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Abstract— Emerging reconfigurablesystemsattain high peformance
with embeddedoptimized cores. For mapping designson such special
architectures,synthesistools, that are aware of the specialcapabilities of
the underlying architecture are necessary In this paper we are propos-
ing an algorithm to perform simultaneousschedulingand binding, tar-
geting embeddedreconfigurable systems. Our algorithm differs from
traditional scheduling methodsin its capability of efficiently utilizing
embeddedblocks within the reconfigurablesystem. Our algorithm can
be usedto implement several other schedulingtechniques suchasASAP,
ALAP, andlist scheduling Hencewereferto it asa superscheduler Our
algorithm is a path-basedschedulingalgorithm. At eachstep, an indi-
vidual path from the input DFG is scheduled.Our experimentswith sev-
eral DFG’s extracted from 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 the pastdecadesubstantiabvidencehasbeenprovided by the
researclcommunityaswell ascommercialproductsregardingthe
adwantage®f configurableandreconfigurableystemgl, 2, 3]. Cur-
rently, reconfigurabldabricis consideredo be part of hybrid sys-
temssuchasSystemOn Chip (SoC)solutions.Onetrendis towards
integrationof highly optimizedhardcoresandhardwiredblockswith
reconfigurabldabric. The maingoalhereis to utilize the optimized
blocksto improve the systemperformanceSuchprogrammablele-
vicesaretargetedfor a classof applicationssuchasDSP[2], net-
working or datacommunicationg4]. The flexible programmable
logic canbesupportedvith thehigh-densityhigh-performanceores
atvariouslevels, suchasfunctionalblock level [4] or atthelevel of
basicarithmeticoperationsg.g., multipliers [2]. The power of the
contet-basedreconfigurablearchitecturedies in the efficient uti-
lization of the fixed coreswithin the system.In this paperwe pro-
posea simultaneouschedulingandbinding algorithmfor context-
specificsystemgontainingmultiple fixed cores.Our schedulenses
apath-basealgorithm. Schedulingon eachpathis doneby solving
optimally the max-weighted+tain problem([5]. This algorithmcon-
stitutesa superscheduler in the sensethatwith properparameter
izationit canbereducedo otherfundamentaschedulingnethods,
suchas ASAPR, ALAP, list schedulingetc. Moreover, our scheme
enablesncrementalgenerationof a schedulefrom a given partial
schedule.Our scheduleis aware of the customizatiorof thetarget
architecture. The schedulemperformsa trade-of betweenreuseof
the embeddectoresand achievable parallelismon hardware. The
time compleity of the proposedschedulingalgorithmis O(N?),
whereN is thenumberof operationsn theinput DFG.

The restof the paperis organizedas follows. Section2 states
the schedulingproblemand presentsour algorithm. In Section3
resultsarepresentedWe discusour conclusionsandfuturework in
Sectiord.

2. SCHEDULING

Givenareconfigurablerchitecturewith severalembeddedores,
asdescribedn theintroduction,a high-level synthesigool mapsthe
designontoit. In thefollowing sectionave briefly describeheover
all flow and presentour solutionto the schedulingproblemwithin
the high-level synthesidramavork. In Section2.1 the scheduling
problemfor embeddedeconfigurablesystemss introduced.In this
sectionwe alsodiscusselatedwork. The definitionof the problem
andour proposedlgorithmarepresentednh Section2.2.

