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Abstract head as possible so that it does not slow down program
execution. A profiler that constructs the complete call
Existing profilers for Java applications typically rely on graph, on the other hand, may be permitted to slow down
custom instrumentation in the Java virtual machine, andhe program execution significantly.
measure only limited types of resource consumption.
Garbage collection and multi-threading pose additionalThis paper discusses techniques for profiling support in
challenges to profiler design and implementation. the Java virtual machine [17]. Java applications are writ-
ten in the Java programming language [10], and com-
In this paper we discuss a general-purpose, portable, arfiled into machine-independent binary class files, which
extensible approach for obtaining comprehensive procan then be executed on any compatible implementation
filing information from the Java virtual machine. Pro- of the Java virtual machine. The Java virtual machine is
filers based on this framework can uncover CPU us-a multi-threaded and garbage-collected execution envi-
age hot spots, heavy memory allocation sites, unnecconment that generates various events of interest for the
essary object retention, contended monitors, and threarofiler. For example:
deadlocks. In addition, we discuss a novel algorithm
for thread-aware statistical CPU time profiling, a heap
profiling technique independent of the garbage collec-
tion implementation, and support for interactive profil-
ing with minimum overhead.

e The profiler may measure the amount of CPU time
consumed by a given method in a given class. In
order to pinpointthe exact cause of inefficiency, the
profiler may need to isolate the total CPU time of a
methodA.f called from another methdsl.g , and

) ignore all other calls té\.f . Similarly, the profiler

1 Introduction may only want to measure the cost of executing a

method in a particular thread.

Profiling [14] is an important step in software develop- ] ]

ment. We use the term profiling to mean, in a broad ® The profiler may inform the programmer why there

sense, the ability to monitor and trace events that oc- IS €xcessive creation of object instances that be-

cur during run time, the ability to track the cost of these long to a given class. The programmer may want
events, as well as the ability to attribute the cost of the 10 know, for example, that many instances of class
events to specific parts of the program. For example, a D are allocated in metho@.h . More specifically,
profiler may provide information about what portion of itis also useful to know that majority of these allo-
the program consumes the most amount of CPU time,  cations occur wheB.g callsC.h , andonly when

or about what portion of the program allocates the most ~ A-f callsB.g..

amount of memory. e The profiler may show why a certain object is not

being garbage collected. The programmer may
want to know, for example, that an instance of class
Cis not garbage collected because it is referred to
by an instance of clasB, which is then referred

to by a local variable in an active stack frame of

methodB.g .

This paper is mainly concerned with profilers that pro-
vide information to programmers, as opposed to profil-
ers that feedback to the compiler or run-time system.
Although the fundamental principles of profiling are the
same, there are different requirements in designing these
two kinds of profilers. For example, a profiler that sends
feedback to the run-time system mustincur as little over- e The profiler may identify the monitors that are con-



tended by multiple threads. It is useful to know, for CPU-time profiles on modern operating systems.
example, that two threadd;, andT,, repeatedly
contend to enter the monitor associated with an in-The third contribution is to demonstrate how our ap-
stance of clas€. proach supports interactive profiling with minimum
i i overhead. Users can selectively enable or disable dif-
e The profiler may inform the programmer what o on types of profiling while the application is running.
causes a given class to be loaded. Class loadings is achieved with very low space and time overhead.
not only takes time, but also consumes memory réygither the virtual machine, nor the profiler need to ac-
sources in the Java virtual machine. Knowing theq,jate |large amounts of trace data. The Java virtual
exact reason that a class is loaded, the Programmet achine incurs only atest and branch overhead for a dis-
can optimize the code to reduce memory usage. abled profiling event. Most events occur in code paths
that can tolerate the overhead of an added check. As

The first contribution of this paper is to present aaresult, the Java virtual machine can be deployed with

general-purpose, extensible, and portable Java virtudl"filing supportin phce.
machine profiling architecture. Existing profilers typ- . . . .
ically rely on custom instrumentation in the Java vir- We have implemented all the techniques discussed in

tual machine and measure limited types of resource corfiS Paper in the Java Development Kit (JDK) 1.2
sumption. In contrast, our framework relies on an in—,15]' Numerous tool vendors have already.bunt prp_fll-
terface that provides comprehensive support for profileréng front—end; that rely on the.compreher}swe profiling
that can be builtindependent of the Java virtual machineSUPPOrt builtinto the JDK 1.2 virtual machine.

