thisnovelsynthesismethodopensthedoorto thesynthe-
sisof largecontrol specificationsgeneratedfromhardware
descriptionlanguages.

1. Intr oduction

In the last few years,therehasbeenan increasingin-
terestin asynchronouscircuits. Potentialadvantages,such
as modularity, absenceof clock skew problems,average
performanceand low power, have encouragedmany re-
searchersand designersto devote someefforts in under-
standingandproposingtechniquesfor asynchronouscircuit
design[9].

If someunanimityexistsaboutasynchronouscircuits,it
is thatthey aredifficult to design.Theabsenceof clockdoes
not allow a discreteabstractionof time and,therefore,the
behavior of any signalatany instantcanberelevantfor the�
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correctnessof thecircuit. A significanteffort hasbeenspent
in studyingandproposingautomaticsynthesistechniques
thatcanalleviatetheburdenof designingasynchronouscir-
cuits.Thispaperfocuseson techniquesfor thesynthesisof
controlcircuits.

Currently, thereareseveral academictools that work at
the logic level and attemptto optimize the resultingcir-
cuit by usingvariationsof thestate-of-the-artBooleanmin-
imization techniques[12, 6, 22]. Given thatasynchronous
circuitsaretypically modeledasconcurrentsystems,theex-
isting synthesisapproachesoften suffer from the stateex-
plosionproblemderivedfrom concurrency.

A crucialproblemof mostasynchronouslogic synthesis
toolsis that they arenot alwayscapableof deriving anim-
plementationfrom the specification.The main reasonfor
that is thatsomeof the implementationpropertiesmustbe
ensuredby transformingthespecification.And this taskis
performedautomaticallyby usingheuristicsthatcannotex-
plorethecompletespaceof configurations.

Direct translationmethodsthatdonot exploit thepower
of Booleanminimizationhavealsobeenproposed[11, 4, 1,
17]. This type of strategiesguaranteesan implementation
by construction,but doesnotexploit thepotentialoptimiza-
tionsthatcanbeperformedat logic level. Typically, thesize
of theobtainedcircuitsis linearonthesizeof thespecifica-
tion.

There have been few attemptsto combine both ap-
proaches[25,15]. However, directtranslationmethodsusu-
ally generatecircuit structuresthatcannotbe locally trans-
formed to derive succinctrepresentationsof the samebe-
havior. For this reason,theresultsobtainedby thesemeth-
odsarecomparableto peepholeoptimizationsrealizedon
theoriginal structures.

Nowadays,the knowledge of asynchronoustechiques
have reachedalevel of maturitythathave enabledsomere-
searchersto facethe problemof synthesisfrom Hardware



DescriptionLanguages(HDLs), suchasVerilog [3, 19] or
VHDL [27]. Thisnew trendalsoimpliesdealingwith con-
trol circuitsthatareboth largeandwell-structured.

Due to the aforementionedstate explosion problem,
thereexist severelimitationsonthesizeof thespecifications
that canbe handledby existing synthesistools. However,
thefact thatcontrolspecificationsderivedfrom HDLs tend
to bewell-structuredopensthedoor to usetechniquesthat
donot requireanexplicit representationof thestatespace.

This paperpresentssomecontributionsinto that direc-
tion,with theaimthatautomaticsynthesistechniquesbased
on the presentedtheoreticalresultswill be proposedin
the future. The concurrentmodel usedin this paper is
basedon Petri nets[21]. The main contribution consists
in proposinga setof structuraltransformationsof thespec-
ificationthatguaranteesan implementationof thebehavior
without explicitly enumeratingthe statespaceof the sys-
tem. The transformationsare proposedfor the subclass
of Free-choicePetri nets. This subclassseemsto be a
goodtrade-off betweentheexpresivenesspowerrequiredby
well-structuredcontrolspecificationsandthe methodsthat
canmanipulatethemwithout suffering from thesizeof the
statespace.

Moreover, the presentedtransformationspreserve the
structuralpropertiesof the specification,thusenablingthe
useof logic synthesistechniquesthatdo not requireanex-
plicit representationof thestatespace[24].

The paperis organizedasfollows. Section2 describes
previousandrelatedwork. Section3 presentsbasicdefini-
tions andbackgroundusedalongthepaper. The encoding
methodand its propertiesis presentedin Section4. The
property-preservingtransformationsare describedin Sec-
tion 5. Finally, Section6 illustratesthemethodwith anex-
ampleandreportssomepreliminaryresults.

