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1.1 ܠഎڀݚ

ɼӉཧɼྔؾՊֶͷͰɼࢉܭ ཧͳͲ༷ʑͳʹ͓͍ͯɼγϛϡϨʔγϣࢠੑૉཻࢠ

ϯ࣮ݧσʔλͷղੳʹεʔύʔίϯϐϡʔλ͕༻͍ΒΕ͓ͯΓɼॲཧؒ࣌ͷॖେنͳΛղ͘

ͨΊʹଟ͘ͷࢉܭϦιʔεʹՃ͍͑ͯߴԋੑࢉ͕ඞཁͱ͞ΕΔɽͦ͏ͨ͠ཁ͔ٻΒɼHigh Performance

ComputingʢHPCʣͷͰɼ2020 ͋ͨΓΛඪʹ 1ExaFLOPS ͷ։ൃڥػࢉܭͳنେ͚ͨʹ

͕ਐΊΒΕ͍ͯΔɽεʔύʔίϯϐϡʔλͷੑϥϯΩϯάͰ͋Δ Top500[1] ΑΓࡏݱՔಇதͷεʔύʔ

ίϯϐϡʔλΛݟΔͱɼͦͷ্ҐઍϊʔυΛ͑ΔେنͳγεςϜ͕ΊΔɽ͔͠͠ɼ1 γεςϜ

͋ͨΓ͕༻Մͳిྗྔʹ੍͕͋ݶΔͨΊɼޙࠓ୯७ͳϊʔυͷ૿ՃʹΑΔੑߴԽͷ࣮ݱ

Ͱ͋ΔɽͦͷΑ͏ͳ͔ΒۙͰɼ1ࠔ ϓϩηοα͋ͨΓͷফඅిྗੑൺ͕ྑ͍ϝχʔίΞϓϩ

ηοα͕ΛूΊ͍ͯΔɽIntel Xeon Phi  PEZY-SCɼਃҖ 26010 ͳͲ༷ʑͳछྨͷϝχʔίΞϓϩ

ηοα͕։ൃ͞Ε͓ͯΓɼੑফඅిྗཁٻʹΑΓޙࠓϝχʔίΞΛ͢ࡌΔγεςϜ૿Ճ͢Δͱ

ΒΕΔɽ͔͠͠ɼ1͑ߟ ϊʔυʹेɼඦίΞΛͭ࣋ϓϩηοαΛ͠ࡌສϊʔυنͰߏ͞ΕΔ

ͳͲڥػࢉܭͷෳࡶԽਐΈɼΞϓϦέʔγϣϯ։ൃͷͨΊͷϢʔβʹٻΊΒΕΔϓϩάϥϛϯάίε

τ૿Ճʹ͋ΔɽैͬͯɼେنͳࢄϝϞϦڥϝχʔίΞϓϩηοαΛͨ͠ࡌγεςϜʹ

ΊΒΕΔɽٻͳฒྻϓϩάϥϛϯάϞσϧ͕࢈ੜߴɼੑߴ͚ͨ

1.2 ࢄϝϞϦڥʹ͓͚ΔฒྻϓϩάϥϛϯάϞσϧ

ࢄϝϞϦڥͷฒྻϓϩάϥϛϯάϞσϧɼMessage Passing InterfaceʢMPIʣ͕σϑΝΫτελ

ϯμʔυͱͳΓͭͭ͋Δɽ͔͠͠ɼMPI ϓϩηεຖͷσʔλͷࢄஔෳࡶͳ௨৴هड़ͳͲɼฒྻԽ

ͷͨΊͷ༷ʑͳॲཧखॱΛશͯ໌ࣔతʹهड़͢Δඞཁ͕͋Γɼϓϩάϥϛϯάͷֶशίετ͕͘ߴιʔ

είʔυ͕ࡶʹͳΓ͍͢ͱ͍͏ੜੑ࢈ͷԼ͕େ͖ͳͱ͞Ε͍ͯΔɽͦ͜ͰɼࢄϝϞϦڥ

্ͰͷฒྻϓϩάϥϛϯάΛΑΓ༰қʹ͢ΔͨΊʹఏҊɼ։ൃ͕ਐΊΒΕ͍ͯΔͷ͕ Partitioned Global

Address SpaceʢPGASʣϞσϧ [2] Ͱ͋ΔɽPGAS ϞσϧɼࢄϝϞϦڥʹ͓͍֤ͯϓϩηεʹׂ

͞ΕͨσʔλΛ୯Ұͷ໊લۭؒͱͯ͠Ϣʔβʹఏ͢ڙΔ͜ͱʹΑΓɼϓϩηεؒ௨৴ฒྻॲཧΛ༰қʹ

রՄͳେҬతͳ໊લۭؒΛ༻͍ͨϓϩάϥϛϯάͱͳΔࢀड़Մͱ͢ΔϞσϧͰ͋ΔɽϊʔυશମΛه



1.2 ࢄϝϞϦڥʹ͓͚ΔฒྻϓϩάϥϛϯάϞσϧ 2

ͨΊɼڞ༗ϝϞϦ͚ͷϓϩάϥϛϯάΛ͢ΔΑ͏ʹɼ֤ϊʔυͷہॴੑΛҙ࣮͕ࣝͨ͠ՄͱͳΔɽ

PGAS Ϟσϧͷಛੑ্ɼάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔͷ 2 छྨͷϓϩάϥϛϯάϞσϧʹྨ͞Ε

ΔɽࢉܭՊֶͷʹ͓͚ΔΞϓϦέʔγϣϯͷେ C  Fortran ʹΑΓ։ൃ͕ਐΊΒΕ͍ͯΔͨΊɼ

ຊઅͰ CɼFortran Λϕʔεͱͨ͠ PGAS ϞσϧΛྫʹ͛ڍɼ2 छྨͷϓϩάϥϛϯάϞσϧͱͦͷੜ

ड़Δɽͯؔ͠ʹੑ࢈

1.2.1 Partitioned Global Address SpaceʢPGASʣϞσϧ

Unified Parallel CʢUPCʣ[3]/UPC++[4]ɼChapel[5]ɼGlobal ArraysʢGAʣ[6]ɼX10[7]ɼHigh Performance

FortranʢHPFʣ[8] ͼٴ XcalableMPʢXMPʣ[9, 10, 11] ͳͲΛදͱ͢ΔάϩʔόϧϏϡʔɼ֤ϓϩη

εʹׂ͞ΕͨσʔλΛେҬతͳ໊લۭؒʹϚοϓ͠ɼͦΕΛ༻͍ͯฒྻϓϩάϥϛϯάΛ͏ߦϞσϧͰ

͋ΔɽϢʔβ͔Β࣮ߦϓϩηεσʔλׂํ๏ͳͲΛࣔ͢ࢦΔ͜ͱͰɼஞ࣮࣍Λҡͨ࣋͠··Ͱ

σʔλࢄฒྻ࣮ߦɼϞσϧʹΑͬͯ҉ͷ௨৴·Ͱ࣮͢ݱΔɽ

άϩʔόϧϏϡʔͷ UPC ΛྫʹϓϩάϥϛϯάϞσϧͷৄࡉΛࣔ͢ɽUPC  C ͷ֦ޠݴுʹΑΓ

ͱରԠͨ͠ڥϝϞϦࢄ PGAS Ͱ͋Δɽthreadޠݴ Λ࣮ߦ୯Ґͱ͓ͯ͠ΓɼMPI ͱ OpenMP ͷΈ

߹ΘͤͷΑ͏ʹϊʔυ/֎Ͱϓϩηε/εϨουͱɼผϞσϧʹΑΔҟͳΔ࣮ߦ୯ҐͰهड़͢ΔͷͰ

ͳ͘ɼγεςϜશମͰ౷Ұతʹѻ͏ɽ੩తʹهड़͞ΕͨྻΛ thread ؒͰ͢ࢄΔ߹ɼఆٛ࣌ʹ

shared म০ࢠΛࢦఆ͢ΔͷΈͰ͋Γɼprivate म০͔ࢠԿهड़͕ͳ͚Ε thread ༗ͷఆٛͱͳݻ

Δɽsharedम০ه͕ࢠड़͞ΕͨྻେҬతͳ໊લ্ۭؒʹஔ͞Εɼผ thread ҬؚΊͯྖ͕ͭ࣋

ຊతʹετϥΠυׂ͕جঢ়ܗͷࢄ༗ϝϞϦΛѻ͏Α͏ʹΞΫηε͢Δ͜ͱ͕ՄͰ͋Δɽσʔλڞ

ద༻͞ΕΔ͕ɼsharedम০ࢠͱσʔλܕͷؒʹ [] Λهड़͠Λࢦఆ͢Δ͜ͱͰɼࢦఆαΠζͷϒϩο

ΫαΠΫϦοΫׂͱͳΓɼ“*” Λࢦఆ͢Δ͜ͱͰϒϩοΫׂͱͳΔɽ͞ࢄΕͨྻɼࣗ thread ͕

৽ՄͰ͋ΓɼϊʔυͰ͋Ε୯७ͳϝϞϦͷߋরࢀͳ͍ͷͨ࣋ read/writeɼϊʔυؒͷ߹

҉ͷ௨৴͕ϥϯλΠϜʹΑͬͯੜɼ࣮͞ߦΕΔɽ·ͨɼUPC Ͱ upc memcpy() ͷΑ͏ʹେҬతͳ໊

લۭؒʹࣔ໌ͮ͘جతͳ௨৴هड़ՄͰ͋Δɽϧʔϓͷฒྻ࣮ߦʹɼஞ࣮࣍ͷ for ϧʔϓ͕ԋ͢ࢉ

ΔൣғΛҡͨ࣋͠·· upc forall ͱॻ͖͑ affinity Λࢦఆ͢Δɽaffinity ड़͞Εͨ݅ͱࣗهʹ thread ͕

ॴ༗͢Δൣғ͕߹க͢ΔՕॴΛ࣮͢ߦΔͨΊɼϧʔϓฒྻʹΑΔϫʔΫγΣΞϦϯά͕࣮ߦՄͰ͋Δɽ

Coarray FortranʢCAFʣ[12]ɼOpenSHMEM[13] ͼٴ Advanced Communication PrimitivesʢACPʣ[14]

ͳͲΛදͱ͢ΔϩʔΧϧϏϡʔͰɼ֤ϊʔυ͕ͭ࣋ϩʔΧϧͳ໊લۭؒʹΑΔ MPI ͱಉ༷ͷσʔλ

ࢄฒྻ࣮ߦͷهड़͕ٻΊΒΕΔ͕ɼϊʔυؒͷ௨৴ยଆ௨৴Λ࠾༻͓ͯ͠Γɼଞϊʔυ͕ݻͭ࣋༗

ͷ໊લۭؒʹରͯ͠ϝϞϦͷ read/writeʢGet/PutʣΛ͜͏ߦͱ͕ՄͰ͋Δɽ·ͨɼMPI ͷ௨৴هड़

ͱൺֱͯ͠ΑΓεέʔϥϒϧͳهड़Λఏ͢ڙΔϞσϧ͕ଟ͍ɽ

ϩʔΧϧϏϡʔͷ CAF ΛྫʹϓϩάϥϛϯάϞσϧͷৄࡉΛࣔ͢ɽCAF  Fortran ͷ֦ޠݴுͰ͋

ΓɼྻೖจࣜܗʹΑΔยଆ௨৴ػʢPutɼGetʣΛఏ͢ڙΔɽ࣮ߦ୯ҐΠϝʔδͰ͋Γ MPI ͷϓ

ϩηεͱಉ༷ʹѻΘΕΔɽFortran ͷจ๏ʹ [] ͷ֓೦͕Ճ͞Ε͓ͯΓɼยଆ௨৴ʹ͓͚Δରͷྻ

Πϝʔδͷࢦఆʹ༻͍ΒΕΔɽϦϞʔτΠϝʔδ͔Β Put  Get ͢Δྻɼఆٛ࣌ʹ [] Ͱ࣮͢ߦΔΠ

ϝʔδू߹Λࢦఆ͢Δɽ·ͨɼ1 ΠϝʔδΛରͱ͢Δ߹ߦͰશ࣮ݩ࣍ “*” Λࢦఆ͢Δɽยଆ௨৴

ɼྻೖจʹରͯ͠ [] ΛՃ͠ɼΠϝʔδ൪߸ͷهड़͕ඞཁͱͳΔɽӈลʹΠϝʔδ൪߸ͷࢦఆ͕



3 ୈ 1 ষ ং

͋Ε PutɼࠨลͰ͋Ε Get ΕΔɽ௨৴͢ΔσʔλαΠζίϩ͞ߦड़͞ΕͨΠϝʔδʹର࣮ͯ͠ه͕

ϯΛ༻͍ͨηΫγϣϯͰهड़͞ΕɼϢʔβൣғΛࢦఆ͢Δɽ·ͨɼMPI ͷΑ͏ʹ௨৴هड़ʹλάɼσʔ

λܕίϛϡχέʔλͳͲͷهड़ඞཁͳ͘ɼશͯϥϯλΠϜ͕ࣗಈతʹܾఆ͠௨৴ͷ߹ੑΛͱΔɽͦ

ͷͨΊɼஞ࣍ͷྻೖจͱ΄΅ಉͷهड़Ͱยଆ௨৴͕هड़ՄͰ͋Δɽ

1.2.2 ੜੑ࢈ͱ

ɼੑνϡʔχϯάσؒ࣌ɼΞϓϦέʔγϣϯͷ։ൃੑ࢈Պֶͷʹ͓͚ΔϓϩάϥϜͷੜࢉܭ

όοάͷ͢͠͞ɼίʔυ֦ு࠶ར༻ੑɼฒྻϓϩάϥϛϯάϞσϧͷֶशίετͳͲ༷ʑͳཁҼ͔Β

ධՁΛ͢Δඞཁ͕͋ΔɽຊઅͰɼͦΕΒͷ؍͔Β PGAS Ϟσϧͷੜੑ࢈ʹ͍ͭͯड़ΔɽPGAS Ϟ

σϧ MPI ͳͲΛ༻͍ͯฒྻϓϩάϥϜΛ࣮͢Δ߹ɼͦͷଟ͘ஞ࣍ͷϓϩάϥϜΛ࣮͠ɼͦͷ

ίʔυΛجʹฒྻԽΛ͏ߦɽͦͷͨΊɼάϩʔόϧϏϡʔʹΑΔ࣮ɼେҬతͳ໊લۭؒʹΑΔϓϩά

ϥϛϯάΛՄͱ͢Δ؆қͳࣔࢦʹΑΔ࣮Ͱ͋ΔͨΊɼஞ࣍ϓϩάϥϜ͔Βஈ֊తɼ෦తͳฒྻ࣮

͕ՄͰ͋Γɼσόοάͷ༰қ͞ʹΑΔΞϓϦέʔγϣϯͷ։ൃؒ࣌ͷॖ͕ՄͰ͋Δͱ͑ݴΔɽ·

ͨɼ࣮͞ΕͨฒྻϓϩάϥϜஞ࣍ͷهड़ͱ΄΅ಉͰ͋ΔͨΊɼฒྻ࣮ޙͰ͋ͬͯίʔυ֦ு

ΑΔ࣮Ͱ͋ΔͨΊɼϓϩάϥϛϯάϞσʹࣔࢦΔɽ͞Βʹɼ؆қͳ͑ݴར༻͕༰қͰ͋Δརͱ࠶

ϧࣗମͷֶशίετ͍ɽϩʔΧϧϏϡʔʹΑΔ࣮Ͱɼ֤ϊʔυݻ༗ͷ໊લۭؒʹΑΔϓϩάϥϛ

ϯάʹΑΓɼطʹ MPI ࣮͞ΕͨΞϓϦέʔγϣϯؚΉଟ͘ͷ࣮ʹରͯ͠ద༻͕ՄͰ͋Δɽ͞Β

ʹยଆ௨৴ɼ௨৴όοϑΝͷίϐʔํͰͷಉظΛഉআͨ͠ɼΑΓϋʔυΣΞϨϕϧʹ͍ۙ௨

৴ͱ͍ͯ͠ΔͨΊɼP2P ௨৴ͱൺֱͯ͠ߴͳ௨৴Λ࣮ݱՄͳ͕ڥଟ͍ɽ·ͨɼCAF ͷΑ͏ͳྻ

ೖจʹΑΔهड़Λαϙʔτ͍ͯ͠ΔͳͲɼMPI ͱൺֱͯ͠ΑΓՄಡੑͷه͍ߴड़Λఏ͓ͯ͠ڙΓɼϢʔ

βͷϓϩάϥϛϯάϛεΛݮΒ͢ɽ

PGAS Ϟσϧʹੜੑ࢈ʹؔ͢Δଟ͘ͷར͕͋ΔҰํͰɼϓϩάϥϛϯάͷ੍ଟ͍ɽά

ϩʔόϧϏϡʔͰɼXMP ʹΑΔ֨ࢠ QCD ͷ࣮ [15, 16]  HPF ʹΑΔྲྀମྗֶͷγϛϡϨʔ

γϣϯίʔυ [17]ɼUPC++ ͷϚϧνάϦου๏ͷద༻ [18] ͳͲɼ༷ʑͳΞϓϦέʔγϣϯ͕։ൃ͞

Ε͍ͯΔɽ͔͠͠ɼͦͷଟ͘యܕతͳεςϯγϧ͕ओͳԋࢉͰ͋Γɼ௨৴ྡϊʔυؒͷڥք

ཁૉಉ࢜ͷ௨৴Ͱ͋ΔକྖҬ௨৴Λओͱ͢Δɼൺֱత୯७ͳΞϧΰϦζϜͷద༻Ͱ͋Δɽάϩʔόϧ

Ϗϡʔͷಛੑ্ɼσʔλࢄ֤ PGAS Ϟσϧ͕ఏ͢ڙΔయܕతͳܗࢄঢ়ʹݶΒΕΔͨΊɼྫ͑ɼ

NAS Parallel BenchmarksʢNPBʣͷ Block Tri-diagonal solverʢBTʣ Scalar Penta-diagonal solverʢSPʣ

Ͱ༻͍ΒΕΔ Multipartitioning ๏ʹΑΔׂ [17] ͷΑ͏ʹɼϩʔυόϥϯεվળͷͨΊͷෆۉҰͰෳࡶ

ͳࢄͷ߹ʹద༻Ͱ͖ͣɼಉҰΞϓϦέʔγϣϯͰ͋ͬͯάϩʔόϧϏϡʔ͚ͷσʔλࢄΞϧΰ

ϦζϜʹΑΔ࣮͕ٻΊΒΕΔɽ·ͨσʔλࢄͷهड़Ҏ֎ʹɼશͯͷ௨৴͕େҬతͳ໊લ্ۭؒͰޮ

తʹهड़Ͱ͖ΔΘ͚Ͱͳ͍ɽྫ͑ɼ௨৴ରͷඇ࿈ଓྖҬΛׂ͠ɼ෦తͳσʔλύοΩϯάͱ

ยଆ௨৴ΛύΠϓϥΠϯతʹ࣮͢ߦΔ࣮ [19] ɼ෦తͳू߹௨৴ͷ࣮ [20] ͳͲɼେҬతͳ໊લۭ

্ؒͰ௨৴࠷దԽΛద༻͢Δ͜ͱ͍͠ɽ·ͨɼ҉ͷ௨৴ͷ߹ɼฒྻϓϩάϥϜΛ؆қʹ࣮͢

Δ͜ͱՄͱͳΔ͕ɼϢʔβ͔ΒϓϩάϥϜͷͲͷՕॴͰ௨৴͕࣮͞ߦΕ͍ͯΔ͔ΛѲ͢Δͷ

͘͠ɼੑνϡʔχϯάΛࠔʹ͢ΔɽҰํͰϩʔΧϧϏϡʔɼยଆ௨৴ʹΑΔ௨৴ੑͷ্Λత

ͱͨ͠ΞϓϦέʔγϣϯͷ։ൃ͕ਐΊΒΕ͍ͯΔɽྫ͑ɼOpenSHMEM ʹΑΔ Graph500 ϕϯνϚʔ
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Ϋͷ࣮ [21]ɼCAF ʹΑΔԼͷΠϝʔδϯάख๏Ͱ͋ΔϦόʔελΠϜϚΠάϨʔγϣϯͷ࣮ [22]

