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Abstract: 1t is a severe problem that D3Q27 Lattice Boltzmann Method (LBM) with Octree-based Adaptive
Mesh Refinement (AMR) has a low GPU computational performance due to small-size meshes assigned to
the leaves located at the end of the octree structure. In particular, the computations contains a lot of branch
divergences at the outer leaf boundary when it refers to the grid on the neighbor leaves. We propose a method
which uses the upper node to reduce the number of grids at the outer leaf boundary by executing redundant
computations (Mother-Leaf Method), so that we have achieved 1.96 times speed-up for the same computa-
tion. In order to exclude the branch divergences in the GPU kernel function on the grid at the outer leaf
boundary, we divide it into individual kernels depending on each different access pattern to the neighbor leaf
grid. It is too heavy for a handwritten program to make GPU kernel functions corresponding to 702 access
patterns. We utilize the C++ Template expansion to generate GPU kernel functions in compiling and have
succeeded in 2.29 times speed-up for the computation at the outer leaf boundary. The automatic generation
of numerous GPU kernel functions also makes it possible to keep the productivity of the AMR-LBM code.

Keywords: Adaptive Mesh Refinement, Octree, Lattice Boltzmann Method, D3Q27, GPU kernel function,
C++ Template expansion

a)
b)

R LEAF 1. RU®HIC
Tokyo Institute of Technology, Meguro, Tokyo 152-8550,

Japan

BRI A 72T 1T — 8 % 5 —E OBHITHES T

hasegawa@sim.gsic.titech.ac.jp

taoki@gsic.titech.ac.jp LEtEEZ AT Y VVEIRE L w, RRICHEE S S n BT

© 2016 Information Processing Society of Japan

34



BHRUIISSH/YE IoE2—F1>7 Y X574 Vol.9 No.2 34-45 (July 2016)

HOMEEHCTEET 256 % n HAT ¥ Y IVEHRE LI
R, 72l X, 2RI TLETER 4 5L FD 4 OIS
FRBIVCHGHERSMET 2 98 AT Y VIVEME, 300
TETESA B - FRHOBENESRTL 7T HAT 2L
AHEL, TEICMA TR HINE TTRTORBEE SR
LT AT VU NVEIEDRH L., AT v UIVEMER, L
FRERXRTA R T HRAES % & TR LTRSS
LIS % B 720, Einfh TRl SN WHBL D >

Iab—3a BV TR EEPLOERWLFE Y — &
VTH5.

VAR, FHEROEZHELBREIZE D VIR BOKT S
PO RMBEIESTREE 2 ), BIHOSF ST R0
BV CEMBEBEFRESCILEEE T b Twh . FHi
GPU (Graphics Processing Unit) O &9 %7 27+t J L —
& (EEHESE) SR OIEF LD TTRE 2R A 7 > ¥ VEF
BIHELTWALD, STSELRBEYHY I 21—
vavizlwbshTws (1], (2, 8]

ATV UNEEO—FTH HET RNy~ i (Lattice
Boltzmann Method; LBM) (%, JEEMVERADOME & L
TILL AL TS, (EROIEEMMERAR DL R
THRET RV = i, KRB — KRR & i L
TSR, NRY AT —VERBZ L RKBEBEEEIHE LT
& LTz H T [2], [4], [5], [6], [7]-

INFETORHMB GPU EHETIL, FtRE#EERO &KL —
e MRS & 9 2 SMBE T sHWs T & (8], [9). %
PR TIEAT O VEED AT ) 7T 7 L AEPHE L,
EWEITHEREZSL LD TE L, L2, EBOYHE
ZITH LT, FIEOEHEB THWREENIERINL I L
BHTHY, SEFEETICL A ERELHEL S A
ATVDEEVZ L. TEOFEEMOMGEEZZEET 5T
BREATLIET, BRBEIr OB LEHEEIT) 2L
BNTELLIICRD. (EROAFREFTIERLHRERHET
X, RITHCIREE 2 5 b 2 L DT E 5 =M HEE
BHEOIEEEADHCONTELD, AT T 7 HAN
MBI TH L O BAN L 2 ), Fkny 2 KRB I
BARMEEINTVD,

