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In thispaperwepresentacoarsegrainCDFG(Control/Data
Flow Graph)modelsuitablefor hardware/softwarepartition-
ing of single processesand demonstratehow it is neces-
saryto performvarioustransformationson thegraphstruc-
ture beforepartitioning in order to achieve a structurethat
allows for accurateestimationof communicationoverhead
betweennodesmappedto differentprocessors.In particu-
lar, we demonstratehow varioustransformationsof control
structurescanleadto a moreaccuratecommunicationanal-
ysisandmoreefficient implementations.Thepurposeof the
transformationsis to obtaina CDFG structurethat is suffi-
ciently fine grainedasto supporta correctcommunication
analysisbut notmorefinegrainedthannecessaryasthiswill
increasepartitioningandanalysistime.
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In this paperwe focuson communicationanalysisfor hard-
ware/softwarepartitioningof control-intensive applications
thatarespecifiedusinghierarchy, functions,conditionalsand
loops. In particular, we focuson the structuresthat imple-
mentcontrol, i.e. conditionalsand loops. Thesestructures
areusedto direct the flow of databetweenfunctionalele-
mentsaccordingto the valuesof test variables. As com-
municationoverheadis animportantfactorto considerdur-
ing hardware/software partitioning [4][5], the mappingof
thesestructuresis thus importantto analyzeandoptimize.
ThepresentedCDFGmodelsupportstheexplorationof var-
iousimplementationalternativesfor thesestructuresthrough
conditionalandloop transformationswhich will bedemon-
stratedin thefollowing. Furthermore,it supportscommuni-
cationanalysisfor crosshierarchycommunicationthrough
hierarchical expansionand for function calls throughvir-
tual functionexpansion. Virtual functionexpansionis only
describedbriefly in this paper. Thepurposeof the transfor-
mationsis to obtainaCDFGstructurethatis sufficiently fine
grainedasto supporta correctcommunicationanalysisbut
not more fine grainedthan necessaryas this will increase
partitioningandanalysistime.

Name Alias Comment
PURE DFG D A puredataflow graph
FULL LOOP* FL A wholeloop node
LOOP BODY* LB Loopbodynode
LOOP ENTRY LE Loopentrynode
LOOP EXIT LX Loopexit node
FULL BRANCH* FB A full branchnode
BRANCH BODY1* B1 First branchbody
BRANCH BODY2* B2 Secondbranchbody
BRANCH SPLIT BS Branchvariablesplit node
BRANCH MERGE BM Branchvariablemergenode
REPEATER R Repeaternode
HIER IN Hi Hierarchyinput interfacenode
HIER OUT Ho Hierarchyoutputinterfacenode
FU CALL* F Functioncall node
FU IN Fi Functioninput interfacenode
FU OUT Fo Functionoutputinterfacenode
NOP N NOP(variableduplicator)node
VOID V Void node(variablesink)

Table 1: Elementsof NodeType. Hierarchical nodesare
markedwith an asterisk(*).
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This sectiondefinesthe CDFG modelwhich is usedto de-
scribethefunctionalityof asingleprocess.It includesstruc-
turesfor basicarithmeticandlogical operations,hierarchy,
conditionals,loopsandfunctionsandis assuchsufficiently
expressive asto be ableto representuniversalcomputation
power [2].

TheCDFGcanbedenoteda high level CDFG asnodes
representhigh level functionsratherthansimpleoperations,
either in the form of function calls or in the form of data
flow graphs(DFGs)containingsimplearithmeticandlogi-
cal operationsandno control, andedgesrepresentvariable
setsthatarecommunicatedbetweenthehigh level functions
ratherthansinglevariables.

Nodescanhavedifferenttypes,asdefinedin table1. The
aliascolumndefinesshortformsof thetypenamesthatwill
beusedin figures.Nodesarerecordsthatcontaina number
of parameters,asdefinedin table2.

Edgesare also recordsand contain the parametersde-
finedin table3. Edgescanbeeitherdataor controledges,as
distinguishedby theEdgeType parameter.

The usageandmeaningof the variousnode/edgetypes
andfields will be definedasthey areusedin the following
sections1.

