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Background
• In recent years, Field Programmable Gate Array (FPGA) has been 
focused on High Performance Computing (HPC) area
• FPGAs cannot defeat GPUs in performance of computation (GFLOPS) or 
memory bandwidth

• We have to offload suitable works for FPGAs
• Due to improvements of FPGA tools,
programming cost of FPGA is decreasing
• High Level Synthesis (HLS)

• Application developers can make FPGA designs
• High Performance (~100Gbps) Inter-FPGA communication (xN chan.)

• We are trying to combine computation and communication in FPGA network
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What is given by research
• Realizing parallel system on FPGAs 
using OpenCL HLS
• Space radiative transfer code

• Optimizing for Intel Stratix 10 FPGA
• parallelize on multiple FPGAs in different nodes 
using our inter-FPGA communication framework

• We developed FPGA- and HLS-friendly 
communication system
• Integrating networking functionality into the HLS 
environment
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Related Work
• Performance Evaluation of HPC applications on FPGAs using OpenCL

• Using the same code on FPGA as GPU code is not a good strategy [2]
• OpenCL achieves the same performance as VHDL code, but consumes more FPGA 
resources [3]

• Irregular memory access on FPGA has 50% more power efficiency then CPU [4]
• Communication using FPGAs

• Microsoft makes a 6 x 8 2D-torus network for the Bing web search engine [5]
• Noctua supercomputer at Center for Parallel Computing, Paderborn University [6]

• Communication framework for OpenCL
• CIRCUS [14] (ours)
• Streaming Message Interface [7] on Noctua

→ HLS for HPC and FPGA networks has been widely considered
• However, research using both features is little known
• In this study, we combine the productivity of HLS and high-performance network of an FPGA
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Previous Work
• Implemented and optimized space radiative transfer code 

• for Intel Arria 10 FPGA [11]
• Single FPGA only

• Inter-FPGA Comm. Framework for OpenCL
• 40Gb Ethernet on Intel Arria 10 [a]
• direct communication at 100Gbps on Intel Stratix 10 [14]
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[11]: N. Fujita, et al., “Accelerating Space Radiative Transfer on FPGA using OpenCL”, HEART 2018.
[a]: N. Fujita, et al., “Parallel Processing on FPGA Combining Computation and Communication in OpenCL Programming”,  AsHES2019.
[14]: N. Fujita, et al., “Performance Evaluation of Pipelined Communication Combined with Computation in OpenCL Programming on FPGA”, AsHES2020.

• In this work:
• Combining two previous works
• Running the code on Stratix 10 FPGAs in multiple nodes connected by 
optical links



ARGOT
• ARGOT (Accelerated Radiative transfer on grids using Oct-Tree)
• Astrophysical code for the early stage of universe
• Radiative transfer code developed in Center for Computational Sciences 
(CCS), University of Tsukuba
• CPU (OpenMP) and GPU (CUDA) implementations are available
• Inter-node parallelism is also supported using MPI

• ART (Authentic Radiation Transfer) method
• It solves radiative transfer from light source spreading out in the space
• Dominant computation part (90%~) of the ARGOT program on CPU

• In this research, we accelerate the ART method on an FPGA 
using Intel FPGA SDK for OpenCL as an HLS environment
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ART Method
• ART method is based on ray-tracing method

• 3D target space split into 3D meshes
• Rays come from boundaries and move in straight in parallel 
with each other

• Directions (angles) are given by HEALPix algorithm
• ART method computes radiative intensity on each mesh 
as shows as formula (1)
• Bottleneck of this kernel is the exponential function (expf)
• There is one expf call per frequency (ν). Number of frequency  
is from 1 to 6 at maximum, depending on the target problem

• All computation uses single precision computations
• Memory access pattern for mesh data is varies depending 
on ray’s direction
• Not suitable for SIMD style architecture
• FPGAs can optimize it using custom memory access logics.
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Intel FPGA SDK for OpenCL
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• We used Intel FPGA SDK for OpenCL
• Channel Extension: Transferring data between 
kernels directly (low latency and high 
bandwidth)

• Channels enable us use modularized design
• We can use multiple kernel design to exploit 
space parallelism in an FPGA

• I/O Channel
• One of channel types
• Used for connecting between OpenCL kernels and 

external peripherals
• We used it to control network controller

• BSP: Board Support Package
• hardware component for OpenCL environment
• contains board-specific hardware information
• We add comm. system to the BSP

