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Data referencingduring programexecution can be a significant
sourceof energy consumptionespeciallyfor data-intensive pro-
grams.In thispaper, weproposeanapproachto minimizesuchen-
ergy consumptionby allocatingdatato properregistersandmem-
ory. Throughcarefulanalysisof boundaryconditionsbetweencon-
secutive blocks, our approachefficiently handlesvariouscontrol
structuresincludingbranches,mergesandloops,andachievessu-
periorallocationresultsfor thewholeprogram.Thecomputational
costof ourapproachfor solvingtheglobalregisterallocationprob-
lemis ratherlow comparingwith known approacheswhile thequal-
ity of our resultsis very encouraging.����� �
	����������� � �
Accessingregistersratherthanmemorygenerallytakes lesstime
and consumeslessenergy. Due to the limited numberof regis-
ters in a processor, registerallocationplaysan importantrole for
achieving high performanceand low energy consumptionin pro-
gramexecution. Most existing registerallocationtechniqueshave
focusedon reducingprogramexecutiontime [2, 4]. Sinceenergy
consumptiondependson datacorrelation,anoptimal-timeregister
allocationdoesnot necessarilyleadto the leastamountof energy
consumption.Approachesdealingwith theoptimal-energy register
allocationproblemhavebeenproposedin [3, 5]. But all thesealgo-
rithms only considervariableswithin a pieceof straight-linecode
calleda basicblock. Complex control structuresin a programis
notconsideredby theseapproaches.

In this paper, we extend the work in [5, 8] by investigating
the global register allocationfor a programcontainingbranches,
mergesandloops.We have developedalgorithmsfor handlingthe
boundaryconditionsbetweenconsecutive blocks. Our approach
can producesuperiorallocationresultsefficiently. High compil-
ing speedcanimprove softwareproductivity andis importantfor
dynamiccompilingapplications[7].� � 	��! �#"$� � �%	�&
Thetotalenergy consumedby aprogramis thesumof energy con-
sumedby registeraccessesandmemoryaccesses.Differentenergy

models,suchasthestaticandactivity-basedenergy models[3, 5],
affect thecomputationof theenergy consumptionof programexe-
cution.Underthestaticenergy model,optimizingenergyconsump-
tion is equivalent to minimizing the numberof accessesto mem-
ory, which is alsoequivalentto optimizingexecutiontime. For the
activity-basedenergy model, the energy consumedby a program
is dependenton theswitchedcapacitanceof thestorageelements.
Thesumof Hammingdistancebetweentwo subsequentdataitems
which sharethe samestoragelocationhasbeenusedto compute
the total switchedcapacitanceof storageelements. To simplify
theproblemformulation,wewill employ theactivity-basedenergy
modelfor assessingtheregisterfile andstaticenergy modelfor ac-
cessingmemory. (Adopting theactivity-basedmodelfor memory
is asimpleextensionto thealgorithmdiscussedlaterin thispaper.)

Let VR (resp.,VM) be the set of variablesassignedto regis-
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Techniquesfor minimizingenergy consumptionfor asingleba-
sicblock in aprogrambasedontheabovemodelwereproposedby
Gebotysin [5]. By cleverly modelingthe lifetime rangesof the
variablesin a basicblock, the author formulatesthe problemas
a minimum-costnetwork flow problem. Hence,an optimal solu-
tion canbeobtainedin polynomialtime. However, programsfrom
realapplicationsunavoidablycontainbranchesandsomeothercon-
trol structures.Without consideringtherelationsbetweendifferent
blocks,simplyapplyingtheapproachin [5] to eachbasicblockmay
leadtomany unnecessarymemory/registerreferencesatblocksbound-
aries[9]. Enumeratingall possibleexecutionpathsin a givenpro-
gramandapplying the algorithmsin [5] to eachpath is not only
computationallyexpensive but alsoinvolvesresolvingconflicting
assignments.In therestof thepaper, wepresentanefficientheuris-
tic which canfind anearlyoptimalsolutionfor low energy register
allocationfor programscontainingbranches,mergesandloops.1�2 ��	3��4�4�	��5��76
In thefollowing, we outlineour heuristicalgorithmwhich usesan
iterative approachto handleprogramscontainingcomplex control
structures. Our approachprocessesblocks one by one in a pre-
definedorder (to be discussedlater). The allocationwithin each
block is modeledasa network flow problemsimilar to [5]. How-



ever, our network flow graphandits associatedparameterssuchas
arccosts8 aredefinedsuchthat they reflecttheallocationresultsof
otherblocks.Themainadvantageof our approachis that it allows
informationfrom differentblocksto propagatein orderto getsupe-
rior allocationresultsfor thewholeprogram.Thesingledirection
of theallocationresultpropagationavoids theexcessive computa-
tional costandhencemakestheapproachveryefficient.

