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OpenCLରԠGPUɾFPGAσόΠεؒ࿈ߏػܞʹΑΔ
Ӊࣹ༌ૹίʔυͷԋࢉՃ

খྛ ྒฏ1,2 ౻ా య1ٱ தಓ ҆༞ະ2 ޱࢁ Ղथ2,1  ହ༞1,2 ٢1,3࢘ߞ ҆෦ ਓ1

കଜ խ೭1,3

֓ཁɿզʑɼ͍ߴԋੑࢉͱϝϞϦόϯυ෯Λ༗͢Δ GPU (Graphics Processing Unit) ʹԋࢉ௨
৴ੑʹ༏Ε͍ͯΔ FPGA (Field Programmable Gate Array) Λ࿈ͤ͞ܞɼํΛ૬ิతʹར༻͢Δ
GPU-FPGAෳ߹γεςϜʹؔ͢ΔڀݚΛਐΊ͍ͯΔɽGPUɾFPGAෳ߹ԋࢉՃ͕ඞཁͱ͞ΕΔཧ༝
ɼෳͷཧϞσϧෳͷಉൃ࣌ੜ͢ΔཧݱΛؚΉγϛϡϨʔγϣϯͰ͋ΔϚϧνϑΟδοΫε

ΞϓϦέʔγϣϯʹ༗ޮͩͱᛀΜͰ͍ΔͨΊͰ͋ΔɽϚϧνϑΟδοΫεͰɼγϛϡϨʔγϣϯʹ

༷ʑͳಛੑͷԋ͕ࢉग़͢ݱΔͷͰɼGPU͚ͩͰԋࢉՃͤͮ͞Β͍͜ͱ͕͋Δɽ͕ͨͬͯ͠ɼGPUͩ
͚ͰରԠ͖͠Εͳ͍ಛੑͷԋࢉͷՃʹ FPGAΛར༻͢Δ͜ͱͰɼΞϓϦέʔγϣϯશମͷੑ্Λ
ૂ͏ɽຊߘͰɼϚϧνϑΟδοΫεͷྫͰ͋ΔɼӉࣹ༌ૹγϛϡϨʔγϣϯίʔυ ARGOTΛର
ʹ͢ΔɽARGOTɼޫݯͱۭؒʹݯޫͨ͠ࢄͷ 2छྨͷࣹ༌ૹΛؚΉɽARGOT๏ͷԋ
ʹطʹࢉ ARGOTϓϩάϥϜʹ࣮͞Ε͍ͯΔ GPUΧʔωϧΛ༻͍Δ͜ͱͰɼओཁԋࢉ෦Λ GPU
ͱ FPGA ʹదࡐదॴతʹػͯ͠ࢄ ARGOT ίʔυΛ࠷దԽ͢Δɽ·ͨɼGPU-FPGA ؒͷσʔλ
సૹʹɼ͜Ε·ͰʹఏҊ͖ͯͨ͠ OpenCL͔Β੍ޚՄͳ GPU-FPGAؒ DMAసૹΛར༻͢Δɽఏ
Ҋख๏ΛධՁͨ͠ͱ͜ΖɼGPUͱ FPGAʹదࡐదॴతʹػͨ͠ࢄ ARGOTίʔυɼͦ͏Ͱͳ͍
ARGOTίʔυͱൺֱͯ͠࠷େ 3ഒͷੑ্ΛୡͰ͖ͨɽ

1. ͡Ίʹ

ͱϝϞϦόϯυ෯Λ༗͢ΔGPUੑࢉԋ͍ߴ (Graphics
Processing Unit) ΛԋࢉՃஔͱͯ͢͠ࡌΔ CPU-
GPUߏͷΫϥελ͕ࠓͷ HPCʹ͓͍ͯ͘༻
͍ΒΕ͍ͯΔɽ͜ͷΑ͏ͳߏͷΫϥελͰฒྻॲཧΛ࣮

ΔͨΊʹɼෳϊʔυΛ·͕ͨΔ͢ߦ GPUؒͷ௨৴ʹ
͓͍ͯ CPUΛհͨ͠ෳճͷϝϞϦίϐʔ͕ඞཁͰ͋Γɼ
͜ͷϨΠςϯγͷ૿ՃʹΑͬͯΞϓϦέʔγϣϯͷੑ

͕Լ͢Δ͕͋ͬͨɽͦ͜ͰɼஜେֶࢉܭՊֶڀݚ

ηϯλʔͰɼԋࢉՃஔؒΛϨΠςϯγͷ௨৴ωο

τϫʔΫͰີʹଓ͢Δ TCA (Tightly Coupled Accelera-
tors) ͱݺΕΔίϯηϓτΛఏএ͠ɼͦ ͷͨΊͷ௨৴ߏػ

Ͱ͋Δ PEACH2 (PCI Express Adaptive Communication
Hub Ver.2) [1]Λಠࣗ։ൃͨ͠ɽίϯηϓτͷ࣮ূγες
Ϝͱͯ͠ɼPEACH2Λͨ͠ࡌ HA-PACS/TCA (Highly
Accelerated Parallel Advanced System for Computational
Sciences/TCA) Λӡ༻͠ɼϊʔυΛ·͙ͨ GPUಉ࢜Ͱ

1 ஜେֶ ηϯλʔڀݚՊֶࢉܭ
2 ஜେֶ γεςϜใڀݚֶՊ
3 ஜେֶ ཧ࣭ՊֶڀݚՊ

ϨΠςϯγ௨৴͕࣮͞ݱΕ͍ͯΔ͜ͱΛ֬ೝͨ͠ɽ

PEACH2 FPGA (Field Programmable Gate Array)
Λ༻͍ͯ։ൃ͞Ε͓ͯΓɼFPGAͱҙͷཧճ࿏Λ
తʹϓϩάϥϜ͢Δ͜ͱ͕Ͱ͖Δूੵճ࿏Ͱ͋Δɽͦؾి

ͷಛੑ͔ΒɼΞϓϦέʔγϣϯʹಛԽͨ͠ԋࢉύΠϓϥΠ

ϯͱ෦ϝϞϦγεςϜΛ࣮͢ݱΔճ࿏Λ FPGA্ʹ࣮
ͯ͠ϢʔβॴͷॲཧΛՃͤ͞Δ͜ͱ͕ՄͰ͋Δɽ

[2], [3] ͰɼϨΠςϯγͷ௨৴Λ࣮͢ߦΔճ࿏ʹՃ͑
ͯɼGPU͕ෆಘखͱ͢ΔॲཧΛ࣮͢ߦΔճ࿏Λ FPGA্
ʹ࣮͠ɼͦΕΛ FPGAʹదٓʹΦϑϩʔυ͢Δ͜ͱʹ
ΑͬͯΞϓϦέʔγϣϯશମͷੑΛ্ͤ͞Δྫࣄڀݚ

