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Abstract— This paper describesa novel approachto high-level
synthesisof complex pipelined circuits, including pipelined cir-
cuits with feedback. This approach combinesa 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 specificationinto a tightly coupled, fully synchronous
implementation in synthesizableVerilog.

|. INTRODUCTION

An importantconflictin hardwaredesignis providing asim-
ple, high-level way of specifyinga systemwithout sacrificing
theefficiengy of theresultingimplementationAn efficientim-
plementations usuallysynchronousndis obtainedasthere-
sult of globally schedulingall of the operationsn the system.
In contrastdesigneraisuallyfind it easierto specifythe sys-
temasa collectionof reusableconcise]oosely-coupleccom-
ponents.

This paperdescribesan approachthat meetsboth these
challenges. The designerspecifiesthe circuit asa setof in-
dependenmodulesconnectedby queues. Conceptually the
gueueshave unboundedength,which decoupleghe modules
in the design. Unfortunately implementingthis abstraction
directly in hardware using asynchronougjueuesproducesa
circuit with significanthandshakingpverheadbetweenmod-
ules. Our synthesisalgorithm thereforeautomaticallytrans-
forms the modular asynchronouspecificationinto a tightly
coupled,fully synchronousmplementationin synthesizable
Verilog. It is designedto handlecomplex pipelinedcircuits,
including pipelinedcircuitswith feedback.

It is importantto understandhe designadvantagef this
approachtheasynchrog atthe specificatiorlevel enableghe
designetto composenodulestogetherinto acompletesystem
without the needto dealwith complex global issuessuchas
the coordinatedassignmenbf operationgo clock cycles. The
approactscalego large circuits, andthe circuits areeasierto
modify, delug, reuse andformally verify.

The key ideabehindour synthesisalgorithmis to automati-
cally composdéhe modulespecificationgo derive, atthegran-
ularity of individual clock cycles,aglobalscheduldor theop-
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erationsof the entiresystem,ncludingtheremoval andinser

tion of queueslementsTheresultingimplementatiorexecutes

efficiently in acompletelysynchronouspipelinedmanner We
have built a prototypesynthesizethatimplementsour synthe-
sis algorithmand presentexperimentalresultsfrom this syn-
thesizer We evaluatethe efficiency of this implementatiorby
measuringhe areaandclock cycle time of the circuits that it
generateskor our benchmarldesign,our algorithmgenerates
acircuit with areaandclock cycle time comparabldo thoseof

a hand-writtenVerilog modelthatimplementsthe samebasic

functionality.

This papermakesthefollowing contributions:

e Approach: It presentsa new approachto high-level syn-
thesis. This approachcombinesthe bestof both worlds: a
modular asynchronouspecificationanguageandan auto-
maticallygeneratedynchronoudiully pipelinedimplemen-
tation.

e Algorithms: It presentarelaxationalgorithmfor decreas-
ing the clock cycle time anda coordinatedglobal schedul-
ing algorithmfor mappingthe individual operationof the
modulesinto clock cycles. The latteris the enablingtech-
nologyfor efficient pipelining,asit allows the datato move
togetheracrosghecircuit evenwhenthepipelinebuffersare
full.

¢ Experimental Results: It present&xperimentalesultsthat
demonstrat¢he effectivenesf thetechnique.
Theremainderof the paperis organizedasfollows. Section

Il illustrateshow a systemis specifiedusingrewrite rules. Sec-

tion lll presentghe synthesisalgorithm. SectionlV presents

theexperimentalesults.SectionV discusseselatedwork. We
concludein SectionVI.

Il1. SPECIFICATION EXAMPLE

We illustrate our approachby presentinga shortexample.
Ourexampleis alinearpipelineddatapatiwith associatedon-
trol functionality. Note thatnoneof the technique®f our ap-
proachis specificto this particularclassof circuits.

Specifyingthe behavior of a systemconsistf two steps:
¢ Module Specification: The designerspecifieghe behavior

of eachmoduleasa setof updaterules. Modulescommuni-

catesoldy usingFIFO queues.



