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Resumen

The optimal mapping of tasks of a parallel
program onto nodes of a parallel computing
system has a remarkable impact on applica-
tion performance. In this paper we propose a
new criterion to solve the mapping problem in
2D and 3D meshes which takes into account
the communication matrix of the application
and a cost matrix that depends on the topo-
logy of the parallel system. Using simulation,
we test the performance of optimization-based
mappings, and compare it with consecutive
and random trivial mappings using the NPB
(NAS Parallel Benchmarks) applications. We
also compare each application runtime on each
topology to determine the best choice in order
to improve the scheduling process.

1. Introduction

Message-passing parallel applications are
composed of a collection of tasks that inter-
change information and synchronize among
them using different communication patterns.
These applications are often designed and de-
veloped with a parallel communications archi-
tecture in mind, and arrange the interchanges
of data blocks using some scheme that tries
to use efficiently the underlying network. The
way tasks are arranged to perform communi-
cations is called the virtual topology.

These applications, once programmed, can

be executed in a wide variety of parallel ar-
chitectures, with different interconnection net-
works. These architectures vary from clusters
with simple LAN-based networks to supercom-
puters with custom made networks organized
as meshes, tori, trees, etc.

Given this variety of topologies, it is not un-
common to find a mismatch between the net-
work architecture (machine-dependent) and
the virtual topology (application-dependent).
This may result in an inefficient utilization of
the network, that materializes in large delays
and bandwidth bottlenecks that, in turn, re-
sults in a general loss of application perfor-
mance. The way in which tasks are mapped
onto network nodes has a remarkable impact
on the overall system performance [2] [13].

Current supercomputers generally share
their resources between different users and ap-
plications. This means that the system can be
running simultaneously several parallel jobs. A
system scheduler is in charge of allocating jobs
to resources, applying different policies to se-
lect the collection of nodes (partition) in which
a given job (application) will run. In this dyna-
mic environment, it is difficult to find a match
between the physical topology of the selected
partition and the applications virtual topo-
logy. Actually, many schedulers totally ignore
the machines topology, considering a flat net-
work. Some others search for contiguous parti-
tions, a policy that can result in performance
improvements due to the efficient exploitation



of communication locality [11] [14]. In any ca-
se, a mapping strategy is required to alloca-
te tasks onto the assigned nodes. Ideally, this
mapping should allow the tasks to make an
efficient usage of the assigned resources.

The most used network topology [1] in cu-
rrent supercomputers is the 3D torus. This to-
pology provides good characteristics like sym-
metry, low node degree and low diameter. Ho-
wever, the share of the resources between mul-
tiple applications results in the partition of
the torus in 2D or 3D sub-meshes as depic-
ted in Figure 1. Most of the research made
in the partition of 3D topologies [6] focused
on the search for 3D sub-topologies assuming
that all applications will run faster in them.
However, this assumption does not take into
account the way that applications tasks com-
municate each other (communication pattern)
that is, in fact, an important factor on appli-
cations performance.
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Figura 1: Examples of the partition of a 3D torus
in 2D and 3D sub-meshes. a) 3D Torus (16x16x16)
b) 3D sub-mesh (4x4x4) ¢) 2D sub-mesh(8x8)

In this paper, we adapt a previously develo-
ped mapping strategy [13] for 2D topologies to
work with 3D topologies. The procedure is ex-
pressed as an optimization problem, in which
we define some target functions to minimize. A
first, classic strategy tries to minimize the ave-
rage distance traversed by messages. A second
approach, tries to reduce contention for the use
of network resources and to avoid the creation

of hot-spots, taking into account the commu-
nication patterns of the application tasks as
well as the topology of the interconnection net-
work; we call this the Traffic Distribution (TD)
strategy. Once we have a mapping problem
expressed as a function to minimize, a given
mapping is better than another one if the va-
lue of the target function is smaller. However,
one thing is to minimize a function and anot-
her thing is to obtain a mapping that, when
used for a real application on a real machine,
results in short execution times. Consequently,
we have to validate the mappings, proving that
a reduction in the target function actually ma-
kes the application run faster.

