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SUMMARY

We have developed a research compiler for Java cl ass files. The compiler, which
we call Briki, is designed to test new compilation techniques. We focus on optimiza-
tions which are only possible or much easier to perform on a high-level intermediate
representation. We have designed such a representation, JavalR, and have written a
front-end which recover s high-level structure from the information from the cl ass
file

Some of the high-level optimizationscan be performed by the Java compiler which
producesthecl ass file. Thereishowever a set of machine-dependent optimizations
which haveto be customized for the specific architecture and so can only be perfor med
when the machine code is generated from the bytecodes, e.g, in a Just-In-Time (JIT)
compiler.

We choose memory hierarchy optimizations as an example of machine-dependent
techniques. We show that there is an intersection of the set of machine-dependent
optimizations and the set of high-level optimizations. One such example is array
remapping which requires multi-dimensional array references which are not present
in thebytecodesand at thesametimerequiresinfor mation about memory organization
and the mapping of bytecodes to machine instructions.

We develop a set of optimizations for accessing array elements and object fields
and show their impact on set of benchmarks which we run on two machines with a
JIT compiler. The execution timesare reduced by as much as50% and we arguethat
the improvement could be even higher with a more mature JI T technology.

1 Introduction

The definition of the Java programming language includes both the definition of the pro-
gramming language itself [1] and the definition of the virtual machine [2] which can run
compiled Java applications represented in the form of bytecodes[2]. An application in the
bytecode form can run on any computer with animplementation of the Javavirtual machine.



A bytecode form of an application is distributed in cl ass files which in addition to the
bytecodes contain information required for linking and verification.

On most computers, efficient execution of Java bytecodesrequires compilation to native
machine instructions. The compilation can be performed off-line or on-demand, while the
application is being loaded. The latter option — Just-In-Time (JT) — is used in the
majority of current implementations.

As the technology matures, advanced compiler optimizations are being proposed to
speed up execution of Java applications (unless explicitly stated otherwise, by a “Java
application” we mean either a stand-alone application or an applet). Many techniques used
to optimize programs written in other programming languages can be successfully applied
to Java programs, other techniques are unique to Java.

This paper concentrates on optimizations which rely on the knowledge of the target
architecture, so they cannot be performed by the compiler which generatesthecl ass file,
since the target machine is not known at that time. At the same time, the optimization
techniques we consider cannot be easily performed on bytecodes directly and require the
recovery of high-level representation of the code which is being optimized.

Briki is a compiler developed to research the issues of potential benefits of high-level
optimizationsfor Java programs. Briki readsin a Java program distributed in the bytecode
form, convertsitinto Javal R (anintermediate representation used to represent Javaprograms
in our compiler), performs the optimizations, and writes out the optimized code. We are
primarily interested in the configuration of Briki which performs JT compilation, i.e.,
a compiler which is integrated with the virtual machine and generates machine code for
immediate execution.

The current implementation of Briki, which was used in the experiments presented in
this paper, readsinacl ass file and writes the optimized code to another file in the form
of Java source. We chose off-line compilation and Java source as the output form for
the ease of debugging and better understanding of the quality of the recovered code. A
JT implementation of Briki which will integrate our compiler with kaffe [3], a publicly
available J T Java system, is under way.

Section 2 presents the organization of Briki including a brief discussion of JavalR,
our intermediate representation for Java programs. More details on JavalR can be found
in[4]. Section 3 discusses our approach to high-level structure recovery. Our optimization
techniques are described in Section 4. Weinclude two appendicesto make our presentation
clearer. Appendix A shows the recovery process on a sample, short method. Appendix B
presents an exampl e optimization processfor one of our optimization techniquesfor amuch
simplified benchmark. Experimental results are given in Section 5.

2 Organization of briki

2.1 Implementation
The design of Briki was influenced by the following goals:

e The intermediate representation should be high-level enough that most of the in-
formation contained in the source program is easily accessible and reasoning about
the program can be done in source-level terms. Section 4.1 gives an example of an
optimization which requires a high-level intermediate representation.



e The compiler should be light-weight so that the overhead of integrating it into other
applications would be minimized.

