GPU * FPGAEESETEIC KD
R HPC/AINDR BT

FNFRSE
TRARE - STERIRAR Y Y —
taisuke@ccs.tsukuba.ac.jp

(HERAFK : IWERT - FBHRAR - WOES - B - S)IHE)

S K7L
2022/05/25 PC4H5X40SST—43 3y~ (FPGA) Q’ @

Center for Computational Sciences, Univ. of Tsukuba


mailto:taisuke@ccs.tsukuba.ac.jp

HPCICHTH 775 L—FFE

= TEDHPC (High Performance Computing) 28 Cld 77> L —%
DOFAMNEZTWS
—Topb500(2021/6)K T2 EAI10N Y VHRTIN I UHDEEHL TWS
— R ICGPUDF BN ER
= TR TH B GPUDIFEH

BN EAEE XEY /XY RiEESD -““
— UD UIAEFED 72 THEWEERED TN

SN IIEDTRR, /— B maee 0
s %= Z CFPGADF]H o
P —Y 3 B L B A e T 7
JSA P54 VitF é
J—KHE A @

—I\1 TV RGFPGAIERERL /—  NEBEEEZDD  aepe
- B ERIRENFE

2022/05/25 PCUZRXH20SST—%9<3v7 (FPGA)
Center for Computational Sciences, Univ. of Tsukuba



GPU vs FPGA as HPC solutions

device

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

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

conditional branch ® (warp divergence) o (both direction)

memory o0 (HBM2e) 9 (DDR)H@ (HBM2)

interconnect ® (via host facility) o0 (own optical links)
programming </ (CUDA, OpenACC, OpenMP) & (HDL)— " (HLS)
self-controllability ® (slave device of host CPU) < (autonomic)

HPC applications D (various fields) ® (not much)
=7
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GPU - FPGANT OEEEY

s GPU L FPGAZHR#EMICAHWS Z & TER
tzH &9

— CHARM (Cooperative Heterogeneous

Acceleration with Reconfigurable
Multidevices)
—ZTNETNORHZ = ANREF A
strong scalinglC& 17 2R MR 7 % f#H
~NIWFT74YVv I RYZal—YaY
BHOYBIRROBEERZER LY IaL—
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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 i T~ .I - _FEGﬁ-F_F:Gi cim_r_nu_rlicitic_)_ g

100Gbps direct optical link

Cooperative computing with GPU and FPGA FPGA Network
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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)
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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)
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Single node configuration (Deneb)

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
Wlth bOth FPGAS and GPUS! PCle network (switch) PCle network (switch)
and other nodes are with
GPUs only
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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.
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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%
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CNEX TCOIHZE

FPGA-network: CIRCUS (Communication Integrated Reconfigurable CompUting System)
= FPGAR— REZEXU VD (BAR4AKE, 100Gbps) THREI DR Y hI—D%BE. )L —FHEEZ0penCLh
SFIATREE T D
x SBEEEBEEBNET/INA TS54 VAR o FPGADISEZ I FAE (CRARRRICTEN T
GPU-FPGA DMA: FPGAD S#2&E) LCPUDBH I Z {8 D 78 L)
« PCle®OIILZEFALUEDMATGPUXE EFPGAXE!J (global memory) B CERT — 4 #nmix
Programming:
= MHOAT (Multi-Hetero OpenACC Translator)
= OpenACCIC K B8 — I — RERTGPUEFPGAD A 70 —F « VI & GR(CEEm
= Intel oneAPI
= task’N\— X TGPUE FPGAD N —R)LiECE Z &R (CSCik. DPC++ZE AR & I 55 0penCLCUDAD
0k ol gE
Appllication: FE1IEF I — ~FARGOT
» 2BEDERDIEEEFFEZRT DOETEL D ZGPUE FPGA(C DAY

(S %‘%’%
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CIRCUS

= Intel FPGA SDK for OpenCL
= FPGA hardware D#C&)7Z OpenCL APITCOJgE(C

= [o]8 :

I DEHBDINFDIL—T 1« VD Z=2EB0penCLTECINT DDH ?

