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Performance Characterization of the
Alya Fluid Dynamics Simulator

Guilherme Antonio Camelo, Lucas Mello Schnorr
Institute of Informatics — Federal University of Rio Grande do Sul
Caixa Postal 15.064 — CEP 91.501-970 — Porto Alegre — RS — Brazil

Abstract—This article presents preliminary results of a per-
formance characterization of the Alya fluid dynamic simulator.
Experiments are conducted in parallel using the MPI specification
implemented by OpenMPI, and the application is traced using
the Extrae tracing tool. By taking a closer look at the traces, it is
possible to effectively see different performance patterns such as
the communications among ranks, and the effective application
load imbalance.

I. INTRODUCTION

Numerical simulation is used to understand and model
natural behaviors. Very often these simulations are carried
out by techniques based on fluid dynamics, where a model
of a real world scenario is implemented and solved using
iterative numerical methods using time-steps. High perfor-
mance computers are employed as execution platforms to run
these models, as any sequential approach would make certain
simulations executions impractical for the level of details
required by the scientific community.

Distributed and parallel programming techniques provide
high computational power. Interfaces such as OpenMPI en-
able portable implementations for the execution of complex
programs in less time, and are ideal for dealing with physical
problems for real world simulations. Alya[l] is an example
of MPI-based fluid dynamic framework simulator. It is an
open source project, part of the Prace Benchmark[2], from the
Barcelona Supercomputing Center (BSC) to solve numerically
physical problems.

Very often numerical simulation applications have irregular
loads during execution. Such irregularity appears for many
reasons, such as irregular control and data structures, adapta-
tive mesh refinement (AMR)[3], or even irregular iteraction
patterns among processes. These reasons ultimately lead to a
load imbalance among both resources and time as the simula-
tion advances. Finding out the actual application behavior on
a particular platform is key to apply optimization techniques,
such as better balancing algorithms or a more appropriate
communication patterns. The most efficient way to obtain such
information, when you do not know the application code is
to apply tracing techniques. They use files to keep track of
information regarding the application, which is saved under
the form of events, for instance, to track MPI operations.

In this article, the Alya fluid dynamic simulation tool is
executed on a 4-node platform with 64 cores, using the
OpenMPI library[4]. The goal is to investigate whether Alya
has a irregular execution behavior regarding the resources and

the time for a representative input. We employ the Extrae
tracing tool to record all MPI communication operations, and
then present preliminary results of the performance analysis
of Alya. A similar study has already been conducted[5] in a
larger scale platform. Our secondary goal is to understand the
behavior in a smaller scale platform.

The paper is structured as follows. Section II presents the
platform used for the experiment. The methodology used in the
performance characterization is detailed in section III. Results
are presented in section IV. The main contributions and the
future work are detailed in section V. A reproducible and open
scientific research is essential [6]. This work is therefore the
result of a effort to create a reproducible project, publicly
available at http://github.com/guiacamelo/alya/.

II. EXECUTION ENVIRONMENT

Experiments are conducted on computers that are part of
the Draco cluster at the Institute of Informatics of the Federal
University of Rio Grande do Sul (UFRGS). The cluster is
formed by eight nodes, each one equipped with Intel (R) Xeon
(R) E5-2640 v2 CPU @ 2.00GHz processors with 16 physical
cores (32 with hyperthreading), 64 gigabytes of RAM, running
Ubuntu 14.04.4 LTS. Only physical cores were used in the
executions. In the experimentations different configurations
have been tested, with various numbers of cores, number of
nodes and of time-steps. Extrae version 3.3.0 is the tracing
tool, and for the parallel execution, OpenMPI 1.10.2.

III. METHODOLOGY

We have used only four nodes of the Draco cluster for
a total of 64 cores. The simulation ran only until the end
of the third timestep due to the large size of the trace files.
The trace files for this execution have size of 2,7 gigabytes.
The tool Extrae creates individual traces for each processor,
keeping information regarding the communication and exe-
cution. Multiple files are created in .mpits format containing
information about what was executed by a given process. It
is then necessary to convert and merge them using the tool
mpi2prv that outputs the Paraver format (.prv). After that, a
perl script is used to filter the relevant data creating a Comma-
Separated Values (CSV) file used for the analysis scripts.

The resulting CSV output have four columns of data: the
MPI rank (Rank), the time in which the process enter the
state (Start), the time in which the process finished the state
(End), and the MPI state name (State). With this information
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it is possible to calculate the actual workload (running time in
seconds) of each process, as well as create space/time graphics
that tells us the order and what was the time that each state
occurred in each case. All calculations are made from scripts
written in the R language, making use of ggplot2 and dplyr
libraries. Figure 1 gives a summary of the steps to trace Alya
and to conduct the performance analysis of the experiment.
In the schematics on figure 1 the first and second blocks
represent the execution with MPI and trace with Extrae in 4
nodes each using 16 cores. The next two blocks in the flow are
the output of the simulation results and the trace files in .mpits
format. The following two blocks represent the conversion
of the trace to .prv and then to .CSV using mpi2prv and a
Perl script, respectively. Then a block representing the CSV
format is presented followed by the last block that represents
the creation of graphics and analysis of the experiment using

language R.
Execution with | —> Simulation
MPI and Extrae Result

Conversion to
.prv using
mpi2prv

= 16 cores| —>

16 cores

Conversion to
CSV using Perl

Trace Files
.mpits

16 cores

Gaphics created and

Not Created | 0.050 0.051

analysed with R, -
dplyr and ggpIOtz 64 Running 100.00 |100.80
Fig. 1. Methodology used on the execution and analysis of the experiment.

IV. PRELIMINARY RESULTS

The goal of our performance analysis is to identify rele-
vant characteristics of the application and evaluate whether
it presents load imbalance among resources and along time.
We also intend to refine our methodology to conduct larger
scale experiments. We provide as follows an overview about
the load imbalance, a detailed analysis using a traditional
space/time view, and an attempt to explain the identified
behavior using per-rank state statistics. We end the analysis by
globally applying the percent imbalance metric to evaluate the
load imbalance. All data presented in the graphics are acquired
from one execution using 4 node and 64 cores.

A. Overview of Load Imbalance

Figure 2 shows the aggregate time of effective computation
for each process. Computation is calculated by summing all
time periods in which the process performs data process-
ing. All periods of time on MPI communication, point-to-
point synchronization and collective synchronization are not
included in these measures. It is observed that most processes
have a total computing time in the order of 150 seconds. In
some cases, however, the times reaches up to 300 seconds,
for instance, the process 60. This is an indicative that a load
imbalance occurs considering this specific case study.
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Fig. 2. Aggregated time of effective computation (Y axis) per rank (X).

B. Space/Time Execution

Figure 3 presents detailed information about the load bal-
ancing, showing the time that each process was in a state of
effective computation. At the beginning of execution, process
zero engages in distributing work among processes. This
activity continues until the 150 seconds mark. After this time
mark, remaining processes begin to work, and, the root process
(zero) assumes the organizer role, becoming idle while waiting
for the response of other processes.

60 -

40-

MPI Process Rank

200 400
Execution Time (seconds)

Fig. 3. Timeline (on X axis) showing computation states per process (on Y).

An interesting feature that can also be observed in Figure 3
is the existence of four groups of processes: the 0-15 of 16-31,
and so on. This behavior correlates with the number of nodes
used in the experiment, indicating that internally in a node all
processes begin their computation roughly at the same time.
This indicates that the initial load distribution from process
zero is not scalable because visually the computations in each
one of the four machines start sequentially: first the group
between the processes 32-47, After the group of processes
16-31, then the group containing the zero process (0-15) and
finally the group of processes 48-63. In the latter group, we
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also observe an anomaly in the processes 60 and 62. They
start and finish their computation after the other process from
their group. Such anomaly is observed only within this group.

The process 60 has a peculiar behavior when compared to
the other processes. Figure 2 features the time of effective
computation: it runs for roughly 300 seconds, twice as many
other processes. Figure 3 shows that process 60 has an
anomalous behavior, beginning and ending its execution last.
Moreover, the execution state (Running), where the computa-
tion is actually performed, does not seem to contain spaces
as other states. This probably indicates that the time spent on
communication functions for this particular case is much lower
than in other processes.

C. Process Behavior by State

Figure 4 displays a summary of dedicated time (Y axis)
by process (X axis) to each state (different facets). Only
the five most important states are presented (Blocking Send,
Group Communication, Running, Send Receive and Waiting a
message). The other states present very little or inexistent time.
The Blocking Send have less influence in load balance than the
other states since they are somewhat similar in all processes
(except for the 48-63 group, slightly higher). The Group Com-
munication have quite different times among processes and a
very long time to process zero, as detailed in previous sections.
Load imbalance is shown in the facet Running, similar to the
data presented in Figure 2. The sending and receiving times
are relatively homogeneous between processes, except in some
cases in which they are smaller. Therefore, it is possible to see
in the rightmost facet of the graphic that the possible reason
of the anomaly of the processes 60 and 62 is due to additional
time spent in the state Waiting a message. Such fact contradicts
our previous hypothesis drafted in previous section, where the
timeline visually indicated a higher less communication time
for process 60. This is probably due to drawing much more
events than the screen space available [7] to draw them.

D. Percent Imbalance

According to Pearce [8], and then validated by Alles [9],
the percent imbalance formula is used to formally calculate
the load balance. It is described by the Equation 1 where
A is the load imbalance value to be calculate, L, ., is the
value of the process with the highest load, and L is the
average computational load among processes. The metric may
be calculated either for the entire execution or for different
phases e.g. one measure for each time interval or timestep.

Lmam

A=

— 1) %100 (1)

In this work the calculation of the metric is performed
considering the entire execution, thus being a global indica-
tor of load imbalance. The metric characterizes the uneven
distribution of work, and when applied to our measurements
gives the value A = 74.25161. That represents a workload
imbalance of 75%. This indicates that if the load is more
evenly distributed between the computational resources there
would be room for a potential performance improvement.

Blocking Send Group Communication Running

300-
200 -
100 -

0-

Send Receive Waiting a message

300-

Amount of Time (s)

200-

100-

.. Il
0 20 40 60 0O 20 40 60
MPI Process Rank

Fig. 4. Time spend on each state by process.

V. CONCLUSION AND FUTURE WORK

This paper presents preliminary results of the performance
analysis of the Alya fluid dynamic simulation tool. Our goal
is to better understand its behavior specially regarding the
load balance. Therefore, a simulation is carried out on a
platform of four computer nodes totaling 64 cores, leading
to a execution of approximately 450 seconds. The execution
is traced using the Extrae, enabling us to discover relevant
information about the core operation of Alya in the addressed
case. Among the results, we observe that a significant share of
the time (about 34% in a run with three timesteps) is somewhat
wasted in the beginning of the execution probably to divide
the problem, creating considerable overhead since remanining
processes are kept idle. Others results include the detection
of anomalies in some processes and the perception that the
root process (zero) sends the partitioned data sequentially to
different nodes, making the start of application considerably
slow and not scalable. The calculation of the percent imbalance
indicates that there is a potential performance improvement.
The reason for such imbalance is still being investigated.

As future work, we will study possible changes in the code
that may provide a balanced distribution in a more egalitarian
fashion. We intent to execute similar experiments with other
configurations, varying the number of nodes, number of cores,
and number of timesteps in order to confirm the behavior
acquired in this experiment. We also hope to manually mark
the beginning of each iteration of the algorithm (changing
the application code) so that the balancing metrics may be
calculated for each phase of computation/communication. This
refinement will allow us to check the load balance along time.
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Analise de Desempenho da Multiplicacdo de
Matrizes por Strassen contra o Método Tradicional

Arthur Mittmann Krause, Gabriel Bronzatti Moro, Lucas Mello Schnorr
Instituto de Informadtica - Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre, Brazil

Resumo—There are several strategies to do matrix multipli-
cation using high-performance computers, each one with specific
optimizations. This paper makes a comparison of two among
them: the well known Strassen algorithm and the Conventional
algorithm for matrix multiplication. We also investigate different
levels of optimization to improve cache memory utilization. The
results show that the best approach to be used is Strassen. From
the cache optimizations point of view, the one that contributes
more to the performance is the the algorithm that transposes the
second input matrix.

I. INTRODUCAO

2

A multiplicacio de matrizes é uma operacio da Algebra
Linear fundamental para a solu¢do de problemas de uma ampla
variedade de dreas do conhecimento. Por conta disso, o estudo
de técnicas para uma execugdo mais eficiente da mesma é de
grande importincia para a ciéncia.

Diversos trabalhos estudam o algoritmo paralelizado utili-
zando OpenMP, tais como Andrade [1], que compara diferen-
tes escalonadores OpenMP e uma versdo implementada em
Pthreads. Outro trabalho recente que também aborda estudo
de otimizac¢des em algoritmos de multiplicacdo de matrizes é
Silva [2], que avalia o desempenho dos algoritmos utilizando
diversos niveis de otimizagdo fornecidos pelo compilador
GCC. Porém, comparagdes entre os métodos de multiplicacio
de matrizes utilizando o método de Strassen [3] € o con-
vencional levando em conta diferentes otimizacdes no uso da
memoria Cache ndo € um assunto muito explorado.

O objetivo principal deste trabalho € portanto apresentar
uma andlise de desempenho para dois algoritmos de multipli-
cacdo de matrizes, o tradicional e o algoritmo de Strassen, com
as otimizacdes de Blocking, transposicdo e vetorizacdo. Essas
otimizagdes foram propostas para melhorar o uso da memoria
Cache dos processadores.

A Secdo II apresenta os métodos Strassen e Tradicional
para a multiplicacdo de matrizes, detalhando o funcionamento
de cada algoritmo. A Secdo III apresenta as abordagens de
otimiza¢do no uso da memdria Cache. A Secdo IV detalha
a metodologia utilizada no trabalho. Uma discussdo dos re-
sultados obtidos é realizada na Secdo V. Em seguida, sdo
apresentadas as consideragdes finais.

II. METODOS DE MULTIPLICACAO DE MATRIZES

A. Algoritmo Tradicional

O algoritmo mais utilizado para a operagdo de multiplicacido
de matrizes possui trés lacos aninhados, com uma complexi-

z

dade sequencial ctibica. O primeiro laco é responsdvel por

iterar a matriz linha a linha, o segundo coluna a coluna e
0 mais interno permite o percorrimento da matriz (linha a
coluna). O Algoritmo 1 apresenta a abordagem mais comum
para se multiplicar duas matrizes. O exemplo apresenta a
multiplicacdo de duas matrizes de entrada, as matrizes A e
B. O resultado das operacdes de multiplicagdo do lago mais
interno sdo somadas ao seu respectivo elemento da matriz R.
Cada elemento R; ; € obtido através do somatdrio dos produtos
dos elementos correspondentes de posicdo k na i-ésima linha
de A pelos também de posi¢do k na j-ésima coluna de B. Além
disso, é possivel visualizar que os lacos definem n® operacdes

[3].

Data: Matrizes de entrada: A e B. Matriz resultado: R.
for i a N do

for j a N do
for k a N do
| R[IG] =+ Alil(k] * Bk][j]
end
end
end

Algorithm 1: Algoritmo Tradicional para Multiplicagdo de
Matrizes.

B. Algoritmo de Strassen

O algoritmo de Strassen utiliza uma abordagem de divisdo e
conquista para realizar a multiplicagdo de matrizes. Diferente
do algoritmo tradicional, este algoritmo realiza menos opera-
¢des para obter o produto de duas matrizes, o que lhe concede
uma complexidade de O(n?®), menor do que a do algoritmo
Tradicional, que possui a complexidade de O(n?) [3].

Para implementar o algoritmo, as matrizes devem ser di-
vididas em quatro submatrizes de mesmo tamanho, e sete
novas matrizes tempordrias P, sdo calculadas a partir das
equacdes representadas no Bloco de Equacdes 1, supondo uma
multiplicacdo de matrizes de entrada A e B resultando numa
matriz R.
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Py = Apjj41) + A1) * (Bt + Blag+1)

Py = (Agayn + A1) * B

Py = Apyp) * (Bjijj+1) — Blitvi+1)

Py = Aprag+y * (Bt — Bu)

Ps = (Amm — A1) * B+
= (Apr1p) — Ap+ap+1)* M
(B + Bri+11)
= (

A1) — Ap+1)*
(B[i+1]m + Biitayj+1))

Essas matrizes tempordrias sdo entdo somadas como re-
presentado no Bloco de Equacdes 1 para obter o valor das
submatrizes da matriz R.

Ry =P+ Pi— P+ P;
Rpgj+n = Ps + P
Riito)) = P2 + Pa

=P +P;— Py + Py

2

Riy)(j+0)

Essas divisdes sdo efetuadas recursivamente até que as
submatrizes sejam constutuidas de apenas um elemento.

A implementac¢do do Algoritmo 2 contém trés lacos, similar
ao utilizado no Algoritmo 1. No lago mais interno, no entanto,
sdo efetuadas sete multiplicacdes 1 em vez de oito como
no algoritmo Tradicional. E nesse fator que o algoritmo de
Strassen se diferencia e obtém uma complexidade menor que
implica numa melhor performance.

