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Abstract— This paper describesa novel approachto high-level
synthesisof complex pipelined circuits, including pipelined cir-
cuits with feedback. This approachcombinesa high-level, mod-
ular specificationlanguagewith an efficient implementation. In
our system,the designerspecifiesthe circuit asa setof indepen-
dent modulesconnectedby conceptuallyunboundedqueues.Our
synthesisalgorithm automatically transforms this modular, asyn-
chronous specification into a tightly coupled, fully synchronous
implementation in synthesizableVerilog.

I . INTRODUCTION

An importantconflict in hardwaredesignis providingasim-
ple, high-level way of specifyinga systemwithout sacrificing
theefficiency of theresultingimplementation.An efficient im-
plementationis usuallysynchronousandis obtainedasthere-
sult of globally schedulingall of theoperationsin thesystem.
In contrast,designersusuallyfind it easierto specifythe sys-
temasa collectionof reusable,concise,loosely-coupledcom-
ponents.

This paper describesan approachthat meetsboth these
challenges.The designerspecifiesthe circuit asa set of in-
dependentmodulesconnectedby queues. Conceptually, the
queueshave unboundedlength,which decouplesthemodules
in the design. Unfortunately, implementingthis abstraction
directly in hardware using asynchronousqueuesproducesa
circuit with significanthandshakingoverheadbetweenmod-
ules. Our synthesisalgorithm thereforeautomaticallytrans-
forms the modular, asynchronousspecificationinto a tightly
coupled,fully synchronousimplementationin synthesizable
Verilog. It is designedto handlecomplex pipelinedcircuits,
includingpipelinedcircuitswith feedback.

It is importantto understandthe designadvantagesof this
approach:theasynchrony at thespecificationlevel enablesthe
designerto composemodulestogetherinto a completesystem
without the needto dealwith complex global issuessuchas
thecoordinatedassignmentof operationsto clock cycles.The
approachscalesto largecircuits,andthecircuitsareeasierto
modify, debug,reuse,andformally verify.

Thekey ideabehindour synthesisalgorithmis to automati-
cally composethemodulespecificationsto derive,at thegran-
ularity of individualclockcycles,aglobalschedulefor theop-�
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erationsof theentiresystem,includingtheremoval andinser-
tion of queueelements.Theresultingimplementationexecutes
efficiently in acompletelysynchronous,pipelinedmanner. We
havebuilt aprototypesynthesizerthatimplementsour synthe-
sis algorithmandpresentexperimentalresultsfrom this syn-
thesizer. We evaluatetheefficiency of this implementationby
measuringthe areaandclock cycle time of thecircuits that it
generates.For our benchmarkdesign,our algorithmgenerates
acircuit with areaandclockcycle timecomparableto thoseof
a hand-writtenVerilog modelthat implementsthesamebasic
functionality.

Thispapermakesthefollowing contributions:� Approach: It presentsa new approachto high-level syn-
thesis. This approachcombinesthe bestof both worlds: a
modular, asynchronousspecificationlanguageandanauto-
maticallygeneratedsynchronous,fully pipelinedimplemen-
tation.� Algorithms: It presentsa relaxationalgorithmfor decreas-
ing theclock cycle time anda coordinatedglobal schedul-
ing algorithmfor mappingthe individual operationsof the
modulesinto clock cycles. The latter is the enablingtech-
nologyfor efficient pipelining,asit allows thedatato move
togetheracrossthecircuit evenwhenthepipelinebuffersare
full.� Experimental Results: It presentsexperimentalresultsthat
demonstratetheeffectivenessof thetechnique.
Theremainderof thepaperis organizedasfollows. Section

II illustrateshow asystemis specifiedusingrewrite rules.Sec-
tion III presentsthe synthesisalgorithm. SectionIV presents
theexperimentalresults.SectionV discussesrelatedwork. We
concludein SectionVI.

I I . SPECIFICATION EXAMPLE

We illustrate our approachby presentinga short example.
Ourexampleis alinearpipelineddatapathwith associatedcon-
trol functionality. Note thatnoneof the techniquesof our ap-
proachis specificto this particularclassof circuits.

Specifyingthebehavior of a systemconsistsof two steps:� Module Specification: Thedesignerspecifiesthebehavior
of eachmoduleasa setof updaterules.Modulescommuni-
catesolely usingFIFO queues.
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Fig. 1. SpecificationExample

� StateDeclarations: Thedesignerspecifiesthe stateof the
systemasasetof typedvariabledeclarations.

