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Abstract

Interpretedanguage$ave becomeancreasinglypopulardueto de-
mandsfor rapid programdevelopmentgaseof use,portability, and
safety Beyondthegeneralmpres$onthatthey are?slow? however,
little hasbeendocumentedboutthe performancef interpretersas
aclassof applications.

This paperexaminesinterpreterperformanceby measuringand
analyzinginterpretersfrom both softwareand hardwareperspec-
tives. As examples,we measureghe MIPSI, Java, Perl, and Tcl
interpretergunninganarrayof micro andmacrobenchmark®n a
DEC Alphaplatform. Ourmeasurementsf thesdnterpreterselate
performanceo the compleity of the interpreters virtual machine
and demonstrateéhat native runtime libraries can play a key role
in providing goodperformanceFromanarchitecturaperspectie,
we shaw thatinterpretermperformancés primarily a functionof the
interpreteiitself andis relatively independentf the applicationbe-
ing interpreted. We also demonstratehat high-level interpreters'
demandon processoresourcesare comparablgo thoseof other
complex compiledprograms suchasgcc. We concludethatinter
preters asa classof applicationsdo not currentlymotivatespecial
hardwaresupportfor increasegerformance.

1 Intr oduction

Interpretedanguagesave becomeommonplacéor awidevariety
of computationatasks.For example JasraandPerlarenow standard
languagesor building internetapplicationswhile Tcl is commonly
usedfor rapid developmentof interactve userinterfaces. Inter
pretersalsoplay acrucialrole asbinaryemulatorsenablingcodeto
portdirectlyfrom onearchitectureo anothefAfzal etal. 96]. Such
environmentse ect the extentto which programfunction, easeof
development,portability, and safetyrepresentmportantconcerns
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for abroadrangeof contemporanapplicationdomains.

Despitethe recentemphasison safetyand portability, the per
formanceof interpretersremainsa primary concern. In low-end
consumetorientedsystems for example, where low price limits
hardwareresourcesinterpretedporogramsmuststill executeeffec-
tively. Successfuldesignof such systemsthereforerequiresan
understandingf the overall structureand performanceof inter
preters.To date therehasbeerlittle analysisof the performancef
interpretersasa classof applications.

This paperexploresthe performancemplicationsof interpreted
codeexecutingon modernmicroprocessorsiWe measureandeval-
uateinterpreterdor the MIPS instructionsetandthe Tcl, Perl,and
Java languageswhile running a wide array of micro and macro
benchmark®n a DEC Alpha platform. Our goalis notto compare
thesenterpretergo eachother, but rather to (1) understandheim-
portantparametersf interpretemperformanceand(2) measurehe
demand®f theseinterpreteron currentprocessorsusingvarious
instrumentatiorandtracing techniquesywe provide detailedmea-
surement®f the interpreterimplementations.We also usetrace-
driven simulationto pro®leprocessorresourceutilization during
interpreterexecution. Our dataallows comparisonof the inter
pretedbenchmarkso similar microbenchmarksrittenin C andto
the SPECint92enchmarlsuite.

Previous researchhas concentratedmainly on the analysis
of programminglanguagesand their interaction with architec-
ture. Early measuremenstudiesof commercialminicomputer
systemslooked at instruction set usageand showved that only
a small percentageof the processos instruction set accounted
for more than 80% of the dynamicinstructionsusedin typical
programgFosteretal. 71, Alexander& Wortman75, Elshof 76).
Similar studies on CISCs provided the rationale for moving
to RISC processorgClark & Levy 82, Hennessy PattersorQ].
More recently researcheriave looked at the interactionof the
memory systemand various object-orientedand functional lan-
guages[Calderetal. 94, Diwanetal. 95, Goncales& Appel95,
Holzle & Ungar95]. ResearcherBave alsostudiedthe interaction
of particularclassesof applicationswith architecture: for exam-
ple, [Maynardetal. 94] and[Uhlig etal. 95 studiedthe memory
systembehavior of commerciabndproductvity applications.

In a similar vein, we investigatethe interactionof interpreters
with modernarchitecturesand shov how interpretedapplications
usethe facilities provided by interpreters. The executiontime of
aninterpretedorogramdependaiponthe numberof commandsn-
terpretedandthe time to decodeand executeeachcommand;we
shav how the numberof commandsandtheir executiontime vary
widely from interpreterto interpreterandaredirectly relatedto the
compleity of thevirtual machindmplemented Of theinterpreters
we studied,for example,the Tcl interpretersupportsthe highest



level virtual machine;for an identical program,it thus executes
fewer commandshut more native instructionsper commandthan
theotherinterpretersWith ourmeasurementsye shov whereeach
of theinterpreterdalls in this spectrumandhow their performance
relateso suchacharacterizatioof their virtual machinesWe also
shaw that native runtimelibrariescanplay a key role in providing
goodinterpreterperformance. The Java interpretey for example,
leveragemative graphicsruntimelibrariesto provide goodperfor
mancefor graphics-orientedpplications.

