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ABSTRACT

The main unique featureof dynamically reconfigurablesystems
is the ability to time-sharethe samereconfigurablehardware re-
sources However, the enegy-delaycostassociatedavith reconfig-
urationmustbe accountedor during hardware-softvare partition-
ing. We proposea methodfor mappingnodesof an application
control flow grapheitherto software or reconfigurableéhardware,
explicitly targeting minimization of the enegy-delaycostdue to
both computationand configuration. The addressegroblemsare
enepgy-delayproductminimization,delay-constrainednegy min-
imization, and enegy-constrainedlelay minimization. We shav
how theseproblemscan be tackled by using network flow tech-
niques,after transformingthe original control flow graphinto an
equivalentnetwork. If thereareno constraintsasin the caseof
the enegy-delayproductminimization,we areableto generaten
optimalsolutionin polynomialtime.

Keywords: hardware-softvare partitioning,reconfigurablesys-
tems,network flows.

1. INTRODUCTION

To achieve greaterflexibility, reducedcostsandlonger product
life, thetrendis to useconfigurableor alterablecomponentén the
designof embeddedystems.To respondto changesn an appli-
cation, sucha systemis reconfiguredratherthan redesignedand
retuilt. Tight coupling of the hardware and softwarein reconfig-
urableembeddedystemsequiresxtensive automatecupportfor
efficient hardware-softvare mappingof anapplication with anex-
plicit accountfor a newv penaltymetric associatedvith reconfigu-
ration. In this paperwe addresshe problemof hardware-softvare
bipartitioning, which in our caseis synorymouswith hardware-
softwaremappingof anapplication.
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Theassumedargetarchitectureof adynamicallyreconfigurable
digital processotincludesthreekey components:a software unit
(a microprocessor)a dynamic hardware unit (a reprogrammable
logic device), anda sharedmemoryunit (communicatiorink be-
tweensoftwareandhardware). Thesoftwarecandirectly configure
thehardware,whichis partially reconfigurablePartialreconfigura-
tion allows for aselectve changeof hardwaresegmentsof arbitrary
sizeatanarbitrarylocation,without disruptingthe operationof the
restof the hardware space. Sucha capability greatly reducesre-
configurationtime andenegy consumptionpecausehe hardware
updatesarehighly localized.

An applicationis representedly acontrol-flav graph(CFG),and
our goalis to assigneachgraphnode,or basicblock, to eitherthe
hardware or the software. Usually the hardware implementation
is more enegy-delay efficient than the software implementation;
however, the formerinvokesa hardwarereconfiguratiorpenaltyin
termsof both enegy and delay In this paper we addresghree
typesof problems:(1) enegy-delayproductminimization,(2) en-
ergy minimizationunderthe delay constraint,and(3) delay mini-
mizationunderthe enegy constraintWe shav how to tacklethese
problemsby using network flow techniques. The unconstrained
minimizationis solved optimally in polynomialtime, andmethods
are presentedor systematicallyexploring nearoptimal solutions
for theconstrainegroblems.

Although the closelink betweengraph bipartitioning and net-
work flows is well known, the applicability of network flowsto our
caseis notobvious. Ourcostfunctioninvolve costsof all nodesand
all edgesn theCFG,andnotjusttheedgesn thecut-setseparating
software-mappediodesandhardware-mappedodes.Specifically
thecostof anodedependsvhetherit is in softwareor in hardware,
andthe costof an edgedependsvhetherits origin nodeis in soft-
wareor in hardwareandwhetherits destinatiomodeis in software
orin hardvare.

2. PROBLEM DESCRIPTION

Our approachdirectly targetsenegy-delayminimizationin the
dynamicallyreconfigurablecomputingervironment. The key as-
sumptionsare asfollows: (1) the target architectureconsistsof a
microprocessocore and a dynamicallyreconfigurabldogic core,
communicatinghrougha sharedmemorycore;(2) anapplication
is representedby a control flow graph;(3) hardware-softvare bi-
partitioningis performedat the basicblock level; (4) basicblocks
areexecutedsequentiallyin accordancevith the control flow; (5)
reconfiguratioreventstake placeduring control transfersy6) par
tial reconfigurabilityis utilized to reducethe amountof configura-
tion; (7) the enegy-delaypenaltiesdue to both computationand
reconfiguratioraretaken into account;(8) the applicationdelayis



definedas a weightedsumof computationdelaysof all the basic
blocks and reconfigurationdelaysof all control transfers;(9) the
applicationenegy is definedasa weightedsumof computatioren-
emiesof all thebasicblocksandthereconfiguratiorenegiesof all

controltransfers(10) theweightsmentionedn (8) and(9) (for en-
ey or delay)areexecutionfrequencieswhich areobtainedfrom

applicationprofiling data.