INSTRUCTION FETCH MODULE - IFM

REGISTER OPERAND FETCH MODULE - ROFM

COMPUTE AND WRITEBACK MODULE - CWBM

<INC r> = head(iq) and
iq notin(rq.<INC r _>) ->
iq = tail(ig). rq = insert(rq.<INC r rf(r)>)

(rue >

ig = insert(iq.im(pc)).
pc=pc+1;

<JRZ 1 I> = headlig) and
notin(rq.<INC r _>) ->
iq = tail(io). rq = insert(rq.<JRZ rf(r) 1>);

<INC r v> = head(rq) ->
rq rf = rf(r->v+1), rq = tail(rq);
] <JRZv I>=head(rgq) and v =0->
pc =1,ig = nil, rq = nil;
RESET <JRZV I> = head(ra) and v 1= 0 ->
rq = tail(rg):

enabling ¢updo’res

condition

Fig. 1. SpecificatiorExample

e State Declarations: The designerspecifieshe stateof the
systemasasetof typedvariabledeclarations.

A. Modules

Fig. 1 shaws the threefunctionalmodulesin our example
and the queueghat interconnectthem. Eachmoduleis im-
plementedby a setof update rules. An updaterule hasan
enablingconditionanda setof updatedo the state.Whenthe
enablingconditionevaluatego t r ue, the rule is enabledand
canexecute,in which caseits updatesare atomically applied
to the state.Conceptuallythe executionof the systemrepeat-
edlychoosesnenabledule andexecutest. Thisis astandard
modelof asynchronousxecutionfound, for example,in sys-
temssuchasUnity [7] andtermrewriting systemd2]. In our
implementationpriority is givento rulesaccordingto the tex-
tual orderingin the specification.

Queuesprovide buffered, first-in, first-out connectionse-
tweenmodules.Therearesereraloperationghatmodulescan
performon aqueueq:

e head(q): Retrievesthefirst elemenin thequeue.
e tail (q): Returngsherestof q afterthefirst element.
e insert(q, e): Returnghequeue afterinsertingtheel-

emente attheendof g.

e notin(qg, e): Returnstrueif the elemente is notin q;
otherwisereturnsfalse.
e g = nil: Resetgshequeueto beempty

We illustratethe conceptuamodel of executionin our sys-
tem by discussingthe operationof the rulesin our example.
We would like to emphasizéhat this asynchronousnodel of
executionis usedprimarily to reasoraboutthe abstracbehar-
ior of the modulesandthe correctnes®f the system. It does
notdirectly reflecttheactionsof the generatedircuit.

The conditionfor the rule in modulelFM is t r ue, which
meansthat the rule is always enabled. Whenit executes,it
fetchesaninstructionfrom theinstructionmemoryandinserts
it into theinstructionqueud q. It alsoincrementgheprogram
counterpc to setupthenext fetch.

The two rules in the module ROFM remove instructions
fromi q, fetchtheregisteroperandsandinsertthemintor g.
Thefirst rule processes$ NC instructions,andthe secondone
processesd RZ instructions. Both rulesusea form of pattern

matchingsimilar to that found in ML and Haslell. The en-
abling conditionof thefirst ruleis <I NC r> = head(i q)
and notin(rg, <INCr _>). If thefirst clauseis true,
the clausematchesand binds the variabler to the register
name argumentof the | NC instruction, to be usedlater in
the rule whenreffering to this operand. The secondclause,
notin(rq, <INCr _>) usesthebindingto checkfor a
readbeforewrite hazard.If thereis apendinginstructionwait-
ing to executethatwill write theregisterr , themachinedelays
theoperandetchsothatit fetcheghevalueafterthewrite (this
translatesnto stalling'). If thereis a pendinginstructionthat
will write r , theinstructionisin r q. Theclausenot i n(rq,
<I NC r _>) checksto make surethat thereis no suchin-
structionin r g. The rule asa wholeis enabledandcanexe-
cuteonly if thereis no hazard.If enabledtherule atomically
executeghe blockin theright-hand-sidef thearrow.

