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Abstract

Designers of communication subsystems for clusters often present performance data
by measuring bandwidth and latency for single point-to-point connections. Such data
is not sensitive to routing algorithms and to network topology, and little experimental
evidence relating to the impact of these factors on performance has been collected. On
the other hand there is abundant theoretical evidence for the use of topologies with
high bisection bandwidth and multiple and even randomized routes. We show that
indeed these ideas can be applied in practice to achieve signi cant bene ts. In the
case of topology, we show that the characteristics of commercially available Myrinet
switches allow for the construction of related topologies with relatively few added links
that provide much better support for intensive communication patterns. In the case
of routing, we show simple mechanisms for implementing multiple paths in FM and
randomization by randomized mapping of logical nodes. These mechanisms alleviate
congestion due to uneven trac patterns.

1 Introduction
Clusters of commodity PCs connected by fast LANs are becoming a common architecture
for high-performance computing [25]. An interesting design issue for such clusters is how to
con gure the LAN for best performance. This includes the choice of topology, the routing
algorithm, and the interplay between them. While these issues have received much attention
in the professional literature, there is little experimental data regarding the match between
theory and practice.
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Two recurring ideas in interconnection network research are the use of topologies with
a high bisection bandwidth, and the use of dynamic routing rather than a single prede ned
route between each pair of nodes. We investigated these ideas using the ParPar cluster as our
experimental testbed. This is a cluster of 16 Pentium-Pro 200 PCs connected by a Myrinet
LAN. Communication software is based on Fast Messages.
In our experiments we checked a set of related topologies with increasing bisection bandwidth. We found that indeed having a very sparse topology may hurt the achievable peak
bandwidth. However, the bisection should not be measured in units of \number of links",
but rather in units of bandwidth. In our case, the network is faster than the nodes, so fewer
links than the \ideal" bisection are sucient. We postulate that the opposite is also true:
a relatively slow network can be compensated for by using more links, provided the routing
mechanism knows how to use them.
In another set of experiments, we compared the use of a single route between each pair
of nodes, using alternate routes, and using a randomized route. The results in this case were
that using alternate routes improved performance, but randomization improved it even more.
The implication is that a cluster management system need not take pains to map nodes in
an orderly manner; on the contrary, mapping the logical nodes randomly to physical nodes
may promote more ecient use of the network.
It should be noted that in all cases our test programs were not optimized for the topology and routing algorithm being used. This re ects common usage on clusters, which are
perceived as o -the-shelf general-purpose platforms for high performance computing. For
example, parallel programs on many clusters are based on using the MPICH implementation
of the standard MPI interface [16]. This implementation is popular because it is portable:
the same core algorithms are always used, and only a thin abstraction layer has to be rewritten for each new platform. Our research is aimed at nding mechanisms that may be
expected to work fairly well for a broad range of applications, rather than at attempting to
achieve optimal performance at the cost of signi cant specialization.

1.1 Myrinet

Our experimental platform is based on the Myrinet product from Myricom. Myrinet is
a gigabit-per-second switched LAN [6], which is a leading candidate for high-performance
communication in cluster environments [2]. Creating a Myrinet requires three components: a
network interface card with memory and a communications co-processor (called the LANai)
in each node, one or more switches, and cables to connect the nodes to the switches and the
switches to each other.
In principle, any topology can be used. In practice, the usable topologies are constrained
by the types of switches that are available. Until recently, the most common switch was the
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Figure 1: Dual 8-way Myrinet switch: schematic and picture of switch with cables.
dual 8-way switch, which is a box containing two switches with 8 ports each. The switches
are denoted A and B. The box itself has 8 two-link ports, each serving a pair of switch ports,
one from each switch (Fig. 1). Normally both links can be accommodated in a single cable,
but a splitter can be used to separate the two links and channel them to di erent cables.
The best way to connect up to 8 nodes is to use only one of the two switches in the
box. When using both, up to 14 nodes can be connected (because at least one port on each
switch is needed in order to connect the switches to each other). Therefore at least two dual
switches are needed in order to create a 16-node cluster. In such a con guration there are
a total of 32 ports: 16 for the nodes, and another 16 for 8 inter-switch links, leading to a
design such as that shown on the top of Fig. 2. The connectivity can be increased by using
3 dual switches, as shown at the bottom of the gure (actually this design can support 18
nodes).
For larger clusters, more switches are needed. Also, an oct switch can be used as the
basic building block. This is a box containing eight 8-way switches organized in two layers
of four switches each. One layer provides 16 singleton ports for connecting to nodes, and the
other provides 8 two-link ports for connecting to other switches. Another alternative is the
recent 16-way switch, which provides a building block that falls between an 8-way switch
and an oct switch box.
While our work is based on speci c con gurations that can be created from Myrinet
switches, the ideas explored are relevant for any cluster using a switched LAN. This includes
implementations of the popular Fast Ethernet and Gigabit Ethernet LANs.
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Figure 2: Topologies for 16- and 18-node clusters with two or three dual switches. Left: the
abstract topology. Right: the Myrinet implementation.