͕ใ͞ࠂΕ͍ͯΔɽ͜ͷΑ͏ͳɼFPGAʹԋࢉΛΦϑϩʔ
υ͠ɼ௨৴ػͱ࿈͢ܞΔ͜ͱʹΑͬͯԋࢉͱ௨৴ͱΛ༥

߹͢ΔίϯηϓτΛզʑ AiS (Accelerator in Switch) ͱ
ͷࡏݱͰ͋ΔߏΜͰ͓ΓɼCPU-GPUΫϥελݺ HPC
γεςϜͷੑΛ্ͤ͞ʹߋΔݤͰ͋ΔͱᛀΜͰ͍Δɽ

ਤ 1ʹ AiSίϯηϓτͷ֓ཁΛࣔ͢ɽ֤ϊʔυʹ GPU
ͱ FPGA͕͞ࡌΕɼͦΕΒ PCIeόεΛհͯ͠ଓ
͞Ε͍ͯΔɽΞϓϦέʔγϣϯʹ͓͚Δେنͳૈཻฒ

ྻॲཧ෦ैདྷ௨Γ GPU͕୲ͭͭ͠ɼGPUͰΧ
όʔͰ͖ͳ͍ฒྻੑͷ͍ԋࢉ෦ͷΦϑϩʔυ͓Αͼߴ
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ਤ 1: AiSίϯηϓτͷ֓ཁɽGPUͰૈཻฒྻॲཧ
Λ୲͢ΔࢉܭΧʔωϧ͕࣮͞ߦΕɼFPGAͰ GPU
͕ෆಘखͱ͢Δԋࢉूஂ௨৴ΛؚΉߴϊʔυؒ௨

৴Λ୲͢ΔΧʔωϧ͕࣮͞ߦΕΔɽCPU͜ΕΒͷ
Χʔωϧͷىಈ͓ΑͼશࢉܭσόΠεͷௐఀΛ͏ߦɽ

ਤ 2: Ӊࣹ༌ૹίʔυ: ARGOTͷ֓؍ɽ

ϊʔυؒ௨৴ॲཧʹ FPGAΛద༻͢Δ͜ͱʹΑͬͯɼΑ
ΓޮతͰϨΠςϯγϘτϧωοΫͷগͳ͍ڧεέʔϦϯ

άͷ࣮ݱΛ͢ࢦɽ

GPUɾFPGAෳ߹ԋࢉՃ͕ඞཁͱ͞ΕΔཧ༝ɼෳ
ͷཧϞσϧෳͷಉൃ࣌ੜ͢ΔཧݱΛؚΉγ

ϛϡϨʔγϣϯͰ͋ΔϚϧνϑΟδοΫεΞϓϦέʔγϣ

ϯʹ༗ޮͩͱᛀΜͰ͍ΔͨΊͰ͋ΔɽϚϧνϑΟδοΫε

ͰɼγϛϡϨʔγϣϯʹ༷ʑͳಛੑͷԋ͕ࢉग़͢ݱΔ

ͷͰɼGPU͚ͩͰԋࢉՃͤͮ͞Β͍͜ͱ͕͋Δɽ͠
͕ͨͬͯɼGPU͚ͩͰରԠ͖͠Εͳ͍ಛੑͷԋࢉͷՃ
ʹ FPGAΛར༻͢Δ͜ͱͰɼΞϓϦέʔγϣϯશମͷ
ੑ্Λૂ͏ɽຊߘͰɼϚϧνϑΟδοΫεͷྫͰ͋

ΔɼӉࣹ༌ૹγϛϡϨʔγϣϯίʔυARGOTΛର
ʹ͢ΔɽARGOTɼޫݯͱۭؒʹݯޫͨ͠ࢄͷ 2छ
ྨͷࣹ༌ૹΛؚΉɽ

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

(ARGOT) ஜେֶ ηϯλʔڀݚՊֶࢉܭ (Center for
Computational Sciences: CCS) Ͱ։ൃ͞Ε͍ͯΔӉ
ࣹ༌ૹΛղ͘ϓϩάϥϜͰ͋Δɽࣹ༌ૹӉॳظ

ͷۜՏͷΑ͏ͳఱମܗͷڀݚʹ͓͍ͯຊ࣭తͳཁૉ

Ͱ͋Γɼߴʹղ͘͜ͱ͕ٻΊΒΕ͍ͯΔɽਤ 2ʹࣔ͢
Α͏ʹɼARGOT 2ͭͷΞϧΰϦζϜ ARGOT๏ *1ͱ

*1 ຊจͰɼରͱ͢ΔϓϩάϥϜ໊Λ ARGOT ͱද͠هɼͦ

Computation on GPU Computation on FPGA

ਤ 3: AiSίϯηϓτʹΑΔARGOTίʔυͷ࣮ߦϞσ
ϧɽ

(a) 点光源からの輻射輸送 (b) ARGOT法の概観

ਤ 4: ޫ͔ݯΒͷࣹ༌ૹͱ ARGOT๏ͷ֓؍

Authentic Radiative Transfer (ART) ๏ΛΈ߹Θͤͯ
ࣹ༌ૹΛղ͘ɽARGOT๏ͷΞϧΰϦζϜޫ͔ݯ
Βͷࣹ༌ૹΛ͠ࢉܭɼART๏ͷΞϧΰϦζϜۭؒʹ
͕Δޫ͔ݯΒͷࣹ༌ૹΛ͢ࢉܭΔɽART๏ ARGOT
ϓϩάϥϜͷதͰ 90%Ҏ্ͷؒ࣌ࢉܭΛΊΔॏཁͳΞϧ
ΰϦζϜͰ͋ΓɼຊڀݚͰ ART๏ͷԋࢉΛ͜Ε·Ͱʹ
։ൃ͖ͯͨ͠ FPGAΧʔωϧΛ༻͍ͯՃͤ͞Δɽ·ͨɼ
ARGOT๏ͷԋࢉʹطʹ ARGOTϓϩάϥϜʹ࣮͞
Ε͍ͯΔ GPUΧʔωϧΛ༻͍Δ͜ͱͰɼਤ 3ʹࣔ͢Α͏
ʹओཁԋࢉ෦ΛGPUͱ FPGAʹదࡐదॴతʹػࢄ
ͯ͠ ARGOTίʔυΛ࠷దԽ͢Δɽ

