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Abstract

Programsizehasbecomeaveryimportantconstraintfor
embeddedapplications.Therehavebeennumerousefforts
to reducestaticcodesize,rangingfrom instructionsetre-
designto compilercompressiontechniques.Onemethod,
operandfactorization,separatesexpressiontreesinto tree-
patternsand opcode-patternsandcompressesthemsepa-
rately. This paperfocuseson this techniqueandsuggests
extensionsthatcanimprovethecompressionratio. We ob-
serve anaveragecompressionratio of 61-63%for Media-
BenchandSPECint95programs.

1 Introduction

Approximatelyhalf of the processormarket is for em-
beddedprocessors,which typically requirelow cost,small
diearea,andlittle powerconsumption.Becauseof thehigh
costandarearequirementsof memory, staticcodesizehas
becomeavery importantconstraintfor embeddedapplica-
tions.Althoughmicroprocessorsemploying RISCinstruc-
tion setsbenefitfrom simplicity in decodinglogic, thelow
codedensityof RISCarchitecturescausesprogramsizeto
increaseandalsolimits instructioncachebandwidth.High
performancesystemscan also benefit from smallercode
size due to the reductionin instructioncachemiss rate.
Thereareavarietyof codecompressionalgorithmsthatare
employedto reducecodesize.Themetricusedto compare
compressionalgorithmsis the ratio of compressedcode
sizeto originalcodesize,alsoknown ascompressionratio.

Many techniquesfocuson waysto improve on the use
of astandardcompressionalgorithm,suchasHuffmanen-
coding,on a program.Onesuchtechniqueis operandfac-
torization. This approachfirst dividesa programinto ex-
pressiontrees. The operandfactorizationtechniquethen
separatesthe operandsfrom the expressiontree,encodes
the tree-patternsandoperand-patternsseparately, and re-
combinesthemin thecompressedcode.Basedon studies
conductedin [1], onaverage20%of thetree-patternscover
almostall (over95%)of theexpressiontreesin SPECint95
programs.However, only about80%of all theoperandse-

quencesarecoveredby 20%of theoperand-patterns.In the
operandfactorizationapproach,aMIPSR2000wasusedas
thebasisfor investigation.In thatarchitecture,theopcode
bits canaccountfor at most35%of an instruction,mean-
ing thattheoperandbitsaremoreimportantin achieving a
goodcompressionratio.

This paperproposesextensionsto the operandfactor-
izationtechniquethatareaimedat improving thecompres-
sion of operand-patterns.First, we examinethe effect of
removing therequirementthat thefirst instructionin a ba-
sic block mustbetheroot of anexpressiontree. Next, we
attemptto usethe temporarynatureof registervaluesto
reducethe variety of operandsusedin a programby al-
locatingshort-lifetimevaluesto a singlereservedregister.
We alsoproposeadditionaltechniques–tryingto compress
the codeto save andrestoreregistersfor a procedurecall
moreefficiently, andusingan entirebasicblock asa unit
of compression.

This paperis divided as follows. Section2 describes
relatedwork in the areaof codecompression.Section3
presentsour methodology. Section4 shows our results
from implementingthe baselineoperandfactorizationap-
proach.Section5 describesthechangescausedby remov-
ing therestrictionthat thefirst instructionin a basicblock
must be the root of an expressiontree. Section6 inves-
tigatesthe specialhandlingof temporaryvalues. Section
7 detailsadditionalproposedtechniques.Section8 con-
cludes.

2 Related Work

A wide variety of approacheshave beentaken in the
field of codecompression.Thesetechniquesinclude in-
struction set redesign,various compiler techniques,and
hardware decodingschemes.Many techniquesbuild on
the traditionalmethodsof file compression,which canbe
dividedinto statistical anddictionary. Statisticalcompres-
sion looks at the entire programand replacesmore fre-
quentlyappearingtext patternswith shortercodewords.A
good exampleis the Huffman encodingalgorithm. Dic-
tionary compression,on the otherhand,usesfixed length
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codewordsasindexesinto the dictionarytable. Statistical
compressionachievesa bettercompressionratio, but dic-
tionarycompressionresultsin simplerandfasterdecoding.

