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BEE b4, mSMEfEI Y ¥a—5 1 v J (HPC : High Performance Computing ) D/ ¥IZHEWT, 77 +&
SU—REBEBRUAIBBEIE I SAXDERD 1 DhoTWS., 72725 L —&IZIE, FIZ Graphics
Processing Unit (GPU) AAHW ST W2, HPC 438 TIEUEL O ZRIECE NS ED & S 5 Field
Programmable Gate Array (FPGA) 2MEEH I 22H 5. I T, GPU B AREFEAEIE%EZ FPGA 1217
D GPU+FPGA ODEEGV AT ALKV ET SV r—va v 03 s mttigtz HIEd. #ilE 0%
KT, GPU & FPGA O/ & B# L7231 R T GPU+FPGA DNA 7Yy K772 5L —Yavk
FEHT 57075 LOABFIELEBIIOVWCHEMR L. GPU - FPGA Ol 7 /31 2 & Hid3 5 k% T
SLUTe Tz, AT, ZOHEEHOWTIRARAS I a2 —arya—F ARGOT OFEEEITS. it
1% CPU - GPU 2 W TEELATTHONT WA, TIVIT Y ZLDREL D, AHFFETIE FPGA W
ALY EETES 7TV XL LT OpenCL (2 & BEEEZH WY — 23— REMAAAT.
FHIZIFEEE > TRV ARWD, FRITHNT 2EHHETS.

1. ELC®IC

A, HPC BT GPU R YD T 727 L — R E2HEH L
T KBRS S AN ERD 1 2> TW0Wa. HAD
A—N—arEa—RDMRET ¥ 27 TH % TOP500[1]
22RTHE, LA I0MDIBEEDDVATLNT 7k
TV —XEEHLTWAS.

GPU iZ CPU L £ mWEIR EEMEEZE LTV
LH, SMERIRIZ & D HEREASKIBIZIET T2, T—&XL AR
VDM FIEIMER N & GPU OEgex FiET 2w, WiFlfb
L2 E /) -2 £/~ GPU BD@EI A NBE W
EDOFAY Y hEHZITWS,

ZD—fiT, EE, FPGA ® HPC #HADT 71 L —
XL UTORHMNEHEINT WS, FPGA 1%, NEiD#HE
[ DG % (TEH M0 K U ATRE R N— R =7 T
BB T 7 — NORBIE RS DEFEEL TV 5.
FRZT4ED EMEERE FPGA B CPU 24 X 325781 Ad
LDOXA VI MNeEEGRERAREL THI VA T2 —A
EHAT-H5DHH D, FPGA PEERMIIEGHEE 21T Z
EWTESL. LAL, 77V = a v OETRICIE, §)
PRS2 HL D ANRITNIEEE D V—ADBRoNTUE
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3579, F41EX 1D X512 GPU & FPGA 2% PCI
express (PCle) THEfi X7z GPU+FPGA A&V AT L
BT 7L =0T —2%F¥L (2.

AWFETlE, ARGOT OE#EIZDWTHE XS, ARGOT
IZ, ARCOT & ART 0 2 F¥IZ & - TAHEAE I NS [3].
B, £0 2 20FEIE CPU & GPU #HWTE#E(LT
5L THEITINTWD. BITH5ETIE, ART IEOFHRIC
FPGA 25 Z & TEHBULPEBLTWS [4]. £Z T,
fEk@ H ARGOT 1k CPU - GPU TEE 217\, ART
HIXFPGA TEZ1T5 Z & TARCOT OEdE b 2™ 5.

Hxld, TNETOET, GPU & FPGA &\ #i
BT NA ANLIFT 8RB ET, 2 00831
BEAHEWSITIT2O00RLL SE2MHAIE S HkE R
DU, BfERERL TW5 [2]. AWIFETIE, ZOERBEZEE
BIHARY I 2 —Yaya— R ARGOT 2T 3.

