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ABSTRACT
Schedulingis widely recognizedas a very importantstepin high-
level synthesis.Nevertheless,it is usuallydonewithout taking into
accounttheeffectson theactualhardwareimplementation.

This paperpresentsan efficient symbolic techniqueto integrate
resourceallocationandoperationschedulingconcurrently. Thetech-
nique inheritsall of the featuresof BDD-basedcontrol dominated
scheduling,including resource-constraining,speculation,pruning,
etc. It proposesan efficient way of encodingallocation informa-
tion within a symbolicschedulingautomatonwith a two-foldedtar-
get: find aminimumcostallocationof operationresourcessatisfying
a given schedule,andoptimize the amountof registersrequiredto
storeintermediateresultsof operations.

1. INTRODUCTION
Recenttechnologyadvancespushtheperformanceof currentelec-

tronicsystemsto new heights.However, thedesignpracticedoesnot
allow an increaseof the productivity of designersto take full ad-
vantageof theavailableperformance;this is particularlytrue in the
embeddedsystemworld, whereproductmust be designedin very
shorttime.

Thesesystemsareoftenspecifiedat a very abstractlevel andare
successively refinedtowardanimplementation,which is partitioned
into hardwareandsoftware.To beableto rapidlyexplorea largede-
signspaceit is desirableto have anautomatictool to generatea pro-
totypeimplementationfrom a high level specification.In this paper
weaddresstheproblemof synthesizingcustomhardwarefor embed-
dedsystemsandwe thusdevelopeda high level synthesistool that
weusein our hardware/softwarecodesignframework [2].

Synthesisof efficient andhighperformancecontrolunitsanddata
pathsfrom high-level behavioral specificationshaslong beencon-
sidereda very promising techniquefor tackling the ever growing
complexity of digital design. At the sametime, it is a very elu-
sivegoal,becauseaftermorethan20yearsof intensive research[12,
4], andeven theappearanceon the market of someindustrialCAD
tools[11], high-level synthesisis still far from beingwidely usedas
its predecessors,register-transferlevel andlogic synthesis.

Thesystemsthatwe aretargetingareoftena mix of dataandcon-
trol. However, many HLS tools useCDFG astheir internalmodel
anddo not modelwell constraintscoming from input/outputoper-
ationswith theexternalworld (e.g.,synchronization,min/maxrate,
jitter, etc.) andoften mostly datadependenciesarehandled,while

.

controlis eitherignoredor handledby completecasesplitting1.
AlthoughweuseCDFGsastheinputspecificationfor our tool,we

thereforedecidedto extendthemodelintroducedby [6], thatis at the
sametime formal (basedon concurrentautomata),efficient (we can
usesymbolic representationtechniques[3] with enhancementsde-
rived from concurrentspecificationmodels),control-oriented(con-
dition evaluation and speculative execution were specific features
of [6]), andflexible (we canrepresentI/O constraintsby restrictions
on theautomatastatespace).

Traditionally, thehigh-level synthesisproblemhasbeensplit into
a sequenceof stepsin orderto make it manageable:� allocationchoosesthetypeandnumberof functionalunitsand

registers,andthusdeterminespartof thefinal cost(the inter-
connectioncoststill hasto beidentified)andperformance(the
clockcycle is affectedby this stage);� schedulingassignstimeslots(oftenclockcycles)to I/O, arith-
meticandlogicaloperationsof theCDFG,andthusdetermines
partof thefinal performance(theclockcyclestill hasto bede-
fined);� bindingassignsa functionalunit to eachoperation,a register
to eachvaluethatmustbepreservedacrossclock cycles,and
enoughmultiplexersor bussesto implementall requireddata
transfers(thisstepfurtheraffectsthecostandclockcycle).

This separationcomesat a costin termsof optimality, hencesev-
eralapproacheshave tried to combinetwo or moresteps.However,
sinceany of theseproblemsis NP-completeby itself, thecombina-
tion generallyrequiresthe useof heuristics,that may thus forfeit
expectedimprovementswith respectto betterandmorecomplex al-
gorithmsappliedin succession.

