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ABSTRACT

Nystrom,NathanielJohn.M.S.,PurdueUniversity, August1998.Bytecode-Level Analy-
sisandOptimizationof JavaClasses.Major Professor:Antony Hosking.

TheJava virtual machinespecificationprovidesthe interfacebetweenJava compilers

andJava executionenvironments.Its standardclassfile format is a convenienttarget for

optimizationof Java applications,even in environmentswheresourcecodefor both li-

brariesandapplicationis unavailable. Java bytecodecanbe optimizedindependentlyof

the source-languagecompiler and virtual machineimplementation. To explore the po-

tential of bytecode-to-bytecodeoptimizationframeworks, we have built a Java classfile

optimizationtool calledBLOAT andmeasuredits impacton the performanceof several

benchmarkprograms.Ourresultsdemonstratesignificantimprovementin theexecutionof

Java classesoptimizedby BLOAT, especiallyon an interpretedvirtual machine,but indi-

catethatmoreaggressiveoptimizations,particularlythoseenabledby interproceduralanal-

ysiswill providemorebenefit.Wealsoconsiderexecutionin moreperformance-conscious

environmentssuchasjust-in-timeandoff-line compilation.
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1 INTRODUCTION

TheJavaTM virtual machine(VM) specification[Lindholm andYellin 1996]is intended

astheinterfacebetweenJavacompilersandJavaexecutionenvironments.Itsstandardclass

file formatandinstructionsetpermitmultiplecompilersto interoperatewith multipleVM

implementations,enablingcross-platformdelivery of applications.Conformingclassfiles

generatedbyanycompilerwill runin anyJavaVM implementation,nomatterif thatimple-

mentationinterpretsbytecodes,performsdynamic“just-in-time” (JIT) translationto native

code,or precompilesJava classfiles to native objectfiles. As the only constantin a sea

of Java compilersandvirtual machines,targetingtheJavaclassfiles for analysisandopti-

mizationhasseveraladvantages.First,programimprovementsaccrueevenin theabsence

of sourcecode,andindependentlyof thecompilerandVM implementation.Second,Java

classfiles retainenoughhigh-level type informationto enablemany recently-developed

type-basedanalysesandoptimizationsfor object-orientedlanguages.Finally, analyzing

andoptimizingbytecodecanbeperformedoff-line, permittingJIT compilersto focuson

fastcodegenerationratherthanexpensive analysis,while alsoexposingopportunitiesfor

fastlow-level JIT optimizations.

1.1 Optimizationframework

To explore thepotentialof bytecodeoptimizationwe have implementeda framework

for analysisandoptimizationof standardJavaclassfiles. Weusethisframework to evaluate

bytecode-level partial redundancy elimination(PRE)[Morel andRenvoise1979]of both

arithmeticexpressionsandaccesspathexpressions[LarusandHilfinger 1988]andthecon-

sequentimpactof theseoptimizationson executionin threeexecutionenvironments:the

interpretedVM of thestandardJavaDevelopmentKit, theSolaris2.6SPARC JIT, andthe
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Tobasystemfor translatingJavaclassesinto C [Proebstingetal. 1997].PREautomatically

removesglobal commonsubexpressionsandmovesinvariantcomputationsout of loops.

While PRE over arithmeticexpressionsis certainlyvaluable,PRE over accesspathex-

pressionshassignificantpotentialfor further improvementssinceit eliminatesredundant

memoryreferences,which areoftenthesourceof largeperformancepenaltiesincurredin

thememorysubsystemof modernarchitectures.

1.2 Measurements

Wehavemeasuredboththestaticanddynamicimpactof bytecode-level PREoptimiza-

tion for asetof Javabenchmarkapplications,includingstaticcodesize,bytecodeexecution

counts,native-instructionexecutioncounts,andelapsedtime. Theresultsdemonstrategen-

eral improvementon all measuresfor all executionenvironments,althoughsomeindivid-

ualbenchmarksseeperformancedegradationin specificenvironments.Naturally, absolute

improvementsaremoredramaticfor executionenvironmentsthat areableto exploit the

bytecode-level transformationsperformedby PRE.In particular, substitutionof cheaper

bytecodesfor moreexpensiveequivalentsandeliminationof arrayload,getstatic,andget-

field bytecodesthroughPREof accesspathexpressionshasbiggestimpactin environments

wherethebytecodesareinterpreted.

1.3 Overview

The restof this thesisis organizedasfollows. In Chapter2 we introducesomedef-

initions anddescribethe static singleassignment(SSA) programrepresentation,partial

redundancy elimination(PRE),andtype-basedaliasanalysis(TBAA). Chapter3 describes

the basicframework for bytecode-to-bytecodeanalysisandoptimizationand the imple-

mentationof the analysesandoptimizationsintroducedearlierfor Java bytecode.Chap-

ter 4 outlinesthe experimentalmethodologywe usedto evaluatethe impactof BLOAT’s

optimizations,followedby presentationof theresultsof thoseexperiments.We conclude

with adiscussionof relatedwork anddirectionsfor futurework.



3

2 BACKGROUND

2.1 Controlflow graphs

Theinstructionsof a programcanbedividedinto a setof basicblocks, wheretheflow

of control entersa block only at its first instructionandexits only at its last instruction.

A control flow graph (CFG) is a directedgraphwherethe nodesarethe basicblocksof

theprogramandtheedgesrepresentbranchesfrom oneblock to another. Thegraphalso

containstwo additionalnodes:anentrynodeandanexit node.Thereis anedgefrom entry

nodeto any blockatwhichtheprogramcanbeentered,andthereis anedgefrom any block

at which theprogramcanbeexited to theexit node. To representthepossibility that the

programis not run, thereis an additionaledgefrom the entry nodeto the exit node. A

programandits correspondingcontrol flow graphareshown in Figure2.1. For node,x,

Succ
�
x� is thesetof all successorsof x; that is, 	 y 
 � x � y� is anedge� . Pred

�
x� is theset

of all predecessorsof x.

2.1.1 Dominators

We sayx dominatesy, written x 
 y [PurdomandMoore1972;LengauerandTarjan

1979], if all pathsfrom the entry nodeto y containx. We sayx strictly dominatesy, or

x � y, if x dominatesy andx �� y. The immediatedominatorof x, denotedidom
�
x� , is the

closeststrict dominatorof x; thatis thestrict dominatorthatis not dominatedby any other

dominatorof x. Theentrynodehasno immediatedominator. All othernodeshaveasingle

immediatedominator. Wecanthusdefinethedominatortreeasthetreerootedat theentry

nodewherethe parentof a nodeis its immediatedominator. We denotethe childrenof

nodex in the dominatortreeby DomChildren
�
x� . Figure2.1cshows the dominatortree
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a � 1

while � a � 10� do
a � a � 1
f � a�

return g � a�

(a)A program

if (a � 10)

returng � a� a � a � 1
f � a�

Exit

a � 1

Entry

false true

(b) Its controlflow graph

Entry

Exit a � 1

if (a � 10)

returng � a� a � a � 1
f � a�

(c) Its dominatortree

Figure2.1: An exampleprogram

for theCFGin Figure2.1b. For a CFGwith V nodesandE edges,thedominatortreecan

be constructedin O
�
Eα

�
E � V ��� time usingthe algorithmof LengauerandTarjan[1979],

whereα is theinverseof Ackermann’s function[Ackermann1928].

2.1.2 Loops

Transformationsthat move conditionallyexecutedcodearesafeonly if thatcodeex-

ecutesunderexactly thesameconditionsafter the transformation.Thus,transformations

thathoist loop-invariantcodeof certainloopsmustmove it to a positionwhereit will be

executedonly if theloopis executed.Certainlooptransformationsrestructureprogramsto

providesafeplacesto hoistcode.Theserequirefirst thattheloopsin thecontrolflow graph

be identified. A loop is a stronglyconnectedcomponentof theCFG.The loop headeris

theblock within the loop thatdominatesall otherblocksin the loop. Many loop transfor-

mationsapply only to loopsthat arereducible. A loop is saidto be reducibleif its only

entryis attheloopheader. Havlak [1997]presentsanalgorithmthatidentifiesloopheaders

andclassifiesthemaseitherreducibleor irreducible.
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if (c)

X
a � b

Y

Z

(a)Original loop

if (c)

Z

Empty

X
a � b

Y
if (c)

(b) Loop inversion

if (c)

X
a � b

Y

if (c)

X
a � b

Y

Z

(c) Looppeeling

Figure2.2: Loop transformations

Loop inversion

Loop inversion[Wolfe 1996;Muchnick1997]is a transformationthatprovidesaplace

to insertcodeabove a loop so that thecodeexecutesonly if the loop is executedat least

once.Intuitively, thetransformationamountsto convertingawhile loop into ado-while or

repeat loop. For example,in theprogramin Figure2.2awe wish to hoist theexpression

a � b out of the loop. However, theprogramonly evaluatesa � b if the loop is enteredat

leastonce,so it cannotsimply bemovedout of the loop. Invertingthe loop producesthe

programin Figure2.2bin whicha � b canbesafelyhoistedinto theemptypreheaderblock.

Loop inversionrequiresa uniqueloop entrypoint andthuscannotbeusedon irreducible

loops.

Looppeeling

If the expressionfor hoisting out of the loop hasside effects we can only evaluate

the expressionin the samecontext in which it originally occurred. For example,if the

expressionmight throw an exceptionwe must guaranteethat any other expressionthat

couldalsothrow anexceptionis evaluatedfirst. Loop peeling[Wolfe 1996]pulls out the

first iterationof the loop by copying the loop body andfixing up the edgesin the new
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a

a �a �

(a)A program

a3 � φ � a1 � a2 �

a1 � a2 �

a3

(b) Its SSAform

Figure2.3: A programandits SSAform

control flow graph. To fix the edges,the copiedbackedgesare replacedwith edgesto

the original loop headerandedgesfrom outsidethe loop aremadeto point to the new

loop header. Figure2.2cdemonstratespeelingof the loop in Figure2.2a.Like inversion,

peelingcannotbeusedonirreducibleloops.Peelingsubsumesloopinversion,but canlead

to exponentialgrowth in thesizeof theprogram.Thus,in practiceonly theinnermostloops

of a programarepeeledsincethey arethemostfrequentlyexecuted.We canalsorestrict

the transformationto only peelloopswhich containcodethathassideeffectsandcanbe

hoisted.

2.2 Staticsingleassignmentform

Staticsingleassignment(SSA)is a programrepresentationusefulfor performingopti-

mizations[Cytronetal.1991].SSAprovidesacompactrepresentationof theuse-definition

relationshipsamongprogramvariables.In SSAform,eachuseof avariablein theprogram

hasonly onedefinition. To distinguishbetweenthedefinitionsof a variablev, we usethe

SSAnamefor thevariable,denotedwith a subscript,e.g.vi . If multipledefinitionsreacha

use,a specialdefinitionnode,calleda φ-function,is insertedat thepoint in theprogram’s

controlflow graphwherethevaluesmerge.Theφ-nodehasoperandsfor eachpathinto the

mergepoint andservesasa definitionfor any usesdominatedby themergepoint. For ex-

ample,in Figure2.3,weseeasimpleprogramandits SSAform. Efficientglobaloptimiza-

tionscanbeconstructedbasedonthis form, includingdeadstoreelimination[Cytronetal.