ͳͲ༷ʑ͋Δɽ௨৴هड़ɼMPI ͱൺֱͯ͠؆қͳهड़Ͱ࣮͞Ε͓ͯΓɼP2P ௨৴ͱൺֱͯ͠ยଆ௨৴

ʹΑΔߴԽΛୡ͍ͯ͠Δ࣮ଟ͍ɽ͔͠͠ɼσʔλࢄฒྻ࣮ߦґવͱͯ͠ MPI ͱಉ༷ʹશ

ͯ໌ࣔతʹهड़͢Δඞཁ͕͋ΓɼϓϩάϥϜશମͷੜ͍ߴ͕ੑ࢈ͱ͑ݴͳ͍ɽҎ্ͷΑ͏ʹ֤Ϟσϧʹ

ΑΔଟ͍ͨΊɼϢʔβʹͱͬͯΑΓੑੜੑ࢈ΛߴΊΔ͜ͱ͕༰қͳϓϩάϥϛϯάϞσϧ͕

Δ͢ڙͰɼάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔͷ྆ํΛఏڀݚΊΒΕΔɽͦ͜Ͱຊٻ XMP Λ༻͍ͯɼ

άϩʔόϧϏϡʔͷ؆қͳهड़ʹΑΔσʔλࢄฒྻ࣮ٴߦͼ௨৴هड़Λͭͭ͠ɼ௨৴࠷దԽͷΑ͏

ͳෳࡶͳهड़Λඞཁͱ͢Δ௨৴࣮ʹϩʔΧϧϏϡʔΛ༻͍ΔɼϋΠϒϦουͳϓϩάϥϛϯάΛՄͱ

͢Δ৽ͨͳϞσϧΛఏҊ͢Δɽ

1.3 ϝχʔίΞڥʹ͓͚ΔฒྻϓϩάϥϛϯάϞσϧ

PGAS ϞσϧͷϓϩάϥϛϯάϞσϧͷվળΛ͜͏ߦͱͰɼࢄϝϞϦڥͰͷϓϩάϥϜͷੜੑ࢈Λ

ΔγεςϜʹ͓͍ͯϊʔ͢ࡌΔ͜ͱՄ͕ͩɼۙొ͍ͯ͠ΔϝχʔίΞϓϩηοαΛ্ͤ͞

υؒฒྻʹՃ͑ͯɼϊʔυฒྻͷੑɼੜੑ࢈ྀߟʹೖΕΔඞཁ͕͋ΔɽϝχʔίΞϓϩηοαͱ͠

ͯɼTop500 ϦετΑΓ Intel Xeon Phi ͕ΛूΊ͍ͯΔ͜ͱ͕Θ͔Δɽ

Xeon Phi ʹ͓͚ΔϓϩάϥϛϯάʹɼOpenMP ͷϧʔϓฒྻʹΑΔϫʔΫγΣΞϦϯάΛ༻͍࣮ͨ

͕ଟ͘ߦΘΕ͓ͯΓɼͦͷଟ͕͘ϧʔϓͷฒྻ࣮ߦऴྃޙʹશମಉظΛඞཁͱ͢ΔɽϝχʔίΞϓϩ

ηοαͰɼίΞ૿ՃʹΑΓҙਤ͠ͳ͍ϩʔυΠϯόϥϯε͕ൃੜ͘͢͠ɼશମಉظͷίετ͕େ෯

ʹ૿Ճ͢ΔՄੑ͕͋Δɽ·ͨɼಉࣗظମͷίετେ͖͍ [23] ͨΊɼϢʔβग़དྷΔݶΓશମಉظΛ

͠ͳ͍ฒྻϓϩάϥϛϯά͕ٻΊΒΕΔɽ

OpenMP Ͱ༷ 3.0 ΑΓλεΫฒྻ͕هड़ՄͱͳΓɼؼ࠶తߏ while ϧʔϓͳͲͷ֤εϨου

Ͱͷԋ͕ࢉಈతʹܾఆ͢Δ߹ͷฒྻ࣮͕Մͱͳͬͨɽ·ͨɼ༷ 4.0 ͔ΒλεΫґଘ͕هड़Մ

ͱͳΓɼґଘؔʹΑΔλεΫؒͰͷҰରҰಉظͱ͢Δ͜ͱ͕Ͱ͖ΔɽλεΫؒͷσʔλґଘΛهड़͢

Δ͜ͱͰɼैདྷͷϫʔΫγΣΞϦϯάʹΑΔશମಉظΛഉআͨ͠λεΫ୯ҐͰͷཻࡉͳಉظΛ࣮͠ݱɼ

ϩʔυόϥϯεͷվળʹΑΔੑظ্͕͞ΕΔɽຊઅͰɼIntel Xeon Phi ϓϩηοαͰ͋Δ Knights

LandingʢKNLʣ[24] ͷ֓ཁΛࣔ͢ɽ·ͨɼϝχʔίΞϓϩηοα্Ͱͷฒྻϓϩάϥϛϯάख๏ʹؔ͠

ͯ·ͱΊɼݱঢ়ͷϝχʔίΞڥʹ͓͚ΔϓϩάϥϛϯάͷΛࣔ͢ɽ

1.3.1 Knights LandingʢKNLʣϝχʔίΞϓϩηοα

KNL  Intel Xeon Phi ͷୈ 2 ੈϓϩηοαͰ͋ΓɼKnights CornerʢKNCʣͷػܧޙͰ͋ΔɽKNC

 GPU ͱಉ༷ʹ PCI Express ଓͷΞΫηϥϨʔλܕͰɼIntel Xeon ͳͲͷϗετϓϩηοαΛඞཁͱ

͢Δ͕ɼKNL ͕ࣗϒʔτՄͱͳͬͨͨΊ KNL ͷΈΛϗετϓϩηοαͱ͢ΔγεςϜΛߏஙՄ

ͱͳͬͨɽ·ͨɼߴόϯυ෯ͳ 3D ੵϝϞϦͰ͋Δ MCDRAM ͷࡌ AVX512 ໋ྩͷαϙʔτɼ

͞ΒʹίΞؒϦϯάόεଓ͔Β 2 ϝογϡωοτϫʔΫʹͳΔͳͲɼKNCݩ࣍ ͔Βଟ͘ͷมߋ͕

͋Δɽ

ਤ 1.1 ʹ KNL ͷνοϓߏΛࣔ͢ɽKNL  2 ίΞΛ 1 λΠϧͱͯ͠ѻ͏ɽλΠϧ 1MB ͷ L2
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ਤ 1.1 KNLʢKnights Landingʣϓϩηοαͷߏɽ

ΩϟογϡͱίΞຖʹ 2 ͭͷ Vector Processing UnitʢVPUʣͰߏ͞ΕɼλΠϧؒ 2 ϝογϡωοݩ࣍

τϫʔΫͰଓ͞ΕΔɽ֤ίΞϋΠύʔεϨοσΟϯάʹΑΓ࠷େ 4 εϨου·Ͱಈ͢࡞Δ͜ͱ͔Βɼ

Oakforest-PACSɼCori γεςϜͳͲͰ༻͍ΒΕ͍ͯΔ Intel Xeon Phi 7250 Ͱ 34 λΠϧɼ68 ίΞͰ࠷

େ 272 εϨουʹΑΔ࣮͕ߦՄͰ͋ΔɽMCDRAM  2GB Ͱܭ߹ͭͣ 16GB ͕νοϓʹ͞ࡌΕɼ

νοϓ྆ʹ DDR4 ϝϞϦνϟωϧ͕ 3 ܭ߹ͭͣͭ 6 νϟωϧ͋Δɽ

KNL  2 ʹϝογϡωοτϫʔΫͷѻ͍ݩ࣍ All-to-AllɼQuadrantɼSub-NUMA ClusteringʢSNC4ʣ

ͷ 3 छྨͷΫϥελϦϯάϞʔυΛఏ͍ͯ͠ڙΔɽAll-to-All ϞʔυɼνοϓͷશͯͷίΞΛ୯Ұϓ

ϩηοαͱͯ͠ѻ͏ͨΊɼϝϞϦΞΫηεʹΑͬͯίΞͱϝϞϦؒͷύε͕͘ͳΔɽQuadrant Ϟʔ

υɼAll-to-All Ϟʔυͱಉ༷ʹ୯Ұϓϩηοαͱͯ͠ίΞΛѻ͏͕ɼωοτϫʔΫԾతʹ 4 ׂ͞

Ε֤ྖҬʹ࠷͍ۙϝϞϦʹσʔλ͕ஔ͞ΕΔɽैͬͯɼϢʔβσʔλͷϝϞϦஔΛҙࣝ͢Δ͜

ͱͳ͘ϓϩάϥϛϯά͢Δ͜ͱ͕ՄͰ͋ΔɽSNC4 ϞʔυνοϓΛԾతʹ 4 ׂ͠ɼ4 ιέοτ

ͷ Xeon ϓϩηοαͷΑ͏ʹ 4 ͭͷ NUMA ϊʔυͱͯ͠ѻ͏ɽجຊతʹׂ͞Ε֤ͨྖҬʹดͨ͡ϝϞ

ϦΞΫηεͱͳΔͨΊɼnumactl ίϚϯυͰ NUMA ϊʔυΛѻ͏खؒ͋Δ͕ੑ͍ߴ͕ظ͞ΕΔɽ
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ਤ 1.2 tlog ʹΑΔϒϩοΫίϨεΩʔղͷλΠϜϥΠϯɽ্ϧʔϓฒྻɼԼλεΫฒྻʹΑΔ
࣮Λද͠ɼ12 εϨουʹΑΔ࣮ߦΛࣔ͢ɽ

͞Βʹ KNL ɼMCDRAM ͱ DDR4 ϝϞϦͷѻ͍ͷͨΊʹ 3 छྨͷϝϞϦϞʔυʢFlatɼCache ͼٴ

HybridʣΛఏ͍ͯ͠ڙΔɽFlat ϞʔυɼMCDRAM ͱ DDR4 ϝϞϦ͕ҟͳΔϝϞϦΞυϨε্ʹஔ

͞Εɼnumactl ίϚϯυͳͲʹΑΓ໌ࣔతʹׂΓͯΔɽCache ϞʔυɼMCDRAM Λ DDR4 ϝϞϦͷ

L3 ΩϟογϡͷΑ͏ʹѻ͏ɽͦͷͨΊɼ໌ࣔతʹ MCDRAM Λར༻͢Δ͜ͱͰ͖ͳ͍͕ɼMCDRAM

ͷϝϞϦྔ 16GB Λ͑ΔϓϩάϥϜͰ͋ͬͯɼϓϩάϥϜʹมߋΛՃ͑Δ͜ͱͳ࣮͕͘ߦՄͰ͋

ΔɽHybrid ϞʔυɼMCDRAM Λׂ͠ FlatɼCache ϞʔυͷͦΕͧΕΛར༻Մͱ͢Δɽ

1.3.2 ϧʔϓฒྻͱλεΫฒྻ

ϝχʔίΞϓϩηοαʹ͓͍ͯੑ͍ߴΛಘΔͨΊʹɼͦͷലେͳίΞΛ͍Δ͜ͱ͕Մͳ͍ߴ

ฒྻੑɼదͳϩʔυόϥϯγϯάʹΑΓΞΠυϧεϨουΛൃੜͤ͞ͳ͍͜ͱ͕ɼϚϧνίΞϓϩ

ηοαҎ্ʹॏཁͱ͞ΕΔɽXeon PhiϓϩηοαʢKNLʣͷϓϩάϥϛϯάʹɼOpenMPͷ parallel

forɼforࣔࢦจΛ༻͍ͨϧʔϓฒྻʹΑΔϫʔΫγΣΞϦϯάͷ࣮͕ଟ͘ߦΘΕ͓ͯΓɼͦͷଟ͘

ϧʔϓฒྻ࣮ߦऴྃޙʹεϨουશମͷಉظΛඞཁͱ͢ΔɽϝχʔίΞϓϩηοαͰɼίΞ૿ՃʹΑ

Δҙਤ͠ͳ͍ϩʔυΠϯόϥϯε͕ൃੜ͘͢͠ɼશମಉظͷίετ͕େ෯ʹ૿Ճ͢ΔՄੑ͕͋Δɽ·

ͨɼಉࣗظମͷίετେ͖͘ [23]ɼϢʔβʹग़དྷΔݶΓશମಉظΛ͠ͳ͍ฒྻϓϩάϥϛϯά͕ٻΊ

ΒΕΔɽ

OpenMP Ͱɼ༷ 3.0 ΑΓ task ߏతؼ࠶ड़ՄͱͳΓɼهจͰλεΫฒྻ͕ࣔࢦ while ϧʔ

ϓͳͲͷ֤εϨουͰͷԋ͕ࢉಈతʹܾఆ͢Δ߹ͷฒྻ࣮͕Մͱͳͬͨɽ·ͨɼ༷ 4.0 ͔Β

dependઅʹΑΔλεΫґଘͷهड़Λఏ͠ڙɼґଘؔʹΑΔλεΫؒͰͷҰରҰಉ͕ظՄͱͳͬͨɽ

ͦ͜ͰɼϧʔϓฒྻͱλεΫฒྻͷͦΕͧΕΛ༻͍ͯಉҰͷϕϯνϚʔΫϓϩάϥϜΛ࣮͠ɼಉํظ๏

ͷҧ͍͕ੑʹ༩͑ΔӨڹΛௐࠪ͢Δɽਤ 1.2 ʹ OpenMP ͷ parallel forࣔࢦจʹΑΔϧʔϓฒྻ

࣮ͱɼtaskࣔࢦจͱ dependઅʹΑΔλεΫฒྻ࣮ͷλΠϜϥΠϯΛࣔ͢ɽରϒϩοΫίϨ

εΩʔղͰ͋Γɼ1 ϊʔυʹ Intel Xeon E5-2680 v2 Λ 2 ιέοτʢ10 ίΞ ×2ʣڥͭ࣋ʹ͓͍ͯ 12

εϨουͰ࣮͢ߦΔɽίϯύΠϥ Intel Compiler 17.0.1 ͱ͠ɼλΠϜϥΠϯͷදࣔʹϓϩϑΝΠϦϯ



7 ୈ 1 ষ ং

0

50

100

150

1 2 4 8 16 32 64

ov
er
he
ad
	[m

s]

#	of	threads

parallel	 for	(Intel	Xeon	E5-2680	v2)

parallel	 for	(Intel	Xeon	Phi	7250)

task	(Intel	Xeon	E5-2680	v2)

task	(Intel	Xeon	Phi	7250)

ਤ 1.3 OpenMP parallel forɼtaskࣔࢦจͷΦʔόϔουɽ

άπʔϧͰ͋Δ tlog Λ༻͍Δɽॎ͕࣠εϨουɼԣ͕࣠ؒ࣌Λද͓ͯ͠Γɼྖ͍ࠇҬεϨου͕ΞΠ

υϧঢ়ଶͰ͋Δ͜ͱΛද͠ɼͦͷଞͷྖҬԋ͞ߦ࣮͕ࢉΕ͍ͯΔ۠ؒΛද͢ɽ

ϧʔϓฒྻʹΑΔ࣮ߦͰɼ0.015ɼ0.03s ͳͲʹ͓͍ͯશମಉظʹΑΓଟ͘ͷεϨου͕ΞΠυϧঢ়ଶ

Ͱ͋Δ͜ͱ͕Θ͔ΔɽҰํͰɼλεΫฒྻͰશମಉ͔ظΒҰରҰಉظͱͳͬͨ͜ͱͰΞΠυϧঢ়ଶͷε

Ϩου͕ݮΓɼੑ্͕͍ͯ͠Δ͜ͱ͕Θ͔ΔɽΑͬͯɼλεΫؒͷσʔλґଘΛهड़͠λεΫ୯Ґͷ

Λഉআ͠ɼϩʔυόϥϯεͷվળظͱ͢Δ͜ͱͰɼैདྷͷϫʔΫγΣΞϦϯάʹΑΔશମಉظͳಉཻࡉ

ʹΑΔੑظ্͕͞ΕΔɽ͔͠͠ɼOpenMP ϊʔυهड़ͷΈΛαϙʔτ͍ͯ͠ΔͨΊɼࢄϝϞ

ϦڥͰͷλεΫґଘ͕هड़ՄͳϓϩάϥϛϯάϞσϧ͕ඞཁͱ͞ΕΔɽ

OpenMP ͷ༷ 4.0 Ҏ্Λαϙʔτ͢ΔίϯύΠϥ GNU  Intel ͳͲ༷ʑ͋Δ͕ɼλεΫฒྻʹؔ

͢Δ࣮ະͩվળͷ༨͕͋Δɽਤ 1.3 ʹ EPCC OpenMP micro-benchmark suite[25] ʹΑΔ OpenMP

ͷ parallel forɼtaskࣔࢦจͷΦʔόϔουΛࣔ͢ɽίϯύΠϥʹ Intel Compiler 17.0.1 Λ༻

͠ɼIntel Xeon E5-2680 v2 ͱ Intel Xeon Phi 7250 ͷ 2 छྨͷڥΛ༻͍ͯɼϚϧνɾϝχʔίΞϓϩηο

αͰͷͷҧ͍Λࣔ͢ɽ·ͣɼparallel forࣔࢦจͷϚϧνɾϝχʔίΞϓϩηοαʹ͓͚Δੑ

Λൺֱ͢ΔͱɼͲͪΒͷϓϩηοαʹ͓͍ͯεϨου૿Ճͱͱʹੑ͕؇͔ʹԼ͠ɼશମͱ͠

ͯϝχʔίΞϓϩηοαͰͷੑ͕͍͜ͱ͕Θ͔Δɽ࣍ʹ taskࣔࢦจͷੑɼ16 εϨου·Ͱ

ϚϧνίΞϓϩηοαͰͷΦʔόϔου͕େ͖͘ɼεϨουͷ૿ՃͱͱʹϝχʔίΞϓϩηοαͰ

ͷੑ͕ۃʹԼͨ͠ɽ·ͨɼϚϧνɾϝχʔίΞϓϩηοαͷͲͪΒʹ͓͍ͯ parallel forࢦ

ࣔจͱൺֱͯ͠ taskࣔࢦจͷΦʔόϔου͕େ͖͍͜ͱ͕Θ͔ͬͨɽ

λεΫ࣮ߦதʹσουϩοΫ͕͏͖ىΔՕॴͰɼผͷ࣮ߦՄλεΫͱεΠονΛଅ͢ taskyield

ɼGNUʢ6.4ʣɼIntelʢ17.0.1ʣίϯύΠϥͱʹґଘ͖λεΫͷ߹ͷ͕ͨͬߦಈͷௐࠪڍจͷࣔࢦ
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͑ߟΔ͜ͱ͕͢ߦͰɼλεΫͰ௨৴Λ࣮ߦͰͷλεΫฒྻ࣮ڥϝϞϦࢄಈ͕ෆఆͰ͋ͬͨɽڍ

