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Abstract

Clusters have become a very cost-effective platform for high-performance computing. In these systems, although
currently existing networks actually provide enough bandwidth for the existing applications and workstations, the trend
is towards the interconnection network becoming the system bottleneck. Therefore, in the future, scheduling strategies
will have to take into account the communication requirements of the applications and the communication bandwidth
that the network can offer. One of the key issues in these strategies is the task mapping technique used when the network
becomes the system bottleneck.

In this paper, we propose a communication-aware mapping technique that tries to match as well as possible the
existing network resources to the communication requirements of the applications running on the system. Also, we
evaluate the mapping technique using real MPI application traces with timestamps. Evaluation results show that the use
of the proposed mapping technique better exploits the available network bandwidth, improving load balancing and
increasing the throughput that can be delivered by the network. Therefore, the proposed technique can be used in the
design of communication-aware scheduling strategies for those situations where the communication requirements lead
the network bandwidth to become the system performance bottleneck.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Interconnection networks; Cluster computing; Task scheduling

1. Introduction

Cluster computing has become nowadays a very
cost-effective alternative for high-performance
computing. Using commodity computers and inter-
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these systems have incremental expansion capa-
bilities. When those clusters of workstations are
expanded by adding more processors, they usually
become heterogeneous.

In order to fully exploit the computing power of
heterogenous systems, a lot of research has fo-
cused on solving the NP-complete problem of
efficiently scheduling diverse groups of tasks to the
machines that form the system [7,10,14-17,22,23].
Nevertheless, these proposals only focus on com-
putational aspects. They try to match as well as
possible the existing computing resources to the
computational power required by the applications
running on the system, but they do not consider
communication aspects at all, thus assuming that
the communication subsystem provides enough
bandwidth in any case. Although some proposals
take into account communication requirements
[13], these proposals are focused to multiprocessor
architectures different from clusters.

Currently existing network technologies actu-
ally provide enough bandwidth for the existing
applications and systems nowadays. However, the
trend is towards the interconnection network
becoming the system bottleneck. This trend is due
to several factors:

e The increasing size of the clusters of worksta-
tions. For example, the Computational Plant,
at Sandia National Laboratories (USA), is
formed by 1369 commodity personal computers
(see http://www.cs.sandia.gov/cplant). Another
more recent example of this trend is the Tera-
scale Computing System installed at Pittsburgh
Supercomputing Center (USA). This system is
formed by 3024 Compaq Alphaserver proces-
sors running at 1 GHz (see http://www.psc.edu).
If the network bandwidth does not linearly
scale up with the network size, then this trend
of increasing the cluster size can lead to net-
work saturation.

e Uniprocessors are being replaced with multi-
processors (SMPs) as computing nodes. In this
case, several CPU’s are connected to the net-
work subsystem through a single network inter-
face, thus increasing the network bandwidth
required for each computing node.

e The increasing use of grid computing. The use
of the Internet resources as (part of) the inter-
connection network makes this subsystem to
significantly reduce its average bandwidth,
while the processor speed and memory band-
width remain unchanged.

e Nowadays processor speed increases more rap-
idly than network speed, therefore increasing
the network bandwidth required for each pro-
cessor in the cluster.

These reasons suggest that the interconnection
network will become the system bottleneck in the
near future. Although the interconnection network
has not reached this point yet, the current trend
recommends the study of communication-aware
scheduling techniques, in such a way that when
this situation is reached, these techniques have
already been developed and included in the
schedulers.

Therefore, given an heterogeneous system (that
may be formed by different groups of intercon-
nected homogeneous systems) and given a certain
set of different (parallel or sequential) applications
from different users, an ideal scheduling strategy
would map the processes to processors taking into
account both the computing and the communica-
tion requirements of the applications running on
the machine. The scheduler would choose either a
computation-aware or a communication-aware
task scheduling strategy depending on the kind of
requirements that leads to the system performance
bottleneck.

In order to develop a communication-aware
task scheduling strategy for parallel applications
on heterogenous systems, several problems must
be solved:

e The communication requirements of the appli-
cations running on the machine must be mea-
sured or estimated.

e The available network resources must also be
characterized.

e Some criterion is needed to measure the suit-
ability of each allocation of network resources
to each parallel application, according to its
communication requirements.
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e Based on the previous criterion, some mapping
technique based exclusively on the communica-
tions requirements should be developed.

e Finally, this communication-based mapping
technique must be integrated with process
scheduling, in order to be used when the com-
munication requirements are the ones that lead
to the system performance bottleneck.