A profiler can obtain information about CPU usage hot ) . . , )
Ne will begin by introducing the general-purpose profil-

spots, heavy memory allocation sites, unnecessary o hi bef di h derlvi h
ject retention, monitor contention, and thread deadlocks "9 architecture, betore we discuss the underlying tech-

Both code instrumentation and statistical sampling ard!quesin detail. We.assume the reader is fam|l|ar with
supported. Adding new features typically requires intro-.N€ basic concepts in the Java programming language
ducing new event types, and does not require changes0l and the Java virtual machine [17].
to the profiling interface itself. The profiling interface is
portable. It is not dependent on the internal implementa-
tion of the Java virtual machine. For example, the hea? Profiling Architecture
profiling support is independent of the garbage collec-
tion implementation, and can present useful informatioriThe key component of our profiling architecture is a
for a wide range of garbage collection algorithms. Thegeneral-purpose profiling interface between the Java vir-
benefit of this approach is obvious. Tools vendors cartual machine and the front-end responsible for present-
ship profilers that work with any virtual machine that ing the profiling information. A profiling interface, as
implements the interface. Equivalently, users of a Javapposed to direct profiling supportin the virtual machine
virtual machine can easily take advantage of the profilersmplementation, offers two main advantages:
available from different tools vendors.

First, profilers can present profiling information in dif-
The second contribution of this paper is to introduceferent forms. For example, one profiler may simply
an algorithm that obtains accurate CPU-time profiles inrecord events that occur in the virtual machine in a trace
a multi-threaded execution environment with minimumfile. Alternatively, another profiler may receiveput
overhead. Itis a standard technique to perform statistifrom the user and display the requested information in-
cal CPU time profiling by periodically sampling the run- teractively.
ning program. What is less known, however, is how to
obtain accurate per-thread CPU time usage on the m&Becond, the same profiler can work with different virtual
jority of operating systems that do not provide accessmachine implementations, as long as they all supportthe
to the thread scheduler or a high-resolution per-threadame profiling interface. This allows toolndors and
CPU timer clock. In these cases, it is difficult to at- virtual machine vendors to leverage each other’s prod-
tribute elapsed time to threads that are actually runningucts effectively.
as opposed to threads that are blocked, for example, in
an 1/O operation. Our solution is to determine whetherA profiling interface, while providing flexiitity, also has
athread has run in a sampling interval by comparing thepotential shortcomings. On one hand, profiler front-ends
check sum of its register sets. To our knowledge, this isnay be interested in a diverse set of events that occur in
the most portable technique for obtaining thread-awaréehe virtual machine. On the other hand, virtual machine



implementations from different vendors may be differ- e The agent may request more information in re-
ent enough that it is impossible to expose all the inter- sponse to particular events. For example, after the

esting events through a general-purpose iataf agent receives a JVMPI event, it can make a JVMPI

function call to find out the stack trace for the cur-
The contribution of our work is to reconcile these differ- rent thread, so that the profiler front-end can inform
ences. We have designed a general-purpose Java Virtual the user about the program execution context that
Machine Profiler Interface (JVMPI) that is efficient and led to this JVMPI event.

powerful enough to suit the needs of a wide variety of
virtual machine implementations and profiler front-ends.

Using function calls is a good approach to an efficient
Figure 1 illustrates the overall architecture. The JVMPIbinary interface between the profiler agent and differ-
is a binary function-call interface between the Java vir-ent virtual machine implementations. Sending profiling
tual machine and profiler agentthat runs in the same events through function calls is somewhat slower than
process. The profiler agent is responsible for the comdirectly instrumenting the virtual machine to gather spe-
munication between the Java virtual machine and theific profiling information. As we will see, however, ma-
profiler front-end. Note that although the profiler agentjority of the profiling events are sent in situations where
runs in the same process as the virtual machine, the prave can tolerate the additional cost of a function call.
filer front-end typically resides in a different process, or
even on a different machine. The reason for the sepaJVMPI events are data structures consisting of an inte-
ration of the profiler front-end is to prevent the profiler ger indicating the type of the event, the identifier of the
front-end from interfering with the application. Process- thread in which the event occurred, followed by infor-
level separation ensures that resources consumed by theation specific to the event. To illustrate, we list the
profiler front-end does not get attributed to the profileddefinition of theJVMPI_Event structure and one of its
application. Our experience shows that it is possiblevariantsgc_info below. Thegc _info variant records
to write profiler agents that delegate resource-intensivéformation about an invocation of the garbage collec-
tasks to the profiler front-end, so that running the pro-tor. The event-specific information indicates the number
filer agent in the same process as the virtual machin@f live objects, total space used by live objects, and the
does not overly distort the profiling information. total heap size.