A. Modules

Fig. 1 shows the threefunctionalmodulesin our example
and the queuesthat interconnectthem. Eachmoduleis im-
plementedby a set of update rules. An updaterule hasan
enablingconditionanda setof updatesto thestate.Whenthe
enablingconditionevaluatesto true, the rule is enabledand
canexecute,in which caseits updatesareatomicallyapplied
to thestate.Conceptually, theexecutionof thesystemrepeat-
edlychoosesanenabledruleandexecutesit. This is astandard
modelof asynchronousexecutionfound, for example,in sys-
temssuchasUnity [7] andtermrewriting systems[2]. In our
implementation,priority is givento rulesaccordingto thetex-
tual orderingin thespecification.

Queuesprovide buffered,first-in, first-out connectionsbe-
tweenmodules.Thereareseveraloperationsthatmodulescan
performon a queueq:� head(q): Retrievesthefirst elementin thequeue.� tail(q): Returnstherestof q afterthefirst element.� insert(q,e): Returnsthequeueq afterinsertingtheel-

emente at theendof q.� notin(q,e): Returnstrue if the elemente is not in q;
otherwisereturnsfalse.� q = nil: Resetsthequeueto beempty.
We illustratetheconceptualmodelof executionin our sys-

tem by discussingthe operationof the rules in our example.
We would like to emphasizethat this asynchronousmodelof
executionis usedprimarily to reasonabouttheabstractbehav-
ior of the modulesandthe correctnessof the system.It does
not directly reflecttheactionsof thegeneratedcircuit.

The conditionfor the rule in moduleIFM is true, which
meansthat the rule is always enabled. When it executes,it
fetchesaninstructionfrom theinstructionmemoryandinserts
it into theinstructionqueueiq. It alsoincrementstheprogram
counterpc to setup thenext fetch.

The two rules in the module ROFM remove instructions
from iq, fetchtheregisteroperands,andinserttheminto rq.
The first rule processesINC instructions,andthe secondone
processesJRZ instructions.Both rulesusea form of pattern

matchingsimilar to that found in ML andHaskell. The en-
ablingconditionof thefirst rule is <INC r> = head(iq)
and notin(rq, <INC r >). If the first clauseis true,
the clausematchesand binds the variabler to the register
nameargumentof the INC instruction, to be usedlater in
the rule when reffering to this operand. The secondclause,
notin(rq, <INC r >) usesthe binding to checkfor a
readbeforewrite hazard.If thereis apendinginstructionwait-
ing to executethatwill write theregisterr, themachinedelays
theoperandfetchsothatit fetchesthevalueafterthewrite (this
translatesinto stalling1). If thereis a pendinginstructionthat
will write r, theinstructionis in rq. Theclausenotin(rq,
<INC r >) checksto make surethat thereis no suchin-
structionin rq. The rule asa whole is enabledandcanexe-
cuteonly if thereis no hazard.If enabled,therule atomically
executestheblock in theright-hand-sideof thearrow.

The otherrulesperformsimilar actions.The updaterf =
rf[r->v+1] from thefirst rulein thecomputeandwriteback
modulesetselementr of the registerfile rf to bev+1. The
updatesiq = nil/rq = nil clearthequeuesiq/rq.

B. State

1 type reg = int(3), val = int(8), loc = int(8);
2 type ins = <INC reg> | <JRZ reg loc>;
3 type irf = <INC reg val> | <JRZ val loc>;

4 var pc : loc, im : ins[N], rf : val[8];
5 var iq = queue(ins), rq = queue(irf);

Fig. 2. StateVariablesandTypeDeclarationsfor Examplein Fig. 1

Line 4 and5 in Fig. 2 presentthestatedeclarations,which
consistof thefollowing statevariables:aprogramcounterpc,
an instructionmemoryim, a registerfile rf, andtwo queues,
iq andrq. Lines1 through3 containthetypedeclarationsfor
thesevariables.The typedeclarationsincludea 3 bit register
nametypereg, an8 bit integertypeval, an8 bit integertype
loc which representsthe locationsof instructionsin the in-
structionmemory, aninstructiontypeins, andatypeirf for

1This is not a particularityof our algorithm,but ratherwhat the original
descriptionspecifies.Themachinecouldaseasilygenerate,for example,by-
passinglogic if thischoiceis explicitly madein thespecification.



instructionswhoseregisteroperandshave beenfetchedfrom
the registerfile. The instructiontype is a taggedunion type,
similar to thosefoundin ML andHaskell. To keeptheexam-
ple clear, theinstructionsetcontainsonly anINC instruction,
which incrementsthevaluein its singleregisterargument,and
aJRZ instruction,whichteststhevaluein its registerargument
and,if thevalueis zero,jumpsto thelocationin its locationar-
gument.

