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ABSTRACT
The main unique featureof dynamically reconfigurablesystems
is the ability to time-sharethe samereconfigurablehardware re-
sources.However, theenergy-delaycostassociatedwith reconfig-
urationmustbeaccountedfor duringhardware-softwarepartition-
ing. We proposea methodfor mappingnodesof an application
control flow grapheither to softwareor reconfigurablehardware,
explicitly targeting minimization of the energy-delaycost due to
both computationandconfiguration.The addressedproblemsare
energy-delayproductminimization,delay-constrainedenergy min-
imization, andenergy-constraineddelayminimization. We show
how theseproblemscan be tackledby using network flow tech-
niques,after transformingthe original control flow graphinto an
equivalent network. If thereareno constraints,as in the caseof
theenergy-delayproductminimization,we areableto generatean
optimalsolutionin polynomialtime.

Keywords: hardware-softwarepartitioning,reconfigurablesys-
tems,network flows.

1. INTRODUCTION
To achieve greaterflexibility , reducedcostsandlongerproduct

life, thetrendis to useconfigurableor alterablecomponentsin the
designof embeddedsystems.To respondto changesin an appli-
cation, sucha systemis reconfiguredratherthan redesignedand
rebuilt. Tight couplingof the hardwareandsoftwarein reconfig-
urableembeddedsystemsrequiresextensive automatedsupportfor
efficient hardware-softwaremappingof anapplication,with anex-
plicit accountfor a new penaltymetric associatedwith reconfigu-
ration. In this paperwe addresstheproblemof hardware-software
bipartitioning, which in our caseis synonymouswith hardware-
softwaremappingof anapplication.�
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Theassumedtargetarchitectureof a dynamicallyreconfigurable
digital processorincludesthreekey components:a softwareunit
(a microprocessor),a dynamichardware unit (a reprogrammable
logic device), anda sharedmemoryunit (communicationlink be-
tweensoftwareandhardware).Thesoftwarecandirectlyconfigure
thehardware,whichis partiallyreconfigurable.Partialreconfigura-
tion allowsfor aselectivechangeof hardwaresegmentsof arbitrary
sizeatanarbitrarylocation,withoutdisruptingtheoperationof the
restof the hardwarespace.Sucha capabilitygreatly reducesre-
configurationtime andenergy consumption,becausethehardware
updatesarehighly localized.

An applicationis representedbyacontrol-flow graph(CFG),and
our goal is to assigneachgraphnode,or basicblock, to eitherthe
hardwareor the software. Usually, the hardware implementation
is more energy-delayefficient than the software implementation;
however, theformerinvokesa hardwarereconfigurationpenaltyin
termsof both energy and delay. In this paper, we addressthree
typesof problems:(1) energy-delayproductminimization,(2) en-
ergy minimizationunderthedelayconstraint,and(3) delaymini-
mizationundertheenergy constraint.Weshow how to tacklethese
problemsby using network flow techniques. The unconstrained
minimizationis solvedoptimally in polynomialtime,andmethods
arepresentedfor systematicallyexploring nearoptimal solutions
for theconstrainedproblems.

Although the closelink betweengraphbipartitioningand net-
work flows is well known, theapplicabilityof network flowsto our
caseis notobvious.Ourcostfunctioninvolvecostsof all nodesand
all edgesin theCFG,andnot justtheedgesin thecut-setseparating
software-mappednodesandhardware-mappednodes.Specifically,
thecostof anodedependswhetherit is in softwareor in hardware,
andthecostof anedgedependswhetherits origin nodeis in soft-
wareor in hardwareandwhetherits destinationnodeis in software
or in hardware.

2. PROBLEM DESCRIPTION
Our approachdirectly targetsenergy-delayminimizationin the

dynamicallyreconfigurablecomputingenvironment. The key as-
sumptionsareasfollows: (1) the target architectureconsistsof a
microprocessorcoreanda dynamicallyreconfigurablelogic core,
communicatingthrougha sharedmemorycore;(2) anapplication
is representedby a control flow graph;(3) hardware-softwarebi-
partitioningis performedat thebasicblock level; (4) basicblocks
areexecutedsequentially, in accordancewith thecontrolflow; (5)
reconfigurationeventstake placeduringcontrol transfers;(6) par-
tial reconfigurabilityis utilized to reducetheamountof configura-
tion; (7) the energy-delaypenaltiesdue to both computationand
reconfigurationaretaken into account;(8) theapplicationdelayis



definedasa weightedsumof computationdelaysof all the basic
blocks

�
andreconfigurationdelaysof all control transfers;(9) the

applicationenergy is definedasaweightedsumof computationen-
ergiesof all thebasicblocksandthereconfigurationenergiesof all
controltransfers;(10) theweightsmentionedin (8) and(9) (for en-
ergy or delay)areexecutionfrequencies,which areobtainedfrom
applicationprofiling data.

Let ��� V � E � denotethecontrol flow graphsubjectto hardware-
softwarebipartitioning.Nodesin V correspondto thebasicblocks
andtheedgesin E representcontrol transfersbetweentheblocks.
Associatedwith eachnodei � V is a partitionvariabledefinedas
xi � 0 � i 	
 sof tware andxi � 1 � i 	
 hardware.

