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multi-physics/multi-scale

complicated problem CHARMO Y7 ~OHEX
Bl : DR OB ((E2 RIS EREETE)

| invoke GPU/FPGA kernels ; ;
CPU Accelerator

"Node PCle switch 1

(GPU)
FPGA data movement via PCle Node |i1smns Node
Computation Communicatiol (kicked from FPGA)
Logic ¢ Logic | J

High-speed
interconnect

| -
| Application oriented FPGA-FPGA comm.
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ARGOT code with CHARM

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

ARGOT method

for radiative transfer (RT)
from point source

Point Source
GPU acceleration

ART method

for RT from matters
spatially spreading out

>

V

Diffuse Photon
FPGA acceleration
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®CUDA & OpenCL MIEBTOTSIVT | o
> GPUTENMET DETEH—XRILZCUDATES M “GPJU“-_FPGAEE%/DE\— RIeB BT O BEIE
- FPGATHEIEY B35t 8N —R/LEOpenCLTE2k 707 ATAISHS 345, HPC168
® LXK T 7o* T CUDA & OpenCL FHEWVNCIYIYNIILIVYUD
R =9, UVDOTEBZIENDHDO>TLS

CUDA 1 — OpenCL —

i i int main() { Compile and Link
int r.T.1.a|n() { P main (on CPU)
} } =) | R
kernel { | | |

kernel { CUDA OpenCL
} kernel kernel

} | (on GPU) (on FPGA)
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Ex’bgrnal memory (DRAM)

ARTEDEE I 7 (2CODI7(FO0y V88U TRKGWIBIC/KA TS 1 VEaks )

OpenCL kernels

esh
reader

&
Mesh

< writer

FPGA 7 H1=0 163 Xy Y 1 &18IT ZREBRAMERD (K1¢lkF 1 2L TP &£ 21)

=

Comp. engine ‘
for ART method

LSS ()1 TS A VikFl)

HXOZERALIMEZEARL T
ART ZDOE3EREZER KL

B

0

—

\& —— Comm. path of ray data (Intel ChannelZ{£F)

=

load mesh data into comp. engine

(=

store comp. result (mesh data) in DRAM
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#pragma OPENCL EXTENSION cl_intel_channels : enable

Intel Channel
=}

channel rt_ch[6] [NPE_X] [NPE_Y] [NPE_Z];

// PE DMREI B A v a1ZH
#define PE_MESH_SIZE (16 * 16 x 16)

// 1 DOFEI 1 AH /1
#define PE_INPUT_X_POS
#define PE_INPUT_X_NEG
#define PE_INPUT_Y_POS
#define PE_INPUT_Y_NEG
#define PE_INPUT_Z_POS
#define PE_INPUT_Z_NEG
#define PE_OUTPUT_X_POS
#define PE_OUTPUT_X_NEG
#define PE_OUTPUT_Y_POS
#define PE_OUTPUT_Y_NEG
#define PE_OUTPUT_Z_POS
#define PE_OUTPUT_Z_NEG

HBDT, 12$®?V*»#~%
rt_ch[1][1][o] [0]
rt_ch[e]l[1][e] [0]
rt_ch[3][0][1][0]
rt_ch[2][e][1][e]
rt_ch([5]1[@] [0] [1]
rt_ch[4][e] [0][1]

rt_ch([e][e] [o] [0]
rt_ch([1][@] [o] [0]
rt_ch[2][@] [o] [0]
rt_ch[3][0] [0] [@]
rt_ch[4][0] [o] [0]
rt_ch[5]1[0] [0] [0] us

__kernel void PE_x0_y0_z0(...) ] j?ﬁj\GDOpenCLb—*)bﬁaiﬁ

// AV aZBEDOT—4 (KFHWEHE source function) Z#&#N9 BECFIC Block RAM %
__local struct radiation_mesh rmesh[PE_MESH_SIZE]; )( 9%1‘

J~_1c:%%tﬁ¥zzzf
- 77!:1’(“/\73‘be3<

—\\

w17 —

/] XY YAICBITBIHENEM Xva®d source function &W# JO X:EU d

set_radiation_mesh(rmesh);

V—F VI XEYDOHHEAL

// 768 x N*2 OLTDOLAICHLTLAI ML= 2T %ET (N =
bool exit = false;

16)

while ('exit) {
oot xnes; ARTSEDERE I —
“ree, (TOBWADIA TS A VHWE LTEEEN D)

bool y_neg;
bool y_pos;
bool z_neg;
bool z_pos;

