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Large-scale Efficient Hybrid Parallel Computing for DSMC/PIC Coupled Simulation
WANG Qingsong' ,QIU Haozhong' ,LIN Yongzhen', YANG Fuxiang®?*,LI Jie’ , WANG Zhenghua' and XU Chuanfu'

1 Institute for Quantum Information &. State Key Laboratory of High Performance Computing, National University of Defense Technology, Chan-
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2 College of Aerospace and Engineering, National University of Defense Technology,Changsha 410000, China

3 Army Military Transportation University,Bengbu, Anhui 233000, China

4 College of Computer, National University of Defense Technology,Changsha 410000, China

Abstract DSMC/PIC coupled simulation is an important class of high-performance computing applications. Due to the dynamic
particle injection and migration,the pure MPI parallelization of DSMC/PIC coupled simulation usually suffers from huge commu-
nications costs and load imbalance. In this paper,we present approaches to implement large-scale and efficient MPI+OpenMP hy-
brid parallelization and dynamic load balancing research for a self-developed DSMC/PIC coupled simulation software. Firstly, we
propose a MPI parallel algorithm based on nested dual unstructured grid with two parallel communication strategies, centralized
and distributed,to support the dynamic migration of particles between any parallel processes. Then,we present a weighted load
performance model,and a dynamic load balancing algorithm and an efficient grid remapping mechanism are designed and imple-
mented, which greatly improves the parallel efficiency of coupled parallel simulation. Furthermore, we design and implement a hy-
brid parallel algorithm of MPI+ OpenMP for coupled simulation, which effectively reduces the grid redecomposition and commu-
nication overheads of pure MPI parallelization with dynamic load balance. On the BSCC HPC system, the DSMC/PIC coupled
parallel simulation of thousands of processor cores is carried out for the billion particle scale pulsed vacuum arc plasma plume,and
the effect of the parallel algorithm and dynamic load balancing has been verified.

Keywords Coupled DSMC/PIC, Particle simulation,Centralized and distributed communication strategies, Dynamic load balance,
MPI+ OpenMP
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Fig. 6 Example of different grid mapping strategies

W 6Ce) P, it R E 5T 3 kLT MK 6(a)
Y rank 0 BB & 6(c) ) rank 1, T E 6 (b) Bl HL ik
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HEKR,

6 MPI+ OpenMP ;B & F1T

BT 80 A5 5F 8%, 40 MPI I 47 DSMC/PIC #8445 431
BHEIFATEFERR, S S B ARE R T T IR TR Bk
FIA TR TF 8 . BG4 B0 T 5T 45 A N b FEAR A HY
B, AR 2 MPT 147 I & R D AT E A J2BR, A&
3CFEZE MPT Jf47 DSMC/PIC # & B Rl L, 3T T MPI
+OpenMP REIHATHF L LB UOIFTHE Hh MPT I T45 5
] ) I 47 38 {5 » OpenMP i T JF & M 2 A7 i R AR IR 17,
OpenMP I 47 AL T MP I 4738 45 FF 85 o th 48 [/ £ 9747
BT W T MPT ERR MR, — 5 72 B2 3 2 A T 0L 2 [R] 64 B2
B KA