�2�S�H�Q�&�/��
�.�H�U�Q�H�O�V��

�����*���(�W�K����
�&�R�Q�W�U�R�O�O�H�U��

�%�6�3�2�S�H�Q�&�/���&�L�U�F�X�L�W�V

�6�H�U�L�D�O���/�L�Q�N�V�����[�����,�2���&�K�D�Q�Q�H�O�V

8

Networking
Modules



ART on Parallel FPGA
• Processing Element (PE)
• OpenCL kernels to compute ART method
• Each PE has 163 sized working memory
(BRAM: Block RAM)
• Computations use data on BRAM

• Parallelized design using channels
• Multiple PEs are implemented in an FPGA

• Currently, up to 8PEs (2x2x2=8)
• Channels connect between PEs to transfer 
ray data for radiative transfer computation
• This structure is important for parallel 
computation on multiple FPGAs
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Opt. for Stratix 10
• Integration on BRAM is the bottleneck

• Although BRAM is high-speed SRAM, read-modify-
write in one cycle is difficult

• In Arria 10 Implementation[12]
• Optimized kernel written in Verilog HDL
• However, we need to change parameters to obtain 
the best performance whenever we use different 
FPGA chips or OpenCL compilers

• This technique is ART specific one and cannot be 
used for different applications.

• In this study, we implement “memory with 
accumulator module” in Verilog HDL
• focus on portability for multiple applications
• We can use this module as a “function call” in 
OpenCL

• This is similar to the library on CPU 10
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ray = ray_init ();
while (ray is alive ) {

pos = ray.ix * Ny * Nz + ray.iy * Nz + ray.iz;
mesh[pos ]. I_nu1 +=

ray -> I_in_nu1 * -expm1f (-tau );
ray = next_mesh (ray );

}

ਤ 3: ϝογϡʹ͓͚Δ reduction ԋࢉͷྫɽ

ΛٻΊɼͦͷ݁ՌΛ֤ϝογϡ্Ͱੵ෼Λ͏ߦɽϓϩάϥ

Ϝͷ࣮૷ͱͯ͠͸ɼਤ 3 ʹ͋ΔΑ͏ʹɼϝϞϦʹର͢ΔՃ

ΕΔɽ͜ͷϧʔϓΛύΠϓϥΠϯͰ࣮૷͢͞ݱͱͯ͠දࢉ

Δͱɼ഑ྻ mesh ʹର͢ΔՃ͕ࢉ loop carreied dependency
ͱͳΓɼInitiation Interval (II) ͕ 1 ΑΓେ͖͘ͳͬͯ͠·

