Bitwidth Aware Global Register

Sriraman Tallam

Allocation

Rajiv Gupta

Department of Computer Science
The University of Arizona
Tucson, Arizona 85721

tmsriram,gupta@cs.arizona.edu

ABSTRACT

Multimedia and network processingapplicationsmake extensie
useof subword data. Sinceregistersare capableof holdinga full
dataword,whenasubword variableis assignedregister only part
of theregisteris used.New embeddeghrocessorbave startedsup-
portinginstructionsetsthatallow directreferencingof bit sections
within registersand thereforemultiple subword variablescan be
madeto simultaneouslyesidein the sameregisterwithout hinder
ing accesseto thesevariables.However, a new registerallocation
algorithmis neededhatis awareof the bitwidths of programvari-
ablesandis capableof packingmultiple subword variablesinto a
singleregister This papempresent®nesuchalgorithm.

The algorithmwe proposehastwo key steps.First, acombina-
tion of forward andbackward data o w analysesaredevelopedto
determinethe bitwidths of programvariablesthroughoutthe pro-
gram. This analysisis requiredbecausehe declaredbitwidths of
variablesare often larger than their true bitwidths and morewer
theminimal bitwidthsof aprogramvariablecanvary from onepro-
grampointto another Secondanovel interferencegraphrepresen-
tationis designedo enablesupportfor a fastandhighly accurate
algorithmfor packingof subword variablesinto a single register
Packingis carriedoutby a nodecoalescingphasehatprecedeshe
corventionalgraphcoloringphaseof registerallocation.In contrast
to traditionalnodecoalescingpackingcoalesceasetof interfering
nodes.Our experimentshawv thatour bitwidth awareregisterallo-
cationalgorithmreducegheregisterrequirementdy 10%to 50%
over atraditionalregisterallocationalgorithmthatassignseparate
registersto simultaneouslyive subword variables.
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1. INTRODUCTION

Programghatmanipulatedataat subword level, i.e. bit sections
within a word, are commonplacein the embeddediomain. Ex-
amplesof suchapplicationsinclude mediaprocessingaswell as
network processingcodes[12, 19]. A key characteristiof such
applicationsis that at somepoint the dataexists in pacled form,
thatis, multiple dataitemsare pacled togetherinto a singleword
of memory In factin mostcasegheinputor the outputof anap-
plication consistsof pacled data. If the input consistsof pacled
data,the applicationtypically unpackst for furtherprocessinglf
the outputis requiredto be in pacled form, the applicationcom-
putesthe resultsandexplicitly packsit beforegeneratinghe out-
put. SinceC is the languageof choicefor embeddeapplications,
thepackingandunpackingoperationsarevisiblein form of bitwise
logical operationsand shift operationsn the code. In additionto
thegeneratiorof extrainstructiondor packingandunpackinglata,
additionalregistersarerequiredto hold valuesin both pacled and
unpacled form thereforecausinganincreasen register pressue.

New instructionsetarchitecturesor embedde@ndnetwork pro-
cessorsllow bit sectionswithin aregisterto bedirectly referenced
[6, 15, 18]. For example,the following instructionaddsa 4 bit
valuefrom  with a6 bit valuefrom  andstoresa 8 bit result
in . Theoperandsre extendedby addingleadingzerobits to
matchthe sizeof theresultbeforethe additionis carriedout.

In our recentwork we incorporatedit sectionreferencingnto the
popularARM processonVe have shavn thattheproperuseof such
instructionseliminatesheneedfor explicit packingandunpacking
operationsand thus reducesthe numberof executedinstructions
signi®cantly[13]. Anotherimportantconsequencef having this
instructionsetsupportis thatmultiple subword sizedvariablescan
be madeto simultaneouslyesidein the sameregisterwithout hin-
deringaccesgo the variables.Thusthis approachreducesegister
requirementsf theprogram.Sinceembeddegbrocessorsupporta
smallnumberof registers(e.g.,ARM [16] supportsl 6 registersand
even fewer aredirectly accessibldy mostinstructionsin Thumb
mode)ef®cientuseof registerresourcess extremelyimportant.
To illustratethe potentialfor reductionin registerrequirements,
let usconsidetthe examplesshawn in Fig. 1 thataretypical of em-
beddedcodes. Thesecodefragmentstaken from the adpcm (au-
dio) andgsm (speechiapplicationsrespectiely, performunpack-
ing and packing. Each codefragmentreferenceghree variables
which have the declaredsize of 8 bits each.Thelive rangesof the
variables,including their widths, areshavn. By examiningthese
live rangeswve ®nd thatatraditionalregisterallocatormustusetwo
registersto hold their values.However, bitwidth awareregisteral-
locationcandramaticallyreducethe registerrequirementsWe can
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Figure 1: Subword variablesin multimedia codes.

holdthevaluesof thesevariablesin 8 bitsand?7 bits of asinglereg-
isterrespectrely for thetwo codefragments Theremainingpits of
thisregistercanbeusedto hold additionalsubword sizedvariables.

