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Abstract—Many performance analysis tools for Java focus
on tracking executed bytecodes,but provide little support in
determining the specic contribution of native code libraries.
This paper intr oduces and assesses portable approach for
characterizing the amount of native code executed by Java
applications. A proling agent based on the JVM Tool Inter-
face (JVMTI) accurately keepstrack of all runtime transitions
betweenbytecodeand native code. It relieson a combination of
JVMTI events,Java Native Interface (JNI) function interception,
bytecodeinstrumentation, and hardware performance counters?

|. INTRODUCTION

The Java Virtual Machine (JVM) promotesthe develop-
ment of portablesoftware, since applicationsare represented
as platform-independenbytecode.However, the JVM also
supports the integration of platform-speci c, natve code,
which doesnot have a correspondindpytecoderepresentation.
E.g., mary functionsof the Jasa DevelopmentKit (JDK) are
implementedin natve code,sometimesin order to increase
performancebut moreoftenin orderto getaccesgo otherwise
unavailable lowerlevel functionality.

Pro ling andresourcemonitoringtools that are fundamen-
tally basedon analyzingand/orinstrumentingJava bytecode
offer mary bene ts, suchas platform-independencand low
measurementverhead[1]-[5]. However, becausesuchtools
do not track the execution of native code,the measurement
resultsareonly meaningfulinsofar asthe measure@pplication
doesnot spendsigni cant time in natve code.Moreover, in
prevailing pro lers, suchasthe “hprof' pro ling agentthatis
includedin standardIDKs, thereis no supportfor segregating
execution time spent in natve code from time spentin
interpretedor dynamically compiled bytecode,althoughthis
information is importantin orderto understandhe program
under developmentand to determinewhich parts of it can
be further improved. When speakingabout native code, we
referexclusively to codewhich hasno correspondindpytecode
representationNote that this de nition of native code does
not cover codethatis dynamicallygeneratedy a just-in-time
(JIT) compiler sincethenthereis a correspondingyytecode

1This work was conductedwhile the rst authorwas afliated with the
Arti cial Intelligence Laboratory of the Ecole PolytechniqueFécerale de
Lausanng EPFL), Switzerland.
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representatiorfthe JIT compiler input). This distinction pro-
vides a very valuable measureof the effective potential of
bytecodeinstrumentationtools at transforminga sufciently
representatie amountof the overall programcode.

The generalintuition that execution of native code con-
tributesonly a minor fraction of the total executiontime is not
easyto con rm in practice,becauset is dif cult to perform
the required ne-grained measurementsvithout introducing
signi cant perturbations Also, until recently JVMs did not
offer the APIs neededto ful | this task, forcing researchers
to modify virtual machinesat the source code level [6]-
[8]. Therefore,a way had to be found to measurenative
code execution that would by design be both portable and
with modeate overhead in orderto minimize measurement
perturbations.

In this paperwe introducea new methodologyto charac-
terize the execution of native codein Java applications.We
presenta portableand non-intrusve pro ling agent,basedon
the JVM Tool Interface (JVMTI), in orderto measurenative
code execution. Our pro ling agentrelies on a combination
of JVMTI functionsand bytecodeinstrumentatiorin orderto
keep track of transitionsbetweenbytecodeand native code
execution.The exploitation of hardware performancecounters
ensuredigh measuremerdccurag. A performancevaluation
shavs thatour pro ling agentcause®nly moderateoverhead.

Our tool presentlyprovides a summaryof the numberof
invocationsto Java, respectiely native methods,and of total
CPUtime spentin thosetwo kinds of methods;jt thusdemon-
strateghefeasibility of a portabletechniqueor gatheringsuch
low-level information,a featureuntil now restrictedto system-
speci c pro lers only. Moreover, a possibleextensionof our
techniqueis to make it track completecall chainsincluding
a mix of Java and native methods;this is not possiblewith
currentpro lers, since they are either Java-only or system-
speci ¢, and are thereforenot aware of the framesof both
Java and native C-languagesxecutionstacks.

This paperis structuredas follows. Sectionll presentghe
basicAPIs andlibrariesour approachdependson. Sectionlll
presentsa rst, unoptimizedpro ling agent,and SectionlV
shavs a second greatlyimproved agent.SectionV evaluates
our approach.SectionVI presentselatedwork, before con-
cluding.



