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Abstract

Clusters of commodity machines have become a popular way
of building cheap high performance parallel computers. Many
of these designs rely on standard Ethernet networks as a sys-
tem interconnect. We have profiled the performance of some
standard message passing communication on commodity clus-
ters using MPIBench, a tool for benchmarking the performance
of MPI routines that uses a highly accurate, globally synchro-
nised clock. The results suggest that existing methodologies of
performance characterisation are inadequate. Tests were per-
formed on two clusters, one with a conventional network archi-
tecture of switches connected via a high bandwidth backbone,
the other with a tetrahedral network topology that potentially
provides for lower contention and higher bandwidth. Where
packet loss does not occur, performance in either system is
good and degrades smoothly with load. However, packet loss
is found to occur at any load and the consequent invocation
of the TCP/IP timeout and congestion control mechanisms af-
fect performance to a much greater than expected level. The
nature of many parallel programs causes overall performance
to drop to the worst case rather than the average. The value
of MPIBench in profiling communication in parallel systems
is clearly demonstrated, particularly through its generation of
probability distributions which allow detailed analyses of per-
formance problems.

Keywords: Communication networks, MPI, bench-
marking, performance analysis, cluster computing,
parallel computing.

1 Introduction

High performance computer design has always re-
quired a balance between three factors: raw com-
pute power, memory size, and I/O capacity. The ad-
vent of parallel, and particularly distributed parallel
systems, has added communication capacity to this
mix. As commodity computer systems have become
more powerful and cheaper, this technology has been
adapted for use in distributed memory supercomput-
ers. The 1990’s exemplified such machines, for exam-
ple Thinking Machines’ CM-5 and Cray’s T3-E. The
advent of reasonably high performance commodity
communication technology (in the form of Ethernet)
has allowed the construction of distributed memory
parallel computers entirely from off-the-shelf compo-
nents. Such machines have become known as Beowulf
clusters (Ridge, Becker, Merkey & Sterling 1997).
Despite the relative success of Beowulf clusters,
communication performance has not kept pace with
processor power. Although 100Mb/s Ethernet is most
commonly used for networking Beowulf clusters, more
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expensive technologies, such as Myrinet (Boden, Co-
hen, Felderman, Kulawik, Seitz, Seizovic & Si 1995)
or QsNet (Petrini, Coll, Frachtenberg & Hoisie 2002),
are often used. Key aspects of these more expen-
sive technologies are their low latency, high band-
width and ability to scale well to large numbers of
nodes. Some innovative Ethernet-based networking
topologies have also been devised to improve perfor-
mance in Beowulf clusters without incurring the sig-
nificant expense of using these more advanced net-
work (Reschke, Sterling, Ridge, Saverese, Becker &
Merkey 1996).

In parallel computers built from specialised net-
work interconnects, the underlying hardware is de-
signed to provide highly optimised and reliable com-
munication and synchronisation primitives. Beowulf
clusters built using Ethernet, however, typically rely
upon TCP/IP to provide reliable communication.
TCP/IP was mostly designed for use in long haul
networks, not tightly coupled networks. As we will
see, the standard mechanisms for coping with conges-
tion and packet loss are not well-adapted to use in a
cluster, and can sometimes lead to very poor perfor-
mance.

In order to understand how congestion and packet
loss affect performance, it is important to measure
the distribution of communication times, rather than
average communication time. To achieve this, we
have developed MPI benchmarking software, called
MPIBench (Grove 2001), that provides very fine
grained timing of MPI communication events. In
particular, MPIBench can measure the probability
distribution function of the intrinsic communication
mechanisms and also find the distribution of outlier
events. Such timings yield insight into the interac-
tion of the various components of the communication
system, and highlight significant performance charac-
teristics that are hidden in more simplistic tests.

The remainder of this paper compares the perfor-
mance that can be obtained using the conventional
approach to networking commodity clusters with the
performance that can be obtained using an innovative
networking topology. It describes some MPIBench
tests that were carried out on two different cluster
computers, and draws some conclusions about the
true performance of each system.