In this paperwe describean approacHor achieving registeral-
locationsthatusea partof a singleregister asopposedo multiple
registers for theabove codefragments.Therearetwo key compo-
nentsof ourapproachFirst,we employ algorithmsfor constructing
live rangesof variablessuchthatthe minimal bitwidths, or widths
for short,of thelive rangesatvariousprogrampointsarealsocom-
puted.Secondwe employ afastandeffective methodfor packing
togethermultiple live ranges. The packingphaseessentiallyper
formscoalescingf interferingnodeson anenhancednterference
graphrepresentatiofior the program. Following packing,register
allocationis carriedout usinga corventionalgraphcoloring algo-
rithm thatassignsa singleregisterto eachnodein the graphl[1, 3,
8]. Therearea numberof challengesof developing fastandyet
effective algorithmsfor eachof the abosre componentshatarede-
scribedbelow:

Live range construction

The ®rst challengeis to identify the minimal width of eachlive
rangeat eachrelevant programpoint. Analysismustbe developed
for this purposedueto two reasonshatareillustratedby our exam-
ples: variablesare declaredto be of largerthan neededitwidths
(e.g.,deltal is declaredas an 8 hit entity while it only uses
4 bits); andthe bitwidth of a variable canchangefrom one pro-
grampointto anothemsavariablemaycontainmultiple dataitems
whichareconsumeaneby one(e.g..inbuffer initially is 8 bits
of data,afterdeltal is assignedt containsonly 4 bits of use-
ful data).We presenta combinationof forward andbackward data
o w analysigo ®nd the minimal widths.

Thesecondhallengés to ef ciently identify theminimalwidths.
An ohbviousway is to develop an analysiswhich, for a given vari-
ablethatis declaredto be bits wide, determineghe "need” for
keepingeachof the bitsin aregisterat eachprogrampoint. The

costof suchbitwiseanalysiswill behigh asit is directly dependent

uponthe bitwidths of the variables. To achieve ef®cieng, we de-
velopananalysiswhich views eachvariable,regardlesf its size,
as madeup of threebit sectionscalled the leading, middle, and
trailing sections.The goal of the analysisis to determinethe min-

imal sizedmiddle sectionthat mustbe kept in the register while

the leadingandtrailing sectionscanbe discarded.This approach
is effective in practicebecausehe unneededits of a variableat a

programpoint typically form leadingand/ortrailing bit sections.

Packing multiplevariablesinto a register

Whenvariablesarepacledtogethethroughcoalescingf two nodes
in theinterferencgraph theshapesf theliverangesnustbetaken
into accounto determinevhetheror notthelive rangescanbeco-
alescedandif coalescings possiblethecharacteristicef thecoa-
lescediverangemustbedeterminedo performfurthercoalescing.
A simpleapproacHo this problemmay not be accuiate leadingto
missedopportunitiesfor coalescing. For example,in our earlier
examplethe maximumwidth of inbuffer ~ anddeltal were8
and4 bits respectrely. A simplemethodthatignorestheir shapes
andassignsa width of 12 bits to thelive rangeresultingfrom coa-
lescingthetwo, overestimateshewidth by 4 bits. Thereforewhile
this approachs simple,andthusfast,it will misscoalescingop-
portunities.

A completelyaccurateapproachcanbe developedwhich com-
parestheshape®f thelive rangesat all relevantprogrampointsto
determinewhetherthey canbe coalescedandif thatis possiblejt
computeghe compactshapeof theresultinglive range While this
approachwill notmisscoalescingpportunitiesit istoo expensve.
We presentifastandhighly accumate approacHor nodecoalescing
baseduponanenhancedabeledinterferencegraph Theshape®of
interferinglive rangepairsare comparecdexactly onceto generate
the labelling. Node coalescings driven by the labelling which is
updatedn constantime following eachcoalescingtep.While the
labellingis approximateit is highly accuratén practiceandthere-
fore missedcoalescingpportunitiesarerare.

Outline

The remainderof the paperis organizedasfollows. In section2
we presenthelive rangeconstructioralgorithm. The enhancedh-
terferencegraphrepresentatioandthe nodecoalescingalgorithm
baseduponit to affect variablepackingis describedn section3.
Experimentakvaluationis presentedn sectiond. Relatedwork is
discussedn section5 andconclusionsaregivenin section6.

2. LIVE RANGE CONSTRUCTION

De nition 1. (Live Range)The live range of a variable is
the programregion over whichthevalueof s live, that
is, for eachpointin thelive range,a subsebf bitsin 's

currentvaluemaybe usedin a future computation.

Eachright handside referenceof variable in someprogram
statementoesnot needto explicitly referenceall of the bits in
during the executionof the statement.As a consequencegt each



pointin ‘slive range,not all of the bits representing arelive.
Therefore,different amountsof bits may be needecto hold the
valueof in aregisteratdifferentprogrampoints.

De nition 2. (DeadBits) Givenavariable , which according
toits declaratioris representetly bits,asubsebf these
bits, say , aredeadat programpoint if all computa-
tionsfollowing point thatusethe currentvalueof can

be performedwithout explicitly referringto thebitsin

De nition 3. (Live RangeWidth) Given a programpoint
in variable 's live range,the width of 'slive range at
point , denotedby , is de®nedsuchthat the bits
representingrzariable accordingto its declarationcan
be divided into three contiguoussectionsas follows: a
leading sectionof deadbits; a middle sectionof

live bits; andatrailing sectionof deadbits.