Let G(V,E) denotethe control flow graphsubjectto hardware-
softwarebipartitioning. Nodesin V correspondo the basicblocks
andthe edgesin E representontroltransfersbetweenrthe blocks.
Associatedwvith eachnodei € V is a partitionvariabledefinedas
X = 0, i — softwareandx; = 1, i — hardware.

Eachnodei € V is associatedavith the costcy(i) andtheweight
wo(i), if i is mappedo software,aswell asthe costc; (i) andthe
weight wy(i), if i is mappedto hardware. Eachedge(i,j) € E
is associatedvith one of the following four costsand one of the
following four weights,respectiely, dependingon the mappingof
thenodes andj:

Coo(i, ) andwoo(i, j), if Xi%j = 1;
cox(i, J) andwou(i, j), if Xixj = 1
cro(i, j) andwyo(i, j), if xiX; = 1;
cua(i, j) andwyaf(i, j), if xx; = 1.

The cost/weightcan be either the enegy or the delay or the
enepgy-delay productof a node/edgeweightedby its execution
frequeng. We malke two assumptionsboutthe edgecostsand
weights.First, transferringcontrolfrom a hardwareblock to a soft-
wareblock is moreexpensve thantransferringcontrolfrom a soft-
wareblock to a softwareblock. This is realisticsincea hardware-
to-softwaretransitionmay causeextra datatraffic. Second trans-
ferring control from a softwareblock to a hardwareblock is more
expensve than transferringcontrol from a hardware block to a
hardwareblock. Thisis alsorealisticsincea hardware-to-hardwre
transitionmay be less expensve dueto partial reconfigurability
Thesetwo assumptiongrerestatechelow:

c1o(is J) > Coo(i, j) and wio(i, j) > wool(i, ); (1)
Cox(i, i) > c1a(i, J) and wou(i, j) > waa(i, j).-

We definetheobjective functionF andtheconstrainfunctionG,
respectiely, asfollows:

F:'Z/f(i)+ Z f(i,]) andG:‘ g(i)+ Z a(i,j). (2
i€ (i,1)eE i€ (i,))eE

where

(i) = xca(i) +¥%co(i),

g(i) = xwa (i) +Xiwo(i),

f(i, ) = xixjera(i, ) +xi®jcro(i, ) + RixjCoali, j) + RiXjCoo(i, J),
a(i, j) = xixjwaa(i, j) +xi%jwao(i, ) +XiXjWou(i, ) +XiXjWoo(i, j)-

In the unconstrainedhardware-softvare bipartitioningproblem,
the taskis to find an assignmenbf eachpartitioning variable x;,
suchthat the sumof costsover all nodesandall edges(the cost
F of a bipartition) is minimized. The enegy-delayproductmini-
mizationis the unconstrainedbipartitioningproblem,with the cost
definedin termsof the enegy-delayproduct.

The constrainedhardware-softvare bipartitioning problemre-
quiresfinding an assignmenbf eachpartitioningvariablex; such
thatthe objective functionF is minimized,and the sumof weights
over all nodesandall edges(the weightG of a bipartition) does
not exceedsomegiven budgetB. The delay-constraineénegy
minimizationor enegy-constrainedielayminimizationis thecon-
strainedbipartitioningproblemwith thecostandtheweightdefined
in termsof enegy or delay accordingly

y
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3. RELATED WORK

In this sectionwe briefly justify uniquenessf our problemand
contribution of our approach,comparedto previously published
researchin two relatedareas: circuit partitioning and hardware-
softwarecosynthesis.

Cir cuit Partitioning: The circuit bipartition costis usuallyde-
fined asthe numberof edgescrossingthe cut thatdividesa circuit
into two parts. Given an undirectedgraphwith |V| vertices,it is
possibleto find its optimalunconstrainetipartitionin polynomial
time by applyinga max-flov algorithmat most|V| — 1 times[1].
However, oncewe requirethetwo circuit partsbe of approximately
equalsize, the problembecomeshard, and we have to resortto
heuristics[2, 3]. Note that circuit part size constraintsare com-
pletely different from our constraint,while circuit bipartitioning
costis a specialcaseof our costfunction.

In [4], the authorsappliednetwork flows to circuit partitioning
for reconfigurableFPGAs. The inputto the problemis a directed
agyclic graph(DAG), andthe outputis a graphpartition suchthat
graphpartscan be sequencedn time without violating nodede-
pendenciespartsizesarebalancedandthe numberof cutedgess
minimized. Eventhoughour approachis similar (iterative applica-
tion of amax-flov algorithm),our problemis different: we do not
have precedencandbalancingconstraintgor acontrolflow graph,
andour costfunctionis notlimited to cutedges.