From an architecturalperspectie, we ®ndthat interpreterper
formanceis primarily a function of the interpreteritself and is
independenbf the applicationbeinginterpreted.For example,the
instruction and data cacheperformanceof the Tcl interpreteris
roughly equivalentwhen running ary of our macrobenchmarks.
We alsodemonstrat¢éhataninterpreters demand®nthe processor
resourcesparticularlythe instructioncache,are a function of the
compleity of thevirtual machine;andthatthearchitecturabehar-
ior of high-level interpreterss comparabléo thatof othercomplex
compiledtranslatorssuchas gcc. As a result, we concludethat
interpretersasaclassof applicationsdo notcurrentlymotivatethe
needfor specialhardwaresupportfor increasegerformance.

In therestof this papemwe investigatehe questiorof interpreter
performance Section2 presentsheinterpreterghatform thebasis
of this study Section3 analyzesandcompareghe performancef
theinterpreteiimplementationsand Sectiord extendstheanalysis
by measuringheimpactof interpreterson differentcomponentsf
a modernmicroprocessoarchitecture. Section5 summarizeour
measurementndresults,andconcludeghe paper

2 Interpr eter Descriptions
We examinedfour interpretersn our study:

MIPSI [Sirer93] is an instruction-leel emulatorthat exe-

cutesMIPS R3000 [Kane& Heinrich92] binariescompiled
for the DEC Ultrix operatingsystem. MIPSI has been
usedto investigatearchitecturalalternatves for garbagecol-

lection [Goncahes& Appel 95 and multithreadedproces-
sors[Tullsenetal. 95], andasa teachingtool in architecture
and operatingsystemclasses. The internal structureof the

interpreterfollows closelythat of the initial stagesof a CPU

pipeline,with the fetch,decodeandexecutestagegperformed
explicitly in software.

Javais an object-orientedanguageandruntimeenvironment
designedo supportthe safeexecutionof portableprograms
downloadedvia the World Wide Weh Javais similarto C++,

but provides additionallanguagefeatures,suchas automatic
garbagecollection, threads,and synchronization. Java also
providesanextensie collectionof native runtimelibrariesthat

de®nea high-level interfaceto routinesfor building graphical
userinterfaces. Insteadof direct interpretation, Java source
programsare compiledof ine into byte codesde®nedy the

Java Virtual Machine (JVM) [SunMicrosystem®5]. The

Javainterpreteoperateglirectly on ®lescontainingJVM byte

codes.

Perl is a scripting languagedesignedfor manipulatingtext,
data,®lesandprocessefNall & Schwart290]. Perlsupports
a variety of advancedprogrammingabstractionsuseful for
string and ®le processing,including regular expressions,a

high-level /O interface automaticnemorymanagemengnd
associatre arrays. Perl programsare not interpreteddirectly,
but arecompiledat startuptime into aninternalrepresentation
of the sourceprogram. Perl performsthis compilationstep
eachtime aprogramis invoked.

Tcl is an embeddablecommandlanguagethat allows ap-

plications to be customizedwith a single scripting lan-

guage[Ousterhou®4]. Tcl is alsousedasa stand-alongro-

grammingervironment, providing a programminglanguage
interfacethatincludesbasicfunctionality comparableo that

found in Perl, as well as mechanismdor easily extending
theinterpretemwith compiledapplication-speci®ommands.
Onepopularextensionto Tcl is the Tk toolkit, which provides

asimplewindow systeminterfaceto enablerapid prototyping
of graphicaluserinterfaces.The Tcl interpreteris structured
to easdheadditionandexecutionof application-speci®om-

mandsandit executessourceprogramdirectly.

We chosetheseinterpreterdor severalreasonsFirst, they have
adiversesetof goalsandimplementatiorstratgies,enablingusto
explore how thesedifferentstratgiesarere ectedin their perfor
mance. Secondthey areavailablein sourceform, enablingusto
attribute overheado variousaspect®f theimplementation.Third,
the interpretersare all available on a platform with tools for col-
lecting andprocessingaddresgraces enablingus to analyzetheir
behavior from an architecturalperspectie usingtrace-drnven sim-
ulation. Finally, the popularityof Java, Perl,and Tcl makesthem
of interestto a large usercommunity while MIPSI senesas a
representatie binaryemulator

3 Interpr eter Performance

This sectionanalyzeshe performanceof eachof the interpreters
runninga variety of workloads. We begin by shaving the behar-
ior of simplemicrobenchmarksUsing severalreal programswe
thencharacterizeomefundamentainterpretetoverheadsexamine
the distribution of commandsand measurehe cost of command
interpretation.Finally, we shav how the memorymodelthateach
interpretempresentsanaffect overall performance.

All of our measurementswere performed on 175-MHz
DEC Alpha 3000/300X workstations running Digital Unix
3.2. Instrumentationdata and traces were gathered using
ATOM [Srivastava& Eustaced4], a binary-ravriting tool from
DEC WRL. Explicit timings and cycle countswere gatheredby
modifying interpretersourceto samplethe Alpha cycle counter
Timesand cycle countsincludeall systemactiity, while instruc-
tion countsexcludethe behavior of boththe operatingsystemand
theX window systemsener.

