2024 4 10 J (L s A N Oct. 2024
A5 10y JOURNAL OF PROPULSION TECHNOLOGY Vol.45

BRI E & BNl — 4R B R GPU FHTANEA 3

BEAR, HARE, AKX, RTMA, RBIE, AN

(1. RIEHT R #EHR: S TRE2EEE, 07 KiE 116000;
2. b s ARG AT, dbat 100074)

i E. KSR R R R . R TR GG 4k Fe L SRR SRR e mh, xbasd) 240y
WaBEAELHa, R, BRFELDN— B G TR AR FORNKEITE, LHHEZE
K, EAEPBRILHERNEIEIT, HBREX—FHM, KLEAFRATEAHLEE (Graphics Pro-
cessing Unit, GPU) AT AR R, WETREMBER . B/5FF4% . AAKL, KK,
GiFR AL, BRI RAE T E, BH6XFT T —AZHze P42 %E (Central Processing Unit,
CPU) +GPUF MR, AKX TEMBEZLX#ES (Virtual Path Cross—Connect, VPX) ¥ £ 69 # AKX
Feh 5 EATIRE A A5 IR RO ARG A R . SRt E AR, R SRR R R &K |
BAR M ARAC AR MK, . SEATH SR, P P — A £ CPU, #4GPU, %4 GPU Leyit 4
S HBEIRE, REGRBHIE, W&, BRI AFHZX, BT T AR FMERE R AR E 6
WA T, iR T 6,745, BATH WM KA 25 ms, o TRAMG EEER, LA RIFH A

No.10

'ﬁﬁ—%o
KGR B EL I FATHE; —4
FESES: V2313 XEAERIGAD: A
DOI: 10.13675/j.cnki. tjjs. 2311031

1 35l

AR I e S LA DAy e P AT A A A% 0 Bl
T3 AR e RN R I ) SE OB R AR T T B A R
PRF, 2B H RP W E R E SR
EE A H AT, & S HUBE AL E B TR A e
ZRCH LI g B AR ST S A SRR 2 IR S
B A AR R RO R R e E R
A S o (EB R i s R Sl LR — > B2 ) R IR R
e RS ERWM S SRS, H R
B J7 1k 2 SR T B3 14 77 %% ( Computational Fluid Dy-
namics, CFD) i AR T+ 380, BA 18 55 52 2% 2 oy FEIT
AT Bk, 3 B HE DL TR B B A S g N R AT
SEF AR T R T A T R Y BEO AE E R h R
KNP TR . R, AR SCE 7E 48 THE A i
R AU R Y TR R 7R v R RE AR ] A SR E

T

EEWH:
{EETE T
BIEE
5 A

2023-11-12; {&ITHHA: 2024-01-16,
FEZ B E AL (J2019-1-0019-0018) .

BAREH B i hnik
XEHS: 1001-4055 (2024) 10-2311031-10

SRy B TR AL 1Y I BE S A

AR, N AR R TT R T R B A v R
KPR T LB LI, Ladeiende™ [ i
TR R S LR BT R SR B RANS 7 ik o
3 i A9 ML . Choubey 55 3R W] IE 5 1)
FRAE I FE AR AR R R S HLBLLAY £ OCHE AT . Ma
SFOTLASE I 0 LS P O S 4R T R X —
YERE I B AT AL SR o FEARZ ST T TG =4k
CFD KRN A A S LA Y B SR A7 450 e i, (EL G
SERLBE R FEIS I, ME DIAE S ML . e A, A [
T AL Ge i fe S s ALl LLad o s AR I AR 2 AT e
AR vh T A B LR A 2 BOR B, S PRl g i i 7
SRS D A 2R A U R 2, DR UG PR R 2 /DO T 4R
AR, ME LU AL T LR TR, e A O
K5 15 ]S AR SC TS AL T RANS J5 25 19

WEEK, M, BREAFSE S, DR & sipE s S k.
A, B, #bz, MRS E R SPUE TS MR IZET . E-mail: sunxm@dlut.edu.cn
R, TRE, EARA, 5. B E RSl — B0 GPU AT A5 (). AR, 2024, 45(10)

2311031. (WEN S X, SU C Y, WANG D J, et al. One-dimensional modeling of scramjet based on GPU parallel
acceleration[ J]. Journal of Propulsion Technology, 2024, 45(10):2311031.)