We will introduce some of the features of the Java vir-

tual machine profiling interface in the remainder of this tyPedef struct {
section, and discuss how such features are supported by jjlrllltlEeven:t_r]typed "
the Java virtual machine in later sections. v thread_1d,

union {
2.1 Java Virtual Machine Profiler Interface struct (
jlong used_objects;
Figure 1 illustrates the role of the JVMPI in the overall jlong used_object_space;
profiler architecture. The JVMPI is a two-way function jlong total_object_space;
call interface between the Java virtual machine and the } gc_info;
profiler agent. b u b

. . . . } JVMPI_Event;
The profiler agent is typically implemented as a

dynamically-loaded library. The virtual machine makes

function calls to inform the profiler agent about various additional details of the JVMPI can be found in the doc-

events that occur during the execution of the Java appliymentation that is shipped with the JDK 1.2 release [15].
cation. The agent in turn receives profiling events, and

calls back into the Java virtual machine to accomplish
one the the following tasks: 2.2 The HPROF Agent

To illustrate the power of the JVMPI and show how it
e The agent may disable and enable certain type ofmay be utilized, we describe some of the features in the
events sent through the JVMPI, based on the needslPROF agent, a simple profiler agent shipped with JDK
of the profiler front-end. 1.2. The HPROF agent is a dynamically-linked library
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Figure 1: Profiler Architecture

shipped with JDK 1.2. It interacts with the JVMPI and

allocation. Figure 3 shows another part of the profiler

presents profiling information either to the user directly output that illustrates the stack traces referred to by the

or through profiler front-ends.

We can invoke the HPROF agent by passing a speci
option to the Java virtual machine:

java -Xrunhprof ProgName

ProgName is the name of a Java application. Note tha
we pass theXrunhprof  option tojava , the opti-

mized version of the Java virtual machine. We need nof’f the samgava/util/Hashtable$Entry

rely on a specially instrumented version of the virtua
machine to support profiling.

four allocation sites presented in Figure 2.

dtach frame in the stack trace contains class name,
method name, source file name, and the line number.
The user can set the maximum number of frames col-
lected by the HPROF agent. The default limitis 4. Stack
traces reveal not only which nteids performed heap
allocation, but also which methods were ultimately re-
tsponsible for making calls that resulted in memory allo-
cation. For example, in the heap profile above, instances
class
jare allocated in trace$091 and 1264each originated
from different methods.

Depending on the type of profiling requested, HPROFThe HPROF agent has built-in support for profiling CPU

instructs the virtual machine to send it the relevant pro
filing events. It gathers the event data into profiling in-

formation and outputs the result by default to a file. Fo

example, the following command obtains the heap allo-

cation profile for running a program:

java -Xrunhprof:heap=sites ProgName

usage. For example, Figure 4 is part of the generated
output after the HPROF agent performs sampling-based
(CPU time profiling on thgavac compiler.

The HPROF agent periodically samples the stack of
all running threads to record the most frequently ac-
tive stack traces. Theount field above indicates how
many times a particular stack trace was found to be ac-
tive. These stack traces compesd to the CPU usage hot

spots in the application.

Figure 2 contains the heap allocation profile generated

by running the Java compilejafrac ) on a set of input

The HPROF agent can also report complete heap dumps

files. We only show parts of the profiler output here duegng monitor contention information. Due to the lack of

to the lack of space. A crucial piece of information in

space, we will not list more examples of how the HPROF

heap profile is the amount of allocation that occurs inggent presents the information obtained through the pro-

various parts of the program. TI®TES record above

filing interface. However, we are ready to explain the de-

tells us that 9.18% of live objects are character arraysyiis of how various profiling interface features are sup-
Note that the amount of live data is only a fraction of the ported in the virtual machine.

total allocation that has occurred at a given site; the re
has been garbage collected.

