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Abstract

Po
�

inter traversalspose significant overheadto the ex-
ecution	 of object-orientedprograms,since every ac-
ces
 s to an object’s state requiresa pointer dereference.
El
�

iminating redundantpointer traversals reducesboth
i
�
nstructionsexecuted as well as redundantmemoryac-
ces
 sesto relievepressureonthememorysubsystem. We
des



cribeanapproachto eliminationof redundantaccess
e	 xpressionsthat combinespartial redundancy elimina-
tio
�

n (PRE)with type-basedaliasanalysis (TBAA). To
e	 xplore the potential of this approachwe have imple-
mented an optimization framework for Java classfiles
i
�
ncorporatingTBAA-based PRE over pointeraccess� ex-
pr� essions.� Theframework is implementedasaclassfile-
to
�

-classfiletransformer; optimized classescanthen be
run in any standard Java execution environment. Our
e	 xperiments demonstrate improvements in the execu-
t
�
ion of optimizedcodefor severalJavabenchmarksrun-
ning in diverse execution environments: the standard
interpretedJDK virtual machine, a virtual machine us-
in
�

g “ just-in-time” compilation, and nativebinariescom-
p� iled off-line(“way-ahead-of-time”). Weisolatetheim-
pact� of accesspathPRE usingTBAA, anddemonstrate
t
�
hatJava’srequirementof preciseexceptionscannotice-
ab� ly impactcode-motion optimizations likePRE.

1 Introduction

Po
�

inter traversalspose significant overheadto the exe-
cution
 of object-orientedprograms,sinceevery access
t
�
o anobject’s state requiresa pointer dereference.Ob-
jects

�
canreferto otherobjects,forminggraphstructures,

an� d they canbe modified, with such modifications vis-
ible in futureaccesses.Justascommonsubexpressions
often� appearin numericalcode,commonaccessexpres-
s� ionsarelikewise oftenencounteredin object-oriented
code.
 Wheretwo such expressionsredundantly com-
pute� the samevalue it is desirableto avoid repeated
computation
 of that valueby cachingthe resultof the
first computationin a temporaryvariable,andreusing
i
�
t from the temporaryat the later occurrenceof theex-
pres� sion. Eliminating redundantcomputations in this
w� ay certainly eliminatesredundantCPU overhead.Per-
hapsjust as important for modern machine architec-
tures
�

, eliminatingredundantaccessexpressionsalso has
t
�
he effectof eliminating redundantmemoryreferences,

w� hich are often thesourceof large performancepenal-
t
�
ies incurredin thememorysubsystem.

In this paper we evaluate an approach to elimina-
tion
�

of commonaccessexpressionsthatcombinespar-
t
�
ial redundancy elimination (PRE) [Morel andRenvoise
1979] with type-based alias analysis (TBAA) [Diwan
et	 al. 1998]. To explore the potential of this approach
we� have built anoptimization framework for Java class
files incorporatingTBAA-basedPRE for accessexpres-
sions,� and measuredits impacton the performanceof
se� veral benchmarkprograms. An interesting aspect of
th
�

eoptimization framework is thatit operatesentirely as
a� bytecode-to-bytecodetranslator, sourcing andtarget-
ing Java class files. Our experiments comparethe ex-
ecut	 ion of optimizedandunoptimizedclasses for sev-
eral	 SPARC-basedexecution environments: the inter-
preted� JDK referencevirtual machine,the Solaris 2.6
v� irtual machine with “just-in-time” (JIT) compilation,
and� native binariescompiledoff-line (“way-ahead-of-
time”)
�

to C and thenceto native code using the Solaris
C
�

compiler.
W
�

e have measuredboth the static anddynamic im-
pact� of bytecode-level PRE optimization for a set of
J
�
avabenchmarkapplications, includingstatic codesize,

byt
�

ecodeexecution counts, native-instruction execution
count
 s, andelapsedtime. Theresults demonstrate gen-
eral	 improvementon all measuresfor all executionen-
vi� ronments, althoughsomebenchmarkshave degraded
performance� in certainenvironments.

The
�

remainderof the paperis organizedasfollows.
Sectio
�

n 2 introduces the approach to elimination of
redundantaccess path expressions based on partial-
redundancy elimination and type-based alias analysis.
S
�

ection 3 describesour implementation of theanalysis
and� optimization framework that supports transforma-
tio
�

n of Java classfiles using TBAA-basedPRE. Sec-
t
�
ion 4 describesourexperimentalmethodologyfor eval-
uat� ion of TBAA-based PRE for severalJavabenchmark
appl� ications. Theexperimental results arereported and
in
�

terpretedin Section 5. We concludewith adiscussion
of� related work and speculate on directions for future
wo� rk.
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Table1: Accessexpressions

No
&

tation Name V
'

ariableaccessed

p� ( f Fieldaccess Field f of� class in-
stan� ce to which p�
refers)

p� * i + Array access C
�

omponentwith sub-
scr� ipt i

,
of array to

wh� ich p� refers

2 PRE for AccessExpressions

Ou
-

r analysis and optimization framework revolves
around� PRE over objectaccess expressions. We adopt
s� tandardterminology andnotationsusedin the specifi-
cat
 ion of the Java programming languageto framethe
analysis� andoptimizationproblem.

2.1 Terminologyand notation

Thefollowing definitionsparaphrasetheJavaspecifica-
t
�
ion [Gosling et al. 1996]. An object in

�
Java is either a

cl. ass instanceor� anarray. Referencevaluesin Java are
poi� nters to theseobjects,aswell asthe null reference.
Both objects and arraysarecreatedby expressionsthat
allo� cateand initialize storage for them. The operators
on� referencesto objectsarefield access,methodinvoca-
t
�
ion, casts, typecomparison (instanceof),

/
equality

operat� ors andthe conditional operator. Theremay be
man0 y referencesto thesameobject.Objectshavemuta-
b
�
le state,storedin the variable fields of classinstances

or� the variable elements of arrays. Two variables may
refer to the same object: the state of the object canbe
modi0 fied throughthe referencestored in one variable
and� then the altered state observed throughthe other.
Access

1
expressionsrefer) to the variables that comprise

an� object’s state. A field
2

accessexpressionrefersto a
field of some classinstance,while anarr� ay accessex-
pr� essionrefersto acomponentof anarray. Table1 sum-
marizes0 thetwo kindsof accessexpressionsin Java. We
adopt� the term access� path [LarusandHilfinger 1988;
Diwan et al. 1998] to meana non-empty sequenceof
accesses.� For example,the Java expressiona� 3 b4 5

i 6 7 c is
an� access path. Without loss of generality, our notation
assu� mesthat distinct fieldswithin anobjecthavediffer-
ent	 names(i.e.,fieldsthatoverrideinheritedfieldsof the
same� namefrom superclassesare trivially renamed).