2. Relatedwork and overview

SignalTransitionGraphs(STGs) [26, 5] areinterpreted
Petrinetsusedfor the specificationandsynthesisof asyn-
chronouscontrollers.In STGs, transitionsrepresentrising
andfalling signaltransitions,denotedby positiveandnega-
tive events(e.g. ��� , �
	 ). Several techniquesthatcircum-
ventthestateexplosionproblemhavebeenproposedfor the
synthesisfromSTGs. However, mostof themonlywork for
markedgraphs,avery restrictiveclassof specificationsthat
cannotmodelchoicebehaviors [13].

To thebestof our knowledge,theonly work in this area
that hascoveredthe synthesisof specificationswith Free-
choicePetri netswaspresentedin [24]. Besidesallowing
thespecificationof choice,Free-choicePetrinetsalsohave
nicestructuralpropertiesthatenabletheuseof polynomial
algorithmsto analyzetheirbehavior [10].

Unfortunately, noneof the methodsmentionedbefore

hasbeenable to effectively tackle the problemof finding
an encodingof the specificationthat guaranteesan imple-
mentation.Eventheknown structuralmethodsworking for
somesubclassesof STGs rely on the fact that heuristics
with affordablecomputationalcostwill find a solutionwith
highprobability[29, 23].

The encodingproblemis illustratedin Figure1. Given
a specification(Figure1(a)), eachstateof the reachability
graphis assigneda binaryvector that representsthe value
of eachsignalat thatstate(Figure1(b)). For a circuit to be
derivedfromthespecification,it is requiredthatthevalueof
the signalscanuniquelydistinguishnon-equivalentstates.
In this example,therearetwo statesthat cannotbedistin-
guishedby their codes(shadowed in the figure). Solving
thestateencodingproblemis usuallyperformedby adding
new signalsin the specificationthat preserve implementa-
tion properties.Doingsois notaneasytask[7].

Themethodpresentedin thispaperhasbeeninspiredon
previouswork for thedirectsynthesisof circuitsfrom Petri
nets.Oneof therelevant techniqueswasproposedin [28],
wherea setof cells thatmimic the tokenflow in Petrinets
wasdesigned.Thecircuitwasbuilt by abuttingthecellsand
producinga structureisomorphicto thePetrinet.This type
of cells,calledDavid cells,wereinitially proposedin [8].

Figure 2 depictsa very simple exampleon how these
cells canbe abuttedto build a distributor that controlsthe
propagationof activities alonga ring. Thebehavior of one
of thecellsin thedistributorcanbesummarizedby thefol-
lowing sequenceof events:

������ ���������� ��� ��
-th cell

excitation

� �!�#"$�&%�!�'�� �(� ��
-th cell setting

�

�)%�*�+���,"-�.�*�+�����/�0���+���1"� ��� �2 � � �43 -th cell resetting

� ���5�� ��� �2 � " �43 -th cell
excitation

�6�����

In [28], eachcell wasusedto representthebehavior of
oneof the transitionsof the Petri net. The approachpre-
sentedin this paperis basedon encodingthesystemby in-
sertinga new signalfor eachplacewith a behavior similar
to aDavid cell. With suchanencodingapproach,two goals
areachieved:

7 A solutionfor the encodingproblemis guaranteedat
theexpenseof over-encodingthestatesof thesystem.

7 The structuralpropertiesof the specificationarepre-
served,thusenablingtheuseof transformationsto op-
timize theresultingcircuit.

In theforthcomingsections,theencodingmethodanda
setof optimizingtransformationsarediscussed.
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Figure 1. (a) STG, (b) Encoded graph (<dsr,dtack,ldtack,d,lds>), (c) Structurall y encoded STG.
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Figure 2. Distrib utor built from David cells [14].

3. Petri Netsand Signal Transition Graphs

Thetheorypresentedin this paperholdsfor theclassof
consistentanddeterministicSignalTransitionGraphswith
an underlyingFree-choicelive andsafePetri net and ini-
tial homemarking.Thenecessarydefinitionsto supportthe
theoryarenext presented.

3.1.Petri Nets

A PetriNet (PN) is a4-tuple >@?BADCFE4GFE1HIEKJML(N , whereC is thesetof places,G is thesetof transitions,HPORQ�CTSGVUXWYQZG.SMCVU is the flow relation,and JML is the initial
marking. A markingof a PN is an assignmentof a non-
negative integer to eachplace. If [ is assignedto place \
by marking J (denotedJ]Q^\_U`?P[ ), we will saythat \ is
markedwith [ tokens.GivenanodeaIbcCdWeG , its post-set
andpre-setaredenotedby f(a and a
f respectively.

