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a  b  s  t  r  a  c  t

It is a matter  of  consensus  that the  ability  to efficiently  use  current  and  future  high  performance  computing
systems  is crucial  for science,  however,  the reality  is that the  performance  currently  achieved  by most  of
the parallel  scientific  applications  is far from  desired.  Despite  inter-process  communication  has  already
been  a matter  of study in many  different  works,  it is a fact that their  recommendations  are  not  taken  into
account  in  most  of  computational  model  development  processes,  at least  in the case  of  Earth  Science.
This  work  presents  a  methodology  that  aims  to  help  scientists  working  with  computational  models  using
inter-process  communication,  to  deal with  the  difficulties  they  face  when  trying  to  understand  their
applications  behaviour.  Following  a series  of steps  that  are  presented  here,  both  users and  developers
will  learn  how  to identify  performance  issues  by  characterizing  applications  scalability,  identifying  which
parts  present  a bad performance  and  understand  the  role  that  inter-process  communication  plays.  In  this
work,  the  Nucleus  for European  Modelling  of the  Ocean  (NEMO),  the  state-of-the-art  European  global
ocean  circulation  model,  will be  used  as  an example  of  success.  It is  a community  code  widely  used  in
Europe,  to  the  extent  that  more  than  a hundred  million  core  hours  are used  every  year  in  experiments

involving  NEMO.  In the  analysis  exercise,  it is  shown  how  to answer  the  questions  of  where,  why  and  what
is  degrading  model’s  scalability,  and  how  this  information  can help  developers  in  finding  solutions  that
will  mitigate  their  eventual  issues.  This  document  also  demonstrates  how  performance  analysis  carried
out with  small  size  experiments,  using  limited  resources,  can lead  to optimizations  that  will  impact  bigger
experiments  running  on thousands  of cores,  making  it easier  to  deal  with  the  exascale  challenge.

© 2018  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license

model [10,27]. The reason for such a success relies on its widely
known advantages: it is portable, it has a long history and it is com-
patible with other paradigms such as shared memory. As a result
. Introduction

Until 2005, processor clock frequencies had been increasing
xponentially allowing codes of any kind to improve their per-
ormance without almost any effort from the code developer.
owever, the difficulty in handling the heat dissipation prevented

rom further increasing the computing power through this way
nd forced both hardware and software to drift from a sequen-
ial to a parallel paradigm, which forced hardware to evolve from
he almost hegemonic single-core to different multi-core architec-

ures. In order for the software to take advantage of the computing
apacity of these multi-core architectures it necessarily had to
xploit both intra and inter-node parallelism and to do so different

∗ Corresponding author.
E-mail address: oriol.tinto@bsc.es (O. Tintó Prims).
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programming models were developed. For intra-node parallelism,
Open Multi Processing (OpenMP) was the most commonly used
[16] and with the adoption of graphics processing units (GPUs) for
general computation, CUDA1 and OpenCL2 were also created [13].
However, among this diversity, Message Passing Interface (MPI) has
become the standard paradigm to exploit inter-node parallelism
and it now has the role of being the most used parallel programming
1 CUDA: is a API created by Nvidia. It allows developers to use a CUDA-enabled
graphics processing unit (GPU) for general purpose processing.

2 OpenCL:is a framework for writing programs that execute across heterogeneous
platforms consisting of central processing units (CPUs), graphics processing units
(GPUs), digital signal processors (DSPs), field-programmable gate arrays (FPGAs)
and  other processors or hardware accelerators.

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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f this popularity, an MPI  code will run on most clusters around
he world. Nevertheless, MPI  also has some drawbacks: its imple-

entation is explicit and it can produce a considerable overhead,
aking its efficiency depend on the developer’s ability.
The need to change to a parallel paradigm made necessary to

dapt already existing computational models. Earth System mod-
ls (ESMs), which nowadays are the most powerful tools to forecast
omorrow’s weather and study the future climate, were not an
xception. These ESMs are made up from multiple mathemati-
al models that describe the different facets of the Earth System.
ot all ESMs include the same components, but their core is
lways an Atmosphere-Ocean Global Circulation model, which is
n atmospheric model coupled with an oceanic one, which can
e complemented with other submodels to better describe other

mportant processes as sea-ice, land, biosphere, etc.
Scientific performance of ESMs has been for decades in a sus-

ained path of improvement, fundamentally based on the use of
nsemble methods, resolution increments of the grid used to solve
he equations [25], or the addition of new features, demanding
ll these elements more computational power. To summarize, the
mprovement of the ESMs was sustained by an increase of the
omputational power, that at one point was only possible to be
xploited by switching to the parallel paradigm and using high
erformance computing (HPC) systems [18,33,34,14].