St

A good way to relate allocation sites to the source code

is to record the dynamic staclatres that led to the heap



SITES BEGIN (ordered by live bytes) Wed Oct 7 11:38:10 1998
percent

rank self a
1 9.18%
2 7.28%

ccum
9.18%
16.45%

3 7.28% 23.73%

7 3.39% 41.42%

SITES END

live alloc’ed stack class

bytes objs bytes objs trace name

149224 5916 1984600 129884 1073 char ]
118320 5916 118320 5916 1090 sun/tools/java/ldentifier
118320 5916 118320 5916 1091 java/util/Hashtable$Entry

55180 2759 55180 2759 1264 javalutil/Hashtable$Entry

Figure 2: HPROF Heap Allocation Profile

THREAD START (obj=1d6b20, id = 1, name="main", group="main")

TRACE 1073: (thread=1)
javal/lang/String.<init>(String.java:244)
sun/tools/java/Scanner.bufferString(Scanner.java: 143)
sun/tools/java/Scanner.scanldentifier(Scanner.java:942)
sun/tools/java/Scanner.xscan(Scanner.java:1281)

TRACE 1090: (thread=1)
sun/tools/java/ldentifier.lookup(ldentifier.java: 106)
sun/tools/java/Scanner.scanldentifier(Scanner.java:942)
sun/tools/java/Scanner.xscan(Scanner.java:1281)
sun/tools/java/Scanner.scan(Scanner.java:971)

TRACE 1091: (thread=1)
javalutil/Hashtable.put(Hashtable.java:405)
sun/tools/java/ldentifier.lookup(ldentifier.java: 106)
sun/tools/java/Scanner.scanldentifier(Scanner.java:942)
sun/tools/java/Scanner.xscan(Scanner.java:1281)

TRACE 1264: (thread=1)
javalutil/Hashtable.put(Hashtable.java:405)
sun/tools/java/Type.<init>(Type.java:90)
sun/tools/java/MethodType.<init>(MethodType.java:42)
sun/tools/java/Type.tMethod(Type.java:274)

Figure 3: HPROF Stack Traces

CPU SAMPLES BEGIN (total = 252378) Wed Oct 07 13:30:10 1998

rank self

4.96%
3.18%
1.91%
1.80%
1.50%
1.30%
1.13%
1.11%
1.00%
0.95%

CQOwowo~NOOUODMWNEPE

[En

accum

4.96%

8.14%
10.05%
11.85%
13.35%
14.65%
15.78%
16.89%
17.89%
18.84%

CPU SAMPLES END

count trace method
12514 303 sun/io/ByteToCharSingleByte.convert
8022 306 java/lang/String.charAt
4828 301 sun/tools/java/ScannerinputReader.<init>
4545 305 sun/io/ByteToCharSingleByte.getUnicode
3783 304 sun/io/ByteToCharSingleByte.getUnicode
3280 336 sun/tools/java/ScannerinputReader.read
2864 404 sun/io/ByteToCharSingleByte.convert
2800 307 java/lang/String.length
2516 4028 javal/lang/Integer.toString
2403 162 javal/lang/System.arraycopy

Figure 4: HPROF Profile of CPU Usage Hot Spots



3 CPU Time Profiling events itis interested in. Specifically in CPU time profil-
ing, statistical sampling may reveal, for example, the rel-

A CPU time profiler collects data about how much CPU ative percentage of time spent in frequently-called meth-
time is spent in different parts of the program. Equipped©ds, whereas code instrumentation can report the exact
with this information, programmers can find ways to re- "umber of time each method is invoked.

duce the total execution time. o ]
Our framework supports both statistical sampling and

code instrumentation. Through the JVMPI, the pro-
3.1 Design Choices filer agent can periodically sample the stack of all run-
ning threads, thus discovering the most frequently active

We considered the following design choices when builg-Stack traces. Alternatively, the profiler agent may ask the

ing the support for CPU time profilers: the granularity of virtual machine to send events on entelring and exiting
profiling information and whether to use statistical sam-Methods. Naturally the latter approach introduces addi-
pling or code instrumentation. tional C function call overhead to each profiled method.

