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Abstract

Thispaperproposespplyinga logic synthesigppmoacd
to high level synthesifrom SpecCspeci cationsto timed
asyntironousgate-level circuits. Thestate-basedbgic syn-
thesisis usedto allow for global and timing optimization.
In orderto reduceheoverheadn resettingphasesa proto-
col calledearly acknowledgmenprotocolandits STGgen-
eration techniqueare proposed.In this protocol, the state
variablesinsertedto guaranteethat STGshaveCSCusually
causeno overhead Theexperimentgo synthesiza portion
of a DCT circuit showthatthe proposednethodcanhandle
a nontrivial exampleand producea smallerand fastercir-
cuit thana previousappmoad.

Key Words: High level synthesisSpecCresouce alloca-
tion/stheduling logic synthesistimedSTGsBalsa

1. Intr oduction

Recently high level synthesisfrom C-like languages
suchas SpecCand SystemCis attractingattentionof syn-
chronouscircuit designersand several commercialtools
(from Mentor Graphics,Bluespec,Forte, etc.) and public
tools (e.g.,Spark[]) arenow availablethat supportit. We
have beendevelopingatool that synthesizesisynchronous
circuits from a subsetof SpecCdescriptions.In this ap-
proach,userscanexpressspeci cationsata level in which
asynchronousnd synchronoudlesignsare indistinguish-
able,andso,asynchronousircuitscanbesynthesizedvith-
outspeciaknowledgefor asynchronousircuit design Fur
thermorethesamespeci cationcanbeusedto synthesizea
synchronousircuit, which makesit easieto compareboth
asynchronouandsynchronousmplementations.

The high level synthesisof asynchronousircuits have
beenstudiedmainly in the context of syntaxdirectedtrans-
lation or local control [2, 3, 4, 5, 6, 7]. Thesemethodsare
extremelyef cient becauseachconstructof the speci ca-
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tion languagsds directly modeledby a circuit without enu-
meratingthe statespace Thesemethodshowever, make it
dif cult to performglobal optimizationsuchaslogic min-
imization and timed circuit optimization. For this reason,
we have beentackling the challengeof usinglogic synthe-
sisfor high level synthesisin this approachthe high level
descriptionis translatedo a signaltransitiongraph(STG),
to which the low level logic synthesismethodis applied.
The major reasonghatthis approachhasnot beenusedto
datefor highlevel synthesisarethe stateexplosionproblem
andthe completestatecoding(CSC)problem.SinceSTGs
generatedrom high level descriptionsare usuallylarge, it
is extremely dif cult to generatdts statespaceand solve
the CSCviolations.In orderto overcometheseproblems,
we have proposeda methodfor decompositiorbasedogic
synthesig8], in which the given STGis projectedfor each
outputsignalsuchthatit hassufcient informationto syn-
thesizethe sub-circuitfor this outputsignal. This approach
scalesvery well, especiallyfor STGsthat have CSC and
a small relevant input set (CSC supportset) for eachout-
putsignal.For example,in the experimentsdonein this pa-
per, an STG with 533 signalsand 1907 transitionsis suc-
cessfullyhandledby this approachAs for the CSC prob-
lem, this papershaows a solutionin which STGsare con-
structedhatalreadyincludeall thestatevariablesnecessary
to achieve CSC.Theremarkableieatureof this approachs
that thoseinsertedstatevariablescausealmostno perfor
mancedegradationin mary caseslueto theuseof aspecial
protocol.Our high level synthesisapproacthasedon logic
synthesispf coursehaslimitation in the sizeof STGs,be-
causestatespaceexplorationis necessarynlike the syntax
directedmethod.This problemcanbe avoided by express-
ing the SpecCspeci cationasa setof proceduredeclara-
tions,andsynthesizingeachprocedureseparatelyThe per
formanceoverheadn usingproceduregertainlyexists, but
it canbe reducedby de ning aslarge procedure®spossi-
ble thatcanbe synthesizedn a reasonabl@mountof time
andmemory

Thegoalof thispapelis to presenthelogic synthesisap-
proachto the high level synthesisto shav how the global
andtimedoptimizationcanbedone andto demonstratéhat
it canhandlenontrivial examples.
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Figure 1. Tool Flow.

The restof this paperis organizedasfollows. The next
sectiondescribeghe overall approachof our method.Sec-
tion 3 discussegshe specialprotocol usedin our method.
The STG generationalgorithm basedon that protocol is
shawvn in Section4. Section5 explainshow timed circuits
aresynthesizedh ourapproachSection6 shavs severalex-
perimentaresults,andtheconclusionis givenin Section?.

2. Approach

The o w of the high level synthesigool thatwe arede-
velopingis shavn in Figure 1. This tool synthesizeglata
path circuits using the bundled data method whereit is
assumedhat the maximal data-pathdelayfor eachopera-
tionalunit or memory calledamatdeddelay; is given.The
input of the tool is a speci cation for a circuit to be syn-

thesizedexpressedby a subset! of the SpecClanguage.

The tool alsotakesthe resourceconstraintsj.e. the maxi-
mal numberof operationalinitsfor eachtype of arithmetic
andrelationaloperations.