1, () w,, (p) t, ()

Let denotea statementhatrefersto the value of variable .
We de®ne asanorderedpair suchthatthe
leading bitsandtrailing bitsof neednotbeexplicitly referred
to duringexecutionof . Theconditionsunderwhich only a sub-
setof, andnotall, bits of avariable aresuf®cientfor evaluating
anexpressionaregivenin Fig. 2. The®rst threesituationsexploit
the useof compiletime constantsn left shift, right shift, andbit-
wiseandoperationsTheresultscomputedy thesesxpressiongre
only dependentiponsubsebf bitsof andthustheremainingbits
areconsideredsnothaving beenused.Thenext two situationsex-
ploit presence®f zerobitsin . Leadingzerobitspresenin need
not be explicitly heldin aregisterto performarithmeticandrela-
tional operationsastheresultsof theseoperationcanbe correctly
computedwithout explicitly referringto thesebits. Similarly, the
resultsof the bitwiseor operationcanbe computedvithout explic-
itly referringto the leadingandtrailing zerobits of . Therefore,
we considerthesezerobits asnot having beenused.Finally, in all
othercasesright handsidereferenceo is consideredo useall
bitsof ,i.e. is .

Toidentify deadbitsandhencehewidth of theliverangeateach
programpoint in the live range,we performthe following analy-
sis. Firstwe carry out forward analysisto computea safeestimate
of leadingandtrailing zerobit sectionsin eachprogramvariable
at eachprogrampoint. This information is neededin the com-
putationof in two of the casesdescribedabore
(arithmetic/elational operationsand bitwise or operation). Hav-
ing computed informationfully, secondwe carry
outbadkward analysisto identify the deadbit sectionsn eachpro-
gramvariableat eachprogrampoint. We describetheseanalyses
next. Withoutlossof generailty we assumen our discussiorthat
all variableshave the samedeclareditwidth.

Leadingandtrailing zero bit sections

As describedabove, leadingandtrailing zerosneedto be found
becauseesultsof someoperationscan be computedwithout ex-
plicitly referringto themandthusthesesectionscanbe treatedas
deadbit sections.Forward analysisis emplo/ed to determinethe
leadingandtrailing zerobit sectiondor eachvariable,at eachpro-
grampoint. Whena variable is beingassignedjn somecases,
by examiningthe expressionon the right handsidewe candeter
mine the leadingandtrailing zerobit sectionsof following the

assignmentIn caseof a constanassignment , by looking at
the value of constant , we candeterminethe zerobit sectionsof

. In caseof signednumberghe leadingzerobit sectionis formed
by sign extensionbits (i.e., from zerosor ones).A right (left) shift

by a constanamount,i.e. ( ), resultsin
the creationof leading(trailing) bit sections.A bitwise logical or
(and)operationj.e. ( ), resultsin propagation

of zerobit sections. For a copy assignment , the zerobit
sectionof aresimply propagatedo . If nothingcanbeasserted
aboutthevaluebeingassignedo , theanalysisconseratively as-
sumeghatthereareno leadingor trailing zerobit sections.

Note that since zero bit sectionsof one variable may depend
uponzerobit sectionsof anothewariable,all variablesmustbean-
alyzedsimultaneouslyThe meetoperatoffor this forwardanalysis
safelycomputeghe smallesieadingandtrailing zerobit sections
that are presentin eachvariableacrossall incoming edges. The
data o w equationgor computingthezerobit sectionsaregivenin
Fig. 3, where representshe zerobit sectionsof
variable atentry/eit of node . Recallthatfor simplicity we only
list the situationsinvolving variablesof the samebitwidth. When
variablesof differentsize are consideredadditionalopportunities
arise. For example,whenan unsignedshortinteger is assignedo
anunsignedonginteger, aleadingzerobit sectionis createdn the
latter More situationscanbe foundto enhancehe analysis.

Leadingandtrailing deadbit sections

Fig. 3 alsogivesthe data o w equationsfor computingthe dead
bit sections. representshe leadingandtrailing
deadbit sectionof variable atentry/&it of node . As expected,
determinatiorof deadbit sectionsis baseduponbackward analy-
siswhich examineseachstatement to identify the subsebf bits
of variable whosevaluesarenot usedby the statementThis in-
formationis representetby asdescribecearlier
which canbe computedor eachstatemengiven the resultsof the
zerobit sectionsanalysis. If the bit sectionsin
aredeadatthepointafterstatement , thenthey arealsodeadim-
mediatelybeforestatement . If a statementle®nes anddoes
not useit, thenall bits of the variablearedeadwhich is indicated
by , i.e. leadingandtrailing deadbit sectionsof sizeequal
to thewidth of the variable. Thejoin operatorconseratively com-
putesthosebit sectionsasdeadat the exit of a nodethatarealso
deadat entrypointsof all successonodes.

