
GPUΫϥελΛ༻͍ͨӉࣹ༌ૹίʔυARGOTͷ
OpenACC࣮ͱੑධՁ

খྛ ྒฏ1,2 ౻ా య1ٱ 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

༷ʑͳಛੑͷԋ͕ࢉग़͢ݱΔͷͰɼGPU͚ͩͰԋࢉՃ͕ࠔͳ߹͕͋Δɽ͕ͨͬͯ͠ɼGPU͚ͩ
ͰରԠ͖͠Εͳ͍ಛੑͷԋࢉͷՃʹ FPGAΛར༻͢Δ͜ͱͰɼΞϓϦέʔγϣϯશମͷੑ্Λૂ
͏ɽ͔͠͠ɼͦͷ࣮ํࣜ GPUͰಈ͢࡞ΔࢉܭΧʔωϧΛ CUDAʹͯɼFPGAͰಈ͢࡞ΔࢉܭΧʔ
ωϧΛ OpenCLʹͯهड़͢Δͱ͍͏Α͏ͳෳͷϓϩάϥϛϯάޠݴΛ༻͍ͨϚϧνϦϯΨϧϓϩάϥϛ
ϯάͰ͋ΓɼͦͷΑ͏ͳϓϩάϥϛϯάϞσϧϓϩάϥϚʹଟେͳෛ୲Λ͍ڧΔͨΊɼΑΓϢʔβϏϦ

ςΟͷ͍ߴ GPU-FPGA࿈ܞΛ࣮͢ݱΔϓϩάϥϛϯά͕ڥඞཁͱͳΔɽͦͷ͜ͱΛ౿·͑ɼຊڀݚͰ
ϢʔβϏϦςΟͷ͍ߴ GPU-FPGA࿈ܞͷ࣮ݱΛݟਾ͑ͨ༧උධՁͱͯ͠ɼॳظӉʹ͓͚Δఱମܗ
ΛγϛϡϨʔγϣϯ͢Δ ARGOTίʔυΛ OpenACCʹΑ࣮ͬͯ͠ɼOpenMPϕʔεͷ CPU࣮͓
Αͼ CUDAϕʔεͷ GPU࣮ͱͷ 1ϊʔυར༻࣌ͷੑධՁΛ࣮ͨ͠ࢪɽͦͷ݁ՌɼCUDAϕʔεͷ
GPU࣮ͱଝ৭ͳ͍ੑΛୡ͢Δ͜ͱ͕໌Β͔ͱͳͬͨͨΊɼຊߘͰɼGPUΫϥελΛରʹɼͦ
ͷ OpenACC ࣮ΛϚϧνϊʔυɾϚϧν GPUԽ͠ɼͦͷੑධՁʹ͍ͭͯใ͢ࠂΔɽ

1. ͡Ίʹ

GPU (Graphics Processing Unit) ɼ͍ߴԋੑࢉͱ
ϝϞϦόϯυ෯Λ༗͢Δ͜ͱ͔Βɼଟ͘ͷ HPC͚Ξϓ
ϦέʔγϣϯͷϫʔΫϩʔυΛՃͤ͞ΔϋʔυΣΞͱ

ΒΕ͍ͯΔɽ͔͠͠ɼશͯͷΞϓϦέʔγϣ͍༺ͯ͘͠

ϯ͕ GPUʹద߹͢Δͱ͍͏͜ͱͰͳ͘ɼϢʔβʔͷҙ
ਤͨ͠௨ΓͷԋࢉՃΛ࣮ݱͰ͖ͳ͍߹͋ΔɽͦͷΑ

͏ͳΞϓϦέʔγϣϯͷ͏ͪͷ 1͕ͭɼϚϧνϑΟδοΫ
εγϛϡϨʔγϣϯ (࿈ղੳ) Ͱ͋Δɽ͜ͷΞϓϦέʔ
γϣϯɼߏɼɼྲྀମɼిͳͲͷෳͷཧݱ

ͷ૬࡞ޓ༻Λྀͨ͠ߟγϛϡϨʔγϣϯΛ͏ߦɽྫ͑ɼ

ੴͷ೩মղੳ (ԽֶԠͱྲྀମࢉܭ) ૈࢹతͱඍࢹత
ͱΛΈ߹ΘͤͨࢠಈྗֶγϛϡϨʔγϣϯͳͲ͕Ϛϧ

νϑΟδοΫεγϛϡϨʔγϣϯʹ֘͢Δɽෳͷཧ

Ϟσϧෳͷಉൃ࣌ੜ͢ΔཧݱΛؚΉϚϧνϑΟ

δοΫεγϛϡϨʔγϣϯɼͦͷγϛϡϨʔγϣϯͷੑ

1 ஜେֶ ηϯλʔڀݚՊֶࢉܭ
2 ஜେֶ γεςϜใ܈ڀݚֶ
3 ஜେֶ ཧ࣭Պֶ܈ڀݚ

্࣭༷ʑͳಛੑͷԋ͕ࢉγϛϡϨʔγϣϯʹग़͢ݱΔͷ

ͰɼGPUʹෆద߹ͳԋ͕ࢉ෦తʹؚ·ΕΔՄੑ͕͋
Δɽͦͯ͠ɼΞϜμʔϧͷ๏ଇΑΓɼͦͷΑ͏ͳԋࢉੑ

্ͷϘτϧωοΫͱͳΔɽզʑɼ͜ͷΑ͏ͳԋࢉΛ

FPGAʹΦϑϩʔυ͠ɼGPUͱ FPGAͱΛซ༻͢Δ͜ͱ
ͰɼΞϓϦέʔγϣϯશମͷੑ্Λ࣮͢ݱΔख๏ʹؔ

͢ΔڀݚΛ͓ͯͬߦΓɼࡏݱɼӉࣹ༌ૹΛղ͘γϛϡ

ϨʔγϣϯίʔυΛରͱͨ͠GPU–FPGA࿈ܞͷԋࢉՃ
ʹ͍ͭͯணख͍ͯ͠Δ [1]ɽ

GPU–FPGA ࿈ܞͷԋࢉՃͷ࣮ํࣜɼCUDA ͱ
OpenCLͱͷࠞ߹ϓϩάϥϛϯάͰ͋Δɽ͢ͳΘͪɼGPU
Ͱಈ͢࡞ΔࢉܭΧʔωϧΛ CUDAʹͯɼFPGAͰಈ͢࡞
ΔࢉܭΧʔωϧΛOpenCLʹͯهड़͢Δɽ͜͜Ͱɼզʑ͕
શͯͷࢉܭΧʔωϧΛ OpenCLͰهड़͠ͳ͍ཧ༝࣍ͷ 3
ͭͰ͋Δɽ·ͣɼطଘͷ HPCΞϓϦέʔγϣϯͷେ
CUDAϕʔεͷ࣮Ͱ͋ΔͨΊɼίʔυΛશͯ OpenCL
ʹॻ͖͢ͱ͍͏ͷϓϩάϥϚʹͱͬͯඇৗʹෛ୲͕େ