INPUT_C
INPUT_C
INPUT_C
INPUT_C
INPUT_C
INPUT_C

if

else
else
else
else
else

aly;
aly
ali
by
alyf

bool x

N

alye

else
else
else
else
else

alyi
aly;
ali;
kg
ali

bool x_|

// LA DAAHE

OND(x_neg) ;
OND (x_pos) ;
OND(y_neg) ;
OND(y_pos) ;
OND(z_neg);
OND(z_pos);

ray
ray
ray
ray
ray
ray

neg_out;

_pos_out;
bool y_|
bool y_|
bool z_|
bool z_|

neg_out;
pos_out;
neg_out;
pos_out;

// LA DOHAHE
OUTPUT_COND (x_neg_out) ;

(x,y,2)=(0, 0, 0)
(CIET S PE OHHUI—

iz 17

// BSE PE BSANDHZBAE. LIT—9ERETS
= read_channel_intel(PE_INPUT_X_NEG);

read_channel_intel(PE_INPUT_X_POS);
read_channel_intel(PE_INPUT_Y_NEG);
read_channel_intel(PE_INPUT_Y_POS);
(
(

I

read_channel_intel(PE_INPUT_Z_NEG);
read_channel_intel(PE_INPUT_Z_POS);

// ART FEDRBEHA—RILERT (BHBEDOHE)

calc_intensity(&ray, rmesh) ;} $E%ﬂ'§§}§®

HhsLAT—

Y HEBDHHIE

—\\

9@211:
’5’75 RKDIGE

—

(T—

58

(ARTET—E KSR EZ3)

COND (x_pos_out

s
)%
“COND (y_neg_out) ; P
F — EEPUT_COND (y_pos_out) ; B&‘ij:
)s
)

- —— §5PPUT_COND (z_neg_out
OUTPUT_COND (z_pos_out

// LA DROEERZHBEREE

(x_neg_out)
(x_pos_out)
(y_neg_out)
(y_pos_out)
(z_neg_out)
(z_pos_out)

// L1KL— //7@%7%&
CHECK_TERMINATION(exit)

Pl LA —

PE DRFIZIXY V1 EBHTHIHBE. L1T =
write_channel_intel(PE_OUTPUT_X_NEG,
write_channel_intel(PE_OUTPUT_X_POS,
write_channel_intel(PE_OUTPUT_Y_NEG,
write_channel_intel(PE_OUTPUT_Y_POS,
write_channel_intel(PE_OUTPUT_Z_NEG,
write_channel_intel(PE_OUTPUT_Z_POS,

} AR THIE

M7 DHIE

(S SEERS)

ray);
ray);
ray);
ray);
ray);
ray);

—\\

ﬁ%
(F— 1T

—5D

<Z8)
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Hardware specification

CPU Intel Xeon E5-2660 v4 x2

Host Memory DDR4-2400 16GB x4

GPU NVIDIA Tesla P100 x2 (PCle
Gen3 x16)

FPGA Intel Arria 10 GX (BittWare
A10PL4)

(PCle Gen3 x8)
Software specification
0S CentOS 7.3
Host Compiler gcc 4.8.5, g++ 4.8.5
GPU Compiler CUDA 9.1.85

FPGA Intel Quartus Prime Pro
Compiler Version 17.1.2.304

CPUO

{PCIe Switch

}

o

L

- PCle
QP

CPU1
PCle Switch

Infini
Band
HCA

A computation node of PPX

>

PPX (0

Institute of

SCIENCE

TOKYO

Y

PADPPX (Pre-PACS version X)

) {8

)
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ARGOT(CPU)
ART(CPU)
Others (CPU)
80
70
—
(@) 60
2 B
(Ol o 50
N £
) 5 4°
3
o i
‘_'_ w
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e
10
0
ARGOT(CPU)
ART(CPU)

Others (CPU)

EARGOT O

_t\\\l\/lesh size: 163

m ARGOT
ART
m Others

— —
ARGOT(GPU) ARGOT(GPU)
ART(GPU) ART(FPGA)

Others (GPU)

Mesh size: 643

ARGOT(GPU)

Others (GPU)

B ARGOT
ART
m Others

ARGOT(GPU)

ART(GPU) ART(FPGA)

17.4x speed-up

2.84x speed-up

Others (GPU)
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Mesh size: 323

m ARGOT
ART
m Others

10.2x speed-up

ARGOT(CPU)

ART(CPU)
Others (CPU)

ARGOT(GPU)

ART(GPU)
Others (GPU)

ARGOT(GPU)

ART(FPGA)
Others (GPU)

Mesh size: 1283 ,...;

