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Introduce Myself : Kentaro Sano

RIKEN Center for Computational Science

v Develop and operate Supercomputer Fugaku
v" Facilitate leading edge infrastructures for
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v Conduct cutting-edge research on HPC R-CCS
Leader, Processor Research Team

v Exploration of future HPC architectures E
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% Goal and Roadmap of Processor Research Team

Establish HPC architectures suitable for Post-Moore Era

2020 2021 2022 2023 2024 2025 2026 2027

S
I I I I I I I I 7

Advancement of Fugaku This talk

v" Functional extension with FPGAs and eco-system
v System software and apps of task-flow computing
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Outline

e Introduction

e ESSPER : Proof-of-Concept FPGA Cluster System
e How to Program?

e Inter-FPGA Network

e SuMmary

ST B S U EEEE ESSPER: FPGA Cluster System
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e Accelerators for higher power-efficiency What's next?

S ~ Corheer
v System power is the most critical issue. I
v Standard CPUs are not sufficient. -E 10 Triops ",.v""
Accelerators (Accs) for higher performance per power & O:': Sum " e
e Reconfigurable computing with FPGAs o #:;0 /_/_/_/.«fi‘““
v" GPUs are popular as gen-purpose Accs.
v More specialized, higher efficiency. Year
But we also need flexibility. FPGAS! System network
Computing network (Tofu-D)
e Prototype FPGA Cluster “ESSPER"” Login node F:glj;u Fggljgu F:gljgu - F:glggu
v Proof-of-concept system to evaluate

100m cables

Low-latency and
high-bandwidth
inter-FPGA NW

functional extension of Fugaku.
E Bridging network
v" Challenges: ; | | | |

What architecture? | manage FPGA FPGA _ _ FPGA
E node node node node
How to program? | | | |
. Extension system Inter-FPGA network
) S .
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What's FPGA?

e Reconfigurable device
v Allow you to construct any circuits

e Array of hardware "blocks"
v" Logic blocks
v Memory blocks
v DSP blocks (integer, floating-point)
v 1/0 blocks (mem I/F, PCle, HSSI)
v" SW blocks and wires
v Clock trees, etc.

Logic block DSP block  Memory block

e Recent FPGA
v" Sufficiently big for system-on-chip
v Specialized hardware for HPC
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FPGA's High Potentials for HPC

The state-of-the-art FPGA Intel Stratix 10 FPGA (14nm)
v High-performance operation » 5760 floating-point DSPs
v High-bandwidth external memories » comparative to CPU, GPU (DDR4, HBM2)
v Ultra high-bandwidth on-chip memories » aggregate ~1000 TB/s
v’ Fast inter-device communication » multiple tx / rx of 100 Gbps

Use cases in data-centers, cloud, or HPC

v Microsoft Catapult,
AWS EC2 F1,
Alibaba Cloud,
Tencent Cloud,
Huawei Cloud

v' Tsukuba U Cygnus,
Paderborn U Noctua

Intel Agilex FPGA
More advanced
next-generation
/nm FPGA
in a few years

; Promising not only for computing,
| but also for data movement

A
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Motivation and Objective

e Challenges of FPGA based HPC

v How to program with sufficient customizability
v How to scale performance with multiple FPGAs

v How to use FPGAs w/ existing systems (interoperability)

e Objective

environment of FPGA cluster for HPC

v Design and implement a system stack
with hardware and software

v" Prototype FPGA Cluster for Proof-of-Concept

v Study application use cases

-

/To find appropriate architecture & programming \

/

Rom
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What is Appropriate for Programming FPGAS?

Gradual transition of different levels

We should do differently from
what we do with CPUs & GPUs.
More Specialization!

Beginnéf Ordinary users Well-trained users Master Ninja *1?2H@"$9
i} P&R,
Model-based < | DSL, HLS Timing,
Silicon
OpenCL, SYCL (oneAPI) HDL, Chisel, etc.

Easy Mastery > Hard
Unnecessary Knowledge of hardware / architecture > Must
Few Opportunities for acceleration / customization > Alot
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A2 FSSPER :

Elastic and Scalable System

il FPGA Cluster Prototype

configurable Computing
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System
Configuration

of Fugaku

Modern Supercomputers are based on
Many-core CPUs (& GPUs).

e,

i Iy 75y
QsR28(Y)
(o s JBLaL L ¥

60mm

BoB Shelf Rack Fugaku

48+ cores / 1 node '
2.7+ TF CPU-Memory 2 nodes 16 nodes 48 nodes 384 nodes 158,976 nodes
Unit (CMU) 54+ TF 43+ TF 129+ TF 1+ PF 537 PF @ FP64
Photos & figs by Fujitsu (414 racks)
i CEA WS on Sci. Comput Accelerated on FPGAs July 7, 2022 |
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oeaidd Elastic and Scalable System for

Elastic and Scalable System

it High-PErformance Reconfigurable Computing

Experimental prototype , A ESE
t

for research on functional extension with FPGAs =

Supercomuter Fugaku

Connected w/ 100m cables

Rom ,
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E2:3IrFEr

el Architecture of ESSPER

configurable Computing

Goal

' ' igati Syst twork
v Technical investigation for ‘ ystem networ

Computing network (Tofu-D)
I I I I

Login node Fugaku Fugaku Fugaku o o4 Fugaku
node node node node

Fugaku / 100m cables *e°

functional extension of
Fugaku.

