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Abstract

Panter traversalspose significart overheadto the ex-
ecution of object-orientedprograms, since every ac-
ces to an objects state requiresa pointer dereference.
Eliminating redundantpointer traversals reducesboth
instructionsexecutd as well as redundantmemoryac-
cesestorelieve presureonthe memorysubg/stem. We
desribe anapproacthio eliminationof redundanacces
expresionsthat combnesparia redundang elimina-
tion (PRE)with type-basedaliasanalysis (TBAA). To
explore the potenia of this approachwe have imple-
merted an optimization frameawork for Java classfiles
incorporaing TBAA-basd PRE over pointeraccessx-
presions Theframework isimplemenedasaclassfile-
to-classfiletrarsformer; optimized classesanthen be
run in any stardard Java execution environmert. Our
experimens demonsrate improvemens in the execu-
tion of optimizedcodefor severalJavabenchmarksun-
ning in diverse executon environmens: the standard
interpretedJDK virtual machine, a virtual machne us-
ing “just-in-time” compilation, and native binariescom-
piled off-line (“way-aheadof-time”). Weisdatetheim-
pactof accespath PRE usingTBAA, anddemonstrate
thatJava srequremenif precse exceptonscannotice-
ally impactcode-mation optimizationslike PRE.

1 Introduction

Panter traversalspose significart overheadto the exe-
cution of object-orientecorograms,sinceevery access
to anobjects state requresa pointer dereference Ob-
jectscanreferto otherobjectsforminggraphstructures,
and they canbe maodified, with such modifications vis-
ible in futureaccesseslJustascommonsubexpressions
oftenappearin numericalcode,commonaccesExpres-
sionsarelikewise often encouneredin objectorienied
code. Wheretwo such expresions redundariy com-
pute the samevalue it is desirableto avoid repeated
computationof thatvalueby cachingthe resultof the
first computationin a temporaryvariable,andreusing
it from the temporaryat the later occurrenceof the ex-
presion. Eliminating redundanttcompugtionsin this
way certainly eliminatesredundanCPU overhead.Per
hapsjust as important for modern machne architec-
tures eliminatingredundanticces expresionsals has
the effect of eliminating redundanmemoryreferences
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which are often the sourceof large performancepenat
tiesincurredin the memorysubs/stem.

In this paper we evaluate an approachto elimina-
tion of commonaccessexpressionghatcombinespar
tial redundanyg elimination (PRE) [Morel andRervoise
1979] with type-baed alias analyss (TBAA) [Diwan
etal. 1998]. To explore the potental of this approach
we have built anoptimization framework for Java class
filesincorporatingl BAA-basedPRE for accesexpres-
sions,and measuredts impacton the performanceof
several berchmark programs. An interestirg aspect of
the optimization framework is thatit operatesentirely as
a bytecode-b-bytecodetrandator, sourcing andtarget
ing Java class files Our experimens comparethe ex-
ecuton of optimizedand unoptmized classes for sev-
eral SFARC-based execuion environmerts: the inter-
pretedJDK referencevirtual machine,the Solaris 2.6
virtual machne with “just-in-time” (JIT) compilation,
and native binariescompiled off-line (“way-ahead-of-
time”) to C and thernceto native code using the Sdaris
C compiler.

We have measired both the static and dynamtc im-
pact of bytecode-ével PRE optimizaion for a set of
Javabenchmarlapplicaions including static codesize,
bytecodeexecuton counts, naive-ingruction executon
couns, andelapsedtime. Thereallts demonsgrate gen-
eralimprovementon all measuregor al executionen-
vironmens, althoughsome benchmark$iave degraded
performancén certainervironments.

The remainderof the paperis organizedasfollows.
Sectim 2 introduces the approach to elimination of
redundantacces path expresions basd on partial-
redundang eiminaton and type-bagd alias analysis.
Secion 3 desribesour implementtion of the anaysis
and optimizaion framework that suppors trangorma-
tion of Java classfiles using TBAA-based PRE. Sec-
tion 4 desribesour experimentl methodobgyfor eval-
uaton of TBAA-basd PRE for severalJavabenchmark
appicaions Theexperimentl reallts arerepored and
interpretedin Section 5. We conclude with adiscussim
of related work and specukte on direcionsfor future
work.
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Table 1. Accessexpressions

| Notation | Name Variableaccessed |

p.f Fieldaccess| Field f of classin-
starce to which p
refers

pli] Array access| Componentwith sub-
sciipt i of array to
which p refers

2 PRE for AccesExpressions

Our analysis and optimization framewvork revolves
aroundPRE over objectacces expresions We adopt
standardterminology andnotationsusedin the specii-
cafon of the Java programmig languageto framethe
analysisandoptimizationproblem.

2.1 Terminology and notation

Thefollowing definitionsparaphrasthe Java specifica-
tion [Godling et al. 1996]. An objectin Javais either a
classinganceor anarray Referencevaluesin Javaare
pointers to theseobjects,aswell asthe null reference.
Both object and arraysarecreatd by expresionsthat
allocateand initialize storage for them. The operatars
onreferenceso objectsarefield accessmethodnvoca-
tion, cags, type comparson (i nst anceof ), equality
operabrs andthe condtional operabr. Theremay be
mary reference$o the sameobject. Objectshave muta-
ble state,storedin the variable fields of classinstarces
or the variable elemens of arrays Two variables may
referto the same object the state of the object canbe
modified throughthe referencestoredin one variable
andthenthe altered state observed throughthe other.
Accessxpressionsreferto the variables that comprise
an objects state. A field accessexpressionrefersto a
field of same classinstance, while anarray accessex-
pressionrefersto acomponenbf anarray Table 1 sum-
marizeshetwo kindsof accesgxpressionsn Java. We
adoptthe term accesgath [Larus andHilfinger 1988;
Diwan et al. 1998]to meana non-empy sequenceof
accessesFor example,the Java expressiona.bli].c is
anacces path. Without loss of generality our notation
assunesthat distinct fields within anobjecthave differ-
entnamegq(i.e.,fieldsthatoverrideinherted fieldsof the
samenamefrom superclassesre trivially reramed).

