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Formation of the Universe

0 OQurepoch

FRACTION OF A SECOND 1 Formation of the Sun

43
(10°7) Reionization

FProtogalaxies
First heavy elements

Growth of
density fluctuations

Time (years)

102

10 2
3 Hydrogen
10 8 10 recombination
L!.'..H:T_' Fruoa 3
FiraT (hal 200E5 Synthesis of He (10 sec)
Big Bang

Bic Bang PLus
15 BILLION YEARS

History of the Universe



Observations

Virgo, A Laboratory for Studying Galaxy Evolution
5

HST - WFPC2

Hubble Deep Field

PRC96-01a - ST Scl OPQ - January 15, 1996 - R. Williams (ST Scl), NASA




Observations

LIRS0 CAES
CAEY" ICARNES

RPN

Galaxy Building Blocks HST - WFPC2

PRC96-29b - ST Scl OPO - September 4, 1996 - R. Windhorst (Arizona State University), NASA
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Observations

Age of the Universe
Today: 14 Billion Years 9 Billion Years 5 Billion Years 2 Billion Years

. .

Elliptical




Isolated galaxy evolution

GASOLINE: Wadsley,
Stadel & Quinn, 2003

http://www-hpcc.astro.washington.edu/

~few 1076 SPH particles




Star Formation

Dimensions: 82500, Al
SPH: Benz, Bowers,

Cameron & Press, 1990

OpenMP + Sink Particles:
Bate, Bonnell & Price, 1995

Bate, Bonnell, Bromm, 2002

The calculation required ~100k CPU
hours (~11.4 years) on the SGI
Origin 3800 (64 CPU) of the United
Kingdom Astrophysical Fluids
Facility (UKAFF).

~few 1076 SPH particles

-1.0 0.8 -0.6 =, 0.2 0.0
Log Calumn Density [g/em’]

Matthew Bate



Star Formation
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High mass stars can forms by gas (competitive) accretion!!!
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ollisions

Galaxy Pair NGC 3314 Q,B HUBBLESITE or

*

The Mice — Interacting Galaxies NGC 4676 ”@ HUBBLESITE.org Colliding Galaxies NGC 4038 and NGC 4039 HST - WFPC2
PRC97-34a « ST Scl QPO » October 21, 1997 « B, Whitmore (ST Scl) and NASA




Galaxy Collisions

GADGET 2.0
Springel, 2005

http://www.mpa-garching.mpg.de/gadget/

CPU time consumed
350.000 processor hours

28 days on 512 CPUs/16 nodes
38 years in serial

~ 6% of annual time on total
Regatta system

sustained average code
performance (hardware
counters) 400 Mflops/cpu

5 x 10" floating point ops
11000 (adaptive) timesteps




GADGET 2.0 details

1 TByte RAM needed

32-way Regatta Node
1 6 X 64 GByte RAM

512 CPU total

=

Fiducial global quad tree

Peano-Hilbert curve
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BH’s in galaxies (MW - Sgr A*)

. 10 light days .




Galaxy Collisions & BH’s collisions

Mergers of Galaxies & MBH'’s [ Begelman, Blandford & Rees, 90’s]




Galaxy Collisions & BH’s collisions

Multiple Massive Black Holes M82: The bright spots in the center are
NGC6240 supernova remnants and X-ray binaries. The
strong ongoing merger... luminosity of the X-ray binaries suggests that
Komossa et al. 2002 most contain a black hole. A close encounter
with a large galaxy, M81, in the last 100 Myr is
Two AGN in each of Nuclei separation thought to be the cause of the starburst activity.
~1kpc Chandra X-Ray Ebisuzaki et al. 2002

e
5 orcsec




Galaxy Collisions & BH’s collisions

ime= 1.000x10" yr

GADGET 2.0
Simulations




Future Observations

Gravitational Wave Detection - LISA

Two of the strongest
potential sources in the
low-frequency (LISA)
regime are:

eCoalescence of binary
supermassive black holes
eExtreme-mass-ratio
inspiral into supermassive
black holes

Inspiral Merger

55//;