A variableisa storagelocationandhasan associated
ty
�

pe, sometimescalledits compile-timetype.
�

Givenan
access� path p� ,� thenthecompile-time typeof p� ,� written
Ty
8

pe9 p� : , issimply thecompile-timetypeof thevariable
it
�

accesses.A variablealwayscontainsavaluethatisas� -
s; ignmentcompatiblewith its type. A valueof compile-
time
�

classtype S
<

is assignment compatible with class
t
�
ype T if S

<
and� T are� thesameclassor S is a subclass

of� T. A similar rule holds for array variables: a value
o� f compile-time array type S= > i

�
s assignmentcompati-
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Figure1: PRE for arithmetic expressions

b
�
le with arraytype T G H if type S is assignable to type

T. Interfacetypes also yield ruleson assignability : an
in
�

terfacetypeSisassignableto an interfacetypeT only
if
�

T
8

is thesameinterfaceasSor� a superinterfaceof S
<
;

a� classtype S
<

i
�
s assignable to an interfacetype T

8
if
�

S
<

implementsT. Finally, array types, interfacetypes and
cl
 ass typesareall assignable to class typeObject.�

For our purposeswe say thata typeS
<

is a s; ubtypeof
a� typeT

8
if
�

S
<

i
�
s assignable to T.1 We write Subt

<
ypesI T8 J

t
�
o denote all subtypesof type T

8
,� including T.� Thus,

an� accesspath p� can
 legally accessvariablesof type
Subt
<

ypesK TypeL p� M M .�
2

N
.2 Parti al redundancy elimination

Our
-

approachto optimizationof accessexpressionsis
b
�
asedon application of par� tial redundancyelimination

(P
F

RE) [Morel and Renvoise 1979]. To our knowledge
this
�

is the first time PRE hasbeenapplied to access
pat� hs. PRE is a powerful globaloptimization technique
t
�
hat subsumesthe more standardcommonsubexpres-
sio� n elimination (CSE).PRE eliminatescomputations
t
�
hatareonly partially redundant; thatis, redundantonly
on� some,but notall, pathsto somelaterre-computation.
By inserting evaluationson thosepathswherethe com-
putation� doesnot occur, the later re-evaluation canbe
eliminated	 andreplacedinsteadwith a useof the pre-
co
 mputedvalue. This is illustratedin Figure 1. In Fig-
ure� 1(a), both a and b are available along eachpath
t
�
o the merge point, whereexpression a O b is evalu-
at� ed. However, this evaluation is partially redundant
sin� cea P b isavailableon onepath to themergebut not
bot
�

h. By hoisting the secondevaluation of a� Q b into
th
�

epathwhere it wasnot originally available,asin Fig-
ure� 1(b), a R b needonly be evaluatedoncealong any
path� throughtheprogram,ratherthantwice asbefore.

C
�

onsiderthe Java accessexpressiona� S b T i U V c, which
t
�
ranslatesto Java bytecodeof the form:

aload a ; load local variable a
getfield b ; load field b of a
iload i ; load local variable i
aaload ; index array b
getfield c ; load field c of b[i]

1The term“subtype” isnotusedatall in theofficial Java language
specification[Gosling et al. 1996],presumably to avoid confusing the
type

W
hierarchyinducedby thesubtyperelationwith classandinterface

hier
X

archies.

2
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Figure2: PRE for accessexpressions

T
�

raversingtheaccesspathrequiressuccessively loading
the
�

pointerat eachmemorylocationalong thepathand
tra
�

versing it to the next location in the sequence. Be-
foreapplyingPRE to accesspathexpressions,onemust
first disambiguatememoryreferencessufficiently to be
ab� le safelyto assumethatno memory location along the
access� path canbe aliased(andso modified) by some
le
l

xically distinctaccesspath in theprogram.Consider
t
�
heexample in Figure2. Theexpressiona� m b4 n

i o p c will be
redundantat some subsequentreevaluation so long as
no storeoccursto any oneof a, a q b4 , i

,
,� a� r b s i, t

or� a� u b v i w x c
o� n the code path betweenthe first evaluation of the ex-
pres� sion and the second. In other words, if thereare
e	 xplicit storesto a or� i (localvariablescannotbealiased
in Java) or potential aliasesto any one of a y b4 , a z b4 {

i
, |

or�
a� } b ~ i � � c t

�
hroughwhich those locationsmay be

�
modified

bet
�

weenthe first and secondevaluation of the expres-
s� ion, then that secondevaluation cannotbe treated as
redundant) .

2.3 Type-basedaliasanalysis

Alias analysis refines the set of possible variables to
which� an accesspath may refer. Two distinct access
pat� hsaresaid to bepossiblealiasesif they mayreferto
t
�
he samevariable. Withoutalias analysis theoptimizer
must conservatively assumethat all accesspaths are
possible� aliasesof eachother. In general,aliasanaly-
sis� in thepresenceof referencesis slow andrequiresthe
code
 for theentire programto work. Type-basedalias
anal� ysis (TB

F
AA) [Diwanet al. 1998]offersonepossi-

b
�
ility for overcoming theselimitations. TBAA assumes

a� type-safe programming languagesuch asJava, since
it usestypedeclarationsto disambiguate references. It
w� orks in linear time and doesnot require that the en-
t
�
ire programbeavailable. Rather, TBAA uses the type
s� ystemto disambiguatememoryreferencesby refining
th
�

e typA e of variablesto which anaccesspathmay refer,
since� only type-compatibleaccesspathscan alias the
s� amevariable in a type-safelanguagesuchasJava. The
compile-time
 type of an accesspath providesa simple
w� ay to do this: two accesspathsp� andq� may0 bealiases
onl� y if therelation T