s SR - ELA TV IDBEICIE Verilog HDL 78 & DHDLIC K B h in B
= MPIZ(Z memory-to-memory B{EEF )L TFPGAIC (E7R U RAR L)

s FPGADEFDINA TS514 ViEEREZBREICER

= —CIRCUS: Communication Integrated Reconfigurable CompUting System
 SBEEBEEY—LALRICHEEL. BRENIBEZEIR

sender code on FPGA] Comm.
Backend

{

}

sender(__global floa@* restrict x, int™n)

for (int 1 = 0; i ¥ n; i++) {

receiver code on FPGA2

float v = x[1i];

}

write_channel intel(simple out, V);

receiver(__global float* restrlct X, int n) {
for (int i = 0; i < n; i++ {

float v
x[1i] = v;
}
}

read_channel_intel(simple_in)j

*N. Fujita, et al., “Performance Evaluation of Pipelined Communication Combined with Computation in OpenCL Programming on FPGA”, AsHES2020.
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CIRCUS @1 %8E (Cygnus)

L\ 1001 —e— 1-hop ]
—8— 2-hops 2.00
1 —@— 3-hops
—8— 4-hops 1.75
e = 5-hops
| —@— 6-hops 1.50 -
2 —&— 7-hops
| — 1.25
\ g i h hout |2 latency+ /hop
%% max. throughpu 13 1.00 ~250 ns
I 3 90.2Gbps NE
g 404 . — 0.75 -
min. latency '
500ns 0.50 1
20-
0.25 -
- 0.00 T T T T T T T
| S e — V 1 2 3 4 5 6 7
10’ 10° 10° 10° 10° 10° Number of Hops
Message Length [Byte]
Throughput (1hop~7hops) Latency (1hop~7hops)

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

N. Fujita, et al., “Performance Evaluation of Pipelined Communication Combined with Computation in OpenCL Programming on FPGA”, AsHES2020.
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BE - BE/INAM T S514 VREIC KD collective 18{5

/,\

= CIRCUSDHEREZE(E > THERLBIE L NIEZword BT/ A TS 1 VALIE

» Same Peak BW

/\ 100 1 —e— pingpong 1-hop o
~#— toy 1-hop el Node A Node B
@
oy
S 60 ﬂ + +
o
o8
+
o 3
m| 2 40
L
—

out out

— 10 10° 10’ 10° 10° 10° —1: QSFP28 Port
Message Length [Byte)
) Pipelining test code of Allreduce(+)
Performance comparison

pingpong benchmark vs. allreduce benchmark
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GPU-FPGA DMA

XEON
GOLD
inside”

__kernel void fpga dma(__global float *restrict fpga_mem,
const ulong gpu_memadr,
const uint id_and_len)

i 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;

write channel intel(fpga_dma, desc);

15 2022/05/25 PCY7A20SST—>3v7 (FPGA) Center for Computational Sciences, Univ. of Tsukuba



Better

FPGA-GPU DMA (Intel A10 + NVIDIA V100)

8

-

6

(0]

w

Bandwidth [GB/s]
N

N

16 2022/05/25

via CPU (FPGA < GPU)
=#=via CPU (FPGA — GPU)

Minimum latency (Jsec)

GPU—FPGA 17

20

FPGA—GPU

16 256

PCH5RXZ20SST7—4<3v 7 (FPGA)

1.44

0.60

4096
Size [Bytes]

65536

1048576

[Reference]

. Ryohei Kobayashi, Norihisa Fujita,
Yoshiki Yamaguchi, Ayumi Nakamichi,
Taisuke Boku, "GPU-FPGA
Heterogeneous Computing with
OpenCL-enabled Direct Memory Access",
Proc. of Int. Workshop on Accelerators
and Hybrid Exascale Systems
(AsHES2019) in IPDPS2019 (to be
published), May 20th, 2019.