Anexample

Theresultsof applyingthe above analysesareillustratedusingan
exampleshavn in Fig. 4. For simplicity we usea straightlinecode
examplealthoughour techniqueappliesto programswith complex

control o w structuresFor thegiven codefragment®rst we shav
thezerobit sectionof eachvariableatthepointit is assignedome
value. Next we shav the resultsof the deadbit sectionsanalysis
wherethe setof deadvariablesimmediatelyfollowing eachstate-
mentaregiven. For example,immediatelyfollowing statemen8

thehigherorder4 bitsof variable arezero.In caseheentirevari-

ableis deadwe simply list the nameof thevariable(e.g.,all of the
involved variablesarefully deadimmediatelyprecedingthe code
fragment).Theresultsof the deadbit sectionsanalysisareequva-

lentto thelive rangesshavn wherethe areaenclosedn solid lines
correspondso the bit sectionthatis not dead. If we examinethe
above rangesit is easyto seethatthe maximumcombinedwidth

of theselive rangesat ary programpoint is 32 bits. Thereforea
single32 bit registeris suf®cientto handleall thesevariables.Note
thata traditionalregisterallocatorwhich ignoresthe widths of the
variableswill needfour registersfor this codefragment.
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is acompiletime constant - trailing bitsof arenotused.
is acompiletime constant - leadingbitsof arenotused.
is acompiletime constanwith - leadingbitsand trailing
leadingand trailing zerobits bitsof arenotused.

is anarithmeticor relationaloperator; - leadingbitsof arenotused.
hasatleast leadingzerobits

hasatleast leadingzerobitsand - leadingbitsand trailing bits
trailing zerobits of arenotused.
otherformsof statementshatuse - allbitsof areused.

Figure 2: Partial useof a variable's bits.

Input: control ow graph , whereeachnodecontainsa singleintermediatecodestatement.
de®nitions:

boundaryconditions:for eachvariable , ,
where is thebitwidth of variable .

initialization: setall vectorsto , Where is thenumberof variables.
meetandjoin opemators:  is themeetandjoin operatorfor theforwardandbackward analysisrespectiely.
Zero Bit SectionsAnalysis: Solwe iteratvely

DeadBit SectionsAnalysis: Solwe iteratively

Figure 3: Forward and backward bit sectionsanalysis.
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Figure4: lllustration of live range construction.
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Figure5: Usingregisterswith packed variables.

3. VARIABLE PACKING =ITERATIVE CO-
ALESCING OF INTERFERING NODES

In this sectionwe presentour variable packingalgorithm. Let
us ®rst seethe impactof variablepackingon the generatectode.
Fig. 5 shavsthecoderesultingafterpackingall variableof Fig. 4's
exampleinto oneregister . The subscriptdndicatethe bit sec-
tionswithin  beingreferencedlt is clearthatif bit sectionrefer
encingis supporteda small numberof registerscanbe usedvery
effectively. Notethatthe shift operationf statement8, 4, and6
aretranslatednto intraregisterbit sectionmoveswhich move ase-
quenceof bits from one positionto another Also two additional
intrarggister moves, precedingstatementst and 8, are required.
Thesemovesarerequiredbecausesometimesvhena variablethat
is allocatedto the registeris beingde®ned,a free contiguousreg-
ister bit sectionof the appropriatesize may not be available. This
is becausehe free bits may be fragmented In this casethe values
of live variablespresentn the registermustbe shiftedto combine
the smallerfreebit sectionfragmentsnto onelarge contiguoushit
section.

Thealgorithmwe have developedsacri®cesomeof thevariable
packingopportunitiesn favor of fastexecutiontime. For the pre-
cedingexample,althoughoneregisteris suf®cient, our algorithms
allocatesA, B, andC to oneregisterandD andE to anotherreg-
ister Theresultingcodebaseduponusingtwo registersis shavn
in the®gure. Sincethe variablesarenot pacled astightly, we ®nd
that thereis no needto carry out the two intraregister moves for
overcomingthe problemof fragmentatiorof freebits.

Interferencegraph

Our approachto variablepackingis to performit asa prepassto
globalregisterallocation. The merit of this approachs that exist-
ing registerallocationalgorithmscanbe usedwithout ary modi®-
cationsoncevariablepackinghasbeenperformed.ln addition,we
designthevariablepackingalgorithmto operataupontheliverange
interferencegraphwhich mustbe constructedary way to perform
globalregisterallocation. Thenodesof aninterferencegraphcorre-
spondto theliverangesinterferenceedgesareintroducedbetween
nodepairsrepresentingverlappinglive ranges.

It is easyto seethat from the perspectie of the interference
graph, variable packing can be performedthroughiterative coa-
lescingof interfering nodes In eachstepa pair of interferinglive
rangesanbe coalescednto onenodeif no placein the programis
their collective width greatethanthe numberof bitsin theregister
After variable packing,register allocationis performedusing the
transformednterferencegraph.

De nition 4. (Maximum InterferenceWidth) Given a pair of
liveranges and , the maximuminterferencewidth
of theselive ranges,denotedby , is the
maximumcombinedwidth of theselive rangesacrossall
programpoints wherethe two live rangesoverlap. Let

denotethewidth of liverange atprogram
point . is computedasfollows:

It should beclear that are coalescediff

, Where is the numberof bits
in eachregister We alwaysassumehatno variablehas
width greaterthan

The desiredgoal of coalescingcan be set as achiering maxi-
mal coalesingthatreduceghe numberof nodesin theinterference
graphto the mimimum possiblethatis achiezableby ary legal se-
quenceof coalescingperationsHowever, thetheoremwe present
next establishethatachiezing maximalcoalescings NP-complete.
In factfrom our constructiorit canbeseerthatthisresultholdstrue
evenfor straightlinecode.