8
ypeDecl� p� � q� holds, asdefinedby

TypeDecl� � � 1 � � � 2 �
Subt
<

ypes� Ty
8

pe� � � 1 � � � Subtypes� Type� � � 2 � � �� /
�
0

�

Ta
�

ble2: FieldTypeDecl� � � 1 � � � 2
� �

Case � � 1 � � 2 F
�

ieldTypeDecl� � � 1 � � � 2 �
1 p� p� tru

�
e

2 p� � f q � g � f   g ¡ ¢ TypeDecl£ p� ¤ q¥
3 p� ¦ f q § i, ¨

fa
©

lse
4 p� ª i, «

q ¬ j­ ®
T
8
ypeDecl̄ p� ° q±

5 p� q TypeDecl² p� ³ q́

A
µ

moreprecise aliasanalysis will distinguish accesses
to
�

fields that are the sametype yet distinct. This more
preci� se relation, FieldTypeDecl¶ p� · q̧ ,� is definedb yi n-
duct



ion on the structureof p� and� q in Table 2. Again,
tw
�

o accesspathsp� andq� maybe aliases only if there-
latio
l

n F
�

ieldTypeDecl¹ p� º q» hol
¼

ds. It distinguishes ac-
cesses
 such as t ½ f and t ¾ g th

�
at T

8
ypeDeclm0 isses.The

cases
 in Table2 determinethat:

1. Identicalaccesspathsarealwaysaliases

2.
Y

Two fieldaccessesmaybealiasesif they accessthe
samefield of potentially thesameobject

3.
¿

Array accessescannotaliasfieldaccessesandvice
versa

4. Two array accessesmay bealiasesif they may ac-
cess thesamearray(thesubscript is ignored)

5.
À

All otherpairs of access expressions(whennone
of theaboveapply) arepossiblealiasesif they have
commonsubtypes

2.3.1
Á

Analysing Incomplete Programs

J
�
ava dynamically links classes on demandas they are

neededduring execution. Moreover, Java permits dy-
namicloadingof arbitrarynamedclassesthat are stat-
ically unknown. Also, codefor native methodscannot
easily	 be analysed. To maintain classcompatibility , no
cl
 ass canmake static assumptionsaboutthe codethat
i
�
mplements another class. Thus, alias analysis must
makeconservativeassumptionsabouttheeffectsof stat-
ically unavailablecode.Fortunately, both TypeDecland�
F
�

ieldTypeDeclrequire only the compile-time typesof
access� expressionsto determinewhich of themmaybe
aliases.� Thus, they are applicable to compiled classes
in isolation and optimizations that use the static alias
informationthey derive will not violate dynamicclass
co
 mpatibility .

D
�

iwan et al. [1998] further refine TBAA for closed.
woÂ rld situations: those in whichall thecodethat might
e	 xecute in anapplication is available for analysis. The
refinementenumeratesall theassignmentsin aprogram
to
�

determinemore accuratelythe typesof variablesto
which� a given accesspath may refer. An accesspath
of� typeT may0 yield a referenceto anobjectof a given
s� ubtypeS only if thereexist assignments of references
of� typeSto variablesof typeT

8
.� UnlikeT

8
ypeDecl, which

al� ways mergesthecompile-timetypeof anaccesspath

3
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with� all of its subtypes, Diwan’s closed world refine-
ment0 mergesa type T with� a subtype S onl� y if there
i
�
s at least oneassignmentof a referenceof typeS

<
to a

v� ariableof typeT somewherein thecode.
In general, Java’suseof dynamic loading,nottomen-

tion
�

the possibility of native methodshiding assign-
ment0 s from the analysis, precludessuch closed world
anal� ysis. Of course, it is possible to adopt a closed
w� orld model for Java if oneis preparedto restrict dy-
namic classloading only to classesthat areknown stati-
cal
 ly, andto supportanalysis(by handor automatically)
of� the effects of native methods. Note that a closed
w� orld model will require re-analysis of the entire clo-
s� ureif any oneclass ischangedto includeanew assign-
ment.0

2.4 Java constrain ts on optimization

Ja
�

va’s threadandexceptionmodelsimposeseveralcon-
strain� ts on optimization. First, exceptions in Java are
pr� ecise: when an exception isthrownall effectsof state-
ment0 sprior to thethrow-pointmust appearto havetaken
place,� while the effectsof statementsafter the throw-
poi� nt must not. This imposes a significant constraint
on� code-motion optimizationssuch asPRE, sincecode
with� side-effects(includingpossibleexceptions) cannot
be
�

movedrelativeto codethatmaythrow anexception.2
�

In
Ã

regionsof thecodewhereprogramanalysiscanshow
th
�

at exceptions will not occur code motion is uncon-
strained.� For example,the first accessto an objectvia
a� given referenceensuresthat subsequentaccessesvia
t
�
hat referencecannotthrow a null pointerexception.

Second, the thread model prevents movement of
access� expressionsacross(possible) synchronization
poi� nts. Explicit synchronization points occur at mon-
itorenter/monitorexit byt

�
ecodes. Also, without inter-

procedural� control-flow analysis every method invoca-
t
�
ion represents a possible synchronization point, since
the
�

callee,or a methodinvoked insidethe callee,may
be
�

synchronized.Thus, callsandsynchronizationpoints
are� placesatwhichPRE must assumeall non-localvari-
abl� es may bemodified, either insidethe call or through
the
�

actionsof other threads. Commonaccessexpres-
s� ionscannotbeconsideredredundantacross these syn-
chroni
 zation points.

Naturally, onemustalsorespectthevolatile dec-
laration modifier, which forcessynchronization of the
v� ariable’sstateacrossthreadson every access.

