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We presenta methodof runtime configurationschedulingin re-
configurableSoC design. As a model of computationin system
representation,we usea popularformal modelof computation,hi-
erarchicalFSM (HFSM) with synchronousdataflow (SDF)model,
in short, HFSM-SDFmodel. In reconfigurableSoC designwith
theHFSM-SDFmodel,theproblemof configurationschedulingis
challengingdueto thedynamicbehavior of thesystemsuchascon-
currentexecutionof statetransitions(by AND relation),complex
control flow (in theHFSM), andcomplex schedulesof SDFactor
firing. Thus,compile-timestaticconfigurationschedulingmaynot
efficiently hideconfigurationlatency.

To resolve theproblem,it is necessaryto know theexactorder
of requiredconfigurationsduring runtimeandto performruntime
configurationscheduling.To obtain the exact orderof configura-
tions,we exploit theinherentpropertyof HFSM-SDFthattheexe-
cutionorderof SDFactorscanbedeterminedbeforetheexecution
of statetransitionof top FSM. After obtainingthe orderinforma-
tion in a queuecalled readyconfiguration queue, we executethe
statetransition.During theexecution,whenever thereis new avail-
ableFPGAresource,anew configurationis selectedfrom thequeue
andfetchedby theruntimeconfigurationscheduler. Weappliedthe
methodto anMPEG4decoderdesignandobtainedupto 21.8%im-
provementin systemruntimewith anegligible overheadof runtime
(1.4%)andmemoryusage(0.94%).����� 	�����������	�� � �
Recently, reconfigurablesystemsdesignis gainingmoreandmore
attention[1][2][3][4]. Most of researchfocuseson optimization
of reconfigurableresourceutilization andarchitectureadaptability.
To increasereconfigurableresourceutilization, configurationla-
tency needsto beminimized.To do that,configurationscheduling
(andcaching)[5][6][7][8][9], configurationcompression[10], and
coarse-grainreconfigurablearchitectures[3][11] have beenstud-
ied.

In termsof designproductivity of reconfigurablesystemsde-
sign, to masterthe ever growing complexity of SoC design,for-
mal modelsof computationarebecomingmoreandmore impor-
tantsincethey enableshorterdesigncycle by formal analysis(e.g.
analysisof liveness,deadlock,maximummemoryusage,etc.) as
well assystematicreuse.In commercialSoCdesigntools,several

formal modelsof computationaresupported:CFSM in Cadence
VCC [12], hierarchicalFSM with dataflow in SynopsysCoCentric
SystemStudio [13][14], etc. However, for the designof recon-
figurableSoCs,the designersstill useC or HDL codeswithout
any specificformal modelsof computation,simpledataflow mod-
els [15][8][16], or generalmodelsof computation,e.g. process
[17], discreteeventmodels[18], etc. Therearefew formal models
or designmethodologieswell setup for reconfigurability. Thus,in
designingtheever increasinglycomplex futurereconfigurablesys-
tems,designerswill suffer from a severeproductivity problemdue
to thelackof formalanalysisandsystematicdesignreusethatcould
bepossiblethroughtheusageof formal modelsof computation.

In our work, we investigatereconfigurableSoCdesignwith a
popularformal modelof computation,hierarchicalFSM (HFSM)
with synchronousdataflow (SDF),in shortHFSM-SDF. � TheHFSM-
SDFmodeliswell suitedtodesignbothcomplex control(byHFSM)
anddataflow computation(by SDF).They alsoenableusefulfor-
malanalysisincludingstatereachabilitytest,deadlockanalysiswith
boundedmemory, etc.Currently, commercialtoolssuchasSynop-
sysCoCentricSystemStudio[13][14] andacademictoolssuchas
PtolemyII[19] supporttheHFSM-SDFmodel.

In reconfigurableSoCdesignwith theHFSM-SDFmodel,the
problemof configurationschedulingis challengingdueto thedy-
namicbehavior of thesystemsuchasconcurrentexecutionof state
transitions(byAND relation),complex controlflow (in theHFSM),
andcomplex schedulesof SDF actor firing. Thus, compile-time
static configurationschedulingsuchas [5][6] may not efficiently
hideconfigurationlatency.