Theoem(Live RangeCoalescings NP-complete).
Given a setof live ranges , a constant . Does
thereexist alive rangecoalesinghatreducegshenumber
of live rangesto suchthat the width of no coalesced
variableexceeds atary programpoint?

Proof. It is trivial to seethat live rangecoalescingproblem
is in NP asgiven a solutionit is easyto verify thatit is
correctin polynomialtime. By performinga reduction
from thebin pading problem(seg[7], page226)we can
shaw thatlive range coalescings NP-complete The bin
packingproblemcanbe statedasfollows.

Givenasetof items , asize for each , and
a positive integer bin capacity . Is therea partition of

into disjointsets , , suchthatthesumof
sizesof theitemsin eachset is orless?



An instanceof bin packingproblemcanbe transformed
into aninstanceof live rangecoalescingproblemasfol-
lows. Correspondingo eachitem , We constructa
live rangeof uniformwidth . Wefurtherassumehat
thereis someprogrampoint whereall live rangesfully
overlapwith eachother Now let and

If we can®nd a live rangecoalescingthat reducesthe
numberof liverangego suchthatnoneof thecoalesced
live rangeshasa width greatethan , we have essen-
tially solvedthe correspondingnstanceof the bin pack-
ing problem.—

The overall outcomeof coalescingdependaiponthe selection
and orderin which pairs of nodesare examinedfor coalescing.
Giventheaboveresultwe useaniterative coalescindneuristicwhich
picksanodefrom thegraph,coalesces with asmary neighboring
nodesas possible,andthenrepeatshis procesdor all remaining
nodes.Let usbrie y considerthe runtimecompleity of anitera-
tive coalescingalgorithm. The coalescingnusthave beencarried
outin aseriesof stepswvherein eachsteptwo nodesarecoalesced.
To determinevhethetwo nodessay and |, canbecoalesced,
we mustcheckthe condition by scanning
the two live rangesacrossthe entire length of the programwhere
thetwo live rangesoverlap. Thetime compleity of this operation
is , where is boundedby the numberof statementsn the
program. The numberof coalescingpperationss boundedby the
numberof nodes in theinterferencegraph. Thusthe total time
spentin coalescings boundecby .

To avoid the expensve operationof scanningwo live rangeso
compute atthetime of attemptingcoalescingwe
explorethe useof fastmethodsaseduponthe useof conserative
estimateof . A conserative estimatecanoveres-
timate but it mustnever underestimaté. Let usconsider
a simple and most obvious approximation. By scanningthe en-
tire programexactly once we canprecomputéhe maximumwidth
of eachlive range , Using this information, esti-
matedmaximurminterferencewidth canbecom-
putedasfollows:

. Note we do not needto scanthe program

. While this methodis simple and

allows estimationof of two live rangesat thetime of iter-

ative coalescingn time, it fails to handleacommonsituation

well. In Fig. 6 liveranges and areshawn. It is clearthat

they canbe allocatedto a single 32 bit register However, since
andtherefore

, we cannotcoalescehemusingthis simpleapproach.

to compute

16 16

MAX(A)=32
A
) (o)
MAX(B)=32
6 15 Node labelling. Edge labelling.

Figure 6: Nodevs. edgelabels.

To addresghe above problemwith nodelabelswe male useof
edee labels Eachedge is labelledwith a pair of values
, suchthat and representhe widthsof  and

respectiely at a programpoint correspondingo maximuminter
ferencewidthof and (i.e., ). Forthe
abore example the edgelabelis . Theimportantobsera-
tion is thatby looking at the edgelabelwe cannow determinethat
coalescingdf and is possiblebecauseheir combinedwidth at
ary programpoint doesnot exceed32 (because ).
Theedgelabelsaremoreformally de®nedbelow.

De nition 5. (InterferenceGraphLabels)Initially eachinter
ferenceedge is labelledwith where
and arethecontritutionsof and to
(i.e., ). Subsequentlyeach

edge formed after coalescing,is labelled with
where and  arethe contributions of
and to (i.e.,
).

Whennodesarecoalescediabelsfor the edgesesmanatingrom
thenewly createchodemustbe computedlt is duringthis process
thatsomeimprecisionis introduced We have developeda fastand
highly accurate methodfor computingthe edgelabels. Next we
presenthis methodin detail.