2 Cluster Computer Architectures

The two clusters profiled in this paper were the first
two large computational clusters commissioned in
Australia. They became operational at about the
same time, in early 2000. They are built from very
similar commodity components, but differ in their
communication topology.
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Figure 1: Network infrastructure for the Perseus Be-
owulf. Each Beowulf node has two Pentium proces-
sors (labelled P in the diagram).

2.1 Perseus

The Perseus cluster (Hawick, Grove, Coddington &
Buntine 2000) is an example of a typical Beowulf clus-
ter. Developed as a dedicated resource for computa-
tional chemistry, it is comprised of 116 dual proces-
sor nodes, mostly 500 MHz Pentium III processors,
connected by a stack of five Intel 510 24-port Fast
Ethernet switches. These switches are connected by
a proprietary high speed link of 2.1 Gb/s per switch
through a Matrix module seven port backplane, as
shown in Figure 1. The relevant software environ-
ment on Perseus consists of Linux version 2.2.12 and
MPICH version 1.2.0.

2.2 Bunyip

The Bunyip cluster (Aberdeen, Baxter & Edwards
2000) consists of 96 dual processor nodes, originally
550 MHz Pentium III processors, although many
have since been upgraded to 800 MHz. Our perfor-
mance tests were mainly done on the nodes with 550
MHz processors to allow a better comparison with
Perseus. Bunyip’s communication network is con-
structed from Hewlett Packard ProCurve 4000M Fast
Ethernet switches. The relevant software environ-
ment on Bunyip consists of Linux version 2.4.18-3 and
MPICH version 1.2.0. This version of the Linux ker-
nel has a slightly more efficient network and shared
memory implementation than the version of the Linux
kernel on Perseus.

Bunyip uses a novel interconnection architecture.
The design is based upon two insights:

1. A switch may connect two sub-clusters, where
the number of nodes in each sub-cluster equals
half the number of ports available on the switch.

2. With multiple network interfaces per node, sub-
clusters can be arranged in a fully connected
mesh

In particular, the Bunyip cluster is implemented as a
tetrahedron of four 24 node sub-clusters, connected
by six 48-port switches. Each node has 3 network in-
terface cards which allow it to connect to any other
node via a single switch. This topology, shown in
Figure 2, scales to large systems, but its equipment
requirements grow quite quickly. For a system with p
sub-clusters, each node requires p — 1 network inter-
faces, and p(p — 1)/2 switches.

Bunyip’s tetrahedral topology avoids any bottle-
neck in network bandwidth that might occur with a

24 node sub-cluster

48 port switch

Figure 2: Network topology of the Bunyip cluster.

central backplane (such as is used in Perseus). Since
each node has multiple network interfaces the oppor-
tunity exists to increase the effective bandwidth be-
tween nodes in a manner similar to channel bonding.
However this requires messages to be relayed through
intermediate nodes in addition to transiting through
an interconnecting switch. Such messages will suffer
a significant additional latency since they must tra-
verse part of the IP stack in the intermediate node
and may introduce extra load on that node. However
with careful design of group communication some suc-
cess might be expected. Some efforts to exploit this
are detailed in (Tan & Strazdins 2002).