1. INI, IVMTI, AND PCL

The methodologypresentechererelies on the Java Native
Interface (JNI), the JVM Tool Interface (JVMTI), and the
PerformanceCounter Library (PCL), as explained in the
following.

A. JNI

The Java Native Interface(JNI) [9] is a native programming
interface. It allows bytecodeexecuting inside the JVM to
interoperatewith applicationsand libraries written in other
programminglanguagessuchas C, C++, and assembly

Bytecode may invoke native code through methodsthat
are declaredas native . l.e., natve methodsmark transi-
tions from bytecodeinto native code. Native code libraries
are loaded with the System.loadLibrary(String)
methodwhich s typically calledwithin the classinitialization
method.The JNI de nes a resolutionstratgly to map native
methodsto the correspondingnative codelibrary functions.

The JNI also allows native code to accessJava classes
and objects. E.g., there are JNI functions to invoke Java
instancemethodsor static methodstheseJNI functionsmark
transitionsfrom native codeinto bytecode.

B. JVMTI

The JVM Tool Interface (JVMTI) [10], introduced in
JDK 1.5, is a native programminginterfacefor useby tools.
It providesboth a way to inspectthe stateandto control the
executionof applicationsrunningin the JVM. As a standard
interface, the JVMTI enablesthe developmentof portable
pro ling anddehuggingtools.

In the following we brie y summarizethe JVMTI features
ourpro ling agentgely on. For the sale of easyreadability in
this papermwe adoptanabstract,Jasa-like pseudo-codeotation
and omit low-level implementationdetails.

a) Events: The JVMTI cansignala variety of pro ling
events.In this paperwe make useof the following events:

ThreadStart(Thread t) : Generatedby a new
threadt beforeits initial methodexecutes.
ThreadEnd(Thread t) : Generatedy a terminating
threadt afterits initial methodhas nished execution.
VMDeath() : Noti es the agentof the terminationof the
JVM. No JVMTI eventswill occurafterwards.
MethodEntry(Thread t, Method m):
Generatedupon entry of Java programminglanguage
methods, including native methods;threadt invokes
methodm We usem.isNative() to checkwhetherm
is a native method.

MethodExit(Thread t, Method m): Generated
upon exit from Java programminglanguagemethods,
including native methodsthreadt exits methodm either
by executinga return  instruction or by throwing an
exception.

b) Thread-localStorage: Thread-localstorageallows to
associat@a datastructurevith eachthread.Our pro ling agents
keepthepro ling statisticsfor eachthreadin thread-locaktor
age, which enablesef cient updatewithout synchronization
needsUponthreadstart,we initialize the thread-locaktorage,
anduponthreadtermination,we extractthe pro ling statistics
from the thread-localstorage.

In this paper we represent thread-local storage as
a map, which is accessedvia the static methods
ThreadLocalStorage.put(Thread, Object)
and ThreadLocalStorage.get(Thread)

¢) RawMonitor: A raw monitoris asynchronizatioraid.
We use a raw monitor to synchronizeaccessto global data,
i.e., the overall pro ling statistics,which are updatedupon
threadtermination.

d) JNI Functioninterception: The JNI maintainsa table
of functionsthat canbe invoked throughthe JNI. The JVMTI
allows us to changethat table in order to interceptcalls to
certainfunctions.

e) Native Method Pre xing: Native method pre xing
wasintroducedin the JVMTI, version1.1 [11], which is part
of JDK 1.62 It modi es thefailure handlingof native method
resolutionby retrying with a pre x prependedo the method
name.

C. PCL

StandardJava APIs do not provide the level of resolution
requiredfor measuringhetime spentby a giventhreadinside
native code methods® Therefore,we decidedto exploit the
addedprecisionprovidedby processocycle countersasfound
in hardware performancecounter (HPC) enabledprocessors
(suchasthe Intel Pentium4).

We usethe Performance&CounterLibrary (PCL) [12], which
is a lightweight HPC library with C, C++, Fortran, and Jasa
APIs. PCL supportsperthreadcycle counters(requiring an
OS kernel patchon someoperatingsystems)and enablesour
time measuremenscheme and hencethe pro ling agent,to
becomeportableacrossa wide variety of operatingsystems
and architectures.Note, however, that we only require the
cycle counterfunctionality of PCL, somethingvhich canoften
directly be obtainedfrom the underlyingsystem althoughnot
in a standardizedvay.