In thispaperwealsoaddressthis issue,by combiningtheschedul-
ing and allocationstepstogether, while keepingan implicit repre-
sentationof the completesolutionspace(as [6] did for scheduling
alone).Thedesignermuststill explore thedesignspaceby defining
the acceptablemaximumnumbersof functionalunits andregisters.
We believe thatthis datapatharchitecturedefinitionis too critical to
be left to a tool, andwe provide thedesignerwith a quick feedback
on theeffect of his decisions.

As [6] we representimplicitly thefull solutionspaceby meansof
thestatespaceof a productof automata,andwe representresource
(allocation)constraintsby reducingtheconcurrency of theautomata.

1Only recentlyapproachessuchas[1, 10] that specificallyaddress
control-intensive CDFGshave beenintroduced.



Our contribution is the introductionof an encodingmodel for the
allocation� information, that allows us to take into accountalsoes-
timatedclock cycle length, in addition to functionalunit costsand
numberof clock cycles.

Oncethesetof valid schedulesis computedsymbolically, theextra
informationwe encodeallows usto find a schedulewith bestalloca-
tion cost,whereasin [6] a scheduleis only checkedto fit within the
givenresourcebounds.

In thesequel,we will briefly overview (Section2) someprelimi-
naryconcepts,with a particularfocuson therelatedworkson sym-
bolic scheduling. We will then introduceour combinedschedul-
ing/allocationmethod(Section3), andwe will finally presentsome
experimentalresultsattainedwith a prototypeimplementation(Sec-
tion 4).

2. BACKGROUND

2.1 High-level synthesis
Historically two basicapproacheshave beenusedfor scheduling

andbinding: heuristicsandInteger Linear Programming.Priority-
basedheuristicmethods(e.g., [15]) canaccommodatea variety of
data-dominatedandcontrol-dominatedbehaviors,quicklyfindinggood
solutionsfor large problems,and can consideralso somebinding
information. On the other hand they may fail to find an optimal
solutionin tightly constrainedproblems,whereearly pruningdeci-
sionsexcludecandidatesleadingto superiorsolutions.IntegerLin-
earProgrammingmethods(e.g., [9]) cansolve schedulingexactly.
However, the ILP complexity significantlyincreasesby considering
controlconstraints(if-then-elseandloops)andbindinginformation,
andthuscanleadto unacceptableexecutiontimes. Moreover, they
consideronly onesolutionat a time, andhencearenot particularly
suitablefor interactive synthesis.

2.2 Symbolic scheduling
Morerecently[16,13,6,7,5] symbolicmethodshavebeenproved

effective in finding exact solutionsin highly constrainedproblem
formulations. In theseformulationsschedulingconstraintsarerep-
resentedasBooleanfunctions,andall solutionsareimplicitly enu-
merated.Post-processpruningcanbeusedto applyadditionalcon-
straintswhichmaynothaveefficientformulationfor thepreviousap-
proaches.Moreover, symbolicmethodsyield a veryefficient formu-
lationof controldependenciesandenvironmentaltiming constraints.

[16] proposeda symbolicformulationthatallows speculative op-
erationexecutionandexact resource-constrainedscheduling.[6, 5]
improvedthepreviousmethodby proposinganew efficientencoding
(whichonly indicates“whetheror not” andnot “when” anoperation
hasbeenscheduled)to improveexecutiontimeand[7] handlesloops
in DFGs.

Their schedulingtechnique(aswell asours)assumesan input in
the form of a Control DataFlow Graph(CDFG).A CDFG is a di-
rectedacyclic graph2 describingboth data-flow andcontrol depen-
denciesbetweentheoperations.Operationnodesareatomicactions
potentiallyrequiringuseof hardwareresourcesfor oneor moreclock
cycles.Directedarcsestablisha link betweeneachoperationandthe
predecessorsthat producedatarequiredby it. A sourceanda sink
areaddedbeforeevery operationwithout predecessorsandafterev-
ery operationwithout successors.Conditionalbehavior is specified
by meansof fork andjoin nodes,anddirectedarcsalsoestablisha
link betweenthe operationevaluatingthe conditionandthe related
fork/join pair. Operationsthat areneitherconnectedby a directed

2Wecurrentlymodelcyclesby arbitrarilybreakingthemandimpos-
ing the samebinding to datadependenciesthat have beencut. A
betterformulation,consideringalsointer-iterationoptimizationsuch
asunrolling andpipelining[10], is left to futurework.

path,nor mutuallyexclusive dueto a precedingfork node,arecon-
current3. Figure1 shows anexampleof CDFG.
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Figure1: An exampleCDFG.