TEH A DSMC/PIC # & &L 5 1 72 b, ] 09 1 53 3
AR LU 3 EH I OpenMP % B 48 5 1 A1) 52 B 4L 2 17 6%
ZRARIFAT L X TR A 2 D e g A S I AL B A i e AR T X
S 4 JRy HOHE G5 4 B9 T R AR A LM G B B wh e o A, A AL
RT3 WA R TE 2 R BE SR R R TR T R W Bl A
CHA T B AR 45D 5 78 AR 25 44 I A% vh A 26 ) PR G OB 4 v A
B AP AE UK 25 b, A8 A B ST HEAT I % TR I T g
AETERE phEE . DIRNG O 2 AR F 1A 38 8 5 ok 72
T TR bR ), AR SR T A E & M
(Replication& Reduction, R&R) 7 ¥, B ¥E 2 I 3 404
BEXF AT HUORL IR ARIS 3, S4TSR & A2 kgl
B9 OpenMP J£A7 . X L E SE & e 1 47 fiff afF BB 1 1) B0 46
4 A A L PR A — 8 43 L T HOHE A R AS L AR A B bR 2
2R I A ST A R B A5 R S B B v R . TR T AR
2 R 2 o 1 5 7R A B 25 A B AR b 2 S0 38 ks T 8 5
TEREAPURE 512 2l 22 Fil , 4 9 4 55 5 F T 2 B i A 2k 52 )
LA FAA B9 RIAS I 75 R BOR [T AT LA B A (50 2
30 e 2 0 L A g, BT 3 6 190 A TO A 31 57 L A 42 52 A A Bk
L B (0 A v g, A IR SRR AR AR 1 B 2R Sk o e LR
(PR ETPUE W
ik 2 HTEH & MABENR FEA OpenMP 47
Input:inlets
Output: particles| |
1. n_threads <= omp_get_num_threads()

2. particles <= new double[ n_threads]
3. # pragma omp parallel for
4. for i=0 — inject_num do

thrade_num < omp_get_thread_num()

o

6. R AL S %

7. I PR G 5 3 BORE T BT 12 AR ) A
8. particles[ thread_num]. push_back(part)
9. end for

10. return particles

k3 HFEH & MAF LMK TFIZ ) OpenMP H17
Input: particles[ n_threads],n_nodes

Output:dens| |

1. B2 B —4E %04 den_t[n_threads][ n_nodes]

2. ¥ pragma omp parallel

3. while iterator | = particles my_thread_rank]. end() do
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4. RS

if is_delete then

o

6. particles[ my_thread_rank]. erase( * iterator)

7. continue

8. end if

9. if is_find_cell then

10. den_t[ my_thread_rank][i_node] -+ = ( * iterator). den
11. iterator <—iterator + 1

12. continue

13. end if

14. end while
16. for i=0 —>n_nodes do
17.  dens[i]< sum(den_t[j][i]) (j=0 —n_threads)
18. end for
19. return dens
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= MPI(CC-Only)

= MPI(DC-Only)
MPI+OPENMP(CC-Only)
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= MPI(D+LB)

= MPI+OPENMP(CC+LB)

= MPI+OPENMP(DC+LB)
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BYATH F /s
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REBHOHK

AR BT 4 %R DC+ LB T MPI+ OpenMP iR 4 I 47
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Fig. 7 Total execution times of different implementations

1 AR A ST ]

Table 1 Total time for scalability tests
CHLA cs)

POE: R X AN i #

96 192 384 768 1536 3072 3072/96
MPI(CC-Only) 12168.9 6011.5 3370.2 2168.4 1492.7 1277.0 9.5
MPI(DC-Only) 11126.2 5294.5 3030.5 1858.9 1303.1 1075.8 10.3
MPI+ OPENMP(CC-Only) 9694.7 5039.7 2786.3 1669.1 1056.4 714.7 13.6
MPI+ OPENMP(DC-Only) 9197.1 4733.5 2566.0 1496.8 908.9 582.6 15.8
MPI(CC+LB) 7519.8 4006.9 2422.3 1594. 4 1137.9 1020. 4 7.4
MPI(DC+ LB) 7209.5 3778.5 2211.4 1417.1 1049.4 959.0 7.5
MPI+ OPENMP(CC+ LB) 6680.0 3564.9 2054. 1 1211.4 792.1 591.7 11.3
MPI+ OPENMP(DC+ LB) 6358.2 3350.4 1895.3 1099.3 685.5 473.1 13.4

M TTEA SO 1) HPC - & b, 20 A 309747 38 {5 M g
W4t e 2 lﬁ#%a‘z?%ﬂiﬁv\?ﬁfﬁ%%dﬂ% B84l T M
okl 7 MRS T 8 2t 404 i xR S R AT PR R R R . AT L