In this paper, to resolve the problem,we presenta methodof
runtimeconfigurationscheduling.Section2 givesa review of re-
latedwork. Section3 presentspreliminariesof our work. Section
4 explainsourproblem.Section5 addressesourmethod.Section6
givesexperimentalresults.Section7 concludesthepaper. !#"�$ %	 " �'&(�)�+*
Amongnumerousreconfigurablearchitectures,anarchitecturewith
uni-processorandreconfigurableresource(e.g. FPGA) hasbeen
widely studiedandcommercialized[1][2][3]. In our work, we use
aprocessor/FPGAarchitectureto implementtheHFSM-SDFspec-
ification.

For efficient configurationscheduling,configurationprefetch
techniquesarepresentedin [5][6][7 ]. They hide configurationla-
tency by overlappingconfigurationfetch andusefulcomputation.
In [8], configurationreuseis accountedfor in determiningpriorities
of taskscheduling.In [9], to maximizethereuseof configuration
in loop-intensive applications,loopfissionis exploited.

As modelsof computationusedin reconfigurablesystemsspec-
ification andconfigurationscheduling,in [16], temporalpartition-
ing andschedulingalgorithmstake a dataflow graphasinput. In,

In theHFSM-SDFmodel,FSMandSDFcanbenestedarbitrarilyasin PtolemyII
andCoCentricSystemStudio.
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Figure1: An exampleof HFSM-SDFmodel.

[8], taskgraphsareusedin HW/SW partitioningandscheduling
for reconfigurablesystemsdesign. In [5][6], a control flow graph
is usedto investigatetheopportunityof configurationprefetch.In
[15], CSP(communicatingsequentialprocess)modelis usedasan
inputdescriptionof streamcomputation.In [17] and[18], aprocess
graphanddiscreteeventmodelareused,respectively. In previous
work, thesemodelsof computation(CSP, process,discreteevent)
give little opportunityto reducingconfigurationlatency sincethey
aremoregeneralthanotherspecificmodelsof computationsuchas
SDF.

The HFSM-SDFmodel is a practicalmodel of computation
sinceit is well suitedto designboth complex control (by HFSM)
anddataflow computation(by SDF) and it enablesuseful formal
analysissuchasstatereachabilitytest. To thebestof theauthors’
knowledge,in reconfigurableSoCdesignarea,therehasbeenno
previous work in using the HFSM-SDFmodel as the systemin-
put specificationandnopreviouswork in optimizingconfiguration
schedulingof the HFSM-SDFmodel. Our contribution is to en-
ableanoptimizedconfigurationschedulingin reconfigurableSoC
designwith theHFSM-SDFmodel.Q R � "F$ �TSU� � V�?� " �
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Figure1 shows an exampleof HFSM-SDFmodeldescription.In
thefigure,circlesandsquaresrepresentstatesandSDFactors,re-
spectively. An arc betweenstatesrepresentsa statetransition. A
statetransitionarc is taggedwith a guard/action.An arcbetween
SDFactorsis taggedwith thenumberof tokensto beconsumed(for
input)andproduced(for output).By default,arcswithoutnumbers
have singletokenproduction/consumption.In thefigure,theright-
mostSDFgraphhasanarctaggedwith 2 and1. In this case,actorgih

producestwo tokensfor eachfiring of the actorandactor
gij

consumesonetoken whenfired. Thus, to balancethe numberof
producedtokensandthatof consumedtokens,theSDF graphhas
a scheduleof actor firing, in shortschedule.Therecanbeseveral
candidatesfor theschedule.In theabovecase,wecanhave

g h
2
g j

,
2
gkh

4
gij

, etc. For eachSDFgraph,thedesignersetsoneof them,
asthescheduleof theSDFgraph.

At the top of the description,we have a top FSM consisting
of two states l � and l�m . m State l � is refined to an SDF graphn

At thetopof thehierarchy, wecanalsohaveanSDFgraph.However, evenin this
case,we canassumethatwe have a top FSM with only onestaterefinedto theSDF

consistingof two actors,
g � and

g m . State l m hastwo concur-
rentsub-FSMs.Insidethecircledenotedby lam , theverticaldashed
line representsAND relationbetweentwo sub-FSMs.The AND
relationmakesthetwo sub-FSMsrunconcurrently.

