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Abstract

Simulations conducted on high-performance, massively parallel nraedraave become
a central tool in the study of astrophysical plasmas. HERAQkESadiation hydrodynamics
program used in particular to investigate turbulences in intersteliéecular clouds. In the
framework of the COAST engineering project conducted ata8aal special effort has been
undertaken to provide enabling tools and techniques for the HERACIdg®apr, including
the development of a multiple-grid approach to overcome spatialutiesollimitations,
optimization and parallelization methods, data handling facilitied \dsualization tools.
COAST (for Computational Astrophysics) is a CEA/DAPNIA projeledicated to high
performance computing in astrophysics. The originality of theeptds the collaborative
work of astrophysicists and software engineers with the aidewelop common tools and
techniques for different independent astrophysical simulation pregramparticular, the
technigues of multiple-grid and interlocked meshes are being devetopesl finite volumes
HERACLES program; these developments rely on parallelizedrigdgns for which
optimization is pursued. The Sidion graphical interface, implemented in the framework of
IDL object programming, is also presented, as the visualizationféoohnalysis of the
computation results.
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. HERACLES is written in Fortran 90 and
1 The COAST project: a general appro-  parajielized with the MP! library [8], using up 2048
ach of astrophysical simulation software  processors in parallel on supercomputers like the

The COAST (for Computational Astrophysics)mass'vely parallel mainframes of CEA Computing

project [1,2,3] started in 2005 in CEA/DAPNIA atCenter in France or MareNostrum in Barcelona.
Saclay is an extensive program of simulations of .

astrophysical plasmas; astrophysicists and softwase Numerical methods developments
engineers coIIabor_ate to rationalize and optimhe t 31 Mesh status

development of simulation programs by creating a

core of common specific modules and using common  All the HERACLES results up to now have been
software tools for data handling, post-treatmenfroduced on fixed regular grids. The domain, the
visualization, numerical methods, parallelizatiarda number of cells and the coordinate system are eietfin
optimization. Physics studies involving variouslesa by the user. The domain decomposition is by default
are performed, including cosmological structuregegular but can be adapted easily. The software is
formation, dynamics of the interstellar medium)late running on multiple-processor machines. Once the
evolution and formation of proto-planetary disks. Anumber of CPUs is known, the number of processors
this time, four simulation codes are developediedicated to each direction can be determined.ngaki

corresponding to each astrophysical domaithe Cartesian coordinate system example and

HERACLES [4] is one these programs. introducing respectively
(i) Nx, Ny, Nz the number of cells in the x, y and
2  The HERACLES program z direction for the global domain
prog (i) Ncpux, Ncpuy, Ncpuz the number of cells in
2.1 Physics goal the x, y and z direction for each cpu.

Ncpux, Ncpuy and Ncpuz are calculated to satiséy th

The HERACLES program is mostly used forequations (1):

studying turbulences in the interstellar gas [Shick _ _
is of great importance to understand the formatibn NX/NCPUX_ Ny/l_\l_cpuy— Nz/Ncpuz 1) .
O'Fhe physic quantities, such as the density, the

structures such as molecular clouds and is theref .
determinant in the star formation process\.’eloc'ty' the momentum, the pressure, the temperatu

HERACLES is also used for the study of inertiafganI the_ energy are defined in each _ceII.
fusion plasmas [6]. Communications between cells are managed in the

Current studies focus on the thermag

fragmentation of turbulent flows of interstellar , O S
g The current fixed grid implementation implies

hydrogen [7]. Molecular clouds form through the. . ~ ™ *~ . ; .
condensation of a warm and diffuse state into a col Ttaton in domain shape and r_1umer|cal r_esolutlon
and dense one. The thermal condensation ]he issue of the complex domain geometries can be

interstellar hydrogen gas involves four differen ddressed_usingablopk meshes approach. Concerning
spatial scales, each related to different physic rl‘e nhumerical rgsolut|0n, 12@0:e||s are currgntly
mechanisms, from few 10 light-years to about’ 1O|mplem¢nted while Fhe thS'CS would benefit from
light-years, to be treated simultaneously. Thi uch higher resolution, typically about 106GgIls.

dynamic range of ]f'Orequires the introduction of 'O Overcome this limitation, the COAST team is

multiple resolution techniques in the code, such 4gplementing the techniques of interlocked meshes

e ; nd multiple-grid, as previously implemented in the
2:2?#051;3%3’ multiple-grid and interlocked meshe PITER program [9] for studies of proto-planetary

disks.

enter and the corners of the cells. Finally, the
oundary conditions are tackled.

