A unifying approach to
performance analysis in
the Java environment

In general, performance analysis tools deal with
large volumes of highly complex data of varying
types and at varying levels of granularity. The
result is that it is common for there to be many
different tools and components that implement
performance data collection, recording, and
reporting in an analysis environment. This variety
complicates communication within a group and
makes cross-group communication about
specific performance findings even more difficult.
The analysis of the performance of Java™ virtual
machines and Java applications introduces
additional complexity. We describe an approach
that unifies the recording and reporting
components of performance analysis into a
single data model and standard set of reports.
We have employed this model with significant
success in the analysis of IBM’s Developer Kits
for the Java virtual machine.

he performance analyst’s job is straightforward:

measure performance, find constraints to the
level of performance achieved, eliminate or reduce
their effects, and then start again; stop when mea-
sured performance achieves a previously agreed-to
target. The challenges are enormous. Software per-
formance can be degraded by many factors, e.g., by
a particular hardware configuration, by the way the
hardware is used by the software, by poor program-
ming practices in the underlying operating system,
by unexpected interactions between software mod-
ules, by inappropriate use of system resources by ap-
plication or middleware software, and by poor
programming or data-structuring technique in the
application. The analyst’s objective is to isolate the
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primary cause and deal with it as quickly as possi-
ble. Even for small software applications it can be
difficult; for highly complex environments it can be
daunting.

The Java** virtual machine (Jvm)' presents an even
more complex challenge to the performance analyst.
In many cases, the Jvm operates as a process in a
traditional operating system (OS) environment.
(Even when more tightly embedded, there is a small
but significant microkernel below the Jvm layer that
provides basic OS functionality.) Java applications run
within the Jvm process. The Java programming lan-
guage is an object-oriented environment affording
a very rich library of classes on which programmers
can base their applications. The net result is that ap-
plications, and the Jvm itself, consist of an assembly
of many relatively small pieces of software organized
in a highly layered structure. Jvm code is reused ex-
tensively, so that the same functions are called from
many places. The environment can be very dynam-
ic; classes can be loaded at run time; the user can
modify the function of many system classes through
extension. Add to this the multitude of operating
modes for Jvm and application code: interpreted
Java bytecode, just-in-time (JIT) compiled code, na-
tive Jvm library code, native user code, and core Jvm
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internal code, and the analysis alternatives are sig-
nificant.

Many tools have been developed to assist analysts
in dealing with these challenges. These tools include
system and application profilers, e.g., AIX* (Ad-
vanced Interactive Executive) tprof,? gprof,® Intel’s
VTune**,* application and system tracing facilities,
e.g., AIX Trace,? application and system memory use
profilers, e.g., svmon,? and system performance mon-
itors, e.g., Windows NT** Performance Monitor.’
Implementations of these and similar tools exist on
many (though not all) platforms. Unfortunately, their
implementations are not consistent, their output for-
mats not readily comparable, and their models for
computation and resource consumption not equiv-
alent. We view the benefits of a unifying approach
for performance measurement, reporting, and anal-
ysis as profound: analysts working on a single sys-
tem could readily switch from one type of analysis
to another (e.g., from memory analysis to delay anal-
ysis); analysts working on quite distinct systems could
more readily share performance data and results
(e.g., path length analysis comparisons for a key op-
eration between the 0S/2* [Operating System/2*] Jvm
and AIX Jvm implementations).

In this paper we describe our efforts toward devel-
oping a unifying, general model for recording and
reporting resource consumption that supports a
broad range of performance data and a broad range
of analysis questions. In the next section, we provide
motivation for the model. We then describe the tech-
nique, which we call “arcflow,” in more detail, and
we present a detailed example. The model is similar
to work described by Hall et al.® and Ammons et
al.” In the fourth section, we discuss how this tech-
nology fits into the context of an instrumented Jvm.
Also, natural extensions to Jvm and system instru-
mentation that derive from the adoption of this ap-
proach are introduced in that section. We conclude
with a discussion of further work.