In many cases the change was not trivial since not every serial
lgorithm can be easily converted into a parallel version. For
xample, computational models that use implicit or semi-implicit
ethods to discretize the governing equations are harder to par-

llelize than explicit cases [24,21,15]. Implicit or semi-implicit
lgorithms need to solve systems of equations, generally using iter-
tive methods, involving information from the whole domain that
equire expensive communication/synchronization operations to
e parallelized. As a consequence, parallel implementations have
n associated overhead that can increase both the execution time
f each solver iteration [2] and the number of iterations required
o converge to an acceptable solution [4,19,23,30]. For example,
ome works [4,7] present a parallel matrix vector multiplication
rocedure whose implementation has a scalability limited by com-
unication’s overhead.
Despite the difficulties presented above, new codes would be

eveloped taking into account all the necessary considerations to
xploit better the available resources. However, legacy software
as classically designed with sequential flows at a time when
arallel implementations were nonexistent or offered a low pay-
ack [3] and therefore will have more problems to efficiently use
odern computers. These problems may  be of different nature: a

on-scalable algorithm, a bad implementation or, the most usual, a
ixture of these two cases [6], not being always obvious in which

f these situations a model is.
This is not the first work that tries to address computational

roblems with the parallel implementations of ESMs. Some illustra-
ive examples could be [12], where a low-resolution climate model
s analysed and major code modifications are proposed in order to
ncrease the performance on a specific machine, and [6], where the
ifferent components of the Community Climate System Model are
tress tested to find scalability issues. One of the conclusions of this
ublication was that in most cases at the root of scalability issues
here are design choices made when the need for parallelization
as less or even nonexistent, and that little modifications could

olve many of these problems.
The approach of performing major code modifications is usually

n unaffordable solution for most of the scientific models, taking

nto account that some studies quantified the development cost of

 state-of-the-art ESM to be between 500 and 1000 person years
22]. Furthermore, putting significant efforts to optimize a model to
est fit into a specific architecture may  be not so much attractive,
l of Computational Science 36 (2019) 100864

taking into account that the lifetime of the computer systems is
usually much shorter than the models’. Then, its portability is most
valuable than its capacity to exploit a very specific machine.

The authors believe that in the ESMs case an in-depth perfor-
mance analysis can lead to feasible and productive solutions that
do not require a full rewrite of the code while effectively improving
the performance of the model. Knowing that the work of under-
standing the computational behaviour of applications running in
HPC systems is tough, a methodology to undertake this analysis is
presented in this work, with the aim to help computational scien-
tists to deal with it. To demonstrate this, the NEMO model is used
as a case study. It is a state-of-the-art ocean model based on the
Navier–Stokes equations and is being used by a wide community
involving hundreds of institutions [1]. Although there have been
some previous performance analyses on NEMO [26,8], the approach
presented in this work allows to highlight problems not previously
identified. In short, this paper shows how a deep analysis of the
communications implementation in a ESM can be used to success-
fully identify scalability bottlenecks. It explains the reasons for their
occurrence and proposes optimizations to substantially improve
the computational performance of the model.

Section 2 is devoted to introduce the steps necessary to reveal
bottlenecks and understand the impact of inter-process commu-
nication in the performance of the model. Section 3 contains a
description of the model used to do a demonstration of the method.
In Section 4 there is an analysis carried out using the proposed
methodology. Finally, in Section 5 the conclusions of the work are
exposed.

2. The methodology

The methodology proposed in this section intends to be useful
to scientists that are running computational models on HPC sys-
tems and are willing to understand its computational performance,
uncovering communication related issues that are potentially hin-
dering its efficiency.

2.1. Analysis steps

Following the steps stated below, one should be able to iden-
tify what, where, and how is constraining the model’s scalability,
highlighting the role of communication.

2.1.1. Step 1: Determining maximum throughput
A good starting point for learning about the issues that are con-

straining the performance of a model is to know how fast it can
perform when using different amount of resources, and at what
point it reaches its peak. There are different metrics that can be
used for the model throughput, being many of them field-specific.
In the case of climate models a widely used metric is Simulated
Years per Day (SYpD), which indicates the number of simulation
years that can be completed in one day of wall-clock time. When
it is time to measure the throughput of a model, it has to be taken
into account that most models have initialization and finalization
phases that may  not be relevant in time in real simulations but that
can be relevant in short tests.