Bridging network

r
i Manage FPGA FPGA | ,, FPGA

—> node node node node

I I I
Extension system Inter-FPGA network

FPGA Cluster
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Hardware Organization of ESSPER

FPGA SoC
. [EMIF 1][EMIF 2][EMIF 3][EMIF 4] | cCIP
Computing nodes of Supercomputer Fugaku T T T T o
I 10GBASE-SR 1000BASE-T Switch | for IPMI |Read DMA | |Write DMA | HLS Computing Core
Frontend Server [T T T T T1 | § mvalonst_f e — |
& - X rossbar
(fsarchltgate) E 3m FPGA Server #1 FPGA #1 512010 m
H e~ #‘ ’A‘ | CycleCounter |
CAD Server #1 e I= 100618 fpgaservl) FPGA #2 ° usr ok |FC# -
- § S  — E 250+MHz | % [ S
] G s '%- 5 3m FPGA Server #2 FPGA #3 @ 256_bl_t| DCI FIrO | [ DCFIFO | Computing
2 enver > 100G IB fpgaserv2 0o WidthConv] [WidthConv Core
‘ln? 9; 8 (fpg ) FPGA #4 £ 377 MHz| v | | v | AFU
o = = —— = [ stm# | [ st | FIM
§ File Server = 3m FPGA Server #3 FPGA #5 -
< S | 100ciB (fpgaserv3) FPGA #6 3m 5
™ ARM Server #0 3m 2 asFP2s|| £
w (armserv0) 100G IB = o o . cables %
2 £ . . ° o WY
() ARM Server #1 3m . . ° .8 3
b4 (armserv1) 100G IB S :
e FPGA #15 o
ARM Server #2 3m 3m FPISA Server 8 s
(armserv2) 700G 1B A | tooe (fpeaseiva) FPGA #16

/

10GBAS§T x 10

N&magement

/

Various servers

* CAD servers
» Storage server
* ARM servers

CPU - FPGA network

* 100G Infiniband
* Software-bridged driver
(R-OPAE)

\

FPGA cluster

* FPGA host servers (x86)
* FPGA boards
* Inter-FPGA network

FPGA SoC

* AFU Shell design
* FPGA object class as HAL
* Programming by HLS, DSL

CEA WS on Sci. Comput Accelerated on FPGAs
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Hardware Organization of ESSPER

| 1ocBASE-sR 1000BASE-T Switch | for iPmI
Frontend Server I |
(fsarchitgate) | § 3m FPGA Server #1 [~RLAEE

H 100G IB fpgaservl x
CAD Server #1 | o < (fpe ) FPGA #2 S
: E = :
N - - -
S < 2 3m FPGA Server #2 FPGA #3 o
3 CAD Server #2 | 2 100G IB (fpgaserv2) )
2 = 9 PE FPGA #4 £
‘6 = 8 | - o
§ File Server s 3m FPGA Server #3 FPGA #5 5
< & | 100GB (fpgaserv3) EPGA #6 5
= ARM Server #0 3m 2 QsFP2s|| £
w (armservO0) 100G IB = . o o cables E
2 £ ° ° ° w
[~} ARM Server #1 3m . . ° .8
8 (armserv1) 100G IB S
- FPGA #15 =1

ARM Server #2 3m 3m FP‘?A Se""e; i

(armserv2) 700G 1B 100G1B (IpR=sch) FPGA #16
|
10GBASE-T x 10 Manacement
'l 2
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FPGA System-on-Chip

| FPGAServer #1
(fpgaservil)

FPGA #1
FPGA #2

| FPGAServer #2
(fpgaserv2)

FPGA #3

FPGA #4

| FPGAServer #3
(fpgaserv3)

FPGA #5
FPGA #6

1 FPGA Server #8

FPGA #15

FPGA #16

(fpgaserv8)