A pathin aPN is asequencegih,j�j(j�glk of nodessuchthatmon E*prq ntsvuxw Qyglz�EKglzZ{ h U`b@H . A pathis calledsimpleif
nonodeappearsmorethanonceon it.

A transition| is enabledin amarking J whenall places
in fK| aremarked.Whena transition| is enabled,it canfire
by removing a tokenfrom eachplacein f1| andputtingato-
kento eachplacein |4f . A marking J~} is reachablefrom J

if thereis asequenceof firings |�h�|4��j�j(j'|�� thattransformsJ
into J~} , denotedby J]� |�h�|4��j�j(j'|��_NJ~} . A sequenceof tran-
sitions |�h�|4��j�j�j�|�� is a feasiblesequenceif it is firablefromJML . Thesetof reachablemarkingsfrom JML is denotedby��JML(N . A markingis a homemarkingif it is reachablefrom
every markingof ��JML(N .

A placein a PN is redundantif its eliminationdoesnot
changethebehavior of thenet. A PN is place-irredundant
if it doesnothave redundantplaces.

A PN is live if f every transitioncanbeinfinitely enabled
throughsomefeasiblesequenceof firingsfromany marking
in ��JML(N . A PN is safeif no markingin ��JML*N assignsmore
thanonetokento any place. A Free-ChoicePetri net is a
PN suchthat if Q^\iE�|4UIbBH then fK|VS�\
fdO�H , for every
place \ [10]. In the rest of the paper, we will deal with
Free-choiceliveandsafePetrinets(FCLSPN).

Checkingfor liveness,safenessandredundantplacescan
bedonein polynomialtime for Free-choicePetrinets[10].

3.2.SignalTransition Graphs

A Signal Transition Graph (STG) [26] is a tripleA�>�E1�eE1��N , where > is a PN, � is a set of signals,par-
titioned into input signals( ��� ), output signals( �`� ), and
internal signals ( ���4��� ), and � is the labeling function



�����/� �Z�P� � ����	��*�¡  �(¢ � , whereall transitionsnot
labeledwith the silent event (

¢
) are interpretedas signal

changes.Rising andfalling transitionsof a signal �¤£ �
aredenotedby ��� and �_	 , respectively, while � � denotes
a genericrisingor falling transition1.

An exampleof STG is shown in Figure1(a). For sim-
plicity, thoseplacesthatonly have onepredecessorandone
successortransitionarenot depicted. In that case,the to-
kensareheldon thecorrespondingarcs.

3.3.Observationalequivalence

The notion of observationalequivalence,asdefinedby
Milner [18], with respectto a set of observableevents is
relevantin thispaper. Informally, two systemsareobserva-
tionally equivalentif theirbehavior cannotbedistinguished
by interactingwith them.Whennecessary, wewill consider
observationalequivalencewith respectto input andoutput
signals(not internal),or with respectto all signals.Thefol-
lowing definitionsassumeobservationalequivalencewith
respectto all signals.

An STG is deterministicif the firing of two different
transitionswith the samelabel in a marking ¥ £§¦�¥M¨(©
leadsto observationalequivalentmarkings.

A signalis saidto beenabledin amarking ¥ if thereis a
marking ¥~ª which is observationallyequivalentto ¥ and
a transitionof the signal is enabledin ¥~ª (asa particular
case,¥&«R¥~ª ).
3.4.Concurrencyand ordering relations

A pair of transitions¬��¬y®¯£ � aresaid to be concur-
rentif thereis a marking ¥°£¯¦�¥M¨!© suchthat ¥]¦ ¬y®±¬��© and¥]¦ ¬��¬y®!© . The conceptof concurrency canbe extendedto
signals. Two signals � and ² aresaid to be concurrentif
therearetwo transitionswith labels � � and ² � thatarecon-
current.

An STG is non-autoconcurrentif it does not con-
tain any pair of concurrenttransitionsof the samesignal.
An STG satisfiesthe consistency condition if it is non-
autoconcurrentandthesignalchangesin every feasiblese-
quenceof signal transitionsalternate. This last condition
restrictsthefeasiblesequences:thechange0

�
1 (1
�

0)
canonly befollowedby thechange1

�
0 (0
�

1) for each
signalappearingin a feasiblesequence.

