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Performance Evaluation of Incompressible Fluid Simulation on GPUs focused on the
Data Structures of AoS and SoA
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Computational fluid dynamics codes make use of large arrays to represent multi-dimensional vector fields.
On GPUs, memory accesses can be optimized using the memory coalescing technique, however, due to
the three-dimensional nature of most CFD problems, it is impossible to arrange all memory accesses into
continuous blocks. In this study, we evaluate the performance of using AoS and SoA to represent multi-
dimensional vector fields in an in-house incompressible fluid simulation code on multi-GPUs, and estimate
the influence of these data structures on different operations within the simulation.

Key Words : CFD, HPC, GPU accelerated simulation, SoA and AoS

1. FC®IC

BUETRIR 1% (CFD) &, Mo AR oRERE %
HAWTHREO X RN EEE, RIKOE) & % RIH 5
BZHETHD, RAEEL b ITHL RSB TRER
HE 2FOEY LTHSRATWS.

VT4E, GPU OMERERE, 3B X OBHFE - EATERIR DR i
WY, GPUZFHW/=CFD & 2L — g idEmL
TWa. LHL, MNEYIRFEFER2HE I, GPU O
BER T e WEND D 5. BUATRIA I ZREIC
R Y DORY MU LIFEL, N2 FUEDF
BHX7a /7 60X E) —SICKEREEL 52, &
Ia2l—YaryOMRRICIEFRHICEEL L WA 5. Rk
1%, X7 FAED Array of Structures (AoS) & Structure
of Arrays (SoA) RIICEHL, ZhoHDT—XMEED
GPU ZH\W7= CFD ¥ % 2L — ¥ a Y \DFE % JHf
55,

2. FEMMERAESIaL—>a OERE
(1) XEAFER

225, KB E DIEEMIETRIA T U, EHEIERTEZ
KIFELR =27 2R

0 1
a—l:+uV-u:—Vp+R—eV2u (D)

L35,
HERTEZRTEEDONUZ

Veu=0 2

&5,

(2) BEHEE

AT, FS - HEGERIE TS 2 fractional step
(FS) #E[1] ZHW3. FSiEX, 1 DD Ar TORFRIFE
7% 2 BRI, R BB, OB T
P73 ZKD 5.

1
' =u+A(—uV -u+ —Vu) 3)
Re

o5 2 BRI, RS E )2 IR % Tprojec-
tion) HEZITS.

Upexr = u' - AtVP 4

A BRATEZYE, FHORY Y VITERE
LA

*

V-u
Vip =
P="N

L7zoT, aasr—MEFIZBWT, 1 2D At T
DRI TE, RELomUTiz 3.

&)

Algorithm 1: FS time integration over At on collo-
cated grid

1 Calculate u*;

2 Interpolation #* from grid points to grid faces;
3 Calculate V - u* using face values;

4 Solve Poisson equation;

5 Project p on both grid points and faces;
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|u|v|w|u|v|w| ...... |u|v|w|

|u|u|...|u|v|v|...|v|w|w|...|w|

K-1 AoS (E) & SoA (F)

3. RIBFIIBD SoA ¥ AoS KIF

AHRD & 512, FSIKIIEE, BEWEE, B &
QB E DT MUGBFEELTWS. X7 b
WBERITETH B0, XEV—Z1RTDO7 FLATHE
HXN3., ZRITRYZ PIUBOTF— 2 #EEIX, XEV—
TOWMLHIZED, AoS ¥ SoA IZFFHis (M-1) .

HERZ bbu = [u,v,w] &l LT, AoS ¥ SoA
ORERBIHT 5. AoSIX, 1 DDFERTD u,v,w
B % GO BERTHREFEL, Zh% [structure) ¥ FES.
FAETF D structure (FEHUTHIE X4, AoSIZ72 5. SoA
X, uv,w BENEN 1 ODOEFITHEIFL, u AN
BB TFO u 0 ZEGICHE L TWA. u,v,w3 D
DBELFIE SoA 1272 5.