The extra work required to recover the high-level structure from the bytecode sequence
can be only justified if it enables optimizations which would otherwise be impossible or
very difficult. Data transformations for multidimensional arrays (see Section 4.1) are a
good example for that as they would be impossible to perform without the notion of a
multidimensional array reference. Since the bytecodes do not encode directly multidimen-
sional array references, al such references are trandated by Java compilers to a sequence
of one-dimensional references. Before data transformations are even considered, we have
to recover the original array references.

2.2 Intermediaterepresentation

The intermediate representation is a syntax tree with a node for every Java class defined
in the input. Every class node contains references to nodes for all interfaces, fields and
methods defined for that class as well as some other information (access flags, a reference
to the super class etc.). JavalRis our implementation of this intermediate representation.
An overview of JavalR is presented in this section. More details on JavalR can be found
in[4]. Section 3 discussessomeissuesrelated to the problem of the recovery of the structure
needed to build Javal R from the bytecode representation of a program.

In the recovery process we attempt to achieve a structure which is as close to the Java
source aspossible. For the benchmarkswe have used, our IR corresponds directly to a Java
source form of the same benchmark. It ishowever possiblethat acl ass representation of
an application either does not correspond to alegal Java source or it would be impractical
to recover the source form. Section 3.5 is devoted to those problems.

Figure 1 shows a class hierarchy for a subset of the classes used in JavalR. The version
of Briki used for the experiments presented in this paper is implemented in Java, we are
currently working on integrating Briki with kaffe, a JI'T compiler.

We will usethefollowing, very simple exampleto illustrate how Javal R represents Java
programs.

class simple {

int i;
public simle() {
i = 0;
}
} //sinple

A complete JavalR representation of class si npl e takes care of many details that are
required to maintain the meaning of the program. The image gets even more complicated
by the fact that some information is replicated so that it can be accessed quickly.

The Javal R representation is not exactly the sameasthe original source. Instead, JavalR
corresponds closely to the code generated by the compiler. In our example, the code for the
constructor contains implicitly two additional statements:

public simple() {

super(); /1 inmplicit call
i =0;
return; /1 inmplicit statenent

}



JClass

IMethod
JfStmt
JBlock /
JLoopStmt —— B JWhileStmt
JStatement <
emen
/ \\ JReturnStmt

Javal JThrowStmt

R
JintConstExpr
4 JFieldExpr
JExpression \
\ JINewEXxpr
JBinOpEXxpr

Figure 1: Class hierarchy of the nodes in the JavalR intermediate representation (only
selected expression and statement types are shown)

All implicit methods, statements and expressions are represented explicitly in Javal R.

All nodes in the syntax tree are objects of some class derived from the class Javal R
(see Figure 1). Theintermediate representation defines classes which are not derived from
Javal R, but none of them can be used as anode in the tree. A Java classis represented
with an object of the class JCl ass which contains lists of objects representing fields,
methods and interfaces. A method is represented with an object of the class JMet hod.
If the method is not native, this object contains a reference to an object of type JBl ock
which in turn contains areference to the symbol table and alist of statements. A statement
may contain other statements or expressions. Fields and interfacesfollow the similar idea,
but their representation is much simpler.

3 Recovering high-level structure

One of the important features of our compiler is the ability to recover high-level structure
of a source Java program given its bytecode representation. Section 2.1 explains why
it is necessary. In this section we discuss the process of that recovery as performed by
our bytecode to JavalR front-end. We start by giving a smple example of a bytecode
seguence and the recovered source code. Note that our front-end actually recovers an
internal representation which is not directly printable. However, since for our applications
there is a straightforward mapping between the Javal R described in Section 2.2 and a Java
source, wesimply show therecovered sourcecode. Therest of this section showsaselection
of more interesting problems which must be addressed for the recovery to take place. The
problem of high-level structure recovery is very similar to the problem of decompilation.
Previous work on decompilation addressed this issue primarily for reverse-engineering
reasons. While our god is different (we want to recover the high-level structure to enable



some compiler optimizations), we borrow from existing decompilation techniques in our
design. Existence of many decompilation tools shows that high-level structure recovery
fromlow level codeispossible. Indeed there exists adecompiler for Java[5] which given a
cl ass filewill produce its representation as Java source. Another interesting decompiler
isdescribed in [6]. In our work, we have identified the following problems.