3 Existing MPI benchmarking techniques

All previous performance benchmarking tools for MPI
systems (Anglano 2001) suffer from one or more of
three main inadequacies. The first inadequacy is the
use of relatively coarse grained clocks for timing mea-
surements. This forces benchmarks to average results
over a high number of test repetitions, thereby losing
detailed performance insight. In particular, none of
the current synthetic benchmarks can generate distri-
butions that show the variability in completion times
and the outliers that occur, both of which may have
a large effect on program performance. Moreover,
this important factor has been almost completely ig-
nored in the literature; Mraz (Mraz 1994) and Tabe et
al’s (Tabe, Hardwick & Stout 1995) statistical exam-
inations of communication time on the IBM SP2 seem
to be the only significant works that have made an at-
tempt to quantify its importance. Tabe et al.’s main
conclusions were that “it must be emphasised that us-
ing only means to model communication performance
of parallel computers is inadequate” and that “under-
standing the tail behaviour of relevant distributions
is critical to the development of good simulators”.
Unfortunately, this praise-worthy advice appears
to have been, until now, either unheard or unheeded.
The assumption that a mean is useful implicitly as-
sumes that the distribution is simple and well be-
haved. In a parallel program the impact of delaying
a single node will cascade. For instance, if compu-
tation proceeds through a set of barrier synchronisa-
tion operations it does not matter that the majority
of participating nodes are released from the barrier
quickly. If one node is delayed, it will be unable to
complete its share of the computation by the time
other processors have reached the next barrier. Thus
the entire distributed computation is delayed to the



same extent as if every process involved in the barrier
synchronisation was to take as long as the slowest pro-
cess. This cascading effect is exhibited in most group
operations, since most implicitly require some level of
synchronisation.

Existing benchmarks either rely on MPI’s inter-
nal time-keeping function to provide a globally syn-
chronised clock; or simply use ping-pong type tests
to measure the total round-trip time, often with only
one pair of processors, which avoids problems with
contention. While relying on MPI_Wtime may be rea-
sonable for high end systems that have a hardware-
synchronised global clock, it is not acceptable on low
end cluster systems where the accuracy of MPI_Wtime
is bounded by, at best, half of the round-trip time
of a zero byte message. Alternatively, measuring only
round-trip message-passing times negates the need for
a globally synchronised clock, but it does not allow
the direct measurement of the performance distribu-
tion of individual message-passing calls that begin at
one process and complete at another. In the case
of round-trip point-point messages, only the convolu-
tion of the completion time of two messages can be
measured, which tends to broaden the distribution
observed. Further, in the case of collective commu-
nication, it is almost impossible to measure anything
significant other than completion time at the root pro-
cess - for example, insight into the actual completion
times of collective calls seen by individual processes.

4 Measuring Communication Performance

As described earlier, MPIBench is able to make very
accurate measurements of standard MPI operations.
The key to MPIBench is the use of a very high resolu-
tion distributed clock. This relies on the availability
of a cycle counter, which is available on most modern
CPUs, for local time measurements on each proces-
sor. These local clocks are used to construct a global
reference clock, given two assumptions: firstly, that
over a useful time period, each local clock is relatively
stable, and that there is a hard minimum transit time
for point-to-point communication.

Each node implements a local, free running clock
that is related to the master clock on the lead node
by an offset and a rate factor. The lead node syn-
chronises a peer by sending the peer messages that
contain the value of its clock. The peer node cal-
culates the offset between its clock and that of the
lead node, and replies. Successive exchanges of mes-
sages allow refinement of the calculated offset. Given
a lower limit on the transit time, a message with
close to the minimum flight time will eventually be re-
ceived. The peer node uses the lowest flight time seen
as its offset. A second synchronisation is needed to
estimate the difference in clock rates between nodes;
even if nodes contain identical hardware, their clocks
can drift significantly due to the reaction of their
clock crystals to small temperature changes. Further,
modern CMOS processors draw significantly different
amounts of power dependent upon the computation
being performed. This can lead to small changes in
the voltage of power rails and changes of the temper-
ature within a node’s chassis. Variations of the clock
rate have even been observed to correlate with the cy-
cling of a machine room’s air-conditioning (Maillet &
Tron 1995). Therefore, we found it necessary to per-
form two back to back test runs of each experiment,
where the first was used as the calibration environ-
ment for determining relative clock speeds, while the
second was used to actually measure results.

