oneAPIC LK BGPU+FPGARIILFATOERIE
OV 0E&E7P TV —yaVEfT

N 2Rt

FRKRF - STERIZHAR VY —

| —

(REROHBMRSE : BEFEKX, IWWERF, BREHRX)

. (g
(S‘,‘ @>>
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HPCICH(FD 77O tS L —% : GPUNLESE

= GPUZZ(FTLILVD?
- N NSTEROBZ < OP FUT—Y 3V TEY
» BRI)L—T, 1BIALSIMDEIT TREIER
« SIMD (STMD)? —¥ 74 F ¥ [C & 2 A BB L5

« =/ RIEDOHBM (HBM2, 2¢,3) &/N\BEEHAERZO—NILXE
D ([C K BHPCEHE

= GPUE(FTDIIB(C KBRS NVIDIA Tesla H100
« (BPABNIC) AHIMEHLRF+2RIEE Tensor Core GPU

. (from NVIDIA web page)
« WIBHAEETRWNGS (REDIR)

« REHVNS K/ — FEBENSERT 2156 (CPURE], kernel

switch)

(S %‘%’%
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FPGADHPC[A (T F

WTEDI\1 LY RFPGA

» EQOBKTP U -3V E/\—ROD codesigning

J0O00 S5 VJRIE ¢ OpenCL, C++, etc.

SMHRED A VY — X2 ~:100Gb x N

FMAOBEIY ~O—)LHOJEE
(LbERfy) 1K

SRR

7055 EY T «:0penCLIEZATS, MEEARRE

s GPUK D{EULVIZZEFLOPS

« XEUFTO 0V, )NV RE: GPUK D 1HEHTREEL)

3

2022/04/15 PCCC-0SS-Programming7—%3 3y

BittWare 520N with Intel Stratix10 FPGA
equipped with 4x 100Gbps optical
interconnection interfaces

Center for Computational Sciences, Univ. of Tsukuba



HPCY U1 —3 3¢ UTDOGPUEFPGAD XTI BBEYIEES

device

parallelization

SIMD (x multi-group) pipeline (x multi-group)

standard FLOPS oo (1000x cores) @ (~100x pipeline)

conditional branch

® (warp divergence) o (both direction)

®
(-
E-
w
=
N
&

memory (a-) (DDR)—)@ (HBM2)
interconnect ® (via host facility)
programming < (CUDA, OpenACC, OpenMP) = (HDL)— 2 (HLS)
self-controllability @ (autonomic)

&y o~
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CHARM: Cooperative Heterogeneous Acceleration with
Reconfigurable Multi-devices

multi-physics/muIti-scale Basic cluster with GPUAs (by InfiniBand)

complicated problem ( \

invoke GPU/FPGA kernsls

data transfer via PCle
invoked from FPGA)

FPGA
______ comp.
o [ = — N —
Application oriented Com;
Structural T~ .I - _FEGﬁ-F_F:Gi cim_r_nu_rlicitic_)_ g

100Gbps direct optical link

Cooperative computing with GPU and FPGA FPGA Network

5 2022/04/15 PCCC-0SS-Programming7 —%3v7 Center for Computational Sciences, Univ. of Tsukuba



Cygnus: world first multi-hybrid cluster with GPU+FPGA

=
—<|
=)
=
=

Cygnus supercomputer at Center for Computational Sciences, Univ. of Tsukuba (Apr. 2019~)
85 nodes in total including 32 “Albireo” nodes with GPU+FPGA (other “Deneb” nodes have GPU only)

6 2022/04/15  PCCC-OSS-Programming7 —433v7 Center for Computational Sciences, Univ. of Tsukuba



Single node configuration (Albireo)

SINGLE Network switch Network switch
NODE (100Gbps x2) (100Gbps x2)
(with FPGA)

 Each node is equipped with
both IB EDR and FPGA-direct
network

« Some nodes are equipped
WIth bOth FPGAS and GPUS! PCle network (switch) PCle network (switch)
and other nodes are with
GPUs only

