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Abstract— Emerging reconfigurablesystemsattain high peformance
with embeddedoptimized cores. For mapping designson such special
architectures,synthesistools,that areawareof the specialcapabilitiesof
the underlying architecture are necessary. In this paper we are propos-
ing an algorithm to perform simultaneousschedulingand binding, tar-
geting embeddedreconfigurablesystems. Our algorithm differs fr om
traditional scheduling methods in its capability of efficiently utilizing
embeddedblocks within the reconfigurablesystem. Our algorithm can
beusedto implementseveral other schedulingtechniques,suchasASAP,
ALAP, and list scheduling. Hencewerefer to it asa super-scheduler. Our
algorithm is a path-basedschedulingalgorithm. At eachstep,an indi-
vidual path fr om the input DFG is scheduled.Our experimentswith sev-
eral DFG’s extracted fr om MediaBenchsuit indicate promising results.
Our schedulerpresentscapability to perform the trade-off betweenmax-
imally utilizing the high-performance embeddedblocks and exploiting
parallelism in the schedule.

1. INTRODUCTION
In thepastdecadesubstantialevidencehasbeenprovidedby the

researchcommunityaswell ascommercialproductsregardingthe
advantagesof configurableandreconfigurablesystems[1, 2,3]. Cur-
rently, reconfigurablefabric is consideredto be part of hybrid sys-
temssuchasSystemOnChip(SoC)solutions.Onetrendis towards
integrationof highlyoptimizedhardcoresandhardwiredblockswith
reconfigurablefabric. Themaingoalhereis to utilize theoptimized
blocksto improve thesystemperformance.Suchprogrammablede-
vicesaretargetedfor a classof applications,suchasDSP[2], net-
working or datacommunications[4]. The flexible programmable
logic canbesupportedwith thehigh-densityhigh-performancecores
at variouslevels,suchasfunctionalblock level [4] or at thelevel of
basicarithmeticoperations,e.g.,multipliers [2]. The power of the
context-basedreconfigurablearchitectureslies in the efficient uti-
lization of the fixedcoreswithin the system.In this paperwe pro-
posea simultaneousschedulingandbindingalgorithmfor context-
specificsystemscontainingmultiplefixedcores.Ourscheduleruses
a path-basedalgorithm.Schedulingon eachpathis doneby solving
optimally themax-weighted-chain problem[5]. Thisalgorithmcon-
stitutesa super-scheduler, in the sensethat with properparameter-
ization it canbereducedto otherfundamentalschedulingmethods,
suchasASAP, ALAP, list scheduling,etc. Moreover, our scheme
enablesincrementalgenerationof a schedulefrom a given partial
schedule.Our scheduleris awareof thecustomizationof thetarget
architecture.The schedulerperformsa trade-off betweenreuseof
the embeddedcoresandachievableparallelismon hardware. The
time complexity of the proposedschedulingalgorithm is �������
	 ,
whereN is thenumberof operationsin theinputDFG.

The rest of the paperis organizedas follows. Section2 states
the schedulingproblemand presentsour algorithm. In Section3
resultsarepresented.Wediscussourconclusionsandfuturework in
Section4.

2. SCHEDULING
Givena reconfigurablearchitecturewith severalembeddedcores,

asdescribedin theintroduction,ahigh-level synthesistool mapsthe
designontoit. In thefollowing sectionswebriefly describetheover-
all flow andpresentour solutionto the schedulingproblemwithin
the high-level synthesisframework. In Section2.1 the scheduling
problemfor embeddedreconfigurablesystemsis introduced.In this
sectionwe alsodiscussrelatedwork. Thedefinitionof theproblem
andourproposedalgorithmarepresentedin Section2.2.