Hardware-Software Partitioning: Applicationmappingcanbe
performeceither(1) atthetasklevel (coarse-graimapping).or (2)
attheinstructionclusterlevel (fine-grainmapping). The natureof
the mappingproblemis determinedy the modelsof a systemand
anapplication.In [5, 6, 7] the focusis on synthesizinghe archi-
tectureitself during coarse-grairpartitioning. In [8, 9] the system
consistof morethantwo processinginits. Consequentljthemap-
ping problemis differentwhencomparedo ourcase(e.g.schedul-
ing becomes partof it). Thearchitecturenodelin [10] is similar
to ours; hawever, the authorsconsiderparalleltask schedulingin
additionto hardware-softvareassignment.

In [11, 12], the systemarchitectureconsistof ageneralpurpose
processofsoftware)coupledwith a customhardwarechip, andthe
goalis to mapprogramblocks,executedsequentiallyto eithersoft-
wareor hardware. Software-to-hardwreandhardware-to-softvare
communicatiordelaysaswell asexecutiondelaysof softwareparts
andhardware partsaretakeninto account,andthe total hardware
areals constrainedHowever, theextendedKernighan-Linheuristic
in [12] doesnot shav us how to solve the unconstrainegbroblem
exactly, andthe dynamicprogrammingalgorithmin [11] doesnot
accountfor software-to-softvare and hardware-to-hardware com-
munication,presentin our case. Anotherwork closely relatedto
oursistheNIMBLE compiler[13]. It mapsasetof candidatdoops
(kernels),extractedfrom an applicationcode, onto the micropro-
cessorcoreandthe programmabléogic core. The kernelprofiling
data(softwareexecutiontime, hardwareexecutiontime, block exe-
cutionfrequenciesandhardwarearea)aswell asthe configuration
time areincorporatednto aglobalcostfunctionthatdrivesthepar
titionertowardthe smallestotal executiondelayof all loops. Opti-
mality of the solutionis not guarantee@venthoughno constraints
areincluded(e.g.totalenegy of all loops).

Our Contribution: For sequentially executed control flow
graphs,we generalizedhe unconstrainedipartitioning problem
sothatthecostfunctionaccountgor computatiorcostsof software
andhardwareblocks,aswell assoftware-to-softvare, software-to-
hardware, hardware-to-softvare, and hardware-to-hardwre com-
municationcosts. Here, our contritution is to shav how a CFG
with nodeand edgecostscan be transformednto a network, so
thata minimum cut in the network correspondso an optimal bi-



partitionof the CFG.

Fortheconstrainedrersion we defineaconstrain{weight)func-
tion similar to the costfunction. Our goal is to mapeachnodeto
either software or hardware (thus, changingcostsand weightsof
nodesandedgesyothattheoverall costis minimizedandthe over
all weight doesnot exceedthe budget. Our heuristic methodis
alsobasedn network flows. We areableto systematicallyexplore
a polynomially boundedsetof goodsolutionsfor the constrained
problems.

Remark: Basic blocksin applicationcontrol flow graphscan
be of ary granularity provided that external control transferstake
placeonly at the endof a basicblock. At the lowestlevel, a ba-
sic block is comprisedof primitive operationssuchas additions,
multiplications,memoryloads,etc.,with (un)conditionabranches
allowed only at the end of the block. At the highestlevel, basic
blocksarefunctions/procedures.

4. PROPOSEDSOLUTION

In this sectionwe shav how the unconstraineéndconstrained
bipartitioningproblemcanbesolvedby usingnetwork flows. First,
the original CFG G(V, E) is transformednto a network G(V,E),
asfollows: (1) two additionalvertices,s (source)andt (sink) are
addedto V obtainV, (2) in additionto edgesin E, E will have
edges(j,i) if (i,]) € E and(j,i) € E, (3) for alli € V, edgeqs,i)
and(i,t) areaddedo E.

Eachedgein E is assignedostandweightcapacitiesy andég,
respectiely, asfollows:

Cr(si) = i)+ (jieecrallsi),
6F(i,t) = CO()—I—Z(JI ECOO(]aI)a
Ca(si) = wa(i)+ 3 jiee Wri(i,i),
Ca(i,t) = Woli)+ 3 (j,iyee Wool], i), 3)
¢r(i,§) = [coai,)—caa(i, DII(, j) € E]

+[c10(i,1) —Coo(,)][(},) € E],
(i, ) = [woui, ) —waa(i, ))][(i, }) € E]

Js

+{wio(J,1) —woo(J,1)][(j,i) € E].

