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GPUɾFPGAෳ߹ԋࢉՃ଎ʹΑΔ
Ӊ஦᫔ࣹ༌ૹίʔυARGOTͷੑೳධՁ

খྛ ྒฏ1,2 ౻ా య1ٱ தಓ ҆༞ະ2 ޱࢁ Ղथ2,1 ๿ ହ༞1,2 ٢઒1,3࢘ߞ ҆෦ ຀ਓ1

കଜ խ೭1,3

֓ཁɿզʑ͸ɼ͍ߴԋੑࢉೳͱϝϞϦόϯυ෯Λ༗͢Δ GPU (Graphics Processing Unit) ʹԋࢉ௨
৴ੑೳʹ༏Ε͍ͯΔ FPGA (Field Programmable Gate Array) Λ࿈ͤ͞ܞɼ૒ํΛ૬ิతʹར༻͢Δ
GPU-FPGAෳ߹γεςϜʹؔ͢ΔڀݚΛਐΊ͍ͯΔɽGPUɾFPGAෳ߹ԋࢉՃ଎͕ඞཁͱ͞ΕΔཧ༝
͸ɼෳ਺ͷ෺ཧϞσϧ΍ෳ਺ͷಉൃ࣌ੜ͢Δ෺ཧݱ৅ΛؚΉγϛϡϨʔγϣϯͰ͋ΔϚϧνϑΟδοΫε

ΞϓϦέʔγϣϯʹ༗ޮͩͱᛀΜͰ͍ΔͨΊͰ͋ΔɽϚϧνϑΟδοΫεͰ͸ɼγϛϡϨʔγϣϯ಺ʹ

༷ʑͳಛੑͷԋ͕ࢉग़͢ݱΔͷͰɼGPU͚ͩͰ͸ԋࢉՃ଎͕ࠔ೉ͳ৔߹͕͋Δɽ͕ͨͬͯ͠ɼGPU͚ͩ
Ͱ͸ରԠ͖͠Εͳ͍ಛੑͷԋࢉͷՃ଎ʹ FPGAΛར༻͢Δ͜ͱͰɼΞϓϦέʔγϣϯશମͷੑೳ্޲Λ
ૂ͏ɽຊߘͰ͸ɼϚϧνϑΟδοΫεͷྫͰ͋ΔɼӉ஦᫔ࣹ༌ૹγϛϡϨʔγϣϯίʔυ ARGOTΛର
৅ʹ͢ΔɽARGOT͸ɼ఺ޫݯͱۭؒʹ෼ݯޫͨ͠ࢄͷ 2छྨͷ᫔ࣹ༌ૹ໰୊ΛؚΉɽARGOT๏ͷԋ
ʹط͸ʹࢉ ARGOTϓϩάϥϜʹ࣮૷͞Ε͍ͯΔ GPUΧʔωϧΛ༻͍Δ͜ͱͰɼओཁԋࢉ෦෼Λ GPU
ͱ FPGA ʹదࡐదॴతʹػೳ෼ͯ͠ࢄ ARGOT ίʔυΛ࠷దԽ͢Δɽ·ͨɼGPU-FPGA ؒͷσʔλ
సૹʹ͸ɼ͜Ε·ͰʹఏҊ͖ͯͨ͠ OpenCL͔Β੍ޚՄೳͳ GPU-FPGAؒ DMAసૹΛར༻͢Δɽఏ
Ҋख๏ΛධՁͨ͠ͱ͜ΖɼGPUͱ FPGAʹదࡐదॴతʹػೳ෼ͨ͠ࢄ ARGOTίʔυ͸ɼͦ͏Ͱͳ͍
ARGOTίʔυͱൺֱͯ͠࠷େ 10.4ഒͷੑೳ্޲Λୡ੒Ͱ͖ͨɽ

1. ͸͡Ίʹ

ೳͱϝϞϦόϯυ෯Λ༗͢ΔGPUੑࢉԋ͍ߴ (Graphics
Processing Unit) ΛԋࢉՃ଎૷ஔͱͯ͠౥͢ࡌΔ CPU-
GPUߏ੒ͷΫϥελ͕ࠓ೔ͷ HPC෼໺ʹ͓͍ͯ͘޿༻
͍ΒΕ͍ͯΔɽ͜ͷΑ͏ͳߏ੒ͷΫϥελͰฒྻॲཧΛ࣮

ΔͨΊʹ͸ɼෳ਺ϊʔυΛ·͕ͨΔ͢ߦ GPUؒͷ௨৴ʹ
͓͍ͯ CPUΛհͨ͠ෳ਺ճͷϝϞϦίϐʔ͕ඞཁͰ͋Γɼ
͜ͷϨΠςϯγͷ૿ՃʹΑͬͯΞϓϦέʔγϣϯͷੑೳ

͕௿Լ͢Δ໰୊͕͋ͬͨɽͦ͜Ͱɼஜ೾େֶࢉܭՊֶڀݚ

ηϯλʔͰ͸ɼԋࢉՃ଎૷ஔؒΛ௿ϨΠςϯγͷ௨৴ωο

τϫʔΫͰີʹ઀ଓ͢Δ TCA (Tightly Coupled Accelera-
tors) ͱݺ͹ΕΔίϯηϓτΛఏএ͠ɼͦ ͷͨΊͷ௨৴ߏػ

Ͱ͋Δ PEACH2 (PCI Express Adaptive Communication
Hub Ver.2) [1]Λಠࣗ։ൃͨ͠ɽίϯηϓτͷ࣮ূγες
Ϝͱͯ͠ɼPEACH2Λ౥ͨ͠ࡌ HA-PACS/TCA (Highly
Accelerated Parallel Advanced System for Computational
Sciences/TCA) Λӡ༻͠ɼϊʔυΛ·͙ͨ GPUಉ࢜Ͱ௿

1 ஜ೾େֶ ηϯλʔڀݚՊֶࢉܭ
2 ஜ೾େֶ γεςϜ৘ใڀݚֶ޻Պ
3 ஜ೾େֶ ਺ཧ෺࣭ՊֶڀݚՊ

ϨΠςϯγ௨৴͕࣮͞ݱΕ͍ͯΔ͜ͱΛ֬ೝͨ͠ɽ

PEACH2͸ FPGA (Field Programmable Gate Array)
Λ༻͍ͯ։ൃ͞Ε͓ͯΓɼFPGAͱ͸೚ҙͷ࿦ཧճ࿏Λ
తʹϓϩάϥϜ͢Δ͜ͱ͕Ͱ͖Δूੵճ࿏Ͱ͋Δɽͦؾి

ͷಛੑ͔ΒɼΞϓϦέʔγϣϯʹಛԽͨ͠ԋࢉύΠϓϥΠ

ϯͱ಺෦ϝϞϦγεςϜΛ࣮͢ݱΔճ࿏Λ FPGA্ʹ࣮
૷ͯ͠Ϣʔβॴ๬ͷॲཧΛՃ଎ͤ͞Δ͜ͱ͕ՄೳͰ͋Δɽ

[2], [3] Ͱ͸ɼ௿ϨΠςϯγͷ௨৴Λ࣮͢ߦΔճ࿏ʹՃ͑
ͯɼGPU͕ෆಘखͱ͢ΔॲཧΛ࣮͢ߦΔճ࿏Λ FPGA্
ʹ࣮૷͠ɼͦΕΛ FPGAʹదٓʹΦϑϩʔυ͢Δ͜ͱʹ
ΑͬͯΞϓϦέʔγϣϯશମͷੑೳΛ্ͤ͞޲Δྫࣄڀݚ

͕ใ͞ࠂΕ͍ͯΔɽ͜ͷΑ͏ͳɼFPGAʹԋࢉΛΦϑϩʔ
υ͠ɼ௨৴ػೳͱ࿈͢ܞΔ͜ͱʹΑͬͯԋࢉͱ௨৴ͱΛ༥

߹͢ΔίϯηϓτΛզʑ͸ AiS (Accelerator in Switch) ͱ
ͷࡏݱ੒Ͱ͋ΔߏΜͰ͓ΓɼCPU-GPUΫϥελݺ HPC
γεςϜͷੑೳΛ্ͤ͞޲ʹߋΔݤͰ͋ΔͱᛀΜͰ͍Δɽ

ਤ 1ʹ AiSίϯηϓτͷ֓ཁΛࣔ͢ɽ֤ϊʔυʹ͸ GPU
ͱ FPGA͕౥͞ࡌΕɼͦΕΒ͸ PCIeόεΛհͯ͠઀ଓ
͞Ε͍ͯΔɽΞϓϦέʔγϣϯʹ͓͚Δେن໛ͳૈཻ౓ฒ

ྻॲཧ෦෼͸ैདྷ௨Γ GPU͕୲౰ͭͭ͠ɼGPUͰ͸Χ
όʔͰ͖ͳ͍ฒྻੑͷ௿͍ԋࢉ෦෼ͷΦϑϩʔυ͓Αͼߴ
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ਤ 1: AiSίϯηϓτͷ֓ཁɽGPUͰ͸ૈཻ౓ฒྻॲཧ
Λ୲౰͢ΔࢉܭΧʔωϧ͕࣮͞ߦΕɼFPGAͰ͸ GPU
͕ෆಘखͱ͢Δԋࢉ΍ूஂ௨৴ΛؚΉߴ଎ϊʔυؒ௨

৴Λ୲౰͢ΔΧʔωϧ͕࣮͞ߦΕΔɽCPU͸͜ΕΒͷ
Χʔωϧͷىಈ͓ΑͼશࢉܭσόΠεͷௐఀΛ͏ߦɽ
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(a) ARGOT code: radiation transfer simulation
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(b) ARGOT code running on the AiS concept

ਤ 2: (a) Ӊ஦᫔ࣹ༌ૹίʔυARGOTͷ֓؍ɽ(b) AiS
ίϯηϓτʹΑΔ ARGOTίʔυͷ࣮ߦϞσϧɽ

଎ϊʔυؒ௨৴ॲཧʹ FPGAΛద༻͢Δ͜ͱʹΑͬͯɼΑ
Γޮ཰తͰϨΠςϯγϘτϧωοΫͷগͳ͍ڧεέʔϦϯ

άͷ࣮ݱΛ໨͢ࢦɽ

GPUɾFPGAෳ߹ԋࢉՃ଎͕ඞཁͱ͞ΕΔཧ༝͸ɼෳ
਺ͷ෺ཧϞσϧ΍ෳ਺ͷಉൃ࣌ੜ͢Δ෺ཧݱ৅ΛؚΉγ

ϛϡϨʔγϣϯͰ͋ΔϚϧνϑΟδοΫεΞϓϦέʔγϣ

ϯ [4]ʹରͯ͠༗ޮͱᛀΜͰ͍ΔͨΊͰ͋ΔɽϚϧνϑΟ
δοΫεͰ͸ɼγϛϡϨʔγϣϯ಺ʹ༷ʑͳಛੑͷԋ͕ࢉ

ग़͢ݱΔͷͰɼGPU͚ͩͰ͸ԋࢉՃ଎͕ࠔ೉ͳ৔߹͕͋
ΔɽͦͷͨΊɼGPU͚ͩͰ͸ରԠ͖͠Εͳ͍ಛੑͷԋࢉ
ͷՃ଎ʹ FPGAΛར༻͢Δ͜ͱͰɼΞϓϦέʔγϣϯશ
ମͷੑೳ্޲Λૂ͏ɽຊߘͰ͸ɼϚϧνϑΟδοΫεͷྫ