1991],constantpropagation[WegmanandZadeck1991],valuenumbering[Alpern et al.

1988;Rosenet al. 1988;CooperandSimpson1995;Simpson1996;Briggset al. 1997],
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inductionvariableanalysis[Gerleketal. 1995]andglobalcodemotion[Click 1995].Opti-

mizationalgorithmsbasedonSSAall exploit its sparserepresentationfor improvedspeed

andsimplercodingof combinedlocalandglobaloptimizations.

2.2.1 Construction

TheSSAconstructionalgorithmconsistsof two phases:

1. Insertφ-nodesat thecontrolflow mergepoints.

2. Transformthe programto uniquely identify the definition of eachvariableoccur-

rence.

To help identify thepointsin theCFGwherecontrolflow pathsmerge,we definethe

dominancefrontier [Cytronetal. 1991]of anodex as

DF
�
x� � 	 z 
�� y1 � y2  Pred

�
z� suchthatx 
 y1 ! x �
 y2 �

that is, z is in DF
�
x� if x dominatessome,but not all, predecessorsof z. Thedominance

frontierof anodecanbefoundin O
�
E � V2 � timeusingthealgorithmin Figure2.4[Cytron

etal. 1991]. In practice,thisalgorithmis usuallylinear. Thedominancefrontierof asetof

nodesS is

DF
�
S� �#"

x $ S

DF
�
x�&%

The iterateddominancefrontier of S, denotedDF � � S� [Cytron et al. 1991],is thelimit of

thesequence

X1
� DF

�
S�

Xi � 1
� DF

�
Xi ' S�

DF � � S� is oftencomputedusingtheworklist drivenalgorithmin Figure2.5[Cytronet al.

1991].

Minimal SSA form [Cytron et al. 1991] placesa φ for a variableat the beginning of

eachblock in theiterateddominancefrontierof thesetof blockscontainingadefinitionof

thevariable.Thisplacementmayintroducesomeunnecessaryφ-nodes.If aφ for avariable
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input:
A CFG,G ()� V * E � , with entrynode,entry

output:
DF � x� for all x + V

do
computeDF� entry�

with
procedurecomputeDF� x� begin

DF � x�,� /0

for eachy + Succ� x� do
if � idom� y�.-( x� then

DF � x�/� DF 021 y 3
for eachz + DomChildren� x� do

computeDF� z�
for eachy + DF � z� do

if � idom� y�.-( x� then
DF � x�/� DF � x�4051 y 3

Figure2.4: ComputingDF
�
x�

input:
A CFG,G ()� V * E � , with entrynode,entry
DF � x� for all x + V
A setof nodes,S 6 V

output:
Output:DF 78� S�

worklist � S
inWorklist � S

while � worklist -( /0 � do
selectanddeletea nodex from worklist

for eachy + DF � x� do
DF 7 � S�,� DF 7 � S�9021 y 3
if � y -+ inWorklist� then

inWorklist � inWorklist 051 y 3
worklist � worklist 051 y 3

Figure2.5: ComputingDF � � S�
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input:
A CFG,G (:� V * E �

output:
NonLocals, thesetof non-localvariablesin G

NonLocals� /0

for eachblockb + V do
Killed � /0

for eachinstruction,v � x ; y, in b do
if � x + Killed � then

NonLocals� NonLocals051 x 3
if � y + Killed � then

NonLocals� NonLocals051 y 3
Killed � Killed 021 v 3

Figure2.6: Detectingnon-localvariables

is placedoutsidethelive rangeof a variable,it will not beusedby any realoccurrenceof

thevariableandcanbeeliminated.PrunedSSAform [Cytron et al. 1991]only placesφ-

nodesfor avariablewithin thevariable’s liverange,but it requiresthatlivenessanalysisbe

performedfirst. A variationonthiswhichdoesnotrequirelivenessanalysisis semi-pruned

form [Briggsetal. 1997].This form insertsφ-nodesonly for variablesthatarelivein more

thanonebasicblock, thusignoringmany short-livedtemporaries.Suchvariablescanbe

detectedwith thealgorithmin Figure2.6 [Briggs et al. 1997]. Theφ placementalgorithm

canthensimply ignoreany variablesnot in theNonLocalset.

After φ-nodesare inserted,SSA constructionproceedsto transformthe programso

that eachvariablehasthe single-assignmentproperty. To distinguishbetweendifferent

definitionsof eachvariable,theSSAconstructionalgorithmof Cytronetal. [1991]assigns

a versionnumberto eachoccurrenceof the variable. If two occurrenceshave the same

versionnumberthey sharethesamedefinition.WepresenttheSSArenamingalgorithmin

Figure2.7.Wedenoteanoccurrenceof variablev by < v= . Thealgorithmprocessesvariable

occurrencesin a pre-ordertraversalof thedominatortree.Thecurrentversionnumberfor

eachvariableis maintainedusinga stack.At anassignmentor a φ-node,thedefinition is

assigneda new versionandthe versionnumberis pushedonto the stack. At a useof a

variabletheversionnumberis fetchedfrom thetop of thestack.After processinga basic
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input:
A CFG,G, afterφ-nodesareplaced

output:
TheSSAform of G

do
for eachvariablev do

Stack � v�>� /0
Counter� v�>� 1

renameBlock � entry�
with

procedure renameBlock � block� begin
for eachvariablev do

TopOfStack � v�/� top� Stack � v���
for eachφ-node, ? v@/� φ �BACA�AD� , in block do

Version��? v@C�/� Counter� v�
pushCounter� v� ontoStack � v�
Counter� v�/� Counter� v�E� 1

for eachinstruction, ? v@/�F? x@E;G? y@ , in block do
Version��? x@C�/� top� Stack � x���
Version��? y@C�/� top� Stack � y���
Version��? v@C�/� Counter� v�
pushCounter� v� ontoStack � v�
Counter� v�/� Counter� v�E� 1

for eachsucc + Succ� block� do
for eachφ-node, ? v@/� φ ��A�ACAH� , in succdo? v@/� theblock-operandof φ ��A�ACA �

Version��? v@��/� top� Stack � v�C�
for eachchild + DomChildren� block� do

renameBlock � child �
for eachvariablev do

popStack � v� until top� Stack � v���/( TopOfStack � v�

Figure2.7: SSArenaming
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a1 �

a2 � φ � a1 � a3 �
a3 � a2 � 1

returna2

critical

returna2

a2 � a1

a1 �

a3 � a2 � 1
a2 � a3

a2 � a1

a1 �

a3 � a2 � 1

returna2 a2 � a3

(a)A programwith a
critical edge

(b) Incorrectφ
replacementwithout

splittingcritical edges

(c) Correctφ replacement
with splittingcritical edges

Figure2.8: φ replacementwith critical edges

block the stackis popped,so that its siblings in the dominatortreecanusethe version

numberslive at the endof the parentblock. Stoltz et al. [1994] introducethe factored

use-def(FUD) chainrepresentation,in which eachuseof a variablehasa pointerback

to its definition. This representationis morespaceefficient thanversionnumbering.The

constructionof FUD chainsis nearlyidenticalto traditionalSSAconstruction

2.2.2 Destruction

To translatefrom SSA form back into real codeφ-nodesmust be removed. A φ is

removedby placingcopy statementsin thepredecessorsof theblock containingtheφ. To

ensurethat thereis a safeplaceto insertthecopiescritical edges in theflow graphmust

first be removed. A critical edgeis an edgefrom a block with morethanonesuccessor

to a block with morethanonepredecessor. A critical edgecanbe removed by splitting

it; that is, by placingan emptyblock alongthe edge. In Figure2.8awe seean example

programwith a critical edge.If theedgeis not split beforeφ replacement,theprogramin

Figure2.8bresults. Note that the incorrectvalueof a2 is returnedbecausea2 I a3 was

evaluatedbeforetheloopexited. In Figure2.8cthecopiesareinsertedcorrectly.

Sinceoptimizationspotentiallymovecode,wecannotassumethattherenamedvariable

vi mapsbackto its original namev. Again usingtheexampleprogramin Figure2.8b,we

seethat the live rangeof a2 overlapsthat of a3. Therefore,a2 anda3 mustbe assigned
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a � b

a � b

b �b � a �a �

(a)BeforePRE

t � a � bt � a � b

t

b �a � a �
b �

(b) After PRE

Figure2.9: Exampleof PRE

differentnamesduringcodegeneration.A graphcoloringalgorithm[Chaitin1982]canbe

usedto assignanew nameto eachversionof thevariablesin theprogram.

2.3 Partial redundancy elimination

Partial redundancy elimination(PRE)[Morel andRenvoise1979]is a powerful global

optimizationtechniquethatsubsumesthemorestandardcommonsubexpressionelimina-

tion (CSE).Unlike CSE,PREeliminatescomputationsthat areonly partially redundant;

thatis, redundantonsome,but notall, pathsto somelaterreevaluation.By insertingevalu-

ationson thosepathswherethecomputationdoesnotoccur, thelaterreevaluationis made

fully redundantandcanbeeliminatedandreplacedinsteadwith a useof theprecomputed

value.This is illustratedin Figure2.9. In Figure2.9a,botha andb areavailablealongboth

pathsto the merge point, whereexpressiona � b is evaluated.However, this evaluation

is partially redundantsincea � b is availableon onepathto the merge but not both. By

hoistingthesecondevaluationof a � b into thepathwhereit wasnot originally available,

asin Figure2.9b,a � b needonly beevaluatedoncealongany paththroughtheprogram,

ratherthantwiceasbefore.

2.3.1 SSAPRE

Prior to the work of Chow et al. [1997], PRElacked an SSA-basedformulation. As

such,optimizersthat usedSSA wereforcedto convert to a bit-vectorrepresentationfor
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PREandbackto SSA for subsequentSSA-basedoptimizations. Chow et al. [1997] re-

moved this impedimentwith an approach(SSAPRE)that retainsthe SSA representation

throughoutPRE.For aprogramwith n lexically-distinctexpressions,SSAPRE’s total time

is O
�
n
�
E � V ��� .

Thealgorithmmakesseparatepassesover theprogramfor eachlexically-distinct,first-

orderexpression.An expressionis first-order if all of its subexpressionshave no subex-

pressionsandno sideeffects. All subexpressionsof a first-orderexpressionarethuslocal

variablesor constants.Thealgorithmassumesthateachoccurrenceof theexpressionwill

besavedto or reloadedfrom a temporaryt. Partially redundantoccurrencesof theexpres-

sionareeliminatedwhile simultaneouslyconstructingtheSSAform for t. Thealgorithm

insertsφ-nodesfor eachexpressionon which it is performingPRE.Theseφ-nodesarede-

notedΦ to distinguishthemfrom theφ-nodesfor local variablesin theprogram.Codeis

hoistedinto non-redundantpathsby insertingcodeatthepredecessorsof blockscontaining

Φ-nodes.We presenta summaryof thealgorithm.For furtherdetails,consultChow et al.

[1997].

1. For eachlexically-distinct,first-orderexpressionin theprogram,inserta list of the

occurrencesof thatexpression,sortedby their pre-orderpositionsin theCFG,onto

aworklist.

2. If theworklist is empty, stop. Otherwise,selectandremove from theworklist a list

of occurrences,sayfor theexpressionE.