Inter-FPGA Inter-FPGA
direct network direct network
(100Gbps x4) (100Gbps x4)

7 2022/04/15  PCCC-OSS-Programming7 —433v7 Center for Computational Sciences, Univ. of Tsukuba



Two types of interconnection network \K

CYGIVIS
Inter-FPGA direct network InfiniBand HDR100/200 network for parallel processing
(only for Albireo nodes) communication and shared file system access from all nodes

IB HDR100/200 Network (100Gbps x4/node)

FPGA FPGA

! i ! = Inter-FPGA torus network
Deneb nodes Albireo nodes

64 of FPGAs on Albireo nodes (2FPGAS/node) For all computation nodes (Albireo and Deneb) are connected by full-bisection
are connected by 8x8 2D torus network Fat Tree network with 4 channels of InfiniBand HDR100 (combined to HDR200
without switch switch) for parallel processing communication such as MPI, and also used to

access to Lustre shared file system.

8 2022/04/15  PCCC-OSS-Programming7 —433v7 Center for Computational Sciences, Univ. of Tsukuba



IB HDR100 x4
= HDR200 x2

s 7_1

100Gbps x4
FPGA optical
hetwork x2

. . "

IB HDR200

switch (for
full-bisection
Fat-Tree)

1.2Tbps/node

Albireo node O M%

9 2022/04/15 PCCC-0SS-Programming™ —43 a3y Center for Computational Sciences, Univ. of Tsukuba




CHARMZO4S I v502o07 F0—F

= OpenACCODMH[C K Bk
= NVIDIA GPU compiler (PGI/NVIDIA) + FPGA research compiler (OpenARC@ORNL) Z{£ S
= OpenACC single code(CXt U, #ihaRdirectivelC K D CGPUA 70— K~ EFPGAA 70— <Ef%Z 21— HVEAEE.
D—RZEDEHUTE/INYOIYRIOVINAS(CKRIFS
s J—RZBFTUTHEET D XY IV )8A S : MHOAT (Multi-Hetero OpenACC Translater) =& A + ORNL -
IBEfR-CCS CH[EIFF *1

= FAFELTIOVINTILITTE ISR A2
o 1E5E0)GPU}5|§ZI K. FPFGARRD—RZZDXXEESWICHIA
GPU: CUDA (ZF7=(30penAcCC) with NVIDIA compiler
» FPGA: OpenCL with Intel SDK

s RRAKI—K, CUDAD—RK, OpenCLO— RAREUE®BU &S EHAEL
= J—REEEFBMAULDODDEBULORWADO—FT 1« VI8 h L7z L)
= Intel oneAPIZFIA T NIFTTBE/ENGPUEFPGADTTM A ZE(FE S 1=EFP YU — 3 VEIAE LY

*1: Ryuta Tsunashima, et.al., “OpenACC unified programming environment for GPU and FPGA multi-hybrid acceleration”, HLPP2020

12 2022/04/15  PCCC-OSS-Programming™ —%7 23y 7 Center for Computational Sciences, Univ. of Tsukuba
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GPU - FPGARR 7O4 S5 A% ED & S lcBkd 3 h

s INEXTOTATZIVITETIL
— CUDA + OpenCLE&E 7A=Y

—CUDA (GPUHR) &OpenCL (FPGAR) TRdiEnfc220 707 3 LznEaY

NI VT >EIZDAPIZEWR T2 ENH S

r

CUDA API
&

OpenCL API
main (on CPU) %

1

— CUDA —— — OpenCL —
int main() { int main() { Compile and Link
} } I I
kerrlc.al{ kernel { CUDA
} kernel
J (on GPU)

J

kernel
(on FPGA)

| OpenCL J

s I—FORBLZRLK I 57cHoneAPIZFHIAHL TCHARMZXET 5

— GPUEFPGAZ i —R G A — LA THIEHTE S

*1: Ryohei Kobayashi et al. “Accelerating Radiative Transfer Simulation with GPU-FPGA Cooperative Computation”, ASAP2020