AREOMERZ UTRIZRT . 82 B CIXBEfsE, 3%
TIHEHRMAS T2 —Y a >y T— K ARGOT, 4%
FEEHEZODWTIRARS., 3 5 BTIXIHIEREE, &EIg,
WoBEIITAMELZZ LD, SBROPEE T,

2. BEMR

W REFERZME LV X —TlL, CPU 24 3%
W GPU MEEBE#ME L LT TCA (Tightly Coupled
Accel-erators) 7—F 77 F ¥ ZRIEL, TDOFEEKLL
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PCle

GPU FPGA

1 N—=F7xT DO

T PEACH2 (PCI Express Adaptive Communication Hub
version 2) % FPGA (ZX DR L 7% [5]. PEACH2 %#%H
ULClifg2i75 2T, GPU ALO@fE%2E®HIZITAS
A, GPU [ O@E@ Az CPU 12 & 2HENBEIZR D
, PEACH2 OMREZLENT Z B TER V., RKEE
B LT U2V ST PEACH2 (TN L
UCHABMZILO T, / — NHEEEZ21T 58I CPU
TITH50M%E2 A 70— RNT 5,

Axel 75 AR, &/ — FIZ FPGA, GPU % XD
HMEOT 78IV —R&2GARY AT LTHS [6]. / —
RN - /7 — RREBBEFICEY AT ANZARHN SN T NS,
Axel 7 7 AR D72 D Map-Reduce 7 L — LT — 21|z
ko T, B2 TONHELELBEF vy 2V EEL
TZEME L OREMRATEZ R U 78R, N&KY I a
V— ¥ a v OVERED 4.4 555 22.7 A EL .

3. BHERAFECIalL—Y3>v3—KARGOT

ARGOT (Accelerated Radiation transfer on Grids us-
ing Oct-Tree) [3] & 1%, FKKF R ZEMHEL V& —
(CCS) THFIN TV B FHEHNEXZ M 707 J A
THd. Kol ( RT : Radiative transfer ) (5
"W, B, 77y R—NVgEDRKDIEIZEE 2 ME
TH5. ARGOT 7u s I 4lE, 2207 VTV XLT

»H5 ARGOT & ART iEZ2MAEHLETHL. BAFT,
ARGOT & ART JEIZDOWTEHIAT 5.

3.1 ARGOT %

ARGOT X, sOEED S OEPLZ2FHET 5. £<
DHBE»S VA ML =Y VT aGdRETETIVIV ALTH
5. ARGOT \HRIED DA% \NDARD T — X IEETHD.
WENZY V) — ) — FNORJFIEHE— DN LTH S Z &
MTEB720, BEETIRIEDOEE N 225 logN 12k S
FTIENTESL, Ay vadET Yy N TEBEHRIFED 5
RBATHRIZBUTOR 1 TRT Z LA TES.

SATIIZE Tk, ARGOT %% GPU THITT 5546, K2
DL BUHFNEL 725, £7/-. CPU 272\ GPU [E
[EHEREHRE & LT TCA (Tightly Coupled Accel-erators)
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Computational Procedure
CPU
construct a tree structure
of radiation sources
v

—— ! communication between GPU and CPU
* loop for all mesh grids

Y
bundle radiation sources
using the tree structure
GPU
compute optical depths
of ray segments

v
split light-rays into
ray segments

send optical depths of each
ray segments to target mesh grids
v convergence check
compute rates of chemical reaction |
photo-ionization and heating radiative heating and cooling

A\

L Al
End of calculations

2 ARGOT HEOMLEEFH

Computational Procedure with TCA

CPU
construct a tree structure
of radiation sources P Inter-GPU communication reduces data

transfer between GPUs and CPUs

* loop for all mesh grids GPU

compute optical depths

bundle radiation sources
of ray segments

using the tree structure

split light-rays into
ray segments sending optical depths of ray

segments to target meshes

& v

compute photo-ionization

and photo-heating rates > -l
chemical reaction and
I 5

heating/cooling

convergence
check

|
v
== : inter-GPU communication fin

3 ARGOT ¥® TCA % {fi 5 72 JLELFIE

T—FT7F v EHVIHEIEK 3 O &S5 RLEFEE 742
%, TCAZHWSE GPUTLA LT XY hDNEMEX
EHEUEHE, CPUIRT—XZERELTHA A oAb & g
REGFT2REN LB, GPU TS 2 TE S,

o) = e

ok,

o L(v): IRENE v TONHRIFDIE

o 7(v): IREIE v TORFIEERE

o n(x) : HEWINT 55 25T DBEE
Thd. 7(v) &, UTFTRkOOSNDE (KX 2).