1Only the parametersthatarerelevant for this paperareshown in the table. The
type ' Variable (m Variable ) denotesa map(sometimescalleddictionary)that maps
variablesto variables.



Name Type Comment
type NodeType Thetypeof anode.
rset Variable-set Thesetof variablesreadby anode.
wset Variable-set Thesetof variableswrittenby a node.
cdfg CDFG TheCDFGthis nodeis a partof.
subcdfg CDFG Thesub-CDFGof ahierarchicalnode.
subdfg DFG Thedataflow graphof aDFG node.
tvar Variable Thebranch,loop andrpt. nodetestvariable.
tpol Bool Thetestvariablepolarity.
bmap1 Variable (m Variable Branchvariablemappingfor branchbody1.
bmap2 Variable (m Variable Branchvariablemappingfor branchbody2.
emap Variable (m Variable Loopentrynodevariablemapping.
xmap Variable (m Variable Loopexit nodevariablemapping.
rmap Variable (m Variable Repeaternodevariablemapping.

Table2: Theparametersassociatedwith a node.

Name Type Comment
type EdgeType Thetypeof anedge(DATA or CONTROL).
src Node Thenodethatfeedsanedge.
snk Node Thenodethatis fed by anedge.
varset Variable-set Thesetof variablestransferredon adataedge.

Table3: Theparametersassociatedwith an edge.

Notethatthefact thathierarchicalnodescanreferencea
subgraphvia thesubcdfg parametermakestheCDFGdef-
inition recursive. A CDFG containsnodesbut nodesmay
themselvescontainwholeCDFGs.

As for operationalsemanticsof thegraph,we usetoken
flow semanticsasdefinedin [1]. This meansthat variables
are tokensthat flow on edgesand that eachnodeexecutes
accordingto a firing rule thatdefinesthatoutputtokensare
generatedfor eachoutputvariablewhenandonly whenall
input tokensarepresenton theinputedges.During this pro-
cess,theinput tokensareabsorbedby thenode.

As mentioned,edgesdo not correspondto single vari-
ablesbut to setsof variablesthatarecommunicatedbetween
nodes.Therefore,we denotetheseedgeshyperedges.

For a givennode,aninputhyperedgeis createdfor each
nodethat feedsit andan outputhyperedgefor eachnode
thatit feedsitself.

Theindividualvariablesthatarecommunicatedonedges
canin generalbeof any type.For simplicity, weonly model
simplevariableslike integersandrealsandarraysof simple
variables.Thismeansthatweneedonly recordthebit width
andlengthof eachvariable(thelengthof asimplevariableis
1). Using the methodologyin [5], thecommunicationtime
for read-andwrite setsthat, accordingto analysis,needto
be transferredbetweendifferentprocessorsusingparticular
protocolscanbeestimatedwith thehelpof theseparameters.
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TraditionalCDFGformatslike theonedescribedin [1] use
a separateedgefor eachvariablethat is communicatedbe-
tweennodesin the graph. If for exampleseven variables
aretransferredbetweentwo nodes,seven edgeswill be the
result. Our coarsegrain CDFG format supportsfast com-
municationanalysisaswe usea singlehyperedgebetween
eachpair of nodesthat communicatewith eachother. This
reducesthenumberof edgesandthereforedecreasesanaly-
sisandpartitioningtime. For implementingconditionaland
loop structures,we usespecialcontrolnodesthatdirect the
flow of dataaccordingto thevaluesbranchor loop testvari-
ables,as describedin sections3.2 and 3.3. Thesenodes
correspondto multiplexers/demultiplexersin hardwareand
to conditionalor loop constructsin software. The format