\ ART
\ m Others

1.32x speed-up

ARGOT(CPU)
ART(CPU)
Others (CPU)

ARGOT(GPU)
ART(GPU)
Others (GPU)

ARGOT(GPU)
ART(FPGA)
Others (GPU)
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Performance evaluation of the ART method s TOKYO

1600

1400

N
o
@

1000

800

600

400

Performance [M mesh/s]

200

14C:
1369.6 14 cores
1227.1 (1 socket)
210.4 WIS 1203.8 1229.4
184.4 MHz 182.5 MHz 185.7 MHz 28C:
28 cores
--CPU (14C) INA TSN DIEHRIL—T Y kD —5E (2 sockets)
—-CPU (28C) (ENERREIC K > TZE &)
P100 (x1)

A6 51 DIEA0

FPGA 100DE2CUDAD 7L BE T BDLDICTEDB)

Fryvamn

e
—
(16, 16, 16) (32, 32, 32) (64, 64, 64) (128, 128, 128)

Mesh size
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GPU-FPGARIDMA%z:% S ikic

ol E

»GPUT/I\A RD7O—)VLXEY, FPGAT /N1 XRDNEEXEU ZPCle” kL RZE
BICYYEYDIITSDZET, FPGADPCledY ~O—3IPOFODMARKEZARAWT
WAHDAEUBTT—YDIE—ZITS

ODMAZZEITYI B3

=18

@D GPUFT /N1 2D 0O—)VLXEYZEPCle? KLRZRBCcYwvEYS

@ DTYY FUEXEYU P RL RIEHEFPGAISEE
OpenCLA—=/JLH 5PCle DMAREE % BRED

CPUNZELT
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@ GPUT/INAZRDTO—/VULXEVZPCle7” FLRZERE(C M ince
2w s gl TOKYO

O SLITHHR*DAPIZEE
»>PCle7 RURZEREICY Y TENFGPUXEV D7 KL ATH S paddr ZEUS

> RERBVIC (ENVIDIAD MRS B Kernel APIZBWLWT GPUXEU PP KL R %
PCleZ RLRICYYT UL, ZDO7 K LRZEF
(GPU Direct for RDMA)

1 | #define SIZE 1000000
2
3 | tcaresult tcaCreateHandleGPU(unsigned long long *
paddr, void *ptr, size_t size);

4

* Hanawa, T et al., Interconnection Network 5| int mainlvoid) d

. 6 uint32_t datal[SIZE/4];

for Tightly Coupled Accelerators, 7| voidx ptr;

2013 IEEE 21st Annual Symposium on High- 8 | cudaSetDevice (0);

Performance Interconnects, pp 79-82 9 | cudaMalloc(&ptr, SIZE);
10
11 unsigned long long paddr;
12 tcaCreateHandleGPU (&paddr, ptr, SIZE);
13
14 printf ("paddr,=,0x%01611x\n", paddr);
15
16 return O;
17 | }




@ DTYYTUEXEY TP RL REHREFPGAICIEE s

®OpenCL API (clSetKernelArg) Z{£ > TS

»OpenCLA—XRILI—RO3|¥IctwY ~

Host code

i status = clSetKernelArg(kernel, argi++, sizeof(unsigned long long), &paddr);
i aocl _utils::checkError(status, "Failed to set argument PADDR");

__kernel void fpga_dma(
__global uint *restrict RECV_DATA,
__global const uint *restrict SEND_DATA, !
__global ulong *restrict E_CYCLE, |
__global const uint *restrict NUMBYTE,
const ulong PADDR, <«

const uint DEBUG_MODE

Global
SR o JCTE
== mm mm PCle Controller mm mm mm -
og}
PCle IP core DMA I
controller I
| 1
| Descriptor |
| Controller 1
L I External
i 3) memory
(DDR)
OpenCL kernel
FPGA

Institute of

SCIENCE
TOKYO
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@ OpenCLA—=RILH SPCle DMAKLE % 5K ED s Sl

ODMAKIBICT + ROUTH%ZANLT, DMAZEITIT D
0 1 20 ) TFH: DMASG. (CIHE & 15 B EEE
»IXETT, *EEEX, TR, TAROVTYDHEMNFZESD
v Bl Z (X, EIETTIC paddr (gpu_memadr), XEFElc FPGADAEXEU TP RLRAZtY
9B &ET FPGA < GPU O DMAERXZEITI D