Eachnodei � V is associatedwith thecostc0 � i � andtheweight
w0 � i � , if i is mappedto software,aswell asthecostc1 � i � andthe
weight w1 � i � , if i is mappedto hardware. Eachedge � i � j ��� E
is associatedwith oneof the following four costsandoneof the
following four weights,respectively, dependingon themappingof
thenodesi and j :

c00 � i � j � andw00 � i � j � , if xix j � 1;
c01 � i � j � andw01 � i � j � , if xix j � 1;
c10 � i � j � andw10 � i � j � , if xix j � 1;
c11 � i � j � andw11 � i � j � , if xix j � 1.

The cost/weightcan be either the energy or the delay or the
energy-delayproductof a node/edge,weightedby its execution
frequency. We make two assumptionsabout the edgecostsand
weights.First, transferringcontrolfrom ahardwareblockto asoft-
wareblock is moreexpensive thantransferringcontrolfrom asoft-
wareblock to a softwareblock. This is realisticsincea hardware-
to-softwaretransitionmay causeextra datatraffic. Second,trans-
ferring control from a softwareblock to a hardwareblock is more
expensive than transferringcontrol from a hardware block to a
hardwareblock. This is alsorealisticsinceahardware-to-hardware
transitionmay be lessexpensive due to partial reconfigurability.
Thesetwo assumptionsarerestatedbelow:

c10 � i � j �
� c00 � i � j � and w10 � i � j ��� w00 � i � j � ;
c01 � i � j �
� c11 � i � j � and w01 � i � j ��� w11 � i � j ��� (1)

Wedefinetheobjective functionF andtheconstraintfunctionG,
respectively, asfollows:

F � ∑
i � V

f � i ��� ∑�
i � j ��� E

f � i � j � and G � ∑
i � V

g � i ��� ∑�
i � j ��� E

g � i � j ��� (2)

where
f � i � � xic1 � i ��� xic0 � i � ,
g � i � � xiw1 � i ��� xiw0 � i � ,
f � i � j � � xix jc11 � i � j ��� xix jc10 � i � j ��� xix jc01 � i � j ��� xix jc00 � i � j � ,
g � i � j � � xix jw11 � i � j ��� xix jw10 � i � j ��� xix jw01 � i � j ��� xix jw00 � i � j � .

In theunconstrainedhardware-softwarebipartitioningproblem,
the task is to find an assignmentof eachpartitioningvariablexi ,
suchthat the sumof costsover all nodesandall edges(the cost
F of a bipartition) is minimized. Theenergy-delayproductmini-
mizationis theunconstrainedbipartitioningproblem,with thecost
definedin termsof theenergy-delayproduct.

The constrainedhardware-software bipartitioning problem re-
quiresfinding an assignmentof eachpartitioningvariablexi such
thattheobjective functionF is minimized,and thesumof weights
over all nodesandall edges(the weightG of a bipartition) does
not exceedsomegiven budgetB. The delay-constrainedenergy
minimizationor energy-constraineddelayminimizationis thecon-
strainedbipartitioningproblemwith thecostandtheweightdefined
in termsof energy or delay, accordingly.

3. RELATED WORK
In this sectionwe briefly justify uniquenessof our problemand

contribution of our approach,comparedto previously published
researchin two relatedareas: circuit partitioning and hardware-
softwarecosynthesis.

Cir cuit Partitioning: Thecircuit bipartitioncostis usuallyde-
finedasthenumberof edgescrossingthecut thatdividesa circuit
into two parts. Given an undirectedgraphwith �V � vertices,it is
possibleto find its optimalunconstrainedbipartitionin polynomial
time by applyinga max-flow algorithmat most �V ��� 1 times[1].
However, oncewerequirethetwo circuit partsbeof approximately
equalsize, the problembecomeshard, and we have to resort to
heuristics[2, 3]. Note that circuit part size constraintsarecom-
pletely different from our constraint,while circuit bipartitioning
costis a specialcaseof ourcostfunction.

In [4], the authorsappliednetwork flows to circuit partitioning
for reconfigurableFPGAs. The input to theproblemis a directed
acyclic graph(DAG), andtheoutputis a graphpartitionsuchthat
graphpartscanbe sequencedin time without violating nodede-
pendencies,partsizesarebalanced,andthenumberof cutedgesis
minimized.Eventhoughourapproachis similar (iterative applica-
tion of a max-flow algorithm),our problemis different:we do not
haveprecedenceandbalancingconstraintsfor acontrolflow graph,
andourcostfunctionis not limited to cutedges.

Hardware-SoftwarePartitioning: Applicationmappingcanbe
performedeither(1) at thetasklevel (coarse-grainmapping),or (2)
at the instructionclusterlevel (fine-grainmapping).Thenatureof
themappingproblemis determinedby themodelsof a systemand
an application. In [5, 6, 7] the focusis on synthesizingthearchi-
tectureitself duringcoarse-grainpartitioning. In [8, 9] thesystem
consistsof morethantwo processingunits.Consequently, themap-
pingproblemis differentwhencomparedto ourcase(e.g.schedul-
ing becomesa partof it). Thearchitecturemodelin [10] is similar
to ours; however, the authorsconsiderparallel taskschedulingin
additionto hardware-softwareassignment.