3 Implementation

TheJavavirtual machine(VM) specification [Lindholm
and� Yellin 1996] is intendedas the interfacebetween
Ja
�

va compilers and Java execution environments. Its

2O
Ä

f courseanoptimizing Java implementationcouldÅ simulatepre-
cisÆ e exceptions, even while performing unrestrictedcodehoisting, by
arrangingto hideany suchspeculative executionfrom theuser-visible
stateof theJava program(seepage205of Gosling et al. [1996]).

standard� classfile formatandinstructionsetpermitmul-
tip
�

le compilers to inter-operatewith multiple VM im-
pl� ementations, enabling the cross-platform delivery of
appl� icationsthat is Java’s hallmark. Conforming class
filesgenerated by any� co
 mpiler will run in anyJavaVM
implementation, no matterif that implementation inter-
pret� sbytecodes, performsdynamic “ just-in-time” trans-
latio
l

n to native code (JIT), or precompiles Java class
files
Ç

to nativeobjectfiles.
Thebytecodesof theJavaVM specificationserveasa

co
 nvenient target for optimization of Java applications.
As the only constant in a seaof Java compilersand vir-
tual
�

machines,targetingtheJava classfilesfor analysis
an� d optimization hasseveral advantages.First,program
impro
�

vementsaccrueevenin theabsenceof sourcecode
for both librariesandapplications, andindependently of
t
�
hesource-languagecompiler andVM implementation.
S
�

econd,Java class files retain enoughhigh-level type
information
�

to enable many recently-developedtype-
bas
�

ed analyses and optimizations for object-oriented
l
l
anguages. Finally, analysing andoptimizing bytecode
can
 be performedoff-line, permitting JIT compilers to
focuson fast native codegeneration rather thanexpen-
s� ive analysis. Indeed,off-l ine analysis may expose op-
p� ortunities for fast low-level JIT optimizations. Thus,
we� have chosento implement a framework for TBAA-
based
�

PRE over accessexpressionsbasedon classfile-
to
�

-classfiletransformation.
Ou
-

r Javaclassfile optimization tool is calledBLOAT
(By
F

tecode-Level Optimization and Analysis Tool). The
an� alysis and optimization framework implemented in
B
È

LOAT is basedon several recentdevelopmentsin the
field. Notably, we use control flow graphsand static
s� ingleassignment(SSA) formas thebasic intermediate
repres) entation [Cytron et al. 1991;Wolfe 1996;Briggs
et	 al. 1998]. On this foundation we have built several
stan� dard optimizations such as dead-code elimination
and� copy/constant propagation, and SSA-based value
numbering[Simpson1996],aswell as type-basedalias
anal� ysis [Diwan et al. 1998] and the SSA-based algo-
ri) thm for PRE of Chow et al. [1997].

3.1
É

SSA form

S
�

SA form providesa concise representation of theuse-
d


efinition relationships among the program variables.

Efficient globaloptimizationscanbeconstructed based
o� n this form, including deadstore elimination [Cytron
et	 al. 1991],constant propagation [WegmanandZadeck
1991], value numbering [Alpern et al. 1988; Rosen
et	 al. 1988;Cooperand Simpson 1995;Simpson 1996;
Briggset al. 1997],induction variable analysis [Gerlek
et	 al. 1995]andglobalcodemotion [Click 1995].Opti-
mization algorithmsbased on SSA all exploit its sparse
repres) entation for improved speedandsimpler coding
of� combinedlocalandglobaloptimizations.

4
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3.2
É

SSA-basedPRE

Prior to thework of Chow et al. [1997],PRE lackedan
SSA-based
�

formulation. As such,optimizersthatused
SSA
�

were forced to convert to a bit-vector represen-
t
�
ation for PRE and back to SSA for subsequentSSA-
bas
�

ed optimizations. Chow et al. [1997] removed this
impediment with an approach (SSAPRE)that retains
t
�
he SSA representation throughoutPRE. The specific
det



ails of their algorithm are not relevant here,save to
s� ay thatthealgorithmic complexity is respectable: for a
program� of sizen,� SSAPRE’stotal timeisO Ë n Ì E Í V Î Î ,
where� E and� V

Ï
are� thenumberof edgesandnodesin the

cont
 rol flow graph,respectively.

3.3
É

Analysis

F
Ð
or each method in a class, BLOAT first builds a

cont
 rol flow graphover the bytecodeinstructionsand
then
�

transformseachbasicblock into expressiontrees.
The treesare constructed througha simulation of the
operand� stack.

Two simple transformationsarethenapplied to ease
later
l

analysesand optimizations. The first converts
methodsthatinitialize static arraysfrom theform emit-
t
�
edb yt he JDK ja

Ñ
vac compiler
 , comprisinga straight-

line sequenceof array stores for every elementof the
array� , into a formmoreamenable to later analysis, con-
sistin� g of a loop that reads from a staticstring defined
i
�
n the constant pool of the class. This transformation
elimin	 atesthe unnecessarilylarge basicblocks emitted
for staticarrayinitializersin such coreclassesasChar

Ò
-

acÓ ter,� significantly cutting the time for later analysis
o� f theseinitializers. The second transformation iden-
tifi
�

es loops [Havlak 1997] and converts each“while”
loop
l

into a “repeat” loop precededby an “if ” condi-
tional.
�

This providesa convenient place immediately
aft� er the“i f ” to hoist loop-invariantcodeoutof theloop
body
�

. Code that is loop-invariant apart from possibly
thro
�

wing exceptionscanthusbe treatedasinvariant in
the
�

new loopbodyandwill beeliminatedby PRE.
After construction of thecontrol flow graphboth lo-

cal
 and operandstackvariablesare convertedto SSA
form. This requires computation of the dominator
t
�
reeanddominancefrontier of the control flow graph
[Cytron et al. 1991]. We also remove critical edges
in
�

the graph by inserting empty basic blocks on such
edges	 . Critical edgeremoval is required to provide a
pl� aceto insert codeduring PRE andwhen translating
back
�

from SSA form.
Java bytecodehastwo forms of control flow which

compl
 icate SSA construction: exception handlersand
met0 hod-local subroutines. To support exception han-
d


ling, we must propagate local variable information

from the protectedareato the exceptionhandler. We
e	 xtend SSA to moreeasily distinguish all valuesof a
v� ariable thatarelivewithin the protectedregion.