in [1] usesone control nodefor eachvariable in the sys-
tem,leadingto a very largenumberof controlnodesto con-
sider for partitioning. While this fine grain graphformat
allows for maximumflexibility with respectto partitioning
control structures,it alsocomplicatesthe graphand there-
fore increasesanalysisandpartitioningtime. Our graphfor-
mat allows for exploring the whole rangefrom using just
two large control nodesfor eachcontrol constructto using
control nodesfor eachvariable. In the following sections
we demonstratehow graphswith largecontrolnodescanbe
transformedinto sufficiently fine grainedstructuresthat al-
low for betteroptimizationof communication.Thesetrans-
formationsimprovebothefficiency of thefinal implementa-
tion andaccuracy andefficiency of analysis.It is important
to note that, while the transformationsallow for exploring
different implementationalternatives for loops and condi-
tionals,they shouldonly beperformedto theextentthatthe
synthesistoolsareableto producesimilar implementations.
If, for instance,thehardwaresynthesistool canonly produce
a coarsegrain loop control implementation(i.e. usingone
controller and single big multiplexers/demultiplexers), the
loop control nodesshouldnot be transformedin the graph
prior to doingpartitioning.Thegraphstructuremustreflect
what is donein synthesis,even if what is doneis not effi-
cient. For a further discussionof the relationbetweenthe
modeldomainandtheimplementationdomain,pleaserefer
to [4].

In the following, we first introducea basictransforma-
tion calledhierarchical expansionwhich easesthe analysis
of crosshierarchycommunicationandwhich is a prerequi-
site for performingthe subsequentlypresentedconditional
andloop transformationscorrectly.
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Hierarchyis introducedby letting hierarchicalnodes(those
markedwith anasteriskin table1) referencea CDFG. The
nodeH in figure 1A is sucha hierarchicalnode. We use
doublecirclesin figuresto denotehierarchicalnodes.
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Figure1: Structure of a CDFG hierarchy. A) Atomic(node)
view. B) Expandedview.

All subgraphsof hierarchicalnodesarepolar graphsas
shown in figure 1B. D4 andD5 areDFGsandFB is a full
branchnodewhosesub-CDFGis not shown. We seethat
the hierarchicalnodeH in figure 1A is fed by threenodes
andfeedstwo nodesitself. ThehierarchyCDFG of a hier-
archicalnodealwayscontainsahierarchyinputnodeHi and
a hierarchyoutputnodeHo. Thesenodesactasaninterface
to thehierarchyandasplaceholdersfor thevariablesthatgo



in andout of the hierarchy2. The write setof the Hi node
equals< the setof variablesthat are readfrom outerhierar-
chies.Thereadsetof theHo nodeequalsthesetof variables
that arewritten to outerhierarchies.We assumethat every
variablethat is producedin a CDFGis uniquewith respect
to its namethroughoutthewholeCDFG,i.e. throughoutall
hierarchylevelsof theCDFG.

As mentionedin [7], oneof the first stepsin the code-
signprocessis to determinethegranularityof thefunctional
specificationthatpartitioningoperateson. This canbedone
in a numberof ways[3][6][7], thesimplestbeinghierarchi-
cal granularity selection[6] wherewe for eachhierarchical
nodedeterminewhetherit shouldbe regardedasa granule
(i.e. atomicfunctionwhich is not split acrossprocessors)or
whetherwe should replacethe hierarchicalnodewith the
contentsof thehierarchyandthusmake theinput specifica-
tion morefine grained. Our graphstructuresupportscom-
municationanalysisfor bothcases.If thehierarchicalnode
H is to be regardedas a granuleitself, we simply usethe
input- andoutputhyperedgesshown in figure1A for com-
municationanalysisfor a particularprocessormappingof
thenodeH. If thecontentsof thehierarchyis to beregarded

H
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Figure 2: One-level expansionof a hierarchical node. A)
CDFG prior to expansionof H. B) CDFGafter expansion.

asgranules,we performhierarchical expansionin orderto
be able to perform a correctdatadependency analysisfor
a particularmappingof thenodesinsideandoutsideof the
hierarchyto differentprocessors.This is shown in figure2
wherethehierarchicalnodeH, correspondingto thehierar-
chy in figure 1B, is expandedinto its surroundingCDFG.
The expansionis a one-level expansionas the full branch
within theCDFG of nodeH is not expanded,but of course
expansioncan be multi level. Note that whenperforming
hierarchicalexpansion,theHi andHo nodesareeliminated
andhyperedgesareregeneratedso thatwe cananalyzethe
true dependenciesbetweenthe nodesinside the hierarchy
andthenodesoutsidethehierarchy.