2.1 Overview and RelatedWork
In thiswork wepresentaschedulingalgorithmfor reconfigurable

architecturescontainingfixedblocks. Theoperationsin a givenap-
plication arescheduledsuchthat the availableembeddedcoresare
utilized in the bestway to improve performance.The architecture
would becustomizedwith thesecoresfor a particularfamily of ap-
plications.Hence,whenimplementingoneof thoseapplicationsthe
critical operationscommonto this family aremostlikely to beexe-
cutableby theembeddedcores.Within oneapplicationthenumber
of suchoperationsareexpectedto be high aswell. Our scheduler
generatesscheduleswhile maintainingabalancebetweenexploiting
theoptimizedembeddedcoresandavoiding the limited availability
of theseblocksbecomea bottleneckfor the endresult. Functional
unitsfor any desiredoperationtypecanbeinstantiatedusingrecon-
figurablelogic. For operationsthatcannotbeperformedby theem-
beddedcoresthis is a necessity. For otheroperationsthis can be
donein order to exploit parallelismin the schedule.However, as
mentionedearliertheavailableblocksarehighly preferredfor those
operations.

Our methodusesthe ideaof producingschedulesfor individual
pathswithin a DFG. A similar schemeis usedby otherpath-based
schedulingtechniques[6, 7]. In [6] eachpossiblepathis scheduled
independentlyin an optimal fashion. Thenthe schedulesfor each
path are overlapped,againin an optimal way. To allow the opti-
mal schedulingof all executionpaths,operationsmaybescheduled
into several states.In our approach,onepathof the input is sched-
uled at a time andthe scheduleof eachpath is constrainedby the
partial scheduleconstructedso far. This schemeprovidesthe syn-
thesistool the ability to do incrementalsynthesisand incremental
change.Theresultmaynotbeguaranteedto beoptimalin all cases,
but comparedto otherpath-basedschedulingalgorithms[6, 7], our
algorithmis moretime-efficient. Thealgorithmin [6] usesamethod
for optimallysolvingasub-problemthathasexponentialcomplexity
in the worst case. Subproblemsin our algorithm are solved opti-
mally in polynomialtime. Also both in [6] and[7] an exponential
numberof pathsareconsidered.Whereasin our case,eachpath’s
scheduleis fixedafteroneattemptandthealgorithmproceedsuntil
all operationsarescheduled.Anotheralgorithmproposedin [8] is



basedon bipartitegraphmatching. In this work a bipartitematch-
ing is� performedandtheresultis prunedwith a heuristicin orderto
complywith precedenceconstraints.Ourapproachto theproblemis
different,suchthatwegeneratebipartitegraphsfor matchingby ob-
servingdependenciesto begin with. Theneachmatchingproblemis
solvedoptimally in polynomialtime. In this paperwe show how to
optimally solve the maximum-weight-matchingproblemwhile sat-
isfying all precedenceconstraintsin polynomialtime.

Our algorithm can be easily reducedto basicschedulingalgo-
rithms,suchasASAP, ALAP, andlist schedulingby properparame-
terization.Wewill elaborateon this in Section2.3.

2.2 Our SchedulingAlgorithm
Givena DataFlow Graph(DFG) asinput, theproblemof simul-

taneousschedulingandbindingis assigninga clock cycle asa start
timeandaresourceto eachoperationin theDFG.A scheduleis valid
if:

� For eachoperationavalid starttimeandabindingis defined.

� Datadependenciesimposedby theDFGarenot violated: ����������������	��������! 
��"�#%$'&)(+*�,-*.�
/0"�#
1
� Eachresourcecanperformat mostoneoperationatany given

clockcycle: ����2��  ���!34��*.(������! 
��"�#6587)�����! 
��"�#%9;:<(+*�,-*.�
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Our methodprovidesan incrementalschedulingschemeby han-

dling onepathwithin the given DFG at a time. The global prob-
lemis first dividedinto sub-problemsof schedulingindividualpaths.
Thesub-problemis thensolvedwith a bipartitegraphmatchingap-
proach.

Selectionof Paths in the DFG: Pathsareselectedfrom theinput
DFG accordingto criticality. After a selectedpathis scheduled,the
schedulesof theoperationson it arefixed.A new pathis selectedin
thenext iteration.Thescheduleof eachnewly selectedpathdepends
on theexistingpartialschedule.