I I I . SYNTHESIS ALGORITHM

Thesynthesisalgorithmtakesanasynchronousspecification
andconvertsit into a synchronousimplementationby generat-
ing aglobalschedulefor all of theoperationsin therules.This
scheduleenablesthesynchronousandconcurrentexecutionof
multiplerulesperclockcycleandproducesacircuit that,when
nohazardsarepresent,readsandwriteseachqueuein thesame
cycle. It implementseachqueueasa finite hardwarebuffer.

The basicapproachis to give eachrule an opportunityto
executeat eachcycle. Thechallengeis to ensurethat thefinal
resultat the endof the cycle correctlyreflectsthe sequential,
atomicexecutionof all of the rulesthatexecutein that cycle.
Thealgorithmmeetsthis challengeby symbolicallyexecuting
the rules in sequence,with eachrule operatingon the output
of the previous2 rule. The derived expressionfor eachstate
variablerepresentsits new valueat the beginningof the next
clock cycle.

Thesynthesisalgorithmassumesthateachoperationis im-
plementedby a dedicatedhardwarecomponent.It is conceiv-
ableto modify thealgorithmasto give thedesignertheoption
of tradingparallelismfor silicon area.

Thealgorithmconsistsof six phases:� Associating Versions With Each State Variable: Order
the rules3 for symbolicexecutionandcomputethe version
of eachstatevariablethateachrule accesses.Thefirst rule
will readversion0 of thevariablesandcomputeversion1.
Thesecondrule will readversion1 andcomputeversion2
andso on. By feedingthe outputof the previous rule into
the next rule, we establishan initial schedulefor symbolic
execution.� Relaxation: The result of the operationperformedin the
previousstepsuffers from an excessively long clock cycle,
as rule execution is completelysequentialized.The goal
of the relaxationis to shortenthe critical pathwithin each
clock cycle. Whenever possible,the algorithmrelaxesthe
calculationof theenablingcondition for eachrulesothatit
is evaluatedin theinitial state(at thebeginningof theclock
cycle) ratherthanin thestatecreatedby thepreviouslyexe-
cutedrule. To maintaincorrectness,theupdatesstill execute
sequentiallyif they operateon thesamestatevariable.This
transformationensuresthateachelementof datatraversesat
mostonemoduleper clock cycle, producingan acceptable
critical pathfor thecircuit. By increasingtheparallelismin

2Previousandnext refer to thetextual orderingof therulesin theoriginal
specification.

3Our implementationusestextual orderingof therules.

thisway, weshortentheclockcycleof thecircuit, and,indi-
rectly, increaseits throughput.Relaxationdoesnot insertor
removedelaysin/from thecircuit.� Global Scheduling: In theinitial specification,queueshave
unboundedlength. But the hardwareimplementationmust
have a finite, specificnumberof entriesallocatedfor each
queue.Givenadesigner-specifiedlengthfor eachqueue,the
synthesisalgorithm must generatean implementationthat
doesnot exceedthatlength. In theactualhardware,a given
lengthof 1 for eachqueuetranslatesinto thesynthesisof a
standardpipeline.� Symbolic Execution: Next, thealgorithmsymbolicallyex-
ecutesall of therulesin sequence.An expressionis gener-
atedfor eachstatevariablethat reflectsall of the possible
updatesof thatvariablefor thatclockcycle. Thisexpression
representsthevalueof the variablein thenext clock cycle.
Sinceonly a subsetof the rules may fire in a given clock
cycle, theexpressionscontainconditionals.� Optimizations: The synthesisalgorithm next applies a
spectrumof optimizationsgearedtowardsavoiding unnec-
essaryreplicationof hardwareandeliminatingfalsepathsin
the implementation.Theseoptimizationscurrentlyinclude
commonsub-expressioneliminationand mutualexclusion
testingfor theexpressionsderivedat symbolicexecution.If
an expressioncontainsa value that will never actuallyoc-
cur in practicebecausetheconditionsrequiredto obtainthat
valuearemutually exclusive, its computationis eliminated
from the expression. The mutual exclusion testingis im-
plementedusing resolution[3] and a set of reductionand
simplificationrules.
Fig. 3 presentsthe resultof theexpressionevaluation;note
theintroductionof thetemporaryvariablest1, t2, t3, and
t4. Thesevariableswill turn directly into combinational
logic in thefinal implementationof thecircuit.

