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Preface

The year 1998 marked the eleventh anniversary of the annual Workshop on
Languages and Compilers for Parallel Computing (LCPC), an international fo-
rum for leading research groups to present their current research activities and
latest results. The LCPC community is interested in a broad range of tech-
nologies, with a common goal of developing software systems that enable real
applications. Among the topics of interest to the workshop are language features,
communication code generation and optimization, communication libraries, dis-
tributed shared memory libraries, distributed object systems, resource man-
agement systems, integration of compiler and runtime systems, irregular and
dynamic applications, performance evaluation, and debuggers. LCPC’98 was
hosted by the University of North Carolina at Chapel Hill (UNC-CH) on 7 -
9 August 1998, at the William and Ida Friday Center on the UNC-CH campus.
Fifty people from the United States, Europe, and Asia attended the workshop.

The program committee of LCPC’98, with the help of external reviewers,
evaluated the submitted papers. Twenty-four papers were selected for formal
presentation at the workshop. Each session was followed by an open panel dis-
cussion centered on the main topic of the particular session. Many attendees
have come to regard the open panels as a very effective format for exchanging
views and clarifying research issues. Using feedback provided both during and
after the presentations, all of the authors were given an opportunity to improve
their papers before submitting the final manuscript contained in this volume.
This collection documents important research activities from the past year in
the design and implementation of programming languages and environments for
parallel computing.

The major themes of the workshop included both classical issues (Fortran, in-
struction scheduling, dependence analysis) as well as emerging areas (Java, mem-
ory hierarchy issues, network computing, irregular applications). These themes
reflect several recent trends in computer architecture: aggressive hardware spec-
ulation, deeper memory hierarchies, multilevel parallelism, and “the network is
the computer.” In this final editing of the workshop papers, we have grouped
the papers into these categories.

In addition to the regular paper sessions, LCPC’98 featured an invited talk
by Charles Leiserson, Professor of Computer Science at the MIT Laboratory for
Computer Science, entitled “Algorithmic Multithreaded Programming in Cilk”.
This talk was the first exposure to the Cilk system for many of the participants
and resulted in many interesting discussions. We thank Prof. Leiserson for his
special contribution to LCPC’98.

We are grateful to the Department of Computer Science at UNC-CH for its
generous support of this workshop. We benefited especially from the efforts of
Linda Houseman, who ably coordinated the logistical matters before, during,
and after the workshop. Thanks also go out to our local team of volunteers:
Brian Blount, Vibhor Jain, and Martin Simons. Special thanks are due to the
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From Flop to MegaFlops:

Java for Technical Computing

J. E. Moreira, S. P. Midkiff, and M. Gupta

IBM T.J. Watson Research Center
P.O. Box 218, Yorktown Heights, New York 10598, USA

{jmoreira,smidkiff,mgupta}@us.ibm.com

Abstract. Although there has been some experimentation with Java
as a language for numerically intensive computing, there is a perception
by many that the language is not suited for such work. In this paper we
show how optimizing array bounds checks and null pointer checks creates
loop nests on which aggressive optimizations can be used. Applying these
optimizations by hand to a simple matrix-multiply test case leads to
Java compliant programs whose performance is in excess of 500 Mflops
on an RS/6000 SP 332MHz SMP node. We also report in this paper
the effect that each optimization has on performance. Since all of these
optimizations can be automated, we conclude that Java will soon be a
serious contender for numerically intensive computing.

1 Introduction

The scientific programming community has recently demonstrated a great deal
of interest in the use of Java for technical computing. There are many compelling
reasons for such use of Java: a large supply of programmers, it is object-oriented
without excessive complications (in contrast to C++), and it has support for net-
working and graphics. Technical computing is moving more and more towards
a network-centric model of computation. In this context, it can be expected
that Java will first be used where it is most natural: for visualization and net-
working components. Eventually, Java will spread into the core computational
components of technical applications.

Nevertheless, a major obstacle remains to the pervasive use of Java in tech-
nical computing: performance. Let us start by looking into the performance of
a simple matrix-multiply routine in Java, as shown in Fig. 1. This routine com-
putes C = C + A×B, where C is an m× p matrix, A is an m× n matrix, and
B is an n × p matrix. We use that routine to multiply two 500× 500 matrices
(m = n = p = 500) on an RS/6000 SP 332MHz SMP node. This machine con-
tains 4 × 332 MHz PowerPC 604e processors, each with a peak performance of
664 Mflops. We refer to this simple benchmark as MATMUL.

The Java code is compiled into a native executable by the IBM High Perfor-
mance Compiler for Java (HPCJ) [10], and achieves a performance of 5 Mflops
on a 332 MHz PowerPC 604e processor. The equivalent Fortran code, com-
piled by the IBM XLF compiler, achieves 265 Mflops! A 50-fold performance

S. Chatterjee (Ed.): LCPC’98, LNCS 1656, pp. 1–17, 1999.
c© Springer-Verlag Berlin Heidelberg 1999
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static void matmul(double[][] A, double[][] B, double[][] C,

int m, int n, int p) {

int i, j, k;

for (i=0; i<m; i++)

for (j=0; j<p; j++)

for (k=0; k<n; k++)

C[i][j] += A[i][k]*B[k][j];

}

Fig. 1. Simple matrix-multiply code in Java.

degradation makes it hard to justify using Java for a technical application.
The single-threaded version of ESSL (Engineering and Scientific Subroutine
Library[22]), carefully hand-tuned to achieve optimum performance, executes
the matrix multiplication at 289 Mflops. The multi-threaded version of ESSL
achieves 1183 Mflops!

Why is the performance of Java so bad, relative to Fortran? In the case of
matrix-multiply, the IBM XLF Fortran compiler uses several high-order trans-
formations to achieve high-performance, including: blocking (for better cache
reuse), loop unrolling, and scalar replacement. Because of Java’s strict sequen-
tial semantics, combined with the generation of precise exceptions when an array
index is out-of-bounds, these same transformations are not legal in Java.

The goal of this paper is to show that we can close the performance gap be-
tween Java and Fortran or C++. The key to achieving high-performance in Java
is a new transformation that creates regions of an iteration space in which all
array indices are guaranteed to be in-bounds. This has both direct and indirect
benefits. First, the actual checks for array bounds can be removed in those re-
gions. More importantly, though, because all iterations in these safe regions will
execute without exceptions, many of the high-order transformations applicable
to Fortran and C++ (including parallelization) can be used. In the particu-
lar case of MATMUL on a RS/6000 SP 332MHz SMP node, we have achieved
fully-compliant Java performance in excess of 500 Mflops.

The rest of this paper is organized as follows. Section 2 discusses one of our
methods to create safe regions, without out-of-bounds array indices. Section 3
then discusses how to apply high-order transformations to these regions and
lists performance improvements obtained with Java. Section 4 shows how we
can parallelize MATMUL and presents more performance results. In Section 5
we discuss some related work. In particular, we show that speculative execution
is an alternative strategy to enable many of the high-order transformations.
Finally, in Section 6 we conclude this paper and discuss some future work.

2 Optimization of Array Bounds Checking

A major impediment to optimizing Java is the requirement that exceptions be
thrown precisely. An exception must be thrown for any attempt to dereference
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a null pointer or perform an out-of-bounds array access [18]. Because most
references in computationally intense Java loops are to arrays or via pointers,
most references have the potential to generate an exception. Because of the
precise exception requirement, it is impossible to do code motion across potential
exceptions, and in general it is impossible to perform many optimizations.

Our solution to this problem is to transform the program so that most com-
putation, in programs that perform few or no invalid accesses, is in loops that are
provably free of invalid accesses. Intuitively, these loops are formed by tiling the
iteration space of the loop nest with regions. A region is a set of adjacent itera-
tions in the loop nest such that either (i) all accesses in the region are provably
safe, i.e. will not cause an exception to be thrown, or (ii) one or more accesses
may be invalid. An iteration i is placed into a type (i) region (also called a safe
region) if no reference in iteration i causes an invalid access exception. Otherwise
the iteration is placed into a type (ii) region (also called an unsafe region).

To execute the two types of regions, two versions of the loop nest are formed.
One version, which executes the iterations in safe regions, has no code to check
for access violations. The second version, which executes the iterations in the
unsafe regions, performs all access violation checks explicitly mandated by the
Java VM specification. By executing the regions and the iterations within the
regions in proper order, the iteration space of the loop is executed in the original
execution order. However, checks are only performed in unsafe regions.

2.1 Determining iterations with safe accesses

Let A[f(i)] be the reference for which the safe bounds are being found. Let i be
the loop index variable of a normalized loop with stride one. We refer to this loop
as loop i. We discuss the case where f(i) is a linear function of the form c · i + b,
where c and b are invariant within the loop, and c > 0. In [27,26], we discuss
other methods for forming safe regions, and describe a variety of techniques to
handle subscripted subscripts, constant subscript, general affine subscripts, and
subscripts involving modulo operators. In the case of arrays of arrays, used in
Java to simulate multi-dimensional arrays, we treat the access to each dimension
of the array as a separate access.

Let lo(A) and up(A) be the lower and upper bounds of array A, respectively.
Note that in Java programs, lo(A) will always be zero, but we specify it symbol-
ically for generality. Let li and ui be the lower and upper bounds of the iteration
space of i, respectively. The safe iterations of i are defined as all iterations i such
that f(i) ≥ lo(A) and f(i) ≤ up(A). Solving these two inequalities for i, and
intersecting with the loop iteration space, gives the range of i that will not cause
access violations in reference A[c · i + b]:

(⌈
lo(A)− b

c

⌉
≤ i ≤

⌊
up(A)− b

c

⌋) ⋂
(li ≤ i ≤ ui) (1)

The intersection of all ranges defined by Eq. 1, for all references in loop i indexed
by i, defines the lower and upper bounds of the safe region for i. We denote these
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for (i1 = li1 ; i1 ≤ ui1 ; i1++)
for (i2 = li2 ; i2 ≤ ui2 ; i2++)

. . .
for (id = lid ; id ≤ uid ; id++)

B(i1, i2, . . . , id)

regions(1, ( ), ( ), d, B, R, uδ = 0)
for (δ = 1; δ ≤ uδ; δ++) f

if (R[δ].τ == test) {
for (i1 = li1(δ); i1 ≤ ui1(δ); i1++)

for (i2 = li2(δ); i2 ≤ ui2(δ); i2++)
. . .

for (id = lid(δ); id ≤ uid(δ); id++)
Btest(i1, i2, . . . , id)

} else {
for (i1 = li1(δ); i1 ≤ ui1(δ); i1++)

for (i2 = li2(δ); i2 ≤ ui2(δ); i2++)
. . .

for (id = lid(δ); id ≤ uid(δ); id++)
Bnotest(i1, i2, . . . , id)

}
}

(a) A d-dimensional loop nest (b) The loop-nest transformed

Fig. 2. Bounds optimization code generation

bounds lsi and us
i , respectively. The safe region for the loop i implicitly defines

two other regions for loop i. One is the lower unsafe region, li ≤ i < lsi , the other
is the upper unsafe region us

i < i ≤ ui.
We note that if the array is known to be rectangular, then lsi and us

i need be
computed only once per dimension. If the array is ragged then computing lsi and
us

i for some reference requires computing it for each possible value of the other
indices. That is, in a nested (i, j) loop, the values of lsj and us

j can, in general,
be functions of i.

Null pointer checks can be performed on array base pointers and other point-
ers while computing the safe region. If a null is found, the safe region is made
empty, and all of the iterations placed in either the lower or upper unsafe region.
Details on null pointer issues, handling the situation where the intersection of
safe regions is empty, and other boundary cases, are found in [27].

2.2 Tiling the iteration space with regions

Consider a general d-dimensional rectangular loop nest, as shown in Fig. 2(a).
The body of the loop is denoted by B(i1, i2, . . . , id). Fig. 2(b) shows the form
in which the transformed code is generated. We use the full (lik

, uik
) and safe

(lsik
, us

ik
) bounds of the loops to tile the iteration space. As shown in Fig. 2(b),

a call is first made to a procedure regions, which computes the safe and unsafe
regions that tile the iteration space of the given loop nest. The interested reader
is referred to [27] for details on how these regions are computed. The δ driver
loop iterates over the regions. If a region is not safe and requires tests, the first
loop, whose body, Btest(i1, i2, . . . , id), contains all necessary tests, is executed.
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q q q q q q q q

q q q q q q q q

q q q q q q q q

q q q q q q q q

q q q q q q q q

q q q q q q q q

q q q q q q q q

q q q q q q q q

R[1]

R[2] R[5] R[8] R[11]

R[3] R[6] R[9] R[12]

R[4] R[7] R[10]R[13]

R[14]

-i1

6
i2

← li2

← ls
i2

← us
i2

← ui2

li1
↓

ls
i1
↓

us
i1
↓

ui1
↓

• R[1]: tests in i1 and i2

• R[2],R[5],R[8],R[11]: tests in i2

• R[3],R[6],R[9],R[12]: no tests

• R[4],R[7],R[10],R[13]: tests in i2

• R[14]: tests in i1 and i2

(a) Partitioning the iteration space into regions (b) Mandatory tests in each region

Fig. 3. Example of iteration space for a perfectly nested two-dimensional loop.

Otherwise, the second, check-free loop nest, with body Bnotest(i1, i2, . . . , id),
is executed.

An example of such tiling is shown in Fig. 3 for a 2-dimensional iteration
space. The outer i1 loop is divided into at most two unsafe regions, plus its safe
regions. The inner i2 loop is, in the worst case, divided into at most three regions
for each iteration of the safe region of the outer loop. In the example, there are
four iterations in the outer loop safe region (i.e., those iterations between lsi1
and us

i1).
Because each instance of the loop invoked by the driver corresponds to ex-

actly one region as illustrated in Fig. 3, the code generation strategy facilitates
code transformations. Within a region, and the corresponding loop nest, the it-
eration space is a contiguous subset of the original loop nest’s iteration space.
Thus if some iteration I ′ is adjacent to some iteration I in the loop nest instan-
tiating a region, then I ′ is also adjacent to iteration I in the original loop nest.
Stated differently, and referring to Fig. 3, the regions R[1] through R[14] are
lexicographically ordered:

R[1] < R[2] < R[3] < R[4] < . . . < R[14]. (2)

Because of this ordering, transformations within the loop nest corresponding
to the safe regions are not constrained by exceptions thrown in the loop nest
corresponding to an unsafe region. Furthermore, any orderings required to honor
Java semantics in the presence of exceptions (thrown in iterations corresponding
to unsafe regions) are enforced by the order in which regions are instantiated by
the driver loop.
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2.3 Thread safety

Threads are an integral part of the Java language specification. In general, it
is not possible to determine at compile-time if a method will be sharing data
with other concurrent threads as it executes. Therefore, it is necessary that our
optimization be thread safe. Thread safety of the bounds checking optimization
can be ensured if the bounds of an array used during the execution of procedure
regions is the same as the bounds of the array when it is accessed in the notest
loop.

Fig. 4(a) shows the layout of a 2-dimensional Java array (as mentioned ear-
lier, non-zero lower bounds are used for generality). Each vector (either data
vector or pointer vector) contains information about its extent. The bounds of
an array change when an element of a pointer vector is assigned to point to an-
other (data or pointer) vector, whose bounds are different than what originally
existed. Issues of thread safety arise when another thread is changing the bounds
of an array that is accessed by a concurrently executing thread running code op-
timized by the transformation of this section. We denote the thread changing
the array bound as Tc, and the thread executing optimized code that accesses
array elements as To, and give a worst case scenario. We stress that while asyn-
chronously changing array extents may be poor programming practice, it is legal
Java.

A[1 : m][1 : n]

A[m]

...

A[2]

A[1]

-

-

-

-

A[m][1] A[m][2] · · · A[m][n]

· · · · · · · · · · · ·

A[2][1] A[2][2] · · · A[2][n]

A[1][1] A[1][2] · · · A[1][n]

double[][]A′ = new double[1 : A.length][]
n = ∞
for (i = 1; i ≤ A.length; i++) f

A′[i] = A[i]
n = min(n, A[i].length)

g

(a) layout of 2-dimensional array (b) making a private copy

Fig. 4. Thread-safety issues are handled by privatizing data.

First, To executes regions, and computes lsi and us
i for the loop index i.

Thread Tc then changes the extent of one vector of floating point numbers (v)
to be shorter (so much shorter that us

i is no longer valid) by replacing it with
v′. The storage after v′ happens to be filled with values that are illegal floating
point numbers. Next, during the execution of the notest loop, the value of the
subscript function f(i) exceeds the length of v′, and a value that is an illegal
floating point number is fetched. An operation is executed on the value, and the
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program generates an incorrect result (e.g., NaN). Two non-compliant events
have occurred: (i) an out-of-bounds access was performed and no exception was
thrown, and (ii) the result of the optimized program does not correspond to a
valid execution of the original program.

Fortunately, the Java memory model provides a solution to this problem.
Java allows keeping copies of shared (or main memory) values in thread-private
memory (or working memory) between synchronization points. To guarantee
thread safety, we keep the vectors of pointers in private memory. Thus, referring
to Fig. 4(a), (the values of) the A[1 : m] vector will be kept in private memory
during computation. These private values are then used by procedure regions,
and the test and notest loops. Thus, any races and asynchronous changes in
the size of the array will occur before the computation of lsi and us

i , and these
values will be consistent throughout the execution of the modified code.

We show how to implement the privatization by copying array A[1 : m] into
a private array A′[1 : m] in Fig. 4(b). While copying we can find the minimum
extent of a row of A. In computing the safe bounds, A can be treated as rect-
angular, with this minimum extent as its second-axis extent. (In other words,
this is the number of columns of A.) Matrix multiplication of n× n matrices is
an O(n3) operation. The cost of privatizing and verifying the extents of one of
the matrices is only O(n). This is certainly insignificant for n = 500. We discuss
some approaches to deal with very small n or less intensive computations in
Section 5.

2.4 An alternate approach

Finally, we discuss here an alternative to this regions approach. A normal execu-
tion of a method such as matmul in Fig. 1 is expected to generate no exceptions.
With current programming styles, an execution that causes an exception is most
likely a misuse and it is not really important to optimize. Optimization of the
normal case (no exceptions) can be achieved by a simple set of range tests before
the execution of a loop nest. Let a loop nest have a reference of the form A[σ]
in its body. Let min(σ) and max(σ) be the smallest and largest values, respec-
tively, that σ evaluates to during execution of the loop nest. A simple evaluation
of (min(σ) ≥ lo(A))∧ (max(σ) ≤ up(A)) can tell if A[σ] is guaranteed to always
be safe or not. In the particular case of MATMUL, the triple-nested loop of Fig. 1
can be transformed to the following two-version code:

if ( (m ≤ rows(C)) ∧ (p ≤ cols(C))∧
(m ≤ rows(A)) ∧ (n ≤ cols(A))∧
(n ≤ rows(B)) ∧ (p ≤ cols(B)) ) {

notest version of loop-nest
else {

test version of loop-nest
}
where rows(A) and cols(A) denote the number of rows and columns of matrix
A, respectively.
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In loop nests where there are no exceptions (i.e., all iterations of a loop are in
a single safe region) the two-version code is, for all practical purposes, equivalent
to the regions method. In this situation we have verified that the performance of
the two methods (measured using MATMUL) is within our experimental error.
Because a hand-implementation of the two-version method is simpler, we have
used that approach in our experiments.

If there are bounds exceptions in the loop nest, the difference in performance
between the two can be dramatic. For example, if the two version method was
used, a single exception in some iteration of the outer loop would force the en-
tire loop to run with checks and without optimizations. This is the case even if
the exception is expected and cleanly handled by a try-catch clause. Using the
regions based methods, the majority of the iteration space can still execute fully
optimized. In [29], a programming style that uses array bounds exceptions as
loop termination conditions is advanced. Regardless of how offensive this style
may appear to a Fortran or C++ programmer, the loop termination condition
is apparently simpler. Therefore, it is likely that this and related styles will en-
joy some degree of popularity. With this style of programming, the versioning
method will see no benefit from optimizations that require safe regions. In con-
trast, the regions based method will allow code with the best possible level of
optimization to be selected dynamically (by the regions driver loop).

3 Optimizations

In this section, we describe the impact of various program transformations on
the performance of the MATMUL program executing on a single processor. For
completeness, we also analyze another program, MICROSTRIP, which does not
have O(n3) behavior. This study was performed using the IBM HPCJ compiler
for the POWER family of architectures [33], which converts the Java bytecode
into native code of the target machine. The kernel of the MATMUL program
is shown in Fig. 1. The transformations that we applied to this program are
described below.

3.1 Program Transformations

The first program transformation reduces the overhead of checking for out-of-
bounds array access violations, as described in Section 2. We generate two ver-
sions of the loop nest, one in which bounds checking computations are per-
formed for each array reference, and the other in which no such computations
are needed. A correctly written program is expected to execute the loop nest
without bounds checking. This transformation not only reduces the overhead
of array bounds checking, but also creates program regions that are provably
free from exceptions. Those regions can now be transformed using standard loop
transformation techniques [37,3,35,30] without violating Java semantics.

The next transformation on the program is to tile (block) the loop nest in the
exception-free region, to improve the cache-performance by promoting greater
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reuse of data [36,30]. Tiling requires both strip-mining, which does not change
the order of computation, and loop-interchange, which does change the order
of computation. Loop-interchange (and tiling) can be legally performed only on
that part of a Java program in which no exception may be thrown. Based on
the existing algorithm in the IBM XLF compiler [30] to select the loop blocking
parameters (which uses estimates of the number of distinct cache lines touched
by the computation [15]), we choose strip size of 40 for each of the i, j, and
k loops in the PowerPC 604e and strip size of 120 for the same loops in the
Power2.

Following loop tiling, we perform loop-unrolling [30] to increase the size of the
loop body. This enables the backend to generate a better schedule that exploits
the instruction-level parallelism. It also enhances data reuse within registers. We
perform outer loop-unrolling, where both the i and the j loops are unrolled by
a factor of 4 each.

The next program version uses scalar replacement [8,30], where references
to the array being written, C, are replaced by references to scalar temporary
variables in the innermost loop. Additional statements are used to load the
temporaries from the array at the beginning of the loop iteration and to store
them back at the end. It is well-known that scalar replacement enables the
compiler backend to improve register-allocation for the code, as most backends
are able to disambiguate scalar references more effectively.

Finally, to determine the performance benefits from the looseNumerics ex-
tension to Java [17] (described in Section 5), which allows the use of extended-
precision (greater than 32- and 64-bit) arithmetic, we modified the compiler
options that are passed on by the Java compiler to the backend. We turned on
the option that allows the backend to use the fma (fused multiply-add) instruc-
tion. The fma instruction in the POWER family of architectures, fma a, b, c, x,
computes x = a + b ∗ c.

The programs were compiled using the -O option of the IBM HPCJ compiler,
and with the -qarch and -qtune options set to turn on code tuning for the
respective PowerPC and Power2 architectures.

3.2 Experimental Results

Fig. 5 shows the performance of different versions of the MATMUL program
on a PowerPC 604e and a Power2 workstation, expressed as a fraction of the
performance obtained for the best version written in C++. On the PowerPC,
the base-line Java version achieves a performance of only 4.9 MFlops. After
the transformation to create a safe region with no array bounds checking, the
performance improves to 11.1 MFlops. The indirect impact of that transforma-
tion is even more significant. The application of tiling, which is enabled by that
transformation, followed by other loop transformations described above, steadily
improves the performance of the program. The final Java-compliant optimized
program achieves a performance of 144.4 MFlops on the PowerPC, while the
version which exploits the proposed looseNumerics Java extension (by using
fma instructions) achieves 199.9 MFlops. This is is 63.6% of the performance of
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Fig. 5. Summary of results for MATMUL. (Mflop numbers at the top of each bar.)

the equivalent C++ version with identical loop transformations, and 69.2% of
the hand-tuned ESSL version.

On the Power2, the impact of these transformations is even more dramatic.
The base-line Java program achieves 1.6 MFlops, whereas the optimized version
with fma instructions achieves a performance of 209.8 MFlops, for an improve-
ment by a factor of 131. The fully optimized Java program achieves 85.8% of
the performance of the corresponding C++ version, and 84.5% of the ESSL
performance.

For both machines, we also show the performance of the best Java version
(with fma instructions) where only the transformation to create safe, exception-
free, regions is not performed (these are the “library” bars). It would not be
legal for a compiler to derive such a version from the given base-line program,
as it has different semantics under Java when exceptions are possible. However,
this measurement helps quantify the overhead of array bounds checking in an
otherwise tuned (BLAS-3 style [14]) matrix-multiply routine. It can be seen that
the performance of this version is quite poor on both the machines: 30.9 MFlops
on a PowerPC and 4.8 MFlops on a Power2.

In summary, the transformation to create exception-free regions in the
MATMUL program has a large positive impact on the performance of the pro-
gram, in two ways. First, it eliminates the actual overhead of bounds checking
(which is more significant on the higher-performance version of the program).
Second, it enables other loop transformations, which can be performed automat-
ically by a compiler.

3.3 The MICROSTRIP benchmark

We use the MICROSTRIP benchmark to demonstrate that bounds checking op-
timization and the enabled transformations can also improve the performance
of non-O(n3) computation. This benchmark solves the Poisson equation for the
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potential field in a dielectric. It uses an iterative solver. Each iteration involves
two relaxation steps and the computation of an error value. Source code for these
operations is shown in Fig. 6. These are both O(n2) computations.

for (int i=1; i<w; i++) {

for (int j=1; j<h; j++) {

b[i][j] = 0.25*(a[i+1][j]+

a[i-1][j]+a[i][j+1]+

a[i][j-1]);

}

}

error = 0.0;

for (int i=0; i<w+1; i++) {

for (int j=0; j<h+1; j++) {

error += Math.abs(b[i][j]-

a[i][j]);

}

}

error /= (w+1)*(h+1);
(a) relaxation step (b) error computation

Fig. 6. Main computations in MICROSTRIP.

The results for MICROSTRIP on both the PowerPC 604e and the Power2 are
shown in Fig. 7 (there is no ESSL version for this benchmark). Also, it does not
benefit from the fma instruction (none are generated by the compiler) and that
bar is absent as well. The reference performance is that obtained by the Fortran
compiler with the highest level of optimization. The benefit of optimizing the
checks for Java is more evident on the Power2, where the performance jumps
from 4.0 to 34.0 Mflops. Further optimizing the code with loop unrolling (of both
the i and j loops of Fig. 6(a)) and scalar replacement brings Java performance
to 87% of peak Fortran performance on the Power2.

The performance of O(n2) matrix computations is often constrained by mem-
ory bandwidth, rather than processor speed. Therefore, we do not see great im-
provements in the PowerPC 604e, which has lower memory bandwidth than the
Power2. Nevertheless, optimizing the checks nearly doubles the performance
of the Java version of MICROSTRIP. Additional optimizations bring it to 90%
of Fortran performance. Again, in both plots we indicate by “library” the per-
formance of the best Java version without checks optimization.

4 Parallelization

The final step in optimizing the performance of MATMUL is parallelization.
It is not legal to directly parallelize the (i, j, k) loop nest of the Java version of
MATMUL. Because exceptions can be thrown in any iteration of the loop nest, we
have to guarantee that the values of C[i][j] are modified in the sequential order of
the iterations. Fortunately, the transformation of Section 2 creates regions that
are exception-free. The same transformation that enabled blocking, unrolling,
and the other optimizations of Section 3 also enables parallelization.

Fig. 8 presents our results from parallelization of MATMUL(see [28] for de-
tails). We show the performance of three versions of MATMUL for different num-
ber of threads: (i) a version that conforms to current Java semantics (identified by
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Fig. 7. Summary of results for MICROSTRIP. (Mflop numbers at the top of
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JAVA), (ii) a version with Java using the fma instructions (identified by JFMA),
and (iii) a C++ version (identified by C++). The numbers at the top of the bars
are the absolute Mflops achieved by each version. The speedup in each case is
computed with respect to the best sequential case, 314 Mflops. The peak ESSL
performance was 1183 Mflops.

1 2 3 4

1

2

3

4

 145
JAVA  200

JFMA  305
C++ 

 283
JAVA  388

JFMA
 576
C++ 

 420
JAVA  571

JFMA

 845
C++ 

 553
JAVA

 747
JFMA

1105
C++ 

Number of threads

S
pe

ed
up

Performance of MATMUL on 4x332 MHz 604e (Mflops)

Fig. 8. Performance results comparing Java, Java with fmas, and C++.

Overall, we observe good scaling with the number of threads in all three
versions: JAVA, JFMA, and C++. The C++ version achieves more than 90% of
the peak ESSL performance. The version of Java with fma instructions, JFMA,
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achieves almost 2/3 of the peak ESSL performance. While this is still 30% less
than the C++ version, it is a very respectable result. Even the strict Java version,
JAVA, achieved more than 500 Mflops. This represents a more than 100-fold
improvement in performance over our starting point!

5 Related Work

Examples of projects using Java for substantial numerical computing are de-
scribed in [2,6,9,31]. In some cases, results have been positive despite the perfor-
mance disadvantages of Java. As shown in [6], for some computations and certain
machine configurations, current Java implementations can achieve within 50%
of C performance. We note however, that the best performance reported in [6]
for matrix multiplication in Java is only 50 Mflops.

There are four main approaches in the literature to optimizing array bounds
checks: (i) the use of static data-flow analysis information to determine that a test
is unnecessary [11,21,12,13,32], (ii) the use of data-flow information and symbolic
analysis at compile time to reduce the dynamic number of tests remaining in the
program [23,20,1,19,24], (iii) the regions based approach discussed in this paper
and more generally in [26,27], and (iv) speculative methods discussed in [26].

Work in the first group uses data-flow information to prove at compile time
that an array bounds violation cannot occur at run-time, and therefore that the
test for the violation is unnecessary. Using the terms of our discussion, the goal
of this work is to identify loops that are safe regions. In contrast, the goal of our
work is to transform loops in order to create safe regions.

Work in the second group attempts to reduce the dynamic and static num-
ber of bounds tests. It also attempts to reduce the overhead induced by a test
even if it cannot be eliminated. This is done (i) by hoisting tests out of loops
when possible [24] and (ii) by also determining that a test is covered by another
test [23,20,1,19] and can be eliminated.

Neither of these optimizations are usable with Java in general because the
Java semantics requiring precise exceptions make the hoisting and reordering
of tests illegal in many situations. Also, when an access violation exception is
caught by a try block in the loop body, the loop should not be terminated (as
would occur when hoisting tests).

The work in the third and fourth groups differs from what is discussed here
in the generality of discussion, and in the experiments performed. Specifically,
in [26] no benchmarking was performed. In [27] measurements compared the
performance of programs with all checks, no checks, and our transformations.
The more important effects of the transformation in enabling other optimizations
was neither discussed in any detail, nor measured.

We emphasize that creating safe regions has the important effect of enabling
an entire set of powerful optimization techniques. These techniques are con-
strained in Java by the requirement of precise exceptions. An alternative ap-
proach that enables this optimizations even in presence of (potential) exceptions
is speculative execution [26]. A fully transformed and optimized version of a
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loop nest (or code fragment in general) can be generated and executed specula-
tively. If an access violation is detected, then the computation is rolled-back and
restarted in strict order. This approach is analogous to speculative execution to
explore parallelism in the presence of (potential) data dependences. Note that
some mechanism to detect violations is necessary, so this approach does not get
the benefit of eliminating the actual tests.

Several other projects have looked at aggressively optimizing Java. In [5] and
[4], the javar and javab projects are described. These projects are closely re-
lated, with javar compiling Java source code and javab compiling byte code.
The javar restructurer supports user specified parallelism, and the javab per-
forms automatic parallelization. In [7], a project begun at the JavaSoft division
of Sun Microsystems and its follow-on at Rice University are outlined. The work
was aimed at a dynamic (or just-in-time) compilation system, and focused on
local scalar optimizations. Hand compilations using a technique called object in-
lining achieved up to a 7-fold speedup on an Oopack routine (an object-oriented
version of Linpack). The work of both of these projects are complementary to
our work, and show the gains that can be made in Java performance.

Several groups have put forth proposals for altering the Java floating point
semantics to allow greater freedom in scheduling floating point operations
and exploiting floating point hardware. In [17], James Gosling describes a
looseNumerics and idealizedNumerics class and method modifiers. The
looseNumerics modifier allows a class or method to return floating point re-
sults with more precision than allowed by the Java standard. This enables the
use of the fma operation on the IBM POWER and PowerPC architectures. For
Intel x86 processors, it allows intermediate and local variables to be kept in full
80-bit precision. As seen in Section 3.2, enabling the fma operation can have
a dramatic effect on performance. Similar benefits should accrue to programs
compiled for the x86 processors. The idealizedNumerics modifier would allow
floating point operations to be reordered as if they were associative, and would,
for example, allow parallelization of the inner loop recurrence in the matrix
multiply.

Sun has submitted for public review a change to the Java programming
language [25,34] that allows extended precision in intermediate results. This
proposal is similar to the looseNumerics proposal described above, and would
allow the use of the fma operation. The Java Grande Forum, which is looking
into the use of Java for high performance computing, is also working on proposals
(see [16]) to relax Java floating point semantics.

Finally, various researchers have studied the benefit of adding rectangular,
multidimensional arrays to Java. True multidimensional arrays have several ad-
vantages over Java arrays-of-arrays, such as: better data locality due to contigu-
ous data allocation, simpler address computation of array elements, and better
aliasing disambiguation. Specifically, in the context of our work, true multidi-
mensional arrays offer the added advantages of simpler bounds checking opti-
mization due to their fixed shapes, and reduced overhead of privatizing the array
for thread-safety while performing the bounds checking optimization.
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6 Conclusions

Eliminating and/or reducing the cost of verifying array references for validity
is a key factor for achieving high-performance in Java for technical comput-
ing. The method we presented in this paper partitions the iteration space of a
loop-nest into regions with different access violation characteristics. For techni-
cal computing, we expect most or all of the work to be performed in safe and
exception-free regions. The benefit of creating safe regions is two-fold: (i) code
to explicitly check for valid references is unnecessary in those regions and (ii)
operation-reordering optimizations are allowed.

By applying high-order loop transformations (available today in the IBM
XLF compiler) we have achieved single-processor Java performance in MATMUL
that is within 65–85% of the best library and Fortran/C++ versions. We want
to stress the fact that there are no fundamental reasons for the Java code not
to achieve the same performance as C++ in the serial and parallel versions
of MATMUL. The current differences are due to differences in the compilers,
which result in different instructions schedules. As part of our future work, we
want to investigate the causes of these differences and to provide the necessary
fixes. Furthermore, in the MICROSTRIP application, we achieved 87–90% of the
performance of a Fortran version of the code. This shows that the performance
gains achieved with MATMUL are also attainable on O(n2) computations.

The safe regions also open up the possibility of automatic parallelization
of Java codes. Automatic parallelization is being developed at IBM within the
context of the Toronto Portable Optimizer (TPO) framework. This framework
operates at an intermediate language level, and it is equally applicable to Fortran,
C, C++, and Java. Parallelization of MATMUL yielded almost linear speedup
for Java, achieving 750 Mflops on 4× 332 MHz PowerPC 604e machine. We are
looking forward to soon smashing the 1 Gflop barrier!
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Abstract. This paper discusses some design and implementation issues
in the HPJava language. The language is briefly reviewed, then the class
library that forms the foundation of the translation scheme is described.
Through example codes, we illustrate how HPJava source codes can be
translated straightforwardly to ordinary SPMD Java programs calling
this library. This is followed by a discussion of the rationale for introduc-
ing the language in the first place, and of how various language features
have been designed to facilitate efficient implementation.

1 Introduction

HPJava is a programming language extended from Java to support parallel
programming, especially (but not exclusively) data parallel programming on
message passing and distributed memory systems, from multi-processor systems
to workstation clusters.

Although it has a close relationship with HPF [5], the design of HPJava
does not inherit the HPF programming model. Instead the language introduces
a high-level structured SPMD programming style—the HPspmd model. A pro-
gram written in this kind of language explicitly coordinates well-defined process
groups. These cooperate in a loosely synchronous manner, sharing logical threads
of control. As in a conventional distributed-memory SPMD program, only a pro-
cess owning a data item such as an array element is allowed to access the item
directly. The language provides special constructs that allow programmers to
meet this constraint conveniently.

Besides the normal variables of the sequential base language, the language
model introduces classes of global variables that are stored collectively across
process groups. Primarily, these are distributed arrays. They provide a global
name space in the form of globally subscripted arrays, with assorted distribution
patterns. This helps to relieve programmers of error-prone activities such as the
local-to-global, global-to-local subscript translations which occur in data parallel
applications.
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In addition to special data types the language provides special constructs
to facilitate both data parallel and task parallel programming. Through these
constructs, different processors can either work simultaneously on globally ad-
dressed data, or independently execute complex procedures on locally held data.
The conversion between these phases is seamless.

In the traditional SPMD mold, the language itself does not provide implicit
data movement semantics. This greatly simplifies the task of the compiler, and
should encourage programmers to use algorithms that exploit locality. Data on
remote processors is accessed exclusively through explicit library calls. In partic-
ular, the initial HPJava implementation relies on a library of collective commu-
nication routines originally developed as part of an HPF runtime library. Other
distributed-array-oriented communication libraries may be bound to the lan-
guage later. Due to the explicit SPMD programming model, low level MPI com-
munication is always available as a fall-back. The language itself only provides
basic concepts to organize data arrays and process groups. Different communi-
cation patterns are implemented as library functions. This allows the possibility
that if a new communication pattern is needed, it is relatively easily integrated
through new libraries.

The preceding paragraphs attempt to characterize a language independent
programming style. This report only briefly sketches the HPJava language. For
further details, please refer to [2,15]. Here we will discuss in more depth some
issues in the language design and implementation. With the pros and cons ex-
plained, the language can be better understood and appreciated.

Since it is easier to comment on the language design with some knowledge
of its implementation, this document is organized as follows: section 2 briefly
reviews the HPJava language extensions; section 3 outlines a simple but complete
implementation scheme for the language; section 4 explains the language design
issues based on its implementation; finally, the expected performance and test
results are given.

2 Overview of HPJava

Java already provides parallelism through threads. But that model of parallelism
can only be easily exploited on shared memory computers. HPJava is targetted
at distributed memory parallel computers (most likely, networks of PCs and
workstations).

HPJava extends Java with class libraries and some additional syntax for deal-
ing with distributed arrays. Some or all of the dimensions of a these arrays can
be declared as distributed ranges. A distributed range defines a range of integer
subscripts, and specifies how they are mapped into a process grid dimension.
It is represented by an object of base class Range. Process grids—equivalent
to processor arrangements in HPF—are described by suitable classes. A base
class Group describes a general group of processes and has subclasses Procs1,
Procs2, . . . , representing one-dimensional process grids, two-dimensional pro-
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cess grids, and so on. The inquiry function dim returns an object describing a
particular dimension of a grid. In the example

Procs2 p = new Procs2(3, 2) ;

Range x = new BlockRange(100, p.dim(0)) ;

Range y = new BlockRange(200, p.dim(1)) ;

float [[,]] a = new float [[x, y]] on p ;

a is created as a 100 × 200 array, block-distributed over the 6 processes in p.
The Range subclass BlockRange describes a simple block-distributed range of
subscripts, analogous to BLOCK distribution format in HPF. The arguments of
the BlockRange constructor are the extent of the range and an object defining
the process grid dimension over which the range is distributed.

In HPJava the type-signatures and constructors of distributed arrays use
double brackets to distinguish them from ordinary Java arrays. Selected dimen-
sions of a distributed array may have a collapsed (sequential) ranges rather than
a distributed ranges: the corresponding slots in the type signature of the array
should include a * symbol. In general the constructor of the distributed array
is followed by an on clause, specifying the process group over which the array
is distributed. (If this is omitted the group defaults to the APG, see below.)
Distributed ranges of the array must be distributed over distinct dimensions of
this group.

A standard library, Adlib, provides functions for manipulating distributed ar-
rays, including functions closely analogous to the array transformational intrinsic
functions of Fortran 90. For example:

float [[,]] b = new float [[x, y]] on p ;

Adlib.shift(b, a, -1, 0, CYCL) ;

float g = Adlib.sum(b) ;

The shift operation with shift-mode CYCL executes a cyclic shift on the data in
its second argument, copying the result to its first argument. The sum operation
simply adds all elements of its argument array. In general these functions imply
inter-processor communication.

Often in SPMD programming it is necessary to restrict execution of a block
of code to processors in a particular group p. Our language provides a short way
of writing this construct

on(p) {

...

}

The language incorporates a formal idea of an active process group (APG).
At any point of execution some group is singled out as the APG. An on(p)
construct specifically changes its value to p. On exit from the construct, the
APG is restored to its value on entry.
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Subscripting operations on distributed arrays are subject to some restrictions
that ensure data accesses are local. An array access such as

a [17, 23] = 13 ;

is forbidden because typical processes do not hold the specified element. The idea
of a location is introduced. A location can be viewed as an abstract element, or
“slot”, of a distributed range. The syntax x [n] stands for location n in range
x. In simple array subscripting operations, distributed dimensions of arrays can
only be subscripted using locations (not integer subscripts). These must be lo-
cations in the appropriate range of the array. Moreover, locations appearing in
simple subscripting operations must be named locations, and named locations
can only be scoped by at and overall constructs.

The at construct is analogous to on, except that its body is executed only on
processes that hold the specified location. The array access above can be safely
written as:

at(i = x [17])

at(j = y [23])

a [i, j] = 13 ;

Any location is mapped to a particular slice of a process grid. The body of the
at construct only executes on processes that hold the location specified in its
header.

The last distributed control construct in the language is called overall. It
implements a distributed parallel loop, and is parametrized by a range. Like at,
the header of this construct scopes a named location. In this case the location
can be regarded as a parallel loop index.

float [[,]] a = new float [[x, y]], b = new float [[x, y]] ;

overall(i = x)

overall(j = y)

a [i, j] = 2 * b [i, j] ;

The body of an overall construct executes, conceptually in parallel, for every
location in the range of its index. An individual “iteration” executes on just those
processors holding the location associated with the iteration. Because of the rules
about use of subscripts, the body of an overall can usually only combine elements
of arrays that have some simple alignment relation relative to one another. The
idx member of Range can be used in parallel updates to yield expressions that
depend on global index values.

Other important features of the language include Fortran-90-style regular ar-
ray sections (section construction operations look similar to simple subscripting
operations, but are distinguished by use of double brackets), an associated idea
of subranges, and subgroups, which can be used to represent the restricted APG
inside at and overall constructs.

The language extensions are most directly targetted at data parallelism. But
an HPJava program is implicitly an SPMD Java program, and task parallelism is
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available by default. A structured way to write a task parallel program is to write
an overall construct parametrized by a process dimension (which is a particular
kind of range). The body of the loop executes once in each process. The body can
execute one or more “tasks” of arbitrary complexity. Task parallel programming
with distributed arrays can be facilitated by extending the standard library with
one-sided communication operations to access remote patches of the arrays, and
we are investigating integration of software from the PNNL Global Array Toolset
[8] in this connection.

3 Translation scheme

The initial HPJava compiler is implemented as a source-to-source translator
converting an HPJava program to a Java node program, with calls to runtime
functions. The runtime system is built on the NPAC PCRC runtime library [3],
which has a kernel implemented in C++ and a Java interface implemented in
Java and C++.

3.1 Java packages for HPspmd programming

The current runtime interface for HPJava is called adJava. It consists of two Java
packages. The first is the HPspmd runtime proper. It includes the classes needed
to translate language constructs. The second package provides communication
and some simple I/O functions. These two packages will be outlined in this
section.

The classes in the first package include an environment class, distributed ar-
ray “container classes”, and related classes describing process groups and index
ranges. The environment class SpmdEnv provides functions to initialize and fi-
nalize the underlying communication library (currently MPI). Constructors call
native functions to prepare the lower level communication package. An important
field, apg, defines the group of processes that is cooperating in “loose synchrony”
at the current point of execution.

The other classes in this package correspond directly to HPJava built-in
classes. The first hierarchy is based on Group. A group, or process group, defines
some subset of the processes executing the SPMD program. Groups have two
important roles in HPJava. First they are used to describe how program variables
such as arrays are distributed or replicated across the process pool. Secondly they
are used to specify which subset of processes execute a particular code fragment.
Important members of adJava Group class include the pair on(), no() used to
translate the on construct. The most common way to create a group object is
through the constructor for one of the subclasses representing a process grid. The
subclass Procs represents a grid of processes and carries information on process
dimensions: in particular an inquiry function dim(r) returns a range object
describing the r-th process dimension. Procs is further subclassed by Procs0,
Procs1, Procs2, . . . which provide simpler constructors for fixed dimensionality
process grids. The class hierarchy of groups and process grids is shown in figure 1.
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Group

Procs

Procs2Procs1Procs0

Fig. 1. The HPJava Group hierarchy

The second hierarchy in the package is based on Range. A range is a map
from the integer interval 0, . . . , n − 1 into some process dimension (ie, some di-
mension of a process grid). Ranges are used to parametrize distributed arrays
and the overall distributed loop. The most common way to create a range object

BlockRange

BlockCyclicRangeRange

CollapsedRange

CyclicRange

DimRange

Fig. 2. The HPJava Range hierarchy

is to use the constructor for one of the subclasses representing ranges with spe-
cific distribution formats. The current class hierarchy is given in figure 2. Simple
block distribution format is implemented by BlockRange, while CyclicRange
and BlockCyclicRange represent other standard distribution formats of HPF.
The subclass CollapsedRange represents a sequential (undistributed range).
Finally, DimRange represents the range of coordinates of a process dimension
itself—just one element is mapped to each process.

The related adJava class Location represents an individual location in a
particular distributed range. Important members of the adJava Range class in-
clude the function location(i) which returns the ith location in a range and
its inverse, idx(l), which returns the global subscript associated with a given
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location. Important members of the Location class include at() and ta(), used
in the implementation of the HPJava that at construct.

Finally in this package we have the rather complex hierarchy of classes rep-
resenting distributed arrays. HPJava global arrays declared using [[ ]] are
represented by Java objects belonging to classes such as:

Array1dI, Array1cI,

Array2ddI, Array2dcI, Array2cdI, Array2ccI,

...

Array1dF, Array1cF,

Array2ddF, Array2dcF, Array2cdF, Array2ccF,

...

Generally speaking the class Arrayndc. . .T represents n-dimensional distributed
array with elements of type T, currently one of I, F, . . . , meaning int, float,
. . . 1. The penultimate part of the class name is a string of n “c”s and “d”s
specifying whether each dimension is collapsed or distributed. These correlate
with presence or absence of an asterisk in slots of the HPJava type signature. The
concrete Array... classes implement a series of abstract interfaces. These follow
a similar naming convention, but the root of their names is Section rather than
Array (so Array2dcI, for example, implements Section2dcI). The hierarchy of
Section interfaces is illustrated in figure 3. The need to introduce the Section

Section2ddI

Section2dcI Section2cdI

Section2ccI

Section1cI

Section

SectionI SectionF

Section1dI

Fig. 3. The adJava Section hierarchy

1 In the inital implementation, the element type is restricted to the Java primitive
types.
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interfaces should be evident from the hierarchy diagram. The type hierarchy of
HPJava involves a kind of multiple inheritance. The array type int [[*, *]],
for example, is a specialization of both the types int [[*, ]] and int [[, *]].
Java allows “multiple inheritance” only from interfaces, not classes.

We will illustrate constructors of the Array classes in later examples. Here
we mention some important members of the Section interfaces. The inquiry
dat() returns an ordinary one dimensional Java array used to store the locally
held elements of the distributed array. The member pos(i, ...), which takes
n arguments, returns the local offset of the element specified by its list of ar-
guments. Each argument is either a location (if the corresponding dimension is
distributed) or an integer (if it is collapsed). The inquiry grp() returns the group
over which elements of the array are distributed. The inquiry rng(d) returns the
dth range of the array.

The second package in adJava is the communication library. The adJava
communication package includes classes corresponding to the various collective
communication schedules provided in the NPAC PCRC kernel. Most of them
provide of a constructor to establish a schedule, and an execute method, which
carries out the data movement specified by the schedule. The communication
schedules provided in this package are based on the NPAC runtime library. Dif-
ferent communication models may eventually be added through further packages.

The collective communication schedules can be used directly by the pro-
grammer or invoked through invoked through certain wrapper functions. A class
named Adlib is defined with static members that create and execute commu-
nication schedules and perform simple I/O functions. This class includes, for
example, the following methods, each implemented by constructing the appro-
priate schedule and then executing it.

static public void remap(Section dst, Section src)

static public void shift(Section dst, Section src,

int shift, int dim, int mode)

static public void copy(Section dst, Section src)

static public void writeHalo(Section src,

int[] wlo, int[] whi, int[] mode)

Use of these functions will be illustrated in later examples. Polymorphism is
achieved by using arguments of class Section.

3.2 Programming in the adJava interface

In this section we illustrate through an example (Fox’s algorithm [11] for matrix
multiplication) how to program in the adJava interface. We assume A and B are
square matrices of order n, so C = AB is also a square matrix of order n. Fox’s
algorithm organizes A, B and C into sub-matrices on a P by P process array.
It takes P steps. In each step, a sub-matrix of A is broadcast across each row of
the processes, a local block matrix product is computed, and array B is shifted
for computation in the next step.

We can program this algorithm in HPJava, using Adlib.remap to broadcast
submatrices, Adlib.shift to shift array B, and Adlib.copy to copy data back
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after shifting. The HPJava program is given in figure 4. The subroutine matmul
for local matrix multiplication will be given in the next section.

This HPJava program is slightly atypical: it uses arrays distributed ex-
plicitly over process dimensions, rather than using higher-level ranges such as
BlockRange to describe the distribution of the arrays. Hence, two-dimensional
matrices are represented as four dimensional arrays with two distributed ranges
(actually process dimensions) and two collapsed ranges (spanning the local
block). This simplifies the initial discussion.

Procs2 p = new Procs2(P,P);

Range x = p.dim(0), y = p.dim(1);

on(p) {

float [[,,*,*]] a = new float [[x,y,B,B]];

float [[,,*,*]] b = new float [[x,y,B,B]];

... initialize a, b elements ...

float [[,,*,*]] c = new float [[x,y,B,B]];

float [[,,*,*]] tmp = new float [[x,y,B,B]];

for (int k = 0; k<P; k++) {

overall(i = x) {

float [[*,*]] sub = new float [[B,B]];

Adlib.remap(sub, a[[i, (x.idx(i) + k) % P, :, :]]);

// Broadcast sub-matrix of ’a’

overall(j = y)

matmul(c[[i, j, :, :]], sub, b[[i, j, :, :]]);

// Local matrix multiplication

}

Adlib.shift(tmp, b, 1, 0, CYCLIC);

// Cyclic shift ’b’ in first dim, amount 1

Adlib.copy(b, tmp);

}

}

Fig. 4. Algorithm for matrix multiplication in HPJava

We can rewrite the program in pure Java language using our adJava interface.
A translation is given in figure 5. This is an executable Java program. One can
use (for example) mpirun to start Java virtual machines on P 2 processors and
let them simultaneously load the Fox class. This naive translation uses for loops
plus at constructs to simulate the overall constructs. The function pairs on,no
and at,ta adjust the field spmd.apg, which records the current active process
group. The dynamic alteration of this group plays an non-trivial role in this
program. The call to remap implements a broadcast because the temporary sub
is replicated over the process group active at it’s point of declaration. Within
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the overall(i = x) construct, the locally effective APG is a row of the process
grid. The rather complex code for section construction exposes various low-level
inquiries (and one auxilliary class, Map) from the adJava runtime. The details
are not particulary important here.

3.3 Improving the performance

The program for the Fox algorithm is completed by the definition of matmul.
First in HPJava:

void matmul (float[[*,*]] c, float[[*,*]] b, float[[*,*]] c) {

for (int i=0; i<B; i++)

for (int j=0; j<B; j++)

for (int k=0; k<B; k++)

c[i,j]+=a[i,k]*b[k,j];

}

Translated naively to the adJava interface, this becomes:

public static void matmul(Section2ccF c, Section2ccF a,

Section2ccF b) {

for (int i=0; i<B; i++)

for (int j=0; j<B; j++)

for (int k=0; k<B; k++)

c.dat()[c.pos(i, j)] +=

a.dat()[a.pos(i, k)] * b.dat()[b.pos(k, j)];

}

The methods dat and pos were introduced earlier.
It is clear that the segment of code above will have very poor run-time per-

formance, because it involves many method invocations for each array element
access. Because the array data is actually stored in a certain regularly strided
section of a Java array, these calls are not really necessary. All that is needed
is to find the address of the first array element, then write the other addresses
as a linear expression in the loop variable and this initial value. The code above
can be rewritten in the form given in figure 6. This optimization again exposes
various low-level functions in the runtime—we omit details (see [3]). The effect is
to compute the parameters of the linear expressions for the local address offsets.
This allows inlining of the element calls. In this case the resulting expressions are
linear in the induction variables of the for loops. If necessary the multiplications
can be eliminated by standard compiler optimizations.

This segment of Java code will certainly run much faster. The drawback is
that, compared with the first Java procedure, the optimized code is less readable.
This is a simple example of the need for compiler intervention if the HPJava style
of programming is to be made acceptable. Similar and more compelling examples
arise in optimization of the overall construct. As described in [15] and illustrated
in the example of the last section, a trivial implementation of the general overall
construct is by a for loop surrounding an at construct. More sensibly, all the
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class Fox {
final static int P=2;
final static int B=4;

public static void matmul(Array2Float c,Array2Float a,Array2Float b) {
... implemented in next section ...

};

public static void main(String argv[]) {
SpmdEnv spmd = new SpmdEnv(argv);
Procs2 p=new Procs2(P,P);
Range x=p.dim(0); Range y=p.dim(1);
if(p.on()) {
Section4ddccF a = new Array4ddccF(spmd.apg,x,y,B,B);
Section4ddccF b = new Array4ddccF(spmd.apg,x,y,B,B);

... initialize a, b elements ...

Section4ddccF c = new Array4ddccF(spmd.apg,x,y,B,B);
Section4ddccF tmp = new Array4ddccF(spmd.apg,x,y,B,B);

for (int k=0; k<P; k++) {
for (int i=0; i<P; i++) {

Location ii = x.location(i);
if (ii.at()) {

Section2ccF sub = new Array2ccF(spmd.apg,B,B);
Location kk = a.rng(1).location((i + k) % P) ;
Adlib.remap(sub,

new Array2ccF(a.grp().restrict(ii).restrict(kk),
a.map(2), a.map(3), a.dat(),
a.map(0).offset(ii) + a.map(1).offset(kk)) ;

// Broadcast sub-matrix of ’a’
for (int j=0; j<P; j++) {
Location jj = y.location(j);
if (jj.at()) {

matmul(new Array2ccF(c.grp().restrict(ii).restrict(jj),
c.map(2), c.map(3), c.dat(),
c.map(0).offset(ii) + c.map(1).offset(jj)),

new Array2ccF(b.grp().restrict(ii).restrict(jj),
b.map(2), b.map(3), b.dat(),
b.map(0).offset(ii) + b.map(1).offset(jj))) ;

// Local matrix multiplication
} jj.ta();

}
} ii.ta();

}
Adlib.shift(tmp, b, 1, 0, 0);

// Cyclic shift ’b’ in first dim, amount 1
Adlib.copy(b, tmp);

}
}

}
}

Fig. 5. Algorithm for matrix multiplication in adJava
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public static void matmul(Section2ccF c, Section2ccF a, Section2ccF b) {

Map c_u0=c.map(0);

Map c_u1=c.map(1);

final int i_c_bas=c_u0.disp();

final int i_c_stp=c_u0.step();

final int j_c_bas=c_u1.disp();

final int j_c_stp=c_u1.step();

... similar inquiries for a and b ...

for (int i=0; i<B; i++) {

for (int j=0; j<B; j++) {

for (int k=0; k<B; k++) {

c.data[i_c_bas+i_c_stp*i+j_c_bas+j_c_stp*j] +=

a.data[i_a_bas+i_a_stp*i+k_a_bas+k_a_stp*k] *

b.data[k_b_bas+k_b_stp*k+j_b_bas+j_b_stp*j];

}

}

}

}

Fig. 6. Optimized translation of matmul

machines across a process dimension should simultaneously execute the body
for all locally held locations in the relevant distributed range. Computation of
the local offset of the array element can again be reduced to a linear expression
in a loop variable instead of a function call.

4 Issues in the language design

With some of the implementation mechanisms exposed, we can better discuss
the language design itself.

4.1 Extending the Java language

The first question to answer is why use Java as a base language? Actually, the
programming model embodied in HPJava is largely language independent. It can
bound to other languages like C, C++ and Fortran. But Java is a convenient
base language, especially for initial experiments, because it provides full object-
orientation—convenient for describing complex distributed data—implemented
in a relatively simple setting, conducive to implementation of source-to-source
translators. It has been noted elsewhere that Java has various features suggesting
it could be an attractive language for science and engineering [7].
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With Java as base language, an obvious question is whether we can extend
the language by simply adding packages, instead of changing the syntax. There
are two problems with doing this for data-parallel programming.

Our baseline is HPF, and any package supporting parallel arrays as general
as HPF is likely cumbersome to code with. The examples given earlier using the
adJava interface illustrate this point. Our runtime system needs an (in principle)
infinite series of class names

Array1dI, Array1cI, Array2ddI, Array2dcI, ...

to express the HPJava types

int [[]], int [[*]], int [[,]], int [[,*]] ...

as well as the corresponding series for char, float, and so on. To access an
element of a distributed array in HPJava, one writes

a[i] = 3 ;

In the adJava interface, it must be written as,

a.dat()[a.pos(i)] = 3 ;

This is for simple subscripting. In passing in section 3.2 we noted how even more
complex Fortran-90 style regular section construction appeared using the raw
class library interface.

The second problems is that a Java program using a package like adJava in a
direct, naive way will have very poor performance, because all the local address
of the global array are expressed by functions such as pos. An optimization pass
is needed to transform offset computation to a more intelligent style, as suggested
in section 3.3. So if a preprocessor must do these optimizations anyway, it makes
most sense to design a set of syntax to express the concepts of the programming
model more naturally.

4.2 Why not HPF?

The design of the HPJava language is strongly influenced by HPF. It emerged
partly out of practices adopted in our efforts to implement an HPF compilation
system [14]. For example:

!HPF$ POCESSOR P(4)

!HPF$ TEMPLET T(100)

!HPF$ DISTRIBUTE T(BLOCK) ONTO P

REAL A(100,100), B(100)

!HPF$ ALIGN A(:,*) WITH T(:)

!HPF$ ALIGN B WITH T

have their conterparts in HPJava:

Procs1 p = new Procs1(4);

Range x = new BlockRange (100, p.dim(0));

float [[,*]] a = new float [[x,100]] on p;

float [[ ]] b = new float [[x]] on p;



Considerations in HPJava Language Design and Implementation 31

Both languages provide a globally addressed name space for data parallel appli-
cations. Both of them can specify how data are mapped on to a processor grid.
The difference between the two lies in their communication aspects. In HPF, a
simple assignment statement may cause data movement. For example, given the
above distribution, the assignment

A(10,10) = B(30)

will cause communication between processor 1 and 2. In HPJava, similar com-
munication must be done through explicit function calls2:

Adlib.remap(a[[9,9]], b[[29]]);

Experience from compiling the HPF language suggests that, while there are
various kinds of algorithms to detect communication automatically, it is often
difficult to give the generated node program acceptable performance. In HPF,
the need to decide on which processor the computation should be executed fur-
ther complicates the situation. One may apply “owner computes” or “majority
computes” rules to partition computation, but these heuristics are difficult to
apply in many situations.

In HPJava, the SPMD programming model is emphasized. The distributed
arrays just help the programmer organize data, and simplify global-to-local ad-
dress translation. The tasks of computation partition and communication are
still under control of the programmer. This is certainly an extra onus, and the
language is more difficult to program than HPF3; but it helps programmer to
understand the performance of the program much better than in HPF, so algo-
rithms exploiting locality and parallelism are encouraged. It also dramatically
simplifies the work of the compiler.

Because the communication sector is considered an “add-on” to the basic
language, HPJava should interoperate more smoothly than HPF with other suc-
cessful SPMD libraries, including MPI [6], CHAOS [4], Global Arrays [8], and
so on.

4.3 Datatypes in HPJava

In a parallel language, it is desirable to have both local variables (like the ones
in MPI programming) and global variables (like the ones in HPF programming).
The former provide flexibility and are ideal for task parallel programming; the
latter are convenient especially for data parallel programming.

In HPJava, variable names are divided into two sets. In general those de-
clared using ordinary Java syntax represent local variables and those declared
with [[ ]] represent global variables. The two sectors are independent. In the
implementation of HPJava the global variables have special data descriptors as-
sociated with them, defining how their components are divided or replicated
2 By default Fortran array subscripts starts from 1, while HPJava global subscripts

always start from 0.
3 The program must meet SPMD constraints, eg, only the owner of an element can

access that data. Runtime checking can be added automatically to ensure such con-
ditions are met.
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across processes. The significance of the data descriptor is most obvious when
dealing with procedure calls.

Passing array sections to procedure calls is an important component in the
array processing facilities of Fortran90 [1]. The data descriptor of Fortran90 will
include stride information for each array dimension. One can assume that HPF
needs a much more complex kind of data descriptor to allow passing distributed
arrays across procedure boundaries. In either case the descriptor is not visible to
the programmer. Java has a more explicit data descriptor concept; its arrays are
considered as objects, with, for example, a publicly accessible length field. In
HPJava, the data descriptors for global data are similar to those used in HPF,
but more explicitly exposed to programmers. Inquiry functions such as grp(),
rng() have a similar role in global data to the field length in an ordinary Java
array.

Keeping two data sectors seems to complicate the language and its syntax.
But it provides convenience for both task and data parallel processing. There is
no need for things like the LOCAL mechanism in HPF to call a local procedure on
the node processor. The descriptors for ordinary Java variables are unchanged
in HPJava. On each node processor ordinary Java data will be used as local
varables, like in an MPI program.

4.4 Programming convenience

The language provides some special syntax for the programmer’s convenience.
Unlike the syntax for data declaration, which has fundamental significance in the
programming model, these extensions are purely provide syntactic conveniences.

There are a limited number of Java operators overloaded. A group object can
be restricted by a location using the / operation, and a sub-range or location can
be obtained from a range using the [ ] operator enclosing a triplet expression
or an integer, These pieces of syntax can be considered as shorthand for suitable
constructors in the corresponding classes. This is comparable to the way Java
provides special syntax support for String class constructor.

Another kind of overloading occurs in location shift, which is used to support
ghost regions. A shift operator + is defined between a location and an integer.
It will be illustrated in the examples in the next section. This is a restricted
operation—it has meaning (and is legal) only in an array subscript expression.

5 Concluding remarks

In this report, we discussed design and implementation issues in HPJava, a new
programming language we have proposed. We claim that the language has the
flexibility of SPMD programming, and much of the convenience of HPF. Related
languages include F– [9], Spar [12], ZPL [10] and Titanium [13]. They all take
different approaches from ours. The implementation of HPJava is straightfor-
wardly supported by a runtime library. In the next step, we will complete the
HPJava translator and implement further optimizations. At the same time, we
plan to integrate further SPMD libraries into the framework.
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do i = 1, N
do j = 1, N
U[i+j,j] = U[j,j] + U[j,i+j]

+ V[i,i+j]
end do
end do

do i = 1, N
do j = 1, N
U[i,i-j] = V[i,i-j] + 1

end do
end do

(a)

do u = 1, N
do v = 1, N
U[u+v,v] = U[v,v] + U[v,u+v]

+ V[u,u+v]
end do

end do

do u = 1-N, N+1
do v = max(1,1-u), min(N,N-u)
U[u+v,v] = V[u,u+v] + 1

end do
end do

(b)

Fig. 1. (a) Original program. (b) Transformed program.
The transformed program exhibits good spatial locality provided that array U
has diagonal memory layout and array V is row-major.

Loop transformations Consider an array reference U [i, j] in a two-deep loop
nest where the outermost loop is i and the inner loop is j. Assuming that the
array U is stored in memory in column-major order and that the trip counts N of
the enclosing loops are very large, successive iterations of the j-loop will touch
different columns of array U which will very likely get mapped onto different
cache lines. Let us focus on a specific cache line that holds the initial part of a
given column. Before that column is accessed again, the j-loop sweeps through
N different values; so, it is very likely that this cache line will be discarded
from the cache. Consequently, in the worst case, every memory access to array
U may involve a data transfer between the cache and memory resulting in high
latencies. A solution to this problem is to interchange the loops i and j, making
the i-loop innermost. As a result, a cache line brought into memory will be
reused in a number of successive iterations of the i-loop, provided that the cache
line is large enough to hold a number of array elements. Previous research on
optimizing compilers [13,8,9,14] has proposed algorithms to detect and perform
this loop interchange transformation automatically.

Data transformations Alternately, the same problem can be tackled by a
technique called data transformation or array restructuring. It is easy to see that
if the memory layout of array U mentioned above is changed from column-major
to row-major, the successive iterations of the j-loop can reuse the data in the
cache. Recently, several authors [10,2,7,5] have proposed data transformation
techniques. Although these are promising because they are not affected by data
dependences, the effect of a layout transformation is global, meaning that it
effects the cache behavior of all loop nests that access the array assuming a
fixed layout for each array. In this paper, we consider the possibility of different
arrays with different layouts. Therefore, in a general case, given a loop nest, the
compiler is faced with finding an appropriate loop transformation assuming that



36 M. Kandemir et al.

the arrays in the nest may have different—perhaps unspecified—layouts; current
techniques are unable to handle this.

Combined data and loop transformations Consider the code fragment in
Fig. 1(a), assuming that the arrays U and V are column-major by default. In
this fragment, there are two disjoint loop nests with different access patterns.
The first loop nest accesses array U diagonally and array V as row-major. The
second loop nest accesses both arrays as row-major. Due to data dependence
and conflicting access patterns of the arrays, the first loop nest cannot be opti-
mized for locality of both arrays using the iteration space transformations alone.
Using data layout transformations [4], we can determine that array U should
be diagonally stored in memory and array V should be row-major. Now having
optimized the first loop nest, we focus on the second loop nest. A simple analy-
sis shows that for the best locality either the loops should be interchanged and
the arrays should be stored diagonally in memory, or both the arrays should
have row-major layout without any loop transformation. We note that neither
of these solutions is satisfactory. The reason is that the layout of U is fixed as
diagonal and that of array V as row-major in the first loop nest. Since we do
not consider layout changes, accesses to one of the arrays in the second loop nest
remain unoptimized in either case. One suggestion may be to use loop skewing
[14] in the second loop nest, but this results in poor locality for array V. What
we need for this second loop nest is a loop transformation which optimizes both
the references under the assumption that the memory layout of the associated
arrays are distinct: one of them is diagonal and the other one is row-major, as
found in the first nest. This paper shows that such a transformation is possi-
ble. The resulting code is shown in Fig. 1(b). Notice that this program exhibits
very good locality assuming that array U has diagonal layout and array V is
row-major. Notice also that this optimized code requires the derived layouts for
arrays U and V. The transformation that implements the desired layouts for
arrays is rather mechanical; the associated details are beyond the scope of this
paper and can be found elsewhere [7,4,10].

We present a framework which, given a loop nest, derives a transformation
matrix for the case where the distinct arrays accessed in the nest may have
different memory layouts. In addition, our solution works in the presence of
undetermined layouts for a subset of the arrays referenced; this is of particular
interest in enhancing locality beyond a single nest. The framework subsumes pre-
vious iteration space based linear locality enhancing transformation techniques
which assume a fixed canonical memory layout for all arrays.

Outline After a brief review of the necessary terminology in Section 2, we
summarize a framework to represent memory layout information mathematically
in Section 3. In Section 4, we present a loop transformation framework assuming
that the memory layout for all arrays is column-major. In Section 5, we generalize
our approach to attack the problem of optimizing a loop nest assuming that
the arrays referenced may have distinct memory layouts. Then in Section 6 we
show how to utilize the partial layout information. We give our experimental
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results obtained on an 8-processor SGI Origin 2000 distributed-shared-memory
multiprocessor in Section 7. We review the related work on data locality in
Section 8 and conclude the paper in Section 9.

2 Terminology

In this paper we consider nested loops. An iteration in an n-nested loop is de-
noted by the iteration vector Ī = [ı1, ı2, ..., ın]T . We assume that the array sub-
script expressions and loop bounds are affine functions of enclosing loop indices
and symbolic constants. In such a loop nest, each reference to an array U can be
modeled by an access (or reference) matrix L of size m×n and an m-dimensional
offset vector ō [8,13,14]. For example, a reference U [i1 + i2, i2 + 1] in a loop nest

of depth two can be represented by LĪ + ō where L =
[

1 1
0 1

]
and ō = [0, 1]T .

We focus on iteration space transformations that can be represented by integer
non-singular square matrices. Such a transformation matrix is invertible and is
of size n × n for an n-dimensional loop nest. The effect of such a transforma-
tion T is that each iteration vector Ī in the original loop nest is transformed
to T Ī. Therefore, loop bounds and subscript expressions should be modified
accordingly. Let Ī ′ = T Ī. Since T is invertible, the transformed reference can
be written as LĪ + ō = LT −1Ī ′ + ō. The computation of new loop bounds is
done using Fourier-Motzkin elimination [12]. An iteration space transformation
is legal if it preserves all data dependences in the original loop nest [14]. A lin-
ear transformation represented by T is legal if, after the transformation, T d̄ is
lexicographically non-negative for each dependence d̄ in the original nest.

3 Memory layout representation using hyperplanes

In this section, we briefly review the concepts [4] relating to the representation
of memory layouts using hyperplanes. A hyperplane defines a set of elements
(1, · · · , m) that satisfies

g11 + g22 + · · · + gmm = c (1)

for a constant c. Here, g1, · · · , gm are rational numbers called hyperplane coeffi-
cients and c is a rational number called hyperplane constant [11]. The hyperplane
coefficients can be written collectively as a hyperplane vector ḡ = [g1, · · · , gm]T .
Where there is no confusion, we omit the transpose. A hyperplane family is a set
of hyperplanes defined by ḡ for different values of c. It can be used to partially
represent the memory layout of an array. We assume that the array elements on a
specific hyperplane are stored in consecutive memory locations. Thus, for an ar-
ray whose memory layout is column-major, each column represents a hyperplane
whose elements are stored in memory consecutively. Given a large array, the rel-
ative order of hyperplanes with respect to each other may not be important.
The relative storage order of columns (although well defined by column-major
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layout) is not important for the purposes of this paper. The hyperplane vec-
tor (1, 0) denotes a row-major layout, (0, 1) denotes column-major layout, and
(1,−1) defines a diagonal layout. Two array elements J̄ and J̄ ′ belong to the
same hyperplane ḡ if

ḡT J̄ = ḡT J̄ ′. (2)

As an example, in a two-dimensional array stored as column-major (hyperplane
vector [0, 1]), array elements [4, 5] and [9, 5] belong to the same hyperplane
(i.e., the same column) but elements [4, 5] and [4, 6] do not. We say that two
array elements which belong to the same hyperplane have spatial locality. Al-
though this definition of spatial locality is somewhat coarse and does not hold
at the array boundaries, it is suitable for our locality optimization strategy.

In a two-dimensional array space, a single hyperplane family is sufficient to
partially define a memory layout. In higher dimensions, however, we may need
to use more hyperplane families. Let us concentrate on a three-dimensional ar-
ray U whose layout is column-major. Such a layout can be represented using
two hyperplanes: ḡ = [0, 0, 1]T and h̄ = [0, 1, 0]T . We can write these two hy-
perplanes collectively as a layout constraint matrix or simply a layout matrix

LU =
[
ḡT

h̄T

]
=

[
0 0 1
0 1 0

]
. In that case, two data elements J̄ and J̄ ′ have spatial

locality if

ḡT J̄ = ḡT J̄ ′ and h̄T J̄ = h̄T J̄ ′. (3)

The elements that have spatial locality should be stored in consecutive mem-
ory locations. The idea can easily be generalized to higher dimensions [4]. In
this paper, unless stated otherwise, we assume column-major memory layout
for all arrays. In Section 5, we show how to generalize our technique to opti-
mize a given loop nest where a number of arrays with distinct memory lay-
outs are accessed. Our optimization technique can work with any memory lay-
out which can be represented by hyperplanes. The layout matrices that we
use for column-major storage (starting from two-dimensional case) are as fol-

lows: [0, 1]︸︷︷︸
2D

,

[
0 0 1
0 1 0

]
︸ ︷︷ ︸

3D

,


0 0 0 1

0 0 1 0
0 1 0 0




︸ ︷︷ ︸
4D

, · · ·. In general, the column-major layout for an

m-dimensional array can be represented by an (m−1)×m matrix L = [lij ] such
that li(m−i+1) = 1 for 1 ≤ i ≤ (m − 1) and lij = 0 for the remaining elements.
Notice that each row of the layout constraint matrix represents a constraint on
the elements that have spatial locality with respect to the associated layout. In
some cases, the order of the rows in a layout constraint matrix may be impor-
tant. But, for the purposes of this paper, we assume they are not. Thus, any row
permutation of the layout matrices mentioned before is also considered a legal
layout constraint matrix.
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do i = 1, N
do j = 1, N
do k = 1, N
C[i,j] +=

A[i,k] * B[k,j]
end do

end do
end do

(a)

do u = 1, N
do v = 1, N
do w = 1, N
C[w,v] +=
A[w,u] * B[u,v]

end do
end do

end do

(b)

do u = 1, N
do v = 1, N
do w = 1, N
C[w,u] +=

A[w,v] * B[v,u]
end do
end do

end do

(c)

Fig. 2. Matrix multiplication code. (a) Original loop nest. (b)-(c) Transformed
loop nests.

4 Transformation for optimizing spatial locality

Our objective is to transform a loop nest such that spatial locality will be ex-
ploited in the inner loops in the transformed nest. That is, when we transform
a loop nest, we want two consecutive iterations of the innermost loop to access
array elements that have spatial locality (i.e., reside on the same column by our
definition of spatial locality). In particular, if possible, we want the accessed
array elements to be next to each other so that they can be on the same cache
line (or neighboring cache lines). This can be achieved if, in the transformed
loop nest, the elements accessed by consecutive iterations of the innermost loop
satisfy Equation (2) for two-dimensional arrays and the relation in Equation (3)
for three-dimensional arrays and so on.

Assume Q = T −1 for convenience. Ignoring the offset vector, after trans-
formation T , new iteration vector Ī accesses (through L) the array element
LQĪ. We first focus on two-dimensional arrays. For such an array U , the layout
constraint matrix for the column-major layout is LU = [0, 1]. Two consecu-
tive iteration vectors can be written as Ī = [ı1, · · · , ın−1, ın]T and Īnext =
[ı1, · · · , ın−1, 1 + ın]T . The data elements accessed by Ī and Īnext through a ref-
erence represented by access matrix L will have spatial locality (see equation (2))
if [0, 1]LQĪ = [0, 1]LQĪnext or [0, 1]LQ[0, 0, · · · , 0, 1]T = 0; i.e., ¯lmq̄n = 0 ⇒
q̄n ∈ Ker

{ ¯lm
}
, where ¯lm and q̄n are the last row of matrix L and last column

of matrix Q, respectively. Since ¯lm is known, we can always choose q̄n from its
null set (Ker set). Note that here m is 2.

Consider the matrix-multiplication loop nest shown in Fig. 2(a). The access

matrices are LC =
[

1 0 0
0 1 0

]
,LA =

[
1 0 0
0 0 1

]
, and LB =

[
0 0 1
0 1 0

]
.

For array C : q̄3 ∈ Ker {[0, 1, 0]} ⇒ q̄3 = [×, 0,×]T

For array A : q̄3 ∈ Ker {[0, 0, 1]} ⇒ q̄3 = [×,×, 0]T

For array B : q̄3 ∈ Ker {[0, 1, 0]} ⇒ q̄3 = [×, 0,×]T .
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Thus Q =


× × ×
× × 0
× × 0


 . Therefore, Q1 =


0 0 1

0 1 0
1 0 0


 and Q2 =


0 0 1

1 0 0
0 1 0


 are the

only suitable permutation matrices. Fig. 2(b) and (c) give the transformed nests
obtained using T1 = Q−1

1 and T2 = Q−1
2 respectively. Notice that although the

spatial locality is good for both transformed versions, the one in Fig. 2(c) is
expected to perform better (see [8]). Next, we will explain why and how the loop
nest in Fig. 2(c) is preferred over the one in Fig. 2(b).

Notice that our approach as explained so far determines only (possibly part
of) the last column of the matrix Q. The remaining elements can be filled in any
way as long as the resulting Q is non-singular and its inverse (T ) observes all
data dependences. We will focus on how to complete a partially filled Q matrix
later. For now, to see why the last column of Q is so important for locality,
consider a reference to an m-dimensional array in an n-dimensional loop nest.
Assume that L = [l̄1, l̄2, · · · , ¯lm]T and Q =

[
q̄1 q̄2 · · · q̄n

]
, where l̄i is the ith row

of L and q̄j is the jth column of Q. Assuming i1, i2, ..., in are the loops in the nest
after the transformation, omitting the offset vector, the new reference matrix is
of the form LQ[i1, · · · , in]T = [l̄1q̄1i1 + · · · + l̄1q̄nin, · · · , ¯lmq̄1i1 + · · · + ¯lmq̄nin].
Since the spatial behavior of a reference is mainly determined by the innermost
loop (in our case in) and all l̄j are known, q̄n is the sole factor determining the
spatial locality. Our objective is to select q̄n such that l̄j q̄nin will be 0 for each
2 ≤ j ≤ n, and l̄1q̄nin will be (preferably) 1 or a small integer constant.1 In two-
dimensional case, since m = 2, selecting q̄n from Ker

{ ¯lm
}

achieves precisely
this goal.

Using a similar reasoning, we can see that in higher-dimensional cases, for
good spatial locality in the innermost loop, the following relations should be
satisfied

q̄n ∈ Ker
{
l̄2

}
, q̄n ∈ Ker

{
l̄3

}
, · · · , q̄n ∈ Ker

{ ¯lm
}
.

So far, we have only concentrated on determining the elements of the last col-
umn of Q. While, for most cases, this is sufficient to improve locality, in situ-
ations where the trip count of the innermost loop is small and some references
exhibit temporal locality in the innermost loop, we may need to pay atten-
tion to the spatial locality carried by the outer loops as well. Let us consider
the matrix-multiplication code of Fig. 2(a) again. In this example, one of the
references exhibits temporal locality in the innermost loop. Consequently, it
might be wise to take the second innermost loop into account as well. Recall
that for this example previously we ended up with two possible permutation

matrices. In fact, the partly filled Q matrix was Q =


× × ×
× × 0
× × 0


 . Now, we fo-

cus on the spatial locality in the second innermost loop. This corresponds to
determining the elements of the second rightmost column of Q. Let us define
1 In the case where l̄1q̄nin is also 0, we have temporal locality in the innermost loop. We
do not consider exploiting temporal locality explicitly in this paper. Our approach
can be modified to take temporal locality into account as well.
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Īk = [ı1, · · · , ık−1, ık, ık+1, · · · , ın]T and Ī ′k = [ı1, · · · , ık−1, 1 + ık, ık+1, · · · , ın]T .
This means that iteration vectors Īk and Ī ′k have exactly the same values for
all loop index positions except the kth index where they differ by one. In this
case, we say that Īk and Ī ′k are consecutive in kth loop. Notice that previously
we have considered only the consecutive iterations in the innermost loop. From
our experience, we can say that for majority of the loop nests which appear
in scientific codes, this is sufficient. For most of the remaining loop nests, it
should be enough to consider the spatial locality in the second innermost loop.
For two-dimensional column-major arrays, we can formalize the idea as follows:
[0, 1]LQĪn−1 = [0, 1]LQĪ ′n−1, or [0, 1]LQ[0, 0, · · · , 0, 1, 0]T = 0; this implies that
¯lm ¯qn−1 = 0, i.e., ¯qn−1 ∈ Ker

{ ¯lm
}
. For the matrix-multiplication example, we

proceed as follows:

For array C : q̄2 ∈ Ker {[0, 1, 0]} ⇒ q̄2 = [×, 0,×]T

For array A : q̄2 ∈ Ker {[0, 0, 1]} ⇒ q̄2 = [×,×, 0]T

For array B : q̄2 ∈ Ker {[0, 1, 0]} ⇒ q̄2 = [×, 0,×]T .

Combining these equations with those obtained on q̄3, we have to ignore one
equation. Since the equations on C and B are the same, we favor that equation.

Thus, we choose Q as


× × ×
× 0 0
× × 0


 . The only suitable permutation matrix is Q =


0 0 1

1 0 0
0 1 0


 . The resulting code obtained using T = Q−1 is shown in Fig. 2(c). This

code exploits spatial locality for arrays C and A in the innermost loop. Array
B, on the other hand, has temporal locality in the innermost loop and spatial
locality in the second innermost loop.

5 Algorithm to find the loop transformation for the
general case

In this section, we present the formulation of the problem for the most general
case where a number of arrays with possibly different memory layouts are ref-
erenced in a given loop nest. Our objective is to find a transformation matrix
T such that the spatial locality will be good for as many references as possible.
To resolve the conflicts between different references, we assume that prior to our
analysis the references are ordered according to their importance. We use the
following notation:

ν is the number of distinct references
Rσ is the reference σ where 1 ≤ σ ≤ ν.
Lσ = [lσij ] is the layout constraint matrix for the array associated with
Rσ (It is an (m− 1) ×m matrix for an m-dimensional array)
Lσ = [aσ

ij ] is the access matrix for Rσ (It is an m × n matrix for a
reference to an m-dimensional array in an n-dimensional loop nest)
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Without loss of generality, we also assume that the references are ordered as
R1,...Rν , where R1 is the most important reference and Rν is the least important.
Ideally, the references should be ordered according to their access frequencies.
Currently, we use profile information for this purpose.

Let us now focus on a single reference Rσ. Assuming Ī and Īnext are two
consecutive iteration vectors, after the transformation T = Q−1, the two data
elements accessed by these iteration vectors through Rσ will have spatial lo-
cality if LLQĪ = LLQĪnext or LLq̄n = 0̄, where q̄n is the last column of Q.
On expanding, we derive the relation


lσ11 lσ12 · · · lσ1m

lσ21 lσ22 · · · lσ2m
...

...
. . .

...
lσ(m−1)1 l

σ
(m−1)2 · · · lσ(m−1)m






aσ
11 aσ

12 · · · aσ
1n

aσ
21 aσ

22 · · · aσ
2n

...
...

. . .
...

aσ
m1 a

σ
m2 · · · aσ

mn






q1n

q2n

...
qnn


 =




0
0
...
0


 .

Setting bσij =
∑m

k=1 l
σ
ika

σ
kj (1 ≤ i ≤ m− 1, 1 ≤ j ≤ n), we rewrite this relation as

Bσ q̄n = 0̄ where Bσ = [bσij ]. Then, the determination of the last column of Q can
be expressed as the problem of finding a vector from the solution space of this
homogeneous system. Notice that this solution takes care of the reference Rσ

only. In order to obtain a transformation which satisfies all ν references we have
to set up and solve the following system B1q̄n = 0̄, B2q̄n = 0̄, · · · , Bν q̄n = 0̄.
Additionally, as in matrix multiplication code, we might want to add the con-
straints on ¯qn−1 to exploit the spatial reuse in the second innermost loop. Given a
large number of references, this homogeneous system may not have a solution. In
that case, we drop some equations from consideration starting from those of Bν

and repeat the process. The complete algorithm is given in Fig. 3 on page 43. A
solution to this homogeneous system is of the form q̄n = δ1x̄1 +δ2x̄2 + · · ·+δpx̄p.
We fill out Q of the form

Q =




1 0 · · · 0 q1n

0 1 · · · 0 q2n

...
...

. . .
...

...
0 0 · · · 1 q(n−1)n

0 0 · · · 0 qnn


 . Then T = Q−1 =




1 0 · · · 0 − q1n

qnn

0 1 · · · 0 − q2n

qnn

...
...

. . .
...

...
0 0 · · · 1 − q(n−1)n

qnn

0 0 · · · 0 1
qnn



. (4)

Notice that assuming qnn �= 0 such a transformation matrix is non-singular.
Moreover, we can set δ1, · · · , δp such that for each d̄ ∈ D, T d̄ ≥ 0 where q̄n =
[q1n, · · · , qnn]T = δ1x̄1 + δ2x̄2 + · · ·+ δpx̄p and D is the original dependence ma-
trix. Let d̄ ∈ D be a dependence vector as follows d̄ = [d1, · · · , dn−1, dn]T . After
the transformation T , we have T d̄ = [d1−dnq1n/qnn, d2−dnq2n/qnn, · · · , dn−1−
dnq(n−1)n/qnn, dn/qnn]T . We note that if dn is equal to zero, then this resulting
dependence vector is always legal provided that d̄ is legal to begin with. Oth-
erwise, the parameters δ1, · · · , δp can be chosen so that T d̄ is lexicographically
non-negative.

As an application of this algorithm, we consider the matrix-multiplication
code given in Fig. 2(a) once more. This time we assume that arrays A and C
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Input A loop nest with a number of references, layout matrices for each reference and
the data dependence matrix.
Output A non-singular loop transformation matrix which observes all data depen-
dences.

Step 1. Form the following homogeneous system
{
B1q̄n = 0̄, · · · , Bν q̄n = 0̄

}
≡

Bq̄n = 0̄ where Bσ = LσLσ. Eliminate the redundant equations and let τ be
the number of the remaining rows in B

Step 2. Solve the system by row-echelon reduction. This is achieved by transforming
the augmented matrix [B|0] of the system to a matrix [C|0] in reduced row echelon
form [14].
After the reduction, let r be the number of non-zero rows in C, where 1 ≤ r ≤ τ .

Step 3. If r ≥ n the solution space has no basis. In that case, delete the last row of
B and repeat Step 2 until a r < n is found.

Step 4. Write the solution x̄ as a linear combination of vectors x̄1, x̄2, ..., x̄p with the
corresponding coefficients δ1, δ2, ..., δp:

x̄ = δ1x̄1 + δ2x̄2 + ... + δpx̄p

Step 5. Choose δ1, δ2, · · · , δp such that Q is of the form in Equation 4, and for each
d̄ ∈ D, T d̄ ≥ 0 where q̄n = [q1n, q2n, · · · , qnn]

T = δ1x̄1 + δ2x̄2 + ... + δpx̄p and D is
the original dependence matrix.

Step 6. Return T = Q−1.

Fig. 3. Algorithm for determining the transformation matrix (it is assumed that
qnn �= 0).

are row-major whereas array B is column-major. The equations in our homo-
geneous system are [1, 0, 0][q13, q23, q33]T = 0; [1, 0, 0][q13, q23, q33]T = 0; and
[0, 1, 0][q13, q23, q33]T = 0 corresponding to references to arrays C, A and B re-

spectively. The partially filled matrix is Q =


× × 0
× × 0
× × 1


 , which can be completed

as


1 0 0

0 1 0
0 0 1


 and T =


1 0 0

0 1 0
0 0 1


 .

What this implies is that under the mentioned memory layouts, the original
loop order i-j-k is the best loop order from the locality point of view. Table 1
shows the best loop orders for the matrix multiplication nest under all possible
(permutation-based) layout combinations. The middle column gives the best or-
der for the sequential execution whereas the rightmost column gives that for the
parallel execution. Determining the suitability of a locality-optimized sequential
program for a parallel architecture is definitely an important issue that needs
to be visited in the future. It should be emphasized that in deriving these best
orders we have considered the second column of Q as well.
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Table 1. Best loop orders for different layout combinations in the matrix-
multiplication code.
A triple x-y-z in the first column refers to memory layouts for arrays C, A, and
B respectively, where c means column-major and r means row-major.

C-A-B best (seq.) best (par.)

c-c-c j-k-i j-k-i

c-c-r k-j-i j-k-i

c-r-c j-i-k j-i-k

c-r-r j-k-i j-k-i

r-c-c i-k-j i-k-j

r-c-r k-i-j i-k-j

r-r-c i-j-k i-j-k

r-r-r i-k-j i-k-j

6 Utilizing partial layout information

A direct generalization of the approach presented in the previous section is opti-
mizing a loop nest assuming some of the arrays have fixed but possibly different
layouts whereas the remaining arrays have not been assigned memory layouts
yet. In the following we summarize our strategy; the details can be found else-
where [3]. We handle this problem in two steps:

(1) find a loop transformation which satisfies the references to the arrays whose
layouts have already been determined, and

(2) taking into account this loop transformation, determine optimal layouts for
the remaining arrays referenced in the nest.