Ͱ͋ΔɼӉ஦᫔ࣹ༌ૹγϛϡϨʔγϣϯίʔυARGOTΛ
ର৅ʹ͢ΔɽARGOT͸ɼ఺ޫݯͱۭؒʹ෼ݯޫͨ͠ࢄͷ
2छྨͷ᫔ࣹ༌ૹ໰୊ΛؚΉɽ

2. Ӊ஦᫔ࣹ༌ૹίʔυ: ARGOT
Accelerated Radiative transfer on Grids using Oct-Tree

(ARGOT) ͸ஜ೾େֶ ηϯλʔڀݚՊֶࢉܭ (Center for
Computational Sciences: CCS) Ͱ։ൃ͞Ε͍ͯΔӉ஦᫔
ࣹ༌ૹΛղ͘ϓϩάϥϜͰ͋Δɽ᫔ࣹ༌ૹ໰୊͸Ӊ஦ॳظ

ͷ੕΍ۜՏͷΑ͏ͳఱମܗ੒ͷڀݚʹ͓͍ͯຊ࣭తͳཁૉ

Ͱ͋Γɼߴ଎ʹղ͘͜ͱ͕ٻΊΒΕ͍ͯΔɽਤ 2 (a) ʹࣔ
͢Α͏ʹɼARGOT͸ 2ͭͷΞϧΰϦζϜ ARGOT๏ [5]
*1ͱ Authentic Radiative Transfer (ART) ๏ [6]Λ૊Έ߹
Θͤͯ᫔ࣹ༌ૹ໰୊Λղ͘ɽARGOT๏ͷΞϧΰϦζϜ͸
*1 ຊ࿦จͰ͸ɼର৅ͱ͢ΔϓϩάϥϜ໊Λ ARGOT ͱද͠هɼͦ
ͷҰ෦Ͱ͋ΔΞϧΰϦζϜΛ ARGOT ๏ͱද͢هΔɽ

(a) 点光源からの輻射輸送 (b) ARGOT法の概観

ਤ 3: ఺ޫ͔ݯΒͷ᫔ࣹ༌ૹͱ ARGOT๏ͷ֓؍

఺ޫ͔ݯΒͷ᫔ࣹ༌ૹΛ͠ࢉܭɼART๏ͷΞϧΰϦζϜ
͸ۭؒʹ͕޿Δޫ͔ݯΒͷ᫔ࣹ༌ૹΛ͢ࢉܭΔɽART๏
͸ ARGOTϓϩάϥϜͷதͰ 90%Ҏ্ͷؒ࣌ࢉܭΛ઎Ί
ΔॏཁͳΞϧΰϦζϜͰ͋ΓɼຊڀݚͰ͸ ART๏ͷԋࢉ
Λ͜Ε·Ͱʹ։ൃ͖ͯͨ͠ FPGAΧʔωϧΛ༻͍ͯՃ଎
ͤ͞Δɽ·ͨɼARGOT๏ͷԋࢉʹ͸طʹ ARGOTϓϩ
άϥϜʹ࣮૷͞Ε͍ͯΔ GPUΧʔωϧΛ༻͍Δ͜ͱͰɼ
ਤ 2 (b) ʹࣔ͢Α͏ʹओཁԋࢉ෦෼ΛGPUͱ FPGAʹద
ͯ͠ࢄೳ෼ػʹదॴతࡐ ARGOTίʔυΛ࠷దԽ͢Δɽ

2.1 ARGOT๏
ARGOT๏͸ɼਤ 3 (a) ʹࣔ͢Α͏ʹ఺ޫ͔ݯΒͷ᫔ࣹ
༌ૹΛ͢ࢉܭΔΞϧΰϦζϜͰ͋Γɼ఺ޫݯͷ਺ʹൺྫ͠

͸૿Ճ͢Δɽͦ͜Ͱྔࢉܭͯ ARGOT๏Ͱ͸ɼਤ 3 (b) ʹ
ࣔ͢Α͏ʹޫݯͷ෼෍Λീ෼໦ͷσʔλߏ଄Ͱѻ͏ɽ͜Ε

ʹΑͬͯɼ཭ΕͨπϦʔϊʔυ಺ͷޫݯ͸୯Ұͷޫݯͱ͠

ͯѻ͏͜ͱ͕Ͱ͖ΔͨΊɼࢉܭΛݯޫ͏ߦͷ਺Λ N ͔Β

logN Β͢͜ͱ͕Ͱ͖Δɽ͋ΔϝογϡάϦουݮʹ (ਤ 3
(b) ͷ target mesh grid) Λର৅ͱͨ͠ɼ֤఺ޫ͔ݯΒͷ᫔
ࣹ༌ૹʹΑΔޫࢠଋ͸ҎԼͷࣜͰٻΊΔ͜ͱ͕Ͱ͖Δɽ

f(ν) = L(ν)e−τ(ν)

4πr2 (1)

͜ͷͱ͖ɼL(ν)ɼτ(ν)ɼn(x)͸ৼಈ਺ ν Ͱͷޫݯͷޫ౓ɼ

ৼಈ਺ ν Ͱͷޫֶతڑ཭ɼޫΛٵऩ͢ΔΨε෼ࢠͷ਺ີ౓

ΛͦΕͧΕද͠ɼτ(ν)͸ҎԼͷࣜͰٻΊΒΕΔɽ

τ(ν) = σ(ν)
∫

n(x)dl ! σ(ν)
∑

i

n(xi)∆l (2)

·ͨɼARGOT๏͸ෳ਺ͷϊʔυΛ༻͍ͯฒྻॲཧ͢Δ
͜ͱ͕Ͱ͖ɼͦͷ༷ࢠΛਤ 4ʹࣔ͢ɽϊʔυฒྻԽͰ͸ɼ
γϛϡϨʔγϣϯۭؒΛ֤ۉʹݩ࣍౳ʹ෼ׂ͢Δ (ਤͰ͸
4 × 4 ͷ domain decomposition)ɽෳ਺ͷϊʔυʹ·͕ͨ
Δޫઢ͸ɼϊʔυؒͷڥքͰʮϨΠηάϝϯτʯ෼ׂ͠ (ਤ
ʹࣔ͢Α͏ʹηάϝϯτຖʹ৭͕ҟͳΔ)ɼηάϝϯτͷܭ
ΕΔ͞ߦϊʔυʹͯฒྻ࣮֤͕ࢉ *2ɽͦͯ͠ɼ֤ηάϝϯ
*2 ֤ϊʔυ͕୲౰͢Δηάϝϯτಉ࢜͸͍ޓʹಠཱͳͷͰɼ֤ηά
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ਤ 4: ฒྻԽͨ͠ ARGOT๏ͷ֓؍

ਤ 5: ART ๏Ͱ༻͍ΒΕ͍ͯΔϨΠτϨʔγϯάͷ֓೦
ਤɽ໼ҹ͸ϨΠΛද͠ɼԫ৭ͷӢ͸൓ԠΛ͢ࢉܭΔΨεΛ

ද͢ɽ

τͷޫֶతްΈͷ݁ࢉܭՌͷ࿨ΛٻΊͯશମͷ݁ࢉܭՌΛ

Ͱ͸ߘΊΔɽͨͩ͠ɼຊٻ ARGOTίʔυ͸ 1 ϊʔυͰ
ΔͨΊɼ͜ͷฒྻԽख๏͸ར༻͍ͯ͠ͳ͍ɽ͍ͯ͜͠ߦ࣮

ͷ৔߹ɼsource 1 → target 1ɼsource 1 → target 2ɼsource
2 → target 1ɼsource 2 → target 2 ͷ 4 ຊͷޫઢ͕ʮϨΠ
ηάϝϯτʯͱݟͳ͞Εɼ֤ޫઢ͕֤εϨουʹׂΓ౰ͯ

ΒΕฒྻॲཧ͞ΕΔɽ

2.2 ART๏
ART๏Ͱ͸໰୊ۭؒΛ ͷϝογϡʹ෼ׂ͠ɼͦݩ࣍3
ͷதͰϨΠτϨʔγϯάΛ͜͏ߦͱͰ᫔ࣹ༌ૹͷࢉܭΛߦ

͏ɽਤ 5ʹࣔ͢Α͏ʹɼϨΠ͸ڥք͔Βൃࣹ͞ΕɼͦΕͧ
ΕͷϨΠ͕ฏߦʹ௚ਐ͠ɼ൓ࣹ΍۶ં͸͠ͳ͍ɽ

Iout
ν (n̂) = Iin

ν (n̂)e−∆τν + Sν(1 − e−∆τν ) (3)

ࣜ (3) ͸ ART๏ͷԋࢉΛද͠ɼ͜ͷࣜΛϨΠ͕ϝογϡ
Λ௨ա͢Δ౓ʹ͢ࢉܭΔɽࣜʹ͓͚Δ ν, Iin

ν , Iout
ν , n̂, ∆τ ,

Sν ͸ͦΕͧΕप೾਺ɼೖྗ์ࣹڧ౓ɼग़ྗ์ࣹڧ౓ɼϨΠ

ͷํ޲ɼϝογϡʹ͓͚ΔޫֶతްΈɼϝογϡͷ source
functionΛද͠ɼART๏ͷࢉܭ͸શͯ୯ਫ਼౓ුಈখ਺఺
਺Λ༻͍ͯߦΘΕΔɽϨΠͷํ޲ (֯౓) ͸ HEALPixΞ
ϧΰϦζϜ [7]ʹΑͬͯٻΊΒΕΔɽయܕతͳ໰୊αΠζ
ϝϯτ͸εϨουʹׂΓ౰ͯΒΕฒྻॲཧ͞ΕΔ

Ͱ͸ɼϝογϡ਺͸ 1003 ͔Β 10003 ͷن໛ʹͳΓɼϨΠ

ͷछྨ ((φ, θ)ͷ૊Έ߹Θͤͷ਺) ͸গͳ͘ͱ΋ ʹ޲768ํ
ͳΔ (HEALPixʹ͓͚Δղ૾౓ύϥϝʔλ Nside = 8 ͷ
৔߹)ɽࣜ (3)ʹ͋ΔΑ͏ʹɼART๏ʹ͓͚ΔԋࢉϘτϧ
ωοΫ͸ࢦ਺ؔ਺Ͱ͋Δɽप೾਺ ν ຖʹ 1ճͷࢦ਺ؔ਺ͷ
ඞཁͰ͋Γɼप೾਺ͷ਺͸໰୊ͷઃఆʹґଘ͢Δ͕͕ࢉܭ

1 ≤ ν ≤ 6Ͱ͋Γɼ1ϝογϡ௨աຖʹෳ਺ճͷࢦ਺ؔ਺
Θͳ͚Ε͹ͳΒͳ͍ɽߦͼग़͠Λݺ

ART๏͸ϨΠτϨʔγϯάΛ༻͍͍ͯΔͨΊɼ͋ Δ 1ͭ
ͷϨΠʹؔ͢Δࢉܭ͸ਐ࿏ʹԠͯ͡ॱং௨Γʹ͠ࢉܭͳ͚

Ε͹ͳΒͳ͍͕ɼҟͳΔϨΠͷؒʹ͸ࢉܭͷґଘ͕ؔ܎ͳ

͘ฒྻʹࢉܭͰ͖Δɽ͔͠͠ͳ͕ΒɼART๏Λ SIMD-like
(CPU, GPUͳͲ) ͳΞʔΩςΫνϟͰ࣮૷͢Δࡍʹ͸ 2
ͭͷ໰୊͕͋Δɽ1ͭ໨͸ɼϝογϡσʔλʹର͢ΔϝϞϦ
ΞΫηεύλʔϯ͕ϨΠͷํ޲ʹΑ༷ͬͯʑ (਺ඦʙ਺ઍ
ύλʔϯ) ʹͳΔ͜ͱͰ͋Δɽෳ਺ͷϨΠͷࢉܭΛ SIMD
Ͱ͢ࢉܭΔࡍʹɼϝογϡσʔλ͕ϝϞϦ্Ͱ࿈ଓ͠ͳ͍