The order for the block-by-block allocation is the topologi-
cal orderof blocksin thecontrol-flow-graph(CFG)of a program.
This orderguaranteesthat whena block is processed,all the par-
entblocks(immediateancestornodesin theCFG)have beenpro-
cessed. (Loop is treatedspecially). The cost on the arcsof the
network flow graphfor a block is then definedby the boundary
conditionbetweentheblockunderconsiderationandtheallocation
resultsfrom its parentblocks. The CFG correspondingto a pro-
gram with loopsmay containbackedges. But thosebackedges
canbeidentifiedandeliminatedto obtainthetopologicalorder.

Themainchallengeis how to definethecostonarcsin thenet-
work flow problemto capturetheallocationinformationfrom par-
entblocks.Theproblemformulationfor programswith thebranch
type control structureis given in [8]. In this paper, we focuson
how weformulatethenetwork flow problemfor themergeandloop
controlstructuresto getsuperiorallocationresults.

Beforewe discussthemergeandloop cases,let usfirst briefly
review theconstructionof thenetwork flow graphfor abasicblock
[5]. Eachvariableis representedby its lifetime interval which be-
gins at the time point ts ) v ( whenthe variableis definedandends
at the time point t f ) v ( whenthe variableis last used. We define
the critical setof variablesasthesetthat thenumberof variables
with overlappinglifetime in the setis equalto or greaterthanthe
total numberof availableregisters,k. A completebipartitegraph
is formedbetweenthevariablesin consecutive critical setsandthe
variablesthatbegin or endin themiddleof two consecutive critical
sets.A completebipartitegraphis alsoformedbetweenthesource
node,S, and the first critical set. The sink node,T , and the last
critical setis connectedin thesameway.1�9:�<; �7=�� �����!	>��  ��?�%��� � �A@ ��	>�
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Thefactthattheallocationresultsfrom differentparentblocksmay
bedifferentmakesthemergecasemoredifficult to handlethanthe
branchcase. We first modify the network flow graphas follows.
Betweenthesourcenodeandthenodesin or beforethefirst critical
setwe introducek morenodes,nr ) j ( * j + 1 * 2 *JIJIHIK* k, eachof which
correspondsto aregister. New arcsareintroducedcorrespondingly.
Figure1 shows thenew network flow graphfor anexampleblock
B in themergestructure.Assumetherearetwo machineregisters
available in the example. The ns ) v ( andn f ) v ( in Figure1 corre-
spondto the begin time, ts ) v ( , andendtime, t f ) v ( , of variablev.
Thecostonthenewly introducedarcswhichgoout from thenewly
introducedregisternodesaredefinedcarefully to capturenot only
theexecutionprobabilityof eachparentblocksbut alsothealloca-
tion informationof all the parentblocks,no matterhow many of
them,thatmerge into theblock beingconsidered.Theabove cost
definition also makes our network flow problemformulation for
themergestructureconsistentwith the formulationfor thebranch
structure[8]. For detailedcostdefinitiononthesenewly introduced
arcsgoingout from theregisternodes,see[9].

To minimize the energy consumptionfor a block with more
thanoneparentblocksmerging into it, all executionscenariosfor
this block shouldbe considered.Thus, the objective for the flow
problemshouldtake into accounttheprobabilitiesof executingdif-
ferentparentblocks.For blockB, denotetheprobabilityof execut-
ing B asP ) B ( . Then,theobjective canbeformulatedas
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Figure1: Thenetwork flow graphfor themergestructure
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where

λ +\[ 1 if thestaticenergy modelis used
0 otherwise

A is thesetof all arcs,a ) p * q ( , andP ) v* R * ∑m
j X 1 Bp j ( (resp.,P ) v* M * ∑m

j X 1 Bp j ( )
is the total probability of v allocatedto a register(resp.,memory)
in all theparentblocks.

Thefirst threetermsin theabove objective function(1) arethe
amountof energy consumedby blockB if all thevariableslive in B
areassignedto memory, while the last term representstheenergy
savedby allocatingcertainvariablesto registers.For theactivity-
basedenergy model (i.e., λ + 0), the energy consumptiondueto
register referencesis computedby the switchedcapacitancebe-
tweentwo consecutiveaccessesandis capturedby thecost,c ) p * q ( ,
associatedwith correspondingarcsin thelasttermof (1). Theval-
uesof x ) p * q ( areunknown andto bedetermined.If x ) p * q ( + 1 and
arca ) p * q ( correspondsto a variablev, thenv will beassignedto a
register. As wepointoutearlier, thevaluesof c ) p * q ( aredependent
on the typesof arcsassociatedwith them. All differentarcsare
categorizedandcorrespondingcostis definedin [9].

Applying a network flow algorithm [6] to our network flow
probleminstance,thevalueof eachx ) p * q ( canbeobtainedin O ) kn2 (
time for the block B, wherek is the numberof availableregisters
and n is the numberof variablesin B. If the resultedx valueof
anarcassociatedwith a variableis one,thevariableis assignedto
theappropriateregisterbasedon theflow information. Theabove
formulationcanthenbeappliedto eachbasicblock in theprogram
controlflow graphin thetopologicalorder.1�9#� ; �%=�� ������	>��  ��?�%��� � �F@ �5	]�
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In this section,we extendour approachto handleprogramswith
loops. Theuniquechallengehereis thata loop block itself is also
one of its parentblocks. One way to solve the allocationprob-
lem for loops is to modify the flow formulationpresentedabove.
However, theresultingproblembecomesan integerquadraticpro-
grammingproblem,which is expensive to solve. We proposean
efficient heuristicapproach,which generallyproducessuperioral-
locationresultsfor loops.

