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Abstract

We presenta methodof runtime configurationschedulingin re-
configurableSoC design. As a model of computationin system
representationye usea popularformal modelof computationhi-

erarchicaFSM (HFSM) with synchronouslataflav (SDF)model,
in short, HFSM-SDFmodel. In reconfigurableSoC designwith

the HFSM-SDFmodel,the problemof configurationschedulings

challengingdueto thedynamicbehaior of thesystemsuchascon-
currentexecutionof statetransitions(by AND relation),comple

controlflow (in the HFSM), andcomplex scheduleof SDF actor
firing. Thus,compile-timestaticconfigurationschedulingmay not
efficiently hide configurationateng.

To resole the problem,it is necessaryo know the exactorder
of requiredconfigurationgduring runtime andto performruntime
configurationscheduling. To obtainthe exact orderof configura-
tions,we exploit theinherentpropertyof HFSM-SDFthatthe exe-
cutionorderof SDF actorscanbe determineeforethe execution
of statetransitionof top FSM. After obtainingthe orderinforma-
tion in a queuecalled readyconfiguation queue we executethe
statetransition.During the execution,wheneer thereis new avail-
ableFPGAresourceanen configuratioris selectedrom thequeue
andfetchedby theruntimeconfigurationschedulerWe appliedthe
methodto anMPEG4decodedesignandobtainedupto 21.8%im-
provementin systenruntimewith anegligible overheadf runtime
(1.4%)andmemoryusageg(0.94%).

1 Introduction

Recently reconfigurablesystemadesignis gainingmoreandmore
attention[1][2][3][4]. Most of researchfocuseson optimization
of reconfigurableesourcautilization andarchitectureadaptability
To increasereconfigurableresourceutilization, configurationla-
teng/ needso be minimized. To do that, configurationscheduling
(andcaching)[5][6][7][8][9], configurationcompressiof10], and
coarse-grairreconfigurablearchitectureq43][11] have beenstud-
ied.

In termsof designproductvity of reconfigurablesystemsde-
sign, to masterthe ever growing complity of SoC design,for-
mal modelsof computationare becomingmore and moreimpor-
tantsincethey enableshorterdesigncycle by formal analysis(e.qg.
analysisof livenessdeadlock,maximummemoryusage etc.) as
well assystematiaeuse.ln commercialSoCdesigntools, several
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formal modelsof computationare supported:CFSM in Cadence
VCC [12], hierarchicalFSM with dataflav in SynopsysCoCentric
SystemStudio [13][14], etc. However, for the designof recon-
figurable SoCs, the designersstill useC or HDL codeswithout

ary specificformal modelsof computationsimple dataflav mod-

els [15][8][16], or generalmodelsof computation,e.g. process
[17], discreteeventmodels[18], etc. Therearefew formal models
or designmethodologiesvell setup for reconfigurability Thus,in

designingthe ever increasinglycomple future reconfigurablesys-
tems,designerswvill suffer from a severeproductvity problemdue
tothelackof formalanalysisandsystematicesigrreusethatcould

be possiblethroughthe usageof formal modelsof computation.

In our work, we investigatereconfigurableSoC designwith a
popularformal modelof computation hierarchicalFSM (HFSM)
with synchronouslataflav (SDF),in shortHFSM-SDF* TheHFSM-
SDFmodelis well suitedto designbothcomplex control(by HFSM)
anddataflav computation(by SDF). They alsoenableusefulfor-
malanalysisncludingstatereachabilitytest,deadlockanalysisvith
boundedmemory etc. Currently commerciakoolssuchasSynop-
sysCoCentricSystemStudio[13][14] andacademidools suchas
Ptolemyll[19] supportthe HFSM-SDFmodel.

In reconfigurableSoCdesignwith the HFSM-SDFmodel,the
problemof configurationschedulings challengingdueto the dy-
namicbehaior of the systemsuchasconcurrenexecutionof state
transitiongby AND relation),complex controlflow (in theHFSM),
and complex scheduleof SDF actor firing. Thus, compile-time
static configurationschedulingsuchas[5][6] may not efficiently
hide configurationateng.

