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Abstract

Thispaperproposesapplyinga logic synthesisapproach
to high level synthesisfrom SpecCspeci�cationsto timed
asynchronousgate-levelcircuits.Thestate-basedlogic syn-
thesisis usedto allow for global and timing optimization.
In orderto reducetheoverheadin resettingphases,a proto-
col calledearlyacknowledgmentprotocolandits STGgen-
eration techniqueare proposed.In this protocol, the state
variablesinsertedto guaranteethatSTGshaveCSCusually
causenooverhead.Theexperimentsto synthesizea portion
of a DCTcircuit showthat theproposedmethodcanhandle
a nontrivial exampleandproducea smallerandfastercir-
cuit thana previousapproach.
Key Words: High level synthesis,SpecC,resourcealloca-
tion/scheduling, logic synthesis,timedSTGs,Balsa

1. Intr oduction

Recently, high level synthesisfrom C-like languages
suchasSpecCandSystemCis attractingattentionof syn-
chronouscircuit designers,and several commercialtools
(from Mentor Graphics,Bluespec,Forte, etc.) and public
tools (e.g.,Spark[1]) arenow availablethat supportit. We
have beendevelopinga tool thatsynthesizesasynchronous
circuits from a subsetof SpecCdescriptions.In this ap-
proach,userscanexpressspeci�cationsat a level in which
asynchronousand synchronousdesignsare indistinguish-
able,andso,asynchronouscircuitscanbesynthesizedwith-
outspecialknowledgefor asynchronouscircuit design.Fur-
thermore,thesamespeci�cationcanbeusedto synthesizea
synchronouscircuit, which makesit easierto compareboth
asynchronousandsynchronousimplementations.

The high level synthesisof asynchronouscircuits have
beenstudiedmainly in thecontext of syntaxdirectedtrans-
lation or local control [2, 3, 4, 5, 6, 7]. Thesemethodsare
extremelyef�cient becauseeachconstructof thespeci�ca-
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tion languageis directly modeledby a circuit without enu-
meratingthestatespace.Thesemethods,however, make it
dif�cult to performglobaloptimizationsuchaslogic min-
imization and timed circuit optimization.For this reason,
we have beentacklingthechallengeof usinglogic synthe-
sis for high level synthesis.In this approach,thehigh level
descriptionis translatedto a signaltransitiongraph(STG),
to which the low level logic synthesismethodis applied.
The major reasonsthat this approachhasnot beenusedto
datefor high level synthesisarethestateexplosionproblem
andthecompletestatecoding(CSC)problem.SinceSTGs
generatedfrom high level descriptionsareusuallylarge, it
is extremelydif�cult to generateits statespaceandsolve
the CSCviolations.In order to overcometheseproblems,
we have proposeda methodfor decompositionbasedlogic
synthesis[8], in which thegivenSTGis projectedfor each
outputsignalsuchthat it hassuf�cient informationto syn-
thesizethesub-circuitfor this outputsignal.This approach
scalesvery well, especiallyfor STGsthat have CSC and
a small relevant input set (CSCsupportset) for eachout-
putsignal.For example,in theexperimentsdonein thispa-
per, an STG with 533 signalsand1907transitionsis suc-
cessfullyhandledby this approach.As for the CSCprob-
lem, this papershows a solution in which STGsare con-
structedthatalreadyincludeall thestatevariablesnecessary
to achieve CSC.Theremarkablefeatureof this approachis
that thoseinsertedstatevariablescausealmostno perfor-
mancedegradationin many casesdueto theuseof aspecial
protocol.Our high level synthesisapproachbasedon logic
synthesis,of course,haslimitation in thesizeof STGs,be-
causestatespaceexplorationis necessaryunlike thesyntax
directedmethod.This problemcanbeavoidedby express-
ing the SpecCspeci�cation asa setof proceduredeclara-
tions,andsynthesizingeachprocedureseparately. Theper-
formanceoverheadin usingprocedurescertainlyexists,but
it canbereducedby de�ning aslargeproceduresaspossi-
ble thatcanbesynthesizedin a reasonableamountof time
andmemory.

Thegoalof thispaperis to presentthelogic synthesisap-
proachto the high level synthesis,to show how the global
andtimedoptimizationcanbedone,andto demonstratethat
it canhandlenontrivial examples.
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The restof this paperis organizedasfollows. The next
sectiondescribestheoverall approachof our method.Sec-
tion 3 discussesthe specialprotocol usedin our method.
The STG generationalgorithm basedon that protocol is
shown in Section4. Section5 explainshow timed circuits
aresynthesizedin ourapproach.Section6 showsseveralex-
perimentalresults,andtheconclusionis givenin Section7.

2. Approach

The�o w of thehigh level synthesistool thatwe arede-
veloping is shown in Figure 1. This tool synthesizesdata
path circuits using the bundled data method, where it is
assumedthat the maximaldata-pathdelayfor eachopera-
tionalunit or memory, calledamatcheddelay, is given.The
input of the tool is a speci�cation for a circuit to be syn-
thesizedexpressedby a subset1 of the SpecClanguage.
The tool alsotakesthe resourceconstraints,i.e. the maxi-
malnumberof operationalunitsfor eachtypeof arithmetic
andrelationaloperations.

The �rst step of the synthesisis to allocatethe oper-
ational units and registersaccordingto the resourcecon-
straints.The list schedulingalgorithm and left-edgealgo-
rithm [9] usedin synchronousdesignare adaptedto our
purposein thisstep[10, 3, 11]. Theresultof thisstepis ex-
pressedin the Balsalanguage[12]. The Balsalanguageis
chosenbecausesequentialandparallelexecutioncanbeex-

1 Currently, it is almostC except that it alsoallows datapathdeclara-
tions,synchronization,andport communication.
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Figure 2. Resour ce Allocation/Sc heduling.

pressedexplicitly andclearlyaswell asport write/readop-
erationsaresupported.Otherlanguagescanbeusedaslong
asthesepropertiesaresatis�ed. Anotheradvantageof us-
ing Balsadescriptionsis thattheBalsasynthesissystemcan
be appliedto obtainactualcircuits, which makes it easier
to checkthe speci�cation and estimatethe circuit perfor-
mance.