In the pseudo-codenotation of this paper we introduce
a cti ve static methodPCL.getTimestamp(Thread) in
orderto readthe cycle counterfor a given thread.

[11. SIMPLE PROFILING AGENT (SPA)

In this Section we describeour initial, simple pro ling
agent(SFA) to computethe percentageof native code ex-
ecutionin Java applications.SFA is basedon the JVMTI,
version 1.0 [10], which was introducedin JDK 1.5. As the
JVMTI featuresusedby SFA alsoexist in the now outdated

2At the time of writing this paper JDK 1.6 is still in a pre-releasestage.
30n our test machineswe experiencedresolutionsseverely out of scale
with the speedat which GHz-classCPUsexecutenative code.



class TC_SPA{ /I Thread Context

long timestamp, timeBytecode = 0, timeNative = 0;
boolean(] stack = new boolean[MAX_STACK_SIZE]; int sp = 0;
TC_SPA(Thread t) { timestamp = PCL.getTimestamp(t); }
}
class SPA {
long totalTimeBytecode = 0, totalTimeNative = 0;
/I Initialize SPA;
/I Enable the events ThreadStart, ThreadEnd, MethodEntry, MethodEXxit, and VMDeath;
SPA() { ... }
/I JVMTI events:
void ThreadStart(Thread t) { ThreadLocalStorage.put(t, new TC_SPA(Y)); }
void ThreadEnd(Thread t) {
TC_SPAtc = GetThreadLocalStorage(t);
boolean inNative = true; if (tc.sp > 0) inNative = tc.stack[tc.sp -1
long delta = PCL.getTimestamp(t) - tc.timestamp;
if  (inNative) tc.timeNative += delta; else tc.timeBytecode += delta;
synchronized (this) {
totalTimeBytecode += tc.timeBytecode; totalTimeNative += tc.timeNative;
}
}
void MethodEntry(Thread t, Method m) {
TC_SPAtc = GetThreadlLocalStorage(t);
boolean isNativeM = m.isNative();
boolean isNativeCaller = true; if (tc.sp > 0) isNativeCaller = tc.stack[tc.sp - 1
if  (isNativeM I= isNativeCaller) {
long currentTime = PCL.getTimestamp(t); long delta = currentTime - tc.timestamp;
if  (isNativeCaller) tc.timeNative += delta; else tc.timeBytecode += delta;
tc.timestamp = currentTime;
}
tc.stack[tc.sp++] = isNativeM;
}
void MethodEXxit(Thread t, Method m) {
TC_SPAtc = GetThreadLocalStorage(t);
tc.sp--;
boolean isNativeM = tc.stack[tc.sp]; /I method being left (== m.isNative())
boolean isNativeCaller = true; if (tc.sp > 0) isNativeCaller = tc.stack]tc.sp - 13
if (isNativeM I= isNativeCaller) {
long currentTime = PCL.getTimestamp(t); long delta = currentTime - tc.timestamp;
if  (isNativeM) tc.timeNative += delta; else tc.timeBytecode += delta;
tc.timestamp = currentTime;
}
}
void VMDeath() { .. } /[ Print statistics (totalTimeBytecode, totalTimeNative);
/Il Helper routines:
static  TC_SPA GetThreadLocalStorage(Thread ) {
TC_SPAtc = (TC_SPA)ThreadLocalStorage.get(t);
if (t == null) { tc = new TC_SPA(t); ThreadLocalStorage.put(t, tc); '}
return  tc;
}
}

Fig. 1. SFA pseudo-code.




native int foo(int ->

int  foo(int a) {

IPA.J2N_Begin();

try {
return

_prefixed_foo(a);
}
finally {
IPA.J2N_End();
}

}

native int _prefixed_foo(int a);

Fig. 2. Examplewrapperfor a natve method,createdby static bytecodeinstrumentation.

JVMPI [13], [14], SFA could be easily portedto runin older
Java ervironmentsthat only supportthe JVMPI.

