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Abstract

UPC is a parallel programming language based on the
concept of partitioned shared memory. There are now sev-
eral UPC compilers available and several different paral-
lel architectures that support one or more of these com-
pilers. This paper is the first to compare the performance
of most of the currently available UPC implementations
on several commonly used parallel platforms. These com-
pilers are the GASNet UPC compiler from UC Berkeley,
the v1.1 MuPC compiler from Michigan Tech, the Hewlet-
Packard v2.2 compiler, and the Intrepid UPC compiler. The
parallel architectures used in this study are a 16-node x86
Myrinet cluster, a 32-processor AlphaServer SC-40, and a
48-processor Cray T3E. A STREAM-like microbenchmark
was developed to measure fine- and course-grained shared
memory accesses. Also measured are five NPB kernels using
existing UPC implementations. These measurements and
associated observations provide a snapshot of the relative
performance of current UPC platforms.

1. Introduction

Unified Parallel C (UPC) is an extension of C for pro-
gramming multiprocessors with a shared address space [5].
UPC provides a common syntax and semantics for explicit
parallel programming in C, and it directly maps language
features to the underlying architecture. UPC is an example
of the partitioned shared memory programming model in
which shared memory is partitioned among all UPC threads
(processes). This partition is formally represented in the
programming language. Each thread can access any loca-
tion in shared memory using the same syntax but the loca-
tions in each thread’s own partition of shared memory are
accessed more quickly.

UPC has bheen gaining interests from academia,
industry and government labs. A UPC consortium

(www.upc.gwu.edu) has been formed to foster and coordi-
nate UPC development and research activities.

As a part of the consortium, the UPC group at Michi-
gan Technological University has developed MuPC [13], an
implementation of UPC whose run time system is based
on MPI and Pthreads. Also on site are the Berkeley, HP,
and Intrepid UPC compilers and three platforms on which
one or more of these compilers can run: a 4x8-node Al-
phaServer SC-40, a 2x16-node Linux Myrinet cluster, and
a 48-processor Cray T3E.

All earlier UPC performance reports concentrated on one
or two UPC compilers on a single platform [3, 4, 6]. This
paper reports performance measurements of six combina-
tions of UPC compilers and platforms on UPC versions of
the NAS parallel benchmarks and on the STREAM-like mi-
crobenchmark. These data illustrate the strengths and areas
needing development for these UPC systems.

The remainder of this paper is organized as follows. Sec-
tion 2 is a brief introduction to the UPC language. Section 3
describes the MuPC run time system and reviews other UPC
compilers that were used in this work. Section 4 describes
the benchmarks and the parallel platforms used. Section 5
reports performance measurements and discusses their sig-
nificance. Section 6 summarizes these findings.

2. UPC Background

UPC is a superset of ANSI C (as per ISO/IEC9899 [11]).
UPC programs adopt the SPMD (single program multiple
data) execution model. Each UPC thread is a process exe-
cuting a sequence of instructions in a program. Data objects
in a UPC program can be either private or shared. A UPC
thread has exclusive access to the private objects that re-
side in its private memory. A thread also has access to all
of the (shared) objects in the shared memory space. UPC
provides a partitioned view of shared memory by introduc-
ing the concept of affinity. Shared memory is equally parti-
tioned among all threads. The block of shared memory as-
sociated with a given thread is said to have affinity to that



thread. The concept of affinity captures the reality that on
most parallel architectures the latencies of accessing differ-
ent shared objects are not identical. It is assumed that an ac-
cess to a shared object that has affinity to the thread that
performs the access is faster than an access to a shared ob-
ject to which the thread does not have affinity.

UPC provides two types of pointers to shared objects. A
pointer-to-shared is a pointer whose target is a shared data
object. The pointer itself resides in the private memory of
some thread. A shared pointer-to-shared is a pointer whose
target is a shared data object. The pointer itself also resides
in the shared memory space.