Schedulingof Paths using Non-CrossingBipartite Matching:
Givena DFG anda targetarchitecturethefirst stepis to setupa re-
sourceassignmenttable. Therows in this tablecorrespondto clock
cyclesandeachcolumncorrespondsto ahardwareresource.Thear-
chitecturespecificationsprovide informationon thetypesandnum-
bersof fixedblocks. For eachof thosea columnis generated.The
tableis extendedwith new columnsasreconfigurablemodulesare
addedto the binding set. If an operationis scheduledat a certain
cycleonahardwareresource,thecorrespondingentryin thetableis
markedaswell asconsecutivecycleswithin thesamecolumnfor the
durationof theoperation’s executiontime.

Theprobleminstancefor a pathP is thenconvertedto a bipartite
graphrepresentation

? �@GH�JIK	 , where
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An exampleof a possiblerepresentationis depictedin Figure1(a).
Everyedgein

?
is associatedwith aweight j . Edgesof

?
aregen-

eratedwhile obeying the datadependenciesbetweenoperationson
thesamepath. In addition,dependenciesamongalreadyscheduled
operationin previouspathandthecurrentlyscheduledpatharecon-
sidered. The last issueto consideris relatedto the availability of
hardwareresources.If thealgorithmis appliedto amodelwith fixed
amountof resources,thenthefollowing holds:
If for anoperatione thereareno availableresourcesat cycle * , then
therecannotbe an edgebetweene and * . This informationis ob-
tainedfrom theresourceassignmenttable.

Eachedgeis assignedaweight j thatrepresentsconceptuallythe
following:

� Fromasingleoperation’sperspective,theweight j of anedge
= F ��e��Jfg	 representsthetendency of operatione to besched-
uled at clock cycle f . Eachoperationwould preferablybe
scheduledat theclock cycle ontowhich anedgefrom theop-
erationis incidentwith highestweight.

� Comparingseveral operationswith connectingedgesto the
sameclockcycle,theoperationwith highestedgeweightwould
havehighestpriority.

Wegenerateweightsfor theedgesin thebipartitegraphconsidering
several factors. The mostobvious onebeingthe tendency of oper-
ationsto be scheduledearly. Sincethe primary goal is to obtaina
schedulewith low latency thealgorithmshouldnotdelaythesched-
uleof operations.In addition,sincefixedcoresareoptimizedblocks,
matchingoperationsaredesiredto beexecutedon those.Whencon-
sideringtwo differentcyclesfor possiblestarttime of anoperation,
the onewith an availablefixed block would be preferredover an-
otherat which no optimizedfixedblock is free. In this mannerthe
customizedfeaturesof thetargetarchitecturecanbeexploitedbest.
Similarly furtherconsiderationscanbeincorporatedinto thecompu-
tation of edgeweights. A combinationof variouscostmetricscan
betunedaccordingto thecurrentneeds.

Thesolutionto theschedulingproblemof a givenpath S is now
finding a non-crossingmatchingon the constructedbipartitegraph
such that the sum of edgeweightsare maximized. We find this
matchingby converting the probleminto a geometricrepresenta-
tion. For eachpossiblematchingindicatedby an edgein the bi-
partitegraph,a point in the x-y planeis created.For = F ��ek��fg	 a
point �l��]�� X 	 is created,suchthat ] F *�,-A!=
]���e-	 and

X F *�,-A!=6]l��fg	 .
This is shown in Figure1(b). Theweightof eachedgeis transferred
asa weightto thecorrespondingpoint in theplane.Theproblemof
findingamaximum-weightnon-crossingmatchingis now equivalent
to findingamaximum-weightchainof length m , where m is equalto
the numberof operationson path S . Within this chaineachpoint
dominatestheprecedingpoint,hencedependenciesareobserved.

Definition 1. Point � F �c��n0��� _ 	 dominatespoint o F ��o6ng��o _ 	
iff � nhp o nrq � _ p o _ .

Definition 2. Eachpoint � in theplaneis associatedwith a level,
such that noneof thepointsin thesamelevel dominateeach other.
Pointsin higherlevelsdominatepointsin lower levels.

Definition 3. Thelevel associatedwith a point � in theplaneis
equal to the highestlevel amongthe pointsdominatedby � incre-
mentedbyone. Theorigin is assumedto havelevel s .

