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A Parallel Computing Method for Plasma Particle Simulaton Code
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In this paper, we discuss a parallelization method for plasma electromagnetic particle sim-
ulation codes. Plasma particle codes are composed of particle subroutines, electromagnetic
field subroutines, and fluid subroutines. The present method is based on combination be-
tween data division method for particles and area division method for fields and fluid. The
parallelization number is independently set in each subroutine so that the code achieves best
computing performance. With estimation of MPI communication and caluculation duration
time, we establish a formula to evaluate the speed-up. We applied this method to a plasma
particle code: a hybrid code. High parallelization performance, the speed-up is as high as
13.59 as a predicted value and 14.45 as an evaluated value in 16 PE system, is achieved.
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Fig.1 A schematic picture of PIC (Particle In Cell)
method. (a) Particles located at any position in

(q,v) particle

the region. (b) Electromagnetic fields at a particle.
(¢) Field and current values defined on grid points.
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(a) 64 particles/grid
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Fig.2 Particle distribution functions realized by (a) 64, (b) 160, (c) 320,
(d) 640, and (e) 1,000 particles. Thermal velocity is 1.0.
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(a) Dynamic Region Division Method
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Fig.3 Schematic picture of (a) Dynamic region division
method and (b) Hybrid division method.
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Fig.4 Construction of an EM plasma particle simulation
code (a plasma hybrid code): Relationship between
EM field, particle and fluid subroutines.
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Fig.5 The timechart of the present plasma hybrid code.
The parameters are given in Section 3.1: o: initial
value, e: destination value, O: intermediate value
and A: predicted value.
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Fig.6 Process of parallelization of a hybrid code (4PE).

goooooboooobooooboooobooooo
00000000000000000 AP30000 OO
AP30000000000000000OO mpifrt000
000000o0oooooOooooAP3oOOODO1IOO
goooz20b00obcooocoocbooboboooooo
O000ooO0O0oOooOooOooOoOooooo AP3000
00000000000 640MbyteD OO DOOODO
gooooooooooooooboooooooooo
lePEODOOOODODOOODODODOOODOOODOOO

000000000000 QO mpiexecOO OO

ooooooMPIOOOOOODOOOOOODOOO
O00o0oU00o0o0oooooUoooooooooog
0 O O Pallas 0O b_eff benchmarkd version 3.30%
OU0000Obeff0001byte0O 4MbyteO O OO O
O00000oooooooooooooooon

4.2 000000000

000000 oooOoooooooooooooo
000 n00000000000000 Ti(n) OO



124 goooooooooooooooooo

goooooicbooooobooboooooooboooo
ubobooooobooboooboboooobooboooooa
000000000000O000000000 EoBO
POeODOOO JOODOOOODDOOOnOOOOOO
000000 Tm)ODOOODODODDOO

E,B,P,e,J

> Tim) (10)

00000000 S(n) O

E,B,P,e,J

S(n) = T:(1)/

T(n) =

E,B,P,e,J]
Ty(n) (11)

ooog

000000 0000000000000 T8 ()
O0OPEOODOOOOOOO T (n,)DO0DDOODO
oooog

Ti(n;) = T () + TE™ (ny) (12)

00000000000000000000000
2000000 MPIDOOOOOOOOOOOOO
00000000000000 10 T2(1)0T3R(©2)0
TEC(2)0TAR(2)00 000000 0000000
00000000000

43 000000000
000000000000000000000000
000000000000000000000000
0000000000000000000000n; O
00000000 i000000 T (n) 00

_ T (1)

n;

T (n) (n; > 1) (13)

oooo
44 MPIOOOODOOOOO
MPISENRECVOO00000000Y000 7(a)

0o00o0oO0oooooo TS*Me)oooooooo

000

() =T%%(2) (n>2) (14)
MPI.BCASTOOOOOOOOOY00OO 7(b)C

0000000n000000 n0 20000000

O0log,n 0000000000000 0000000

000000002000000000002/n00

000000000 n/20000000000000

00000 T°°m) 0000000000000

T%C(n) = T5¢(2) -logy(n) (n>2)  (15)
MPIALLREDUCECOOOOOOOOODOY0O
07(c)000000000000 TARm)ODO0OD
000000000000000

Sep. 2002

(a) MPLSENDRECY  (b) MPLBCAST  (c) MPLALLREDUCE

PE PE PE

: SN N
B N N
TR AN AN
N s

07 MPIODOOODDOOOOOODOOD400000 800000 DO
(a) MPI_.SENDRECVO (b) MPI_LBCASTO
(c) MPI_LALLREDUCE
Fig.7 Internal logics for MPI functions (4 and 8 paral-
lelization): (a) MPI_.SENDRECYV, (b) MPI_.BCAST
and (¢) MPI_.ALLREDUCE.

