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This paper discusses Beowulf systems, focusing on Hyglac, the Beowulf system
installed at the Jet Propulsion Laboratory. The purpose of the paper is to assess how a
system of this type will perform while running a variety of scientific and engineering
analysis and design software. The first part of the assessment contains a measurement
of the communication performance of Hyglac, along with a discussion of factors
which have the potential to limit system performance. The second part consists of
performance measurements of six specific programs (analysis and design software), as
well as discussion about these measurements. Finally, the measurements and
discussion lead to the conclusion that Hyglac is suitable for running these types of
codes (in a research/industrial environment such as at JPL) and that the primary factor
for determining how a given code will perform is the code’s ratio of communication to

computation. Published by Elsevier Science Limited.

1 INTRODUCTION

A typical Beowulf system, such as the machine at the Jet
Propulsion Laboratory (JPL) may comprise 16 nodes inter-
connected by 100Base-T Fast Ethernet. Each node may
include a single Intel Pentium Pro microprocessor,
128 Mbytes of DRAM, 2.5 Gbytes of IDE disk, a PCI bus
backplane, and an assortment of other devices. At least one
node will have a video card, monitor, keyboard, CD-ROM,
floppy drive, and so forth. But the technology is evolving so
fast and price performance and price feature curves are
changing so fast that no two Beowulfs ever look exactly
alike. Of course, this is also because the pieces are almost
always acquired from a mix of vendors and distributors. The
power of de facto standards for interoperability of subsys-
tems has generated an open market that provides a wealth of
choices for customizing one’s own version of Beowulf, or
just maximizing cost advantage as prices fluctuate among
sources. Such a system will run the Linux' operating system
freely available over the net or in low-cost and convenient
CD-ROM distributions. In addition, publicly available
parallel processing libraries such as MPI? and PVM? are
used to harness the power of parallelism for large application
programs. A Beowulf system such as described here, taking
advantage of appropriate discounts, costs about $50k includ-
ing all incidental components such as low cost packaging.
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The Beowulf approach represents a new business model
for acquiring computational capabilities. It complements
rather than competes with the more conventional vendor-
centered systems-supplier approach. Beowulf is not for
evervone. Any site that would include a Beowulf cluster
should have a systems administrator already involved in
supporting the network of workstations and PCs that inhabit
the workers’ desks. Beowulf is a parallel computer and, as
such, the site must be willing to run parallel programs, either
developed in-house or acquired from others. Beowulf is a
loosely coupled, distributed memory system, running
message-passing parallel programs that do not assume a
shared memory space across processors. Its long latencies
require a favorable balance of computation to communi-
cation and code written to balance the workload across
processing nodes. Within the constrained regime in which
Beowulf is appropriate, it should provide the best per-
formance to cost and often comparable performance per
node to vendor offerings. This paper is intended to help
determine where a wide variety of application codes fit
within this regime.

To determine how a given message passing code will
perform on a given machine, the communication character-
istics of both the machine and the code must be known, as
well as the computational performance of both the machine
and the code. Computational performance of a code on a
Pentium Pro system is under wide study, and will not be
focused upon in this paper. Rather, characterization of the
communications of the codes under study and the Beowulf
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machine at JPL will be the theme of this paper, with com-
putational performance being discussed as needed.

This paper considers many application codes. The codes
span a wide spectrum of communication types, in terms of
message size, message frequency, and message count.
These codes were chosen to represent a sampling of the
types of codes used at JPL. These include codes currently
run on parallel supercomputers, sequential supercomputers,
workstations. and PCs. The intention of this paper is to
examine the performance of a Beowulf system on these
codes, in order to determine the JPL-wide usefulness of
this type of machine in helping engineers and scientists at
JPL do their jobs quickly and well.

2 BEOWULF COMMUNICATION SYSTEM

The Beowulf system at JPL comprises 16 nodes inter-
connected by a 16 port Bay Networks 28115/ADV
100Base-T Fast Ethernet switch. The network switch is
built around a 1.6 Gbps switch fabric, thus allowing up to
eight simultaneous 100 Mbps streams between eight pairs of
nodes.

In this section, the communication attributes of the
Beowulf system are examined. The metric used to
measure performance is throughput. The communication
attributes that affect throughput performance include the
following:

e packet size;
o traffic loading.

Another attribute that affects overall performance is the
ratio of communication to computation in a particular appli-
cation. This ratio depends heavily on the application and
details of this are left to the descriptions of the specific
JPL application codes below.