Lemma 2.1. There are exactlyk levelsin theresultingpoint set
in maximum-weightnon-crossingmatching problemandtwo points
havesamelevel iff they havethesamex-coordinate.

Proof: Sincethereareonly m possibledifferentx-coordinates,there
canonly bek possiblelevels.Everyx-coordinatecorrespondsto one
of the m operationsonpathP. Thepointswith samex-coordinate,but
differenty-coordinateshave thesamelevel, sincenoneof themcan
dominateanother. Let two points ��t F ��]�t�� X t�	 and � � F ��] � �

X
� 	

beat differentx-coordinates,suchthat ]�ti:u] � , i.e. on thepathP,
operationcorrespondingto � t precedesoperationcorrespondingto
� � . In orderfor thesepointsto have thesamelevel

X
� mustbe less

thenor equalto
X t , otherwise� � would have dominated� t . There

cannotexist suchapoint � � , becausethefirst ruleof edgegeneration
prohibitsassignmentof anedgeto � � anytimeequalor earlierto the



first cycle that ��t wasmatchedwith anedge.Thatmeansany point
at x-coordinatev ] � having smallesty-coordinatewould dominateat
leastonepointatx-coordinate]�t . w

Accordingto Lemma3.1,a level valueto eachpoint in theplane
caneasilybeassigned,wherethelevel of eachpoint is equalto its x-
coordinate.A polynomialtime algorithmfor finding themaximum-
weightchainis proposedin [5]. In thecaseof assigningunit weights
to eachpoint this algorithmreturnsthe longestchain,which natu-
rally correspondsto themaximumsumof weights.However, when
arbitraryweightsareassignedto the pointsin the plane,this algo-
rithm doesnot necessarilyyield achainof length m . Anotherproce-
dureproposedby [7] onlycreatesachainof lengthequalto thenum-
berof operationsbyusingthelevel information.Themaxweightedk chain()
procedureis asfollows:
maxweightedk chain()

1 initialize labelsof pointsat level = 1 to theirweightsand
labelsof pointsatotherlevelsto 0
2 for level = 2 to k do
3 for eachpoint in level i do
4 max label:= maximumlabelfoundatpreviouslevel

amongdominatedpoints
5 label(point):= label(point)+maxlabel
6 assignpointerfrom point to thedominatedpoint

providing themax labelfoundto point
7 endfor
8 endfor
Themax-weightedchainconstructionstartswith thepoint ��x atlevel
m with highestlabel. �-x is addedto themax chainasthe �-x th ele-
ment. Thepointercreatedaftertheupdateof �-x ’s label links it to a
point �-xzy t . By tracingthispointer, ��xzy t is locatedandaddedto the
max chainasthe m|{[� th element.This is continueduntil the last
pointerpointsto thefirst elementof themax chainwhich is at level
= 1.

Theorem 2.1. maxweightedk chain() producesthe optimal k-
chain.

Proof: Whencomputingthelabelsof thepointsat
Y =6f!= Y F � each

point is linkedto auniquepointwith largestlabelat
Y =6f!= Y F � , such

that the sumof the weightsof the two pointsis maximumandthe
dominancerelationholds. Themaximumlabelamongall pointsat
level 2 would indicatethemaximumpossiblesumof weightsfor a
2-pointchain.Whenthealgorithmproceedsto thenext level, labels
at thenew level will be computedusingthepartial sumscomputed
in theearlierlevels.Weknow thatthosepartialsumswerethemax-
imumpossiblevalueswhile maintainingdominanceconditionin the
chain. Sinceeachpoint at the new level will pick the maximum
partialsumcarriedfrom the immediatelower level, thenew partial
chainsums(labels)will remainmaximal.By inductionon thenum-
ber of levels, at m th level, the point with maximumlabel indicates
themaximumsumof weightsof ak-chain.w
2.3 Super-SchedulerProperty

Our schedulingalgorithmis reducibleto otherexisting schedul-
ing algorithms. The selectionof (partial) pathsandassignmentof
weightsto the edgesin the bipartitegraphare the two key issues
here.Wewill demonstratethisconversionpropertyon two schedul-
ing techniques:

As SoonAs Possible(ASAP) Scheduling: To theedgesincident
on oneoperation�8��2 , amonotonicallydecreasingseriesof weights
is assigned.The edgeconnecting�8� 2 to the earliestclock cycle
receivesthe highestweightandfrom thereon eachedgeweight to
the next cycle is } lessthenthe previous one. Hereedgeweights
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Figure1: Bipartite Graph Representation

only reflectthedesireof theoperationsto bescheduledearly. Each
operationcanbe assignedto the earliestpossiblecycle designated
with thehighestweightin thematching.

List Scheduling: In list scheduling,operationsin theinput DFG
areorderedaccordingto somepriority function The algorithmas-
signsoperationsto clockcyclesby tracingthisorderedlist andobey-
ing dependenciesandresourceconstraints.In aunit delaycaseeach
operation’s level would bethe lengthof thelongestpathto theout-
put. In anothercase,operationsmaybe orderedaccordingto their
slack(ALAP-ASAP).In thissetupourincrementalpath-basedscheme
canbeutilizedwith thehelpof aminoraddition.Weaddadatastruc-
ture that containsinformationon the numberof operationsat each
priority level, separatenumbersfor eachoperationtype per level.
Thealgorithmselectsthemostcritical path. Eachoperationon the
pathis checked asto whetherit canbescheduledat this step.This
dependson the following; the operationdoesnot have any prede-
cessorthatis not in thepathor alreadyscheduled,no operationat a
higherpriority level existsor nooperationof thesametypeathigher
priority level exists.Startingfrom thefirst operationin thepath,the
longestpathof operationswith qualifyingpropertiesareselectedand
matching-basedschedulingis appliedon thispath.

2.4 Complexity of Our Algorithm
The coreof our algorithmis the maximum-weightk-chainpro-

cedure. In this procedure,at eachlevel, the numberof pointsare
boundedby ���@M8~�� n 	 , where M8~�� n is the maximumnumberof
clockcyclesincludedin thebipartitegraph.Thenumberof levelsis
equalto thenumberof operationson thegivenpath S . If wedenote
thenumberof operationson S with � , then , F ���c��M8~�� n 	 . The
complexity of maxweightedk chain() becomes���c�-M ~�� n4	 . This
procedureis repeateduntil all operationsin theinputDFGaresched-
uled.

Theorem 2.2. Thecomplexityof geomScheduling(DFG,IP Library,
reconfigurableResource, costFunction(ParameterList)) is ����� � 	 ,
where N denotesthenumberof operationsin theDFG.

Proof: If at every step * a pathcontaining� 2 operationsaresched-
uled,thenthetotal time to scheduleaDFGcanbeexpressedas

2���~�� n
�.������
2���t

� 2-� M ~�� n0�

which is equalto

M8~�� n �
2��-~�� n �@������

2���t
��2U�g,-A

2��-~�� n �@������
2���t

��2 F ���

Assumingeachoperationin the DFG can be performedwithin a
constantnumberof clock cycles, the maximumnumberof clock



cycles requiredto schedulea DFG is boundedby the numberof
operations� with a constantcoefficient k. M ~�� n F ����mg��	 . Elim-
inating the constantm , the complexity of the algorithm becomes
����� � ��	 F ����� � 	 . w

3. RESULTS
In this sectionwe will presentour experimentalresults.We have

usedapplicationsfrom the MediaBenchsuite[10] to testour algo-
rithm. Wehaveselectedfunctionblocksfrom applicationscontained
in thesuit andgeneratedDFGsfor themusingtheSUIF2compiler
system[9]. Table1 shows the files, from which input DFGswere
generated.Thecorrespondingapplicationscontainingthesefilesare
givenaswell.