2311031-1



Fask A0 e i

#HooR

2024 4F

— AT AR AL, H AR Y A% R 500 LA .

— AR LR T U R TR N AR B
M FEAR T T, H ST AE AT T HL B A A R
— WPk . H T, dcR W — 4R R AT R,
FEI gk T CPU PR B , N VT 22 22 3 % i PR fiE
0 15 2 17 Kb B R B AR AE F, An STk [ 10, 12, (H X
i 7 ZORAS By A PR R Y b BRAG, AT — 0 1Y Jmy BR
Mo BMIAE B X XA ) B2 R 2 TS
ﬂfi%ﬁ(Digital Signal Processor, DSP) 1) 347 11 5k
P EACE I TE AR RO 70 1) — 4R | kST
B AE , I ek 4R DL b, (0 A5 B 4 ol J] S A A Y
T FERS7E 30 ms LI o {HJE 2 4% DSP (1 I 47 ik
W AR AR R mdE L, FEEZEL T
DSP i R AR (BT R IR
HEw W R A A A e e R 7 AU 5
T EDE AL B 4% (Graphics Processing Unit, GPU) A 17
WE L HARADCPUS H EE&AZ A A S, &6
CFD X 28 W #% 158, I &3 28 /7.
Emelayanov B T Tesla K40 5, I 7 20~50
£% s Dobrov 251 di | T Tesla P100 2, N T 4.5~
91.2% ; Rao % "Ml I T Tesla K40C & , Il 1 10~
851 ; Liao % /fff Jf] 1 Tesla V100 ., I 1" 11.26
i 5 MBI T 4 5 GTX1070 &R, i T
14345 .

S, — AR AR B AT 5 s AT A AR
ZHARFE . 5, GPU B & T K ML M % i1 F
FEVEEEBE /NS A 1) s 20 25 R 21, te
SCHR [ 13-17 JHB 2 R 1T e M e 1y b R %k i@ A 1 1 )
AT AT IR ACR AR . 5 mtERE R R
WA A RE AT S L AR RO A
BCEMA, RA e m & H RSP R A
B LR AT i A A ) g R B AR ORSE/NEY)
oK o o =, R S MU BYAS [ g2 2k AR R B o3 122
Ji e, o A R SO R AT, RV RAY A% 1
B PP 0GR, ] fige o 33 Bl B G FR L S B I A figk R
S TP R AT A A G B R) . 550U, A ] GPU A
— YA, T 5 & M A% R 2 B GPU 22\ CPU 5
GPU Z [ UM E/IF] 25 (GPU N A7 45 P45 O 4k [m] 0 1%
BTN G BIORE BT AT R R L A AT R R AR Y
00 T I A, A W ST A DL B A i 4
WE . &8 ERrdk , e GPU AR 2 DL e 4k 7
Bt B A WA ) — GRS 2 B 4 ) i S I
T, — TUEAT PR 1 AR

o SR b 3R W i Bl AL A S R AR A A TR )

AR SCRGEPE AR T T — R R b IR & Sh L — 4
B B8 I A7 THEE J7 1%, 80 LUR STk < 28 — AR SO
BT AT A — 4R AR 5 O — A S AR CPU+
GPU S A FE 1 o H A, AR SCBF A — 4E R CFD
WA TR BT T AR RS 5 0 5 L CPU+GPU 5244 1%
T AL SE D5V K IR R g S i S GPU R AT
TFRE ISR o 55 A SCEE XS B N TX2i 5 i U K AR
A8 % 3% (Virtual Path Cross—Connect, VPX) B 26 19 %
A A IACRS G P45 S B 1 1 RE AR X5 A
JE X AR AT LA HE— 25 W A T SR ) 5
=L WS OTEAE VPX i A A i g% b HEAT 5 IE
2 77k
2.1 ETHRTIHEN—HRE

