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Abstract. This paperpresentsa methodfor theautomaticsynthesisof asynchronouscircuits from
Petrinetspecifications.Themethodis basedon a structuralencodingof thesystemin sucha way
thata circuit implementationis alwaysguaranteed. Moreover, a setof transformationsis presented
for the subclassof Free-ChoicePetri netsthat enablesthe exploration of differentsolutions. The
set of transformationsis derived from previous work on Petri net synthesis. Both the encoding
techniqueand the set of transformationspreserve the propertyof free-choiceness,thus enabling
theuseof structuralmethodsfor the synthesisof asynchronouscircuits. Preliminaryexperimental�
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resultsindicatethatthequalityof thecircuitsis comparableto thatobtainedby methodsthatrequire
anexhaustiveenumerationof thestatespace.


Thisnovel synthesismethodopensthedoorto thesynthesisof largecontrolspecificationsgenerated
from hardwaredescriptionlanguages.


Keywords: Asynchronouscircuits,structuralsynthesis,CompleteStateCoding,Petri
nets.


1. Intr oduction


In thelastfew years,therehasbeenanincreasinginterestin asynchronouscircuits.Potentialadvantages,
suchasmodularity, absenceof clockskew problems,averageperformanceandlow power, have encour-
agedmany researchersanddesignersto devoteconsiderableeffort towardsunderstandingandproposing
techniquesfor asynchronouscircuit design[10].


If someunanimity exists aboutasynchronouscircuits, it is that they are difficult to design. The
absenceof clockdoesnot allow a discreteabstractionof time and,therefore,thebehavior of any signal
at any instantcan be relevant for the correctnessof the circuit. A significanteffort hasbeenspent
in studyingand proposingautomaticsynthesistechniquesthat can alleviate the burdenof designing
asynchronouscircuits.Thispaperfocuseson techniquesfor thesynthesisof controlcircuits.


Currently, thereareseveralacademictools thatwork at the logic level andattemptto optimizethe
resultingcircuit by usingvariationsof thestate-of-the-artBooleanminimizationtechniques[13, 6, 23].
Given that asynchronouscircuits are typically modeledas concurrentsystems,the existing synthesis
approachesoftensuffer from thestateexplosionproblemderivedfrom concurrency.


A crucial problemof mostasynchronouslogic synthesistools is that they arenot alwayscapable
of deriving an implementationfrom the specification. The main reasonfor that is that someof the
implementationpropertiesmustbeensuredby transformingthespecification.And thistaskis performed
automaticallyby usingheuristicsthatcannotexplorethecompletespaceof configurations.


Direct translationmethodsthat do not exploit the power of Booleanminimizationhave alsobeen
proposed[12, 4, 1, 19]. This typeof strategiesguaranteesan implementationby construction,but does
not exploit thepotentialoptimizationsthatcanbeperformedat thelogic level. Typically, thesizeof the
obtainedcircuitsis linearonthesizeof thespecification.


Therehave beenfew attemptsto combineboth approaches[27, 16]. However, direct translation
methodsusuallygeneratecircuit structuresthatcannotbe locally transformedto derive succinctrepre-
sentationsof thesamebehavior. For this reason,theresultsobtainedby thesemethodsarecomparable
to peepholeoptimizationsrealizedon theoriginal structures.


Nowadays,theknowledgeof asynchronoustechniqueshavereachedalevel of maturitythathaveen-
abledsomeresearchersto facetheproblemof synthesisfrom HardwareDescriptionLanguages(HDLs),
suchasVerilog [3] or VHDL [30]. Thisnew trendalsoimpliesdealingwith controlcircuitsthatareboth
largeandwell-structured.
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Dueto theaforementionedstateexplosionproblem,thereexist severelimitationson thesizeof the
specificationsthatcanbehandledby existingsynthesistools.However, thefactthatcontrolspecifications
derived from HDLs tendto bewell-structuredopensthe door to usetechniquesthat do not requirean
explicit representationof thestatespace.


This paperpresentssomecontributions into that direction, with the aim that automaticsynthesis
techniquesbasedon the presentedtheoreticalresultswill be proposedin the future. The concurrent
modelusedin thispaperis basedonPetrinets[22]. Themaincontributionconsistsin proposingasetof
structuraltransformationsof thespecificationthatguaranteesan implementationof thebehavior without
explicitly enumeratingthestatespaceof thesystem.Thetransformationsareproposedfor thesubclass
of Free-choicePetrinets.This subclassseemsto bea goodtrade-off betweentheexpressivenesspower
requiredby well-structuredcontrol specificationsand the methodsthat can manipulatethem without
sufferingfrom thesizeof thestatespace.


Moreover, thepresentedtransformationspreserve thestructuralpropertiesof thespecification,thus
enablingtheuseof logic synthesistechniquesthatdo not requireanexplicit representationof thestate
space[26].


Thepaperis organizedasfollows.Section2 describespreviousandrelatedwork. Section3 presents
basicdefinitionsandbackgroundusedalongthepaper. Theencodingmethodandits propertiesis pre-
sentedin Section4. The property-preservingtransformationsaredescribedin Section5. Finally, Sec-
tion 6 illustratesthemethodwith anexampleandreportssomepreliminaryresults.


2. Relatedwork and overview


SignalTransitionGraphs(STGs)[28,5] areinterpretedPetrinetsusedfor thespecificationandsynthesis
of asynchronouscontrollers.In STGs,transitionsrepresentrisingandfalling signaltransitions,denoted
by positive andnegative events(e.g. � � , ��� ). Several techniquesthatcircumvent the stateexplosion
problemhave beenproposedfor thesynthesisfrom STGs [29]. However, mostof themonly work for
markedgraphs,avery restrictiveclassof specificationsthatcannotmodelchoicebehaviors [14].