2.3 SchedulingAutomata
A schedulingproblemcan be representedby an automaton,de-

finedby thefour-tuple
�
V � δ � Si � Sf � , whereV is thefinite, non-empty

setof states,δ : V � V � is thenext-statefunction,andSi andSf are
setsof initial andfinal statesrespectively.

Eachoperationi in theCDFG(excludingfork andjoin operations)
is modeledby a two-stateautomaton,asshown in Figure2(a). State
0 meansthattheresultof theoperationis notavailable,while state1
meansthatit is available.

0 1

0    0 1    1

0    1
0 1

0    0 1    1
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X ...X

(a)

0 1

0    0 1    1

0    1
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Figure2: Schedulingautomata.

This formulation allows standardsymbolic reachabilityanalysis
techniquesto beemployedto determinetheexactvalid setsof sched-
ules.Presentstatesaredescribedby a vectorof p variables,while a
vectorof n variablesis usedfor next states.Thecharacteristicfunc-
tion of a set of statesS � V is expressedas χS

�
p� . With a slight

abuseof notation,in therestof this paperwe liberally identify a set
of states,its characteristicfunction,andits BDD representation.We
will thususeS

�
p� for χS

�
p� .

Thetransitionrelationof thei-th operationis encodedwith exactly
two Booleanvariables(pi andni), asfollows:� pi 	 0 
 ni 	 0: operationi hasnotbeenscheduledpreviously

andwill not bescheduledin thenext cycle,� pi 	 0 
 ni 	 1: operationi hasnotbeenscheduledpreviously
andwill bescheduledin thenext cycle,� pi 	 1 
 ni 	 0: operationi hasbeenscheduledpreviouslybut
theresultwill nolongerbeavailablein thenext cycle(because
the registerholding it hasbeenre-used);this is forbiddenin
[6], as well as in our solution, in order to reducethe BDD
representationfor thesake of efficiency. As a consequencea
registercannotbere-usedwithin a schedulingtrace,� pi 	 1 
 ni 	 1: operationi hasbeenscheduledpreviously
andtheresultremainsavailable.

The completeschedulingis the Cartesianproductof the automata
(Figure2(b)),restrictedby severalconstraints.Webriefly summarize

3The samemodel, if the sink is connectedback to the source,can
alsobeviewedasasafePetriNet. In thispaperweusetheautomata-
basednotationfor consistency with [16].



heredependency andresourceconstraints,sincethey will beusedin
thesequel:�� datadependenciesimposeanorderingonoperationexecution;

the automatonmodelingan operationis allowed to make the
0 
 1 transitiononly after all thoseproducingvaluesfor it
have madethesametransition,i.e., it is illegal to schedulean
operationwith a predecessorthathasnotyetbeenscheduled:

pin j is illegal for all i � j datadependencies� resourceconstraintslimit thenumberof automatathatcanmake
the0 
 1 at a given clock cycle. Given a resourcesetwith l
resourcesof a givenkind (e.g.,multipliers)available,andthe
setρ of operationscompetingfor sucha resource,it is illegal
to schedulemorethanl operationsfrom ρ in a singlecycle.

∑�
i 
 
 k ��� ρ

�
pini ��������� pknk � is illegal if � � i ��� k ����� l

Let S0
�
p� betheinitial stateof theschedulingproductautomaton,

in whichnooperationhasbeenscheduled.Thesetof reachablestates
on the i-th clock cycle maybecomputedfrom thestartingpoint by
theiterative imagecomputation:

Si
�
n� 	 � p �Si � 1

�
p� � δ � p � n��� (1)

Valid schedulesarerepresentedby statepathsthatreachafinal setof
statesin which terminaloperationshave beenscheduled,with some
additionalvalidity criteria (that will be describedmoreformally in
Section3). Speculative executionmayallow someoperationsaftera
fork andbeforea join to be scheduledbeforethe conditionevalua-
tion hasbeenscheduled.However, theconditionmustbescheduled
beforethe join operationmay occur. Moreover, for eachpossible
combinationof condition results,all the correspondingoperations
mustbeexecutedin orderto completetheschedule.

