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ABSTRACT

Nystrom,NathanielJohn.M.S., PurdueUniversity, August1998. Bytecode-Leel Analy-
sisandOptimizationof Java ClassesMajor ProfessorAntony Hosking.

The Java virtual machinespecificationprovidesthe interfacebetweenlaza compilers
andJava executionervironments. Its standarcclassfile formatis a corvenienttarget for
optimizationof Java applications,evenin ernvironmentswhere sourcecodefor both li-
brariesand applicationis unavailable. Java bytecodecan be optimizedindependentlyof
the source-languageompiler and virtual machineimplementation. To explore the po-
tential of bytecode-to-bytecodeptimizationframeworks, we have built a Java classfile
optimizationtool calledBLOAT and measuredts impacton the performanceof several
benchmarlkprograms Our resultsdemonstratsignificantimprovementn the executionof
Java classe®ptimizedby BLOAT, especiallyon aninterpretedvirtual machine put indi-
catethatmoreaggressie optimizationsparticularlythoseenabledy interprocedurahnal-
ysiswill provide morebenefit.We alsoconsiderxecutionin moreperformance-conscious

ernvironmentssuchasjust-in-timeandoff-line compilation.



1 INTRODUCTION

TheJava™ virtual maching(VM) specificatiorfLindholm andYellin 1996]is intended
astheinterfacebetweenlaszacompilersandJavaexecutionernvironments ts standardlass
file formatandinstructionsetpermitmultiple compilersto interoperatavith multiple VM
implementationsgnablingcross-platforndelivery of applications.Conformingclassfiles
generatethy anycompilerwill runin anyJazaVM implementationno matterif thatimple-
mentationnterpretdbytecodesperformsdynamic‘just-in-time” (JIT) translatiorto natve
code,or precompileslasa classfiles to native objectfiles. As the only constanin a sea
of Java compilersandvirtual machinestamgetingthe Java classfiles for analysisandopti-
mizationhasseveraladvantagesFirst, programimprovementsaccrueevenin theabsence
of sourcecode,andindependentlyf thecompilerandVM implementationSecond,Java
classfiles retain enoughhigh-level type informationto enablemary recently-deeloped
type-basedinalysesand optimizationsfor object-orientedanguages.Finally, analyzing
andoptimizing bytecodecanbe performedoff-line, permittingJIT compilersto focuson
fastcodegeneratiorratherthanexpensve analysiswhile alsoexposingopportunitiesor

fastlow-level JIT optimizations.

1.1 Optimizationframewvork

To explore the potentialof bytecodeoptimizationwe have implementeda framevork
for analysisandoptimizationof standardlasa classfiles. We usethisframavork to evaluate
bytecode-leel partial redundang elimination (PRE)[Morel and Rernvoise 1979] of both
arithmeticexpressiongndaccespathexpressionglLarusandHilfinger 1988]andthecon-
sequenimpactof theseoptimizationson executionin threeexecutionervironments:the

interpretedVM of the standardlara Developmeniit, the Solaris2.6 SFARC JIT, andthe



Tobasystentor translatinglava classesnto C [Proebstingetal. 1997]. PREautomatically
removesglobal commonsubepressionsand movesinvariantcomputationut of loops.
While PRE over arithmeticexpressionss certainly valuable,PRE over accessath ex-
pressionsassignificantpotentialfor furtherimprovementssinceit eliminatesredundant
memoryreferenceswhich areoftenthe sourceof large performanceenaltiesncurredin

thememorysubsystenof modernarchitectures.

1.2 Measurements

We have measurethoththestaticanddynamicimpactof bytecode-leel PREoptimiza-
tion for asetof Javabenchmarlapplicationsincludingstaticcodesize,bytecodesxecution
counts hative-instructiorexecutioncounts andelapsedime. Theresultsdemonstratgen-
eralimprovementon all measuresor all executionervironmentsalthoughsomeindivid-
ualbenchmarkseeperformancelegradationn specificervironments.Naturally, absolute
improvementsare more dramaticfor executionenvironmentsthatare ableto exploit the
bytecode-leel transformationgperformedby PRE.In particular substitutionof cheaper
bytecodedor moreexpensve equivalentsandeliminationof arrayload,getstaticandget-
field bytecodeshroughPREof accespathexpressionfiashiggesimpactin ervironments

wherethe bytecodesreinterpreted.

1.3 Overvien

The restof this thesisis organizedasfollows. In Chapter2 we introducesomedef-
initions and describethe static single assignmen{SSA) programrepresentationpartial
redundang elimination(PRE),andtype-basedliasanalysif TBAA). Chapter3 describes
the basicframework for bytecode-to-bytecodanalysisand optimizationand the imple-
mentationof the analysesand optimizationsintroducedearlierfor Java bytecode.Chap-
ter 4 outlinesthe experimentalmethodologywe usedto evaluatethe impactof BLOAT's
optimizationsfollowed by presentatiomf the resultsof thoseexperiments.We conclude

with adiscussiorof relatedwork anddirectionsfor futurework.



2 BACKGROUND

2.1 Controlflow graphs

Theinstructionsof a programcanbe dividedinto a setof basicblodks wherethe flow
of control entersa block only at its first instructionand exits only at its lastinstruction.
A control flow graph (CFG) is a directedgraphwherethe nodesare the basicblocks of
the programandthe edgesrepresenbranchegrom oneblock to another The graphalso
containgwo additionalnodes:anentrynodeandanexit node.Thereis anedgefrom entry
nodeto ary blockatwhichtheprogramcanbeenteredandthereis anedgefrom ary block
at which the programcanbe exited to the exit node. To representhe possibility thatthe
programis not run, thereis an additionaledgefrom the entry nodeto the exit node. A
programandits correspondingontrol flow graphareshavn in Figure2.1. For node,x,
Sucgx) is thesetof all successoref x; thatis, {y|(x — y) isanedgg. Pred(x) is the set

of all predecessornsf x.

2.1.1 Dominators

We sayx dominatesy, written x <y [PurdomandMoore 1972; Lengauerand Tarjan
1979),if all pathsfrom the entry nodeto y containx. We sayx strictly dominatesy, or
X <y, if x dominatesy andx # y. Theimmediatedominatorof x, denoteddom(x), is the
closeststrictdominatorof x; thatis the strict dominatorthatis not dominatedoy ary other
dominatorof x. Theentrynodehasnoimmediatedominator All othernodeshave asingle
immediatedominator We canthusdefinethedominatortreeasthetreerootedatthe entry
nodewherethe parentof a nodeis its immediatedominator We denotethe childrenof

nodex in the dominatortree by DomChilden(x). Figure2.1cshawvs the dominatortree



Entry

Entry
a1 /\
if (a< 10) Exit a1
while (a < 10) do false true ¢
’?(‘;)a‘” if (a< 10)
returng(a) a+—a+1
f(a)
return g(a)
returng(a) a+—a+1l
Exit f(a)
(a) A program (b) Its controlflow graph (c) Its dominatortree

Figure2.1: An exampleprogram

for the CFGin Figure2.1h For a CFGwith V nodesandE edgesthe dominatortreecan
be constructedn O(Ea(E,V)) time usingthe algorithmof Lengauerand Tarjan[1979],

whereaq is theinverseof Ackermanns function[Ackermannl928].

2.1.2 Loops

Transformationghat move conditionally executedcodeare safeonly if thatcodeex-
ecutesunderexactly the sameconditionsafter the transformation.Thus, transformations
thathoistloop-invariantcodeof certainloopsmustmove it to a positionwhereit will be
executedonly if theloopis executed.Certainloop transformationsestructurgorogramgo
provide safeplacego hoistcode.Theseaequirefirst thattheloopsin thecontrolflow graph
be identified. A loop is a stronglyconnecteccomponenbf the CFG. The loop headeris
the block within the loop thatdominatesall otherblocksin theloop. Many loop transfor
mationsapply only to loopsthatarereducible A loop is saidto be reducibleif its only
entryis attheloop headerHavlak [1997] presentanalgorithmthatidentifiesloop headers

andclassifieghemaseitherreducibleor irreducible.



if (c) if (c)

if (c) if ()

(a) Originalloop (b) Loopinversion (c) Loop peeling

Figure2.2: Looptransformations

Loopinversion

Loopinversion[Wolfe 1996;Muchnick1997]is atransformatiorthatprovidesa place
to insertcodeabove a loop sothatthe codeexecutesonly if theloop is executedat least
once.Intuitively, thetransformatioramountgo corvertingawhile loop into ado-while or
repeat loop. For example,in the programin Figure2.2awe wish to hoistthe expression
a+ b out of theloop. However, the programonly evaluatesa+ b if theloop is enteredat
leastonce,soit cannotsimply be moved out of theloop. Invertingthe loop produceghe
programin Figure2.2bin whicha+ b canbesafelyhoistednto theemptypreheadeblock.
Loop inversionrequiresa uniqueloop entry point andthuscannotbe usedon irreducible

loops.

Loop peeling

If the expressionfor hoisting out of the loop hasside effects we can only evaluate
the expressionin the samecontet in which it originally occurred. For example,if the
expressionmight throw an exceptionwe mustguaranteghat ary other expressionthat
could alsothrow an exceptionis evaluatedfirst. Loop peeling[Wolfe 1996] pulls out the

first iteration of the loop by copying the loop body andfixing up the edgesin the new



a«+— a«+— a; ap
a ag + @(ag, &)
ag
(a) A program (b) Its SSAform

Figure2.3: A programandits SSAform

control flow graph. To fix the edges,the copiedback edgesarereplacedwith edgesto
the original loop headerand edgesfrom outsidethe loop are madeto point to the nev
loop header Figure2.2cdemonstratepeelingof theloop in Figure2.2a. Like inversion,
peelingcannotbe usedonirreducibleloops.Peelingsubsumetoop inversion,but canlead
to exponentialgrowth in thesizeof theprogram.Thus,in practiceonly theinnermostoops
of a programare peeledsincethey arethe mostfrequentlyexecuted.We canalsorestrict
the transformatiorto only peelloopswhich containcodethat hassideeffectsandcanbe

hoisted.

2.2 Staticsingleassignmentorm

Staticsingleassignmen{SSA)is a programrepresentationsefulfor performingopti-
mizationgdCytronetal. 1991]. SSAprovidesacompactepresentationf theuse-definition
relationship@mongprogramvariables.In SSAform, eachuseof avariablein theprogram
hasonly onedefinition. To distinguishbetweerthe definitionsof a variablev, we usethe
SSAnamefor thevariable,denotedwith asubscripte.g.v;. If multiple definitionsreacha
use,a specialdefinitionnode,calleda @-function, is insertedat the pointin the programs
controlflow graphwherethevaluesmemge. The@-nodehasoperanddor eachpathinto the
meige pointandsenesasa definitionfor any usesdominatedoy the merge point. For ex-
ample,in Figure2.3,we seeasimpleprogramandits SSAform. Efficientglobaloptimiza-
tionscanbe constructedasednthisform, includingdeadstoreelimination[Cytron etal.
1991], constanipropagatiorfWegmanand Zadeck1991], valuenumbering[Alpern et al.
1988; Rosenet al. 1988; Cooperand Simpsonl1995; Simpson1996; Briggs et al. 1997],



inductionvariableanalysigGerleketal. 1995]andglobalcodemotion[Click 1995]. Opti-
mizationalgorithmsbasedon SSAall exploit its sparsaepresentatiofor improvedspeed

andsimplercodingof combinedocal andglobaloptimizations.

2.2.1 Construction
The SSA constructioralgorithmconsistsof two phases:

1. Insert@-nodesatthe controlflow meige points.

2. Transformthe programto uniquely identify the definition of eachvariableoccur

rence.

To helpidentify the pointsin the CFG wherecontrolflow pathsmeige, we definethe

dominancdrontier [Cytronetal. 1991]of anodex as
DF(x) = {z|3y1, Y2 € Pred(z) suchthatx < y1 AX £ y2}

thatis, zis in DF(x) if x dominatessome,but not all, predecessorsf z. The dominance
frontier of anodecanbefoundin O(E +V?) time usingthealgorithmin Figure2.4[Cytron
etal. 1991].In practice this algorithmis usuallylinear Thedominancdrontier of a setof

nodesSis

DF(S) = | J DF(%).

XeS
Theiterateddominancerontier of S, denotedDF* (S) [Cytron etal. 1991],is thelimit of

thesequence

X; = DF(9

Xii1 = DF(XUS)

DF*(S) is oftencomputedusingthe worklist drivenalgorithmin Figure2.5[Cytronetal.
1991].