In previous works, we addressed some of
these problems. We proposed a clustering method
to experimentally evaluate the communication
requirements of message-passing parallel applica-
tions [19]. Also, we proposed a model of commu-
nication cost that provides a characterization of
the network resources of any given irregular
topology [2]. Additionally, we proposed a cluster-
ing method to provide a network partition adapted
to the communication requirements of the appli-
cations running on the machine [3], a criterion to
measure the suitability of each allocation of net-
work resources to each of the parallel applications
[3,18], and a mapping technique based exclusively
on the communication requirements [18]. How-
ever, in that work we made some simplified
assumptions, in order to quickly analyze the
behavior of the network. The results showed that
the network performance could actually be greatly
improved if a communication-based mapping
technique was used.

This paper presents, in an unified manner, an
enhanced communication-based mapping tech-
nique that directly provides a mapping of pro-
cesses to processors [20]. Unlike the previous
version presented in [18], this new mapping tech-
nique takes into account not only the existing
network resources, but also the traffic generated by
the applications. In particular, the new mapping
technique uses the information provided by the
characterization of the applications proposed in
[19]. We also present the evaluation of the pro-
posed technique using real MPI application traces
with timestamps. For the sake of simplicity of
evaluation, we have considered the problem under
simplified assumptions (all the network switches
are attached to the same number of workstations,
all the workstations are uniprocessors, and only

one process is mapped to each processor). How-
ever, these assumptions can be easily extended to
more realistic conditions, as explained below.
Evaluation results show that the proposed ap-
proach is able to exploit the available network
bandwidth, significantly improving the throughput
that can be delivered by the network. Therefore,
this communication-aware mapping strategy can
be used by the scheduler for those situations where
the communication requirements are the system
performance bottleneck.

In order to make this paper self-contained, we
have summarized the development of all the pre-
vious steps required for the proposed mapping
technique. Therefore, the rest of the paper is or-
ganized as follows: Section 2 shows the technique
used to measure or estimate the communication
requirements of the applications running on the
machine. Section 3 shows the proposed technique
for identifying the existing network resources in
the system. The definition of the quality function
to be used by the mapping technique, as well as the
proposed mapping technique, are presented in
Section 4. Section 5 describes the evaluation
methodology used to measure network perfor-
mance and the evaluation results obtained with the
proposed method. Finally, Section 6 presents some
concluding remarks and future work to be done.

2. Communication requirements

The first step in the development of a map-
ping technique that matches the communication
requirements of the applications to the communi-
cation bandwidth available in different parts of the
network is to measure or estimate these commu-
nication requirements. Obviously, measurement
should not be done by completely executing the
application, because no mapping is required once
the applications have been executed completely.
Nevertheless, there exists a wide variety of appli-
cations whose traffic pattern can be estimated
simply by executing only a small part of those
applications, since their traffic pattern remains
unchanged during the rest of the execution.
Additionally, some applications are regularly
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Fig. 1. Table of communication between processes obtained for
CG benchmark.

executed and show similar communication require-
ments for different executions performed with
different input data [9]. Some examples of such
kind of application could be some weather forecast
applications, satellite image processing applica-
tions, simulation tools for design processes, seis-
mic data processing applications, etc.

We can apply the characterization method
proposed in [19] for such kind of applications. This
method simply consists of measuring the amount
of information that each pair of processes ex-
change during (part of) the execution of the
application, obtaining a table of communication
between processes. As its name suggests, it provides
the amount of packets ! exchanged between each
pair of processes. If there exist N processes, then
this table will consist of N x N elements. Each
element (7, /) in this table will be denoted as c;;.
This value represents the amount of packets that
process i sends to process j. As an example, Figs. 1
and 2 present a graphical view of the tables of
communication between processes obtained for
two different NAS parallel benchmarks [4]. These
benchmarks have been executed using the MPICH
portable implementation of the MPI message-
passing standard [11], and they have been config-
ured to be executed with N = 64 processes. In

! We assume that long messages are split into a set of fixed
size packets, as it is currently done by most communication
libraries.

o
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Fig. 2. Table of communication between processes obtained for
SP benchmark.

these figures, we have coded each table of com-
munications between processes as a pixel matrix:
black pixels represent the elements of the table
with nonzero values, while zero values are repre-
sented by white pixels.