3. PlaceΦ-nodesfor E. Sincewe cannotimmediatelydetermineif an occurrenceof

E is reloadedfrom or savedto thetemporaryt, we assumethatall occurrenceswill

besavedto t andthusinsertΦ-nodesat theiterateddominancefrontier of thesetof

blockscontainingoccurrencesof E.

4. Build theSSAform for theoccurrencesof E. We markwith a versionnumbereach

occurrence,includingΦ-nodesandtheiroperands,sothatif twooccurrenceshavethe

sameversionnumber, they evaluateto thesamevalue.Therenamingstepis similar

to theSSArenamingsteppresentedin Section2.2in thatit processesoccurrencesof
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theexpressionin a pre-ordertraversalof thedominatortree,saving versionsof the

occurrencesontoa renamingstack.A new versionof theexpressionis createdand

pushedontothestackwhenanoccurrenceis encounteredwhoselocalvariableshave

differentSSAversionsthanthoseof theexpressionon topof therenamingstack.

5. Determinewhich Φ-nodesaredownsafe; that is, the Φ-nodesthat will be usedat

leastonceonall pathsfrom theΦ-nodeto theexit node.

6. Determineat which Φ-nodesthe expressionwill be availableafter codeinsertions

areperformed.Codecanbeinsertedsafelyonly at theendof thepredecessorblocks

of theseΦ-nodes.Codewill be insertedin a predecessorif theΦ will beavailable

andif thereis nooccurrencewith thesameversionastheΦ-operandthatdominates

thepredecessor.

7. Determinewhichoccurrencesof E shouldbesavedto atemporaryandwhichshould

bereloaded.DetermineatwhichΦ-operandscodeshouldbeinsertedto evaluatethe

expressiononnon-redundantpaths.

8. Performthe codemotion. If an occurrenceof E is replacedby a temporaryt and

theparentof t is now a first-orderexpression,inserta list of theoccurrencesof the

parentinto theworklist.

9. Gotostep2.

2.4 Otheroptimizations

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

codeelimination[Cytronetal. 1991],constantpropagation[Aho etal. 1986;Wegmanand

Zadeck1991;Wolfe1996],valuenumbering[Alpernetal.1988;Rosenetal.1988;Cooper

andSimpson1995;Simpson1996;Briggsetal. 1997],andconstantfolding andalgebraic

simplification[Aho etal. 1986;Simpson1996].OptimizationalgorithmsbasedonSSAall

exploit its sparserepresentationfor improvedspeedandsimplercodingof combinedlocal

andglobaloptimizations.
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Constantpropagation[Aho et al. 1986; WegmanandZadeck1991; Wolfe 1996] re-

placesusesof a variabledefinedby a constant,saya I 1, with the constantexpression,

in this case1. Copy propagation[Aho et al. 1986] replacesusesof a variabledefined

by anothervariable,saya I b, with the sourcevariable. After propagation,the original

assignmentcanbe eliminated. In SSA form, theseoptimizationsaresimply a matterof

replacingall variableswith thesameversionwith theright handsideof theassignment.

Constantpropagationcanenableotheroptimizationssuchasconstantfolding, which

replacesanarithmeticexpressionwith constantoperands,say1 � 2, with its value,in this

case3. Constantfolding can also fold a conditionalbranch,suchas if 0 J 1, into an

unconditionalbranch,potentiallymakingcodeunreachableandsubjectto elimination.Al-

gebraicsimplificationtakesadvantageof algebraicidentities,suchasa � 0 � a, to replace

arithmeticexpressionswith simplerexpressions.Bothconstantfolding andalgebraicsim-

plification can be combinedwith value numberingfor betterresults. Value numbering

mapseachexpressionin aprogramto anumbersuchthatif two expressionshavethesame

numberthey musthave thesamevalue.An expressioncanthenbeconsideredconstantif

it hasthesamevaluenumberasaconstantandif it hasnosideeffects.

Deadcodeelimination[Cytronetal. 1991]eliminatescodewhichis eitherunreachable

or hasnoeffectontheprogram’sbehavior. ThestandardSSA-baseddeadcodeelimination

algorithmfirst marksasliveany expressionwith a sideeffect. Any definitionof avariable

usedin a liveexpressionandany codewhichcouldaffect thereachabilityof a liveexpres-

sion is alsomarked live, andso on, recursively. Any expressionsnot marked live canbe

eliminatedfrom theprogram.

2.5 Typebasedaliasanalysis

An accesspath[LarusandHilfinger 1988;Diwanetal. 1998]is anon-emptysequence

of memoryreferences,asspecifiedby somepointerexpressionin thesourceprogram,for

example,the Java expressiona % b K i L % c. Traversingthe accesspath requiressuccessively

loadingthe pointerat eachmemorylocationalongthe pathandtraversingit to the next

locationin thesequence.Sincetherecouldexist morethanonepointerto thesameobject,
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a M b N i OPM c

xM b �aM b N i ODM c aM b N i ODM ca �
a �

(a)BeforePRE

t � a M b N i OPM c

t

x M b �t � aM b N i ODM ca �
a �

(b) After PRE

Figure2.10:PREfor accesspaths

beforeeliminatingredundantaccesspathexpressions,onemustfirst disambiguatememory

referencessufficiently to beableto safelyassumethatnomemorylocationalongtheaccess

pathcanbealiased,andsomodified,by somelexically distinctaccesspathin theprogram.

Considerthe examplein Figure2.10. The expressiona % b K i L % c will be redundantat some

subsequentreevaluationsolongasnostoretoany of a, a % b, i, a % b K i L , ora % b K i L % coccursonthe

codepathbetweenthefirst evaluationof theexpressionandthesecond.In otherwords,if

therearepotentialaliasesto any of thelocationsalongtheaccesspaththroughwhichthose

locationsmaybemodifiedbetweenthefirst andsecondevaluationof theexpression,then

thatsecondexpressioncannotbeconsideredredundant.In theexample,x % b mightaliasthe

samelocationasa % b, sowe cannotreusea % b alongtheright edgesincetheassignmentto

x % b couldchangethevalueof a % b. If furtheranalysisprovedthatx % b did not aliasthesame

locationasa % b, thenwecouldperformPREto arriveat theprogramin Figure2.10b.

2.5.1 Terminologyandnotation

The following definitionsparaphrasethe Java specification[Goslinget al. 1996]. An

object in Java is eithera classinstanceor anarray. Referencevaluesin Java arepointers

to theseobjects,as well as the null reference. Both objectsand arraysare createdby

expressionsthat allocateandinitialize storagefor them. The operatorson referencesto

objectsarefield access,methodinvocation,casts,typecomparison(instanceof), equality

operatorsandtheconditionaloperator. Theremaybemany referencesto thesameobject.

Objectshave mutablestate,storedin the variablefieldsof classinstancesor thevariable

elementsof arrays.Two variablesmayreferto thesameobject: thestateof theobjectcan
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Table2.1: Accessexpressions

Notation Name Variableaccessed

p % f Fieldaccess Field f of classinstanceto which p
refers

p K i L Array access Componentwith subscripti of array
to which p refers

bemodifiedthroughthereferencestoredin onevariableandthenthealteredstateobserved

throughtheother. Accessexpressionsreferto thevariablesthatcompriseanobject’sstate.

A field accessexpressionrefersto a field of someclassinstance,while an array access

expressionrefersto acomponentof anarray. Table2.1summarizesthetwo kindsof access

expressionsin Java. Without lossof generality, ournotationwill assumethatdistinctfields

within anobjecthavedifferentnames.

A variableisastoragelocationandhasanassociatedtype,sometimescalleditscompile-

time type. Given an accesspath p, thenthe compile-timetype of p, written Type
�
p� , is

simply the compile-timetype of the variableit accesses.A variablealways containsa

valuethat is assignmentcompatiblewith its type. A valueof compile-timeclasstypeS is

assignmentcompatiblewith classtype T if S andT arethesameclassor S is a subclass

of T. A similar rule holdsfor arrayvariables:a valueof compile-timearraytype SKHL is

assignmentcompatiblewith arraytypeT KHL if typeS is assignableto typeT. Interfacetypes

alsoyield ruleson assignability:an interfacetype S is assignableto an interfacetype T

only if T is thesameinterfaceasSor a superinterfaceof S; a classtypeS is assignableto

aninterfacetypeT if S implementsT. Finally, arraytypes,interfacetypesandclasstypes

areall assignableto classtypeObject.

For our purposeswe saythata typeS is a subtypeof a typeT if S is assignableto T.1

We write Subtypes
�
T � to denoteall subtypesof typeT. Thus,anaccesspathp canlegally

accessvariablesof typeSubtypes
�
Type

�
p��� .

1The term “subtype” is not usedat all in the official Java languagespecification[Gosling et al. 1996],

presumablyto avoid confusingthe typehierarchyinducedby the subtyperelationwith classandinterface

hierarchies.
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2.5.2 TBAA

Alias analysisrefinesthesetof possiblevariablesto which anaccesspathmayrefer.

Two distinctaccesspathsaresaidto bepossiblealiasesif they mayreferto thesamevari-

able.Withoutaliasanalysistheoptimizermustconservatively assumethatall accesspaths

arepossiblealiasesof eachother. In general,aliasanalysisin thepresenceof references

is slow and requiresthe codefor the entire programto work. Type-basedalias analy-

sis (TBAA) [Diwan et al. 1998] offers onepossibility for overcomingtheselimitations.

TBAA assumesatype-safeprogramminglanguagesuchasJava,sinceit usestypedeclara-

tionsto disambiguatereferences.It worksin lineartimeanddoesnotrequirethattheentire

programbeavailable.Rather, TBAA usesthetypesystemto disambiguatememoryrefer-

encesby refining the typeof variablesto which an accesspathmay refer. In a type-safe

languagesuchasJava,only type-compatibleaccesspathscanaliasthesamevariable.The

compile-timetypeof anaccesspathprovidesa simpleway to do this: two accesspathsp

andq maybealiasesonly if therelationTypeDecl
�
p � q� holds,asdefinedby

TypeDecl
�Q���

1 � ��� 2 �SR Subtypes
�
Type

�Q���
1 ���>T Subtypes

�
Type

�Q���
2 ��� �� /0

A moreprecisealiasanalysiswill distinguishaccessesto fieldsthatarethesametype

yetdistinct.Thismorepreciserelation,FieldTypeDecl
�
p � q� , is definedby inductiononthe

structureof p andq in Table2.2. Again, two accesspathsp andq maybealiasesonly if

the relationFieldTypeDecl
�
p � q� holds. It distinguishesaccessessuchast % f andt % g that

TypeDeclmisses.Thecasesin Table2.2determinethat:

1. Identicalaccesspathsarealwaysaliases

2. Two fieldaccessesmaybealiasesif they accessthesamefield of potentiallythesame

object

3. Array accessescannotaliasfield accesses

4. Two arrayaccessesmaybealiasesif they mayaccessthesamearray(thesubscript

is ignored)



19

Table2.2: FieldTypeDecl
�Q���

1 � ��� 2 �

Case
���

1
���

2 FieldTypeDecl
�����

1 � ��� 2 �
1 p p true
2 p % f q % g �

f � g � ! FieldTypeDecl
�
p � q�

3 p % f q K i L false
4 p K i L q K j L FieldTypeDecl

�
p � q�

5 p q TypeDecl
�
p � q�

5. All otherpairsof accessexpressionsarepossiblealiasesif they have commonsub-

types

2.5.3 Analyzingincompleteprograms

Java dynamicallylinks classeson demandasthey areneededduringexecution.More-

over, Javapermitsdynamicloadingof arbitrarynamedclassesthatarestaticallyunknown.