FEMEETOETEREEMELSD, BREE O
BB SR P WS % RE S 5 T
LT, #@AEMAE T (Adaptive Mesh Refinement;
AMR, & 1) [10], [11] 23 b T 5. AMR 1213 Block-
structured, Unstructured, Tree-based 7 & & ¥ &% 7 fiidH
W& BN, Te T H KBUERTHR M L 7-FH: & LT Octree
B AMR IZBS A 095035 {AThbi T b [12], [13]. PR
Tl& Octree B! AMR O Az Y FiF 5720, HIZAMR &
FRL 723551214 Octree B AMR 289 b D& 9 5.

AMR &, A7 — % fiE TR S N5 BRI 72 385 E12
Lo TEHRE ST I B OGO T2 E ) 2T LFik
Thb. F20LH12, KF—F#EOWR / — FIXFIHEHE

© 2016 Information Processing Society of Japan

(a) Traditional method (uniform mesh).
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(b) Adaptive Mesh Refinement.
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Fig. 1 Example of Adaptive Mesh Refinement (AMR).
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(a) 2D mesh (an example explaining the concept).

Whole mesh Octree

173 grids in a leaf
(b) 3D mesh (implemented in this paper).
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Fig. 2 Data structure of octree-based AMR.
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Fig. 3 Outer shell lattices and inner lattices in a leaf mesh.
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B 4 3%iC 27 #E (D3Q27) ET WV
Fig. 4 Illustration of D3Q27 velocity model.
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Fig. 5 Lattice alignment of node-center and cell-center grid.
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(a) Traditional data structure.
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(b) Data structure with Mother-Leaf Method.
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Fig. 6 Mother-Leaf Method (2D example).
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Fig. 7 Classification of lattices based on stencil access patterns.
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Program 1 C++ template kernel for boundary grids.

template<int gi, int gj, int gk>

__global__ void leaf_bound(...) {
/* WETFN Y < P EORESAL */
float f£[27];

/* V=T DOFGBLUOKSHDOAL VT v 7 ALi,j, kel =/

const int 1 = ...;
const int i = ..., j = ..., k= ...;
/% KETFHRN Y < OB D BN S «/

f[0] = read_stencil<gi, gj, gk, 0, 0, 0>(1, i, j, k, O0,...);
f[1] = read_stencil<gi, gj, gk, 1, 0, 0>(1, i, j, k, 1,...);
f[2] = read_stencil<gi, gj, gk, 0, 1, 0>(1, i, j, k, 2,...);

/* FEDAEO 24D RO T read_stencil */

/¥ BFRV Y < VBRI LR «/
f[0] o
f[1] = ...

/* £[1 OFMEHBEEZ 7OV AT ICEERAL */

Program 2 Detail of the subroutine “read_stencil.”

template<int gi, int gj, int gk, int si,

int sj, int sk>

__device__ float read_stencil(int 1, int i, int j, int k, int alpha, ...) {
float retval;
const int ni = (gi == si) 7 si : O;
const int nj = (gj == sj) 7 sj : O;
const int nk = (gk == sk) ? sk : 0O;
if(ni !'= 0 || nj != 0 || nk != 0) {
/% B — 7O HESHE «/
retval = read_stencil_neighbor_leaf<ni, nj, nk>(l, i + si, j + sj, k + sk, alpha);

} else {
/* HEHBD) =7 ORFHE S «/

retval = fg[ idx(1, i + si, j + sj, k + sk, alpha) 1;