Data: Duas matrizes de entrada e uma matriz de
resultado.

for i a N/2 do

for j a N/2 do

for k a N2 do
| Calcular o produto dos blocos.

end
Somar os resultados adquiridos no lago k e
redirecionar para a matriz resultado.

end
end
Algorithm 2: Algoritmo de Strassen.

III. OTIMIZACAO NO USO DA CACHE

Dentre as caracteristicas essenciais a serem levadas em
consideracdo quando se desenvolve um algoritmo para ser exe-
cutado em uma mdaquina especifica, o uso da memoria Cache é
fundamental quando se quer obter o mdximo de desempenho
em arquiteturas multiprocessadas. Kowarschik and Weib [4]
apresentam vdrias técnicas que podem ser utilizadas para se
otimizar o uso da memodria Cache, dentre essas podemos
destacar: Loop Interchange, Loop Fusion e Loop Blocking.

Loop Interchange. Esta técnica consiste basicamente em
alterar a ordem de dois lacos de interacdo aninhados. Uma

situagdo muito comum ocorre quando existem dois lacos de
iteragdo, o mais externo tem um nimero de iteracdes menor
que o mais interno [4]. Ambos podem ser trocados, dessa
maneira a técnica seria implementada, o laco mais externo com
mais interacdes permite utilizar melhor as posi¢des da mesma
linha da Cache. Uma otimizacdo utilizada nesse trabalho foi
realizar a transposta da segunda matriz da multiplicacdo, a fim
de obter os mesmos beneficios da técnica Loop Interchange,
fazendo com que para ambas matrizes sejam utilizados os
mesmos indices de linha e coluna para o cdlculo, dessa forma
os dados sdo buscados mais rapidamente na memoria Cache
(menor caminho de busca na Cache).

Loop Fusion. A fusdo de lagos pode ser utilizada em situagdes
em que dois lacos de iteragdo possuem O mesmo numero
de iteracdo e nenhuma dependéncia de dados entre si [4].
Esses lacos podem ser transformados em um unico apenas,
definindo as operacdes dos dois lagos anteriores. O beneficio
adquirido com o uso dessa técnica € a diminuicao consideravel
de acessos a memoria Cache e overhead de branches, dois
lagos se transformam em um.

Loop Blocking. Enfim, esta técnica também conhecida por
Loop Tiling consiste na organizacdo do acesso aos dados da
memoria Cache por blocos. A cada iteragdo sdo inicializados
lacos que trabalham especificamente em blocos de iteragdes
anteriores. A seguir pode ser visualizado um exemplo dessa
abordagem.

Figura 1. Técnica Loop Blocking ou Loop Tiling.

A Figura 1 demonstra a abordagem de multiplicagdo de
matrizes convencional que implementa a técnica de Loop
Blocking. A partir de cada iteracdio, a matriz é percorrida em
blocos, os quais devem possuir 0 mesmo tamanho, permitindo
o melhor uso da Cache, pois os dados acessados estardo
proximos (dentro do limite do bloco). Para esse algoritmo é
necessdrio utilizar além dos lagos que percorrem os elementos
da matriz, lagos que disponibilizam esses blocos.

IV. METODOLOGIA DE AVALIACAO EXPERIMENTAL

A metodologia utilizada nesse trabalho consiste na defini¢cio
de um Projeto de Experimento (Design of Experiments) [5].
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O experimento foi realizado com matrizes quadradas, com
dimensodes de 256, 1024 e 2048, variando o nimero de threads
em 1, 16, 32, 48 e 64. Cada configuracdo experimental
foi replicada 15 vezes, de forma que podemos entender a
variabilidade experimental, conduzida de maneira aleatdria
para que os resultados sejam mais confidveis e que instabi-
lidades no sistema ndo prejudiquem apenas uma configuracio
experimental.

Os algoritmos utilizados no experimento foram o algoritmo
de Strassen e o Tradicional, ambos definidos anteriormente.
Para cada algoritmo foram realizadas as seguintes otimizacdes:
vetorizado, ndo vetorizado, com transposta € com Blocking.
Na abordagem vetorizado, a matriz é alocada na memoria
como um grande vetor, essa técnica permite obter os mesmos
beneficios da técnica Loop Interchange, visto que diminuird
o nimero de saltos para percorrer os dados na Cache, eles
estardo armazenados propositalmente para beneficiar o acesso
por linhas da Cache. J4 na abordagem ndo vetorizada, a
alocagdo € nao continua. A transposta consiste na transposi¢ao
da segunda matriz do célculo antes da multiplicacdo, ji na
abordagem Blocking a matriz é disponibilizada em blocos de
tamanhos iguais.

O experimento foi executado na turing, uma maquina
do Instituto de Informdtica que possui quatro processadores
Intel(R) Xeon(R) CPU X7550 2.00GHz. Cada processador
possui oito cores fisicos, os quais possuem duas threads por
core. Cada core conta com 32 KB de Cache de dados nivel
um e 256 KB de nivel dois. O processador possui uma Cache
L3 de 18 MB.

V. RESULTADOS

Na Figura 2 é possivel visualizar o grafico de tempo de
execucdo para todas as versdes paralelas implementadas para
os algoritmos de Strassen e o Tradicional. O eixo horizontal
apresenta o nimero de threads utilizadas, j4 o eixo vertical
apresenta a média do tempo de execucdo das 15 execucdes
aleatdrias efetuadas para cada configuracio.

O algoritmo de Strassen foi, como esperado, mais rdpido
que o normal em todas as combina¢des de fatores devido a
sua menor complexidade. No entanto, utilizando a otimizacio
de Blocking, o algoritmo de Strassen sequencial executou
numa média de 114,3 segundos enquanto o normal sequencial
apenas 88,5 segundos. Essa caracteristica pode estar associada
a granularidade do bloco, ja que no método Strassen a matriz
¢ dividida em blocos, somado a essa abordagem, o uso da
técnica Blocking nesse cendrio deixard a matriz mais subdivi-
dida, o que pode impactar negativamente no desempenho do
algoritmo como um todo.

O melhor caso ocorreu quando ambos algoritmos fazem o
uso da técnica Transpose. Para o algoritmo de Strassen, o
melhor tempo com transposta foi 0,31s com 64 threads. Ja
para o algoritmo convencional, o melhor caso foi com a mesma
combinagdo de fatores, levando um tempo médio de 0.52s para
executar.

Na Figura 3 é possivel visualizar o grafico de Speedup para
os algoritmos de Strassen e convencional, quando os mesmos
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Figura 2. Tempo de Execucio para diferentes versdes paralelas para Multi-
plicacdo de Matrizes com dimensdo de 2048.

utilizam a técnica da segunda matriz transposta (melhor caso
para ambos). A partir do grifico de Speedup € possivel
visualizar que o melhor Speedup é obtido com a versdo
Strassen. O melhor Speedup é obtido para ambos algoritmos
com 64 threads, isso estd relacionado a plataforma onde os
experimentos foram executados (32 cores fisicos e 64 16gicos).

60

40+
algoritmo
normal

Speedup

—=— strassen

20+

32
Threads

-

Figura 3. Speedup das duas melhores versdes paralelas dos algoritmos de
Strassen e Convencional para matrizes de dimensdo 2048.
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Uma observacdo interessante € o Speedup de ambos os
algoritmos, utilizando a técnica transposta com 32 threads.
Enquanto o algoritmo Tradicional demonstrou um Speedup
praticamente linear, o de Strassen obteve um grande ganho
com 32 threads. Sua medida de Eficiéncia, tendo como base
o tempo médio de execu¢do do algoritmo Tradicional com
transposta sequencial foi de 1,34 enquanto com 16 threads foi
1,09, 48 threads 1,02 e 64 threads 1,07. Essa medida se deve a
arquitetura da maquina de testes, que possui 32 cores fisicos e
a caracteristica do algoritmo, que ja conta com um alto nivel de
paralelismo em nivel de instru¢do, portanto o Hyper-Threading
ndo ¢ eficiente nesse caso e o overhead da geréncia das threads
extras causa um impacto muito mais significante no resultado.

VI. CONSIDERACOES FINAIS

O principal objetivo desse artigo é comparar os algoritmos
de Strassen e o convencional para a multiplica¢do de matrizes
com diferentes otimizacdes de Cache.

Os resultados apresentaram que a melhor configuragdo dos
algoritmos testados foi Strassen com transposta, o qual possui
a maior aceleracio diante das demais versoes.

A partir desse trabalho foi possivel conhecer o impacto das
diferentes otimizacdes para os algoritmos de multiplicacdo de
matrizes testados. Foi possivel visualizar que dependendo do
tipo de aplicacdo a otimizacdo pode ser insuficiente, um exem-
plo disso foi para o algoritmo de Strassen quando executado
com Blocking.

Como trabalho futuro pretendemos rastrear a taxa de mis-
ses das diferentes versdes dos algoritmos com as possiveis
otimiza¢des de Cache, a fim de compreender o momento da
aplicacdo que a otimizagdo vale a pena.
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Abstract—Application tracing is widely used for performance
analysis of parallel applications. Tracing perturbs the measured
system, mainly because of the execution of additional instructions.
The perturbations may be very small by themselves, but they
accumulate along the application execution, altering its behavior,
which is undesirable for performance analysis. This phenomenon
is known as the probe effect, and can be reduced by registering
less information, although the trade-off is usually undesirable.
Alternatively, one can compensate for it by reducing an estimate
of the registering overhead from the event timestamps. In this
work we characterize the overhead caused by a tracing tool for
MPI applications and compensate for it using a novel approach in
which the event registering frequency is taken into consideration.
Early results comparing the total execution time with that of the
uninstrumented application show an encouraging improvement
over traditional compensation methods, which do not consider
event frequency.

I. INTRODUCTION

Tracing comprises the register of significant events from an
application execution, such as subroutine calls and change in
variable values. The recorded data is used for future analysis of
the application behavior, in a post-mortem fashion [1]. Unlike
profiling techniques [1], every event selected for recording is
registered individually, uniquely identified by type, timestamp
and additional data according to its type. Tracing is generally
used for performance analysis of parallel and distributed
applications, in which the chronological order of events is
important for identifying multiple performance bottlenecks [1].

Event registering can be done either via software or hard-
ware, with passive counters [2]. Software-based tracing is
much more common because of its flexibility. The simplest
method is source code instrumentation, in which logging
routines are inserted into the code, either manually [3] or
automatically [4]. Perturbation caused by these methods can
be both direct, by adding overhead to the point at which they
are added, and indirect, by allowing or inhibiting compiler
optimizations. These perturbations accumulate over the appli-
cation run, which might register millions of events, so even
the quickest routines may add significant overhead to the final
result. This can lead to traces that unfaithfully represent the
application run harming the performance analysis.

One way to avoid indirect perturbations is to instrument
compiled code [5]. However, this can still affect hardware
optimizations such as out of order execution and caching.
Direct perturbations, on the other hand, cannot be avoided
without the usage of a non-intrusive measurement technique
such as passive hardware counters. One can, alternatively,

minimize them. Either by reducing the amount of information
recorded or the set of events to be logged, either way trading
low intrusion for less information, which is not desirable.
Another approach is to compensate for direct perturbations by
adjusting the event timestamps to consider the overhead added
by the logging routines. This doesn’t require less information
to be registered, and is the focus of this work.

In order to compensate, the overhead must first be measured.
The usual approach is to isolate the logging routine and
take enough measurements of its execution time to obtain a
statistically significant expected value [6], [7], [8]. Obtaining
this value, which is obviously architecture dependent, is not
as trivial as it might seem. Some tools [9], [4], [10] try to
minimize the logging overhead by using very fast routines,
leading to high volatility in their execution times. Due to their
small size, any interference, such as task scheduling by the
operating system, induce high relative error. Attention to this
error is of utmost importance: an incorrect measurement for
the overhead might lead to over or undercompensation, possi-
bly shifting the compensated trace even further away from the
uninstrumented (real) execution it is trying to approximate.

We observed that the logging routine execution time is a
function of the frequency with which it is called, i.e. of the
trace event registering frequency. Previous authors [6], [7], [5],
[11], [12] did not take this into consideration, which might
lead to a bad approximation of the uninstrumented run. We
employ two metrics to compare our method, which considers
event frequency, with traditional ones which do not. We use the
distance from the uninstrumented application execution time
and a space/time comparison. Early results comparing total
execution times show improvement from traditional methods,
though finer grain comparisons are still inconclusive.

The rest of this paper is organized as follows. Section II
presents state of the art. Section III outlines the perturbation
and compensation models we are proposing. Results and
discussion are presented in Section IV. Conclusions and future
work are shown in Section V.

II. RELATED WORK

Wolf et. al. [8] define a model for compensating event
timestamps in message passing applications. They estimate
the logging routine execution time by doing repetitive calls
to it, measuring the execution times and calculating the av-
erage. De Kergommeaux et. al. [12] re-introduce the same
models with slightly different — but semantically equivalent —

WSPPD 2016, 14™ Workshop on Parallel and Distributed Processing

]



formulas. They also provide a methodology to deal with clock
synchronization. More relevant to our work, they discuss the
impossibility of compensating non-deterministic applications
(see Section III). Kranzlmuller et. al. [11] use SKaMPI,
a tool for benchmarking MPI implementations, to measure
monitoring overhead of tracing applications that use PMPI (a
library interposing interface for tracing MPI programs). The
usage of SKaMPI standardizes the measurement process. It
is one of the first tools to consider the standard error when
benchmarking, and is thus variability-aware.

All previously described related work exclude event fre-
quency and, except for the SKaMPI effort, they do not mention
measurement variability in the compensation process. As far
as our knowledge goes there hasn’t been recent development
in the field of overhead compensation in application traces.
Thus, our work also shines a new light on the topic considering
the latest processor architectures. Unlike previous authors we
acknowledge the fact that measuring overhead is (largely)
dependent on event frequency, and define a measuring routine
which takes event frequency into account.

III. PERTURBATION AND COMPENSATION MODELS

As an implementation of our model, described in the sub-
sections below, we characterized and measured the overhead
of Akypuera [9], a tool developed by the authors for tracing
OpenMPI [13] applications. It uses source code instrumen-
tation via the PMPI interface. We also designed and im-
plemented a compensation tool to automatically adjust the
timestamps of execution traces generated by Akypuera prior
to performance analysis.

A. Measurement of the Intrusion Overhead

We isolate the logging routine to measure the tracing
overhead considering how frequent such routine is called.
From now on, we identify the logging routine simply as log,
in order to simplify the explanation. We measure its runtime
with a user-defined call frequency f, equal to the event call
frequency in the application trace. To do so the user inputs
for how long he wants to measure log under f. After a
warmup to avoid spurious observations, we do ¢ x f calls
to log and a function to sleep 1/f units of time, which
we’ll call sleep. If the 10g execution was instantaneous and
sleep runtime was exactly the amount of time it is asked
to sleep (i.e., if it had zero overhead), then the calls would
take exactly ¢ units of time. Thus, to get the mean execution
time of 1og we reduce ¢ from the measured execution time,
and also reduce the overhead of sleep under f, which is
measured in the exact same fashion. We repeat this process
according to a user definition, obtaining n means which later
on are used to obtain an estimation of the expected value for
the overhead of 1og under f. Algorithm 1 details this routine.
Notice that sleeping holds the time spent sleeping and also
the overhead of both sleep and of the timer.

Ideally the sleep function should mimic the system load
during the execution of the traced application. Currently we
use a function which suspends the execution of the current

Algorithm 1 The benchmarking routine

1

measurements < (J ; period < 7

for « = 0;¢ <iters;i + + do
sleep(period)
end for
sleeping < 0
for : = 0;¢ <replications; i + + do
start_timer()
for j = 0;j <iters;j + + do
sleep(period)
end for
end_timer()
sleeping += elapsed_time
end for
sleeping = %
for ; = 0;7 <replications;: + + do
start_timer()
for j = 0; 5 <iters;j + + do
log()
sleep(period)
end for
end_timer()
measurement; <—
end for

;iters <t X f
> Warmup

elapsed_time—sleeping
iters

thread (namely POSIX nanosleep), which is an imperfec-
tion of our tool. However, our methodology allows system load
to be taken into account by using a more appropriate function
instead. We also observe that in our implementation we assume
an uniform event frequency throughout the application run. We
therefore assume the application behavior is regular. Finally,
we currently assume the same event frequency on every
process of a parallel application.

This might seem overzealous, but as aforementioned the
calls to 1og are usually very fast. In our case, they are smaller
than the overhead of sleep. We observed that, for very high
frequencies, the variability is very large and we often end
up with negative values for execution times after reducing
the overhead of sleep. There are two strategies to handle
high measurement variability: taking more replications or
considering the standard error. For the former, we recommend
the user do a large number of replications, i.e., such that he
obtains a (positive) estimation of the expected value that ceases
to change with an increase in the amount of replications. The
replications have to be used both when measuring the overhead
of sleep as well as when measuring the overhead of 1o0g. For
the later, set the number of replications that gives a sufficiently
low value for the standard error of the mean [11]. The second
strategy can also be implemented in an online fashion, during
the execution of Algorithm 1.