The rst stepof the synthesisis to allocatethe oper
ational units and registersaccordingto the resourcecon-
straints.The list schedulingalgorithm and left-edgealgo-
rithm [9] usedin synchronouslesignare adaptedto our
purposén thisstep[10, 3, 11]. Theresultof this stepis ex-
pressedn the Balsalanguagg12]. The Balsalanguageis
choserbecaussequentiahndparallelexecutioncanbe ex-

1 Currently it is almostC exceptthatit alsoallows datapathdeclara-
tions,synchronizationandport communication.
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pressedxplicitly andclearly aswell asportwrite/readop-

erationsaresupportedOtherlanguagesanbeusedaslong

asthesepropertiesare satis ed. Anotheradwantageof us-
ing Balsadescriptionss thattheBalsasynthesisystemcan
be appliedto obtainactualcircuits, which makesit easier
to checkthe speci cation and estimatethe circuit perfor

mance.

Although our Balsadescriptiongo expressthe resource
allocationresultsarelegal with respecto the Balsagram-
mar, they do not useary Balsabuilt-in arithmeticopera-
tions suchas addition and subtraction.Instead,every op-
erationalunit is connectedo the correspondingnput and
output ports, and eachoperationis performedby sending
and receving datathroughthoseportsto/from the opera-
tional unit determinedy theresourcellocationalgorithm.
For example considera sequencef assignmenstatements
shawvn in Figure2(a)thataretakenfrom a SpecCprogram.
Its datadependeng is shavn by the solid arrows in Fig-
ure 2(b). Fromthis datadependeng onecannoticethat4
multipliers and 4 addersare necessaryf theseoperations
mustbe doneasconcurrentlyaspossible Note that4 mul-
tipliers insteadof 3 are necessarybecausehe multiplica-
tionfor and isreadyafter” " and“ ", but
thereit no guaranteghatary of the otherthreemultiplica-
tionsare nished atthattime. Onthe otherhand,the multi-
plicationfor ~and canbe startedonly after*
Thus,themultiplier usedfor “ " canbeusedagainfor
“ ", which impliesthat5 multipliersarenot needed.

Supposéghatat mosttwo multipliersandtwo adderscan
be usedat the sametime. This resourceconstraintis rep-
resentedby addingresouce edges[11], shovn by dotted
arrons in the gure. A resourceedgefrom operationl to
operation2 indicatesthat operation2 shouldwait until the
completionof operationl. Sincemaximaldelaysof func-



tional operationsare assumedo be known in our method,
the list schedulingalgorithm for synchronouslock cycle
assignmentan be usedto schedulethe operationalunits,
if every operationis consideredo take multi-clocks. The
obtainedschedulingof operationalunits is actually repre-
sentedby giving causalityrelation betweenoperationsus-
ing resourceedgesinsteadof assigningclock cycleto each
operation Reyistersthatcanbe sharedaredeterminedalso
from the maximaldelaysof operationalinistsbasedon the
left-edgealgorithm.

Figure 2(c) shavs one implementationof this data
ow graphwith resourceconstraintswhich usessequen-
tial () and parallel ( ) constructs,where, for example,
MUL denotes that the multiplication be-
tween  and is performedby using the multiplier
No.1, andthe resultis storedinto a register . 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

MUL is the macrode nition for theseopera-
tions.Thesequentiatonstructsn Figure2(c) guarante¢he
datadependeng andresourceconstraintsThey, however,
includeotherconstraintot requiredby Figure2(b), such
asMUL to be nished beforeADD
Theseconstraintsare necessaryor simplifying our STG
generatiorwith CSC?, althoughthe optimal resourceal-
location/schedulingnay be misseddueto them.Avoiding
theseredundantonstraintss oneof our futurework.

In the secondstep,STGsfor thecontrolcircuitsaregen-
eratedfrom the above BalsadescriptionsThe two impor-
tantissuesin this STG generationstepare to reducethe
overheadin the resettingphaseand to guaranteehat the
STGshave CSC.In our approach4-phasesignalingproto-
col is adopted which hasthe resettingphaseas shavn in
Figure3(a), andit is very importantto hide it in someap-
propriateway. To addresshis problem,our methodusesa
specialprotocol,which we call the early adknowledgment
protocol While acknavledgements typically indicatedby
therising edgeof the acknavledgemensignalin the tradi-
tional 4-phasesignalingprotocol,in the earlyacknavledge
protocol,it is indicatedby falling edge.Figure 3(b) shavs
thisprotocol.As shavn in this gure, theresettingohaseno
longerexistsin theearlyacknavledgmeniprotocol. Thede-
tails aboutthis protocolarediscussedh the next section.

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

2 If theseconstraintsarenotaddedihentheconstraintcannotberepre-
sentednly by sequentiahndparallelconstructsOur STGgeneration
algorithmdoesnot supportsucha generalcausalityrelation,andac-
tually, for suchcasesit is not easyto addstatevariablesto guarantee
the CSCproperty
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Figure 3. 4 Phase Protocol.

guarante¢hatthegenerate®TGshave CSC.Althoughit is
possibleto apply automaticapproacheso solve CSC, it is
often very computationallyexpensve and cangeneratee-
dundantandslow circuitsespeciallyfor large STGssuchas
thosegeneratedrom high level speci cations.Hence,our
approachinsertsCSC variablesduring the STG construc-
tion phase.

The third stepof synthesids to generatehe datapath
circuitsfrom the above Balsadescriptionsin this step,reg-
istersfor local variablesand input/outputports as well as
multiplexersplacedin the input sidesof registersand out-
putportsaregeneratedandthe signalsfrom the controlcir-
cuits are connected.The information aboutthe data path
suchaswidths andbit sectionss includedin the Balsade-
scription, and the datapath synthesiss performedby the
staticanalysisof the Balsadescription.