State l�o is refinedto anSDFgraphconsistingof two SDFac-
tors

g o and
gip

. TheSDFactor
gip

in thegraphis furtherrefinedto
anFSM consistingof two statesl�q and l h . Two statesl�q and l h
arerefinedto SDF graphs,respectively. In the othersub-FSMof
statel m , statesl p and lar arealsorefinedto SDFgraphsasshown
in thefigure.

Theexamplein Figure1 maylook alittle complex. However, in
realSoCapplicationssuchasMPEG4decoder, designersfaceeven
morecomplex HFSM-SDFrepresentations.For instance,our im-
plementationof MPEG4decoderconsistsof 9 hierarchicalFSMs,
31states,44statetransitions,89SDFactors(10hierarchicalactors
and79 leaf actors).

Detailsof HFSM-SDFmodelcanbefoundin [20]. In this pa-
per, to giveabrief explanationof HFSM-SDFmodelexecution,we
summarizeit with threerulesandsometerminologyasfollows.

Rule1: Correspondingto a statetransitionof parentFSM, a child
sub-FSMmakesonly onestatetransition.

This is abasicruleof hierarchicalconstructionof FSMs.When
therearesub-FSMsthathave AND relationwith eachother, each
sub-FSMtakesasinglestatetransitionfor astatetransitionof their
parentFSM.

Rule2: Whenevera (selfor outgoing)statetransitionis madefrom
a state,if thestateis refinedto anSDFgraph,thescheduleof the
SDFgraphis alwaysexecutedonce.

This rule is neededto conformto Rule1 whena stateis refined
to an SDF graph. For instance,in Figure1, whena (self or out-
going)statetransitionis madefrom statel o , thescheduleof SDF
graphrefining the state,i.e. the scheduleof

g o gip is alwaysexe-
cutedonce.This rule is necessaryto conformto Rule1, especially
whena stateis refinedto anSDFgraphandtheSDFgraphhasan
SDFactorwhich is refinedto anFSM. In this case,to conformto
Rule 1, for a statetransitionof upperlevel FSM, the lower level
FSM shouldalsomake a statetransition. To do that, theschedule
of theinterveningSDFgraphneedsto beexecutedonce.

In anotherword,this rulemeansthatthescheduleof child SDF
graphis alwaysexecuted,whichever (selfor outgoing)transitionis
taken from theparentstatethat thechild SDF refines.Thus,only
if we cantell currentFSM states,we cantell thescheduleof SDF
actor firings. In our work, we exploit this propertyto obtain an
orderedsequenceof requiredconfigurations,calleda readyrecon-
figuration queue. Moredetailswill begivenin Section5.

Rule3: WhenanSDFactoris refinedto a sub-FSM,thesub-FSM
makes a statetransitionat the last firing of the SDF actor in the
scheduleof theparentSDFgraph.

This rule is neededto conformto Rule 1 whenan SDF actor
is refinedto a sub-FSM.Rule3 meansthat therearetwo typesof
actor firing for the SDF actor refinedto a sub-FSM:one (called
TypeAfiring in [20]) thatdoesnot have thesub-FSMmake a state
transitionandtheother(calledTypeBfiring) thatenablesthestate
transition[20].

For instance,in theexampleof Figure1, whentheSDFgraph
consistingof

g o and
gip

fires its schedule,
g o gip , the sub-FSM

refining the SDF actor
g p

makesa statetransitionat the last fir-
ing of

gip
in theschedule,

g o gip . In this example,it looks trivial.

graphanda self statetransitionasthe executionof SDF graph. Thus, in this paper,
for the simplicity of explanation,we assumethat we have an FSM at the top of the
hierarchy.



1 TopFSM::Run() {
2 switch(top_cur_state) {
3 case(S1):
4 S1.RunSDFSchedule ();
5 if( ic==0 ) { 
6 top_cur_state = S2; 
7 if( ia==0 ) S2_sub_cur_state1 = S4;
8 else S2_sub_cur_state1 = S5;
9 od = 1;
10 }
11 break;
12 case(S2):
13 S3.RunSDFSchedule ();
14 switch( S2_sub_cur_state1 ) {
15 case(S4):
16 S4.RunSDFSchedule (); 
17 if( ib == 1 ) S2_sub_cur_state1 = S5;
18 break; 
19 case(S5):
20 S5.RunSDFSchedule (); 
21 S2_sub_cur_state1 = S4; oc = 1;
22 break;
23 }
24 if( ic == 1 ) { top_cur_state = S1; od = 0; }
25 break;
26 }
27 }

Figure2: A codesectionof implementedHFSMcodefor thespec-
ification of Figure1.

