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Abstract

Interpretedlanguageshavebecomeincreasinglypopulardueto de-
mandsfor rapidprogramdevelopment,easeof use,portability, and
safety. Beyondthegeneralimpressionthatthey areªslow,º however,
little hasbeendocumentedabouttheperformanceof interpretersas
a classof applications.

This paperexaminesinterpreterperformanceby measuringand
analyzinginterpretersfrom both softwareand hardwareperspec-
tives. As examples,we measurethe MIPSI, Java, Perl, and Tcl
interpretersrunninganarrayof micro andmacrobenchmarkson a
DECAlphaplatform. Ourmeasurementsof theseinterpretersrelate
performanceto thecomplexity of the interpreter's virtual machine
anddemonstratethat native runtimelibrariescan play a key role
in providing goodperformance.Fromanarchitecturalperspective,
we show thatinterpreterperformanceis primarily a functionof the
interpreteritself andis relatively independentof theapplicationbe-
ing interpreted. We alsodemonstratethat high-level interpreters'
demandson processorresourcesarecomparableto thoseof other
complex compiledprograms,suchasgcc. We concludethat inter-
preters,asa classof applications,donot currentlymotivatespecial
hardwaresupportfor increasedperformance.

1 Intr oduction

Interpretedlanguageshavebecomecommonplacefor awidevariety
of computationaltasks.Forexample,JavaandPerlarenow standard
languagesfor building internetapplications,whileTcl iscommonly
usedfor rapid developmentof interactive user interfaces. Inter-
pretersalsoplayacrucialroleasbinaryemulators,enablingcodeto
portdirectlyfromonearchitecturetoanother[Afzal etal. 96]. Such
environmentsre¯ect theextent to which programfunction,easeof
development,portability, andsafetyrepresentimportantconcerns
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for a broadrangeof contemporaryapplicationdomains.
Despitethe recentemphasison safetyandportability, the per-

formanceof interpretersremainsa primary concern. In low-end
consumer-orientedsystems,for example,where low price limits
hardwareresources,interpretedprogramsmuststill executeeffec-
tively. Successfuldesignof such systemsthereforerequiresan
understandingof the overall structureand performanceof inter-
preters.To date,therehasbeenlittle analysisof theperformanceof
interpretersasa classof applications.

This paperexplorestheperformanceimplicationsof interpreted
codeexecutingon modernmicroprocessors.We measureandeval-
uateinterpretersfor theMIPS instructionsetandtheTcl, Perl,and
Java languageswhile running a wide array of micro and macro
benchmarkson a DECAlpha platform. Ourgoalis not to compare
theseinterpretersto eachother, but rather, to (1) understandtheim-
portantparametersof interpreterperformance,and(2) measurethe
demandsof theseinterpreterson currentprocessors.Usingvarious
instrumentationandtracing techniques,we provide detailedmea-
surementsof the interpreterimplementations.We alsousetrace-
driven simulation to pro®leprocessorresourceutilization during
interpreterexecution. Our data allows comparisonof the inter-
pretedbenchmarksto similarmicrobenchmarkswritten in C andto
theSPECint92benchmarksuite.

Previous researchhas concentratedmainly on the analysis
of programminglanguagesand their interaction with architec-
ture. Early measurementstudiesof commercialminicomputer
systemslooked at instruction set usageand showed that only
a small percentageof the processor's instruction set accounted
for more than 80% of the dynamic instructionsusedin typical
programs[Fosteretal. 71, Alexander& Wortman75, Elshoff 76].
Similar studies on CISCs provided the rationale for moving
to RISC processors[Clark & Levy 82, Hennessy& Patterson90].
More recently, researchershave looked at the interactionof the
memory systemand various object-orientedand functional lan-
guages[Calderetal. 94, Diwanetal. 95, Goncalves& Appel95,
Holzle& Ungar95]. Researchershave alsostudiedtheinteraction
of particularclassesof applicationswith architecture: for exam-
ple, [Maynardetal. 94] and [Uhlig etal. 95] studiedthe memory
systembehavior of commercialandproductivity applications.

In a similar vein, we investigatethe interactionof interpreters
with modernarchitecturesandshow how interpretedapplications
usethe facilities provided by interpreters.The executiontime of
aninterpretedprogramdependsuponthenumberof commandsin-
terpretedandthe time to decodeandexecuteeachcommand;we
show how thenumberof commandsandtheir executiontime vary
widely from interpreterto interpreterandaredirectly relatedto the
complexity of thevirtual machineimplemented.Of theinterpreters
we studied,for example,the Tcl interpretersupportsthe highest



level virtual machine;for an identical program,it thus executes
fewer commands,but morenative instructionspercommand,than
theotherinterpreters.With ourmeasurements,weshow whereeach
of theinterpretersfalls in thisspectrum,andhow theirperformance
relatesto suchacharacterizationof theirvirtual machines.We also
show thatnative runtimelibrariescanplay a key role in providing
good interpreterperformance.The Java interpreter, for example,
leveragesnative graphicsruntimelibrariesto provide goodperfor-
mancefor graphics-orientedapplications.

