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Research object

The object of the project investigation was the DMABFM application [1] . OPATM-BFM is a MPI-
parallel physical-biogeochemical simulation modeveloped in the frame of the MERSEA project [2]
and practically applied for short-term forecastskefy biogeochemical variables (e.g. chlorophyll,
salinity and other) for a wide range of coastabareamong others Mediterranean Sea and used in the
DORII project [3] .

The model solves the transport-reaction equatibh$of the generic biogeochemical concentratpn
based on the advection-diffusion processes:
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wherev is the current velocityy; is the sinking velocityk, andk; the eddy diffusivity constants and
Ruio is the biogeochemical reactor that depends, inegénon the other concentrations and on

temperaturd, short-wave radiatiohand other physical variables.

The complexity of the OPATM-BFM model consists hethigh number of prognostic variables to be
integrated, dimension of analysed ecosystems aalilityg for the long-term forecasts. In this corttex
the OPATM-BFM application poses some challengirensacios for the efficient usage of modern HPC
systems the application is running on.

The current realization

The core of the OPATM-BFM makes a 3D Ocean Gen€igtulation modelling System [4] up,
coupled off-line with the BFM chemical reactor (withe 1/8° horizontal resolution and 72 vertical
levels), developed at the Instituto Nazinale di &uweyrafia e di Geofisica Sperimentale (OGS) of
Trieste, Italy. The adoption is done programmalycdhrough the hard-coding. That rules the
possibility to use newer versions of the third-pasbftware (mainly with regard to the OPA part)
practically out.

OPATM-BFM is parallelized using the domain deconmpas over longitudinal elements (Figure 1),
that enables using massive-parallel computing messufor the application execution. The number of
domains corresponds to the number of computingsidtie application is running on. The consistence
of the computation by the parallelization and domdecomposition is ensured by the inter-domain
communication pattern that enables passing dats @dided on the domain bounds needed for the
computation inside domains.
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Figure 1. Domain decomposition used in the OPATM-BFM.

The current realization of the communication patterpurely based on the Message-Passing Interface
(MPI) and implemented by means of single point-bmp operations. Cumulatively, more as 250000
messages are transmitted on each step of the raaingolution in the current realization. The analys
duration for a standard short-term forecast (17sflay a generic XEON-cluster is approximately 8
hours. The size of the standard input data sebiGl. For the standard use case, the simulatioreinod
produces 80Gb of the output data.

Research’s objectives

Due to the parallel implementation (by means of MBle OPATM-BFM simulation model has been
applied for a whole basin of the Mediterranean 8eding the core of the ecological forecasting syste
developed in framework of the Italian Group of Ggiemal Oceanography, OPATM-BFM can be
safely used for large-scale assessments, such séisnagon of the carrying capacity of the
Mediterranean Basin (a valuable information for smbem-based approaches to fisheries
management), provision of habitat suitability ired@rs for risk assessment of a non-Mediterranean
species invasion (such as algae), regional ecosystsponses to climate change, scenario analyses,
design of observational research cruises and iei\and many others.

In light of promising results that has been achiewsing an IBM SP5 machine of CINECA [5]
(PowerPC processors) for the short-term forechstntodel is expected to produce additional output
products and information at different time scakke (ong-term forecast for up to 15 years of analys
is a challenging scenario of the planned OPATM-B&sége), as well as for a wider set of climatic
scenario analyses (multi-decadal period of intégmaetc.). With regard to this, obtaining maximal
performance (in terms of the execution time) andlaslity (in terms of speed-up gained due to
running on the increasing number of computing npdesmandatory for OPATM-BFM practical
usability for tasks of the real complexity. Moreovilae application poses great challenge for diffier
HPC architectures with regard to both optimal zailion of resources for performing the identified
complicated tasks of environmental simulation ametbpment of algorithms enabling such an
efficient usage.