3.5.Encoding

Eachmarkingof anSTG is encodedwith abinaryvector
of signalvaluesby meansof alabelingfunction ³ � ¦ ¥M¨�© ��!´ �*µ*�#¶ ·�¶ . All markingsmustbe consistentlyencodedby

1Along this paper, we will oftenusethelabelof a transitionto denote
thetransitionitself.

³ , i.e. no marking ¥ canhave an enabledrising (falling)
transition��� ( �
	 ) if ³ � ¥B��¸`«Bµ ( ³ � ¥B��¸�« ´ ).

Figure 1(b) depictsthe set of reachablestatesderived
from the STG in Figure 1(a), with the correspondingen-
coding.

An STG is said to satisfy the completestatecoding
(CSC) propertyif, whenthesamebinarycodeis assigned
to two differentmarkings,thesetof internalandoutputsig-
nalsenabledateachmarkingis thesame.TheSTG in Fig-
ure1(a)doesnot satisfytheCSC property, sincethereare
two differentmarkingswith thecode10101,andtwo output
transitions,¹�� and ºZ¹�»¼	 , only enabledin oneof them.

A more restrictive property, called unique state cod-
ing (USC), holdsif all reachablemarkingsareassigneda
uniquebinarycode,i.e., ½o¥@¾��K¥d¿�£À¦�¥ ¨ © � ¥@¾FÁÂ ¥d¿`Ã³ � ¥@¾K�ÄÁ«�³ � ¥d¿*� , where Â denotesobservationalequiva-
lence.

TheCSC propertyis a necessaryconditionfor thecor-
rect implementationof an STG specification. When the
CSC conditionholds,theeventsthat the circuit mustpro-
duceateachreachablestateareuniquelydeterminedby the
binarycodeof thestateitself.

3.6.Synthesisof speed-independent circuits

Here, we briefly sketchhow a circuit can be derived
from an STG. This theoryis valid for the classof speed-
independentcircuits,whicharecorrectwhenassumingthat
all componentsof thecircuit canhave any delay[20].

If wecall �
¾��(Å�Å(Å�4�5Æ thesignalsof thecircuit, eachnon-
input signal Ç canbe implementedby a gatethat realizes
a logic function È�É . The logic function is definedfor each
binaryvector Êr£ �!´ �*µ*� Æ asfollows:

Ë1Ì 2+Í 3
Î
ÏÐÐÑ ÐÐÒ
Ó

if Ô�Õ×Ö(Ø 2 Õ 35Î ÍÚÙ@2 someÛ " enabledin ÕÝÜ2 Ø 2 Õ 3 Ì ÎÄ� Ù no Û � enabledin Õ 3y3Þ
if Ô�Õ×Ö(Ø 2 Õ 35Î ÍÚÙ@2 someÛ � enabledin ÕÝÜ2 Ø 2 Õ 3 Ì ÎIß Ù no Û " enabledin Õ 3y3� if à Ô�Õ×Ö�Ø 2 Õ 3�Î Í

In casethe CSC propertydoesnot hold, the previous
definition is ambiguous,since a binary vector could be
foundfor whichtherearetwo differentmarkingsthatwould
makeÈ�É equalto 0 and1 simultaneously.

The previous function is incompletelyspecified. For
thosevectorsin which È�É � Êá�r«â	 , the functionmay take
any value, since thosevectorswill never appearin any
reachablestateof thesystem.This setof vectorsdefinethe
don’t caresetof thefunction,whichis extremelyimportant
for anefficient Booleanminimization.

4. Structural Encoding

This sectionpresentsa transformationappliedto STGs.
Thefeaturesof this transformationarethefollowing:



7 It guaranteestheUSC property.

7 It preservesfree-choiceness.

7 It preserves consistency, liveness,safeness,initial
homemarkingandobservationalequivalencewith re-
spectto theinputandoutputsignals.

7 It haslinearcomplexity on thesizeof theSTG.

This is thefirst methodthatguaranteesasolutionfor the
encodingproblemandtacklesthe problemin linear com-
plexity for the classof FCLSPNs. The transformationis
basedontheinsertionof a signalfor eachplaceof theSTG
thatmimicsthetokenflow onthatplace.

Althoughttheencodingtransformationdoesnot require
thenetto befreechoice,it preservesthis property. This is
importantin our framework to enablethe useof structural
methodsfor synthesis.

Thetransformationswill bepresentedasa rule to beap-
plied to the transitionsof theSTG. Beforetheapplication
of the StructuralEncoding,the setof signalsof the STG
hasbeenaugmentedwith onesignal »�ã for eachplaceã of
theSTG. In orderto simplify thepresentationof therules
andthecorrespondingproofs,wewill usesilenttransitions
on thedefinitionof therules.