In order to carry out this validation we use
simulation, due to its inherent flexibility for
testing different system configurations. The si-
mulation workbench is INSEE [15] which, gi-
ven a trace of an application, a target network,
and a mapping, can provide estimations of exe-
cution times. As applications we use (traces
of) a subset of the well-known NAS Parallel
Benchmarks (NPB) [10]. For the interconnec-
tion networks, we use two different topologies:
2D and 3D meshes. For simplicity, we consi-
der only configurations in which the number
of tasks equals the number of network nodes.
Regarding mappings, we have tested some tri-
vial ones (consecutive, random) and those pro-
vided by the optimization procedure, conside-
ring both the classic and the TD strategies.

Finally, we perform a direct comparison of
the simulation results for each topology. The
results will show that some applications run
faster in 2D topologies due to its communica-
tion pattern that exploits the underlying topo-
logy. This fact is very important for the sche-
duling process and the inclusion of partition
strategies onto it. These strategies will have to
take into account the applications communi-
cation patterns in order to search for the best
partition topology (2D or 3D). The inclusion
of this partition strategy will result in a reduc-
tion of the external fragmentation [8] caused
by the search for contiguous partitions.

The rest of the paper is organized as follows.
In Section II we carry out a brief review of the
mapping framework. Section III is devoted to



the extension of the mapping criterion to 3D
network topologies. In Section IV we detail the
experimental set-up used to generate and vali-
date the results. Section V presents the results
of the experimental work carried out. Finally,
the paper ends in Section VI with some con-
clusions and lines of future work.

2. Optimization-based mapping fra-
mework

In this section we explain briefly our pro-
posal of an optimization-based framework to
find mappings vectors [13]. First we formali-
ze the definition of the mapping problem, and
then we describe the use of a GRASP (Greedy
Randomized and Adaptive Search Procedure)
algorithm to generate the mappings. The fra-
mework will be applied to dynamic environ-
ments where several applications share a ma-
chine, and the partition temporally assigned
to a particular job can have an arbitrary to-
pology given by the decision of the scheduler.
In this case, in addition to obtain good solu-
tions, we have time restrictions, in order to
maintain the scheduling overheads low.

2.1. The mapping problem

The mapping problem can be formally defi-
ned as follows: given a set of tasks belonging
to a parallel job T' = {t1,...,t»} and a set of
processing nodes of a parallel computing sys-
tem P = {p1,...,pn} find a mapping function
7 that assigns a task ¢ to a node p

m: T — P
t— w(t)=p

trying to optimize a given objective function.
Note that we use (network) node and processor
interchangeably.

The mapping problem can be expressed ea-
sily as a QAP (Quadratic Assignment Pro-
blem) [12] in the matrix form: given T" and P
two equal size sets representing parallel appli-
cation tasks and processors respectively, ma-
trix W = [w;jli,jer representing the num-
ber of bytes interchanged between each pair

of tasks, and matrix C' = [¢; j]i,jep represen-
ting some cost characteristic involving pairs of
network nodes, find the bijection 7 : T — P
that minimizes:

> i engiynt) 1)
i,jEP

The formulation shown in Equation 1, that
states the mapping problem as an instance of
the QAP, allows us to leverage the strategies
developed for the QAP to find solutions for the
mapping problem. We need two data structu-
res: the communication matrix W representing
the amount of information interchanged by the
tasks, and the cost matrix C which models
the criterion selected to distribute the traffic
across the network. Note that the first depends
solely on the characteristics of the application,
while the other depends on the characteristics
of the network: topology and routing function.
In order to fill W for a particular application,
we use traces containing all the interchanges
of messages, counting the messages interchan-
ged between each task pair multiplied by their
lengths (in bytes). The procedure to fill C' de-
pends on the criterion selected to create map-

pings represented as a cost function.

2.2. Mapping algorithm

In our experiments we used the GRASP sol-
ver, because we found in the literature that
this is the algorithm that provides the best re-
sults known when solving the generic QAP. We
have adapted it slightly in order to deal with
the data structures of the mapping problem.
GRASP is a constructive and a multi-step al-
gorithm that iterates over two steps: in a first
stage an initial solution is created by means of
a adaptive greedy randomized algorithm follo-
wing by a local search to improve that solu-
tion. A detailed explanation of the algorithm
can be found in [13].

