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Abstract. In this paper, we present techniques for translating and op-
timizing realistic OpenMP applications on distributed systems. The goal
of our project is to quantify the degree to which OpenMP can be ex-
tended to distributed systems and to develop supporting compiler tech-
niques. Our present compiler techniques translate OpenMP programs
into a form suitable for execution on a Software DSM system. We have
implemented a compiler that performs this basic translation, and we
have proposed optimization techniques that improve the baseline perfor-
mance of OpenMP applications on distributed computer systems. Our
results show that, while kernel benchmarks can show high efficiency for
OpenMP programs on distributed systems, full applications need careful
consideration of shared data access patterns. A naive translation (similar
to the basic translation done by OpenMP compilers for SMPs) leads to
acceptable performance in very few applications. We propose optimiza-
tions such as computation repartitioning, page-aware optimizations, and
access privatization that result in average 70% performance improvement
on the SPEC OMPM2001 benchmark applications.
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1 Introduction

OpenMP [1] has established itself as an important method and language exten-
sion for programming shared-memory parallel computers. While OpenMP has
clear advantages on shared-memory platforms, message passing is today still the
most widely-used programming paradigm for distributed-memory computers. In
this paper, we explore the suitability of OpenMP for distributed systems as well.
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Our basic approach is to use a Software DSM (Distributed Shared Memory) sys-
tem, which provides the view of a shared address space on top of a distributed-
memory architecture. To this end, we have implemented a compiler that trans-
forms OpenMP programs into Treadmarks Software DSM programs [2]. This
paper makes the following specific contributions.

— We describe our compiler infrastructure that can translate OpenMP appli-
cations into Software DSM programs.

— We measure the baseline performance of the application-level SPEC
OMPM2001 benchmarks on a distributed memory system, and we analyze
the performance behavior.

— We present optimization techniques that enhance the baseline performance
of real OpenMP applications on distributed memory system.

Our work is closely related to the following projects. In [3], the authors im-
plemented OpenMP on a network of shared memory multiprocessors and showed
their performance using a subset of the SPLASH-2 and NAS benchmark suites,
without the help of compiler optimization. In [4], compiler optimizations have
been introduced for OpenMP programs on Software DSM. Several recent papers
have proposed language extensions. For example, in [5-7], the authors describe
data distribution directives similar to the ones designed for High-Performance
Fortran (HPF) [8].

From these related efforts, we found that, while results from small kernel
programs have shown promising performance, little information on the behavior
of realistic OpenMP applications on Software DSM systems is available. In this
paper, we show how application-level benchmarks performs on Software DSM
and propose optimization techniques to improve the speedups. Also, the opti-
mization techniques that we are presenting in this paper use standard OpenMP
as input and do not rely on the user’s data distribution input.

The paper is organized as follows. Section 2 will present basic compiler tech-
niques for translating OpenMP into Software DSM programs. Section 3 will
discuss the performance behavior of such programs. Section 4 will present ad-
vanced optimizations. In Section 5, we will quantitatively evaluate our proposed
techniques, followed by conclusions in Section 6.

2 Translating OpenMP Applications into Software DSM
Programs

In the transition from shared-memory to distributed systems, the major chal-
lenge is that each participating node now has its own private address space,
which is not visible to other nodes. This difference in address spaces affects the
OpenMP translation. In case of SMPs, implementing OpenMP shared variables
is straightforward, because all variables are accessible by all threads. By contrast,
in Software DSM systems, all variables are private by default, and shared data
has to be explicitly allocated as such. This creates a challenge for the translation
of most OpenMP programs, where variables are shared by default. To address
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Fig. 1. Baseline performance of four Fortran 77 and two C benchmarks from the SPEC
OMPM2001 benchmark suite on 1, 2, 4, and 8 machines.

this challenge, we have developed a compiler infrastructure that performs the
following translations. First, our compiler converts the OpenMP application into
a micro-tasking form [9]. Second, it converts OpenMP shared data into the form
necessary for Software DSM systems. Also, OpenMP shared data may include
subroutine-local variables, which reside on the process stack. Stacks on one node
are not visible to other Software DSM nodes. We have developed a compiler
algorithm that identifies shared variables, using inter-procedural analysis, and
changes their declaration to an explicit allocation in shared space.