A variableis a storagdocationand hasan associated
type, sometimescalledits comple-timetype. Givenan
accesgath p, thenthe compie-time typeof p, written
Type(p), issimply the compile-time type of the variae
it accessedA variablealwayscontainsavaluethatis as
signmentconpatble with its type. A value of compile-
time classtype S is assigimert compatible with class
typeT if $SandT arethe sameclassor Sis a subclass
of T. A similar rule holdsfor array variables a value
of compile-time array type §] is asignmentcompat-
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Figurel: PRE for arithmeic expresions

ble with arraytype T[] if type Sis asignabk to type
T. Interfacetypes also yield rules on assignability : an
interfacetype Sisassignabkto aninterfacetypeT only
if T is the sameinterfaceasSor a supernterfaceof $;
a classtype S is asignabk to an interfacetype T if $
implementsT. Finally, array types, interfacetypes and
clastypesare all assignabkto classtype Obj ect .
For our purpogswe say thatatype $is a subtypeof
atypeT if Sisasignabkto T.! We write SubypesT)
to denot al subtypesof type T, including T. Thus
an accesyath p canlegally accessvariablesof type

Subype¢Type(p)).

2.2 Partial redundancy elimination

Our approachto optimizationof accessxpressionss
basedon application of partial redundancyeimination
(PRE) [Morel and Renvoise 1979]. To our knowledge
this is the first time PRE hasbeenappliedto access
pahs. PRE isapowerful globaloptimizaion techngue
that subsumesthe more standard commonsubexpres
sion elimination (CSE). PRE eliminatescomputations
thatareonly partialy redundantthatis, redundanonly
onsome,but notall, pahsto somelaterre-compuation.
By insertirg evaluations on those paths wherethe com-
putationdoesnot occur, the laterre-evaluation canbe
eliminatedandreplacedinsteadwith a use of the pre-
computedvalue. This is illustratedin Figure 1. In Fig-
ure 1(a), both a and b are available along eachpath
to the merge point, where expresion a+ b is evalu-
ated. However, this evaluation is partially redundant
since a+ b is available on onepat to the merge but not
both. By hoisting the secondevaluaton of a+ b into
the pathwhere it was not originally available, asin Fig-
ure 1(b), a+ b needonly be evaluated onceaong ary
paththroughthe program ratherthantwice as before.

Considerthe Java accessexpressiona.bfi].c, which
trandatesto Java bytecodeof the form:

al oad a ; load local variable a
getfield b ; load field b of a
iload i : load | ocal variable i
aal oad ; index array b
getfield ¢ ; load field c of b[i]

1The term*“subtype”is notusedatall in the official Javalanguage
specification[Goding et a. 1996], presumably to avoid confusng the
typehierarchyinducedy thesubtyperelationwith clas andinterface
hierarchies
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Figure2: PRE for acces®xpressions

Traversingtheaccesgathrequiressuccessiely loading
the pointerat eachmemorylocationalong the pathand

traversirg it to the next location in the sequence. Be-
fore applyingPRE to accesgathexpressionspnemust
first disambiguatememoryreferencesufficiently to be
alle safelyto assumethatno memay location along the
accesgath canbe aliased(and so modified) by some
lexically distinctaccesspathin the program.Consider
the exampkin Figure2. Theexpresiona.b[i].c will be
redundaniat some subsquentreevaluaion so long as
no store occursto ary oneof a, a.b, i, a.b[i] or a.bJi].c

on the code path betweenthe first evaluation of the ex-

presion and the second. In other words if thereare
explicit starestoaori (localvariables cannotbealiased

in Java) or potertial aliasesto any one of a.b, a.b[i] or

a.h[i].c throughwhich those locatonsmay be modified

betweenthe first and secondevaluaion of the expres

sion, then that secondevaluaion cannotbe treaed as
redundant

2.3 Type-basedaliasanalysis

Alias analyss refines the set of possible variables to
which an accesgpath may refer Two distinct access
pahsare said to be possible aliasesif they mayreferto
the samevariable. Withoutalias analysis the optimizer
must conseratively assumethat all accesspathsare
possiblealiasesof eachother In generalaliasanaly-
sisin the presencef referencess slow andrequireghe
codefor the enire programto work. Type-bagdalias
analyss (TBAA) [Diwan et al. 1998] offersonepossi-
bility for overcoming theselimitations. TBAA assumes
a type-sfe programmig languagesuch as Java, since
it usestype dechraionsto disambiguat referencesl|t
works in lineartime and doesnot requre that the en-
tire programbe available. Rather, TBAA uses the type
systemto disambiguatememoryreferencedy refining
the type of variablesto which anaccesgpath may refer,
since only type-compatibleaccessathscan alias the
samevariablein atype-safelanguageuchasJava. The
compile-timetype of an accesgath providesa simple
way to do this: two accesgpathsp andg maybe aliases
only if therelation TypeDec(p,q) holds as definedby

| TypeDec(AP1,AP>) |
| SubypesType(AP1)) N SubypesType(AP2)) #0 |

Table 2: FieldTypeDed|AP1, AP,)

| Case| AP1 | AP | FieldTypeDed{AP1, AP>) |

1 p p true

2 | pf |ag |(f =g)ATypeDecip,q)
3 pf |qi] |false

4 pi] | alj] | TypeDecip,q)

