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ABSTRACT
Multimedia and network processingapplicationsmake extensive
useof subword data. Sinceregistersarecapableof holdinga full
dataword,whenasubwordvariableis assignedaregister, only part
of theregisteris used.New embeddedprocessorshavestartedsup-
portinginstructionsetsthatallow directreferencingof bit sections
within registersand thereforemultiple subword variablescan be
madeto simultaneouslyresidein thesameregisterwithout hinder-
ing accessesto thesevariables.However, a new registerallocation
algorithmis neededthat is awareof thebitwidthsof programvari-
ablesandis capableof packingmultiple subword variablesinto a
singleregister. This paperpresentsonesuchalgorithm.

Thealgorithmwe proposehastwo key steps.First, a combina-
tion of forwardandbackwarddata�o w analysesaredevelopedto
determinethe bitwidths of programvariablesthroughoutthe pro-
gram. This analysisis requiredbecausethe declaredbitwidths of
variablesare often larger than their true bitwidths and moreover
theminimalbitwidthsof aprogramvariablecanvaryfrom onepro-
grampointto another. Second,anovel interferencegraphrepresen-
tation is designedto enablesupportfor a fastandhighly accurate
algorithmfor packingof subword variablesinto a singleregister.
Packingis carriedoutby anodecoalescingphasethatprecedesthe
conventionalgraphcoloringphaseof registerallocation.In contrast
to traditionalnodecoalescing,packingcoalescesasetof interfering
nodes.Ourexperimentsshow thatourbitwidth awareregisterallo-
cationalgorithmreducestheregisterrequirementsby 10%to 50%
overa traditionalregisterallocationalgorithmthatassignsseparate
registersto simultaneouslylive subword variables.

Categoriesand SubjectDescriptors
C.1[Computer SystemsOrganization]: ProcessorArchitectures;
D.3.4[Programming Languages]: Processors—compilers
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Algorithms,Measurement,Performance

Keywords
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1. INTRODUCTION
Programsthatmanipulatedataat subword level, i.e. bit sections

within a word, arecommonplacein the embeddeddomain. Ex-
amplesof suchapplicationsincludemediaprocessingaswell as
network processingcodes[12, 19]. A key characteristicof such
applicationsis that at somepoint the dataexists in packed form,
that is, multiple dataitemsarepacked togetherinto a singleword
of memory. In fact in mostcasesthe input or theoutputof anap-
plication consistsof packed data. If the input consistsof packed
data,theapplicationtypically unpacksit for furtherprocessing.If
the output is requiredto be in packed form, the applicationcom-
putesthe resultsandexplicitly packsit beforegeneratingtheout-
put. SinceC is thelanguageof choicefor embeddedapplications,
thepackingandunpackingoperationsarevisiblein form of bitwise
logical operationsandshift operationsin the code. In additionto
thegenerationof extrainstructionsfor packingandunpackingdata,
additionalregistersarerequiredto hold valuesin bothpackedand
unpackedform thereforecausinganincreasein registerpressure.

New instructionsetarchitecturesfor embeddedandnetwork pro-
cessorsallow bit sectionswithin a registerto bedirectlyreferenced
[6, 15, 18]. For example, the following instructionaddsa 4 bit
valuefrom ��� with a 6 bit valuefrom ��� andstoresa 8 bit result
in ��� . The operandsareextendedby addingleadingzerobits to
matchthesizeof theresultbeforetheadditionis carriedout.
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In our recentwork we incorporatedbit sectionreferencinginto the
popularARM processor. Wehaveshown thattheproperuseof such
instructionseliminatestheneedfor explicit packingandunpacking
operationsand thus reducesthe numberof executedinstructions
signi®cantly[13]. Another importantconsequenceof having this
instructionsetsupportis thatmultiple subword sizedvariablescan
bemadeto simultaneouslyresidein thesameregisterwithout hin-
deringaccessto thevariables.Thusthis approachreducesregister
requirementsof theprogram.Sinceembeddedprocessorssupporta
smallnumberof registers(e.g.,ARM [16] supports16registersand
even fewer aredirectly accessibleby most instructionsin Thumb
mode)ef®cientuseof registerresourcesis extremelyimportant.

To illustratethepotentialfor reductionin registerrequirements,
let usconsidertheexamplesshown in Fig. 1 thataretypicalof em-
beddedcodes.Thesecodefragments,taken from theadpcm (au-
dio) andgsm (speech)applicationsrespectively, performunpack-
ing and packing. Eachcodefragmentreferencesthreevariables
which have thedeclaredsizeof 8 bits each.Thelive rangesof the
variables,including their widths, areshown. By examiningthese
live rangeswe®ndthata traditionalregisterallocatormustusetwo
registersto hold their values.However, bitwidth awareregisteral-
locationcandramaticallyreducetheregisterrequirements.Wecan
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Figure1: Subword variables in multimedia codes.

hold thevaluesof thesevariablesin 8 bitsand7 bitsof asinglereg-
isterrespectively for thetwo codefragments.Theremainingbitsof
this registercanbeusedto holdadditionalsubwordsizedvariables.