The first step is handled as shown in the previous section. The second step
is an array restructuring problem and is fully explained in [4]. To illustrate
the process, consider the example shown in Fig. 4(a) on page 45. Assuming
a two-dimensional array layout represented by hyperplane vector [g1, g2] and
a reference represented by access matrix L, the spatial locality will be ex-
ploited if [g1, g2]L[q1n, · · · , qnn]T = 0, where [q1n, q2n, · · · , qnn]T is the last col-
umn of the inverse of the loop transformation matrix. Since both [g1, g2] and
[q1n, q2n, · · · , qnn]T are unknown, this formulation is non-linear. However, if ei-
ther of them is known, the other can easily be found using the relations:

[g1, g2] ∈ Ker
{
L[q1k, · · · , qkk]T

}
(5)

[q1k, q2k, · · · , qkk]T ∈ Ker {[g1, g2]L} . (6)

Usually Ker sets may contain multiple vectors in which case we choose the one
such that the gcd of its elements is minimum. Let us consider the example in

Fig. 4(a), the access matrices for the first nest are as follows: LU =
[

1 0
0 1

]
,
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do i = 1, N
do j = 1, N

U[i,j] = V[i+j,j]
end do

end do

do i = 1, N
do j = 1, N

W[j,i] = V[i,j] * V[j,i]
end do

end do
(a)

do u = 1, N
do v = 1, N
U[u,v] = V[u+v,v]

end do
end do

do u = 1-N, N-1
do v = max(1,1-u), min(N-u,N)
W[v,u+v] = V[u+v,v] * V[v,u+v]

end do
end do

(b)

Fig. 4. (a) Original loop nest. (b) Transformed loop nest.

and LV =
[

1 1
0 1

]
. For the second nest: LV1 =

[
1 0
0 1

]
,LV2 =

[
0 1
1 0

]
, and LW =[

0 1
1 0

]
. Let us assume for the first nest we apply only data transformations using

the technique in [4]; that is, [q12, q22]T = [0, 1] (Q is identity matrix). Using (5),
for array U ,

[g1, g2] ∈ Ker
{
LU [0, 1]T

}
=⇒ [g1, g2] ∈ Ker

{
[0, 1]T

}
.

A solution is [g1, g2] = [1, 0] meaning that array U should be row-major. For
array V ,

[g1, g2] ∈ Ker
{
LV [0, 1]T

}
=⇒ [g1, g2] ∈ Ker

{
[1, 1]T

}
.

Selecting [g1, g2] = [1,−1] results in diagonal layout for array V .
Having fixed the layouts for two arrays, we proceed with the second nest

whose optimization is the topic of this section. Assuming again that Q is the
inverse of the loop transformation matrix for this nest, using (6), we find the
loop transformation which satisfies the both references to array V :

[q12, q22]T ∈ Ker {[1,−1]LV1} =⇒ [q12, q22]T ∈ Ker {[1,−1]}
and [q12, q22]T ∈ Ker {[1,−1]LV2} =⇒ [q12, q22]T ∈ Ker {[−1, 1]}

[q12, q22]T = [1, 1]T satisfies both the equations, and for this, Q =
[

1 1
0 1

]
. The

process so far is exactly what we have done in the previous section. The next task
is to determine the optimal memory layout for array W which is referenced only
in the second nest. By taking into account the last column ofQ and using (5) once
more (now for array W ), [g1, g2] ∈ Ker

{
LW [1, 1]T

}
=⇒ [g1, g2] ∈ Ker

{
[1, 1]T

}
which means that array W should have a diagonal layout. The transformed
program is shown in Fig. 4(b).

7 Experimental Results

In this section, we illustrate how our iteration space transformation technique
improves performance on an 8-processor SGI Origin 2000 distributed-shared-



46 M. Kandemir et al.

1 2 3 4 5 6 7 8
processors

10

20

30

40

50

60

70

80

tim
e 

(s
ec

.)

ADI

1 2 3 4 5 6 7 8
processors

25

50

75

100

125

150

175

200

225

250

tim
e 

(s
ec

.)

matmult

1 2 3 4 5 6 7 8
processors

5

10

15

20

25

tim
e 

(s
ec

.)

cholesky

unopt

prev

opt

1 2 3 4 5 6 7 8
processors

10

20

30

40

50

60

tim
e 

(s
ec

.)

vpenta

1 2 3 4 5 6 7 8
processors

25

50

75

100

125

150

175

200

225

tim
e 

(s
ec

.)
btrix

1 2 3 4 5 6 7 8
processors

2

4

6

8

10

12

tim
e 

(s
ec

.)

cholsky

1 2 3 4 5 6 7 8
processors

25
50
75

100
125
150
175
200
225
250
275

tim
e 

(s
ec

.)

syr2k

1 2 3 4 5 6 7 8
processors

5

10

15

20

tim
e 

(s
ec

.)

fnorm

1 2 3 4 5 6 7 8
processors

5

10

15

tim
e 

(s
ec

.)

bnorm

Fig. 5. Execution times on an SGI Origin. [The problem sizes are (in doubles)
as follows. ADI: 1000× 1000× 3 arrays; matmult: 1200× 1200 arrays; cholesky:
1024 × 1024 arrays; vpenta: 4 × 720 × 720 3D arrays and 720 × 720 2D arrays;
btrix: size parameter is 150; cholsky: size parameter is 2500; syr2k: 1024×1024
arrays with b = 400; fnorm and bnorm: 6144× 6144 arrays. The programs from
Spec92, the ADI code, and matmult have outer timing loops. The unopt version
refers to the original program, the prev version refers to the approach offered
by previous work, and the opt version is the code generated by our technique].

memory machine. This machine uses 195MHz R10000 processors, 32KB L1 data
cache and 4MB L2 unified cache. The cache line size is 128 bytes and page size
is 16KB. Our presentation is in two parts. First, we evaluate the effectiveness of
our approach using a set of nine programs assuming a fixed memory layout for
all arrays. Then, we focus on two programs, and measure the improvements in
execution time with different layout combinations.

For the first part, we experiment with the following programs: ADI from
Livermore kernels; matmult, a matrix-multiplication routine; cholesky from [8];
vpenta, btrix, and cholsky2 from Spec92/NASA benchmark suite; syr2k from
BLAS; and finally fnorm and bnorm from ODEPACK, a collection of solvers for
the initial value problem for ordinary differential equation systems. We use the
2 Different from cholesky; uses two three-dimensional arrays.
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C versions of these programs and the hand–optimized programs are compiled by
the native compiler using the -O2 option (expect for syr2k).

Fig. 5 shows the performance results for our benchmark programs. For each
program, the unopt version refers to the original program, the prev version
refers to the approach offered by [8], and finally the opt version is the code gen-
erated by our technique. We note that except for cholsky, we have improvements
in all programs against the unoptimized versions over all processor sizes. The
cholsky code consists of a number of imperfectly nested loops; thus, is difficult
to optimize by linear loop transformations. However, loop distribution [14] can
substantially improve the performance by enabling linear loop transformations
as explained in the second part of our experimental results. In syr2k, fnorm and
bnorm the optimized programs do not scale well mostly due to employment of
static scheduling for non-rectangular loop bounds. Apart from those, the results
reveal that our approach is quite successful in optimizing locality in the Ori-
gin 2000. It should be noted that the sizes that we use for the programs from
Spec92/NASA are larger than the usual sizes; so the results should not be com-
pared with the previous works. It should also be noted that except for syr2k
our approach and the approach offered in [8] result in the same programs. In the
syr2k code the access pattern is quite complicated and we perform better than
Li’s approach with the -O1 compiler option. If the -O2 option is used, however,
the two approaches perform very similar. In general, for a fixed permutation-
based memory layout for all arrays, we expect that unless the access pattern is
complicated both optimization approach will result in either the same or very
similar codes. For the case where all the arrays have a uniform diagonal layout,
it is not clear to us how Li’s approach can be modified. Finally, the fourth bar
in performance results of matmult shows the execution time of the best possible
layout combination and the associated loop order. In this case, the best time
has been obtained with the i-j-k loop order assuming that the arrays C and
A have row-major memory layout whereas array B is column-major. We note
that given this layout combination our approach can derive the i-j-k loop order
automatically.

In the second part, we evaluate the effectiveness of our approach in optimizing
loop nests assuming that the memory layouts of the arrays might be different.
We focus on two programs: matmult and cholsky. Table 2(a) shows the sin-
gle processor execution times for all permutation-based layout combinations of
matmult. The legend x-y-z means that the memory layouts for C, A and B are
x, y and z respectively, where c means column-major and r means row-major.
For each combination, we experiment with all possible loop permutations. The
boldfaced figures in each row denotes the minimum times (in seconds) under the
corresponding memory layout combinations. The preferred loop order detected
for each layout combination by our algorithm is marked with a

√
. The best loop

order using only loop transformations that work with fixed layouts namely all
row-major or all column-major for all arrays (referred to as prev) is denoted by
a †. When we compare these results with the best sequential loop orders given in
Table 1, it is easy to see that, except for two cases, our technique is able to find
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Table 2. Execution times (in sec.) of matmult under all permutation-based
memory layouts and loop orders on SGI origin. [Minimum times for each layout
combination are in boldface].

(a) Number of processors = 1

C-A-B i-j-k i-k-j j-i-k j-k-i k-i-j k-j-i

c-c-c 238.749 478.383 237.730 66.921 † √ 491.833 102.540

c-c-r 417.405 292.398 415.886 68.121 315.801 68.062
√

c-r-c 64.798 490.661 64.435
√

257.849 513.729 271.467

c-r-r 246.884 286.199 237.370 258.202
√

331.914 270.457

r-c-c 238.227 245.415
√

238.672 291.760 264.998 315.432

r-c-r 416.795 68.123 415.484 292.377 67.992
√

315.216

r-r-c 64.006
√

246.316 64.088 474.004 267.269 498.209

r-r-r 236.539 66.932 † √ 231.907 478.359 102.558 492.604

(b) Number of processors = 8

C-A-B i-j-k i-k-j j-i-k j-k-i k-i-j k-j-i

c-c-c 37.353 65.910 33.571 16.803
√

116.271 58.403

c-c-r 56.988 43.322 55.972 17.511
√

157.846 72.857

c-r-c 17.433 68.369 15.390
√

38.722 261.163 76.908

c-r-r 39.549 42.305 34.700 39.406
√

342.488 73.710

r-c-c 35.547 34.831
√

34.703 42.235 73.034 130.526

r-c-r 56.227 17.591
√

56.042 44.031 74.433 150.590

r-r-c 15.347
√

34.907 18.502 64.313 74.986 106.485

r-r-r 32.968 16.369
√

35.738 65.271 59.420 99.661

the optimal loop orders in every layout combination. In those two cases men-
tioned our technique results in an execution time which is close to the minimum
time. Notice also that a loop transformation approach based on fixed memory
layouts can only optimize two cases: c-c-c and r-r-r.

Table 2(b), on the other hand, shows the execution times in eight processors.
Except for the two cases, the results are again consistent with those given in
the last column of Table 1. Since prev does not offer an optimal layout for the
multiprocessor case, it is not shown.

Next, we focus on the cholsky program from Spec92 benchmarks. This pro-
gram accesses two three-dimensional arrays. First, we applied loop distribution
to obtain as many perfectly nested loops as possible. Then we conducted exper-
iments with all four permutation-based layout combinations. The performance
results given in Table 3 show that our technique is able to optimize the program
for all layout combinations we experiment with. The improvements are between
51% and 72%.
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Table 3. Execution times in seconds of the optimized and unoptimized versions
of cholsky and % improvements [p is the number of processors].

c-c c-r r-c r-r

version p=1 p=8 p=1 p=8 p=1 p=8 p=1 p=8

unopt 6.146 3.834 7.010 2.915 8.312 1.391 18.311 2.471

opt 2.904 1.907 2.139 1.359 2.292 0.680 6.352 1.103

imprv. 53% 51% 69% 53% 72% 51% 65% 55%

8 Related work

Early work on automating locality enhancing optimizations was done by Abu-
Sufah et al. [1]. More recently the interest was on loop restructuring for opti-
mizing cache locality. McKinley et al. [9] present a loop reordering technique to
optimize locality and parallelism. Their approach also employs loop distribution
and loop fusion. Li [8] and Wolf and Lam [13] developed frameworks where the
data reuse information is represented explicitly using reuse vectors. Our tech-
nique is different from those mentioned here in the sense that we can optimize a
loop nest for locality assuming different arrays referenced in the nest may have
distinct memory layouts which include row-major, column-major, higher dimen-
sion equivalents of row- and column-major as well as any type of skewed layout
that can be expressed by hyperplanes. Extending the approaches presented in
[13] and [8] to work with general layouts is non-trivial.

More recently, there is an interest in optimizing locality using data layout
transformations. In this context, Leung and Zahorjan [7] and O’Boyle and Kni-
jnenburg [10] present array restructuring algorithms for optimizing locality. Al-
though these techniques may be effective for some cases where locality enhancing
loop transformations fail, the question of how to mitigate the global effect of a
layout transformation remains to be solved. Leung and Zahorjan [7] and Kan-
demir et al. [4] propose solutions to handle multiple loop nests. A major problem
with the approaches based on pure data transformations is that they cannot op-
timize temporal locality.

There have been a few attempts at a unified framework for locality opti-
mizations. Cierniak and Li [2] and Kandemir et al. [5] propose algorithms for
optimizing cache locality using a blend of loop and data transformations, albeit
drawn from a restricted set. In contrast, the technique presented in this paper
can work with any type of memory layout that can be expressed by hyperplanes,
and can derive general non-singular [14] iteration space transformation matrices.
Recently Kodukula et al. [6] have proposed data shackling, in which data is first
blocked and based on the data blocks that are accessed together, iteration space
tiling is derived. But, the data is stored in memory using the default layouts.
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9 Conclusions

We have presented a technique to improve data locality in loop nests. Our tech-
nique uses explicit layout information available to our analysis as layout con-
straint matrices. This information allows our technique to optimize loop nests
in which each array may have a distinct memory layout. We believe that such a
capability is needed by a global locality optimization algorithm which optimizes
the loop nests in a program by applying an appropriate combination of loop and
data transformations.
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Abstract. Cache coherence enforcement and memory latency reduction
and hiding are very important and challenging problems in the design of
large-scale distributed shared-memory (DSM) multiprocessors. We pro-
pose an integrated approach to solve these problems through a compiler-
directed cache coherence scheme called the Cache Coherence with Data
Prefetching (CCDP) scheme. The CCDP scheme enforces cache coher-
ence by prefetching the potentially-stale references in a parallel program.
It also prefetches the non-stale references to hide their memory latencies.
To optimize the performance of the CCDP scheme, some prefetch hard-
ware support is provided to efficiently handle these two forms of data
prefetching operations. We also developed the compiler techniques uti-
lized by the CCDP scheme for stale reference detection, prefetch target
analysis and prefetch scheduling. We evaluated the performance of the
CCDP scheme via execution-driven simulations of several applications
from the SPEC CFP95 and CFP92 benchmark suites. The simulation
results show that the CCDP scheme provides significant performance
improvements for the benchmark programs studied.
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1 Introduction

In the recent years, large-scale distributed shared-memory (DSM) multiproces-
sors have emerged as a promising architecture to deliver high performance com-
puting power. However, to fully realize the potential performance of these sys-
tems, designers have to solve two important and challenging problems. First,
it is imperative that the cache coherence schemes for such systems be efficient,
inexpensive and scalable. Second, it is necessary to develop efficient techniques
to hide the large remote memory access latencies in such systems.
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The cache coherence techniques used in existing commercially-available mul-
tiprocessors are mainly hardware-based, such as a snoopy cache protocol or a
hardware directory-based scheme. These schemes rely on interprocessor commu-
nications to determine cache coherence actions. In large-scale DSM systems,
the scalability of such schemes might be affected by excessive coherence-related
network traffic. Furthermore, their hardware complexity and cost can become
quite substantial as the number of processors increases. On the other hand, in
compiler-directed cache coherence schemes [4], the cache coherence actions are
performed locally by each processor as specified by the compiler, without the
need for interprocessor communications. They also do not require complicated
and expensive hardware directories.

Several techniques have been proposed in the literature to address the mem-
ory latency problem in multiprocessors. In particular, previous research has
shown that data prefetching is an effective technique to hide memory latency
and to improve memory system performance. Data prefetching schemes, which
can be hardware-controlled or software-initiated, predict the data required dur-
ing program execution and overlap the fetching of these data with computation.

In fact, compiler-directed cache coherence and data prefetching schemes can
be combined in a complementary manner to provide better overall performance.
Therefore, we integrate compiler-directed cache coherence with data prefetching
under a unified framework. We have developed a compiler-directed cache coher-
ence scheme called the Cache Coherence with Data Prefetching (CCDP) scheme
as a key part of this framework. The CCDP scheme uses compiler analyses to
identify potentially-stale data references in a parallel program, and then enforces
cache coherence by prefetching up-to-date data corresponding to these references
from the main memory. At the same time, data prefetching implicitly hides the
memory latencies of fetching remote up-to-date shared data. The CCDP scheme
further improves performance by also prefetching the non-stale data references
and hiding their memory latencies.

The performance of the CCDP scheme is greatly influenced by the hard-
ware and compiler support provided. To optimize the performance of the CCDP
scheme, we designed some inexpensive prefetch hardware support to handle the
two forms of data prefetching operations used by the scheme. We developed
compiler techniques to perform stale reference detection, prefetch target anal-
ysis and prefetch scheduling for the CCDP scheme. Finally, we evaluated the
performance of the CCDP scheme through execution-driven simulations of sev-
eral benchmark programs from the SPEC CFP95 and CFP92 suites. The results
of our experimental study indicate that the CCDP scheme can provide significant
performance improvements for the programs studied.

The rest of the paper is organized as follows. Section 2 discusses our frame-
work for integrating compiler-directed cache coherence and data prefetching.
The prefetch hardware support to optimize the CCDP scheme is discussed in
Section 3. In Section 4, we focus on the compiler support for the CCDP scheme.
Section 5 presents the experimental study to evaluate the performance of the
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CCDP scheme. Finally, we conclude in Section 6 and outline the future direc-
tions of our research.

2 The CCDP Framework

2.1 Background and Motivation

When shared data are cached during execution of a parallel program, multiple
copies of a shared memory location might exist in the caches of the processors.
Cache coherence schemes must ensure that the processors always access the most
up-to-date copies of shared data. The remaining invalid copies are known as stale
data, and the references to these data are called stale references.

Most hardware-based cache coherence schemes prevent stale references at
run time by invalidating or updating stale cache entries right before the stale
references occur. To do so, they require interprocessor communications to keep
track of the cache states and to perform these cache coherence actions. Such
coherence-related network traffic can use up excessive amount of interconnection
network bandwidth of the system. In directory-based cache coherence schemes,
the complexity and hardware costs of the directory can be substantial for large-
scale multiprocessors.

In contrast, compiler-directed cache coherence schemes [4] can detect the
potentially-stale references using compiler analyses at compile time. The com-
piler then directs the processors to perform cache coherence actions such as cache
invalidations locally, without the need for interprocessor communications. This
reduces the traffic load on the interconnection network, and eliminates the need
to use hardware directories. The drawback of these schemes is that there might
be situations when the compiler has to adopt conservative decisions. Thus, cer-
tain data references might be classified as potentially-stale if the compiler cannot
confirm that they are non-stale.

Although cache coherence schemes can improve multiprocessor cache per-
formance, they cannot completely eliminate remote memory accesses. In fact,
data prefetching can be used to hide the latency of cache coherence operations
and memory accesses. However, cache coherence and data prefetching are of-
ten treated as separate problems to be addressed. In hardware cache-coherent
systems, data prefetching is usually applied as a separate optimization which is
not integrated with the underlying cache coherence scheme. The data prefetch-
ing operations are determined based on data locality considerations alone. Also,
the stale and non-stale data references are treated uniformly by the prefetching
schemes.

The main motivation of this work is to develop a framework for integrating
compiler-directed cache coherence and data prefetching to improve the memory
system performance of large-scale DSM systems which do not have hardware
cache coherence support. By using compiler analyses to identify potentially-
stale references, the CCDP scheme can predict the need to access up-to-date
shared data in advance. Therefore, the compiler can direct the processors to
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prefetch these data into the caches before they are actually needed. Prefetching
the potentially-stale references implicitly hides the memory latencies of fetching
remote up-to-date shared data. Further performance improvements can be ob-
tained by prefetching the non-stale references and hiding their memory latencies.

2.2 Overview of the CCDP Scheme

The CCDP scheme consists of three major steps. First, during the stale reference
analysis step, the compiler identifies the potentially-stale and non-stale data ref-
erences in a parallel program. However, it might not be necessary or worthwhile
to prefetch all of the references in these two categories. Thus, the prefetch target
analysis step determines which of those references in the two categories should
be prefetched. Finally, the prefetch scheduling step schedules the prefetch oper-
ations and inserts them at appropriate locations in the program. In addition to
these steps, the compiler also inserts cache and memory management operations
such as cache invalidations and bypass-cache fetch operations, which bypass the
cache and access the main memory directly, when necessary.

Our scheme makes use of two types of prefetch operations : vector prefetches
and cache-line prefetches. In a vector prefetch, a block of data with a fixed stride
is fetched from the main memory. On the other hand, the amount of data being
fetched by a cache-line prefetch is equal to the size of a cache line. In theory,
vector prefetches should reduce the prefetch overhead by amortizing the fixed
initiation costs of several cache-line prefetches.

2.3 Data Prefetching Optimizations

Traditionally, data prefetching has been used solely for hiding memory latency.
In this context, the data prefetching operations are just performance hints for the
system. However, when data prefetching is used for cache coherence enforcement,
it is necessary to address the correctness issue. Such prefetch operations may
violate program correctness if they are ignored. Thus, the CCDP scheme uses
two types of data prefetching optimizations which we call coherence-enforcing
prefetch (ce-prefetch) and latency-hiding prefetch (lh-prefetch).

For the ce-prefetch operations, a key task is to ensure that the correct-
ness of the memory references of a program is not violated by prefetching the
potentially-stale references. First, the ce-prefetch operations should respect all
control and data dependence constraints. Second, the CCDP scheme has to guar-
antee that the processors will access the prefetched up-to-date data instead of
the potentially-stale data in the caches. This can be achieved with the help
of special prefetch hardware support which enables the ce-prefetch operations
to invalidate the cache entries corresponding to the potentially-stale references.
Without such prefetch hardware, the compiler has to insert explicit cache in-
validation instructions to invalidate the cache entries before the prefetches are
issued. On the other hand, the lh-prefetch operations are straight-forward. Since
they are used for prefetching the non-stale references, they will not violate cache
coherence.
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The performance issue of the prefetch operations is also important. As the
amount of hardware resources provided by the system to handle prefetch re-
quests is often fixed and limited, it is necessary to prioritize the two types of
prefetches used by the CCDP scheme. Since it is more important to prefetch
the potentially-stale references and maintain cache coherence as efficiently as
possible, the scheme assigns higher priority to the ce-prefetch operations.

3 Hardware Support

A major factor which affects the performance of the CCDP scheme is the ef-
fectiveness of the hardware support for prefetching on the system. The CCDP
scheme can make use of the prefetch hardware on existing systems. In fact, we
have already implemented the scheme on the Cray T3D. However, the conven-
tional prefetch hardware of the Cray T3D is not optimized to handle the two
types of data prefetching operations used by the CCDP scheme. We also have
to adapt the compiler algorithms in order to implement the scheme on the Cray
T3D. Although our Cray T3D implementation provided substantial performance
improvements for the system [6], the performance of the scheme can be further
improved by optimizing the prefetch hardware support.

Several sophisticated hardware prefetching schemes have been developed to
dynamically predict the data references to prefetch at run-time. However, these
prefetch hardware designs are not suitable for the CCDP scheme because they
cannot distinguish between potentially-stale and non-stale references and take
proper actions to enforce cache coherence. Thus, we propose some inexpensive
and efficient prefetch hardware support to suit the CCDP scheme.

3.1 Architectural Model

In this paper, we assume a large-scale non-cache-coherent DSM multiprocessor.
The processing nodes in the system are interconnected by a high-bandwidth
network. The modeled architecture is similar to that of the Cray T3D. Figure 1
shows the organization of a processing node in the system.

Each node consists of a processor, a data cache and its associated Data Co-
herence Prefetch Unit (DCPFU), a local memory module, and various support
circuitry. The collection of the local memory modules in all of the nodes form
a logically shared global memory. The support circuitry on each node contains
address translation logic to transform a virtual address into its physical address,
which consists of the node number and the memory address within the node.
The support circuitry also contains communication and synchronization logic to
support messaging and synchronization activities on the system, such as remote
memory access, barrier synchronization, etc. With the support circuitry, a pro-
cessor can directly access the memory of another processor without involving
the remote processor. The data cache and the DCPFU are tightly coupled. We
assume that there is one level of cache hierarchy in the node for simplicity. The
cache is lock-up free, i.e. it can handle multiple outstanding cache misses.
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3.2 Organization of the DCPFU

The DCPFU consists of a Prefetch Control Unit (PCU), a Priority Prefetch
Queue (PPQ) and a Prefetch Holding Cache (PHC). We assume that the
DCPFU can handle up to 32 outstanding prefetch requests. The organization of
the DCPFU is shown in Figure 2.

The Prefetch Holding Cache (PHC) The PHC is a small, fully-associative
cache. A suitable number of PHC cache lines would be the maximum number of
outstanding prefetch requests to be handled by the DCPFU, which is assumed
to be 32. The PHC holds the up-to-date data corresponding to potentially-stale
references which are fetched from the memory by ce-prefetch operations. On the
other hand, non-stale data fetched by lh-prefetch operations are stored directly
into the data cache.
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The processor checks both the PHC and the data cache simultaneously. If the
prefetched data has arrived in the PHC, then the processor loads the data from
it. At the same time, the PHC cache lines containing these prefetched data will
be moved into the data cache. By requiring the processor to read the data from
the PHC, it is guaranteed that the processor will not access potentially-stale
data in the data cache. Furthermore, since the prefetched up-to-date data are
temporarily buffered in the PHC, the data cache will not be polluted by these
prefetched data.

Each PHC cache line contains the following fields : a tag, a reserved bit, a
full bit, and the data. The tag is used to determine if there is a PHC hit. The
reserved bit indicates whether the PHC cache line has already been reserved by
an earlier prefetch request. The full bit indicates whether the prefetched data
for the PHC cache line has arrived from the memory. Before a prefetch request
is issued, the PCU has to reserve an available PHC cache line by filling its tag
field and setting the reserved bit. Thus, a PHC cache line with the reserved and
full bits set holds prefetch data which have arrived but have not been accessed
by the processor yet. After the processor accesses such a PHC cache line, its
reserved bit will be reset and its content will be moved to the data cache.

The Priority Prefetch Queue (PPQ) The PPQ queues the prefetch opera-
tions which are to be issued. It is divided into two sections, PPQ-1 and PPQ-2,
each having 16 entries. Each PPQ entry holds a tag to identify the prefetch
operation, which is simply the memory address to be prefetched. PPQ-1 is used
for ce-prefetch operations, while PPQ-2 is used for lh-prefetch operations. The
PCU inserts the prefetch requests into the PPQ in the order specified by their
priority levels. The prefetch requests in the PPQ-1 will be issued first in FIFO
order, followed by the prefetch requests in PPQ-2 in FIFO order.

The Prefetch Control Unit (PCU) The PCU is responsible for processing
prefetch operations issued by the processor and keeping track of the outstanding
prefetch requests handled by the DCPFU. When the PCU accepts a cache-line
prefetch operation, it generates a request in the relevant section of the PPQ,
depending on whether it is a ce-prefetch or lh-prefetch operation. As for a vector
prefetch operation, the PCU generates individual cache-line prefetch requests
based on the starting address, stride, and length of the vector to be prefetched.
This relieves the processor from explicitly issuing multiple cache-line prefetches
and paying for their initiation overheads.

The PCU helps to reduce the amount of unnecessary prefetches dynamically.
For each prefetch operation, the PCU checks if there is already an outstanding
prefetch request in the PPQ, or if the cache line has already been prefetched and
is still stored in the PHC.
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4 Compiler Techniques

The performance of the CCDP scheme is also strongly influenced by the effective-
ness of its compiler support. The CCDP scheme relies on the compiler to iden-
tify potentially-stale and non-stale data references, and to generate and sched-
ule the appropriate prefetch operations. Several compiler techniques have been
developed for software-initiated data prefetching [1,5,8]. However, as these data
prefetching schemes are used solely for memory latency hiding, the data prefetch-
ing operations are determined based on data locality considerations alone. These
techniques do not distinguish between potentially-stale and non-stale references,
and so they cannot be applied directly in the CCDP scheme. Therefore, we
developed compiler techniques to address this limitation.

4.1 Stale Reference Analysis

Three main program analysis techniques are used in stale reference analysis :
stale reference detection, array data-flow analysis, and interprocedural analysis.
Extensive algorithms for these techniques were previously developed [3,4], and
implemented using the Polaris parallelizing compiler. We make use of these al-
gorithms in the CCDP scheme. Since the detailed algorithms are described in
[3], we will only state the functions of the stale reference analysis techniques.

To find the potentially-stale data references, it is necessary to detect the
memory reference sequences which might violate cache coherence. The stale ref-
erence detection algorithm [3] accomplishes this by performing data-flow analysis
on the epoch flow graph of the program, which is a modified form of the control
flow graph. However, not all of the potentially-stale reference patterns actually
lead to a stale reference at run time. The stale reference detection can be re-
fined by exploiting some temporal and spatial reuses of memory locations in the
program. To do so, two locality preserving analysis techniques are used. We use
array data-flow analysis [3], which treats different regions of arrays referenced
in the program as distinct symbolic variables, to refine the stale reference detec-
tion. Procedure calls in a program introduce side effects which complicate stale
reference detection. We use interprocedural analysis [3] to further improve the
accuracy of stale reference detection. In this way, the CCDP scheme can exploit
locality across procedure call boundaries.

4.2 Prefetch Target Analysis

As the prefetch operations introduce instruction execution and network traffic
overhead, it is important to minimize the number of unnecessary prefetches. The
role of our prefetch target analysis algorithm is to identify the potentially-stale
and the non-stale references which should be prefetched. It initially includes all
of the potentially-stale and non-stale references in two separate sets of possible
prefetch candidates. As the algorithm proceeds, those references which should
not be prefetched are removed from the sets.
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Our prefetch target analysis algorithm [7] focuses on the potentially-stale and
the non-stale references in the inner loops, where prefetching is most likely to
be beneficial. Those potentially-stale references which are not in the inner loops
will not be prefetched. Instead, they are issued as bypass-cache fetch operations,
which fetch the up-to-date data directly from the memory to preserve program
correctness. On the other hand, the non-stale references which are not in the
inner loops are treated as normal read references.

The algorithm also exploits spatial reuses to eliminate some unnecessary
prefetch operations. If cache-line prefetch operations are used for a reference that
has self-spatial reuse [10], then we can unroll the inner loop such that all copies of
the reference access the same cache line during an iteration. In this manner, only
one cache-line prefetch operation is needed to bring in data for all copies of the
reference, and thereby eliminating unnecessary prefetch operations. The prefetch
target analysis algorithm marks the prefetch target references which exhibit self-
spatial locality using a similar approach as in [1,8], so that the prefetch scheduling
step can carry out the appropriate loop unrolling.

In addition, a group of references which are likely to refer to the same cache
line during the same iteration of the inner loop are said to exhibit group-spatial
reuse [10]. We only need to prefetch the leading reference [10] of such a group
of references. The other references in the group are issued as normal reads. If
a set of references are uniformly generated (i.e. they have similar array index
functions which differ only in the constant term), then they have group-spatial
reuse.

Finally, note that the potentially-stale references which need not be
prefetched due to locality exploitation will be treated as normal read references.
This is because the up-to-date data will be brought into the caches by other ce-
prefetch operations, and thus program correctness will be preserved. Similarly,
the non-stale references which are eliminated from the set of prefetch targets are
simply issued as normal read operations.

4.3 Prefetch Scheduling

After the prefetch target analysis step, we have the set of potentially-stale and
the set of non-stale target references which should be prefetched. The next im-
portant task is to schedule these prefetches.

Scheduling Techniques Our prefetch scheduling algorithm makes use of three
scheduling techniques : vector prefetch generation, software pipelining, and mov-
ing back prefetches. These techniques are similar to some scheduling strategies
used in conventional prefetching algorithms for memory latency hiding. However,
we have enhanced and adapted the previous techniques to suit the requirements
of the CCDP scheme.

Vector prefetch generation Gornish [5] developed an algorithm for conservatively
determining the earliest point in a program at which a block of data can be
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prefetched. It examines the array references in each loop to see if they could
be pulled out of the loop and still satisfy the control and data dependences. A
vector prefetch operation can then be generated for these references if the loop
is serial or if the loop is parallel and the loop scheduling strategy is known at
compile time.

However, the drawback of Gornish’s algorithm is that it tries to pull out
array references from as many levels of loop nests as possible, and does not
consider important hardware constraints such as the cache size and the size of
the prefetch queue or issue buffer. Even if array references can be pulled out of
multiple loop levels, the prefetched data might not remain in the cache by the
time the data are referenced.

We adapt Gornish’s approach to generate vector prefetches. In order to max-
imize the effectiveness of the vector prefetches, we impose a restriction on the
number of loop levels that array references should be pulled out from. Our algo-
rithm pulls out an array reference one loop level at a time. It then constructs a
vector prefetch operation and checks if the number of words to be prefetched will
exceed the available prefetch queue size or the cache size. The vector prefetch
operation will be generated only if these hardware constraints are satisfied and
if the array reference should not be pulled further out. The compiler then inserts
the prefetch operation into the code just before the appropriate loop.

Software pipelining In Mowry’s approach [8], software pipelining is used to sched-
ule cache-line prefetch operations. Software pipelining hides memory latency by
overlapping the prefetches for a future iteration with the computation of the
current iteration of a loop. However, we should ensure that the benefits of soft-
ware pipelining would exceed the instruction execution overhead introduced. We
adapt the software pipelining algorithm to suit the CCDP scheme. First, soft-
ware pipelining will only be used for inner loops that do not contain recursive
procedure calls. The compiler can estimate the loop execution time from the
number of clock cycles taken by each instruction. After computing the number
of iterations to prefetch ahead, the compiler has to decide whether it is profitable
to use software pipelining. This is a design issue which is machine dependent.
Our algorithm uses a compiler parameter to specify the range of the number
of loop iterations which should be prefetched ahead of time. The value of this
parameter can be empirically determined and tuned to suit a particular system.
The algorithm also takes the hardware constraints into consideration by not
issuing the prefetches when the amount of data to be prefetched exceeds the
available prefetch queue size or the cache size.

Moving back prefetches If neither vector prefetch generation nor software pipelin-
ing can be applied for a particular loop, then our algorithm attempts to move
back the prefetch operations as far away as possible from the point where the
data will be used. There are several situations in which this technique is applica-
ble. First, it might not be possible to pull out array references from some loops
due to unknown loop scheduling information or control and data dependence
constraints. Second, the prefetch hardware resources might not be sufficient if
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we prefetch the references in certain loops using vector prefetch generation or
software pipelining. Third, we can use this technique for prefetch targets in serial
code sections, where vector prefetch generation and software pipelining are not
applicable.

Gornish’s algorithm for pulling back references [5] tries to move references as
far back as control and data dependence constraints allow. However, the algo-
rithm might move a prefetch operation so far back that the prefetched data gets
replaced from the cache by the time it is needed. Another possible situation is
that the distance which a prefetch operation may be moved back is so small that
the prefetched data does not arrive in time to be used. Thus, to maximize the
effectiveness of the prefetches, our algorithm uses a parameter to decide whether
to move back a prefetch operation. The range of values for this parameter indi-
cates the suitable distance to move back the prefetches. This parameter can also
be tuned by using an experimental study on the desired system.

Prefetch Scheduling Algorithm Our prefetch scheduling algorithm [7] con-
siders each inner loop or serial code segment of the program. It determines if the
prefetch hardware resources can handle all of the potentially-stale and non-stale
prefetch target references in the loop. If there is insufficient hardware resources,
then it selects the actual prefetch targets to be issued as prefetch operations
based on their priority levels. Those potentially-stale prefetch targets which will
not be issued are replaced by bypass-cache fetches to preserve program correct-
ness. On the other hand, the non-stale prefetch targets which are not issued are
replaced by normal read operations.

Depending on the type of loop or code segment, the algorithm uses a suitable
scheduling technique for the prefetch targets. Loop unrolling is performed before
software pipelining is applied to a loop if the loop contains prefetch targets
which exhibit self-spatial locality. It is unnecessary to perform loop unrolling in
conjunction with vector prefetch generation because the latter already exploits
spatial locality of prefetch target references.

5 Performance Evaluation

5.1 System Model

In our experiments, we model a 32-processor, non-cache-coherent DSM multipro-
cessor which is similar to the Cray T3D using the EPGsim [9] execution-driven
simulator. The nodes of the system are interconnected via a multistage network.
For simplicity, we did not model the actual 3D-torus mesh network of the Cray
T3D. The cache hit latency is 1 cycle, while the cache miss latency is 100 cycles
if there is no network contention. The network delays are simulated using an an-
alytical model. Each processor is single-issue and all the arithmetic and logical
instructions are assumed to take 1 cycle.

Each processor has a 64KB lock-up free direct-mapped data cache. The cache
line size is 32 bytes. For all the compiler-directed cache coherence schemes, we



62 Hock-Beng Lim and Pen-Chung Yew

use a write-through with write-allocate policy, which is the most suitable one
according to previous analysis [2]. On the other hand, a write-back policy should
deliver the best performance for a hardware directory scheme [2]. For a system
which uses the CCDP scheme, we model a DCPFU in each of its processor. The
PPQ of each DCPFU has two sections, each with 16 entries. The PHC has 32
entries, each with line size of 32 bytes. It is fully-associative, with a hit latency
of 1 cycle if the prefetched up-to-date data has already arrived.

5.2 Simulated Schemes

We simulated the following cache coherence schemes :

– BASE : This scheme does not cache shared data in order to avoid the cache
coherence problem.

– CBP : This is the Cache Bypass scheme which applies stale reference anal-
ysis to detect potentially-stale references, and uses bypass-cache fetch opera-
tions to bypass the cache and obtain up-to-date data from the main memory.

– CCDP : This is the CCDP scheme discussed in this paper.
– HWD : This scheme uses a full-map hardware directory with a three-state

invalidation-based coherence protocol. The directories are distributed across
the nodes and are organized as pointer caches to reduce storage.

The BASE architecture is similar to that of the Cray T3D. Due to the lack of
hardware cache coherence mechanisms on the Cray T3D, the shared data in the
Cray MPP Fortran (CRAFT) programs are not cached. The CBP scheme is a
pure software-controlled cache coherence scheme which can be implemented on
existing large-scale DSM systems without requiring additional cache coherence
hardware. The performance of the CBP scheme will give an indication of the
impact of applying stale reference analysis alone. Finally, the HWD scheme is
a standard hardware directory-based cache coherence scheme. We augment the
HWD scheme with data prefetching, but it does not use the prefetch hardware
of the CCDP scheme. Instead, it prefetches data directly into the data cache.

5.3 Experimental Methodology

First, we automatically parallelize the application codes using the Polaris com-
piler. With the parallelism and data sharing information of the parallelized codes,
we can simulate their execution under the BASE scheme. Next, we use a Polaris
implementation of the stale reference analysis algorithm to automatically detect
the potentially-stale and the non-stale references in these parallelized programs.
For the CBP scheme, the potentially-stale references marked by the compiler are
treated as bypass-cache fetch operations by the simulator.

For the CCDP scheme, we manually add prefetch operations into the pro-
grams, according to the prefetch target analysis and prefetch scheduling algo-
rithms of the scheme. Our aim in this paper is to use hand compilation to quickly
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evaluate the performance of the CCDP scheme without sacrificing accuracy. Af-
ter obtaining the parallel programs with the required cache coherence operations,
we instrument these programs [9] to generate events that model the program ex-
ecution on our target architecture. Finally, we run these instrumented codes
through the EPGsim simulator and generate the performance results.

5.4 Application Codes

We selected two programs from the SPEC CFP95 and three programs from the
SPEC CFP92 benchmark suites. The two applications from the CFP95 suite
are TOMCATV and SWIM. The three programs from the CFP92 suite, namely,
MXM, VPENTA, and CHOLSKY, are part of the NASA7 code. These applica-
tions are all floating-point intensive and they are written in Fortran.

TOMCATV is a highly vectorizable mesh generation program. The main
data structures which it uses are 7 matrices of size 513 × 513. SWIM solves a
system of shallow water equations using finite difference approximations. The
main data structures used in the program are 14 matrices of size 513 × 513.
The MXM application multiplies a 256 × 128 matrix by another 128 × 64 ma-
trix. The VPENTA application inverts three matrix pentadiagonals. The main
data structures used are 7 matrices of size 128× 128. CHOLSKY performs the
Cholesky decomposition on a set of input matrices. The main matrices used in
the program are of size 250× 5× 41 and 4× 250× 41.

5.5 Performance Results

Cache miss ratio The cache misses consist of sharing and nonsharing misses.
A sharing miss occurs when the cached data item has been invalidated. The
other types of usual cache misses such as cold, conflict and capacity misses are
considered as nonsharing misses. The sharing misses can be divided into true
sharing and false sharing misses. True sharing misses arise due to the need
to enforce cache coherence. On the other hand, the false sharing misses are
unnecessary cache misses due to over invalidations.

Figure 3 shows the cache miss ratios of the applications. By using the CBP
scheme, a significant amount of false sharing misses in the BASE scheme are elim-
inated. In absolute terms, the reduction in cache miss ratio ranges from 4.8% in
VPENTA to 19.8% in CHOLSKY. The CCDP scheme further reduces the cache
miss ratios of the applications, ranging from 3.6% in SWIM to 10.2% in TOM-
CATV. This is due to the fact that the CCDP scheme prefetches the potentially-
stale references, which reduces the amount of cache misses. The CCDP scheme
also reduces the amount of false-sharing misses by eliminating some unnecessary
ce-prefetch operations through prefetch target analysis.

Compared to the HWD scheme, the CCDP scheme has lower cache miss
ratios in the SWIM application. This is because of the higher false-sharing effect
in the hardware directory protocol. On the other hand, the CCDP scheme has
higher cache miss ratios compared to the HWD scheme in the other applications.
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Fig. 3. Cache miss ratios of the applications under various coherence schemes.
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Fig. 4. Normalized network traffic of the applications under various coherence
schemes.

This is due to the conservative compiler analyses which lead to higher amount
of false sharing misses.

Network traffic The network traffic is made up of read traffic, write traffic and
coherence traffic. For each application, we normalize the network traffic under
the four cache coherence schemes to that of the BASE scheme. Figure 4 shows
the normalized network traffic of the applications. The read traffic is affected by
the cache miss ratios. Thus, by reducing the cache miss ratios, the CBP, CCDP
and HWD schemes also reduce the read traffic.

The write traffic depends on the cache write policy used. As the BASE, CBP,
and CCDP schemes use the write-through policy, they incur similar amounts of
write traffic. On the other hand, the HWD scheme uses a write-back policy, which
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Fig. 5. Normalized execution times of the applications.

incur a lower amount of write traffic than a write-through policy. In absolute
terms, the CBP scheme reduces the overall network traffic incurred by the BASE
scheme by an amount ranging from 17% in CHOLSKY to 62% in VPENTA. The
CCDP scheme further reduces the network traffic from that of the CBP scheme,
by an amount ranging from 17% in MXM to 30% in TOMCATV.

The coherence traffic in the compiler-directed cache coherence schemes stud-
ied are negligible since they do not require interprocessor communications. On
the other hand, the HWD scheme incurs coherence traffic due to the cache co-
herence transactions specified by the directory protocol. As a result, the overall
network traffic of the HWD scheme is higher than that of the CCDP scheme in
some applications such as TOMCATV and SWIM. The CCDP scheme incurs
higher network traffic than the HWD scheme in the other applications due to
the higher amount of false-sharing misses.

Execution time The simulated execution time is composed of the processor
busy time, the memory access time, and the synchronization time. For each
application, we normalize the execution times under the HWD, CBP and CCDP
schemes to that of the HWD scheme. Figure 5 shows the normalized execution
times of the applications.

Our results show that the CCDP and HWD schemes outperform the CBP
scheme in all of the applications. However, the CCDP and HWD schemes actually
incur a higher processor busy time than the CBP scheme since they perform data
prefetching operations. The CCDP scheme improves upon the performance of the
CBP scheme by reducing the amount of false-sharing misses and network traffic
through prefetching both the potentially-stale and non-stale data references.

The HWD scheme requires cache coherence transactions imposed by the co-
herence protocol. This increases the network traffic, which in turn increases the
latency of memory references, especially in applications with a lot of migratory
sharing patterns. The CCDP scheme can outperform the HWD scheme in such
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applications since coherence-related transactions are carried out locally in each
processor. Furthermore, it prefetches the potentially-stale references in advance,
which hides the latency of accessing these data. In our study, the CCDP scheme
outperforms the HWD scheme in the TOMCATV and SWIM applications.

However, the conservative nature of the stale reference detection algorithm
used by the CCDP scheme might lead to excessive amount of references being
classified as potentially-stale, which in turn increases the amount of ce-prefetch
operations that incur higher expected memory latency. The experiment results
show that the CCDP scheme underperform the HWD scheme in MXM, VPENTA
and CHOLSKY. Overall, the CCDP scheme provides comparable performance
as the HWD scheme for the applications studied.

6 Conclusions

In this paper, we proposed a framework for integrating compiler-directed cache
coherence and data prefetching. The CCDP scheme prefetches the potentially-
stale data references in a parallel program to enforce cache coherence, and
prefetches the non-stale references to hide memory latency. To optimize the
scheme, we designed some inexpensive prefetch hardware to handle the two forms
of data prefetching operations. We also developed the compiler techniques used
for stale reference detection, prefetch target analysis and prefetch scheduling.

Our results from execution-driven simulations show that the CCDP scheme
provides significant performance improvements for the programs studied. The
scheme also provides comparable performance to that of a full-map hardware
directory-based cache coherence scheme. We are in the process of implementing
the prefetch target analysis and prefetch scheduling algorithms using the Polaris
compiler. This will enable us to evaluate the extent of performance improve-
ments achievable by automatically transforming programs for cache coherence
enforcement and memory latency hiding with the CCDP scheme.
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Abstract. In compiling I/O intensive operations, it is important to pay
attention to the operating system features available for enhancing I/O
performance. One such useful feature implemented by several current
operating system is the write-back facility, in which the output data is
cached in main memory buffers and then slowly written to disks. Since
the buffers are of limited size, this feature can be made much more ef-
fective if the compiler can transform very large output operations into a
sequence of smaller operations. In this paper, we present a static analysis
technique through which the compiler can perform such transformations
automatically.

1 Introduction

In recent years, a number of compiler optimizations have been developed for
transforming codes and utilizing the features provided by the architecture and
the operating system. Such optimizations and transformations allow the appli-
cation programmers to achieve good performance without paying attention to
the low level details of underlying system. Examples of such compiler transfor-
mations include a number of cache optimizations, transformations for exploiting
coarse grain and fine-grain parallelism and register allocation techniques.
A significant fraction of codes perform large and frequent I/O operations,

this includes codes that snapshot or checkpoint the progress of computation and
the out-of-core codes in which the primary data structures do not fit in the main
memory. Unlike the parallelism transformations or the cache optimizations, the
transformations performed by the compilers for I/O need to take into account
the operating system features available for I/O operations. An important feature
available in several current operating systems is the write-back facility. The pur-
pose of this feature is to cache the data output in main memory buffers (called
the write-back buffers) and allows the computation to proceed without waiting
for all data to be written in disks. Since copying data to write-back buffers is sig-
nificantly cheaper than writing to disks, the write operation can be completed
in a smaller amount of time. The output data can be copied from write-back
buffers to disk while the computation is in progress. So, the write-back facility
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effectively allows for overlap of disk operations with the computations in the
program, without explicitly using the asynchronous or non-blocking operations.

Clearly, this facility can only be effective for certain maximum output size
only. Some operating systems have a fixed maximum limit for the write-back
buffers. Such limit on the size of the buffers is inadequate for improving the per-
formance of real applications that snapshot or checkpoint data or for applications
that are out-of-core.

In such codes, the effectiveness of the write-back facility can be significantly
enhanced if a single write operation is replaced by a number of smaller operations
such that 1) the size of each output does not exceed the size of write-back buffers
and 2) there is substantial computation between each such operation. In this
paper, we present an automatic compiler transformation technique, which can
analyze the source code and replace large output operations with a number of
smaller output operations, all of which can effectively use write-back buffers.

The rest of the paper is organized as follows. In Section 2, we formulate the
problem we are addressing. Relevant compiler terms and techniques are reviewed
in Section 3. Analysis and transformation technique is presented in Section 4.
We conclude in Section 5.

2 Granularity Transformations

In this section, we introduce the problem of granularity transformations for uti-
lizing the write-back facility. The compiler analysis for performing such trans-
formations is presented in the next section.

2.1 Example Transformation

C Original Code
Double Precision A(2000000)
do i = 1, 2000000

A(i) = ....
enddo
Output A(1:2000000)

C Transformed Code
Double Precision A(2000000)
do i1 = 1, 4
do i2 = 1,500000
A((i1-1)*500000 + i2) = ....

enddo
Output A((i1-1)*500000 +1:

i1*500000 )

enddo

Fig. 1. Example of Granularity Transformation
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To illustrate the kind of transformation we are interested in, consider the
code given in Figure 1. This is a very simple template which shows snapshoting
of the progress of computation. In a computational loop, the array A is modified,
then the entire array is output. The array A requires 16MB of storage space,
and let us assume that the maximum write-back buffer available is 4MB. The
code as presented on the left side of Figure 1 cannot use the write-back facility
effectively since only a small fraction of the data output can fit in the write-
back buffers. However, this code can be easily transformed to make effective
use of write-back buffers, as is shown the right side of the figure. Instead of a
single output operation, four output operations are performed, and each output
operation fits in the write-back buffer. If significant computation is performed
between each of these write operations, it is likely that data in the write-back
buffer can be written on disks before next output operation is performed.
Though system software issues for I/O intensive applications have been ad-

dressed by several research groups [8,7,6,4,5,1], we are not aware of any previous
work in performing such compiler transformation.
Obviously, the transformation shown in the Figure 1 is very simple and does

not require much analysis. However, any realistic code that performs snapshot-
ing, checkpointing or out-of-core operations is likely to have much more complex
flow of control. In particular, the following features may make the transformation
challenging for the compiler:

– The sections of the array(s) output may be modified at several different
loop-nests in the program.

– The flow of control may be fairly complex between the point(s) where the
array is modified to the point where it is output.

– The array output may be multi-dimensional, and the loops in which it is
modified may not be perfectly nested.

– The induction variables in these loops may not be trivial to identify, and the
subscripts for accessing the arrays elements may be complex functions of the
induction variables.

Consider the example given in Figure 2. This code shows some of the diffi-
culties in the analysis mentioned above.

2.2 Problem Definition

Consider the original program written by the application programmer, which
has a large write operation. For simplicity, we assume that a rectilinear section
of a single array is written in this operation. Our analysis can be easily extended
to the cases when several different arrays are output at the same point in the
program.
Let the array section output be A(l1 : h1, . . . , lm : hm), i.e. the array A is a

m-dimensional array, and the section of the array output has a lower bound of
li and an upper bound of hi along the i

th dimension. We do not consider the
possibility that the array section has non-unit strides, since such sections involve
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Double Precision A(2000,2000)
if foo then
do i = 1, 1000
j = 2*i
l = 1
do k = 1, 2000
A(j,l) = ...
l = l + 1

enddo
enddo

else
...

endif
Output A(1:2000,1:2000)

Fig. 2. An Example Code

very high seek time. Our goal is to replace this operation with smaller output
operations such that the data output in any of them can fit in the write-back
cache. For the analysis presented here, we assume that the size of the write-back
cache is known to the compiler. This is true for several operating systems, and
for others, this information can be extracted from profiling.
For presenting our analysis, we initially make the following assumptions

about the system. We do not expect these assumption to all reasonable for
real systems, however, they ease in formulating the problem and presenting our
technique. After presenting our analysis, we discuss how it can be modified if
these assumptions are not true.

– We assume that the order in which array elements are output is not im-
portant for correctness, i.e., each element can be written to the appropriate
location in the output file.

– We assume that no additional overheads are incurred if the total number of
write operations is increased.

– We assume that no additional disk seek time is introduced by changing the
order of output of array elements.

3 Background

Before presenting our transformation algorithm, we briefly review relevant com-
piler terms and techniques.

3.1 Interval and Interval Partitioning

Consider the CFG representation of a single procedure. The nodes in the CFG
can be partitioned into disjoint sets, called intervals, where each interval has a
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Fig. 3. CFG and Interval Graph for the Example Code

unique header node. The property of the header node is that it dominates all the
nodes in the interval, i.e. there is no path in the CFG from the entry node to a
node in the interval that does not pass through the header node of this interval.
Formally, given a CFG G with an entry node n0, the interval with header n is
denoted by I(n) and is defined as smallest set of nodes such that:

– n is in I(n)
– If all of the predecessors of some node m 6= n0 are in I(n), then m is in I(n).

The interval partition is computed by first determining I(n0) and then com-
puting I(n) for any node whose predecessor is already in an interval, but n
cannot be added to that interval [2].
Next, using the interval partitioning, we construct the interval graph, I(G),

as follows:

– The nodes of I(G) correspond to the intervals in the interval partition of G.
– The initial node of I(G) is the interval of G that contains the initial node of
G.

– There is an edge from an interval I to a different interval J if and only if
there is an edge from some node in I to the header of J .

Consider again the CFG given in Figure 3. The 8 basic blocks in this CFG
can be partitioned into 4 intervals. The intervals are: (1, 2, 7), (3), (4, 5, 6) and
(8). The interval graph is shown on the right hand side in the same Figure.
We can repeat the algorithm for computing intervals on the graph I(G),

and thus obtain a sequence (G0, G1, . . . , Gm) such that G = G0, Gi+1 = I(Gi),
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Fig. 4. FUD Graph for the Loop in Example Code

Gm−1 6= Gm and I(Gm) = Gm. Such a sequence is referred to as the derived
sequence for G, Gi is called the derived graph of order i, and Gm is the limit flow
graph of G. If Gm is a single node with no edges, then, G is called a reducible
graph. Intuitively, a graph is not reducible only if contains jumps inside loops.
CFGs for almost all real codes are reducible.

For the interval graph shown in Figure 3, the next derived graph has three
nodes: ((1, 2, 7)), ((3), (4, 5, 6)) and ((8)).

Consider a node n1 in the original CFG such that n1 is an interval header
in the interval partition of G0, n2 = I(n1) is an interval header in the interval
partition of G1, and similarly, ni = I(ni−1) is an interval header in the inter-
val partition of Gi−1. Moreover, I(ni) is not an interval header in the interval
partition of Gi. If G is a reducible graph, we refer to the node ni as heading a
loop-nest of depth i. All nodes of the CFG G that belong to the interval I(ni)
are referred to as nodes in loop-nest headed by ni.

Having determined the interval partitioning, the edges in the CFG can be
classified into three categories [2]:

– The edges that branch from nodes in I(n) to n are called the latches of I(n).

– The edges that branch from nodes in I(n) to nodes outside the interval are
called the exit edges of I(n).

– All other edges are called forward edges, within the interval their source and
sink lies.
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3.2 FUD Graph

Next, we define a structure called the Factored-Use-Def (FUD) graph [9]. Con-
sider any use of a variable v in a statement s in a program. There can be multiple
statements in the program where the value of v used here could have been de-
fined. The set of such statements is called the set of reaching definitions for the
use of variable v, in the statement s. A use-def graph for a program is a graph
in which each use of a variable has links to all its reaching definitions.
FUD graph is a use-def graph with two important properties:

– Each use of a variable has a unique reaching definition
– Special merge operators called φ-nodes are added at the control-flow merge
points whenever there are multiple reaching definitions

We do not present the algorithms for constructing such chains, they are
well documented in the compiler literature [9]. The FUD graph for the loop in
Figure 2 is shown in Figure 4.

3.3 Identifying Induction Variables

An important application of FUD graphs is in identifying linear induction vari-
ables for a loop nest. By a linear induction variable, we mean a scalar variable
assigned in a loop whose value in the next iteration of the loop is the value in
the current iteration plus a constant. We briefly explain the standard algorithm
for finding linear induction variables here, the formal details are available else-
where [9]. The main observation in recognizing a linear induction variable for a
loop is there is a φ node for the definitions of this variable at the beginning of
this loop that signifies merge of the value at the start of the loop and the new
value assigned inside loop. There must not be any other φ nodes, implying that
no definition of this variables is enclosed within a conditional inside the loop.
The definition inside the loop must be a constant increment to the value in the
previous iteration. The main steps are:

– Identify cycles or Strongly Connected Components (SCC) within the FUD
graph for the loop-nest.

– Check if the cycle has only one φ node at the beginning of the loop.
– Check if the arithmetic operations performed on the variable defined in the
cycle are only additions of constant values.

The above steps will identify the linear induction variables, if there
exists one.
We can also identify the initial values, the step and the number of iterations of

loops associated with each of these induction variables. This is done by starting
from the inner most loop and proceeding outwards. The initial value can be
determined by looking at the φ node, and the edge incident to the φ node from
the code outside this loop. If it is a countable loop, i.e., the number of iterations of
the loop can be determined at compile time, then it must have a single loop exit
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test that compares two linear induction variables or a linear induction variable
and a constant. The number of iterations can then be calculated by determining
the lowest value of the linear induction variable that satisfies the test, subtracting
the value with the initial value and dividing by the step.

4 Transformation Technique

There are two main steps in our transformation technique. First, we perform data
flow analysis on the control flow graph (CFG) to determine the outer-most loop
(interval) where the operation is anticipable. Then, we build a representation
called Factored Use-Def (FUD) graph within this interval, identify induction
variables, analyze the array subscripts and determine how the operation can be
split into smaller operations.

4.1 Data Flow Analysis

We use the classical compiler technique of data flow analysis [2] to identify the
loop-nest(s) in which the array output is modified.
We use the notion of anticipability to determine the outer-most loop on whose

exit the output operation can be correctly and safely placed. An operation is
anticipable at a point p in the graph if it occurs on all the paths in the CFG
leading from p and there is no modification of the operands between p and the
point of original occurrence. Thus, if the operation is placed at p instead of the
original position, the result of the operation will be the same, and no path that
did not have the operation previously will have the operation.
We compute the anticipability of the output operation at the beginning and

end of each basic block in G. We denote the anticipability of the operation at
the beginning of a basic block b by ANTICIN(b) and the anticipability at the
end of a basic block b by ANTICOUT(b).

Computing Anticipability Consider the basic block bi in which the operation
output A(l1 : h1, . . . , lm : hm) is initially placed. If the array A is not modified
from the start of the basic block to the occurrence of the operation, then we can
initialize ANTICIN(bi) to be array section (l1 : h1, . . . , lm : hm). For any basic
block b, the anticipability at the end of the basic block is given as:

ANTICOUT(b) =
⋂

s∈ succ(b)

ANTICIN(s)

Here, succ(b) is the set of successors of the node b in the CFG. The above
equation simply states that the rectilinear array section anticipable at the end of
a basic block is the intersection of the rectilinear array sections anticipable at the
beginning of all the successor basic blocks. Anticipability at the beginning of the
basic block where the operation is initially placed has already been determined
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and is not modified during the data flow process. For other basic blocks, the
following equation is used.

ANTICIN(b) = MODb(ANTICOUT(b))

Here, MODb is a function that summarizes the mod information.
MODb(ANTICOUT(b)) returns the largest rectilinear section that is unmodified
at the beginning of the basic block b. Determining which array elements are
modified is simple when the array subscript is a constant, e.g., A(5, 6). When
the subscripts are not constants, but possibly functions of induction variables,
we use conservative estimates. For example, if the array element modified is
A(i, 6), we assume that the entire sixth column of the array has been modified.
We can further improve the accuracy of this when the induction variables and
their bounds have been identified.

Earliest Placement of the Entire Operation If we were just interested in
performing earliest possible output of all the elements in the array section such
that output values do not change, we can determine such a placement using the
above anticipability values. Let PLACE(b) refer to placement inside the basic
block b, and let PLACE(b, c) refer to placement between the basic blocks b and
c, by inserting a new basic block between the two nodes. Using the anticipability
values, we can compute the PLACE terms.

PLACE(b) = ANTICIN(b) − ANTICOUT(b)

If some elements are anticipable at the end of the basic block b but not at
the beginning of the basic block, this means that these elements are modified
inside this basic block and their earlier possible placement will be within this
basic block.
Next, consider two basic blocks b and c such that c ∈ succ(b).

PLACE(b, c) = ANTICOUT(b) − ANTICIN(c)

If a set of elements is anticipable at the beginning of a basic block c but is
not anticipable at the end of the basic block b, where b is a predecessor of c, then
the earlier possible placement can be done by creating a new basic block along
the edge from b to c.

Our final goal is not to do the placement as per the equations presented
earlier, but look for opportunities for placing output of a smaller set of elements.
Consider the PLACE terms as determined by the equations above. We classify
the placement into three categories, as also illustrated in Figure 5.

– PLACE(b), which implies that certain elements of the array output are mod-
ified in the basic block b, and therefore, the output of these elements cannot
be placed any earlier.
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Output(A)

A() = ..   

Case I 

Output(A)Output(A)

A() = ..   

Case II Case III

Fig. 5. Three Cases in Placement

– PLACE(b, c), where (b, c) is an exit edge from the interval containing b,
and the only other edge from b is a latch (b, d) such that the output is not
anticipable at d.

– PLACE(b, c) in all other cases.

The second case above is the most interesting for us, and we discuss the
detailed analysis in the next subsection. The edge (b, c) is an exit edge from
an interval, which means that b is the exit node within a loop. c is a basic
block after the loop and d is the loop header. We know that the operation
is anticipable at the beginning of c, but not at the beginning of d. Since the
operation is anticipable at the end of an interval, i.e. at the end of a loop, but
not at the beginning of the loop, it is likely that the elements of the array output
are modified inside this interval in the CFG. Typically, in any code that does
snapshoting, checkpointing or out of core computations, we expect that a single
loop nest will be modifying all the elements of the array that are output later.
By analyzing within this loop-nest, we can insert smaller output operations. We
expect that there is sufficient computation within this loop-nest, to ensure that
the data written in the write-back buffers can be written to disks before the next
operation.

We briefly discuss how the first and third cases can be handled. If output
of certain array elements is anticipable at the end of a basic block, but is not
anticipable at the beginning of the same basic block, then these array elements
cannot be output any earlier than this basic block. So, the easiest solution is
to place the output operation within the basic block, just after the instructions
where the elements are modified.

Consider the third case. We have an edges in CFG (b, c) and (b, d) such
that the operation is anticipable at the beginning of c but not at the beginning
of d. Also, b and d do not belong to the same interval. This case represents
the situation that the original occurrence of the operation was enclosed by a
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conditional and there, the operation cannot be moved before the basic block c.
So, the operation needs to be placed between the basic blocks b and c.

4.2 Interval Analysis

Consider the second of the three cases mentioned above. Before we can perform
further analysis on this interval, we need to make sure that the operation is
indeed anticipable at all the exit points of the interval. Recall that an interval
has a single entry point, but may have several exit points. We have an exit edge
(b, c) such that the operation is anticipable at the beginning of c, the node d is
the interval header, and there is a latch (b, d). We examine all the nodes in the
interval I(d), and identify all the exit edges, i.e. the edges (e, f), where e ∈ I(d)
and f /∈ I(d). For all such nodes f , we check if the operation is anticipable at
the beginning.
If the above condition is true, we proceed to analyze the interval I(d). Oth-

erwise, the operation needs to placed between the nodes b and c. Note that
multiple exits edges from an interval occur when there is a goto from within
the interval to a point outside the interval. In our case, the operation will not
be anticipable at all the exits of the interval when this goto leads to a point in
the CFG beyond the point of original occurrence of the operation. We believe
that such a possibility is not likely for any real code, and therefore, the above
restriction does not make our analysis ineffective.
Our further analysis is restricted to analyzing only the loop-nest headed by

I(d). We had defined the notion of loop-nest headed by a node in the CFG earlier
in this section and the nodes that are included in this loop-nest. Our analysis is
based upon the assumption that the CFG is a reducible graph.

4.3 Array Subscript Analysis

Consider a statement s in which the array A is modified. We want to determine
the induction variable for each loop, that surrounds the statement s and is within
the interval at whose exit the operation was anticipable. For these loops, we will
also like to determine the initial value and the step of the induction variable.
After we have identified the induction variables in this loop nest, we then relate
the array subscripts to the induction variables. Our analysis can be most effective
only if the following conditions are met:

– The subscripts for accessing the array A are linear functions of the induction
variables, i.e. they are of the form a+bi, where a and b are constants or loop
invariants, and i is one of the induction variables. Note that a or b can be
zero also.

– All the induction variables involved are linear induction variables, i.e., they
can be defined completely in terms of the initial value (the value during the
first iteration of the loop) and its step. The step must be a constant.

– All the loops must be countable, i.e., the number of times the loop iterates
must not depend upon any value computed in the loop.
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For determining the induction variables and their bounds, we construct
Factored-Use-Def (FUD) graph within this loop-nest [9]. We gave the defini-
tion of the FUD graphs in the previous section. Using the FUD graph, we can
determine the induction variables, the initial values of the induction variables
and the loop trip counts, as explained in the previous section.

We next relate the array subscripts to the linear induction variables. We
classify each subscript in one of the following categories:

– A linear function of a linear induction variable.

– A loop invariant value, i.e. the subscript remains the same during all the
iterations within the loop.

– Anything else, which is denoted as a complex. This includes possibilities that
the subscript depends upon multiple induction variables, or is a higher-order
function of the induction variables.

We start analyzing the FUD graph from the nodes for each of the subscripts.
We follow the successors in the FUD graph, and perform the following actions
on a successor s:

– If s is a φ node, then we declare the subscript to be complex.

– If s is a node outside the loop-nest, we declare the subscript to be loop-
invariant.

– If s is a node for one of the induction variables, say i, we declare the subscript
to be dependent upon the induction variable i.

– For anything else, we continue the same process with all the successors of s.

If we have declared a subscript to be dependent upon a linear induction
variable, we need to make sure that the subscript is a linear function of the
linear induction variable. Let s be the node where induction variable is defined,
and let t be the node for the array subscript. We trace the path in the FUD
graph from t to s. Note that this path cannot have any φ nodes. Consider any
node in this path that denotes an arithmetic operation. We can check that this
is only an addition or a multiplication operations. Let the successors of this node
be p and q and let p be on the path from t to s. Then, for the subscript to be a
linear function of the induction variable, q must be a constant or loop invariant.
By analyzing all such nodes along the path from t to s, we can determine the
relationship between the array subscripts and the loop variable (say i) and can
compute the loop invariants a and b such that the subscript is a+ bi.

We had earlier determined the initial value and the final value of the induction
variables. Let the initial value the final value of the induction variable i be c and
d respectively. Along this dimension, the array elements touched range from
(a+ bc) to (a+ bd). If the range of the array section output along this dimension
was li : hi, then the range of elements that must be output at the end of the
current statement is max(li, a + bc) : min(hi, a + bd). We can compute this
information for the subscripts along all the array dimensions here.
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4.4 Code Generation

For the given statement, we have computed the section of A that is modified
here. We know the size of the write-back buffer, so we can determine the number
of elements of the array that can fit in this buffer. Let this number be n. We
want to place an output of n array elements. Knowing the range of the array
elements touched along each dimension, we can compute the iterations in which
a section of n elements has been touched since the last output.
Consider the example code in Figure 2. If we know that the size of the write-

back buffer is 4MB and each double precision number takes 8 bytes, then we
need to place an output as soon as an array section with 500K elements has
been touched. We can easily see that this will occur when the value of l is 2000
and the value of j is a multiple of 250. In Figure 6, we have shown the resulting
code on the left-hand-side. This code can make much more effective use of the
buffers. However, this code also incurs the cost of evaluating conditionals in each
iteration.
In most of the codes, the cost of evaluating this conditional can be easily re-

moved. We can choose the iterations of the outer-most loop on whose completion
the output must be placed. For example, we can see that the output is placed at
the end of the iterations where the value of j is a multiple of 250. We have earlier
computed the relationship between the subscript j and the induction variable
i. So, we can determine that we need to perform the output at the end of the
iterations of the outer-loop, when the value of i is a multiple of 125.
If this outer-most loop is an explicit loop, i.e. it is not formed with goto

statements, then we can replace the outer-most loop, with two loops such that
we perform the output at the end of the each iteration of the outer loop. The
code for the example is shown in the right-hand-side of the Figure 6. This loop
does not involve any additional costs of evaluating conditionals.

4.5 Discussion

We now discuss how the assumptions stated earlier while defining the problem
can be relaxed. First, we state how our analysis can possibly deteriorate the
performance of the code for realistic systems.

– An unnecessarily large number of operations may be placed. While these
operations may each utilize the write-back buffers well, the overall cost may
be high because of the latency of initiating each operation.

– The smaller operations placed may each be touching non-continuous loca-
tions in the disks, and thus the overall seek time may be very high.

Our analysis can be modified or combined with other techniques to avoid
the above problems. The first situation arises because of the first placement
category, i.e. PLACE(b) may be true for several basic blocks, and a small number
of elements may only be output at each of these basic blocks. Consider any
such basic block b. Instead of just placing the set of elements in PLACE(b), we
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Double Precision A(2000,2000)
if foo then
do i = 1, 1000
j = 2*i
l = 1
do k = 1, 2000
A(j,l) = ...
if (j .mod. 250 .eq. 0) .and. (l .eq. 2000)
Output A(j-249:j,1:2000)

l = l + 1
enddo
enddo
else
...
Output A(1:2000,1:2000)

endif

Double Precision A(2000,2000)
if foo then
do i1 = 1, 1000, 125
do i2 = i1, i1 + 124
j = 2*i2
l = 1
do k = 1, 2000
A(j,l) = ...
l = l + 1
enddo
enddo
Output A(j-249:j,1:2000)

enddo
else
...
Output A(1:2000,1:2000)

endif

Fig. 6. The example code with granularity transformations: with conditionals
on the left and without conditionals on the right

can output a larger set of elements such that the output is of the size of the
write-back buffer. These elements must belong to the set ANTICOUT(b). Also,
ANTICIN(b) must be modified to not include any element that is output in this
basic block.
The second problem, i.e., larger seek overhead, arises from placement within

the interval. Suppose the layout of a two dimensional array is row major, i.e.
the elements A(i, j) and A(i, j + 1) are adjacent elements in the memory or the
disks. If the loop iterating over j is the outer loop, and the loop iterating over i
is the inner loop, then the placement done by our technique will result in higher
seek times, as compared to the original operation. The problem can be addressed
by doing a loop-interchange on the loop-nest where the array A is modified, so
that loop iterating over i becomes the outer loop and the loop iterating over j
becomes the inner loop. The techniques for such loop transformations are well
documented in the compiler literature [3,9], and we do not discuss them here.

5 Conclusions

In this paper, we have considered the problem of splitting a large output op-
eration into a sequence of smaller operations, to be able to better utilize the
write-back buffers. We have presented a general algorithm, which comprises of
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two major phases. In the first phase, data flow analysis is used to identify the
inner-most interval in which the output arrays are modified. In the second phase,
we build FUD graph within this interval to identify induction variables within
this loop nest, relate the array subscripts to the induction variables, and then
transform the code to have smaller granularity outputs.
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Abstract. Stampede is a programming system for emerging scalable
applications on clusters. The goal is to simplify the programming of ap-
plications that are interactive (often using vision and speech), that have
highly dynamic computation structures, and that must run on platforms
consisting of a mix of front-end machines and high-performance back-
end servers with a variety of processors and interconnects. We approach
this goal by retaining, as far as possible, the well-known POSIX threads
model currently in use on SMPs.
Stampede offers cluster-wide threads with optional loose temporal syn-
chrony, and consistently-cached distributed shared objects. A higher-
level sharing/ communication mechanism called Space-Time Memory,
with automatic garbage collection, is particularly suited to the complex
buffer management that arises in real-time analysis hierarchies based on
video and audio input. In this paper, we describe an example of our tar-
get class of applications, and describe features of Stampede that support
cluster-based implementations of such applications.

1 Introduction

There is an emerging class of applications that are computationally very de-
manding, but which have many features different from the scientific/ engineer-
ing applications that have traditionally driven research in parallel processing.
An example of this class is a future “Smart Kiosk” for public spaces [3, 11, 14].
It is computationally demanding because it employs sophisticated vision, speech
and learning algorithms to track people in front of the kiosk, to recognize them,
to gauge facial expressions, gaze and gestures, and to understand their queries.
The kiosk’s responses may involve sophisticated 3-d graphics, animation and
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synthesized speech. Being interactive, it must perform these recognition tasks
and generate and render responses at sufficient speed to hold up a convincing
“conversation”. The structure and demands of the computation are dynamic,
depending on the current state of the interaction, if any. Such applications are
often based on codes originally written in C. If they have been parallelized, it is
often for an explicitly parallel SMP model such as POSIX threads.

The computing platform for a kiosk, or for multiple kiosks scattered through-
out an airport or railway station, can be quite heterogeneous. The kiosks may
contain front-end computers for low-level vision, speech and rendering tasks,
while sharing one or more back-end servers for additional compute power, for
database access, for high-speed Internet access, for maintenance, etc. These com-
puters may have different processor architectures and operating systems, differ-
ent numbers of processors, and interconnection networks of uneven capability.

There is a significant programming difficulty for this application and platform
scenario. The dynamic structure and complex sharing patterns of the applica-
tion by themselves make it difficult to use the message-passing programming
model (such as MPI). The dynamic application structure, together with the het-
erogeneity of the platform makes it infeasible to use a flat/ transparent shared
memory programming model.

Stampede is our solution to this programming problem. We refer to the het-
erogeneous platforms described above as “clusters”. Stampede offers cluster-
wide threads with optional loose temporal synchrony, and consistently-cached
distributed shared objects. A higher-level sharing/ communication mechanism
called Space-Time Memory, with automatic garbage collection, is particularly
suited to the complex buffer management that arises in interactive applications
with analysis hierarchies based on video and audio input [12]. One of our general
design philosophies is to retain, as far as possible, the traditional POSIX threads
paradigm for parallel processing on a single SMP.

In this paper, we describe the Smart Kiosk application in more detail, we
describe the features of Stampede that make it suitable for such applications on
heterogeneous platforms, and conclude with a description of the current status
and plans (we have built a prototype and have begun to run the vision component
of the Smart Kiosk on it).

2 The Smart Kiosk: An Example Target Application

The goal of Cambridge Research Laboratory’s (CRL’s) Smart Kiosk project [3]
is to develop a kiosk for public spaces– such as a store, museum, or airport– that
interacts with people in a natural, intuitive fashion. A Smart Kiosk may contain
a variety of input and output devices: video cameras, microphones, loudspeakers,
touch screens, infrared and ultrasonic sensors, etc. Two or more cameras may be
used to produce stereo images of the scene before the kiosk. Microphone arrays
accept stereo speech input from customers. Computer vision techniques are used
to track, identify and recognize one or more customers in the scene. The kiosk
may initiate and conduct conversations with customers. Recognition of customer
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gestures and speech may be used for customer input. Synthetic emotive speaking
faces and sophisticated graphics, in addition to Web-based information displays,
may be used for the kiosk’s responses.

We believe that the Smart Kiosk has features that are typical of many emerg-
ing scalable applications, including robots, smart vehicles, and interactive an-
imation. These applications all have advanced input/ output modes (such as
computer vision), very computationally demanding components with dynamic
structure, and real-time constraints because they interact with the real world.

Figure 1 shows the software architecture of a Smart Kiosk. The input anal-
ysis hierarchy attempts to understand the environment immediately in front of
the kiosk. At the lowest level, sensors provide regularly-paced streams of data,
such as images at 30 frames per second from a camera. In the quiescent state,
a blob tracker does simple repetitive image-differencing to detect activity in the
field of view. When such an activity is detected, a color tracker can be initiated
that checks the color histogram of the interesting region of the image, to refine
the hypothesis that an interesting object (i.e., a human) is in view. If successful,
this in turn can invoke higher-level analyzers to detect faces, human (articu-
lated) bodies, etc. Still higher-level analyzers look for gaze, gestures, and so on.
Similar hierarchies can exist for audio and other input modalities, and these
heirarchies can merge as multiple modalities are combined to further refine the
understanding of the environment.
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Fig. 1. Software architecture of the Smart Kiosk

The parallel structure of this application is highly dynamic. The environment
in front of the kiosk (number of customers, and their relative position) and the
state of its conversation with the customers affect which threads are running,
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their relative computational demands, and their relative priorities (e.g., threads
that are currently part of a conversation with a customer are more important
than threads searching the background for more customers).

A major problem in implementing this application is “buffer management”.
Even though the lowest levels of the analysis hierarchy produce regular streams
of data items, four things contribute to complexity in buffer management as we
move up to higher levels:

– The datasets become temporally sparser and sparser, because they corre-
spond to higher- and higher-level hypotheses of interesting events. For ex-
ample, the lowest-level event may be: “a new camera frame has been cap-
tured”, whereas a higher-level event may be: “John has just pointed at the
bottom-left of the screen”. Nevertheless, we need to keep track of the “time
of the hypothesis” because of the interactive nature of the application.

– Threads may not access their input datasets in a strict stream-like man-
ner. In the interests of conducting a convincing real-time conversation with
a human a thread may prefer to receive the “latest” input item available,
skipping earlier items. The conversation may even result in cancelling activ-
ities initiated earlier, so that they no longer need their input data items.

– Datasets from different sources need to be combined, correlating them tem-
porally. For example, stereo vision combines data from two or more cameras,
and stereo audio combines data from two or more microphones. Higher-level
hypotheses may be generated multi-modally, i.e., by combining vision, audio,
gestures and touch-screen inputs.

– Newly created threads may have to re-analyze earlier data. For example,
when a thread hypothesizes human presence, this may create a new thread
that runs a more sophisticated articulated-body or face-recognition algo-
rithm on the region of interest, beginning again with the original camera
images that led to this hypothesis.

These algorithmic features bring up two requirements. First, data items must be
meaningfully associated with time and, second, there must be some discipline of
time, in order to allow reclamation of storage for data items (garbage collection).

Even a single kiosk is computationally demanding (vision, speech, graphics)
and scalable (tracking multiple customers and conducting multiple conversa-
tions); in addition, multiple kiosks may be installed in a facility, sharing back-
end servers for additional compute power, models (color histograms, face models,
articulated body models, ...), databases, high-speed Internet access, etc..

The design of Stampede is aimed at making it easier to program such ap-
plications on such platforms. An equally important goal is portability, to allow
flexibility in the choice of in-kiosk computers, back-end servers, and their inter-
connection networks.

3 Overview of Stampede

Figure 2 shows an overview of the Stampede programming model. The control
model includes an unlimited number of dynamically created threads running in
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an unlimited number of dynamically created Address Spaces. Stampede’s threads
are an extension of POSIX threads for multiple address spaces.

Space-
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Low-level distributed
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Distributed
Shared Objects
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Fig. 2. Overview of the Stampede cluster programming system

All threads within an address space can share data using ordinary shared
memory (for example, C global static data, malloc’d data, etc.). Threads across
all address spaces can share data using consistently-cached Distributed Shared
Objects (DSO), described in Section 6. DSO is similar to the Midway shared
memory system [2], but with an object-based programming interface (instead of
memory-based).

Threads across all address spaces can also share/ communicate data using
higher-level distributed data structures, the most novel of which is Space-Time
Memory (STM), described in Section 5. STM is particularly useful for managing
temporally indexed collections of data, as found in the analysis hierarchies of the
Smart Kiosk. The figure also illustrates that STM and the other higher-level data
structures can be implemented using DSO, or directly using lower-level “raw”
communication mechanisms.

Stampede is currently based entirely on C library calls, i.e., it is implemented
as a run-time system, with calls from standard C. Many aspects of the calls
could be simplified, prettified, hidden completely, or made more robust (with
type-checking), by designing language extensions or a new language. Our initial
interest is in proving the concepts and quickly bringing up the Smart Kiosk
application, whose existing components are written in C. We have some ideas for
high-level descriptions of dynamic thread and communication structures (such
as those in Fig. 1) from which we can automatically compile the actual thread
creation and Space-Time Memory calls.
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4 Address Spaces and Threads

We chose to make multiple Address Spaces (AS’s) visible to the application
programmer because we believe that, for our target environment, it is infeasible
realistically to provide the illusion of a single, shared address space. In the Smart
Kiosk, for example, the application may be split between a front-end machine on
the kiosk and one or more back-end servers located in a machine room, and these
machines may have different processors and operating systems. In addition, the
Smart Kiosk application contains a mixture of components, some written in C
and some written in Tcl/Tk. The latter components are not thread-safe, and need
to be jacketed in their own address space if we are to avoid a major porting job.

The number of Address Spaces has no direct relation to the number of phys-
ical machines or processors in the system. An Address Space must be contained
completely within a single machine (which may be an SMP), and there can be
more than one Address Space on a machine. An Address Space stays on the ma-
chine on which it is created– it cannot migrate. Address spaces may be created
dynamically, although we expect this to be very infrequent (only for dynamically
created thread-unsafe computations).

Stampede threads are based on the POSIX “pthreads” model [6]. A program’s
execution begins with a single thread at an application-supplied routine named
spd app main(argc,argv). Through recursive thread creation, an application
can create an arbitrary number of threads. A Stampede thread always runs
entirely within an address space, and does not migrate, once created. Because
we are supporting arbitrary C code and libraries, which can involve pointers into
the stack, OS-provided handles, etc., migration would be extremely difficult and
expensive (if not impossible).

The spd thread create() call in Stampede extends the POSIX call
pthread create() with a few extra parameters. One of them is an integer that
specifies which address space the child thread should run in. This number can be
in the range 0 to (spd num ASs-1), where spd num ASs is a Stampede-provided
variable equal to the current number of address spaces. Alternatively, a special
wild-card argument allows the Stampede run-time system to choose one of the
existing address spaces for this thread; this choice may depend, for example, on
the current loads on the participating machines. The semantics of thread cre-
ation are the same as in POSIX: the parent thread blocks on the creation call
until the child thread has been created and is ready to run, no matter which
address space it occupies.

Stampede’s argument-passing convention during thread creation differs from
the POSIX model, because the parent and child threads may be on different
address spaces. POSIX thread creation passes only a “one word” argument (co-
erced to the (void *) type) from the parent thread to the root function of the
child thread. Larger arguments are passed by reference, by passing a pointer to
the real argument in this one word argument. This is adequate in POSIX since
threads occupy a single address space. We have found that a simple extension
subsumes the POSIX system, with very little intellectual or performance over-
head. Stampede thread creation takes an additional integer arg size parameter.
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When arg size is zero, the usual (void *) parameter is passed exactly as in
POSIX. When arg size > 0, the (void *) parameter is interpreted as a pointer
to arg size bytes. These bytes are copied to the destination address space, and
the child receives a (void *) pointer to this copy. For uniformity, this copy is
performed even if the child and parent are on the same address space (so, the
child never has to synchronize with the parent to access the copy).

The thread-creation call returns a Stampede thread identifier that is unique
across all address spaces in the application. Thread identifiers may be used for
thread control and synchronization. For example, if a thread A must wait for
another thread B to complete, whether or not they are on the same address
space, it can call Stampede’s analog to POSIX’s pthread join(), supplying the
Stampede thread identifier for B.

In summary, in order to simplify porting of existing applications to Stampede,
we have sought to retain the POSIX threads model as far as possible, making
only the minimal changes necessary in order to extend it to multiple address
spaces.

5 Space-Time Memory

Perhaps the most novel aspect of Stampede is Space-Time Memory (STM),
a distributed data structure that addresses the complex “buffer management”
problem that arises in managing temporally indexed data items as in the Smart
Kiosk application. To recap the description in Section 2, there are four compli-
cating features: streams become temporally sparser as we move up the analysis
hierarchy; threads may not access items in strict stream order; threads may
combine streams using temporal correlation, and the hierarchy itself is dynamic,
involving newly created threads that may re-examine earlier data.

Traditional data structures such as streams, queues and lists are not suffi-
ciently expressive to handle these features. In addition to the issue of associating
data items with time, these features also make garbage collection a challenging
problem.

Stampede’s Space-Time Memory (STM) is our solution to this problem. The
key construct in STM is the channel , which is a location-transparent collection
of objects indexed by time. The API has operations dynamically to create a
channel, and for a thread to attach and detach a channel. Each attachment is
known as a connection, and a thread may have multiple connections to the same
channel. Figure 3 shows an overview of how channels are used. A thread can put
a data item into a channel via a given output connection using the call:

spd_channel_put_item (o_conn, timestamp, buf_p, buf_siz, ...)

The item is described by the pointer buf p and its buf size in bytes. A channel
cannot have more than one item with the same timestamp, but there is no con-
straint that items be put into the channel in increasing or contiguous timestamp
order. Indeed, to increase throughput, a module may contain replicated threads
that pull items from a common input channel, process them, and put items into
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STM
channel

put (conn, ts, item, size) item, size  := get (conn, ts)

consume (conn, ts)

thread

thread thread

thread

conn = "connection" (API: attach/ detach/ ...)

ts = "timestamp" (specific, wildcard, ...)

Fig. 3. Overview of Stampede channels

a common output channel. Depending on the relative speed of the threads and
the particular events they recognize, it may happen that items are placed into
the output channel “out of order”. Channels can be created to hold a bounded
or unbounded number of items. The put call takes an additional flag that allows
it to block or to return immediately with an error code, if a bounded output
channel is full.

A thread can get an item from a channel via a given input connection using
the call:

spd_channel_get_item (i_conn, timestamp,
& buf_p, & buf_siz,
& timestamp_range, ...);

The timestamp can specify a particular value, or it can be a wildcard request-
ing the newest/oldest value currently in the channel, or the newest value not
previously gotten over any connection, etc.. As in the put call, a flag parameter
specifies whether to block if a suitable item is currently unavailable, or to return
immediately with an error code. The parameters buf p and buf size can be
used to pass in a buffer to receive the item or, by passing NULL in buf p, the
application can ask Stampede to allocate a buffer. The timestamp range pa-
rameter returns the timestamp of the item returned, if available; if unavailable,
it returns the timestamps of the “neighboring” available items, if any.

The put and get operations are atomic. Even though a channel is a dis-
tributed data structure and multiple threads on multiple address spaces may
simultaneously be performing operations on the channel, these operations ap-
pear to all threads as if they occur in a particular serial order.

The semantics of put and get are copy-in and copy-out, respectively. Thus,
after a put, a thread may immediately safely re-use its buffer. Similarly, after
a successful get, a client can safely modify the copy of the object that it re-
ceived without interfering with the channel or with other threads. Of course,
an application can still pass a datum by reference– it merely passes a reference
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to the object through STM, instead of the datum itself. The reference can be
a DSO “global pointer” (described in Section 6) or, if the application exploits
knowledge about address spaces, it can even be an ordinary C pointer.

Puts and gets, with copying semantics, are of course reminiscent of message-
passing. However, unlike message-passing, these are location-independent oper-
ations on a distributed data structure. These operations are one-sided: there is
no “destination” thread/ process in a put, nor any “source” thread/ process
in a get. The abstraction is one of putting items into and getting items from
a temporally ordered collection, concurrently, not of communicating between
processes.

5.1 Garbage Collection in STM

The question of garbage collection of items in channel is difficult, in light of
the fact that a thread may get and put items sparsely, and even out of order,
and the fact that Stampede threads may fork new threads that revisit old data.
Stampede imposes rules on thread times and generation of item timestamps that
make garbage collection feasible.

An object X in a channel is in one of three states with respect to each input
connection ic connecting that channel to some thread. Initially, X is “unseen”.
If the thread performs a get operation on X over connection ic, then X is in
the “open” state with respect to ic. Finally, the thread can perform a consume
operation on the object, transitioning it to the “consumed” state. We also say
that an item is “unconsumed” if it is unseen or open.

The consume operation can specify a particular object (i.e., with a partic-
ular timestamp), or it can specify all objects up to and including a particular
timestamp. In the latter case, some objects will move directly into the consumed
state, even though the thread never performed a get operation on them.

Every thread has a variable called its “virtual time”. At each point in time,
each thread has a “virtual time lower bound”, which is the lesser of:

– its own virtual time, and
– the smallest timestamp of all unconsumed objects in channels to which the

thread has input connections (this number of course may vary as new items
are put into those channels by other threads).

A thread can change its virtual time to any specific value ≥ this lower bound.
Alternatively, a thread can set its own virtual time to the special value INFIN-
ITY, in which case its virtual time lower bound is determined purely by what
is available on its input channels. This strategy is typically adopted by threads
that just compute output item timestamps based on input item timestamps.

When a thread put’s an object into a channel via an output connection, it
can specify any timestamp ≥ its virtual time lower bound (subject, of course,
to the normal restriction that two objects in a channel cannot have the same
timestamp).
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Similarly, when a thread creates a new child thread, the parent can specify the
child’s initial virtual time, using an extra argument in the spd thread create()
call described in Section 4, to any time ≥ the parent’s virtual time lower bound.

These rules transitively imply a global lower bound timestamp tsmin, which
is the global minimum of:

– virtual times of all the threads, and
– timestamps of all unconsumed items on all input connections of all channels.

It is impossible for any current thread, or any subsequently created thread,
ever to refer to an object with timestamp < tsmin. Thus, all objects in all
channels with lower timestamps can safely be garbage collected. Stampede’s
runtime system has a distributed algorithm that periodically recomputes this
value and garbage collects dead items.

Although this general-purpose global lower-bound computation eventually
picks up all garbage in all channels, there is a common case that accelerates
garbage collection. Frequently, a producer thread knows exactly how many con-
sumer threads will consume each item (which may be different from the number
of input connections to the channel). This information can be passed to Stam-
pede in the form of an additional reference count parameter in the put call. As
soon as that item has been consumed the requisite number of times, Stampede
can garbage collect it immediately.

The copy-in/copy-out semantics allows Stampede to reclaim all the space
used internally in channels. However, since an item passed through STM may
contain references to other application data structures that are unknown to
Stampede, Stampede invokes a user-supplied cleanup handler before finally dis-
posing of the item. This “upcall” is always done in the context of the thread
that originally put that item into the channel (it is piggy-backed on to other
Stampede calls performed by that thread), because that thread is best suited to
interpret the contents of the item.