3.1 Microbenchmarksand virtual machines

Table1 demonstratethe slowdown of varioussimpleoperations
performedby eachinterpretemelative to equivalentoperationsm-
plementedin a compiled C program. The table shows that all
the interpretersare signi®cantlyslower than C, andthat no single
interpretemperformsbestacrossall the microbenchmarksFurther
more,the operationghat acces®peratingsystemserviceroutines
(e.g.,theread benchmarkjre slowed lessthanthe otheropera-
tions,becausenostof thecomputatioris donein precompilectode.
Thestring-con  cat andstring-spl it benchmarkshow a



Benchmark | Description Slowdown relativeto C

MIPSI | Javal.0.1 | Perl4.036 | Tcl7.4
a=b+c assigrthe sumof two memorylocationsto a third 260 96 770 6500
if conditionalassignment 79 21 190 1500
null-proc null procedureeall 84 84 670 580
string-concat| concatenatéwo strings 186 504 19 78
string-split splitastringinto four componenstrings 65 161 13 29
read reada 4K ®lefrom awarmbuffer cache 3.3 4.6 12 15

Tablel1: Microbendimarkresults.Thistable showsthe slowdownof eadh microbentmarkrelativeto the equivalenoperationimplemented
in C andcompiledusingtheversionof the C compilerthat comeswith Digital UNIX. Each microbenhmarkran for at least®vesecondper
trial. Each numbempresenteds theaverageof 20 runs. Standad deviationswere no more than 10%and were usuallyunder5%.

similar effect for thoselanguageg¢PerlandTcl) thatprovide string
manipulationfacilitiesin native runtimelibraries.

Theexplanationfor thevariationsin themicrobenchmarkesults
lies in the virtual madine interfaceimplementedby eachinter
preter The virtual machineinterfacede®nes setof virtual com-
mandswhich provide a portableinterfacebetweerthe programand
the processarTheimplementatiorof the virtual machineexecutes
onevirtual commandneachtrip throughthemaininterpretetoop.
The interpreterthusincursan overheadfor fetchinganddecoding
eachvirtual commandbeforeperformingthe work speci®edy the
command. The executiontime of an interpretedprogramthere-
fore depend®n the numberof commandsnterpretedthe fetching
and decodingcostof eachcommand,andthe time spentactually
executingthe operationspeci®edby the command.

Thesecostcomponent®f interpretatiorare not independenof
one another: the numberof commandsequiredto accomplisha
giventaskdependon the level of the virtual machineabstraction
de®nedy theinterpreter A simplevirtual machinemightrequire
the execution of a large numberof commands so the decoding
costof eachcommandcanbe critical to programexecutiontime.
Onthe otherhand,a comple virtual machinecanexecutea given
programin fewer commandsso the aggreyatedecodingcostmay
bemoderate.

Theinterpretersve measurele®neirtualmachinesangingfrom
simpleto complex. For example MIPSI andJavade®nesimplevir-
tual machinesthe overheadof eachvirtual commands smalland
nearly®xed, but a large numberof commandsare requiredto ac-
complishagiventask. In contrastPerlandTcl eachde®neomplex
virtual machinesandresultin non-uniformslowdowns relative to
theC implementationsSometimesaswith stringmanagementhe
virtual machinesrovide an ef®cientimplementatiorof a service.
Othertimes,aswith variablesummatiorandassignmenthevirtual
machineinterfaceintroducessubstantiabverheads.

3.2 Application performance

Themicrobenchmarkumberselpexplain but notpredictprogram
performance. To gain betterinsight, we measurech setof typi-
cal programs,selectedfor eachlanguagefrom publicly available
sources.Theseprogramsaredescribedn Table2. Thedes pro-
gram hasbeenimplementedn all four languagesand provides a
commonreferencepoint for theinterpreters.

Table 2 alsoshaws the baselineperformanceof the interpreters
runningthebenchmarlsuite. For eachprogramthetableshownsthe
total numberof virtual command®xecutedby theinterpretemwhile
runningthe program,the numberof underlyingnative instructions
executedby theinterpretertheratio of native instructiongo virtual
commands(separatednto fetch/decodeand execute categories),

and the programs total executiontime in machinecycles. For
Perl, we breakout the numberof instructionsdevotedto program
precompilatiorin theNative Instructionscolumn.Wedonotinclude
this precompilatioroverheadwvhencalculatingthe averagenumber
of native instructionspervirtual commandasit represents ®xed
overheadperprogram.

Thetableshownsthatthe averagenumberof instructionsrequired
to fetch and decodea singlevirtual commandis low and roughly
®xedfor MIPSI andJava, which usea simple uniform representa-
tion of virtual commands.In contrast,Perl usesa more comple
internalrepresentatioof virtual commandsandthushasincreased
decodingcosts. Tcl hasfetchanddecodecoststhatarean orderof
magnitudehigherthanthe otherlanguagesprimarily becausercl
interpretghe ASCII sourceprogramdirectly. Theimportanceof the
fetch/decodeomponenbf commandnterpretationdiminishesas
thecostof executingthecommandncreaseskFor JazaandPerl,the
averagenumberof native instructionsrequiredto executevirtual
commandvaries, and can dominatethe fetch/decodecomponent.
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Figurel: Cumulativenativeinstructioncountdistributions. Each
point showsthat the top  virtual commandsaccountfor

% of the native instructionsexecutedfor the bendymark. The
nativeinstructionsonlyincludetheexecutecomponenfromTable2
(fetch/decodédnstructionsare excluded). Figure 2 showsthe exact
contribution of speci®commandén more detail.