In [11, 12], thesystemarchitectureconsistsof ageneralpurpose
processor(software)coupledwith acustomhardwarechip,andthe
goalis to mapprogramblocks,executedsequentially, to eithersoft-
wareor hardware.Software-to-hardwareandhardware-to-software
communicationdelaysaswell asexecutiondelaysof softwareparts
andhardwarepartsaretaken into account,andthe total hardware
areais constrained.However, theextendedKernighan-Linheuristic
in [12] doesnot show ushow to solve theunconstrainedproblem
exactly, andthedynamicprogrammingalgorithmin [11] doesnot
accountfor software-to-softwareandhardware-to-hardware com-
munication,presentin our case. Anotherwork closely relatedto
oursis theNIMBLE compiler[13]. It mapsasetof candidateloops
(kernels),extractedfrom an applicationcode,onto the micropro-
cessorcoreandtheprogrammablelogic core.Thekernelprofiling
data(softwareexecutiontime,hardwareexecutiontime,blockexe-
cutionfrequencies,andhardwarearea)aswell astheconfiguration
timeareincorporatedinto aglobalcostfunctionthatdrivesthepar-
titioner towardthesmallesttotalexecutiondelayof all loops.Opti-
mality of thesolutionis not guaranteedeventhoughno constraints
areincluded(e.g.totalenergy of all loops).

Our Contrib ution: For sequentially executed control flow
graphs,we generalizedthe unconstrainedbipartitioning problem
sothatthecostfunctionaccountsfor computationcostsof software
andhardwareblocks,aswell assoftware-to-software,software-to-
hardware, hardware-to-software, andhardware-to-hardware com-
municationcosts. Here,our contribution is to show how a CFG
with nodeandedgecostscan be transformedinto a network, so
that a minimum cut in the network correspondsto an optimal bi-



partitionof theCFG.
For theconstrainedversion,wedefineaconstraint(weight)func-

tion similar to thecostfunction. Our goal is to mapeachnodeto
eithersoftwareor hardware (thus,changingcostsandweightsof
nodesandedges)sothattheoverallcostis minimizedandtheover-
all weight doesnot exceedthe budget. Our heuristicmethodis
alsobasedonnetwork flows. Weareableto systematicallyexplore
a polynomially boundedsetof goodsolutionsfor the constrained
problems.

Remark: Basic blocks in applicationcontrol flow graphscan
beof any granularity, provided thatexternalcontrol transferstake
placeonly at the endof a basicblock. At the lowest level, a ba-
sic block is comprisedof primitive operationssuchasadditions,
multiplications,memoryloads,etc.,with (un)conditionalbranches
allowed only at the endof the block. At the highestlevel, basic
blocksarefunctions/procedures.

4. PROPOSEDSOLUTION
In this sectionwe show how theunconstrainedandconstrained

bipartitioningproblemcanbesolvedby usingnetwork flows. First,
the original CFG ��� V � E � is transformedinto a network ˜��� Ṽ � Ẽ � ,
asfollows: (1) two additionalvertices,s (source)andt (sink) are
addedto V obtainṼ, (2) in addition to edgesin E, Ẽ will have
edges� j � i � if � i � j �
� E and � j � i �! � E, (3) for all i � V, edges� s� i �
and � i � t � areaddedto Ẽ.

Eachedgein Ẽ is assignedcostandweightcapacities̃cF andc̃G,
respectively, asfollows:

c̃F � s� i � � c1 � i �"� ∑ � j � i ��� E c11 � j � i ���
c̃F � i � t � � c0 � i �"� ∑ � j � i ��� E c00 � j � i ���
c̃G � s� i � � w1 � i ��� ∑ � j � i ��� E w11 � j � i ���
c̃G � i � t � � w0 � i ��� ∑ � j � i ��� E w00 � j � i ���
c̃F � i � j � � # c01 � i � j �$� c11 � i � j �&% # � i � j �'� E %� # c10 � j � i �$� c00 � j � i �&% # � j � i �'� E %(�
c̃G � i � j � � #w01 � i � j �)� w11 � i � j �&% # � i � j ��� E %� #w10 � j � i �$� w00 � j � i �(% # � j � i ��� E %(�

(3)

CFG2Network * V + E ,
Ṽ - V .�/ s+ t 0 , SV - /0, SE - /0
FOR all i 1 V

SV - SV .2/3* s+ i ,&+&* i + t ,(0
c̃F * s+ i ,$- c1 * i , , c̃F * i + t ,$- c0 * i ,
c̃G * s+ i ,)- w1 * i , , c̃G * i + t ,4- w0 * i ,

FOR all * i + j ,$1 E
c̃F * s+ j ,)- c̃F * s+ j ,65 c11 * i + j , , c̃F * j + t ,$- c̃F * j + t ,65 c00 * i + j ,
c̃G * s+ j ,$- c̃G * s+ j ,65 w11 * i + j , , c̃G * j + t ,$- c̃G * j + t ,65 w00 * i + j ,
IF /6* i + j ,&+&* j + i ,(0�71 SE

SE - SE .�/6* i + j ,&+&* j + i ,(0
c̃F * i + j ,)- c01 * i + j ,38 c11 * i + j , , c̃F * j + i ,$- c10 * i + j ,38 c00 * i + j ,
c̃G * i + j ,$- w01 * i + j ,38 w11 * i + j , , c̃G * j + i ,4- w10 * i + j ,38 w00 * i + j ,

ELSE
c̃F * i + j ,)- c̃F * i + j ,65 c01 * i + j ,38 c11 * i + j ,
c̃F * j + i ,)- c̃F * j + i ,65 c10 * i + j ,38 c00 * i + j ,
c̃G * i + j ,$- c̃G * i + j ,65 w01 * i + j ,38 w11 * i + j ,
c̃G * j + i ,$- c̃G * j + i ,65 w10 * i + j ,38 w00 * i + j ,

Ẽ - SV . SE
RETURN * Ṽ + Ẽ ,

Figure1: Network Construction.

