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H. Einstein's equation
COwur Foemakstion lor Binstein’s equalsons s the sames as
in [6] in three spatal dimenssons and in [31] in axial
symmelry. Here, we brelly review the bisx equabons in
dur Formulstzon. Einstein's eguations are sphl inlo oo
atrainl amd evalulion equatons. The Hamiltonian @l mo-
mEnl constrinl eguations e wrillen &5

\
e PR Lemay, [26)

DA - DK = kml, (27
oo, equivalently
Zappec

- [ .
Qg = HE‘,‘ [25)

’—."
rI-|
a
“-u.—'?

Bygfd')) = 00K = Smdin, [29)

MASARL SHIRATA AND YU-ICHIROU SEKIGUCHI

where g = % These constraint equalsoas ane solved o sel
initzal condisons. A metkod in the case of GEMHD is
presenled in Sec. [V

In tke following of tkis subsection, we assumse ikt
Eanstein's equalions &re solvad in the Cartesian copndinabes
(x, w2} for stmphicily. Although we apply the implemen-
tation described here o axisymmetric isees as well as
momaxsymmelne ones, s causes mo problem since
Einstein's eguations in axial symmetry cin be solved using
the so-called Cartoon method in which an axisymmelnc
boundary condition s appropriately impesed oo the
Carteszan coordinates |31-33): In the Cartoon metbod,
the lield equatioms are sobed only in the y = 0 plane,
and grid poants of ¥ = ZAx (A denetes the grd specing
in ke unilioermn grad ) ane used for impasing the axisymmnel-

hle P. = 3 &, that is !Iu_ ane orpginally
prapesed ._|||l. alafTerent from the vanable sdopeed in I 10] in
which & F" 15 wsed. Evolution equations lor Fi;, . A
ancl K are

. . - . 2.
(8= Bl = =2ad; + Ful® | + .5, 3}'._-.5‘.-

[30)
TPR% saf o f D s pi)
(@, = B'ajA, =« nr|l.ﬂ!.J 3e R, 1
i 1 1
(o =5 e"f;'r.,.;a:] |
t r.rlh'ri:, Zrl_:‘.i_.*] + B ,.J;J;
e 2
P A SR Ay
Hnr.r|;r [31)
! 1, " ;
(8~ Flage = cl-ak + 4,0 (32)

Aee+ dalpy + 5,7

ta

(= A7) K= u[.—i,...-i'-' t

(33)

For a solution ol &, he lollowing comservalve fomm msy
b adopted (&)

i = 5 () = ket (34)

Fuor computation ol & in ke evolulion eguation of A
wig decorpose

Ry = R + R, (35)

where

LTHEESDM?

FHYSICAL REVIEW [ 72, 022014 (2005)
R = =20, — 25, A + 4D b

A% Deb ' gh, [36)
Ty

1
R”—z[ﬁ”l LATTR S PRTR 0 PR L S N 1

R
In Bg. (37}, we split F;; and 7 as 8, + by and §Y + Y
= the Christodfe] symbol with respect o
FuT'},. Because of the definition det] §,) =
=0

wolves lerms

(37

respectively. I}

Fuand Ty

1 (in the Cartesian coandinates), we use I
In adidslzon o a fat Laplac

linesr in gy as &y g

is 15 the mos rorlanl part in the BSSN fonmal:
pointed cat originally by Nakamuara [26]. The evolutzen
edquatiom ol F; 15 derived by substiluling Eg. (30) inlo he
LU consiraint &

(@, = B a)F; = —V6wad; 4 2;.[_.'

Al + e AY ;LI

[

ki

} 34"{ 2o Ay 4 B

; | | r LY
Fu ¥, B ] b (38
+ I\r._.ﬁ‘, FFul, 3?"'5".J|I il
Wzl have two sdditions] potes for handing the
evalulzon equation of A, . One is on he melhod for evala-

aon of 8,° for which there are two aptions, wse of the
Hamnlonzan constran! and direct calculzlon by

Ryt = e W(RE + REFU). [39)
We always adopl the lalter ane sinoe with this, ke conser-
i 1 of the relation A5 = 0 is muock bﬂbcr preserved.
The other i -:m the handbing of & term of 38" n Ly which
appears in A,Y This lerm is writlen by

FUER = =8 Ry (40

where we use det(F; ) = 1 {in the Cartesian coordinates).