Virtual Native AverageNative Instructions|  Total

Language| Benchmark Description Size(KB) | Commands| Instructions perVirtual Command Cycles

( ) ( ) Fetch/Decodd Execute | ( )
[C | des | DESencryptionanddecryption | 90 170] 170] 0] 1.0] 530 |
MIPSI des DESencryptionanddecryption 29 190 13,000 51 17 29,000
compress | Unix compressitility 33 4,200 290,000 49 20| 570,000
egntott Equationto truth tableconversion 53 15,000 1,000,000 47 19 | 1,800,000
espresso | Booleanminimization 210 760 52,000 49 20| 100,000
li Lisp interpreter 94 3,400 240,000 48 23| 450,000
Java des DESencryptionanddecryption 35 320 14,000 16 27 63,000
asteroids | Asteroidsgame 18 2,800 120,000 16 27| 1,300,000
hanoi Towersof Hanoi (5 disks) 4.9 180 33,000 16 170 | 340,000
javac Espressdasacompiler(1.0beta) 280 5,700 240,000 16 26 | 900,000
mand Interactve Mandelbrotexplorer 7.0 5,600 190,000 16 18 | 370,000
Perl des DESencryptionanddecryption 23 140 | (6,100)| 45,000 200 82 | 230,000
a2ps CorvertASCII ®leto postscript 24 590 | (4,200)| 290,000 130 350 | 2,500,000
plexus HTTP server 26 49 | (29,000)| 95,000 180 1,200| 770,000
txt2html Corverttextto HTML 33 39| (5,900)| 100,000 150 2,300| 360,000
weblint HTML syntaxchecker 39 120| (7,600)| 130,000 150 870 | 650,000
Tcl des DESencryptionanddecryption 27 82 600,000 2,100 5,200 2,000,000
tellex Lexicalanalysistool 7.8 31 220,000 3,800 3,300| 890,000
tcltags Generatemacdags®le 3.3 260 1,100,000 2,700 1,500 | 4,300,000
demos Tk widgetdemos 98 12 95,000 2,600 5,300 1,700,000
hanoi Tk towersof Hanoi (5 disks) 7.2 3.4 17,000 2,100 3,000| 300,000
ical Tk interactve calendaprogram 170 15 66,000 2,100 2,300 1,300,000
tkdiff Tk interfaceto diff 45 5.9 37,000 2,000 4,300| 340,000
xf Tk interfacebuilder 2,700 8.9 94,000 5,200 5,400 | 3,300,000

Table2: Thistable showsbaselineperformancameasuement®f theinterpretersrunninga setof representativeprograms,along with one
bendimarkprogramwritten in C. The Sizecolumngivesthe sizeof theinput to theinterpreter The Native Instructionscolumnshowsthe
total numberof instructionsexecutedoy the program,excludingthe operating systemand the windowingsystem For Perl, this columnalso
showsin parentheseshe numberof instructionsprecompilingthe program. The Averagecolumnsshowthe numberof native instructions
executeddividedby the total numberof virtual commandssplit into Fetdh/Decodeand ExecutecomponentsFor Perl, theseratios exclude
precompilationinstructions. The Tcl xf and demos programshavenot beenportedto version7.4 of the interpreter so we run thoseon

version7.3; all otherTcl programsrun onversion7.4.

For example,in Java’'shanoi benchmarkmostof the commands
have long-runningimplementationsn the native graphicsruntime
library, and as a resultonly 8.6% of all instructionsare due to
fetchinganddecodingvirtual commands.

The executiontime for differentvirtual commanddependn
the compleity of thosecommands.This leadsus to askwhether
speci®wirtual commandsccounfor adisproportionateamountof
aninterpreters executioncosts;suchcommandsvould be natural
tametsfor optimization. Figure 1 givesaninitial indicationof the
concentratiomf instructionsamongdistinctvirtual commandsFor
example for thedes benchmarkn Tcl, justtwo virtual commands
accountfor 96% of the executecomponenbf native instructions.
Figure 2 presentanore detaileddatafor eachof our benchmark
applications. For eachbenchmarkwe shav two histograms:on
the left, the white-barredhistogramshaws the distribution of vir-
tual commandson the right, the grey-barredhistogramshows the
percentageof native instructionsdue to commandexecution for
eachvirtual command. For example,for the txt2html bench-
markin Perl,thematch commandaccountsor 9% of the virtual
commandsnterpretedand 84% of the native instructionsdue to
commandexecution.