Motivation and contribution

Computer operating systems (e.g., Microsoft’s Win-
dows NT, IBM’s AIX and 0S/390%, or Operating
System/390) are resource managers: they remove the
burden of correct, efficient, and fair resource allo-
cation and management from the application pro-
grammer’s concern. The scope of the resource al-
location function begins at a very low level with the
allocation of the CPU instruction and data fetch and
execution units. It extends through system layers to
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include the allocation of physical and virtual mem-
ory, the creation and assignment of system buffers,
the realization of files or blocks or pages in a file sys-
tem, and the creation and life cycle of data struc-
tures representing threads of execution. Middleware,
such as Netscape Application Server**, the IBM
WebSphere*, Sapphire/Web** from Bluestone Soft-
ware Inc., and application programming frameworks
such as the IBM SanFrancisco* project, build on the
system foundation and present layer upon layer of
further resource concepts (e.g., socket, connection)
to the programmer. The Jvm introduces additional
key resource types, including interpreter cycles (e.g.,
as consumed in interpreting bytecode), heap objects
allocated, heap bytes allocated, “JITed” code instruc-
tions executed, and objects of different classes.

These resources are then consumed by various ac-
tors, or agents, in the process of achieving some de-
sirable programming objective. A thread allocates
a buffer and passes control to a function to fill that
buffer with data from a file. A process creates a pool
of threads, each of which opens a socket to commu-
nicate work to a corresponding thread within another
process. Program X executes 1000 instructions, calls
program Y 100 times, which subsequently executes
1000 instructions before returning to program X. A
list of key consumers for the Jvm and Java applica-
tion environment would include functions, basic
blocks, threads, objects, transactions, interpreted
methods, system calls, and JITed methods.

Measured performance is a combination of the ef-
ficiency with which the system and middleware lay-
ers provide resources to consumers and the manner
in which these resources are consumed. In general,
system and application performance problems are
most quickly identified by viewing the relationship
between resources and consumers of those resources.
Most performance tools report data that reflect and
quantify this basic relationship. For example, con-
sider the simple report obtained from the execution
of a simple program shown in Figure 1.

Of the total 10 seconds, eight were consumed by
Thread 3. If it is assumed that a reduction in the to-
tal time spent is the appropriate objective, this re-
port suggests that it would be sensible to concentrate
future tuning efforts on Thread 3 and what it is do-
ing with 80 percent of the total CPU time.

Thus, the universe of system concepts is organized
along two somewhat natural and mostly orthogonal
dimensions: resources and consumers of resources.
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Figure 1  Simple report on a simple program

CPU TIME = 10 SECONDS

CPU TIME BY THREAD:
THREAD 1: 1 SECOND
THREAD 2: 1 SECOND
THREAD 3: 8 SECONDS

Table 1 Performance analysis steps

Step 1 Step 2 Step 3

Collect data Record data

Generate report

Table 2 Performance analysis steps

Step 1 Step 2 Step 3
Collect data Record into Generate standard
standard reports from the
model standard model

As suggested above, this is the classic, traditional or-
ganization that is reflected in most performance tools
today. As noted in Reference 6, this organization is
inadequate. It is useful for answering simple “what
or which” questions, e.g., which function consumes
the most CPU time? However, deeper analysis ques-
tions, e.g., the “where” and “why” questions, require
additional context.

A unifying approach to data recording and
reporting

Table 1 lists in very general terms the basic steps of
performance analysis. First, performance data are
collected. The data could be event data, sampled
data, counter data, or some combination of these dif-
ferent types. The data are then recorded in some
form (e.g., a trace file). Finally, reports are produced
that are made available to analysts for their use in
identifying problems and discovering opportunities
for improvement.

The contribution of the present paper is depicted by
the steps in Table 2. We introduce a generic model
that allows this activity to be automated in a manner
that is largely independent of the actual data being
collected. This model is employed primarily at Steps
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2 and 3 of the process—at data recording and at re-
port generation time.

The model is open in that it embraces data collected
in a wide manner of ways. The model also admits
different implementations, enabling steps to be per-
formed in either real time or postprocessing modes.
What these implementations mean is that data can
be collected and analyzed off line, or collected and
analyzed (reported on) live. In both cases the model
is the same, and the reports are the same. (We mo-
tivate and discuss live recording of data later in the

paper.)
We now describe the arcflow model in detail.

The arcflow model. In order to capture the key re-
lationships between consumers and resources nec-
essary to help analysts answer performance analysis
“what,” “where,” and “why” questions, we provide
the three definitions that are described next.

Definition of consumer_context: A consumer_con-
text is an abstraction of the state of a consumer at
the point of resource consumption. This mapping re-
flects the state of the consumer at the time we record
the consumption of the resource in question.