2022/04/15 PCCC-0SS-Programming7 —433v 7

Center for Computational Sciences, Univ. of Tsukuba



one AP E

moneAPI&Ed. 1T ILICED
RBIESNWHKEeETO 23>0
T

- BREEGRS 7 —FT 7 FvHE

compiler

CPU
CHITBEREERL - Bt
—g_%) Z‘ t Intel
=oneAPI& D, FARSEE Data snc code _ el ot | GPU

Pallalell C++ (DPC++) H'ig
Hft=hTtwnzs

— % AN :\: T 7 F 17 F'Eﬁ —Cﬁ'%}tb— pg;%asfrg contained in the Intel oneAPI toolkit
wmEmsEE

14 2022/04/15 PCCC-0SS-Programming7 —433v 7
Center for Computational Sciences, Univ. of Tsukuba



oneAPlic & 2CHARM= %

s DPC++TO AT S I VI HHEE
chTWb
—(a) 7 7O0—F
— %8 . BEFOGPUYFPGAD O—K

. CUDAYOpenCL%E, fhDE
B CEMNMTNS

—DPC++Ilc £ BBFEEIFI—H—IC
E->TCal
s ONeAPIIMMDEETEINTI-T
YV a1—)LbERTEE
~(b)7 7O—F
— 11— RNOBHAEDAIEE

2022/04/15

15

DPC++

main.cpp

@
gpu_func.
cpp

Q
fpga_func.

cpp

@ Compile and Link

main (on CPU)

-

.

gpu_func
(on GPU)

fpg
(on

a_func
FPGA)

(a) All source files are written

PCCC-0SS-Programming7 —#4>3v 7

in DPC++

DPC++ CUDA OpenCL
D (@ D) @ )
. gpu_func. fpga_func.
I main.cpp FJ cu J ol
@ Compile and Link
main (on CPU)
gpu_func fpga_func
(on GPU) (on FPGA)

(b) CUDA and OpenCL programs ar

&=

e called from DPC++

Center for Computational Sciences, Univ. of Tsukuba



oneAPl DPC++ Compiler

20neAP|I DPC++ AV /NA ZICIF2DDY 1 THh 3.
—Intel oneAPI Base Toolkit ICfT)8 9 2 ATER
— A=Y —=—AEULTRHEETNTWSBOSSHR

NVIDIA #7R— bk (XOSShR D
S>EKMAR TIXOSShRZHAHT %

sOSSHRAV /N ZT1%2F|BHU THEELRIYMETOT S LD, LT
DERETEET 3 2 & £ HED
—NVIDIA GPU (V100), Intel FPGA (Stratix10)

*1.: https://github.com/intel/llvm

S K
16 2022/04/15 PCCC-0OSS-Programming7 —%>3v7
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oneAPIlic £ 4CHARM 3

CUDA + OpenCL Z 34 [cEEik - &5

| // Call the CUDA kernel
: gpu_kernel<<<grid, block>>>(...);
: cudaMemcpy(...);

e .

B0l

iclEnqueueWriteBuffer(...); OpenCL API *
cISetKernelArg(...);
: // Call the OpenCL kernel

§cIEnqueueTask(..., fpga_kernel,...);
:clEnqueueReadBuffer(...);

oneAPIHN S5 CUDA+OpenCL h—XILEBRUHT

B

"""""
.

_ gpu_queue.submit([&](handler& h) {

h.interop_task([=](interop_handler ih) {
// Call the CUDA kernel
gpu_kernel<<<grid, block>>>(...);

»;

%, gpu_queue.memcpy(...);

.......
o .

fpga_queue.memcepy(...);
fpga_queue.submit([&](sycl::handler &h) {

W

// Call the OpenCL kernel
h.set_args(...);
h.single_task(fpga_kernel);

fpga_queue.memcpy(...);

oneAPIZES Z & T, H—RIAPHC &K D GPU & FPGADHIEIAY A BE

2022/04/15 PCCC-0SS-Programming7 —433v 7

#f#0 : Ryuta Kashino, et.al., “Multi-hetero Acceleration by GPU and FPGA for Astrophysics Simulation on Intel
oneAPI Environment”, HPC Asia 2022