In theexample,D5 andD7 areplacedin hardwarewhile
therestof thenodesareplacedin software.This expansion,
for example,allowsusto seethateventhoughD7 readsthree
variables, = f,i,j > , it only needsto have two variables = f,i >
transferredacrossthehardware/softwareboundary.

Notethatit is legal for thesamevariableto bepresenton
several edgeswhenmorethanonenodereadsthe variable,
asit is thecasefor thevariablesb andf in thefigure. When
several nodesthat readsucha sharedvariablearemapped
to anotherprocessorthantheproducingnodeis mappedto,

2This makesthehierarchygraphspolarandcorrespondsto theimplementationof
hierarchyin theflow graphmodeldefinedin [2].

thereareseveralpossibilitiesfor schedulingthecorrespond-
ing edges.If dynamicmemorystorageon thereceiving pro-
cessorallows it, thevariableneedsonly betransferredonce,
for thefirst schedulednode(D5, for thevariablef). For sub-
sequentedgesthatcontainthevariable(theonefrom D4 to
D7 for f), suchan alreadytransferredvariablecan be re-
moved from variablesetof eachedgewhich decreasesthe
communicationtime of the edgesandpossiblyallows sub-
sequentnodes(D7 for f) to bescheduledearlier. If memory
storageon the receiving processoris limited and memory
storageon the transmittingprocessorallows it, thevariable
canbestoredtemporarilyon the transmittingprocessor, re-
transmittedeachtime it is neededby a receiving nodeand
freedwhenthelastreceiving nodehasbeenscheduled.De-
termining the optimal time/spacemappingof sharedvari-
ablescanbe doneby introducingvariableduplicatornodes
whosemappingandschedulingin effectdeterminein which
timeslotsthevariablesarestoredonwhichprocessors.This
is left to futurework.
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Branchesor conditionalstructuresare introducedby using
full branch,branchbody1, branchbody2, branchsplit and
branchmergenodes.A full branchhierarchicalnodeis used
to encapsulatethe whole branch. The basicstructureof a
conditionalis shown in figure3.

FB

A) B)

{a,b} {c} {d,e}

{f}

Hi

Ho

BS

BM

B2B1

{f}

{f2}{f1}

{a,b,c,d,e}
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Figure3: Basicstructure of a full branch. A) Nodeview. B)
Expandedview.

The BS nodeis a branchsplit nodethat duplicatesits
inputvariablesandsendsthemto eitherB1 orB2, depending
on the valueof the testvariable(t in the figure). The BM
nodeis abranchmergenodethatselectstheoutputvariables
from eitherB1 or B2, also dependingon the value of the
test variable,andoutputsthe correspondingbranchoutput
variables.Thetestvariableis identifiedby the tvar field of
the BS andBM nodes. A testpolarity parameter(tpol) of
theBS andBM nodesspecifieswhichof thebranchesthatis
takenif thetestvariableis true.If thetestpolarityis true, B1
is taken,otherwiseB2. In orderto keeptrackof how input
variablesmapto outputvariablesof theBS andBM nodes,
we usethebmap1 andbmap2 variablemapswhich define
themappingsfor B1 andB2, respectively. In theexamples
we have usedthe intuitive mappingthata variablenamedx
outsideof a branchmapsto thevariablex1 in B1 andto x2
in B2.
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In figureF 4A we seethat the(copiesof the)variables= a,b >
areusedsolelyby B1 and = d,e > solelyby B23. If thebranch
is implementedusingonly a singleBS node,suchvariables
mustbeled throughtheBS nodewhich maybevery ineffi-
cient,dependingon themappingof theBS node.Figure4B
showsatransformationthatallowssuchvariablesto becom-
municateddirectly from their producingnodeto thebranch
they areusedin.
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Figure4: Transformationfor unsharedvariables.A) Origi-
nal branch structure. B) Transformedbranch structure.