To the bestof our knowledge,the only work in this areathathascoveredthe synthesisof specifi-
cationswith Free-choicePetrinetswaspresentedin [26]. Besidesallowing thespecificationof choice,
Free-choicePetrinetsalsohave nicestructuralpropertiesthatenabletheuseof polynomialalgorithms
to analyzetheirbehavior [11].


Unfortunately, noneof themethodsmentionedbeforehasbeenableto effectively tacklethe prob-
lem of finding an encodingof the specificationthat guaranteesan implementation.Even the known
structuralmethodsworking for somesubclassesof STGs rely on thefact thatheuristicswith affordable
computationalcostwill find a solutionwith highprobability[33, 25].


The encodingproblemis illustratedin Figure1. Givena specification(Figure1(a)),eachstateof
the reachabilitygraphis assigneda binary vectorthat representsthe valueof eachsignalat that state
(Figure 1(b)). For a circuit to be derived from the specification,it is requiredthat the value of the
signalscanuniquelydistinguishnon-equivalentstates.In this example,therearetwo statesthatcannot
bedistinguishedby their codes(shadowedin thefigure). Solvingthestateencodingproblemis usually
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Figure1 (a) STG, (b) Encodedgraph(<dsr,dtack,ldtack,d,lds>), (c) Structurallyencoded
STG.
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Figure2. Distributorbuilt from David cells[15].


performedby addingnew signalsin thespecificationthatpreserve implementationproperties.Doingso
is notaneasytask[7].


The methodpresentedin this paperhasbeeninspiredon previous work for the direct synthesisof
circuits from Petri nets. Oneof therelevant techniqueswasproposedin [32], wherea setof cells that
mimic thetokenflow in Petrinetswasdesigned.Thecircuit wasbuilt by abuttingthecellsandproducing
a structureisomorphicto the Petri net. This type of cells, calledDavid cells, were initially proposed
in [9].


Figure2 depictsa very simpleexampleon how thesecellscanbeabuttedto build a distributor that
controlsthepropagationof activitiesalongaring. Thebehavior of oneof thecellsin thedistributorcan
besummarizedby thefollowing sequenceof events:
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������� ���������� � � !"
-th cell


excitation


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


� (#$������%'�+#$�������,�,�-������%� � � !. " �0/-1 -th cell resetting


� ���&�� � � !. " %2/-1 -th cell
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� �����


In [32], eachcell wasusedto representthebehavior of oneof the transitionsof thePetri net. The
approachpresentedin thispaperis basedonencodingthesystemby insertinganew signalfor eachplace
with a behavior similar to a David cell. With suchanencodingapproach,two goalsareachieved:3 A solutionfor theencodingproblemis guaranteedat the expenseof over-encodingthestatesof


thesystem.3 Thestructuralpropertiesof thespecificationarepreserved,thusenablingtheuseof transformations
to optimizetheresultingcircuit.


In the forthcomingsections,the encodingmethodanda setof optimizing transformationsaredis-
cussed.


3. Petri Netsand SignalTransition Graphs


Thetheorypresentedin this paperholdsfor theclassof consistentanddeterministicSignalTransition
Graphswith anunderlyingFree-choicelive andsafePetrinet. Thenecessarydefinitionsto supportthe
theoryarenext presented.


3.1. Petri Nets


A PetriNet(PN) is a4-tuple 46587:9<;>=?;�@A; BDC E , where9 is thesetof places,= is thesetof transitions,@GFIHJ9LKM=?NPOQH:=LKR9SN is theflow relation,and BDC is theinitial marking. A markingof a PN is an
assignmentof a non-negative integerto eachplace.If T is assignedto placeU by marking B (denotedBIH�UVNW5XT ), wewill saythat U is markedwith T tokens.GivenanodeY[Z[9\O]= , its pre-setandpost-set
aredenotedby ^ Y and YV^ respectively.


A path in a PN is a sequence_a`cb$bdb�_fe of nodessuchthat gihj;$k�lXhnmXo]pcH:_rq�;>_fqtsc`�NuZA@ . A pathis
calledsimpleif nonodeappearsmorethanonceon it.


A transition v is enabledin a marking B whenall placesin ^ v aremarked.Whena transition v is
enabled,it canfire by removing a tokenfrom eachplacein ^ v andputtinga tokento eachplacein v ^ . A
marking Bxw is reachablefrom B if thereis a sequenceof firings v�`�v�yzb$b$b{v�| thattransformsB into Bxw ,
denotedby B~}�v�`�v�y�b$b$b{v�|rE�B w . A sequenceof transitionsvj`�v�yWbdb$b:v{| is a feasiblesequenceif it is firable
from BDC . Thesetof reachablemarkingsfrom B�C is denotedby }�BDC
E .


A placein a PN is redundantif its eliminationdoesnot changethe behavior of the net. A PN is
place-irredundantif it doesnot haveredundantplaces.


A PN is live if f every transitioncanbeinfinitely enabledthroughsomefeasiblesequenceof firings
from any markingin }�B�C�E . A PN is safeif nomarkingin }�BDC
E assignsmorethanonetokento any place.
A Free-ChoicePetri net is a PN suchthat if H�Uc;jv�N]ZQ@ then ^ v�KAU ^ F8@ , for every place U [11]. In
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p1 p2


t1 t2


(a) (b)


Figure3. (a)NonFree-choicePN, (b) Free-choicePN.


therestof thepaper, we will dealwith Free-choicelive andsafePetrinets(FCLSPN). An exampleof
non-Free-choiceandFree-choicePN is shown in Figure3. Thenet in 3(a) is not Free-choicebecause���c�����������[�


but � ���]���c� �?�� �
.


Checkingfor liveness,safenessandredundantplacescanbedonein polynomialtimefor Free-choice
Petrinets[11].