1.2 Fast Messages

Fast Messages (FM) is a high-performance communication library for Myrinet, operating
at the user-level (that is, sending messages does not involve the operating system kernel)
[24]. To integrate FM with the ParPar system, the daemons used by FM to set up its
environment (GRM and CM) were replaced by functions in the ParPar daemons. This was
relatively straightforward, as the required data | such as job ID and logical node numbers
| exists in the ParPar system anyway [14]. The only addition was an API that passes the
data to the communication subsystem. The details are described elsewhere [13].
Routing in FM is static. Upon initialization, nodes read a con guration le that describes
the network topology. They then compute minimal paths from each node to all the others,
using Dijkstra's algorithm. If several minimal paths exist, the one using links with the least
4
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Figure 3: Contention for switches and links as a result of a permutation on the shueexchange network.
usage by previous paths is chosen. The paths are encoded as a routing header with one byte
per switch, and stored in a routing table on the LANai. When sending a message to node
i, the LANai prepends the routing header for node i to the message and injects it into the
network. Each switch along the path strips o one byte, performs the routing indicated by
it, and forwards the rest of the message.

2 Network Contention
Contention for network resources has long been recognized as a major factor in uencing
performance. In this section we rst outline some theoretical background that motivates our
work, and then discuss some practical considerations in testing this theory.

2.1 Theory

Many regular networks su er from contention when handling certain permutations of messages. Consider a shue-exchange multistage network connecting N = 2n nodes as an
example. Such a network is composed of n stages of N=2 2 2 switches, with switch i in one
stage connected to switches 2i and 2i + 1 mod N=2 in the next stage (Fig. 3). Routing is
done by inspecting the destination address bit by bit, with each bit dictating the switching
at one stage of the network: for 0 use the top link, and for 1 use the bottom one [20]. Now
consider a trac pattern where node i sends a packet to a destination node whose address
is i cyclicly left-shifted by one bit. This is a permutation, so there is no contention for the
nodes themselves. However, as the gure shows, the top and bottom switches in the middle
stage become congested, while the middle two are idle.
The solution to this problem has been the subject of intense research, and has led to two
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Figure 4: Memory-to-memory communication path.
complimentary notions. The rst is the need for sucient bisection bandwidth. The second
is randomized routing.
Bisection bandwidth deals with the basic infrastructure for communication: switches
and links. The idea is simple: if you don't have enough infrastructure to route the di erent
communications using disjoint links, there is no way to escape from contention. The shueexchange network described above does have sucient bisection bandwidth; other network
topologies such as a mesh do not.
However, having enough links does not help if the desired communication pattern does
not use them, as shown above. This is where randomized routing helps: if messages are rst
routed to a randomly-chosen intermediate node, and then forwarded to their true destination,
the structure and symmetry of the communication pattern are broken. When this happens
the probability of congestion is extremely low [29, 21].