A less disruptive way to implement code instrumenta-
tion is to inject profiling code directly into the profiled
program. This type of code instrumentation is easier
Shall we present information at the method call level, oron the Java platform than on traditional CPUs, because
at afiner granularity such as basic blocks or different exthere is a standard class file format. The JVMPI allows
ecution paths inside a method? Based on our experienag@e profiler agent to instrument every class file before
with tuning Java applications, we believe that there isjt js oaded by the virtual machine. The profiler agent
little reason to attribute cost to a finer granularity thanmay, for example, insert custom byte code sequence that
methods. Programmers typically have a good underrecords method invocations, control flow among the ba-
standing of cost distribution inside a method; methodssic blocks, or other operations (such as object creation or
in Java applications tend to be smaller than, for exammonitor operations) performed inside the method body.
ple, C/C++ functions. When the profiler agent changes the content of a class
file, it must ensure that the resulting class file is still valid

It is not enough to report a flat profile consisting only according to the Java virtual machine specification.
of the portion of time in individual methods. If, for
example, the profiler reports that a program spends a ] ]
significant portion of time in th&tring.getBytes 3.2 Thread-Aware CPU Time Sampling
method, how do we know which part of our program in-
directly contributed to invoking this method, if the pro- The Java virtual machine is a multi-threaded execution
gram does not call this method directly? environment. One difficulty in building CPU time pro-
filers for such systems is how to properly attribute CPU

A good way to attribute profiling information to Java time to each thread, so that the time spent in a method
applications is to report the dynamic stackdes that is accounted only when the method actually runs on the
lead to the resource consumption. Dynamic stack trace€PU, notwhen itis unscheduled and waitingto run. The
become less informative in some languages where it i®asic CPU time sampling algorithmiis as follows:
hard to associate stack frames with source language con-
structs, such as when anonymous functions are involved. .
Fortunately, anonymous inner classes in the Java pro"yhlle (true) { .

. ! ... - sleep for a short interval;
gramming language are represented by classes with in- suspend all threads;

3.1.1 Granularity

formative names at run time. - record the stack traces of all threads
that have run in the last interval;

3.1.2 Statistical Samplingvs. Code Instrumentation - attribute a cost unit to these stack
traces;

. S . .- resume all threads;
There are two ways to obtain profiling information: ei-

ther statistical sampling or code instrumentation. Sta-

tistical sampling is less disruptive to program execu-

tion, but cannot provide completebccurate informa- The profiler needs to suspend the thread while collecting
tion. Code instrumentation, on the other hand, may béts stack trace, otherwise anning thread may change
more disruptive, but allows the profiler to record all the the stack frames as the stack trace is being collected.



The main difficulty in the above scheme is how to deter-4 Heap Profiling
mine whether a thread has run in the last sampling inter-

val. We should not attribute cost units to threads that ar¢-|eap prof|||ng serves a number of purposes: p|npo|nt|ng
waiting for an 1/0 operation, or waiting to be scheduled the part of program that performs excessive heap allo-
in the last sampling interval. Ideally, this problem would cation, revealing the performance characteristics of the

be solved if the scheduler could inform the profiler the underlying garbage collection algorithm, and detecting
exact time interval in which a thread is running, or if the the causes of unnecessary object retention.

profiler could find out the amount of CPU time a thread
has consumed at each sampling point.

4.1 Excessive Heap Allocation
Unfortunately, modern operating systems such as Win-
dows NT and Solaris neither expose the kernel schedexcessive heap allocation leads to performance degra-
uler nor provide ways to obtain accurate per-thread CPWation for two reasons: the cost of the allocation opera-
time. For example, th&etThreadTimes call on  tions themselves, and because the heap is filled up more
Windows NT returns per-thread CPU time in 10 mil- quickly, the cost of more frequent garbage collections.
lisecond increments, too inaccurate for profiling needs. With the JVMPI, the profiler follows the following steps

to pinpoint the part of the program that performs exces-
Our solution is to determine whether a thread has run isive heap allocation:
a sampling interval by checking whether its register set
has changed. If a thread has run in the last sampling in-
terval, itis almost certain that the contents of the register e Enable the event notification for object allocation,
set have changed. so that the virtual machine issues a function call to

the profiler agent when the current thread performs

The information gathered for the purpose of profiling heap allocation.
need not be 100% reliable. It is extremely unlikely,
however, that a running thread maintains an unchanged *®
register set, which includes such registers as the stack
pointer, the program counter, and all general-purpose
registers. One pathological example of a running pro-
gram with a constant register set is the following C code
segment, where the program enters into an infinite loop
that consists of one instruction:

Obtain the current stack trace from the virtual ma-
chine when object allocation event arrives. The
stack trace serves as a good identification of the
heap allocation site. The programmer should con-
centrate on optimizing busy heap allocation sites.

e Enable the event notification for object reclamation,
so that the profiler can keep track of how many ob-
jects allocated from a given site are being kept live.

loop: goto loop; . .
o0p: goto Toop 4.2 Algorithm-Independent Allocation and

Garbage Collection Events

In practice, we find that it suffices to compute and I‘eCOI‘d\Aany memory allocation and garbage collection algo-

a checksum of a subset of the registers, thus further resithms are suitable for different Java virtual machine

ducing the overhead of the profiler. implementations. Mark-and-sweep, copying, genera-
tional, and reference counting are some examples. This

The cost of suspending all threads and collecting theipresen’[s a challenge to designing a comprehensive pro-

stack traces isaughly proportional of the number of filinginterface: Is there a set of events that can uniformly

threads running in the virtual machine. A minor en- handle a wide variety of garbage collection algorithms?

hancement to the sampling algorithm discussed earlier

is that we need not suspend and collect stack traces fafe have designed a set of profiling events that covers

threads that are blocked on monitors managed by the virall garbage collection algorithms we are currently con-

tual machine. This significantly reduces the profiling cerned with. We introduce the abstract notion of an

overhead for many multi-threaded programs in whichareng in which objects are allocated. The virtual ma-

most threads are blocked most of the time. Our expechine issues the following set of events:

rience shows that, for typical programs, the total over-

head of our sampling-based CPU time profiler with a

sampling interval of 1 millisecond is less than 20%. o NEWARENAarena ID)



DELETEARENAarena ID) garbage collected, as long as any entry in the hash table
is useful and the hash table is kept alive.

NEWOBJECTarena ID, object ID, class ID)

« DELETEOBJECTobject ID) An effectiv_e way to find the causes of unnecessary ob-

ject retention is to analyze the heap dump. The heap

MOVEOBJECTold arena ID, old object ID, new dump contains information about all the garbage collec-

arena ID, new object ID) tion roots, all live objects, and how objects refer to each
other.

Our notation encodes the event-specific information inOur profiling interface allows the profiler agent to re-
a pair of parentheses, immediately following the eventquest the entire heap dump, which can in turn be sent to
type. Let us go through some examples to see how theg@e profiler front-end for further processing and analysis.
events may be used with different garbage collection al-
gorithms: An alternative way to track unnecessary object retention
is to provide the direct support in the profiling interface
for finding all objects that refer to a given object. The
A mark-and-sweep collector issuBEWOBJECT  advantage of this incremental approach is that it requires
events when allocating objects, and issueSess temporary storage than complete heap dumps. The
DELETEOBJECTevents when adding objects to disadvantage is that unlike heap dumps, the incremental
the free list. Only one arena ID is needed. approach cannot present a consistent view of all heap ob-
jects that are constantly being modified during program
execution.

e A mark-sweep-compact collector additionally is-
sues MOVEOBJECT events. Again, only one
arena is needed, the old and new arena IDs in th

MOVEOBJECTevents are the same. fn practice, we do not find the size of heap dumps to be

a problem. Typically the majority of the heap space is

e A standard two-space copying collector creates twaPccupied by primitive arrays. Because there are no in-
arenas. It issueé/OVEOBJECT events during ternal pointers in primitive arrays, elements of primitive
garbage collection, and RELETEARENAevent ~ arrays need not be part of the heap dump.
followed by aNEWARENAevent with the same
arena ID to free up all remaining objects in the
semi-space.

e A generational collector issues BEWARENA
event for each generation. When an object
is scavenged from one generation to anther, a
MOVEOBJECTevent is issued. All objects in an
arena are implicitly freed wheDELETEARENA
event arrives.