For MIPSI, we seethatfor eachprogramthreevirtual commands
areresponsibldor over 60%of theinstructiondedicatedo virtual
commandexecution. For the mostpart, theseinstructionsmanipu-
late the interpretedprograms memorymodel(lw andsw), which

we describein more detailin the following section. Recallfrom
Table 2, however, that the majority of MIPSI's overall execution
time is dueto fetch/decodeverheadratherthancommandexecu-
tion. Thus,agoodinitial tagetof optimizationfor MIPSI would be
thefetch/decodéoop ratherthanary individual command.
TheJavagraphshow thatsomelavaprogramspendalargefrac-
tion of their executiontime in native runtimelibraries (native ).
For the benchmarkghat use graphicsheaiily (e.g., hanoi and
asteroids ), upto 57% of instructionsdueto the executecom-
ponentoccurwithin theselibraries. For theseapplicationghe in-
terpreteiitself is thereforenot the primary performanceottleneck.
Figure2 alsoillustrateshow Java applicationghatextensiely use
native libraries diminish the importanceof primitive byte codes.
In theasteroids  benchmarkst _load (stackload)commands
accountfor 30% of the virtual commandsexecuted,but lessthan
7% of the executeinstructionsbecausehe programspendsalmost
half (48%) of its executeinstructionswithin natie library code.
Finally, for Perland Tcl, a small numberof virtual commands
dominatethe executiontime of eachapplication(Figure1). How-
ever, the speci®cset of dominantvirtual commandsvariesfrom
programto program(Figure 2). The reasonis that the high-level
virtual machinesgive programmersa greatdeal of “exibility in

Thecountsfor sll  areinated becaus¢heassembleencodesio-opsto ®ll delay
slotsassll instructions.Foreqntott , espresso , andli , morethan90% of the
sll instructionsareno-opswhile for des andcompress , 33%and65%of thesll
instructionsareno-opsrespectiely.
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Figure2: Nativeinstructionandvirtual commandcountdistributions. For eadh bencimark,we showtwo histograms.On theleft (in white),
thehistogmamshowshedistribution of of virtual commanda:ountsfromTable2. Ontheright (in grey), thehistogmmshowshedistribution of
nativeinstructionsacrossvirtual commandsor the2e xecute®componendf commandnterpretation(fetd/decodénstructionsare excluded).
We omitinfrequentlyexecutedvirtual commandsand groupthe Javacommandsénto primary categories. Bars higherthan40%are clipped,
andthe exactpercentageis shownat theendof thebar.



choosingwhich setof commanddo useto implementary given
program. Thusthe setof commandsaisedby eachprogramvaries.
Theresultis that optimizing a particularcommandor setof com-
mandswill notresultin broadperformancemprovementdor these
two languages.

3.3 Memory Model

In the previoussubsectionwe discussedhevirtual commandiusage
of interpretedorograms We now discusshow interpretecbrograms
accesglata. The virtual machineimplementedy eachinterpreter
providesa mechanisnfor accessingnemory This includesaway

of namingdatain memoryandprimitivesto fetchandstorevalues.
Sincemary virtual commandscces$§memory® thecomplexity of

thevirtual memorymodelcanaffect performance Speci®cally:

MIPSI translategachmemoryaccesaisingin-coresimulated
pagetables. The averageperaccessmemory costfor our
benchmarkds 62 native instructions;the percentageof to-

tal instructionsexecutedfor memorymodel implementation
rangesfrom 13%to 18%. As with otheraspectf perfor

mancethe MIPSI low-level virtual machineexhibits uniform

behavior.

Java datacan be storedeither temporarily on thread stacks
or more permanentlyin object®elds. Stackdatacanbe ac-
cessedmplicitly duringthe executionof a Java bytecodeto

fetchoperand®r save results(e.g.,iadd ), or explicitly using
speci®stackbytecodesObject®eldscanonly beaccesseds-
ing speci®dytecodege.g.,get®eld andput®eld ). Each
stackreferenceost? instructiononaverage andeachobject
®eldreferenceostsllinstructionsonaverage.Togetherthey

accounfor 7%to 13%of totalinstructionsexecutedacrosshe

Javabenchmarks.

Perldatacanbe storedin scalarsarrays,and associatre ar

rays. Perlusesa symboltableto translatevariablenameshput
the preprocessinghasecompilesaway mostof thesetransla-
tionsfor scalarsandarrays.For associatiearrays Perlalways
requiresa hashtabletranslation which on averagecosts210
native instructions. The percentagef total instructionsex-

ecutedto supportthe memorymodel rangesfrom 0.16%to

3.8%. Theseresultsillustrateoneof the bene®t®f a prepro-
cessingor compilation)phase.

Tcl datais namedby strings and can be storedin scalars,
lists, and(associatie) arrays. All variablereferencesequire
a symbol-tablelookup that translateghe variablenameto a
storageocation. The averageperaccessnemorycostranges
from 206 (for des) to 514 (for xf ) native instructions. The
costvariesdueto the numberof entriesin the symboltable.
The percentagef total instructionsexecutedto supportthe
memorymodelrangesfrom 3.4%to 14%, andis on average
9.3%.

Thesemeasurementshow thatwhile the memorymodelcanbe
a signi®cansourceof overhead preprocessinghe input program
as Perl doescan reducethe subsequentuntime overheadof the
memorymodel.