In this paper to resole the problem,we presenta methodof
runtime configurationscheduling.Section2 givesa review of re-
latedwork. Section3 presentgpreliminariesof ourwork. Section
4 explainsour problem.Section5 addressesur method.Section6
givesexperimentakesults.Section7 concludeghe paper

2 Related Work

Amongnumerouseconfigurablarchitecturesanarchitecturevith

uni-processorand reconfigurableesource(e.g. FPGA) hasbeen
widely studiedandcommercialized1][2][3]. In ourwork, we use
aprocessor/FPGArchitecturg¢o implementhe HFSM-SDFspec-
ification.

For efficient configurationscheduling,configurationprefetch
techniquesare presentedn [5][6][7]. They hide configurationla-
teng/ by overlappingconfigurationfetch and useful computation.
In [8], configuratiorreuseds accountedor in determiningpriorities
of taskscheduling.In [9], to maximizethe reuseof configuration
in loop-intensie applications)oopfissionis exploited.

As modelsof computatiorusedin reconfigurableystemspec-
ification andconfigurationschedulingjn [16], temporalpartition-
ing and schedulingalgorithmstake a dataflav graphasinput. In

1In theHFSM-SDFmodel,FSM andSDF canbe nestedarbitrarily asin Ptolemy!l
andCoCentricSystemStudio.
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Figurel: An exampleof HFSM-SDFmodel.

[8], taskgraphsare usedin HW/SW partitioning and scheduling
for reconfigurablesystemsdesign. In [5][6], a controlflow graph
is usedto investigatethe opportunityof configurationprefetch.In
[15], CSP(communicatingequentiaprocess)nodelis usedasan
inputdescriptiorof streamcomputationIn [17] and[18], aprocess
graphanddiscreteeventmodelareused,respectiely. In previous
work, thesemodelsof computation(CSP processdiscreteevent)
give little opportunityto reducingconfigurationlatengy sincethey
aremoregenerathanotherspecificmodelsof computatiorsuchas
SDF

The HFSM-SDF model is a practical model of computation
sinceit is well suitedto designboth comple control (by HFSM)
and dataflav computation(by SDF) andit enablesuseful formal
analysissuchasstatereachabilitytest. To the bestof the authors’
knowledge,in reconfigurableSoC designarea,therehasbeenno
previous work in usingthe HFSM-SDF model as the systemin-
put specificatiorandno previouswork in optimizing configuration
schedulingof the HFSM-SDFmodel. Our contrikution is to en-
ablean optimizedconfigurationschedulingn reconfigurablesoC
designwith the HFSM-SDFmodel.

3 Preliminaries
3.1 Hierarchical FSM and Synchronous Dataflow Model

Figure 1 shavs an exampleof HFSM-SDFmodeldescription. In
thefigure, circlesandsquaresepresenstatesand SDF actors,re-
spectvely. An arc betweenstatesrepresents statetransition. A
statetransitionarcis taggedwith a guard/action.An arc between
SDFactorss taggedwith thenumberof tokensto beconsumedfor
input) andproducedfor output).By default, arcswithoutnumbers
have singletoken production/consumptiorin thefigure, theright-
mostSDF graphhasanarctaggedwith 2 and1l. In this caseactor
B~ produceswo tokensfor eachfiring of the actorandactorBg
consume®netoken whenfired. Thus,to balancethe numberof
producediokensandthat of consumedokens,the SDF graphhas
a scheduleof actor firing, in shortschedule. Therecanbe several
candidate$or thescheduleln theabore casewe canhave B;2Bg,
2B74Bg, etc. For eachSDF graph,the designersetsoneof them,
asthe scheduleof the SDFgraph.

At the top of the description,we have a top FSM consisting
of two statesS; andS,.? StateS; is refinedto an SDF graph

2 At thetop of the hierarchywe canalsohave an SDFgraph.However, evenin this
case,we canassumehatwe have a top FSM with only onestaterefinedto the SDF

consistingof two actors,B; and B,. StateS, hastwo concur
rentsub-FSMslnsidethecircle denotedy S», theverticaldashed
line representAND relation betweentwo sub-FSMs. The AND
relationmakesthetwo sub-FSMsun concurrently

StateSs is refinedto an SDF graphconsistingof two SDF ac-
torsBz andB4. TheSDFactorB;4 in thegraphis furtherrefinedto
an FSM consistingof two statesSg andS». Two statesSg andS~
arerefinedto SDF graphs,respectiely. In the othersub-FSMof
stateS,, statesS4 andSs arealsorefinedto SDF graphsasshavn
in thefigure.