2.1.2. Step 2: Finding the bottlenecks
Once it is known how the model throughput evolves and how

many cores have to be invested to reach its peak value, the next
step is to identify the code regions that do not scale properly. If
they exist, these will be those representing a substantially higher

proportion of time when the model speed reaches its peak, in
comparison to a smaller case. To identify these regions, the only
required information is the time spent inside each function for two
different cases, usually the single-node case and another one closer
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o the maximum model throughput. There are several tools that can
elp to collect this information, being the most common gprof [9].
owever, in this work the tools used were Extrae, to collect the

nformation, and Paraver, to visualize it, both from the BSC tools
uite.

.1.3. Step 3: Bottleneck deeper insight
Once the bottlenecks are localized, the next step is to find the

ole that inter-process communication plays on them and, there-
ore, MPI  information of these regions has to be collected. While MPI
tatistics could certainly give valuable information, sometimes they
o not uncover the real problem. In these cases, more detailed infor-
ation from all the individual MPI  calls would give more insight

nto the structure of the application, providing a meaningful under-
tanding of what is happening during the execution. For this reason,
dvanced tracing tools like those included in the BSC toolkit become
ery useful.

To provide an example, the percentage of the time spent in com-
unication is a good metric of the parallel efficiency, and a high

alue of this quantity is a clear sign of issues related with commu-
ication, but does not describe well the nature of these problems.
here are many different MPI  operations: sending and receiving
oint to point messages, collective operations, waiting for oper-
tions to finish and all these operations use to be accounted as
ommunication time, even though, it is not the same to be transfer-
ing data than being waiting for a message from another process.

.2. Tools

For the task of analysing the model computational performance
n an HPC platform, the set of performance tools developed at the
omputer Science Department of the Barcelona Supercomputing
enter (BSC-CNS) was used. This suite, that is open-source and can
e freely downloaded, includes a tool to collect information from
he model execution (Extrae) [31], a tool to simulate the behaviour
f eventual runs in different hardware conditions (Dimemas), and
lso a tool to visualize the performance data collected or simulated
Paraver) [17].

Extrae collects information from an application and stores it in
orm of traces. This information can be of three different types:

. Timestamps of the events occurring during the execution (up to
nanoseconds).

. Performance and other counter metrics using the Performance
Application Programming Interface (PAPI) and the Performance
Metrics Application Programming Interface (PMAPI).

. References to the source code to relate it with the performance.

The Dimemas tool is able to estimate the behaviour of a
essage-passing program in a target platform. It is used to sim-

late what-if cases on different classes of architectures including
lusters, SMPs, heterogeneous systems, etc. Finally, Paraver is used
o visualize the information stored in the traces, both those coming
rom real executions and those output from performance simula-
ions. One of its main features in comparison to other tools is that it
ffers a great flexibility to explore the data contained in the traces.

 more complete description of these tools and several others can
e found in http://tools.bsc.es.

. Case study
This section contains a brief description of NEMO, that was
hosen as case study, to be analysed using the proposed method-
logy. Here, then, what can be found is some information about
his model, details about the specific configuration used for the
l of Computational Science 36 (2019) 100864 3

simulations and information about HPC environment where the
experiments were performed.

3.1. About NEMO

The Nucleus for European Modelling of the Ocean (NEMO)
[20] is a state-of-the-art modelling framework for oceanographic
research, operational oceanography seasonal forecast and climate
studies, which is used by a large community: about 100 projects
and 1000 registered users around the world. It is controlled and
maintained by an European consortium, made up by CNRS and
Mercator-Ocean from France, NERC and Met  Office from the United
Kingdom and CMCC and INGV from Italy [1].

The framework includes five major components, some of them
can work standalone and others need to run on top of others. The
principal components are:

• OPA: dynamics and thermodynamics of the ocean.
• LIM: dynamics and thermodynamics of the sea-ice.
• TOP: biogeochemistry.
• AGRIF: adaptive mesh refinement.
• TAM: data assimilation component.

The core of NEMO is the OPA module. It solves the Navier–Stokes
equations from regional to global scales using Euler first-order dis-
cretization methods on a three-dimensional (3D) grid. However,
despite the domain being represented in three dimensions, the
dynamics and thermodynamics of the ocean involve very diverse
phenomena, some of them being simulated over horizontal planes
while the others are simulated over the vertical axis.