3.4 Summary

SimpleinterpretersuchasMIPSI have the advantageof providing

corefunctionalitywith nearly®»ed overheadpervirtual command.
At the other extreme, complec interpreterssuchas Tcl and Perl

provide highly expressve virtual commandsetswith relatively high

interpretatioroverheadpervirtual command Finally, Java offersa

compromiseapproachwith a reasonablyf®cientcoresetof func-

tionality andameanf accessingative library code. Applications
thatmakeextensive useof native librariescansubstantiallyreduce
their relianceon interpreteccodeandits associatedverheads.

4 The Architectural Impact of Interpr eters

In this sectionwe usetrace-drven simulationto analyzethe effect
of interpreteexecutiononarchitecturatesourcessuchasthecache
andexecutionunits. Using our benchmarksuite, we ®rstsimulate
instructionsand memoryreferencedo identify the sourceandna-
ture of all processostalls. Using this samesimulationtechnique
for severalcompiledprogramsallowsusto comparghoseprograms
to ourinterpretersthegoalis to determinewhethersigni®cantlif-
ferencesxist betweeninterpretedanddirectly-executedprograms
with respecto hardwareesourcautilization. We thenfocusonthe
behavior of the memorysystemand explore how differentcache
parameteraffectinterpretemperformance.

4.1 Simulation Results

To evaluateoverallexecutionbelavior, we useadetailednstruction-
level simulatorof a modernmicroprocessobasedn the designof
theDEC Alpha21064[Tullsenetal. 95]. Thesimulatorprocesses
all instructionsand memoryreferencef an executing program,
andaccountgor thesource®f all processostallsduringinstruction
execution. Table3 lists the sourcef thesestallsandthe penalties
they impose.

With the simulator we measuredhe overall executionbehavior
of the four interpretersrunning the programsin our benchmark
suite. We alsosimulateda subsebf the SPECint92benchmarkss
abasisfor comparingheperformancef well-understoodompiled
programgo interpretedorograms.

Figure 3 shows the resultsof our simulations. For eachbench-
mark,we show thepercentagef issueslotsthatare®lled(processor
busy) andthe distribution of un®lledissueslotsdueto delaysim-
posedby variousarchitecturacomponents.The larger the size of
a componenbar, the morethe componentontributedto delaysin
instructionexecution. For examplethe Tcl interpreterunningthe
ical benchmarkhadaprocessouitilization of 32%,while 16%of
its issueslotswereun®lledbecaus®f instructioncachemisses.

Fromthis ®gurewe draw threeconclusions:

1. For eachinterpreter performancenvasgenerallyindependent
of thebenchmarlbeinginterpreted.

2. Theinterpreterghat de®nehigh-level virtual machinegPerl
andTcl) have relatively poorinstructionlocality, while those

The simulatorpredictsslightly fewer stallsthan a real Alpha 21064 systemfor
threereasons. First, only the userlevel instructionsof the programare simulated,
thusignoringtheeffectsof executingoperatingsysteminstructionsor contextswitches
to otherprograms. Secondthe executionunits in the simulatorareuniform andcan
executenyinstructionwhereasheissuingrulesof the21064areless exible. Finally,
to supportthesimultaneousssuingof two loadinstructionsthe ®rst-leel datacacheis
modeledasa bankedcacheasopposedo onethatrestrictsthe processoto oneaccess
percycle. We do not believe thattheseminor differencesaffect our conclusions.
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Figure3: Ovenll executionbehavior This ®gue showsthe distribution of stall cyclesin a 2-issuesupersc#ar processor Processotbusy
showthe percentage of ®lledissueslots. Theremainingcategoriesshowthe percentage of un®lledssueslots.

thatde®ndow-level virtual machinegMIPSI andJava) tend
to have goodinstructionlocality.

3. Datacachebehavior for the interpretedprogramsis roughly
similarto thatof the SPECprograms.

Therestof this sectionaddressethesepointsin moredetail.

Generaltrends

Consideringheperformancef thebenchmark$or eachinterpreter
asagroup,it is evidentthatwhile theinterpretergliffer from onean-
other eachinterpreterexhibits similar performancéehavior across
benchmarksin otherwords,application-speci®gehavior is over-
whelmedby the performanceof the interpreteritself. This canbe
seenfor example by comparingthe performancef the SPECpro-
gramswhen run directly on the Alpha, and when interpretedby
MIPSI. Whenrun directly, thereis a greatdealof variationin the
impactonthearchitecturgfor example contrastC-compress and
C-li ). Butwheninterpretecby MIPSI, the performancepro®les
for all of theprogramsarequitesimilar. Thelargenumberof native
instructionsexecutedto interpretone virtual commanddilute the
performancdehavior of theoriginalapplicationinstructionstream.

The performancero®ledor PerlandTcl arealsosimilaracross
benchmarksComparingtheir behavior to that of the SPECbench-
marks,we seethatthesetwo high-level interpreterdehare much
like gcc. They haverelatively poorinstructionanddatalocality, and
similarinstructionTLB behavior.