Ringdown

/Jéi\|w| o




Proto-Planet formation

GASOLINE
Mayer, Lufkin et al. , 2006

p=2.4, RS= 1.5 n=3, RS= 0.8

Mayer et al. , 2002, 2003, 2004

u=2.7, RS= 1.2




Largest astrophysi

10"

simulation particles

10*—

direct summation

PM or APM

distributed-memory parallel Tree

shared-memory parallel or vectorized P°M

N = 400 x 100.215(Yea1‘~—1975)

d -*‘-’_‘_.;-=-d1'strib11tﬂd—m€m01'}’ patallel TreePM

[ 1] Wlieeshi & Kihara (1975)
| 2] Aarssth, Tumer & Gatt (1979

[ 3] Efstathiou & Eastwood (1881)

[ 4] Whits, Frank & Davis (1983)

| 5] Davis, Efstathiou, Frenk & White (1885
| 6] Whita, Frank  Davis, Efstathiou [1987)

| 7] Carbarg, Coushman & Thamas(1990)
[ 8] Suto & Suginchama (1981)

[ 9] Warren, Quinn, Salmon & Zunek (1992)
[10] Geb & Bertschinger (1984)

cal N-body simulations

[11]Zurek, Quinn, Salmon& Wamsn (1984}
[12]%<ake, Weirkerg, Frerk & Rata (1997,
[13]Jerkinz o al (1988)

[14] Gavermaio =t al_ (199

[15]derkins ot al(2001)

[16] Bode, Bahcall, Ford & Ostrikar (2001)
[17] Evrard et al. (2002)

[18] Wambs=ganss, Bode & Oshriker (2004)
[19] Springel et al. (2004}

1990
year

2000



Father of nhumerical Astrophysics...
..With 200 light bulbs

Dissertation Univ. Lund (Schweden) 1937:
A study of double and multiple galaxies.
Galaxies often in groups and pairs.
Satellit galaxies distributed unevenly. [Holmberg-Effect]

The Astrophysical Journal, Nov. 1941
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Nowadays real supercomputers...

ASCI-Q (LANL)
~30 Tflops
~250M USD

Earth Simulator
~40 Tflops
~350M USD

48 x GRAPEG6
~48 Tflops
~3M USD

Makino, 2002




GRAPE Gordon Bell prizes
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GRAPE history tree

GRAPE History Tree

‘. ..-i““" ? 't"-m
2000 GRAPES ™, = IKEN MDM
o & “,
N "‘t‘ +
GRAPE-5 K

A PROGRAPE-1

1995 GRAPE-4 MD-GRAPE

GRAPE-2A

1990

GRAPE-3
t GRAPE-2 /
/

GRAPE-1

Limited Full
Accuracy Accurary for MD




GRAPE’s all over the World

. GRAPE-6 @) GRAPE-S GRAPE-4 @ ORAPE] HARP-2

* The size of the symbol mdicates the top speed of the GRAPE mstalled.
# If an institute has different versions of GERAPEs, the latest version's symbol i3 shown,

http://www.astrogrape.org




Basic idea of any N-body code

t

=]

|




Basic idea of any N-body code
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Basic idea of any N-body code



Basic idea of any N-body code

C OBTAIN THE “FULL" FORCE FOR ALL BODY'S.

DO101=1,N
AX(l) = 0.0 _
AY(l) = 0.0 a,
AZ(I) = 0.0

X GIm

J

—

=1, j#i (rijz +£%)

3/2 Irij

DO 20J=1,N
IF (J.LEQ.I) GO TO 20
DX_1J = X(I) - X(J)
DY _13=Y()- Y(QJ)
DZ_13=2() - Z(J)

DR2 = DX_IJ*DX_IJ + DY_IJ*DY_IJ + DZ 1J*DZ_1J + EPS

TEMP = M(J)/( DR2*SQRT(DR2) )
AX(1) = AX(l) — TEMP*DX_1J
AY(l) = AY(l) - TEMP*DY_1J
AZ(l) = AZ(l) - TEMP*DZ_IJ

20 CONTINUE

10 CONTINUE




Basic idea of any GRAPE N-body code:

Position etc.