3. OUR COMBINED SCHEDULING/ALLO-
CATION APPROACH

The methodof [6] can find all the minimum latency schedules
with givenresourcelimits. All allowedschedulesareimplicitly rep-
resentedin termsof BDDsasaresultof asymbolictraversalprocess.
But theproposedtechniqueis notableto seekfor optimalallocations
within thebounds.

Ourmethodfindsasymbolicrepresentationof all minimal latency
schedulesallowed by a given setof resources(as in [6]). Further-
more,eachscheduleis (symbolically)associatedwith all valid sub-
setsof allocatedresources,sothatthecombinedallocation-scheduling
spacecanbeexploredfor bestallocationpurposes.This is achieved
by encodingall possibleallocationsof resourceswithin the given
limits. Theextrainformationkeepstrackof allocationswithin sched-
ule automatontraversal,and it is finally usedto selecta schedule
with optimalallocation(possiblyusinglessresourcesthanprovided
by bounds)for a givenlatency.

Ourapproach,ontheotherhand,considerstheinformationwhether
theoutputof ascheduledoperationis usedimmediatelyor later, im-
plying a register in the latter case.A register is requiredwhenever
an intermediateresult is producedandusedin differentcycles. A
direct connection,without register, is allowed betweenpredecessor
anda successorin the CDFG,provided that the two operationsare
executedin thesamecycleandtheir combineddelaysarelower than
a specifiedupperbound. We modelthis constraintasan additional
pruningconstraintfor thetransitionsin theproductautomaton.

The designerprovidesthe input CDFG,aswell asa setof func-
tional units that canimplementthe CDFG operations,anda bound
on the maximumnumberof registers. Eachoperation,e.g.,an ad-
dition, maybeimplementedby severalchosenfunctionalunits,e.g.,
anADD/SUB or anALU, with differentdelay, areaandpower.

EXAMPLE 1. Let us supposeto have the pseudo-codeof Fig-
ure3(a),andthecorrespondingDFGof Figure3(b). Several schedul-
ing solutionscanbefoundfor it, dependingontheresourcesusedfor
each operation (e.g., an ADDERor an ALU for an addition),on the
numberof resourcesallocated,and on the choice of where to put
registers.
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v3 	 c  d

v4 	 v1 ! v2

v5 	 v4 " v3
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Figure3: Pseudo-codeand DFG.

Figure 4 and Table 1 showsomeof the possibleschedulingin-
stances,with different combinationalresource and register alloca-
tions. In particular, solutions(a) to (d) allocateexactlyoneregister
for each combinationaloperation, whereassolutions(e) and (f) al-
low combinationalpropagation of data thusrequiring lessregisters
andcycles(tradedoff bya possiblylonger cycletime).
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Figure4: Schedulingsolutionsfor the proposedDFG. Combina-
tional multipliers and ALUs with multiply are considered. Each
row is executedin a differ ent cycle. Registersare allocated on
edgesconnectingdiffer ent rows.

Ourapproachtargetsbothcombinationalresourceandregistermin-
imization. In particular, we keeptraceof every possibleallocation
of combinationalresourceswhile symbolically computinga setof
schedules,in orderto be ableto finally selectthe bestone,given a
tableof costs(e.g.,areaor power). Regardingregisterswe accept
asconstraintsa maximumnumberandanupperboundon combina-
tional propagationdelay. We compute,if thereexists one,a sched-
ulecompatiblewith theabove bounds,whichallowsregistersharing
amongoperationson mutuallyexclusive scheduletraces.

3.1 Accounting for allocation of combinational
resources

The first part of our contribution concernsoptimal allocationof
resources4.

4For sake of simplicity we only considerhere combinationalre-
sourcesor sequentialresourcesoperatingin one cycle. But our
methodsupportsalsomultiple cycleoperations,asdescribedin [6].