In the fourth step,the control circuits are synthesized
from the STGs,obtainedin the secondstep,by the decom-
positionbasedsynthesigool nutas 3. In the decomposition
basedsynthesisfor eachoutputsignal , its possibletrig-
ger signalsare chosento form the initial input signal set.
Thetransitionsrelatedto the othersignalsareconsideredo
bedummy andareeliminatedwhenpossible py anetcon-
tractionalgorithm. The resultantreducedSTG is analyzed
andchecledif it hasCSC.If so,thesub-circuitfor canbe
synthesizedrom thereducedSTG. Otherwisethe CSCvi-
olationpathsareexaminedandthe signalsto avoid the CSC
violationsareaddednto theinput set. Thenetis contracted
with respecto the new input set,andthe abore processs
repeatedintil the sub-circuitis synthesizedThis synthesis
processs completelyindependenbf sub-circuitsfor other
outputsignals.Thus,it is veryeasyto obtainlinearimprove-
mentby partitioningthe outputsignalsetto  subsetsand
sendingthemto processorsFurthermoreijt is sufcient

3 http://research.nii.ac.jpiyoneda



for eachprocessoto have memoryfor handlingoneoutput
signal.Ontheotherhand,no multi-outputoptimizationsare
donein ourtool. It canbe extendedto handlemultiple out-
putsatthesametime, which allows severalmulti-outputop-
timizations.It is, however, dif cult to nd a suitableparti-
tion of the outputsignalsautomatically

A similar approachis usedin [13, 14]. They show that
their methodscanhandlevery large STGs.Comparedvith
theseworks, our approachhasan adwantagethat the state
exploration and CSC violation analysisare doneonly on
thereducedSTGs,which malesit possibleto handlelarger
STGs.From the experimentalresultsshavn in Section6,
our methodseemsto work better especiallyfor the large
STGsgeneratedy our Balsacompiler Anotheradwantage
of our approachs thatstatespaceexplorationand CSCvi-
olation analysiscaneasily be extendedto incorporatetim-
ing assumptionsThiswork actuallyusesatimedversionof
thedecompositiobasedsynthesisnethod[15].

In the nal step,the actual gatelevel control circuits
aregeneratedby applyingtechnologymappingto thelogic
functionsobtainedin the previous step. The timing infor-
mationcanbeusedto ef ciently performthis step[16, 17].
Also, thereducedSTG obtainedn theprevious stepcanbe
usedastheinput of suchthetimedcircuit technologymap-
ping, which furtherreduceshe costof this step.

Althoughthe o w in Figurel is shovn suchthatthe al-
location/schedulingstep is fully decoupled from the
synthesisstep, it may be necessaryto redo the alloca-
tion/schedulingstep using the more accuratedelay infor-
mation obtainedfrom the synthesizedyate-level circuits,
or in somecasesthe placed-and-routedells, andit is ac-
tually possiblebecauseour tool is fully automated.On
the otherhand,we arealsoawarethat our tool ow, espe-
cially the allocation/schedulingtep,is too simpli ed, i.e.,
thereare mary issuesto be consideredo derive goodim-
plementationssuchas optimizationthroughcode motion.
However, mary optimizationtechniquesievelopedfor the
allocation/schedulingtepin synchronoushigh-level syn-
thesistools can be applied also to our tool without ma-
jor changesbecausehereareno signi cant gapsbetween
synchronousndasynchronouslesignin this level. There-
fore, this paperfocuseson steps2 and 3 of the ow, and
the tighter integration of the abose optimization tech-
niguesis consideredn futurework.

3. Early AcknowledgmentProtocol

Theearlyacknavledgmentrotocolis ageneralizeder
sionof thelocal clock methodproposedn [18]. In thelocal
clock method,the acknavledgmentsignal is raisedwhen
abouthalf of thematchedlelayhaspassedaftertherequest
signalgoeshigh, andis loweredafterthesamedelay In this
paperthe semantic®f the acknavledgmentsignalis mod-
i ed suchthat the acknavledgmentis achieved whenthe
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Figure 4. Early Acknowledgment Protocol.

acknavledgmentsignal goeslow, i.e., it cango high ary-
time after the requestsignal goeshigh. Thus, usually the
acknavledgmentsignalis raisedassoonaspossible.This
is why we call it “early acknavledgment”.

This early acknavledgmentprotocolis similar to the 2-
phasesignalingprotocol.In 2-phasehowever, somekind of
translatiormechanisnfrom 2 phasedo 4 phasds necessary
someavhere,which makesthe circuits a little more compli-
cated.On the other hand, the early acknavledgmentpro-
tocol is purely basedon 4-phasesignaling,and so, it can
fully inherit the simplicity of 4-phasesignaling.The quan-
titative comparisorbetweerbothmethodsasedn several
nontrivial casestudieds, however, oneof our futurework.

This sectionpresentshow to implementthe early ac-
knowledgmentprotocolfor active port write/readand pas-
sive portreadoperations.