The otherrulesperformsimilar actions. The updater f =
rf[r->v+1] fromthefirstrulein thecomputeandwriteback
modulesetselementr of theregisterfile r f to bev+1. The

updates g = nil/rq = nil clearthequeues g/ rq.
B. State

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

3 type irf = <INCreg val> | <JRZ val |oc>;

4 var pc : loc, im: ins[N, rf : val[8];

5 var iq = queue(ins), rq = queue(irf);

Fig. 2. StateVariablesandType Declarationgor Examplein Fig. 1

Line 4 and5 in Fig. 2 presenthe statedeclarationsywhich
consistof thefollowing statevariables:a programcounterpc,
aninstructionmemoryi m aregisterfile r f , andtwo queues,
i g andr g. Lines1 through3 containthetypedeclarationgor
thesevariables. The type declarationsnclude a 3 bit register
nametyper eg, an8 bit integertypeval , an8 bit integertype
| oc which representshe locationsof instructionsin the in-
structionmemory aninstructiontypei ns, andatypei r f for

1This is not a particularity of our algorithm, but ratherwhat the original
descriptionspecifies.The machinecould aseasilygeneratefor example,by-
passingdogic if this choiceis explicitly madein the specification.



instructionswhoseregister operandshave beenfetchedfrom

theregisterfile. The instructiontype is a taggedunion type,
similar to thosefoundin ML andHaslell. To keepthe exam-
ple clear, theinstructionsetcontainsonly anl NC instruction,
whichincrementghevaluein its singleregisteragumentand
aJRZ instruction whichteststhevaluein its registerargument
and,if thevalueis zero,jumpsto thelocationin its locationar

gument.

I1l. SYNTHESIS ALGORITHM

Thesynthesislgorithmtakesanasynchronouspecification
andcorwvertsit into a synchronougmplementatiorby generat-
ing aglobalscheduldor all of theoperationsn therules. This
schedulesnableghe synchronousndconcurrenexecutionof
multiple rulesperclockcycle andproduces circuit that,when
nohazardsarepresentreadsandwriteseachqueuean thesame
cycle. It implementseachqueueasa finite hardwarebuffer.

The basicapproachis to give eachrule an opportunityto
executeat eachcycle. The challengds to ensurethatthefinal
resultat the endof the cycle correctlyreflectsthe sequential,
atomicexecutionof all of the rulesthat executein thatcycle.
Thealgorithmmeetsthis challengeby symbolicallyexecuting
therulesin sequencewith eachrule operatingon the output
of the previous’ rule. The derived expressionfor eachstate
variablerepresentdts new value at the beginning of the next
clockcycle.

The synthesisalgorithmassumeshat eachoperationis im-
plementedy a dedicatechardwarecomponentlt is concev-
ableto modify the algorithmasto give thedesignetheoption
of tradingparallelismfor silicon area.

Thealgorithmconsistsof six phases:

e Associating Versions With Each State Variable: Order
the rules’ for symbolic executionand computethe version
of eachstatevariablethateachrule accessesThefirst rule
will readversion0 of the variablesandcomputeversionl.
The secondrule will readversionl andcomputeversion2
andsoon. By feedingthe outputof the previous rule into
the next rule, we establishaninitial schedulgfor symbolic
execution.

¢ Relaxation: The resultof the operationperformedin the
previous stepsuffers from an excessvely long clock cycle,
as rule executionis completelysequentialized. The goal
of the relaxationis to shortenthe critical pathwithin each
clock cycle. Wheneer possible,the algorithmrelaxesthe
calculationof theenabling condition for eachrule sothatit
is evaluatedn theinitial state(atthebeginningof theclock
cycle) ratherthanin the statecreatecby the previously exe-
cutedrule. To maintaincorrectnesgheupdatestill execute
sequentiallyif they operateon the samestatevariable. This
transformatiorensureshateachelemenbf datatraversesat
mostone moduleper clock cycle, producingan acceptable
critical pathfor the circuit. By increasinghe parallelismin

2previous andnext referto the textual orderingof therulesin the original
specification.
30urimplementatiorusestextual orderingof therules.

this way, we shorternthe clock cycle of thecircuit, and,indi-
rectly, increasaets throughput.Relaxatiordoesnot insertor
remove delaysin/from thecircuit.

e Global Scheduling: In theinitial specificationgueuehave
unboundedength. But the hardwareimplementatiormust
have a finite, specificnumberof entriesallocatedfor each
gueue Givenadesignerspecifiedengthfor eachqueuethe
synthesisalgorithm must generatean implementationthat
doesnot exceedthatlength. In the actualhardware,a given
lengthof 1 for eachqueuetranslatesnto the synthesisof a
standargipeline.