An alternative approach would be to post process
the results to correct the time measurements. How-

ever, the precision and sensitivity of MPIBench re-
quires careful scheduling of the tests, which made this
impossible (due to causality). Initial measurements of
group operations were found to be contaminated by
a barrier synchronisation that was performed at the
start of each trial. Since this operation does not ac-
tually complete at the same time on each node, the
results were skewed by the distribution of comple-
tion times for the barrier synchronisation. Therefore,
MPIBench’s globally synchronised clock was used to
start of each individual test; and hence the results
could not be post-processed because the scheduling
of individual tests themselves depended on the global
clock. Each process was required each node to wait
until a nominated global time before proceeding. The
time between tests was selected to ensure that the
network would be free of any residual messages that
may cause unexpected congestion. The delay between
individual measurements in the following tests was
set to be 0.05 seconds, except for the large all-to-all
tests where 0.25 seconds was used. Once synchroni-
sation was achieved, it was found to remain useful
for the duration of test runs, varying at a rate of
about 0.5ms/hour. Very occasionally, synchronisa-
tion would not achieve the required accuracy, leading
to systematic mis-timings for some trials. These mis-
timings manifested themselves as a linear trend in
completion times, which were easily observable and
accounted for.

5 MPI_Isend Results

Point-to-point tests were run to characterise the per-
formance of unstructured communication between co-
operating processes. In these tests, pairs of processors
exchanged messages freely. Processes were arranged
to ensure an evenly spread load across the network.
As the load of messages increased, contention effects
in the switches became evident.

The communication time for point-to-point mes-
sages on Perseus and Bunyip are shown in Figures 3-
10. The 2-dimensional plots show the average com-
pletion times of point-to-point tests versus message
size, which rise steadily at a rate commensurate with
the increased time required to send larger. messages.
The different curves represent the different number of
participating processes. Note that the switches used
in Bunyip have 48 ports, while those used in Perseus
have only 24 ports.

The switches used on Perseus show a significant
decrease in performance as the amount of traffic in
the network is increased. Also, Figure 5 shows the
manner in which the variance of completion times
increases as message size is increased. In contrast,
even with a significant number of communicating pro-
cesses, Bunyip’s switches perform well, with only a
marginal increase in completion times. This increase
is independent of message size, and hence number of
packets (since the largest message is less than the
maximum Ethernet packet size), which indicates it is
probably the result of increasing load on the packet
routing system in the switch.

The same tests were run across Bunyip’s tetrahe-
dral network topology, and the results are plotted in
Figures 8 and 9. The average communication times
were slightly lower than those obtained using a single
switch in Bunyip, probably because the traffic load
was spread across multiple packet engines as opposed
to a single one. Figure 10 shows a similar but smaller
increase in completion time and variance on Bunyip’s
tetrahedral network topology compared to the results
obtained on Perseus.
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6 MPI_Barrier Results

Barrier synchronisation is a fundamental building
block of parallel programs. Participant processes en-
ter the barrier and wait until all the participants have
entered the barrier, at which point the barrier is re-
leased and all the processes can proceed with the com-
putation. Logically, the implementation of the barrier
synchronisation can be viewed as nothing more than
an MPI_Sendrecv operation where the lead process is
the peer of every other process. In practice, to reduce
the number of steps required, barrier synchronisations
are implemented using a binary tree-based communi-
cation structure, where each process peers not (in gen-
eral) with the lead process, but with another process,
determined by its position in the tree. In MPICH
1.2.0, a MPI Barrier is performed in two phases. A
fan-in operation is used to collect messages from each
participant at the root process and then a fan-out
stage is used to send messages back out to each par-
ticipant, signalling that the barrier has been released.
The precise structure of the the fan-in/fan-out mech-
anism has important consequences for performance.
The fan-in/fan-out implementation is based upon a
binary tree. In the fan-out stage, the root process
begins by sending a message to a participant process.
Upon receipt, this process will send a copy of the mes-
sage to another participant. At the same time the
root process continues to send messages to other par-
ticipating processes, who in turn forward their mes-
sages on. Half of the participant processes will not
forward the message, since they are leaf nodes of the
tree. The fan-in stage is identical to this, except that
it is performed in reverse order. Figure 11 shows the
message flow for an eight way barrier synchronisa-
tion. A process: 1) receives messages from its chil-
dren; 2) performs a send/receive operation with its
parent; and 3) sends messages to its children.