2.1 Overview and RelatedWork

In thiswork we presentaschedulingalgorithmfor reconfigurable
architecturegontainingfixed blocks. The operationsn a given ap-
plication are scheduledsuchthat the availableembeddedtoresare
utilized in the bestway to improve performance.The architecture
would be customizedvith thesecoresfor a particularfamily of ap-
plications.Hence whenimplementingoneof thoseapplicationghe
critical operationccommonto this family aremostlikely to be exe-
cutableby the embeddedaores. Within oneapplicationthe number
of suchoperationsare expectedto be high aswell. Our scheduler
generateschedulesvhile maintaininga balancebetweerexploiting
the optimizedembeddedoresandavoiding the limited availability
of theseblocksbecomea bottleneckfor the endresult. Functional
unitsfor ary desiredoperationtype canbeinstantiatedisingrecon-
figurablelogic. For operationghatcannotbe performedby theem-
beddedcoresthis is a necessity For other operationsgthis canbe
donein orderto exploit parallelismin the schedule. However, as
mentionecearlierthe availableblocksarehighly preferredfor those
operations.

Our methodusesthe idea of producingscheduledor individual
pathswithin a DFG. A similar schemes usedby otherpath-based
schedulingechniqueg6, 7]. In [6] eachpossiblepathis scheduled
independentlyin an optimal fashion. Thenthe scheduledor each
path are overlapped,againin an optimalway. To allow the opti-
mal schedulingof all executionpaths,operationgnay be scheduled
into several states.In our approachpne pathof the inputis sched-
uled at a time andthe scheduleof eachpathis constrainedy the
partial scheduleconstructedso far. This schemeprovidesthe syn-
thesistool the ability to do incrementalsynthesisand incremental
change Theresultmaynotbe guaranteedb be optimalin all cases,
but comparedo otherpath-basedchedulingalgorithms[6, 7], our
algorithmis moretime-eficient. Thealgorithmin [6] usesamethod
for optimally solvinga sub-problemhathasexponentialcompleity
in the worst case. Subproblemsn our algorithm are solved opti-
mally in polynomialtime. Also bothin [6] and[7] anexponential
numberof pathsare considered.Whereasn our case,eachpath’s
schedulds fixed after oneattemptandthe algorithmproceedsuntil
all operationsare scheduled.Anotheralgorithmproposedn [8] is



basedon bipartitegraphmatching. In this work a bipartite match-
ing is performedandtheresultis prunedwith a heuristicin orderto
complywith precedenceonstraintsOurapproactio the problemis
different,suchthatwe generatdipartitegraphsfor matchingby ob-
servingdependencie® begin with. Theneachmatchingproblemis
solved optimally in polynomialtime. In this paperwe shav how to
optimally solve the maximum-weight-matchingroblemwhile sat-
isfying all precedenceonstraintsn polynomialtime.

Our algorithm can be easily reducedto basic schedulingalgo-
rithms, suchasASAP, ALAP, andlist schedulingpy properparame-
terization.We will elaborateonthisin Section2.3.

2.2 Our SchedulingAlgorithm

Givena DataFlow Graph(DFG) asinput, the problemof simul-
taneousschedulingandbindingis assigninga clock cycle asa start
timeandaresourceo eachoperationin theDFG. A schedules valid
if:

e For eachoperationavalid starttime anda bindingis defined.

e Datadependencieisnposedby the DFG arenotviolated:
V(opl, 0p2), startop, > finishop,

e Eachresourcecanperformat mostoneoperationatary given
clockcycle:
Vop;,Vop;,ifstartop;, < startop; < finishop;then
Binding(op;) # Binding(op;).

Our methodprovidesanincrementakchedulingschemeby han-
dling one pathwithin the given DFG at a time. The global prob-
lemisfirst dividedinto sub-problemsf schedulingndividual paths.
The sub-problenis thensolved with a bipartitegraphmatchingap-
proach.

Selectionof Pathsin the DFG: Pathsareselectedrom theinput
DFG accordingto criticality. After a selectedathis scheduledthe
schedule®f theoperationonit arefixed. A new pathis selectedn
thenext iteration. Theschedulef eachnewly selectegathdepends
ontheexisting partialschedule.