5 P _|q TypeDecip,q)

A more precis aliasanalyds will distinguish acceses
to fields that are the sametype yet distinct. This more
precse relation, FieldTypeDed{p, q), is definedb yi n-
ducion on the structure of p andq in Table 2. Again,
two accespathsp andg maybe aiases only if there-
lation FieldTypeDec{p,q) holds. It distinguishes ac-
cessesuch ast.f andt.g that TypeDeclmisses. The
casesn Table 2 determire that:

1. Identicalaccespathsareaways aliases

2. Twofieldaccessemaybealiasesf they accesshe
samefield of potertially the sameobject

3. Array acceses cannotaliasfield acceses and vice
versa

4. Two array accessemay be aliasedf they may ac-
cesthesamearray(the sub<ript isignored)

5. All otherpairs of acces expresions(whennone
of theaboveapply) arepossible aliasesif they have
commonsubtypes

2.3.1 Analysing Incomplete Programs

Java dynamtaly links classes on demandas they are
neededduring execuion. Moreover, Java permts dy-
namicloadingof arbitrarynamedclasseghat are stat-
icaly unknavn. Also, codefor native methodscannot
easilybe amalysed To maintain classcompatibility, no
class can male static asumptionsaboutthe code that
implemens anoter class. Thus dias analysis mug
malke conervative asumptionsaboutthe effecs of stat-
ically unavailable code.Fortunatly, both TypeDecland
FieldTypeDeclrequre only the compie-time typesof
accesexpressiongo determinewhich of themmay be
aliases. Thus, they are applicable to compiled classes
in isolation and optimizations that use the static alias
informationthey derive will not violate dynamicclass
compatibility .

Diwan et al. [1998] further refine TBAA for elosed
world situatons thosein whichall the codethat might
execue in anapplication is available for aralysis. The
refinemenenumeratesll theassignments aprogram
to determinemore accuratelythe typesof variablesto
which a given accesspath may refer An accesspath
of type T mayyield areferencdo anobjectof a given
subtype S only if thereexist assignmens of references
of typeSto variablesof typeT. Unlike TypeDec| which
always memgesthe compile-timetype of anaccesgath



with all of its subtypes, Diwan's closed world refine-
mentmemgesa type T with a subtype S only if there
is at leag oneassignmentof a referenceof type Sto a
variable of type T somewherein thecode.

In generalJava suse of dynamtloading, notto men-
tion the possibility of natve methodshiding asign-
mens from the anaysis, precludessuch closed world
analsis. Of cours, it is possible to adopt a closed
world modelfor Java if oneis preparedo regrict dy-
namic classloadng only to classeghat are known stati-
cally, andto supportanalysis (by handor aubmaically)
of the effects of native methods Note that a closed
world model will require re-aralysis of the ertire clo-
sureif any oneclassis changedo includeanew assign-
ment.

2.4 Javaconstraintson optimization

Java's threadandexceptionmodelsimposeseveralcon-
strairts on optimization. First, excegions in Java are
precise when an excegionisthrown all effectsof state-
menspriorto thethrow-pointmug appeato havetaken
place,while the effectsof statementsfter the throw-
point mug not This imposes a significant condraint
on code-moiton optimizaionssuch asPRE, sincecode
with side-efects(includingpossible exception3 cannot
bemoved relative to codethatmaythrow anexception?
In regionsof the codewhereprogramanalsis canshow
that exceptions will not occur code mation is uncon-
strained. For example,the first accesdo an objectvia
a given referenceensuresthat subsequenaccessesia
thatreferencecannotthrow a null pointer excepton.

Second, the thread model prevents movement of
accessexpressionsacross (possible) synchronization
points. Explicit synchroniaion points occurat mon-
itorenter/monitorexit bytecodes Also, withoutinter-
proceduralkcontol-flow analysis every metod invoca-
tion repreents a possible synchroniaion point, since
the callee,or a methodinvoked insidethe callee,may
besynchronized.Thus calsandsynchronizaion points
areplacesatwhich PRE mug assumeall non-localvari-
ables may be modffied, eitherinside the cal or through
the actionsof otherthreads. Common accessxpres-
sionscannotbe consderedredundantcros thes syn-
chronizaion points.

Naturally, one mustalsoresgectthevol ati | e dec-
laration modifier, which forcessynchronizaion of the
variable’s stateacrosghreadson every access.

3 Implemenation

TheJavavirtual machne (VM) specficaion [Lindhom
and Yellin 1996] is intendedas the interface between
Java compilers ard Java execution environmerts. Its

20f cour anoptimizing Javaimplementationcouldsimulate pre-
cise exceptions even while performing unresricted codehoiging, by
arrangingto hideary suchspeculatve executionfrom the user-visible
stateof the Java program(seepage205of Goding et a. [1996]).

standardlassfile formatandinstructionsetpermitmul-
tiple compilers to inter-operate with multiple VM im-
plemenétions enabing the cross-platform delivery of
applcaionsthatis Java's halmark. Conforming clas
filesgeneragd by anycompiler will runinanyJaraVM

implemenation, no matterif that implemeration inter
presbytecodesperformsdynamc “just-in-time” trans

lation to native code (JIT), or precanpiles Java class
files to native objectfiles.