Send/recv

N N A
7 N

Figure 11: Message flow in an 8 process barrier syn-
chronisation. The rectangle highlights two of the
communication operations that can be paired using
a send/receive operation.

Significant care is needed when measuring the per-
formance of barrier synchronisations. To avoid con-
taminating the measurements with random or sys-
tematic offsets in start time, the participants must
all be started at the same time. This was achieved
using MPIBench’s globally synchronised start op-
tion, described in section 4. Figure 12 shows that
MPI Barrier performance on Perseus is well behaved,
with the completion time gradually increasing as
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Figure 12: Distribution of times for MPT Barrier on
Perseus.

more processes participate. The extra time required
to synchronise more processes is due to two effects.
Firstly, the deepening of the binary tree results in a
time overhead proportional to [logan], which can be
observed as a steady increase in the minimum time
to achieve a barrier synchronisation. Secondly, and
the major contributor to increased completion time,
is network contention. This seems almost entirely due
to the rate at which the network switches can buffer,
process and forward on incoming packets. Worthy of
note, it can be seen that the average completion times
for both 32 and 64 processes are almost the same, al-
though the spread of times for 64 processes is wider.
In the 32 process case, one switch was fully loaded
while the other was only 1/3 loaded. In the 64 pro-
cess case, two switches were fully loaded, while the
other was 2/3 loaded. In this second case, the load
was better distributed over the available packet pro-
cessing capability, hence bucking the trend seen up
until that point.
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MPI Barrier on Bunyip using only one switch.

Figure 13 shows the majority of measurements
made for the MPI Barrier test across one switch of
Bunyip. Since any single participant can delay the
progress of the barrier, either in the fan-in or fan-out
stage, the completion time can be significantly ex-
tended. This can be seen in Figure 14, which shows
the remainder of the events that were recorded for
the same MPI Barrier test on Bunyip. It can be seen
that these outlier events cluster in the range of 30
to 40ms, compared to less than 1ms for the majority
of the measurements, shown in Figure 13. There is
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clear evidence of some internal structure in the dis-
tributions.

Figure 15 presents the individual completion times
for a 16 process barrier synchronisation on a single
switch. The results for each process are arranged in
blocks, from process 0 on the left to process 15 on
the right. The results of 1000 individual trials are
recorded in each block, also ordered from left to right.
There are number of repeated patterns in this struc-
ture, that seem to be consistent with the location of
the process in the broadcast tree. This pattern would
appear to occur when timeouts occur on messages
that form part of the broadcast tree. Such a timeout
will delay one branch of the tree and cause a distri-
bution of completion times that is offset by the time
taken to reach that part of the broadcast tree before
the timeout occurred. Thus the distribution of outly-
ing events is primarily determined by which message
in the broadcast tree was delayed.

The main completion time distributions and out-
lier distributions for the barrier on the tetrahedral
network are plotted in Figures 16 and 17. The distri-
butions are identical to those for a single switch. The
distribution for the case of 88 participants shows a
second slight peak at around 1.5ms which is probably
because 88 is not a power of 2, resulting in an un-
balanced binary tree. The distribution of outliers for
these trials, again evenly distributed between 30 and
40ms, is indicative of the effects of singular retransmit
timeouts.
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7 MPI_Alltoall Results

A fundamental communication pattern, used for ex-
ample in parallel sorting and Fast Fourier Transfor-
mations, is all-to-all data exchange. In this operation
each process exchanges information with every other
process. The results of three MPI_Alltoall opera-
tions are analysed in this section — one with a very
small process to process payload (4 bytes), one with
a medium sized payload (4096 bytes) and one with
a relatively large payload (16K bytes). We used a
fixed process to process message size, rather than
fixed aggregate data size, because we wished to de-
termine the effect of constant-size packets on the net-
work switches.