A the wme slicing comdibion, an Epproximate maximal
shice condition K = s adopbed following previous papers
(e, [3]) As the spatial pavge condilion, we adopt a
hyperbolic paugpe combibon as in [6.35]. Sucosssful no-
merica]l results for merger of hinary neutroa sters and
stellar core collapse in thess gaupe comblons are pre-
senled i [b-H.24). Wi nole hat these are &lsa dafTenent
[roan those ia [10]
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ddt (q[ i])
=l L DO
f [j] = é é

Id r2, g2[0,0,0]
Id r1, g2[0,0,1]
add r1,r2,r3
st 3,91

I EDa—F

__shared__
a=q[ idx [;
b=q[idx+1];

*g= cudaMalloc ( é) ;

a,b ;

p[ idx ]= a+b;
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-2l 0+ Mainlogist ic.hs D <-2I0H]

imeort Swstem. Ervi rorment

“Paraiso2008 MD3;

Ea—KR 4R

namespace =td

import Faraiso
Using ;
main = do
args - gethres double drand (double lo, double Rid |

let arch = if ‘elem’ args then return lo + rand () / (double) RAND MaX x(hi - lo):
CUO& 128 128 1
else
HE6 int main (int arzc, char *%arzv) {
putStrln & compile arch code double 22[16384];
where double 5[ 16384 1;
code = do . for Cint al = 0; al < 16384; ++al) {
paral lel 16384 § do 22lal] = drand (0.0, 4.0
r <- allocate a3lall = drand (0.0, 1.0);
x < allocate for Cint =0; a4 < 5538 ++a4) |
r =% Rand 0.0 (4.0::0ouble) a2lal] = ((a2[al] * a3lall) * (1.0 - a3la1));
% =% Rand 0.0 1.0 }ooout << a?fal] <« << a3lal] << endl;
cuda I do 1
sequent ial 65536 1 do return 0;
r=%r % x % (1-x)
output [r,x]
Paraiso Code C++ code

A parallel & sequential
A allocate TAE)ZHER

A e ,,ﬁi&h\(;tl,\’)%% ,,

ETIL—T%#&
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Paraiso Code
L] 0+ Mainlozist ic.hs S

import Swstem. Ervi rorment
import Paraiso

<> 0+ main.cu

main = do
args <~ gethres ) )
let arch = if elem args then
CLUDA 128 128
el=e
HA6
DutEtan 5 compile arch code
W= Ee
code = do

paral lel 16384 1 do

r al locate
¥ <- allocate
r =$ Eang 8.8 %460:: B
x =} Ran ) )
cuda b do
zequent ial 65536 § do \\\\\\
r=%r % x % (1-x)
output [r,x]

A [Bl— M Paraiso

O—Kho ., 284

NI

CUDA:
nvidia GPUD E &

uzing namespace std;

double drand (double [o, double hid |
} return lo + rand () / (double) RAND_MAX *(hi - laol;

_elobal __ void function_on_GPU_ad (f loat *a?_dev, float *ad_dev) |
int al = blockldx.x * gridDim.x + threadldx. x;
float a?_sha;
a?_cha = a?_devlall;
float ad_sha;

a3_cha = a3 _devlall;
for (int = 0; ad < BAO3R; ++ad) |
: a2 sha = ((a?_sha * a3_sha) * (1.0 - a3_sha));

a?_dev[al] = a?_sha;
ad_devlal] = ald_sha;

}

int main (int arsc, char ®kargy) {

dimd grids
dimd threads (1 28)
float ®a27 = (float *) malloc (sizeof (float) % 18384);
float *a?_dev;
cudaMal loc ((void *x) &aZ dev, sizeof (flcat) * 16384);
float *a2 = (fleat *) malloc (sizeof (float) % 16384);
float *al_dev;
cudaMal loc ((void *x) a3 dev, sizeof (flcat) * 16384);
for (int al = 0; al < 16384; ++al) {

a?lal] = drand (0.0, 4.0);

a3lall] = drand (0.0, 1.0);

cudaemcey (a2_dev, a2, sizeof (float) * 18384, cudaMemcryHost ToDevice) s
cudahencpy (a3_dev, a3, sizeof (float) * 18384, cudaMemcpyHostToDevice);

/\—|~“r7:7rn1(70)

h3

>

\ %

function_on GPI ad <<< grids, threads »»> (a? dev ad_dev);

cudahemcpy (a2, a?_dev, sizeof (float) * 16387, cudabEnepyDey i caToHost 1
cudahemcey (a3, ad_dev, sizeof (float) * 16384, cudaMemcpyDeviceloHost);
for Cint al = 0; al < 16384; ++al) {

} cout << a2[al] << << a3lal] << endl;

return 0;



code = do
&

MR EDRL

Paraiso Code | |
Cafat) g P00 T C4++ code

aral lel 1048576 & do 22[a1] = drand (-
c <- allocate a?lal] = ablall;
z <- allocate aflall = 0.0;

c =} (Rand (-2. U) 2.0) o+ (Rand (-2.0) 2.0) ahlall = U:U;

et o)

z =5 (0 :+ 0 :: Complex (Expr Double)) a4lall = a’lall;
cuda & do for Cint 28 = 0; a8 < 256; ++a8) |
sequential 256 & do a9lal] = (((24[a1] * 2d[al]) - (a8[al] * 25[a1])) + a2[al]);
Z bz zmC : —> ablal] = (({ad4[all * ablall) + (ablall * a4lalll) + a3lalll;
output [realPart o, imagPart o, realPart z, imazPart zJ] 24[al1] = a9[al l:

cout << a2lal] <« << adlal] « < adlal] « << ahlal]