Center for Computational Sciences, Univ. of Tsukuba



& —4w ~hJ—R: ARGOT

s ARGOT (Accelerated Radiative
transfer on Grids using Oct-Tree)
—HFEICRITE2REFEKRZY I 2L —
>3V

PaniN = A5 T N — Radiation from spot
R RKZSAERFWAR Y —ICE D AR light source (ARGOT

method)

— 2DDERETENS KRS ;%%

ARGOTE
- BB
- GPUNBE L ¥ 551
ARTE
- ERICHBL LR DA
- GPUATBEE T 35 E
- FPGAIC & 2 Ba(L & TS

2022/04/15 PCCC-0OSS-Programming”7 —%3v7

18

Radiation from

spatially distributed

light source (ART
method)

Center for Computational Sciences, Univ. of Tsukuba



Two computation elements in ARGOT code: ARGOT method and ART method

 ARGOT method: Point Source processing
* ART method (Authentic Radiation Transfer): Diffused Photon processing

Diffuse Photon

Point Source

19 2022/04/15 PCCC-0SS-Programming™7—433v7



Two computation elements in ARGOT code: ARGOT method and ART method

 ARGOT method: Point Source processing
* ART method (Authentic Radiation Transfer): Diffused Photon processing

— ARGOT (Accelerated Radiative transfer on Grids using Oct-Tree) code —

ART scheme

for RT from matters
spatially spreading out

Diffuse Photon
FPGA acceleration

ARGOT scheme

for radiative transfer (RT)
from point source

Point Source
GPU acceleration

20 2022/04/15 PCCC-0SS-Programming7—433v7



ARGOT: (CUDAIC & 3 %)

s ARGOTEIF R RDEEN X Z ETE (/’;:;4’__/_, Cargat mesh ri
\DREFAVTIRTRBCAET 2R [\ | F T oy
IR AERT ///\
—EEBEIC 5B ANBEDEAE B— DR E & naRDalER
e 3 " // | \\
sTE=: O(N*2) — O(NlogN) 7 o \
s BENERICE TS Tree-Code [CBlfcF v \
= / \
—~GPUEEIBLTWS " (/)%i;\
\
\ 1%/
 —

- =530 1
< G
21 2022/04/15 PCCC-0SS-Programming”7 —%3 3y 7 @ @

Center for Computational Sciences, Univ. of Tsukuba



ART;%(OpenCLIc & 2 E%&)

= ARTEIZZ=ERICED B IR S DigiiE %z 5TE %Fg;%gjiggg‘ié
— RIREZERI DM S L+ AT IC B °
« ARTEHGPUIC R = AsteE AN
— LA DETFABICE > TAY Y aT—FDAEY Z I LIS /// / / / / /
5 — 2V HZE4L
SV LTI ERGEWT 7RI — e )
— AtomicEELNE / / [ / /
- SHEHICEFN S EEED TS / / // |/ / /
= FPGA% AL\ T3t [V VYV
—FPGA®Don-chip X EY %5
—— A ZDAY ~ VIR (KB N E NN iNinan

= GPUD KFESIMDMABRER TE 2L
#¥#f : Norihisa Fuijita, et.al., “Accelerating Space Radiative Transfer on FPGA using OpenCL’, HEART2018

Center for Computational Sciences, Univ. of Tsukuba

22
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| DPC++#'5CUDA/OpenCLA—% L% £ D & 5 ICHUH T

Example: CUDAA—RIJLDFEULH L

sycl::gpu_selector gpu_selector;
sycl::queue queue(gpu_selector);

dev_mem= malloc_device<>(..., sycl_queue);

TINA 2 DER

queue.submit([&](handler& h) {
h.memcpy(dev_mem, hmem, ...);

)

A |
5 — 5 Rk
)

rqueue.submit([&](handler& h) {
h.interop_task([=](interop_handler ih) {
// Call the CUDA kernel