͖͍ɽ࣍ʹɼͨͱ͑ɼϔςϩδχΞεͳڥͰΞϓϦέʔ

γϣϯ͕ಈ͢࡞Δ͜ͱΛલఏͱͨ͠ϓϥοτϑΥʔϜͰ͋

Δ OpenCLͰ͋ͬͯɼGPUͱ FPGAΛಉ࣌ʹར༻͢
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ΔͨΊʹɼGPU༻ͷ OpenCLίϯύΠϥ͓Αͼ FPGA
༻ͷOpenCLίϯύΠϥΛ༻͍ͯɼͦΕͧΕͷࢉܭΧʔω
ϧΛׂίϯύΠϧɾϦϯΫ͢Δඞཁ͕͋ΔͨΊɼͦΕ

CUDA͓Αͼ OpenCLͷϓϩάϥϜڥͱຊ࣭తʹಉ༷
ͷ͜ͱΛ͍ͯͬߦΔʹա͗ͳ͍ (߹ʹΑͬͯɼ྆ऀͷ
OpenCLίϯύΠϥΛ༻ׂ͍ͨίϯύΠϧγϯϘϧί
ϯϑϦΫτͯ͠ϦϯΫͰ͖ͳ͍ڪΕ͕͋Δ)ɽͦͯ͠ޙ࠷
ʹɼHPCʹར༻͞ΕΔGPU NVIDIA͕େͰ͋Γɼ
ͦͷ GPUΞʔΩςΫνϟʹै͢ΔϓϩάϥϛϯάϞσ
ϧͰ͋Δ CUDAΛར༻ͨ͠ํ͕ɼGPUͷੑΛ࠷େݶʹ
Ҿ͖ग़͢͜ͱ͕༰қͰ͋Δͷ૾ʹ͘ͳ͍ɽ͜ΕΒͷ

ཧ༝ʹΑΓɼզʑ CUDAͱ OpenCLͱͷࠞ߹ϓϩάϥ
ϛϯάΛ࠾༻͍ͯ͠Δɽ͔͠͠Ұํɼ͜ͷΑ͏ͳෳͷϓ

ϩάϥϛϯάޠݴΛ༻͍ͨϚϧνϦϯΨϧϓϩάϥϛϯά

ϓϩάϥϚʹଟେͳෛ୲Λ͍ڧΔͨΊɼΑΓϢʔβϏϦ

ςΟͷ͍ߴϓϩάϥϛϯά͕ڥඞཁͱ͞ΕΔɽ

ɼզʑࡏݱ GPU-FPGAࠞࡌΫϥελγεςϜʹ͓͚
Δ྆ԋࢉՃσόΠεΛɼOpenACCʹΑΔ౷Ұతهड़ʹ
Αͬͯར༻Մʹ͢Δϓϩάϥϛϯάڥʹ͍ͭͯͷڀݚ

Λਪਐ͍ͯ͠ΔɽOpenACCɼࣔࢦจϕʔεͷϓϩάϥ
ϛϯάϞσϧͰ͋ΔͨΊɼΞϓϦέʔγϣϯͷͲͷ෦Λ

ͲͷΞΫηϥϨʔλʹΦϑϩʔυ͖͢ͳͷ͔ΛσΟϨΫ

ςΟϒʹΑͬͯίϯύΠϥʹ໌ࣔ͢Δ͜ͱ͕Ͱ͖Δɽͦ͠

ͯɼถࠃ Oak Ridge National Laboratory (ORNL) Ͱɼ
GPU༻ͷࢉܭΧʔωϧʹՃ͑ͯ FPGA༻ͷࢉܭΧʔωϧ
 OpenACCͰهड़Ͱ͖ΔΑ͏ʹ͢ΔͨΊͷίϯύΠϥ
Λ։ൃதͰ͋Δɽࡏݱɼզʑͱ ORNL GPU-FPGAࠞ
ܭௐڠՃσόΠεͷࢉΫϥελγεςϜʹ͓͚Δ྆ԋࡌ

Γɼզʑ͓ͯ͠ࢪΛ࣮ڀݚಉڞͱ͍͏తͷԼɼݱͷ࣮ࢉ

ͦͷڞಉڀݚͷҰͱͯ͠ ORNL͕։ൃதͷίϯύΠ
ϥΛར༻͢Δ͜ͱʹΑͬͯɼ্هͷϢʔβϏϦςΟͷ͍ߴ

GPU-FPGA࿈ܞͷ࣮ݱΛ͍ͯ͠ࢦΔɽ
Ҏ্ͷഎܠΛ౿·͑ɼຊߘͰɼϢʔβϏϦςΟͷ͍ߴ

GPU-FPGA࿈ܞͷ࣮ݱΛݟਾ͑ͨ༧උධՁͱͯ͠ɼॳظ
Ӊʹ͓͚ΔఱମܗΛγϛϡϨʔγϣϯ͢Δ ARGOT
ίʔυΛ OpenACCʹΑ࣮ͬͯ͠ɼOpenMP ϕʔεͷ
CPU࣮͓Αͼ CUDAϕʔεͷ GPU࣮ͱͷੑධՁ
Λ࣮͍ͯ͠ࢪΔ. աڈʹɼ[2] ʹͯɼ࣮ΞϓϦέʔγϣϯ
ʹ͓͚Δ OpenACC ࣮ͷੑΛใ͍ͯ͠ࠂΔ͕ɼ࣮
͕ෆશͰ͋ͬͨͨΊ CUDA ࣮ͱൺͯ 3 ഒఔੑ
͕͔ͬͨɽ͕ͨͬͯ͠ɼຊߘͰɼͦͷੑԼͷཁ

ҼΛऔΓআ͍ͨ OpenACC࣮ͱ CUDA࣮ͷൺֱ݁Ռ
Λ࠷ॳʹࣔ͢ɽ࣍ʹɼϚϧνϊʔυɾϚϧν GPUԽͨ͠
OpenACC ࣮Λ CUDA ࣮ͱൺֱ͠ɼϚϧνϊʔυɾ
Ϛϧν GPU൛ͷ CUDA࣮ͱൺֱͯ͠ɼ΄΅͕ࠩͳ͍
strong scalingΛ࣮ݱͰ͖͍ͯΔ͜ͱΛఆྔతʹࣔ͢ɽ
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(a) ARGOT code: radiation transfer simulation
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(b) ARGOT code running on the CHARM concept

ਤ 1: (a) Ӊࣹ༌ૹίʔυ ARGOT ͷ֓؍ɽ(b)
CHARM ίϯηϓτʹΑΔ ARGOT ίʔυͷ࣮ߦϞσ
ϧɽ

!"#$%!&'%()&$#*+

ਤ 2: ARGOT๏ͷ֓؍

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

Ͱ͋Γɼߴʹղ͘͜ͱ͕ٻΊΒΕ͍ͯΔɽ

ਤ 1 (a) ʹࣔ͢Α͏ʹɼARGOT 2ͭͷΞϧΰϦζϜ
ARGOT๏ [3] *1ͱ Authentic Radiative Transfer (ART)
๏ [4]ΛΈ߹Θࣹͤͯ༌ૹΛղ͘ɽARGOT๏ͷ
ΞϧΰϦζϜޫ͔ݯΒͷࣹ༌ૹΛ͠ࢉܭɼART๏
ͷΞϧΰϦζϜۭؒʹ͕Δޫ͔ݯΒͷࣹ༌ૹΛܭ

