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Astrophysical Computer Simulations using Programmable Hardware
R. Spurzem, R. Männer, A. Burkert with
P. Berczik, G. Kupi, I.Berentzen, G. Lienhart, M. Wetzstein…

Interdisciplinary:  Computer Science and Astrophysics
Univ. Heidelberg (ARI-ZAH), Munich (USM)
Univ. Mannheim (Techn. Informatik)

TheThe GRACE Project = GRAPE + MPRACEGRACE Project = GRAPE + MPRACE

MWK Baden-Württembg.

with Jun Makino, Toshi Fukushige, …
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ARI-ZAH + RIT 32 node GRAPE6a clustersARI-ZAH + RIT 32 node GRAPE6a clusters

Performance Analysis (3.2 Tflop/s): 
Harfst et al. 2006, New Astron., in press, astro-ph/0608125
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TheThe GRACE GRACE architecturearchitecture
(GRAPE+MPRACE)(GRAPE+MPRACE)

Infiniband

4 Tflops, 128 CPUs, 128 GB Memory
(64 P4 Xeon, 32 GRAPE, 32 Xilinx FPGA-MPRACE)

Univ. Heidelberg (ARI) Univ. Mannheim (LIV)
Univ. Munich (USM)    RIKEN Institute Tokyo

Hardware Hardware -- GRACEGRACE
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• 32 dual-Xeon 3.0 GHz nodes
• 32 GRAPE6a
• 14 TB RAID
• Infiniband link (10 Gb/s)
• Speed: ~4 Tflops
• N up to 4M
• Cost: ~500K USD
• Funding: NSF/NASA/RIT

RIT & ARI 32 node GRAPE6a clustersRIT & ARI 32 node GRAPE6a clusters

• 32 dual-Xeon 3.2 GHz nodes
• 32 GRAPE6a
• 32 FPGA
• 7 TB RAID
• Dual port Infiniband link (20 Gb/s)
• Speed: ~4 Tflops
• N up to 4M
• Cost: ~380K EUR
• Funding: Volkswagen/Baden-Württemberg

Infiniband Dual 20Gb/s
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GRAPE6a, -BL - PCI Board for PC-Clusters
PROGRAPE-4, FPGA based board from RIKEN (Hamada)
GRAPE7 – new FPGA based board from Tokyo Univ. (Fukushige )
GRAPE-DR – new board from Makino et al. NAOJ
MPRACE1,2 – FPGA boards from Univ. Mannheim/GRACE (Kug el et al.)

GRAPE6a, -BL - PCI Board for PC-Clusters
PROGRAPE-4, FPGA based board from RIKEN (Hamada)
GRAPE7 – new FPGA based board from Tokyo Univ. (Fukushige )
GRAPE-DR – new board from Makino et al. NAOJ
MPRACE1,2 – FPGA boards from Univ. Mannheim/GRACE (Kug el et al.)

~128 Gflops for a price ~5K USD; Memory for up to 128K p articles~128 Gflops for a price ~5K USD; Memory for up to 128K p articles

GRAPE6a PCI boardGRAPE6a PCI board

Hardware Hardware -- GRAPEGRAPE
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Basic idea of any GRAPE N-body code:Basic idea of any GRAPE N-body code:
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GRAPE = GRAvity PipE – more detail…GRAPE = GRAvity PipE – more detail…
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S.J.Aarseth, S. Mikkola (ca. 20.000 lines):
•Hierarchical Block Time Steps
•Ahmad-Cohen Neighbour Scheme
•Kustaanheimo-Stiefel and Chain-Regular.
for bound subsystems of N<6 (Quaternions!)

•4th order Hermite scheme (pred/corr)
• Bulirsch-Stoer (for KS)

•NBODY6 (Aarseth 1999)
•NBODY6++ (Spurzem 1999) using MPI/shmem
•Parallel Binary Integration in Progress (with C. Boily et al.)
•Parallel GRAPE Use in Progress
•φGRAPE – NBODY1-like on GRAPE clusters (Harfst et al. 2006)

ParallelizationParallelization and Softwareand Software
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ParallelizationParallelization and Softwareand Software

•Copy Algorithm : parallelize work over block members
replicate all data on all processors
(Example: NBODY6++)

•Ring Algorithm: domain decomposition
partial forces shifted
blocking or non-blocking, systolic or hyper-systolic
(Gualandris et al. 2005, Dorband et al. 2003)

Our present workhorse:

•Mixed Algorithm : φGRAPE – domain decomposition on GRAPE
memories, copy algorithm for active particles
(Harfst el al. 2006, astro-ph/0608125)

Note: Special hypersystolic quadratic algorithm (Makino 2002):

O(N/√p) + O(N2/p)
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ParallelizationParallelization and Softwareand Software

N: part. Number
s: Block size
p: processor number
τf: force calc. time
τl: latency time
τc: communic. time
ξ: Number of bytes (192)
β: Number of flop/force (20)
X: speed (flop/s)
Y: bandwidth (Byte/s)

GIZMO/NBODY6++ nearly same!
But: Memory!