4.1 Encodingtransformation

Let ä¤«Tå�åZæF� � �1çÚ��¥ ¨ ©1� � � � © beanSTG with under-
lying FCLSPN andinitial homemarking. The Structural
Encodingof ä derivestheSTG èeé
ê � äë� in whichanew in-
ternalsignal »�ã hasbeencreatedfor eachplaceãì£íæ , and
the transformationrule describedin Figure3 hasbeenap-
pliedtoeachtransition¬X£ � . Thenew transtionsappearing
in èeé
ê � ä�� , labelledwith »ã � , will becalledE-transitions
alongthepaper.

Let usnow prove propertieson èeé
ê � ä�� .
Proposition 4.1 è�é
ê � ä�� is free-choice.

Proof: Every new place ã appearingin è�é
ê � ä�� hasî ï ã î « î ã ïðî «×µ by construction.Theoriginal placesin
ï ¬

and ¬ ï keepthesameflow relationswith therestof thenet.
Therefore,theunderlyingPN of èeé
ê � ä�� is free-choice. ñ
Proposition 4.2 è�é
ê � ä�� is live, safe, has initial home
markingand is observationalequivalentto ä with respect
to theinputandoutputsignals.

Proof: The transformationfor structuralencodingis a
trivial combinationof a setof transformationsproposedby
Berthelotthat preserve liveness,safenessandhomemark-
ing [2]. Thesetransformationsalsopreserve the behavior
condition, i.e. eachconflict resolutionin èeé
ê � äë� is per-
formedby someobservabletransition.

1. Createthe ò1óõô÷ö�ø5ù transitionsú�û and ú1ü .
2. For eachplaceýIþíÿù , createa new transitionwith labelòDý�� and insertnew arcsandplacesfor creatinga simple

pathfrom ú±û to ú1ü , passingthroughòDý�� .

3. For eachplaceýFþxù ÿ , substitutethearc
� ù��õý�� by thearc� ú1ü��õý�� , createa new transitionlabeledas òDý	� and insert

new arcsandplacesfor creatingasimplepathfrom ù to ú�û ,
passingthrough òDý�� .

t
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sqm+

p1

pn
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t

ε1 ε2

sp1−
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Figure 3. Transf ormation rule for each transi-
tion ¬�£ � .

Fromthebehavior condition,it immediatelyfollowsthat
observationalequivalenceis alsopreserved. ñ
Proposition 4.3 èeé
ê � ä�� is consistent.

Proof: Given that the observational equivalenceis pre-
served,consistency directly holdsfor thesignalsalreadyinä . It only remainsto prove that it also holds for the E-
transitionsof thenew insertedsignals.

By construction,thenew »ã signalsmimic thetokenflow
in places.Giventhat thedynamicbehavior correspondsto
a safePN, no morethantwo consecutive rising or falling
transitionscanoccurfor thesesignals. ñ
Proposition 4.4 Enc(S)hastheUSC property.

Proof: We will prove that eachmarking of è�é
ê � ä�� is
uniquely identifiedby a binary vectorof all signals. Fig-
ure4 depictsa fragmentof èeé
ê � ä�� thatresultsfrom apply-
ing thetransformationruletoatransitionwith ã ¾ Å�Å(Å'ã Æ , and
 ¾ Å�Å�Å 
�� aspredecessorandsuccessorplaces,respectively.
Without loss of generality, we will assumethat the label
of the transitionis Ç_� , andthatplace 
  hasonesuccessor
transitionwith label á� . With two exceptionsthatwill be
discussedlater, themarkingof all placesin thepicturecan
beuniquelydeterminedasfollows:����� ��������� ���������! "��#��$�&%�%�%'�(��#�)*���+ �,-�(�
�&��. � ������� ��� � ���/ "��# � �&%�%�%'�(��# ) ���+ �,-�(��&��0 � ������� ��# � ���+ 1��� � �&%�%�%'�(����23�&�/ &,4�&�����5 ��������� ��#������6 1�����$�&%�%�%'�(��� 2 �&�/ &,4�&��&� ����������� ���������/ &78���6 �,-�(�

Whendefiningthepreviousequations,it is importantto
usethefact thattheSTG is safe,consistentandthattransi-
tionsof thesamesignalcannotbeconcurrent.We will only
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Figure 4. Place encoding to guarantee USC.

prove the equalityfor ¥ � �5y� . The otherequalitiescanbe
provedin a similarway.