5.2 Communicating Complex Data Structures through STM

The put and get mechanisms described above are adequate for communicating
contiguously allocated objects through channels, but what about linked data
structures? In the Smart Kiosk vision code, for example, a “color model” data
structure is actually a complex of four or more separately allocated components
linked with C pointers. We wish to treat them as a single unit that can be com-
municated through an STM channel. The C pointers are of course meaningless
in a different address space.

To solve this, Stampede extends the basic STM system with a notion of
“object types”. The following call:

spd_dcl_type (type, marshall_hook, unmarshall_hook, ...)

declares a new object type (represented by an integer), with an associated set of
methods, or procedures. Two of these are hooks that assist in marshalling and
unmarshalling objects for transmission between address spaces.
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A variant of the channel put procedure is based on types instead of object
sizes. Its parameters include a pointer to the data structure, as before, and its
type, instead of its size (which is not particularly meaningful for a linked data
structure). Similarly, a variant of the get call returns a pointer to the linked data
structure, and its type instead of size. Figure 4 shows an overview of how these
facilities are used. Stampede takes care of the marshalling, communication and
unmarshalling of the data structure, using the supplied hooks to decompose and
reconstitute the “object”. These actions are done lazily, i.e., only when a con-
sumer actually attempts to get an item, and intermediate results are cached to
avoid repeating this work in the presence of multiple get’s. The normal garbage
collection process, described in the previous section, is extended to reclaim any
such cached intermediate results.

STM
channel

put (conn, ts, item, type) item, type := get (conn, ts)

consume (conn, ts)

thread thread

Fig. 4. Communicating complex objects through channels, based on “types”

If we implement Stampede in a language with a richer type system, the ap-
plication programmer could perhaps be relieved of the burden of specifying these
hooks (cf. “serializer” mechanisms in Java). However, even in this case, it would
be useful to have the ability to override these default methods. For example,
image data structures in the Smart Kiosk vision code include a linked list of
attributes which can, in fact, be recomputed from the object during unmar-
shalling, and therefore do not need to be transmitted at all. Further, the image
data itself can be compressed during marshalling and decompressed during un-
marshalling. Such application- and type-specific generalizations of “marshalling”
and “unmarshalling” cannot be provided automatically in the default methods.

5.3 Synchronizing with Real Time

The “virtual time” and “timestamps” described above with respect to STM are
merely an indexing system for data items, and do not have any direct connection
with real time. For pacing a thread relative to real time, Stampede provides an
API for loose temporal synchrony that is borrowed from the Beehive system [13].
Essentially, a thread can declare real time “ticks” at which it will re-synchronize
with real time, along with a tolerance and an exception handler. As the thread ex-
ecutes, after each “tick”, it performs a Stampede call attempting to synchronize
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with real time. If it is early, the thread waits until that synchrony is achieved.
It if is late by more than the specified tolerance, Stampede calls the thread’s
registered exception handler which can attempt to recover from this slippage.

Using these mechanisms, for example, a thread in the Smart Kiosk at the
bottom of the analysis hierarchy can pace itself to grab images from a camera
and put them into an output channel at 30 frames per second, using absolute
frame numbers as timestamps.

6 Cluster-Wide Distributed Shared Objects (DSO)

Space-Time Memory is well suited for managing temporally indexed collections
of data that are processed in a pipeline manner. But what about ordinary, shared,
updatable data? Stampede provides a lower-level, “shared memory-like” mech-
anism called Distributed Shared Objects (DSO). This mechanism is borrowed
from our earlier work on Cid [8], and is also closely related to the Midway shared
memory system [2].

Figure 5 shows an overview of DSO usage. First, a thread dynamically de-
clares an object as a global object using the call:

spd_dso_gptr gp; void *p; int size;

gp = spd_dso_make_global (p, size);

The returned value gp is an application-wide unique identifier for the object.
Once declared global, all threads (including the thread that declared it global)
must only access the object between get and release calls:

spd_dso_get (gp, mode, & p’, & size, ...);

... arbitrary code to manipulate the object using p’-> ...

spd_dso_release (gp, ...);

In the get call, the thread specifies the desired object using gp, and the de-
sired access mode in which to obtain the object, such as READ (shared) or WRITE
(exclusive). The get call returns an ordinary C pointer to a local copy of the
object (p’), and the object’s size. The Stampede runtime system implements,
in software, a roving-owner consistency protocol to implement the access mode
semantics. Each address space contains at most one copy of the object (shared
by all threads in that address space).

How does a thread “know” about a global object that may have been created
by another thread? The base mechanism is that a gp may be passed as an
argument during thread creation. Then, inductively, an object may contain other
gptr’s as fields.

This is a different programming interface from that in the Midway system,
with which it shares the idea that each synchronization action is associated
with specific shared data. Midway has the traditional notions of locks and data,
and the application program makes explicit calls to associate a lock with the
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gp = make_global (p, size)ASi

thread_create (fn, gp, ASm)

p' = get (gp, R/W)

... = ... p'-> ...

p'-> = ...

release (gp)

fn (gp)
ASj

ASk

Fig. 5. Overview of Stampede’s Distributed Shared Objects (DSO)

data that it guards. This association is exploited in the consistency protocol
to decide exactly what data needs to be moved to a processor that acquires
a lock to enter a critical section (Midway calls this “entry consistency”). In
Stampede’s DSO, there is no separate notion of locks. Instead, the programmer
directly thinks in terms of shared objects, to which a thread at various times has
exclusive, shared, or no access. Unlike flat transparent shared memory systems,
DSO does not perform a “check-for-miss” or global-to-local address translation
on every memory reference; essentially, this is done once, during the get call,
which transforms the global name gp to a local name p’. Subsequent accesses
to the object, prior to the release call, are just ordinary pointer dereferences,
at full speed. The actual addresses p’ at which an object is replicated by the
protocol may in fact vary across different get’s. This also makes it easy for the
object manager on an address space to evict objects that are not currently in
use, and to reuse the freed storage for other objects. When the application no
longer needs a DSO object gp, it can call spd dso free(gp) on any address
space; the protocol consistently frees all replicas and calls a user-supplied free()
routine on the address space where it was originally made global.

In addition to the usual READ and WRITE modes, Stampede’s DSO design
includes other modes such as RECENT COPY, PRODUCER and CONSUMER. The for-
mer is useful when the application is resilient to accessing a perhaps stale (but
consistent) copy of the object, and the latter modes are useful when two threads
access an object in the producer-consumer idiom.

Stampede also has an asynchronous variant of the get call. This can be
used to “prefetch” an object and also to initiate concurrent get’s for multiple
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objects, instead of obtaining them serially. The constructs for these split-phase
transactions originated in dataflow languages [1], and were subsequently used in
languages like Split-C [4] and Cid [8].

Finally, DSO also supports the distributed sharing of linked data structures,
just like the system described for STM in Section 5.2, using type-specific mar-
shalling and unmarshalling hooks. These methods are called automatically, and
lazily, by the consistent replication protocol. The cacheing and management of
marshalling/unmarshalling intermediate results are a little more complicated
in DSO than in STM because of their different semantics: STM has copy-in/
copy-out semantics, whereas DSO objects are truly shared and updatable.

The Stampede application programmer has a spectrum of choices in making a
linked data structure available cluster-wide. At one extreme, he can have the the
entire data structure moved en masse using marshall/unmarshall hooks. At the
other extreme he can replace every C pointer by a gptr, and access individual
elements of the data structure across the cluster at a fine grain by using get
and release to traverse gptr links. Or, in between, he can define regions of the
data structure that are to be treated as single units, use gptr’s to link between
regions, and provide marshall/unmarshall hooks to have regions moved as units.
The choice, on this spectrum, is clearly going to depend on the application.

7 Status and Plans

Essentially all the features of Stampede described above have been implemented
for clusters as of this writing. The only pieces still missing are dynamic creation
of address spaces, and the non-standard sharing modes in DSO: RECENT COPY,
PRODUCER, CONSUMER, etc. We are currently able to run, on a cluster, a proto-
type of the compute-intensive vision component of the Smart Kiosk, using color
models to track multiple targets in front of a single camera.

Earlier, this color-based tracking application and an image-based rendering
application exhibited good performance and speedups on a single SMP version
of Stampede. Experimental results and pseudo-code can be found in [12].

Stampede is implemented as a C library under Digital Unix. Our main back-
end compute server is a cluster of four AlphaServer 4100’s, each being an SMP
with four 400 MHz Alpha processors and 1.5 GB main memory. The SMPs
are interconnected with Digital’s Memory Channel, Myricom’s Myrinet, and an
100 Mb/s FDDI ring. Memory Channel is an extremely low-latency “protected
remote write” cluster interconnect [5]. Stampede runs on each of these, and in-
deed runs on any mix of Alpha Digital Unix workstations and SMPs, resorting
to UDP sockets when no better interconnect is available. The Stampede system
uses CRL’s CLF substrate [9] which provides basic cluster services such as pro-
cess startup and standard I/O, debugging, and high-speed communication. We
cannot yet run on other processor architectures and operating systems, but we
have begun porting it to Windows NT on Alpha and x86 machines.

On an experimental basis, Stampede also incorporates the Cashmere Dis-
tributed Shared Memory (DSM) system [7] as an alternative to DSO for ordi-
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nary shared data. While the rest of Stampede is very portable (it can even work
on workstations over UDP sockets), Cashmere is quite closely tied to Digital’s
Memory Channel. Thus, we view this as an experimental feature only, allowing
us to compare the costs of data sharing over DSM and DSO. If DSM is found to
be a valuable component of Stampede, we can consider either porting Cashmere
to be independent of Memory Channel, or replacing it with some other portable
DSM system.

We also have three separate implementations of Space-Time Memory (STM):
on top of DSO, a direct implementation using CLF messaging, and on top of
Cashmere. Again, this is an experimental setup to allow us to compare the costs
of communication and sharing in these three implementations.

We have nearly completed the installation of extensive and detailed instru-
mentation code in the Stampede system. We will shortly be able to measure
Stampede’s performance on several micro-benchmarks, and to conduct perfor-
mance studies to understand the behavior of the application and the system
under various choices: the relative performance of Space-Time Memory over its
three implementations; the relative performance of ordinary data sharing over
DSO and DSM; the effects of thread placement, etc. We will of course be tuning
and optimizing the implementation continuously.

In a related project, we are studying the integration of dynamic task and
data parallelism in Stampede [10]. Many opportunities for data parallelism exist
in the Smart Kiosk. For example, images can be partitioned into regions and
processed by parallel threads, with each thread looking for all color models in
a region. Alternatively, the color models can be partitioned, with each thread
looking at entire images for a single color model. Stampede currently has task
parallelism only (thread creation), but it is sufficiently flexible to enable manual
construction of data parallel structures. However, the book-keeping necessary to
split datasets into data parallel chunks and then to recombine the results, can be
quite onerous. We have many ideas for higher-level support for data parallelism,
but first we intend to conduct some experiments using manually constructed
data parallelism to understand where it is most effective.

Further out, we will also be expanding the application on Stampede from
the current one-camera vision algorithm towards a full Smart Kiosk system,
including stereo vision, more sophisticated vision algorithms, speech recognition
and other sensor technologies. As this evolution happens, we expect Stampede’s
focus to shift towards issues of dynamic thread creation, load balancing, etc.

8 Conclusion

There is an emerging class of “smart” applications that monitor a variety of
sensors; perform sophisticated, computationally demanding “recognition” algo-
rithms involving individual sensors and combined information from multiple sen-
sors; and, have real-time constraints in that they must react to events in the real-
world. The platforms for these applications may combine low power front-end
machines together with powerful back-end servers. We have described one such
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application, CRL’s Smart Kiosk, but the description could equally well fit robots,
autonomously navigating vehicles, interactive animation for entertainment and
training, etc.

We have described Stampede, a portable programming system for such ap-
plications and platforms, that we are building at CRL. Stampede has dynamic
threads that can share data uniformly across multiple distributed address spaces.
A key novel feature of Stampede is Space-Time Memory, which permits these
applications easily to manage time-sensitive data in the presence of real-time
constraints and dynamic thread structure.
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Abstract. Networked systems provide a cost-effective platform for par-
allel computing, but the applications have to deal with the changing
availability of computation and communication resources.
Network-awareness is a recent attempt to bridge the gap between the
realities of networks and the demands of applications. Network-aware
applications obtain information about their execution environment and
dynamically adapt to enhance their performance. Adaptation is espe-
cially important for synchronous parallel applications since a single busy
communication link can become the bottleneck and degrade overall per-
formance dramatically. This paper presents Remos, a uniform API that
allows applications to obtain relevant network information, and reports
on the development of parallel applications in this environment. The
challenges in defining a uniform interface include network heterogeneity,
diversity and variability in network traffic, and resource sharing in the
network and even inside an application. The first implementation of the
Remos system is hosted on an IP-based network testbed. The paper re-
ports on our methodology for developing adaptive parallel applications
for high-speed networks with Remos, and presents results that highlight
the importance and effectiveness of adaptive parallel computing.

1 Introduction

Clusters of networked computers are an attractive and ubiquitous platform for
a wide range of parallel and distributed applications. However, effective use
of networked resources is still a major challenge. A networked system consists
of compute nodes (hosts), network nodes (routers and switches), and commu-
nication links. Network conditions change continuously due to the sharing of
resources, and when resource demands exceed resource availability, application
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performance suffers. Computation load as well as congestion on network nodes
and links can reduce the application response time dramatically. An attractive
way of dealing with such changes is to make applications network-aware, i.e.,
the application periodically adapts to the network execution environment in
an application-specific manner. E.g., an application may select the optimal set
of nodes for execution based on compile time information about the kind of
communication steps that are included in the program and based on runtime
information about the system state. An application may periodically check the
resource availability of other nodes and decide to migrate the computation. Or
an application may want to select one of several links to transfer data, based on
dynamic properties of the links.

The Remos system developed at Carnegie Mellon provides applications with
an interface to their execution environment, which includes the network state.
Remos is designed for the development of network-aware parallel and distributed
applications on diverse network architectures; portability across network archi-
tectures and network installations were among the key design considerations.
Efficiency is another important consideration, and the cost that an application
pays in terms of runtime overhead is low and directly related to the depth and fre-
quency of its requests for network information. The Remos system has its roots in
two separate projects: an investigation of resource management in application-
aware networks (Darwin) and an effort to support system-aware applications
through libraries, frameworks, and tools (Remulac).

Remos allows network-aware applications to obtain information about re-
source availability, in particular, the network’s capabilities and status. Unfortu-
nately, network architectures differ significantly in their ability to provide such
information to a host or to an executing application. To avoid dependences on the
idiosyncrasies of particular network architectures and communication systems,
application development for networks requires a system-independent interface
between applications and networks. Remos provides a uniform interface that
allows the development of portable applications that can adapt on a range of
network architectures. A system-independent interface is also crucial for allow-
ing applications to adapt on heterogeneous networks, where subnets are realized
with different network technologies.

Clusters of workstations are an increasingly popular platform for parallel
computing but suffer from the problem that sharing of network resources can
lead to poor and unpredictable performance. For many synchronous parallel ap-
plications, the communication performance is determined by the speed of the
bottleneck link, and therefore, if even one communication link is busy, the ap-
plication performance can degrade dramatically. Remos can help in solving this
problem by reporting network conditions to applications, and thus allowing ap-
plications to adapt dynamically to network conditions. We present the frame-
work for developing network-aware parallel applications with Remos and present
preliminary results. In particular, we demonstrate that Remos driven node se-
lection is important and effective for parallel computing on a shared high-speed
network.
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2 Usage Models

Remos targets networked systems that consist of compute nodes (or hosts) and
network nodes (or switches) that are connected by physical communication links.
The network nodes and links jointly form the network computing environment.
We summarize some scenarios in parallel and distributed computing that can
exploit network status information provided by Remos.

– Node selection: When mapping an application onto a distributed system, it
is necessary to determine the number of nodes (hosts) to be employed, and to
select specific nodes for the computation. Many applications are developed so
that they work with a variable number of nodes, but increasing the number of
nodes may drive up communication costs, while a certain minimum number
of nodes are often required to fit the data sets into the physical memory of all
participating nodes. Many large-scale scientific simulations fit this pattern,
for instance earthquake modelling (the Quake project [2] at Carnegie Mellon)
and pollution modeling (Airshed [24]).

– Application migration: Changes in the environment may render the initial
selection of nodes and connections unattractive. If the application is de-
signed appropriately, the application mapping can be modified during exe-
cution to take the changes into account. The Fx programming environment
at Carnegie Mellon [26] allows dynamic mapping of programs, and one goal
of this research is to provide Fx with network information to drive mapping
and migration.

– Optimization of communication: Closely related to the application mapping
issues is the problem of exploiting low-level system information, such as net-
work topology. As an example, if an application relies heavily on broadcasts,
some subnets (with a specific network architecture) may be better platforms
than others. This aspect is particularly important for heterogeneous net-
works.

– Application quality metrics: Some applications must meet an application-
specific quality model, e.g., jitter-free display of an image sequence, or syn-
chronized delivery of audio and video signals. There may exist a variety
of ways to comply with the demands, e.g., by trading off computation for
communication. As the network environment changes, the application has
to adjust its mix of communication and computation.

– Function and data shipping: In some scenarios, a tradeoff is possible between
performing a computation locally and performing the computation remotely,
and such tradeoffs depend on the availability of network and compute capac-
ity, based on a specific cost model, e.g., when deciding whether to perform
a simulation locally or on a remote server.

In the above usage examples, applications will in general have to be aware
of all system resources, including both network and computation resources.
The Remos interface focuses on providing applications with information about
networking resources. System-aware applications typically require information
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about computation and memory resources available on the network nodes, and
there exist a variety of approaches to obtain such information for different time
windows (e.g., a real-time operating system may maintain information about
immediate resource usage, or a database of historical load information can be
used [6]). The focus of this paper is the use of network information, so we do
not pursue the issue of dealing with other system resources further. However,
Remos does include a simple interface to computation and memory resources.

The Remos interface does not include communication operations, only infor-
mation about communication performance. Many communication frameworks,
such as PVM [10] and MPI [8], provide a wealth of communication primitives,
so there is no need to duplicate this aspect of parallel computing. Remos can be
used in conjunction with such communication libraries, e.g., to optimize prim-
itives in a communication library by customizing the implementation of group
communication operations for a particular network.

3 Remos Design Challenges

In this section we briefly summarize the problems that a uniform, portable net-
work interface like Remos must address:

– Dynamic behavior: Network conditions can change quickly, so the interface
must characterize this dynamic aspect. Different applications may want this
information in different formats, e.g., some applications are more interested
in burst bandwidth while others primarily care about long term average
bandwidth. Furthermore, applications are most interested in future network
behavior not historical information, and hence it is important to provide
future information, particularly when a reasonable basis for prediction (e.g.,
existing reservations) exist.

– Sharing (internal and external): Connections (as seen by the application)
share physical links with other connections. This dynamic sharing of re-
sources with entities external to an application is the major reason for the
variable network performance experienced by applications. Parallel and dis-
tributed computations often simultaneously transfer data across multiple
point-to-point connections, so there is also internal sharing as these con-
nections compete with each other for resources. An interface that provides
performance data must therefore consider the network’s sharing policy when
estimating bandwidth availability.

– Information diversity: Applications may be interested in a wide variety of
information, ranging from static network topology, dynamic bandwidth es-
timations on a variety of times scales, and latency information. This infor-
mation may have to be retrieved through diverse mechanisms, ranging from
querying information databases using standard protocols, to direct measure-
ment for the network interface.

– Network heterogeneity: Network architectures differ significantly in their abil-
ity to collect information and make it available. The kind of information that
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is available from the network architecture impacts the design and overheads
associated with a query interface.

– Level of abstraction: One of the thorny issues in designing an interface be-
tween applications and networks is to decide what aspects of the network
should be exposed to applications. The simplest solution seems to be to ex-
pose as much information as possible. However, such a solution conflicts with
other goals, particularly the portability of the API across heterogeneous net-
works. It also raises both ease of use and scalability concerns (the Internet
is too huge for exposing all information). An alternative is to provide the
information at a much higher level, with focus on performance characteris-
tics of interest to the application. A high level of abstraction can make the
interface easier to use and avoid information overload, but it can also result
in vagueness and inaccuracies.

– Accuracy and fidelity: The information provided by such an interface may not
be completely accurate, e.g., the estimates of the future bandwidth may not
take all traffic into account. Nor may the information be of high fidelity, e.g.,
if the average bandwidth over a large interval is computed based on a small
number of measurements. The issue then is how much accuracy and fidelity
should be demanded (from the network) or promised (to the application).

The challenge for the interface designer is to balance practicality and ele-
gance. These challenges affect both the definition of the interface and its im-
plementation(s). In the next section, we describe the design decisions. Our goal
is to support high-level network-independent parallel programming, so we must
ensure that the requirements of such programs are satisfied.

4 Remos API

We sketch the main features of the Remos API and explain how they address
the challenges presented above. A complete API is published in [5]. We organize
our discussion around the major design issues: query based interface, the level
of abstraction, dynamic behavior and sharing, and accuracy.

4.1 Query based interface

The most fundamental design decision was to build Remos as a query-based
interface instead of alternatives like exporting a comprehensive database of in-
formation. The applications specifies the kind of information it needs and Remos
supplies the “best effort” information. To limit the scope of the query, the ap-
plication may select network parameters and parts of a larger network, that are
of interest.

The major considerations in favoring a query based interface are overheads
and portability. The costs associated with an interface to a network are inherently
system and implementation specific, and there is generally a fixed cost associated
with routine monitoring. However, a query-based interface connects a major
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portion of the cost to actual usage of the interface. In particular, a query-based
design allows an application to limit the cost of using the interface by determining
the frequency of interaction with the network performance monitoring system.
This is an important consideration for parallel programs, since the cost of naively
gathering and processing the performance data on a large number of nodes can
easily exceed the benefits of network-awareness.

Network architectures differ in the support they offer to collect or record
of performance information. E.g., some network architecture may maintain de-
tailed, fine-grained information about link utilization at the switches, whereas
another network architecture may provide this information only for a coarser
time scale. By adopting a model that supports system independent queries that
are answered with “best-effort” information, Remos can support portability and
avoid the problem of maintaining and exporting excessive information that may
be of no value to applications.

4.2 Level of abstraction

To accommodate the diverse application needs, the Remos API provides two
levels of abstraction.

Remos supports flow-based queries. A flow is an application-level connection
between a pair of computation nodes, and queries about bandwidth and latency
on sets of flows form the core of the Remos interface. Using flows instead of
physical links provides a level of abstraction that makes the interface portable
and independent of system details. Flow-based queries provide the challenge of
translating network specific information into a general form, but they allow the
application developer to write adaptive network applications that are indepen-
dent of heterogeneity inherent in a network computing environment. Past expe-
rience indicates that the flow abstraction should be easy to use by application
developers. We describe the basic form of flow queries later in this section.

Remos also supports queries about the network topology. The reason we ex-
pose a network-level view of connectivity is that certain types of questions are
more easily or more efficiently answered based on topology information. For ex-
ample, finding the pair of nodes with the highest bandwidth connectivity may
be expensive if only flow-based queries are allowed. The topology information
provided by Remos consists of a graph with compute nodes, network nodes, and
links, each annotated with their physical characteristics, e.g., available band-
width. Topology-based queries are in general harder to use, since the complexity
of translating network-level data into application-level information is partially
left to the user.

Topology queries return a logical interconnection topology in the form of
a graph. This graph represents the network behavior as seen by the applica-
tion; the graph does not necessarily reflect the physical topology. Using a logical
topology gives Remos the option of hiding network features that do not affect
the application. E.g., if the routing rules imply that a physical link is not used,
or can be used only up to a fraction of its capacity, then that information is
reflected in the graph. Similarly, if two sets of hosts are connected by a complex
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network (e.g. the Internet), Remos can represent this network by a single link
with appropriate characteristics.

Figure 1 shows a simple example of a logical topology graph. Circles represent
network nodes (e.g., routers) and squares indicate compute nodes (endpoints).
Nodes and links carry a capacity (and we do not care if a switch’s capacity is
determined by its backplane or by its processing power). Figure 1 presents a
simple topology consisting of two routers, eight endpoints, and nine physical
links. However, since Figure 1 is a logical topology, it represents a much broader
set of (physical) networks. E.g., the link between A and B could represent a
complex network. However, the internal details of that network are not relevant
to the communication performance between the eight endpoints, so Remos turns
this network into a single link with the bandwidth set to what the network can
offer to this application.

The basic network topology query has the following form:

remos_get_graph(nodes, graph, timeframe)

The query fills a graph that is relevant in connecting the nodes set. The
information annotated to the graph is relevant for the specified timeframe.

10Mb link

100Mb link
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Fig. 1. Remos graph representing the structure of a simple network.

4.3 Dynamic resource sharing

Applications can generate flows that cover a broad spectrum, ranging from con-
strained low-bandwidth audio to bursty high-bandwidth data flows. Remos col-
lapses this broad spectrum into three types of flows. Fixed flows have a specific
bandwidth requirement and cannot make use of additional bandwidth. Variable
flows have related requirements and demand maximum available bandwidth that
can be provided to all such flows in a given ratio, e.g., all flows in an all-all com-
munication operation have the same requirements. Finally, independent flows
simply want maximum available bandwidth.
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Applications specify all flow requirements in their request simultaneously,
and Remos takes internal resource sharing into account when responding to the
queries. E.g., if five application flows share the A − B link in Figure 1, then
Remos will take into account that the bandwidth of the link must be shared.

A general flow query has the following form:

remos_flow_info(fixed_flows, variable_flows,
independent_flow, timeframe)

Remos tries to satisfy the fixed_flows, then the variable_flows simulta-
neously, and finally the independent_flow. The corresponding data structures
will be filled with the extent to which the flow requests can be satisfied, based
on the timeframe parameter.

Determining how the throughput of a flow is affected by other messages in
transit is very complicated and network specific, and it is unrealistic to expect
Remos to characterize these interactions accurately. In general, Remos assumes
that, all else being equal, the bottleneck link bandwidth is shared equally by
all flows (that are not bottlenecked elsewhere). If other information is available,
Remos can use different sharing policies when estimating flow bandwidths. The
basic sharing policy assumed by Remos corresponds to the max-min fair share
policy [15], which is the basis of ATM flow control for ABR traffic [17,1], and is
also used in other environments [13].

Note that users of the topology interface are responsible for accounting for
sharing effects, both across application flows and between application flows and
other competing flows.

4.4 Accuracy

Applications ideally want information about the level of service they receive in
the future, but most users today must use past performance as a predictor of
the future. Different applications are also interested in activities on different
timescales. A synchronous parallel application expects to transfer bursts of data
in short periods of time, while a long running data intensive application may
be interested in throughput over an extended period of time. For this reason,
relevant queries in the Remos interface accept a timeframe parameter that allows
the user to request data to be collected and averaged for a specific time window.

Network information like available bandwidth varies dynamically due to shar-
ing, and often cannot be measured accurately. As a result, characterizing these
metrics by a single number can be misleading. E.g., knowing that bandwidth
availability has been quite stable represents a different scenario from it being an
average of rapidly changing instantaneous bandwidths. To address these aspects,
the Remos interface adds statistical information (variability and estimation accu-
racy measures) to all dynamic quantitative information. Since the distribution is
not known, we present the variability of network parameters using quartiles [16].

The level of abstraction, the handling of resource sharing, and an approach to
deal with the varying degrees of accuracy are key issues that must be handled by
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any network performance interface. Further details on other aspects, as well as
a complete API, are discussed in other publications [5]. The current Remos API
does not provide support for multicast or reservations. These features can be
added when they are more widely available to applications. The current Remos
API focuses on performance aspects. At a later time, other dimensions like cost
(of transmitting data via a specific link) and security (of physical links in the
network) can be included.

5 Implementation

The Remos implementation has two components, a Collector and Modeler; they
are responsible for network-oriented and application-oriented functionality, re-
spectively. The Collector consists of a process that retrieves information from
routers using SNMP [4]. The information obtained covers both static topology
and dynamic bandwidth. For latency, the Collector currently assumes a fixed
per-hop delay. (A reasonable approximation as long as we use a LAN testbed.)
The Collector is implemented in Java, since we envision that in the future it
may be down-loaded across the network. A large environment may require mul-
tiple cooperating Collectors. The Modeler is a library that can be linked with
applications. It satisfies application requests based on the information provided
by the Collector. The primary tasks of the modeler are as follows: generating
a logical topology, associating appropriate static and dynamic information with
each of the network components, and satisfying flow requests based on the log-
ical topology. The modeler exports Remos information through a Java and a C
interface.

This prototype Remos implementation has been tested on a dedicated IP-
based testbed at Carnegie Mellon, a portion of which is illustrated in Figure 2.
The testbed uses a variety of routers (PCs running NetBSD and FreeBSD and
Cisco routers), 100Mbps and 10Mbps point-to-point Ethernet segments as links,
and DEC Alpha systems as endpoints. An important advantage of using SNMP
is that it is widely supported implying that the implementation is portable to
many network environments. The portability is illustrated by the diversity of
routers in our testbed.

We would like to point out that the Remos API is independent of its imple-
mentation, and suitable implementation techniques will be different for networks
of different types and sizes. For example, we are developing collectors that use
benchmarks to probe the network for environments where the use of SNMP is
not possible or practical. We are also looking into the problem of dealing with
very large networks, where multiple collectors will have to collaborate to collect
the network information.

6 Parallel Application Development with Remos

In this section we examine how Remos can help in meeting specific challenges in
parallel computing in a networked environment. We first discuss the adaptation
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Fig. 2. IP-based testbed for Remos implementation and experiments

process and sketch some of the design choices for network-aware parallel pro-
grams. In the following sections, we discuss how a specific parallelizing compiler
and runtime system (the Fx tool chain [12,26]) were enhanced to support the de-
velopment of Remos driven adaptive parallel programs and present experimental
results demonstrating how programs adapt to changing network conditions.

A network-aware parallel application typically consists of a computation
module and an adaptation module. The computation module implements the
core functionality of the application, that is, its structure is similar to that of
the complete application in a dedicated environment. The adaptation module
collects information about the status of the network and decides how to best
organize execution. In general, only the adaptation module interacts with tools
like Remos that collect and deliver network information. Execution is controlled
by setting specific parameters such as the number of nodes or the granularity
of the computation between communication phases. An important goal of the
adaptation module is to determine values for these “adaptation parameters” that
optimize application performance (e.g. minimize execution time) given the cur-
rent network conditions. Making this decision often requires some information
from the computation module, e.g. input data sizes. The adaptation step can be
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very complex and application-specific, although support can often be provided
through frameworks[3].

One of the main design decisions for network-aware applications is what pa-
rameters to adjust based on network conditions. Most previous work in this area
has focused on video streaming applications. Video streaming has the property
that the parameters to adjust to changes in the network are fairly obvious (typi-
cally the frame rate or frame size), can be adjusted easily, and appropriate values
can be selected fairly easily. e.g. if the available bandwidth drops, the frame rate
should be reduced. In contrast, parallel computing applications tend to be much
more complex. They have a wide variety of parameters and the relationship
between these parameters and application performance can be difficult to char-
acterize. For example, the optimal number of nodes for a parallel computation
often depends on network performance, but characterizing this relationship pre-
cisely is challenging [27]. Alternatively, the adaptation module may select which
nodes should be used from a larger pool of available nodes, which is the prob-
lem we address in our experiments. Finally, the adaptation parameter may be
internal to the application. For example, in [22] an adaption modules selects the
optimal pipeline depth for a pipelined SOR application based on network and
CPU performance.

Some existing programming tools are well suited to support network-aware
adaptation [22]. Many tools such as parallelizing compilers and distributed ob-
ject libraries already have information on the application properties which may
be useful in selecting the parameters that are most sensitive to application per-
formance, at what points during execution is adaptation legal and potentially
profitable, or what network properties is the application most sensitive to (e.g.,
bandwidth or latency). Many tools in fact already optimize application perfor-
mance based on system properties. parallelizing compilers often map the applica-
tion considering system characteristics [25] and load balancing systems manage
computations based on CPU loads on the different hosts in an environment. The
contribution of this research is to allow consideration of communication load un-
der dynamic network conditions, which is a fairly natural extension. Finally, one
of the critical steps in using an interface like Remos is the specification of the
communication pattern. Programming tools often have this information either
because they generate the communication statements (e.g. parallelizing compil-
ers) or because they use specific inbuilt traffic patterns (e.g. object libraries).

Adaptation to network conditions using Remos is a three step process. First,
the parallel application has to formulate its computation and communication
requirements and specify the network parameters and nodes that are of interest.
Second, Remos is invoked to collect the network information. Finally, the appli-
cation adapts by selecting appropriate runtime parameters. The easiest time to
take network conditions into account is when the application starts up, although
applications can adapt periodically at runtime in response to changes in the envi-
ronment. Adaptation at runtime can be more complex since it often requires the
use of more complex data structures that can be dynamically redistributed [21].
Moreover, runtime adaptation with distributed data structures is possible only if
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the state of the computation can be redistributed across the nodes. This can be
expensive, and this overhead has to be considered when evaluating adaptation
options, thereby complicating the adaptation process.

7 Remos Usage Framework

In this section we describe a framework in use at Carnegie Mellon for developing
adaptive parallel programs, along with a set of applications developed in this
framework. The tool-chain consists of Remos, Fx compiler system [12,26], and a
clustering module. The goal is that the applications should have the ability to
migrate to different parts of the network in response to changes in the network
traffic. In the next section we discuss the results and experience with developing
applications in this framework.

7.1 Fx compiler

The Fx compiler system developed at Carnegie Mellon supports integrated task
and data parallel programming. The user writes a sequential program with anno-
tations to assist parallelization, and the compiler generates the programs for the
nodes of the parallel system. Fx is based on a variant of the HPF language [18].

The Fx runtime system was enhanced so that the assignment of nodes to
tasks in a program could be modified during execution. In this model, a pro-
gram is invoked on all nodes that may be potentially used for execution. The task
parallelism support in Fx is used to map the core computation onto an active
task. The set of processors assigned to the active task can be changed at runtime,
thereby effectively migrating the program. The nodes can be reassigned without
changing the semantics of the program at any program point where there is no
live distributed data. Note that live distributed data can be copied as replicated
data to create legal migration points. This step can be expensive in terms of
memory usage and copying time, but it makes it possible to create legal migra-
tion points in programs with no migration points or, insufficient frequency of
migration points to support effective network-aware execution.

7.2 Clustering

An important problem in developing a network aware application is selecting
a set of nodes that are well connected in terms of available communication
resources. The goal is to select nodes with low latency and high available band-
width between them. The bandwidth and latency measurements can be obtained
from Remos, but the problem of determining the optimal set of nodes is compu-
tationally hard 1, which is especially a cause for concern for runtime migration.

For the purpose of our experiments, we have chosen a simple greedy heuristic
for clustering. The application provides an initial start node, which is the first
1 It is equivalent to a k-clique problem which is known to be NP-hard.
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node that is added to the selected cluster of nodes. Next , the node with the
shortest distance to the existing nodes in the cluster is determined and added
to the cluster. The basis for distance between a pair of nodes is the current
latency and bandwidth between the nodes, which is obtained from Remos. The
above step is repeated until the cluster contains the number of nodes needed for
execution.

We will show in the next section that this clustering procedure leads to good
results even though it is based on a simple heuristic. However, it is clear that
improved procedures will be needed to achieve good and fast clustering in more
complex situations. In particular, we have focused on communication resources,
but in general, tradeoffs between computation and communication resources
would have to be considered for clustering.

7.3 Application structure

We describe the procedure for developing a network-aware parallel program that
can migrate in response to changing network conditions. We restrict ourselves to
iterative applications that adapt (if necessary) at the beginning of every iteration
of an outer loop. At these migration points, the application calls an adaptation
module with parameters for migration, and this adaptation module determines
the potential profitability of migration and performs migration if necessary.

When the adaptation module is invoked, it checks if Remos is active on the
set of nodes the application is interested in, and starts it up if needed. Next, it
calls a Remos routine to obtain the logical topology of the relevant graph. For
our experiments, this routine remos get graph is called for the set of nodes
in the testbed shown in Figure 2, and returns the logical network topology
connecting these nodes, along with available network bandwidth on the links
based on current traffic conditions. We state this call to remos get graph, along
with a summary of the relevant parameters.

remos_get_graph(nodes, graph, timeframe)

nodes = m1,m2,m3,m4,m5,m6,m7,m8
graph = logical topology of the testbed shown in Figure 2 with current traffic
timeframe = current: most recent measurements are used

The logical topology graph is used to compute a matrix representing distance
between all pairs of nodes. For our testbed, the distance is based only on band-
width since latency between any pair of nodes is virtually the same. Note that
the information to compute available bandwidth between pairs of nodes could
have been obtained with flow queries also, but O(nodes2) queries would have
been needed, implying a much higher overhead which deteriorates rapidly for
larger networks.

The communication distance matrix, the number of nodes required for the
application, and an application specified initial node are the inputs to the clus-
tering routine discussed earlier. The clustering routine returns the estimated
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optimal set of nodes for execution along with a measure of the expected com-
munication performance. This communication performance is compared to the
estimated performance on the current set of executing nodes, and if the potential
improvement is above a specified threshold, the application is migrated to the
new set of nodes by providing a new list of nodes to the Fx runtime system.

8 Usage Examples and Experimental Results

We present a preliminary report on the usage of the Remos framework in the
context of parallel programs generated by the Fx compiler [12,26]. We present
results from network-aware versions of the following two programs: fast Fourier
transforms (FFT) and Airshed pollution modelling. The FFT program performs
a two dimensional FFT, which is parallelized such that it consists of a set of
independent 1 dimensional row FFTs, followed by a transpose, and a set of
independent 1 dimensional column FFTs. Airshed contains a rich set of com-
putation and communication operations, as it simulates diverse chemical and
physical phenomena [24]. Both are data parallel programs developed using the
Fx compiler system. All experiments were performed on the IP-based testbed
illustrated in Figure 2.

The remainder of this section is organized as follows. We first present results
that highlight the importance of node selection in an unloaded network, followed
by similar results for networks with communication loads. Finally we discuss the
dynamically migrating implementations of these applications.

Application Nodes with Remos Other Representative Node Sets
Name No. Exec. Exec. Exec.

of of Node Time Node Time Percent Node Time Percent
Program Nodes set (secs) set (secs) increase set (secs) increase

FFT (512) 2 m-4,5 .462 m-1,4 .468 1.3 m-4,8 .481 4.1

FFT (512) 4 m-4,5, .266 m-1,2, .287 3.7 m-1,4, .268 .03
6,7 4,5 6,7

FFT (1K) 2 m-4,5 2.63 m-1,4 2.66 1.1 m-4,8 2.68 1.9

FFT (1K) 4 m-4,5, 1.51 m-1,2, 1.62 7.3 m-1,4, 1.61 6.6
6,7 4,5 6,7

Airshed 3 m-4,5,6 908 m-4,6,8 907 -.1 m-1,4,7 917 1.1

Airshed 5 m-4,5,6, 650 m-1,2,3, 647 -.4 m-1,2,4, 657 1.1
7,8 4,5 5,7

Table 1. Performance of programs on nodes selected using Remos on the IP
based testbed
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8.1 Node selection in a static environment

We first examine the value of node selection when there are no competing appli-
cations on the testbed. We should point out that our testbed presents a difficult
test for the clustering routine using Remos. Since the testbed is connected with
high performance links and switches throughout, and any node can be reached
from any other node with at most 3 hops, it is difficult to judge what sets of
nodes are better connected than others.

The FFT program and the Airshed program were developed in the framework
described in the previous section and executed on sets of nodes selected by
Remos based clustering at the time of invocation. For comparison, they were
also executed on other representative sets of nodes. In all examples, the programs
gave node m-4 as a start node and used clustering to select remaining nodes.
The results are presented in Table 1. We observe that the execution time on the
Remos selected nodes was generally (but not always) lower than for other node
sets, but only by relatively small amounts. As noted earlier, this is a hard case for
Remos based clustering, but our toolchain is doing a good job of node selection.
However, we note that node selection has limited importance on a small network
with fast routers and links and no external traffic.

8.2 Node selection in a dynamic environment

To study the importance of node selection in the presence of competing applica-
tions, we performed another set of experiments. We added a synthetic program
that generates communication traffic between nodes m-6 and m-8 on our testbed,
and performed node selection in the presence of this traffic. The process is il-
lustrated in Figure 3. The figure shows our testbed with communication traffic
between nodes m-6 and m-8. The links that carry this traffic are highlighted.
The node selection procedure is given m-4 as the start node, and it selects nodes
m-1,m-2,m-4,m-5 as the cluster most appropriate for execution. Note that this
is one of the sets for which the application traffic does not interfere with the
external traffic on the network. Selection of either of nodes m-6, m-7 or m-8
would imply that at least one link is shared between the application traffic and
the external traffic.

Fend me a note when you are back and ready to play.or our measurements,
we first executed the program on Remos selected nodes as discussed above. For
comparison, the programs were re-executed on a set of nodes that the clustering
routine could have potentially selected if it only used the static physical capabil-
ities of the testbed communication nodes and links and ignored the traffic The
results are presented in Table 2.

We observe that the execution times are larger by 80-200 percent when dy-
namic traffic information is not used for node selection. The reason is that the
selection of nodes using Remos measured dynamic traffic makes it possible to
avoid links with heavy traffic. The table also shows the performance of the pro-
grams in the absence of the external traffic (last column). We observe that with
our dynamic node selection, the performance degrades only marginally in the
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aspen

whiteface

m-4

m-5

m-6

m-1

m-2

m-3

m-7 m-8

timberline

Traffic Route: m-6 -> timberline -> whiteface -> m-8

Start Node:   m-4

Selected Nodes: m-1, m-2, m-4, m-5

Fig. 3. Selection of nodes on the testbed with busy communication links

presence of traffic, but can degrade dramatically for a naively selected set of
nodes. The conclusion is that node selection is very important for good per-
formance of data parallel programs in dynamic environments with competing
traffic, and that our clustering routine using Remos is effective in selecting good
sets of nodes in such realistic situations.

8.3 Runtime adaptation

Our final set of experiments consisted of developing applications that periodi-
cally select a new set of nodes for execution and migrate to those nodes during
execution. This process is significantly more complex than selection of nodes at
the start of execution, as the program state has to be migrated. For easing the
process of migration, we assume that the active data set at migration points
is replicated and all previous communication has completed. Hence, no data
copying or explicit synchronization is necessary for migration.

For the experiments, we started the applications, and repeatedly changed the
pattern of the external communication during execution. We observed that the
set of nodes actively executing the application changed to minimize the impact
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Application Execution Time with External Traffic Exec. time
Remos selected Nodes Nodes selected with without

Name No (Dynamic Measurements) only Static Measurements External
of of Node Time Node Time Percent Traffic

Program Nodes Set (secs) Set (secs) increase (secs)

FFT (512) 2 m-4,5 .475 m-4,6 1.40 194 .462

FFT (512) 4 m-1,2,4,5 .322 m-4,5,6,7 .893 177 .266

FFT (1K) 2 m-4,5 2.68 m-4,6 7.38 175 2.63

FFT (1K) 4 m-1,2,4,5 2.07 m-4,5,6,7 3.71 79 1.51

Airshed 3 m-1,4,5 905 m-4,5,6 2113 133 908

Airshed 5 m-1,2,3,4,5 674 m-4,5,6,7,8 1726 156 6 50

Table 2. Performance implications of node selection using Remos in the pres-
ence of external traffic. Measurements use a synthetic program that generates
significant traffic between nodes m-6 and m-8 on the IP-based testbed

of external traffic whenever possible. That is, if the new external traffic began to
interfere with the program generated traffic, the program migrated to eliminate
the interference.

There are a number of issues that are important for runtime adaptation. The
application framework has to determine the minimum potential improvement in
performance before deciding to migrate. In our experiments, migration was done
whenever the potential improvement was positive. One undesirable consequence
that was observed was that the program would often migrate between sets of
nodes that were equally desirable for execution. A more insidious problem is
that the traffic generated by the application would make some links busy, and
since Remos does not distinguish between different types or sources of traffic,
the result would be that the application would migrate to avoid its own traffic,
which is clearly a decision based on an inherent fallacy. This can be avoided if
the application knows how much communication traffic it generates and factors
that into making migration decisions.

9 Related Work

A number of resource management systems allow applications to make queries
about the availability of computation resources, some examples being Con-
dor [19] and LSF (Load Sharing Facility). In contrast, Remos focuses on network
resources. More recently, resource management systems have been designed for
large scale internet-wide computing, e.g., Globus [9] and Legion [11].These sys-
tems provide support for a wide range of functions such as resource location
and reservation, authentication, and remote process creation mechanisms. The
Remos interface focuses on providing good abstractions and support for giving
applications access to network status information, and allow for a much closer
coupling of applications and networks. The Remos interface could be used to
extend the functionality of the above systems.
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A number of groups have looked at the benefits of explicit feedback to simplify
and speed up adaptation [14,7]. However, the interfaces developed by these efforts
have been designed specifically for the scenarios being studied.

A number of sites are collecting Internet traffic statistics. This information
is not a in form that is usable for applications, and it is typically also at a
coarser grain than what applications are interested in using. Another class of
related research is the collection and use of application specific performance data,
e.g., a Web browser that collects information on what sites had good response
times [23].

Parallelizing compilers and runtime systems attempt to balance load across
the processors using a variety of adaptive techniques for partitioning computa-
tion and communication, an example being [20]. However, such techniques are
generally limited to the nodes pre-selected for the application and do not involve
other nodes in the system.

10 Concluding Remarks

Remos is an example of a performance monitoring interface that allows paral-
lel applications to inquire about the capabilities of their host network. Remos
provides a uniform interface between networks and network-aware applications
that covers a range of network architectures. It allows applications to discover,
at runtime, the properties of their execution environments. Such interfaces are of
great value to compilers and tools that manage placement of computations onto
network nodes, or that attempt to maximize performance. The topology and
behavior of networks will change from application invocation to invocation and
may even change during execution. Hence, it is not practical for the compiler to
model the network, so any attempt to optimize performance based on network
conditions must be based, at least in part, on runtime information. The Remos
interface allows tools and applications to obtain the information they need to
make performance optimizations.

An initial implementation of the Remos API demonstrates that the inter-
face can be realized and our initial evaluation using a small set of applications
suggests that applications can easily use the interface and benefit from the the
information it provides. In this paper we focused on parallel applications that
were developed using parallel programming tools, specifically the Fx compiler
and runtime system. In such an environment, the runtime library can use Remos
to collect information about network conditions, and simple network aware adap-
tation decisions can be performed by the tools in a transparent fashion. However,
more research is needed to establish the role of such adaptation support tools
for different types of application and network behavior.

A uniform interface for network-aware applications significantly reduces the
difficulty of coupling an application to a network. As network architectures con-
tinue to evolve, we anticipate that interfaces like Remos will play an increasingly
important role in raising the acceptability and practicality of network-aware ap-
plications.
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Abstract. An alternative approach to the SPMD implementation of
data parallelism is described. In this approach, the data–parallel program
is executed on a collection of processors that can be located anywhere on
a global network. On each of these processors a server is installed that
hosts one or more servants – objects intended for performing parallel
operations. One of the servers, the conductor, plays a special role: it
executes the whole program except for operations on mapped arrays; to
execute such operations, the conductor employs the servants mentioned
above. The conductor executes on a chosen processor, the host.

In addition to the parallel execution model, a framework is described
that makes possible experiments with remotely executed data–parallel
programs. This framework combines a High Performance Fortran (HPF)
subset with the infrastructure of CORBA. It is implemented in Java.
Occasionally, we quote the kernel of the algorithm generating communi-
cation sets, which was designed for the framework’s implementation.

1 The Parallel Execution Model

With the advances in network technology allowing independent workstations to
communicate, and thus – among other things – to solve problems in parallel, a
new dimension of computational power is attainable. Our approach designed to
exploit this power comprises a collection of concepts that are briefly described
in the following sections (cf. also Fig. 1).

The program to be executed is parallelized using proven program paralleliza-
tion mechanisms designed for data mapping, as defined e.g. in High Performance
Fortran(HPF) ([1]).

The processors involved can be located anywhere on a global network; they
are used to store local portions of the mapped data, i.e. have the same function
as processors declared in an HPF program.

Unmapped data, which in HPF implementations is broadcasted over all co-
operating processors, is mapped onto a single processor, the host. In HPF terms,
the host should therefore be considered as representing one or more (as needed)
multidimensional arrays of abstract processors with extent 1 at each dimension;
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conductor
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server
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servant
servant

servant

servant

Fig. 1. The parallel execution model. Dashed arrows: conductor prompts ser-
vants’ execution; dotted arrows: servants send and receive data.

the unmapped data is then processed as if it were mapped onto these arrays of
processors.

On each of the cooperating processors, a server is installed that – among
other things – creates one or more servants.

Computation progress is supervised by a chosen server, the conductor, which
is also a client. The conductor is installed on the host. It executes the whole
program except for operations on mapped arrays; to execute such operations,
the conductor employs appropriate collections of servants (dashed arrows in Fig.
1) using remote method calls. Operations executed on servants at a single call
are described below (Section 3.4).

The program fragments that a servant is meant to execute are sequences of
one or more array operations. HPF compilers create and decompose such state-
ments from source language constructs such as array assignments, INDEPENDENT
DO loops, WHERE statements/constructs, FORALL statements/constructs as well as
from I/O statements1.

Servants communicate by remotely calling operations on other servants (dot-
ted arrows in Fig. 1). Communication is implemented using the infrastructure
provided by CORBA [2], [3]. The creation of communication operations is de-
scribed below (Sections 3.2, and 3.3).

If assemblies of data mapped onto the same processor may be processed
independently of each other, more than one servant may be created; such servants
may then be activated and executed in parallel.

After performing its job, a servant may be disposed of by the conductor.

1 For example, the HPF statement WRITE (6, *) A where A is a mapped array, is
transformed into two statements: T = A and WRITE (6, *) T, where T is an un-
mapped array.
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2 The Framework

To allow experiments to be performed with the parallel–execution model, a
prototypical computational framework was implemented. Given a data–parallel
program, this framework creates the whole parallel–execution infrastructure de-
scribed above, i.e. the programs that implement the constructor, servers and the
servants.
To write data–parallel programs, we defined a small subset of HPF called a

”mini HPF” (mHPF for short) – and implemented its compiler. EBNF syntax
of mHPF is given in Appendix A; the meaning of its individual constructs is the
same as in HPF. The compiler is called m2j.

p
r
o
c
e

s
o
r
s

s

source

java:
servers & servers &

IDL: java:

mHPF:

m2j javac
bytecode:

iface specf. idltojava

servants servants

ORB iface

Fig. 2. Transformation of an mHPF Program. (The dashed arrow should be read
as ”imports and extends”.)

Figure 2 shows how the framework brings together mHPF, which defines the
data–parallelization mechanisms and operations on mapped arrays, with Java
and a Java binding of CORBA which covers network communication. Given an
mHPF program, the compiler m2j produces two kinds of output: (i) a collection
of Java classes defining both the servers and the servants, and (ii) an IDL file
specifying the signatures of public methods the servants can be called to perform.
The IDL specification is then transformed, using the idltojava tool, into a Java
package containing ORB declarations and the run–time interface. Finally, the
javac tool transforms all .java files obtained so far into a collection of server
class files implementing both the servers and the servants. These files can then
be installed on the processors designated to perform the parallel computations.
The command line of each server’s installation identifies, among other things,
the processor on which a server is being installed, the server’s port number, etc.
The whole framework is implemented in Java.
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3 Program Transformation

This section briefly describes how the m2j compiler transforms a data–parallel
program.

3.1 Mapping Unmapped Data

Unmapped data, which in HPF implementations is broadcasted over all coop-
erating processors, is in our framework mapped onto the host processor. This
mapping is implemented as follows: first, for all n-dimensional unmapped ar-
rays, a PROCESSORS directive is generated that declares an n-dimensional proces-
sor collection, Hn, with extent 1 at each dimension; then, a DISTRIBUTE (. . .)
ONTO Hn directive is generated for each of these arrays with CYCLIC(ej) on po-
sition j of the distribution tail list if the respective array’s extent at dimension
j is ej.

3.2 Specializing Array Operations: Iterations and Communications

mHPF offers two operations that can be executed in parallel: the array assign-
ment and the FORALL statement. In general, each of these operations can be
internally represented as an array assignment with multiple array sections on
the right–hand side. Let us call these right–hand–side array sections, which are
identical in shape and mapping to the assignment’s left–hand–side, adequate.
Then, the initial internal representation of the above parallel operations is as
follows: In the assignment, each inadequate right–hand–side array section S(. . .)
is replaced by an adequate temporary section T (. . .), and the original assignment
is prepended with the auxiliary assignment T (. . .) = S(. . .).
A sample mHPF program and its transformed counterpart are shown in

Fig. 3.
After the initial transformation, we get two inherently different kinds of array

assignments: those with all adequate arguments, and those with a single inade-
quate argument on the right–hand side. Below, we call the former assignments
iterations and the latter ones communications.
The implementation of iterations depends on the applied global-to-localmap-

ping scheme. An excellent review of such schemes is given in [7]. For our imple-
mentation, we have chosen the pattern–cyclic enumeration scheme developed by
Chatterjee et al. [8]. In this scheme, an iteration ι is implemented with a nested
loop whose depth is equal to the rank of any component of the iteration. If ι is
to be executed in parallel on a collection P of processors, then on each processor
p ∈ P this loop is controlled by an iteration space determined by transitions
of finite–state machines (∆M tables). The m2j compiler produces an array of
iteration spaces, global-ispace, containing iteration spaces for each iteration on
each processor. If σp is a servant installed on a processor p, then one of the first
actions performed in the constructor of σp is the reduction of the global-ispace
array to an array ispace[p] containing only iteration spaces used in σp. Thus,
if P is the collection of processors onto which components of an iteration ι are
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program
  integer, dimension(46)            :: A, B;
  integer, dimension (8)             :: C, D;

  processors P(3);

  distribute (cyclic(6)) onto P     :: A, B;

end

program
  integer, dimension(46)            :: A, B;
  integer, dimension (8)             :: C, D;
  integer, dimension(46)            :: T;

  processors P(3);
  processors _H1(1);

  distribute (cyclic(6)) onto P     :: A, B;
  distribute (cyclic(6)) onto P     :: T;
  distribute (cyclic(8)) onto _H1 :: C, D;

end

  B(1:22:3)    =  C;
  T(12:26:2)  =  C;

  D                =  B(12:26:2);   D                =  B(12:26:2);

  B(1:22:3)    =  C;

  B(12:26:2)  =  C  +  A(12:26:2);   B(12:26:2)  =  T(12:26:2)  +  A(12:26:2);

(a) (b)

Fig. 3. A sample mHPF program: (a) Original text, (b) After initial transfor-
mation. Shadowed Boxes in (b) expose execution blocks.

mapped, then on each processor p ∈ P the same loop is executed at runtime,
which is controlled by ispace[p][ι].

Note that an iteration is always initialized (and exclusively executed) on the
collection of processors on which the iteration’s components are mapped.

In a communication, data is to be sent between two collections of processors.
Suppose that

κ : R = S (1)

is a communication in which the receiver R is mapped on a processor collection
Q, and the sender S is mapped on a processor collection P 2. Then, on each
p ∈ P data is to be sent to each q ∈ Q (which in turn has to receive this data),
and all these operations are to be performed in parallel. For each pair (p, q),
where p ∈ P and q ∈ Q, the code sequences implementing κ are controlled by a
communication space which is a pair of lists of local indices:

(send[p][κ][q], recv[q][κ][p]) (2)

whereby the first component is associated with the code for κ executed on the
sender p, and the second component with the code executed on the receiver q
(cf. also [9], [10], and [11]). If σp is the servant residing on p that is responsible
for sending the data to be communicated, and σq is the servant on q that has to
receive this data, then the communication s is performed as follows:

2 P and Q may denote the same collection.
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1. σp creates – using the send[p][κ][q] set – a buffer cbuf and packs into it those
elements of S that are to be placed in R

2. σp issues the remote call σq .receive(κ, p, cbuf)
3. σq executes its receive method, which uses the recv[q][κ][p] set to unpack the
buffer cbuf into R.

Note that all the data that σp has to send to σq is communicated using a sin-
gle remote method call, all communication problems – such as identifying and
finding the (potentially) remote target, marshaling arguments of the call, etc. –
being managed by the ORB interface.
Note also that in a communication, the active side, i.e. the side that initializes

the communication process, is the sender side.
The m2j compiler produces two arrays, global-send and global-recv, yielding

communication spaces for each communication on each processor. As with iter-
ation spaces above, transitions of finite–state machines using ∆M sequences are
used to perform this task.
If σp is a servant installed on a processor p, then one of the first actions

performed in the constructor of σp is the reduction of the global-send and global-
recv spaces to their subspaces, send[p] and recv[p], used exclusively in σp.
The next Section (3.3) presents the algorithm that evaluates all communica-

tion spaces controlling a single communication (1) when the arrays involved are
one–dimensional. Generalization to the multidimensional case is similar to ([8],
Algorithm 3).

3.3 Generation of Communication Sets: Algorithm

The algorithm given below evaluates the communication spaces (2) for all pairs of
processors involved in a communication (1) when R and S are one–dimensional.
Let nS (nR) be the number of processors onto which S (R) is mapped. Two

∆M sequences are used, one for the sender (∆MS) and one for the receiver
(∆MR). To evaluate the successive local indices on the sender side, two vectors
are maintained, λS and δS , each of length nS . The former stores the current
local indices of S on (successive processors from) P ; the latter stores the indices
of the next ∆MS entries to be added to λS to yield the next vector of local
indices3. Two vectors are also maintained, λR and δR, each of length nR, that
play the same role on the receiver side.
The algorithm produces two arrays, send[nS ][nR] and recv[nR][nS], contain-

ing communication spaces (2) for each p = 0, . . . , nS − 1 and q = 0, . . . , nR − 1.
Elements of these arrays are lists of local indices of sections’ elements to be sent
or received4 .
The resulting arrays are generated in a single loop over the sections’ global

indices. First, for each pair of global indices, the receiving processor (q) and the

3 As an alternative, a separate ∆M could be used for each processor involved.
4 In the algorithm, we therefore use a type intlist that abstracts lists of integers, and
an operation: append : intlist × int → intlist that appends an integer to a list
of integers.
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sending processor (p) are determined. Next, the ∆MS and ∆MR sequences are
used to determine the sender’s and receiver’s vectors of successive local indices;
both λ vectors and both δ vectors are utilized and modified at this step.
The layout constants mR and mS are as declared in the corresponding

CYCLIC(m) directives.

Input
R (Receiver): regular section (lR :uR :sR), alignment (aR, bR),

layout (mR, nR), ∆MR, initial settings of λR and δR.
S (Sender): regular section (lS :uS :sS), alignment (aS , bS),

layout (mS , nS), ∆MS , initial settings of λS and δS .
Output
recv[nR][nS] the communication space component to be associated

with the Receiver,
send[nS ][nR] the communication space component to be associated

with the Sender.
Algorithm
1. Declare variables and communication space components
int r, locR, s, locS , p, q;
intlist recv[nR][nS];
intlist send[nS ][nR];

2. Perform the proper loop
for (r = lR, s = lS ; r <= uR; r+= sR, s+= sS)
// Determine next receiver–sender processor pair
q = ((aR ∗ r + bR) / mR) % nR;
p = ((aS ∗ s+ bS) / mS) % nS ;
// Evaluate the receiver side
locR = λR[q];
λR[q] += ∆MR[δR[q]];
δR[q] = (δR[q] + 1) % ∆MR.length;
append(recv[q][p], locR);
// Evaluate the sender side
locS = λS [p];
λS [p]+= ∆MS [δS[p]];
δS [p] = (δS [p] + 1) % ∆MS .length;
append(send[p][q], locS);

For the communication B(1:22:3) = C in Fig. 3, the algorithm’s input is:

reg. sect. alignm. layout ∆M λ δ
receiver: (1 : 22 : 3) (1, 0) (6, 3) {3, 3} {1, 1, 1} {0, 0, 0}
sender: (0 : 7 : 1) (1, 0) (8, 1) {1, 1, 1, 1, 1, 1, 1, 1} {0} {0}

The result produced is:

recvB(1:22:3)[0][0] = {1, 4, 7, 10} sendC [0][0] = {0, 1, 6, 7}
recvB(1:22:3)[1][0] = {1, 4} sendC [0][1] = {2, 3}
recvB(1:22:3)[2][0] = {1, 4} sendC [0][2] = {4, 5}
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3.4 Creation of Execution Blocks

In order to minimize the number of calls by which the conductor initializes
the execution of operations on cooperating servant collections, the compiler ties
together – where possible – sequences of iterations and communications that can
be executed en bloc. Below, we call these tied–together program pieces execution
blocks.
The algorithm creating execution blocks relies on the fact that if the creation

of an execution block for a processor collection has already begun, then it may
be continued until an operation occurs that has to be initialized on a different
processor collection. Let us recall that an iteration is always initialized (and exe-
cuted) on the processor collection on which its components are mapped, whereas
a communication is initialized on the processor collection on which the sender
is mapped. Thus, for the example in Fig. 3 (b), two execution blocks are cre-
ated – as indicated by the shadowed boxes: the first is associated with a servant
installed on the host H1, the second with servants installed on processors from
the collection P.
After identifying an execution block b, the m2j compiler transforms it into a

parameterless public method that becomes part of all servants with which b is
associated. At program execution, the conductor calls this method remotely at
the appropriate time.
Below, we denote execution blocks as b1(), b2(), etc.

3.5 Creation of the IDL Specification

So far, we have identified two kinds of servants’ methods that are called remotely:
receive(. . .) and execution blocks bi(). One more method is used, resolve(),
which resolves remote references to servants cooperating in the parallel execution
environment; this is not, however, dealt with in more detail here.
As mentioned in Section 2, in addition to Java source files specifying both

the servers’ and the servants’ classes, the m2j compiler produces an IDL file
specifying the ORB interface, i.e. signatures of the public methods that are
implemented by servants and can be remotely called.
The IDL specification generated for the mHPF program in Fig. 3 (b) is shown

in Fig. 3.5.
The IDL specification states that any servant has a resolve() method as well

as a receive(. . .) method. Only the methods corresponding to execution blocks
are different.

4 Concluding Remarks

In our framework, three important modern programming paradigms are brought
together: data parallelism as a means of parallelizing sequential programs, net-
work technology allowing geographically remote workstations to communicate,
and object–orientedness allowing the production of robust, extendable, and reu-
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        typedef sequence <long> array;

    };
        boolean receive(in long sid, in long pid, in array elems);

        void resolve();
        void dispose():

module DataParRun {

    };
};

        boolean b_2();

    };
        boolean b_1();

    interface _AnyServant {

    interface _H1Servant  :  _AnyServant {

    interface _PServant  :  _AnyServant {

Fig. 4. Generated IDL specification. Input: mHPF program from Fig. 3 (b).

sable programs. Our first step was to prove that this combination really works. As
our next step, we would like to incorporate in the framework profiling tools and
conduct performance measurements. We also plan to extend mHPF by adding
irregular mapping schemes.

However, some of the framework’s advantages and disadvantages are already
evident:

Massive Parallelism. If a servant σ remotely calls a method m(. . .) of each
servant σp (p ∈ P ), then all these calls are issued as independent threads, and
σ therefore executes them in parallel. As in a group of remote method calls,
each individual call is addressed to a different (remote) servant σp, the callee is
always executing the called method in parallel with other callees. An additional
level of parallelism can be achieved when two or more data-flow–independent
array calculations are to be performed: an independent servant may be created
for each of these calculations and perform them in parallel with other servants.

Autonomy. An servant residing on a processor p performs only that part of
the task concerning data stored on p. After doing its job, a servant may free the
processor resources, and the conductor may dispose of it.

Manageability. As a decentralized and presumably small fragment of program
code with a fairly simple interface, a servant is easier to manage, profile, and –
if required – understand and tune by hand.

Increased Communication Demand. Each initialization of an execution
block requires a parameterless remote method call. Additional data commu-
nication may be needed to perform operations on unmapped data.
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A The Input Language mHPF

The EBNF syntax of the input language mHPF is given below. Note that all
”-name” non-terminals represent identifiers. The m2j compiler ignores the case
of keywords.

program = PROGRAM stmt { ”;” stmt } END.
stmt = INTEGER at-decls |

TEMPLATE at-decls |
PROCESSORS procs-decls |
ALIGN align-tail |
DISTRIBUTE distr-tail |
FORALL forall-tail |
assign-stmt .

at-decls = at-exts ”::” at-name {”,” at-name} .
at-exts = ”,” DIMENSION ”(” extent {”,” extent} ”)” .
procs-decls = procs-name ”(” extent {”,” extent} ”)” .
align-tail = ”(” dummy-name {”,” dummy-name} ”)” align-with-clause

”::” array-name {”,” array-name} .
align-with-clause = WITH at-name ”(” align-subscr { ”,” align-subscr } ”)” .
align-subscr = [ integer ”∗” ] dummy-name [ ”+” integer ] .

distr-tail = ”(” CYCLIC ”( integer ”)” { ”,” CYCLIC ”( integer ”)”
” } ”)” ONTO procs-name ”::” at-name { ”;” at-name } .

at-name = iarr-name | tmpl-name .
forall-tail = ”(” forall-triplet-spec { ”,” forall-triplet-spec } ”)”

assign-stmt .
forall-triplet-spec = index-name ”=” lower-bound ”:” upper-bound [ ”:” stride ] .
assign-stmt = array-ref ”=” expr .
array-ref = array-name [ ”(” index-expr { ”,” index-expr } ”)” ] .
index-expr = integer [ ”∗” index-tail | ”:” section-tail ] |

index-tail .
index-tail = index-name [ ”+” integer ] .
section-tail = integer [ ”:” integer ] .

expr = term { (”+” | ”-”) term } .
term = factor { (”∗” | ”/” factor } .
factor = ”(” expr ”)” | array-ref | integer .
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Abstract. Past compilers have found it challenging to implement For-
tran 90 array language on symmetric shared-memory multiprocessors
(SMPs) so as to match, let alone beat, the performance of comparable
Fortran 77 scalar loops. This is in spite of the fact that the semantics of
array language is implicitly concurrent and the semantics of scalar loops
is implicitly sequential. A well known obstacle to efficient execution of
array language lies in the overhead of using array temporaries to obey the
fetch-before-store semantics of array language. We observe that another
major obstacle to supporting array language efficiently arises from the
fact that most past compilers attempted to compile and optimize each
array statement in isolation.
In this paper, we describe a solution for optimized compilation of For-
tran 90 array language for execution on SMPs. Our solution optimizes
scalarized loops and scalar loops in a common framework. Our solution
also adapts past work on array temporary minimization so as to avoid
degradation of parallelism and locality. This solution has been imple-
mented in the IBM XL Fortran product compiler for SMPs. To the best
of our knowledge, no other Fortran 90 compiler performs such combined
optimizations of scalarized loops and scalar loops. Our preliminary ex-
perimental results indicate that the performance of Fortran 90 array lan-
guage can match, and even beat, the performance of comparable scalar
loops. In addition to Fortran 90 array language, the approach outlined
in this paper will be relevant to similar array language extensions that
might appear in Java and other programming languages in the future.

Keywords: compilers, code optimization, array language, scalarization,
parallelization.

1 Introduction

The array language in Fortran 90 [10] provides greater expressive power and
conciseness for writing array computations, compared to Fortran 77. A valid
implementation of a Fortran 90 array construct must satisfy the “fetch-before-
store” semantics i.e.,must be equivalent to an execution in which the entire right
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hand side of an array assignment statement is fetched from storage and evaluated
before any results are stored for the array variable on the left hand side. The
fetch-before-store semantics precludes the possibility of there being a true (flow)
loop-carried data dependence [1] in the array computation. Therefore, Fortran 90
array constructs are guaranteed to contain concurrency — the challenge lies in
exploiting this concurrency efficiently on a given target machine.

Despite its implicit concurrency, past compilers have found it challenging to
implement Fortran 90 array language on symmetric shared-memory multiproces-
sors (SMPs) so as to match, let alone beat, the performance of comparable
Fortran 77 scalar loops. A well known obstacle to efficient execution of array
language lies in the overhead of using array temporaries to obey the fetch-
before-store semantics of array language.We observe that another major obstacle
to supporting array language efficiently arises from the fact that most past
compilers attempted to compile and optimize each array statement in isolation.
In many cases, it becomes important to optimize the loops for an array statement
collectively with other (containing or adjacent) loops in the program so as to
increase the scope of loop transformations that enhance parallelism and data
locality.
In this paper, we describe a solution for optimized compilation of Fortran 90

array language for execution on SMPs. Our solution optimizes scalarized loops
and scalar loops in a common framework for automatic selection of loop trans-
formations [13,14]. This common loop transformation framework is essential for
making the uniprocessor performance of Fortran 90 array constructs competitive
with that of comparable Fortran 77 loops. For SMPs, the performance advantage
of using Fortran 90 array language can then come from its guaranteed concur-
rency. Our solution also adapts past work on array temporary minimization so as
to avoid degradation of parallelism and locality. We show how prior techniques
for minimizing the size of array temporaries can actually conflict with the goals
of enhanced parallelism and locality and describe how we resolve this conflict.

This solution has been implemented in version 5.1 of the the IBM XL Fortran
product compiler for SMPs [7]; to the best of our knowledge, no other Fortran 90
compiler performs such combined optimizations of scalarized loops and scalar
loops. Our preliminary experimental results indicate that the performance of
Fortran 90 array language can match, and even beat, the performance of com-
parable scalar loops. In addition to Fortran 90 array language, the approach
outlined in this paper will be relevant to similar array language extensions that
might appear in Java and other programming languages in the future (e.g., see
[3]).

The rest of the paper is organized as follows. Section 2 uses example programs
to illustrate the key issues addressed by our approach. Section 3 outlines our
solution for optimized compilation of Fortran 90 array language for execution
on shared-memory multiprocessors. Section 4 contains some preliminary exper-
imental results and section 5 discusses related work. Finally, section 6 contains
the conclusions of this paper.
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2 Examples

In this section, we use a few simple example programs to illustrate the key issues
addressed by our solution for optimized compilation of Fortran 90 array language
for execution on SMPs. As in past work [1], we use the term, scalarization, to
describe the translation of an array computation into scalar (sequential) code,
and view a translation of an array construct to parallel code as consisting of
an initial translation to scalar code followed by parallelization of the scalar
code. As motivation, we also present performance measurements of different
code configurations discussed for the examples. The performance measurements
were made using version 5.1 of the product IBM XL Fortran SMP compiler on an
IBM RS/6000 SMP workstation containing four PowerPC 604 processors. Per-
formance measurements for larger Fortran 90 benchmark programs are presented
later in section 4.

2.1 Conflict between efficient parallelization and array temporary
minimization

Consider the two-dimensional array assignment statement in figure 1(a) which
performs a matrix addition. A naive rewrite of the array statement into a two-
dimensional scalar loop nest is shown in figure 1(b). It is easy to verify see
that this scalarization violates the fetch-before-store semantics of array language
e.g., the value stored by iteration i2 = 1, i1 = 1 into A(2, 2) is later fetched by
iteration i2 = 2, i1 = 2. Loop reversal cannot help in this case — the scalarization
in figure 1(b) remains illegal after reversing either the i1 loop or the i2 loop (or
both). However, the compiler can create an array temporary and generate two
loop nests to preserve the fetch-before-store semantics as shown in figure 1(c).

Given the array language statement in figure 1(a), array temporary mini-
mization algorithms from past work, such as the algorithm in [1], will apply
the loop interchange transformation in conjunction with a reversal of the i1
loop to obtain a legal scalarization without using an array temporary, as shown
in figure 1(d). While this array temporary minimization is a good choice for
the vector computers that the algorithm in [1] was designed for, it leads to
inefficient parallelization on SMPs for two reasons. First, only the inner loop
is parallelizable thus contributing to increased scheduling and synchronization
overhead compared to the outer loop parallelism in figure 1(c). Second, the loop
nest in figure 1(d) has poor spatial locality which leads to false sharing overhead
in SMP execution.

This example illustrates the conflict between array temporary minimization
and efficient parallelization, and the limitations of directly using the array tem-
porary minimization algorithm from [1] when targeting SMPs. As discussed in
section 3, we resolve this conflict by restricting array temporary minimization so
that it preserves the loops that belong to the “locality group” in the innermost
position.
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(a) Example array assignment statement:

---------------------------------------

A(2 : n+1, 2 : n+1) = A(1 : n, 1 : n) + A(1 : n, 3 : n+2)

(b) Illegal scalarization:

--------------------------

do i2 = 1, n

do i1 = 1, n

A(i1+1,i2+1) = A(i1,i2) + A(i1,i2+2)

end do

end do

(c) Legal scalarization with array temporary

(outer loop parallelism and good spatial locality):

-------------------------------------------------------

do i2 = 1, n ! parallelizable loop

do i1 = 1, n ! parallelizable loop

temp(i1,i2) = A(i1,i2) + A(i1,i2+2)

end do

end do

do i2 = 1, n ! parallelizable loop

do i1 = 1, n ! parallelizable loop

A(i1+1,i2+1) = temp(i1,i2)

end do

end do

(d) Legal scalarization after loop interchange

(temp is eliminated but only the inner loop is

parallelizable, and the loop nest has poor spatial locality):

-----------------------------------------------------------------

do i1 = n, 1, -1 ! serial loop

do i2 = 1, n ! parallelizable loop

A(i1+1,i2+1) = A(i1,i2) + A(i1,i2+2)

end do

end do

Fig. 1. Matrix add example
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Fig. 2. Performance measurements for matrix add example

Figure 2 summarizes the wallclock (real) execution time measured for 100
repetitions of the following two configurations of the matrix addition computa-
tion in figure 1 on 1 processor and 4 processors with n = 1000:

Min-temp — scalarized code (figure 1(d)) obtained by array temporary mini-
mization (reversal and interchange), followed by parallelization of the inner
(i2) loop.

SMP-optimized — scalarized code (figure 1(c)) obtained by following the
approach outlined in this paper and parallelizing only the outer (i2) loop.

The SMP-optimized configuration showed a 3.4× speedup, while the Min-temp
configuration showed no speedup (due to false sharing). The uniprocessor execu-
tion times for SMP-optimized and Min-temp were comparable for this example,
showing that the benefit from array temporary minimization in the Min-temp
configuration was cancelled by its loss of data locality. For processors with a
larger cache line size than that of the PowerPC 604 (32 bytes), we expect the
relative performance improvement of the SMP-optimized code compared to the
Min-temp code to be larger, even on one processor.

2.2 Collective optimization of scalarized loops and scalar loops

Consider the scalar k loop shown in figure 3(a) which contains an array assign-
ment statement. For convenience, we chose an example that performs a familiar
computation, matrix multiply1. In reality, a Fortran 90 programmer is likely to

1 For simplicity, we do not show the initialization of array A to zero in figure 3.



136 Vivek Sarkar

(a) Example loop containing an array assignment statement:

----------------------------------------------------------

do k = 1, n

A(1:n,1:n) = A(1:n,1:n) + spread(B(1:n,k),2,n) *

spread(C(k,1:n),1,n)

end do

(b) After unoptimized scalarization:

------------------------------------

do k = 1, n

do i1 = 1, n ! parallelizable loop

T1(i1) = B(i1,k)

end do

do i2 = 1, n ! parallelizable loop

do i1 = 1, n ! parallelizable loop

T2(i1,i2) = T1(i1)

end do

end do

do i1 = 1, n ! parallelizable loop

T3(i1) = C(k,i1)

end do

do i2 = 1, n ! parallelizable loop

do i1 = 1, n ! parallelizable loop

T4(i1,i2) = T3(i2)

end do

end do

do i2 = 1, n ! parallelizable loop

do i1 = 1, n ! parallelizable loop

T5(i1,i2) = A(i1,i2) + T2(i1,i2) * T4(i1,i2)

end do

end do

do i2 = 1, n ! parallelizable loop

do i1 = 1, n ! parallelizable loop

A(i1,i2) = T5(i1,i2)

end do

end do

end do

Fig. 3. Matrix multiply example
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(c) After optimized scalarization:

----------------------------------

do k = 1, n

do i2 = 1, n ! parallelizable loop

do i1 = 1, n ! parallelizable loop

A(i1,i2) = A(i1,i2) + B(i1,k) * C(k,i2)

end do

end do

end do

(d) After collective transformation of loop nest (c):

-----------------------------------------------------

do bb$_i2=1,n,b$_i2 ! parallelizable loop

do bb$_i1=1,n,b$_i1 ! parallelizable loop

do bb$_k =1,n,b$_k

do i2=max(1,bb$_i2),min(n,bb$_i2+b$_i2-1)

do i1=max(1,bb$_i1),min(n,bb$_i1+b$_i1-1)

do k=max(1,bb$_k),min(n,bb$_k+b$_k-1),1

A(i1,i2) = A(i1,i2) + B(i1,k) * C(k,i2)

end do

end do

end do

end do

end do

end do

Fig. 4. Matrix multiply example (contd.)
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use the MATMUL intrinsic function for expressing a matrix multiply computation,
but the principles illustrated in this example apply to any code structure where
there is an opportunity for collective optimization of scalarized loops and scalar
loops.
Figure 3(b) shows the result of unoptimized scalarization performed on the

the code in figure 3(a). The array language statement is expanded into six loop
nests, all of which are contained within the outer k loop. Array temporaries T2
and T4 capture the output of the two calls to the spread intrinsic [10]; many
compilers generate calls to a library routine for spread for the computation of
T2 and T4, which would incur even greater overhead than the in-line code for
the spread intrinsic shown in figure 3(b).
Figure 4(c) shows the result of optimized scalarization performed on the

code in figure 3(a). Optimized scalarization performs data dependence analysis
and forward substitution to generate a single loop nest for the array language
statement, as opposed to the six loop nests in figure 3(b). The two inner loops
(i2 and i1) in figure 4(c) can both be parallelized, but these parallel loops will
not be moved to the outermost position if the scalarized loops are optimized and
parallelized independent of the outer k scalar loop.
Figure 4(d) shows the result of collectively optimizing the scalar k loop and

the scalarized i1 and i2 loops. Now, the optimizer can tile all three loops, and
also move parallel loops bb i2 and bb i1 to the outermost position. Further,
loop k is moved to the innermost position so as to make the loop-invariant
A(i1,i2) references eligible for scalar replacement. To the best of our knowledge,
no other Fortran 90 compiler performs collective optimization on scalar loops and
scalarized loops so as to automatically derive the optimized code structure in
figure 4(d) from the input program in figure 3(a).
Figure 5 summarizes the wallclock (real) execution time measured for two

configurations of the matrix multiply example:

Separate — optimized scalarized code (figure 4(c)) obtained by transforming
only the scalarized (i1 and i2) loops, with parallelization of the i2 loop.

Combined — optimized scalarized code (figure 4(d)) obtained by following the
approach outlined in this paper and collectively transforming the scalar (k)
loop and the scalarized (i1 and i2) loops, with parallelization of the outer
bb$ i2 loop.

The wallclock time was measured for n = 1000 on one processor and four proces-
sors for both configurations. We see a dramatic 8× performance improvement
on one processor by using the combined approach outlined in this paper due to
the enhanced locality optimization of all three loops. We also get an ideal 4×
speedup for the combined approach, which is a multiplicative factor over the 8×
uniprocessor performance improvement.
The collective optimization of scalarized loops and scalar loops discussed in

this section focused on transformations of a single perfect loop nest containing
scalar loops and scalarized loops. Our compiler also uses the loop distribution
and loop fusion transformations to perform collective transformations across
multiple loop nests as described in [13,9].
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3 Optimized Parallelization of Fortran 90 Array
Constructs

In this section, we describe our solution for optimized compilation of Fortran 90
array language for execution on shared-memory multiprocessors. A high-level
description of the entire algorithm is outlined in figures 6 and 7. Step 1 performs
scalarization of array language statements using full-sized array temporaries as
needed (i.e., without attempting to minimize the size of array temporaries as
in [1]). Steps 2, 3, 4 perform loop distribution, identification of perfect loop
nests, and identification of reduction operations respectively, as preparatory
steps before optimization of locality and paralleli sm. Step 5 performs locality
optimization by following the approach outlined in [14]; the output of this
step is a sequence of unimodular and block/tile loop transformations selected
in step 5e for each perfect loop nest. Step 6 performs SMP parallelization by
following the approach outlined in [14,4]; the output of this step is a further
sequence of unimodular, parallelize, and coalesce loop transformations selected
in step 6d for each perfect loop nest. Step 7 performs loop fusion [19,9] to exploit
opportunities for further optimizing locality and reducing parallel loop overhead
across multiple loop nests (this includes undoing unnecessary loop distribution
transformations from step 2). Finally, step 8 performs scalar replacement and
loop unrolling transformations to improve uniprocessor performance by following
the approach described in [13].
For the sake of illustration, we now describe how the algorithm operates on

a single k-dimensional array language statement of the form, LHS = RHS2. We
first observe that a simple solution (without using the algorithm in figures 6 and
7) might be to parallelize all loops by introducing a full-sized k-dimensional
array temporary as shown in figure 8. (It may not always be necessary to
introduce a k-dimensional array temporary to parallelize all the loops e.g., no
array temporary is needed if the LHS array variable does not occur in the RHS
expression.) However, parallelizing all scalarized loops as in figure 8 creates two
serious overhead problems in practice:

1. The fine grain parallelism in the innermost loop(s) interferes with the spatial
locality optimization, and causes the same cache line from LHS to bounce
from processor to processor due to false sharing.

2. There is an overhead incurred due to the barrier synchronization that must
be performed at the end of each parallel do statement. Parallelization of
all loops in figure 8 results in an excessive number of barrier synchronizations
(due to nested parallel loops).

Instead, our algorithm in figures 6 and 7 avoids the interference between
parallelism and spatial locality by considering the innermost g loops to be

2 RHS need not be a single array variable. RHS(i1, . . . , ik) just represents the compu-
tation of element (i1, . . . , ik) of the array expression denoted by RHS. For simplicity,
we assume in this example that RHS does not contain any transformational intrinsic
functions (TIFs).
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Input: Intermediate representation containing a mix of Fortran 77 statements/loops
and Fortran 90 array constructs.
Output: Transformed intermediate representation in which all Fortran 90 array
constructs have been scalarized and optimized in conjunction with Fortran 77
statements/loops.
Method:

1. Translate each array language statement into scalar code without performing any
loop interchange/reversal transformations. Create full-sized array temporaries as
needed.

2. Perform maximal loop distribution [19].
3. Identify perfect loop nests [19].
4. Identify loop-carried flow dependences that correspond to associative reduction
operations e.g., sum reductions [19]. These reductions are used to relax data
dependence constraints on loop transformations.

5. for each set of perfectly nested loops L = (L1, . . . , Ln) do /* Optimize locality */
(a) Compute F (b1, . . . , bn), the estimated memory cost per iteration [5,13]
assuming symbolic block sizes b1, . . . , bn for loops L1, . . . , Ln.

(b) Identify the locality group G consisting of loops Lk such that δF/δbk < 0
(i.e., such that loop Lk carries spatial or temporal locality) and loop Lk can
be interchanged with loop Ln.

(c) Compute block sizes b1, . . . , bn so as to minimize F (b1, . . . , bn), while obeying
the following constraints:
– If loop Lk is in the locality group, G, then bk must satisfy 1 ≤ bk ≤ Nk,
otherwise bk is set = 1. (Nk is the estimated number of iterations for loop
Lk.)

– The number of distinct cache lines accessed by a single tile of b1× . . .× bn
iterations must not exceed the effective cache size. (Similar constraints are
imposed for the TLB and the L2-cache.)

(d) Update the locality group G by removing any loops assigned bk = 1 in step 5c.
(e) if |G| > 0 then /* Locality group G is non-empty */

i. Block/tile each loop Lk in G such that bk < Nk. After blocking, the
inner blocked loop is retained in G but the outer loop is not. (Loops with
bk = Nk are also retained in G, but are not blocked.)

ii. Select iteration-reordering loop transformations [16,14] to bring all loops
in G together in the innermost position.

end if
end for

Fig. 6. Algorithm for optimized parallelization of Fortran 90 array constructs
(Part 1 of 2)
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6. for each set of perfectly nested loops L = (L1, . . . , Ln) do
/* Optimize SMP parallelism */
(a) Let L′ = (L′1, . . . , L

′
n′ ) be the transformed version of L obtained after the

locality optimization in step 5 was performed on loop nest L. We will only
consider loops L′1, . . . , L

′
n′−g to be eligible for parallelization, where g = |G|

is the size of the locality group identified for L′.
(b) Use the algorithm from [18] to find the (unique) largest fully permutable
outermost loop nest in loops L′1, . . . , L

′
n′−g.

(c) Find C, the largest set of coalescable parallel loops from the fully permutable
outermost loop nest identified in step 6b, such that each loop in C is parallel
and can be moved to the outermost position and all loops inC can be coalesced.

(d) Select iteration-reordering loop transformations [16,14] to bring all loops in C
to the outermost position, and to parallelize and coalesce them.

end for
7. Perform loop fusion on the transformed loop nests to improve locality and reduce
overhead of parallel loops [19,9]. Unnecessary array temporaries are removed via
the array contraction transformation [15] after loop fusion.

8. Perform scalar replacement and loop unrolling transformations to improve
uniprocessor performance [13].

Fig. 7. Algorithm for optimized parallelization of Fortran 90 array constructs
(Part 2 of 2)

parallel do ik = . . .

. . .

parallel do i2 = . . .

parallel do i1 = . . .

temp(i1,i2,...,ik) = RHS(i1,i2,...,ik)

end do

. . .

end do

end do

parallel do ik = . . .

. . .

parallel do i2 = . . .

parallel do i1 = . . .

LHS(i1,i2,...,ik) = temp(i1,i2,...,ik)

end do

. . .

end do

end do

Fig. 8. Simple approach: Use of a k-dimensional temporary to parallelize all
loops of an array language statement
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ineligible for parallelization (step 6a), where g is the size of the locality group. For
the LHS = RHS statement that is being discussed in this section, the dominant
source of locality is spatial locality rather than temporal locality. In fact, the
criteria for selection of the locality group (determining if δF/δbk < 0 in step 5b)
can be stated as follows for this special case:

If a dimension has (stride < cache block size) or (stride < page size) for
any array section in the array statement, then add the dimension to the
spatial locality group.

It is easy to see that if the above rule includes dimension i in the locality group,
then it must include all dimensions < i in the locality group as well. Therefore,
the locality group can be defined by a single dimension number, S ≥ 0, denoting
the innermost set of dimensions that carry spatial locality, {1, . . . , S}. Often, we
find that g = S = 1 in practice.
Further, our algorithm in figures 6 and 7 addresses the problem of excessive

barrier synchronization overhead by coalescing [11,16] all parallel loops outside

the locality group, iS+1 , . . . , ik, into a single parallel loop with N =
∏k
j=S+1Nj

iterations in step 6d (where Nj is the number of iterations in loop ij). Compared
to the configuration in figure 8, the coalesced configuration reduces the number
of barrier synchronizations needed per loop nest from NS+2 × . . .× Nk to just
one.
In summary, the algorithm in figures 6 and 7 transforms and optimizes

scalarized loops and scalar loops collectively using the high-order transforma-
tions implemented in the IBM XL Fortran compiler [13]. These transforma-
tions include loop distribution, unimodular transformations, loop tiling/blocking
(with compiler-selected tile sizes), loop fusion, unrolling of multiple loops (with
compiler-selected unroll factors), and scalar replacement of selected array refer-
ences. of the IBM xl fortran SMP compiler. An overview of the framework
for selection of transformations can be found in [13,14], and brief descriptions of
the use of this framework for SMP parallelization can be found in [4,7].

4 Experimental Results

In this section, we summarize some preliminary experimental results for our
solution to optimized compilation of Fortran 90 array language for execution
on shared-memory multiprocessors. The performance measurements were made
using version 5.1 of the product IBM XL Fortran SMP compiler on an IBM
RS/6000 SMP workstation containing four PowerPC 604 processors. The two
benchmark programs used in our experimental results were taken from the
publicly available subset of the Quetzal Fortran 90 Benchmark Suite [12].
Figure 9 summarizes the performance measurements for the Fortran 77 and

Fortran 90 versions of the gas dynamics benchmark from the Quetzal suite.
The labels on the x-axis in figure 9 refer to different compiler optimization
options that were used to obtain the performance measurements, as follows (in
order of increasing optimization levels):
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Fig. 9. Performance measurements for Quetzal benchmark, gas dynamics

unopt Compile command: xlf -qarch=604 ...
The compiler generates unoptimized code in the absence of any optimization
option. The -qarch=604 option directs the compiler to generate code for the
PowerPC 604 processor.

-O Compile command: xlf -O -qarch=604 ...
This is the default level of optimization performed by the xl fortran
compiler. Array language statements are optimized individually and not
collectively at this optimization level.

-qhot Compile command: xlf -qhot -O3 -qarch=604 ...
The -qhot -O3 combination can be viewed as the next level of optimization
beyond -O that is supported by the compiler. The -qhot option enables
high order transformations in the xl fortran compiler, using the collective
transformation approach described in this paper for scalarized loops and
original loops.

-qsmp Compile command: xlf -qsmp -qhot -O3 -qarch=604 ...
The -qsmp -qhot -O3 combination includes automatic SMP parallelization
in conjunction with the optimizations and transformations performed in
the -qhot case. The SMP parallelization is performed using the collective
transformation approach described in this paper for scalarized loops and
original loops.