(1) Active PortWrite

Theactive portwrite operationis expressedy

in the BalsalanguageAs shawvn in Figure4(a), this opera-
tion startswhenthe -th pathof a multiplexeris selectedy
_ ,andtherequessignal, _,israised.Theindex

is usedto distinguishthe portwrite operationonthesame
port. A multiplexeris usedfor eachoutputport,andthereg-
istersthatsenddatato this outputport areconnectedo this
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multiplexer. Figure 5(a) shavs the interfacecircuit around
the outputport. For of thedelayelement, and de-
notetherising delayandthefalling delay respectiely. The
delay is usedto avoid assertinghe requessignalbefore
themultiplexer outputbecomewalid, whenthe multiplexer
is largeandslow.

The ervironmentrespondgo the requestignalby rais-
ing the acknavledgmentsignal immediatelyaccordingto
theearlyacknavledgmeniprotocol.In Figure4 (andalsoin
Figure7, 8, 9, and10), input signalsareunderlined.Then,
the control circuit lowersthe requestsignal, but the multi-
plexer is kept openuntil the acknavledgmentsignal goes
low. After the matcheddelay the environmentindicates
the completionof the datareadby lowering the acknavl-
edgmentsignal, which causeghe control circuit to lower

_ andcompletethe active write operation.The envi-
ronmentcangenerateéhe acknaviedgmentsignalasshovn
in Figure6. This acknavledgmentsignalgeneratiorcircuit
is morecomplicatedandslower thanthatfor the ordinary4
phasesignaling.However, thedelayin raisingtheacknavl-
edgmentsignal doesnot causeary performanceoverhead
in the early acknavledgmentprotocolasshovn in theend
of next section,andthefalling delaycanbeincludedin the
matcheddelay

(2) Active PortRead
Theactive portreadoperationis expressedy

O
g

Figure 6. Ack Signal Generation.

in the Balsalanguage As shawvn in Figure 4(b), the con-
trol circuit rst raises _.Then,itraises _ toprepare
the registerwrite operation,and selectsthe multiplexer by
_ ,where istheindex of thereadoperationsf this
portand is theindex of the write operationdo this regis-
ter. Theinterfacecircuit for this operationis shovn in Fig-
ure 5(b). The environmentraisesthe acknavledgmentsig-
nal, andlowersit afterthe matcheddelay The control cir-
cuitrespondgo it by writing datato theregisterby  _
andthenclosesthe multiplexer by _ . Toensurehe
setuptime of the DFF, a delay elementwith falling delay
is usedfor thecasethatthemultiplexerdelayis large.
Similarly, the hold time of the DFF is ensuredby waiting
for the falling edgeof , Which is the outputof an-
otherdelayelementwith thefalling delay , beforelow-
ering _ . It shouldbeassumedhatthedataonthedata
pathis keptby the ervironmentfor at leastthe sumof the
setuptime andthe hold time of DFFsafter

(3) Passve PortRead

The passie portreadoperationis expressedy

select then end

in the Balsalanguage As shawvn in Figure 4(c), the envi-
ronmentraisesherequessignal,andthe controlcircuit re-
spondsto it by raisingthe acknavledgmentsignalaswell
asstartingthe executionof the selectbody betweert'then”
and“end”. Whenall of the statementé the body (includ-
ing the actualport read)are completelyexecuted the con-
trol circuit lowersthe acknavledgmentignal.

4. Generating STGsfor Control Cir cuits

This sectionpresentdiow the STGsfor control circuits
aregeneratedrom theBalsadescriptionsThe STGgenera-
tion is doneinductively from theinnermoststatementg-or
a Balsastatement , let and denotethe sub-
STGsthatraiseandlowerthesignalsrelatedto . Thetran-
sitionsfrom to (e.q., and in Fig-
ure8(a))areconsideredo belongto both and .
In the normal4 phasesignaling, and represent
the behaior of the working phaseandthe resettingphase,



respectiely. In the early acknavledgmentprotocol, how-
ever, even when completesthe actualdatatransfer
continuesandit nally nisheswhen completes.
Thealgorithmdescribedelonv guaranteeghatthe gen-
eratedSTGsare output semi-modularand have CSC. To
prove this property we usethe following two propositions,
whereinput (output)transitionsanddummytransitionsde-
notethetransitionsthatarerelatedto input (output)signals
andthetransitiongthatarerelatedto no signals.

Proposition1 In the consideredsub-STG(i.e., or

), every transitionthat actually con icts with other
transitionsis eitherinput transitionsor dummytransitions.
In the latter case every pathfrom thosedummytransitions
in the sub-STGhasan input transitionbeforeary output
transitions.

Proposition2 In the consideredsub-STG(i.e., or
), every statevectorthat causedifferentoutput sig-
nal changess different.

The following shaws and for eachstate-
ment . The signal namesare mainly in the form of
_ , Where is a port nameor a regis-
ter (variable)name, isoneof , , ,
by the samenaming corventionsasin the previous
section,and is theindex for the sameport or regis-
teraccessAlso assumehatwhen or is consid-
ered,all the sub-STGsncludedin it satisfy both Proposi-
tion 1 andProposition2.

(1) Active PortWrite/Read

The protocolshavn in the previous sectioncanbe directly
implementedas shavn in Figure 7(a) and (b), wherethe

port nameis “ ", the registernameis “ ", and  repre-

sentsa dummytransitions. and areconnected

by anouterstatemensuchasa sequentiatonstruct.These
and apparentlysatisfyboth Propositionl and

Proposition?.

(2) RegisterWrite

For the registerwrite operationbelaw, the sub-STGshavn
in Figure7(c) is generatedn the similar way to the active
portread.