However, in thecasethattheSDFactoris firedseveraltimesin the
schedule.Thesub-FSMmakesa singletransitionat the lastfiring
of theSDFactorin theschedule.

Thelastterminologyisconditionalinitial transition. It isneeded
to determineaninitial statewhenenteringahierarchicalFSM.It is
denotedwith an arc that doesnot have a sourceendbut a desti-
nation end. In Figure1, state l p and l�r have conditionalinitial
transitions.Whenenteringstatelam , to determinewhich state(be-
tween l p and l�r ) to enter, we evaluatethe guardsof conditional
initial transitions.In this case,thecurrentstatecanbe l p (if ia ==
0) or lar (if ia == 1). For moredetailsof HFSM-SDFmodel,more
generally, HFSMwith concurrency models,referto [20].
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WeimplementanHFSM-SDFspecificationonanSoCtargetarchi-
tectureconsistingof a processor(ARM7) andFPGA (Xilinx Vir-
tex). TheFPGA allows partial runtimereconfiguration.Thus,we
can run concurrentlyboth configurationand computationon the
FPGA.We canalsorunFPGAreconfigurationandprocessorcom-
putationconcurrently.

Given an HFSM-SDFspecificationand HW/SW mappingof
SDF actorsby thedesigner, we implementthe HFSM parton the
processor. We implementSDFactorseitherasco-processors(run-
ning mutually exclusively with thecomputationon the processor)
on theFPGAor asfunctionsrunningon theprocessor.

FromtheHFSMmodel,weimplementasequentialcodeby se-
rializing concurrentexecutionof FSMs.Figure2 showsacodesec-
tion thatimplementsthetopHFSM of theexamplein Figure1. To
executeastatetransitionof thetopFSM,thefunctionTopFSM::Run()
is called(line 1 in Figure2). If the currentstateof the top FSM
is l � , thenaccordingto Rule 2 and3, the refining SDF graphof
state l � fires its schedule(S1.RunSDF()in line 4). In this case,
the scheduleis

g � g m . Then, the guardof outgoingtransitionis
evaluated(line 5). If theevaluationis true,thentheoutgoingstate
transitionis performed(lines6–9).Notethat,in thiscase,sincethe
stateto beentered,l m hastwo sub-FSMsoneof which hascondi-
tional initial transitions,we needto resolve theinitial statesof the
sub-FSM.To do that,we evaluatetheguardsof conditionalinitial
transitionsandsetacorrespondinginitial state(lines7–8).

If thecurrentstateis l m (line 12),thenbothsub-FSMscanmake
statetransitions. In the codeof Figure2, we first make the state
transitionof state l o (line 11). After making the statetransition,
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Figure3: Examplesof dynamicallydeterminedconfigurationorder
andcorrespondingconfigurationprefetch.

we make the statetransitionof the othersub-FSM(consistingof
statel p and l r ).

If thecurrentstateof thesub-FSMis l p (line 15), thenwe run
theSDFgraphrefiningthestatel p (line 16). Theguardof outgoing
statetransitionis evaluatedand, if true, the next stateof the sub-
FSM becomeslar (line 17). A similar code,for the casethat the
currentstateis l r , is in lines19–21.Finally, theguardof outgoing
statetransitionof statel m is evaluatedand,if true,thenext stateof
topFSMbecomesl � (line 24).® R ����� $ " S
Requiredconfigurations are determineddynamically.
Figure3 shows theSDFgraphrefiningstatel�o andits sub-FSMin
theexampleof Figure1. In Figure3, shadedrectanglesrepresent
that thecorrespondingSDFactorsareimplementedon theFPGA.
Thus,configurationfetchis requiredbeforetheir execution.White
rectanglesareassumedto beexecutedon theprocessorassoftware
functions.