2.2 Implications for Test Programs

In testing the e ect of network contention on bandwidth, we wish to operate in the domain
where the network is the limiting factor. To do so we must identify the bandwidth constraints
imposed by various parts of the system, and minimize communication overheads.
Fig. 4 shows a schematic diagram of the path traversed by data being sent from one computer to another. Once everything is set up, the processor copies the data from the memory
to the network interface card, using the memory bus and the I/O bus (this programmed I/O
is used for sending in FM; in principle, a DMA implementation is also possible). The data
is then sent out on the network. In our test environment, the network is a Myrinet capable
of peak throughput of 1.28 Gb/s in each direction. The bottleneck is the PCI bus, which is
32 bits wide and operates at 33 MHz, for a total peak throughput of 1.056 Gb/s. This peak
bandwidth cannot be achieved due to overheads in handling the bus, and might be further
reduced due to contention for the bus by disk accesses.
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Figure 5: Point-to-point bandwidth achieved by FM is essentially the same regardless of the
number of Myrinet links traversed. The dip at 2K messages is due to fragmentation resulting
from using packets of 1536 bytes. In the other graph all measurements are multiples of the
packet size.
Moreover, the software also has its overheads for packetization, ow control, etc. Our
measurements indicate that the peak bandwidth achievable on our system (in a simple oneway point-to-point pattern) is only about 600 Mb/s, i.e. only 60% of the peak PCI bandwidth
(Fig. 5). While higher peak bandwidths have been reported recently for FM [19], these relate
to a newer optimized version of the software for an NT platform; our work is based on an
older version, ported from a Linux platform.
The mismatch between the peak achievable bandwidth of about 0.6 Gb/s and the total
two-way peak bandwidth of the Myrinet which is over 2.5 Gb/s is a cause for concern. It
means that only communication patterns in which multiple connections contend for the same
Myrinet link can hope to saturate the network. In addition, care should be taken to get the
maximal bandwidth possible from each connection. To do so, we wrote our test programs
in FM directly, rather than using a higher-level interface such as MPI, because the overhead
of an additional software layer can reduce the peak achievable bandwidth by 10% or more
[19]. Furthermore, we used a special crippled implementation of FM which discards incoming
data rather than copying it to user-space bu ers. This reduces software overhead and allows
higher loading of the network.

2.3 Related Work

The adverse e ects of congestion have been shown experimentally in a number of other
studies. An interesting phenomenon is that in some cases reducing the congestion in an
7

arti cial manner improves overall performance. This is the basis for throttling mechanisms,
which limit the load placed on the network so as not to overload it [8, 27, 28].
Indeed, the balance between processing power and network bandwidth has been identi ed
as an important design goal. Recently, Becker et al. have shown that this consideration
indicates that small clusters based on the Pentium Pro processor (like ParPar) can make do
with a fast Ethernet, and do not require a Myrinet; only very large clusters justify the more
expensive Myrinet [5]. This can be related to earlier results by Boothe and Ranade, which
claimed that the bandwidth required is 1{2 bits per op [7]. Our results corroborate these
conclusions.
Three classical topologies (fully connected, mesh, and hypercube) were compared in [26],
for use with a set of speci c applications. This was then used to gauge the bandwidth
requirements of these applications. However, such data is not directly useful for the design
of general-purpose clusters.
The contribution of our work is to investigate the questions of topology and routing
experimentally in a realistic setting, with the goal of providing guidance for the construction
of clusters. Thus our topologies re ect real packaging and con guration constraints, rather
than being abstract ideals. However, we do check notions that have their roots in theory,
such as bisection bandwidth and randomized routing.

3 Measurement Methodology
As noted above, we need to use communication patterns in which multiple connections
traverse a single link in order to saturate it. In other words, our communication patterns will
have many senders and many receivers. The question is then how to measure performance.
In a nutshell, our performance metric is the total bandwidth delivered by the network.
This is de ned to be the total number of bits transferred divided by the time needed to
complete all the transfers in the communication pattern. The total number of bits is the
sum over all sender-destination pairs of the number of bits sent from that sender to that
destination. The completion time is the di erence between the start time of the rst process
involved and the end time of the last one to nish (similar to [23]).
While this de nition may sound rather straightforward, there are some subtleties. Consider a broadcast operation, in which one node sends the same b bits to k other nodes. In
our formulation, this is measured as k b bits, regardless of how many bits were actually sent:
it could be that a broadcast medium was used, and therefore only one instance of b bits
was actually sent, or it could be that some data was forwarded from one node to another,
and therefore a total of more than k b bits were transmitted. The point is that these are
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implementation details, and we are interested in the logical equivalent of the communication
operation.
Technically, the measurements are performed as follows: rst, all nodes perform a barrier
synchronization. They then execute the desired communication pattern repeatedly for a
large number of times. When they nish, they perform another barrier synchronization.
The time measured is from after the rst barrier to after the second one. The number of
iterations is chosen to be large enough so that the overhead of the barriers themselves is
negligible. The barriers are implemented as an all-to-one pattern followed by a one-to-all
pattern, i.e. node 0 serves to coordinate all the others. We also checked the individual times
measured between the barriers by the di erent processors, and found that the di erences
among these values and the value measured including the barriers is less than 1%. This
means that generally all the nodes were really active all the time.
Our experiments revealed that another problem is context switching in the LANai processor on the network interface cards. This processor can only handle one direction of data
ow at a time, and gives priority to incoming messages. Thus if it senses an incoming message while it is busy sending an outgoing message, the sending is stopped, and the incoming
message is handled instead. When it ends, the sending of the outgoing message is resumed.
Such switching causes overhead on the LANai and reduces the peak bandwidth. We therefore designed additional test programs to alternate between sending and receiving, rather
than to attempt to do both at once. These were compared with the simple version.