As can be seen from figure 9, the gap between the F77 and F90 versions is
much larger in the unopt and -O cases, compared to the -qhot and -qsmp cases.
For this benchmark, the combined approach described in this paper enables the
performance of the F90 version to beat the performance of the F77 version when



144 Vivek Sarkar

parallelized for an SMP, even though the performance of the unoptimized F90
version is significantly worse than that of the unoptimized F77 version. These
results also underscore the importance of performing a high level of optimization
for Fortran 90 programs.
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Fig. 10. Performance measurements for Quetzal benchmark, scattering

Figure 10 summarizes the performance measurements for the Fortran 77 and
Fortran 90 versions of the scattering benchmark from the Quetzal suite. As
can be seen from figure 10, the gap between the F77 and F90 versions is much
larger in the unopt and -O cases, compared to the -qhot and -qsmp cases. For
this benchmark, the combined approach described in this paper enables the
performance of the F90 version to match the performance of the F77 version.

5 Related Work

The work that is most closely related to this paper is the chapter on “Section-
ing” in Allen’s Ph.D. dissertation [1]. That chapter addressed the problem of
translating Fortran 90 style array assignment statements into sectioned code for
vector computers with fixed-size hardware vector lengths. If we consider a vector
length of just one, the sectioned code will essentially be the same as scalar code.
The main contribution of that chapter was an algorithm for finding a correct
scalarization with a reduced number and size of array temporaries.
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The work presented in this paper extends Allen’s results in two significant
ways for effective SMP parallelization. First, our framework allows for collective
optimization and transformation of scalar loops and scalarized loops. The trans-
formations performed in this framework include loop distribution, unimodular
transformations, loop tiling/blocking (with compiler-selected tile sizes), loop
fusion, unrolling of multiple loops (with compiler-selected unroll factors), and
scalar replacement of selected array references. Second, we showed how array
temporary minimization and optimization of parallelism and locality can be
conflicting goals, and described our approach in resolving these conflicts.

There are several papers that have been published in the literature related
to transforming scalar loop nests for optimizing parallelism and locality Space
limitations prevent us from discussing all these references; instead, we outline a
representative subset. Though these references do not address the issue of opti-
mizing Fortran 90 array language, their techniques are related to the combined
framework reported in this paper for optimizing scalarized loops and scalar loops.

Irigoin and Triolet [6] described a framework for iteration-reordering trans-
formations based on supernode partitioning, an aggregation technique achieved
by hyperplane partitioning, followed by iteration space tiling across hyperplane
boundaries. Their framework incorporates loop interchange, hyperplane parti-
tioning, and loop tiling (blocking) in a unified way, for loop nests with linear
bounds expressions. Our framework takes its inspiration from this kind of unified
approach to loop transformations. Their framework is more general than ours
in its ability to support non-rectangular tiling through hyperplane partitioning.
Our framework is more general than theirs in its ability to support non-linear
transformations like loop parallelization and loop coalescing. Our framework
is also more practical because it is based on dependence vectors rather than
dependence cones.

Recently, unimodular transformations (a restricted case of supernode parti-
tioning) has gained popularity as a practical framework for iteration-reordering
transformations. Unimodular transformations are attractive because any combi-
nation of loop interchange, loop reversal, and loop skewing can be represented
by a single unimodular transformation matrix [2,18]. An algorithm that uses
unimodular transformations to decompose a perfect loop nest into maximal sets
of fully permutable loops as the basis for loop parallelization can be found in
[18]. In related work [17], the tiling (blocking) transformation was incorporated
into this framework by proposing a two-step approach for locality optimization,
in which a unimodular transformation is followed by a tiling transformation.
However, there have been no results reported on a compiler implementation that
combines the parallelization proposed in [18] with the locality optimization pro-
posed in [17]. More recently, McKinley, Carr, and Tseng [8] studied improvements
in data locality by using the loop permutation, fusion, distribution, and reversal
transformations. Their experimental results show wide applicability of these
locality-improving transformations for existing Fortran 77 programs. However,
this study was performed in the uniprocessor context and did not include SMP
parallelization.
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A key advantage of the approach reported in this paper over past work is
that it allows arbitrary composition of a large class of unimodular and non-
unimodular (e.g., blocking, parallelization, coalescing) loop transformations for
both locality and parallelization optimizations. The algorithm described in sec-
tion 3 (figures 6 and 7) relies on this generality. To the best of our knowledge,
there is no prior work that reports on this form of combined optimization of
locality and parallelization for SMP targets.

6 Conclusions and Future Work

In this paper, we described a solution for optimized compilation of Fortran 90
array language for execution on shared-memory multiprocessors. This solution
has been implemented in version 5.1 of the XL Fortran product compiler for
SMPs. The highlights of our solution include resolving the conflicts between array
temporary minimization and parallelization and locality optimizations, as well
as a robust framework for collectively transforming and optimizing scalar and
scalarized loops. These extensions are essential if the performance of Fortran 90
array constructs is to be competitive with that of Fortran 77 loops. For future
work, we plan to apply these techniques to optimization of future array language
extensions to Java [3].
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Abstract. The proliferation of parallel platforms over the last ten years
has been dramatic. Parallel platforms come in different flavors, includ-
ing desk–top multiprocessor PCs and workstations with a few processors,
networks of PCs and workstations, and supercomputers with hundreds of
processors or more. This diverse collection of parallel platforms provide
not only computing cycles, but other important resources for scientific
computing as well, such as large amounts of main memory and fast I/O
capabilities. As a result of the proliferation of parallel platforms, the
“typical profile” of a potential user of such systems has changed consid-
erably. The specialist user who has a good understanding of the com-
plexities of the target parallel system has been replaced by a user who is
largely unfamiliar with the underlying system characteristics. While the
specialist’s main concern is peak performance, the non–specialist user
may be willing to trade off performance for ease of programming.
Recent languages such as High Performance Fortran (HPF) and SGI
Parallel Fortran are a significant step towards making parallel platforms
truly usable for a broadening user community. However, non-trivial user
input is required to produce efficient parallel programs. The main chal-
lenge for a user is to understand the performance implications of a spec-
ified data layout, which requires knowledge about issues such as code
generation and analysis strategies of the HPF compiler and its node
compiler, and the performance characteristics of the target architecture.
This paper discusses our preliminary experiences with the design and
implementation of Fortran RED , a tool that supports Fortran as a de-
terministic, sequential programming model on different parallel target
systems. The tool is not part of a compiler. Fortran RED uses HPF as
its intermediate program representation since the language is portable
across many parallel platforms, and commercial and research HPF com-
pilers are widely available. Fortran RED is able to support different target
HPF compilers and target architectures, and allows multi–dimensional
distributions in addition to dynamic remapping. This paper focuses on
the discussion of the performance prediction component of the tool and
reports preliminary results for a single scientific kernel on two target sys-
tems, namely PGI’s and IBM’s HPF compilers with IBM’s SP–2 as the
target architecture.
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1 Introduction

Parallel platforms not only provide computing cycles, but also supply large
amounts of main memory1 and fast I/O capabilities. The increase in availability
of parallel computing resources to a larger user community is far from being
matched with the availability of software tools that allow easy access and use
of these resources. The potential user of a parallel system may not be familiar
or willing to deal with the complexities of efficient parallel programming. As a
consequence, valuable computing resources may be underutilized or even wasted.

Languages such as High Performance Fortran (HPF) [19] or SGI Parallel
Fortran [38] provide a shared name space programming model augmented by
directives that specify how the data is mapped onto the individual processors.
The user of such languages is able to avoid many complexities of explicit parallel
programming. Based on the user supplied data layout specifications, the compiler
and/or operating system ensure the correct computation and data placements.
However, the user is still faced with the difficult problem of choosing an efficient
data layout. An efficient data layout minimizes communication while maximizing
exploitable parallelism. The best choice of a data layout depends on many factors
including the program’s computation characteristics, the number of processors
used, the performed compiler optimizations, the target machine characteristics,
and the problem size. All these factors and their interactions make it extremely
hard for a user to choose an efficient data layout.

In this paper, we discuss and evaluate techniques for automatic data layout
in the context of a programming environment that can target different compil-
ers and different parallel platforms. Portability across different target compilers
and platforms is necessary to achieve the goal of efficient, platform independent
programming. A crucial challenge for our automatic data layout approach is the
design of a performance predictor that is portable across different target sys-
tems and is able to rank correctly a given set of data layout alternatives, while
being as simple and efficient as possible. This paper describes the design of a
compositional performance predictor for an automatic data layout tool.

A prototype tool based on our framework for automatic data layout has
been implemented on top of the D System compiler infrastructure developed at
Rice University [1]. The Fortran RED (Retargetable Environment for Datalayout)
tool takes sequential Fortran programs as input and generates HPF programs
as output. The input Fortran programs solve regular problems, i.e., use dense
arrays as their main data structures. Regular problems allow computation and
communication requirements of the application to be derived at compile time.
The overall structure of the Fortran RED tool is shown in Figure 1.

Fortran RED builds and examines search spaces of candidate data layouts.
A candidate layout is an efficient layout for some part of the program. These
program parts are called program phases and are automatically determined by

1 In fact, some researchers argue that machines with a large main memory should
always have multiple processors in order to make cost–effective use of the memory’s
capacity and bandwidth [41].
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Fig. 1. Overview of Fortran RED

the tool. After the generation of candidate layout search spaces for each phase,
a single candidate layout is selected from each search space, resulting in a data
layout for the entire program. Note that the optimal selection may consist of
candidate data layouts that are each suboptimal for their phases, or may require
the remapping of arrays between program phases. A compositional performance
estimator based on a compiler, execution, and a machine model is used to predict
the execution time of each candidate layout and the costs of possible remappings
between candidate data layouts. The compiler model is parameterized with re-
spect to the optimizations performed by the target HPF compiler, including
its node compiler. The execution model classifies program parts according to
their communication and synchronization patterns in order to identify the crit-
ical path for its execution. The machine model uses a set of HPF benchmark
kernels to measure the performance of basic computation, memory access, and
communication patterns. The benchmark kernels are compiled with the target
compiler and executed on the target machine once at tool installation time. The
resulting measurements are stored in a performance data base and accessed by
the tool during program analysis. A detailed discussion of our general framework
for automatic data layout can be found in [22].

The paper is organized as follows. Section 2 presents the scientific program
kernel used in our preliminary experiments. The example program that shows
the need for a tool such as Fortran RED . Section 3 discusses our compositional
performance prediction approach in detail. The paper concludes with a discussion
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// Forward and backward sweeps along rows

ENDDO

REAL c(N, N), a(N, N), b(N, N)

c(i, j) = c(i, j) - c(i, j - 1) * a(i, j) / b(i, j - 1)
b(i, j) = b(i, j) - a(i, j) * a(i, j) / b(i, j - 1)

ENDDO
ENDDO

DO j = 2, N
DO i = 1, N

DO i = 1, N
c(i, N) = c(i, N) / b(i, N)

ENDDO

DO j = N - 1, 1, -1
DO i = 2, N

ENDDO
ENDDO

c(i, j) = ( c(i, j) - a(i, j + 1) * c(i, j + 1) ) / b(i, j)

ENDDO
ENDDO

c(i, j) = c(i, j) - c(i - 1, j) * a(i, j) / b(i - 1, j)
b(i, j) = b(i, j) - a(i, j) * a(i, j) / b(i - 1, j)

DO i = 2, N
DO j = 1, N

ENDDO
c(N, j) = c(N, j) / b(N, j)

DO j = 1, N

ENDDO
ENDDO

DO i = N - 1, 1, -1
DO j = 1, N

c(i, j) = ( c(i, j) - a(i + 1, j) * c(i + 1, j) ) / b(i, j)

// loop nest performing READ (c, a, b) operation

DO   iter = 1, max

// Downward and upward sweeps along columns

// loop nest performing WRITE (c, b) operation

Fig. 2. ADI integration kernel with computation illustration

of experimental results in Section 4, related work in Section 5, and our overall
conclusions and directions for future work in Section 6.

2 Example Scientific Program

ADI integration is a technique frequently used to solve partial differential equa-
tions (PDEs). Figure 2 shows the code of an ADI kernel computation. The exe-
cution of the ADI integration kernel consists of a repeated sequence of forward
and backward sweeps along rows, followed by downward and upward sweeps
along columns. For the sweeps along the rows, a row layout has the best perfor-
mance. The same holds for a column layout for the column sweeps. Transposing
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the arrays between the all row and all column sweeps eliminates communica-
tion within the sweeps. In contrast, choosing the same data layout for both, row
and column sweeps will avoid communication between the sweeps but will make
communication necessary either in the row or column sweeps.

The best data layout choice will depend on the speed of the communication
hardware and software of the parallel target architecture, and the ability of the
compiler to exploit the available parallelism efficiently. In addition to the com-
piler dependence, the performance characteristics of the underlying I/O system
may be considered in the data layout choice since the program performs read
and write disk accesses. Finally, the actual size N of the arrays and the number
of available processors may influence the data layout choice. The prototype im-
plementation of Fortran RED generates a data layout for ADI for a given target
system, number of available processors, and problem size. The current imple-
mentation does not consider the characteristics of the underlying I/O subsystem
of the target system.

3 Performance Model

Any optimizing compiler relies on some form of performance prediction to guide
its decision process between optimization alternatives. The precision of the per-
formance prediction has to allow the correct ranking of the optimization alter-
natives, i.e., the relative ranking should match the measured performance im-
provements of the optimization alternatives. The performance model in Fortran
RED has to be able to rank correctly the different candidate data layouts for the
entire program or single program segments in most cases. This is a non-trivial
challenge since the performance of a candidate layout is compiler, problem size,
machine architecture and machine size dependent. Clearly, there is a tradeoff
between prediction cost and prediction quality. The performance model has to
be portable across different target systems. In fact, the key to the portability of
Fortran RED is the portability of its underlying performance prediction model.

The performance model used in Fortran RED is compositional in the sense
that it first models the optimizations performed by the compiler, followed by
a model for the execution of the generated, message–passing node programs.
In turn, the execution model itself relies on a machine model that produces
performance numbers for basic computation, communication, and memory access
patterns. Based on the machine model predictions, the problem size, and the
number of processors, the execution model aggregates the costs along the critical
path of the execution.

The compiler model is parameterized with respect to a set of optimization
transformations, in particular communication optimizations such as message vec-
torization and message coalescing. The execution model is target compiler and
target architecture independent, but uses the problem size and number of pro-
cessors to look–up the corresponding performance predictions in the machine
model data base. The machine model consists of a collection of kernel programs
written in HPF. These programs are compiled with the target compiler, and
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Do i = 1, N

do j = 1, N

b(i,j) = a(i-1,1)

Fig. 3. Candidate layout dependent communication patterns

executed on the target system for ranges of different parameter values. These
parameters include message length, unit or non-unit stride memory accesses, and
number of processors. Retargeting the machine model to a new target system
consists of rebuilding the performance data base by compiling and executing all
HPF kernel patterns on the new system. This has only to be done once at tool
installation time. It is important to note that the same HPF kernel patterns
are used for all target systems, allowing true portability. The following sections
discuss the compiler, execution, and machine models in more detail.

3.1 Compiler Model

The compiler simulation module analyzes RHS and LHS of assignment state-
ments for each program phase and candidate data layout. In the first step, local
iteration sets are computed that represent local loop iterations that have to be
executed by each node processor. Based on these iterations, a data structure
is built for each phase that maps phase loop levels to a sets of regular sec-
tion descriptors (RSDs [7,17]) that describe the generated communication pat-
terns. Currently supported communication patterns are shift, send receive,
broadcast, and reduction. Compiler flags are used to enable communication
optimizations such as message vectorization, message coalescing, and message
aggregation [39,15,4]. These optimizations are simulated using array subscript
dependence analysis to determine when the communication occurs and RSDs
information to describe what data elements have to be communicated. A com-
munication pattern that is marked as loop carried at a loop level will lead to
a pipelined execution at the entire phase loop nest, where a single execution of
the loop at the communication level and the levels below is a single stage of the
pipeline.

RSDs are constructed for each distributed dimension of an array separately
and stored at the appropriate phase nesting level. The subsequent execution
model interprets the overall interactions of the communication patterns. A single
array reference, such as a(i − 1, 1) shown in Figure 3, may lead to different
communication patterns for different candidate layouts. It is important to note
that the goal of the compiler model is not to determine the best communication
optimizations or compilation strategy possible, but to be able to simulate the
transformation and optimization process performed by a set of target compilers.
Clearly, the compiler model has to make tradeoffs between simulation cost and
precision.

Assuming that all candidate layouts have the perfect alignment (Align a
With b) for the program segment shown in Figure 3, the (*,block) distribu-
tion will require the first column of array a to be broadcast to all processors.
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In the case of a (block,*) distribution, a single element, nearest neighbor shift
communication is sufficient. A (block,block) distribution may result in a mul-
ticast and shift communication. The placement of the communication within the
loop is compiler dependent.

3.2 Execution Model

Once locations and types of compiler generated communications are known for a
candidate layout and its phase, an execution model is used to estimate the perfor-
mance effects of synchronizations induced by the communications. Communica-
tion inside a phase may lead to a pipelined execution of the loop. Communication
outside of the phase may result in a loosely synchronous execution scheme [12].
In addition, special communication patterns may be recognized that represent
global operations such as reductions. Based on the synchronization schemes and
the costs for simple communication patterns and basic computations, the exe-
cution model determines the overall cost estimate for a candidate layout and its
phase.

In a loosely synchronous phase, all processors operate in a loose lockstep,
consisting of alternating steps of parallel asynchronous computation and syn-
chronous communication. The performance of the overall program can be esti-
mated by predicting the cost of the “representative” node program that oper-
ates on the largest local data segment. This performance model assumes that
the largest segment has the highest computation and communication costs and
therefore represents the critical path in a loosely synchronous execution of the
entire program. The computation and communication costs for the largest local
data segment are just added up to determine the overall phase performance.

Performance prediction of a pipelined phase execution is more complicated
than in the loosely synchronous case due to the structure of the underlying
critical execution path. Execution models that can estimate pipelines of different
granularity have been discussed in the literature, for instance in [26,32]. For
a pipelined phase, Fortran RED uses the innermost level that carries a true
dependence to determine the granularity of the pipeline. This level is referred
to as the pipeline level. The performance estimate for a single pipeline stage is
the predicted computation and memory access cost for a single iteration at the
pipeline level. The number of stages executed by each processor is the number of
iterations of the outer loops within the phase that enclose the pipeline level. The
execution time for the entire pipeline is determined by the time needed by the
last processor to finish all its stages and by its starting delay relative to the first
processor of the pipelined execution. The pipeline model implemented in Fortran
RED is similar to the model described by Mellor-Crummey, Adve, and Koelbel
[26], and allows pipelined execution across different distributed dimensions, i.e.,
multi–dimensional pipelines. For the special case of a reduction phase, Fortran
RED determines the kind of reduction operation and its data type, for instance
min, max, or sum of type double precision. The costs of the global reductions are
derived from corresponding HPF reduction benchmark kernels.
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PATTERN NAME HPF CODE† PREDICTION

COMMUNICATION

shift shiftunit(N, P ) Dimension x(N,P), y(N,P) exec time
unit stride Align x With y

message size=N Processors t(P)

#processors=P Distrib (*,block) x Onto t

do j=2,P

do i=1,N

x(i,j) = y(i,j-1)

broadcast broadcastunit(N, P ) Dimension x(N,P), y(N) exec time
unit stride Align y(i) With x(i,1)

message size=N Processors t(P)

#processors=P Distrib (*,block) x Onto t

do j=1,P

do i=1,N

x(i,j) = y(i)

MEMORY ACCESS

write array ref. cache hitwrite do j=1,N exec time/N2

unit stride do i=1,N

x(i,j)=1.0

read array ref. cache hitread do j=1,N (exec time/N2) −
unit stride do i=1,N cache hitwrite

x(i,j)=y(i,j)

write array ref. cache misswrite do i=1,N‡ exec time/N2

nonunit stride do j=1,N

x(i,j)=1.0

read array ref. cache missread do i=1,N‡ (exec time/N2) −
nonunit stride do j=1,N cache misswrite

x(i,j)=y(i,j)

COMPUTATION

addition cost+ do j=1,N (exec time/N2) −
do i=1,N (cache hitread +
x(i,j)=x(i,j)+y(i,j) cache hitwrite)

multiplication cost∗ do j=1,N (exec time/N2) −
do i=1,N (cache hitread +
x(i,j)=x(i,j)*y(i,j) cache hitwrite)

† Unless stated otherwise, arrays are declared of size (N,N) and stored in column–major
order.
‡ The value of N is big enough to generate cache misses for each innermost j iteration.

Table 1. Example communication, memory access, and computation benchmark
kernels
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3.3 Machine Model

The machine model consists of a set of HPF programs that measure the execution
times of basic computations, memory access, and communication patterns. A
single pattern may generate a set of different performance numbers. For example,
each global communication pattern is executed for different message sizes and
numbers of processors.

Communication Model For each communication pattern, the actual size of the
messages and the number of processors involved have to be determined. The
current model does not consider contention between groups of processors. If two
groups of processors have logically independent communication operations, each
operation is predicted separately for the number of processors in each group.
Table 1 shows two benchmark kernels, for nearest neighbor shift communication
and for global broadcast communication.

Computation Model Two computation benchmark kernels are listed in Table 1.
Based on the timings, the computation costs of basic operations are determined
by subtracting out the memory access costs. The measured computation costs
may be interpreted differently for different target architectures. For example, if
the target architecture has two floating point units, the benchmark kernel may
represent the ideal situation where computations are independent. Additional
analysis may be needed to model computation that is not independent, i.e.,
may lead to stalls in the different floating point units. The current prototype of
Fortran RED does not contain an instruction scheduling simulator, but adds up
the individual costs of of operations.

Memory Hierarchy Model The memory model tries to capture the cost for the
address computation and the cost resulting from possible cache misses. This
is done by assigning each array reference a unit stride array reference cost
(cache hitread/write), and in the case of a cache miss, add an additional cache
miss penalty (cache missread/write). The cache model to determine the overall
cache miss penalty is based on the work by McKinley, Carr and Tseng [27]. Our
model is simpler in the sense that it relies on basic pattern matching to identify
spatial and temporal reuse. Spatial or temporal reuse across iterations of the
innermost loop, or cache conflict misses [18] are not considered in the current
model. However, a model to predict the number of capacity misses is used similar
to the model introduced by Ferrante, Sarkar, and Thrash [11].

All array references in the loop are partitioned into RefGroups, where each
RefGroup contributes a single cache miss penalty to the overall cache miss penalty
for an innermost loop iteration. The RefGroup partitioning avoids the overcount-
ing of cache misses since only the first reference in the group will result in a cache
miss, followed by cache hits for the remaining references in the group. RefGroups
that contain only references that are invariant within the innermost loop, or
have only unit stride accesses do not contribute to the cache miss penalty. The
remaining groups contain non–unit stride accesses and are classified as either
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Do i = 2, N // e.g., parameter (N = 256)

Do j = 1, N

c(i,j) = c(i,j) - c(i-1,j) * a(i,j) / b(i-1,j)

b(i,j) = b(i,j) - a(i,j) * a(i,j) / b(i-1,j)

Fig. 4. Example loop with non–unit stride accesses

read or write. A write group contains at least one array reference that occurs on
the left–hand–side of an assignment statement.

A simple model for capacity misses determines whether cache misses occur
for non-unit stride accesses. Basically, the model determines the number of dis-
tinct cache lines touched by an innermost iteration. If this number exceeds the
available number of lines in the cache, a cache miss is predicted.

Assuming column-major order allocation of multi-dimensional arrays, the ex-
ample loop of our ADI kernel in Figure 4 has three RefGroups, namely
{c(i,j),c(i-1,j)}, {b(i,j), b(i-1,j)}, and {a(i,j)}. The first two groups are
write groups, and the last is a read group. All three groups are non-unit stride.
For each group, the number of cache misses is determined based on the cache
architecture of the target machine and the sizes of the data segments allocated
on each processor. The current Fortran RED implementation uses the follow-
ing simple model to determine cache capacity misses of a reference group in an
innermost loop with n iteration:

# cache misses =




n if s ≥ l and n > S
n∗s

l if s < l and n∗s
l > S

0 otherwise

where s is the access stride, l is the cache line size, and S is the number of
cache sets available for the reference group. In the current implementation, the
number of available sets is the total number of sets in the cache divided by the
number of arrays referenced in the loop. In the example of Figure 4, a perfect
alignment and column distribution of all three arrays onto two processors2 will
result in local innermost iterations of size n = 128 and a stride s = 256. Assuming
a cache with 256 sets and a line size l = 32, the available number of sets for each
array is set to S = b256/3c = 85. As a result, each reference group contributes
one cache misses to each innermost iteration. The final memory access cost,
including the cache miss penalty for capacity misses is

2 ∗ cache hitwrite + 8 ∗ cache hitread +

2 ∗ (cache misswrite − cache hitwrite)+

cache missread − cache hitread

Each of the 10 references in the loop is assigned a cache hit cost, with addi-
tional penalties for three cache misses, two due to write accesses and one due to
read accesses.
2 Processor procs(2); Align a With b,c ; Distribute (*,block) a Onto

procs
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PGI IBM
pghpf/xlf-1.1 xlhpf/xlf-1.3

message vectorization
√ √

message coalescing
√ √

message aggregation
√

communication routine calls
√

explicit send/receive
√

software pipeling
√ √

Table 2. Characteristics of the HPF target compilers

4 Experiments

The alternating direction implicit integration kernel (Adi) as shown in Figure 2
was the basis for our preliminary experiments. There were two target systems
for Fortran RED , PGI’s HPF compiler with IBM’s xlf version 1.1 compiler as its
node compiler, and IBM’s HPF compilers with IBM’s xlf version 1.3 node com-
piler. In both cases, the IBM SP–2 distributed memory multiprocessor was the
target architecture. Experiments were performed for 4, 8, and 16 thin nodes
(PowerPC2). Both target compilers were used at the highest compiler opti-
mization level (-O3). The two commercially available HPF compilers (IBM’s
xlhpf/xlf-1.3 and PGI’s pghpf/xlf-1.1) use different communication generation
strategies. For a nearest neighbor shift communication pattern, PGI’s pghpf com-
piler generates a single call to a global communication routine that implements
the pattern. In contrast, IBM’s xlhpf compiler generates explicit calls to lower
level send and receive communication routines for the pattern. Using a single
global communication routine allows runtime communication optimization since
the decisions regarding execution order and type of lower level send and receive
routines may be postponed until the global routine is actually called. Insert-
ing send and receive communications directly into the program allows compile
time optimizations such as message latency hiding by moving sends ahead of
receives across program segments. However, runtime optimizations are more re-
stricted since the placement and type of communication routines are determined
at compile time. Both HPF compilers use message vectorization and message
coalescing, but only IBM’s compiler performs message aggregation [39]. Both
compilation systems perform software pipeling at the node program level.

A summary of the HPF compiler characteristics is given in Table 2. These
characteristics were provided to Fortran RED as the description of the target
compiler. For the experiments, our prototype system simulated message vector-
ization and coalescing. In addition to the results of the benchmark kernels in the
performance data base, Fortran RED exploited knowledge about the structure
of the PowerPC2 node architecture such as the cache design of the IBM SP–2.
The data cache size is 126Kbytes, with 256bytes for each cache line (512 sets).

For the Adi code, Fortran RED generated candidate layouts consisting of
perfect alignments of the two dimensional arrays (Align a With b, c) and all
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possible combinations of one and two dimensional block distributions for 4, 8, and
16 processors. In order to validate the precision of the performance prediction
component of the tool, we hand coded the corresponding static global layouts in
HPF and measured their execution times on the target systems. In addition, a
dynamic layout was considered that performed array transposes between the row
and column sweeps of the computation. Figures 5 and 6 show the measured and
predicted execution times of the different global data layouts for Adi for the two
target system on 4, 8 and 16 processors. Each figure shows four data points:
problem sizes (144x144), (272x272), (400x400), and (528x528) of double precision.

For the xlhpf/xlf-1.3 target compiler, the best data layout varied with the
number of processors and problem sizes. In contrast, PGI’s pghpf/xlf-1.1 com-
piler always performed best using a dynamic data layout. Fortran RED was able
to predict the performance of all measured data layouts with high accuracy. This
is a remarkable result, considering the complexity of the target compiler and tar-
get architecture. In particular, the tool always selected the best data layout. For
the pghpf/xlf-1.1 target compiler, Fortran RED failed to predict the best layout
in four cases (see Figure 6, 4 processors), which resulted in an execution time
increase of up to 89% due to the suboptimal selection. In all other cases, the
best data layout was selected. Although the predictions for most data layouts
were much lower than the actual measurements, this underestimations was not
significant enough to lead to the wrong data layout selection (with the exception
of the four cases mentioned above). In addition, the ranking of some suboptimal
data layouts were not preserved in the prediction. As it turned out, the 1.1 ver-
sion of the xlf compiler generated redundant code within software pipelined and
unrolled loops3. This problem has been fixed in version 1.3. Unfortunately, we
were not able to rerun the experiments with the PGI compiler and the updated
version of the xlf compiler due to the closure of the Cornell Theory Center. How-
ever, it is interesting to note that we were able to find this bug because of our
performance prediction results.

5 Related Work

The problem of automatic data layout has been addressed by many researchers
[3,9,16,20,23,24,25,34,6,21]. The presented solutions differ significantly in the
assumptions that are made about the input language, the possible set of data
layouts, the compilation system, and the target machine architecture.

Our work is similar in nature to the recent work done by Anderson and Lam
at Stanford University [3,2], Chatterjee, Gilbert, Schreiber, Sheffler, and Pugh at
RIACS, Xerox Parc, and the University of Maryland [37,8], Palermo and Baner-
jee at the University of Illinois at Urbana Champaign [31,30], Ayguadé, Garcia,
Girones, Labarta, Torres and Valero at the University of Catalunya in Barcelona,
[14,13], and Ning, Van Dongen, and Gao at CRIM and McGill University [28].
In contrast to previous work, Fortran RED is design to target different compi-
lation systems and parallel architectures, allowing program portability across a
3 Source: Henry Zongaro, XL Fortran/XL HPF Compiler Development, IBM Toronto
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Fig. 5. IBM’s xlhpf/xlf-1.3 compiler and 4, 8, and 16 processors of IBM SP-2.
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Fig. 6. PGI’s pghpf/xlf-1.1 compiler and 4, 8, and 16 processors of IBM SP-2.
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range of parallel platforms. A crucial component within Fortran RED is perfor-
mance prediction. Our work on performance prediction in the context of Fortran
RED has been based on our previous work on “training sets” [5]. This work is
very similar to the micro-benchmarking approach developed by Saavedra and
Smith [36,35]. The importance of performance prediction for optimizing compil-
ers has been recognized by many researchers and several proposals have been
published in the literature, such as [40,33,10,29]. However, accurate and cost ef-
ficient performance prediction, in particular for superscalar architectures, is still
an open research problem.

6 Conclusion

This paper discussed preliminary experiences with Fortran RED , a tool designed
to support Fortran on a variety of different parallel target platforms. The tool
uses HPF as an intermediate program representation. The portability requires
that Fortran RED is able to predict the quality of data layouts across different
HPF compilers and target architectures. The performance prediction component
within the tool uses benchmarks of communication, computation, and memory
access patterns to determine the expected performance of a given data layout.
These benchmark patterns are written in HPF to allow portability. Experiments
were performed for two different target systems consisting of PGI’s and IBM’s
HPF compilers for the IBM SP–2 multiprocessor, and a single scientific applica-
tion. For 20 out of 24 test cases, Fortran RED determined the best data layout,
where a test case is a particular problem size and number of processors used.
For most test cases, the data layout choices were non-trivial, and a wrong data
layout choice would result in a dramatic reduction in program performance. For
the IBM-xlhpf/SP–2 target system, the performance predictions had very high
accuracy. However, in particular for the PGI-pghpf/SP–2 target system, the tool
failed to rank subsets of suboptimal data layout alternatives correctly. We believe
that this problem resulted from a previously unknown compiler performance bug
in the IBM xlf-1.1 compiler and should disappear by using the updated version
xlf-1.3.

Clearly, more experimental results are needed to validate our overall ap-
proach. The preliminary experiments showed that one of the main challenges
in designing a tool such as Fortran RED is accurate performance prediction. A
compositional performance prediction approach is needed to model the differ-
ent components of a target system such as the HPF and node compilers, and
the cache. We are currently investigating performance prediction at the node
compiler level that takes superscalar optimizations and processor characteristics
such as multiple functional units into account. In addition, models to predict
cache conflict misses will be included.
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Abstract. The automatic parallelization of C has always been frus-
trated by pointer arithmetic, irregular control flow and complicated data
aggregation. Each of these problems is similar to familiar challenges en-
countered in the parallelization of more rigidly-structured languages,
such as FORTRAN77. By creating a mapping from one language to
the other, we can expose the capabilities of existing automatically par-
allelizing compilers to the C language. In this paper, we describe our
approach to mapping applications written in C to a form suitable for
the Polaris source-to-source FORTRAN compiler. We also describe the
improvements in the compiled applications realized by this second level
of transformation and show results for a small application in comparison
to commercial compilers. We describe our model of a Virtual Speculative
Parallel Machine as the target of our compiler.

1 Introduction

Polaris is an automatically parallelizing source-to-source FORTRAN compiler.
It accepts FORTRAN77 input and produces a FORTRAN output in a new di-
alect that supports explicit parallelism by means of embedded directives such
as the OpenMP [12] or Sun FORTRAN Directives [14]. The benefit that Polaris
provides is in automating the analysis of the loops and array accesses in the
application to determine how they can best be expressed to exploit available
parallelism. The analysis of typical FORTRAN77 applications is more straight-
forward than with other languages, because parallelism is commonly expressed
using a limited set of loop constructs and array declarations. This allows Po-
laris to perform complicated interprocedural and global analysis without risk
of misinterpretation of programmer intent. Experimental results show that Po-
laris is able to markedly improve the run-time of applications without additional
programmer direction [8,4].
The expressiveness and low-level memory access primitives of C make it

ideally suited for translation into efficient machine language. However, these
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low-level operations interfere with further optimizations such as parallelization,
software pipelining and various types of loop transformations. Much research has
been performed in the areas of pointer analysis [6,7,9] and control-flow analysis to
not only ensure the correctness of program transformations, but also to achieve
efficient execution on a given target architecture [3]. Despite these significant
contributions, state-of-the-art C compilers are not able to optimize C programs
to the level possible in Fortran compilers. For obvious reasons, rewriting C pro-
grams in Fortran is not an option. To take advantage of higher optimization
levels nevertheless, in this paper, we study the transcription of C programs into
the representation used by a Fortran optimizer.

The immediate question we attempt to answer is the following: to what de-
gree is available Fortran compiler technology capable of optimizing C programs?
A secondary, long-term goal of this work is to develop a C optimizer that gen-
erates efficient code for a Virtual Speculative Parallel Machine (VSPM). Such
execution engines have recently been proposed [10,13]. However, their compiler
interface is an open issue. For our purposes, the VSPM is modeled as an engine
that can execute parallel regions correctly, even if they contain data dependences.
However, if there are many dependence violations at runtime, the performance
may degrade (because the VSPMmay perform roll backs and re-execute serially).
The VSPM interface permits the compiler to identify provable data dependences
and provably independent loops. In these cases, the VSPM may insert synchro-
nizations or execute in parallel without speculation, respectively. In all other
cases, speculative parallel execution is used, potentially incurring overhead. To
keep this overhead low, the compiler identifies as many provable data depen-
dences and independent references as possible and leaves the resolution of may
dependences up to the VSPM. In this paper, we do not yet provide such depen-
dence information. However the VSPM execution model is important in that we
can view the compiler’s task solely as a performance optimization rather than
a strict enforcement of correctness. This is crucial for optimizing C programs,
where otherwise conservative assumptions may severely limit performance.
The remainder of this paper is organized as follows. In Section 2, we describe

the construction of our transcription system. We examine related research in
Section 3, describe performance benefits of the system in Section 4 and conclude
with Section 5.

2 The Cepheus Transcriber

We have created a tool that transcribes C programs into a FORTRAN-like rep-
resentation. For the sake of presentation we choose actual FORTRAN text as
the target language. In actuality, the ultimate representation is a FORTRAN
intermediate form–specifically, the representation of the Polaris compiler. Our
transcriber uses three basic ideas:

– A pointer is simply an index into an array that spans the entire memory. In
this sense, pointer analysis can then be reduced to array region analysis. By
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creating overlapping arrays–one for each basic type and one for each field of
each structure type–we further subdivide the analysis.

– Many for loops in C can be transformed into Fortran DO loops using standard
control flow analysis techniques. More esoteric control-flow can be expressed
with GOTO statements.

– Arrays of aggregate data declarations may be translated as separate (overlap-
ping) array declarations, allowing the FORTRAN compiler to use traditional
analysis techniques.

We call our transcriber Cepheus1 , and, though it is separate now, we expect to
integrate it with the Polaris translator in the near future. The current imple-
mentation of Cepheus does not transcribe the full C semantics. Consequently,
some programs will not be able to take advantage of the subsequent Polaris op-
timization step. One goal of this research is to determine how successful such
a transcription can be and where C-language-specific optimization methods be-
come necessary.

2.1 Representation of data

FORTRAN77 does not have the flexibility of lexical scoping that C does. The two
primary means of sharing “global” data between two functions or subroutines
is by either passing values through formal parameters or by sharing common
blocks. Cepheus allocates a common block to represent each variable declared
outside of any function’s scope. The semantics of the storage class (e.g. extern,
static) and initialization are also represented in the transcribed code.
Function arguments in C are passed by value but arguments in FORTRAN

are passed by address. In the transcribed output, all variables are passed in the
natural FORTRAN manner, except that data that must conform to pass-by-
value semantics is copied to a temporary value within the function that is used
in place of the formal argument. This ensures that the callee cannot modify the
caller’s value.
Cepheus translates an aggregate data structure, such as a struct or union,

into a generic block of data that has an EQUIVALENCE relationship with each
of the variables and arrays that represent its fields at the proper offsets. The
interaction between global data, formal arguments and structure elements is a
complex relationship. Many of the transformations that Cepheus performs are
devoted to making sure that all data is represented correctly and most efficiently.
These transformations are explained in detail in [11].

2.2 Arrays and pointers

The C language supports operators that obtain the address of (&) almost any
data item and dereference an address (*) to access the value stored there. A

1 Cepheus is a five-star constellation that is near to but does not include the North
Star (Polaris).
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näıve way to translate these operators into Fortran would be to provide external
functions that mimic these operations. By doing so, a translator would introduce
a great deal of overhead to a ubiquitous C programming idiom. It would also
make data flow analysis on simple pointer operations nearly impossible due to
the inability of the back-end FORTRAN compiler to analyze externally compiled
functions.
Cepheus avoids these problems by representing each pointer as an index into

a single array. When a pointer is used to refer to elements in more than one array
or when it refers to dynamically-allocated storage, the corresponding array for
that pointer is forced to be represented as a type-specific universal array.
For each C type and for each field of each structure, a type-specific universal

array is allocated. Each of these arrays starts at address zero and is used to alias
the entire logical address space. This effectively provides an efficient alternative
to using an external function to dereference a pointer of a specified type. Uni-
versal arrays are not defined in the FORTRAN77 code but are, instead, created
by special contract with the linker. Presently, we assume a fixed name for each
array. For instance, the universal array corresponding to the C float type is
called U FLOAT.
Figure 1 shows the in-memory layout of several universal arrays that exist for

an application containing a two element structure. Each universal array starts at
address zero. The decl array occurs at some arbitrary location in memory, and
its position is shown by the shaded regions of memory. The U XYZ I and U XYZ C
entries are also considered to be disjoint despite their contiguity in the structure
definition. Furthermore, note that the alignment, padding and field offsets are
expected to be similar to those in C.

struct {

int i[3];

char c;

} decl[2];

U_INT
U_CHAR
U_XYZ_I
U_XYZ_C

0 4 8 decl

Fig. 1. Overlapping universal arrays.

When Cepheus must obtain the address of a variable it uses an external
function called ADDROF that accepts the variable as an argument–which, by FOR-
TRAN77 convention, is always passed by address–and returns its address to the
caller. We can then obtain the address of any variable in the program and refer
to its contents by accessing the universal array that corresponds to its type.
Cepheus attempts to represent all pointers as indices into local or global ar-

rays and to avoid referencing universal arrays whenever possible. In doing so, it
maximizes the possibilities for optimization by the FORTRAN back-end com-
piler. Therefore, universal arrays are only used when other representation will
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not suffice. However, we note that the reference to arbitrary variables through
universal arrays is not a panacea for all pointer representation issues. Primarily,
it introduces aliases that cannot easily be resolved by the transcriber. Rather
than attempting to analyze and detect this problem, we simply allow the in-
troduction of aliases so long as the transcription of the program would remain
semantically correct for an execution model with sequential consistency and as-
sume that our VSPM will handle the detection and correction at runtime. This
is a situation where further analysis can provide an indication to our execution
environment as to whether an alias definitely does, definitely does not or may
include a potential alias. To do so, we expect that the ADDROF will eventually be
incorporated into our target intermediate representation in order to assist the
analysis of the cases where using a universal array is inevitable.

Figure 2 shows the transcription of a code segment that adds the elements of
two arrays–one consisting of integers and the other of double precision values–
and stores them into another array. Since the pointers in the add() routine do
not refer to local arrays, they are treated as pointers into universal arrays that
correspond to types int and double. The main() function allocates the arrays
from the heap and Cepheus translates the resulting address into the appropriate
index of the universal array of that type. Even though the allocation of the uni-
versal arrays overlap with each other and with every local and global variable in
the application, we make the legitimate assumption that only one type of data at
a time will exist at a given address. The FORTRAN compiler can treat accesses
to these heap-allocated items as being independent as would normally happen
with disjoint arrays. For instance, in the example, accesses to the U INT array
are known not to be aliased to the U DOUBLE array. Furthermore, the elements
pointed to by DP1 and DP2 can be determined not to be aliased to each other
by range analysis and interprocedural analysis. Therefore, a typical FORTRAN
compiler can fully parallelize the add() routine.

Cepheus can perform its analysis on well-behaved C applications that do not
arbitrarily cast between incompatible pointer types. A cast from one pointer type
to another effectively unifies the two types. If the types have different sizes, the
unification is defined to be incompatible. However, if the cast is from a void*
to another pointer type, no unification is considered and the pointer is simply
re-typed. The cases where multiple possible alternative types exist in the same
context is beyond the scope of our current consideration.

To perform pointer-to-array-index conversions, the transformation phases in
Cepheus check each statement that causes a value assignment to occur either
by a traditional variable assignment (=), a return or as a passed parameter. If
the type of the assignment is a pointer, the base address of the value provider is
registered in the Cepheus data structure that represents the assignment target.
For example, in the piece of code in Figure 3(a), the base address for the value
provider of the first assignment (&arr[15]) is simply arr. The second assign-
ment, since we know that the base address of p is arr, has the same base address.
The third assignment is not a pointer type and does not record a base address for
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void add(double *dp1, double *result, int *ip) {

double *dp2;

for(dp2=result; dp2<&result[1000]; dp2++) {

*dp2 = *dp1 + *ip;

*dp1++; *ip++;

}

}

void main() {

int *ip;

double *dp;

ip = (int*) malloc(1000*sizeof(int));

dp = (double*)malloc(2000*sizeof(double));

add(dp, &dp[1000], ip);

}

SUBROUTINE ADD(DP1_ARG,RESULT_ARG,IP_ARG)

DOUBLE PRECISION DP1_ARG(0:0)

DOUBLE PRECISION RESULT_ARG(0:0)

INTEGER IP_ARG(0:0)

INTEGER DP2, DP1, RESULT, IP

DP1=0

RESULT=0

IP=0

DO DP2=RESULT,RESULT+1000-1,1

RESULT_ARG(DP2)=DP1_ARG(DP1)+DBLE(IP_ARG(IP))

DP1=DP1+1

IP=IP+1

END DO

END

SUBROUTINE MAIN()

INTEGER DP

INTEGER U_INT(0:0)

COMMON /U_INT/U_INT

INTEGER MALLOC

INTEGER IP

DOUBLE PRECISION U_DOUBLE(0:0)

COMMON /U_DOUBLE/U_DOUBLE

IP=ISHFT(MALLOC(1000*4),-2)

DP=ISHFT(MALLOC(2000*8),-3)

CALL ADD(U_DOUBLE(DP),U_DOUBLE(DP+1000),U_INT(IP))

END

Fig. 2. C program to add two arrays and its Cepheus-FORTRAN77 transcrip-
tion.
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the representation of x. In Figure 3(b), similarly, all pointer assignments involve
the base address arr and can be represented as index offsets into arr.
A different scenario is present in Figure 3(c), where a single pointer points to

two different arrays. In the resulting FORTRAN output, p will be represented as
an index into the universal array of integers. This shows a shortcoming of using
a simple transcriber: in each of the assignments, it is clear from the context of
the program which array p is pointing to at which times. It would be possible to
avoid upgrading it to universal status if the transcriber could keep track of which
point in the procedure the assignment took place. However, in more complicated
control-flow this would be more difficult to ascertain, and, in general, such a
representation would require the use of a full data-flow analysis in order to be
realized.

void ex_a() { void ex_b() void ex_d() {

int arr[100]; int arr[100]; int arr1[10];

int *p; int *p, *q; int arr2[20];

int x; int *p;

p = arr; int x;

p = &arr[15]; q = p;

p = p + 1; q = &arr[10]; p = arr1;

x = *p; x = q[5]; x = *p;

} } p = arr2;

x = *p;

}

(a) (b) (c)

Fig. 3. Pointer assignments.

Cepheus also supports the translation of multi-dimensional arrays and multi-
level pointers. This is an area of representation that, despite its generality of
manipulation in a typical C compiler, was difficult to establish properly in the
FORTRAN domain. The problem revolves around the disparity between pointers
and arrays in C. For instance, Figure 4 shows proper FORTRAN transcriptions
of C subroutines that contain two-dimensional arrays. In each case, the last
statement assigns, to x, the value of a two-dimensional array reference. In the
first case, this is a straightforward two dimensional array reference. The array
indices are swapped as per the row-major/column-major differences between C
and FORTRAN. The second example shows a slightly more detailed situation
where a pointer is used to reference the element of the array. Here the pointer is
represented by a composite index into the array and is broken apart at the time
of access. Note that in some implementations, the array might also be referenced
with simply x=arr2(p,0).
Figure 4(c) shows the somewhat surprising result of a reference to an array

of pointers. Here, Cepheus records the base address for arrp[] as being arr.
Therefore, a double dereference of arrp constitutes a reference to arr.
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void ex_a() { subroutine ex_a()

int arr2[10][8]; integer arr2(0:7,0:9)

int x; integer x

x = arr[3][4]; x=arr(4,3)

} end

(a) Manipulation of a two-dimensional array.

void ex_b() { subroutine ex_b()

int arr2[10][8]; integer arr2(0:7,0:9)

int *p; integer p

int x; integer x

p = &arr[3][4]; p = 3*10+4

x = *p; x = arr(p/10,mod(p,10))

} end

(b) Manipulation of a two-dimensional array with pointer.

void ex_c() { subroutine ex_c()

int *arrp[10]; integer arrp(0:9)

int arr[8]; integer arr(0:7)

int *p; integer p

int x; integer x

arr[6] = 27; arr(6) = 27

arrp[3] = &arr[2]; arrp(3) = 2

p = arrp[3][4]; p = arrp(3) + 4

x = *p; x=arr(p)

} end

(c) Manipulation of an array of pointers.

Fig. 4. Various forms of manipulation of a two-dimensional reference.

2.3 Expression simplification

The C language supports several complex operators that have side-effects or
multiple effects. For instance the pre-increment operator (++) first increments
the contents of an element of storage, then supplies its value to the enclosing
expression. Compound expressions cause a sequence of expressions to be evalu-
ated and only the value of the last one is returned to the enclosing expression.
For each of these and other cases, Cepheus supports transformations to split
and rearrange the expression in a manner that preserves the original execution
semantics. In some cases, this requires temporary variable creation, code block
duplication and control-flow induction by generation of if-then-else nests to
represent the original expression.
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2.4 Flow control statement manipulation

In addition to expression simplification, Cepheus performs control-flow state-
ment modification to support proper transcription to FORTRAN77. It is able to
recognize a C canonical for loop and turn it into a FORTRAN DO loop. In all
cases where irregular control flow makes this impossible, the loop is represented
using GOTO statements. For instance, by using GOTOs and labels, FORTRAN
can naturally support the break and continue semantics available in every type
of C loop and switch construct.
A FORTRAN compiler, such as Polaris, changes control-flow of an appli-

cation using only high-level transformations such as inlining, loop reordering,
merging, splitting and unrolling. Here, the potential for parallelism is clearly
defined by FORTRAN77 loops and the task of Polaris is to express this paral-
lelism using a specified directive language. Any other parallelism present in the
application but not expressed in canonical DO loop syntax is not considered. Sit-
uations where clearly bounded iteration takes place as a result of jumps to labels,
recursive invocation of subroutines, or other irregular control-flow are not un-
common in C programs. Since such an example would represent a parallelizable
entity, some means of control-flow normalization is appropriate. Ammarguellat
[2] describes a general method for normalization of irregular control-flow. We
are considering the implementation of a similar method in Cepheus, however,
implementation of this or any other control flow normalization would also re-
quire the ability for full data-flow analysis, which will be implemented in a later
integration step with a FORTRAN back-end compiler.

2.5 Recursion

Early FORTRAN77 compilers had no support for recursive subroutines because
they did not create stack-allocated variables. However, stack-allocated variables
are a necessary requirement for modern FORTRAN77 compilers that generate
parallel code (where multiple invocations of the same subroutine may be running
simultaneously). We make the assumption that this feature is available in the
back-end compiler that will be used with code produced by Cepheus.
The FORTRAN77 language also prohibits a function from calling itself since

the function name represents a variable to which the return value is assigned.
Cepheus generates a helper function for each recursive function that simply calls
back to the original function.

2.6 Semantic emulation

We assume that Cepheus and Polaris will be operating under a closed-world
model implying that subroutines do not have unknown side-effects. Therefore,
the more that is known about any C support functions that are called, the more
complete the program analysis can be. The ANSI-C standard includes the speci-
fication of several well-known library functions for tasks such as string manipula-
tion, mathematical operations and format conversion operations. The semantics
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of many of these functions can be matched by the FORTRAN77 intrinsic func-
tions. For instance, Cepheus supports the translation of calls to printf()into
FORTRAN’s FORMAT and WRITE intrinsics.

2.7 Data types

The C type system allows the automatic promotion of one type to another in
an arbitrary expression. Cepheus recognizes where this occurs in a circumstance
where it would not be valid in the resulting FORTRAN representation and in-
serts a conversion intrinsic. This sometimes involves multiple tiers of intrinsics
due to the heterogeneity of FORTRAN types. For instance the assignment of a
logical comparison to a float in C would require the generation of an IF-ELSE
construct to operate correctly.
ANSI-C also supports several types that are not included in the FORTRAN77

specification: short integers, unsigned integers (of any size) and bitfields within
structures. Each of these types can be represented by the standard integer type–
albeit at the expense of storage waste and potentially lower performance. Un-
signed integers require the use of intrinsic functions to ensure that non-circular
numeric operations such as right-shift work properly. We further note that by
using integers to represent specially packed structures, we cannot guarantee com-
patibility with an existing library’s Application Binary Interface (ABI). Further-
more, although ANSI-C does not mandate a size for short and allows it to be
potentially as large as an int or as small as a char it would also be necessary
to match the size used by a particular implementation to support an ABI. We
again make the assumption that the transcribed application will be subject to
a closed-world constraint where all procedures (except, perhaps, for elements of
the C standard library) will be compiled together and will not be linked with
any foreign objects other than those meant to provide support for the Cepheus
execution environment.

2.8 Other conversion issues

We note a few other matters regarding symbol names that are relevant to proper
transcription of ANSI-C into FORTRAN77 that are not handled by Cepheus.
First, the traditional matter of FORTRAN77 mandating variable and function
names that are case-insensitive and unique in the first six-characters is not ad-
dressed. Instead, we take advantage of the ability of most modern FORTRAN77
compilers to handle symbols of arbitrary length. We currently make a manual
check that there are no symbol collisions due to case-insensitivity. Also, Cepheus
sometimes generates symbols for special symbols that are assumed to be unique
but are not strictly enforced as being so. Indeed, many translation issues (e.g.
static local variables) are simply a matter of resolving a proper symbol name to
use and finding methods of doing so automatically.
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3 Related Work

Although there has been a great deal of research in the direct parallelization
of C and translation of other languages into C, we know of no prior research in
translating C into a more restrictive language. The most distinguishing aspect of
our work is that it takes advantage of an existing parallelizer for a language other
than C. Our model of pointer analysis is similar in many respects to the Type-
Based Alias Analysis described by Diwan, McKinley and Moss [7] for use with
Modula-3. Their analysis is more general since it accommodates inherited types.
However, instead of combining this work with parallelization, they demonstrate
the capacity for redundant load elimination and the resulting improvement in
instruction level parallelism.
Ghiya and Hendren [9] noted the efficiency realized in treating (named) local

variable pointers and (unnamed) heap-allocated pointers differently for purposes
of alias analysis in the McCAT optimizing/parallelizing compiler. This is simi-
lar to our treatment of pointers that reference either local/global arrays or are
hoisted by the ADDROF operator to reference a universal array. However, Mc-
CAT’s connection analysis does not use type analysis to further subdivide the
potential alias space as Cepheus does.
We note the implementation of the restrict keyword in recent optimizing

C compilers as a means of explicitly specifying the absence of aliases between
pointers in a subroutine [1]. Experimental evidence [5] shows that it can make
a great difference in the runtime of array-based scientific code. However, the
programmer must take care to correctly specify which formal arguments of a
function are immune from aliasing and then make sure that the function is never
called with aliased pointers. In the case of more random pointer-chasing codes,
the restrict keyword may not make a difference since it is difficult to express
such irregular parallelism.
In contrast to this approach, Cepheus and Polaris analyze the situations

where the restrict keyword could have been inserted automatically. This is less
error prone and, for regular numerical applications, can be equally powerful.

4 Performance Results

To illustrate the potential performance improvements that can be realized by
using Cepheus, we have constructed an example of a C program that is not
easily optimized. The code in Figure 5 is a contrived way of implementing the
formula

−−−−→
results = e

−−→vec1 + e
−−→vec2

Note that several transformations are possible in this code:

– The pow() function can be transcribed as the native FORTRAN77 ** oper-
ator.

– The declaration for variables fact and f can be moved out of the inner loop.
– The outer loop of calc() can be parallelized.
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#include <math.h>

void calc(double *vec1, double *vec2, double *result)

{

double *p1, *p2, *pr;

int i;

p2=vec2;

pr=result;

for(p1=vec1; p1<&vec1[10000]; p1++) {

for(i=0; i<1000; i++) {

double fact=1.0;

int f;

for(f=1; f<i; f++)

fact=fact*f;

*pr += (pow(*p1,0.0+i) + pow(*p2,0.0+i))/fact;

}

p2++; pr++;

}

}

int main()

{

double vec1[10000], vec2[10000], result[10000];

double *p1, *p2, *pr;

int i;

i=1;

for(p1=vec1; p1<&vec1[10000]; p1++) {

*p1=i/20.0;

i++;

}

calc(vec1, vec2, result);

return 0;

}

Fig. 5. Computation on vectors of numbers.

We first compiled this program with the Sun WorkShop Pro C compiler
(v4.2) with the best generic (-O5) and architecture-specific (-fast) optimization
flags and ran the executables on a five processor Sun Enterprise Server. The
results are shown in Figure 6. Neither of these compilers supports automatic
parallelization of pointer codes so their performance results only demonstrate
scalar optimization. Next, we used Cepheus to transcribe the program to FOR-
TRAN77 and compiled the resulting program with the Sun FORTRAN compiler
(v4.2) with the best generic (-O5) and architecture-specific (-fast) flags and ran
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the executables. Finally, we compiled the FORTRAN code with Polaris in order
to generate explicit Sun FORTRAN directives and then compiled the resulting
code with the Sun FORTRAN compiler. The results for Polaris show the use of
between 1 and 5 processors.
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Fig. 6. Performance results using different forms of compilation.

Polaris recognizes the available parallelism and is able to describe it explicitly,
allowing the Sun FORTRAN compiler to further optimize the application. The
five-processor trial represents an almost seven-fold improvement in runtime over
the best possible C-compiled trial.
Even without parallelization, the FORTRAN compiler does better than the

C compiler at scalar optimization not only for trivial codes such as Figure 5
but also for real applications. For instance, the serial version of the Integer
Sort (IS) benchmark from the NAS Parallel Benchmark Suite is written in C.
The Cepheus-transcribed FORTRAN77 version runs 2% faster than the best
C-compiled version on the same architecture.
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5 Conclusion

By being able to reduce ANSI-C code to FORTRAN77 with Cepheus, we have
demonstrated that existing parallelizing compiler technology can be applied to
new or disparate languages by means of transcription. Control-flow normaliza-
tion and pointer representation and aggregate data structure decomposition are
examples where the transcriber can express constructs that are difficult to opti-
mize in a manner that facilitates their parallelization. The task of creating the
transcriber was accomplished with considerably less complexity than building a
new C parallelizer while benefiting from all of the existing and future abilities
of a FORTRAN77 parallelizer. Specifically Cepheus allows us to take advantage
of the Polaris translator, which is one of the most powerful parallelizers.

We have presented a proof of concept in the form of a simple example, for
which the Cepheus-Polaris translated version substantially outperforms the orig-
inal C code. We are presently working on improving Cepheus to the point where
it is able to analyze and transcribe large applications and also investigating the
possibility of transcription of other languages into FORTRAN. Furthermore,
while language transcription at the source level is an adequate means for our
studies, the ultimate goal is to express C programs in the Polaris intermedi-
ate representation directly. In doing so, we will keep modifications to the IR as
small as possible. Extensions will only be made where the Cepheus transcription
is unable to generate a program that can be successfully parallelized by Polaris.

We expect Cepheus+Polaris to detect parallelism in many C programs. How-
ever there will also be many codes whose pointer arithmetic, complex control
flow and data structures will make it very difficult to prove parallelism suffi-
ciently for exploiting current parallel computers. To overcome this problem. we
have described our vision of a virtual speculative parallel architecture as the
target machine. It will allow compilers to apply optimizations in the most ag-
gressive way and to avoid conservative assumptions, which would severely limit
the feasible performance goals. The combination of advanced Fortran optimiza-
tion technology, C program translation, and a speculative target machine puts
our ultimate goal of automatically parallelizing a broad range of both C and
Fortran computer applications within reach.
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Abstract. Current compilers for distributed-memory multiprocessors
parallelize irregular reductions either by generating calls to sophisticated
run-time systems (CHAOS) or by relying on replicated buffers and the
shared-memory interface supported by software DSMs (TreadMarks).
We introduce LocalWrite, a new technique for parallelizing irregular
reductions based on the owner-computes rule. It eliminates the need for
buffers or synchronized writes, but may replicate computation. We in-
vestigate the impact of connectivity (node/edge ratio), locality (accesses
to local data) and adaptivity (edge modifications) on their relative per-
formance. LocalWrite improves performance by 50–150% compared
to using replicated buffers, and can match or exceed gather/scatter for
applications with low locality or high adaptivity.

1 Introduction

Science is being transformed by the emergence of computation as a vital re-
search tool. As scientists and engineers begin to tackle larger and more complex
problems, they are increasingly beginning to exploit parallel computation to pro-
vide the computing power they need for research and development. Compilers
can make the benefits of parallelism easier to obtain by efficiently mapping ap-
plications onto the complexities of high-performance architectures. Experiences
show compilers for software DSMs running on distributed-memory multiproces-
sors can be quite efficient for dense-matrix computations with regular access
patterns [6,11]. However, the ability of compilers to efficiently support scientific
applications with irregular access patterns is less established.
Irregular data accesses are performed by scientific applications in order to

solve increasingly complex problems. The core of these applications is frequently
comprised of reductions, associative computations (e.g., sum, max) which may
be reordered and parallelized. These irregular computations are frequently run
on distributed-memory multiprocessors due to their scalability and performance.
Researchers have previously proposed several methods to provide support

for irregular reductions on distributed-memory multiprocessors. One approach
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is to rely on sophisticated run-time systems (e.g., CHAOS [4], PILAR [15])
which can identify and gather nonlocal data. A second approach is to com-
bine shared-memory compilers (e.g., SUIF [6]) with software distributed shared-
memory (DSM) systems (e.g., CVM [13], TreadMarks [17]), which provide a
shared-memory interface. Software DSMs are less efficient than explicit mes-
sages, but are much simpler compilation targets [3,14].
In this paper, we introduce LocalWrite, a new compiler and run-time

parallelization technique which can improve performance for certain classes of
irregular reductions. We evaluate the performance of different parallelization ap-
proaches as we vary application characteristics, in order to identify areas in which
software DSMs can match or even exceed the efficiency of explicit messages. Ex-
periments are conducted in a prototype system [7,14] using the CVM [13] soft-
ware distributed-shared-memory (DSM) as a compilation target for the SUIF [6]
shared-memory compiler. Our paper makes the following contributions:

– develop and evaluate LocalWrite, a new compiler and run-time technique
for parallelizing irregular reductions based on the owner-computes rule

– evaluate the impact of connectivity, locality, and adaptivity on techniques for
parallelizing irregular reductions on both shared and distributed-memory
multiprocessors

The remainder of the paper begins with background material on existing par-
allelization techniques for reductions, followed by a description of LocalWrite.
We present experimental results and conclude with a discussion of related work.

2 Background

2.1 Irregular Reductions

We begin by examining the example irregular reduction shown in Figure 1. The
computation loops over the edges of an irregular graph, computes a value, and
applies it to both endpoints of the edge. The process repeats for many time steps.
Occasionally the edges in the graph are modified. The computation is irregular
because accesses to array y are determined by the index arrays idx1 and idx2,
preventing the compiler from analyzing accesses exactly at compile time.
The example also demonstrates two important features of scientific applica-

tions. First, most computations are iterative, where the same code is executed
many times. The example code is iterative since the main computation is inside
a time-step loop t with many repetitions. The number of time steps executed is a
function of the application, but is usually quite large. Iterative computations are
a boon to software DSMs, which can take advantage of repeated communication
patterns to predict prefetches to nonlocal data [14].
Second, many irregular scientific computations are adaptive, where the data

access pattern may change over time as the computation adapts to data. The
example in Figure 1 is adaptive because condition change may be satisfied on
some iterations of the time-step loop, modifying elements of the index array
idx1 and changing overall data access patterns as a result.
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GatherScatter Compilers currently parallelize irregular reductions using ei-
ther of two approaches, GatherScatter or ReplicateBufs, depending on
the target architecture. We start by examining GatherScatter. Data-parallel
compilers for distributed-memory multiprocessors (e.g., IBM SP-2, network of
PCs) can generate explicit messages between processors [11]. Reductions with
regular accesses can be converted directly to collective communication [16].

Irregular reductions may be parallelized by generating an inspector to iden-
tify nonlocal data needed by each processor. Inspectors are expensive, but their
cost can be amortized over many time steps. On each time step an executor gath-
ers nonlocal data using the communication schedule, performs the computation
using local buffers, and scatters nonlocal results to the appropriate processors.
This approach was pioneered by the CHAOS run-time system [4].

An example of GatherScatter is displayed in Figure 2. The inspector is
invoked outside the time-step loop t, along with a routine localize() to convert
nonlocal indices in idx1 and idx2 into local buffer indices. Inside the time-step
loop, gather() is first invoked to actually collect the nonlocal data. The compu-
tation then uses local buffer indices stored in idx1 and idx2. Each processor
only performs a portion of the reduction. Results of local reductions are then
accumulated globally with the scatter with add() CHAOS library routine.

GatherScatter is very precise, but incurs significant overhead caused by
the inspector and mapping nonlocal indices into local buffers (i.e., address trans-
lation). The cost of the inspector is proportional to the number of edges and may
be amortized for iterative computations [4]. If the computation is adaptive, the
inspector must be re-executed each time the access pattern changes, as shown
in Figure 2, because communication and mapping may need to change as well.

ReplicateBufs Compilers for shared-memory multiprocessors (e.g., DEC Sable,
SGI Origin2000) also detect parallelism and partition computation between
processors. Shared-memory compilers parallelize irregular reductions by having
each processor compute a portion of the reduction, storing results in a local repli-
cated buffer the same size as the array holding reduction results. Results from
all replicated buffers are then combined with the original global data, using syn-
chronization to ensure mutual exclusion [6]. If large replicated buffers are to be
combined, the compiler can avoid serialization by directing the run-time system
to perform global accumulations in sections using a pipelined, round-robbin al-
gorithm [6]. Unfortunately, ReplicateBufs is inefficient when the reduction is
to an array, since the entire array is replicated.

An example of ReplicateBufs is displayed in Figure 3. The buffer ybuf
is used to store partial reductions results for y. Each processor only performs a
portion of the overall computation, but since the compiler does not know which
elements of y will be accessed, it must make the buffer as large as the original
array. Not only does this waste memory, it increases overhead because the entire
buffer must be first initialized, then used to update the actual array at the end
with reduce sum(), even if not all elements of the buffer are used during the
reduction.
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x[nodes],y[nodes] // data in nodes
do t = // time-step loop
if (change) // change accesses
idx1[] =

do i = 1, edges // work on edges
n = idx1[i]
m = idx2[i]
force = f(x[m], x[n]) // computation
y[n] += force // update edge
y[m] += -force // endpoints

Fig. 1. Irregular Reduction Example

x[nodes+buf1],y[nodes+buf2]
inspect(idx1,idx2) // inspector
localize(idx1,idx2) // translate addrs
do t =
if (change) // adaptive code
idx1[] =
inspect(idx1,idx2) // inspector
localize(idx1,idx2) // translate addrs

// executor
gather(x) // get nonlocal data
do i = my-edges // local computation
n = idx1[i]
m = idx2[i]
force = f(x[m], x[n]) // computation
y[n] += force // update local
y[m] += -force

scatter_with_add(y) // update nonlocal

Fig. 2. GatherScatter Example

x[nodes],y[nodes],ybuf[nodes]
do t =
if (change)
idx1[] =

ybuf[] = 0 // initalize buffer
do i = 1, my-edges // local computation
n = idx1[i]
m = idx2[i]
force = f(x[m], x[n])
ybuf[n] += force // updates stored in
ybuf[m] += -force // replicated ybuf

reduce_sum(y, ybuf) // combine buffers

Fig. 3. ReplicateBufs Example

inspect(idx1, idx2) // calc my-edges
do t =
do i = my-edges // only local LHS
n = idx1[i]
m = idx2[i]
force = f(x[m], x[n])
y[n] += force
y[m] += -force

Fig. 4. LocalWrite Inspector Example

inspect(idx1, idx2) // calc my-edges
do t =
do i = my-edges // if some local LHS
n = idx1[i]
m = idx2[i]
force = f(x[m], x[n]) // replicated
if (own(y[n])
y[n] += force

if (own(y[m])
y[m] += -force

Fig. 5. LocalWrite Cut Edge Example

inspect(idx1, idx2) // calc my-edges
do t =
if (change)
idx1[] = // access changed
inspect(idx1, idx2) // recalc my-edges

do i = my-edges
...

Fig. 6. LocalWrite Adaptive Code Example

Node

Edge

Cut
Edge

Proc

Fig. 7. Cut Edges Example

2.2 Compiling for Software DSMs

One approach for eliminating the overhead of mapping nonlocal data on
distributed-memory multiprocessors is to combine shared-memory parallelizing
compilers with software distributed-shared-memory (DSM) systems which emu-
late global address space in software. Relying on software DSMs simplifies com-
pilation, but is inherently less efficient than sending explicit messages.
Compilers for software DSMs have adopted a number of techniques for im-

proving efficiency. One approach relies on precise communication analysis to
insert explicit messages when analysis exactly identifies interprocessor commu-
nication [2,3,5]. A second approach exploits customized coherence protocols for
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reductions and nonlocal updates [13,14,18]. In addition, compilers can also elim-
inate unnecessary synchronization based on communication analysis [7,14].
TreadMarks is one of the most efficient software DSMs currently available. It

relies on an invalidate coherence protocol, and parallelizes irregular reductions
using ReplicateBufs. Performance is improved relying on a combination of
compile-time and run-time support [17]. First, the compiler identifies the section
of index array used by each processor, then prefetches it to reduce latency. At run
time, the contents of the index array are analyzed and nonlocal data requests are
aggregated. Reduction results are stored in a local buffer, then globally updated
in parallel in a pipelined manner. Experiments show performance on an SP-2 is
comparable to that achieved by CHAOS [4], which supports irregular reductions
using GatherScatter [17].

3 Improving Irregular Reductions

Now that we have seen how irregular reductions are parallelized by existing
approaches, we consider LocalWrite, a new compiler and run-time technique
for parallelizing irregular reductions.

3.1 LocalWrite

Two sources of inefficiency in ReplicateBufs are large local buffers and mutual
exclusion during global accumulation of buffers. Eliminating these overhead pro-
vides the motivation for LocalWrite, a new technique for parallelizing irregu-
lar reductions. LocalWrite attempts to improve locality and reduce overhead
for reductions by partitioning computation so that each processor only computes
new values for locally-owned data. LocalWrite is an application of the owner-
computes rule used in distributed-memory compilers [10]. By assigning only to
local data, LocalWrite avoids the need for either buffers or mutual exclusion
synchronization. The tradeoff is possibly replicated computation.
Consider how we can apply LocalWrite to the irregular reduction example

in Figure 1. LocalWrite consists of two parts: selection of local iterations and
execution of local iterations. Compiler analysis can recognize irregular reductions
and identify which array variables (idx1, idx2) are used as index arrays [17], as
well as which part of each index array is accessed by a processor at each point
of the program [7,10]. Based on this information, we insert calls to inspectors to
select a partial iteration space where each iteration only writes to the local por-
tion of each variable. The inspector then examines the values of index arrays at
run time to build a list of loop iterations which modify local data. The resulting
code is shown in Figure 4.
The code generated to implement LocalWrite is complicated by the pres-

ence of cut edges, edges whose endpoints are on different processors. Figure 7
shows examples of cut edges for a sparse computation whose nodes are par-
titioned between two processors. Cut edges are problematic because for many
scientific codes the computation needs to update both endpoints of an edge.
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Iterations computing values for cut edges would then need to update data on
two processors. To ensure each processor only updates the local portions of an
array, LocalWrite will need to replicate the computation for the iteration on
both processors. In comparison, GatherScatter and ReplicateBufs would
perform the iteration on one processor, and combine results with updates at the
end of the reduction.
An example of computation replication in LocalWrite is shown in Fig-

ure 5. The inspector must assign to a processor any iteration which writes to
data owned by a processor. Iterations representing cut edges are then assigned
to two processors. When the iteration for the cut edge is executed, both proces-
sors perform the force computation, then use the result to update local data.
In Figure 5 we use guarded assignment statements for simplicity. In our exper-
iments we actually create a separate copy of the loop for cut edges, in order to
avoid computing guards at run time. The inspector for LocalWrite must then
generate two computation partitions, one for local edges and one for cut edges.
LocalWrite has two sources of overhead, the inspector and replicated com-

putation. During each iteration of the time-step loop, each processor executes
only the necessary iteration space using the stored information calculated by the
inspector. As with GatherScatter, the cost of the inspector can be amortized
over many iterations of the time-step loop. However, the inspector needed for
LocalWrite is less expensive than the inspector needed forGatherScatter.
The difference is because LocalWrite only partitions computation, whereas
the GatherScatter inspector must also build a communication schedule and
perform address translation.
LocalWrite faces one additional issue: load balancing. Both Replicate-

Bufs andGatherScatter can partition computation evenly among processors
by assigning equal numbers of edges to each processor. In contrast, LocalWrite
assigns equal numbers of nodes to each processor. If connections between edges
are not uniformly distributed, load imbalance may result if the numbers of edges
assigned to each processor vary greatly. In particular, scientific applications may
have access patterns which are clustered, as in astrophysical or molecular dy-
namics n-body computations. In such cases, LocalWrite will need to assign
nodes to processors in a way which preserves load balance. An algorithm such
as recursive coordinate bisection (RCB) may need to be applied, rather than
simply using a simple block partition. Such an approach would reduce the effi-
ciency of LocalWrite for adaptive computations. However, the overhead for
LocalWrite should still be less than for GatherScatter, because the Lo-
calWrite inspector does not build communication schedules or perform address
translation.

3.2 Compiler Analysis

We have now presented three techniques (ReplicateBufs, LocalWrite, and
GatherScatter) for parallelizing irregular reductions. ReplicateBufs and
LocalWrite can be used by shared-memory compilers, whereas distributed-
memory compilers will need to apply GatherScatter. ReplicateBufs is the
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simplest to implement, while GatherScatter requires both complex compiler
and run-time support. The implementation effort required for LocalWrite is
in between.
To use LocalWrite, the compiler must insert inspectors both to calculate

computation partitions based on local iterations, and compute updates when
access patterns change. Otherwise the application will no longer produce correct
results, because multiple processors may update the same array elements in
an unsynchronized manner. To avoid these problems, we implemented in SUIF
compiler analysis to detect adaptive computations.
Analysis is fairly straightforward, and similar to a simplified form of glacial

variable analysis [1]. We examine global arrays accessed in parallelized loops.
Array subscripts containing index arrays are found and the index arrays are
marked. We also record whether the index array is read or written. The compiler
then examines the program to determine whether index arrays are modified
within the time-step loop. If no index arrays are modified, the computation is
not adaptive. Otherwise it is adaptive.
We must then generate inspectors for LocalWrite. Fortunately, they are

simpler than those forGatherScatter, since it only needs to partition compu-
tation. The inspector thus only needs to examine the LHS of global assignments
in parallel computations, not all global references. Communication schedules and
address translation tables are not needed. An example of LocalWrite for an
adaptive code is shown in Figure 6.

Previous research on data-parallel compilers such as the Fortran D compiler
have discussed compiler techniques for automatically generating inspectors and
executors for CHAOS [8,9,12]. Simplified versions of those techniques should be
directly applicable to generating inspectors and executors for LocalWrite. We
are in the process of implementing automatic generation of inspectors in SUIF.

4 Experimental Evaluation

4.1 Experimental Platform

We evaluated our optimizations on an IBM SP-2 with 66MHz RS/6000 Power2
processors operating AIX 4.1. Nodes are connected by a 120 Mbit/sec
bi-directional Omega switch. We also evaluated the performance of irregular re-
ductions on a DEC Sable multiprocessor with four 275MHz Alpha 21064 proces-
sors and 256 megabytes of memory, using Digital Unix V4.0.
Our experiments were conducted by combining the SUIF compiler with the

CVM software DSM. We used SUIF to generate pthreads programs (DEC Sable)
and CVM programs (IBM SP-2). We have implemented automatic change de-
tection in SUIF, but are still in the process of implementing automatic inspector
generation. For our experiments, we currently generate inspectors for Local-
Write by modifying SUIF output by hand.
CVM is a software DSM that supports coherent shared memory for multiple

protocols and consistency models [13]. Performance was improved by adding
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Description Problem Size Time Steps Connectivity Cut Edges
Irreg Irregular CFD Mesh 10000 Nodes 50 1–100 10–70%
Nbf Non-Bonded Force (GROMOS) 32000 Nodes 50 1–100 10–70%

Moldyn Molecular Dynamics (CHARMM) 16384 Molecules 50 6–124 31–72%

Table 1. Characteristics of Scientific Applications

customized protocol support for reductions, as well as a flush-update protocol
that at barriers automatically sends updates to processors possessing copies of
recently modified shared data [14]. To compare results, we also wrote explicitly
parallel programs using a version of the CHAOS run-time system implemented
on top of MPI (for the IBM SP-2) [4].

4.2 Applications

We evaluated the performance of our compiler/software DSM interface with
three sample applications, Irreg, Nbf, and Moldyn. Application parameters
are presented in Table 1. These applications contain an initialization section fol-
lowed by the main computation enclosed in an sequential time-step loop. The
main computation is thus repeated on each iteration of the time-step loop. Sta-
tistics and timings are collected after the initialization section and the first few
iterations of the time-step loop, in order to more closely match steady-state
execution.
Irreg is representative of iterative partial differential equation (PDE) solvers

found in computational fluid dynamics (CFD) applications. In such codes, un-
structured meshes are used to model physical structures. The mesh is represented
by nodes and edges. The main computation kernel iterates over the edges of the
mesh, computing modifications to its end points. Irreg computes a force which
is applied to both endpoints of an edge. Modifications to the value of all nodes
is in the form an irregular reduction.
Nbf is a kernel abstracted from the GROMOS molecular dynamics code [8].

Instead of an edge list as in Irreg, it maintains a list of partners for each
molecule. Partner lists are more compact than edge lists, but are fragmented and
difficult to manage. Nbf computes a force which is applied to both a molecule
and its partner. Compared to Irreg, the force computation is more expensive.
Moldyn is abstracted from the non-bonded force calculation in CHARMM,

a key molecular dynamics application used at NIH to model macromolecular
systems. A list of interactions (edges) is maintained between pairs of molecules.
Since the strength of interactions between molecules drops with increasing dis-
tance, only molecules within a cutoff distance of each other are assumed to
interact. The main computation kernel iterates over all interactions between
molecules, computing a single force which is applied to both interacting mole-
cules.
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4.3 Application Characteristics

Because of the complexity of the parallelization process, we believe performance
will be significantly affected by the application. We describe three important ap-
plication characteristics, connectivity, locality, and adaptivity. If we view irregu-
lar accesses as edges in a graph, we can classify the irregular accesses according
its connectivity, the edges/nodes ratio. If the ratio of edges to nodes is high, we
consider the graph densely connected. A low ratio indicates a sparsely connected
graph. Locality is the proportion of data accesses which are to data located on
the processor. Another way of measuring locality is by the percentage of edges
which are cut edges. Finally, adaptivity is the rate at which data access patterns
change during program execution. Static applications have fixed data access and
communication patterns. Adaptive applications change dynamically and are less
well understood.

For our experiments, we need a standard baseline version of each program
to perform comparisons. We chose for the base version of each application con-
nectivity of 100, locality of 30%, and adaptivity set to none. Connectivity of 100
represents a moderately dense graph, and is similar to the connectivity reported
by other researchers [17]. Locality of 30% cut edges represents codes with good
partitions, as calculated by algorithms such as RCB. For instance, both appli-
cations in Mukherjee et al achieved locality of around 30% with RCB [18]. We
chose to use the static, non-adaptive version of each program as the baseline in
order to separate issues of adaptivity, particularly the high cost of inspectors in
GatherScatter.

4.4 Shared-Memory Speedups

We begin by examining performance on a four-processor DEC Alpha multi-
processor. Interprocessor communication is relatively inexpensive due to shared
memory, so we expect overhead to be the main factor impacting performance.
Figure 8 presents 4 processor speedups for ReplicateBufs and LocalWrite
as the connectivity (edges/node ratio) varies while the adaptivity is held sta-
tic (no updates). Speedups is measured along the y-axis. The x-axis displays
connectivity measured as the edge/node ratio. Speedups for ReplicateBufs
and LocalWrite, the two parallelization techniques, are presented as bars of
different shades.

Since the amount of work is proportional to the number of edges, speedups
generally increase as graphs become denser (i.e., the edge/node ratio increases),
since we hold the number of nodes fixed. We see that LocalWrite enjoys an
advantage for sparsely connected meshes. However, ReplicateBufs speedups
improve more quickly, since more edges also increases the proportion of useful
elements in replicated buffers. In comparison, LocalWrite pays a penalty for
extra replicated computation for cut edges.
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Fig. 9. Speedup vs Connectivity (SP-2)

After the edge/node ratio passes 10 on a 4 processor Alpha multiproces-
sor, ReplicateBufs outperforms LocalWrite. It thus appears communica-
tion costs are low enough on shared-memory multiprocessors that replicating
computation is not profitable unless the graph is sufficiently sparse that Repli-
cateBufs performs significant amounts of wasted work for replicated buffers.

4.5 Distributed-Memory Speedups

Performance results are quite different on the IBM SP-2, since communication is
expensive for distributed-memory multiprocessors. We examine the performance
of each techniques under different conditions.

Impact of Connectivity Figure 9 presents 8 processor speedups for Repli-
cateBufs, LocalWrite, and GatherScatter as connectivity varies for the
static version of each application (no connectivity updates). Unlike on the Al-
pha multiprocessor, results are different for each application. The difference is
due to the fact communication costs are high relative to a a shared-memory
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multiprocessor, so performance is more dependent on the balance between com-
munication and computation.

We begin with Irreg. The cost of the force computation for Irreg is inex-
pensive, so replicating computation to reduce communication is a major win. We
see LocalWrite achieves significantly better speedups than ReplicateBufs,
since the cost of interprocessor communication to accumulate local results into
global data is expensive even with customized reduction protocols. The per-
formance of ReplicateBufs improves for denser graphs since unused buffer
elements are reduced, but LocalWrite improves even more quickly.
In Irreg, GatherScatter achieves better speedups than LocalWrite

for less connected meshes due to its more efficient communication, but the gap
narrows as connectivity increases since the computation/communication ratio
increases and communication becomes less important. Performance improves for
GatherScatter as connectivity increases, probably because the communica-
tion/computation ratio is reduced. Speedups drop for GatherScatter going
from connectivity of 50 to 100, possibly because of large buffer requirements. In
comparison, LocalWrite continues to improve with higher connectivity. As a
result, when the edge/node ratio reaches 100 LocalWrite actually outperforms
GatherScatter for Irreg.
For Nbf, results are similar. LocalWrite again achieves better speedups

than ReplicateBufs. Overall ReplicateBufs speedups are higher, since the
force computation is more expensive than in Irreg. GatherScatter outper-
forms LocalWrite, though the disparity again narrows for denser graphs.

ForMoldyn, LocalWrite still achieves better speedups than Replicate-
Bufs, especially for sparse graphs. However, the force computation in Mol-
dyn is the most expensive of all, so the difference between LocalWrite and
ReplicateBufs is reduced. Once again, GatherScatter achieves the best
performance for sparse graphs due to its precise messages, though the difference
decreases as connectivity increases.
Overall, we see that LocalWrite always outperforms ReplicateBufs

for distributed-memory multiprocessors. GatherScatter generally achieves
the highest speedups because of its more efficient communication. However, as
connectivity rises, increasing inefficiencies in GatherScatter allows Local-
Write to achieve comparable or even better performance.

Impact of Locality Figure 10 presents 8 processor speedups for Replicate-
Bufs, LocalWrite, and GatherScatter as locality varies for each applica-
tion. Locality, measured as the percentage of cut edges, is measured along the
y-axis. We vary locality in Irreg and Nbf by changing the initial mesh, whereas
for Moldyn we change the molecule partition from block-wise to recursive co-
ordinate bisection (RCB).

We see that the performance of ReplicateBufs is not significantly affected
by locality in any application, and performance for LocalWrite only declines
slightly. We believe speedup for LocalWrite turns out to be relatively insen-
sitive to locality because coherence in CVM is maintained at page level (8K),
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and communication is aggregated and sent as individual messages by the flush-
update protocol. As a result, the total amount of data communicated is less
important unless it varies significantly. For Irreg and Nbf the total amount of
data communicated does not appear to vary sufficiently to cause a significant
change in performance. The impact of computation replication for cut edges on
LocalWrite also appears to be less than feared, and does not appear to be a
significant source of overhead in Irreg or Nbf.
In comparison, we see that the speedups of GatherScatter drop sig-

nificantly as locality decreases and more cut edges appear. When cut edges
are around 30%, GatherScatter speedups are comparable to LocalWrite.
For Irreg and Moldyn, GatherScatter performance degrades significantly
when cut edges reach 70%. The decrease is less for Nbf, possibly because Gath-
erScatter is more efficient for partner lists than edge lists. Work performed
by GatherScatter increases in proportion to the number of nonlocal nodes
accessed. Experimentally we find it to be more sensitive to locality than either
ReplicateBufs or LocalWrite.

Impact of Adaptivity Figure 11 presents 8 processor SP-2 speedups for
ReplicateBufs, LocalWrite, and GatherScatter as adaptivity varies for
each application. Adaptivity, measured as the number of time-step iterations
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between changes in the graph, is displayed along the x-axis. Versions range from
none (no change) to 10 (graph is modified every ten time steps).
For both Irreg and Nbf, we see ReplicateBufs is unaffected, Local-

Write gradually degrades, but still outperforms ReplicateBufs at each point.
GatherScatter degrades so quickly speedups become negligible. The results
are mostly expected. Possible excess communication due to the flush-update
protocol does not appear to be significant. LocalWrite incurs moderate over-
head, because it must reanalyze the graph to partition computation between
processors. In comparison, GatherScatter faces the most overhead because it
has to rebuild (either incrementally or completely) its local address buffers and
communication schedule.
In comparison, forMoldyn speedups of ReplicateBufs and LocalWrite

actually increase as the underlying graph is changed. This is because recalcu-
lating the molecular interaction list is computationally intensive and provides
additional opportunities to exploit parallelism. Speedups increase because of
longer sequential times, even though actual parallel execution times lengthen as
well. Similarly, the speedups for GatherScatter do not drop as precipitously
because longer sequential times partially compensate for the higher inspector
overhead for adaptive codes. Speedups for LocalWrite grow more slowly due
to inspector overhead. When access patterns change most frequently (every ten
iterations), ReplicateBufs finally outperforms LocalWrite.

4.6 Discussion

Our experimental results show LocalWrite is definitely useful as a new tech-
nique for parallelizing irregular reductions. On a 4-processor shared-memory
multiprocessor LocalWrite outperforms ReplicateBufs only for very sparse
graphs. However, we expect it to be more profitable for larger numbers of proces-
sors, as it requires less communication and synchronization. On distributed-
memory multiprocessors LocalWrite achieves higher speedups in nearly all
conditions, improving performance roughly from 50–150% under a variety of
conditions.When compared toGatherScatter, experimental results show Lo-
calWrite can be the better choice under certain conditions. GatherScatter
generally provides better performance, but the gap can be small. There are con-
ditions under which LocalWrite is the appropriate technique for parallelizing
irregular reductions. LocalWrite outperforms GatherScatter under condi-
tions of low locality or high adaptivity.

5 Related Work

The importance of identifying and parallelizing reductions in scientific applica-
tions is well established [11,16]. Irregular reductions have been recognized as be-
ing particularly vital. Researchers have investigated both efficient run-time [4,12]
and compiler [2,8,17] support.
Most research has been based on the CHAOS run-time system, a library writ-

ten to support the needs of parallel irregular applications which incorporates the
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GatherScatter algorithm. CHAOS has been show to scale well for adaptive
computations [12]. Compilers can also automatically generate calls to CHAOS
run-time routines [8,9]. PILAR improves performance by tracking nonlocal ac-
cess as intervals instead of individual elements [15].
Several research groups have examined combining compilers and software

DSMs, usually with enhancements based on combining explicit messages with
underlying mechanisms for supporting nonlocal accesses [2,5,3]. Analysis of non-
local accesses and communication is used to help the runtime system aggregate
communication and synchronization. In some cases the iterative nature of an
application is used to predict nonlocal accesses and presend data to eliminate
misses [14]. Special coherence protocols to aid reductions also help [14,18]. Re-
ducing synchronization in software DSMs can improve performance, including
nearest-neighbor synchronization [7].
Lu et al. found that software DSMs can efficiently support irregular applica-

tions when using compile-time analysis to prefetch index arrays at run time [17].
In comparison, we achieve comparable performance based on LocalWrite.

6 Conclusions

In this paper we investigate improving compiler and run-time support for irreg-
ular reductions, the key computation for many sparse scientific computations.
We present LocalWrite, a new technique for parallelizing sparse reductions.
Inspectors partition computation according to ownership, potentially replicating
computation but eliminating the need for synchronized writes. Experiments on
both shared and distributed-memory multiprocessors indicate LocalWrite can
significantly improves performance for some irregular applications. We also vary
the connectivity, locality, and adaptivity of the applications to gain a better un-
derstanding of the advantages of different reduction parallelization techniques.
By improving compiler support for irregular reductions, we are contributing to
our long-term goal: making it easier for scientists and engineers to take advantage
of the benefits of parallel computing.
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Abstract. Parallelization of symbolic applications is difficult and a sys-
tematic approach has yet to be developed. In this paper, we introduce
the concept container, which refers to any general-purpose aggregate
data type, such as matrices, lists, tables, graphs and I/O streams. We
propose the container-centric approach, in which containers are treated
by the compiler as built-in types. Containers become the target of data-
parallelism and the focus of program analysis and transformations.

1 Introduction

The last decade has witnessed extensive researches on automatic parallelization
of numerical array-based applications. State-of-the-art parallelizing compilers
now can parallelize some large and real scientific benchmarks[1] [2] [3][5][4]. How-
ever, there is a large set of non-numerical applications, some of which are fairly
simple, that still cannot be parallelized by current techniques. The reasons, we
believe, are our limited understanding of the characteristics of such applications
and the consequent lack of effective parallelization techniques designed accord-
ingly.
In this paper, we introduce the concept container, which refers to any

general-purpose aggregate data type, such as matrices, lists, tables, graphs and
I/O streams. Containers, as the major data storage media, are at the center of
program data-flow and manipulations of their elements are the primary source of
data-parallelism in real applications. We propose the container-centric approach
in which containers are treated as intrinsic types during the parallelization. Not
only should the compiler recognize containers, but containers are the target of
data-parallelism and the focus of program analysis and transformations.
In the discussion of the container-centric approach, we start by providing

abstractions of containers, abstract container operations. Our study of real-
world applications shows that containers, even with different implementations or
across programming languages, behave surprisingly similar, therefore highly ami-
able for abstraction. Then, we propose several key transformation and analysis
techniques for the containers we are targeting. We apply by hand these tech-
niques to parallelize a few real-world applications; among them are javac, jar,
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javap and javadoc1. Parallelism is exploited at a very coarse granularity, almost
all of the major loops of the four applications are parallelizable. The experimental
results are very encouraging. To the best of our knowledge, this is the first work
that characterizes real-world symbolic applications in terms of their underlying
aggregate data structures and addresses their parallelization in a pragmatic way.
The paper is structured as follows. Section 2 gives an overview of containers

and the container-centric approach. Section 3 proposes the abstract container
operations and the concrete container description technique. Sections 4 and 5
introduce several compiler transformation and analysis techniques. Experimental
results are given in section 6. Section 7 compares our work with others. And
section 8 summarizes and presents a conclusion.