As Figs. 1 and 2 show, there is some kind of
communication pattern around the diagonal of
these tables. Also, there are a few nonzero values
far from the diagonal. However, from the visual
analysis of the tables, it is very difficult to identify
which are the groups of processes that have the
higher communication requirements for these
applications. The characterization method pro-
posed in [19] uses a clustering technique for
grouping the processes into clusters, based on the
information shown in the table of communication
between processes. However, in order to use the
most accurate information avaliable, the mapping
technique proposed in this paper does not perform
any clustering. Instead, the mapping technique
proposed in this paper uses the table of commu-
nication between processes itself as the communi-
cation requirements of the application.

3. Network resources

The second step in matching the communica-
tion requirements of the applications to the com-
munication bandwidth available in different parts
of the network is to identify the existing network
resources. In order to perform this step, we pro-
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posed a model of communication cost [2] that can
be applied to any switch-based network. This
model is named the table of equivalent distances,
and it computes the cost for communicating each
pair of network switches without explicitly con-
sidering traffic pattern. The model assigns the unit
cost to every single link in the network. The
equivalent distance for a pair of nodes is computed
taking into account all the shortest paths between
them supplied by the routing algorithm. The name
of the metric is derived from the analogy to the
electrical equivalent resistance. Indeed, we use the
same rules as for electrical circuits to compute
the total communication cost between nodes,
applying Kirchoff’s laws.

In particular, the method used to compute the
equivalent distance between each pair of nodes in
the network, taking into account only the network
topology and the routing function, is the following:

(1) If there exists only one shortest path between a
given pair of nodes then the communication
cost between those nodes will be the sum of
the costs of the links that form the path. That
is, this case is similar to computing the equiv-
alent resistance of an electrical circuit consist-
ing of serially arranged resistors. Since we
have assumed that all the links in the network
have unit cost, the communication cost is
equal to the number of links in the path.

(i) If there exists more than one shortest path sup-
plied by the routing algorithm between a given
pair of nodes then the communication cost
between them is computed similarly to the
electrical equivalent resistance between two
points of an electrical circuit, replacing each
link in a shortest path with a unit resistor
and applying Kirchoff's laws. Note that we
only consider the shortest paths provided by
the routing algorithm. Those paths are not
necessarily minimal (as is the case for up/down
routing). Also, the paths not supplied by the
routing algorithm are not considered.

Therefore, if the network is composed of S
switches, then the table of distances between net-
work switches will contain § x S elements. We will
denote each element (i, /) in this table as s;;. This

Fig. 3. Autonet network with 10 switches.

value represents the cost for sending a message
from switch 7 to switch j, and it is inversely related
to the existing network bandwidth in the path
from switch i to switch ;.

As an example of this method, consider the
Autonet network shown in Fig. 3. The Autonet
routing algorithm is distributed, and implemented
using table-lookup [21]. In order to fill the routing
tables, the interconnection network can be mod-
eled as a multigraph 7 = G(N, C), where N is the
set of switches, and C is the set of bidirectional
links between the switches. Fig. 4 shows the graph
for the network in Fig. 3.

In order to fill the routing tables, a breadth-first
spanning tree (BFS) is computed first, using a
distributed algorithm. Based on this spanning tree,
the link direction assignment is computed for
graph /. The “up’ end of a link is connected to the
upper level node when the link connects nodes
located at different tree levels. When communi-
cating nodes at the same tree level, the “up” end of
a link is connected to the node with the lower
label. The result of this assignment is that each
cycle in the network has at least one link in the
“up” direction and one link in the “down” direc-
tion. Fig. 5 shows the link direction assignment for
the graph in Fig. 4. In this figure, switches are
arranged in such a way that all the switches at the
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Fig. 4. Graph G for the 10-node Autonet network.

Fig. 5. Link direction assignment for the graph in Fig. 4.

same level in the spanning tree are at the same
vertical position in the figure. The up/down rout-
ing scheme establishes that a legal route must
traverse zero or more links in the “up” direction,
followed by zero or more links in the “down” di-
rection. A message cannot traverse a link along the
“up” direction after having traversed a link in the

Table 1
Possible paths for going from node 0 to node 1

0-2-6-4-1
0-2-1
0-4-6-2-1
0-4-1

“down” direction. Although such a routing
scheme is deadlock-free and allows some adaptiv-
ity, in some cases up/down routing is not able to
supply any minimal path between two nodes.