B. Compensation Strategies using the Measured Overhead

After estimating the overhead as described in Section III-A,
we subtract such estimation from the timestamps of recorded
events. For events that are local to a process, i.e. independent
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of events from other processes, this compensation is done
directly. For non-local events, i.e. events that depend on events
from other processes, we must compensate based also on the
timestamp of any dependent event in order to respect and
maintain the causality between them.

Given eventfn, the ith measured timestamp of an event on
a certain process, event’, the approximated (compensated)
timestamp of that event is given by Equation 1, where O is
the overhead estimate.

event!, = event'™! + (event! —event'"!) =0 (1)

Compensating non-local events is not as straightforward,
and depends on the concurrency model. We adopt the formulas
for message passing applications defined by Malony [8]. As
noted by Vincent [12], compensation in the face of non-
determinism may change the program behavior because it
might break the observed causal relationships among pro-
cesses. In the case of MPI applications, non-determinism is
present when using MPI_ANY_SOURCE to receive a message
from any process instead of a specific one. In this case, our
tracing tool register which process actually sent the message
in that execution, instead of registering MPI_ANY_SOURCE.
Thus, the application might be non-deterministic, but the
traced execution is not, and we can compensate it normally.

IV. EARLY RESULTS AND DISCUSSION

In this section we present early results comparing the
implementation of our method, which considers event fre-
quency to calculate the mean execution time, with traditional
methods which are base solely on averages. We traced a set
of applications (described in section IV-B) in a shared mem-
ory environment (in IV-A) and compared the compensation
techniques using several metrics (in IV-B).

A. Hardware/Software Configuration and Benchmarks

Besides using simple “ping pong” applications, we evaluate
our model with two real world applications: Ondes3D vl.1,
an earthquake simulator [14] and OSU Microbenchmarks v5.2
[15], more specifically the osu_multi_lat benchmark.

We use a server from INF/UFRGS with 32GB of memory
and two Intel Xeon E5-2630 Sandy Bridge processors with
six physical cores each (each core with two processing units),
running Ubuntu 14.04.1, Linux 3.16.0-51. Everything was
compiled using OpenMPI 1.6.5 implementation of the MPI
standard and GCC 4.8, with the default optimization flags
from each application. More specifically, all tests were done
using the SM (shared memory) BTL (byte transfer layer)
of OpenMPI, with the default MCA (Modular Component
Architecture) parameters.

B. Results

We first do a visual space/time comparison of the compen-
sated and uncompensated traces. Such fine grained comparison
strategy looks for small changes in the compensated version.
An example is shown in Figure 1, depicting a space/time view

of the original execution trace of a run of Ondes3D. The
processes are displayed on the vertical axis, while the runtime
is in the horizontal axis. Each rectangle represents an event,
and the arrows show message passing among them. The arrow
color represents the message size in bytes. Early attempts
with this method yielded too dissimilar views for a given
time slice, rendering the comparison between the compensated
(with our method) and original traces inconclusive. In other
words, compensation shifted the event timestamps to such
a degree that zooming in the same time slice renders two
different regions of the trace, one in the original trace and
another in the compensated one, at least at the end of the
trace file, where the accumulated overhead is larger. Since we
could not determine the fine grain impact of our method, we
did not go any further with this metric to try to compare ours
with traditional methods. As future work we intend to run
Ondes3D on a networked environment and use the simpler
metric described below to evaluate our method.

The main problem with the space/time view is the lack of
a unique and simple metric that represent how far we are
from the original uninstrumented version. Because of this, we
consider also a simple metric to compare mean application ex-
ecution times — that of the uninstrumented application run, that
of the instrumented application, and that of the compensated
version of that trace using both ours and traditional methods.
In this case we say that a method is better than another if
the execution time is closer to that of the uninstrumented run.
For such comparison, we do thirty executions and compare
the mean execution times.

Table I shows the comparison of the mean execution time
of the OSU Microbenchmarks application. When considering
event frequency, the execution times in the compensated
trace are better than when not considering it. Although we
observed similar results with other applications as well, we
note that the difference in execution time is within the standard
error. Furthermore, there was very little difference between
the instrumented and uninstrumented execution times (i.e.
little intrusion to be compensated in the first place). The
measurements fit a somewhat normal distribution, with two
modes towards the center.

TABLE I: Comparing the mean execution time of each trace
(for a 99.7% confidence interval) of the OSU benchmark.

Execution Mean Standard error
Uninstrumented 12.958  0.2805
Instrumented 13.102  0.1766
Traditional 13.058  0.1765
Frequency (our approach) 12.945 0.1765

V. CONCLUSION AND FUTURE WORK

In performance analysis we wish for the recorded appli-
cation behavior to faithfully approximate the real application
run. Compensation is one method to do this approximation,
and a correct overhead estimation is paramount. In this work
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Fig. 1: Space/time comparison of original (bottom) and compensated version (top) for the Ondes3D trace with 16 ranks.

we observed that event frequency is a determinant factor of
logging overhead. We also presented a novel approach to
deal with this relation, and presented evidence from early
experiments suggesting improvement over traditional methods.

Although we did not yet find a suitable way to do a fine
grained comparison of our method with previous ones, mean
execution time comparisons (as used by previous authors [8])
indicate improvements. Moreover, the mere observation of
the dependency between event frequency and execution time
should be enough to reduce the error in the compensation.

Future work include tests with applications with larger intru-
sion, and tests in a networked environment instead of a shared
memory one. We also intend to improve our implementation
of the method described in this article, for instance considering
per process frequencies and comparing this to the current
implementation. We also intend to study the validity of this
approach when working with irregular applications. At the
same time we shall keep searching for comparison metrics
to better evaluate the impacts of our work.
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Abstract

Power demand and energy consumption is a primary
constraint for the HPC community. In response, researchers
aim to build alternatives to reduce power demand with-
out reducing computing power. One approach to overcome
power constraints is using low power processors. However,
these ARM processors have low power demand and lower
performance. In this paper we have compared the energy
efficiency between a MPSoC with ARM processor and a
conventional Intel XEON processor. We have used different
benchmarks of NAS Parallel Benchmark (NPB) to analyze
execution time and total energy consumption. The prelimi-
nary results show the ARM processors are up to 20.56 times
lower performance. Moreover, their power demand are up
to 27.65 times lower for all benchmark tested. In this way,
using ARM processor, we can reduce the total energy con-
sumption in up to 1.34 times.

1. Introduction

Power demand and energy consumption is a pri-
mary constraint for the HPC (High Performance Comput-
ing)community. According to DARPA report, the power
limit for future exascale systems is 20MW [5]. However,
the current topfive system, the Sunway TaihuLight, de-
mand 15.4MW to compute 93PFlops. In response to high
power demand, researchers aim to build alternatives to re-
duce power demand without reducing computing power.

% This research has received funding from the EU H2020 Programme
and from MCTI/RNP-Brazil under the HPC4E Project, grant agree-
ment number 689772. Work developed on the context of the associated
international laboratory between UFRGS and Université de Grenoble
- LICIA.

One approach to overcome power constraints is using MP-
SoCs with ARM processors. The Mont-Blanc Project is
one of the first to introduce this idea [7].

Today, the main objective of the HPC community is
the reduction of power consumption while maintaining or
even improving the performance of supercomputers. One of
the community approaches to increase performance with-
out incurring the increase in energy consumption is the use
of low-power processors, such as the ARM architecture.
Newer processors this architecture have floating-point pro-
cessing units, and possess a frequency of the reasonable
clock, making it even more plausible the use of this HPC.

In this context, this paper question the feasibility to use
low power processors in HPC. To address this question we
compare the performance and energy consumption of a MP-
SoCs with ARM processors with a Intel XEON using NAS
benchmark. The rest of the paper is structured as follows. In
Section 2, we present related works on energy consumption
and performance on ARM platforms. In Section 3, we dis-
cuss the methodology and the testbed evaluation. Section 4
describes the tests results obtained. Section 5 outlines our
conclusions, contributions and future work perspectives.

2. Related Work

To build the next generation of supercomputers the HPC
community have the power demand as a central question.
Many papers have evaluated the runtime and power de-
mand tradeof with different benchmark and real applica-
tions. Among them, different approaches have been used in
the care of power consumption on the HPC.

In this context, power hungry CPUs are leaving space
to new technologies in supercomputers design. Embedded
processors, such as ARM are a possible alternative over
CPUs that are the norm to supercomputers. Once, recent
ARMVT7 ISA have native support to single-precision FP and
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double-precision. Also, they have support for SIMD in-
structions with the NEON unit [1]. Emily Blem, Jaikrish-
nan Menon, and Karthikeyan Sankaralingam [3] reviewed
the RISC vs. CISC debate considering the contemporary
ARM and x86 processors running modern workloads to un-
derstand the role of ISA on performance, power and energy.

Jack Dongarra and Piotr Luszczek [4] present a land-
scape to analyze ARM. The authors make a comparison
of energy efficiency with ARM and several Intel CPUs.
Their results point that ARM has better efficiency (about
4 GFlops/W). Valero et al. [9] present similar results. The
Cortex A9 have an efficiency of 4 GFlops/W and the fu-
ture Cortex A15 have 8 GFlops/W. These values depict bet-
ter efficiency than INTEL and IBM processors.

Rafael Aroca and Luiz Gongalves [2] evaluated the
power efficiency of several ARM and x86 devices while
running typical server and number crunching tasks.
They conclude that ARM processors have good perfor-
mance to build servers and clusters, specially when con-
sidering the performance per watt and that processing
clusters based on ARM processors are feasible to de-
crease power usage of several server applications.

Nikola Rajovic et al. [8] deploy and evaluate the first
cluster for HPC with ARM mobile processors. The results
show that the ARM Cortex-A9 is up to ten times slower than
an intel i7 processor, but achieves a competitive energy effi-
ciency compared to multicore systems in the Green500 list.
Dominik GoDdeke et al. [6] employed a prototype ARM-
based cluster to evaluate the performance trade-off between
time and energy solving real-world problems.

Different to selected related works, our work analize the
feasibility to use low power processors in HPC. In this we
have used NPB benchmarks to compare the runtime and en-
ergy consumption of a MPSoC with ARM processor A20
model with a Intel processor XEON model.

3. Experimental Method

This section describes the methodology used in this
study. We present the execution environment, and then dis-
cuss the Benchmark and Workload methodology.

3.1. Execution Environment

The execution environment is composed of two plat-
forms. The first is a MPSoC Cubietruck equipped with
ARM processor and the second is a server with Intel proces-
sor. Table 1 shows the main characteristics of each equip-
ment.

The operating system on the MPSoC was provided by
manufacturer, a modified version of GNU/Linux distribu-
tion with kernel version 3.4.106 compiles the application
using gcc version 4.9.2. On Server, the operating system is

Cubietruck Server
Processor A7 Xeon
Manufacturer AllWinnerTech Intel
Processor Model A20 E5-2640v2
Processor Technology (nm) 40 22
Clock Frequency (GHz) 1 2
Cores/Processor (#) 2 8
Memory (GB) 2 32
Cache L1/Core (KB) 64 512
Cache L2 (KB) 256 2048
Cache L3 Shared (MB) 0 20

Table 1. Detailed configuration.

the Ubuntu version 14.04 with kernel version 3.16.0-70 and
gce version 4.8.4

3.2. Benchmark and Workload

To measure the runtime and energy consumption
we used NAS Parallel Benchmark (NPB). We run
BT, FT, LU, MG and IS benchmarks sequentially and par-
allelly aim to analyze different workloads. In parallel ver-
sion OMP was used with 2 threads in the Cubietruck and
with 2, 4 and 8 threads in the Server.

We are measuring the power demand only of the proces-
sor, once this component determines the greater constraint
of electrical power on the supplier.

4. Results

In this section the results will be presented. First we an-
alyze the scalability of the devices with the parallel bench-
marks and then the power consumption thereof.

4.1. Scalability Analysis

Scalability is one of the big challenges in HPC systems
and is related to problems of all levels in the system. In the
context of this work, the goal is to analyze scalability of an
ARM processor and an Intel processor, making a runtime
comparison between both.

Figure 1 presents the speedup achieved in the equip-
ments with all benchmarks used. In the Server running the
sequential version and paralleled with 2, 4 and 8 threads,
and in the Cubietruck running in sequential version and with
2 threads, according the total amount of cores.

On the Server with 2 threads was obtained the small
speedup, an average of 1.18. For 4 threads the average was
2.26. When using 8 threads, the speedup obtained were 3.50
and 4.87 for MG and IS respectively, as can be seen in
the Figure 1(a). On the Cubietruck was obtained an aver-
age scalability of 1.52. The smallest speedup was 1.06 for
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FT and the highest was 1.79 for LU, as shown in the Fig-
ure 1(b).

It is interesting to note that, on Intel processor used in
the Server (Figure 1(a)) has a very small speedup when 2
threads were used if compared with Cubietruck. Featuring
a gain of speedup considerably with 4 and 8 threads. For ex-
ample, for MG benchmark with 2 threads the speedup was
of only 1.0039.

To better analyze this point, we show in the Figure 2 a
speedup comparison between the two processors, while run-
ning the benchmarks with 2 threads.
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Figure 2. Speedup comparison for 2 Threads

Comparing the speedup between the two devices when
used only 2 threads, the Cubietruck presents better perfor-
mance in 4 benchmarks (BT, LU, IS and MG), with smaller
speedup that the Server only on the FT benchmark.

4.2. Total Energy Consumption Analysis

Taking into account that the energy consumption is one
of the current limitations of the HPC systems, in this sec-
tion we analyze the total energy spent by devices to com-
plete the execution of each benchmarks.

The Figure 3(a) shows the total energy consumption for
the Server, running the sequential version and paralleled
with 2, 4 and 8 threads. In the Figure 3(b) shows the to-
tal energy consumption for the Cubietruck running the se-
quential version and parallel with 2 threads.

When executed the benchmarks on the Server (Fig-
ure 3(a)) with 2 threads, it increases the total energy con-
sumption for BT, FT and MG. On the other hand, the energy
was reduced for IS and LU and for all other tested configu-
rations.

Server presents a reduced of the total energy consump-
tion of approximately half of the sequential version when
paralleled with 8 threads (Figure 3(a)). The largest con-
sumption reduction for this configuration was obtained in
the IS achieving a reduction of 58.21% and the lowest was
MG with reduction of 41.85%.

ARM processor provides a significant reduction in total
energy consumption to some of the benchmarks when paral-
leled with 2 threads (Figure 3(b)). Were achieved consump-
tion reductions between 4.80% (FT) and 42.86% (MG). The
lower reduction in total energy spent for FT benchmark can
be explained by the fact that the performance of the paral-
lel version does not increase.

It is interesting to make a direct comparison between the
devices when both run a parallel version of benchmarks
with 2 threads. Cubietruck spents 66% less energy for IS
benchmark and 35% more for FT benchmark when com-
pared to energy spent on Server.
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When compared the energy using all processors avail-
able in each platform (Cubietruck with 2 threads x Server
with 8 threads), the diference increases. Cubietruck spent
25.62% less energy for IS benchmark, and Cubietruck spent
between 38.85% (BT) and 179.02% (FT) more energy than
Server.

5. Conclusion

This paper discusses the question of use low power pro-
cessors in HPC. We analyse the scalability and the total en-
ergy consumption between a MPSoC with ARM processor
and a Intel processor. Using NPB benchmark, our contribu-
tions include: (i) evaluation and comparison of performance
and scalability of each processor; and (ii) comparison of to-
tal energy consumption of processors to finalize the execu-
tion of the benchmarks.

We evaluate 1 MPSoC with processor on ARM and 1
Server with processor Intel. In our experiments, we saw
that the intel processor running the benchmarks in paral-
lel is about 20.56 to 73.55 times faster than the ARM pro-
cessor. On the other hand, the ratio of the total energy of the
two processors is far lower, being between 0.74 and 2.79
times.

We find that ARM processors have good scalability com-
pared to the intel processor, getting a speedup average 1.52
with 2 threads, while the intel processor, with the same
number of threads obtained an average speedup of only
1.18.

Our future work will focus on several energy consump-
tion reduction options for hpc environments. Focusing
mainly on MPSoCs and GPUs.
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Abstract—In High-Performance Computing, parallel file sys-
tems (PFS) are used by applications to obtain I/O performance
even when handling large amounts of data. To alleviate the
concurrency caused by thousands of nodes accessing a smaller
number of PFS servers, intermediate I/O nodes are deployed
between processing nodes and the file system servers. Each
intermediate I/O node forwards requests from multiple clients to
the file system. This scenario is suitable to perform optimizations
like I/0 scheduling.