ThesealsosatisfyPropositionl andProposition2.
(3) Select
Considerthefollowing selectstatement.

Notethattheport shouldnot asserthe requestwhenthe
otherport is working. Similarly, shouldnotasserare-
guestwhen is working. For handling simultaneouge-
qguestsfrom two or more input ports, the Balsalanguage

‘
———— e —— a1

(b) actveread

(c) registerwrite

Figure 7. STG generation (1).

hasthe “arbitrate” construct,but our work doesnot sup-
portit. Thus,if it is really necessaryo handlesuchsimul-
taneousequeststheusersshouldberesponsibldor imple-
mentingarbitersin the environment.For the above “select”
constructthesub-STGshavn in Figure8(a)aregenerated.
In , theacknavledgments assertedn responséo ei-
ther requestsignal,andthe correspondindody ( or

) is executed.In , after or is exe-
cuted,the acknavledgmentsignalis loweredif the request
signalis low.

It seemghattwo outputtransitions _  and _
arein conict in . They are,however, not actuallyin
con ict with eachother becauséoth and never assert
therequestat the sametime. A similar agumentholdsfor

thetwo dummytransitionsn . Thus, and
satisfyPropositionl.
In , when occurs, hasthe samevalue

asthe initial state.But, since _is 1 at that time, its
statevectoris differentfrom thatof theinitial state.Thetwo
dummytransitionsn may causeddifferentoutputsig-
nal changesbut the statevectorsafter ring thosedummy
transitionscanbedistinguishedagainby the valueof _
and _ . Hence, and satisfy also Proposi-
tion 2.

A similarargumentholdsfor selectstatementsvith three
or moreports.

(4) Parallel

Considerthe following statemenwith parallelconstruct.



(b) parallel

Figure 8. STG generation (2).

The sub-STGdor this  areshawn in Figure8(b). From
this construction,Propositionl and Proposition2 are ap-
parentlysatis ed. A similar agumentholds for the state-
mentswith threeor moreparallelconstructs.

(5) Sequential
Considetthefollowing statementvith sequentiatonstruct.

Thesub-STGdor this  with and areshavn
in Figure9. As shawvn in the gures, CSCvariablesarein-
sertedsuchthatthereexistsa changeof a CSCvariablebe-
tweenevery and , andevery CSCvariablegoes
high andlow oncein and . When is odd,a
changeof oneCSCyvariableis in excess,andso, it is con-
sumedconcurrentlyat the endof . Sincethereareno
con icting transitions Propositionl holdsclearly. Further
more,from the following facts,Proposition2 alsoholdsin
and

A statein andanotherstatein have dif-
ferent statevectorshecausea CSC variablecertainly
changes.

As for a statein and anotherstatein ,
careshouldbe taken whenthe sameport or variable

e e gt e
| | |
| i ﬁlﬁ‘l N i |
SRy R
| | | Iy !
_1 T T 3 | '
L % : : : v :
|
| oy
L (|
|
|t l ) :
| I |
| : : |
— | i
|
| | '
Y !
|
| |
| : | |3 |
| | | |
———I
|
n=3 _t n=4 : \ :
l v
| |
L |

Figure 9. STG generation (3).

is accessedn and , because and
have the samestate encodingwith respect

to the CSC variables.For example,when is even,
takes 1 in both and , while the

other CSC variabletake 0. Thus, if _ goeslow
atstate in andit againgoesupin with
reaching , and may have the samestatevec-
tors, but the output behavior is apparentlydifferent.
This problemcanbe solved by insertinga CSC vari-
able changealso between and . How-
ever, remembethatdifferentindicesaregivenfor the
accesdo the sameport or variable. This meansthat

and usedifferent signalsto accesgo the
sameport,i.e., _and _ .Thus,thefalling sig-
nalin is _, for example,andtherising sig-
nalin is _ .Henceastatein andan-
otherstatein canbedistinguishedvithout us-
ing anotherCSCvariablechangebetween and
CSC variable changes , , ,
. occurin this orderin and

. Thus, every statevectorwith respectto CSC

variableds differentin and



(6) While

Considerthefollowing while construct.

Our methodrequiresthat when the conditionalbranch
statementsuchaswhile andif areexecutedthe compara-
tor with respecto their conditionalexpressionshouldbe
accessedbeforehandA comparatoris consideredas 1 bit
register i.e., it takesthetwo datato be comparedndthere-
lational operatoy and putsthe comparisorresultinto the 1
bit register Thewhile andif constructgeferto the 1 bit reg-
ister, anddecideif theconditionalbranchtakesplaceor not.
In our framework, a comparatois accessety

and this comparatoraccessand the conditional branch
should be orderedsequentially Thus, when the value of

is testedby the conditional branchstatementijt is sta-
ble. It should be notedthat it is not practicalto handle
the actual comparisonresults during the controller syn-
thesis becausethis requireshandling real data. Instead,
as shavn in Figure 10(a), our sub-STG correctly mod-
elsthetiming whenthecomparisorresultsareupdatedi.e.,
between _ and ), anddecidescomparisorre-
sultsthemselesnondeterministicallypy thedummytransi-
tionconicting with and  (Theupperleft dottedrect-
anglesshav a fragmentof the active port read operation
ol ™). As shawn in Figure 10(a), de-
cidesif theloop bodyformedby and shouldbe
executedor notaccordingto thevalueof . Sincethevalue
of is decidednondeterministicallythe state spacein-
cludesboth caseswhere and , and so, the
synthesizedircuit canacceptary possiblechangeof thein-
put .