o Converting a stack-based code without branches to a syntax tree. Thisis generally
straightforward. Theonly problem that required extra attention was the use of tempo-
rary variables during the evaluation of a complex expression on the stack. Dataflow
analysis is needed to ensure that flow dependencies are not violated. Section 3.2
discusses thisissue.

¢ ldentifyingtypesof local variables. Again, dataflow analysisisused to disambiguate
typesof variables. The disambiguation may be needed due to one of thetwo reasons:
the same variable may be used to store values of different types or assignments
which are allowed in the bytecode must be changed to narrow down expression types
(e.g., Boolean values are represented internally asintegers, but in Javal R, we want to
represent them as Bool ean values).

o Converting short-circuit operators into expression form. Thisis performed by aflow
patterns recognition mechanism similar to the one used in [6]. Section 3.3 contains
further discussion.

¢ Converting branchesto high-level statements(loops, conditional statements, br eak,
and cont i nue statements. We have based our approach on the algorithm presented
in [7]. Some modifications to the algorithm were necessary to more completely
eliminate branches. Section 3.4 show our approach.

Our general approach is to first recover simple expressions and statements within basic
blocks (bytecode sequences without branches). This process creates a control flow graph
(CFG — see Section 3.3 for asimple example) with high-level constructsinitsnodes. Then
we convert CFG edges to structured control flow constructs using techniques described in
Sections 3.3 and 3.4.

3.1 Anexample

Consider the following code fragment of a disassembled cl ass file. It is not apparent
what this sequence of bytecodes does.

O iload 1

1 iconst 1

2 if_icnpeq 10
5iload_ 1

6 iconst_3

7 if_icnpne 18
10 aload O

11 iconst_1

12 putfield #4 <Field condl.i |>
15 goto 23

18 aload O

19 iconst_2



20 putfield #4 <Field condl.i 1>
23 aload O

24 dup

25 getfield #4 <Field condl.i |I>
28 iconst 1

29 iadd

30 putfield #4 <Field condl.i |I>

One can of course understand this code with some effort. Most traditional compiler
optimizations can operate on an intermediate representation which closely corresponds to
the bytecode.

This paper deals with compiler algorithms which are best expressed in terms of high-
level constructslike afor-loop or amulti-dimensional array reference. Neither of thosetwo
constructs is explicit in the bytecode which implements them with low level operations.
In many cases it is however possible to recover a representation of a method with those
high-level constructs.

Consider again the above sequence of Java VM instructions. Our compiler parses it
and generates an equivalent JavalR representation which can be printed as the following
Java source fragment (as described earlier the internal Javal R representation is not directly
printable since it is a collection of Java objects with references to each other).

if(((al == 1) || (al == 3))) {

this.i = 1;
} else {
this.i = 2;
Y Iif
this.i = (this.i + 1);

Note that al is used to represent the first argument to the method containing this
sequence of bytecodes. The identifier used by the programmer in the source cannot be
recovered.

3.2 Extracting expressions and simple statements

The design of Java bytecodes makes it relatively easy to recover expressions and simple
statements (assignmentsand method invocations). Recovering statementswhich changethe
control flow requires more work since their implementation in the bytecodes uses branches
which we do not want to use in JavalR. We show in Sections 3.3 and 3.4 how to convert
branches to structured control flow constructs.