৔߹͕͋ΓಘΔɽ͕ͨͬͯ͠ɼΩϟογϡώοτ཰ͷ௿Լ

΍ GPUʹ͓͍ͯϝϞϦΞΫηεϨΠςϯγͷେ͖͕͞໰
୊ʹͳΔɽ2ͭ໨ʹɼϝογϡʹର͢Δੵ෼͕ࢉܭিಥ͢
ΔՄೳੑ͕͋Δ͜ͱͰ͋Δɽಉ͡ϝογϡΛྡ઀ͨ͠ෳ਺

ͷϨΠ͕௨ա͢Δ (ਤ 5ͷփ৭ͷϝογϡ෦෼) Մೳੑ͕
͋ΔͨΊɼϝογϡ্ͷෳ਺ͷϨΠͷޮՌΛॏͶ߹ΘͤΔ

ඞཁ͕͋Γɼ͜ΕΛಉ࣌ॲཧ͢ΔͨΊʹ͸ɼ໰୊Λճආ͢

ΔͨΊʹ atomicԋࢉΛ༻͍Δ͔ɼྡ઀͢ΔϨΠΛಉ࣌ʹ
ͳ͍͠ࢉܭ (ྫ͑͹ɼਤ 5Ͱ͸ɼ੺৭ͷϨΠͱ੨৭ͷϨΠ
ʹ෼͚͍ͯͯ͠ࢉܭΔ) ͱ͍ͬͨํ๏͕ඞཁͱͳΔɽͨͩ
͠ɼલऀͷํ๏Ͱ͸ atomicԋࢉʹΑΔΦʔόʔϔου͕
͋Γɼऀޙͷํ๏Ͱ͸ϝϞϦΞΫηε͕ΑΓඈͼඈͼʹͳ

ΔΦʔόʔϔου͕͋Δɽ

͜͏ͨ͠ ART ๏ͷੑ࣭͔Βɼզʑ͸ CPU ΍ GPU ͱ
͍ͬͨ SIMD-likeͷΞʔΩςΫνϟ͸ ART๏ʹద͞ͳ͍
ͱ͍ͯ͑ߟΔɽҰํͰɼFPGA͸Φϯνοϓͷ಺ଂϝϞ
ϦΛͪ࣋ɼ௿ϨΠςϯγɾߴόϯυ෯ʹϥϯμϜΞΫηε

͕ՄೳͰ͋ΔɽͦΕʹՃ͑ͯɼFPGAͰ͋Ε͹ ART๏ʹ
ࠐదԽͨ͠ϝϞϦΞΫηεճ࿏Λϋʔυ΢ΣΞʹ૊Έ࠷

ΊΔͨΊɼART๏͸ FPGAͰͷ࣮૷ʹదͨ͠ΞϧΰϦζ
ϜͰ͋Δͱ͓ͯ͑ߟΓɼզʑ͸ ART๏Λߴ଎ʹ͢ࢉܭΔ
FPGAΧʔωϧʹ͍ͭͯఏҊ͍ͯ͠Δ [8]ɽ

3. ART on FPGA
3.1 Intel FPGA SDK for OpenCL
3.1.1 ֓ཁ

Intel ͸ OpenCL Λ༻͍ͯ FPGA ճ࿏ΛઃܭͰ͖Δ։
ڥ؀ൃ [9]Λఏ͓ͯ͠ڙΓɼART๏ͷ FPGAΧʔωϧͷ
࣮૷͸͜ͷπʔϧͷར༻Λલఏͱ͍ͯ͠Δɽਤ 6ʹ Intel
FPGA SDK for OpenCLʹ͓͚ΔϓϩάϥϛϯάϞσϧ
Λࣔ͢ɽϢʔβ͸ϗετ PC্Ͱಈ͢࡞Δϗετίʔυͱ
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__kernel void vecadd
(__global float *a,
__global float *b,
__global float *c)

{
int gid = get_global_id(0);
c[gid] = a[gid] + b[gid];

}

int main(int argc, char *argv[]) {
init();
clEnqueueWriteBuffer(...);
clEnqueueNDRangeKernel(...,vecadd,...);
clEnqueueReadBuffer(...);
display_result(...);
return 0;

}

x86 host PC

FPGA 
accelerator

OpenCL host code OpenCL kernel code

Intel
Offline

Compiler

Standard
C

Compiler

Verilog HDL
Files

aocxexe

PCIe

ਤ 6: Intel FPGA SDK for OpenCLͷϓϩάϥϛϯά
Ϟσϧɽ

+

Kernel

Load a

Load b

Store c

Interconnect

Memory
Controller 

PCIe
Controller 

Driver

FPGA

Host Application

External 
Memory

Host PC

Translated by 
Intel Offline Compiler

__kernel void vecadd
(__global float *a,
__global float *b,
__global float *c)

{
int gid = get_global_id(0);
c[gid] = a[gid] + b[gid];

}

OpenCL kernel code

int main(int argc, char *argv[]) {
init();
clEnqueueWriteBuffer(...);
clEnqueueNDRangeKernel(...,vecadd,...);
clEnqueueReadBuffer(...);
display_result(...);
return 0;

}

OpenCL host code

These features like peripheral 
controllers are provided from 
Board Support Package (BSP)

FPGA board

ਤ 7: Intel FPGA SDK for OpenCLϓϥοτϑΥʔϜ
ͷߏ੒ਤɽ

FPGA্Ͱಈ͢࡞ΔΧʔωϧίʔυͱͷ 2छྨͷίʔυΛ
ड़͢Δɽϗετίʔυ͸ओʹOpenCLه API (Application
Programming Interface) Λ༻͍ͯͷ FPGAͷίϯϑΟά
ϨʔγϣϯɼϝϞϦ؅ཧɼΧʔωϧ࣮؅ߦཧͳͲͷ FPGA
σόΠεͷ੍ޚΛ୲౰͠ɼΧʔωϧίʔυ͸ FPGAʹΦϑ
ϩʔυ͞ΕΔԋࢉΛ୲౰͢Δɽ͜ͷϓϩάϥϛϯάϞσϧ

Ͱ͸ɼϗετίʔυͱΧʔωϧίʔυ͸ผʑʹίϯύΠϧ

͞ΕɼΦϑϥΠϯίϯύΠϧͷΈ͕αϙʔτ͞Ε͍ͯΔɽ

͜Ε͸࿦ཧ߹੒ͱ഑ஔ഑ઢɼಛʹ഑ஔ഑ઢʹ਺ؒ࣌ཁ͢Δ

ͨΊͰ͋Δɽϗετίʔυ͸ gcc΍ Intel CompilerͳͲͷ
ඪ४తͳ CίϯύΠϥʹͯίϯύΠϧ͞Εɼϗετ PC্
Ͱಈ͢࡞Δ࣮ߦόΠφϦ͕ੜ੒͞ΕΔɽΧʔωϧίʔυ͸

Intel FPGA SDK for OpenCLʹ෇ଐ͍ͯ͠Δઐ༻ίϯύ
Πϥʹͯɼ࿦ཧ߹੒Մೳͳ Verilog HDLϑΝΠϧʹม͞׵
ΕɼόοΫΤϯυͰಈ͢࡞ΔQuartus Prime͕ͦͷVeirlog
HDLϑΝΠϧ͔ΒɼFPGAͷճ࿏σʔλΛؚΉ aocxϑΝ
ΠϧΛੜ੒͢ΔɽOpenCL APIΛ༻͍Δ͜ͱͰɼϗετΞ
ϓϦέʔγϣϯͷ࣮࣌ߦʹ aocxϑΝΠϧ͕ FPGAʹμ΢
ϯϩʔυɾճ࿏ͷߏ࠶੒͕ߦΘΕɼΧʔωϧͷ࣮ߦʹඞཁ

ͳσʔλ΍Χʔωϧͷ࣮݁ߦՌͳͲ͸ PCIeόεΛհͯ͠

సૹ͞ΕΔɽ

ਤ 7ʹ Intel FPGA SDK for OpenCLϓϥοτϑΥʔϜ
ͷߏ੒ਤΛࣔ͢ɽCίϯύΠϥʹΑͬͯϗετίʔυ͔Β
ϗετΞϓϦέʔγϣϯͷ࣮ߦόΠφϦ͕ੜ੒͞ΕɼIntel
FPGA SDK for OpenCLʹ෇ଐ͍ͯ͠Δઐ༻ίϯύΠϥ
ʹΑͬͯΧʔωϧίʔυʹهड़͞Ε͍ͯΔԋࢉΛύΠϓϥ

Πϯॲཧ͢Δϋʔυ΢ΣΞ͕Χʔωϧίʔυ͔Βੜ੒͞Ε

ΔɽPCIeίϯτϩʔϥ΍σόΠευϥΠόɼFPGAσό
Πεͷ֎෦ϝϞϦίϯτϩʔϥͳͲ͸ Bittware΍ Terasic
ͳͲͷ FPGAϘʔυϕϯμʔ͔Βఏ͞ڙΕΔ BSP (Board
Support Package) ʹಉࠝ͞Ε͍ͯΔɽFPGAϘʔυຖʹɼ
FPGAνοϓ΍֎෦ϖϦϑΣϥϧߏ੒͸ҟͳΔɽϘʔυ
ؒͷͦΕΒͷࠩҟΛٵऩ͢ΔͨΊʹɼϘʔυݻ༗ͷύϥ

ϝʔλ΍ճ࿏͸ BSPͱ͍͏ܗͰఏ͞ڙΕɼΧʔωϧίʔ
υͷίϯύΠϧ࣌ʹ BSPΛಡΈࠐΈར༻͢ΔɽҰൠతʹɼ
OpenCLରԠͷ FPGAϘʔυΛར༻͢Δ৔߹ɼϘʔυͷ
։ൃ͔ݩΒ BSP͕ఏ͞ڙΕɼϢʔβ͸ͦͷ BSPΛར༻͠
ͯOpenCLΛ༻͍ͨճ࿏։ൃΛ͏ߦɽͦͷͨΊɼϢʔβ͸
ϗετίʔυͱΧʔωϧίʔυͷ࣮૷ͷΈʹ஫ྗ͢Ε͹Α

͘ɼͨͱ͑ҟͳΔ FPGAϘʔυΛར༻͢Δͱͯ͠΋ɼͦͷ
FPGAϘʔυͷ BSP͕ఏ͞ڙΕ͍ͯΕ͹ɼطଘͷίʔυ
ΛҠ২͢Δ͜ͱ͕ՄೳͰ͋Δɽ

3.2 ChannelΛ༻͍ͨOpenCLΧʔωϧؒ௨৴
“Channel” ͸ Intel FPGA SDK for OpenCL ʹΑΔ֦

ுͷ 1 ͭͰ͋ΓɼOpenCL Χʔωϧؒͷ௨৴Λ͑ߦΔΑ
͏ʹ͢Δ΋ͷͰ͋ΔɽChannelͷ࣮ଶ͸όοϑΝ෇͖ (Φ
ϓγϣϯɽͳ͠΋Մ) First-In-First-Out (FIFO) Ͱ͋Γɼ
Χʔωϧؒʹ FIFOΛ௨ͯ͡௨৴Λ͏ߦճ࿏͕ FPGA಺
ʹੜ੒͞ΕΔɽ

ChannelΛ͜͏࢖ͱͷར఺͸ɼ֎෦ϝϞϦʹΞΫηε͢
Δ͜ͱͳ͘ 2ͭͷ OpenCLΧʔωϧؒͰσʔλަ׵Λߦ
͑Δ࢓૊ΈͰ͋Δ͜ͱͰ͋ΔɽҰൠతͳOpenCLͷڥ؀ʹ
͓͍ͯOpenCLΧʔωϧؒͰσʔλަ׵Λ͢Δ৔߹͸ɼά
ϩʔόϧϝϞϦΛ༻͍Δ͔͠બ୒͕ࢶͳ͔͕ͬͨɼFPGA
ΔάϩʔόϧϝϞϦ͸͚͓ʹڥ؀ DDR3΍ DDR4ͷ࠾༻
͕ҰൠతͰ͋ΓɼϨΠςϯγ΍όϯυ෯ͷ໘͔Βੑೳ͕ظ