͏ɽII ͸ύΠϓϥΠϯΛԿΫϩοΫຖʹಈͤ͞࡞Δ͔Λࣔ

͢஋Ͱ͋ΔɽII=1 ͕ཧ૝ͷঢ়ଶͰ͋ΓɼII ͕ 1 ΑΓେ͖

͘ͳΔͱεϧʔϓοτ͕௿Լ͢Δɽྫ͑͹ II=2 ͷ৔߹ɼ2
ΫϩοΫʹ 1 ճ͔͠͞ߦ࣮͕ࢉܭΕͳ͍ͨΊɼεϧʔϓο

τ͕ 50%ʹ௿Լ͢ΔɽII=1 Λୡ੒͢ΔͨΊʹ͸ɼϧʔϓ

ͷ iteration ؒͰґଘ͕ؔ͋܎ΔࢉܭΛ 1 ΫϩοΫͰٻΊ

ͳ͚Ε͹ͳΒͳ͍ɽ͔͠͠ͳ͕Βɼґଘ͕ؔ͋܎Δ͕ࢉܭ

ෳࡶͳ৔߹ɼΫϦςΟΧϧύεͱͳΓɼճ࿏ͷಈ࡞प೾਺

͕௿Լͯ͠͠·͏ɽͦͷͨΊɼOpenCL ίϯύΠϥ͸ɼII
Λ 1 ΑΓେ͖͘͢Δ͜ͱͰಈ࡞प೾਺Λҡ࣋͢Δಈ࡞Λߦ

͏ɽART on FPGA ࣮૷Ͱ͸ɼ഑ྻ mesh ͸ BRAM ্ʹ

࣮૷͞Ε͍ͯΔ͕ɼBRAM ΁ͷΞΫηεͱුಈখ਺఺਺

ՃࢉΛ 1 ΫϩοΫͰ͜͏ߦͱ͸೉͍͠ɽ

Arria 10 Λ༻͍ͨ ART on FPGA ͷ࣮૷ [19] Ͱ͸ɼϝ

ϞϦΞΫηεΛ Shift Register Ͱ࣮૷͠ɼԋࢉΛ Verilog
HDL Ͱهड़͢Δ͜ͱͰɼԋࢉΛ͏ߦϧʔϓ͕ II=1 ʹͳΔ

Α͏ʹ࠷దԽΛͨͬߦɽຊདྷɼOpenCL ίϯύΠϥͰ͸ɼ

ϧʔϓͷ II Λࢦఆ੍ͯ͠ڧͰ͖ͳ͍*1ͷͰ͋Δ͕ɼԋࢉͷ

Ұ෦Λ Verilog HDL Ͱهड़͠ɼͦͷύΠϓϥΠϯͷඞཁΫ

ϩοΫαΠΫϧ਺Λௐ੔͢Δ͜ͱͰɼίϯύΠϥʹΑͬͯ

II=1 ͷϧʔϓ͕࡞੒͞ΕΔΑ͏ʹௐ੔Λͨͬߦɽ͔͠͠

ͳ͕Βɼ͜ͷख๏Λ༻͍Δ৔߹ɼԋࢉ෦ΛԿΫϩοΫαΠ

ΫϧҎ಺Ͱ࣮૷͢Ε͹ II ͕ 1 ʹͳΔͷ͔͕ఆྔతʹ൑அ

Ͱ͖ͣɼTry-and-Error ʹΑͬͯ II=1 Λୡ੒͍ͯͨ͠ɽར

༻͢Δ FPGA νοϓ͚ͩͰͳ͘ɼίϯύΠϥͷόʔδϣ

ϯʹΑͬͯ΋มΘΔՄೳੑ͕͋ΔͨΊͰ͋Δɽ·ͨɼART
๏ʹݻ༗ͳԋࢉΛ Verilog HDL Ͱهड़͍ͯͨͨ͠Ίɼଞͷ

ΞϓϦέʔγϣϯʹ࠷దԽΛͦͷ··ద༻͢Δ͜ͱ͸Ͱ͖

ͳ͔ͬͨɽ

ຊߘͰ͸ɼʮՃثࢉ෇͖ϝϞϦʯΛ Verilog HDL Ͱه

ड़͠ɼͦΕΛ OpenCL ίʔυ͔Βݺͼग़͢͜ͱͰɼԋࢉ

ϧʔϓͷ II=1 Λୡ੒ͨ͠ɽՃثࢉ෇͖ϝϞϦͷ࣮૷ʹ͸ɼ

Stratix 10 ͷ Digital Signal Processor (DSP) ϒϩοΫ͕࣋

*1 ͨͩ͠ɼII Λ؇࿨͢Δ৔߹͸ɼ#pragma II Λ༻͍Δ͜ͱͰՄೳɽ

ਤ 4: Ճثࢉ෇͖ϝϞϦͷ֓ཁɽ

float accram (
ushort index , uchar set , float x, float y);

ਤ 5: accram ؔ਺ͷ prototype એݴɽ

float accram (
ushort index , uchar set , float x, float y) {
float newValue =

(set) ? (x * y) : (bram[ index ] + x * y);
bram[ index ] = newValue ;
return newValue ;