Updatingedce labelsfollowing coalescing

If therewasan edgebetweenanode andoneor bothof nodes
and , thentherewill be an edgebetween and in the
transformedgraph. We mustdeterminethe label for
this edge.Two caseghatarisearehandledasshavn in Fig. 7.
The ®rst caseinvolvesthe situationin which  wasconnected
by anedgeto either or . In thiscasethelabelof edge
will besameasthelabelontheedge or asthecase
maybe. Since interferesonly with  (or ), aftercoalescingf
and themaximuminterferencewidth between and is
sameas maximuminterferencewidth between (or )and . It
shouldbenotedthatno additionalimprecisionis introducedduring
thegeneratiorof thelabelfor edge
Thesecondtaseconsiderghesituationin whichthereis anedge
between andboth and In this caseadditionalimpreci-
sion may be introducedduring the estimationof for
edge asthislabelis basedipona conserative estimateof
. Ourgoalis to carryoutthis estimatiomuickly
by avoiding examiningthe completelive rangescorrespondindo
nodes , and . Inaddition,wewouldliketo obtainalabelthat
is aspreciseaspossiblebaseduponthe existing labelsof thethree
nodesandedgedetweerthem.
Threecandidatestimates$or denoteddy
, and in Fig. 7 are considered. is the estimateof the
sumof widthsof , ,and ata point wheremaximuminter
ferencewidth between and takesplace. At sucha point,the
bestestimatedor thewidthsof , and are

and respectiely (i.e., ). Simi-

larly () representthepointatwhichmaximuminterference
widthof and ( and ) takesplace.Thereforevaluesof
and canbe similarly computed.While it may not be the case
that is equalto ary of the threecomputedval-
ues(i.e., and ) we canderive a conserative estimate
of from thesevalues. In particular if we sort
thevaluesof ,and , theintermediatevalue is a
safeapproximatiorfor . Thereforeasshavn in
Fig. 7, we choosethis valueanddependinguponwhether is
or , we accordinglycompute . Thetheo-

remin Fig. 8 formally provesthe correctnessf this method.
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Figure 7: Updating labelsafter coalescingA and B.

Fromtheintermediatevaluetheoemit follows thata singleco-
alescingoperationtakes time. Eachcoalescingpperationre-
movesanodefrom theinterferencegraph.Thereforehenumberof
coalescingpperationss boundediy thenumberof nodes in the
interferencegraph. Hencethe run time compleity of the coalesc-
ing operationss boundedy . Recallthattheslow algorithm
hadacompleity of

Example

Let usapplythecoalescingperationsisingtheintermediatevalue
theoemto theinterferencegraphof thelive rangesconstructedor
anexamplein Fig. 4. We assumghattheregistersare 32 bits wide
for this example. From the live rangesconstructedve ®rst build
the®ve nodeinterferencegraphshovn in Fig. 9.

While the nodesin the interferencegraphcanbe coalescedn a
numberof ways,onesuchorderis shawvn in Fig. 9. Firstwe mege

and . Accordingto rulesfor handlingCasel, the labelsfor
all edgesemanatingfrom  becomelabelsof the corresponding
edgessmanatingrom . In thenext two stepsnodes , ,and

arecoalescediuringwhich Casell arises.Thereforethelabels
on edgesare updatedusingthe intermediatevalue theoremgiving
theresultsshavn in the®gure.

Notethatif thebitwidthsof thevariablesareignored theoriginal
interferencgraphrequires registersto colorasthegraphcontains
aclique of four nodes.In contrasta registerallocatorwill needto
usetwo colorsto color the coalescednterferencegraph. Thusthe
proposedcoalescingalgorithm reducesthe register requirements
for theinterferencegraphfrom 4 registersto 2 registers.The code
baseduponusageof two registerswasshawvn in Fig. 5.

Now let us conisderthe resultof applicationof simplecoalesc-
ing approactwhich only maintainsnodelabels.Assumingthatthe
samepairsof hodesareconsideredor coalescingaswere consid-
eredduring the applicationof algorithm basedupon edgelabels
in Fig. 9, we can perform at mosttwo coalescingoperationsas
shavn in Fig. 10. Thus,in this case3 registerswould be required.
Thereforeusingedgelabelsis superiorto usingnodelabelsin this
example.

(20,12)

Figure9: lllustration of nodecoalescing
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Figure 10: Node coalescingusing nodelabels.



Theoem(IntermediatevalueTheorem).

is safe.
Proof. Theproofis carriedoutin two parts.Lemmal shavs thatin general is not a safeestimatefor
because canbelessthan . Lemma2 shaws thatif is lessthan , thenvalues
of both and aregreaterthan . FromLemmal andLemmaz2 it follows that is thebest
safeestimatefor from amongthethreevalues, , and
(Lemmal) canbetrue: Considerthe constructionof live rangesasshawvn in the ®gure be-
low. Note that in this constructionwhich clearly con®rmsthat indeed may not be a safe estimateof
as
A d>1 C
w+d
B
w w
w+d
(Lemma2) Let ,
where , ,and arecontritutionsof , and to . By de®nitionof it mustbethe
casethat:
, and
Without ary lossof generality let usassumehat . Giventhat it follows that:
or
and
and
and
and
and
and
We have shawvn thatif , then and . Giventhat
is , and . Thuswe concludethat:
FromLemmal andLemmaz2 it follows that is the bestsafeestimatefor from
amongthethreevalues, , and . Hencetheproofof theintermediatevaluetheoemis complete;—

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-
dressedhe following issues:ls coalescingalwaysgood? In what
ordershouldnodecoalescingeattempted?

While coalescingcanreducethe chromaticnumberof a graph,
this in not alwaysthe case.In somesituationscoalescingnay in-
creasdhechromaticnumberof graphz for thegraphshavn below
the chromaticnumberis two beforecoalescingout it increasego
threeaftercoalescingA solutionfor preventingharmfulcoalescing
wasproposedy Briggsetal. [1]. They obseredthatif thenode
createdby coalescingf two nodeshasfewerthan neighborswith
degreeof or more,where is the numberof colors,the result-
ing nodewill alwaysbe colorable. Thus,they proposerestricting
coalescingdo situationswhereresultingnodesareguaranteedo be
colorable.