In this paperwe describeanapproachfor achieving registeral-
locationsthatusea partof a singleregister, asopposedto multiple
registers,for theabove codefragments.Therearetwo key compo-
nentsof ourapproach.First,weemploy algorithmsfor constructing
live rangesof variablessuchthat theminimal bitwidths,or widths
for short,of theliverangesatvariousprogrampointsarealsocom-
puted.Second,we employ a fastandeffective methodfor packing
togethermultiple live ranges.The packingphaseessentiallyper-
formscoalescingof interferingnodeson anenhancedinterference
graphrepresentationfor theprogram.Following packing,register
allocationis carriedout usinga conventionalgraphcoloringalgo-
rithm thatassignsa singleregisterto eachnodein thegraph[1, 3,
8]. Therearea numberof challengesof developing fastandyet
effective algorithmsfor eachof theabove componentsthatarede-
scribedbelow:

Live rangeconstruction
The ®rst challengeis to identify the minimal width of eachlive
rangeat eachrelevantprogrampoint. Analysismustbedeveloped
for thispurposedueto two reasonsthatareillustratedby ourexam-
ples: variablesaredeclaredto be of larger thanneededbitwidths
(e.g., delta1 is declaredas an 8 bit entity while it only uses
4 bits); and the bitwidth of a variablecanchangefrom onepro-
grampoint to anotherasavariablemaycontainmultipledataitems
whichareconsumedoneby one(e.g.,inbuffer initially is 8 bits
of data,after delta1 is assignedit containsonly 4 bits of use-
ful data).We presenta combinationof forwardandbackwarddata
�o w analysisto ®nd theminimal widths.

Thesecondchallengeis toef�ciently identify theminimalwidths.
An obviousway is to develop ananalysiswhich, for a givenvari-
able that is declaredto be F bits wide, determinesthe ”need” for
keepingeachof the F bits in a registerat eachprogrampoint. The
costof suchbitwiseanalysiswill behighasit is directlydependent
uponthebitwidthsof thevariables.To achieve ef®ciency, we de-
velopananalysiswhich views eachvariable,regardlessof its size,
as madeup of threebit sectionscalled the leading,middle, and
trailing sections.Thegoalof theanalysisis to determinethemin-
imal sizedmiddle sectionthat mustbe kept in the registerwhile
the leadingandtrailing sectionscanbe discarded.This approach
is effective in practicebecausetheunneededbits of a variableat a
programpoint typically form leadingand/ortrailing bit sections.

Packingmultiplevariablesinto a register
Whenvariablesarepackedtogetherthroughcoalescingof two nodes
in theinterferencegraph,theshapesof theliverangesmustbetaken
into accountto determinewhetheror not thelive rangescanbeco-
alesced,andif coalescingis possible,thecharacteristicsof thecoa-
lescedliverangemustbedeterminedto performfurthercoalescing.
A simpleapproachto this problemmaynot beaccurate leadingto
missedopportunitiesfor coalescing.For example,in our earlier
examplethemaximumwidth of inbuffer anddelta1 were8
and4 bits respectively. A simplemethodthat ignorestheir shapes
andassignsa width of 12 bits to thelive rangeresultingfrom coa-
lescingthetwo, overestimatesthewidth by 4 bits. Thereforewhile
this approachis simple,andthusfast, it will misscoalescingop-
portunities.

A completelyaccurateapproachcanbe developedwhich com-
parestheshapesof thelive rangesat all relevantprogrampointsto
determinewhetherthey canbecoalesced,andif that is possible,it
computesthecompactshapeof theresultinglive range.While this
approachwill notmisscoalescingopportunities,it is tooexpensive.
Wepresentafastandhighlyaccurateapproachfor nodecoalescing
baseduponanenhancedlabeledinterferencegraph. Theshapesof
interferinglive rangepairsarecomparedexactly onceto generate
the labelling. Nodecoalescingis driven by the labelling which is
updatedin constanttimefollowing eachcoalescingstep.While the
labellingis approximate,it is highly accuratein practiceandthere-
foremissedcoalescingopportunitiesarerare.

Outline
The remainderof the paperis organizedasfollows. In section2
wepresentthelive rangeconstructionalgorithm.Theenhancedin-
terferencegraphrepresentationandthenodecoalescingalgorithm
baseduponit to affect variablepackingis describedin section3.
Experimentalevaluationis presentedin section4. Relatedwork is
discussedin section5 andconclusionsaregivenin section6.

2. LIVE RANGE CONSTRUCTION

De�nition 1. (Live Range)The live range of a variable G is
theprogramregion over which thevalueof G is live, that
is, for eachpoint in thelive range,a subsetof bits in G 's
currentvaluemaybeusedin a futurecomputation.

Eachright handside referenceof variable G in someprogram
statementdoesnot needto explicitly referenceall of the bits in G

during the executionof the statement.As a consequence,at each



point in G 's live range,not all of the bits representingG are live.
Therefore,different amountsof bits may be neededto hold the
valueof G in a registeratdifferentprogrampoints.

De�nition 2. (DeadBits) Givena variable G , which according
to its declarationis representedby � bits,asubsetof these

� bits, say
�

, aredeadat programpoint � if all computa-
tionsfollowing point � thatusethecurrentvalueof G can
beperformedwithout explicitly referringto thebits in

�

.

De�nition 3. (Live RangeWidth) Given a programpoint �

in variable G 's live range,the width of G 's live range at
point � , denotedby �������
	 , is de®nedsuchthat the bits
representingvariable G accordingto its declarationcan
be divided into threecontiguoussectionsas follows: a
leading sectionof � � ���
	 deadbits; a middle sectionof

�������
	 live bits;anda trailing sectionof �������
	 deadbits.

l   (p)v

v

vw   (p) t   (p)
v

Let �
� denotea statementthat refersto thevalueof variable G .

We de®ne ������������������G�	 asan orderedpair ��������	 suchthat the
leading � bits andtrailing � bits of G neednot beexplicitly referred
to duringexecutionof � � . Theconditionsunderwhich only a sub-
setof, andnot all, bits of a variable G aresuf®cient for evaluating
anexpressionaregiven in Fig. 2. The®rst threesituationsexploit
the useof compiletime constantsin left shift, right shift, andbit-
wiseandoperations.Theresultscomputedby theseexpressionsare
only dependentuponsubsetof bitsof G andthustheremainingbits
areconsideredasnothaving beenused.Thenext two situationsex-
ploit presenceof zerobits in G . Leadingzerobitspresentin G need
not be explicitly held in a registerto performarithmeticandrela-
tional operationsastheresultsof theseoperationscanbecorrectly
computedwithout explicitly referringto thesebits. Similarly, the
resultsof thebitwiseor operationcanbecomputedwithoutexplic-
itly referringto the leadingandtrailing zerobits of G . Therefore,
we considerthesezerobits asnot having beenused.Finally, in all
othercasesa right handsidereferenceto G is consideredto useall
bits of G , i.e. ���������!���

�
�(G�	 is ��"��#"$	 .