Althoughour Balsadescriptionsto expresstheresource
allocationresultsarelegal with respectto the Balsagram-
mar, they do not useany Balsabuilt-in arithmeticopera-
tions suchas addition and subtraction.Instead,every op-
erationalunit is connectedto the correspondinginput and
outputports,andeachoperationis performedby sending
and receiving datathroughthoseports to/from the opera-
tionalunit determinedby theresourceallocationalgorithm.
For example,considerasequenceof assignmentstatements
shown in Figure2(a)thataretakenfrom a SpecCprogram.
Its datadependency is shown by the solid arrows in Fig-
ure2(b). Fromthis datadependency, onecannoticethat4
multipliers and4 addersare necessaryif theseoperations
mustbedoneasconcurrentlyaspossible.Notethat4 mul-
tipliers insteadof 3 arenecessary, becausethe multiplica-
tion for 7*8 and 7*9 is readyafter“ :�;=<>:
? ” and“ :�@A<>:�8 ”, but
thereit no guaranteethatany of theotherthreemultiplica-
tionsare�nished at thattime.On theotherhand,themulti-
plication for 7CB and 7*D canbestartedonly after “ E�;GFHEC? ”.
Thus,themultiplier usedfor “ E�;IFJE*? ” canbeusedagainfor
“ 7

B
FK7

D ”, which impliesthat5 multipliersarenot needed.
Supposethatatmosttwo multipliersandtwo adderscan

be usedat the sametime. This resourceconstraintis rep-
resentedby addingresource edges [11], shown by dotted
arrows in the �gure. A resourceedgefrom operation1 to
operation2 indicatesthatoperation2 shouldwait until the
completionof operation1. Sincemaximaldelaysof func-



tional operationsareassumedto be known in our method,
the list schedulingalgorithm for synchronousclock cycle
assignmentcanbe usedto schedulethe operationalunits,
if every operationis consideredto take multi-clocks.The
obtainedschedulingof operationalunits is actually repre-
sentedby giving causalityrelationbetweenoperationsus-
ing resourceedges,insteadof assigningclockcycle to each
operation.Registersthatcanbesharedaredeterminedalso
from themaximaldelaysof operationalunistsbasedon the
left-edgealgorithm.

Figure 2(c) shows one implementationof this data
�o w graphwith resourceconstraintswhich usessequen-
tial ( � ) and parallel ( ��� ) constructs,where, for example,
MUL ?�� 7 ?�����;��	��?�
 denotes that the multiplication be-
tween � ; and � ? is performed by using the multiplier
No.1, andthe result is storedinto a register 7 ? . This mul-
tiplication is actually done through the output port

��
�� MUL ? and input port ��� MUL ? to/from the multi-
plier No.1 with the following parallelport write/readoper-
ations.

��
�� MUL ?������
�

;
���

?��
������� MUL ?����

7
?

MUL ?�� 7 ?�����;��	��?�
 is the macrode�nition for theseopera-
tions.Thesequentialconstructsin Figure2(c)guaranteethe
datadependency andresourceconstraints.They, however,
includeotherconstraintsnot requiredby Figure2(b), such
asMUL @�� 7*@��	� @���� 8�
 to be�nished beforeADD@�� 7*D��'E�@��'E�8�
 .
Theseconstraintsare necessaryfor simplifying our STG
generationwith CSC 2, althoughthe optimal resourceal-
location/schedulingmay be misseddueto them.Avoiding
theseredundantconstraintsis oneof our futurework.

In thesecondstep,STGsfor thecontrolcircuitsaregen-
eratedfrom the above Balsadescriptions.The two impor-
tant issuesin this STG generationstepare to reducethe
overheadin the resettingphaseand to guaranteethat the
STGshave CSC.In our approach,4-phasesignalingproto-
col is adopted,which hasthe resettingphaseasshown in
Figure3(a),andit is very importantto hide it in someap-
propriateway. To addressthis problem,our methodusesa
specialprotocol,which we call the early acknowledgment
protocol. While acknowledgementis typically indicatedby
therising edgeof theacknowledgementsignalin thetradi-
tional 4-phasesignalingprotocol,in theearlyacknowledge
protocol,it is indicatedby falling edge.Figure3(b) shows
thisprotocol.As shown in this �gure, theresettingphaseno
longerexistsin theearlyacknowledgmentprotocol.Thede-
tailsaboutthis protocolarediscussedin thenext section.

Our algorithmalsoinsertsstatevariables,which we call
CSC variables,whenever they are necessaryin order to

2 If theseconstraintsarenotadded,thentheconstraintscannotberepre-
sentedonly by sequentialandparallelconstructs.OurSTGgeneration
algorithmdoesnot supportsucha generalcausalityrelation,andac-
tually, for suchcases,it is not easyto addstatevariablesto guarantee
theCSCproperty.
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Figure 3. 4 Phase Protocol.

guaranteethatthegeneratedSTGshaveCSC.Althoughit is
possibleto apply automaticapproachesto solve CSC,it is
oftenvery computationallyexpensive andcangeneratere-
dundantandslow circuitsespeciallyfor largeSTGssuchas
thosegeneratedfrom high level speci�cations.Hence,our
approachinsertsCSCvariablesduring the STG construc-
tion phase.

The third stepof synthesisis to generatethe datapath
circuitsfrom theaboveBalsadescriptions.In thisstep,reg-
istersfor local variablesand input/outputportsaswell as
multiplexersplacedin the input sidesof registersandout-
putportsaregenerated,andthesignalsfrom thecontrolcir-
cuits are connected.The information about the datapath
suchaswidthsandbit sectionsis includedin theBalsade-
scription,and the datapathsynthesisis performedby the
staticanalysisof theBalsadescription.