3. Mapping criteria on mesh topo-
logies

The mapping problem has been stated of-
ten as a location problem [4], searching a map-



ping vector that minimizes the average distan-
ce traversed by application messages. This is
what we call the classic (optimization-based)
strategy. The result of using this strategy is
a mapping that locates in neighbouring nodes
those tasks that interchange large data volu-
mes. Apparently, this is a good policy, becau-
se it exploits communication locality, reducing
the utilization of network resources. However,
experiments show that a reduction in average
distance does not always result in a reduction
of application execution time, because it may
create contention hot-spots inside the network
[2] [3]- For this reason, we propose a different
cost matrix to be used instead of the distance
matrix. With this matrix the criterion of mi-
nimizing average distance is relaxed, in order
to favour communication paths that distribute
traffic through the network, avoiding bottlene-
cks. We have called this the Traffic Distribu-
tion (TD) criterion.

The definition of both criteria, expressed as
cost matrices, depends on topological charac-
teristics of the target network in which appli-
cations will run. In this work we consider just
one network topology: meshes with two and
three dimensions. In these networks each node
has an identifier ¢ in the range 0... N — 1. We
will consider routing functions that make mes-
sages advance using shortest-path routes bet-
ween source and a destination. The simplest
form of routing is Dimension Order Routing
(DOR) [5], in which messages traverse first
all the necessary hops in each dimension, but
we do not make any assumption regarding the
routing algorithm, except that it must use mi-
nimal paths.

3.1. Classic Distance Criterion on Meshes

In a 3D mesh with N =n X n X n the num-
ber of nodes, given two nodes with identifiers
¢ and 7, the distance between them is given by
Equation 2. Due to the limited space we will
only show the equations for 3D topologies. To
obtain the equations for 2D topologies, the z
term must be ignored.

dist(i,j) = dists(i, )
+ disty (i, 5) (2)
+ dist.(i,j)

where the first term of the sum is the number
of hops through the X axis a message must
traverse when going from i towards j, the se-
cond term is the number of hops through the
Y axis and the third term is the number of
hops through the Z axis. Equations 3, 4 and 5
show terms dist,, dist, and dist..

distz(i,7) = |7 méd n x n méd n/n 3)
— tméd n X n méd n/n|

disty(i,7) = |j méd n x n méd n méd n

— iméd n X n méd n méd n|

dist;(i,7) = |j/n X n méd n

— i/n X n méd n|

Therefore, the classic criterion to tackle the
mapping problem identifies C as the distance
matrix, whose components can be filled using
Equation 2 for each pair of source-destination
nodes.

C = [Ci,j]i,jzl...N where Cij = dZSt(’l,]) (6)

3.2. Traffic Distribution Criterion on Mes-
hes

The main reason to use the classic criterion
is clear: minimizing the distance should result
in lower latencies (because latency depends
on the number of hops) and in lower utiliza-
tion of network resources, because the num-
ber of involved links will be minimized. Howe-
ver, the distance criterion hides a fundamental
characteristic of interconnection networks: re-
sources (routers, links) have to be shared bet-
ween many simultaneous communications. It
may happen that a given mapping that is op-
timal in terms of distance, results in multiple



communications contending for the use of a
single link (or a small collection of links). The
contention generated for the shared resources
results in increased latencies.

We propose in this paper a new criterion for
3D meshes, expressed as an alternative cost
matrix, that allows us to find mappings that,
while not optimal in terms of distance, avoid
network bottlenecks. In particular, we pay at-
tention to the number of hops per dimension
that messages have to travel. A 6-hop route in
which all the hops are in the X axis is worse
than another 6-hop route with 2 hops per di-
mension for 3D meshes, because the latter im-
poses less pressure in the X axis, spreading the
utilization of network resources evenly among
the three axes. Formalizing this, we favour tho-
se routes in which the number of hops per di-
mension is equalized — or, in other words, we
penalize those routes in which the number of
hops per dimension is not equal. The level of
penalization depends on the level of asymme-
try, as represented in Equation 7.

td(i, j) = dist(i, )
+ |dists (i, 5) — disty (i, j)|
+ |dista (i, §) — dist.(i, 5)]
+ |disty (4, §) — dist-(i, 5)]|

(7)

Hence, when using the TD criterion for the
resolution of the mapping problem using our
framework, the cost matrix is defined as:

C = [Ci,j}i,jzl,,,j\/ Where Ci,j = td(l,j) (8)

4. Experimental Set-up

In this section we detail the collection of ex-
periments that we carried out to evaluate the
effectiveness of the two approaches to the map-
ping problem described in the previous sec-
tion. We will use networks of size 64 with 2D
(8x8) and 3D (4x4x4) mesh topology, in order
to test the impact of network topology on that
effectiveness.