F-1121%, FSIERR T v IHBET 27— X O
BRYT. TRTORATy AL, RZ MLV AHT— 2
HOEHERXEY =D oA T. K7y v HEAE
RAWiEhoftEE, ENGOEEEET 570,
NI —ERERE) —ICEERT. ZOEIPORT Y
THES, THROBRZ MAEREAE) —ICTHE
R

-1 —fREEZERICE TS FS EZDBRBI 3T —2DEE

] | READ | WRITE |
calculate u* vector, scalar | vector
interpolate u* vector, scalar | vector
poisson eq. vector, scalar | scalar
project p at grid point | vector, scalar | vector
project p at grid face | vector, scalar | vector

4. GPUTOXEN—BR

(1) GPU HF DA

GPU ¥, REDHEBE a7 ZHbE, ZHDODAL v K%
FIRHIZEITT 5. GPU DR L vy FIXAFILIE O /N
MTH 2D, MHAT Y a—1 ¥ 7 DR/NEMIE Warp
TH%. Warp 1332 ALy RTHKEH, ThHDXR
Ly RIZEIFA—mBE2ETT 5.

GPU TO X &) —ZMZRANATHI12IE, Ficd
2ODEMNERETH S [3]
a) Coalesced X E!)—EH

Warp 23X &) =S {2 FETT5L &, 32 ALy
RDZIRGET FLAEGRTHIUL, ZD32ED X E
) —Zff% 1 AT coalescing T, HHEZE K x <ML
TZ5.
b) XEU—BROBAY
BEMEORNT — & %2 XEY —DHPTHWIILIZ
BlET 22, GPUDF ¥y P2 2iEHTE, XEY—
AND7 7R &ML, HREERM ETE 3.

BBEEETHHER

(2) AoS X SoA NDXE)—&H

AR D coalesced X BV —ZR e FMtEEE 2 % &,
A0S ¥ SoA ND X E Y —SUIK-2 IR L RS
»H5.

T, FELomarfle LTERS DR Z N
T5. 12DAL vy FiZ, | DOFEHETFOEERZRD
BEiA, FIUCEDOZFHEEITS.

GPU kernel start
i = thread_id
read u@grid_i /* command#1 */
read v@grid_i /* command#2 */
read w@grid_i /* command#3 */
/* do some calculation */

GPU kernel end

X-2121%, FAOHMBDORXEY —BRORR—V%
RY. 22T, ERDEDIZ, Warp DALy K% 3
YL, BROEIDPEAL Y R 1I~3BBBTEXEY —
TH53.

-2 AoS ¥ SoA NDXE)—BHR

’ data structure ‘ coalescing locality
AoS not coalesced local
SoA coalesced not local
A0S
command#llu VWUV WU VW ...... u v w|
command#2|u V W U ¥ W u ¥ w ...... u v wl
command#3|u vV W U vV WU VW o...... u v wl
SoA
command#l|u U U...U|V V V...V |W W W w|
command#zlu U U...U|V V V...V W W w wl
command#3|u U U...U|V V V...V |w w w w|

K-2 XE)—BBONZ—>

AoS DGE, BT u DX TV —THEH TR\, 7
D Warp D Z & DX E Y —Z I coalesced TIE7&
V. 20—, T 1~3 D7 — XFEFICEIE X T
W5DT, £0D 3 DD HEHRIIc/ N WHiIFIICS
FLTW3.

SoA DG, BEMIFENEIERED X E Y —ITH
BXNTWE720, Z0D Warp DFEXE) —SBia
I¥ coalescing TX 3. L2 L, EUIFOEMITIEAE
V—DOHIZHIEL TW5 7D, FrvyPadA Yy b %
SlEHTZ 2L L.

3) GPURBEDOAXE)—BHE

GPU 1 EDXEY —IBBLHLTHGB THD, K
B I 21— avyOEETEXEY —FEDORN
D3, FIEAREBEED GPU IZHET 272012, K
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#1
#2

needed by GPU#2

a,d: Halo of GPU%#2
b : Halo of GPU#1
¢ : Halo of GPU#3

subdomain of
GPU#2

t 4

-3 FEEHE & Halo

R3S EEE 2 x 8-> THEIL, 1 >0 7HER
130 GPUICEH|h YT 3.

AT Y INHBIZBWT, HIBTFROFIEICIZRE
BT 2T ROERPDETH 2720, nElEIN=Y
TR DM Halo ¥ FHEN 290033 % . Halo HD
F— &%, & GPU DFHBEITHETH %53, Halo DFHE
D GPUBMEYE L TW5. L7=A-> T, GPU DT
¥, Halo H73 DT — XM T 208N H 5. K-31
X, GPU#2 O¥H 7 & Halo Z/RLTW5.