In Figure3 (a), we assumethat thescheduleof theSDFgraph
consistingof

g o and
gip

is
g o gip , that the sub-FSMrefining the

SDF actor
g p

has l q asits currentstate,andthat the scheduleof
the SDF graphrefining state l�q is

gi¯�g ��° . In this case,the total
firing orderof SDF actorsis

g o gd¯�g ��° asshown at thebottomof
Figure3 (a). In this case,in termsof configurationscheduling,the
configurationlatency of

gi¯
canbe hidden(in part or in total) by

overlappingthecomputationof
g o (on theprocessor)andthecon-

figurationprefetchfor
gi¯

. In thefigure,theconfigurationprefetch
is representedby thedashedandshadedrectangledenotedby

gi¯
.

Figure3 (b) shows anothercaseof SDFactorfiring. Assuming
that the sub-FSMhas l h asits currentstate,the total firing order
of SDF actorsis

g o g �±� g � m asshown at the bottomof the figure.
In this case,the configurationlatency of

g �±� canalsobe hidden
(in part or in total) by overlappingthe computationof

g o (on the
processor)andthe configurationprefetch(the dashedandshaded
rectangledenotedby

g �±� in thefigure.

Configuration SchedulingProblem
In termsof configurationscheduling,the real problemis that the
above two casesaredetermineddynamicallyduringsystemrunde-
pendingon thecurrentstateof thesub-FSM.Thus,which configu-
rationto prefetch(in theexample,theconfigurationof

gi¯
or thatofg �±� ) needsto bedetermineddynamicallydependingonthecurrent

stateof theFSM.



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

To reduceor, if possible,eliminatesucha penalty, we need
to know the exact orderof requiredconfigurations.In our work,
we achieve thegoalby dynamicallyprecomputingtheorderof re-
quired configurations. Sincethe precomputationgives the exact
orderof requiredconfigurations,our methoddoesnot suffer from
thepenaltyfrom whichprediction-basedmethodssuffer.
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Our solutionstartsfrom the observation that if we cantell all the
currentstatesof FSMsin theHFSM-SDFspecification,wecantell
theexactorderof all theSDFactorfiringswhichwill bemadedur-
ing thepresentstatetransitionof 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 exact firing orderof SDF actorsby constructing
it with the SDF schedulesof child SDF graphs,in a bottom up
manner, from leaf SDF graphs. In the exampleof Figure 3 (a),
the SDF graphrefining the currentstate( l�q ) givesSDF scheduleg ¯ g ��° . Then,we go up onelevel to theSDFgraphconsistingofg o and

gip
. In thescheduleof theSDFgraph,

g o gdp , wesubstitute
thefiring of SDFactor

gip
with thescheduleof its child SDFgraph,g ¯ g ��° . Finally, we obtainthescheduleof

g o g ¯ g ��° .
The constructiongives only the exact order of all SDF actor

firings for theexecutionof thepresentstatetransitionof top FSM.
Thus,theproblemof configurationschedulingis not yet resolved.
For configurationscheduling,whatmattersis theorderof required
configurations.Wecanbuild it by selectingall theSDFactorswith
FPGAimplementationfrom theexactorderof SDFactorfirings. In
theexampleof 3 (a), theorderof requiredconfigurationsbecomes,
trivially,

g ¯
.

Note that sinceeachstatetransitionof top FSM cangive dif-
ferentordersof requiredconfigurations,beforeeachof statetran-
sition of top FSM, we obtaintheorderof requiredconfigurations.
Note also that sincethe orderof requiredconfigurationsis exact,
exceptcasesof exceptionin HFSM-SDFruno , thereis nopossibil-
ity of cancelingconfigurationprefetchwhich is often the casein
prediction-basedmethodsfor configurationprefetch[5][6].

Figure4 exemplifiesthe executionof HFSM-SDFmodeland
configurationscheduling.For eachstatetransitionof top FSM, a
scheduleof SDF actorsis obtained. In Figure 4 (a), we assume
thatthescheduleconsistsof eightSDFactorsfrom

g � to
g j

. The
arrows representexecutionorder. For instance,

g � shouldbe ex-
ecutedbefore

g m . After obtainingthe order, an order of FPGA
configurationsis extracted.In thefigure,shadedrectanglesrepre-
sentSDFactorsimplementedontheFPGA.Thus,anorderof three
configurationsof actors,

g m , g p and
gkh

is obtained.We call the
orderedconfigurationsreadyconfiguration queue(readyCQ).