ARM Thumb[5] andMIPS16[7] try to usethe dual-
modeinstructionsetswhich usea controlbit to selectthe
currentinstructionsetfor the decodelogic, thusretaining
the advantageof the wide but fast instructionsandat the
sametime making it possibleto useshort instructionsto
condensecode.To take it onestepfurther, Larin et. al. [8]
usethe compiler to generateboth a compressedprogram
aswell asfetchanddecodelogic specificallyfor thecom-
pressedcode,with the assumptionthatmostdecodersare
implementedwith aPLA.

Variouscompilertechniquesarealsousedto compress
codesize.In [9], commonsequencesareextractedto form
a library andreplacedwith a procedurecall. Suffixesof
a larger commonsequencecan also be replacedwith a
procedurecall and a startingpoint. Insteadof consider-
ing eachinstructionas the smallestunit of compression,
Araujoet. al. [1] breakstheinstructioninto two fields,op-
codeandoperands,which achievesa bettercompression
ratio. In [3, 13], it is observed that two equivalent inter-
mediatecodeblockscouldmapto two differentsequences
of instructions,e.g.,differentregisterusages.Thusequiv-
alenceis determinedon the control flow graphinsteadof
final codesequences.

Anotherkind of compressiontechniqueinvolveshard-
ware decoders which decode compressedinstruction
at run-time. The compressedcode RISC Processor
(CCRP)[14] is suchanexample.No hardwareor instruc-
tion setmodificationsarenecessary. However, thismethod
doesnot improveinstructionfetchbandwidthsincedecod-
ing is doneonthecacheside.In [12], RISCinstructionsare
compressedandhardwareis usedto gatetheword linesto
save fetchenergy. This compressiontechniquecouldalso
leadto codesizereductionwith smallhardwaremodifica-
tion.

3 Methodology

We generatedcodefor a MIPS-II compatibleproces-
sor usingversion1.0.3aof the egcscompilerandversion
2.8.1of the gasassembler. All programswerecompiled
with theoptimizationflag-O2,andstaticallylinkedto pro-
duceanELF executable.Thegeneratedcodedid not con-
tainmisalignedload/storeinstructions(LWL, LWR, SWL,
SWR), synchronizationinstructions(LL, SC), or trap in-
structions(TGE, TGEU, TLT, TLTU, TEQ, TNE, TGEI,
TGEIU, TLTI, TLTIU, TEQI, TNEI).

Forourworkload,weuseacombinationof MediaBench
andSPECint95benchmarks,describedin Table1. Because

Benchmark Description

adpcm(rawcaudio) A speechcompressionprogram
g721(decode) A voicedecompressionprogram

gcc A C compiler
go A game-playingprogram

ijpeg An imagecompressionprogram
li A Lisp interpreter

m88ksim A microprocessorsimulator
mpeg (mpeg2decode) A MPEGdecoder

vortex An object-orienteddatabase

Table 1: MediaBenchand SPECint95programsusedin our
study

theprocessorthatwe examinedin our studydoesnot con-
tain a floating-pointunit andemulatesfloating-pointoper-
ations,we did not look at floating-pointintensivecode.

As statedpreviously, we usecompressionratio asour
key metric,which is definedastheratio of thesizeof the
compressedprogramto thesizeof theuncompressedpro-
gram.Dueto timeconstraints,we wereunableto generate
compressionratio statisticsfor a variable-lengthencoding
algorithm. Thus,we useda fixed-lengthcompressional-
gorithm,which resultsin a worsecompressionratio thana
variable-lengthalgorithmbut canstill provide insight into
how well our techniqueswork.

4 Baseline Implementation

We first implementtheoperandfactorizationtechnique
asdescribedin [1]. In this approach,anexpressiontreeis
usedastheunit of compression.As definedin [2], which
alsousesanexpressiontreeastheunit of compression,an
instructionis the root of an expressiontreeif: (a) the in-
structionis astoreoperation;(b) theinstructioncomputesa
valueusedby morethanoneinstructionin thebasicblock;
(c) theinstructioncomputesa valueusedoutsidethebasic
block; (d) theinstructionis thefirst instructionin thebasic
block; (e) the instructionis a branch. For example,Fig-
ure1 shows a samplecodesequencethatwould form one
expressiontree,wherethevaluecomputedby theandi in-
structionis only usedby theor instruction,andthevalue
computedby theor instructionis usedoutsideof thebasic
block.