4 Routing Using Multiple and Random Paths
The FM routing algorithm nds a shortest path between each pair of nodes, and if there are
several shortest paths, chooses the one that shares its links with fewer other routes. To nd
two disjoint paths among each pair of nodes, we rst run this algorithm to nd one path
as before. Then we set the usage of the links of this path to the maximal possible usage,
e ectively eliminating them from consideration. We then run the algorithm again, and nd
another (possibly non-minimal) route. The fact that the alternative route is not minimal
does not a ect its performance, as forwarding the messages trough multiple Myrinet switches
has practically no e ect (Fig. 5).
In order to use both routes, we double the size of the FM routing table that is stored on
the LANai. Each destination node is then represented by two entries in the enlarged table,
separated by the cluster size. For example, in a 16-node cluster, routes to node 0 are stored
in entries 0 and 16, routes to node 1 in entries 1 and 17, and so on. The FM send routine
chooses which route to use, and forwards the matching alias to the LANai. The LANai
itself is not cognizant of the fact that pairs of routes actually refer to the same node. While
9

2

3

4

5

1

2
6

3

4

5

1

6

0

7

0

7

8

15

8

15

9

14
10

11

12

9

13

14
10

11

12

13

Figure 6: Communication patterns for pairs of nodes using only minimal routes (left) and
alternative 2-hop links (right).
memory on the network interface card is scarce (our cards have 512 KB), a routing table for
a 16 node cluster is only 64 bytes, so doubling its size is still negligible.
There are at least three ways in which to choose a route:
Use both routes alternatively. This method may bene t from spreading the trac more
evenly across the network. In order to implement it, the send routine must keep a 1-bit
ag for each destination node, indicating the route to be used next time. Sending to
node i is then performed by the following lines of code:


d = i + flag[i] * SIZE;
flag[i] = 1 - flag[i];

The rst line adds the cluster size to the original address if the ag bit is set, and the
second toggles the ag bit.


Make a random choice. The send routine calls a random bit generator, and uses its
output to decide which route to use.