UPC provides a strict and a relaxed memory consistency
model. This choice affects accesses to shared objects. The
strict model does not allow reordering of shared object ac-
cesses. The relaxed model allows reordering and coales-
cence of shared object accesses between synchronization
points as long as data dependencies within each thread are
preserved. The relaxed model offers chances for compiler
and run time system optimizations.

3. UPC compilersand run time systems

This paper examines the performance of four UPC com-
pilers; MTU MuPC, Berkeley UPC, HP UPC and Intrepid
UPC. MuPC, Berkeley UPC, and Intrepid UPC are open
source projects. HP UPC is a commercial product. This
section provides some details about MuPC and briefly de-
scribes the other compilers.

3.1. MuPC

MUuPC [14] is a UPC run time system originally devel-
oped with help from the High Performance Technical Com-
puting Division at Hewlett-Packard Company. MuPC im-
plements an API defined by a UPC-to-C translator con-
tributed by HP. The translator is based on the EDG C/C++
front end. The run time system is implemented using MPI
and the POSIX standard thread library. MuPC currently
supports AlphaServer SMP clusters and Intel x86 Linux
clusters. The current version of MuPC is version 1.1; it im-
plements the UPC Language Specification V1.1.1 [7]. Sev-
eral specific features of MuPC are provided to ensure good
performance.

The MuUPC run time system implements software
caching. Each UPC thread maintains a noncoherent,
direct-mapped, write-back cache for remote scalar refer-
ences made by a thread. Cache invalidation takes place
at a fence, with dirty cache lines being written back to
their sources using block transfers. Caching greatly re-
duces the memory latency in the relaxed mode by reducing
the number of small messages. The run time system al-
lows multiple outstanding remote writes. This is done by

using MPI’s multiple completion capacity. The run time
system may issue more than one MPI send and r ecv dur-
ing remote writes. It completes them at a later time slot us-
ing one MPI test routine. The actual effect of this is similar
to message pipelining. Previous studies [3, 8, 4, 6] have ob-
served that an access to a shared variable with which the
accessing thread has affinity should be faster than an ac-
cess to a shared variable with affinity to a different thread.
The MuPC front end differentiates these two kinds of ac-
cesses. The first kind has been made faster by converting
them to regular local memory accesses.

3.2. Berkeley, HP, and Intrepid UPC Compilers

UC Berkeley and the Lawrence Berkeley National
Lab [15] built an open source, highly portable UPC com-
piler. The Berkeley UPC compiler is based on the Open64
open source compiler. Its run time system is based on
the GASNet [16] portable networking library, which sup-
ports a very wide variety of architectures and high perfor-
mance networks. As a consequence, it is the most portable
UPC compiler. In this work the Berkeley UPC com-
piler is run on a AlphaServer SMP and a Linux cluster.
The current version of this compiler is version 2.0. It sup-
ports UPC Language Specification V1.1.1 [7].

Hewlett-Packard produced the first commercial UPC
compiler for Tru64 Unix. HP UPC [9] supports any Al-
phaServer SMP machines and AlphaServer Clusters.
Version 2.2 is the current version. It supports UPC Lan-
guage Specification V1.1.1 [7].

Intrepid Technology provides a UPC compiler [10] as
an extension to the GNU GCC compiler. It supports only
shared memory platforms and SMP platforms such as the
SGI and Cray T3E. It is freely available under the GPL li-
cense. Itis based on GCC 3.3.2 and supports UPC Language
Specification VV1.0.

4. Experiments
4.1. TheUPC STREAM microbenchmark

The UPC STREAM benchmark measures the sus-
tainable memory bandwidths of a variety of shared
memory fine- and coarse-grained accesses. The cost of
fine-grained remote memory references is often a dom-
inating factor in the performance of UPC programs [2],
while the cost of coarse-grained references, which con-
sist of calls to upc_nmemget/put/cpy/set() functions,
reveals whether these message-passing operations are im-
plemented efficiently.