CFG2Network (V,E)
V=VU{st}, =0 =0

FORallieV
S :_S\/U{(%IL(lvt)} .
Cr(si) =cufi), Ce(i,t) =co(i)
Ca(si) =wa(i), Ca(i,t) =wo(i)
FORall (i,j) € E
& (s,]) =Cr (s ) +culiyi), Cr(j,t) =Er (j,t) +cooli, j)
(s ) = Ga(s i) +waa(i, ), €a(ist) = Ea(],t) +woofi, )
IFA{G,0), ()} ¢S
SE:SE {(|7_J)_7(Ja|)} L
Cr(i,]) = coali,J) —cna(i, ), €e(j,i) = cuoli, J) — Coofi, J)
Cs(i, ) = woa(i, j) —waa(i, ), Ca(i,i) =wao(i, j) —Wooli, )
ELSE
€ (i,]) = €= (i, ) +cox(i, ) — cra(i, )
€ (J,1) = &r (J,1) +ca0(i, J) — coo(i, J)
& (i, j) = Ca(i, j) +woui, J) —waa(i, j
. C(i,i) =Ea(j,i) +wio(i, j) —wWoo(i, )
E=S/USE
RETURN (V,E)

Figure 1: Network Construction.

Figure 1l shaws the detailsof network construction.S, denotes
thesetof all edgesn E thatoriginatefrom sor terminateatt. Edges
in Sy will bereferredto asterminaledges.S= denoteghesetof all
otherarcsin E. Figure4 shavs anexampleof acontrolflow graph
andthe correspondingnetwork.

Due to the assumptiongiven by Equation (1), & (i,j) and
¢s(i, j) arenonngative and canindeedbe interpretedas capaci-
ties of the edge(i, ]). We consideronly (s,t)-cuts, i.e., cutsthat
separates andt in G(V,E) andpartitionthe nodesetv into two
sets,denotedby S (a setcontainings) and T (a setcontainingt).
An exampleof such(s,t)-cut is shovn in Figure4. Associated
with eachnodeanda given (s,t)-cutis a cutvariabley;, suchthat
yi = 0if nodei € S, otherwisey; = 1.

A cutis associatedvith two capacities:one,denotedby Cr, is
expressedn termsof the costcapacitiesandthe other denotedby
Ca, is expressedn termsof theweightcapacities.

Cr = Yjet]ies jerCr(is)) = Z(i,j)eﬁﬁyi(?F(i_aj_)
CG = Z(| ])eE |ies jeT CG(I J) Z(i,j)eéyiijG(la ])

Thefollowing theoremrelatesour original objective function F
to Cr andour original constraintfunctionG to Cg.

4)

THEOREM 1. An(st)-cutin G(V,E) identifiesa bipartition in
G, andthe cut capacitiesCg andCg are equalto the costF and
theweightG of the bipartition, respectively

4.1 UnconstrainedBipartitioning Algorithm

In the unconstrainedipartitioning problemwe want to mini-
mizethe costfunction F without ary restrictionson the constraint
functionG. To solve the unconstrainedipartitioningproblem,we
first constructhenetwork from thecontrolflow graph,asdescribed
above. Then,usinga standardnax-flov algorithm,we find a max-
imum flow @max andidentify the correspondingut with the mini-
mumcapacityCg = @max. Oncethecutis known, a0-1assignment
of the cut variablesis straightforvard. Upon this assignmentfor
eachnodei, exceptfor sandt, we setx; = ;.

UnconstrainedBipartitioningProcedure (V, E)
(V,E) = CFG2Network(V, E) o
E = SaturateNetwork(V,E), CUT = FindMinCut(V,E)
FORall (i,j) eCUT
yi =0, yj = 1
FOR alli eV

X =Y
RETURN {x | i €V}

Figure 2: Unconstrained Bipartitioning Algorithm.

Figure 2 shaws the detailsof the unconstrainedipartitioning
algorithm. SaturateNetwork(V, E) is usedto saturatehe network,
andFindMinCut(V, E) is usedto identify the correspondingut.

4.2 Constrained Bipartitioning Algorithms

In the constrainedipartitioningproblem,we wantto minimize
the objectie function F with a guaranteghatthe constraintfunc-
tion G doesnot exceedthebudgetB. A brute-forcesolutionwould
beto considerall 2/ possiblemappings; — {0,1} Vi €V, iden-
tify thosethat satisfythe weight constraintandthenamongthem
selectthe onewith the minimum cost. Suchan approachs very
expensve computationally We proposetwo iterative methodsthat
find agoodsolutionin polynomialtime; however, optimality is not
guaranteedThefirst methodis cost-driven,i.e. the objective func-
tion F is systematicallyncreasedstartingfrom the minimumpos-
siblevalue,until either(1) thebudgethasbeenmet,or (2) thenum-
berof iterationshasexceededa certainthreshold.In this caseijt is
guaranteedhat the minimum costbipartition, which may or may
not satisfythe constraintwill be considered.The secondmethod
is weight-driven,i.e. the objective function G is systematicallyin-
creasedstartingfrom the minimum possiblevalue, until (1) the