From an architecturalperspective, we ®ndthat interpreterper-
formanceis primarily a function of the interpreteritself and is
independentof theapplicationbeinginterpreted.For example,the
instruction and data cacheperformanceof the Tcl interpreteris
roughly equivalentwhen running any of our macrobenchmarks.
Wealsodemonstratethataninterpreter's demandsontheprocessor
resources,particularlythe instructioncache,area function of the
complexity of thevirtual machine;andthatthearchitecturalbehav-
ior of high-level interpretersis comparableto thatof othercomplex
compiledtranslators,suchas gcc. As a result,we concludethat
interpreters,asaclassof applications,donotcurrentlymotivatethe
needfor specialhardwaresupportfor increasedperformance.

In therestof thispaperwe investigatethequestionof interpreter
performance.Section2 presentstheinterpretersthatform thebasis
of this study. Section3 analyzesandcomparestheperformanceof
theinterpreterimplementations,andSection4 extendstheanalysis
by measuringtheimpactof interpreterson differentcomponentsof
a modernmicroprocessorarchitecture.Section5 summarizesour
measurementsandresults,andconcludesthepaper.

2 Interpr eter Descriptions

We examinedfour interpretersin ourstudy:

� MIPSI [Sirer 93] is an instruction-level emulator that exe-
cutesMIPS R3000 [Kane& Heinrich92] binariescompiled
for the DEC Ultrix operating system. MIPSI has been
usedto investigatearchitecturalalternatives for garbagecol-
lection [Goncalves& 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 thefetch,decodeandexecutestagesperformed
explicitly in software.

� Javais an object-orientedlanguageandruntimeenvironment
designedto supportthe safeexecutionof portableprograms
downloadedvia theWorld WideWeb. Java is similar to C++,
but providesadditionallanguagefeatures,suchasautomatic
garbagecollection, threads,and synchronization. Java also
providesanextensivecollectionof nativeruntimelibrariesthat
de®nea high-level interfaceto routinesfor building graphical
userinterfaces. Insteadof direct interpretation,Java source
programsarecompiledof¯ine into byte codesde®nedby the
Java Virtual Machine (JVM) [SunMicrosystems95]. The
Javainterpreteroperatesdirectlyon®lescontainingJVM byte
codes.

� Perl is a scripting languagedesignedfor manipulatingtext,
data,®les,andprocesses[Wall & Schwartz90]. Perlsupports
a variety of advancedprogrammingabstractionsuseful for
string and ®le processing,including regular expressions,a

high-level I/O interface,automaticmemorymanagement,and
associative arrays.Perlprogramsarenot interpreteddirectly,
but arecompiledatstartuptimeinto aninternalrepresentation
of the sourceprogram. Perl performsthis compilationstep
eachtime a programis invoked.

� Tcl is an embeddablecommandlanguagethat allows ap-
plications to be customizedwith a single scripting lan-
guage[Ousterhout94]. Tcl is alsousedasa stand-alonepro-
grammingenvironment,providing a programminglanguage
interfacethat includesbasicfunctionality comparableto that
found in Perl, as well as mechanismsfor easily extending
theinterpreterwith compiledapplication-speci®ccommands.
Onepopularextensionto Tcl is theTk toolkit, whichprovides
a simplewindow systeminterfaceto enablerapidprototyping
of graphicaluserinterfaces.TheTcl interpreteris structured
to easetheadditionandexecutionof application-speci®ccom-
mands,andit executessourceprogramsdirectly.

We chosetheseinterpretersfor severalreasons.First, they have
a diversesetof goalsandimplementationstrategies,enablingusto
explorehow thesedifferentstrategiesarere¯ectedin their perfor-
mance. Second,they areavailablein sourceform, enablingus to
attributeoverheadto variousaspectsof theimplementation.Third,
the interpretersareall availableon a platform with tools for col-
lectingandprocessingaddresstraces,enablingus to analyzetheir
behavior from an architecturalperspective usingtrace-driven sim-
ulation. Finally, the popularityof Java, Perl, andTcl makesthem
of interestto a large user community, while MIPSI serves as a
representativebinaryemulator.

3 Interpr eter Performance

This sectionanalyzesthe performanceof eachof the interpreters
runninga variety of workloads. We begin by showing thebehav-
ior of simplemicrobenchmarks.Using several real programs,we
thencharacterizesomefundamentalinterpreteroverheads,examine
the distribution of commands,andmeasurethe cost of command
interpretation.Finally, we show how thememorymodelthateach
interpreterpresentscanaffectoverall performance.

All of our measurementswere performed on 175-MHz
DEC Alpha 3000/300X workstations running Digital Unix
3.2. Instrumentation data and traces were gathered using
ATOM [Srivastava & Eustace94], a binary-rewriting tool from
DEC WRL. Explicit timings and cycle countswere gatheredby
modifying interpretersourceto samplethe Alpha cycle counter.
Timesandcycle countsincludeall systemactivity, while instruc-
tion countsexcludethebehavior of boththeoperatingsystemand
theX window systemserver.