To identify deadbitsandhencethewidth of theliverangeateach
programpoint in the live range,we performthe following analy-
sis. First we carryout forward analysisto computea safeestimate
of leadingandtrailing zerobit sectionsin eachprogramvariable
at eachprogrampoint. This information is neededin the com-
putationof �������������%����G�	 in two of the casesdescribedabove
(arithmetic/relational operationsandbitwiseor operation). Hav-
ing computed���������!��� ���(G�	 informationfully, secondwe carry
outbackward analysisto identify thedeadbit sectionsin eachpro-
gramvariableat eachprogrampoint. We describetheseanalyses
next. Without lossof generailty, we assumein our discussionthat
all variableshave thesamedeclaredbitwidth.

Leadingandtrailing zero bit sections
As describedabove, leadingand trailing zerosneedto be found
becauseresultsof someoperationscan be computedwithout ex-
plicitly referringto themandthusthesesectionscanbe treatedas
deadbit sections.Forward analysisis employed to determinethe
leadingandtrailing zerobit sectionsfor eachvariable,at eachpro-
grampoint. Whena variable G is beingassigned,in somecases,
by examiningthe expressionon the right handsidewe candeter-
mine the leadingandtrailing zerobit sectionsof G following the

assignment.In caseof a constantassignmentG!&(' , by looking at
the valueof constant' , we candeterminethe zerobit sectionsof

G . In caseof signednumberstheleadingzerobit sectionis formed
by signextensionbits (i.e., from zerosor ones).A right (left) shift
by a constantamount,i.e. G)&+*-,.,/' ( G)&+*-0.0/' ), resultsin
thecreationof leading(trailing) bit sections.A bitwise logical or
(and)operation,i.e. G1&2*4365 ( G7&8*:925 ), resultsin propagation
of zerobit sections. For a copy assignmentG;&<* , the zerobit
sectionsof * aresimplypropagatedto G . If nothingcanbeasserted
aboutthevaluebeingassignedto G , theanalysisconservatively as-
sumesthatthereareno leadingor trailing zerobit sections.

Note that sincezero bit sectionsof one variable may depend
uponzerobit sectionsof anothervariable,all variablesmustbean-
alyzedsimultaneously. Themeetoperatorfor this forwardanalysis
safelycomputesthesmallestleadingandtrailing zerobit sections
that arepresentin eachvariableacrossall incoming edges. The
data�o w equationsfor computingthezerobit sectionsaregivenin
Fig. 3, where =?>@�BADC$E�FHGJIHK L��
G$M representsthe zerobit sectionsof
variableG atentry/exit of nodeL . Recallthatfor simplicity weonly
list the situationsinvolving variablesof the samebitwidth. When
variablesof differentsizeareconsidered,additionalopportunities
arise. For example,whenanunsignedshortinteger is assignedto
anunsignedlong integer, a leadingzerobit sectionis createdin the
latter. More situationscanbefoundto enhancetheanalysis.

Leadingandtrailing deadbit sections
Fig. 3 alsogives the data�o w equationsfor computingthe dead
bit sections. N�>@�

ADC$E�FOGPI
K L��
G$M representsthe leadingandtrailing

deadbit sectionsof variableG atentry/exit of nodeL . As expected,
determinationof deadbit sectionsis baseduponbackward analy-
siswhich examineseachstatement� � to identify thesubsetof bits
of variable G whosevaluesarenot usedby thestatement.This in-
formationis representedby �������������

�
�(G�	 asdescribedearlier,

which canbecomputedfor eachstatementgiventheresultsof the
zerobit sectionsanalysis. If the bit sectionsin �������������

�
��G�	

aredeadat thepointafterstatement�%� , thenthey arealsodeadim-
mediatelybeforestatement�

�
. If a statementde®nesG anddoes

not useit, thenall bits of thevariablearedeadwhich is indicated
by ��Q7��QR	 , i.e. leadingandtrailing deadbit sectionsof sizeequal
to thewidth of thevariable.Thejoin operatorconservatively com-
putesthosebit sectionsasdeadat the exit of a nodethat arealso
deadatentrypointsof all successornodes.

Anexample
Theresultsof applyingtheabove analysesareillustratedusingan
exampleshown in Fig. 4. For simplicity we usea straightlinecode
examplealthoughour techniqueappliesto programswith complex
control�o w structures.For thegivencodefragment,®rst we show
thezerobit sectionsof eachvariableat thepoint it is assignedsome
value. Next we show the resultsof the deadbit sectionsanalysis
wherethesetof deadvariablesimmediatelyfollowing eachstate-
mentaregiven. For example,immediatelyfollowing statement3
thehigherorder4 bitsof variableN arezero.In casetheentirevari-
ableis deadwe simply list thenameof thevariable(e.g.,all of the
involved variablesarefully deadimmediatelyprecedingthe code
fragment).Theresultsof thedeadbit sectionsanalysisareequiva-
lent to thelive rangesshown wheretheareaenclosedin solid lines
correspondsto the bit sectionthat is not dead. If we examinethe
above ranges,it is easyto seethat the maximumcombinedwidth
of theselive rangesat any programpoint is 32 bits. Thereforea
single32bit registeris suf®cientto handleall thesevariables.Note
thata traditionalregisterallocatorwhich ignoresthewidthsof the
variableswill needfour registersfor this codefragment.