3.2. SignalTransition Graphs


A SignalTransitionGraph(STG) [28] is a triple ��� � ���j���
, where � is a PN,


�
is a setof signals,


partitionedinto inputsignals(
�u�


), outputsignals(
���


), andinternalsignals(
���-�¡ 


), and
�


is thelabeling
function


�£¢c¤¦¥ �:�8�¨§ª©]�$«u¬ª�z�§
®¯¬
, whereall transitionsnot labeledwith thesilent event (


®
) are


interpretedassignalchanges.Theset
�u�c<���


is calledtheobservablesetof signals.Risingandfalling
transitionsof a signal ° �R�


aredenotedby ° © and ° « , respectively, while °f± denotesa genericrising
or falling transition.For theremainderof thepaper, we will oftenusethelabelof a transitionto denote
thetransitionitself.


An exampleof STG is shownin Figure1(a).For simplicity, thoseplacesthatonlyhaveonepredeces-
sorandonesuccessortransitionarenot depicted.In thatcase,thetokensareheldon thecorresponding
arcs.


3.3. Observationalequivalence


Milner definedin [20] CCS (Calculusof CommunicatingSystems),a processalgebrafor modelling
concurrentsystems.There,a notionof unobservableaction(called ² ) wasdefined,representingthefact
thata systemcan’spontaneously’changeits state,without any apparent,or observable,reason.Using
thisnotiononecanreasonabouttheequivalenceof two systemswith respectto theirobservableactions.


The notionof observationalequivalence,asdefinedby Milner in [20], with respectto a setof ob-
servableeventsis relevant in this paper. Informally, two systemsare(weak)observationally equivalent
if their behavior cannotbe distinguishedby interactingwith them. Whennecessary, we will consider
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observationalequivalencewith respectto input andoutputsignals(not internal),or with respectto all
signals.Thefollowing definitionsassumeobservationalequivalencewith respectto all signals.


An STG is deterministicif the firing of two differenttransitionswith the samelabel in a marking³ ´Dµ�³D¶$·
leadsto observationalequivalentmarkings.


A signal is said to be enabledin a marking
³


if thereis a marking
³X¸


which is observationally
equivalentto


³
anda transitionof thesignalis enabledin


³x¸
(asaparticularcase,


³)¹X³x¸
).


3.4. Concurrencyand ordering relations


A pair of transitionsº�»�¼jº:½ ´¿¾
aresaid to be concurrentif thereis a marking


³ ´£µ�³D¶
·
suchthat³~µ º:½>º{» · and


³Lµ º�»:ºÀ½ · . Theconceptof concurrency canbeextendedto signals.Two signalsÁ and Â are
saidto beconcurrentif therearetwo transitionswith labels ÁfÃ and ÂdÃ thatareconcurrent.


An STG is non-autoconcurrentif it doesnot containany pair of concurrenttransitionsof thesame
signal.An STG satisfiestheconsistency conditionif it is non-autoconcurrentandthesignalchangesin
everyfeasiblesequenceof signaltransitionsalternate.Thislastconditionrestrictsthefeasiblesequences:
thechange0 Ä 1 (1 Ä 0) canonly befollowedby thechange1 Ä 0 (0 Ä 1) for eachsignalappearing
in a feasiblesequence.


Let ÅLÆ µ�³�¶
·
bethesetof markingswheretransitionº�» is enabled.Transitionº:½ triggerstransitionº�» if thereexistsa reachablemarking


³
suchthat


³~µ ºÀ½ ·�³ ¸
,
³ Ç´ Å and


³ ¸ ´ Å .


Transitionº:½ disablestransitionº�» if thereexistsa reachablemarking
³


enablingboth º�» and º:½ , but
in themarking


³ ¸
suchthat


³Lµ º:½ ·j³ ¸
, º�» is notenabled.


3.5. Encoding


Eachmarkingof anSTG is encodedwith abinaryvectorof signalvaluesby meansof alabelingfunctionÈAÉ µ�³�¶
· ÄËÊªÌr¼$Í�Î¯Ï ÐPÏ . All markingsmustbeconsistentlyencodedby
È
, i.e. no marking


³
canhave an


enabledrising(falling) transitionÁ¯Ñ ( Á�Ò ) if
ÈPÓ ³ÕÔ�Ö�¹ Í (


ÈPÓ ³ÕÔ�Ö�¹ Ì ).


Figure1(b) depictsthesetof reachablestatesderivedfrom theSTG in Figure1(a),with thecorre-
spondingencoding.


An STG is saidto satisfythecompletestatecoding(CSC) propertyif, whenthesamebinarycodeis
assignedto two differentmarkings,thesetof internalandoutputsignalsenabledat eachmarkingis the
same.TheSTG in Figure1(a)doesnotsatisfytheCSC property, sincetherearetwo differentmarkings
with thecode10101,but in onemarkingtheoutputtransition ×ØÑ is enabledwhile in theother Ù:×ØÚÛÒ is
enabled.


A morerestrictive property, calleduniquestatecoding(USC), holdsif all reachablemarkingsare
assigneda uniquebinary code,i.e., Ü ³¨Ý ¼ ³ßÞD´£µ�³�¶
· É ³QÝßàá ³\Þãâ ÈPÓ ³¨Ý�ÔDà¹ ÈPÓ ³ßÞ>Ô


, where á
denotesobservationalequivalence.


TheCSC propertyis a necessaryconditionfor thecorrectimplementationof anSTG specification.
When the CSC condition holds, the eventsthat the circuit must produceat eachreachablestateare
uniquelydeterminedby thebinarycodeof thestateitself.
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Figure4. (a)SignalinsertionforcingCSC, (b) Final circuit.


In the lastdecade,therehave beenseveralapproachesfor the developmentof automaticencoding
algorithmsfor STGs [18, 31, 33,24, 7]. Theway theencodingis performedis usuallytransformingthe
specification,by addingnew signalsthataimat disambiguatingtheconflictingstates.Figure4(a)shows
a possiblesignalinsertionthatsolvestheconflict of the specificationof Figure1. The insertionof the
new signalcscdisambiguatestheencodingconflict.