3.1 Micr obenchmarksand virtual machines

Table1 demonstratestheslowdown of varioussimpleoperations
performedby eachinterpreterrelative to equivalentoperationsim-
plementedin a compiled C program. The table shows that all
the interpretersaresigni®cantlyslower thanC, andthat no single
interpreterperformsbestacrossall themicrobenchmarks.Further-
more,theoperationsthat accessoperatingsystemserviceroutines
(e.g.,the read benchmark)areslowed lessthanthe otheropera-
tions,becausemostof thecomputationisdonein precompiledcode.
Thestring-con ca t andstring-spl it benchmarksshow a



Benchmark Description Slowdown relative to C
MIPSI Java1.0.1 Perl4.036 Tcl 7.4

a=b+c assignthesumof two memorylocationsto a third 260 96 770 6500
if conditionalassignment 79 21 190 1500
null-proc null procedurecall 84 84 670 580
string-concat concatenatetwo strings 186 504 19 78
string-split split astringinto four componentstrings 65 161 13 29
read reada4K ®lefrom awarmbuffer cache 3.3 4.6 1.2 15

Table1: Microbenchmarkresults.Thistableshowstheslowdownof each microbenchmarkrelativeto theequivalentoperationimplemented
in C andcompiledusingtheversionof theC compilerthatcomeswith Digital UNIX. Each microbenchmarkran for at least®vesecondsper
trial. Each numberpresentedis theaverageof 20 runs. Standard deviationswereno morethan10%andwereusuallyunder5%.

similareffect for thoselanguages(PerlandTcl) thatprovide string
manipulationfacilities in native runtimelibraries.

Theexplanationfor thevariationsin themicrobenchmarkresults
lies in the virtual machine interfaceimplementedby eachinter-
preter. The virtual machineinterfacede®nesa setof virtual com-
mandswhichprovidea portableinterfacebetweentheprogramand
theprocessor. Theimplementationof thevirtual machineexecutes
onevirtual commandoneachtrip throughthemaininterpreterloop.
The interpreterthusincursan overheadfor fetchinganddecoding
eachvirtual commandbeforeperformingthework speci®edby the
command. The execution time of an interpretedprogramthere-
fore dependson thenumberof commandsinterpreted,thefetching
anddecodingcostof eachcommand,and the time spentactually
executingtheoperationspeci®edby thecommand.

Thesecostcomponentsof interpretationarenot independentof
one another: the numberof commandsrequiredto accomplisha
given taskdependson the level of the virtual machineabstraction
de®nedby theinterpreter. A simplevirtual machinemight require
the execution of a large numberof commands,so the decoding
costof eachcommandcanbe critical to programexecutiontime.
On theotherhand,a complex virtual machinecanexecutea given
programin fewer commands,so the aggregatedecodingcostmay
bemoderate.

Theinterpreterswemeasurede®nevirtualmachinesrangingfrom
simpleto complex. For example,MIPSI andJavade®nesimplevir-
tual machines;theoverheadof eachvirtual commandis smalland
nearly®xed, but a large numberof commandsarerequiredto ac-
complishagiventask.In contrast,PerlandTcl eachde®necomplex
virtual machinesandresult in non-uniformslowdowns relative to
theC implementations.Sometimes,aswith stringmanagement,the
virtual machinesprovide an ef®cientimplementationof a service.
Othertimes,aswith variablesummationandassignment,thevirtual
machineinterfaceintroducessubstantialoverheads.

3.2 Application performance

Themicrobenchmarknumbershelpexplainbut notpredictprogram
performance. To gain betterinsight, we measureda setof typi-
cal programs,selectedfor eachlanguagefrom publicly available
sources.Theseprogramsaredescribedin Table2. The des pro-
gramhasbeenimplementedin all four languagesandprovides a
commonreferencepoint for theinterpreters.

Table2 alsoshows the baselineperformanceof the interpreters
runningthebenchmarksuite.For eachprogram,thetableshowsthe
totalnumberof virtual commandsexecutedby theinterpreterwhile
runningtheprogram,thenumberof underlyingnative instructions
executedby theinterpreter, theratioof native instructionsto virtual
commands(separatedinto fetch/decodeand executecategories),

and the program's total execution time in machinecycles. For
Perl,we breakout thenumberof instructionsdevotedto program
precompilationin theNativeInstructionscolumn.Wedonotinclude
thisprecompilationoverheadwhencalculatingtheaveragenumber
of native instructionspervirtual command,asit representsa ®xed
overheadperprogram.

