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Big Data and HPC: a strategic challenge
Drive Scientific discoveries 
• structure of the universe; climate evolution, 

seismology; geophysical fluids; high-pressure 
and high-temperature materials; earthquakes 
and tsunamis
!!

Across multiple disciplines 
• Astronomy & Astrophysics

• Climate, Atmosphere, Ocean

• Solid Earth Sciences

• Continental surfaces and interfaces

!

Socio-economical applications 
• Climate evolution and prediction 
• Natural hazards (earthquakes, volcanoes, 

tsunamis, landslides …)  

• Exploration of new energetic resources

• Environment changes
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Figure 1. Snapshot of seismic wave propagation generated by the magnitude 7.9, November 3, 2002, Denali, Alaska, earthquake. Shown is the vertical component 
of velocity. Note the large amplification of waves along the western coast of the United States. This simulation was performed on the Earth Simulator. From Koma-
titsch et al. (in press). 
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Mantle Convection

Mantle convection is recognized now to be the driving 
mechanism of plate tectonics. It governs the Earth’s ther-
mal and chemical evolution and involves both thermal 
and compositional transport. Mantle-convection pro-
cesses act over multiple scales because of the many non-
linearities in the system, such as from rheology and sharp 
compositional gradients. 

Some grand challenge problems in mantle convection of 
immediate relevance are (1) three-dimensional convec-
tion with increasingly high Rayleigh number (Vincent 
and Yuen, 2000; Yuen et al., 1999; Yuen et al., 2000), (2) 
thermal-chemical convection with multi-components 
(Gerya and Yuen, 2003; Gerya et al., 2004), and (3) fault-
zone dynamics along plate margins with realistic rheolo-
gies (Regenauer-Lieb and Yuen, 2003). 

Figure 8 shows the temperature and streamlines of high 
Rayleigh Ra number (Ra =108) convection carried out 
with a grid resolution of 400 x 400 x 400 grid points. 

Going up to a high-enough Rayleigh number to observe 
a transition in convection style is a grand challenge. We 
need to go to a Rayleigh number between 1010 and 1012 to 
detect such a transition, as has been found in high-reso-
lution, 2-D simulations. Such a high Rayleigh number 
requires a grid of at least 2500 x 2500 x 2500 grid points. 
Attacking this problem requires the combined expertise 
of geophysics, information technology, and fluid dynam-
ics. Visualization and advanced data analysis is crucial 
for interpreting the results.

Thermal-chemical plumes from subducting slabs or from 
the core-mantle boundary must be treated as multi-com-
ponent systems. One efficient method for handling this 
situation is to employ tracers for describing the evolution 
of the many chemical constituents being carried by the 
convective velocity field. Up to one billion tracers have 
been employed to study the dynamics of thermal-chemi-
cal plumes at subducting slabs in two dimensions down 
to resolution of a football field (Figure 9); at least 100 

Figure 8. High Rayleigh number (Ra =108) base-heated convection, temperature fields describing hot plumes (yellow) and cold downwellings (blue) are shown along 
with the streamlines (white streaks). Computation was carried out with 400 x 400 x 400 regularly spaced grid points. Figure courtesy of D.A. Yuen, F.W. Dubuffett, 
and E.O.D. Sevre.

35

High-resolution subsurface imaging provides models of 3D struc-
tures at depth, which include fluids, impermeable rock layers, 
and subsurface geologic structures. Repeated imaging detects 
time-dependent changes in the subsurface conditions, including 
those resulting from fluid extraction, fluid injection, and reser-
voir compaction. In carbon sequestration, where CO2 is injected 
into deep rock layers to isolate it from the atmosphere, it is criti-
cal to assess where the gas goes and how effectively it is con-
tained. Seismology offers key information for identifying viable 
structures for sequestration, and for 4D monitoring of injection 
and migration. A practical example of this is shown above for the 
CO2 injection at Statoil’s Sleipner field in the Norwegian North 
Sea, which has had more than 8 Mt of CO2 injected into the reser-
voir. Time-varying reflection images are differenced to determine 
how the CO2 has distributed in plumes throughout the medium. 
This method ensures the integrity and maximal utilization of the 
sequestration reservoir. (Image from R.A. Chadwick, R. Arts, and 
O. Eiken, 2005. 4D seismic quantification of a growing CO2 plume 
at Sleipner North Sea, Pp. 1385–1399 in Petroleum Geology: 