| Halo | SEND [ RECEIVE |

a GPU#1 GPU#2
b GPU#2 GPU#1
c GPU#2 GPU#3
d GPU#3 GPU#2

-3 Halo D*E =215

AR D7 — X MEEIC L D, GPU EBEDLDHD Ny
77— R B IIKIERESDE Y I 5. HEG R
LAYy T77—DXEY—L A 77 F2HATS. M-
4121F, FHalo iIZHIELTWB ANy 77 —DL A 77
FERLTWS. AoS DS, Ny 77 —I% Halo &
BT, HEGP2HERET 2 AEY —OMEICNET 3.
ZHUTH L, SoA DLE, HEDERTIEZNETNE
HONy 77 —%%5, [[U Halo iIZXELTWA Ny
T 7=, 3ETRAY MIHITHN, XEY—DHFITH
f£3%. L7 >T, AoS DEFATIX, 2[HdD SEND ¥
2 [8]/® RECEIVE 230 ETH D, SoA DIFETIE SEND
¢ RECEIVE % 6 [M3 0 E ¥ 72 5. ZD—7, Halo ®
P A I TF—EEE 2D ST, —ETHB-0, B
SERICIEED .

F28MFETHERS
A0S
| a | b c d |
SOA
|ab cd|ab cd|ab cd|
k u } A" } w |

B4 Ny T7—DLATT

5. RBERIC &K Z14ERESTE

(1) REBRRBCMERTE

MEREFHM O FUESEER » LT, B 2 Ho T %
179 [2]. @FMERTEIIN I T TH Y, BRITRA
T =10 £ CRMEEDZFHETZ. 20> Ial—Ta
E, JTUNKFEAR——a P2 —&Z—1TO D% 7
ZFLBD1/—RTIFS. AT LDFEILIEE-4 1T
RY. 12 F 4%, NVidia HPC SDK (NVHPC) 73
24 L 7z OpenMPI BREE 2 W Ta > 4L L, 400D
a2 (GPU4 ) THEITT 5.

KA ITMOYITLZAFLBD1 /—FK

CPU Intel Xeon Gold 6140 18 core x2
GPU NVIDIA Tesla P100 x4
performance CPU: 2649.6 GFLOPS/node
GPU: 5.3 TFLOPS/GPU
memory DDR4: 384 GB/node
HBM2: 16 GB/GPU
CPU-GPU connect PCle Gen.3 x16 (16 GB/s)
GPU interconnect NVLink (20 GB/s x10r2)

2) EITRREDAR
£-5121%, EFRBOPRTTIZ LTI XA 1ITRLT
BRAT v TIWHIET B H—FVDEEERT.

x-5 RITEREOAR

AoS SoA

time(s) \ ratio | time(s) \ ratio

total GPU time 2115 1519
calculate u* 574 27.1% 335 22.1%
interpolate u* 367 17.4% 131 8.6%
poisson eq. 341 16.2% 346 22.8%
project p at grid 94 4.4% 97 6.4%
project p at face 203 9.6% 102 6.7%

SoA I% AoS & FEARTEATIFE O 1/4 ZHITRL,
PUEE DR, N, B XUHFHTO projection Tl
KEZWRELEEZRLTWS. 20—, K7V V)
FERDFE LT 5T D projection TlE, KERZ(LH
BWZEbHO LR 7.
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6. EEA

AIRD X 512, SoA & XEV —SH8% coalescing T
E vIal—rvaryMEEORERLEEERLTVWS
—F, R7 Y YHEROFHELRY, HREICZ{boin
H—FNVBFELTWS. 2T, ZOFKIIONWT
Himd 5.

SoA ¥ AoS ¥, AH T =507 —XMEICHE R KR
FEX RV, AHT7—H/ADRXE Y —SHLER
ZWWH—F LTI, SoA DRESIEHLIZ WEFE
Z6h3b. T, XEV-ZSREUXRT, FHEDIES
DN Z W — 2L TlE, X EV —SHBROMRED
WEINTDH, 2EROMREICIEIKREBEVDRNI L
HHERINS.

L7hoT, 22T VS & TBF] W5 2D
DEZEFRT 5. V/SIEH—ANVDHT, X7 ML
KT ZXEY—BIRE D7 I T 2 XEY —
ZEOLLTH Y, BFIEH—HLDXEY —SHOD byte
B FE/NIGEE RO TS 5.