)

cuda_kernel<<<grid, block>>>(dev_mem,...);

L});

H—RILET |

2022/04/15

23

PCCC-0SS-Programming7 —#4>3v 7

Example: OpenCLA—RJJLDFEUHL

clGetDevicelDs(...,&deyv,...)

ocl_ctx = clCreateContext(...,&deVv,...);

prg = clCreateProgramWithBinary(ocl_ctx, ...);
ocl_kernel = clCreateKernel(prg, ...);

ocl_queue = clCreateCommandQueue(ocl_ctx, dev,...);

sycl::context sycl_ctx(ocl_ctx);
sycl::kernel sycl_kernle(ocl_kernel, sycl_ctx);
sycl::queue queue(ocl_queue, sycl_ctx);

dev_mem= malloc_device<>(..., sycl_queue);
queue.submit([&](sycl::handler &h) {
h.memcpy(dev_mem, hmem, ...);

»;

queue.submit([&](sycl::handler &h) {
// Call the OpenCL kernel
h.set_args(dev_mem,...);
h.single_task(sycl_kernel);

»;

S

Center for Computational Sciences, Univ. of Tsukuba
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DPC++M5CUDA/OpenCLA—XIL%ZE ED K S ICHEUVH

24

Example: CUDAA—RJLDFEUHL

sycl::gpu_selector gpu_selector;
sycl::queue queue(gpu_selector);

dev_mem= malloc_device<>(..., sycl_queue);

queue.submit([&](handler& h) {
h.memcpy(dev_mem, hmem, ...);

)

queue.submit([&](handler& h) {
h.interop_task([=](interop_handler ih) {
// Call the CUDA kernel
cuda_kernel<<<grid, block>>>(dev_mem,...);
D
D

2022/04/15

09 h

Example: OpenCLA—RJLDFEULHL

IGetDevicelDs(...,&dev,...)
cl_ctx = clCreateContext(...,&deyv,...);

OpenCLA 7
V1T NDER

prg = clCreateProgramWithBinary(ocl_ctx, ...);
cl_kernel = clCreateKernel(prg, ...);

cl_queue = clCreateCommandQueue(ocl_ctx, dev,...); J

sycl::kernel sycl_kernle(ocl_kernel, sycl_ctx);

sycl::context sycl_ctx(ocl_ctx);
sycl::queue queue(ocl=queue, sycl=ctx);

DPC+++4 7
V1T MK

dev_mem= malloc_device<>(...
ueue.submit([&](sycl::handler &h) {
h.memcpy(dev_mem, hmem, ...);

queue.submit([&](sycl::handler &h) {
// Call the OpenCL kernel

h.single_task(sycl_kernel);

h.set_args(dev_mem,...); H—XIJLET

D;

)

PCCC-0SS-Programming™”7 —%3av7



s ARGOT#IZCUDATEZ
—DPC++Hh5CUDAZIEVH T
= “oneAPI for CUDA” %= ¥l B

— Codeplaylc & D FHEH
OSSHRDPC++3 /X1 S TDHFI AR

~ XEBUEREPA—XILETIFERDED

25 2022/04/15 PCCC-0SS-Programming7 —433v 7

oneAPIlIic & 2 ARGOT%:(CUDA kernel)

DPC++ code on CPU

____________________________________________________________________________________________

cuda_memlidev].segment_dev = sycl::malloc_device<struct
' ray_segment>(nseg_to_dev[idev], sycl_gpu->strm_queue[idev]);