.I.R

Intel® FPGA Programmable
Acceleration Card D5005

QSFP28 4x 25Gb i
Networking Interface A

QSFP284x25Gb
Networking Interface Ax

lntel'_

¢ Elements

e
i16x PCle*

v

DDR4 Memories

FLASH USB

BMC . usB
Intel MAX® 10 Hub
FPGA

DDR4

DDR4 w/ECC
DDR4 w/ECC
DDR4 w/ECC

Stratix10 FPG

1 1
' B4
: | &
' — HSSIPLL || &%
i | C
! HSsI |!
d Reset !
1
: HSsl |
oooooo Q=== === o ——— oo oCDsis : Reconf |}
1 1
FIU Fabric —»| FME HSSI PHY | HSSI :
Mode Ctri i i Controller | !
PCle Gen3 PR Platform ! :
x16 EP Management | | HsSI |

e HSSI| PHY

______ Q________________________' e e e

PCle (Host CPU's memory)

Intel FPGA PAC D5005
v’ Intel Stratix 10 FPGA (14nm)
v 2753K LEs, 229 Mb BRAMs
v 5760 FP DSPs (7TF @ 600MHz)
v 8GB DDR4 x 4ch
v PCle Gen3 x16
v' 2x QSFP28 (100Gb/s)

FIM (FPGA Interface Manager)
v" Fixed region including I/F

om
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FPGA System-on-Chip

Intel® FPGA Programmable el Enpirio FLASH USB Intel FPGA PAC D5005
Acceleration Card D5005 Power Solutio }
e [ uss v' Intel Stratix 10 FPGA (14nm)
» G v 2753K LEs, 229 Mb BRAMs
ST v 5760 FP DSPs (7TF @ 600MHz)
-------- b alkii W/
| FPGA Server #1 N, —_ L, 8GB DDR4 y 4Ch
By Fro 72 oo v PCle Gen3 x16
{ Froaseer iz | ‘ v 2x QSFP28 (100Gb/s)
peser ronm s DDR£ Memories . Stratix10 FPG
[ rronsemerss e o= o= S FIM (FPGA Interface Manager)
pgaserv3) FPGA #6 I ! Memonyi
. : § v" Fixed region including I/F
. . HSSI PHY Y
: : Reconfigurable ol < AFU (Acceleration Function Unit)
FPGA Server #8 ™AL i ] | o ) .
1 Emserve) region =l v Reconfigurable region
) ) HSsl |
fmmmm e mmmmmmm e m e m e — - Reconf ||
{FIU | Eabric o el X HSSI !
| [PCle Gon3 R '\gl:tfog;n :: Controllen,
5___’51_“_;'_’____________'Vl““_"_a?f"i“i"f__il ________ el

PCle (Host CPU's memory)
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FPGA System-on-Chip

Intel® FPGA Programmable el Enpirio FLASH USB Intel FPGA PAC D5005
Acceleration Card D5005 Power Solutio 1
e [ uss v' Intel Stratix 10 FPGA (14nm)
e “TGA v 2753K LEs, 229 Mb BRAMs
B b v 5760 FP DSPs (7TF @ 600MHz)
e v 8GB DDR4 x 4ch
aservl :
— FPaA #2 o v PCle Gen3 x16
| FPGASserver #2 FPGA #3 v v
o ser B 2x QSFP28 (100Gb/s)
T e ((————— Stratix10 FPG
| FPGAServer #3 i b :| DDR4IF A || VF B || vF c |[vF D | Local FIM (FPGA Interface Manager)
(fpgaserv3) FPGA #6 e - Memonyi
. : | , v Fixed region including I/F
. . HSSI PHY |+
i : AFU Shell oo | & AFU (Acceleration Function Unit)
FPGA Server #8 [™ILid LA . .. | & i )
' lpgssens) (Application I/F) —H: | v Reconfigurable region
L ,'L': Lissy AFU Shell (SoC)
| PV |Fabric || FME | e ]SSt v Application modules and their
i [PCle Gen3 = Platform | |1 ' .
x16 EP Management | 1 szl interfaces (own development)

I ——— e ________________________ F |

PCle (Host CPU's memory)
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AFUShell

| FPGA Server #1
(fpgaservil)

FPGA Server #2
(fpgaserv2)

FPGA Server #3
(fpgaserv3)

| FPGAServer #8
(fpgaserv8)

FPGA #1
FPGA #2

FPGA #3

FPGA #4

FPGA #5
FPGA #6

FPGA #15
FPGA #16

DDR4 Memories (19.2 GB/s x 4)

PCle gen3 x16 (15.75 GB/s)

EMIF 1 [|EMIF 2 ||EMIF 3 [| EMIF 4 CCIP
I ¢ I ¢ f l Avalon-MM
Read DMA Write DMA HLS computing Core

l Avalon-ST T

4x4 Crossbar

AFU Shell

(Application I/F)