Thebytecodesf theJavaVM specificatiorserve asa
convenient target for optimization of Java applications.
As the only constart in aseaof Jasa compilers and vir-
tual machinestargetingthe Java classfilesfor analysis
ard optimization hasseveral advantages. First, program
improvementsaccruesvenin theabsencef sourcecode
for both librariesandapplicaions andindependethy of
the source-bnguagecompier and VM implemenétion.
Second,Java class files retain enoughhigh-level type
informationto enable mary recently-deelopedtype-
baed analyses and optimizations for objectoriented
languages Finally, analysing and optimizing bytecode
canbe performedoff-line, permitting JT compilers to
focuson fag native codegeneraion ratherthanexpen-
sive analsis. Indeed off-line analysis may expose op-
portunities for fast low-level JT optimizations. Thus,
we have chosento implemer a framework for TBAA-
basedPRE over accessxpressionasedon classfile-
to-classfiletrarsformation.

Our Java classfile optimization tool is calledBLOAT
(Bytecale-Level Optimization and Analysis Tool). The
analysis and optimization framewvork implemerted in
BLOAT is basedon several recentdevelopmentsn the
field. Notably, we use contol flow graphsand static
single assignment(SSA) form as thebasc intermedate
repregnttion [Cytron etal. 1991; Wolfe 1996;Briggs
etal. 1998]. On this foundaton we have built several
stardard optimizations swch as deadcode elimination
and copy/congant propagaion, and SSA-basd value
numberng [Simpson 1996],as well as type-bagdalias
analyss [Diwan et al. 1998] andthe SSA-basd algo-
rithm for PRE of Chow et a. [1997].

3.1 SSA form

SSA form providesa concise repregntation of the use-
definition relationships amang the program variables.
Efficient globaloptimizaionscanbe congructed based
on this form, including deadstare elimination [Cytron

etal. 1991],condant propagaion [WegmanandZadeck
1991], value numberng [Alpern et a. 1988; Rosen

etal. 1988;Cooperand Simpn 1995;Simpson 1996;
Briggsetal. 1997],inducton variable analysis [ Gerlek
etal. 1995]andglobalcodemotion [Click 1995]. Opti-

mizaion algorithmsbased on SSA all exploit its sparse
repreenttion for improved speedand simpler coding

of combinedocal andglobal optimizations.



3.2 SSA-basedPRE

Prior to thework of Chow etal. [1997],PRE lackedan
SSA-basedormulation. As such,optimizersthat used
SSA were forced to corvert to a bit-vector represen-
tation for PRE and backto SSA for subsquentSSA-
basd optimizaions Chow et al. [1997] removed this
impedimert with an approach (SSAPRE)that retairs
the SSA repreenttion throughoutPRE. The specfic
detils of their algorithm are not relevant here,save to
say thatthe algorithmic complexity is repectble: fora
programof sizen, SSAPREStotal timeisO(n(E +V)),
whereE andV arethenumberof edgesandnodesnthe
contol flow graph,resecively.

3.3 Analysis

For eachmethodin a class, BLOAT first builds a
contol flow graphover the bytecodeinstructions and
thentransformseachbasicblock into expressiortrees.
The treesare congructed througha simulation of the
operandstack.

Two simple trandormatonsarethenapplied to eag
later analysesand optimizations. The first converts
methoddghatinitialize static arraysfrom theform emit-
tedb yt he JDK javac compiler comprisinga straight-
line sequenceof array storesfor every elementof the
array into aform moreamenabéto later anaysis, con-
sisting of aloop that reads from a static string defined
in the condant pool of the class. This trangormaion
eliminatesthe unnecessariljtarge basicblocks emitted
for static arrayinitializersin such core classesas Char-
acter, significartly cutting the time for later analysis
of theseinitializers. The secand transformation iden-
tifies loops [Havlak 1997] and corverts each“while”
loop into a “repeat”loop precededby an “if ” condi-
tional. This providesa corvenient place immediately
after the"if” to hoist loop-invariantcodeout of the loop
body Codethat is loop-invariant apart from possibly
throwing exceptionscanthusbe treatedasinvariantin
thenew loop bodyandwill beeliminatedby PRE.

After congruction of the contol flow graphboth lo-
cal and operandstackvariablesare corvertedto SSA
form. This requires compugton of the dominator
tree and dominancefrontier of the contol flow graph
[Cytron et al. 1991]. We also remove critical edges
in the graph by insertirg empty basic blocks on such
edges Critical edgeremoval is requred to provide a
placeto insert codeduring PRE and when trangating
backfrom SSA form.

Java bytecodehastwo forms of control flow which
complcat SSA congruction: excepton handkersand
metod-local subrouines To support excepion han-
dling, we must propagate local variable informatian
from the protectedareato the exceptionhandler We
extend SSA to more easly distinguish all valuesof a
variable thatarelive within the protectedregion.

Subroutineswithin a method areformedwith the jsr
andret bytecodes The jsr bytecodepushesthe current
programcountr, a value of typereturnAddress, onto

the operandstack andbranchego the subroutne. The
ret bytecodd oadsa saved returnAddress from alocal
variable andresumescontol at that codelocation. To
permit verification of jsr subroutnesthe JavaVM spec-
ification imposes restrictionthat eachjsr canhave at
mog onecorrepondingret. This allows eachjsr to be
tiedt ot heret thatreturnsto it. Thus for SSA congruc-
tion we treateachsubroutinesuch that, if a variableis
not redefined within the subroutine, the use-cefinition
information for the variableis propagatedrom each
jsr site to its correponding return site. This avoids
unnecessarilymeming informatian from multiple paths
throughthe subroutne. Our SSA-basd solution is es-
sertially the sameas the “variade splitting” approach
propoedby Ageenetal. [1998]in supportof accurate
garbagecollecion.