In the fourth step,the control circuits are synthesized
from theSTGs,obtainedin thesecondstep,by thedecom-
positionbasedsynthesistool nutas 3. In thedecomposition
basedsynthesis,for eachoutputsignal ( , its possibletrig-
ger signalsarechosento form the initial input signal set.
Thetransitionsrelatedto theothersignalsareconsideredto
bedummy, andareeliminated,whenpossible,by anetcon-
tractionalgorithm.The resultantreducedSTG is analyzed
andcheckedif it hasCSC.If so,thesub-circuitfor ( canbe
synthesizedfrom thereducedSTG.Otherwise,theCSCvi-
olationpathsareexaminedandthesignalsto avoid theCSC
violationsareaddedinto theinputset.Thenetis contracted
with respectto the new input set,andthe above processis
repeateduntil thesub-circuitis synthesized.This synthesis
processis completelyindependentof sub-circuitsfor other
outputsignals.Thus,it is veryeasyto obtainlinearimprove-
mentby partitioningthe outputsignalsetto � subsetsand
sendingthemto � processors.Furthermore,it is suf�cient

3 http://research.nii.ac.jp/) yoneda/



for eachprocessorto have memoryfor handlingoneoutput
signal.Ontheotherhand,nomulti-outputoptimizationsare
donein our tool. It canbeextendedto handlemultiple out-
putsatthesametime,whichallowsseveralmulti-outputop-
timizations.It is, however, dif�cult to �nd a suitableparti-
tion of theoutputsignalsautomatically.

A similar approachis usedin [13, 14]. They show that
their methodscanhandlevery largeSTGs.Comparedwith
theseworks, our approachhasan advantagethat the state
exploration and CSC violation analysisare doneonly on
thereducedSTGs,whichmakesit possibleto handlelarger
STGs.From the experimentalresultsshown in Section6,
our methodseemsto work betterespeciallyfor the large
STGsgeneratedby our Balsacompiler. Anotheradvantage
of our approachis thatstatespaceexplorationandCSCvi-
olationanalysiscaneasilybe extendedto incorporatetim-
ing assumptions.Thiswork actuallyusesatimedversionof
thedecompositionbasedsynthesismethod[15].

In the �nal step, the actual gate level control circuits
aregeneratedby applyingtechnologymappingto thelogic
functionsobtainedin the previous step.The timing infor-
mationcanbeusedto ef�ciently performthis step[16, 17].
Also, thereducedSTGobtainedin thepreviousstepcanbe
usedastheinput of suchthetimedcircuit technologymap-
ping,which furtherreducesthecostof this step.

Althoughthe �o w in Figure1 is shown suchthat theal-
location/schedulingstep is fully decoupled from the
synthesisstep, it may be necessaryto redo the alloca-
tion/schedulingstepusing the more accuratedelay infor-
mation obtainedfrom the synthesizedgate-level circuits,
or in somecases,the placed-and-routedcells,andit is ac-
tually possiblebecauseour tool is fully automated.On
the otherhand,we arealsoawarethatour tool �o w, espe-
cially the allocation/schedulingstep,is too simpli�ed, i.e.,
therearemany issuesto be consideredto derive goodim-
plementations,suchasoptimizationthroughcodemotion.
However, many optimizationtechniquesdevelopedfor the
allocation/schedulingstepin synchronoushigh-level syn-
thesistools can be applied also to our tool without ma-
jor changes,becausethereareno signi�cant gapsbetween
synchronousandasynchronousdesignin this level. There-
fore, this paperfocuseson steps2 and3 of the �o w, and
the tighter integration of the above optimization tech-
niquesis consideredin futurework.

3. Early AcknowledgmentProtocol

Theearlyacknowledgmentprotocolis ageneralizedver-
sionof thelocalclockmethodproposedin [18]. In thelocal
clock method,the acknowledgmentsignal is raisedwhen
abouthalf of thematcheddelayhaspassedaftertherequest
signalgoeshigh,andis loweredafterthesamedelay. In this
paper, thesemanticsof theacknowledgmentsignalis mod-
i�ed suchthat the acknowledgmentis achieved when the
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Figure 4. Early Ackno wledgment Protocol.

acknowledgmentsignalgoeslow, i.e., it cango high any-
time after the requestsignal goeshigh. Thus,usually the
acknowledgmentsignal is raisedassoonaspossible.This
is why we call it “early acknowledgment”.

This earlyacknowledgmentprotocolis similar to the2-
phasesignalingprotocol.In 2-phase,however, somekind of
translationmechanismfrom 2 phaseto 4 phaseis necessary
somewhere,which makesthecircuitsa little morecompli-
cated.On the other hand,the early acknowledgmentpro-
tocol is purely basedon 4-phasesignaling,and so, it can
fully inherit thesimplicity of 4-phasesignaling.Thequan-
titativecomparisonbetweenbothmethodsbasedon several
nontrivial casestudiesis, however, oneof our futurework.

This sectionpresentshow to implementthe early ac-
knowledgmentprotocolfor active port write/readandpas-
siveport readoperations.

(1) ActivePortWrite

Theactiveport write operationis expressedby


��

7

�

� �
7���


in theBalsalanguage.As shown in Figure4(a),this opera-
tion startswhenthe � -th pathof amultiplexer is selectedby

� 
��

��< , andtherequestsignal, 7���� � , is raised.Theindex
� is usedto distinguishtheportwrite operationsonthesame
port.A multiplexeris usedfor eachoutputport,andthereg-
istersthatsenddatato this outputport areconnectedto this
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multiplexer. Figure5(a) shows the interfacecircuit around
theoutputport.For � � �): 
 of thedelayelement,� and : de-
notetherisingdelayandthefalling delay, respectively. The
delay �

� is usedto avoid assertingtherequestsignalbefore
themultiplexeroutputbecomesvalid, whenthemultiplexer
is largeandslow.

Theenvironmentrespondsto the requestsignalby rais-
ing the acknowledgmentsignal immediatelyaccordingto
theearlyacknowledgmentprotocol.In Figure4 (andalsoin
Figure7, 8, 9, and10), input signalsareunderlined.Then,
the control circuit lowersthe requestsignal,but the multi-
plexer is kept openuntil the acknowledgmentsignalgoes
low. After the matcheddelay, the environment indicates
the completionof the datareadby lowering the acknowl-
edgmentsignal,which causesthe control circuit to lower

� 
��

� andcompletethe active write operation.The envi-
ronmentcangeneratetheacknowledgmentsignalasshown
in Figure6. This acknowledgmentsignalgenerationcircuit
is morecomplicatedandslower thanthatfor theordinary4
phasesignaling.However, thedelayin raisingtheacknowl-
edgmentsignaldoesnot causeany performanceoverhead
in the earlyacknowledgmentprotocolasshown in theend
of next section,andthefalling delaycanbeincludedin the
matcheddelay.