512-bit | A
I ¢ ? ¢ ? CycleCounter
usr_clk FC #;1 FC 1;2 *
250+ MHz
DCFIFO | [DCFIFO | | goneart
256-bit 1 - omputing
WidthConv | |WidthConv Core
SLIII #1 SLIII #2 =

QSFP28 (12.5 GB/s x 2)

AFU Shell (SoC)

v Application modules and their
interfaces (own development)

Rom
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Embed your own Computing Core in AFU Shell

DDR4 Memories (19.2 GB/s x 4)

PCle gen3 x16 (15.75 GB/s)

QSFP28 (12.5 GB/s x 2)

EMIF 1 ||EMIF 2 ||EMIF 3 || EMIF 4 CCIP
l ¢ I l I Avalon-MM
Read DMA Write DMA
l Avalon-ST T
4x4 Crossbar
512-bit ]
I ¢ f ‘ ? CycleCounter
usr_clk FC #1 FC #2
250+ MH
— f ? Stream ]
DC FIFO DC FIFO c ti
256-bit 1 ] omputing
WidthConv | (WidthConv Core
SLII #1 SLII #2 FIM

Memory-mapped Computing Core

* Connected to DDR4 memory controllers
* Autonomously read & write DDR4 to compute
* Computation with complex data structures

Stream Computing Core

* Connected to crossbar for data streams
/ * Passively compute with given data stream
* Pipelined computation at high throughput

Cores are programed by using

* HLS (high-level synthesis) with C++,
* HDL (hardware description language), or
* Others (DSL, chisel, etc.)

om
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How to Program
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Programming Tool Flow rommmmmmee

|
|
|
linHDL !
oneAPI will be e T T e
considered in the future. Write DFG Generate
) code for IP core by
hardware SPGen (DSL) v
Write HLS Verify by Generate Embed IP core
C++ code for software exec or IP core by to AEUShell
hardware RTL simulation HLS compiler

~

Compile to FPGA
: : + Synthesi
Write host Compile CPU J FPGA J ( (I?)lgic Zselﬁgration)

code in C++ and test binary bitstream + Place & route

(HW mapping)
afushell_class @

Execute with host CPU and FPGA

%E!g 23 CEA WS on Sci. Comput Accelerated on FPGAs July 7, 2022
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Programming Example with High-Level Synthesis (HLS)

DDR4 memory interfaces

Example: Vector-add module — < - 5 i

Reader task Writer task 1
e Concurrently-working Avadon- | | Avaon- Avadon-
hardware modules Master Master Master
(Read) (Read) (Write)
¥ Reader task module latpncy = 92 cylcle latency =435 cycle
v Writer task module ! l
v -
Vector-add task module e - T
(pipe, (pipe, (pipe,
e Top module R || wes12bit, || wes12bit, w=512bit,
v’ Control-status registers d=32) d=32) d=64)
e Program host software v Vector-add task If comm. is
Separately for (int. i= 0;. i< N;. ++1) neceslsa:y
c[i] = a[i] + b[i];
\ latency = 7cycle J

Vector-add component
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HLS Code for Vector-add

// FIFOMSF—4%&E1DE LT~ Avalon-MMTDDRICEZE &= 8 itask

void mm writer(avmm master port<float, 3> *c,
uint32 t N, uint32 t stride c)

struct pipe_width_float @ @ {}
float data[16]; ( Writer task
¥ Avalon- Avalon- Avalon-
MM MM MM
// ihc::pipe FIFOS Master Master Master
ihc::pipe<input pipe id<l>, pipe width float, pipe depth> pipe a; (Read) (Read) (Write)
ihc::pipe<input pipe id<2>, pipe width float, pipe depth> pipe b; | _ y
ihc::pipe<input pipe id<3>, pipe width float, pipe depth> pipe c;\‘\ o G 25 latency 435 cycle
// Avalon-MMTDDRA\S 7 — ¥ % # A TE T « FIFOIC Ah 3 task \ y y
vold mm_reader{avmm__mas:::er poriﬁﬁoai, %:- :E, FIFO FIFO FIFO
avmm master port<float, 2> *b, . . .
A uint32 t N, uint32 t stride a, uint32 t stride b) CSR W=(5p112pbei,t’ W=(5p112pbei,t’ W=(5p112pbei’t)
#pragma unroll d=32} d=32) d=64)
for (uint32 t i = 0; 1 < N; i += pipe width)
{ y Vector-add task _
pipe width float inputA, inputB; If comm. is
#pragma unroll for (int i = 9; 1 < N; ++i) necessar
foE (uint32 t § = 0; j < pipe width; j++) C[i] - a[i] + b[i]; Y
uint32_t index = (i + j); latency = 7cycle
inputA.datal[j] = (*a)[index * stride a]l; \
inputB.data[j] = (*b)[index * stride b]; Vector-add component
Hy
pipe a.write(inputA); // 16EF—#HRBETHD2ZLICLS : :
pipe b.write(inputB); pipe c.write(outputC);
: } Reader task } Vector-add task
om , .
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Programming Example with High-Level Synthesis (HLS)