ΔɽART๏͢ࢉ ARGOTϓϩάϥϜͷதͰ 90%Ҏ্ͷ
ͰڀݚΛΊΔॏཁͳΞϧΰϦζϜͰ͋Γɼຊؒ࣌ࢉܭ

 ART๏ͷԋࢉΛ͜Ε·Ͱʹ։ൃ͖ͯͨ͠ FPGAΧʔω
ϧΛ༻͍ͯՃͤ͞Δɽ·ͨɼARGOT๏ͷԋࢉʹطʹ
ARGOTϓϩάϥϜʹ࣮͞Ε͍ͯΔ GPUΧʔωϧΛ༻
͍Δ͜ͱͰɼਤ 1 (b) ʹࣔ͢Α͏ʹओཁԋࢉ෦Λ GPU
ͱ FPGAʹదࡐదॴతʹػͯ͠ࢄ ARGOTίʔυΛ
దԽ͢Δɽ࠷

2.1 ARGOT๏
ARGOT๏ɼޫ͔ݯΒͷࣹ༌ૹΛ͢ࢉܭΔΞϧΰ
ϦζϜͰ͋Γɼޫݯͷʹൺྫͯ͠ྔࢉܭ૿Ճ͢Δɽ

ͦ͜Ͱ ARGOT๏Ͱɼਤ 2ʹࣔ͢Α͏ʹޫݯͷΛ
*1 ຊจͰɼରͱ͢ΔϓϩάϥϜ໊Λ ARGOT ͱද͠هɼͦ
ͷҰ෦Ͱ͋ΔΞϧΰϦζϜΛ ARGOT ๏ͱද͢هΔɽ
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ਤ 3: ART ๏Ͱ༻͍ΒΕ͍ͯΔϨΠτϨʔγϯάͷ֓೦
ਤɽҹϨΠΛද͠ɼԫ৭ͷӢԠΛ͢ࢉܭΔΨεΛ

ද͢ɽ

ീͷσʔλߏͰѻ͏ɽ͜ΕʹΑͬͯɼΕͨπϦʔ

ϊʔυͷޫݯ୯Ұͷޫݯͱͯ͠ѻ͏͜ͱ͕Ͱ͖Δͨ

ΊɼࢉܭΛݯޫ͏ߦͷΛ N ͔Β logN Β͢͜ͱ͕ݮʹ

Ͱ͖Δɽ͋ΔϝογϡάϦου (ਤ 2ͷ target mesh grid)
Λରͱͨ͠ɼ֤ޫ͔ݯΒͷࣹ༌ૹʹΑΔޫࢠଋҎ

ԼͷࣜͰٻΊΔ͜ͱ͕Ͱ͖Δɽ

f(ν) = L(ν)e−τ(ν)

4πr2 (1)

͜ͷͱ͖ɼL(ν)ɼτ(ν)ɼn(x)ৼಈ ν Ͱͷޫݯͷޫɼ

ৼಈ ν ͰͷޫֶతڑɼޫΛٵऩ͢ΔΨεࢠͷີ

ΛͦΕͧΕද͠ɼτ(ν)ҎԼͷࣜͰٻΊΒΕΔɽ

τ(ν) = σ(ν)
∫

n(x)dl ! σ(ν)
∑

i

n(xi)∆l (2)

2.2 ART๏
ART๏ͰۭؒΛ ͷϝογϡʹׂ͠ɼͦݩ࣍3
ͷதͰϨΠτϨʔγϯάΛ͜͏ߦͱͰࣹ༌ૹͷࢉܭΛߦ

͏ɽਤ 3ʹࣔ͢Α͏ʹɼϨΠڥք͔Βൃࣹ͞ΕɼͦΕͧ
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
ϧΰϦζϜ [5]ʹΑͬͯٻΊΒΕΔɽయܕతͳαΠζ
Ͱɼϝογϡ 1003 ͔Β 10003 ͷنʹͳΓɼϨΠ

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

1 ≤ ν ≤ 6Ͱ͋Γɼ1ϝογϡ௨աຖʹෳճͷࢦؔ

int main(void) {

// ~~~ CPU Processing ~~~

// Offloading the following to an accelerator
#pragma acc data copyout(c[:N]) copyin(a[:N], b[:N])
{

#pragma acc parallel loop
for (i = 0; i < N; i++) {

c[i] = a[i] + b[i];
}

}

// ~~~ CPU Processing ~~~

return 0;
}

CPU

Main
Memory

GPU

Device
Memory

copyin

Host Device
copyout

ਤ 4: OpenACCϓϩάϥϛϯάϞσϧͷ֓؍

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 3ͷփ৭ͷϝογϡ෦) Մੑ͕
͋ΔͨΊɼϝογϡ্ͷෳͷϨΠͷޮՌΛॏͶ߹ΘͤΔ

ඞཁ͕͋Γɼ͜ΕΛಉ࣌ॲཧ͢ΔͨΊʹɼΛճආ͢

ΔͨΊʹ atomicԋࢉΛ༻͍Δ͔ɼྡ͢ΔϨΠΛಉ࣌ʹ
ͳ͍͠ࢉܭ (ྫ͑ɼਤ 3Ͱɼ৭ͷϨΠͱ੨৭ͷϨΠ
ʹ͚͍ͯͯ͠ࢉܭΔ) ͱ͍ͬͨํ๏͕ඞཁͱͳΔɽͨͩ
͠ɼલऀͷํ๏Ͱ atomicԋࢉʹΑΔΦʔόʔϔου͕
͋Γɼऀޙͷํ๏ͰϝϞϦΞΫηε͕ΑΓඈͼඈͼʹͳ

ΔΦʔόʔϔου͕͋Δɽͦͯ͠ɼGPU ʹͱͬͯ͞Βʹ
ෆརͳ݅ͱͯ͠ɼ֤ޫઢͷࣹ༌ૹࢉܭϕΫτϧ͕

ेͰͳ͍ (͋ΔޫઢͰɼ͙͢ʹϝογϡΛൈ͚ͯ͠·
͏) ͜ͱ͕͛ڍΒΕΔɽ
͜͏ͨ͠ ART ๏ͷੑ࣭͔Βɼզʑ CPU  GPU ͱ

͍ͬͨ SIMD-likeͷΞʔΩςΫνϟ ART๏ʹద͞ͳ͍
ͱ͍ͯ͑ߟΔɽҰํͰɼFPGAΦϯνοϓͷଂϝϞ
ϦΛͪ࣋ɼϨΠςϯγɾߴόϯυ෯ʹϥϯμϜΞΫηε

͕ՄͰ͋ΔɽͦΕʹՃ͑ͯɼFPGAͰ͋Ε ART๏ʹ
ࠐదԽͨ͠ϝϞϦΞΫηεճ࿏ΛϋʔυΣΞʹΈ࠷

ΊΔͨΊɼART๏ FPGAͰͷ࣮ʹదͨ͠ΞϧΰϦζ
ϜͰ͋Δͱ͓ͯ͑ߟΓɼզʑ ART๏Λߴʹ͢ࢉܭΔ
FPGAΧʔωϧʹ͍ͭͯఏҊ͍ͯ͠Δ [6]ɽ

3. OpenACCʹΑΔGPU࣮
3.1 OpenACC

OpenACC GPUϝχʔίΞΞΫηϥϨʔλ͚ͷ
ϓϩάϥϜΛ༰қʹهड़͢Δ͜ͱΛతͱͨ͠ฒྻϓϩά
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ϥϛϯά֨نޠݴͰ͋ΔɽC/C++ FortranͰهड़͞Ε
ͨϓϩάϥϜʹର͠ɼOpenMPͷΑ͏ͳίϯύΠϥࣔࢦ
จ (#pragma) Λૠೖ͢Δ͜ͱʹΑͬͯɼΞΫηϥϨʔλʹ
Φϑϩʔυ͖͢ϓϩάϥϜͷϗοτεϙοτΛίϯύΠ