Theexamplein Figurel maylook alittle complex. However, in
realSoCapplicationssuchasMPEG4decoderdesignergaceeven
more complex HFSM-SDFrepresentationstor instanceour im-
plementatiorof MPEG4decoderconsistsof 9 hierarchicalFSMs,
31 states44 statetransitions 89 SDFactors(10 hierarchicahctors
and79leaf actors).

Detailsof HFSM-SDFmodelcanbe foundin [20]. In this pa-
per, to give a brief explanationof HFSM-SDFmodelexecution,we
summarizet with threerulesandsometerminologyasfollows.

Rule 1: Correspondingo a statetransitionof parentFSM, a child
sub-FSMmalkesonly onestatetransition.

Thisis abasicrule of hierarchicakonstructiorof FSMs.When
therearesub-FSMshathave AND relationwith eachother each
sub-FSMtakesa singlestatetransitionfor a statetransitionof their
parentFSM.

Rule2: Whenever a (self or outgoing)statetransitionis madefrom
a state,if the stateis refinedto an SDF graph,the scheduleof the
SDFgraphis alwaysexecutedonce.

Thisruleis neededo conformto Rule 1 whena stateis refined
to an SDF graph. For instance,in Figure 1, whena (self or out-
going) statetransitionis madefrom stateSs, the scheduleof SDF
graphrefining the state,i.e. the scheduleof B3B, is alwaysexe-
cutedonce.Thisrule is necessaryo conformto Rule 1, especially
whena stateis refinedto an SDF graphandthe SDF graphhasan
SDF actorwhich s refinedto an FSM. In this case to conformto
Rule 1, for a statetransitionof upperlevel FSM, the lower level
FSM shouldalsomale a statetransition. To do that, the schedule
of theinterveningSDF graphneedgo be executedonce.

In anothemvord, this rule meanshatthe scheduleof child SDF
graphis alwaysexecuted whichever (self or outgoing)transitionis
taken from the parentstatethatthe child SDF refines. Thus,only
if we cantell currentFSM stateswe cantell the scheduleof SDF
actor firings. In our work, we exploit this propertyto obtainan
orderedsequence®f requiredconfigurationscalleda readyrecon-
figuration queue More detailswill begivenin Section5.

Rule 3: Whenan SDF actoris refinedto a sub-FSM the sub-FSM
malkes a statetransitionat the last firing of the SDF actorin the
scheduleof the parentSDFgraph.

This rule is neededo conformto Rule 1 whenan SDF actor
is refinedto a sub-FSM.Rule 3 meansthattherearetwo typesof
actor firing for the SDF actorrefinedto a sub-FSM:one (called
TypeAfiring in [20]) thatdoesnot have the sub-FSMmale a state
transitionandthe other(called TypeBfiring) thatenableghe state
transition[20].

For instancejn the exampleof Figure 1, whenthe SDF graph
consistingof Bz and B4 fires its schedule B3B4, the sub-FSM
refining the SDF actor B4 makes a statetransitionat the last fir-
ing of B4 in the scheduleB3By4. In this example,it lookstrivial.

graphand a self statetransitionas the executionof SDF graph. Thus, in this paper
for the simplicity of explanation,we assumehatwe have an FSM at the top of the
hierarchy
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Figure2: A codesectionof implementedHFSM codefor the spec-
ification of Figurel.

However, in the casethatthe SDF actoris fired severaltimesin the
schedule The sub-FSMmalesa singletransitionat the lastfiring
of the SDF actorin theschedule.

Thelastterminologyis conditionalinitial transition It isneeded
to determineaninitial statewhenenteringa hierarchicaFSM. It is
denotedwith an arc that doesnot have a sourceend but a desti-
nationend. In Figure 1, stateS, andS; have conditionalinitial
transitions.WhenenteringstateS,, to determinewhich state(be-
tweenS,4 andSs) to enter we evaluatethe guardsof conditional
initial transitions.In this case the currentstatecanbe S4 (if ia ==
0) or S5 (if ia == 1). For moredetailsof HFSM-SDFmodel,more
generally HFSMwith concurreng models referto [20].