Also, codefor nativemethodscannoteasilybeanalyzed.To maintainclasscompatibility,

no classcanmake staticassumptionsaboutthecodethatimplementsanotherclass.Thus,

aliasanalysismustmake conservative assumptionsabouttheeffectsof staticallyunavail-

ablecode. Fortunately, both TypeDeclandFieldTypeDeclrequireonly the compile-time

typesof accessexpressionsto determinewhich of themmay be aliases.Thus, they are

applicableto compiledclassesin isolationandoptimizationsthatusethestaticaliasinfor-

mationthey derivewill not violatedynamicclasscompatibility.

Diwan et al. [1998] further refineTBAA for closedworld situations:thosein which

all thecodethatmight executein anapplicationis availablefor analysis.Therefinement

enumeratesall the assignmentsin a programto determinemoreaccuratelythe typesof

variablesto which a givenaccesspathmay refer. An accesspathof type T may yield a

referenceto an objectof a given subtypeS only if thereexist assignmentsof references

of typeS to variablesof typeT. UnlikeTypeDecl, which alwaysmergesthecompile-time

typeof anaccesspathwith all of its subtypes,Diwan’s closedworld refinementmergesa
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typeT with a subtypeSonly if thereis at leastoneassignmentof a referenceof typeS to

avariableof typeT somewherein thecode.

In general,Java’suseof dynamicloading,notto mentionthepossibilityof nativemeth-

odshidingassignmentsfrom theanalysis,precludessuchclosedworld analysis.Of course,

it is possibleto adopta closedworld modelfor Java if oneis preparedto restrictdynamic

classloadingonly to classesthatareknown statically, andto supportanalysis(by handor

automatically)of theeffectsof nativemethods.Notethataclosedworld modelmayrequire

re-analysisof theentireclosureif any oneclassis changedto includeanew assignment.
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3 THE ANALYZER

To explore the potentialof bytecode-to-bytecodeoptimizationframeworks we have

built a Java classfile optimizationtool calledBLOAT (Bytecode-Level Optimizationand

AnalysisTool). The analysisandoptimizationframework implementedin BLOAT uses

SSAform asthebasicintermediaterepresentation[Cytron et al. 1991;Stoltzet al. 1994;

Briggset al. 1997]. On this foundationwe have built severalstandardoptimizationssuch

asdead-codeeliminationandcopy/constantpropagation,andSSA-basedvaluenumbering

[Simpson1996],aswell astype-basedaliasanalysis[Diwanetal.1998]andtheSSA-based

algorithmfor partialredundancy eliminationof Chow etal. [1997].

3.1 Design

BLOAT is intendedto supportnot only bytecodeoptimizationbut also to provide a

platformon which to build otherJava classeditingtools. As such,a genericinterfacewas

constructedto edit classfiles. This interfacehasbeenusedasthebasisfor tools to insert

profiling code,to strip debugginginformationfrom classfiles,andto instrumentbytecode

with an extendedopcodesetto supportpersistence[Brahnmath1998]. While the initial

implementationrecognizesonly classfiles, we plan to addfacilities to edit classesfrom

any source,notablyclassesresidingwithin apersistentstore[CuttsandHosking1997].

3.1.1 Javaconstraintsonoptimization

TheJava virtual machinespecification[Lindholm andYellin 1996]enumeratesthere-

quirementsfor a Java classto besupportedportablyin multiple executionenvironments.

EachJava classis compiledinto a classfile. This classfile containsa descriptionof the
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namesand typesof the class’s fields and methods,the bytecodefor eachmethod,and

ancillaryinformation.A method’s bytecodeis executedwith anoperandstack.Thebyte-

codeconsistsof approximately200opcodesfor suchoperationsaspushingconstantson

thestack,loadingandsaving to localvariables,objectandarrayaccess,arithmetic,control

flow, andfor synchronizationandexceptionhandling.WhentheJavavirtual machineloads

aclasstheclassis passedthroughabytecodeverifierto ensurethatit conformsto structural

constraintsandthat thecodefor eachmethodis safe. We assumethat theclasseswe are

optimizingverify successfully.

Eachlocalvariableandstacktemporaryis typedanddifferentopcodesareusedto ma-

nipulatevaluesof differenttypes.Theprecisetypesof thevalueson thestackandin local

variablesarenot explicitly given, but canbe computedusinga simpledataflow analy-

sis over the lattice of object typesaugmentedwith primitive types. With oneexception,

the typesdependonly on theprogrampoint andnot on thepathtaken to thatpoint. This

exceptiondealswith verificationof the jsr and ret opcodesandis describedin detail in

Section3.2.3.

Java’s threadandexceptionmodelsimposeseveralconstraintson optimization.First,

exceptionsin Java areprecise: whenanexceptionis thrown all effectsof statementsprior

to thethrow-pointmustappearto havetakenplace,while theeffectsof statementsafterthe

throw-pointmustnot. This imposesa significantconstrainton code-motionoptimizations

suchasPRE,sincecodewith side-effects(includingpossibleexceptions)cannotbemoved

relative to codethatmaythrow anexception.1

Second,the threadmodelpreventsmovementof accessexpressionsacrosssynchro-

nizationpoints.Threadsactindependentlyon their own workingcopy of memoryandare

synchronizedwith the monitorenter andmonitorexit opcodes.Without interprocedural

control-flow analysiseverymethodinvocationrepresentsapossiblesynchronizationpoint,

sincethecallee,or a methodinvokedinsidethecallee,maybesynchronized.Thus,calls

1Of courseanoptimizingJava implementationcouldsimulatepreciseexceptions,evenwhile performing

unrestrictedcodehoisting,by arrangingto hideany suchspeculativeexecutionfrom theuser-visiblestateof

theJava program(seepage205of Goslingetal. [1996]).
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andsynchronizationpointsareplacesatwhichTBAA mustassumeall non-localvariables

maybemodified,eitherinsidethecall or throughtheactionsof otherthreads.Whenenter-

ing asynchronizedregion,theworkingcopy of memoryis reloadedfrom theJVM’smaster

copy. Whenexiting the region, the working copy is committedbackto the mastercopy.

Thesesemanticsallow movementof accessexpressionswithin a synchronizedregion but

force reevaluationof thoseexpressionswhenenteringandexiting the region. Common

accessexpressionscannotbeconsideredredundantacrossthesesynchronizationpoints.

3.1.2 Classeditinginterface

The classediting interfaceprovidesaccessto the methodsandfields of a Java class.

The interfaceis similar to the Java corereflectionAPI [JavaSoft1997], which provides

read-onlyaccessto thepublic interfaceof a class.We extendthe reflectionAPI to allow

accessto privateandprotectedmembers,accessto the bytecodeof methodsand to the

class’sconstantpool. Wealsoaddtheability to edit theseattributesandgeneratenew class

files incorporatingthechanges.

Whenthebytecodefor amethodis edited,it is first convertedinto a list of instructions

andbranchlabels. We representbranchtargetswith labelsratherthanoffsetsfrom the

branchinstructionto allow codetobemoreeasilyinsertedandremovedbetweenthebranch

andits target.Labelsarealsousedto keeptrackof theinstructionsprotectedby exception

handlers,and any line numberor local variabledebug information in the classfile. In

addition,similar opcodes,suchasthosefor pushingintegersstoredin local variablesonto

theoperandstack,2 areconsolidated.Whenchangesmadeto theclassarewritten out to a

classfile, branchesareresolvedandnew constantsareinsertedinto theclassfile’sconstant

pool if necessary.

3.1.3 Controlflow graphandexpressiontrees

Oncewe have convertedthe bytecodeinto a list of instructions,we canperformour

analysesandoptimizationson themethod.On top of thelist of instructionsandlabelswe

2iload, iload 0, iload 1, iload 2, iload 3.
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Figure3.1: Exceptionsandcritical edges

constructa control flow graph. An expressiontreeis createdfor eachbasicblock in the

graph,encapsulatingtheoperandstackbehavior for theblock.

The control flow graphis constructedwith a recursive depth-firsttraversalof the in-

structionlist, following branchesto their correspondingtargetswithin the list. Edgesare

alsoinsertedfrom theblockswithin andjustbeforeeachprotectedregion (i.e., try blocks)

to its exceptionhandler. This ensuresthat thedominancerelationholdscorrectlyfrom an

exceptionthrow-point to its handler, if any. We alsoremove critical edgesin thegraphby

insertingemptybasicblocksonsuchedges.Critical edgeremoval is requiredto providea

placeto insertcodeduringpartialredundancy eliminationandwhentranslatingbackfrom

SSAform. As shown in Figure3.1,theedgesinsertedfor exceptionhandlersareoftencriti-

caledges.Theseedgescannotbesplit withouthaving to createanew exceptionhandlerfor

eachsuchedge;insteadthey aregivenspecialtreatmentduringPREandSSAdestruction.

Theexpressiontreesareconstructedthroughasimulationof theoperandstack.To pre-

servetheevaluationorderof theoriginalbytecodeandto savethestackacrossbasicblocks,

we insertsavesandloadsof expressionsto stackvariables.Thesevariablesaretreatedjust
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aslocal variablesexceptthatbecauseof their effect on thestack,our optimizationsmust

bemorejudiciouswhenmoving or eliminatingthem.

Our expressiontreescontaintwo nodetypes:statementsandexpressions.Expressions

aretypedandcanbe nested.Statementscannotbe nestedandthuscanonly accessthe

operandstackbelow theincomingheightusingstackvariables.Thebytecodeverifier en-

suresthatfor all pathsto agivenpoint in theprogram,theoperandstackis thesameheight

andcontainsthesametypes.3 Therefore,by only inserting,removing, or relocatingstate-

mentnodeswhichdonotcontainstackvariables,wecanmaintainthispropertythroughout

our transformations.

3.2 Implementation

Mostof theanalysisandoptimizationpassesareperformedontheCFG;however, some

transformationsoperatedirectly on the instructionlist beforeCFGconstructionandafter

conversionback to an instructionlist. BLOAT implementsthe following analysesand

optimizations:

1. Array initializer compaction

2. CFGconstruction

3. Looppeeling

4. Loop inversion

5. SSAconstruction

6. Typeinferenceof locals

7. Valuenumbering

8. PREof arithmeticandaccesspathexpressions

9. Constant/copy propagation

10. Constantfolding andalgebraicsimplification

3Again,this is violatedby the jsr andret opcodes.
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11. Deadcodeelimination

12. Livenessanalysis

13. SSAdestruction

14. Bytecodegeneration

15. Peepholeoptimizations

3.2.1 Array initializer compaction

TheSunJDK compiler, javac, generatescodefor arrayinitializersusingastraight-line

sequenceof arraystores,asshown in Figure3.2.For classessuchasjava.lang.Character,

whichhavelargestaticarrays,thisarrayinitializationcodecanbetensor evenhundredsof

kilobytes.In JDK versionsprior to 1.1.5,many classesprovidedwith theJDK whichcon-

tainedsuchinitializers failed to passbytecodeverificationbecausethey violatedthe64K

limit on methodsize. BeforeCFG constructionwe translatesuchinitializers into a loop

whichfills thearrayfrom astringinsertedin theclass’sconstantpool. This transformation

eliminatestheunnecessarilylargebasicblocksfor suchcodeandsignificantlyreducesthe

time for lateranalysisof theseinitializers.