Kernel code

———————————————————————————————————————————————————————————————————————————————————————————————————

i__kernel void fpga dma(_ global float *restrict fpga_mem,i
const ulong gpu memadr, !
const uint id_and _len)

cldesc_t desc;
// DMA transfer GPU -> FPGA .
desc.src = gpu_memadr; GPU-to-FPGA DMA kick

desc.dst = (ulong)(&fpga mem[0]);
desc.id and len = id and len; i////,
lwrite channel intel(fpga dma, desc)

ulong status = read channel intel(dma_stat);
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OpenCL
kernel

RIRBHREDDT
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FRFIFONYE

250 F9DBHELICE —
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PCle IP37

3= System Contents 5%

System

< board

Address Map 53

Path: ¢

Interconnect Requirements 83 | Details 3
1k100_ref

(onnections
—

&)X |l |+
&

—
=

M4

3]

Descriptor
controller

Msilnterface_i

Msilnterface_o

a RdC1Desc
RdC1DmaStatus

RADCM_Master

RdDMA_Rx

RADMA_Tx

RdDTS_slave

Resetn

3 WrClDesc
WrClDmaStatus

WrDCM_Master

WrDMA_Rx

WrDMA_Tx

WrDTS_slave
clock

3 kernel_clk
kernel_rstn

rxs_bard
B poe T T

app_nreset_status

coreclkout_hip

dma_rd_master

dma_wr_master
hip_ctrl
hip_pipe
hip_serial

intx_intfc
msi_control

st el s sl

msi_intfc

msix_intfe
npor

Q

rd_ast_rx

rd_ast_tx

refclk

rum_bard

rum_bard
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wr_ast_rx
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B T B B e T T B T I
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Current filte

Interconnect

wr_ast_tx

reRt_ s = SfpceiiUtp e -
B dma_descriptor_...

dma_descriptor_controller
Conduit

Conduit

Avalon Streaming Sink
Avalon Streaming Source
Avalon Memory Mapped Master
Avalon Streaming Sink
Avalon Streaming Source
Avalon Memory Mapped Slave
Reset Input

Avalon Streaming Sink

on Streaming Source
Avalon Memory Mapped Master
Avalon Streaming Sink
Avalon Streaming Source
Avalon Memory Mapped Slave
Clock Input

Clock Input

Reset Input

Avalon Memory Mapped Slave

=Meria 10/ Tyclone T8 Hard 1P oor

Reset Output

Clock Output

Avalon Memory Mapped Master
Avalon Memory Mapped Master
Conduit

Conduit

Conduit

Conduit

Conduit

Conduit

Conduit

Conduit

Avalon Streaming Sink
Avalon Streaming Source
Clock Input

Avalon Memory Mapped Master
Avalon Memory Mapped Master
Avalon Memory Mapped Slave
Avalon Streaming Sink
Avalon Streaming Source

I piFE st5GR oM. . AL PISELinE T

dma

dma
dma

dma
dma

a

D

PCle IP core
(DMACZERE)

TAROUTHIVRO-5D/\—ROx770OvIR Qsys V—ILZzE>T/I\—KD I PZRFRFiEkE
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BIELATVY - N RIBZEEPHE S B

OPPX7%Z ¥l
> GPU: NVIDIA P100 GPU
> FPGA: Intel Arrial0 FPGA

via CPU (FPGA < GPU) «=#=via CPU (FPGA — GPU)
PCIe ====FPGA-GPU DMA (FPGA < GPU) =&=FPGA-GPU DMA (FPGA — GPU)
N e )
GPU—FPGA 17 1.44
{ CPUO W ( CPU1

Better

FPGA—GPU 20 0.60

PCle Switch ] [ PCle Switch

o o

A computation node of PPX

Bandwidth [GB/s]

O - N W H 0 O N

—

16 256 4096 65536 1048576
Size [Bytes]
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GPU - FPGAZIARGOT I— RD% J — Rit5IE S%'E%E

01l /—KICDE 1 MPI JOBRZ7ZYA4V L, GPU&EFPGAZI{H
> ARGOT E(FEHDGPUTHESE
v CUDA + MPIZ709 5=V xR (ARGOTI— RI(CTTR EEEH)
> ARTEZEEHBDFPGATHESIL
v ARTEICHEBIRT —F (IFPGABIRY kD —9 TiERIET D (OpenCLTHIfE O] &E