Subroutineswithin a method areformedwith the js
Ñ

r
and� reÔ t byt

�
ecodes. The js

Ñ
r byt

�
ecodepushesthecurrent

program� counter, a value of type returnAddress,� onto

t
�
he operandstack andbranchesto thesubroutine. The
reÔ t byt

�
ecodeloadsasaved rÔ eturnAddress from a local

v� ariable andresumescontrol at that codelocation. To
p� ermit verification of js

Ñ
r subroutinestheJavaVM spec-

ification imposesa restrictionthat eachjs
Ñ

r canhave at
most onecorresponding ret.� This allows eachjs

Ñ
r to

�
be

t
�
iedt ot he reÔ t t

�
hat returnsto it. Thus, for SSA construc-

tion
�

we treateachsubroutinesuch that, if a variableis
nÕ ot redefined within the subroutine, the use-definition
information for the variable is propagatedfrom each
js

Ñ
r s� ite to its corresponding return site. This avoids

u� nnecessarilymerging information from multiple paths
t
�
hroughthe subroutine. Our SSA-basedsolution is es-
sen� tially the sameas the “variable splitting” approach
propos� edby Agesenetal. [1998]in supportof accurate
garbageÖ collection.

TBAA uses the compile-time type of every expres-
s� ionin themethod,but localandoperandstackvariables
i
�
n Javabytecodearenotdeclared.Thus, afterSSA con-
s� truction we infer their typesusing an intra-procedural
v� ariationof thealgorithmof Palsberg andSchwartzbach
[1994].

PRE operates by recognizing commonsubexpres-
s� ions. Rather than basing equivalence of expressions
purel� y on their lexical equivalence, we use the SSA-
bas
�

ed value numbering approachof Simpson [1996].
W
�

e assign value numbersto every fir
2

st-order e	 xpres-
s� ion. These are expressions for valuesthat cannotbe
aliased,� suchasthecontentsof methodlocal variables,
cons
 tants, andnon-accessexpressionsover these. Using
v� aluenumbering avoids the needfor repetitive iteration
o� f PREinterleavedwith constant/copy propagation.

Finally, weidentify aliasdefinitionpoints: thosecode
locations where potentially-aliasedvariables may be
modi0 fied. For example, an assignmentto a (non-local)
v� ariableredefineseveryaccessexpressionthatmayalias
t
�
hat variable. Calls andmonitor synchronization points
redefineal� l access� expressions.

3.4
É

Optimization

After theanalyses, BLOAT performsthefollowing op-
timizatio
�

ns:

1. Partial redundancyelimination. B� LOAT imple-
mentstheSSA-basedPREalgorithmof Chow et al.
[1997], extendedto supportTBAA-based PRE of
accesspathsby treatingaliasdefinitionpointsfor a
given accessexpressionasredefiningthatexpres-
sion. This forcesreevaluation of theexpressionaf-
ter the aliasdefinition point. We also restrictPRE-
inducedcodemotion to respectthe constraints on
Java optimizationsdue to precise exceptionsand
threads,exceptthatwhereanalysisshows a given
bytecodewill never throw anexception wearefree
to movecodewith respectto thatbytecode.

2.
Y

Constant/copypropagation. This isbasedonstan-
dard techniques for constant folding, algebraic
simplification andcopy propagation [Wolfe1996].

5
À



3.
¿

Dea
×

d code elimination. This is thestandardSSA-
based algorithm [Cytronetal. 1991].

3.5
É

Codegeneration

Following the optimizations, SSA temporaries are
mappedback to Java VM local variables, beforegen-
erat	 ion of bytecodeinstructions from the (optimized)
in
�

termediate code trees. Livenessanalysis and regis-
ter
�

coloringwith coalescing[Chaitin1982;Briggsetal.
1994]ensure a goodallocation, packing as many SSA
v� ariables into the same physical local variable aspos-
s� ible. Priority is given to coalescing loop-nested local
v� ariables aheadof others. Peephole optimizationsre-
mo0 veredundantload

Ø
andstÙ ore byt

�
ecodesfor better uti-

l
l
ization of theoperandstack.

4 Experiments

T
�
o evaluatePRE for accesspath expressionswe took

se� veral Java programsas benchmarks,optimizedthem
with� BLOAT and comparedthe results of the optimiza-
tion
�

with their unoptimizedcounterparts, using several
s� tatic anddynamic performancemetrics. To isolate the
ef	 fectsof accesspathPRE weconsidered3 successively
more0 powerful levelsof optimization:PRE over scalar
e	 xpressions, TBAA-based PRE over both scalarandac-
ces
 s expressions, and TBAA-based PRE that doesnot
respectJava’spreciseexceptionrequirements.Eachop-
timization
�

level subsumesall optimizationsthatareper-
fo
©

rmedby lower level optimizations. In the following
we� will refer to results for the unoptimizedcode as
bas

Ú
e,� and to the successive levels of PRE-basedopti-

mization asprÛ e,� tbaa
Ü

and� loose, respectively.

4.1
Ý

Platform

O
-

ur experiments were run under Solaris 2.5.1 on a
Sun
�

Ultra 2 Model 2200,with 256Mb RAM, and two
200MHzUltraSPARC-I processors, eachwith 1Mb ex-
ternal
�

cache in addition to their on-chip instruction
and� data caches. The UltraSPARC-I data cacheis
a� 16Kb write-through, non-allocating, direct-mapped
cache
 with two 16-bytesub-blocksper line. It is virtu-
al� ly indexed and physically tagged. The16Kb instruc-
tion
�

cacheis 2-way set-associative, physically indexed
and� tagged,andorganizedinto 51232-bytelines.

4
Ý
.2 Benchmarks

The
�

benchmarksweusearesummarizedin Table3.

4.3
Ý

Execution envir onments

W
�

e took measurementsfor threedifferentJava execu-
tio
�

n environments: the standard Java Development Kit
(JDK)
F

version 1.1.6, the Solaris 2.6 SPARC JDK with
J
�
IT version 1.1.3 (JIT) and Toba version 1.1 (Toba)

[Proebsting et al. 1997]. In eachenvironmentwe ran

Table3: Benchmarks

Name Description SizeaÞ
Crypt Java implementation of the

Unix crypt utility
650

Huffman Huffmanencoding 435
Idea File encryption tool 2284
JLex Scannergenerator 7287
JTB Abstractsyntaxtreebuilder 22317
Linpack StandardLinpackbenchmark 584
LZW Lempel-Ziv-Welch file com-

pression utility
314

Neural Neural network simulation 1227
Tiger Tigercompiler [Appel1998] 19018

aß L
à

inesof sourcecode(includingcomments).

all� four variants (bas
Ú

e,� prÛ e,� tbaa
Ü

and loose) o
/

f the
classes
 for eachbenchmark.WhereJava sourcecode
for
©

a benchmarkwasavailable, it was compiled using
th
�

e standard JDK 1.1.6 ja
á

vac compiler (withoutthe -O
o� ptimization flagsince in many casesthis generateser-
roneouscode;ourobservationsindicatethatthisflaghas
little impacton theperformanceof our benchmarks).