}

ਤ 6: accram ؔ਺ͷಈ࡞Λٖࣔ͢ࣅίʔυɽ

ͭ Accumulator ϞʔυΛ༻͍ΔɽAccumulator Ϟʔυ͸ɼ

ՌΛ݁ࢉܭ DSP ϒϩοΫ಺ͷϨδελͰอ࣋͢Δ͜ͱͰɼ

1 ΫϩοΫຖʹ஋ͷ଍͠߹Θ͕ͤͰ͖ΔϞʔυͰ͋Δɽ

ਤ 4 ʹ͋ΔΑ͏ʹɼDSP Λ 3 ͭͱσʔλΛอ࣋͢Δ

M20K BRAM Λ૊Έ߹Θ࣮ͤͯ૷Λ͏ߦɽجຊతͳಈ࡞

͸ɼΠϯσοΫεͰࢦఆ͞ΕͨσʔλΛ BRAM ͔ΒಡΈ

ग़͠ɼDSP ͰՃࢉΛ͍ߦɼ݁ՌΛ BRAM ʹॻ͖໭͢΋ͷ

Ͱ͋ΔɽDSP ͷϨΠςϯγ͕ 2 αΠΫϧͱɼͦΕʹՃ͑ͯ

ಈ࡞प೾਺ΛߴΊΔͨΊʹ DSP ͷग़ྗʹϨδελΛ 1 ஈ

ૠೖ͓ͯ͠Γɼ߹ܭͰ 3 ΫϩοΫͷԋࢉϨΠςϯγ͕͋Δɽ

ͦͷͨΊɼDSP Λ 3 ࣮ͭ૷͠ɼ3 ΫϩοΫҎ಺ʹಉ͡Πϯ

σοΫε΁ͷΞΫηε͕͋Δ৔߹͸ɼϝϞϦ͔ΒಡΈͩ͠

ͨσʔλΛར༻ͤͣɼDSP ಺෦ͷϨδελʹอ࣋͞Ε͍ͯ

ΔσʔλΛ༻͍Δɽ͜ΕʹΑͬͯɼ࿈ଓͨ͠ಉ͡Πϯσο

Ϋεʹର͢ΔՃൃ͕ࢉੜͯ͠΋ɼਖ਼͘͠ԋࢉΛ͑ߦΔɽܭ

Ε͹ɼ͜ͷख๏͸͑ߟ๏͚ͩΛํࢉ OpenCL Ͱ΋هड़Մೳ

Ͱ͋ΔΑ͏ʹ͑ݟΔ͕ɼOpenCL ͷΈͰ͜ΕΛ࣮૷͢Δ͜

ͱ͸೉͍͠ɽਖ਼͍݁͠ՌΛಘΔͨΊʹ͸ɼBRAM ΁ͷΞ

ΫηεɼDSP Λ༻͍ͨԋࢉɼεέδϡʔϧΛ͏ߦճ࿏ͷॴ

ཁΫϩοΫαΠΫϧ਺͕ઃ࣌ܭʹΘ͔͍ͬͯͳ͚Ε͹ͳΒ

ͳ͍͕ɼͦΕΛ໌ࣔతʹ੍͢ޚΔखஈ͕ͳ͍ͨΊͰ͋Δɽ

Verilog HDL Ͱ࣮૷ͨ͠Ճثࢉ෇͖ϝϞϦ͸ɼOpenCL
͔Β͸ؔ਺ͱͯ͠ݺͼग़͢͜ͱͰར༻Ͱ͖Δɽؔ਺ͷએݴ

Λਤ 5 ʹࣔ͢ɽ·ͨɼ͜ͷؔ਺ͷಈ࡞Λදٖ͢ࣅίʔυΛ

ਤ 6 ʹࣔ͢ɽ୯७ʹ஋ΛՃ͢ࢉΔͷͰ͸ͳ͘ɼੵΛՃ͠ࢉ
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ray = ray_init ();
while (ray is alive ) {

pos = ray.ix * Ny * Nz + ray.iy * Nz + ray.iz;
mesh[pos ]. I_nu1 +=

ray -> I_in_nu1 * -expm1f (-tau );
ray = next_mesh (ray );

}
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float accram (
ushort index , uchar set , float x, float y);


$ 5: accram ��
:�w prototype 
•�t�}

float accram (
ushort index , uchar set , float x, float y) {
float newValue =

(set) ? (x * y) : (bram[ index ] + x * y);
bram[ index ] = newValue ;
return newValue ;

}


$ 6: accram ��
:�w�ˆ�^�›�Ô�b�V�Å�¯�”�Å�}

�m Accumulator �Þ�”�Å�›�;�M�”�} Accumulator �Þ�”�Å�x�|

�-�‰�A�L�› DSP �Ò�é�¿�«�º�w�è�´�µ�»�p�-�Ë�b�”�\�q�p�|

1 �«�é�¿�«�–�t�‹�w�
�`�ù�˜�d�U�p�V�”�Þ�”�Å�p�K�”�}


$ 4 �t�K�”�‘�O�t�| DSP �› 3 �m�q�Ã�”�»�›�-�Ë�b�”