Minimal SSAform [Cytron et al. 1991] placesa ¢ for a variableat the beginning of
eachblockin theiterateddominancdrontier of the setof blockscontaininga definition of

thevariable.This placementnayintroducesomeunnecessarg-nodes.If a@for avariable



input:

A CFG,G = (V,E), with entrynode entry
output:

DF(x) forallxe V

do
computeDFentry)
with
procedure computeDEX) begin
DF(x) + 0

for eachy € Sucgx) do

if (idom(y) # x) then
DF(x) + DFU{y}

for eachz e DomChildien(x) do
computeDKz)

for eachy € DF(2) do

if (idom(y) # x) then
DF(x) + DF(x) U{y}

Figure2.4: ComputingDF(X)

input:
A CFG,G = (V,E), with entrynode entry
DF(x) forallxe V
A setof nodesSCV
output:
Output:DF*(9)

worklist«< S
inWorklist < S

while (worklist# 0) do
selectanddeletea nodex from worklist

for eachy € DF(x) do
DF*(S) « DFT(Su{y}

if (y ¢ inWbrklist) then

inWbrklist +— inWorklistu {y}
worklist - worklistu {y}

Figure2.5: ComputingDF*(S)



input:
A CFG,G = (V,E)
output;
NonLocalsthe setof non-localvariablesn G

NonLocals— 0

for eachblockb €V do
Killed « 0

for eachinstruction,v <+ x®y, in bdo
if (x € Killed) then
NonLocals— NonLocalsJ {x}
if (y € Killed) then
NonLocals— NonLocalsJ {y}
Killed « Killed U {v}

Figure2.6: Detectingnon-localvariables

is placedoutsidethelive rangeof a variable,it will notbe usedby ary realoccurrencef
the variableandcanbe eliminated.PrunedSSAform [Cytron etal. 1991]only placesy-
nodedor avariablewithin thevariablesliverange but it requiresghatlivenessanalysise
performedirst. A variationonthiswhichdoesnotrequirelivenessanalysiss semi-pruned
form[Briggsetal. 1997]. Thisform insertsp-nodesonly for variableghatarelivein more
thanonebasicblock, thusignoring mary short-lvedtemporaries.Suchvariablescanbe
detectedwvith thealgorithmin Figure2.6 [Briggs etal. 1997]. The ¢ placementlgorithm
canthensimplyignoreary variablesnotin the NonLocalset.

After @-nodesare inserted,SSA constructionproceedgo transformthe programso
that eachvariable hasthe single-assignmergroperty To distinguishbetweendifferent
definitionsof eachvariable the SSAconstructioralgorithmof Cytronetal. [1991] assigns
a versionnumberto eachoccurrenceof the variable. If two occurrencefhave the same
versionnumberthey sharethe samedefinition. We presenthe SSArenamingalgorithmin
Figure2.7. We denoteanoccurrencef variablev by (v). Thealgorithmprocessesgariable
occurrencef apre-ordertraversalof the dominatortree. The currentversionnumberfor
eachvariableis maintainedusinga stack. At anassignmenor a ¢-node,the definitionis
assignedh new versionandthe versionnumberis pushedonto the stack. At a useof a

variablethe versionnumberis fetchedfrom the top of the stack. After processing basic



input:

A CFG,G, afterg-nodesareplaced
output:

The SSAform of G

do
for eachvariablev do
Stak(v) + 0
Countefv) « 1

renameBlok(entry)
with
procedure renameBlok({block) begin
for eachvariablev do
TopOfStak(v) + top(Stak(v))

for each@-node{v) < @(...), in block do
Version((v)) «+ CounteKv)
pushCountefv) onto Stad(v)
Countefv) < Countefv) +1

for eachinstruction,(v) «+ {X) ®
Version((x)) + top(Stad(x))
Version((y)) « top(Stack(y))
Version((v)) «+ CounteKv)
pushCountefv) onto Sta(V)
Countefv) <+ Counte(v) + 1

{y), in block do

for eachsucce Sucgblock) do
for each@-node(v) < ¢...), in succdo
(v} « theblock-operandbf ¢...)
Version({v})) « top(Stak(v))

for eachchild € DomChilden(blodk) do
renameBlok(child)

for eachvariablev do
pop Stad(v) until top(Stad(v)) = TopOfStak(v)

Figure2.7: SSArenaming
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a; «—
a; «— a < ag
al «— ap < a1
critical
N g+l
a2 + @(ag,ag) ag—az+1
ag—ap+1 ap « ag /\
returnay a a3
returnay returnay

(a) A programwith a (b) Incorrecto (c) Correctereplacement

critical edge replacementvithout with splitting critical edges

splitting critical edges

Figure2.8: @ replacementvith critical edges

block the stackis popped,so thatits siblingsin the dominatortree can usethe version
numberslive at the end of the parentblock. Stoltz et al. [1994] introducethe factored
use-def(FUD) chainrepresentationin which eachuseof a variablehasa pointerback
to its definition. This representatiors more spaceefficient thanversionnumbering.The

constructiorof FUD chainsis nearlyidenticalto traditional SSA construction

2.2.2 Destruction

To translatefrom SSA form backinto real code @-nodesmustbe removed. A @ is
removedby placingcopy statementi the predecessorsf the block containingthe @. To
ensurethatthereis a safeplaceto insertthe copiescritical edgesin the flow graphmust
first beremoved. A critical edgeis an edgefrom a block with morethanone successor
to a block with morethanone predecessorA critical edgecanbe removed by splitting
it; thatis, by placingan emptyblock alongthe edge. In Figure 2.8awe seean example
programwith a critical edge.If the edgeis not split before@ replacementthe programin
Figure2.8bresults. Note thatthe incorrectvalue of a; is returnedbecause, + az was
evaluatedoeforetheloop exited. In Figure2.8cthe copiesareinsertedcorrectly

Sinceoptimizationgpotentiallymove code we cannotassumehattherenamedariable
Vi mapsbackto its original namev. Again usingthe exampleprogramin Figure2.8b,we

seethatthe live rangeof a, overlapsthat of az. Therefore,a, andaz mustbe assigned
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as a— a+—
b+ a+— b+ b+
a+b b+ t<—a+b t<—a+b
a+b t
(a) BeforePRE (b) After PRE

Figure2.9: Exampleof PRE

differentnamesduringcodegenerationA graphcoloringalgorithm[Chaitin 1982]canbe

usedto assigna nenv nameto eachversionof thevariablesn the program.

2.3 Partialredundang elimination

Partial redundang elimination(PRE)[Morel andRervoise1979]is a powerful global
optimizationtechniquethat subsumeshe morestandarccommonsubexpressiorelimina-
tion (CSE).Unlike CSE,PRE eliminatescomputationghat are only partially redundant;
thatis, redundanbnsome put notall, pathsto somelaterreevaluation.By insertingevalu-
ationson thosepathswherethe computatiordoesnot occug thelaterreevaluationis made
fully redundanaindcanbe eliminatedandreplacednsteadwith a useof the precomputed
value.Thisisillustratedin Figure2.9. In Figure2.9a,botha andb areavailablealongboth
pathsto the meige point, whereexpressiona+ b is evaluated. However, this evaluation
is partially redundansincea+ b is availableon one pathto the merge but not both. By
hoistingthe secondavaluationof a+ b into the pathwhereit wasnot originally available,
asin Figure2.9b,a+ b needonly be evaluatedoncealongary paththroughthe program,

ratherthantwice asbefore.

2.3.1 SSAPRE

Prior to the work of Chow et al. [1997], PRE lacked an SSA-basedormulation. As

such,optimizersthat usedSSA wereforcedto corvertto a bit-vectorrepresentatioror
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PREandbackto SSA for subsequenESA-basedptimizations. Chow et al. [1997] re-
moved this impedimentwith an approachSSAPRE)that retainsthe SSA representation
throughoutPRE.For aprogramwith n lexically-distinctexpressionsSSAPRES total time
isO(n(E+V)).

Thealgorithmmalesseparatpassesverthe programfor eachlexically-distinct, first-
orderexpression.An expressionis first-oder if all of its subepressionsave no sube-
pressiongandno sideeffects. All subepression®f a first-orderexpressiorarethuslocal
variablesor constantsThealgorithmassumeshateachoccurrencef the expressiorwill
be savedto or reloadedrom atemporaryt. Partially redundanbccurrencesf the expres-
sionareeliminatedwhile simultaneouslyonstructinghe SSAform for t. Thealgorithm
insertsg-nodesfor eachexpressionon whichit is performingPRE.Thesep-nodesarede-
noted® to distinguishthemfrom the @-nodesfor local variablesin the program.Codeis
hoistedinto non-redundamathsby insertingcodeatthe predecessoisf blockscontaining
®-nodes.We presenta summaryof the algorithm. For furtherdetails,consultChow et al.
[1997].

1. For eachlexically-distinct, first-orderexpressionn the program,inserta list of the
occurrencesf thatexpressionsortedby their pre-orderpositionsin the CFG, onto

aworklist.

2. If theworklistis empty stop. Otherwise selectandremove from the worklist a list

of occurrencessayfor the expressiore.

3. Place®-nodesfor E. Sincewe cannotimmediatelydetermineif an occurrenceof
E is reloadedrom or saredto thetemporaryt, we assumehatall occurrencesvill
besaredto t andthusinsert®-nodesat theiterateddominancdrontier of the setof

blockscontainingoccurrencesf E.

4. Build the SSAform for theoccurrencesf E. We markwith a versionnumbereach
occurrenceincluding®-nodesandtheiroperandssothatif two occurrencebavethe
sameversionnumbey they evaluateto the samevalue. Therenamingstepis similar

to the SSArenamingsteppresentedh Section2.2in thatit processesccurrencesf
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the expressionn a pre-ordertraversalof the dominatortree, saving versionsof the
occurrence®ntoarenamingstack. A new versionof the expressions createdand
pushedntothe stackwhenanoccurrences encounteresvhoselocal variableshave

differentSSAversionghanthoseof theexpressioron top of therenamingstack.

. Determinewhich ®-nodesaredownsafe thatis, the ®-nodesthatwill be usedat

leastonceon all pathsfrom the ®-nodeto the exit node.

. Determineat which ®-nodesthe expressionwill be available after codeinsertions
areperformed.Codecanbeinsertedsafelyonly attheendof the predecessdrlocks
of these®-nodes.Codewill beinsertedin a predecessaf the ® will be available
andif thereis no occurrencavith the sameversionasthe ®-operandhatdominates

thepredecessor

. Determinewhichoccurrencesf E shouldbesaredto atemporaryandwhichshould
bereloadedDetermineat which ®-operandsodeshouldbeinsertedo evaluatethe

expressioron non-redundanpaths.

. Performthe codemotion. If anoccurrenceof E is replacedby a temporaryt and
the parentof t is now a first-orderexpressionjnserta list of the occurrencesf the

parentinto theworklist.

. Gotostep2.

2.4 Otheroptimizations

SSA form can also be usedto constructother global optimizations,including dead

codeelimination[Cytronetal. 1991],constanpropagatiorjfAho etal. 1986;Wegmanand
Zadeckl1991;Wolfe 1996],valuenumberingAlpern etal. 1988;Roseretal. 1988;Cooper

andSimpsonl1995;Simpsonl996;Briggsetal. 1997],andconstanfolding andalgebraic

simplification[Aho etal. 1986;Simpsornl996]. Optimizationalgorithmsbasedn SSAall

exploit its sparsaepresentatiofor improvedspeedandsimplercodingof combinedocal

andglobaloptimizations.



15

ConstantpropagatiorfAho et al. 1986; Wegmanand Zadeck1991; Wolfe 1996] re-
placesusesof a variabledefinedby a constantsaya « 1, with the constantexpression,
in this casel. Copy propagationfAho et al. 1986] replacesusesof a variabledefined
by anothervariable,saya < b, with the sourcevariable. After propagationthe original
assignmentan be eliminated. In SSA form, theseoptimizationsare simply a matterof
replacingall variableswith the sameversionwith theright handsideof theassignment.

Constantpropagatiorcanenableotheroptimizationssuchas constantfolding, which
replacesan arithmeticexpressiorwith constanbperandssayl1-+ 2, with its value,in this
case3. Constantfolding canalsofold a conditionalbranch,suchasif 0 < 1, into an
unconditionabranch potentiallymakingcodeunreachablandsubjectto elimination. Al-
gebraicsimplificationtakesadwantageof algebraiddentities,suchasa+ 0 = a, to replace
arithmeticexpressionsvith simplerexpressionsBoth constanfolding andalgebraicsim-
plification can be combinedwith value numberingfor betterresults. Value numbering
mapseachexpressionn aprogramto anumbersuchthatif two expressionfhiave thesame
numberthey musthave the samevalue. An expressiorcanthenbe consideredonstanif
it hasthe samevaluenumberasa constanendif it hasno sideeffects.

Deadcodeelimination[Cytronetal. 1991]eliminatescodewhichis eitherunreachable
or hasno effectonthe programs behaior. ThestandardcsSA-basedleadcodeelimination
algorithmfirst marksaslive ary expressiorwith a sideeffect. Any definitionof avariable
usedin alive expressiorandary codewhich couldaffectthereachabilityof a live expres-
sionis alsomarked live, andsoon, recursvely. Any expressionsiot marked live canbe

eliminatedfrom the program.

