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

M Z )/"E with Jun Makino, Toshi Fukushige, ...
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Hardware - GRACE

: Univ. Heidelberg (ARI) Univ. Mannheim (LIV)
The GRACE architecture Univ. Munich (USM) RIKEN Institute Tokyo
GRAPE+MPRACE

mpRACE|| GRAPE mpRACE|| GRAPE

5“!‘—@‘__ S/ /

)
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4 Tflops, 128 CPUs, 128 GB Memory

(64 P4 Xeon, 32 GRAPE, 32 Xilinx FPGA-MPRACE)
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e 32 dual-Xeon 3.0 GHz nodes m
« 32 GRAPE6Ga HiEininnnns

« 14 TB RAID

e Infiniband link (10 Gb/s)
° Speed: ~4 TfIOpS pc| |pc]| |pc] |Pc| |Pc]| |Pc] |Pc] |PC
* N up to 4M

 Cost: ~500K USD
e Funding: NSF/NASA/RIT ONORORONORORONO

RACE|| GRAPE RACE|| GRAPE
e 32 dual-Xeon 3.2 GHz nodes - -

» 32 GRAPEG6a

» 32 FPGA

7 TB RAID

 Dual port Infiniband link (20 Gb/s)

e Speed: ~4 Tflops

N up to 4M

e Cost: ~380K EUR

* Funding: Volkswagen/Baden-Wdurttemberg

Dez. 06 (o] W21 0]0]5)




Hardware - GRAPE

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

GRAPES6a, -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.)

Dez. 06 HoLi 2006
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Parallelization and Software

*Hierarchical Block Time Steps

sAhmad-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 MPIl/shmem

*Parallel Binary Integration in Progress (with C. Boily et al.)
«Parallel GRAPE Use in Progress

*pGRAPE — NBODY1-like on GRAPE clusters (Harfst et al. 2006)

(o] W21 0]0]5)




Parallelization and! 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)

*Mixed Algorithm : GRAPE — 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)

(o] W21 0]0]5)




Parallelization and! Software

N: part. Number

S: Block size

p: processor number
1.: force calc. time

1,: latency time

T.. communic. time

¢: Number of bytes (192)

3: Number of flop/force (20)
X: speed (flop/s)

Y: bandwidth (Byte/s)

GIZMO/NBODY6++ nearly sam
But: Memory!
GIZMO: Dorband et al. 2003

(o] W21 0]0]5)




Paralellization and Software

Dorband, Hemsendorf, Merritt 2003, J. Comp. Phys.
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(GFlops)

Speed

- IIII
L 32xGRAPE6a

4

10 10

Particle number — N

ARI

Cluster:

~3.2 Tlop/s
sustained

Harfst, Gualandris,

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



Parallelization and Software

10°

Wallclock time [g]

10°
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Plummer (ARI)

—t— Processors p
...... % Processors p

Processors p
S S— Processors p
Processors p
—— Processors p

L1 IIIII|I

10°
Mumber of Particles - N
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Performance
Modelling

Harfst, Gualandris,

Merritt, Spurzem,

Portegies Zwart, Berczik
2006, New Astron. in press,
astro-ph/0608125




Parallelization and Software

ideal speedup

acceloeration

JJ

parallel binaries

no parallel binaries

T T T T T T T T
a 1 2 3 4 =] G 7 8

nodes in the cluster

Theory —C—) g

Comparison of the acceleration of
the computation after our modifica-
tions (for a data set with about 17%
of binaries) compared to the accel-
eration seen before for 20% of bina-
ries.

We see a clear improvement in per-
formance, much closer of the ideal
case than before.

Tests run on the HPC cluster at the
University Louis Pasteur, Stras-
bourg.

Binary Parallelisation Maalej, Boily, Spurzem, 2005
with Sverre Aarseth

(o] W21 0]0]5)




AT.py (s=2C)

[£4]

Sclence Case: Galaxy Modelling

Uniform & Plummer sphere, one full force calculaticon, G=M=R=1, £=10_2

04-Flum
04-Uni

0g-Uni
16—Flum

16-Uni
l l l I I

08-Plum - -

2 4 B 16 32
Humber of particles: W {in M)

(o] W21 0]0]5)

G4

Further
Application

TREE-Code
simulations with
PP-core

64 Million particles!

Berczik,
Nakasato,
In progress



Parallelization and! Software

Ahmad-Cohen
Neighbour Scheme

(Double Volume for

Incoming Particles)

Special Care for fast
Particles

Not yet with GRAPE!
Work in Progress!