Let us consider the equivalent distance between
nodes 0 and 1. Taking into account the link
direction assignment in Fig. 5 and considering up/
down routing, all possible paths for going from
node 0 to node 1 are shown in Table 1, existing
two shortest paths. Therefore, in order to compute
the equivalent distance between nodes 0 and 1, the
source and destination nodes must be considered
as the V. and GND points of an electric circuit.
Nodes 2 and 4 must be considered as two different
intermediate points, and each link must be con-
sidered as a resistor with unit resistance, resulting
in the circuit shown in Fig. 6. Applying Kirchoff’s
laws to this circuit, an equivalent resistance of 1
Ohm is obtained. Thus, the equivalent distance
from node 0 to node 1 is set to 1. The rest of
equivalent distances in the table of distances are
computed in the same way.

Following this method, a table of equivalent
distances can be obtained from a given topology
and a given routing algorithm. As an example,
Table 2 shows the table of equivalent distances for
the network shown in Fig. 3 when this method is
applied.

+ Vce

Node 2 Node 4 T

GND

Node 1

Fig. 6. Model of equivalent resistance between node 0 and
node 1.
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Table 2

Table of equivalent distances between nodes
Nodes NO N1 N2 N3 N4 NS5 N6 N7 N8 N9
NO 0 1 1 2 1 3 1 3 3 1
N1 1 0 1 2 1 3 1 3 3 1
N2 1 1 0 2 2 3 1 3 3 1
N3 2 2 2 0 2 1 1 1 1 2
N4 1 1 2 2 0 3 1 3 3 1
N5 3 3 3 1 3 0 2 1 1 1
N6 1 1 1 1 1 2 0 2 2 1.25
N7 3 3 3 1 3 1 2 0 1 2
N8 3 3 3 1 3 1 2 1 0 2
N9 1 1 1 2 1 1 1.25 2 2 0

4. Mapping technique

The two models explained in the two sections
above are the input data to be used by the map-
ping technique. However, prior to the application
of any mapping technique, the table of distances
between network switches must be expanded to
form the table of distances between processors.
Effectively, as processes are mapped on the pro-
cessors existing in the system, the network dis-
tances should be computed between the processors
existing in the system, instead of the network
switches.

The table of distances between processors is
computed taking into account how the worksta-
tions are attached to each of the network switches,
and also taking into account if a given workstation
is a uniprocessor or a multiprocessor workstation.
Since the model of communication cost proposed
in [2] assigns a unit cost to each network link, the
distance between a given pair of processors is
computed as the corresponding distance between
the switches they are attached to (this value is
given by the table of distances between network
switches) plus two (for the cost of the links
attaching each processor to its network switch).
The distance between a given processor and itself
is zero, since in this case the network is not
reached. The table of distances between processors
will consist of P x P elements. We will denote each
element (7, /) in this table as d;;. This value repre-
sents the cost for sending a message from proces-
sor i to processor j. In the case of SMPs, the

distance between a processor in a SMP worksta-
tion and a processor belonging to another work-
station will be computed as the distance between
the corresponding switches plus two. However, the
distance between a processor in a SMP worksta-
tion and another processor in the same worksta-
tion will also be zero, since in this case the network
is not reached, either.

The table of distances between processors and
the table of communication between processes
contain the required information to perform a
communication-aware mapping of processes to
processors. Therefore, the idea proposed in [20] is
to perform a heuristic search based on these two
tables, in order to find the best mapping of pro-
cesses to processors.

We will represent a given mapping of processes
to processors as a vector of N elements. We will
denote each element i of this mapping vector as m,;.
This value means that process i is assigned to
processor m;. That is, the order of a given element
within the mapping vector will represent the pro-
cess, and the value of that element will represent
the processor that this process is mapped to. Thus,
for example, if the third element of this mapping
vector contains the value 5, this will mean that
process 3 is assigned to processor 5.