2 The Container-Centric Approach

2.1 Concept of container

We define any general-purpose aggregate data type as a container[6]. Examples
of containers are matrices, lists, stacks, trees, graphs, I/O streams and hash
tables. In the paper we focus on two types of containers:

– A linear container is a container whose elements are accessed by positions
in an ordered manner. Commonly seen linear containers are lists, stacks
and queues. Linear containers can be addressed through iterators[7], which
allows container elements to be accessed in a way similar to how arrays are
accessed through indices.

– In a associate container, elements are accessed by keys. Keys could be nu-
merical (index-key), alpha-numerical (name-key) or pointers (pointer-key).
Examples of associate containers are hash tables, sets and maps.

2.2 Motivation

Traditionally programmers work directly with intrinsic data types and language
constructs. With the thriving of object-oriented programming and the wide avail-
ability of general-purpose libraries, modern applications are composed from a
much higher abstraction level. Containers such as lists, stacks, hash tables, and
I/O streams are common components of today’s real-world symbolic applica-
tions and are treated by most programmers as if they were intrinsic data types.
Common containers are provided by almost every object-oriented language as
part of the core class libraries, such as standard template library (STL) for C++
and java foundation classes (JFC) for java.

for(e=list.getHead();list.hasMore();e=list.next()){

do something on e...;

}

1 the standard utility applications from Java Developer’s Toolkit (JDK) package
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Containers, sitting at the center of program data-flow and serving as primary
source of data parallelism, play the same role in symbolic applications as arrays
in numerical ones. Linear-containers such as lists, for instance, are one of the
major sources of data parallelism for symbolic applications. The above example
shows a very common loop that iterates a list. However, conventional compilers
treat list the same as any other common object. Such unawareness of the
container in program analysis and parallelization eliminates further possibilities
to exploit parallelism on the example.
We believe that containers should be made distinguishable to parallelizing

compilers, their characteristics studied, manipulation patterns identified, and
basic operations reflected in the parallelization algorithms.

2.3 About the container-centric approach

In a container-centric approach, parallelizing compilers are designed with full
knowledge of containers. We extend the compiler with new data types abstract
containers which are specified by their operations abstract container op-
erations. Abstract containers are ”meaningful” entities to the compiler and
are treated with no less importance and attention as any other intrinsic data
type. Similar to the way we handle arrays, common manipulation patterns of
abstract containers are studied, target loop patterns are identified, fundamental
parallelization techniques are re-designed to be container-specific. For example,
in our work on linear containers and associate containers, we have provided
the dependence test for linear containers, commutativity analysis for associate
containers, container privatization, etc. Figure 1 illustrates the compilation steps

knowledge 

Compiler

of abstract

with 

Compiler Designer User

ParallelizationSpecification
Concrete Containers

Parallelized 
Program

container

Specification
Container 

Description
Concrete Container

Source Program
Rest of 

Fig. 1. Program parallelization using a container-aware compiler

with a container-aware compiler. Concrete containers2 are first ”described” using
abstract container operations, and then fed into the compiler, together with the
rest of the source program, as the inputs. The compiler then takes the abstract-
container-based program, performs the container-specific analysis and transfor-
mations, identifies parallelizable sections and finally generates parallel codes.

2 real-world containers are referred to as concrete as opposed to the abstract ones
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The feasibility of such an approach, however, lies in greatly the generality of
abstract containers. So that compilers based on them can benefit a reasonable
large set of applications. Upon such consideration, abstract containers specifies
only the very core container operations. Containers with more complicated se-
mantics can be described through composition. Moreover, we intend to study
containers that are more standardly and more commonly used, such as linear
containers and associate containers. We also note that, in general, human efforts
are necessary in describing concrete containers in terms of abstract ones. How-
ever, the process is fairly intuitive and localized. Description of the container can
be fully decoupled from the source program using it and are highly reusable. Fur-
thermore, by providing descriptions for STL containers or JFC containers once,
all the applications use these standard container libraries, which fortunately is
the trend, can benefit.

3 Container Specification

3.1 Abstract containers

Abstract containers are used by the compiler to represent internally concrete
containers. There are several properties that we assume for abstract containers
of any type.

– The structure of the container is fully encapsulated in method interfaces. The
structure of the container is defined as any internal state of the container
other than the elements inside. Since the structure of the container is mostly
implementation-dependent, assuming such property, generality of abstract
containers will not be compromised by the diversities in concrete container
implementations.

– Abstract container operations change only the structure of the container.
This property reflects the nature of containers as storage media, and keeps
the semantics of abstract containers simple.

– Except for primitive data types, elements into or out of the container are
passed by reference. Concrete containers vary in the definition of such an
alias relation. Some use pass-by-value semantics, while others use pass-by-
reference. Still others leave the choice to the programmer. We choose pass-
by-reference semantics since it most closely reflects the nature of the store
operation of containers and can easily describe other semantics as well.

3.2 Abstract container operations

Abstract container operations specify the syntax and semantics of abstract con-
tainers, As shown in Figure 2, each operation is composed of a name, a return
value, and a set of parameters. Both the return value and the parameters are
declared by abstract types. There are four abstract types that are general for
all kinds of abstract containers. ABS void, ABS bool, and ABS int stand for
void-type, boolean-type and integer-type respectively. ABS element represents
the element of the abstract container, and it is of reference type.
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ABS_void abs_push_back(ABS_element) ABS_element abs_access(ABS_void)

ABS_void abs_push_front(ABS_element) ABS_iterator abs_next(ABS_void)

ABS_element abs_pop_back(ABS_void) ABS_iterator abs_prev(ABS_void)

ABS_element abs_pop_front(ABS_void) ABS_bool abs_hasMore(ABS_void)

ABS_element abs_get_back(ABS_void) (ii) abstract iterator operations

ABS_element abs_get_front(ABS_void)

ABS_iterator abs_begin(ABS_void) ABS_bool abs_put(ABS_key,ABS_element)

ABS_iterator abs_end(ABS_void) ABS_element abs_get(ABS_key)

ABS_bool abs_remove(ABS_key)

ABS_int abs_size(ABS_void) ABS_bool abs_contains(ABS_key)

ABS_bool abs_empty(ABS_void)

(i) abstract linear (iii) abstract associate

container operations container operations

Fig. 2. Abstract container operations

Abstract linear container operations An abstract linear container can be
viewed as a linear discrete space with two special positions: begin and end.
We define front and back to be the element at position begin and end respec-
tively. Position of a abstract linear container is represented by abstract iter-
ators. There are two special values of abstract iterators, abs begin iterator
and abs end iterator, which point to the begin and end of the container, re-
spectively.

Abstract iterator operations Abstract iterator operations provide abstrac-
tions of concrete iterators. Each abstract iterator is associated with an ab-
stract linear container . Abs access() gets the container element at the position
pointed to by the iterator. The call Abs hasMore() checks whether the iterator
has traversed to the end of the container, while the call abs next()(abs prev())
will evolve the current iterator to point to the next (previous) position of the
container.

Abstract associate container operations Abstract associate container op-
erations specify the basic update and access behaviors of a associate container.
Keys of a associate container are unique. They are represented by abstract
type ABS key, which can be of three kinds: ABS index key, ABS name key and
ABS pointer key.

3.3 Concrete container description

Abstract container operations provide the compiler with only the core container
operations. Concrete containers, which usually have much more complicated
semantics, will be described in terms of the abstract ones. Each abstract oper-
ations specifies a data-flow relation between the associated concrete container,
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the return instance and the actual parameters bound. In describing the con-
crete containers, abstract operations are to be ”instantiated”, by ”invoking” the
abstract operation on a receiver object, ”binding” actual parameters to formal
ones, and ”assigning” the return value to other instance. During instantiation,
the receiver object, actual parameters, and the return value can be concrete if
declared by concrete data types, or abstract if declared by abstract types. In cer-
tain context, concrete types can be bound to abstract ones. For example, type
int, void, and boolean of the target language can be bound to abstract type
ABS int, ABS void, and ABS bool, respectively.

void List::<Element>::append(List<Element>* list2) {

for(ABS_iterator iterator=list2.abs_get_begin();

iterator.abs_hasMore();

iterator=iterator.abs_next()) {

abs_push_back(iterator.abs_access());

}

}

The above shows the concrete container description of append() of class List,
which appends elements (by reference) of list2 to itself. The concrete container
description ”describes” the data-flow semantics of method append() by a set
of abstract container operations. Moreover, in a concrete container description
we can use any concrete variable visible in the scope, declare instances either as
concrete or as abstract, or even invoke abstract operations on concrete instances.
In the example, the new abstract instance iterator is declared and the abstract
operation abs get begin() is invoked on the concrete instance list2.

4 Container-Based Transformation Techniques

4.1 Data dependences and loop-level parallelism

Target loops for exploiting parallelism Linear containers are amiable for
exploiting loop-level parallelism. Figure 3 3 shows two common iterative loops of
linear containers: iterator-based loop, which iterates the linear container through
an iterator; and pop-based loop, which iterates the container through the opera-
tion abs pop back(). Both are our target loop patterns for exploiting loop-level
parallelism.

Container structural dependences Manipulating containers introduces new
dependences. For example, in Figure 3(i), the three operations i.abs next(),
i.abs hasMore(), and i.abs access() introduce dependences. We define con-
tainer structural dependence as dependences due to change upon the struc-
ture of the container. There are two basic container structural dependences:

3 We’ll use abstract container operations directly in the examples to illustrate exact
semantics and patterns we are targeting.
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for(ABS_iterator i=list.abs_begin(); for(;list.abs_empty();

i.abs_hasMore(); i.abs_next()) { list.abs_pop_back()) {

Object o = i.abs_access(); object o=list.abs_back();

... ...

} }

(i) iterator-based iterative loop (ii) pop-based iterative loop

Fig. 3. Common loop patterns of container-based applications

1. of any two computations, if at least one of them adds or removes elements
from the container, there is an update structural dependence;

2. if two computations access different elements of the container through the
same iterator, there is an access structural dependence.

In Figure 3, loop (i) has access structural dependence and loop (ii) has update
structural dependence. Structure dependences are inherent to many container
manipulations, such as the sequential accessing of a list or an I/O stream and
the recursive accessing of a tree. It explains, to some extent, why parallelization
of container-based applications is much harder than that of array-based ones.
Since conventional dependence test which is mostly based on memory depen-
dence, is too restrictive to tolerate structural dependences. In most of the cases,
detection of structural dependences is trivial; the difficulties, however, lie in pro-
gram transformations to eliminate such dependences. Transformation techniques
proposed in this section will focus on the elimination of structural dependences.

4.2 Loop parallelization

The loop parallelization techniques we discuss here are pattern-aware. We aim
at handling dependences introduced by operations inside the loop header in
the two loops in Figure 3. Such dependences are inherent to the loop pattern
and very similar to those introduced by loop index in array-based loops. We
assume in the examples that there are only two threads for parallel execution
and that elements can be distributed evenly. The most general method of loop
parallelization is to distribute container elements into several local containers
and then have each parallel thread work on its own data. Figure 4(i) shows the
container distribution for the loop in Figure 3(ii), in which elements of stack are
distributed into two stacks, s1 and s2.
Container distribution introduces the overhead of data copying even if only

references are copied. Loop parallelization can be made more efficient taking
consideration of the special feature of the concrete container. For instance, the
java class V ector supports random element access through method elementAt().
The iterative loop can be parallelized in a way similar to that for arrays.

4.3 Container privatization

Containers observe different patterns from arrays in terms of privatization. Most
linear containers observe the define-use-reset pattern. Define-use-reset is also
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Stack s1, s2; Enumeration e=v.elements();

for(; stack.abs_empty();){ if(threadId==1)

s1.push(stack.pop()); e.nextElement();

if(stack.empty()) for(;e.hasMore();e.nextElement())

break; { ...

s2.push(stack.pop()); Object o=e.nextElement();

} ...

}

(i) Through container distribution (ii) With concrete iterator

Fig. 4. Loop parallelization

common in the manipulations of common objects. After ”use” of the object
(mostly involving complicated computations to change its internal states), states
of the object are ”reset” to the original states before the ”use”. This is because
most objects are aggregate so that re-definition of the object depends on its
previous states. Reset is a clean way of killing all the previous definitions of the
object.

A container is privatizable if, in the end of any iteration, states of the con-
tainer are ”reset” to the states before it enters the iteration. In real applications,
we see two common scenarios, shown in Figure 5, that can lead to a privatizable
container.

list.abs_push_back(element); list.abs_push_back(element1);

... list.abs_push_back(element2);

list.abs_pop_back(); ...

while(!list.abs_empty()) {

list.abs_pop_back();

}

(i) "paired" operations (ii) clean-up condition

Fig. 5. Two privatizable scenarios

In Figure 5(i), every call to abs push back() is ”paired” with a call to
abs pop back(), with the latter recovering the effect of the former. The con-
cept of ”paired” is recursively defined. For instance, the above two operations are
”paired” if all the other appearances of calls to abs push back() and
abs pop back() in between them are paired as well. In this example, define-use-
reset is not just feasible, it is necessary. This is because, here, only computations
that ”define” (abs push back()) the list know how to ”reset”
(abs pop back()) it.

In Figure 5(ii), the container is reset to be empty after the use. One thing
worth mentioned is that the reset is done through a loop whose termination is
controlled by a test operation abs empty(). Abs empty() implies the state of
the container after the loop, which can be illustrated more clearly by presenting
the reset-loop in a program control graph as shown below.
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no

abs_empty()

do something

clean_up_test
yes

clean-up-branch

Fig. 6. Control flow graph of clean-up-condition and clean-up-branch

We define abs empty() as the clean-up-condition and the yes-branch of the
clean-up-condition as clean-up-branch. It is clear that the control-flow that fol-
lows the clean-up-branch will no longer see previous definitions of the con-
tainer. The privatization algorithm can take advantage of such test operations.
Abs empty() is not the only clean-up-condition we have seen in programs. For
example, the boolean expression abs size() == 0 is a clean-up-condition as
well.

4.4 Exploiting associativity

We exploit associativity on operations, such as abs push back and
abs push front, to eliminate update structural dependences. For example, in
the loop shown in Figure 7(i), since the container is updated by operation
abs push back() only, the structural dependences can be eliminated by letting
each thread update its local container and joining the local containers together
later. This is very similar to our handling of simple recurrences of scalars. Fig-
ure 7(ii) shows a more general case where we can exploit associativity; in the
example the container is both accessed and updated in the loop.

for(int i=0; i<n; i++) { for (int i=0; i < n; i++) {

... list.abs_push_back(element);

list.abs_push_back(element); ...

... list.abs_back();

} }

(i) (ii)

Fig. 7. Scenarios of exploiting associativity on linear containers

We define that an access is localized to an iteration if it accesses only ele-
ments that are ”structurally defined” in the same iteration. Any add operation
structurally defines the container operations that access the elements it adds.
In the above example, list.abs back() is localized since
list.abs push back() structurally defines list.abs back(). Computations on
the container within a loop are associative if there is an add operation, such as
abs push back() or abs push front(), and the access operations of the con-
tainer are localized.
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5 Container-Based Dependence Test

Several factors can lead to data dependences in container manipulations, such
as structural dependences, overlapped accesses of container elements, and alias-
ing between container elements. Detection of structural dependences is trivial.
Dependences arising from aliasing are mostly not container-specific, and are ad-
dressed by alias analysis of[11][12]. Therefore, our discussion here focuses on only
detection of dependences due to overlapped accesses of elements.

5.1 Data dependence test for linear containers

The Data dependence test for linear containers aims at detection of dependences
due to overlapped accesses of elements. Since linear containers are mostly ad-
dressed by iterators, we first need a good way to summarize accesses of a linear
container. We use the term range to represent the accesses of a container. A
range is associated with a sequence of computations and is denoted as [low, up],
where low and up can be any iterator that is not defined inside the sequence
of computations with which the range is associated. For example, the range as-
sociated with the loop in Figure 3(i) is [abs begin iterator, abs end iterator].
And, for fix-position accesses, such as abs push back(), the associated range is
[abs end iterator, abs end iterator].
Similar to the range test [14] for arrays, dependence tests for linear containers

are based on the detection of possible overlapping between the ranges of any two
iterations. Two relations on iterators are defined to compare iterators. Given two
iterators i1 and i2, we define ”<” as that i1 < i2 if i1 points to a position that
is closer to front than i2 does; and we say i1 == s2 if both point to the same
position of the container. The comparison of iterators is based on the following
rules:

(1) abs begin iterator ≤ abs end iterator
(2) ∀i abs begin iterator ≤ i ≤ abs end iterator
(3) ∀i i < i.abs next()
(4) ∀i i.abs prev() < i

The overlap of two iterator-based ranges can be detected, in a way similar to
that of integer-based ranges: by comparing the lower-bound and upper-bound
iterators of the ranges.

5.2 Commutativity analysis — dependence test for associate
containers

Manipulation of associate containers is one of the major causes of loop-carried de-
pendences in real-world symbolic applications. Traditionally parallelizable loops
are detected by proving independent computation between iterations. Though
sufficient, such a constraint is not necessary and too restricted for operations on
associate container. A loop is parallelizable if computations across iterations are
commutable[16]. We exploit commutativity on associate containers.
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Commutativity analysis by disjoint key accesses Basic update and access
operations of associate containers are commutable if they use different keys. The
two operations in the following example, for instance, are commutable if key1
and key2 are different.

hashtable.abs_put(key1, element1);

hashtable.abs_put(key2, element2);

Commutativity analysis by disjoint key accesses is an extension of the array-
based data dependence test in the sense that arrays are associate containers
with indexes as their keys. The difference lies in the fact that equivalence of
the keys (indexes) for arrays implies not only commutativity but also memory
independence; whereas for most other containers, memory independence may not
be observed. Therefore, when parallelizing loops that contain such commutable
operations, critical sections are necessary to enforce the memory consistence.
The rest of the loop, however, can be executed fully concurrently.
Commutativity analysis by disjoint keys is conducted according to the type

of key. Keys of different types vary in their interpretations of equivalence: equiv-
alence of pointer-keys is identity-based (based on memory equivalence), whereas
that of name-keys is non-identity-based (based on the value). Traditional analy-
sis techniques can be applied to test commutativity according to the key types,
such as, array-based dependence test for index-keys, alias analysis for pointer-
keys and run-time test for keys of any type.

Commutativity analysis with overlapped key accesses Key accesses of
associate containers are more likely to be overlapped, since such containers are
geared mainly to enable fast element retrieval with potentially large data sets
and high access frequencies. Although proving commutativity in the case of over-
lapped key accesses in general is very difficult, we found an important manipu-
lation pattern, search-otherwise-insert, which might be proven commutable.
Figure 8(i) shows an example of search-otherwise-insert, where List is a

associate container with pointer-keys and the element itself serves as the key. In
put(), an element is added into the container only if no element with the same
key is already in the container. The intuition behind this pattern is that insertion
of any new element into a associate container should keep keys of the container
distinct, which is enforced by search-otherwise-insert. Operation put() in the
example is commutable. To prove it informally, first consider the case key1 6=
key2: operations list.put(key1) and list.put(key2) are commutable due to
disjoint key accesses. Then, when key1 == key2, any reordering of the above
two operations will lead list to the same states.
It is easy to prove commutativity in the above example since elements of the

container serve as the keys as well. However, it is more common for the elements
and their keys to be separate. Figure 8(ii) shows a more realistic example of the
search-otherwise-insert pattern taken from javac. Classes is a associate con-
tainer with pointer-keys, which contains all the class declarations of the currently
compiled file. Method getClassDeclaration() gets the class declaration from
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void put(Object obj) { hashtable classes;

if(!list.abs_contains(obj)) ClassDeclaration getClassDeclaration(Type t){

list.abs_push_back(obj)); ClassDeclaration c=classes.get(t);

} if (c == null) {

c = new ClassDeclaration(t.getClassName());

classes.put(t,c);

}

return c;

}

(i) put() (ii) getClassDeclaration()

Fig. 8. Two examples of search-otherwise-insert

classes and will add newly declared classes into classes if necessary. Consider-
ing the case where key1 == key2, if control follows into the yes-branch of the
if-statement, regardless of the execution order, it is always the newly created in-
stance c that is added into classes. Therefore, method getClassDeclaration()
is commutable; recall that we assume key1 == key2, and c dependence on the
key only.

6 Experimental Results

We have hand-parallelized several applications from the benchmark suite using
the techniques we proposed in the previous sections. Four of them, javac, jar,
javap and javadoc, are standard applications from JDK1.1.5 package, and an-
other one is calculator. We changed the type checking algorithm of java, which
is used by javac and javadoc. Since the original algorithm compiles not only
user specified source files but also those of any class encountered during the
compilation, it leads to the true flow-dependence during compilations of multi-
ple function units and consequently makes javac and javadoc sequential. The
algorithm is modified to parse user specified source files only. For other classes
encountered during the compilation, their class files are loaded directly. We con-
sider such a modification tolerable since most java code compilations can not see
any difference of the modified algorithm from the original one. Furthermore, the
modified algorithm is common in the compilations of programs coded in other
programming languages, such as C and C++, which does not do source-parsing
of any codes other than those specified by the user, and type information is
loaded by header files.

Table 1 summarizes, for each application, the major parallelizable loops, the
percentage of execution time of the loops, and the analysis and transformation
techniques applied to parallelize the loop. DDlc stands for dependence test for
linear containers, DDdisjoint for dependence test with disjoint keys, DDoverlap
for dependence test with overlapped keys, Assoc. for exploiting associativity,
I-loop for parallelization of iterator-based loops, and Priv. for container privati-
zation. Parallelism has been exploited at a very coarse granularity, mostly from
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the file level. All of the parallelizable loops are outer-most. They are major loops
of the applications, taking up 80% or more of the total execution time.

Program-loop %Tseq DDlc DDdisjoint DDoverlap Assoc. I-loop Priv.

javac-parse 14% X X X X X

javac-check 14% X X X X

javac-compile 70% X X X X X

javap-disassemble 77% X X X

javadoc-parse 23% X X X X X

javadoc-genclass 11% X X X X X

javadoc-genpack 53% X X X X X

jar-manifest 86% X X X X X

jar-add 8% X X X X

calc-main 90% X X X

Table 1. Summary of Parallelizable Loop

Since the parallelism we exploited was of a very coarse granularity, and all of
them were outer-most loops, the overhead from forking and joining of threads
was trivial; the effect of load-imbalancing, however, was particularly significant.
Moreover, the class-loading of java runtime more heavily burdened the first
thread of the parallel execution, and the garbage collection complicated the
measurement of workload.

7 Related Work

Previous work on the parallelization of non-array-based applications focuses pri-
marily on the analysis of dynamic, pointer-based data structures, known as
pointer analysis or alias analysis. Basic approaches of pointer analysis fall into
two categories:(1) a fully automatic approach, in which the compiler discovers
the shape[23][12][21] or alias properties[22] of the data structure; and (2) a data
annotation approach, in which information of the data structure is provided by
the user based on a pre-defined description language[24][18][19]. Hummel, Hen-
dren, and Nicolau proposed two description languages, ADDS[18] and ASAP[19],
by which users can describe the shape and traversal properties of the data struc-
tures. Based on the work of ASAP, which uses regular expressions to convey the
alias property of the data structure, the authors later proposed a dependence
test algorithm using theorem proving[17]. The difference between the data anno-
tation approach and our approach is that the former requires program analysis
information (e.g., alias properties of the data structure), which is static and
context-sensitive whereas the latter requires only data type operation informa-
tion, from which program analysis information can be derived automatically by
the compiler. As a consequence, most of pointer analysis can deal only with data
structures that do not change structurally.
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Notable work has been done by Harrison[9][10] on the parallelization of
Scheme programs, which we consider to be the work most similar to ours.
Lists/trees are built-in data type of Scheme. Manipulations of lists in Scheme are
through recursive functions, which, according to our definition, is the structural
dependence of the container type. In his work, Harrison identified such a ma-
nipulation pattern and developed the technique recursive splitting to transform
recursive functions into loops and exploit parallelism on the loops. Moreover, im-
plementation of lists in the scheme run-time was enhanced with auxiliary access
pointers to facilitate fast accesses of lists.

8 Conclusions

In this paper, we identified and exploited the roles of containers in paralleliza-
tion of symbolic applications. By introducing the concept of container, a much
broader and exploitable field is presented to parallelizing compilers. Although
we targeted linear containers and content-addressable containers, the benefits
are not limited to applications based on containers of these two types. For ex-
ample, sparse codes and molecular dynamics have their own containers, and it is
highly possible to characterize and generalize their underlying containers and to
design container-specific analysis and transformation techniques for them. We
believe that the container-centric approach will have a potential impact on the
parallelization of applications based on any container type.
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Abstract. Developing computational codes that compute with sparse
matrices is a difficult and error-prone process. Automatic generation of
sparse code from the corresponding dense version would simplify the pro-
grammer’s task, provided that a compiler-generated code is fast enough
to be used instead of a hand-written code. We propose a new Sparse
Intermediate Program Representation (SIPR) that separates the issue of
maintaining complicated data structures from the actual matrix compu-
tations to be performed. Cost analysis of SIPR allows for the prediction
of the program efficiency, and provides a solid basis for choosing efficient
sparse implementations among many possible ones. The SIPR framework
allows the use of techniques that are frequently used in the hand-written
codes but previously were not considered for compiler-generated codes
due to their complexity. We have developed tools that allow the au-
tomatic generation of efficient C++ implementations from SIPR, and
describe experimental results on the performance of those implementa-
tions.

1 Introduction

Matrix computation occurs in many domains of science and engineering. For ex-
ample, any physical problem modeled by partial differential equations requires
matrix computation. The matrices are typically large, having thousands to hun-
dreds of thousands of rows and columns, and sparse, where the great majority of
elements are zero. Generally, fewer than 1% of the elements are nonzero. Storing
such a matrix as a full two-dimensional array is prohibitively expensive in terms
of space and processing time. Instead, various special purpose data structures are
used to store only the nonzero elements. As a result, developing sparse matrix
code is a difficult and error-prone process.
Automatically converting a dense code into a sparse code could simplify the

programmer’s task. Yet, the compiler support is of little practical use, unless
compiler-generated code performs at least as well as an average hand-written
code. Generating an efficient sparse code is complicated. The specialized data
structures for sparse arrays do not support efficient random access. Efficient ac-
cess requires enumerating the nonzero array elements in a particular order, or
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preprocessing. For example, in a Compressed Column Storage format, we can
efficiently enumerate the nonzero elements in any column. We can also expand
the column so as to allow efficient random access to any row of the column (ex-
panding the entire array would require too much space). Expanding a column is
not cheap, so once the column is expanded, we want to perform all computations
that require that expanded column before we perform computations that require
a different column to be expanded. In some cases, complicated auxiliary data
structures need to be created and maintained in order to allow efficient access
to the nonzero elements in the order desired.
Even when sparse matrix codes are written by hand, one of the difficult

issues is determining when a solution is a good one. For dense matrix codes, the
asymptotic complexity is fixed, and changing the asymptotic complexity requires
a completely different algorithm. Optimization is mainly a matter of constant
terms and the memory hierarchy. Such a straightforward analysis is useless for
sparse codes; instead, the actual sparsity pattern of the matrix must be taken
into account. For some matrices (e.g., banded matrices), the parameters of the
sparsity can be used in asymptotic analysis. For general sparse matrices, no
such simple analysis is possible. Instead, work-sensitive measurements are used.
One such measurement is the number of required floating point operations. If
an algorithm runs in time proportional to the number of required floating point
operations, it is said to be asymptotically optimal.
Our goal is to develop a sparse compiler that is able to automatically generate

close to optimal sparse matrix code. Such a compiler needs to have a reliable
way to predict the performance of the generated code and find computation
reorderings and data structures that allow for efficient computation. It should
be able to represent a possibly extendible set of complicated data structures and
techniques commonly used in hand-written codes.
In this paper we propose new Sparse Intermediate Program Representation

(SIPR) that is intended as an internal representation for a sparse compiler.
SIPR separates the complications of maintaining sparse matrix data structures
from the actual matrix computations. It allows to represent variety of techniques
for accessing and enumerating sparse matrix elements, as well, as changing the
matrix storage format during the program execution. To predict the program
efficiency, it uses a cost model based on estimation of the program asymptotic
complexity.
Previous approaches have focused on a more uniform and homogeneous set

of data structures and transformations. With these, it was sufficient to simply
“improve” the code; there was no need to worry about comparing alternative
implementations. We know of no previous work that utilizes a cost model as
sophisticated as the ones used by numerical analysts and our own work.

2 Basic Sparse Matrix Programming Techniques

In this section, we describe basic data structures that have been used in imple-
menting sparse matrix codes, and some of the basic techniques that have been
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used in previous work on automatic generation of sparse matrix codes. We need
to (and are able to) incorporate all of these techniques into programs represented
in our intermediate form.

Sparse matrix storage formats. General sparse matrices (that is, sparse
matrices for which no particular information about their nonzero structure is
available) are usually stored as set of packed vectors corresponding to matrix
columns or rows. The corresponding sparse matrix storage formats are known as
Compressed Column Storage (CCS) format and Compressed Row Storage (CRS)
format. In general, a sparse matrix can be stored as a set of the packed vectors of
any direction (e.g., compressed diagonal storage). We shall refer to this general
format as Compressed Stripe Storage.
A packed vector is represented as two parallel arrays containing values and

indices of the nonzero elements. Depending on the application, the nonzeros
within each vector may be ordered according to their indices or stored in an
arbitrary order.
In many FORTRAN codes, the vectors for each matrix are densely packed. If

we use a more general memory model with each vector allocated its own chunk of
memory, then we can create additional nonzeros in a vector without rearranging
the storage for the whole matrix.

Guard encapsulation. Replacing a loop whose iterations are executed only
when a corresponding element of the sparse vector is nonzero by the enumeration
over the nonzero elements of the vector is central for sparse matrix programming.
As an example, consider adding a sparse vector to a dense vector, as shown in
Fig. 1a.

for i=1 to n

y(i) += x(i)

endfor

for i=1 to n

if x(i) <> 0

y(i) += x(i)

endif

endfor

for nonzeros e in x

i=index(e)

y(i) += e

endfor

a) dense b) sparse with a conditional c) sparse

Fig. 1. Performing sparse vector addition

The addition does not change the value of y(i) unless x(i) 6= 0. One way to
avoid performing unnecessary operations is to check this condition at the run-
time (Fig. 1b). Yet, on most computers the check is almost as expensive as the
addition itself (perhaps slower). A better way is to replace the i-loop by the
enumeration of the nonzero elements of x (Fig. 1c).
The techniques of performing such a transformation automatically have been

developed by Bik and Wijshoff [3,2] and used by Stodghill, Pingali, and Kotl-
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yar [14,17]. Using their terminology, we call the conditions of the form A(i, j) 6= 0
guards and the technique itself guard encapsulation.
When due to the loop-carried dependencies reordering loop iterations is il-

legal, guard encapsulation does not change the program semantics only if the
enumeration of the nonzero elements is performed in order corresponding to the
original order of loop iterations.

Permutations. Permuting matrix columns or rows is often used in sparse ma-
trix computing. For a matrix in CCS form, directly swapping two columns is
easy but directly swapping two rows requires time proportional to the number
of nonzeros in the matrix (less if the nonzeros in each vector are sorted). Instead,
an indirection vector called permutation vector is used to record permutations,
and the underlying data structure is not changed. A permutation vector is sim-
ply a mapping from “current index” to “original index”. Generally, an inverse
mapping from “original index” to “current index” is also maintained.

Changing compression directions and sorting. There is an efficient algo-
rithm to convert a matrix in CCS format into a matrix in CRS format, and vise-
versa [6]. This algorithm has the nice property that it doesn’t care if the vectors
in the source matrix are sorted according to their index, but always generates
sorted vectors in the result matrix. This algorithm runs in time O(q+n), where
q is the number of nonzeros in the matrix and n is the number of rows/columns
in the matrix. This also gives a fairly efficient method to sort the nonzero entries
in each vector according to their index (e.g., by converting from CCS to CRS
and then back to CCS).

Auxiliary data structures. The data structures described here are not used
to store an entire sparse matrix. Rather, they are used to support efficient access
to a single row or column of a matrix, or to allow the elements in another data
structure to be enumerated efficiently.

Sparse Accumulator (SPA). A Sparse Accumulator (SPA) [9] is a representation
for a sparse vector that includes a dense array of the vector elements, a parallel
array of flags indicating whether an element is zero or not, and an unordered list
of nonzero elements. A sparse accumulator allows for both enumeration of vector
nonzero elements and access to an arbitrary element in amortized constant time.

Ordered SPA enumerator. An Ordered SPA [11] is a variation of SPA with the
list of remaining nonzero elements stored in a heap. This representation is useful
for performing an ordered enumeration of the sparse vector while modifying its
nonzero structure.

Alternate enumerator. A technique described in [8] can be used to scan a matrix
along a direction different from the direction of its packed vectors. For a matrix
with n columns/rows all these data structures require only O(n) space, and
advancing over q elements requires only O(q) time.
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3 A New Framework for Sparse Code Generation

We propose a new framework, Sparse Intermediate Program Representation, or
SIPR, for sparse code generation. This framework is intended as an internal
representation for a compiler that automatically generates sparse matrix code
from a dense one.
In our framework a sparse matrix is represented through the set of the data

structures that are used to store its elements. We refer to these data structures
as element stores. We start from describing static SIPR in which the relationship
between the matrix elements and element stores is fixed throughout the program
execution. Then, we introduce dynamic SIPR that allows the matrix elements
to move from one element store into another. We present the techniques for
cost analysis of SIPR programs and generating executable code from the SIPR
programs. We finish this section with several examples.

3.1 Static SIPR

A program in SIPR consists of loops, guards, assignment statements and simple
conditionals. Array references are simple references to elements of entire arrays
(e.g., A(i,j)). There is also a collection of element stores for representing the
arrays of the program. Each element store represents a region of one array (e.g,
the area below the diagonal). In static SIPR, the region represented by each
element store is invariant over time. Two element stores can overlap in the regions
of an array they represent, although this is somewhat unusual. When this does
occur, the two element stores must be consistent with regards to the values of
the common elements.
Loops can encapsulate guards that restrict iterations to only those corre-

sponding to nonzero elements of an array. In Figure 2, both the k and j loops
have encapsulated guards.

for i = 2 do n do

for k = 1 to i-1 if A(i,k) != 0 do

S1: A(i,k) /= A(k,k)

forany j = k+1 to n if A(k,j) != 0 do

S2: A(i,j) -= A(k,j) * A(i,k)

Fig. 2. Program Fragment

Attached to each element store can be a number of enumerators and acces-
sors. An enumerator is an auxiliary data structure that enumerates the nonzero
elements contained in a element store in some particular order. An enumerator
can be used only for an array reference that is encapsulated as a guard. For ex-
ample, in Fig. 2, we can use an enumerator for the A(i,k) reference. An accessor
is an auxiliary data structure that facilitates certain accesses to array elements.
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An accessor is attached to an array reference that is not encapsulated as a guard.
In this context, we treat all instances of a loop invariant array reference as a sin-
gle reference. For example, in Fig. 2, all of the occurrences of A(i,k) should be
attached to the same enumerator.

Also, a permutation vector can be attached to a direction of an array (typi-
cally, rows or columns). Each element store for that array must either understand
or incorporate the permutation vector.

One requirement of our framework is that each static (i.e., textual) array
reference can be attached to exactly one enumerator/accessor, which can be
attached to exactly one element store. Iteration set splitting [2] could be used
when this is a problem.

3.2 A Sparse Data Structure Library

Element stores together with their enumerators and accessors constitute a Sparse
Data Structure Library. Currently, we consider two element stores: Compressed
Stripe Storage (CXS) and Sparse Accumulator (SPA). Some of accessors and
enumerators for these element stores are shown in Tables 1 and 2. These element
stores and enumerators/accessors are just some possible data structures and
methods that are used in sparse matrix computing. It is our intention that this
library could be extended, perhaps even by a user.

Table 1. Enumerators/accessors for Compressed Stripe Storage (CXS)

Enumerator/Accessor Attribute Constraints Cost

SE: Standard enumerator – iterates
through a packed vector

E.direction = ES.direction
E.ordered=ES.ordered

v

AE: Alternate enumerator – Sect. 2 E.direction 6= ES.direction
¬ E.ordered ∧ ES.ordered

v + qs

LSA: Linear search accessor – search
through a packed vector

¬ ES.ordered vc

BSA: Binary search accessor – binary
search through a packed vector

ES.ordered
∧ A.modification = no fill

v log c

Both element stores and their enumerators/accessors have a set of optional
attributes, and there are constraints between the attributes of an enumera-
tor/accessor and the attributes of the underlying element store. For example,
Stripe Direction attribute specifies the direction along which the elements are
stored or traversed, and Ordered attribute specifies whether the elements are
stored or generated in order of their indices.
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Table 2. Enumerators/accessors for Spare Accumulator (SPA)

Enumerator/Accessor Attribute Constraints Cost

SE: Standard enumerator – traverses list
of nonzero elements

¬ E.ordered v

OE: Ordered enumerator – traverses list
of nonzero elements (Sect. 2).

E.ordered v log c

DA: Direct accessor v

Each enumerator/accessor has a cost function that is a measure of the work
it performs during the program execution. The cost is expressed in terms of the
following variables:

– A v variable that denotes number of elements (not necessary unique) refer-
enced by the enumerator/accessor

– A q variable that denotes number of elements in the element store.
– A c variable that denotes maximum number of elements in a stored stripe.
– An s variable that describes the number of times an array is being “swept
through”.

3.3 Dynamic SIPR

Although Static SIPR is adequate for representing a number of sparse matrix
algorithms, it is not for others. For example, a common technique used in sparse
matrix programming is to scatter a compressed vector into a SPA before modify-
ing it and to gather it back afterwards. In order to handle this, we extend SIPR
to allow element stores to contain a dynamic set of elements. As time passes,
the set of elements represented in each element store may change.
The dynamic mapping of array elements to element stores is described as a

relation between the elements of the array, the moment(s) at which the element
store becomes responsible for the element, and the moment at which each oc-
currence of responsibility ends. Note that an element store might be responsible
for an element of an array, become no longer responsible for it, and then become
responsible for it again.
To specify how elements move from one element store to another we use a set

of obtain operations. A specification of an obtain operation gives the source and
destination element stores, the time(s) at which it occurs, and the set of elements
copied. Also, at the time an element store becomes no longer responsible for some
elements, there must be a discard operation. The em discard operation can free
up memory resources and restore data structures to a “pristine” state so that
they can be ready to obtain more elements. Obtain and discard operations are
included into the Sparse Data Structure Library. Similar to enumerators and
accessors, obtain operations have attribute constraints and cost functions. The
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library does not include all possible obtain operations, thus, restricting kind of
data moves that can be used in the program. For example, we do not include an
operation that would obtain a new row for a compressed ordered column storage,
as this expensive operation is not used in the efficient codes.
The obtain/discard operations are placed between the statements. To sim-

plify things, we allow the time at which an element store becomes responsible
for an element to be identical to the time the element store it obtains the value
from stops being responsible for it. To make this valid, at each place where
obtain/discard operations occur, we perform all obtain operations before we
perform any discard operations.
To represent a moment of time at which an element store obtains or discards

an element we use a global time index, similar to that described by Wayne Kelley
and William Pugh [12]. A moment of global time is specified as a tuple in which
the odd positions correspond to the statement number within the loop and the
even positions correspond to the loop iterations. The statements are numbered
using the odd numbers, while the even numbers indicate the places between the
statements where the obtain/discard operations can be performed. For example,
for the program fragment in Fig. 2 the tuple [1, 3, 1, 2, 1] corresponds the instance
of the statement S1 executed at the 3rd iteration of loop i and second iteration
of loop k, while tuple [1, 3, 0] corresponds to an obtain/discard operation that
may be executed at the 3rd iteration of loop i before executing the loop k.

3.4 Cost Analysis of SIPR Programs

Since we want to consider a rich and extendible set of data structures for im-
plementing sparse matrix algorithms, there is no one, obviously, best solution.
Therefore, as a basis for comparing different implementations, we need to be
able to automatically generate a good cost analysis of a SIPR program. Simply
calculating the cost in terms of n is useless–we must perform an output sensitive
analysis.
Our cost analysis will be in terms of the following variables:

– nX denotes a scalar variable X, typically the number of rows/columns of
some matrix.

– qr denotes the number of distinct array elements referenced by a particular
array reference r.

– wi denotes the number of iterations of statement i that must be executed,
given that all possible guards have been encapsulated.

– cr denotes the maximum number of nonzeros that occur in a stripe of refer-
ence r.

Because of the number of variables and the difficulty in comparing the costs
of two different programs, we typically drop the subscripts of all but the wi
variables. The additional information the subscripts provide is rather hard to
use and interpret.
First step of the cost analysis is to label each loop (or guard) L with the

number of times the body of that loop will execute in terms of the variables
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Loop/Stmt Code Count/Cost
k forany i=1 to n n

i forany j=1 to n st. A(i,j)!=0 q

S1 y(i) += A(i,j) * x(j) w1
endfor

endfor

Element Enum/Acc Cost
Store Format Region Reference Kind Func Cost

A CRS [∗, ∗] A(i,j) SE v q

Total cost: O(w1 + q + n)

Fig. 3. Static SIPR for matrix-vector multiplication

above. If possible, we want an exact answer in terms of n and q. If that isn’t
possible, we shall allow an exact answer that also involves wi terms. If that
is also not possible, we shall allow an inexact upper bound that also involves c
variables. Then we find the costs of enumerators/accessors and obtain operations
by substituting variables used in their cost functions by the appropriate values
for the particular program.
The cost of a program is the sum of the cost of all the accessors/enumerators,

the cost of all the obtain operations, the cost of all the statements, and the cost
of all the loops/guards. A simple example of static SIPR together with its cost
calculation is shown in Fig. 3.

3.5 Generating Executable Code for SIPR Programs

Each element store, accessor and enumerator corresponds to and is implemented
as a C++ class. Operations such as enumerating non-zero elements and access-
ing/updating elements are invoked as methods. Obtain/discard operations are
also translated into element store method calls. An enumerator/accessor might
also have a support code that is executed once for several enumerated/accessed
elements. For example, an alternate enumerator has a set stripe() method that
is called whenever the processed stripe changes.
An enumerator might generate the elements that correspond to the loop

iterations that are beyond the loop bounds. We have described techniques [15]
that allow us to check to see if a run-time test will be needed (if the underlying
element store only contains elements below the diagonal, then we do not need
to check to see that enumerated elements are below the diagonal). When loop
bounds are to be enforced at run-time we either surround a loop body by a
conditional or pass the loop bounds to a “smart” enumerator so that it generates
only the required elements. For example, a standard enumerator for the ordered
compressed stripe storage may use a binary search to find a position from which
it starts enumerating a stripe.
In order to get efficient code from this approach, we need a sophisticated and

powerful optimizing C++ compiler. For example, it needs to take the fields of a
class object and keep them in registers throughout the execution of a loop. While
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the Gnu and Sun C++ compilers fell short, the Dec cxx compiler, version 6.0,
performs the optimizations we need.

3.6 Examples of Dynamic SIPR

Dynamic SIPR allows to represent many efficient sparse implementations that
previously could not be generated automatically, such as matrix matrix multipli-
cation with transposed arguments, LU decomposition with partial pivoting and
Cholesky factorization. Below we present two examples: Matrix-Matrix Multi-
plication C+ = ATB and LU decomposition with partial pivoting.

Matrix-Matrix Multiplication: C+ = ATB. In Fig. 4, we give the SIPR
representation for an efficient algorithm for matrix-matrix multiplication
C+ = ATB.

Loop/Stmt Code Count/Cost
j forany j=1 to n n
k forany k=1 to n st. B(k,j)!=0 q
i forany i=1 to n st. A(k,i)!=0 w1
S1 C(i,j) += A(k,i) * B(k,j) w1

endfor
endfor

endfor

Element Lifetime Enum/Acc Cost
Store Format [r, c]→ Reference Kind Func Cost
A0 CCS [−∞] : [0]
A1 CRS [0] : [+∞] A(k,i) SE v w1
B CCS [−∞] : [+∞] B(k,j) SE v q
C0 CCS [−∞] : [1, c, 0]

[1, c, 2] : [+∞]
C1 SPA [1, c, 0] : [1, c, 2] C(i,j) DA v w1

Element Imple- Cost
Store Operation Time Elements mentation Func Cost
A1 obtain from A0 [0] [∗, ∗] 2D-TranspCopy v q
A0 discard [0] [∗, ∗]
C1 obtain from C0 [1, j, 0] [∗, j] 1D-SimpleCopy v q
C0 discard [1, j, 0] [∗, j]
C0 obtain from C1 [1, j, 2] [∗, j] 1D-SimpleCopy v q
C1 discard [1, j, 2] [∗, j]

Total cost: O(w1 + q + n)

Fig. 4. Dynamic SIPR for matrix-matrix multiplication C+ = ATB

We have assumed that A, B and C are all stored in CCS format. In actuality,
it is difficult to efficiently calculate C+ = ATB with all three matrices stored in
CCS format. That matrix A is accessed along the rows suggests that it would be
worthwhile to transform A into CRS format to perform the calculations. After
making the copy of A in CRS, we can either preserve the version of A in CCS
format (someone else might have a use for it), or we can free it and the memory
consumed by it. The representation in Fig. 4 assumes that we discarded the
original copy of A, but this has no effect other than on memory consumption.
Otherwise, the code is pretty straightforward; in each iteration of the j loop,
column j of C is moved into a SPA, updated, and then moved out.
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When we calculate the performance of program in Fig. 4, we find that the
code will run in time O(w1 + q + n), that is, optimal. Performing the initial
rearrangement of A has allowed us to use an efficient algorithm, and the cost of
performing the initial rearrangement is small compared to the cost of perform-
ing the multiplication (for all but rather unusual and uninteresting cases). An
experimental comparison of the performance with the codes generated by Bik’s
Sparse Compiler and Bernoulli Compiler is provided in Sect. 4.

Loop/Stmt Code Count/Cost
j for j=1 to n n
k for k=1 to j-1 st A(k,j)!=0 q
i forany i=k+1 to n st A(i,k)!=0 w1
S1 A(i,j) -= A(i,k) * A(k,j) w1

endfor

endfor
S2 piv=0; piv val=0 n
ii forany ii=j to n st A(ii,j)!=0 q
S3 val=abs(A(ii,j)) q
. if (val > piv val) then

. piv=ii; piv val=val

. endif

. endfor
S4 call swap rows(A,j,piv,j,n) n
l forany l=k+1 to n st A(l,j)!=0 q
S5 A(l,j) /= A(j,j) q

endfor
endfor

Element Perm. Lifetime Enum/Acc Cost
Store Format Vector [r, c]→ Reference Kind Func Cost
A0 CCS p1 [−∞] : [1, c, 0]
A1 SPA p1 [1, c, 0] : [1, c, 10] A(i,j) DA v w1

A(k,j) OE v log c q log c
A(ii,j) SE v q
A(l,j) SE v q
A(j,j) DA v n

A2 CCS p1 [1, c, 10] : [+∞]|r > c A(i,k) SE v w1
A3 CCS p1 [1, c, 10] : [+∞]|r ≤ c

Element Imple- Cost
Store Operation Time Elements mentation Func Cost
A1 obtain from A0 [1, j, 0] [∗, j] 1D-SimpleCopy v q
A0 discard [1, j, 0] [∗, j]
A2 obtain from A1 [1, j, 10] [j + 1 : n, j] 1D-SimpleCopy v q
A3 obtain from A1 [1, j, 10] [1 : j, j] 1D-SimpleCopy v q
A1 discard [1, j, 10] [∗, j]

Total cost: O(w1 + q log c+ n)

Fig. 5. Dynamic SIPR for LU decomposition with partial pivoting

LU decomposition with partial pivoting. Dynamic SIPR for an efficient
algorithm for LU decomposition with partial pivoting is shown in Fig. 5. We have
assumed that matrix A is stored in CCS format. At the beginning of each itera-
tion of j loop column j of A is moved into SPA. After the column is processed,
its part above and on the main diagonal is moved into a storage for the upper
triangular factor, its part below the diagonal is moved into a storage for the
lower triangular factor.
We use an ordered enumerator for reference A(k, j), as loop k both encapsu-

lates a guard with this reference and should be executed in the original order.
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As a result the cost of the code differs from the optimal by q log c term. This
term is usually insignificant compared to the cost of executing statement S1. In
Section 4.2 we give the experimental results that show that the code for SIPR
representation shown in Fig. 5 performs better than GPLU code [10] that is
theoretically optimal.

Bik’s code for LU decomposition [2] solves the problem of executing k loop
in the original order by disabling guard encapsulation for loop k. This is not a
good solution, as it leads to n2 complexity.

Swapping of the rows j and piv of A is implemented through the permutation
vector. All element stores are effected by the same permutation vector p1, so the
enumerator for reference A(i, k) and accessor for reference A(i, j) in statement S1
avoid extra indirection by using unpermuted value of row index i. The two last
parameters of the swap operation swap rows(A, j, piv, j, n) specify the range
of the rows being swapped, that is, we are guaranteed that j ≤ j ≤ n and
j ≤ piv ≤ n. This is necessary to verify that row swap does not lead to the
redistribution of the elements between the element stores.

4 Analytical and Experimental Results

In this section, we compare implementations generated from SIPR programs for
sparse matrix-matrix multiplication and LU factorization (with and without piv-
oting) against the programs generated by Bik’s MT compiler and the Bernoulli
compiler, as well as against some hand-written programs used by numerical an-
alysts.

First we present analytical results comparing the asymptotic complexity of
different implementations. The asymptotic complexity of the programs has been
computed from their SIPR representations by our SIPR compiler. To perform
these computations for MT and Bernoulli codes, we first translated them into
SIPR form. These SIPR forms perform essentially the same computations as the
original codes, but use slightly different implementations of the data structures.

For experimental results, we used the codes as provided by the MT and
Bernoulli programs. The matrix-matrixmultiplication codes from Bik’s MT com-
piler were generated by revision 5.1 of the MT compiler [4]. The three LU codes
generated by Bik were taken from his Ph.D. thesis. The matrix-matrix multipli-
cation codes from the Bernoulli compiler were provided by Paul Stodghill. Our
codes has been translated from their SIPR representations into C++ by our
SIPR compiler.

4.1 Analytical results

The asymptotic complexities of the programs are given in Table 3. The w, q, c
and n variables have been described in Sect. 3.4. These results may be used to
compare the program efficiency and determine how close a particular implemen-
tation is to the optimal one.
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Table 3. Analytical performance of sparse matrix codes

Source Problem Variant Time Notes
MT compiler Matrix-Matrix C+ = AB O(w + q)

rev 5.1 multiplication C+ = ATB O(qn + w)

C+ = ABT O(qc + w)
C+ = ATBT O(qnc + w) Dense result

Bik’s LU Decomposition Sparse1 O(qn + w)
Ph.D. thesis without pivoting Sparse2 O(w + n2 + qc) Requires hints

LDU O(w + qc) Requires hints and
transformations

Bernoulli Matrix-Matrix C+ = AB O(w log c + q) All Bernoulli
compiler multiplication C+ = ABT O(qc log c) codes require

C+ = ATB O(w log c + q) precomputed fill

C+ = ATBT O(qc log c)
Cholesky Decomposition O((w + n) log c + q) [13]

Hand-written Matrix-Matrix C+ = AB O(w + q)
SIPR multiplication C+ = ATB O(w + q) Fig. 4

C+ = ABT O(w + q)

C+ = ATBT O(w + q)
LU decomposition with partial pivoting O(w + q log c) Fig. 5
Cholesky Decomposition O(w + q log c)

Under reasonable assumptions (any row or column have at least one nonzero
element, etc.), we know that c ≤ n ≤ q ≤ w ≤ qc. An optimal implementation
would have a complexity of O(w). Thus, in many cases we know that we have
a near optimal code (hand-written SIPR, Bik’s C+ = AB code, Bernoulli’s
C+ = AB and C+ = ATB codes). In some cases, the cost includes qn or n2

component. For large, very sparse matrices, these are going to dominate the costs
and make the algorithms impractical. In a couple of cases (Bik’s C+ = ABT ,
code, Bik’s LDU code, Bernoulli code for C+ = ABT and C+ = ATBT ), it is
hard to tell how close the code comes to optimal, since it depends on how close
qc is to w, and how tight an inexact bound of qc is, which is unknown at the
compile time.
In general, asymptotic costs can be used to automatically identify a small

set of promising implementations. Extending the cost model to include constant
factors (rather than just asymptotic complexity) can provide further assistance.
However, human judgment and/or experimental results are likely to be needed
to find the best implementation among the good ones.

4.2 Experimental results

All the experiments have been run on AlphaStation 200 4/166. Following [16],
we report some test results on DNC grid matrices. The test matrices have been
obtained by applying a first-order stencil to a regular d-dimensional grid, with n
points in each dimension and c component variables at each grid point. Following
[2], we also consider E(n, 5) matrices, that have nonzero elements in positions
(r, c) such that |r−c| ≤ 1 or |r−c| = 5. Also following [16], we report MegaFLOP
rates rather than speed. In computing MegaFLOP rates, we use an optimal,
algorithm-invariant calculation of the number of flops absolutely required by the
program, rather than the flops actually performed.
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Matrix matrix multiplication. We compare the performance of MT rev 5.1
code for matrix matrix multiplication C+ = ATB [4], Bernoulli’s code provided
by Paul Stodghill, and a code generated by a SIPR compiler from the repre-
sentation shown in Fig. 4. The results in MFLOPS are shown in Fig. 6. Poor
performance of Bik’s code agrees with our analytical results. Bik’s code becomes
much worse on large matrices, reflecting the qn term. The Bernoulli code is
not much slower than the code generated from Fig. 4 when there are not many
non-zeros in each column. However, as the number of non-zeros in each column
goes up, the Bernoulli code slows down (reflecting the w log c term), while the
performance of Fig. 4 goes up (as the w term dominates the q term).

Grids Rows NZs MFLOPS
d n c /Cols /Col Fig. 4 Bernoulli Bik
2 10 1 100 5 2.2 2.2 0.210
2 17 1 289 5 3.4 2.7 0.078
2 25 1 625 5 3.0 2.7 0.033
3 10 1 1000 7 3.3 2.6 0.029
3 17 1 4913 7 2.9 2.2 0.005
3 25 1 15625 7 2.8 2.1 0.001
2 10 3 300 9 5.9 2.5 0.271

Grids Rows/ NZs/ MFLOPS
d n c Cols Col Fig. 4 Bernoulli Bik
2 17 3 867 9 6.0 2.4 0.101
2 25 3 1875 9 6.1 2.3 0.041
2 10 5 500 15 7.7 2.2 0.293
2 17 5 1445 15 8.0 2.2 0.079
2 10 7 700 21 8.7 2.1 0.246
2 17 7 2023 21 8.2 2.0 0.074
2 5 20 500 60 9.5 1.8 0.813

Fig. 6. Matrix matrix multiplication C+ = ATB

LU decomposition without pivoting. We compare performance of several
codes for LU decomposition without pivoting. Bik’s sparse2 and LDU codes
are the codes generated by Bik’s Sparse Compiler [2, p.217-223] for matrices
stored in compressed column format and LDU format, correspondingly. The
SIPR representation that we used to generate our version of LU decomposition
is similar to the one shown in Fig. 5 except that it does not include pivoting.
GPLU is a hand-written code due to Gilbert and Perlis [10] that is guaranteed
to run in time proportional to the number of floating point operations and until
[5] was one of the fastest codes for sparse LU factorization.

Grids MFLOPS

d n c Bik’s Bik’s Fig. 5 GPLU
sparse2 LDU w/o pivoting

2 10 1 2.3 1.5 3.8 3.8
2 10 3 3.9 2.4 8.1 6.6
2 10 5 4.1 2.5 8.7 6.8
2 10 7 4.1 2.5 9.3 6.9
2 17 1 3.3 2.2 6.0 5.6
2 17 3 4.0 2.6 8.8 6.8
2 17 5 4.0 2.5 9.4 6.9
2 17 7 4.0 2.5 9.7 7.0

Matrix MFLOPS
size Bik’s Bik’s Fig. 5 GPLU
n sparse2 LDU w/o pivoting

1000 0.9 1.4 2.2 2.7
2000 0.5 1.5 2.2 2.7
3000 0.3 1.4 2.3 2.7
6000 0.21 1.4 2.2 2.6
9000 0.14 1.5 2.3 2.6
12000 0.10 1.4 2.3 2.5
15000 0.08 1.5 2.3 2.5

a) Regular grids b) E(n, 5) class matrices

Fig. 7. LU decomposition without pivoting
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We ran the experiments on matrices generated from the regular (d, n, c) grids
and the E(n, 5) matrices. These matrices are symmetric positive-definite, so LU
decomposition without pivoting is stable.
The MFLOPS rates for the above codes are shown in Fig. 7. The code derived

from Fig. 5 outperforms all other versions except for the hand-written GPLU
code for E(n, 5) matrices where it is slightly slower. For the DNC matrices, the
amount of work required is O(n2), so the n2 term in the cost of Bik’s sparse2 code
is not much of a problem. However, for the E(n, 5) matrices, the work required
for LU factorization is O(n), so Bik’s sparse2 code performs very poorly as n
grows. Note that for most realistic problems, sparse LU decomposition requires
less than O(n2) flops, so Bik’s sparse2 code is impractical.

LU decomposition with partial pivoting. We compare the code generated
from Fig. 5 with the GPLU code [10] discussed above, and the SuperLU code
[5] that uses a specially developed algorithm that provides much better cache
performance and reduces indirection. Neither Bik’s compiler nor the Bernoulli
compiler is capable of handling LU decomposition with partial pivoting.
As a test suite we used several matrices from the Harwell-Boeing collection

[7]. The columns of all the matrices have been permuted by Matlab’s minimum
degree ordering of ATA [9]. This is a standard technique used to increase the
sparsity of the factors.
The characteristics of the test matrices and the performance results are shown

in Table 4. The code generated from SIPR in Fig. 5 performs better than GPLU
for almost all the examples. The SuperLU code [5] performs up to four times
better than either GPLU or Fig. 5.

Table 4. LU decomposition with partial pivoting

Matrix Size Number of Density MFLOPS
nonzeros Fig. 5 GPLU SuperLU

west1505 1505 5414 0.002 1.8 2.2 2.3
gre343 343 1310 0.011 7.1 5.9 12.8
gemat11 4929 33108 0.001 4.4 4.7 5.1
mcfe 765 24382 0.041 7.8 6.5 13.1
orani678 2529 90158 0.014 6.7 5.9 9.1
sherman5 3312 20793 0.002 7.3 5.7 16.8
lns3937 3937 25407 0.002 7.1 5.5 14.8
orsreg1 2205 14133 0.003 6.4 5.1 18.1
saylr4 3564 22316 0.002 6.1 4.8 18.1

5 Previous Work

Previous work by Bik [2,1,3] and the Bernoulli project team [14,17,13,16] have
focused a great deal of effort on automatic techniques to derive the one, right loop
structure for a sparse computation that would provide for a particular program
property. Bik’s sparse compiler strives to generate the code that accesses a matrix
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along the specified preferred access direction [2,1]. The Bernoulli compiler, which
uses relational algebra approach, looks for the join ordering that is consistent
with the matrix format index hierarchy [14]. Even if the loop structure that
satisfies these criteria exists it does not guarantee that the generated code is
efficient, as we have seen in Sect. 4. For example, the code generated by Bik’s
sparse compiler for LU decomposition without pivoting is O(n2+qc) and Ω(n2).
Such complexity is considered unacceptable by numerical analysts:

One of the subtleties in writing sparse matrix software lies in avoiding
O(n2) or more operations. [6]

Our framework provides a reliable way to predict a program performance by
estimating the program asymptotic complexity – the same criteria that is used
by numerical analysts.
Both Bik’s sparse compiler and Bernoulli compiler allow for only small set of

the techniques to be used in the generated code. These techniques are sufficient
for simple programs, such as matrix vector multiplication, or matrix matrix
multiplicationC+ = AB, but not for more complicated programs, such as matrix
factorizations. The applicability of Bernoulli compiler is severely limited by its
inability to handle fill-in. We propose a flexible framework with an extendible
sparse data structure library that can accommodate the variety of techniques
used in the hand-written sparse matrix codes.

6 Conclusions and Future Work

Previous work by Bik [2,1,3] and the Bernoulli project [14,17,13,16] have been
hindered by its inability to accommodate complicated techniques used in hand-
written sparse codes and lack of reliable criteria for prediction of the performance
of the generated code.
In this paper we have presented a framework that does not have these limi-

tations. Our framework incorporates many techniques that have been previously
ignored due to their complexity. As a result, it allows to represent efficient code
for such programs as LU decomposition with partial pivoting and Cholesky fac-
torization that could not been satisfactory handled before. The cost analysis of
sparse intermediate program representations allows us to predict and compare
the performance of different sparse implementations.
In the future, we want to extend the SIPR form and our compiler to handle

more complicated sparse matrix algorithms, such as the SuperLU algorithm.
Another issue of research is that SIPR is not primarily designed as a user-level
programming language; we shall look at ways of having the user specify sparse
matrix algorithms that can be converted into a SIPR representation.
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Abstract. There is a class of sparse matrix computations, such as direct
solvers of systems of linear equations, that change the fill-in (nonzero en-
tries) of the coefficient matrix, and involve row and column operations
(pivoting). This paper addresses the problem of the parallelization of
these sparse computations from the point of view of the parallel lan-
guage and the compiler. Dynamic data structures for sparse matrix stor-
age are analyzed, permitting to efficiently deal with fill-in and pivoting
issues. Any of the data representations considered enforces the handling
of indirections for data accesses, pointer referencing and dynamic data
creation. All of these elements go beyond current data-parallel compi-
lation technology. We propose a small set of new extensions to HPF-2
to parallelize these codes, supporting part of the new capabilities on a
runtime library. This approach has been evaluated on a Cray T3E, im-
plementing, in particular, the sparse LU factorization.

1 Introduction

Irregular computations, where data-access patterns and workload are not known
at compile time, appear profusely on scientific and engineering applications. An
approach to handle such computations is based on extending a data-parallel lan-
guage with new constructs suitable to express non-structured parallelism. With
this information, the compiler can perform at compile time a number of optimiza-
tions, usually embedding the rest of them into a runtime library. In Fortran D
[12], the programmer can specify a mapping of array elements to processors using
another array. Vienna-Fortran [22] lets programmers define functions to specify
irregular distributions. HPF-2 [15,16] provides a generalized block distribution
(GEN-BLOCK), where the contiguous array partitions may be of different sizes,
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and an indirect distribution (INDIRECT), where a mapping array is defined to
specify an arbitrary assignment of array elements to processors.
A different approach is based on runtime techniques, that is, the non-struc-

tured parallelism is captured and managed fully at runtime. These techniques
automatically manage programmer-defined data distributions, partition loop it-
erations, remap data and generate optimized communication schedules. Most of
these solutions are based on the inspector-executor paradigm [18,7].
Current language constructs and the supportive runtime libraries are insuffi-

ciently developed, leading to low efficiencies when they are applied to a wide set
of irregular codes. In the context of sparse computations, we found useful to in-
form the compiler not only about the data distribution, but also about how these
data are stored in memory. We will call distribution scheme the combination of
these two aspects (data structure + data distribution). We have developed and
extensively tested a number of pseudo-regular distribution schemes for sparse
problems, which combines natural extensions of regular data distributions with
compressed data storages [2,19,20,21]. These distribution schemes can be incor-
porated to a data-parallel language (HPF) in a simple way.
The above mentioned distribution schemes are faced to static sparse prob-

lems. In this paper we discuss data structures and distributions in the context
of dynamic sparse matrix computations, involving fill-in and pivoting opera-
tions. Direct methods for solving sparse systems of linear equations, for instance,
present this kind of computations. Factorization of the coefficient matrix may
produce new nonzero values (fill-in), so that data structures must consider the
inclusion of new elements at runtime. Also, row and/or column permutations of
the coefficient matrix are usually accomplished to assure numerical stability and
limit fill-in. All these features make such sparse computations hard to parallelize.
The rest of the paper is organized as follows. Section 2 discusses the dynamic

data distributions schemes we have tested to implement efficient parallel sparse
codes involving pivoting and fill-in. Specifically, a direct method for the LU
factorization is taken as a working example. Section 3 describes our proposal
to extend HPF-2 for considering the above dynamic distributions. Experimental
results validating our approach are presented in Section 4.

2 Sparse Data Structures and Distributions

2.1 Sparse Data Structures

Two different approaches may be considered to represent a sparse matrix: static
and dynamic data structures. Static data structures are the most used in Fortran
codes. Common examples are Compressed Row and Column Storages (CRS and
CCS) [4]. If the computation includes fill-in and/or pivoting operations, it may be
preferably to use some more complex and flexible data structures (dynamic). We
have experimented with linked lists and hybrid (semi-)dynamic data structures,
depending on the type of data accesses we have to deal with.
To simplify the discussion, hereafter we will consider as a working example

the LU factorization of a sparse matrix, computed using a general method [1,10].
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do k = 1, n
Find pivot=Aij
if (i 6= k)

swap A(k, 1 : n) and A(i, 1 : n)
endif
if (j 6= k)

swap A(1 : n, k) and A(1 : n, j)
endif
A(k + 1 : n, k) = A(k + 1 : n, k)/A(k,k)
do j = k + 1, n

do i = k + 1, n
A(i, j) = A(i, j)−A(i, k)A(k, j)

enddo
enddo

enddo

Fig. 1. LU algorithm (General approach, right-looking version)
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k j

Pivoting

L
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U

Updating Fill-in

k j

k

i

U

L
A(i,j)=A(i,j) - A(i,k)A(k,j)

(a) (b) (c)

Fig. 2. Pivoting (a) and updating (b) operations, and fill-in (c) in right-
looking LU

Fig. 1 shows an in-place code for the direct right-looking LU algorithm, where
an n-by-n matrix A is factorized. The code includes a row and column pivoting
operation (full pivoting) to provide numerical stability and preserve sparsity.
Fig. 2 depicts the access patterns for the pivoting and updating operations on
both matrices, L and U , and the generation of new entries. Note that efficient
data accesses both by rows and columns are required.

The sparse coefficient matrix may be structured as a two-dimensional doubly
linked list (see Fig. 3 (c)), to make efficient data accesses both by rows and
columns. Each item in such a dynamic structure stores not only the value and
the local row and column indices, but also pointers to the previous and next
nonzero element in its row and column.

The complexity of this list can be reduced if full pivoting is replaced by
partial pivoting, where only columns (or rows) are swapped. This may imply
large memory and computation savings as we can use a simple list of packed
vectors, or a one-dimensional doubly linked list structure, to store the sparse
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Fig. 3. Packed vectors and linked lists as efficient data structures for direct
methods: (a) List of packed vectors; (b) one-dimensional doubly linked list; (c)
two-dimensional doubly linked list; (d) local sparse matrix

matrix. As depicted in Fig. 3 (b), each linked list represents one column of the
sparse matrix, where its nonzero entries are arranged in growing order of the
row index. Each item of the list stores the row index, the matrix entry and two
pointers. A simplification of the linked list is shown in Fig. 3 (a), where columns
are stored as packed vectors, and they are referenced by means of an array of
pointers. The list of packed vectors do not have pointers and, therefore, this
mixed structure requires much less memory space than the doubly linked list.

Compressed formats and lists of packed vectors are very compact and allow
fast accesses by rows or by columns to the matrix entries (but not both at the
same time). Linked lists are useful when more flexible data accesses are needed.
Two-dimensional lists, for instance, allow accesses to both rows and columns
with the same overhead. The fill-in and pivoting issues are easily managed when
doubly linked lists are used, as they make easy the entry insertion and dele-
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!Doubly LLRS, LLCS (one-dimensional)
TYPE entry
INTEGER:: index
REAL:: value
TYPE (entry), POINTER:: prev, next

END TYPE entry

!Doubly LLRCS (two-dimensional)
TYPE entry
INTEGER:: indexi, indexj
REAL:: value
TYPE (entry), POINTER:: previ, prevj
TYPE (entry), POINTER:: nexti, nextj

END TYPE entry

TYPE ptr
TYPE (entry), POINTER:: p

END TYPE ptr

TYPE (ptr), DIMENSION(n):: pex

Fig. 4. Fortran 90 derived types for the items of LLRS, LLCS and LLRCS
storage schemes, and a definition of an array of pointers (pex) to these items

tion operations. In the case of compressed formats (CRS, CCS ...) or a list of
packed vectors, the fill-in problem is more difficult to solve. Compressed formats
also have the inconvenience of not allowing the pivoting operation (column/row
swapping) in an easy way. This can be overcome by using some mixed data
structure, such as the list of packed vectors, or a linked list structure. Column
pivoting is then implemented by just interchanging pointer values.
Albeit their flexibility, linked lists may have some drawbacks. The dynamic

memory allocation for each new entry, as well as the list traversing, are time-
consuming operations. Additionally, they consume more space memory than
packed vectors. Finally, memory fragmentation due to allocation/deallocation of
items may arise, as well as spatial data locality loss.

2.2 Dynamic Sparse Distribution Schemes

Four data storage schemes will be considered: LLCS (Linked List Column Stor-
age), LLRS (Linked List Row Storage), LLRCS (Linked List Row-Column Stor-
age) and CVS (Compressed Vector Storage), the first three schemes to represent
sparse matrices, and the last one to represent sparse (one-dimensional) arrays.
The LLCS storage scheme corresponds to the structure shown in Fig. 3 (b). In
this figure the lists are doubly linked, but it can also be defined as singly linked,
in order to save memory overhead. The LLRS storage scheme is similar to the
LLCS scheme but considering linking by rows instead of columns. A combination
of compressed columns and rows representation, interlinked among themselves,
can be declared using the LLRCS storage scheme, as shown in Fig. 3 (c). As well
as with the other two schemes, the entries can be singly or doubly linked. Finally,
CVS scheme represents a sparse vector as two arrays and one scalar: the index
array, containing the indices of the nonzero entries of the sparse array; the value
array, containing the nonzero entries themselves; and the size scalar, containing
the number of nonzero entries.
Fig. 4 displays the Fortran 90 derived types which may define the items of

each kind of linked list. The first type corresponds to the LLRS and LLCS schemes
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<sparse-directive>::= <datatype>, SPARSE (<sparse-content>) :: <array-objects>
<datatype>::=REAL | INTEGER
<sparse-content>::= LLRS (<ll-spec>)

| LLCS (<ll-spec>)
| LLRCS (<ll2-spec>)
| CVS (<cvs-spec>)

<ll-spec>::= <pointer-array-name>, <pointer-array-name>,
<size-array-name>,
<link-spec>

<ll2-spec>::= <pointer-array-name>, <pointer-array-name>,
<pointer-array-name>, <pointer-array-name>,
<size-array-name>, <size-array-name>,
<link-spec>

<cvs-spec>::= <index-array-name>, <value-array-name>, <size-scalar-name>
<link-spec>::= SINGLY | DOUBLY
<array-objects>::= <sized-array>{,<sized-array>}
<sized-array>::= <array-name>(<subscript>[,<subscript>])

Fig. 5. Syntax for the proposed HPF-2 SPARSE directive with dynamic data
structures

(doubly linked), indistinctly, and the second one to the LLRCS scheme, doubly
linked. The singly linked versions for these data types are equivalent but without
the prev pointers. The list itself is declared also through a derived type, pex,
which defines an array (or two) of pointers to the above items.
Once storage schemes have been defined, we can use the SPARSE directive to

specify that a sparse matrix (or sparse array) is stored using a particular linked
list scheme. This directive was previously introduced [2,19] in the context of
static sparse applications. Fig. 5 shows the BNF syntax for the dynamic SPARSE
directive. The first two data structures, LLRS and LLCS, are defined by two arrays
of pointers (<pointer-array-name>), which point to the beginning and to the
end, respectively, of each row (or column) list, and a third array (<size-array-
name>), containing the number of elements per row (for LLRS) or per column
(for LLCS). The option <link-spec> specifies the type of linking of the list data
structure (singly or doubly). Regarding the LLRCS data structure, we have four
arrays of pointers which point to the beginning and to the end of each row and
each column of the sparse matrix, and two additional arrays storing the number
of elements per row and per column, respectively.
As an example, the following statement,

!HPF$ REAL, DYNAMIC, SPARSE (CVS(vi, vv, sz)):: V(10)

declares V as a sparse vector compressed using the CVS format. V will work in the
code as a place holder of the sparse vector, which occupies no storage. What is
really stored are the nonzero entries of the sparse array in vv, the corresponding
array indices in vi, and the number of nonzero entries in sz. The place holder
V actually provides an abstract object with which other data objects can be
aligned and which can then be distributed. The DYNAMIC keyword means that
the contents of the three arrays, vi, vv and sz, are determined dynamically, as
a result of executing a DISTRIBUTE statement.
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!HPF$ ALIGN V(:) WITH A(*,:)
!HPF$ DISTRIBUTE(CYCLIC,CYCLIC) ONTO mesh:: A

vi 1 6 7 1043

V a 0 b c 0 d e 0 0 f

1 3 7

a b e

vi loc

vv loc

vi loc

vv loc

4 6 10

c d f

0 d 0 fc

2 4 6 8 10

a b e 0

1 3 5 7 9

0

PE #00, PE #10 PE #01, PE #11

vv a b c d e f sz 6

!HPF$ REAL, SPARSE (CVS(vi,vv,sz)):: V(10)

Fig. 6. Alignment and distribution of a sparse array on a 2×2 processor mesh

The HPF directives DISTRIBUTE and ALIGN can be applied to sparse place
holders with the same syntax as in the standard. Distributing a sparse place
holder is equivalent to distributing it as if it was a dense array (matrix). For
instance, the statement,

!HPF$ DISTRIBUTE(CYCLIC) ONTO mesh:: V

considers V as a dense array (not compressed), mapping this array on the proces-
sors using the standard CYCLIC data distribution, and representing the distrib-
uted (local) sparse arrays using the CVS compressed format.
In the case of the ALIGN directive, however, the semantics is slightly different.

From the next example code,

REAL, DIMENSION(10,10):: A

INTEGER, DIMENSION(10):: vi

REAL, DIMENSION(10):: vv

INTEGER:: sz

!HPF$ PROCESSORS, DIMENSION(2,2):: mesh

!HPF$ REAL, DYNAMIC, SPARSE (CVS(vi, vv, sz)):: V(10)

!HPF$ ALIGN V(:) WITH A(*,:)

!HPF$ DISTRIBUTE(CYCLIC,CYCLIC) ONTO mesh:: A

the (nonzero) entries of V (that is, vv) are aligned with the columns of A depend-
ing on the positions stored in the array vi, and not in the corresponding positions
in their own vv array (which is the standard semantics). Now, the DISTRIBUTE
directive replicates the V array over the first dimension of the processor array
mesh, and distributes it over the second dimension in the same way as the sec-
ond dimension of the A matrix. Observe that in this distribution operation, vi is
taken as the index array for the entries stored in vv. Fig. 6 shows the combined
effect of alignment/distribution for a particular case.
The combination of the directives SPARSE and DISTRIBUTE defines the dis-

tribution scheme of a sparse matrix. The variable V in the example code above
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INTEGER, PARAMETER:: n=1000, dim=8
INTEGER:: k, i, j
REAL:: maxpiv, pivot, amul, product
INTEGER:: actpiv, pivcol
TYPE (entry), POINTER:: aux

TYPE (ptr), DIMENSION(n):: first, last, vpiv
INTEGER, DIMENSION(n):: vsize

REAL, DIMENSION(n):: vcolv, vmaxval
INTEGER, DIMENSION(n):: vcoli
INTEGER:: size

!HPF$ PROCESSORS, DIMENSION(dim):: linear
!HPF$ REAL, DYNAMIC, SPARSE(LLCS(first, last, vsize, DOUBLY)):: A(n,n)
!HPF$ REAL, DYNAMIC, SPARSE(CVS(vcoli, vcolv, size)):: VCOL(n)
!HPF$ ALIGN iq(:) WITH A(*,:)
!HPF$ ALIGN vpiv(:) WITH A(*,:)
!HPF$ ALIGN vmaxval(:) WITH A(*,:)
!HPF$ ALIGN VCOL(:) WITH A(:,*)
!HPF$ DISTRIBUTE (*,CYCLIC) ONTO linear:: A

Fig. 7. Declarative section of the extended HPF-2 parallel sparse LU code

really works as a place holder for the sparse array. The SPARSE directive estab-
lishes the connection between the logical entity V and its actual representation
(compressed format). The benefit of this approach is that we can use the stan-
dard HPF DISTRIBUTE and ALIGN directives applied to the array V and, at the
same time, store the array itself using a compressed format. In the rest of the
code, the sparse matrix is operated using directly its compressed format.

3 Parallel Dynamic Sparse Computations

The SPARSE directive establishes a link between the sparse matrix (or array)
and its storage structure. From this point on, we can choose to hide the storage
scheme to programmers, and allow them to write the parallel sparse code us-
ing dense matrix notations. The compiler will be in charge of translating these
dense notations into parallel sparse codes taking into account the storage schemes
specified. However, this approach supposes a great effort in compiler implemen-
tation, as well as the possibility of mixing in the same code place holders (dense
notations) with real arrays. Bik and Wijshoff [6] and Kotlyar and Pingaly [17]
propose a similar approach, based on the automatic transformation of a dense
program, annotated with sparse directives, into a semantically equivalent sparse
code. The design of such compiler is, however, very complex, in such a way that
no implementation of it is available for general and real problems.
A different approach is based on forcing programmers to use explicitly the

compressed storage structures common in sparse codes, and allow them to use
the place holders (dense notations) only for aligning and distributing purposes.
Parallelism is constrained to the directives. If the parallel code is sequentially
compiled, the resulting code would run properly.

3.1 Parallel Sparse LU Code

A direct right-looking LU factorization with partial pivoting (column swapping)
will be considered in this section. In most cases, partial pivoting leads to similar
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numerical error results than full pivoting, but at a lower cost. However, a matrix
reordering stage (analyze stage) should be added before the factorization. This
is in charge of updating the permutation vectors so as sparsity and numerical
stability are preserved in the subsequent factorization stage. A partial numerical
pivoting is however retained in the factorization stage to cover the case that the
selected pivot in the analyze stage turns to be unstable during factorization.

Despite pivoting, the sparsity of the matrix usually decreases during the
factorization. In such case, a switch to a dense LU factorization may be advan-
tageous at some point of the computation. This dense code is based on Level
2 BLAS, and includes numerical partial pivoting. At the switch point, the re-
duced sparse submatrix is scattered to a dense array. The overhead of the switch
operation is negligible (as the analyze stage) and the reduced dense submatrix
appears distributed in a regular cyclic manner. A 15% sparsity threshold value
was used in our experiments to switch from the sparse to the dense code.

Fig. 7 shows the declarative section of the parallel sparse LU code, using the
proposed extensions to HPF-2. Matrix A is defined as sparse and stored using the
LLCS data structure. The arrays of pointers first and last indicate the first
and the last nonzero entry, respectively, of each column of A The array vsize
stores the number of nonzero entries on each column of A. The sparse array VCOL
is also defined, stored using the CVS format. This array contains the normalized
pivot column of A, calculated in each outer iteration of the algorithm.

The last sentence in the declaration section distributes the columns of the
sparse matrix A cyclically over a one-dimensional arrangement of abstract proces-
sors (the one-dimensional characteristic is not essential). Previously, three dense
arrays, iq, vpiv and vmaxval, were aligned with the columns of A, while VCOL
was aligned with the rows of A. Hence, after distributing A, VCOL is replicated
over all the processors. At each iteration of the main loop of the algorithm (loop
k in Fig. 1), the owner of the column k of A selects and updates on VCOL the
pivot column, which is consistently broadcast to the rest of processors to en-
able the subsequent parallel submatrix update. Fig. 8 shows an example of this
declaration.

Fig. 9 presents the rest of the parallel LU code. The first action corresponds to
the initialization of the array vpiv, which should point to the row that includes
the pivot. This loop is parallel and no communications are required, as both
arrays, vpiv and first, were aligned. Next, loop k starts. SwitchIter was
calculated by the analyze stage, value from which the sparse code switches to
an equivalent dense one.

The first action inside the main loop corresponds to column pivoting pivot-
ing, in which we look for a stable pivot and, if possible, in agreement with the
recommended permutation vector iq (obtained in the analyze stage). To fulfill
the first condition, the pivot should be greater than the maximum absolute value
of the pivot row times an input parameter called u (0 ≤ u ≤ 1). The maximum
absolute value is calculated using the Fortran 90 MAXVAL() intrinsic funtion,
evaluated over vmaxval vector. The update of vmaxval takes place on the sec-
ond INDEPENDENT loop which traverses the pivot row storing the absolute
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Fig. 8. Partitioning of most LU arrays/matrices on two processors, according to
the HPF declaration of Fig. 7 (an even number of columns for A, and that the
outer loop of the LU algorithm is in the fourth iteration, are assumed)

value of each entry on vmaxval. These entries are candidates for pivot. The ON
HOME (vpiv(j)) directive tells the compiler that the processor owning vpiv(j)
will be encharged of iteration j. The RESIDENT annotation points out to the
compiler that all variables referenced inside the directive’s body are local. Thus,
the compiler analysis is simplified and more optimized code may be generated.

Once the threshold maxpiv is obtained, the pivot is chosen in such a way
that its value is greater than the above threshold, and, on the other hand, spar-
sity is preserved by following the iq recommendations. This computation is, in
fact, a reduction operation, and consequently we annotate the corresponding
INDEPENDENT loop with such directive. This user-defined reduction operation is
indeed not considered by the HPF-2 standard, but its inclusion would not add
any significant complexity to the compiler implementation. Finally, after select-
ing the pivot, the swap() routine is called to perform the permutation of the
current column k and the pivot column of matrix A.

After the pivoting operation, the pivot column is updated and packed into
the sparse VCOL array. This is computed by the owner of such column (ON HOME
directive). As VCOL is a replicated array, any update made on it is communicated
to the rest of processors. Finally, the submatrix (k + 1 : n, k + 1 : n) of A is
updated. Loop j runs over the columns of the matrix, and it is parallel. The NEW
directive prevents the compiler from considering inexistent data dependences
due to variables that are actually private to each iteration.

The code also contains the user-defined routines append() and insert()
for list management, which are included in a Fortran 90 module. The append()
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! --> Initialization
!HPF$ INDEPENDENT

DO j = 1, n
vpiv(j)%p => first(j)%p

END DO

! --> Main loop LU
main: DO k = 1, SwitchIter

! --> Pivoting
! --> Candidates for pivot are selected and ...
!HPF$ INDEPENDENT

DO j = k, n
!HPF$ ON HOME (vpiv(j)), RESIDENT BEGIN

IF (.NOT.ASSOCIATED(vpiv(j)%p)) CYCLE
IF (vpiv(j)%p%index /= k) CYCLE
vmaxval(j) = ABS(vpiv(j)%p%value)

!HPF$ END ON
END DO

! --> ... the maximum value is calculated
maxpiv = MAXVAL(vmaxval(k:n))
maxpiv = maxpiv*u

! --> The pivot is chosen from the candidates
! --> (reduction operation)

actpiv = 0
pivcol = 0

!HPF$ INDEPENDENT, REDUCTION(actpiv,pivcol)
DO j = k, n
IF (vmaxval(j) > maxpiv .AND.

iq(pivcol) > iq(j)) THEN
actpiv = vmaxval(j)
pivcol = j

END IF
END DO
IF(pivcol == 0) pivcol=k
IF(pivcol /= k) THEN

! ----> Columns are swapped
CALL swap(k,pivcol,first,last,vpiv,vsize,iq)

END IF

! --> Pivot column is updated and packed
!HPF ON HOME (vpiv(k)), RESIDENT BEGIN

aux => vpiv(k)%p
pivot = 1/(aux%value)
aux%value = pivot
aux => aux%next
size = vsize(k)-1

DO i = 1, size
aux%value = aux%value*pivot
vcolv(i) = aux%value
vcoli(i) = aux%index
aux => aux%next

END DO
!HPF END ON

•
•
•

Fig. 9. Outline of an extended HPF-2 specification of the parallel right-looking
partial pivoting LU algorithm (first part)

routine adds an entry at the end of a list, while the insert() routine adds an
element at the beginning or in the middle of a list.

4 Evaluating Results

A parallel sparse right-looking partial pivoting LU algorithm was implemented
using the Cray T3E Fortran 90 and the SHMEM library [5]. The columns of
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•
•
•

! --> Submatrix of A is Updated
!HPF$ INDEPENDENT, NEW (aux,i,amul,product)
loopj: DO j = k+1, n
!HPF$ ON HOME (vpiv(j)), RESIDENT BEGIN

aux => vpiv(j)%p
IF (.NOT.ASSOCIATED(aux)) CYCLE
IF (aux%index /= k) CYCLE
amul = aux%value
vsize(j) = vsize(j)-1
vpiv(j)%p => aux%next
aux => aux%next

loopi: DO i = 1, size
product = -amul*vcolv(i)
DO
IF (.NOT.ASSOCIATED(aux)) EXIT
IF (aux%index >= vcoli(i)) EXIT
aux => aux%next

END DO
outer_if: IF (ASSOCIATED(aux)) THEN

IF (aux%index == vcoli(i)) THEN
aux%value = aux%value + product

ELSE
! ----> First or middle position insertion

CALL insert(aux,vcoli(i),product,first(j)%p,
vsize(j))

IF (vpiv(j)%p%index >= aux%prev%index)
vpiv(j)%p => aux%prev

END IF
ELSE outer_if

! ----> End position insertion
CALL append(vcoli(i),product,first(j)%p,last(j)%p,

vsize(j))
IF (.NOT.ASSOCIATED(vpiv(j)%p)) vpiv(j)%p => last(j)%p

END IF outer_if
END DO loopi

!HPF$ END ON
END DO loopj

END DO main

Fig.9 (cont.). Outline for an extended HPF-2 specification of the parallel right-looking
partial pivoting LU algorithm (last part)

the sparse matrix A were cyclically distributed over the processors (linearly
arranged), and stored in the local memories using one-dimensional doubly linked
lists. This parallel algorithm is similar to the sequential version, but with local
indices instead of the global ones, and Cray SHMEM routines performing com-
munication/synchronization operations. All these operations were encapsulated
into calls to the DDLY (Data Distribution Layer) runtime library [20]. The par-
allel code was designed in such a way that it could be the output of a hypothetic
extended HPF-2 compiler (extended with the directives for the proposed distrib-
ution schemes). That is, it should be not considered as an optimized hand-coded
program.

Fig. 10 shows execution times and speed-up for the parallel LU algorithm.
Test sparse matrices were taken from the Harwell-Boeing suite and University of
Florida Sparse Matrix Collection [8] (see Table 1). The efficiency of the parallel
code is high when the size of the input matrix is significantly large. We also
carried out experiments considering meshes of processors instead of linear arrays,
but the best times were obtained in the latter case and when the matrices were
distributed by columns. Load imbalances due to fill-in (cyclic distribution) were
not a problem for any matrix (see Fig. 11).
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Fig. 10. Parallel sparse LU execution times and speed-up for different sparse
matrices, using F90 linked lists and Cray T3E SHMEM

Table 1. Harwell-Boeing and Univ. of Florida test matrices

Matrix Origin n # entries sparsity

STEAM2 Oil reservoir simulation 600 13760 3.82%
JPWH991 Circuit physics modeling 991 6027 0.61%
SHERMAN1 Oil reservoir modeling 1000 3750 0.37%
SHERMAN2 Oil reservoir modeling 1080 23094 1.98%
ORANI678 Economic modeling 2529 90158 1.41%
WANG1 Discretized electron continuity 2903 19093 0.22%
WANG2 Discretized electron continuity 2903 19093 0.22%
UTM3060 Uedge test matrix 3060 42211 0.45%
GARON1 2D FEM, Navier-Stokes, CFD 3175 88927 0.88%
EX14 2D isothermal seepage flow 3251 66775 0.63%

SHERMAN5 Oil reservoir modeling 3312 20793 0.19%
LNS3937 Compressible fluid flow 3937 25407 0.16%
LHR04C Light hydrocarbon recovery 4101 82682 0.49%
CAVITY16 Driven cavity problem 4562 138187 0.66%

The sequential efficiency of the Fortran 90 implementation of the sparse LU
algorithm was also tested. Table 2 presents comparison results from this imple-
mentation and the Fortran 77 MA48 routine [10]. We observe that the MA48
routine is significantly faster than our algorithm for many matrices, but it should
be considered the fact that the Cray Fortran 90 compiler is not efficient gener-
ating code for managing lists. However, the resulting computing errors are prac-
tically the same for both algorithms. The main advantage of our approach is
its ease to be parallelized, as opposite to the MA48 routine, which is inherently
sequential, as corresponds to a left-looking algorithm.

The analyze and solve (forward and backward substitution) stages of the
LU algorithm were also implemented, but they are not presented here as no
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Fig. 11. Workload (non-null matrix values) on each processor after executing
the parallel sparse LU factorization on a 16-processor system

Table 2. Comparison between Fortran 90 LU and MA48 (times in sec.)