DDR4 memory interfaces

Example: Vector-add module ‘l\,|7 ‘l\,|7 = =
4 Reader task Writer task
e Concurrently-working Avadon- | | Avaon- Avadon-
hardware modules Master Master Master
(Read) (Read) (Write)
v Reader task module latpncy = 92 cylcle latency =435 cycle
v Writer task module l
\ 4
v _
Vector-add task module f—— f— .
(pipe, (pipe, (pipe,
e Top module R | wesi2bit, || w=s12bit, W=512bit,
v’ Control-status registers d=32) d=32) d-64)
e Program host software l l Vector-add task T If comn. is
. . e . . necessary
I [ for (int i = @; 1 < N; ++i)
separately N | c[i] = a[i] + b[i]; >
\ latency = 7cycle

Vector-add component
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HLS Code for Vector-add 2 of 2

Top module

Main function

component hls avalon slave component
void mm master component |

hls avalon slave register wsygument
hls avalon slave register_ardwpent
hls avalon slave - register_argumdQt
hls avalon slave register argumen
hls avalon slave register_argument
hls avalon slave register_argument
hls avalon slave register argument

ihc::launch<mm reader
ihc::launchsmm writer

avmm_m
avmm_m
avmm m
int32
u 32
uint

uint32 "

>(&a,
=>{&c,

ihc::launchgyector add partS stride=(N);

ihc::collect<vector_add part5 stride>(

ihc::collect<mm writer
ihc::collect<mm_reader

)i
>()s
>()s

aster port<float, 1> &a,
aster port<float, 2> &b,
aster port<float, 3> &c,
t N,
t stride a,
"t stride b,

stride c)

&b, N, trlde ~a, stride b);
N, stride

Instantiate

int main(int argc, char **argv)

{

unsigned int TEST SIZE = std::atoi(argv([1]);
const uint32 t stride size = 2;
const uint32 t elem size = TEST S5IZE * stride size;

float A[elem size];
float Blelem size];
float C[elem size];

// mm_master interface class instances

avmm_master port<float, 1> mm A(A, sizeof(float) * elem size);
avmm master port<float, 2> mm B(B, sizeof(float) * elem size);
avmm _master port<float, 3> mm C(C, sizeof(float) * elem size);

// prepare the input data
for (uint32 t 1 = 0; 1 < elem size; i++)
{
Ali]
Bli]
}

N // Run the component k
mm master component(mm A, mm B, mm C, TEST SIZE,
stride size, stride size, stride size);

static cast<float>(i); //rand();
static_cast<float>(i); //rand()

return 0:

}

CEA WS on Sci. Comput Accelerated on FPGAs July 7, 2022



Programming Tool Flow

oneAPI will be

considered in the future.

Write HLS
' C++ code for
hardware

Write host
code in C++

Write DFG
) code for
hardware

Verify by

software exec or
RTL simulation

)
)

Generate
IP core by
SPGen (DSL)

Generate
IP core by
HLS compiler

Compile
and test

CPU
binary

Embed IP core
to AFUShell

~

FPGA
bitstream

afushell_class

e

Execute with host CPU and FPGA

Compile to FPGA
+ Synthesize
(logic generation)
+ Place & route
(HW mapping)
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HOSt COde USi ng int very_simple_example(void)

{

"afushell CIaSS nn uint32 t allCycles, validCycles, csr;
uint64 t bytes = 1024%1024*64;
char *begin pir = (char *)malloc( eof(char)*bytes);
afush class h("AFUSHe", "AFUSHe:"); <~ Instantiate Qb[@@t

HW details are abstracted.

v Addresses of modules {
] ) cout << "+ " << afush,name << " was not opened, Abort\n";
v" Interface of service functions turn 0;

}
. LOW'IEVEI ContrOI Stl” pOSSIbIe afush.set crossbar(CROSSBAR RdmaS13a S13b2CompWdma, cout); <- Set Crossbar

afush.read crossbar(cout); = —————=

(lafush.open(0)) <- Open device

App code is written simply.