budgetcanno longer be met, or (2) the numberof iterationshas
exceededa certainthreshold. In this case,it is guaranteedhat a
feasiblesolution, if exists, will be consideredge.g. the minimum
weight bipartition meetsthe budget; otherwise,no feasiblesolu-
tion exists. We adviseto run both cost-driven and weight-driven
algorithmsin orderto find afeasiblesolutionof agoodcost.
Cost-Driven Constrained Bipartitioning: After we construct
andsaturatehe network, we find the correspondingnin-cutCU T
with the minimum cost capacityCr = @max  The cost and the
weightof thisinitial solutionareF = Cr andG = Cg, respectiely.
If G > B, thenatthe next iterationwe mustfind analternatve cut
NEW with the lower weight capacity (The costcapacityof such
a cut may exceedthe flow value gmax.) To find NEW, we needto
increasehecostcapacityof someedges Suchselectecedgesmust
be excludedfrom alternative cutsof interestto maintainthe equal-
ity betweerthe objective function F andthe costcapacityCr of a
cut. To achieve this, the selectectostcapacitiesaresetto infinity.
Notethatary (s,t)-cutin thenetwork containsexactly |V| —2= |V|
terminaledgeg(the edgeswith an endpointat eitherthe sourceor
thesink) from thesetS,. We allow only terminaledgedrom S, to
be disabled(i.e. assignedo infinite costcapacity). Onceasmary
as|V| terminal edgeshave beendisabled,therewill remainonly
onecut not containingary of suchedgegqi.e. a cutwith finite Cg).
By disablinganadditionalterminaledgeperiteration,we will need
only |V| iterations thusensuringthe polynomialtime compleity.
At eachiteration, for a given CUT, we considerits terminal
edgesone by one. For eachselectedterminaledgein CUT, we
setits costcapacityto infinity andsaturatethe network to find an
alternatve min-cutNEW. Beforethenext terminaledgefromCU T
is consideredye restorethe original costcapacityof the currently
excludedterminal edge. Thus, at a given iterationthe numberof
disabledterminaledgesremainsthe same. After eachof |V| ter
minal edgesof CUT areindividually considerede let variable
LOCAL holdthebestmin-cutamongthosefoundduringthecurrent
iteration,andvariableGLOBAL holdthebestmin-cutamongall the
iterationscompleted For thenext iteration,we setCUT = LOCAL,
andrestorethe network thathasLOCAL asits min-cut. Note that
in this network, the numberof disabledterminaledgess equalto
the numberof iterationscompleted. OnceNEW is suchthat the
constraints satisfiedthelocal andtheglobalsolutionsbecomethe
samej.e. GLOBAL = LOCAL. Thereis no needfor anotheritera-
tion: we canonly improve our solutionduringthe currentiteration.

THEOREM 2. LetZ, denotethe setof terminal edgeswith the
infinite costcapacity If anotherterminal edg is addedto Z, the
costof a new min-cutwill notimprove

Thus, the iterative searchterminatesonceeither (1) a feasible
solutionis found, or (2) |V| iterationshave beenperformed.Note
thatwe have systematicallyexaminedonly O(|V %) cutsin thenet-
work. Figure 3 provides further detailson the cost-driven algo-
rithm, calledCongrainedBipartitioningProcedure(-).

Weight-Driven Constrained Bipartitioning: It is possiblethat
noneof the cutsconsideredy the cost-driven methodhasmetthe
budget,i.e. we do not have a feasiblesolution. Therefore running
theweight-drivenalgorithmis necessarto guarante¢hatafeasible
solution,if exists,is found. Figure3 providesdetailsontheweight-
drivenalgorithm,calledCongrainedBipartitioningProcedire2(-).
Saturatingthe network with respectto the weight capacitieson
edgess performedby SaturateNetwork2(-).

1No’[ethatz(i i)eg Cr (i, ]) is atrivial upperboundon flows in the
cost-drvenmethod.We let this sumsene as, in this case.

To improve the costof the minimum-weightsolution,we usethe
samesearchingdeaasin the cost-driren method? The weight-
drivenalgorithmterminateonceeitherthe numberof iterationex-
ceeds|V|, or the maximumflow at the currentiteration exceeds
the budget(next iterationswill produceeven greaterflows, i.e. no
otherfeasiblesolutionswill befound). The outputis the best-cost
feasiblesolutionfoundamongO(|V|?) cutsconsidered.