Figure 4 # Resources # Cycles # Registers
ALU # $ %

(a) 0 1 1 1 4 5
(b) 0 2 1 1 3 5
(c) 1 0 0 0 5 5
(d) 1 1 0 0 3 5
(e) 2 1 0 0 2 1
(f) 1 1 1 0 2 2

Table1: Resourceallocation and latency for the DFG analyzed.

We extend the model of [6] by symbolicallyencodingthe extra
informationrequiredby theallocationprocess.

In particular, let S & V be a stateof the scheduleautomaton,de-
scribedby its characteristicfunctionS

�
p� . Wecanassociateto it the

numberof resourcesallocatedfor any givenresourceclassRc, where
c & 1 ���NR is the index of theclassandNR is thenumberof resource
classes.

Let uscall allocationinstanceasetof allocatedresources,divided
in classes.For example,a 	 � �R1 � 	 1 ���R2 � 	 2 �'�R3 � 	 2� is an al-
location instance(1 resourceis allocatedfor classR1, 2 resources
eachare allocatedfor classesR2 and R3). A schedulesolution is
compatiblewith an allocationinstanceif (due to resourcesharing
acrossdifferentcycles)eachcycle of the schedulerequiresat most
all the resourcesin the instance. Let A be the spaceof all alloca-
tion instances.We introducea setof additionalinteger variables5

pR 	 (
pR1 � pR2 � ����� � pRNR ) , describingthe A space.A point in the

A spaceis an allocationinstance.A subspaceis a setof allocation
instances.We areableto expressa statein theV * A spacewith the
setSR

�
p � pR � , suchthatwe have a statefor any possibleinstanceof

allocatedresources(seeFigure5).

...

0    00    0 1    1 0    0 1    1 1    1

0    10    1 0    1
0 1 0 1 0 1

|Rc|=1 |Rc|=1 |Rc|=2 |Rc|=2 |Rc|=n |Rc|=n

Figure5: Schedulingautomatonwith allocation instances.

EXAMPLE 2. Let usconsider3 resourceclassesR1 � R2 � andR3.
AschedulerstateS(p)withanallocationinstancea 	 � �R1 � 	 1 ���R2 � 	
2 �'�R3 � 	 2� , is representedby:

SR+ a � p � pR1 � pR2 � pR3 � 	 S
�
p� � � pR1 	 1� � � pR2 	 2� � � pR3 	 2�

whereasthesameschedulerstatecombinedwith a setof allocation
instancesb 	 � �R1 � 	 1 �'�R2 �-, 2 �'�R3 �., 2� , is expressedas:

SR+ b � p � pR1 � pR2 � pR3 � 	 S
�
p� � � pR1 	 1� � � pR2 , 2� � � pR3 , 2�

Given the pR variablesandan upperbound �Rc �MAX for the re-
sourcesof theRc class,theinitial statesetof thescheduleautomaton
is:

si +R � p � pR � 	 si
�
p� � ∏

c � 1 
 
NR

�
pRc ,/�Rc �MAX �

whereeachoriginal statein V is augmentedwith all legal allocation
instances.

Eachelementof thesetexpressesa possibleallocationwithin the
bounds.Thetargetof ourscheduleris to find a schedulewith lowest
resourcecostwithin a givenboundon thenumberof clock cycles.

By alsointroducinga setof nR variablesdescribingthenext state
space,thetransitionrelationδ is extendedto δR:

δR
�
p � pR � 	 δ

�
p� � ∏

c � 1 
 
NR

�
pRc 	 nR �

5Our BDD-basedimplementationusesa Booleanencodingof inte-
gervariables.

wherethe additionalproducttermscapturesthe fact that the setof
resourcesallocatedis keptconstant(albeitunderusedin somecycles
or clock cycles).