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

\AAA/J
Comp. node C/

P
XEON

ARGOT
ART Init data of ART _ -

; ' gE Result of ART
& _ St 0

ARGOT
ART nit data of ART __ -

' I £ E" Result of ART
| T il S

FPGA GPU I

- - - ARGOT
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T
g8 TOKYO

oA I FI)LDARGOTI— R(CTTRERKEH (4]
»YZa2L—Y3VZER (3RIT) S RITICHAFICHE!
v1GPU/ 7O0ERDEIDHT

> EED ) — RICKEDBDHARIE /) — RBDIBSRT
"LAEIOAXY ) DEIESNS
V& /—RKHNMBYT BT XY KEITIEEWICIRIZ
— CUDAR L v RICEID YT SNIALHIANIE
V&) —RTELIAY NDOHENEHESTET S

>%%c%tﬁxyh®%$m5&®%§%%®m%
K&HB

[4] Okamoto, T., Yoshikawa, K. and Umemura, M.: argot: accelerated radiative
transfer on grids using octtree, Monthly Notices of the Royal Astronomical Society,
Vol. 419, No. 4, pp. 2855-2866 (online), DOI:10.1111/j.1365-2966.2011.19927 .x

(2012).

4x4 domain decomposition

target 1

source 1 source 2

4 x4 (16./—FK) OBEEn 3
KD — R ZXEEIL, BRlFEanTund
(BIOXY RREIENTULD) 29
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(F318)

T
g8 TOKYO

J7E%ZIntel Channel T L, LA T —59%EmE U CEHEZET
(£ TOI7Eo0 Y OBATERFWLINIC/INA TS514 VEaMET D)

ARTZDEE D7

Ex’bgrnal memory (DRAM)

FPGA J7®H1eD 163 X

VY 1 %8NS DAEBRAMZRF D (K1clkF 1 D ILTF D2 R1])

OpenCL kernels

esh
reader

&
Mesh

< writer

=

Comp. engine ‘
for ART method

LSS ()1 TS A VikFl)

HXOZERALIMEZEARL T
ART ZDOE3EREZER KL

B

0

—

S

—— Comm. path of ray data (Intel ChannelZ{#F)

=

load mesh data into comp. engine

(=

store comp. result (mesh data) in DRAM
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2 )LFFPGAZE AW ZARTAD IS DS S 1

[2] BB S, “OpenCL 70U 5 X v Iz iS] FPGA QU8 ¥ 257 ADMRESHTE”, ACS70, Vol. 13, No. 3, pp. 13-28

® J 7B DIntel ChanneliEZfizZ CIRCUSZRAWLWTER 3FPGARIICHAET D
> 1EHMOFPGAZHWT, ARTEEIDT7PDIO SR ZEBEIT BN A—Y

® CIRCUS: OpenCLA 5ll{EN o] gE7x FPGARHBR{S BT

» Communication Integrated Reconfigurable CompUting System [2]
SBRINMTSA VD SERET —YZ2ExRET D (BELBEDHS)

@ D @ D

FPGA 1 FPGA 2

‘
f.wﬁ
‘

. 4 A 4

— Intel Channel — CIRCUS Channel 31




CIRCUSDB{EET L e

0)\1TSA VBEZRIIRET D
> 2 CODRBN/N\N—KRDT7E UTHIICEMET BFPGAIR S TIED@BAZEENT
> HPC CT—A%BVa0B{EFE(E Socket or MPI 72H' FPGAIC (T4 E

sender code on FPGAT

sender(__global float* restrict x, int n) { o S R :
'For‘ (1nt i = @; i< n; i++) { pen %)L (sen OpenCL #1—FJL (recv)
float v = xm;
write_channel_intel(simple_out, v); |- : . .
. omp. omp.
} e
} E l =R YT
: WR —" CoanLI.?CF:’iL;)SeIine } ‘} ComCr:ll.?g%JpSeline ‘—' RD
receiver code on FPGAZ |
receiver(__global float* restrict x, int n) {
for (int i = 0; i < n; i++) { : Come- Come-
float v =|read _channel intel(simple_in); }4 |
x[1] = v; L |
} rrgee o —
) CIRCUSHEERT B/ 1 FS51 Vi
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CIRCUSD&(E4EE (pingpong NV F ¥ — 2 TETih) S?B'E\'?'SE

A\ 100{ —— 1-hop [ ]
—8— 2-hops 2.00
1 —@— 3-hops
—— 4-hops 1.75 1
801 _e— 5-hops
—8— 6-hops 1.50 7
7 ~e— 7-hops e ] latency+ /hop
. 8 60 m|2 ~250 ns
o 3 max. throughput ©13 1.00-
g g 90.2Gbps ok
E 40 4 . 0.75
min. latency
500ns 0.50 7
20 A 0.25
000 T T T T T T T
1 2 3 4 5 6 7
| . ——rrr —— \/ Number of Hops
10’ 10° 10° 10° 10° 10°
Message Length [Byte]
Throughput (lhop~7hops) Latency (lhop~7hops)