2.5 Typebasediliasanalysis

An accesgath[LarusandHilfinger 1988;Diwanetal. 1998]is anon-emptysequence
of memoryreferencesasspecifiedoy somepointerexpressionn the sourceprogram for
example, the Java expressiona.bfi].c. Traversingthe accesgath requiressuccessiely
loading the pointerat eachmemorylocation alongthe path andtraversingit to the next

locationin the sequenceSincetherecould exist morethanonepointerto the sameobject,
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a«+ a+
a+— abli].c a— t + abli].c
abfi.c xb t + abli].c xb
a.bfi].c t
(a) BeforePRE (b) After PRE

Figure2.10: PREfor accespaths

beforeeliminatingredundanaccespathexpressionspnemustfirst disambiguatenemory
referencesufficiently to beableto safelyassuméhatnomemorylocationalongtheaccess
pathcanbealiased andsomodified,by somelexically distinctaccespathin theprogram.
Considerthe examplein Figure2.10. The expressiona.b|i].c will be redundantat some
subsequemeevaluationsolongasnostoreto ary of a, a.b, i, a.b[i], ora.bi].coccursonthe
codepathbetweerthefirst evaluationof the expressiorandthe second.In otherwords, if
therearepotentialaliasego ary of thelocationsalongtheaccesgaththroughwhichthose
locationsmaybe modifiedbetweerthefirst andsecondevaluationof the expressionthen
thatsecondexpressiorcannotbeconsiderededundantin theexample x.b mightaliasthe
samelocationasa.b, sowe cannotreusea.b alongtheright edgesincethe assignmento
x.b couldchangehevalueof a.b. If furtheranalysisprovedthatx.b did not aliasthe same

locationasa.b, thenwe could performPRETto arrive atthe programin Figure2.10b

2.5.1 Terminologyandnotation

The following definitionsparaphras¢he Jasa specificationfGosling et al. 1996]. An
objectin Javais eithera classinstanceor anarray Referencevaluesin Java arepointers
to theseobjects,as well asthe null reference. Both objectsand arraysare createdby
expressionghat allocateand initialize storagefor them. The operatorson referencego
objectsarefield accessmethodinvocation,casts type comparisor(instanceof), equality
operatorsaandthe conditionaloperator Theremay be mary referenceso the sameobject.
Objectshave mutablestate,storedin the variablefields of classinstancer the variable

elementof arrays.Two variablesmayreferto the sameobject: the stateof the objectcan
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Table2.1: Accessexpressions

| Notation| Name | Variableaccessed |
p.f Fieldaccess| Field f of classinstanceto which p
refers
pli] Array acces§ Componentith subscripi of array
to which p refers

bemodifiedthroughthereferencestoredin onevariableandthenthealteredstateobsened

throughthe other Accessxpressiongeferto thevariablesghatcomprisean objects state.
A field accessexpressionrefersto a field of someclassinstance while an array access
expressiorrefersto acomponenof anarray Table2.1summarizeshetwo kindsof access
expressionsn Java. Withoutlossof generality our notationwill assumehatdistinctfields

within anobjecthave differentnames.

A variableis astoragdocationandhasanassociatetype,sometimesgalledits compile-
time type. Given an accesgath p, thenthe compile-timetype of p, written Typgp), is
simply the compile-timetype of the variableit accessesA variablealways containsa
valuethatis assignmentompatiblewith its type. A valueof compile-timeclasstype Sis
assignmentompatiblewith classtype T if SandT arethe sameclassor Sis a subclass
of T. A similar rule holdsfor arrayvariables:a value of compile-timearraytype §] is
assignmentompatiblewith arraytype T[] if typeSis assignabl¢o typeT. Interfacetypes
alsoyield ruleson assignability:aninterfacetype S is assignabldgo an interfacetype T
only if T is thesameinterfaceasS or a superinterficeof S, a classtype Sis assignabléo
aninterfacetypeT if SimplementsT. Finally, arraytypes,interfacetypesandclasstypes
areall assignablé¢o classtype Object.

For our purposesve saythatatype Sis a subtypeof atypeT if Sis assignabléo T.1
We write Subtype@T) to denoteall subtypef typeT. Thus,anaccespathp canlegally
acceswyariablesof type SubtypeSTypgp)).

1The term “subtype”is not usedat all in the official Java languagespecificationGosling et al. 1996],
presumablyto avoid confusingthe type hierarchyinducedby the subtyperelationwith classandinterface

hierarchies.
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2.5.2 TBAA

Alias analysisrefinesthe setof possiblevariablesto which an accesgpathmay refer
Two distinctaccesgpathsaresaidto be possiblealiasesif they mayreferto the samevari-
able.Withoutaliasanalysisheoptimizermustconsenratively assumehatall accespaths
arepossiblealiasesof eachother In generalaliasanalysisin the presencef references
is slow and requiresthe codefor the entire programto work. Type-basedilias analy-
sis (TBAA) [Diwan et al. 1998] offers one possibility for overcomingtheselimitations.
TBAA assumeatype-safgorogrammindanguagesuchasJava, sinceit usesypedeclara-
tionsto disambiguateeferenceslt worksin lineartime anddoesnotrequirethattheentire
programbe available. Rathey TBAA usesthetype systemto disambiguatenemoryrefer
encesby refining the type of variablesto which an accespathmay refer In atype-safe
languagesuchasJava, only type-compatibleccespathscanaliasthe samevariable. The
compile-timetype of anaccespathprovidesa simpleway to do this: two accespathsp

andg maybealiaseonly if therelationTypeDec{p, q) holds,asdefinedby

TypeDec{AP1, AP>) = Subtype€Typeg AP1)) N SubtypeSType AP>)) # 0

A moreprecisealiasanalysiswill distinguishaccesset fieldsthatarethe sametype
yetdistinct. Thismorepreciserelation,FieldTypeDed{p, q), is definedby inductiononthe
structureof p andq in Table2.2. Again, two accesgathsp andq may be aliasesonly if
the relation FieldTypeDec{p,q) holds. It distinguishesaccessesuchast.f andt.g that

TypeDeclmisses.Thecasesn Table2.2determinghat:

1. Identicalaccesgathsarealwaysaliases

2. Twofield accessesiaybealiasesf they accesshesamdield of potentiallythesame

object
3. Array accessesannotaliasfield accesses

4. Two arrayaccessemay bealiasesf they mayaccesshe samearray (the subscript

isignored)
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Table2.2: FieldTypeDec AP, AP2)

| Case| APy | AP: | FieldTypeDec|AP1, AP,) |
p p true

p.f | a9 | (f =9)AFieldTypeDedp,q)
p.f | q[i] |false

pli] |alj] | FieldTypeDec{p,q)

P |9 |TypeDedp,q)

a b wWNPE

5. All otherpairsof accessxpressionsarepossiblealiasesf they have commonsub-

types

2.5.3 Analyzingincompleteprograms

Javadynamicallylinks classe®n demandasthey areneedediuringexecution.More-
over, Java permitsdynamicloadingof arbitrarynamedclasseshatarestaticallyunknown.
Also, codefor native methodscannoteasilybe analyzed.To maintainclasscompatibility,
no classcanmalke staticassumptionsboutthe codethatimplementsanotherclass.Thus,
aliasanalysismustmake conserative assumptiongsboutthe effectsof staticallyunavail-
able code. Fortunately both TypeDecland FieldTypeDeclrequireonly the compile-time
typesof accessexpressiondo determinewhich of themmay be aliases. Thus, they are
applicableto compiledclassesn isolationandoptimizationghatusethe staticaliasinfor-
mationthey derive will notviolatedynamicclasscompatibility.

Diwan et al. [1998] further refine TBAA for closedworld situations:thosein which
all the codethat might executein an applicationis availablefor analysis.The refinement
enumeratesll the assignment#n a programto determinemore accuratelythe typesof
variablesto which a given accesgpathmay refer An accesgathof type T mayyield a
referenceto an objectof a given subtypeS only if thereexist assignmentsf references
of type Sto variablesof type T. Unlike TypeDec] which alwaysmeigesthe compile-time

type of anaccesgathwith all of its subtypesDiwan’s closedworld refinemenimergesa
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type T with asubtypeSonly if thereis atleastoneassignmenof areferenceof type Sto
avariableof typeT someavherein thecode.

In generalJara’suseof dynamicloading,notto mentionthepossibilityof natve meth-
odshidingassignmentiom theanalysisprecludesuchclosedworld analysis.Of course,
it is possibleto adopta closedworld modelfor Javaif oneis preparedo restrictdynamic
classloadingonly to classeshatareknown statically andto supportanalysis(by handor
automatically)f theeffectsof natve methods Notethata closedworld modelmayrequire

re-analysi®f theentireclosureif any oneclassis changedo includeanew assignment.
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3 THE ANALYZER

To explore the potentialof bytecode-to-bytecodeptimizationframevorks we have
built a Java classfile optimizationtool calledBLOAT (Bytecode-Lgel Optimizationand
Analysis Tool). The analysisand optimizationframeavork implementedn BLOAT uses
SSAform asthe basicintermediataepresentatiofCytron et al. 1991; Stoltzet al. 1994;
Briggsetal. 1997]. On this foundationwe have built several standardoptimizationssuch
asdead-codeliminationandcopy/constanpropagationandSSA-basedaluenumbering
[Simpsonl996],aswell astype-basedliasanalysigDiwanetal. 1998]andtheSSA-based

algorithmfor partialredundang eliminationof Chow etal. [1997].

3.1 Design

BLOAT is intendedto supportnot only bytecodeoptimizationbut alsoto provide a
platformon which to build otherJava classeditingtools. As such,a genericinterfacewas
constructedo edit classfiles. This interfacehasbeenusedasthe basisfor toolsto insert
profiling code,to strip delhugginginformationfrom classfiles, andto instrumentytecode
with an extendedopcodesetto supportpersistencgBrahnmath1998]. While the initial
implementatiorrecognizenly classfiles, we planto addfacilities to edit classedrom

ary sourcenotablyclassesesidingwithin a persistenstore[CuttsandHosking1997].

3.1.1 Javaconstraint®n optimization

The Java virtual machinespecificatiorfLindholm andYellin 1996]enumeratethere-
guirementdor a Java classto be supportedportablyin multiple executionenvironments.

EachJava classis compiledinto a classfile. This classfile containsa descriptionof the
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namesand typesof the classs fields and methods,the bytecodefor eachmethod,and
ancillaryinformation. A methods bytecodds executedwith anoperandstack. The byte-
codeconsistsof approximately200 opcodedor suchoperationsas pushingconstantson
thestack,loadingandsaving to local variablespbjectandarrayaccessarithmetic,control
flow, andfor synchronizatiomndexceptionhandling.Whenthe Javavirtual machindoads
aclasstheclasss passedhroughabytecodeverifierto ensurdhatit conformso structural
constraintsandthatthe codefor eachmethodis safe. We assumehatthe classeae are
optimizingverify successfully

Eachlocal variableandstacktemporaryis typedanddifferentopcodesareusedto ma-
nipulatevaluesof differenttypes.The precisetypesof the valueson the stackandin local
variablesare not explicitly given, but canbe computedusinga simple dataflow analy-
sisover the lattice of objecttypesaugmentedvith primitive types. With one exception,
the typesdependonly on the programpoint andnot on the pathtakento that point. This
exceptiondealswith verificationof the jsr andret opcodesandis describedn detail in
Section3.2.3.

Java’s threadandexceptionmodelsimposeseveral constrainton optimization. First,
exceptionsn Jasa areprecise whenanexceptionis thrown all effectsof statementgrior
to thethrow-pointmustappeato have takenplace while the effectsof statementsafterthe
throw-point mustnot. This imposesa significantconstrainton code-motioroptimizations
suchasPRE,sincecodewith side-efects(includingpossiblesxceptionsannotbbemoved
relative to codethatmaythrow anexception?

Second the threadmodel preventsmovementof accessexpressionsacrosssynchro-
nizationpoints. Threadsactindependentlyn their own working copy of memoryandare
synchronizedvith the monitorenter and monitorexit opcodes.Without interprocedural
control-flav analysisevery methodinvocationrepresents possiblesynchronizatiompoint,

sincethe callee,or a methodinvoked insidethe callee,may be synchronized Thus,calls

1Of courseanoptimizing Jazaimplementatiorcould simulatepreciseexceptions gvenwhile performing
unrestricteccodehoisting,by arrangingo hidearny suchspeculatre executionfrom the uservisible stateof

theJava program(seepage205of Goslingetal. [1996]).
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andsynchronizatiompointsareplacesat which TBAA mustassumall non-localvariables
maybemodified,eitherinsidethecall or throughtheactionsof otherthreadsWhenenter
ing asynchronizedegion,theworking copy of memoryis reloadedrom the JVM’smaster
copy. Whenexiting the region, the working copy is committedbackto the mastercopy.
Thesesemanticsallow movementof accessxpressionsvithin a synchronizedegion but
force reevaluationof thoseexpressionsvhenenteringand exiting the region. Common

acces®xpressiongannotbe considereadedundantcrosghesesynchronizatiorpoints.