let
t1 = <INC r> = head(iq0) and

notin(rq0,<INC r l>)
t2 = <JRZ r l> = head(iq0) and

notin(rq0,<INC r l>)
t3 = insert(iq0,im0[pc0])
t4 = tail(t3)

iq6 �
if <JRZ v l> = head(rq0) and v = 0 then nil
else if t1 then t4
else if t2 then t4
else if length(iq0) < N �G� then t3
else iq0

Fig. 3. Resultof SymbolicExecutionfor iq

� Verilog Generation: In thefinal phasewe generatesynthe-
sizableVerilog for the optimizedexpressionsin the previ-
ousstep.Eachstatevariableis implementedasoneor more
registers,dependingon its type; eachmemoryvariableas
a library block. Queuesareimplementedashardwareregis-
ters.Thederivedexpressionfor eachstatevariableevaluates
to the new valuethatgetswritten backinto the stateat the
beginningof thenext clockcycle.
We next discussthetwo morecomplicatedphasesof theal-



gorithmin turn.

A. Relaxation

Theexecutionof aruleR canupdatestatevariablestestedby
asubsequentruleR

�
. If thisis thecase,thenR

�
hasto wait for R

to executeandupdatethestate,beforetestingits precondition.
But if we canprove that the executionof R will not disable
theenablingconditionof R

�
, we canrelax thepreconditionof

R
�
to testthestatebeforeR executes.This transformationex-

posesparallelismin the specification,reducingthe lengthof
thecritical pathof thecircuit.

In our example,relaxingthe rulespipelinesthe instruction
fetch andexecutionover multiple clock cycles,thusreducing
cycle time.

Relaxationis theprocessof replacingeachversionof each
statevariablewith its earliest4 safeversion.An earlierversion
of v j, namedvk, is safeif thefollowing propertyholds:

If the rule’s enablingcondition,Pl , is true with
v j replacedby vk, then it is also true with v j, i.e.
Pl

�
vk � v j � impliesPl .

This is an applicationof the following more generalrule:
Assumea predicateP

�
e � d � (i.e. the predicateP with the ex-

pressiond replacedby anotherexpressione) impliesP. Then
for any rule with preconditionP, we can(subjectto liveness
concerns)usethepredicateP

�
e � d � insteadof P.

This transformationis valid becauseof two reasons:� Partial Corr ectness:If arulein thetransformednumbering
executes,therulewouldalsoexecutein theoriginalnumber-
ing andyield thesameresult. This takescareof the safety
issue.� Li veness:Sincetherule in thetransformednumberingtests
theinitial state,if arule is enabledin theoriginalnumbering
but not in the transformedone, some rule executesin the
transformednumbering.This ensuresliveness.
The algorithmprocessesthe rules in reverseorder, repeat-

edly attemptingto replacethecurrentversionof eachvariable
in the enablingcondition of the rule, with the previous cor-
respondingversion,startingfrom the immediatelypreceding
rule. Fig. 4 shows how to obtain a new expressionfrom an
initial expressionExp, by replacingv j in Exp with its earliest
safeversion. Pl standsfor the enablingconditionof the rule
thatcontainsExp. A replacementis successfulif eitherof the
two is true:� Theenablingconditionwith theearlierversioninsteadof the

currentoneimplies theenablingconditionwith thecurrent
version.� The conditionof the rule that computesthe earlierversion
andthecurrentenablingconditionaremutuallyexclusive.
The relaxationalgorithm is especiallywell suited for use

with queues.An elementinsertedat thetail of thequeuedoes
not affect theelementthatwasat theheadof thequeuebefore
theinsertion.Rulesthattestthefirst elementof aqueueremain

4Earlier here refers to the ordering establishedin the first step of the
algorithm.

replace (v j,Exp)
if version(v j) = 0

then Exp
else vk = earlier-version(v j)

Pk = rule-that-updates(v j)
if (Pk,Pl) mutual exclusive

then replace(vk,Exp[vk/v j])
else if Pl � vk � v j � implies Pl

then replace(vk,Exp[vk/v j])
else Exp

Fig. 4. RelaxationAlgorithm

enabledregardlessof the numberof elementsinsertedat the
tail of thequeue,providedthatno rule previously removesthe
headof thequeue.This propertyallows sucha rule to testthe
initial versionof the queue,ratherthanversionsproducedby
earlierrules.