In this paper, we present and evaluate a new scheduling
algorithm for the forwarding layer that coordinates intermediate
I/0 nodes’ accesses to servers. Our proposal works to decrease
concurrency at the data servers, a factor previously shown to
negatively affect performance. The proposed algorithm is able to
improve read performance by up to 30% over other scheduling
algorithms and by up to 51% over not using an I/O forwarding
layer.

I. INTRODUCTION

Scientific applications demand increasing performance from
the High-Performance Computing (HPC) field. These require-
ments justify the appearance of ever increasing large scale
parallel platforms. It is common for such platforms to have a
shared storage infrastructure over a dedicated set of nodes with
a parallel file system (PFS) deployment. Due to the historical
gap between processing and data access speeds, parallel I/O is
a limiting factor for many applications’ performance. Further-
more, the applications’ performance could be impaired if all
processing nodes were to concurrently access the file system
servers.

I/O forwarding is a technique employed by several large-
scale clusters and supercomputers aiming at reducing the num-
ber of clients concurrently accessing the file system servers.
In this context, some dedicated nodes receive I/O requests and
forward them to the file system [1], as illustrated in Fig. 1.
Besides performance, this additional layer between application
and file system provides the opportunity to apply optimizations
like requests reordering and aggregation.

Write operations have been the main focus of parallel I/O
research. However, scientific applications have been reading
increasing amounts of data to leverage previous knowledge
into their analysis. Argonne National Laboratory analyzed
the top ten applications regarding its I/O operations on a
supercomputer. It was revealed that large amounts of data
were being read, with three of these applications exclusively
performing read operations during their executions [2]. For
this reason, we focus our study on the performance of read
requests.

In this paper, we evaluate a new scheduling algorithm for
the forwarding layer that aims at decreasing contention when
accessing the parallel file system data servers. It coordinates
accesses using time windows so that in each window each I/O
node focus all its requests to one data server and different I/O
nodes focus on different data servers. We show performance
improvements with our algorithm over existing schedulers.

The rest of the paper is organized in the following way:
the next section provides a background and discusses related
work. Section III discusses our new scheduling algorithm
for the forwarding layer, including its implementation and
requirements. The experimental methodology and results are
presented in Section IV. Final remarks and future work are
presented in Section V.

II. BACKGROUND AND RELATED WORK

IOFSL [3] is an open-source framework that implements
the I/O forwarding technique as an attempt to bridge the
increasing performance scalability gap between computing and
I/O components. IOFSL ships I/O calls from compute nodes to
dedicated I/O nodes, that perform operations on behalf of those
compute nodes. It uses the stateless ZOIDFS 1/O protocol,
the API from the ZOID forwarding infrastructure [4], and
the Buffered Message Interface (BMI) [5] network abstraction
layer to provide request forwarding over multiple parallel file
systems and interconnection networks. The IOFSL software
stack consists of two main components: a ZOIDFS client
library running on the compute nodes and an I/O forwarding
daemon running on the intermediate I/O nodes. The client

PROCESSING NODES 1/0 FORWARDING PFS

Fig. 1. I/O forwarding scheme on a large-scale cluster or supercomputer.
The number of forwarding nodes is generally smaller than the number of
processing nodes and larger than the number of parallel file system servers.
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library transparently forwards I/O requests from the compute
node to the corresponding I/O node.

Ohta et al. [6] improved the performance of the IOFSL
framework by using I/O scheduling. They implemented two
algorithms: a simple First In, First Out (FIFO) and a
quantum-based algorithm they called Handle-Based Round-
Robin (HBRR). The latter is based on an algorithm success-
fully applied to parallel file systems’ data servers, and aims at
performing requests reordering and aggregations to improve
the generated access pattern.

We have chosen to use IOFSL in our research because
it is the only available open-source tool already tested on
large scale clusters and supercomputers. Furthermore, we
could build on previous works and contributions to effectively
compare our new solution with the state of the art.

AGIOS [7] is a scheduling library that can be used by I/O
services to manage incoming I/O requests at the file level
(file offsets). It implements five scheduling algorithms and
it exposes a simple API to build new schedulers. Because
we wanted our solution to be generic and possibly ported to
other forwarding tools, or even used in the file system server
context, we have integrated the AGIOS scheduling library
in the IOFSL as a scheduling option and harness its API
to prototype our new scheduler. With the AGIOS scheduling
option, requests are added to the library’s queues when they
arrive at the forwarding nodes. When the algorithm applied
by AGIOS decides it is time to process a request, a callback
function inside IOFSL simply adds it to the dispatch queue.
This ensures requests will be processed in the order dictated
by the scheduling algorithm in use.

III. COORDINATING PFS SERVER ACCESS WITH TWINS

In this section, we present a new I/O scheduling algorithm
for the I/O forwarding layer called Time WINdows Scheduler
(TWINS). The main idea is coordinate intermediate I/O nodes
accesses to the file system servers so that, at any given
moment:

1) an I/O node is focusing all its accesses on one server;
2) different I/O nodes are focusing on different servers.

TWINS keeps multiple request queues, one per data server.
During the execution, it iterates the queues in a round robin
fashion, respecting the time window dedicated to each server.
This implies in additional waiting time if there are no requests
for the current server, even if there are incoming requests
to other data servers. The pseudo-code for this scheduler is
presented in Algorithm 1.

Our scheduling algorithm requires additional information to
work, besides the typically available information - file handle,
offset, type, and size - found I/O requests. It is necessary to
know exactly where each stripe of a file is located so the
requests could be grouped by data servers.

We have modified the IOFSL code to collect the file layout
information from the file system when opening or creating a
file. Since this information is requested only once and kept
while the file is open, no significant overhead is expected.
Furthermore, as the file distribution never changes during its

Algorithm 1 TWINS

Require: Q[i] is the updated list of requests to server i
1: 10
2: while true do

3 resetTimer()

4: while elapsedTime() < windowSize do

5: if length(Q[i]) > 0 then

6: processRequest(Q[i])

7: else

8 timeout < windowSize — elapsedTime()
9: timedW ait For Requests(Q|[i], timeout)
10: end if

11 end while

12: i < nextServer(i)

13: end while

lifetime and in several file systems it is possible to obtain the
data file layout, our approach continues to be generic.

Using the file distribution information, the starting server
for a request is obtained as a function of its starting offset and
stripe size. An additional translation step is required so each
IOFSL server focuses its window on a distinct server. This
translation is done according to the IOFSL node identifier.
The Ny, 1/0 node will use the Ny, permutation of the data
servers list as a translation rule. Therefore, if the number
of intermediate I/O nodes is larger than the number of data
servers, more than one node may access the same server at
the same time, but these concurrent accesses are minimized.

IV. EXPERIMENTAL RESULTS

Experiments were conducted in clusters from the Nancy
site of Grid’5000 [8]. Four machines from the Grimoire
cluster were selected as PVFS2 servers and 32 machines from
the Grisou cluster as clients. Four additional machines from
Grisou were configured to act as the forwarding layer. Clients
are equally distributed among the I/O nodes.

Grimoire’s nodes have two 8-core Intel Xeon ES5-2630
v3 and 126 GB of RAM. Grisou’s nodes are identical to
Grimoire’s ones. A 558 GB hard disk is used for storage at the
servers. Nodes are interconnected through a 10 Gbps Ethernet
network, and there is a 10 Gbps link between the clusters.

PVES version 2.8.2 was deployed with its default param-
eters. Data servers were configured to bypass buffer caches.
IOFSL uses the PVFS2 client library to communicate directly
with the file system. The maximum number of requests that
can be aggregated from the dispatch queue was 16, the default.

The MPI-IO Test benchmark was executed by 128 pro-
cesses. Each one generates 1024 requests of 32 KB (32 MB
per process), a total of 4 GB per test. Processes read a shared
file using a 1D strided access pattern. From each execution, we
take the completion time of the slowest process (makespan).

Experiments were repeated 8 times in a random order, and
error bars were calculated using a 99.7% confidence interval,
i.e. there is a 99.7% probability that the true mean lies between
the lower and upper bounds of the interval. These bounds are
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Fig. 2. Comparison of different window sizes for TWINS scheduler and the
default IOFSL schedulers - FIFO and HBRR - for the single shared-file with
1D strided access pattern.

equivalent to three times the standard deviation divided by the
square root of the number of measurements.

Figure 2 depicts the results obtained by TWINS and com-
pares them with results obtained with other employed schedul-
ing algorithms for the I/O forwarding layer and with not using
IOFSL. For the 1D strided access pattern, TWINS provides
a performance improvement of approximately 30% over the
HBRR algorithm (with IOFSL) and of approximately 51%
over not using IOFSL. This access pattern is ideal for TWINS
because the scheduler always has requests for all servers since
processes start their accesses at different ones. Therefore it has
the opportunity to perform meaningful coordination, reducing
competition for resources.

The time window duration also has an impact on the execu-
tion time. A small window does not allow an effective access
coordination because it does not hold requests to other servers
long enough for them to be aggregated. On the other hand,
a large window imposes overhead as there are not enough
requests to each data server to fill a whole window, so the
scheduler spends too much time waiting. Figure 2 also shows
that the window size that presented the best performance is of
8 milliseconds. This initial results demonstrate that TWINS
is able to coordinate I/O nodes access by reducing contention
when accessing the file system data servers.

V. CONLUSIONS

In this paper, we studied read performance in the 1/O
forwarding layer. We evaluated two algorithms from related
work - FIFO and HBRR - in the IOFSL framework. Our
analysis has shown that, despite improving read performance,
techniques to adjust the access patterns (requests aggregation
and reordering) are only partially effective because the access
pattern is not the main factor for read performance through
the I/O nodes.

We have proposed a new scheduling algorithm for the I/O
forwarding layer called TWINS. Our algorithm uses time

windows to coordinate the I/O nodes’ accesses to different
data servers, working to decrease contention. Our performance
evaluation has shown improvements for 1D strided access pat-
terns of 30% over the FIFO and HBRR algorithms. Compared
to not using I/O forwarding nodes this gains goes up to 51%.
These initial results demonstrates that our new scheduler is
able to reduce contention and improve performance.

Future work will focus on studying other access patterns and
exploring additional I/O forwarding layer configurations such
as the ratio of clients to I/O nodes and additional benchmarks.
Furthermore, we also expect to focus our study on proposing
an automatic mechanism to tune the window size based on the
system configuration and on the application access pattern.
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Abstract

This paper presents an I/O performance and energy ef-
ficiency analysis of low-power processors when compared
to conventional architectures. This study aims at evaluat-
ing the viability of using such low-power architectures as
servers to file systems in HPC environments. Results have
shown that the low-power architecture could be an alter-
native to applications that perform many more read opera-
tions than write operations. The study also has shown that
this architecture could lead to 93% of energy consumption
decrease in read operations.

1. Introduction

The increase of processing power in architectures of
High-Performance Computing (HPC) came along with the
increase of a significant power demand on these systems.
Great energetic demands like this are not the best scenario
ecologically and economically speaking. In this regard, a
DARPA report suggests that future HPC systems - from
which is expected exaflops performance - should obey a
20MW limit on power demand [1].

Based on this premise, researchers have been seeking al-
ternatives to respect such limits. A commonly used strat-
egy is the use of low power architectures, changing reg-
ular processors to Advanced RISC Machines processors
(ARM). Despite presenting less performance, these archi-
tectures give better power efficiency to some scientific ap-
plications [2].

However, processing is not the only one responsible for
the big energetic consumption on High-Performance Com-
puting Systems. Input and Output operations - known as I/O

operations - also contributes to the high power demand, due
to the crescent gap between processing and storage laten-
cies. Therefore, it is common that applications spend a sig-
nificant time on I/O operations and, for this reason, meth-
ods on how to decrease this power demand should be stud-
ied.

Considering the HPC scenario, I/O operations are pro-
cessed by the parallel file system (PFS) and machines op-
erate as servers for the data. These servers receive requests
from the processing nodes and process them accessing the
local storage system. Therefore, the processing capability
of these machines is not well explored due to the elevated
time spent with I/O operations. As an alternative, it is pos-
sible to consider that low demanding power architectures
when used as storage servers could be an alternative that
might lead to better energy efficiency.

With the possibility to use a low power architecture as
a storage server in mind, the objective of this paper is to
do a comparison between the mentioned architecture with
a traditional computer, both working as parallel file system
data servers. The rest of this paper is organized as follows.
The next section discusses the experimental methodology
involved and results are shown in Section 3. Lastly, the con-
clusion of this paper and future work are presented in Sec-
tion 4.

2. Experimental Methodology

To achieve the objective of this research, two machines
were used. The low power computer chosen was an A20
dual-core ARM Cortex-A7 processor produced by AllWin-
ner running at 1GHz frequency. Besides, the machine has
2GB RAM memory and 8GB NAND storage. The storage
device used was an SSD 840 Series MZ-7TD500BW by
Samsung with a capacity of 5S00GB and a SATA 6Gb/s bus.
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It was not possible to run a real file system on the ARM
processor. The impossibility was due to the fact that the pro-
cessor only accepts a modified Linux kernel as an opera-
tional system that does not support the file system. Attempts
were made to install the module that supports it, but they
were not successful. Instead, an MPI code was used to sim-
ulate the file servers’ activity. The servers’ simulation con-
sists of them receiving requests that are staggered and there
is no communication between the servers.

Requests are provided to the servers through trace files.
Each one of them is organized as follows: there is one re-
quest per line and each line contains the application’s times-
tamp, the request’s size and the file’s offset. The trace file
approach was used because it was of this research’s inter-
ests to isolate the network so a fair comparison could be
made. By using the mentioned approach, it is possible to
exclude the time needed to a client to make a request.

In addition, it would also have been unfair to compare
the network used in our low power cluster with a regular
cluster’s one, because it is far slower and would harm per-
formance. With that in mind, we decided to take the net-
work off our experiments, because we wanted to focus on
the processing capabilities of the low power architectures.
Without the network in place, we were able to use a sin-
gle desktop in the comparison, which allowed the usage of
the same SSD memory in both architectures, simulating, the
fact that in a conventional cluster we would not be able to
change storage devices. By using the same storage device,
a more fair comparison was made, taking into account par-
ticularities in our storage device and its characteristics.

The measurement of power was made with a P4460 Kill
A Watt EZ power meter, which has an accuracy of 0.5% and
a refresh rate of 1 second. However, since the equipment
used does not have any means of communication with ex-
ternal devices, it was impossible to gather data directly from
it. We then devised a method for data gathering, which con-
sisted of filming the data being shown in the display of the
power meter and then synchronizing it with the timestamps
of beginning and end of each test. Thus, we were able to
manually get the data and analyze it.

Trace files were created to emulate a single client con-
tiguously accessing a 6GB file from the parallel file system
server. This access is separated in small (32KB) or large
(4MB) requests.

The size of all executed tests was 6GB. Tests were made
considering the requests’ size and the type of operation;
they were executed in both worked architectures. In order
to increase the reliability of the tests, each one of them was
repeated five times. Afterward, the arithmetical mean of the
five tests was made and the obtained value was used to ana-
lyze the data. Therefore, there were made forty experiments
and there were eight different configurations of tests.

3. Results

In this section, the results obtained will be presented.
Firstly, we will analyze how the size of requests and op-
eration influence the power demand. Afterward, in Section
3.2 the tests’ runtimes in both architectures will be com-
pared.

3.1. Power demand analysis

In order to investigate the influence of requests on power
demand, the average power will be used. This value is ob-
tained by the arithmetic mean of instant power measure-
ments.
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Figure 1. Power demand

Figure 1 shows the power demand on each architecture,
separated by size and type of operation (write or read). The
results for each architecture are in different columns and the
rows discriminate between the operation performed.

From this data, it is clear that the requests’ size does
not have any impact whatsoever on the demand for power,
neither in the Cubietruck nor in the Desktop configura-
tion. However, in the Cubietruck device the type of oper-
ation performed alters the demand: write operations con-
sume 40.2% more power than read operations in this archi-
tecture. The Cubietruck alternative also decreases power de-
mand in 90.2% in comparison to the Desktop architecture in
write operations and in 92.8% in readings.
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3.2. Runtime analysis

Another important measure of this research was the run-
time analysis of the conducted tests. The measures were
made by running the same tests on the low power and the
regular one architectures.
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Figure 2. Execution time

Figure 2 shows the runtime analysis on each architec-
ture, separated by size and type of operation (write or read).

By the results’ analysis, it is possible to see, in the first
place, that the requests’ size does not affect the tests’ run-
time. Also, it is clear to note that on read operations the
ARM processor and the regular processor present very sim-
ilar performance. Yet, we can see that write operations on
the low power architecture present a worse performance
than on the regular architecture. With 32KB request size,
by instance, the Cubietruck had a 68,8% increase of time
by comparing with the Desktop. Therefore, the ARM pro-
cessor could be an alternative to regular processors when
dealing with an application that performs a lot more read
operations than write ones.