Host ~NA2

Computer




Commerce GRAPEG6a boards

http://www.metrix.co.Jp

Grape6BL4

The most suitable for a Cluster system -

3

A Grape6 BL4 with Heatsink

HEAT SINK

G6TM-01MB

9

AFront side G6TM-01 assembly with"
G6TM-01ME module



ISM “Ecology”

Spiral Density Waves coLD
/ Infall m

H'+H2

uv
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Magnetic Fields
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Tumlinson, 2004: astro-ph/0411249
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Our Multi-Phase GRAPE SPH code
WARM - HOT: SPH

STAR: N-body + SSP
COLD: N-body + Viscosity



Our Multi-Phase GRAPE SPH code

SPH Warm - Hot gas
104 - 10”7 K

N-body
DRAG

COLL _
DP-C&E N:B. SNII + SNIa

FB: SW + PN
Cold gas clumps N-body
1072 - 1074 K SSP



Our Multi-Phase GRAPE SPH code

7> DE + DZ (O; Fe)




Basic Equations

N
Monaghan, 1977; Lucy, 1977 ,Oi = Z mj Nvij
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Basic Equations
Monaghan & Gingold, 1983

- _Jlaw 4B o, it ) <0
: 0 else

M@ (E-r) e
i 2 5 L=2
Lohl ety coom

(pi+10j) h; = (h"'hj) c”-=%(cl+cj)



Basic Equations

Monaghan & Lattanzio, 1985 Hernquist & Katz, 1989

1
W(r;h) = .

B< SR +2(%)° 0=y <

e W =W(E

0 2,

Balsara, 1995; Steinmetz, 1996

. (Ew)|
=T L P A =y e
2(f, + f,) i B w)[+|Exv)|+eten

(e

m,




Define smoothing length
- |r,| < 2tmax(h;h,)

Inside “"2eh” Ns = const =50

Using the ANN with kdtree

http://www.cs.umd.edu/~mount/ANN/




Delgarno & McCray, 1972; Sutherland & Dopita, 1993

A=A(p,uz.) ON (T [FeH])m
ni2 = pi/(,uﬁmp) r

10%% | r\/\\\
i R

8

"c

]

. [Feit] =-5 —

= [FeH] = -3 -veers
FeH| = -2

10°




Predictor step:

Corrector step:

Time step:

Integrator

VP = UM+ A" (At
AR AR AR Y=
uf® = u"+u [At
= N+ =N =N | = At
Vi b= V' + (&' +aP) E?
o N+ =N =n , on+ At
o= Rt VT E?
' TP EAAY
u'™t = ul (0 00 O
2
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RIT & ARI 32 node GRAPE®6a clusters




MAO 8+1 node GRAPE®6 blx64 cluster

switch

server

PC| |PC| |PC| |PC] |PC| |PC]| |PC| |PC

60660666

EHe

* 9 x2 dual-core Xeon 2.0 GHz
«9 GRAPE6 blx64
«5 g
e Infiniband switch (2x10 Gb/s)

e Speed: ~1 Tflops

eNupto2M
 Cost: ~100k EUR
e Funding: NASU




mpRACE

GRAPE

mpRACE

|

|

HOST

B e a—
(_’_/_

(“'_,":—-

—

Infiniband network switch

HOST

HOST

}

|

|

}

mpRACE

GRAPE

mpRACE

GRAPE

32x2 64 bit-Xeon P4, 3.2 GHz (~2 Gfps)
32 GRAPE6a (~120 Gfps)

32 FPGA-MPRACE (~20 Gfps)

3.5 TB RAIDS5 disk system

Infiniband, dual port network (~20 Gb/s)

Summary speed: ~4 Tfps
N (direct summation) up to 4M

Volkswagen/Baden-Wiirttemberg ~400k EUR




GRACE=GRAPE + MPRACE:

Orhital integration, O

Haost

lﬁecnnfgurat}e GRAPE ]
processaor | |

SPH, wdW, hultipole Gravity'Coulomt




T

MPRACE FPGA board

Register

Registar

FP arithmetic:
16 or 24 mantissa

[ Sign
Exp (biased) Fract
4+——FExpBits | SignifBits-1 L=

B J'+1 for Sign = 01 |
f = I—lfor Sign :'l_f

with bias = 2F#PED ]