e Symbolic Execution: Next, thealgorithmsymbolicallyex-
ecutesall of therulesin sequenceAn expressions gener
atedfor eachstatevariablethatreflectsall of the possible
updatef thatvariablefor thatclock cycle. This expression
representshe valueof the variablein the next clock cycle.
Sinceonly a subsetof the rules may fire in a given clock
cycle,theexpressiongontainconditionals.

e Optimizations: The synthesisalgorithm next appliesa

spectrumof optimizationsgearedtowardsavoiding unnec-
essaryreplicationof hardwareandeliminatingfalsepathsin
the implementation.Theseoptimizationscurrentlyinclude
commonsub-e&pressionelimination and mutual exclusion
testingfor the expressionglerivedat symbolicexecution. If
an expressioncontainsa value that will never actually oc-
curin practicebecause¢heconditionsrequiredto obtainthat
value are mutually exclusive, its computationis eliminated
from the expression. The mutual exclusion testingis im-
plementedusing resolution[3] and a setof reductionand
simplificationrules.
Fig. 3 presentghe resultof the expressiorevaluation;note
theintroductionof thetemporaryvariables 1,t 2, t 3, and
t 4. Thesevariableswill turn directly into combinational
logic in thefinal implementatiorof thecircuit.

| et

tl = <INC r> = head(iqg) and
notin(rqgg, <INCr [|>)

t2 = <JRZ r |> = head(iqg) and
notin(rgg, <INCr [|>)

t3 = insert(iqg,im[pcol)

td = tail (t3)

igs=

if <JRZ v |I> = head(rqg) and v = 0 then nil
else if tl1 then t4

else if t2 then t4

else if length(iqgp) < Niq then t3

el se iqp

Fig. 3. Resultof SymbolicExecutionfor i q

¢ Verilog Generation: In thefinal phasewve generatesynthe-
sizableVerilog for the optimizedexpressiondn the previ-
ousstep.Eachstatevariableis implementecasoneor more
registers,dependingon its type; eachmemoryvariableas
alibrary block. Queuesareimplementedashardwareregis-
ters. Thederivedexpressiorfor eachstatevariableevaluates
to the new valuethat getswritten backinto the stateat the
beginningof thenext clock cycle.
We next discusghetwo morecomplicatecohase®f theal-



gorithmin turn.

A. Relaxation

Theexecutionof arule R canupdatestatevariablegestecdby
asubsequenuleR. If thisisthecasethenR hastowait for R
to executeandupdatethe state beforetestingits precondition.
But if we canprove that the executionof R will not disable
the enablingconditionof R, we canrelax the preconditionof
R to testthe statebeforeR executes.This transformatiorex-
posesparallelismin the specification,reducingthe length of
thecritical pathof thecircuit.

In our example,relaxingthe rules pipelinesthe instruction
fetch and executionover multiple clock cycles, thusreducing
cycletime.

Relaxationis the processof replacingeachversionof each
statevariablewith its earliest safeversion.An earlierversion
of vj, namedyy, is safeif thefollowing propertyholds:

If the rule’s enablingcondition, R, is true with
vj replacedby v, thenit is alsotrue with vj, i.e.

R [vk/vj] impliesh.

This is an applicationof the following more generalrule:
Assumea predicateP[e/d] (i.e. the predicateP with the ex-
pressiord replacedby anotherexpressiore) impliesP. Then
for ary rule with preconditionP, we can(subjectto liveness
concernsysethe predicateP[e/d] insteadof P.

Thistransformations valid because®f two reasons:

e Partial Correctnessif arulein thetransformedumbering
executestherule would alsoexecutein theoriginalnumber
ing andyield the sameresult. This takescareof the safety
issue.

¢ Liveness:Sincetherulein thetransformechumberingtests
theinitial statejf aruleis enabledn theoriginalnumbering
but not in the transformedone, some rule executesin the
transformechumbering.This ensurediveness.