(1)

() = o(v) / n(@)dl ~ o(v) S n(w:) Al @)
J— RAFETI, ¥YIalb—Y 3 VERERRITIZHE
SITHEIT S, WD) — NIZE DB, / — Rl
DEHRT TLAR2T AV N HEIL, LT AV NOFE
NEZL ) —RFTHH L TIrbh b, ZLT, £RTAY
b DRFEEADEHEAER DO % KD TRIKDEHHEAER %
Kb .
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Computational Procedure
CcPU

— : communication between GPU and CPU

|
-

v
. loop for the
direction of light-rays GPU

receive radiation field from

solve RT equation
B
an adjacent node

along light-rays

v
compute and accumulate photo-ionization
and photo-heating rates

send radiation field to
-
an adjacent node

v convergence
check

chemical reactions and
-
i

heating / cooling

|
v
EENB O ERT

E 4 ART EONHEFIE

3.2 ART %

ART iEiE, ZBRNTILDS 2 LD & OEG % % GHE 3
%. ZOFHERMIZ ARGOT O2RoFER D 90% 2k
LR EDTVSE, 20Ok, 2O % FPGA #HWTE
Hb2X 2 Z e TeRFMOEERMZ DR 5. HEZEM
D— S D H & M S5 D % T DFAT IR > THUME =
FREREML, FHREINZBEHGIZHEINT, EAvyva
)y RIZDOWTREE B X OB %2 55H 3 5.
BROHNIRDA Y ¥ 22 BHTEHDT, TNEHEDA YT a
NOWIHEEIXT b I v 7R AETHEMI N T NIER S22
W, ARTHETIRLVA ML= v 7 %1F-TED, &L A
PHEIT AN A > TIHZ ICFHR I NG, TO—AT, £
15V A OMIZEHEOERFEERE R VDT, LOERF TR
BET->TEMEIZ R W=D, WIHLRAESTHS. L
L, LIDBEGAEIZE>TAYYaTF—RA DT 7 A
NRE—=VUDPET B L, LA DAHENEERIZE 24
LTW3Z e CPU X GPU D & 7% SIMD B FHH
BCEBICHET I LW, FPGA X, WA EY
BV ATy VENY RIRTTY 2R ATE, TOT7 7
NRE—=VEHBIIZ IO T LR AREL > TWVW5,

KATHIZE T, ART 5% GPU THETT554. K40
EOBRMIEFIEE 725, £72, CPU 2/ X%\ GPU HE
Hm{EHkE & LT TCA (Tightly Coupled Accel-erators)
T—FT27F ¥ 2HVEEEIER 5 D LS RNHEFELE 22
%, TCAZHWS &, B — Ko igHgso s —&
EZIFED., LA ML=V U T REEL, KA A M
BEORBEEZITV., TOFREZEERE ) — N OBRSHRIGIZTS®
LM% CPU 27 X312 GPU OATITD Z 2 W HREE
%5,

72, ART EOFERIIUTO@EY TH S (X 3).

I7*(R) = L' (R)e 2™ + S, (1 — e 2™) (3)

v

IDEE,
A1, = o(v)nAl : HEEE ALIZH T 5 HZNES
TH5.
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Computational Procedure with TCA
Py — : communication between GPUs

-

v
loop for the GPU

direction of light-rays re field from
irecti ight-ray: receive radiation field

an adjacent node

v
solve RT equation
v
compute and accumulate
photo-ionization and photo-heating rates

send radiation field to
an adjacent node

convergence

check
{7 chemical reaction and
— =
heating / cooling
I

M
Fin

5 ART %D TCA % f{ifi o 7z JLELFNIE

4. EREHE

fEkix, ARGOT #%% ART #£% CPU - GPU TatER
fThbh T, LAaL, ART X7V TV XLREIC &
b, CPU T#HE %2175 &0+ FPGA Tit® 217> 72/
WLV EHELIZ DN B Z EPRITHRIZE D RIS
TW3 [4]. £7z, MOMIETIZIRO Z EDbhr>TW5S.
GPU FEfFTIXMEY o« X+ 5N H 5 Z & M E
N7-VREE TS 572D D5M L 450, FPGA 47T
T RTOMEY 1 XCENEEERET LN TE
5. RELRMEY 1 XDHEO FPGA E17ld GPU itk
FIEA U EREE T A Z e HEIEI N TWA (7). L
Mo T, FPGA FETOHEARMREIL GPU LKL T+4AT
hreEzZOLND.