<< endl;

ME;%*AI’@ RYORJILEWNST-FEE.
NBEENDEEINFZ S,

AEBOHICEERSNIEHM
__\/-_J-'jZ' :E)%G)c \1%2.6

55555

232Gflops on GPU DA R Nl
—/ \’\“jl\%f&[,\
1.15Gflops on ‘th) L T TN

~omerdas—  ABEKBEIZHBINDD T, C++

ENTHITREF = ESIHE




7J)L3 U7§‘A0>$m

code = do for {int all = 0; al0 < 256; ++al0) {
paral lel 16384 § do ahlal] = a?[a1];
% <~ allocate ablall = (a3lal] * a?[all);
p < allocate adlal] = (adlal] + 5.0e-3);
% :$ Eagd 0.1 01.0::Doukble) a%=a}= = Eag=a}= + (gfg?j§ * ablall));
[ pUREA =S allal] = laalall * adla ;
integrated 0.01 2.56 § [ a?lall = (ablall + (5.0e-3 * a?lall)); (::-F-+- ()()(163
d_dt x § ptx adlal] = (a3lal] * a2[all);
o i ad[al] = (ad4[al] + 5.0e-3);
OUTPUT L] a2[al] = (ablal] + (1.0e-2 % a8[all));
ag=a}= = (a3lall * a?[all);
1 asla
Paraiso Code (5lal] +
(1.666666666666666G-3 *
(((a6lal] + (2.0 % a7lall)) + (2.0 % a8lall)) + af9lall)));

A Paraiso THHMPILO T OVRATBREERT S

_Pgisil/\f:o

ANI)LR= 7/%5}7"_2_7“_191‘&*%3’](4& 7L T
sym plectlcia \’E* _Jﬂ?.r‘_' 75\16’C LY Ieote P
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ERETEDN

75452 AR 151

A—L

| code

paral lel 16384 1 do

4

do

< -
< -

al locate
al locate
al locate

Rand 10 (20,

Rand 10 20
Rand 10 20

[ T LY e
|
=

do
- allocate
r<- allocate
b <- allocate
o
r

dtox
d dt v
d_dt
output [x,v,z]

e

I
I
I
I
I
I
I
I
I
| %]
I
I
I
I
I
I
I
I
I
I

anuplot

0::Double)

Paraiso
Code

integraéed 0.01 (0 = 8853680 & [

- piy t opiy :
D i S 05 G L
wiy - btz

]

*lorenz-rkd-0.05. txt’
"lorenz-int1-0.01.txt’

ST

using namespace shd}?
double
grund tdouble lo, double hid
return lo 4 rand (1 A (double) RAND_MAX ®x(hi - lol

_—alobal__ w
function_on_| GPU a5 (float ®a2_dev, float %a3_dev, float ®ad_dew)

int al = blockIdw,x ® aridDimex + threadlde,x?
flout a2_shaz

a2_sha = u2 deu[ul],
#1laat ai_
a3_sha ; u3 deu[ul],
eu[ul]:
aat aS_sha?
oat ab_sha?
oat a7_sha?
& 300
oat ad_sha?
oat a9_sha?
cat alli_shaz
oat all_sha?
oat al2_sha?
oat ali_sha?
oat ald4_sha?
oat als”zha:
oat alb_
oat al7_sl
oat ald_sl
oat ald_sl
oat a2i_
oat a2l_
out u22_
= n' u24 ( 655360, +Had) £
_sha;
a3_shaz
4_shay
(0,0 - (aS_sha % a2_sha)) + (a5_sha % a3_shall;
((0 0 - (a2_sha ¥ a4_shal) + (ab_sha = u2_shu]] - a3_shal;
({a2_sha % a3_shal - Ta7_sha ¥ a4_sha
a = [a_sha + 5,0e-317
(a9_sha + (5,0e-3 % al2_shal);
talli_sha + (5‘0e—3 ® a13_shall;
fall_sha + (5,0e-3 % ald_shall;
(0030 - (aS_sha % a2_shal) + [a5_sha % a3_shall;
6_sha = E((ﬂ‘ﬂ - [aZ_sha % a¥_shal) + (ab_sha ¥ aZ_shal) - a3_shal;
({a2_sha % a3_shal - Ta7_sha ¥ a4_sh.
ta9_sha + (5,0e-3 # alS_shall;
tali_sha + (5,0e-3 # alb_shal)l?
Call_sha + (5,0e-3 % al?_shall;
(00,0 - (u5 sha % a2_shal) + [a5_sha % a3_shall;
ha = E((ﬂ‘ﬂ sha ¥ at_shal) + (ab_sha _shall - a3_shal;
({a2_sha = u3 sha) - Ta7_sha % a4_shall;
(a_sha + 5,0e-317
(a9_sha + (1 De-2 ¥ ald_shall:
- talli_sha + (1‘0e—2 % a13_shall;
_sha = (all_sha + (1,0e-2 % a20_shall;
0,0 - (aS_ tha % a2_shall + [aS_sha % a3_shall;
(0‘0 - [aZ_sha % a¥_shal) + (ab_sha ¥ aZ_shal) - a3_shal;