Figure 1 presentsSFA as Java-basedpseudo-codeOur
actualimplementationis codedin C. SFA maintainsa thread-
local data structure, the thread context TC_SPA for each
thread in the system. Wheneer a thread is started (the
ThreadStart  event), a TC_SPA instanceis allocatedand
associatedvith the new thread.The threadcontext includes
counterdfor the cyclesspentby the threadexecuting(possibly
compiled) bytecode (timeBytecode ) respectiely native
code (timeNative ). It also storesthe threads mostrecent
timestampbtainedvia PCL. Moreover, we reify the execution
stackof eachthread(stack andsp) in orderto keeptrack
whetherstackframescorrespondo Jarza methodsor to native
methods.

Upon method entry (the MethodEntry  event), the
implementation-typgnative or not) of the callee is pushed
onto the rei ed stack. If the implementation-typeof caller
and callee differ, a transition betweenbytecodeand native
codehasbeendetectedandthe thread-locakxecutionstatistics
are updatedaccordingly We assumehat eachthreadinitially
executesnative codewhenit is started.

Upon method exit (the MethodExit event), the
implementation-typeof the callee (the methodbeing exited)
is poppedoff therei ed stack.In a similar way asfor method
entry, the thread-localexecution statisticsare updated,if the
implementation-typeof caller and callee differ. Note that
without the rei ed stack,we would not be ableto determine
the implementation-typef the caller upon methodexit.

Uponthreadtermination(the ThreadEnd event),theover
all executionstatistics(the counterstotalTimeBytecode
andtotalTimeNative ) areupdatedn a synchronizedvay,
usinga raw monitor of the JVMTI. Finally, upontermination
of the JVM (the VMDeath event), the overall statisticsare
printed out.

Notethatin the codeof the ThreadEnd , MethodEntry ,
and MethodExit  events, we do not assumethat the
thread contxt has been created before. The helper
method GetThreadLocalStorage(Thread) allocates
the thread context on demand.This is necessarybecause
the JVMTI does not signal the ThreadStart event for
the bootstrappingthread.Hence,the initial executionof the

bootstrappingthread (e.g., initialization of SPA) cannot be
tracked by a JVMTI-basedpro ling agent.

We designedSFA in sucha way thatthe executionof mea-
surementode(accesto PCL) is minimized.SPA doesnotre-
quire atimestampuponeachmethodentry/exit event,but only
upontransitionsbetweenbytecodeandnative code.Moreover,
usingathread-locatlatastructureye canavoid possiblycostly
synchronizationSynchronizatioris only neededuponthread
terminationin orderto updatethe overall executionstatistics.

SFA meetsour rst designgoal of portability, becausat is
programmedagainsta standardnterfaceand doesnot require
ary modi cations to the JVM. However, SFA completely
fails to meet our seconddesign goal of low overheadand
measuremenperturbation Enablingthe MethodEntry  and
MethodExit  eventspreventsJIT compilation.Hence,SFA
causesexcessve overhead(see SectionV) and consequently
also signi cant measuremenperturbation.

IV. IMPROVED PROFILING AGENT (IPA)

In this Sectionwe presentour improved pro ling agent
(IPA) to computethe percentagef native code executionin
JavaapplicationslIPA is basecbnthe JVMTI, versionl.1[11].
In contrastto SFA, IPA doesnot rely on the MethodEntry
and MethodExit  eventsthat prevent JIT compilation. IPA
executesmeasurementode only upon transitions between
bytecodeand native code. In the following, N2J refers to
a native code to bytecodetransition (native code calling a
JNI method invocation function), whereasJ2N relatesto a
bytecodeto native code transition (invocation of a native
method).

In order to intercept N2J transitions, IPA exploits
the JVMTI feature called JNI function interception
IPA registers wrappers for all JNI functions that are
used to invoke methods: Call Method 0,
CallStatic Method as well as
CallNonvirtual Method (). The
notation speci es the return type and may be Object ,
Boolean , Byte , Char, Short , Int , Long, Float ,
Double , or Void . selectsone of 3 possibleways of
parametepassingl.e., in total wrappershave
to be registered.Eachwrapper rst signalsa N2J_Begin()
transition,theninvokesthe original INI function (resultingin

0.