The algorithm processeshe rulesin reverseorder, repeat-
edly attemptingto replacethe currentversionof eachvariable
in the enablingcondition of the rule, with the previous cor-
respondingversion, startingfrom the immediatelypreceding
rule. Fig. 4 shovs how to obtaina new expressionfrom an
initial expressiorExp, by replacingv; in Exp with its earliest
safeversion. B standsfor the enablingcondition of the rule
thatcontainsExp. A replacemenis successfuif eitherof the
two is true:
¢ Theenablingconditionwith theearlierversioninsteadf the

currentoneimplies the enablingconditionwith the current

version.

e The conditionof the rule that computegshe earlierversion
andthe currentenablingconditionaremutually exclusive.
The relaxationalgorithm is especiallywell suitedfor use

with queuesAn elementinsertedat thetail of the queuedoes

not affectthe elementhatwasat the headof the queuebefore
theinsertion.Rulesthattestthefirst elemenf aqueueremain

4Earlier here refersto the ordering establishedn the first step of the
algorithm.

replace (vj, Exp)
if version(v)) =0
then Exp
el se v = earlier-version(vj)
P« = rul e-that - updat es( vj)
if (P, R) mutual exclusive
then repl ace( v, Exp[ w/ vj])
else if Rw/vj] inplies R
then repl ace( v, Exp[ v/ vj])
el se Exp

Fig. 4. RelaxationAlgorithm

enabledregardlessof the numberof elementsnsertedat the
tail of the queue providedthatnorule previously removesthe
headof the queue.This propertyallows sucha rule to testthe
initial versionof the queue ratherthanversionsproducedby
earlierrules.

Conceptually the algorithm could include an initial phase
thatcanin mary caseorderthe modules/rulesoasto match
theflow of datain the pipeline. Beingableto put therulesin
this orderis sufficient (but not necessary)o ensurethat they
all testtheinitial versionof eachqueue.

Currently theframawork doesnot provide aflexible support
for tradingconcurreng for cycletime. By default, if two rules
simultaneouslyevaluatetheir preconditionsto true, they are
both goingto fire in the currentclock cycle, eitherin parallel
if thereareno datadependenciesr sequentiallyif thereare.

B. Global Scheduling

The scheduleraugmentseachrule that insertsan element
into aqueuedo ensurghatit neveroverflowsary of the buffers
that implementthe queuesin hardware. The basicapproach
is to assumeall queuesare within lengthat the beginning of
theclock cycle andscheduleonly thoserulesfor firing thatare
1) enablecand?2) whosecombinedexecutionleavesthe queue
within its length at the end of the clock cycle. All the other
rules remainunchanged. As part of this process,queuein-
sertionsare prioritized. In hardware,global schedulingcorre-
spondsto generatinghe control signalsfor the combinational
logic.

Global schedulingis the enablingtechnologyfor efficient
pipelining. Thekey insightis that,every clock cycle, thenum-
ber of rulesthatcanexecuteandinsertinto a queueq canbe
biggerthanthe numberof emptyslotsin g, without causingg
to overflow. The conditionis thatenoughruleswill alsoexe-
cutein thatclock cycle andremove elementsrom g, leaving
it within lengthat the end of the clock cycle. Applying this
mechanisnbooststhethroughputof the circuit.

B.1 BasicConcepts

We definea queue path usinga rule graph. The nodesin
the grapharetherules. Thereis a directededgebetweenwo
rulesif thefirst insertsitemsinto agivenqueueandthe second
removesitemsfrom the samequeue.By definition, the spec-
ification is agyclic if thereareno cyclesin therule graphand
cyclic if thereare.



By definition,aruleis anappendinguleif its setof updates
containsatleastoneinsertionof anelementnto somequeue.

B.2 Acyclic Specifications

Acyclic specificationscontain no cyclic queuepaths. For
aoyclic specificationsthe schedulingalgorithm ensuresthat
the queuesdo not overflow by computingan additionalcon-
straintasshavnin Fig. 5. We useR’ for rule Raugmenteavith
the correspondingdditionalconstraintsand Room(q) for the
numberof emptylocationsin q at the beginning of the clock
cycle. Functioneval (R) returns0 if R is falseandlif R is
true. index(X) returnsthe setof indicesof all the rulesin X.
The constrainttountsthe numberof elementsn eachqueueat
the beginning of eachclock cycle. It alsoconsidersjueuere-
movalsandpreviousinsertionsto augmentheenablingcondi-
tion of eachrule sothatit doesnotexecuteif it would overflow
thequeue.

for each rule R [in topological
Q={g | R inserts into g}
if Q!=nil
then for each geQ

sort order]