4.1. Quality function
Any heuristic search method must find a solu-

tion within a space of solutions €. In our case, this
space of solutions consists of all the possible
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mappings of processes to processors for the exist-
ing sets of processors and processes. This space is
associated with a target function F that assigns a
cost to each particular solution (mapping of
processes to processors) P € Q. The heuristic
search method must find a particular solution P
such that

F(R)<F(P) YPeQ

In this case, the target function F must take into
account the information provided by both the
table of distances between processors and the table
of communication between processes. Therefore,
we have used as the target function to be mini-
mized the mapping coefficient M,. This coefficient is
defined as

N
M, =

E Cij * dmmlj

=1 j=I1

M, represents the sum of all the messages ex-
changed between the existing processes, weighted
by their corresponding cost of sending these
messages between the corresponding processors
according to the mapping vector. If the heuristic
search minimizes this function, then the overall
cost for transmitting the application messages will
be minimized. The purpose of the proposed map-
ping technique is to search the best mapping vector
for a given network topology and for a given
communication pattern. Since the communication
cost is defined as inversely proportional to net-
work bandwidth [2], we are actually mapping the
processes that communicate more frequently to
processors with the higher network bandwidth
between them. By doing so, we use network re-
sources more efficiently and delay network satu-
ration as much as possible.

4.2. Heuristic search

We have tried several of the heuristic search
methods proposed in [6]. However, we have ob-
tained the best results when using a random search
method. This heuristic search method provided the
same or better mapping coefficients with lower
computational cost than other methods. This
method starts with a random mapping vector.

Each iteration consists of exchanging two ran-
domly selected values of the mapping vector. If the
resulting mapping vector shows a better mapping
coefficient, then this permutation is saved. If
not, then it is discarded. The stop condition for
the algorithm is to perform a given number of
consecutive permutations without decreasing the
resulting mapping coefficient. At this point, the
current minimum mapping coefficient and its cor-
responding mapping vector are saved, and another
seed (random mapping vector) is tried. The algo-
rithm stops when a number of different seeds has
been explored. In particular, we have computed
this search method for 10 seeds (initial random
mappings). For each of these seeds, the search has
been performed until 40 consecutive iterations
have been computed without decreasing M..

Fig. 7 shows the values of M, reached in the
search performed for matching a 16-switch net-
work and the traffic generated by the NAS SP
benchmark configured for 64 processes. In this
figure, the total iteration count is shown in the X-
axis. The values of M, at the 10 different starting
points of the search form the peak values in the
figure. It can be seen that the value for M. rapidly
decreases in the first few iterations after a starting
point. In this example, the global minimum value
for the mapping coefficient is reached for three
different seeds.

1050

1000

ﬁ b

Pl L |
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Number of iterations

Fig. 7. Heuristic search for a 16-switch network and SP
benchmark configured for 64 processes.
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5. Performance evaluation

In this section we are going to study the
improvement in network performance that the
proposed mapping technique can provide. For this
study, we have used several different randomly
generated network topologies, executing several
benchmarks on them. We have evaluated these
networks with random mappings of processes to
processors and also with the mapping provided by
the proposed technique. We did not compare with
other previously proposed mapping techniques
since none of them considers the communication
cost.

5.1. Evaluation setup

We have executed several parallel benchmarks
on a simulated network of workstations using
the MPI message-passing standard. Each parallel
benchmark creates NV processes that communicate
between them by passing messages, where N is an
input parameter set by the user. We have used the
MPICH portable implementation of the MPI
message-passing standard [11]. This implementa-
tion allows us to simulate several machines of a
given architecture in a single machine [12], and it
can be set to provide execution traces of each MPI
call. Additionally, we have modified this imple-
mentation in order to add timestamps to each MPI
call trace. Thus, using the modified libraries to-
gether with the Network Time Protocol daemon
supplied in the Linux distribution, we have ob-
tained execution traces with timestamps. We have
executed the CG, EP, IS, LU, MG, and SP NAS
Parallel Benchmarks 2.0 [4]. While SP bench-
mark requires N to be a square number, the rest
of the benchmarks require N to be a power of 2.
Each benchmark has been executed with 64 pro-
cesses.

The execution traces of the benchmarks show
that most of the communication between processes
is performed through MPI point-to-point com-
munication calls. Only some benchmark traces
contain a few MPI collective communication calls,
that in no case reach 0.5% of the total MPI com-
munication calls. Therefore, we have only consid-
ered point-to-point communications.

On the other hand, the network is composed of
a set of switches. In order to model real systems as
closely as possible, we assume that the network
topology is irregular. For the studies presented in
this paper, the topology has been generated ran-
domly. However, for the sake of simplicity we
imposed three restrictions. First, we assumed that
there are exactly four workstations connected to
each switch. Second, two neighboring switches are
connected by a single link. Finally, all the switches
in the network have the same size. We assumed 8-
port switches. Therefore, each switch has four
ports available to connect to other switches. From
these four ports, three of them are used in each
switch when the topology is generated. The
remaining port is left open. We have evaluated
several different networks with a size of 16 switches
(64 workstations), assuming that each workstation
hosts only one of the processes generated by the
application.