ϥʹ໌ࣔ͢Δ͜ͱ͕Ͱ͖ΔɽͦͷͨΊɼΞΫηϥϨʔλͷ

ΞʔΩςΫνϟΛҙࣝͨ͠ϨϕϧͳίʔυΛهड़͢Δඞ

ཁͷ͋Δ CUDA OpenCLͱҟͳΓɼطଘͷιʔείʔ
υʹ͔ۇͳमਖ਼ΛՃ͑Δ͜ͱͰΞΫηϥϨʔλΛར༻Ͱ͖

ΔϓϩάϥϛϯάϞσϧͰ͋Δ͜ͱ͔Βɼ͜Ε·Ͱʹ։ൃ

͞ΕͨࢉܭՊֶΞϓϦέʔγϣϯίʔυΛΞΫηϥϨʔλ

Δ͍ͯͬ·ߴ͕ظҠ২͢ΔͨΊͷख๏ͱͯ͠ʹڥ [7]ɽ
ਤ 4ʹ OpenACCϓϩάϥϛϯάϞσϧͷ֓ཁΛࣔ͢ɽ
͜ͷਤͰɼྻ aͱ bͷཁૉΛͦΕͧΕ͠ɼྻ cʹ֨
ೲ͢ΔϕΫλՃࢉΛ࣮͍ͯ͠ߦΔϧʔϓ෦ΛΓग़ͯ͠ɼ

GPUʹΦϑϩʔυ͠ɼΓͷॲཧΛ CPU͕࣮͍ͯ͠ߦ
ΔɽGPUͷΦϑϩʔυΛͨ͏ߦΊʹɼίʔυʹ#pragma
acc parallel loopͷίϯύΠϥࣔࢦจΛՃ͍ͯ͠Δɽ
͜ͷ#parallelσΟϨΫςΟϒɼOpenACCΛߏ͢Δ
ओཁͳࣔࢦจͷҰͭͰ͋ΔฒྻྖҬࣔࢦจʹଐ͠ɼਤͷΑ

ड़͢Δ͜ͱͰɼΞΫηϥϨʔλʹΦϑϩʔυ͞ΕΔهʹ͏

ฒྻ࣮ྖߦҬΛࢦఆ͍ͯ͠Δɽ

·ͨɼਤ 4ʹࣔ͢Α͏ʹ OpenACCɼϗετϝϞϦɾ
σόΠεϝϞϦͱ͍͏Α͏ʹ 2 ͭͷϝϞϦۭؒΛ͢Δ
ϋΠϒϦουߏͰ͋ΔͨΊɼΦϑϩʔυ͞Εͨԋࢉॲཧ

ʹඞཁͳσʔλΛΞΫηϥϨʔλ (σόΠε) ଆʹରͯ͠
ίϐʔ͠ͳ͚ΕͳΒͳ͍ɽ·ͨɼॲཧ͕ऴྃͨ͠ޙʹϗ

ετଆσʔλΛॻ͖͢͜ͱ͕ඞཁͱͳΔɽOpenACC
ͰɼίʔυʹσʔλҠಈࣔࢦจ (#pragma acc data) Λ
ૠೖ͢Δ͜ͱʹΑͬͯ͜ΕΒΛ࣮͍ͯ͠ݱΔɽ͜͜Ͱɼ

copyin(a[:N],b[:N])ɼ͞ Nͷྻ a͓Αͼ bΛϗ
ετ͔ΒσόΠεʹσʔλసૹΛ͜͏ߦͱΛ͓ͯࣔ͠ࢦ

ΓɼҰํɼcopyout(c[:N])͞ Nͷྻ c (ԋ݁ࢉՌ)
ΛσόΠε͔ΒϗετʹσʔλసૹΛ͜͏ߦͱΛͯࣔ͠ࢦ

͍Δɽͳ͓ɼ͜ͷਤͰσʔλసૹΛϓϩάϥϚ͕໌ࣔత

ʹσΟϨΫςΟϒΛࢦఆͯ͠σʔλͷίϐʔΛ͍ͯࣔ͠ࢦ

Δ͕ɼσΟϨΫςΟϒΛࢦఆͤͣʹσʔλసૹΛίϯύΠ

ϥґଘʹ͢Δ͜ͱͰ͖Δɽ

͜ͷΑ͏ʹɼԋࢉ෦ͷΓग़͠σʔλసૹΛશͯί

ϯύΠϥࣔࢦจͰࢦఆͰ͖ɼιʔείʔυΛతʹมߋ

͢Δ͜ͱ͕ͳ͍ɽͦͷͨΊɼ͍ߴίʔυͷϝϯςφϯεੑ

͓ΑͼҠ২ੑΛ༗͢ΔϓϩάϥϛϯάϞσϧͱͳ͍ͬͯΔɽ

3.2 ARGOTίʔυͷOpenACCԽ
OpenACC Λ༻͍࣮ͨΛࡍ͏ߦɼͦͷ࣮εςοϓ

 Ε͍ͯΔͱ͓ΓɼҎԼͷ༷ʹͳΔɽ͞ࡌهʹ[7]
( 1 ) ϓϩϑΝΠϦϯάɾπʔϧΛ׆༻͠ɼΞϓϦέʔγϣ

ϯͷϗοτεϙοτ෦ҐΛಋग़

( 2 ) ฒྻྖҬࢦఆࣔࢦจͰ͋Δɼparallelࣔࢦจɼkernels

!"#$%!&'%()&$#*+

ARGOT method ART method

Each ray is 
mapped to each 
thread, and 
radiative transfer 
from point sources 
is performed in 
parallel.

Each ray is mapped to a thread, 
and radiative transfer is 
performed in parallel

ਤ 5: ARGOTίʔυͷ OpenACCԽ (ϧʔϓ࠷దԽ)
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Simulation flow of ARGOT code

ਤ 6: ARGOTίʔυͷOpenACCԽ (σʔλసૹ࠷దԽ)

จΛίʔυʹՃͯ͠ɼϗοτεϙοτ෦ҐΛฒࣔࢦ

ྻԽɽ

( 3 ) data, enter/exit data, update, ͍ͯ༺จͳͲΛࣔࢦ
σʔλసૹΛ࠷దԽ

( 4 ) loopࣔࢦจʹΑΔฒྻཻͷ࠷దԽɼcacheࣔࢦจͳ
ͲʹΑΔࢉܭ෦ͷ࠷దԽ

( 5 ) (1) ∼ (4) ͷ܁Γฦ͠
ͨͩ͠ɼطʹ͜Ε·ͰͷڀݚʹΑͬͯ ARGOTίʔυͷ
ϗοτεϙοτ໌͓ͯ͠Γɼ͔ͭطଘͷ OpenMP ࣮
 CUDA ࣮ΑΓɼͲͷϧʔϓΛ OpenACC Χʔωϧ
Խ͢Εྑ͍͔ࣗ໌ͳͷͰɼ(2) ͷϧʔϓ࠷దԽ͔Βઆ
໌͢Δɽ