North-West Europe and Global Perspectives: Proceedings of  the 6th 
Petroleum Geology Conference, A.G. Dore and B.A. Vining, eds., 
Geological Society, London.)
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Four-Dimensional Imaging of Carbon Sequestration

 How can we efficiently and inexpensively quan-
tify and monitor extraction and replenishment 
of groundwater resources using seismological 
techniques?

 What is the potential for sequestration of large vol-
umes of carbon dioxide in underground reservoirs?

 How can we image fracture systems, includ-
ing fracture orientation and density, and pres-
ence of fluids, and time-dependent changes in 
these systems? 

 To what extent does water control slip on faults?
 How much water is stored in the transition zone of 
the upper mantle? How much water is transported 
into the lower mantle?

 Does dissolved water contribute significantly to the 
low viscosity of the asthenosphere?

 To what extent is global mantle convection facili-
tated by the presence of water?

 At what depth, by what processes, and to what 
extent are subducting slabs dehydrated?

SEISMOLOGICAL APPROACHES AND REQUIREMENTS TO MAKE PROGRESS

 Improve computational modeling of wave propa-
gation in complex media, including attenuation, 
anisotropy, and nonlinear effects.

 Expand use of repeated, high-resolution 3D active 
surveys to yield 4D monitoring.

 Improve techniques for using seismic noise for con-
tinuous monitoring of reservoir systems.

 Tomographically image the mantle and crust at 
higher-resolution.

 Develop methods for joint interpretation of seis-
mic, electromagnetic and gravity observations.

 Increase collaborations among seismologists, geo-
dynamicists, geochemists, hydrologists, petrologists, 
and electromagnetic geophysicists.

 Expand the educated workforce, especially 
for industry.

GRAND CHALLENGE 5



Extreme scale science

Next generation discoveries require: 
• Dealing with big data : new systems of large instruments and of observation and monitoring (spatial, 

land, ocean and ocean bottom), data archiving, curation and preservation 
• Big data analytics: innovative processing and analysis methods of massive data generated by large 

throughput instruments, observation systems and simulation 
• Data-intensive simulation: innovative methods for large-scale simulation of complex multi-physics and 

multi-scales systems 
• Data inversion and assimilation: breakthrough for Bayesian methods in high-dimensional parameter 

spaces 
• Statistics and Stochastic methods: quantification of direct and inverse uncertainties, together with large 

extreme events

Ubiquitous data explosion: 100 PBs era 

Data explosion generated by: 
• Large throughput instruments; dense observation and 

monitoring global and regional arrays, space observation 
• Large HPC simulation 

~20 PBs/night~10 exabyte/jour ~4 PBs



Science is changing

THOUSAND YEARS AGO 
science was empirical 
describing natural phenomena

LAST FEW HUNDRED YEARS 
Theoretical branch using models 
generalisations 

LAST FEW DECADES 
A computational branch 
simulating complex phenomena

TODAY 
Data-intensive science, synthesising theory, experiment, 
observations and computation with statistics 
new way of thinking required
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Big data analysis 



Seismology: data-intensive seismic noise analysis

• Transportable Array: network of 400 
seismographs placed at temporary sites 
across the United States from west to 
east in a regular grid pattern 

• NSF ATMOS supported UCSD to deploy 
atmospheric pressure sensors as part of 
US Array beginning in mid-2010 

• 1 Hz pressure data from each station 
transmitted to UCSD and EarthScope 
IRIS Data Management Center  

• Transportable Array supplements 
Reference Network 

 

For a random wave field with homogeneous sources distribution everywhere in the medium 

noise&cross)correla,on& Green&func,on&

• Cross-correlation of seismic noise between two stations from long enough records is equivalent to an 
experiment when a source is acting at location of one station and recorded at another 