଴Ͱ͖ͳ͍ɽҰํͰɼ2ͭͷΧʔωϧ͕ ChannelͰ઀ଓ͞
ΕΔͱɼάϩʔόϧϝϞϦʹΞΫηε͢Δ͜ͱͳ͘ FPGA
಺෦ͷσʔλύεͰ௨৴͕ྃ͠׬ɼ௿ϨΠςϯγɾߴόϯ

υ෯ͷ௨৴͕͑ߦΔΑ͏ʹͳΔɽ

3.3 ࣮૷ͷ֓ཁ

ਤ 8ʹ ART๏ͷ FPGAΧʔωϧͷ࣮૷ͷ֓ཁΛࣔ͢ɽ
ਤʹ͋ΔΑ͏ʹɼFPGAͷதʹෳ਺ͷ OpenCLΧʔωϧ
Λ࣮૷͠ɼͦΕͧΕΛ ChannelͰ઀ଓͯ͠ߏ੒͞Ε͍ͯ
Δɽਤ 8ʹ͋Δ “PE Array”͸ART๏ͷԋࢉΛ࣮૷͍ͯ͠
Δ OpenCLΧʔωϧ܈Ͱ͋ΓɼProcessing Element (PE),
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ਤ 8: ART on FPGA ࣮૷ͷ֓ཁɽ

PCIe PCIe

ART法

ARGOT法
ARGOT法

ART法 ARTの初期値

ARTの実行結果

ਤ 9: ࣮૷ͷํ਑ɽARGOT๏ɾART๏ΛͲͪΒ΋ GPU
Ͱ࣮͢ߦΔίʔυΛϕʔεʹɼART๏ͷ෦෼Λ FPGA࣮
૷ʹஔ͖͑׵Δɽ

Boundary Element (BE) ͔Βߏ੒͞ΕɼPEͱ BE͕૬ޓ
ʹϨΠͷσʔλΛ Channelܦ༝Ͱ௨৴͢Δ͜ͱͰ ART๏
ͷࢉܭΛ͏ߦɽ

PE͸ ART๏ͷԋࢉΧʔωϧΛ୲౰͢ΔΧʔωϧͰ͋
Δɽ֤ PE͸ਤ 8ʹ͋ΔΑ͏ʹɼ1ͭͷ FPGA͕୲౰͢Δ
໰୊ۭؒΛΑΓখ͞ͳϒϩοΫʹ෼ׂ͠ PEʹׂΓ౰ͯΔɽ
ԋࢉ༻ͷσʔλ͸ߴස౓ʹϥϯμϜΞΫηε͢Δඞཁ͕͋

ΔͨΊɼBlock Random Access Memory (BRAM)Λ༻͍
ͯ֨ೲ͓ͯ͠ΓɼͦΕͧΕͷ PE͕ԋࢉ༻ͷ BRAMΛ࣋
ͭɽBRAM͸ FPGA಺෦ʹ࣮૷͞Ε͍ͯΔϝϞϦ (Ұൠ
తʹ SRAMͰ͋Δ) ͷ͜ͱΛ͠ࢦɼνοϓ಺ʹҰఆͷα
ΠζͷϒϩοΫ୯ҐͰ෼ࢄ഑ஔ͞Ε͍ͯΔɽBRAM͸௿
ϨΠςϯγɾߴόϯυ෯ʹϥϯμϜΞΫηεͰ͖ɼඇৗʹ

࣌ݱೳͰ͋Δ͕ɼ֎෦ϝϞϦͱൺ΂ͯ༰ྔ͕গͳ͘ɼੑߴ

఺Ͱ࠷৽ͷ FPGAʹ౥͞ࡌΕ͍ͯΔ BRAMͷ༰ྔ΋ߴʑ
਺ेMBͰ͋ΔɽBE͸ PEʹର͢ΔϨΠͷೖग़ྗॲཧΛ
΋ͷͰ͋ΓɼକྖҬʹର͢ΔϨΠσʔλͷೖग़ྗ͢ͳ͏ߦ

ΘͪϨΠͷॳظੜ੒͓ΑͼෆཁͳϨΠͷഇغͱɼաڈͷܭ

Ͱੜ੒͞ΕͨϨΠΛϨΠόοϑΝ͔ΒಡΈग़͢ॲཧɼকࢉ

དྷͷࢉܭͰ࠶ͼ༻͍ΔͨΊϨΠόοϑΝʹॻ͖ग़͢ॲཧΛ

ɽ͏ߦ

4. ARGOTίʔυʹ͓͚Δ GPUɾFPGA
࿈ܞ

4.1 ֓ཁ

લड़ͨ͠Α͏ʹɼຊڀݚͰ͸ ARGOTίʔυʹ͓͚Δ
ARGOT๏Λ GPUʹɼART๏Λ FPGAʹͦΕͧΕΦϑ
ϩʔυ͢Δɽͦͷ֓ཁΛਤ 9ʹࣔ͢ɽطʹ ARGOT๏ɾ

CPU GPU Global 
memory

OpenCL kernel

Descriptor 
Controller

PCIe IP core

External
memory
(DDR)

DMA 
controller

!

FPGA

"

# $

%

PCIe Controller
&

'

ਤ 10: OpenCLʹΑΔ GPU-FPGAؒσʔλసૹͷུ֓
ਤɽ

ART๏ΛͲͪΒ΋ GPUͰ࣮૷͢Δίʔυ͸طʹ։ൃ͞
Ε͓ͯΓ [5], [6]ɼͦͷίʔυΛϕʔεʹ ART๏ͷ෦෼Λ
FPGA࣮૷ʹஔ͖͍ͯ͑׵ΔɽART๏ͷ࣮ߦʹඞཁͳॳ
σʔλ͸ظ GPUͰੜ੒ͨ͠ޙ FPGAʹసૹ͠ɼART๏
ͷԋࢉऴྃޙɼGPUʹԋ݁ࢉՌΛฦ৴͢ΔɽͦͷͨΊɼ͜
ΕΒͷσʔλΛ೗ԿʹγʔϜϨεʹ GPUɾFPGAؒͰ௨
৴Ͱ͖Δ͔͕ɼޮ཰తͳ GPUɾFPGA࿈ܞΛ࣮͢ݱΔͨ
Ίʹ؊ཁͱͳΔɽ

զʑ͸͜Ε·ͰʹɼGPUσόΠεͷάϩʔόϧϝϞϦͱ
FPGAσόΠεͷ֎෦ϝϞϦؒͰ CPUΛհͣ͞ʹσʔλ
సૹΛ࣮͢ݱΔػೳΛɼPCIe DMAసૹ༻ͷ IP (Intellec-
tual Property) ίΞΛ༻͍ͯ FPGA্ʹ࣮૷͠ɼͦͷػೳ
Λ FPGAϕϯμʔͷఏ͢ڙΔ OpenCLπʔϧνΣΠϯͷ
૊Έͱ࢓ Veriog HDLͱΛ׆༻͢Δ͜ͱʹΑ੍ͬͯ͢ޚΔ
ख๏ΛఏҊ͍ͯ͠Δ [10]ɽҎ߱ͷষʹͯɼզʑͷఏҊͨ͠
GPU-FPGAؒ DMAసૹٕज़ͷ֓ཁʹ͍ͭͯड़΂Δɽ

4.2 OpenCL ͔Β੍ޚՄೳͳ GPU-FPGA ؒσʔλ
సૹ

ਤ 10ʹɼOpenCL͔Β੍ޚՄೳͳ GPU-FPGAؒσʔ
λసૹͷ֓ཁΛࣔ͢ɽ͜ͷػೳ͸ɼGPUσόΠεͷάϩʔ
όϧϝϞϦɼFPGA σόΠεͷ֎෦ϝϞϦΛ PCIe Ξυ
ϨεۭؒʹϚοϐϯά͢Δ͜ͱͰɼBSP ಺ͷ PCIe ίϯ
τϩʔϥ IPͷͭ࣋ DMAߏػΛ༻͍ͯ૒ํͷϝϞϦؒͰ
σʔλͷίϐʔΛ͏ߦɽ͜Ε͸ɼ͔ͭͯ HA-PACS/TCA
ͷ։ൃ ɼPCIe্ʹ઀ଓ͞Εͨͨ͠ݱ࣮͍͓ͯʹ[1] GPU
ͱ FPGAΛ PCIeͷύέοτ௨৴ϓϩτίϧΛ༻͍ͯ௨৴
ͤ͞Δٕज़ͱجຊతʹಉ͡Ͱ͋Δ͕ɼ͜ ͷख๏Ͱ͸FPGA
͕ࣗ཯తʹ DMAసૹΛىಈ͢ΔɽFPGA͔Β GPUʹ
ରͯ͠ͷ DMAసૹ͸ҎԼͷखॱͰ࣮͞ߦΕΔɽ

• CPUଆͰͷઃఆ
( 1 ) GPUͷάϩʔόϧϝϞϦΛ PCIeΞυϨεۭؒ
ʹϚοϓ

( 2 ) Ϛοϓͨ͠ϝϞϦΞυϨε৘ใΛ FPGAʹૹ৴
• FPGAଆͰͷઃఆ

( 3 ) GPUϝϞϦΞυϨε৘ใΛݩʹσΟεΫϦϓλ
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ਤ 11: PCIeΞυϨεۭؒ΁ GPUϝϞϦΛϚοϓ͢Δ
ίʔυɽ12ߦ໨ͷ tcaCreateHandleGPU()ؔ਺ͰPCIe
ΞυϨεۭؒʹ GPUϝϞϦΛϚοϓ͠ɼͦͷϝϞϦΞ
υϨεΛ paddrʹ֨ೲ͢Δɽ

Λੜ੒͠ɼσΟεΫϦϓλίϯτϩʔϥʹૹ৴

( 4 ) DMAίϯτϩʔϥʹσΟεΫϦϓλΛॻ͖ࠐΉ
( 5 ) σόΠεؒ DMA͕ىಈ
( 6 ) DMAίϯτϩʔϥ͕ྃ׬৴߸Λൃߦ
( 7 ) OpenCLΧʔωϧͰྃ׬৴߸Λݕग़

ͳ͓ɼCPUଆͰͷઃఆ͕ͩɼࢉܭத͸ FPGA্ʹอଘ͞
Εͨ GPUଆΞυϨε৘ใ΍σΟεΫϦϓλΛ܁Γฦ͠༻
͍ΔͨΊɼ1©ͱ 2©͸ࢉܭ։࣌࢝ʹҰ౓࣮͢ߦΔ͚ͩͰྑ͍ɽ
4.2.1 PCIeΞυϨεϚοϐϯά

GPUͷάϩʔόϧϝϞϦΛ PCIeΞυϨεۭ͔ؒΒΞ
Ϋηε͢ΔͨΊʹ͸ɼNVIDIA͕ఏ͍ͯ͠ڙΔ APIΛ༻
͍ͯάϩʔόϧϝϞϦΛ PCIe ΞυϨεۭؒʹϚοϓ͢
Δඞཁ͕͋ΔɽGPUϝϞϦ͸ CPU্Ͱಈ͢࡞Δ CUDA
ϥΠϒϥϦ΍ GPUυϥΠόʹΑͬͯ؅ཧ͞Ε͓ͯΓɼ͜
ͷ API΋ GPUυϥΠόʹ࣮૷͞Ε͍ͯΔɽ͕ͨͬͯ͠ɼ
FPGA ͔Β GPU ʹରͯ͠௚઀௨৴Λ͏ߦ৔߹Ͱ͋ͬͯ
΋ɼ·ͣ CPU্Ͱ APIΛ༻͍ͯ PCIeΞυϨεۭ͔ؒΒ
GPUϝϞϦʹΞΫηεͰ͖ΔΑ͏ʹઃఆ͠ͳ͚Ε͹ͳΒ
ͳ͍ɽͦͯ͠ɼDMAసૹΛࡍ͏ߦʹɼGPUΛ͢ࢦ PCIe
ΞυϨεΛ DMA సૹઌ͋Δ͍͸సૹࢦʹݩఆ͢Δ͜ͱ
ͰɼGPU-FPGAؒͷ DMAΛ࣮ݱͰ͖ΔɽGPUϝϞϦ
ʹؔ͢Δ੍ޚʹ͸ɼPEACH2[1]Ͱ༻͍͍ͯͨΧʔωϧϞ
δϡʔϧ͓ΑͼϥΠϒϥϦΛ༻͍Δɽ