A schedulemay or may not becompatiblewith an allocationin-
stance,i.e.,with agivenamountof availableresources.For instance,
giventhesetρc of operationsthatcanbeexecutedby theresourcesof
classRc, schedulingin onecycleasubset� i �0� k �1� ρc of operationsis
notallowedif thesetexceedstheallocatedresources( � � i ��� k ���2�3�Rc � ).
This canbehandledthroughadditionalconstraintson the transition
relation,onefor eachresourceclass:

δR
�
p � pR � 	 δ

�
p� � ∏

c � 1 
 
NR

�4�
pRc 	 nR � � CRc

�
p � n � pRc ���

A CRc constraintis true for the transitionsallowed by a given allo-
cationfor the Rc class. We expressit asthe complementof illegal
transitions:

CRc

�
p � n � pRc � 	 IllegalRc

�
p � n � pRc �

IllegalRc

�
p � n � pRc � 	 ∑�

i 
 
 k �2� ρc

�
pini �����4�'� pknk � � � pRc 5 � � i ��� k ��� � (2)

WeusetheδR transitionrelationwithin asymbolicschedulerbased
on [6]. Thesetof schedulesobtainedafter the traversalandvalida-
tion phasesimplicitly containsall possibleschedulesandallocations
within givenresourcebounds.

More specificallyvalidationguaranteesthatall statesin the final
setof schedulesarecharacterizedby a valid allocationinstance,i.e.
the stateis on a valid schedulingtracefrom the initial stateto ter-
mination. In particular, the validatedinitial statesetsi +R+ validated
includesall possibleallocationsfor thecomputedsetof schedules.

Theselectionof a minimumcostallocationis donein two steps.
We first extract the maximalsetof allocationinstancescommonto
all initial statesin si :

Alloc
�
pR � 	76 p

�
si +R+ validated

�
p � pR ���

Thenwe operatea mintermselectionusinga weightedsumof the
allocationinstances.Eachresourceclassc is assigneda weight wc
(e.g., an areaor power estimatedcost, see,for example,Table 2).
Theallocationcostof a mintermin theA spaceis defined:

AllocCost
�
pR � 	 Alloc

�
pR � � ∑

c � 1 
 
NR

�
wc � pRc �

We finally choosethemintermthatminimizessucha costfunction:

pR+min 	 ArgMin
�
AllocCost

�
pR ���

Schedulingselectionthenresumes,anda schedulingtraceoriginat-
ing from si +R+ validated

�
p � pR+min � is selectedfollowing thestrategy

of [6].
Theabove techniquecanbeusedin orderto find a minimumarea

or power allocationandthe correspondingschedulewithin a given
latency.

3.1.1 Partial Encodingof AllocatedResources
The techniquewe proposehasan additionalcostcomparedwith

theoriginalmethodof [6]. In fact,theresourceconstraintsof [6] can
be derived from equation2 by replacingthe pRc variableswith the
(constant)resourceboundlRc:

IllegalRc

�
p � n� 	 ∑�

i 
 
 k ��� ρc

�
pini ��������� pknk � � � lRc 5 � � i ��� k ��� �

Theexperimentalresultssectionshows acomparisonbetweenthe
two solutions.In particular, it comesoutthatthefull encodingwithin
theallocationspacemayhavearelevantimpactonmemoryandtime



performance.But this allows anexactsearchof scheduleswith min-
imal allocation.8 Whenever theadditionalcostis toohigh,asequence
of partialexplorationsof theallocationspacemaystill convergeto a
nearlyoptimalsolution,at a lower cost.We call this Partial Encod-
ing of allocationresources.

An exampleof suchintermediateapproachis to encodeallocated
resourcesfor a given classRc only above a lower thresholdthRc,
while associatingno allocationencodingfor allocationsabove thRc.
For instance,onecould fully encodeall setson allocatedresources
with 5 ,9�Rc �:, 8, while providing no encodingfor smalleralloca-
tions( �Rc �:, 4). This would obviously allow finding anoptimalal-
locationin the range5 ��� 8, andrequirea further explorationto look
for a solution in lower ranges.The overall processwould imply a
sequenceof scheduling/allocationproblems,possiblyconverging to
afinal optimal(or sub-optimal)solution.

3.2 Registerallocation
Thetargetof our registerallocationpolicy is to maximizecombi-

nationalconnectionswith an allowed propagationdelay, so thatwe
possiblyavoid the registersto latch the resultsof someoperations.
As a motivation for this work, it is worth noticing that thecostof a
register(especiallyin termsof area)is comparablewith thatof com-
binationalresourceslike addersandcomparators(see,for example,
Table2, Section4).