Use the least loaded route. While this option seems very promising and may also
provide a measure of fault tolerance, it is hard to implement because it requires precise
on-line measurement of performance. Indeed, previous work in this direction has been
limited to choosing among di erent types of networks based on static characteristics
of the message (e.g. one network for short messages and another for long ones) [18].
To check the e ect of having multiple paths, we chose a communication pattern in which
pairs of nodes communicate among themselves. In our sample 16-node topology, if the pairs
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Figure 7: Aggregate bandwidth as function of message size when using a single minimal path
or two paths alternatively.
are composed of nodes whose IDs di er by 8, this leads to two links that carry 4 connections
each, while other links are free (Fig. 6 left). However, when 2-hop alternative paths are
allowed, it is possible to utilize all the links and reduce the maximal load on any single link
to only 2 connections (right of gure). While the FM routing mechanism will not necessarily
choose exactly these routes, this pattern shows the potential for improvement.
The measurement results are shown in Fig. 7. Over the complete range of message sizes,
using two routes alternatively improves the aggregate achieved bandwidth by about 30%.
The peak aggregate bandwidth that was achieved was 1.96 Gb/s for the original routing, and
2.78 Gb/s for the two-route routing. As the original routing uses only two Myrinet links,
and the pattern is completely symmetrical, it is reasonable to assume that these two links
each carry trac at 0.98 Gb/s. Thus even combining four data streams of 0.6 Gb/s each
does not lead to full utilization of the links, but su ers from some ineciencies.
Another idea we wanted to check was the use of randomized routing. Rather than
randomize the routing itself, we randomized the mapping of logical node numbers to physical
processing elements. As shown in Fig. 8, this can be expected to reduce the contention for
regular communication patterns.
The results were an additional dramatic improvement in the total bandwidth delivered
by the network, which now peaked at 4.53 Gb/s (Fig. 9). This is partly due to the fact that
some of the pairs of communicating nodes get mapped to the same switch, thus leading to a
considerable reduction in the contention for network links. As may be expected, the use of
two alternate routes did not make a very big di erence in this setting. However there is a
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Figure 8: Communication patterns for pairs of nodes using minimal routes, when nodes are
ordered (left) or randomized (right).
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Figure 9: Aggregate bandwidth as function of message size when the mapping of logical nodes
is randomized. The plot for using two alternate routes from Fig. 7 is shown for comparison.
de nite di erence, and the use of two routes actually reduces the performance by about 8%.
The reason is that in the cases where two communicating nodes happen to be connected
to the same switch, forcing them to use an alternative route creates a needless loop that
imposes extra load on other switches and links.

12

Figure 10: Topologies for Myrinet-based clusters of 16 nodes with bisections of 1, 2, 4, 5, 6,
and 9 links.

5 Bisection Bandwidth
Bisection bandwidth is one of the metrics by which network topologies are measured. A
general requirement is that a network of N nodes have a bisection bandwidth of O(N ),
meaning that when all nodes are sending messages to each other the contention will cause
no more than a constant delay. For example, a mesh has a bisection of N links, which is
too small, whereas a hypercube has a bisection of N=2 links, which is just right.
It is most common to consider network topologies as abstract graphs, and measure bisection bandwidth as the minimal number of edges that have to be removed in order to
partition the graph into two equal parts. An alternative approach is to take realistic packaging constraints into consideration, and investigate the e ect of limitations on achievable
bisection bandwidth on performance [17, 12]. The switch con gurations sold by Myricom
also limit the types of networks that can be constructed. For example, Fig. 10 shows six
alternative topologies that can be used to create a 16-node network, with increasing bisection
bandwidth. The rst three use two dual switches, leading to a maximal bisection bandwidth
of 4, which falls short of the desired value of 8; using three switches it is possible to reach a
bisection bandwidth of 9.
Obviously creating a network with a higher bisection bandwidth is just a question of acquiring additional switches and cables. The question a cluster designer must pose is whether
p
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Figure 11: Alternative implementation of the all-to-all communication pattern, without and
with phases.
this investment is worth while. To investigate this issue, we measured the communication
performance of the topologies shown in Fig. 10, using an all-to-all communication pattern.
These topologies were selected | in addition to the range of bisection bandwidths they
possess | because they are all simple modi cations of the same two basic structures. This
eases the con guration management and reduces the risk of wiring errors.
The all-to-all communication pattern was implemented in two alternative ways. In the
rst, each node rst sends its messages to all other nodes, and then accepts any massages
coming in to it (11 left). There is no deadlock because FM will automatically stop sending
and extract data from the network if it runs out of bu ers. In the second organization, nodes
are paired so that each node sends and receives data in alternating phases of the algorithm
(11 right). This is intended to reduce context switching on the LANai.
The experimental results are shown in Fig. 12. Obviously the network's bisection bandwidth has an e ect on the achievable total bandwidth for this communication pattern. An
interesting observation is that for the lowest bisection bandwidth, i.e. the case where there
is the most contention, the more organized implementation of all-to-all communication with
phases provides the better performance. For higher bisection bandwidths, the unorganized
implementation is better. Moreover, the organized pattern is much more stable for large message sizes. The unorganized one su ers a degradation in performance when large messages
are involved, due to uncontrolled contention.
To assess the importance of network bisection, this data is shown again in Fig. 13. Five
di erent communication patterns are studied: the two versions of all-to-all communication
used in Fig. 12, two versions of one-to-all (broadcast) communication, one using a serial loop
on all destinations and the other using a spanning tree, and an all-to-one (reduce) pattern. In
all ve patterns it is clear that the message size has a strong e ect on achievable bandwidth,
with messages of at least one packet size required (a packet in FM is 1536 bytes). The
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Figure 12: Bandwidth as a function of message size for all-to-all communication and di erent
bisection bandwidths.
bisection also has an e ect, but it is much smaller.
Fig. 14 shows the results from a di erent angle: peak bandwidth as a function of bisection
bandwidth, using the message size that achieves the best performance in each case. Again
all ve communication patterns are included. As may be expected, the all-to-one and serial
one-to-all patterns do not bene t from increasing the bisection bandwidth of the network,
as they do not contain parallel activation of di erent connections. The all-to-one pattern
seems to achieve a higher bandwidth, but this is actually a result of the fact that we discard
incoming messages to reduce copying overhead. The one-to-all tree pattern bene ts to a
small degree from increased bisection, but only for the largest message size.
As for the all-to-all pattern, it seems to saturate and achieves essentially the same bandwidth for topologies with a bisection of 4 or more. This is due to the fact that indeed the
topology with bisection 4 provides enough bandwidth, and adding more does not help. This
indicates that counting bisection in links is wrong | it should be counted in bandwidth. In
a con guration like that of our test platform, where the network is overpowered, less links
provide sucient bandwidth.