M20K BRAM �›
Ê�ˆ�ù�˜�d�o�î
÷�›�æ�O�}�,�Š�$�s�ˆ�^

�x�|� �ï�Ã�¿�«�µ�p�¦���^�•�h�Ã�”�»�› BRAM �T�’�¡�ˆ

	Z�`�| DSP �p�C�‰�›�æ�M�|�A�L�› BRAM �t	{�V�í�b�‹�w

�p�K�”�} DSP �w�è� �Â�ï�³�U 2 �±� �«�ç�q�|�f�•�t�C�Q�o

�ˆ�^	*�þ
:�›�ô�Š�”�h�Š�t DSP �w	Z�—�t�è�´�µ�»�› 1 �ˆ


à�Ö�`�o�S�“�|�ù�-�p 3 �«�é�¿�«�w���‰�è� �Â�ï�³�U�K�”�}

�f�w�h�Š�| DSP �› 3 �m�î
÷�`�| 3 �«�é�¿�«�Ž�º�t�‰�a� �ï

�Ã�¿�«�µ�•�w�ž�«�·�µ�U�K�”	Ô�ù�x�|�Ý�Þ�æ�T�’�¡�ˆ�i�`

�h�Ã�”�»�›�b�;�d�c�| DSP �º
æ�w�è�´�µ�»�t�-�Ë�^�•�o�M

�”�Ã�”�»�›�;�M�”�}�\�•�t�‘�l�o�|�È���`�h�‰�a� �ï�Ã�¿

�«�µ�t�0�b�”�C�‰�U
C
\�`�o�‹�|
Y�`�X���‰�›�æ�Q�”�}�-

�‰�M�O�i�Z�›�ß�Q�•�y�|�\�w	��O�x OpenCL �p�‹�G	\�D�ó

�p�K�”�‘�O�t�_�Q�”�U�| OpenCL �w�ˆ�p�\�•�›�î
÷�b�”�\

�q�x�É�`�M�}
Y�`�M�A�L�›�˜�”�h�Š�t�x�| BRAM �•�w�ž

�«�·�µ�| DSP �›�;�M�h���‰�|�µ�­�´�á�”�ç�›�æ�O�s�Ï�w	t

�A�«�é�¿�«�±� �«�ç
:�U
ƒ�-�Ì�t�˜�T�l�o�M�s�Z�•�y�s�’

�s�M�U�|�f�•�›�Ì�Ô�$�t
M�š�b�”	��ˆ�U�s�M�h�Š�p�K�”�}

Verilog HDL �p�î
÷�`�h�C�‰�+
Ç�V�Ý�Þ�æ�x�| OpenCL
�T�’�x��
:�q�`�o�z�|	Z�b�\�q�p�b�;�p�V�”�}��
:�w
•�t

�› 
$ 5 �t�Ô�b�}�‡�h�|�\�w��
:�w�ˆ�^�›
¯�b�V�Å�¯�”�Å�›


$ 6 �t�Ô�b�}�o	m�t�‹�›�C�‰�b�”�w�p�x�s�X�|
u�›�C�‰�`

c© 2020 Information Processing Society of Japan 4

Pseudo-code of the behavior
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P
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M
20
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BR
AM

[12]: R. Kobayashi, et al., “Accelerating radiative transfer simulation with GPU-FPGA cooperative computation”, ASAP 2020.



CIRCUS [14]
• Intel FPGA SDK for OpenCL

• We can describe FPGA hardware in OpenCL
• Problem: How to write inter-FPGA communication code in OpenCL?

• MPI is the standard method for HPC applications
• It is memory-to-memory communication, not suitable for FPGAs
• We need to utilize pipeline-based communication in an FPGA

• →CIRCUS[14]: Communication Integrated Reconfigurable CompUting System
• Pipelined communication and computation

• communicate from or to a computation pipeline directly

11

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

}
}

sender code on FPGA1
receiver(__global float* restrict x, int n) {
for (int i = 0; i < n; i++) {
float v = read_channel_intel(simple_in);
x[i] = v;

}
}

receiver code on FPGA2Comm.
Backend

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



CIRCUS Design Overview
• Most control logics are in OpenCL

• Buffering, packet generation/extraction, multiplexer and demultiplexer
• high flexibility design optimized for each application
• Highly optimized router written in Verilog HDL in the BSP (firmware)

12
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Router in CIRCUS

Router written in Verilog HDL and 
implemented in BSP
→ for non-neighbor FPGA comm.
packet queue and switching in 
CIRCUS router 13
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CIRCUS performance

latency+ /hop
~250 ns

Latency（1hop~7hops）

max. throughput
90.2Gbps

min. latency
500ns

Throughput（1hop~7hops）

14

Be
tt
er

Better
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.



ART + CIRCUS
• CIRCUS extends inter-PE 
channel to inter-FPGA 
communication
• building a larger PE array 
using multiple FPGAs

15
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channel rt_ch [6][ NPE_X ][ NPE_Y ][ NPE_Z ];
channel extout_x_neg_x0_y0_z0 ;
channel extin_x_neg_x0_y0_z0 ;
# define PE_INPUT_X_POS rt_ch [1][1][0][0]
# define PE_INPUT_X_NEG extin_x_neg_x0_y0_z0
# define PE_INPUT_Y_POS rt_ch [3][0][1][0]
# define PE_INPUT_Y_NEG rt_ch [2][0][1][0]
# define PE_INPUT_Z_POS rt_ch [5][0][0][1]
# define PE_INPUT_Z_NEG rt_ch [4][0][0][1]
# define PE_OUTPUT_X_POS rt_ch [0][0][0][0]
# define PE_OUTPUT_X_NEG extout_x_neg_x0_y0_z0
# define PE_OUTPUT_Y_POS rt_ch [2][0][0][0]
# define PE_OUTPUT_Y_NEG rt_ch [3][0][0][0]
# define PE_OUTPUT_Z_POS rt_ch [4][0][0][0]
# define PE_OUTPUT_Z_NEG rt_ch [5][0][0][0]