3.2.1 ϧʔϓ࠷దԽ

OpneACCϓϩάϥϛϯάͰɼGPUΧʔωϧͷੜʹ
 parallel region ·ͨ kernels region Λద༻͢Δɽલऀ
ͰϧʔϓͷฒྻԽํ๏͕ϢʔβґଘͰ͋Δͷʹରͯ͠ɼ

Ͱ֘෦ΛίϯύΠϥ͕ղੳͯ͠ฒྻԽΛࣗಈऀޙ

తʹ͏ߦɽຊڀݚͰɼARGOT ίʔυͷ CUDA ࣮෦
ͱՁͳ OpenMP ࣮෦ (#pragma omp parallel
for)Λ#pragma acc parallel loopʹॻ͖͑Δ͜ͱʹ
Αͬͯ OpenACC ԽΛͨͬߦɽࢦఆ͢ΔฒྻྖҬʹؔݺ
ͼग़ؚ͕͠·ΕΔ߹ɼͦͷؔʹ#pragma acc route
seqΛՃ͍ͯ͠Δɽϧʔϓ࠷దԽΛద༻ͨ͠ARGOT๏
͓Αͼ ART๏ͷ֓؍Λਤ 5ʹࣔ͢ɽARGOT๏Ͱɼ֤
ޫ͔ݯΒͷޫઢΛ֤εϨουʹϚοϓࣹͯ͠༌ૹࢉܭ

Λฒྻʹ࣮͠ߦɼART๏Ͱɼ֤ޫઢΛ֤εϨουʹϚο
ϓͯ͠ϨΠτϨʔγϯάʹ͍ͨͮجࣹ༌ૹࢉܭΛฒྻʹ

Δɽͳ͓ɼฒྻཻ͢ߦ࣮ CUDA ࣮ͱՁʹͳΔΑ
͏ʹɼCUDA ࣮ͷϒϩοΫαΠζ͓ΑͼεϨουΛࢀ
ʹߟ num gangͱ vector lengthΛઃఆ͍ͯ͠Δɽ
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問題サイズ：163 問題サイズ：323 問題サイズ：643 問題サイズ：1283

ਤ 7: αΠζ͕ 163 ͔Β 1283 ͷ߹ʹ͓͚Δ 1 GPU ൛ OpenACC ࣮ͷੑൺֱ

3.2.2 σʔλసૹ࠷దԽ

GPUϓϩάϥϛϯάͰɼϧʔϓߏͷฒྻԽͱಉ࣌
ʹCPU-GPUؒͷσʔλసૹΛ࠷খԽ͢Δ͜ͱ͕ۃΊͯॏ
ཁͰ͋Δɽਤ 6ʹ ARGOTίʔυͷγϛϡϨʔγϣϯϑ
ϩʔΛࣔ͢ɽCUDA ࣮ͰɼॳظԽ࣌ʹ ARGOT ίʔ
υͷ࣮ߦʹඞཁͳσʔλΛશͯ GPU ϝϞϦʹίϐʔ͠ɼ
Ҏ߱ඞཁʹԠͯ͡ GPU ͔Β CPU ʹσʔλΛॻ͖͢
࣮ͱͳ͍ͬͯΔɽͦͷͨΊɼOpenACC࣮Ͱ CUDA
࣮ͱಉ༷ͷڍಈʹͳΔΑ͏ʹɼॳظԽ࣌ʹ#pragma acc
enter data copyin()ʹͯओཁσʔλΛGPUϝϞϦʹί
ϐʔ͠ɼϩάϑΝΠϧॻ͖ग़͠ͷΑ͏ͳϗετͰ࣮͠ߦͳ

͚ΕͳΒͳ͍ॲཧʹ͚ͩ#pragma acc update host()
ΛͯͬɼGPU ͔Β CPU ʹσʔλΛॻ͖͍ͯ͠Δɽ
3.2.3 1 GPU Λ༻ͨ͠ OpenACC ࣮ͷੑධՁ

OpenACC Խͨ͠ ARGOT ίʔυͷੑΛ OpenMP
ϕʔεͷ CPU ࣮͓Αͼ CUDAϕʔεͷGPU࣮ͱൺ
ֱͨ݁͠ՌΛਤ 7ʹࣔ͢ɽੑൺֱʹɼIntel Xeon Gold
6126 CPU Λ 1 ɼPCIeΧʔυܕ NVIDIA Tesla V100
GPU Λ 1 ༻͠ɼαΠζ 163͔Β 1283·Ͱͱ͠

ͨɽHEALpixΞϧΰϦζϜͷղ૾ύϥϝʔλ Nside 

શͯͷαΠζͰ 8ʹઃఆ͓ͯ͠ΓɼҟͳΔ ͷ768ํ
ϨΠΛੜ͢Δɽ͜͜Ͱ͍͏ํͱɼٿ໘࠲ඪܥʹ͓͚

Δภ֯ (θ, φ) ͷ߹͕ͤ 768छྨͱ͍͏ҙຯͰ͋ͬͯɼϨ
Πͷຊ͕ࢉܭશମͰ 768ຊͰ͋Δͱ͍͏ҙຯͰͳ͍ɽ
ϨΠ (ฏޫߦ)͕ 768छͷ֯ͰαΠζʹґଘͨ͠ຊ
 (N2) ੜ͞ΕΔͨΊɼART๏ͷྔࢉܭඇৗʹଟ͍
ͷͱͳΔɽਤ 7ͷԣ࣠༻ͨ͠ίϯύΠϥɼॎ࣠ 1
γϛϡϨʔγϣϯεςοϓʹ͓͚Δ ARGOTίʔυͷ࣮
ɼgettimeofday()ؔؒ࣌ߦΛ͍ࣔͯ͠Δɽ࣮ؒ࣌ߦ
Λ༻ͯ͠ CPU্ʹͯܭଌ͍ͯ͠Δɽ
ਤʹࣔ͢Α͏ʹɼCPU ࣮Ͱ ART ΞϧΰϦζϜͩ
͚Ͱͳ͘ɺʮOthersʯͷ࣮ߦࢧతͰ͋Δɽ͜ͷ෦ɺ
ARGOT ΞϧΰϦζϜͱ ART ΞϧΰϦζϜͷ࣮݁ߦՌΛ
ɺओʹ֤ϝογϡʹ͓͚ΔԽֶԠͱࣹՃɾྫྷ٫ʹج

ΛٻΊ͍ͯΔɽ֤ϝογϡʹ͓͚ΔɼԽֶԠͱ์ࣹՃɾ

ྫྷ٫ͷԋࢉಠཱ͍ͯ͠ΔͨΊɼCUDA͓ΑͼOpenACC
ϕʔεͷ GPU ࣮ͰଟͷԋࢉίΞΛར༻͢Δ͜ͱ
Ͱͦͷ࣮ߦΛߴԽ͢Δ͜ͱ͕Ͱ͖Δɽ͔͠͠ɼART๏
ͷ࣮ؒ࣌ߦґવͱͯ͠ࢧతͰ͋Δ͜ͱʹมΘΒͣɼ