Figure1 shows thedetailsof network construction.SV denotes
thesetof all edgesin Ẽ thatoriginatefrom sor terminateatt. Edges
in SV will bereferredto asterminaledges.SE denotesthesetof all
otherarcsin Ẽ. Figure4 shows anexampleof acontrolflow graph
andthecorrespondingnetwork.

Due to the assumptiongiven by Equation (1), c̃F � i � j � and
c̃G � i � j � arenonnegative andcan indeedbe interpretedascapaci-
ties of the edge � i � j � . We consideronly � s� t � -cuts, i.e., cuts that
separates and t in ˜��� Ṽ � Ẽ � andpartition the nodesetṼ into two
sets,denotedby S (a setcontainings) andT (a setcontainingt).
An exampleof such � s� t � -cut is shown in Figure 4. Associated
with eachnodeanda given � s� t � -cut is a cut variableyi , suchthat
yi � 0 if nodei � S, otherwiseyi � 1.

A cut is associatedwith two capacities:one,denotedby CF , is
expressedin termsof thecostcapacities,andtheother, denotedby
CG, is expressedin termsof theweightcapacities.

CF � ∑ � i � j �9� Ẽ : i � S� j � T c̃F � i � j � � ∑ � i � j ��� Ẽ ȳiy j c̃F � i � j �
CG � ∑ � i � j �9� Ẽ : i � S� j � T c̃G � i � j � � ∑ � i � j ��� Ẽ ȳiy j c̃G � i � j � (4)

Thefollowing theoremrelatesour original objective functionF
to CF andouroriginal constraintfunctionG to CG.

THEOREM 1. An � s� t � -cut in ˜��� Ṽ � Ẽ � identifiesa bipartition in� , and the cut capacitiesCF andCG are equalto thecostF and
theweightG of thebipartition, respectively.

4.1 UnconstrainedBipartitioning Algorithm
In the unconstrainedbipartitioning problemwe want to mini-

mizethecostfunctionF without any restrictionson theconstraint
functionG. To solve theunconstrainedbipartitioningproblem,we
first constructthenetwork from thecontrolflow graph,asdescribed
above. Then,usinga standardmax-flow algorithm,we find a max-
imum flow φmax andidentify thecorrespondingcut with themini-
mumcapacityCF � φmax. Oncethecut is known, a0-1assignment
of the cut variablesis straightforward. Upon this assignment,for
eachnodei, exceptfor s andt, we setxi � yi .

UnconstrainedBipartitioningProcedure * V + E ,* Ṽ + Ẽ ,)- CFG2Network * V + E ,
Ẽ - SaturateNetwork * Ṽ + Ẽ , , CUT - FindMinCut * Ṽ + Ẽ ,
FOR all * i + j ,41 CUT

yi - 0 + yj - 1
FOR all i 1 V

xi - yi
RETURN / xi ; i 1 V 0

Figure2: UnconstrainedBipartitioning Algorithm.

Figure 2 shows the detailsof the unconstrainedbipartitioning
algorithm.SaturateNetwork � Ṽ � Ẽ � is usedto saturatethenetwork,
andFindMinCut � Ṽ � Ẽ � is usedto identify thecorrespondingcut.

4.2 ConstrainedBipartitioning Algorithms
In theconstrainedbipartitioningproblem,we want to minimize

theobjective functionF with a guaranteethat theconstraintfunc-
tion G doesnot exceedthebudgetB. A brute-forcesolutionwould
beto considerall 2 :V : possiblemappingsxi 	
=< 0 � 1>�? i � V, iden-
tify thosethatsatisfytheweightconstraint,andthenamongthem
selectthe onewith the minimum cost. Suchan approachis very
expensive computationally. We proposetwo iterativemethodsthat
find agoodsolutionin polynomialtime;however, optimality is not
guaranteed.Thefirst methodis cost-driven,i.e. theobjective func-
tion F is systematicallyincreased,startingfrom theminimumpos-
siblevalue,until either(1) thebudgethasbeenmet,or (2) thenum-
berof iterationshasexceededa certainthreshold.In this case,it is
guaranteedthat the minimum costbipartition,which may or may
not satisfytheconstraint,will be considered.Thesecondmethod
is weight-driven, i.e. theobjective functionG is systematicallyin-
creased,startingfrom the minimum possiblevalue, until (1) the



budgetcanno longerbe met, or (2) the numberof iterationshas
exceeded@ a certainthreshold. In this case,it is guaranteedthat a
feasiblesolution, if exists, will be considered,e.g. the minimum
weight bipartition meetsthe budget; otherwise,no feasiblesolu-
tion exists. We adviseto run both cost-driven andweight-driven
algorithmsin orderto find a feasiblesolutionof a goodcost.