3.2.2 Loop transformations

After constructiontheCFG,we identify loopsusingHavlak [1997] andperformloop

peeling[Wolfe 1996]andloop inversion[Wolfe 1996;Muchnick1997] transformations.

We restrictpeelingto theinnermostloopsin theCFGto preventthepotentialexponential

growth in codesize. Inversionis performedon all other loops,providing a convenient

placeimmediatelyafter the loop iterationconditionis testedto hoist loop-invariantcode

out of the loop body. Codethat is loop-invariantanddoesnot throw exceptionscanbe

recognizedby PREandhoistedout of invertedloops. Loop-invariantcodewhich throws

exceptionswill bemaderedundantby loop peelingandcanthenbehoistedby PRE.The

loop transformationsareperformedbeforeSSA constructionso that we do not have to

maintainSSAform duringthetransformations.
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static int[] a = new int[] {
4, 3, 2, 1, 0

};

0 bipush 10 // pushthearraysize
2 newarray int // createthearray
4 dup // pushacopy of thearray
5 iconst_0 // index 0
6 bipush 4 // value4
8 iastore // storeinto thearray
9 dup // pushacopy of thearray

10 iconst_1 // index 1
11 bipush 3 // value3
13 iastore // storeinto thearray
14 dup // . . .
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_0
27 iastore
28 putstatic #5 // save thearrayin int a[]
31 return

(a) Javacode (b) Bytecode

Figure3.2: An arrayinitializer

3.2.3 SSAconstruction

After the control flow graphis constructedwe convert the local andstackvariables

to SSA form. 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

codeduringPREandtranslationbackfrom SSAform. To reducethenumberof φ-nodes

inserted,weconstructthesemi-prunedform of SSA[Briggsetal. 1997].

Exceptions

Performingoptimizationsin the presenceof exceptionhandlingrequiresthe control

flow graphbetransformedto indicatethepossibleeffectsof explicit andimplicit exception

throws [Hennessy1981]. If a variableis usedafteranexceptionis caughtat anexception
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handler, thevalueof thevariablecouldbeany of thevaluesof thevariablelivewithin the

protectedregion for thathandler. An exceptionhandlercould beenteredwith any of the

possiblelocal variablestatesthat occurwithin its protectedregion. Using standardSSA

form to factorthesevaluestogetherrequiresinsertingedgesin the CFG to the exception

handlerfrom beforeandafter eachstoreof a local variablewithin the protectedregion.4

In addition,if a new variableis introducedinto the program,sayto storethe valueof an

expressioneliminatedby PRE,thentheCFGmustbeadjustedto includeanedgebefore

andafter thestoreto thatvariable.Adding theseedgesresultsin basicblockscontaining

only astoreto avariable,which limits theeffectivenessof localoptimizations.

Ratherthan usetraditional SSA form, we extend SSA to include a specialφ-node,

whichwedenoteφc, to factorall valuesof avariablelivewithin theprotectedregion. These

φc-nodesareinsertedduringtheφ placementstepof SSAconstructionat thebeginningof

eachexceptionhandlerblock. During renaming,whena block in a protectedregion is

enteredor whena versionnumberis assignedto a variablewithin the protectedregion,

an operandwith that versionnumberis addedto the φc for the variableat the protected

region’s handler. For example,in Figure3.3, a1, a2, anda3 arelive within the protected

regionandtheirdefinitionsareusedto definetheoperandsof theφc in thehandler.

Whenφ-nodesarereplacedwith copiesbeforecodegeneration,for eachφc-operand,we

locatetheoperand’sdefinitionandinsertacopy from theoperandto theφc targetjustafter

thedefinition.Notethatif thedefinitionis above thetry blockwe couldpotentiallyhavea

longpathfrom thedefinitionto thebeginningof theprotectedregionwheretheφc targetis

not usedbut mustbelive. To alleviatethis problem,beforeSSAconstructionwe split the

live rangeof variablesenteringtheprotectedregion by insertingjust beforetheprotected

region copiesfrom eachvariabledefinedat that point to itself (e.g.,a I a). This forces

SSA to assigna new versionto the variableimmediatelybeforeenteringthe protected

regionandφc replacementwill laterinsertits copiesfor theseoperandsimmediatelybefore

theprotectedregion ratherthanhigherup in theCFG.

4Thevaluesof stackvariablesneednotbepropagatedalongtheseedgessincetheoperandstackis cleared

whenanexceptionis thrown.
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a1

a3 � φ � a2 � a1 �

a2 � a1

catch � x�a3

try

a4 � φc � a1 � a2 � a3 �

a1 �

Figure3.3: ExceptionsandSSA

Subroutines

Java compilerstranslatefinally blocks into method-localsubroutines[Gosling et al.

1996;Lindholm andYellin 1996]. Subroutinesareformedwith the jsr andret bytecodes.

The jsr bytecodepushesthe currentprogramcounter, a value of type returnAddress,

onto the operandstackandbranchesto the subroutine.The ret bytecodeloadsa saved

returnAddress from a local variableandresumescontrolat thatcodelocation.As shown

in theJavaprogramin Figure3.4,afinally blockcanbeenteredfrom severalplaceswithin

a method. Beforeevery instructionthat exits the try block, suchasa return or a throw

or simply falling off theend,a jsr to thefinally block is placed.To permitverificationof

this construct,the Java VM specificationallows any local variablethat is not referenced

betweenthe jsr and the correspondingret to retain its type acrossthe subroutine. The

consequenceof thisfor SSAis thattwo variableswith incompatibletypescouldbefactored

togetherwith a φ-nodeat the jsr targetandthenusedagainaftertheret.

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

inlining couldresultin a substantialgrowth in codesize.Ratherthaninlining, we modify
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try {
tryIt();

}
catch (Exception e) {

handleIt();
}
finally {

finishIt();
}

0 aload_0
1 invokevirtual #7 // tryIt()
4 goto 15 // jumpover thehandler
7 pop // poptheexception
8 aload_0
9 invokevirtual #6 // handleIt()

12 goto 15
15 jsr 25 // go to thefinally block
18 return
19 astore_1 // save theexceptionto local1
20 jsr 25 // go to thefinally block
23 aload_1 // reloadtheexception. . .
24 athrow // . . .andthrow it
25 astore_2 // save thereturnaddress
26 aload_0
27 invokevirtual #5 // finishIt()
30 ret 2 // returnfrom thesubroutine

Exceptiontable:
From To Target Type

0 4 7 java.lang.Exception
0 15 19 any

(a) Javacode (b) Bytecode

Figure3.4: A Javafinally block

the SSA constructionalgorithmso that if a variableis not redefinedwithin a subroutine,

theversionnumberusedon entry to thesubroutineis propagatedbackthroughthe ret to

the instructionafter the jsr. To achieve this, we inserta specialφ-node,which we will

denoteby φr , ateachjsr’s returnsite,asillustratedby theexampleprogramin Figure3.5a.

Sincethereturnsitehasonly oneincomingedge(becausewe removedcritical edges),the

φr hasonly oneoperand.Theversionnumberof thisφr is usedasusualto definetheusesit

dominates.If avariablehasdifferentversionsateachof thejsr sitesfor agivensubroutine,

therewill bea φ for thevariableat thesubroutineentryblock. During theSSArenaming

step,whenwearriveata ret, we locatetheφr -nodesfor thecorrespondingjsr instructions.

If thereis a φ at the subroutineentry andthe versiondefinedby that φ is the versionon

top of therenamingstackwhenwe reachtheφr , we assigntheφr ’s operandtheversionof

theentryφ’s operandfor theφr ’s jsr. Otherwiseweassigntheversionat theret to theφr ’s

operand.Oncetherenamingstepis complete,sincetheφr have only oneoperand,we can
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a � φ � a� a�

jsr jsr
b �a �

b �a �

b � φ � b� b�
b

b �
ret

a � φr � a�a � φr � a�
b � φr � b�

a
b

b � φr � b�
a
b

(a)φr placement

a3 � φ � a1 � a2 �

jsr jsr
b1 �a1 �

b2 �a2 �

b3 � φ � b1 � b2 �
b3

b4 �
ret

a4 � φr � a3 �
b5 � φr � b4 �

a4
b5

b6 � φr � b4 �
a5
b6

a5 � φr � a3 �

(b) After φr renaming

jsr jsr
b1 �a1 �

b2 �a2 �

a1
b4

a2
b4

ret
b4 �b3

b3 � φ � b1 � b2 �

(c) FinalSSAform

Figure3.5: φr example

renametheusesdefinedby eachφr to usethe versionof the φr ’s operand.Theφr -nodes

canthenberemoved.

3.2.4 PREof accessexpressions

To reducetheoverheadof pointertraversalswithin Java we extendpartialredundancy

eliminationto accesspathexpressions.Doing so requiresdisambiguatingmemoryrefer-

encessufficientlyusingaliasanalysisto beableto detectredundanciesamongaccesspaths.

WecombinetheSSA-basedPREof Chow etal. [1997]with typebasedaliasanalysis[Di-

wanetal. 1998].

TBAA with Javabytecode

TBAA relieson the declaredtypesof variablesin the program. Unfortunately, local

variablesandoperandstackslotsin Javabytecodedonothavedeclaredtypes;thereforewe

mustinfer them.Sincewe areonly interestedin typesusedin accesspathexpressionswe

limit ourselvesto inferenceof referencetypesonly.

We usea simplificationof thetypeinferencealgorithmof Palsberg andSchwartzbach

[1994]. Eachexpressionin the program,sayx, hasan associatedtype variable,denoted
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Table3.1: TypeConstraints

Expression Example Constraints

formalparameter x U Thedeclaredtypeof x VXWZY Y x[ [
assignment x \ y Y Y y[ []WZY Y x[ [
φ-node x \ φ ^ y_ z_a`a`a`cb Y Y y[ []WZY Y x[ [B_dY Y z[ []WeY Y x[ [B_a`a`a`
stackmanipulation ^ x _ yb8\ dup̂ zb Y Y z[ []WZY Y x[ [B_dY Y z[ []WeY Y y[ [
exceptionhandler x \ catcĥC b U C VXWZY Y x[ [
arrayreference x Y i [ Y Y x Y i [�[ [,WfU Theelementtypeof xV
virtual methodcall x ` m̂ yb Y Y x ` m̂ ybg[ [/WhU Thereturntypeof mV
staticmethodcall C ` m̂ yb Y YC ` m̂ ybi[ [,WjU Thereturntypeof mV
cast ^ C b x Y Yk^ C b x[ [,WfU C V
stringliteral “string” U java.lang.String VlWeY Y “string” [ [
field reference x ` f U Thedeclaredtypeof f VmWnY Y x ` f [ [
staticfield reference C ` f U Thedeclaredtypeof f VmWnY YC ` f [ [
objectallocation new C U C VXWZY Y new C[ [
arrayallocation new T Y i [ U Array of T VXWeY Y new T Y i [c[ [
multi-dimensionalarrayallocation new T Y i [CY j [ U Array of arrayof T VmWeY Y new T Y i [CY j [o[ [

K K xL L . Constraintsarederived relatingthe type variableswith eachotherandwith setsof

types.Theconstraintsfor Java bytecodeareshown in Table3.1. Theconstraintsarethen

solvedusingthe algorithmin Figure3.6, resultingin a setof typesassociatedwith each

expression.The type of an expressionis the commonsupertypeof its associatedsetof

types.Sinceweareonly interestedin thetypesfor asinglemethod,weremovethoseparts

of thealgorithmof Palsberg andSchwartzbach[1994] that insertandsolveconstraintsfor

callsandinsteadusethedeclaredreturntypeandparametertypes.