Herewehaveexpandedthebranchinto asurroundinghi-
erarchywhereD1 suppliesthe = a,b > variables,D2 the = c >
variableandD3 the = d,e > variables.The branchtestvari-
ableisdisregardedin therestof thissection.In figure4A, we
haveassumedthatthebranchhasbeenconstructedin sucha
way thatall variablesreadwithin thebranchareled through
thebranchsplit node.In figure4B, a repeaternodeis added
for eachof the sourcenodesof the branchsplit nodethat
producesvariablesthatareonly readby oneof thebranches.
Theserepeaternodesare called R1 and R2 in the figure.
A repeaternodecopiesits input variablesto its outputvari-
ables(accordingto the rmap variablemap) if the valueof
the repeatertest variable(tvar) is equalto the valueof its
polarity field (tpol). Otherwiseit absorbsits inputvariables.
Repeaternodesfor B1 musthave the samepolarity as the
branchsplit nodeandrepeaternodesfor B2 musthave op-
positepolarity4.

Assumethatwe know thattheleft branchB1 is takenso
that theBS nodedoesnot communicatevariablesto B2. In
the un-transformedcasein figure4A, communicationanal-
ysis shows that six variablescrossthe hardware/software
boundarybecauseit is not recognizedthat = a,b > can be
communicateddirectly from D1 to B1. In the transformed
casein figure4B,only two variablescrossthehardware/soft-
wareboundary.

We find that a similar transformationis not neededfor
the branchmerge nodebecausethe two branchesproduce
equivalentsetsof outputvariables.

Note that theB1 andB2 nodesareregardedasgranules
in this example.If granularityselectionhasdeterminedthat
they shouldbeexpanded,this expansionmustbeperformed
before the branchoptimizationso that repeaternodesare

3TheunusedvariablesG d1,e1,a2,b2 H areassumedto beabsorbedwithin theBS
node. Indeed,assuringthis for all unusedvariablesis anothertransformationthatwe
performbut which is notshown here.

4Notethatthetokenflow semanticsof theCDFGmeanthatwecannotuseasimple
hyperedgeinsteadof a repeaternode.We shouldonly directvariables(tokens)to the
activebranch,and,for this,a repeaternodeis needed.

generatedwith respectto thenodesinsidethebranchhierar-
chies. In general,we have thathierarchicalexpansionmust
beperformedbeforetransformation.
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This sectiondescribesa transformationfor thosevariables
thatarereadby (andproducedby) bothbranches,like c in
figure4.
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{g}

SW HW
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Figure5: Transformationfor sharedvariables.A) Original
branch structure. B) Transformedbranch structure.

Considerthebranchstructurein figure5. Herethevari-
ables = a,b,c,d > arereadby both branches.With the given
structure,it is not recognizedthat the (copiesof the) vari-
ables = a,b > canbe led directly from D1 to B1 andthat the
(copiesof the)variables= c,d > canbe led directly from D2
to B2. If we assumeagainthat the left branchB1 is taken,
weseefor thestructurein figure5A that9 variablesmustbe
movedacrossthehardware/softwareboundary. In figure5B,
the BS andBM nodeshave beensplit andcommunication
analysisnow shows that only threevariables = c1,d1,g1 >
have to be moved acrossthe boundary. Notice how the f
andg outputvariablesarenow leddirectly to D3 andD4.

Splitting of theBS nodemustbeperformedfor eachof
its sourcenodesthat producesat leastonevariablethat is
readby bothbranches.Suchasourcenodemayalsoproduce
variablesthat are only readby oneof the branches.Such
variablesarestill transferredto theoriginalbranchsplit node
or to a repeaternode,asdescribedin section3.2.1.

Splitting of theBM nodeis currentlyperformedfor each
of its sink nodes.If, however, severalsink nodessharevari-
ablesin their readsets,this leadsto several branchmerge
nodesthat producethe samevariable. Either, oneof these
branchmergenodesmustbeselectedasthesoleproducerof
sucha variable,or theproducedvariablesmustberenamed,
aswedonotsupporttwo nodesproducingthesamevariable.
We usethelaststrategy.
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We usethe structureshown in figure 6 to representa full
loop. LB is the loop body that alsoproducesthe loop test
variablet. Theloop is a REPEAT UNTIL loop5 thatexecutes
LB until the value of the test variable t is false. LE is a
multiplexer that initially, when t is false, directsthe input