£R-6 V/S, BF, 5FXUMREDLL
y | V/S | BJF | perf. SoA/AoS |

calculate u* 825 | 1.43 1.71
interpolate u* 5 14 2.82
poisson eq. 1.2 | 451 0.99
project p at grid | 1.5 8 0.97
project p at face 2 8 1.99

K-5 V/S, B/F, 8L UMEEDLL

-6 ¥[X-5121%, RS WRLEED —FLD V/S,
B/F, BXU SoA & AoS DHREDLEZRT. K-512,
BEOBIIE D =2 IIHIG L, BOERE XA SoA &
AoS DMERED LR R L, BMONED V/S & B/F DfEIC
HIH$ 3. £-6 £X-512, V/S ¥ B/F D/hEWVWH—%
IE SoA ¥ AoS DHREIZIERI L TH D, V/S 21k
B/F DR Z WA — L1 SoA 23 AoS & h WWERER 5]
B BETMEZRLTVS,

7. fEER

AWIFEE~ L F GPU & W= IEEMmMERIAS 3 21—
Tarpa— RIHEHIE, RZ FIED AoS ¥ SoA
WZREL, ZoMaEiHEz T 72

F28EFTEIFEER
segment 1 segment 2
|u...u vi|.|v w...wlu...u vi|.|v w...wl...
segment N-1 segment N
..|u...u V...V w...wlu...u V...V w...wl

H-6 AoSoA TOEEIZDXEU—LAT7Vk

S0A ¥ AoS X ZFNFNRELZXE) —SBRD R —
VEFL, ¥5 53 GPU XE Y —ZHD coalescing &
JAFTE 2 WS 2 DDEER S FIRHCHECR 3 2 DH R
THEM, ¥Ial—ary2iRe LToMREZ, SoA
M AoS 2K E L LMD, coalesced X EV —ZRBEIN
THBILZRLT-.

ZD—F, EH—FNVDFBIZED, SoA DI —*
N DWRENRLS. V/S /21X B/F DEWH —F L
Tl SoOA B RERYEEZRL, V/S & BF DffW\H—
INVTIERZOMBZ I ZH LI WEAD D 5.

8. RBE

AWFETIE, V/S & BF R %iHE T % L %, WRITE
(FZRL) £ READ GiaHiL) 2XilE3, €56
IEDXEY) - 325, Lal, EBIZIX, WRITE
DEREDS READ % K E < NEIZATREME B KL v, L
720 T, H—FLDXEY —SIREMEZ X HIZFEL
<HIZEd %121%, WRITE & READ DOHEREDE WA #
B E2REDD .

F/2, XEY—BMOD coalescing ¥ FIFTHIX, GPUIZ
B3 XEY —BEOMEICIEFICEERETH 370,
AHFZEAFER L LT3 SoA ¥ AoS A5 DI /5 % [F]
WZHECR S 2 DIZEE LW, ZAUSHE L, Array of Structures
of Arrays (AoSoA)[4][5] MR N7z, K-6 1ITR L7z &
I, RZ PABEHZEEDR XY M2HlT, 120+
TRV M1 DD SoA IRIEL, HED SoA HHEHI
Tk, AoSoA 272 %. AoSoA i coalescing & JEFT I
FEEHT2RT Y2 2RO FEZ 61, AoSoA
W& BT MVBORBEFEL, ZOMRELFHMGid
5 ZEDBARMRDIEROFEE 2o T3,

BE R
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An Adaptation of XAl to Auto-tuning for Numerical Calculation Library

FACRERY, A2, KBRS, kA=Y, EBHH
Takahiro Katagiri, Shota Aoki, Satoshi Ohshima, Toru Nagai
1) FAER) 4 HBRERFRE HRPHER (T464-8601 Z R4t R TREKREZNT fFHPHITR,
E-mail: aoki@hpc.itc.nagoya-u.ac.jp)
2) ) AR REERIR T X — FdR (T464-8601 EFnA BT TRIXAEZN 4B HRAEE ¥
—, E-mail: katagiri@cc.nagoya-u.ac.jp)
3) (L) JUNKRFAGREARITEBR T & o 7 — W% (T 819-0395 #ifil ifi P X [ 744,
E-mail: ohshima@cc.kyushu-u.ac.jp)
4) HER) A BRFIERER T 2 — B (T464-8601 ZEnRA &R TREXAREZET 4 hBRFIERARE 4
—, E-mail: nagai@cc.nagoya-u.ac.jp)
4) @) 24 RRPE BT 2 — IR (T464-8601 EHnI4 BT TR AN 4 BRI @At v

4 —, E-mail: hoshino@cc.nagoya-u.ac.jp)

We explain an adaptation of Explainable Al (XAI) to auto-tuning problem for parameter tuning on a
PICCG solver, which is one of preconditioned sparse iterative solvers. Result from SHAP, which is an
XA tool, indicates that predicted execution time for the solver from Al output can be well-explained in

our experiment.