2.1 Effects of packet size

An attribute of the network traffic that greatly influences
throughput performance is packet size. In the parallel appli-
cation codes described below, the Message Passing Inter-
face (MPI) is used to support communication between
nodes. Consequently, throughput performance is measured
using the Linux implementation of MPI (MPICH from
Argonne National Laboratory). In addition, because the
MPI implementation of the communication calls is built
on the Linux implementation of BSD sockets, throughput
performance of BSD sockets is also measured to help eval-
uate the overhead associated with MPL

To see the effects of packet size on an application
using MPI, a simple test is run where one way commu-
nication latency is measured between two nodes using
various packet sizes. Many of the communication calls
for the JPL codes described below may be characterized
by this type of interaction. The sending node uses a non-
blocking send and is responsible for measuring the over-
all latency required to send 5000 packets of a specific
size. The receiving node uses a blocking receive. The
timer on the sending node begins immediately before
the MPI_Send call is initiated and the timer stops imme-
diately after the barrier call, which signifies that the
receiving node has successfully received its packet. The
overhead associated with the code surrounding the
MPI_Send call (loop code, barrier call) is timed imme-
diately before the actual test and is subtracted from the
subsequent timings.

The implementation of the communication calls in MPI
employs BSD sockets via the CH-P4 abstract device inter-
face (ADI) used in the Linux implementation of MPI. The
socket buffers are set to 64 Kbytes. Fig. 1 shows the results
of this experiment. As expected, the overhead of trans-
mitting small packets degrades throughput. A steady rate
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Fig. 1. Packet size effects on throughput performance.
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of approximately 7 Mbytes/s is only achieved when packet
sizes rise above 8 Kbytes. A maximal throughput of
8.3 Mbytes is achieved when the packet size is set to
256 Kbytes. A drop in throughput occurs when packet
sizes are set to 32 Kbytes and 128 Kbytes, but its cause is
currently undetermined. This drop in performance may be
linked to the socket buffer size and the ethernet segment
size. The issue is still under investigation.

Also shown in Fig. 1 is a similar experiment using BSD
sockets. This experiment was run to show the overhead
associated with MPIL In this study, netperf is used to
measure the round trip latency of transmitting packets of
varying sizes to determine the effective throughput. A
TCP stream of packets is sent using netperf from a client
node to a server node. The server node simply receives
packets and immediately returns a packet to the sender.
The client measures the round trip delay between trans-
mission of the initial packet until the reception of the
response packet from the server node. The performance of
BSD sockets is clearly superior to that of MPI. A steady
maximal rate of 11.8 Mbytes is achieved for a packet size of
512 bytes and higher.

There are several reasons for the poorer MPI per-
formance. One cause may be the overhead of setting up
connections for each transmission under MPL. In the pure
BSD socket implementation, a single connection setup call
is executed and the set of packets are then transmitted. Other
factors may include the segmentation processing that takes
place at the socket level for packets larger than 64 Kbytes as
well as at the OS device driver level to adapt to the use of
ethernet which has a maximum transmission unit (MTU) of
1500 bytes.

2.2 Effects of traffic loading

There are various types of traffic loading that might affect
performance of application codes by degrading throughput

performance of the supporting network. In some systems,
switching speeds and backbone network throughput is not
sufficient to support multiple streams. Another type of
traffic loading that may affect performance occurs when
several streams attempt to send to the same node. Con-
tention resolution in this case is handled both by the switch
and the operating system that keeps track of the different
connections flowing into the receiving node. Below, these
two traffic loading situations are considered.

As mentioned above, the network switch is built around a
1.6 Gbps switch fabric and provides switching speeds that
are able to keep up with eight simultaneous streams with no
degradation in performance. This means that designers of
application codes do not need to be concerned about
balancing the communications cost of supporting simul-
taneous connections.

The type of traffic loading where multiple streams are
directed at a single node does affect throughput perfor-
mance. Consequently, application codes that require a
node to receive information from more than one other
node do experience degradation in overall performance
due to increased communication costs. This may occur
when several nodes must report to a central node (all-to-
one communication) or when a node receives packets from
all of its neighbors (exchanging boundary conditions).
Handling this contention is the responsibility of the switch
and operating system which must efficiently multiplex the
different streams to this node. In Fig. 2, the results of an
experiment are shown where contention is mapped against
throughput for various packet sizes. In this experiment,
netperf is used again to generate BSD socket streams from
between | and 15 nodes to a single receiving node. Per-
formance degrades rapidly and the results show that
throughput drops to a minimum when there are more than
three connections arriving at a single node. It should be
noted that using a larger packet size would help improve
performance slightly. This is due to the fact that when
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Fig. 2. Traffic loading effects on throughput performance.
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packets are large, a smaller fraction of time is spent multi-
plexing between streams as compared with delivering the
data. In Fig. 2, performance of larger packet sizes is shown
to be primarily better when fewer than seven streams are
contending. Performance is approximately equal for the
different packet sizes when the number of contending
streams rises above seven.