Cost-Driven Constrained Bipartitioning: After we construct
andsaturatethenetwork, we find thecorrespondingmin-cutCUT
with the minimum cost capacityCF � φmax. The cost and the
weightof this initial solutionareF � CF andG � CG, respectively.
If G A B, thenat thenext iterationwe mustfind analternative cut
NEW with the lower weight capacity. (Thecostcapacityof such
a cut mayexceedtheflow valueφmax.) To find NEW, we needto
increasethecostcapacityof someedges.Suchselectededgesmust
beexcludedfrom alternative cutsof interestto maintaintheequal-
ity betweentheobjective functionF andthecostcapacityCF of a
cut. To achieve this, theselectedcostcapacitiesaresetto infinity.1

Notethatany � s� t � -cutin thenetwork containsexactly � Ṽ ��� 2 � �V �
terminaledges(theedgeswith anendpointat eitherthesourceor
thesink) from thesetSV . Weallow only terminaledgesfrom SV to
bedisabled(i.e. assignedto infinite costcapacity).Onceasmany
as �V � terminaledgeshave beendisabled,therewill remainonly
onecutnot containingany of suchedges(i.e. a cutwith finite CF ).
By disablinganadditionalterminaledgeperiteration,wewill need
only �V � iterations,thusensuringthepolynomialtime complexity.

At eachiteration, for a given CUT, we considerits terminal
edgesoneby one. For eachselectedterminaledgein CUT, we
setits costcapacityto infinity andsaturatethenetwork to find an
alternativemin-cutNEW. Beforethenext terminaledgefromCUT
is considered,we restoretheoriginal costcapacityof thecurrently
excludedterminaledge. Thus,at a given iterationthe numberof
disabledterminaledgesremainsthe same. After eachof �V � ter-
minal edgesof CUT are individually considered,we let variable
LOCAL holdthebestmin-cutamongthosefoundduringthecurrent
iteration,andvariableGLOBALholdthebestmin-cutamongall the
iterationscompleted.For thenext iteration,wesetCUT � LOCAL,
andrestorethenetwork thathasLOCAL asits min-cut. Note that
in this network, thenumberof disabledterminaledgesis equalto
the numberof iterationscompleted. OnceNEW is suchthat the
constraintis satisfied,thelocalandtheglobalsolutionsbecomethe
same,i.e. GLOBAL � LOCAL. Thereis no needfor anotheritera-
tion: wecanonly improveoursolutionduringthecurrentiteration.

THEOREM 2. Let Z∞ denotethesetof terminaledgeswith the
infinite costcapacity. If anotherterminaledge is addedto Z∞, the
costof a new min-cutwill not improve.

Thus, the iterative searchterminates,onceeither(1) a feasible
solutionis found,or (2) �V � iterationshave beenperformed.Note
thatwehavesystematicallyexaminedonly O �B�V � 2 � cutsin thenet-
work. Figure 3 provides further detailson the cost-driven algo-
rithm, calledConstrainedBipartitioningProcedure�DC � .

Weight-Driven ConstrainedBipartitioning: It is possiblethat
noneof thecutsconsideredby thecost-drivenmethodhasmet the
budget,i.e. we do not have a feasiblesolution.Therefore,running
theweight-drivenalgorithmisnecessarytoguaranteethatafeasible
solution,if exists,is found.Figure3 providesdetailsontheweight-
drivenalgorithm,calledConstrainedBipartitioningProcedure2 �DC � .
Saturatingthe network with respectto the weight capacitieson
edgesis performedby SaturateNetwork2 �DC � .
1Notethat∑ � i � j �9� Ẽ c̃F � i � j � is a trivial upperboundon flows in the
cost-drivenmethod.We let this sumserve as∞, in this case.

To improve thecostof theminimum-weightsolution,weusethe
samesearchingideaas in the cost-driven method.2 The weight-
drivenalgorithmterminatesonceeitherthenumberof iterationex-
ceeds �V � , or the maximumflow at the current iteration exceeds
thebudget(next iterationswill produceevengreaterflows, i.e. no
otherfeasiblesolutionswill befound). Theoutputis thebest-cost
feasiblesolutionfoundamongO ���V � 2 � cutsconsidered.

5. ILLUSTRA TIVE EXAMPLE
As an illustrative example,we take a control flow graphshown

in Figure4. It is theIDCT subroutineof theDJPEGprogram(de-
compressingJPEGfile into animage)compiledfor theC166/ST10
microprocessor[14]. Figure4 alsoshows thenumberof memory
access,ALU, andmultiply instructionsperblock. We assumethat
(1) software(SW) andhardware(HW) operateat the sameclock
frequency with nopipelining;(2) onememoryaccesstakes2 cycles
andconsumes4 energy units, regardlesswhetherit is issuedfrom
SW or HW; (3) oneALU operationtakes1 cycle in bothSW and
HW while consuming2 energy units in SW and3 energy units in
HW; (4) onemultiplicationtakes4 cyclesin SWand1 cyclein HW
while consuming8 energy unitsin SWand10energy unitsin HW;
(5) asingleSW-to-SWcontroltransfertakes1 cycleandconsumes
1 energy unit; (6) a singleSW-to-HW controltransfertakes10 cy-
clesandconsumes20energy units;(7) asingleHW-to-SWtakes2
cyclesandconsumes4 energy unit; (8) asingleHW-to-HW control
transfertakes1 cycleandconsumes1 energy unit; (9) theexecution
frequency for blocksB0, B2, B4, andB9 is 1, for blocksB5 andB8
is 64, for blocksB6 andB7 is 32 (50%probability),andfor blocks
(self-loops)B1 andB3 is 8; (10) theexecutionfrequency for edges� B0 � B1� , � B1 � B2� , � B2 � B3� , � B3 � B4� , � B4 � B5� , and � B8 � B9� is 1,
for edges� B5 � B6� , � B6 � B8� , � B5 � B7� , and � B7 � B8� is 32, andfor
edge � B8 � B5� is 64. Under theseassumptions,the energy-delay
specificationsfor nodesandedgesarepresentedin Table1.