Cause Latency Description
(cycles)

other variable control hazardsmemorybank con'icts, oating
pointandintegermultiply instructions

shortint 2|integershift andbyteinstructions

loaddelay 3| pipelinedelaywith ®rst-l@el cachehit

mispredic 4| branchmisprediction

dtlb 40| missin thedatatlb

itlb 40| missin theinstructiontlb

dmiss 6 or 30| missin ®rst-lwel datacacheor the second-lgel
uni®edcache

imiss 6 or 30| missin ®rst-l@el instructioncacheor thesecond
level uni®edcache

Table3: Cause®fprocessostalls. Thistabledescribeshesources
of stall cyclesin our madine simulator The simulatedmemory
systenuses8 KB pages®rstlevel direct-mappe® KB cachesfor

instructionsanddata,a uni®edsecondevel direct-mappe®12KB

cache, an 8 entry instruction TLB, and a 32 entry data TLB. The
simulatedbrandh logic includesa 256 entry 1-bit branch history
table,a 12 entryreturnstad, anda 32 entrybranc targetcache

Javaoccupiesanintermediatepointin the spectrunbetweerthe
low- and high-level interpretersandthis is re ectedin its archi-
tecturalbehavior. When applicationsspendrelatively little time
in the native runtimelibraries(des, javac , mand), they behave
muchlike programsnterpretedby MIPSI. On the otherhand,the
applicationghatusenative runtimelibrariesheavily (asteroi ds,
hanoi ) haveaperformanc@ro®lesimilarto gccandthehigh-level
interpreters.
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Figure4: Instructioncachebehavior This®gue showstheinstructionmissratesof Java,Perl, and Tcl programsas a functionof cachesize
andassociativity Missrateis the numberof misseger 100instructions. Themissrate is shownas a functionof cache sizewithin a graph

andasa functionof cacheassociativityamonggraphs.

ExaminingFigure 3 more closelyrevealsthat major sourcesof
stallsfor someinterpretersncludetheinstructionanddatacaches.
Loaddelaysarealsoa signi®cansourceof stalls;thesestall cycles
primarily re” ect the effectivenessof the compilerand processoim
instructionscheduling.Otherimportantarchitecturacomponents,
suchasthe branchpredictionhardwareand TLB, do not have as
largeanimpactonperformanceThepoorinstructionTLB behavior
exhibited by the interpretersand the SPECbenchmarkss dueto
the Alpha 210645 exceptionally small 8-entry iTLB; increasing
the size of the simulatediTLB to 32 entries(the samesizeasthe
dTLB), effectively eliminatesiTLB stalls. The stallsin the@short
int® category arealso primarily Alpha-speci®cresultingfrom the
absencef byteload/stordnstructionson the 21064.

Instruction Cache

In Figure 3, we seethat the instruction cacheperformancecor
respondsto the type of the virtual machineimplementedby an
interpreter For MIPSI, with a low-level virtual machineonly 2%
of theissueslotsarelost to instructioncachemisseswhereador
PerlandTcl, 18%and17%of issueslotsarelostto instructioncache

misses respectiely. The Java interpreteralsoimplementsa low-
level virtual machine,andhencemary of the Jasa programshave
good instruction cachebehavior. The asteroids  and hanoi

benchmarksareexceptionshut thisis explainedby Figure2, which
shaws that thesebenchmarkspendthe majority of their time in
native runtimelibraries. Hence the graphre ects morethe perfor
manceof the native runtimelibrary ratherthanthe Javainterpreter

The measurement® Section3.2 provide insightinto the rela-
tionship betweenthe level of the virtual machineand instruction
cachebehavior. Recallthat asthe level of abstractionof virtual
commandsncreasesinterpreterexecutemore native instructions
to interpretthevirtual commandTable2). Theinterpretatiooops
of MIPSI and Java executeon averagefewer than 100 instructions
pervirtual commandandthereforeeachiterationof theloop easily
®tsinsidetheinstructioncache.Moreover, theinstructionsthatare
usedfor fetchingand decodingare sharedon eachiteration, and
remainin the cacheand contritute to the low missrate for these
two interpreters.ThusMIPSI, with a higherpercentagef instruc-
tions devotedto fetchinganddecodingthanJasa, hasmoreshared
instructionsbetweeniterationsand a lower cachemiss rate. Perl



andTcl, on the other hand,executethousandf instructionsper
virtual commandand consequentlpneiterationof the interpreter
loop ushesthe cacheof the sharednstructionsfrom the previous
iteration.

Figure3 shavsthatPerl, Tcl, andtheasteroid s andhanoi
benchmarkén Java have alarge numberof instructioncachestalls
for the8 KB direct-mappedhstructioncachen our baselinearchi-
tecture.To explorehow theinstructioncacheperformancémproves
with increasing®rst-leel cachesize wesimulatedhesenterpreters
executingonfour cachesizeg(8, 16,32,and64 KB) eachwith three
typesof associatiity (direct-mapped?, and4 way setassociatie).