Evaluated on up to 8 Bittware 520N FPGA boards in Cygnus supercomputer at CCS, University of Tsukuba [14]

[14]: N. Fujita, et al., “Performance Evaluation of Pipelined Communication Combined with Computation in OpenCL Programming on FPGA”, AsHES2020.
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#pragma OPENCL EXTENSION cl_intel_channels

// CIRCUS A—XIZEA>VTIL—K

#include <circus.h>

channel rt_ch[6] [NPE_X]

[NPE_Y] [NPE_Z];

// CIRCUS Channel

channel extout_x_neg_x0_

channel extin_x_neg_x0_

yo_z0;
yo_z0;

// PE BMRERETZAY Y2
#define PE_MESH_SIZE (1

// 1 DDEIC 1 AB /1
#define PE_INPUT_X_POS

gl

6 x 16 x 16)

: enable

Intel Channel,
CIRCUS Channel
=]

HBDT, 12 KOF v RILHBE

rt_chli][1][e][0]

|#define PE_INPUT_X_NEG

extin_x_neg_x@_y0_20|

#define PE_INPUT_Y_POS
#define PE_INPUT_Y_NEG
#define PE_INPUT_Z_POS
#define PE_INPUT_Z NEG
#define PE_OUTPUT_X_POS

rt_ch[3][0][1][e]
rt_ch[2][0][1] [e]
rt_ch[5][0][0][1]
rt_ch[4][e][e][1]
rt_chfe][e][e] [0]

#define PE_OUTPUT_X_NEG

extout_x_neg_x0_y0_z0

#define PE_OUTPUT_Y_POS
#define PE_OUTPUT_Y_NEG
#define PE_OUTPUT_Z_POS
#define PE_OUTPUT_Z_NEG

__kernel void PE_x0_vo
/] XYY 1TBEDT—H

M a7PHo
98 =_ S Baph [ ion) %E%
__local struct radiation_mesh rmesh[PE_MESH_SIZE];

rt_ch[2][o][e] [e]
rt_ch[3][0][e] [e]
rt_ch[4][0][e] [0]
rt_ch[5][0][@] [0]

z0( ) ;];
(HEWNE

source fun

| Bismess

VAT —

% EE% LBlor_L\RAM

¥o20TohDPg<

%‘fb% wfw?

/] XY 2alcBIFBAZNEH Xvad source function Qm #Jg\\x:E IJ % E

set_radiation_mesh(rm

bool exit = false;

esh)

%217 (N = 16)

D—x VI XEYDHMHAL

// 768 x N*2 D2TOLAIEHLTLA R NL—Y VT %

while ('exit) {
bool x_neg;
bool x_pos;
bool y_neg;
bool y_pos;
bool z_neg;
bool z_pos;

(CDBEDH

ARTEDREI—T
PIA TS VHWE LTREESNB)

3/

// LA DOAHHE
INPUT_COND(x_neg) ;
INPUT_COND(x_pos);
INPUT_COND(y_neg);
INPUT_COND(y_pos);
INPUT_COND(z_neg);
INPUT_COND(z_pos);

ART+CIRCUSEZED#HU I — k<
EEEIPHS LA T —IDKDIHHE

// B PE NSANNHIHBE. LAT—92RETD

|if (x_neg) ray = read_channel_intel(PE_INPUT_X_NEG);

else if (x_pos) ray = read_channel_intel(PE_INPUT_X_POS); _q _
else if (y_neg) ray = read_channel_intel(PE_INPUT_Y_NEG); l/ﬂ/ 9 G)&'{g
else if (y_pos) ray = read_channel_intel(PE_INPUT_Y_POS); —_ . PN

else if (z_neg) ray = read_channel_intel(PE_INPUT_Z_NEG); (T 975 ;E%iﬁﬂ

else if (z_pos) ray = read_channel_intel(PE_INPUT_Z_POS);

// ART EDEEH—FXIN%RIT (EFREDOE)

calc_intensity(&ray, rmesh) ;} $E%ﬂ»§§}§d)§+’§
bool (ART;ﬁ?_%*gtﬂ: (\:. C 5)

bool
bool
bool
bool
bool

X_neg_out;
X_pos_out;
y_neg_out;
y_pos_out;
z_neg_out;
Z_pos_out;

// LA DOHEAHE
OUTPUT_COND (x_neg_out) ;
OUTPUT_COND (x_pos_out) ;
OUTPUT_COND(y_neg_out) ; B;E]:
OUTPUT_COND (y_pos_out) ;

