
• Combining	goodness	of	different	type	of	accelerators:	GPU	+	FPGA
• GPU	is	still	an	essential	accelerator	for	simple	and	large	degree	of	
parallelism	to	provide	~10	TFLOPS peak	performance
• FPGA	is	a	new	type	of	accelerator	for	application-specific	hardware	with	
programmability	and	speeded	up	based	on	pipelining	of	calculation
• FPGA	is	good	for	external	communication	between	them	with	advanced	
high	speed	interconnection	up	to	100Gbps	x4 chan.
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Supercomputer	at	CCS:	Cygnus

OpenCL-ready	High	Speed	FPGA	Networking	[1]
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• Our	new	supercomputer	“Cygnus”
• Operation	started	in	May	2019
• 2x	Intel	Xeon	CPUs,	4x	NVIDIA	V100	GPUs,	2x	Intel	
Stratix10	FPGAs
• Deneb:	49	CPU+GPU nodes
• Albireo:	32	CPU+GPU+FPGA	nodes	

with	2D-torus	dedicated	network	for		FPGAs	
(100Gbpsx4)

Albireo	node	(x32)

Deneb	node	(x48)
Specification	of	Cygnus

Target	GPU:
NVIDIA	Tesla	V100

Target	FPGA:
Nallatech 520N

Item Specification

Peak	
performance

2.4	PFLOPS	DP
(GPU:	2.2	PFLOPS,	CPU:	0.2	PFLOPS,	FPGA:	0.6	PFLOPS	SP)
⇨ enhanced	by	mixed	precision	and	variable	precision	on	
FPGA

#	of	nodes 81 (32	Albireo	(GPU+FPGA)	nodes,		49	Deneb	(GPU-only)	
nodes)

Memory 192	GiB DDR4-2666/node	=	256GB/s,	32GiB	x	4	for	
GPU/node	=	3.6TB/s

CPU	/	node Intel	Xeon	Gold (SKL)	x2	sockets

GPU	/	node NVIDIA	V100	x4 (PCIe)

FPGA	/	node Intel	Stratix10	x2	(each	with	100Gbps	x4	links/FPGA	and	
x8	links/node)

Global	File	
System Lustre,	RAID6,	2.5	PB

Interconnect
ion	Network

Mellanox	InfiniBand	HDR100	x4	(two	cables	of	HDR200	/	
node)
4	TB/s	aggregated	bandwidthj

Programmin
g	Language

CPU:	C,	C++,	Fortran,	OpenMP,	GPU:	OpenACC,	CUDA
FPGA:	OpenCL,	Verilog	HDL

System	
Vendor NEC

• FPGA	design	plan
• Router
- For	the	dedicated	
network,	this	impl.	is	
mandatory.	

- Forwarding	packets	
to	destinations
• User	Logic
- OpenCL	kernel	runs	
here.

- Inter-FPGA	comm.	
can	be	controlled	
from	OpenCL	kernel.	
• SL3
- SerialLite III	:	Intel	
FPGA	IP

- Including	transceiver	
modules		for	Inter-
FPGA	data	transfer.

- Users	don’t	need	to	
care
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uint16 val = ( uint16 )(0);
if ( in_port == 1) {

val = read_channel_intel ( fwd_x_neg_in );
} else if ( in_port == 2) {

val = read_channel_intel ( fwd_x_pos_in );
} else if ( in_port == 3) {

val = read_channel_intel ( fwd_y_neg_in );
} else if ( in_port == 4) {

val = read_channel_intel ( fwd_y_pos_in );
}

val += ( uint16 )(
v + 0, v + 1, v + 2, v + 3,
v + 4, v + 5, v + 6, v + 7,
v + 8, v + 9, v + 10, v + 11,
v + 12, v + 13, v + 14, v + 15

);

ulong t_tmp = 0;
if ( out_port == 1) {

write_channel_intel ( fwd_x_neg_out , clocktime (
val , & t_tmp ));

