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Java™ has gained widespread popularity in the industry, and
an efficient Java virtual machine (JVM™) and just-in-time
(JIT) compiler are crucial in providing high performance

for Java applications. This paper describes the design and
implementation of our JIT compiler for 1A-32 platforms by
focusing on the recent advances achieved in the past several
vears. We first present the dynamic optimization framework,
which focuses the expensive optimization efforts only on
performance-critical methods, thus helping to manage the
total compilation overhead. We then describe the platform-
independent features, which include the conversion from

the stack-semantic Java bytecode into our register-based
intermediate representation (IR) and a variety of aggressive
optimizations applied to the IR. We also present some
techniques specific to the 14-32 used to improve code quality,
especially for the efficient use of the small number of registers
on that platform. Using several industry-standard benchmark
programs, the experimental results show that our approach
offers high performance with low compilation overhead. Most
of the techniques presented here are included in the IBM JIT

compiler product, integrated into the IBM Development Kit for

Microsoft Windows®, Java Technology Edition Version 1.4.0.
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Introduction
Java®* has gained widespread popularity, and an efficient
Java virtual machine (JVM**) and just-in-time (JIT)
compiler are crucial in providing high performance for
Java applications. Since the compilation time overhead of
a JIT compiler, in contrast to that of a conventional static
compiler, is included in the program execution time, JIT
compilers should be designed to manage the conflicting
requirements between fast compilation speed and fast
execution performance. That is, we would like the system
to generate highly efficient code for good performance,
but at the same time, the system should be lightweight
enough to avoid any startup delays or intermittent
execution pauses caused by the runtime overhead of
the dynamic compilation.

We previously described the design of version 3.0 of
our JIT compiler [1] that was integrated into the IBM
Development Kit (DK) 1.1.7. It was designed to apply

only relatively lightweight optimizations equally to all

of the methods so that compilation overhead would be
minimized but competitive overall performance could still
be achieved at the time of product release. We used an
intermediate representation (IR) called extended bytecode
(EBC)—a compact and stack-based representation similar
to the original Java bytecode. The conversion from the
bytecode to the IR is relatively straightforward. Using

the IR, we performed both classic optimizations, such as
constant propagation, dead code elimination, and common
subexpression elimination, and Java-specific optimizations,
such as exception check elimination. Without imposing a
large impact on compilation overhead, we applied method
inlining only to small target methods to alleviate the
performance problem caused by frequent calls of relatively
small methods. The devirtualization of virtual method call
sites was performed using the guard code for testing the
target method.
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In the previous version, we also introduced a mixed-
mode interpreter (MMI) to allow efficient mixed execution
between interpreted mode and compiled code execution
mode. We begin the program execution using the MMI as
the first execution mode. When the frequently executed
methods or critical hot spots' of the program are
identified using method invocation and loop iteration
counters, we invoke the JIT compiler to obtain better
performance for those selected methods. The MMI
handles a large number of performance-insensitive
methods, typically 80% or more of the executed methods
in the program, and thus provides an efficient execution
mode with no compilation overhead.

To achieve higher performance, we needed to apply
more advanced optimization techniques, including
aggressive method inlining, dataflow-based optimizations,
loop optimizations, and more sophisticated register
allocation. However, from the viewpoint of JIT compilers,
these are all relatively expensive optimizations, and simply
putting these optimizations in the existing JIT framework
might have caused unacceptably high compilation
overhead, typically large delays in application startup time.
Using a two-level execution model with the MMI and a
single-level, highly optimizing JIT compiler, the system
would not be able to manage the balance between
optimization effectiveness and compilation overhead
because of the increasing gap of the tradeoff level
between the two execution modes. It was therefore
imperative to provide multiple, reasonable steps in the
compilation levels with well-balanced tradeoffs between
cost and expected performance, from which an adequate
level of optimization could be selected that would
correspond to the execution context.

In this paper, we describe the design and implementation
of version 4.5 of our Java JIT compiler, specifically
developed for IA-32 platforms, which has been integrated
into the IBM DK 1.4.0. To manage the tradeoff, we did
several things:

e In addition to the EBC, we introduced two register-
based intermediate representations to perform more
effective and advanced optimizations. We evaluated
existing and new optimizations by considering the
compilation costs (both space and time) and applied
each of them on an appropriate IR.

e We constructed a dynamic optimization framework using
a multilevel recompilation system. This enabled us
to focus expensive optimization efforts on only
performance-critical methods. We classified all
optimizations into several different levels based on the
cost and the benefit of each optimization. The profiling

I'A hot spot is a method invocation within a loop or an indirect method invocation
from a loop.
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system continuously monitors the hot spots of a program
and provides information for method promotion.