We now acceptan operationto be scheduledon differentcycles
without latchingits result. We modify themeaningof theoperation
encodingproposedby [6]. In particular, state1 for the i-th operation
meansthattheresultof theoperationis latchedin aregister, whereas
a combinationaloperationis possibleeven in state0, if a succes-
sor requiresit. Of coursemaximumcombinationaldelaysmustbe
checked.

In orderto supporttheabove encoding,weupdatethedatadepen-
dency constraintsand the way we accountcombinationalresource
usage.We first definetheactivity of anoperationto allow combina-
tionalpropagationof theresultto successors:

Activei
�
p � n� 	 pini  ni ∑

i ; j
Activej

�
p � n�

A combinationaloperationi is active(andallocatesaresource)when
a0 
 1 transitionis scheduled(andtheresultis latchedin aregister)
or the next stateis 0 (no latching) and a successorj is active (it
requirestheresultof i througha combinationalpath).

Data dependenciesare replacedby propercheckson combina-
tional propagationdelays. Whenever an operation j is active, it is
illegalthatoneof its operandscomesfrom acombinationalpathwith
invalid propagationdelay. Let delayi be thecombinationaldelayof
operationi, let DM bethelimit for propagationdelaysonadatapath,
andlet � j bethesetof predecessorsof j onadatadependency path.
Then

Activej
�
p � n� � � ∑

i �:; j

�
delayi � � DM � � ∏

i �:; j
pi

is illegal.
Resourceallocationencodingsarealsomodified,to take into ac-

countthecombinationalactivity of anoperation.The pini �<���4�2� pknk
termsin equation2 arechangedto Activei

�
p � n� �=�����'� Activek

�
p � n� .

It is worth noticingthatanoperationis now allowedto beactiveon
multiplecycles,but its resultmaybelatched(if required)only once.

As a consequenceof the new encodingwe chose,a scheduling
automatonstatenow hasa pi 	 1 for every operationi requiring
a register. The numberof registersrequiredby a schedulepath is
equalto thenumberof pi 	 1 bits in theterminalstate.Theterminal
stateset thus implicitly containsall requiredinformationsto know
the registerusageof a given setof schedules.More specifically, if
weallow registersharingamongmutuallyexclusive scheduletraces,
anallocationfor thenumberof registersmaybecheckedby simply

filtering out statesrequiringtoomany registers.
Theconclusionis thatwe areableto find a schedule(if thereex-

ist one)with bestallocationcostfor combinationalresources,given
a maximumallowed combinationaldelay, anda limit on the num-
berof registers.And we areableto symbolicallyselectit amongall
possibleregisterlocationsin theCDFG. Theonly constraintthatwe
currently assumeis to always requirelatcheson operationscondi-
tioning a fork/join andon terminaloperations(i.e., thosethataffect
theexternallyvisiblestateof theCDFG).

Circuit Area Cost Power Cost
ADD 1.00 1.00
ALU 2.56 2.26
COMPARATOR 0.58 0.56
MUL 8.35 9.70
REGISTER 0.40 0.09
SUB 1.03 1.02
UnaryMINUS 0.42 0.25

Table2: Ar eaand Power and costsfor the benchmark analyzed.

Circuit # Operations # Conditions
oven control 12 3
maha 14 6
rotor 35 3
ewf1x1 26 0
ewf1x3 78 0
fdct1x1 42 0

Table 3: Cir cuit Complexity in terms of Number of Operations
and Conditions Checked.

4. EXPERIMENT AL RESULTS
We show experimentalresultson the following setof DFG and

CDFGbenchmarks:� Elliptic WaveFilter (EWF);ewf-1 is thestandard34-operation
single iterationfilter; ewf-n is a sequenceof n unrollediter-
ationsof the filter. ewf-nxm is the parallel executionof m
copiesof thefilter, eachunrolledn-times.� DiscreteCosineTransform(FDCT); fdtc-nxm followsthesame
notationasewf-nxm.� oven control andmaha aretakenfrom [14].� rotor is from [16]. It performsa rotationof coordinates.