// Blocking DMA transfers

. = afush.dmaTransfer((uint64 t)begin r, Ox800000000, es, HOST TO FPGA);
v Instantiate AFUShell object I asshidn HONEREG ) heglh. pr . i LTI
v : afush.reset ccounter(cout); <-Use cycle-counter DMA
Open object afush.dmaTransfer (0x00000000, 0x200000000, bytes, FPGA_TO FPGA); —
afush.read ccounter(allCycles, validCycles, csr, cout); Transfer

v" Use modules / services
» Crossbar
» Hardware cycle-counter

afush.dmaTransfer(0x00000000, (uint64 t)begin ptr, bytes, FPGA TO HOST);

// Read and write a csr of your module

cout << "== " << afush.mod[afush::ENTIRE SPACE] << "\n"; // See memory map of "
_ _ uint32 t vall = 0x1234ABCD, valz; Lf “imt™ is NG
> DMA (HOSt FPGA’ FPGA FPGA) afush.mod[afush::ENTIRE SPACE].writeMMIO32(0x00000340, vall); // crossbar write
» Computing core afush.mod[afush::ENTIRE SPACE].readMMI032 (0x00000340, val2); // crosshar read
v Close object afush.close(cout); <- Close device

free(begin ptr);

L3
}
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System Stack of ESSPER

Resource manager

High-'~-:al ; * Search and allocate
. ~—— resources of multiple
Call for Joint User Application / oA
. networ
resea rChES. T HW Codes SW Codes / management / control
* Applications ' Ko
« Libraries for HW and SW | > HW Libs SW tools FPGAs' Resource Manager |  AFU Shell class
* Tools / system software —""" e
* Parallelization techniques HW Compilers AFU Shell Class P Abstraction of HW
with multi FPGAs Intel HLS, : o
{ Remote OPAE
oy —+—> SPGen, . -
cOM Chisel DMA Library AR ELA (Ol * Software bridge using
— ’ Infiniband Verbs
- HDL OPAE
|EMIF 1 ||EMIF2||EMIF3||EMIF4| | cclP &\
T T T User HW DMA |Crsbar|FC|WC| FME | CCIP [ EMIF | HSSI | PCle OPAE
| Read Dl\j\/v\allonl Z\:_rite DMA| | LS Computing Core AEU Shell FIM * Low-level driver

4x4 Crossbar

512-bit
’ﬁ‘ ’A‘ | CycleCounter |
ook [FC# FC #2

250+ MHz

| DC FIFO | | DC FIFO |
256-bit T T

Stream
Computing
Core

|widthConv| [WidthConv]
377MHz ¥ |

AFU

[ stur#gt | [ sLi#2 | FIM

amzn R-CCS

Rom—
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mmmm Application Example

=" 7% using Inter-FPGA Network

® ||| .
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Direct Connection Network (DCN) ..o dsta routing among

FPGA SoC / local memory, computing core,
and network

PAC D5005 board [EMIF 1][EMIF 2][EMIF 3][EMIF 4] | ccP |
| ¢ | If | ¢ ? | AVMA
QSFP28 port x2 |ReadlD“1A ; ”teTDMA| HLS Computing Core Providing back pressure
O €3 - s | i signal to prevent data lost in
‘Eif@; A , ‘ ' | 512-b/tE, J/%& — 1 the link
i SN usr_clk ‘
0 250+ Mz Stream
DC D _DC FIFO .
e o) LT e 100Gbps serial transceiver IP
[Wid  nv] Core _— p
. 377MHz — § ———— AFU
Optical cable sl I [ stirsed FIM

Network

e 100Gbps bidirectional connection x 2 on each board
v The output from the local memory and compute core can be directly
transferred to the network.

v" Received data can also be input to the compute core or written to
memory.

20
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Stream Computing with a Ring Network

Cable connection Data flow
"""" FPGA #1 FPGA #2 FPGA #3
| FPGAServer #1 FPGA #1 -

(frgaservi) FPGA #2 |
| | | |
FPGA Server #2 FPGA #3 |

(fpgaserv2) FPGA #4
| | | | | |
FPGA Server #3 FPGA #5 1

(fpgaserv3) FPGA #6 |

e Cascading multiple FPGAs in an one-direction ring

* Each FPGA continuously applies stream
computing core (SCC) to a single data stream

* Latency-tolerant computing for large size data

FPGA Server #8 FPGA #15 |
(ipgaservs) FPGA #16
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Streamed Fluid Simulation with Multi FPGAs

DDR4 Memories (19.2 GB/s x 4) PCle gen3 x16 (15.75 GB/s)

2D Lattice Boltzmann Method (LBM) [EmiF 1][Emr 2] [EwiF s][emFa] [ cap |
¢ * ¢ ? Avalon-MM