Schedulingof Paths using Non-CrossingBipartite Matching:
Givena DFG andatametarchitecturghefirst stepis to setupare-
souce assignmentable Therows in this tablecorrespondo clock
cyclesandeachcolumncorrespondso a hardwareresourceThear
chitecturespecificationgprovide informationon the typesandnum-
bersof fixed blocks. For eachof thosea columnis generatedThe
tableis extendedwith nev columnsasreconfigurablenodulesare
addedto the binding set. If an operationis schedulecht a certain
cycle onahardvareresourcethecorrespondingntryin thetableis
markedaswell asconsecutie cycleswithin thesamecolumnfor the
durationof the operations executiontime.

The probleminstanceor a pathP is thencorvertedto a bipartite
graphrepresentatioB(V, E), where
V=0UC, O={opi|opi € Pland C = {cycle; |1 < i <
mamcycles}

E ={(u,v) | u€ 0,0 € C}

An exampleof a possiblerepresentatioiis depictedin Figure1(a).
Every edgein B is associateavith aweightw. Edgesof B aregen-
eratedwhile obegying the datadependenciebetweenoperationon
the samepath. In addition,dependencieamongalreadyscheduled
operationin previous pathandthe currentlyschedulegbatharecon-
sidered. The last issueto consideris relatedto the availability of
hardwareresourceslf thealgorithmis appliedto amodelwith fixed
amountof resourcesthenthefollowing holds:

If for anoperationu thereareno availableresourcesit cyclez, then
therecannotbe an edgebetweenu andi. This informationis ob-
tainedfrom theresourceassignmentable.

Eachedgeis assignedweightw thatrepresentsonceptuallythe
following:

e Fromasingleoperations perspectie, theweightw of anedge
e = (u, v) representthetendenyg of operationu to besched-
uled at clock cycle ». Eachoperationwould preferablybe
scheduledt the clock cycle ontowhich anedgefrom the op-
erationis incidentwith highestweight.

e Comparingseveral operationswith connectingedgesto the
sameclockceycle,theoperatiorwith highesiedgeweightwould
have highestpriority.

We generataveightsfor theedgesdn thebipartitegraphconsidering
several factors. The mostohvious onebeingthe tendeng of oper
ationsto be schedulecearly. Sincethe primary goalis to obtaina
schedulewith low lateng thealgorithmshouldnot delaythe sched-
ule of operationsln addition,sincefixedcoresareoptimizedblocks,
matchingoperationsaredesiredo beexecutedonthose.Whencon-
sideringtwo differentcyclesfor possiblestarttime of anoperation,
the one with an available fixed block would be preferredover an-
otherat which no optimizedfixedblock is free. In this mannerthe
customizedeaturesof thetargetarchitecturecanbe exploited best.
Similarly furtherconsiderationsanbeincorporatednto thecompu-
tation of edgeweights. A combinationof variouscostmetricscan
betunedaccordingo thecurrentneeds.

The solutionto the schedulingproblemof a givenpath P is nov
finding a non-crossingnatchingon the constructedipartite graph
suchthat the sum of edgeweightsare maximized. We find this
matchingby converting the probleminto a geometricrepresenta-
tion. For eachpossiblematchingindicatedby an edgein the bi-
partitegraph,a pointin the x-y planeis created.Fore = (u,v) a
pointp(z, y) is createdsuchthatz = index(u) andy = index(v).
Thisis shawvn in Figure1(b). Theweightof eachedgeis transferred
asaweightto the correspondingointin the plane. The problemof
findingamaximum-weighhon-crossingnatchings now equivalent
to finding a maximum-weighthainof lengthk, wherek is equalto
the numberof operationson path P. Within this chaineachpoint
dominateghe precedingpoint, hencedependencieareobsered.

Definition 1. Pointp = (pz,py) dominatepointg = (¢z,qy)
iffpe > gz Apy > qy.

Definition 2. Eacd pointp in theplaneis associatedvith alevel,
sud that noneof the pointsin the samelevel dominateead other
Pointsin higherlevelsdominatepointsin lower levels.