class TC_IPA { /I Thread Context

long timestamp, timeBytecode = 0, timeNative = 0;
boolean inNative = true;
TC_IPA(Thread t) { timestamp = PCL.getTimestamp(t); }
}
class IPA {
long totalTimeBytecode = 0, totalTimeNative = 0;
/I Initialize IPA;
/I Enable the events ThreadStart, ThreadEnd, and VMDeath;
/I Install wrappers for JNI method invocation functions (INI function interception);
/l  Enable native method prefixing;
PA) { ... 1}

/I JVMTI events:
void ThreadStart(Thread t) { TC_IPA tc = new TC_IPA(); ThreadLocalStorage.put(t, tc);

void ThreadEnd(Thread t) {
TC_IPA tc = GetThreadLocalStorage(t);

long delta = PCL.getTimestamp(t) - tc.timestamp;
if (tc.inNative) tc.timeNative += delta; else tc.timeBytecode += delta;
synchronized (this) {
totalTimeBytecode += tc.timeBytecode; totalTimeNative += tc.timeNative;
}
}
void VMDeath() { .. } /[ Print statistics (totalTimeBytecode, totalTimeNative);

/I IPA transitions:

static void N2J Begin() {

Thread t = Thread.currentThread(); TC_IPA tc = GetThreadLocalStorage(t);

long currentTime = PCL.getTimestamp(t);

tc.timeNative += (currentTime - tc.timestamp); tc.timestamp = currentTime;
tc.inNative = false;

}
static void N2J_End() { J2N_Begin(); }

static void J2N_Begin() {

Thread t = Thread.currentThread(); TC_IPA tc = GetThreadLocalStorage(t);

long currentTime = PCL.getTimestamp(t);

tc.timeBytecode += (currentTime - tc.timestamp); tc.timestamp = currentTime;
tc.inNative = true;

}
static void J2N_End() { N2J_Begin(); }

/I Helper routines:

static TC_IPA GetThreadLocalStorage(Thread ) {
TC_IPA tc = (TC_IPA)ThreadLocalStorage.get(t);
if (t == null) { tc = new TC_IPA(); ThreadLocalStorage.put(t, tc); }
return  tc;

}

Fig. 3. IPA pseudo-code.




a Java methodinvocation),and nally signalsa N2J_End()
transition.

For J2N transitions,|PA relieson a new featureof JVMTI,
versionl.1, called native methodpre xing. It allows to intro-
ducewrappersfor methodsdeclaredasnative . Using byte-
codeinstrumentationfor eachnative methoda corresponding
Jara methodwith the samenameand signature(but without
thenative declaration)s added.The original native method
is renamedaswe will explain later.

The addedJava method acts as a wrapperfor the native
method(seeFigure2): Firstit calls IPA in orderto signalthe
J2N_Begin() transition.Afterwardsit invokesthe renamed
native methodwith the receved amgumentsand returnsthe
result. A finally clause ensuresthat before termination
of the wrapper method, IPA is called again to signal the
J2N_End() transition.Thefinally clauseensureghatIPA
is calledalsoin caseof an exception.

Native methodsare renamedby prependinga well-chosen
pre x thatis announcedo the JVM (the pre x shouldnot oc-
cur in ary methodname).Whenlinking native codelibraries,
the JVM is ableto matchmethodnamesdeclaredwith a pre x
with unchangednethodnamesin native codelibraries.

We have consideredwo differentapproacheso instrument
the bytecode:

1) Staticinstrumentatiorof all usedclasseqincluding the
classeof the JDK) beforethe applicationto be pro led
is executed.

2) Dynamicinstrumentatiorwhenever a classis loaded.

Static instrumentationhas the advantageof causingless
overheadand measuremenperturbationat runtime, because
the instrumentationhappensbefore the pro ling. Moreover,
we canuseoneof mary available Java-basedytecodenstru-
mentationlibraries,suchase.g.ASM [15], BCEL [16], Javas-
sist[17], JOIE [18], BIT [19], JikesBT [20], or SERP[21].
The drawback of static instrumentationis that dynamically
generatedr loadedcodeis not instrumentedHowever, usu-
ally suchcodedoesnot declareary native methodssothatan
instrumentatioris not necessary