Conceptually, the algorithm could includean initial phase
thatcanin many casesorderthemodules/rulessoasto match
theflow of datain thepipeline. Beingableto put therulesin
this order is sufficient (but not necessary)to ensurethat they
all testtheinitial versionof eachqueue.

Currently, theframework doesnotprovideaflexible support
for tradingconcurrency for cycle time. By default, if two rules
simultaneouslyevaluatetheir preconditionsto true, they are
bothgoing to fire in the currentclock cycle, eitherin parallel
if therearenodatadependenciesor sequentiallyif thereare.

B. GlobalScheduling

The scheduleraugmentseachrule that insertsan element
into aqueueto ensurethatit neveroverflowsany of thebuffers
that implementthe queuesin hardware. The basicapproach
is to assumeall queuesarewithin lengthat the beginning of
theclockcycleandscheduleonly thoserulesfor firing thatare
1) enabledand2) whosecombinedexecutionleavesthequeue
within its lengthat the end of the clock cycle. All the other
rules remainunchanged.As part of this process,queuein-
sertionsareprioritized. In hardware,globalschedulingcorre-
spondsto generatingthecontrolsignalsfor thecombinational
logic.

Global schedulingis the enablingtechnologyfor efficient
pipelining.Thekey insightis that,everyclockcycle, thenum-
ber of rulesthatcanexecuteandinsertinto a queueq canbe
biggerthanthenumberof emptyslotsin q, without causingq
to overflow. Theconditionis thatenoughruleswill alsoexe-
cutein thatclock cycle andremove elementsfrom q, leaving
it within lengthat the endof the clock cycle. Applying this
mechanismbooststhethroughputof thecircuit.

B.1 BasicConcepts

We definea queue path using a rule graph. The nodesin
thegrapharetherules. Thereis a directededgebetweentwo
rulesif thefirst insertsitemsinto agivenqueueandthesecond
removesitemsfrom the samequeue.By definition, the spec-
ification is acyclic if thereareno cyclesin the rule graphand
cyclic if thereare.



By definition,arule is anappendingrule if its setof updates
containsat leastoneinsertionof anelementinto somequeue.

B.2 Acyclic Specifications

Acyclic specificationscontain no cyclic queuepaths. For
acyclic specifications,the schedulingalgorithm ensuresthat
the queuesdo not overflow by computingan additionalcon-
straintasshown in Fig. 5. WeuseR

�
for ruleR augmentedwith

the correspondingadditionalconstraintsandRoom � q � for the
numberof emptylocationsin q at the beginningof the clock
cycle. Functioneval � R � � returns0 if R

�
is f alse and1 if R

�
is

true. index � X � returnsthe setof indicesof all the rulesin X .
Theconstraintcountsthenumberof elementsin eachqueueat
thebeginningof eachclock cycle. It alsoconsidersqueuere-
movalsandpreviousinsertionsto augmenttheenablingcondi-
tion of eachrulesothatit doesnotexecuteif it wouldoverflow
thequeue.

for each rule Ri [in topological sort order]
Q ��� q | Ri inserts into q �
if Q != nil
then for each q � Q