ΒΕΔɽͦͷͨΊɼσουϩοΫͷࢭεϨουͰͷ௨৴ͱԋࢉλεΫͷΦʔόϥοϓͷͨΊʹ

taskyieldࣔࢦจʹΑΔλεΫͷεΠονඞཁͰ͋Δɽͦ͜ͰɼλεΫੜίϯςΩετεΠον

ͷίετ͕ൺֱతখ͍ܰ͞ྔεϨουϥΠϒϥϦΛ༻͍ͯɼߴͳλεΫੜҰఆಈ͢࡞ΔλεΫε

ΠονϯάػΛͭ࣋λεΫฒྻͷ࣮͕ඞཁͱ͞ΕΔɽ

1.3.3 ௨৴

ࢄϝϞϦڥʹ͓͚Δੑ্ͷख๏ͷҰͭͱͯ͠ɼ௨৴ͱԋࢉΛΦʔόϥοϓ͢Δ͜ͱ͕͛ڍΒΕ

ΔɽMPI ௨৴ͷ߹ɼMPI Isend/Irecv() ͷϊϯϒϩοΩϯά௨৴Λ։࢝͠ɼଞͷԋࢉΛ࣮͢ߦΔ͜ͱͰ௨

৴ͱԋࢉΛΦʔόϥοϓͤ͞Δɽͦͷޙɼ௨৴ରͷσʔλͷ read/write ΔલͰ͖ى͕ MPI Wait() ʹ

ΑΓ௨৴ྃΛอূ͢Δ࣮͕ҰൠతͰ͋Δɽ͔͠͠ɼෳࡶͳԋࢉ෦తʹ௨৴Λ࣮͢ߦΔ߹ɼ௨৴

ͱԋࢉΛશʹΦʔόϥοϓ͢Δ͜ͱࠔͰ͋Γɼฒྻͷ͍ߴϝχʔίΞϓϩηοαͰϓϩάϥϜ

શମͱͯͨ͠ݟͱ͖ʹੑϘτϧωοΫͱͳΓ͍͢ɽ·ͨɼϢʔβ͕ϓϩάϥϜதͷಉظՕॴΛѲ

͠ɼ௨৴ͱԋࢉͷΦʔόϥοϓΛهड़͢Δඞཁ͕͋ΔͨΊɼϓϩάϥϛϯάίετେ͖͍ɽ

OpenMP ͷσʔλґଘʹͮ͘جλεΫฒྻϞσϧͰɼλεΫͰ MPI ͷΑ͏ͳ௨৴Λهड़͢Δ͜ͱ

͕ՄͰ͋Δɽ௨৴ରΛԋࢉͱಉཻ͡ͷσʔλґଘͱͯ͠هड़͢Δ͜ͱͰɼͦͷσʔλ͕ඞཁͱͳΔ

Ͱ࣌ OpenMP ϥϯλΠϜ͕ґଘؔߦ࣮͖ͮجʹॱংΛܾఆ͢ΔͨΊɼϢʔβ͕ಉظՕॴΛ໌ࣔతʹ

ܾఆ͢Δඞཁ͕ͳ͍ɽैͬͯɼ௨৴ͱԋࢉͷΦʔόϥοϓΛ্ͤ͞ɼ͞ΒʹσʔλґଘͷΈͷ؆қͳ

ΒΕΔɽ͑ߟͰ͖Δͱݱड़͕࣮ه

ࢄϝϞϦڥͰλεΫฒྻϞσϧΛ࣮͢ߦΔ߹ɼલड़ͨ͠ͱ͓Γ֤ϊʔυ͕ͭ࣋εϨο

υͷλεΫ্Ͱ௨৴͕࣮͞ߦΕΔɽεϨου্Ͱ MPI ͷ௨৴ API ΛݺͿ߹ɼϚϧνεϨου

Ͱͷ௨৴ΛڐՄ͢Δ MPI THREAD MULTIPLE Λ MPI ͷॳظԽࢦʹ࣌ఆ͢Δඞཁ͕͋Δɽ͔͠

͠ɼMPI THREAD MULTIPLE Ͱͷ௨৴ɼҰൠతͳϓϩηεϨϕϧʢMPI THREAD SINGLEɼ

MPI THREAD FUNNELEDʣͷ௨৴ͱൺֱͯ͠ੑ͕͘ɼͦͷ௨৴ੑΛվળ͢ΔͨΊʹଟ͘ͷݚ

.ΘΕ͖ͯͨɽHߦ͕ڀ Dang Βจݙ [26] ʹͯɼMPICH ͷ࣮Λϕʔεͱ͠ϚϧνεϨου௨৴࣌ͷ

lock/unlock ͷ࠷దԽΛ͜͏ߦͱͰɼΫϦςΟΧϧηΫγϣϯΛݮΒ͠ MPI THREAD MULTIPLE Ͱͷ

௨৴ੑΛ্ͨͤ͞ɽ·ͨɼM. Si Βจݙ [27] ʹͯɼ௨৴ͷΈΛ࣮͢ߦΔΰʔετϓϩηεΛϢʔβ

ΔΑ͏ʹ௨৴͢ߦΔ࣮ͱͨ͠ɽϢʔβεϨου্Ͱ࣮͢ߦఆͤ͞ɼͦͷϓϩηεͷΈ͕௨৴Λ࣮ࢦʹ

Λهड़͢Δ͚ͩͰɼࣗಈతʹΰʔετϓϩηε͕௨৴Λ࣮͢ߦΔɽK. Vaidyanathan Βจݙ [28] ʹͯɼ

௨৴༻ͷεϨουΛఆٛ͠ଞͷεϨου্Ͱ࣮͞ߦΕΔ௨৴Λ௨৴༻εϨουʹࣗಈͰΦϑϩʔυ͢Δ͜

ͱͰੑ্ΛͨͬߦɽैͬͯɼMPI THREAD MULTIPLE ͷͨΊʹɼMPI্Ͱͷ௨৴ੑͷڥ

ίϯύΠϥͷ࣮Λमਖ਼͠ MPI THREAD MULTIPLE ࣗମͷੑΛ্ͤ͞Δ͔ɼϢʔβ͔ΒϚϧν

εϨουʹ௨৴͍ͯ͠ΔΑ͏ʹ͑ݟΔ͕ϥϯλΠϜ͕ࣗಈతʹ 1 ͭͷ࣮ߦ୯Ґʹ௨৴Λू͢Δ 2 छྨ

ͷํ๏͕͑ߟΒΕΔɽ͔͠͠ɼ্هͷڀݚͰ MPI ίϯύΠϥͷ࣮ґଘͱͳΔ͜ͱɼ௨৴ू༻ͷ

ϥΠϒϥϦ͕ผ్ඞཁͱͳΔɽͦ͜ͰຊڀݚͰɼΑΓ൚༻తͳ௨৴࠷దԽͷ࣮Λͨ͏ߦΊɼOpenMP

ϨϕϧͰจݙ [28] ͷ௨৴༻εϨουͷੜͱͦͷεϨουͷࣗಈతͳ௨৴ͷूߏػΛ࣮͠ɼ௨৴

ੑ্Λ͢ࢦɽ
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1.4 PGASޠݴ XcalableMP (XMP)

ຊڀݚͰ༻͍Δ PGAS ޠݴ XMP ͷ֓ཁΛड़ΔɽXMP ɼੈ࣍ฒྻϓϩάϥϛϯάݕޠݴ౼ҕһ

ձٴͼ PC ΫϥελίϯιʔγΞϜฒྻϓϩάϥϛϯάޠݴ XcalableMP ෦ձ֨ن [29] ʹΑΓɼݕ༷

ܕϝϞϦࢄΘΕ͍ͯΔߦఆ͕ࡦͼٴ౼ Single Program Multiple DataʢSPMDʣΛ࣮ߦϞσϧͱ͢Δ Cɼ

Fortran ରԠͷ PGAS Ͱ͋ΔɽϦϑΝϨϯε࣮Ͱ͋Δޠݴ Omni XcalableMP Compiler ɼཧԽֶڀݚ

ॴࢉܭՊֶߏػڀݚϓϩάϥϛϯάڀݚڥνʔϜͱஜେֶ HPCS ΑΔʹࣨڀݚ Omni Compiler ϓϩ

δΣΫτ [30] ʹΑΓ։ൃ͕ਐΊΒΕ͓ͯΓɼXMP จ͕ૠೖ͞Εͨࣔࢦ CɼFortran ίʔυΛ MPI Ͱهड़

͞ΕͨϥϯλΠϜݺͼग़͠ͱม͢Δ source-to-source ͳτϥϯεϨʔλͰ͋ΔɽMPI  0 ΦϦδϯͰ

“ϓϩηε” Λ࣮ߦ୯Ґͱ͍ͯ͠Δ͕ɼXMP  1 ΦϦδϯͰ “ϊʔυ” ͱ͍ͯ͠ΔɽXMP ϓϩάϥϛϯ

άϞσϧͱͯ͠άϩʔόϧϏϡʔͱϩʔΧϧϏϡʔͷ 2 छྨΛఏ͍ͯ͠ڙΔɽάϩʔόϧϏϡʔϞσϧ

యܕతͳσʔλࢄ௨৴ΛࣔࢦจͰఏ͓ͯ͠ڙΓɼϩʔΧϧϏϡʔϞσϧ Fortran 2008 ΑΓਖ਼ࣜ࠾༻

͞Εͨ coarray ͱ͕͋ੑޓΔยଆ௨৴Λαϙʔτ͍ͯ͠Δɽ

1.4.1 άϩʔόϧϏϡʔϞσϧ

άϩʔόϧϏϡʔϞσϧɼͰѻ͏άϩʔόϧͳྻΛ֤ϊʔυʹ͢ࢄΔࣔࢦจΛૠೖ͢Δ͜

ͱͰฒྻ࣮ߦΛՄͱ͢ΔϓϩάϥϛϯάϞσϧͰ͋Δɽैͬͯɼجຊతʹஞ࣍ϓϩάϥϜʹࣔࢦจΛ

ૠೖ͢ΔͷΈͰฒྻϓϩάϥϜΛ࣮Ͱ͖ΔɽάϩʔόϧϏϡʔͰςϯϓϨʔτͱݺΕΔԾతͳ

ΠϯσοΫεۭؒΛ༻͍ͯσʔλॲཧͷࢄΛهड़͢Δɽਤ 1.4 ʹάϩʔόϧϏϡʔϞσϧͷϓϩά

ϥϜྫΛࣔ͢ɽҎ߱ͷάϩʔόϧϏϡʔʹΑΔϓϩάϥϜͷઆ໌ɼશͯαΠζ 16 ͷྻ A Λ 4 ϊʔ

υͰϒϩοΫׂͨ͠߹ͷσʔλࢄɼฒྻ࣮ٴߦͼ௨৴ɾಉظͷྫͱͳΔɽ·ͣɼnodesࣔࢦจʹ

ΑΓ࣮ߦϊʔυू߹Λఆٛ͢Δɽͷهड़ʹΑΓ੩తʹ࣮ߦϊʔυΛࢦఆͰ͖Δ΄͔ɼ“*” ͱͨ͠

߹Ϣʔβ͕࣮ࢦʹ࣌ߦఆͨ͠ϊʔυΛجʹɼXMP ϥϯλΠϜ͕ࣗಈతʹ࣮ߦϊʔυΛஅ͢

ΔɽtemplateࣔࢦจςϯϓϨʔτΛఆٛ͢Δɽਤ 1.4 Ͱ͢ࢄΔྻ A ͷαΠζʹ߹Θͤͯςϯ

ϓϨʔτΛࢦఆ͍ͯ͠Δɽ࣍ʹɼςϯϓϨʔτʹରͯ͠ distributeࣔࢦจͰׂํ๏ʢϒϩοΫɼ

αΠΫϦοΫɼϒϩοΫαΠΫϦοΫٴͼෆۉϒϩοΫʣΛࢦఆ͠ɼalignࣔࢦจʹΑΓରͷྻ

ͱ͞ࢄΕͨςϯϓϨʔτΛରԠ͚Δ͜ͱͰɼ֤ϊʔυͱσʔλࢄΛ͏ߦɽ͞ࢄΕͨσʔλΛ༻

͍Δ for จʹରͯ͠ loopࣔࢦจΛૠೖ͢Δ͜ͱͰɼϢʔβ֤ϊʔυͱ͞ࢄΕͨσʔλͷஔΛҙ

ࣝ͢Δ͜ͱͳ͘ɼฒྻ࣮͕ߦՄͰ͋ΔɽجຊతʹάϩʔόϧϏϡʔʹΑΔฒྻϓϩάϥϜࣔࢦจՃ

ʹΑΔ࣮Ͱ͋ΔͨΊɼXMP ίϯύΠϥ͕ແ͍ڥͰஞ࣮࣍ͷ CɼFortran ͷϓϩάϥϜͱ࣮ͯ͠ߦ

Ͱ͖Δɽ

XMP ࢄྻʹର͢Δ௨৴Λαϙʔτ͢ΔͨΊ shadowɼreflect ͼٴ gmove ͠ڙจΛఏࣔࢦ

͍ͯΔɽshadowɼreflectࣔࢦจɼεςϯγϧԋࢉͳͲͰ͘༻͍ΒΕ͍ͯΔକྖҬ௨৴Λ࣮͢ߦ

ΔࣔࢦจͰ͋Δɽਤ 1.5 ɼάϩʔόϧϏϡʔʹΑΓϒϩοΫׂ͞Εͨ 1 ྻʹର͢ΔକྖҬ௨৴ݩ࣍

ͷྫͰ͋ΔɽshadowࣔࢦจʹΑΓɼ֤ϊʔυʹ͞ࢄΕͨྻͷ্ɾԼʹҙ෯ͷକྖҬΛ֬อ͢

Δɽྫͷ߹ “A[1:1]” ͱهड़͞Ε͍ͯΔͨΊɼࢄྻ A ͷ্ɾԼʹͦΕͧΕ 1 ཁૉͣͭྖҬ͕
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template	TT :

0 15

node1 node2 node3 node4T :

0 15

node1 node2 node3 node4T :

0 15

node1 node2 node3 node4A[16] :

int A[16], res;
#pragma xmp nodes P(4)
#pragma xmp template T(0:15) 

#pragma xmp distribute T(block) onto P

#pragma xmp align A[i] with T(i)

#pragma xmp loop(i) on T(i) reduction(+:res)
for (int i = 0; i < 16; i++) {

A[i] = func(i);
res += A[i];

}

ਤ 1.4 άϩʔόϧϏϡʔϞσϧͷϓϩάϥϛϯάྫʢσʔλࢄɼฒྻ࣮ߦʣɽ

֬อ͞ΕΔɽshadow ఆ͞ΕͨྻΛࢦจͰࣔࢦ reflect କͭ࣋ఆ͢Δ͜ͱͰ֤ϊʔυ͕ࢦจͰࣔࢦ

ྖҬͷΛߋ৽͢Δɽ

gmove จͰ͋ΔɽgmoveࣔࢦՄͳߦྻʹର͢Δ༷ʑͳ௨৴͕࣮ࢄจࣔࢦ จʹมࣔࢦ

ࢄྻʹΑΔೖจ͕هड़͞Εɼࠨลͱӈลͷॴ༗ϊʔυ͕ҟͳΔ߹ʹ௨৴͕ൃੜ͢Δɽ͞Βʹɼ

gmoveࣔࢦจʹରͯ͠ in/outΛࢦఆ͢ΔͱɼϊʔυؒͰͷ௨৴ยଆ௨৴ʢPutɼGetʣͱͳΔɽਤ 1.6

ʹ gmove ลͱӈลͷ྆ํʹྻηΫγϣϯΛࠨड़Մͳ௨৴ύλʔϯͷҰ෦Λࣔ͢ɽهจʹΑΓࣔࢦ

ؚΉࢄྻΛࢦఆͨ͠߹ɼਤதͷ send-recv ͷΑ͏ʹϊʔυؒͰͷσʔλίϐʔ͕࣮͞ߦΕΔɽෳ

ϊʔυʹލΔྻηΫγϣϯΛهड़ͨ͠߹ಉ༷ʹ࣮͕ߦՄͰɼରԠ͢Δϊʔυશ͕࣮ͯߦରͱͳ

ΔɽࠨลʹϩʔΧϧม͕هड़͞Εͨ߹ਤதͷ broadcast ͷΑ͏ʹɼϊʔυ 1 ͕ͭ࣋ A[0] ͷΛ֤

ϊʔυ͕ͭ࣋ϩʔΧϧม B ʹରͯ͠ೖ͢ΔϒϩʔυΩϟετͱͳΔɽӈลʹϩʔΧϧม͕هड़͞
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#pragma xmp shadow A[1:1]

A[16] : node1 node2 node3 node4

#pragma xmp reflect (A)

A[16] : node1 node2 node3 node4

ਤ 1.5 άϩʔόϧϏϡʔϞσϧͷϓϩάϥϛϯάྫʢshadowɼreflectࣔࢦจʣɽ

int B;  /* B is a local variable */

/* send-recv */
#pragma xmp gmove

A[12:4] = A[0:4];

0 15

node1 node2 node3 node4A[16] :

/* broadcast */
#pragma xmp gmove

B = A[0:1]; 

0 15

node1 node2 node3 node4A[16] :

B :

/* local copy */
#pragma xmp gmove

A[0:16] = B; 

0 15

node1 node2 node3 node4A[16] :

B :

ਤ 1.6 άϩʔόϧϏϡʔϞσϧͷϓϩάϥϛϯάྫʢgmoveࣔࢦจʣɽ
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ιʔείʔυ 1.1 ϩʔΧϧϏϡʔϞσϧͷϓϩάϥϛϯάྫɽ

1 int A[25]:[∗], B[25], tag, mype, status;

2 #pragma xmp nodes P(4)

3 mype = xmp node num();

4

5 /∗ Example of coarray Get ∗/

6 if (mype == 4) {
7 B[0:25] = A[0:25]:[1];

8 }
9 xmp sync all(&status);

10

11 /∗ Example of coarray Put ∗/

12 if (mype == 1) {
13 A[0:25]:[4] = B[0:25];

14 xmp sync memory(&status);

15 #pragma xmp post (P(4), tag)

16 }
17 if (mype == 4) {
18 #pragma xmp wait (P(1), tag)

19 }

Εͨ߹ local copy ྻࢄΕΔɽ͞ߦ࣮͕ A ͷશͯͷཁૉ͕ࢦఆ͞Ε͍ͯΔͨΊɼ֤ϊʔυ͕ͭ࣋

ϩʔΧϧม B Λࢄྻ A ͷશͯΠϯσοΫεʹରͯ͠ೖ͢Δɽ

1.4.2 ϩʔΧϧϏϡʔϞσϧ

ϩʔΧϧϏϡʔϞσϧɼ֤ϊʔυ͕ͭ࣋ϩʔΧϧσʔλʹରͯ͠௨৴Λ͏ߦϓϩάϥϛϯάϞσϧͰ

͋ΔɽXMP ͰɼFortran2008 ͔Βਖ਼ࣜ࠾༻͞Εͨ CAF Λϕʔεͱͨ͠ coarray Δɽ͍ͯ͠ڙ๏Λఏه

XMP/Fortran ʹ͓͚Δ coarray  Fortran2008 ͷ্ҐޓͰ͋ΓɼXMP/C ʹ͓͚Δ coarray  XMP ͷಠ

֦ࣗுͰ͋Δɽcoarray ͷ࣮ߦ୯ҐΠϝʔδͰ͋Δɽ֤ϊʔυ͕ݻͭ࣋༗ͷ໊લۭؒʹରͯ͠ɼྻ

ೖจࣜܗͰΠϝʔδ൪߸ɼ௨৴ཁૉΛࢦఆ͢ΔͷΈͰยଆ௨৴ʢPutɼGetʣΛ࣮ߦՄͰ͋ΔͨΊɼMPI

ͷΑ͏ʹϩʔΧϧσʔλͷৼΔ͍Λৄهʹࡉड़Ͱ͖Δɽยଆ௨৴ͷରͱͳΔྻɼྻએ࣌ݴʹ֯

Πϝʔδʹର͢ΔׂՄͰ͋ݩ࣍ΑΓଟʹހड़͢Δɽෳׅ֯هରͷΠϝʔδू߹ΛߦͰ࣮ހׅ

Δɽ1 ʹހΠϝʔδΛରͱ͢Δ߹ׅ֯ߦͷશ࣮ۭؒݩ࣍ “*” Λࢦఆ͢Δɽยଆ௨৴ඇಉߦ࣮ʹظ

͞ΕΔͨΊɼϢʔβ͕ಉظΛ໌ࣔతʹهड़͢Δඞཁ͕͋ΔɽXMP/Fortran  CAF ͱಉͰ͋ΓɼXMP/C

Ͱશମಉظͷ xmp sync all()ɼ࣮ߦओମʹ͓͚Δ௨৴ྃΛอূ͢Δ xmp sync memory()ɼҰରҰಉظ

ड़Մͳه͕ xmp sync image() ͳͲΛఏ͍ͯ͠ڙΔɽ
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ιʔείʔυ 1.1 ʹ XMP/C ͷ coarray Λ༻͍ͨยଆ௨৴ͷྫΛࣔ͢ɽྻ A Λยଆ௨৴ͷରͷྻ