Definition 3. Thelevel associatedvith a pointp in the planeis
equalto the highestlevel amongthe pointsdominatedby p incre-
mentedby one Theorigin is assumedo havelevel 0.

Lemma 2.1. Thee are exactlyk levelsin theresultingpoint set
in maximum-weighton-ciossingmatding problemandtwo points
havesamdevel iff they havethe samex-coodinate

Proof: Sincethereareonly k£ possibledifferentx-coordinatesthere
canonly bek possibldevels. Every x-coordinatecorrespondo one
of thek operation®npathP. Thepointswith samex-coordinatebut
differenty-coordinatediave the samelevel, sincenoneof themcan
dominateanother Let two pointsp: = (z1,y1) andps = (x2,y2)
be at differentx-coordinatessuchthatz; < z2, i.e. onthepathP,
operationcorrespondingo p: precede®perationcorrespondingo
p2. In orderfor thesepointsto have the samelevel y» mustbe less
thenor equalto y1, otherwisep, would have dominatedp:. There
cannotexistsuchapointps, becauséhefirstrule of edgegeneration
prohibitsassignmentf anedgeto p» arytime equalor earlierto the



first cycle thatp; wasmatchedwith anedge.Thatmeansary point
at x-coordinater, having smallesty-coordinatewvould dominateat
leastonepointatx-coordinater;.0

Accordingto Lemma3.1, alevel valueto eachpointin the plane
caneasilybeassignedwherethelevel of eachpointis equalto its x-
coordinate A polynomialtime algorithmfor finding the maximum-
weightchainis proposedn [5]. In thecaseof assigningunit weights
to eachpoint this algorithmreturnsthe longestchain, which natu-
rally correspondso the maximumsumof weights. However, when
arbitraryweightsare assignedo the pointsin the plane,this algo-
rithm doesnot necessarilyield achainof lengthk. Anotherproce-
dureproposedy [7] only createsa chainof lengthequalto thenum-

berof operationdy usingthelevel information. Themaxweightedk_chain()

proceduras asfollows:
maxweightedk_chain()

linitialize labelsof pointsatlevel = 1 to theirweightsand

labelsof pointsat otherlevelsto O

2for level=2tok do

3  for eachpointin level i do

4 max_label:= maximumlabelfoundatpreviouslevel
amongdominatecpoints

5 label(point):= label(point)+maxabel

6 assigrpointerfrom pointto thedominatecpoint
providing the max labelfoundto point

7  endfor

8 endfor

Themax-weighteathainconstructiorstartswith thepointp;, atlevel
k with highestlabel. pg is addedto the maxchainasthe pxth ele-
ment. The pointercreatedafterthe updateof p;’slabellinks it to a
pointp,_; . By tracingthis pointet p_, is locatedandaddedo the
maxchainasthe £ — 1th element. This is continueduntil the last
pointerpointsto thefirst elementof the max.chainwhichis atlevel
=1.

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

Proof: Whencomputingthelabelsof thepointsatievel = 2 each
pointis linkedto auniquepointwith largestlabelatlevel = 1, such
thatthe sumof the weightsof the two pointsis maximumandthe
dominancerelationholds. The maximumlabelamongall pointsat
level 2 would indicatethe maximumpossiblesumof weightsfor a
2-pointchain. Whenthe algorithmproceedso the next level, labels
atthe new level will be computedusingthe partial sumscomputed
in the earlierlevels. We know thatthosepartial sumswerethe max-
imum possiblevalueswhile maintainingdominancesonditionin the
chain. Sinceeachpoint at the new level will pick the maximum
partial sumcarriedfrom theimmediatelower level, the new partial
chainsums(labels)will remainmaximal.By inductiononthe num-
ber of levels, at kth level, the point with maximumlabelindicates
the maximumsumof weightsof ak-chainO