TBAA ussthe compie-time type of every expres
sioninthe method,but localandoperandtackvariables
in Java bytecodearenotdechred.Thus after SSA con-
struction we infer their typesusing anintra-procedural
variation of thealgorithmof Palsbeg and Schwartzbach
[1994].

PRE operaes by recognzing common subexpres
sions Rather than basng equivalence of expresions
purely on their lexical equivalence, we use the SSA-
basd value numberng approachof Simpn [1996].
We assign value numbersto every first-order expres
sion. Thee are expresionsfor valuesthat cannotbe
aliased suchasthe contentsof methodlocal variables,
congants andnon-accesexpresionsover these. Using
value numbering avoids the needfor repetitive iteration
of PREinterleavedwith constart/copy propagation.

Finaly, weidentify aliasdefinition points: those code
locations where potertially-aliasedvariades may be
modified. For exampl, an assignmentto a (non-local)
variableredefinegveryaccessxpressiorthatmayalias
that variable. Calls andmonitor synchronizaion points
redefneall accesgxpressions.

3.4 Optimization

After theanalses BLOAT performsthe following op-
timizations:

1. Partial redundancyelimination. BLOAT imple-
menstheSSA-basdPRE algorithm of Chow et al.
[1997], extendedto support TBAA-basd PRE of
accespathsby treatingalias definition pointsfor a
given accessexpressionasredefiningthat expres-
sion. Thisforcesreevaluaion of theexpresionaf-
terthe aliasdefinition point. We also restrictPRE-
inducedcodemotion to repectthe condraints on
Java optimizaionsdueto precse exceptonsand
threadsexceptthatwhereanalysisshavs a given
bytecadewill never throw anexcegionwearefree
to move code with resgectto that bytecale.

2. Condant/copypropagation. Thisis basedon stan-
dard techngues for congant folding, algebrac
simplificaion and copy propagan [Wolfe 1996].



3. Dead code elimination. Thisis the standardSSA-
basd algorithm [Cytronetal. 1991].

3.5 Codegereration

Following the optimizations, SSA temporaries are
mappedback to Java VM local variables, beforegen-
eraton of bytecodeinstructions from the (optimized)
intermedate code trees. Livenessanalysis and regis-
tercoloringwith coalesing[Chaitin 1982;Briggsetal.
1994] ensire a goodallocaion, packing as mary SSA
variables into the same physcal local variable as pos
sible. Priority is given to coalescing loop-nesed local
variables aheadof others Peephoé optimizaionsre-
moveredundantoad andstore bytecodegor beter uti-
lizaion of theoperandstack.

4 Experiments

To evaluatePRE for accesspath expressionsve took
several Java programsas benchmarkspptimizedthem
with BLOAT and comparedthe restts of the optimiza-
tion with their unoptimizedcounterpartsusng several
static anddynamt performancemetics. To isolate the
effectsof accespathPRE we considere@® successiely
morepowerful levels of optimization: PRE over scalar
expresions TBAA-basd PRE over both scalarandac-
ces expresions and TBAA-basd PRE that doesnot
respectlava’s precisesxceptionrequirementsEachop-
timizationlevel subsumeasll optimizationghatareper-
formedby lower level optimizations. In the following
we will refer to reaults for the unoptimizedcode as
base, and to the successie levels of PRE-kasedopti-
mization as pre, tbaa andloose, respectiely.

4.1 Platform

Our experimens were run under Solaris 2.5.1 on a
SunUltra 2 Model 2200, with 256Mb RAM, and two

200MHzUltraSRARC-I procesors, eachwith 1Mb ex-

ternal cachein addition to their on-chip instruction
and data caches. The UltraSFARC-I data cacheis

a 16Kb write-through, non-alocatng, directmapped
cachewith two 16-bytesub-blocksperline. It is virtu-

ally indexed and phydcaly tagged. The 16Kb ingruc-

tion cacheis 2-way set-associative, physcally indexed

andtaggedandorganizedinto 512 32-bytelines

42 Benchmaks

Thebenchmarksve usearesummarizedn Table 3.

4.3 Execuion ernvironmernts

We took measurementfor threedifferentJava execu-
tion environmernts: the stardard Java Development Kit
(JDK) version 1.1.6, the Sdaris 2.6 SFARC JDK with
JIT verdon 1.1.3 (JIT) and Toba version 1.1 (Toba)
[Proebging et a. 1997]. In eachervironmentwe ran

Table 3: Benchmarks

| Name [ Descrigiion | Sizé |
Crypt Java implemeration of the | 650
Unix crypt utility
Huffman | Huffmanencoding 435
Idea File encryption tool 2284
Jlex Scannegenerator 7287
JTB Abstractsyntaxtreebuilder 22317
Linpack | Standard.inpackbenchmark| 584
LzZW Lempel-Zv-Welch file com- | 314
pressim utility
Neual Neual network simulation 1227
Tiger Tigercompier [Appel1998] | 19018

8 inesof sourcecode(includingconmments).

all four variants (base, pre, tbaa andloose) of the
classedor eachbenchmark. Where Java sourcecode
for a benchmarkwas available, it was compiled using
the standard JDK 1.1.6 javac compier (withoutthe -O
optimization flag since in mary caseshis generateser-
roneougode;ourobservationsindicaethatthisflaghas
little impacton the performarceof our benchmarks).