• Repetitive computation of noise cross-correlations are equivalent to using repetitive sources and can 
be used to detect time changes in the medium



Seismic noise applications
Storm 1 

Storm 2 

seismic bands do not coincide with each other indicating that
these two peaks are generated in different regions and pos-
sibly by different physical process. P waves are more easily
identified in the secondary microseismic band than in the
primary microseismic band. While we cannot exclude that
this difference is related to the more efficient mechanism
generating secondary microseismic P waves than primary
ones, a simple explanation of this observation can be related
to difference in wave propagation. Strong noise sources gen-
erate both body wave and surface waves. For the latter, their
attenuation is much stronger at higher frequencies. Therefore,
surface waves in the secondary microseismic peak propagate
much less efficiently over very long distances than in the low‐
frequency primary microseismic band. As a consequence, for
distant noise sources, the relative part of the body waves in
the recorded seismic noise is relatively high in the secondary
microseismic band while the primary microseismic band
remains largely dominated by surface waves, making obser-
vation of P waves more difficult.
[29] Using array‐based processing of the teleseismic P

waves to locate regions generating strong microseisms has
significant advantages relative to using surface waves [e.g.,
Stehly et al., 2006]. The latter yields only a determination of
their back azimuths at the array location while with body
waves we can measure both back azimuths and slownesses
that can be converted into distances. Therefore, we can
locate the source regions more accurately with body waves
than with surface waves.

[30] We can compare our maps of the source density in
the secondary microseismic band (Figure 10) with results by
Gerstoft et al. [2008], who applied beam‐forming to the
noise records of the Southern California seismic network.
We find similar source locations in southern Pacific and
Indian oceans during summer months and in northern
Pacific and Atlantic ocean during winter months. Using
three networks simultaneously allows us to image source
regions with higher reliability. One of most important con-
sequences of this improved reliability is that we clearly see
that strongest sources of P wave microseisms are located in
deep oceans far from coasts for the secondary microseism.
Also, the observed source regions are significantly smaller
than areas affected by significant wave heights. Overall our
observations are consistent with the generation of microse-
isms by nonlinear interaction of ocean waves propagating in
opposite directions that create a pressure distribution on the
seafloor at twice the frequency of the interfering waves
[Longuet‐Higgins, 1950]. Following Kedar et al. [2008], this
wave‐wave interaction occurs in deep oceans and the geo-
graphical intensity of this interaction may be computed from
oceanic wave action models. Moreover, the efficiency of the
coupling between the interfering oceanic waves and the sea-
floor may depend on the depth of the water column, i.e., on
the bathymetry. As a result, an efficient transfer of energy
from oceanic to seismic waves occurs over geographically
very limited and specific areas. It is in particular interesting to
note that the source area near Iceland seen in Figure 10 during

Figure 10. Seasonal variation of the location of P wave seismic noise sources in the secondary micro-
seismic band (0.1–0.3 Hz).

LANDÈS ET AL.: ORIGIN OF DEEP OCEAN MICROSEISMS B05302B05302

11 of 14

Landes et al

Ocean seismic sources

Stutzman et al.

Fig. 3. Seismic velocity
changes, surface displace-
ments from GPS, and tremor
activity near Parkfield. The
red curve represents the
postseismic fault-parallel
displacements along the
San Andreas fault as mea-
sured by GPS at station
pomm (Fig. 1) (29). The
tremor rates are averaged
over a centered 30-day-
length moving time window.

Fig. 2. Relative travel-time change measurements
(Dt/t). (A) Thirty-day stacked cross-correlation
functions (CCF) for receiver pair JCNB-SMNB. The
black curve represents the reference stacked cross-
correlation function. The CCFs are filtered between
0.1 and 0.9 Hz and normalized in amplitude. (B)
Time shifts averaged over 91 receiver pairs and
coherence measured between the reference stacked
and 30-day stacked cross-correlation functions (fre-
quency band, 0.1 to 0.9 Hz).
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Seismic noise tomography

Shapiro et al.

Earthquake-induced property changes

Brenguier et al.