(o] W21 0]0]5)




Smoeothed Particle Hydrodynamics
(SPH)

quFij ’hj)’ P, =P(p)

Hydrodynamic equation
of motion, gravity

SPH formulation

(o] W21 0]0]5)




Parallelization and! Software

O(N p) + O(N?2 /p) [ + O(N N,/p) + O(N2;,/p)]

1 2 3 il
Communication Total Force
Regular Force Irregular Force KS Binaries

oGRAPE 1 + 2 (parallel GRAPE)

NBoDY6++ 1 + 2 (parallel) + 3 (parallel), no GRAPE
NBODY6xx as NBoDY6++ + 4 (parallel)

NBODY6yy aS NBODY6++ + ¢@GRAPE

(o] W21 0]0]5)




Hardware

GRACE =GRAPE + RACE

| - JOSE I £ :("ﬁ“ :::A ]
: 0

MPRACE Board

‘GRAPE

* GRAPE moves the bottleneck to neighbour cfalculation
e Use FPGA-platform for accelerating neighbour alton
(SPH, NBODY6++)

Dez. 06 HoLi 2006




FPGA Architecture

Hardware
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FPGA-Plattform MPRACE

- SDRAM

Interf

lienhart@ti.uni-mannheim.de
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RACE

GRACE
MGT 4xUP MGT4xDwN External frequency

) $ 250MHz
Expansion 110 pin
. 4*MGT DDR-12 SODIMM

 — ! Max 128M*64 (1GB)

Main FPGA
DDR-2 SRAM AULVERG - DDR-2 SRAM
M (2M) = 72 — 1M (2M) * 72
Clk:25,125,200MHz
Prog. Clock / 3/ 4 serial lanes, each @ 2.5GBd per dir.
PECL 100-400MHz

PCle Interface CFG logic (CPLD +
Fast configuration interface | (XC4VFX20) glﬁiﬂﬂ Hodde+
o /I/ 4 lanes @ 2.5GBd: 1GB/s per dir.




x84, 40011120 o i3 - R

uEEn




« PCle core
— resource hungry => suitability of XC4VFX20 initially unclear
— PCI-X version added as ,plan-B*
— Current core version incompatible to previous one
— Late modififaction of reference clock (125 MHZ => 250 MHz)
— Status: 4 lane PCle + 4 lane AURORA + simple DMA fit into
XC4VFX20-11 (faster speed grade)

- PCB

— High densitiy
« Many differential and/or impedance controlled tracks
« Large number of decoupling caps and filters
« Many supply voltages

— 16 layers, plugged vias, 80pum min track widths

{ GRACE
GRACE=GRAPE+RACE

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

Dez. 06 (o] W21 0]0]5)



eline Generator Lanquaqge to program FPGA
f Gl_{ACE

* HDL Framework plus Perl-based code generator
provide powerful tool for automated FPGA design
* Very complex calculation units can be designed with
a software-like coding style
» High flexibility due to embedded control signal handling
» Resulting code has quality of hand-coded sources
* Framework 1s easily extendable

=> Building floating-point pipelines for simulation

gets as easy as writing software
SoftCore = racegrav_create core (RACEGRAV_FPGACORE, 0) ;

racegrav_set_epsilon(SoftCore, eps);
racegrav_set_particles (SoftCore, n_j, x_j, v_3j, m_3j)

racegrav_calc_direct_sum(SoftCore, n_i, ip, 0, n_7j,
B, aldt, adot i)

racegrav_destroy_core (SoftCore) ;




lat’ +vi

&=

ok |

suppress_v =10

at’ : suppress_v =1

entity distance;
clock clk;

# parameters

floPValDef fpDef (signiflengt
expLength=>8,useSign=>1, usg

# inputs
signal (suppress_v);
floPVal (v,a,t) (fpDef);

# calculate

t2 <floPSquare> t;

51 v <floPMult> t;

ssl = gated(sl, suppress_v) ;
half a = <floPDiviZ> a;

s2 = half a <floPMult> t2;
5 = 8581 <floPAdd> s2;

SUPPEESs v

2 half a

w




* Designs for Ahmad-Cohen
TN .."_" &

neighbor scheme
* Neigborlist processing of gravity 3 .

interaction similar to SPH design |+
* Processing of shared neighbor lists T
-2

#iParticles >= 2*nrPhysicalPipes |
* Pipeline provides a, aDot and pot V] ks

e software integration not finished -
T &
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#Elements

1200

1000

00

|00

400 o

* Some extensions for new features of pipeline generator

(e.g. for multi-precision arithmetic)
* Now support up to double-precision
(but extensive logic consumption)

General Adder

a—g——a—a

12 16 20 24 @ 32 3 40 44 4F 52
Mantissa Width

- | T
=l Fogs
—i— Shees
=i Spead

#Elemeants

TO0%

Unsigned Adder

1200 -

ang

G0

204

e | LTS
—B—FRegs
=i S lices
=i~ Spead

200 ey

0

T L] T 1] T T L] T T L T T
B3 18 20 M 2 32 36 4D 44 4B 52
Mantissa Width




Accuracy force

Turquoise: Progrape-4

Red: GRAPE-6

Blue: MPRACE Single prec. 16-005 —
Pink: MPRACE double prec. '

Accuracy jerk

Plummer, 5:10'2, CPU & Gea & MPRACE & PG4

0.01

ABS(Aa/a)

Plummer, 3:10'2, CPU & G6a & MPRACE & PG4
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«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. Brining)