PEACH2Ͱ༻͍͍ͯͨAPIΛ༻͍ͨPCIeΞυϨεۭؒ
΁ͷ GPUϝϞϦͷϚοϓํ๏Λਤ 11ʹࣔ͢ɽPEACH2
ͷ APIͰ͋Δ tcaCreateHandleGPU()ؔ਺ʹϗετଆͰ
੒ͨ͠ϙΠϯλΛ౉͢͜ͱʹΑΓɼPCIeΞυϨεۭؒ࡞
ʹϚοϓ͞Εͨ GPUϝϞϦͷΞυϨεͰ͋Δ paddrΛ஌
Δ͜ͱ͕Ͱ͖Δɽ͜ͷؔ਺͸ɼ΋ͱ΋ͱ PEACH2ͷ௨৴
ର৅ͱ͢ΔϝϞϦྖҬΛࣝผ͢ΔͨΊͷϋϯυϧΛ࡞੒͢

Δؔ਺Ͱ͋Δ͕ɼ಺෦తʹ͸લड़ͨ͠ NVIDIA͕ఏ͢ڙ
ΔKernel APIΛ༻͍ͯGPUΞυϨεΛ PCIeΞυϨεʹ
Ϛοϓͦ͠ͷΞυϨεΛऔಘ͓ͯ͠Γɼ͜ͷख๏Ͱ͸ͦͷ

ද 1: σΟεΫϦϓλͷࣜܗɽ
Bits Name
[31:0] Source Low Address
[63:32] Source High Address
[95:64] Destination Low Address
[127:96] Destination High Address
[145:128] DMA Length
[153:146] DMA Descriptor ID
[159:154] Reserved

ೳΛྲྀ༻͍ͯ͠Δɽػ

4.2.2 σΟεΫϦϓλͷੜ੒

BSP ಺ͷ PCIe ίϯτϩʔϥ͸ɼIntel ͕ࣗࣾ FPGA
Δ͍ͯ͠ڙఏʹ͚޲ “Arria 10 Hard IP for PCI Express
Avalon-MM with DMA” ͷ IP Λར༻͍ͯ͠Δɽ͜ͷ IP
ʹ͸ DMAίϯτϩʔϥ (DMAC: DMA Controller) ͕಺
ଂ͞Ε͓ͯΓɼDMACʹରͯ͠σΟεΫϦϓλΛॻ͖ࠐΉ
͜ͱʹΑͬͯɼDMAసૹ͕ߦΘΕΔɽσΟεΫϦϓλ͸
ද 1ʹࣔ͢Α͏ʹಛఆͷࣜܗʹैͬͯDMAసૹʹඞཁͳ
σʔλ͕֨ೲ͞Ε͍ͯΔɽSource͸ DMAసૹݩ PCIeΞ
υϨεɼDestination͸DMAసૹઌPCIeΞυϨεɼDMA
Length͸సૹ௕ (ϫʔυ୯Ґ)ɼDMA Descriptor ID͸స
ૹ࣌ྃ׬ʹͲͷసૹ͕͔ͨྃ͠׬Λ൑ผ͢ΔͨΊʹ༻͍Δ

IDͰ͋Δɽ͜ͷσΟεΫϦϓλ಺ͷ Source΍Destination
ͷ AddressʹલઅͰड़΂ͨ PCIeΞυϨεۭؒʹϚοϓ͞
ΕͨGPUϝϞϦΞυϨεΛηοτ͢Δ͜ͱʹΑΓɼFPGA
͸ PCIe DMACΛ༻͍ͯGPUσόΠεϝϞϦ͔Βͷσʔ
λಡΈग़͠΍ GPUσόΠεϝϞϦ΁ͷσʔλॻ͖ࠐΈΛ
Ͱ͸ɼPCIeΞυϨεۭؒʹϚοϓ͞ΕߘͰ͖Δɽຊߦ࣮
ͨ GPUϝϞϦΞυϨεΛ OpenCL APIʹΑͬͯ FPGA
ʹૹ৴͠ɼFPGA (OpenCLΧʔωϧ) ͸ɼड৴ͨ͠Ξυ
Ϩε৘ใΛݩʹσΟεΫϦϓλΛੜ੒͠ɼͦΕΛ DMAC
ʹॻ͖ࠐΉ͜ͱʹΑͬͯɼGPU-FPGAؒσʔλసૹΛ࣮
Δɽ͢ߦ

4.2.3 σΟεΫϦϓλͷॻ͖ࠐΈ

ਤ 12ʹ DMACʹσΟεΫϦϓλΛॻ͖ࠐΉͨΊͷϞ
δϡʔϧͰ͋ΔσΟεΫϦϓλίϯτϩʔϥͷߏ੒ਤΛࣔ

͢ɽ͜ͷख๏͸ɼOpenCLΧʔωϧ಺Ͱੜ੒ͨ͠σΟεΫ
ϦϓλΛ I/O Channel API (write channel intelؔ਺)Λհ
ͯ͜͠ͷϞδϡʔϧʹ౉͠ɼσΟεΫϦϓλίϯτϩʔϥ

͕ड͚औͬͨσΟεΫϦϓλΛ DMACʹॻ͖ࠐΉ͜ͱʹ
ΑͬͯGPU-FPGAؒσʔλసૹΛ࣮͍ͯ͠ߦΔɽͨͩ͠ɼ
CPU΋ϗετ-FPGA ؒͰ OpenCL API Λ༻͍ͨ DMA
సૹ (clEnqueueReadBuffer΍ clEnqueueWriteBuffer) Λ
Δɽ͢࡞ΔͨΊʹσΟεΫϦϓλίϯτϩʔϥΛૢ͢ߦ࣮

͕ͨͬͯ͠ɼͦΕʹڝ߹͠ͳ͍Α͏ʹOpenCLΧʔωϧ͔
ΒσΟεΫϦϓλίϯτϩʔϥʹରͯ͠ΞΫηε͢Δඞཁ

͕͋ΔɽҎԼʹσΟεΫϦϓλίϯτϩʔϥͷಈ࡞ʹ͍ͭ

6ⓒ 2020 Information Processing Society of Japan

Vol.2020-HPC-173 No.8
2020/3/17



৘ใॲཧֶձڀݚใࠂ
IPSJ SIG Technical Report

CPU専用レジスタ

CPU専用レジスタ

PCIe IPコア

from/to host/GPU

Write モジュール

Read モジュール

readバス

writeバス

Descriptor Controller

OpenCL
kernel

外部メモリ

非同期FIFO

非同期FIFO

OpenCLカーネルクロックドメイン PCIe クロックドメイン (250 MHz)

ਤ 12: σΟεΫϦϓλίϯτϩʔϥͷߏ੒ਤɽ੺৭
ͷഁઢͰғ·ΕͨίϯϙʔωϯτΛՃ͑Δ͜ͱʹΑΓ

OpenCLΧʔωϧ͔ΒσΟεΫϦϓλίϯτϩʔϥΛ
ɼσΟεΫϦϓλΛ͠࡞ૢ DMACʹॻ͖ࠐΉ͜ͱ͕Ͱ
͖Δɽ

ͯड़΂Δɽ

σΟεΫϦϓλίϯτϩʔϥ͸ FPGA͔ΒσʔλΛૹ
৴͢ΔͨΊͷσΟεΫϦϓλΛ DMACʹॻ͖ࠐΉͨΊͷ
WriteϞδϡʔϧɼσʔλΛड৴͢ΔͨΊͷσΟεΫϦϓ
λΛॻ͖ࠐΉͨΊͷ ReadϞδϡʔϧ͔Βߏ੒͞ΕɼͦΕ
ͧΕͷϞδϡʔϧ͸ CPUͷΈ͕ΞΫηεͰ͖ΔϨδελɼ
ϗετ-FPGAؒͷ DMAసૹΛ࣮͢ߦΔͨΊͷσΟεΫ
ϦϓλΛ֨ೲ͢ΔͨΊͷ FIFOΛ༗͢Δɽϗετ-FPGA
ؒͰ DMAσʔλసૹΛ࣮͢ߦΔ৔߹ɼCPU͸·ͣ PIO
(Programable IO) ΞΫηεʹΑͬͯɼReadϞδϡʔϧɼ
΋͘͠͸WriteϞδϡʔϧ಺ʹ͋ΔϨδελΛૢ͠࡞ɼͦ
ͷ DMAసૹΛ࣮͢ߦΔͨΊͷσΟεΫϦϓλΛϗετϝ
ϞϦ͔Β FPGAʹϩʔυ͢ΔͨΊͷσΟεΫϦϓλΛੜ੒
͢ΔɽͦͷσΟεΫϦϓλΛReadϞδϡʔϧ͔ΒDMAC
ʹॻ͖ࠐΉ͜ͱʹΑͬͯɼDMAసૹΛ࣮͢ߦΔͨΊͷσΟ
εΫϦϓλ͸ϗετϝϞϦ͔ΒಡΈग़͞ΕɼReadϞδϡʔ
ϧɼ΋͘͠͸WriteϞδϡʔϧ಺ͷ FIFOʹ֨ೲ͞ΕΔɽ
ͦͷޙɼFIFOʹ֨ೲ͞ΕͨσΟεΫϦϓλΛ DMACʹ
ॻ͖ࠐΉͱɼϗετ-FPGAؒͰ DMAσʔλసૹ͕࣮ߦ
͞ΕΔɽ

͜ΕΒͷಈ࡞Λ๦͛Δ͜ͱͳ͘ OpenCLΧʔωϧίʔ
υ͔ΒGPU-FPGAؒDMAσʔλసૹΛ࣮͢ߦΔͨΊʹ
͸ɼReadϞδϡʔϧɼWriteϞδϡʔϧ಺ʹGPU-FPGA
ؒ DMAσʔλసૹΛ࣮͢ߦΔͨΊͷσΟεΫϦϓλΛ֨
ೲ͢Δ FIFOΛ༻ҙ͠ɼϓϥΠΦϦςΟΤϯίʔμʹΑͬ
ͯͦΕͧΕͷϞδϡʔϧ͔ΒͷσΟεΫϦϓλͷൃߦΛద

੾ʹഉଞ੍͢ޚΕ͹ྑ͍ɽͦΕΒΛ࣮͢ߦΔͨΊʹਤͷ੺

৭ͷഁઢͰғ·ΕͨίϯϙʔωϯτΛ Verilog HDLͰ࣮
૷͠ɼσΟεΫϦϓλίϯτϩʔϥʹ෇͚Ճ͑ͨɽͳ͓ɼ

OpenCLΧʔωϧͱσΟεΫϦϓλίϯτϩʔϥͷΫϩο
ΫυϝΠϯ͸ҟͳΔͨΊɼOpenCL Χʔωϧίʔυ͔Β
σΟεΫϦϓλίϯτϩʔϥʹσΟεΫϦϓλΛૹ৴͢Δ

!"#$%&$ '()*+,-)./)*01'*-23456783429$6683: ;-86$<38
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ਤ 13: GPU ͔Β FPGA ΁ͷ DMA సૹΛ࣮͢ߦΔ
OpenCLΧʔωϧίʔυɽ