4.3.1
â

JDK

J
�
DK is thestandard1.1.6Java virtual machine. It uses

a� portable threadspackagerather than the native So-
laris threads and the bytecode interpreter loop is im-
p� lemented in assembler. We optimized the classfiles
of� eachbenchmarkagainstthe JDK version 1.1.6core
J
�
ava classes [Gosling et al. 1996]at eachoptimization

le
l

vel, to form theclosureof optimizedclassesnecessary
t
�
o execute the benchmarkin JDK. Similarly the unop-
t
�
imizedbenchmarkclasses wererunagainst theunopti-
mizedcoreclasses.

4.3.2 JIT

JIT
�

refersto the Solaris 2.6 SPARC JDK with JIT ver-
s� ion 1.1.3. This VM translates a method’s bytecodes
to
�

native SPARC instruction on first execution of the
method,alongwith thefollowing optimizations:

1. elimination of somearrayboundschecking
2
Y
. elimination of common subexpressions within

blocks
3.
¿

elimination of empty methods
4. someregisterallocationfor locals
5.
À

noflow analysis
6
ã
. limited inlining

Interestingly, programmersareencouragedto perform
t
�
he following optimizationsby hand[SunSoft 1997]:

1. moveloopinvariantsoutsidethe loop
2.
Y

makelooptestsassimpleaspossible
3.
¿

performloopsbackwards
4.
Ê

useonly localvariables inside loops
5.
À

moveconstant conditionalsoutsideloops

6
ã



6.
ã

combinesimilar loops
7.
ä

nest thebusiest loop,if loopsareinterchangeable
8.
å

unroll loops, asa last resort
9.
æ

avoid conditionalbranches
10. cachevaluesthatareexpensiveto fetchor compute
11. pre-computevaluesknown at compile time

These suggestionslikely revealdeficiencies in thecur-
rent) JIT compiler which ouroptimizationsmayaddress
pri� or to JIT execution.

We usedthe samesetsof classfiles as for JDK for
e	 xecution in the JIT environment.

4.3.3
â

Toba

T
�
obacompilesJava classfiles to C, andthenceto na-

t
�
ive codeusing thehost system’sC compiler. TheToba
run-time system supports native Solaris threads, and
garbageÖ collection using the Boehm-Demers-Weiser
conserv
 ative garbagecollector [Boehm and Weiser
1988]. We startedwith the samesetsof classes as for
JDK
�

for executionin Toba.Theseclassfileswerethen
compi
 led to native codeusing the SunPro C compiler
v� ersion 4.0, with the -O2 compiler optimization flag. C
optimization� level 2 performsbasiclocalandglobalop-
t
�
imization, including induction variableelimination,al-
gebraiÖ csimplification,copy propagation,constantprop-
agat� ion,loop-invariantoptimization,registerallocation,
b
�
asic block merging, tail recursion elimination, dead

co
 de elimination, tail call elimination and complex ex-
pres� sion expansion. We use this level sinceit doesnot
“optimize references”,nor “trace the effect of pointer
assig� nments”, and therefore will best reveal the impact
of� ourpointeroptimizations.

4.4 Metri cs

For eachbenchmarkwetookmeasurementsfor boththe
opt� imizedandunoptimizedclasses. We use both static
and� dynamic metrics to expose theeffects of optimiza-
t
�
ion:

ç static code size: this is the size in bytes of the
benchmark-specific (non-library) class files (ex-
cluding debug symbols)for JDK/JIT, and staticex-
ecutablesfor Tobaè bytecodesexecuted: dynamic per-bytecodeexecu-
tion frequencies, obtainedviaaninstrumentedver-
sion of the C-codedinterpreter loop in the JDK
sourcereleaseé globally redundant (i.e., cross-activation)
bytecode-level memory accesses: dynamic
per-bytecodecounts of all accesses that reload
values from unmodified variables, also obtained
via theinstrumentedJDK VMê nativeSPARC instructionsexecuted: dynamic per-
instruction execution frequenciesusing the Shade
performanceanalysistoolkit [Cmelik andKeppel
1994]ë countsof significantperformance-related events:

– proces� sor cycles to measureelapsedtime

– in
�

struction buffer stalls due to instruction
cache
 misses

– data



cachereads
– data



cachereadmisses

using software3
ì

that
�

allowsuser-level accessto the
UltraSPARC hardwareexecutioncounters

For thedynamicmeasurementseachrunconsistsof two
iterations of the benchmark within a given execution
en	 vironment. The first iteration is to prime the envi-
ro) nment: loading classfiles, JIT-compiling them and
w� arming the caches. The seconditeration is the one
measured.

The physically addressed instruction cacheon the
UltraSP
�

ARC means that programscan exhibit widely
v� aryingexecutiontimesfrom oneinvocation to thenext,
since� eachinvocation may have quite different map-
pi� ngs from virtual to physical addresses that result in
randomizedinstruction cacheplacement. Thus, the
elapsed	 time and cache-relatedmetrics were obtained
for
©

10 separaterunsandthe resultsaveraged.We ran
each	 benchmarkwith sufficientheapspaceto eliminate
the
�

needfor garbagecollection,andverifiedthatnocol-
lectionsoccurredduring benchmarking.

5 Results

Ou
-

r presentation normalizes all optimization results
with� respectto the bas

Ú
e metrics.Reporting the results

in
�

this way exposes the relative effectsof the succes-
s� ive levels of optimization. Error bars in our graphs
repres) ent 90% confidenceintervals; these display the
v� ariation in performancedueto factorsbeyondourcon-
t
�
rol, such as the varying virtual-to-physical pagemap-
pings� . Groupedby benchmark,theadjacentcolumnsin
th
�

e graphs represent the transition to higher optimiza-
tio
�

n levelsfrom bas
Ú

e,� throughprÛ e andtbaa
Ü

to
� loos

Ø
e,

In
Ã

the following discussionwe considereachexecu-
tio
�

nenvironment in turn: JDK,thenJIT, and lastlyToba.