This diversity entails that not all the routines compute over
the full 3D domain and some of them only act over 2D surfaces.
The model was parallelized and is able to be executed in both
shared and distributed memory environments, using a 2D-Pencil
domain decomposition method (Fig. 1) that splits the global three-
dimensional domain in two dimensions, keeping all the vertical
levels from the global domain inside each one of the sub-domains.
Domain decomposition methods require the sub-domains to com-
municate in order to exchange boundary conditions (dark grey
regions in Fig. 1) between neighbour subdomains. In NEMO this
operation is performed by means of a module using MPI.

The LIM model [32,28] solves the dynamics and thermodynam-
ics of the sea-ice. It has to be coupled with the OPA module and
uses the same grid but only operates on the surface layer, implying
that computations are performed mainly over 2D arrays.

The model is able to run on different grids, the most commonly
used being the ORCA irregular grid, which has three poles to avoid
numerical instabilities in the north, and is available in several reso-
lutions. A scientist can use a low resolution grid model to study the
general ocean circulation running the model on his laptop while
another one can study coastal current vorticity in a high resolution
grid using a supercomputer. It becomes clear that the configuration
used is fundamental for the computational cost of the simulation
and the performance issues that can arise.

The computational cost is estimated to be proportional to the
number of grid points, so an ultra-high resolution grid ORCA12
requires 1239.5 times more computational power to perform a
time-step than a low-resolution ORCA2 grid. Furthermore, an
oceanic model is subject to the Courant–Friedrichs–Lewy (CFL)
condition, which forces the time step length in oceanic modelling
to satisfy multiple criteria associated with different physical pro-

cesses in order to guarantee numerical stability [11]. Due to CFL, the
use of a higher spatial resolution implies that the maximum time
step length that can be used is reduced, this value being determined
by the maximum propagation speed of internal waves [29]. For this

http://tools.bsc.es
http://tools.bsc.es
http://tools.bsc.es
http://tools.bsc.es
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Fig. 1. Vertical 2D-Pencil domain decomposition for three-dimensional grids. In dark gra

Table 1
Summary of different available ORCA grid resolutions. The included information
tells  us the approximate separation between grid points near the equatorial line, the
number of vertical levels, how much time does a model step simulate and finally
the  number of grid points that a specific resolution has.

Name Horizontal
resolution
(degrees)

Number of
vertical levels

Time-step
length (s)

Total points

ORCA2 2 31 5760 0.8M
ORCA1 1 75 3600 7.9M

r
s

5
9
i
s
t
a
e
t
h

3

t
t
e
s
i
t
t
p
t
r
c
fi
a
i

ORCA025 1/4 75 900 110.4M
ORCA12 1/12 75 3006 991.6M

eason, the number of iterations that the model has to perform to
imulate the same time lapse increases with the spatial resolution.

Table 1 shows that while ORCA2 has a default time step length of
760 s, the usual time step lengths for higher resolutions are 3600,
00 and 300 s for ORCA1, ORCA025 and ORCA12 respectively, mak-

ng necessary to do 1.6, 6.4 and 19.2 times more iterations for the
ame experiment length. This not only implies that higher resolu-
ions have much more computational workload per time step, but
lso that they have to perform more time steps to simulate the same
xperiment. Taking into account both spatial and temporal resolu-
ion, the final cost of an ORCA12 simulation is at least 23,798.4 times
igher compared to an ORCA2 simulation.

.2. Configurations

As it was stated above, the grid resolution is the main condi-
ioning factor for the computational cost of a simulation, but not
he only one. There are other features (modules, runtime options,
tc.) that have also an important impact. Since the interest is to
tress the impact of the communication on the model scalabil-
ty, a low-resolution configuration was chosen, considering that
he communication overhead represents a bigger proportion of
he time than in higher resolutions. However, the optimizations
roposed have also been tested on a high-resolution configura-
ion to evaluate the impact of these optimizations using different
esolutions. The low resolution experiments use an ORCA2-LIM3

onfiguration, and they can be easily reproduced since the con-
guration is contained in the model sources and the input files
re available in the NEMO website. The only modification required
s the activation of a performance optimization parameter in the
y, the boundary elements that have to be interchanged between the sub-domains.

namelist, which is disabled by default. This can be done by setting
the flag ln nnogather = .true.. For the high resolution case, no official
configuration is provided with the model sources. However, there is
a benchmark configuration based on an ORCA025 grid and created
for performance purposes, available in the NEMO repository. Both
low and high resolution experiments use the OPA and LIM3 mod-
ules, the former for the ocean, the latter for the sea-ice. The reason
for using these specific modules and not the other options, is that
those are used in the Earth System coupled model developed by the
EC-Earth consortium, to which the BSC-ES department belongs, and
that is key piece for CMIP6 experiments. Besides, the sea-ice model
LIM3 is quite new and it is more computationally expensive than
the previous versions [28]. Further studies considering the other
modules are foreseen in the future.