5. ILLUSTRATIVE EXAMPLE

As anillustrative example,we take a control flow graphshavn
in Figure4. It is the IDCT subroutineof the DJPEGprogram(de-
compressingPECfile into animage)compiledfor the C166/ST10
microprocessofl4]. Figure4 alsoshavs the numberof memory
accessALU, andmultiply instructionsperblock. We assumehat
(1) software (SW) andhardware (HW) operateat the sameclock
frequeng with no pipelining;(2) onememoryaccessakes?2 cycles
andconsumeg! enegy units, regardlessvhetherit is issuedfrom
SW or HW; (3) oneALU operationtakes1 cycle in both SW and
HW while consuming2 enegy unitsin SW and3 enegy unitsin
HW; (4) onemultiplicationtakes4 cyclesin SWand1 cyclein HW
while consuming enegy unitsin SWand10enegy unitsin HW;
(5) asingleSW-to-SWcontroltransfertakes1 cycle andconsumes
1 enegy unit; (6) a singleSW-to-HW controltransfertakes10 cy-
clesandconsume®0 enegy units;(7) asingleHW-to-SWtakes2
cyclesandconsumeg enegy unit; (8) asingleHW-to-HW control
transfertakes1 cycleandconsumed enepy unit; (9) theexecution
frequeng for blocksBO, 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) the executionfrequeng for edges
(BO,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. Undertheseassumptionsthe enegy-delay
specificationgor nodesandedgesarepresentedn Tablel.

‘ Node ‘ Enegy

Delay ‘ Children‘

€ & | & &

BO 36 38 | 18 18 B1

Bl 2672 3528 | 1336 952 B2

B2 2 31 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 Enegy Delay

€0 €1 €0 €1 | S0 G &0  dn

(BO,B1) | 1 20 4 171 10 2 1
(B1,B2) | 1 20 4 171 10 2 1
(B2B3) | 1 20 4 171 10 2 1
(B3,B4) | 1 20 4 171 10 2 1

(B4B5) [ 1 20 4 111 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
(B8B5) | 64 1280 256 64 | 64 640 128 64
(B8B9) | 1 20 4 111 10 2 1

Table 1: IDCT Energy-Delay Specifications.

We considetthreechoicedor thebipartitioningcost(enegy, de-
lay, andenegy-delayproduct)andtwo choicesfor the bipartition-

2N0tethatz(i7j)€|§ (i, J) is atrivial upperboundon flows in the
weight-drivenmethod.We let this sumsene as, in this case.



ConstrainedBipartitioningProcedure (V,E,B)
(V,E) = CF G2Network(V, E) o
E = SaturateNetwork(V,E), CUT = FindMinCut(V,E)
F=3jecutCr(i,i), G=3jecutCsli,])
IFG>B
Fgiobal = F, Ggiobal =G, GLOBAL=CUT, LOCAL=CUT
Ejocal = E, iteration=1, found=FALSE
WHILE found=FALSE  _
Ecopy = SaveNatworkState(E), Focal =, Gjgcal = ®
FOR each(i,j) e CUT | {i=sOR j =t}
& (i) = 2 (xy)eE Er(xy)
E = SaturateNetwork(V,E), NEW = FindMinCut(V, E)
Frew = Zéi.,jJeNEWCF(iy )y Gnew =Y (i,jenew Ca(, i)
IF found=FALSE
IF Rocal > Fnew
IElocall = Frews Giocal = Gna/v; LOCAL = NEW
Ejocal = SaveNetworkSate(E)
IF Fgiobal > Frew OR Gpev < B
I:globall = Fnew: Gglobal = Gnew; GLOBAL = NEW
IF Ghev < B
Rocal = Fglobal: GIocal = Gglobaly LOCAL =GLOBAL
Eocal = SaveNstworkQate(E), found= TRUE
ELSE
IF Fgiobal > Fnew AND Gpey < B
I:globall = Fnew: Gglobal = Gnew; GLOBAL = NEW
Emcal = Fglobaly GI ocal = Gglobal: LOCAL = GLOBAL
Ejocal = SaveNstworkSate(E)
E = ResoreNetworkState(Ecopy)
CUT =LOCAL, E =Ejyq, iteration = iteration+1
IF iteration > |V| BREAK
CUT = GLOBAL
FORall (i,j) e CUT
yi =0, yj = 1
FORallieV