ͨΊʹ͸ඇಉظFIFO͕ඞཁͱͳΔɽͦͯ͠ [11]ͱಉ༷ʹɼ
BSP಺ͷϋʔυ΢ΣΞίϯϙʔωϯτͱ OpenCLΧʔω
ϧίʔυͱΛؔ࿈෇͚͍ͯΔ board spec.xmlΛద੾ʹฤ
ू͢Δ͜ͱʹΑͬͯɼGPU-FPGAؒσʔλసૹΛ࣮͢ߦ
Δ OpenCLΧʔωϧίʔυΛهड़͢Δ͜ͱ͕ՄೳͱͳΔɽ
4.2.4 GPU-FPGA DMAίʔυྫ
ਤ 13 ͸ GPU ͔Β FPGA ΁ͷ DMA సૹΛ࣮͢ߦΔ

OpenCLΧʔωϧίʔυͰ͋Γɼ1ߦ໨ͷ pragma͸ Intel
FPGA SDK for OpenCLͷಠ֦ࣗுͰ͋Δ channelͷ༗
ޮԽΛίϯύΠϥʹࣔ͢ࢦΔͨΊͷ΋ͷͰ͋Γɼ3 ∼ 10
໨Ͱߦ DMA ίϯτϩʔϥʹॻ͖ࠐΉͨΊͷσΟεΫϦ
ϓλͷߏ଄ମΛɼ12ɼ13ߦ໨Ͱ I/O Channelม਺Ͱ͋Δ
fpga dmaͱ dma statΛఆ͍ٛͯ͠ΔɽGPU͔Β FPGA
΁ͷ DMAసૹͳͷͰɼσΟεΫϦϓλͷ Sourceʹ PCIe
ΞυϨεۭؒʹϚοϓͨ͠ GPU ϝϞϦΞυϨεͰ͋Δ
gpu memadrΛɼDestinationʹ FPGA֎෦ϝϞϦΞυϨ
ε (fpga mem) Ληοτ͍ͯ͠Δɽ·ͨɼ0∼127ͷ id͸
ϗετ CPU͕ར༻͍ͯ͠ΔͨΊɼOpenCLΧʔωϧͰੜ
੒͞ΕΔσΟεΫϦϓλͷ id͸ 128∼255ͱ͍ͯ͠Δɽੜ
੒͞ΕͨσΟεΫϦϓλ͸ write channel intelؔ਺ʹΑͬ
ͯɼσΟεΫϦϓλίϯτϩʔϥʹ͓͚Δ ReadϞδϡʔ
ϧʹૹ৴͞ΕɼϞδϡʔϧ಺ͷ FIFOͰόοϑΝϦϯά͞
ΕΔɽͦͷޙɼద੾ͳλΠϛϯάͰ DMA ίϯτϩʔϥ
ʹॻ͖ࠐ·ΕɼGPU͔Β FPGA΁ͷ DMAసૹ͕࣮͞ߦ
ΕΔɽ

4.3 GPU-FPGA DMAػೳΛ૊ΈࠐΜͩ FPGA൛
ART

ਤ 8ʹࣔ͢Α͏ʹɼFPGA൛ ART͸Memory Reader
→ PE Array → Memory Writer ͷॱͰσʔλ͕ྲྀΕΔ
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ਤ 14: FPGA ൛ ART ʹ GPU-FPGA DMA ೳΛ૊ػ
ΈࠐΜͩίʔυྫɽ

ԋࢉύΠϓϥΠϯ͕࣮૷͞Ε͓ͯΓɼMemory Reader͕
ART๏ͷ࣮ߦʹඞཁͳॳظσʔλΛ FPGAͷ֎෦ϝϞϦ
͔ΒಡΈࠐΈɼPE Arrayͷԋ݁ࢉՌΛMemory Writer͕
֎෦ϝϞϦʹॻ͖ࠐΉ͜ͱʹΑͬͯॲཧ͕ऴྃ͢Δɽ͢ͳ

ΘͪɼMemory Readerʹ GPU͔Β FPGA΁ͷ DMAస
ૹΛ࣮͢ߦΔOpenCLΧʔωϧίʔυΛɼMemory Writer
ʹ FPGA͔Β GPU΁ͷ DMAసૹΛ࣮͢ߦΔ OpenCL
ΧʔωϧίʔυΛ௥Ճ͢Δ͜ͱͰɼγʔϜϨεͳ GPUɾ
FPGAؒ௨৴Λ࣮ݱͰ͖Δɽ
ਤ 14ʹͦͷίʔυྫΛࣔ͢ɽલड़ͨ͠ͱ͓ΓɼMemory

ReaderͱMemory Writer͸OpenCLΧʔωϧͱͯͦ͠Ε
ͧΕ࣮૷͞Ε͍ͯΔɽGPU-FPGAؒ DMAΛ࣮͢ߦΔͨ
ΊʹඞཁͱͳΔɼPCIeΞυϨεۭؒʹϚοϓ͞Εͨ GPU
ϝϞϦͷΞυϨε৘ใ͸ɼ4ߦ໨͓Αͼ ໨ͰΧʔωߦ16
ϧҾ਺ͱͯ͠ηοτ͞Ε͓ͯΓɼ͜ΕΒͷΞυϨε৘ใ͸

ਤ 11ͷ APIΛ༻͍ͯ CPU͕औಘ͢Δɽ͜ΕΒͷΞυϨ
ε৘ใͱ FPGAͷ֎෦ϝϞϦͷϙΠϯλɼͦ ͯ͠௨৴σʔ

λαΠζΛηοτ͢Δ͜ͱʹΑͬͯɼMemory ReaderΧʔ
ωϧ͸ɼGPU͔Β FPGA΁ͷDMAసૹ (໨ߦ7) ʹΑͬ
ͯ memʹ ARTͷॳظσʔλΛ֨ೲ͠ɼMemory Writer
Χʔωϧ͸ɼFPGA͔Β GPU΁ͷ DMAసૹ (໨ߦ22)
ʹΑͬͯɼmem ʹ֨ೲ͞Εͨԋ݁ࢉՌΛ gpu memadrͷ
Ґஔͷ GPUͷϝϞϦʹॻ͖ࠐΜͰ͍ΔɽFPGA൛ ART
ʹ૊ΈࠐΜͩ DMAసૹੑೳΛධՁͨ͠ͱ͜Ζɼ[10]Ͱใ
Ε͍ͯΔੑೳͱಉ౳ͷੑೳΛୡ੒͢Δ͜ͱ͕֬ೝͰ͞ࠂ

͖ͨɽ

4.4 GPUɾFPGA࿈ܞ ARGOTίʔυͷίϯύΠϧ
ํ๏

ਤ 15ʹ GPUɾFPGA࿈ܞ ARGOTίʔυͷίϯύΠ
ϧϑϩʔΛࣔ͢ɽલड़ͨ͠ͱ͓Γ ARGOTίʔυʹ͓͚

art.cl

Intel
Offline
Compiler

art.v aocx

Source file

For CPU + GPU

For FPGA

clhost.cc

argot.cu nvcc

g++

Header files
for OpenCL

(*.h)

Header files
for CUDA

(*.h)

Source files

argot.o

clhost.o

nvcc

include

include

compile

CUDA 
Library

(*.a, *.so)

OpenCL 
Library

(*.a, *.so)

a.out

link

ਤ 15: GPUɾFPGA࿈ܞ ARGOTίʔυͷίϯύΠϧϑ
ϩʔɽ

Δ ARGOT๏͸ GPU࣮૷Ͱ͋ΓɼϓϩάϥϜ͸ CUDA
ʹΑͬͯهड़͞Ε͍ͯΔɽͦͯ͠ɼART๏͸ FPGAʹΦ
ϑϩʔυ͞ΕɼϓϩάϥϜ͸ OpenCLͰهड़͞ΕΔɽਤ
ʹࣔ͢Α͏ʹɼCUDAίʔυͱ OpenCLϗετίʔυ͸ɼ
nvcc ͱ g++ Λ༻͍ͯ෼ׂίϯύΠϧ͞ΕɼίϯύΠϧ͞
Εͯੜ੒͞ΕͨΦϒδΣΫτϑΝΠϧ͸ɼnvcc ͰϦϯΫ͞
ΕΔ͜ͱʹΑͬͯɼ࣮ߦϑΝΠϧ (ਤͷ a.out) ͕ੜ੒͞Ε
Δɽͦͯ͠ɼOpenCLΧʔωϧίʔυ͸ϗετίʔυͱ͸
ผʹίϯύΠϧ͞ΕɼΧʔωϧίʔυ͔Β ART๏Λ࣮ߦ
͢Δճ࿏৘ใΛؚΉ aocx͕ੜ੒͞ΕΔɽ͜ͷ aocx ϑΝ
Πϧ͸ɼલड़ͨ͠ͱ͓ΓϗετΞϓϦέʔγϣϯͷ࣮࣌ߦ

ʹ OpenCL APIΛ༻͍Δ͜ͱͰ FPGAʹμ΢ϯϩʔυ͞
Εɼͦͷࡍʹճ࿏ͷίϯϑΟάϨʔγϣϯ͕ߦΘΕΔɽ

5. ධՁ

5.1 ධՁڥ؀

௨৴ϨΠςϯγͷ؍఺ʹ͓͚ΔఏҊख๏ͷධՁʹ͸ɼஜ೾

େֶࢉܭՊֶڀݚηϯλʔͰӡ༻தͷPre-PACS version X
(PPX) ΫϥελγεςϜΛ༻͍ΔɽPPX͸ಉηϯλʔ͕
։ൃΛܭը͍ͯ͠Δ PACSγϦʔζɾεʔύʔίϯϐϡʔ
λੈ࣍୅ػͷϓϩτλΠϓγεςϜͰ͋ΓɼIntel FPGA
ϊʔυάϧʔϓɼXilinx FPGAϊʔυάϧʔϓͷ 2άϧʔ
ϓ͔Βߏ੒͞ΕΔɽIntel FPGAͱXilinx FPGA͸FPGA
ϓϥοτϑΥʔϜൺֱ༻ʹಋೖ͞ΕɼͦΕΒͷ FPGAΛ
ͦΕͧΕ౥ͨ͠ࡌϊʔυΛҰମӡ༻͍ͯ͠Δ͕ɼ͜ͷධՁ

Ͱ͸ Intel FPGAͷΈΛར༻͍ͯ͠ΔɽͦͷͨΊɼຊઅͰ
͸ Intel FPGAΛ౥͢ࡌΔϊʔυͷΈͷৄࡉʹ͍ͭͯड़΂ɼ
ͦΕΛද 2ʹࣔ͢ɽϊʔυʹ͸ɼIntel Xeon E5-2660 v4
CPU × 2ɼNVIDIA Tesla P100 GPU × 2ɼMellanox In-
finiBand ConnectX-4 EDR HCA × 1ɼBittWare A10PL4
FPGAϘʔυ × 1͕౥͞ࡌΕ͓ͯΓɼCPU-GPUؒ͸PCIe
Gen3 x16ϨʔϯʹͯɼCPU-FPGAؒ͸ FPGAϘʔυͷ
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ද 2: ධՁڥ؀ (PPX)
CPU Intel Xeon E5-2660 v4 × 2

CPU Memory DDR4 2400MHz 64GB
(8GB × 8)

GPU NVIDIA Tesla P100 × 2
(PCIe Gen3 x16 card version)

GPU Memory 16 GiB CoWoS HBM2
@ 732 GB/s with ECC

Host OS CentOS 7.3
Host Compiler gcc 4.8.5
GPU Compiler CUDA 9.1.85
OpenCL SDK Intel FPGA SDK

for OpenCL 17.1.2.304
FPGA BittWare A10PL4

(10AX115N3F40E2SG)
FPGA Memory DDR4 2133MHz 8GB

(4GB × 2)