4.1. Experimental Workbench

We use traces extracted from the NPB suite
[10]. For each application we need to generate
the traffic matrix W. We have done so for the
class A size 64 instances of the benchmarks.
These applications were run in a real parallel
machine, in which traces of all the messages
interchanged by tasks were captured. These
traces contain the necessary information to fill
W, and are also valid to be used within the
INSEE simulation environment.

The QAP Solver implements the GRASP al-
gorithm. It accepts as parameters matrix W
(the communication matrix of the application
trace to evaluate, expressed in bytes), matrix
C' (the cost matrix modeling a mapping crite-
rion) and the number of iterations to be per-
formed. The output is a mapping vector that
associates each application task with one node
of the network partition. The creation of this
vector obeys the criterion represented in the
cost matrix.

The simulation has been carried out using
INSEE [15] [9]. This tool simulates the exe-
cution of a message-passing application on a
multicomputer connected via an interconnec-
tion network. INSEE performs a detailed si-
mulation of the interchange of the messages
through the network, considering network cha-
racteristics (topology, routing algorithm) and
application behaviour (causality among mes-
sages). The input includes the application’s
trace file and the mapping vector. The output
is a prediction of the time that would be re-
quired to process all the application messages,
in the right order, including causal relations-
hips and resource contention. However, it only
measures the communication costs, assuming

infinite-speed CPUs.

4.2. Design of the Experiments

To perform the validation, we created a set
of 50 different mappings for each NPB applica-
tion, using the classic and the TD expressions
of the cost matrix. Each of the 50 solutions
were selected after 50 GRASP iterations.

In addition to the classic and the TD map-
ping strategies, we also evaluated the beha-



viour of the consecutive and random trivial
mappings. Given a network partition, the con-
secutive mapping criterion allocates the appli-
cation tasks onto the partition nodes in order
of identifiers, starting with the assignment of
the first task to the node with the lowest iden-
tifier, and ending with the assignment of the
last task to the node with the highest identi-
fier. In the case of the random criterion, given
a network partition, application tasks are as-
signed to partition nodes randomly. To evalua-
te this strategy, a set of 50 different random
assignments were performed.

5. Analysis of results

This section analizes the results of the simu-
lations carried out with the previously genera-
ted mappings. First we analyze the mapping
procedure itself for both 2D and 3D mesh to-
pologies showing which mapping criteria per-
forms the best results for each NPB applica-
tion. In addition to this, we are also interested
in determine the best topology for the execu-
tion of each application. For doing that, we
compare each application runtime (measured
in simulation cycles) on each topology (2D and
3D mesh).

5.1. Results for the mapping strategies in
2D and 3D meshes

The results of the experiments are depicted
in the Figure 2 for 2D meshes and in Figu-
re 3 for 3D meshes. Due to the limited space,
we do not show the best, the average and the
standard deviation of the execution times re-
ported by the simulator for each application-
topology-mapping combination. However, the
statistical significance of the differences bet-
ween the three non-consecutive mapping stra-
tegies (note that the consecutive has not ran-
dom component) has been assessed running
Kruskal-Wallis [7] paired tests on the results
obtained for each of the traces. In the analysis
of results we say that a criterion is better than
other if exist significant statistical differences
between both. The tests have been performed
between the strategy that obtained the best

result and each of the others, at level of signi-
ficance 0.05.