3.6. Synthesisof speed-independentcircuits


Here,we briefly sketchhow a circuit canbederivedfrom anSTG. This theoryis valid for theclassof
speed-independentcircuits,whicharecorrectwhenassumingthatall componentsof thecircuit canhave
any delay[21].


For an STG ä to be correctlyimplementedby an speed-independentcircuit, four conditionsmust
hold [17]:


1. thesetof reachablestatesof ä mustbefinite (boundedness),
2. ä mustfulfill theCSC property,
3. function å mustconsistentlyencodethereachablemarkingsof ä (consistency),
4. for any pairof signalsæ and ç suchthat æ disablesç it impliesthat æ and ç areinputsignals(output


persistency).


If wecall èré$êdë$ëdë�ê>è�ì thesignalsof thecircuit, eachnon-inputsignal æ canbeimplementedby agate
that realizesa logic function ídî . The logic function is definedfor eachbinary vector ïñðÕòªórêdô&õ ì as
follows:


ídîVö:ï¯÷Wø
ùúû úü¨ý if þrÿ �råPö:ÿÕ÷PøXï � ö someæ�� enabledin ÿ��\ö{åPö:ÿÕ÷�î�ø8ô � no æ�� enabledin ÿÕ÷�÷�


if þrÿ �råPö:ÿÕ÷PøXï � ö someæ�� enabledin ÿ��\ö{åPö:ÿÕ÷�î�øXó � no æ�� enabledin ÿÕ÷�÷
� if 	 þrÿ �ØåPö:ÿÕ÷PøXï







Carmonaetal./ A structural encodingtechnique 9


In casethe CSC propertydoesnot hold, the previousdefinition is ambiguous,sincea binaryvec-
tor could be found for which thereare two differentmarkingsthat would make 
�� equalto 0 and 1
simultaneously.


Thepreviousfunctionis incompletelyspecified.For thosevectorsin which 
 ���������� , thefunction
maytakeany value,sincethosevectorswill neverappearin any reachablestateof thesystem.Thissetof
vectorsdefinesthedon’t caresetof thefunction,which is extremelyimportantfor anefficient Boolean
minimization.


Thespecificationof Figure4(a) fulfills thespeed-independentconditionsfor correctsynthesis.The
circuit synthesizedis shown in Figure4(b).


3.7. IO-STGs


The I/O interface[8] of a reactive systemdescribesthosecausalityrelationsthat must be preserved
in the protocolbetweenthe systemandthe environmentwherethe systemoperates.In Section4.2 a
transformationappliedto STG specificationswill bepresentedthatguaranteestheCSC propertyon the
transformedSTG. For thepreservationof the I/O interface,this transformationcanonly beappliedto
a restrictedclassof specifications:the IO-STG classcontainsthoseSTGs fulfilling both thatno input
signaltransitiontriggersanother, andthat the transitionsin the post-setof a choiceplaceareall input
signaltransitions.Moreformally:


Definition 3.1. An IO-STG is aFree-ChoiceSTGwherethefollowing conditionshold:


1. ������� with ���! #"%$&��')(��*$  ')(��*�  �+�,�.- � -0/1'32�! #" � .
2. ��4!�657$ 98 4 - 8;:=< />��' ( �*�?4 - $@'%�A " � .


4. Structural Encoding


This sectionpresentsa transformationappliedto STGs. The featuresof this transformationare the
following:


B It guaranteestheUSC property.B It preservesfree-choiceness.B It preservesconsistency, liveness,safenessandobservationalequivalencewith respectto theinput
andoutputsignals.B It haslinearcomplexity onthesizeof theSTG.


This is thefirst methodthatguaranteesa solutionfor theencodingproblemandtacklestheproblem
in linearcomplexity for theclassof FCLSPNs. Thetransformationis basedon theinsertionof a signal
for eachplaceof theSTG thatmimicsthetokenflow onthatplace.


Althought the encodingtransformationdoesnot requirethenet to beFreechoice,it preservesthis
property. This is importantin our framework to enabletheuseof structuralmethodsfor synthesis.
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1. Createthe CEDGFIHKJ�L transitionsMON and MKP .
2. For eachplace QSRUTVL , createa new transitionwith label CWQ�X and
insertnew arcsandplacesfor creatinga simplepath from M�Y to MZP ,
passingthroughCWQ�X .


3. For eachplace [\R]L^T , substitutethe arc _`L9a�[�b by the arc _IMZPZa�[�b ,
createa new transitionlabeledas C)[�c andinsertnew arcsandplaces
for creatingasimplepathfrom L to MOY , passingthrough C9[�c .
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Figure5. Transformationrule for eachtransitiond0e!f .


Thetransformationswill bepresentedasaruleto beappliedto thetransitionsof theSTG. Beforethe
applicationof theStructuralEncoding,thesetof signalsof theSTG hasbeenaugmentedwith onesignalg9h for eachplaceh of theSTG. In orderto simplify thepresentationof therulesandthecorresponding
proofs,wewill usesilenttransitionson thedefinitionof therules.


4.1. Encodingtransformation


Let ikjml)lonqpEf*p)r!ptsvutwZpEx*p)yzw beanSTG with underlyingFCLSPN. The StructuralEncodingof i
derives the STG {3|�}+~�i�� in which a new internalsignal g9h hasbeencreatedfor eachplace h e�n ,
andthe transformationrule describedin Figure5 hasbeenappliedto eachtransition d3e�f . The new
transitionsappearingin {3|�}+~oi�� , labelledwith g9h�� , will becalledE-transitionsalongthepaper.


Let usnow provepropertieson {3|�}+~oi�� .
Proposition4.1. {3|�}+~oi�� is free-choice.