IndividualDFGsarescheduledwith two differentmethodsshown
in Table2. For eachapplicationasetof hardwareresourcesarespec-
ified. Within theavailablesetof resourcestherearemultiplecompo-
nentswith samefunctionality, but differentdelays.This represents
theexistenceof optimizedcoresfor certainoperations.Theslower
versionsof suchresources,in turn, correspondto instancescreated
on reconfigurablelogic. Several DFGsresultfrom eachfunctional
block. We have enumeratedthose,and labeledthe DFGs with a
uniqueindex, suchasDFG20. In Table2 schedulingresultsfor a
numberof selectedDFGsaregiven.Therestweremostlyvery sim-
ple DFGsin termsof numberof nodesanddepth.We comparethe
resultsof our algorithmagainsttheresultsobtainedfrom the linear
programmingsolver, CPLEX.Theschedulingproblemhasbeende-
scribedasa linear integer programfor our probleminstance.The
objective functionof the integer linearmodeltries to minimize the
latency and the numberof slow blocksused. A higherpriority is
given to latency minimization. Similarly in our algorithm,we try
to minimizethelatency, while trying to utilize theoptimizedblocks
aswell aspossible.CPLEX providesusanoptimalsolutionfor the
given objective function. Thereforewe are comparingour results
to thosegeneratedby the linearsolver. The latency columnsreport
the latenciesof thescheduledDFGs,while the secondcolumnand
the fourth columnrepresentthe coreusagefor CPLEX andour al-
gorithmrespectively. For eachDFG thetotal numberof operations
assignedto optimizedblocks is given vs. the total numberof op-
erationsthatcouldhave beenperformedby any availableoptimized
block.

As depictedin Table2 ouralgorithmwasableto producelatencies
compatiblewith CPLEX resultsfor mostof thecases.In only three
DFGsour algorithmcouldnot achieve optimality. However, in two
of thesecases,convolve-DFG98andfft-DFG18,our algorithmwas
ableto utilize the optimizedblocksasgoodasCPLEX results. In
thecaseof fft-DFG27the increasein latency resultedfrom a trade-
off aiming to increaseusageof optimizedblocks. For this DFG,
ouralgorithmwasableto outperformtheoptimizedblockutilization
obtainedfrom CPLEXsolution.

Benchmark C File Description

epic convolve.c 2D imageconvolution
rasta fft.c FastFourierTransform

mpeg2 getblk.c DCT Block Decoding
mpeg2 motion.c Motion VectorDecoding

Table1: Origins of DFGsfr om MediaBench

4. CONCLUSIONS AND FUTURE WORK
In this paperwe have proposeda schedulerto performsimulta-

neousschedulingandbinding. Our algorithmis mainly targetedfor
reconfigurablesystems,wheremultiple optimizedcoresare avail-

Benchmark CPLEX OurAlgorithm
convolve latency coreusage latency coreusage
DFG0 18 5/6 18 5/6
DFG19 12 2/3 12 2/3
DFG98 18 5/6 20 5/6
fft
DFG18 26 6/9 28 6/9
DFG27 22 5/6 27 6/6
getblk
DFG42 14 3/4 14 3/4
DFG91 18 4/4 18 3/4
motion
DFG6 - - 41 22/26
DFG7 24 6/8 24 6/8

Table 2: Schedulingresultsin terms of DFG latencies,in cycles.
“-” indicatesresultcouldnot beobtainedin a reasonableamount
of time Usageof coresindicates the total number of operations
actually assignedto optimized blocks vs. the total number of
operationsthat could have beenperformed by any available op-
timized block

ablewithin thesystem.We have shown thatsub-stepsof our algo-
rithmcanbesolvedoptimallyin polynomialtime. Alsoourproposed
methodformsa framework asa super-scheduler. Within this frame-
work several schedulingtechniques,suchasASAP, ALAP, andlist
schedulingcanbe implemented.Our preliminaryexperimentsin-
dicategood resultsin termsof the combinedeffort of minimizing
latency andutilizing optimizedcoresavailablein agivensystem.

We arecurrentlyintegratingour algorithminto a high-level syn-
thesistool. After completeautomationof the algorithmwe aim to
experimentwith largerbenchmarksfrom otherapplications.Bench-
marksavailableat this time werenot very large. Therefore,inves-
tigationof appropriatebenchmarksboth in context andin sizeis an
importanttaskto accomplish.
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