Read DMA Write DMA

i Avalon-ST T

HLS Computing Core

4x4 Crossbar |
512-bit ¢ 4 I !
: CycleCounter |
=" AN ~—~\\ input streams (6.4 GB/s) oo [Fem]  [Few] [ CycleCounter |
. . ?zm.l//)‘f (7 vae S/ 250+MHz | 4 [ 4 (4] - ¢
'11"""‘\_&\‘":;‘. 7 - BSOS > =/ DC FIFO | [ DC FIFO
e !Q:‘& ‘—'4 ‘.- ST e O~ : AL fo 256—bit| 1 | 1 |
A e _ECEE : [ 7 [WidthConv] [WidthConv]
= = :; W AR Collis(igtlvr;\)odule De\éy 377 MHZ + | + | AFU
: [SLii#t | | sLil#2 | FIM
x cells QSFP28 (12.5 GB/s x 2)
y cenJ sty e[ |
(s ]| -~ cascading SPEs 2(l g g
Lattice Je K f2 1 fs % SPE1 [[-Z[| & =3
e
f5 1 output streams <15 >
0 SPE2 || £|| 5 s
f 7 fa fa 2D LBM SPE ——— ———
lattice cell 2|l g g
SPE3 || £l & g

#
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Performance of 2D LBM with 100G DCN

Computational performance (FLOPS) when processing about 2GB data

Perf. [GFLOPS] O performance [GFLOPS] X clock freq [MHz] Freq [MHz]
20000 - 300
18000 17308.2
X X X X X =
X X X X L 250
16000 x X x x X x x X x x X x -
14000 ]
X % X % X % X % L 200
12000 ]
% X X X x 15.8 X X
10000 X % X % i 8714.6] % - 150
8000 RIhE
6000 - 5 - 100
4000
2190.6 - 50
2000 1096.4 H H H H H £02.9
3 : 25.7 51.4 H > H
-l N T 00 ONOW VOO O = N<TO0 O ANOW OWOWOWO=-I N <TO0O O NOOWOUOWO = AN<TOO O ANOWOUOWO< N <« oo O N O O 0 O
X X X X =l O TN N O X X X XeelNFTNIND OX X X XN TN OX X X XN DD O X X X - n < N wn o
X X X X X X X X X X x X X X X X X X X X X X X X X X X X X
1 FPGA 2 FPGAs 4 FPGAs 8 FPGAs 16 FPGAs
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m=== On-going Research Projects
Using ESSPER

om .
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On-going (Joint) Research Projects

Hardware

v" Processor Team
v Kumamoto Univ

System Software

v" RIKEN
v Tohoku Univ

Applications
v Univ of Tokyo
v Meiji Univ
v Processor Team
v" Nagasaki Univ
v Hiroshima City U
v Processor Team

CGRA )
AI Engine (ReNA) ST,

RPC for FPGAs
neoSYCL (on Fugaku)

Bayesian network analysis
3D FFT (presented later)
Fluid simulation

Convex method

Breadth First Search of Graph
Hardwired MNIST

T = = = LS |/ Memory
0,0 1,0 2,0 30" 3

LS || PE PE PE LS | memory
01 11 2,1 31" LA

LS PE PE || PE LS | —>{ Memory
A, 0.2 1,2 2,2 32" .

:

for W-|

Riken CGRA (coarse-grained reconfigurable array)

F— T ERXER HEap

| :—
> | POOLING
— OUTl;UT ]

HOST

Buffer
for X

; gl

INPUT Buffer
o - R

DNN kernel
(PB array)

INPUT Buffer
Ea= i
m
g INPUT [ Buffer
I/F for | ;;r,',"rl
estarts&gna ‘

Controller

> ok |

v JAIST Sound rendering Al Engine, ReNA
Rom .
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on-going project

Designh Space Exploration of CGRA (Riken)

Bit-stream

FPGA emulator/overlay of coarse-grained s s

:Mergorv — >(LS | ,|PE | ,IPE | |PE [ JLS |- > Mer;orv,

- ! > -1,0 0,0 1,0 2,0 3,0 (" i ,:
reconfigurable array (CGRA) for HPC e | R A RATFRATF R |
v Processor Research Team, Riken R-CCS R o e L e e Y o B = == il

v" Exploring design space of CGRA for ASIC — \, — :

. . . ; : Mer;oryll >(LS | |PE [ |PE | JPE | ,|LS e > Mer;\ory

» Various configurations available S ) 12 02 12 22 32 L2

with library modules such as FIFO, Mux, ALU
v CGRA compiler

Overall structure of CGRA (size: parameterized)

(by Tokyo university) SgesgocooooorpgE:  cgEgoms
> Data-flow graph (DFG) of a loop kernel in OpenMP 3%8%%%568%%8%9gg% :ﬁ%%ggﬁ
> Place and route by Genetic Algorithm :}gggggg%ggg% BE000US
> Benchmarking (Stencil, Convolution, FFT, etc.) @%88%8%5%%%@@

v Initial design completed -:@88%@@@@@ ae

» System Verilog

» Verified by RTL simulation !