An important aspect of the MPICH 1.2.0 imple-
mentation of MPI_Alltoall is its use of asynchronous
messages. In principle, messages bound for hosts on
different interfaces should be overlapped by the ker-
nel, leading to maximum use of the multiple interfaces
present in each of Bunyip’s nodes. Tests were per-
formed on both a single switch (up to 48 participat-
ing processes) and across the full tetrahedral network
topology (up to 88 participating processes) to com-
pare the relative performance of the flat and tetrahe-
dral network topologies.

Figures 18 and 19 show the completion times ob-
served for MPI_Alltoall operations using 4 byte mes-
sages. It can be seen that processes almost always
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complete quickly and the distributions are well be-
haved. There are, again, some outliers present in the
30 to 40ms range.

Figures 20 and 21 present histograms of comple-
tion times for messages of 4096 bytes on both flat and
tetrahedral network topologies. This is especially re-
vealing since it shows essentially perfect performance.
The distributions are well behaved and the average
times are commensurate with the time taken to send
the payload. Note that the aggregate number of pack-
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ets and data sent and received by each process are
proportional to the total number of processes — hence
the separation of results. It seems that payloads of
this size decrease the packet rate seen by the switch
enough to reduce the number of packet it drops, yet
the bandwidth requirements are not so great as to run
afoul of the congestion limiting algorithms that will
be seen to affect larger message sizes.

Figures 22 and 23 present the results for 16Kbyte
MPI_Alltoall tests. The results are strikingly dif-
ferent. The most important feature is the very large
number of processes completing between 30 and 40ms.
Again, this is the range of times commensurate with
a process having been delayed by one packet retrans-
mission timeout. For an MPI_Alltoall of 8 partici-
pating processes, the number of processes completing
in the expected time of just under 20ms is almost
equally balanced by processes completing after one
timeout. When 16 processes participate the distri-
butions of processes competing without packet loss
and those suffering a timeout start to overlap. When
32 processes participate the actual expected time for
completion is greater than a single timeout and the
distribution becomes well behaved again. Due to the
asynchronous message sending in the all-to-all imple-
mentation, a resent message does not delay the overall
completion of the operation.

When the same tests were performed utilising the
tetrahedral network topology the results were con-
sistent with the single switch case. As can be seen,
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Figure 23: Distribution of times for a 16K byte
MPI_Alltoall on Bunyip using its tetrahedral net-
work topology.

the tetrahedral communication network does allow
some improvement in performance, and the comple-
tion times for processes that were not affected by
timeouts were reduced by a little over 50%. How-
ever the proportion of processes affected by timeouts
remained much the same. The change in completion
times has the effect of separating the peaks for the
16 node case. The 32 node case remains as a single
peak, but has improved from an average completion
time of 60ms to H0ms.

Bunyip’s performance in all-to-all tests are poor
enough to be of significant concern. It is apparent
that the onset of significant packet loss will limit any
all-to-all communication, not by the intrinsic band-
width of the network, but by the delay incurred by
retransmitting lost packets.
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Figure 24: All sampled times for a 16K byte

MPI_Alltoall between 16 processes on Bunyip using
only one switch.

Figures 24 and 25 show the distribution of com-
pletion times for 16 nodes performing an all-to-all.
The distribution of completion times for both a sin-
gle switch case and for a Tetra network are striking. It
can be seen that in both cases process zero completes
quickly and with almost no delays. Each successive
process is subject to increasing numbers of timeouts
in its distribution of completion times, until in the
case of the tetra network the number of trials affected
by a timeout exceeds those that do not.