3.3. Energy consumption analysis

The energy consumed in Joules by the experiments is ob-
tained multiplying the median power by the execution time.
Moreover, besides the impact caused by the type of opera-
tion because of the change in runtime, it is also expected to
be found differences in energy consumption by the tests be-
tween the different architectures. This happens because the
devices have different power demands.
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Figure 3 shows the energy analysis on each architecture,
separated by size and type of operation (write or read). It is
again seen that the requests size have little to no influence
in the results. By the graphics, it’s clearly observed that the
Cubietruck has great energy efficiency. The low-power ar-
chitecture consumes 93% less energy in read operations and
83.4% in write ones in comparison to the usual one.

Considering the fact that both architectures have simi-
lar runtimes in read operations, the ARM processor is a fea-
sible low-power alternative to regular processors in this as-
pect. Even when taking into account the 68.8% increase in
execution time seen during write operations in Section 3.2,
the alternative still stands as a possibility, since the energy
consumption decline in this scenario is of 83.4%. Hence,
the Cubietruck device would be a good substitute for reg-
ular architectures in applications that use more read opera-
tions than write ones.

4. Conclusions and Future Work

This study showed that low power processors could be
an alternative to applications that perform many more read
operations than write ones. The substitution would lead to
an energy economy of up to 83.4% in write operations and
93% in read ones.

As future work, we plan to emulate real scientific ap-
plications and include more workloads in the study, such
as non-contiguous accesses to files, more clients accessing
concurrently the file system and different access patterns.
Moreover, we will include the network in the future analy-
sis.
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Resumo

This work presents a performance and energy efficiency
analysis of 1/0 operations when using ARM processors with
SSD and HDD storage. We aim to evaluate the viability of
using such low-power architectures as file systems servers
in HPC environments. To address this question we used the
10zone benchmark to analyze the execution time and total
energy consumption. Prelimiry results point that ARM can
achieve energy savings of up to 136 times when compared
to conventional architectures.

1. Introducao

Em decorréncia do aumento significativo da demanda de
poténcia dos sistemas computacionais, inimeras pesquisas
vem sendo desenvolvidas pela comunidade de computacio
de alto desempenho em busca de alternativas que reduzam
demanda de poténcia dos sistemas. Nesta premissa, pesqui-
sadores sugerem no relatério DARPA um limite de 20MW
para os futuros sistemas exascale [4].

Para atender este limite pesquisas tém sido realiza-
das com diferentes alternativas. Uma delas é o uso de pro-
cessadores Advanced RISC Machine (ARM). Estes, ape-
sar de possuirem menos desempenho, propiciam uma

%  Trabalho parcialmente apoiado por CNPq, CAPES, FAPERGS. Possui
recursos do projeto Europeu EU H2020 Programme e do MCTI/RNP-
Brasil no Projeto HPC4E, sob nimero 689772. E realizada no con-
texto do Laboratdrio Internacional Associado entre a UFRGS e Uni-
versité de Grenoble-LICIA.

melhor eficiéncia energética para algumas aplicagdes ci-
entificas [9].

Os processadores representam um percentual signi-
ficativo na demanda de poténcia dos sistemas de HPC.
Da mesma forma, sistemas de arquivos também apre-
sentam impacto na demanda de poténcia. Nesses siste-
mas, as operacdes de E/S geralmente sdo feitas em sistemas
de arquivos paralelos. Entretanto todo o poder de proces-
samento do sistema geralmente nido é utilizado durante
operacdes de E/S. Nesses cendrios, o uso de arquitetu-
ras de baixa demanda de poténcia, como servidores de ar-
mazenamento, poderia apresentar uma melhor eficiéncia
energética [10].

A fim de avaliar a viabilidade dessa ideia, o pre-
sente artigo apresenta um estudo comparativo de eficiéncia
energética entre um computador com processador tradi-
cional e um Multi-Processor System-on-Chip (MPSoC)
com um processador ARM. Essa avaliagdo inclui dis-
cos rigidos (HDDs) e dispositivos de estado sélido (SSDs)
para o armazenamento.

O restante do trabalho estd assim organizado. A Secdo 2
discute os trabalhos relacionados Na Secdo 3 descreve o
método experimental e os ambientes utilizados nos testes.
Resultados sdo discutidos na Secdo 4 seguidos das con-
clusdes e trabalhos futuros.

2. Trabalhos Relacionados

Diversos trabalhos da literatura focam no consumo
energético de operacdes de E/S. Tais operagdes repre-
sentam grande parte do tempo de execugcdo de mui-
tas aplicacdes. Pesquisas menos recentes exploravam a
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utilizacdo de discos de mudltiplas velocidades para ser-
vidores de armazenamento [1, 3, 13]. Outras, mais atu-
ais, empregam Dynamic Voltage and Frequency Scaling
(DVEFS) para reduzir o consumo do processador du-
rante as operacdes de E/S.

Neste contexto, Ge et al. [2] propdem uma estratégia
para arquiteturas de HPC que envolve a realizagdo de DVFS
nos nds de processamento durante as suas operagdes de E/S.
Esta abordagem leva em consideragao as caracteristicas dos
acessos das aplicagdes para decidir a frequéncia mais apro-
priada. Uma técnica semelhante havia, anteriormente, sido
aplicada para aplicacdes sequenciais [11].

O consumo de energia é um dos principais problemas
para o desenvolvimento da préxima geracdo de supercom-
putadores. Pesquisas buscam avaliar o consumo de energia
de processadores de baixo consumo. McKenney et al. [5]
atingiu um ganho de eficiéncia energética de 10% em siste-
mas Mobile utilizando Cortex-AlS.

Ou et al. [7] comparou ARM e clusters baseados em In-
tel Nehalem para web services, e concluiu que ARM pro-
porciona na media uma eficiéncia energética de 1.3 vezes
melhor e é capaz de ter uma performance melhor do que o
Intel em alguns cendrios.

Por outra lado, Nijim et al. [6] combinam dispositi-
vos de armazenamento baseados em flash (SSDs) com dis-
cos HDD para prover armazenamento com menor consumo
energético. Isso € alcangado utilizando os dispositivos mais
répidos como uma cache para os discos rigidos. Essa es-
tratégia hibrida (SSD+HDD) de armazenamento é explo-
rada em diversos trabalhos para prover alto desempenho
para servidores de E/S [12]. Nesses casos, o SSD ¢ utili-
zado como uma cache por causa do seu alto custo por byte,
que inviabilizaria a substituicao total dos discos rigidos.

Desta forma, independentemente das técnicas discutidas
para redug@o do consumo, em muitas aplica¢des, o poder de
processamento as vezes subutilizado durante os periodos de
E/S. Nestes casos, o uso de processadores ARM poderia ser
uma alternativa para redu¢do da demanda de poténcia nos
sistemas de armazenamento.

Apesar da viabilidade do uso dessas arquiteturas para a
computagdo de alto desempenho ter sido objeto de traba-
lhos, ndo foram encontradas pesquisas que investiguem o
consumo energético de operacdes de E/S em arquiteturas
de baixa poténcia.

3. Método experimental

Dois ambientes foram utilizados para esse trabalho. O
primeiro, chamado de PC, é um computador tradicional
com um processador Intel Core2Duo modelo E8400. Esse
processador € da arquitetura Wolfdale e possui pipeline de
14 estdgios com execucdo de até 4 instrugdes por ciclo.

O equipamento possui 6 GB de RAM com frequéncia de
800 MHz.

O segundo ambiente ¢ um MPSoC CubieTruck com um
SoC A20 fabricado pela AllWinnerTech e uma dual GPU
MALI400 MP2, chamado de MPSoC. O processador é um
Dual Core ARM Cortex-A7. Esse processador possui uma
arquitetura superescalar, duas unidades de execugdo parcial,
pipeline com 8 estagios e execucdo em ordem. Ele é ba-
seado na arquitetura ARMv7-A e permite escalabilidade e
controle sobre o consumo de energia, uma vez que possibi-
lita o desligamento de qualquer um dos cores quando esti-
verem ociosos. O equipamento possui 2 GB de RAM com
frequéncia de 480 MHz.

O sistema operacional instalado em ambos equipamen-
tos € GNU/Linux. No PC utilizou-se Ubuntu com kernel
3.16.0 — 38 e no MPSoC Debian com kernel 3.4.106. O sis-
tema de arquivos utilizado para os experimentos foi o ext4.
A Tabela 1 apresenta as principais caracteristicas dos ambi-
entes experimentais.

| PC MPSoC
Processador Intel Core2Duo ARM Cortex A7
Modelo Processador E8400 AllWinnerTech SoC A20
Técnica de Fabricacéo (nm) 45 40
Frequéncia de Clock 3.0GHz 960MHz
Niimero de processadores 1 1
Cores/Processador (#) 2 2
TDP do processador (W) 65 0,25
Cache L1/Core (KB) 64x2 64
Cache L2/Core (KB) 6144 1024
Memoéria (GB) 6 (DDR2) 2 (LP DDR3)

Tabela 1: Configuracdo dos Ambientes

Também foi utilizado quatro dispositivos de armazena-
mento, dois SSDs e dois HDDs, a fim de cobrir diferentes
caracteristicas. Eles sdo apresentados na Tabela 2. Os nomes
apresentados na primeira coluna da tabela, serdo utilizados
no restante do texto para referencid-los. Em todos os expe-
rimentos foi utilizada a interface SATA II, suportada pelas
duas arquiteturas e por todos os dispositivos. Foram reali-
zados testes com os quatro dispositivos de armazenamento
nos dois equipamentos, totalizando oito configuragdes.

- . . Especificacoes Fabricante
Tipo | Fabricante Capacidade (GB) | RPM
Tensdo (VDC) Corrente (A)
HDD1 | HDD | Western Digital 160 5400 5 0,55
HDD2 | HDD | Seagate 500 7200 5 0,45
SSD1 SSD | Samsung 240 5 0,50
SSD2 | SSD | Kingston 120 5 1,00

Tabela 2: Dispositivos de Armazenamento Utilizados
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O benchmark utilizado para os testes foi o 10zone',
escolhido por ser amplamente aplicado e por permitir a
descricao de diversos padrdes de acesso. Os experimentos
foram realizados em cada uma das configuragdes com e sem
o uso da buffer cache. Foram testados os seguintes padrdes
de acesso: escrita sequencial; escrita randomica; leitura se-
quencial; e leitura randdmica.

Outro pardmetro avaliado nos testes foi o tamanho das
requisi¢des. Neste caso, foram utilizados 32 KB ou 4 MB.
Portanto, em cada configuracdo, foram realizados 16 tes-
tes, totalizando 128 experimentos, sendo que cada experi-
mento foi repetido 10 vezes para o cilculo da média. Para
medicdo de poténcia foi utilizado o equipamento Dranetz
PP-4300, que mensura tensdo e corrente alternada (CA) de
todo o equipamento [8].

4. Resultados

Nesta secdo, serdo apresentados os resultados obtidos
durante a execugdo do benchmark, bem como da medicio
da poténcia instantdnea consumida para a realizagdo dos
testes.

A Tabela 3 demostra a poténcia média dos equipamentos
durantes os testes do benchmark.

Equipamento | Requisi¢io | Cache | HDD1 | HDD2 | SSD1 | SSD2

PC 32KB off 60,071 | 56,240 | 59,247 | 59,987
PC 32KB on 59,214 | 57,205 | 64,752 | 69,503
PC 4096KB off 58,153 | 57,084 | 58,306 | 57,962
PC 4096KB on 60,537 | 59,301 | 66,432 | 65,500
MPSoC 32KB off 15,269 | 12,883 | 8,473 | 10,265
MPSoC 32KB on 16,443 | 12,979 | 9,233 | 11,235
MPSoC 4096KB off 16,931 | 13,659 | 8,661 | 10,954
MPSoC 4096KB on 17,405 | 14,479 | 9,257 | 11,268

Tabela 3: Poténcia Média (W) dos Equipamentos

Estes valores foram obtidos através da média aritmética
das medicdes de poténcia instantinea providas pelo equipa-
mento de medi¢do durante cada teste. A poténcia é anali-
sada, uma vez que ela ndo depende da duracdo dos testes,
ou seja, independe do tempo dos testes realizados pelo ben-
chmark.

Os dados de tempo foram alcancados de modo que o
benchmark acessava 2 GB no dispositivo de armazena-
mento teste, estes acessos aconteciam com varios padrdes,
ja discutidos na Secdo 3, assim a Tabela 4 traz uma média
aritmética do tempo de execugdo de todos os padrdes. O
tempo de execucdo do benchmark entre os dispositivos
difere consideravelmente entre os HDDs em relacdo aos
SSDs. No PC as diferencas de tempo de execugdo sdo mais

1 Disponivel em http://www.iozone.org/

Equipamento | Requisi¢io | Cache | HDD1 | HDD2 | SSD1 | SSD2
PC 32KB | off [ 253,768 | 237,647 | 221,071 | 16,694

PC 32KB | on 17,449 | 18,037 | 16,500 | 3,432

PC 4096KB | off 36,756 | 28,541 8306 | 8,743

PC 4096KB | on 13,400 8,752 4,125 | 4,018
MPSoC 32KB | off | 275,091 | 252,950 | 44,589 | 58,651
MPSoC 32KB | on 101,812 | 104,275 | 33,622 | 34,881
MPSoC 4096KB | off 51,316 | 43,863 | 34,142 | 36,666
MPSoC 4096KB | on 37,004 | 36,043 | 32,124 | 32,006

Tabela 4: Tempo Médio (s) de Execucdo do Benchmark

evidentes, apresentando redugdes de tempo entre 2 e 20 ve-
zes. Ja no MPSoC, estas diferencas ficam menos eviden-
tes, apresentando tempos de execugdo muito semelhantes
na maioria dos testes.

A Figura 1 apresenta valores obtidos quando os disposi-
tivos estavam ociosos e executando o benchmark. A partir
destes dados, notou-se que ao acessar os HDDs e SSDs no
PC, a demanda de poténcia aumenta 3, 7% e 6, 4% respecti-
vamente. No MPSoC, a poténcia aumenta 2,6% e 68,4%
ao acessar HDDs e SSDs. Comparado ao PC, o MPSoC
apresenta demanda de poténcia 74,2% menor com HDDs
e 83, 7% com SSDs.

(W)

Poténcia

o = 5507’

&

MPSoC Idle HH
MPSoC Run

PC Idle mI
PC Run &

Figura 1: Poténcia Média em idle e Durante os Testes.

A energia consumida (J) de cada experimento foi calcu-
lada pela multiplicacdo da poténcia média mensurada (W)
pelo tempo de execugdo (s), como mostra a Equagao 1.

ey

Percebeu-se que o padrdo de acesso ndo interfere na
poténcia do equipamento, porém o padrao de acesso resulta
em tempos de execucdo diferentes. Desta forma, almejando
relacionar a energia consumida dos sistemas, dividiu-se o
consumo do PC pelo consumo do MPSoC. Esta relagdo é
apresentada na Figura 2.
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Figura 2: Relacdo da Energia Consumida pelos Sistemas

Foi observado que, utilizando discos rigidos para ar-
mazenamento, o uso do MPSoC leva a uma eficiéncia
energética até 4, 4 vezes maior do que o observado usando
o PC. Para leitura utilizando SSDs, o MPSoC leva a uma
eficiéncia energética até 136 vezes maior. Essa diferenga
acontece porque, apesar do maior tempo de execugdao me-
dido nesse ambiente, a demanda de poténcia € até 6, 7 vezes
menor.

5. Conclusoes e Trabalhos Futuros

Esse artigo apresentou uma andlise de desempenho e
eficiéncia energética de uma arquitetura de baixa demanda
de poténcia - um MPSoC usando um processador ARM -
para operacdes de E/S. Esses resultados foram comparados
com um computador tradicional a fim de estudar a viabi-
lidade do uso de arquiteturas de baixa poténcia como ser-
vidores de armazenamento. Esse estudo incluiu diferentes
padrdes de acesso e dispositivos de armazenamento a fim
de cobrir diferentes situagdes e caracteristicas.

Os resultados mostraram que a demanda de poténcia nao
¢ afetada pelo padrao de acesso. No entanto, este possui um
impacto no tempo de execugdo, o que afeta o consumo de
energia.

Concluiu-se que a substituicio de um servidor de
configuracio PC + HDD por miuiltiplos servidores de
baixa poténcia com SSDs seria vidvel e manteria um de-
sempenho semelhante. Dependendo da carga de traba-
lho esperada, essa substituicdo diminuiria a demanda
de poténcia, e consequentemente o consumo de ener-
gia, em até 85%.

Como trabalho futuro pretende-se expandir a andlise
apresentada a outros modelos de equipamentos de dispo-
sitivos de armazenamento. Além disso, serdo avaliados am-
bientes distribuidos em que miiltiplos servidores de baixa
poténcia oferecem armazenamento.
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Abstract

It is usual for programmers to use at least the Ol opti-
mization level when compiling C programs. However, some-
times this optimization works better with one kind of mem-
ory allocation than others. In this paper we show the exe-
cution time differences for two programs that rely heavily
in memory access. For both programs were made two ver-
sions, one that allocated very big arrays in the data seg-
ment and the other in the heap. Using the assembly code
produced by GCC we then compared the program versions,
to try and understand the time execution differences.