! sycl_gpu->strm_queue[idev].submit([&](sycl::handler& h) {
h.memcpy(cuda_meml[idev].segment_deyv, seg+offset_seg[idev],
sizeof(struct ray_segment)*nseg_to_dev[idev]);
1; !
sycl_gpu->strm_queue[idev].wait(); memcpy (CPU -> GPU)

while(nseg_waiting > 0) {

dim3 nthrd(nthread, 1, 1);
dim3 nblck(nblock, 1, 1);

sycl_gpu->strm_queue[idev].submit([&](sycl::handler& h) {
h.interop_task([=](sycl::interop_handler ih) {
// Call the CUDA kernel directly from SYCL
calc_optical_depth_kernel<<<nblck, nthrd, 0>>>
(cuda_meml[idev].mesh_dev, cuda_mem{[idev].segment_deyv,
cuda_memlidev].this_run_dey, offset);
1;
1;

sycl_gpu->strm_queuelidev].wait(); CUDA kernel launched

Center for Computational Sciences, Univ. of Tsukuba



oneAPIlic & 5 ARTE(OpenCL kernel)

= ART%A(E0penCLTEZ
— OpenCLEZEDEH

// Construct SYCL version of the context
sycl::context sycl_context(ocl_context);

// Construct SYCL version of the kernel

FPGA sycl::kernel sycl_mesh_rw_kernel(ocl_mesh_rw_kernel, sycl_context);
<§( OpenCL kernels sycl::kernel sycl_pe_kernel_O(ocl_pe_kernels[0], sycl_context);
o sycl::kernel sycl_pe_kernel_1(ocl_pe_kernels[1], sycl_context);
m Mesh ™ | , g .
gl | LV eader sycl::kernel sycl_pe_kernel_7(ocl_pe_kernels[7], sycl_context);
o
g / & z
E \',\V/'r?tsehr y // Construct SYCL version of the queue
g\[ j,,,\\ ? D, « sycl::queue sycl_mesh_rw_queue(ocl_mesh_rw_queue, sycl_context);

sycl::queue sycl_pe_queue_0(ocl_pe_queues[0], sycl_context);
sycl::queue sycl_pe_queue_1(ocl_pe_queues[1], sycl_context);

| - [= v1F—somEonn |
||:> XYY 1F— 5 DHEHAH ‘ N  EIRREOBERL ‘

m OpenCLA TV 7 K%ZDPC++A T ¥ x
JMNCEHLTWS

sycl::queue sycl_pe_queue_7(ocl_pe_queues[7], sycl_context); J

26 2022/04/15 PCCC-0SS-Programming7 —433v 7
Center for Computational Sciences, Univ. of Tsukuba



s ZHAUEDPCH+A TV 7 MTHUL T
FPIT 4 RN—NRIEZITS
—QueuelCH U TH—FRILETZITo>TWS
—ERICQueuellxT U TXE Y ErixZ 7> TL)
)

27 2022/04/15 PCCC-0SS-Programming7 —433v 7

oneAPIlic & 2 ARTE(OpenCL kernel)

// OpenCL kernel launched

/// mesh reader & writer

sycl_mesh_rw_queue.submit([&](sycl::handler &h) { \
h.set_args(d_rmesh);
h.single_task(sycl_mesh_reader_kernel);

N

/// ray tracing (rt) processing elements

/// rt_x0_y0_z0

sycl_pe_queue_0.submit([&](sycl::handler &h) {
h.set_args(...);
h.single_task(sycl_pe_kernel_0);

N;

///rt_x1_y1 z1

sycl_pe_queue_7.submit([&](sycl::handler &h) {
h.set_args(...);
h.single_task(sycl_pe_kernel_7);

\_ ) /

// memcpy (FPGA -> CPU)
sycl_mesh_rw_queue.submit([&](sycl::handler &h) {
h.memcpy(h_rmesh, d_rmesh, ....);
1;

sycl_mesh_rw_queue.wait();

_____________________________________________________

Center for Computational Sciences, Univ. of Tsukuba



RERBRI

= PPX (Pre PACS version X)