T () = T*(2) - logyn (0 > 2) (16)
4.5 O0O00O0ODOOO0OO
0000043 OO0 44 D0OO0ODODOODOO
goooobooobobooooboboobobono
00000 6 O0ODOODODOODOOOOOODOOO
MPIALLREDUCE 0 0O0OODO (12)00 (16) O
ogoooooobooon
Tp(np):Tf’al(”
np
oogd
0600000000000O0O0DOOMPI.BCAST

000000000000000 (12)00 (15000

+TE"(2) - loggme (17)

Tcal 1 com
Te(e) = = rem o) togne  (18)
E
gooo0ooooooooooooooao
Tcal 1 com
To(e) = 2 rom o) ogny (19)
B

0ooo
0600000000 MPIOOO MPLSENDRECV
000000 (12)00 (1400000000000
ooo

To(n,) = L) 4 peom g) (20)

1.

oogoo
goooooMPIDOOOOODOOOODOOOOO

oooooooono

_ T5(1)

Tcal
J (nJ) n,

(21)



Vol. 43 No. SIG 7(TOM 6) goooooooooo

(a) MPI SENDRECV

140 MByte/sec

120

O

oooooooooooooo 125

(b) MP1 BCAST

MByte/sec

*n=2
mn=4
A n=8
[ xn=16

100

80

Speed

60

40

Xr | He

4XI
IX

X
X

20

X
0 X-X-X-X-X-X XX . . . .

1{%" o™ 102 108 104 10° 108
Message Size byte

(b) MPLALLREDUCE

5 MByte/sec

40

n=2
n=4

n=16

X > m ¢

Speed

.
antl i X A .

102 108 104
Message Size

- . .
o' 108 108 107

byte

Speed

107

120
PR
.0
100 H
*n=2 *
mn=
50 L n=4
A n=8 *
*
607><n=16
guunsm
.
40 ia
«® g
. a AAA,
amWAA X X X
20 . X
oleQQ
ey | 2%
o

102 10° 10*

Message Size

108 108 107

byte

08 PallasO b_efill ver. 3.30900000000000000 (a) MPLSENDRECVO
(b) MPI_BCASTO (¢) MPI_LALLREDUCE O OOO0O
Fig.8 MPI benchmark test estimated by b_eff (ver. 3.3) 19); for (a)
MPI_SENDRECYV, (b) MPI_.BCAST and (¢) MPI_ALLREDUCE.

0ooo

000000 (1700 (18)00 (19)00 (20)00
(21)000000000000000000000
T(n)0OO (10)000000000000

4.6 MPIOODOOODOO

0 8(a) 0 Obeff0 00 MPISENDRECV OO0
000000000000000000000000
000020408016000000000000000
0000000000000001bytedO 4Mbyte
0000000000 IMbyteDOOOO0O0O0000
000000000000
09()0008()000000000000 (14)
0000000000000000D0000000
0000000000 DOPEOOODOODOOOOO
000000000000 0MPILSENDRECY OO
000000000000000000000000
0000000 O00PEOOOODOOOODOOO
00000000000000009()00000
MPISENDRECV O 0000000000 8(b) 0
08(c)000000000000000000000

000000 (14)000000000002PEDD
MPISENDRECV 0 00000000000000
000000000 PEDODOODOOODOOOO
08(b)00bef00DDDDDOOOOOOO
00000D002040801600000000000
0000000000000000000 1byteO
0 4Mbyte 0000000 OMPIBCASTOOOO
0000000000000000000 8(b)00
000200000000000000000000
500Kbyte 00000 00000000000000
09(b)0008(b)I0D0D00D0D00ON (15)
00000D000000000D0000000000
000000000000 (15000000000
0000000000002PEDD MPILBCAST O
0000000000 0000000000000
PEOODDOODOODOODOOOODOOOOO
128Kbyte 0000000000000 00 (15)0
0000000000000
08(c)00bef000D00D00D00O0O0DODODO
00000204080160000000000000



126 goooooooooooooooooo

(a) MPLSENDRECV

< 4M
o 2M
o 1M
+ 512K
® 256K
x 128K
X 64K
4 32K
= 16K
= 8K

Elapsed Time

1075 4 8 16
Number of PE

(b) MPLBCAST

U sec

© 4M
o 2M
o 1M
+ 512K
® 256K
x 128K
X 64K
4 32K
= 16K
- 8K

10°

Elapsed Time
2

2 4 8 16
Number of PE

(¢) MPLALLREDUCE

U sec

< 4M
o 2M
o 1M
+ 512K
® 256K
x 128K
X 64K
a 32K
= 16K
- 8K

Elapsed Time

2 .
10 2 4 8 16

Number of PE
09 MPIOODOODOOOOODOOOOO (14)0(15)0(16)
000000000000 00((a) MPISSENDRECVO (b)
MPI_.BCASTO (¢) MPI_LALLREDUCEO OOOO

Fig.9 Computational and theoretical period of MPI com-

munications. The dashed lines are theoretical
curves: (a) MPI.SENDRECV, (b) MPI_BCAST
and (¢) MPI_ALLREDUCE.