( )
( )

ZIcLA T =D T <O HIE
OUTPUT_COND (z_neg_out);
OUTPUT_COND (z_pos_out);

¥ PE DEFIZX YV 1 PETHIEE 1,4?“17 ZRIET D

write_channel_intel(PE_OUTPUT_X_NEG, ray); <

write_channel_intel(PE_OUTPUT_X_POS, ray); |_/ ’r 9 0)
e

write_channel_intel(PE_OUTPUT_Y_NEG, ray);
V4= & 180
DT IGE

(x_neg_out)
else if (x_pos_out)
(

else if
else if
ellseNif;
else if

y_neg_out)
(y_pos_out)
(z_neg_out)
(z_pos_out)

write_channel_intel(PE_OUTPUT_Y_POS, ray);
write_channel_intel(PE_OUTPUT_Z_NEG, ray);
write_channel_intel(PE_OUTPUT_Z_P0S, ray);

)5 %ﬁ H
L b ARTEROR T HIRE

—

(77—
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Performance evaluation of GPU-FPGA-accelerated s SCIENCE

ARGOT code on multiple nodes

O ARGOT with 2 nodes (2 GPUs/IB + 2 FPGAs/CIRCUS)

» Weak scaling, 323 mesh for each node

131190 SI JAMOT

Execution time [s]

2.5

]
(6)

—

0.5

Comp. engine

for ART method
N TS VAHME&ZE
Fa'ii’[fzﬁu 'l&&igﬁﬁ LJ TARTfﬁ ccumulation

03%’?‘)]’@%‘5%%7(15 ‘ i Y 5sginment

6.8x
faster
0.13 0.16
E—
— — —
GPU-only GPU + FPGA GPU-only GPU + FPGA
1 Node / (32, 32, 32) 2 Nodes / (64, 32, 32)

# of Nodes / total mesh size
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Performance evaluation of GPU-FPGA-accelerated s SCIENCE
ARGOT code on multiple nodes TOKYO

O ARGOT with 2 nodes (2 GPUs/IB + 2 FPGAs/CIRCUS)

» Weak scaling, 323 mesh for each node

2.5

A\éaaﬁjﬂ O-1DBIREN DD, %

CIRCUSIC & 3 FPGARS&@IE » 05 | PRRIEOWTHRERED
> IRV EAIIEN-INIIN = DO N\ = ART comp.

CBEINATSSAVEREINA ART init

Optical depth accumulation

75 'f_‘J%Eﬂ'S‘ gy segment assginment
1 = BIE L BELTLICEARFIC = ARGOT comp.

RIT=ND = ARQXOT init

12.8x
faster

—

Execution time [s]

131190 SI JAMOT

0.16
e I
0 —
GPU-only A GPU-only GPU + FPGA
1 Node / (32, 32, 32) 2 Nodes /|64, 32, 32)|

# of Nodes / total mesh size
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What has contributed to the improved performancg TOKYG.

® 1 node performance

« Random memory access...@ BRAM-based memory logic @
« Short vector length... @ Pipeline and spatial parallelism
- J /
®2 nodes performance
/—E h N
« Random memory access...@ 12.8x BRAM-based memory logic @
- Short vector length... faster Pipeline and spatial parallelism
large overhead by small chunks integrating comp. and comm.
N of multiple data copy... @ Y. pipelines (comp. and comm. work

N completely simultaneously) @ y




GPU : FPGAEBEDIHDTOT S

O NETOEEAR
»CUDA + OpenCL O;E&87005=vY
v FOISRICEABEBEERND
- XDA-YPEUTFsODEVWTOT S VIREHNRE
012 ’%: OpenACC programming on multi-hetero devices
> GPU-FPGAEBH D SRV VAT AICLHFBWT /1 R%Z0penACCIC K 2#i—8Y5C
(K> THIATREICT B
> KEORNLE OHBHATTAR
v ORNLABE% L TL\BFPGAROpenACC Y/ (o S % FIF

/1]

Institute of
N\ » SCIENCE
D s TOKYO

@ An OpenACC program)

~N

tasks on host enabling to write a

program performing GPU-

[ ] FPGA cooperative
computation in OpenACC

(Z tasks on FPGA j
J

J




OpenACC& (& ?