Proof:
Everynew placeh appearingin {3|�}+~oi�� has ��� h ��j7� h �.��j�� by construction.For eachplaceh (transition
d ) of i , theset h � ( � d ) is identicalboth in i and {3|�}+~oi�� . Giventhat i is free-choice,{3|�}+~oi�� is also
free-choice. ��


Proposition4.2. {3|�}+~oi�� is live, safeand is observationallyequivalentto i with respectto the input
andoutputsignals.
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Proof:
Thetransformationfor structuralencodingis a trivial combinationof a setof transformationsproposed
by Berthelotthatpreserve liveness,safenessandhomemarking[2]. Thesetransformationsalsopreserve
thebehavior condition:eachconflict resolutionin �3���+�o��� is performedby someobservabletransition,
i.e. for every transition��� andplace� suchthat �!�k�Z��� and���#�k� then �!���#�����¡  .


Fromthebehavior condition,it immediatelyfollowsthatobservationalequivalenceis alsopreserved.¢£


Proposition4.3. �3���+�o��� is consistent.


Proof:
Giventhattheobservationalequivalenceis preserved,consistency directly holdsfor thesignalsalready
in � . It only remainsto prove thatit alsoholdsfor theE-transitionsof thenew insertedsignals.


By construction,thenew ¤9� and ¤�¥ signalsmimic the tokenflow in places.Giventhat thedynamic
behavior correspondsto a safePN, no morethantwo consecutive rising or falling transitionscanoccur
for thesesignals.


¢£


Lemma 4.1. Let ¦ be the new set of placesinsertedin � for constructing�3���+�o��� . Every feasible
complementarysetbetweentworeachablemarkings§ and §©¨ of �3���+�o��� satisfiestheequality §«ª ¬®
§k¨Wª ¬ .


Proof:
Figure6 depictsa fragmentof �3���+����� thatresultsfrom applyingthetransformationrule to a transition
with ��¯±°�°O°²�;³ , and ¥O¯±°�°O°^¥E´ aspredecessorandsuccessorplaces,respectively. Without lossof generality,
we will assumethat thelabelof thetransitionis ��µ , andthatplace ¥E¶ hasonesuccessortransitionwith
label ·@µ . By definition,if afeasiblecomplementarysetexistsbetween§ and §k¨ then ¸¹�o§��º�¸¹�o§©¨»� .
With two exceptionsthatwill bediscussedlater, themarkingof thenew placesinserted(places¼ , ½ , �
and ¾ in Figure6) canbeuniquelydeterminedasfollows:


¿ÁÀIÂ�ÃoÄ±Å�Æ�Ç È)ÉEÃ�Å\Ê�ËkÈ,Ì;Í¹ÅÏÎEÎtÎ�ÅSÈWÌ�ÐÑÅ]Æ?ËkÒÓÅ]Æ
¿ÁÀÕÔ Ã Ä±Å�Æ�Ç È)É Ã Å�Æ?ËkÈ,Ì Í ÅÏÎEÎtÎ�ÅSÈWÌ Ð Å]Æ?ËkÒÓÅ]Æ
¿ÁÀGÖ9ÃoÄ±Å�Æ�Ç È,Ì+Ã�Å=ÆqËÁÈ)É�Í¹ÅÏÎEÎtÎ�ÅSÈ9ÉE×\Å]Æ?ËØÒÓÅ]Æ
¿ÁÀGÙ Ã Ä±Å�Æ�Ç È,Ì Ã ÅÚÊ!ËÁÈ)É Í ÅÏÎEÎtÎ�ÅSÈ9É × Å]Æ?ËØÒÓÅ]Æ


Whendefiningtheprevious equations,it is importantto usethe fact that the STG is safeandcon-
sistent. We will only prove the equality for §Û�o¼ ¶ � . The otherequalitiescanbe proved in a similar
way.


Ü
§Û��¼ ¶ �*>� implies ¤�¥ ¶ ÞÝ , since ¤O¥ ¶ µ is enabled.Otherwisethe STG would not beconsistent.


§Û��¼ ¶ �%Þ� alsoimplies ¤9��¯*Þß�ß�ß�Û¤)�;³!à� , sincethe livenessandsafenessof theSTG imply thatá ¯ hasnot firedafter ��µ hasfired. Therefore,noneof the ¤)� ¶�â transitionshasfired yet, while all ¤)� ¶ µ
transitionsalreadyfiredbefore ��µ . Finally, §«�o¼ ¶ �º�� clearlyimplies �?ã� .







12 Carmonaetal. / A structural encodingtechnique


ä�å


æ�ç


èZé


ê�ç


ê å


ë ç


ë å


ì�ç


ìOí
ä ç


æ é


è ç
î ç î�ï


ì é


ð�ñ^ò9ó


ôoõ�ö�÷
ø�ù


ðGú�òEû


ðIú�ü�û
ý�ù


Figure6. Placeencodingto guaranteeUSC.


þ
By the consistency of signal ÿ , the only markingsin which ��� ç��������	� ��� å ��
 and ÿ ��



correspondto markingsin whichsometokensareheldin theplacesafter ÿ� but before��� ç�������� ��� å � .
Thefact that ��� í ��� impliesthatplace� í hasa token.


As mentionedbefore,therearetwo exceptionsin which thebinarycodedoesnot uniquelyidentify
themarkingin thenew placesinserted.Oneexceptioncorrespondsto thesubmarkingsin which ����� ç�� �������� ����� é � ��
 and ���� ç � ��������� ���� å!� �"
 , respectively. Thesesubmarkingsareonly separated
by a silent transition,# ç , thatmakesthemobservationallyequivalent. Theotherexceptioncorresponds
to thesubmarkingsseparatedby # ï .