3.3. Environment

The experiments have been executed in the Marenostrum III
supercomputer, hosted in the BSC-CNS. Marenostrum III is a 1,1
petaFLOPS machine with 48,896 processor cores spread over 3056
nodes. Each computing node has two  Intel Sandy Bridge-EP E5-
2670/1600 processors with 8 cores running at 2.6 GHz each, and
with 8x4GB DDR3-1600 DIMMS  memory (2 GB/core). The nodes are
coupled with a high-performance Infiniband FDR10, and an auxil-
iary Gigabit Ethernet network is used for the shared file system. For
these experiments Intel compilers v16.0.1 and the Intel MPI  library
v5.1.2.150 have been used.

4. Analysis and results

This section sets out in Section 4.1 the analysis of NEMO, the
case study, following the steps presented in Section 2. Addition-
ally, in Section 4.2 there is a little further analysis of the code and
some solutions for the problems identified during the analysis are
proposed, including an evaluation of their impact.

4.1. Analysis

4.1.1. Step1: Determining maximum throughput

The first step of the analysis must be to determine how fast the

model can simulate when using different number of resources and
when it achieves its maximum throughput. To collect this informa-
tion it was not necessary to use additional tools, whereas the system
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Fig. 2. Throughput in Simulated Years per Day achieved by the NEMO model using
an  ORCA2-LIM3 configuration with different number of resources.

Table 2
Model throughput in Simulated Years per Day using an low-resolution ORCA2-LIM3
configuration for different number of cores. The relative efficiency is the comparison
of  the amount of simulated years that can be produced with a specific amount of
resources, normalized with the single-core case.

Number of cores Throughput
(Simulated
Years per Day)

Relative
efficiency

16 89.73 100%
32  172.45 96%
64  270.59 75%
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Table 3
Throughput of the NEMO model with a ORCA2-LIM3 configuration for the different
versions of the code using different number of cores. The version v0 corresponds to
the  original code without optimizations, the version v1 includes message aggrega-
tion, the versions v2 include the reduction of the global sums in the sea-ice diffusion
routine and the version v3 includes also the reorganization of the sea-ice diffusion
routine. v2a, v2b and v2c correspond to the same version of the code being different
the  frequency at which the global sums are performed, in the a case.

No. of cores Version

v0 v1 v2a v2b v2c v3

16 89.73 90.16 90.70 90.97 90.80 87.80
32  172.45 174.69 176.34 177.25 177.81 174.43
64  270.59 276.99 289.31 295.93 297.66 290.22
128  354.96 394.16 406.46 426.60 429.83 461.96
256  396.40 455.46 483.92 511.37 520.06 597.60

Table 4
Throughput of the NEMO model with a ORCA2-LIM3 configuration for the different
versions of the code using different number of cores.

No. of cores Version

v0 v1 v2 v3

256 1.67 1.69 1.78 1.65
512  2.68 2.70 2.89 2.87
1024 3.78 3.94 4.28 4.55
2048 4.16 4.39 5.20 6.08

Fig. 3. Percentage of time spent in the eight most costly routines for an ORCA2-LIM3
128  354.96 49%
256  396.40 28%

ime was written at each time step, deriving from this information
he model throughput. This approach allows to discard the time
pent in both the model initialization and finalization while cap-
uring the simulation throughput in shorter-duration executions.
or each one of the different evaluated instances (number of cores
sed) samples of ten measures (measured speed of an execution)
ere taken.

Looking at the Fig. 2 and Table 2 it can be seen how the model
hroughput evolves, as more resources are being used. Running on

 single node the model throughput is almost 90 SYpD, reaching
55 SYpD when using 8 nodes (128 cores), being very small the

mprovement beyond this point only 11% faster when doubling the
esources used, which is a huge drop in the efficiency. It can also be
een that the scalability of the model is far from being linear, being
he efficiency of the 8 node case just below 50% of the single node
ase efficiency.

.1.2. Step 2: Finding the bottlenecks
In the second step, the specific routines that do not scale prop-

rly (if that is the case) must be identified. The previous step
nalysis showed that the model reaches almost its maximum
hroughput when using 8 nodes (128 cores). Having this infor-

ation, and in order to proceed with the second step, function
nformation has to be collected for both single and 8-node execu-
ions. Nevertheless, function information for other cases has also
een collected and represented in Fig. 4 to have a clearer picture of
ow the time consumed by each function evolves (Tables 3 and 4 ).