}
return retval;
}
~1 (j=0)
gi=40 (j=1,2,...,m—2) (14)
1 (G=m-1)
1 (k=0)
gk=450 (k=1,2,....,m—2) (15)
1 (k=m-1)

gi, g4, gk &7 ¥ 7L —1Fil%E L, Program 1 ® X9
% GPU 71 — A VBB E LR § 2. £A Ly FOHLT 2
) =7 OFFRETEDOA Ty 7 A, gi, gj, gk B&
OZAL v K& (threadldx, blockldx) DM ARIZL o T
EW 5. Program 1 O h — FIVEEE %,
leaf_bound<-1,0,0><<<gridDim,blockDim>>>(...),
leaf_bound<1,0,0><<<gridDim,blockDim>>>(...)
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&k, gi, gj, gk ®BALSETHOHET I LT, C++
T 7L —POBREICL o TENENDT 7 L AN —
ARG % 26 Y O — A VEEPER SN, &b,
leaf_bound<0,0,0>dWEIEF-IZxHE L TH Y, FEEIZIE
L 7w,

read_stencil I T OMEE ST 5 751 A%
TH5b. gi, gj, gk M2 THEHEO M EZRTER
(si,sj,sk) € {~1,0,1} #7 v 7L — bilEice b,
Program 2 ® X 9 IZFLik T 5. (gi,97,9k) DA H L
26 Y, (si,sj,sk) DMETIX2THY H Y, &EHT
70230 DT 7 ANY — BT A read_stencil
BT 7L - MERBICL - TERSINE., 77,
read_stencil_neighbor_leaf (&, MY — 7 DM (ni,
nj, nk) \ZHto THEY — 7 DEEB L UKo
)TN —F 2 Thb. idx (3 — 7O &SR
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THODAL YTy I AFTREETT)BBTHAH. fgld s
0 —/3)V AE Y FIZREE SN TV B3 ESAR BEE DOE~D
KA 25 THA. Program 2 (BT 5 if I ED) —
THIZH B0 E) POHETH Y, BESE»Y — 756 (B
BU—7) b EEHE, BEAP)—T7HNIIHD L EH
b TRV U EOYE IG5 05T R T
ThbD, LD LX) %T 7w A8 — v % @Y
L7277 L— MEED T VS VERICIERI S NG, Th
XD, S OFMICZET A IRERM R Warp divergence
CEBEATHRDIR T % 2 ), ETHREOM EEZX5
ZENTED.

I —RIVEEE 2680 IZ5E L2 L TEREND T —
PNVHHHY T LT TP e hoTBY, H—Dh—
AT GPU R0 A L 5 2 B TE W
ZZT, CUDADA N =2 EHOTHEBDOH — A% [H
WFEATT 5 2 L CHFIBAEMHR T S, A MY — 2DFETIX
FUEA NBRICENICA T Y2 =) Y SERLED, RIS
R FEITRBEIZBWTRAT 11O 5 — 2 VDS 9EAT
SENBEZEXEE LTS,

4. ETHEERATE
AMR #EA L7 RN Y < 23 EBTHH LS

®1 KRS

Table 1 Execution environment.

CPU

Main memory

Intel Xeon X5670 (2.93 GHz)

54 GB

SUSE Linux Enterprise Server 11 SP3
NVIDIA K20Xm

GNU Compiler Collection 4.3.4

version 6.5

Operating system
GPU

C++ Compiler
CUDA driver

®2 AHEEM (v¥-U—-7ERL)
Table 2 Computational condition without mother-leaf
method.
mesh size per leaf 4,913 (17%)
number of leaves 512
number of total grids 2,515,456
(number of inner lattices) (1,728,000)
(number of outer shell lattices)  (787,456)

type of floating point number single precision
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HALFE LB L, FATHRENEEZITo 72, FETRELE
FLIRL, flMELME2R 2, | 3187, 3.3 HiTHM
L7z~ =) —7Fo@HAIcLy, A—ORETH-TH
AT 8, PIRAE T mi g8 & ORaiE T o b4 %
7o, YW= —T7$HY - B LWGTORESEMERL T
W5, R REE RSN EOR R I A & F v A
TV UNVEE OGS OARTHREEZHET 570, 2EtHHE
BT =7 0MISAL L NV —E, BRI R 4
R L7 F70, FEV/NIUTEE I T CHBE L L.
Fa—= VT %FTo T Naive 2 FEEICH LT, 3
BECHW L@ T2 1o F oM A CEME L Tw
&, 1AL ATy TORABHZNET A2 LT, Th
FNOFFEOWNMEEMr Oz, FHERRI, WY, 4
PG T, ETER (NE b)) oZzhehizow Tl
E L7 FHERMONZEIZIE CUDA 707 7 4 J (avprof
B L O NVIDIA Visual Profiler) % vy, WHEHET 7 — 4
VOFEITEER, B L O 26 HOIEET T — A NVD ) bk
DI — N DEE D SRED T —FNVDFATET LTO
R 22 L7z, =B, GPU 7 — 3 IV OEEI 0 B I
BE 17—z EEF /B IEFIcEenzo, illE
oYL 7.