X =Y
RETURN {x | i€V}

ConstrainedBipartitioningProcedure2 (V, E, B)
(V,E) = CFG2Network(V, E) o
E = SaturateNetwork2(V,E), CUT = FindMinCut(V,E)
F=5Yajecut C(,]), G= 3 jecut &aliy])
IFG<B
Fgiobal = F, Ggiobal =G, GLOBAL=CUT, LOCAL=CUT
Ejocal = E, iteration=1
WHILE iteration < V| .
Ecopy = SaveNatworkSate(E), Focal =, Gjgcal = ®
FOR each(i,j) e CUT | {i=sOR j =t}
(i, j) = 2 (xy)eE Ca(x,y)
E = SaturateNetwork2(V,E), NEW = FindMinCut(V,E)
Frew = 3 (i,j)eNew €F (i, 1), Gnew = 3 (i,j)enew Ea(i, J)
IF Rocal > Frew
Elocal = Fnew, GI ocal = Gne/v,L LOCAL = NEW
Ejocal = SaveNstworkSate(E)
IF Fgiobal > Fnew AND Gpey < B
Fglobal = Fnew, Gglobal = GI"IBN: GLOBAL = NEW
Rocal = Fglobaly GIocal = Gglobal: LOCAL = GLOBAL
_ Ejocal = SaveNatworkState(E)
E = ResoreNetworkState( Ecopy)
CUT =LOCAL, E =Eya, iteration=iteration+1
IF Gjocal > B BREAK
CUT = GLOBAL
FORall (i,j) eCUT
Vi=0y=1
FORallieV

X =Vi
RETURN {x | i€V}

Figure 3: ProposedConstrained Bipartitioning Algorithms.
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Figure 4: Example: IDCT subroutine (part of JPEG decompress).

ing weight (delayandenepgy). Table2 presentghe resultsof bi-
partitioningfor thefollowing cases:
e £min: Uunconstrainedolutionfor min-enegy;,
® £min | Og: delay-constrainedolutionfor min-enegy,
e Omin: Unconstrainedolutionfor min-delay
¢ Omin | €B: enegy-constrainedolutionfor min-delay and
e (€ d)min: unconstrainedolutionfor min-enegy-delay

Table 2 shaws costsand weightsof hardware-softvare biparti-
tions (HW and SNV columns)found by our approachand by an
enumeratie exponential-timealgorithmOPT. In our example the
enegy metricvariesfrom 6942to 9052andthedelaymetricvaries
from 2803to 3570. For casedmin | €g(C), our methodgenerates
a non-optimalcostsolution; however, the deviation from the opti-
mum costis lessthan1% (3196vs 3187). For the othercasespur
solutioncostis the samethe optimal solutioncost.

6. CONCLUSION

In this paperwe presentednethodsfor the hardvare-softvare
mapping(bipartitioning)of anapplicationcontrolflow graphontoa
dynamicallyreconfigurablesystem .We addressethe problemsof
(1) enegy-delayproductminimization, (2) delay-constraineén-
ergy minimization,and(3) enegy-constrainedelayminimization.
We shavedhow to usenetwork flow techniqueso solvetheseprob-
lems. We proposedan efficient bipartitioningalgorithmthat finds
anoptimalsolutionfor problem(1) andsystematicallysearchesor
thebestin a polynomially boundedsetof goodsolutionsfor prob-
lems(2) and(3). Notethatour problemformulationis not specific
to enegiesanddelays: costsandweightscanbe otherdesignpa-
rameters.

7. APPENDIX
(A) SeeTheoreml.

PROOF. A cutin G partitionsthenodesetV into two setsSand
T. SinceV C V, thecutidentifiesabipartitionof nodesn G. Next,
we shav thatthe cut capacitiesn é areequalto the costandthe
weightof abipartitionin G: (1) Cg =F and(2)Cg = G.

By constructionof G(V,E), i € V < {(si),(i,t)} € S, and
(i,i) €eE<{(i,),(j,i)} € Se. SinceSy US =E andSy NS =0,



Case Cost Weight Budget
‘ ‘ Our OPT | Our  OPT ‘ ‘
Emin 6942 6942 | 3570 3570 -
€min| O8(a) | 7764 7764 | 3196 3196 | 3569
€min| O8(b) | 7803 7803 | 3187 3187 | 3195
€min| O8(C) | 8604 8604 | 2803 2803 | 3186
€min | O8(d) | 9052 9052 | 2802 2802 | 2802
Bmin 2802 2802 | 9052 9052 B
dmin | €s(@) | 2803 2803 | 8604 8604 | 9051
Omin | €8(b) | 3187 3187 | 7804 7803 | 8603
Omin | €8(C) | 3196 3187 | 7765 7803 | 7803
Omin | €5(d) | 3196 3196 | 7765 7764 | 7802
Omin | €a(€) | 3196 3196 | 7764 7464 | 7764
Bmin | €8 | 3570 3570 | 6942 6942 | 7763
(€-O)min 6940742 6940742 - B B
Case Our Solution OPT Solution
W HW | sw HW ‘
Emin BO,...,.B9 - | BO,...,.B9 -
€min] Os(@) | BO,B1,B2,B4,...,B9 B3 | BO,B1,B2,B4,....B9 B3
€min ] 08(0) | B2,..,.B9 BO,B1 | BZ,...,B9 BO,B1
€min ] 98(C) | B4,...,.BO BO,....B3 | B4,...,.B9 BO,...,.B3
€min | 08(0) | - BO,....B9 | - BO,...,.B9
Omin - BO,....B9 | - BO,...,.B9
Omin | €8(@) | B4,...,.B9 BO,...,.B3 | B4,...,.B9 BO,...,.B3
Omin | €8(b) | B3,...,.B9 B0,B1,B2 | B2,...,.B9 BO,B1
dmin | €8(C) | BO,B1,B4,...,.B9 B2,B3 | BZ,...,B9 BO,B1
dmin | €5(d) | BO,B1,B4,...,B9 B2,B3 | BO,B1,B2,B4,... B9 B3
Bmin | €s(€) | BO,B1,B2,B4,...,.B9 B3 | BO,B1,B2,B4,....B9 B3
Bmin | €8 | BO,....B9 - BO,...,.B9 B
(€-O)min B4,...,.B9 BO,...,.B3 | B4,...,.B9 BO,...,.B3