Finally, giventhat $%��� � � $%���'& � we canconcludethat the previousequationsalsohold for �'& ,
andthereforethemarkingin ( is identicalbothin � and �'& . )*
Lemma 4.2. Let � í be a placeof + , and ,.- be a feasiblecomplementarysetbetweentwo reachable
markings� and � & of /102 3��+ � . Then,���4� í � ��
65 � & �4� í � ��
 .
Proof:
Without lossof generality, let � í betheoneof Figure6. Assumethat ����� í�� ��
 . If no transitionin �87í
belongsto ,.- thentheclaim trivially holds.


Theinitial situationis depictedin Figure7.
Asumme,without lossof generality(dueto the free-choicenessof /90. 3�4+ � ), that :;�=<>, - , andlet


� &?& bethemarkingreachedafterfiring :;� . From � &?& it is possibleto fire thesetof E-transitionswich
result from the encodingof :;� . Onetransitionof this set is ��� í@� , but note that $%��� � ð�ñ@A �B
 . Two
situationscanhappen:


1. ��� íC� <D,2- : thenat leasta transition ��� í � belongsto ,2- . But every copyof an ��� í � -transitionis
eitherin ��ÿE� 7 � 7 or in ��FG� 7 � 7 , where F3� is anothertransitionsuchthat 7 F3� � 7 ÿE� 1. Assume
that the transitionbelongingto ,.- is theonein ��F3� 7 � 7 . The safenesof /902 3��+ � ensuresthat the
setof placesfrom the encodingof F3� is unmarkedin � , becauseotherwisethereis a marking
reachablefrom � having two tokenson � í . But Lemma4.1 ensuresthat themarkingin thenew
placesinsertedfor encodingF3� is thesameboth in � and �'& , andthereforeevery E-transition
from theencodingof F3� belongsto , - , addingagaina tokento � í .


1In thesimplestcase,H�IKJML3I .
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Figure7. Initial situationfor proofof Lemma4.2.


2. N�OQP�R�STVU.W : every adjacenttransitionXER suchthat XR TZY2[�\^]`_ X;acb cannot appearin U2W after X!a
becausetransitiondfe from theencodingof X!a doesnotbelongsto U2W , andthengiventhat g Y2h3_�i b
is consistentnosequenceof transitionsin U.W canenableXER afterthefiring of X!a 2. ThereforeXER
appearsbeforeof X!a in U2W . Again, the consistency of g Y2h3_�i b implies that thereexists a place
O suchthat O T�j X!a , k _ O�bml�n andsomeN�O8a transitionin thepathbetweenXR and X;a must
be fired in orderto put a tokenin O . Thentheremustbe in U.W an N�O;R transition,but the actual
situationis not possiblein g Y.h3_4i b , because:


2Estic usantles duescondicicionsde consistenciapergarantir-ho: switchover-correctnessper a control.larquehi ha una
unicaformadedispararlesduestransicionsi non-autoconcurrency pergarantirquesi la o�p no passaels tokenscapendavant,
aleshoresno potserquela o8q s’habiliti posteriorment.
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Figure8. Tranformationnot preservingtheI/O interface.


r ThepositiveE-transitionsfrom theencodingof s!t (let u8vwt , ..., uyx3t ) mustbein z2{ in order
to enableu�|;} ,


r Lemma4.1 ensuresthat thesamemarkingexistsboth in ~ and ~'� with respectto theset
of placesfrom theencodingof s;t . Giventhat u�|Q�C}��� z2{ impliesthattransition�f� from the
encodingof s;t is not in z.{ , andthenin ~ ( ~ � ) someof thisplacesaremarked.r And then the consistency of the E-signalsinserted ufv , ..., uyx in �9�2�3����� implies that the
setof negative transitionsu v } , ..., u x } cannot be in z { , becauseotherwisethem canbe
autoconcurrent.But then z2{ is not acomplementaryset. ��


Proposition4.4. Enc(S)hastheUSC property.


Proof:
This followsfrom Lemmas4.1and4.2,togetherwith theboundednessof �9�2�3����� . ��


4.2. Preservingthe Input/Output Interface


Preservingtheobservationalequivalencewith respectto theinputandoutputsignalsof thespecification
is not sufficient to guaranteea correct implementationof a system. When one wantsto implement
a moduleof a systemasa circuit, the input/outputinterfacefor thatmoduleis typically fixed a priori.
Fromthepointof view of thecircuit, theenvironmentcanbeconsideredasanothermodulewith mirrored
signals(inputandoutputsof thecircuit areoutputsandinputsof theenvironment,respectively).


Sincetheenvironmentmustbeconsideredasanalreadyimplementedsystemthatcannotchangeits
interface,thecausalityrelationsbetweentheoutputsof thecircuit andtheinputsof theenvironmentmust
bepreserved.In practice,thismeansthatif thefiring of anoutputsignalmayenableaninputsignal,then
thiscausalitymustbepreservedalongany transformationof thespecification.


For a transformationto preserve theI/O interface,it mustfulfill thefollowing conditions[8]:


1. Thesetof triggeringeventsof every inputsignaltransitionis preserved.
2. Theinitial stateis preservedwith respectto theobservablesignals.
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Figure9. Transformationrule for non-inputsignalsto preserve theI/O interface.


Figure8 shows a transformation(insertionof the internalevent � ) not preservingthe I/O interface.
In theFigure, � is aninputeventwhereas� is output.


Theencodingtechniquepresentedin Section4.1 doesnot preserve theI/O interface,becausewhen
thetransformationruleisappliedtoanoutputsignaltransitionbeingatriggerof aninputsignaltransition,
internalevents(inducedby the intermediateplacesof the initial STG) are inserteddelayingthe input
signaltransition,andthereforethereis aviolationof condition1.