The computation time can be reduced by scalingntimaber of computing nodes the application is
running on. This requires reconfiguration of thendin decomposition, corresponding to the number
of available computing nodes, ensuring the optifoad balancing of high-performance resources’
nodes. For the current longitudinal configuratittre decomposition only for 16, 32 and 64 domains is
foreseen by the OPATM-BFM realization. Moreoveg fterformance effect gained due to scaling the



number of computing nodes is not optimal (as theimpinary analysis had revealed, the performance
speed-up by scaling from 32 to 64 nodes is less0&6). This proves the necessity of the qualitative
improvement of the application communication pattefhat involves a detail analysis of the
communication pattern, resulting in performance rigloonings and bottlenecks identification.
According to the analysis results, proposals foprioning the application performance and resources
utilization (load-balancing) are to be identififithe realization of those proposals should alsoaltee
OPATM-BFM to overcome the most considerable perforoe limitation — scaling only up to 64
computing nodes, due to the specific of the redld@emain decomposition.

In the frame of the proposed HPC-Europa project“Bnabling grid-driven supercomputing for
oceanographic applications — theory and deployrmétiybrid OpenMP+MPI parallel model for the
OPATM-BFM application”, apart from a number of inopements of the current “pure MPI”
realization of the application communication and l/jpattern, the combination of memory
parallelization on the node interconnect with stameemory parallelization inside the node will be
implemented. This will result in a hybrid OpenMP+MRodel for the OPATM-BFM, ensuring that the
full potential of HPC is enabled.

The research should also support the OPATM-BFM ldgess in further understanding the
communication patterns, improving the computingesdtbad balance for different use cases, defining
bottlenecks more precisely as well as working aoiut®ons for resolving the shortcomings and
maximizing the application performance and scalgbilMoreover, the results obtained for the
OPATM-BFM will be important for other scientific pallel applications that implement similar
communication pattern.

Development of the hybrid OpenMP+MPI model

With regard to the communication pattern, thereenssme strong arguments in favour of a hybrid
model which tend to underline the assumption theerP+MPI realization of the communication
pattern should lead to improved parallel efficiermdythe OPATM-BFM as compared to current pure
MPI implementation [6] . This is especially importdrom the perspective of the application evolatio
towards running in high-performance grid environisenvhere the price/performance sweet spot is
settled at a point (European Grid e-Infrastructlilee those set up by EGEE [7] and DEISA [8]
projects). Obviously, obtaining high performanced atalability of the application is a necessary
condition for the efficient operation of the iddigd tasks on a standard element of a high-perfooma
Grid — a cluster of multi-core SMP nodes.

The experience for other applications from différproblem areas has shown that to the expected
benefits of the hybrid parallelization can be reddr enabling additional level of parallelism with
inherent performance and scalability optimizatiomproved load balancing, reduced memory
consumption and many others [9] . By the develogneérthe hybrid OpenMP+MPI communication
pattern we were guided by the experience of thethE&cience Department of the Barcelona
Supercomputing Center that acted as the main lgpstiganization for the proposed HPC-Europa
project.

The high-performance resources used

The investigation has been performed on the supeyater MareNostrum located at Barcelona
Supercomputing Center - Centro Nacional de Supegpateion (The Spanish National

Supercomputing Center). MareNostrum is one of tlestnpowerful supercomputer in Europe. The
supercomputer consists of 2560 JS21 blade computdougs, each with 2 dual-core IBM 64-bit
PowerPC 970MP processors running at 2.3 GHz fodQ@2PUs in total. For our tests, a total of 512
cores were available.



Software tools used

For application run profiling we used tools frone thalgrind tool suite [10] . The investigation biet
message-passing communication pattern was perfousedy the Paraver tool, developed in the
Barcelona Supercomputing Center [11] . The Paransralso very beneficial for our investigations, as
it fully supports hybrid OpenMP+MPI communicatiorodels.

Main results and achievements

- We ported the OPATM-BFM application to the Marstmiam, adapting the sources and supplement
files to the specific of available compilers, libes, etc. Corresponding changes have been condmitte
to the native source code repository.