3.2 Target Architecture and Implementation

WeimplementanHFSM-SDFspecificatioron an SoCtargetarchi-
tectureconsistingof a processo(ARM7) and FPGA (Xilinx Vir-
tex). The FPGA allows partial runtimereconfiguration.Thus,we
can run concurrentlyboth configurationand computationon the
FPGA.We canalsorun FPGAreconfiguratiorandprocessocom-
putationconcurrently

Given an HFSM-SDF specificationand HW/SW mappingof
SDF actorsby the designerwe implementthe HFSM parton the
processorWe implementSDF actorseitherasco-processorun-
ning mutually exclusively with the computationon the processor)
onthe FPGAoor asfunctionsrunningon the processor

Fromthe HFSM model,weimplementa sequentiatodeby se-
rializing concurrenexecutionof FSMs.Figure2 shavs acodesec-
tion thatimplementshe top HFSM of theexamplein Figurel. To

executea statetransitionof thetop FSM, thefunctionTopFSM::Run()

is called (line 1 in Figure2). If the currentstateof the top FSM
is S1, thenaccordingto Rule 2 and 3, the refining SDF graphof
stateS; firesits schedule(S1.RunSDF()Jn line 4). In this case,
the schedulels B1B,. Then, the guardof outgoingtransitionis
evaluated(line 5). If the evaluationis true, thenthe outgoingstate
transitionis performed(lines6-9). Notethat, in this case sincethe
stateto beentered S, hastwo sub-FSMsoneof which hascondi-
tional initial transitionswe needto resol\e theinitial statesof the
sub-FSM.To do that, we evaluatethe guardsof conditionalinitial
transitionsandseta correspondingnitial state(lines7-8).

If thecurrentstates S, (line 12),thenbothsub-FSM<anmale
statetransitions. In the codeof Figure 2, we first male the state
transitionof stateSs (line 11). After making the statetransition,

Figure3: Examplef dynamicallydeterminedtonfiguratiororder
andcorrespondingonfigurationprefetch.

we malke the statetransitionof the other sub-FSM(consistingof
stateS4 andSs).

If the currentstateof the sub-FSMis Sy (line 15), thenwe run
theSDFgraphrefiningthestateS, (line 16). Theguardof outgoing
statetransitionis evaluatedand, if true, the next stateof the sub-
FSM becomesS; (line 17). A similar code,for the casethat the
currentstateis Ss, is in lines19-21.Finally, theguardof outgoing
statetransitionof stateS. is evaluatedand,if true,the next stateof
top FSM becomess; (line 24).

4 Problem

Required configurations are determined dynamically.

Figure3 shavs the SDFgraphrefiningstateSs andits sub-FSMin
the exampleof Figurel. In Figure 3, shadedectanglegepresent
thatthe correspondingDF actorsareimplementecbn the FPGA.
Thus,configurationfetchis requiredbeforetheir execution. White
rectanglesreassumedo be executedon theprocessoassoftware
functions.

In Figure3 (a), we assumehatthe scheduleof the SDFgraph
consistingof B3 and B, is B3By4, that the sub-FSMrefining the
SDF actorB4 hasSe asits currentstate,andthat the scheduleof
the SDF graphrefining stateSe is BgB1o. In this case,the total
firing orderof SDF actorsis B3BygB1o asshavn at the bottomof
Figure3 (a). In this casejn termsof configurationschedulingthe
configurationlateny of By canbe hidden(in partor in total) by
overlappingthe computatiorof B3 (onthe processorandthecon-
figurationprefetchfor By. In thefigure,the configurationprefetch
is representetly thedashedandshadedectangledenotedby Bg.

Figure3 (b) shavs anothercaseof SDF actorfiring. Assuming
thatthe sub-FSMhasS~ asits currentstate,the total firing order
of SDF actorsis B3B11B12 asshavn at the bottomof the figure.
In this case,the configurationlateny of B1; canalsobe hidden
(in partor in total) by overlappingthe computationof B3 (on the
processorandthe configurationprefetch(the dashedand shaded
rectangledenotedby By, in thefigure.