> Preparing for FPGA-based implementation 9000000500000 30080000
Mapping examples on CGRAs (16x16, 8x16)
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ReNA: Architecture for CNN Inference (Kumamoto U)

Transplant Inference processor ReNA developed

for edge ASIC to FPGA
v Laboratory of Prof. Iida @ Kumamoto U

5 — & BERED HEED
v" Achieve highly-scalable inference oma e VTPV e
with multiple FPGAs - proous
> Extend the processor over FPGAs oma = NPV gl Burer 1
using inter-FPGA network o B Fal ke
[ I/F = forwi [ Lep (PB array)
v 64x64 systolic array ol ] e ] forws L
> FMA x 642 = 8192 parallel 2 | meUT L[ st
> Convolution and all-to-all computations e 1 o
. . . . : start signa
optimized by dedicated mappings HOST o[ ok | | | Controller

» Various models available

Architecture of ReNA
v Initial implementation completed for single FPGA

» Verilog HDL
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Architecture for Convex Hull Generation (Nagasaki U)

Acceleration of Convex Hull Generation
with point clouds using multiple FPGAs

v Laboratory of Prof. Shibata @ Nagasaki U

v Applications of Convex Hull
» Delaunay diagram construction/area
estimation/registration/image processing, etc.
> Object collision detection

» Approximation of moving objects and
obstacles in path planning

> physics simulator
> Real-time rendering of point clouds

v Pipelining for higher throughput
and lower latency than GPUs

v Initial implementation completed
» SystemVerilog
» Comparison with Qhull software

Wa Wa Wa Wa

|
t
|
-y
)
&

o3 3288 2208 sags maal ¢

out_trigangle[0]

—>

out_trigangle[1]
|

iﬁt_tngangle[Z]

" ) : : lout.
4(s+) = . .
J..8

Architecture specialized
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Specialized Hardware for BFS by HLS (Hiroshima city U)

BFS Accelerator HyGTA Top- Accelerator (FPGA)
; down .. . < Extract vertices
v Laboratory of Prof. Tanigawa VlSltedRN°:e; . [ Issue
. . . oot Node 3T am - .
@ Hiroshima city U 4 §§ g7 sfextract vartices
RN
v Hybrid Graph Traversal Accelerator o 0 9 Szl | |52 |eft—
» Hybrid algorithm combining 3 [en |23 | tp — st;'rt/end ) e
Top-down and Bottom-up searches @ e e e’ column id  |* (DDR)

v Implement by HLS, Unvisited Nodes Bottom-up
-
demonstrate and evaluate with FPGA c Get adjacent | columns
o 3 vertices (DDR)
v Pipelining, latency hiding, efficient memory sub-system . g &
oAl ‘T—1z= v
> Pipelined BFS - § g ’,‘Z._.E- — Filter pred
» Cache memory for adjacent-node data awl | |25 L. data issue
. . o sal | Fil d
» Multi-banked bitmaps for visited-node record ;,E doparor bred
> Effective use of memory access patterns specific in BFS ,°:§' l
Graph500 Ranking (BFS as of NOV, 2021) - Register pred _ pred
d " (ooR)
RANK MACHINE SCALE GTEPS =
32 ENIAD (FPGA) 26 783.75 Specialized hardware for BFS

accelerator “HyGTA”
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Task off-loading to FPGAs by own SYCL (Tohoku U)

neoSYCL : yet another SYCL implementation
v Laboratory of Prof. Takizawa @ Tohoku U

v" neoSYCL originally developed for NEC Vector Processor
v" Support FPGA and AFUShell of ESSPER

v" Dynamic task scheduler (’
v Tasks can be off-loaded from Fugaku to FPGAs. R it e a5 Task graph
Only AS class = writefile_input
P
O set_gbs
(SYCL (."{/ '?‘»\"\ Eorei calculation
Source Code ‘\% % writefile_output
neoSYCL e 2 core 1 J
SX-AURORA
TSUBASA TOHOKU core2| [N
Example of task
Core 3 1 H H
execution with
v 7 4 Any CPUs incl.
S — Fuzaku epGA | cores and FPGA
Intel CPUs Fel e
configurable Computing FPGA Of AFUShell T T T T T T
NEC VEs 0 5000 10000 15000 20000 25000 30000
Execution time [msec]
Sm , .
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Su MiMma I‘y Hiring researchers

& internship students

Goal Explore new architectures & programming env.
with reconfigurable HPC

This project ESSPER: Elastic and Scalable System for
High-Performance Reconfigurable Computing
PoC for - Programming with sufficient customizability
- Technigues to scale performance
- Interoperability with existing systems (Fugaku)

Future work

v" More applications with multi-FPGAs
v System software for FPGAs incl. resource management
v" Development of new FPGA board (Intel Agilex-M @7nm)

Looking forward to collaborating with you!
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