2 2 Software status 3.2 Current developments
HERACLES is a 1-D, 2-D and 3-D code in

Cartesian, cylindrical or spherical coordinateéinite In order to better fit complex geometries, while

volumes using currently a fixed regular grid. Itv&s  optimizing the total number of cells, a block meshe

the equations of radiative transfer coupled tenethod is currently implemented. As illustrated in

hydrodynamics. The fluid evolution is determined byFig.1, basic fixed regular grids are positionece gy

the classical conservation equations (masside in order to encompass the region of physical

momentum, energy) with source terms characterizinigterest. The main drawback of this technique ires

the momentum and energy exchanges between te treatment of the communications between blocks,

fluid and the external radiation. The transfer ¢igms  which adds a layer of difficulty in the parallelficn

are solved by a second order Godunov type meth@flocess.

and integrated implicitly using iterative solvensch

as Gauss-Seidel or GMRES.

3.2.1 Block meshes method



Fig.1 An example of multiple blocks mesh. Fig.3 Two levels interlocked meshes example;
: . calculations, initially based on the left high-riegimn

322  Multiple-grid method grid, are pursued on the grid shown on the right,

To obtain more precision on special regions in theshere the resolution is degraded in peripherabrmegi
me_sh, a mglnple-grl(_j method is being |_mplement_e%_2_4 MPI parallelization
which consists of using refined meshes in the regio
of higher gradients, as shown in Fig.2. A firstsiba The use of the MPI library for parallelization adds
approach is to predefine several fine embeddea layer of complexity in the implementation of
meshes in the interesting regions and iterate eseth multiples meshes methods in HERACLES. For
meshes during the calculations. A dynamic way tefficiency reasons, the MPI optimization must be
perform the calculations will then be implementedpursued; this implies to group the meshes in budle
based on the experience of the manual method. each bundle dedicated to one processor. This
decomposition must be done automatically depending
on the number of processors and the number of grids
used by the modeling. Boundary conditions are
managed at the same time on the MPI cutting and on
the multiple grids of the mesh.

4 Data Handling

A unique format, HDF5 [10], the Hierarchical
Data Format developed by the NCSA (National
Center for Supercomputing Applications), has been
chosen for storing data produced by the different
codes of the COAST project. This choice allows the
rationalization of the post-treatment and visuaira
tools. The HDF5 libraries are optimized for effidie

. . . arallel input and output. Post-processing and
Fig.2 Two levels multiple grid meshes examplep P P P 9

lculati initially based he left arid. aefined visualization benefit from fast and simplified
calculations, initially based on the Ieft grid, aedne navigation capabilities within the hierarchical
in the central region as shown on the right.

structures. HDF5 is the latest version of HDF able
3.2.3 Interlocked meshes method store the huge amount of data produced by the

. ' . . massively parallel simulations of the COAST project
With the fixed grid version of HERACLES,

radiation calculations are performed with an iniplic . i
scheme, which is very costly in time. For thesg Visualization
calculations, interlocked meshes method consisiing The visualization plays a very important role in
embedded coarse-grained grids (Fig.3) used to make development of simulations codes. It enables th
up-and-down iterations is under developmenicontrol of the impacts of the codes’ development
Comparisons will be made with previous version ofifecycle. Fundamental aspects including domain
the program to evaluate the improvement imlecomposition, initial conditions, message passing
computing time for a given precision. and parallelization, treatment of boundary limitan
be controlled and evaluated qualitatively through
visualization. Once in production phase, visualorat
is also used one in the validation, analysis and
interpretation of the results. A complete graphical




interface named Sision [11,12] has been developedAnother technique is the alpha-blending method used
in order to participate in the development of théo favor sub-samples of the data volume by finely
simulation codes and visualize the large astroglaysi tuning the color and transparency tables. An exampl
simulation datasets produced in the context of thef such a visual representation is shown in Fig.6.
COAST program. It is used in particular to enable t
development and use of the HERACLES code.

5.1 The SDvision graphical interface

The interface is implemented as a graphica
widget providing interactive and immersive 3-
dimensional navigation capabilities. The baselin
technology is the object-oriented programming &fer
by IDL's Objects Graphics [13]. It benefits from
hardware acceleration through its interface to t
OpenGL libraries. An example of the widget
displayed in its running state is shown in Fig.4.

Fig.5 Visualization of the density field obtained i
a high-resolution 1260HERACLES simulation of
turbulences in the interstellar medium. The rendgri
of the volume is obtained with the SiBion graphical
tool using a ray-tracing algorithm.