4.3.1 JDK

IDK isthestandardl.l.6Java virtual machie. It uses
a portable threadspackagerather than the naive So-
laris threads and the bytecale interpreter loop is im-
plemeniedin assemter. We optimized the classfiles
of eachbenchmarlegainstthe JDK version 1.1.6 core
Java classes [Goding et a. 1996] at eachoptimization
level, to form the closure of optimizedclassesecessary
to execuk the benchmarkin JDK. Similarly the unop-
timizedbenchmarlclasses wererun agang theunopt-
mizedcoreclasses.

432 JT

JIT refersto the Sdaris 2.6 SFARC JDK with JIT ver
sion 1.1.3. This VM trandates a method’s bytecodes
to native SFARC instruction on first execttion of the
methodalongwith thefollowing optimizations

1. elimination of somearray boundschecking
. elimination of comman subexpressims within
blocks
. elimination of empty metods

2
3
4. someregisterallocationfor locals
5. noflow analysis
6. limited inlining

Interegingly, programmersre encouragedo perform
the following optimizaionsby hand[SunSoft 1997]:

. moveloopinvarians outsidethe loop

. make looptests as simple as possible

. performloopsbackwards

. usonly localvariablesinsde loops

. move congant condtionak outsideloops

NAWNPE



. combine similar loops
neg the busest loop,if loopsareinterchangealsl
unroll loops asalast resort

. avoid conditionalbranches
10. cachevaluesthatare expensveto fetchor compute

11. pre-compug valuesknown atcompietime

-R- RN

The= suggesionslikely reveal deficiencies in the cur
rentJT compiler which our optimizaionsmay addres
prior to JT execution.

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

4.3.3 Toba

TobacompilesJava classfiles to C, andthenceto na-
tive codeusng thehog system’s C compier. The Toba
run-ime system suppors naive Solaris threads and
garbagecollection using the Boehm-Demers-\ser
conseretive garbagecollector [Boehm and Weiser
1988]. We startedwith the samesetsof classes as for
JDK for executionin Toba. Theseclassfileswerethen
compled to native code usng the SunRo C compiler
version 4.0, with the -O2 compiler optimization flag C
optimizationlevel 2 performsbasiclocal andglobal op-
timizaton, includinginducton variable eliminaton, al-
gebrac simplificaion, copy propagaiton,congant prop-
agaton,loop-invariantoptimizaion, registerallocaton,
basic block meming, tail recusion elimination, dead
code elimination, tail call elimination and complex ex-
presion expanson. We use this level sinceit doesnot
“optimize references” nor “trace the effect of pointer
assigiments”, and therefore will bestrevealthe impact
of our pointer optimizaions

4.4 Metrics

For eachbenchmarkve tookmeasurementsr boththe
optimizedandunopimizedclases. We use both static
anddynamt metricsto expose the effects of optimiza-
tion:

e static code size: this is the size in bytes of the
benchmark-secfific (non-library) class files (ex-
cluding debug symbols)for JDK/JIT, and staticex-
ecutabledor Toba

e bytecodesxecutd: dynamt per-bytecodeexecu-
tion frequences, obtainedviaaninstrumenedver-
sion of the C-codedinterpreer loop in the JDK
sourcerelease

e globaly redundant (i.e., cros-acivation)
bytecode-lgel memory acceses: dynamic
perbytecodecountsof al acceses that reload
values from unmodfied variables aso obtained
viatheinstrumenedJDK VM

¢ naive SPARC indructionsexecued: dynamt per
instruction execuion frequencies using the Shade
performancenalysistoolkit [Cmelik and Keppel
1994]

e couns of significantperformance-reited events:

— procesor cyclesto measireelapsedtime

— instruction buffer stalls due to instruction
cachemisses

— datacachereads
— datacachereadmisses

usng softwaré thatallows usetlevel accesso the
UltraSFARC hardware executioncounters

For thedynamicmeasirementgachrun congsts of two
iterations of the benchmark within a given execttion
environmert. The first iteration is to prime the envi-
ronment: loadng classfiles, JT-compiling them and
warming the caches. The seconditerationis the one
measured.

The physcally addresed ingruction cacheon the
UltraSFARC mears that programscan exhibit widely
varying execuion timesfrom oneinvocation to the next,
since eachinvocation may have quite different map-
pingsfrom virtual to physcal addreses that realt in
randomizedinstruction cacheplacement. Thus the
elapsedime and cache-relatedanetrics were obtained
for 10 separaterunsandthe resultsaveraged. We ran
eachbenchmarkwith sufficientheapspaceo eliminate
theneedfor garbagecollection,andverifiedthatno col-
lecionsoccurredduring benchmarkig.

5 Resaults

Our presemation normalizes all optimization resuts
with respectto the base metrics. Reporting the resuts
in this way expossthe relative effectsof the succes
sive levels of optimizaion. Error barsin our graphs
repreent 90% confidenceintervals, thes display the
variation in performancelueto faciorsbeyondour con-
trol, such as the varying virtual-to-physcal pagemap-
pings Groupedby benchmarktheadjacentolumnsin
the graphs represen the trarsition to higher optimiza-
tion levelsfrom base, throughpre andtbaa to loose,
In the following discussionwe considereachexecu-
tionenvironmertinturn: JDK, thenJIT, and lastly Toba.