FPGA 47D 728 ® ART %1% OpenCL 2MFHHA X T
5. D7, ART LD GPU TOHEHD % FPGA T
FOZENTEBEDICY—RATI—FVE2—-REEHZ /-,
ZoLE, ARGOT M6 D k> IS hTE b, Mty
ZEDY — A3 — RF% ART EZFE LU TV S E S IT/HlA
AATZ. BT, ARTHEIZARA I —F2 C++T
TN T WA, ARGOT I C SdTCalidsnTW\a 7z
O CEBEBIIHEEMA ., MARAAZRAL, KTITRLUTE
calc_difuse_photon_radiation.c N @ ray_tracing_loop_st B
BMNTH 5. ray_tracing loop_st BAE L argot_mpi.c WD
step_radiation_tree BI#AH 5 & 512 step_radiation_tree.c N
® calc_diffuse_photon_radiation BI#A THREIXN T W 5.

it T, CPU-GPU 2707 I LTHo7H,
SEIE FPGA WS T0 7 J Lk />Twb. FPGA
% OpenCL Tl Ny —Aa—KZMEHLTWS /-
&, CUDA & OpenCL ® 2 DD EgEL 3 VXA VBB %
MAETEIBEND .

MAAABED AL AL - ) Y IR T O A T 3
VEBEURZ2. TOF TV arvEHFELRWE OpenCL
TidkEI N~V —RAa—R2aV 1)LV o956 L
MTERN, ZOLEQAVNRALNLTE—%K S ITRT.

e -I/opt/share/intelFPGA_pro/17.1.2.304/hld /host



BHRLEF SRR E
IPSJ SIG Technical Report

CPU (Host) @ RT from point sources (ARGOT scheme) GPU
\
. d \
it it
point source data \\
fluid data /
i / OpenCLIC & %
® Fipdrodymarmics / ARTED&®IEL[5]
@ Gravitational Dynamics /
@ RT from diffuse sources (ART scheme)
/ FPGA

6 V—AI— ROKRK

argot_mpi.c
int main(){
step_radiation_tree();

! step_radiation_tree.c

step_radiation_tree(){
calc_diffuse_photon_radiation();

}

calc_diffuse_photon_radiation.c

calc_diffuse_photon_radiation(){
ray_tracing_loop_st();

}

7 BEBOMKTER

/include ( compile-config : OpenCL A A b I — KD
DY NRAINTRBEEIR Ny X =T 7 1)V )

e -L/opt/share/intelFPGA _pro/17.1.2.304/hld /board
/bittware /alOpl4_4/linux64/lib -L/opt/share
/intelFPGA _pro /17.1.2.304/hld /host/linux64/lib
-WIl,—no-as-needed -lalteracl
-lbittware_alOpl4_mmd -lelf ( link-config : OpenCL
BRANI—=RDOY VY T IZBBRFGTIVRALTAT
S URE)

F7z, BITFIZEL D, RO EBEILINTWS. FPGA
DPERENA EIZINA T, OpenCL N— A ®D FPGA BAFEEREE
MFPGA RV A —IZk o TREtThTWB D, kT
HRTTu IV 7az b MESE>TWS. ZD&D
RYGEEIZL ST, BLA T oDT—2BE % LRD
5, CPU / GPU ® FPGA ~OMENMEWA Y F T 54
DA 78— REHRZARIZT D L WISBREEBR L. Z
Ot %FEHT 5729512 OpenCL & Verilog HDL DiEE
Tnr g Iy eV EERDO GPU-FPGA 7 — X
ERBEL, WMHZMHFICEES T2 8. ZORHE, toy
program &AW ERE D, #RBEFIEN GPU & FPGA
MT0.6[usDLSLTVYy, &K 6.9 [GB/s] 2L,
REFEDVEMERRZ GPU-FPGA WiliEEDEFIZHRT
HBILERLTWVWS. Thi ARGOT iE& ART T
Hd5.
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CUDA T — F(ARGOT) OpenCL 31— F(ART)

mpicc $(CFLAGS) $(CPPFLAGS)
-c $*.c -0 $*.0 [link-config]
[compile-config]

o7 T7ANEY Y
mpicc $(CFLAGS) -0 .07 7 A JL
$(CLIBS) $(HPIX) -Im

ET7 7ML

nvee $(NVCCFLAGS) $(CPPFLAGS)
-c$*.cu-0$*.0

8 VXA T7HE—

R 1 AWHEOETERE

CPU Intel(R) Xeon(R) CPU E5-2660 v4 x2
GPU NVIDIA P100 x2 (PCle Gen3 x16)
FPGA BittWare A10PL4 (PCIe Gen3 x8)
oS CentOS 7.3
Host compiler gece 4.8.5 , openmpi 2.1.3
GPU compiler CUDA 9.2.148