Interleaving SDF actor firings and configuration scheduling
»
During HFSM-SDFmodelexecution,anexceptioncanbecausedby 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
executed,weneedto cancelall thefetchesof configurationsof theschedule.For more
detailsof exception,referto [20][14].
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Figure 4: Interleaving SDF actor execution and configuration
scheduling.
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1 TopFSM::Precompute (ReadyCQ) {
2 switch(top_cur_state) {
3 case(S1):
4 S1.InsertQueue (ReadyCQ);
5 break;
6 case(S2):
7 S3.InsertQueue (ReadyCQ);
8 switch( S2_sub_cur_state1 ) {
9 case(S4):
10 S4.InsertQueue (ReadyCQ); 
11 break;
12 case(S5):
13 S5.InsertQueue (ReadyCQ); 
14 break;
15 }
16 break;
17 }
18 }
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Figure5: Examplesof precomputationfunctionandreadyCQ.

Theexecutionof statetransition,i.e. theexecutionof SDFactorsis
interleavedwith configurationschedulingasexemplifiedin Figure
4 (b). At thebeginningof thestatetransition,theprecomputation
(PC) is performedto obtainthe readyCQ until time ¨ � . Then,at
time ¨ m , the configurationscheduler(CS) launchesconfiguration
fetch for thefirst configuration(in this example,theconfiguration
of
g m ). At the sametime, the first SDF actor (in this example,g � ) startsto execute. As shown in the figure, the configuration

fetchis overlappedwith theSDFactorexecutiontherebythehiding
configurationlatency.

At time ¨�o , the SDF actor
g � terminatesits execution. The

secondSDF actor,
g m needsto be executed. However, sincethe

configurationfetch for theSDFactorhasnot beencompleted,the
SDF actorwaits for the configurationfetch to be completed. At
time ¨ p , the configurationfetch is completedand the SDF actorg m startsto execute.At time ¨ r , sincetheSDFactorimplemented
on the FPGA terminatesits executionand its configurationis no
longerneededontheFPGA,theconfigurationscheduleris invoked
to fetchanext necessaryconfiguration(in thisexample,theconfig-
urationof

gip
) ontotheFPGA.Interleaving of SDFactorexecution

andconfigurationschedulingcontinuesin this way.
In thenext two subsections,we will explain thedetailsof pre-

computationof readyCQandruntimeconfigurationscheduling.² WT R � " ����Swv���	
%	�� � � \ � � ��	�� � �
Figure5 (a) shows a pseudocodeof precomputationfunction for
thecaseof Figure1. Thepseudocodein Figure5 (a) hasthesame
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Figure6: Runtimeconfigurationscheduler.

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: Testingwhetherconfigurationfetchis allowedor not.

control structurewith the codeof HFSM-SDFexamplegiven in
Figure2 sincetheprecomputationfunctiontraversesthesamehier-
archyof HFSM.Thetraversalis performedin a depth-firstmanner
andstartedby calling the functionTopFSM::Precompute()(line 1
in Figure5 (a)). During thetraversal,all thecurrentstatesof (sub-
)FSMsareidentified. It is to evaluatevariablesindicatingcurrent
states(lines 3, 6, 9 and12 in Figure5 (a)). For eachcurrentstate
thatis refinedto anSDFgraph,thereadyCQis incrementallycon-
structed(lines4, 7, 10or 13).

Figure5 (b) shows anexampleof obtainingthereadyCQ.The
figureshows, from theexampleof Figure1, theFSM consistingof
state l p and l�r andthe SDF graphrefining state l�r . We assume
that the currentstateof FSM is lar and that the SDF actors(

g h
and

gij
) in therefiningSDFgraphareimplementedon theFPGA.