� � Characteristicsof � � ������������� � ��G�	

G�,., � � is a compiletimeconstant ��"����#	 - � trailing bits of G arenotused.
G�0.0 � � is a compiletime constant �����#"$	 - � leadingbits of G arenotused.
G+9 ' ' is a compiletime constantwith �������#	 - � leadingbits and � trailing

� leadingand � trailing zerobits bits of G arenotused.
G

�

�������

�

� is anarithmeticor relationaloperator; �����#"6	 - � leadingbits of G arenotused.
G hasat least � leadingzerobits

G 3������ G hasat least � leadingzerobitsand �������#	 - � leadingbits and � trailing bits
� trailing zerobits of G arenotused.

�

� G�	 otherformsof statementsthatuseG ��"��#"6	 - all bits of G areused.

Figure2: Partial useof a variable's bits.
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Figure5: Using registerswith packed variables.

3. VARIABLE PACKING = ITERATIVE CO­
ALESCING OF INTERFERING NODES

In this sectionwe presentour variablepackingalgorithm. Let
us ®rst seethe impactof variablepackingon the generatedcode.
Fig.5 showsthecoderesultingafterpackingall variablesof Fig.4's
exampleinto oneregister � . The subscriptsindicatethe bit sec-
tionswithin � beingreferenced.It is clearthat if bit sectionrefer-
encingis supported,a small numberof registerscanbe usedvery
effectively. Notethattheshift operationsof statements3, 4, and6
aretranslatedinto intraregisterbit sectionmoveswhichmove ase-
quenceof bits from onepositionto another. Also two additional
intraregister moves, precedingstatements4 and 8, are required.
Thesemovesarerequiredbecausesometimeswhena variablethat
is allocatedto the registeris beingde®ned,a freecontiguousreg-
isterbit sectionof theappropriatesizemaynot beavailable. This
is becausethefreebits maybefragmented. In this casethevalues
of live variablespresentin theregistermustbeshiftedto combine
thesmallerfreebit sectionfragmentsinto onelargecontiguousbit
section.

Thealgorithmwehavedevelopedsacri®cessomeof thevariable
packingopportunitiesin favor of fastexecutiontime. For thepre-
cedingexample,althoughoneregisteris suf®cient,our algorithms
allocatesA, B, andC to oneregisterandD andE to anotherreg-
ister. The resultingcodebaseduponusingtwo registersis shown
in the®gure. Sincethevariablesarenot packedastightly, we ®nd
that thereis no needto carry out the two intraregistermoves for
overcomingtheproblemof fragmentationof freebits.

Interferencegraph
Our approachto variablepackingis to performit asa prepassto
global registerallocation.Themerit of this approachis thatexist-
ing registerallocationalgorithmscanbeusedwithout any modi®-
cationsoncevariablepackinghasbeenperformed.In addition,we
designthevariablepackingalgorithmto operateupontheliverange
interferencegraphwhich mustbeconstructedany way to perform
globalregisterallocation.Thenodesof aninterferencegraphcorre-
spondto theliveranges.Interferenceedgesareintroducedbetween
nodepairsrepresentingoverlappinglive ranges.

It is easyto seethat from the perspective of the interference
graph,variablepackingcan be performedthroughiterative coa-
lescingof interferingnodes. In eachstepa pair of interferinglive
rangescanbecoalescedinto onenodeif noplacein theprogramis
theircollectivewidth greaterthanthenumberof bits in theregister.
After variablepacking,registerallocationis performedusing the
transformedinterferencegraph.

De�nition 4. (Maximum InterferenceWidth) Given a pair of
live ranges��� & and ��� - , themaximuminterferencewidth
of theselive ranges,denotedby ����� ����� &H�#���#- 	 , is the
maximumcombinedwidth of theselive rangesacrossall
programpoints wherethe two live rangesoverlap. Let

� �

�

��! �����P� �
	 denotethewidth of liverange��� atprogram
point � . �"��� �����L& �#���#- 	 is computedasfollows:

����� �����L&H�#���#- 	 & �#�
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It should beclear that ����� & �#���#- 	 are coalesced iff
����� �����L&H�#���#- 	-+ 3 �73 , where 3 �13 is thenumberof bits
in eachregister. We alwaysassumethatno variablehas
width greaterthan 3 �73 .

The desiredgoal of coalescingcan be set as achieving maxi-
mal coalesingthatreducesthenumberof nodesin theinterference
graphto themimimumpossiblethat is achievableby any legal se-
quenceof coalescingoperations.However, thetheoremwepresent
next establishesthatachieving maximalcoalescingis NP-complete.
In factfrom ourconstructionit canbeseenthatthisresultholdstrue
evenfor straightlinecode.

Theorem(Live RangeCoalescingis NP-complete).
Given a setof live ranges . , a constant�.0 3 .?3 . Does
thereexist a live rangecoalesingthatreducesthenumber
of live rangesto � suchthat the width of no coalesced
variableexceeds3 �13 atany programpoint?

Proof. It is trivial to seethat live rangecoalescingproblem
is in NP asgiven a solutionit is easyto verify that it is
correctin polynomial time. By performinga reduction
from thebin packing problem(see[7], page226)we can
show that live range coalescingis NP-complete.Thebin
packingproblemcanbestatedasfollows.

Givena setof items � , a size �$�0/
	 for each/21 � , and
a positive integer bin capacity > . Is therea partition of

� into disjoint sets�@& , �y- , 34343 , ��5 suchthatthesumof
sizesof theitemsin eachset �

A is > or less?



An instanceof bin packingproblemcanbe transformed
into an instanceof live rangecoalescingproblemasfol-
lows. Correspondingto eachitem / 1 � , we constructa
live rangeof uniformwidth �$�0/
	 . Wefurtherassumethat
thereis someprogrampoint whereall live rangesfully
overlapwith eachother. Now let 3 �73 & > and ��&

�

.
If we can ®nd a live rangecoalescingthat reducesthe
numberof liverangesto � suchthatnoneof thecoalesced
live rangeshasa width greaterthan 3 �73 , we have essen-
tially solved thecorrespondinginstanceof thebin pack-
ing problem.