2.3 SuperSchedulerProperty

Our schedulingalgorithmis reducibleto otherexisting schedul-
ing algorithms. The selectionof (partial) pathsand assignmenbf
weightsto the edgesin the bipartite graphare the two key issues
here.We will demonstrat¢his conversionpropertyon two schedul-
ing techniques:

As SoonAs Possible(ASAP) Scheduling To theedgesncident
ononeoperationOp;, amonotonicallydecreasingeriesof weights
is assigned. The edgeconnectingOp; to the earliestclock cycle
recevesthe highestweightandfrom thereon eachedgeweightto
the next cycle is e lessthenthe previous one. Here edgeweights

Path P

Clock Cycles
¥ (cycles)

1 2 3 4

() (b)

X (operations)

Figure 1: Bipartite Graph Representation

only reflectthe desireof the operationgo be scheduleaarly. Each
operationcan be assignedo the earliestpossiblecycle designated
with the highestweightin thematching.

List Scheduling In list schedulingoperationsn theinput DFG
are orderedaccordingto somepriority function The algorithmas-
signsoperationgo clock cyclesby tracingthisorderedist andobey-
ing dependencieandresourceconstraintsin a unit delaycaseeach
operations level would be the lengthof thelongestpathto the out-
put. In anothercase,operationamay be orderedaccordingto their
slack(ALAP-ASAP). In thissetupourincrementapath-basedcheme
canbeutilizedwith thehelpof aminoraddition.We addadatastruc-
ture that containsinformationon the numberof operationsat each
priority level, separatsmumbersfor eachoperationtype per level.
The algorithmselectshe mostcritical path. Eachoperationon the
pathis checled asto whetherit canbe scheduledat this step. This
dependson the following; the operationdoesnot have ary prede-
cessotthatis notin the pathor alreadyscheduledno operationata
higherpriority level existsor no operatiorof thesametypeathigher
priority level exists. Startingfrom thefirst operationin the path,the
longestpathof operationsvith qualifying propertiesareselectecaind
matching-basedchedulings appliedon this path.

2.4 Complexity of Our Algorithm

The core of our algorithmis the maximum-weightk-chain pro-
cedure. In this procedure at eachlevel, the numberof pointsare
boundedby O(Cinaz), Where Crnq. is the maximumnumberof
clock cyclesincludedin the bipartitegraph. The numberof levelsis
equalto thenumberof operationonthegivenpath P. If we denote
the numberof operation®n P with p, thenn = O(pCirez). The
compleity of maxweightedk chain() becomesO(pCinq). This
procedures repeatedintil all operationsn theinputDFG aresched-
uled.

Theorem 2.2. Thecompleity of ggomSdeduling(DFG, IP_Library,
reconfiguableResowre costFunction(RrameterList)) is O(N?),
whee N denoteghe numberof opetionsin the DFG.

Proof: If atevery stepi a pathcontainingp; operationsaresched-
uled,thenthetotal time to schedulea DFG canbe expresseds

i=maZTstep

>

i=1

Pi- Cmaac;

whichis equalto

i=maZTstep

Z p; and
i=1

Assumingeachoperationin the DFG can be performedwithin a
constantnumberof clock cycles, the maximum numberof clock

i=maZTstep

>

i=1

Cma:v . pi = N.



cyclesrequiredto schedulea DFG is boundedby the numberof
opetationswith a constantcoeficientk. Crae = O(KN). Elim-
inating the constantk, the compleity of the algorithm becomes
O(N-N)=0(N?*.O

3. RESULTS

In this sectionwe will presenbur experimentakesults.We have
usedapplicationsrom the MediaBenchsuite[10] to testour algo-
rithm. We have selectedunctionblocksfrom applicationsontained
in the suitandgeneratedFGsfor themusingthe SUIF2 compiler
system[9]. Table 1 shawvs the files, from which input DFGswere
generatedThecorrespondingpplicationsontainingthesefiles are
givenaswell.