__kernel void PE_x0_y0_z0 (...) {
while (! exit) {

bool x_neg , x_pos , y_neg , y_pos ,
z_neg , z_pos = ...;

if ( x_neg )
rt = read_channel_intel ( PE_INPUT_X_NEG );

else if ( x_pos )
rt = read_channel_intel ( PE_INPUT_X_POS );

else if ( y_neg )
rt = read_channel_intel ( PE_INPUT_Y_NEG );

else if ( y_pos )
rt = read_channel_intel ( PE_INPUT_Y_POS );

else if ( z_neg )
rt = read_channel_intel ( PE_INPUT_Z_NEG );

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

...
calc_intensity (...);
...
bool x_neg_out , x_pos_out , y_neg_out , y_pos_out ,

z_neg_out , z_pos_out = ...;
if ( x_neg_out )

write_channel_intel ( PE_OUTPUT_X_NEG , rt );
else if ( x_pos_out )

write_channel_intel ( PE_OUTPUT_X_POS , rt );
else if ( y_neg_out )

write_channel_intel ( PE_OUTPUT_Y_NEG , rt );
else if ( y_pos_out )

write_channel_intel ( PE_OUTPUT_Y_POS , rt );
else if ( z_neg_out )

write_channel_intel ( PE_OUTPUT_Z_NEG , rt );
else if ( z_pos_out )

write_channel_intel ( PE_OUTPUT_Z_POS , rt );
}

}

ਤ 10: PEͷٖࣅίʔυɽ

ಉ͡ FPGAϘʔυΛ౥͍ͯ͠ࡌΔʹ΋͔͔ΘΒͣ FPGA
ͷੑೳධՁʹ༻͍ͳ͍ཧ༝͸ɼCIRCUSͷ௨৴Λར༻͢Δ
ͨΊͰ͋ΔɽCIRCUS͸௨৴ػೳΛؚΜͩվ଄ BSPΛ༻
͍ΔͨΊɼFPGAͷॻ͖͓͑׵Αͼࢉܭϊʔυͷى࠶ಈ͕
ඞཁͱͳΔɽ͔͠͠ͳ͕ΒɼCygnus͸ຊ൪ӡ༻ʹ͞ڙΕ

ද 3: FPGA࣮૷ͷϦιʔεফඅྔ͓Αͼಈ࡞प೾਺ɽ
ALM Reg. M20K MLAB Fmax[MHz]

617,423 1,285,365 5,053 1,916 261.1
(66.2%) (34.4%) (43.1%) (33.3%)

ද 4: SeedΛมԽͤͨ͞ࡍͷಈ࡞प೾਺ͷҧ͍ɽ
Seed 1 2 3 4 5

Fmax[MHz] 225.0 261.0 240.0 261.1 245.0

ਤ 11: ଌఆ݁Ռɽ

͍ͯΔγεςϜͰ͋ΔͨΊɼϊʔυͷى࠶ಈʹ੍ݶΛ൐͏ɽ

͕ͨͬͯ͠ɼFPGAͷੑೳධՁʹ͸ PPXΛ༻͍ΔɽಉҰ
FPGAϘʔυΛ༻͍͍ͯΔ͜ͱͱɼࢉܭΛ͏ߦͷ͸ΞΫη
ϥϨʔλͷΈͰ͋Γ CPU͸ FPGAͷ੍ޚʹઐ೦͢Δͨ
ΊɼCygnus্Ͱ࣮͢ߦΔ৔߹ͱੑೳʹେ͖ͳҧ͍͸ͳ͍
ͱ͑ߟΒΕΔɽ

5.2 FPGAϦιʔεফඅྔ, ಈ࡞प೾਺
FPGA࣮૷ͷϦιʔεফඅྔͱ OpenCLΧʔωϧͷಈ

प೾਺Λද࡞ 3 ʹࣔ͢ɽ͜͜ͰɼALM (Adaptive Logic
Module)͸ Lookup Table (LUT)ͱRegister͔Βߏ੒͞Ε
Δ࿦ཧճ࿏ϒϩοΫɼM20K͸ FPGA಺ଂ BRAMϒϩο
ΫɼDSP (Digital Signal Processor)͸ුಈখ਺఺਺ԋࢉ΍
੔਺৐ࢉΛ͏ߦϒϩοΫͰ͋ΔɽFPGAશମͷ 66%ͷϦ
ιʔεΛফඅ͠ɼಈ࡞प೾਺͸ 261MHzͰ͋Δɽ