I={R; | Rj inserts into g}
D={R« | R« rempves from q}
Sdlect(R,q) =

if (Ristheonly ruleinl) or
Vil,i2e€1,(i1,i2) mutual 'y excl usive
then "Vke index(D).
Room(q) + Zeval (R}) > 0"
el se "vke index(D).Vj €index(l).j <.
Room(q) + Zeval (R,) > Zeval (R;)"
el se NOP

Fig. 5. Computingthe Additional Constraintdor a Rulein anAcyclic
Specification

B.3 Generalizationfor Cyclic Specifications

Introducingadditionalenablingconditionsraisesthe possibil-
ity of deadlock.For agyclic specificationsthis is not anissue
becausehe agyclicity ensureghatthe queueswill eventually
drain, enablingrulesthat were originally suspendedor lack
of space. But this line of reasoningdoesnot hold for cyclic
specifications.The key insightis thatthe additionalenabling
conditionsneednotintroducedeadlockf thereis awayto co-
ordinatetheremovalsandinsertionsof elementgrom all of the
gueuesn thecycle sothattheremoval of eachelementeaves
roomfor theinsertionof the elementbehindit. Thealgorithm
for cyclic specificationghereforeanalyzesgyroupsof rulesto-
getherto generate global schedulghatallows all of the data
in acycle to movetogethetthroughthecycle.

We usethe examplein Fig. 6 to illustrate the operationof
thealgorithmfor cyclic specificationsTo simplify the presen-
tation, we presenthe rulesby themseles,omitting the mod-
ule decompositionWe alsoomit therule(s)thatremove from
gueuez andary rulesthatdo not affectthe contentf queues
X andy.

This exampleis modeledafterarandomnumbergeneration
procesghatstartswith two numberq2 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& = 0) ->
z = insert(z,t), x = tail(x)
3: t = head(y) and (t&3 = 0) ->
z = insert(z,t), y = tail(y);

/1 inplenentation constraints
I ength(x) = 1;
length(y) = 1;

Fig. 6. Cyclic Example

adds3, then5 to eachnumber retainingthe lower 4 bits af-

ter eachaddition. The computationrecordsthe valuesof the

numbersvhentheir bottom?2 bits become. In ourimplemen-
tation,eachnumberis storedin aqueueandthedesignespec-
ifies thateachqueuehasa singleentry. Becauseof the cyclic

natureof thespecificationthenumbersnustmovethroughthe
queuedogether— if they attemptto move separatelythereis

noroomin thequeuesThesynthesisalgorithmmusttherefore
schedulgherulesinvolvedin thecycle (rulesO andl) together
to coordinateheir queueinsertionsandremovals.

e Idea: Thekey ideais to find, for eachrule thatinsertsan
elementinto a queueq, the maximalsetsof rulesthathave
to executetogethetto preserethe“non-overflow” invariant
of g, attheendof eachclock cycle. To dothis, thealgorithm
startsfrom eachrule andtraversegherule graphon all pos-
sible paths,gatheringfor eachrule thatwe go through,the
conditionsthat would let that rule fire. We stopif eithera
rule is not an appendingule, sowill alwaysfire whenits
initial enablingconditionbecomedrue,or if we alreadytra-
versedthatrule on the currentpath, so we alreadyconsid-
eredthattherule fires. Oncewe reachsucha point theres
no additionalinformationon thatpathin thecircuit thatwas
not alreadycollectedat the first traversal. Nothing needso
be addedto yield a correctsolution. Whenall pathsreach
suchpoints,the setof all rulesthathave to fire togetherme-
comesprovably maximal.
¢ Algorithm: The schedulingalgorithm processegachrule
in thecyclic specificatiorin turn. Fig. 7 shavsthealgorithm
thatproducegheadditionalenablingconditionfor arule R;.
CrtPath keepsthe currently explored path, for purposesf
termination. This variableis initially emptyfor eachsym-
bolic executionof arule. The symbolicexecutionof arule
terminatesf eitheroneof thetwo scenariodbelow is true:
¢ R¢ is anon-appendingule andin this casenewRy, = Ry.
We call newR, whatwe derive from Ry afterenhancingt
with the additionalconstraints.

e Ry isarulepreviouslyexaminedonthecurrentpath. This
meansve alreadyassumedR, firesonthatpath,sotheres
no needto explorefurther, thereforenewRy = true.