2.1 ARGOT๏
ARGOT๏ɼਤ 4 (a) ʹࣔ͢Α͏ʹޫ͔ݯΒͷࣹ
༌ૹΛ͢ࢉܭΔΞϧΰϦζϜͰ͋Γɼޫݯͷʹൺྫ͠

૿Ճ͢Δɽͦ͜Ͱྔࢉܭͯ ARGOT๏Ͱɼਤ 4 (b) ʹ
ࣔ͢Α͏ʹޫݯͷΛീͷσʔλߏͰѻ͏ɽ͜Ε

ʹΑͬͯɼΕͨπϦʔϊʔυͷޫݯ୯Ұͷޫݯͱ͠

ͯѻ͏͜ͱ͕Ͱ͖ΔͨΊɼࢉܭΛݯޫ͏ߦͷΛ N ͔Β

logN Β͢͜ͱ͕Ͱ͖Δɽ͋ΔϝογϡάϦουݮʹ (ਤ 4
(b) ͷ target mesh grid) Λରͱͨ͠ɼ֤ޫ͔ݯΒͷ
ࣹ༌ૹʹΑΔޫࢠଋҎԼͷࣜͰٻΊΔ͜ͱ͕Ͱ͖Δɽ

f(ν) = L(ν)e−τ(ν)

4πr2 (1)

͜ͷͱ͖ɼL(ν)ɼτ(ν)ɼn(x)ৼಈ ν Ͱͷޫݯͷޫɼ

ৼಈ ν ͰͷޫֶతڑɼޫΛٵऩ͢ΔΨεࢠͷີ

ͷҰ෦Ͱ͋ΔΞϧΰϦζϜΛ ARGOT ๏ͱද͢هΔɽ
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ਤ 5: ฒྻԽͨ͠ ARGOT๏ͷ֓؍

ਤ 6: ART๏Ͱ༻͍ΒΕ͍ͯΔϨΠτ
Ϩʔγϯάͷ֓೦ਤɽҹϨΠΛද

͠ɼԫ৭ͷӢԠΛ͢ࢉܭΔΨεΛ

ද͢ɽ

ΛͦΕͧΕද͠ɼτ(ν)ҎԼͷࣜͰٻΊΒΕΔɽ

τ(ν) = σ(ν)
∫

n(x)dl ≃ σ(ν)
∑

i

n(xi)∆l (2)

·ͨɼARGOT๏ෳͷϊʔυΛ༻͍ͯฒྻॲཧ͢Δ
͜ͱ͕Ͱ͖ɼͦͷ༷ࢠΛਤ 5ʹࣔ͢ɽϊʔυฒྻԽͰɼ
γϛϡϨʔγϣϯۭؒΛ֤ۉʹݩ࣍ʹׂ͢Δ (ਤͰ
4 × 4 ͷ domain decomposition)ɽෳͷϊʔυʹ·͕ͨ
ΔޫઢɼϊʔυؒͷڥքͰʮϨΠηάϝϯτʯׂ͠ (ਤ
ʹࣔ͢Α͏ʹηάϝϯτຖʹ৭͕ҟͳΔ)ɼ֤ηάϝϯτͷ
ҟͳΔϊʔυͰฒྻॲཧ͞ΕΔɽͦͯ͠ɼ֤ηάϝ͕ࢉܭ

ϯτͷޫֶతްΈͷ݁ࢉܭՌͷΛٻΊͯશମͷ݁ࢉܭՌ

ΛٻΊΔɽͨͩ͠ɼຊߘͰ ARGOTίʔυ 1 ϊʔυ
Ͱ ΔͨΊɼ͜ͷฒྻԽख๏ར༻͍ͯ͠ͳ͍ɽ͍ͯ͠ߦ࣮

2.2 ART๏
ART๏ͰۭؒΛ ͷϝογϡʹׂ͠ɼͦݩ࣍3
ͷதͰϨΠτϨʔγϯάΛ͜͏ߦͱͰࣹ༌ૹͷࢉܭΛߦ

͏ɽਤ 6ʹࣔ͢Α͏ʹɼϨΠڥք͔Βൃࣹ͞ΕɼͦΕͧ
ΕͷϨΠ͕ฏߦʹਐ͠ɼࣹ۶ં͠ͳ͍ɽ

Iout
ν (n̂) = Iin

ν (n̂)e−∆τν + Sν(1 − e−∆τν ) (3)

ࣜ (3)  ART๏ͷԋࢉΛද͠ɼ͜ͷࣜΛϨΠ͕ϝογϡ
Λ௨ա͢Δʹ͢ࢉܭΔɽࣜʹ͓͚Δ ν, Iin

ν , Iout
ν , n̂, ∆τ ,

Sν ͦΕͧΕपɼೖྗ์ࣹڧɼग़ྗ์ࣹڧɼϨΠ

ͷํɼϝογϡʹ͓͚ΔޫֶతްΈɼϝογϡͷ source
functionΛද͠ɼART๏ͷࢉܭશͯ୯ਫ਼ුಈখ
Λ༻͍ͯߦΘΕΔɽϨΠͷํ (֯)  HEALPixΞ
ϧΰϦζϜʹΑͬͯٻΊΒΕΔɽయܕతͳαΠζͰ

ɼϝογϡ 1003 ͔Β 10003 ͷنʹͳΓɼϨΠͷ

छྨ ((φ, θ)ͷΈ߹Θͤͷ) গͳ͘ͱ ʹ768ํ
ͳΔ (HEALPixʹ͓͚Δղ૾ύϥϝʔλ Nside = 8 ͷ
߹)ɽࣜ (3)ʹ͋ΔΑ͏ʹɼART๏ʹ͓͚ΔԋࢉϘτϧ
ωοΫࢦؔͰ͋Δɽप ν ຖʹ 1ճͷࢦؔͷ
ඞཁͰ͋Γɼपͷͷઃఆʹґଘ͢Δ͕͕ࢉܭ