The overall outcomeof coalescingdependsupon the selection
and order in which pairs of nodesare examinedfor coalescing.
Giventheaboveresultweuseaniterativecoalescingheuristicwhich
picksanodefrom thegraph,coalescesit with asmany neighboring
nodesaspossible,andthenrepeatsthis processfor all remaining
nodes.Let usbrie�y considertheruntimecomplexity of an itera-
tive coalescingalgorithm. Thecoalescingmusthave beencarried
out in a seriesof stepswherein eachsteptwo nodesarecoalesced.
To determinewhethertwo nodes,say ��� & and ���#- , canbecoalesced,
we mustcheckthe condition ����� �����

&
�#���

-
	 + 3 �13 by scanning

the two live rangesacrossthe entirelengthof the programwhere
thetwo live rangesoverlap.Thetime complexity of this operation
is �7��. 	 , where . is boundedby the numberof statementsin the
program.Thenumberof coalescingoperationsis boundedby the
numberof nodes� in the interferencegraph. Thusthe total time
spentin coalescingis boundedby �7����� . 	 .

To avoid theexpensive operationof scanningtwo live rangesto
compute�"��� �����L& �#���#- 	 at thetime of attemptingcoalescing,we
exploretheuseof fastmethodsbasedupontheuseof conservative
estimatesof ����� ����� & �����#- 	 . A conservative estimatecanoveres-
timate ����� but it mustnever underestimateit. Let us consider
a simple and most obvious approximation. By scanningthe en-
tire programexactlyonce,wecanprecomputethemaximumwidth
of eachlive range ��� , ����� �����6	 . Using this information, esti-
matedmaximuminterferencewidth � �"��� ����� & �#���#- 	 canbecom-
putedasfollows: � ����� �����

&
�O���

-
	 &"����� �����

&
	 � ���	� �����

-
	

��
 ����� �����L& �#���#- 	�	 . Note we do not needto scanthe program
to compute� ����� �����

&
�#���

-
	 . While this methodis simple and

allows estimationof � ����� of two live rangesat thetimeof iter-
ativecoalescingin �7� � 	 time,it fails to handleacommonsituation
well. In Fig. 6 live ranges� and > are shown. It is clear that
they can be allocatedto a single 32 bit register. However, since

���	�-����	.& ���	� ��>@	R& � � andtherefore� �"��� ����� >1	.&


��

, we cannotcoalescethemusingthissimpleapproach.
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Figure6: Nodevs. edgelabels.

To addresstheabove problemwith nodelabelswe make useof
edge labels. Eachedge ���R��>@	 is labelledwith a pair of values

���	� �#>	�$	 , suchthat ��� and >	� representthe widths of � and >

respectively at a programpoint correspondingto maximuminter-
ferencewidth of � and > (i.e., ����� ���R��>@	 &�� � � >	� ). For the
above example,theedgelabel is � �




� �




	 . Theimportantobserva-
tion is thatby looking at theedgelabelwe cannow determinethat
coalescingof � and > is possiblebecausetheir combinedwidth at
any programpoint doesnot exceed32 (because�




� �




& � � ).
Theedgelabelsaremoreformally de®nedbelow.

De�nition 5. (InterferenceGraphLabels)Initially eachinter-
ferenceedge �����#>@	 is labelledwith ��� � �#> � 	 where � �

and >	� arethecontributionsof � and > to ����� ������>1	

(i.e., ����� ����� >@	 &�� � �+> � ). Subsequently, each
edge ������N!	 formed after coalescing,is labelled with

���

W

�#N

Œ

	 where �

W and N

Œ are the contributions of �

and N to � ����� ��� ��N!	 (i.e., � ����� ��� ��N!	 &��

W

�

N

Œ ).

Whennodesarecoalesced,labelsfor theedgesemanatingfrom
thenewly creatednodemustbecomputed.It is duringthis process
thatsomeimprecisionis introduced.We have developeda fastand
highly accurate methodfor computingthe edgelabels. Next we
presentthismethodin detail.

Updatingedge labelsfollowingcoalescing
If therewasan edgebetweena node � andoneor both of nodes

� and > , then therewill be an edgebetween� > and � in the
transformedgraph. We mustdeterminethe label ��� >

Œ

���

�
�

	 for
this edge.Two casesthatarisearehandledasshown in Fig. 7.

The ®rst caseinvolvesthe situationin which � wasconnected
by anedgeto either � or > . In thiscasethelabelof edge��� >����.	

will besameasthelabelon theedge ���R���.	 or ��>!���.	 asthecase
maybe.Since � interferesonly with � (or > ), aftercoalescingof

� and > themaximuminterferencewidth between� > and � is
sameasmaximuminterferencewidth between� (or > ) and � . It
shouldbenotedthatnoadditionalimprecisionis introducedduring
thegenerationof thelabelfor edge ��� >����.	 .

Thesecondcaseconsidersthesituationin whichthereis anedge
between� and both � and > . In this caseadditional impreci-
sion may be introducedduring the estimationof ��� >

Œ

���
�

�O	 for
edge��� >����.	 asthis labelis baseduponaconservativeestimateof

� �"��� ����� >!���.	 . Ourgoalis to carryout thisestimationquickly
by avoiding examiningthe completelive rangescorrespondingto
nodes� , > and � . In addition,wewould liketo obtaina labelthat
is aspreciseaspossiblebasedupontheexisting labelsof thethree
nodesandedgesbetweenthem.