Figure 11: Increasein chromatic number dueto coalescing

The orderin which nodecoalescingare attemptedmpactsthe
shapeof the ®nal graphandthusthe numberof colorsrequiredto
colortheresultinggraph.For example,if we reconsidethe exam-
ple of Fig. 10 andmeige nodesA andB aswell asnodesC andD,
theresultinggraphcontainghreenodeswvhich canbecoloredusing
two colorsasopposedo threecolorsthatarerequiredby resulting
graphof Fig. 10.

20 16 28 16 28 24

N 16 @ . 16 7 . 16
OanO O

Figure 12: The impact of ordering of coalescingoperations.

Oneapproactthatwe proposdo addressheabaove problemis to
assignprioritiesto all of thenodes.Nodewith the highestpriority,
say , is picked and neighborsof are consideredor coalesc-
ing in decreasingorderof priority. Whenno more nodescanbe
coalescedvith , the next highestpriority nodeis picked andthe
above procesgepeatedThe priority of alive range is computed
asshawvn belov. Thegreatethesavingsdueto eliminationof loads
andstoresthehigheris the priority. However, the savingsarenor-
malizedwith respecto the the amountof registerresourcesised.
The registerusageis baseduponthe durationand the numberof
bitsthatareoccupiedoy theliverange.Hence,t is simply thearea
of the live rangewhich canbe obtainedby summingtogetherthe
numberof bits occupiedby the live rangeat all relevant program
points.

Ouralgorithmfor carryingout nodecoalescindollowed by reg-
ister allocationis summarizedn Fig. 13. Following the iterative
node coalescingphaseeachset of coalescedrariablesis given a
nev nameandthe codeis transformedo usethis name. In ad-
dition, intravariablemovesareintroducedto presere programse-
mantics.Theresultinginterferencegraphis thenprocessedsinga
traditionalcoloringbasedegisterallocator

Constructnterferencegraph
Labeledgeswith interferencewidths
Constructprioritized nodelist.
while nodelist do
Getanode,ssay , from prioritizednodelist.
for eachnode in 'sadjacencyist do
Attemptcoalescing with
if successfulupdategraphandprioritized|list.
endfor
10. endwhile
11. Replacesachcoalescedariablesetwith anewv name.
12. Introduceintravariablemoves
13. Performcoloring basedegisterallocation.

©CoNOOr~WNE

Figure 13: Algorithm summary.

4. EXPERIMENTAL RESULTS

We evaluatedthe proposedtechniqueusing benchmarkgaken
fromtheMediabench [12] (adpcm andg721), NetBench [14]
(crc anddh), andBitwise projectatMIT [17] (SoftFloat
NewLife , MotionTest , Bubblesort andHistogram ) as
they arerepresentate of a classof applicationamportantfor the
embeddediomain. We also addedan image processingapplica-
tion (thres ). We appliedourtechniqueo selectedunctionsfrom
thesebenchmarkshatarelargein size.

We constructedheinterferencegraphgor theselectedunctions
andmeasuredheregisterrequirementsor fully coloringthesegraphs
using the following algorithms: (a) Bitwidth unawae algorithm
which atary giventime allows only a singlevariableto residein a
register;(b) Naivecoalescing NC) algorithmthatlabelseachnode
with its declaredvidth anduseshesdabelsto performcoalescing;
and(c) Our coalescing OC) algorithmthatbuildslive rangeausing
bit sectionanalysisand labelsedgeswith maximuminterference
width informationto drive coalescingIn all threecaseghe regis-
ter requirementsvere computedby repeatedlyapplying Chaitin's
algorithmto ®nd the minimum numberof registersfor which the
graphcouldbefully colored.

The resultsof our experimentsaregivenin Table1l. While the
OC algorithmreducesregisterrequirementdy 10% to 50%, NC
algorithmis nearlynot assuccessful By reducingthe registerre-
quirementdy afew registers thequality of codecanbeexpectedo
improve signi®cantly Thisis particularlytruefor the ARM proces-
sorwith bit sectionreferencingextensiong13] in context of which
this researchs beingcarriedoutasARM has16 only registers.



Table 1: Registerrequirements.

Benchmark RagistersUsed
Function BU [ NCTJOC
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

Table 2: 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

Table 3: 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: Liverangeswith bitwidth

Number | Live RangeWidths (bits)
oflive [ 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.fmul
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

bits.



To further understandhe signi®canceof the two key stepsof
our algorithm,namelylive rangeconstructionbaseduponbit sec-
tion analysisandnodecoalescingye examinedthe datain greater
detail. Theresultsin Table2 shav the extentto which nodecoa-
lescingreduceghe numberof nodesn eachinterferencegraph.As
we canseesigni®cantamountof coalescings obsered to occur
The datain Table4 shaws the sighi®canceof our live rangecon-
structionalgorithm. The declaed widths of live rangesaswell as
their reducedmaximumwidthsafterbit sectionanalysis(BSA) are
given. As we cansee for mary liverangesthedeclaredvidthsare
muchlargerthantheir reducedmaximumwidths. Thereasorwhy
NC algorithmis nearly not as successfubs our OC algorithmis
madeclearin partby this data+ thedeclareditwidthsof variables
areoftenmuchgreaterthantheir true bitwidths.