6 Discussion and Conclusions
The most common approach to achieving high performance communication is to tailor the
communication patterns and algorithms to the properties of the underlying network. This is
the basis for programming models like LogP and its derivatives [11, 1, 15, 22] and the Postal
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component
price
PCI-network interface $995.dual 8-way switch
$2000.3-foot cable
$120.-

Table 1: List prices of Myrinet components as of November 1999.
model [9], and for numerous algorithms for the implementation of collective communication
primitives [10, 3, 4]. In contrast, we focus on general mechanisms that do not require detailed
knowledge of network properties.
Our work was inspired by well-known theoretical work promoting ideas such as randomized routing, using multiple paths, and creating topologies with a high bisection bandwidth.
We showed a simple implementation of multi-route routing in the context of the FM communication system. Of special interest is the demonstration that using alternative non-minimal
routes may lead to signi cant performance improvements. The common wisdom is that
minimal routes should be used, because using non-minimal routes presumably increases the
total load on the network and the danger of congestion.
We also showed that using a randomized mapping of logical nodes is a good alternative to
randomized routing, and breaks bad trac patterns, leading to much improved performance.
These mechanisms are simple enough to be added easily to the system software of any cluster
environment, and will be useful even when ported to other con gurations or platforms.
With regard to bisection bandwidth, we showed that for intensive communication pat17

terns there is a signi cant di erence between the achieved performance on a minimal network
with low bisection bandwidth, and a more lavish one with higher bisection bandwidth. An
important observation is that this may involve only a very small di erence in cost. For
example, given the current price of Myrinet components (Table 1), the list price of our system with a network bisection of 1 is $22,200. The di erence for constructing a system with
network bisection of 4 is just adding 3 cables, for a price of $360, or 1.6%. The di erence
for a system with bisection of 9 is one additional dual switch and 12 cables, for a total of
$3440 or 15.5%. This is actually not needed, as we found that a network with bisection 9
has hardly any bene t over one with bisection 4. But in either case, the network interface
cards dominate the price; adding bisection bandwidth is relatively cheap.
While we have demonstrated that using the ideas of multiple routes, randomized routing,
and large bisection bandwidth can lead to signi cant performance gains at low cost and
complexity, much remains to be done. A major concern is improving our understanding of
the performance of general implementations of collective communication. Our measurements
show that the peak performance of collective communications represents only a low utilization
of the links. For example, the peak all-to-all bandwidth measured on the bisection 4 topology
was 4.2 Gb/s. As this topology is completely symmetric, and so is the communication
pattern, it is reasonable to postulate that all 6 links contribute equally to this result. This
leads to an estimate of about 0.7 Gb/s on each link, which is only 27.5% of the two-way
capacity of 2.5 Gb/s. The fact that point-to-point communications achieve 47% of the oneway capacity leads us to believe that the problem is with contention in the switches. The
challange is to design general mechanisms that alleviate this problem, rather than resorting
to specialized algorithms for each communication pattern.
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