Thetableshowsthattheaveragenumberof instructionsrequired
to fetch anddecodea singlevirtual commandis low androughly
®xedfor MIPSI andJava, which usea simpleuniform representa-
tion of virtual commands.In contrast,Perl usesa morecomplex
internalrepresentationof virtual commands,andthushasincreased
decodingcosts.Tcl hasfetchanddecodecoststhatareanorderof
magnitudehigherthantheotherlanguages,primarily becauseTcl
interpretstheASCII sourceprogramdirectly. Theimportanceof the
fetch/decodecomponentof commandinterpretationdiminishesas
thecostof executingthecommandincreases.For JavaandPerl,the
averagenumberof native instructionsrequiredto executevirtual
commandvaries,and candominatethe fetch/decodecomponent.
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Figure1: Cumulativenativeinstructioncountdistributions. Each
point

���������

showsthat the top
�

virtual commandsaccountfor
�

% of the native instructionsexecutedfor the benchmark. The
nativeinstructionsonlyincludetheexecutecomponentfromTable2
(fetch/decodeinstructionsareexcluded).Figure 2 showstheexact
contributionof speci®ccommandsin moredetail.



Virtual Native AverageNative Instructions Total
Language Benchmark Description Size(KB) Commands Instructions perVirtual Command Cycles

( �����

�

) ( �����

�

) Fetch/Decode Execute ( �����

�

)

C des DESencryptionanddecryption 90 170 170 0 1.0 530

MIPSI des DESencryptionanddecryption 29 190 13,000 51 17 29,000
compress Unix compressutility 33 4,200 290,000 49 20 570,000
eqntott 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 EspressoJavacompiler(1.0beta) 280 5,700 240,000 16 26 900,000
mand InteractiveMandelbrotexplorer 7.0 5,600 190,000 16 18 370,000

Perl des DESencryptionanddecryption 23 140 (6,100) 45,000 200 82 230,000
a2ps ConvertASCII ®leto postscript 24 590 (4,200) 290,000 130 350 2,500,000
plexus HTTPserver 26 49 (29,000) 95,000 180 1,200 770,000
txt2html Converttext to 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
tcllex Lexicalanalysistool 7.8 31 220,000 3,800 3,300 890,000
tcltags Generateemacstags®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 interactivecalendarprogram 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: Thistableshowsbaselineperformancemeasurementsof theinterpretersrunninga setof representativeprograms,alongwith one
benchmarkprogramwritten in C. TheSizecolumngivesthesizeof the input to the interpreter. TheNativeInstructionscolumnshowsthe
total numberof instructionsexecutedby theprogram,excludingtheoperatingsystemandthewindowingsystem.For Perl, this columnalso
showsin parenthesesthenumberof instructionsprecompilingtheprogram. TheAveragecolumnsshowthe numberof native instructions
executeddividedby thetotal numberof virtual commands,split into Fetch/DecodeandExecutecomponents.For Perl, theseratiosexclude
precompilationinstructions. TheTcl 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's hanoi benchmark,mostof thecommands
have long-runningimplementationsin thenative graphicsruntime
library, and as a result only 8.6% of all instructionsare due to
fetchinganddecodingvirtual commands.

The executiontime for differentvirtual commandsdependson
the complexity of thosecommands.This leadsus to askwhether
speci®cvirtual commandsaccountfor adisproportionateamountof
an interpreter's executioncosts;suchcommandswould benatural
targetsfor optimization. Figure1 givesan initial indicationof the
concentrationof instructionsamongdistinctvirtual commands.For
example,for thedes benchmarkin Tcl, just two virtual commands
accountfor 96%of the executecomponentof native instructions.
Figure 2 presentsmore detaileddatafor eachof our benchmark
applications. For eachbenchmark,we show two histograms:on
the left, the white-barredhistogramshows the distribution of vir-
tual commands; on the right, thegrey-barredhistogramshows the
percentageof native instructionsdue to commandexecution for
eachvirtual command. For example,for the txt2html bench-
mark in Perl, thematch commandaccountsfor 9% of thevirtual
commandsinterpretedand 84% of the native instructionsdue to
commandexecution.

For MIPSI,weseethatfor eachprogramthreevirtual commands
areresponsiblefor over60%of theinstructionsdedicatedto virtual
commandexecution.For themostpart,theseinstructionsmanipu-
late the interpretedprogram's memorymodel(lw andsw), which

we describein moredetail in the following section
�

. Recallfrom
Table 2, however, that the majority of MIPSI's overall execution
time is dueto fetch/decodeoverheadratherthancommandexecu-
tion. Thus,agoodinitial targetof optimizationfor MIPSI wouldbe
thefetch/decodeloop ratherthanany individual command.

TheJavagraphsshow thatsomeJavaprogramsspendalargefrac-
tion of their executiontime in native runtimelibraries(native ).
For the benchmarksthat usegraphicsheavily (e.g., hanoi and
asteroids ), up to 57%of instructionsdueto the executecom-
ponentoccurwithin theselibraries. For theseapplicationsthe in-
terpreteritself is thereforenot theprimaryperformancebottleneck.
Figure2 alsoillustrateshow Java applicationsthatextensively use
native libraries diminish the importanceof primitive byte codes.
In theasteroids benchmark,st load (stackload)commands
accountfor 30% of the virtual commandsexecuted,but lessthan
7% of theexecuteinstructionsbecausetheprogramspendsalmost
half (48%)of its executeinstructionswithin native library code.