(1 + Fract .2~ (SieaiBis —1) ) 2 Exp ~bias

SignA SignB ExpA ExpB FractA FractB
| | | | |

v v v v v e
S
prep Sign prepare Exp p  Prepare o
—‘ Signif o
M s F. | | =
operate on integer @
Exp operator 2
Q
| =l
v 3
h 4 A 4 g
adapt dant E ¢ round and 5
Sign T adapt =xp normalize N
M g

¥ SignOut ¥ ExpQOut ¥ FractOut




MPRACE FPGA board

Serial UP Serial DWN gg(t)err;l()i;/e[%uemy
- z
Expansion ** ‘H‘ Pin count critical !
92 pin + MGT ==t |
%ﬁT*n;zemory Main FPGA %ﬁT*n;;mory
XC4VEX60
DDR2 memory e DDR2 memory
64M * 64 64M * 64

A
Fast configuration interface | /|/ 4 serial lanes, each @ 2.5GBd per dir.

PCle Interface
(XC2VP20)

4/ 4 lanes @ 2.5GBd: 1GB/s per dir.



Pressure force pipeline

provide

Data Interface
X, 11y, NzZ1X, 1y, 5jz, vix, viy, viz, VjX. Vjy. ViZ,
hi. hj. fi. fj. ci. ¢j, pi. pj. rhoi, rhoj. myj

v v

v v

v

p/rho2
pi/(thoi*thoi) or
pi/(rhoj*rhoj)

Dll}“el’ence Dll?el’ence Mean Value Mean Value
Vector Vector hij = (hi + hj) / 2 cij = (ci + ¢j) / 2
vij=vi-vj || rij=r1i-1j
. Mean Value Mean Value
Scalarprod Scalarprod fij=@i+1£)/2 || |thoij = (thoi + rhoj) / 2
vrij = vij * rij rij2=rij * rij

— 3 1

muij
muij = hij * vrij * fij /
(rij2 + eta™ hij * hij)

— v

> P

\ 4

prhoj2

; piij

L

{ hij > if vrij = 0 then piij = 0

A 4

else piij = (-alpha * cij * muij +

prhoi2

0

mj

Gradient of W
dW = dW(rij, ihij)

> >

P beta * muij * muij )/ rhoij
Squareroot ﬂnJi ! ) !
rij = sqrt rij2 1/hij ihijs = I
I » ihij"5 | ‘

Scalar factor dvs

dvs =mj * (prhoi2 +prhoj2 + piij) *dW * ihij5

Build dv vector
dvx = dvx + dvs * rijx
dvy = dvy + dvs * rijy

D
—P

>

dvz = dvz + dvs * rijz

* Scheme doesn’t show energy term



Parallel TREE gravity on the cluster

- B

Nree ~N/N P




Parallel TREE gravity on the cluster
Jun Makino: TREE+GRAPE code

Makino, PASJ, 43 __, 621 (1991) Makino, PASJ, 56 __, 521 (2004)

— Fukushige, Makino & Kawai, PASJ, 57 __, 1009 (2005)
Inter. list on host ~N One interaction list is shared among
Inter. list length -> short... NGR particles!

Inter. list on host ~N/NGR
Inter. list length -> larger...



Parallel TREE gravity on the cluster

Uniform & Plummer sphere, one full force calculation, G=M=R=1, 8=1O_2

64 b 1 min _

OMLIK X+

=

0.5 ! ! ! ! !
1 2 4 8 16 32 64

Number of particles: N (in M)



ATCPU [sec]

One full force calculation:

Parallel TREE gravity on the cluster

GRAPE6a (-1g65), Plummer, G=M=1, E. .=-1/4, e=10"°, 0=0.75, N;__,~10, N_=3500
1000 § . . ! ; . ; i T !

f TOT oo f
cffet = Q. . ;CPU TOT;. ~D.OD£;B*(N/KB)E
[ KEY vovefmes ' ' : ‘

100

10 |

0.001
16 32 64 128 256 512 1024 2048 4096 8192 16384

Number of particles: N [in KB]



]

[+R
(5]

time ratio [%

One full force calculation:

Parallel TREE gravity on the cluster

il

GRAPE6a (-1g65), Plummer, G=M=1, E__,=-1/4, e=10"°, 6=0.75, N;_ =10, N_=3500

KEY

| 19T

““““
""""
ey
Py,
th

I
F-GEF - - o

| TREE o

..+

T e i s e S St

16

64 128 256 512 1024 2048 4096 8192 16384
Number of particles: N [in KB]



SPH - test

Adiabatic collapse of a cold gas sphere.