5 Monitor Profiling

Monitors are the fundamental synchronization mecha-

nism in the Java programming language. Programmers

e A reference-counting collector issues are generally concerned with two issues related to mon-
NEWOBJECT events when new objects are itors: the performance impact ofonitor contentiorand

created. and isSUBELETEOBJECTevents when the cause ofleadlocks With the recent advances in
the reference count of an objeetches zero. monitor implementation [4] [21], hon-contended moni-
tor operations are no longer a performance issue. A non-

contended monitor enter operation, for example, takes
In summary, the simple set of heap allocation events supenly 4 machine instructions on the x86 CPUs [21]. In

port a wide variety of garbage collection algorithms. ~ properly tuned programs, vast majority of monitor oper-
ations are non-contended. For example, Table 1 shows

) ) the ratio of contended monitor operations in a num-
4.3 Unnecessary Object Retention ber of programs. The first 8 applications are from the
SPECjvm98 benchmark. The last two applications are
Unnecessary object retention occurs when an object i&UI-rich programs. The monitor contention rate is ex-
no longer useful, but being kept alive by another objecttremely low in all programs. In fact, all but one program
that is in use. For example, a programmer may inserfmtrt) in the SPECjvm98 benchmark suite are single-
objects into a global hash table. These objects cannot biireaded.



program | # non-contended| # contended | percent contended
compress 14627 0 0.00%
jess 4826524 0 0.00%
raytrace 377921 0 0.00%
db 53417611 0 0.00%
javac 17337221 0 0.00%
mpeg 14546 0 0.00%
mtrt 715233 11 0.002%
jack 11929729 0 0.00%
HotJava 2277113 564 0.02%
SwingSet 1587585 1332 0.08%

Table 1: Monitor Contention Rate of Benchmark Programs

5.1 Monitor Contention 5.2 Deadlocks

Monitor contention is the primary cause of lack of scal- If every thread is waiting to enter monitor_s that are
ability in multi-processor systems. Monitor contention Owneql by.another thread, the system runs into a dead-
is typically caused by multiple threads holding global lock situation. Athread/momtordu_mp]s what program-
locks too frequently or too long. To detect these scenarMers need to find the cause of this kind of dgadldcks.
ios, the profiler may enable the following three types ofA thread/monitor dump includes the following informa-
event notifications: tion:

e The stack trace of all threads.
e A thread waiting to enter a monitor that
is already owned by another thread issues a e The owner of each monitor and the list of threads
MONITORCONTENDEEBNTERevent. This event that are waiting to enter the monitor.
indicates possible performance bottlenecks caused

by frequently-contended monitors. ) ) )
To obtain a consistent view of all threads and all

monitors, we suspend all threads when collecting
! ! : it thread/monitor dumps. The JDK has historically pro-

itor and acquires the monitor, it issues a,qeq support for thread/monitor dumps triggered by

MONITORCONTENDEENTEREDevent.  This  gnacial key sequences (such as Ctrl-Break on Win32).
event indicates the amount of elapsed time the currhe 3yMP| now allows the profiler agent to obtain the

rent thread has been blocked before it enters the,me information programmatically.

monitor.

e After a thread finishes waiting to enter a mon-

e When a thread exits a monitor, and discov- .
ers that another thread is waiting to enter6 SUp,p,Oﬂ for Interactive Low-Overhead
the same monitor, the current thread issues a  Profiling
MONITORCONTENDEEBXIT event. This event
indicates possible performance problems caused byhe profiling support we built into the Java virtual ma-
the current thread holding the monitor for too long. chine achieves the following two desirable goals:

e We must be able to suppomteractive profiler
front-ends An approach that only supports collect-
ing profiling events into trace files does not meet
the needs of programmers and tools vendors. The

In all these three cases, overhead of issuing the event
is negligible compared to the performance impact of the
blocked monitor operation. The profiler agent can obtain
the stack trace of the current thread and thus attribute the
monitor contention events to the parts of the program 1Deadlocks may also be caused by implicit locking and ordering in
responsible for issuing the monitor operations. libraries and system calls, such as I/O operations.




user must to enable and disable profiling events durehange to the allocation fast path is needed, object allo-

ing program execution in order to pinpoint perfor- cation runs in full speed when heap profiling is disabled.

mance problems in different stages of running an

application. Method enter and exit events are another kind of events

that may be generated frequently. They can be easily

e The profiling support must inclow overheadso  supported by the JIT compilers that can dynamically

that programmers can run the application at full patch the generated code and the virtual method dispatch

speed when profiling events are disabled, and onlyables.