5.1 JDK

Figure 3(a) illustratesthe articipatedincreasein dy-

nami bytecode execuion count for mary of the
benchmarksmainly dueto introducton of extra loads
from and storesto temporares introducedby PRE for
parially-redundantexpresions whos values are not
usedon all paths. As we shall see, execution envi-

ronmerts that map method local variables to registers
(e.g.,J T and Toba)do notsufferunduly from this over-

head The impacton elapsedtime for interpretation by
the IDK (Figure 3(b)) canbe severe (notablyfor Huff-

man and Tiger), thoughfor some benchmarkshe ex-

traload andstore bytecodesre offset by elimination

of partially-redundantode and replacementf mary
expensve long load/store bytecale forms with their
cheapeshortaternatives.

3See hitp://mww.cs.msu.edui-enbody/
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Figure 3: JDK metrics

Figure 4 highlights thee corversons Theeffectis
mostnotable with LZW wherethe frequency of theload
bytecodesiecreassfrom 11%to 1% of the total byte-
codesexecued and the frequeny of loadn increases
from 20%to 28%. Theseeffectsresultin lessoverhead
in the interpreer’s bytecodedispatch loop. Theimpact
on datacachereads(rememberbytecodesre data)is
revealedin Figure3(c). Thelargeincreasen storesfor
Linpackis dueto PRES elimination of significart num-
bersof redundanarithmeiic expresions

The mostdramaticeffectsof PRE over accesgaths
aredirectly revealedin the resultsfor the accesdyte-
codeggivenin Figureb. Here,we show thetotal number
of accesdytecodeperformed proken down into glob-
ally redundantersusnon-redundardcceses. Thenon-
redundanticceses are those that mug always be per
formed. The globally redundanticceses repregnt op-
portunity for optimization; with perfectinterprocedural
controlflow andaliasinginformationall suchaccesses

(a)load vs. loadn
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Figure4: Replacingload/store with short forms

could be removed. It is remarkabé how mary of thee
are removed by our purely intra-procedurabnalysis.
All benchmarkseea decreasegftensignificant,in the
frequeng of getfield bytecodes(Figure 5(a)) due to
TBAA-based PRE over redundantacces expresions
(tbaa). The dramaticreduction for Neual represens
a reducton of redundangetfield operatonsfrom 9%
of total bytecodesexecutd to 5% of total bytecodes
Linpacksreductonsaresimilar, but getfields represent
just 0.02%o0f total bytecodesexecutd so theimpactis
minimal. Relaxing Java's precee excepfonrequrement
(loose) yields little benefit for getfield.

Thearray intensve benchmarkgHuffman, Linpack,
andNeural) obtainnoticeablereductionsin arrayload
frequeng (Figure 5(b)). Interedingly, relaxing Java's
precise excepions gives significant improvement for
both Linpack and Neural, becausdreedomfrom con-
cernover precise delivery of arrayoutof boundsexcep-
tions providesmore opporunity for PRE-basd code
motion. The Huffman, Linpack, and Neural bench-
marks which have heary arrayuse (4%, 9%, and 11%,
regectvely), seean elimination of 4—7%of the array-
load bytecades for TBAA-basedPRE with preciseex-
ceptions(tbaa). Relaxing exceptiondelivery (loose)
seesreductonsin arrayloads increaseo apeakof 22%
for Neural. Furtherimprovementwould accruef array
subgripts could be disambiguatd viarangeanalysison
the subscript expressionsfor use during array adias anal
ysis. Few arrayload bytecodesre eliminatedin ary of
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the other benchmarksprimarily becausehey their ar-
ray accessesre hiddeninsidemethodcalls to library
classesetc.

The mog dramaticgainsare for getstatic accesses
(Figure 5(c)), primarily becausealmostall such ac-
ceses are globaly redundant Thatwe come close to
the limit in eliminating amog &l redundantacceses
for Crypt and Huffman demonstratethe effectveness
of evensimpe aliasanaly sessuch as TBAA. Theberch-
markswherePRE doesnt eliminatemary getstaticsdo
not have mary to begin with.

5.2 JIT

TheJIT ervironments notinfluencedoy corvergon of
long bytecodeforms to their short variants, since JIT
eliminateghe bytecodedispatchoverheadthatwe were
able to reduce for JDK. Nor, since JIT allocateslocal
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Figure 6: JT metrics

variablesto registers,do the extraload andstore byte-
codesmattermuch since they are corvertedto register
accessesTheonly exceptionto thisis Linpack,which
we saw earler suffers from the introducton of large
numbersof temporares and correponding stores Un-

fortunatly, thecorrepondingincreagin contenionfor
register assignmentof thes temporares caugs most

of themto remainin memay, with the loads turning

into realmemoryaccessesrhis maysimply be ashort-
coming of the register allocaion techngueusedby JIT.

Thus, Linpack’s elapsedtime performanceafter PRE

is disappointing (Figure 6(a)). Of the other bench-
marks only Crypt andldeashow marked improvement
in elapsd time, althoughthey all have fewer memory
readqFigure6(b)). Themarked improvementin Ideais

aresut of improved datareadlocality, resdting in mary

fewer datacachemisses.