Configuration SchedulingProblem

In termsof configurationscheduling the real problemis that the
above two casesaredetermineddynamicallyduringsystenrunde-
pendingon the currentstateof the sub-FSM.Thus,which configu-
rationto prefetch(in theexample theconfiguratiorof Bg or thatof
B11) needgo bedeterminedlynamicallydependingnthecurrent
stateof the FSM.



In sucha case compile-timeconfigurationprefetchcanalsobe
tried. However, compile-timesolutionsshouldresortto the pre-
diction of next requiredconfigurationbasedon profiling informa-
tion [5][6]. Moreover, whenthe predictionis failed, configuration
prefetchbasedon the predictionsufiers from penalty(i.e. cancel-
ing the previous configurationfetch and launchinga new config-
urationfetch). In termsof systemruntime, sucha penaltycanbe
prohibitive whenthe configurationlateng is very large.

To reduceor, if possible,eliminatesucha penalty we need
to know the exact orderof requiredconfigurations.In our work,
we achiere the goal by dynamicallyprecomputinghe orderof re-
quired configurations. Since the precomputatiorgives the exact
orderof requiredconfigurationspur methoddoesnot suffer from
the penaltyfrom which prediction-basedethodssufer.

5 Precomputation and Runtime Configuration Scheduling
5.1 Solution Overview

Our solution startsfrom the obseration thatif we cantell all the
currentstateof FSMsin the HFSM-SDFspecificationwe cantell
theexactorderof all the SDFactorfirings whichwill bemadedur-
ing the presenstatetransitionof top FSM.

Precomputationof readyconfiguration queue

For eachstatetransitionof top FSM, we evaluateall the current
statesof FSMsin the HFSM-SDFspecificationby traversingthe

hierarchyof HFSM. After all thecurrentstatesof FSMsareknown,

we canbuild the exactfiring orderof SDF actorsby constructing
it with the SDF schedulesf child SDF graphs,in a bottom up

manney from leaf SDF graphs. In the exampleof Figure 3 (a),

the SDF graphrefining the currentstate(Se¢) gives SDF schedule
ByBio. Then,we go up onelevel to the SDF graphconsistingof

B3 andBy. In thescheduleof the SDFgraph,B; B4, we substitute
thefiring of SDFactorB,4 with thescheduleof its child SDFgraph,
BoBio. Finally, we obtainthe scheduleof B3BgBio.

The constructiongives only the exact order of all SDF actor
firings for the executionof the presenttatetransitionof top FSM.
Thus,the problemof configurationschedulings not yet resohed.
For configurationschedulingwhatmattersis the orderof required
configurationsWe canbuild it by selectingall the SDFactorswith
FPGAimplementatiorfrom theexactorderof SDFactorfirings. In
theexampleof 3 (a), the orderof requiredconfigurationdecomes,
trivially, Bo.

Note that sinceeachstatetransitionof top FSM cangive dif-
ferentordersof requiredconfigurationspeforeeachof statetran-
sition of top FSM, we obtainthe orderof requiredconfigurations.
Note alsothat sincethe order of requiredconfigurationss exact,
exceptcase®f exceptionin HFSM-SDFrun®, thereis no possibil-
ity of cancelingconfigurationprefetchwhich is often the casein
prediction-basedhethodsor configurationprefetch[5][6].

Figure 4 exemplifiesthe executionof HFSM-SDFmodeland
configurationscheduling. For eachstatetransitionof top FSM, a
scheduleof SDF actorsis obtained. In Figure 4 (a), we assume
thatthe scheduleconsistsof eight SDFactorsfrom B; to Bg. The
arrons representexecutionorder For instance B; shouldbe ex-
ecutedbefore B,. After obtainingthe order an order of FPGA
configurationds extracted.In the figure, shadedectanglesepre-
sentSDFactorsimplementednthe FPGA.Thus,anorderof three
configurationsof actors,B2, B4 andBy is obtained. We call the
orderedconfigurationgeadyconfiguation queue(readyCQ).

Interleaving SDF actor firings and configuration scheduling

3 During HFSM-SDFmodelexecution,an exceptioncanbe causecy a sub-FSM.
If the sub-FSMis refinedto an SDF graph,in this case,dependingon the levels of
exception,the scheduleof the SDF graphcanbe or cannotbe executed. If it is not
executedwe needto cancelall thefetchesof configurationof the schedule For more
detailsof exception,referto [20][14].
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Figure5: Examplesof precomputatioriunctionandreadyCQ.