I ��� R j | R j inserts into q �
D ��� Rk | Rk removes from q �
Select � Ri � q � �

if (Ri is the only rule in I) or�
i1� i2 � I � � i1 � i2� mutually exclusive

then � � � k � index � D ���
Room � q �)� Σeval � R �k ��� 0� �

else � � � k � index � D ��� � j � index � I ��� j � i �
Room � q �)� Σeval � R �k ��� Σeval � R � j �p� �

else NOP

Fig. 5. ComputingtheAdditional Constraintsfor aRulein anAcyclic
Specification

B.3 Generalization for Cyclic Specifications

Introducingadditionalenablingconditionsraisesthepossibil-
ity of deadlock.For acyclic specifications,this is not anissue
becausethe acyclicity ensuresthat the queueswill eventually
drain, enablingrules that wereoriginally suspendedfor lack
of space.But this line of reasoningdoesnot hold for cyclic
specifications.The key insight is that the additionalenabling
conditionsneednot introducedeadlockif thereis a way to co-
ordinatetheremovalsandinsertionsof elementsfrom all of the
queuesin thecycle sothat theremoval of eachelementleaves
roomfor theinsertionof theelementbehindit. Thealgorithm
for cyclic specificationsthereforeanalyzesgroupsof rulesto-
getherto generatea globalschedulethatallows all of thedata
in acycle to movetogetherthroughthecycle.

We usethe examplein Fig. 6 to illustratethe operationof
thealgorithmfor cyclic specifications.To simplify thepresen-
tation,we presentthe rulesby themselves,omitting the mod-
ule decomposition.We alsoomit therule(s)thatremove from
queuez andany rulesthatdonotaffect thecontentsof queues
x andy.

This exampleis modeledaftera randomnumbergeneration
processthatstartswith two numbers(2 and3) andrepeatedly

state x : queue(int) = 2 ;
state y : queue(int) = 3 ;
state z : queue(int);
0: t = head(x) ->

y = insert(y,(t+3)&15), x = tail(x);
1: t = head(y) ->

x = insert(x,(t+5)&15), y = tail(y);
2: t = head(x) and (t&3 = 0) ->

z = insert(z,t), x = tail(x);
3: t = head(y) and (t&3 = 0) ->

z = insert(z,t), y = tail(y);
// implementation constraints
length(x) = 1;
length(y) = 1;

Fig. 6. Cyclic Example

adds3, then5 to eachnumber, retainingthe lower 4 bits af-
ter eachaddition. The computationrecordsthe valuesof the
numberswhentheirbottom2 bitsbecome0. In our implemen-
tation,eachnumberis storedin aqueue,andthedesignerspec-
ifies thateachqueuehasa singleentry. Becauseof thecyclic
natureof thespecification,thenumbersmustmovethroughthe
queuestogether— if they attemptto moveseparately, thereis
noroomin thequeues.Thesynthesisalgorithmmusttherefore
scheduletherulesinvolvedin thecycle(rules0 and1) together
to coordinatetheir queueinsertionsandremovals.

� Idea: The key ideais to find, for eachrule that insertsan
elementinto a queueq, themaximalsetsof rulesthathave
to executetogetherto preservethe“non-overflow” invariant
of q, at theendof eachclockcycle. To dothis,thealgorithm
startsfrom eachruleandtraversestherule graphon all pos-
siblepaths,gatheringfor eachrule thatwe go through,the
conditionsthat would let that rule fire. We stopif eithera
rule is not an appendingrule, so will alwaysfire when its
initial enablingconditionbecomestrue,or if wealreadytra-
versedthat rule on the currentpath,so we alreadyconsid-
eredthat the rule fires. Oncewe reachsucha point there’s
noadditionalinformationon thatpathin thecircuit thatwas
not alreadycollectedat thefirst traversal.Nothingneedsto
be addedto yield a correctsolution. Whenall pathsreach
suchpoints,thesetof all rulesthathave to fire togetherbe-
comesprovablymaximal.� Algorithm: The schedulingalgorithmprocesseseachrule
in thecyclic specificationin turn. Fig.7 showsthealgorithm
thatproducestheadditionalenablingconditionfor aruleRi.
CrtPath keepsthe currentlyexploredpath,for purposesof
termination. This variableis initially emptyfor eachsym-
bolic executionof a rule. Thesymbolicexecutionof a rule
terminatesif eitheroneof thetwo scenariosbelow is true:� Rk is a non-appendingrule andin this casenewRk   Rk.

We call newRk whatwe derive from Rk afterenhancingit
with theadditionalconstraints.� Rk is arulepreviouslyexaminedonthecurrentpath.This
meanswealreadyassumedRk firesonthatpath,sothere’s
no needto explorefurther, thereforenewRk   true.