The signal is an input for the control circuit, and
the dummytransitioncon icting with and directly
reachesheinputtransition . Whenthedummytran-
sitionsin re, the valueof is stable.Thus,those
dummytransitionsaswell as  and  do not actually
con ict with eachother Hence,Propositionl holds.

Furthermorefrom thefollowing facts,Propositior? also
holds.

Thedummytransitioncon icting with  and  does
not causalifferentoutputchanges.
Thecon icting dummytransitionsn maycause

different output changes,but the statesafter ring
thosedummytransitionsaredistinguishedy thevalue

of .
A CSC variable changesbetween and .
This is to distinguishthe statesin and

asusedfor thesequentiatonstructOntheother

(a)while

Figure 10. STG generation (4).

hand, is insertedonly for changingits value
backto 0, not for distinguishingthe statesThis s for
the following reason.The stateafter andan-
otherstatebefore have the samestatevector if

is true. However, they causethe sameoutputbeha-
ior, andtherefore no CSCviolation occurs.

(7) Loopandothers

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

This is the sameasthe body of the while construct.Since
theloop construcdoesnotterminate, is empty
apparentlysatis es Propositionl. Proposition2 alsoholds
for similar reasongo thosefor thewhile construct.

Our methodalso supportsif-then-else,procedurecall,
proceduredeclarationstatementsThe if-then-else state-
mentis similarto thewhile constructtheproceduresall and
proceduraleclaratioraresimilarto theactive portwrite and
passie port readoperationsexceptfor the datapathwidth
is 0 bits. Thus,the detailsareomittedhere.



(8) Discussion

First, from the facts shavn above that Proposition1 and
Propositior2 hold for and of eachstatemenor
operationthefollowing theoremholds.

Theorem1 ThegenerateSTG by the aborve construction
is outputsemi-modulaandhasCSC.

Secondissueto be discusseds the performanceover-
headdueto theinsertedCSCvariablesFromtheabore con-
struction, CSC variablesare insertedfor sequentialstate-
ments while constructsandloop constructsAmongthem,
considerthoseinsertedbetween and . For ex-
ample,in the sub-STGgyeneratedor the Balsadescription

CSCvariablesareinsertecbetween and .From
Figure7(b)andFigure9, theCSCvariablesaretriggeredby
therising edgesof the acknavledgmentsignal or

andthe multiplexer control signal _or _. From

theearlyacknavliedgmentprotocol,thoseacknaviedgment
signalsareraisedquickly, andthe actualdatatransfercom-
pleteswhenthey fall. Thus,if thetwo outputsignalchanges
( and _ ,or and _ ) complete
beforethattime point, the overheadof changingCSCvari-
ablescanbe hidden.This delayto lower the acknavledg-
ment signal is the matcheddelaysin the casesof mem-
ory accesaindoperationalnit accesswhichis largerthan
thosefor two outputsignalchangesln the caseof register
to-registerwrite operation,the delay for thosetwo output
signalchangeganbeoverlappedvith the setuptime of the
register Hence,theseCSC variablescausealmostno per
formanceoverheadn mary casesNote that after

for the while andloop constructdelaythe rst sig-
nalchange®f , andso,theperformanceverheadiue
to themis not zero.

The othermethodshasedon STG-like generatiortech-
nigueshave beenproposede.g.,in [5]. Ourmethodcanalso
generatethosesimilar STGsby de ning small and mary
proceduresThus,ourmethodcanbeconsideredsakind of
generalizatiorof thosemethods.Using thosesmall STGs,
however, causegjuite large overheadn eithermethod.Our
methodallows usersto choosethe sizesof thoseproce-
duresto control the overhead Furthermorethe sequential
constructscausesomeoverheadn propagatinghe activa-
tion signalsin mary other methods.Thoseactiation sig-
nalscorrespondo the CSCvariablesin our method.Those
CSCyvariables,however, causealmostno overheadin our
methodasshavn above.

It shouldbe notedthatthe numberof insertedCSCvari-
ablesis notoptimalin our method For example for asmall
Balsadescriptiorshavnin Figure11,theSTG generated
by our methodcontainsfour CSCvariablesLet  bethe
STGobtainedrom by justreplacingthoseCSCvariables

loop
select in_port0  then
a = in_port0
end;
loop while a = 0 then
begin
out_portl <- (1 as 1 bits) || in_portl -> 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 addingthree CSC variablesautomatically This shavs
that our methodis not optimal with respectto the num-
ber of insertedCSC variables.However, the performance
of the synthesizedircuitsdoesnot directly depend®n the
numberof CSCvariables Actually, when _ returns

0,and _ loop-backsthevaluesentto for
, the simulationsshav that the circuit synthesized
from hasthecycle time 14.91nSwhile the onefrom

has16.42nSunderthedelayinformationof a
braryandtheloop-backdelaywith 3nS.

gateli-

5. Timed Circuit Synthesis

The control circuit synthesizedy the speedindepen-
dent circuit synthesismay include redundantsub-circuits
when the actual gate and ervironmentdelaysare consid-
ered.The timed circuit synthesisemoresthoseredundant
sub-circuitsthrough timed state spaceexploration by us-
ing the delay information. This delay informationis usu-
ally given, for a generalized-GgC) elementor an atomic
gate driving eachnon-inputsignal, as the lower and up-
per boundson the delayfrom the time at which all inputs
necessaryo enablethe gatearrive until the outputof the
gatechangesln atechnology-mappedircuit, suchagC or
atomicgateis implementedasanagyclic network of gates.
The above delay correspondgo the delay from the AND
gatesin theinput sideto the nal gatein the gatenetwork.
Evenif the outputof the nal gateis fed backto thein-
putsof the gatenetwork, the above delayis not affected.