These distributions are indicative of a number of
issues in switch performance. The switches used in
Bunyip have individual input buffers of 512K bytes
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Figure 25: All sampled times for a 16K byte

MPI_Alltoall using 16 processes on Bunyip using its
tetrahedral network topology.

per port. The total of all messages sent by each pro-
cess is only 256K bytes, and thus the port buffers will
never overrun, eliminating one possible source of mes-
sage loss. However, The MPICH implementation of
the all-to-all operation is somewhat lacking. It is con-
structed from a series of asynchronous sends, where
each node sends to the participating nodes in order.
Thus all the nodes send to process 0, then to process
1 and so on. Since the sending is asynchronous each
process will send the messages as fast as it is able.
This sequence of message arrival will act to change the
switches operating conditions as the all-to-all opera-
tion proceeds. Initially each buffer will receive a 16K
byte message directed to process zero. These mes-
sages can be drained at the rate of 100 Mb/s. By the
time one message has arrived the buffers will have re-
ceived the set of messages directed at process 1, which
will in turn begin to drain. At each message arrival
interval the switch will contain more messages up to a
worst case proportional to n?/2 messages. This peak
occurs at the point where those messages destined for
the last process have just been sent. There seems to
be a clear correlation between the number of mes-
sages currently buffered in the switch to the packet
loss rate. It is possible that this is due to increas-
ing contention for access to the buffers between the
packet engine, the output ports and the input port.

For both the single switch and tetrahedral net-
work there are significant numbers of delayed mes-
sages. While the tetrahedral network reduces the ef-
fects of this and provides a useful decrease of latency
through the reduction of serialisation, the dominant
effect of TCP timeouts remains.

Figure 26 shows the performance of the tetrahedral
network on a 64 way all-to-all of 16K byte messages.
This operation has entered a different performance
regime. It can be seen that the majority of processes
complete at about 100ms, which is roughly the per-
formance to be expected if a single 100Mb/s link was
used to full effect. Quite a number of these complete
in less than 100ms, but do not come close to the 33ms
that could perhaps be expected if each network inter-
face in every node was used to full effect. Also note
that there are a large number of outlying completion
times that are banded intervals at 30ms increments,
which appear to have been the subject of multiple
(exponentially backed-off) retransmit timeouts.
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MPI_Alltoall using 64 processes on Bunyip using its
tetrahedral network topology.

8 The effect of TCP/IP on Communication

The MPICH implementation of MPI assumes a reli-
able underlying communication protocol. Indeed MPI
programs have traditionally been run over specialised
high performance networks (such as that of the Cray
T3D and T3E, or Myrinet or QsNet), which have
hardware support for reliable delivery. In particular
it has been possible to provide hardware detection of
packet loss.

Since Ethernet is subject to packet loss, this man-
dates the use of a reliable protocol at a higher level. In
general, Beowulf clusters utilise the standard TCP /IP
protocol implemented in the Linux kernel. This has
important ramifications, many of which stem from the
fact that Ethernet is unable to detect or report packet
loss. If a packet is lost it is assumed that the higher
level network protocol will detect this and re-send lost
data.

Delayed ACK

All messages are expected to be acknowledged, so that
the sender is aware of safe receipt. Acknowledgement
messages may be piggy-backed with other message
traffic from the receiver to the sender if such traf-
fic exists. However if no return message is available
an ACK must be separately sent. In order to avoid
too eager activity in sending ACK messages many
TCP/IP stacks, including that in the Linux kernel,
use a simple heuristic to delay the sending of ACK
messages. Delaying an ACK may cause an unaccept-
able delay in sending messages in a distributed pro-
gram, thus to avoid this MPICH uses a mechanism
provided in the Linux kernel (the TCP_NODELAY
socket option) to disable ACK delay.

This presence of ACK messages in the network
is a source of additional congestion that is not typ-
ically considered. In a global synchronisation oper-
ation the constituent fan-in and fan-out operations
have no intrinsic reverse message traffic. Thus there
is no opportunity to piggy-back ACK messages on
other traffic. It is possible the fan-out stage may be
able to carry some of the ACK messages from the fan-
in stage. However, in general, it might be expected
that this is unusual. ACK traffic during the fan-out
stage will typically have no option but to be discretely
transmitted. Thus an additional 1.5 to 2 times the
number of packets are generated during a global syn-
chronise compared to what might be expected by a
simple analysis of the basic algorithm.