Theexecutionof statetransition,i.e. theexecutionof SDFactorsis
interleaved with configurationschedulingasexemplifiedin Figure
4 (b). At the beginning of the statetransition,the precomputation
(PC)is performedto obtainthe readyCQ until time t;. Then,at
time t», the configurationscheduler{CS) launchesconfiguration
fetchfor thefirst configuration(in this example,the configuration
of By). At the sametime, the first SDF actor (in this example,
B;) startsto execute. As shawn in the figure, the configuration
fetchis overlappedwith the SDFactorexecutiontherebythe hiding
configurationatengy.

At time t3, the SDF actor B; terminatesits execution. The
secondSDF actor B> needsto be executed. However, sincethe
configurationfetch for the SDF actorhasnot beencompletedthe
SDF actorwaits for the configurationfetch to be completed. At
time t4, the configurationfetch is completedand the SDF actor
B, startsto execute.At time ts, sincethe SDF actorimplemented
on the FPGA terminatesits executionand its configurationis no
longerneedednthe FPGA ,the configuratiorschedulers invoked
to fetchanext necessargonfiguration(in this example the config-
urationof B4) ontothe FPGA. Interleaving of SDF actorexecution
andconfigurationschedulingcontinuesn this way.

In the next two subsectionsye will explain the detailsof pre-
computatiorof readyCQ andruntimeconfigurationscheduling.

5.2 Precomputation Function

Figure5 (a) shavs a pseudocodeof precomputatiorfunction for
thecaseof Figurel. Thepseudacodein Figure5 (a) hasthesame
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1 int TestFetch( tuple elem) {
2 if( elem.cost() + cur_cost() <= 100% &&
3 Controller.CheckConflict( elem.config_id ) == ok )
4 return ok;
5 else

6 return not_ok;
7

}

Figure7: Testingwhetherconfiguratiorfetchis allowed or not.

control structurewith the code of HFSM-SDF examplegiven in

Figure2 sincetheprecomputatiofiunctiontraversegshesamehier

archyof HFSM. Thetraversalis performedn a depth-firstmanner
andstartedby calling the function TopFSM::Precompute(jine 1

in Figure5 (a)). During thetraversal,all the currentstatesof (sub-
JFSMsareidentified. It is to evaluatevariablesindicatingcurrent
stateg(lines 3, 6, 9 and12 in Figure5 (a)). For eachcurrentstate
thatis refinedto anSDFgraph thereadyCQis incrementallycon-
structed(lines4, 7, 10or 13).

Figure5 (b) shavs anexampleof obtainingthereadyCQ. The
figureshaws, from the exampleof Figure1, the FSM consistingof
stateS4 andSs andthe SDF graphrefining stateSs. We assume
that the currentstateof FSM is S; andthat the SDF actors(B~
andBg) in therefining SDF graphareimplementedn the FPGA.
Thus, their configurationsneedto be fetchedonto the FPGA. As
shavn in thefigure, the scheduleof SDF graphis B72Bs. In this
casefor theschedulethefunction S5.InsertQueue(ReadyCQ)n
line 13 of Figure5 (a) insertsinto areadyCQ anorderedsequence
of two tuples,< Bz, 10,1>< Bg, 50,2 >. A tupleconsistof <
configurationid, configurationcostin percentagenumberof con-
figurationrequests>. Notethat,in this case by usingthe number
of configuratiorrequestsn thetuple,we usea singletuplefor two
timesof configuratiorrequesfor Bs.

After the depth-firsttraversal,the precomputatiorfunction of
top FSMgivestheentirereadyCQ (ReadyCQin Figure5 (a)). The
runtimeconfiguratiorschedulef{Sections.3)will usethereadyCQ
to fetchconfigurations.

Notethattheprecomputationloesnotchangeheoriginal HFSM.
Comparedwith the codein Figure 2, Figure5 (a) shavs thatthe
precomputatiorfunction doesnot setoutputs,nor statevariables.
From the original codeof HFSM, the precomputatiorfunction is
madeby extractingthe hierarchy(control structureof the original
code),andstatevariableg(to readthem).

