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Abstract

Recently many advanced hardware-based interconnec-
tion schemes to connect physically distributed processing
nodes have been developed to overcome performance lim-
itation of networks, and one of them is the InfiniBand Ar-
chitecture (IBA) which supports shared-memory program-
ming semantics by means of remote direct-memory access
(RDMA) and atomic operations. In this paper, we evaluate
performance of SPEC OMP benchmarks on the InfiniBand-
based Distributed Virtual Shared-Memory (DVSM) system
in detail. Our research helps the system and application de-
velopers to estimate the applicability of the OpenMP ap-
plications on a commodity cluster of workstations to use
the state-of-the-art interconnection networks for the next
decades.

1. Introduction

In order to provide easy programming environment on
the distributed-memory system, many distributed virtual
shared-memory (DVSM) systems have been introduced [1,
8, 15]. The DVSM systems allow processes to access phys-
ically distributed memory spaces through one software-
enabled virtual shared memory space, and therefore a pro-
grammer is able to use the shared-memory parallel pro-
gramming APIs on the system, such as OpenMP [13] and
PThread. However, the performance of applications on the
DVSM system, especially when executing parallel appli-
cations, heavily depends on the network performance and
network programming semantics because data coherence
mechanism across processes on the software-enabled vir-
tual shared memory space is supported only by software
over the network.

*  This work was supported by the Electronics and Telecommunications
Research Institute (ETRI), Taejeon, Korea.

In the previously designed DVSM systems [1, 8, 15] a
process should communicate directly with other processes
in order to exchange data through process interruption as
shown in Figure 1 (a). Obviously this approach results in
large execution overhead due to signal handling for pro-
cess interruption and communication latency, and it de-
grades the total system performance significantly. Differ-
ently from the previously used schemes, on the InfiniBand-
based DVSM system a process does not need to interrupt
other processes in order to access data on remote nodes be-
cause the InfiniBand architecture provides hardware legacy
software protocol tasks to support Remote Direct Memory
Access (RDMA) and atomic operations (Figure 1 (b)).

The InfiniBand Trade Association [4] run by Intel, IBM,
Dell Computer, and so on, has proposed the InfiniBand
Architecture (IBA) in 1999, which consists of processing
nodes, I/0 nodes, and System Area Network (SAN) to con-
nect nodes. Figure 2 gives an overview of the IBA. The dis-
tinguished features in the IBA are using a channel based in-
terconnection switched fabric, and supporting Remote Di-
rect Memory Access (RDMA) and atomic operations (i.e.
compare and swap, fetch and add). The switched fabric in
the IBA guarantees high stability and wider bandwidth. The
IBA can be used in constructing from a small size cluster
which has one processor and a few I/O device, to a large-
scale parallel supercomputer consisting of hundreds of pro-
cessors and thousands of I/O devices. The detailed descrip-
tion about the InfiniBand architecture can be found in [4].

In this paper, we evaluate performance of SPEC
OMP benchmarks on our designed InfiniBand-based Dis-
tributed Virtual Shared-Memory (DVSM) system by com-
paring with the [PoIB-based traditional system on the IBA,
especially TreadMarks [1]. Also we discuss code optimiza-
tion issues. More specifically, the serializing small paral-
lel code sections, which is the most effective scheme on
the hardware SMP, is not applicable on the DVSM sys-
tem and even makes the performance worse due to
increment of data movement between serial and paral-
lel sections. We argue that this paper contribute to help the
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system and application developers to estimate the applica-
bility of OpenMP applications on a commodity cluster of
workstations to use the state-of-the-art interconnection net-
works for the next decades.

The paper is organized as follows. Section 2 briefly
presents our IBA-based DVSM implementation [14]. In
Section 3 we characterize the performance of SPEC OMP
benchmarks in detail, and in Section 4 the conclusion is
made.

2. InfiniBand-Based Distributed Virtual

Shared-Memory Systems

The data coherence mechanism across processes needs
to maintain at least the following three information: modi-
fied data and their references per process, data access his-
tory (i.e. read and write) per coherence granularity, and ac-
cess ordering (i.e. time). Our implementation is based on
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the lazy release consistency (LRC) model, which allows the
protocol to aggregate the transmission of shared memory
writes until a later synchronization point in order to mini-
mize data communication between processes [1]. The syn-
chronization between processes provides access ordering
information, and twin and diff mechanisms distinguish be-
tween original and modified data, i.e. we know which ref-
erences are modified [1]. In the TreadMarks system, a pro-
cess to request data should interrupt a data providing pro-
cess for communication, and therefore processes naturally
know access history at communication time. But because
the RDMA feature removes process interruption for data
communication, we need a new mechanism to track access
history on the InfiniBand-based DVSM system.

In order to record read and write operations per page
(our system’s granularity), we use an interval table whose
entry has two bits to mark read and write operations and
whose number of entries is equal to the number of pages
in globally allocated virtual shared-memory. When a page
segmentation violation occurs, the related bit is set. The in-
terval table is cleared after all necessary diff operations are
performed to other processes, since the event history is not
needed any more (at this time dependences are completely
resolved).