3 Performance Evaluation of Real Application
Benchmarks

In previous work [10], we measured the performance of kernel programs to es-
timate an upper bound for the performance of OpenMP applications on our
system. We also used micro-benchmarks to quantify the performance of specific
OpenMP constructs. In this section, we describe and discuss the measurements
carried out on the baseline performance of real-application benchmarks on our



cluster. The SPEC OMPM2001 suite of benchmarks [11] consists of realistic
OpenMP C and Fortran applications.

To summarize our measurements, we note that a naive transformation of real-
istic OpenMP applications for Software DSM execution does not give us the de-
sired performance. The baseline performance is illustrated in Figure 1. We trans-
lated four SPEC OMPM2001 Fortran programs (WUPWISE, SWIM, MGRID,
APPLU) using our compiler and two SPEC OMPM2001 C (ART, EQUAKE)
programs by hand. We evaluated the performance on a commodity cluster con-
sisting of PentiumlII/Linux nodes, connected via standard Ethernet networks.
These benchmark programs are known to exhibit good speedups on shared mem-
ory systems [11]. However, their performance on Software DSM systems shows
different behavior. For Fortran applications, WUPWISE and MGRID exhibit
speedups, whereas the performance of SWIM and APPLU degrades significantly,
as the number of processors increases. Evidently, porting well-performing shared-
memory programs to Software DSM does not necessarily lead to uniformly good
efficiency. A large part of this performance degradation is due to the fact that
real-application benchmarks have complex memory access patterns, which causes
expensive shared memory activity on Software DSM. In Section 4, we will an-
alyze the causes for performance degradation further and propose optimization
techniques for OpenMP programs on Software DSM systems.

4 Advanced Optimizations

The baseline translation of SPEC OMPM2001 programs, described in Section 3,
shows that converting shared-memory programs to Software DSM programs re-
quires optimization. Software DSM implementations have shown acceptable per-
formance on kernel programs [2]. However, kernels differ from realistic shared
memory applications in two essential ways: (1) in terms of shared data access
patterns and (2) in terms of the size of the shared data space.

A realistic application typically consists of several algorithms that access the
shared data in different ways. These access patterns may result in increased
message traffic in the underlying Software DSM layer, which is expensive from a
performance viewpoint. Kernel programs do not exhibit the complex access pat-
terns of full-sized applications and thus do not bring out these additional costs.
Secondly, as the size of shared data is increased, we observed that the coherence
and update traffic increased significantly. Typical realistic shared memory ap-
plications, such as the SPEC OMPM2001 applications, may have data sets that
are in the order of gigabyte.

To address the above issues, we have implemented optimizations that fall
into three categories.

— Computation repartitioning for locality enhancement
— Page aware optimization techniques
— Shared data space reduction through privatization



! $OVP PARALLEL DO I $OMP PARALLEL
DO k=2, nz-1 DO k=2, nz-1
DO i=ist, iend DO i=ist, iend
DO j=jst, jend 1 $OWP DO
DO nel, 5 DO j=jst, jend
rsd(mi,j,k)=... DO <1, 5
rsd(mi,j,k)=...
ENDDO A
ENDDO ENDDO
ENDDO ENDDO
ENDDO 1 $OVP ENDDO
C ENDDO
1 $OVP END PARALLEL DO ENDDO
! $OVWP PARALLEL DO 1 $OVP END PARALLEL DO
DO j=jst, jend
DO i=ist, iend 1 $OVP PARALLEL DO
DO k=2, nz-1 DO j=jst, jend
DO n¥l, 5 DO i=ist, iend
rtnp(mk)=rsd(mi,j,k)-... DO k=2, nz-1
S DO nFl, 5
ENDDO rtrmp(mKk)=rsd(mi,j,k)-...
ENDDO L
ENDDO ENDDO
ENDDO ENDDO
C ENDDO
1 $OVP END PARALLEL DO ENDDO
1 $OVP END PARALLEL
(a) original code (b) after conputation repartitioning

Fig. 2. Computation Repartitioning: subroutine RHS from APPLU

4.1 Computation Repartitioning

Page-based Software DSM systems implement consistency by exchanging in-
formation at the page level. Between synchronization points, the participating
nodes exchange information about which nodes wrote into each page. A node
that writes to a page in shared memory thus becomes the temporary owner
of that particular page. A page could have multiple temporary owners if there
are multiple nodes writing to the same page between synchronization points.
The way this ownership changes during the program may significantly affect the
execution time for the application.