Finally, for Perl andTcl, a small numberof virtual commands
dominatetheexecutiontime of eachapplication(Figure1). How-
ever, the speci®cset of dominantvirtual commandsvariesfrom
programto program(Figure2). The reasonis that the high-level
virtual machinesgive programmersa great deal of ¯exibility in

�

Thecountsfor sll arein¯ated becausetheassemblerencodesno-opsto ®ll delay
slotsassll instructions.For eqntott , espresso , andli , morethan90%of the
sll instructionsareno-ops,while for des andcompress , 33%and65%of thesll
instructionsareno-opsrespectively.
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Figure2: Nativeinstructionandvirtual commandcountdistributions.For each benchmark,weshowtwo histograms.On theleft (in white),
thehistogramshowsthedistributionof of virtual commandcountsfromTable2. Ontheright (in grey),thehistogramshowsthedistributionof
nativeinstructionsacrossvirtual commandsfor theªexecuteºcomponentofcommandinterpretation(fetch/decodeinstructionsareexcluded).
We omit infrequentlyexecutedvirtual commands,andgrouptheJavacommandsinto primarycategories.Barshigherthan40%areclipped,
andtheexactpercentageis shownat theendof thebar.



choosingwhich setof commandsto useto implementany given
program.Thusthesetof commandsusedby eachprogramvaries.
The resultis that optimizinga particularcommandor setof com-
mandswill notresultin broadperformanceimprovementsfor these
two languages.

3.3 Memory Model

In theprevioussubsectionwediscussedthevirtual commandusage
of interpretedprograms.Wenow discusshow interpretedprograms
accessdata. Thevirtual machineimplementedby eachinterpreter
providesa mechanismfor accessingmemory. This includesa way
of namingdatain memoryandprimitivesto fetchandstorevalues.
Sincemany virtual commandsaccessªmemory,º thecomplexity of
thevirtual memorymodelcanaffectperformance.Speci®cally:

� MIPSI translateseachmemoryaccessusingin-coresimulated
pagetables. The averageper-accessmemory cost for our
benchmarksis 62 native instructions;the percentageof to-
tal instructionsexecutedfor memorymodel implementation
rangesfrom 13% to 18%. As with other aspectsof perfor-
mance,theMIPSI low-level virtual machineexhibits uniform
behavior.

� Java datacan be storedeither temporarilyon threadstacks
or morepermanentlyin object®elds. Stackdatacanbe ac-
cessedimplicitly during the executionof a Java bytecodeto
fetchoperandsor saveresults(e.g.,iadd ), or explicitly using
speci®cstackbytecodes.Object®eldscanonlybeaccessedus-
ing speci®cbytecodes(e.g.,get®eld andput®eld ). Each
stackreferencecosts2 instructionsonaverage,andeachobject
®eldreferencecosts11instructionsonaverage.Together, they
accountfor 7%to 13%of total instructionsexecutedacrossthe
Javabenchmarks.

� Perl datacanbe storedin scalars,arrays,andassociative ar-
rays.Perlusesa symboltableto translatevariablenames,but
thepreprocessingphasecompilesaway mostof thesetransla-
tionsfor scalarsandarrays.For associativearrays,Perlalways
requiresa hashtabletranslation,which on averagecosts210
native instructions. The percentageof total instructionsex-
ecutedto supportthe memorymodel rangesfrom 0.16%to
3.8%. Theseresultsillustrateoneof thebene®tsof a prepro-
cessing(or compilation)phase.

� Tcl data is namedby strings and can be storedin scalars,
lists, and(associative) arrays. All variablereferencesrequire
a symbol-tablelookup that translatesthe variablenameto a
storagelocation. Theaverageper-accessmemorycostranges
from 206 (for des ) to 514 (for xf ) native instructions. The
costvariesdueto the numberof entriesin the symboltable.
The percentageof total instructionsexecutedto supportthe
memorymodelrangesfrom 3.4%to 14%,andis on average
9.3%.

Thesemeasurementsshow thatwhile thememorymodelcanbe
a signi®cantsourceof overhead,preprocessingthe input program
as Perl doescan reducethe subsequentruntime overheadof the
memorymodel.

3.4 Summary

SimpleinterpreterssuchasMIPSI havetheadvantageof providing
corefunctionalitywith nearly®xedoverheadpervirtual command.
At the other extreme,complex interpreterssuchas Tcl and Perl
providehighly expressivevirtual commandsetswith relatively high
interpretationoverheadpervirtual command.Finally, Java offersa
compromiseapproach,with a reasonablyef®cientcoresetof func-
tionalityandameansof accessingnative library code.Applications
thatmakeextensive useof native librariescansubstantiallyreduce
their relianceon interpretedcodeandits associatedoverheads.