ͱ͢ΔͨΊɼ1 ɽྫͰɼ1͏ߦఆΛࢦΑΔʹހׅ֯ʹͷΑ͏ߦ ΠϝʔδΛରͱ͢ߦͷશ࣮ۭؒݩ࣍

Δɽ7ɼ13 ͕ͦΕͧΕߦ coarray GetɼPut Λද͓ͯ͠Γɼྻهड़ํޙͷίϩϯҎ͕߱௨৴ରͷΠ

ϝʔδΛࣔ͢ɽ7 Ͱϊʔυߦ 4 ओମͰ͋Γɼϊʔυߦ࣮͕ 1 ྻ͕ͭ࣋ A ͷΠϯσοΫε 0 ͔Β 25

ཁૉʹରͯ͠ Get Λ࣮͢ߦΔɽยଆ௨৴ඇಉ͞ߦ࣮ʹظΕΔͨΊɼ9 ͷߦ xmp sync all() ʹͯશମಉ

Λอূ͢Δɽ13ྃΑΓยଆ௨৴ͷʹظ Ͱϊʔυߦ 1 ओମͰ͋Γɼϊʔυߦ࣮͕ 4 ྻ͕ͭ࣋ A ͷ

ΠϯσοΫε 0 ͔Β 25 ཁૉʹରͯ͠ Put Λ࣮͢ߦΔɽ͜ͷྫɼશମಉظͰͳ͘ post/waitࣔࢦจ

ʹΑΔҰରҰͷಉظΛࣔ͢ɽ14 ͷߦ xmp sync memory() ʹΑΓɼ࣮ߦओମʹ͓͍ͯยଆ௨৴ͷྃΛ

อূ͠ postࣔࢦจͰରϊʔυΛىಈ͢Δɽϊʔυ 4 Ͱ waitࣔࢦจʹΑΓ postࣔࢦจ͕࣮͞ߦ

ΕΔ·Ͱ͢ػΔͷͰɼϊʔυ 4 ʹ͓͍ͯϊʔυ 1 Ͱ࣮͞ߦΕͨยଆ௨৴ͷྃΛอূ͢Δ͜ͱ͕Մͱ

ͳΔɽ

1.5 త

ຊڀݚͰɼେنͳࢄϝϞϦγεςϜʹ͓͚ΔฒྻϓϩάϥϜͷੑͱੜੑ࢈ͷ্Λओͳతͱ

͢ΔɽͦͷతΛୡ͢ΔͨΊʹ 2 ͭͷڀݚ՝ʹऔΓΉɽ·ͣ 1 ͭͱͯ͠ɼPGAS Ϟσϧͷάϩʔό

ϧϏϡʔͱϩʔΧϧϏϡʔͷܽΛิ͏৽ͨͳϓϩάϥϛϯάϞσϧͷఏҊΛ͏ߦɽఏҊϞσϧʹΑΔ࣮

ΞϓϦέʔγϣϯͷద༻Λ௨ͯ͠ɼ࣮ΞϓϦέʔγϣϯͷΑ͏ͳෳࡶͳϓϩάϥϜʹର͢Δ PGAS Ϟ

σϧద༻ʹΑΔݟΛࣔ͢ͱͱʹɼΦϦδφϧͷฒྻ࣮ͱͷൺֱʹΑΔੑͱੜੑ࢈ͷධՁΛ͏ߦɽ

ຊڀݚͰ PGAS ޠݴ XMP ΛରʹɼάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔΛΈ߹ΘͤͨϞσϧͰ͋Δ

ϋΠϒϦουϏϡʔΛఏҊ͢ΔɽϋΠϒϦουϏϡʔϞσϧʹΑΓɼ࣮ΞϓϦέʔγϣϯͰ͋Δ֩༥߹γ

ϛϡϨʔγϣϯίʔυ GTC-P[31, 32] Λ࣮͠ɼఏҊϞσϧ͕ MPI ͱಉͷੑ͕ಘΔ͜ͱ͕ՄͰ͋

Γɼ͞Βʹੜੑ࢈ͷ࣮͍ߴͰ͋Δ͜ͱΛࣔ͢ɽ·ͨɼϋΠϒϦουϏϡʔϊʔυؒͰͷ௨৴ɼσʔλ

ׂฒྻ࣮ߦΛ؆қʹهड़Մͱ͍ͯ͠ΔϞσϧͰ͋ΓɼϝχʔίΞϓϩηοαΛ͢ࡌΔγεςϜʹ

͓͍ͯϊʔυؒฒྻʹՃ͑ͯɼϊʔυฒྻͷੑɼੜੑ࢈ྀߟʹೖΕΔඞཁ͕͋Δɽͦ͜Ͱ 2 ͭ

ͷ՝ͱͯ͠ɼϝχʔίΞγεςϜ্Ͱੑ͍ߴੜੑ࢈Λཱ྆ͤ͞ΔϓϩάϥϛϯάΛՄͱ͘͢ɼ

PGAS ϞσϧʹΑΔλεΫฒྻϞσϧͷఏҊΛ͏ߦɽXMP Λରͱͯ͠ϊʔυ/ؒʹ͓͚ΔλεΫґଘ

Λ౷Ұతʹهड़Մͱ͢ΔࣔࢦจΛఏҊ͠ɼఏҊࣔࢦจʹΑΔϕϯνϚʔΫϓϩάϥϜͷ࣮ɼධՁʹΑ

ΓɼϝχʔίΞΫϥελ্Ͱੑɼੜੑ࢈Λࣔ͢ɽ

ຊڀݚͷݙߩҎԼͷ௨ΓͰ͋Δɽ

• XMP ͷϋΠϒϦουϏϡʔϞσϧʹΑΓɼैདྷͰෳࡶͳ௨৴ԋࢉʹΑΓάϩʔόϧϏϡʔ͕

ద༻Ͱ͖ͳͬͨϓϩάϥϜʹରͯ͠ɼ෦తʹάϩʔόϧϏϡʔ͕ద༻ՄͱͳΓɼੜੑ࢈ͷ͍ߴ

࣮͕Մͱͳͬͨɽ·ͨɼ௨৴ϩʔΧϧϏϡʔʹΑΔ؆қͳه๏ʹΑΔ࣮ͱͳΓɼ௨৴هड़

ͷՄಡੑ͍ߴɽ

• XMP ͷλεΫฒྻϞσϧʹΑΓɼैདྷͷϧʔϓฒྻʹΑΔϫʔΫγΣΞϦϯάͷશମಉظΛഉআ

͠ɼσʔλґଘʹͮ͘جλεΫؒͷཻࡉͳಉظΛࢄϝϞϦڥͰ࣮ͨ͠ݱɽ·ͨɼϕϯνϚʔ

ΫϓϩάϥϜఏҊख๏ͷద༻ʹΑΓϝχʔίΞγεςϜ্Ͱͷੑߴɼߴੜੑ࢈Λࣔͨ͠ɽ
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1.6 ຊจͷߏ

ຊจͷ֤ষͷߏҎԼͷ௨ΓͰ͋Δɽୈ 2 ষͰϋΠϒϦουϏϡʔϞσϧʹΑΔ֩༥߹γϛϡ

Ϩʔγϣϯίʔυ GTC-P ͷ࣮ͱධՁΛࣔ͢ɽάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔͷܽΛิ͏৽͍͠

ϓϩάϥϛϯάϞσϧͰ͋ΔϋΠϒϦουϏϡʔͷఏҊΛ͏ߦɽఏҊϞσϧʹΑΓ࣮ΞϓϦέʔγϣϯΛ

࣮͠ධՁΛ͢Δ͜ͱͰɼΦϦδφϧͷ MPI ࣮ͱͷੑੜੑ࢈ͷൺֱʹΑΔϋΠϒϦουϏϡʔͷ

༗༻ੑΛࣔ͢ɽGTC-P  GPU  Intel Xeon Phi ͷద༻ʹΑΔੑ໘ͰͷվળසൟʹߦΘΕ͖͕ͯͨɼ

ϓϩάϥϜͷੜੑ࢈ͷ؍͔ΒධՁΛ͜͏ߦͱຊ͕ڀݚॳΊͯͰ͋Δɽୈ 3 ষͰɼϝχʔίΞڥʹ

͓͚Δੑߴɼߴੜੑ࢈ΛಘΔ͜ͱ͕ՄͳϓϩάϥϛϯάϞσϧͷఏҊΛ͏ߦɽຊڀݚͰλεΫฒྻ

Ϟσϧʹ͠ɼϝχʔίΞڥͰͷλεΫฒྻهड़ͷརΛड़ΔͱͱʹɼैདྷͷϧʔϓฒྻʹΑΔ

ϫʔΫγΣΞϦϯάͷ࣮ͱͷൺֱΛࣔ͢ɽ·ͨɼPGAS ϞσϧʹλεΫฒྻػΛऔΓೖΕΔ͜ͱͰɼ

ϝχʔίΞڥͰͷੑɼੜੑ࢈ͷཱ྆Λ͢ࢦɽޙ࠷ʹୈ 4 ষͰຊڀݚશମͷ·ͱΊͱޙࠓͷ՝Λ

ࣔ͢ɽ
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ୈ 2ষ

ϋΠϒϦουϏϡʔϞσϧʹΑΔฒྻϓ
ϩάϥϛϯά

2.1 ϋΠϒϦουϏϡʔϞσϧ

PGAS ϞσϧͷΞϓϦέʔγϣϯͷద༻ྫΛ༻͍ͯɼάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔͷརܽ

Λड़ΔɽࢉܭՊֶͷΞϓϦέʔγϣϯͷཧγϛϡϨʔγϣϯͰΑ͘༻͍ΒΕΔख๏ͱͯ֨͠ࢠ๏ͱ

ΓͯΒΕͨεςϯׂʹ্ࢠҬ͕֨ྖࢉ๏Ͱɼԋࢠཁૉ๏Λදͱ͢Δ֨ݶ๏͕͋Δɽࠩ๏༗ࢠཻ

γϧԋࢉΛओͳԋࢉͱ͍ͯ͠ΔͨΊɼάϩʔόϧϏϡʔʹΑΔయܕతͳσʔλࢄฒྻ࣮͕ߦదͯ͠

͍ΔɽҰํͰཻࢠ๏ɼԋࢉ֨ࢠʹґΒͣࢉܭ͕ཧྔͱͱʹۭؒΛࣗ༝ʹҠಈՄͰ͋ΔͨΊɼ

ϊʔυΛލΔ௨৴σʔλαΠζରϊʔυ͕ಈతʹม͞ߋΕΔΑ͏ͳෳࡶͳ௨৴هड़͕ඞཁͱͳΔɽ

ͦͷͨΊɼϩʔΧϧϏϡʔͷยଆ௨৴ʹΑΔ؆қͳ௨৴هड़͕ద͍ͯ͠Δɽ

άϩʔόϧϏϡʔʹΑΔ࣮ɼஞ࣮࣍Λҡͨ࣋͠··Ͱɼ͔ͭ؆қͳࣔࢦΛ༩͑Δ͚ͩͰฒྻ࣮

͕ՄͰ͋ΔͨΊɼΞϓϦέʔγϣϯશମͷੜੑ࢈ΛߴΊΔ͜ͱ͕ՄͰ͋Δɽ͔͠͠ɼϓϩάϥϛϯά

ͷ੍ଟ͘ɼཻࢠ๏ͷΑ͏ͳෳࡶͳ௨৴ΛؚΉΞϧΰϦζϜʹద༻Ͱ͖ͣɼ֨ࢠ๏ͷΑ͏ͳయܕతͳ

σʔλࢄ௨৴Λ͏ߦΞϓϦέʔγϣϯʹ͔͠ద༻Ͱ͖ͳ͍߹͕ଟ͍ɽҰํͰɼϩʔΧϧϏϡʔʹΑ

Δ࣮ɼ؆қͳهड़ʹΑΔยଆ௨৴ͱ֤ϊʔυݻ༗ͷ໊લۭؒʹ͓͚ΔϓϩάϥϛϯάͰ͋ΔͨΊɼཻ

ߦϧʔϓͷฒྻ࣮ࢄͳ௨৴ύλʔϯʹରԠՄͰ͋Δɽ͔͠͠ɼσʔλࡶ๏ͷΑ͏ͳෳࢠ MPI

ͱಉ༷ཅʹهड़͢Δඞཁ͕͋ΓɼϓϩάϥϜશମͰͷੜ͍ߴ͕ੑ࢈ͱ͑ݴͳ͍ɽ֤࣮ߦϞσϧʹ͓͍ͯ

ଟ͍ͨΊɼMPI ͱಉͷੑ͕ಘΔ͜ͱ͕ՄͰɼΑΓੜੑ࢈ΛߴΊΔ͜ͱ͕༰қͳϓϩάϥϛ

ϯάϞσϧ͕ٻΊΒΕΔɽຊڀݚͰɼάϩʔόϧϏϡʔͷ؆қͳهड़ʹΑΔσʔλࢄฒྻ࣮ٴߦͼ

௨৴هड़Λͭͭ͠ɼཻࢠ๏ʹ͓͚Δ௨৴ͷΑ͏ͳෳࡶͳهड़Λඞཁͱ͢ΔՕॴΛϩʔΧϧϏϡʔͰ࣮

͢ΔɼϋΠϒϦουʹهड़ՄͳϓϩάϥϛϯάϞσϧΛఏҊ͢Δɽ

2.2 ֩༥߹γϛϡϨʔγϣϯίʔυ

֩༥߹ϓϥζϚதͷཚྲྀݱͷγϛϡϨʔγϣϯΛ͏ߦදతͳख๏ͱͯ͠ɼParticle-In-CellʢPICʣ๏

ͱϞϯςΧϧϩ๏͕͛ڍΒΕΔɽ͜ͷͲͪΒͷख๏ՙిཻࢠͷू߹ମͱͯ͠ϓϥζϚΛѻ͏ཻࢠతඳ૾
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Rank 0 Rank 1 Rank 2

Rank 3 Rank 4 Rank 5

Rank 8Rank 7Rank 6

(B)

(C)

(A)

ਤ 2.1 2 ϒϩοΫׂʹΑΔݩ࣍ 2 ݩ࣍ PIC γϛϡϨʔγϣϯͷ؆қਤɽʢAʣཻి͕ͭ࣋ࢠՙͷ
ۙ֨ࢠͷɼʢBʣϙΞιϯํఔࣜΛղͨ͘Ίͷཅղ๏ʹΑΔεςϯγϧԋࢉɼʢCʣཻࢠ
ΛͦΕͧΕද͢ɽࢉܭಓي

ʹΑΔ͕ɼPIC ๏֎෦ి࣓Ҏ্ʹϓϥζϚ͕ࣗ࡞Γग़͢ి࣓ͷӨݱ͍ڧ͕ڹʹద͓ͯ͠ΓɼϞ

ϯςΧϧϩ๏ϓϥζϚཻࢠෆ७ΠΦϯͳͲͷ༌ૹݱͷղੳʹ͘༻͍ΒΕ͍ͯΔɽຊڀݚͰɼ

PIC ๏ʹΑΔ࣮ΞϓϦέʔγϣϯͰ͋Δ GTC-P Λରͱͨͨ͠ΊɼPIC ๏ͷઆ໌ͷΈΛࣔ͢ɽ

2.2.1 Particle-In-CellʢPICʣγϛϡϨʔγϣϯ

PIC ๏ɼͷࢉܭΛࢠ֨ࢉܭ͏ߦͱۭؒΛࣗ༝ʹಈ͖ճΔ֨ࢠʹΑΒͳཻ͍يࢠಓࢉܭͷΈ߹Θͤ

Ͱߏ͞ΕΔɽҎԼʹ PIC ๏ͷγϛϡϨʔγϣϯΛࣔ͢ [33]ɽ

1. ɽ͏ߦΛࢉʹ͠ɼՃࢠՙΛۙ֨ి͕ͭ࣋ࢠཻ֤

2. ϙΞιϯํఔࣜʹΑΓɼۙ֨ࢠ্ͷిՙີ͔Β֨ࢠ্ͷ੩ిϙςϯγϟϧΛٻΊɼͦΕΛ

ΊΔɽٻΛిʹج

3. Ίɼ1ٻҐஔͰͷిΛࡏݱͷࢠʑͷཻݸ͔Βࢠͷۙ֨ࢠཻ֤ εςοϓཻࢠͷҐஔΛਐΊΔɽ

ਤ 2.1 ʹ 2 ݩ࣍ PIC γϛϡϨʔγϣϯίʔυʹରͯ͠ 2 Λࣔྫͨ͠ࢪϒϩοΫׂʹΑΔฒྻԽΛݩ࣍

͢ɽਤதͷʢAʣɼʢBʣྡ֨ࢠใΛ༻͍ͨͷࢉܭΛද͠ɼʢCʣཻࢠͷيಓࢉܭΛද͢ɽͷ

େ͖͚ͯ͘ࢉܭ 2 छྨʹྨ͞ΕɼʢAʣ֨ࢠͷཻి͕ͭ࣋ࢠՙΛۙ֨ࢠͷɼʢBʣ

ϙΞιϯํఔࣜΛղͨ͘Ίཅղ๏ʹΑΔ 5 εςϯγϧԋࢉΛද͢ɽMPI ͳͲΛ༻͍ͯฒྻ࣮Λͬߦ

ͨ߹ʹ௨৴͕ൃੜ͢Δεςοϓͱͯ͠ɼʢAʣɼʢBʣͰɼࢉܭʹ༻͍Δྡ֨ࢠ͕ผϓϩηεͷͭ࣋

ྖҬʹ͋Δ߹ɼʢCʣཻࢠͷҠಈઌ͕ผϓϩηεͷྖͭ࣋Ҭͷ߹͕͛ڍΒΕΔɽ
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ιʔείʔυ 2.1 XMP ʹΑΔ PIC γϛϡϨʔγϣϯίʔυͷ࣮ྫɽ

1 double f[X][Y], p[N]; /∗ Electric field and particle data ∗/

2 double send[N], recv[N]:[∗];

3 int status;

4

5 #pragma xmp nodes P(3, 3)

6 #pragma xmp template T(0:X−1, 0:Y−1)

7 #pragma xmp distribute T(block, block) on P

8 #pragma xmp align f[i][j] with T(i, j)

9 #pragma xmp shadow f[1][1]

10

11 for (int t=0; t<TIME; t++){
12 /∗ Calculate the grid−related work ∗/

13 #pragma xmp loop(i, j) on T(i, j)

14 for (int i = 0; i < X; i++) {
15 for (int j = 0; j < Y; j++) {
16 f[i][j] = func(i, j);

17 }
18 }
19 #pragma xmp reflect(f) /∗ Update the halo region ∗/

20 /∗ Calculate the particle−related work ∗/

21 /∗ Pack the communication elements from array ‘‘p’’ to array ‘‘send’’ ∗/

22 /∗ Calculate the destination node ‘‘pe’’ and communication size ‘‘icount’’ ∗/

23 recv[0:icount]:[pe] = send[0:icount];

24 xmp sync all(&status); /∗ Synchronization ∗/

25 /∗ Unpack the particle data from array ‘‘recv’’ to array ‘‘p’’ ∗/

26 }

PGAS ϞσϧʹΑΓ PIC ๏ͷ࣮Λ͏ߦ߹ɼࢠ֨ࢉܭͷΑ͏ʹׂ͞ΕͨྖҬͷαΠζ͕ม͞ߋΕ

ͣɼεςϯγϧԋࢉྡ֨ؒࢠͰͷ௨৴͕ओͳ߹άϩʔόϧϏϡʔϞσϧʹΑΔ࣮͕ద͍ͯ͠

Δɽ͔͠͠ɼཻيࢠಓࢉܭͷΑ͏ͳԋࢉεςοϓຖʹ֤ϓϩηε͕ड͚ͭ࣋σʔλαΠζ͕ಈతʹมߋ

͞ΕΔԋࢉͦΕʹ͏௨৴ͷάϩʔόϧϏϡʔ࣮ࠔͰ͋ΓɼϓϩάϥϜશମΛ MPI ϩʔΧϧ

ϏϡʔͰ࣮͢Δํ๏͕ߦΘΕ͖ͯͨɽϩʔΧϧϏϡʔʹΑΔ࣮ͰɼMPI ͱൺֱͯ͠؆қͳه๏ʹΑ

Δยଆ௨৴Ͱ࣮͕Մ͕ͩɼσʔλࢄฒྻ࣮ߦ MPI ಉ༷ʹهड़͢Δඞཁ͕͋ΓɼϓϩάϥϜશ

ମͷੜ͍ߴ͕ੑ࢈ͱ͑ݴͳ͍ɽͦ͜ͰɼPGAS ϞσϧͷάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔΛΈ߹Θ

ͤͯಉҰͷϓϩάϥϜͰهड़͢ΔϋΠϒϦουϏϡʔΛ༻͍Δ͜ͱͰੑΛҡͭͭ࣋͠ɼੜ্͕ੑ࢈Մ
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1 #pragma xmp nodes p2(NX,NY)

2 // 総プロセス数はNX∗NY

3 double f[NX][NY]; // electric field data

4 double myp[2,2∗NP]; // 自プロセスが持つ粒子の座標
5 // NP は 1 プロセスが担当する粒子数（初期値）
6 // 粒子移動があるのでやや大きめにとる
7 double sendr[NP], sendl[NP]; // sendbuf

8 double recvr[NP], recvl[NP]; // recvbuf

9 // 1step ごとの通信量が NP より十分小さいとする
10 #pragma xmp distribute t(block,block) onto p2

11 #pragma xmp align f[i][j] with t(i,j)

12 #pragma xmp shadow f[1:1][1:1]

13 #pragma xmp coarray recvl:[∗]
14 #pragma xmp coarray recvr:[∗]
15 ...