We evaluated our approach using industry-standard
benchmarks and obtained significant performance
improvement for each optimization, while keeping the
compilation overhead—in terms of compilation time,
compiled code size, and compilation peak memory
usage—at a low level.

Since this paper focuses on the evolution of our JIT
compiler from the previous version 3.0 in terms of its
internal architecture and a variety of added optimizations,
we do not address profile-directed optimizations, which
are more advanced techniques. The goal of this paper is
to describe what we have done in the design of our JIT
compiler to balance both the performance improvement
and compilation overhead without using the profile-
directed optimizations.

This paper is organized as follows. We first give an
overview of our JIT compilation system, covering both the
overall compiler structure with three different IRs and a
dynamic optimization framework using the interpreter and
multilevel optimizations. We then describe the platform-
independent optimizations performed on each IR,
followed by IA-32-specific optimizations, especially for the
efficient use of the small number of registers. We next
present the experimental results on both performance and
compilation overhead. Finally, we summarize the related
work and then conclude.

System architecture

This section provides an overview of our system. We
present the overall structure of the JIT compiler by
describing the three different IRs and list the major
optimizations performed on each IR. We then describe
the dynamic optimization framework, in which each
optimization performed in the three IRs is mapped to an
appropriate optimization level based on the compilation
cost and the performance benefit.

Structure of the JIT compiler

Figure 1 shows the overall structure of our JIT compiler.
We employ three different IRs to perform a variety of
optimizations. At the beginning, the given bytecode
sequence is converted to the first IR, called the extended
bytecode (EBC), which was used in the previous version of
our compiler as the sole IR. The EBC is stack-based and
very similar to the original bytecode, but it annotates
additional type information for the destination operand in
each instruction. Most EBC instructions have a one-to-one
mapping with the corresponding bytecode instructions,
but there are additional operators to explicitly express
some operations resulting from method inlining and
devirtualization. For example, if we inline a synchronized
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method, we insert opc_syncent er and opc_syncexi t
instructions at the entry and exit of the inlined code,
respectively. This allows us to easily identify any
opportunity to optimize redundant synchronization
operations exposed by several stages of inlining
synchronized methods. The instruction opc_cha_pat ch is
used to indicate the code location for the runtime patch
when the unguarded devirtualized code is invalidated due
to the dynamic class loading.

Method devirtualization and method inlining are the
two most important optimizations applied on this IR.

The class hierarchy is constructed and used, together
with the result of the object typeflow analysis, to identify
the compile-time monomorphic virtual call sites. The
devirtualized call sites and static/nonvirtual call sites

are then considered for inlining. We have two separate
budgets for performing inlining, one for tiny methods and
the other for all other types of methods. Inlining the tiny
method is always considered beneficial without imposing
any harmful effects on compilation time and code size
growth. In the next section we give a more detailed
description for our inlining policy. Other optimizations
performed on EBC include switch statement
optimization, typeflow analysis, and exception check
elimination.

The EBC is then translated to the second IR, called
quadruples. This is a register semantic IR. The quadruples
are n-tuple representations with an operator and zero or
more operands. We have a set of fine-grain operators in
quadruples for subsequent optimizations. For example, the
exception checking operations implicitly assumed in some
bytecode instructions are explicitly expressed in this IR for
optimizers to easily and effectively identify redundant
exception checking operations. Similarly, the class
initialization checking operation is also explicitly expressed
if the target class is resolved but not yet initialized for the
relevant bytecode instructions. Another example is the
virtual method invocation. The single bytecode instruction
is separated into several operations: the operation for
setting each argument, null pointer check of the receiver
object, the method table load, the method block load, and
finally the method invocation itself. This will increase the
opportunities for performing commoning optimization
for some of these operations between successive virtual
method invocations.