4 The Ar chitectural Impact of Interpr eters

In this sectionwe usetrace-driven simulationto analyzetheeffect
of interpreterexecutiononarchitecturalresources,suchasthecache
andexecutionunits. Using our benchmarksuite,we ®rstsimulate
instructionsandmemoryreferencesto identify thesourceandna-
ture of all processorstalls. Using this samesimulationtechnique
for severalcompiledprogramsallowsustocomparethoseprograms
to our interpreters;thegoalis to determinewhethersigni®cantdif-
ferencesexist betweeninterpretedanddirectly-executedprograms
with respectto hardwareresourceutilization. We thenfocusonthe
behavior of the memorysystemandexplore how different cache
parametersaffect interpreterperformance.

4.1 Simulation Results

Toevaluateoverallexecutionbehavior,weuseadetailedinstruction-
level simulatorof a modernmicroprocessorbasedon thedesignof
theDEC Alpha 21064[Tullsenetal. 95]. Thesimulatorprocesses
all instructionsand memoryreferencesof an executingprogram,
andaccountsfor thesourcesof all processorstallsduringinstruction
execution.Table3 lists thesourcesof thesestallsandthepenalties
they impose

�

.
With thesimulator, we measuredtheoverall executionbehavior

of the four interpretersrunning the programsin our benchmark
suite.We alsosimulateda subsetof theSPECint92benchmarksas
abasisfor comparingtheperformanceof well-understoodcompiled
programsto interpretedprograms.

Figure3 shows the resultsof our simulations.For eachbench-
mark,weshow thepercentageof issueslotsthatare®lled(processor
busy) andthe distribution of un®lledissueslotsdueto delaysim-
posedby variousarchitecturalcomponents.The larger thesizeof
a componentbar, themorethecomponentcontributedto delaysin
instructionexecution.For example,theTcl interpreterrunningthe
ical benchmarkhadaprocessorutilizationof 32%,while 16%of
its issueslotswereun®lledbecauseof instructioncachemisses.

Fromthis®gurewe draw threeconclusions:

1. For eachinterpreter, performancewasgenerallyindependent
of thebenchmarkbeinginterpreted.

2. The interpretersthat de®nehigh-level virtual machines(Perl
andTcl) have relatively poor instructionlocality, while those

�

The simulatorpredictsslightly fewer stalls than a real Alpha 21064systemfor
threereasons. First, only the user-level instructionsof the programare simulated,
thusignoringtheeffectsof executingoperatingsysteminstructionsor contextswitches
to otherprograms.Second,the executionunits in the simulatorareuniform andcan
executeanyinstruction,whereastheissuingrulesof the21064areless̄ exible. Finally,
tosupportthesimultaneousissuingof two loadinstructions,the®rst-leveldatacacheis
modeledasabankedcacheasopposedto onethatrestrictstheprocessorto oneaccess
percycle. Wedonot believethattheseminordifferencesaffect ourconclusions.
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showthepercentageof ®lledissueslots.Theremainingcategoriesshowthepercentageof un®lledissueslots.

thatde®nelow-level virtual machines(MIPSI andJava) tend
to have goodinstructionlocality.

3. Datacachebehavior for the interpretedprogramsis roughly
similar to thatof theSPECprograms.

Therestof this sectionaddressesthesepointsin moredetail.

General tr ends

Consideringtheperformanceof thebenchmarksfor eachinterpreter
asagroup,it isevidentthatwhile theinterpretersdiffer from onean-
other, eachinterpreterexhibitssimilarperformancebehavior across
benchmarks.In otherwords,application-speci®cbehavior is over-
whelmedby theperformanceof the interpreteritself. This canbe
seen,for example,by comparingtheperformanceof theSPECpro-
gramswhen run directly on the Alpha, and when interpretedby
MIPSI. Whenrun directly, thereis a greatdealof variationin the
impactonthearchitecture(for example,contrastC-compress and
C-li ). But wheninterpretedby MIPSI, theperformancepro®les
for all of theprogramsarequitesimilar. Thelargenumberof native
instructionsexecutedto interpretone virtual commanddilute the
performancebehavior of theoriginalapplicationinstructionstream.

Theperformancepro®lesfor PerlandTcl arealsosimilaracross
benchmarks.Comparingtheir behavior to thatof theSPECbench-
marks,we seethat thesetwo high-level interpretersbehave much
like gcc. They haverelatively poorinstructionanddatalocality, and
similar instructionTLB behavior.