Looking at the distribution of the time spent in each function
see Fig. 3), in the single node case the model has a very flat pro-
le, with the most expensive routine spending only 14.6% of the
xecution time. However, in the 8 node run, there is a qualitative

hange, being most of the time consumed by few routines. This
act indicates that the lack of model scalability is mostly caused by
hese routines, that become the performance bottleneck. As it can
e seen in Fig. 4, the functions that are relevant because of their bad
simulation using a single-node (16-cores) of Marenostrum III. The profile is very flat
and the most costly routine (the surface pressure gradient) does not even reach a
14% of the total execution time.

scalability are mainly three, representing together 24% of the time
when running on a single node but more than 50% in the 8-node
case.

The first of these routines (surface pressure gradient) solves the
dynamics of the ocean surface pressure gradient and belongs to
the OPA module, while the second and the third belong to the LIM3
module and compute the horizontal diffusion (sea-ice horizontal
diffusion) and rheology (sea ice rheology), respectively.

Once the worst scaling code regions have been determined, a
further study of these regions is needed.
4.1.3. Step 3: Bottleneck deeper insight
The third step is devoted to explore the role that inter-process

communication plays on the bad scalability of the regions previ-
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Fig. 4. (A) Percentage of time spent in sea surface pressure gradient (dyn spg ts), sea-ice horizontal diffusion (lim hdf), sea-ice rheology (lim rhg) and all the other routines
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nd  all the other routines (others) when using different number of cores compared

usly identified. MPI  information from these regions can be used
o compute metrics that are useful to characterize the impact of
he communication overhead and, with a further analysis, to deter-

ine the potential causes of that behaviour. With regard to the case
tudy, in the second step three main routines were identified: sea
urface pressure gradient, sea-Ice horizontal diffusion and sea-ice
heology. For these regions, MPI  information was collected as it is
xplained in Section 2.1.3.

In the case of the surface pressure gradient routine, using the
araver tool to visualize the MPI  information collected through dif-
erent experiments (Fig. 5), it was possible to see that, even in the
ne-node case, the time spent in communication exceeds 30% of
he time. The potential of these tools is that, even without having
ny previous knowledge of the code, it is possible to see which
s the origin of performance loss. In this case the tool revealed
hat, inside this routine, most of the execution time is spent in

 single loop containing four computation phases separated by
our communication phases. There are seven border updates dis-
ributed over them: three phases with two interchanges, and one
hase with a single interchange. Having this seven intercommu-
ications taking place in each every loop iteration, it is clear
hat what is constraining this routine to scale is the high rate of
ommunication.

For the second routine identified, sea-ice horizontal dif-
usion, the previous step of the analysis showed a very bad
calability. Using Paraver (see Fig. 6), it is possible to identify

 loop structure consisting in two computational phases with
ery short duration, separated by two communication regions.
he former communication region corresponds to border inter-
hange while the latter consists in one collective operation which
equires synchronization of all the processes. Like in the first
outine, there is an issue with the high amount of commu-
ications, but in this case these concentration is even more
armful because of the requirement of global synchronization.
dditionally, it can be observed that the four last processes
pend more time in the border interchanges, and in consequence
he other processes have to wait more time in the collective
ommunication.

The third one of the routines, sea-ice rheology (see Fig. 7),
resents the same issues that the sea surface pressure gradient,
t is a high rate of communication.
At this stage and only following the three steps stated in the

ethod proposed, it is already clear where and what is constraining
he model’s scalability.
ient (dyn spg ts), sea-ice horizontal diffusion (lim hdf), sea-ice rheology (lim rhg)
a single node execution.

4.2. Further exploration and optimizations

Whilst the purpose of the proposed methodology is to uncover
communication issues in a simple manner, this section goes a lit-
tle further and shows how the revealed information can lead to
solutions able to improve the model performance.

The main analysis’ outcome indicates that mainly three routines
were identified as bottlenecks and in the three cases the main rea-
son was  the high rate of communication, additionally having in one
of the cases the presence of collective operations making the prob-
lem worse. The analysis’ main outcome indicates that essentially
three routines were identified as bottlenecks and in all the cases
the fundamental reason was the high rate of communication, with
the aggravating circumstance of having collective operations in one
of the routines. This information is very important to understand
what is happening with regard to the performance, but to know
what changes can be done in each case it is necessary to further
study the code and understand what each routine is doing.