3.1.2 Classeditinginterface

The classediting interfaceprovidesaccesgo the methodsandfields of a Jasa class.
The interfaceis similar to the Java corereflectionAPI [JavaSoft1997], which provides
read-onlyaccesgo the public interfaceof a class. We extendthe reflectionAPI to allow
accesdo private and protectedmembersaccesgo the bytecodeof methodsandto the
classs constanpool. We alsoaddthe ability to edittheseattributesandgeneratenew class
filesincorporatinghe changes.

Whenthebytecodedor amethodis edited.,it is first convertedinto alist of instructions
and branchlabels. We represenbranchtamgetswith labelsratherthan offsetsfrom the
branchinstructionto allow codeto bemoreeasilyinsertecandremovedbetweerthebranch
andits tamget. Labelsarealsousedto keeptrackof theinstructiongprotectedoy exception
handlers,and ary line numberor local variabledelug informationin the classfile. In
addition,similar opcodessuchasthosefor pushingintegersstoredin local variablesonto
the operandstack? areconsolidatedWhenchangesnadeto the classarewritten outto a
classfile, branchesireresohedandnew constantsreinsertednto theclassfile’s constant

poolif necessary

3.1.3 Controlflow graphandexpressiortrees

Oncewe have corvertedthe bytecodeinto a list of instructions,we can performour

analysesndoptimizationson the method.On top of thelist of instructionsandlabelswe

2jload, iload_0, iload_1, iload_2, iload_3.
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try

Y

F catch(x)
G

Figure3.1: Exceptionsandcritical edges

constructa control flow graph. An expressiontreeis createdfor eachbasicblock in the
graph,encapsulatinghe operandstackbehaior for the block.

The control flow graphis constructedvith a recursve depth-firsttraversalof the in-
structionlist, following branchego their correspondingargetswithin thelist. Edgesare
alsoinsertedrom the blockswithin andjust beforeeachprotectedegion (i.e., try blocks)
to its exceptionhandler This ensureghatthe dominanceelationholdscorrectlyfrom an
exceptionthrow-pointto its handler if any. We alsoremove critical edgesn thegraphby
insertingemptybasicblockson suchedges Critical edgeremoval is requiredto provide a
placeto insertcodeduring partialredundang eliminationandwhentranslatingoackfrom
SSAform. As shavnin Figure3.1,theedgesnsertedor exceptionhandlersareoftencriti-
caledgesTheseedgesannotbesplit withouthaving to createanew exceptionhandlerfor
eachsuchedge;nsteadthey aregivenspecialktreatmentluringPREandSSAdestruction.

Theexpressiortreesareconstructedhrougha simulationof the operandstack.To pre-
senetheevaluationorderof theoriginalbytecodeandto save thestackacrossdasicblocks,

weinsertsavesandloadsof expressiongo stackvariables.Thesevariablesaretreatedust
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aslocal variablesexceptthat becausef their effect on the stack,our optimizationsmust
be morejudiciouswhenmoving or eliminatingthem.

Our expressiortreescontaintwo nodetypes:statementandexpressionsExpressions
aretypedand can be nested. Statementgannotbe nestedand thus canonly accesghe
operandstackbelov the incomingheightusingstackvariables.The bytecodeverifier en-
sureghatfor all pathsto a givenpointin the programtheoperandstackis the sameheight
andcontainsthe sametypes® Therefore py only inserting,removing, or relocatingstate-
mentnodeswvhich do not containstackvariablesywe canmaintainthis propertythroughout

our transformations.

3.2 Implementation

Mostof theanalysisandoptimizationpassesreperformedonthe CFG;however, some
transformation®peratedirectly on the instructionlist beforeCFG constructiorandafter
conversionbackto an instructionlist. BLOAT implementsthe following analysesand

optimizations:

[EEN

. Array initializer compaction

2. CFGconstruction

3. Loop peeling

4. Loopinversion

5. SSAconstruction

6. Typeinferenceof locals

7. Valuenumbering

8. PREof arithmeticandaccespathexpressions
9. Constant/cop propagation

10. Constanfolding andalgebraicsimplification

3Again, thisis violatedby thejsr andret opcodes.



26

11. Deadcodeelimination
12. Livenessanalysis
13. SSAdestruction
14. Bytecodegeneration

15. Peephol@ptimizations

3.2.1 Array initializer compaction

The SunJDK compiler javac, generatesodefor arrayinitializersusingastraight-line
sequencef arraystoresasshowvnin Figure3.2. For classesuchasjava.lang.Character,
which have large staticarraysthis arrayinitialization codecanbetensor evenhundredof
kilobytes.In JDK versionsprior to 1.1.5,mary classegprovidedwith the JDK which con-
tainedsuchinitializersfailed to passbytecodeverificationbecausehey violatedthe 64K
limit on methodsize. Before CFG constructiorwe translatesuchinitializersinto a loop
whichfills thearrayfrom a stringinsertedn the classs constanpool. Thistransformation
eliminateghe unnecessarillarge basicblocksfor suchcodeandsignificantlyreduceghe

time for lateranalysisof theseinitializers.

3.2.2 Looptransformations

After constructiorthe CFG, we identify loopsusingHavlak [1997] andperformloop
peeling[Wolfe 1996]andloop inversion[Wolfe 1996; Muchnick 1997]transformations.
We restrictpeelingto theinnermostoopsin the CFGto preventthe potentialexponential
growth in codesize. Inversionis performedon all otherloops, providing a cornvenient
placeimmediatelyafter the loop iterationconditionis testedto hoistloop-invariantcode
out of the loop body. Codethatis loop-invariantand doesnot throw exceptionscan be
recognizedoy PRE andhoistedout of invertedloops. Loop-invariantcodewhich throws
exceptionswill be maderedundanby loop peelingandcanthenbe hoistedby PRE.The
loop transformationsare performedbefore SSA constructionso that we do not have to

maintainSSAform duringthetransformations.
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0 bipush 10 /I pushthearraysize
2 newarray int [/ createhearray
4 dup /I pushacopy of thearray
5 iconst_O /I index O
6 bipush 4 /I value4d
8 iastore /I storeinto thearray
9 dup /I pushacopy of thearray
10 iconst_1 /lindex 1
11 bipush 3 /[ value3
13 iastore /I storeinto thearray
static int[] a = newint[] { 14 dup ...
4, 3, 2, 1, O 15 iconst_2
}: 16 bipush 2
18 iastore
19 dup
20 iconst_3
21 bipush 1
23 iastore
24 dup

25 iconst _4

26 iconst_O

27 iastore

28 putstatic #5 [/ saethearrayinintal]
31 return

(a) Javacode (b) Bytecode

Figure3.2: An arrayinitializer

3.2.3 SSAconstruction

After the control flow graphis constructedve corvert the local and stackvariables
to SSAform. This requirescomputationof the dominatortree and dominancefrontier
of the control flow graph[Cytron et al. 1991]. We usethe algorithmof Lengauerand
Tarjan[1979]. We alsoidentify critical edgesandsplit themto provide a placeto insert
codeduring PREandtranslationbackfrom SSAform. To reducethe numberof @-nodes

insertedwe constructhe semi-prunedorm of SSA[Briggsetal. 1997].

Exceptions

Performingoptimizationsin the presenceof exceptionhandlingrequiresthe control
flow graphbetransformedo indicatethe possibleeffectsof explicit andimplicit exception

throws [Hennessy1981]. If avariableis usedafteranexceptionis caughtat anexception
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handley the valueof the variablecould be ary of the valuesof the variablelive within the
protectedregion for thathandler An exceptionhandlercould be enteredwith ary of the
possiblelocal variablestatesthat occurwithin its protectedregion. Using standardSSA
form to factorthesevaluestogethemrequiresinsertingedgesn the CFG to the exception
handlerfrom beforeandafter eachstoreof a local variablewithin the protectedregion?
In addition,if a new variableis introducedinto the program,sayto storethe valueof an
expressioreliminatedby PRE,thenthe CFG mustbe adjustedo includean edgebefore
andafterthe storeto thatvariable. Adding theseedgesesultsin basicblockscontaining
only a storeto avariable which limits the effectivenesf local optimizations.
Ratherthan usetraditional SSA form, we extend SSA to include a special@-node,
whichwe denoteg, to factorall valuesof avariablelivewithin theprotectedegion. These
(@.-nodesareinsertedduringthe ¢ placemenstepof SSA constructiorat the beginning of
eachexceptionhandlerblock. During renaming,whena block in a protectedregion is
enteredor whena versionnumberis assignedo a variablewithin the protectedregion,
an operandwith that versionnumberis addedto the ¢ for the variableat the protected
region’s handler For example,in Figure3.3, a;, az, andag arelive within the protected
region andtheir definitionsareusedto definethe operand®f the ¢ in thehandler
Wheng-nodesarereplacedvith copiesbeforecodegenerationfor eachg.-operandye
locatethe operands definitionandinserta copy from the operando the ¢ targetjust after
thedefinition. Notethatif thedefinitionis above thetry block we couldpotentiallyhave a
long pathfrom the definitionto the beginningof the protectedegion wherethe ¢ targetis
not usedbut mustbelive. To alleviate this problem,beforeSSA constructiorwe split the
live rangeof variablesenteringthe protectedregion by insertingjust beforethe protected
region copiesfrom eachvariabledefinedat that point to itself (e.g.,a < a). This forces
SSAto assigna new versionto the variableimmediatelybefore enteringthe protected
regionandqy replacemenvill laterinsertits copiesfor theseoperandsmmediatelybefore

the protectedegion ratherthanhigherupin the CFG.

4Thevaluesof stackvariableseednotbepropagate@longtheseedgessincetheoperandstackis cleared

whenanexceptionis thrown.
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try

a

Y

catch(x)
as + Qc(an,ap,83)

Figure3.3: ExceptionandSSA

Subroutines

Java compilerstranslatefinally blocksinto method-localsubroutinegGosling et al.
1996;LindholmandYellin 1996]. Subroutinesareformedwith thejsr andret bytecodes.
The jsr bytecodepushesthe currentprogramcounter a value of type returnAddress,
onto the operandstackand branchego the subroutine. The ret bytecodeloadsa saved
returnAddress from alocal variableandresumegontrolat thatcodelocation. As shavn
in theJavaprogramin Figure3.4,afinally block canbe enteredrom severalplaceswithin
a method. Before every instructionthat exits the try block, suchasa return or a throw
or simply falling off theend,ajsr to thefinally block is placed.To permitverificationof
this constructthe Java VM specificationallows ary local variablethatis not referenced
betweenthe jsr andthe correspondinget to retainits type acrossthe subroutine. The
consequencef thisfor SSAis thattwo variableswvith incompatibletypescouldbefactored
togethemwith a @-nodeatthejsr targetandthenusedagainaftertheret.

A simple solutionto this problemis to inline the subroutineat eachjsr. However,

inlining couldresultin a substantiagrowth in codesize. Ratherthaninlining, we modify
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0 aload 0
1 invokevirtual #7 [/trylt()
4 goto 15 /I jump overthehandler
7 pop /I popthe exception
8 aload 0
try { 9 invokevirtual #6 //handlelt()
trylt(); 12 goto 15 _
} 15 jsr 25 /I goto thefinally block
. 18 return
catch (Exception e) { 19 astore 1 /I save theexceptionto local 1
handl el t (); 20 jsr 25 /1 goto thefinally block
} 23 aload_1 /l reloadthe exception. ..
finally { 24 athrow /I...andthrow it
finishlt(); 25 astore 2 /I save thereturnaddress
} 26 aload O
27 invokevirtual #5 //finishlt()
30 ret 2 /I returnfrom the subroutine
Exceptiontable:
From To Tamget Type
0O 4 7 java.l ang. Exception

0 15 19 ary

(a) Javacode (b) Bytecode

Figure3.4: A Javafinally block

the SSA constructioralgorithmso thatif a variableis not redefinedwithin a subroutine,
the versionnumberusedon entry to the subroutinas propagatedackthroughtheret to
the instructionafter the jsr. To achieve this, we inserta special@-node,which we will
denoteby @, ateachjsr’sreturnsite,asillustratedby theexampleprogramin Figure3.5a.
Sincethereturnsite hasonly oneincomingedge(becauseave removedcritical edges)the
@ hasonly oneoperandTheversionnumberof this ¢ is usedasusualto definetheusest
dominateslf avariablehasdifferentversionsateachof thejsr sitesfor agivensubroutine,
therewill bea ¢ for the variableat the subroutineentry block. During the SSArenaming
step,whenwe arrive ataret, we locatethe ¢ -nodesfor the correspondingsr instructions.
If thereis a @ at the subroutineentry andthe versiondefinedby that ¢ is the versionon
top of therenamingstackwhenwe reachthe ¢, we assignthe ¢’s operandhe versionof
theentry@ s operandor the @ 'sjsr. Otherwisewe assigrntheversionattheret to theq’s

operand.Oncetherenamingstepis complete sincethe ¢ have only oneoperandwe can
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a+— a+— a + a a
b+ b+ b1 — b2 — bl — b2 —
jsr jsr jsr jsr jsr jsr
a<+ @a,a) az + @(ar,a)
b q(b,b) bs < g(by.by) P glbb2)
b bs
b+ b4 — b?;t_
ret ret /\
a« ¢ (a) a< @(a) g ¢+ @ (ag) a5 + ¢ (ag) a a
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Figure3.5: ¢ example

renamethe usesdefinedby eachq to usethe versionof the ¢¢’s operand.The ¢-nodes

canthenberemored.