Seismic noise data analysis

Data ingestion / quality control 
• N-dimensional time series

• binary large objects (blob): > 100 TBs 
• fine granularity: variable chunk sizes (GBs)

• Partitioning, indexing, replication

!
Data processing 

• Low level data access pattern 
• Linear complexity 
• Streaming data workflow

• Provenance and metadata management

!
Data analysis 
• Cross-correlation and higher order statistics

• Quadratic complexity and CPU intensive

• Thread-blocks CUDA and CSP

• Secondary data : ~ 6 * N2 * Nt 
• Provenance and metadata management



Data-intensive analysis chalenges 

Intrinsic infrastructure mismatch 
•  Data volumes increase 100x in 10 years 
•  I/O bandwidth improves ~3x in 10 years 
•  Data analysis resources close to the data 

Need for efficient data crawling strategy 
•  data locality  

 horizontal and vertical re-use 

•  memory/IO bandwidth and latency  
 hierarchy of data storage (SDD,HDD)/memory,  
 optimized aggregate  sequential IO bandwidth 

Data Architecture: 

•  Data Center infrastructure: archiving and 
distribution -> archiving synthetic models 

•  Data analysis infrastructure: new data-
intensive paradigms enabled by HPC, 
Hybrid architecture (GPU), PFS, HDFS, 
Hadoop-MapReduce; NoSQL DBs, CUDA-
SQL 

 

A Data-scope environment and framework: 

!  Analyze and model 100 TB+ of data in 
academic setting; 

!  ~ PB+ of storage with safe redundancy; 
!  High sequential IO throughput  ~ 

aggregated disk speed; 
!  Streaming data analyses on par with data 

throughput;  

 Infrastructure architecture: 
•  A storage layer: maximize capacity  with 

enough disk bandwidth per server 

•  A data-intensive processing layer: 
maximize low level data access bandwidth and 
fabrics; fast sequential IO, large local disk storage, 
parallel file systems 

•  A performance layer: memory fabrics and 
bandwidth, CPGPUs, memory/disk hierarchy, 
interconnect bandwidth/latency 

•  A development environment: data and work 
flow engines with optimized data streaming, 
virtualization 

  Data-life cycle: from 10 years (community services, archiving) to months (personal reuse)



Turning large simulations into numerical laboratories



Numerical cosmology: a Big data HPC challenge

What is the nature of the dark energy?  

Is it a supplementary exotic energy component 
(infinitely small!) or a modification of gravity laws at 

the scale of the Universe (infinitely large !)

Universe is in rapid expansion, and 
mostly invisible (95%) 
Dark energy  (73%) is responsible of the 
cosmic acceleration 
Dark matter (23%) is responsible of the 
visible structure in the universe



The DEUS project
models of Dark Energy? 

ΛCDM 
Cosmological Constant 

RPCDM 
Quintessence Model 

WCDM 
Phantom Model 

Etc. 
  

PROBLEM  : The corresponding cosmological models cannot be distinguished  with present data 
BUT             : Dark Energy has an influence on the formation of large scale structures 

Compute the print of the Dark Energy on the structuration of our universe ?

Require to follow the gravitational collapse of 
the matter all along the history of the universe 
and over ALL the observable universe

The DEUS project: J.-M. Alimi et al.



The AMA-DEUS application: N-Body simulation
A TGCC-CURIE grand challenge 

• 550 billion particles 
• 2.5 trillion computing points 
• 50 million CPU hours (> 5700 years) 
• 76 032 cores & 300 Tb memory 
• > 50 Gb/s data throughput (PFS) 
• 1 500 Pbs reduced on fly to 1 500 Tbs

An end-to-end workflow !

Challenges 
• dynamic load balancing 
• smart parallel I/O optimisation 

through 
• reduction of raw data (time) -> 

direct post-processing 
• physical objects -> on-the-fly 

processing workflow Snapshots 
~16 x 16 TB

Samples 
~40 TB

Lightcones 
~ 5x10 TB

Halos/catalogs 
~50 TB



HPC and large-scale instruments

550 billion particles 
(1 particule = Milky Way) 
2.5 trillion computing points

Full!Sky!!

Full!Sky!
Halo!

density!
Halo!mass!