Times Errors

Matrix F90 – MA48 ratio F90 – MA48

STEAM2 .572 – .373 1.53 .15E-11 – .13E-11
JPWH991 1.039 – .563 1.84 .44E-13 – .82E-13
SHERMAN1 .574 – .148 3.87 .14E-12 – .16E-12
SHERMAN2 10.05 – 9.77 1.02 .14E-05 – .15E-05
ORANI678 6.74 – 3.52 1.91 .70E-13 – .74E-13
WANG1 16.33 – 18.76 0.87 .11E-12 – .97E-13
WANG2 16.19 – 16.54 0.97 .53E-13 – .52E-13
UTM3060 20.57 – 22.68 0.90 .53E-08 – .58E-08
GARON1 36.39 – 28.80 1.26 .53E-09 – .21E-08
EX14 53.68 – 62.78 0.85 .28E+01 – .93E+01

SHERMAN5 12.58 – 6.09 2.06 .75E-12 – .59E-12
LNS3937 21.88 – 15.09 1.44 .15E-02 – .13E-02
LHR04C 22.15 – 10.42 2.12 .22E-03 – .10E-03
CAVITY16 81.23 – 88.48 0.91 .39E-09 – .49E-09

additional relevant aspect is contributed. Both execution time and fill-in are
comparable with those of the MA48 routine (they do not differ more than 10%).

5 Related Work

There are many parallel sparse LU factorization designs in the literature. From
the loop-level parallelism point of view, the parallel pivot approach allows the
extraction of an additional parallelism due to the sparsity of the matrix, besides
the obvious one coming from the independences on the loops traversing rows and
columns [3]. Coarser parallelism level can be exploited thanks to the elimination
tree, which can be used to schedule parallel tasks in a multifrontal [11] code. It
is also possible to use a coarse matrix decomposition to obtain an ordering to
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bordered block triangular form, as is done in the MCSPARSE package [14]. The
supernodal [9] approach is also a parallelizable code [13].
Some of the above parallel solutions can be implemented using the approach

described in this paper. Loop-level LU approaches can be implemented using the
LLRCS data storage (in addition to LLCS), and some other complex reductions
to choose a good parallel pivot set, but loosing some of the performance due
to the semi-automatic implementation. The multifrontal approach, however, is
not suitable to the linked list sparse directive, due to the use of different data
storage schemes. However, they could be implemented using the basic BCS or
BRS sparse distributions [2,19]. The implementation of the supernodal code in
[9] uses some sort of column compressed storage, but it would be necessary to
simplify the memory management and the data access patterns to consider a
data-parallel implementation of this code.

6 Conclusions

This paper presented a solution to the parallelization of dynamic sparse matrix
computations (applications suffering from fill-in and/or involving pivoting oper-
ations) in a HPF-2 environment. The programmer is allowed to specify a partic-
ular sparse data storage representation, in addition to a standard data distrib-
ution. Sparse computations are specified by means of the storage representation
constructs, while the (dense) matrix notation is reserved to declare alignments
and distributions. Our experiments (a parallel sparse direct LU solver, emulat-
ing the output of an extended HPF-2 compiler) show that we can obtain high
efficiencies using that strategy.
The research discussed in this paper gives new in-depth understanding in

the semi-automatic parallelization of irregular codes dealing with dynamic data
structures (list based), in such a way that the parallel code becomes a general-
ization of the original sequential code. An efficient parallel sparse code can be
obtained by annotating the corresponding sequential version with a few number
of HPF-like directives. The techniques described in this paper are not only useful
to deal with the fill-in and pivoting problems, but they can also be applied to
many other applications where the same or similar data structures are in use.
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y Tecnológicas), Spain, for giving us access to the Cray T3E multiprocessor.

References

1. R. Asenjo. Sparse LU Factorization in Multiprocessors. Ph.D. Dissertation, Dept.
Computer Architecture, Univ. of Málaga, Spain, 1997. 231



HPF-2 Support for Dynamic Sparse Computations 245

2. R. Asenjo, L.F. Romero, M. Ujaldón and E.L. Zapata. Sparse Block and Cyclic
Data Distributions for Matrix Computations. in NATO Adv. Res. Works. on High
Performance Computing: Technology, Methods and Applications, Cetraro, Italy,
1994. (Elsevier Science B.V., The Netherlands, pp. 359–377, 1995). 231, 235, 244

3. R. Asenjo and E.L. Zapata. Sparse LU Factorization on the Cray T3D. Int’l. Conf.
on High-Performance Computing and Networking (HPCN’95), Milan, Italy, pp.
690–696, 1995. 243

4. R. Barret, M. Berry, T. Chan, J. Demmel, J. Donato, J. Dongarra, V. Eijkhout,
R. Pozo, C. Romine and H. van der Vorst. Templates for the Solution of Linear
Systems: Building Blocks for Iterative Methods. Siam Press, 1994. 231

5. R. Barriuso, A. Knies. SHMEM User’s Guide for Fortran, Rev. 2.2. Cray Research,
Inc, 1994. 240

6. A. Bik. Compiler Support for Sparse Matrix Computations. Ph.D. Dissertation,
University of Leiden, The Netherlands, 1996. 237

7. P. Brezany, K. Sanjari, O. Cheron and E. Van Konijnenburg. Processing Irregu-
lar Codes Containing Arrays with Multi-Dimensional Distributions by the PRE-
PARE HPF Compiler. Int’l. Conf. on High-Performance Computing and Network-
ing (HPCN’95), Milan, Italy, pp. 526–531, 1995. 231

8. T. Davis, University of Florida Sparse Matrix Collection. NA Digest, 92(42), 1994,
96(28), 1996, 97(23), 1997. See http://www.cise.ufl.edu/∼davis/sparse/. 241

9. J.W. Demmel, S.C. Eisenstat, J.R. Gilbert, X.S. Li and J.W.H. Liu. A Supernodal
Approach to Sparse Partial Pivoting. Tech. Report UCB/CSD-95-883, Computer
Science Division, Univ. of California at Berkeley, CA, 1995. 244, 244

10. I.S. Duff and J.K. Reid. MA48, a Fortran Code for Direct Solution of Sparse
Unsymmetric Linear Systems of Equations. Tech. Report RAL-93-072, Rutherford
Appleton Lab., UK, 1993. 231, 242

11. I.S. Duff and J.A. Scott. The Design of a New Frontal Code of Solving Sparse
Unsymmetric Systems. ACM Trans. on Mathematical Software, 22(1):30–45, 1996.
243

12. G. Fox, S. Hiranandani, K. Kennedy, C. Koelbel, U. Kremer, C-W. Tseng and M.
Wu. Fortran D Language Specification. Tech. Report COMP TR90-141, Computer
Science Dept., Rice University, 1990. 230

13. C. Fu and T. Yang,. Run-time Compilation for Parallel Sparse Matrix Computa-
tions. 10th ACM Int’l Conf. on Supercomputing, Philadelphia, pp. 237–244, May
1996. 244

14. K. Gallivan, B.A. Marsolf and H.A.G. Wijshoff. Solving Large Nonsymmetric
Sparse Linear Systems Using MCSPARSE. Parallel Computing, 22(10):1291–1333,
1996. 244

15. High Performance Fortran Forum. High Performance Language Specification, Ver.
1.0. Scientific Programming, 2(1–2):1–170, 1993. 230

16. High Performance Fortran Forum. High Performance Language Specification, Ver.
2.0”. Rice University, Houston, TX, February 1997. 230

17. V. Kotlyar and K. Pingali. Sparse Code Generation for Imperfectly Nested Loops
with Dependences. 11th ACM Int’l Conf. on Supercomputing, Vienna, Austria,
188–195, July 1997. 237

18. R. Ponnusamy, Y.-S. Hwang, R. Das, J. Saltz, A. Choudhary and G. Fox. Sup-
porting Irregular Distributions Using Data-Parallel Language. IEEE Parallel and
Distributed Technology: Systems and Applications, 3(1):12–24, 1995. 231

19. L.F. Romero and E.L. Zapata. Data Distributions for Sparse Matrix Vector Mul-
tiplication. Parallel Computing, 21(4):583–605, 1995. 231, 235, 244



246 R. Asenjo et al.

20. G.P. Trabado and E.L. Zapata. Exploiting Locality on Parallel Sparse Matrix Com-
putations. 3rd EUROMICRO Works. on Parallel and Distributed Processing, San
Remo, Italy, pp. 2–9, 1995. 231, 241

21. M. Ujaldón, E.L. Zapata, B. Chapman and H.P. Zima. Vienna-Fortran/HPF Ex-
tensions for Sparse and Irregular Problems and their Compilation. IEEE Trans.
on Parallel and Distributed Systems, 8(10):1068–1083, 1997. 231

22. H. Zima, P. Brezany, B. Chapman, P. Mehrotra and A. Schwald. Vienna Fortran
– A Language Specification. Tech. Report ACPC–TR92–4, Austrian Center for
Parallel Computation, University of Vienna, Austria, 1992. 230



Integrated Instruction Scheduling and Register

Allocation Techniques�

David A. Berson1, Rajiv Gupta2, and Mary Lou Soffa2

1 Intel Corporation, Microcomputer Research Lab
2200 Mission College Blvd., Santa Clara, CA 95052, USA

2 Dept. of Computer Science, University of Pittsburgh
Pittsburgh, PA 15260, USA

Abstract. An algorithm for integrating instruction scheduling and reg-
ister allocation must support mechanisms for detecting excessive reg-
ister and functional unit demands and applying reductions for lessen-
ing these demands. The excessive demands for functional units can be
detected by identifying the instructions that can execute in parallel, and
can be reduced by scheduling some of these instructions sequentially. The
excessive demands for registers can be detected on-the-fly while schedul-
ing by maintaining register pressure values or may be detected prior to
scheduling using an appropriate representation such as parallel inter-
ference graphs or register reuse dags. Reductions in excessive register
demands can be achieved by live range spilling or live range splitting.
However, existing integrated algorithms that are based upon mechanisms
other than register reuse dags do not employ live range splitting. In this
paper, we demonstrate that for integrated algorithms, register reuse dags
are more effective than either on-the-fly computation of register pressure
or interference graphs and that live range splitting is more effective than
live range spilling. Moreover the choice of mechanisms greatly impacts
on the performance of an integrated algorithm.

1 Introduction

The interaction of instruction scheduling and register allocation is an important
issue for VLIW and superscalar architectures that exploit significant degrees of
instruction level parallelism (ILP). Register allocation and instruction scheduling
have somewhat conflicting goals. In order to keep the functional units busy, an
instruction scheduler exploits ILP and thus requires that a large number of
operand values be available in registers. On the other hand, a register allocator
attempts to keep the register pressure low by maintaining fewer values in registers
so as to minimize the need for generating spill code.
If register allocation is performed first, it limits the amount of ILP available

by introducing additional dependences between the instructions based on the
temporal sharing of registers. If instruction scheduling is performed first, it can
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create a schedule demanding more registers than are available, causing more
work for the register allocator. In addition, the spill code subsequently generated
must be placed in the schedule by a post-pass cleanup scheduler, degrading the
performance of the schedule. Thus, an effective solution should integrate register
allocation and instruction scheduling.
An integrated approach must provide mechanisms for detecting excess de-

mands for both functional unit and register resources and for reducing the re-
source demands to the level supported by the architecture. Excessive demands
for functional units due to a high degree of ILP are reduced by the instruction
scheduler by scheduling the execution of independent, and thus potentially par-
allel, instructions sequentially. Excessive demands for registers cannot always be
reduced through sequentialization alone and may further require the saving of
register values in memory through live range spilling or live range splitting.
In this paper we demonstrate that the performance of an integrated algorithm

is greatly impacted by the mechanism it uses to determine excessive register
demands and the manner in which it reduces the register demands. Excessive
register demands can be determined by maintaining register pressure during
scheduling, constructing a parallel interference graph, or by constructing reg-
ister reuse dags. Reduction can be achieved through live range spilling or live
range splitting. Our results show that excessive register demands can be best
determined using register reuse dags and reduction is best achieved through live
range splitting. However, none of the existing integrated algorithms are based
upon these mechanisms. We implemented newly developed integrated algorithms
as well as existing algorithms to obtain the above results as follows.

– The on-the-fly approach (IPS) developed by Goodman and Hsu [11] per-
forms local register allocation within extended basic blocks during instruc-
tion scheduling. It tracks register pressure to detect excessive register de-
mands and uses live range spilling to reduce register pressure. We extended
this technique to incorporate live range splitting (ILS). Based upon the per-
formances of the original and extended versions of the algorithm we conclude
that live range splitting is far superior to live range spilling when developing
an integrated resource allocator.

– The parallel interference graph approach developed by Norris and Pollock [14]
uses an extended interference graph to detect excessive register demands and
guide schedule sensitive register allocation (PIR). The reduction in register
demands is achieved through live range spilling. We modified this technique
to incorporate the use of the register reuse dag in place of the interference
graphs for detecting excessive register demands (RRD). Variations of priority
functions for selecting candidate live ranges for spilling are also considered.
By comparing the performances of the above algorithms we conclude that
register reuse dags are superior to interference graphs.

– The unified resource allocation (URSA) approach developed by us is based
upon the measure-and-reduce paradigm for both registers and functional
units [4]. Using the reuse dags, this approach identifies excessive sets that
represent groups of instructions whose parallel scheduling requires more re-
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sources than are available [1]. The excessive sets are then used to drive re-
ductions of the excessive demands for resources. Live range splitting is used
to reduce register demands. This algorithm performs better than the algo-
rithms based upon the on-the-fly approach and interference graphs and also
has the lowest compilation times.

The table given below summarizes the integrated algorithms implemented in
this work.

Register Pressure Computation Live Range Spilling Live Range Splitting

On-the-fly IPS ILS

Parallel Interference Graph PIR -

Register Reuse DAG RRD URSA

The significance of integration is greatly increased in programs where the
register pressure is high. Thus when compiling programs for VLIW architectures,
or other types of multiple issue architectures, the need for integration is the
greatest. In comparing the above algorithms, we experimentally evaluated the
integrated algorithms using a 6 issue architecture. Previous studies have been
limited to single issue pipelined machines and therefore do not reveal the true
significance of integration. In our algorithms, both instruction scheduling and
register allocation are performed hierarchically over the program dependence
graph (PDG) [10]; that is, each algorithm traverses the control dependence graph
in a bottom-up fashion, performing integrated instruction scheduling and register
allocation in each region and then using the results at the next higher control
dependence level.
In section 2 we provide an overview of important issues that an integrated

algorithm for instruction scheduling and register allocation must address. In
section 3 we describe algorithms that perform on-the-fly register allocation and
study the effect of live range spilling and splitting on performance. In section
4 we evaluate an algorithm based upon a parallel interference graph approach
and compare it with one that uses register reuse dags. In section 5 we describe
algorithms based upon the unified resource allocation approach which employs
both register reuse dags and live range splitting. We conclude by summarizing
the main results of this work in section 6.

2 Issues in Integrating Register Allocation with
Instruction Scheduling

Each of the integrated instruction scheduling and register allocation algorithms
must support mechanisms for detecting excess requirements for functional units
and registers as well as techniques for reducing these requirements to the levels
supported by the architecture. In addition, the order in which reductions for
functional units versus registers are applied may differ from one technique to
another. We first discuss a variety of detection and reduction methods that
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have been proposed and then we briefly describe the specific choices made by
algorithms implemented in this study.
Excessive requirements for functional units arise when the degree of paral-

lelism identified in a program segment is found to be greater than the number
of functional units available. The excess parallelism may be identified either on-
the-fly while the schedule is being generated or precomputed prior to the start
of instruction scheduling. An example of the former approach is a list scheduler
which can, at any point in time during scheduling, identify excess parallelism
by simply examining the ready list for the number of operations that are ready
for scheduling. An example of the latter approach is one in which an acyclic
data dependence graph is constructed for a code segment prior to scheduling
and examined to identify the maximum degree of parallelism.
Reductions of functional unit resources are performed by sequentially schedul-

ing some of the operations that are able to execute in parallel. Reductions can be
performed either on-the-fly or prior to scheduling. A priority based list scheduler
faced with excess parallelism may first on-the-fly choose the nodes with higher
priority for scheduling while delaying the scheduling of other ready nodes. Reduc-
tions can also be performed prior to scheduling by introducing sequentialization
edges in an acyclic data dependence graph to reduce the maximum degree of
parallelism in the graph.
Excessive requirements for registers arise when the number of values that

are live exceed the number of registers available. Similar to functional units,
the excess register requirements for registers can be detected on-the-fly during
scheduling or precomputed prior to scheduling. A list scheduler will identify excess
register requirements when it tries to schedule an instruction and finds that no
register is free to hold the result of the instruction. Excess register requirements
can be precomputed using two different methods. The first method, used by
register allocators based on graph coloring, identifies excessive register demands
by finding uncolorable components in the parallel interference graph. Another
method constructs a directed acyclic graph, called the register reuse dag, in
which an edge is drawn from one instruction to another if the latter is able
to reuse the register freed by the former. By finding the maximum number of
independent instructions in the register reuse dag, the excessive register demands
are identified. A set of instructions identified to require more registers than are
available is said to form an excessive set.
There are a number of register reduction techniques available. The first is se-

quentialization which orders instructions that can be executed in parallel so that
the instructions can use the same register. This reduction technique is not al-
ways applicable due to other dependences in the program. The second reduction
technique is live range spilling, where a store instruction is inserted immediately
after the definition of the value. A load instruction is then inserted before every
use of the value. This approach results in a large number of loads from memory;
however, it can always be performed and removes many interferences. The third
reduction technique is live range splitting, which tries to reduce the number of
load instructions by having several close uses of the value share a single load.
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In determining the uses that should share a register, the register allocator must
ensure that the register pressure does not exceed the limit imposed by the ar-
chitecture. In the case where the instructions have not been scheduled yet, it
is difficult for the register allocator to know how “close” several uses are, or
if by sharing a load, they will result in competing with other live ranges. To
our knowledge, none of the previously developed integrated techniques use live
range splitting. Finally by combining the introduction of sequential dependences
with live range splitting, a special form of live range splitting can be performed
in cases where neither sequentialization nor live range splitting alone would be
feasible or result in a reduction of register pressure.
In developing an algorithm that integrates instruction scheduling and register

allocation, the selected register allocation and scheduling techniques to detect
and reduce the requirements must cooperate in some way. No integration means
that the heuristics for register allocation and scheduling are performed inde-
pendently of one another in separate phases. One approach to integration is to
allocate register allocation and functional units simultaneously in one phase, re-
sulting in a fully integrated system. Another approach is to allocate the resources
separately, but use information about the allocation of the other resource. There
are various strategies that can be used to order the allocation phases. One strat-
egy is to allocate all of resources of one type in one phase and then allocate the
other resource in a subsequent phase, passing information from one phase to the
other. Another ordering would be to interleave the allocation heuristics. Thus,
some resources of one type are allocated and then some of the other type are
allocated. The important component of either approach is the information about
one resource that is used during the allocation of the other resource.

3 Live Range Spilling vs Live Range Splitting

Typically a list scheduler uses the heights of instructions in the dependence
DAG to prioritize the scheduling. In this technique, to reduce excessive register
demands, register pressure is continuously tracked during instruction scheduling
and used in conjunction with instruction heights to guide scheduling. Thus, the
excessive demands for both resources are reduced by the scheduler in the process
of selecting instructions for scheduling. If register pressure exceeds the maximum
number of registers available, register spilling is required.
The two algorithms based upon this approach that were implemented differ in

their treatment of excessive register requirements. The IPS algorithm proposed
by Goodman and Hsu [11] addresses the excessive requirements for registers
through live range spilling which is carried out during a separate pass following
the scheduling prepass using extended basic blocks. The ILS algorithm developed
by us extends IPS by performing register allocation hierarchically on a PDG and
eliminating a need for separate spilling pass by performing live range splitting
during instruction scheduling. Next we describe the two algorithms in greater
detail.
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In IPS the list scheduler alternates between two states. In the first state, reg-
ister pressure is low and the scheduler selects instructions to exploit ILP based
upon their heights. When the register pressure crosses a threshold, the sched-
uler switches to a second state that gives preference to instructions that reduce
register pressure, possibly sacrificing opportunities to exploit ILP in the process.
Additionally, no spilling of values is performed. When register pressure falls back
below the threshold, the first state is reentered. In this manner scheduling and al-
location are integrated. IPS attempts to sequence live ranges to reduce live range
interferences. This reduction is accomplished by giving preference to scheduling
instructions that kill live ranges prior to ones that only start new ones when reg-
ister pressure reaches a specified threshold. If the scheduler is unable to select
instructions in a manner that keeps the register pressure below the maximum
allowed by the architecture, then live range spilling is unavoidable. A postpass
register allocation via coloring is performed to handle any register allocation
problems that the scheduler is unable to address. This register allocator uses a
traditional priority based coloring approach to select candidate live ranges for
spilling [8].

The ILS algorithm eliminates the need for the spilling postpass by using live
range splitting during instruction scheduling to ensure that the register pressure
never exceeds the maximum allowable value. This approach requires that ILS
be applied hierarchically in a bottom-up fashion so that the live ranges that
extend across child regions are also considered in computing the register pressure.
ILS maintains a list of all values that are alive in the cycle currently being
scheduled. When ILS detects that register pressure is high, and there are no
ready instructions that reduce the number of currently active live ranges, it
selects a live range for splitting. ILS injects a store instruction into the ready list
and a load instruction dependent on the store into the not-ready list. ILS then
moves the dependencies of all unscheduled uses of the value from the original
definition to the injected load. In this manner ILS essentially performs live range
splitting. The priority function used for selecting a live range for splitting gives
preference to the live range whose earliest subsequent use is farthest from the
current instruction cycle being scheduled. To avoid useless loads of values the
priority functions are designed to not schedule injected load instructions unless it
can be guaranteed that at least one of the dependent uses can also be scheduled.
The incorporation of live range splitting into ILS creates a powerful and complete
single pass allocation algorithm for both registers and functional units.

Next we present results of experiments that compare the performances of ILS
and IPS algorithms. Performances of all algorithms are presented in terms of the
speedups they achieve for a 6 issue machine in comparison to a base algorithm
for a single issue machine. The base algorithm was chosen to be the interference
graph based algorithm since it performed the worst of all the algorithms. Since
the objective of the experiments is to see how well various algorithms perform
under high register pressure, the algorithms were executed for a machine with
varying number of registers. In computing the speedups achieved by any algo-
rithm over the base algorithm, the same number of registers were provided to
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both algorithms. By doing so the results that are obtained demonstrate the im-
pact of integration capability of an algorithm on the effectiveness with which
parallelism is exploited.

1

1.5

2

2.5

3

3.5

4

8 16 32

S
pe

ed
up

Registers

Testsuite Speedup

ILS
IPS

Fig. 1. Comparison of IPS and ILS for a 6 issue architecture.

The performances of IPS and ILS are shown in Figure 1. As we can see, our
ILS algorithm performs much better than the IPS approach. After analyzing the
code generated by the two algorithms we observed that this difference in perfor-
mance was attributable to significantly greater amounts of spill code introduced
by IPS. Thus, we conclude that an algorithm such as ILS that incorporates live
range splitting performs better than an algorithm such as IPS that is based
only on spilling. This result is not entirely unexpected as spilling can be viewed
as a special case of splitting. The results also show that the difference in the
performance of ILS and IPS decreases as greater numbers of registers are made
available. This trend indicates that the effectiveness of integration strategy has
a greater impact on performance for higher register pressures.

4 Parallel Interference Graphs vs Register Reuse Dags

A more sophisticated approach for global register allocation is based upon the
coloring of interference graphs [9,8]. This approach was extended to make the
process of register allocation schedule sensitive through the construction of a
parallel interference graph [14,15]. The algorithm (PIR) we implemented is based
on a parallel interference graph proposed by Norris and Pollock [14] and uses
a Chaitin [8] style register allocator which relies upon live range spilling. The
parallel interference graph represents all interferences that can occur in legal
schedules.
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The interference graph is constructed by adding interference edges between
nodes representing live ranges that may overlap in the current region or in the
child regions of the current region. The interference graph is simplified by re-
moving all nodes that are incident on fewer edges than the number of registers
available. The remaining nodes are then processed to reduce the register require-
ments. Reductions are achieved using both sequentialization and spilling. While
live range splitting has been incorporated into traditional coloring based register
allocators [9], it has not been incorporated in schedule sensitive allocators based
upon parallel interference graphs due to the lack of a complete ordering of the
instructions. Without a complete ordering, it cannot be guaranteed that a par-
ticular splitting of a live range will reduce the number of interferences. Therefore
the splitting reduction is not used by existing algorithms.
The order in which nodes are considered for reduction is based upon cost

functions that prioritize the nodes. After applying a reduction, the interference
graph is recomputed and the process is repeated until no more reductions are
required. At this point, all nodes can be successfully colored; that is, register allo-
cation is now complete. In the process of coloring, the instructions are partially
scheduled through the application of sequentialization reductions. A postpass
list scheduler is run as a last step to produce the final code schedule. In our
implementation of PIR, the ILS scheduler (with register allocation turned off)
was used for this purpose.
The cost functions that prioritize the nodes compute the cost for both spilling

the value and for sequentializing the live range after all uses of another live
range. The costs are computed in terms of the effect of the transformations on
the critical path length. The minimum of these two costs is used as the priority
and the corresponding reduction method is recorded in case the node is selected
for reduction.
Sequentialization of a live value defined by D1 is performed by finding a

second value D2 which interferes with D1 and then introducing temporal de-
pendences from all uses of D2 to definition D1. The cost of sequentialization
reduction is computed using the following formula:

Costseq =
maxu∈Uses(D2)(u.EST +D1.LST )� cpl

NumInterferences

where u.EST is the earliest start time of the use instruction u, D1.LST is the
latest start time of definition D1, cpl is the critical path length of the region
containing D1, Uses(D2) is the set of uses of D2, and the symbol � represents
floored subtraction function (a � b = if a > b then a − b else 0).
Two different functions were used to compute the cost of spilling, measured

by the effect on the critical path lengths. The first cost function considers the
increase in critical path length for a given region as the number of loads and
stores that are required in the region. The total increase in critical path length
was computed by summing together the product of the increase in length and the
execution count of all relevant regions. The second priority function considers
the slack time in scheduling spill code in computing the increase in critical path
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length. The slack time of an instruction is the difference between the earliest time
and the latest time at which the instruction can be scheduled. The motivation
behind this cost function is that high slack times reduce the likelihood of an
increase in critical path length. The formulas for computing the spill costs based
upon the above approaches are given below:

Costspill =
StoreCost×def.ExecCnt+

∑
u∈uses

LoadCost×u.ExecCnt

NumInterferences

SCostspill =
(StoreCost�def.Slack)×def.ExecCnt+

∑
u∈uses

LoadCost×(u.ExecCnt�u.Slack)

NumInterferences

where StoreCost/LoadCost is the cost in cycles to execute a store/load instruc-
tion, i.ExecCnt is the execution count for the region containing instruction i,
i.Slack is the slack time of instruction i, the symbol � represents the floored
subtraction function, and NumInterferences is the number of other live ranges
with which the spilled value interferes.
We evaluated the register coloring approach using both of the above cost

functions. The algorithm PIR uses the first spill cost function and the algorithm
SPIR uses the second spill cost function that incorporates slack times. The
results of these evaluations are shown in Figure 2.
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Fig. 2. Comparison of PIR and SPIR with RRD for a 6 issue architecture.

The results show that PIR performs consistently better than SPIR. We were
surprised to find that the priority function that considers slack times tended to
degrade performance rather than improve performance. Examination of several
cases revealed that more spill code was generated because either some values
were spilled prior to attempts to sequentialize live ranges, or values were selected
that had less of an impact on reducing the size of the excessive requirements.
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The consideration of slack time tended to negate the effects of considering the
number of interferences in the cost function.
PIR and SPIR identify excessive sets using a simplified interference graph.

The excessive sets computed by register reuse dags are conceptually similar to
those computed by PIR/SPIR. In both cases the sets represent the instructions
that the respective heuristics believe will interfere and cause excessive demands.
Thus, it is possible to substitute excessive sets for the simplified interference
graphs used by PIR and then proceed using coloring’s priority function and spill
code generation.

A: load a
B: b = 2 * a
C: c = a + 1
D: d = a - 3
E: e = c * d
F: f = c - d
G: g = e / f
H: h = g + 5
I: i = h * 2
J: j = h + 4
K: k = i / j
L: l = b + k

(a) 3 address
code

(b) Data Depen-
dence DAG

(c) Register
Reuse DAG

Fig. 3. Example code and corresponding Reuse DAGs

In Figure 3(a) we show the 3 address code for a basic block, the data depen-
dence dag using statement labels for the code in Figure 3(b), and the register
reuse dag in Figure 3(c). The register reuse dag is used to determine the excessive
sets of registers. The reuse dag chains those values that are not simultaneously
live and can thus share a register under all schedules allowed for parallel exe-
cution. In the example, the values computed by statements A, C, D and E can
all be alive at the same time and thus cannot share registers. Likewise, the val-
ues computed by B G and J cannot share registers since they are on separate
chains. If the architecture does not have 4 registers, then the set A, C, D, E is
an excessive set.
To compare the performance of excessive sets with the PDG-interference

graph we implemented the above modification resulting in the register reuse
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dag (RRD) algorithm. The comparison of RRD and PIR determines the benefit
of excessive sets over interference graphs. The results that were obtained show
that the amount of spill code generated in RRD was significantly less than the
amount generated in PIR (see Figure 2). We examined numerous cases to verify
the results and found a common occurrence mentioned in Briggs’ dissertation
[5]. Although all nodes in the reduced interference graph interfere with at least
K other values, those K values may not need all K colors. Excessive set mea-
surement computations realize when such a situation occurs and count fewer
interferences. The result of fewer interferences is that either a smaller excessive
interference set is generated in comparison to the interference graph reduction,
or no excessive interference set is generated while interference graph reduction
does generate one. The better performance of RRD in comparison to PIR is
directly due to this effect.
By comparing the results of PIR with the results in the previous section we

observed that although PIR sometimes performs marginally better than IPS, in
many situations IPS performs significantly better than PIR. Furthermore, PIR
consistently performs significantly worse than ILS. This is because ILS makes
use of live range splitting while PIR does not. In summary our experimentation
shows that the overall performance of the on-the-fly approach is better than the
interference graph approach. We also note that the difference in the performance
of various algorithms is greater for higher register pressures. Once enough reg-
isters are available, the difference in the performances of the various algorithms
is relatively small indicating that integration becomes less important.

5 Unified Resource Allocation Using Reuse Dags and
Splitting

Finally we present an algorithm that uses register reuse dags and live range
splitting. This algorithm is based upon an approach that provides a uniform
view of instruction scheduling and register allocation by treating both of them
as resource allocation problems. Instruction scheduling is viewed as the allocation
of functional units in this approach. Integration is achieved by simultaneously
allocating both functional unit and register resources to an instruction. Due to
its unified treatment of resources, this approach is referred to as the unified
resource allocation approach or URSA [1,3,2,4]. Algorithms that use the URSA
approach are based upon the measure-and-reduce paradigm. In this approach
the areas of the program with excessive resource requirements are located and
reductions are performed by transforming the intermediate representation of the
program. The selection of a reduction is based upon its effect on the critical path
length.
The URSA framework provides a set of techniques to compute resource re-

quirements. When compiling a program to exploit ILP, the dependencies in an
acyclic segment of the program are used to represent the set of all semanti-
cally correct ways of scheduling the segment. Different schedules may result in
different resource requirements. The approach taken in the measure-and-reduce
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paradigm is to remove from consideration all schedules that result in excessive
resource demands using the reduction techniques. Any schedule selected from
the remaining set of schedules is feasible with respect to the available resources.
Thus, the measurement technique must consider the worst case schedule for each
resource to compute the maximum resource requirements.
In addition to computing the maximum number of resources required, the

measurement techniques must identify the locations in a programwhere there are
excessive resource demands and the locations where a resource is underutilized
and available for additional allocations. The areas of overutilization are referred
to excessive sets and the areas of underutilization are called resource holes. The
GURRR intermediate representation has been developed to explicitly incorpo-
rate maximum resource requirements, excessive sets and resource holes [2]. This
representation used in URSA combines information about a program’s require-
ments for both registers and functional units with scheduling information in a
single DAG-based representation. In this manner, GURRR facilitates the deter-
mination of the impact of all scheduling and allocation decisions on the critical
path length of the code affected. GURRR extends the instruction level PDG by
the addition of resource hole nodes and reuse edges, which connect nodes that
can temporally share an instance of a resource.
The URSA framework supports a set of techniques to perform the allocation

of resources to instructions. The techniques utilize the resource holes in GURRR
during this process. These techniques are referred to as resource spackling tech-
niques because they perform allocations by trying to fill the resource holes with
instructions [3]. Register holes represent the cases where a register can be as-
signed to hold a value. There are two such cases: when the register is unoccupied
and when the register is occupied but the value in it is not currently being ref-
erenced, and so, the live range can be split. The spackling of an instruction may
require live range splitting corresponding to one value in the former type of hole
and of two values in the latter.
Instructions belonging to excessive sets are spackled to eliminate excessive

resource requirements. The selection of nodes for spackling from excessive sets
is based upon priority functions. We considered two different priority functions:
the first, URSA-1, selects nodes with the most amount of slack first while the
second, URSA-2, selects the same nodes as URSA-1 but spackles them in re-
verse order. Since instructions with greater slack time have a higher flexibility
in their scheduling times, we expected the second priority function to perform
better. Different options for spackling an instruction are evaluated by comparing
the increases in estimated execution times that are expected as a result. This
estimate is obtained as the product of increase in critical path and the execution
count of the control dependence region under consideration.
First let us compare the performance of the URSA algorithms with ILS and

IPS. As indicated by the results in Figure 4, URSA performs better than ILS
on our architecture. Since the difference in the performance of URSA and ILS
was lower than we expected, we decided to further investigate the behavior of
URSA’s reduction techniques. We examined the code generated by URSA for
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some of the benchmarks to determine if further improvements could be achieved.
We found that through handcoding we were able to reduce the amount of spill
code significantly. As shown in Table 1, the critical path length (CPL) and
the number of instructions for loop2 and loop10 can be greatly used through
handcoding.
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Fig. 4. Comparison of URSA with ILS and IPS for a 6 issue architecture.

CPL CPL Insts. Insts.
Benchmark URSA-2 Handcoding URSA-2 Handcoding

loop2 95 22 79 40
loop10 181 42 150 71

Table 1. URSA-2 vs Handcoding

Further examination of the above benchmarks revealed the reason for URSA’s
inability to discover solutions with less spill code. In situations with high degree
of ILP, it is beneficial to apply sequentialization reduction to groups of related
instructions rather than applying reductions to individual instructions. In par-
ticular, if the dependence graph contains two relatively independent subdags
which are parts of excessive sets, sequentialization of the entire subdags with re-
spect to each other can greatly lower resource requirements without introducing
spill code. On the other hand when URSA selected instructions for sequential-
ization one at a time, it tended to interleave the execution of the two subdags
thus requiring spill code. The above observation clearly indicates that URSA’s
reductions can be enhanced to further improve performance. However, the same
cannot be said for ILS since list scheduling uses a greedy approach rather than
the measure-and-reduce paradigm.
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We also found that the priority function which considers instructions with
most slack time first (i.e., URSA-1) does consistently better than the one that
considers instructions with least slack time first (i.e., URSA-2). This result was
a bit unexpected due to the fact that Goodman and Hsu [11] recommend the
scheduling of instructions with the least amount of slack time first. This experi-
ment suggests that scheduling the instructions with the most slack first achieves
better performance because these instructions are most likely to be moved be-
yond the range of the excessive set. Thus fewer reduction transformations are
typically required.

The performance of RRD is worse in comparison to URSA because RRD
uses live range spilling while URSA employs live range splitting (see Figure 5).
Again the difference in the performance of various algorithms diminishes as larger
number of registers are made available.
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Fig. 5. Comparison of URSA with RRD and PIR for a 6 issue architecture.

Finally we compared the compile-time costs of the various approaches. As
shown by the results in Figure 6, URSA based algorithms required the lowest
compilation times and the ILS algorithm was the next best performer. The
IPS algorithm is slower because it required a register coloring phase following
the scheduling to carry out spilling. Finally, RRD ran slower than PIR due to
the excessive set computations required by RRD. The interesting aspect of the
results is that the algorithms that generated higher quality code also exhibited
lower compile-time costs. It should be noted that heuristics implemented were
prototypes and there are known areas of improvement for each.
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6 Conclusion

In this paper, we presented various versions of algorithms that implement the
integration of register allocation and instruction scheduling. From the experi-
ments we conclude that URSA has the overall best performance in integrating
register allocation and instruction scheduling. URSA exploits excessive sets that
are more accurate than interference graphs in determining the excessive register
demands. It also uses live range splitting that performs better than live range
spilling. Furthermore, URSA is also efficient in terms of its compilation time
costs.
Our results indicate that the on-the-fly register allocation scheme when used

with live range splitting always performed better than the interference graph
approach. When only considering on-the-fly register allocation with scheduling
technique, we show that the ILS technique proposed by us that uses live range
splitting performs much better than Goodman and Hsu’s IPS technique [11] that
uses live range spilling.
Finally a general trend was observed in all the experiments. The difference

in the performances of different heuristics grew smaller as greater numbers of
registers were made available. This is because the higher the register pressure
the greater is need for effective integration of register allocation and instruction
scheduling.
Results of two additional studies that have considered the interaction between

instruction scheduling and register allocation were reported by Bradlee et al. [6]
and Norris et al. [13]. In contrast to these studies, our study shows a greater
degree of variation in the performance of different algorithms and thus indicating
a greater significance of the impact of integration on performance. We believe
this is due to the fact that our study is the only one that consider an architecture
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with a high degree of ILP. Both of the earlier studies were performed in context
of single issue pipelined machines capable of exploiting only low degrees of ILP.
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Abstract. Many of compiler optimization techniques either reply on or
can benefit from the timing information associated with each instruction
and each variable in a given program. Using such information, in this
paper, we develop an analytical approach that helps the parallelizing
compiler to determine whether to spill a variable or not, which variable
to spill and the places where spill code needs to be added, when a register
is needed for a computation but all available registers are in use. The
preliminary experimental results show that this new approach produces
better object code.

Keywords: Fine grain parallel architectures, compiler optimization, pro-
gram behavior analysis, code scheduling, register spilling.

1 Introduction

Registers are a scarce resource on all modern high-performance computer archi-
tectures, and their need is further increased by scheduling optimizations that
introduce temporaries that have to reside in registers. To best exploit available
instruction-level parallelism, the code must be scheduled in the face of a bounded
number of available registers.
Deciding which variables to keep in registers at each scheduling point is usu-

ally a difficult task, particularly when the total number of registers needed is
greater than the number physically available. In this paper, we attempt to de-
velop an efficient approach that helps the compiler to make decisions to spill
variables for reducing register requirements during the scheduling process. Gen-
erally, three factors make register spilling difficult: the spill code’s occupation of
instruction slots, the need to hide the latency of spill code, and the scheduling
restrictions caused by spilling [1]. This naturally brings the following questions:
which variable should be spilled, when and where to insert spill code, and how
long the execution delay takes.
To answer these questions, the algorithm described in this paper analyzes

the execution timing of each instruction and the live range of each variable in
a given program. Using this information, the algorithm dynamically compares
register reuse cost and register spilling cost during the scheduling process in
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an attempt to determine whether to spill a variable to memory and when and
where to insert store and load instructions to spill. This enables the compiler
to intelligently hide latency of spill code from computation so that the program
execution time (or the schedule length) is reduced as much as possible.
The remainder of this paper is organized as follows. Section 2 discusses related

work. Section 3 establishes machine and program models. Section 4 evaluates
the execution time of each instruction and live range of each variable. Section 5
discusses in detail how to estimate register reuse cost and register spilling cost,
and then derives the condition for inserting spill code during the scheduling
process. Section 6 provides an illustrative example and experimental results to
support the theoretical result. Finally, Section 7 gives concluding remarks.

2 Related Work

Existing work on adding spill code has mainly focused on improving heuristics for
graph coloring register allocation [2]-[7]. For example, Briggs et al. [3,4] presented
an improvement for producing better colorings, with less spill code. Bradlee et
al. [5] slightly modified the version of integrated prepass scheduling in which
the scheduler is invoked after register allocation in order to better schedule spill
code. They also developed a more integrated approach in which the scheduler is
invoked twice in order to calculate cost estimates for guiding the register allo-
cator. After the allocation, a final scheduler is run using the register limit from
allocation and inserting spill code as it schedules. Pinter [6] introduced spill code
in case of a need for spilling, by performing heuristics for both code scheduling
and register allocation on an interference graph. Also, several algorithms have
been developed which insert spill code to minimize register requirements for soft-
ware pipelining [8,9]. Our approach is different from all of the above in that it
does not attempt to find an optimal register allocation with minimum number
of registers, while it aggressively makes use of spill code to produce faster code
when the number of registers available is insufficient for scheduling.

3 Definitions and Notations

We consider that a target machine is a RISC type architecture 1 and consists of
heterogeneous functional units (FUs) so as to more realistically model architec-
tures with a variety of functional unit types, such as Integer, Load/Store, and
Float Point. The functional units of different types may use separate register files,
as did the Multiflow Trace architecture [11]. To simplify the discussion in this
paper, we assume that this machine has a single set of identical general-purpose
registers R = {r1, · · · , r|R|}, where |R| is the number of registers.
A program input is a possible sequence of instructions for a particular control

path that forms a program trace [12,13]. Without loss of generality, the input is

1 Memory reference instructions are only load and store while computations are done
in registers.
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also assumed to be in SSA form; i.e., a variable 2 only has a definition but may
have more than one use. Such a program trace is formally a directed acyclic graph
(DAG) G = (Γ, A, µ, ν), where Γ is a finite set of vertices Ii (i = 1, 2, · · · , n)
representing instructions, A ⊆ Γ × Γ is a finite set of directed arcs representing
precedence constraints among instructions, µ is an execution time function whose
value µ(Ii) (time units) is the execution time of instruction Ii, and ν is a type
function indicating if ν(Ii)= k (k = 1, 2, · · ·, s) then Ii must be executed by a
functional unit of type k.
In a DAG, an arc (Ii, Ij) from Ii to Ij indicates the fact that executing Ij

before Ii could alter the program’s semantics because Ii and Ij may reference the
same memory location with at least one of them writing to that location. Thus, Ii
is an immediate predecessor of Ij and Ij is an immediate successor of Ii. Also, let

Ii
+
→ Ij denote that there is a path from Ii to Ij . We define the set of predecessors

and the set of successors for instruction Ii as pred(Ii) = {Ij|Ij
+
→ Ii} and

succ(Ii) = {Ij |Ii
+
→ Ij}, respectively.

4 Program Behavior

4.1 Execution Timing

Consider an instruction Ii in a given graph G. When the instruction is placed
into an optimal schedule, it will in general have an earliest starting time and a
latest starting time, due to predecessors and successors that have already been
placed. Let τes(Ii) represent the earliest starting time of Ii which indicates the
least time in which this instruction can be started, and τls(Ii) represent the latest
starting time of Ii which indicates how long the start of this instruction can be
delayed without increasing the minimum execution time of the graph. The two
points in time, thus, give the starting execution interval [τes(Ii), τls(Ii)] in which
instruction Ii must start for execution without delaying any of its successors.
Similarly, the finishing execution interval of Ii can be defined as [τef(Ii), τlf (Ii)],
where τef (Ii)(= τes(Ii)+µ(Ii)) and τlf (Ii)(= τls(Ii)+µ(Ii)) represent the earliest
and the latest finishing times of Ii, respectively. Let tcp denote the length of
critical paths in G, which is just the sum of all the instruction execution times
along the longest path from I1 to In. Mathematically, we are able to determine
the interval [τes(Ii), τls(Ii)] as follows.

τes(Ii) = max
k

∑
Ij∈πk

µ(Ij), (1)

τls(Ii) = min
k
{tcp −

∑
Ij∈π̂k

µ(Ij)}, (2)

2 The term variable will be used to include all such register-residing candidates. In
RISC type machines, even a constant can be a register-residing candidate if the
constant cannot be put in an instruction as an immediate value.
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where πk is the kth path from the entry instruction I1 through instruction Ii,
and π̂k is the kth path from the exit instruction In to instruction Ii (reversing
all arrows in the digraph).

4.2 Register Requirement

We now discuss how to evaluate the live range of each variable in G. Typically,
the live range of a variable begins at the definition point of the variable and
terminates at its last use. Let τs(v) denote the time at which v is defined and
τf(v) denote the time at which the last use of v terminates. Also, assume that
an instruction will require all the inputs before starting its execution and none
of the outputs will be available until after its execution was over. Thus, we easily
derive τef(Ii) ≤ τs(v) ≤ τlf (Ii) and τes(Ij) ≤ τf(v) ≤ τls(Ij), where Ii is the
instruction that defines v and Ij is the last instruction that accesses v. As a
result, the minimum live range of variable v can be defined as

range(v) = [τlf(Ii), τes(Ij)].

If two variables are live at some point, they cannot be assigned to the same
physical register. In other words, when the value of a variable is stored in a
register by an instruction, a new value cannot be inserted into the register until
after all the instructions which access the current value have been executed.
Thus, a lower bound on the number of registers required within a given time
interval [τ1, τ2] can be computed as follows.

register(τ1 , τ2) = max
τ1≤τ≤τ2

|{v|there is an overlap

between range(v) and [τ, τ + 1]}|.
(3)

Perhaps this bound is not achievable in practice because of a finite number of
registers, but it can help us in the next section to determine if the current number
of live variables has reached the register limit.

5 Condition for Register Spilling

This section discusses the condition for inserting spill code during the scheduling
process. The scheduling algorithm used in this paper is a modified critical path
method [14]. Conceptually, it works as follows: when a function unit finishes its
local execution, it computes the mobility of each ready instruction Ii, which is
defined as τls(Ii) − τes(Ii), and then selects the instruction with the smallest
mobility value to assign it onto the idle function unit.
Let us now assume that instruction Iu has been selected for scheduling. The

next work that the compiler must do is to assign a physical registers to the
symbolic one. If all available registers are in use, the code scheduler has to reuse
a register or store (spill) the contents of one of the used registers into a memory
location in order to free up a register. In this case, we need to estimate two costs:
the cost caused by reusing a register and the cost caused by adding spill code.
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We first consider register reuse. Let tfree(ri) represent the time when a reg-
ister ri becomes free (see Fig. 1). The time in which instruction Iu can start
execution is therefore

τ reuses (Iu) = min
ri∈R
{tfree(ri)} (4)

Recall that τls(Iu) is the latest starting time of instruction Iu without increasing
program completion time. In other words, if the starting time of Iu becomes later
than its latest starting time, the overall completion time of the whole graph will
be increased. Thus, we can evaluate the cost due to register reuse as follows.

costreuse = τ
reuse
s (Iu)− τls(Iu), (5)

which indicates the increase over the minimum time required to execute G on
a given target machine. A greater difference value implies larger increase in
program completion time. To obtain a shorter schedule, we further estimate the
cost possibly created by inserting spill code.
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Fig. 1. Estimation of costs for register reuse and store instruction insertion.

When introducing spill code, a store instruction (spill-out) after the definition
and a load instruction (spill-in) before the spilled use are inserted, and other uses
still reference the value of the variable in a register [4]. Therefore, to guide the
reasonable placement of spill code here, we compute the spill-out and spill-in
costs for each register rj (∈ R), j = 1, · · · , |R|.
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Let ctlatest−use(rj) denote the completion time of the latest definition/use of
register rj. Also, let ect(LD/ST ) denote the earliest completion time at which
Load/Store units finish execution, and µ(store) denote the execution time of a
store instruction. It is easy to see from Fig. 1 that inserting a store instruction
will postpone the starting time of instruction Iu to the time

τ stores (Iu) = max{ect(LD/ST ), ctlatest−use(rj)}+ µ(store) (6)

The cost caused by the store instruction insertion is therefore

coststore(rj) = τ
store
s (Iu)− τls(Iu). (7)

Obviously, if coststore(rj) ≥ costreuse, there is no benefit from the spilling of
register rj; in this case, we proceed to the estimation of cost for the remaining
registers.

I i

Iu

In
I i

Iu

Store

t cp tcp

instruction not yet scheduled

coststoreIn

Fig. 2. Recomputation of execution timing for instructions not yet scheduled.

Assume now that coststore(rj) < costreuse. Thus, we need further evaluate
the cost incurred due to the load instruction insertion before the spilled use. To
obtain a more accurate estimate, we first recompute the earliest and the latest
starting times for each instruction not yet scheduled, since inserting a store
instruction may generate several new critical paths; i.e., it may result in some
non-critical instructions among them to become critical, as shown in Fig. 2. Let
us use τ storees (Ii) and τ

store
ls (Ii) to represent the earliest and the latest starting

times of instruction Ii after inserting the store instruction, respectively. Taking
into account that τ storees (Iu) = τ

store
s (Iu), we can recursively calculate them as

follows.
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τ storees (Ii) =




max
(Ij,Ii)∈A

{τes(Ii), τ
store
es (Ij) + µ(Ij)},

if Ii ∈ succ(Iu),
τes(Ii), otherwise.

(8)

τ storels (Ii) = τls(Ii) + coststore(rj). (9)

According to both the new execution timing information and the results of
our program behavior analysis, we easily find the instruction that will use the
variable spilled to memory in the nearest future. Let Iv denote this instruction. A
load instruction must be inserted before Iv starts execution. To hide the latency
µ(load) of the load instruction, as shown in Fig. 3, we now consider a time interval
[τ, τ + µ(load)] (⊂ [τs(Iu) + µ(Iu), τ storels (Iv)]), within which if the instruction
can be processed then no increase over the program execution time occurs. For
convenience of the presentation, let τs = τ and τf = τ + µ(load). Also, let

Π
LD/ST
unscheduled denote the set of the load/store instructions not yet scheduled. The
increase possibly created by the load instruction insertion within this interval is
thus given by

increase(τs, τf , load) = d

∑
Ii∈Π

LD/ST

unscheduled

µ(τs, τf , Ii)

number of Load/Store units
e, (10)

where µ(τs, τf , Ii) represents the time of instruction Ii that must be processed
within [τs, τf ], and it can be easily calculated using the method in [15].

µ(Load)

τ ls (I )v
store

LD/ST(j)

τs τf

LD/ST(i)

tτs(I )u +µ(I )u

Fig. 3. Estimation of cost for load instruction insertion.

In order to avoid spilling registers repeatedly, we now assume that the load
instruction does not produce a new register spilling. As a result, this suggests
the algorithm shown in Fig. 4, which evaluates the cost costload(rj) created by
inserting a load instruction.
Let costspill(rj) = |coststore(rj)| + |costload(rj)| denote the cost created by

both the store and load instructions used to spill register rj. We finally derive
the following condition: the compiler should select register r to spill such that

costspill(r) = min{costspill(rj)|costspill(rj) < costreuse, rj ∈ R}. (11)
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costload(rj) =∞;
For τs from τ

store
ls (Iv) − µ(load) to τs(Iu) + µ(Iu) Do

If register(τs , τf) ≥ |R| Then Exit
Else costload(rj) = min{costload(rj), increase(τs, τf , load)}
If costload(rj) = 0 Then Exit

Endfor

Fig. 4. Algorithm to evaluate the cost due to the load operation insertion.

6 Discussion

This section first provides an example to illustrate the effectiveness of the pro-
posed method. Consider Fig. 5, which represents the source program of Liver-
more kernel No.1 and its intermediate code to be scheduled. Assume that the
target machine consists of one integer unit (IU) of latency 1, one floating point
unit (FU) of latency 3, one Load/Store unit (LD/ST) of latency 2, and one
branch unit (BU) of latency 1. Table 1 shows the results of our timing analysis.
It is easy to see from this table that the critical path length is tcp = 16 (time
units).

Table 1. The results of timing analysis.

Execution
Timing

Instructions

I1 I2 I3 I4 I5 I6 I7 I8 I9 I10 I11 I12 I13 I14 I15

τes 0 1 3 0 1 3 6 0 7 10 0 11 13 14 15

τef 1 3 6 1 3 6 7 2 10 11 1 13 14 15 16

τls 0 1 3 0 1 3 6 5 7 10 12 11 13 14 15

τlf 1 3 6 1 3 6 7 7 10 11 13 13 14 15 16

Based on the above timing information, by Eq. (3) we easily obtain that the
register requirement for executing the program is register(0, tcp) = 9. Assume
now that only 8 identical general-purpose registers can be used for executing
the program. Thus, the compiler has to determine whether to spill a variable
and which variable to spill during the scheduling process. As can be seen in Fig.
6, instruction I3 is chosen for scheduling at time 3, but there are no available
registers to save the result t7 of I3. To solve this problem, by the proposed
method we first evaluate register reuse cost. According to the results of live
range analysis for variables in the program, the earliest time at which at least
one register becomes free is that tfree(r6) = 5. In other words, instruction I3
must wait to use a register until register r6 becomes free at time 5. Thus, by
Eqs. (9) and (10) the time at which I3 can start execution is that τ

reuse
s (I3) = 5

and the cost due to register reuse is
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/* Kernel 1 -- hydro fragment */

for ( l= 1 ; l <= loop; l++ ) {

for ( k=0 ; k<N ; k++ ) {

x[k] = q + y[k]*(r*z[k+10]+t*z[k+11]);

}

}

/* Intermediate code */

t1:k , t2:q, t3:r, t4:t

I1 : Loop addi t1 , #10 , t5 t5 := k+10

I2 : load z(t5) , t6 t6 := z[k+10]

I3 : mul t3 , t6 , t7 t7 := r*z[k+10]

I4 : addi t1 , #11 , t8 t8 := k+11

I5 : load z(t8) , t9 t9 := Z[k+11]

I6 : mul t4 , t9 , t10 t10 := r*Z[k+11]

I7 : add t7 , t10 , t11 t11 := t7+t10

I8 : load x(r1) , t12 t12 := x[k]

I9 : mul t11 , t12 , t13 t13 := t11*t12

I10 : add t2 , t13 , t14 t14 := t2+t13

I11 : addi t1 , #1 , t15 t15 := k+1

I12 : store t14 , x(t15) x[k+1] := t14

I13 : addi t1 , #1 , t1 k := k+1

I14 : cmp r1 , #n , tf1 ( r1 <= N ) ?

I15 : jmp tf1 , Loop

Fig. 5. Livermore kernel No.1 and the intermediate code.

costreuse = τ
reuse
s (I3)− τls(I3) = 5− 3 = 2.

Next, we estimate the cost possibly created by spilling a register to execute I3.
For example, let us consider register r1. As can be seen in Fig. 6, the completion
time of the latest definition/use of register r1 is that ctlatest−use(r1) = 3, and
the earliest completion time at which the Load/Store unit finishes execution is
that ect(LD/ST ) = 3. Thus, inserting a store instruction to spill the value t1 in
register r1 into memory will result in that τ

store
s (I3) = 5. By Eq. (11), the cost

due to the store instruction insertion is therefore

coststore(r1) = τ
store
s (I3) − τls(I3) = 5− 3 = 2,

which is equal to costreuse. Using the same way, we obtain coststore(ri) ≥
costreuse, ∀ri ∈ R. Thus, instead of adding spill code in this scheduling point we
should let I3 wait for the reuse of register r6.
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Fig. 6. The schedule obtained by the register spilling scheme.

Similarly, we can also solve the scheduling-time register assignment problem
for instruction I8 at time 5, in which the register assignment for the value t12
of I8 fails to find a solution with the number of registers available. Firstly, by
Eqs. (9) and (10) we easily obtain the cost due to register reuse as follows.

costreuse = τ
reuse
s (I8)− τls(I8) = 11− 5 = 6.

Secondly, we compute register spilling cost. As an example, let us consider reg-
ister r8. By Eq. (11), the cost due to the store operation used to spill register r8
is

coststore(r8) = τ
store
s (I8) − τls(I8) = 8− 5 = 3.

Thus, we need further evaluate the cost caused by inserting a load instruction
before the spilled use. The value of variable t15 stored in memory must be
reloaded into a register before the execution of instruction I12. The time interval
in which the load instruction is processed is therefore [τs, τf ] ∈ [τ stores (I8)+µ(I8),
τ storels (I12)]; i.e., [12, 16]. By using the algorithm described in Fig. 4, we finally
obtain the cost due to the load instruction insertion, which is

costload(r8) = 0

in the time interval [τs, τf ] = [14, 16]. Consequently, we have that

|coststore(r8)|+ |costload(r8)| < |costreuse|;

i.e., we should add spill code to ensure a register for the execution of I8. Figure
6 shows the schedule obtained, which is 21 (time units).
We have implemented the proposed method in C on a SUN workstation run-

ning the Unix operating system. Five kernels in the Livermore benchmark was
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tested for our method and a non-aggressive spilling method. The non-aggressive
spilling method used introduces spill code as less as possible. Because there is
no method in literature, which considers both register reuse and register spilling
when the compiler does instruction scheduling, we compared the aggressive and
non-aggressive schemes to show the fact that the compiler does not need to
avoid register spilling if the spilling cost is less than register reuse cost. Table 2
demonstrates the time units of scheduling results obtained. The results are en-
couraging. Our method either produces the same schedule as the non-aggressive
spilling method, or it produces a better schedule.

Table 2. Experimental results for the aggressive and non-aggressive spilling
strategies.

|R| = 8 |R| = 12 |R| = 16
Aggr. Non-aggr. Aggr. Non-aggr. Aggr. Non-aggr.

Kernel No. 2 21 24 16 19 13 13

Kernel No. 5 33 37 27 31 24 25

Kernel No. 7 56 60 41 47 35 37

Kernel No. 9 52 57 44 45 41 41

Kernel No. 18 67 76 55 69 51 51

7 Conclusions

In this paper we have presented a method to analyze the execution behavior
of a given program for register assignment during the code scheduling process.
Using this information, we have also developed a novel approach that computes
register spill cost and register reuse cost when insufficient registers available in
order to efficiently determine whether to spill or not, the least spill cost, and the
places where spill code needs to be added. The preliminary experimental results
have shown that this technique is promising. We are currently developing a pro-
gramming environment that will permit much more extensive experimentation
with the technique.
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Copy Elimination for Parallelizing Compilers ?

David J. Kolson, Alexandru Nicolau, and Nikil Dutt

Dept. of Information and Computer Science, University of California, Irvine
Irvine, CA 92697, USA

Abstract. Techniques for aggressive optimization and parallelization of
applications can have the side-effect of introducing copy instructions,
register-to-register move instructions, into the generated code. This pre-
serves program correctness while avoiding the need for global search-
and-update of registers. However, copy instructions only transfer data
between registers while requiring the use of system resources (ALUs) and
are essentially overhead operations which can potentially limit perfor-
mance. Conventional copy propagation and copy removal techniques are
not powerful enough to remove these copies as, during loop paralleliza-
tion, the lifetimes of the values copied may span over loop boundaries. In
this paper, we present a technique for copy removal that incrementally
unrolls a loop body and re-allocates registers to values so that no copy
operations are required. We also present a heuristic version that limits
the amount of unrolling and present experimentation that demonstrates
the necessity of copy removal in gaining improved code performance.

1 Introduction

Optimizing compilers can generate many copy instructions, register-to-register
move instructions, both due to the aggressive application of program transfor-
mations as well as the compiler’s internal representation. “Classic” optimizations
such as common sub-expression elimination [1] and induction variable elimina-
tion [1] as well as more sophisticated techniques such as redundant load elimi-
nation [4,20], variable or register renaming [11,22] and variable lifetime splitting
[10], add copy instructions into the code in order to control compiler complexity
as the global search-and-replace of registers within instructions each time that
an optimization is performed is too costly.

Also, compilers which utilize a static single assignment (SSA) [12] internal
form, for instance, must honor the requirement that each variable be assigned
exactly once. This has the effect of breaking a variable’s lifetime into several
(shorter) lifetimes. A consequence of this is that, at join points in program flow,
intermittent values may need to be transferred from one temporary to another
(via the φ-function), thus potentially generating copy instructions in the final
code.

? This work supported in part by ONR grant N000149311348 and ARPA grant
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In the generation of sequential code, copy propagation is typically applied as
a post-pass process to reduce/eliminate the number of copy instructions present
and, in some cases, may be implemented within a graph coloring register allo-
cator as the coloring of the source and target temporaries with the same color
allows the copy instruction to be removed. Compilers which seek to expose and to
exploit instruction-level parallelism (ILP) typically employ some of the same op-
timizations. Copy removal is then crucial to an ILP compiler as copy instructions
are essentially overhead instructions which require system resources (ALUs) to
execute1 . Thus, the presence of copy instructions in the schedule represents a
negative impact to the attainable performance of parallel code. However, the so-
lutions available to sequential optimizing compilers: standard copy propagation
and node coalescing during graph coloring, are unavailable to an ILP compiler.

During scheduling [14,15,17,21] and software pipelining [2,13,18,24], when
iterations of a loop are overlapped, copy instructions potentially keep values live
over loop boundaries and serve to ‘queue’ values for future use. Thus, these copy
instructions are not amenable to removal via conventional copy propagation as,
in parallel code, multiple values generated by the same instruction (but from
different loop iterations) may be simultaneously live due to copy instructions
and simple copy propagation would lead to incorrect results.

Also, in the context of ILP compilers, where an integrated approach to in-
struction scheduling and register allocation [23,5,3] is necessary as: 1) an in-
struction scheduler requires accurate information on the resources required by
each instruction, and 2) resource re-allocation is necessary to reduce resource
contention, continually applying a graph coloring algorithm to the code is too
costly. Thus, approaches which rely on graph coloring to remove copy instruc-
tions by coalescing the source and target temporaries via coloring the respective
nodes the same color are inappropriate.

In this paper, a generalized technique for copy removal is presented. This
technique removes copy instructions that keep values live over loop iterations by
unrolling the loop code and re-allocating registers to instructions. As a result,
copies which preserve values within an iteration—“traditional” copies—are also
removed. Thus, this technique subsumes conventional copy propagation tech-
niques while providing a method for removing more advanced forms of copy
instruction chains. In the context of ILP compilers, this is particularly useful
as the realization of available ILP can be greatly reduced by copy instruction
occupation of system resources (ALUs).

2 Introductory Example

As an introductory example, consider the code in Figure 1(a) which will serve to
demonstrate how parallelization inserts copy instructions into code. In this exam-
ple, the value written into R0 in nodeM is used by the instruction R5 = R0 + 10

1 Practically, a copy R1 = R2 would be performed by executing some instruction as
R1 = R2 + 0 or R1 = R2 << 0.
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R0 = R1 + R2

R5 = R0 + 10
R0 = R8

R0 = R1 + R2

R7 = R6
R8 = R3 + R4
Mem[Bi] = R6

Mem[Bi] = R6

R7 = Mem[Bi]
R5 = R0 + 10
R0 = R3 + R4

N: N:

M: M:

(a) (b)

Fig. 1. Introducing copy instructions into the code.

in the next node2 . During parallelization, the instruction R0 = R3 +R4 from
node N may not be moved into (i.e., executed in parallel with the instructions
of) node M as it redefines R0 and would cause incorrect values to be computed
by the instruction R5 = R0 + 10 in node N . If a free register exists (R8 in this
example), then the destination register of instruction R0 = R3 + R4 is renamed
and the new instruction, R8 = R3 +R4, is moved into nodeM . To maintain cor-
rectness, a copy instruction R0 = R8 is necessary in node N to correctly move
the value from R8 into R0, thereby compacting the code of (a) to that of (b).
Also, in node M , a value is stored3 to the memory location Bi. In node

N , this value is loaded from memory by the load instruction R7 =Mem[Bi].
Rather than re-loading the value from memory, the value stored to memory by
instruction Mem[Bi] = R6 can be directly copied. Thus, the load is removed,
resulting in the earlier availability of the value (i.e., the latency of the load is
removed), and the copy instruction R7 = R6 is added to node M .
In the previous example, simple copy propagation may be used to eliminate

the copies as the code is straight-line. However, during software pipelining when
multiple iterations of a loop are overlapped and optimizations are performed, the

2 Note that the value read by the instruction R5 = R0 + 10 is that produced by the
instruction R0 = R1 + R2 in node M rather than the instruction R0 = R3 +R4 in
node N as, due to the machine model, all operands are read before any results are
written.

3 For simplicity, loads and stores are shown here symbolically. Typically, the address
is calculated into a register and analysis [4,20] is required to determine equivalency
in memory references.



278 David J. Kolson et al.

Loop Exit

Loop Entrance

N:

M:

4: Mem[C] = R4
5: R4 = R6 - R4

6: R7 = R7 + 1
R0 = R2

if (R7 < 100)

1: R4 = R4 * R6

2: R1 = Mem[A]
3: R2 = Mem[B]Q

P

R6 = R0

R6 = R1

Fig. 2. Loop code with copy instructions.

uses of copied values can span across iteration boundaries. Thus, conventional
copy propagation techniques [1] are not powerful enough to remove many of the
copies introduced during loop parallelization.

As an example, in Figure 2, several optimizations were applied during the
parallelization of a loop. As a result, several copy instructions are found in
this code4. Conventional copy propagation cannot remove any of these copy
instructions as those copies serve to keep values live over multiple iterations
of the loop. For instance, the copy R6 = R1 in node M cannot be removed
as it preserves a value loaded by R1 =Mem[A] from the previous iteration
(the previous execution of node M) and propagating R1 in place of R6 into
the following node (into the instruction R4 = R6− R4) would result in the use
of an incorrect value (the newly loaded value from instruction #2 would be
incorrectly used rather than the previously loaded value). Thus, conventional
copy propagation is not adequate to remove these copies.

3 Related Work

Redundant memory instruction elimination [4,7,20] is a technique which min-
imizes the number of memory referencing instructions associated with array

4 Note that four ALUs and two memory units are necessary to execute this parallel
code, while, if copies were removed, only two ALUs and two memory units are
necessary.
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accessing. This technique will insert copy instructions into the schedule to elim-
inate a memory reference to a value which is already present in the register
set.

Static renaming [11,22] is a method utilized during scheduling to allocate “on-
the-fly” a currently unused memory location (register) when code optimization
is prohibited due to false (anti- and output-) dependencies. A copy instruction
is inserted to copy the generated value from the newly allocated register into the
original register.

In the context of register allocation by graph coloring, several researchers
[6,8,10,16] have addressed the problem of copy or move coalescing. Chaitin [8,9]
proposes to combine the source and target nodes thereby producing a single
node with the union of the interferences and removing the need for the move
instruction. Since the degree of the new node is now higher, this can complicate
the coloring process of the graph. Briggs et al. [6] have proposed a less aggressive,
heuristic coalescing scheme which improves the colorability of the graph, but
leaves copy instructions in the code. George and Appel [16] have extended Briggs’
heuristic approach to improve coalescing in the SML/NJ compiler.

Chow and Hennessy [10] improve the quality of the spill code produced by
a graph coloring allocator by splitting variable lifetimes at points in the code
where register pressure is high. This allows a higher degree of freedom when
coloring the graph, but requires move instructions when a variable’s lifetime is
not contained within the same register.

Another approach to register allocation for straight-line code is interval graph
coloring. In [19], the interval graph coloring solution is extended to register
allocation for loop graphs. In doing so, variable lifetimes are arbitrarily broken
at loop boundaries and when the lifetime segments cannot be colored with the
same color, copy instructions are necessary to transfer the value from one register
to another.

4 Eliminating Copy Instructions

Copies generated during parallelization do not produce new values but, rather,
preserve already computed values for future uses. In other words, multiple val-
ues produced in various iterations by an instruction are simultaneously live and
transferred from definition to last use by chains of copy instructions. Copies re-
lated to a specific copy chain cannot be removed without affecting the ‘queueing’
of values for use. As depicted in the code of Figure 3, which has been compacted
into one node, by unrolling the loop body sufficiently, the definition of a value
and its last use become explicit thereby eliminating the need for the copy chain
and, thus, enabling copy elimination5. In this example, the solution loop spans
three iterations of the original loop.

5 Once again, recall that, due to the machine model, all operands are read before any
results are written. Therefore, in the first node, for instance, the value “X” used by
A = X + B is that generated by the previous execution of that node.
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...

Y  =  Z
X  =  Y
A  =  X  +  B

Z = Mem[Bi]

Y  =  Z
X  =  Y
A  =  X  +  B

Z = Mem[Bi]

Y  =  Z
X  =  Y
A  =  X  +  B

Z = Mem[Bi]

...

...

...

...

Y  =  Z
X  =  Y
A  =  X  +  B

Z = Mem[Bi]

...

...

...

Original  Code Unrolled  Code Copies  Eliminated

Y  =  Mem[Bi]

Z = Mem[Bi]
A  =  Z   +  B

A  =  Y  +  B

A  =  X  +  B
X   =  Mem[Bi]

Z = Mem[Bi]
Y  =  Z
X  =  Y
A  =  X  +  B

Fig. 3. Unrolling loop code to eliminate copies.

4.1 An Algorithm for Copy Elimination

Figure 4 contains an algorithm which performs copy elimination on a loop. As
input, this algorithm takes a loop body or loop graph where each node contains
instructions which are executed in parallel and produces a new loop without copy
instructions which may span multiple iterations of the original (input) loop.
The first step of the algorithm is to compute the register mappings for each

node in the graph. The register mapping for a node represents the contents of the
registers immediately preceding the execution of that node and are derived similar
to program data-flow analysis. (An algorithm for this is presented shortly.)
At this point, a loop template, or copy of the loop with its register mappings,

is made and used for future reference. During copy elimination, the source regis-
ters of each instruction are looked up in this template to determine the tags for
the values they use in the original loop. As values may be re-allocated to regis-
ters during copy elimination, it may become necessary to update or to change
the source operands of some instructions. For instance, suppose the following is
the register mapping for a node in the loop template:

(R0, 10.1) (R1, 9.0) (R2, 7.0) (R3, 10.0)

and the current instruction from that respective node in the current unrolling is
R2 = R0− R3 with a current register mapping of:

(R0, 9.0) (R1, 10.0) (R2, 7.0) (R3, 10.1)

In the original loop, this instruction uses values 10.1 for the first argument and
10.0 for the second. During copy elimination when considering the instruction
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Procedure copy elimination(L : loop)
Begin

/* compute initial register maps for L */
/* split nodes having multiple defs, recalc register maps */
/* make loop template */
/* add the header of L to the headers list */
/* add all backedges found in L to backedges list */
scan and reallocate (header of(L));
While (not empty backedges list) {

/* unroll along backedge b from backedges list */
/* add new iteration headers and backedges to respective lists */
scan and reallocate (header);
/* match backedges to header nodes */

}
End copy elimination

Fig. 4. An algorithm for copy elimination.

R2 = R0− R3, these values (10.1 and 10.0) are looked up in the current register
mapping to find the registers which contain them. If the registers currently con-
taining those values are different from the source operands, the source operands
are updated as appropriate, as is the case here where the first argument must
be changed to R2 and the second argument becomes R1, thus, R2 = R3− R1 is
the instruction for the copy eliminated code.

Once the register mappings are calculated and the loop template is made,
the header of the loop is added to a headers list and all of the backedges of that
loop are added to the backedges list. The headers list is used to keep track
of all loop entry points to determine, after unrolling and copy elimination, if a
backedge may be directed to any previous header that has an identical register
mapping. The backedges list is the list of loop iterative points along which an
iteration of the loop is to be unrolled.

While there are backedges to unroll along, the algorithm iterates over the
following steps: unroll the loop along that backedge; add the new header and
backedges to the respective lists; scan and reallocate() (discussed further) and,
finally, once copy elimination has been performed on the current unrolling, the
backedges of this loop iteration are checked against all headers in the headers list.
Those backedges with register mappings that match the register mappings of an
iteration header are directed to the respective matching header while those with
no match are added to the backedges list. The algorithm terminates once there
are no more backedges left.

Computing Register Mappings
Figure 5 contains an algorithm patterned after dataflow analysis which com-
putes the register mappings of a loop. To derive the mappings of a node, each
instruction in the node is considered. If the instruction is a copy, then a new
entry is made with the destination register and the value being copied.
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Procedure compute register maps (L : loop)
/* initialize all register maps to φ */
changes = true
while (changes) {

changes = false
add loop header to l
while (not empty l) {

remove node, N , from l
Rmaps = reg map of(N)
new maps = copy(Rmaps)
Foreach operation, op, in N {

if (op is a copy)
(value.age) = lookup src1 reg of(op) in Rmaps
Add (dest reg of(op), value.age) to new maps

else
Foreach map in new maps with same id of(op)

increment age
Delete all maps from new maps with dest reg of(op)
Add (dest reg of(op), op id of(op).0) to new maps

endif
}
For all successors, S, of N {

if (new maps != reg map of(S))
changes = true
reg map of(S) = copy(new maps)

endif
Add S to l

}
}

}
End compute register maps

Fig. 5. An algorithm for computing register mappings.

If the instruction is not a copy, it defines a new value. An entry is added to
the register mapping annotated with the destination register of the instruction
and a tag of instruction identifier and 0 (zero signifies the birth of a value). Any
annotation in the mapping with the same instruction identifier will have its age
field incremented, as this value has become “older” by the generation of the new
value. Also, any entry with the destination register is now killed and deleted
from the mapping.
As an example of deriving the register mappings of a loop, the register map-

pings for the example of Figure 2 are derived in Table 1.
Scan-and-Reallocate
Figure 6 contains an algorithm for scanning a loop. This algorithm is similar
to the algorithm for computing register mappings as it is necessary when re-
allocating registers to instructions to keep track of the values in the registers.
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Iteration of Algorithm

Initially 1st 2nd 3rd no changes
(R0, 3.1) (R0, 3.1) (R0, 3.1)

Maps (R1, 2.0) (R1, 2.0) (R1, 2.0) (R1, 2.0)
At φ (R2, 3.0) (R2, 3.0) (R2, 3.0) (R2, 3.0)
Point P (R4, 1.0) (R4, 1.0) (R4, 1.0) (R4, 1.0)

(R6, 2.1) (R6, 2.1)
(R0, 3.0) (R0, 3.0) (R0, 3.0) (R0, 3.0)

Maps (R1, 2.0) (R1, 2.0) (R1, 2.0)
At φ (R4, 5.0) (R4, 5.0) (R4, 5.0) (R4, 5.0)
Point Q (R6, 3.1) (R6, 3.1) (R6, 3.1)

(R7, 6.0) (R7, 6.0) (R7, 6.0) (R7, 6.0)

Table 1. Register mappings for the code of Figure ??.

Procedure Scan and Reallocate(L : loop)
/* initialize all register maps to φ */
reg map of(header) = /* output map of backedge */
add loop header to l
while (not empty l) {

remove node, N , from l
Rmaps = reg map of(N)
new maps = copy(Rmaps)
Foreach operation, op, in N

if (op is a copy)
Remove op

else
Update Args(op)
if (dest reg of(op) ∈ Rmap and live)

dest reg of(op) = get free register
Delete all maps from new maps with dest reg of(op)
Add (dest reg of(op), (op id of(op), 0)) to new maps

endif
For all successors, S, of N {

reg map of(S) = copy(new maps)
Add S to l

}
}

End scan and reallocate

Fig. 6. An algorithm for removing copies and updating register usages.
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Initially, the register maps are initialized to φ and the entry register mapping
to the loop is the register mapping found at the end of the previous iteration,
or that found along the backedge unrolled upon. As the loop nodes are scanned,
if an instruction is a copy, it is removed from the node. If not, the arguments
to the instruction are updated as registers are re-allocated and the appropriate
values may not still be in the used registers. Updating entails look-up of the
sources in the loop template to determine the referenced values; those values are
then found in the current mapping to obtain the register that currently contains
the appropriate value(s). It might be necessary to re-allocate the destination
of this instruction if that register contains a live value. Finally, values killed
by this instruction are removed and an annotation is added for the processed
instruction.

4.2 Heuristic Copy Elimination

Possibly the most noticeable feature of our copy elimination algorithm is that
the final loop solution spans multiple iterations of the original loop in order to
make value definitions and uses explicit. In some cases, it may not be desirable to
unroll the loop for the necessary number of iterations. In this case, the algorithm
may be parameterized with the maximal number of iterations to unroll. However,
when this threshold value is reached, it is not guaranteed that the backedges for
that unrolling depth will match any of the previous iteration headers. When the
threshold is reached, a simple strategy may be employed to match backedges to
headers so that a minimal number of copy instructions is introduced.

4.3 An Example

As an example, copy elimination is performed on the loop code of Figure 2 with
the initial register mappings from Table 1.
The copy elimination algorithm applies the scan and realloc() procedure to

the first iteration of the loop. As node M0 is scanned, the first instruction con-
sidered is R4 = R4−R6. The procedure update args() looks up this instruction
in the loop template and determines that argument one is the value (5.0) and
argument two is the value (3.1). These values, (5.0) and (3.1), are looked up
in the current register mapping (the register mapping found at point I in Fig-
ure 7) and are currently found in the registers R4 and R6, respectively. Since
these values are already referenced in the appropriate registers, no changes to
the instruction’s operands are made. Since this is the last use of the value (5.0),
contained in register R4, a new register is not needed for the destination register
of the instruction. Lastly, an entry is made in the current register mapping of
(R4, (1.0)).
The next instruction is the copy instruction R6 = R1 and is removed from

the code. The next instruction, R1 =Mem[A], is examined and is found to
contain a live value (i.e., a value that is used beyond this node). Thus, a call to
get free register() is necessary to re-allocate a register to the destination of this
instruction. In this case, the function call returns the register R2 as the value
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N0

P0

M0

Q0

M1

P1

N1

Q1

(R0, 3.0)
(R1, 2.0)
(R2, 2.1)
(R4, 1.0)
(R6, 3.1)

(R0, 3.0)
(R1, 2.0)
(R2, 2.1)
(R4, 5.0)
(R6, 3.1)

(R0, 3.1)
(R1, 2.1)
(R2, 2.0)

(R6, 3.0)
(R4, 5.0)

(R0, 3.1)
(R1, 2.1)
(R2, 2.0)

(R6, 3.0)
(R4, 1.0)

(R0, 3.0)
(R1, 2.0)
(R2, 2.1)
(R4, 5.0)
(R6, 3.1)

Loop Entrance

Code

1: R4 = R4 * R6

if (R7 < 100) Loop Exit

4: Mem[C] = R4

6: R7 = R7 + 1

if (R7 < 100) Loop Exit

6: R7 = R7 + 1

4: Mem[C] = R4

5: R4 = R1 - R4

1: R4 = R4 * R0

5: R4 = R2 - R4

2: R1 = Mem[A]

3: R0 = Mem[B]

3: R6 = Mem[B]

2: R2 = Mem[A]

Register  Mappings

I

Fig. 7. Unrolling loop code to eliminate copies.
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it contains, (2.1) becomes dead in this node6. Thus, R1 =Mem[A] becomes
R2 =Mem[A].
When node N0 is scanned, the argument to instruction Mem[C] = R4 is

checked in the loop template. This instruction uses R4 which contains the value
(1.0) at point P . In the current register mapping, R4 contains this value, so
no updating takes place. The next instruction is R4 = R6−R4 and uses the
values (2.1) and (1.0), as source values, respectively. In the current mapping,
those values are contained in R1 and R4, respectively. As the value (1.0) dies,
the destination register of this instruction does not require updating. The next
two instructions, R6 = R0 and R0 = R2, are copies and are removed. Finally,
the last instruction requires no updating, leaving the code found in node N0 of
Figure 7.
This process continues and the derived mapping at Q1 is found to match that

at the loop top (point I), so the algorithm converges and the new loop spans
two iterations of the original loop, containing no copies.

5 Experiments and Results

We conducted experiments on a suite of benchmarks which consisted of 11 nu-
merical and scientific codes to study the effects of copy elimination on perfor-
mance. Latencies given to our parameterized scheduler are one cycle for copy
operations, two cycles for add/subtract operations, three cycles for multiply op-
erations and three cycles for memory accessing operations. For functional unit
constraints, two add/subtract units, one multiply and a single-ported memory
which can handle only one request at a time, were used.
For each benchmark, three schedules were generated: the first schedule con-

tained copy operations, the second schedule utilized our copy elimination al-
gorithm and the third used a heuristic version with the maximum number of
iterations, three. From these schedules performance measures were made. These
performance improvement measures are with respect to sequential execution of
the code and are measured as:

SU =
cyclesseq
cyclespar

Thus, in our tables, columns labeled with “copies” refers to the speed-up of
parallelized code which contains copy operations; “no copies” refers to the speed-
up of parallelized code with copy elimination; and “heur” refers to the speed-up
of parallelized code with the heuristic version of copy elimination. Percentage
improvement (% Improvement) is the percentage improvement of the schedules

6 When the instruction R1 =Mem[A] generates a new value, it will cause all other
values in the register mapping with the same identifier to become “older” (i.e., the
age value increases). Thus, the value in R1, (2.0), will become (2.1) and the value in
R2, (2.1), will become (2.2). As the value (2.2) is never used, the register containing
that value is free for re-allocation in this node.
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with copies eliminated versus the schedules that contain copies and is measured
as:

Impr =
SUnocopies − SUcopies

SUcopies
∗ 100

Our observed performance results on the benchmark suite are contained in
Table 2 for codes with no copy elimination and codes where copies were removed.
In all cases, copy elimination increased the performance of the parallelized code
with percentage improvements ranging from 11% to 72%.

Table 2. Observed speed-up on benchmark suite.

Benchmark copies no copies % Impr

2D-Hydro exerpt 1.27 1.99 57%

Cholesky Conj. Grad. 1.47 1.81 23%

Tri-diagonal Elim. 1.38 2.20 59%

GLR 1.61 1.79 11%

State Equations 1.11 1.91 72%

Partial Diff. Solver 1.48 1.99 34%

Integrator Pred. 1.05 1.56 49%

Difference Pred. 1.20 1.98 65%

Partial sum (scan) 1.80 2.25 25%

Difference sum 1.50 1.93 29%

2D Particle 1.70 1.90 12%

Table 3 contains the observed performance results on the benchmark suite
for code with copy elimination and codes with heuristic copy elimination with
an unrolling bound of three iterations. Also noted in the table is the number of
iterations spanned by the optimal (i.e., no bounds on unrolling) copy elimination
codes. In some cases, the heuristic version was able to derive the same solution
as the optimal and in other cases derived solutions with results which are close
to the optimal. It should be noted that, even though the optimal solutions span
more iterations, the number of iterations spanned is not prohibitive.

6 Conclusion

Aggressive code motion and program optimization techniques, necessary for ex-
ploiting the parallelism inherent in application code, can have the side-effect of
introducing many copy instructions—register-to-register move instructions, into
the parallel code. These copies are necessary overhead for reducing compiler
complexity, but their presence in the final code represents a hindrance to high
performance as they consume functional resources, but perform no significant
computation. In order to improve the attainable performance, copy elimination
is necessary. This paper presents a technique which eliminates all copy instruc-
tions from parallel code by unrolling and remapping registers to values. As the
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Table 3. Speed-up of copy elimination and heuristic.

Benchmark no copies heur # Iters

2D-Hydro exerpt 1.99 1.89 4

Cholesky Conj. Grad. 1.81 1.81 3

Tri-diagonal Elim. 2.20 1.92 5

GLR 1.79 1.70 4

State Equations 1.91 1.91 3

Partial Diff. Solver 1.99 1.88 5

Integrator Pred. 1.56 1.56 3

Difference Pred. 1.98 1.98 3

Partial sum (scan) 2.25 1.99 4

Difference sum 1.93 1.80 4

2D Particle 1.90 1.83 4

increase in code size may be a consideration, a heuristic version is presented
which bounds the amount of loop unrolling performed. Experimentation with
a suite of benchmarks demonstrates that significant performance improvements
are possible by eliminating copy instructions.
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Abstract. Although SIMD (Single Instruction stream Multiple Data
stream) parallel computers have existed for decades, it is only in the
past few years that a new version of SIMD has evolved: SIMD Within A
Register (SWAR). Unlike other styles of SIMD hardware, SWAR models
are tuned to be integrated within conventional microprocessors, using
their existing memory reference and instruction handling mechanisms,
with the primary goal of improving the speed of specific multimedia
operations.
Because the SWAR implementations for various microprocessors vary
widely and each is missing instructions for some SWAR operations that
are needed to support a more general, portable, high-level SIMD execu-
tion model, this paper focuses on how these missing operations can be
implemented using either the existing SWAR hardware or even conven-
tional 32-bit integer instructions. In addition, SWAR offers a few new
challenges for compiler optimization, and these are briefly introduced.

1 Introduction

The SWAR model takes advantage of the fact that a wide data path within a
processor also can be treated as multiple, thinner, SIMD-parallel data paths.
Thus, each register is effectively partitioned into fields that can be operated on
in parallel. Operations like partitioned field-by-field addition are easily imple-
mented with minimal hardware enhancements. For example, to make a 64-bit
adder function as eight 8-bit adders, one simply needs to modify the adder’s
carry logic so that carry from one 8-bit field to the next is suppressed. But what
SWAR field sizes and operations should be supported?

Because the introduction of SWAR techniques was motivated by the need
to improve multimedia application performance, it is not surprising that the
field sizes supported in hardware tend to be those commonly associated with
multimedia’s “natural” data types. In particular, 8-bit pixel color channel values
are used for most forms of video and image processing, so this data size becomes
very important. Similarly, 16-bit audio samples are very commonly used, and
this field size also can be used for intermediate results when computations on 8-
bit values need more than 8-bit precision. Other data sizes are common in other
applications yet not directly supported by any of the SWAR hardware extensions
in current microprocessors, for example: 1-bit fields hold boolean values, 2-bit

S. Chatterjee (Ed.): LCPC’98, LNCS 1656, pp. 290–305, 1999.
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fields hold either 0/1/X values for a logic simulator or a base-pair value for
operating on a gene database, and 10-bit or 12-bit values are used for a wide
range of digitizing devices. A high-level SWAR language can and should allow
users to specify the precise number of bits needed for each datum.

The operations implemented in SWAR hardware also are strongly biased in
favor of specific multimedia applications and algorithms. Addition, subtraction,
and various other integer operations are commonly supported. Because adding
two bright pixel values should not result in a dark pixel, there are a variety of
saturation arithmetic operations supported (e.g., overflow in saturation arith-
metic yields the maximum representable value rather than the low bits of a
larger value). 32-bit floating-point operations are also supported (e.g. by AMD’s
3DNow! [10] which Cyrix and WinChip [9] will also support and soon by Cyrix’s
MMFP), although all current SWAR hardware supports only integer field oper-
ations.

Unfortunately, at least from the point of view of building high-level language
compilers, current SWAR hardware support is limited to just a few field sizes
and operations. Even worse, the supported operations and partitioning reflect
the designers’ expectations of the needs of multimedia programmers and the in-
ternal structures within the particular processor architectures, and are therefore
inconsistent across architecture families. Table 1 illustrates this point by show-
ing the partitioning supported by each of five enhanced architecture families for
typical arithmetic operations.

In this table, the columns represent the multimedia extension set families.
The extension families included are Digital Equipment Corporation extensions
for the Alpha [3]; Hewlett-Packard PA-RISC MAX v2.0 [5,6]; Intel [4], Ad-
vanced Micro Devices [1], and Cyrix [2] versions of MMX; Silicon Graphics MIPS
MDMX [7]; and Sun SPARC V9 VIS [8].

The first few rows of the table describe the basic characteristics of the multi-
media (MM) registers used for SWAR: How many registers are there? How wide
is each register? Are these registers the processor’s integer registers or are they
overlaid on the floating-point register file? The remaining rows sample various
parallel arithmetic operations which one or more of the families support. “Part”
is used to identify operations using partitioned register operands, with the no-
tation axbu specifying that the register holds a fields, each containing a b-bit
value, with the u suffix indicating that the field values are unsigned. “Single”
refers to a single, scalar, operand value; “Immed” refers to an immediate value.

The many differences between these SWAR extension implementations are
significantly more complex to manage than the variations in the base instruction
sets of these processors. A number of instructions are conspicuously absent — for
example, instructions to help implement SIMD-style conditional branches based
on ANY or ALL condition tests. To support a high-level language, these problems
must be efficiently managed by the compiler.