Dynamicinstrumentatiordelegatesthe instrumentationtask
to the proling agent. Wheneer a class is loaded, the
pro ling agentchecksif the classcontainsa natve method.
If this is the case,the proling agentsperformsthe byte-
code instrumentation.As bytecodeinstrumentationhappens
at runtime of the application being pro led, overheadand
measuremerperturbationncreaseFurthermorea Java-based
bytecodeinstrumentatioribrary cannotbe used,becausehe
instrumentatioris alreadyneededduring the bootstrappingf
the JVM. Trying to use a bytecodeinstrumentationlibrary
at suchan early stagewould disruptthe JVM's class-loading
sequencetesultingin a crash.Therefore the instrumentation
hasto be done eitherin a separateJVM processwhich is
contactedthroughthe Inter-Process-Communicatiofacilities
of the underlyingoperatingsystemr in native code.The rst

4The JVMTI supportsa ClassFileLoadHook  eventallowing apro ling
agentto changethe bytecodeof classedeforethey arelinked into the JVM.

approachincreasesoverheadand measuremenperturbation,
while the secondoneresultsin increaseddevelopmenteffort,

becauseto the bestof our knowledge,thereis no complete
bytecodeinstrumentatiorlibrary implementedin native code
publicly available®

For thesereasonswe resortto static instrumentationOur
bytecode instrumentationtool is basedon ASM [15]. It
processesndividual class les or archives of class les. We
alsoappliedourinstrumentatioriool to the classe®f the JDK,
including the core classeswithin the library “rt.jar . We
usethe JVM's “-Xbootclasspath/p: ' optionin orderto
load the instrumentectlassesat runtime.

Figure 3 illustratesthe pseudo-cod®f our pro ling agent.
The code executedupon ThreadStart  and ThreadEnd
eventsis similar to the SFA presentedn the previous Section.
The MethodEntry and MethodExit  eventsare disabled.
Insteadof handlingtheseevents,the JNI methodinvocation
wrappers(implementedn C) andthe native methodwrappers
(provided as bytecodeby the static instrumentation)invoke
IPA's transitionroutinesonly upontransitionsbetweennative
codeandbytecodeln orderto enablenative methodwrappers
to call thesetransition routines from bytecode,we created
a Java class correspondingto IPA which declaresthe four
correspondingtaticmethodsasnative  (this specialclassis
excludedfrom instrumentation).

Note that invocationsof IPA's transition routines are not
JVMTI events;theseroutinesarecalledduringthenormalcon-
trol ow. While in the pseudo-codeve usethe static method
Thread.currentThread() to obtainthe currentthread,
the implementationavoids to explicitly obtain a referenceto
the current thread, becausethe JVMTI functionsto access
the thread-localstorageaccepta null  valueto representhe
currentthread.

In order to simplify the presentation, we assumed
N2J_End() and J2N_Begin() (resp. J2N_End() and
N2J_Begin() ) to executethesamepro ling code.However,
in our implementatiorwe adjustthe timestampobtainedfrom
PCL in orderto compensatdor the averageexecutiontime
of the correspondingnrapper l.e., we aim at excluding the
wrappers'executiontime from the pro ling statisticsin order
to reducemeasuremenperturbations.

V. EVALUATION

In this Sectionwe rst evaluatethe overheadcausedy SFA
andIPA, andsecondoresensomepro ling statisticsgenerated
by IPA.

Our evaluationis basedon the SPECJVM98 benchmark
suite[22] (problemsize 100), which consistsof 7 benchmarks
(‘compress',jess', ‘db', “javac', ‘mpegaudio’, ‘mtrt’, “jack’),
as well as the SPEC JBB2005benchmark[23] (warehouse
sequencel, 2, 3, 4) on a Linux FedoraCore 2 computer
(Intel Pentium4, 2.66 GHz, 1024 MB RAM). The metric
used by SPEC JVM98 is the execution time in seconds,

5The JVMTI demo distributed with Suns JDK covers some bytecode
instrumentationimplementedin native code, but this cannotbe considered
a general-purposbéytecodeinstrumentatiorlibrary.