(2) ActivePortRead

Theactiveport readoperationis expressedby
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Figure 6. Ack Signal Generation.

in the Balsalanguage.As shown in Figure 4(b), the con-
trol circuit �rst raises7���� � . Then,it raises7���
 ( to prepare
the registerwrite operation,andselectsthe multiplexer by

� 
��

( < , where� is theindex of thereadoperationsof this
port and ( is theindex of thewrite operationsto this regis-
ter. Theinterfacecircuit for this operationis shown in Fig-
ure5(b). Theenvironmentraisestheacknowledgmentsig-
nal, andlowersit after the matcheddelay. Thecontrol cir-
cuit respondsto it by writing datato theregisterby 7���
 (

�
,

andthenclosesthemultiplexer by � 
 �

(
�

. To ensurethe
setuptime of the DFF, a delayelementwith falling delay

�*),+�-�.0/ is usedfor thecasethatthemultiplexerdelayis large.
Similarly, the hold time of the DFF is ensuredby waiting
for the falling edgeof 7�� 
 ���

�
, which is the outputof an-

otherdelayelementwith thefalling delay �*132*4

� , beforelow-
ering � 
��

( . It shouldbeassumedthatthedataon thedata
pathis kept by the environmentfor at leastthe sumof the
setuptimeandthehold time of DFFsafter � E05

�
.

(3) Passive PortRead

Thepassiveport readoperationis expressedby

select 
��

7

� then 6�606 end

in the Balsalanguage.As shown in Figure4(c), the envi-
ronmentraisestherequestsignal,andthecontrolcircuit re-
spondsto it by raisingthe acknowledgmentsignalaswell
asstartingtheexecutionof theselectbodybetween“then”
and“end”. Whenall of thestatementsin thebody(includ-
ing the actualport read)arecompletelyexecuted,the con-
trol circuit lowerstheacknowledgmentsignal.

4. Generating STGsfor Control Cir cuits

This sectionpresentshow the STGsfor control circuits
aregeneratedfrom theBalsadescriptions.TheSTGgenera-
tion is doneinductively from theinnermoststatements.For
a Balsastatement7 , let 8:9 < and 8:9

� denotethe sub-
STGsthatraiseandlowerthesignalsrelatedto 7 . Thetran-
sitionsfrom 8

9
< to 8

9

�
(e.g.,


%

+,;

�
and �

%

+,;

�
in Fig-

ure8(a))areconsideredto belongto both 8<9J< and 8<9
� .

In thenormal4 phasesignaling,8:9 < and 8<9
� represent

thebehavior of the working phaseandthe resettingphase,



respectively. In the early acknowledgmentprotocol,how-
ever, even when 8<9J< completes,the actualdatatransfer
continues,andit �nally �nishes when 8:9 � completes.

Thealgorithmdescribedbelow guaranteesthat thegen-
eratedSTGsare output semi-modularand have CSC. To
prove this property, we usethefollowing two propositions,
whereinput (output)transitionsanddummytransitionsde-
notethetransitionsthatarerelatedto input (output)signals
andthetransitionsthatarerelatedto no signals.

Proposition1 In the consideredsub-STG(i.e., 8<9J< or
8 9

�
), every transition that actually con�icts with other

transitionsis eitherinput transitionsor dummytransitions.
In thelattercase,every pathfrom thosedummytransitions
in the sub-STGhasan input transitionbeforeany output
transitions.

Proposition2 In the consideredsub-STG(i.e., 8<9J< or
8

9

�
), every statevector that causesdifferentoutputsig-

nal changesis different.

The following shows 8<9J< and 8:9
� for eachstate-

ment 7 . The signal namesare mainly in the form of
� �

�

���

.��

" �

�

�

+�� , where � �

�

� is a port nameor a regis-
ter (variable)name, �




�!E is oneof 7���� , � E05 , 7���
 , 7���
 ��� ,
� 
�� by the samenamingconventionsas in the previous
section,and ���	� �

� is the index for the sameport or regis-
teraccess.Also assumethatwhen 8

9
< or 8

9

�
is consid-

ered,all the sub-STGsincludedin it satisfyboth Proposi-
tion 1 andProposition2.

(1) ActivePortWrite/Read

Theprotocolshown in theprevioussectioncanbedirectly
implementedas shown in Figure 7(a) and (b), where the
port nameis “ 
 ”, the registernameis “ � ”, and 
�
 repre-
sentsa dummytransitions.8:9 < and 8:9

� areconnected
by anouterstatementsuchasa sequentialconstruct.These

8
9

< and 8
9

�
apparentlysatisfybothProposition1 and

Proposition2.

(2) RegisterWrite

For theregisterwrite operationbelow, thesub-STGshown
in Figure7(c) is generatedin the similar way to the active
port read.

7
� ����� :

ThesealsosatisfyProposition1 andProposition2.

(3) Select

Considerthefollowing selectstatement.

7
������� �����
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Notethat theport 
 shouldnot assertthe requestwhenthe
otherport � is working. Similarly, � shouldnot asserta re-
questwhen 
 is working. For handling simultaneousre-
questsfrom two or more input ports, the Balsa language
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Figure 7. STG generation (1).

hasthe “arbitrate” construct,but our work doesnot sup-
port it. Thus,if it is really necessaryto handlesuchsimul-
taneousrequests,theusersshouldberesponsiblefor imple-
mentingarbitersin theenvironment.For theabove “select”
construct,thesub-STGsshown in Figure8(a)aregenerated.
In 8

9
< , theacknowledgmentis assertedin responseto ei-

ther requestsignal,andthe correspondingbody ( 8=<

�

< or
8=<

�

< ) is executed.In 8
9

�
, after 8=<

�

�
or 8=<

�

�
is exe-

cuted,theacknowledgmentsignalis loweredif the request
signalis low.