Center for Computational Sciences, Univ. of Tsukuba



OpenACCIC K Bft—BIECh ZRITT DX Y IV INA S

= OpenACC (ENVIDIA GPUT{EZ B 723 TR K FPGATHFIATIRE (FAFEN—
)
» R AKZECCS. ORNL, IBEFR-CCSTX Y I VN1 SZ=HREIFRAHE
= GPU - PGl OpenACC JVI/\1 S
= FPGA- OpenARC for FPGA on OpenACC: OpenACC I —  ZIntel FPGA[G] (7 D OpenCL(C Z#A

s MARI—REDSVYYLLAIVRATALAEDEHI VNIV IV RZEBEL. @
AVINA SZKEERE I DD VAL—H
=> MHOAT (Multi-Hybrid OpenACC Translater)

= ol

= GPU& FPGADL ! ALIBFIEMIZ L)

= GPU - SIMDBYZR KB T — S i 51 LR

=« FPGA- 20V O LNRNILTDINA TS V0B (+RILFAVRYVR)
s XEUEFTILDEL

| —
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single program

lopenacc.c

int main() {

~Nr A AN A

NN AN~

NN AN~

->0I=Z

VLT VY VP NY Y Y N VN

VLT VY VP NY Y Y N VN

return 0;

}

MHOAT is under development
targeting the first app. of ARGOT

Compilation flow of MHOAT

F___

I- OpenACC =

S

h—

Backend (existing compilers)

PGl Compiler
(pgct+ -c)

|
1 gpuo | |

I_Object Files- 4

Executable

a.out

transfer
FPGA
binary
& run-

18 2022/05/25 PC4H5RXH0SST—423v7 (FPGA)
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MHOATDIRIR

o BRI —NEEITORE

s EPT7U -3y (ARGOT) IV I)NAJLTIE0penARCIVINA 5D
HREOBEBENEL <HHhWY —RID—-KESBRZIHNANE

» ARGOTI—RDIV/\AILIETESIHEEE. BERBRICEBEIH D

= [RFE Z ki P
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HS5—2DMDFX 7HO—F : Intel oneAPI

m oneAPI is a cross-architecture
programming framework

— simplify the development across
different architectures

CPU
= Data Pallalell C++ (DPC++) i ,
; L Intel :

—DPC++ = C++ + SYCL + d oo DPCL 4 funtme cPy

extensions 14 comoier

— enables unified description across
different architectures

prepared
i byusers |

________________________________________________________

2022/05/25 PCUZRXH20SST—%9<3v7 (FPGA)
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77U7—§3yﬂ

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

= Simulator for early stage universe where the first stars and galaxies were born

= Radiative transfer code developed in Center for Computational Sciences (CCS),
University of Tsukuba

= CPU (OpenMP) and GPU (CUDA) implementations are available
= Inter-node parallelisms is also supported using MPI
= ART (Authentic Radiation Transfer) method

= [t solves radiative transfer from light source spreading out in the space
= Dominant computation part (90%~) of the ARGOT program

= We accelerate the ART method on an FPGA using Intel FPGA SDK for
OpenCL as an HLS environment (with oneAPI)

21 2022/05/25 PC75220887—4%av7 (FPGA) Center for Computational Sciences, Univ. of Tsukuba



ARGOTO—FMD2DODFHHEEF : ARGOT;AEARTE

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

Diffuse Photon

Point Source

22 2022/05/25 PC4Y5AAH0SST—%->3v7 (FPGA)



ARGOTO—FMD2DODFHHEEF : ARGOT;AEARTE

 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
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ARGOT: (CUDAIC & 3 £35)

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%/
 —

- &;’}g& 4
<= P i
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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
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GPU-only vs GPU-FPGA #5AstE (ARGOTE{AR)

Mesh size: 163 Mesh size: 323
— D — :ﬁm
g z 2 g » Others
@ g ®
= =
) éis 17.4x speed-up 3
ol 2 o
@ @ 10.2x speed-up
ol os ®
| -
] p—————4 T
ARGOT(CPU) AROOT(GPU) MOOT(OPU) ARGOTNPU) ARGOT(CPY) ARGOT(GPU) ARGOT(GPU) ARGOT(GFPU)
ART(CPU) ART(GPU) ART(FPGA) ART(FPGA) ART(CPU) ART(GPU) ART(FPGA) ART(FPGA)
wo/ DMA w/ DMA wo/ DMA w/ DMA

g0 3 800 3

K Mesh size: 643, KB Mesh size: 1283
“ ART » ART

g =eo i g _:eao o
2 s 50 2 g 500
a' § 40 a' § 400

0 o
7 e 2 O
o 2.84x - &
@ . \8‘ speed-up  fif 1.32x speed-up

- — — ) R —— JE—

(=

ARGOT(CPU) ARGOT(GPU) ARGOT(GPU) ARGOT(GPU) ARGOT(CPU) 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

R. Kobayashi, et. al., “Accelerating Radiative Transfer Simulation with GPU-FPGA Cooperative Computation”, ASAP2020, Jul. 2020
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ART;EZD 5 FPGATEBE