Individual DFGsarescheduledvith two differentmethodshavn
in Table2. For eachapplicationasetof hardwareresourcearespec-
ified. Within theavailablesetof resourcesherearemultiple compo-
nentswith samefunctionality but differentdelays. This represents
the existenceof optimizedcoresfor certainoperations.The slower
versionsof suchresourcesin turn, correspondo instancesreated
on reconfigurabldogic. Several DFGsresultfrom eachfunctional
block. We have enumeratedhose,and labeledthe DFGs with a
uniqueindex, suchasDFG20. In Table2 schedulingresultsfor a
numberof selectedFGsaregiven. Therestweremostlyvery sim-
ple DFGsin termsof numberof nodesanddepth. We comparethe
resultsof our algorithmagainstthe resultsobtainedfrom the linear
programmingsolver, CPLEX. The schedulingoroblemhasbeende-
scribedasa linear integer programfor our probleminstance. The
objective function of the integer linear modeltries to minimize the
lateny andthe numberof slow blocksused. A higher priority is
given to lateny minimization. Similarly in our algorithm, we try
to minimizethelateng, while trying to utilize the optimizedblocks
aswell aspossible.CPLEX providesusanoptimal solutionfor the
given objective function. Thereforewe are comparingour results
to thosegeneratedy the linearsolver. Thelateny columnsreport
the latenciesof the scheduledFGs, while the secondcolumnand
the fourth columnrepresenthe coreusagefor CPLEX andour al-
gorithmrespectrely. For eachDFG the total numberof operations
assignedo optimizedblocksis givenvs. the total numberof op-
erationsthatcould have beenperformedby ary availableoptimized
block.

As depictedn Table2 ouralgorithmwasableto producdatencies
compatiblewith CPLEX resultsfor mostof the casesin only three
DFGsour algorithmcould not achiere optimality. However, in two
of thesecasesconvolve-DFG98andfft-DFG18, our algorithmwas
ableto utilize the optimizedblocksasgoodas CPLEX results. In
the caseof fft-DFG27theincreasén lateng resultedfrom atrade-
off aiming to increaseusageof optimizedblocks. For this DFG,
ouralgorithmwasableto outperformthe optimizedblock utilization
obtainedrom CPLEX solution.

[ Benchmark] CFile | Description |
epic convolve.c | 2D imageconvolution
rasta fft.c FastFourier Transform

mpey2 getblk.c DCT Block Decoding
mpey2 motion.c | Motion VectorDecoding

Table 1: Origins of DFGsfrom MediaBench

4. CONCLUSIONS AND FUTURE WORK

In this paperwe have proposeda scheduletto performsimulta-
neousschedulingandbinding. Our algorithmis mainly targetedfor
reconfigurablesystems where multiple optimizedcoresare avail-

Benchmark| CPLEX Our Algorithm
convolve lateny coreusage| lateny coreusage
DFGO 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.
“-" indicatesresultcould not be obtainedin areasonableamount
of time Usageof coresindicatesthe total number of operations
actually assignedto optimized blocks vs. the total number of
operationsthat could have beenperformed by any available op-
timized block

ablewithin the system.We have shawvn that sub-step®f our algo-
rithm canbesolvedoptimallyin polynomialtime. Also ourproposed
methodformsa framewnork asa superschedulerWithin this frame-
work several schedulingechniquessuchasASAPR, ALAP, andlist
schedulingcan be implemented. Our preliminary experimentsin-
dicategoodresultsin termsof the combinedeffort of minimizing
lateny andutilizing optimizedcoresavailablein a givensystem.

We are currentlyintegratingour algorithminto a high-level syn-

thesistool. After completeautomationof the algorithmwe aim to
experimentwith largerbenchmarké$rom otherapplicationsBench-
marksavailable at this time werenot very large. Therefore,inves-
tigation of appropriatedbenchmark®othin context andin sizeis an
importanttaskto accomplish.
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