Using operandfactorization,the operandsof the ex-
pressiontreeareseparatedfrom the opcodes,forming an
operand-patternand a tree-pattern,respectively. These
patternsare thencompressedseparatelybeforebeing re-
combined.For the above expressiontree,the tree-pattern
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Figure1: An CodeSequenceThatMakesUp anExpressionTree

wouldbe

������� ��
�� 
��
��
 ��
�� 
��

andtheoperand-patternwouldbe


���
!
���
!�"������������������
#
���
#
���
!
��
Our implementationof the operandfactorizationtech-

niquerelieson informationgeneratedby thecompiler, as-
sembler, andadditionalprogramsthatweuseonthebinary
executable. First, we usethe static livenessinformation
thatis alreadymaintainedby thecompiler. Whenthecom-
piler determinesthatavaluereadby aninstructionis being
referencedfor the last time–i.e. thevaluewill bedeadaf-
ter theinstructionexecutes–itappendsa “.l” suffix to the
assemblyopcodewith a correspondingoperandnumberto
indicatethelastuseof thevalue.For example,in theabove
instructionsequence,if the valuein r4 will not be refer-
encedagainafter theor instruction,thecompilerwill out-
putor.l1. If thevaluein r1 will notbereferencedagain
after theor instruction,the compilerwill outputor.l2.
If neithervaluewill bereferencedagain,thecompilerwill
outputor.l12.

This livenessinformationis thenusedby theassembler.
Whentheassemblerdetectsaninstructionthatcomputesa
valueusedonly by the subsequentinstruction,it replaces
the opcodeof the first instructionwith an unusedopcode
from the MIPS instructionsetto indicatethat the instruc-
tion is not the root of an expressiontree. After the exe-
cutableis generated,we thendisassembleit usingtheob-
jdump program,andparsetheresultingoutputsothatonly
theactualinstructions(thenumericrepresentation,not the
assemblermnemonicsor instruction addresses)are pro-
cessed.We thenpasstheseinstructionsto a programthat
usesthelivenessinformationcontainedwithin theopcodes
alongwith its own informationaboutstores,branches,and
basicblock boundariesto subdivide the codeinto expres-
siontrees,andfactorout theoperands.

We presentthe resultsof our baselineimplementation
in Table2. Our resultsareon the sameorderof magni-
tudeasthosegeneratedin [1]; variationscanbeattributed
to the fact thatdifferenttoolsetswereusedandsomewhat
differentversionsof theMIPSarchitectureweretargeted.

Program Expression Tree- Operand-
Trees Patterns(%) Patterns(%)

adpcm 7395 174(2.35) 2546(34.43)
g721 9120 217(2.38) 3013(33.04)
gcc 246214 1016(0.41) 43049(17.48)
go 59072 528(0.89) 15149(25.64)

ijpeg 43159 456(1.06) 11077(25.67)
li 22341 265(1.19) 5222(23.37)

m88ksim 32889 424(1.29) 9008(27.39)
mpeg 18160 332(1.83) 5691(31.34)
vortex 115909 409(0.35) 16470(14.21)

Table2: Tree-patternandoperand-patternoccurrencesin a pro-
gramfor ourbaselineimplementation.Thenumbersin parenthe-
sesarethepercentagesof thetotalnumberof expressiontrees.

We also generatedstatistics on the cumulative per-
centagesof expressiontreescoveredby tree-patternsand
operand-patterns,shown in Figures2 and3.

Using fixed-lengthencoding,we achieved an average
compressionratio of 63.6%.Thecompressionratio statis-
ticsareshown in Figure4.