3.2.4 PREof acces®xpressions

To reducethe overheadf pointertraversalswithin Java we extendpartialredundang
eliminationto accesgpathexpressions.Doing so requiresdisambiguatingnemoryrefer
encessufficiently usingaliasanalysigo beableto detectredundancieamongaccesgaths.
We combinethe SSA-basedPREof Chaw etal. [1997]with type basedhliasanalysigDi-
wanetal. 1998].

TBAA with Javabytecode

TBAA relieson the declaredtypesof variablesin the program. Unfortunately local
variablesandoperandstackslotsin Javabytecodedo nothave declaredypes;thereforewe
mustinfer them. Sincewe areonly interestedn typesusedin accespathexpressionsve
limit ourselesto inferenceof referenceypesonly.

We usea simplificationof the type inferencealgorithmof Palsbeg andSchwartzbach

[1994]. Eachexpressionin the program,sayx, hasan associatedype variable,denoted
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Table3.1: Type Constraints

| Expression | Example | Constraints \
formal parameter X {Thedeclaredypeof x} C [X]
assignment X<y v < [X]
gnode X @y.z-) | Y] C XA M-
stackmanipulation (%y) «—dup(2) | [Z] C[x],[2 < [y]
exceptionhandler x < catchC) | {C} C[X]
arrayreference X{i] [X[i]] € {Theelementypeof x}
virtual methodcall x.m(y) [x.-m(y)] € {Thereturntypeof m}
staticmethodcall C.m(y) [C.m(y)]] C {Thereturntypeof m}
cast (C)x [(C)x] C {C}
stringliteral “string” {java.lang.String} C [[“string”]
field reference x. f {Thedeclaredypeof f} C [x.f]]
staticfield reference C.f {Thedeclaredypeof f} C [C.f]
objectallocation new C {C} C [new C]
arrayallocation new T]i] {Array of T} C [[new T[i]]
multi-dimensionahrrayallocation | new T]i][]] {Array of arrayof T} C [[new T[i][j]]

[x]. Constraintsarederived relatingthe type variableswith eachotherandwith setsof
types. The constraintdor Java bytecodeareshovn in Table3.1. The constraintsarethen
solved usingthe algorithmin Figure 3.6, resultingin a setof typesassociatedvith each
expression. The type of an expressionis the commonsupertypeof its associatedget of
types.Sincewe areonly interestedn thetypesfor asinglemethodwe remove thoseparts
of thealgorithmof Palsbeg andSchwartzbaci{1994] thatinsertandsolve constraintor

callsandinsteadusethe declaredeturntypeandparametetypes.

Valuenumbering

Thereis a cyclic dependeng betweencopy propagatiorand PRE. PRE operatesyy
recognizingexically equivalentsubepressionslf acommonexpressiorontheright hand
side of an assignments eliminatedand so replacedwith a local variable,a copy will
be created.Furthercopy or constanfpropagatiorcould enableanotheround of PRE by
replacinga variablewithin anexpressiorwith a constanor anothewariableandso make

theexpressiorredundant.
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input:

A methodwith setof expression
output:

A setof typesTypege) for all e€ X

do
for eachexpressiong e X do
if (thereis aconstrainfor e, c, asdefinedin Table3.1) then
insert(c)
with
procedureinsertconstaint) begin
if (constaintis astartconstraintC € v) then
propagategC, v)
elseif (constaint is a propagatiorconstrainty C w) then
addedgev —w
for eachC € Typegv) do
propagate(C, w)
procedure propagate(C,v) begin
if (C ¢ Typegv)) then
Typegv) < Typegv) UC
for eachedgev — wdo
propagate(C, w)

Figure3.6: Typeinferencealgorithm

UsingvaluenumberingCooperandSimpsonl995;Simpsornl996;Briggsetal. 1997]
avoidsthe needfor repetitive iterationof PREinterleavedwith constant/cop propagation.
Valuenumberingassign@numberto eachexpressiornin aprogramsuchthatif two expres-
sionshavethesamenumberthey musthavethesamevalue.Ratherthanbasingequivalence
of expressiongurelyontheirlexical equivalencewe usethevaluenumberingapproactof
Simpson1996]. Thenduring SSAPRErenaming ratherthancomparingthe SSAversion

of variableswithin two expressionsywe compareheir valuenumbers.

ExtendingSSAPRE

To extendSSAPREO recognizeaccespathswe identify alias definitionpoints those
codelocationswherepotentiallyaliasedvariablesmaybe modified. Thesancludenotonly
explicit assignmento possiblealiasesput alsocallsandmonitor synchronizatiorpoints.
Becausene do no interprocedurabnalysis,we cannotassumea call will not modify an

expressiorthroughanalias. We includemonitorsynchronizatiorpointsin orderto satisfy
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Java’s threadmodel: at synchronizatiorpointsany changesnadeto a variablein another
threadmustbe madevisible to the currentthread.

In addition, to preventhoistingof codewhich canthrow exceptionsout of protected
regions, we identify thoseedgesin the control flow graphwhich go from a block notin
a protectedregion to a block in the region. We call both theseedgesandaliasdefinition
pointskill pointssincethey kill ary previous definition of expressionutsidebeforethe
point.

Having identifiedkill points,we canperformSSAPREassummarizedn Section2.3.1
by interleaving aliasdefinitionpointswith eachpre-ordelist of occurrencesf accespath
expressionandby interlearing protectedegion entry pointswith eachlist of occurrences
of exceptionthrowing expressions.During @ placementor anexpressionwe placea ®
at arny block in the iterateddominancefrontier of the setof blocks containingeitheran
occurrenceof the expressioror akill pointfor the expression.During the renamingstep,
whenakill pointfor the expressions encounteredye kill the definitionat the top of the

renamingstackasif defininganew versionof the expression.

PREandJavabytecode

Therearetwo specialcasedor performingPRE on accesgathsin Java. Fieldsthat
aredeclaredvolatile mustbe reloadedfrom the programs mastercopy of memoryeach
time they areaccessedThereforethey cannotbe eliminatedat all. Fieldsdeclaredfinal,
however, cannotbe redefinedat all, muchlessthroughan alias, so we are free to move
themacrossaliasdefinitionpoints.

Onedifficulty encounteredvith PREin Java bytecodeis the additionof extra loads
andstores.Becausdhe bytecodds executedon anoperandstackandwe save andreload
expressiondrom local variables,PRE can sometimegroducelongetr and consequently
slower, bytecode.Considerthe codein Figure 3.7a. PRE transformsthis to the codein
Figure3.7h Becausef theaddedoverheadof the extra storesandreloadsfor t1 andt2,
the shortestpaththroughthe program,returningO, is four instructionslongerafter PRE

thanbefore. The pathsto return 1 andto return 2 arealsolongerthanbeforePRE, by
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b
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az « catch(x) az + catch(x)
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(a) Beforecopy propagation (b) After incorrectcopy propagation

Figure3.8: g.-nodesandcopy propagation

two instructions.This problemcould be remediedoy morecarefulanalysisof the costof

eliminatingan expressiorandby attemptingto cachethe value of a redundanexpression
on the operandstackratherthanin alocal variable. JIT translationof the bytecodecan
eliminatetheseextraloadsandstoressincebothlocal variablesandoperandstackslotsare

transformednto native variablessubjectto registerallocation.

3.2.5 Constaneandcopy propagation

The constant/cop propagatioralgorithmis basedon standardechniquegAho et al.
1986; Wolfe 1996]. Becauseaxceptionsin Java are precise,we cannotpropagatecopies
to @:-nodes. Doing so could resultin anassignmento a variablebeforean exceptionis
thrown that, beforecopy propagationpccurredafterthe exceptionwasthrown. Consider
Figure3.8.In Figure3.8a,thereis acopy from b; to a, afterthepossiblethrow. After copy
propagationb; is anoperando the ¢.-nodein Figure3.8h Whenthe ¢ is removed,the
copy expressionas < by will be placedat the definition of by, beforethe possiblethrow.

In theoriginal code,a4 wasequalto a; until theassignmenafterthethrow.
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3.2.6 Livenessanalysis

Following optimizations standardivenessanalysis|Aho et al. 1986]is usedto build
aninterferencegraph anundirectedgraphG = (V, E), whereV is the setof variablesin
theprogramandE is a setof edgessuchthatif variablesv andw aresimultaneouslyive,
thereis anedgefrom v to w. A variableis live if it couldbeneededater, i.e.,visliveata
programpoint p if thereis a pathin the CFG startingat p thatusesv.

Theinterferencegraphis constructedy tracingbackwardthroughthe CFGfrom each
useof avariable,v, alongall pathsto its definition. If thedefinitionof anothewariable,w,
is encounteredanedgeis addedbetweerv andw.

Interferencegraphconstructions complicatedy exceptionhandling.In orderto insert
codefor @:-nodeswe mustensurehatthetargetof the ¢ is live throughouthe protected
regionaswell asafterits definition. However, we do notwantthe ¢ targetto conflictwith
its operands Our solutionis to make the ¢ target conflict with all variablesthat conflict
with its operandsThis solutioncould be overly conserative in thatit could make thelive
rangeof the . targetunnecessariliong,introducingedgesn theinterferencgraphthatdo
notrepresenanactualliverangeconflictin theprogram.Thisproblemis solved,in part,by
insertingself-copiegustbeforeenteringtheprotectedegion,asdescribedn Section3.2.3.
This preventsthelive rangeof the ¢ targetfrom extendingabove the protectedegion, but
doesnot keepthe live rangefrom extendingbelov the protectedregion. However, ¢
operancconflictsbelow the protectedegion occurrarelyin practicebecausé¢hereis often
a @ just belowv the protectedregion factoringthe ¢ tamget backinto the mainline of the

program.

3.2.7 SSAdestruction

After computingtheinterferencegraph,graphcoloringwith coalescingChaitin 1982;
Briggsetal. 1994]mapsdifferentSSAversionsof eachlocal variablebackto asinglehard
local variable. Our coloring algorithmfavors placingcommonlyusedvariables,suchas
thosenestedwithin loops,in the lower four local variableindices,sincetheseindicesare

accessethroughaone-bytebytecodeanstructionratherthanthroughatwo-byteinstruction
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containingthe local variableindex. Theselower four indicesmay alsobe candidategor
specialtreatmentsregistersby nave VM implementations.

The algorithmfirst attemptsto coalescenodesin the interferencegraphto eliminate
copies.Eachnodein the graphis givena weightbasedon the numberandpositionof the
occurrencesf thevariableghenoderepresents.et d(u) denotetheloop-nestinglepthof
variableoccurrencal. d(u) is thenumberof surroundingoopscontainingu. The weight
of nodev is thengivenby

weigh(v) = S 107w

ueoccurencesv)

The weight representshe numberof loadsor storesof the variableassumingeachloop
bodyis executedlOtimes.

Now let deg(v) bethedegreeof nodev. For all copiesin theprogramy « w, including
the copiesthatwould be generatedvhen@-nodesarereplacedye selectthe copy with the

maximum
weighi{v)  weigh{w)
deg(v) deg(w)
wherethereis no edgefrom v to w in the interferencegraph. The nodesfor v andw are

thencoalescednto one node,adjustingthe edgesso that v andw togetherconflict with
the union of the nodesthey conflictedwith individually. We divide by the degreeof the
nodeto favor thosenodeghathave ashorterive range sothecoalesceaodewill conflict
with a fewer numberof othernodes.This procesgepeataintil no copiescanbe foundto
consolidate.