3 APPLICATION SOFTWARE

A suite of application software is considered in this assess-
ment. It consists of a range of applications and related algo-
rithms. There is also a range in the amount of data being
communicated as well as the pattern of communication
across processors. All applications use MPI or PVM for
communication between processors and run on other
platforms. The application codes are described by how
they use communication and computation. Key parameters
are: number of floating point operations, total number of
operations, number of conununication calls, frequency of
communications calls, and length of communication calls.

3.1 Physical optics

The software described in this section® is used to design and
analyze reflector antennas and telescope systems. It is based
simply on a discrete approximation of the radiation inte-
gral®. This calculation replaces the actual reflector surface
with a triangularly faceted representation so that the reflec-
tor resembles a geodesic dome. The physical optics (PO)
current is assumed to be constant in magnitude and phase
over each facet so the radiation integral is reduced to a
simple summation. This program has proven to be surpris-
ingly robust and useful for the analysis of arbitrary reflec-
tors, particularly when the near-field is desired and the
surface derivatives are not known.

Because of its simplicity, the algorithm has proven to be
extremely easy to adapt to the parallel computing architec-
ture of a modest number of large-grain computing elements
such as are used in the Beowulf, or Intel Paragon parallel
machines.

For generality, this code considers a dual-reflector calcu-
lation, which can be thought of as three sequential opera-
tions: (1) computing the currents on the first reflector using
the standard PO approximation; (2) computing the currents
on the second reflector by utilizing the currents on the first
reflector as the field generator; and (3) computing the
required field values by summing the fields from the cur-
rents on the second reflector. The most time-consuming part
of the calculation is the computation of currents on the
second reflector due to the currents on the first, since for
N triangles on the first reflector, each of the M triangles on
the second reflector require an N-element sum over the first.
At this time, the code has been parallelized by distributing
the M triangles on the second reflector, and having all
processors compute identically the currents on all N

Table 1. Timing results (in seconds) for PO code, for M =

40000, N = 400

Number of Beowulf T3D
processors

I 11 I I 1T I
! 5.10 307 98.2 17.5 442 112
2 374 154 51.3 12.1 221 56.2
4 312 774 257 9.83 112 28.6
8 276 392 12.6 8.83 569 14.9
16 273 20.1 6.47 9.15 29.7 8.05

triangles of the first reflector. Also, the calculations of
field data have been parallelized. So, steps 2 and 3 listed
above are currently performed in parallel, with step 1 being
performed redundantly on each processor. Parallelization of
step 1 will be performed in the future. There are also
sequential operations in all three steps, such as I/O and
triangulation of the reflector surfaces, some of which poten-
tially could be performed in parallel.

Table 1 and Table 2 show timing results for the PO code,
for two different size sub-reflectors, with the same size main
reflector. Each run is broken down into three parts. Part I is
input I/O and triangulation of the main reflector surface,
some of which is done in parallel. Part II is triangulation
of the sub-reflector surface, evaluation of the currents on the
sub-reflector, and evaluation of the currents on the main
reflector. As stated previously, the triangulation of the
sub-reflector and evaluation of the currents on those trian-
gles is done redundantly, while evaluation of the currents on
the main reflector is done in parallel. Part 111 is evaluation of
far fields (parallel) and I/O {on only one processor).

It may be observed from Tables 1 and 2 that the Beowulf
code performs better than the T3D code, both in terms of
absolute performance as well as scaling from 1 to 16 pro-
cessors. The absolute performance difference can be
explained by the faster CPU on the Beowulf versus the
T3D, and the very simple communication not enabling the
T3D’s faster network to influence the results. The scaling
difference is more a function of 1/0, which is both more
direct and simpler on the Beowulf, and thus faster. By redu-
cing this part of the sequential time, scaling performance is
improved. Another way to look at this is to compare the
results in the two tables. Clearly, scaling is better in the
larger test case, in which /O is a smaller percentage of
overall time.

Table 2. Timing results (in minutes) for PO code, for M =

40 000, N = 4900

Number of Beowulf T3D
Processors

1 i1 1 1 1I 11
1 0.0850 64.3 1.64 0.285 87.7 1.87
2 0.0624 32.2 0.838 0202 44.0 0.937
4 0.0515 16.2 (0.431 0.165 22.1 0.486
B 0.0459 8.17 0211 0.148 112 0.243
16 0.0437 4.18 0.110 0.146 5.77 0.135