For example, the main loop in APPLU contains seven parallel DO-loops. All
these parallel DO-loops access a shared array rsd(m,i,j,k). Five of these seven
parallel DO-loops partition array rsd using the outer most index k. One loop does
block partitioning, using both ¢ and j indices and the other partitions using the j
index. Thus, the main loop of APPLU has four access pattern changes per every
loop iteration. Figure 2 illustrates the change in access patterns between two
of these loops. This access pattern change will incur a large number of remote
node requests in the second parallel loop. To avoid inefficient access patterns,
the program needs to be selective about which nodes touch which portions of the
data. For example, the code may have a consistent access pattern across loops,



if the inner j-loop is partitioned instead of the outermost k-loop in the first loop
nest. Figure 2 (b) shows the resulting code after computation repartitioning.

This optimization requires the compiler’s ability to detect further parallelism
in the loop nest. We used the Polaris parallelizing compiler for this purpose [12].
However, not all loop nests allow this optimization because some inner loops
cannot be parallelized. We applied various techniques, such as adding redun-
dant computation, to enable computation repartitioning throughout the whole
program.

4.2 Page Aware Optimizations

1 $OVP PARALLEL DO 1 $OVP PARALLEL DO
DO 200 J=1, N DO 200 J=1, N
DO 200 1=1, M DO 200 1=1,M
UNEW(I +1,J) = ... UNEW(I +1,J) =
VNEW I, J+1) = VNEW( I, J+1) =
PNEW( I, J) = ... PNEW I, J) =
200 CONTI NUE 200 CONTI NUE
1 $OVP END PARALLEL DO 1 $OVP END PARALLEL DO
1 $OVP PARALLEL DO
DO 210 J=1, N DO 210 J=1, N
UNEW( 1, J) = UNEW M1, J) UNEW( 1, J) = UNEW M1, J)
VNEW M+1, J+1) = VNEW 1, J+1) VNEW Mt1, J+1) = VNEW 1, J+1)
PNEW M+1, J) = PNEW 1, J) PNEW M+1, J) = PNEW 1, J)
210 CONTI NUE 210 CONTI NUE
1 $OVP END PARALLEL DO
(a)original code (b)after page aware optim zation

Fig. 3. Page Aware Opitmization: subroutine CALC2 from SWIM

Page-aware optimizations use the knowledge that the Software DSM main-
tains coherence at the page granularity. We will describe two types of page-aware
optimizations. First, we transform a shared array by padding, so that array par-
titioning across nodes places the partitions at page boundaries. For example,
consider an array U(m,i,j,k) of size U(5,61,61,60). The array type is double pre-
cision (size of a double precision number is 8 bytes in our system). If the compiler
partitions this array U using the index j in the parallel region, then padding the
first and the second dimension of U will produce U(8,64,61,60). After padding,
the size of the shared array U increases slightly. However, the boundaries of
partitioned array chunks are now aligned with the page boundaries. This opti-
mization reduces false sharing around the boundaries of partitioned shared data
chunks.

The second page-aware optimization deals with the page shape. In a column-
major language such as Fortran, a process that writes a column in a two dimen-
sional array will touch much fewer pages than a process that writes a row. As



an example, let A be a 2-D array of size 1024x1024 and its elements are 4 bytes
integers. If the size of the page in Software DSM is 4 KB, then each column of
A can be mapped to a page. Thus, there are 1024 pages occupying correspond-
ing 1024 columns in A. If a node writes a column in A, then only one page is
affected. On the other hand, writing a single row in A touches all the pages
owned by all the participating nodes. This scenario is illustrated in Figure 3. In
this figure, there is an OpenMP parallel loop followed by a serial loop. In the
parallel loop, each node writes to its partitioned blocks of the shared arrays and
thus temporarily owns the pages in its partition. Then the master node copies a
single row to another row for each shared array in the serial loop and in effect,
touches all the pages for these shared arrays. Subsequently, when these shared
arrays are read by the child nodes, each child node has to request updates from
the master node. This incurs substantial overhead, which can be avoided if the
second loop is executed in parallel. In the original benchmark code, the second
loop is a serial loop, even though it can be parallelized. This is because paral-
lelizing a small loop is not always profitable in shared memory programming.
Thus, this optimization highlights a difference of optimization strategy between
shared and distributed memory environments.