Oncenodesarecoalescedthegraphis coloredby first pre-coloringary formal param-
etersfor themethod thenrepeatedlyselectinghenodev with the maximumweigh{v) and
assigningt thelowestlocal variableindex for whichthereis nota conflictingnodealready
colored. In this stage variablesof type long anddouble have half their original weight

sincethey take up two local variableindicesratherthanjust one.
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3.2.8 Codegeneration

Eachexpressiortreeis corvertedbackto stackcodeby a pre-ordeitraversalof thetree.
Oncein instructionlist form, we perform peepholeoptimizationof redundantoadsand

storesandfor betterutilization of the operandstack.
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4 EXPERIMENTS

To evaluatethe impactof our optimizationframewvork we took several Java programs
asbenchmarkspptimizedthemwith BLOAT andcomparedheresultsof the optimization

with theirunoptimizedcounterpartsjsingseveralstaticanddynamicperformancenetrics.

4.1 Platform

Our experimentswere run under Solaris2.5.1 on a Sun Ultra 2 Model 2200, with
256MB RAM, andtwo 200MHzUItraSFARC-I processorsgachwith 1MB externalcache
in additionto their on-chipinstructionanddatacachesThe UltraSFARC-I datacacheis a
16KB write-through non-allocatingdirect-mappedachewith two 16-bytesub-blockger
line. It is virtually indexed and physicallytagged. The 16KB instructioncacheis 2-way

set-associate, physicallyindexedandtagged andorganizednto 512 32-bytelines.

4.2 Benchmarks

Thebenchmarksresummarizedn Table4.1.

4.3 Executionenvironments

We took measurement®r threedifferentJava executionervironments:the standard
Java DevelopmentKit (JDK) versionl.1.6,the Solaris2.6 SFARC JDK with JIT version
1.1.3(JIT) andTobaversionl.0 (Toba)[Proebstingetal. 1997;Toba1998]. In eachervi-
ronmentwe ranbothunoptimizedandoptimizedversionsof eachbenchmarkWhereJava

sourcecodefor a benchmarkvasavailable,it wascompiledusingthe standardiDK 1.1.6
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Table4.1: Benchmarks

| Name | Description | Sizé |
crypt Javaimplementatiorof the Unix crypt utility 650
huffman | Huffmanencoding 435
idea File encryptiontool 2284
jlex Scannegenerator 7287
jtb Abstractsyntaxtreebuilder 22317
linpack | Standard.inpackbenchmark 584
lzw Lempel-Zv-Welchfile compressiomitility 314
neural | Neuralnetwork simulation 1227
tiger Tiger compiler[Appel 1998] 19018

4Linesof sourcecode(includingcomments).

javac compiler withoutthe-O optimizationflag sincein mary caseghis generatescor-
rectcode.Informal obsenationindicateshatthis flag haslittle impactonthe performance

of ourbenchmarks.

4.3.1 JDK

JDK s thestandardlavavirtual machine It usesa portablethreadgpackageatherthan
the native Solaristhreadsandthe bytecodeinterpretedoop is implementedn assembler
We optimizedthe classfiles of eachbenchmarkagainstthe JDK versionl.1.6coreJava
classe$Goslingetal. 1996],to form the closureof optimizedclassesecessaryo execute
thebenchmarkn JDK. Similarly the unoptimizedoenchmariclassesvererun againsthe

unoptimizedcoreclasses.

4.3.2 JIT

JIT performson-demanddynamictranslationof Java bytecodeto natve SFARC in-

structions It usesnon-natve threadsandincludesthefollowing optimizations:

1. eliminationof somearrayboundschecking

2. eliminationof commonsubepressionsvithin blocks
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. eliminationof emptymethods
. someregisterallocationfor locals
. noflow analysis

. limited inlining

Interestinglyprogrammersreencouragetb performthefollowing optimizationsy hand
[SunSoft1997]:

1.

10.

11.

move loop invariantsoutsidetheloop

. make loop testsassimpleaspossible

. performloopsbackwards

. useonly local variablesnsideloops

. move constantonditionalsoutsideloops

. combinesimilarloops

. hestthebusiestoop, if loopsareinterchangeable

. unroll loops,asalastresort

avoid conditionalbranches
cachevaluesthatareexpensve to fetchor compute

pre-computeraluesknown at compiletime

Thesesuggestionsik ely reveal deficienciesn the currentJIT compiler which our opti-

mizationsmayaddres$rior to JIT execution.

We usedthe samesetsof classfiles asfor JDK for executionin the JIT ervironment.

4.3.3 Toba

TobacompilesJava classfiles to C, andthenceto native codeusingthe hostsystems

C compiler TheTobarun-timesystemsupportsiative Solaristhreadsandgarbagecollec-

tion usingthe Boehm-Demers-\&iserconserative garbagecollector[BoehmandWeiser
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1988]. Since Toba only works with the JDK version1.0.2 core classeswe optimized
thebenchmarkg$or executionin the Tobaenvironmentagainsthe JDK versionl1.0.2core
classesto form the closureof optimizedclassesecessaryo executethe benchmarkn
Toba. Similarly, the closureof unoptimizedcoreclassesvasalsoformedfor unoptimized
benchmarlexecution.

Theseclasdileswerethencompiledto native codeusingthe SunPraC compilerversion
4.0, with the-O2 compileroptimizationflag. C optimizationlevel 2 performsbasiclocal
andglobaloptimization,includinginductionvariableelimination,algebraicsimplification,
copy propagationconstantpropagationjoop-invariantoptimization, register allocation,
basicblock meiging, tail recursiorelimination,deadcodeelimination,tail call elimination
andcomplex expressiorexpansion.Usingthis optimizationlevel providesan opportunity

to seeoptimizationghatBLOAT misses.

4.4 Metrics

For eachbenchmarkwe took measurementfor both the optimizedand unoptimized

classesOur metricsinclude:

e staticcodesize:thisis thesizein bytesof thebenchmark-specifimon-library)class

files (excludingdelug symbols)for JDK/JIT, andstaticexecutablegor Toba

e bytecodesxecuted:dynamicperbytecodesxecutionfrequencieobtainedfrom an

instrumentediersionof theJDK versionl.1

e natie instructionsexecuted: dynamicperinstructionexecutionfrequenciesusing

the Shadeperformanceanalysisoolkit [Cmelik andKeppel1994]
e countsof significantperformance-relateg/ents:

— processocyclesto measureelapsedime
— instructionbuffer stallsdueto instructioncachemisses

— datacachereads
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— datacachereadmisses

usingsoftware[Enbody1998]thatallows userlevel accesso the UltraSFARC hard-

wareexecutioncounters

For thedynamicmeasurementsachrun consistof two iterationsof thebenchmarkvithin
a given executionervironment. The first iterationis to prime the ervironment: loading
classfiles, JIT-compiling themandwarmingthe caches.The secondterationis the one
measured.

The physicallyaddressedhstructioncacheon the UltraSFARC meangthat programs
can exhibit widely varying executiontimes from one invocationto the next, sinceeach
invocationproceswill have differentmappingsrom virtual to physicaladdressesesult-
ing in randomizednstructioncacheplacement.Thus,the elapsedime andcache-related

metricswereobtainedfor 10 separateunsandtheresultsaveraged.

45 Results

The resultsarereportedin Tables4.2-4.10,0ne per benchmark.For eachmetric we
give raw countsonly for the unoptimizedclassesandthenonly for the totals. All other
countsare expressedas a percentagef this unoptimizedtotal. Thus,if the total count
for a metricobtainedusingthe unoptimizedclassess T, all otherresultsfor thatmetricc
arereportedasthe percentagd00c/T. This includesthe breakdevns of total instruction
counts(both bytecodeand native). Reportingthe resultsin this way enableghe relative
effect of optimizationon specificinstructionsto be gaugedmore easily We reportonly
thosenativeinstructionsvhoseexecutionfrequencieghangenoticeablywith optimization.

In the graphsaccompaying the text, we shaw the relative changen eachbenchmark
from theunoptimizedexecutionto theoptimized;thatis, if theunoptimizedcountfor given
metricis ¢; andthe optimizedcountis ¢, the graphshavs ¢c/c;. The error barsin the
graphsrepresen®0% confidencentenals.

As expectedwe seeanincreasen dynamicbytecodesxecutioncountsfor mary of the

benchmarksAs discussecarlier theseoverheadsremainly dueto introductionof extra
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Figure4.1: JDK metrics

loadsfrom and storesto temporariesntroducedby PRE for partially-redundanexpres-
sionswhosevaluesarenot usedon all paths. Thereareseveralinterestingoytecode-leel

optimizationeffects:

e Coloringof localssignificantlyreduceshenumberof extendedengthloadandstore

bytecodesteplacingthemwith their shorterforms

e PREover accesgathscansignificantlyreducethe numberof arrayload, getfield

andgetstatic bytecodes

e Constanpropagatiorvia valuenumberingoermitssometimesignificantcornversion

of conditionaljumpsfrom two-operandifcmp) to single-operandf).

As expectedwe seesignificantvariationin the instructioncachemetric, resultingin vari-
ationin thenumberof cycles.
In thefollowing discussiorwe considereachexecutionernvironmentin turn: JDK, then

JIT, andlastly Toba.

4.5.1 JDK

TheJDK resultsarebestappreciatedby first consideringhe Java bytecodedistribution
for optimizedandunoptimizedclassesAll thebenchmarksexceptlinpackandlzw, seean
increasen thenumberof bytecodesxecutedor optimizedcode,asshavn in Figure4.la.

Theincreasas significantfor huffman,jlex, jtb, andtiger (7—12%)duemaostlyto insertion
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Figure4.2: Replacingoads andstores by shorterbytecodes

of additionalload, store, anddup bytecodego hold commonlyusedvaluein local vari-
ablesandoperandstackslots. Figure4.1bdemonstratethat, somavhat surprisingly an
increasan numberof bytecodesxecuteddoesnot alwaystranslatento a declinein per
formancefor JDK, sincethe effectsof coloringfor allocationof local variablesarestrong,
with mary of the longerload and storebytecodeseingreplacedwith their shortforms.
Figure4.2 showvsthis changan the mix of bytecodesThe effectis mostnotablewith Izw
wherethefrequeng of theload bytecodeslecreaseom 11%to 1% of thetotal bytecode
countandthefrequeng of loadn increasesrom 19%to 28%. Thisresultsin lessoverhead
in theinterpreters bytecodedispatchioop. Thelargeincreasean storesfor linpackis due
to PRES eliminationof redundanarithmeticexpressionsThosebenchmarksvhich shav
anincreasen thefrequeng of store versusstoren bytecodesave formal parametersc-
cupying several of the lower four local variableindiceswhich preventtheseindicesfrom
beingallocatedor othervariables.

A similar, but lesspronouncedeffect resultsfrom corversionof two-operandfcmp
bytecodeso one-operand bytecodesvith constanpropagatiorandfolding.

As Figure4.3ashaws, all benchmarkseeadecreaseyftensignificant,in thefrequeng
of getfield bytecodeglueto elimination of redundanticcesgath expressions.The jtb,
neural,andtiger benchmarkswhich have a high initial frequeng of getfield bytecodes

(12%, 9%, and 13%, respectrely), shov a 13-46%decreasén the numberof getfield
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bytecodesgxecuted.Linpack executesA3%fewer getfield bytecodesbut thesebytecodes
represenobnly 0.02%of thetotal bytecodegxecuted.

The relative changein arrayload bytecodeds shavn in Figure4.3h The huffman,
linpack,andneuralbenchmarkswhich have heary arrayuse(9%, 4%, and11%, respec-
tively), seeaneliminationof 4—-7%of thearrayload bytecodesFew arrayload bytecodes
areeliminatedin ary of the otherbenchmarksprimarily dueto the restrictionson move-
mentimposedby Java’s preciseexceptionmodel. Furtherimprovementwould accrueif
arraysubscriptsouldbedisambiguatedia rangeanalysisonthesubscripexpressiongor
useduringarrayaliasanalysis.

For mostbenchmarkghe increasen the numberof bytecodesexecuteddid not sig-
nificantly impactexecutiontime. The speedupsve do seecanbe attributedmostlyto our
optimizations,with someuncontrollableeffects due to perturbationin instructioncache

behaior.

452 JIT

The JIT ervironmentis not influencedby conversionof long bytecodeformsto their
shortervariants,sinceJIT eliminatesthe bytecodedispatchoverheadthat we were able
to reducesignificantly for JDK. Rathey the biggestimpacton performancecomesfrom

changesn the numberof expensve instructionssuchasloadsandstores.
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Figure4.4: JIT metrics

Crypt exhibits the mostsignificantimprovementwith optimizationfor JIT execution.
Total time (cycles),shaovn in Figure4.4a,is reducedoy 16%, with muchof this coming
from the 24% reductionin datareadsand the 96% decreasen datareadmisses. The
eliminationof 29%of all stw instructionsalsoplaysa significantpart.