- We identified the tool set for performance analyd the application. For application run profdime
used tools from the Valgrind tool suite. Benchmagkiboth inter-domain message-passing and file /0O
communication patterns was performed using the@ataol. The Paraver was also very beneficial for
our investigations, as it fully supports hybrid @pP+MPI communication models.

- We identified the main phases of the applicaggacution (initialization, iterative main simulatio
routine, synchronisation, data flushing and stoyage performed further analysis of the
communication pattern with regard to those phases.

- We specified the test use case consisting of thmbe initial steps in the main simulation routimais
allowed us to avoid profiling periodically repeatealts and minimize the size of the recorded trace
data with time stamps of occurred communicatiomesze

- We holistically investigated each of the applcatphases with regard to the communication ared fil
I/O events for the test use case and measureccharacteristics scaling the number of computing
nodes.

- Based on the analysis results, we identified rshrtcomings of the communication pattern with the
most impact on the performance degradation. Tcetlbas be referred: passing a big number of small
messages between domains (for example, in the tolwveoutine 1264 messages are transmitted on
every step of the numerical solution, whereas ithee &f the message is only 4Kb), serializationhaf t
write-out mechanism by the root process that comgptse entire domain from all processes through
MPI communication and then stores the completeséata a NetCDF file, sequential performing file
I/O operations and others.

- We implemented encapsulation of transmitted tategments. The optimal size of the segment was
found for each of the main application routinesisTdilowed us to decrease the communication time
by 50%.

- We implemented parallel data input from NetCOEdfi(the time reduction was more as 60%), that
was a serious bottle by scaling the number of camgunodes.

- We measured the overall impact of proposed imgmants for both test and real use cases. Whereas
file I/0O operations are dominating for the testezabe overall performance improvement due to
optimization of the MPI communication becomes digant only for a long-term simulation (816 steps
for the real case). The total amount of realizetihapations allowed us to reduce the duration ef th
application execution for the real case by up to(&%m initially measured 309 min down to 293 min).
Furthermore, the optimization for the increasingiber of nodes from 32 up to 64 grew up to 15%
(from 213 min down to only 185 min). The applicatiscalability grew accordingly from 145% up to
158%.

- We identified source code’s regions where sharethory parallelization inside the node can be
implemented.

- We elaborated mechanism how to append the mepawallelization on the node interconnect with
shared memory parallelization inside the nodeHeritlentified regions.

- We developed the pilot version of the hybrid Od&+MPI communication pattern. This allowed us
to test the application performance scaling the memof computing nodes up to 512. The expected



outcome of the communication pattern’s hybridigai®performance grow up to 10 times.

- Based on results of the performed investigatiamsprepared a scientific publication (“Analysiglan
optimization of performance characteristics of paracientific applications”).

- We will keep investigating the possibilities betcommunication pattern hybridisation, in partul
for different architecture platforms, in order twsare the optimal utilization of the high-performan
resources.

Difficulties we faced during the research

As the analysis had revealed, the application conication pattern can be characterized through the
very intensive inter-domain element exchange, thie¢s more as 60% of the execution time. Hence,
the performance impact of the proposed hybrid OdesaPI communication pattern’s realization is
not as considerable as expected before startingrébearch. Therefore, additional research on
optimization of the already implemented commun@afpattern is necessary, in order to minimize the
total communication time down to at least 20%, \ebgrthe use of the hybrid OpenMP+MPI
communication pattern will be really beneficial.

Project resource utilization
The deviation from the requested CPU hours witlualst consumed amount is expected to be not
higher as 10%.

Scientific achievements

As the outcome of this HPC-Europa attendance, amgamarticle on “Analysis and optimization of
performance characteristics of parallel scienafiplications on the Grid (a case study for the QWAT
BFM environmental application)” was published le toroceedings of the conference “Instrumenting
the Grid — INGRID'09”. The results will be also peated in the scientific seminars of the HLRS, in
particular in the HPC-Surgeries organized in fravhthe HPC-Europa project.
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