1. Introduction

The GCC compiler is widely used in C programming.
For this reason, it is imperative that we better understand
it’s behavior for different memory allocations when using
the optimization levels.

This work has been inspired by reading a section in [3], in
which was shown that the heap had a bigger cache miss rate
than the other kinds of memory. If this was true, execution
times would also show this.

To test this differences we created two programs, one that
used big arrays and one that used big matrices. For each
one we also made a version that allocated the variables in
the data segment and one that used the heap. To prevent
bias a full factorial approach was used, with the help of a
R script. To understand the results, we studied the assem-
bler code generated by GCC.

In methodology we explain how the experiments were exe-
cuted, along with some details about the machine used and
the programs created. In Results we show the resultant be-
havior of the programs and make some considerations. Fi-
nally, in the Conclusion we explain what the results showed
us, along with future work.

2. Related Work

Many works have already been done in the study of the
GCC optimization levels. A similar work has been done by
[1]. Although they used a well known benchmark for their
experiments, the work has no distinction between the dif-
ferent memory allocation types that a programmer may use,
and their focus was on Integer variables. Our work uses dou-
ble precision variables, and a closer inspection is made in
the resultant program, with a study in the generated assem-
bly code.

3. Methodology

All tests were executed in the following machine:

Parameter Value
Architecture: x86_64

CPU op-mode(s): 32-bit, 64-bit
Byte Order: Little Endian
CPU(s): 32

On-line CPU(s) list: 0-31
Thread(s) per core: 2

Core(s) per socket: 8

Socket(s): 2

NUMA node(s): 2

Vendor ID: Genuinelntel
CPU family: 6

Model: 45

Stepping: 7

CPU MHz: 1202.968
BogoMIPS: 4001.13
Virtualization: VT-x

L1d cache: 32K

L1i cache: 32K

L2 cache: 256K

L3 cache: 20480K
NUMA node0 CPU(s): 0-7,16-23
NUMA nodel CPU(s): 8-15,24-31
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To prevent bias, we used a full factorial with the size and
the kind of memory allocation as factors. This was cre-
ated using a R script with the DoE package, thoroughly ex-
plained in [2]. Also, to be sure that no NUMA effect
was interfering with our experiment the following com-
mand was used:

GOMP_CPU_AFFINITY=0—31 numactl —i all

It prevents the OS from moving the threads between the pro-
cessors and make all allocations following a round-robin
policy, rather than by proximity to the processor that is go-
ing to use it. In both tests we created two programs,
one that used the data segment to store the variables and
one that used the heap. They were both compiled us-
ing from OO0 to O3 optimization levels. Differences in the
assembly code were verified using the program “Kom-

EL)

pare”.

3.1. Array

This very simple program adds the current index di-
vided by the array size to the variable pointed by the index.
This is done for the array size times. It is a sequential pro-
gram, as shown below.

Data Segment code:

#include <stdlib.h>
#include ”../../1lib/hpcelo.h”

double bigArray[100000];

int main(int argc, char xargv[]){

size_t SIZE = (size_t)atoi(argv[1]);
HPCELO_DECLARE_TIMER ;

size_t i,j;

HPCELO_START._TIMER ;
for(j=0;j<SIZE; j++)

for (i=0;i<SIZE—1;i++)
bigArray[i] = bigArray[i] + i/SIZE;

HPCELO_END_TIMER ;

HPCELO_REPORT_TIMER ;

}
Heap Code:
#include <stdlib.h>
#include ”../../1lib/hpcelo.h”

double *xbigArray;

int main(int argc, char xargv[]){
HPCELO_DECLARE_TIMER ;
size_t SIZE = (size_t)atoi(argv[1]);
bigArray = (doublex)calloc (SIZE, sizeof (double));
size_t i,j;
HPCELO_START_TIMER ;
for (j=0;j<SIZE; j++)
for(i=0;i<SIZE—1;i++)
bigArray[i] = bigArray[i] + i/SIZE;
HPCELO_END_TIMER ;
HPCELO_REPORT.TIMER ;

}

3.2. Matrix Multiplication
To better use the cache, our program multiplied the ma-

trix by first calculating it’s transpose. The execution time
showed later however is only the multiplication, with-
out the transposing time.

It is a parallel program that uses the openmp library. Since
it’s code is much more complicated than the Array, we de-
cided to omit it.
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4. Results
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Figure 1. Array Execution Time

The data segment program for O0 shows a better execu-
tion time, as shown in 1. However, for O3 the heap is actu-
ally the fastest. For simplicity, we compared the assembler
code only for OO0 and Ol. The differences are shown be-

low.

Data Segment:

.L6:
movq —40(%rbp), %rax
movsd bigArray(,%rax ,8), %xmml
Heap:
.L6:
movq bigArray(%rip), %rax
movq —40(%rbp), %rdx
salq $3, %rdx
leaq (%rax,%rdx), %rcx
movq bigArray(%rip), %rax
movq —40(%rbp), %rdx
salq  $3, %rdx
addq %rdx , %rax
movsd (%rax ), %xmml

Above we show the main differences in the main loop of the
data segment program and the heap program using the O0
optimization level. The later clearly has not only more in-

structions, but also more memory accesses, which are the
parentheses in the code.
Data Segment:

.L8:
movq %rcx , %rax
movl $0, %edx
divq %rbx
testq Yrax, %rax
js .L4
cvtsi2sdq %rax , %xmmO
jmp .L5

Heap:

.L8:
movq bigArray(%rip), %rax
leaq (%rax,%rcx ,8), %rsi
movq %rcx , %rax
movl $0, %edx

divqg %rbx

testq %rax, %rax

js .L4

cvtsi2sdq %rax , %xmmO
jmp .L5

Above we show the main differences in the main loop of
the data segment program and the heap program using the
O1 optimization level. Although the heap program still has
more instructions than the data segment, in 1 it showed a
lower execution time. This might be explained by other dif-
ferences in the rest of the code:

Data Segment:

L5
addsd bigArray(,%rcx ,8), %xmm0
movsd %xmm0O, bigArray(,%rcx ,8)

addq $1, %rcx
cmpq %rsi, %rcx
jne L8

L7

addq $1, %rdi
cmpq  %rdi, %rbx

jbe L2

LL3:
testq Yrsi, %rsi
je .L7
movl $0, %ecx
jmp .L8
Heap:

L5

addsd (%rsi), %xmmO
movsd  %xmmO, (%rsi)
addq $1, %rcx

cmpq  %rdi, %rcx

jb L8

L7

addq $1, %r8
cmpq  %r8, %rbx

jbe L2

LL3:
testq %rdi, %rdi
je .L7
movl $0, %ecx
jmp .L8
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Even though both codes have the same number of instruc-
tions, and that except for the ”’jne” and ’jb” ones they are all
the same, the data segment program has some much more
complex addresses to calculate than the heap. This may ex-
plain the slightly better execution time of the heap. Also,
this shows that the GCC compiler can optimize the heap in
a more efficient way than the data segment.

4.2. Matrix Multiplication
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Figure 2. Matrix Execution Time

The program that allocates the matrix in the data seg-

ment clearly has a lower execution time than the one that
allocates in the heap for OO0, as shown in 2. However, as
the optimization level is increased the difference becomes
the opposite, with the heap being faster than the data seg-
ment.
Although this experiment showed the same behavior as the
Array, it was made using a much more complex program.
Even more, we used such large matrices that they did not
even fit inside the L3 cache. With this we intended to rule
out any possibility that the cache was responsible for the
difference in the execution time of the programs.

5. Conclusions

For higher optimization levels, there seems to be better

to use heap allocation. Not only it gives a better flexibil-
ity to the program, but also it gives smaller executables and
higher efficiency. However, in cases that optimization may
not be used, data segment allocation can have a positive im-
pact in the program execution time.
For future work we would like to do a more thorough in-
spection in both programs, and also in new ones, that not
only access the memory in different ways but also study
the stack optimization efficiency. To better understand the
effects, it would also be interesting to use trace tools like
score-p or the intel pcm.
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Abstract

Stencil computations are fundamental to solve Par-
tial Differential Equations (PDEs) used in numerical
simulations. However, their performance is very sen-
sitive to many optimization parameters such as archi-
tectural features, compiler flags, memory contention
and multi-threading. Fine-tuning these parameters re-
lies on finding the best configuration that results in opti-
mal performance for a given stencil application. In this
work, we improve performance of OpenMP stencil pro-
grams on multicore architectures through tuning input
parameters. We create a large configuration set of in-
put values (problem size, threads number, chunk size,
scheduling algorithm), until we reach the peak of best per-
formance, and analyze how these parameters affect the
performance.

1. Introduction

The performance of HPC applications depends on
many factors: architecture, code optimization, com-
piler and runtime frameworks. An example of HPC appli-
cations are stencil-based applications (nearest-neighbor),
which are used to solve many problems related to Par-

tial Differential Equations (PDE). Then, optimizing these
computations improve performance in many simula-
tions.

One extended methodology to get best performance is
application tuning, in which several parameters are adjusted
to achieve the best performance. But it depends on several
variables of a large set: machine architecture, parallelization
strategy, domain decomposition, compiler flags, scheduling
and load balancing algorithms at runtime, etc. Finding best
space of input parameters requires to search on this large set
of configurations. In [3] the authors optimize stencil com-
putations for multiple architectures (multicore and acceler-
ators).

Our work is oriented to obtain the best performance on
multicore architectures for stencil computations, that are
implemented in diverse areas as electromagnetics, fluid dy-
namics and wave propagation (i.e., seismic simulations).
This paper presents our approach to find best tuning space
of input parameters for stencil computations. The paper is
organized as follows. Section 2 discusses the fundamen-
tals of our stencil based model on single seven-point Jacobi.
Then, Section 3 presents the testbed used and explains the
methodology of experiments. Section 4 discusses the per-
formance of simulations and how we can obtain the best
performance. Finally, Section 5 concludes this paper.
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2. Stencil Model
2.1. Stencil Equation

The stencil model is given by the explicit 3D heat equa-
tion [4]:

B; jx =0k
+B(Ai—1 ik +Aij—1k + Aijr—1
+ Aivrgk + Aijirk + Aijks)

)]

This seven-point stencil performs a single Jacobi (out-
of-place) iteration. Thus, reads and writes occur in two dis-
tinct arrays (A, B), where each subscript represent the 3D
index into array A or B. For each grid point, this stencil will
execute 8 floating point operations [3]. The stencil sweep
can be expressed as a triply nested loop presented in algo-
rithm 1.

Algorithm 1 Pseudocode for stencil algorithm

1: for each timestep do

2 Compute in parallel

3 for each block in X-direction do

4 for each block in Y-direction do

5: for each block in Z-direction do
6 Compute stencil(3D tile)

7 end for

8 end for

9: end for
10: end for

3. Experimental Setup

In this section we present the configurations considered
in this work: stencil algorithms, the multicore architectures
and the input and performance vectors.

3.1. Stencil algorithms

In order to obtain best performance we used three al-
gorithms implemented in [5] with optimizations explained
in [1].

3.1.1. Naive: First algorithm is the standard implementa-
tion of the triple nested loops coming from the three spa-
tial dimensions. This allows a very straightforward use of
OpenMP directives. Unfortunately, this standard implemen-
tation offers a poor cache reuse.

3.1.2. Blocking: Second algorithm uses the cache block-
ing technique. The main idea is to exploit the inherent data
reuse available in the triple nested loop of the elastodynamic
kernel by ensuring that data remains in cache across multi-
ple uses. Dependency between the velocity and the stress

components is exploited to implement a space-time decom-
position.

3.1.3. Skew: Third algorithm is also based on cache
misses reduction. These new approaches decompose the
stencil using both the space and the time directions. In-
deed, the spacetime domain is computed in a specific or-
der, which means that the computations begin with the
subdomains closest to the left boundary and then ex-
tend to the right boundary to honor the data dependen-
cies [2].

The advantage on Blocking and Skew algorithms is to
improve the computational intensity by keeping a relatively
small amount of data in cache memory and by performing
many more floating-point operations on them.

3.2. Experimental testbed

We used two multicore architectures to run our exper-
iments: one machine with a single Intel Haswell processor
(single socket) to avoid cache transferences and one NUMA
platform composed of 4 Intel Nehalem processors. Config-
urations of our testbed are listed in Table 1.

Node 1 Node 2
Processor i5-4570 | Xeon X7550
Clock (GHz) 3.20 2.0
Cores 4 8
Sockets 1 4
Threads 4 64
L3 cache size (MB) 6 18
Compiler gee-5.3.1 gcc-4.6.4

Table 1: Experimental testbed configurations.

3.3. Input and performance space

For each stencil experiment, we created one configura-
tion vector and obtained one performance vector. Input pa-
rameters are related to code optimization and execution run-
time. Fore code optimization we use one parameter for par-
allel looping in OpenMP (omp task or omp parallel
for). For the runtime, we used two parameters for thread
counting (total available threads and used threads), one pa-
rameter for the chunk size and one parameter for schedul-
ing policy used by OpenMP (static, guided and dynamic).
Each one of input configurations were executed 15 times
to compute the averages. We used PAPI library [6] to mea-
sure cache-related information.

The performance measures are obtained with following
values: Total cache misses L3 (PAPI_L3_TCM event),Total
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cache access L3 (PAPI_L3_TCA event), Time (which cor-
responds to the total execution time to solve the stencil),
Performance in GFLOPS (obtained from the execution time
and stencil size).

4. Experimental Results
4.1. Algorithms

We first analyze the impacts of algorithms on the per-
formance. Each algorithm presents a different performance
for each machine. Figure 1 shows that best performance on
node 1 is achieved with Skew algorithm (left) whereas on
node 2 the Naive algorithm achieves the best performance.
Blocking and Skew algorithms showed performance losses.

Node 1 Node 2

Figure 1: Performance (left) for each stencil algorithm:
Naive (magenta), Blocking (green) and Skew(cyan).

As it can be observed in Figure 1, we obtained the ex-
pected behavior on node 2: better performance is quite re-
lated to the amount of L3 cache misses, as we can see low
rate of cache misses is presented with high Gflops values
and poor performance has high number of cache misses.
We found that Skew and Blocking algorithm reduces cache
misses significantly as it was reported in [5].

4.2. Scalability

We now analyze the scalability of the algorithms on node
2. The results presented in Figure 2 (left) show an expected
behavior: when the number of threads is increased the per-
formance of Naive algorithm also increases.

The Skew algorithm showed limited scalability on node
2, reaching a peak performance with 8 threads. The Block-
ing algorithm presented poor scalability on both platforms.
We analyze this unexpected behavior with the other input
parameters.

GfIJgps

2444Uhm

Figure 2: Performance for different number of threads on
node 2. Algorithms: Naive (magenta), Blocking (green)
and Skew(cyan).

4.3. Code optimization: parallel loop vs tasking

Our 3D stencil is calculated by three for instructions,
as explained in Section 2. In this section, we compare two
possible parallel implementations: i) we collapsed all for
loops and performed the parallelization with #pragma
omp for; and (ii) we used #pragma omp task in the
inner for to create parallel tasks. Figure 3 presents the re-
sults for each node using the maximum number of available
threads in each platform.

10.0-

7.5

Gflops

2.5-

.

Blocking

0.0-

Naive Skew

Figure 3: Performance for code optimization on Node 2.
Method: parallefor (red) and Tasking (blue)

As it can be observed, the parallel for implemen-
tation achieved better performance than tasking in most of
cases. The main reason is twofold: it creates a lot of tasks
that need to access more cache levels and threads have to
synchronize with each other in the taskwait clause. To
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confirm this fact we traced the execution with pajeNG' and
found that the OpenMP implicit barrier takes more time to
synchronize all threads.

4.4. Scheduling

Loop scheduling on OpenMP is defined by two param-
eters: chunk size and policy [7]. Chunk size defines num-
ber of loop iterations to be assigned to each thread. Now,
we analyze how this parameter influences the overall per-
formance. For small chunk size we have more data commu-
nication between threads. We analyze scheduling on Node
2 (more cores, more threads, more cache levels and com-
munications).

Figure 4 presents results of changing chunk size and
scheduling for Naive algorithm. Three strategies are avail-
able in OpenMP: dynamic, guided and static. Then we
found that the scheduling policy does not affect the per-
formance for guided scheduling, while dynamic and static
achieve better performance when the chunk size is in-
creased.

15- -

32 128 256 512

Figure 4: Performance for different scheduling with omp
parallel for on Node 2: Dynamic (green), Guided
(orange) and Static (gray). Algorithms: Blocking (left),

Naive (center), Skew (right).