4.1 ETEEOBIE

A B OMERFE R 4 1RT. Inner ([HEBETO
FIEEER, Outer Shell IZ4M&A& T OFIEIFHITH 1), Total
FAFTORMERZE LTV L, £4 0 3.1 d@EELT
FEx AL T Naive 2 E24$E L TV 5. Naive 7
FETRINEHE T LB T2 [F— 7 — AV TEHR L T
727280, BRIOFIHHEBHOAZRLTWS. [3.2], [3.3],
[B.A] ZEH Lomd b FEE2 R LTBY, 20KTIE3 &
DEiFFIHIE L T 5.

x 3 FHEEMN (x¥-U-7EHD)

Table 3 Computational condition with mother-leaf method.

mesh size per mother-leaf 35,937 (333)

number of mother-leaves 64

number of total grids 2,299,968
(number of inner lattices) (1,906,624)
(number of outer shell lattices)  (393,344)

type of floating point number single precision

® 4 INENOEECTEO BT O TR H

Table 4 Computation time on each tuning applied.

Inner Outer Shell Total
time [msec] speedup | time [msec] speedup | time [msec] speedup
[3.1] — — — — 142,187 —
(3.2] 2.642 — 23.731 — 26.373 5.39
(3.3] 2.705 0.98 12.111 1.96 14.816 1.78
(3.4] 2.705 1.00 5.270 2.29 7.975 1.86
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NERHE T & At O 71 — 2 V438 [3.2] 12X T 5.39
B Z R L 72, StE DR ICERE D 8.98
BREORMZZEL TB Y, IHEE T IR IEF 12
B2 &9 hs.

Y= =733 OBAIC LY, ST O TR
AHIR S I, FHEHE T ORHE A 1.96 f5 128 # L 5 2 &S
T&7. WEETE, BT R L 72720 2GR
bHOTPITHRL T D085, SEHETF O &L SRR
EREL, &kTh 1LT8 BomdE bz ERK L7z,

C++7 7L — ML B A=A N53E 34128, 4
BT ORI % 2.20 5121 L &L 2 EHFTEZ, K
AT OFRMEIZIIZALA 7% <, ke L TIE 1.86 Dk
ib&% o7z,

PDLEo@E# b FEOMMIC L), Naive 298120 LT
GRFC 178 fE0E# L 2 R L 72, BRI 2 EORME S — %
NO5E ([3.2] BLU[3.4]) T, FHEHEE ZNEH5.39
BB L U7 1.86 1 @mH L L7280, AMR ZEICHEAOH L
WEHE L FE L VR B,

4.2 Roofline EFIVIC & % 5Hf

41 FIZBIT 53X ComAfb Lz @A L, FEATME
O _ERRAE % F#l$ % Roofline € 7V [21] % J v CEEAG S
B, EIEOFERMICH L AEY T 2 £ ADER &8/
Bl AERHORWIZ) 2R R AET LV TH 5.

Prcachablc = min(Ppcaka chak X I)a
, F (16)
"B

ZZ T, Ppeak (SFEVNEEA GO E— 7 1EAE, Bpear (3
AEYNY FIROH Y0 7UETH L. FII 1T Hb
D OFEYNEEBEFE OB, BIX 1R TRBHIZ)DRAE
VTR AmTh Db, F72, TIHEEME L IFIEN 26T,
FEVNEOTBEE ORI E A ) T 2 AR E LTH
ZHNB. AFHHEEMFIIBWTE,

Ppeak = 3953.23 GFLOPS, Bpeak = 249.6 GB/sec,

F = 377 flop, B = 220 byte, I = 1.713

THY, L7cho TEATHRED LIREIR Peachable = 427.6
GFLOPS &£ Filll s 5.
Ppeak/Bpeax = 15.8 (3% L THEAMEEDT [ = 1.713 & \»
AT EMS, TRV Y T FEIEIAE) T 7 & AD R
DFETH L LD 0h. LFOYEE Roofline €7
V(22] VA L RIREO TR E 2 D LiET 5 2 L’
T&5%.