To convert asequence of bytecodes contained in a basic block to high-level expressions
and statements, we symbolically execute each basic block using a temporary stack to
emulate a Java virtual machine. For instance the following basic block from the example
shown in Section 3.1

23 aload O

24 dup

25 getfield #4 <Field condl.i |I>
28 iconst 1

29 iadd

30 putfield #4 <Field condl.i I>



is converted to
this.i = (this.i + 1);

To see how the symbolic emul ation works, consider theinstructioni add above. Processing
of the previous instructions have placed two references at the top of the stack, one for the
expression representing the constant 1 and another one for the expressiont hi s. i . Our
front-end creates a new JavalR object for integer addition and initializes its two operand
fields to the two values from the top of the stack which are being removed from the stack.
The new object is being pushed on the top of the stack.

This approach generally works for the application we looked at. The only interesting
problem that must be solved is caused by using the stack for storage of variable and field
values which have been overwritten during a calculation of a complex stack expression.
Consider the following example

al oad_0 z
getfield #4 <Field condl.i I> z
al oad_0 X

i const 1
putfield #4 <Field condl.i I> X
al oad_0

getfield #4 <Field condl.i I>

i add

al oad_0

putfield #5 <Field condl.j I>

The sequence marked with x is converted to

x

N N N N N

this.i = 1;
and the sequence marked with z is converted to
this.j = (this.i + this.i);

but thefirst occurrenceof t hi s. i on the right-hand side of the second assignment should
have the value that the field i had before the assignment of 1, and the second occurrence
should have the value that the field i had after the assignment of 1. Our solution keeps
track of the flow of values and when necessary creates temporary variables to hold the
values that the Java VM stores on the stack. For the example above, we recover a sequence
corresponding to the following source fragment:

tnp = this.i;
this.i = 1;
this.j = (tnp + this.i);

3.3 Short-circuit operators

Consider again the bytecode sequence shown in Section 3.1. An alternative representation
called a control flow graph (CFG) is shown in Figure 2. A CFG contains a node for every
straight-line code sequence (a basic block) and an edge for every branch (a conditional
branch resultsin two edges, an unconditional branch correspondsto a single edge). Nodes
in Figure 2 are label ed with the numbers corresponding to the address of thefirst instruction
of every basic block. Labels on the edges mark “true” and “false” branches.

Our recovery mechanism recognizes patterns in the CFG corresponding to different
short-circuit operators in the manner similar to the technique described in [6]



BBO: (if(al == 1) goto 10]

fal se true

BBS: [if(al I=3) goto 18 ]

BB23: |i =i +1
Figure 2: A control flow graph for a short-circuit operator

3.4 Gotoelimination

This step is based on the algorithm described in [7]. We have extended this algorithm to
eliminate branches in some cases in which the original algorithm failed. Nevertheless, for
some CFG’swe are not ableto completely eliminate branches. For reducibleflow graphs, it
isalwayspossibleto completely eliminate branches, but sometimes doing requiresinserting
new |oop statementsor duplicating code. Whilethose approacheswould be acceptableif our
goa wasto recover legal Java source for the widest possible range of cl ass files, adding
new loops or duplicating code would not help usin any high-level compiler optimizations.
Therefore, we decide to allow branches in JavalR at the cost of not being able to optimize
those programs with the current, preliminary version of Java (since our compilation process
involves compiling Java source generated from JavalR). Branches will not however be a
problem inthe J T version of Briki which will be the next step of our research.

1. Collapse short-circuit operators.

2. Find natural loops.

3. Insert repeat nodes.

4. Find dominators, heads and follow sets.
5. Expand loops.

6. Cal getform

7. Call addbr anch.
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. Clean the graph (push loop termination conditions into loop headers, unify types,
etc.)

3.5 Difficultiesin structurerecovery

The current implementation of Briki parsesacl ass file, representsit in JavalR, performs
the desired optimizations and prints the optimized source to afile. We later use a standard



compiler to convert the resulting source file to the bytecode form. The off-line process
was chosen by us for the ease of debugging and more flexibility experimenting with new
optimization techniques. Ultimately, we want to build a JIT version of Briki which would
perform the same optimizations on JavalR, but it would directly generate machine code
from the optimized Javal R rather than generating the source first.