We have evaluated the performance of several
irregular networks by simulation. The evaluation
methodology used is based on the one proposed in
[8]. The most important performance measures are
latency and throughput. The message latency lasts
from when the message is generated at the source
node until it is completely received at the desti-
nation node. Throughput is the maximum amount
of information delivered per time unit (maximum
traffic accepted by the network). Latency is mea-
sured in clock cycles. Traffic is measured in flits per
switch per cycle. A flit (or flow control unit) is the
unit of information transmitted through a network
link. Our simulator models the network at the flit
level, and we have modified it in order to accept
the execution traces with timestamps as the traffic
source.

For the sake of simplicity, we have assumed in
this evaluation that all the workstations are uni-
processors, and that only one process is mapped
to each processor. However, note that these
assumptions are not due to any intrinsic limitation
of the proposed scheduling technique. Effectively,
M. is defined in such a way that it is not affected
neither by the number of processors per node nor
the number of processes mapped to each proces-
sor. These parameters will affect the size of the
table of distances between processors and how the
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mapping vector is constructed, respectively.
However, they do not affect how the quality
function is computed. For example, if more than
one process is mapped to each processor, then the
mapping vector will contain repeated values.
However, the mapping coefficient will always be
computed in the same way.

In order to analyze how effective the proposed
strategy is, we assume that the network bandwidth
is the system performance bottleneck, that is, the
communication requirements of the applications
(the execution traces with timestamps) lead the
network to saturation. Although this will likely be
the situation in the near future (as discussed in
Section 1), it is not the case in current clusters.
Therefore, in order for the execution traces to
produce network saturation, the actual time-
stamps in the execution traces must be propor-
tionally reduced. Thus, the timestamps of the
execution traces have been decreased until network
saturation is reached when the network simulator
is fed with them.

5.2. Evaluation results

In order to show that the proposed mapping
technique can increase network performance, we
have evaluated each network with several distinct
mappings of processes to processors. For each
considered benchmark and each considered net-
work topology, we have computed several random
mappings of processes to processors. However, for
the sake of clearness, we have included in the
figures only the plot corresponding to the best
network performance obtained with any of the
random mappings. We have denoted this plot as
random (r). Also, taking into account that
any communication-aware mapping would map
the processes with the highest communication
requirements as closely as possible, we have com-
puted several partially random mappings that as-
sign the processes with the highest communication
requirements to workstations attached to the same
network switch. However, in these mappings the
switch is selected randomly. We have denoted
these mappings as random mappings with locality
(rl). We have compared the network performance
obtained with all of these mappings with the net-

work performance obtained with the mapping
provided by the proposed approach, denoted as
near optimal (no). We have not included for
comparison purposes any mapping provided by
the previous version of the mapping technique,
since the previous version does not take into ac-
count the traffic generated by the applica-
tions, always assuming a regular traffic pattern.
Although we have performed the performance
evaluation using almost all the NAS parallel
benchmarks, for the sake of shortness we only
present in this section the evaluation results for
two of the MPI benchmarks and for two different
random network topologies. These evaluation re-
sults summarize the behavior of all the evaluated
benchmarks and network topologies, as discussed
at the end of this section.