The$challenges$of$the$next$decade$in$numerical$cosmology.$
Big$Data$and$Extreme7Scale$CompuBng$

JEAN7MICHEL$ALIMI $ $ $ $ $ $ $!

Observa'onal!mo'va'ons!of!
extreme!scale!compu'ng!in!

cosmology!

Deep!Full!Sky!!
(1010!h+1!MO,!z≈7+8)!

halo!density!halo!mass!

Density!of!Halos!on!the!sky!

Density!of!Halos!in!depth!!

Link$between$HPC$and$large$scale$instruments$becomes$more$and$more$important$$

Link between big data HPC and large-scale 
instruments becomes closer and closer



Numerical laboratory: Data Analysis
Consortium DEUS 

• scientific teams coordination 
• DEUVO DB: physical objects and some raw data

Data Analysis 
!
On-the-Fly 
• MPI-based power spectrum 
• MPI-based parallel Halos finder 
• Halos properties 
!
Post-Processing 
• Higher-order statistics on matter field and Halos 
• Topological analysis 
• Dynamical analysis 
• Visualisation 

…

Data life-cycle: long-term preservation, annotation, publication



Climate simulation: next CMIP6 exercise

 On-going discussion at the international level 
 Agenda: starts in 2016 and ends mid 2018  

 Distribution and file structure (ESGF, net-cdf) 
 Similar number of variables that previous CMIP5  
!
Research activity and scientific exploitation of the results  

CMIP5



CMIP6: a big data HPC challenge

3,8
x%2
,5°
%

3,8
%x%
1,9
°%

2,5
%x%
1,3
°%

1,9
%x%
0,9
°%

1,3
%x%
0,6
%%

0,5
%x%
0,2
5°
%

•%IPSLCM1/2%(19947199772001)%%
•%IPSLCM4%(200372009)%)%
%% %%

•%IPSLCM5%(200872014)%
•%IPSLCM6%(20147…)%

4°%

2°%

1°%

%0.5°%

0.25°%

8x
4°
%

CMIP3%

CMIP2%
MGV%

1/12°%

CMIP5%
%

Tests%

Grand%
challenge%

50km%130km%250km%380km%

L79%L79%L39%L19%L15%

L31%

L31%

L75%

L75%

L39%

Affiner les échelles spatiales 

CMIP6%

Grand%
chalenge%

Tests%

réunion%GENCI/CEA/CNRS/IPSL%confidenUel%11/02/2014% 3%

3,8
x%2
,5°
%

3,8
%x%
1,9
°%

2,5
%x%
1,3
°%

1,9
%x%
0,9
°%

1,3
%x%
0,6
%%

0,5
%x%
0,2
5°
%

4°%

2°%

1°%

%0.5°%

0.25°%

8x
4°
%

CMIP5%
%

Grand%
challenge%

1/12°%

CMIP6%

Tests%

50km%130km%250km%380km%

L79%L79%L39%L19%L15%

L31%

L31%

L75%

L75%

L39%

12 000 coeurs pdt 2 ans  
= 

15% Curie total 
= 

¾  Curie/part nationale 

~25 Po produites IPSL  
# inodes : > 5 Millions 

LR% MR%

HR%

réunion%GENCI/CEA/CNRS/IPSL%confidenPel%

SimulaPons%

11/02/2014% 6%

!
 Agenda CMIP6 :            beginning 2016 - mid 2018  
 Compute (12 000 coeurs/400 coeurs):  x30 env. (CMIP5) 
 Storage volume (25 Po/2):    x12 env. (CMIP5) 
 Number of files :  (5 Mi)         idem (but accumulation) 
 I/O throughput (25 Po/2ans) :         x12 env. ie 50 To/day 
 Distributed data (/250 To):               x10 env. 
 Cache Storage (data post-process: mixing, reduction) —> CMOR 



Data-driven application: inversion and assimilation



Seismology full-waveform inversion example

33

and reservoir management industry. Seismological 
techniques, including 4D (time-lapse) mapping, are 
increasingly used to monitor the extraction and move-
ment of hydrocarbons and water in producing fields in 
real time. Seismic exploration and production on land 
and at sea is a multibillion dollar industry with major 
workforce needs now and in the future. 