Fig.4 The SDision widget used to visualize
results from a 600x600x600 simulation of thq
turbulences in the interstellar medium obtainechwit
HERACLES. In this example, a surface of the densif]
distribution on a slice is displayed with a coloreq
texture, together with an image and a profile plot.

5.2 Visualization of 3D scalar fields

The SDvision interface can be used to visualizg
interactively the scalar three-dimensional field
distributed over regular Cartesian grids producgd |
HERACLES. The visualization of such data fields is
proposed in three different, complementary ways.

The first approach is the volume projection  Fig.6 Visualization of the density field in a
obtained by casting rays through the data gridngJsi 600x600x600 HERACLES simulation obtained by
an optimized class of the IDL object library, suchsolume projection using the alpha-blending techeiqu
visual representation provides at a glance a cample . .
global view of the volume under scrutiny. Several The s_econd _approach_ is the isosurface
compositing functions are available to accounttfer representation. An isosurface is a 3D contour_sarfa
contribution of each individual voxel of the datet.s ©Ptained using a method based on the marching cube
An example of volume visualization obtained by2!90rthm [14]. In this purely three-dimensional
maximum intensity projection is shown in Fig.5 for approach, multiple |sqsurface_s of mu!tlple variable
large, 1.728 billion cells, HERACLES simulation.®a" be generated by interactively setting the aomto



value on histograms of the corresponding data. T
represented objects are Gouraud-shaded polygonhs
benefit from lighting by selected sources o
illuminations. An example of multiple isosurfaces i
shown in Fig.7

Finally, in a third approach, slices of the data
volume can be visualized as RGB images to which t
current 3D transformation is applied. Such
representation is displayed in Fig.8.

Fig.8 Visualization of multiple objects of a
600x600x600 HERACLES simulation. The planar
object is an RGB image of the density field
transformed in the current 3D model. The red haze i
guasi-transparent isosurface associated to a filyle v
of the hydrodynamical density. The velocity fiell i
visualized as streamlines that are seeded by
interactively clicking on the image.

5.4 Current developments

Developments in the Sision interface are

Fig.7 Visualization of isosurfaces of scalar fieldsfoCused on the handling of complex data structures,

in a 600x600x600 HERACLES simulation. In thisouch 8 multiple embedded grids or AMR (Adaptive

closeup view, the Gouraud-shaded red polygonl\éleSh Refinement) octree mesh. Visualization of

correspond to an isosurface of high density whike t Multiple - grid ~ will “benefit to the forthcoming
por g Sity HERACLES meshing scheme, and preliminary results
green, slightly transparent one is associated lmowa

density value. The blue wire-frame polygon is ahave begn obtain_ed in the context of the JUPITER
isosurface of the pressure field. The scene ?:ode. This code is used_to study.the fprmatlor) of
illuminated by three sources : ambieﬁt frontat] top E_rot_oplanetary systems using a mult|.ple grid tegbel
directional ’ ' similar to the one developed in HERACLES.
' Visualization of multiple image objects each
corresponding to a given grid level is achieved.

5.3 Visualization of 3D vector fields . .
6 Conclusions and perspectives

Vector fields can be visualized either by _ _ )
hedgehog-type display or by streamlines display. From the physics point of view, the HERACLES
is now entering another phase of

Streamlines are computed using an optimized IDProgram : , :
procedure that traces the path of a massless Iparig€velopment with the introduction of the MHD
through the vector field. The seeds of the stregesli (Magnetohydrodynamics) equations  treatment. This
are distributed on 2D or 3D rectangular grids, er sWOrk is part of the MAGNET collaboration [15], &
by interactive picking in the scene. An exampleaof French collaboration dedlgated to the study of MHD
collection of streamlines seeded in this way can H8 the context of astrophysics and geophysics.
seen in Fig.8 _ The multlple-gr_ld methods are first |mplemented
in a non-MHD version of the code; the comparison of
the results with a regular grid version is on thayw
and the program must be validated before taking int
account the complete set of new MHD equations.
Furthermore, an application designed to interabtive
control and monitor the initialization and executiof
the HERACLES program will be developed in the
IDL framework. Such tool is a major added value for



the distribution of the code in the different  Gyeongju, Republic of Korea, aug.29-sept.1 2006,
collaborations, as well as the use of appropriate ed. J.S Kim, Computer Physics Communication,
versioning tool. 177 (2007) 263, doi:10.1016/j.cpc.2007.02.065

[12] D. Pomaréde, Y. Fidaali, E. Audit, A.S. Brun, F.
Masset, R. Teyssier, Proceedings of the
IGPP/DAPNIA International Conference on
Numerical Modeling of Space Plasma Flows,
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