However, theencodingtechniquepresentedin Section4.1canbemodifiedto preserve theI/O inter-
face.Therefinementpresentedbelow is onlyvalid for theIO-STG class.In thatclass,thetransformation
rule shown in Figure9 canbeappliedto any transitionof a non-inputsignal. For input transitions,the
previoustransformationpresentedin Figure5 is applied.This refinedencodingtechniqueis calledIO-
Enc����� .


Note that the two transformationsonly differ on the locationof the E-transitions. For non-input
signals,theE-transitionsprecedethe transformedtransition. In this way, thecreationof new causality
relationsfrom E-transitionsto input transitionsis avoidedand,thus,I/O interfacepreserved.


Proposition4.5. Let � bean IO-STG with underlyingFCLSPN andinitital homemarking. IO-Enc�4�	�
preservestheI/O interfacewith respectto � .


Proof:
For eachinput signaltransition � , thesets��� and �3���Q��� arepreservedin IO-Enc�4�	� , andthereforetheset
of eventstriggering � is not modified.


IO-Enc�4�	� and � containthesamesetof placesmarked.Let � beaninput signaltransitionenabled
in theinitial stateof � . Clearly, thepreviousparagraphimpliesthat � is alsoenabledin theinitial stateof
IO-Enc�4�	� . Let � beanoutputsignaltransitionenabledin theinitial stateof � , with �w�9���w���`��������� �¢¡8£ .
The transformationrule of Figure9 appliedto � introducesa subnetbetween�w�2�������¤�����¢¡G£ and � , such
that ��¥!�¦�§�w�2�������¤�����¢¡G£ . Thelivenessof IO-Enc����� impliesthatfrom theinitial state,afeasiblesequence
of internaltransitionsexistsenabling� . ¨©
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Figure10. Structuralencoding(x is inputandy andz areoutputs).


Theproofsfor preservingfree-choiceness,liveness,safeness,consistency, observationalequivalence
andensuringUSC aresimilar to thosepresentedin the previous sectionwhenappliedto the classof
IO-STGs.


Moreover, theIO-Enctechniquealsopreservesthespeed-independentconditions.


Proposition4.6. Let ¬ bean IO-STG with underlyingFCLSPN fulfilling thespeed-independentcon-
ditions. IO-Enc�¬�® fulfills thespeed-independentconditions.


Proof:
Thefirst threeconditionsfor correctSI implementation(seeSection3.6)areguaranteedby theprevious
propositions.Every new placē of IO-Enc4¬	® satisfies° ¯E±8° ª³² . Every placē of IO-Enc�¬�® suchthat
° ¯ ± °;´ ² hasthesamepostsetbothin ¬ andIO-Enc�¬�® , andthereforetheoutputpersistency of ¬ ensures
thatno outputsignaltransitionsexists in ¯E± . In conclusion,whena signaltransition µ is enabledandis
notaninput,everyplacēK¶§±�µ satisfies° ¯E±3° ª�² , andthen µ cannot bedisabled. ·¸


Figure10 depictsanexampleof thestructuralencodingby applyingthe transformationspresented
in thissection.


5. Designspaceexploration


Eventhoughtheencodingmethodpreviouslypresentedguaranteesanimplementationof thesystem,the
insertionof an internalsignalfor eachplacemay be too costly, in sizeandperformance,for the final
circuit.


This sectionpresentsa kit of structuraltransformationsthat aim at the exploration of the design
space.Behindthesetransformations,weassumeto haveasynthesisframework thatcanevaluatethecost
of the implementationin polynomialcomplexity on thesizeof thespecification[26]. This framework
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is alsocapableof detectingCSC conflictswith low computationalcost[25]. The transformationsare
mainlymeantto dealwith thenew insertedE-transitions.In this context, thestrategy usedin thesearch
for theoptimalis to apply, ateachstageof theexploration,thetransformationthatheuristicallyimproves
theactualimplementationanddoesnot introducenew CSC conflicts.


Thekit of transformationswepresentarenotnew in theliterature.They havebeenproposedby other
authors(see[2, 22,11]) or canbeobtainedby combiningseveralof thosetransformations.Theonesthat
havebeenusedin thiswork arenext described.All of thempreserve therelevantpropertiesof theSTGs
requiredfor thiswork.


Concurrencyreduction. Giventwo concurrenttransitions,¹�º and ¹�» , suchthat ¼3½�¼�¹�º�¾2¿À¼8½�¼Q¹4»`¾cÁÂ�Ã , con-
currency is reducedby includingtwo placesthat forceanalternationon thefiring of thetwo transitions
(seeFigure11(a)).


Increaseof concurrency. Given two orderedtransitions,¹�º and ¹4» , suchthat ¹@¼º Â ¼Q¹�» ÂÅÄQÆ2Ç , two
parallelbranchesarecreatedsothatthey canbefiredconcurrently. This transformationcanbeobtained
by combiningsomeof theonespresentedin [22] (initially proposedin [2]). Thetransformationis shown
in Figure11(b).
Elimination of signal. Givenoneof the internalsignalsof theSTG, it canbeeliminatedby changing
thelabelof all transitionsof thatsignalandmakingthemsilent(È ). This transformationis only accepted
whentheremoval of thesignaldoesnotcreateCSC conflictsin thespecification.
Elimination of silent transitions. Someof thetransformationsmayinsertsilenttransitionsin thespec-
ification. By removing them,thesizeof specificationcanbereducedandthesynthesisalgorithmssped-
up. However, theeliminationthe transitionrequiresthesubstitutionof ÉMÊÌË places(predecessorand
successor)by ÉMÍ�Ë places(seeFigure11(c)).Heuristicscanbeusedto determinewhentheelimination
canbeuseful.


Elimination of redundantplaces.Someof theplacesmaybeeliminatedwithoutchangingthebehavior
of thenet.Linearprogrammingtechniquescanbeusedto determinewhenplacesareredundant[2, 11].