A L Bl A A R X R A IR AT BRI jEE REALRL 7
RSN {Eﬁiﬂﬁﬁliﬁz/'\ﬂﬁﬁ{ﬂ "] ARAR B £k 3106 ik
AEHR T 3 2 (R A 1 45 A0 A ok R i 3R AV AT R LA T Y
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Impact of balancer on total execution time with distributed

communication strategy

2 BT IR Y SR E
Table 2 Total times for particle migration
(AL )
MBS
3072 96 192 384 768 1536

Dataset 1-MPI+
OPENMP(DC-Only)
Dataset 1-MPI+
OPENMP(DC+LB)
Dataset 2-MPI+
OPENMP(DC-Only)
Dataset 2-MPI+
OPENMP(DC-+ LB)

2706.8 1000.0 540.1 264.9 131.5 60.0

387.0 192.6 112.3 63.6 40.8 22.1

98.0 75.9 47.3  23.6 14.0 8.2

38.5 21.4 12.9 8.0 3.6 2.5
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Fig. 9 Distribution of particles as well as computation and
communication times among 24 MPI ranks for 200 steps of

coupled DSMC/PIC simulations

F 3P —& X T MPI+ OpenMP B & 347 5 4li MPI
J£47T DSMC/PIC # & B h 4 1S B R4 . AT LLE
% T DSMC_Move Fil PIC_Move, H fit it 2 I8 & 3117 M A< #F
A& WA RO . (15 B M E, MPI+ OpenMP iR &
AT R —A 2 H YR G2 2 3E AR ) Y f 84S 3 45 1 0l 2
B AETF .46 3 MIRJE — AT A& 10 (&5 R 7R A SO VL 1
AR

3 PAMALEITORE T & L BB T AT

Table 3 Total execution times for main procedures on BSCC

PR X ANE 4
96 192 384 768 1536 3072
MPI(DCH+LB) /s 277.6 164. 8 67.3 39.0 21.6 12.9
DSMC_Move MPI+OPENMP(DC+LB) /s 281. 1 168.9 71.1 43.0 23.9 12.4
WA/ % —1.3 —3.0 —5.6 —10.1 —10.7 3.7
MPI(DC+LB) /s 6105.8 3017.3 1545.4  770.8 385. 7 191.9
Inject MPI+ OPENMP(DC+LB) /s 5281.4 2641.2 1337.9  666.2 326.3 170. 4
MR AR A/ W 13.5 12.5 13.4 13.6 15.4 11.2
MPI(DCH+LB) /s 114.1 46.6 38.0 29.0 20. 4 1.1
PIC_Move MPI+ OPENMP(DC+LB) /s 105.9 53.7 41.3 20. 6 16.9 9.8
MR A/ % 7.3 —15.3  —8.7 28.8 17.0 11.7
MPI(DCH+LB) /s 61.8 34.1 27.8 35.7 28.0 41.1
DSMC_Exchange MPI+OPENMP(DC+LB) /s 68.7 32.1 25.4 20.7 18.4 12.4
MR AR A/ % —11.2 5.9 8.5 42.1 34.4 69.8
MPI(DCH+LB) /s 259. 4 152.5 129.1 109. 3 129.5 192. 2
PIC_Exchange MPI+OPENMP(DC+LB) /s 201.2 112.8 92.3 63.9 53.3 47.0
MR AR A/ % 22.4 26.0 28.5 41.5 58.8 75.5
MPI(DCH+LB) /s 368.9 379.8 390. 0 415.6 434.7 153.6
Poisson_Solve MPI+OPENMP(DC+LB) /s 399. 6 359.9 319.2 276.5 237.8 209. 2
MR AR A/ % —8.3 5.2 18.2 33.5 45.3 53.9
MPI(DCH+LB) /s 3.8 4.8 7.0 11.7 24. 2 50. 9
Rebalance MPI+OPENMP(DC+LB) /s 3.6 4.4 4.0 1.6 6.2 9.6
M B AR A% 5.6 9.0 42.7 61.0 74.5 81.1

TE < TS RRAS $5 1 20 A 0 £ 5 s 0 3l 26 3 45
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