For the cl ass files we looked at so far, it is possible to efficiently recover a JavalR
form of those applications which can be printed out as legal Java source. It is however
possible to create cl ass files for which this process would be expensive or would not
yield any benefit for our optimizations techniques. It is important to stress here that for
our optimizations we are interested in recovering a high-level structure. Some bytecode
seguences do not have such structure and although it would be possible to for instance
eliminate all branches and generate legal Java source for such programs, the structure
created by the branch-elimination process would be artificial and would not enable any
additional high-level optimizations.

We also note that it is possible that a given application distributed in the cl ass file
formwould not be representable as legal Java source (one such exampleis givenin Section
13.4.6 of [1]). While thiswould cause problemsfor the current implementation of Briki, it
would not affect the JIT version of our compiler.

3.6 Recovery algorithm
3.6.1 High-level overview

We sketch here the process of high-level structure recovery. We assume that all data
structures for classes and class members have been initialized.
The algorithm performsthe following steps for every non-native method.

1. Scan al opcodes and mark basic blocks.

2. Parse the exception table (see Section 4.7.4 of [2]) to mark portions of the bytecode
stream handled by specific handlers and to mark the handlers themselves.

3. Create a control flow graph (CFG) for the method. The CFG has at least one entry
node — for the main entry to the method — but may also contain additional entry
nodes for every exception handler of that method.

4. Structure the CFG by identifying short-circuit operators and creating high-level con-
trol flow nodes as described in Sections 3.3 and 3.4 accordingly.

5. Starting from the entry nodes, visit all nodes of the CFG and interpret the code of
each of them. This step creates the Javal R nodes for every basic block. Every node
of the structured CFG hastwo lists of Javal R nodes: statementsand expressions. The
expressions are needed for values passed on the Java VM stack across basic block
boundaries. The valueseft on the stack at the end of a basic block are being used in
the successor nodes as initial stack content.

6. The information extracted in the previous two steps is used to create the complete
Javal R form for this method.



4 Optimizations

This paper describes only one group of optimizations: memory locality optimizations by
data remapping. We expect that the benefits of those optimizations will be observed in
addition to other optimizations performed by good JIT compilers.

Locality of memory referencesis extremely important on modern machineswhich have
processors much faster than main memories. On those machines a high cache hit ratio
may significantly increase execution speed. Compiler optimizations for improving locality
have been studied extensively and many commercial and research compilers use those
techniques. Strict definition of Java, especially its notion of abrupt completion [1] makes
some of the existing techniques less effective for Java programs than for programs written
in languages like C or Fortran.

Loop transformations belong to the category of optimizations which while extremely
effectivefor awiderange of computationally intensive programs, are moredifficulttousein
optimizing compilers for Java. Java requires that the execution of aloop nest is performed
in a specific order. Fortran and C have of course the same requirements, but due to the
rich exception mechanism in Java, it is much easier to write a program in Java which will
depend on the order of loop execution. In other languages, it usually sufficient to check
if the transformed loop nest does not violate dependence relations defined by the original
loop nest. In Java this may not be sufficient, because in the case of an abrupt completion
of the loop nest, the exception handler may depend on partial results being generated in a
specific order. Detecting that this is not the case puts an extra burden on the compiler.

Data transformations are an alternative to loop transformations. Data transformations
have the advantage that they do not change the order of execution (except for subscript
evaluation order which can be dealt with as described in Section 4.3.2). Which makes
checking if a data transformation would change the meaning of the analyzed piece of code
easier than asimilar legality check for loop transformations. Applying data transformation
requires other checks—ensuring that transformed arrays are rectangular (Section 4.3.1) is
the most important one. In our view those checks can be performed without much effort for
traditional, scientific codes. For common cases of array-based scientific applications both
loop and data transformations are equally powerful. We show in [8] that a unified dataand
loop transformation framework is needed for best performance.