000D0D00D0D0D000000000O4byte00O
4Mbyte 0000000000000 100Kbyte O
000000000 000000000
09(c)0008(c)000000D0DD00 (16)
00000000000064Kbyte00O000000
000000000000000 (16)000000
0000000000000 O0MPLBCASTOOOO
200000 MPILALLREDUCEODOOODOO0OODO

Sep. 2002

01 0oooOOoOoooooooooooooooooooboooo
00020000 MPIOOOOOAP3000000mMOOO
00 (a) 640/grid0 (b) 320/grid0 (¢) 160/grid

Table 1  Calculation and MPI communication times in 2

PE for each subroutine: Particle numbers are (a)

640/grid, (b) 320/grid, and (c) 160/grid, repsec-

tively.
T Time (sec)
E T (1) 0.13
TE™(2) 0.08
B T (1) 0.17
T™(2) 0.22
P(a) T (1) 137.86
TE™(2) 0.42
Py | TH() 68.90
TE™(2) 0.19
P(o) T (1) 34.53
T™(2) 0.16
. T (1) 0.43
TO™M(2) 0.01
7 TS (1) 0.11
TSO™ (2) 0.00

goboooooooooooooooooooood
oooodooooo

5. Doobobooobobboboobobodg
gao

5.1 000000
0000D0000000000000000000
0040000000000000000004000
00000000D0000000000000000
000000000000000000000000
000000000000000000000000
000000000000 000000000000
000 128x 1280 200000000000220
002000000000000 16003200640 O
0000000000000000AP300000000
00000000000 8000000000000

5.2 00000000

000004000000 (1000000 (11)000
n00000000000000000004400
00000 (10)00000000000000000
000000000000000200000000
000000000000000000000010
00000000000D000 (a) 640 00 (b) 320
O0O0(c) 16000000000 128x 1280000

01000000000000000000000
(10)00 (11)000000000000005.200
000000000000000000000000



Vol. 43 No. SIG 7(TOM 6)

—_
[=2]

_.
o
I

—4—(a) evaluated
—=— (b) evaluated
—o—(c) evaluated
—%—(d) evaluated
——(e) evaluated
A (a) predicted
(b) predicted
(c) predicted
(d) predicted /
(e) predicted //

N

_.
w
I

_k
N
I

K

©
I
¢ Xon

Speed-u

—-_ N W A OO N

123 456 7 8 910111213141516

Number of PE
010 0000000000000 000000000000

000 AP3000 000000000 (a) 640/gridd (b)

320/grid0 (c) 160/grid0 (d) 40/grid0 (e) 640/grid0

000000 (a)d(b)d(c)d(e) O 128 x 1280 (d) O

521 x 51200000000000000000 (a)0(b)d

(c)0(d)00000000(e)000000(a)0(b)'0(c)D

(d)’)O(e)’0D0D0DO0(a)0(b)O(c)O(d)O(e)0D DO

Fig.10 Predicted and evaluated speed-up of present hy-

brid code via AP3000: Particle number is (a)
640/grid, (b) 320/grid, (c) 160/grid, (d) 40/grid
and (e) 640/grid. Grid number is 128 X 128 in (a),
(b), (c) and (e), and 512 x 512 in (d). Paralleliza-
tion number of EM Field Routine corresponds to
maximum PE number in (a), (b), (c) and (d), and
no parallelization in (e). (a), (b), (c¢), (d) and (e)
are evaluated values respectively, and those with
dash are predicted values.