5.1
í

JDK

Figure 3(a) illustratesthe anticipated increasein dy-
namiÕ c bytecode execution counts for many of the
benchmarks
�

, mainly dueto introduction of extra loads
from
©

and storesto temporaries introducedby PRE for
part� ially-redundantexpressions whose values are not
used� on all paths. As we shall see,executionenvi-
ronments that map method local variables to registers
(e.g.,
F

JIT andToba)do notsufferunduly from thisover-
h
¼
ead. The impacton elapsedtime for interpretation by

the
�

JDK (Figure3(b)) canbesevere (notablyfor Huff-
manand Tiger), thoughfor somebenchmarksthe ex-
tra
� load andstÙ ore bytecodesare offset by elimination
of� partially-redundantcodeand replacementof many
e	 xpensive long load

Ø
/

î
stÙ ore bytecode forms with their

cheaper
 shortalternatives.

3
ï
See http://www.cs.msu.edu/ð enbody/ñ
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Figure3: JDK metrics

Figure4 highlights these conversions. The effect is
mo0 stnotablewith LZW wherethefrequency of the load

Ø
byt
�

ecodesdecreasesfrom 11%to 1% of the total byte-
codes
 executed and the frequency of loadnõ increases
from 20%to 28%.Theseeffectsresultin lessoverhead
i
�
n the interpreter’s bytecodedispatch loop. Theimpact
on� datacachereads(remember, bytecodesare data)is
revealedin Figure3(c). Thelargeincreasein storesfor
Linpackis dueto PRE’selimination of significant num-
bers
�

of redundantarithmetic expressions.
Themostdramaticeffectsof PRE over accesspaths

are� directly revealedin the resultsfor the accessbyte-
codes
 givenin Figure5. Here,weshow thetotal number
of� accessbytecodesperformed,broken down intoglob-
ally� redundantversusnon-redundantaccesses. Thenon-
redundantaccesses are those that must always be per-
formed.
©

Theglobally redundantaccesses represent op-
p� ortunity for optimization; with perfectinter-procedural
control
 flow andaliasing informationall suchaccesses
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Figure4: Replacingload
Ø

/
î
stÙ ore with short forms

coul
 d be removed. It is remarkable how many of these
are� removed by our purely intra-proceduralanalysis.
All
µ

benchmarksseea decrease,oftensignificant,in the
frequenc
©

y of getfiý eld byt
�

ecodes(Figure 5(a)) due to
TBAA-based PRE over redundantaccess expressions
(
F
tbaa

Ü
). The dramaticreduction for Neural represents

a� reduction of redundantgetfiý eld operat� ionsfrom 9%
of� total bytecodesexecuted to 5% of total bytecodes.
Li
þ

npack’sreductionsaresimilar, but getfiý elds represent
j

�
ust 0.02%of total bytecodesexecuted so theimpactis
minimal. RelaxingJava’spreciseexceptionrequirement
(
F
loose) yields little benefit for getfiý eld.�

Thearray intensive benchmarks(Huffman,Linpack,
and� Neural)obtainnoticeablereductionsin arÿ rayload
frequenc
©

y (Figure5(b)). Interestingly, relaxing Java’s
preci� se exceptions gives significant improvement for
both
�

LinpackandNeural, becausefreedomfrom con-
cern
 over precisedelivery of arrayoutof boundsexcep-
t
�
ions, providesmore opportunity for PRE-based code
mot0 ion. The Huffman, Linpack, and Neural bench-
marks0 , which have heavy arrayuse (4%, 9%, and 11%,
respectively), seeanelimination of 4–7%of thearÿ ray-
load bytecodes for TBAA-basedPRE with preciseex-
ceptions
 (tbaa

Ü
).
/

Relaxing exceptiondelivery (loose)
/

s� eesreductionsinarÿ rayloads increasetoapeakof 22%
�

for
©

Neural.Furtherimprovementwould accrueif array
s� ubscriptscould bedisambiguatedviarangeanalysison
t
�
hesubscript expressionsfor useduring arrayaliasanal-
ys� is. Few arÿ rayload bytecodesare eliminatedin any of
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(c) getsý tatic bytecodes
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Figure5: Accessbytecodesexecuted

the
�

other benchmarks,primarily becausethey their ar-
ray accessesare hiddeninsidemethodcalls to library
classes,
 etc.

The most dramaticgainsare for getsý tatic accesses�
(Figure
F

5(c)), primarily becausealmost all such ac-
ces
 ses are globally redundant. That we comeclose to
the
�

limit in eliminating almost all redundantaccesses
for Crypt andHuffman demonstratesthe effectiveness
o� f evensimplealiasanalysessuchasTBAA. Thebench-
markswherePRE doesn’t eliminatemany getstaticsdo
nÕ ot havemany to begin with.

5.2
í

JIT

The
�

JIT environmentisnot influencedby conversionof
long bytecodeforms to their short variants, since JIT
eliminates	 thebytecodedispatchoverheadthatwewere
ab� le to reduce for JDK. Nor, since JIT allocateslocal
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Figure6: JIT metrics

v� ariablesto registers,do the extra load andstÙ ore byte-
codes
 mattermuchsince they areconvertedto register
accesses.� Theonly exceptionto this is Linpack,which
w� e saw earlier suffers from the introduction of large
numbersÕ of temporaries and corresponding stores. Un-
fortunately, thecorrespondingincreasein contention for
register assignmentof these temporaries causes most
o� f them to remainin memory, with the loads turning
into
�

realmemoryaccesses.Thismaysimply beashort-
comi
 ngof the register allocation techniqueusedby JIT.
Thus,
�

Linpack’s elapsedtime performanceafter PRE
is disappointing (Figure 6(a)). Of the other bench-
marks, only Crypt andIdeashow marked improvement
i
�
n elapsed time, althoughthey all have fewer memory
reads) (Figure6(b)). Themarked improvementin Ideais
a� result of improveddatareadlocality, resulting in many
fewerdatacachemisses.