Threecandidateestimatesfor � ����� ������>!���.	 denotedby �	� ,
�	� , and ��� in Fig. 7 areconsidered. �

�
is the estimateof the

sumof widths of � , > , and � at a point wheremaximuminter-
ferencewidth between> and � takesplace. At sucha point, the
bestestimatesfor thewidthsof � , > and � are �

&
* ���

�
���

Œ

	 , >

Œ

and �
�

respectively (i.e., �	� &��
&

* ���
�

���

Œ

	 � >

Œ

���
�
). Simi-

larly ��� ( �	� ) representsthepointatwhichmaximuminterference
width of � and � ( � and > ) takesplace.Thereforevaluesof �

�

and ��� canbesimilarly computed.While it may not be thecase
that � ����� ����� >!���.	 is equalto any of the threecomputedval-
ues(i.e., �

�
, �	� and �	� ) we canderive a conservative estimate

of � ����� ���R��>����.	 from thesevalues. In particular, if we sort
the valuesof �	� , �

� , and �
� , the intermediatevalue �

A CPI is a
safeapproximationfor � �"��� ���R��>����.	 . Thereforeasshown in
Fig. 7, we choosethis valueanddependinguponwhether�

A CPI is
�

�
, �	� or ��� , we accordinglycompute��� >

Œ

���

�
�

	 . The theo-
remin Fig. 8 formally provesthecorrectnessof this method.
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Figure7: Updating labelsafter coalescingA and B.

Fromtheintermediatevaluetheoremit follows thata singleco-
alescingoperationtakes �7� �%	 time. Eachcoalescingoperationre-
movesanodefrom theinterferencegraph.Thereforethenumberof
coalescingoperationsis boundedby thenumberof nodes� in the
interferencegraph.Hencetherun time complexity of thecoalesc-
ing operationsis boundedby �7����	 . Recallthattheslow algorithm
hada complexity of �7��� � . 	 .

Example
Let usapplythecoalescingoperationsusingtheintermediatevalue
theoremto theinterferencegraphof thelive rangesconstructedfor
anexamplein Fig. 4. Weassumethattheregistersare32bits wide
for this example. From the live rangesconstructedwe ®rst build
the®ve nodeinterferencegraphshown in Fig. 9.

While thenodesin the interferencegraphcanbecoalescedin a
numberof ways,onesuchorderis shown in Fig. 9. Firstwemerge

N and � . Accordingto rules for handlingCaseI, the labelsfor
all edgesemanatingfrom N becomelabelsof the corresponding
edgesemanatingfrom N�� . In thenext two stepsnodes� , > , and

� arecoalescedduringwhich CaseII arises.Therefore,thelabels
on edgesareupdatedusingthe intermediatevaluetheoremgiving
theresultsshown in the®gure.

Notethatif thebitwidthsof thevariablesareignored,theoriginal
interferencegraphrequires4 registersto colorasthegraphcontains
a cliqueof four nodes.In contrasta registerallocatorwill needto
usetwo colorsto color thecoalescedinterferencegraph.Thusthe
proposedcoalescingalgorithm reducesthe register requirements
for theinterferencegraphfrom 4 registersto 2 registers.Thecode
baseduponusageof two registerswasshown in Fig. 5.

Now let usconisdertheresultof applicationof simplecoalesc-
ing approachwhichonly maintainsnodelabels.Assumingthatthe
samepairsof nodesareconsideredfor coalescingaswereconsid-
eredduring the applicationof algorithm basedupon edgelabels
in Fig. 9, we can perform at most two coalescingoperationsas
shown in Fig. 10. Thus,in this case3 registerswould berequired.
Thereforeusingedgelabelsis superiorto usingnodelabelsin this
example.
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Theorem(IntermediateValueTheorem).
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Proof. Theproof is carriedout in two parts.Lemma1 shows thatin general�
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Figure8: The intermediate value theorem.



Priority basedcoalescing
So far we have focussedon the fundamentalissuesof bitwidth
awareregisterallocation(i.e., analysisfor live rangeconstruction
and variable packing using node coalescing). We have not ad-
dressedthe following issues:Is coalescingalwaysgood? In what
ordershouldnodecoalescingbeattempted?

While coalescingcanreducethe chromaticnumberof a graph,
this in not alwaysthecase.In somesituationscoalescingmay in-
creasethechromaticnumberof graph± for thegraphshown below
the chromaticnumberis two beforecoalescingbut it increasesto
threeaftercoalescing.A solutionfor preventingharmfulcoalescing
wasproposedby Briggset al. [1]. They observed that if thenode
createdby coalescingof two nodeshasfewerthan � neighborswith
degreeof � or more,where � is the numberof colors,the result-
ing nodewill alwaysbe colorable. Thus,they proposerestricting
coalescingto situationswhereresultingnodesareguaranteedto be
colorable.

A

B D

C

A

B

CD

Figure11: Incr easein chromatic number due to coalescing.

Theorderin which nodecoalescingsareattemptedimpactsthe
shapeof the®nal graphandthusthenumberof colorsrequiredto
color theresultinggraph.For example,if we reconsidertheexam-
ple of Fig. 10 andmergenodesA andB aswell asnodesC andD,
theresultinggraphcontainsthreenodeswhichcanbecoloredusing
two colorsasopposedto threecolorsthatarerequiredby resulting
graphof Fig. 10.
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Figure12: The impact of ordering of coalescingoperations.