George Washington University developed the first UPC
STREAM microbenchmark [4] based on the STREAM mi-
crobenchmark for single processors originally designed by



McCalpin [12]. It measures only local shared references and
same-thread remote shared references. This paper rewrites
the UPC STREAM synthetic microbenchmark by simulat-
ing many more kinds of access patterns as described be-
low. All of these access patterns are likely to occur in actual
code.

Local shared read Read from shared memory locations
with affinity to the reading thread.

Local shared set Write values to shared memory locations
with affinity to the writing thread.

Unit strideshared read Read from consecutive shared
memory locations with affinity to a remote thread.

Random shared read Read a random collection of shared
memory locations with affinity to a remote thread.

Stride-n shared read Read as if doing column-major ac-
cesses in C. This operation is supposed to be cache-
unfriendly.

Unit stride shared set Like the unit stride shared read, but
Writes.

Random shared set Like the random shared read, but
Writes.

Stride-n shared set Like the stride-n shared read, but
Writes.

Unit stride shared copy A read from shared memory fol-
lowed by a write to shared memory; both the sink and
the source locations have affinity to the same remote
thread. Accesses are unit stride.

Random shared copy Like the unit stride shared copy, but
the access pattern is random.

Stride-n shared copy Like the unit stride shared copy, but
the access pattern is column-major.

Local memget Copy a contiguous chunk of bytes from a
shared memory location to a private memory location.
The source is with affinity to the current thread.

Local memput Like the local memget, but the opposite.

Local memset Like the local memput, but using the
upc_set () function.

Local memcpy Copy a contiguous chunk of bytes between
two shared memory locations. Both the source and the
destination are with the current thread.

Remote memget Like the local memget, but the source is
with affinity to a remote thread.

Remote memput Like the remote memget, but the oppo-
site.

Remote memset Like the remote memput, but using the
upc_set () function.

On-thread memcpy Like the local memcpy, but both the
source and the destination are with affinity to the same
remote thread.

Remote memcpy Like the on-thread memcpy, but the
source and the destination are with affinities to differ-
ent remote threads.

The cost difference between scalar data types is obscured
by the long latency of accesses to shared memory. Because
of this the bandwidth is reported in units of “references per
second” rather than “bytes per second” for scalar references.

4.2. TheUPC NASbenchmarks

The UPC NAS benchmark suite used in this pa-
per was developed by the UPC group at George Wash-
ington University [3]. This suite is based on the original
MPI+FORTRAN/C implementation of the the NAS Par-
allel Benchmark suite (NPB 2.4) [1]. There are five ker-
nel benchmarks in the NPB suite. Every benchmark comes
with a “naive” implementation and one or more “op-
timized” implementations. The naive implementation
makes no effort to incorporate any hand-tuning tech-
niques. The optimized implementations incorporate to
various extents hand-tuning techniques such as prefetch-
ing and privatized pointers-to-shared [3]. This study mea-
sures the performance of the naive version and the most op-
timized version. The class A workload was used as the
input size for all benchmarks. The five benchmarks are con-
jugate gradient (CG), embarrassingly parallel (EP), Fourier
transform (FT), integer sort (1S), and multigrid (MG).

4.3. Platforms

All measurements are made on the following plat-
forms. The Cray T3E is a shared memory platform with
48 PEs. Each PE has a 300MHz Alpha 21164 CPU.
The T3E has low communication latency and high band-
width. The Intrepid UPC compiler runs on this ma-
chine. The AlphaServer SC is an SMP cluster consisting
of 8 nodes with four 667MHz Alpha 21264 EV67 proces-
sors per node. The communication network of the machine
is a Quadrics interconnect. Measurements are made using
at most two processors from each node. HP UPC, Berke-
ley UPC and MuPC run on this machine. The Linux clus-
ter has 16 nodes connected with a Myrinet switch. Each
node has two Pentium 1.5GHz processors. At most one pro-
cessor per node is used for UPC jobs. Berkeley UPC and
MuPC run on the cluster.