SymbolicExecution (Ri,CrtPath)
Q �¡� q | Ri inserts into q �
if Q != nil
then for each q � Q

I ��� R j | R j inserts into q �
D ��� Rk | Rk removes from q �
S � if (Ri is the only rule in I) or�

i1 � i2 � I � � i1� i2� mutually exclusive
then D
else D ¢ I

for each rule Rk � S
newCrtPath � CrtPath ¢ Rk
newRk � if Rk � CrtPath

then true
else SymbolicExecution(Rk,newCrtPath)

newSelect � Ri � q � � Select � Ri � q �<£ newRk ¤ R �k ¥
Select � Ri � q � � newSelect � Ri � q �

newRi � � Ri and Select � Ri � q �G�
Ri � newRi

else Ri

Fig. 7. ComputingtheAdditional Constraintsfor aRulein a Cyclic
Specification

Fig. 8. Comparative ClockCycleandAreaEstimates

Architecture Cycle(MHz) Area
RISCPipelinedProcessor 88.89 23195.25
SCURTL 98 DSP 90.91 22999.50

IV. EXPERIMENTAL RESULTS

We have implementeda prototypesynthesissystembased
on thealgorithmspresentedin this paper. Thealgorithmgen-
eratessynthesizableVerilog implementationsat theRTL level.
We wrote the specificationof a 32-bit datapath,RISC-style,
linearly pipelinedprocessorwith a completeinstructionset5,
ran it throughour synthesisalgorithm, then synthesizedthe
resultingVerilog modelusingthe SynopsisDesignCompiler
to an industrystandard.25 micron standardcell process.To
serve as a referencepoint, we also synthesized,in the same
environment,theSantaClaraUniversitySCURTL 98 DSP, a
hand-written,standard32-bit fixedpointDSPthatimplements
the samebasicfunctionality. Table 8 shows areaand clock
cycle numbersfor the two applications.Notice that the syn-
thesizedareais roughlythesame,while clock-cycle-wise,our
processoris within 3 percentof thehandcodedversion.

It took us lessthanfive hoursto develop the specification
for theprocessor, which we believe is significantlyfasterthan
developingtheDSPmodelby hand.Ourspecificationcontains
15 lines for statedeclarationsand21 lines of rule definitions
for modulespecifications.TheSCURTL 98 DSPapplication,
on theotherhand,consistsof approximately885linesof Ver-
ilog code. Our automaticallygeneratedimplementationcon-
sistsof about1200linesof synthesizableVerilog.

We have alsotried our synthesisalgorithmon severalnon-
processorbenchmarks. Table 9 shows cycle time and area
numbersfor a specificationdescribingbubblesortfor eight8-
bit numbers,a butterfly network similar to the onesusedin
bitonicsortingnetworksandin FFTs,andacascadedFIR with

5Theinstructionsetcontainsload,store,jump,ALU, multiply andvariable
shift operations.

Fig. 9. ClockCycleandAreaEstimatesfor aFew BasicDataProcessing
Elements

Benchmark Cycle(MHz) Area
Bubblesort 107.06 5434
FFT 104.42 5411
FIR 105.01 3757

16 coefficients.
The runningtime of our systemis roughly proportionalto

the complexity of the generatedcontrol. For all applications
exceptthe pipelinedprocessor, our systemrequiredlessthan
oneminuteto generatetheVerilogoutput.For theprocessor, it
took roughlyhalf anhour. We testedthegeneratedVerilog for
eachapplication,including the pipelinedprocessor, usingthe
CadenceNCVerilogsimulator.

V. RELATED WORK

HDLs like VHDL or Verilog usea model of concurrency
in which processescommunicateusing signals. A signal is
a direct physicalconnectionwith no buffering and with dy-
namicsynchronizationoverhead.Designedfor formal verifi-
cationandsynthesisof communicationprotocols,SUAVE [1]
improves the communicationfeaturesof VHDL by provid-
ing boundedor unboundedmessagebuffers.Thesynchronous
communicationmodelis similar to thoseof CSP[13] andOc-
cam[6]. Our approachis differentin that it displaysanasyn-
chronouscommunicationmodelat designlevel, while gener-
atinga synchronousimplementation.

Another approachusessoftware languagessuchas C and
C++. The Olympus/Herculessystemis designedto support
mainly ASIC synthesisfrom HardwareC[15], a C-like syn-
tax behavioral language.HardwareCsupportsconcurrency by
providing synchronousqueueswith blockingsendandreceive
constructs.In Scenic [9], thesemanticsof concurrency is sim-
ilar to thatof CSPandprocessescommunicatevia signals.In
both approaches,the synchronouscommunicationsemantics
forcethedesignerthink abouttheglobaltiming whendescrib-
ing thesystem.