Valuenumbering

Thereis a cyclic dependency betweencopy propagationandPRE.PREoperatesby

recognizinglexically equivalentsubexpressions.If acommonexpressionontheright hand

side of an assignmentis eliminatedand so replacedwith a local variable,a copy will

be created.Furthercopy or constantpropagationcould enableanotherroundof PREby

replacinga variablewithin anexpressionwith a constantor anothervariableandsomake

theexpressionredundant.
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input:
A methodwith setof expressionsX

output:
A setof typesTypes� e� for all e + X

do
for eachexpression,e + X do

if � thereis a constraintfor e, c, asdefinedin Table3.1� then
insert� c�

with
procedure insert� constraint� begin

if � constraint is a startconstraint,C + v� then
propagate� C * v�

elseif � constraint is apropagationconstraint,v 6 w� then
addedgev p w
for eachC + Types� v� do

propagate� C * w�
procedurepropagate� C * v� begin

if � C -+ Types� v��� then
Types� v�>� Types� v�]0 C
for eachedgev p w do

propagate� C * w�

Figure3.6: Typeinferencealgorithm

Usingvaluenumbering[CooperandSimpson1995;Simpson1996;Briggsetal. 1997]

avoidstheneedfor repetitive iterationof PREinterleavedwith constant/copy propagation.

Valuenumberingassignsanumberto eachexpressionin aprogramsuchthatif two expres-

sionshavethesamenumberthey musthavethesamevalue.Ratherthanbasingequivalence

of expressionspurelyontheir lexical equivalence,weusethevaluenumberingapproachof

Simpson[1996]. ThenduringSSAPRErenaming,ratherthancomparingtheSSAversion

of variableswithin two expressions,wecomparetheirvaluenumbers.

ExtendingSSAPRE

To extendSSAPREto recognizeaccesspaths,weidentify aliasdefinitionpoints: those

codelocationswherepotentiallyaliasedvariablesmaybemodified.Theseincludenotonly

explicit assignmentto possiblealiases,but alsocallsandmonitorsynchronizationpoints.

Becausewe do no interproceduralanalysis,we cannotassumea call will not modify an

expressionthroughanalias.We includemonitorsynchronizationpointsin orderto satisfy
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Java’s threadmodel: at synchronizationpointsany changesmadeto a variablein another

threadmustbemadevisible to thecurrentthread.

In addition,to prevent hoistingof codewhich canthrow exceptionsout of protected

regions,we identify thoseedgesin the control flow graphwhich go from a block not in

a protectedregion to a block in the region. We call both theseedgesandaliasdefinition

pointskill pointssincethey kill any previousdefinitionof expressionsoutsidebeforethe

point.

Having identifiedkill points,wecanperformSSAPREassummarizedin Section2.3.1

by interleaving aliasdefinitionpointswith eachpre-orderlist of occurrencesof accesspath

expressionsandby interleaving protectedregionentrypointswith eachlist of occurrences

of exceptionthrowing expressions.During Φ placementfor anexpression,we placea Φ

at any block in the iterateddominancefrontier of the setof blockscontainingeitheran

occurrenceof theexpressionor a kill point for theexpression.During therenamingstep,

whena kill point for theexpressionis encountered,we kill thedefinitionat thetop of the

renamingstackasif defininganew versionof theexpression.

PREandJavabytecode

Therearetwo specialcasesfor performingPREon accesspathsin Java. Fieldsthat

aredeclaredvolatile mustbe reloadedfrom the program’s mastercopy of memoryeach

time they areaccessed.Thereforethey cannotbeeliminatedat all. Fieldsdeclaredfinal,

however, cannotbe redefinedat all, muchlessthroughan alias,so we arefree to move

themacrossaliasdefinitionpoints.

Onedifficulty encounteredwith PREin Java bytecodeis the additionof extra loads

andstores.Becausethebytecodeis executedon anoperandstackandwe save andreload

expressionsfrom local variables,PREcansometimesproducelonger, andconsequently

slower, bytecode.Considerthe codein Figure3.7a. PREtransformsthis to the codein

Figure3.7b. Becauseof theaddedoverheadof theextra storesandreloadsfor t1 andt2,

the shortestpaththroughthe program,returning0, is four instructionslongerafter PRE

thanbefore. The pathsto return 1 andto return 2 arealsolongerthanbeforePRE,by
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if (a M x N 0O&qr bM x N 0O )

return0 if (aM x N 1O&qr bM x N 1O )

return1 return2

if (t1 N 0Osqr t2 N 0O )

return0 if (t1 N 1Otqr t2 N 1O )

return1 return2

t1 � a M x
t2 � bM x

0 aload_1 // pusha
1 getfield #14 // geta.x
4 iconst_0
5 iaload // loada.x[0]
6 aload_2 // pushb
7 getfield #14 // getb.x

10 iconst_0
11 iaload // loadb.x[0]
12 if_icmpeq 17
15 iconst_0
16 ireturn
17 aload_1 // pusha
18 getfield #14 // geta.x
21 iconst_1
22 iaload // loada.x[1]
23 aload_2 // pushb
24 getfield #14 // getb.x
27 iconst_1
28 iaload // loadb.x[1]
29 if_icmpeq 34
32 iconst_1
33 ireturn
34 iconst_2
35 ireturn

0 aload_1 // pusha
1 getfield #14 // geta.x
4 astore_3 // save a.xto t1
5 aload_2 // pushb
6 getfield #14 // getb.x
9 astore 4 // save b.x to t2

11 aload_3 // pusht1
12 iconst_0
13 iaload // loadt1[0]
14 aload 4 // pusht2
16 iconst_0
17 iaload // loadt2[0]
18 if_icmpeq 23
21 iconst_0
22 ireturn
23 aload_3 // pusht1
24 iconst_1
25 iaload // loadt1[1]
26 aload 4 // pusht2
28 iconst_1
29 iaload // loadt2[1]
30 if_icmpeq 35
33 iconst_1
34 ireturn
35 iconst_2
36 ireturn

Pathto return 0:
0 * 1 * 4 * 5 * 6 * 7 * 10* 11* 12* 15* 16

Pathto return 0:
0 * 1 * 4 * 5 * 6 * 9 * 11* 12* 13* 14* 16* 17* 18* 21* 22

(a)BeforePRE (b) After PRE

Figure3.7: PREcanproducelongerbytecode
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b1 �

a1

possiblethrow
a2 � b1

b1
a2

a3 �

try

catch � x�
a4 � φc � a1 � a2 �

(a)Beforecopy propagation

a1

a3 �

try

catch � x�
a4 � φc � a1 � b1 �

b1
b1

possiblethrow
b1 �

(b) After incorrectcopy propagation

Figure3.8: φc-nodesandcopy propagation

two instructions.This problemcouldberemediedby morecarefulanalysisof thecostof

eliminatinganexpressionandby attemptingto cachethevalueof a redundantexpression

on the operandstackratherthanin a local variable. JIT translationof the bytecodecan

eliminatetheseextra loadsandstoressincebothlocalvariablesandoperandstackslotsare

transformedinto nativevariablessubjectto registerallocation.

3.2.5 Constantandcopy propagation

The constant/copy propagationalgorithmis basedon standardtechniques[Aho et al.

1986;Wolfe 1996]. Becauseexceptionsin Java areprecise,we cannotpropagatecopies

to φc-nodes.Doing so could result in an assignmentto a variablebeforean exceptionis

thrown that,beforecopy propagation,occurredafter theexceptionwasthrown. Consider

Figure3.8. In Figure3.8a,thereis acopy from b1 to a2 afterthepossiblethrow. After copy

propagation,b1 is anoperandto theφc-nodein Figure3.8b. Whentheφc is removed,the

copy expressiona4 I b1 will beplacedat thedefinitionof b1, beforethepossiblethrow.

In theoriginalcode,a4 wasequalto a1 until theassignmentafterthethrow.
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3.2.6 Livenessanalysis

Following optimizations,standardlivenessanalysis[Aho et al. 1986] is usedto build

an interferencegraph: anundirectedgraphG � �
V � E � , whereV is thesetof variablesin

theprogramandE is a setof edges,suchthatif variablesv andw aresimultaneouslylive,

thereis anedgefrom v to w. A variableis live if it couldbeneededlater, i.e.,v is liveat a

programpoint p if thereis a pathin theCFGstartingat p thatusesv.

Theinterferencegraphis constructedby tracingbackwardthroughtheCFGfrom each

useof avariable,v, alongall pathsto its definition. If thedefinitionof anothervariable,w,

is encountered,anedgeis addedbetweenv andw.

Interferencegraphconstructionis complicatedby exceptionhandling.In orderto insert

codefor φc-nodes,wemustensurethatthetargetof theφc is live throughouttheprotected

regionaswell asafterits definition.However, wedonotwanttheφc targetto conflictwith

its operands.Our solutionis to make theφc targetconflict with all variablesthatconflict

with its operands.This solutioncouldbeoverly conservative in thatit couldmake thelive

rangeof theφc targetunnecessarilylong,introducingedgesin theinterferencegraphthatdo

notrepresentanactualliverangeconflictin theprogram.Thisproblemissolved,in part,by

insertingself-copiesjustbeforeenteringtheprotectedregion,asdescribedin Section3.2.3.

Thispreventstheliverangeof theφc targetfrom extendingabovetheprotectedregion,but

doesnot keepthe live rangefrom extendingbelow the protectedregion. However, φc

operandconflictsbelow theprotectedregionoccurrarelyin practicebecausethereis often

a φ just below the protectedregion factoringthe φc target back into the mainlineof the

program.

3.2.7 SSAdestruction

After computingtheinterferencegraph,graphcoloringwith coalescing[Chaitin1982;

Briggsetal. 1994]mapsdifferentSSAversionsof eachlocalvariablebackto asinglehard

local variable. Our coloring algorithmfavors placingcommonlyusedvariables,suchas

thosenestedwithin loops,in the lower four local variableindices,sincetheseindicesare

accessedthroughaone-bytebytecodeinstructionratherthanthroughatwo-byteinstruction
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containingthe local variableindex. Theselower four indicesmayalsobecandidatesfor

specialtreatmentasregistersby näıveVM implementations.

The algorithmfirst attemptsto coalescenodesin the interferencegraphto eliminate

copies.Eachnodein thegraphis givena weightbasedon thenumberandpositionof the

occurrencesof thevariablesthenoderepresents.Let d
�
u� denotetheloop-nestingdepthof

variableoccurrenceu. d
�
u� is thenumberof surroundingloopscontainingu. Theweight

of nodev is thengivenby

weight
�
v� � ∑

u $ occurrencesu vv
10d u uv

The weight representsthe numberof loadsor storesof the variableassumingeachloop

bodyis executed10 times.