The basisfor our approachis the following observations. In
general,a loop body is executedfrequently. The assignmentsfor
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Figure2: A loop with onebasicblock
a loop variableat differentpositionsin a loop arereferredaspre-
assignment,in-assignment,and post-assignment,respectively, as
shown in Figure2. If a loop variable’s in-assignmentis different
from its post-assignment,asmany switchingsasthenumberof loop
iterationswould be needed.Hence,reducingthe numberof loop
variableswith differentin-assignmentandpost-assignmentwould
tendto resultin betterallocationsfor theprogram.

Ouralgorithmemploysaniterativemulti-phaseapproach.With
the first allocationattempt,φ0, we computethe allocationfor the
loop block by simply using the resultsfrom all the other parent
blocks except the loop itself. If thereis no loop variablewhose
in-assignmentis differentfrom its post-assignment,theoptimalal-
locationis foundandthealgorithmexits. Otherwise,we perform
two moreallocationphases:the secondphase(φ1) and the third
phase(φ2). In φ1, we let the in-assignment of eachloop variable
to bethevalueobtainedfrom φ0 andsolve theresultantallocation
problemaftermodifying thecoston thosearcsto thesinknodeac-
cordingly. In φ2, we fix thepost-assignment of eachloop variable
to thevalueobtainedin φ0 anddo theallocationafter thecoston
arcsfrom thesourcenodeis modifiedaccordingly. Thebetterone
from φ1 andφ2 is keptasthebestallocationresultfoundsofar. Fur-
therimprovementcouldbeobtainedif moreiterationswerecarried
out by treatingthecurrentbestallocationastheoneobtainedfrom
φ0 and following the sameprocedureasusedin φ1 and φ2. We
have provedthattheoptimalallocationfor a loopblock is obtained
if our algorithmexits after the initialization phaseφ0 [9]. Further-
more,wehaveshown thatif thesecondandthird phaseareneeded,
their resultsalwaysimprove thatfrom φ0 [9].

Ourapproachis essentiallyahill-climbing techniqueandcould
settleto a suboptimalsolution. However, observe that our incre-
mentalimprovementis basedontheoptimalallocationfor theloop
bodyitself andthatthereareusuallyonly asmallsubsetof thevari-
ablesin a loop areloop variables.Therefore,our approachtends
to have a goodchanceto obtaintheoptimalallocation.Our exper-
imentalresultsalsosupportthisobservation.

Ouralgorithmcanbereadilyextendedto handleprogramswith
non-singleblock loops. If a loop containsbranchesandmerges,
eachphasein our algorithmneedsto solve theallocationproblem
for eachblock in the loop following the processdiscussedprevi-
ously. In φ1 (resp.,φ2), thein-assignments(resp.,post-assignments)
of loop variablesobtainedfrom φ0 areusedto computetheneces-
sarycostor probability values. For nestedloops, the inner-most
loop is allocatedfirst andtheresultis usedby theouterloops.

Moredetailsaboutourapproachareavailableuponrequest[9].a bGc%4���	��#"d� � ���5 ; �%�e�� ���f� � �hg3� �
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To compareourapproachwith existingapproaches,weimplemented
a graph-coloringallocatorandour block-by-blockallocatorin the
Tiger compiler[1]. Sincegraph-coloringbasedtechniquescannot
readily incorporatethe activity-basedenergy model,the compari-
sonis doneonly basedon the staticenergy model. Note that our
resultscannotbedirectly comparedwith that in [5] sincethelatter

cannothandleprogramswith complex controlstructures.
The allocationresultsby the two allocatorsarecomparedfor

several real programs. Theseprogramscontaincomplex control
structuresandTable1 summarizestheir relevant parameters.The
numbersof memoryreferencesby the two allocatorsandthe im-
provementof ourapproacharesummarizedin Table2.

Table1: Numberof memoryreferencesby two approaches

Example # of Registers # of variables # of data
Programs available to beallocated references

sort 16 106 1218
factorial 14 36 309
branch 14 28 67

Table2: Improvementof ouralgorithmover graph-coloring

Our approach Graph-coloring Improvement
Programs # of memory # of memory # of memory

reference references references(%)
sort 0 284 23.3

factorial 0 92 29.8
branch 0 16 23.9

Consideringthatonememoryreferenceusuallyconsumesmore
than10timesof energy thanaregisterreference,ouralgorithmcan
achieve morethan20% improvementin the energy consumption.
Furthermore,our approachis simpleto useandthe runningtime
is polynomial. More experimentswith largercodesizesarebeing
conducted.Wearealsoinvestigatingtechniquesfor interprocedure
registerallocationto reduceenergy consumption.ij�3%k � �!lm �!�5=�"d� � �
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