Of theremainingbenchmarksall but linpackandneuralrevealimprovementsof up to
5% in datareads,asshowvn in Figure4.4h Despitethis improvement,mostbenchmarks
showv no executiontime speedugasa resultof this reduction,mostly becausehey suffer
from a significantincreasen instructionfetch stalls. This is likely to be an artifact of
the particularinstructioncacheconfigurationfor this machine,and we would expectto
seeexecutiontime improvementor ideaundera morefavorableinstructioncacheregime.
Linpacksuffersfrom increase#n bothloadandstoreinstructionsdespitegoodinstruction

cacheocality.

45.3 Toba

Thereis little correlationbetweerreductiondueto optimizationin staticclassfile size
andreductionin Tobanative executablesize. Neverthelesspptimizationdoesresultin
reducedcodesize of up to 3% for all benchmarksexceptcrypt, which exhibits a slight
increase.

Figure4.5bshownsthatall benchmarkshav reductionsn datareadswith cryptaclear

winnerat13%fewerreads.Combinedvith muchimproveddatacachamissrates huffman,
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Figure4.5: Tobametrics

idea, linpack, lzw, andneuralseesignificantspeedupsshavn in Figure4.5a. Thus, our
optimizationsexposeopportunitieghatthe C compilercannotexploit onits own.

Crypt is unableto exploit a reductionin datareadsin the face of an uncooperatie
instruction cache,which stalls fetchesfrom the instructionbuffer almost3 times more
frequentlyasunoptimizedcode andadoublingin thenumberof datareadmisses Huffman

suffersfrom the sameproblemsascrypt, but to alessemdegree.



Table4.2: Resultdor crypt

Metric JDK JIT Toba
Unopt|  Opt Unopt|  Opt Unopt|  Opt
Staticcodesize 11864 43100
% 100.00| 100.00 100.00| 100.15
Jarabytecode 260627636
% TOTAL 100.00| 101.83
arrayload 12.01| 12.01
getfield 0.45 0.44
getstatic 5.36 0.63
dup 0.02 4.73
goto 0.08 0.49
if 0.49 0.49
ifcmp 0.74 0.68
invoke 0.87 0.87
load 15.26 5.31
loadh 10.33| 21.05
store 4.68 2.09
storen 1.21 4.62
Cycles 3567613744 585236746 440842396
% 100.00| 97.42 100.00| 84.23 100.00| 100.05
+% 0.48 0.23 0.10 0.52 3.45| 56.99
Instructionfetchstalls 5984573 2097866 8951370
% 100.00| 87.60 100.00| 128.76 100.00| 276.62
+% 146.95 6.11 5.42 | 44.20 88.28 | 322.08
Datareads 881810632 143689032 93774629
% 100.00| 93.34 100.00| 76.05 100.00| 86.84
+% 0.00 0.00 0.00 0.00 0.00 0.00
Datareadmisses 8792878 21214232 1384580
% 100.00| 48.25 100.00 5.95 100.00| 211.60
+% 0.21 0.39 0.02 0.35 17.05| 161.15
SFARC instructions 2825007945 488834596 448208169
% TOTAL 100.00| 96.40 100.00| 89.18 100.00| 95.00
add 15.31| 15.14 2.25 2.25 9.45 7.25
jmpl 9.35 9.52 1.63 1.63 1.99 1.99
or 1.45 1.45 9.74| 11.63 7.27 7.32
orcc 1.80 1.83 0.41 0.41 3.20 0.46
sethi 0.48 0.48 4,53 2.01 4,22 4.15
sll 14.01| 12.18 5.01 5.01 5.39 5.39
srl 1.71 1.71 9.55 7.44 3.39 3.39
subcc 1.86 1.86 9.01 8.98 13.52| 16.24
bgu 0.00 0.00 0.01 0.01 2.70 0.52
Idub 13.94| 12.13 0.00 0.00 0.07 0.07
[duw 16.76| 16.45 28.98| 21.94 20.65| 17.90
stw 10.14| 10.27 4.74 3.37 1.86 1.85

(Interval confidencas 90%)
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Table4.3: Resultsor huffman

Metric JDK JIT Toba
Unopt|  Opt Unopt|  Opt Unopt| Opt
Staticcodesize 7672 66364
% 100.00| 100.00 100.00| 99.81
Javabytecode 27609468
% TOTAL 100.00| 108.33
arrayload 3.80 3.63
getfield 11.46| 10.98
getstatic 5.76 0.78
dup 1.53 6.90
goto 0.47 241
if 3.35 3.37
ifcmp 6.10 6.09
invoke 6.75 6.75
load 5.02 3.11
loadh 30.72| 36.23
store 0.52 2.59
storen 1.87 4.03
Cycles 672765181 301698428 357131368
% 100.00| 106.28 100.00| 101.48 100.00| 100.59
+% 2.28 0.28 0.17 0.14 0.07 5.25
Instructionfetchstalls | 18092553 8733698 16284714
% 100.00| 158.05 100.00| 138.58 100.00| 136.08
+% 43.26 1.58 3.68 3.76 2.87| 54.34
Datareads 161575042 44151040 36558181
% 100.00| 99.98 100.00| 94.65 100.00| 94.63
+% 0.00 0.00 0.00 0.00 0.00 0.01
Datareadmisses 8153108 2065790 2535091
% 100.00| 115.48 100.00| 138.76 100.00| 80.75
+% 0.25 0.25 0.61 0.85 17.85| 15.15
SFARC instructions 571054371 246599706 224955140
% TOTAL 100.00| 101.16 100.00| 99.14 100.00| 98.22
add 12.03| 12.42 6.32 6.31 10.01 9.99
jmpl 5.86 6.26 4.36 4.36 6.62 6.62
or 3.15 3.15 7.36 7.90 6.87 6.80
sethi 2.59 2.59 6.45 5.90 12.82| 12.56
srl 0.92 0.86 2.11 1.85 0.32 0.32
sub 2.14 2.33 1.82 1.82 0.55 0.55
subcc 5.44 5.44 10.35| 10.32 9.42 9.70
be 2.95 2.92 3.09 3.24 1.92 1.91
bne 2.80 2.74 3.33 3.19 3.72 3.72
Iduw 17.08| 17.01 16.41| 15.45 15.29| 14.42
stw 9.08 9.39 7.29 7.29 7.85 7.76

(Interval confidencas 90%)
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Table4.4: Resultsor idea

Metric JDK JIT Toba
Unopt|  Opt Unopt|  Opt Unopt|  Opt
Staticcodesize 22107 148096
% 100.00| 100.00 100.00| 97.64
Javabytecode 16348617
% TOTAL 100.00| 100.43
arrayload 2.99 2.99
getfield 2.40 2.05
getstatic 0.00 0.00
dup 0.31 2.84
goto 0.48 1.30
if 2.83 2.87
ifcmp 3.15 3.07
invoke 2.36 2.36
load 15.67 9.45
loadh 23.12| 26.78
store 5.12 3.50
storen 7.05 8.70
Cycles 261303208 61395862 40287627
% 100.00| 98.04 100.00| 102.63 100.00| 96.66
+% 1.49 2.25 4,90 6.42 1.05 3.87
Instructionfetchstalls 11281294 7127667 6409337
% 100.00| 102.87 100.00| 124.36 100.00| 107.87
+% 31.06| 55.19 41.60| 46.10 6.86| 19.49
Datareads 59121998 7848375 2358299
% 100.00| 98.16 100.00| 96.22 100.00| 97.53
+% 0.00 0.00 0.41 0.11 0.00 0.00
Datareadmisses 1909038 374480 116420
% 100.00| 61.36 100.00| 138.50 100.00| 91.68
+% 5.59 3.95 32.17 3.51 9.85| 40.77
SFARC instructions 195788934 35154852 28379966
% TOTAL 100.00| 99.16 100.00| 100.51 100.00| 100.06
or 1.74 1.74 9.05| 10.17 8.19 8.35
sethi 1.42 1.42 4.49 4.49 6.58 6.76
sll 12.62| 12.03 1.80 1.80 2.77 2.77
be 1.42 1.39 2.99 2.99 2.59 2.77
bne 1.27 1.27 2.25 2.25 3.34 2.95
Idub 12.65| 12.13 0.15 0.15 0.00 0.00
Iduw 16.03| 15.93 20.17| 19.32 6.97 6.76
stw 9.97 9.95 7.07 6.61 0.46 0.46

(Interval confidencas 90%)
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Table4.5: Resultdor jlex

Metric JDK JIT Toba
Unopt|  Opt Unopt|  Opt Unopt|  Opt
Staticcodesize 71961 473596
% 100.00| 100.00 100.00| 94.71
Jarabytecode 62750646
% TOTAL 100.00| 107.31
arrayload 3.35 3.33
getfield 13.68| 12.42
getstatic 0.00 0.00
dup 0.90 7.11
goto 0.36 0.72
if 2.49 3.18
ifcmp 9.00 8.31
invoke 5.15 5.15
load 9.20 5.87
loadh 30.24| 31.83
store 2.62 2.27
storen 2.69 7.58
Cycles 1664584041 781102454 934714659
% 100.00| 87.48 100.00| 102.76 100.00| 97.00
+% 0.08 4.05 0.21 0.15 2.45 1.05
Instructionfetchstalls 5894510 7800247 35382354
% 100.00| 217.26 100.00| 196.58 100.00| 72.83
+% 7.76 | 289.03 1.55 0.49 28.56| 28.78
Datareads 331146695 118270464 128538823
% 100.00| 101.40 100.00| 97.72 100.00| 99.48
+% 0.00 0.00 0.00 0.00 0.00 0.00
Datareadmisses 21657098 1954337 2419713
% 100.00| 46.19 100.00| 156.95 100.00| 106.04
+% 4.15 0.24 0.09 0.13 1.86 3.52
SFARC instructions 1183017726 599372744 587556599
% TOTAL 100.00| 102.07 100.00| 100.06 100.00| 99.64
add 11.91| 1251 5.12 5.10 8.52 8.52
jmpl 6.87 7.26 6.47 6.47 6.52 6.52
or 2.16 2.16 7.30 7.82 7.12 7.19
sll 8.95 9.08 0.69 0.69 0.79 0.79
sub 2.33 2.57 1.73 1.74 0.96 0.96
subcc 5.47 5.43 7.84 7.83 8.64 8.51
Idub 9.00 9.15 0.00 0.00 0.00 0.00
[duw 17.10| 17.33 18.03| 17.58 21.84| 21.73
stw 9.62 9.99 8.13 8.14 11.81| 11.81

(Interval confidencas 90%)
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Table4.6: Resultdor jtb

Metric JDK JIT Toba
Unopt|  Opt Unopt|  Opt Unopt|  Opt
Staticcodesize 368287 2755812
% 100.00| 100.00 100.00| 100.07
Javabytecode 49058483
% TOTAL 100.00| 107.37
arrayload 2.21 2.21
getfield 11.59 9.86
getstatic 0.08 0.07
dup 3.38 8.74
goto 1.95 2.20
if 2.70 3.38
ifcmp 6.67 5.99
invoke 3.00 3.00
load 14.95| 11.90
loadh 22.23| 24.05
store 4.47 5.16
storen 0.94 5.10
Cycles 983063809 421146724 472530144
% 100.00| 104.58 100.00| 98.69 100.00| 97.44
+% 0.34 0.46 0.88 0.84 3.65 3.34
Instructionfetchstalls | 24886398 34482858 66802677
% 100.00| 132.18 100.00| 104.54 100.00| 77.61
+% 10.22 9.40 10.16 9.55 27.83| 21.35
Datareads 213196107 52127654 47121000
% 100.00| 101.48 100.00| 96.84 100.00| 100.20
+% 0.00 0.00 0.00 0.00 0.02 0.01
Datareadmisses 11518789 3909725 3185467
% 100.00| 109.97 100.00| 99.75 100.00| 112.86
+% 0.65 0.61 0.74 1.17 5.99 421
SFARC instructions 787770334 317604663 236446136
% TOTAL 100.00| 102.44 100.00| 100.25 100.00| 100.14
add 1459 | 15.32 9.98 9.97 8.88 8.87
jmpl 6.89 7.35 3.31 3.31 6.65 6.65
or 2.08 2.09 5.76 6.44 7.01 7.34
sethi 1.62 1.63 4.28 4.29 11.63| 11.36
sll 10.58| 10.79 1.31 1.31 0.69 0.74
sub 2.38 2.68 1.29 1.29 0.69 0.69
subcc 5.71 5.67 13.44| 13.44 9.11 8.81
be 2.38 2.27 2.45 2.44 1.94 1.93
bl 0.55 0.51 1.40 1.29 0.52 0.52
bne 3.68 3.68 7.17 7.18 4.01 3.90
Idub 10.74| 10.96 0.09 0.09 0.29 0.29
Iduw 14.60| 14.79 15.00| 14.47 18.71| 18.83
stw 10.39| 10.84 10.64| 10.68 11.21| 11.58

(Interval confidencas 90%)
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Table4.7: Resultdor linpack