Figure4 shavstheresultsof thisexperiment.Thegraphsndicate
that the instructionworking set size of the Perl interpreteris in
the 32 KB to 64 KB range,and the working setsize of the Tcl
interpreteris in the 16 KB to 32 KB range. Interestingly the Tcl
applicationsandonePel application(des ) alsobene®tsigni®antly
from higherassociatiity. Oncethe cacheis large enoughto hold
much of the working set of the interpreters(16 KB and larger),
the i-cachecontinuesto suffer from con’ict misses. This effect
can be seenby comparingthe graphsfor 2-way associatiity to
4-way associatiity. For example,with the 2-way set-associate
32 KB cache,tcltags  hasa missrate of 1.2 missesper 100
instructions,but with the 4-way set-associate 32 KB cachethe
missratedropsto 0.4 misseger100instructions.The explanation
for this behavior is that the averagenumberof instructionsper
virtual commandexecutedby theinterpretergor theseapplications
is in the 4,000-11,000-ange,which correspondg¢o 16-44KB of
instructiondatafor eachloopiteration. With low associattity, once
the cacheis large enoughto hold this mary instructions,someof
theinstructionssharedacrossterationsarebeing ushedoutof the
cachedueto con'icts. With increasedassociattity, however, the
con'icts areremoved andtheinterpretersachieve goodinstruction
cacheperformance.

Data Cacheand TLB

Figure3 shavsthatthe percentagef wastedssueslotsdueto data
cachestallsfor the interpretergypically is ashigh as18%, but is
not signi®cantlylarger than for the compiled SPECbenchmarks.
This suggestshatstoringthe programasdata,asoccursin aninter-
pretedernvironment,doesnot carryapenaltyin termsof datacache
performance.Unlike compiledprogramswherecodeis accessed
on every cycle, the codefor interpretedprogramss accessednce
every iterationof theinterpretedoop. Comparedo the total num-
ber of instructionand datareferencesluring a loop iteration, the
accesse® programcodeareasmallpercentagef all dataaccesses.

ThedataTLB measuremensmphasizehatthe behavior of the
interpretercan overwhelmthe behavior of the programbeingin-
terpreted.Thecompress programprovidesa goodexample:the
native versionhasa dataworking settoo large for the32 entrydata
TLB, resultingin 49% of issueslotsgoingun®lled while whenin-
terpretecby MIPSI, dTLB missesareinconsequentialaccounting
for lessthan1% of theun®lledissueslots. (Of coursethe program
runsmuchmoreslowly wheninterpreted.)

4.2 Architecture Summary

In this sectionwe exploredthe interactionof interpretedorograms
with architecture. Theimportanceof theinstructioncachedepends
onthe compleity of thevirtual machinede®nedy theinterpreter

MIPSI and Java de®ndow-level virtual machineswith an inter
preterloop that generally®tswell within evena 8 KB instruction
cache. For Perland Tcl, a 64 KB ®rst-l&el instructioncacheis
suf®cientto effectively capturethe working set. Finally, from an
architecturalperspectie, interpreterperformances largely inde-
pendenof the programbeinginterpreted.

5 Conclusions

With increasedrocessoperformanceanddemandor portability,

security and easeof use, interpretedlanguageshave becomea

major part of today's computingervironment. In this paper we

studiedthebehavior andperformancef four interpretersxecuting
a rangeof programsand microbenchmarks.We showved that the
performanceof an interpretercannotbe attributed solely to the
frequentlyexecutedcommanddispatchloop. Performances also
linkedto (1) theexpressvenes®f thevirtual commandsetandhow

effectively thesevirtual commandsare used,(2) the useof native

runtimelibraries,and(3) thewaythatthevirtual machinenamesand
accessesiemory We alsoshovedthatthe2architecturafootprint®

of aninterpretedorogramis primarily a function of theinterpreter
itself andnot of the programsbeinginterpreted andthatthe high-

level interpreterdehave similarly to large SPECint92applications,
suchasgcc.

It is always tempting to propose specialized hardware
to support speci®c language ervironments, interpreted or
not, as has been done in the past with mixed suc-
cess[Smith etal. 71, Ditzel & PattersorB80, Flynn 80, Meyers82,
Moon 87, Ungar& Pattersor87]. For the interpretersve studied,
however, it is clearthatsigni®canpotentialstill existsfor improve-
mentthroughsoftwaremeans For example futureimplementations
of JavaandTcl mayinvolve moresophisticate@ompilingandrun-
time code generation[SymantecCorporatiorf6, Ousterhou®#g].
Instruction fetch/decodeoverhead could be reducedby using
threadedinterpretation, by dynamically compiling portions of
the interpreted program into native code, or by compiling to
host machinelevel during load-time or through binary transla-
tion, thereby eliminating the fetch/decodeoverhead altogether
[Bell 73, Klint 81, Deutsch& Schifman84, Andrews & Sand92,
Sitesetal. 92, Cmelik & Keppel94, Adl-Tabatabaetal. 96,
Afzal etal. 96, Wilkinson 96]. Theseoptimizationswill havevary-
ing degreesof successjependingntheinterpreterandinterpreted
program.Wethereforebelieve thateffortsto build specializedhard-
warefor interpreteramay be premature the greatesadvancewill
comeasthe designerof interpretergealizethat performanceas
well asportability, “exibility andsafety arecrucialgoals.

More measurementfcludingthoseof Java onthelntel x86 ar
chitecturerunningtheWindows NT operatingsystemareavailable
athttp://wwwcs.washington.edu/research/interpreters.
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