16 for(istep=0; istep<TIME; istep++){ // 時間発展
17 .../∗ 1’−1, 1’−2の計算 ∗/
18 #pragma xmp reduction(sum:rho) //rho は電荷密度
19 .../∗ 2’−1, 2’−2の計算 ∗/
20 #pragma xmp reflect(f)

21 .../∗ 3’−1, 3’−2の計算 ∗/
22 #pragma xmp reduction(sum:qE)

23 .../∗ 3’−3の計算 ∗/
24 //以下 3’−4

25 .../∗ myp のうち，X 方向の隣接プロセスへ出て行く粒子を
26 判定しsendl, sendr に詰め込む．
27 送信要素数icountr, icountl を求める
28 送信先プロセスleft pe, right pe を求める ∗/
29 recvl[0:icountr]:[left pe] = sendr[0:icountr];

30 recvr[0:icountl]:[right pe] = sendl[0:icountl];

31 #pragma xmp sync all

32 .../∗ Y 方向も同様に行う ∗/
33 //ここまで 3’−4

34 }

図 2 PIC シミュレーションを XMP で実装した場合のイメージ．

各部分の記述に関しては 4節に詳述するが，上記のよう
に，PICシミュレーションの並列化は XMPのグローバル
ビュー，ローカルビューの両方を用いたプログラミングの
典型例となりうる．

3. 核融合プラズマシミュレーション
トカマクを始めとする磁場閉じ込め核融合装置において，
プラズマの閉じ込め性能に重大な影響を及ぼす異常輸送や
不安定性といった現象は，非常に時間・空間スケールの小
さい現象である微視的乱流現象によって駆動される．これ
らの現象は一般的にジャイロ運動論 [12]によって記述され
るが，この計算には高い次元数（5次元位相空間）と高い
空間解像度が必要となる．このため，核融合プラズマ中の
乱流現象のシミュレーションには，膨大な計算機資源が必
要とされる．また，実験装置の大型化に応じて必要な計算
機資源量も増大する．*2 従って，核融合プラズマ中の乱流
*2 ５次元ジャイロ運動論コードである GT5D[13] に対して，JT-

60U[14] のサイズで 750TFlops×1day，ITER[1] のサイズで
7PFlops×1day の計算量が必要であると試算されている [15]．

R0

Bp

Bt

a

RO

Z

Ip

χ

ξ

r

図 3 トロイダル座標系の概念図 [17]．主軸 Z を回る方向をトロイ
ダル方向，磁気軸を回る方向をポロイダル方向，磁気軸からの
距離の方向を径方向と呼ぶ．また，トーラスを縦に切った断面
（図の破線円）をポロイダル断面と呼ぶ．

現象シミュレーションには高い並列性，高いスケーラビリ
ティが要求される．そして，これらの目的と要求を満たす
数多くのコードがこれまで開発されてきた（[4], [13], [16]
など）．

3.1 GTCならびにGTC-Pコード
GTC (Gyrokinetic Toroidal Code) コード [16]は，磁場
閉じ込め装置における核融合プラズマ中の微視的乱流現象
の解析を目的として米国 Princeton大学で開発された，三
次元ジャイロ運動論的 PICコードである．言語は Fortran
である．GTCでは多数の荷電粒子を一つの粒子とみなし
た超粒子の粒子軌道計算と，格子点上のデータとして与え
られる静電ポテンシャルとの相互作用を，自己無撞着に計
算することで，荷電粒子の速度分布関数を求めている．計
算手順は (1) 超粒子の電荷密度を格子点上に分配する (2)
Poisson方程式から格子点上での静電ポテンシャルを求め
る (3) 超粒子が静電場から受ける力を計算する (4) 超粒子
を移動させる，の繰り返しとなる．
本研究で扱う GTC-P[4]コードは GTCコードの発展版
であり，C言語版と Fortran版が存在する．本研究では C
言語版を用いる．GTCではMPIによる領域分割が 1次元
だけであったが，GTC-Pでは 2次元で分割され，さらに
各領域内の粒子数も分割される．

3.2 格子点と領域分割
図 3に一般的なトロイダル座標系を示す．GTC-Pでは

MPIによって計算領域がトロイダル方向に nt 分割，径方
向に対して nr 分割され，さらに 2次元分割された各領域
内の粒子数を nrp に分割している．従って，総プロセス数
np は np = nt × nr × nrp として与えられる．このうち nt

は，トロイダル方向のグリッド数 Nt と等しくなければな
らない，という制限がある．

c⃝ 2013 Information Processing Society of Japan 3

ਤ 2.2 GTCɼGTC-P ͷ 3 τʔϥεۭؒͷ؆қਤݩ࣍ [34].

Ͱ͋Δͱ͑ߟΒΕΔɽ

XMP ʹΑΓ PIC γϛϡϨʔγϣϯΛ࣮ͨ͠ྫΛιʔείʔυ 2.1 ʹࣔ͢ɽ֨ࢠσʔλΛ֨ೲ͢Δ

ྻ f ΛάϩʔόϧϏϡʔͷࣔࢦจʹΑΓ͢ࢄΔɽྫͰɼ5 ͷߦ nodesࣔࢦจʹΑΓ 2 ͷݩ࣍ 3×3

ϊʔυʹΑΔ࣮ߦΛࣔ͢ɽͷࢉܭͰ͋Δ֨ࢉܭࢠεςϯγϧԋࢉΛؚΉయܕతͳϧʔϓͰߏ͞ΕΔ

ͨΊɼ14 ͔Β 18 ͷߦ for ϧʔϓʹରͯ͠ 13 ͷߦ loopࣔࢦจΛՃ͢Δ͜ͱͰɼ֤ϊʔυʹ͞ࢄ

Εͨσʔλʹରͯ͠ฒྻ࣮͢ߦΔ͜ͱ͕ՄͰ͋Δɽ·ͨɼ֨ࢉܭࢠͰྡϊʔυ͕ࢠ֨ͭ࣋ใ͕ඞ

ཁͱͳΔͨΊɼ9 ͷߦ shadowࣔࢦจʹΑΓ 2 ӈͷକྖҬΛ֬อ͢Δɽ֬อ͞Εͨࠨͷ্Լۭؒݩ࣍

କྖҬɼ֨ࢉܭࢠऴྃޙʹ͋Δ 19 ͷߦ reflectࣔࢦจʹΑΓɼྡϊʔυؒͷ௨৴Ͱ֨ࢠใ͕

৽͞ΕΔɽPICߋ γϛϡϨʔγϣϯͷ߹ɼಉҰΞϓϦέʔγϣϯʹཻيࢠಓԋࢉͷΑ͏ͳϩʔΧϧ

ͳ໊લۭؒͰͷهड़Λཁ͢ٻΔ௨৴ؚ͕·ΕΔɽͦ͜Ͱ 23ɼ24 ͷΑ͏ʹɼϩʔΧϧϏϡʔͷߦ coarray

ʹΑΔ௨৴ΛάϩʔόϧϏϡʔͷϓϩάϥϜͱΈ߹Θͤͯهड़͢Δɽ͜ͷΑ͏ͳϋΠϒϦουϏϡʔͷ

͕ෆՄͰ͋ͬͨΞϓϦέʔγϣϯʹର࣮͍ߴͷੑ࢈ड़ʹΑΓɼैདྷͰάϩʔόϧϏϡʔʹΑΔੜه

ͯ͠ɼάϩʔόϧϏϡʔʹΑΔهड़ΛอͪͭͭϩʔΧϧϏϡʔͷ؆қͳ௨৴Ͱ࣮͕ՄͰ͋Δɽ

2.2.2 GTC-P

Gyrokinetic Toroidal CodeʢGTCʣ[36] ɼ࣓ ด͡ࠐΊ֩ܕ༥߹ஔʹ͓͚Δ֩༥߹ϓϥζϚதͷඍࢹ

తཚྲྀݱͷղੳΛతͱͯ͠ɼถࠃDoE SCiDACɼUC IrvineͳͲͰ։ൃ͕ਐΊΒΕ͍ͯΔ δϟΠݩ࣍3

ϩӡಈత PIC γϛϡϨʔγϣϯίʔυͰ͋ΔɽຊڀݚͰରͱ͢Δ࣮ΞϓϦέʔγϣϯͷ Gyrokinetic

Toroidal Code - PrincetonʢGTC-Pʣ[31, 32]ɼPrinceton University Princeton Plasma Physics Laboratory
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radial direction 

poloidal angle 
radial interval 

ਤ 2.3 ϙϩΠμϧஅ໘ͷ֓ཁɽࠨ: ϙϩΠμϧஅ໘্ͷ֨ࢠ [35]ɼӈ: ϙϩΠμϧஅ໘Ͱͷํܘׂ.

Ͱ։ൃ͕ਐΊΒΕ͍ͯΔࡍࠃ֤༥߹࣮ݧ ITERʢInternational Thermonuclear Experimental Reactorʣ

[37] ΛγϛϡϨʔτՄͳ࣮ΞϓϦέʔγϣϯͰ͋ΔɽGTCن  Fortran Ͱ։ൃ͞Ε͍ͯΔͷʹର͠

ͯɼGTC-P  CɼFortran Ͱ։ൃ͞Ε͍ͯΔɽຊڀݚͰ C ʹΑΔ࣮Λରͱͨ͠ɽ

ਤ 2.2 ɼGTC  GTC-P ͷԋྖࢉҬΛදͨ͠ 3 τʔϥεۭؒͷ؆қਤΛࣔ͢ɽओ࣠ݩ࣍ Z ΛճΔτ

ϩΠμϧํɼ࣓࣠ؾΛճΔϙϩΠμϧํɼ࣓͔࣠ؾΒτʔϥεͷ֎৳ͼΔํΛํܘͱͦΕͧΕ

Ϳɽݺͷτʔϥεͷ໘ΛϙϩΠμϧஅ໘ͱࡍҬׂΛͨ͠ྖʹͿɽ·ͨɼτϩΠμϧํݺ

GTC-P γϛϡϨʔγϣϯͷେنԽʹରԠ͘͢։ൃ͞Εͨ GTC ͷฒྻΞϧΰϦζϜͷվྑ൛Ͱ͋

ΔɽGTC ͰɼMPI ʹΑΔϓϩηεϨϕϧͰͷτϩΠμϧํͷ 1 ׂཻͭ࣋ͱׂ͞ΕͨྖҬ͕ݩ࣍

ͷׂʹՃ͑ɼ֤ࢠ ϓϩηε͕ྖͭ࣋ҬͰͷ OpenMP ʹΑΔϧʔϓͷεϨουฒྻʹΑΔ 3 Ϩϕϧ

ͰͷฒྻԽ͕͞ࢪΕ͍ͯΔɽҰํͰɼGTC-P ͰྖҬׂ͕τϩΠμϧํͱํܘͷ 2 ͱ֦ு͞ݩ࣍

Εɼશମͱͯ͠ 4 ϨϕϧͰͷฒྻ࣮ͱͳͬͨɽैͬͯɼτϩΠμϧํͷׂΛNtɼํܘΛNrɼ

ׂ͞ΕͨྖҬ্͕ࢠ֨ͭ࣋ͷཻࢠΛ Nrp ͱׂ͢Δͱɼ૯ MPI ϓϩηε N = Nt ×Nr ×Nrp

ͱͳΔɽ

ਤ 2.3 ʹ GTC-P ͷϙϩΠμϧஅ໘্ͷ֨ࢠͷͱྖҬׂͷํ๏Λࣔ͢ɽਤ 2.3 ͷࠨͷ໘͕ࣔ͢

Α͏ʹ GTC-P ͷϙϩΠμϧஅ໘্ͷ֨ࢠɼϙϩΠμϧํڑͰͳ͘ڑํܘʹ͢Δɽ

ͦͷͨΊɼGTC-P ͰϙϩΠμϧํͰͳ͘ํܘͷྖҬׂΛ࠾༻͍ͯ͠Δɽ·ͨɼτϩΠμϧํ

߹ɼτϩͨͬߦରִͯؒ͠ʹׂΛʹํܘରͯ͠τϩΠμϧ֯ͰͷׂՄͳҰํͰɼʹ

Πμϧஅ໘্ͷ֨ࢠͷҰఆͰͳ͍ͨΊϓϩηεຖͷԋྔࢉʹେ͖ͳ͕ࠩੜ͡ϩʔυΠϯόϥ

ϯε͕ൃੜ͢ΔɽGTC-P Ͱɼํܘͷׂʹ͓͍֤ͯϓϩηε͕ࢠ֨ͭ࣋ͷภΓΛݮΒͨ͢Ίʹɼ

ਤ 2.3 ͷӈͷ໘͕ࣔ͢Α͏ʹํܘͷத৺ͷྖҬͷ෯Λ͘ɼ֎ଆ͏͔ʹͭΕͯ෯Λ͘ڱׂ͢Δ͜

ͱͰɼ֨ࢠΛྗۃଗ͍͑ͯΔɽ

GTC-P chargeɼpoissonɼfieldɼsmoothɼpushٴͼ shiftͷ 6छྨͷԋࢉΧʔωϧͰߏ͞ΕΔɽcharge

֨ࢠͷཻి͕ͭ࣋ࢠՙΛۙͷ֨ࢠʹ͢Δɽpoisson ϙΞιϯํఔࣜΛղ͖ͦͷ݁ՌΛجʹɼ
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field ʹͯిΛ͠ࢉܭɼsmooth ʹΑͬͯి্Ͱిՙͱ੩ిϙςϯγϟϧ͕ฏԽ͞ΕΔɽpush ཻ֤

Ίɼ1ٻҐஔͰͷిΛࡏݱͷࢠʑͷཻݸ͔Βࢠͷۙ֨ࢠ εςοϓཻࢠͷҐஔΛਐΊΔɽ͜ͷࢠཻ࣌

ͷҠಈઌ͕ผͷϓϩηε͕ྖͭ࣋Ҭͷ߹ɼshift Ҡಈͷ௨৴͕ൃੜ͢Δɽpoissonɼsmoothࢠཻͯʹ ͼٴ

field ͕ओʹ֨ࢠʹΑΔͷԋࢉͱͳΓɼchargeɼpush ͼٴ shift ͱͳΔɽͨͩ͠ɼchargeɼࢉԋࢠཻ͕

push ֨ࢠʹΑΔԋࢉؚΉɽ

2.3 XMPϋΠϒϦουϏϡʔ

XMP ͷάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔΛΈ߹ΘͤͨϋΠϒϦουϏϡʔͷઆ໌Λࣔ͢ɽXMP

Ͱ্༷ɼάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔͷಉҰϓϩάϥϜ্Ͱͷهड़ΛՄͱ͍ͯ͠Δɽάϩʔ

όϧϏϡʔͱϩʔΧϧϏϡʔΛಉ࣌ʹѻ͏ͨΊʹɼάϩʔόϧϏϡʔ͕ఆٛ͢ΔࢄྻΛϩʔΧϧͳ

໊લۭؒͰͲͷΑ͏ʹѻ͏͔Λྀ͢ߟΔඞཁ͕͋ΔɽXMP ͰԼهͷ 3 छྨͷํ๏͕͑ߟΒΕΔɽ

• ؔͷҾʹࢄྻΛࢦఆ͢ΔɽؔΛݺͿଆࢄྻͰ͋Δ͕ɼؔͰϩʔΧϧྻͱ

ͯ͠ѻΘΕΔɽ

• taskࣔࢦจͷϒϩοΫͰྻೖจʹΑΓɼࣗϊʔυ͕ͭ࣋ࢄྻͷཁૉΛϩʔΧϧม

ྻͱίϐʔΛ͢Δɽ

• XMP/C Ͱ xmp array laddr()ɼXMP/Fortran  local alias ࣋จΛ༻͍ͯɼ֤ϊʔυ͕ࣔࢦ

ͭࢄྻͷϩʔΧϧྖҬΛऔಘ͢Δɽ

1 ͭͷํ๏ͷৄࡉΛࣔ͢ɽXMP ͰؔͰࢄྻΛѻ͏߹ɼҾʹࢄྻΛࢦఆؔ͠Ͱ

alignࣔࢦจͳͲΛهड़͢Δ͜ͱͰɼࢄྻͱͯ͠࠶ఆٛΛ͢Δඞཁ͕͋Δɽ࠶ఆٛΛ͠ͳ͍߹ɼ

ϊʔυϩʔΧϧͳྻͱͯ͠ѻΘΕΔͷͰɼ͜ͷػΛར༻͠ϩʔΧϧϏϡʔϓϩάϥϛϯάΛ͜͏ߦ

ͱ͕ՄͰ͋Δɽ2 ͭͷ߹ɼࣗϊʔυ͕ͭ࣋ࢄྻͷཁૉΛϩʔΧϧมྻͱೖ͢

ΔɽXMP Ͱ gmoveࣔࢦจΛهड़͠ͳ͍ݶΓɼଞϊʔυ͕ͭ࣋ࢄྻͷཁૉͷࢀরΛ͍ͯ͠ڐͳ͍

ͨΊɼඞͣࣗϊʔυ͕ྖͭ࣋ҬͷΈΛهड़͢Δඞཁ͕͋Δɽͦ͜ͰɼXMP ͷ taskࣔࢦจͱ onઅͰɼ

ྻೖจΛ࣮͢ߦΔϊʔυΛϊʔυू߹ςϯϓϨʔτΛ༻੍͍ͯ͢ݶΔ͜ͱͰهड़͕Մͱ͋Δɽ3 ͭ

ɼXMP ͷϥϯλΠϜؔࣔࢦจΛ༻͍ͨྫͰ͋ΔɽXMP/C  xmp array laddr() ʹࢄྻΛࢦ

ఆ͢Δ͜ͱͰɼࢄྻͷϩʔΧϧྖҬΛ͢ࢦϙΠϯλΛऔಘͰ͖ΔɽXMP/Fortran Ͱ local alias

ྻͷϩʔΧϧྖҬΛΞΫηε͢ΔͨΊͷΤࢄఆ͢Δ͜ͱͰɼࢦྻΛࢄఆྻͱࢦঢ়ແܗʹจࣔࢦ

ΠϦΞεΛఆٛ͢Δɽ͜ͷख๏ͷ߹ɼҰͷࢦఆͰϓϩάϥϜதԿͰࢄྻͷϊʔυϩʔΧϧͳ

ཁૉΛѻ͏͜ͱ͕ՄͰ͋Δɽ

2.4 ࣮

GTC-P ͷ XMP ࣮ͷํΛࣔ͢ɽXMPɼMPI ͷ࣮ߦ୯ҐΛϓϩηεͱ౷Ұͯ͠ޙࠓͷઆ໌Λࣔ

͢ɽGTC-P ͷஞ࣮࣍Λϕʔεͱͯ͠ఏҊख๏Ͱ͋ΔϋΠϒϦουϏϡʔʹΑΔ࣮Λ͏ߦɽσʔλ

ͷࢄஔԋࢉϧʔϓͷฒྻ࣮ߦάϩʔόϧϏϡʔͷࣔࢦจʹΑΓ࣮͠ɼྡ֨ࢠؒͷ௨৴

reflectࣔࢦจʹΑΔକྖҬ௨৴ͱͯ͠هड़͢Δɽ·ͨɼཻࢠͷҠಈʹ͏ϓϩηεؒ௨৴ coarray
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ιʔείʔυ 2.2 MPI ʹΑΔ GTC-P ͷྡ֨ࢠͷߋ৽ɽ

1 double ∗sendr, ∗recvl;

2

3 for (i = 0; i < nloc over; i++) {
4 sendr[i] = phitmp[i ∗ (mzeta + 1) + mzeta];

5 }
6

7 MPI Sendrecv(sendr, nloc over, MPI DOUBLE, right pe, isendtag,

8 recvl, nloc over, MPI DOUBLE, left pe, irecvtag, toroidal comm, &istatus);

ιʔείʔυ 2.3 XMP ϩʔΧϧϏϡʔʹΑΔ GTC-P ͷྡ֨ࢠͷߋ৽ɽ

1 double sendr[nloc over], recvl[nloc over]:[∗];

2

3 for (i = 0; i < nloc over; i++) {
4 sendr[i] = phitmp[i ∗ (mzeta + 1) + mzeta];

5 }
6

7 recvl[0:nloc over]:[right pe] = sendr[0:nloc over];

8 xmp sync memory(NULL);

9 #pragma xmp post(P1(right pe), mype+1)

10 #pragma xmp wait(P1(left pe), left pe)