Resources are currently being extensively applied 
worldwide to investigate geological reservoirs for their 
carbon dioxide sequestration potential. Methodologies 

for managing such sequestration efforts will rely crit-
ically on seismology, both to monitor spatial and 
temporal changes in seismic velocities correspond-
ing to the fluid content, and to detect brittle-failure-
induced microearthquakes generated by the injec-
tion process. Such methodologies are already in place 
in numerous producing hydrocarbon fields to mon-
itor production and are readily adaptable to carbon 
sequestration applications.

Seismic reflection methods are the medical ultrasound of 
“mother” Earth. They produce the highest-resolution images 
of the subsurface, and have been adopted globally by industry 
as an essential and cost-effective method of finding, develop-
ing, extracting, and managing energy, mineral, and groundwater 
resources. Industry enthusiastically adopted 3D seismic reflection 
imaging more than 20 years ago to image structural and reser-
voir complexity, and more recently has developed 4D, or time-
lapse repeat surveys, to monitor reservoir mechanical and fluid 
changes during resource extraction. This is increasingly accom-
panied by monitoring of production-induced microearthquake 
activity. Three-dimensional seismic reflection has enjoyed mod-
erate usage in the coal industry, especially to delineate coal-bed 

methane deposits, and is likely to grow as easily accessible depos-
its are exhausted. Seismology is less commonly used in mineral 
exploration and development, but has great potential for growth; 
pioneering work outside of the United States has proven valu-
able in mapping mineral deposits. Challenges exist in adapting 
the petroleum industry tools to nonlayered and steeply dipping 
targets in crystalline rocks. Seismic imaging has also been used 
to track mining-induced stress changes in the rocks that lead to 
“mine bumps,” induced earthquakes, and cavern collapses, and 
plays a key role in mining safety measures. Similar coupled imag-
ing and microearthquake monitoring holds great potential for 
geothermal energy exploration and production. 

Exploration Seismology and Resources: Energy and Mining

The petroleum industry relies on high-resolution seismic 
surveying to map oil and gas reservoirs at depths of up to 
7 km. Though costly, 3D seismics yield the detail necessary to 
image the faults and complex sedimentary features that can 
trap energy reserves. This 3D “sonogram” traces the origin and 
properties of rock layers and reveals the most likely targets for 
drilling and extraction. Using 3D seismic imaging, industry has cut 
the number of nonproducing “dry” holes by more than half since 
1990. (Ship image from B. Dragoset, 2005. The Leading Edge, 24:S46–
S71, and Western Geophysical. “F3” seismic data and analysis from 
F. Aminzadeh, and P. de Groot, 2006, Neural Networks and Other Soft 
Computing Techniques with Applications in the Oil Industry, EAGE Book 
Series, ISBN 90-73781-50-7. Visualization by J. Louie.)

KEY QUESTIONS AND ISSUES

 How can we improve the detection, characteriza-
tion, and production of hydrocarbon resources, 
including detecting deep deposits beneath salt, 

finding small-scale pockets in incompletely 
extracted reservoirs, and monitoring porosity, per-
meability, and fluid flow at high resolution?

GRAND CHALLENGE 5
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Global scale tomography

Exploration and marine geophysics

Regional tomography and earthquake imaging



Full-wave form inversion: big data HPC problem

Adjoint Tomography of Europe

“Big Data”20

Figure 2. Distribution of earthquakes and stations in the inversion. (a)
Location of 190 earthquakes used in this study, blue quadrilateral de-
notes the simulation region. The colors of events mean its depth. (b)
Location of 745 seismographic stations (yellow triangles), the colors of
stations represent the number of events they responsed to.