The first of the routines identified, the surface pressure gra-
dient, is part of the OPA module and is in charge of updating the
dynamic trend with the lateral diffusion. Out of the different phe-
nomena simulated in the dynamical core, the barotropic flow has a
higher speed than the rest. As it was  explained, CFL conditions make
higher speeds to require smaller time steps to avoid numerical
instabilities. To overcome this issue, the current solution consists in
computing separately the equations involving this barotropic flow
by using a time-splitting strategy, along with a split-explicit scheme
iterative algorithm. With this method, the resolution of the implicit
scheme system and the overall time-step reduction are avoided at
the cost of doing extra iterations in the routine. Event this rou-
tine implements the time-splitting strategy, it still has to perform
many iterations per time-step, involving communication among
neighbour subdomains. However, there is not a sound reason to
have consecutive interchanges of different variables performed in
different messages, since it is not enforced by the algorithm. The
same situation of consecutive interchanges with the neighbours
happens in the sea-ice rheology routine, that computes rheology
processes on sea-ice and requires also an iterative process to solve
the momentum equation.

In both cases this approach is likely to have been followed sim-

ply because it was easier for the developers, who probably did not
expect the impact it would have in the performance. This point sug-
gests that a method called message aggregation can be applied. It
consists in gathering all the different consecutive messages going
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Fig. 5. Paraver view of the sea surface pressure gradient routine. Inside the gray rectangle, it can be seen the pattern that it is repeated consisting on four computation
phases  (in blue) separated by communication phases (red and pink). The different lines in the y axis represent the different threads (16 in the single node case) and the x axis
represents the time. Each line shows what is happening in each one of the threads among the time, in this case inside the sea surface pressure gradient routine. The whole
figure  corresponds to 4.5 ms  of simulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Paraver view of the sea-ice horizontal diffusion routine. It can be seen a iterative structure consisting in a computational phase (in blue), a border interchange (red
and  pink) a very short computational phase and a group communication (in orange).The different lines in the y axis represent the different threads (16 in the single node
case)  and the x axis represents the time. Each line shows what is happening in each one of the threads among the time, in this case inside the sea surface pressure gradient
routine.  The whole figure corresponds to 0.5 ms of simulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of  this article.)

Fig. 7. Paraver view of the sea-ice rheology routine. Inside the gray rectangle It can be seen the iterative structure consisting in four computational phases (in blue) separated
by  border interchanges (red and pink). The different lines in the y axis represent the different threads (16 in the single node case) and the x axis represents the time. Each
line  shows what is happening in each one of the threads among the time, in this case inside the sea surface pressure gradient routine. The whole figure corresponds to 2 ms
of  simulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Model throughput in Simulated Years per Day using an ORCA2-LIM3 config-
uration for the different versions of the code with the different optimizations and
for  different number of cores.

Fig. 9. Model throughput in Simulated Years per Day using an high resolution
ORCA025-LIM3 configuration for the different versions of the code with the different
optimizations and for different number of cores.
 O. Tintó Prims, M. Castrillo, M.C. Acosta et al. /

o the same destination in one single message, making it possible to
ay the latency cost once only. To do this, one routine was adapted
o interchange an arbitrary number of variables with the neighbour
ubdomains in a single call. It was possible to apply message aggre-
ation not only in the identified routines, but also in some more
laces of the code, although is in these places where the expected

mpact is bigger.
In order to test the impact of this optimization, the through-

ut of the modified code was compared with the original version.
ig. 7 shows that a 15% throughput improvement is achieved using
56 cores. In the same sense, Fig. 8 shows that in high resolution
he maximum improvement is achieved when running 2048-cores,
aving the version including message aggregation (v1) 5% more
hroughput than the original (v0). It can be observed that this tech-
ique has little impact in low core-counts (big subdomains and
igger computation over communication ratio) because it has more
ffect when the subdomains are small and communication spends a
igger proportion of the time. The absolute impact of this optimiza-
ion is not outstanding, but out of any doubt is relatively efficient,
aking in account the little effort its implementation demands.