ʹΑΓ࣮͠ɼಈతʹมԽ͢ΔσʔλαΠζʹରԠ͢ΔɽGTC-P ͷΦϦδφϧͷ MPI ࣮ͱൺֱ͠ɼಉ

ͷੑͰ͍ߴੜ͕ੑ࢈ಘΒΕΔ͜ͱΛࣔ͢ɽ·ͨɼൺֱͱͯ͠ϩʔΧϧϏϡʔͷΈΛ༻͍࣮ͯΛߦ

͍ MPI ࣮ͱൺֱΛ͢Δ͜ͱͰɼϩʔΧϧϏϡʔʹΑΔ௨৴ੑͱ coarray ͷهड़ੑͷ͞ߴ߹Θͤͯ

ࣔ͢ɽ

XMP ͷ࣮྆ͱʹ MPI Bcast()  MPI Allreduce() ͷΑ͏ͳશମ௨৴ɼάϩʔόϧϏϡʔ͕ఏڙ

͢Δ bcastɼreductionࣔࢦจΛͦΕͧΕ༻͍Δɽ·ͨɼGTC-P  OpenMP ʹΑΔεϨουϨϕϧ

ͰͷฒྻԽߦΘΕ͍ͯΔͨΊɼຊ࣮ʹ͓͍ͯ XMP ͱ OpenMP ΛΈ߹Θͤͯهड़͠ɼͦͷ࣮

ͷੑධՁ͏ߦɽ

2.4.1 ϩʔΧϧϏϡʔ࣮

GTC-P ͷϩʔΧϧϏϡʔʹΑΔ࣮Λࣔ͢ɽGTC-P ʹ͓͚ΔϓϩηεؒͰͷྡ֨ࢠͷߋ৽ཻࢠ

ͷҠಈʹ͏௨৴ MPI Sendrecv() ·ͨɼMPI Isend/Irecv() ʹΑΓهड़͞ΕΔɽ௨৴ઌৗʹಉҰͰ

͋ΓɼҰ෦Λআ͖ྡϓϩηεؒͰͷ௨৴ͱͳΔɽϩʔΧϧϏϡʔ࣮Ͱɼશମ௨৴Λআ͖શͯͷ௨৴
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ιʔείʔυ 2.4 MPI ʹΑΔ GTC-P ͷཻࢠҠಈɽ

1 /∗ Send # of particles to right neighbor and receive from left neighbor ∗/

2 MPI Sendrecv(&nsendright, 1, MPI INT, right pe, sendtag,

3 &nrecvleft, 1, MPI INT, left pe, recvtag, toroidal comm, &istatus);

4 /∗ Send particles to right neighbor and receive from left neighbor ∗/

5 MPI Sendrecv(sendright, nsendright, MPI DOUBLE, right pe, sendtag,

6 recvleft, nrecvleft, MPI DOUBLE, left pe. recvtag, toroidal comm, &istatus);

ιʔείʔυ 2.5 XMP ϩʔΧϧϏϡʔʹΑΔ GTC-P ͷཻࢠҠಈɽ

1 /∗ Put # of particles to right neighbor ∗/

2 nrecvleft:[right pe] = nsendright;

3 /∗ Put particles to right neighbor ∗/

4 recvleft[0:nsendright]:[right pe] = sendright[0:nsendright];

5 /∗ Synchronization ∗/

6 xmp sync memory(&status);

7 #pragma xmp post(P1(right pe), mype+1)

8 #pragma xmp wait(P1(left pe), left pe)

Λ coarray/Put ʹΑΔยଆ௨৴ͱ͢Δɽ

ιʔείʔυ 2.2 ʹ MPI ࣮ʹΑΔྡ֨ࢠͷߋ৽Λࣔ͢ɽྻ sendrɼrecvl ௨৴ʹ༻͍Δૹ৴ɼ

ड৴༻ͷόοϑΝͰ͋Γɼ༧ΊαΠζ nloc over ྖҬ͕֬อ͞Ε͍ͯΔɽMPI Ͱ௨৴Λ͢ΔྖҬ 3

͔Β 5 Δྻ࣋͢ใΛอࢠΑΓɼ֨ߦ phitmp ͔Βྡϓϩηεͱૹ৴͢ΔྖҬΛྻ sendr 

ύοΩϯά͢Δɽ7 Ҏ߱ͷߦ MPI Sendrecv() ʹΑΓྻ sendr ͷ nloc over Λϓϩηε right pe ૹ

৴͠ɼϓϩηε left pe ΑΓૹ৴͞Εͨྡ֨ࢠྻ recvl ʹड৴͞ΕΔɽड৴ͨ͠ྻ recvl ΑΓΞ

ϯύοΩϯάΛࢠ͍֨ߦΛྻ phitmp ͱ͕͢ɼGTC-P ͰΞϯύοΩϯά࣌ʹԋࢉΛ͍ߦͳ͕Β

όοϑΝೖ͍ͯ͠ΔͨΊৄࡉͳίʔυলུ͢Δɽ

ιʔείʔυ 2.3 ʹϩʔΧϧϏϡʔͷ coarray ʹΑΔྡ֨ࢠͷߋ৽Λࣔ͢ɽOmni XMP Compiler

ͷ coarray ࣮ɼcoarray ͷରͱͳΔόοϑΝΛάϩʔόϧྖҬʹ੩తʹ֬อ͓ͯ͘͠ඞཁ͕͋Δͨ

Ίɼ1 ͰڀݚͷΑ͏ʹૹ৴ɼड৴༻ͷόοϑΝΛ੩తʹఆٛͨ͠ɽຊߦ coarray/Put ʹΑΔ࣮ͱͨ͠

ͨΊɼड৴༻όοϑΝͷྻ recvl Λ coarray ༻ͷྻͱͯ͠એͨ͠ݴɽྡϓϩηεͱૹ৴͢Δόο

ϑΝͷύοΩϯά MPI ࣮ͱಉ༷ʹ͏ߦɽ௨৴ 7 ͷྻೖจͰ͋Γɼྻߦ sendr ͷΠϯ

σοΫε 0 ͔ΒαΠζ nloc over Λϓϩηε right pe ͷྻ recvl ͷΠϯσοΫε 0 ͔ΒαΠζ nloc over

 Put Λ࣮͢ߦΔɽcoarray ͷΈอূ͞ΕΔͨΊɼxmpྃϩʔΧϧͰͷ௨৴ޙจߏ sync memory() ʹ

ΑΓ௨৴ରͷϓϩηεͷ౸ୡͷอূ͕ඞཁͱͳΔɽ·ͨɼPut ΕΔϓϩηεɼPut͞ߦ࣮͕ ͕ྃ

͔ͨ͠Ͳ͏͔ΛΔ͜ͱͰ͖ͳ͍ͨΊɼXMP ͷ postɼwaitࣔࢦจʹΑΓยଆ௨৴ͷྃ௨Λه
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ड़͢Δඞཁ͕͋Δɽιʔείʔυ 2.3 ͷ߹ɼ9 Ͱ௨৴ରͷϓϩηεߦ right pe ʹରͯ͠ postࣔࢦ

จΛ࣮͠ߦɼϓϩηε left pe ΑΓ࣮͞ߦΕΔ Put Δ·Ͱ͕ྃ͢ 10 ͷߦ waitࣔࢦจͰ͢ػΔɽ

ιʔείʔυ 2.4 ʹ MPI ࣮ʹΑΔཻࢠҠಈͷ࣮Λࣔ͢ɽཻࢠҠಈͷ࣮ϓϩηε right pe ʹର

ͯ͠ྻ sendright ͷཻࢠσʔλΛૹ৴͠ɼϓϩηε left pe ΑΓྻ recvleft σʔλΛड৴͢Δɽࢠཻʹ

௨৴͞ΕΔཻࢠαΠζΠςϨʔγϣϯຖʹҟͳΔͨΊɼGTC-P Ͱ 1 ճͷཻࢠҠಈʹରͯ͠ 2 छྨͷ

௨৴ʹΑΔ࣮͕औΒΕ͍ͯΔɽ·ͣɼ2 ͷ௨৴ʹΑΓϓϩηεߦ left pe ͔Βૹ৴͞ΕΔཻࢠσʔλͷ

αΠζ nrecvleft ͷΈΛड৴͠ɼ5 ϓϩηεʹجαΠζΛࢠͷ௨৴Ͱड৴ཻͨ͠ߦ left pe ΑΓཻࢠσʔ

λΛྻ recvleft ʹड৴͢Δɽૹ৴͢Δσʔλ௨৴૬खʹґΒͣσʔλαΠζ͕ܾఆ͞ΕΔͨΊɼ௨৴

͢ΔཻࢠσʔλͷαΠζ nsendrecv ͱཻࢠσʔλͷྻ sednright ΛͦΕͧΕૹ৴͢Δɽ

ยଆ௨৴ͷ߹ɼ௨৴ରʹґΒͣʹ௨৴Λ࣮ߦՄͰ͋ΔͨΊɼରʹ௨৴αΠζΛલͬͯ

ΒͤΔιʔείʔυ 2.4 ͷ 2 ͷ௨৴ඞཁͳ͍ɽ͔͠͠ɼGTC-Pߦ ͷ߹ड৴͢ΔཻࢠαΠζΛ

༻͍ͨԋߦ͕ࢉΘΕΔͨΊɼMPI ࣮ͱಉ༷ʹ 2 ճͷ௨৴ʹΑΔ࣮ͱͨ͠ɽιʔείʔυ 2.5 ʹϩʔΧ

ϧϏϡʔͷ coarray ʹΑΔཻࢠҠಈͷ࣮Λࣔ͢ɽ2 αΠζࢠͰཻߦ nsendright Λϓϩηε right pe ͷ

nrecvleft  Put ͠ɼ4 σʔλͰ͋ΔྻࢠͰཻߦ sendright ͷΠϯσοΫε 0 ͔ΒαΠζ sendright Λϓ

ϩηε right pe ͷྻ recvleft ͷΠϯσοΫε 0 ͔ΒαΠζ nsendright  Put ͢Δɽ௨৴ͷಉظྡ֨

ʹ৽ͱಉ༷ߋͷࢠ xmp sync memory()ɼpostɼwaitࣔࢦจΛ༻͍ͨྡಉ࢜ͷϓϩηεʹΑΔಉظ

ͱͨ͠ɽ

2.4.2 ϋΠϒϦουϏϡʔ࣮

GTC-P ͷϋΠϒϦουϏϡʔʹΑΔ࣮Λࣔ͢ɽGTC-P ͷτϩΠμϧํɼํܘͷྖҬׂ 2.2.2

અΑΓτϩΠμϧํִؒʹׂ͞ΕΔ͕ɼํܘʹରͯ֨͠ࢠΛྗۃଗ͑ΔͨΊʹॳ֨ظ

Ұʹׂ͞ΕΔɽXMPۉෆʹ࣌ࢉԋࢠ ͰɼάϩʔόϧϏϡʔ͕ఏ͢ڙΔ distribute จͷࣔࢦ

gblockʹΑΔσʔλࢄΛ͏ߦɽgblock֤ϓϩηε͕ड͚ͭ࣋σʔλྖҬͷαΠζΛϢʔβ͕ࢦ

ఆ͢Δ͜ͱ͕ՄͰ͋ΓɼϓϩηεຖʹෆۉҰʹσʔλΛࢄஔ͢Δ͜ͱ͕ՄͰ͋Δɽιʔείʔ

υ 2.6 ɼԋྖࢉҬʹରͯ͠ gblock ׂΛ༻͍ͨ߹ͷάϩʔόϧϏϡʔʹΑΔ GTC-P ͷσʔλ

ͷ࣮Ͱ͋Δɽ18ߦͱฒྻ࣮ࢄ ͷߦ distributeࣔࢦจͰ gblockࢦఆͷࡍʹɼ֤ϊʔυ͕ͭ࣋

ׂྖҬͷαΠζ͕֨ೲ͞ΕͨྻʢྫͰ 11 ͷྻߦ b Λ͢ࢦʣΛࢦఆ͢Δ͜ͱͰෆۉҰͳׂΛߦ

͏ɽMPI ࣮Ͱɼ֤ϓϩηε͕ͭ࣋ྻαΠζಈతʹ֬อ͞ΕΔ͕ɼϋΠϒϦουϏϡʔ࣮Ͱશ

ͯ੩తʹهड़͍ͯ͠ΔɽXMP ͷ༷ͰಈతʹςϯϓϨʔτࢄྻΛఆٛ͢Δ͜ͱ͕ՄͰ͋Γɼ

Omni XMP Compiler ʹͦΕΒͷػ͕طʹ࣮͞Ε͍ͯΔɽͦ͜Ͱɼޙࠓͷ՝ͱͯ͠ಈతʹςϯϓ

ϨʔτɼࢄྻΛ֬อ͢Δ࣮Λ͜͏ߦͱ͕͛ڍΒΕΔɽ·ͨɼfor ϧʔϓͷԋൣࢉғ֤ϓϩηε͕

ఆ͢Δඞཁͳ͘ɼ27ࢦɼऴྃΠϯσοΫεΛ࢝ྻαΠζʹΑͬͯ։ͭ࣋ ͔Β 31 ͷ࣮࣍ͷஞߦ

for ϧʔϓʹରͯ͠ XMP ͷ loop จࣔࢦ OpenMP ͷ parallel for จʹΑͬͯϓϩηεؒͰࣔࢦ

ͷฒྻ࣮ߦɼϓϩηεͰͷεϨουฒྻΛهड़ՄͰ͋Δɽ

ྡ֨ࢠؒͷ௨৴ʹάϩʔόϧϏϡʔͷ reflect จΛ༻͍Δɽιʔείʔυࣔࢦ 2.7 ɼ

reflectࣔࢦจʹΑΔ࣮Ͱ͋Γɼιʔείʔυ 2.2ɼ2.3 ͱಉ༷ͷ௨৴Λද͢ɽwidthઅʹΑΓɼఆ

ٛ͞ΕͨକྖҬͷยଆͷΈΛରͱͨ͠௨৴ͱ͠ɼperiodicࢦఆʹΑΓ࠲ۃඪܥͷΑ͏ͳपճσʔλ
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ιʔείʔυ 2.6 XMP ϋΠϒϦουϏϡʔʹΑΔ GTC-P ͷσʔλࢄͱฒྻ࣮ߦɽ

1 #define n t 2

2 /∗ Number of the toroidal domain decomposition ∗/

3 #define n r 4

4 /∗ Number of the radial domain decomposition ∗/

5 #define n rp 2

6 /∗ Number of the particle decomposition ∗/

7

8 #define nloc all 107722

9

10 double phitmp[nloc all][2∗n t];

11 int b [n r∗n rp] = {10967,10967,14086,14086,16164,16164,12644,12644};

12 /∗ Block size of each nodes in the ‘‘gblock’’ distribution ∗/

13

14 #pragma xmp nodes P2(n r ∗ n rp, n t)

15 /∗ Number of processes (nodes) ∗/

16 #pragma xmp template T(0:nloc all−1, 0:2∗n t−1)

17 /∗ Template length ∗/

18 #pragma xmp distribute T(gblock(b), block) onto P2

19 /∗ Distribution format of the template ∗/

20 #pragma xmp align phitmp[i][j] with T(i, j)

21 /∗ Alignment of an array with a template ∗/

22 #pragma xmp shadow phitmp[0][1:0]

23 /∗ Assignment of the halo region ∗/

24

25 #pragma xmp loop (i, j) on T(i, j)

26 #pragma omp parallel for
27 for (int i = 0; i < nloc all; i++) {
28 for (int j = 0; j < 2 ∗ n t − 1; j++) {
29 phitmp[i][j] = func(i, j);

30 }
31 }
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ιʔείʔυ 2.7 XMP ϋΠϒϦουϏϡʔʹΑΔྡ֨ࢠͷߋ৽ɽ

1 #pragma xmp reflect (phitmp) width (0, /periodic /1:0)

ද 2.1 ʢHA-PACSڥݧ࣮ Base Clusterʣɽ

CPU Intel Xeon E5-2670 ʷ 2 (2.6GHz)

CPU (8 cores/CPU) ʷ 2 = 16 cores

Memory 128GB, DDR3 1600MHz

Interconnect Mellanox Connect-X3 Dual-port QDR

Software GNU 4.4.7

MVAPICH2 2.0

Omni Compiler 0.9.0

GASNet 1.24.0

ʹରͯ͠ɼϓϩηεಉ࢜ͷକྖҬͷߋ৽Λ͜͏ߦͱΛද͢ɽକྖҬͱͯ͠ྡ֨ࢠؒͷ௨৴Λ͏ߦ

͜ͱͰɼMPIɼϩʔΧϧϏϡʔ࣮Ͱ͍ͨͯͬߦ௨৴ͷͨΊͷύοΩϯά/ΞϯύοΩϯάɼXMP ϥϯ

λΠϜͰࣗಈతʹ࣮͞ߦΕΔɽҰํͰɼཻࢠҠಈʹΑΔ௨৴ coarray Ͱ࣮Λ͏ߦɽ2.3 અʹهड़͞

Εͨख๏Λ༻͍ͯࢄྻΛϓϩηεϩʔΧϧͳྻͱͯ͠ѻ͏ɽGTC-P ͷࢉܭؔຖʹ͚ͯهड़

͞Ε͍ͯΔͨΊɼຊڀݚͰɼؔͷҾͱͯ͠ࢄྻΛ͠ɼؔͰϩʔΧϧྻͱͯ͠ѻ͏ํ๏

ͱɼxmp array laddr() ʹΑΔࢄྻͷϩʔΧϧྖҬΛ͢ࢦϙΠϯλʹΑΔ࣮ͷ 2 छྨͷํ๏Λ༻͍

ͨɽͦͷͨΊɼάϩʔόϧϏϡʔͰهड़͞Ε࣮ͨʹରͯ͠ϩʔΧϧϏϡʔ͕༻ՄͰ͋ΓɼཻࢠҠಈ

ʹΑΔ௨৴ϩʔΧϧϏϡʔ࣮Ͱ͋Διʔείʔυ 2.5 ͱશ͘ಉ͡Ͱ͋Δɽ

2.5 ධՁ

GTC-P ͷΦϦδφϧͷ MPI ࣮ͱຊڀݚͰఏҊ͢ΔϋΠϒϦουϏϡʔʹΑΔ࣮ΛࢄϝϞϦڥ

্Ͱ࣮ߦɼൺֱΛ͢Δ͜ͱͰɼϋΠϒϦουϏϡʔʹΑΔ࣮ͷੑͱੜੑ࢈Λࣔ͢ɽ·ͨɼϩʔΧϧ

ϏϡʔͷΈʹΑΔ࣮ͷධՁ͍ߦɼϩʔΧϧϏϡʔ͕ఏ͢ڙΔ coarray ͱ MPI Λൺֱͨ͠ͱ͖ͷੑͱ

ੜੑ࢈߹Θͤͯࣔ͢ɽશͯͷ࣮ʹ͓͍ͯετϩϯάɾΟʔΫεέʔϦϯάͷ 2 छྨͷख๏Ͱੑධ

ՁΛ͏ߦɽ

2.5.1 ௨৴ੑͷධՁ

2015  3 ɼOmniࡏݱ݄ XMP Compiler ͷ XMP/C ͷ coarray ɼϥϯλΠϜϥΠϒϥϦͷ࣮ʹ MPI

Ͱͳ͘ GASNet[40] ͕༻͍ΒΕ͍ͯΔɽຊڀݚͰɼϋΠϒϦουϏϡʔɼϩʔΧϧϏϡʔʹΑΔ࣮

Λ͏ߦʹ͋ͨΓɼMPI Send/Recv() ͳͲʹΑΔҰରҰ௨৴Λ coarray ʹΑΔยଆ௨৴ͷ Put ͱมߋΛߦ

͏ɽ௨৴ํ๏ͷҧ͍ GASNet ͷ࠷దԽͳͲʹΑΓɼΞϓϦέʔγϣϯͷੑʹӨڹΛ༩͑ΔՄੑ͕͋
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ਤ 2.4 ௨৴ੑͷධՁʢHA-PACS Base ClusterʣɽMPIʢMPI Send()/MPI Recv()ʣͱXMPʢcoarray/Putʣ
ͷ௨৴ੑͷൺֱɽ