One obvious shortcoming of the SWAR hardware support is that it generally
provides operations for just a few field sizes. Fortunately, we are not limited to the
set of partitionings directly supported by the hardware. Logically, partitioning is
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Table 1. Comparison Of Multimedia Instruction Set Extensions

HP Sun
DEC PA-RISC SGI MIPS Intel, AMD,& Sparc V9
Alpha MAX MDMX Cyrix MMX VIS

# MM Registers 32 31 32 (1 Acc.) 8 (+ Mem.) 32
# Bits/ MM Reg. 64 32 or 64 64 (192 Acc.) 64 64
Which Registers? Integer Integer Float Float Float

Modular Add
Part/Part - 4x16,4x16u 8x8u,4x16 8x8,8x8u, 2x16,4x16,

4x16, 4x16u,
2x32,2x32u 1x32,2x32

Single/Part - - 8x8u,4x16 - -
Immed/Part - - 8x8u,4x16 - -
Saturation Add
Part/Part - 4x16,4x16u 8x8u,4x16 8x8,8x8u, -

4x16, 4x16u
Single/Part - - 8x8u,4x16 - -
Immed/Part - - 8x8u,4x16 - -
Sum of Abs. Diffs 8x8→4x16, - - - -

8x8u→4x16u
Modular Mul
Part/Part - - 8x8u,4x16 (4x16)x(4x16) (4x16)x(4x8)

→(4x16 high), →(4x16)
(4x16)x(4x16)
→(4x16 low)

Single/Part - - 8x8u,4x16 - -
Immed/Part - - 8x8u,4x16 - -
Saturation Mul
Part/Part - - 8x8u,4x16 - -
Single/Part - - 8x8u,4x16 - -
Immed/Part - - 8x8u,4x16 - -
Mul by Sign(-,0,+)
Part/Part - - 4x16 - -
Single/Part - - 4x16 - -
Immed/Part - - 4x16 - -
Mul/Add - - - 2-(4x16)→ -

2-(2x32)→
(2x32)

Average - 4x16,4x16u - - -
Shift Left/Right
Part/Part - - 8x8u,4x16 - -
Single/Part - - 8x8u,4x16 4x16,2x32, -

1x64
Immed/Part - 4x16,4x16u 8x8u,4x16 4x16,2x32, -

1x64
Signed Shift Right
Part/Part - - 4x16 - -
Single/Part - - 4x16 4x16,2x32, -

1x64
Immed/Part - 4x16 4x16 4x16,2x32 -
Shift and Add
(1,2,3, or - 4x16,4x16u - - -
4-bit Immed)
Scale - - 8x8u,4x16 - -
(various forms)
Maximum
Part/Part 8x8,8x8u, - 8x8u,4x16 - -

4x16,4x16u
Single/Part - - 8x8u,4x16 - -
Immed/Part - - 8x8u,4x16 - -
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not a property of “partitioned registers,” but of an operation applied to the data
in one or more registers. In other words, the data path through the function units
may be partitioned in various ways, but the registers really are not partitioned;
for example, there is nothing to prevent the programmer from treating a register’s
contents as having 8-bit fields in one operation and 16-bit fields in the next. It
is even possible, and sometimes desirable, for operations to treat a register as
though it is partitioned into field sizes which are not supported directly by the
enhanced hardware. In fact, the partitioning need not even keep all fields within
a register the same size, although managing irregular field sizes is too complex
to be discussed in detail in this paper.

In summary, the fact that multimedia registers do not store partitioning in-
formation offers great flexibility. In a traditional SIMD execution model, data
storage is allocated to each processing element, thus fixing both the number
of data that can be operated on in parallel and the boundaries between values
in different processors. Using SWAR, we can explicitly trade precision for par-
allelism width, using only as many bits for each operation as is algorithmically
required. Further, the penalty for data crossing these imaginary inter-processing-
element boundaries is zero for a SWAR system, which gives SWAR interesting
new abilities for operations like reductions.

Our approach to making use of SWAR is based on creating a SWAR module
language and compilers, so that users can write portable SIMD programs
that will be compiled into efficient SWAR modules and interface code that al-
lows these modules to be used within ordinary C programs. It is not particularly
difficult to build an optimizing SIMD module compiler supporting only those
operations directly provided by a particular SWAR hardware implementation,
but portability across all flavors of SWAR-capable hardware makes basic cod-
ing of constructs an interesting problem. Section 2 discusses the basic coding
techniques needed to achieve efficient execution of general SIMD constructs on
any type of SWAR hardware support — including 32-bit integer instruction sets
that have no explicit support for SWAR. Beyond the basic coding of SWAR
constructs, the SWAR execution model makes it appropriate to consider several
new types of compiler optimizations, which are briefly discussed in section 3. The
work is summarized, and pointers to the support code that we have developed
are given, in section 4.

2 Basic SIMD-to-SWAR Compilation

In determining how to code high-level SIMD constructs using SWAR instruc-
tions, it is useful to distinguish several different classes of SIMD operations based
on how they can be implemented using SWAR:

– A polymorphic operation is a SIMD operation for which the same instruc-
tion(s) can be used to implement the operation, independent of the field
partitioning. For example, bitwise operations like NOT, AND, OR, and XOR are
polymorphic, as is the classical SIMD conditional test ANY (which returns
“true” if any bit in any field is a 1).
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– A partitioned operation is a SIMD operation in which the value computed by
each processing element is a function only of data that also resides in that
processing element. In a SWAR implementation, a partitioned operation
requires corresponding operand fields to be manipulated without interfering
with adjacent fields. However, no current SWAR hardware implements fully
general partitioning for all operations, so software techniques to construct
appropriate partitioned operations are critical.

– A communication operation logically transmits data across processing el-
ements in an arbitrary pattern. For example, the MasPar MPL construct
router[a].b accesses the value of the variable b on processing element a.
Unfortunately, except for HP PA-RISC MAX, current SWAR extensions do
not allow such general communication patterns to be used in rearranging
field values, and even MAX only allows this rearrangement within a single
register (thus not solving the problem when SIMD vector lengths exceed one
register). In fact, most SWAR hardware does not explicitly provide any com-
munication operations; instead, they must be constructed using operations
that can cross field boundaries, such as unpartitioned shifts.

– A type conversion operation converts SIMD data of one type into another.
This becomes complicated in SWAR systems because data types that have
different sizes yield different parallelism widths (numbers of fields per regis-
ter). However, current SWAR hardware supports a variety of type conversion
operations, and others can be constructed easily using communication and
partitioned operations.

– A reduction operation recursively combines field values into a single value.
In a traditional SIMD architecture, this involves communication between a
shrinking set of processing elements working on values slowly growing in
precision; this is a much more natural procedure for SWAR, and is thus
worth exploring.

– A masking operation allows some processing elements to disable themselves.
Obviously, for SWAR, there is no way to disable part of a register; however,
there are arithmetic techniques that can be used to achieve the same result.

– A control flow operation is essentially a branch instruction that is executed by
the SIMD control unit. Although SWAR systems do not have a control unit
per se, the ordinary processor instruction set can be viewed as providing this
functionality. In order to simplify pipeline structure, most SWAR hardware
does not directly allow branching based on the contents of a partitioned
SWAR register; it is thus necessary to move the SWAR fields into an ordinary
register and test them there.

The following sections describe the basic coding of each of the more interest-
ing classes: partitioned, communication, reduction, and masking operations.

2.1 Partitioned Operations

Partitioned operations are the primary focus of most of the hardware support
for SWAR. In particular, most of the speedup claims for SWAR are based on



Compiling for SIMD Within a Register 295

partitioned additions of 8-bit fields, etc. However, not all important field sizes
are handled by all SWAR hardware, and many partitioned instructions are sim-
ply omitted. We describe three different methods for implementing partitioned
operations.

Hardware-Partitioned Operations In an ideal partitioned operation, the
operation is applied both concurrently and independently to the entire set of
register fields. Thus, where SWAR hardware supports this, the SWAR code
looks just like a single pure SIMD instruction. For example, consider adding two
4x8 values, A and B (each stored in a 32-bit register), using SWAR partitioned
unsigned modular addition as shown in Figure 1.

31 23 15 7 0

46 178

49 43 135 7

A:

B:

A+B:

128 255

65789177

Fig. 1. Hardware-partitioned 4x8u modular addition

Numbering the fields from right to left, the addition performed in field 3 is
128+49 and yields the field result 177. Because this value is storable in an 8-bit
field, it is not modified for storage. In contrast, the addition performed in field 1
is 178+135 and yields 313. This value requires nine bits for proper storage, thus
it is modularized to fit in the eight bits which are available. The result stored
for field 1 is then 313%(28), or 57. Note that the overflow bit is lost and does
not interfere with the operation as performed in field 2.

(A&~S)+(B&~S): 689 571 1

7B&~S: 43 135

A&~S 25546 178

7B: 43 135

31 23 15 7 0

A: 25546 178

0

0

?

0

0

?

?

Spacer Spacer

?

Fig. 2. 3x8u modular addition using spacers
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Partitioned Operations Using Spacer Bits When an ideal partitioned ad-
dition is not supported by the hardware, spacer bits may be used to allow the
field operations to be applied concurrently and independently as shown in Fig-
ure 2. These spacer bits are used as buffer zones between data fields, so that
overflow and/or borrow can occur without interfering with adjacent fields. The
spacer bit technique may be used not only to implement additional field sizes
for SWAR hardware, but also to implement SWAR partitioned operations on
architectures providing only conventional 32-bit integer operations.

The example shown is essentially the same as the previous one, but use of
spacer bits allows only 3x8 values to fit in each register. At the start of the
operation, the spacer values are unknown. This is indicated by a question mark
(?) in each spacer field. To ensure that none of the field additions will overflow
into the next field, the spacer bits of the addends are preset, or normalized, to
zero before the addition is performed. This is done by ANDing the addends with
a mask S, which has 1 bits only in the spacer positions.

The addition performed in field 2 occurs just as for an ideal partitioned
addition, with no overflow and no modification of the stored result. The addition
performed in field 1 is 178+135, yielding 313. This value requires nine bits for
storage, and is stored with its lower eight bits in field 1, and its ninth bit carried
into the spacer between fields 1 and 2. Only the part of the result stored in field
1 is considered to be valid. Thus, the valid result stored is 313%(28) or 57. Note
that the overflow bit does not interfere with the operation as performed in field
2. Similarly, the addition in field 0 results in a carry to the spacer between fields
0 and 1, and the storage of the result 6.

Only one spacer bit is needed between fields for addition or subtraction, but
use of multiple spacer bits between the fields may allow multiple partitioned
operations to be performed before re-normalizing the spacer bits. This static
optimization simply requires tracking the range of possible values of the spacer
bits to determine when re-normalization would be required.

Software-Partitioned Operations Although the spacer-based partitioned op-
eration code is fast, it only allows 3x8 values in each 32-bit register — not the 4x8
that could be used with hardware partitioning. With a few more instructions,
the full densely-packed partitioned operation can be implemented.

The trick is simply to consider each field as being one or more bits smaller
than it truly is, replacing the most significant bit of each field by a “virtual”
spacer bit. After performing the spacer-partitioned operation on the modified
register value, the most significant bits of each field are computed and inserted
in the result. Thus, adding two 4x8 values is done as shown in Figure 3.

At the start of the operation, the two addends are each split into two parti-
tioned registers. C and D contain the data — with the virtual spacer bit positions
cleared in preparation for the partitioned addition. The resulting value for E is
the correct 4x8 value, except in that the most significant bits of fields in A and
B have not been added in. Fortunately, the bitwise XOR operation implements
a one-bit add with no carry; thus, we can compute the addition of the most
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significant bits of each field by XORing the most significant bits of A, B, and E
(with appropriate masking of the other bits).

31 23 15 7 0

46 178

49 43 135 7

A:

B:

128 255

E=C+D:

D=B&~S:

C=A&~S: 0 0 0 00 46 50 127

0 0 0 149 57 689

0 0 0 049 7 743

F=A^B: 1 0 0 149 5 53 120

1 0 0 10 0 0 0

H: 65789177

1 0 0 049 57 689H=E^G:

G=F&S:

Fig. 3. 4x8u modular addition using virtual spacers

Note that the result field values in H are the same as those for ideal partitioned
addition.

2.2 Inter-Processing-Element Communication

31 23 15 7 0

0 0C=A1<<24: 4 0

3 2B=A0>>8: 0 1

6 5A1: 7 4

2 1A0: 03

7 60 5A1’=A1>>8:

3 24 1A0’=B|C:

Fig. 4. Toroidal communication on 8x8 in two 4x8 registers

Partitioned registers may allow mesh and toroidal communication to be per-
formed by applying shift and rotate instructions to the register. In Figure 4,
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A1 and A0 are, respectively, the upper and lower halves of an 8x8 vector layed
out across two 4x8 partitioned registers. Although the numbering of fields is
somewhat arbitrary, consider a right-neighbor communication as each process-
ing element sending its value one field to the right.

Notice that the new value A0’ was harder to compute than A1’ because the
datum from processing element 0 logically fell off the right side of the machine.
If the right-neighbor communication had included a wrap-around (toroidal) link,
the computation of A1’ would have been much more similar to that of A0’.

Unfortunately, more complex communication patterns are not directly sup-
ported by most of the SWAR implementations. Implementations of more general
communication patterns can be built using the PACK and UNPACK operations of
SWAR extensions like MMX to implement shuffle and inverse-shuffle communi-
cation patterns that can be composed to simulate a multistage interconnection
network; however, even this is not particularly efficient. Thus, SWAR programs
should avoid the use of complex communication patterns.

2.3 Reductions

Reductions are operations in which the values stored in the fields of a register
are combined into a single result value by successively applying an operation to
an intermediate result and each of the field values. The final value may be stored
in one or all of the fields of the result register.

For example, if a 4x8 partitioned register contains the values { 3, 4, 9, 18 },
we may store the result of a reduceAdd (3+4+9+18=34) in each of the fields
to form the single result 34. In Figure 5, we perform an unsigned reduceAdd of
the fields of the 4x8 partitioned register A containing the values { 4, 3, 2, 1 } to
form the single result value 10.

31 23 15 7 0

4 2

4 3C=A>>8: 0 2

B=A&mask:

A: 3 24 1

3 1

D=C&mask:

F=E>>16: 0 7

E=B+D: 7 3

G=E+F: 7 10

G&mask: 10

Fig. 5. 4x8u reduceAdd
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This operation is performed recursively. First, the register is split into the
even (multiples of two) and odd (non-multiples of two) fields using masking
operations. Then, using an unpartitioned shift, the fields are aligned and added.
The result is a register with half as many fields, but each is twice as large —
conveniently ensuring that overflow will not occur, even if no spacers are used.
This process is repeated until only one field remains.

2.4 Enable Masking

31 23 15 7 0

F=E>>2:

E=C|D:

G=E|F:

D=C>>4:

0 0 1 11 11 13 4 0

0 0 0 1 11 9 4 0

0 0 0 0 0 1 3 3 3 3 3 3 1 1 0 0

0 0 0 0 0 0 1 2 3 2 3 3 1 1 0 0

I=G|H:

0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0H=G>>1: 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 0 0 0 0 0 0 0 0 0 0 1 0 01 1 1 1 1 1 1 1 1 1 1 1 1 1 01 1 1

27 148C: 0 0

1 1J=I&LSBs: 0 0

127 127K=MSBs-J: 128 128

255 255L=K^MSBs: 00

6 0

0N=A&~L: 4 0 1

M|N: 4 17 6

6B: 8

A: 3 24 1

7 5

M=B&L: 0 7

Fig. 6. 4x8 where(C) A=B

One of the distinguishing characteristics of SIMD computation is the ability
to disable processing elements for portions of a computation. Unfortunately,
SWAR hardware does not allow fields to be disabled per se; instead, a form of
arithmetic nulling must be used. Consider the simple SIMD code fragment:

WHERE (C) A=B
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In this code, A, B, and C are all vectors of the same length. Where the corre-
sponding field of C is true (non-zero), that field within A should be replaced with
the value from the corresponding field from B. Other elements of A should be
unaltered. If it were possible to disable fields, the above statement could be exe-
cuted very straightforwardly by disabling fields corresponding to 0 values within
C and then simply having the enabled processing elements execute A=B.

Without the ability to disable fields, we will need to arithmetically nullify
the undesired computations. The first step is to make the SIMD code fragment
symmetric:

WHERE (C) A=B ELSEWHERE A=A

This looks strange, but accurately reflects the fact that the fields of A that are
to be unaffected by the WHERE must literally be actively read and pasted-together
with the fields taken from B.

There are a variety of techniques that can be used to arithmetically merge
the appropriate fields taken from A and B, but by far the cheapest is to use
bitwise AND to mask the undesired field and then use bitwise OR to merge the
masked results. Indeed, this is the approach used in the example in Figure 6.

First C must be converted into an appropriate mask, which has a field full
of 0s where C was 0 and a field full of 1s where C was non-zero. A log-length
sequence of unpartitioned shifts and bitwise OR operations is used to convert C
into a usable mask, L. This mask is then used to select the appropriate fields of
A and B. In terms of scalar C code:

if (c) a=b; else a=a;

Essentially became:

l = -(c != 0);
a = ((b & l) | (a & ~l));

Although the SWAR code looks somewhat strange, this arithmetic masking is
actually an old trick borrowed from various early SIMD machines. For example,
the Thinking Machines CM-2 used this approach.

3 Compiler Optimizations for SWAR

Optimizations that have been devised for SIMD programming often apply in a
natural way to SWAR programming. However, the unique features of SWAR
execution also motivate a variety of new compiler technologies. Three such tech-
nologies are briefly discussed here: promotion of field sizes, SWAR value tracking,
and enable masking optimizations.
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3.1 Promotion of Field Sizes

Just because a high-level language program stated that a value needed only k
bits does not mean that precisely k bits worth of hardware must be used. For
example, 16 bit values are handled very well by HP’s PA-RISC MAX, but smaller
sizes are not. Thus, a vector that was declared as containing 14-bit values will
yield more efficient code sequences if the array’s object type is promoted to 16-
bit fields. This promotion is particularly favorable because the number of 16-bit
fields that fit in a 64-bit register is precisely the same as the number of 14-bit
fields that would fit — using 14-bit fields would not add any parallelism. Not
all hardware-unsupported field sizes are inefficient; for example, 2-bit fields are
not directly supported by any of the SWAR hardware, but for all the SWAR
implementations described, the extra parallelism width makes operations on 2-
bit fields far more effective than promoting these fields to 8-bits. In general, for
each SWAR implementation, there are certain field sizes that are less efficient
than a somewhat larger field size, and thus none of these inefficient field sizes
should be directly used.

Notice that this promotion of field sizes, and even the use of spacer bits, can
result in different data layouts for the same vector on different computers, and
the user-specified field sizes do not imply any particular field layout. However,
by using a separate SWAR module compiler that communicates only through
C code interfaces that it generates, we can ensure that non-obvious machine-
dependent layouts are not visible outside the SWAR modules.

3.2 SWAR Value Tracking

Nearly all traditional compiler optimizations are based on tracking which values
are available where and when. For example, common subexpression elimination
(CSE) depends on this analysis. The interesting question that SWAR technology
raises is what constitutes the basic unit of SWAR data that we wish to track?

Fundamentally, one would like to track the values of all the fields within a
SWAR register or vector. However, as we have discussed, the compiler’s treat-
ment of SWAR coding often results in code sequences that dynamically change
the apparent partitioning, and this would have the effect of destroying the field-
based value tracking information. Similarly, as discussed in section 2.1, it is often
desirable to use spacer bits between fields to allow ordinary instructions to func-
tion as partitioned operations, and these spacer bits are by definition not part of
the fields they separate. To optimize spacer manipulations, we need to be able
to track spacer values as well as field values. In fact, unpartitioned operations
manipulate both field and spacer values alike, and operations such as shifts can
transform one into the other.

To support aggressive SWAR optimizations, a new value tracking method
is necessary. We suggest that symbolic tracking of values for arbitrary masked-
bit-patterns within a register is appropriate. The following two subsections give
brief examples of the benefits of such tracking.
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Bitwise Value Tracking It is not surprising that SWAR code often uses many
bitwise masking (AND and OR) operations and unpartitioned shifts using constant-
valued masks and shift distances. Consider a simple C code example:

x = (( (x & 0x00ff) << 4 ) & 0xff00);

By tracking how arbitrary masked-bit-patterns are shifted in this sequence, this
code can be converted to the equivalent, but simpler, form:

x = (( x << 4 ) & 0x0f00);

In general, this type of tracking can merge multiple AND or OR operations through
shifts, as well as merging shifts.

Simplification Of Spacer Manipulation It is not unusual that the manip-
ulations of spacer bits will become a significant fraction of all the instructions
executed. Thus, any optimization technique that can reduce the frequency of
spacer manipulations is highly desirable.

In preparation for a partitioned operation, the spacer bits may have to be set
to particular values which depend on the operation. For example, if the operation
is an addition, the spacer bits should be set to 0 in both operand registers. After
a partitioned operation, a carry or borrow may alter these spacer bit values.
Thus, it may be necessary to zero all the spacer bits to correctly isolate the
fields.

Actually, most operations can alter the values of spacer bits. The interesting
fact is that even though most polymorphic instructions, such as bitwise opera-
tions, can alter spacer bit values, they produce field values without being affected
by the values of spacer bits. Thus, these instructions offer the opportunity to
set spacer bits to the next desired value at no cost. For example, consider com-
puting e=((a+b)-(c+d)); using a SWAR representation employing spacer bits
identified by the mask s:

e = (((((a & ~s) + (b & ~s)) & ~s) | s) -
((((c & ~s) + (d & ~s)) & ~s) & ~s)) & ~s;

We would expect conventional compiler optimizations to eliminate the redundant
AND of the subtrahend with the one’s complement of the spacer mask required
by the field isolation stage of the addition and the normalization stage of the
subtraction. This would save one operation, and change the calculation of the
subtrahend from

((((c & ~s) + (d & ~s)) & ~s) & ~s)

To:

(((c & ~s) + (d & ~s)) & ~s)
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By using spacer value tracking, we may be able to make significantly larger
reductions in the number of spacer manipulations needed. Suppose that the
spacer bits for each of a, b, c, and d were already known by the compiler to
be zeros. The normalizations for the additions would not be required, and the
original code could be compacted to the following:

e = ((((a + b) & ~s) | s) -
(((c + d) & ~s) & ~s)) & ~s;

Further inspection reveals that the isolation stages following the additions are
unnecessary because they are immediately followed by the normalization stage of
the subtraction, which overwrites the spacer values just written. This last obser-
vation reduces the original 12 operations to its final form, with just 6 operations
(given that s and ∼s are constants):

e = (((a + b) | s) |
((c + d) & ~s)) & ~s;

It is also interesting to note that by the same analysis, computing e = ((a+ b)−
((c + d)&M)); where M is a constant-valued mask, could be accomplished in the
same number of instructions:

e = (((a + b) | s) |
((c + d) & (M & ~s)) & ~s;

This is because (M & ∼s) is also a constant. In general, the bitwise operations
and unpartitioned shifts discussed in the previous section can be optimized at
the same time as the spacer manipulation.

3.3 Enable Masking Optimizations

Because SWAR hardware does not allow fields to be disabled, there is a signifi-
cant cost associated with the arithmetic nulling of undesired field computations.
However, this cost need not be incurred if the compiler’s static analysis can
prove that all fields are active, or if the compiler can generate code that allows
all fields to be active later correcting the should-have-been-inactive field values.

For “virtualized” processing elements, a single vector may span the fields of
multiple words (registers). Thus, enable masking would have to be performed on
each of the words. This allows the compiler to generate three different versions of
the word-wide SWAR code, and to select among them by examining each word
worth of enable mask:

– If the enable mask word is entirely enabled, then no masking is done; the
corresponding word of the result is directly computed.

– If the enable mask word is entirely disabled, then the corresponding word of
the result is copied from the original value — no computation is done.

– If the enable mask word is partially enabled, then the usual masking is used
in computing the result.
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4 Conclusion

The latest processors from DEC, HP, MIPS, Intel, AMD, Cyrix, and Sun (and
also the soon-to-be-announced next generation of the PowerPC) have proven
that hardware support for SWAR, SIMD Within A Register, is easily and effi-
ciently added to a conventional microprocessor. However, more than year after
most of these processors became available, there are still no general-purpose
high-level languages that allow them to be programmed using a portable SIMD
model. Essentially by design, these SWAR hardware implementations are tuned
for hand-coding of specific algorithms, with sparse coverage of SWAR functional-
ity driven by the need to minimize disturbance of the base processor instruction
set and architecture.

In this paper, we have shown that these flaws can be largely overcome by
the combination of clever coding sequences and a few new types of compiler
analysis and optimization. Only the lack of random inter-field communication is
an unsolvable problem, but these operations have been avoided in many SIMD
algorithms because many traditional SIMD machines also lacked the necessary
hardware support.

For more information about the SWAR model, libraries, and module compil-
ers, see:

http://shay.ecn.purdue.edu/~swar/
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1 Introduction

With rapid advances in FPGA and other hardware technologies, architectures
based on configurable computing engines, in which the Arithmetic Logic Unit
(ALU) can be modified on-the-fly during computation, are becoming popu-
lar. Configurable architectures offer an opportunity for adapting the underlying
hardware to the computation for efficiency. Typically, the need for configuration
arises due to the fact that a given hardware ALU configuration is better suited
for execution of a given algorithmic step. Since a program is an abstraction of a
sequence of algorithmic steps, the need for such a reconfiguration (i.e., changing
from one configuration to another), would thus, arise at different program points
corresponding to these algorithmic steps. The problem of identifying the opti-
mal configurations at different steps in a program is a very complex issue but
allows the power of these architectures to be maximally used if solved. The suc-
cess of these architectures critically depends on the effectiveness of the compiler
and the research in this area is just beginning. The purpose of this paper is to
specifically focus on an automatic compilation framework developed to effectively
exploit operator parallelism.
For example, consider the following loop nest to be executed on a configurable

ALU:

for i := 1 to 100

A[i] = B[i] * C[i] \\S1

D[i] = A[i] + B[i] \\S2

end for

This loop is split into two for-all loops preserving forward dependence due to
A[i]. The reconfigurable ALU is configured to 100 multipliers at the entry point
of the first for-all loop, so that all instances of S1 can execute in parallel. The
ALU is then reconfigured at the entry point of the next loop to 100 adders to
execute all instances of S2. Configuring the hardware at the entry point of a loop
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nest has an overhead associated with it. Thus, the success of the above scheme
depends on the trade-off between performance gain due to operator parallelism
exploited through configuration and the overheads of generating configurations.
This trade-off is the focal point of the automatic compiler analysis and transfor-
mation framework presented in this paper.

The paper is organized as follows: Section 2 discusses related work, section 3
discusses the overall approach of our work, section 4 discusses the framework
for loop and operator transformations. Section 5 discusses analysis of trade-offs
between gains and overheads of reconfiguration. The motivation is first illus-
trated through an example and then our algorithms for automatic reconfigura-
tion analysis and loop transformations are presented. Results are discussed in
section 6, conclusions in section 7. The appendix gives the pseudo codes of the
algorithm developed in this framework.

2 Related Work

There has been a considerable amount of work done on loop optimizations in
parallel computing especially focusing on issues of loop transformations [3]. Most
works deal with the optimizations of loops focusing on data locality [10,11,12,4],
and on data and loop alignment [6] and redistribution [7]. High Performance
Fortran [8] is an important attempt to exploit data parallelism in loops. Vec-
torization was an early attempt in exploiting vector parallelism in many codes.
Randy Allen and Ken Kennedy [1] discuss a comprehensive framework for trans-
lating FORTRAN programs to vector form. M. Gokhale and W. Carlson [9]
have discussed compilation issues for parallel machines. However, none of the
above approaches assume a configurable ALU. A configurable ALU could sup-
port varying demands for operator parallelism, thus opening important issues to
be analyzed by the compiler.

Developing efficient mapping techniques for reconfigurable architectures has
been the focus of recent research [2,5]. Hardware libraries [16], synthesis of effi-
cient hardware [15], exploiting instruction level parallelism (ILP) [14,17,5] have
been the different approaches. Many approaches have focused on effectively uti-
lizing the power of reconfigurable ALUs by proposing variable instruction-sets
like the PRISM-I and II [2] and Brigham Young University’s Dynamic Instruc-
tion Set Computer (DISC) [17]. Recently, Weinhardt [15] developed a frame-
work to synthesize an efficient hardware pipeline that can be configured to suit
the computation. One of the important compiler driven approaches undertaken
recently is the Raw Project [14]. The Raw compilation framework tries to ex-
ploit ILP through asynchronous instruction streams across basic blocks. This
approach gives excellent speedups for custom ALUs (such as [14]) but its ap-
plicability to general purpose reconfigurable engines such as FPGAs is limited
due to very high overheads of reconfiguration. This motivates our approach of an-
alyzing loops to determine trade-offs at a macro level for achieving performance
enhancement. Our goal is to determine program points where reconfiguration
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is most beneficial; where the overhead of reconfiguration is incurred only once
across loop nests but benefits gained are as many times as the trip count.

3 Overall Approach

We first introduce some notations and definitions that we have used - Config-
uration: A set of operators, and the number of each operator that are imple-
mented on the hardware to support computation at a given time. A configura-
tion is expressed as a set of tuples. For example, a configuration comprising 100
multipliers and 50 adders is represented as {< ∗, 100 >,< +, 50 >}. Cutset:
A group of statements, represented as a set, that execute under a particular
configuration. Fo r example, if statements S1, S2, and S3 execute under the
configuration {< ∗, 100 >,< +, 50 >}, they are denoted as cutset {S1, S2, S3}.
We now present an overall approach of the automatic reconfiguration analysis.

1. Loop and Operator Transformations:This is the first phase which takes
a PDG as an input and performs loop transformations such as loop splitting,
statement reordering, etc. within loops. It also undertakes operator trans-
formations for reconfiguration elimination by configuration reuse. Section 4
explains the specific optimizations undertaken in detail.

2. Reconfiguration Analysis: This phase analyzes the trade-offs between the
costs of reconfiguration and performance gains due to reconfiguration for
exploiting operator parallelism within loop nests. Space-time cost models of
operators are used for compile time analysis by this phase. The phase uses
a two-pass solution and generates a PDG annotated with reconfiguration
directives.

3. Machine Dependent Optimizations: This phase performs architecture
specific optimizations targetted towards the specific reconfigurable system
and is our future work.

4. Code Generation: This phase generates code for execution on reconfig-
urable hardware and will be implemented in the near future.

L2:

( a )

L1:

for i = 1 to 100 

end for

for i = 1 to 100

end for
A[i] = B[i] + C[i] + D[i] + E[i] + x + y

L2:

L1:

for i = 1 to 100

end for

for i = 1 to 100

end for
A[i] = B[i] + C[i] + D[i] + E[i] + x + y

code (a) is transformed into code (b) ( b )

A[i] = B[i-1] + B[i-1] + B[i-1] + B[i-1] + B[i-1] + B[i-1];

Parallel Additions

A[i] = B[i-1] * 6

Fig. 1. Example codes

Depending on the computational demands of a loop, a given set of state-
ments within a loop may demand a certain hardware configuration for their best
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execution. The problem of determining a set of statements that prefer a certain
configuration is highly combinatorial due to enormous number of possibilities
involved. Also, once the statements are grouped in terms of their preferred con-
figurations, the next goal is to analyze whether or not they should be assigned
to two different configurations. This is a hard graph partitioning problem. We
have developed heuristics to efficiently solve these problems.
In practice, the costs of reconfiguration for current generation of FPGAs

are quite high. Thus, the performance gains on these systems are greatly in-
creased if the number of reconfigurations are kept to a minimum. In order for
the heuristics to be effective, program transformations should be done to expose
more opportunities for configuration reuse. The focus of the next section is on
operator and loop transformations targetted towards configuration reuse. These
transformations are done as a preprocessing step to configuration analysis.

4 Framework for Operator and Loop Transformations

Initially, loop transformations are performed to expose parallelism in statements
to optimally utilize the hardware space for parallel execution of operations. A
very useful transformation is a for-all loop conversion, where a given loop is
split into a sequence of for-all loops. Each for-all loop therefore, would exhibit
maximum operator parallelism, and each boundary between the for-all loops
could be a potential reconfiguration point. Certain loop transformations such
as loop peeling, scalar expansion [18,3,4], etc are performed to remove some of
these dependencies so that the resulting loop could be split into a sequence of
for-all loops.

4.1 Operator Transformation

The motivation for operator transformation is the reuse of previous configu-
rations generated in order to reduce reconfigurations. Consider the code given
in Figure 1 (a), that has to be implemented on hardware for execution. Loop
nest L1 consists of 3 parallel additions per iteration and thus, the configuration
for L1 would be {< +, 300 >}. Loop nest L2, on the other hand, contains a
multiplication operation and its configuration would be {< ∗, 100 >}. A recon-
figuration would have to be done between the two loop nests. If we can transform
the multiplication operator into a series of additions as shown in Figure 1 (b),
we can avoid the reconfiguration since the configuration demand of L2 is now
{< +, 300 >}.
Although the cost of implementing a multiplication through a series of addi-

tions is higher, such a transformation could reuse previous configurations, saving
reconfiguration overheads. Each complex operation can thus be broken down into
simpler constituent operations that can be executed in parallel. Since the hard-
ware can support a higher multiplicity of simple operations, and such operations
can span a range of complex operations, we can eliminate redundant reconfigu-
rations by operator transformations.
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4.2 Statement re-ordering for configuration reuse

Since each configuration consists of a set of operators along with their multi-
plicities, one may attempt a transformation where statements with “similar”
operators are moved together through statement re-ordering. In doing so the
dependencies of the program must be preserved. Consider the statements given
in the loop below,

for i = 1 to 100 Cutset Configuration

a[i] = b[i] + c[i] //S1 {S1, S2} {<+,100>,<-,100>}

d[i] = a[i] - b[i] //S2 {S3, S4} {<*,100>,<-,100>}

e[i] = d[i] * a[i] //S3 {S5} {<+,100>}

f[i] = e[i] - a[i] //S4

g[i] = a[i] + b[i] //S5

end for

Due to limited hardware space, the compiler may attempt to generate three
configurations as shown above. But as one can see, statements S1 and S5 share
the same operator < + >, and statements S2 and S4 share the same operator
< − >. We note that by moving S5 before S2 and after S1, we maintain the de-
pendency and increase configuration locality. The custets and configurations are
now reduced to {S1, S5} executing in {< +, 100 >} and {S2, S3, S4} executing
in {< ∗, 100 >,< −, 100 >}. Thus, operator locality results in fewer number of
configurations.

5 Framework for Reconfiguration Analysis

Once the above transformations are done, the next phase of the compiler focuses
on analyzing the Program Dependency Graph (PDG) to determine cut-sets and
the corresponding configurations. This phase is split into two passes (Figure 2).
The input to the first pass is a PDG and a cost model of the reconfigurable
ALU which includes execution time of operators, RPU (Reconfigurable Process-
ing Unit) space occupied, total reconfigurable space and reconfiguration time 1.
The algorithm generates cut-sets and corresponding configurations for loops.
The problem of generating optimal cut-sets and corresponding configurations is
NP-hard. This problem can be shown to be equivalent to a 0/1 knapsack prob-
lem, the idea being to pack as many statements as possible in one configuration
to minimize reconfiguration subject to constraint of hardware space. We use two
heuristics to make the analysis more tractable. The heuristics are described in
the next subsection. In the second pass, analysis to reduce the number of re-
configurations is undertaken. In this pass, the total cost of execution for two
consecutive cut-sets along with the reconfiguration overheads is compared with
the total time to execute when the two cut-sets are merged into a single con-
figuration. If the latter cost is lesser than the former, the cut-sets are merged
eliminating reconfiguration between the cut-sets.

1 A detailed description of the cost model for Xilinx 6200 family used for compile time
analysis is given in the implementation section.
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 PDG

Cutset and Configuration
Generation

       Reconfiguration
       Minimization

Cutsets and Configurations

Heuristic 1:
Configuration

Match

Heuristic 2:

Requirement
FPGA Space

Model
Cost

Fig. 2. Cutset and configuration generation

5.1 Motivating Example

We now explain the motivation behind our approach through an example.

for i = 0 to 100 Cutset Configuration
A[i] = A[i] * a + b; // S1 {S1, S2} {<*,100>,<+,100>} Config-1
B[i] = A[i] + B[i] * b; // S2 {S3,S5,S6} {</,100>,<+,100>} Config-2
C[i] = A[i] / c + a; // S3 {S4} {<*,100>,<+,100>} Config-3

D[i] = B[i] * c + D[i]; // S4
E[i] = B[i] + C[i] / c; // S5
F[i] = F[i] + C[i]; // S6

end for

In the given example, there are only forward dependencies among the state-
ments in the loop. The loop can be split into sequence of for-all loops. A PDG
(Figure 3(a)) is generated for the loop and the statements are analyzed in the
topological order. The statements in level 1 (S1) require multiplication and
addition operations and each statement in the loop is executed 100 times. Thus,
if there are 100multipliers and 100 adders, all instances of S1 can be executed in
parallel. Similarly, in level 2 there are two statements - S2, and S3, and in level
3 there are 3 statements - S4, S5, and S6. Statements in the same level can be
executed in any order since there are no data dependencies among them. If all
the operators required by the statement for all the instances can be generated
on the hardware, they can be executed in parallel. However, each statement may
need a different support for concurrent execution of its instances. Given limited
hardware, the problem is to group statements that need similar operator support
together to form cut-sets. We use two heuristics to find cut-sets, Configuration
Match and FPGA space requirement, which are explained in the next subsec-
tion. The cut-sets, along with the associated hardware configuration found by
the Configuration Match heuristic for the above loop are tabulated beside the
example. As can be seen the loop can be split into a sequence of for-all loops.
Each for-all loop is a cutset, executing under the configuration of that cutset.
Reconfiguration is needed between two for-all loop nests since their configuration
requirements are different. The transformed loop is given in Figure 3(b).

5.2 Cut-set and Configuration Generation

Our approach involves analysis of the program using a PDG constructed at loop
nest level. The nodes of the PDG are annotated with the data (array and scalar)
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S1

S2

S4 S5

S3

S6

Level 1

Level 2

Level 3

Cut-set 1

Cut-set 3 Cut-set 2

m,a

m,a

d,a

d,a

a

m,a

key: m - multiplier, d - divider, a - adder

Step 1: for i = 1 to 100

Step 4: Reconfig. - config-2 to config-3
Step 5: for i = 1 to 100

  

Step 0: Generate config-1

Step 2: Reconfig. - config-1 to config-2
Step 3: for i = 1 to 100

end for

A[i] = A[i] * a + b;     // S1
B[i] = A[i] + B[i] * b; // S2

C[i] = A[i] / c + a;     // S3
E[i] = B[i] + C[i] / c; // S5
F[i] = F[i] + C[i];      // S6

end for

D[i] = B[i] * c + D[i]; // S4

end for

(a)
(b)

Fig. 3. PDG for the given loop

elements referenced, and the operations involved on these data elements. Each
node of the PDG corresponds to a given statement. The directed edges in the
PDG represent the data dependence from one node to another in the direction of
the edge. The nodes in the PDG are given level numbers. Level number represents
the depth of the node in the PDG. A node has level number 1 if it is not data
dependent on any of the statements in the loop. A level of node n is thus given
by: level(n) = 1 +maxp∈predecessor(n)(level(p)). The nodes with the same level
number are can be executed in any order.

The PDG of the loop is traversed level by level in the order of the flow-
dependence in the program. From the annotated node, the operators required for
each statement (such as multipliers, adders, etc) are determined. The amount
of space required by each statement is given by the multiplicity of each of its
operators given by the surrounding loop trip count and the space needed for
its implementation. For example, if a statement involves one multiplication and
one addition, and the loop count is 100, we will require 100 multipliers and 100
adders to execute all instances of the statement in parallel. If the underlying
hard-ware can be configured to support 100 multipliers and 100 adders, all 100
instances of the statement will execute in parallel in one step. Our algorithm
for generating cut-sets uses the space constraint to determine which statements
should be grouped into one configuration.

The following factors affecting program execution motivate the development
of our two heuristic approaches to generate cut-sets.

1. Number of reconfigurations performed: Since reconfiguration overhead
is significant, reconfigurations have to be kept a minimum. This motivates
grouping of statements with similar operator requirements.

2. FPGA space utilization: The FPGA space should be utilized to the max-
imum extent to fully exploit available parallelism within each configuration.
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The algorithm traverses the PDG in topological order and generates cut-
sets and configurations incrementally. At every level, the algorithm invokes the
selected heuristic to determine the ordering on the statements at that level for in-
clusion in the current cutset being incremented. Once the statements are ordered,
the algorithm uses space constraints to decide whether to include the statement
in the current cutset or whether to start a new cutset. In case the algorithm
decides to include the statement in the current cutset, the corresponding config-
uration may or may not have to be incremented. We give a formal description
of the algorithm in the appendix.

The heuristics developed to generate cut-sets are as follows:

Configuration Match: This heuristic selects a statement for inclusion in
the current cutset if there is a maximal match between the operator support
available in the current configuration and the operator support required by the
statement. Assume that the heuristic is in the process of selecting the next state-
ment for inclusion in the current cutset. Let the current configuration comprise
of operators Oi and, Oj. Let there be 3 statements S1, S2 and S3 which are
candidates for inclusion in the current cutset for the above configuration. Let
S1 require operators Ok, Oi; S2 require operators Oi, Oj; and S3 require oper-
ators Om, On. For statement S1, one of the required operators Oi is available
in the current configuration (a match), and the other is not (an unmatch). For
S2, both the operators are available (two matches), and for S3 none match (two
unmatches). We then perform ordering (>) on statements using their match and
unmatch counts. Statement Si > Sj (Si is placed before Sj) if unmatch count
of Si is lower than that of Sj. If the unmatch count is equal, then Si > Sj if
match count of Si is greater than that of Sj . Based on this criteria, the given
statements will be ordered as S2 > S1 > S3 . Thus, S2 is a better candidate for
inclusion in the current cutset than both S1 and S3.

In the above heuristic, the motivation behind ordering statements is to en-
force maximal overlap between the new configuration and the old configuration
to maximally utilize partial reconfiguration when space constraint is not met. For
example, in the above illustration, for the candidate S1 if the space constraint is
not met, one would start a new cutset and a new configuration < Ok, Oi >. One
can see that this new configuration has a good amount of overlap with the pre-
vious configuration < Oi, Oj >. Thus, reconfiguration would be partial resulting
in minimal reconfiguration overheads.

FPGA Space Requirement: The second heuristic orders statements such
that those which require higher FPGA space for generating their configuration
are placed before those which need lesser space. The cutset and the corresponding
configuration are then generated until the space constraint is met. A new cutset
and configuration is generated when the space constraint is not met. This will
enable maximum utilization of FPGA space, and would give better performance
of the loop nest. The ideas given above are formally presented in the algorithms
detailed in the appendix.
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5.3 Reconfiguration Minimization

Once the PDG has been completely traversed and cut-sets generated, we make
another pass over the cut-sets. In this pass the cut-sets are analyzed taking two
adjacent ones at a time. Let C1 denote the sum of the execution cost of cut-
sets under their respective configurations, along with the reconfiguration cost.
Let C2 denote the total execution cost of the two cut-sets under a common
configuration. If C2 is lesser than C1, this phase will merge the cut-sets and
generate a common configuration. Otherwise, the cut-sets and configurations
are left unchanged.

The common configuration would comprise all the operators that are present
in the configuration of the given two cut-sets. For example, if configuration
of cutset-1 is {< ∗, 100 >,< +, 100 >}, and that of cutset-2 is {< /, 100 >,
< −, 100 >}, then the common configuration would comprise {∗, /,+,−}. The
multiplicity of each operator is computed based on the total FPGA chip space.
For example, if the available space enables us to generate 50 of each operator,
then the common configuration would be {< ∗, 50 >,< +, 50 >,< /, 50 >,
< −, 50 >}.

6 Implementation and Results

6.1 Implementation

Our framework is implemented using the SUIF [13] compilation system. The
framework has been tested using loops taken from standard benchmarks, such
as the Perfect benchmarks, a suite of scientific and engineering programs such
as NASI, WSSI and SRSI; and the Livermore loops, a set of loops extracted
from operational codes used at the Lawrence Livermore National Laboratory.
Some scalar variables in the loop were scalar expanded to arrays. For loops with
unknown loop bounds, three cases of loop counts are considered: small (100),
medium (1000) and large (10000). The benchmark loop structures are shown in
Figure 4

6.2 Results

The cost model for Xilinx 6200 family of FPGAs was developed and used by
the compiler for analysis. The cost model provides the cost (time) of executing
an operator, the space an operator takes on the reconfigurable system, and par-
tial reconfiguration costs. In this work, we first developed a parametric model
for Xilinx 6200 family of processors for different operator implementations. We
have used the models for XC6216 and XC6264 to measure and characterize the
performance of our approach. The relative space-time costs (derived from de-
tailed space-time cost model of each operator) of some common operators that
are involved in the benchmark programs are shown below:
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Loop-4 taken from NASI

     for ( I = 1; I <= NBF; I++) {
           AC[I] = A[I] * EFACT;
           BC[I] = B[I] * RFACT;
           AD[I] = AC[I] / UNITE;
           BD[I] = BC[I] * UNITL;
           A[I] = AD[I];
           B[I] = BD[I];
     }

  for ( l = 1; l <= loop; l++) {
       for (k = 0; k < n; k++) {
          a[k] = r * z[k+10] + t* z[k+11];
          x[k] = q + y[k] * a[k];
       }
  }

Loop-2 ( Equation of state fragment )

   }

   for ( l = 1; l <= loop; l++) {
         for (k = 0; k < n; k++) {
            a[k] = r * (z[k] + r * y[k]);

            c[k] = r * (u[k+5] + r * u[k+4]);
            d[k] = t * (u[k+6] + c[k]);
            e[k] = t * (u[k+3] + b[k] + d[k]);
            x[k] = u[k] + a[k] + e[k];
         }

            b[k] = r * (u[k+2] + r * u[k+1]);

Livermore loops :
Loop-1 ( Hydro fragment )  :

Loop-3 ( Discrete ordinates transport,
                conditional recurrence on xx)

}

       for ( l = 1; l <= loop; l++) {
         for (k = 0; k < n; k++) {

  di[k] = (y[k] - g[k]) / (xx[k] + dk);
  dn[k] = z[k] / di[k];
  a[k] = (w[k]+v[k]*dn[k]) * xx[k];
  b[k] = (vx[k] + v[k]*dn[k]);
  x[k] = (a[k] + u[k])/ b[k];
  xx[k+1] = (x[k] - xx[k])*dn[k] + xx[k];
}

Loop-3 taken from WSSI

     for ( I = 0; I < LOT; I+= 96 ) {
         W[I] = G[I] + G[I+32] + G[I+64];

          W[I+1] = G[I+1] + G[I+33] + G[I+65];

    }

         W[I+2] = ( G[I] + HM*(G[I+32]+G[I+64]))

           W[I+3] = (G[I+1]+HM*(G[I+33]+G[I+65]))

           W[I+4] = (G[I]+HM*(G[I+32]+G[I+64]))
- (SIN60*(G[I+33]-G[I+65]));

+ (SIN60*(G[I+33]-G[I+65]));

+ (SIN60*(G[I+32]-G[I+64]));

- (SIN60*(G[I+32]-G[I+64]));

           W[I+5] = (G[I+1]+HM*(G[I+33]+G[I+65]))

Perfect benchmark loops :

  for ( J = 1; J <= JMAX; J++) {
        RHO = Q[J][K][1] * XYJ[J][K];
        U[J] = Q[J][K][2] / Q[J][K][1];
        V[J] = Q[J][K][3] / Q[J][K][1];     
        UVSQ[J] = U[J]*U[J] + V[J]*V[J];
        ENERGY = Q[J][K][4] * XYJ[J][K];
        PPP[J] = PRESS[J][K] * XYJ[J][K];
        CPC[J] = 2 / (GAMMA * FSMACH *

  

FSMACH);
        CP = (PPP[J] * GAMMA - 1) * CPC[J];
        EMACH = UVSQ[J] / SNDSP[J][K];
 }

Loop-2 taken from SRSI

for ( i = 1; i <= N; i++) {
     DUP[i] = P1[i] * TG[LO][i+1] - TG[LO][i];
     DVP[i] = CI[i+1] * CB[12] - CB[i];
}

Loop-1 taken from WSSI

Fig. 4. Benchmark Loops

Operator ADD SUB MUL DIV

Time 1 1 3 3.5

Space 1 1 4 10

The loops are partitioned into cut-sets and corresponding configurations are
generated. The total execution time including reconfiguration overhead is com-
puted for each loop. For determining speed-ups, the loop completion time on a
reconfigurable processor, such as XC6264, is compared with the time taken on a
non-reconfigurable processor. We assume that the reconfigurable system is a co-
processor type of environment, with a reconfigurable FPGA and memory local to
the system. In our experiments, we assume that the corresponding data needed
by the loops is locally available in the memory through a pre-fetch by overlap-
ping the DMA cycles with the CPU during execution. The speed-up is defined
as the ratio of sequential execution time on a non-reconfigurable processor to the
execution time on a reconfigurable processor. We illustrate the speed-up calcu-
lation through an example loop, loop-4 taken from NASI (Figure 4). Statements
are denoted as S1, S2, . . ., S6 in the order in which they appear in the loop.
On a non-reconfigurable processor, the loop is executed sequentially. There are
3 multiplications and 1 division operation in the loop. The loop count is 1000.
Based on our cost model, the loop completion time = 1000 * (3 + 3 + 3 + 3.5) =
12500 time units. The cut-sets and the configuration obtained by our algorithm
is given below.
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Livermore Loops Perfect Benchmarks
Type Loop Conf match FPGA Space Conf match FPGA Space

Pass1 Pass2 Pass1 Pass2 Pass1 Pass2 Pass1 Pass2
Spd Spd Spd Spd Spd Spd Spd Spd

Small 1 20 20 20 20 16.67 16.67 16.67 16.67
2 20 20 20 20 4.51 5.77 5.65 5.77
3 5.28 5.39 5.28 5.39 17.01 18.98 19.43 19.43
4 7.31 7.31 4.61 6.67

Medium 1 20.84 20.84 20.84 20.84 16.95 16.95 16.95 16.95
2 20.92 20.92 20.92 20.92 10.59 10.59 9.17 9.17
3 10.67 10.67 10.67 10.67 21.25 21.25 19.91 19.91
4 15.60 15.60 13.87 13.87

Large 1 20.96 20.96 20.96 20.96 16.97 16.97 16.97 16.97
2 21.06 21.06 21.06 21.06 12.35 12.35 9.76 9.76
3 11.87 11.87 11.87 11.87 21.83 21.83 19.96 19.96
4 17.69 17.69 17.44 17.44

Table 1. Speed-ups obtained for the benchmarks for XC6216 processor

Livermore Loops Perfect Benchmarks
Type Loop Conf match FPGA Space Conf match FPGA Space

Pass1 Pass2 Pass1 Pass2 Pass1 Pass2 Pass1 Pass2
Spd Spd Spd Spd Spd Spd Spd Spd

Small 1 50 50 50 50 50 50 50 50
2 50 50 50 50 1.72 25 3.72 25
3 2.31 24.18 2.31 24.18 15.47 60.29 56.94 56.94
4 2.98 25 1.53 25

Medium 1 83.33 83.33 83.33 83.33 66.67 66.67 66.67 66.67
2 83.33 83.33 83.33 83.33 13.3 25.64 18.69 25.64
3 16.35 24.8 16.35 24.8 60.29 75.92 76.63 76.63
4 21.77 29.41 12.83 29.41

Large 1 84.74 84.74 84.74 84.74 70.92 70.92 70.92 70.92
2 84.89 84.89 84.89 84.89 40.64 40.94 35.78 36.01
3 41.51 41.51 41.51 41.51 87.4 87.4 81.01 81.01
4 60.02 60.02 50.35 50.35

Table 2. Speed-ups obtained for the benchmarks for XC6264 processor

Cut-set Config Steps Time

{S1, S2, S4} {<*, 26>} 39*(3 mul)=117 117*3 = 351

{S3, S5, S6} {</, 10>} 100*(1 div)=100 100*3.5 = 350

Reconfiguration time for reconfiguring XC6216 chip from {< ∗, 26 >} to
{< /, 10 >} is 100 time units. The loop completion time for medium loop,
including reconfiguration overhead, is 351 (for multiplication) + 100 (1 reconf)
+ 350 (for division) = 801 time units. Speedup = 12500/801 = 15.60.

In the above speed-up computation, the clock speeds of the reconfigurable
and non-reconfigurable processors are assumed to be the same. In practice, how-
ever, the FPGA based reconfigurable processors are slower than the traditional
non-reconfigurable processors such as RISC, by a factor of 10 or so in terms
of clock speeds. However, non-reconfigurable instruction set based processors
need memory accesses for instruction fetch, and incur overheads for instruc-
tion decode. These overheads are absent in hardware based approaches using
reconfigurable processors. Considering this trade-off, the speed-ups shown could
degrade by a factor of 6. The resulting speed-up values are still quite attractive.
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Livermore Loops Perfect Benchmarks
XC6216 XC6264 XC6216 XC6264

Type Loop RScm RSfs RScm RSfs RScm RSfs RScm RSfs
Small 1 1.86 1.86 0.71 0.71 4.67 4.67 0.46 0.46

2 0 0 0 0 1.86 1.86 2.8 2.8
3 4.36 4.36 2.8 2.8 4.67 0 0.46 0
4 4.67 8.4 1.87 1.87

Medium 1 1.86 1.86 0.71 0.71 4.67 4.67 0.46 0.46
2 0 0 0 0 4.41 2.8 2.8 2.8
3 3.74 3.74 2.8 2.8 2.33 0 0.46 0
4 4.67 4.04 1.87 1.87

Large 1 1.86 1.86 0.71 0.71 4.67 4.67 0.46 0.46
2 0 0 0 0 4.4 2.8 1.01 0.77
3 3.74 3.74 1.34 1.34 2.33 0 0.23 0
4 4.67 4.04 0.93 0.62

Table 3. Average remnant space (% of total) on FPGA for the benchmarks

Table 3 gives the average remnant space on the FPGA processor after the
required configurations have been generated. RScm refers to remnant space when
Config Match heuristic was applied, and RSfs refers to remnant space when
FPGA Space heuristic was applied. The average remnant space is given as a
percentage of total hardware space.
The speedup results for small, medium and large size benchmark loops for

the XC6216 reconfigurable chip are computed as above and are given in Ta-
ble 1. For the XC6264 chip, the results are given in Table 2. Cut-sets and their
corresponding configurations are generated in Pass 1. In Pass 2, a merging of
cut-sets is performed when reconfiguration overheads outweigh the performance
benefits obtained through reconfiguration. In the tables, Spd refers to Speed-Up
obtained as a factor of the execution times. In the next subsection, we summarize
the discussion of these results.

6.3 Discussion of Results

Comparison of Speed-ups:
The speed-ups obtained are substantial in all cases (ranging from 5.39 to

87.4). As noted earlier, the actual speed-up could be 5-6 times lesser accounting
for slow clock speeds of current FPGAs.
Across the two heuristics: In most cases, the speed-ups using both heuris-

tics are comparable, but in the case of Loop 2 and Loop 4 in the Perfect Bench-
marks suite, the ConfigurationMatch heuristic has performed significantly better
for medium and large sized loops (Tables 1 and 2). As can be seen from the loop
structures, these loops have complex operations such as multiplications and divi-
sions, which have a wide disparity in their space- time costs. This suggests that
a better configuration match would reduce execution time even though it tends
to waste some FPGA space. As the loop bounds are increased, the parallelism
also increases, and Config Match algorithm tends to utilize more FPGA space,
reducing the wastage. Hence it is able to perform better for loops with a large
diversity in operators and for large loop bounds.
Across loop sizes: As loop sizes increase, operator parallelism increases,

and in all cases, the speed-ups also increase. Since the FPGA space is limited,
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an increase in parallelism beyond the space limitation does not help in improving
performance. This is because for large loop sizes, the execution becomes sequen-
tial once the FPGA space constraint limit is reached. For example, for loop 2 in
Livermore, loop 2 in Perfect and loop 4 in Perfect, there is a considerable change
in speed-up from small loop bounds to medium loop bounds, but a small change
in speed-up from medium to large.
Improvement after optimizing second pass: The second pass resulted

in significantly improved speed-ups in case of small loops. The speed-up improve-
ments are almost 4 times in some cases.

Comparison of Remnant FPGA Space
In all cases, the two heuristics are very efficient in using the FPGA space,

with only a small fraction of the space left unused. It is quite obvious that the
second heuristic would perform better in terms of FPGA space utilization, and
this is evident in the case of some loops with medium and large loop bounds
(refer Table 3). In most cases, as the loop bounds increase, the unused FPGA
space decreases as the two heuristics effectively use the FPGA space.

7 Conclusion

This paper presents a framework for automatic compilation analysis for loops
targetted towards reconfigurable systems. We have also presented methods for
improving effectiveness of analysis through configuration reuse, loop and op-
erator transformations. The key focus of the framework is on identifying the
program points where reconfiguration is most beneficial by analyzing trade-offs
between costs and benefits due to reconfiguration. The framework proposes a two
pass solution to the problem and is implemented in SUIF compilation system.
This work shows that lot of operator parallelism exists within loops and can

be exploited by performing the right analysis to utilize the power of reconfig-
urable ALUs. A reconfigurable system based on commercially available FPGAs
is a very cost-effective method of exploiting such parallelism. With the advent
of larger and faster FPGAs these solutions could thus provide a powerful mech-
anism for exploiting operator parallelism.
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Appendix

Notations used in the algorithm:
config tuple: The operator field of the configuration tuple (config tuple) is de-
noted by config tuple(oper) and its multiplicity is denoted by
config tuple(oper count).
space reqj denotes space required to implement the operator Oj on hardware.
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space req(si) denotes space required to implement all the operators needed for
statement si.

Note: In the following algorithm, the variable TotalCutsetConfig is used to store
the configuration of the current cutset. This is copied to the variableCurrentCon-
fig when we go to a new level in the PDG. CurrentConfig is used for processing.
Whenever new operators are added, and/or operator multiplicity is changed,
TotalCutsetConfig is updated.

Algorithms

Algorithm I : GenerateCutsetsAndCongurations

Input: PDG for the loop body.
Heuristic chosen /* Config Match or FPGA Space Requirement

Output: Cut-Sets, comprising the group of statements, and the edges between the
cut-sets annotated with reconfiguration directives.

1.AvailableFPGASpace ← TotalFPGASpace
2. TotalCutsetConfig ← ∅
3.CutsetList← ∅
/* This list will be used to store the Cut-sets and the corresponding
/* Configurations. The list will consist of nodes, where each node will
/* have the cutset, and the corresponding configuration.

4.CurrentLevelInPDG← 1
5.CurrentCutset← ∅
6. Traverse the PDG in topological order (In the order of flow dependence in the
program) and perform the following:
a. Group all the statements in the PDG that are at level CurrentLevelInPDG.
b. Call RearrangeStatements
/* Returns the ordered set of statements at CurrentLevelInPDG as
/* per chosen heuristic.

c. Copy all the tuples in TotalCutsetConfig to CurrentConfig.
d. for each statement si in the sorted order do
• Determine the operators required for si.
• ConfigReq ← ∅
• for each operator Oi in si do
◦ config tuple(oper)← Oi
◦ config tuple(oper count)← loop count.
◦ ConfigReq ← ConfigReq ∪ config tuple

• if ∀config tuple ∈ ConfigReq, ∃ currconfig tuple ∈ CurrentConfig
such that(config tuple(oper) = currconfig tuple(oper)) then
Is Subset ← TRUE else Is Subset ← FALSE

• if ∀config tuple ∈ ConfigReq, ∃ currconfig tuple ∈ CurrentConfig
such that ((config tuple(oper) = currconfig tuple(oper)) AND
((config tuple(oper count) ≤ currconfig tuple(oper count)) then
Is Less← FALSE

else Is Less← TRUE
• if Is Subset = TRUE AND Is Less = FALSE then
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/* All the required operators and their required number are
/* available in CurrentConfig. So, we can support parallel
/* execution of all the instances of statement si.
◦ CurrentCutset ← CurrentCutset ∪ {si}
/* For each operator that’ll be used from CurrentConfig,
/* subtract the count of the operator in ConfigReq from the
/* corresponding operator count in CurrentConfig

◦ for each currconfig tuple∈CurrentConfig, config tuple∈ConfigReq
do
if ∃(currconfig tuple(oper), config tuple(oper)) such that
currconfig tuple(oper) = config tuple(oper) then
currconfig tuple(oper count)← currconfig tuple(oper count) −
config tuple(oper count)

else
/* We need to support new operators or more number of existing
/* operators in CurrentConfig. Check if we can satisfy the
/* requirement.
• space req(si)← 0
• for each config tuple∈ConfigReq, currconfig tuple∈CurrentConfig
do
if ∃(currconfig tuple(oper), config tuple(oper)) such that
(config tuple(oper) = currconfig tuple(oper) then
diff ← config tuple(oper count)− currconfig tuple(oper count)

else
diff ← config tuple(oper count)

space req(si)← space req(si) + diff × space req(config tuple(oper))
• if AvailableFPGASpace ≥ space req(si) then
/* We have FPGA space to generate the required operators. We
/* update the configuration to include newly generated
/* operators and/or update the multiplicity of operators
/* already existing in CurrentConfig.
◦ CurrentCutset← CurrentCutset ∪ {si}
◦ AvailableFPGASpace ← (AvailableFPGASpace − space req(si))
/* For those operators in ConfigReq that are also in
/* CurrentConfig, we have to update the multiplicity in
/* TotalCutsetConfig. For the new operators, we create a new
/* tuple, set the fields of the tuple, and add it to
/* TotalCutsetConfig.

◦ for each config tuple ∈ ConfigReq,
currconfig tuple ∈ TotalCutsetConfig do

if ∃(currconfig tuple(oper), config tuple(oper)) such that
(config tuple(oper) = currconfig tuple(oper)
then
currconfig tuple(oper count)← currconfig tuple(oper count)+
config tuple(oper count)

else
currconfig tuple(oper)← config tuple(oper)
currconfig tuple(oper count)← config tuple(oper count)
TotalCutsetConfig ← TotalCutsetConfig ∪ {currconfig tuple}

• else if (Is Subset = TRUE) then
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/* The required operators are present in CurrentConfig, but
/* their multiplicity is lower than the required number. No
/* additional space available to increase multiplicity. So, we
/* cannot execute all instances of si in parallel.
/* We execute a set of instances of si in sequential steps.
◦ CurrentCutset ← CurrentCutset ∪ {si}
◦ min count← The count of that operator in si whose multiplicity is
minimum in TotalCutsetConfig.
/* Among the operators required by si, we take the count of
/* that operator whose multiplicity is min in
/* TotalCutsetConfig. This many instances of si can execute

/* in parallel. So, number of steps required is d loop count
min count

e.
◦ steps = d loop count

min count
e

• else
/* The required operators are not present in CurrentConfig,
/* and there is no additional FPGA space to create them.
/* So we need to reconfigure.
◦ Set the configuration of CurrentCutset to TotalCutsetConfig.
◦ Add CurrentCutset to CutsetList.
◦ CurrentCutset ← new Cutset.
◦ CurrentCutset ← {si}
◦ AvailableFPGASpace ← TotalFPGASpace
◦ space req(si) =

∑
j∈operator in si

(space reqj)

◦ noof opers = min(bAvailableFPGASpace
space req(si)

c, loop count)

◦ TotalCutsetConfig ← ∅
/* We update TotalCutsetConfig with newly created config.
/* We also update CurrentConfig to the same, except that
/* the operator multiplicities are 0. This is because all
/* the generated operators are already used by si.

◦ for each operator Oi in si do
config tuple(oper)← Oi
config tuple(oper count)← noof opers
TotalCutsetConfig ← TotalCutsetConfig ∪ {config tuple}
currconfig tuple(oper)← Oi
currconfig tuple(oper count)← 0
CurrentConfig ← CurrentConfig ∪ {currconfig tuple}

◦ AvailableFPGASpace ← (AvailableFPGASpace − space req(si))

e. Increment CurrentLevelInPDG
f. Repeat statements a, b, c, d and e for all the statements in the PDG.

Procedure : RearrangeStatements

Input: CurrentConfig - Current FPGA configuration.
Heuristic chosen - “Configuration Match” or “FPGA Space Requirement”
Set of statements to be rearranged.

Output: Rearranged statements.

if heuristic is Configuration Match then
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/* Statements are to be arranged such that those whose configuration
/* requirement closely matches CurrentConfig are arranged first
/* followed by statements that have fewer match.
• Create a local array of size equal to number of statements in input.

Each element of the array is a structure with 3 fields : Match Count,
Unmatch Count, and an input statement.

• for each element ei in local array do
◦ ei.Match Count← 0
◦ ei.Unmatch Count← 0
◦ ei.statement← si . /* si ∈ Input statements

• for each element ei in the local array do
• si ← ei.statement
• for each operator Oj in si do
◦ if Oj is present in CurrentConfig then

Increment ei.Match Count.
◦ else

Increment ei.Unmatch Count.
• Arrange elements in the local array in decreasing sorted order based on the
following criteria.
/* Statement ei.si > ej .sj if ei.Unmatch Count < ej .Unmatch Count.
/* If ei.Unmatch Count = ej .Unmatch Count, then ei.si > ej .sj,

/* if ei.Match Count > ej .Match Count. Otherwise, ei.si < ej .sj.

• Return the sorted statements.

if heuristic is FPGA Space Requirement then
• for each statement si in the input do
◦ space req(si) =

∑
j∈operator in si

(space reqj)

• Arrange statements in the local array in decreasing order of FPGA space
required.

• Return the sorted statements.
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Abstract. Current parallelizing compilers cannot identify a significant
fraction of parallelizable loops because they have complex or statically
insufficiently defined access patterns. We advocate a novel framework
for the identification of parallel loops. It speculatively executes a loop
as a doall and applies a fully parallel data dependence test to check
for any unsatisfied data dependencies; if the test fails, then the loop is
re–executed serially. We will present the principles of the design and
implementation of a compiler that employs both run-time and static
techniques to parallelize dynamic applications. Run-time optimizations
always represent a tradeoff between a speculated potential benefit and a
certain (sure) overhead that must be paid. We will introduce techniques
that take advantage of classic compiler methods to reduce the cost of
run-time optimization thus tilting the outcome of speculation in favor of
significant performance gains. Experimental results from the PERFECT,
SPEC and NCSA Benchmark suites show that these techniques yield
speedups not obtainable by any other known method.

1 Run-Time Optimization Is Necessary

To achieve a high level of performance for a particular program on today’s super-
computers, software developers are often forced to tediously hand–code optimiza-
tions tailored to a specific machine. Such hand–coding is difficult, increases the
possibility of error over sequential programming, and the resulting code may not
be portable to other machines. Restructuring, or parallelizing, compilers address
these problems by detecting and exploiting parallelism in sequential programs
written in conventional languages. Although compiler techniques for the auto-
matic detection of parallelism have been studied extensively over the last two
decades, current parallelizing compilers cannot extract a significant fraction of
the available parallelism in a loop if it has a complex and/or statically insuffi-
ciently defined access pattern. Typical examples are complex simulations such
as SPICE [16], DYNA–3D [27], GAUSSIAN [14], CHARMM [1].
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It has become clear that static (compile–time) analysis must be comple-
mented by new methods capable of automatically extracting parallelism at run–
time [6]. Run–time techniques can succeed where static compilation fails because
they have access to the input data. For example, input dependent or dynamic
data distribution, memory accesses guarded by run–time dependent conditions,
and subscript expressions can all be analyzed unambiguously at run–time. In
contrast, at compile–time the access pattern of some programs cannot be deter-
mined, sometimes due to limitations in the current analysis algorithms but often
because the necessary information is just not available, i.e., the access pattern is
a function of the input data. For example, most dependence analysis algorithms
can only deal with subscript expressions that are affine in the loop indices. In the
presence of non–linear expressions, or of subscripted subscripts, compilers gener-
ally conservatively assume data dependences. Although more powerful analysis
techniques could remove this last limitation when the index arrays are computed
using only statically–known values, nothing can be done at compile–time when
the index arrays are a function of the input data [12,25,28].

We will present the principles of the design and implementation of a com-
piling system that employs run-time and classic techniques in tandem to auto-
matically parallelize irregular, dynamic applications. We will show that run-time
optimizations always represent a tradeoff between a speculated potential benefit
and a certain (sure) overhead that must be paid. This work models the com-
peting factors of this optimization technique and outlines a guiding strategy for
increasing performance. We will introduce techniques that take advantage of
classic compiler methods to reduce the cost of run-time optimization thus tilting
the outcome of speculation in favor of significant performance gains.

The scope of presented work will be initially limited to loop level paralleliza-
tion and optimization of Fortran programs in a shared memory environment
using the SPMD programming paradigm. The run–time techniques described
here are designed to be used in the automatic parallelization of ’legacy’ Fortran
applications as well as in explicit parallel coding of new, dynamic codes, where
concurrency is a function of the input data.

2 Run-Time Optimization

Maximizing the performance of an application executing on a specific parallel
system can be derived from three fundamental optimization principles: (i) max-
imizing parallelism while minimizing overhead and redundant computation, (ii)
minimizing wait-time due to load imbalance, and (iii) minimizing wait-time due
to memory latency.

Maximizing the parallelism in a program is probably the most important
factor affecting parallel, scalable performance. It allows full concurrent use of all
the resources of any given architecture without any idle (wait) time. At the limit,
full parallelism also allows perfect scalability with the number of processors and
can be efficiently used to improve memory latency and load balancing.
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The most effective vehicle for improving multiprocessor performance has been
the restructuring compiler [5,10,18,9]. Compilers have incorporated sophisticated
data dependence analysis techniques(e.g., [3,19]) to detect intrinsic parallelism in
codes and transform them for parallel execution. These techniques usually rely on
a static (compile time) analysis of the memory access pattern (array subscripts
in the case of Fortran programs) and on parallelism enabling transformations like
privatization, reduction parallelization, induction variable substitution, etc. [7].
When static information is insufficient to safely perform an optimizing transfor-
mation the classic compiler emits conservative code. Alternatively it might delay
the decision to execution time, when sufficient information becomes available.
This strategy implies that a certain amount of code analysis has to be performed
during the time which was initially allocated to useful data processing. This shift
of activity will inherently account for a priori performance degradation. Only
when the outcome of the run-time analysis is a safe optimization can we hope
that the overall execution time will decrease. For example, if the parallelization
of a loop depends on the value of a parameter that is statically unavailable the
compiler can generate a two-version loop (one parallel and one sequential) and
code that will test the parameter at run-time and decide which version to ex-
ecute. While this is a very simple case it shows that time will be ’lost’ testing
the parameter and, depending on the outcome, may or may not lead to an op-
timization. Furthermore, even if the loop under question is executed in parallel,
performance gains are not certain. All this implies that run-time optimizations
always represent a tradeoff which needs a guiding strategy; they represent a spec-
ulation about a potential benefit for which a certain (sure) overhead will have
to be paid.

2.1 Principles of Run-Time Optimization

Loop parallelization is the most effective and far reaching optimization for scien-
tific applications. Briefly stated, a loop can be safely executed in parallel if and
only if its later iterations do not use data computed in its earlier iterations, i.e.,
there are no flow dependences. The safety of this and other related transforma-
tions (e.g., privatization, reduction parallelization) is checked at compile time
through data dependence analysis (i.e., analyzing array subscript functions).
When static analysis is not possible the access pattern is analyzed at run-time
through various techniques which we will shortly introduce and analyze.

Inspector/Executor vs. Speculative run-time testing. All run-time op-
timizations in general, and parallelization in particular, consist of at least two
activities: (a) a test of a set of run-time values (e.g., the values taken by array
subscripts) and (b) the execution of one of the compiler generated options (e.g.,
multi-version loops).

If the test phase is performed before the execution of the loop and has no side
effects, i.e., it does not modify the state of the original program (shared) variables
then this technique is called inspector/executor [4]. Its run-time overhead consists
only of the time to execute the inspection phase.
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If the test phase is done at the same time as the execution of the aggressively
optimized loop and, in general, the state of the program is modified during
this process, then the technique is called speculative execution. Its associated
overhead consists at least of the test itself and the saving of the program state
(checkpointing). If the optimization test fails, then extra overhead is paid during
a program ante loop state restoration phase before the conservative version of the
code can be executed. In this scenario the the initial optimized loop execution
time becomes additional overhead too.
Although it might appear that the more ’sedate’ inspector/executor method

is a better overall strategy than the speculative technique, there is in fact a much
more subtle trade-off between the two. An inspector loop represents a segment of
code that must always be executed before any decision can be made and always
adds to the program’s critical path. However, if the test is executed concurrently
with the actual computation (it is always quasi-independent of it – computation
cannot possibly depend on the test) then some of the overhead may not add
additional wall-clock time. The same is true if checkpointing is done ’on-the-fly’,
just before a variable is about to be modified. In other words with respect to
performance alone the two methods are competitive.
A potential negative effect of speculative execution is that the optimization

test’s data structures are used concurrently with those of the original program,
which could increase the working set of the loop and degrade its cache perfor-
mance.
The previous comparison assumes an important principle: any run-time par-

allelization technique must be fully parallel to scale with the number of proces-
sors. For the speculative method this is always implicitly true – we test during
a speculative parallel execution. Inspectors may be executed sequentially or in
parallel – but, with the exception of simple cases, only parallel execution can
lead to scalable performance. Inspector loops cannot always be parallelized. If
there exists a data or control dependence cycle between shared data and its ad-
dress computation then it is not possible to extract an address inspector that
can be safely parallelized and/or that is side effect free. In fact the inspector
would contain most of the original loop, in effect degenerating into a speculative
technique (will need checkpointing) without its benefits.
In summary we conclude that both run-time techniques are generally com-

petitive but that the speculative method is the only generally applicable one.

2.2 Obtaining Performance

Run-time optimization can produce performance gains only if the associated
overhead for its validation is outweighed by the obtained speedup or,

Speedup = SuccessRate× (Optimization Speedup − Testing Overhead) > 0

This Speedup function can be maximized by increasing the power of the intended
optimization and decreasing the time it takes to validate it. Because run-time
optimizations are speculative, their success is not guaranteed and therefore, their
SuccessRate, needs to be maximized.
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Performance through Run-time Overhead Reduction. The optimization
representing the focus of this paper is loop parallelization within a SPMD com-
putation. This transformation generally scales with data size and number of
processors and its overall potential for speedup is unquestionable. Its general
profitability (when and where to apply it) has been the topic of previous re-
search and its conclusions remain valid in our context.

Thus, the task at hand is to decrease the second term of our performance
objective function, the testing-overhead. Regardless of the adopted testing strat-
egy (inspector/executor or aggressive speculation) this overhead can be broken
down into (a) the time it takes to extract data dependence information about the
statically un-analyzable access pattern, and (b) the time to perform an analysis
of the collected data dependence information.

The first rule we have adopted is that all run-time processing (access tracing
and analysis) must be performed in parallel — otherwise it may become the
sequential bottleneck of the application. The access pattern tracing will be per-
formed within a parallel region either before the loop in case of the inspector ap-
proach or during the speculative execution of the transformed loop. The amount
of work can be upper bounded by the length of the trace but (see Section 5) can
be further reduced (at times dramatically) through reference aggregation and
elimination of duplicated (redundant) address records. This type of optimiza-
tion can be achieved through the use of static, i.e., compile time information.
Usually, when a compiler cannot prove independence for all referenced variables,
the partial information obtained during static analysis is discarded. In such a
case our run-time compiler phase will retrieve all previously considered useless,
but valid information and complement it with only the really dynamic data. This
tight integration of the run-time technique with the classic compiler methods is
the key to the reduction of tracing overhead.

Another important tool in reducing overhead is the development of static
heuristics for uncovering the algorithms and data structures used in the original
program. For example, pattern matching a reduction can encourage the use of a
run-time reduction validation technique. An inference about the use of structures
may reduce the number of addresses shadowed.

Increasing the Success Rate of Speculation. Collecting the outcome of
every speculation and using this data in the computation of a statistic could
drastically alter the success rate of speculation. The use of meaningful statistics
about the parallelism profile of dynamic programs will require some evidence
that different experiments on one application with different input sets produces
similar results (with respect to parallelism). Feeding back the results of specula-
tive parallelization during the same execution of a code may be, for the moment,
a more practical approach. For example, after failing speculation on loop several
consecutive times a more conservative approach can adopted ’on-the-fly’.

A more difficult but more effective strategy in enhancing both the success
rate of speculation as well as lowering run-time overhead is to find heuristics that
can ’guess’ the algorithmic approach and/or data structure used by the original
program and drive the speculation in the right direction. A simple example



328 Devang Patel and Lawrence Rauchwerger

is reduction recognition: if a statement ’looks’ like a reduction then it can be
verified by generating a speculative test for it – the chances of success are very
high. Making the correct assumption at compile time whether an access pattern
is sparse or dense or whether we use linked lists or arrays (regardless of their
implementation) can go a long way in making run-time optimization profitable
(see Section 5).

3 Foundational Work: Run-Time Parallelization

We have developed several techniques [20,21,22,23,24] that can detect and ex-
ploit loop level parallelism in various cases encountered in irregular applications:
(i) a speculative method to detect fully parallel loops (The LRPD Test), (ii) an
inspector/executor technique to compute wavefronts (sequences of mutually in-
dependent sets of iterations that can be executed in parallel) and (iii) a technique
for parallelizing while loops (do loops with an unknown number of iterations
and/or containing linked list traversals). We now briefly describe a simplified
version of the speculative LRPD test (complete details can be found in [20,22]).

The LRPD Test. The LRPD test speculatively executes a loop in parallel
and tests subsequently if any data dependences could have occurred. If the test
fails, the loop is re–executed sequentially. To qualify more parallel loops, array
privatization and reduction parallelization can be speculatively applied and their
validity tested after loop termination.1 For simplicity, reduction parallelization is
not shown in the example below; it is tested in a similar manner as independence
and privatization. The LRPD test is fully parallel and requires time O(a/p +
logp), where p is the number of processors, and a is the total number of accesses
made to A in the loop.

Consider a do loop for which the compiler cannot statically determine the
access pattern of a shared array A (Fig. 1(a)). We allocate the shadow arrays for
marking the write accesses, Aw, and the read accesses, Ar, and an array Anp, for
flagging non-privatizable elements. The loop is augmented with code (Fig. 1(b))
that will mark during speculative execution the shadow arrays every time A
is referenced (based on specific rules). The result of the marking can be seen
in Fig. 1(c). The first time an element of A is written during an iteration, the
corresponding element in the write shadow array Aw is marked. If, during any
iteration, an element in A is read, but never written, then the corresponding
element in the read shadow array Ar is marked. Another shadow array Anp is
used to flag the elements of A that cannot be privatized: an element in Anp is

1 Privatization creates, for each processor cooperating on the execution of the loop,
private copies of the program variables. A shared variable is privatizable if it is always
written in an iteration before it is read, e.g., many temporary variables. A reduction
variable is a variable used in one operation of the form x = x ⊗ exp, where ⊗ is
an associative and commutative operator and x does not occur in exp or anywhere
else in the loop. There are known transformations for implementing reductions in
parallel [26,15,13].
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marked if the corresponding element in A is both read and written, and is read
first, in any iteration.
A post-execution analysis, illustrated in Fig. 1(c), determines whether there

were any cross-iteration dependencies between statements referencing A as fol-
lows. If any(Aw(:) ∧ Ar(:))2 is true, then there is at least one flow- or anti-
dependence that was not removed by privatizing A (some element is read and
written in different iterations). If any(Anp(:)) is true, then A is not privatizable
(some element is read before being written in an iteration). If Atw, the total
number of writes marked during the parallel execution, is not equal to Atm,
the total number of marks computed after the parallel execution, then there is
at least one output dependence (some element is overwritten); however, if A is
privatizable (i.e., if any(Anp(:)) is false), then these dependencies were removed
by privatizing A.

(a) (b) (c)

do i=1,5
   z = A(K(i))
   if (B1(i) .eq. .true.) then
       A(L(i)) = z + C(i)
   endif
enddo

B1(1:5) = (1 0 1 0 1)
K(1:5) = (1 2 3 4 1)
L(1:5) = (2 2 4 4 2)

do i=1,5
   markread(K(i))
   z = A(K(i))
   if (B1(i) .eq. .true.) then
        markwrite(L(i))
        A(L(i)) = z + C(i)
   endif
enddo

Aw

Anp

Ar(:)
Anp(:)

Operation
Value

3
2

Ar

Aw(:)
Aw(:)

Atw
Atm

^
^

1    2    3    4

0    1    0    1
1    1    1    1
1    1    1    1

0    1    0    1
0    1    0    1

5

0
0

0
0

0

Fig. 1. Do loop (a) transformed for speculative execution, (b) the markwrite and
markread operations update the appropriate shadow arrays, (c) shadow arrays after
loop execution. In this example, the test fails.

4 Variations of the LRPD Test

Static compilation can generate a wealth of incomplete information that, by it-
self, is insufficient to decide whether parallelization is safe but can be exploited
to reduce run-time overhead. When we can establish statically that, for example,
all iterations of a loop first read and then write a shared array (but nothing else)
then we can conclude that privatization is not possible, and therefore should not
test for it. This approach of using partial information has led to the develop-
ment of simplified variants of the LRPD test. The overall purpose of the various
specialized forms of the LRPD test presented in this section is (a) to reduce
the overhead of run-time processing to the minimum necessary and sufficient
to achieve safe parallelization (but without becoming conservative), and (b) to
extend the number of access patterns that can be recognized as parallelizable.
We will now enumerate some of the more frequently used variants of the LRPD
test that we have developed and elaborate on those that have not been pre-
sented elsewhere [24,22]. Further refinements and related issues (such as choice
of marking data structures) are discussed in Section 5.

2 any returns the “OR” of its vector operand’s elements, i.e., any(v(1 : n)) = (v(1) ∨
v(2) ∨ . . . ∨ v(n)).
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– Processor–wise LRPD test for testing cross-processor instead of cross-iteration
dependences, qualifying more parallel loops with less overhead.

– A test supporting copy-in of external values to allow loops that first read-in
a value to be executed in parallel.

– Early failure detection test to reduce the overhead of failed speculation.
– Early success detection test with on-demand cross-processor analysis.
– A test that can distinguish between fully independent and privatizable ac-
cesses to reduce private storage replication for privatized arrays.

– An Aggregate LRPD test – aggregates individual memory the references in
contiguous intervals or sets of points.

4.1 Early Failure Detection

Note that it can be detected during the execution of the LRPD test, almost with-
out any additional cost, if a reference under test causes a failure condition (read
and written in different iterations, or, within the same iteration, read before
write or just referenced outside a reduction statement) among those iterations
executing on the same processor. If this happens we can fail the test immedi-
ately without actually finishing the rest of the un-executed code and without
any cross-processor analysis. Of course, if we decide to apply the processor-wise
version of the test then cross-iteration dependences between iterations scheduled
on the same processor may not necessarily cause failure. A more sophisticated
approach is to establish a correlation between the number of cross-iteration de-
pendences and the probability of finding cross-processor dependences after a
complete loop execution. If a loop has dependences it is highly likely that these
dependences will appear well before the last iteration is executed.

4.2 Faster Analysis and Early Success Detection

The analysis phase of the processor-wise version of the LRPD test can be re-
duced by maintaining a flag per processor (each representing an entire array
with one scalar), per possible cause of failure (see Section 4.1). If, after loop ex-
ecution, these flags have not been set on any processor then no further analysis
is necessary and speculation was successful. If only some of the processors show
a potential problem then only their shadows will be analyzed, thus reducing the
overall work. If the flags show problems everywhere then classic parallel merge
is performed. For example, we can keep a per-processor reduction flag (a bit)
and mark any occurrence of an array reference outside the reduction statement.
After loop execution only the processors with flags set will participate in the
analysis phase because they are the only potential cause for dependences – if no
processor has the flag set then the test passes without any further overhead.
We have modified the cross-processor analysis phase itself in an optimistic

manner to reduce cross-processor communication in the following way: each
processor traverses its own shadow array and ’looks’ at the contents of the other
ones only if it detects a cause for failure. If, for example, we test reduction and/or
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privatization the processor(s) that find the flag set will ’look’ in the same posi-
tion of the shadow across processors and merge their information. This technique
could be named ’on demand merging’.

4.3 Fully Independent and Privatizable Accesses

Since privatization generally implies replication of program variables (i.e., an
increase in memory requirements), this transformation should be avoided when
there is no benefit to be gained. Instead of privatizing entire arrays, the LRPD
test can identify and privatize only elements that are actually written. However,
if an element is written only once in the loop, then there is no need for it to be
privatized and replicated on multiple processors.
The LRPD test can easily be augmented to determine whether a element if

written more than once. One simple approach is to use another shadow structure
Apmw to flag the array elements which have been written multiple times. On
a write to an element during the marking phase, the corresponding entry of
Apmw is marked if the corresponding entry of Aw is already marked. The global
shadow structure Amw is now constructed from the processors’ shadow structures
Apmw and Aw. First, the marked elements in the processors’ A

p
mw are transferred

directly, without synchronization, into Amw . If the private structures Aw are
merged pairwise into the global shadow structure Aw, then during this process
it can be determined if an element is marked in more than one Aw, i.e., if it was
written more than once. Note that the pairwise merges can be eliminated if the
accesses to the global shadow structure are placed in critical sections.
It is simple to see that the need for the additional structure Apmw can be

eliminated by using three states for the structure Anp, e.g., negative values for
multiple writes and privatizable, 0 for at most one write and privatizable (initial
value), and positive values for not privatizable (once set, never reset).
If the processor–wise version of the LRPD test is used then the elements that

are written more than once can be identified in essentially the same manner.
Note that for the processor–wise version it is possible that the number of private
variables could be reduced even more since only the processors that actually write
the elements need copies, and the private structures identify these elements.

4.4 Aggregate LRPD test

The simple, and rather naive way to insert the marking code into a loop is to
simply add a markwrite, markread, markreduxmacro for every occurrence of
a write and read access to the shadowed array.
There are however many programs that although irregular in general have

a specific ’local’ or partial regularity. These types of access patterns can be
classified in the following manner:

– Arrays in nested loops accessed by an index of the form (affine fcn, ptr).
The innermost loop index generates points for the affine function, and the
outermost loop for the pointer. Generally the first dimension of the array
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is relatively small and is often traversed in an innermost loop or, for very
small loop bounds, completely unrolled. It usually represents the access to
the components of an n-dimensional vector. The bounds of this inner loop
never change throughout the program.

– Multi-dimensional access patterns described by complex but statically de-
termined functions, but where one more of the inner dimensions are simple
functions.

A commonality in these cases is the fact that they all perform portion-wise
contiguous accesses. The length of this regular interval can be either fixed (vec-
tors with n-components, structures) or of variable length (e.g., in sparse matrix
solvers). This characteristic can be exploited by marking contiguous intervals
rather than every element accessed. Depending on the actual length of the in-
tervals this technique can lead to major performance improvements.
In the case of fixed-size intervals the information is kept implicitly (not stored

in the shadow structures themselves) and the analysis phase needs only mi-
nor adjustment to the generic LRPD test. When intervals are variable in size
within the context of the tested loop, their length will be kept explicitly and
the shadow structures adapted accordingly into shadow interval structures (e.g.,
interval trees). The analysis phase will change to a more complex algorithm to
reflect the parallel merge of complex data structures. While the asymptotic com-
plexity increases the problem size can decrease dramatically (depending on the
average length of intervals).
In our implementation the compile time detection of these types of semi-

irregular access patterns is obtained using recently developed array region analy-
sis techniques [17].
It important to mention here the possibility of applying the run-time test

somewhat conservatively by always marking whole intervals even if only some
of the addresses within the interval have actually been referenced during loop
execution. This will reduce overhead and, in the case of fixed size intervals, rarely
result in overly conservative loss of parallelism. For example, if a program is using
2 dimensional arrays to simulate structures we can map the entire structure into
one shadow point. While there is the possibility that such a structure is accessed
in more than one iteration at different offsets (and therefore would conservatively
fail the test) we have not found such an occurrence.

5 Some Strategy and Implementation Issues

In this section we mention some techniques for optimizing the implementation
of the LRPD test. Due to space constraints, complete details are omitted here.

Merging the Phases of LRPD Test. Some of the steps of a speculative ex-
ecution can be merged, i.e., executed concurrently, thereby increasing fine grain
parallelism without increasing the working set. For example, cross-processor
last value assignment, merge-out and reduction can be done concurrently af-
ter the analysis phase, if necessary. Also, operations such as copy-in of shared
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values, checkpointing, or initialization of shadow structures can be performed
on–demand, which decreases the critical path and also the total operations re-
quired (e.g., checkpointing only the modified elements of an array).

Choosing Shadow Structures.The choice of shadow structures is dictated by
the characteristics of the access pattern and the data structures used (implicitly
or explicitly) of the original program. If the access pattern is dense (inferred from
the ratio of the number of references to the array size), we choose shadow arrays,
and if it is sparse (regular or irregular) we choose specialized shadow structures
such as hash-tables. If the application performs portion-wise contiguous regular
accesses, then shadow arrays are used for fixed-size intervals, and interval trees
are used if the intervals are loop variant. More sophisticated data structures such
as linked lists are currently under development.

Schedule reuse, inspector decoupling, two-process solution. If the spec-
ulatively executed loop is re-executed during the program with the same data
access pattern, then the results of the first LRPD test can be reused (this is
an instance of schedule reuse [25]). If the defining parameters of an inspector
loop are available well before the loop will be executed, then the test code can
be executed early, perhaps during a portion of the program that does not have
enough (or any) parallelism. A way to ensure that the program’s critical path
is never increased, is to fork two processes: one processor executes the original
sequential loop and the remaining processors proceed on the more aggressive
parallel path.

6 Current Implementation of Run-Time Pass in Polaris

Based on the previously presented techniques and the early work described in
[22] and [11] we have implemented a first version of run-time parallelization in
the Polaris compiler infrastructure [8]. Here is a very general overview of this
’run-time pass’.
Currently, candidate loops for run-time parallelization are marked by a a

special directive in the Fortran source code. Alternatively, all loops that Polaris
leaves sequential are run-time parallelized. As a statistical model of loop paral-
lelism in irregular applications will be developed we will be able to automatically
select the candidates which have the highest possibility of success.
The bulk of the run-time pass is placed after all other static analysis has

been completed and just before the post-pass (code generation). It can therefore
use all the information uncovered by the existing Polaris analysis.

7 Experimental Results of Run-Time Test in Polaris

We will now present experimental results obtained on several important loops
from three applications that Polaris could not parallelize, namely, TFFT2,
P3M and TRACK. After inserting run-time test directives before the loop,
the codes have been automatically transformed by the compiler and executed
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in dedicated mode on an SGI Power Challenge with R10K processors at NCSA,
University of Illinois. All test variant selections and other optimizations are au-
tomatic and no special, application specific compiler switches have been used.