In the sea-ice horizontal diffusion routine, the second region
f interest and the one that presents the worst scaling behaviour in
he tested configuration, it was also observed a high rate of com-

unication, but additionally, an abuse in the usage of collective
perations that required synchronization was detected. Looking
nto the code it can be seen that this routine, part of the sea-ice

odule LIM3, computes the diffusion trend on the sea-ice vari-
bles. It uses a second order diffusive operator evaluated using a
rank–Nicholson method [5], a semi-implicit scheme that requires
he use of an iterative approach. In the analysed implementation

 boundary interchange was required in all the iterations, as well
s an evaluation of the exit condition. And this routine was exe-
uted once for each one of the variables on which diffusion has to
e applied, whose number depends on the number of sea-ice cat-
gories and layers chosen. In the configuration used, this routine
cts on 41 different variables. The commented implementation may
ot be problematic when the communication overhead is some
rders of magnitude smaller than the computation time (big sub-
omains) but it becomes problematic when using more processors
nd the subdomains size is reduced, i.e. when the demands on the
arallelization are increased. To allow this routine to scale, it was
ecessary to reduce both the use of point-to-point messages and
he number of collective communications.

The simplest way to reduce the number of collective communi-
ation consisted of a reduction of the frequency of the exit condition
valuation, performing the check not at every single sub-time step,
ut only at few of them. This is an acceptable strategy since per-
orming some extra iterations does not degrade the quality of the
olution and the performance improvement expected is important,
onsidering that the global additions represent a big proportion of
he time. The impact of this measure can be seen in Fig. 8. It puts in
elief that the reduction of the check frequency has a big impact
n the performance when the subdomains are small, reaching a
4% increase in the maximum throughput with the convergence
heck performed only one time every 8 loop iterations (v2c) with
espect to the version with message aggregation (v1), and a 31%
ith respect to the original one (v0). Along the same lines, Fig. 9

hows that the impact is also important in high resolution, where
sing a convergence check frequency value of 5 (v2) leads to a
8% improvement in the 2048-case with respect to the message
ggregation case, and a 23% with respect to the original case.

On the contrary, there is no trivial way to reduce the amount of

essages in this routine since there is a single border interchange

t each loop iteration. To reduce the number of point-to-point mes-
ages by merging them, a reorganization of the routine code is
navoidable. In this case, the absence of dependencies between
the different variables can be exploited to group the computation
phases on one side, and the communication phases, on the other
side, to allow the merge of messages and collective operations. The
idea is to do as much work as it is possible to do, without commu-
nicating with the neighbours, and then communicate with a single
call the border information of all the variables. By reordering the
code using this strategy it would preserve exactly its numerical
results, and at the same time allow the use of message aggregation
and reduce by more than one order of magnitude the number of
messages.

The impact of this optimization (v3) with respect to the other
versions can be seen in Figs. 8 and 9 . The speed up improvement in
comparison with the second optimization version (v2) is 15% and
17% for the low- and high-resolution configurations, respectively.
Compared to the original (v0), the improvement reaches 49% and
46% for the low- and high-resolution configurations, respectively.
Nevertheless, it is true that for low core counts this modification
does not improve the performance but even slows it down a little
bit. This is probably explained by the fact that, when the reor-
ganization is applied, the counterpart of reducing the number of
communications is that the computation inside the sea-ice hori-
zontal diffusion routine does a worse use of the memory hierarchy.
When the size of the subdomains is big and therefore, the commu-
nication overhead has little importance this can effectively slow
down the simulation. Even having this in consideration, high reso-
lution experiments do take a lot of advantage of this optimization.
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. Conclusions

High performance computing plays and will play a central role
n science and, on the road to exascale, the ability to efficiently
se the available resources will be crucial. However, many cutting-
dge scientific tools, of which Earth System models are not an
xception, still present difficulties to scale, tens that could pre-
ent them from exploiting future supercomputers. Besides, most
f these models rely on legacy codes, originally thought to be exe-
uted in small clusters or even in serial machines, having inefficient
mplementations that in most cases present issues related with
nter-process communication. While it is true that exascale will
equire of new methods and algorithms, it is not less true that
elping developers of legacy software to adapt their models will
e key for the excellence of science. To make progress in this direc-
ion, this work presents a methodology with easy-to-follow steps
o find performance bottlenecks and uncover the role that commu-
ication plays in them, with the aim to help this needy applications.
o demonstrate the usefulness of this work, the methodology was
pplied to the analysis of the NEMO model, having satisfactory
esults. The analysis helped to identify performance bottlenecks,
howing that the high frequency of communications that some
outines presented, and the use of collective operations was pre-
enting the model to scale. Thanks to the outcomes of this analysis,
ome solutions were proposed to reduce the amount of commu-
ications, achieving a significant improvement in the maximum
odel throughput, both in low and high resolution configurations,
ith 49% and 46% improvement respectively. It is worth noting that

he analysis in a low resolution configuration led to optimizations
hich had an impact in high resolution.
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