5 Removing Restrictions on Heads of Basic
Blocks

We removed the constraintthat the first instructionin
a basic block must be the root of an expressiontree to
determineif that would improve our results. As shown
in Table 3, althoughthe numberof expressiontrees in
the programdecreases–whichis expectedsincethe trees
cannow includemoreinstructions–thenumberof different
tree-patternsandoperand-patternsincreasesdueto thefact
that the additionalinstructionin the expressiontreeadds
morevarietyto thepossiblepatterns.

Statisticson the cumulative percentagesof expression
treescovered by tree-patternsand operandpatternsare
shown in Figures5 and6.

Wediscoveredthatremoving therestrictionthatthefirst
instructionin a basicblock mustbe theroot of anexpres-
sion treehasa net positive effect. The averagecompres-
sionratiowith this constraintlifted improvedto 60.6%,as
shown in Figure7. This indicatesthatthereis roomfor im-
provementin thesearchfor anidealunit of compression.
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Figure2: Percentageof coveredtree-patternsfor baselineim-
plementation
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Figure3: Percentageof coveredoperand-patternsfor baseline
implementation
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Figure4: Compressionratio for baselineimplementation

Program Expression Tree- Operand-
Trees Patterns(%) Patterns(%)

adpcm 6867 229(3.33) 2599(37.85)
g721 8576 282(3.29) 3094(36.08)
gcc 230446 1140(0.49) 45642(19.81)
go 54920 577(1.05) 15209(27.69)

ijpeg 41274 532(1.29) 11529(27.93)
li 21010 339(1.61) 5451(25.94)

m88ksim 30100 514(1.71) 9371(31.13)
mpeg 16776 402(2.40) 5800(34.57)
vortex 108851 484(0.44) 17481(16.06)

Table3: Tree-patternandoperand-patternoccurrencesin a pro-
gramwith the restrictionremoved that the first instructionin a
basicblock mustbetheroot of anexpressiontree. Thenumbers
in parenthesesarethepercentagesof thetotal numberof expres-
siontrees.
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Figure5: Percentageof coveredtree-patternswith restrictionon
headof basicblock removed
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Figure6: Percentageof coveredoperand-patternswith restric-
tion onheadof basicblock removed
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Figure7: Compressionratio with restrictionon headof basic
block removed

6 Special Treatment of Temporary Values

It hasbeenshown that many registervaluesareshort-
lived, beingreferencedfor the last time within a few cy-
clesafter it is produced[4], [10], [11], [6]. In fact,many
instructionscomputea value that is usedonly once,of-
ten by the immediatelyfollowing instruction. For exam-
ple,assemblermacrosoftenresultin instructionpairssuch
asslt/bneor lui/lw, wherethe first instructionproducesa
valueonly usedby the second.We investigatedwhether
we couldexploit this short-lifetimebehavior to reducethe
numberof differentoperand-patternsin aprogram.For ev-
ery instructionthat computeda value that wasonly used
onceby the subsequentinstruction and then never used
again,wemodifiedtheassemblersothatit wouldgenerate
codeto write that valueto a singlegeneral-purposeregis-
ter, which we reservedso that it would not be usedin the
compiler’s registerallocation.We observedthat reserving
a singlegeneral-purposeregister had little effect on pro-
grambehavior. Our resultsarepresentedin Table4 and
Figures9, 10, and11. As canbe seen,the useof a sin-
gle register to hold temporaryvalueshadan insignificant
impacton the numberof operand-patternsin the program
and on the compressionratio. This can be attributed to
thefactthatalthoughtemporaryvaluesarestoredin a sin-
gle register, othervalueswithin theexpressiontreeremain
in their original registers,which meansthat therewill still
beconsiderablevarietyamongtheoperand-patterns.How-
ever, this doesnot negatethe merit of giving temporary
valuesspecialtreatment. An encodingcould be devised
thatavoidshaving to encodetheregisterfor thetemporary
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Program Expression Tree- Operand-
Trees Patterns(%) Patterns(%)

adpcm 7400 174(2.35) 2545(34.39)
g721 9120 217(2.38) 3013(33.04)
gcc 246231 1016(0.41) 42272(17.37)
go 59093 528(0.89) 15055(25.48)

ijpeg 43232 458(1.06) 11047(25.55)
li 22341 265(1.19) 5215(23.34)

m88ksim 32888 424(1.29) 8976(27.29)
mpeg 18168 332(1.83) 5677(31.25)
vortex 115908 409(0.35) 16410(14.16)