Node Energy Delay Children
ε0 ε1 δ0 δ1

B0 36 38 18 18 B1
B1 2672 3528 1336 952 B2
B2 2 3 1 1 B3
B3 2592 3392 1296 912 B4
B4 4 6 2 2 B5
B5 384 448 192 192 B6, B7
B6 64 96 32 32 B8
B7 64 96 32 32 B8
B8 896 1216 448 448 B5, B9
B9 30 31 15 15 -

Edge Energy Delay
ε00 ε01 ε10 ε11 δ00 δ01 δ10 δ11

(B0,B1) 1 20 4 1 1 10 2 1
(B1,B2) 1 20 4 1 1 10 2 1
(B2,B3) 1 20 4 1 1 10 2 1
(B3,B4) 1 20 4 1 1 10 2 1
(B4,B5) 1 20 4 1 1 10 2 1
(B5,B6) 32 640 128 32 32 320 64 32
(B5,B7) 32 640 128 32 32 320 64 32
(B6,B8) 32 640 128 32 32 320 64 32
(B7,B8) 32 640 128 32 32 320 64 32
(B8,B5) 64 1280 256 64 64 640 128 64
(B8,B9) 1 20 4 1 1 10 2 1

Table1: IDCT Energy-DelaySpecifications.

Weconsiderthreechoicesfor thebipartitioningcost(energy, de-
lay, andenergy-delayproduct)andtwo choicesfor thebipartition-

2Notethat∑ � i � j ��� Ẽ c̃G � i � j � is a trivial upperboundon flows in the
weight-drivenmethod.We let thissumserve as∞, in this case.



ConstrainedBipartitioningProcedure * V + E + B,* Ṽ + Ẽ ,)- CFG2Network * V + E ,
Ẽ - SaturateNetwork * Ṽ + Ẽ , , CUT - FindMinCut * Ṽ + Ẽ ,
F - ∑ E i F j GIH CUT c̃F * i + j , , G - ∑ E i F j GIH CUT c̃G * i + j ,
IF G J B

Fglobal - F, Gglobal - G, GLOBAL - CUT, LOCAL - CUT
Ẽl ocal - Ẽ, iteration - 1, f ound= FALSE
WHILE f ound= FALSE

Ẽcopy - SaveNetworkState* Ẽ , , Fl ocal - ∞, Gl ocal - ∞
FOR each * i + j ,$1 CUT ; / i - s OR j - t 0

c̃F * i + j ,$- ∑ E x F yG H Ẽ c̃F * x + y,
Ẽ - SaturateNetwork * Ṽ + Ẽ , , NEW - FindMinCut * Ṽ + Ẽ ,
Fnew - ∑ E i F j G H NEW c̃F * i + j , , Gnew - ∑ E i F j G H NEW c̃G * i + j ,
IF f ound= FALSE

IF Fl ocal J Fnew
Fl ocal - Fnew, Gl ocal - Gnew, LOCAL - NEW
Ẽl ocal - SaveNetworkState* Ẽ ,

IF Fglobal J Fnew OR Gnew K B
Fglobal - Fnew, Gglobal - Gnew, GLOBAL - NEW
IF Gnew K B

Fl ocal - Fglobal, Gl ocal - Gglobal, LOCAL - GLOBAL
Ẽl ocal - SaveNetworkState* Ẽ , , f ound= TRUE

ELSE
IF Fglobal J Fnew AND Gnew K B

Fglobal - Fnew, Gglobal - Gnew, GLOBAL - NEW
Fl ocal - Fglobal, Gl ocal - Gglobal, LOCAL - GLOBAL
Ẽl ocal - SaveNetworkState* Ẽ ,

Ẽ - RestoreNetworkState* Ẽcopy ,
CUT - LOCAL, Ẽ - Ẽl ocal, iteration - iteration 5 1
IF iteration J ;V ; BREAK

CUT - GLOBAL
FOR all * i + j ,$1 CUT

yi - 0+ yj - 1
FOR all i 1 V

xi - yi
RETURN / xi ; i 1 V 0

ConstrainedBipartitioningProcedure2 * V + E + B ,* Ṽ + Ẽ ,)- CFG2Network * V + E ,
Ẽ - SaturateNetwork2 * Ṽ + Ẽ , , CUT - FindMinCut * Ṽ + Ẽ ,
F - ∑ E i F j GIH CUT c̃F * i + j , , G - ∑ E i F j GIH CUT c̃G * i + j ,
IF G K B

Fglobal - F, Gglobal - G, GLOBAL - CUT, LOCAL - CUT
Ẽl ocal - Ẽ, iteration - 1
WHILE iteration KL;V ;