5.3 Runtime Configuration Scheduler

Theconfiguratiorscheduleis executedn oneof threecaseswhen
theprecomputationf readyCQ is done, whenanSDFactortermi-
natesits executiononthe FPGA,andwhena configurationfetchis

completed.It treatstwo queuesreadyCQ anda queuecalledre-
questectonfiguation queue(requestedCQ). TherequestedCQ is
usedto maintaintheinformationof currentconfiguratiorrequests.

Figure 6 shavs how the configurationscheduleruns. In the
figure,an SDF actor B; terminatests run on the FPGAandsends
adonesignalto the configurationschedulefarrov numberl). The
configuratiorschedulecheckso seeif theconfiguratiorof theter
minatedSDF actoris still neededthis casewill beexplainedlater
in this section). If not, it remosesthe requestfrom the requested
CQ (arrov number2). Theconfigurationschedulechecksthefirst
tuplein thereadyCQ to seeif its configurationcanbefetchedonto
the FPGA (arrov number3in Figure6).

Figure 7 shavs a pseudocodeof sucha test. FunctionTest-
Fetch checks first, to seeif thereexists enoughFPGA spacefor
the new configuration(line 2 in thefigure). In the code,cur_cost()
returnsthe currentusageof FPGA in percentage Althoughthere
is enoughspace(in terms of resourceusagepercentagejor the
new configurationthenew configuratiormayconflictwith existing
configurationsTheconflictis causedy thelimitation of sharede-
sourcesuchasglobalwires, /O pins, etc. Thus,we needto check
theconflict (line 3).

If thenew configurationis allowedto befetchedontothe FPGA,
the correspondinguple is moved from the ready CQ to the re-
questedCQ (arrav number4 in Figure6). Then,the new configu-
rationis fetched(in this case for an SDF actorBy, arrav number
5). The configurationschedulerunsin this way.

Notethata configurationrequestancontainmultiple timesof
requesfor thesameconfiguration.Forinstancejf thecurrenttuple
is < By, 50,2 >, thentherequestontaingwo timesof requesfor
the configurationof SDF actor By, that consume$0% of FPGA
cost.

In the operationof configurationschedulerwe needto pay at-
tentionto thefollowing two cases.

e Casel: whenthe requestedonfigurationis alreadyon the
FPGA.

e Case2: whentheconfigurationof terminatedSDF actorwas
requestednultiple times.

In Casel, if thereis a new requestfor an existing configura-
tion on the FPGA, thenthe requestis marked as servicedand no
configurationfetchis performed. Thus,we canreusethe existing
configuratiorwhile preventingredundantonfiguratiorfetch.

To dealwith Case2, whenan SDF actorterminatests execu-
tion ontheFPGA,we checkto seeif the configuratiorof thetermi-
natedSDF actorwasrequestednultiple times. The testis simple
sincea tuple in the requestedCQ containsthe numberof config-
urationrequests.For instance,if an SDF actor B; terminatedts
executionandif the configurationcontrollerfindsatupleof < B;,
20,2 > in therequestedQ, thenit shouldkeepthe configuration
of B; sincetheconfigurationwasrequestedwo timesandonly the
firstrequeshasbeenserviced.In this casetheschedulekeepshe
configurationanddecrementthe numberof configuratiorrequests
by one(2to 1in thisexample).Thus,thescheduleremosesacon-
figurationonly whenthe configurationis nolongerneededi.e. the
numberof configurationrequestseachesero.

6 Experiments

We appliedour methodof precomputatiorandruntime configura-
tion schedulingto an HFSM-SDFimplementationof an MPEG4
naturalvideo decodef21]. The MPEG4decodelis implemented
on the SoCarchitectureconsistingof an ARM7 processolandan
FPGA (Xilinx XCV50E). We implementedthe runtime configu-
ration scheduleion the ARM7 processaorThe terminationof both
SDFactorfiring onthe FPGAandconfiguratiorfetchis signaledo
theruntimeconfigurationscheduleon the processovia interrupt.