ARGOTίʔυͷߋͳΔߴԽͷͨΊʹ͜ͷ෦ΛԿ

ʹͯ͠ԋࢉՃ͢Δ͔͕؊ཁͱͳΔ*2ɽ

CUDA࣮ͱ OpenACC࣮Λൺֱ͢ΔͱɼαΠ
ζ͕େ͖͘ͳΔʹͭΕͯ OpenACC࣮ͷੑ͕ CUDA
࣮Λ࠷େ 20 %ఔ্ճΔ͜ͱ͕֬ೝ͞Εͨɽͨͩ͠ɼ
CUDA࣮ͷARGOT๏Ͱ pinnedϝϞϦΛ܁Γฦ֬͠
อ͢Δίʔυؚ͕·Ε͍ͯͨͨΊɼ͜ͷӨڹʹΑΔͱ͜Ζ

͕େ͖͍ɽैͬͯɼ͜ͷ pinned ϝϞϦΛॳظԽ࣌ʹ 1 
͚ͩ֬อ͢Δํʹม͢ߋΕɼCUDA࣮ͱOpenACC
࣮ͷੑՁʹͳΔ͜ͱ͕༧͞ΕΔɽٯʹɼα

Πζ͕খ͍͞߹ͰɼOpenACC ࣮ͷੑ CUDA
࣮ͷ 70 % ͔Β 80 % ఔͱͳΓɼ͜Ε OpenACC ࣮
ͷ ART ๏ͷੑ͕ CUDA ࣮ͷ ART ๏ʹٴΜͰ͍
ͳ͍͜ͱʹىҼ͍ͯ͠Δɽੑ͕ٴͳ͍ݪҼΛௐࠪ͢Δ

ͨΊʹɼART๏ͷίΞԋࢉ෦ͷϧʔϓʹ͓͚Δίϯύ
ΠϥϝοηʔδΛ֬ೝͨ͠ͱ͜ΖɼComplex loop carried
dependence of ... ͱදࣔ͞Ε͓ͯΓɼίϯύΠϥ͕σʔλ
ಠཱͰ͋Δ͔Λ্ख͘ղੳͰ͖͍ͯͳ͍͜ͱ͕͔ͬͨɽ

·ͨɼ163  323 ͷαΠζͰɼ5,120ݸͷ CUDAί
ΞΛेʹར༻͢ΔͨΊͷฒྻੑ͕ෆ͍ͯ͠ΔͨΊɼί

ϯύΠϥͷղੳྗʹΑΔӨڹΛΑΓड͚ͨͱղऍͯ͠

͍Δɽ

ͳ͓ɼ[2]Ͱใͨ͠ࠂ OpenACC࣮ʹ͓͚Δ ARGOT
ίʔυͷੑԼɼCPU࣮ߦ෦ʹ͓͚Δ OpenMPε
ϨουͷΦʔόʔαϒεΫϦϓγϣϯ͕ओͳݪҼͩͬͨ*3ɽ

ຊߘͰɼOpenACC࣮ʹ͓͚Δ OpenMPεϨουΛ
CUDA࣮ͱՁʹͳΔΑ͏ʹઃఆ͍ͯ͠Δɽ

4. OpenACC࣮ARGOTίʔυͷϚϧν
ϊʔυɾϚϧνGPUԽ

4.1 ࣮ͷํ

OpenACCʹෳͷ GPUΛͨ͏Ίͷػଘ͠ࡏ
ͳ͍ͨΊɼෳͷ GPUΛͨ͏Ίʹ GPUΛݺͼग़͢
CPUଆͷॲཧΛฒྻԽ͢Δඞཁ͕͋Δ [8]ɽຊߘͰɼ 1
ͭͷ MPI ϓϩηεʹ 1 ͭͷ GPU ΛׂΓͯΔ MPI +
OpenACC ͷΞϓϩʔνΛ࠾༻͢Δɽͦͷ࣮ͷ֓ཁΛ
ਤ 8ʹࣔ͢ɽ
͜ͷ࣮ MPI Λϕʔεͱ͍ͯ͠ΔͨΊɼϊʔυ

*2 զʑɼ͜ͷ෦Λ FPGA Λߴͯ͠༺׆Խ͢Δ͜ͱʹޭ͠
͍ͯΔ͕ຊߘͰͦͷৄࡉׂѪ͢Δɽ

*3 CUDA ࣮ͰɼOpenMP εϨουར༻͢Δ GPU ͱ
ಉ͡ʹઃఆ͞Ε͍ͯͨ (1 εϨου͕ 1 GPU Λ୲͢Δํࣜ)
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ਤ 8: OpenACC࣮ ARGOTίʔυͷϚϧνϊʔυɾϚ
ϧνGPUԽͷͨΊͷ࣮ํɽ1ϓϩηε͕ 1ͭͷGPU
Λ୲͢Δɽਤ [8]Λ࡞ʹߟࢀɽ

!"!#$%&'()#$*+%&,%-(.(%)

!"#$%&'( !"#$%&')

*+$,&*'(

*+$,&*')

ਤ 9: ARGOT๏ͷϊʔυฒྻԽͷ֓؍ɽ[3]͔ΒҾ༻ɽ

͚ͩͰͳ͘ϊʔυؒʹ·͕ͨͬͯ GPU Λར༻Ͱ͖Δ
֦ுੑ͕࠷େͷརͰ͋ΔɽͦΕΛ࣮͢ݱΔͨΊͷίʔ

υ͕ਤ 8 ͷԼͷ෦ʹࣔ͞Ε͍ͯΔɽ·ͣɼ1 ͷߦ
acc get num devices() ؔʹɼacc device nvidia Λ
Ҿͱͯ͢͜͠ͱʹΑͬͯɼࢉܭϊʔυͰར༻Ͱ͖Δ

NVIDIA ͷ GPU ͷΛ͍߹ΘͤΔɽ࣍ʹɼ 2 ߦ
Ͱ ֤ MPI ϓϩηεͷϥϯΫ൪߸ʹ͕ͨͬͯ͠ɼར༻͢Δ
GPU ͷ൪߸Λ͢ࢉܭΔɽͦͯ͠ɼ2 ΊͨٻͰߦ GPU ͷ
൪߸Λ 3 ͷߦ acc set device num()ؔʹୈҰҾͱ
ͯ͢͜͠ͱʹΑͬͯɼ֤ MPI ϓϩηε͕Ͳͷ GPU Λ
ར༻͢Δ͔ͷׂΓ͕ͯྃ͢Δɽͨͩ͠ɼ1 ͭͷ MPI
ϓϩηεʹ͖ͭɼ1 ͭͷ GPU ͱ͍͏ׂΓ͕ͯਖ਼ৗʹಈ
ΔͨΊ͢࡞ 1 ͭͷࢉܭϊʔυʹΞαΠϯ͞ΕΔϓϩηε
͕ࢉܭϊʔυͰར༻Ͱ͖Δ GPU ͷҎԼͰͳ͚Ε
ͳΒͳ͍ɽͳ͓ɼ͜ͷׂΓͯΛ͠ͳ͍߹ɼࢉܭϊʔ