Ã ¥ � �  �¡« µ implies » 
  « ´ , since» 
  � is enabled.Oth-
erwisethe STG would not beconsistent.¥ � �  ��«×µ also
implies »ã,¾�«\[][�[_«v»ã�Æí« µ , sincethelivenessandsafe-
nessof the STG imply that

¢ ¾ hasnot fired after Ç_� has
fired. Therefore,noneof the »ã�	 transitionshasfired yet,
while all »ã��� transitionsalreadyfired before Ç
� . Finally,¥ � �5���« µ clearlyimplies ÇF«vµ .^

By the consistency of signal Ç , the only markingsin
which »ã,¾í«_[�[][t«$»ã�ÆB«Ýµ and Ç~«Ýµ correspondto
markingsin which sometokensareheldin theplacesafterÇ_� butbefore»�ãi¾ð	FÅ�Å�Å4»�ãlÆ,	 . Thefactthat » 
  « ´ implies
thatplace�  hasa token.

As mentionedbefore,therearetwo exceptionsin which
the binary code doesnot uniquely identify the marking.
One exception correspondsto the submarkingsin which¥ � ²�¾4�~«`[�[�[�« ¥ � ² � �~« µ and ¥ � ê*¾��~«a[][�[ì«¥ � ê�Æ���«vµ , respectively. Thesesubmarkingsareonly sep-
aratedby a silent transition,

¢ ¾ , that makesthemobserva-
tionally equivalent. Therefore,the USC property is still
preserved.Theotherexceptioncorrespondsto thesubmark-
ingsseparatedby

¢ ¿ . ñ
4.2 Preservingthe Input/Output Interface

Preservingtheobservationalequivalencewith respectto
the input andoutputsignalsof thespecificationis not suf-
ficient to guaranteea correctimplementationof a system.
Whenonewantsto implementa moduleof a systemasa
circuit, the input/output interfacefor that moduleis typi-
cally fixed a priori. From the point of view of the circuit,
theenvironmentcanbeconsideredasanothermodulewith
mirroredsignals(inputandoutputsof thecircuit areoutputs
andinputsof theenvironment).

Sincetheenvironmentmustbeconsideredasanalready
implementedsystemthat cannotchangeits interface,the
causalityrelationsbetweentheoutputsof thecircuit andthe
inputsof the environmentmustbe preserved. In practice,
this meansthat if thefiring of anoutputsignalmayenable
aninputsignal,thenthis causalitymustbepreservedalong
any transformationof thespecification.

The previous condition hasbeenformalizedunderthe
notionof I/O equivalence[16]. Thispaperwill notdescribe
thedetailsof thisequivalence.However, asetof constraints
on theSTGsareimposedto allow theuseof anothertrans-
formationthatpreservesI/O equivalence.

In particular, an io-STG is definedasanSTG with the
following constraints:(a) any choiceplace(with morethan
onesuccessor)mustonly precedetransitionsof input sig-
nals; (b) the firing of oneinput signalcannotimmediately
enablethefiring of anotherinput signal.

Firstconditionindicatesthatchoicesareonly decidedby
theenvironment.Secondconditionimposesthefactthatthe
predecessorsof input transitionsarealwaysoutputtransi-
tions.With theseconstraints,thetransformationruleshown
in Figure5 canbeappliedto any transitionof a non-input
signal. For input transitions,the previous transformation
presentedin Figure3 is applied.

ε2ε1 t
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pn

p1

qm

q1

qm

q1

pn

t

sp1−

spn−

Figure 5. Transf ormation rule for non-input
signals to preserve the I/O interface .

Note that the two transformationsonly differ on the lo-
cation of the E-transitions. For non-inputsignals,the E-
transitionsprecedethe transformedtransition. In this way,
thecreationof new causalityrelationsfrom E-transitionsto
input transitionsis avoidedand,thusI/O equivalencepre-
served.

Theproofsfor preservingfree-choiceness,liveness,safe-
nessandobservationalequivalencearesimilar to thosepre-
sentedin the previoussectionwhenappliedto theclassof
io-STGs.

Figure6 depictsan exampleof the structuralencoding
by applyingthetransformationspresentedin thissection.

5. Designspaceexploration

Even thoughtheencodingmethodpreviously presented
guaranteesan implementationof the system,the insertion
of an internalsignal for eachplacemay be too costly, in
sizeandperformance,for thefinal circuit.