Thus, their configurationsneedto be fetchedonto the FPGA. As
shown in thefigure, thescheduleof SDF graphis

gkh
2
gij

. In this
case,for theschedule,thefunctionS5.InsertQueue(ReadyCQ)in
line 13of Figure5 (a) insertsinto a readyCQanorderedsequence
of two tuples,  gkh

, 10, 1 !" gdj
, 50, 2 ! . A tupleconsistsof  

configurationid, configurationcostin percentage,numberof con-
figurationrequests! . Notethat,in this case,by usingthenumber
of configurationrequestsin thetuple,we usea singletuplefor two
timesof configurationrequestfor

g j
.

After the depth-firsttraversal,the precomputationfunction of
topFSMgivestheentirereadyCQ(ReadyCQin Figure5 (a)). The
runtimeconfigurationscheduler(Section5.3)will usethereadyCQ
to fetchconfigurations.

NotethattheprecomputationdoesnotchangetheoriginalHFSM.
Comparedwith the codein Figure2, Figure5 (a) shows that the
precomputationfunction doesnot setoutputs,nor statevariables.
From the original codeof HFSM, the precomputationfunction is
madeby extractingthehierarchy(control structureof theoriginal
code),andstatevariables(to readthem).

² W Q ! � � 	�� S " ³ � ��µ ta����%	�� � �'^ �VZ " ��� $ " �
Theconfigurationscheduleris executedin oneof threecases:when
theprecomputationof readyCQis done,whenanSDFactortermi-
natesits executionon theFPGA,andwhena configurationfetchis

completed.It treatstwo queues,readyCQ anda queuecalledre-
questedconfiguration queue(requestedCQ). TherequestedCQ is
usedto maintaintheinformationof currentconfigurationrequests.

Figure6 shows how the configurationschedulerruns. In the
figure,anSDFactor

g$#
terminatesits run on theFPGAandsends

adonesignalto theconfigurationscheduler(arrow number1). The
configurationschedulerchecksto seeif theconfigurationof theter-
minatedSDFactoris still needed(this casewill beexplainedlater
in this section). If not, it removesthe requestfrom the requested
CQ(arrow number2). Theconfigurationschedulerchecksthefirst
tuplein thereadyCQto seeif its configurationcanbefetchedonto
theFPGA(arrow number3 in Figure6).

Figure7 shows a pseudocodeof sucha test. FunctionTest-
Fetch checks,first, to seeif thereexists enoughFPGA spacefor
thenew configuration(line 2 in thefigure). In thecode,cur cost()
returnsthe currentusageof FPGA in percentage.Although there
is enoughspace(in termsof resourceusagepercentage)for the
new configuration,thenew configurationmayconflictwith existing
configurations.Theconflictis causedby thelimitation of sharedre-
sourcesuchasglobalwires,I/O pins,etc. Thus,we needto check
theconflict (line 3).

If thenew configurationisallowedtobefetchedontotheFPGA,
the correspondingtuple is moved from the readyCQ to the re-
questedCQ (arrow number4 in Figure6). Then,thenew configu-
ration is fetched(in this case,for anSDFactor

g&%
, arrow number

5). Theconfigurationschedulerrunsin this way.
Notethata configurationrequestcancontainmultiple timesof

requestfor thesameconfiguration.For instance,if thecurrenttuple
is  g'%

, 50,2 ! , thentherequestcontainstwo timesof requestfor
the configurationof SDF actor

g&%
that consumes50% of FPGA

cost.
In theoperationof configurationscheduler, we needto payat-

tentionto thefollowing two cases.

( Case1: whenthe requestedconfigurationis alreadyon the
FPGA.

( Case2: whentheconfigurationof terminatedSDFactorwas
requestedmultiple times.

In Case1, if thereis a new requestfor an existing configura-
tion on the FPGA, thenthe requestis marked asservicedandno
configurationfetch is performed.Thus,we canreusetheexisting
configurationwhile preventingredundantconfigurationfetch.