υͷશͯͷϓϩηε 0 ൪ͷ GPU Λར༻͢Δɽ

4.2 ARGOTίʔυͷϊʔυฒྻԽػ
ARGOTίʔυʹɼෳͷ MPI ϓϩηεʹରԠͨ͠
ฒྻԽػ͕࣮͞Ε͍ͯΔɽARGOT๏͓Αͼ ART๏
ͷϊʔυฒྻԽʹ͍ͭͯҎԼʹड़Δɽ

ਤ 10: ART๏ͷϊʔυฒྻԽͷ֓؍ɽ[4]͔ΒҾ༻ɽ

4.2.1 ARGOT๏ͷϊʔυฒྻԽ
ARGOT๏ͷϊʔυฒྻԽͷ֓؍Λਤ 9ʹࣔ͢ɽϊʔ
υฒྻԽͰɼγϛϡϨʔγϣϯۭؒΛ֤ۉʹݩ࣍ʹ

ׂ͢Δ (ਤͰ 4 × 4 ͷ domain decomposition)ɽෳ
ͷϊʔυʹ·͕ͨΔޫઢɼϊʔυؒͷڥքͰʮϨΠηά

ϝϯτʯׂ͠ (ਤʹࣔ͢Α͏ʹηάϝϯτຖʹ৭͕ҟͳ
Δ)ɼηάϝϯτͷ֤͕ࢉܭϊʔυʹͯฒྻ࣮͞ߦΕΔ *4ɽ

ͦͯ͠ɼ֤ηάϝϯτͷޫֶతްΈͷ݁ࢉܭՌͷΛٻΊ

ͯશମͷ݁ࢉܭՌΛٻΊΔɽͳ͓ɼ1 ͭͷ MPI ϓϩηε
͚ͩͰ࣮ͨ͠ߦ߹ɼsource 1 → target 1ɼsource 1 →
target 2ɼsource 2 → target 1ɼsource 2 → target 2 ͷ 4
ຊͷޫઢ͕ʮϨΠηάϝϯτʯͱݟͳ͞Εɼ֤ޫઢ͕֤ε

ϨουʹׂΓͯΒΕฒྻॲཧ͞ΕΔɽ

4.2.2 ART๏ͷϊʔυฒྻԽ
ART๏ɼ3 ڥͷۭؒΛϝογϡʹׂ͠ɼݩ࣍

ք໘͔ΒෳͷϨΠΛൃࣹࣹ͠༌ૹΛ͢ࢉܭΔɽෳͷ

MPI ϓϩηεͰྖҬׂ͢Δ߹ɼۭؒϓϩηε
ͷʹԠͯ͡ x, y, z Ԋׂͬͯ͞ΕׂͯΓͯΒʹํ
ΕΔ (ྫɿ2 ϓϩηεͷ߹ x Ԋͬͯʹํ 2 ׂɼ4
ϓϩηεͷ߹ x ͓Αͼ y Ԋͬͯʹํ 2 ׂͳͲ)ɽ
͕ͨͬͯ͠ɼ͋Δϓϩηε͕୲͢Δۭ͔ؒΒૹग़͞

ΕΔϨΠΛɼϨΠͷਐํߦʹҐஔ͢Δ࣍ͷۭؒΛ୲

͢Δϓϩηε͕ड৴͠ɼࣹ༌ૹࢉܭΛ࣮͢ߦΔ͜ͱʹ

Αͬͯෳϊʔυʹ͓͚Δ ART ๏͕࣮͞ݱΕΔɽ
ෳϊʔυʹ͓͚Δ ART ๏ͷฒྻԽख๏ͱͯ͠ɼ͖

ͷҟͳΔϨΠͷಉ͑ߟ͕ࢉܭ࣌ΒΕΔɽ͔͠͠ɼ֤ϨΠΛ

୲͢ΔϓϩηεॱϨΠຖʹҟͳΓಘΔͨΊ (ͨͱ͑
͖͕ಉ͡Ͱ͋ͬͯ)ɼGPUΧʔωϧͷىಈ੍ޚ MPI
௨৴ͷཧ͕ඇৗʹෳࡶʹͳΔɽͦͷͨΊɼࡏݱͷ࣮Ͱ

ɼMultiple Wave Front ख๏ [4]Λ࠾༻͠ɼϨΠͷํ͝
ͱʹॱংΛ੍ͭͭ͠ݶɼؒ࣌ฒྻతͳϊʔυฒྻԽΛ࣮ݱ

͍ͯ͠Δɽ

*4 ֤ϊʔυ͕୲͢Δηάϝϯτಉ͍࢜ޓʹಠཱͳͷͰɼ֤ηά
ϝϯτεϨουʹׂΓͯΒΕฒྻॲཧ͞ΕΔ
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Hardware specification

CPU Intel Xeon Gold 6126 x 2

Host 
Memory

192 GiB (16 GiB DDR4-2666 
ECC RDIMM x 6 chan. x 2)

GPU NVIDIA Tesla V100 (PCIe 
Gen3 x16) x 4

GPU Memory 32 GiB CoWoS HBM2 
@ 900 GB/s with ECC

Network InfiniBand HDR100 x 4

Software specification

OS CentOS 7.9

Host 
Compiler

gcc 4.8.5 

CUDA 
Toolkit

CUDA 11.0.221 (for CUDA 
impl.)

OpenACC
Compiler

NVIDIA HPC SDK 20.9 (for 
OpenACC impl.)

MPI MVAPICH2-GDR 2.3.5 Deneb ノードの構成図

ਤ 11: ධՁڥ (Cygnus εʔύʔίϯϐϡʔλ)
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ਤ 12: αΠζ͕ 643 ͷ ARGOTίʔυΛ࠷େ 8 ϓϩ
ηε (8 GPU) Ͱฒྻ࣮ͨ͠ߦ߹ͷੑൺֱ

5. ϚϧνϊʔυɾϚϧν GPU൛ OpenACC
࣮ͷੑධՁ

ੑධՁͷϓϥοτϑΥʔϜͱͯ͠ɼஜେֶࢉܭՊֶ

ηϯλʔͰӡ༻தͷڀݚ Cygnus εʔύʔίϯϐϡʔλΛ
༻͍ΔɽධՁڥͷৄࡉΛਤ 11ʹࣔ͢ɽCygnusɼΞ
ΫηϥϨʔλͱͯ͠ GPU ͷΈΛͨ͠ࡌ Deneb ϊʔυ
ͱ GPU ͓Αͼ FPGA Λͨ͠ࡌ Albireo ϊʔυͷ 2 छ
ྨͷࢉܭϊʔυ͔Βߏ͞Ε͓ͯΓɼຊߘʹ͓͚Δੑධ

ՁͰ 2 ͷ Deneb ϊʔυ (8 GPU) Λ༻ͨ͠ɽ
ධՁʹ༻͍ΔαΠζ 643 ͱ͠ɼͦΕΛ 1 ∼ 8 ϓ

ϩηε (GPU ) Ͱฒྻ࣮ͨ͠ߦ߹ʹཁ͢Δγϛϡ
Ϩʔγϣϯؒ࣌Λ CUDA ࣮ ͱ OpenACC ࣮ͱͰ
ൺֱධՁͨ͠ɽͦͷ݁ՌΛਤ 12 ʹࣔ͢ɽۭؒ 2
ϓϩηεͷ߹ x Ԋͬͯʹํ 2 ׂɼ4 ϓϩηε
ͷ߹ x ͓Αͼ y Ԋͬͯʹํ 2 ׂɼ8 ϓϩηε
ͷ߹ x, y, z Ԋͬͯʹํ 2 ׂ͞Ε͍ͯΔɽԣ
࣠༻ͨ͠ GPU ͷ*5ɼࠨͷॎ࣠ࠁ࣌ 0.1 ඵ ͔
Β 0.2 ඵ·ͰͷγϛϡϨʔγϣϯʹཁ͢Δ࣮ؒ࣌ߦͰ
͋Γɼӈͷॎ࣠ strong scaling ͷ݅ʹ͓͚ΔฒྻԽ
ޮͰ͋Δɽͳ͓ɼCUDA ࣮Ͱ 1 ͭͷϓϩηε͕
*5 4 GPU ·Ͱ 1 ϊʔυͰ࣮ͨ͠ߦɽϊʔυΛ·͙࣮ͨߦͷ࣌
ɼ-genv MV2 NUM HCAS 4Λࢦఆ͠ɼInfiniBand HDR100 Λ
4 ຊར༻͍ͯ͠Δɽ