Shy S TS ASE Y T B ORI SY E
AR o T 2 B AL Y — R R R LA Sl AL 1) R S B -
BRBE N 38 50 73 A1 Y 7 A D b ok SR AIE 2% A 4 T
(R X R o Ay 2 S B 2 R, — A AR A R T U A
(R 3% L1k (B B RE B SFIE 7 R L A AR iy o — 2
oy pe

au k(W)
Jat ox
2t YRR A R L A R L U=
p[ A Au, AE T g 5p 45 5 K ik L F(U) = [ pAu.p A +
pAw, (p,+pE)Aul" Hy & K i B W ; S(U) =
L R R

d [ Al N Al N Pn7e A » N s
ST R R sy TR A A 5 A

dx
AL E R AR SN BE L p, R AR SR m R
WAL B U B, w N AR, w, N AR AE « 7 7]
(R 3 R, C, oy BE T 1Y) R 452 ) 8, €, R AR [BDE 8T 1Y)
M JE L H R bn o R 1 T OB A B B, 1, Ry i Ah
) FAEBG BE , H, O BE TR RUIA , n IR B RCR 7 A
TESR A 7 F2 (1) I, 2k AR EAH R B2 5158
SR KRS 2 CFD A 5 i o Sy 4 i SR A 1 T
AT (14 30 2 00 A USM A% SRR A7, J0 Ak il & 4y 240
XF it 55 e 3 3, P 3R H]— B TVD Runge—Kutta 7
AT R, BARA 0] 2 BOcik[6,11], AR SORHE
S o B ¢ R e A (NS B i N
WL, R A BT b 2 1 B[R] 5 25 R) Y 3 R AT A
K T Bl DX ST i e A5 ) B ) e A R
AR AE R — CFD A% 1 TR, H AR A% A 25

=S(U) (1)

[

(H,+H,)n-

R

2311031-2



a5k o

AR oh TR A S I — ZERE AL ) GPU Jf 47 fin i

2024 4F

) T J5 04 ORI, BVERS oo, A RS 1 TSR 45 SR AE B2 x|
AU BT G AR A o TEHE T A PAE 2% AR5 140 IR
o A B A R B g R Bk ks PL R
FE R0 R T, D0 DA 3 AR B /N 25 K BT 2 Ry

1= T tya (2)

IR

MR 2 5L
CRRRHAE 4150 55)
Y
HALE: g2 RR L
RTS8
PEfI R LU A)

4
[ BEE YR N | |

| PR A |
Y
| sy |
1
v
FFREIS x,, 0T
FIFIAUSMEf R fif i
K H—BrTVD Runge-Kutta
AR
7