20

Figure 2. Distribution of earthquakes and stations in the inversion. (a)
Location of 190 earthquakes used in this study, blue quadrilateral de-
notes the simulation region. The colors of events mean its depth. (b)
Location of 745 seismographic stations (yellow triangles), the colors of
stations represent the number of events they responsed to.earthquakes stations iterations simulations CPU hours measurements
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Hejun Zhu

 Depth 75 km

10˚W

0˚
10˚E 20˚E

30˚E
40˚E

30˚N 30˚
N

40˚N 40˚
N

50˚N 50˚
N

60˚N 60˚
N

70˚N 70˚
N

EU30

Middle Hungarian line

Pannonian Basin

Massif Central 

Central graben 

Armorican Massif

Harz

Tornquist-Teisseyre Zone

Bohemian massif

Central Slovakian volcanic field

Eifel hotspot & 
Rhine graben

Hejun Zhu

8 D-JRA1.1: First selected applications and scientific use cases

there have been selected the "Forward modeling and Inversion" opportunely merged with the “High
Resolution Tomography from 3D full waveform inversion in Italy” use case for the CPU-intensive type
of applications (I), and the "ambient noise cross-correlation" use case that includes four of the proposed
used cases for the data-intensive (II) type of development.

]

Figure 1: Comparison between synthetic seismograms, generated by Seissol and processed real data of
selected stations during the 2009 L’aquila earthquake

2 Pilot workflow for "Forward modeling and Inversion" CPU-intensive
use case

The purpose of this section is

1. to illustrate a complete workflow for the problem of seismic modeling (extension to inversion not
yet implemented) that contains typical work patterns that have to be repeated many times by Earth
scientists

2. present results and illustrations as they could appear in principle on the VERCE science gateway

3. state the requirements for an implementation on the VERCE platform

2.1 Basic principles

The section below describes a workflows for large scale 3-D forward and inverse modeling in seismology.
The development of the modules (e.g., data access, model generation, simulation, synthetic data storage,

COPYRIGHT c� VERCE PROJECT, 2011-2015

Tromp et al 
Komatitsch et al



Orchestrated workflow: data-intensive & HPC

High-performance parallel codes 
• forward and adjoint wave simulations 

Waveform inversion 
• non-linear Bayesian inversion 
• adjoint-based inversion 

Orchestrated workflow 
• data-intensive analysis and HPC 
• CPU and Data-intensive architecture 

Big Data 
• synthetics and observed wave forms 
• Earth model and wave propagation 
• I/O and CPU balance (~10s Gb/s, 100Tb 

per iteration) 
• higher-oder abstract file format (HDF5) 
• indexing and Data Bases 

Parallel & adaptative mesh generation 
• ~ billion of nodes 



HPC Data-intensive challenges

Domain decomposition by METIS (left) and SFC (right) 

Hilbert SFC  of level 2 and 64 sub-cubes 

Scalability 
Communication fabrics 
Asynchronous time integration, vertical reuse 
Explicit  locality model (vertical/horizontal) 
Parallel large system solver 
Dynamic load balancing 

Data-intensive HPC 
Memory hierarchy and bandwith 
Fast sequential IO 
Hierarchy of storage HDD/SDD 
Advanced data-structure and parallel filesystems 

Multicore architectures 
Mixed-hybrid parallel implementation 
High-level task concurrency: asynchronous task 
parallelism; overlapping computation and 
communication 
Self-scheduling at task level 
Fault tolerance system 

End-to-end analysis 
Parallel unstructured mesh generation  
Domain decomposition 
Post-processing data-intensive data analysis 
Data management 

Large scale 3D simulation:  
•  multi-scale and multi-physics  
•  stochastic direct uncertainty evaluation 

Inversion and Data assimilation: 
•  adjoint-based methods: non linear 

iterations with large number of forward 
and adjoint simulations 

•  stochastic methods: inverse 
uncertainty quantification 

Orchestrated workflows: 
•  data analysis and modeling 

applications 
•  end-to-end applications 

Data-life cycle: from 10 years to months



Data in HPC simulations and inversions
Largest simulations and inversions in Earth and Universe sciences approaches petabytes 

From supernovae to turbulence 
From climate evolution to oceanographic circulation 
From magneto-hydrodynamics to seismic wave simulation/inversion 

Create new challenges: 
How to write enough output (speed of checkpointing) 
How to move the data (high-speed networking and transfer protocol) 
How to look at it (render on top of the data, drive remotely) 
How to analyse (value added services, big data analytics …) 
Architecture (supercomputers, DBs servers …) 

  
Usage scenarios 
!
Large variations in Data lifecycle and commitments 

On-the fly analysis (immediate, do not keep) 
Private reuse (short/mid term, local) 
Public service portal (mid /long term, community commitment) 
Archival and curation (long term, community commitment) 

Different from today supercomputer usage patterns 
Wide range of data access patterns, from high speed streams to large random access 
!