TFFT2, a SPEC code has a fairly simple structure and all access patterns are
statically defined, i.e., they are not dynamic or input dependent. Nevertheless,
difficulties in its analysis arise due to (1) five levels of subroutine calls within
a loop, (2) array reshaping between subroutine calls , (3) exponential relations
between inner and outer loop bounds, and (4) array index offsets that depend
on outer loop index. We have transformed all important loops of this program
for speculative execution.

The speedups shown in Figure 3 reflect the application of the speculative
LRPD test to the five most important loops of the program: CFFTZ DO#1,
CFFTZ DO#2, CFFTZ DO #3, RCFFTZ DO 110, and CRFFTZ DO 100. While
speedups are generally good Loop CFFTZ DO #2 performs poorly because we
allocated a shadow array four times larger than the actual access region (al-
location based on dimension rather than access region) and because the loop
itself is relatively small. The overall speedup of the TFFT2 program is 2.2 on 8
processors.

From the P3M, NCSA benchmark, a N-body simulation we have considered
the triply nested loop in subroutine pp which takes about 50% of the actual
sequential execution time. For better load balancing we have coalesced the loop
nest and then applied speculative parallelization to several arrays that could
not be proven privatizable by Polaris. For the best result we have employed
the processor-wise privatization test (with dynamic scheduling) with shadow
arrays and early success detection. No checkpointing was necessary because all
arrays are privatized and the final reduction is performed on private arrays that
are merged after loop execution. Figure 4 shows good speedup and scalability.
The obtained speedup is significantly less than the manually parallelized version
because the initialization phase, though short, has a cache flushing effect, thus
causing the speculative loop to slow down; misses are experienced on all read-
only arrays.

TRACK, a PERFECT code that simulates missile tracking, is one of the more
interesting programs we have encountered. The tested loop, NLFILT DO 300, has
cross-iteration dependences in some of its instantiations and their frequency is
input dependent. For the data set presented in Figure 2 the loop fails the cross-
iteration dependence once in its 60 instantiations. However, the processor-wise
test ’hides’ the dependences and passes every time. The checkpointing overhead
is quite important when array sizes are large with respect to the actual work
that the loops performs. We believe that an improved on-demand checkpointing
scheme will reduce this overhead. Note: The hand-parallel speedup in Figure 2
is in fact an ideal speedup because the loop cannot be manually parallelized
(because its parallelism is input dependent). The value shown is still correct
because the hand-parallel version has been statically scheduled and there are no
cross-processor dependences.



Principles of Speculative Run–Time Parallelization 335

8 Conclusion

While the general LRPD algorithm has been extensively presented in [24] and
briefly shown here for clarity of the presentation, this paper emphasizes the
practical aspects of its application and integration in a compiler. In essence we
advocate a very tight connection between static information obtained through
classical compiler methods and the run-time system. This resulting optimized
code will make use of all available static information and test only the necessary
and sufficient conditions for safe parallelization. This interplay between compiler
and run-time system results in testing methods that are tailored to a particular
application (within limits) and that perform better.
A major source of optimization in speculative parallelization is the use of

heuristics for inferring the data structure and access pattern characteristics of
the program. Once a hypothesis is made, it can be tested at run-time much
faster than a general method. For example, guessing the use of linked list or a
structure and testing accordingly can improve performance dramatically.
Reducing run-time overhead may also require the speculative application of

known code transformations, e.g., loop distribution, forward substitution. Their
validity will be checked simultaneously with the previously presented run-time
data dependence test, without incurring any additional overhead.
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Abstract. Several parallelizing or general-purpose compilers have been
using intermediate representations based on some form of single-assignment.
Extending these representations to arrays has been done in two ways: Ar-
ray SA, and Array SSA, the extension of the widely-used Static Single
Assignment (SSA). We formally define and compare Array SA and Array
SSA, and show that (1) They both need instance-wise reaching-definition
analyses to (a) be streamlined and (b) allow a parallelizing compiler to
choose the most appropriate form, (2) The “same name - same value”
property holds for Array SSA in a restricted way only.

1 Introduction

Single assignment is an important concept to reason about, and perhaps modify,
imperative programs. Why? Because it allows to exhibit a fundamental property
of the algorithm coded in a program: flows of values. In single assignment (SA),
each scalar is assigned at most once. I.e., the dynamic, run-time instances of
assignments in a program with loops assign to distinct variables. Static Single
Assignment (SSA) is a slightly different form, defined as follows: There is only
one assignment statement for each variable. Rosen et al. stress this difference
from usual single assignment: In static SA, the unique statement assigning to a
variable may have several instances writing successive values to the same vari-
able. SSA has been widely used as an intermediate representation in compilers,
because of its “same name - same value” property (to use an expression coined
in [20]). Applications of SSA include constant propagation, global value num-
bering [21,2], register promotion [22], etc. Moreover, some researchers have been
using SSA as a concrete form in the generated code because it eliminates all
output- and anti-dependences (e.g., cf [7] page 160).

Several methods have been crafted to extend these intermediate representa-
tions to arrays. Array SSA, which extends SSA to arrays, has been introduced
lately thanks to Knobe and Sarkar [18]. In Array SSA, each array is assigned to
by one statement. On the other hand, Array SA is the extension of SA [15,16]:
Each array element is written at most once, by a single statement instance. In
both frameworks, φ-functions may be inserted to restore the flow of data when
nondeterministic confluence points occur in the control flow.

S. Chatterjee (Ed.): LCPC’98, LNCS 1656, pp. 338–352, 1999.
c© Springer-Verlag Berlin Heidelberg 1999
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However, several issues in Array SSA are still unclear.

1. Whereas formal definition of scalar SSA is well known, no formal definition
exists for Array SSA. This in turn hampers the comparison with other related
frameworks, such as its “sibling” Array SA.

2. Because of the lack of formal definition, it is unclear when and where prop-
erties on control flow should be taken into account in Array SSA, and what
its relationship with reaching-definition analysis precisely is.

3. When parallelizing programs automatically, single-assignment is interesting
not only as an intermediate representation but also as a concrete form for
generated code. However, Array SSA does not eliminate all output- and
anti-dependences, which in turn hampers from extracting all the parallelism
from a program. For this reason, Knobe and Sarkar do not always parallelize
using Array SSA in [18] (The reader may check that the loop in Figure 12
is different from the one in Figure 6 in [18]). As explained later, they use a
special form of Array SA instead.

4. The “same name - same value” property of SSA breaks down, on most cases,
for Array SSA. More precisely, two arrays with the same name store the same
set of values. The “same name - same value” property, therefore, holds for
the entire arrays (“Same array name - same array value”). Most programs,
however, use arrays on a per-element basis, and the value equality of two
elements is often what we are looking for. We show that Array SA solves this
issue since it has the “same element name - same element value” property.

Issues 1, 2 and 3 are directly related to parallelizing compilers, and will be the
core of this paper. Issue 4, hinting to extensions of classical algorithms based on
(scalar) SSA, is addressed shortly in Section 8 and is left for future work. To
sum things up, contributions of this paper include:

– Formal definitions of Array SSA and Array SA.
– An algorithm based on reaching definition analysis to translate to Array SA

any program with reducible flow graph and with any array subscripts.
– Evidence that Array SSA fails to extract all the parallelism from programs.
– Evidence that Array SSA and Array SA without instance-wise reaching def-

inition analyses (IRDA, to be formally defined later) introduce useless φ-
functions and the associated run-time overhead. Thanks to an instance-wise
reaching-definition analysis, φ functions need to be introduced only when the
control flow is nondeterministic or when array subscripts cannot be analyzed
at compile-time.

– Criteria, based on the output of the IRDA, to guide the compiler when
choosing among the various expansion schemes. We compare the respective
benefits of Array SA and Array SSA for parallelization and give preliminary
experimental results on an SGI Origin 2000.

Section 2 motivates this work. Section 3 iteration-wise reaching definition anal-
yses. Section 4 then defines Array SA and Array SSA in a unified way. The
algorithm for Array SA conversion appears in Section 5. Related work are dis-
cussed in Section 6, before we report some preliminary experimental results.
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2 Motivations

In the context of automatic parallelization, it is well known that expansion of
data structures allow to eliminate some (if not all) output- and anti-dependences
and some (if not all) spurious true dependences. Actually, the only dependences
to be preserved are those carrying the flow of values.

However, when arrays come into play, this property is not preserved by the
extension of reaching definition analyses and of SSA to arrays:

Consider example std in Figure 1. Its Array SSA in Figure 2 does not expand
array a, and therefore fails to extract all possible parallelism. On the contrary,
Array SA form in Figure 3 eliminates all anti- and output-dependences. (Array
SA uses ϕ-functions. Intuitively, these functions are similar to φ-functions in
Array SSA.) This does not prove, however, that parallel programs with Array
SA perform better: the overhead due to ϕ-functions and to the management of
bigger arrays may not pay off. This point is discussed in Section 7 and in the
conclusion.

On the other hand, we now show that, whichever single-assignment form is
chosen, an instance-wise reaching definition analysis is needed to avoid useless
φ- or ϕ-functions.

a[ .. ] = ...
for i = 1 to n

if( P (i) ) then

for j = 1 to n

S a[i+j] = 1+a[i+j-1]

end for

end if

end for

Fig. 1. Example std.

a[ .. ] = ...
for i = 1 to n

if( P (i) ) then

for j = 1 to n

AS[i+j] = 1+( @AS[ i + j − 1 ]== ⊥
?a[i+j-1]

:AS[i+j-1])

@AS[ i + j ]= max� (@AS[ i + j ], (i, j))
end for

end if

end for

Fig. 2. Array SSA form for example std. @A (introduced by Knobe and Sarkar)
serves to restore the flow of data (which cannot be predicted at compile-time
because of P ). ⊥ conventionally denotes the undefined value.
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for i = 1 to n

if( P (i) ) then

for j = 1 to n

Last[i+j]= max�(Last[i+j],(i,j))

A[i,j] = 1 + if j ≥ 2
then A[i,j-1]

else if i ≥ 2
then ϕ(i, j)
else a[i+j-1]

end for

end if

end for

int ϕ (i,j) { (j has to be equal to 1)
return A[Last[i]] }

Fig. 3. Array SA form for example std. ϕ-functions in Array SA are similar
to φ-functions in Array SSA, see Section 4. In the example, ϕ picks the last
executed instance in {〈S, i′, j′〉 : 1 ≤ i′ < i, 1 ≤ j′ ≤ n, i′ + j′ = i + j − 1 = i},
where 〈S, i′, j′〉 denotes the instance of S for iteration vector (i′, j′).

Consider the examples in Figure 4. In both cases, an Array SSA without
IRDA has spurious φ-nodes or φ-nodes with spurious arguments. (The corre-
sponding codes translated to Array SSA appear in Figures 5 and 6.) For program
isv, the value stored by S2 is killed either by S1 in the next iteration or, in the
final iteration, by S3. Therefore, whatever the value of foo, the only definitions
reaching R are those of S1 and S3, array A2 is not used by R and does not need
to appear as an argument to φ in R′.

Now consider program sjs; it has only affine loops and affine subscripts,
but it needs an IRDA to see that S2 cannot be the definition reaching any of
its right-hand side expressions or, more precisely, that the definition reaching
A3[i+j-1], for given i and j, is:

if j ≥ 2
then S1at iteration(i, j − 1)
else if i ≥ 2

then S1at iteration(i− 1, j)
else S0

(1)

Moreover, no run-time decision has to be taken about the identity of the reaching
definition: this identity is exactly given by (1), and, thanks to IRDA, the Array
SSA version of sjs is simply the code in Figure 6.(b).

This yields to a very important remark. In the code in Figure 6.(b), some
run-time computation does occur to compute the array element that stores the
correct value. However, there is only one such array element, i.e., a single reaching
definition for a given read, and thus no run-time decision has to be made among
several possible array elements. In other words, the IRDA has been able to take
into account the static behavior of control to eliminate non-reaching definitions.
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for i = 1 to n do

S1 a[i] = ...

S2 if(..) a[i+1] = ...

end for

S3 a[n+1] = ..

R .. = a[foo]

(a) Example isv

S0 a[1] = 0

for i = 1 to n

for j = 1 to n

S1 a[i+j] = ...

S2 a[i] = ... a[i+j-1]

end for

end for

(b) Example sjs

Fig. 4. Two example programs isv and sjs.

for i = 1 to n do

S1 A1[i] = ...

S2 if(..) A2[i+1] = ...

end for

S3 A3[n+1] = ..

R′ A4= φ(A1,A2,A3) (A2 spurious)
R .. = A4[foo]

Fig. 5. Example isv from Figure 4 translated to Array SSA without IRDA,
illustrating that spurious arguments may appear in φ-nodes.

3 Reaching Definition Analyses

Classical reaching-definition analyses compute, for every statement R with a
reading reference to r, the set of all statements S defining r and such that there
is a program path from S to R being free of any modification of r.

Let S be a statement in the program. Because of the surrounding control
structures, S may execute several times. Our aim is to distinguish between these
successive instances. The set of all the instances of S is denoted by D(S). There-
fore, a specific instance of S when its iteration vector is equal to w, w ∈ D(S),
is denoted by 〈S, w〉.

Let I be the set of all statements, and Ω and W ⊂ Ω be, respectively,
the set of all instances of all statements and the set of all instances of writes
(assignments). Moreover, the execution order on instances is a simple extension
of the lexicographic order � on iteration vectors [16], so � is overloaded to
mean both in the rest of this paper.

The goal of Instance-wise reaching definition analyses (IRDAs) is, for every
instance of a statement R containing a reading reference r, to compute the set
of instances of all assignments S, such that there is a program path from an
instance of S to the instance of R being free of any modification of r. These
analyses are sometimes iterative [14], but more often based on integer linear
programming [12,25,4]. A more comprehensive study is presented in [13]. Notice
that IRDAs handle any program, but a previous phase of the compiler is sup-
posed to have eliminated gotos [3] (perhaps at the cost of some code duplication
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a[1] = 0

for i = 1 to n

for j = 1 to n

A1[i+j] = ...

A3 = φ(a,A1,A2) (φ spurious)
A2[i] = ... A3[i+j-1]

end for

end for

(a) Array SSA without IRDA.

a[1] = 0

for i = 1 to n

for j = 1 to n

A1[i+j] = ...

A2[i] = ... if j ≥ 2
then A1[i+j-1]

else if i ≥ 2
then A1[i+j-1]

else a[1]

end for

end for

(b) Array SSA with IRDA.

Fig. 6. Array SSA without IRDA (a) and with IRDA (b) for Program sjs.
Thanks to IRDA, we know the exact single array element to be read and, there-
fore, no run-time desambiguation (φ) is needed.

in the rare cases where the control graph is not reducible [1]). Arrays with any
subscripts are handled, but not pointers.

The set of (instance-wise) definitions reaching reference r in 〈R, r〉 is denoted
with RD(r, 〈R, r〉). When the reference r is clear from the context, RD(r, 〈R, r〉)
is simply written RD(〈R, r〉). As an example, let us consider an instance, param-
eterized with i and j, of the read reference a[i+j-1] in example std in Figure 1.
Then, the definition RD(〈S, i, j〉) reaching 〈S, i, j〉 is given by:

if j ≥ 2
then {〈S, i, j − 1〉}
else if i ≥ 2

then {〈S, i′, j′〉 1 ≤ i′ < i ∧ 1 ≤ j ≤ n
∧ i′ + j′ = i + j − 1}

else {⊥}

(2)

where ⊥ conventionally denotes the undefined value.

4 Array SA and Array SSA: Definitions and Comparison

4.1 Definitions of (S)SA Forms

The formal definition of (scalar) SSA is quite simple because, in the scalar case,
all run-time instances of a statement write in the same memory cell: the cell
indicated by the l-value. Array SSA gets intricate because we need to work
element-wise: Two different instances of the same statement do access the same
variable (the same array), but they may access two distinct elements of this
array.

Let M (resp. M ′) denote the map from writes to memory locations in the
original program (resp., in the transformed program). Expanding (the data
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structure associated with) two writes w1 and w2 is denoted with M(w1) =
M(w2) ∧ M ′(w1) 6= M ′(w2): the memory locations written by the two refer-
ences were equal, but are not the same any longer in the transformed program.

Array SSA form is defined as:

∀Sp ∈ I, Sq ∈ I, wp ∈ D(Sp), wq ∈ D(Sq) :
(Sp 6= Sq) ⇒ (M ′(〈Sp, wp〉) 6= M ′(〈Sq, wq〉))

The Array SA form is defined as follows:

∀Sp ∈ I, Sq ∈ I, wp ∈ D(Sp), wq ∈ D(Sq) :
(Sp 6= Sq ∨ wp 6= wq) ⇒ (M ′(〈Sp, wp〉) 6= M ′(〈Sq, wq〉))

For the sake of comparison, we also define Array Privatization and Maximal
Static Expansion [5] in the same framework. Array Privatization is defined as:

∀Sp ∈ I :
(∀wp ∈ D(Sp), Sq ∈ I,wq ∈ D(Sq), 〈Sp, wp〉 ∈ RD(〈Sq, wq〉) ⇒ wq = wp)
⇒ �∀wp, w′

p ∈ D(Sp) : M ′(〈Sp, wp〉) 6= M ′(〈Sp, w′
p〉)

�

stating that the data structure written by Sp are expanded if all reached uses
belong to the same iteration.

A Static Expansion is defined as:

∀〈Sp, wp〉, 〈Sq, wq〉 ∈ W :
(∃z ∈ Ω, 〈Sp, wp〉 ∈ RD(z) ∧ 〈Sq, wq〉 ∈ RD(z) ∧M(〈Sp, wp〉) = M(〈Sq, wq〉)
⇒ (M ′(〈Sp, wp〉) 6= M ′(〈Sq, wq〉))

A static expansion M ′ is maximal if, for any static expansion M ′′, ∀u, v ∈
W : M ′(u) = M ′(v) =⇒ M ′′(u) = M ′′(v).

4.2 Construction of Array SSA and Array SA Forms

For expository reasons, we make the following restrictions: The input program
has only one array A and only one statement R having one single reference
r reading A. These assumptions can be removed easily: programs with several
statements, each having possibly several read references to array A, are handled
by subscripting φ- and ϕ-functions with the reference identity r. Multiple arrays
are handled separately.

Array SSA Let us consider a statement R with iteration vector r reading an
array A. Statement R is of the form:

... := ... A[ g(r) ] ...

Let statements S1..Sn be the definitions reaching R. Each statement Sp, with
1 ≤ p ≤ n, with iteration vector wp has the form:

A[ fp(wp) ] := ... .
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By definition of reaching definitions, we have:

∀p, 1 ≤ p ≤ n : ∃wp, ∃r s.t. 〈Sp, wp〉 ∈ RD(A[ g(r) ], 〈R, r〉).

Conversion to Array SSA intermediate representation proceeds as follows.
Statements S1..Sn become:

Ap[ fp(wp) ] := ...

for all p, 1 ≤ p ≤ n. Arrays Ap match A in type, size and dimensions.
To each statement Sp writing in new array Ap, we associate function @ Ap

mapping an element Ap[x] to its last definition by Sp. That is:

@Ap[ x ]=max� {wp : x = fp(wp) (3)

∧ exec(〈Sp, wp〉) = true},

where exec(〈Sp, wp〉) denotes that 〈Sp, wp〉 actually executes. Obviously, this
predicate is not known at compile-time, and this is one reason a reaching defi-
nition analysis yields sets. However, (3) defines a single value since @Ap[ x ] is
evaluated at run-time and exec(〈Sp, wp〉) is then known.

On the other hand, due to non-deterministic branching structure of the
control-flow graph, preserving the data flow requires some run-time mechanism.
This mechanism is called a φ-function (which, admittedly, is not a real function
according to the strict mathematical definition). A φ-function returns an array
consistent with the data flow. φ returns an array A0[1..n] such that, for all
A0[ x ], 1 ≤ x ≤ n, there is an instance 〈Sk, wk〉, such that A0[x]=Ak[x], and:

〈Sk, wk〉 = max� {〈Sp, wp〉 : wp = @Ap[ x ] (4)

∧ 〈Sp, wp〉 � 〈R, r〉}

(Recall that � is overloaded to statement instances.) We see that predicate
exec(〈Sp, wp〉) does not need to be stored. Only @ A is stored and updated on
the fly. The read reference A[g(r)] in Statement R is replaced by a reference to
the φ-function:

R: ... := ... φ(A1, .., An) [ g(r) ] ...

Since the same function φ may be use at different places, it is more efficient
to create a new array and to initialize this array by function φ at merge point
in the control flow graph. Traditional SSA then replace statement R above with
the following two statements:

R1: A0 := φ(A1, .., An)
R2: ... := ... A0[ g(r) ] ...

thus making explicit the array A0 defined above.
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Array SA Array SA considers, for a given R, the same statements S1..Sn. Trans-
formation to Array SA, however, proceeds in a different way.

Each statement Sp, 1 ≤ p ≤ n, becomes:

Ap[ wp ] := ...

That is, for each Sp, there is a one-to-one correspondence between the elements
of the new array Ap and the iteration domain of Sp.

For reasons explained above, some run-time restoration of data flows has to
be performed using auxiliary functions. These functions are very similar to φ-
function, but to stress the difference, we’ll use the alternative Greek letter ϕ.
Thus, the right-hand side of R could become:

...:= ϕ ({Ap[wp ] : 〈Sp, wp〉 ∈ RD(〈R, r〉)}) .

However, since the argument of ϕ just depends on R and r, we construct ϕ with
〈R, r〉 as the argument.

Formally, the semantics of ϕ is given by

ϕ(〈R, r〉) =Ak[wk ],

where:

〈Sk, wk〉 = max� {〈Sp, wp〉 : 〈Sp, wp〉 ∈ RD(〈R, r〉)
∧ fp(wp) = g(r)} (5)

I.e., ϕ returns the array element defined by the last executed reaching definition
instance. It is easy to see that φ and ϕ compute the same values: For a given
〈R, r〉, just take x = g(r) in (4) and inline (3) in (4). ϕ is computed on the fly
too, as explained in the next section.

5 Conversion to Array SA Form

We present here an algorithm to perform conversion into Array SA form. Let us
first define Stmt(〈S, w〉) = S and Ind(〈S, w〉) = w.

1. isAffine = yes if all array subscripts are affine, no otherwise.
2. For each assignment S (whose iteration vector is w and the left-hand side is

A[ f(w) ]):
(a) Create an array DS whose shape is (the rectangular hull of) D(S).
(b) Let w be an index in D(S). The control structures surrounding S, such

as conditionals or loops sweeping over w, are left unchanged.
(c) If there is a read u such that RD(u) is not a singleton and 〈S, w〉 ∈

RD(u). Then, just after S, insert assignment
i. Last [ u ] = max� (Last [ u ], 〈S, w〉), if isAffine = yes.
ii. Last [ u, f(w) ] = max� (Last [ u, f(w) ], 〈S, w〉), if isAffine = no.

(Last computes the result of the ϕ function on the fly.)
(d) Replace the left-hand side with DS[ w ].
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3. For each statement S, replace each read reference r to A[ g(r) ] with
Convert(r), where:
– If RD(〈S, w〉) = {u}, then Convert(r) = DStmt(u) [ Ind(u) ].
– If RD(〈S, w〉) = {⊥}, then Convert(r) = r (the initial reference expres-

sion).
– If RD(〈S, w〉) is a non-singleton set, then Convert(r) = ϕr(〈S, w〉).
– If RD(〈S, w〉) = if p then r1 else r2, then

Convert(r) =if p then Convert(r1) else Convert(r2).
4. For each ϕr, output: if isAffine = yes:

appropriate type ϕ(w) {
return DStmt(Last[w])

[ Ind(Last[w]) ]}

if isAffine = no:

appropriate type ϕ(w) {
return DStmt(Last[w,g(r)]) [ Ind(Last[w, g(r)]) ]}

In both cases, output use the initial reference if the value stored in Last is
⊥.

Let us apply this algorithm to Example std in Figure 1. The instance-wise
reaching definitions are given by (2). We first create an array A[1..n,1..n]. The
left-hand side is turned into A[i,j], a 2-D array since the iteration domain is
two-dimensional. The read reference in the right-hand side is changed according
to (2).

Let us now generate the function ϕ. All instances of 〈S, i′, 1〉, 2 ≤ i′ ≤
n have a non-singleton set of reaching definitions. We thus define an array
Last [2..n,1]. If 〈S, i, j〉 ∈ RD(〈S, i′, 1〉), then i′ = i + j. Therefore, we in-
sert the assignment:

Last [ i + j, 1 ] = max( Last [ i + j, 1 ], (i, j) ) .

For a read 〈S, i, 1〉, 2 ≤ i ≤ n, function ϕ is then:

integer ϕ(i, 1) { return A[ Last[ i, 1] ] ; }

The resulting code appear in Figure 1.(c) (The second dimension of Last has
been dropped since it is defined for 1 only).

Notice that our technique does not include any “pseudo-assignments” of ϕ-
functions to intermediary arrays. The benefit is that placing ϕ-nodes is simple.
The drawback is that, when the same ϕ-function is used several times, our scheme
generates several instances of the same function. Notice also that, when iteration
domains are not bounded at compile-time, the data structures DS we allocate
are not bounded either; we thus have to allocate them dynamically, or to tile
the iteration space.
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6 Related Work

Other Work on Array (S)SA Our method to convert programs with arrays
to single-assignment form, adapted from [16,17], uses the result of a reaching
definition analysis on arrays to get the SA intermediate representation. Recent
work by Knobe and Sarkar [18], on the other hand, does not make this separation.
So, is this an important issue?

We believe the answer is yes. Cutting the conversion to (S)SA into two phases
(IRDA then transformation of the internal representation) has several benefits:

– A φ- or ϕ-function is needed only when the (compile-time) analysis fails
to find the unique instance-wise reaching definition. In [18], φ-functions are
inserted even for affine programs, whereas well-known analyses such as [16]
can easily prove that φ-functions are not necessary. This has practical appli-
cations for compiler writers: When a useless φ-function has been inserted in
a program, we know what to blame: The reaching definition analysis.

– The program may not be converted to single-assignment, perhaps because φ-
and ϕ-functions are considered too expensive. A maximal static extension [5]
may be preferred instead, on top of the reaching definition analysis.

Notice that the work by Knobe and Sarkar is, in our mind, complementary,
since they prefer a robust “safety net” to more elaborate methods. How to use
an instance-wise reaching definition analysis to improve array SSA has been
described in this paper.

Other Work on SSA and Privatization Chow et al. [9] proposed an algorithm
to derive (scalar) SSA without involving iterative dataflow analysis nor bit vec-
tors. Interestingly enough, the same holds for our algorithm for Array SA. The
Array SA we presented takes benefit of structured control-flow, and is therefore
related to the work by Brandis and Mössenböck [8]. However, and on the con-
trary to what is often stated, the techniques presented here are not limited to
structured counted loops nor to arrays with affine subscripts. Array privatization
by Tu and Padua [23,24] also expose parallelism from programs and is based on
data-flow analysis too. They, too, handle non-affine subscripts and detect private
arrays whose last value assignments can be determined statically (which is re-
lated to avoiding spurious φ or ϕ functions). Their data-flow analysis, however,
is not instance-wise. Moreover, their array expansion is limited to privatization,
whereas our framework allows to use a wider set of expansions ranging from
MSE [5] to Array SA.

Extending SSA to other data structures, such as languages with pointers,
has been addressed in [10,20].

7 Preliminary Experimental Results

Preliminary experiments were made for Program std in Figure 1 on an SGI
Origin 2000. Code in Array SA has been generated according to the algorithm
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Fig. 7. Performance measures for Example std on an Origin 2000. The X-
axis displays the number of processors. The Y-axis gives execution times, in
milliseconds.

in Section 5. This form of code suits PCA, the automatic parallelizer for C.
However, to be sure not to measure possible overhead or improvement due to
PCA and not to Array SA, the generated codes were augmented by hand with
directives from the mp library. Because of the lack of space, the reader is refered
to the tech report [11] for details about the generated code.

Execution times appear in Figure 7. The experiment was done with n = 9600,
from 1 to 10 processors, and the chosen predicate P was P (i) = odd(i). These
results are not surprising: with few processors, the parallelism in the Array SA
version does not compensate for the overhead due to the management of bigger
arrays and to the ϕ function. On the other hand, the Array SA version scales
better. Comparing performances on a more meaningful set of programs is left
for future work, so as to analyse which architecture-dependent parameters the
choice of expansion should be based upon.

8 Extending Algorithms Based on SSA Form

SSA form has been very successful, as demonstrated by the large number of
algorithms based on it. This success is due in part to the ability of SSA to
express the semantic equality of expressions. So how can this success carry over
to arrays?

An instance-wise reaching definition analysis gives accurate use-def relation-
ships at the array-element- and statement-instance- level. Therefore, element-
wise reaching definition analysis directly allows some optimizations, without the
need for SA or SSA form. For instance, element-wise dead code elimination is
simply given by eliminating the set of operations {u : @v, u ∈ RD(v)}.
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The main benefit of instance-wise reaching definition analyses, however, is
due to the following observation: If two references have the same single instance-
wise definition, then their values are equal1. (Note that we don’t know what this
value is, but the value numbers are the same [20].) Array SA exactly captures the
information given by an instance-wise reaching definition analysis (which Array
SSA does not) and, therefore, allows to syntactically express value equalities.

On the other hand, it has been shown [19] that the value-flow graph is a
representation of semantic equivalence superior to (classical scalar) SSA. It would
thus be interesting to try and extend the work of Knoop et al. to programs with
arrays.

Extending classical optimization algorithms (detection of common subex-
pression, redundancy elimination, construction of value flows [6], etc) to arrays,
and comparing the respective benefits of Array SA and Array SSA, is definitely
a very important future work.

9 Conclusion

We formally defined Array SSA and Array SA in a uniform way, and compared
the two frameworks. We have shown that both Array SSA and Array SA require
an instance-wise reaching definition analyses on arrays to avoid, when possible,
the run-time overhead of restoring data flows. Moreover, we cannot express with
Array SSA that two array elements having the same name have the same value.
In addition, in the context of automatic parallelization, Array SSA fails to extract
all the parallelism from programs.

This last point, however, may not be a drawback, since for some programs ex-
tracting all the parallelism implies a lot of φ- or ϕ-functions, with the associated
overhead. The question is: “When choose Array SSA for my favorite programs?
When choose Array SA? When choose maximal static expansion [5]?”. The in-
tuitive answer is: Let the compiler make an instance-wise reaching definition
analysis first, because it will be needed anyway. Then, the more (and the larger)
the reaching definition sets are, the more costly the φ- and ϕ-functions will prob-
ably be. Much more experimental studies are needed to assess this intuition and
to allow expansion tuning.
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1 Therefore, iteration-wise reaching definition analyses allow to detect equal values,
in a more general way (because arrays are handled element-wise) and more precise
way (because loop iterations are considered separately) than most classical meet-
over-paths dataflow analyses.
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Dependency Analysis of Recursive Data

Structures
Using Automatic Groups

D. K. Arvind and T. A. Lewis

School of Computer Science, The University of Edinburgh
Mayfield Road , Edinburgh EH9 3JZ, Scotland

Abstract. A framework is described for the static analysis of less regu-
lar, pointer-based data structures which have been augmented with ex-
plicit structural information. The framework has three distinct parts to
it - the specification of structural information, their translation into an
internal representation as automatic groups, and the dependency analy-
sis. The application of the method to a case study in fluid flow simulation
is described.

1 Motivation

This paper deals with the static analysis of dependencies in complex, pointer-
based data structures, which are augmented with explicit structural information.
The method of analysis can handle structures which can be represented as an
automatic group [1]. The proposed framework, illustrated in Figure 1, can be
divided into three distinct parts - the specification of structural information
in the data structure, their translation into an internal representation and the
analysis of dependencies. This paper is principally concerned with the latter two
parts.

The idea of a graph of nodes and pointers being the Cayley graph of a
group was introduced in [4]. The nodes represented group elements and the
edges/pointers represented the action of one element on another. We have ex-
tended this idea to enable programmers to specify the structure within the group;
we therefore require a class of groups where patterns of linkages could be ex-
pressed. These specifications also need to be manipulated so that equality of
group elements (the word problem) could be decided. Automatic groups (AG) fit
these requirements well. We are not strict about the group structure of these data
structures; for example, we do not require every pointer to have a corresponding
‘inverse’ pointer. The group is used primarily as an underlying representation of
linkages within a structure.

The manual creation of such automatic group representations is potentially
awkward and prone to error, even for simple linkages. We believe that a more
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suitable approach would be to use established ‘front-end’ description languages
to specify the structures and then automatically convert them to an AG repre-
sentation. In such a framework, expressions denoting dependencies can be auto-
matically converted to produce an equivalent AG with the correct properties. We
will demonstrate that this provides a sufficiently general and powerful framework
for dependence analysis.

Programmer Supplied

Structure

Dependancy/
Dataflow
Information

Description

Automatic
Group

Analyser
Static

Graph Types)
(e.g. ASAP,

(AG format)

Code

Representation

Fig. 1. Framework

2 Definitions

This section provides a brief introduction to Automatic Groups, in the context
of understanding the method of analysis. (The reader is directed to [1], for a
more detailed exposition of automatic groups.) An automatic group is a struc-
ture where each node is named by a string of symbols called a path name: it
describes the path of pointers from the root of the structure. These symbols
are the generating directions and correspond to the underlying tree pointers of
the data structure. For example, consider a simple binary tree, where the two
sub-trees at each node are labelled l and r. The nodes can be described by a
string of l and r symbols, indicating the path taken from the root node at the
top of the tree.

We may, in addition, have link directions. For instance, in a binary tree,
we may want to link the nodes in each level of the tree into a doubly-linked
list. Then each node will have two link directions - n for the next (eastwards)
and p for the previous (westwards) nodes. The nodes can still be uniquely de-
scribed by strings of l and r symbols. A description exists, for each additional
link direction, in the form of a two-variable, finite state automaton (FSA),
which specifies the set of nodes which are linked by this direction. The two-
variable FSA attempts to accept a pair of strings and inspects one symbol from
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n

l rn

p

n n

pp p

Generator l, r;

Link n, p;

{l: }

{r: }

{n:

States 2; Start 1; Accept 2;

Transitions[

[(l,l)->1;(r,r)->1;(l,r)->2;] //From state 1

[(r,l)->2;] //From state 2

]

}

{p: (n)^}

(l,l)
(r,r)

(_,l)

l:
1

2

(l,l)
(r,r)

(_,r)

r:
1

2

(l,l)
(r,r)

(l,r)

n:
1

(r,l)2

(l,l)
(r,r)

(r,l)

p:
1

(l,r)2

Fig. 2. A binary tree with additional ‘next’ and ‘previous’ pointers, with its
source code description. The graphical representation of the AG description is
shown below. The diamonds are start nodes and are labelled with the direction
name e.g. (l). Other states are circles and are labelled with the state number.
The boxes hold the pair of symbols for that transition. Double borders indicate
an accept state.
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each of them at each transition. It can also be viewed as a one-variable FSA,
but with the set of symbols extended to pairs of symbols - the set {A × A}.
There is a subtlety, however, in that we may wish to accept strings of unequal
lengths, so the shorter one is padded with the additional ’−’ symbol (we do
not, however, allow the double padded symbol (−,−)). This makes the ac-
tual set of symbols ((A ∪ {−}) × (A ∪ {−}))\(−,−): for example, for our bi-
nary tree structure with two generators l and r, the set of symbols will be
{(l, l), (l, r), (l,−), (r, l), (r, r), (r,−), (−, l), (−, r)}.

The description with each link direction, d, is a two-variable finite state
automaton, called the multiplier of that link, and denoted Md. There is also a
word acceptor automaton, W , that accepts the path names that correspond to
valid parts of the data structure.

Consider the task of producing the multiplier FSA for the n link direction.
When moving eastwards from a node with a pathname ending in a l symbol,
the last l is changed to a r, to obtain the name of the target node. For a name
that ends with a r symbol, x.r say, the target node can be defined in a recursive
manner: if the node next to x is known, then a l symbol is appended to it,
to produce the final target node. This information can be expressed by stating
that the next direction links nodes of the format x.l.rp to nodes given by x.r.lp,
where p is any integer (or zero), and x is any path name. This description can be
converted to a FSA along with others for the l, r and p directions. The generator
FSAs (l and r) are simpler to understand, since they accept pairs of paths that
are indentical up to the the point where the first terminates and the second has
an additional symbol (either an l or r). These generator descriptions do not need
to be described by the programmer.

Automatic groups are a good choice of description, since they can be readily
manipulated by using existing regular language theory. In particular, we can
produce FSAs for words of directions from the individual FSAs for each di-
rection. We can perform basic logical operations (AND, OR, NOT, ∀ and ∃)
with the FSAs, and by extension, on the sets of nodes that they represent.
Other constructions from Automatic Group theory can be used; for instance,
given FSAs for individual directions, one may wish to combine the multiplier
FSAs into a multiplier for words of directions that appear in the code, e.g. to
find those parts of the structure which are accessed by the word, a.b, when
given the appropriate FSAs for a and b. This can be naturally performed in the
AG approach - given two FSAs, F1 and F2, their composition is denoted by
F1.F2 - see [1] for the details of its construction. The inverse FSA, denoted by
F−1, is built by swapping the pair of letters in each transition of F .

3 The Programming Model

The automatic groups representation will be illustrated by applying it to an
example involving a pair of simple recursive functions (Fig. 3) over a particular
structure. Fig.2 illustrates a binary tree, each node of which has a left and right
subtree, and in addition the nodes in each level are connected as a doubly-linked
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list, with ‘next’ and ‘previous’ pointers. The description declares each direction
as either a generator or a link, followed by the definitions of each. The l and r
directions are generators, and so do not require an explicit FSA description. The
n direction is given as a FSA with two states - start and acceptance, followed
by a list of transitions from each state. The p direction is defined as the inverse
of the n direction, with the syntax ‘(n)∧’. Fig. 2 gives the structure of the AG
representation which is built automatically from this description.

The implementation analyses a fairly restricted programming language that
manipulates these structures. The code accesses one global data structure. Data
elements are accessed via pathnames, which are used as a replacement for con-
ventional pointers. The code consists of a number of possibly mutually recursive
functions. These functions take one parameter w (a pathname), and return void.
It is assumed that the first (main) function is called with the root path name.
Each function may make possibly recursive calls to other functions using the
syntax ‘FuncName(w.g)’ where g is any generator.

It should be clarified at this stage that the analysis assumes that the code
does not recurse in a direction that is not a generator; otherwise the construction
of the map from control words to pathnames ceases to be representable by a
regular language. This is a restriction of the method. One can still produce
some information, however, by unrolling the recursion, and analysing within the
function. Another related problem is when a function calls another one with the
parameter w, e.g. ‘FuncName(w)’. This can be handled provided that it does not
occur within a mutually recursive set of functions, i.e. the function can only be
called a finite number of times.

The basic statements of the code are reads and writes to different parts
of the structure. A typical statement would be of the form ‘Struct(w.a) =
Struct(w.b)’ where w is a variable and a and b are words of directions. This
statement denotes the copying of an item of data from w.b to w.a, within the
structure Struct.

Another observation about these static control programs is that if run-time
dependencies are disallowed in the code, then one may as well run the program
and trace its dataflow directly. Therefore, variable sized structures are allowed,
delimited by NULL pointers. Conditional statements of the form ‘if (pathname
== NULL) then ...’ or ‘if (pathname != NULL) then ...’ are also allowed.
This however restricts the type of analysis that can be done. For example, any
dataflow analysis has the potential to become inaccurate when one cannot decide
statically if a statement is executed or not. One can still find sets of nodes
accessed by a particular statement and deduce coarser-grained parallelism.

4 The Analysis

The recursive functions given in Fig. 3 operate over a binary tree structure. The
function Traverse moves down the left-hand side of the tree, copying values to
adjacent nodes. It then calls Update on the right-hand sub-tree, which updates
each node in that whole tree by copying from a nearby node.
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Traverse(w) {

if (w ==NULL) return;

A: Update(w.l);

B: Struct(w) = Struct(w.p);

C: Traverse(w.r);

}

Update(w) {

if (w ==NULL) return;

D: Struct(w) = Struct(w.p.l.n);

E: Update(w.l);

F: Update(w.r);

}

Fig. 3. Sample recursive functions. The A, B, C, D, E, F are statement labels
and not part of the original code.

(C,r)

(A,l)
:
1

(E,l)
(F,r)

2

Fig. 4. FSA that maps control words to values of w.

The descriptions for single directions can be used to build composite direc-
tions. For instance, the ‘read’ in statement D requires the composite read word :
p.l.n. Each runtime statement can be labelled by a control word, a word from the
set given by the regular expression (A|C|E|F )∗.(B|D). Each time the function
is called recursively from statement A, a l direction is appended to the param-
eter w, and similarly for statement C, a r is appended. The same is true for
statements E and F . This information can be captured in a FSA that converts
a given control word into the value of the parameter, w, for that function call.
This FSA is given in Fig. 4.

One can append, for each read statement, the statement symbol and the read
word for that statement. This produces a FSA Fr that maps from any control
word to all the nodes of the structure that can be read by that statement.
Similarly, we can produce a FSA that maps from control words to nodes which
are written, denoted by Fw. These read and write FSAs are given in Fig. 5.

We can now describe all the nodes which are read from and written to, by
any statement. By combining the FSAs for read and write, a new FSA is created
that links statements when one writes a value that the other reads, i.e the
statements conflict. The conflict FSA Fconf is given by Fr.(Fw)−1. The FSA in
Fig.5 is the conflict FSA which has also been combined (ANDed) with an FSA
Fcausal(X, Y ) which accepts control words X, Y , only if Y occurs before X in
the sequential running of the code. This removes any false sources that actually
occur after the statement.
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(A,l)

(C,l)

:
1 (E,l)

(F,r)

(F,l)

2

(A,r)

(B,_)

3

(E,r)

(D,r)

4

5

(C,r)

(A,l)

(B,_)

:
1

(E,l)
(F,r)

(D,_)

2

3

(C,C)

(A,A)

(C,A)

:
1 (E,E)

(F,F)

(F,E)

2

(A,F)

(B,D)

3

(E,F)

(D,F)

4

5

(_,D)6

Fig. 5. Read (Top) Write (Middle) and Conflict (Bottom) FSAs.

The final step would be to extract dataflow information. If the statement X
depends on Y and Z, and Z occurs after Y , then one can remove Y as a potential
source. Removing all such sources, will provide the dataflow information. One
can prune these false sources by splitting the conflict FSA up into components -
one for each read statement, and then removing multiple sources. Consider the
FSA for the potential sources for statement B in Fig.6, in particular, the (C, A)
and (C, C) transitions from the start node. For a given sink with a C statement,
the (C, C) transition will always produce a potential source later than the (C, A)
transition, and will therefore overwrite the value. The earlier (C, A) transition
can now be removed. In general, in any state with transitions, (X, Y ) and (X, Y ′),
with Y < Y ′, (X, Y ) can be removed. We can then minimise the resulting FSA,
by possibly removing unreachable states. The resulting dataflow when this is
performed on the entire FSA FSA is shown in Fig.6.



360 D. K. Arvind and T. A. Lewis
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Fig. 6. (Above) Potential sources. (Below) Pruned to produce dataflow sources.

5 Conditional Statements

One cannot always predict at compile time whether a statement will actually be
executed. This means that full dataflow information cannot be produced, since
we cannot prune the FSA as mentioned in the last section. This section describes
how one could incorporate some knowledge into our model.

We assume that the function begins with a terminating condition, a statement
of the form, if T(w) then return, where T(w) is a predicate on the function
parameter w. We restrict T to be a regular language with an associated FSA
which we will denote by T . Note that we do not require the programmer to
supply these FSAs explicitly, and for certain simple classes of predicate (such
as the ones that select paths of length greater than a fixed constant) we could
generate them automatically. We do restrict these predicates, and require the
property: T (x) ⇒ T (x.y)∀y. This is needed so that we can determine whether a
particular control word is executed without having to examine all shorter words
for the one that has terminated the recursion.
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In addition, each statement or function call C can have a conditional guard
PC , which determines if the statement is executed. For a statement C, this is
equivalent to the code fragment ‘if (P(w)) then C;’.

Our aim is to combine this conditional information into one FSA, E , that de-
cides whether the statement corresponding to a given control word is executed.
Firstly, we need to convert the FSAs that operate on path names to ones that
operate on control words. Then we merge the conditionals that guard the recur-
sive calls into the termination FSA. Finally, we create the FSA, E , by combining
the termination and conditional guards of the read/write statements.

5.1 Merging call guards and the termination FSA

Our recursive function has a set of recursive call statements labelled RCi of the
form:

if (RPi(w)) then F (w.gi)

We convert the RPi(w) to RP ′i(W ) that operate on control words, by ap-
plying S and then applying NOT, so that it accepts the words that halt the
recursion. We now append S(gi) to this FSA to produce RP ′′i (W ), so that RP ′′i
accepts W.S(gi) if, and only if, RP ′′i accepts W . The set of RP ′′i now acts as
additional termination conditions, and can be ANDed together with T .

5.2 Completion of the executing FSA

To determine whether a statement corresponding to a particular control word
does get executed at runtime, we need to ensure that the actual recursive call
is executed, and the conditional guard for that particular statement is true. For
each statement labelled Ci, we convert the conditional guard Pi to P ′i using S.
We append the label Ci to both Pi and T and then AND the pair. Finally, the
executing FSA E is produced by ORing all these FSAs together.

6 Front-End Description Languages

The paper so far has described the analysis of the dependences in the framework
of AG descriptions of structural information. In this section we will briefly touch
on a couple of description languages - ASAP [2] and Graph Type [3] - which can
be integrated in the framework. This will be achieved by augmenting the AG
description with extra information, i.e. two further FSAs are defined - Fa and
Fd to hold the aliasing and disjointedness information, respectively.

6.1 Integrating ASAP description

Linkage information in a structure is expressed in ASAP via a series of axioms.
The axioms come in two basic types, which describe when the nodes are equal
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or unequal. The equal axioms describe aliasing information, the unequal ones -
disjointedness.

There are three kinds of axioms:

1) ∀p p.RE1 6= p.RE2
2) ∀p 6= q p.RE1 6= q.RE2
3) ∀p p.RE1 = p.RE2

where p, q are any path names and RE1, RE2 are regular expressions over A∗ .
Given a regular expression, RE1, it is trivial to convert it into a two variable

‘appended’ FSA that accepts (p.RE1, p) for all p, and is denoted by ApRE1. In
addition, using F 6= (the FSA that accepts a pair of paths if they are not equal)
we can produce expressions that convert axioms of each type to FSAs that accept
the equivalent pairs of words.

1) ApRE1.(Ap−1
RE2)

2) ApRE1.F6=.(Ap−1
RE2)

3) ApRE1.(Ap−1
RE2)

We then build Fd by ORing together all the FSAs produced from axioms 1
and 2, and Fa by ORing the ones from axiom 3.

6.2 Graph Types

One cannot automatically convert from a Graph Types description to the AG
one. We have instead focussed on extending our system to handle structures that
can be described using this formalism. We need to introduce the idea of different
types at each node. As it stands, the structures that have been considered are
homogeneous, with the allowed number and type of pointers at each node being
identical. We extend the descriptions to allow each pointer direction to be of
a different type, and introduce the concept of type variant. Each of these is
encoded into the path name, so that queries on type variants can be expressed.
Consider the case of a binary tree with linked leaf nodes in C language.
union TreeNode { struct Internal {

Internal* intern; int ival;
Leaf* leaf; TreeNode *left;

}; TreeNode *right;
struct Leaf { };

int lval;
TreeNode *next;

};

The path name for a node in the structure is then a word over the alphabet
{intern, leaf, left, right, next}. Of course, some path names are invalid, intern
must always be followed by either a left or right. Such properties can be readily
expressed using FSAs and incorporated into the W part of the AG description,
and derived automatically from the above style of code. In addition, we will
need the programmer to supply descriptions of where the directions- {left, right,
next}- actually point.
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7 Complexity

Since finite state machines are the fundamental object being manipulated us-
ing this method, the complexity of our analysis relate to the complexity of the
underlying FSA operations.

If ng is the number of generating directions, nl the number of lines in the
code, then the size of the alphabet of each two-variable FSA is (ng +nl +1)2−1.
For a reasonably-sized program, the number of lines in the code will dominate,
making the complexity O(n2

l ). The memory requirements for such a FSA with
ns states will be O(ns.n

2
l ); storing the information sparsely will decrease this.

However, the number of states can potentially increase dramatically: given two
FSAs with n and m states, the FSA built by the operations AND, OR can
have up to n ×m states. When combining two FSAs to form a composite, the
combined FSA can have up to 2n×m states. There is a potential to produce very
large FSAs, with large memory requirements, and computation time.

In the case of FSAs obtained automatically from ASAP axioms, as described
previously, the resulting FSAs can be significantly large. For example, the de-
scriptions for a sparse matrix produce a disjointness FSA of approximately 150
states. Obviously, such large FSAs would pose a problem and impact on the
analysis that could be carried out on real programs.

In practice, however, the number of states often remains manageable. For
example, using the worst case estimates described previously, the combined word,
p.l, required for analysis of the read in statement D in Fig. 3, could be expected
to require 16 states. In fact it requires only 3. The reason is that these simple
FSAs are sparse, there being only a couple of transitions from each state.

8 A Case Study: Fluid Flow Simulation

We have applied this description and analysis to the Fast Multipole Method
Vortex algorithm which is used in fluid flow simulations.

A tree is data structure of choice, with l and r pointers at each node. We
also have additional pointers, n and p, that link nodes at each level into a linked
list, and a spiral pointer s, that joins the nodes in a spiral from bottom left of
the tree to the root.

The nodes carry four items of data psi, phi, theta and gamma, all of which
are multipole expansions of the energy potential due to various sets of vortices.
The code shown in Fig. 7 has been simplified in two important ways:

– The summations represent more complex manipulations of these expansions.
– The code is a ‘one-dimensional’ version of the algorithm. In the two dimen-

sional version there are four subtrees at each node, and the nodes in each
level are linked into a grid, rather than a list.

Our method can handle all the complexities of the two dimensional version.
We present the simplified version because it allows the essentials of the algorithm
to be highlighted.
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FindLeftmostLeaf(w) {

if (w.l.l == NULL) PhaseTwo(w);

FindLeftLeaf(w.l);

}

PhaseOne(w) {

Struct(w.phi) = Struct(w.l.phi) + Struct(w.r.phi);

if (w.m == NULL)

PhaseOne(w.s);

}

PhaseTwo(w) {

if (w == NULL) return;

A: Struct(w.psi) = Struct(w.m.psi)

+ Struct(w.m.p.l.phi) + Struct(w.m.p.r.phi)

+ Struct(w.m.n.l.phi) + Struct(w.m.n.r.phi);

B: if (w.l == NULL) Struct(w.theta) = Struct(w.psi)

+ Struct(w.p.gamma) + Struct(w.n.gamma);

C: PhaseTwo(w.l);

D: PhaseTwo(w.r);

}

Fig. 7. Algorithm for fast multipole method

(C,C)
(D,D)

(B,A)

(C,A)
(D,A)

:
1

2
(A,_)3

Fig. 8. FSA for dependency of the second phase of fluid simulation algorithm

If we analyse the function PhaseTwo, we get the FSA in Fig. 8, for the possible
sources of statements. This shows that the reads that occur in statement B are
produced by the write in statement A. Also the read in statement A uses the
value produced in the previous function call.

We need a different approach to producing information for the function
‘PhaseOne’ since it recurses in a non-generator direction. We have ‘unrolled’
three of the function calls into the body of the loop, and have looked for de-
pendencies within one call, rather than between all calls of the function. The
resulting dependancy FSA is given in Fig. 9. The main observation is that there
are only dependencies between calls that access the first three levels of the tree.
In all the other levels the four statements are independant and can therefore be
executed simultaneously.
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PhaseOne(w) {
A: Struct(w.phi) = Struct(w.l.phi) + Struct(w.r.phi);

if (w.m == NULL) return;
B: Struct(w.s.phi) = Struct(w.s.l.phi) + Struct(w.s.r.phi);

if (w.s.m == NULL) return;
C: Struct(w.s.s.phi) = Struct(w.s.sl.phi) + Struct(w.s.s.r.phi);

if (w.s.s.m == NULL) return;
D: Struct(w.s.s.s.phi) = Struct(w.s.s.s.l.phi) + Struct(w.s.s.s.r.phi);

if (w.s.s.s.m == NULL) return;
PhaseOne(w.s.s.s.s.s);

}

(E,E)

(F,F)

:
1

(C,A)
(C,B)

2

(B,A)

(E,E)

(F,F)

3

4

(D,A)
(D,B)

5

(C,A)
(D,B)
(D,C)6

Fig. 9. PhaseOne of the algorithm, unrolled and the FSA for dependencies within
one function call of this function.

9 Conclusion

This paper has described a framework based on an underlying Automatic Group
representation for analysing the dependencies in complex, pointer-based data
structures which are less regular. The approach assumes that the programmer
supplies explicit structural information. We have given a flavour as to how de-
scription languages such as Graph Types and ASAP can be integrated into this
framework.

We have demonstrated that this analysis can be carried out on a class of pro-
grams which consist of many possibly recursive functions of a single parameter.
We are presently working towards extending this method to handle functions
that recurse with multiple parameters, and to allow recursion in non-generator
directions.

Our framework allows us to combine ASAP descriptions, with stricter AG
descriptions. Thus we allow a broader range of information to be supplied by
the programmer. In return, the dependency information given can be more de-
tailed, with a finer grained resolution of dependencies between individual run-
time statements.



366 D. K. Arvind and T. A. Lewis

Acknowledgements

Tim Lewis was supported by a postgraduate studentship from Engineering and
Physical Sciences Research Council (EPSRC). We would like to thank Christian
Lengauer for useful discussions - the visits to Passau were funded under British
Council/ARC grant entitled Formal Parallelisation of Program Specifications.

References

1. David B. A. Epstein, J. W. Cannon, D. E. Holt, S. V. F. Levy, M. S. Paterson, and
W. P. Thurston. Word Processing in Groups. Jones and Bartlett, 1992. 353, 354,
356

2. Joseph Hummel, Laurie J Hendren, and Alexandru Nicolau. A language for convey-
ing the aliasing properties of dynamic, pointer-based data structures. In Proceedings
of the 8th International Parallel Processing Symposium, April 1994. 361

3. Nils Klarlund and Michael I. Schwartzbach. Graph types. In Proceedings of the
ACM 20th Symposium on Principles of Programming Languages, pages 196–205,
January 1993. 361

4. Olivier Michel. Design and implementation of 81/2, a declarative data-parallel lan-
guage. Technical Report 1012, Laboratoire de Recherche en Informatique, December
1995. 353



The I+ Test

Weng-Long Chang and Chih-Ping Chu

Department of Computer Science and Information Engineering, National Cheng
Kung University,

Tainan, Taiwan 701, R.O.C.
{changwl,chuch}@csie.ncku.edu.tw

Abstract. The I test is an efficient and precise data dependence method
to ascertain whether integer solutions exist for one-dimensional arrays
with constant bounds. For one-dimensional arrays with variable limits,
the I test assumes that there may exist integer solutions. In this paper, we
propose the I+ test—an extended version of the I test. The I+ test can
be applied towards determining whether integer solutions exist for one-
dimensional arrays with either variable or constant limits, improving the
applicable range of the I test. Experiments with benchmark cited from
EISPACK, LINPACK, Parallel loops, Livermore loops and Vector loops
showed that among 1189 pairs of one-dimensional arrays tested, 183 had
their data dependence analysis amended by the I+ test. That is, the
I+ test increases the success rate of the I test by approximately 15.4
percent. Comparing with the Power test and the Omega test, the I+ test
has higher accuracy than the Power test and shares the same accuracy
with the Omega test when determining integer solutions for these 1189
pairs of one-dimensional arrays, but has much better efficiency over them.

1 Introduction

One-dimensional array references with linear subscripts occur quite frequently
in real programs in light of an empirical study reported in [9]. That study shows
that one-, two- and three-dimensional array references account for 56 percent,
36 percent and 8 percent among array references examined, respectively. That
study also shows that about 60 percent of them have linear subscripts. The
major findings from these data are (1) one-dimensional array references are very
common, and (2) linear subscripts in one-dimensional array references emerge
quite frequently. Therefore, an efficient and precise method for testing linear
subscripts in one-dimensional array references is very important.
The question of whether one-dimensional array references with linear sub-

scripts may be paralleled/vectored depends upon the resolution of those one-
dimensional array aliases. The resolution of one-dimensional array aliases is to
ascertain whether two references to the same one-dimensional array within a
general loop may refer to the same element of that one-dimensional array. This
problem in general case can be reduced to that of checking whether a linear equa-
tion with n unknown variables has an integer solution, which satisfies the bounds

S. Chatterjee (Ed.): LCPC’98, LNCS 1656, pp. 367–381, 1999.
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for each variable in the linear equation. It is assumed that a linear equation is
written as

a1X1 + a2X2 + · · ·+ an−1Xn−1 + anXn = a0 (1)

where each aj is an integer for 0 ≤ j ≤ n. It is postulated that the limits to each
variable in (1) are represented as

Pr,0 +

r−1∑

s=1

Pr,sXs ≤ Xr ≤ Qr,0 +
r−1∑

s=1

Qr,sXs (2)

where Pr,0, Qr,0, Pr,s and Qr,s are integers for 1 ≤ r ≤ n.

If each of Pr,s and Qr,s is zero in the constraints of (2), then (2) will be re-
duced to

Pr,0 ≤ Xr ≤ Qr,0,where 1 ≤ r ≤ n (3)

That is, the bounds for each variable Xr are constants.
There are several well-known data dependence analysis algorithms in prac-

tice. The Banerjee inequalities determines whether real-valued solutions exist for
a linear equation (1) under the bounds of (3). The Banerjee algorithm ascertains
whether there exist real-valued solutions for a linear equation 1 under the limits
of (2) [1]. The I test is a combination of the Banerjee inequalities and the GCD
test [6]. It figures out integer solutions for a linear equation (1) with the con-
straints of (3). More precise results are achieved by judging the consistency of a
linear system of equalities and inequalities. The Power test is a combination of
Fourier-Motzkin variable elimination with an extension of Euclid’s GCD algo-
rithm [13,12]. The Omega test combines new methods for eliminating equality
constraints with an extension of Fourier-Motzkin variable elimination to integer
programming [8]. Though both of the methods gain more accurate outcomes,
they have exponential worst-case time complexity. For one-dimensional array
references with nonlinear subscripts, the range test is used to test them [3].
The I test is extended to check whether a linear equation (1) together with

the bounds of (1) has a relevant integer solution. A theoretical analysis explains
that we take advantage of the trapezoidal shape of the convex sets derived from a
linear equation under variable limits in a data dependence testing. An algorithm
called the I+ test has been implemented and several measurements have also
been performed (see Section 4).
The rest of this paper is proffered as follows. In Section 2, the problem of data

dependence is presented. The GCD, Banerjee and I tests are briefly reviewed.
In Section 3, the theoretical aspects and the time complexity for the I+ test are
proposed. Experimental results showing the advantages to the I+ test are given
in Section 4. Finally, brief conclusions are given in Section 5.

2 Background

In this section, we mainly introduce the concept of data dependence and cite
some dependence testing methods.
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2.1 Data Dependence

It is assumed that S1 and S2 are two statements within a general loop. The
general loop is presumed to contain d common loops. Statements S1 and S2
are postulated to be embedded in d+ p loops and d+ q loops, respectively. An
array A is supposed to appear simultaneously within statements S1 and S2. If a
statement S2 uses the array A defined first by another statement S1, then S2 is
true-dependent on S1. If a statement S2 defines the array A used first by another
statement S1, then S2 is anti-dependent on S1. If a statement S2 redefines the
array A defined first by another statement S1, then S2 is output-dependent
on S1.

2.2 The GCD, Banerjee and I Tests

The GCD test is based upon a theorem of elementary number theory, which says
that a linear equation (1) has an integer solution if and only if gcd(a1, · · · , an)
is a divisor of a0. The Banerjee test (the Banerjee inequalities and the Banerjee
algorithm) computes the minimum and maximum values for the expression on
the left-hand side of (1) beneath constant limits or variable constraints. By the
Intermediate Value Theorem, the Banerjee test infers that (1) has a real-valued
solution if and only if the minimum value is less than or equal to a0 and the
maximum value is greater than or equal to a0.
A linear equation (1) with the bounds of (3) will be said to be integer solvable

if the linear equation (1) has an integer solution to satisfy the bounds of (3) for
each variable in the linear equation (1). The I test deals with a linear equation by
first transforming it to an interval equation. Definitions 1 and 2 simply describe
the definitions of integer intervals and an interval equation [6].

Definition 1. Let [α1, α2] represent the integer intervals from α1 to α2, i.e.,
the set of all integers between α1 and α2.

Definition 2. Let a1, · · · , an−1, an, L and U be integers. A linear equation

a1X1 + a2X2 + · · ·+ an−1Xn−1 + anXn = [L, U ] (4)

which is referred to as an interval equation, will be used to denote the set of
ordinary equations consisting of:

a1X1 + a2X2 + · · ·+ an−1Xn−1 + anXn = L

a1X1 + a2X2 + · · ·+ an−1Xn−1 + anXn = L + 1

...

a1X1 + a2X2 + · · ·+ an−1Xn−1 + anXn = U
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An interval equation (4) will be said to be integer solvable if one of the
equations in the set, which it defines, is integer solvable. If L > U in an interval
equation (4), then there are no integer solutions for the interval equation (4). If
the expression on the left-hand side of an interval equation (4) is reduced to zero
items, then the interval equation (4) will be said to be integer solvable if and
only if U ≥ 0 ≥ L. It is easy to see that a linear equation (1) is integer solvable
if and only if an interval equation

a1X1 + a2X2 + · · ·+ an−1Xn−1 + anXn = [a0, a0]

is integer solvable. The following definition and theorems, cited from [6], in detail
state how the I test determines integer solutions of an interval equation under
constant bounds.

Definition 3. Let a variable ai be an integer 1 ≤ i ≤ n. The positive part a
+
i

and the negative part a−i of an integer ai are defined by a
+
i i =MAX{ai, 0} and

a−i =MAX{−ai, 0}.

Theorem 1. Given a linear equation (1) subject to the constraints of (3). Let
a1, a2, · · · , an, L and U be integers. For each r, 1 ≤ r ≤ n − 1, let each of Pr,0
and Qr,0 be either an integer or an unknown limit, where Pr,0 ≤ Qr,0 if both
Pr,0 and Qr,0 are integers. Let Pn,0 and Qn,0 be integers, where Pn,0 ≤ Qn,0. If
|an| ≤ U − L + 1, then the interval equation

a1X1 + a2X2 + · · ·+ an−1Xn−1 + anXn = [L, U ]

is (Pr,0 ≤ Xr ≤ Qr,0; 1 ≤ r ≤ n)-integer solvable if and only if the interval
equation

a1X1 + a2X2 + · · · + an−1Xn−1 = [L− a
+
nQn,0 + a

−
n Pn,0, U − a

+
nPn,0 + a

−
nQn,0]

is (Pr,0 ≤ Xr ≤ Qr,0; 1 ≤ r ≤ n)-integer solvable.

Proof. Refer to [6].

Theorem 2. Given a linear equation (1) subject to the constraints of (3). Let
a1, a2, · · · , an, L and U be integers. For each r, 1 ≤ r ≤ n, let each of Pr,0 and
Qr,0 be either an integer or an unknown limit, where Pr,0 ≤ Qr,0 if both Pr,0 and
Qr,0 are integers. Let g = gcd(a1, · · · , an−1, an). The interval equation

a1X1 + a2X2 + · · ·+ an−1Xn−1 + anXn = [L, U ]

is (Pr,0 ≤ Xr ≤ Qr,0; 1 ≤ r ≤ n)-integer solvable if and only if the interval
equation

(a1/g)X1 + (a2/g)X2 + · · · + (an−1/g)Xn−1 + (an/g)Xn = [dL/ge, bU/gc]

is (Pr,0 ≤ Xr ≤ Qr,0; 1 ≤ r ≤ n)-integer solvable.

Proof. Refer to [6].
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3 The Extension of the I Test

A data dependence problem is considered where one-dimensional array refer-
ences are linear in terms of index variables. Bounds for one-dimensional array
references are presumed to be variable. (Note: constant limits are a special case of
variable constraints, so variable bounds actually contain constant limits.) Given
the data dependence problem as specified, the I+ test examines a linear equa-
tion (1) with the constraints of (2) and deduces whether the system has integer
solutions. In this section, the theoretical aspects and the time complexity for the
I+ test are provided.

3.1 Interval-Equation Transformation

A linear equation (1) under the constraints of (2) will be said to be integer
solvable if the linear equation (2) has an integer solution to satisfy the constraints
of (2) for each variable in the linear equation (1). In the following, Definition 4
states the definition of the set of all integer intervals. Definition 5 describes the
definition of the set of all interval equations. Definition 6 introduces the definition
of the set for the length of the right-hand side interval on every interval equation
in the set of all interval equations.

Definition 4. Suppose that the constraints of Xr for 1 ≤ r ≤ n are equal to the
bounds of (2). Let [b0+

∑n
r=1 brXr, c0 +

∑n
r=1 crXr] represent the set of all the

integer intervals for every Xr to satisfy the bounds of (2), where b0, c0, br and cr
for 1 ≤ r ≤ n are integers. The set of all the integer intervals Φ is denoted to be
equal to

{[b0+
∑n
r=1 bryr, c0+

∑n
r=1 cryr]|Pr,0+

∑r−1
s=1 Pr,sys ≤ yr ≤ Qr,0+

∑r−1
s=1Qr,sys

for 1 ≤ r ≤ n}.

Definition 5. Suppose that the constraints of Xr for 1 ≤ r ≤ n are equal to the
bounds of (2). Let L = b0+

∑n
r=1 brXr and U = c0+

∑n
r=1 crXr ], where L ≤ U ,

and b0, c0, br and cr for 1 ≤ r ≤ n are integers. The following equation

a1X1 + a2X2 + · · ·+ an−1Xn−1 + anXn = [L, U ] (5)

will be used to denote the set of all the interval equations inferred from every
variable Xr under the bounds of (2). The set of all the interval equations Ψ is
denoted to be equal to

{a1y1 + · · ·+ anyn = [b0 +
∑n
r=1 bryr, c0 +

∑n
r=1 cryr]|

Pr,0 +
∑r−1
s=1 Pr,sys ≤ yr ≤ Qr,0 +

∑r−1
s=1 Qr,sys for 1 ≤ r ≤ n}.

If b0 +
∑n
r=1 bryr ≤

∑n
r=1 aryr ≤ c0 +

∑n
r=1 cryr in the variable interval equa-

tion (5), then the corresponding constant interval equation exists. Otherwise, the
corresponding one does not exist.
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Definition 6. Suppose that the constraints of Xr for 1 ≤ r ≤ n are equal to
the bounds of (2). Let K represent the left-hand-side expression

∑n
r=1 arXr , L =

b0+
∑n
r=1 brXr and U = c0+

∑n
r=1 crXr in the equation (5), where L ≤ K ≤ U ,

and b0, c0, ar, br and cr for 1 ≤ r ≤ n are integers. The set Ω for the length of the
right-hand side interval on every interval equation in the equation (5) is denoted
to be equal to

{1 + (c0 − b0) +
∑n
r=1(cr − br)yr |Pr,0 +

∑r−1
s=1 Pr,sys ≤ yr ≤ Qr,0 +

∑r−1
s=1Qr,sys

for 1 ≤ r ≤ n}.

If each of br and cr is zero for 1 ≤ r ≤ n, then the set of all the interval
equations Ψ only contains one interval equation. The set Ψ will be said to be
integer solvable if one of the interval equations in the set Ψ is integer solvable.
If b0+

∑n
r=1 bryr > c0 +

∑n
r=1 cryr in every interval equation in the set Ψ , then

there are no integer solutions for the set Ψ . If
∑n
r=1 aryr < b0 +

∑n
r=1 bryr or∑n

r=1 aryr > c0 +
∑n
r=1 cryr in every interval equation in the set Ψ , then there

are no integer solutions for the set Ψ . If all of the integers in between the intervals
of the interval equations in the set Ψ are not divisible by the greatest common
divisor of the left-hand-side coefficients of 5, then the variable interval equation
will be integer unsolvable. If the expression of the left-hand side for one of the
interval equations in the set Ψ is zero items, in the processing of testing, then
the set Ψ will be said to be integer solvable if and only if b0 +

∑n
r=1 bryr ≤ 0 ≤

c0 +
∑n
r=1 cryr . It is easy to see that a linear equation (1) is integer solvable if

and only if the only interval equation in the set

{a1X1 + a2X2 + · · ·+ an−1Xn−1 + anXn = [a0, a0]}

is integer solvable.
The I+ test involves a number of interval equation-to-interval equation trans-

formations. In the following, Lemmas 1 and 2 are extensions of Theorem 1.
Lemmas 1 and 2 will be employed towards doing interval equation-to-interval
equation transformations.

Lemma 1. Suppose that the constraints of Xr for 1 ≤ r ≤ n are equal to the
bounds of (2). Let L = b0+

∑n
r=1 brXr and U = c0+

∑n
r=1 crXr, where L ≤ U ,

and b0, c0, br and cr for 1 ≤ r ≤ n are integers. If ak > 0, 0 ≤ bk ≤ ak, 0 ≤ ck ≤
ak, and the value for ak is less than or equal to the length of the right-hand side
interval on one of the interval equations in the equation (5), where 1 ≤ k ≤ n,
then the equation (5) is

(Pr,0 +
∑r−1
s=1 Pr,sXs ≤ Xr ≤ Qr,0 +

∑r−1
s=1 Qr,sXs for 1 ≤ r ≤ n) -integer

solvable

if and only if the equation

a1X1 + · · ·+ ak−1Xk−1 + ak+1Xk+1 + · · ·+ anXn =

[b0 +
∑n
r=1 brXr + (bk − ak)(Qk,0 +

∑k−1
r=1 Qk,sXs),
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for r 6= k is
c0 +

∑n
r=1 crXr + (ck − ak)(Pk,0 +

∑k−1
r=1 Pk,sXs)]

(Pr,0 +
∑r−1
s=1 Pr,sXs ≤ Xr ≤ Qr,0 +

∑r−1
s=1Qr,sXs where 1 ≤ r ≤ n and r 6= k)-

integer solvable.

Lemma 2. Suppose that the constraints of Xr for 1 ≤ r ≤ n are equal to the
bounds of (2). Let L = b0+

∑n
r=1 brXr and U = c0+

∑n
r=1 crXr, where L ≤ U ,

and b0, c0, br and cr for 1 ≤ r ≤ n are integers. If ak < 0, ak ≤ bk ≤ 0,
ak ≤ ck ≤ 0, and the negative value for ak is less than or equal to the length of
the right-hand side interval on one of the interval equations in the equation (5),
where 1 ≤ k ≤ n, then the equation (5) is

(Pr,0 +
∑r−1
s=1 Pr,sXs ≤ Xr ≤ Qr,0 +

∑r−1
s=1 Qr,sXs; 1 ≤ r ≤ n)-integer

solvable

if and only if the equation

a1X1 + · · ·+ ak−1Xk−1 + ak+1Xk+1 + · · ·+ anXn =

[b0 +
∑n
r=1 brXr + (bk − ak)(Pk,0 +

∑k−1
r=1 Pk,sXs),

for r 6= k is
c0 +

∑n
r=1 crXr + (ck − ak)(Qk,0 +

∑k−1
r=1 Qk,sXs)]

(Pr,0 +
∑r−1
s=1 Pr,sXs ≤ Xr ≤ Qr,0 +

∑r−1
s=1Qr,sXs where 1 ≤ r ≤ n and r 6= k)-

integer solvable.

The set of all the interval equations Ψ at least contains one interval equation
in light of Definition 5. The set Ω for the length of the right-hand side interval
on every interval equation in the set Ψ at least consists of one element according
to Definitions 5 and 6. If the set Ω only includes one element, then the only
element is equal to c0 − b0 + 1 due to Definition 6. Otherwise, every element in
the set Ω is equal to 1 + (c0 − b0) +

∑n
r=1(cr − br)yr according to Definition 6.

Lemmas 1 and 2 can be used to determine integer solutions of the equation (5)
if there is the coefficient ak for one item in the equation (5) with a small enough
value to justify the movement of the item to the right. If ak > 0, 0 ≤ bk ≤ ak,
0 ≤ ck ≤ ak, and the value for ak is less than or equal to one of the elements
in the set Ω in light of the assumption of Lemma 1, then the value is actually
equivalent to the small enough value to justify the movement of the item to the
right. If ak < 0, ak ≤ bk ≤ 0, ak ≤ ck ≤ 0, and the negative value for ak is less
than or equal to one of the elements in the set Ω in light of the assumption of
Lemma 2, then the negative value is actually equivalent to the small enough value
to justify the movement of the item to the right. On the other hand, Lemmas 1
and 2 are inapplicable towards ascertaining integer solutions of the equation (5)
if the absolute values of the coefficients for all the items in the equation (5) are
greater than the maximum element in the set Ω. The Banerjee algorithm can
be employed to determine the maximum element in the set Ω.
The I+ test generates three possible results when it is used to determine

integer solutions of the equation (5) with the bounds of (2). The first gener-
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ated result of “yes” means that the equation (5) has integer solutions, and the
second generated result of “no” means that there are no integer solutions for
the equation (5). The third generated value of “maybe”, on the other hand,
shows that the equation (5) has a solution which satisfies the limits on all the
variables which the I+ test has managed to move to the right-hand side of the
equation (5), and might still have a solution which satisfies the limits on the rest
of the variables.
The I+ test produces a result of “maybe” because there are no longer any

coefficients with small enough values to justify their movement to the right.
In the case, it is prudent to complete the “step-by-step Banerjee algorithm”
anyway, i.e., to complete the computation of the Banerjee bounds, Lb and Ub,
and to test for [Lb, Ub] ∩ [L, U ] = ∅, where [L, U ] is the right-hand side of the
equation (5) after Lemmas 1 and 2 have been applied as many times as possible.
This is to imply that the I+ test is always at least as efficient and accurate as
the Banerjee algorithm.
The I+ test can be viewed as involving the term-by-term computation of the

Banerjee bounds. That is, the Banerjee-bound-computation components to the
I+ test cost at most the cost of a single Banerjee algorithm. If the I+ test arrives
at a definitive result before all terms have been moved to the right-hand side of
the equation (5), then the Banerjee-bound-computation components for the I+
test cost even less.
We now use the following example to explain the enhanced power of the I+

test over the I test, when it is applied to deal with a data dependence problem
for a linear equation with variable bounds.
Consider the equation

X1 −X2 +X4 = 0 (6)

subject to the bounds

2 ≤ X1 ≤ 100, 2 ≤ X2 ≤ 100, 1 ≤ X3 ≤ −1 +X1, and 1 ≤ X4 ≤ −1 +X2.

The equation (6) are rewritten as the interval equation

X1 −X2 +X4 = [0, 0] (7)

If Theorem 1 is used to resolve the problem, then the term −X2 in the
interval equation (7) is moved to the right-hand side of (7) to gain the new
interval equation

X1 +X4 = [2, 100] (8)

Now the length of the right-hand side interval has been increased to 99, so
Theorem 1 is again employed to move the term X1 in the interval equation (8)
to the right-hand side of (8) to acquire the new interval equation

X4 = [−98, 98] (9)

Now the length of the right-hand side interval has been increased to 197.
Theorem 1 is inapplicable to deal with the interval equation (9) because the
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constraints for X4 are variable bounds. Therefore, the I test assumes that there
exist integer solutions.
If I+ test is used to resolve the same problem, then according to Definition

5 the set of all the interval equations Ψ is equal to

{X1 −X2 +X4 = [0, 0]| every varaible Xr satisfies its bounds for 1 ≤ r ≤ 4}.

The set Ω for the length of the right-hand side interval on every interval
equation in the set Ω is {1}. Therefore, the maximum element in the set Ω is
one. It is obvious from Definition 5 that the set Ψ is integer solvable if the only
interval equation in the set Ψ is integer solvable. The coefficient for X4 satisfies
the assumption of Lemma 1: (1) 1 > 0, (2) 1 ≥ 0 ≥ 0, (3) 1 ≥ 0 ≥ 0 and (4) the
value of the coefficient is equal to one. Lemma 1 is applied towards moving the
term X4 to the right-hand side of the only interval equation in the set Ψ . The
new set Ψ1 in light of Lemma 1 and Definition 5 is

{X1 −X2 = [1−X2,−1]| every varaible Xr satisfies its bounds for 1 ≤ r ≤ 2}.

Now the set Ω1 for the length of the right-hand side interval on every interval
equation in the set Ψ1 is equal to {X2 − 1|2 ≤ X2 ≤ 100}. The maximum
element computed by the Banerjee algorithm in the set Ω1 is 99. When the
maximum element is 99, the value for X2 is equal to 100. Because X2 = 100 and
2 ≤ X1 ≤ 100, so 1−X2 ≤ X1−X2 ≤ −1 hold. Therefore, there exists a constant
interval equation in the set Ψ1 satisfying the given limitations. The coefficient
for X2 satisfies the assumption of Lemma 2: (1) −1 < 0, (2) 0 ≥ −1 ≥ −1, (3)
0 ≥ 0 ≥ −1, and (4) the negative value of the coefficient is less than 99. Lemma
2 is employed toward moving the term −X2 to the right. The new set Ψ2 is

{X1 = [1, 99]|2≤ X1 ≤ 100}.

Now the set Ω2 for the length of the right-hand side interval on every interval
equation in the set Ψ2 is equal to {99}. Meanwhile, there exists a X1 such that
1 ≤ X1 ≤ 99 hold. Therefore, the maximum element in the set Ω2 is 99. The
coefficient for X1 satisfies the assumption of Lemma 1: (1) 1 > 0, (2) 1 ≥ 0 ≥ 0,
(3) 1 ≥ 0 ≥ 0 and (4) the value of the coefficient is less than 99. Lemma 1 is
again used to move the term X1 to the right. The new set Ψ3 is

{0 = [−99, 97]}.

The expression of the left-hand side on the only interval equation in the set
Ψ3 is reduced to zero items. The only interval equation in the set Ψ3 is integer
solvable because −99 ≤ 0 ≤ 97 is true. Hence, the I+ test concludes that there
are integer solutions.

3.2 Interval-Equation Transformation Using the GCD Test

It is obvious from Lemmas 1 and 2 that one variable in the equation (5) can be
moved to the right if the coefficient of the variable has a small enough value to
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justify the movement of the variable to the right. If all coefficients for variables
in the equation (5) have no sufficiently small values to justify the movements of
variables to the right, then Lemmas 1 and 2 can not be applied to result in the
immediate movement of a variable to the right. In the following, Lemma 3 is
an extension of Theorem 2. While every variable in the equation (5) can not be
moved to the right, Lemma 3 describes the new transformation using the GCD
test which always enables one or more additional variables to be moved.

Lemma 3. Suppose that the constraints of Xr for 1 ≤ r ≤ n are equal to
the bounds of (2). Let L = b0 +

∑n
r=1 brXr and U = c0 +

∑n
r=1 crXr, where

L ≤ U and b0,, c0, ar, br, and cr for 1 ≤ r ≤ n are integers. Let g =
gcd(a1, · · · , an−1, an). The equation (5) is

(Pr,0 +
∑r−1
s=1 Pr,sXs ≤ Xr ≤ Qr,0 +

∑r−1
s=1 Qr,sXs; 1 ≤ r ≤ n) - integer solv-

able
if and only if the equation
(a1/g)X1 + (a2/g)X2 + · · ·+ (an−1/g)Xn−1 + (an/g)Xn = [dL/ge, bU/gc]

is (Pr,0+
∑r−1
s=1 Pr,sXs ≤ Xr ≤ Qr,0+

∑r−1
s=1 Qr,sXs; 1 ≤ r ≤ n) - integer solvable.

Lemma 3 guarantees to always perform at least as well as (and sometimes
better than) a combination of the GCD test and the Banerjee algorithm at no
more than their cost (and sometimes at a lower cost). In the worst case, the I+
test consists of n GCD tests, where n is the number of variables in the equation
(5). In actual practice, it requires frequently no more than one.
We now use the following example to explain the enhanced power of Lemma

3 over Lemmas 1 and 2.
Consider the equation

2X2 − 2X3 = 0

subject to the bounds

1 ≤ X1 ≤ 100, 1 ≤ X2 ≤ 100, 1 +X1 ≤ X3 ≤ 100 +X1, and
1 +X2 ≤ X4 ≤ 100 +X2.

If the I+ test is applied towards resolving the problem, then the set of all
the interval equations Ψ according to Definition 5 is

{2X2 − 2X3 = [0, 0]|every variable Xr satisfies its bounds for 1 ≤ r ≤ 4 }.

It is obvious from Definition 5 that the set Ψ is integer solvable if the only
interval equation in the set Ψ is integer solvable. The set Ω for the length of
the right-hand side interval on the only interval equation in the set Ψ is {1}.
The value of the coefficient for X2 is greater than one, and the negative value
of the coefficient for X3 is greater than one. Therefore, Lemmas 1 and 2 are
inapplicable to treat the only interval equation because there are no sufficiently
small coefficients. However, if we employ Lemma 3, then we gain the new set Ψ1

{X2 −X3 = [0, 0]|every variable Xr satisfies its bounds for 1 ≤ r ≤ 4 }.
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The set Ω1 for the length of the right-hand side interval on every interval
equation in the set Ψ1 is {1}. The coefficient for X3 satisfies the assumption of
Lemma 2: (1) −1 < 0, (2) 0 ≥ 0 ≥ −1, (3) 0 ≥ 0 ≥ −1, and (4) the negative
value of the coefficient is equal to one. Lemma 2 is applied to move the term
−X3 in the only interval equation in the set Ψ1 to the right. The new set Ψ2 is
{X2 = [1 +X1, 100 +X1]|1 ≤ X1 ≤ 100, and 1 ≤ X2 ≤ 100}.
Now the set Ω2 for the length of the right-hand side interval on every interval

equation in the set Ψ2 is equal to {100} and there exists a X2 such that 1+X1 ≤
X2 ≤ 100 +X1 hold. The coefficient for X2 satisfies the assumption of Lemma
1: (1) 1 > 0, (2) 1 ≥ 0 ≥ 0, (3) 1 ≥ 0 ≥ 0, and (4) the value of the coefficient is
less than 100. Lemma 1 is employed to move the term X2 to the right. The new
set Ψ3 is

{0 = [−99 +X1, 99 +X1]|1 ≤ X1 ≤ 100}.

According to Definition 5, the set Ψ3 is equal to {0 = [−98, 199]}. The expres-
sion of the left-hand side on the only interval equation in the set Ψ3 is reduced
to zero items. The only interval equation in the set Ψ3 is integer solvable because
−98 ≤ 0 ≤ 199 is true. Therefore, the I+ test concludes that there are integer
solutions.

3.3 Time Complexity

The main phases to the I+ test for figuring out integer solutions of the equation
(5) are: (1) finding a small enough coefficient to justify the movement of a term
to the right-hand side of the equation (5), (2) changing the expression of the
right-hand side on the equation (5) due to the movement of a term to the right
and (3) using the GCD test to reduce coefficients of each variable in the equation
(5). A small enough coefficient is easily found according to Lemmas 1 and 2. It
is obvious that the worst-case time complexity to searching such a coefficient
is O(n2 + yn) in light of Lemmas 1 and 2, where n is the number of variables
in the equation (5) and y is a constant. The number of looking for all small
enough coefficients in the equation (5) is at most n times because the number of
terms moved in the equation (5) is at most n terms. Thus, the worst-case time
complexity to finding all small enough coefficients in the equation (5) is at once
concluded to be O(n3 + n2y).
The expression of the right-hand side on the equation (5) is changed according

to Lemmas 1 and 2 because an item on the left-hand side of the equation (5)
is moved to the right. The cost of changing the expression of the right-hand
side on the equation (5) according to Lemmas 1 and 2 is actually equivalent
to a single term computation of the Banerjee algorithm. The worst-case time
complexity to a single term computation of the Banerjee algorithm is O(n).
Thus, the worst-case time complexity to the I+ test to modifying the expression
of the right-hand side on the equation (5) is at once deduced to be O(n) due to
the movement of a term to the right. The number to modifying the expression of
the right-hand side on the equation (5) is at most n times because the number
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of terms moved in the equation (5) is at most n terms. Therefore, the worst-case
time complexity for the I+ test for changing all the expressions of the right-hand
side on the equation (5) is right away concluded to be O(n2). If all coefficients
in the equation (5) have no absolute values of 1, then Lemma 3 employs the
GCD test to reduce all coefficients to obtain a small enough coefficient to justify
the movement of a term to the right. In the worst cases, the I+ test contains n
GCD tests. That study [9] shows that a large percentage of all coefficients have
absolute values of 1 in one-dimensional array references with linear subscripts
in real programs. Therefore, the GCD test is not always applied to reduce all
coefficients in the equations inferred from one-dimensional array references with
linear subscripts in real programs because all coefficients in the equations have
at least an absolute value of 1. The worst-case time complexity to the I+ test
to testing those one-dimensional array references with linear subscripts in real
programs is immediately derived to be O(n3 + yn2 + n2). The worst-case time
complexity of the I test is O(n2y + ny) [6]. The I+ test slightly decreases the
efficiency of the I test because the number of variables, n, in the equation tested
is generally very small.

4 Experimental Results

We tested the effect of the I+ test through performing experiments on Personal
Computer Intel 80486 to the codes cited from five numerical packages EISPACK,
LINPACK, Parallel loops, Livermore loops and Vector loops [10,2,5,7,4]. The
codes include about 37000 lines of statements involving 205 subroutines and 1189
pairs of one-dimensional array references. The I test detected that there were
definite (yes or no) results for 788 pairs of one-dimensional array references with
constant bounds. The I+ test is only applied to those one-dimensional arrays
with linear subscripts under variable constraints, and it found that there were
183 pairs with definite results. Therefore, there were 971 definite results obtained
based on interval testing approach.
The improvement rate of the I+ test can be affected by two factors. First,

the frequency of one-dimensional array references with linear subscripts subject
to variable limits. Second, the “success rate” of the I+ test, by which we mean
how often the I+ test detects a case where there is a definite result. Let b be
the number of the one-dimensional arrays found in our experiments, and let c
be the number that is detected to have definite results from the one-dimensional
arrays with linear subscripts subject to variable limits. Thus the success rate is
denoted to be equal to c/b. In our experiments, 1189 pairs of one-dimensional
array references were found, and 183 of them were found to have definite results.
So the improvement rate of the I+ test over the I test in our experiments was
about 15.4 percent.
In our experiment the Power test and Omega test were also tested to resolve

those 1189 pairs of one-dimensional array references. The Power test concluded
that there were 971 tentative results. This indicates the Power test is not as
accurate as the I+ test. In terms of testing performance, let us compare the
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Speed-up Total number of
subroutines involved

8.0 – 10.0 21
KP/KI

11.0 – 12.0 145

7.0 – 10.0 5
KP/KE

14.0 – 21.0 34

Table 1. The speed-up of the I test and the I+ test when compared with the
Power test

execution efficiency for these test approaches as follows. Suppose that kI , kE ,
and kP are the execution time to treat data dependence problem of a one-
dimensional array for the I test, the I+ test, and the Power test, subsequently.
Table1 shows the speedups the I test and the I+ test over the Power test for
those 971 pairs of array references with results. It is very clear the I test and the
I+ test are much superior to the Power test in terms of testing efficiency.

Speed-up Total number of
subroutines involved

3.5 – 10.0 154
KO/KI

16.0 – 17.0 12

3.5 – 13.0 36
KO/KE

19.0 – 27.0 3

Table 2. The speed-up of the I test and the I+ test when compared with the
Omega test

The Omega test, based on its computing principles, were obviously to give
the same accurate results as the I test and the I+ test when it was used to han-
dle dependence testing of one-dimensional array references under either constant
bounds or variable bounds. As for the testing efficiency, Table2 shows the com-
parison of testing efficiency with the I test and the I+ test, where kO represent
the execution time to treat data dependence problem of a one-dimensional array
for the Omega test.

5 Conclusions

The I+ test proposed in this paper extends the dependence testing range of one-
dimensional array references to linear subscripts with variable bounds, enhancing
significantly data dependence analysis capability of the I test. The I+ test defines
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some conditions under which dependence equations of linear subscripts with
variable bounds can be continuously tested if integer solutions exist. In short, the
I+ test is exactly equivalent to a version of the I test which combines the GCD
test and the Banerjee algorithm, because the Banerjee algorithm can deduce
integer bounds to a linear expression of which the variables are with variable
constraints [1].
The Power test is a combination of Fourier-Motzkin variable elimination

with an extension of Euclid’s GCD algorithm [13,12]. The Omega test combines
new methods for eliminating equality constraints with an extension of Fourier-
Motzkin variable elimination to integer programming [8]. The two tests have
currently the highest precision and the widest applicable range in the field of
data dependence testing. However, the cost of the two tests is very expensive
because the worst-case of Fourier-Motzkin variable elimination is exponential
in the number of free variables [13,12,8]. Triolet [11] found that using Fourier-
Motzkin variable elimination for dependence testing takes from 22 to 28 times
longer than the Banerjee inequalities. According to our experiments, the effi-
ciency and the precision of the I+ test are much better than those of the Power
test. Whereas, the I+ test shares with the Omega test the same accuracy but is
with much better efficiency.
The I+ test extends the applicable range of the I test and, according to

the time complexity analysis, only slightly decreases the efficiency of the I test.
Therefore, the I+ test seems to be a practical scheme to analyze data dependence
for one-dimensional arrays with linear references.
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