Oneapproachthatweproposeto addresstheaboveproblemis to
assignprioritiesto all of thenodes.Nodewith thehighestpriority,
say L , is picked and neighborsof L are consideredfor coalesc-
ing in decreasingorderof priority. Whenno morenodescanbe
coalescedwith L , thenext highestpriority nodeis picked andthe
above processrepeated.Thepriority of a live range� is computed
asshown below. Thegreaterthesavingsdueto eliminationof loads
andstores,thehigheris thepriority. However, thesavingsarenor-
malizedwith respectto the theamountof registerresourcesused.
The registerusageis baseduponthe durationandthe numberof
bits thatareoccupiedby theliverange.Hence,it is simply thearea
of the live rangewhich canbe obtainedby summingtogetherthe
numberof bits occupiedby the live rangeat all relevant program
points.
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Ouralgorithmfor carryingoutnodecoalescingfollowedby reg-
ister allocationis summarizedin Fig. 13. Following the iterative
nodecoalescingphaseeachsetof coalescedvariablesis given a
new nameand the codeis transformedto usethis name. In ad-
dition, intravariablemovesareintroducedto preserve programse-
mantics.Theresultinginterferencegraphis thenprocessedusinga
traditionalcoloringbasedregisterallocator.

1. Constructinterferencegraph.
2. Labeledgeswith interferencewidths.
3. Constructprioritizednodelist.
4. while nodelist �&�� do
5. Geta node,say L , from prioritizednodelist.
6. for eachnode& in L 's adjacencylist do
7. Attemptcoalescing& with L .
8. if successful,updategraphandprioritizedlist.
9. endfor
10. endwhile
11. Replaceeachcoalescedvariablesetwith anew name.
12. Introduceintravariablemoves.
13. Performcoloringbasedregisterallocation.

Figure13: Algorithm summary.

4. EXPERIMENT AL RESULTS
We evaluatedthe proposedtechniqueusing benchmarkstaken

from theMediabench [12] (adpcm andg721 ), NetBench [14]
(crc anddh), andBitwise projectat MIT [17] (SoftFloat ,
NewLife , MotionTest , Bubblesort and Histogram ) as
they arerepresentative of a classof applicationsimportantfor the
embeddeddomain. We alsoaddedan imageprocessingapplica-
tion (thres ). Weappliedourtechniqueto selectedfunctionsfrom
thesebenchmarksthatarelargein size.

Weconstructedtheinterferencegraphsfor theselectedfunctions
andmeasuredtheregisterrequirementsfor fully coloringthesegraphs
using the following algorithms: (a) Bitwidth unaware algorithm
which at any giventime allows only a singlevariableto residein a
register;(b) Naivecoalescing(NC) algorithmthatlabelseachnode
with its declaredwidth andusestheselabelsto performcoalescing;
and(c) Our coalescing(OC)algorithmthatbuildsliverangesusing
bit sectionanalysisand labelsedgeswith maximuminterference
width informationto drive coalescing.In all threecasestheregis-
ter requirementswerecomputedby repeatedlyapplyingChaitin's
algorithmto ®nd the minimum numberof registersfor which the
graphcouldbefully colored.

The resultsof our experimentsaregiven in Table1. While the
OC algorithmreducesregister requirementsby 10% to 50%, NC
algorithmis nearlynot assuccessful.By reducingtheregisterre-
quirementsby afew registers,thequalityof codecanbeexpectedto
improvesigni®cantly. Thisis particularlytruefor theARM proces-
sorwith bit sectionreferencingextensions[13] in context of which
this researchis beingcarriedoutasARM has16only registers.



Table1: Registerrequirements.

Benchmark RegistersUsed
Function BU NC OC

adpcm decoder 15 15 13
adpcm coder 18 18 15
g721.update 15 12 10
g721.fmult 4 3 3

g721.quantize 6 5 5
thres.memo 6 6 4

thres.coalesce 10 10 5
thres.homogen 11 11 6

thres.clip 6 6 4
SoftFloat.mul32To64 8 7 7

NewLife.main 7 7 4
MotionTest.main 6 6 5
Bubblesort.main 9 9 7
Histogram.main 7 7 6

crc.main 10 10 9
dh.encodelastquantum 7 7 4

Table2: Bene�ts of coalescing.

Benchmark Numberof Nodes
Function Before After

adpcm decoder 17 15
adpcm coder 20 17
g721.update 22 15
g721.fmult 8 7

g721.quantize 8 6
thres.memo 6 4

thres.coalesce 10 5
thres.homogen 12 7

thres.clip 7 5
SoftFloat.mul32To64 14 12

NewLife.main 8 5
MotionTest.main 9 7
Bubblesort.main 15 11
Histogram.main 13 11

crc.main 12 11
dh.encodelastquantum 8 5

Table3: Changein maximum clique size.

Benchmark Numberof Nodes
Function Before After

adpcm decoder 15 13
adpcm coder 18 15
g721.fmult 4 3

g721.quantize 6 5
thres.memo 6 4

thres.coalesce 10 5
thres.homogen 11 6

thres.clip 6 4
NewLife.main 7 4

MotionTest.main 6 5
crc.main 10 9

dh.encodelastquantum 7 4

Table 4: Li ve rangeswith bitwidth 0 � � bits.

Number Live RangeWidths(bits)
of live Declared Max Size
ranges Size After BSA

adpcm.decoder
1 32 4
2 32 1

adpcm.coder
2 32 1
1 32 8
1 32 3

g721.update
7 16 16
1 32 3
4 16 5
1 16 1
1 8 1

g721.fmult
3 16 16
1 16 12
2 16 4

g721.quantize
3 16 16
1 16 12
2 16 4

thres.memo
2 32 10
1 32 2

thres.coalesce
2 32 10
5 32 8

thres.homogen
2 32 10
5 32 8
1 32 2

thres.clip
2 32 10
1 32 8
SoftFloat.mul32To64
2 32 1
4 16 16

NewLife.main
1 32 12
2 32 6
2 32 4

MotionTest.main
1 32 16
1 32 6
1 32 4

Bubblesort.main
3 32 16
6 32 10

Histogram.main
1 32 16
1 32 12
2 32 10
1 32 8

crc.main
1 64 56
1 32 8
dh.encodelastquantum
4 32 6



To further understandthe signi®canceof the two key stepsof
our algorithm,namelylive rangeconstructionbaseduponbit sec-
tion analysisandnodecoalescing,we examinedthedatain greater
detail. The resultsin Table2 show theextent to which nodecoa-
lescingreducesthenumberof nodesin eachinterferencegraph.As
we canseesigni®cantamountof coalescingis observed to occur.
The datain Table4 shows the signi®canceof our live rangecon-
structionalgorithm. Thedeclared widthsof live rangesaswell as
their reducedmaximumwidthsafterbit sectionanalysis(BSA) are
given.As wecansee,for many liveranges,thedeclaredwidthsare
muchlargerthantheir reducedmaximumwidths. Thereasonwhy
NC algorithm is nearlynot assuccessfulasour OC algorithm is
madeclearin partby thisdata± thedeclaredbitwidthsof variables
areoftenmuchgreaterthantheir truebitwidths.