Both MuPC and HP UPC provide caching facilities for
remote shared references. Each thread is associated with
a cache whose geometry is tunable at compile time. The
cache in MuPC is a noncoherent, direct-mapped, write-back
cache. In this study, the cache has 256 blocks and each block



has a length of 1024 bytes. The cache in HP UPC is a non-
coherent, associative, write-through cache. In this study, the
cache is 4-way associative, with 256 blocks per set and 1024
bytes per block.

The version numbers of UPC compilers used in this re-
port, if not otherwise noted, are Intrepid UPC v3.3.2.1, HP
UPC v2.2, Berkeley UPC v1.1.1, and MuPC v1.1, respec-
tively.

5. Performance measurement and discussion
5.1. UPC STREAM microbenchmark results

For reference as a baseline, the original STREAM mi-
crobenchmarks yielded the following references per second.
Cray T3E: 1.7 x 107+ 10°; AlphaServer SC-40: 6.8 x 107 +
107; x86 cluster: 1.7 x 108 +107. These measurements of
private scale, copy, add, and triad do not vary much on each
platform. The AlphaServer showed the largest relative vari-
ation and the T3E the smallest.

The measurements gathered using the UPC STREAM
microbenchmark are summarized in Figures 1, 2 and 3.
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Local shared accesses A local shared access is an ac-
cess (read or write) to a scalar that is in shared memory and
has affinity to the thread performing the access. The cost of
such an access should be the same as that of a private mem-
ory access. This performance was measured to be one or
two times worse than that of private memory accesses be-
cause of the overhead of the UPC run time system. Figure 1
shows that on the x86 cluster, MuPC has very good local
shared access performance. All systems running on the Al-
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phaServer exhibit similar performance for local shared ac-
cesses. On the T3E, Intrepid UPC handles local shared ac-
cesses exceptionally slowly.

Remote shared accesses A remote shared access is an
access (read or write) to a scalar that is in shared memory
and does not have affinity to the thread performing the ac-
cess. As Figure 2 shows, Intrepid UPC performs best for
this category of shared accesses. The performance is 5 to 10
times better than other systems. This is consistent with the
high bandwidth of the shared memory on the T3E. When the



run time cache is not used, HP UPC and Berkeley UPC have
comparable performance, with Berkeley UPC being slightly
better. Both systems have much better performance than
MuPC. On the x86 cluster, Berkeley UPC performs about
50% better than MuPC; on the AlphaServer, HP UPC and
Berkeley UPC are 4 to 10 times faster than MuPC. This is
because MuPC uses MPI as the communication layer while
HP UPC and Berkeley UPC are built on lower level com-
munication layers. When the run time cache is turned on,
cache-friendly benchmarks perform better. For MuPC, the
cache helps improve the performance by a factor of 15 on
the x86 cluster and by factors of 9 to 30 on the AlphaServer.
For HP UPC, the cache helps improve the performance of
stride-1 reads by a factor of at least 7, but the cache has a
negative impact on write and copy. This is because the cache
is write-through and remote writes are not cached.

Another important observation is that the performance of
a remote shared copy is similar to that of a remote shared
read and write. As described in Section 4, a remote shared
copy is equivalent to a shared read followed by a shared
write, where the source and destination locations have the
same affinity to a remote thread. It is reasonable to expect
a shared copy to have performance similar to that of local
shared accesses because there is actually little inter-thread
communication in this case. An optimizer should be able to
pick up this fact and convert a shared copy to a local shared
read or write. However, none of the current UPC systems
do this.

Block memory operations Coarse-grained accesses to
shared memory locations involve calls to UPC string han-
dling functions with various source and destination affini-
ties. Nine variations (as described in Section 4) are shown in
Figure 3. Intrepid UPC on the T3E shows the lowest band-
widths in all categories. HP UPC, Berkeley UPC and MuPC
perform similarly for local memget, local memput, remote
memget, and remote memput. Berkeley UPC tops all mem-
set and memcpy categories. HP UPC shows low bandwidths
for all memset and memcpy categories.