0000000000000 1000204080160
00D0D0()d(b)0() 0000000000000
000 (a)0(by0(cy00000000016000
0000000 (a) 13.040 (b) 11.750 (c)’ 10.54 0
oooo
5.3 0000000000
00000000000000000000000
160000000000000000053.10000
0000000000000 00000000000
00000D0D000532000000000000
000000000000000000000000
000000000000000000000
531 0000000000000000000
00
0000000000000000000000n
0=00000000000000000000000

goooooooooooooooooooobooooboo 127

520 (a)0(b)0(c)0 300000000000016
00000000000000000000 10(a)0
(b)O(c)0 0001600000 (a) 12.960 (b) 11.090
(c) 88400000 (x)0000000D000000
000D0() O ()000000000000000
00000000540000000000

01000000000000000000000
000000000000000000000000
00000000000D0000000000000
000000000000D00000000000 11
00520 ()00000000000000000
00000000() 0000000000000
00 ()00000000000000000000
000000000000000000000000
00O()0 (b)0000000000000000
00000000000000000 MPLBCAST
000000000000000000000000
000D0D000D0000D000() 00000000
000DD0D00D0O0() 0 (h)00000D00000

00000000000D000000000000
0000000000000000000000000
520 (0000000000 512x51200000
000000000000000000000 10(d)
000000 ()0000000000000000
ooooooo

5.3.2 00000000000000000000

01100000000000000000000
000D000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000 000000000000
0000000000000000010() 0000
0000000000

011 00016PEDDOODDOOOOOOOD
000000000000000000000000
000000016016015000000000000
00000000000 O0PEOODOOOOOOOO
00000000000 D0000000000000
0000000000D00D0000000520 (a)
0000000000000016000000000
000000000000 10(e) 000 (e))0000
1600000000000000 (e)’0 13.59000
0 (e)0 14450 000000000000 (a)00
00 129600000000000 12% 000000
000000 (e)0000 () 0000000000
00000000000000540000000



128 O000000o0O0o0ooOoooooooon Sep. 2002
(a) Efield (b) Bfield
sec sec

12 25
e 1f Teeom(ng) N Toom(n)
= 08 [ a \\\ = 15 N S~

C: = R
T 0o | T - T.on,)
a / 17 B S
© 04 [ // S //
Sl il
\ NN SN SN NN N B NSNS 0 _§\u\ L ! !

6 7 8 9 10111213 14 1516
Number of PE

5

9 10 1112 13 14 15 16
Number of PE

(e) Current

sec

0.12

o

0.08
0.06
0.04

Elapsed Time

0.02

6

7 8 9101112131415 16
Number of PE

11

12 34567 8 910111213141516
Number of PE

(d) Electron Fluid

sec

05

04

03

02

Elapsed Time

0.1

0

1011 12 13 14 15 16
Number of PE

AP30000000000000O00O00DOOOOOOOO0ODOOOO0ODOOOOOO0O0

()00000000000()D0000000000(c)00000000000(d)
0000000000000 (e) 000000 OOODO
Calculation duration and communication duration in hybrid code via
AP3000: (a) Electric Field Solver Subroutine, (b) Magnetic Field Solver
Subroutine, (c) Particle Solver Subroutine, (d) Electron Fluid Solver Sub-
routine and (e) Current Solver Subroutine.

Fig. 11

010(e)0000000000000001500
000000D00000000000000 1600
0000000000000054000000

54 0000000000

0000053100 53200016000000
00000000000000000000000

01000016 00000000000000
(byO(cy0D000D00 (b)O(c)0O0D0000000
0O0OMPIBCASTOOOOODOOO 9(b)00000
MPIBCASTOO1600000000000000

000000000000000000000000
0000D000000000D00000000000
0000005310000000000000000
0000000000000000000000000
000000

0000 10(e)0000000000000000
MPI_ALLREDUCEDOD0OO 12005.3.100 (b)
0 (e)0 OMPILALLREDUCEOOOOO0O000DO0
0000(b)000 (6)00000(b) 000 ()00
0 (1600000000000 (6)00000



Vol. 43 NO‘SIG7(TOM6) 00000000000 O00O0000o00o0oO0ooon 129
18 S&¢€ ooooooo
16 || —=—(b)

RPN v /./*/‘/‘/' 6. 0000

i- 12 ’+(e)v' //

50;1*4” 0000000000000 0000000000

Edﬁﬁ;%E%1£ﬁ§j§Zﬁfiﬁi- 000000000000000000000000

“ o4 Viz/k+4’***””k*4' 00000000000 2000000000000
02 ¥ 000000000000000000000000

0 .
2 3456 78 910111213141516
Number of PE
012 5.3.10 (b)05.3.20 (¢) JOALL.REDUCEOOOO
0000000000 (b) 0 5.3.100 (b)00000(b)
0 (b)0DO00D(e)D 5.3.200 () 00000 (e) D
(e)000DO(f)D befOOODODODD
Evaluated and predicted duration time of
ALL_REDUCE in (b) and (e). (b) is evaluated
time of (b), (b)’ is predicted time of (b), (d) is
evaluated time of (e), (d)’ is predicted time of (e)

Fig. 12

and (f) is predicted time via b_eff.
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