SystemsbasedonhierarchicalPBSs[18] (ProductionBased
Specification)specifythecontrolimplicitly via theproduction
hierarchy. Thesimplicity of PBScomesfrom thelocal nature
of eachproduction,allowing thedesignernot worry aboutthe
explicit constructionof the global flow. PBSis closerto our
descriptionlanguagein the sensethat both describeexternal
behavior ratherthanparticularimplementationsof a system.
Moreover, the actionsfor a given behavior are describedlo-
cally, even if possiblysimultaneousactionscanbe described
elsewhere.On theotherhand,theframework is synchronous.

Systemslike Ptolemy [5], GRAPE [16], SPW from Ca-
denceor COSSAPfrom Synopsysstart from block diagram
languagesbasedon a dataflow semanticsandare targetedto
DSPdesign,mostly for minimizing memoryusageandbuffer
memory. In SDF (SynchronousData Flow), a static sched-
ule for theblock diagramis found that fireseachactor in the



dataflow graphat leastonceanddoesnot changethenetnum-
berof tokens queuedon eachedge.In our approach,not every
updaterule hasto fire every clock cycle, the numberof ele-
mentsin thequeuesmayvary in time andthedesiredlengths
for thequeuesarespecifiedby thedesigner. UnlikeDDF (Dy-
namicDataFlow), whichimplementsarun-timescheduler, our
approachprovidesastaticallyscheduledmodel.

In synchronouslanguageslike Esterel[4], Lustre[11], Sig-
nal [10] andStatecharts[12], the programmerthinks abouta
programas reactinginstantaneouslyto externalevents. Pro-
cessesare tightly coupledand deterministic,communication
beingrealizedby instantaneousbroadcasting.

Classic work on pipelining optimization by Patel [17],
Davidson, SharandThomas[8] startsfrom a given reserva-
tion tablefor thetaskflows in a systemanddevelopsmethod-
ologiesfor increasingthethroughputof a pipeline. In our ap-
proachthereis no initial knowledgeof what getsassignedto
eachpipelinestageat eachclock cycle; thereis no notion of
synchronicity.

Severalspecificationandverificationsystemshave takenan
approachsimilar to ours,basedon describingthebehavior of
asystemby astatetransitionsystem[7, 13]. Closelyrelatedto
our research,HoeandArvind [14] developa methodfor hard-
waredescriptionandsynthesisbasedon an operation-centric
approach.

VI . CONCLUSIONS

This paperpresentsa new approachfor hardware synthe-
sis. The designerusesa designlanguagebasedon connect-
ing moduleswith asynchronousqueues.The synthesisalgo-
rithm eliminatestheinefficiency associatedwith adirectasyn-
chronousimplementationby automaticallygeneratinga coor-
dinatedglobalschedulefor all operationsin thesystem.This
scheduleis usedto generatean efficient and fully pipelined
synchronousimplementation.

Theprimaryadvantagesof this approachincludegoodsup-
port for concurrency, modularity, debugging,andreusein the
designlanguage.Theuseof updaterulesprovidessupportfor
formal verificationandconcurrency, andenablesconcise,be-
havioral descriptions.This givestheresultingimplementation
a betterchanceto correctly reflect the designer’s intent. The
synthesisalgorithmis thekey to enablingthedesignerto usea
convenientdesignlanguagewhile obtaininganefficient hard-
wareimplementationof thedesign.Theglobalschedulingand
relaxationalgorithmsmaximize the throughput. Relaxation
alsoreducesthe clock cycle time by parallelizingthe evalua-
tion of theenablingconditionsof therules.Globalscheduling
eliminatesthe needfor handshakinghardware, while apply-
ing optimizationsatagloballevel optimizesthecombinational
logic. Our experimentalresultsprovide encouragingevidence
thattheapproachcandeliverefficientimplementationsof high-
level specifications.The approachalso greatly improveson
designtime andhasreasonablerun-timesof the synthesisal-
gorithm. Our approachis well-suitedto systemsthatarenat-
urally describedasa compositionof interactingsub-systems.

The classof pipelinedcircuits is one suchsystem,as FIFO
queuesareanaturalway to isolatepipestages.
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