5. Conclusions and Future Work

In this work we studied the influence of several config-
urations and algorithms on the performance of stencil com-
putations. We observed that two known algorithms (Block-
ing and Skew) may present poor scalability in several sce-
narios. Moreover, we observed that tasking achieves good
performance when the algorithm does not use cache inten-
sively (Skew). Chunk size and scheduling algorithms play

1 https://github.com/schnorr/pajeng

an important role and can contribute to achieve a peak of
performance if threads do not perform intensive data com-
munications. As a future work, we intend to develop an
auto-tuning approach to automatize the choice of the input
parameters. One possibility is to use Machine Learning al-
gorithms to perform that task.
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Abstract—Besides reducing the execution time of parallel
applications, the power consumption is an increasingly addressed
problem in High-Performance Computing. A parallel program
can be divided into regions, which can have particular charac-
teristics, for instance, a behavior more CPU or memory bound.
This paper presents a preliminary effort to measure performance
counters along time to enable the automatic detection of memory-
bound regions. Once attained, the automatic detection differs
from the previous works since it does not require any code
instrumentation, making it less intrusive. Three NAS Parallel
Benchmark (NPB) applications are used in the experiments:
the Discrete 3D fast Fourier Transform (FT), the Lower-Upper
Gauss-Seidel solver (LU), and the Conjugate Gradient (CG). As
hardware counters, we measure the L2 and L3 cache misses rate
along time using the likwid’s timeline mode, a tool to measure
hardware counters from the user space. The experiments enable
us to identify possible memory-bound code regions by correlating
with changes in cache misses rates. We intend to configure a
suitable processor frequency for each memory-bound parallel
region of the application, reducing the energy consumption of
the application with minimal performance loss.

I. INTRODUCTION

Large HPC applications are composed of many parallel
regions that are executed by different threads. For example,
in an application that simulates the heat transfer through of a
metal plate, we could define two parallel regions: the first to
define the initial condition of the plate and another part would
be responsible for calculating the heat transfer across different
points of the plate for a number of timesteps. Each parallel
region has its own characteristic. Some may be considered
memory-bound, with a high rate of cache misses, while others
may be considered more CPU-bound, with a high instruction
execution rate, and even others might be considered 10-bound.
In the previous example of the heat plate, one could measure
the hardware counters at a given frequency to define the main
characteristic of each parallel region. An automatic detection
of memory-bound parallel regions enable one to adjust the
processor frequency, possibly reducing energy consumption
with minor performance penalties in execution time.

The main objective of this work is to measure hardware
counters at every given time interval to discover memory-
bound code regions. Once these regions have been detected,
we intend to apply Design of Experiments screening tech-
niques [1] to find the best processor frequency configuration
for each region, pretty similar to what has been done already
[2], but automatically. This paper presents our preliminary

results by showing a time-oriented method to collect hardware
counters, using likwid’s timeline mode [3]. The preliminary
results indicate that the collected data can possibly enable the
automated identification of memory-bound code regions.

The paper is organized as follows. Section II presents
related work regarding automatic phase detection for HPC
applications. In Section III is presented our proposal and
its corresponding methodology. The Section IV describes the
platform used in the experiments and the preliminary results.
Section V concludes the paper listing the main contributions
and future works.

II. RELATED WORK

There is no definitive solution to detect if a code region
is more memory or CPU bound. Some works focus more on
phase detection to sequential applications [4][5]. Spiliopoulos
et al. [4] present in his work a tool that analyzes the behavior
of a sequential application by detailed analysis of its execution
phases, based on cache misses of the different levels of cache.
The identified phase may be comprised of a set of program
functions, which are grouped by having a similar behavior.
The identification of the functions’ behavior is performed in
accordance with a prior history of execution, based on the trace
generated by the application. The tool generated identifies
the best processor frequency to be used in each phase to
best performance and reduce energy consumption. This paper
analyzes only sequential applications, in this perspective the
identification of the memory-bounds regions areas can be ob-
tained in a coarser granularity in the interval between samples
timesteps. As for parallel applications running different flows
may have different behaviors which may vary according to the
application of load balancing, which causes the granularity of
the samples is thinner for better understanding its behavior.
In addition to this approach, Laurenzano et al.[S] present an
approach finer granularity for identifying the most appropriate
processor frequency for each application loop. Through mul-
tiple executions is set a model of various sizes, it allows to
find for example the most appropriate setting for the given
bond program, varying aspects that can influence the energy
reduction and performance improvement for the application.

There is also investigation to consider MPI or OpenMP
parallel applications. Freeh et al.[6] present an approach to
define the most suitable frequency for each phase of an MPI
application. Among the available frequencies, the approach
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looks at what is the best frequency for a given node operate
during the execution of the application. Another approach [2],
focused in OpenMP applications, analyzes the parallel regions
of a program using design of experiments and screening
designs. According to their analysis based on seven bench-
marks, it is possible to reach a considerable gain in energy
reduction, eventually with no performance loss, depending
on the characteristics of the benchmark. Their approach use
manual instrumentation to identify the code regions that are
going to be analyzed. We focus instead in the automatic
detection of such regions based on hardware counters. In this
paper we show our investigation in how these counters can be
measured along the application execution.

The next section describes our measurement and evaluation
methodology to collect hardware counters at a given frequency.

III. MEASUREMENT AND EVALUATION METHODOLOGY

The methodology used in the work first defines the compi-
lation a source code into binary. The program is run under
the likwid-perfctr tool that allows you to collect hardware
counters for each processing core. The data is processed by a
script tailored to generate a detailed application trace to carry
out the data analysis. The Figure 1 shows an overview of the
methodology with all such steps.
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We employ such methodology in three NAS Parallel ap-
plications: the 3D Discrete Fast Fourier Transform (FT), the
Lower-Upper Gauss-Seidel Solver (LU) and the Conjugate
Gradient (CG). The applications are executed with 32 threads
using the input size (class B) of the NAS benchmark. The
execution platform used was the beaglel, a Workstation with
2 processors Intel (R) Xeon (R) E5-2650 CPU 2.00 GHz, each
with 8 physical cores and Hyper-Threading technology.

The hardware counters are collected using likwid’s timeline
mode [3], configured to measure L2 and L3 cache misses rate
at a given time interval. Such interval between each metric
recording is defined according to the total execution time
of each application. For example, in the FT application, the
measurement period is defined as 30 milliseconds, generating
about 172 samples (for each of the 32 threads). For the LU
application a 100 milliseconds is adopted, for 363 samples.
For CG, a period of 50 milliseconds for 384 samples. Ac-
cording to the likwid authors, adopting a period less than 100
milliseconds might generate non-valid results. Even so, the
global behavior is still valid if one aggregate such information
along time. We report FT and CG results under this limitation

7Y G
A _J| trace.csv

group

Execution

in order to investigate how frequent measurements impact our
analysis of phase detection.

IV. PRELIMINARY RESULTS

We present the L2 and L3 cache misses rate considering the
aggregated metrics for all cores of the two processors where
we conducted experiments. Points in the plots represented such
aggregated values, while lines are there only to show the metric
trend along time. Despite the fact that we aggregated values,
we have looked to each core cache level miss and they are all
similar and homogeneous (because of the regular nature of the
applications we used), justifying such aggregation to simplify
the analysis.

A. Discrete 3D Fast Fourier Transform (NPB-FT, B Class)

Figure 2 depicts the L2 and L3 cache misses rate of the
Discrete 3D Fast Fourier Transform (NPB-FT, B Class) when
measuring metrics every 100 milliseconds. It clearly shows
phases — represented by the peaks at regular intervals — when
taking into account the L2 cache misses rate. For the L3 cache
misses we observe that after the initialization phase (where a
peak of 37% L3 misses rate is measured), the rate decreases
towards zero with minor outliers. The highest L2 cache misses
rate found for FT is about 30% between 7.5 to 10 seconds late
time execution, while generally we can see that the observed
phases reach a level of 30% in L2 misses. The lowest L2
misses rate is measured at 10% during the initialization phase.

FT
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Fig. 2. The L2 and L3 cache misses rate of the Discrete 3D Fast Fourier
Transform (NPB-FT, B Class) when measuring metrics every 100 millisec-
onds.

B. Lower-Upper Gauss-Seidel Solver (NPB-LU, B Class)

Figure 3 shows the L2 and L3 cache misses rate of the
Lower-Upper Gauss-Seidel Solver (NPB-LU, B Class). Be-
havior is clearly different from the FT application, seen in
Figure 2. We observe that the L2 cache misses rate fluctuates
around 20%, while the L3 cache misses rate is about zero the
whole execution, except during the initialization phase, where
a 13% rate is observed.

C. Conjugate Gradient (NPB-CG, B Class)

Figure 4 shows the L2 and L3 caches misses rate for
Conjugate Gradient (NPB-CG, B Class) application. After the
initialization phase, behavior of both metrics becomes stable
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Fig. 3. The L2 and L3 cache misses rate of the Lower-Upper Gauss-Seidel
Solver (NAS-LU, B Class) when measuring metrics every 100 milliseconds.

at about 38% of misses for L2, and around zero for L3.
Comparing against the previous applications, we see that the
L2 misses rate for CG is greater than the others, suggesting
that it is more memory-bound. This could potentially lead to a
more gains in energy reduction if a proper processor frequency
is selected.

CG

o
o
i

N
o
I

w
o
I

Cache Level
L2
1 - L3

Average Cache Misses (%)
N
o

=
o
I
pars

o
I

0 10 20 30 40 50
Runtime (seconds)

Fig. 4. The L2 and L3 cache misses rate of the Conjugate Gradient (NPB-CG,
B Class) when measuring metrics every 50 milliseconds.

V. CONCLUSION

Parallel applications have many code regions, each one with
unique performance characteristics. If one is capable to detect
which regions are memory-bound, we might be able to reduce
the processor frequency with DVFS-based techniques without
affecting too much the execution time. The main goal of this
study is to identify memory-bound code regions. The main
contribution of this work is its methodology, which defines
the steps and tools necessary that should be used to identify
memory-bound portions of a parallel application. By applying
such methodology, we have been able to measure L2 and
L3 cache misses for three NPB applications, each one with
different behavior. As future work, we plan to automatically
identify those memory-bound regions based on the hardware
counters we have measured so far.
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Abstract—In this paper, we explore task parallelism as an
approach to parallel programming. More specifically, two parallel
frameworks - OpenMP and Cilk - are compared to one another
with respect to their support regarding task parallelism. In order
to do that, we will use an algorithm that provides not only task
independency but also load imbalancing issues, to assess how well
different parallel frameworks handle the resources available to
them. The benchmark of choice for this study is the Mandelbrot
set calculation, which is a classic problem for irregular workloads.
By the end of this study, we seek to have a better understanding
of the implementation of each runtime and also conclude which
one offers the best performance of the two.

I. INTRODUCTION

With the massive popularity of parallel processors and the
stagnation of single core performance due to energy and
heat dissipation constraints, the focus on parallel algorithms
and parallel execution flow now demands programmers to
worry about the parallel execution of algorithms, in order
to increase performance and/or efficiency in modern chips.
Consequently, the number of frameworks available that enable
parallel software development has grown a lot, varying in
many aspects such as complexity of development, structure,
support for parallel programming paradigms, efficiency and
performance. Thus, simpler parallel programming models are
of major interest among software developers.

In this study, we compare two different parallel frameworks
that support task parallelism: Intel Cilkplus and OpenMP with
tasks. The emphasis of the comparison is on the performance
of both frameworks, and we will be using the mandelbrot
set calculation as the prime benchmarking algorithm. This
algorithm was chosen based on it being a classic irregular
workload problem. By implementing a problem of this nature,
we are able to identify load balancing issues that may affect
performance.

Considering that OpenMP and Cilk constructs for task
parallelism present different semantics, we expect to produce
different results when comparing them in the same conditions.
At first glance, OpenMP presents itself as a lower overhead
API (compared to Cilk) and, for that reason, should perform
better than its counterpart.

The objective of this comparison is primarily to better
understand the use cases in which Cilk and OpenMP differ
from one another, and conclude which one offers a better
tradeoff between performance and ease of use. Another goal is
to understand the implementation decisions that were involved

in developing each framework and what effects they have in
overall performance.

II. BACKGROUND AND EXPERIMENTAL CONTEXT

A. Background

OpenMP[1] is a language extension that aims for provid-
ing parallel tools for programmers, in the form of compiler
directives and a runtime library to command the creation and
management of threads. Because OpenMP is fairly extense,
it provides a large collection of directives and constructs that
enable the programmer to express and explore both task and
data parallelism. OpenMP supports a large variety of parallel
programming paradigms, such as the SMPD pattern, loop
parallelism, the divide-and-conquer paradigm and others.

Cilk[2] is a runtime library that extends the capabilities of
programming languages (usually C or C++) to incorporate
parallel programming constructs. Contrasting with OpenMP,
Cilk’s main objective is to provide parallel constructs in a
simpler, more intuitive way for the programmer. On these
grounds, Cilk is mainly focused on task parallelism and it does
so by providing just a few keywords that allow the programmer
to express parallelism.

For the sake of comparing the performance of both frame-
works, it is important to understand how each one handles the
given thread pool and what are the runtime implications of the
thread management. While the OpenMP environment allows
the programmer to explicitly control a fair amount of settings
and runtime behaviours (such as the threads scheduler, shared
variables and overall memory model), Cilk keeps this sort of
control to its own runtime. Also, expressing parallel sections
in Cilk code does not mean that the code will be certainly
executed in parallel: the runtime will decide in execution time
which parts of the code will be executed sequentially and
which parts will not. This is done through a work-stealing
routine that tries to avoid parallel execution of very small tasks,
that would be executed much faster if done sequentially.

OpenMP, on the other hand, offers much less runtime
support, forcing the programmer to explicitly write code that
will create threads and a task pool to be executed in parallel.
This approach theoretically allows for a lower overhead with
the cost of a less intelligent runtime, which will execute
everything that is determined by the programmer in parallel.
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B. Experimental Context and Workload Details

The experimental design considers the mandelbrot set
calculation as the benchmarking algorithm. This algorithm
was chosen because we can leverage the irregular workload
characteristic to assess how well the schedulers of the two
frameworks can distribute work among worker threads, while
also maintaining a somewhat closer to the reality scenario
(as the majority of algorithms are not completely regular and
with static tasks complexities). The Mandelbrot set algorithm
was, thus, implemented in the C language, and the runtime
settings for both Cilk and OpenMP are left in their default
state. The number of threads created by the program is, thus,
the amount of hardware threads available in the testing system.
We used an R script to create a CSV file with a full factorial
design, in which each experiment was replicated 20 times.
The factors that are present in the design are the maximum
number of iterations per point (which affects the irregularity
of the workload) and the granularity of the problem (explained
below).

With respect to the granularity of the problem, our Mandel-
brot set calculation accepts a variable grain size as a parameter.
This means that we can define an experiment with different
grain sizes to also assess how well OpenMP and Cilk handle
low, medium and high number of tasks in the task pool. This
specific parameter is aimed at measuring the overhead involved
in creating a task when compared to computing the Mandelbrot
point in each framework.

The task creation is handled in the following way: a worker
thread is assigned as responsible for creating the task pool.
This thread then iterates through the discrete Mandelbrot
space, creating tasks of equal grain size (using the constructs
#pragma omp task in OpenMP and cilk_spawn in Cilk) and
adding them to the pool. Idle threads are, then, able to
execute those tasks. A synchronization construct (#pragma
omp taskwait in OpenMP and cilk_sync in Cilk) ensures the
threads finish the work properly.

The testing environment is a NUMA machine with two
Intel Xeon E5-2650 processors, with a total of 32 hardware
threads and 32 GB of RAM. No NUMA specific features were
explored in this study.

Both implementations (using OpenMP Tasks and using
Cilk) produce an image of dimensions 2000x2000, and the
programs were kept as equal as possible. The estimated
memory consumption for the mandelbrot calculation for this
input is of 12 MB. The program was compiled using GCC
version 6.1.0 and the optimization flag -O2.

III. RELATED WORK AND MOTIVATION

While comparative studies between parallel frameworks
have already been done in the past, the general focus of
published papers is to present an overview about the perfor-
mance on different use cases. For instance, [3] presents an
analysis of different types of algorithms with different parallel
programming paradigms such as divide and conquer and loop
parallelization. The parallel frameworks studied in this paper
are the Intel TBB, Cilk and OpenMP. Although the comparison

between the three frameworks yielded solid results, the scope
of this analysis does not allow for it to explore the runtime
overhead of each approach, and explain which factors are able
to impact performance the most.

[4], on the other hand, presents a comparison of task
parallel frameworks using a highly unbalanced benchmark:
the Unbalanced Tree Search. While this benchmark is more
specific and the benchmark used is suitable regarding load
imbalancing, the study lacks an explanation for the results
that were observed. In the two papers, the general conclusion
is that OpenMP is, in most cases, outperformed by Cilk.

[5] also presents an overall comparison between different
task parallel frameworks, using the Mandelbrot set calculation
as the benchmarking scheme. This paper provides an overview
of the design and implementation of many frameworks (includ-
ing Cilk and OpenMP), and cites many task parallelism issues
such as synchronization and memory models, which were also
observed in the current study.