Institute of
SCIENCE
TOKYO

@ 1V /)\A 31 ERX (pragma) ZEETHKAZ

- int main(void) {

// Offloading the following to an accelerator
#pragma acc data copyout(c[:N]) copyin(al:N],
{
# acc parallel loop
(i =0; 1 <N; i++) {
c[i] = ali] + bl[i];

>~ 7J)L C J—K vecadd.c

b[:N])E

EOGPUTOI SV
CPU GPU
copyin |
Main by Device
Memory Memory
Host Fopy ou‘t Device




MHOAT: Multi-Hetero OpenACC Translator

oGPU&EFPGAZQOpenACCOEHEHM TFI

I CEDLDICTD

Institute of
SCIENCE
TOKYO

> ORNLAFEFE U7=OpenARCIF/I\wv O TV RIOVINASE LTHRAT S

“OpenACC unified programming environment for GPU
and FPGA multi-hybrid acceleration”, HLPP2020, Jul. 2020.

> R. Tsunashima, et al.,

single program

F___

Backend (existing compilers)

I
I'. openAcC — r-Object Files-
lopenacc.c T ] | i
int main() { . PGI Compiler gpuo | 1 [
;~~~~~~~~~ M ' (pget+ -c) ; | Executable
pragma acc ~~~=gpu |
o H | | l 2
s o) I : r~ OpenCL host 1= — — — pgctt a.out
! | ! |
A | | pgc++- T\ ¢ i
#pragma acc ~~~=fpga T I I o pga.o | | | transfer
A A A FPGA
A fpga.c — o o - — — l —— — — .! l binary
e e e = - ! & run-
e | | I time
Lo —rr_ sl s s e e S SESE S S S S SIS SIS BEEE S BEEE BEEE BESE NSNS . —  ——
return 0; |
! ’ | Fntel FPGA SDK for OpenCL ,
OpenCL 4 N\
I kP I fpga.cl aoc -C fpga { aoc ) fpga :
| erne .20C0 \ y .aocx ||
l —7 L I
I v -
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MHOAT DEEDHE TOKYO

OBV FHRPIETERIZM ALY Y — ETEKRFSFTE *fl'.:&\;‘ﬁj xLVY—HH
BIFFE LTS Omni JV/N\A SEB B\ TER

OpenACC MHOAT OpenACC

@An OpenACC program)
tasks on host @ @

*1 C preprocessor XcodeML™3

*2 Parser
*3 Special internal object of Omni

tasks on FPGA

J

* Murai, H et al., Metaprogramming Framework for Existing HPC Languages
Based on the Omni Compiler Infrastructure, 2018 6th
International Symposium on Computing and Networking Workshops (CANDARW ), pp.250-256
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oI )LMDOpenCLESR & FH MR/ \— D Pk Z 5ol &E

1 void fpga(...) {

2 #pragma accomn target_dev(FPGA)

Comp. engine 3 int channeli[1];
for ART method 4 int channel2[1];
B 4 > « 5 ...
6 #pragma acc data copy(al[:N], b[:N]) pipe(channell[:1],
_L> channel2[:1])
v z 7
¢ || — )/ (8 #pragma acc serial|pipein(channell) pipeout(channe12ﬂ
S v Processing element
0
S ...‘ J
\\\\\\\\\ > X (1 #prjagma acc serial|pipein(channel2) pipeout(channell)|)
1

Processing element
1

forfi=N/2; i < N; i++)

i4 #pragma acc wait
15 } // acc data end
16 ...

17 %}

Code snippet of the FPGA impl. with OpenACC 42
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®1GPU / 1 FPGATOHd [Taisuke Boku et al., H3 workshop
(1ISC’23)]
> [BlfEY 1 X : 323

0.8
0.7
0.6
0.5
204
0.3
0.2
0.1

0

B ARGOT method
B ART method

[ others

OpenACC CUDA CUDA+OpenCL  MHOAT
GPU-only GPU-only ~ GPU+FPGA  GPU+FPGA
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Making FPGA comm. more stable

\_

J

Image =5

Institute of
8 cCiENCE

Switch

Eaiﬁ%ﬁ‘@ L7z FPGA-CentriCE 1) g TOKYO
4 ) )

A
\ 4

Inference
Result

Making CNN run on multiple FPGAs

J
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EDREULFPGARBIEIL—L0—2 0% G S

OoCIRCUSOSIER 7 0—mlHEl [CFEXS Ity
FT—YBHZVNENY TN, T-IHHEALTLES
> BMIBEZET T 0TS LADERERIIEARIEE
v EDBEORESOBECRD p N

o 0—HlElz—h5EETDDEKRE
— 7 D—flfiEMEE =R A 7 L FPGAO +—1 FPGA1 J
BIEJIY cO—3 (Kyokko*) =#/H

. : : L FPGA2 1 FPGA3 <J
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