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

Used: Performance Model
of Harfst et al. 06

Dez. 06

edup relative to 32 node ARLIARIT clusters

Spe

L]
32 PE superGRAPE  se—
200 PE superGRAPE s
200 PE superGRAPE, SUPSrnet

100000




Euture Potential of EPGA

FPGA capacity =ji=—
extrapolated capacity ———
FPGA speed
extrapolated speed
speed capacity product

(o] W21 0]0]5)

FPGA can easily
outperform
supercomputers,
performance gap
grows




Future Prospects

Integrated Circuit Complexity

195 Al Datn
B MDE Amays HI'.'."H-I..cgi.i'lﬂTS.ﬁd.ullM " 00
1 @ 1976 Prjecton ___ﬂ"' -- 3 —8— Capacity
. W Mermry ﬂﬂ i — Speed

- l;.i e

4“55"

Ised 19 1550 1885 M0 2005 2400

* Moores Law concerning increase of transistors still valid

» Capacity of FPGA 1s directly proportional to transistor count
» Performance of FPGA-applications profits both

of switching speed and the amount of logic resources

lienhart@ti.uni-mannheim.de



Number of Particles: 1000
current Time: 127.333

Visualisation

With
S. Dominiczak
W. Frings

John-von-
Neumann
Institute for
Computing
(NIC)

FZ Jilich

google for

xnbody




* Bundesministerium
fiir Bildung

und Farschung

User Interface/
User Application

Job Management

- _________ *@{'m[rall_ Zallon and Software

jsdl-posix.xsd
wsl.xsd

Resource Broker GACG = German AStronOmy
» Resource Requirements Communlty Grld’ NBODY6++ IS One

Resource Limits

Atomic Jobs

- of some 15 use cases...
ety T
stage-out) l Notify when ready Matchmaking

Data-Stream Mgmt. . . N N
Registration Information Service

Data Management arage Max-Pl Institut
3 fiir Grav sphysik
Albert-Einstein-Institut

Max-Planck-Institut
fir Astronomie

The Future .
*Grid Computing [n

*GRAPE-DR
‘NBODY6++ on GRAPE

‘NBODY on the GRID ] R
Farschungiarenlrum Karlsrube T Astrophysik
inser Helmholiz-Gameinschaft

Dez. 06 HoLi 2006 Rl ot ome TR




LTuml wersion="1,0"7>

L jsdliJob Definition xmlns="httpi“wa,gac—grid,deshamespaces, jobmanagement"
z#mlnsi jsdl="http:/“schemas,ggf,org’/ jsdl /200511, j=dl "
#mlnsi jsdl-posix="httpi/'schemas,q3f , org jsdl 200511 jsdl—posix"
#mlhnsfxsi="httpd A, Wi, org/ 2001 KMl S chema—instance" »
£Jjsdl i Joblescripktion’

2 jsdliJobldentification >
4 Jsdl i JobMameExample Hbodyéa++ run<d jsdl i JokbHame >
4 jsdl fhescriptions
Thiz i= a simple example for ewaluating JSIL with Hbodys++ LC
4 jsdl tDescription
< jsdl Jobldentification >

<jsdliApplication:
< Jjsdl fApplicationdame xnbodyé <A jsdl Appl icationMame »
Ljsdl-posixiPOSIKApplication:
<l== PATH to files giwen by globus gatekesper plus user specified —-13
4 jsdl-posixiExecutabl einbodys L jsdl—posixiExecutable’
Ljsdl-posixi Inputzindlood  comment < jsdl —posix: Input >
£ jsdl—posixi0utput nbodys , out </ jad]l —pos i< 0utput >
LA edl-posixiPOS T Application’
</ jsdltApplication’

4 jsdliResources
L1—— dependends on the jok —--*
< jsd]l tResources

<l-— Stage in the parameter input file ——:
% jsdliDataStagings
< Jjsdl iFileHame »inlood , comment < j=dl tFileMame »
4 jsdl {CreationFlagk< jsdl :CreationFlag:
L jsdlileletelnTerminationFlagifalse</ jadl tDeleteldnTerminationFlags
<, jsdl f Source
L jsdl :URI https Arfmyhost ari suni-heidelberg,de/Files Al nl00o, conment £/ jsdl 1 URT =
4 jsdl tSource >
% jsdl jDataStaging
<1-— Stage out the stdout Clogifile —-X
< jsdl {Datastaging>
4 JsdliFileMame nbodyé, ot < jsdl tFileMame
4 jsdliCreationFlagroverwrite s jsdl jCreationFlags
4 jsdl jheletelnTerminationrfalze<s jsdl tleletelnTerminations

< jsdl $Target
£jsdl fURI Xprotocal $ACgridhost, ari s uni-heidelberg, de </ jsdl 1 URT
< jsdl : Target >
< jsdl :DataStagings
i1—— Binary files can be staged out here —-i

< jedl t JobDescriptian
<4 jsdl tJoblefinition’

NBODY6++
as a

portable
JSDL Job

User Interface
will be based

on Java or XML