SymbolicExecution ( R;, CrtPath)
Q={q| R inserts into q}
if Q!=nil
then for each qeQ
I={Rj | Rj inserts into q}
D={R« | Rk removes from q}
S=if (Ristheonly ruleinl) or
Vil,i2e1,(i1,i2) mutual 'y exclusive
then D
el se DUI
for each rule R¢eS
newCrtPath = CrtPathU Ry
newR¢ = i f Rg e CrtPath
t hen true
el se Synbol i cExecuti on( R¢, nenCrtPath)
newSelect(R;, q) = Select(R;, q)[newRy/R]
Sdledt(R;,q) = newSdlect(R;,q)
newR = (R and Selet(R;,q))
Ri = newR;
else R
Fig. 7. Computingthe Additional Constraintdor aRulein a Cyclic
Specification

Fig. 8. Comparatie Clock CycleandAreaEstimates

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

IV. EXPERIMENTAL RESULTS

We have implementeda prototypesynthesissystembased
on the algorithmspresentedn this paper The algorithmgen-
eratessynthesizabl&erilogimplementationsitthe RTL level.
We wrote the specificationof a 32-bit datapath RISC-style,
linearly pipelinedprocessomwith a completeinstructionseP,
ran it throughour synthesisalgorithm, then synthesizedhe
resulting Verilog modelusingthe SynopsisDesignCompiler
to an industry standard 25 micron standardcell process. To
sene as a referencepoint, we also synthesizedin the same
ervironment,the SantaClaraUniversity SCURTL 98 DSP a
hand-written standard2-bit fixed point DSPthatimplements
the samebasicfunctionality. Table 8 shovs areaand clock
cycle numbersfor the two applications. Notice that the syn-
thesizedareais roughlythe samewhile clock-cycle-wise,our
processors within 3 percentof thehandcodedversion.

It took us lessthanfive hoursto develop the specification
for the processarwhich we believe is significantlyfasterthan
developingtheDSPmodelby hand.Our specificatiorcontains
15 lines for statedeclarationsand 21 lines of rule definitions
for modulespecificationsThe SCURTL 98 DSPapplication,
on the otherhand,consistsof approximately885lines of Ver
ilog code. Our automaticallygeneratedmplementationcon-
sistsof about1200lines of synthesizabl&/erilog.

We have alsotried our synthesisalgorithmon severalnon-
processomenchmarks. Table 9 shows cycle time and area
numbersfor a specificationdescribingbubblesortfor eight 8-
bit numbers,a butterfly network similar to the onesusedin
bitonic sortingnetworksandin FFTs,anda cascaded IR with

STheinstructionsetcontaindoad, store jump, ALU, multiply andvariable
shift operations.

Fig. 9. Clock CycleandAreaEstimatedor a Few BasicDataProcessing
Elements

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

16 coeficients.

The runningtime of our systemis roughly proportionalto
the compleity of the generatectontrol. For all applications
exceptthe pipelinedprocessarour systemrequiredlessthan
oneminuteto generateéhe Verilog output. For theprocessarit
took roughly half anhour. We testedthe generated/erilog for
eachapplication,including the pipelinedprocessarusingthe
CadenceéNCVerilog simulator

V. RELATED WORK

HDLs like VHDL or Verilog usea model of concurreng
in which processesommunicateusing signals. A signalis
a direct physical connectionwith no buffering and with dy-
namic synchronizatioroverhead. Designedfor formal verifi-
cationandsynthesisof communicatiorprotocols,SUAVE [1]
improves the communicationfeaturesof VHDL by provid-
ing boundedr unboundednessagéuffers. The synchronous
communicatiormodelis similar to thoseof CSP[13] andOc-
cam[6]. Ourapproacthis differentin thatit displaysanasyn-
chronouscommunicatiormodel at designlevel, while gener
atinga synchronousmplementation.

Another approachusessoftware languagesuchas C and
C++. The Olympus/Herculesystemis designedto support
mainly ASIC synthesisfrom HardwareC[15], a C-like syn-
tax behaioral language HardwareCsupportsconcurreng by
providing synchronougjueueswith blockingsendandreceve
constructsin Scenic [9], thesemantic®f concurreng is sim-
ilar to thatof CSPandprocessesommunicatevia signals.In
both approachesthe synchronoussommunicationsemantics
forcethe designethink aboutthe globaltiming whendescrib-
ing thesystem.