Now let deg
�
v� bethedegreeof nodev. For all copiesin theprogram,v I w, including

thecopiesthatwouldbegeneratedwhenφ-nodesarereplaced,weselectthecopy with the

maximum
weight

�
v�

deg
�
v� � weight

�
w�

deg
�
w�

wherethereis no edgefrom v to w in the interferencegraph. Thenodesfor v andw are

thencoalescedinto onenode,adjustingthe edgesso that v andw togetherconflict with

the union of the nodesthey conflictedwith individually. We divide by the degreeof the

nodeto favor thosenodesthathaveashorterliverange,sothecoalescednodewill conflict

with a fewer numberof othernodes.This processrepeatsuntil no copiescanbefoundto

consolidate.

Oncenodesarecoalesced,thegraphis coloredby first pre-coloringany formalparam-

etersfor themethod,thenrepeatedlyselectingthenodev with themaximumweight
�
v� and

assigningit thelowestlocalvariableindex for whichthereis notaconflictingnodealready

colored. In this stage,variablesof type long anddouble have half their original weight

sincethey takeup two local variableindicesratherthanjustone.
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3.2.8 Codegeneration

Eachexpressiontreeis convertedbackto stackcodeby apre-ordertraversalof thetree.

Oncein instructionlist form, we performpeepholeoptimizationof redundantloadsand

storesandfor betterutilizationof theoperandstack.
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4 EXPERIMENTS

To evaluatethe impactof our optimizationframework we took severalJava programs

asbenchmarks,optimizedthemwith BLOAT andcomparedtheresultsof theoptimization

with theirunoptimizedcounterparts,usingseveralstaticanddynamicperformancemetrics.

4.1 Platform

Our experimentswere run underSolaris2.5.1 on a Sun Ultra 2 Model 2200, with

256MBRAM, andtwo 200MHzUltraSPARC-I processors,eachwith 1MB externalcache

in additionto theiron-chipinstructionanddatacaches.TheUltraSPARC-I datacacheis a

16KB write-through,non-allocating,direct-mappedcachewith two 16-bytesub-blocksper

line. It is virtually indexedandphysicallytagged.The16KB instructioncacheis 2-way

set-associative,physicallyindexedandtagged,andorganizedinto 51232-bytelines.

4.2 Benchmarks

Thebenchmarksaresummarizedin Table4.1.

4.3 Executionenvironments

We took measurementsfor threedifferentJava executionenvironments:the standard

Java DevelopmentKit (JDK) version1.1.6,theSolaris2.6 SPARC JDK with JIT version

1.1.3(JIT) andTobaversion1.0(Toba)[Proebstinget al. 1997;Toba1998]. In eachenvi-

ronmentweranbothunoptimizedandoptimizedversionsof eachbenchmark.WhereJava

sourcecodefor a benchmarkwasavailable,it wascompiledusingthestandardJDK 1.1.6
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Table4.1: Benchmarks

Name Description Sizea

crypt Java implementationof theUnix cryptutility 650
huffman Huffmanencoding 435
idea File encryptiontool 2284
jlex Scannergenerator 7287
jtb Abstractsyntaxtreebuilder 22317
linpack StandardLinpackbenchmark 584
lzw Lempel-Ziv-Welchfile compressionutility 314
neural Neuralnetwork simulation 1227
tiger Tigercompiler[Appel 1998] 19018

aLinesof sourcecode(includingcomments).

javac compiler, without the-O optimizationflagsincein many casesthis generatesincor-

rectcode.Informalobservationindicatesthatthisflaghaslittle impactontheperformance

of ourbenchmarks.

4.3.1 JDK

JDK is thestandardJavavirtual machine.It usesaportablethreadspackageratherthan

thenative Solaristhreadsandthebytecodeinterpreterloop is implementedin assembler.

We optimizedthe classfiles of eachbenchmarkagainstthe JDK version1.1.6coreJava

classes[Goslingetal. 1996],to form theclosureof optimizedclassesnecessaryto execute

thebenchmarkin JDK. Similarly theunoptimizedbenchmarkclasseswererunagainstthe

unoptimizedcoreclasses.

4.3.2 JIT

JIT performson-demanddynamictranslationof Java bytecodeto native SPARC in-

structions.It usesnon-nativethreadsandincludesthefollowing optimizations:

1. eliminationof somearrayboundschecking

2. eliminationof commonsubexpressionswithin blocks
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3. eliminationof emptymethods

4. someregisterallocationfor locals

5. noflow analysis

6. limited inlining

Interestingly, programmersareencouragedto performthefollowing optimizationsby hand

[SunSoft1997]:

1. moveloop invariantsoutsidetheloop

2. make loop testsassimpleaspossible

3. performloopsbackwards

4. useonly localvariablesinsideloops

5. moveconstantconditionalsoutsideloops

6. combinesimilar loops

7. nestthebusiestloop, if loopsareinterchangeable

8. unroll loops,asa lastresort

9. avoid conditionalbranches

10. cachevaluesthatareexpensiveto fetchor compute

11. pre-computevaluesknown atcompiletime

Thesesuggestionslikely reveal deficienciesin the currentJIT compilerwhich our opti-

mizationsmayaddressprior to JIT execution.

Weusedthesamesetsof classfilesasfor JDK for executionin theJIT environment.

4.3.3 Toba

TobacompilesJava classfiles to C, andthenceto native codeusingthehostsystem’s

C compiler. TheTobarun-timesystemsupportsnativeSolaristhreads,andgarbagecollec-

tion usingtheBoehm-Demers-Weiserconservative garbagecollector[BoehmandWeiser
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1988]. SinceToba only works with the JDK version1.0.2 core classes,we optimized

thebenchmarksfor executionin theTobaenvironmentagainsttheJDK version1.0.2core

classes,to form the closureof optimizedclassesnecessaryto executethe benchmarkin

Toba.Similarly, theclosureof unoptimizedcoreclasseswasalsoformedfor unoptimized

benchmarkexecution.

TheseclassfileswerethencompiledtonativecodeusingtheSunProCcompilerversion

4.0,with the -O2 compileroptimizationflag. C optimizationlevel 2 performsbasiclocal

andglobaloptimization,includinginductionvariableelimination,algebraicsimplification,

copy propagation,constantpropagation,loop-invariantoptimization,registerallocation,

basicblockmerging,tail recursionelimination,deadcodeelimination,tail call elimination

andcomplex expressionexpansion.Usingthis optimizationlevel providesanopportunity

to seeoptimizationsthatBLOAT misses.

4.4 Metrics

For eachbenchmarkwe took measurementsfor both the optimizedandunoptimized

classes.Ourmetricsinclude:

w staticcodesize:this is thesizein bytesof thebenchmark-specific(non-library)class

files (excludingdebugsymbols)for JDK/JIT, andstaticexecutablesfor Toba

w bytecodesexecuted:dynamicper-bytecodeexecutionfrequenciesobtainedfrom an

instrumentedversionof theJDK version1.1

w native instructionsexecuted: dynamicper-instructionexecutionfrequenciesusing

theShadeperformanceanalysistoolkit [Cmelik andKeppel1994]

w countsof significantperformance-relatedevents:

– processorcyclesto measureelapsedtime

– instructionbuffer stallsdueto instructioncachemisses

– datacachereads
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– datacachereadmisses

usingsoftware[Enbody1998]thatallowsuser-level accessto theUltraSPARC hard-

wareexecutioncounters

For thedynamicmeasurementseachrunconsistsof two iterationsof thebenchmarkwithin

a given executionenvironment. The first iteration is to prime the environment: loading

classfiles, JIT-compiling themandwarmingthe caches.The seconditerationis the one

measured.

The physicallyaddressedinstructioncacheon the UltraSPARC meansthat programs

canexhibit widely varying executiontimes from one invocationto the next, sinceeach

invocationprocesswill have differentmappingsfrom virtual to physicaladdressesresult-

ing in randomizedinstructioncacheplacement.Thus,theelapsedtime andcache-related

metricswereobtainedfor 10separaterunsandtheresultsaveraged.

4.5 Results

The resultsarereportedin Tables4.2-4.10,oneper benchmark.For eachmetric we

give raw countsonly for the unoptimizedclasses,andthenonly for the totals. All other

countsareexpressedasa percentageof this unoptimizedtotal. Thus, if the total count

for a metricobtainedusingtheunoptimizedclassesis T, all otherresultsfor thatmetricc

arereportedasthepercentage100cx T. This includesthebreakdownsof total instruction

counts(both bytecodeandnative). Reportingthe resultsin this way enablesthe relative

effect of optimizationon specificinstructionsto be gaugedmoreeasily. We reportonly

thosenativeinstructionswhoseexecutionfrequencieschangenoticeablywith optimization.

In thegraphsaccompanying the text, we show therelative changein eachbenchmark

from theunoptimizedexecutionto theoptimized;thatis, if theunoptimizedcountfor given

metric is c1 andthe optimizedcountis c2, the graphshows c2 x c1. The error barsin the

graphsrepresent90%confidenceintervals.

As expected,weseeanincreasein dynamicbytecodeexecutioncountsfor many of the

benchmarks.As discussedearlier, theseoverheadsaremainly dueto introductionof extra
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Figure4.1: JDK metrics

loadsfrom andstoresto temporariesintroducedby PREfor partially-redundantexpres-

sionswhosevaluesarenot usedon all paths.Thereareseveral interestingbytecode-level

optimizationeffects:

w Coloringof localssignificantlyreducesthenumberof extendedlengthloadandstore

bytecodes,replacingthemwith theirshorterforms

w PREover accesspathscansignificantlyreducethe numberof arrayload, getfield

andgetstatic bytecodes

w Constantpropagationvia valuenumberingpermitssometimessignificantconversion

of conditionaljumpsfrom two-operand(ifcmp) to single-operand(if).

As expected,we seesignificantvariationin theinstructioncachemetric,resultingin vari-

ationin thenumberof cycles.

In thefollowing discussionweconsidereachexecutionenvironmentin turn: JDK, then

JIT, andlastlyToba.

4.5.1 JDK

TheJDK resultsarebestappreciatedby first consideringtheJavabytecodedistribution

for optimizedandunoptimizedclasses.All thebenchmarks,exceptlinpackandlzw, seean

increasein thenumberof bytecodesexecutedfor optimizedcode,asshown in Figure4.1a.

Theincreaseis significantfor huffman,jlex, jtb, andtiger (7–12%)duemostlyto insertion
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Figure4.2: Replacingloads andstores by shorterbytecodes

of additionalload, store, anddup bytecodesto hold commonlyusedvaluein local vari-

ablesandoperandstackslots. Figure4.1bdemonstratesthat, somewhatsurprisingly, an

increasein numberof bytecodesexecuteddoesnot alwaystranslateinto a declinein per-

formancefor JDK, sincetheeffectsof coloringfor allocationof local variablesarestrong,

with many of the longerload andstorebytecodesbeingreplacedwith their shortforms.

Figure4.2shows this changein themix of bytecodes.Theeffect is mostnotablewith lzw

wherethefrequency of theload bytecodesdecreasesfrom 11%to 1%of thetotalbytecode

countandthefrequency of loadn increasesfrom 19%to 28%.Thisresultsin lessoverhead

in theinterpreter’s bytecodedispatchloop. Thelargeincreasein storesfor linpackis due

to PRE’s eliminationof redundantarithmeticexpressions.Thosebenchmarkswhichshow

anincreasein thefrequency of store versusstoren bytecodeshave formal parametersoc-

cupying severalof the lower four local variableindiceswhich prevent theseindicesfrom

beingallocatedfor othervariables.