Each synchronization includes two internal barriers. At
the first barrier each process broadcasts the interval table
to all the participant processes, and at the second barrier the
diff operations are applied to other processes if necessary by
considering all the other processes’ interval tables. It is well
known that the overhead associated with the page segmen-
tation violation is very large, and it is one of the most impor-
tant factors to determine the overall performance. In order
to reduce the occurrence of segmentation violations, we as-
sign an ownership to each page. Basically the page owner
is not memory-protected, and it is write memory-protected
only after other processes perform read and write opera-
tions. The page owner information is maintained inside the
interval table by extending one bit to mark a page owner-



ship. The details are shown in [14].

There are a few research activities about programming
environment on top of the InfiniBand. The research in [6]
describes the implementation of the OS-layered DVSM on
the IBA. This approach needs to modify kernels in order to
integrate the InfiniBand primitives with OS kernels. Our ap-
proach is the application-layered InfiniBand-based DVSM,
and therefore we do not need any modification inside ker-
nels. And while our framework uses a lazy release consis-
tency, the DVSM in [6] uses a sequential consistency. Also
the InfiniBand-based MPI implementation has been done
extensively [9].

3. Performance Evaluation
3.1. Experiment Methods

For performance evaluation of SPEC OMP3.51 suite [3]
on our IBA-based DVSM system, we used two ver-
sions of four benchmarks (swim, mgrid, wupwise, and
applu). One version is to use officially delivered bench-
marks from SPEC (called as unoptimized versions), and
another is to parallelize only important loops (their ex-
ecution time is more than 95% of the total execution
in serial codes) in order to achieve the maximum per-
formance by eliminating parallel code overhead (called
as optimized versions) [2]. The parallel code over-
head means code transformation overhead from OpenMP
codes into thread-based forms by the OpenMP preproces-
sor and thread management overhead. We scaled down
the number of iterations in SPEC OMP for short execu-
tion (it does not change any program characteristics) and
we used ref data set.

We implemented the DVSM system on the InfiniBand to
use Verbs API in order to use full features of the InfiniBand
semantics. We used eight processing nodes connected with
the 4X Mellanox InfiniBand, and each node includes a In-
tel 2.0GHz Xeon processor, 512MB memory, and 133MHz
4X PCI-X 128MB memory HCA board. Also for compar-
ing with the performance on the hardware SMP machine,
we measured the SPEC applications on the bus-based SMP
to use four 2.8GHz Xeon processors and 512MB memory.

For execution of the OpenMP benchmarks on the DVSM
system, we used the Polaris parallelizing compiler infras-
tructure [5]. The Polaris compiler translates the OpenMP
directive codes into thread-based programs like a normal
OpenMP preprocessor [12, 16], and links with runtime li-
braries to manage processes on the DVSM system.

There are the following six measurements for each
benchmark: Execution of unoptimized versions on the
hardware-based SMP machines (UNOPT_SMP), Tread-
Marks (Version 1.0.3.3) execution of unoptimized ver-
sions to use IPoIB protocol stack on the InfiniBand
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Figure 3. Process fork/join overhead of the
OpenMP parallel directive on our system
(1B2) and TreadMarks (TMK).

(UNOPT_TMK), and execution of unoptimized and opti-
mized versions on our InfiniBand-based DVSM system
(UPOPT_IBA and OPT_IBA).

The execution time is categorized into the following per-
formance metrics: COMP (execution time of the application
itself), BAR1 (overhead at the first barrier on the Infini-
Band implementation or the total barrier time on the Tread-
Marks system), BAR2 (overhead at the second barrier on
the InfiniBand implementation), BAR (sum of BAR1 and
BAR2), LOCK (lock related overhead), SEGV (overhead re-
lated to page segmentation violation due to page misses),
and SIGIO (overhead due to the process interruption from
a service request process).

3.2. Performance

3.2.1. Overhead of OpenMP Primitives In order to mea-
sure overhead of OpenMP primitives such as parallel,
atomic, and shared, we designed a microbenchmark.
Figure 3 shows the process fork/join overhead, i.e. the over-
head related to parallel OpenMP directive on our sys-
tem and TreadMarks on one to eight processing nodes. The
overhead in both measurements proportionally increases
with the number of processes, and its value on our system is
higher than TreadMarks. The reason of the performance dif-
ference is that as mentioned in the previous section, our sys-
tem maintains an interval table to track access history, and
at the synchronization point a process needs to broadcast
the interval table to all the other processes for page diff ac-
tions. The table size per process is about 6.4KB for 100MB
virtually allocated shared-memory space.

Figure 4 shows overhead of OpenMP atomic prim-
itive on our system and TreadMarks. The lock overhead
on the InfiniBand-based DVSM system is constant because
the InfiniBand architecture provides hardware-implemented
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Figure 4. Overhead of OpenMP atomic prim-
itive on our system (1B2) and TreadMarks
(TMK).

atomic semantics. On the TreadMarks system, the overhead
increases proportionally with the number of processes.