Steinmete & Muller, 1993 M 1
Carraro et al., 1998 p —
Springel et al., 2001 2 [n [ R2 r
2
5P
GIM G=M=R=1
u=0.05

R



Berczik (Ncru=1) Nakasato (Ncru=4)



|AE1or |/ [Eror ]

Energy error:

10

10

10

10

Berczik (Ncru=1)

| BEqop |/ 1Eqoy|

Energy error:

10

10

Nakasato (Ncru=4)



One timestep: AT.y; (sec)

Scaling results

GRAPE + SPH code:  One timestep integration

1000 1000 — 77—
N = 100k —+— 1
200k ==3€-- ]
400k -----
800k [} A
lg:pq}% [ IRINTNT] 7
CPU
100 100 | e =
0 Fro,, ]
9] [ n,,'.' .............. i
S A
[al}
O
H
q
10 o,
0]
i)
n
[0}
£
-
in)
0]
=
(@)
1
0.1 | | | | |

100 200 400 800 1000
Number of particles: N (in k) Number of CPU: Nqpj



Time fraction

-\.\__,\_/,_,_,,/._H SPH speedup with MPRACE

Time fraction

lOO :llllllllllll|||||||I|||||||||I|||||||||I|||||||||:
10.:_\'/‘\1_-/./
i) u
o [
bt K
NB =—t— = B
GRAV —¥— _ |
SPH on CPU =—¥#— 0,
......... Lo oo o by a0 oo o by v v 0o w000 a0y
1 4 16 64 256 1024 8 1k
N [in K] $ ;
& [
""""" AR LML RS UL A - L
4_) -
ke i ]
o
':/-\,,, e} 5
b < 0.1 F -
n - .
. o . ]
C - -
O B J
3 1
C N 0.01 F E
- SPH on CPU =—d— 1
SPH on MPRACE-1 =¢— -
ratio: CPU/MPRACE-1 =—¥—
0.0ol IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
1 4 16 64 256 1024
GRg\%—X— N [in K]
......... Leieriiisatie,,, o00 o0 MPRACESL —T.
1 4 16 64 256 1024

N [in K]



Hardware

A SRR Ry
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2007...

GeForce 8800 GTX, 128 Stream Proc., 768 MB
GeForce 8800 GTS, 128 Stream Proc., 512 MB
GeForce 8800 GT, 112 Stream Proc., 512 MB

2008...

GeForce 9800 GTX, 128 Stream Proc., 512 MB
GeForce 9800 GX2, 256 Stream Proc., 1 GB
GeForce 9800 GT, 64 Stream Proc., 512 MB




CPU vs. GPU speedup timeline

3.0 GHz

o
Nv3s  NVv4l Intel Core? Do

1NV30

Jan Jun Alpr Mlay Nov Mar Nov
2003 2004 2005 2006




Hardware

(GPU board )
GPU chip

Host SIMD Block
Computer
Stream Processor

- ™) ‘ Thread | | registers|

CPU

‘ Thread | | registers|

Device Memory Stream Processor X 8

(768MB) g Shared Memoy
(18KB)

Stream Processor

‘ Thread | | registers|

]

‘ Thread | | registers|

UOIorysu|

Instruction Unit

SIMD Block x 16




Hardware

Each core

8 functional units

e . SIMD 16/32 “warp”
‘ ' ! |

!
MD Core

8-10 stage pipeline

+
SIMD Core
00 OO

Thread scheduler
128-512 threads/core

16 KB shared memory

Total #threads/chip
Global Memory 16 * 5]2 —] 8K

Parallel
Data Cache

GeForce 8800 GTX:

575 MHz * 128 processors * 2 flop/inst * 2 inst/clock = 333 Gflops




Hardware

® 128, 1.35 GHz processors

- Thread Processors ® 16KB Parallel Data Cache
per cluster

. | | ® Scalar architecture
BEZ=3 & d * IEEE 754 Precision

Cache By

® Full featured instruction set

GeForce 8800 GTX:

575 MHz * 128 processors * 2 flop/inst * 2 inst/clock = 333 Gflops




CUDA Optimized Libraries: Integrated CPU + GPU
math.h, FFT, BLAS, ... C Source Code

NVIDIA C Compiler

NVIDIA Assembly

for Computing (PTX) CPU Host Code

CUDA Debugger
Driver Profiler

Standard C Compiler

CPU




Simple CUDA example

CPU C program

void addMatrix(float *a, float *b,
float *¢c, int N)

int i, j, index;
for (i = 0; i < N; i++) {
for (J = 0; 5 < N; j++) {
index = i + j * N;
c[index]=a[index] + b[index];

addMatrix(a, b, ¢, N);

CUDA C program

__global  void addMatrix(float *a,float *b,
float *c¢, int N)

int i=blockIdx.x*blockDim.x+threadIdx.x;
int j=blockIdx.y*blockDim.y+threadIdx.y;
int index = i + j * N;
if (i < N & j < N)

c[index]= a[index] + b[index];

void main ()

// allocate & transfer data to GPU
dim3 dimBlk (blocksize, blocksize) ;
dim3 dimGrd (N/dimBlk.x, N/dimBlk.y);
addMatrix<<<dimGrd,dimBlk>>>(a, b, ¢,N);




Basic idea of any N-body code



Particle J

Particle i Quter Loop (i)

P ——————~

Inner Loo Interaction between
P (‘D particles iand j




__device__ float3

bodyBodyInteraction(float3 ai, float4 bi, float4d bj) {
float3d x»;
r.x = bi.x - bj.x; // r_ij [3 FLOPS]
r.y = bi.y bj.y;
r.z = bi.z bj.x;

// distSqgr = dot (r_ij, r_ij) + EPS*2 |[6 FLOPS]
float distSgr = r.x * r.x ¢+ r.y * r.y + z.z2 * r.z;
distSqr += softeningSquared;

// invDistCube =1/distSqr* (3/2) [4 FLOPS (2 mul, 1 sqgrt, 1 inv)]
float distSixth = distSqr * distSqgr * distSqgr;
float invDistCube = 1.0f / sqgrtf (distSixth);

float s = bj.w * invDistCube; // s = m_j * invDistCube [1 FLOP]

ai.x += r.x * s; // a_i= a_i+ s * r ij [6 FLOPS]
ai.y +=r.y * s;

ai.z += r.z * s;

return ai;

Total: 20 FLOPS




Basic idea of GRAPE/GPU N-body code

Position etc.

~N Host ~N~"2

Computer




Basic idea of any parallel N-body code

N = | — particle




Basic idea of any parallel N-body code

] — particle
|
e

N = D ——_—



Basic idea of any parallel N-body code

I, ] — particle

N
1111
< D i

Some communication scheme...

I\Iloc = N

N

I
proc
J



Particle j

Particle i = Thread i Outer Loop (i)
Parallel

%(—/

Inner Loop ())
Sequential




Particle j
N/ p Thread Blocks g aepEaE e
of pthreads each

Outer Loop (/)
Parallel

Inner Loop ())
Sequential




forall bodies i in parallel {

accel = 0;

pos = position[i]

foreach tile g {
forall threads p in thread block in parallel ({

shared[p] = position[g*tile_size + p]

}

synchronize threads in block
foreach body j in tile q {

accel +=
computeAcceleration (pos, position[]j])

}

synchronize threads in block




GPU N-body speedup timeline

All on a same GPU: 8800 GTX (G80)

M. Harris
400 (2007)

S. P. Zwart |

350 (2007)
2007/02 2007/03 2007/06 2007/11

Gflops

300 T.Hamada
(2007
250 &
200
150
100
M. Harris M. Harris S+ P Zwart
50 L.Nyland (2005 (2005  (2007)
2004
R




GPU N-body gravity
Hamada et al. 2008: Direct GPU code

O(NN?) kernel demonstrations
Gflops

©? 7636 5985

600

500 |

400

GRAPE6a

\ 200 —
100 |

g -

This Myfand Beilernan Hamada Phantom
Work 2007 2007 2007 GRAPE

Results for 8800 GTS 512MB (G92)