It seemsthattwo outputtransitions


��"�> �

< and �

��"�> ?

<

arein con�ict in 8
9

< . They are,however, not actuallyin
con�ict with eachother, becauseboth 
 and � never assert
the requestat thesametime. A similar argumentholdsfor
thetwo dummytransitionsin 8

9

�
. Thus,8

9
< and 8

9

�

satisfyProposition1.
In 8<9J< , when 


%

+,;

� occurs,


%

+,; hasthe samevalue
as the initial state.But, since 


��"�> � is 1 at that time, its
statevectoris differentfrom thatof theinitial state.Thetwo
dummytransitionsin 8

9

�
maycausedifferentoutputsig-

nal changes,but thestatevectorsafter �ring thosedummy
transitionscanbedistinguishedagainby thevalueof 


��"�> �

and �

�
"�> ? . Hence, 8
9

< and 8
9

�
satisfy also Proposi-

tion 2.
A similarargumentholdsfor selectstatementswith three

or moreports.

(4) Parallel

Considerthefollowing statementwith parallelconstruct.

7@�A��? � ���	@
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Figure 8. STG generation (2).

The sub-STGsfor this 7 areshown in Figure8(b). From
this construction,Proposition1 andProposition2 areap-
parentlysatis�ed. A similar argumentholds for the state-
mentswith threeor moreparallelconstructs.

(5) Sequential

Considerthefollowing statementwith sequentialconstruct.

7 �A��?�� �	@ � 606�6 �/�

�

Thesub-STGsfor this 7 with � �

�

and � �
	 areshown
in Figure9. As shown in the �gures, CSCvariablesarein-
sertedsuchthatthereexistsa changeof a CSCvariablebe-
tweenevery 8=<���< and 8=<��

�
, andeveryCSCvariablegoes

high andlow oncein 8
9

< and 8
9

�
. When � is odd,a

changeof oneCSCvariableis in excess,andso, it is con-
sumedconcurrentlyat theendof 8:9 < . Sincethereareno
con�icting transitions,Proposition1 holdsclearly. Further-
more,from thefollowing facts,Proposition2 alsoholdsin

8
9

< and 8
9

�
.


 A statein 8=<���< andanotherstatein 8=<��
�

have dif-
ferentstatevectorsbecausea CSCvariablecertainly
changes.


 As for a statein 8
<

�
� andanotherstatein 8

<
���

�

< ,
careshouldbe taken when the sameport or variable
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Figure 9. STG generation (3).

is accessedin 8
<

� and 8
<

���

� , because8
<

�
� and

8
<

���

�

< have the samestateencodingwith respect
to the CSC variables.For example,when � is even,

�����

? takes 1 in both 8=<

�

�
and 8=<

�

< , while the
other CSC variable take 0. Thus, if 


%

+*;

? goeslow
atstate�

? in 8
<

�

� andit againgoesup in 8
<

�

< with
reaching�C@ , � ? and �*@ may have the samestatevec-
tors, but the output behavior is apparentlydifferent.
This problemcanbe solved by insertinga CSCvari-
able changealso between8

<
�

� and 8
<

���

�

< . How-
ever, rememberthatdifferentindicesaregivenfor the
accessto the sameport or variable.This meansthat

8=<�� and 8 <����

� usedifferent signalsto accessto the
sameport, i.e., 


%

+,;

? and


%

+,;

@ . Thus,thefalling sig-
nal in 8

<
�

� is 


%

+,;

? , for example,andtherising sig-
nalin 8=<����

�
� is 


%

+,;

@ . Hence,astatein 8 <��
�

andan-
otherstatein 8=<����

�

< canbedistinguishedwithoutus-
ing anotherCSCvariablechangebetween8

<
�

� and
8

<
���

�

< .


 CSC variable changes
�����

?
< , 6�606 ,

�����

>

< ,
�����

?
�

, 6�606 ,
�����

>

�
occurin thisorderin 8

9
< and

8
9

�
. Thus,every statevector with respectto CSC

variablesis differentin 8
9

< and 8
9

�
.



(6) While

Considerthefollowing while construct.

7 � � ������� ���7� � E

�
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Our methodrequiresthat when the conditionalbranch
statementssuchaswhile andif areexecuted,thecompara-
tor with respectto their conditionalexpressionsshouldbe
accessedbeforehand.A comparatoris consideredas1 bit
register, i.e.,it takesthetwo datato becomparedandthere-
lationaloperator, andputsthecomparisonresultinto the1
bit register. Thewhile andif constructsreferto the1 bit reg-
ister, anddecideif theconditionalbranchtakesplaceor not.
In our framework, acomparatoris accessedby

��
 �

�	��


��� � ���

�

� ; � � �

�

� ? ��7��
�

2 /

� � � ���

�	��


� � E

and this comparatoraccessand the conditional branch
shouldbe orderedsequentially. Thus, when the value of

E is testedby the conditionalbranchstatement,it is sta-
ble. It should be noted that it is not practical to handle
the actual comparisonresults during the controller syn-
thesis becausethis requireshandling real data. Instead,
as shown in Figure 10(a), our sub-STGcorrectly mod-
elsthetiming whenthecomparisonresultsareupdated(i.e.,
betweenE

%

+��

?

�
and E

%

+��

�

�

�
), anddecidescomparisonre-

sultsthemselvesnondeterministicallyby thedummytransi-
tion con�icting with EC< and E

� (Theupper-left dottedrect-
anglesshow a fragmentof the active port readoperation
“ ���

�	��


� �
E ”). As shown in Figure 10(a), 8

9
< de-

cidesif theloopbodyformedby 8
<

< and 8
< � shouldbe

executedor not accordingto thevalueof E . Sincethevalue
of E is decidednondeterministically, the state spacein-
cludesboth caseswhere E���� and E ��� , and so, the
synthesizedcircuit canacceptany possiblechangeof thein-
put E .