ͷͨΊ༷࢓ PCIe Gen3 x8ϨʔϯʹͯͦΕͧΕ઀ଓ͞Εͯ
͍Δɽͳ͓ɼຊධՁ͸ 1 ϊʔυͷΈͰ͍ߦɼQuick Path
Interconnect (QPI) Λܦ༝͢Δ PCIeΞΫηεʹΑΔੑೳ
௿ԼΛճආ͢ΔͨΊʹɼFPGAͱ GPU࣮૷ͷੑೳධՁ࣌
͸֤σόΠε͕௚઀઀ଓ͞Ε͍ͯΔ CPUΛ༻͍Δɽ
ධՁʹ༻͍ΔσʔλαΠζ͸ 163͔Β 1283·ͰͷؒͰม

Խͤ͞ΔɽART๏ͷ FPGAΧʔωϧ͸ 8 PE (= 23) Ͱߏ
੒͞Εɼ֤ͦͯ͠ PE͸ 83 ϝογϡΛ֨ೲͰ͖Δ BRAM
Λͭ࣋ɽ͢ͳΘͪɼ163αΠζͷ৔߹͸શͯͷϝογϡσʔ

λΛ FPGAͷ BRAMʹ֨ೲͰ͖ΔɽHEALpixΞϧΰϦ
ζϜͷղ૾౓ύϥϝʔλ Nside ͸શͯͷ໰୊αΠζͰ 8ʹ
ઃఆ͓ͯ͠ΓɼҟͳΔ ͷϨΠΛੜ੒͢Δɽ͜͜Ͱ޲768ํ
Δภ͚͓֯ʹܥඪ࠲໘ٿͱ͸ɼ޲ํ͏͍ (θ, φ) ͷ૊߹ͤ
͕ 768छྨͱ͍͏ҙຯͰ͋ͬͯɼϨΠͷຊ਺͕ࢉܭશମͰ
768ຊͰ͋Δͱ͍͏ҙຯͰ͸ͳ͍ɽϨΠ (ฏޫߦ)͕ 768छ
ͷ֯౓Ͱ໰୊αΠζʹґଘͨ͠ຊ਺෼ (N2) ੜ੒͞ΕΔͨ
ΊɼART๏ͷྔࢉܭ͸ඇৗʹଟ͍΋ͷͱͳΔɽ
ੑೳධՁͰ͸ɼԋؒ࣌ࢉ͸ CPU্Ͱܭଌ͠ɼσόΠε
্ͰࢉܭΛͨ͏ߦΊͷίετ (Χʔωϧͷىಈɾಉظɾ௨
৴) ΛؚΈɼGPUɾFPGAؒͷ௨৴͸ CPUΛܦ༝࣮ͯ͠
ඪͱͯ͠ɼARGOTࢦΕΔɽ·ͨɼຊධՁͰ͸ੑೳͷ͞ߦ
๏ͱ ART๏ΛͲͪΒ΋ CPUͰ࣮ͨ͠ߦ৔߹ͱൺֱͨ͠
ͱ͖ͷγϛϡϨʔγϣϯ࣮ߦ଎౓Λ༻͍Δɽ

5.2 FPGAϦιʔε࢖༻ྔ
ද 3ʹ FPGA࣮૷ͷϦιʔε࢖༻ྔΛࣔ͢ɽAdaptive

Logic Modules (ALMs) ͱ Registers͸ FPGAͷجຊཁૉ
Ͱ͋Γ࿦ཧճ࿏Λߏ੒͢ΔͨΊʹ༻͍ΒΕΔɽM20K ͸
BRAMΛද͠ɼDSP͸ුಈখ਺఺਺ԋࢉʹ༻͍ΒΕΔϒ
ϩοΫͰ͋ΔɽART๏ͷԋࢉ͸શͯ୯ਫ਼౓Ͱߏ੒͞Εͯ
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ਤ 16: ARGOT๏ͱ ART๏ΛͲͪΒ΋ CPUͰ࣮͠ߦ
ͨ৔߹Λ 1ͱͨ͠ͱ͖ͷ ARGOTίʔυͷ࣮ߦ଎౓޲
্ൺɽ

͓Γɼࢦ਺ؔ਺ΛؚΊશͯͷԋࢉ͸ DSPϒϩοΫʹ࣮૷
͞ΕΔɽ“Freq.” ͸ OpenCLΧʔωϧ͔Βੜ੒͞Εͨճ࿏
ͷΫϩοΫυϝΠϯʹ͓͚Δಈ࡞प೾਺Λද͢ɽ

໰୊αΠζ 163 ͱ 323 ͷϦιʔε࢖༻ྔΛൺֱ͢Δͱɼ

େ͖ͳ͕ࠩ͋Δ͜ͱ͕Θ͔Δɽ͜ΕΒͷࠩ͸લষͰड़΂ͨ

ϨΠόοϑΝͷ੍ޚΧʔωϧʹΑͬͯൃੜ͢Δɽ163 ͸໰

୊αΠζ͕খ͘͞શͯͷσʔλΛ BRAMʹ֨ೲ͢Δ͜ͱ
͕Ͱ͖ΔͨΊɼϨΠόοϑΝ͕࢖ΘΕͳ͍ɽ͕ͨͬͯ͠ɼ

ϨΠόοϑΝʹؔ͢ΔΧʔωϧ͕࡟আ͞Ε FPGAʹ࣮૷
͞Εͳ͍ͨΊͰ͋Δɽ·ͨɼϨΠόοϑΝ੍ޚΧʔωϧ͸

ΫϦςΟΧϧύεʹ΋ͳ͓ͬͯΓɼ໰୊αΠζ 163 ͱ 323

ͷൺֱͰ໿ 20MHzಈ࡞प೾਺͕௿Լ͍ͯ͠ΔݪҼͰ͋Γɼ
Θͳ͚Ε͹ͳΒͳ͍ɽߦదԽΛ࠷ΕΒͷΧʔωϧͷ͜ޙࠓ

໰୊αΠζ 323, 643, 1283 ʹ͓͚Δप೾਺ͷࠩ͸ɼ

OpenCLίϯύΠϥʹΑͬͯൃੜ͍ͯ͠Δɽ͜ΕΒͷαΠ
ζͰ༻͍͍ͯΔ OpenCLίʔυ͸ɼ໰୊αΠζ΍ϧʔϓ
Χ΢ϯτͳͲҰ෦ͷఆ਺Λআ͍ͯಉ͡Ͱ͋ΔɽίϯύΠϥ

ʹΑͬͯੜ੒͞ΕΔVerilog HDLίʔυ͸Մಡੑ͕௿͍ͨ
ΊɼOpenCLίʔυ͕ͲͷΑ͏ʹճ࿏ͱͯ͠ද͞ݱΕ͍ͯ
Δ͔Λ஌Δ͜ͱ͕೉͘͠ɼप೾਺ͷ͕ࠩͲͷΑ͏ʹൃੜ͠

͍ͯΔ͔Λղੳ͢Δ͜ͱ͸ࠔ೉Ͱ͋Δɽ

5.3 ARGOTίʔυͷੑೳධՁ
ਤ 16ʹCPU࣮૷ɼGPU࣮૷ɼFPGA࣮૷ͷੑೳൺֱΛ

ࣔ͢ɽARGOT(CPU) / ART(CPU)͸ARGOT๏ͱART
๏͕ͲͪΒ΋CPU࣮૷ɼARGOT(GPU) / ART(GPU)͸
ͲͪΒ΋ GPU ࣮૷ɼARGOT(GPU) / ART(FPGA) ͸
ARGOT๏͕ GPU࣮૷ɼART๏͕ FPGA࣮૷ͰͰ͋Δ
͜ͱΛද͢ɽCPU࣮૷͸ CޠݴϕʔεͰ͋ΓɼOpenMP
Λ༻͍ͨεϨουฒྻॲཧ͕ద༻͞Ε͍ͯΔɽຊߘͰ͸ɼ

୯Ұͷ Xeon CPU (14ίΞ) Λར༻͓ͯ͠Γɼ1ίΞ 1ε
ϨουͷϚοϐϯάͰϓϩάϥϜΛ࣮ͨ͠ߦɽGPU࣮૷
͸ɼCPU࣮૷Λϕʔεͱ͓ͯ͠Γɼίʔυ͸ CUDAͰه
ड़͞Ε͍ͯΔɽ
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ද 3: FPGAϦιʔε࢖༻ྔͱΧʔωϧͷಈ࡞प೾਺ɽ
Mesh size # of PEs ALMs (%) Registers (%) M20K (%) DSP (%) Freq. [MHz]

(16, 16, 16) (2, 2, 2) 167,199 39% 325,496 19% 1,224 45% 800 53% 190.0
(32, 32, 32) (2, 2, 2) 197,319 46% 382,036 22% 1,299 48% 800 53% 191.7
(64, 64, 64) (2, 2, 2) 197,296 46% 382,158 22% 1,300 48% 800 53% 163.0

(128, 128, 128) (2, 2, 2) 197,804 46% 382,221 22% 1,300 48% 800 53% 184.4

ARGOT ๏ͱ ART ๏ΛͲͪΒ΋ CPU Ͱ࣮ͨ͠ߦ৔
߹ɼ͢ͳΘͪ ARGOT(CPU) / ART(CPU) Λ 1 ͱͨ͠
ͱ͖ͷ ARGOT ίʔυͷ࣮ߦ଎౓্޲ൺΛਤ 16 ʹࣔ
͢ɽARGOT(GPU) / ART(FPGA) ͱ ARGOT(GPU) /
ART(GPU) ͷੑೳ͸શͯͷ໰୊αΠζʹ͓͍ͯɼAR-
GOT(CPU) / ART(CPU) ΑΓ༏Ε͍ͯΔ͜ͱ͕෼͔
ΔɽARGOT(GPU) / ART(GPU) ͱ ARGOT(GPU) /
ART(FPGA) Λൺֱ͢Δͱɼऀޙͷߏ੒͸ϝογϡαΠ
ζ 163 ͱ 323 ͷͦΕͧΕʹ͓͍ͯɼ10.4ഒͱ 2.89ഒͷ଎
౓্޲Λୡ੒ͨ͠ɽ͜Ε͸ɼP100 GPUʹͱͬͯ͜ΕΒͷ
ϝογϡαΠζ͕খ͗͢͞ΔͨΊɼ3584 CUDA Core ʹ
ରͯ͠े෼ͳԋࢉͷฒྻ౓͕ಘΒΕͳ͍͜ͱʹىҼͯ͠

͍ΔɽͦͷͨΊɼϝογϡαΠζ͕େ͖͘ͳΔʹͭΕͯɼ

ARGOT(GPU) / ART(GPU)ͷੑೳ͸্͠޲ɼϝογϡ
αΠζ 1283 ʹ͓͍ͯ͸ɼARGOT(GPU) / ART(FPGA)
ͷ 1.94ഒͷੑೳͱͳΔɽ
͔͠͠ɼ[8]ʹΑΔͱɼϝογϡαΠζ 1283 ͷ৔߹ʹ͓

͍ͯ΋ɼFPGAͷੑೳ͸ P100ͱಉ౳ʹͳΔ͜ͱ͕ใ͞ࠂ
Ε͍ͯΔͷͰɼ͜ͷ ARGOTίʔυͷੑೳൺֱ͸ઌݚߦ
Ε͍ͯΔ௨ΓͷੑೳมԽͱͳ͍ͬͯͳ͍͜ͱ͕͞ࠂͰใڀ