ϊʔυશͯͷ GPUΛ୲͢Δ࣮ํ͕ࣜͩͬͨɼexport
CUDA VISIBLE DEVICES=${MV2 COMM WORLD LOCAL RANK}Λ
Δ͑ݟɼϓϩηε͔Β͠༺ GPU ͷΛ 1 ݶ੍ʹͭ
͢Δ͜ͱʹΑͬͯɼ1 ͭͷ MPI ϓϩηεʹ͖ͭ 1 ͭͷ
GPU ͕ΞαΠϯ͞ΕΔΑ͏ʹͨ͠ɽαΠζҎ֎ͷ
HEALpixΞϧΰϦζϜͷղ૾ύϥϝʔλͷΑ͏ͳઃఆ
 3.2.3અͱಉ͡Ͱ͋Δɽ

1ϓϩηεͷ߹ʹ͓͚ΔɼCUDA࣮ͱ OpenACC࣮
ʹ͓͚ΔੑࠩͷݪҼɼ3.2.3અʹͯࣔͨ͠ ARGOT
๏ͷ pinned ϝϞϦͷ֬อํ๏ʹΑΔͷͰ͋Δɽͦͷͨ
ΊɼϓϩηεΛଟ͘͢Δͱɼϓϩηε͋ͨΓͷαΠ

ζ͕ 323 ʹ͖ۙͮɼCUDA࣮ͱ OpenACC࣮ͷੑ
ࠩٯస͢Δɽϓϩηε͋ͨΓͷαΠζ͕খ͍͞߹

ʹ͓͚Δ CUDA࣮ͱ OpenACC࣮ͷੑࠩɼ3.2.3
અʹͯड़ͨΑ͏ʹɼOpenACCίϯύΠϥͷղੳྗͱ
CUDAίΞʹରͯ͠ͷฒྻੑͷ͞ʹΑΔͷͩͱ͑ߟ
ΒΕΔɽͨͩ͠ɼCUDA࣮͓ΑͼOpenACC࣮ͷฒྻ
ԽޮΛൺֱ͢Δͱɼ྆ऀͷࠩύʔηϯτఔͰ͋Δ

ͨΊɼMPI + OpenACC ࣮Ͱ͋ͬͯɼMPI + CUDA
࣮ͱಉͷϊʔυฒྻԽ͕࣮ݱͰ͖͍ͯΔɽͳ͓ɼ࣌ݱ

ͰͷOpenACC࣮Ͱ CUDA-aware MPI Λར༻ͯ͠
͍ͳ͍ͨΊɼ͜ΕΛར༻͢Δ͜ͱͰ྆ऀͷฒྻԽޮͷࠩ

ߋʹॖ·Δ͜ͱ͕ظ͞ΕΔɽ

6. ͓ΘΓʹ

ຊߘͰɼϢʔβϏϦςΟͷ͍ߴ GPU-FPGA ࿈ܞͷ࣮
ܗӉʹ͓͚Δఱମظਾ͑ͨ༧උධՁͱͯ͠ɼॳݟΛݱ

ΛγϛϡϨʔγϣϯ͢Δ ARGOTίʔυΛ OpenACC ʹ
Α࣮ͬͯ͠ɼOpenMP ϕʔεͷCPU࣮͓ΑͼCUDA
ϕʔεͷ GPU ࣮ͱͷੑධՁΛͨͬߦɽͦͷ݁Ռɼ1
GPU Λ༻ͨ͠ OpenACC ࣮Ͱɼେ͖͍αΠ
ζͷ߹ʹ͓͍ͯ CUDA ࣮ͱ΄΅ಉͷੑΛୡ
͠ɼখ͍͞αΠζͰ͋ͬͯ CUDA ࣮ͷ 70% ͔Β
80% ͷੑΛୡ͍ͯ͠Δ͜ͱ͕͔ͬͨɽ·ͨɼϚϧ
νϊʔυɾϚϧν GPU Խͨ͠ OpenACC ࣮Λ CUDA
࣮ͱൺֱͨ͠ͱ͜ΖɼCUDA ࣮ΑΓएޮׯ͕
͍͕ɼ΄΅ಉͷ strong scaling ΛୡͰ͖͍ͯΔ͜ͱ͕
͔ͬͨɽ͜ͷฒྻԽޮͷࠩɼϚϧνϊʔυɾϚϧν

GPU ൛ͷ OpenACC ࣮ʹ CUDA-aware MPI Λద༻͢
Δ͜ͱͰߋʹվળ͞ΕΔ͜ͱ͕ظͰ͖ɼ͜Ε͕ޙࠓͷ՝

ͱͯ͛͠ڍΒΕΔ·ͨɼ࣮ؒ࣌ߦͷ༁Λ tlog ͷΑ͏
ͳղੳπʔϧΛ༻͍ͯৄࡉʹղੳ͠ɼͲͷ෦͕ϊʔυฒ

ྻԽͨ͠ࡍͷϘτϧωοΫͳͷ͔Λఆྔతʹ໌Β͔ʹ͢Δ

ͷޙࠓͷ՝Ͱ͋Δɽ

ँࣙ ຊڀݚՌஜେֶࢉܭՊֶڀݚηϯλʔͷֶ

ಉར༻ϓϩάϥϜʢCygnusʣʹ͓͚Δڞࡍ 2021՝
ʮFPGA-GPUࠞࡌϓϥοτϑΥʔϜʹ͓͚Δ HPCΞϓϦ
έʔγϣϯͱγεςϜɾιϑτΣΞͷ։ൃʯΛར༻ͯ͠
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ಘΒΕͨͷͰ͋Δɽ·ͨɼຊڀݚͷҰ෦ʮੑߴ൚༻

߹௨৴༥ࢉԋੈ࣍ʯʹ͓͚Δ՝ʮۀࣄ༺རߴػࢉܭ

࣍ʮࢉ༧ڀݚεʔύʔίϯϐϡʔλͷ։ൃʯɼจ෦Պֶলܕ

ੈٕࢉܭज़։ʹΑΔֶࢉܭࡍՊֶ࿈ڌܞͷग़ʯɼٴ

ͼՊֶڀݚඅิॿۚҰൠ (A)ʮଟॏෳ߹ԋࢉՃߏػΛ༻
εʔύʔίϯϐϡʔςΟϯάʯʹΑΔɽ·ͨɼੈ͍࣍ͨ

ຊڀݚͷҰ෦ɼNVIDIAࣾ ୮ Ѫ Β͔ࢯ OpenACCϓ
ϩάϥϛϯάͷ࠷దԽʹର͢Δٕज़తࢧԉΛड͚ͨ͜ͱʹ
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