5.3 Toba

With Tobaall benchmark$ut Tigershow reductonsin
dat reads(Figure 7(b)). Thus our optimizaions ex-
pose opportunitiesthat the C compiler cannotexploit
onits own at optimization level 2. Thesearereflectedn
reducecelapgd times(Figure7(a))for al but Huffman,
Idea,LZW andNeural which are unabk to exploit the
reducton in data readsin the faceof anuncooperave
instructioncache. This is an artefact of the hardware
platform, and cannotbe blamedon the optimizer, since
it almostnever increasesodesize,andactuallyis ef-
fective at reducing it.
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6 Relatedwork

The recent literature on alias analysis is extensie
[Chaz et al. 1990; Landi and Ryder 1992; Choi et al.
1993;Landietal. 1993;Hummel et a. 1994; Deutsch
1994;: Emamiet a. 1994; Altucher and Landi 1995;
Wilson andLam 1995; Ruf 1995; Ghiya and Hendren
1996; Steengaard 1996; Shapiroand Horwitz 1997;
Debrayetal. 1998;Ghiyaand Hendren1998;Hasti and
Horwitz 1998; Jagannatharet al. 1998]. As in Diwan
et al. [1998], our reallts are distinguished from prior
work by comprehensive evaluation of TBAA with re-
spectto aparticuar optimization, in this casePRE over
accesexpresions and metricsand upperboundsonre-
dundantun-timememoryacceses, asoppo®dto static
measurements.

Budimlic andKennedy[1997] de<ribe a bytecode-
to-bytecodeoptimization approachvery similar to ours
They recover and optimizean SSA-basedepresentation
of eachclassfile, muchas we do, performingdeadcode
eliminaton and congant propagaion on the SSA, lo-
cal optimizaionson the control flow graph(local CSE,
copy propagaiton, and “register” alocaton of locak),
followed by peephot optimizaion. They do nothing
like our PRE over accesgath expressions.Their per
formarceresluts aresimilar to ours, showing significart
improvemens for JDK and J T executon. In addiion,
they consderthe effects of two new interprocedurabp-
timizations: objectinlining andecodeduplication. Sim-
ilar in someregecs to the well-known approachesf
cloningandinlining,these optimizatonsyield facorsof
two to five in performancémprovement so are conss-
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tent with resuts reportedelsevhere [Chambersand Un-
gar 1989; Chamberset al. 1989; ChambersandUngar
1990;1991; Chambers1992; Deanet al. 1995; Dolby
1997;Dolby and Chien 1998]

Cierniak andLi [1997] de<ribe anoter similar ap-
proachto optimization from Java classfiles, involving
recovery of sufficient high-level program structureto
ermabe essetially saurce-level transformations of data
layoutsto improve memoryhierarchyutilization for a
particulartarget machine. Their resultsare aso con-
vincing, with performarceimprovemertsin aJIT envi-
ronmentof up to afacor of two.

Our readng of Cierniak and Li [1997] and Budim-
lic andKennedy[{1997] is unabk to determine to what
extentthey respectlasd’s preciseexceptionsemantics
ard its constraints on code mation. Still, both of these
prior efforts are much more aggresive than us in the
trangormationghey arewilling to apply. We hopethat
TBAA-based PRE for acces expresionswill produce
resuts as spectaclar as theirs when combined with
moreaggresive inter-procedurabnalyses suchasthey
desribe.

Added evidencefor this comesfrom Diwan et al.
[1998]in theirwork with eliminationof commonacces
expresionsfor Modula-3. Their reaultsindicaethatac-
ceses are often only partially-redundantcros cals,
while their optimizer only eliminates fully redundant
accessxpressionsOf course pur PRE-basedpproach
eliminatespartial redundancie®y definition. Diwan’s
reaults for elimination of fully redundanaicceses with-
out inter-proceduralaralysis arebroady consistert with
ours

Several recentpapershave focusedon register pro-
mdion [Cooperand Lu 1997; Sastry andJu 1998; Lo
et al. 1998]: the idenificaion of programregionsin
which memory-allocatedralues can be cachedin reg-
isters. Thee technguesalso addres theissue of elimi-
naingredundantoadsandstoresby selecively promot
ing valuesfrom memoryinto registers. Our approach
differsin that we perform analyss andtrangormation
at a higher level than theseother approactes, with full
knowledgeof the typesof thememoryvaluesbeing pro-
moted. We arecurrenty working to undersand the pre-
cise relationship betweenour approactandthes lower
level technues Certainly, given the problemswe have
with loadng and staring of temporariesin some bench-
marks it ssemghatourapproachmightbeneft fromthe
moreselectve placemenf loadsandstoresthatthese
promoton technguesemploy.

7 Conclusions and Future Work

Our reslts reveal the promise of optimization of Java
classes independety of the source-codecompier and
the runtime execution engine. In particdar, we have
demongrated improvement using TBAA-basd PRE
over accesgath expressionswith dramaticreductions
in memoryacces®perationsApplyinginterprocedural
analysesandoptimizaionsshould yield evenmoresig-



nificantgainsasthe context for PRE is expandedacros
procedureboundarés especially since Java program-
ming style promoies the use of mary smal methods
whos intraproceduratonext is severely limited.

Under some circumstanceslava's preciseexception
modelis overly condraining for codemotion optimiza-
tionssuch asPRE. Relaxing the condraints canprovide
moreopportunitiesor optimization. More evidenceis
neededvhetherpreciseexceptionsareunnecessarilye-
strictive.

Theimplementatiowf furtheranalysesandoptimiza-
tionsto BLOAT is underway andwe are close to mak-
ing the tool more widely available. One application
domah we are now focusng on is analysis and opti-
mizaton of Java programsin a persstent ervironment
[Atkinson et al. 1996]. The structureacces optimiza-
tionswe have explored hereprove paricularly fruitful
in a persistentsetting, whereloadsandstorescarry ad-
ditional semanics, acing not just on virtual memory
but also on pergstentstorage[Cutts andHosking 1997;
Hosking et al. 1999;Cutts etal. 1999;Brahnmak et al.
1999].
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