Cause Latency Description
(cycles)

other variable control hazards,memorybankcon¯icts, ¯oating
point andintegermultiply instructions

shortint 2 integershift andbyteinstructions
loaddelay 3 pipelinedelaywith ®rst-level cachehit
mispredict 4 branchmisprediction
dtlb 40 missin thedatatlb
itlb 40 missin theinstructiontlb
dmiss 6 or 30 miss in ®rst-level datacacheor the second-level

uni®edcache
imiss 6 or 30 missin ®rst-level instructioncacheor thesecond-

level uni®edcache

Table3: Causesofprocessorstalls. Thistabledescribesthesources
of stall cyclesin our machine simulator. Thesimulatedmemory
systemuses8 KB pages,®rstlevel direct-mapped8 KB cachesfor
instructionsanddata,a uni®edsecondlevel direct-mapped512KB
cache,an 8 entry instructionTLB, and a 32 entry data TLB. The
simulatedbranch logic includesa 256 entry 1-bit branch history
table,a 12 entryreturnstack, anda 32 entrybranch targetcache.

Javaoccupiesanintermediatepoint in thespectrumbetweenthe
low- andhigh-level interpreters,and this is re¯ected in its archi-
tecturalbehavior. When applicationsspendrelatively little time
in thenative runtimelibraries(des , javac , mand), they behave
muchlike programsinterpretedby MIPSI. On theotherhand,the
applicationsthatusenativeruntimelibrariesheavily (asteroi ds ,
hanoi ) haveaperformancepro®lesimilartogccandthehigh-level
interpreters.
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Figure4: Instructioncachebehavior. This®gureshowstheinstructionmissratesof Java,Perl, andTcl programsasa functionof cachesize
andassociativity. Missrate is thenumberof missesper 100instructions.Themissrate is shownasa functionof cachesizewithin a graph
andasa functionof cacheassociativityamonggraphs.

ExaminingFigure3 morecloselyrevealsthat major sourcesof
stallsfor someinterpretersincludetheinstructionanddatacaches.
Loaddelaysarealsoa signi®cantsourceof stalls;thesestall cycles
primarily re¯ect theeffectivenessof thecompilerandprocessorin
instructionscheduling.Otherimportantarchitecturalcomponents,
suchas the branchpredictionhardwareand TLB, do not have as
largeanimpactonperformance.ThepoorinstructionTLB behavior
exhibited by the interpretersand the SPECbenchmarksis due to
the Alpha 21064's exceptionallysmall 8-entry iTLB; increasing
the sizeof the simulatediTLB to 32 entries(the samesizeas the
dTLB), effectively eliminatesiTLB stalls. Thestallsin the ªshort
intº category arealsoprimarily Alpha-speci®c,resultingfrom the
absenceof byteload/storeinstructionson the21064.

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 machine,only 2%
of the issueslotsarelost to instructioncachemisses,whereasfor
PerlandTcl, 18%and17%of issueslotsarelostto instructioncache

misses,respectively. The Java interpreteralsoimplementsa low-
level virtual machine,andhencemany of the Java programshave
good instructioncachebehavior. The asteroids and hanoi
benchmarksareexceptions,but this is explainedby Figure2, which
shows that thesebenchmarksspendthe majority of their time in
native runtimelibraries. Hence,thegraphre¯ectsmoretheperfor-
manceof thenative runtimelibrary ratherthantheJavainterpreter.

The measurementsin Section3.2 provide insight into the rela-
tionshipbetweenthe level of the virtual machineand instruction
cachebehavior. Recall that as the level of abstractionof virtual
commandsincreases,interpretersexecutemorenative instructions
to interpretthevirtual command(Table2). Theinterpretationloops
of MIPSI andJava executeon averagefewer than100 instructions
pervirtual command,andthereforeeachiterationof theloopeasily
®tsinsidetheinstructioncache.Moreover, theinstructionsthatare
usedfor fetchingand decodingaresharedon eachiteration, and
remainin the cacheandcontribute to the low missrate for these
two interpreters.ThusMIPSI, with a higherpercentageof instruc-
tionsdevotedto fetchinganddecodingthanJava,hasmoreshared
instructionsbetweeniterationsanda lower cachemiss rate. Perl



andTcl, on the otherhand,executethousandsof instructionsper
virtual command,andconsequentlyoneiterationof the interpreter
loop ¯ushesthecacheof thesharedinstructionsfrom theprevious
iteration.

Figure3 showsthatPerl,Tcl, andtheasteroid s andhanoi
benchmarksin Java have a largenumberof instructioncachestalls
for the8 KB direct-mappedinstructioncachein ourbaselinearchi-
tecture.Toexplorehow theinstructioncacheperformanceimproves
with increasing®rst-levelcachesize,wesimulatedtheseinterpreters
executingonfour cachesizes(8, 16,32,and64KB) eachwith three
typesof associativity (direct-mapped,2, and4 waysetassociative).