Systemdasecdn hierarchicaPBSg[18] (ProductiorBased
Specification)specifythe controlimplicitly via theproduction
hierarchy The simplicity of PBScomesfrom the local nature
of eachproduction,allowing the designemot worry aboutthe
explicit constructionof the global flow. PBSis closerto our
descriptionlanguagein the sensethat both describeexternal
behavior ratherthan particularimplementationof a system.
Moreover, the actionsfor a given behaior are describedo-
cally, evenif possiblysimultaneousactionscanbe described
elsavhere.Onthe otherhand,the framework is synchronous.

Systemslike Ptolemy [5], GRAPE [16], SPW from Ca-
denceor COSSAPfrom Synopsysstart from block diagram
languagedasedon a dataflav semanticsand are targetedto
DSPdesign,mostly for minimizing memoryusageandbuffer
memory In SDF (SynchronousData Flow), a static sched-
ule for the block diagramis found thatfires eachactor in the



dataflav graphat leastonceanddoesnot changehe netnum-
ber of tokens queuedn eachedge.ln our approachnotevery
updaterule hasto fire every clock cycle, the numberof ele-
mentsin the queuesmay vary in time andthe desirediengths
for thequeuesarespecifiedby thedesignerUnlike DDF (Dy-

namicDataFlow), whichimplementsarun-timeschedulerour
approactprovidesa staticallyschedulednodel.

In synchronousanguagedik e Esterel[4], Lustre[11], Sig-
nal [10] and Statechart$12], the programmetthinks abouta
programas reactinginstantaneouslyo external events. Pro-
cessesare tightly coupledand deterministic,communication
beingrealizedby instantaneoubroadcasting.

Classic work on pipelining optimization by Patel [17],
Davidson, Sharand Thomas[8] startsfrom a given resera-
tion tablefor the taskflows in a systemanddevelopsmethod-
ologiesfor increasinghethroughputof a pipeline. In our ap-
proachthereis no initial knowledgeof what getsassignedo
eachpipeline stageat eachclock cycle; thereis no notion of
synchronicity

Severalspecificatiomandverificationsystemsave takenan
approachsimilar to ours,basedon describingthe behaior of
asystemby a statetransitionsysten{7, 13]. Closelyrelatedto
ourresearchHoe andArvind [14] developa methodfor hard-

ware descriptionand synthesisbasedon an operation-centric

approach.

VI. CONCLUSIONS

This paperpresentsa new approachfor hardware synthe-
sis. The designerusesa designlanguagebasedon connect-
ing moduleswith asynchronousjueues. The synthesisalgo-
rithm eliminatestheinefficiency associateavith adirectasyn-
chronousmplementatiorby automaticallygeneratinga coor
dinatedglobal scheduldor all operationdn the system. This
scheduleis usedto generatean efficient and fully pipelined
synchronousmplementation.

The primary advantage®f this approachincludegoodsup-
port for concurreng, modularity dehugging,andreusein the
designlanguage.The useof updaterulesprovidessupportfor
formal verificationand concurreng, andenablesoncise be-
havioral descriptions This givestheresultingimplementation
a betterchanceto correctlyreflectthe designers intent. The
synthesislgorithmis thekey to enablingthe designetto usea
cornvenientdesignlanguagewhile obtainingan efficient hard-
wareimplementatiorof the design.Theglobalschedulingand
relaxationalgorithms maximize the throughput. Relaxation
alsoreduceghe clock cycle time by parallelizingthe evalua-
tion of the enablingconditionsof therules. Global scheduling
eliminatesthe needfor handshakindhardware, while apply-
ing optimizationsatagloballevel optimizesthecombinational
logic. Our experimentalresultsprovide encouragingvidence
thattheapproacttandeliverefficientimplementationsf high-
level specifications. The approachalso greatly improveson
designtime and hasreasonableun-timesof the synthesisal-
gorithm. Our approachs well-suitedto systemshat are nat-

urally describedasa compositionof interactingsub-systems.

The classof pipelined circuits is one suchsystem,as FIFO
gqueuesarea naturalway to isolatepipe stages.
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