This sectionpresentsa kit of structuraltransformations
thataimattheexplorationof thedesignspace.Behindthese
transformations,we assumeto have a synthesisframework



thatcanevaluatethecostof theimplementationin polyno-
mial complexity on thesizeof thespecification[24]. This
framework is alsocapableof detectingCSC conflictswith
low complexity [23]. Thetransformationsaremainlymeant
to dealwith thenew insertedE-transitions.

The kit of transformationswe presentare not new in
the literature. They have beenproposedby otherauthors
(see[2, 21,10]) or canbeobtainedby combiningseveralof
thosetransformations.Theonesthathave beenusedin this
work arenext described.All of thempreserve therelevant
propertiesof theSTGsrequiredfor thiswork.
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Figure 6. Structural encoding (x is input and
y and z are outputs).

Concurrencyreduction. Giventwo concurrenttransitions,¬  and ¬ ® , suchthat
ï � ï ¬  �cb ï � ï ¬ ® �@Á«ed , concurrrency is

reducedby includingtwo placesthatforceanalternationon
thefiring of thetwo transitions(seeFigure7(a)).
Increaseof concurrency. Giventwo orderedtransitions,¬�
and ¬y® , suchthat ¬ ï « ï ¬y®e« � ã,� , two parallelbranchesare
createdso that they canbe fired concurrently. This trans-
formationcanbeobtainedby combiningsomeof theones
presentedin [21] (initially proposedin [2]). The transfor-
mationis shown in Figure7(b).
Elimination of signal. Givenoneof theinternalsignalsof
theSTG, it canbeeliminatedby changingthe labelof all
transitionsof thatsignalandmakingthemsilent (

¢
). This

transformationis only acceptedwhen the removal of the
signaldoesnotcreateCSC conflictsin thespecification.
Elimination of silent transitions. Someof thetransforma-
tions may insertsilent transitionsin the specification.By
removing them,thesizeof specificationcanbereducedand
thesynthesisalgorithmssped-up.However, theelimination
thetransitionrequiresthesubstitutionof é��gf places(pre-
decessorandsuccessor)by éh[�f places(seeFigure7(c)).
Heuristicscanbe usedto determinewhenthe elimination
canbeuseful.
Elimination of redundantplaces.Someof theplacesmay

beeliminatedwithoutchangingthebehavior of thenet.Lin-
earprogrammingtechniquescanbeusedto determinewhen
placesareredundant[2, 10].

On top of this kit of transformations,a searchengineis
expectedto explore thedesignspace.Greedyheuristicsor
optimizationtechniquessuchas simulatedannealing,ge-
neticalgorithmsor tabu searchcanbeusedto exploredif-
ferent configurations. All thesetechniquesrequirea fast
estimationof the costof the exploredconfigurations.The
cost function can be efficiently supportedby the polyno-
mial algorithmsthat can be typically usedto manipulate
free-choicePetrinets.

6. Exampleand experimental results

The transformationspresentedin this paperhave been
appliedto well-known specificationsfrom the literatureof
asynchronouscircuit design.

Currently, no searchengineis still availableto applythe
transformationsautomatically. Instead,they areappliedme-
chanicallywith theinterventionof thedesignerthat,ateach
step,choosesatransformationthatintuitivelyleadsto abet-
ter implementation.

In moredetail,thesynthesisstrategy consistsof thefol-
lowing steps:

1. Apply theencodingtransformationson all transitions,
asexplainedin Section4.

2. Iterativelyandgreedilyapplythetransformationelimi-
nationof signalto all internalsignalsasfar asnoCSC
conflictsappear. In general,someof the internalsig-
nalswill remainin thespecification.

3. Iteratively apply transformationsandevaluatethe im-
plementationcost of the new specification. Accept
any transformationthatproducesa costimprovement.
The costis evaluatedas the numberof literals of the
Booleanequationsimplementingthecircuit.

4. Stop when no transformationcan be applied to im-
prove thecostof thecircuit.

Giventhat thepreviousmethodhasnot beenautomated
yet, the applicationof the transformationsat eachstephas
not beendonein an exhaustive manner. Structuralmeth-
odsareusedfor checkingCSC andderiving booleanequa-
tions[24].

Theresultshave beencomparedwith thoseobtainedby
thetool petrify [6], thatdoesanexplicit enumerationof the
statespace,thussufferingfrom thestateexplosionproblem.

6.1.A casestudy: adfast

This example correspondsto specification of an
analogic-to-digitalfast converter with three input signals
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Figure 7. (a) Concurrency reduction, (b) increase of concurrency , (c) transition elimination.