FPGA൛ͷੑೳධՁʹ͸ɼFitter͕ѻ͏ཚ਺ͷ Seed*2Λ

5௨Γͨ͠ࢼ΋ͷͰ࠷΋ಈ࡞प೾਺͕͍ߴ΋ͷΛ࠾༻͢Δɽ
SeedΛมԽͤͨ͞ࡍʹɼͲͷΑ͏ʹಈ࡞प೾਺͕มԽ͢
Δ͔Λද 4ʹࣔ͢ɽͨͩ͠ɼ1ճͷίϯύΠϧ͋ͨΓ 8ʙ
9࣌ؒͷ͕͔͔࣌ؒΔͨΊɼຊߘͰ͸ 5௨ΓͷΈ͔͠ݧࢼ
Ͱ͖͍ͯͳ͍ɽද 4͔ΒΘ͔ΔΑ͏ʹɼ࠷଎ͷ݁Ռͱ࠷஗
ͷ݁ՌΛൺ΂Δͱ 16%ͷ͕ࠩ͋ΔͨΊɼOpenCLΛ༻͍ͯ
FPGAϓϩάϥϜΛهड़͢Δࡍ͸ෳ਺ͷ SeedͰ߹੒Λࢼ
ͯ͠ΈΔ͕ࣄॏཁͰ͋Δͱ͍͑Δɽ

5.3 ੑೳධՁ

ੑೳධՁʹ͸ ARGOTϓϩάϥϜ͔Β ART๏ʹؔ͢Δ
*2 aoc -seed=X ͰࢦఆͰ͖Δɽ
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channel rt_ch [6][ NPE_X ][ NPE_Y ][ NPE_Z ];
channel extout_x_neg_x0_y0_z0 ;
channel extin_x_neg_x0_y0_z0 ;
# define PE_INPUT_X_POS rt_ch [1][1][0][0]
# define PE_INPUT_X_NEG extin_x_neg_x0_y0_z0
# define PE_INPUT_Y_POS rt_ch [3][0][1][0]
# define PE_INPUT_Y_NEG rt_ch [2][0][1][0]
# define PE_INPUT_Z_POS rt_ch [5][0][0][1]
# define PE_INPUT_Z_NEG rt_ch [4][0][0][1]
# define PE_OUTPUT_X_POS rt_ch [0][0][0][0]
# define PE_OUTPUT_X_NEG extout_x_neg_x0_y0_z0
# define PE_OUTPUT_Y_POS rt_ch [2][0][0][0]
# define PE_OUTPUT_Y_NEG rt_ch [3][0][0][0]
# define PE_OUTPUT_Z_POS rt_ch [4][0][0][0]
# define PE_OUTPUT_Z_NEG rt_ch [5][0][0][0]

__kernel void PE_x0_y0_z0 (...) {
while (! exit) {

bool x_neg , x_pos , y_neg , y_pos ,
z_neg , z_pos = ...;

if ( x_neg )
rt = read_channel_intel ( PE_INPUT_X_NEG );

else if ( x_pos )
rt = read_channel_intel ( PE_INPUT_X_POS );

else if ( y_neg )
rt = read_channel_intel ( PE_INPUT_Y_NEG );

else if ( y_pos )
rt = read_channel_intel ( PE_INPUT_Y_POS );

else if ( z_neg )
rt = read_channel_intel ( PE_INPUT_Z_NEG );

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

...
calc_intensity (...);
...
bool x_neg_out , x_pos_out , y_neg_out , y_pos_out ,

z_neg_out , z_pos_out = ...;
if ( x_neg_out )

write_channel_intel ( PE_OUTPUT_X_NEG , rt );
else if ( x_pos_out )

write_channel_intel ( PE_OUTPUT_X_POS , rt );
else if ( y_neg_out )

write_channel_intel ( PE_OUTPUT_Y_NEG , rt );
else if ( y_pos_out )

write_channel_intel ( PE_OUTPUT_Y_POS , rt );
else if ( z_neg_out )

write_channel_intel ( PE_OUTPUT_Z_NEG , rt );
else if ( z_pos_out )

write_channel_intel ( PE_OUTPUT_Z_POS , rt );
}

}
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Pseudo-code of a PE

FPGA1 FPGA2

y

x
z

Channel CIRCUS Channel



Limitations
• ART on FPGA

• Can solve only the fixed size (323 / FPGA)
• The size of BRAM in an FPGA limits this