Themaintechnicalissuein this approachs how to actu-
ally obtainthesdower andupperboundsof thedelays.Our
methodachievesthis asfollows, and obtainsa timed STG
fromtheoriginal STGby addingthosedelayboundsto each
transition.

1. By thespeedndependentircuit synthesisaspeedn-
dependentontrolcircuit is obtainedfrom the original
STG.

2. Theactualgatecircuit is obtainedby technologymap-
ping.



3. For eachnon-inputsignal,do thefollowing.

(a) For eachagyclic gatenetwork implementingthe
non-inputsignal,the maximaldelayfrom thein-
put to the outputis computedrom the maximal
gatedelaysgiven by the gate-libraryvendorand
the maximal numberof stagesin the gate net-
work. Then,this canbe consideredo bethe up-
per bound of the delaysfor the corresponding
non-inputtransitions,because timed circuit is
alwayssmallerthanor equalto theoriginal speed
independentircuit.

(b) Foritslowerbound,using0isthemostconsera-
tive. However, it may not reducethe circuit ef -
ciently, becausé is oftentoo conserative. Thus,
a betterapproachis to decidethe lower bound
from the delay of a singleg-C or AND gate.If
thecircuit obtainedby thetimedcircuit synthesis
haslarger delay thanthe above lower bound, it
is done.Otherwise re-synthesiss necessarys-
ing thelower boundobtainedfrom the timed cir-
cuit.

4. Asfor theinputsignalsin theactive portwrite andread
operationsthe rising delay () of the acknavledg-
mentsignalscan be guessedas one C-elementdelay
from Figure 6, andtheir falling delayscanbe decided
from thematcheddelaysminus  andthecontrolcir-
cuit delaysto lower therequessignals.Thelowerand
upperboundscan be decidedwith somemargins. On
theotherhand,it is unknavn whentherequessignals
areissuedfor the passve port readoperationsThus,

is usedfor thoseinput transitions.

Thereductionof circuits by timedcircuit synthesishap-
pensmainly in the parallelconstructsThe speedndepen-
dentcontrolcircuit mustwait for thecompletionof all state-
mentsconnectedy the parallelconstruct.evenif someof
them nish muchearlierthanothers.This generate AND
gateswith largefan-inin theinputsideof the gatenetwork.
The timed circuit synthesiscan decidethat too early ac-
knowledgment(indicatedby the falling edgesof acknawl-
edgmentsignals)are unnecessanandsmallerAND gates
aregeneratedwhich increaseshe performanceFor exam-
ple, by thetimed_circuit synthesisthetotal numberof liter-
alsfor the controllerof Figure2(c) is reducedrom 255to
214,andthecycletimeis reducedrom 24.58n3024.18nS,
whenit is assumedhata gatelibrary is usedandthe
addition and the multiplication take 3nS and 5nS, respec-
tively.

6. Experimental Results

In this section,to demonstratehe applicability of the
proposedmethod,anlIR Iter, a FIR Iter, anda portion

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

aptr X+i;

bptr aptr+56;

a0 = (((aptr+*bptr)) < Q)

c3 = (((aptr-*bptr)) < )

aptr += 8;

bptr -= 8;

al = (((aptr+*bptr)) < Q)

c2 = (((aptr-*bptr)) < @)

aptr += 8;

bptr -= 8;

a2 = (((aptr+*bptr)) < Q)

cl = (((*aptr-*bptr)) << ()

aptr += 8;

bptr -= 8;

a3 = (((*aptr+*bptr)) << ()

c0 = (((*aptr-*bptr)) << ()

b0 = a0+a3;

bl = al+a2;

b2 = al-az;

b3 = a0-a3;

aptr =y + i

*aptr = (((362L*(b0+b1))) >> (9));

aptr[32] = (((862L*(b0-b1))) >> (9));

aptr[16] = ((((196L*b2)+(473L*b3))) >> (9));
aptr[48] = ((((196L*b3)-(473L*b2))) >> (9));
b0 = (((362L*(c2-c1))) >> (9));

bl = (((362L*(c2+cl))) >> (9));

a0 = c0+h0;

al = c0-b0;

a2 = c3-bi;

a3 = c3+bl;

aptr[8] = ((((x00L*a0)+(502L*a3))) >> (9));
aptr[24] = ((((426L*a2)-(284L*al))) >> (9));
aptr[40] = ((((426L*a1)+(284L*a2))) >> (9));
aptr[56] = ((((100L*a3)-(502L*a0))) >> (9));

Figure 12. A DCT example .

of the DiscreteCosineTransform(DCT) circuit aresynthe-
sized,andcycletimesandcircuit sizesareevaluated These
experimentsaaredoneon a 2.8 GHz Xeonworkstationwith

4 gigabytesof memory Figure 12 shows the SpecCspec-
i cation for our DCT example.This is just half of the ac-
tual DCT circuit. Anotherhalf portion hasalmostthe same
structurewith the sameloop count,andthesetwo portions
aresequentiallyconnectedThus,it is reasonablé¢hateach
of themis declaredas a procedureand synthesizedsepa-
rately The memoryaccesshy pointersis implementedn

thesameway asoperationalinits,i.e.,

For eachexample,two typesof circuits aresynthesized
undertwo different resourceconstraints.In Table 1, the
column labeledby “Res” shavs the maximal numberof
available operationalunits for multiplication, ALU opera-
tion(addition/subtractionandshift operation(“-" indicates
that the operationalunit is not used).It is commonlyas-



Table 1. Synthesis and Simulation Results.