5.2. NPB 2.4 results

Figures 4 through 8 display the results for the NPB 2.4
benchmarks. The run time cache was used on those compil-
ers that provide one.

CG For the nonoptimized version, this benchmark scales
very poorly on all systems. MuPC performs about one order
of magnitude better than Berkeley UPC on the x86 cluster
and about 3 times better on the AlphaServer. HP UPC per-
forms about 70% faster than MuPC on the AlphaServer. For
the optimized version, the scalability is still poor for MuPC,
HP UPC and Intrepid UPC, but the overall performance of
these systems improves 5-fold. Berkeley UPC shows an or-
der of magnitude improvement on both the x86 cluster and

the AlphaServer. Berkeley UPC also achieves good scala-
bility for the optimized version. This result shows that at
the current stage Berkeley UPC is superior in handling un-
structured fine-grain accesses. A cross-platform comparison
shows that Intrepid UPC running on the T3E is usually slow.
This is partially because the T3E machine has the slowest
processors. However, since the T3E is very good at handling
remote shared accesses, we believe there is ample room for
performance improvements.

EP The embarrassingly parallel benchmark requires few
remote accesses. MuPC, HP UPC and Berkeley UPC all ex-
hibit nearly identical linear speedups on the x86 cluster and
the AlphaServer. Intrepid UPC cannot run this benchmark
to completion.

FT On the x86 cluster, Berkeley UPC performs about
50% better than MuPC. They both exhibit good scalability.
Optimization increases the performance by 50% for Berke-
ley UPC and about 100% for MuPC so MuPC and Berkeley
UPC have similar performance for the optimized version.
On the AlphaServer, the nonoptimized benchmark does not
run to completion on Berkeley UPC. HP UPC scales poorly.
MuPC has the best performance. The optimized version in-
creases the performance for HP UPC by at least 4 times and
doubles the performance for MuPC. Berkeley UPC exhibits
similar performance. Intrepid UPC cannot run this bench-
mark to completion.

IS This benchmark scales well in all cases. On the
x86 cluster, MuPC exhibits a 30 — 50% performance edge
against Berkeley UPC, for both nonoptimized and opti-
mized implementation. Optimization doubles the perfor-
mance in both cases. On the AlphaServer, HP UPC per-
forms slightly better than others for the nonoptimized ver-
sion. HP UPC, MuPC and Berkeley UPC perform very
closely for the optimized version. Optimization at least dou-
bles the performance for all three. Again, this benchmark
fails Intrepid UPC on the T3E.

MG On the x86 cluster, Berkeley UPC cannot run this
benchmark with less than 8 UPC threads because the prob-
lem size exhausts the available memory. When the num-
ber of threads is 8 or more, Berkeley UPC performs about
50% better than MuPC for the nonoptimized version. Both
MuPC and Berkeley UPC benefit tremendously from opti-
mization, with more than one order of magnitude improve-
ments in performance. The two perform similarly for the
optimized implementation. On the AlphaServer, HP UPC
cannot run with fewer than 8 UPC threads because of mem-
ory limitations. HP UPC performs best for the nonopti-
mized version. Berkeley UPC performs best for the opti-
mized version. All systems benefit by at least an order of
magnitude from optimization, but HP UPC scales poorly in
this case. MuPC exhibits erratic performance for the nonop-
timized versions on the x86 cluster and AlphaServer be-
cause when the number of threads is 4 a large proportion of



the shared accesses are local shared accesses. The perfor-
mance difference between remote shared accesses and lo-
cal shared accesses is obscured by the huge overall perfor-
mance improvement after optimization. Intrepid UPC run-
ning on the T3E shows good scalability for both the nonop-
timized and the optimized code. It benefits from optimiza-
tion by more than one order of magnitude.