We start analyzing the results obtained for
the 2D mesh topology. It is clear that we can
divide the applications in three groups. The
first group is composed by BT, LU and SP. A
property of these applications is that the com-
munications pattern (virtual topology) mat-
ches the physical one. Therefore the consecu-
tive mapping is clearly the best performer. In
a second group we include the FT and IS ap-
plications. In this case, the best criteria are
the random and the consecutive in both cases.
However, the TD criterion performs almost the
same results. The third group is composed by
CG and SP. In this case is when the TD stra-
tegy shows its potential improving remarkably
the results of the other three criteria.
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Figura 2: Execution times (simulation cycles) for
the NPB applications (class A, size 64) running on
a 8 x 8 mesh for each mapping criterion. Values are
normalized, so that 1 represents the best result.

Let us pay attention now to results for 3D
mesh topology. In this case the scenario is qui-
te different from the previously explained. For
all application-mapping combination the best
performer is the TD criterion. Only in two ca-
ses, FT and MG, the random and consecuti-
ve criteria respectively, improve the results of
the TD. In the case of the MG application the
consecutive criterion is the best choice. The
reason for this behaviour is the perfect match
between its virtual topology and the underl-
ying physical one. In the case of FT, as ocu-



rred for the 2D topology, the random criterion
performs the best, due to its all-to-all commu-
nications pattern.
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Figura 3: Execution times (simulation cycles) for
the NPB applications (class A, size 64) running on
a 4 x 4 x4 mesh for each mapping criterion. Values
are normalized, so that 1 represents the best result.

In summary, the TD procedure provides
good mappings of applications onto mesh to-
pologies. The trivial mappings are able to pro-
duce better results in those cases in which the
virtual network matches the actual one (con-
secutive mapping) and when the communica-
tions pattern performs mainly all-to-all com-
munications (random mapping). We have to
remark that the TD criterion performs better
than the Classic in all cases.

5.2. Comparison of the NPB applications
performance in 2D and 3D mesh to-
pologies

As we stated before, we are interested in
compare the performance of the same appli-
cation over the two topologies analyzed in this
paper. In the literature, generally, it is assu-
med that the execution of an application on
3D topologies will perform better than in 2D
topologies. However, the results presented in
this paper show an opposite behaviour in some
cases. Figure 4 compares the best execution ti-
mes (extracted from the previously explained
results) for each application-topology.

The results show that in four cases, the

3D topology that provides better topologic
characteristics, improves the performance. Ho-
wever, BT, LU and SP applications perform
better over a 2D topology. The reason for
this behaviour is their communications pat-
tern and the way in which they have been im-
plemented.

The search for the correct topology for each
application can have a remarkable impact in
the scheduling process (reducing the exter-
nal fragmentation) in addition to the impro-
vement in the application runtime.
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Figura 4: Comparison of the execution time (si-
mulation cycles) of the NPB applications in 2D

and 3D meshes. Values are normalized, so that 1
represents the best result.

6. Conclusions and future work

Current supercomputer centres share their
resources between different users and applica-
tions. A system scheduler plays a crucial ro-
le, selecting the jobs to be executed (extrac-
ting them from a queue) and assigning some
resources to it (nodes grouped as partitions).
Often, the allocation/mapping procedures are
carried out using simple mechanisms that ig-
nore the communication patterns of the appli-
cation and the topology of the network.

In this work we have focused on the map-
ping problem, describing a new criterion for
2D and 3D mesh topologies to find good task-
to-node assignments that takes into account




the communication characteristics of the ap-
plication, as well as the topology of the net-
work. The choice of the mesh topology for this
work is its importance in scheduling environ-
ments. The search for partitions in big size 3D
torus or meshes will result in 2D or 3D sub-
meshes where allocate the applications.

This paper also states the importance of
searching for the correct topology for a con-
crete application that will result in the impro-
vement of applications runtimes and in the re-
duction of the fragmentation in the scheduling
process.

We plan to extend this work in other di-
rections. In particular, we plan to investigate
the way "smart", topology-aware partitioning
schemas could be incorporated into schedu-
lers. A combination of a good partitioning with
an optimization-based mapping strategy could
greatly enhance the productivity of large-scale
parallel computers. In a previous work we ha-
ve investigated the great potential of topology-
aware partitioning [14], that can be exploited
only if applications experiment a significant
speed-up when tasks are located contiguously.
If we incorporate better mappings, this requi-
rement could be relaxed while still improving
systems performance.
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