Table 2: GeneratedBipartitions of IDCT.

the setsS; and S form a partition of the set E. Therefore,
in equations(4) the sum 3 (i,j)eE can be written as the sum of

{(si) (0res A3 (i j) (1 i))ese: .
1) First, we prove thatCg = F. The cut capacityCr canbe

representedsfollows:
Ce = Y{siinres YWCr(ST) +Yince (i) +
S0 Gires Yie (i, 1) +Yivice (J,1)]-
We cansubstitutethe first sumby Y.y andthe secondsumby
> (i,j)eE- Obviously, ys = O andy; = 1. Thus,

Cr= Z/[YiﬁF(S,iHYiﬁF(i,t)H ; ViYiCr (i, 1) +Yiyicr (3,1)]
i€ (i,J)eE
(6)
After expressingedgecapacitiesn termsof costswe obtain:
Yiev [YiGr (i) + %t (i,t)] =
Yiev {Yi lea(i) + 3 (5 iyee C1a(i>1)] + Vi [co(i) + 3 iyee Cools1))] },
and
S iee Yicr (i, 1) +Yivicr (3,1)] =
S(i.ipee {93 [coali, 1) — caali, )] +vi5; [exoli, 1) — coofi, )] }-
(7)
Note that Fiev ¥i 3 (jjee C11(l,1) = 3 eeyiculi,]), and
Yiev¥i ¥ (jieE Coo(is1) = ¥, j)ee YiCoo(is J). Thus,
Cr= JYiev yica(i) +_37i00(i)} +3(,0)€E lyjcui, 1) +¥ijcooli, )+
ww%ﬂhD—wwqﬂhn+wwqdhn—ww%dh%g

®)

Sincey; +y; =1,
Ce= Jiev [Wicr(i) +¥ico()] +3i,jee [Yivicna(i, i) ©)
+Yj¥icoo(i, ) +iyicou(i, i) +Yjyicioli, J)]
To completeour proof, let x; =y; for all i € V. Now theterms
of the sum ¥y becomef (i), andthe termsof thesumy  j)ce

becomef (i, j):
Cr=3 1+ 3 fl,i)=F (10)
i€ (i,j)€E

(2) The proof of thatCg is equalto the weight G of a biparti-
tion is analogoudo (1). First we substituteCr with Cg andthe
costcapacitiesCr (i, j) with the weight capacitieg(i, j). Then,
we substitutethe nodecostscy(i) andcy (i) with the nodeweights
wo(i) andwy (i), respectiely, andthe edgecostscoo(i, j), Coa(i, j),
c1o(i, j), and cya(i, j) with the edgeweightswoo(i, j), Woa(i, j),
wio(i, j), andwia(i, j), respectiely. Finally, we substitutef (i)
with g(i) andf (i, j) with g(i, j). After thesechangesall thederiva-
tionsarethesameasin (1), andwe obtain:

Ce= Y g(i)+ 9(i,j) =G. (11)
i€ (i,))€E
O
(B) SeeTheoren?2.

PrROOF. Let CUT denotethe min-cut (with the costF) in the
network with |Z,| terminaledgeswhosecostcapacitiesare setto
infinity. Let CUT,. denotethe network min-cut (with the costF,.)
aftersometerminaledge(i, j) is addedto Z.,. Recallthatthe cost
of a min-cutis equalto the maximumflow valuein the network.
Oncethe cost capacityof (i, j) is setto infinity, while the cost
capacitiesof the othernetwork edgesremainthe same(including
thosealreadysetto infinity), it is clearthatthemax-flav in thenew
network canonly increaseor remainthesame.Thus,F, > F. [
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