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We present the design and implementation of
several optimizations and techniques included in
the latest IBM JavaTM Just-in-Time (JIT) Compiler.
We first discuss some of the modifications we
have applied to Sun Microsystems’ reference
implementation of the Java Virtual Machine
(JVMTM) Specification to increase the
performance, including a change in the object
layout. We then describe each of the
optimizations, referring to what had to be taken
into account because of both the just-in-time
nature of the compiler and the requirements of
the Java language specification, such as
exception checking. We also present code
generation techniques targeting Intel
architectures, describing the register allocation
schemes, exception handling, and code
scheduling. Finally we report on the performance
of the IBM JIT compiler, showing both the
effectiveness of the individual optimizations and
the competitive overall performance of the JIT
compiler in comparison with a competitor, using
industry-standard benchmarking programs. All
the techniques presented here are included in
the official product (JIT Compiler version 3.0),
which has been integrated into the IBM
Developer Kit for WindowsTM, Java Technology
Edition, Version 1.1.7.

The Java** language1 has rapidly been gaining
importance as a standard object-oriented pro-

gramming language since its advent in late 1995. Java
source programs are first converted into an archi-

tecture-neutral distribution format, called Java byte-
code, and the bytecode sequences are then inter-
preted by a Java virtual machine (Jvm)2 for each
platform. Although its platform-neutrality, flexibil-
ity, and reusability are all advantages for a program-
ming language, the execution by interpretation im-
poses an unacceptable performance penalty, mainly
on account of the run-time overhead of the bytecode
instruction fetch and decode. One means of improv-
ing the run-time performance is to use a just-in-time
(JIT) compiler, which converts the given bytecode se-
quences “on the fly” into an equivalent sequence of
the native code of the underlying machine. It sig-
nificantly improves the performance, but the over-
all program execution time, in contrast to that of a
conventional static compiler, now includes the com-
pilation overhead of the JIT compiler. It is therefore
very important for the JIT compiler to be fast and
lightweight, as well as to generate high-quality na-
tive code.

There are several reasons for the poor execution per-
formance of programs written in the Java language.
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First of all, because of the standard object-oriented
programming practices, there tend to be many rel-
atively small methods that lead to more frequent
method invocations than is the case in other lan-
guages. For example, there may be a method solely
for accessing a private field variable. An object con-
structor method is also automatically created in Java
even if it is not explicitly written in the program, and
consequently there are many empty object construc-
tor methods. Polymorphic method invocations3 cre-
ate another performance problem because of the
overhead of indirectly calling through a dynamic
method table lookup. This problem is aggravated by
the reusability of object-oriented code, since pro-
grammers are encouraged to incorporate general
class libraries or existing frameworks designed for
general use into new programs to increase their pro-
ductivity, and this practice in general has resulted in
the creation of many polymorphic method invoca-
tion sites. Even if the class is actually not overridden
in a particular program, the polymorphic method in-
vocation overhead is still imposed; it likely occurs in
many cases. All these problems are inherent in ob-
ject-oriented programming and can be an important
factor in the overall performance.

Second, the Java language specification requires run-
time exception checking to ensure the validity of
accesses to objects and arrays. If a reference or an
operation is invalid, an exception must be thrown,
and the environment, such as local variables, has to
be preserved and made available to an exception
handler that catches the exception. This condition
imposes a large penalty in program execution and
prevents the application of conventional loop
optimization techniques. The type inclusion test is
another factor in the run-time overhead of check-
ing type conformance, which not only results
from an explicit request by the programmer using
instanceof operations, but is implicitly required by a
statement assigning an object to another type.

Third, the synchronized methods or synchronized
blocks, which are used to ensure the atomicity for
a set of operations in a region, cause run-time over-
head by locking a given object for the duration of
the execution. Again, the reusability of object-ori-
ented code makes this problem worse, since general-
purpose class libraries are designed for use in the
multithreaded environment, and synchronized meth-
ods or blocks are heavily used where thread safety
must be guaranteed. When these libraries are used
by single-threaded programs, there will be substan-

tial performance degradation caused by unnecessary
synchronization.