Retransmit Timeout

In the face of a lost packet, and the subsequent non-
arrival of the appropriate ACK message, the sender
must eventually re-send the message. This timeout
period for re-sending of a message is clearly a limiting
factor on the performance of the network in the face
of serious congestion. The value used for timeout is
typically derived from an estimate of round trip time,
and is also limited to a minimum time. The Linux
kernels have a minimum timeout period of 200ms.
However on Bunyip it is not clear that this minimum
is used, indeed the results suggest that retransmit is
occurring as soon as 30ms.

These timeout periods were chosen for systems
that are intended to operate in wide area networks. A
cluster system is almost always implemented using a
local private network that is walled off from the global
Internet. However, no single value for timeout is uni-
versally applicable in a cluster. Whilst aggressively
small timeout periods might seem appropriate, in the
face of very heavy network load, especially with very
large data transfers, they may prove too short, with
drastic performance consequences. If this is the case,
a retransmitted packet will be lost again, and again,
and the timeout between retransmissions will back
off exponentially. Some level of adaptive control, or
better, an API in which the application is able to pro-
vide broad guidance as to its instantaneous needs, is
needed if the basic TCP/IP protocols are to achieve
good performance in such circumstances. Alterna-
tively a specialised protocol could be implemented on
top of UDP.

Slowstart

TCP/IP uses a pair of interrelated algorithms to limit
congestion in a network. These are congestion avoid-
ance and slow start (Stevens 1994). Slow start is in-
tended to limit the rate at which packets are injected
into a network, and provide a mechanism by which a
node can find an equilibrium rate that will not cause
congestion. This is achieved by initially starting with
a small limit on the aggregate size of messages that
may be transmitted before they are acknowledged. As
ACK messages are received this window is increased
exponentially. The cycling of ACK messages is used
as a throttle to control the injection of messages into
the network. However if an ACK is not received be-
fore the timeout period expires the slow-start algo-
rithm resets and returns the congestion window size
to the original size. The large number of timeout
events seen in the tests described suggest that the
congestion window will continually be reset, and the
slow start algorithm will constantly cycle. The very
bursty nature of communication in a parallel environ-
ment makes it very difficult, if not impossible for the
congestion window to settle on a useful size before
a change in communication activity makes the value
settled on obsolete.

9 Conclusions

The performance of a cluster using a conventional
stacked switch architecture versus the tetrahedral
network design of the Bunyip cluster has been evalu-
ated. In those cases where the network switches per-
form without packet loss the design appears to offer
some useful performance advantages. However it does
not offer the speed improvements that might have
been expected from the increase in network band-
width. The reasons for this are manifold, including
serialisation within the kernel of I/O operations, and



the intrinsic serial nature of the implementation of
some MPI operations.

The high precision timings provided by the
MPIBench suite have proven to be invaluable for
analysing and comparing the two clusters. Most
importantly, the ability to view the distribution of
communications times is quite crucial in evaluating
the communications performance of the clusters, and
identifying problems and bottlenecks. Simplistic met-
rics used by other MPI benchmarks, such as a mini-
mum time or simple mean, gloss over significant per-
formance anomalies and may lead to a poor under-
standing of the real performance, and ignorance of
important aspects of cluster design.

The MPIBench results clearly demonstrate the na-
ture of congestion onset and the very poor mismatch
of the standard TCP/IP algorithms and tuning pa-
rameters when used in a cluster environment. It is
clear that considerable care must be taken in using
Ethernet in a cluster system, and that the standard
parameters for TCP/IP are inappropriate for clusters.

It must be emphasised that the congestion results
for the Bunyip design are not intrinsic to the tetrahe-
dral topology. It is interesting to note the the switches
used in the Perseus cluster do not exhibit nearly the
same level of packet loss, although in general they per-
form worse in terms of latency and throughput under
load.

The architecture of the tetrahedral network does
clearly stave off the onset of significant packet loss,
and does offer measurable performance improve-
ments. However to realise the full benefit the prob-
lems in the performance and operation of the under-
lying TCP/IP mechanisms must be addressed.
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