4.3 Privatization Optimization

This optimization is aimed at reducing the size of the shared data space that
must be managed by the Software DSM system. Potentially, all variables that
are read and written within parallel regions are shared variables and must be
explicitly declared as such. However, we have found that a significant number of
such variables are ”"read-only” within the parallel regions. Furthermore, we have
observed that, for certain shared arrays, different nodes read and write disjoint
parts of the array. We refer to these variables as single-owner data. In the context
of the OpenMP program, these are shared variables. However, in the context of a
Software DSM implementation, instances of both can be privatized with certain
precautions. The first benefit of privatization stems from the fact that access to
a private variable is typically faster than access to a shared variable, even if a
locally cached copy of the shared variable is available. This is because accesses
to shared variables need to trigger certain coherency and bookkeeping actions
within the Software DSM. The second important benefit of privatization is the
effect on eliminating false sharing. The overall coherency overhead is also reduced
because coherency has to be now maintained for a smaller shared data size.

5 Results

We applied the described optimizations by hand to several of the SPEC
OMPM2001 benchmarks and achieved marked performance improvements. Fig-
ure 4 shows the final performance obtained by the baseline translation and sub-
sequent optimizations. We present the speedups for four Fortran codes (WUP-
WISE, SWIM, MGRID, APPLU) and two C benchmarks (EQUAKE, ART).
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Fig. 4. Performance of four Fortran 77 and two C benchmarks from the SPEC
OMPM2001 benchmark suite on 1, 2, 4, and 8 machines.

In one of the Fortran codes, WUPWISE, the baseline translation already
had acceptable speedup, and so we did not apply further optimizations. For the
three other Fortran codes, SWIM, MGRID, and APPLU, we obtained significant
performance improvements with computation repartitioning and page-aware opti-
mizations. In SWIM, application of the page-aware optimization shown in figure 3
improved the performance dramatically. We slightly enhanced the performance
of MGRID by applying computation repartitioning. APPLU, which shows one
of the most complex access patterns among the Fortran applications, has been
optimized using both computation repartitioning and page-aware optimizations.
The baseline of APPLU performs better with two than with four processors. In
this application, the shared array rsd(m,i,j,k) is block partitioned using both ¢
and j indices so that rsd is partitioned according to the index j on two proces-



sors, and is further partitioned using the index ¢ on four processors, and again
using the index j on eight processors and so on. Partitioning using the index 14
results in multiple nodes writing to a single page and thus causes false sharing.
Therefore, whenever rsd is partitioned according to the inner index i, it suffers
a performance drop owing to the increased false sharing. Since the optimized
version for APPLU always partitions rsd using the index j, it not only avoids
this inconsistent speedup, but also shows much better overall performance.

For the C applications, ART showed improved performance after privatizing
several arrays that were not declared as private in the original code. In EQUAKE,
we derived benefit from making certain parallel loops dynamically scheduled,
though the original OpenMP directives specified static scheduling.

The average baseline speedup of six applications is 1.87 and the average op-
timized performance is 3.17 on 8 processors. Thus, our proposed optimizations,
computation repartitioning, page-aware optimizations, and access privatization
result in average 70% performance improvement on our SPEC OMPM2001
benchmarks.

6 Conclusions

In this paper, we have described our experiences with the automatic translation
and further hand-optimization of realistic OpenMP applications on a commodity
cluster of workstations. We have demonstrated that, for these applications, the
OpenMP programming paradigm may be extended to distributed systems. We
have discussed issues arising in the automatic translation of OpenMP applica-
tions for Software DSM. We have then presented several program optimizations
for page-based Software DSM systems. In our performance studies, we have
found that a baseline compiler translation, similar to the one used for OpenMP
on SMP machines, yields speedups for some of the codes but unacceptable per-
formance for others. After applying the proposed optimizations - computation
repartitioning, page-aware optimizations, and access privatization - we observed
significant improvements in performance. In the next phase of our project, we
intend to use explicit message-passing in conjunction with Software DSM and
investigate the effects of our optimizations in this hybrid approach.
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