We address all these problems in the IBM JIT com-
piler by optimizing the original bytecode sequences
and applying various code generation techniques,
such as method inlining, loop versioning, fast type
inclusion testing, and others, while keeping the orig-
inal program semantics. Special care must be taken
to ensure that any optimization here allows any ex-
ceptions that would have been thrown in the orig-
inal program to still be thrown in the optimized code.
That is to say, the exceptions must be thrown in pre-
cisely the same order with respect to the rest of the
program execution.

The next section of this paper describes the overall
structure of the IBM JIT compiler and some of the
modifications we applied in Sun Microsystems’ ref-
erence implementation of the Java Virtual Machine
(JVM**) Specification. The third section discusses
each of the bytecode-level optimizations. The code
generation technique, including the register alloca-
tion scheme, is described in detail in the fourth sec-
tion. The fifth section presents some measurements
obtained by using some industry-standard bench-
marking programs and shows both the effectiveness
of each of the optimizations presented in this paper
and the overall performance of the compiler in com-
parison with those of a competitor on platforms
based on Intel processors. The sixth section summa-
rizes related works, and the final section concludes
the paper.

Overview

We first present an overview of the JIT compiler be-
fore some of the details are described.

JIT compiler structure. The overall flow diagram of
the IBM JIT compiler is shown in Figure 1. The struc-
ture is basically similar to that used in typical static
compiler environments. First, in the flow analysis
phase, the basic blocks and the loop structures are
generated by performing a linear-time traversal of
the given bytecode sequences. The given bytecode
is then converted into an internal representation,
called extended bytecode, with some new opcodes
introduced to represent operations resulting from
the optimizations. An example of the new opcodes,
which are produced by common subexpression elim-
ination, is one to obtain the array object interior
pointer for a common effective address. It allows con-
secutive array elements to be accessed by simple
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load-and-store instructions without indexing each el-
ement.4 The extended bytecode, where stack seman-
tics are still retained as in the original bytecode, is
chosen as the internal representation in order to
avoid the conversion cost in the compilation process.
The optimization phase then starts, and several tech-
niques are applied to this internal representation:
method inlining, exception check elimination, com-
mon subexpression elimination, and loop version-
ing, in that order (all described in detail in the next
section). Optimizations based on dataflow analysis,
such as constant propagation and dead code elim-
ination, are also applied to the internal representa-
tion. The variables in stack computation are then sep-
arately mapped to each of the logical registers for
integer and floating-point calculation by traversing
bytecode stack operations. The region for register
allocation of local variables is also defined, and the
number of accesses of local variables in each region
is counted.

Finally, native code is generated on the basis of the
optimized sequences of extended bytecode by allo-
cating physical registers for each stack and local vari-
able. To reduce the compilation time, there is no in-
dependent single pass for the register allocation; that
is, the register allocation runs synchronously with the
code generation. Simple code scheduling within a
basic block is applied to reorder the instructions so

that they best fit the requirements of the underlying
machine. The JIT compiler has a potential advantage
over the traditional compilation technique in that it
can identify the type of machine it is running on, and
we make use of this information in both code gen-
eration and code scheduling.

Base Jvm modifications. Among a number of en-
hancements included in the IBM Jvm that have been
applied to Sun’s reference implementation, two are
major changes introduced to improve the overall per-
formance of the JIT compiler: a change in the object
layout and the execution of the static initializer.

Figure 2 shows the change in the object layout for
both ordinary objects and array objects. An object
is originally pointed to through a handle, causing an
extra level of indirection every time object fields and
array elements are accessed. In the new object lay-
out, handles are removed, and each object has a two-
word header instead of a handle. With this change,
we can directly access instance fields simply by add-
ing an extra offset to the object pointer. Furthermore,
the element size now occupies the first word of the
array object header, which allows the JIT compiler
to generate array index out-of-bounds checking code
by issuing just one instruction, whereas several in-
structions were required, including load and shift op-
erations, with the original object layout. This is a
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