Ontopof thiskit of transformations,asearchengineis expectedto explorethedesignspace.Greedy
heuristicsor optimizationtechniquessuchassimulatedannealing,geneticalgorithmsor tabu searchcan
beusedto exploredifferentconfigurations.All thesetechniquesrequirea fastestimationof thecostof
theexploredconfigurations.Thecostfunctioncanbeefficiently supportedby thepolynomialalgorithms
thatcanbetypically usedto manipulatefree-choicePetrinets.


6. Exampleand experimental results


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


Currently, nosearchengineis still availableto applythetransformationsautomatically. Instead,they
areappliedmechanicallywith theinterventionof thedesigner, whoateachstep,choosesatransformation
thatintuitively leadsto a betterimplementation.


In moredetail,thesynthesisstrategy consistsof thefollowing steps:
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Figure11. (a)Concurrency reduction,(b) increaseof concurrency, (c) transitionelimination.


1. Apply theencodingtransformationsonall transitions,asexplainedin Section4.


2. Iteratively andgreedilyapplythetransformationeliminationof signalto all internalsignalsasfar
asnoCSC conflictsappear. In general,someof theinternalsignalswill remainin thespecification.


3. Iteratively apply transformationsandevaluatethe implementationcostof the new specification.
Acceptany transformationthatproducesacostimprovement.Thecostis evaluatedasthenumber
of literalsof theBooleanequationsimplementingthecircuit.


4. Stopwhenno transformationcanbeappliedto improve thecostof thecircuit.


Giventhat the previousmethodhasnot beenautomatedyet, the applicationof the transformations
at eachstephasnot beendonein anexhaustivemanner. Structuralmethodsareusedfor checkingCSC
andderiving booleanequations[26].


The resultshave beencomparedwith thoseobtainedby the tool petrify [6], that doesan explicit
enumerationof thestatespace,thussuffering from thestateexplosionproblem.


6.1. A casestudy: adfast


This examplecorrespondsto thespecificationof ananalog-to-digitalfastconverterwith threeinput sig-
nals(Da,La andZa)andthreeoutputsignals(Dr, Lr andZr). Thespecificationis shown in Figure12(a).
This STG doesnot have theCSC property. Thetool petrify automaticallyinsertstwo signalsto solve
CSC conflicts.


Figure12(d) shows the STG after being transformedby the structuralencodingrules. The new
internalsignalsÎyÏ�Ð�Ð�ÐCÎ8Ñ�Ò correspondto the15placesin theinitial specification.


From the STG in Figure12(d), internalsignalsaregreedilyremoved until CSC conflictsappear.
TheresultingSTG andthecorrespondingequations(35literals)areshown in Figure13(a).Figure13(b)
reportsoneof theintermediatesolutions(31literals)exploredafterobtainingthesolutionin Figure13(a).


Figures12(b)and12(c)depictthefinal STG, the Booleanequationsandthecircuit after applying
the transformationsanddoinglogic synthesis.This solution,which hasbeenobtainedmechanically, is
identicalto theonegeneratedby petrify.
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Figure12. Casestudy:adfast


6.2. Experimental results


The synthesisstrategy describedabove hasbeenappliedto a setof benchmarks.Initially, noneof the
specificationshadtheCSC property. Theresultsarereportedin Table1.


The columnslabeledwith “petrify” indicatethe characteristicsof the circuit obtainedby the tool
petrify. Thenumberof insertedsignalsto solveCSC conflictsandthenumberof literalsof theBoolean
equationsarereported.


The columnslabeledwith “struct. encoding”report the characteristicsof the circuit after having
appliedsteps1 (encoding)and2 (eliminationof internalsignals)of thesynthesisstrategy. It is interesting
to observe that thenumberof signalsrequiredto solve CSC conflictswhenusingthe“local” encoding
providedby theplacesis significantlylargerthanthenumberof signalsrequiredwhen“global” encoding
methodsareused.


Theresultsof thefinal circuit, afterhaving exploredthedesignspacewith thesetof transformations,
are reportedin the columnslabeled“str. enc. + optim.” . It can be observed that the quality of the
solutioncanbehighly improvedby playingwith theconcurrency of theinternalsignals.In many cases,
the obtainedresult is the sameasthe onegeneratedby petrify. In othercases,the resultsaresimilar
but with more internalsignalsthan the onesinsertedby petrify(e.g. master-read2,duplicator). This
corroboratesa known fact that statesthat the reductionof internal signalsdoesnot alwaysimply an
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Figure13. Intermediatesolutionsin thedesignspace.


improvementon thequalityof thecircuit.
Themostimportantfactthatcanbededucedfrom this tableis thatthemethodproposedin thispaper


cancompetewith the existing synthesistools. Moreover, for the classof FCLSPNs, this methodcan
guaranteeandproduceanimplementationin extremelylow CPUtimes3.


7. Conclusions


Methodsfor the synthesisof systemswhosecomplexity doesnot dependon thesizeof thestatespace
arecrucialto facethedesignof complex asynchronouscircuits.


Thispaperhaspresentedanapproachfor thesynthesisof asynchronouscontrollersfrom STGs. The
main featuresof the methodare: (1) an implementationis guaranteedand(2) the complexity of the
methodis polynomialon thesizeof thespecification.


3Thelack of automationin theapplicationof thetransformationsdid not allow a fair reportof CPUtimes. However, this
factbecameevidentin previousworksin thisarea[26]
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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


Table1. Experimentalresults.


Thiswork is afirst steptowardsacompleteautomationof thedesignflow throughtheexplorationof
multiple configurationsthatpreserve someequivalencewith theoriginal specification.This exploration
shouldallow to find goodtrade-offs betweenthesizeof theimplementationandits performance.


As futurework,it isexpectedto integrateall thealgorithmspresentedin aframework for thesynthesis
of asynchronouscircuits,specifiedin anHDL.
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