෼͔Δɽ͜ͷݪҼΛௐࠪ͢ΔͨΊʹɼART୯ମͷੑೳΛ
CPU࣮૷ɼGPU࣮૷ɼFPGA࣮૷ͱͰൺֱͨ͠ɽ࣍અʹ
ͯɼͦͷ݁ՌΛड़΂Δɽ

5.4 ART୯ମͷੑೳൺֱ
લड़ͨ͠ͱ͓ΓɼARGOT ίʔυʹ͓͚Δ FPGA ൛

ART͸ɼ[8]ͰఏҊ͞ΕͨσβΠϯΛར༻͍ͯ͠Δɽ͔͠
͠ɼARGTOίʔυʹ [8]Λ૊ΈࠐΉࡍʹɼԋࢉύΠϓϥ
Πϯͷ్தʹϦμΫγϣϯԋࢉॲཧΛڬΈࠐΉඞཁ͕͋Δ

͜ͱ͕൑໌͠ɼຊߘͷ ART (FPGA) ͸ͦͷमਖ਼Λ൓ө͠
͍ͯΔɽͦͷमਖ਼͕ɼલઅͰड़΂ͨARGOTίʔυͷੑೳ
ʹӨڹΛٴ΅͍ͯ͠ΔͱᛀΈɼຊߘͰ͸ ARGOTϓϩά
ϥϜ͔Β࡞੒ͨ͠ϕϯνϚʔΫϓϩάϥϜΛ༻͍ͯ ART
୯ମͷੑೳΛධՁ͠ɼ[8]Ͱใ͞ࠂΕ͍͍ͯΔ΋ͷͱൺֱ͠
ͨɽϨΠσʔλʹ͍ͭͯ͸ HEALpixϥΠϒϥϦΛ༻͍ͯ
ARGOTϓϩάϥϜͱಉ༷ͷํ๏Ͱ࡞੒͢Δ͕ɼART๏
͸ϝογϡσʔλͷ஋ʹΑͬͯࢉܭෛՙ͕มԽ͠ͳ͍ͨΊ

ϝογϡσʔλͷೖྗʹ͸ٙࣅཚ਺Λ༻͍͓ͯΓɼ[8]ʹ͓
͚ΔධՁͱಉ༷ͷํ๏Λ࠾༻͍ͯ͠Δɽ

ද 4ʹຊߘʹ͓͚ΔART๏ͱ [8]Ͱใ͞ࠂΕ͍ͯΔART
๏ͱͷ࣮ؒ࣌ߦͷൺֱΛࣔ͢ɽ[8]ͱಉ༷ʹɼ“CPU(14C)”

͸ CPU࣮૷Λ 14εϨου (= 1ιέοτ) Ͱ࣮͢ߦΔ৔
߹ɼ“CPU(28C)”͸ 28εϨου (= 2ιέοτ) Ͱ࣮͢ߦ
Δ৔߹Λද͢ɽGPU ࣮૷͸ Tesla P100 GPU Λར༻͠ɼ
FPGA͸ BittWare A10PL4 PFGAϘʔυʹ౥͞ࡌΕ͍ͯ
Δ Arria10 FPGAͰ͋Δɽ
ද 4ʹࣔ͢Α͏ʹɼຊߘʹ͓͚Δ CPU൛ ARTͱ GPU
൛ ARTͷੑೳ͸ [8]ͱൺֱ͔ͯ͠ۇʹ େͰ࠷) 1.5ഒ) ௿
Լ͍ͯ͠Δ͜ͱ͕෼͔Δɽ͜Ε͸ɼ[8]ͷ CPU൛ ARTͱ
GPU൛ARTʹ΋ɼຊདྷඞཁͱ͞ΕΔॲཧ (FPGA൛ART
Ͱඞཁͱ͞ΕΔॲཧͰ͋ΔϦμΫγϣϯԋࢉͱಉ౳ͷॲཧ)
͕͚͍ܽͯΔͨΊͰ͋Δɽ͔͠͠ɼͦΕΛ౿·͑ͯ΋ຊߘ

ʹ͓͚Δ FPGA൛ ARTͷੑೳ௿Լ͸ CPU࣮૷΍ GPU
࣮૷ͱൺ΂ͯେ͖͘ɼ[8]ͷ FPGA൛ ARTͱൺ΂ͯ 3∼4
ഒͷੑೳ͕ࠩൃੜ͍ͯ͠Δɽ͜Ε͸ɼ[8]ͷ FPGA൛ ART
ͷ Initiation Interval (II) ͕ 1ͳͷʹର͠ɼຊߘʹ͓͚Δ
FPGA൛ARTͷ II͕ 4Ͱ͋Δ͜ͱʹىҼ͍ͯ͠ΔɽIIͱ
͸ɼԋࢉύΠϓϥΠϯ͕ԿαΠΫϧʹ 1ճىಈ͢Δ͔Λࣔ
ඪͰ͋ΓɼII͕ࢦ͢ 1Ͱ͋ΔͳΒԋࢉύΠϓϥΠϯ͸ຖα
ΠΫϧىಈ͓ͯ͠Γɼεϧʔϓοτ͕ 100%ͱͳΔɽ͢ͳ
ΘͪɼII͕ 4ͷ৔߹ɼԋࢉύΠϓϥΠϯ͸ 4αΠΫϧʹ 1
ճͷىಈͱͳΔͨΊεϧʔϓοτ͸ 25%ͱͳͬͯ͠·͍ɼ
ੑೳ͕ܶతʹѱԽͯ͠͠·͏ɽ

ͨͩ͜͠Ε͸OpenCLίϯύΠϥͷղੳೳྗෆ଍ʹΑΔ
ͱ͜Ζ͕େ͖͘ɼద੾ͳϫʔΫΞϥ΢ϯυΛ͡ߨΕ͹ II͕
1ʹͳΓɼੑೳ͕ݩ௨ΓʹͳΔͱظ଴͞ΕΔɽ·ͨɼϝο
γϡαΠζ͕খ͍͞৔߹ɼARGOT (GPU) / ART (FPGA)
ͷੑೳ͸ ARGOT(GPU) / ART(GPU)ΑΓ΋࣌ݱ఺Ͱط
ʹ༏Ε͍ͯΔͨΊɼII͕ 1ʹͳΕ͹ͦͷੑೳࠩ͸ߋʹ֦େ
͢Δɽ͢ͳΘͪɼ໰୊αΠζ͕খ͍͞΄ͲɼFPGA Φϑ
ϩʔσΟϯά͸ ARGOTίʔυΛՃ଎ͤ͞Δ࠷దղͱͳ
Γɼͦͷ޲܏͸ڧεέʔϦϯάͱͷ਌࿨ੑ͕ඇৗʹ͍ߴɽ

͞ΒʹɼGPUͱҟͳΓɼStratix 10 ͷΑ͏ͳϋΠΤϯυ
FPGA͸ྗڧͳ֎෦௨৴ϦϯΫ͕౥͞ࡌΕ͍ͯΔͷͰɼ͜
ͷಛੑ΋ڧεέʔϦϯάͱͷ਌࿨ੑΛ্͍ͯͤ͞޲Δɽ

6. ͓ΘΓʹ

ຊߘͰ͸ɼຊڀݚͰ͸ॳظӉ஦ʹ͓͚Δఱମܗ੒γ

ϛϡϨʔγϣϯͰॏཁͳ໾ׂΛͭ࣋᫔ࣹ༌ૹΛղ͘ AR-
GOTϓϩάϥϜΛ GPUɾFPGAΛڠௐಈͤ͞࡞Δख๏
ʹ͍ͭͯड़΂ͨɽARGOT ϓϩάϥϜͷओཁԋࢉ෦෼Ͱ
͋Δ ARGOT๏ͱ ART๏Λ GPUͱ FPGAʹదࡐదॴ
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ද 4: ຊߘʹ͓͚Δ ART๏ͱ [8]Ͱใ͞ࠂΕ͍ͯΔ ART๏ͱͷ࣮ؒ࣌ߦ (୯Ґ:ඵ) ͷൺֱɽ
Mesh size [8] or New ART CPU (14C) CPU (28C) P100 FPGA

(16, 16, 16) [8] 0.052 0.075 0.055 0.00455
New ART 0.085 0.12 0.065 0.01839

(32, 32, 32) [8] 0.293 0.254 0.095 0.040
New ART 0.395 0.351 0.122 0.145

(64, 64, 64) [8] 2.13 1.64 0.358 0.335
New ART 2.46 2.27 0.551 1.37

(128, 128, 128) [8] 31.3 18.1 2.67 2.63
New ART 42 26 4.25 9.68

తʹػೳ෼ͯ͠ࢄ ARGOTίʔυΛ࠷దԽ͢ΔɽఏҊख
๏ΛධՁͨ͠ͱ͜ΖɼART ๏Λ FPGA ʹΦϑϩʔυ͠
Ͱ͋ΔɼARGOT(GPU)ߦ࣮ͨ / ART(FPGA) ͸ɼAR-
GOT(GPU)/ART(GPU)ͱൺֱͯ͠ɼ࠷େ 10.4ഒͷੑೳ
Λୡ੒Ͱ͖ͨɽ͜Ε͸ɼP100্޲ GPUʹͱͬͯ͜ΕΒͷ
ϝογϡαΠζ͕খ͗͢͞ΔͨΊɼ3584 CUDA Core ʹ
ରͯ͠े෼ͳԋࢉͷฒྻ౓͕ಘΒΕͳ͍͜ͱʹىҼͯ͠

͍ΔɽͦͷͨΊɼϝογϡαΠζ͕େ͖͘ͳΔʹͭΕͯɼ

ARGOT(GPU) / ART(GPU)ͷੑೳ͸্͠޲ɼϝογϡ
αΠζ 1283 ʹ͓͍ͯ͸ɼARGOT(GPU) / ART(FPGA)
ͷ 1.94ഒͷੑೳͱͳΔ͜ͱ͕֬ೝͰ͖ͨɽ
·ͨɼART୯ମͷੑೳΛධՁͨ͠ͱ͜Ζɼ[8]ͷ FPGA
൛ARTͱൺ΂ͯຊߘʹ͓͚Δ FPGA൛ART͸ 3∼4ഒͷ
ੑೳ௿Լ͕ൃੜ͍ͯ͠Δ͜ͱ͕෼͔ͬͨɽ͜Ε͸ɼ[8]ͷ
FPGA൛ ARTͷ Initiation Interval (II) ͕ 1ͳͷʹର͠ɼ
ຊߘʹ͓͚Δ FPGA൛ ARTͷ II͕ 4Ͱ͋Δ͜ͱʹىҼ
͍ͯ͠Δɽͨͩ͜͠Ε͸ OpenCLίϯύΠϥͷղੳೳྗ
ෆ଍ʹΑΔͱ͜Ζ͕େ͖͘ɼద੾ͳϫʔΫΞϥ΢ϯυΛߨ

͡Ε͹ II͕ 1ʹͳΓɼੑೳ͕ݩ௨ΓʹͳΔͱظ଴͞ΕΔɽ
ँࣙ ຊڀݚͷҰ෦͸ɼʮੑߴೳ൚༻ߴػࢉܭ౓ར༻ࣄ

εʔύʔίϯܕ߹௨৴༥ࢉ୅ԋੈ࣍ʯʹ͓͚Δ՝୊ʮۀ

ϐϡʔλͷ։ൃʯɼจ෦Պֶলڀݚ༧ࢉʮੈ࣍୅ٕࢉܭज़։

୓ʹΑΔֶࢉܭࡍՊֶ࿈ڌܞ఺ͷ૑ग़ʯɼٴͼՊֶڀݚඅ

ิॿۚҰൠ (B)ʮߏ࠶੒ՄೳγεςϜͱ GPUʹΑΔෳ߹
ͷҰ෦ڀݚೳϓϥοτϑΥʔϜʯʹΑΔɽ·ͨɼຊੑߴܕ

͸ɼʮIntel University ProgramʯΛ௨ͯ͡ϋʔυ΢ΣΞ͓
Αͼιϑτ΢ΣΞͷఏڙΛड͚͓ͯΓɼIntelࣾͷࢧԉʹँ
ҙΛද͢Δɽ
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