Ẽcopy - SaveNetworkState* Ẽ , , Fl ocal - ∞, Gl ocal - ∞
FOR each * i + j ,$1 CUT ; / i - s OR j - t 0

c̃G * i + j ,$- ∑ E x F yGIH Ẽ c̃G * x+ y,
Ẽ - SaturateNetwork2 * Ṽ + Ẽ , , NEW - FindMinCut * Ṽ + Ẽ ,
Fnew - ∑ E i F j G H NEW c̃F * i + j , , Gnew - ∑ E i F j G H NEW c̃G * i + j ,
IF Fl ocal J Fnew

Fl ocal - Fnew, Gl ocal - Gnew, LOCAL - NEW
Ẽl ocal - SaveNetworkState* Ẽ ,

IF Fglobal J Fnew AND Gnew K B
Fglobal - Fnew, Gglobal - Gnew, GLOBAL - NEW
Fl ocal - Fglobal, Gl ocal - Gglobal, LOCAL - GLOBAL
Ẽl ocal - SaveNetworkState* Ẽ ,

Ẽ - RestoreNetworkState* Ẽcopy ,
CUT - LOCAL, Ẽ - Ẽl ocal, iteration - iteration 5 1
IF Gl ocal J B BREAK

CUT - GLOBAL
FOR all * i + j ,$1 CUT

yi - 0+ yj - 1
FOR all i 1 V

xi - yi
RETURN / xi ; i 1 V 0
Figure3: ProposedConstrainedBipartitioning Algorithms.
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Figure4: Example: IDCT subroutine (part of JPEG decompress).

ing weight (delayandenergy). Table2 presentsthe resultsof bi-
partitioningfor thefollowing cases:M εmin: unconstrainedsolutionfor min-energy,M εmin � δB: delay-constrainedsolutionfor min-energy,M δmin: unconstrainedsolutionfor min-delay,M δmin � εB: energy-constrainedsolutionfor min-delay, andM � ε C δ � min: unconstrainedsolutionfor min-energy-delay.

Table2 shows costsandweightsof hardware-softwarebiparti-
tions (HW and SW columns)found by our approachand by an
enumerative exponential-timealgorithmOPT. In our example,the
energy metricvariesfrom 6942to 9052andthedelaymetricvaries
from 2803to 3570. For caseδmin � εB(c), our methodgenerates
a non-optimalcostsolution;however, thedeviation from theopti-
mumcostis lessthan1% (3196vs 3187).For theothercases,our
solutioncostis thesametheoptimalsolutioncost.

6. CONCLUSION
In this paperwe presentedmethodsfor the hardware-software

mapping(bipartitioning)of anapplicationcontrolflow graphontoa
dynamicallyreconfigurablesystem.We addressedtheproblemsof
(1) energy-delayproductminimization, (2) delay-constraineden-
ergy minimization,and(3) energy-constraineddelayminimization.
Weshowedhow to usenetwork flow techniquesto solvetheseprob-
lems. We proposedan efficient bipartitioningalgorithmthatfinds
anoptimalsolutionfor problem(1) andsystematicallysearchesfor
thebestin a polynomiallyboundedsetof goodsolutionsfor prob-
lems(2) and(3). Notethatour problemformulationis not specific
to energiesanddelays:costsandweightscanbeotherdesignpa-
rameters.

7. APPENDIX
(A) SeeTheorem1.

PROOF. A cut in ˜� partitionsthenodesetṼ into two setsSand
T. SinceV N Ṽ, thecut identifiesabipartitionof nodesin � . Next,
we show that thecut capacitiesin ˜� areequalto thecostandthe
weightof a bipartitionin � : (1) CF � F and(2) CG � G.

By constructionof ˜��� Ṽ � Ẽ � , i � V OP<Q� s� i ���B� i � t �R>S� SV and� i � j �T� E O=<�� i � j ���B� j � i �B>U� SE. SinceSV V SE � Ẽ andSV W SE � /0,



Case Cost Weight Budget
Our OPT Our OPT

εmin 6942 6942 3570 3570 -
εmin : δB(a) 7764 7764 3196 3196 3569
εmin : δB(b) 7803 7803 3187 3187 3195
εmin : δB(c) 8604 8604 2803 2803 3186
εmin : δB(d) 9052 9052 2802 2802 2802
δmin 2802 2802 9052 9052 -
δmin : εB(a) 2803 2803 8604 8604 9051
δmin : εB(b) 3187 3187 7804 7803 8603
δmin : εB(c) 3196 3187 7765 7803 7803
δmin : εB(d) 3196 3196 7765 7764 7802
δmin : εB(e) 3196 3196 7764 7464 7764
δmin : εB(f) 3570 3570 6942 6942 7763�
ε X δ � min 6940742 6940742 - - -