F
F/Pyeax + B/ Bpeak
- I
I+ Pyear/Bpeak

Preachable =
(17)
Ppeak

FATHERE D LIRAHIE Preachabie = 385.8 GFLOPS & Tl &
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&5 FEirMne

Table 5 Results of performance.

Performance [GFLOPS]  Ratio [%)]
Reachable 385.8 —
Inner 265.7 68.9
Outer Shell 28.14 7.29
Total 108.7 28.2

N5, tEM Roofline T 7 VI & 2 FE T HEReD FHE, 72
LN, T, YT B L e T AR o E TR
T3 5 IR Y . WEAE T OELT R ERED 68.9% T
HY, 33 LVIHNEVTHF—1) —TOKT-% GPU TilE
T5EVIEELOWEEOT T, oo iomft S - rhe
THbENZD., T2, GetOFEATHRED LRIED 28.2%
ThHbHIEDSH, AMR DI S E RIS T O T T
B LT 28.2% L0 %L, AMR O J7 A5 I
BT L) bEEICEEZIT) 2D TELZ LG 5.
Thabb, AMRIZE o TR REEE 4570 1 LT ICHI
THIET, AFVMHEL T T CEEREICBNTY
AMR 2MBRL & 72 5.

5. ICHETE

KL CTRET 2 mdftFEe @A Lp e LT, Bk
B OBBTFO/ ) ORNOFHEEITo 72, FHEE O F
THBEFFEO®RT & QIREIEHILE L2k e LTy,
HERH OMEAT A S — @l TSR A T % e LT
Wh, DX RZEIEIETIE, FHEERICBW TR
ML, FHERE2BL S8 EDHSNTBY, ¥
FERCFHET 2 720 IR EEIR YR DEFETL 40
B H 5. FHRET TIIAVEEEEE & 27201201k
TG CHATMEEN LT 5 BZENHH H05, AMR %
W5 L TR R RTINS E RIS T A 2 LT
5.

FIAAEICEN ) BT AMR OFREEZR 8 (2R,
FF I~ —) - 70BEFRHERLTBY, £3¥—
)= 71213 333 ORETFAE D B THEN TS, AMR Dix
WOMSEL VA 3 &L, WIREEICEREERT %
Erp S, RO TR, FHE AR 10253
DEHIEIE -2 5 ) 24 TR ICHY L, BT mkg,
10252 OEMBEE IR T %I E THIR SN Tw 5, &
B, ML NIV DT 7% BT O AL I FE B R
FEROFHERERIC L ThTMTH D720, FHlLEIC
g DHF == v FIIEI T o T,

AREHHE T, MAOFHE & FREICHEEL 12 > TRIR
FTHML—=HhT v 7 - 27T kT LBHIFEN
%) EtE L, BHE&ERZTHMLL T DL SRS
WCHELEENOZA Sy 7 ay PR 9 IZRT. LA
JWVAEA) TTOHRNIZ T o TWAbTz, HEAT v 72
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(b) Front view of the computational area.

8 BRI AR Y Oyt DI
Fig. 8 Computational area for a flow around a complex shape
body.

9 HUEIZIRW AR ) OFEiL ORI SRR

Fig. 9 Result of a calculation for a flow around a complex

shape body.