MPI and UPC NAS benchmark performance Mea-
surements of the original NPB [1] MPI-based benchmarks
run about twice as fast as the optimized UPC-based NPB
codes on all three platforms. Part of this performance dif-
ference may be attributed to the maturity of UPC compilers
and run time systems. Another part of this difference may
be due to MPI’s fitness for the NAS benchmarks, though not
all of them are coarse-grained. The benchmarks used in this
work were not written “from scratch” in the UPC style but
were translated from the MPI versions to UPC, so they do
not necessarily take advantage of the asynchronousness nat-
ural to UPC’s relaxed memory access mode but are more at-
tuned to the bulk synchronous style of MPI. Current UPC
compilers do not exploit the greatest part of the optimiza-
tions available by instruction reordering offered by UPC’s
relaxed memory access mode. Finally, distributed memory
platforms such as the x86 cluster and the SC-40 were not de-
signed to minimize the costs of fine-grained accesses. The
T3E can perform low latency, fine grained accesses but the
most recently available compiler for that platform is not
as mature as those for the distributed shared memory plat-
forms. Thus, the jury is still out on UPC’s suitability as a
shared memory programming language. Needed to resolve
this question is further development of compilers and run
time systems, development of benchmarks suitable for fine
grained computations, and new parallel architectures to fa-
cilitate the investigation of the partitioned shared memory
programming model.

6. Summary and conclusion

This work developed a UPC STREAM benchmark to
measure the bandwidths of many shared memory access
patterns. These bandwidths were measured on a Linux x86
cluster, an AlphaServer SC and a Cray T3E, using four UPC
implementations: MuPC, HP UPC, Berkeley UPC and In-
trepid UPC. The performance of five UPC NPB 2.4 bench-
marks were also measured on these systems.

The UPC STREAM benchmarking results show that
there is a significant overhead caused by UPC language
features. This overhead reduces the performance of local
shared accesses compared to the performance of private
memory accesses. UPC implementations should attempt to
minimize this overhead. The remote reference caching in
MuPC and HP UPC helps improve performance of unit
stride accesses but unstructured accesses and non-unit stride
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accesses need more sophisticated optimization techniques
such as prefetching. The operation of shared copy (copy
between two locations with the same affinity to a remote
thread) calls for optimization from all UPC implementa-
tions. Since this type of shared access needs little inter-
thread communication, the performance should be close to
that of local shared accesses.

Some implementations fail unexpectedly when running
the NBP benchmarks. More stable, reliable and easier-to-
use implementations are needed. Hand-tuning optimiza-
tion techniques such as remote reference prefetching and
pointer-to-shared privatization are vital for performance.
Almost all kernels studied (except for only the EP kernel)
benefit greatly from these optimizations.

The CG and the MG benchmarks show that Berkeley
UPC is better than other implementations at handling un-
structured, fine-grain shared memory accesses. On the other
hand, these benchmarks expose the very ineptness of MuPC
in this aspect. HP UPC falls somewhere in between Berke-
ley UPC and MuPC. The two benchmarks are the only
ones that Intrepid UPC runs successfully. Intrepid UPC per-
forms unexpectedly poorly for CG, this is against the high-
bandwidth nature of the shared memory on the T3E. In-
trepid UPC also gives lukewarm performance for MG, but it
scales well for this application. MG is a computation bound
kernel, so this performance may be attributed to the slow
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CPU speed on the T3E.

Although MuPC largely lags behind others in the band-
widths of remote shared accesses, its performance on NPB
kernels is comparable to that of others, even better than oth-
ersin a few cases. This is because in many cases the number
of remote shared accesses can be significantly reduced by
hand-tuning optimizations or by remote reference caching.
This leads us to the conclusion that, while the latency and
the bandwidth of the communication layer is usually hard to
improve for the current systems, it is more rewarding to in-
vest efforts in developing compiler optimization or run-time
optimization techniques to reduce the costof remote shared
accesses.
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