We presentin Table2 somestatisticsregardingcostsin termsof
area,powerandtimeof thecellsusedto implementourbenchmarks.
Dataarecollectedstartingfrom a VHDL descriptionof the circuit
andusingtheSynopsysDesignCompiler[8] with theAMS library.
All variablesare16 bit wide, andwe presentdataon logic only, ex-
cluding interconnectcosts. All dataarenormalizedwith respectto
thecostsof theadder.

Table3 shows the complexity of the benchmarkset in termsof
numberof operations,andnumberof conditionschecked. TheCD-
FGs and DFGs are similar but not identical to the onespresented
in [16, 6], andthis explainssomedifferences(seeTables4 and5) in
termsof numberof cyclesandresourcesallocated.

Weranourexperimentsona500MHzPentiumIII with 256MBof
mainmemory.

Table4 and5 comparesthe resultsobtainedwithout andwith al-
locationencoding.In particulartheexperimentsin table4 wererun
with the an algorithm equivalent to the onepresentedin [6], so it
couldnot find theschedulewith bestallocation,but it just checked



Circuit Cycle # Resource Mem. CPU
Bound # [Mb] Time

oven control 8 4# ,4C,4$ 4.6 0.1
maha 7 4# ,4C,4$ 5.4 0.5
rotor 7 4# ,4C,4$ ,4*,4u 9.1 5.0
ewf1x1 13 8# 4.8 0.3
ewf1x3 28 8# 8.5 7.5
fdct1x1 10 4# ,4$ ,4> 5.5 0.8

Table4: ScheduleResults.Terminology for columnsResource #: ADD=  , ALU=A, COMPARATOR=C, SUB=" , MUL= ! , UnaryMI-
NUS=u.

theresourcebounds.Table5 shows thesameexperimentswith allo-
cationencodingandsearchfor bestallocation.

For eachCDFG we first presentthe latency of thefinal schedule
(# Cycles), theresourceboundandthebestallocation(5 only). The
numberof registers,totalmemoryusageandCPUtime for symbolic
exploration(including BDD encoding).Two of the experimentsin
table5 (ewf 1x3 and f dct1x1) were run asa sequenceof 2 partial
allocationsub-problems(seeSection3.1.1) in order to show the
lowercosts,comparedwith thepreviousfull endingcase.

Overall,all experimentsshow thattheproblemsaretractable,with
anacceptableperformanceloss,tradedoff by theability to find best
allocations.

5. CONCLUSIONS AND FUTURE WORK
We presenta new approachfor anintegratedsymbolicscheduling

andresourceallocation.Themethodproposedstartsfrom astate-of-
the-artsymbolicschedulingtechnique,andextendsit to targetboth
combinationalresourceandregisterminimization.As a by-product,
it allows tradingoff latency with cycle time,sinceregisteroptimiza-
tion is basedonallowing combinationalconnections.

Experimentalresultson benchmarkCDFGsshow that our solu-
tion is feasiblewith acceptableperformanceloss,comparedwith the
improvementsproposed.
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Circuit Cycle # Resource # Register # Mem. CPU
Bound Best Allocation [Mb] Time

oven control 8 4# ,4C,4$ 2# ,2C,1$ 12 4.7 0.2
maha 7 4# ,4C,4$ 2# ,1C,2$ 13 6.3 1.0
rotor 7 4# ,4C,4$ ,4*,4u 1# ,1C,1$ ,2*,1u 12 12.4 10.5
ewf1x1 13 8# 4# 26 5.1 0.6
ewf1x3 28 8# 3# 78 14.5 79.0
ewf1x3 28 8# (2 partial) 3# 78 13.5 45.0
fdct1x1 10 4# ,4$ ,4> 2# ,2$ ,3> 42 14.0 16.5
fdct1x1 10 4# ,4$ ,4> (2 partial) 2# ,2$ ,3> 42 6.0 3.0

Table5: ScheduleResults.Terminology for columns# Resources: ADD=  , ALU=A, COMPARATOR=C, SUB=" , MUL= ! , UnaryMI-
NUS=u.