pay for the overhead of generating the type of

events specifically requested by the profiler front-

end. An approach that requires the use of a les§.2 The Partial Profiling Problem

optimized virtual machine implementation for pro-

fiIing leads t.o additional discrepancies betV\_/een theA problem that arises when profiler events can be en-
profiled environment and real-world scenarios.  gphjeq and disabled is that the profiler agent receives
incomplete, or partial, profiling information. This has
been characterized as thartial profiling problem[16].
Because of the low overhead of our approach, we argqr example, if the profiler agent enables the thread start
able to provide full profiling support in the standard de- ang end events after a thread has been started, it will
ployed version of the Java virtual machine implemen-recejve anunknown thread ID that has not been de-
tation. It is possible to start an application normally, fined in any thread start event. Similarly, if the pro-
and enable the necessary profiling events later withoufiler agent enables the class load event after a number
restarting the application. of classes have been loaded and a number of instances
of these classes have been created, the agent may en-
6.1 Overhead of Disabled Profiling Events glc;usr;tﬁ;l.\lE\AOBJECTevents that contain an unknown
The need for dynamically enabling and disabling profil- A straightforward solution is to require the virtual ma-
ing events requires added checks in the code paths thahine to record all profiling events in a trace file, whether
lead to the generation of these events. or not these events are enabled by the profiler agent. The
virtual machine is then able to send the appropriate in-
Majority of profiling events are issued relatively infre- formation for any entities unknown to the profiler agent.
qguently. Examples of these types of events are clas$his approach is undesirabledause of the potentially
loading and unloading, thread start and end, garbage colinlimited size of the trace file and the overhead when
lection, and JNI global reference creation and deletionprofiling events are disabled.
We can easily support interactive low-overhead profiling
by placing checks in the corresponding code paths withWe solve the partial profiling problem based on one ob-
out having a performance impact in normal program ex-servation: The Java virtual machine keeps track of infor-
ecution. mation internally about the valid entities (such as class
IDs) that can be sent with profiling events. The virtual
Heap profiling events, in particulaNEWOBJECT  machine need not keep track of outdated entities (such as
DELETEOBJECT and MOVEOBJECTIintroduced in  a class that has been loaded and unloaded) because they
Section 4.2, could be quite frequent. An added checlwill not not appear in profiling events. When the profiler
in every object allocation may have a noticeable per-agent receives annknown entity (such as an unknown
formance impact in program execution, especially if theclass ID), the entity is still valid, and thus the agent can
check is inserted in the allocation fast path that typicallyimmediately obtain all the relevant information from the
is inlined into the code generated by the Just-In-Timevirtual machine. We introduce a JVMPI function that
(JIT) compilers. Fortunately, garbage-collected memoryallows the profiling agent to request information about
systems by definition need to check for possible heamunknown entitieseceived as part of a profiling event.
exhaustion conditions in every object allocation, even inFor example, when the profiler agent encounters an un-
the fast path. We can thus enable heap allocation eventsiown class ID, it may request the virtual machine to
by forcing every object allocation into the slow path with send the same information that is contained in a class
a false heap exhaustion condition, and check whethedioad event for this class.
heap profiling events have been enabled and whether the
heap is really exhausted in the slow path. Because n€ertain entities need to be treated specially by the pro-



filing agent in order to deal with partial profiling infor- machine implementation.
mation. For example, if the profiling agent disables the
MOVEOBJECTevent, it must immediately invalidate all
object IDs it knows about,drause they may be changed .
by future garbage collections. With tiMOVEOBJECT 8 Conclusions

event disabled, the agent can request the virtual ma-

chine to send the class information about unknown obWe have presented a profiling architecture that pro-
ject IDs. However, such requests must be made onlyides comprehensive profiling support in the Java vir-
when garbage collection is disabled (by, for exampletual machine. The scope of profiling information in-
calling one of the JVMPI functions). Otherwise garbagecludes multi-threaded CPU usage hot spots, heap allo-
collection may generate MIOVEOBJECTevent asyn-  cation, garbage collection, and monitor contention. Our
chronously and invalidate the object ID before the virtualframework supports interactive profiling, and carries ex-
machine obtains the class information for this object ID. tremely low run-time overhead.

We believe that our work lays a foundation for building
7 Related Work advanced profiling tools.
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