Case Our Solution OPTSolution
SW HW SW HW

εmin B0,...,B9 - B0,...,B9 -
εmin : δB(a) B0,B1,B2,B4,...,B9 B3 B0,B1,B2,B4,...,B9 B3
εmin : δB(b) B2,...,B9 B0,B1 B2,...,B9 B0,B1
εmin : δB(c) B4,...,B9 B0,...,B3 B4,...,B9 B0,...,B3
εmin : δB(d) - B0,...,B9 - B0,...,B9
δmin - B0,...,B9 - B0,...,B9
δmin : εB(a) B4,...,B9 B0,...,B3 B4,...,B9 B0,...,B3
δmin : εB(b) B3,...,B9 B0,B1,B2 B2,...,B9 B0,B1
δmin : εB(c) B0,B1,B4,...,B9 B2,B3 B2,...,B9 B0,B1
δmin : εB(d) B0,B1,B4,...,B9 B2,B3 B0,B1,B2,B4,...,B9 B3
δmin : εB(e) B0,B1,B2,B4,...,B9 B3 B0,B1,B2,B4,...,B9 B3
δmin : εB(f) B0,...,B9 - B0,...,B9 -�
ε X δ � min B4,...,B9 B0,...,B3 B4,...,B9 B0,...,B3

Table2: GeneratedBipartitions of IDCT.

the setsSV and SE form a partition of the set Ẽ. Therefore,
in equations(4) the sum ∑ � i � j �9� Ẽ can be written as the sum of
∑ Y � s� i �9� � i � t �9ZB� SV

and∑ Y � i � j ��� � j � i �9ZR� SE
.

(1) First, we prove that CF � F . The cut capacityCF can be
representedasfollows:

CF � ∑ Y � s� i �9� � i � t �9ZB� SV [ ȳsyi c̃F � s� i ��� ȳiyt c̃F � i � t �]\^�
∑ Y � i � j ��� � j � i �9ZB� SE [ ȳiy j c̃F � i � j ��� ȳ jyi c̃F � j � i � \ � (5)

We cansubstitutethefirst sumby ∑i � V andthesecondsumby
∑ � i � j �9� E. Obviously, ys � 0 andyt � 1. Thus,

CF � ∑
i � V

[ yi c̃F � s� i �6� ȳi c̃F � i � t �]\�� ∑�
i � j �9� E

[ ȳiy j c̃F � i � j �6� ȳ jyi c̃F � j � i �]\_�
(6)

After expressingedgecapacitiesin termsof costs,we obtain:

∑i � V [ yi c̃F � s� i ��� ȳi c̃F � i � t � \ �
∑i � V ` yi [ c1 � i ��� ∑ � j � i �9� E c11 � j � i � \ � ȳi [ c0 � i ��� ∑ � j � i ��� E c00 � j � i � \�a �
and
∑ � i � j ��� E [ ȳiy j c̃F � i � j ��� ȳ j yi c̃F � j � i � \ �
∑ � i � j ��� E ` ȳiy j [ c01 � i � j �$� c11 � i � j � \ � yi ȳ j [ c10 � i � j �$� c00 � i � j � \ a �

(7)
Note that ∑i � V yi ∑ � j � i �9� E c11 � j � i � � ∑ � i � j �9� E y jc11 � i � j � , and

∑i � V ȳi ∑ � j � i ��� E c00 � j � i � � ∑ � i � j ��� E ȳ jc00 � i � j � . Thus,

CF � ∑i � V [ yic1 � i ��� ȳic0 � i �&\T� ∑ � i � j ��� E [ y jc11 � i � j ��� ȳ j c00 � i � j �R�
ȳiy jc01 � i � j �$� ȳiy jc11 � i � j ��� yi ȳ jc10 � i � j �$� yi ȳ jc00 � i � j � \ �

(8)
Sinceyi � ȳi � 1,

CF � ∑i � V [ yic1 � i ��� ȳic0 � i � \ � ∑ � i � j ��� E [ y jyic11 � i � j �� ȳ j ȳic00 � i � j �"� ȳiy jc01 � i � j ��� ȳ jyic10 � i � j � \ (9)

To completeour proof, let xi � yi for all i � V. Now the terms
of the sum∑i � V becomef � i � , andthe termsof the sum∑ � i � j ��� E

becomef � i � j � :
CF � ∑

i � V
f � i ��� ∑�

i � j �9� E

f � i � j � � F � (10)

(2) The proof of thatCG is equalto the weight G of a biparti-
tion is analogousto (1). First we substituteCF with CG andthe
costcapacitiesc̃F � i � j � with the weight capacitiesc̃G � i � j � . Then,
we substitutethenodecostsc0 � i � andc1 � i � with thenodeweights
w0 � i � andw1 � i � , respectively, andtheedgecostsc00 � i � j � , c01 � i � j � ,
c10 � i � j � , and c11 � i � j � with the edgeweightsw00 � i � j � , w01 � i � j � ,
w10 � i � j � , and w11 � i � j � , respectively. Finally, we substitute f � i �
with g � i � and f � i � j � with g � i � j � . After thesechanges,all thederiva-
tionsarethesameasin (1), andwe obtain:

CG � ∑
i � V

g � i ��� ∑�
i � j �9� E

g � i � j � � G � (11)

(B) SeeTheorem2.

PROOF. Let CUT denotethe min-cut (with the costF) in the
network with �Z∞ � terminaledgeswhosecostcapacitiesaresetto
infinity. Let CUTb denotethenetwork min-cut (with thecostFb )
aftersometerminaledge � i � j � is addedto Z∞. Recallthat thecost
of a min-cut is equalto the maximumflow value in the network.
Once the cost capacityof � i � j � is set to infinity, while the cost
capacitiesof the othernetwork edgesremainthe same(including
thosealreadysetto infinity), it is clearthatthemax-flow in thenew
network canonly increaseor remainthesame.Thus,Fb � F .
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