Figure4showstheresultsof thisexperiment.Thegraphsindicate
that the instructionworking set size of the Perl interpreteris in
the 32 KB to 64 KB range,and the working set size of the Tcl
interpreteris in the16 KB to 32 KB range. Interestingly, theTcl
applicationsandonePerl application(des ) alsobene®tsigni®cantly
from higherassociativity. Oncethecacheis 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 associativity to
4-way associativity. For example,with the 2-way set-associative
32 KB cache,tcltags hasa miss rate of 1.2 missesper 100
instructions,but with the 4-way set-associative 32 KB cachethe
missratedropsto 0.4missesper100instructions.Theexplanation
for this behavior is that the averagenumberof instructionsper
virtual commandexecutedby theinterpretersfor theseapplications
is in the 4,000-11,000range,which correspondsto 16-44KB of
instructiondatafor eachloopiteration.With low associativity, once
the cacheis large enoughto hold this many instructions,someof
theinstructionssharedacrossiterationsarebeing¯ushedoutof the
cachedueto con¯icts. With increasedassociativity, however, the
con¯icts areremovedandtheinterpretersachievegoodinstruction
cacheperformance.

Data Cacheand TLB

Figure3 showsthatthepercentageof wastedissueslotsdueto data
cachestalls for the interpreterstypically is ashigh as18%,but is
not signi®cantlylarger than for the compiledSPECbenchmarks.
Thissuggeststhatstoringtheprogramasdata,asoccursin aninter-
pretedenvironment,doesnotcarryapenaltyin termsof datacache
performance.Unlike compiledprograms,wherecodeis accessed
on every cycle, thecodefor interpretedprogramsis accessedonce
every iterationof theinterpreterloop. Comparedto thetotal num-
ber of instructionanddatareferencesduring a loop iteration, the
accessestoprogramcodeareasmallpercentageof all dataaccesses.

ThedataTLB measurementsemphasizethatthebehavior of the
interpretercan overwhelmthe behavior of the programbeing in-
terpreted.Thecompress programprovidesa goodexample: the
native versionhasadataworkingsettoo largefor the32 entrydata
TLB, resultingin 49%of issueslotsgoingun®lled,while whenin-
terpretedby MIPSI, dTLB missesareinconsequential,accounting
for lessthan1%of theun®lledissueslots.(Of course,theprogram
runsmuchmoreslowly wheninterpreted.)

4.2 Architecture Summary

In this sectionwe exploredtheinteractionof interpretedprograms
with architecture. Theimportanceof theinstructioncachedepends
on thecomplexity of thevirtual machinede®nedby theinterpreter.

MIPSI andJava de®nelow-level virtual machines,with an inter-
preterloop that generally®tswell within even a 8 KB instruction
cache. For Perl and Tcl, a 64 KB ®rst-level instructioncacheis
suf®cientto effectively capturethe working set. Finally, from an
architecturalperspective, interpreterperformanceis largely inde-
pendentof theprogrambeinginterpreted.

5 Conclusions

With increasedprocessorperformanceanddemandfor portability,
security, and easeof use, interpretedlanguageshave becomea
major part of today's computingenvironment. In this paper, we
studiedthebehavior andperformanceof four interpretersexecuting
a rangeof programsand microbenchmarks.We showed that the
performanceof an interpretercannotbe attributed solely to the
frequentlyexecutedcommanddispatchloop. Performanceis also
linkedto (1) theexpressivenessof thevirtual commandsetandhow
effectively thesevirtual commandsareused,(2) the useof native
runtimelibraries,and(3) thewaythatthevirtualmachinenamesand
accessesmemory. Wealsoshowedthattheªarchitecturalfootprintº
of an interpretedprogramis primarily a functionof theinterpreter
itself andnot of theprogramsbeinginterpreted,andthat thehigh-
level interpretersbehavesimilarly to largeSPECint92applications,
suchasgcc.

It is always tempting to propose specialized hardware
to support speci®c language environments, interpreted or
not, as has been done in the past with mixed suc-
cess[Smith etal. 71, Ditzel & Patterson80, Flynn80, Meyers82,
Moon87, Ungar& Patterson87]. For the interpreterswe studied,
however, it is clearthatsigni®cantpotentialstill existsfor improve-
mentthroughsoftwaremeans.Forexample,futureimplementations
of JavaandTcl mayinvolvemoresophisticatedcompilingandrun-
time codegeneration[SymantecCorporation96, Ousterhout96].
Instruction fetch/decodeoverhead could be reducedby using
threadedinterpretation, by dynamically compiling portions of
the interpretedprogram into native code, or by compiling to
host machinelevel during load-time or through binary transla-
tion, thereby eliminating the fetch/decodeoverheadaltogether
[Bell 73, Klint 81, Deutsch& Schiffman84, Andrews& Sand92,
Sitesetal. 92, Cmelik & Keppel94, Adl-Tabatabaietal. 96,
Afzal etal. 96,Wilkinson 96]. Theseoptimizationswill havevary-
ing degreesof success,dependingontheinterpreterandinterpreted
program.Wethereforebelievethateffortstobuild specializedhard-
warefor interpretersmay be premature;the greatestadvancewill
comeasthe designersof interpretersrealizethat performance,as
well asportability, ¯exibility andsafety, arecrucialgoals.

More measurements,includingthoseof Javaon theIntel x86ar-
chitecturerunningtheWindowsNT operatingsystem,areavailable
athttp://www.cs.washington.edu/research/interpreters.
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