5.3
í

Toba

W
�

ith Tobaall benchmarksbut Tigershow reductionsin
dat



a reads(Figure7(b)). Thus, our optimizationsex-
pos� e opportunitiesthat the C compiler cannotexploit
o� n its own at optimization level 2. Thesearereflectedin
reducedelapsed times(Figure7(a))for all but Huffman,
Idea,LZW andNeural, which are unable to exploit the
reduction in data readsin the faceof anuncooperative
instruction
�

cache. This is an artefact of the hardware
pl� atform, and cannotbeblamedon the optimizer, since
it almostnever increasescodesize,andactually is ef-
fectiveat reducing it.
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6 Relatedwork

The
�

recent literature on alias analysis is extensive
[Chase et al. 1990;Landi andRyder 1992;Choi et al.
1993;Landi et al. 1993;Hummelet al. 1994;Deutsch
1994; Emami et al. 1994; Altucher and Landi 1995;
W
�

ilson andLam 1995;Ruf 1995;Ghiya and Hendren
1996; Steensgaard1996; Shapiroand Horwitz 1997;
D
�

ebrayetal. 1998;GhiyaandHendren1998;Hasti and
Horwitz
�

1998;Jagannathanet al. 1998]. As in Diwan
et	 al. [1998], our results are distinguished from prior
w� ork by comprehensive evaluation of TBAA with re-
sp� ectto aparticularoptimization, in this casePRE over
acces� sexpressions, andmetricsandupperboundsonre-
dundant



run-timememoryaccesses, asopposedto static
measurements.0

Budimlic andKennedy[1997] describe a bytecode-
t
�
o-bytecodeoptimization approachvery similar to ours.
They recover andoptimizean SSA-basedrepresentation
of� eachclassfile, muchaswedo,performingdeadcode
el	 imination and constant propagation on the SSA, lo-
cal
 optimizationson the control flow graph(local CSE,
cop
 y propagation, and “register” allocation of locals),
followed by peephole optimization. They do nothing
like our PRE over accesspath expressions.Their per-
fo
©

rmanceresults aresimilar to ours,showing significant
i
�
mprovements for JDK and JIT execution. In addition,
t
�
hey considertheeffectsof two new interproceduralop-
timizatio
�

ns: objectinlining andcode. duplication. S� im-
ilar in somerespects to the well-known approachesof
cl
 oningandinlining,theseoptimizationsyield factorsof
t
�
wo to five in performanceimprovement, so are consis-

ten
�

t with results reportedelsewhere[Chambersand Un-
garÖ 1989;Chamberset al. 1989;ChambersandUngar
1990;1991;Chambers1992;Deanet al. 1995;Dolby
1997;Dolby andChien 1998]

C
�

ierniak andLi [1997] describe another similar ap-
p� roachto optimization from Java classfiles, involving
reco) very of sufficient high-level programstructureto
en	 able essentially source-level transformations of data
layouts
l

to improve memoryhierarchyutilization for a
particular� target machine. Their resultsare also con-
v� incing, with performanceimprovementsin a JIT envi-
ronmentof up to a factor of two.

O
-

ur reading of Cierniak and Li [1997] andBudim-
l
l
ic andKennedy[1997] is unable to determineto what
e	 xtent they respectJava’s preciseexceptionsemantics
an� d its constraints on code motion. Still, both of these
pri� or efforts are much more aggressive than us in the
trans
�

formationsthey arewilling to apply. We hopethat
TB
�

AA-based PRE for access expressionswill produce
resu) lts as spectacular as theirs when combined with
more0 aggressive inter-proceduralanalyses, suchas they
des



cribe.
Added evidencefor this comesfrom Diwan et al.

[1998]in theirwork with eliminationof commonaccess
e	 xpressionsfor Modula-3.Their resultsindicatethatac-
ces
 ses are often only p� artially-redundantacross calls,
w� hile their optimizer only eliminates fully redundant
access� expressions.Of course,ourPRE-basedapproach
eliminates	 partial redundanciesby definition. Diwan’s
res) ults for eliminationof fully redundantaccesseswith-
o� ut inter-proceduralanalysisarebroadly consistent with
ours� .

Se
�

veral recentpapershave focusedon register pro-
mo� tion [Cooperand Lu 1997;Sastry andJu 1998;Lo
et	 al. 1998]: the identification of programregions in
which� memory-allocatedvaluescanbe cachedin reg-
i
�
sters. These techniquesalso address theissue of elimi-
natingredundantloadsandstoresbyselectively promot-
ing valuesfrom memory into registers. Our approach
dif



fers in that we perform analysis andtransformation
at� a higher level than theseother approaches,with full
kno
�

wledgeof thetypesof thememoryvaluesbeing pro-
mot0 ed. We arecurrently working to understandthepre-
ci
 se relationship betweenourapproachandthese lower
level techniques. Certainly, given theproblemswehave
with� loading and storing of temporariesin somebench-
marks0 , it seemsthatourapproachmightbenefit fromthe
more0 selective placementof loadsandstoresthat these
promot� ion techniquesemploy.

7 Conclusions and Future Work

Ou
-

r results reveal the promiseof optimization of Java
cl
 asses independently of the source-codecompiler and
th
�

e runtime execution engine. In particular, we have
demons



trated improvements using TBAA-based PRE
o� ver accesspathexpressions,with dramaticreductions
in
�

memoryaccessoperations.Applyinginterprocedural
anal� ysesandoptimizationsshould yield evenmoresig-

10



niÕ ficantgainsasthecontext for PRE isexpandedacross
procedure� boundaries, especially since Java program-
mi0 ng style promotes the use of many small methods
w� hose intraproceduralcontext isseverely limited.

UndersomecircumstancesJava’s preciseexception
modelis overly constraining for codemotion optimiza-
t
�
ionssuchasPRE. Relaxing theconstraintscanprovide
more0 opportunitiesfor optimization. More evidenceis
neededÕ whetherpreciseexceptionsareunnecessarilyre-
stricti� ve.

Theimplementationof furtheranalysesandoptimiza-
t
�
ionsto BLOAT is underway andwe are close to mak-
in
�

g the tool more widely available. One application
domai



n we are now focusing on is analysis and opti-
mi0 zation of Java programsin a persistent environment
[Atkinson et al. 1996]. The structureaccess optimiza-
t
�
ionswe have exploredhereprove particularly fruitful
in a persistentsetting,whereloadsandstorescarryad-
di



tional semantics, acting not just on virtual memory,
b
�
ut also on persistentstorage[Cutts andHosking1997;

H
�

osking et al. 1999;Cutts et al. 1999;Brahnmath et al.
1999].
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