We focus here on the effect of Java semantics on data layout optimizations which im-
prove memory hierarchies utilization. We have previously described similar optimizations
for programs written in C and Fortran [8]. Changing the data layout for those languages
is very difficult since both C and Fortran define the layout of their data structures and any
changes may be attempted only after compiler analysiswhich ensuresthe legality of a data
transformation. Such analysis is often very complex and sometimes fails inhibiting any
potential optimizations.

Changing the layout of data structures is much easier in Java since the bytecodes do
not use the concept of an address and cannot access, say, afield in an object by specifying
an integer offset from some base pointer. Similarly, pointer arithmetic cannot be used to
access elements of an array.

4.1 Array layout optimizations

Cachelocality can be often significantly improved by changing the layout of array elements
in memory so that for a given access pattern, array elements are more likely to lie in the
cache which can be accessed much faster than main memory.
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Our array layout optimizations optimizations rearrange multi-dimensional arraysin the
context of nested loops. To perform any of those, wefirst have to recover multidimensional
array references and for-loops from the bytecode representation. See [8] for a more
comprehensive discussion of array and loop transformations.

4.2 Field layout optimizations

Many Java programs create data structures built with objects. Accesses to such objects
can be made much faster if fields which are likely to be accessed together are placed in
consecutive memory locations so that they are likely to reside in the same cacheline. This
optimization increases the likelihood that even if the access to the first field missed in the
cache, the access to the second field will be a cache hit.

4.3 Legality of code and data transformations

Beforewe apply our transformations, we haveto ensurethat they do not change the meaning
of the program. There are three issues we have to deal with for our transformations.

¢ Arrayswe remap must be rectangular.

e The order of evaluation of a remapped array reference must be the same as for the
original expression (see Section 15.12.1 of [1]).

Therest of this section gives more details about each of those three potential problems.

4.3.1 Array shapes

Array remappings used in our data and code transformations framework [8] can be applied
only to multidimensional array which arerectangular. Inarectangular array all elementsin
agiven dimension have the same size. Compiler-supported arraysin languageslike C, C++
or Fortran are rectangular (of course a programmer may implement non-rectangular arrays
explicitly by linearizingthelogical structurein aone-dimensional array). Multidimensional
arraysin Java are more general since they are treated as arrays of arrays.

For our optimizations, we check the array was alocated using the mul t i newar r ay
opcode and that all accesses to that array use all dimensions. This approach is more
conservative than necessary, but it is very fast and completely adequate for scientific codes.

4.3.2 Array expression evaluation order

The definition of Java specifies that a multidimensional array reference must be evaluated
from left to right. Our simplest remapping switches two dimensions thus changing the
evaluation order.

We solve this problem by checking if subscript expressions have potential side effects
(note that a possibility of an abrupt completion is a potential side effect). Those subscript
expressions that may have potential side effects, are being evaluated in the original order
with the resultsbeing stored in local variables rather than being stored on the stack directly.
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5 Experiments

We perform our optimizations using the kaffe JI'T compiler [3]. To test the impact of the
optimizations on machineswith different memory and processor characteristics, we run our
experiments on two computers running Linux: one is equipped with a 66MHz Intel486
processor, the other one has a 200MHz Pentium Pro processor.

5.1 Array layout optimizations

We test our optimizationson two programs ported by usdirectly from their Fortran versions
included in the SPEC CFP92 [9] benchmark suite: mxm and vpenta.

5.2 Field layout optimizations
We show field layout optimizations on two benchmarks.

o A bibliography program keeps a collection of entries representing bibliographical
references. We measure the timesto perform two counting operations: by author and
by year. We decided to time two operations accessing different fields to reduce the
possibility that optimizing for one operation will decrease performance of another
operation.

¢ Animplementation of the Bellman-Ford algorithm for calculating shortest pathsin a
graph.

5.3 Reaults

We present normalized running times for our set of five benchmarksin Figures 3 and 4.