1 ≤ ν ≤ 6Ͱ͋Γɼ1ϝογϡ௨աຖʹෳճͷࢦؔ
Θͳ͚ΕͳΒͳ͍ɽߦͼग़͠Λݺ

ART๏ϨΠτϨʔγϯάΛ༻͍͍ͯΔͨΊɼ͋ Δ 1ͭ
ͷϨΠʹؔ͢Δࢉܭਐ࿏ʹԠͯ͡ॱং௨Γʹ͠ࢉܭͳ͚

ΕͳΒͳ͍͕ɼҟͳΔϨΠͷؒʹࢉܭͷґଘ͕ؔͳ

͘ฒྻʹࢉܭͰ͖Δɽ͔͠͠ͳ͕ΒɼART๏Λ SIMD-like
(CPU, GPUͳͲ) ͳΞʔΩςΫνϟͰ࣮͢Δࡍʹ 2
ͭͷ͕͋Δɽ1ͭɼϝογϡσʔλʹର͢ΔϝϞϦ
ΞΫηεύλʔϯ͕ϨΠͷํʹΑ༷ͬͯʑ (ඦʙઍ
ύλʔϯ) ʹͳΔ͜ͱͰ͋ΔɽෳͷϨΠͷࢉܭΛ SIMD
Ͱ͢ࢉܭΔࡍʹɼϝογϡσʔλ͕ϝϞϦ্Ͱ࿈ଓ͠ͳ͍

߹͕͋ΓಘΔɽ͕ͨͬͯ͠ɼΩϟογϡώοτͷԼ

 GPUʹ͓͍ͯϝϞϦΞΫηεϨΠςϯγͷେ͖͕͞
ʹͳΔɽ2ͭʹɼϝογϡʹର͢Δੵ͕ࢉܭিಥ͢
ΔՄੑ͕͋Δ͜ͱͰ͋Δɽಉ͡ϝογϡΛྡͨ͠ෳ

ͷϨΠ͕௨ա͢Δ (ਤ 6ͷփ৭ͷϝογϡ෦) Մੑ͕
͋ΔͨΊɼϝογϡ্ͷෳͷϨΠͷޮՌΛॏͶ߹ΘͤΔ

ඞཁ͕͋Γɼ͜ΕΛಉ࣌ॲཧ͢ΔͨΊʹɼΛճආ͢

ΔͨΊʹ atomicԋࢉΛ༻͍Δ͔ɼྡ͢ΔϨΠΛಉ࣌ʹ
ͳ͍͠ࢉܭ (ྫ͑ɼਤ 6Ͱɼ৭ͷϨΠͱ੨৭ͷϨΠ
ʹ͚͍ͯͯ͠ࢉܭΔ) ͱ͍ͬͨํ๏͕ඞཁͱͳΔɽͨͩ
͠ɼલऀͷํ๏Ͱ atomicԋࢉʹΑΔΦʔόʔϔου͕
͋Γɼऀޙͷํ๏ͰϝϞϦΞΫηε͕ΑΓඈͼඈͼʹͳ

ΔΦʔόʔϔου͕͋Δɽ

͜͏ͨ͠ ART ๏ͷੑ࣭͔Βɼզʑ CPU  GPU ͱ
͍ͬͨ SIMD-likeͷΞʔΩςΫνϟ ART๏ʹద͞ͳ͍
ͱ͍ͯ͑ߟΔɽҰํͰɼFPGAΦϯνοϓͷଂϝϞ
ϦΛͪ࣋ɼϨΠςϯγɾߴόϯυ෯ʹϥϯμϜΞΫηε

͕ՄͰ͋ΔɽͦΕʹՃ͑ͯɼFPGAͰ͋Ε ART๏ʹ
ࠐదԽͨ͠ϝϞϦΞΫηεճ࿏ΛϋʔυΣΞʹΈ࠷

ΊΔͨΊɼART๏ FPGAͰͷ࣮ʹదͨ͠ΞϧΰϦζ
ϜͰ͋Δͱ͓ͯ͑ߟΓɼզʑ ART๏Λߴʹ͢ࢉܭΔ
FPGAΧʔωϧʹ͍ͭͯఏҊ͍ͯ͠Δɽ
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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 7: 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 8: Intel FPGA SDK for OpenCLϓϥοτϑΥʔϜ
ͷߏਤɽ

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

Intel  OpenCL Λ༻͍ͯ FPGA ճ࿏ΛઃܭͰ͖Δ։
ڥൃ [4]Λఏ͓ͯ͠ڙΓɼART๏ͷ FPGAΧʔωϧͷ
࣮͜ͷπʔϧͷར༻Λલఏͱ͍ͯ͠Δɽਤ 7ʹ Intel
FPGA SDK for OpenCLʹ͓͚ΔϓϩάϥϛϯάϞσϧ
Λࣔ͢ɽϢʔβϗετ PC্Ͱಈ͢࡞Δϗετίʔυͱ
FPGA্Ͱಈ͢࡞ΔΧʔωϧίʔυͱͷ 2छྨͷίʔυΛ
ड़͢ΔɽϗετίʔυओʹOpenCLه API (Application
Programming Interface) Λ༻͍ͯͷ FPGAͷίϯϑΟά
ϨʔγϣϯɼϝϞϦཧɼΧʔωϧ࣮ߦཧͳͲͷ FPGA
σόΠεͷ੍ޚΛ୲͠ɼΧʔωϧίʔυ FPGAʹΦϑ
ϩʔυ͞ΕΔԋࢉΛ୲͢Δɽ͜ͷϓϩάϥϛϯάϞσϧ

ͰɼϗετίʔυͱΧʔωϧίʔυผʑʹίϯύΠϧ

͞ΕɼΦϑϥΠϯίϯύΠϧͷΈ͕αϙʔτ͞Ε͍ͯΔɽ

͜Εཧ߹ͱஔઢɼಛʹஔઢʹؒ࣌ཁ͢Δ

ͨΊͰ͋Δɽϗετίʔυ gcc Intel CompilerͳͲͷ
ඪ४తͳ CίϯύΠϥʹͯίϯύΠϧ͞Εɼϗετ PC্

Ͱಈ͢࡞Δ࣮ߦόΠφϦ͕ੜ͞ΕΔɽΧʔωϧίʔυ

Intel FPGA SDK for OpenCLʹଐ͍ͯ͠Δઐ༻ίϯύ
Πϥʹͯɼཧ߹Մͳ Verilog HDLϑΝΠϧʹม͞
ΕɼόοΫΤϯυͰಈ͢࡞ΔQuartus Prime͕ͦͷVeirlog
HDLϑΝΠϧ͔ΒɼFPGAͷճ࿏σʔλΛؚΉ aocxϑΝ
ΠϧΛੜ͢ΔɽOpenCL APIΛ༻͍Δ͜ͱͰɼϗετΞ
ϓϦέʔγϣϯͷ࣮࣌ߦʹ aocxϑΝΠϧ͕ FPGAʹμ
ϯϩʔυɾճ࿏ͷߏ࠶͕ߦΘΕɼΧʔωϧͷ࣮ߦʹඞཁ