• load initial data from DDR (DDR→BRAM)
• compute ART method (no DDR access here)
• store the result to DDR (BRAM→DDR)

• Future work: replacing BRAM data while computing
• Computation does not stop if a ray crosses the intersection of meshes (l ~= 0)

• Inter-FPGA Comm. (CIRCUS)
• Only X- and Y-dimension support communication (for 2D-torus)
• Flow control and error handling are not supported
• In this paper, this is not a problem because we use up to 4 FPGAs.
• This will be a problem when we use a greater number of FPGAs.
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Evaluation
Environment

• Cygnus supercomputer
• Operation starts since Apr. 2019
• 2x Intel Xeon CPU,
4x NVIDIA V100 GPU,
and 2x Intel Stratix10 FPGA
• 48 nodes of CPU+GPU nodes 
(Deneb), 32 nodes of 
CPU+GPU+FPGA nodes (Albireo)

• FPGA: 2x BittWare 520N

• PPX
• Pre-PACS version. X (PPX) 
Cluster
• Test-bad system for next generation 
supercomputer in CCS, University of 
Tsukuba

• Intel Xeon (BDW) CPU x 2
• BittWare 520N
(Intel Stratix10 GX 2800)

• Direct network for FPGAs
• 2x2 Torus @100Gbps (Opt. Cable)

17



Evaluation Problem
• Using an ART benchmark program extracted from ARGOT program

• Input data: Uniform random numbers
• Problem size: 32x32x32, # of Frequency(ν)=6

• Compares NVIDIA V100 (Cygnus) and BittWare 520N (PPX)
• We must load special BSP to use CIRCUS (BSP: OpenCL HW. firmware)

• Because Cygnus is operated for practical use, it is difficult for us to reboot the compute nodes.
• Using up to 4 nodes with weak scaling configuration

• (1 GPU or 1 FPGA) / Node
• weak scaling only because of FPGA’s size limitation

• Data copy time for initial data and result are excluded

18

Cygnus (x32) PPX (x4)
CPU Intel Xeon (SKL) x4 Intel Xeon (BDW) x2
GPU NVIDIA V100 x4
FPGA Bittware 520N x2 Bittware 520N x1
FPGA Network 100G Opt. 5/10m 100G Opt. 10m



Performance Result
• Performance
• 4.5, 8.4 and 10.6 times faster than 
GPU on 1, 2 and 4 nodes

• Parallel efficiency
• Weak scaling: computation time should 
be the same
• With four nodes, FPGA is 92.4% while 
GPU is 49.2%
• This comes from a low-overhead high-
speed inter-FPGA communication 
provided by CIRCUS
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Resource Utilization

• Resource utilization
• 8 PEs + CIRCUS
• ALM is the most consumed resource
• Difficult to implement more PEs in this FPGA

• Other resources have space. We should optimize ALM utilization
• OpenCL frequency is little slow

• We expect 250~300MHz on Stratix 10 devices with OpenCL
• multiplexer in CIRCUS is the critical path

20

ALM Registers M20K MLAB OpenCL 
Freq.

695,204 1,324,993 5,053 1,916 206.67MHz
74.5% 35.5% 43.1% 33.3%



Discussion
• According to our previous study [12], 
323 size is too small for GPU
• 323 does not have enough parallelisms to 
utilize CUDA cores
• V100 has 5120 CUDA cores
• If we run 1283 size on GPU, we expect GPU
will be x1.6 more effective

• However, we suppose FPGA is still faster 
than GPU
• FPGA is 4.5 times faster on a single node
• Future work: getting rid of the limitation

• If we do strong scaling, FPGA will be better 
than GPU
• FPGA can handle small cases well
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𝑦 = 8𝑥

V100 Performance (323, 643, 1283)
（1GPU, Computation time only）

(*) computation cost is O(N3)

[12]: R. Kobayashi, et al., “Accelerating radiative transfer simulation with GPU-FPGA cooperative computation”, ASAP 2020.



Conclusion & Future work
• We realized parallel computation using
multiple FPGAs in different nodes
• ART (Authentic Radiation Transfer) method
• CIRCUS: Communication Integrated 
Reconfigurable CompUting System

• FPGA archives up to 10.6 times faster than
GPU and x3.8 performance running on 4 
FPGAs

• Future Work
• Supporting larger size on FPGA
• Using more FPGAs on Cygnus (up to 64)
• ARGOT with parallel FPGA with GPUs

• FPGA-GPU DMA[b]

22
[b]: R. Kobayashi, et al., “GPU-FPGA Heterogeneous Computing with OpenCL-enabled Direct Memory Access”, AsHES2020.
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