To dealwith Case2, whenanSDFactorterminatesits execu-
tion ontheFPGA,wecheckto seeif theconfigurationof thetermi-
natedSDF actorwasrequestedmultiple times. The testis simple
sincea tuple in the requestedCQ containsthe numberof config-
urationrequests.For instance,if an SDF actor,

g #
terminatesits

executionandif theconfigurationcontrollerfindsa tupleof  g$#
,

20,2 ! in therequestedCQ, thenit shouldkeeptheconfiguration
of
g #

sincetheconfigurationwasrequestedtwo timesandonly the
first requesthasbeenserviced.In thiscase,theschedulerkeepsthe
configurationanddecrementsthenumberof configurationrequests
by one(2 to 1 in thisexample).Thus,theschedulerremovesacon-
figurationonly whentheconfigurationis no longerneeded,i.e. the
numberof configurationrequestsreacheszero.
) *,+ v " �?� S "�� 	
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We appliedour methodof precomputationandruntimeconfigura-
tion schedulingto an HFSM-SDFimplementationof an MPEG4
naturalvideo decoder[21]. The MPEG4decoderis implemented
on the SoCarchitectureconsistingof an ARM7 processorandan
FPGA (Xilinx XCV50E). We implementedthe runtime configu-
rationscheduleron theARM7 processor. Theterminationof both
SDFactorfiring ontheFPGAandconfigurationfetchis signaledto
theruntimeconfigurationscheduleron theprocessorvia interrupt.
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Table1: Comparisonbetweennoconfigurationprefetchcaseandourmethod.

Werun10framesof MPEG4decodingwith areferencemotion
picture.Thesoftware-onlyimplementationof MPEG4decoderon
the ARM7 processorconsumes82,633,799clock cycles for the
decoding. To have HW/SW mixed implementation,we change
HW/SW mappingof five SDF actors. Table1 (a) shows the exe-
cutiondelayandconfigurationlatency of HW implementableSDF
actors.Table1 (b) showssix casesof HW/SWmappingof theSDF
actors.For theotherSDFactorsof MPEG4decoder, wemapthem
on SW, i.e. on theARM7 processor.

Table1 (c) comparestheruntimesof our methodandthoseof
no configurationprefetch.

p
Our methodgives-1.4%to 21.8%(av-

erage12.7%)performanceimprovementcomparedto thecasesof
no configurationprefetch.Among thesix casesof HW/SW map-
ping, mappingB givesruntimedecreaseby 1.4%comparedto the
caseof no configurationfetch. In this mapping,SDF actorIDCT,
IQUANT, andAddBlockInteraremappedon the FPGA. Config-
urationsof IDCT andAddBlockIntercanresideon the FPGA at
the sametime. Thoseof IDCT andIQUANT canalsoresideon
theFPGAat thesametime. Configurationsof AddBlockInterand
IQUANT conflict with eachotheronly once. Thus, the configu-
ration fetch for eachof the threeSDF actorsis neededonly once.
After the configuration,no reconfigurationis needed. Thus, the
configurationcontroller run doesnot improve the runtimemuch.
Instead,it addsruntimeoverheadby its runtime(1.4%).

Theoverheadof our methodneedsto beevaluatedin termsof
runtimeandmemoryusage(codeanddatamemory). Table1 (c)
shows the runtimeoverheadof precomputationfunction (OV pre)
andruntimeconfigurationscheduler(OV sch). The total runtime
overhead(OV total) is lessthan1.4%.Table1 (d) shows themem-
ory usageoverheadof precomputationfunction andruntimecon-
figurationscheduler. Theoverheadis lessthan0.94%.
� ³ � � � $ ���L� � �
In thispaper, wepresentedamethodof runtimeconfigurationschedul-
ing for the implementationof hierarchicalFSM with synchronous
dataflow model.For eachstatetransitionof topFSM,first, we pre-
computetheexactorderof requiredconfigurationsin a readycon-
figurationqueueby traversingthe hierarchyof hierarchicalFSM.
Then,with thequeue,a runtimeconfigurationschedulerlaunches
configurationfetchesasearly aspossibleduring the executionof
statetransitionof top FSM. We appliedthe presentedmethodto
a reconfigurabledesignof MPEG4naturalvideodecoder. Exper-
�
Evenin thecaseof noconfigurationprefetch,existingconfigurationon theFPGA

canbereused.That is, whena configurationneedsto be fetched,if thesameconfig-
urationexists alreadyon the FPGA, the existing configurationis reusedfor the new
configurationrequestwhile preventingredundantconfigurationfetch.

imental resultsgive up to 21.8%improvementin runtime with a
negligible overheadof runtimeandmemoryusage.! "���" � "�� � " �
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