ͳσʔλΧʔωϧͷ࣮݁ߦՌͳͲ PCIeόεΛհͯ͠
సૹ͞ΕΔɽ

ਤ 8ʹ Intel FPGA SDK for OpenCLϓϥοτϑΥʔϜ
ͷߏਤΛࣔ͢ɽCίϯύΠϥʹΑͬͯϗετίʔυ͔Β
ϗετΞϓϦέʔγϣϯͷ࣮ߦόΠφϦ͕ੜ͞ΕɼIntel
FPGA SDK for OpenCLʹଐ͍ͯ͠Δઐ༻ίϯύΠϥ
ʹΑͬͯΧʔωϧίʔυʹهड़͞Ε͍ͯΔԋࢉΛύΠϓϥ

Πϯॲཧ͢ΔϋʔυΣΞ͕Χʔωϧίʔυ͔Βੜ͞Ε

ΔɽPCIeίϯτϩʔϥσόΠευϥΠόɼFPGAσό
Πεͷ֎෦ϝϞϦίϯτϩʔϥͳͲ Bittware Terasic
ͳͲͷ FPGAϘʔυϕϯμʔ͔Βఏ͞ڙΕΔ BSP (Board
Support Package) ʹಉࠝ͞Ε͍ͯΔɽFPGAϘʔυຖʹɼ
FPGAνοϓ֎෦ϖϦϑΣϥϧߏҟͳΔɽϘʔυ
ؒͷͦΕΒͷࠩҟΛٵऩ͢ΔͨΊʹɼϘʔυݻ༗ͷύϥ

ϝʔλճ࿏ BSPͱ͍͏ܗͰఏ͞ڙΕɼΧʔωϧίʔ
υͷίϯύΠϧ࣌ʹ BSPΛಡΈࠐΈར༻͢ΔɽҰൠతʹɼ
OpenCLରԠͷ FPGAϘʔυΛར༻͢Δ߹ɼϘʔυͷ
։ൃ͔ݩΒ BSP͕ఏ͞ڙΕɼϢʔβͦͷ BSPΛར༻͠
ͯOpenCLΛ༻͍ͨճ࿏։ൃΛ͏ߦɽͦͷͨΊɼϢʔβ
ϗετίʔυͱΧʔωϧίʔυͷ࣮ͷΈʹྗ͢ΕΑ

͘ɼͨͱ͑ҟͳΔ FPGAϘʔυΛར༻͢Δͱͯ͠ɼͦͷ
FPGAϘʔυͷ BSP͕ఏ͞ڙΕ͍ͯΕɼطଘͷίʔυ
ΛҠ২͢Δ͜ͱ͕ՄͰ͋Δɽ

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

ுͷ 1 ͭͰ͋ΓɼOpenCL Χʔωϧؒͷ௨৴Λ͑ߦΔΑ
͏ʹ͢ΔͷͰ͋ΔɽChannelͷ࣮ଶόοϑΝ͖ (Φ
ϓγϣϯɽͳ͠Մ) First-In-First-Out (FIFO) Ͱ͋Γɼ
Χʔωϧؒʹ FIFOΛ௨ͯ͡௨৴Λ͏ߦճ࿏͕ FPGA
ʹੜ͞ΕΔɽ

ChannelΛ͜͏ͱͷརɼ֎෦ϝϞϦʹΞΫηε͢
Δ͜ͱͳ͘ 2ͭͷ OpenCLΧʔωϧؒͰσʔλަΛߦ
͑ΔΈͰ͋Δ͜ͱͰ͋ΔɽҰൠతͳOpenCLͷڥʹ
͓͍ͯOpenCLΧʔωϧؒͰσʔλަΛ͢Δ߹ɼά
ϩʔόϧϝϞϦΛ༻͍Δ͔͠બ͕ࢶͳ͔͕ͬͨɼFPGA
ΔάϩʔόϧϝϞϦ͚͓ʹڥ DDR3 DDR4ͷ࠾༻
͕ҰൠతͰ͋ΓɼϨΠςϯγόϯυ෯ͷ໘͔Βੑ͕ظ

Ͱ͖ͳ͍ɽҰํͰɼ2ͭͷΧʔωϧ͕ ChannelͰଓ͞
ΕΔͱɼάϩʔόϧϝϞϦʹΞΫηε͢Δ͜ͱͳ͘ FPGA
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ਤ 9: ART on FPGA ࣮ͷ֓ཁɽ

෦ͷσʔλύεͰ௨৴͕ྃ͠ɼϨΠςϯγɾߴόϯ

υ෯ͷ௨৴͕͑ߦΔΑ͏ʹͳΔɽ

3.3 ࣮ͷ֓ཁ

ਤ 9ʹ ART๏ͷ FPGAΧʔωϧͷ࣮ͷ֓ཁΛࣔ͢ɽ
ਤʹ͋ΔΑ͏ʹɼFPGAͷதʹෳͷ OpenCLΧʔωϧ
Λ࣮͠ɼͦΕͧΕΛ ChannelͰଓͯ͠ߏ͞Ε͍ͯ
Δɽਤ 9ʹ͋Δ “PE Array”ART๏ͷԋࢉΛ࣮͍ͯ͠
Δ OpenCLΧʔωϧ܈Ͱ͋ΓɼProcessing Element (PE),
Boundary Element (BE) ͔Βߏ͞ΕɼPEͱ BE͕૬ޓ
ʹϨΠͷσʔλΛ Channelܦ༝Ͱ௨৴͢Δ͜ͱͰ ART๏
ͷࢉܭΛ͏ߦɽ

PE ART๏ͷԋࢉΧʔωϧΛ୲͢ΔΧʔωϧͰ͋
Δɽ֤ PEਤ 9ʹ͋ΔΑ͏ʹɼ1ͭͷ FPGA͕୲͢Δ
ۭؒΛΑΓখ͞ͳϒϩοΫʹׂ͠ PEʹׂΓͯΔɽ
ԋࢉ༻ͷσʔλߴසʹϥϯμϜΞΫηε͢Δඞཁ͕͋