The signal E is an input for the control circuit, and
the dummytransitioncon�icting with E*< and E

�
directly

reachestheinputtransitionE

%

+��

�

�

�
. Whenthedummytran-

sitions in 8
9

< �re, the value of E is stable.Thus, those
dummy transitionsas well as E*< and E

� do not actually
con�ict with eachother. Hence,Proposition1 holds.

Furthermore,from thefollowing facts,Proposition2 also
holds.


 Thedummytransitioncon�icting with E*< andE
�

does
notcausedifferentoutputchanges.


 Thecon�icting dummytransitionsin 8
9

< maycause
different output changes,but the statesafter �ring
thosedummytransitionsaredistinguishedby thevalue
of E .


 A CSC variable changesbetween 8
<

< and 8
< � .

This
�����

< is to distinguishthe statesin 8
<

< and
8=<

�
asusedfor thesequentialconstruct.Ontheother
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Figure 10. STG generation (4).

hand,
�����

� is insertedonly for changingits value
backto 0, not for distinguishingthestates.This is for
the following reason.The stateafter

�����

�
andan-

otherstatebefore 8=< < have the samestatevector, if
E is true.However, they causethesameoutputbehav-
ior, andtherefore,no CSCviolationoccurs.

(7) Loopandothers

For loop construct below, the sub-STG shown in Fig-
ure10(b)is generated.

7
� � ����� � ����!

This is the sameasthe body of the while construct.Since
theloopconstructdoesnotterminate,8

9

�
is empty. 8

9
<

apparentlysatis�esProposition1. Proposition2 alsoholds
for similar reasonsto thosefor thewhile construct.

Our methodalso supportsif-then-else,procedurecall,
proceduredeclarationstatements.The if-then-elsestate-
mentis similarto thewhile construct,theprocedurecall and
proceduredeclarationaresimilarto theactiveportwrite and
passive port readoperationsexceptfor thedatapathwidth
is 0 bits.Thus,thedetailsareomittedhere.



(8) Discussion

First, from the factsshown above that Proposition1 and
Proposition2 holdfor 8:9 < and 8:9 � of eachstatementor
operation,thefollowing theoremholds.

Theorem1 ThegeneratedSTGby theabove construction
is outputsemi-modularandhasCSC.

Secondissueto be discussedis the performanceover-
headdueto theinsertedCSCvariables.Fromtheabovecon-
struction,CSC variablesare insertedfor sequentialstate-
ments,while constructs,andloop constructs.Amongthem,
considerthoseinsertedbetween8 < �'< and 8 < � � . For ex-
ample,in thesub-STGsgeneratedfor theBalsadescription




��� � � � ��� :�� 606�6��

CSCvariablesareinsertedbetween8 <��'< and 8 <�� �
. From

Figure7(b)andFigure9, theCSCvariablesaretriggeredby
therising edgesof theacknowledgmentsignal


��"�> or �

��"�>

andthe multiplexer control signal ���

.��

� or :��

.��
4 . From

theearlyacknowledgmentprotocol,thoseacknowledgment
signalsareraisedquickly, andtheactualdatatransfercom-
pleteswhenthey fall. Thus,if thetwo outputsignalchanges
(

�����

?*< and 


%

+,;

�

� , or
�����

@C< and �

%

+,;

>

� ) complete
beforethat time point, theoverheadof changingCSCvari-
ablescanbe hidden.This delay to lower the acknowledg-
ment signal is the matcheddelaysin the casesof mem-
ory accessandoperationalunit access,which is largerthan
thosefor two outputsignalchanges.In thecaseof register-
to-registerwrite operation,the delay for thosetwo output
signalchangescanbeoverlappedwith thesetuptimeof the
register. Hence,theseCSCvariablescausealmostno per-
formanceoverheadin many cases.Note that

�����

�
after

8=<
�

for the while andloop constructsdelaythe �rst sig-
nalchangesof 8

<
< , andso,theperformanceoverheaddue

to themis not zero.
The othermethodsbasedon STG-like generationtech-

niqueshavebeenproposed,e.g.,in [5]. Ourmethodcanalso
generatethosesimilar STGsby de�ning small and many
procedures.Thus,ourmethodcanbeconsideredasakind of
generalizationof thosemethods.Using thosesmall STGs,
however, causesquitelargeoverheadin eithermethod.Our
methodallows usersto choosethe sizesof thoseproce-
duresto control the overhead.Furthermore,the sequential
constructscausesomeoverheadin propagatingthe activa-
tion signalsin many othermethods.Thoseactivation sig-
nalscorrespondto theCSCvariablesin our method.Those
CSCvariables,however, causealmostno overheadin our
methodasshown above.

It shouldbenotedthatthenumberof insertedCSCvari-
ablesis notoptimalin ourmethod.For example,for asmall
Balsadescriptionshown in Figure11,theSTG

�

generated
by our methodcontainsfour CSCvariables.Let

���

be the
STGobtainedfrom

�

by justreplacingthoseCSCvariables

loop
select in_port0 then

a := in_port0
end;
loop while a = 0 then

begin
out_port1 <- (1 as 1 bits) || in_port1 -> a;
out_port2 <- (1 as 1 bits) || in_port2 -> a

end
end

end

Figure 11. A small example .

by dummytransitions.Thus,
���

hasno CSC.petrify [19]
solvesthis CSCproblemandobtains

��� �

, which hasCSC,
by addingthreeCSC variablesautomatically. This shows
that our methodis not optimal with respectto the num-
ber of insertedCSC variables.However, the performance
of thesynthesizedcircuitsdoesnot directly dependson the
numberof CSCvariables.Actually, when � �


 �

7

�

� returns
0, and � �


 �

7

�

� loop-backsthe valuesentto ��
�� 
��

7

�

� for
� � ����� , the simulationsshow that the circuit synthesized
from

�

hasthecycle time 14.91nS,while theonefrom
��� �

has16.42nS,underthedelayinformationof a �	� ��

� gateli-
braryandtheloop-backdelaywith 3nS.