GIZMO: Dorband et al. 2003
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ParalellizationParalellization and Softwareand Software

Dorband, Hemsendorf, Merritt 2003, J. Comp. Phys.
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Parallel PP on GRAPE6a clusterParallel PP on GRAPE6a cluster
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Harfst, Gualandris,
Merritt, Spurzem,
Portegies Zwart, Berczik
2006, New Astron. in press
astro-ph/0608125 



Dez. 06Dez. 06 HoLiHoLi 20062006

Performance
Modelling
Harfst, Gualandris,
Merritt, Spurzem,
Portegies Zwart, Berczik
2006, New Astron. in press,
astro-ph/0608125 

ParallelizationParallelization and Softwareand Software
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Binary Parallelisation Maalej, Boily, Spurzem, 2005
with Sverre Aarseth

ParallelizationParallelization and Softwareand Software

ideal speedup

no parallel binaries

parallel binaries
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Further
Application

TREE-Code
simulations with
PP-core
64 Million particles!

Berczik,
Nakasato,
in progress

Science Science CaseCase: : GalaxyGalaxy ModellingModelling
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AhmadAhmad--CohenCohen
NeighbourNeighbour SchemeScheme

(Double (Double VolumeVolume forfor
IncomingIncoming ParticlesParticles))

Special Special CareCare forfor fastfast
ParticlesParticles

Not Not yetyet withwith GRAPE!GRAPE!
WorkWork in Progress!in Progress!

ParallelizationParallelization and Softwareand Software
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SmoothedSmoothed ParticleParticle HydrodynamicsHydrodynamics
(SPH)(SPH)
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Scaling of best algorithm:

O(N p) + O(N2 /p) [ + O(N Nn/p) + O(N2
bin/p)]

1               2                   3                4
Communication Total Force

Regular Force       Irregular Force    KS Binaries

ParallelizationParallelization and Softwareand Software

Codes Discussed Here: 
φGRAPE 1 + 2 (parallel GRAPE)
NBODY6++ 1 + 2 (parallel) + 3 (parallel), no GRAPE
NBODY6xx as NBODY6++ + 4 (parallel)
NBODY6yy as NBODY6++  +  φGRAPE 
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• Use FPGA-platform for accelerating neighbour algorithm
(SPH, NBODY6++)

• GRAPE moves the bottleneck to neighbour calculation

MPRACE Board

GRAPE

HardwareHardware
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HardwareHardware



Dez. 06Dez. 06 HoLiHoLi 20062006



Dez. 06Dez. 06 HoLiHoLi 20062006



Dez. 06Dez. 06 HoLiHoLi 20062006



Dez. 06Dez. 06 HoLiHoLi 20062006



Dez. 06Dez. 06 HoLiHoLi 20062006

Expected Performance MPRACE-2 250 MHz clock:
50 Gflop/s with 3 pipelines, support for Ahmad-Cohen

neighbour scheme and SPH.

Note: PROGRAPE-4 by RIKEN (Hamada et al. 06)
250Gflop/s for 2000 US-$ ! (low precision)
e.g. molecular dynamics
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Pipeline Generator Language to program FPGA
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Accuracy force   

Turquoise: Progrape-4
Red: GRAPE-6
Blue: MPRACE single prec.
Pink: MPRACE double prec.

Accuracy jerk

MPRACE accuracy
can be adapted and 
improved compared
to GRAPE!
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How to build a 50 Tflop/s machine for < 2 Million US-$ ?

•200 standard nodes, AMD Opteron or Pentium Xeon
•200 super-GRAPEs (250 Gflop/s) MPRACE, GRAPE-DR, PROGRAPE
•Super-Network (e.g. AMD Hypertransport, links with MPRACE 2

(AMD excellence centre with Univ. of Mannheim, U. Brüning) 

Such computer
competes with
general purpose
supercomputers on 
the Petaflop/s scale.

Used: Performance Model
of Harfst et al. 06
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Future Potential of FPGAFuture Potential of FPGA

FPGA can easily
outperform
supercomputers, 
performance gap
grows
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VisualisationVisualisation

With
S. Dominiczak
W. Frings

John-von-
Neumann
Institute for
Computing
(NIC)
FZ Jülich

google for

xnbody
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The Future

•Grid Computing
•GRAPE-DR
•NBODY6++ on GRAPE 
•NBODY on the GRID

GACG = German Astronomy
Community Grid, NBODY6++ is one
of some 15 use cases…

ParallelizationParallelization and Softwareand Software
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NBODY6++
as a
portable
JSDL Job

User Interface
will be based
on Java or XML