ΔͨΊɼBlock Random Access Memory (BRAM)Λ༻͍
ͯ֨ೲ͓ͯ͠ΓɼͦΕͧΕͷ PE͕ԋࢉ༻ͷ BRAMΛ࣋
ͭɽBRAM FPGA෦ʹ࣮͞Ε͍ͯΔϝϞϦ (Ұൠ
తʹ SRAMͰ͋Δ) ͷ͜ͱΛ͠ࢦɼνοϓʹҰఆͷα
ΠζͷϒϩοΫ୯ҐͰࢄஔ͞Ε͍ͯΔɽBRAM
ϨΠςϯγɾߴόϯυ෯ʹϥϯμϜΞΫηεͰ͖ɼඇৗʹ

࣌ݱͰ͋Δ͕ɼ֎෦ϝϞϦͱൺͯ༰ྔ͕গͳ͘ɼੑߴ

Ͱ࠷৽ͷ FPGAʹ͞ࡌΕ͍ͯΔ BRAMͷ༰ྔߴʑ
ेMBͰ͋ΔɽBE PEʹର͢ΔϨΠͷೖग़ྗॲཧΛ
ͷͰ͋ΓɼକྖҬʹର͢ΔϨΠσʔλͷೖग़ྗ͢ͳ͏ߦ

ΘͪϨΠͷॳظੜ͓ΑͼෆཁͳϨΠͷഇغͱɼաڈͷܭ

Ͱੜ͞ΕͨϨΠΛϨΠόοϑΝ͔ΒಡΈग़͢ॲཧɼকࢉ

དྷͷࢉܭͰ࠶ͼ༻͍ΔͨΊϨΠόοϑΝʹॻ͖ग़͢ॲཧΛ

ɽ͏ߦ

4. ARGOTίʔυʹ͓͚Δ GPUɾFPGA
࿈ܞ

લड़ͨ͠Α͏ʹɼຊڀݚͰ ARGOTίʔυʹ͓͚Δ
ARGOT๏Λ GPUʹɼART๏Λ FPGAʹͦΕͧΕΦϑ
ϩʔυ͢Δɽ͜͜ͰɼARGOT ίʔυʹ͓͚Δ ARGOT
๏ͱ ART๏ɼ͓ʹ͍ޓશʹಠཱͨ͠ॲཧͰͳ͘ɼ

CPU GPU Global 
memory

OpenCL kernel

Descriptor 
Controller

PCIe IP core

External
memory
(DDR)

DMA 
controller

!

FPGA

"

# $

%

PCIe Controller
&

'

ਤ 10: OpenCLʹΑΔ GPU-FPGAؒσʔ
λసૹͷུ֓ਤɽ

ARGOT๏ͷԋ݁ࢉՌΛϕʔεʹ ART๏͕࣮͞ߦΕΔɽ
۩ମతʹɼART ๏ͷԋࢉʹ͓͚Δ ∆τ , Sν ʹɼAR-
GOT๏ͷԋ݁ࢉՌ͕༻͍ΒΕ͍ͯΔͨΊɼ͜ΕΒͷσʔ
λΛԿʹγʔϜϨεʹ GPU͔Β FPGAʹૹ৴Ͱ͖Δ
͔͕ɼޮతͳ GPUɾFPGA࿈ܞΛ࣮͢ݱΔͨΊʹ؊ཁ
ͱͳΔɽզʑ͜Ε·ͰʹɼGPUσόΠεͷάϩʔόϧ
ϝϞϦͱ FPGAσόΠεͷ֎෦ϝϞϦؒͰ CPUΛհ͞
ͣʹσʔλసૹΛ࣮͢ݱΔػΛɼPCIe DMAసૹ༻ͷ
IP (Intellectual Property) ίΞΛ༻͍ͯ FPGA্ʹ࣮
͠ɼͦͷػΛ FPGAϕϯμʔͷఏ͢ڙΔ OpenCLπʔ
ϧνΣΠϯͷΈͱ Veriog HDL ͱΛ׆༻͢Δ͜ͱʹ
Α੍ͬͯ͢ޚΔख๏ΛఏҊ͍ͯ͠Δ [5]ɽຊڀݚͰɼͦͷ
GPU-FPGAؒ DMAసૹٕज़Λ׆༻͢Δ༧ఆͰ͋Δ͕ɼ
Λػͦͷʹ࣌චࣥߘͷ੍্ɼຊؒ࣌ ARGOTίʔ
υʹΈࠐΉ͜ͱ͕Ͱ͖ͳ͔ͬͨɽҎ߱ͷষʹͯɼզʑͷ

ఏҊͨ͠GPU-FPGAؒ DMAసૹٕज़ͷ֓ཁʹ͍ͭͯड़
Δɽ

4.1 OpenCL ͔Β੍ޚՄͳ GPU-FPGA ؒσʔλ
సૹ

ਤ 10ʹɼOpenCL͔Β੍ޚՄͳ GPU-FPGAؒσʔ
λసૹͷ֓ཁΛࣔ͢ɽ͜ͷػɼGPUσόΠεͷάϩʔ
όϧϝϞϦɼFPGA σόΠεͷ֎෦ϝϞϦΛ PCIe Ξυ
ϨεۭؒʹϚοϐϯά͢Δ͜ͱͰɼPCIeίϯτϩʔϥ IP
͕ͭ࣋ DMA Λ༻͍ͯํͷϝϞϦؒͰσʔλͷίߏػ
ϐʔΛ͏ߦɽ͜Εɼ͔ ͭͯHA-PACS/TCAͷ։ൃ [1]ʹ
ɼPCIe্ʹଓ͞Εͨͨ͠ݱ࣮͍͓ͯ GPUͱ FPGAΛ
PCIeͷύέοτ௨৴ϓϩτίϧΛ༻͍ͯ௨৴ͤ͞Δٕज़
ͱجຊతʹಉ͡Ͱ͋Δ͕ɼ͜ͷख๏Ͱ FPGA͕ࣗత
ʹ DMAసૹΛىಈ͢ΔɽFPGA͔Β GPUʹରͯ͠ͷ
DMAసૹҎԼͷखॱͰ࣮͞ߦΕΔɽ

• CPUଆͰͷઃఆ
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11: PCIe GPU
12 tcaCreateHandleGPU() PCIe

GPU
paddr

( 1 ) GPU PCIe

( 2 ) FPGA
• FPGA

( 3 ) GPU

( 4 ) DMA
( 5 ) DMA
( 6 ) DMA
( 7 ) OpenCL

CPU FPGA
GPU

1© 2©
4.1.1 PCIe

GPU PCIe
NVIDIA API

PCIe
GPU CPU CUDA

GPU
API GPU

FPGA GPU
CPU API PCIe

GPU
DMA GPU PCIe

DMA
GPU-FPGA DMA GPU

PEACH2[1]