— . SBES ) N Hardware specifications
GPU F!DGA/J:b%jZ / I\ 7& :E) - CPU IrI:tel Xeon® Gold 6242 x 2
ANTOYZF7 A ETE GPU NVIDIA Tesla V100
N =1 st - PCle Gen3 x16 card version
—FRAREAENA MR Y — FPGA ( Intel FPGA PAC D5005 :
(l: J: D E}Eﬁ é ;hz—( LY % (Intel Stratix 10 SX)
- N - N Software specifications
CPUO CPUT Host OS CentOS 7.9
| Linux Kernel Version 3.10.0-1160.15.2.el7.x86_64
PCle Switch PCle Switch Compiler oneAPI data parallel C++
compiler [7] (commitID: 6e9ddb6)
I I MPI Open MPI 4.0.3
CUDA 10.2.89

Accelerator Platforms
[ GPU } [ FPGA ]

Intel FPGA SDK for OpenCL
2021.2.0 Build 268.1 Pro edition

29 2022/04/15 PCCC-0SS-Programming7—4 3y
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GPU-only vs GPU-FPGA #58:1tE (ARGOTE1{A)

Mesh size: 163 Mesh size: 323
25 ARGOT — » ARGOT
" ART
g z 2 g » Others
@ g ®
- .
= §1s 17.4x speed-up 3
o O
o Ei @ 10.2x speed-up
ol os ®
= =
0 _ I
ARGOT(CPU) MOOT(W) MOO'NGPU) MGOT(OPU) ARGOT(CPV) ARGOT(GPU) ARGOT(GPU) ARGOT(GPU)
ART(CPU) ART(GPU) ART(FPGA) ART(FPGA) ART(CPU) ART(GPU) ART(FPGA) ART(FPGA)
wo/ DMA w/ DMA wo/ DMA w/ DMA
80 800
I Mesh size: 643, B Mesh size: 1283
» ART » ART
g =eo i g =eoo o
S B o 5 0
(7,' §40 a' §400
30
7 L 2 O
. pua 200
& [ <8‘4x speed-up iy 1.32x speed-up
o - — — ) — I
ARGOT(CPU) ARGOT(GPU) ARGOT(GPU) ARGOT(GPU) ARGOT(CPU) ARGOT(GPY) ARGOT(GPU) ARGOT(GPU)
ART(CPU) ART(GPU) ART(FPGA) ART(FPGA) ART(CPU) ART(GPU) ART(FPGA) ART(FPGA)
wo/ DMA w/ DMA wo/ DMA w/ DMA

R. Kobayashi, et. al., “Accelerating Radiative Transfer Simulation with GPU-FPGA Cooperative Computation”, ASAP2020, Jul. 2020.
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f B ST

= BB X328
m Others
-7 NJLAFE D EIRE

= GPU:CUDA+FPGA:OpenCL
—GPUD HDIFZHE & LERTI10xDMEREM L

9
GPUIC & 2= ED R RN 8 — = ARGOT
7 ART
o ART % 6 m Others
— ART;‘f@fI;U%f{%éiCPU EFEEDMERE @ Es
~FPGAIC & h &% SIEp SEATESRAIS
o EE f— 1.5%1= 1+
2
1
0

NN NN N N NN BN NN NN BN BN NN BN BN NN BN BN BN B NN BN S NN B B S

ARGOT(GPU)

= oneAPI| vs CUDA+QOpenCL
ART(GPU)  ART(FPGA) / CUDA] ART(FPGA) /
+ OpenCL I cuDA + OpencCL

—oneAPIKRDEITHRFEAY1.5%E 10
—OoNeAPILIEED A — /XNy RIFFEHETED N e S ver oneAP

P
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ARGOT%8 & CARTED IERHEEFT

= EARGOTEEARTEIF2TEEE
DYIERREIIZLICEHTEL, &

BICHERZELEDETWS 0.7 -
u %Queuetatilflﬁ,ﬁﬂ LC;’E’T?E_[JE\E 0.6 mARGOT
—OpenMPZFFE UL T, &Queue 0.5 ART

ICactionZz FERIEFICIZ A
—Queuelc A = fcactionldIE
FEHEIEITEINS
s ARTEDETEREIE ARGOTE
DEITEHEICEKRE NS
— K& L T1.38xDEHL

e
>

Execution time [s]
o
w

o
N

«Jeneq SI JoMoT
o
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