TABLE |
EXECUTION TIME AND PROFILING OVERHEAD FOR SPA AND |PA USING THE JV M98 AND JBB2005 BENCHMARKS.

benchmark time original [s] time SR [s] time IPA [s] overheadSPA  overheadlPA
compress 5.74 445.86 6.38 7667.60% 11.15%
jess 1.49 237.20 1.53 15819.46% 2.68%
db 14.25 231.88 14.35 1527.23% 0.70%
javac 3.80 224.73 4.32 5813.95% 13.68%
mpegaudio 2.54 251.50 2.65 9801.57% 4.33%
mtrt 1.16 485.75 1.16 41775.00% 0.00%
jack 3.47 123.12 4.17 3448.13% 20.17%
geom.mean 3.35 261.17 3.59 7696.25% 7.31%
benchmark throughput throughoutSPA  throughputlPA  overheadSPA  overheadlPA
JBB2005 7251 66.4 6021 10820.18% 20.43%
TABLE ||

PROFILING STATISTICSFOR THE JV M98 (15 RUNS) AND JBB2005 (WAREHOUSE SEQUENCE 1, 2,

3, 4) BENCHMARKS.

benchmark 9% native execution
compress 4.54%
jess 5.38%
db 0.84%
javac 16.82%
mpegaudio 0.95%
mtrt 1.62%
jack 20.26%
JBB2005 12.19%

whereasSPEC JBB2005 measureghe throughputin opera-
tions/secondAll benchmarksvererunin single-usemode(no
networking) and we removed backgroundprocessess much
aspossiblein orderto obtainreproducibleresults.We present
our measurementsbtainedwith SunJDK 1.6.0-rc-b97in its
“sener' mode,which enablesthe optimizing Hotspot Sener
JIT compiler Our statisticsare to be consideredpreliminary,
becauseat the time of writing this paperJDK 1.6 still is in a
pre-releasestage.

A. Overhead
Table I shaws the executiontime and pro ling overhead

for both SRA and IPA. For eachsettingand eachbenchmark,

we took the median of 15 runs. For the SPEC JVM98
suite, we also computedthe geometricmeanof the 7 bench-
marks. For the SPEC JVM98 benchmarksthe overheadis

executiontime with pro ling ;
CompUted as executiontime without pro ling ! while for the

SPEC JBB2005 benchmark,the overheadis calculatedas

operations/secondithout pro ling
operations/secondith pro ling

The overheaddueto SFA is betweenl 500%and42000%,
whereadPA causes&noverheadf only 0-20%.The excessie
overheadfor SFA is causedby the MethodEntry and

JNI calls native methodcalls

1538 45858

918 492762

512 595849

25633 3701694

571 106117

513 73357

1308 4991615

770 123199879
MethodExit events,which preventJIT compilation.There-

fore, SFA cannotbe usedto accuratelymeasurethe fraction
of native code executionin a Jaza workload, as the enor

mous overheadresultsin seriousmeasuremenperturbation:
The performancecharacteristicof the pro led applicationis

signi cantly differentfrom executingthe applicationwithout
pro ling. Moreover, becausef the high overhead SR is not
suitedfor long-runningapplicationsin contrasto SF\, IPA is

much lessintrusive. Exceptfor transitionsbetweenbytecode
and native code,thereis no overheadfor methodinvocation
andtermination.Thanksto its moderateoverhead)PA canbe
usedto pro le long-runningapplications.

B. Proling Statistics

Table Il shaws the pro ling statisticsgeneratedy IPA for
the previously mentionedbenchmarksFor eachbenchmark,
we presentthe percentageof executiontime spentin native
code,as well asthe numberof interceptedINI calls (native
to bytecodetransitions) and the number of native method
invocations(from bytecode).Theseresultscorrespondo 15
runs of the SPEC JVM98 benchmarks,respectiely to a
warehousesequencd, 2, 3, 4 in the caseof SPECJBB2005.



The mostinterestingresultis that the executiontime spent
in native code is within 20% for all benchmarks.Several
benchmarkssuchas compress ', “db’, ‘mpegaudio ', and
‘mtrt ' (which is the mostobject-orientecbenchmarkin the
SPECJVM98 suiteaccordingto [24]), spendlessthan5% of
their executionin native code.In all benchmarksve measured,
the executiontime spentin bytecodeis signi cantly higher
thanthetime spentin native code.Thereforewe concludethat
techniquedor the platform-independenperformanceanalysis
of Java applications[1]-[5], which focus on the bytecode
executionand may neglect the executionof native code,can
be appropriatefor mary Java workloads.