} else if ( out_port == 2) {
write_channel_intel ( fwd_x_pos_out , clocktime (

val , & t_tmp ));
} else if ( out_port == 3) {

write_channel_intel ( fwd_y_neg_out , clocktime (
val , & t_tmp ));

} else if ( out_port == 4) {
write_channel_intel ( fwd_y_pos_out , clocktime (

val , & t_tmp ));
} else if ( out_port == 5) {

write_channel_intel (internal , clocktime (val , &
t_tmp ));

}

図 13: トイプログラムの OpenCLコードの一部．

ネルは 2種類のカーネルで構成される．1つは往路のデー
タ転送を行うカーネルであり，もう 1つは復路のデータ転
送を行うカーネルである．通信はバケツリレー方式で行わ
れ，全体の計算が完了したら計算結果を全てのノードに返
す．また，和の計算を行う処理は往路で行われ，復路でそ
の計算結果をブロードキャストする．
図 13 にトイプログラムのコードの一部を示す．この

コードは入力を受け取り，その結果に値を加算し，出力す
るというものであり，図 12の灰色で示されているカーネル
の一部である．read channel intel，write channel intel関
数はそれぞれ Channelから読み出し，書き出しを行う組み
込み関数であり，clocktime関数は時間を測定する独自の
関数である．if文で入出力する Channelを切り替えられる
ようになっているが，これは CoEにはルーティング機能
がまだなく，FPGAボードにあるどの外部リンクで通信を
行うかを明示する必要があるためである．
性能評価の結果を図 14 に示す．最小レイテンシは

2014ns，最大スループットは 181.4Gbpsが得られた．本実

図 14: トイプログラムの測定結果．

表 3: プロトコルオーバヘッド
要素 ペイロード通信速度 効率

物理層速度 103.125Gbps
67b/64b 98.484Gbps ×0.955

Meta Frame 98.287Gbps ×0.998
SL3 Burst 96.813Gbps ×0.985

CoE Header 90.762Gbps ×0.938

験には ppx2-02, ppx2-03, ppx2-05の計 3ノードを用いた．
図 12にあるように ppx2-05が始点ノードとなり ppx2-03
で折り返す．測定結果のスループットは，始点ノードの
データ送信開始から始点ノードのデータ受信終了までの時
間から求めた．また，横軸のデータサイズは，各ノードが
持っているデータサイズを表しており，MPI Allreduceに
おける count引数に相当する．pinpongベンチマークの結
果 90.7Gbpsと比べて，181.4Gbpsと約 2倍の性能が得ら
れているが，これは通信と演算がパイプライン化によって
送信と受信が同時に行われるためである．

6. 考察
6.1 pingpongベンチマーク

pingpongベンチマークで得られた最大スループットは
90.7Gbpsであり，物理層に 100Gbpsを用いているのに対
して約 90%の性能しか得られていない．しかしながら，こ
の性能は設計の意図したとおりである．表 3に理論上の通
信性能を示す．評価環境では物理層の速度は 103.125Gbps
(4 × 25.78125Gbps) であり，この速度は 100Gb Ethernet
の物理層と同じ速度を採用している．表 3は，その物理
層の速度に対して，プロトコル上のオーバヘッドがどの
程度あるのかを示したものである．この中で，67b/64b，
Meta Frame，SL3 Burstは SerialLite IIIに由来するオー
バーヘッドであり，公式ドキュメント [11]に記載されてい
る計算式を用いて求めた．CoE Headerは CoEが付与する
ヘッダによるオーバーヘッドを示すものである．CoEのパ
ケットは 64byteで構成されており，そこに 4byteのヘッ
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Cluster	System	with	FPGAs

sender(__global float* restrict x, int n) {
for (int i = 0; i < n; i++) {
float v = x[i];
write_channel_intel(simple_out, v);