PEACH2 API PCIe
GPU 11 PEACH2

API tcaCreateHandleGPU()
PCIe

GPU paddr

1:
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

PEACH2

NVIDIA
Kernel API GPU PCIe

4.1.2
BSP PCIe Intel FPGA

“Arria 10 Hard IP for PCI Express
Avalon-MM with DMA” IP IP

DMA (DMAC: DMA Controller)
DMAC
DMA

1 DMA
Source DMA PCIe

Destination DMA PCIe DMA
Length ( ) DMA Descriptor ID

ID Source Destination
Address PCIe

GPU FPGA
PCIe DMAC GPU

GPU
PCIe

GPU OpenCL API FPGA
FPGA (OpenCL )

DMAC
GPU-FPGA

4.1.3
12 DMAC

OpenCL
I/O Channel API (write channel intel )

DMAC
GPU-FPGA

CPU -FPGA OpenCL API DMA
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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)

12:

OpenCL
DMAC

(clEnqueueReadBuffer clEnqueueWriteBuffer)

OpenCL

FPGA
DMAC

Write
Read
CPU

-FPGA DMA
FIFO -FPGA

DMA CPU PIO
(Programable IO) Read

Write
DMA

FPGA
Read DMAC

DMA
Read

Write FIFO
FIFO DMAC

-FPGA DMA

OpenCL
GPU-FPGA DMA

Read Write GPU-FPGA
DMA

FIFO

13: GPU FPGA DMA
OpenCL

Verilog HDL

OpenCL
OpenCL

FIFO [6]
BSP OpenCL

board spec.xml
GPU-FPGA

OpenCL
4.1.4 GPU-FPGA DMA

13 GPU FPGA DMA
OpenCL 1 pragma Intel
FPGA SDK for OpenCL channel

3 ∼ 10
DMA

12 13 I/O Channel
fpga dma dma stat GPU FPGA

DMA Source PCIe
GPU

gpu memadr Destination FPGA
(fpga mem) 0∼127 id

CPU OpenCL
id 128∼255
write channel intel

Read
FIFO

DMA
GPU FPGA DMA
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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)

5. ධՁ

5.1 ධՁڥ

௨৴ϨΠςϯγͷ؍ʹ͓͚ΔఏҊख๏ͷධՁʹɼஜ

େֶࢉܭՊֶڀݚηϯλʔͰӡ༻தͷPre-PACS version X
(PPX) ΫϥελγεςϜΛ༻͍ΔɽPPXಉηϯλʔ͕
։ൃΛܭը͍ͯ͠Δ PACSγϦʔζɾεʔύʔίϯϐϡʔ
λੈ࣍ػͷϓϩτλΠϓγεςϜͰ͋ΓɼIntel FPGA
ϊʔυάϧʔϓɼXilinx FPGAϊʔυάϧʔϓͷ 2άϧʔ
ϓ͔Βߏ͞ΕΔɽIntel FPGAͱXilinx FPGAFPGA
ϓϥοτϑΥʔϜൺֱ༻ʹಋೖ͞ΕɼͦΕΒͷ FPGAΛ
ͦΕͧΕͨ͠ࡌϊʔυΛҰମӡ༻͍ͯ͠Δ͕ɼ͜ͷධՁ

Ͱ Intel FPGAͷΈΛར༻͍ͯ͠ΔɽͦͷͨΊɼຊઅͰ
 Intel FPGAΛ͢ࡌΔϊʔυͷΈͷৄࡉʹ͍ͭͯड़ɼ
ͦΕΛਤ 2ʹࣔ͢ɽϊʔυʹɼIntel Xeon E5-2660 v4
CPU × 2ɼNVIDIA Tesla P100 GPU × 2ɼMellanox In-
finiBand ConnectX-4 EDR HCA × 1ɼBittWare A10PL4
FPGAϘʔυ × 1͕͞ࡌΕ͓ͯΓɼCPU-GPUؒPCIe
Gen3 x16ϨʔϯʹͯɼCPU-FPGAؒ FPGAϘʔυͷ
ͷͨΊ༷ PCIe Gen3 x8ϨʔϯʹͯͦΕͧΕଓ͞Εͯ
͍Δɽͳ͓ɼຊධՁ 1 ϊʔυͷΈͰ͍ߦɼQuick Path
Interconnect (QPI) Λܦ༝͢Δ PCIeΞΫηεʹΑΔੑ
ԼΛճආ͢ΔͨΊʹɼFPGAͱ GPU࣮ͷੑධՁ࣌
֤σόΠε͕ଓ͞Ε͍ͯΔ CPUΛ༻͍Δɽ
ධՁʹ༻͍ΔϝογϡσʔλαΠζ 323ͱ͢ΔɽART
๏ͷ FPGAΧʔωϧ 8 PE (= 23) Ͱߏ͞Εɼͦͯ͠
֤ PE 83ϝογϡΛ֨ೲͰ͖Δ BRAMΛͭ࣋ɽ͢ͳΘ
ͪɼ163αΠζͷ߹શͯͷϝογϡσʔλΛ FPGAͷ
BRAMʹ֨ೲͰ͖Δ͕ɼຊධՁͰ 323 ͷαΠζͰ͋Δ

ͨΊɼ֎෦ϝϞϦʹదٓόοϑΝϦϯά͢Δඞཁ͕͋Δɽ

!
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ਤ 14: ARGOT๏ͱ ART๏ΛͲͪΒ CPUͰ࣮͠ߦ
ͨ߹Λ 1ͱͨ͠ͱ͖ͷ ARGOTίʔυͷ࣮ߦ
্ൺɽ

HEALpixΞϧΰϦζϜͷղ૾ύϥϝʔλ Nside શͯ

ͷαΠζͰ 8ʹઃఆ͓ͯ͠ΓɼҟͳΔ ͷϨΠ768ํ
Λੜ͢Δɽ͜͜Ͱ͍͏ํͱɼٿ໘࠲ඪܥʹ͓͚Δภ

֯ (θ, φ) ͷ߹͕ͤ 768छྨͱ͍͏ҙຯͰ͋ͬͯɼϨΠͷ
ຊ͕ࢉܭશମͰ 768ຊͰ͋Δͱ͍͏ҙຯͰͳ͍ɽϨΠ
(ฏޫߦ)͕ 768छͷ֯ͰαΠζʹґଘͨ͠ຊ
(N2) ੜ͞ΕΔͨΊɼART๏ͷྔࢉܭඇৗʹଟ͍ͷ
ͱͳΔɽ