VI. RELATED WORK

The presentwork concentrateson dynamic metrics, i.e.,
metrics that have to be gatheredat runtime, as opposedto
static metrics, which are basedon off-line code analysis.
In [25] the authorspresenta variety of dynamic metrics for
Java programs.They introducea tool called *J [26] for the
metrics computation.*J relies on the JVMPI [13], [14], a
former pro ling interface for the JVM, which is known to
causevery high measurementverhead.Hence,*J is only
applicableto programswith short executiontime. Dynamic
metrics concerningnative code execution are not addressed
in [25], [26].

The number of actual invocationsto native methodsis
a dynamic metric that can be obtainedby incrementinga
counteratruntime.Thework presentedh referencd6] usesan
instrumentedrersionof the Kaffe virtual maching27] without
JIT compilation (purely interpretedmode)in orderto gather
this metric. Thus, that approachis not portableand provides
only a very coarse-grainedtiew of wherethe CPU is actually
spent.

Someresearcherbave managedo provide a detailedbreak-
down of whereCPU time is spentin Java workloads[7], [8].
However, they also had to modify a JVM and thus did not
provide a portable pro ling tool. To increasemeasurement
accurag, some authors adwocate the incorporationof per
threadhardware performancecountersdirectly inside proces-
sors, e.g., processorcycle (also called timestamp)counters,
in order to avoid the overheadof virtualizing such counters
in software [7]. However, this software virtualization is well
acceptedsinceintegratedinto widely usedoperatingsystems
such as Microsoft Windows, Sun Solaris, and IBM AIX,
whereasLinux is an exception which currently requiresa
kernel patch®

Our goal is to realize accuratepro ling, as opposedto
sampling-basegro lers (e.g.,IBM tprof ) that are able to
calculatethe time spentin native codevery ef ciently, but at
the expenseof a slight lossof accurag. Thesepro lers work
by periodicallysamplingthe PC,andcomparinghis valueto a
map of active codemodules,suchasthe native codelibraries

6Seethe web sites of the PerformanceCounter Library (PCL) (http:
Imww.fz-  juelich.de/zam/PCL/ ) and the PerformanceApplication
Programmingdnterface(PAPI) [28] (http://icl.cs.utk.edu/papi/ ).

loadedby a JVM, a techniquewhich is inherently system-
dependentln contrastto our approachsuchtoolsarenot able
to constructaccuratecountsof the numberor frequeng of INI

calls, nor do they have the potentialof exposingthe detailsof

mixed Java/native call chains.

In contrastto relatedwork that relies on an instrumented
JVM, our Improved Pro ling Agent (IPA) is portableto ary
JVM that supportsthe JVMTI (sinceversion1.1 [11]), and
to arny hardwareplatform that supportshardware performance
counterscompatiblewith PCL. To our best knowledge, the
work presentechereis the rst portablemethodologywhich
allows to measurénow muchof their CPUtime Java programs
spendexecutingnative code.

VIlI. CONCLUSION

This paperhaspresentedh portableapproactfor character
izing the amountof native codeexecutedby Java applications.
It consistof apro ling agentbasedntheJVM Tool Interface
(JVMTI), andaccuratelykeepstrack of all runtimetransitions
betweerbytecodeandnative code.Our methodologyrelieson
a combinationof JVMTI events,Java Native Interface (JNI)
functioninterception bytecodeinstrumentationand hardware
performancecounters Our performancesvaluationshavs that
this approachcausesnoderateoverheadof 0—20%.Using our
pro ling agent,we were ableto reportthatfor SPECJVM98
andSPECJBB2005run on SunJDK 1.6 (betaversion),native
code contritutes to 1-20% of total execution time. Conse-
guently we may concludethat, on this rst platform,bytecode
instrumentationis an effective techniquewhich provides a
good coverageof actually executedcodein Java programs.

Our tool presentlyprovides a summaryof the numberof
invocationsto Java, respectiely native methods,and of total
CPUtime spentin thosetwo kinds of methods;jt thusdemon-
strateghefeasibility of a portabletechniqueor gatheringsuch
low-level information,a featureuntil now restrictedto system-
speci c pro lers only. Moreover, we are currentlyworking on
an extensionwhich consistsin tracking completecall chains
includinga mix of Java andnative methodsa capabilitywhich
opensup hew dehuggingandpro ling perspecties;this would
not be possiblewith currentpro lers, sincethey are either
Java-onlyor system-speci candarethereforenot awareof the
framesof both Java and native C-languageexecutionstacks.
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