Use cases: turbulence, cosmology, climatology, seismic tomography 



Architectural challenges and strategy

System and an infrastructure for the posterior analysis 
!
Where should the data be stored 

Not directly at the supercomputer (too expansive storage) 
Computations and visualisations must be on top of the data 
Need high bandwidth to the data source 

Scheduling of complex I/O access patterns 
Data bases - are they scalable? 
Extended file management systems and model ? 
Augmented with added-value analytics 

Data organisation 
Most of those applications are not hard to partition (scale-out) 
Use fast, cheap storage for data streaming (sequential access) 
Tier of large memory systems (random access) 



HPC ecosystem

Gouvernance 
européenne 

Gouvernance nationale 

Gouvernances régionales 

> 2 Pflop/s 

< 1 Pflop/s 

Jusqu’à 2 Pflop/s  

1.6 PF 
4 systèmes 

0.85 PF GENCI 
•  Société civile (créée en 2007) 
•  Partenaires: CNRS (IDRIS), CEA (TGCC), MENSR (CINES), CPU, INRIA 
•  Contribution française dans PRACE 



Réunion nouveaux entrants INSU 2014 

Répartition des OSU en France 

Ile$de$France$:$3375$ OTELO$:$316$

THETA$:$350$

OPGC$:$204$

OSU$Lyon$:$77$

OSUG$:$871$

OCA$:$425$

OOB$:$153$

OREME$:$814$
OMP$:$1027$

OASU$:$241$

OOV$:$155$

OSUC$:$281$OSUNA$:$412$

IUEM$:$559$
OSUR$:$549$

PYTHEAS$:$686$

Roscoff$:$244$

OSU$ParisLSud$:$159$

OVSQ$:$542$

OSU$REUNION$:$118$

Répartition des OSU en Ile de France 

OAS$(69)$+$

$EOST$(235)$

PARIS :  
-  Observatoire de Paris (1007p.) 
-  EFLUVE (251 p.) 
-  Ecce Terra (1085 p.) 
-  IAP (134 p.) 
-  IPGP (318 p.) 

PARIS$

Nombre total de personnes 
travaillant au sein des OSUs 
dans des unités INSU et non 

INSU 

OSU$Nord:$217$

Synergy HPC and Data infrastructures
Tier-2: meso centres of Equipex@meso (GENCI) 

OSUs: Observatoires des Sciences de l’Univers (CNRS-INSU) 



Data-centric HPC : an innovative scientific instrument
A Data-Scope (A. Szalay) 
A scientific instrument capable of “observing” - explore, analyse and model - massive 
and complex data generated by large-scale instruments, observation and monitoring 
systems, and by numerical simulations in the Earth and Universe sciences. 

• Innovative methods, software, technologies for large scale computation and massive data 
analysis that can ultimately be deployed on the national and European HPCs 

• Emergence of a multi-disciplinary expertise in data-intensive computing and analysis across 
CNRS-INSU scientific teams and observatories  

• Exploitation and valorisation of massive data generated by large-scale instruments, 
experiments and observation and monitoring systems in synergy with the “Observatoires des 
Sciences de l’Univers” (OSUs) and their Data Centers 

• Formation and training in high-performance and data-intensive analysis of new generation of 
young researchers in Earth and Universe sciences through Masters and the Maison de la 
Simulation.  

• Consortium behind applications development and generated data exploitation/distribution 
• Data life-cycles are of primary importance: from > 10 years (preservation, curation, annotation), to 

~months 
• Emergence of multidisciplinary scientific and technology poles around BigData and data-intensive HPC

A new infrastructure urbanisation 

• Obervatories - Data centres - HPC infrastructures