5A REPEAT UNTIL loopcanalwaysbetransformedinto aWHILE loopby enclosing
it in aconditional[2], sothegraphstructurecanrepresentbothkindsof loops.
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Figure6: Basicstructure of a full loop. A) Nodeview. B)
Expandedview.

variablesof the full loop, = a0,b0,c0 > , to LB. When t be-
comestrue, it directstheoutputvariablesfrom theLX node,= a3,b3,c3 > , backinto LB. A false tokenis assumedto have
beenplacedon the t edgeof all LE nodesbeforeexecution
of the graphasto ensurethat the loopsstartwhenthey re-
ceive their first input variables.LX is alsoa multiplexer that
directsits input variables= a2,b2,c2 > backto LE aslong as
t is true and out of the loop (to Ho in the figure) when t
becomesfalse.

We performthe singleLE/LX nodesplit transformation
shown in figure 7 in order to obtain a loop structurethat
allows us to analyzecommunicationbetweennodeswithin
the loop moreaccurately. This transformationis performed
with respectto thenodeswithin theloopasthesenodesmay
communicatea largenumberof timeswith theLE/LX nodes
while nodesoutsideof theloop only communicateonetime
with theLE/LX nodes.Thesplittingis performedby produc-
ing oneLE nodefor eachof the sink nodesof the original
LE nodeandoneLX nodefor eachof the sourcenodesof
theoriginal LX node. It maybe thecasethatseveralnodes
within the loop readthesamevariablefrom theoriginal LE
node,thuscausingseveralLE nodesthatproducethesame
variableto begenerated.This is currentlyhandledthesame
way asdescribedin section3.2.2,i.e.by variablerenaming.
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Figure7: LE/LX nodesplit transformation.A) Initial loop
structure. B) Resultingloopstructure.

Figure 7B shows the resulting loop structurein which
it is apparentthat only t needsto be transferredacrossthe
hardware/softwareboundaryfor thegivenmapping.In fig-
ure 7A, we have that five variablesmustbe transferredbe-
tweenhardwareandsoftwarefor eachloop iteration.
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In order to obtain the full CDFG structureon which par-
titioning andanalysisis to be performed,we first perform
a recursive hierarchicalexpansionof all hierarchicalnodes
that shouldbe expandedaccordingto granularityselection.
ThisexpansionincludesaCDFGwideregenerationof hyper
edges.Thereafter, the branchandloop transformationsde-
scribedin theprevioussectionsareperformedfor eachloop
and branchstructure. Furthermore,we perform so-called
virtual expansionof functionswhereeachfunction call is
fully expanded,i.e. (recursively) replacedwith acopy of the
functionimplementationCDFG.Duringthisexpansion,for-
malparametersof thefunctionarerecursively replacedwith
actualparameters(yielding new namesfor variableson in-
putandoutputedgesof thefunctiongraph)andinternaledge
namesof theCDFGmadeunique(asto avoid collision with
othervirtually expandedinstancesof thesamefunction),so
that a correctdatadependency analysiscan be performed
with respectto nodesthat feedthe function call andnodes
within the function. Functionexpansionis denotedvirtual
asit is only performedin order to analyzecommunication
correctly, not for mappingnodesof functionsto processors
(i.e.wedonotassumeinlining of functions).Mappingof the
nodesof a functiongraphis performedonly once,andthis
mappingis retainedfor eachof the nodesof eachvirtually
expandedinstanceof thefunction.M � � � �0%?���3��� �
We have presenteda coarsegrainCDFGformatthat is use-
ful for performinghardware/softwarepartitioningof control
intensive processes.We have shown that loop and condi-
tionalstructurescanbespecifiedatdifferentlevelsof granu-
larity andthat it is importantto choosetheright granularity
in orderto beableto performacorrectcommunicationanal-
ysisandanefficient explorationof implementationalterna-
tivesfor thesestructures.We have developeda tool thatcan
translateaVHDL processinto thisCDFGformatandwhich
can perform the transformationsdescribedabove. Future
work includesintegratingthis with hardware/softwarepar-
titioning andcommunicationestimationin the LYCOS [6]
co-synthesissystem.
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