350 -
1.000
300 - 1.0
250 -
0.8
2 z
£, 200 1 g
£ 2 06
£ g0
= 150 ~ =
T
100 - & 041
50 i 02 -
—e— FPGA
0 - —¥— GPU
1 Node / (32,32,32) 2 Nodes / (64,32,32) 4 Nodes / (64,64,32) 0.0 -— . :
# of nodes / total problem size 1 Node / (32,32,32) 2 Nodes / (64,32,32) 4 Nodes / (64,64,32)

# of nodes / total problem size
I FPGA - Comp+Comm Il GPU-H2D B GPU - MPI

I GPU - Computation I GPU-D2H I GPU - Others
Weak scaling|Z& 54/ —RETOART;ELIBEE () LA HEShE ()

*Norihisa Fujita, et.al., "OpenCL-enabled Parallel Raytracing for Astrophysical Application on Multiple FPGAs with Optical Links", 2020 IEEE/ACM
International Workshop on Heterogeneous High-performance Reconfigurable Computing (H2RC) in conjunction with SC20, Nov. 2020.

=

Center for Computational Sciences, Univ. of Tsukuba
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oneAPI (single node) {4 #ESE{H

= BB X328
m Others
-7 NJLAFE D EIRE

= GPU:CUDA+FPGA:OpenCL

9
GPUIC & 2ERIED ZIER 8 — = ARGOT
7 ART
o ART %6 Others
—ART;E@GI;UE@%%JCPU&Iﬁﬁfi@'l‘iﬁ'é ® £s
~ FPGAIZ & b B3& SIEE EATESR I
2183 f— 1.5%7= 1+ 0
- 2
:
0

-~ GPUDADIZH & LN TTOxDMEREM E
= oneAP| vs CUDA+OpenCL (TARGOT(CPU)  ARGOT(GPU)  ARGOT(GPU) 1 ARGOT(GPU)
— oneAPIRRDEITREFEAY1.5%380 ] ART(CPU) ART(GPU)  ART(FPGA) / CUDA] ART(FPGA) /
—oneAPBLEBD A —/\~ v R IFERTE D S i v
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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

©
>

Execution time [s]
o
w

o
N

«Jeneq SI JoMoT
o
o [N

ARGOT(GPU) ARGOT(GPU) ARGOT(GPU)

ART(FPGA) / CUDA + OpenCL ART(FPGA) / CUDA + ART(FPGA) / CUDA +
OpenCL over oneAPI OpenCL over one APl async

*FHEFFE D, “oneAPIZ AL /=GPU-FPGAERE,/—FIZHITH5FEHEYEL 2L — 30 0—FARGOTDEE", £183[HHPCHI TS

—
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FPGAE{ATOHPCHIB (X2 HEE L LY
o EXIERE (FLOPS)
» XEUFH/0OY
GPU& FPGAZE BBV CHI AT B Z & Tmulti-physics simulation (C RER I X fiS
VLD AFNNIE
n BB, DI
 J—REBE
FLEARZFCCS TIZCHARM (Cooperative Heterogeneous Acceleration with Reconfigurable Muti-devices) >t~ I~
DTF. GPUEFPGAZ EMEPF CTAHWLD Z & TEAMMRFHT U LIHPC solutionZf#H L TL\D
Big Data/ALIED N — R [FIRIR TIIDeep Learning CGPUNZNICHE L SN DD H DD, TELIBHNIB(C (X
FPGADLEBR TE2 (ffl : sort engine. staginglLIBZE)
HPC/AIDTY RA—H@0 70073 I VI RAKDBRE
SEOEE
= Cygnus(ZH (F D oneAPIDARIEFH
=  ORNL-OpenARC& (FIR37 (CIBFAR-CCS & FUE A D HE[EIEAZE T Omni OpenACC-OpenCL translater (for FPGA)Z FAF S
= MHOATDREZEEARGOTO K SBEI— RDEER{L
» S&E/ESSPERICARGOTZFSIED

s 2 s
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