SDF actors Gate count CLB count Exec_delay Cfg_latency Mapping IDCT IQUANT Reconstruc' AddBlockinter

IDCT 11980 222 1190 29568
IQUANT 1867 35 570 12672
Reconstruct 12000 223 2000 29568
AddBlockinter 2000 38 2000 12672
AddBlockintra 2000 38 1500 12672

(a) Statistics of HW implementable functions

Mapping Our method No Prefetch |Gain(%) OV_pre(%) OV_sch(%) OV_total(%)

A 46,840,471 | 53,691,605 12.76 0.66 0.62
B 47,677,649 46,973,684 -1.4 0.63 0.73
C 47,970,638 54,642,154  12.2 0.67 0.71
D 77,914,479 92,382,532 | 15.66 0.46 0.48
E 77,142,341 91,034,284  15.26 0.57 0.6
F 78,207,468 99,978,461 | 21.78 0.59 0.56

AddBlockintra

A HW HW SW SW HW

B HW HW SW HW SW

C HW HW SW HW HW

D HW HW HW HW SW

E HW HW HW SW HW

F HW HW HW HW HW

(b) HW/SW mappings
Mapping | Original (bytes) | OV (%)

1.28 A 41952 0.88
1.36 B 41920 0.88
1.38 C 41548 0.89
0.94 D 40054 0.92
117 E 40086 0.92
1.15 F 39682 0.94

(c) Runtime (clock cycles), runtime gain and overhead

(d) Memory usage overhead

Table1: Comparisorbetweemo configurationprefetchcaseandour method.

We run 10 framesof MPEG4decodingwith areferencemotion
picture. The software-onlyimplementatiorof MPEG4decodemon
the ARM7 processorconsumes82,633,799clock cycles for the
decoding. To have HW/SW mixed implementation,we change
HW/SW mappingof five SDF actors. Table 1 (a) shaws the exe-
cutiondelayandconfigurationlateny of HW implementableSDF
actors.Tablel (b) shawvs six caseof HW/SW mappingof the SDF
actors.For theotherSDF actorsof MPEG4decoderwe mapthem
onSW, i.e. onthe ARM7 processor

Table 1 (¢) compareghe runtimesof our methodandthoseof
no configuratiorprefetch? Our methodgives-1.4%to 21.8%(av-
eragel2.7%)performancemprovementcomparedo the casesof
no configurationprefetch. Among the six casesof HW/SW map-
ping, mappingB givesruntimedecreaséy 1.4% comparedo the
caseof no configurationfetch. In this mapping,SDF actor|DCT,
IQUANT, and AddBlockinter are mappedon the FPGA. Config-
urationsof IDCT and AddBlocklinter canresideon the FPGA at
the sametime. Thoseof IDCT andIQUANT canalsoresideon
the FPGAat the sametime. Configurationsof AddBlockInterand
IQUANT conflict with eachotheronly once. Thus, the configu-
ration fetch for eachof the three SDF actorsis neededonly once.
After the configuration,no reconfigurationis needed. Thus, the
configurationcontroller run doesnot improve the runtime much.
Insteadjt addsruntimeoverheadby its runtime(1.4%).

The overheadof our methodneedso be evaluatedin termsof
runtime and memoryusage(codeanddatamemory). Table 1 (c)
shaws the runtime overheadof precomputatioriunction (OV _pre)
andruntime configurationscheduleOV _sch). Thetotal runtime
overhead OV _total) is lessthan1.4%. Tablel (d) shavs themem-
ory usageoverheadof precomputatiorfunction and runtime con-
figurationschedulerTheoverheads lessthan0.94%.

7 Conclusion

In thispaperwe presentedmethodof runtimeconfiguratiorschedul-

ing for theimplementatiorof hierarchicalFSM with synchronous
dataflav model. For eachstatetransitionof top FSM, first, we pre-
computethe exactorderof requiredconfigurationsn areadycon-
figurationqueueby traversingthe hierarchyof hierarchicalFSM.
Then,with the queue,a runtime configurationscheduletaunches
configurationfetchesas early as possibleduring the executionof
statetransitionof top FSM. We appliedthe presentednethodto
areconfigurabledesignof MPEG4 naturalvideo decoder Exper

4Evenin the caseof no configuratiorprefetch existing configuratioron the FPGA
canbereused.Thatis, whena configurationneedso be fetched,if the sameconfig-
uration exists alreadyon the FPGA, the existing configurationis reusedfor the new
configurationrequestvhile preventingredundantonfigurationfetch.

imental resultsgive up to 21.8%improvementin runtime with a
negligible overheadf runtimeandmemoryusage.
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