5. Timed Cir cuit Synthesis

The control circuit synthesizedby the speedindepen-
dent circuit synthesismay include redundantsub-circuits
when the actualgateand environmentdelaysare consid-
ered.The timed circuit synthesisremovesthoseredundant
sub-circuitsthrough timed statespaceexploration by us-
ing the delay information.This delay information is usu-
ally given, for a generalized-C(gC) elementor an atomic
gatedriving eachnon-input signal, as the lower and up-
per boundson the delayfrom the time at which all inputs
necessaryto enablethe gatearrive until the outputof the
gatechanges.In a technology-mappedcircuit, suchagC or
atomicgateis implementedasanacyclic network of gates.
The above delay correspondsto the delay from the AND
gatesin the input sideto the �nal gatein thegatenetwork.
Even if the output of the �nal gateis fed back to the in-
putsof thegatenetwork, theabovedelayis not affected.

Themaintechnicalissuein thisapproachis how to actu-
ally obtaintheselowerandupperboundsof thedelays.Our
methodachievesthis asfollows, andobtainsa timed STG
from theoriginalSTGby addingthosedelayboundsto each
transition.

1. By thespeedindependentcircuit synthesis,aspeedin-
dependentcontrolcircuit is obtainedfrom theoriginal
STG.

2. Theactualgatecircuit is obtainedby technologymap-
ping.



3. For eachnon-inputsignal,do thefollowing.

(a) For eachacyclic gatenetwork implementingthe
non-inputsignal,themaximaldelayfrom thein-
put to theoutputis computedfrom the maximal
gatedelaysgivenby thegate-libraryvendorand
the maximal numberof stagesin the gatenet-
work. Then,this canbeconsideredto betheup-
per bound of the delaysfor the corresponding
non-inputtransitions,becausea timed circuit is
alwayssmallerthanor equalto theoriginalspeed
independentcircuit.

(b) For its lowerbound,using0 is themostconserva-
tive. However, it maynot reducethecircuit ef�-
ciently, becauseit is oftentooconservative.Thus,
a betterapproachis to decidethe lower bound
from the delayof a singleg-C or AND gate.If
thecircuit obtainedby thetimedcircuit synthesis
haslarger delay than the above lower bound,it
is done.Otherwise,re-synthesisis necessaryus-
ing thelower boundobtainedfrom thetimedcir-
cuit.

4. As for theinputsignalsin theactiveportwrite andread
operations,the rising delay ( � ? ) of the acknowledg-
mentsignalscanbe guessedasoneC-elementdelay
from Figure6, andtheir falling delayscanbedecided
from thematcheddelaysminus �

? andthecontrolcir-
cuit delaysto lower therequestsignals.Thelowerand
upperboundscanbe decidedwith somemargins.On
theotherhand,it is unknown whentherequestsignals
are issuedfor the passive port readoperations.Thus,

�

� ����� is usedfor thoseinput transitions.

Thereductionof circuitsby timedcircuit synthesishap-
pensmainly in the parallelconstructs.The speedindepen-
dentcontrolcircuit mustwait for thecompletionof all state-
mentsconnectedby the parallelconstruct,even if someof
them�nish muchearlier thanothers.This generatesAND
gateswith largefan-inin theinputsideof thegatenetwork.
The timed circuit synthesiscan decidethat too early ac-
knowledgment(indicatedby the falling edgesof acknowl-
edgmentsignals)areunnecessary, andsmallerAND gates
aregenerated,which increasestheperformance.For exam-
ple,by thetimedcircuit synthesis,thetotalnumberof liter-
als for thecontrollerof Figure2(c) is reducedfrom 255to
214,andthecycletimeis reducedfrom 24.58nSto 24.18nS,
whenit is assumedthata � � � 

� gatelibrary is usedandthe
additionand the multiplication take 3nSand5nS,respec-
tively.

6. Experimental Results

In this section,to demonstratethe applicability of the
proposedmethod,an IIR �lter , a FIR �lter , anda portion

for(i=0;i<8;i++)
{

aptr = x+i;
bptr = aptr+56;

a0 = (((*aptr+*bptr)) << (2));
c3 = (((*aptr-*bptr)) << (2));
aptr += 8;
bptr -= 8;
a1 = (((*aptr+*bptr)) << (2));
c2 = (((*aptr-*bptr)) << (2));
aptr += 8;
bptr -= 8;
a2 = (((*aptr+*bptr)) << (2));
c1 = (((*aptr-*bptr)) << (2));
aptr += 8;
bptr -= 8;
a3 = (((*aptr+*bptr)) << (2));
c0 = (((*aptr-*bptr)) << (2));

b0 = a0+a3;
b1 = a1+a2;
b2 = a1-a2;
b3 = a0-a3;

aptr = y + i;

*aptr = (((362L*(b0+b1))) >> (9));
aptr[32] = (((362L*(b0-b1))) >> (9));

aptr[16] = ((((196L*b2)+(473L*b3))) >> (9));
aptr[48] = ((((196L*b3)-(473L*b2))) >> (9));

b0 = (((362L*(c2-c1))) >> (9));
b1 = (((362L*(c2+c1))) >> (9));

a0 = c0+b0;
a1 = c0-b0;
a2 = c3-b1;
a3 = c3+b1;

aptr[8] = ((((100L*a0)+(502L*a3))) >> (9));
aptr[24] = ((((426L*a2)-(284L*a1))) >> (9));
aptr[40] = ((((426L*a1)+(284L*a2))) >> (9));
aptr[56] = ((((100L*a3)-(502L*a0))) >> (9));

}

Figure 12. A DCT example .

of theDiscreteCosineTransform(DCT) circuit aresynthe-
sized,andcycle timesandcircuit sizesareevaluated.These
experimentsaredoneon a 2.8 GHz Xeonworkstationwith
4 gigabytesof memory. Figure12 shows the SpecCspec-
i�cation for our DCT example.This is just half of the ac-
tual DCT circuit. Anotherhalf portionhasalmostthesame
structurewith thesameloop count,andthesetwo portions
aresequentiallyconnected.Thus,it is reasonablethateach
of them is declaredas a procedureandsynthesizedsepa-
rately. The memoryaccessby pointersis implementedin
thesameway asoperationalunits,i.e.,
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For eachexample,two typesof circuits aresynthesized
under two different resourceconstraints.In Table 1, the
column labeledby “Res.” shows the maximal numberof
availableoperationalunits for multiplication, ALU opera-
tion(addition/subtraction),andshift operation(“-” indicates
that the operationalunit is not used).It is commonlyas-



Table 1. Synthesis and Simulation Results.
Circuits Synthesistime (sec.) Gatecounts Cycletime (nS)

Name Res.(1) Method nutas moebius(2) csat(3) for Ctrl. total cntl.