I fix = 1

BRI SIS RS
BB =+

LRAR R

RIS,

TE— N E P
IR P
v

ELIE ﬁ%a‘#ﬁﬁ?tﬂﬁﬂﬂdm

(B BRI

I

Fig.1 Serial computing schematic for one-dimensional

model of scramjet
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Time Acc ratio Time Acc ratio Time Acc ratio Time Acc ratio
4 1.93 6.5x 91.40 6.9x 51.04 3.2x 2 435.19 3.2x
5 2.50 6.6x 114.34 7.3x 63.90 3.2x 3 080.39 3.3x
6 2.97 7.4x 145.01 7.6x 78.72 3.3x 3805.11 3.3x
7 3.34 8.3x 162.40 8.7x 92.38 3.4x 4492.93 3.4x
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PEBE I, e B L B A% GPU I &5 SR T
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Table 4 Timing results of three cases (ms)
Case 1 Case 2 Case 3
Ma (Only grid time) Time Acc ratio Time Ace ratio
4 89.98 (98.4%) 40.44 2.3x 12.94 7.1x
5 112.59 (98.4%) 50.87 2.2x 16.35 7.0x
6 142.88 (98.5%) 62.55 2.3x 20.28 7.1x
7 159.94 (98.5%) 73.66 2.2x 23.96 6.8x
Table 5 Monitoring results using the nvprof tool
Time/% Time Calls Avg. Min. Max. Function name
99.96 23.619 s 1 000 23.619 ms 23.534 ms 24.593 ms SolveKernal (MEM_BLOCK*)
0.03 6.177 ms 1 000 6.177 ws 5.760 ws 7.200 ws [CUDA memcpy HtoD |
0.01 2.507 ms 1 000 2.506 ws 2.304 ws 3.584 us [CUDA memcpy DtoH |
97.76 23.615s 1 000 23.615 ms 23.526 ms 24.582 ms cudaEventSynchronize
1.04 251.060 ms 2 125.530 ms 209.250 ps 250.850 ms cudaFree
0.82 197.480 ms 2 000 98.738 s 49.792 s 2.079 ms cudaMemcpy
0.23 56.102 ms 1 000 56.102 ps 34.688 ws 113.630 ps cudalLaunchKernel
0.12 28.428 ms 2 000 14.214 ps 11.136 ps 43.680 ps cudaEventRecord
0.03 6.545 ms 1 000 6.545 s 3.136 ps 10.528 s cudaEventElapsedTime
0.00 639.680 s 1 639.680 s 639.680 s 639.680 s cudaMalloc
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Table 6 Timing results of the CPU+GPU heterogeneous

model (ms)
Ma x,=70 x,=140 x,=280 x,=500
4 0.73 1.70 5.06 12.94
5 0.88 2.15 6.09 16.35
6 1.30 2.84 7.59 20.28
7 1.32 3.19 9.18 23.96
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One-dimensional modeling of scramjet based on
GPU parallel acceleration

WEN Sixin', SU Chengyi’, WANG Dongjie', MENG Wanzhi', NIE Lingcong’, SUN Ximing'

(1. School of Control Science and Engineering, Dalian University of Technology, Dalian 116000, China;
2. Beijing Power Machinery Institute, Beijing 100074, China)

Abstract: The engine model serves as the foundation for various technologies such as control plan optimiza-
tion, model-based control, and observer design, all of which significantly impact the performance of control sys-
tems. However, the computational requirements of one—dimensional models for scramjets are immense, making
real—time execution on onboard controllers challenging. To address this issue, this study delves into the research
of GPU (Graphics Processing Unit)—based parallel computing techniques and explores methods such as grid de-
coupling and partitioning, serial/parallel heterogeneous design, memory optimization, code optimization, compi-
lation instruction optimization, and hardware mode optimization. By integrating these approaches, an efficient
CPU (Central Processing Unit)+GPU heterogeneous model is designed and validated on the embedded controller
based on VPX (Virtual Path Cross—Connect) bus. To adequately verify the effectiveness, efficiency, and real—
time performance of the designed heterogeneous model, baseline tests, hardware and software optimization accel-
eration tests, and parallel computing tests are conducted in this paper. In the tests, the time consumption and da-
ta errors of the one—dimensional model on CPU, single-core GPU, and multi-core GPU are compared. Finally,
leveraging data analysis, graphical representations, and monitoring tools, the study conclusively demonstrates
that the designed heterogeneous model achieves an acceleration exceeding 6.7 times without compromising model
accuracy. Importantly, none of the execution times surpass 25 ms, aligning with the real-time requirements es-
sential for engineering applications. The methodologies investigated in this study showcase promising prospects
for practical implementation.

Key words: Scramjet; Parallel computing; One-dimensional model; Embedded controllers; Optimal

acceleration
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