Optimizations effects on 1486

f= original program
ptimized program

1.0 | g

0.8

0.6

0.4

Normalized execution time

0.2

0.0 L}

Figure 3: Speedups achieved on an i486/66 PC

Theimprovementsfor array-based optimizationsare smaller than the speedupsfor field-
layout optimizations and significantly smaller than improvements for the same programs
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Optimizations effects on PentiumPro

f= original program
ptimized program
1.0

0.8
0.6

0.4

Normalized execution time

0.2

O 0 L} [ "
mxm cholesky bib/aut biblyear Bellman-Ford

Benchmark

Figure 4: Speedups achieved on a PentiumPro/200 PC

implemented in programming languages like Fortran and C. We attribute that to relatively
immature compiler technology for Java. Even a simple access (indexed by loop variables,
likea[i][]j])toanelement of atwo-dimensional array istrandated by the J T compiler
used by us to a sequence of many instructions including two conditional branches and 11
memory operations.

6 Conclusion

We have shown the improvements obtained by applying data transformations to improve
the locality of memory accesses. Those optimizations cannot be performed by the Java
compiler which generates the cl ass file, since at that time the target architecture is not
known. On the other hand some of those optimizations require high-level structure of the
code being optimized which is not presentinthecl ass file.

Briki first recovers a high-level structure from the cl ass file and then applies those
optimizationsto our intermediate representation beforewriting out the optimized code. Our
results on four computationally intensive benchmarks result in reducing the computation
time by 10-50% and we expect even better improvements in the future compilers.
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A Exampleof code structurerecovery

To illustrate how Briki recovers high-level structure from a bytecode representation of a
method, we will show the process of structure recovery for a simple example. Relatively
large sizes of our benchmark applications used to produce the results shown in Section 5
make it impractical to present them here. We chose a very short method to show here. Our
exampleis afunction which computes the nth Fibonacci number:

public static int fibonacci(int n) {

int pl = 0;

int p2 = 1;

for(int i =0; i <n; i++) {
int nextVal = pl + p2;
pl = p2Z;
p2 = nextVal;

}

return p2,

}

The bytecode representation of that method (after compiling withj avac) is:

Met hod int fibonacci (int)

©CouUuh~rwWNEO

10
11
12
14
15
16
18
19
22
23
24
27
28

iconst_O
istore 1
i const 1
istore 2
iconst O
istore 3
goto 22
iload 1
iload 2
i add
istore 4
iload 2
istore 1
iload 4
istore 2
iinc 31
iload_3
iload O
if_icnplt 9
iload 2
ireturn

Basic blocks start at 0, 9, 22 and 27. We label them as BBO, BB9, BB22 and BB27
accordingly. Figure 5 shows the basic blocks arranged in a control flow graph

The next step replaces branches with structured control flow constructs as described in
Section 3.4. There are no short-circuit operatorsin this code. One loop isidentified with a
back edge from node BB9 to BB22 and so a repeat node is inserted before BB22. Next,
as described in 3.6.1, we interpret each basic block converting the bytecode sequences to
JavalR. The CFG after this step is shown in Figure 6 (Javal R is shown as Java source).
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BBO: i const _0
istore_1
iconst_1
istore_2
i const_0O
istore_3
goto 22

BB22: |iload_3
iload_0O
if_icnplt 9

iload_1
iload_2
i add

istore 4
iload_2
istore_1
iload 4
istore_2
iinc 31

BB27: |iload_2
ireturn

Figure 5: A control flow graph for f i bonacci

After the structuring algorithm, the codefor f i bonacci may be presented (using the
notation from [7]) as:

BBO
repeat R4
i f(BB22)
BB9
el se
BB27
continue(l)
end of repeat R4

JavalR form of f i bonacci can be presented as the following source fragment.

public static int fibonacci ( int a0 )

{

int vO, v1, v2, v4;

v0 = 0;

vl = 1;

for(v2 = 0; v2 < a0; v2 = (v2 + 1)) {
vd = (v0 + vl)
v0 = vi;
vl = v4;

} //for

return vi;

} // fibonacci
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BBO:

N = O
mn o n
ol el

< < <

R4:

if(v2 < a0) goto 9

BB22:

BB27: BB9: | v4 = vO + vl

v0o = vl

v2 =v2 + 1

Figure 6: The CFGfor f i bonacci after trandating basic blocksto JavalR

B Exampleof an array transformation

Wewill show hereamuch simplified version of the matrix multiply used in our experiments.
The version shown here is big enough to show how the transformation is performed. The
full benchmark is too big to be presented here.

static public void mult(int A[][], int B[][], int ][]) {
int n = A length; /1 Assume A, B, C are square.

int i, j, k;
for(j =0; j <n; j++) {
for(k = 0; k < n; k++) {
for(i =0; i <n; i++) {
} Aillkl += ALi][j1*BljT[k];
}
}
Y //mult

The bytecode representation of that method (after compiling with j avac) is shown
in Figure 7: The JavalR form of the body of mul t is presented in Figure 8. The goto
elimiantion phase of Briki constructsthe Javal R form, so that it is equival ent to the original
source shown earlier.

Our data remapping pass analyzes the JavalR form of the method and first determines
which arrays may be safely remapped. At the same time desired mappings for al multi-
dimensional array references are found. Thisinformation is used to decide which (if any)
arrayswill be remapped. The next stage remaps all those arrays.

In our model weassumethat array referenceswith stride Lintheinnermost loop will have
better locality propertiesthan referenceswith larger strides. A stridefor agiven referenceis

17



voi d mul t (int 32 aal oad

o {}{}' 33 iload 5
! , 35 i al oad
int [1[]) 36 aload 1
0 al oad_0 37 iload 5
1 arraylength 39 aal oad
2 istore_3 40 il oad 6
3 iconst O 42 i al oad
4 istore 5 43 i mul
6 goto 67 44 i add
9 iconst_0 45 i astore
10 istore 6 46 iinc 4 1
12 goto 58 49 iload 4
15 iconst_O 51 iload 3
16 istore 4 52 if_icnplt 21
18 goto 49 55 iinc 6 1
21 aload 2 58 il oad 6
22 iload 4 60 iload 3
24 aal oad 61 if_icnplt 15
25 iload 6 64 iinc 51
27 QUpZ 67 iload 5
28 i al oad 69 iload 3
29 aload O i icm
30 il oad 4 ;g LLFszplt °

Figure 7: The bytecode representation of the method nmul t

the distance between addresses of the two array elements accessed in consecutive iterations
of the loop being considered.

For our example, the innermost-loop strides for references [ i [ [ k] and A[i ][] ]
are greater than 1 and the stride for B[ j ] [ k] is0. A data transformation cannot change
theinnermost stride the referenceto array B since the loop index variableis not used in any
of its subscripts, we can however improve the strides for the other two references.

The transformations used by us will correspond to swapping the two dimensions of
arrays A and C. Thiswill change the innermost loop to:

for(i =0; i <n; i++) {
, CKI[i] += A[jILi1*B[j][K];

Note that for the simplified example used in this section, this transformation aone would
not be legal and our compiler would not perform it. Remapping of arrays A and C would
be valid only if either:

o Wewould at run-time verify at the beginning of mul t that the arrays are rectangular
and insert code fragments at the beginning and at the end of nul t to convert the
arrays between the original and optimized mappings. The runtime overhead incurred
by this approach may eliminate any benefits we got from the improved locality in the
body of mul t .
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JAssignStmt | JForLoopStmt | JReturnStmt
Ihs: — init: — 20
rhs | incr: —T = v2+=1
v cond: —T B "v2<vlt
e body:
" Allength”
Y
JForLoopStmt
init: —T1 % "v3=0"

incr: —_— e "y34=1"

cond:

—® "v3<vl"
body:
Y
JForLoopStmt
init: —T = "v4=0"
incr: —_—P "4 += 1"
cond: —T— "v4<vl"
body: ——— = "C[v4][v3] += A[v4][v2] * B[v2][v3]"

Figure 8: The JavalR form of the body of mul t

o Wewould at compile-time analyze a broader context in which the arrays of interest
are used. Then, we can ensure that all other references to the transformed arrays
(including their allocation) will be changed accordingly.
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