IV. OBTAINED RESULTS

By executing the Mandelbrot algorithm with a grain of size
1 (i.e. when for every point a task is created), we obtained the
result shown in Figure 1.

This graphic presents a behaviour that was not expected at
all: when using OpenMP, the execution time of the program
was more than 10 times higher than its Cilk counterpart, and
the standard error in the results is also very high (between
5 and 7 seconds, on average). Additionally, there seems to
be no relation whatsoever between the number of maximum
iterations per point. In fact, the execution time is lower when
the number of iterations increases, which may indicate that
the work is not being equally distributed among threads, and
that the time of each individual thread is not being spent with
calculation. These results clearly state that something in the
OpenMP runtime is preventing the threads to work properly.
In order to investigate this matter more closely, we used the
Score-P profiling and analysis tools to trace the execution of
the OpenMP program, which yielded the plot presented in
Figure 2.

By analysing this trace, we can see that the threads spend
most of the time blocked by an implicit barrier imposed by
OpenMP, which prevents them from calculating the Mandel-
brot set properly. Another observation is that the workload
is not well balanced among all available threads (as we had
assumed before, and this is caused probably by the threads
being blocked most of the time.

In order to distribute work more equally between threads
and reduce the irregularity of the workload, we benchmarked
the program using a grain size equivalent to one line of the
Mandelbrot fractal. The results are shown in Figure 3.

As we can see, by increasing the grain size, the behaviour of
the program is somewhat normalized. This result can indicate
two things at the same time: OpenMP is not able to efficiently
handle tasks that are too small and possibly irregular, and also
that the excessive amount of tasks can massively degrade the
performance of an OpenMP application. This behaviour was
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Fig. 2. Trace of the execution of the application using 8 threads

not observed in Cilk, though, probably because of the way that executed in parallel or not). When the number of tasks created
the runtime handles task creation and manages the task pool by the program is not too big, both OpenMP and Cilk offer
(i.e. by deciding in execution time whether the tasks will be similar performance.
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V. CONCLUSION AND FUTURE WORK

By analysing the performance offered by OpenMP and Cilk
when task parallelism is concerned, we were able to identify
that the OpenMP runtime is very sensitive when handling
the creation of tasks, that is, the programmer needs to be
very careful with the task constructs that they insert on the
code, because they might be introducing barriers that can
ultimately be slowing down the execution of the program.
When considering a controlled amount of tasks (which, in
this study, was simulated by a coarser grain size), both the
performances of OpenMP and Cilk are comparable to one
another.

This comparison, however, has proved itself incomplete,
especially with regards to the OpenMP barriers that are
implicitly inserted in the code, which does not allow for a fair
comparison between the two frameworks. As a future study,
we seek to understand what is causing these barriers to occur
and how to avoid them, in order to increase the overall quality
of the experimental design.

ACKNOWLEDGEMENTS

The results reported in this study were generated in virtue
of the agreement between Hewlett Packard Enterprise (HPE)

and the Federal University of Rio Grande do Sul (UFRGS),
financed by resources in return for the exemption or reduction
of the IPI tax, granted by Brazilian Law n°® 8248, 1991, and
its subsequent updates.

REFERENCES

[1] “Openmp specification,” in http://openmp.org/wp/.

[2] R. D. Blumofe, C. F. Joerg, B. C. Kuszmaul, C. E. Leiserson, K. H.
Randall, and Y. Zhou, “Cilk: An efficient multithreaded runtime system,”
in Journal of Parallel and Distributed Computing, 1995, pp. 207-216.

[3] A. Leist and A. Gilman, “A comparative analysis of parallel program-
ming models for c++,” in The Ninth International Multi-Conference on
Computing in the Global Information Technology. 1ARIA, 2014, pp.
121,127.

[4] S. L. Olivier and J. F. Prins, “Comparison of openmp 3.0 and other task

parallel frameworks on unbalanced task graphs,” in Int J Parallel Prog.

Springer, 2010, pp. 341-360.

D. Khaldi, P. Jouvelot, C. Ancourt, and F. Irigoin, “Task parallelism

and data distribution: An overview of explicit parallel programming

languages,” in 25th International Workshop on Languages and Compilers

for Parallel Computing. Springer Berlin Heidelberg, 2012, pp. 174-189.

[5

—_

WSPPD 2016, 14™ Workshop on Parallel and Distributed Processing
[44]



Quick Introduction to Quality of Context

Hélio Brauner and Claudio Geyer

Universidade Federal do Rio Grande do Sul
GPPD
Instituto de Informética Av. Bento Gongalves, 9500 Porto Alegre, RS, Brazil
Email: {hcbfilho, geyer}@inf.ufrgs.br

Abstract

With the increasing number of IoT capable sensors be-
ing deployed, the need for application programmers to be
able to use easy selection methods in order to get adequate
sets of sensored data providers to fulfill application require-
ments became a main concern. It’s in this context that the
concept of Quality of Context(QoC) arose. This paper aims
to introduce some of the basic concepts of QoC, along with
two methods used to calculate QoC rankings, as well as pre-
senting open challenges in the area.

1. Introduction

In the last few years, the rise of IoT devices began to mo-
tivate new works and research. With estimations of up to 50
billion IoT devices connected by 2020 [3], it becomes es-
pecially important to understand the requirements for new
applications taking [oT into account. In particular, the prob-
lem of selecting adequate sensors considering data sources
amid billions of possibilities requiring the ranking of IoT
sensors according to certain criteria and in reasonable time
is one that must be faced in order to facilitate the implemen-
tation of applications capable of benefiting from IoT capa-
bilities [8]. It was in this context that the concept of Quality
of Context(QoC) was created.

This paper is organized according to the following struc-
ture: Section 2 introduces the basic concepts of QoC. Sec-
tion 3 presents two methods for calculating QoC values.
Section 4 discusses some of the open challenges in the area.
Section 5 concludes the paper.

2. Quality of Context

Although the idea of evaluating the quality of informa-
tion from context sensors has been discussed at least since
2000 [2], the first time it was presented as Quality of Con-
text was in [1], where the ideas of how to describe the qual-
ity of context information provided by sensors and which
criteria to use in order to make this description were intro-
duced. According to [1], QoC should comprise information
about criteria such as precision, probability of correctness,
trust-worthiness etc. that allows the evaluation of informa-
tion provided by sensors. It is also shown in [1] that the con-
cept of QoC is related to Quality of Service (QoS) and Qual-
ity of Device(QoD), but differs from both.

In [4], a new criterion, completeness, was added, and a
mathematical approach to calculating values for each of the
criteria in order to enable ranking was introduced.

In [9], those definitions where revisited, and the defini-
tion that QoC should be assessed by obtaining a final value
of confidence between 0 and 100% atrributed to the evalu-
ated information provided by a given context provider was
established.

In [6], QoC is also linked to the idea of not only having
descriptive information about the quality of context data,
but also a single value, obtained from the values of the cri-
teria, that allows the ranking of context providers by quality
of sensed data information.

Based on this concept, papers such as [7] and [5] imple-
mented their methods to calculate QoC values. These meth-
ods are presented in the next chapter.
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3. Calculating QoC

3.1. CASSARAM Comparative Priority-based
Weighted Index(CPWI)

In [7], a method for calculating QoC based on the dis-
tance between a point given by the user and the sensors
in a given set is presented. The sensors are plotted as
points in a multidimensional space, where each space rep-
resents one of the context criteria and is defined in the space
{0---1} € R). The user defined point is also plotted in this
space, with values defined according to need. These values
may vary in importance, given different weights through an
interface where one can adjust sliding bars that vary from
”least important” to "most important” in a gradual manner.
The weights are then obtained by comparison of slider po-
sitions, the most important being given maximum weight
and the others being valued proportionally according to this
maximum.

That information is then calculated using the Weighted
Euclidean Distance formula of CPWI introduced in [7]. The
version introduced in that paper presented an error, omitting
the first subtraction of the corrected version presented here:

(CPWI)=1-— Zn: [Wi (U - 5?)2}

i=1

Where Wi is the weight assigned through the sliders for
criterion i, UZ is the user-defined ideal value for criterion
iand S is the value attributed to sensor o (o being any
sensor in the complete set of evaluated sensors) for criterion
i.

This method is interesting because it has the possibil-
ity of weighting the criteria in a fashion that doesn’t dis-
tort the importance of the criteria considered. However, it
has the disadvantage of considering the closest matches as
the best possible sensors, while sensors that exceed the re-
quired level of quality may be ranked lower.

3.2. General Weighted QoC Value Assignment
(GWQoC) Method

In [5], a very simple method for calculating QoC is pre-
sented, based on [6]. It is not named in the original article,
but will be referred to as GWQoC in this article. In the par-
ticular case presented by the paper, where QoC was used
to indicate the best healthcare sensors for patients, only a
few criteria were used, but the method might be extended to
consider as many criteria as desired. The generalized ver-
sion would be as follows:

Yoo (Cix W)

QoC = R
Ei:O Wi

Where Ci is the quality value for criterion i and Wi is the
assigned weight for criterion i.

This method is simpler than the one presented in [7],
but might allow distortions in the final results because
the criteria are evaluated in a manner that allows criteria
with smaller weight to compensate for criteria with higher
weight. On the other hand, this method ranks sensors that
exceed required values for given criteria higher than the
ones which are found to be closest matches, which is an ad-
vantage when compared to [7].

4. Open Challenges

While the main aspects of QoC are well defined, and
there are different solutions to calculate QoC, some prob-
lems haven’t been solved yet. For instance, most of the lit-
erature presents solutions that use a given set of criteria and
defines the criteria, but without a mathematical definition on
how to value criteria, thus being an unadressed challenge.

Another important matter in this direction is to evaluate
which of the criteria found in the literature are really impor-
tant, and which ones might be presented as different crite-
ria, but would be revealed as being the same thing if further
analyzed.

Also, while there are some ways of calculating QoC,
such as the two presented in this paper, there are no stud-
ies comparing these methods. It would also be beneficial
to find a new method that combines the strengths and re-
moves the weaknesses found in approaches such as [7] and

[S].

5. Conclusion

In this paper, some of the fundamentals and a short his-
tory of QoC have been presented in Section 2, showing the
need for methods that calculate QoC in a precise way.

Two methods, CPWI and GWQoC were presented in
Section 3, and their main strengths and weaknesses were
shown.

In Section 4 some of the open challenges were presented
and briefly discussed. Those challenges include the mathe-
matical definition of how to value the criteria presented in
the literature, the analysis of these criteria in order to de-
fine which ones are important and which aren’t, as well as
finding redundant criteria to eliminate, and the comparison
of methods to calculate QoC values, as well as the creation
of new methods combining the strengths and removing the
weaknesses of existing methods.
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Abstract

Since the firsts appearances of the cloud computing
paradigm, it is attracting attention of the High-Performance
Computing (HPC) community. Due to its characteristic of
elasticity and unlimited amount of resources, combined
with the pay-per-use charge model. These key concepts
makes The Clouddin interesting alternative as an environ-
ment for HPC applications. This work presents a first step
of a project were we will investigate the capabilities of
cloud computing for HPC. In this work we executed the
MPI Exchange Benchmark among four different Azure Data
Centers to study the behavior of the network in the same
provider. Our results shown that, compared with a tradi-
tional HPC cluster, the cloud presents a 10 times perfor-
mance loss, but with a predictable behavior.

1. Introduction

Cloud Computing has two main characteristics: the pay-
per-use cost model and the elasticity [1]. These character-
istics offer an interesting alternative for High Performance
Computing (HPC) applications. Due to them, it is possible
to have access to, virtually, any amount of resources in lit-
tle time without upfront costs.

This work is one of the firsts steps towards a project that
aims to explore opportunities for symbiotic, coordinated use
of HPC and cloud computing infrastructures. The idea is,
starting from an HPC infrastructure such as a traditional
HPC cluster. The purpose is to identify cloud computing as-
pects that could be explored to provide a far-reaching, flexi-
ble (e.g., in terms of adaptation to fluctuating demands) and
efficient environment for running HPC.

It is a common sense that the main bottleneck of Cloud
Computing is the network performance, a very important
aspect for HPC. Since MPI is an important standard for
HPC communication [2] its performance need to be mea-
sured.

In this paper, we provide a evaluation of MPI Parallel
Communication in the Microsoft Azure public Cloud.

We compared the same type of virtual machine (VM) in-
stance among four different Azure Data Centers and used
the machines during working hours and during the night.

Our intention was to verify the allocation time presents
performance impact in the machines and if they have dif-
ferent performance levels among different Data Centers us-
ing the same instance. To have a baseline for comparison
purposes we used the traditional cluster econome from the
GRID5000 project.

Our results shown that the execution during the day and
night has minimum performance difference and could be
ignored. We also conclude that there a slightly difference
in the network performance when compared the execution
times between the different Data Centers.

This work is organized as follow. Section 2 presents the
methodology used to conduct our work. In the Section 3 we
present the results of the execution of the network bench-
mark among the Azure Data Centers. Finally, Section 4
presents a discussion of the work and talks about the fu-
ture work.

2. Methodology

We performed experiments on one traditional cluster sys-
tem as well as four Data Center locations of Microsoft
Azure using the G5 VM instance. The G5 instance is a VM
with 32 cores, composed of a E5-2698v3 CPU running at
2.3 GHz with 448 GB of RAM, there is no precise informa-
tion about the network interconnection. The traditional clus-
ter is the econome machine from GRID 5000 and is com-
posed of two 8-core processors, the network interconnec-
tion is 10 Gbit Ethernet.

In all environments, we create systems with 128 cores
in total to maintain a comparable baseline. The total num-
ber of nodes were four, for the G5 machines, and 8 for
the econome cluster. The locations of Microsoft Azure used
were: West Europe (WEU), West USA (WUS), East USA
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Machine Processor Cores per

name model instance Network Location

Econome E5-2660 16 10 Gbit/s France
West EU

G5 E5-2698 v3 32 — East US
Singapore
West US

Table 1. Configuration of the environments used in the experiments.

(EUS) and Southeast Asia (SAS). To the best of our knowl-
edge, all systems are running without Hyper-Threading. All
environments use Intel processors of recent generations, at
least the Sandy-Bridge family.

Table 1 contains an overview of the machines used in the
evaluation. Although main memory sizes vary between dif-
ferent instance sizes, all amounts were sufficient for our ex-
periments and are therefore not mentioned in the table.

We use the Intel MPI Benchmark Exchange test. Accord-
ing with the Intel MPI Benchmark manual ”Exchange is a
communication pattern that often occurs in grid splitting
algorithms (boundary exchanges). The group of processes
is similar to a periodic chain, and each process exchanges
data with both left and right neighbor in the chain.” This
test measures both the bandwidth and the latency of the net-

work.

We executed the tests five time on each environment and
allocation. Each one of the experiments was performed with
different message sizes, 0, 1, 2, 4, 8, 16, 32, 64, 128, 256,
512, 1024, 2048, 4096, 8192, 16384, and 32768 bytes.

3. Results

Figure 1 shows the bandwidth results of the Exchange
test in logarithmic scale. The cloud instances present the
same behavior pattern of increasing the bandwidth when
the package size increases. We could observe that we have a
very predictable bandwidth capacity according with the in-
crease of the package size.
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Figure 1. Bandwidth Results for Exchange benchmark.
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Figure 2. Latency Results for Exchange benchmark.

The bandwidth achieved by the cluster was 3 Gb/sec
when the cloud allocations were around 350 Mb/sec for
a 32 KB package. Comparing these numbers, we could
observe that the cluster achieved a bandwidth around 10
times better than the cloud allocations. This indicates that
the cloud network presents less capacitate at all as possi-
ble a certain level of contention, due to the virtualized and
shared environment. However, the predictable behavior and
the bandwidth increase of the cloud allocations could bene-
fit the user when configuring his application to be executed
in the cloud.

Figure 2 shows the latency results for the Exchange test.
It is possible to verify that the cluster latency has a increase
when the package size increases. This behavior could mean
a level of network contention, the reason could be that this
test performs a lot more concurrent communication in the
network.

The cloud results showed a decent latency and a more
predictable behavior, all the cloud instance allocations dis-
played the same pattern. It is interesting to note that all of
the cloud allocations present a huge increase when the pack-
age size turns 8KB, and then all of them follow the standard
pattern. This could be explained for a possible network op-
timization. The network is configured to handle a certain
number of bytes at same time, for optimization, and when
this number is reached the switches need to go to the con-
troller to get a new configuration. This took some time, then

the latency increases a little.

4. Conclusions and Future Work

In this works we performed an evaluation of the Ex-
change benchmark in the Microsoft Azure cloud. We shown
that the cloud has a performance loss compared with a phys-
ical cluster and it is not ready for any HPC application.
However for some kinds of applications, with a well de-
fined communication pattern, it is suitable to be used.

As future work, we will expand this tests and provide a
deep investigation of the cloud bottlenecks.
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