The translation from EBC to quadruples is based on
an abstract interpretation of the stack operations. In this
process, we treat both local variables and stack variables
in the same way to convert to symbolic registers. Figure 2
shows a simple example of the translation. The direct
translation of stack operations produces many redundant
copy operations, as shown in Figure 2(b). We apply copy
propagation and dead code elimination immediately after
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Structure of the JIT compiler. (DAG: directed acyclic graph. Athrow
inlining: see the subsection on athrow inlining and Reference [2].)

the translation, and most of the redundancies that result
from the direct translation of the stack operations can be
eliminated, as shown in Figure 2(c).

We apply a variety of dataflow-based optimizations on
the quadruples. Some dataflow analysis, exception check
elimination, common subexpression elimination, and
privatization of memory accesses are iterated to take
advantage of the fact that the application of one
optimization creates new opportunities for the other
optimizations. The maximum number of iterations is
limited in consideration of its impact on the compilation
overhead (with different threshold values used between
the methods containing loops and those without loops).
The other optimizations on this IR include escape
analysis, synchronization optimization, and athrow inlining
(all described in the section on optimizations on
quadruples).

The third IR is called a directed acyclic graph (DAG).
(We ignore the back edges of the loop when we call the
IR acyclic.) This is also a register-based representation
and is in the form of a static single assignment (SSA)
[3]. It consists of nodes corresponding to quadruple
instructions and edges indicating both data dependencies
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ALOAD 1 AMOVE LA3 = LAl
NULLCHECK LA3 NULLCHECK LAl
IGETFIELD IGETFIELD LI3 = LA3, offset IGETFIELD LI3 = LAL, offset
ILOAD 2 > IMOVE LI4 = LI2 >
IDIV IDIV LI3 = LI3, LI4 IDIV LI2 = LI3, LIZ
ISTORE 2 IMOVE LI2 = LI3
(a) (b) ©

Figure 2

An example of translation from EBC to quadruples: (a) Extended bytecode; (b) conversion to quadruples; (c) after copy propagation.

int i, n; a: faload f5 =a, i
float all, b[], c[], d[]; b: faload f6 =d, i
float f1, f2, f3, f4; c: fmul f7 = f5, f6
L. d: fadd fl = f1, f7
for (i=0; i<n; i++) { e: faload f8 = b, i
fl += ali]*d[i]; f: faload f9 =c, i
f2 += blil*clil; g: fmul f10 = f8, f9
f3 += alil*c[i]; h: fadd f2 = f2, f10
f4 += bLiI*d[i]; i: fmul f11 = f5, f9
} j: fadd f3 = f3, fll
fl; k: fmul fl12 = f8, f6
= f2; 1: fadd f4 = f4, fl12
= f3; m: iadd i=1,1
fa, n: iflt i, n
(a) (b) (©)
Figure 3

Example of constructing a DAG for a loop-containing method: (a) Original code; (b) quadruples for the loop body; (c) DAG for the loop
body. For the sake of simplicity, this ignores all of the exception checks necessary for the array accesses within the loop.

and exception dependencies. Figure 3 shows an example
of constructing the DAG for a method containing a loop.
This simply indicates how the DAG representation looks
and ignores all of the exception checks necessary for the
array accesses within the loop. The actual DAG includes
the nodes for exception checking instructions and the
edges representing exception dependencies.

This IR is designed to perform optimizations, such as
loop versioning and prepass code scheduling, that are
more expensive but sometimes quite effective. The IR is
converted back to quadruples before entering the code
generation phase. Thus, the conversion to DAG and
applying the DAG-based optimization is completely an
optional pass, and we need to apply this set of these
optimizations judiciously and for only those methods
that can benefit from the transformation.

All of the instructions of these three IRs are grouped
into basic blocks (BBs). Our BBs are extended in the
sense that they are not terminated by instructions which
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constitute potential exceptions, as in the factored control
flow graph [4]. The BBs are placed using the branch
frequencies collected during the MMI execution. Since
the branch history information is limited to the first few
executions in the MMI, we do not use code positioning
guided solely by profile information [5]. Instead, we
combine the use of this information with some heuristics
so that we can place backup blocks generated by
versioning optimizations at the bottom of the code. We
also use the profile information to select the depth first
order for i f -t hen- el se blocks; this separates the BBs
of frequently and infrequently executed paths.

The compiler is designed to be very flexible so that
each optimization can be enabled or disabled for a given
method. At a minimum, we need to perform bytecode-
to-EBC conversion, EBC-to-quadruple translation, and
native code generation from the quadruples, even if all
optimizations are skipped. Method inlining can be applied
either for tiny methods only or based on more aggressive
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