Finally it shouldbe notedthatalthoughcoalescingloesnotnec-
essarilyguarantea reductionin registerrequirementsin mostof
the programsa signi®cantreductionwas obsered. We looked at
the interferencegraphsto understandvhy this wasthe case. We
foundthatin mostof theseprogramghereweresigni®cantlylarge
cliquespresentwhich accountedor mostof the register require-
ments. Moreover the maximumsizedclique in the interference
graphtypically containedmultiple subword dataitems. Thus,node
coalescingesultedn areductionin the sizeof themaximumsized
cligue andhencethe registerrequirements Table 3 shaws there-
ductionin thesizeof thelargestcliquesfor the programsvherethe
above obseration holds. The benchmarksvhich did not exhibit
this behaior are omitted from the table. In the caseof Soft-
Float andBubblesort therewerenolargecliqueswhile in the
caseof g721.update andHistogram althoughlarge cliques
werepresentthey werenotreducedn sizeby nodecoalescing.

5. RELATED WORK

Bit SectionAnalysis

Stephensomet al. [17] proposeditwidth analysisto discover nar
row width databy performingvaluerangeanalysis.Oncethe com-
piler hasproven that certaindataitemsdo not requirea complete
word of memory they arecompressedo smallersize (e.g.,word
datamay be compressedo half-word or byte data). Therearea
numberof importantdifferencedetweerbitwidth analysisandour
analysisfor live rangeconstruction.First our analysisis aimedat
narraving thewidth of avariableat eachprogrampointasmuchas
possiblesincewe canallocatevaryingnumberof registerbitsto the
variableat differentprogrampoints. Secondwhile our approach
caneliminateatrailing bit section,valuerangeanalysiscannever
do so. Our approachcan eliminatea leadingbit sectionof dead
bits which containsnon-zerovalueswhile valuerangeanalysiscan
only eliminatea leadingbit sectionif it containszerobits through
out the program. Budiu et al. [2] proposea analysisfor inferring
thevaluesof individual bits. This analysisis muchmoreexpensve
thanour analysisasit mustanalyzeeachbit in the variablewhile
our approachmaintainssummaryinformationin form of threebit
sectiondor eachvariable.Finally, the analysisby Zhangetal. [9]
is aimedat automaticdiscovery of pacledvariableswhile this pa-
peris aimedat carryingout analysigo facilitatevariablepacking.

Memorycoalescinganddatacompiession

Davidson and Jinturkar[4] were ®rst to proposea compiler op-
timization that exploits narrav width data. They proposednem-
ory coalescingor improving the cacheperformancenf aprogram.
Zhangand Gupta[20] have proposedechniquedor compessing

narrav width and pointerdatafor improving cacheperformance.

However, bothof theseechniquesvereexploredin context of gen-
eral purposeprocessors. Thereforeaggressie packing of scalar
variablesinto registerswas not studied. In contrast,the work we
presenin this paperis aimedat new classof embeddegbrocessors
whereef®cientuseof smallnumberof registerss madepossibleby
holdingmultiple valuesin a singleregister The only work we are
awareof thatdealswith registerallocationfor processorshatsup-
port bit sectionreferencings by WagnerandLeupers[18]. How-
ever, their work exploits bit sectionreferencingn contet of vari-
ablesthatalreadycontainegpacleddata.They donotcarryoutary
additionalvariablepackingasdescribedn this paper Somemulti-
mediainstructionsetssupportiong registerswhich canhold multi-
ple wordsof datafor carryingout SIMD operationg5, 11]. Com-
piler techniquesallocatearray sectionsto theseregisters. In con-
trast,ourwork is aimedat shrinkingscalargo subword entitiesand
packingtheminto registerswhich are oneword long. The scalar
variablesthatwe handleareignoredby supervord techniquesFi-
nally in context of embeddedgrocessorsvork hasbeendoneon
dealingwith irregularconstrainton registerallocation(e.qg.,[10]).
However, our work is beingdonein context of ARM instruction
setwith bit referencingextensionswherebit sectionpackingis an
importantissue[13].

6. CONCLUSIONS

Multimediaandnetwork processingpplicationsnake extensve
useof subword data.Moreoverembeddegrocessorgypically sup-
port a small numberof word sizedregisters. Instructionsetsup-
port for bit sectionreferencingprovidesus with an opportunityto
male effective useof small numberof registersby packingmuilti-
ple subword sizedvariablesinto asingleregister withoutincurring
ary additional penaltyfor accessingacled variables. However,
no techniquesxist for eitheridentifying variablebitwidth dataor
packingtheminto registers. We presentedhe ®rst algorithmsto
solve both of theseproblems. We presentecf®cient analysedor
constructingvariablebitwidth live rangesandan ef®cient variable
packingalgorithmthatoperate®n anenhancedhterferencegraph.
Ourexperimentshav thattheproposedechniquesanreducereg-
isterrequirement®f embeddedpplicationsy 10%to 50%.
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