Δ͜ͱ͔ΒɼPing-Pong ϓϩάϥϜʹΑΔ௨৴ੑͷධՁΛࣔͨ͠ͷͪʹΞϓϦέʔγϣϯͷධՁΛ͏ߦɽ

ηϯλʔͷฒྻڀݚՊֶࢉܭͱͯ͠ɼஜେֶڥݧ࣮ GPU ΫϥελͰ͋Δ HA-PACS Base Cluster

෦ [39] Λ༻͍ΔɽHA-PACS ͷ 1 ϊʔυͷڥػࢉܭ༻ͨ͠ιϑτΣΞͷόʔδϣϯΛද 2.1 ʹࣔ

͢ɽ1 ϊʔυɼIntel Xeon E5-2670 ͷ 2 ιέοτߏͰ͋ΔͨΊ 16 ίΞΛར༻ՄͰ͋ΔɽΠϯλʔί

ωΫτͱͯ͠ Mellanox Connect-X3 Dual-port QDR Λ࠾༻͓ͯ͠ΓཧϐʔΫόϯυ෯ 40Gb/s×2 Ͱ

͋Δɽ1 ϊʔυʹ 4GPU Λ͍ͯ͠ࡌΔ͕ɼຊڀݚͰϗετ CPU ͷΈΛରͱ͢ΔɽXMP ʹ Omni

Compiler 0.9.0 Λར༻͠ɼXMP ͷόοΫΤϯυΦϦδφϧͷ MPI ࣮ͷ࣮ߦͷͨΊͷ MPI ίϯύΠ

ϥʹɼΦϋΠΦभཱେֶ͕ڀݚ։ൃΛਐΊ͍ͯΔ MVAPICH2[41] 2.0 Λ༻͢Δɽ

MPI ௨৴ͷධՁͷͨΊͷ Ping-Pong ϓϩάϥϜɼΦϋΠΦभཱେֶ͕ఏ͢ڙΔ OSU Micro-

Benchmarks[38] Λ༻͠ɼcoarray ͷධՁʹ OSU Micro-Benchmark Λϕʔεʹยଆ௨৴ʹ

ΑΔ Ping-Pong ϓϩάϥϜΛ࣮ͨ͠ɽHA-PACS ͷ InfiniBand  2 ϙʔτΛͭ࣋ HCA Χʔ

υΛ࠾༻͍ͯ͠ΔɽͦͷͨΊɼMPI  GASNET ͷڥมΛ MV2 NUM PORTS=2ɼGAS-

NET IBV PORTS=“mlx4 0:1+mlx4 0:2” ͱ͠ɼMPI ͱ XMP ͱʹ 2 ϙʔτΛ༻͢Δઃఆͱͨ͠ɽਤ

2.4 ʹ MPIʢMPI Send/Recv()ʣͱ XMPʢcoarrayʣͷ௨৴ੑΛࣔ͢ɽ݁Ռͱͯ͠ɼ௨৴αΠζ͕ 64KB

·Ͱ GASNet ࣮ʹΑΔ coarray ͷ௨৴ੑ͕ྑ͘ɼͦΕҎ߱ MPI Send/Recv() ʹΑΔ௨৴͕༗རͱ

ͳΓɼ࠷େͰ 2GB/s ͷ͕ࠩੜ͡Δ͜ͱ͕Θ͔ͬͨɽ
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ද 2.2 ͷׂʢNtݩ֤࣍ ×Nr ×Nrpʣ=ʢτϩΠμϧํ ํܘ× ʣɽࢠཻ×

Processes Toroidal Radial Particle

16 2× 2× 4 2× 4× 2 2× 2× 4

32 4× 2× 4 2× 8× 2 2× 2× 8

64 8× 2× 4 2× 16× 2 2× 2× 16

128 16× 2× 4 2× 32× 2 2× 2× 32

256 32× 2× 4 2× 64× 2 2× 2× 64

512 64× 2× 4 2× 128× 2 2× 2× 128

ද 2.3 ΟʔΫεέʔϦϯάධՁ࣌ͷ GTC-P ͷαΠζΛܾఆ͢Δ֤ύϥϝʔλͷɽ

Problem Size A Default Toroidal Radial Particle

mstep 100 20 20 20

mpsi 90 90 90–2880 90

mzetamax 64 2–64 2 2

micell 100 100 100 100–3200

2.5.2 αΠζɼׂํ๏

GTC-P ͷσʔλׂϓϩηεϚοϐϯάɼαΠζΛࣔ͢ɽGTC-P  MPI ʹΑΓτϩΠμϧํ

ͷࢠͼׂ͞ΕͨྖҬͷཻٴํܘɼ 3 Δɽͦ͜Ͱɼ2͍ͯͬߦׂΛݩ࣍ ͭͷݩ࣍ͷׂΛݻ

ఆ͠ɼ1 ͏ߦɽετϩϯάɾΟʔΫεέʔϦϯάͰͷධՁΛ͏ߦͷΈͷׂΛมಈͤͨ͞ධՁΛݩ࣍

ʹ͋ͨΓɼද 2.2 ͷΑ͏ʹׂΛܾఆͨ͠ɽදͷࠨͷྻ͔Β૯ϓϩηεɼτϩΠμϧํͷׂΛ

มಈͨ͠߹ͷ֤ݩ࣍ͷϓϩηεɼٴํܘͼཻࢠͷ߹ͱฒͿɽ2 ͭͷݩ࣍ͷׂΛͦΕͧΕ 2

ϓϩηεʹݻఆ͠ɼ1 ͷׂΛݩ࣍ 4 ͔Β 128 ϓϩηεͱ૿Ճͤ͞Δɽྫ͑ɼཻࢠͷׂΛ 4 ͔

Β 128 ϓϩηεͱ૿Ճͤ͞Δ߹ɼτϩΠμϧํͱํܘׂͦΕͧΕ 2 ϓϩηεͱͳΔɽ͠

͔͠ɼτϩΠμϧํτϩΠμϧ໘ຖʹ֨ࢠΛอ࣋͢ΔͨΊɼׂͷ૿Ճຖʹԋྔࢉ૿Ճ͢Δɽ

ैͬͯɼτϩΠμϧํݶʹΓΟʔΫεέʔϦϯάͷΈͷධՁͱͳΔɽ·ͨɼཻࢠํܘͱಉ༷

ʹׂΛͨͬߦ߹ɼ16 ϓϩηεͰͷׂΛ 4 × 2 × 2ͱ 2 × 2 × 4ͱͨ͠߹ʹԋ͕ྔࢉഒҟͳΔɽ

ͦͷͨΊɼଞͷׂํ๏ͱԋྔࢉΛଗ͑ΔͨΊɼτϩΠμϧํͷׂΛมಈͤͨ͞߹ͷධՁʹݶ

ΓɼτϩΠμϧํͷׂΛ 2 ͔Β 64 ϓϩηε·Ͱͱ͠ɼํܘͷׂ 2 ϓϩηεɼཻࢠͷ

ׂ 4 ϓϩηεͱ͢ΔɽධՁʹ 1 ϊʔυ͋ͨΓ 16 ϓϩηεΛஔ͠ɼ࠷େ 32 ϊʔυ 512 ϓϩηε

Λ༻͍ͯܭଌΛͨͬߦɽXMP/MPI+OpenMP ࣮ͷධՁʹɼ1 ϊʔυ 1 ϓϩηεͱͯ͠ 32 ϊʔυΛ

༻͠ɼ1 ϓϩηε͋ͨΓͷεϨουΛ 1 ͔Β 16 ͱมಈͤ͞Δɽׂํ๏ɼτϩΠμϧํɼํܘ

ͷׂΛͦΕͧΕࢠͼཻٴ 2× 8× 2ɼ2× 2× 8ͱͨ͠ɽ

GTC-P ʹԋྔࢉΛܾఆ͢Δύϥϝʔλͱͯ͠ɼԋࢉεςοϓΛද͢ mstepɼํܘͷ֨ࢠ mpsiɼ࠷
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ਤ 2.5 ΟʔΫεέʔϦϯάͷੑධՁʢτϩΠμϧํͷׂΛมಈʣɽ

֎֪ͰͷϙϩΠμϧ֨ࢠ mthetamaxɼτϩΠμϧ֨ࢠ mzetamax ࢠ͋ͨΓͷཻࢠͼ֨ٴ micell ͕

͋ΔɽGTC-P αΠζ A ͔Β D ͷ 4 छྨΛఏ͓ͯ͠ڙΓ A ͰڀݚখͷαΠζͱͳΔɽຊ࠷͕

 mstep Λ 20 ͱ͠ɼmpsiɼmzetamaxɼmicell αΠζ A Λجʹׂ୯ҐͰΛม͠ߋɼετϩ

ϯάɾΟʔΫεέʔϦϯάͷධՁΛ͏ߦɽαΠζ֤ύϥϝʔλͷΛද 2.3 ʹࣔ͢ɽΟʔΫε

έʔϦϯάධՁ࣌ʹׂ֤Λ૿Ճͤ͞ΔຖʹύϥϝʔλΛ૿Ճͤ͞Δɽྫ͑ɼཻࢠͷׂΛ૿

Ճͤ͞Δ߹ɼmpsiɼmzetamax ͷΛݻఆ͠ɼmicell ͷΛ 100 ͔Β 3200 ͱ૿Ճ͠ධՁΛ͏ߦɽε

τϩϯάεέʔϦϯάධՁ࣌ʹɼmstepɼmpsiɼmzetamax ͼٴ micell ΛͦΕͧΕɼ20ɼ90ɼ2ɼ100 ͱ

ͨ͠ɽ

2.5.3 ੑධՁ

ΟʔΫεέʔϦϯάͷධՁ

ਤ 2.5ɼ2.6 ͼٴ 2.7 ʹτϩΠμϧํɼํܘɼཻࢠͷׂΛมಈͤͨ͞߹ͷΟʔΫεέʔϦ

ϯάʹΑΔධՁΛࣔ͢ɽάϥϑ࣮ؒ࣌ߦɼંΕઢάϥϑ MPI ࣮ͷੑΛ 1 ͱͨ͠ͱ͖ͷϩʔΧ

ϧϏϡʔɼϋΠϒϦουϏϡʔ࣮ͷ૬ରੑΛද͠ɼXMP-L ϩʔΧϧϏϡʔɼXMP-H ϋΠϒϦο

υϏϡʔʹΑΔ࣮ͷੑΛࣔ͢ɽϩʔΧϧϏϡʔʹΑΔ࣮ਤ 2.5ɼ2.7 ΑΓɼτϩΠμϧํͱཻࢠ

ͷׂมಈ࣌ʹ MPI ࣮ͱ΄΅ಉͷੑ͕ಘΒΕͨɽҰํͰɼਤ 2.6 ͷํܘׂ࣌Ͱ࠷େͰ

8% ͷੑ͕ࠩੜͨ͡ɽϋΠϒϦουϏϡʔʹΑΔ࣮ɼϩʔΧϧϏϡʔͱಉ༷ʹτϩΠμϧํɼཻ

ʹׂ࣌ํܘ΄΅ಉͷੑ͕ಘΒΕ͕ͨɼ࣌ͷׂมಈࢠ 6 ͔Β 25% ੑ͕Լͨ͠ɽ

τϩΠμϧํɼཻࢠͷׂΛมಈͤͨ͞߹ɼMPIɼXMP ࣮ͱʹੑ͕εέʔϧ͍ͯ͠

Δ͕ɼํܘׂ࣌ʹϓϩηε͕૿Ճ͢Δຖʹશͯͷ࣮ʹ͓͍ͯੑ͕Լ͍ͯ͠Δɽ͜ͷͷ
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ਤ 2.6 ΟʔΫεέʔϦϯάͷੑධՁʢํܘͷׂΛมಈʣɽ
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ਤ 2.7 ΟʔΫεέʔϦϯάͷੑධՁʢཻࢠͷׂΛมಈʣɽ
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ද 2.4 MPI ࣮ʹ͓͚ΔτϩΠμϧํɼٴํܘͼཻࢠͷׂΛมಈͤͨ͞߹ͷ࣮ؒ࣌ߦɽ
දͷ௨৴ؒ࣌Λআ͍֤ͨϓϩηεͷ࠷େͱ࠷খͷԋؒ࣌ࢉɼׅހͷͦͷϓϩηε͕ࢠ֨ͭ࣋

Λࣔ͢ɽ

Toroidal

Processes Minimum Maximum

16 8.408406 (19805) 8.548204 (19916)

32 8.440145 (19805) 8.541321 (19916)

64 8.44846 (19805) 8.631631 (19916)

128 8.511492 (19805) 8.718713 (19916)

256 8.6418 (19805) 8.853517 (19916)

512 8.865397 (19805) 9.109388 (19916)

Radial

Processes Minimum Maximum

16 8.114932 (10967) 8.270015 (16164)

32 8.083982 (12104) 8.539186 (24200)

64 8.075058 (14130) 9.487029 (33462)

128 8.070919 (17422) 11.014277 (74745)

256 8.232447 (23198) 12.686402 (141700)

512 8.763279 (34522) 16.508915 (270844)

Particle

Processes Minimum Maximum

16 8.408406 (19805) 8.548204 (19916)

32 8.406107 (19805) 8.558563 (19916)

64 8.394203 (19805) 8.565195 (19916)

128 8.394159 (19805) 8.562974 (19916)

256 8.393343 (19805) 8.591214 (19916)

512 8.390172 (19805) 8.641762 (19916)

ɽදͨͬߦͷௐࠪΛؒ࣌ߦҼΛௐࠪ͘͢ɼϓϩηε୯ҐͰͷ࣮ݪ 2.4 ͷׂΛมಈͤͨ͞ݩ֤࣍ʹ

߹ͷ௨৴ؒ࣌Λআ͍࣮ͨؒ࣌ߦͷதͰɼ࠷খͱ࠷େͷԋؒ࣌ࢉͰ͋ͬͨϓϩηεΛࣔ͢ɽ·ׅͨހͷ

ɼͦͷϓϩηε͕ԋࢉΛࢠ֨ͨͬߦΛࣔ͢ɽ݁Ռͱͯ͠ɼτϩΠμϧํཻࢠͷׂΛมಈ

ͤͨ͞߹ɼ֤ϓϩηε͕ԋ͢ࢉΔ֨ࢠʹࠩͳ͘ɼͦΕͧΕͷϓϩηεͷԋؒ࣌ࢉ΄΅ಉ͡Ͱ

͋Δɽ͔͠͠ɼํܘͷׂΛมಈͤͨ͞߹ʹɼϓϩηεͷ૿Ճͱͱʹ֤ϓϩηε͕ԋ͢ࢉΔ

ʹେ͖ͳ͕ࠩੜ͍ͯ͡Δɽਤࢠ֨ 2.8 ͷ࣌ͷׂ૿Ճํܘʹ 512 ϓϩηε࣮ߦʹ͓͚Δɼԋ࣌ࢉ

ؒͷ࠷খͱ࠷େͷϓϩηεͷ༁Λࣔ͢ɽਤ 2.8 ΑΓ smoothɼfieldɼpoissonɼpush ͼٴ charge ͷ࣮࣌ߦ

͕ؒ૿Ճ͍ͯ͠Δ͜ͱ͕Θ͔Δɽ͜ΕΒͷԋࢉ 2.2.2 અΑΓ֨ࢠʹؔ͢ΔԋࢉΛؔ͏ߦͰ͋Δ͜
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ਤ 2.8 MPI ࣮ͷ 512 ϓϩηε࣮࣌ߦʹ͓͚Δํܘׂ࣌ͷԋؒ࣌ࢉͷ༁ɽ

ͱ͔Βɼ֨ࢠͷ૿ՃʹΑΓԋ૿͕ؒ࣌ࢉՃ͍ͯ͠Δͱ͑ݴΔɽैͬͯɼGTC-P ͷΞϓϦέʔγϣϯ

ͷઃܭͱͯ͠ɼ֨ࢠͷۉͳׂ͕Ͱ͖͓ͯΒͣɼ֤ϓϩηεͰͷԋྔࢉͷҧ͍ʹΑΔϩʔυΠϯό

ϥϯεͷൃੜʹΑΓੑ͕Լ͍ͯ͠Δ͜ͱ͕Θ͔ͬͨɽ

ʹͷશͯͷ࣮ʹ͓͍ͯੑ͕Լ͍ͯ͠Δ͕ɼͦΕҎ্ׂ࣌ํܘ XMP ϩʔΧϧϏϡʔɼϋΠϒ

ϦουϏϡʔ࣮ͷ௨৴͕ؒ࣌͘ͳ͍ͬͯΔ͜ͱ͕ਤ 2.6 ΑΓΘ͔Δɽਤ 2.9 ͷׂΛมಈݩ֤࣍ʹ

ͤͨ͞߹ͷϓϩηε 0 ͷ௨৴ճΛࣔ͢ɽਤ 2.4 ΑΓ 64KB Λڥʹ MPI ͱ XMP ͷ௨৴ੑʹ͕ࠩੜ

͡ΔͨΊɼ64KB Λڥքͱͨ͠௨৴ճΛࣔ͢ɽਤ 2.9 ΑΓɼτϩΠμϧํͱཻࢠͷׂมಈ࣌

ϓϩηε૿ՃʹΑΓ௨৴ʹมԽͳ͍͕ɽํܘׂ࣌ʹϓϩηε૿Ճͱͱʹ௨৴ճ͕

૿Ճ͍ͯ͠Δɽํܘׂ࣌ʹ͓͍ͯ 64KB Λڥͱͨ྆͠ํͷ௨৴ճ͕૿Ճ͍ͯ͠Δ͕ɼਤ 2.4 ΑΓ

64KB Ҏ্ͷ MPI ͱ XMP ͷ௨৴ੑͷ͕ࠩେ͖͍ͨΊɼXMP ϩʔΧϧϏϡʔɼϋΠϒϦουϏϡʔͱ

MPI ࣮Ͱ௨৴ؒ࣌ʹ͕ࠩͰ͍ͯΔͱ͑ߟΒΕΔɽ

XMP ͷϩʔΧϧϏϡʔͱϋΠϒϦουϏϡʔ࣮ʹ͓͍ͯਤ 2.6 ΑΓɼ௨৴ؒ࣌ʹ͕ࠩ͋Δ͜ͱ͕

Θ͔ΔɽGTC-P ͰɼεςϯγϧԋࢉΛࢠ֨͏ߦʹ͓͍ͯɼྡϓϩηε͕ࢠ֨ͭ࣋Λอ࣋͢Δକ

ྖҬͷҰ෦ͷΈΛߋ৽͢Δ௨৴͕ଘ͢ࡏΔɽ͔͠͠ɼϋΠϒϦουϏϡʔͰ༻͍ΒΕ͍ͯΔάϩʔόϧ

Ϗϡʔͷ reflectࣔࢦจͰɼݩ࣍୯Ґɼ֤͘͠ݩ࣍ͷยଆҰํͷΈΛ௨৴͢Δ͜ͱՄ͕ͩɼ

৽͢Δ͜ͱͰ͖ͳ͍ɽͦͷͨΊɼMPIߋͷยଆҰํͷҰ෦ͷΈΛݩ֤࣍ ϩʔΧϧϏϡʔ࣮ͱൺ

ֱͯ͠ଟ͘ͷ௨৴Λ͍ͯͬߦΔɽҎ্ͷ͜ͱ͕ϩʔΧϧϏϡʔͱϋΠϒϦουϏϡʔ࣮ͷ௨৴ؒ࣌ͷࠩ

Ͱ͋Δͱ͑ߟΒΕΔɽ
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ਤ 2.9 ΟʔΫεέʔϦϯάʹ͓͚Δׂมಈ࣌ͷ௨৴ճͷมԽɽ