Fig. 8 shows the evolution of traffic over time
obtained with different mappings for the CG
benchmark when executed on a 16-switch net-
work, denoted as “A” network. In this figure, the
time is shown in the X-axis, expressed as thou-
sands of clock cycles. The traffic delivered by the
network is shown in the Y-axis. Each point in a
plot means that 10,000 messages have reached
their destinations. The Y coordinate of that point
represents the traffic rate corresponding to these
messages. It can be seen that the network
throughput achieved with the mapping provided
by the proposed approach is at least a 60% higher
than the one achieved with any of the random
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Fig. 8. Network traffic for a 16-switch “A” network and CG
benchmark.
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mappings with locality, and is up to 400% higher
than the one achieved with any of the random
mappings. As a consequence, messages are deliv-
ered faster, thus reducing overall execution time.
The reason for this behavior is that a better
mapping reduces contention in the network as well
as the average distance traveled by messages.
Therefore, network resources are better used, thus
increasing throughput. The latencies obtained for
this network topology show that the network is
working beyond the saturation point all the time.
These results show that when the network becomes
the system bottleneck, then the proposed mapping
technique is crucial to maximize performance.
Fig. 9 shows the latencies obtained for the SP
benchmark when executed using the same network
topology. In this case, the time scale used and the
traffic generated by the benchmark lead to time
intervals with deep network saturation interleaved
with time intervals of low network load. It can be
clearly seen that during the deep saturation inter-
vals the latencies achieved by the mapping pro-
vided by the proposed approach are much lower
than the latencies achieved by any other mapping.
Fig. 10 shows the network traffic obtained with
different mappings for the same benchmark and
network topology. Since for this benchmark there
are some time intervals where the network does
not reach saturation, this figure does not show
significant differences between the different plots.
However, the mapping provided by the proposed
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Fig. 9. Latencies for a 16-switch “A” network and SP bench-
mark.
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Fig. 10. Network traffic for a 16-switch “A” network and SP
benchmark.

approach results in the best network throughput
during the intervals with traffic peaks.

Fig. 11 shows the network throughput achieved
by different mappings for the CG benchmark
and for a different 16-switch network topology,
denoted as “B” network. Again, the network
throughput achieved with the mapping provided
by the proposed approach is higher than the one
achieved with any of the random mappings. Also,
the latencies obtained with the different mappings
show that the network is under saturation all the
time.

Figs. 12 and 13 show the network latencies and
network throughput, respectively, achieved by
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Fig. 11. Network traffic for a 16-switch “B”” network and CG
benchmark.
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Fig. 13. Network traffic for a 16-switch B network and SP
benchmark.

different mappings for the SP benchmark and the
“B” network topology. The random mappings
lead to network latencies that are several orders of
magnitude higher than the ones for the mapping
provided by the proposed approach. Therefore,
for the sake of clearness, we have only included in
Fig. 12 the plot for the mapping provided by the
proposed approach and the plot for the random
mapping with locality that produces the lowest
latency. This figure shows that, during the time
intervals of network saturation, the mapping
provided by the proposed approach achieves much
lower latencies. Fig. 13 shows that, again, the
highest network throughput during traffic peaks is

achieved by the mapping provided by the pro-
posed approach.

Additionally, it appears to be better taking into
account the message size, rather than taking into
account the number of fixed-size packets generated
by each message. Therefore, for each benchmark
we have computed again each element in the table
of communication between processes, weighting
each message by its own length. We have repeated
the search process using the new tables, and we
have evaluated again the same networks using each
message length provided by the MPI traces. How-
ever, the simulation results obtained in this way do
not vary from the simulation results shown above.

Although they are not shown here for the sake
of shortness, the results obtained for other
benchmarks are very similar. For those bench-
marks where the network is under saturation
all the time (as for the CG benchmark), the
throughput achieved with the proposed mapping is
significantly higher than for any other mapping.
Also, for those benchmarks in which the network
is saturated during some time intervals, the latency
obtained with the mapping provided by the pro-
posed technique is much lower than the one
obtained with any of the random mappings, par-
ticularly for those time intervals where the net-
work is under saturation. It should be noted that
higher message latencies usually lead to longer
process waiting time, and therefore, longer execu-
tion time. These results show that the proposed
approach can provide a mapping of the applica-
tion processes to the processors in the system such
that it better exploits the available network
bandwidth.

6. Conclusions and future work

In this paper, we have presented, in a unified
manner, a communication-based mapping tech-
nique that directly provides a mapping of pro-
cesses to processors. This mapping technique takes
into account not only the existing network re-
sources, but also the traffic generated by the ap-
plications. Also, we have evaluated the proposed
mapping technique using real MPI application
traces with timestamps.
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For those cases where the application and the
network topology result in network saturation
during the entire execution of the application, the
proposed mapping technique significantly im-
proves network throughput. For those cases where
the system results in some time intervals of net-
work saturation, the proposed mapping technique
provides the lowest peak latencies for those inter-
vals. These results show that the proposed map-
ping technique is able to better exploit the
available network bandwidth in different parts of
the network, mapping the processes to processors
in such a way that the processes with higher
communication requirements are mapped on the
processors belonging to the network areas with
higher bandwidth.

As for future work, we plan to integrate the
proposed strategy with mapping strategies that
consider the computing requirements of the
applications.
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