We define a consumer_context as a set of consumer
identifiers and an optional time stamp:

{Cla Coyvnn Cn’ t}

where ¢;, 1 =i = n, is the ID (identifier) of the ith
consumer and ¢ is the time stamp. There is an ex-
plicit hierarchy, i.e., ¢; is the parent of ¢;,,. Each ¢,
corresponds to a consumer, with ¢, being the con-
sumer most immediately responsible for the resource
consumption, ¢, _; is the consumer responsible for
the actions of ¢, and so on. This hierarchy reflects
the desired context in the level of detail appropriate
for the analysis, e.g., one natural consumer_context
hierarchy is a consumer calling sequence.

The rationale behind this definition is that resource
consumption occurs in context, and it is important
to understand that context when exploring perfor-
mance improvements.

For example, a “callstack” A-B-C, reflecting that
function A called function B called function C, is a
valid consumer_context. Any resources consumed
by C when B and A are on its invocation stack are
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considered distinct from resources consumed under
a different invocation stack, even if consumed by
(within) C. A more detailed variant on the above
might record the callstack in more detail, e.g.,
A:F0001330-B:F0002992-C:F0010122, where the hex
addresses following the function name indicate the
actual virtual address of the invocation. (The value
lies in discriminating between multiple call sites in
a function.) Another valid consumer_context would
record both the callstack and time stamp at the time
of the resource consumption.

Although the most common consumer_context re-
flects a function/method invocation hierarchy, it need
not. Other variants include:

e Object containment hierarchy (where each con-
sumer ID, ¢;, represents a unique object). The hi-
erarchy reflects that object ¢; contains ¢, .

* Object allocation/creation hierarchy (where each
¢, again represents a unique object). The hierar-
chy reflects that object ¢; created ¢, ;.

* Module invocation hierarchy (where each ¢; in-
dicates a module). This hierarchy is equivalent to
the calling sequence hierarchy but with a different
level of granularity for the consumer identifiers.

* Basic block invocation hierarchy (where each c;
indicates an instruction-level basic block). Again,
this is an invocation hierarchy but, in this case, one
that employs a finer granularity.

Definition of resource_consumption_list: A resource_
consumption_list is a list of resources and an indi-
cation of the total amount of resources consumed.
When coupled with a consumer_context, this rep-
resents the total amount of each resource consumed
within a specific context.

For example, <“object allocations” 100, “heap bytes
allocated” 12450> is a resource_consumption_list
indicating that a total of 100 object allocations have
been made and that 12450 bytes have been allocated
from the heap.

Definition of arcflow model: The arcflow model
couples  consumer_context data and re-
source_consumption_list data in order to provide a
useful indication of resources used in some context.
Thus, our general model of resource consumption
consists of a set of triples and a descriptive vector:

AF0 = {(X, n, Y) such that
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X is a consumer_context,

n is the number of times this consumer_context has
been encountered, and

Y is a resource_consumption_list}

and
Z, a vector of descriptive bindings
where Z provides:

* Alabel describing the consumer identifiers (c;) in
X (e.g., “functions”)

e A label describing the units employed in the
resource_consumption_list (e.g., “CPU_time,” “in-
structions™)

* Alabel describing the meaning of n—the number
of times a consumer_context is encountered (e.g.,
“calls,” “entries”)

Note that, depending on the granularity of the ab-
straction employed, this definition allows us to dis-
criminate between executions of consumer A result-
ing from being called by consumer B and those
resulting from being called by consumer C. Note that
if the consumer_context includes a time stamp, the
model can record an explicit log of all events, in ef-
fect a trace of system behavior with respect to all in-
teresting consumer states and resources they have
consumed.

Note further that the model is unitless; this charac-
teristic is a powerful abstraction that allows it to be
employed in a broad range of analyses. Indeed, it is
the key to the success of the model in unifying data
recording and reporting. However, unitless reports
are not very helpful, so Z is introduced to allow for
the labeling of fields produced by the tools that im-
plement the model and derivative reports.

Although the above is quite general, we have found
that a relatively storage- and computationally-effi-
cient choice for the consumer_context is to elimi-
nate the explicit time stamp. Similarly, we have found
that restricting the resource_consumption_list to a
single resource (thus providing only a univariate view
of resource consumption) is highly effective for fo-
cused analysis where the key resource of interest is
known in advance. Therefore, for the remainder of
the paper the term arcflow refers to the restricted
arcflow model:
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