Circuits Synthesigime (sec.) Gatecounts| Cycletime(nS)

Name| Res® | Method nutas | moebius® | csat® for Ctrl. total | cntl.
SI 16.3(12.3) (50.1) 112.5(98.1) 198 87.8 31.8

IR (1,1,-) | Timed 16.9 — — 198 86.6 30.6
Balsa 3.1(Balsasystem) 291 1429 | 86.9

SI 27.7(16.3) (41.4) 41.5(38.7) 238 48.6 17.6

IR (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 1029 | 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)
(3) SAT instancegeneratiortimesarenotincluded.

(2) STGsfor while bodiesaresynthesized.

sumedthat one comparatoiis available,andthatthe mem-
ory hasoneaddresgportandonedataport.

For eachresourceconstraintcircuits with a speednde-
pendentontrollerandatimedcontrolleraresynthesizedby
the proposedmethod.A speedindependentircuit is syn-
thesizedalso by the Balsasynthesissystem(ver.3.4) from
the Balsa descriptionexpressingeachresourceallocation
result. Therows“SI”, “Timed”, and“Balsa” shov thosere-
sults,respectiely. Thecolumn®nutas” shavsthesynthesis
timesof our method.Thespeedndependentontrollersyn-
thesisis alsodoneby two othertools, moebius [13] 4, and
csat [14] °, in orderto comparethe low-level logic syn-
thesisperformanceof three methods.Sincemoebius has
a problemin handling self-loopsgeneratedor the while
constructjts columnshows the resultsfor synthesizinghe
while bodies.The correspondingynthesigimesof nutas
andcsat areshavn in theparenthesesf theircolumnsThe
column“Gate counts”in thetableshavs gatecountsof the
control circuits. Eachcircuit is simulatedusing the delay
informationfor a gatelibrary & aswell as10nSfor

4 RunonaPentium4, 2.5GHz,512MB machine.

RunonaPentium4, 3.06GHz,1GB machine.

6 Thesimulationis doneby the gatelevel Verilog descriptionsanno-
tatedwith therising andfalling delaysgiven in the gatelibrary. No
placement/routings considered.

o

the memoryaccesgime, 5nSfor the multipliers, and 3nS
for the ALUs, shifter, and comparatar The column “Cy-
cletimes” shavsthecycletime of eachcircuit, where“ctrl”
representthecontrolcircuit delaysoccupiedn thetotal cy-
cletimes.

From theseresults,one can seethat the signi cant im-
provementin the circuit performanceis obtainedby the
proposedmethodcomparedwith the Balsasynthesissys-
tem.Thesynthesigimesaresacri cedfor this performance
improvement,but thosefor our examplesare acceptable.
For larger speci cation, de ning appropriatesizesof pro-
ceduresmay be necessaryComparedwith moebius and
csat, nutas works betterfor the large STGsgeneratedy
our Balsacompiler The performancemprovementby the
timed circuit synthesisis from 1.2nSto 6.2nS(per itera-
tion in caseof DCT), which approximatelycorrespondso
4to 20 stagef gates.

It shouldbe notedthatwhenthe concurreng increases
andtherelevantinput set(CSCsupportset)sizesincrease,
the cost for the decompositionbasedsynthesisalso in-
creasesThis problemcanbe solved by insertingadditional
statevariablesto the sub-STGfor the parallelconstructgo
reducethe relevantinput setsizes.If thesestatevariables
areinsertedn non-criticalpaths the performanceverhead
causedy themmaybesmall.



7. Conclusion

This paperpresentsa completedesign o w from SpecC
speci cationsto gate-leel designs.The methodologyin-
cludesresourceallocationand schedulingtunedfor asyn-
chronouscircuits, althoughit is still too simple. It also
malkesuseof decompositiorbasedsynthesidor designof
the timed circuit controllers.A major differencebetween
this approachand similar onesis that it usesstate-based
logic synthesigatherthansyntax-directedranslation.This
allows for global logic and timing optimizationwhich is
limited in previous works. This paperalso introducesthe
early acknavledgmentprotocol. To supportthis protocol,
techniquesrepresentedor datapathgeneratiorandSTG
generationfor the control circuits. We have applied our
methodto the designof several circuits, and have shavn
that our methodproducessubstantiaimprovementsin de-
lay ascomparedvith syntax-directesnethods.

We areplanningto applymoresophisticatedesourceal-
location/schedulingechniquesusedfor the synchronous
circuit synthesis. It is also very interesting to com-
parethe resultsfor several benchmarkcircuits with those
by other optimized asynchronousynthesistools suchas
Balsa-CUBE[20] aswell assynchronousigh level syn-
thesistools suchasSpark.
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