Table4: Tree-patternandoperand-patternoccurrencesin a pro-
gramwheretemporaryvaluesarestoredin a singleregister. The
numbersin parenthesesarethepercentagesof thetotalnumberof
expressiontrees.

valueat all, thusreducingthe numberof bits requiredin
thecompressedinstructions.To illustrate,considerthefol-
lowing codesequence:

addiu $r4,$r4,1
sw $r1, 0($r4)

If thevaluein r4 is not usedagainafterthesw instruction,
thenwe cangeneratethe expressiontreeshown in Figure
8.

sw

$r4

$r1 1

addiu

Figure8: Modified ExpressionTree

We feel this shouldimprove the compressionratio to
someextent,andthatfurtherinvestigationis warranted.

7 Additional Extensions

Thereareadditionalextensionsworthexploringthatwe
did not have time to implement. Oneextensionattempts
to improve the compressionof the codegeneratedby the
compilerto save andstoreregisterseachtime a procedure
is called. For example,the following codesegmentcould
bepartof a register-savesequence,where$sprefersto the
stackpointerregister.
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Figure9: Percentageof coveredtree-patternswith specialhan-
dling of temporaries
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Figure10: Percentageof coveredoperand-patternswith special
handlingof temporaries
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Figure11: Compressionratio with specialhandlingof tempo-
raries

sw $r4, 12($sp)
sw $r3, 8($sp)
sw $r2, 4($sp)
sw $r1, 0($sp)

Insteadof having the restriction that a store instruction
mustbetherootof anexpressiontree,wecanallow multi-
ple storesto be encodedtogether, perhapsimproving the
compressionratio. A similar approachwould apply to
the load sequenceusedto restoreregistersbeforereturn-
ing from a procedurecall, an exampleof which is shown
below.

lw $r4, 12($sp)
lw $r3, 8($sp)
lw $r2, 4($sp)
lw $r1, 0($sp)

Thesesequencescan occur frequentlyin code,encoding
themmorecompactlycanpotentiallyprovideabig gain.

Anotherextensionexaminesthe effect of usingan en-
tire basicblock as a unit of compression.Although this
would probablyresultin a worsecompressionratio dueto
the wide variety amongbasicblocks, it could provide in-
terestinginsightinto theprocessof codegeneration.

8 Conclusion

This paperrevisits theoperandfactorizationcodecom-
pressiontechnique.It generatesstatisticsfor abaselineim-
plementationof operandfactorizationandalsoimplements
two extensions:theremoval of therestrictionthat thefirst

instructionin a basicblock mustbe theroot of anexpres-
siontree,andtheuseof asingleregisterto hold temporary
values.Using a fixed-lengthencodingalgorithm,the first
extensionimproved the compressionratio by 3%. How-
ever, the secondextensionhad an insignificanteffect on
compression.We feel that thereis still anopportunityfor
improvementwith respectto temporaryvaluesas an en-
codingcanbedevelopedthatdoesnot requiretheregisters
holdingthevaluesto beexplicitly encoded.Two additional
extensionsareproposedaswell: developinga morecom-
pactencodingof thecodeto saveandrestoreregistersfor a
procedurecall, anddeterminingtheeffect of usinga basic
blockastheunit of compression.

We do not considerhardware decompressionrequire-
mentsin this paper. A possibleareafor futurework is the
examinationof thearearequiredby thedecompressionen-
gine,aswell aspower consumption.In addition,different
compressionalgorithmscan be considered. Further im-
provementmaybegainedby reorderinginstructionswithin
theassemblerto producemorecommonsequencesinstead
of acceptingthecompiler-scheduledcodewithout modifi-
cation.However, wedonot feel thatthis improvementwill
be very greatbecausemany commoncodesequencesare
alreadygeneratedby assemblermacrosor compileralgo-
rithmsthatoutputcodein a deterministicmanner. But the
effectsof reschedulingcodearestill worth investigating.
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