Finally it shouldbenotedthatalthoughcoalescingdoesnotnec-
essarilyguaranteea reductionin registerrequirements,in mostof
the programsa signi®cantreductionwasobserved. We looked at
the interferencegraphsto understandwhy this wasthe case. We
foundthatin mostof theseprogramsthereweresigni®cantlylarge
cliquespresentwhich accountedfor mostof the register require-
ments. Moreover the maximumsizedclique in the interference
graphtypically containedmultiplesubworddataitems.Thus,node
coalescingresultedin areductionin thesizeof themaximumsized
clique andhencethe registerrequirements.Table3 shows the re-
ductionin thesizeof thelargestcliquesfor theprogramswherethe
above observation holds. The benchmarkswhich did not exhibit
this behavior are omitted from the table. In the caseof Soft-
Float andBubblesort therewereno largecliqueswhile in the
caseof g721.update andHistogram althoughlarge cliques
werepresent,they werenot reducedin sizeby nodecoalescing.

5. RELATED WORK

Bit SectionAnalysis
Stephensonet al. [17] proposedbitwidth analysisto discover nar-
row width databy performingvaluerangeanalysis.Oncethecom-
piler hasproven that certaindataitemsdo not requirea complete
word of memory, they arecompressedto smallersize(e.g.,word
datamay be compressedto half-word or byte data). Therearea
numberof importantdifferencesbetweenbitwidth analysisandour
analysisfor live rangeconstruction.First our analysisis aimedat
narrowing thewidth of avariableateachprogrampointasmuchas
possiblesincewecanallocatevaryingnumberof registerbits to the
variableat differentprogrampoints. Second,while our approach
caneliminatea trailing bit section,valuerangeanalysiscannever
do so. Our approachcan eliminatea leadingbit sectionof dead
bitswhichcontainsnon-zerovalueswhile valuerangeanalysiscan
only eliminatea leadingbit sectionif it containszerobits through
out theprogram.Budiu et al. [2] proposea analysisfor inferring
thevaluesof individualbits. Thisanalysisis muchmoreexpensive
thanour analysisasit mustanalyzeeachbit in thevariablewhile
our approachmaintainssummaryinformationin form of threebit
sectionsfor eachvariable.Finally, theanalysisby Zhanget al. [9]
is aimedat automaticdiscovery of packedvariables,while this pa-
peris aimedat carryingout analysisto facilitatevariablepacking.

Memorycoalescinganddatacompression
Davidson and Jinturkar[4] were ®rst to proposea compiler op-
timization that exploits narrow width data. They proposedmem-
ory coalescingfor improving thecacheperformanceof a program.
ZhangandGupta[20] have proposedtechniquesfor compressing
narrow width andpointerdatafor improving cacheperformance.

However, bothof thesetechniqueswereexploredin context of gen-
eral purposeprocessors.Thereforeaggressive packingof scalar
variablesinto registerswasnot studied. In contrast,the work we
presentin this paperis aimedatnew classof embeddedprocessors
whereef®cientuseof smallnumberof registersis madepossibleby
holdingmultiple valuesin a singleregister. Theonly work we are
awareof thatdealswith registerallocationfor processorsthatsup-
port bit sectionreferencingis by WagnerandLeupers[18]. How-
ever, their work exploits bit sectionreferencingin context of vari-
ablesthatalreadycontainedpackeddata.They donotcarryoutany
additionalvariablepackingasdescribedin this paper. Somemulti-
mediainstructionsetssupportlong registerswhichcanholdmulti-
ple wordsof datafor carryingout SIMD operations[5, 11]. Com-
piler techniquesallocatearraysectionsto theseregisters. In con-
trast,ourwork is aimedatshrinkingscalarsto subwordentitiesand
packingtheminto registerswhich areoneword long. The scalar
variablesthatwe handleareignoredby superword techniques.Fi-
nally in context of embeddedprocessorswork hasbeendoneon
dealingwith irregularconstraintson registerallocation(e.g.,[10]).
However, our work is beingdonein context of ARM instruction
setwith bit referencingextensionswherebit sectionpackingis an
importantissue[13].

6. CONCLUSIONS
Multimediaandnetwork processingapplicationsmakeextensive

useof subworddata.Moreoverembeddedprocessorstypically sup-
port a small numberof word sizedregisters. Instructionsetsup-
port for bit sectionreferencingprovidesuswith anopportunityto
make effective useof smallnumberof registersby packingmulti-
plesubwordsizedvariablesinto asingleregister, without incurring
any additionalpenaltyfor accessingpacked variables. However,
no techniquesexist for eitheridentifying variablebitwidth dataor
packingtheminto registers. We presentedthe ®rst algorithmsto
solve both of theseproblems.We presentedef®cient analysesfor
constructingvariablebitwidth live rangesandanef®cient variable
packingalgorithmthatoperatesonanenhancedinterferencegraph.
Ourexperimentsshow thattheproposedtechniquescanreducereg-
isterrequirementsof embeddedapplicationsby 10%to 50%.
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