FPGA compiler | quartus 17.1.2.304 , aocl 17.1.2

m— PCle
= QP

/—Fo

Tow )

PCle Switch

o]

B9 /—RKOWHK

5. RRIRIE

4al, GPU - FPGA #HAHBENERIZ X 2 Ak I 2
L—Y3ra—K ARGOT OFE#% L, E7T51H7z-
T KRY GHERI MY X — (CCS ) ATAELTW
% PPX (Pre-PACS version X) Z {3 5. FEREEEIZD
WTIERLIZRT. /= PR ZER 9IRS, AiFETH
Wiz — RO THENT VDA TH S, 5
BET IV r—va vy @K Ial—yarya—F§
ARGOT ~DEETH Y, 1CPU - 1GPU - IFPGA % X4
LLTWBED T L — D IHEH L 2.

6. ERRKR

ARGOT 7027 LD ART k%R L TW5 GPU 71—
V% OpenCL D FPGA 32— FIZ#ELER 5, BRH
W2k, SANTO IO ITEEHRZ B,

o GPU A= VOIFOH L -> FPGA 7 — 3 )V DIF

HL
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e CPU-GPU IO 7 — X D55 -> CPU-FPGA D
T — R DEZE

e OpenCL O#IAL ( OpenCL Z {5 & EITHi 7218
)

U U, BFE. FPGA 51— %IV OIEH U 135
THY., FHEBIIE s EORE M2 175, 2L T,
B ICITRBE KT GRS v &2 — (CCS ) THA
LTWBA—N—2 ¥ a—24& Cygnus (ZFBHE U T Ef&aT
Mizf75> FPETHD, £z, BUERAA MBI L ET
GPU-FPGA DT — X &M% 75> TV B A, EfkdHili©
& GPU-FPGA D7 — 2 1% DMA #53% (25 4 =2 W
YiIcHIhExBZ T, MiEom L2 5,

7. FED

GPU-FPGA 3 £ 72FEERTTHSL. 2D, FE
KTERGEDOTFIINT HEZ 2 IRITRT.

CPU BRI DHE L CPU - GPU E7 D& 4 DM
EDORNEEZOGNDDIE, UMTDOEEDTHS. CPUH
WETOBE L DD GPU AL 728560 S5 Eik M
MKRIEIZEW. GPU 2 U286, NI NFHER
AA VORMAZ@ET BHMOBUTIHIT S, £/, N,
PINZWEEIE, 2/KD Wallclock time D% < DEH|E %@
BA ==~y FREHTWVWE. N, ZBHTEAT—Y
YUE, BHEIA MK DD N, ADEEERN. D
7=%, CPU - GPU MD@EA —/N—~v FiZ+57280
AvyaZ)y FIZHUTRE#MT IR TE, Ny(Ay
YA VY R) /) Npode AT 258 — FE) RAREV
FEWMFINRARL D16 TH D [9).

LA L, GPU X HPC TidiEd — Ml INE 7 2
I V—RTHBEH, GEIZI>TIIMEREDOR MLV R Y &
B EHB. FO—FT, BIEKEFHVFRIRDZ FPGA
ERAT AN ATETWS. UL, 77—V s
VBREDRT SV =2 a v 73 X LAFHIZ FPGA
OMBEE2EETLZILRIBEB TR, ZDD,
JEAED FPGA DFIFRIRE DS IZ L Y, OpenCL i
MAwWwrzmfi & (HLS) BRBREN/E XL TETWS. £
Z T, OpenCL ZH\WT FPGA ET® Authentic Radia-
tion Transfer (ART) kD H#L 21T > 72 [4]. T DFEHE,
OpenMP % i U7- CPU 52k & LR L T 6.9 f5 w7t
BEZER U 72, BED FPGA % {#H L5k X 7= 558
%, GPU LW b mWiEg2ZEXR T HEX 6N, 20D
Z2 &Y, GPU - FPGA ORI ENFEHT 5L, ART
EOFHEKREHEIX ARGOT Q2RO G R D 90% 2L | %
HOTWB728®, CPU - GPUET &b EHbTE S L
FHIN5.

FENTER LT, GPU - FPCGA it E2EHTE 3
&, CPU - GPU Ef7D & EDMEREIZEER, X b &WiEsE
EHTILDNTELLEITVS,
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BEE AWFEIE, SGHRIEE DA RISt (&
MEREIN G AR S R A M) R LR A
BRA—N—a v a—XDOMFEO—BRE UL TEMLE
DTH5.
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