(Da, La andZa) andthreeoutputsignals(Dr, Lr andZr).
Thespecificationis shown in Figure8(a). This STG does
not have theCSC property. The tool petrify automatically
insertstwo signalsto solve CSC conflicts.

Figure8(d) shows the STG after beingtransformedby
the structuralencodingrules. The new internal signals» ¨ Å(Å�Å�»*¾ji correspondto the 15 placesin the initial speci-
fication.

FromtheSTG in Figure8(d), internalsignalsaregreed-
ily removeduntil CSC conflictsappear. TheresultingSTG
andthe correspondingequations(35 literals)areshown in
Figure9(a). Figure9(b) reportsoneof theintermediateso-
lutions(31 literals)exploredafterobtainingthesolutionin
Figure9(a).

Figures8(b) and8(c) depictthefinal STG, theBoolean
equationsandthecircuit afterapplyingthetransformations
anddoing logic synthesis.This solution,which hasbeen
obtainedmechanically, is identicalto theonegeneratedby
petrify.

6.2.Experimental results

Thesynthesisstrategy describedabove hasbeenapplied
to a setof benchmarks.Initially, noneof thespecifications
hadtheCSC property. Theresultsarereportedin Table1.

Thecolumnslabeledwith “petrify” indicatethecharac-
teristicsof thecircuit obtainedby thetool petrify. Thenum-
berof insertedsignalsto solve CSC conflictsandthenum-
berof literalsof theBooleanequationsarereported.

Thecolumnslabeledwith “struct. encoding”reportthe
characteristicsof thecircuit afterhaving appliedsteps1 (en-
coding)and2 (eliminationof internalsignals)of thesynthe-
sis strategy. It is interestingto observe that the numberof
signalsrequiredto solveCSC conflictswhenusingthe“lo-
cal” encodingprovidedby theplacesis significantlylarger
thanthe numberof signalsrequiredwhen“global” encod-
ing methodsareused.

Theresultsof thefinal circuit, afterhaving exploredthe
designspacewith the setof transformations,are reported
in the columnslabeled“str. enc. + optim.” . It can be

petrify struct.encoding str. enc.+ optim.

benchmark states #CSC lit. #CSC lit. #CSC lit.

adfast 44 2 14 5 35 2 14

vme-fc-read 14 1 8 2 14 1 8

nak-pa 56 1 18 3 35 1 18

m-read1 1882 1 38 2 43 1 40

m-read2 8932 8 68 13 95 10 70

duplicator 20 2 18 5 36 3 18

mmu 174 3 29 7 53 3 34

seq8 36 4 47 22 147 4 47

Table 1. Experimental results.

observed that thequality of thesolutioncanbehighly im-
provedby playingwith theconcurrency of theinternalsig-
nals. In many cases,the obtainedresultis thesameasthe
onegeneratedby petrify. In othercases,theresultsaresim-
ilar but with moreinternalsignalsthantheonesinsertedby
petrify(e.g. master-read2,duplicator). This corroboratesa
known fact thatstatesthat thereductionof internalsignals
doesnot alwaysimpliesan improvementon thequality of
thecircuit.

The mostimportantfact that canbe deducedfrom this
tableis thatthemethodproposedin thispapercancompete
with theexisting synthesistools.Moreover, for theclassof
FCLSPNs, this methodcanguaranteeandproducean im-
plementationin extremelylow CPUtimes2. Until now, no
othermethodsareknown thatcanguaranteeanimplemen-
tationfor STGs with underlyingFCLSPNs.

7. Conclusions

Methodsfor thesynthesisof systemswhosecomplexity
doesnot dependon thesizeof thestatespacearecrucialto
facethedesignof complex asynchronouscircuits.

This paperhaspresentedan approachfor the synthesis
of asynchronouscontrollersfrom STGs. Themainfeatures

2The lack of automationin the applicationof the transformationsdid
not allow a fair reportof CPUtimes.However, this factbecameevidentin
previousworksin thisarea[24]
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Figure 8. adfast

of themethodare:(1) animplementationis guaranteedand
(2) thecomplexity of themethodis polynomialon thesize
of thespecification.

This work is a first steptowardsa completeautomation
of thedesignflow throughtheexplorationof multiplecon-
figurationsthatpreservesomeequivalencewith theoriginal
specification. This exploration shouldallow to find good
trade-offs betweenthe size of the implementationand its
performance.
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