Figure 5 shows overhead of page movement between
serial and parallel sections, i.e. related to shared data
on our system and TreadMarks. In order to measure over-
head only related to shared data movement we evalu-
ated the overhead occurred by page segmentation viola-
tion. The overhead of data movement from parallel to se-
rial and inside parallel sections on our system is much lower
than that on TreadMarks, since our system uses RDMA fea-
tures provided by the InfiniBand architecture. But from se-
rial to parallel sections the overhead on our system is larger
than on the TreadMarks system. Our system uses the home-
based LRC protocol. In other words, a page owner is write-
memory protected after child processes read the data from a
master process, i.e. the page owner [7]. It incurs the segmen-
tation violation overhead on a page owner. On the Tread-
Marks system multiple owners are allowed (homeless LRC
protocol), and therefore there are less segmentation viola-
tions on a page owner process.

3.2.2. Overall Performance of OMP Benchmarks Fig-
ure 6 shows the speedup of the OpenMP benchmarks on
2, 4, and 8 processors with respect to one processor execu-
tion. In applu and swim there is no speedup in the DVSM
executions, and in mgrid there is speedup at the execu-
tion of unoptimized version on our DVSM system, but less
than the SMP execution. In wupwi se, the speedup on both
DVSM systems is higher than the SMP execution. The re-
sult in the figure is different from that in [11]. The reason
of the performance difference is that our processor’s perfor-
mance is much higher than those in [11], so the communi-
cation overhead dominates the overall execution time.

Also the figure shows that the most effective optimiza-
tion scheme on hardware SMP machines, i.e. serialization
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Figure 7. Overhead analysis in APPLU.

of small parallel code sections in order to reduce the par-
allelization overhead, is not effective on the DVSM sys-
tem in all benchmarks except for applu (in applu we
do not use the serialization and it will be discussed shortly).
We found that the parallel code overhead is not important,
and the most important consideration for performance op-
timization is data (page) locality. More specifically, the se-
rialization of parallel sections incurs more data movement
between serial and parallel sections, i.e. between host and
child processes. It incurs more page segmentation violations
when child processes start parallel region execution to use
data updated in serialized parallel sections. It makes pro-
grammer optimize codes very difficult, and traditional opti-
mization techniques used on the hardware SMP may be in-
effective on the DVSM system.

3.2.3. APPLU Figure 7 shows that the unoptimized ver-
sion of APPLU has enough parallelism, since COMP metrics
are well scaled down proportionally with the number of pro-
cesses. But in this code version, the overhead is very large
because the most important loop ssor_do_2_2 includes
the barrier synchronization per iteration. Since we use the
LRC protocol, the large number of barriers incurs huge diff
operations and eventually degrades the overall performance
significantly. The barrier overhead on our system is larger
than on the TreadMarks system, and it was discussed in
Figure 5 (a). When parallelizing only important loops [2]
except for ssor_do_2_2, the overhead is significantly de-
graded. But there is no performance gain, because we par-
allelized only 18% of the serial code execution.

3.2.4. MGRID Figure 8 shows execution overhead in
MGRID. There is a little speedup in unoptimized ver-
sions, but the performance is significantly degraded when
only parallelizing important loops due to excessive page
segmentation violations in serialized zero30_do-1,
zran3_.do_1l, and zero3_.do_1 code sections. On the
hardware SMP machines, we have serialized small paral-
lel sections in order to remove parallelization overhead. But
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most overheads on the DVSM systems result from page lo-
cality, and the serialization of parallel regions largely
degrades the performance. One of the solutions to allevi-
ate this problem is to execute serial code sections also on
child processes [10]
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3.2.5. SWIM Figure 9 shows execution overhead in
SWIM. Most loops are parallelized in an unoptimized ver-
sion, but many page faults at the serial sections just af-
ter calcl_do_-1 and calc2_do_1 results in significantly
large overhead. The optimized code makes this prob-
lem worse.

3.2.6. WUPWISE Figure 10 shows overhead metrics of
WUPWISE execution. There is very a few small parallel re-
gions in this benchmark, and there is no noticeable dif-
ference in unoptimized and optimized versions. Most of
SEGV overhead is generated at the serial section after the
zcopy-do_1 parallel region.

4. Conclusion

In this paper, we evaluated performance of SPEC OMP
benchmarks on the next generation network technology
based DVSM system, i.e. the InfiniBand Architecture. From
experiment we showed that the next-generation of network
technologies greatly improve the performance over the tra-
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ditional implementation of DVSM systems. The perfor-
mance gain results from using the remote DMA features,
which does not involve any process interruption for data
communication. Also we showed that the serialization of
parallel code sections to reduce parallel code overhead re-
sults in severe overhead on the DVSM systems due to more
data movement between serial and parallel sections. Even if
the new network architecture helps to reduce the communi-
cation overhead, the application performance is very sensi-
tive to the data locality. Since the standard OpenMP specifi-
cation does not provide a mechanism to control data distri-
bution, we need more advanced techniques to predict page
movement and prefetch pages correctly inside the DVSM
for better data locality and hiding latency.
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