A similar, but lesspronounced,effect resultsfrom conversionof two-operandifcmp

bytecodesto one-operandif bytecodeswith constantpropagationandfolding.

As Figure4.3ashows,all benchmarksseeadecrease,oftensignificant,in thefrequency

of getfield bytecodesdueto eliminationof redundantaccesspathexpressions.The jtb,

neural,andtiger benchmarks,which have a high initial frequency of getfield bytecodes

(12%, 9%, and13%, respectively), show a 13–46%decreasein the numberof getfield
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Figure4.3: Memoryaccessbytecodes

bytecodesexecuted.Linpackexecutes43%fewer getfield bytecodes,but thesebytecodes

representonly 0.02%of thetotalbytecodesexecuted.

The relative changein arrayload bytecodesis shown in Figure4.3b. The huffman,

linpack,andneuralbenchmarks,which have heavy arrayuse(9%, 4%, and11%,respec-

tively), seeaneliminationof 4–7%of thearrayload bytecodes.Few arrayload bytecodes

areeliminatedin any of theotherbenchmarks,primarily dueto therestrictionson move-

mentimposedby Java’s preciseexceptionmodel. Furtherimprovementwould accrueif

arraysubscriptscouldbedisambiguatedvia rangeanalysisonthesubscriptexpressionsfor

useduringarrayaliasanalysis.

For mostbenchmarksthe increasein the numberof bytecodesexecuteddid not sig-

nificantly impactexecutiontime. Thespeedupswe do seecanbeattributedmostlyto our

optimizations,with someuncontrollableeffectsdue to perturbationin instructioncache

behavior.

4.5.2 JIT

The JIT environmentis not influencedby conversionof long bytecodeforms to their

shortervariants,sinceJIT eliminatesthe bytecodedispatchoverheadthat we wereable

to reducesignificantlyfor JDK. Rather, the biggestimpacton performancecomesfrom

changesin thenumberof expensive instructionssuchasloadsandstores.
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Figure4.4: JIT metrics

Crypt exhibits the mostsignificantimprovementwith optimizationfor JIT execution.

Total time (cycles),shown in Figure4.4a,is reducedby 16%,with muchof this coming

from the 24% reductionin datareadsand the 96% decreasein datareadmisses. The

eliminationof 29%of all stw instructionsalsoplaysasignificantpart.

Of theremainingbenchmarks,all but linpackandneuralrevealimprovementsof up to

5% in datareads,asshown in Figure4.4b. Despitethis improvement,mostbenchmarks

show no executiontime speedupasa resultof this reduction,mostlybecausethey suffer

from a significantincreasein instructionfetch stalls. This is likely to be an artifact of

the particularinstructioncacheconfigurationfor this machine,andwe would expect to

seeexecutiontime improvementfor ideaunderamorefavorableinstructioncacheregime.

Linpacksuffersfrom increasesin bothloadandstoreinstructions,despitegoodinstruction

cachelocality.

4.5.3 Toba

Thereis little correlationbetweenreductiondueto optimizationin staticclassfile size

and reductionin Tobanative executablesize. Nevertheless,optimizationdoesresult in

reducedcodesizeof up to 3% for all benchmarksexceptcrypt, which exhibits a slight

increase.

Figure4.5bshowsthatall benchmarksshow reductionsin datareads,with cryptaclear

winnerat13%fewerreads.Combinedwith muchimproveddatacachemissrates,huffman,
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Figure4.5: Tobametrics

idea,linpack, lzw, andneuralseesignificantspeedups,shown in Figure4.5a. Thus,our

optimizationsexposeopportunitiesthattheC compilercannotexploit on its own.

Crypt is unableto exploit a reductionin datareadsin the faceof an uncooperative

instructioncache,which stalls fetchesfrom the instructionbuffer almost3 times more

frequentlyasunoptimizedcode,andadoublingin thenumberof datareadmisses.Huffman

suffersfrom thesameproblemsascrypt,but to a lesserdegree.
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Table4.2: Resultsfor crypt

Metric JDK JIT Toba
Unopt Opt Unopt Opt Unopt Opt

Staticcodesize 11864 43100
% 100.00 100.00 100.00 100.15

Javabytecode 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
loadn 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

SPARC 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
ldub 13.94 12.13 0.00 0.00 0.07 0.07
lduw 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 confidenceis 90%)
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Table4.3: Resultsfor huffman

Metric JDK JIT Toba
Unopt Opt Unopt Opt Unopt Opt

Staticcodesize 7672 66364
% 100.00 100.00 100.00 99.81

Java bytecode 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 2.41
if 3.35 3.37
ifcmp 6.10 6.09
invoke 6.75 6.75
load 5.02 3.11
loadn 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

SPARC 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
lduw 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 confidenceis 90%)
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Table4.4: Resultsfor 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
loadn 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

SPARC 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
ldub 12.65 12.13 0.15 0.15 0.00 0.00
lduw 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 confidenceis 90%)
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Table4.5: Resultsfor jlex

Metric JDK JIT Toba
Unopt Opt Unopt Opt Unopt Opt

Staticcodesize 71961 473596
% 100.00 100.00 100.00 94.71

Javabytecode 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
loadn 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

SPARC instructions 1183017726 599372744 587556599
% TOTAL 100.00 102.07 100.00 100.06 100.00 99.64

add 11.91 12.51 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
ldub 9.00 9.15 0.00 0.00 0.00 0.00
lduw 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 confidenceis 90%)
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Table4.6: Resultsfor jtb

Metric JDK JIT Toba
Unopt Opt Unopt Opt Unopt Opt

Staticcodesize 368287 2755812
% 100.00 100.00 100.00 100.07

Java bytecode 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
loadn 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 4.21

SPARC instructions 787770334 317604663 236446136
% TOTAL 100.00 102.44 100.00 100.25 100.00 100.14

add 14.59 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
ldub 10.74 10.96 0.09 0.09 0.29 0.29
lduw 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 confidenceis 90%)
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Table4.7: Resultsfor 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
loadn 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

SPARC 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 7.54 7.75
lddf 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
ldub 13.37 12.68 0.00 0.00 0.00 0.00
lduw 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 confidenceis 90%)
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Table4.8: Resultsfor lzw

Metric JDK JIT Toba
Unopt Opt Unopt Opt Unopt Opt

Staticcodesize 4047 41452
% 100.00 100.00 100.00 101.05

Java bytecode 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
loadn 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

SPARC 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
ldub 11.70 10.89 0.06 0.06 1.96 1.96
lduw 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 confidenceis 90%)



57

Table4.9: Resultsfor neural

Metric JDK JIT Toba
Unopt Opt Unopt Opt Unopt Opt

Staticcodesize 15522 143284
% 100.00 100.00 100.00 97.08

Java bytecode 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
loadn 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

SPARC 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 4.95 4.95
or 3.98 3.93 6.61 6.66 7.89 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 1.55 1.44
be 2.56 2.31 2.98 2.98 1.36 1.31
ldub 7.21 6.89 1.15 1.15 0.29 0.29
lduw 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 confidenceis 90%)
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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

Java bytecode 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
loadn 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

SPARC 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
ldub 10.47 11.07 0.08 0.08 0.16 0.16
lduw 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 confidenceis 90%)
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5 RELATED WORK

Budimlic andKennedy[1997]describea bytecode-to-bytecodeoptimizationapproach

verysimilar to ours.They recoverandoptimizeanSSA-basedrepresentationof eachclass

file, muchaswe do, performingdeadcodeeliminationandconstantpropagationon the

SSA,localoptimizationsonthecontrolflow graph(localCSE,copy propagation,and“reg-

ister” allocationof locals),followedby peepholeoptimization. They do nothinglike our

PREover accesspathexpressions.Their performanceresultsaresimilar to ours,showing

significantimprovementsfor JDK andJIT execution.In addition,they considertheeffects

of two new interproceduraloptimizations:object inlining andcodeduplication. Similar

in somerespectsto the cloning andinlining approachesmostprominentlydemonstrated

in Self [ChambersandUngar1989; Chamberset al. 1989; ChambersandUngar1990;

1991; Chambers1992], theseoptimizationsyield factorsof two to five in performance

improvement.Suchresultsareconsistentwith thatearlierwork onoptimizationsfor Self.

CierniakandLi [1997] describeanothersimilar approachto optimizationfrom Java

classfiles, involving recovery of sufficient high-level programstructureto enableessen-

tially source-level transformationsof datalayoutsto improvememoryhierarchyutilization

for a particulartarget machine.Their resultsarealsoconvincing, with performanceim-

provementsin aJIT environmentof up to a factorof two.

Our readingof CierniakandLi [1997] andBudimlic andKennedy[1997] is unableto

determineto whatextentthey respectJava’spreciseexceptionsemanticsandits constraints

on codemotion. Still, bothof theseprior efforts aremuchmoreaggressive thanus in the

transformationsthey arewilling to apply. We hopethatTBAA-basedPREfor accessex-

pressionswill produceresultsasspectacularastheirswhencombinedwith moreaggressive

interproceduralanalyses,suchasthey describe.
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Addedevidencefor thiscomesfrom Diwanetal. [1998] in theirwork with elimination

of commonaccessexpressionsfor Modula-3.Their resultsindicatethataccessesareoften

only partially-redundantacrosscalls,while theiroptimizeronly eliminatesfully redundant

accessexpressions.Of course,ourPRE-basedapproacheliminatespartialredundanciesby

definition. Diwan’s resultsfor eliminationof fully redundantaccesseswithout interproce-

duralanalysisarebroadlyconsistentwith ours.
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6 CONCLUSIONSAND FUTUREWORK

Our resultsreveal the promiseof optimizationof Java classesindependentlyof the

source-codecompilerandthe runtimeexecutionengine. In particular, we have demon-

stratedsubstantialimprovementsbasedon PREover accesspathexpressions,with some-

times dramaticreductionsin memoryaccesses.Applying interproceduralanalysesand

optimizationsshouldyield evenmoresignificantgainsasthecontext for PREis expanded

acrossprocedureboundaries,especiallysinceJavaprogrammingstylepromotestheuseof

many smallmethodswhoseintraproceduralcontext is severelylimited.

Wealsoplanto exploretheimpactof Java’spreciseexceptionmodelandtheassociated

constraintson codemotion. Relaxingtheconstraintsmayprovide moreopportunitiesfor

optimization.If that is so,thena strongargumentcanbemadethat thepreciseexception

modelunnecessarilyrestrictsoptimizersfrom obtainingusefulperformanceimprovements

for Java.

Theimplementationof furtheranalysesandoptimizationsto BLOAT is underwayand

we expectto make the tool publicly availableassoonasit becomesstable.Oneapplica-

tion domainwe arenow focusingon is analysisandoptimizationof Java programsin a

persistentenvironment[Atkinsonet al. 1996].Thestructureaccessoptimizationswe have

explored hereshouldprove particularly fruitful in a persistentsetting,whereloadsand

storescarryadditionalsemantics,actingnot just on virtual memory, but alsoon persistent

storage[CuttsandHosking1997].
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