Metric JDK JIT Toba
Unopt|  Opt Unopt|  Opt Unopt | Opt
Staticcodesize 3834 37516
% 100.00| 100.00 100.00| 95.36
Javabytecode 9733541
% TOTAL 100.00| 95.51
arrayload 9.13 8.51
getfield 0.02 0.01
getstatic 0.00 0.00
dup 0.00 6.45
goto 0.12 1.48
if 0.43 0.49
ifcmp 1.90 1.84
invoke 0.12 0.12
load 39.10| 27.25
loadh 6.07| 13.72
store 0.72 6.77
storen 0.00 0.40
Cycles 138498459 15152824 14956369
% 100.00| 100.29 100.00| 108.08 100.00| 96.71
+% 1.04 1.20 0.10 0.45 1.47| 1.50
Instructionfetchstalls 30907 58417 148240
% 100.00| 187.16 100.00| 84.56 100.00| 93.26
+% 15.12| 13.52 8.93| 15.83 68.75| 77.78
Datareads 35186863 3298217 3688269
% 100.00| 95.09 100.00| 107.49 100.00| 96.19
+% 0.00 0.00 0.00 0.26 0.01| 0.00
Datareadmisses 398002 223725 388542
% 100.00| 654.43 100.00| 92.12 100.00| 99.17
+% 0.07 0.02 0.05 0.08 0.38| 3.92
SFARC instructions 107641162 12383949 15758277
% TOTAL 100.00| 94.81 100.00| 107.56 100.00| 97.31
add 17.45| 16.13 16.51 9.86 14.46| 14.14
jmpl 9.09 8.68 0.14 0.30 0.22| 0.22
or 1.08 0.61 0.54 4.63 3.48| 3.36
sll 14.49| 13.63 10.50| 10.28 5.73| 5.73
srl 1.47 1.42 3.17 3.86 0.15| 0.15
sub 3.25 3.01 0.32 0.39 0.33| 0.33
subcc 1.83 1.77 12.27| 12.41 18.78| 17.89
tcc 9.91 9.79
bcs 0.43 0.43 0.01 0.01 754 7.75
Iddf 0.00 0.00 6.40 6.24 3.26| 3.26
ldf 2.99 2.99 3.65 3.98 10.52| 10.26
Idub 13.37| 12.68 0.00 0.00 0.00| 0.00
Iduw 15.96| 14.92 16.56| 18.60 9.53| 8.89
stf 1.46 1.46 0.83 1.16 5.37| 5.37
stw 9.85 9.36 1.62 3.68 1.21| 1.21

(Interval confidencas 90%)




Table4.8: Resultsor lzw

Metric JDK JIT Toba
Unopt|  Opt Unopt|  Opt Unopt|  Opt
Staticcodesize 4047 41452
% 100.00| 100.00 100.00| 101.05
Javabytecode 28009228
% TOTAL 100.00| 100.96
arrayload 5.98 5.98
getfield 14.00| 13.36
getstatic 0.00 0.00
dup 0.19 2.31
goto 0.57 1.07
if 5.18 6.17
ifcmp 2.36 1.37
invoke 7.01 7.01
load 11.02 1.27
loadh 19.55| 27.91
store 5.94 1.32
storen 0.81 6.47
Cycles 544150042 193650000 151030549
% 100.00| 100.92 100.00| 93.40 100.00| 91.49
+% 1.66 1.27 0.97 3.98 2.40 0.56
Instructionfetchstalls 16697542 12299277 22230129
% 100.00| 156.95 100.00| 112.29 100.00| 48.69
+% 43.51| 23.58 10.60| 36.94 17.42 2.00
Datareads 144244856 26335439 15462242
% 100.00| 97.39 100.00| 98.64 100.00| 96.52
+% 0.00 0.00 0.04 0.12 0.00 0.00
Datareadmisses 6052882 5647087 2472050
% 100.00| 87.92 100.00| 79.16 100.00| 103.56
+% 3.68 4.14 0.95 2.20 3.65 2.49
SFARC instructions 440093811 84259742 68856767
% TOTAL 100.00| 98.61 100.00| 100.19 100.00| 96.78
or 2.58 2.60 9.63 9.80 7.43 5.70
sll 11.69| 10.84 2.38 2.38 2.45 2.46
subcc 2.71 2.65 7.16 7.16 16.09| 15.79
be 2.46 2.42 1.31 1.33 2.15 0.20
bne 2.54 2.48 3.84 3.82 4,58 6.52
Idub 11.70| 10.89 0.06 0.06 1.96 1.96
Iduw 18.87| 18.80 30.19| 29.76 20.07| 19.29
stw 10.83| 10.86 6.95 6.94 3.90 3.61

(Interval confidencas 90%)
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Table4.9: Resultsor neural

Metric JDK JIT Toba
Unopt|  Opt Unopt|  Opt Unopt | Opt
Staticcodesize 15522 143284
% 100.00| 100.00 100.00| 97.08
Javabytecode 17898283
% TOTAL 100.00| 96.37
arrayload 10.96| 10.49
getfield 8.73 4.68
getstatic 0.46 0.23
dup 1.00 2.04
goto 0.47 3.02
if 0.23 0.64
ifcmp 3.94 3.53
invoke 3.26 3.26
load 8.87 4.87
loadh 26.14| 29.20
store 0.50 0.11
storen 1.35 2.53
Cycles 398062740 239905427 184637033
% 100.00| 98.58 100.00| 99.57 100.00| 93.76
+% 0.42 1.49 0.41 0.38 3.16| 0.32
Instructionfetchstalls 7173133 3681935 5666500
% 100.00| 134.95 100.00| 106.79 100.00| 87.90
+% 10.77| 39.44 14.21 8.50 65.27| 7.18
Datareads 89151848 36563097 19406875
% 100.00| 95.90 100.00| 96.37 100.00| 94.79
+% 0.00 0.00 0.01 0.00 0.01| 0.01
Datareadmisses 2154458 3537800 1745887
% 100.00| 105.76 100.00| 109.72 100.00| 80.82
+% 0.30 0.31 0.27 0.24 3.97| 4.91
SRARC instructions 373903754 231568134 148125611
% TOTAL 100.00| 97.67 100.00| 99.50 100.00| 97.63
jmpl 6.00 5.83 3.31 3.31 495| 4.95
or 3.98 3.93 6.61 6.66 789 7.32
sll 8.50 8.03 2.65 2.56 1.87| 1.87
subcc 5.60 5.53 10.03 9.92 11.41| 10.82
bcs 0.28 0.28 0.25 0.25 155 1.44
be 2.56 2.31 2.98 2.98 1.36| 1.31
Idub 7.21 6.89 1.15 1.15 0.29| 0.29
Iduw 14.80| 14.02 13.04| 12.44 10.72| 10.04
stw 9.01 8.64 4,78 4.77 5.20| 5.37

(Interval confidencas 90%)




Table4.10: Resultsfor tiger

Metric JDK JIT Toba
Unopt|  Opt Unopt|  Opt Unopt|  Opt
Staticcodesize 203584 1492852
% 100.00| 100.00 100.00| 99.76
Javabytecode 47945748
% TOTAL 100.00| 112.08
arrayload 1.31 1.31
getfield 13.10| 11.42
getstatic 0.07 0.06
dup 2.28 9.34
goto 1.76 2.10
if 4.34 4,78
ifcmp 4.90 4.46
invoke 4.44 4.44
load 11.49 9.02
loadh 27.83| 29.77
store 3.96 5.43
storen 1.28 6.91
Cycles 937644876 434716771 236941544
% 100.00| 108.12 100.00| 101.11 100.00| 99.94
+% 1.18 0.07 0.14 0.14 11.36 8.10
Instructionfetchstalls | 15767832 13236768 16400467
% 100.00| 160.43 100.00| 166.02 100.00| 122.41
+% 41.33 1.37 2.21 2.46 83.34| 58.54
Datareads 221033626 62746891 21215154
% 100.00| 103.81 100.00| 97.01 100.00| 100.08
+% 0.00 0.00 0.00 0.01 0.00 0.00
Datareadmisses 9887470 3092349 1247393
% 100.00| 114.57 100.00| 93.95 100.00| 92.27
+% 0.21 0.11 0.08 0.26 1.08| 20.29
SFARC instructions 780587970 332842011 137192464
% TOTAL 100.00| 104.50 100.00| 100.47 100.00| 99.99
add 12.85| 13.99 5.48 5.46 9.50 9.48
jmpl 7.01 7.76 5.03 5.02 7.34 7.34
or 2.66 2.66 8.04 9.01 8.29 8.50
sethi 2.28 2.27 6.10 6.10 12.91| 12.73
sll 10.45| 11.03 1.38 1.38 1.11 1.11
sub 2.43 2.85 1.82 1.82 0.49 0.49
subcc 4.24 4.21 9.32 9.31 9.76 9.48
be 2.78 2.67 3.18 3.16 2.08 2.07
Idub 10.47| 11.07 0.08 0.08 0.16 0.16
Iduw 16.08| 16.55 17.49| 16.91 14.96| 14.97
stw 9.38| 10.10 7.13 7.15 8.48 8.65

(Interval confidencas 90%)
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5 RELATED WORK

Budimlic andKennedy[1997] describea bytecode-to-bytecodaptimizationapproach
very similarto ours. They recover andoptimizean SSA-basedepresentationf eachclass
file, muchaswe do, performingdeadcodeeliminationand constanfpropagatioron the
SSA localoptimizationsonthecontrolflow graph(local CSE,copy propagationand‘reg-
ister” allocationof locals),followed by peepholeoptimization. They do nothinglike our
PREover accespathexpressionsTheir performanceesultsaresimilar to ours,shaving
significantimprovementdor JDK andJIT execution.In addition,they considetthe effects
of two new interprocedurabptimizations:objectinlining and codeduplication Similar
in somerespectdo the cloning andinlining approachesostprominentlydemonstrated
in Self [Chambersand Ungar 1989; Chamberset al. 1989; Chambersand Ungar 1990;
1991; Chambersl992], theseoptimizationsyield factorsof two to five in performance
improvement.Suchresultsareconsistentvith thatearlierwork on optimizationsor Self.

CierniakandLi [1997] describeanothersimilar approachto optimizationfrom Java
classfiles, involving recovery of sufficient high-level programstructureto enableessen-
tially source-lgel transformationsf datalayoutsto improve memoryhierarchyutilization
for a particulartarget machine. Their resultsare also corvincing, with performancem-
provementdn aJIT environmentof up to afactorof two.

Our readingof CierniakandLi [1997] andBudimlic andKennedy{1997]is unableto
determindo whatextentthey respectlaza’s preciseexceptionsemanticgndits constraints
on codemotion. Still, bothof theseprior efforts aremuchmoreaggressie thanusin the
transformationshey arewilling to apply We hopethat TBAA-basedPREfor accessx-
pressionsvill produceresultsasspectaculaastheirswhencombinedvith moreaggressie

interprocedurahnalysessuchasthey describe.
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Addedevidencefor thiscomesrom Diwanetal. [1998]in theirwork with elimination
of commonacces&xpressiongor Modula-3.Theirresultsindicatethataccesseareoften
only partially-redundanacros<alls,while their optimizeronly eliminatedully redundant
accesgxpressionsOf course pur PRE-basedpproacteliminategartialredundancieby
definition. Diwan’s resultsfor eliminationof fully redundanaccessewithoutinterproce-

duralanalysisarebroadlyconsistentvith ours.
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6 CONCLUSIONSAND FUTUREWORK

Our resultsreveal the promiseof optimizationof Java classesndependentlyof the
source-codeompilerandthe runtime executionengine. In particular we have demon-
stratedsubstantialmprovementdbasedon PREover accespathexpressionsyith some-
times dramaticreductionsin memoryaccesses.Applying interprocedurabnalysesand
optimizationsshouldyield evenmoresignificantgainsasthe context for PREis expanded
acrosgrocedurdoundariesespeciallysinceJava programmingstyle promoteghe useof
mary smallmethods~vhoseintraproceduratontext is severelylimited.

We alsoplanto exploretheimpactof Java’s preciseexceptionmodelandtheassociated
constraintson codemotion. Relaxingthe constraintanay provide moreopportunitiesor
optimization.If thatis so,thena strongargumentcanbe madethatthe preciseexception
modelunnecessarilyestrictsoptimizersfrom obtainingusefulperformancemprovements
for Java.

Theimplementatiorof furtheranalysesandoptimizationgo BLOAT is underway and
we expectto make thetool publicly availableassoonasit becomestable. Oneapplica-
tion domainwe are now focusingon is analysisand optimizationof Java programsin a
persistenernvironment[Atkinson etal. 1996]. The structureacces®ptimizationswve have
explored hereshouldprove particularly fruitful in a persistentsetting, whereloadsand
storescarry additionalsemanticsactingnot just on virtual memory but alsoon persistent

storagdCuttsandHosking1997].
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