SI 16.3(12.3) (50.1) 112.5(98.1) 198 87.8 31.8
IIR (1,1,-) Timed 16.9 — — 198 86.6 30.6

Balsa 3.1(Balsasystem) 291 142.9 86.9

SI 27.7(16.3) (41.4) 41.5(38.7) 238 48.6 17.6
IIR (2,2,-) Timed 134.26 — — 196 47.4 16.8

Balsa 1.7(Balsasystem) 270 80.9 49.9

SI 285.1(234.5) (646.2) ( � 5h) 487 192.3 69.3
FIR (1,1,-) Timed 288.7 — — 469 187.9 64.9

Balsa 12.0(Balsasystem) 684 311.4 188.4

SI 422.0(279.4) (546.8) ( � 5h) 675 105.0 39.0
FIR (2,2,-) Timed 6859.1 — — 475 102.9 36.9

Balsa 5.6(Balsasystem) 644 169.9 103.9

SI 5106.2(2458.9) (5909.2) ( � 5h) 1082 3847.3 1363.3
DCT (1,1,1) Timed 5420.7 — — 1036 3797.4 1313.4

Balsa 37.5(Balsasystem) 1399 6265.5 3781.5

SI 7474.6(1710.5) (6715.0) ( � 5h) 1041 2679.2 759.2
DCT (1,2,2) Timed 7468.0 — — 982 2637.8 717.8

Balsa 23.5(Balsasystem) 1282 4206.9 2286.9

(1) Resource:(#MUL, #ALU, #shifter) (2) STGsfor while bodiesaresynthesized.
(3) SAT instancegenerationtimesarenot included.

sumedthatonecomparatoris available,andthat themem-
ory hasoneaddressportandonedataport.

For eachresourceconstraint,circuitswith a speedinde-
pendentcontrollerandatimedcontrolleraresynthesizedby
the proposedmethod.A speedindependentcircuit is syn-
thesizedalsoby the Balsasynthesissystem(ver.3.4) from
the Balsadescriptionexpressingeachresourceallocation
result.Therows“SI”, “Timed”, and“Balsa” show thosere-
sults,respectively. Thecolumn“nutas” showsthesynthesis
timesof ourmethod.Thespeedindependentcontrollersyn-
thesisis alsodoneby two othertools,moebius [13] 4, and
csat [14] 5, in order to comparethe low-level logic syn-
thesisperformanceof threemethods.Sincemoebius has
a problemin handlingself-loopsgeneratedfor the while
construct,its columnshows theresultsfor synthesizingthe
while bodies.The correspondingsynthesistimesof nutas
andcsat areshown in theparenthesesof theircolumns.The
column“Gatecounts”in thetableshows gatecountsof the
control circuits. Eachcircuit is simulatedusing the delay
informationfor a �	� ��

� gatelibrary 6 aswell as10nSfor

4 RunonaPentium4, 2.5GHz,512MB machine.
5 RunonaPentium4, 3.06GHz,1GBmachine.
6 The simulationis doneby the gatelevel Verilog descriptionsanno-

tatedwith the rising andfalling delaysgiven in the gatelibrary. No
placement/routingis considered.

the memoryaccesstime, 5nSfor the multipliers,and3nS
for the ALUs, shifter, and comparator. The column “Cy-
cletimes”showsthecycle timeof eachcircuit, where“ctrl”
representsthecontrolcircuit delaysoccupiedin thetotalcy-
cle times.

From theseresults,onecanseethat the signi�cant im-
provementin the circuit performanceis obtainedby the
proposedmethodcomparedwith the Balsasynthesissys-
tem.Thesynthesistimesaresacri�cedfor thisperformance
improvement,but thosefor our examplesare acceptable.
For larger speci�cation,de�ning appropriatesizesof pro-
ceduresmay be necessary. Comparedwith moebius and
csat, nutas works betterfor the large STGsgeneratedby
our Balsacompiler. The performanceimprovementby the
timed circuit synthesisis from 1.2nSto 6.2nS(per itera-
tion in caseof DCT), which approximatelycorrespondsto
4 to 20 stagesof gates.

It shouldbe notedthat whenthe concurrency increases
andtherelevant input set(CSCsupportset)sizesincrease,
the cost for the decompositionbasedsynthesisalso in-
creases.This problemcanbesolvedby insertingadditional
statevariablesto thesub-STGfor theparallelconstructsto
reducethe relevant input setsizes.If thesestatevariables
areinsertedin non-criticalpaths,theperformanceoverhead
causedby themmaybesmall.



7. Conclusion

This paperpresentsa completedesign�o w from SpecC
speci�cationsto gate-level designs.The methodologyin-
cludesresourceallocationandschedulingtunedfor asyn-
chronouscircuits, although it is still too simple. It also
makesuseof decompositionbasedsynthesisfor designof
the timed circuit controllers.A major differencebetween
this approachand similar onesis that it usesstate-based
logic synthesisratherthansyntax-directedtranslation.This
allows for global logic and timing optimizationwhich is
limited in previous works. This paperalso introducesthe
early acknowledgmentprotocol.To supportthis protocol,
techniquesarepresentedfor datapathgenerationandSTG
generationfor the control circuits. We have applied our
methodto the designof several circuits, and have shown
that our methodproducessubstantialimprovementsin de-
lay ascomparedwith syntax-directedmethods.

Weareplanningto applymoresophisticatedresourceal-
location/schedulingtechniquesused for the synchronous
circuit synthesis. It is also very interesting to com-
parethe resultsfor several benchmarkcircuits with those
by other optimized asynchronoussynthesistools suchas
Balsa-CUBE[20] as well as synchronoushigh level syn-
thesistoolssuchasSpark.
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