Our own GRAPE/GPU N-body code

Harfst et al, NewA, 12, 357 (2007) [astro-ph/0608125]

Hierarchical Individual Block Time Steps

particles -
| lallae) + a2
" g g ~\ g1 + g
{ - - h-—h—h—h—h-'
k > .:5 > ;E .;5 F 4t order Hermite scheme
f _

T T S T S T S L T TR S [—
T 1t 11T 1T 1T 17 1 "1 "1+ [ T 1T "1 1
2 4 8 time steps 16 .

ftp://ftp.ari.uni - heidelberg.de/pub/staff/berczik/phi - GRAPE




Speed: GFlops

GPU results
Nitadori, Berczik et al. 2007.11

Plummer: G=M=1; E;,.=-1/4; €=4/N; n=0.01 Plummer: G=M=1; E;,=-1/4; €=4/N; n=0.01
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Particle number: N [k] Particle number: N [k]
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GPU results

Nitadori, Berczik et al. 2007.11
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Speed Gflops

1000

GPU 4th ys, 6t order results:
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GPU 4th ys, 6t order results:

Plummer: G=M=1; Epor=-1/4; €=4/N; M4;,=0.1; Ngen=0.5; dtg;,=2
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Parallel TREE GPU gravity
Jun Makino: TREE+GRAPE/GPU code

e =~

’ \\
° ~ ,I ® ® o
e \
\ \
@ \ S
@ .
(] )
°
//
/@
' @
]
|
\ 1
v Ner 1 /
\ /
\\ //
s ~ -~ . - - -
Makino, PASJ, 43, 621 (1991) Makino, PASJ, 56 __, 521 (2004)
— Fukushige, Makino & Kawai, PASJ, 57 __, 1009 (2005)
Inter. list on host ~N One intergction list is shared among
Inter. list length -> short... NGR particles!

Inter. list on host ~N/NGR
Inter. list length -> larger...



Parallel TREE GPU gravity

Hamada et al. 2008: TREE+GRAPE/GPU code

O(N logN) tree algorithm

Gflops
a0 ——— - -

200 3

100 |—

This Nyland Belleman Hamada Phantom
Work 2007 2007 2007 GRAPE



[sec]

ATepy

calculatioh:

One full force
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Parallel

TREE GPU gravity

TREE-GRAPE6a vs TREE-GPU

! ! ! ! !
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Number of particles: N
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Ni/nblock particles
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Nj /nblock particles
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Viultiple Walks on GFU

T2
a
=
o
2
s

F

Multiple Walks on GPU

Thread

Multiple Walks on GPU

GPU HOST
Force calculation Tree traversal

HOST GPU HOST
Treetraversal Force calculation Treetraversal

HOST GPU HOST
Tree traversal Force calculation Tree traversal

GPU
Force calculation

> Time



Simple GPU SPH code

NB

Neighbor List Thread
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v

CUDA Block U
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Threads >
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CUDA Block
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SPH astrophysical results:

TREE-GRAPE + MPRACE (on 4 nodes) 5

M=2000M o R=3pc fully->H 2

Isothermal evolution.

Y, pc

Initial density distr. ~1/r

T =20 K (c_sound = 0.3 km/sec)

V_merge =5 km/sec o 4z oz 4
X, pc
Calculation time 3*t_ff =6 Myr N = 2x4k DT CPU =52 min
o _ 2x8k 1.74 hours
Resolutionis h_min =1e-4 pc 2%x16k 3.5 hours
2x32k 6.9 hours
SPH MPRACE/CPU speedup ~10 %64k 14 hours
*  2x128k 28 hours
Total GRAPE+MPRACE/CPU speedup ~15 %256k 55 hours

2x512k 111 hours



SPH astrophysical results:
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SPH astrophysical results:
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SPH astrophysical results:
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SPH astrophysical results:
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