Multiple Relaxation Time (MRT) €7V [23] Z# A L,
SHIZLES ®EFVvELTCak—L Y MEEATITY v A
F—EFN (CSM) ZEALTWS [2], [24]. [ UALE D
LEAZIETVS P L —FRTBARANIENL TN T, &
YL EEG AR E SN TWD 2 L0505,

AREMEIZ1HO GPU (NVIDIA K80 . A€V 12GB) T
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fToTHY, ATy 78IEH 15 7, L —FkTfoqi
BT 74 VOHT 7 &% GO % WA DO EFETRRNEH
4 EHTHo72. AMR Z#H L2WEE, 150D GPU
T 1025° OFEMEE T 253 51213 248.7GB D 2 E )
MU D, 1HBD GPU TREETE WO IZ%ET
B 2 RIS 2 2 E AT & WS, 10253 OSBRI
FCHEAE L 72358 03T % S BT Roofline E7 WV 5
TS A ENTES, 7272, MRT 3 X UF CSM % i
AL, HERF EXAE) 77 A®E BOfHIZ4 &
CIdE R D, REHEIE TN CHEAS R R/ NI TR L
THh,
Ppeak = 2.8 TFLOPS, Bpear = 240 GB/sec,
F = 3056 flop, B = 468 byte
THhb. X (17) 12 & 2FETHRED FIRMEI Preachable = 1.0
TFLOPS T® 4. Preachable @ VY5 &, 10252 Ok
BT TI5 HTAT v 725 E L7 GEOFATRERIZ LT O
Il rHliTEs.
3056 x 10253 x 150,000 [flop]

1.0 x 1012 [flop/sec]

=4.9 x 10° sec

Testimated =

~ 136 hour

L7225> T, AMRZEO#EMH & Zodmdfbic Ly, &5
B R SRS T CRIE T 254 L 13I2M URMER R %
52 2 &1k LT, Time-to-Solution T 9.7 f D Al %
FERL7ZEWR D, AMR QML OERE % EFIUEwik
T EWARTEZRICE S L CliMET 2 2 5T &,
WYL ORIERHOZITETETILNS.

6. BHYIC

AKIFFETIE, AT Y I VEEO—TH LET RV Y~
EEE AT (AMR) A L7z GPUFHE D
EEALTFEERELZ. AMROY — 7128 ) ¥ To5N D
KA IS RBEZE IR TS W20, GPU TER
RWHIFIEZIT) T E258 L, FR12, ) — 7 OBEFER
B DINEET I ESRO 0120 ) — 7 D% T %
BT LLERH Y, T 7 v Ay — P CEWETHE
REDSHH 22\, ARG F R Z BT % 720, Octree D) — 7
D1EED/ — FIHKTEEI)HBTS [ -1 — 7]
BAREL, YR TEIE T 1.96 5 (KT 1.78 %) DE#E
fLEFER L7z, 610, B TRECTIEBERT~O 7
7R AN — @I TEEST LLEDND L5,
D3Q27T T RNy~ U EIZ L B 3RTFEDEE, 1) —
TOINGEIET- DT 72 AN — 1Z 7028 IR Y, T
TONY = TR THIFE L CEETLI LT TO ST 4
DEFENRRTFREOBE P HHEN TRV, I E THT
Ry < g AMR IIEEA E N Twiw [CH4+T7 v 7
L—PMIZXB GPU I — R VEBDER] OFEICLD,
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FEATHERE DR WIS TR % 2.29 5 1Cm s b L7z (&
RTd 1.86 fromE ). 1 HEHOADT ¥ 7L — NEK
RELRL, Ty T L= MIBREEASET 8, VIEICT
Y ANY = OHERTH LT, IO T LOEMENE
HEFE L SRR R mEILT A 2 AT E . AT
D3Q27 UAtd D3Q15 % D3Q19 AN < »ikic b i
MT& %05, D3Q27 & ) &MU DE D720, i
LRIME T 52 e FHEND. T2, FHEFOT—%
I U724 b Tl iU, o 27 > Y IVEIE O —E
WZHEH L b T AR D B .

HEE AWIZEO IR E B4 - BENTTE (S)
AEE R 26220002 [ DD Y HPC 7 7)) r—a v
DIy H 2 = ~OHaAL], FHEEAIREFERE CREST
[RA MY 27— VEERFEICET SV AT LAY 7 b
T THMORIM ] 2O EAE VW, RRLCGHES
#2.
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