}
}

receiver(__global float* restrict x, int n) {
for (int i = 0; i < n; i++) {
float v = read_channel_intel(simple_in);
x[i] = v;

}
}

lCommunication	Integrated	Reconfigurable	
CompUting System	(CIRCUS)
ØCIRCUS	enables	OpenCL	code	communicate	
with	other	FPGAs	on	different	nodes

ØExtending	Intel’s	channel	mechanism	to	
external	communications	

ØPipeline	manner:	sending/receiving	data	
from/to	compute	pipeline	directly
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Interconnect

・ I/O	Channel
- connects	OpenCL
with	peripherals	
- We	used	this	feature

Comm.	w/o	channels

Comm.	w/	channels

・ Channel	Extension:	
Transferring	data	between	
kernels	directly (low	latency	
and	high	bandwidth)
・We	can	use	multiple	
kernel	design	to	exploit	
space	parallelism	in	an	
FPGA

lFPGA-based	parallel	comp.	with	OpenCL
- Needs	a	communication	system	being	
suitable	to	OpenCL	and	Intel	FPGAs	

- Using	of	Intel	FPGA	SDK	for	OpenCL

CIRCUS
Backends

sender	code	on	FPGA1

receiver	code	on	FPGA2

Our	proposed	method Pipelined	communication	experiment

90.7Gbps↑

Recv.

Comp.

Send

A

B

A,B: Start and end point to clock

Authentic	Radiation	Transfer	[2]

• Accelerated Radiative transfer on grids Oct-Tree 
(ARGOT)  has been developer in Center for 
Computational Sciences, University of Tsukuba
• ART is one of algorithms used in ARGOT and 

dominant part (90% or more of computation 
time) of ARGOT program

• ART is ray tracing based algorithm
• problem space is divided 

into meshes and reactions 
are computed on each mesh

• Memory access pattern 
depends on ray direction

• Not suitable for SIMD architecture
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Table 2: Resource usage and clock frequency of the implementation.

size # of PEs ALMs (%) Registers (%) M20K (%) MLAB DSP (%) Freq. [MHz]
(16, 16, 16) (2, 2, 2) 132,283 31% 267,828 31% 739 27% 14,310 312 21% 193.2
(32, 32, 32) (2, 2, 2) 169,882 40% 344,447 40% 796 29% 21,100 312 21% 173.8
(64, 64, 64) (2, 2, 2) 169,549 40% 344,512 40% 796 29% 21,250 312 21% 167.0

(128, 128, 128) (2, 2, 2) 169,662 40% 344,505 40% 796 29% 21,250 312 21% 170.4

Table 3: Performance comparison between FPGA, CPU and
GPU implementations. The unit is M mesh/sec.

Size CPU(14C) CPU(28C) P100 FPGA
(16,16,16) 112.4 77.2 105.3 1282.8
(32,32,32) 158.9 183.4 490.4 1165.2
(64,64,64) 175.0 227.2 1041.4 1111.0

(128,128,128) 95.4 165.0 1116.1 1133.5

per link) multiple interconnection links (up to 4 channels) on
it. Additionally, HLS such as OpenCL programming envi-
ronment is provided, and there are several tyeps of research
to involve them in FPGA computing. In [3], Kobayashi, et
al. show the basic feature to utilize the high speed intercon-
nection over FPGA driven by OpenCL kernels. Therefore,
although the performance of our implementation is almost
same as NVIDIA P100 GPU, the overall performance with
multiple computation nodes with FPGA to be connected di-
rectly can easily overcome the GPU implementation which
requires host CPU control and kernel switching for inter-
node communication. Networking overhead on FPGAs is
much lower than one on GPUs. To improve current ART
method implementation with such an interconnection fea-
ture on FPGA is our next step toward high performance
parallel FPGA computing.