ੑධՁͰɼԋؒ࣌ࢉ CPU্Ͱܭଌ͠ɼσόΠε
্ͰࢉܭΛͨ͏ߦΊͷίετ (Χʔωϧͷىಈɾಉظɾ௨
৴) ΛؚΈɼGPUɾFPGAؒͷ௨৴ CPUΛܦ༝࣮ͯ͠
ඪͱͯ͠ɼARGOTࢦΕΔɽ·ͨɼຊධՁͰੑͷ͞ߦ
๏ͱ ART๏ΛͲͪΒ CPUͰ࣮ͨ͠ߦ߹ͱൺֱͨ͠
ͱ͖ͷγϛϡϨʔγϣϯ࣮ߦΛ༻͍Δɽ

5.2 ARGOTίʔυͷ࣮ߦ
ਤ 14ʹ ARGOT๏ͱ ART๏ΛͲͪΒ CPUͰ࣮ߦ

ͨ͠߹Λ 1ͱͨ͠ͱ͖ͷ ARGOTίʔυͷ࣮ߦ
্ൺΛࣔ͢ɽલड़ͨ͠Α͏ʹɼARGOTίʔυ ART๏
ͷॲཧ͕ࢧతͰ͋ΔͨΊɼ͜ͷ෦ͷߴԽ͕શମͷੑ

্ʹ݁͢ΔɽART๏Λ FPGA࣮͢Δ͜ͱʹΑͬ
ͯɼCPUɾGPUͱൺֱͯ͠େ෯ͳ্͕ಘΒΕΔͨ
ΊɼART๏Λ FPGAʹΦϑϩʔυ࣮ͨ͠ߦͰ͋ΔɼAR-
GOT(CPU)/ART(FPGA)ɼARGOT(GPU)/ART(FPGA)
 ɼARGOT(CPU)/ART(CPU)  AR-
GOT(GPU)/ART(GPU) ͱൺֱͯ͠ɼੑ͍ߴ͕ୡ
Ͱ͖͍ͯΔ͜ͱ͕͔ΔɽARGOT(GPU)/ART(FPGA)
͕ɼARGOT(CPU)/ART(FPGA) ͱൺͯγϛϡϨʔ
γϣϯ͕͍ͷɼCPUΛܦ༝ͨ͠ GPU-FPGAؒ
σʔλసૹɼP100 GPUʹͱͬͯαΠζ͕খ͗͢͞
ΔͨΊɼ3584 CUDA Core ʹରͯ͠ेͳԋࢉͷฒྻ
͕ಘΒΕͳ͍͜ͱʹىҼ͍ͯ͠Δͱ͑ߟΒΕΔɽ

γϛϡϨʔͨ͠ߋͷ՝ͰɼϝογϡαΠζΛมޙࠓ

γϣϯͷධՁɼARGOTίʔυͷલड़ͨ͠OpenCL
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ʹΑΔGPU-FPGAؒσʔλసૹػͷΈࠐΈ͕͛ڍΒ
ΕΔɽ

6. ͓ΘΓʹ

ຊߘͰɼຊڀݚͰॳظӉʹ͓͚Δఱମܗγϛϡ

ϨʔγϣϯͰॏཁͳׂΛࣹͭ࣋༌ૹΛղ͘ARGOTϓ
ϩάϥϜΛGPUɾFPGAΛڠௐಈͤ͞࡞Δख๏ʹ͍ͭͯड़
ͨɽARGOTϓϩάϥϜͷओཁԋࢉ෦Ͱ͋ΔARGOT
๏ͱ ART๏Λ GPUͱ FPGAʹదࡐదॴతʹػ͠ࢄ
ͯARGOTίʔυΛ࠷దԽ͢ΔɽఏҊख๏ΛධՁͨ͠ͱ͜
ΖɼART๏Λ FPGAʹΦϑϩʔυ࣮ͨ͠ߦͰ͋ΔɼAR-
GOT(CPU)/ART(FPGA)ɼARGOT(GPU)/ART(FPGA)
 ɼARGOT(CPU)/ART(CPU)  AR-
GOT(GPU)/ART(GPU)ͱൺֱͯ͠ɼੑ͍ߴ͕ୡͰ
͖͍ͯΔ͜ͱ͕͔ͬͨɽARGOT(GPU)/ART(FPGA)
͕ɼARGOT(CPU)/ART(FPGA) ͱൺͯγϛϡϨʔ
γϣϯ͕͍ͷɼCPUΛܦ༝ͨ͠ GPU-FPGAؒ
σʔλసૹɼP100 GPUʹͱͬͯαΠζ͕খ͗͢͞
ΔͨΊɼ3584 CUDA Core ʹରͯ͠ेͳԋࢉͷฒྻ
͕ಘΒΕͳ͍͜ͱʹىҼ͍ͯ͠Δͱ͑ߟΒΕΔɽ

γͨ͠ߋɼϝογϡαΠζΛม͍͓ͯʹڀݚͷޙࠓ

ϛϡϨʔγϣϯͷධՁɼARGOTίʔυͷલड़͠
ͨ OpenCLʹΑΔ GPU-FPGAؒσʔλసૹػͷΈ
ɽ͍ͯͬ͘ߦΈΛࠐ

ँࣙ ຊڀݚͷҰ෦ɼʮੑߴ൚༻ߴػࢉܭར༻ࣄ

εʔύʔίϯܕ߹௨৴༥ࢉԋੈ࣍ʯʹ͓͚Δ՝ʮۀ

ϐϡʔλͷ։ൃʯɼจ෦Պֶলڀݚ༧ࢉʮੈٕ࣍ࢉܭज़։

ʹΑΔֶࢉܭࡍՊֶ࿈ڌܞͷग़ʯɼٴͼՊֶڀݚඅ

ิॿۚҰൠ (B)ʮߏ࠶ՄγεςϜͱ GPUʹΑΔෳ߹
ͷҰ෦ڀݚϓϥοτϑΥʔϜʯʹΑΔɽ·ͨɼຊੑߴܕ

ɼʮIntel University ProgramʯΛ௨ͯ͡ϋʔυΣΞ͓
ΑͼιϑτΣΞͷఏڙΛड͚͓ͯΓɼIntelࣾͷࢧԉʹँ
ҙΛද͢Δɽ
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