a2_sha ¥ a3_sha) - (a7_sha % a4_shall

Tad_sha +
(1, BhRERGAEEEEEEARER-F %

(ilal2_sha + (2,0 % alS_shal) + (2,0 # ald_shal) + a21_shall);

_sha =
Calo_sha +
01,BEEEEEEEEEEEEEEG-3 *

(00al3_sha + (2,0 #% alé_shal) + (2,0 #% al9_shal) + a22_shall);

a4_sha =
(all_sha +
(1 EREEEEEEEEEEEREEE-F =
ifia 14_sha + (2,

a2_devlall = a2_sha?
a3_devlall = a3_sha?
a4_devlall = ad4_sha?

main Cint arsc, char ®¥arsu)

dimd arids (12517
dim? threads (128];

Float ®a2 = (float %) malloc (zizeof (Float) x 16354) 7

Float %a2_deur

cudaMalloc (lvcid ®#) a2 dew, sizect (Float) ® 1635417

Float ®a? = (float %) malloc (zizeof (Float) x 16354) 7

Float %al_deur

cudaMalloc (lvcid ®#) Sa_dew, sizect (Float) ® 1635417
(float %) malloc (sizeof (Float) x 16354) 7
e

cudalalles ((u

cid ®%) Gat_dew, sizeod (Float) ¥ 16384) 7
0F al ¢ 163547 +ald £

drand (10,0,
drand (10,0, TN
drand (10‘0:

cudaMemcpy (a2_dew, a2, sizeof (float) ¥ 16354, cudal
cudabemcpy (03 deu, u3, sxzeof i#loat) # 16384, cudal
cudabemcpy zeof (Float) # 16384, cudal
function_on_| GPU u5 ((( srxds, threads 22> (a2_dew, a
cudaMemcpy To2, 02_dew, sizeof (float] ® 16383, cudal
cudaMemepy (a3, a3_dew, sizeof (float) * 16384, cudu

cudaMemcpy (a4, at_dew, sizeod (flogt) x 16354,
18:

For Cint al = 0f al 2 +al) £
cout ¢ a2lall << ¢ a3lall << €4 a4lall << endl?

return 07
E

All (119,00

(G4l Abbrey

0% ul? shal) + (2,0 ® a20_shal) + a23_shalll;

emcpyHo st ToDevice) ?
emcpyHo st ToDevice) ?
emcpyHo st ToDevice) ?
eu, at_deul 7
emcpyle ] ce ToHo st
echsDeuxceToHost

1
1
oHost)
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DEQSOL (Differential EQuation SOlver Language) 2 Ml ¥ 3 a v — s YAicBH M Em 2
Forsi/EBTHY, MR TEIOREEHETAS ) ZLOL<ATRETICLEANETS.
EEEMOBVRZSAY. WIRCONFIEERE oy 7 ol ERENCMEELECLTHD. B2
REMv:ar—va VEARAOWSHI~Z PAHARPEANERICHI Lo /S aiCLy2TFLM
ORBEORMERHTICLETHE COLBICHERORMCHHLET, DEQSOL THbhi:7 oy 74
X7 bafEFIHTRE & FORTRAN o - FEEBERT I b7 y2v -5 20N - ARLA: SHEOR
Hichlz - T, HIRER, 7 » v 208, BOEET, <2 b, RRE/ULRROTELARONE Y =
b=¥a YEEHORESERALT, ZEC K I { HRFRALMER - TRICEETAZLSCTHRLER
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Fig. 1 Numerical simulation process and the role
of DEQSOL system.
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Hi Takayuki,

DEQSOL was originally developped on Hitachi vector machines
- 1T seems Hitachi confinued o provide It as a commercia
roduct, at least untill around 2000, but only on shared-memory
machines. See:

hitp:/fwww.cc.u-tokyo.ac.jp/publication/newsNOL4/N o2 tetsuzuki-gaiyou. pdf
hitp:/fwww.hucc.hokudai.ac.jp/sokuho/2001/08 .himl

So it seems they could not port the DEQSOL program to distributed

memory machines (or ncbody was using It anywayjand there was no
demand?)
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