8. CONCLUSION
In this paper, we optimized ART method used in ARGOT

program which solves a fundamental calculation in early
stage universe with space radiative transfer phenomenon,
on an FPGA using Intel FPGA SDK for OpenCL. We par-
allelized the algorithm using the SDK’s channel extension
in an FPGA. We achieved 4.89 times faster performance
than the CPU implementation using OpenMP as well as al-
most same performance as the GPU implementation using
CUDA.

Although the performance of the FPGA implementation
is comparable to NVIDIA P100 GPU, it has room to im-
prove its performance. The most important optimization
is resource optimization. If we can implement larger num-
ber of PEs than one of the current, we can improve per-
formance. However, it is difficult for us to reduce usage
of ALMs and registers because we do not describe them di-
rectly in OpenCL code. Not only resource but also frequency
is important. We suppose Arria 10 with OpenCL design can
run on 200MHz or higher frequency.

We will implement the network functionality into the ART
design to parallelize it among multiple FPGAs. We con-
sider networking using FPGAs is an important feature for
parallel applications using FPGAs. Although GPUs have
higher computation performance FLOPS and higher mem-
ory bandwidth than FPGAs, I/O including networking is a

weak point for GPUs because they are connected to NICs
through PCIe bus. In addition to networking, we will try to
run our code on Stratix 10 FPGA which is the next gener-
ation Intel FPGA. We expect we can implement more PEs
than Arria 10 FPGA because it has 2.2 times more ALM
blocks and 3.8 times more DPS blocks.
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Fig. 5: Design Outline of ART on FPGA.

each other. Each kernel computes reaction between a mesh and a ray
on its own computation space which is dedicated to each kernel. While
computing, a ray is traversed among multiple compute kernels depend-
ing on its location. If a ray goes out from kernel’s space, its data will be
transferred to a neighbor kernel through a channel.
Figure 5 shows the design outline of our implementation. “Memory Reader”
reads mesh data from DDR4 memory which is seen as a global memory
from OpenCL language. “Memory Writer” is a counterpart to the reader
and updates mesh data by the result of computation. It has both of read
and write memory access because it computes integration of gas reaction.
“Buffer” is a mesh data buffer to improve memory access performance.
“PE Array” is an array of PEs (Processing Element). PE computes the
kernel of ART method. The array is consists of multiple kernels. We show
the detail of PE network in the next subsection.
Since our implementation is work-in-progress, it lacks some features from
the CPU implementation. While computation in an FPGA, all mesh data
must be put into its internal BRAM (Block Random Access Memory).
The FPGA implementation does not support to replace mesh data in-
volved by progression of its computation. Therefore, problem size which
an FPGA can solve is limited by the size of BRAM. The CPU implemen-
tation supports inter-node parallelization using MPI (Message Passing
Interface), but the FPGA implementation does not support any network-
ing functionality and uses only one FPGA.

4.2 Parallelization using Channel in an FPGA

We describe the structure in “PE Array” shown in Figure 5. A PE Array
is consists of PEs and BEs (Boundary Element) as shown in Figure 6.
It shows the PE Array network on the x-y dimension. We do not show
connections for z dimension to keep the figure simple. We also have a
similar connection to x-y dimension for z dimension.
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• Our implementation uses channel based approach
• One of extensions to OpenCL for FPGAs by Intel

• It enables inter kernel communication much faster
• No external memory (DDR) access is required
• Lower resource utilization than DDR access

without channels with channels

(16x16x16) (8x8x8)

mesh

• Problem space is divided into small blocks
• e.g. (16, 16, 16) → 8 � (8, 8, 8)
• PE is assigned to each of small blocks

PE BEBE PE

96bit x2 
(read,write)

Channel

PE PE BEBE

BEBE

BEBE

y

x
Ray Data

• PEs are connected by channels each other
• PE: Processing Element
• BE: Boundary Element

• Kernel of PEs and BEs are started automatically by 
autorun attribute
• Lower control overhead and resource usage 

because of decreasing number of host controlled 
kernels

4.9x	faster

almost	equal	performance
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