Key Words : Explainable AI, Auto-tuning, PICCG Solver

1. [FC&IZ

NTHEE (AD) BT 25 2 ZBAED A +53 78 F FH
AT ET, e E5 ST ENREE
NTWa., FEAIMAFKRICONTIE, WEBEOAMT
ATFARERLENGAR SN OB D L0, BEE
FRENT-CEET, BEENMISNDHAET R,

U EDAIOBURTIX, AIOHICK LT, ABRRA
DOORRGEE FRICAT DR TR B2, LA LALE
TIPS DREKR M N %, TXCAMPHRTHZ L
BEHTITRW. 2FED L 2 A, ZOAIMIIOBFETIED
HEY LS, MRk T ORI TFER AL 2D, 2D,
AIET LV EREET ZEO a2 ML THERER S
T3,

—77, B l3HIEFHE D COMRET 2 —= 7 T8
Ol EBE LT, Y7 2T HBFa—=7
(Software Auto-tuning, AT) £Afi[1]~DAL#EH #1T > TX
2. ZZCOATHMRE, BICET IV EDRT X Z s
FTHHEAM TR, ATHANIY, BEfEa— FAEKRBITY
MRET = — = T OREMEINTH Y, 331 T &
BT T X LRI EDO O FEEx 5 6 Y #
9. T T, BB T A X TEOBRICOARERT D.

ARHFFETIE, BATHI MRS BICB D HEE T A ¥
Fa—=2THplEGIREE LT, AlZwEA L7 ATHGE
EHRLUEZBAICBT5, AT 2 FRIEERICET S

I DWW CTIRFEZAT 5

2. XAIY—JL

N B

AT OB EZED S Z LT [EEINDAL &E
B4 27280 — 1 (Explainable Al (XAI)Y —/L) 23 <
OIMERENTNA. EHICTOXALY =i, WL o)
A=y =23 SN TEBY, BHICHAFHET
H5. LUTFITRENRXALY — L2 HiHT 5.

(2) LIME

IRV FEFAET VTHEMN TE DXAIY —LD1D &
L 7T , LIME (Local Interpretable
explanations)[2] 2SI TN 5.

LIME(3Local surrogate model TH Y, 77 v 7Ry
ZET VO L OTR AT T 572 DIV S 3L 5 iR
AR ET NV ThH D, MIEMRBRIED TR ZAT > 7o FH
Z, NHDEMBTED L OITIRRT 2L R > T\ 5.
TNEIVDRHED EDORLEE, SPRICEHBRL TV D2~
L8Ry, SEHEOTHRRERATHZLNTE
5. EBRO TR E AWV 5700, LB OSERICE T
TEDONRFETHD.

LIME( BB OF4] 2 i+ 2 Db 2 [apTaHii
V—)L| ThbH.

Model-agnostic
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(3) SHAP

LIMEIZM %2 TR FIH &5 XA —/L & LT, SHAP
(SHapley Additive exPlanations) [3] &1 541 TV 5. SHAP
&, W7 — 2R DY ¥ —7 LA {A (Shapley Value) %
BREESH L0 ThS. 200, BHIATY
DRI EEEL, BRR R Y ER H D, Yy — T LA D
FHEIE, BEEICT D ERHEENE V. T, IR
V=T LA EEREHT A FESHIEI N TEY, SHAP
THIHEN TV 5.

SHAPIZ &R Zeffim 2 33 2 olcflibin s, Kkt
Y —LThb.
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Recently, GPU-based quantum simulators have attracted considerable interest in the development of
guantum chemical methods. NVIDIA's cuQuantum is a representative of such simulators. In this paper,
we present the fully relativistic calculations for the spin-orbit splitting of 2p1/2 - 2pss2 in boron-isoelectric
systems using the Bayesian Phase Difference Estimation (BPDE) method with cuQuantum on the Flow
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FHEERS - MR T Ea— X OEERIGHSE &
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Scale Quantum) B P DRI, A XDOEENIEFICKE
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KR SN A IR XL F —Tldkel, =¥
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FEMA 0 SRR B (HPC)D S b bR T o
VVHEEEMBET BTV 2 L— X ITBLA RN,
FFIZGPUIZ & 2 IN5E % 15 2 NVIDIA® cuQuantum SDK([7]
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Z +HPCJ A H LWVFERGER & L TR SN, Moot
HEOITRL—varOBEESELERE > TNET.
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