ετϩϯάεέʔϦϯάͷධՁ

ਤ 2.10ɼ2.11 ͷׂΛมಈͤͨ͞߹ͷετϩϯάεέʔϦϯάʹΑΔධՁΛࣔࢠɼཻํܘʹ

͢ɽτϩΠμϧํͷׂΛมಈͤͨ͞߹ͷετϩϯάεέʔϦϯάͷධՁɼτϩΠμϧํͷ

ׂΛ૿Ճͤ͞Δͱԋྔࢉ૿Ճ͢Δͱ͍͏ΞϓϦέʔγϣϯͷಛੑ্ɼධՁΛ͢Δ͜ͱ͕ෆՄͰ͋Δ

ͨΊɼ2 छྨͷධՁͱͨ͠ɽΟʔΫεέʔϦϯάʹΑΔධՁͱಉ༷ʹɼάϥϑ࣮ؒ࣌ߦɼંΕઢά

ϥϑ MPI ࣮ͷੑΛ 1 ͱͨ͠ͱ͖ͷϩʔΧϧϏϡʔɼϋΠϒϦουϏϡʔ࣮ͷ૬ରੑΛද͢ɽ

ϩʔΧϧϏϡʔɼϋΠϒϦουϏϡʔʹΑΔ࣮ɼਤ 2.11 ΑΓͲͪΒͷ࣮ʹ͓͍ͯɼཻࢠͷ

ׂΛมಈͤͨ͞߹ɼMPI ͱ΄΅ಉͷੑ͕ಘΒΕ͍ͯΔɽҰํͰɼਤ 2.10 ͷํܘͷׂ

Λมಈͤͨ͞߹ɼ64 ϓϩηεҎ্Ͱ࣮ߦϓϩηεΛ૿Ճͤ͞Δຖʹ MPI ࣮ΑΓੑ্͕

͍ͯ͠Δɽ࣮ؒ࣌ߦͷ༁ΑΓؒ࣌ࢉܭ MPI ͱ΄΅ಉ͕ͩɼ௨৴͕ؒ࣌͘ͳ͍ͬͯΔ͜ͱ͕Θ͔

ΔɽΟʔΫεέʔϦϯάͷϓϩηε 0 ͷ௨৴ճͷௐࠪͱಉ༷ʹɼετϩϯάεέʔϦϯάʹ͓͍ͯ

 64KB Λڥͱͨ͠௨৴ճΛ֤ݩ࣍ͷׂ૿Ճ࣌ͷͦΕͧΕͷ߹ʹ͓͍ͯௐࠪΛͨͬߦɽ݁ՌΛਤ

2.12 ʹࣔ͢ɽਤ 2.12 ΑΓɼཻࢠͷׂมಈ࣌ϓϩηεΛ૿Ճͯ͠௨৴ճͷʹࠩͳ͍ɽ

͔͠͠ɼํܘͷׂ૿Ճ࣌ɼϓϩηεͷ૿Ճͱͱʹ 64KB ҎԼͷ௨৴ճ͕େ෯ʹ૿Ճ͍ͯ͠

Δɽਤ 2.4 ΑΓɼXMP ͷ௨৴ੑ MPI ͱൺֱͯ͠ 64KB ҎԼͷ߹ʹੑ͕ྑ͍ͨΊɼ௨৴͕ؒ࣌

͘ͳΓੑ্͕ͨ͠ͱ͑ߟΒΕΔɽ

XMP/MPI+OpenMP࣮ͷධՁ
ਤ 2.13 ʹɼXMP/MPI+OpenMP ࣮ʹΑΔੑධՁΛࣔ͢ɽׂ 2× 8× 2ɼ2× 2× 8ͷ 2 छྨͰ

͋Δɽํܘͷׂ͕ 8 ͷ߹ɼϩʔΧϧϏϡʔ 10%ɼϋΠϒϦουϏϡʔͰ 17% ఔ MPI ʹΑ
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ਤ 2.10 ετϩϯάεέʔϦϯάͷੑධՁʢํܘͷׂΛมಈʣɽ

ද 2.5 GTC-P ͷ MPIɼXMP ࣮ͷ Delta-SLOCɽ

Serial MPI
XMP

localview hybridview

SLOC 4110 5427 5398 5179

modified - 170 168 158

added - 1319 1303 1112

deleted - 2 15 43

Total Delta-SLOC - 1491 1486 1313

Δ࣮ͱੑ͕ࠩ͋Δɽ·ͨɼཻࢠͷׂ͕ 8 ͷ߹ɼϩʔΧϧϏϡʔ 2%ɼϋΠϒϦουϏϡʔ

Ͱ 15% ͷੑࠩͰ͋ΔɽҎ্ΑΓɼXMP+OpenMP ࣮ɼ֤ํͷׂΛ૿Ճͤͨ͞߹ʹ͓͍

ͯɼϩʔΧϧϏϡʔɼϋΠϒϦουϏϡʔͱʹੑ͕ۃʹԼ͢Δ͜ͱͳ͘ɼMPI+OpenMP ࣮

ͱಉ༷ʹεέʔϧ͢Δ͜ͱ͕Θ͔ͬͨɽ

2.5.4 ੜੑ࢈ͷධՁ

1.2.2 અͰड़ͨ௨ΓɼPGAS ϞσϧͷάϩʔόϧϏϡʔʹΑΔฒྻ࣮ߦΛ͜͏ߦͱͰɼஞ࣍ϓϩάϥ

Ϝ͔Βͷগͳ͍มߋͰฒྻϓϩάϥϛϯάΛ͢Δ͜ͱ͕ՄͰ͋Δɽ·ͨɼஞ࣍ϓϩάϥϜͷܗঢ়Λ͠

ͨ··Ͱϓϩάϥϛϯά͕ՄͳͨΊɼσʔλࢄฒྻ࣮ߦʹΑΔϧʔϓΠϯσοΫεͳͲͷม͕ߋඞ

ཁͳ͘ɼ௨৴҉͘͠άϩʔόϧͳ໊લ্ۭؒͷσʔλίϐʔهड़ͱͳΔɽैͬͯɼฒྻ࣮ͷͨ
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ਤ 2.11 ετϩϯάεέʔϦϯάͷੑධՁʢཻࢠͷׂΛมಈʣɽ
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ਤ 2.12 ετϩϯάεέʔϦϯάʹ͓͚Δׂมಈ࣌ͷ௨৴ճͷมԽɽ
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ਤ 2.13 XMP/MPI+OpenMP ࣮ͷධՁɽׂΛ 2× 8× 2ɼ2× 2× 8ͱͨ͠߹ͷ࣮ؒ࣌ߦɽ

Ίʹஞ࣍ϓϩάϥϜࣗମͷมߋ࠷খݶͰ͋ΔͨΊɼϓϩάϥϜͷ։ൃίετόάͷൃੜΛ͘͢Δ͜

ͱ͕Ͱ͖Δɽ͔͠͠ɼࢉܭՊֶͷͰ࣮͞ΕΔ࣮ΞϓϦέʔγϣϯෳࡶͰ͋ΓɼશͯͷϓϩάϥϜ

ʹରͯ͠άϩʔόϧϏϡʔΛద༻͢Δ͜ͱ͍͠ɽͦͷ߹ɼग़དྷΔݶΓάϩʔόϧϏϡʔͰ࣮͠ɼ

άϩʔόϧͳ໊લ্ۭؒͰͷ࣮͕ࠔͳՕॴͷΈϩʔΧϧͳ໊લۭؒΛ༻͍࣮ͯΛ͢Δ͜ͱͰੜੑ࢈

ͷ࣮͍ߴͱ͢Δ͜ͱ͕ՄͰ͋Δͱ͑ߟΔɽ·ͨɼϩʔΧϧͳ໊લۭؒͰ࣮͕ඞཁͳՕॴʹ͓͍ͯ

σʔλࢄฒྻ࣮ߦ MPI ͱಉ༷ͷهड़͕ඞཁͱͳΔ͕ɼPGAS ϞσϧͷϩʔΧϧϏϡʔΛ͜͏ͱ

Ͱ௨৴هड़ͷੜੑ࢈Λ্ͤ͞Δ͜ͱ͕ՄͰ͋ΔɽैͬͯɼάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔΛΈ

߹ΘͤͨϋΠϒϦουϏϡʔʹΑΔهड़͕ඞཁͱͳΔɽ

GTC-P ͷ XMP ࣮ʹ͓͚Δੜੑ࢈ͷߟΛड़ΔɽఏҊϞσϧͰ͋ΔϋΠϒϦουϏϡʔʹΑΔ࣮

ͰɼԋྖࢉҬͷׂΛ XMP άϩʔόϧϏϡʔͷࣔࢦจͰ࣮Λ͍ߦɼฒྻ࣮͢ߦΔ for ϧʔϓʹ

ஞ࣍ϓϩάϥϜʹରͯ͠ loopࣔࢦจͷՃͷΈͷ࣮ͱͨ͠ɽ·ͨɼྡϓϩηε͕ࢠ֨ͭ࣋ͷࢀর

ʹɼྡ֨ࢠΛอ࣋͢ΔόοϑΝΛ shadowࣔࢦจΛ༻͍ͯକྖҬͱͯ֬͠อ͠ɼreflectࣔࢦจ

ʹΑΔࣔࢦจ 1 ʹϓϩάϥϜ࣍จೖΔͷͷஞࣔࢦͱͨ͠ɽ͜ͷΑ͏ʹɼ࣮͏ߦͰͷକྖҬ௨৴Λߦ

େ͖ͳม͕ߋͳ͍ͨΊɼϓϩάϥϜͷՄಡੑ͍ߴͱ͑ݴΔɽ·ͨɼάϩʔόϧϏϡʔͷࣔࢦจʹΑΔ

σʔλࢄͱͨͨ͠Ίɼσʔλࢄͷൣғํࢄ๏ͷมߋʹΑΔੑνϡʔχϯάΛ؆қʹ࣮ݱՄ

ͱͨ͠ɽXMP ࣔࢦจϕʔεͳϓϩάϥϛϯάϞσϧͰ͋ΔͨΊɼ෦తɼஈ֊తͳฒྻ࣮͕ߦՄͰ

͋Γɼσόοά͕༰қͱ͑ݴΔɽreflectࣔࢦจʹΑΔ௨৴Ͱɼෆ࿈ଓྖҬʹରͯ͠௨৴Λ࣮͢ߦΔ

߹ɼXMP ϥϯλΠϜͰ MPI Type vector() ʹΑΔੜσʔλ͔ܕύοΩϯά/ΞϯύοΩϯάʹΑΔ

௨৴͕ࣗಈͰߦΘΕΔɽैͬͯɼϢʔβࣔࢦจ 1 ΕɼXMP͞ߦड़͢Δ͚ͩͰକྖҬ௨৴͕࣮هΛߦ ϥ

ϯλΠϜ͕ࣗಈͰσʔλ௨৴ͷ߹ੑΛͱΔͨΊɼ௨৴ͷϓϩάϥϛϯάϛεΛݮΒ͢͜ͱ͕ՄͰ

͋Δɽ
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Λ͏ͨΊɼάϩʔόϧͳ໊ࢉԋࢠΛࣗ༝ʹಈ͖ճΔཻࢠ֨ͭ࣋Ͱɼ֤ϓϩηε͕ࢉܭಓيࢠཻ

લۭؒΛ༻͍࣮͕ͨࠔͰ͋Δɽͦ͜ͰɼཻيࢠಓԋࢉͷΈΛϩʔΧϧͳ໊લۭؒͰͷ࣮ͱ͠ɼMPI

ͱಉ༷ʹσʔλࢄฒྻ࣮ߦΛهड़͢Δ࣮ͱͨ͠ɽཻ͕ࢠผϓϩηεͱҠಈ͢Δ௨৴ɼϩʔΧ

ϧϏϡʔͷ coarray ʹΑΔยଆ௨৴ͱͨ͜͠ͱͰɼྻೖจࣜܗͰͷݟ௨͠ͷྑ͍௨৴هड़ͱͨ͠ɽ

coarray Λ༻͍Δ͜ͱͰɼMPI ͷΑ͏ʹ௨৴ϚονϯάͷͨΊͷλάͷཧσʔλܕͷࢦఆɼίϛϡχ

έʔλ௨৴ใͷཧͷͨΊͷมΛ XMP ϥϯλΠϜ͕ࣗಈͰੜɼཧΛͨ͏ߦΊɼϓϩάϥϜ͔

Βࡶͳهड़Λഉআ͠ϢʔβʹٻΊΒΕΔ௨৴ͷͨΊͷมཧίετΛݮΒ͢͜ͱ͕ՄͰ͋Δɽ

ϋΠϒϦουϏϡʔʹΑΔ GTC-P ࣮ͷੜੑ࢈ΛఆྔతʹධՁ͢ΔͨΊɼ֤ϓϩάϥϛϯάϞσϧʹ

ΑΔ࣮ͷίʔυߦΛൺֱ͢Δɽൺֱख๏ͱͯ͠ஞ࣍ϓϩάϥϜ͔Βͷࠩʢमਖ਼ɼՃٴͼআͷ

͏ߦʣͰධՁΛߦ Delta-SLOC ํࣜ [42] Λ༻͍Δɽද 2.5 ʹͦΕͧΕͷϓϩάϥϛϯάϞσϧʹΑΔ

GTC-P ͷߦͱஞ࣍ϓϩάϥϜ͔ΒͷࠩΛࣔ͢ɽશମͷߦΛ MPI ͱൺֱ͢ΔͱɼϩʔΧϧϏϡʔ࣮

ͱ΄΅ࠩͳ͘ɼϋΠϒϦουϏϡʔ࣮Ͱ 250 ɽ͜ͷཧ༝ͱͯ͠ɼϩʔΧϧϏϡʔͨ͠ݮߦ

࣮ MPI ͷ௨৴Λ coarray ͱ͚ͨͩ͠Ͱ͋ΓɼϋΠϒϦουϏϡʔ࣮ࣔࢦจʹΑΔσʔλࢄ

reflectࣔࢦจ 1 ΑΔକྖҬ௨৴ʹΑΔ࣮ͱͨͨ͠ΊͰ͋ΔɽDelta-SLOCʹߦ ͷධՁΑΓɼϋΠϒ

ϦουϏϡʔ࣮ͰάϩʔόϧϏϡʔͷࣔࢦจʹΑΔ࣮ʹΑΓɼमਖ਼ɼՃߦ͕ݮগ͍ͯ͠Δ͜ͱ

͕Θ͔Δɽ͔͠͠ɼґવͱͯ͠Ճߦ͕ଟ͍ཧ༝ͱͯ͠ɼϩʔΧϧͳ໊લۭؒͰهड़͞Εཻͨيࢠಓԋ

ͷଟ͘ΛΊ͍ͯΔͨΊͰ͋Δɽ·ͨɼදߦՃ͕ࢉ 2.5 ΑΓϩʔΧϧϏϡʔͱϋΠϒϦουϏϡʔ࣮

ͷআߦ͕૿Ճ͍ͯ͠Δ͜ͱ͕Θ͔ΔɽϩʔΧϧϏϡʔϋΠϒϦουϏϡʔͰ༻͍ΒΕΔ coarray

ͷόοϑΝɼXMP ͷ্༷ɼ੩తʹάϩʔόϧྖҬʹ֬อ͓ͯ͘͠ඞཁ͕͋Δɽ͔͠͠ɼMPI ࣮Ͱ

ಈతʹ֬อ͍ͯ͠ΔͨΊɼόοϑΝຖʹ֬อͱղ์ͷߦ͕আ͞Ε͍ͯΔͨΊͰ͋ΔɽϋΠϒϦου

Ϗϡʔʹ͓͍ͯࢄྻ੩తͳ֬อͱ͍ͯ͠ΔͨΊϩʔΧϧϏϡʔͱൺֱͯ͠আߦ͕૿Ճ͍ͯ͠

ΔɽࢄྻςϯϓϨʔτࢄྻΛಈతʹ֬อՄͳ template fixࣔࢦจ xmp malloc() ͕

࣮͞ΕͨͨΊɼޙࠓͷ՝ͱͯ͠ಈత֬อͨ͠ࢄྻʹΑΔ࣮ͱධՁΛ͏ߦ༧ఆͰ͋Δɽ

2.6 ؔ࿈ڀݚ

PGAS ϞσϧʹΑΔ PIC ๏ͷ࣮ྫΛࣔ͢ɽR. Preissl Βจݙ [43] ʹͯɼ3 ݩ࣍ PIC ίʔυͰ͋Δ

Gyrokinectic Tokamak SimulationʢGTSʣΛ PGAS+OpenMP Ͱ࣮͠ɼΦϦδφϧͷ࣮ͱൺֱͯ͠ߴ

͍ੑΛࣔͨ͠ɽGTS  MPI+OpenMP Ͱ࣮͞Ε͓ͯΓɼMPI ௨৴ͷҰ෦Λ CAF ʹΑΔยଆ௨৴ͷ࣮

ͱͨ͠ɽରཻࢠҠಈ࣌ͷ௨৴Ͱ͋ΓɼΦϦδφϧͷ P2P ௨৴ʹΑΔ࣮͔Βยଆ௨৴ͷมߋͱ

௨৴ΞϧΰϦζϜͷ࠷దԽΛ௨ͯ͠ߴԽΛͨͬߦɽCAF ͷίϯύΠϥͱͯ͠ Cray Fortran 2008 Λ༻

͠ɼOpteron 6172 Λ͢ࡌΔ Cray XE6 ্Ͱ࠷େ 13056 ϓϩηεΛ༻͍ͨධՁʹΑΔͱɼΦϦδφϧͷ

࣮ͱൺֱͯ͠ 52% ੑ্͕ͨ͠ͱใ͞ࠂΕ͍ͯΔɽMPI ࣮ͷҰ෦ΛϩʔΧϧϏϡʔͷ CAF Ͱ෦

తʹ࣮͍ͯ͠ΔͨΊɼCAF ͷྻೖจࣜܗͷݟ௨͠ͷྑ͍هड़ʹΑΔ௨৴࣮Ͱ͋Δ͕ɼσʔ

λࢄฒྻ࣮ߦ MPI ͱಉ༷ཅʹهड़͞Ε͍ͯΔͨΊɼϓϩάϥϜશମͷੜ͍ߴ͕ੑ࢈ͱ͑ݴͳ͍ɽ

H. Sakagami Βจݙ [44] ʹͯɼ2 ݩ࣍ PIC ίʔυͰ͋Δ ESPAC2 Λ HPF ʹΑΔ࣮ͱੑධՁΛࣔ

͍ͯ͠Δɽσʔλࢄཻࢠͱి࣓ͷ 2 ใϒϩοΫׂ͕ͩి࣓֤ࢠͱ͓ͯ͠Γɼཻࢄݩ࣍

ϓϩηε͕σʔλΛॏෳͯͭ࣋͠ɽ֤ϓϩηε͕ߋ৽͢ΔཻࢠใʹΑΓԋ͞ࢉΕͨి࣓Λɼू߹௨৴
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ʹΑΓσʔλΛू͠શϓϩηεͷΛߋ৽͢ΔɽͦͷͨΊɼσʔλࢄ௨৴୯७ͳϒϩοΫׂ

ू߹௨৴ͱͳΔͨΊɼάϩʔόϧϏϡʔʹదͨ͠ΞϧΰϦζϜͱ͑ݴΔɽVPP800ɼSR8000ɼSX-4 ͼٴ

SX-5 ্Ͱ֤ϕϯμʔ͕ఏ͢ڙΔ HPF ίϯύΠϥʹΑΔੑධՁΛ͓ͯͬߦΓɼίϯύΠϥͷόʔδϣϯ

ʹΑΔ௨৴ੑͷԼݟΒΕ͕ͨɼ֓Ͷ 8 ϓϩηε·Ͱྑ͍ੑ͕ಘΒΕ͍ͯΔͱใ͞ࠂΕ͍ͯΔɽ

άϩʔόϧϏϡʔϞσϧͰ͋Δ HPF Λ༻͍࣮ͨʹΑΓɼେҬతͳ໊લۭؒʹΑΔஞ࣮࣍ͱ΄΅ಉ

ͷهड़Ͱฒྻ࣮͕͞ࢪΕ͍ͯΔɽ͔͠͠ɼάϩʔόϧϏϡʔͰ࣮͢ΔͨΊʹॏෳͨ͠σʔλྖҬ͕ඞ

ཁͱͳΔͳͲɼେن࣮࣌ߦͷεέʔϥϏϦςΟʹ͕ੜ͡ΔՄੑ͕͋Δɽͦ͜ͰɼεέʔϥϏϦ

ςΟΛ্ͭͭͤ͞ϓϩάϥϜͷੜੑ࢈Λҡ࣋͢ΔͨΊʹɼຊڀݚͰఏҊ͢ΔϋΠϒϦουϏϡʔͷ

Α͏ʹɼ෦తʹάϩʔόϧϏϡʔΛ༻͍Δ͜ͱ͕ՄͳϓϩάϥϛϯάϞσϧ͕ඞཁͰ͋Δͱ͑ߟΒ

ΕΔɽ

GTC  GTC-P ༷ʑͳϓϥοτϑΥʔϜ͚ͷ࣮ɼ࠷దԽ͕ߦΘΕ͍ͯΔɽԼࡔΒจݙ [45] ʹ

ίϯϐϡʔλ্Ͱͷژͯ GTC-P ͷେن࣮ߦੑղੳπʔϧ Scalasca ʹΑΔίʔυղੳ݁ՌΛࣔͯ͠

͍ΔɽژίϯϐϡʔλʹΑΔੑධՁͰɼຊڀݚͱҟͳΓશͯͷׂݩ࣍Λಉ࣌ʹ૿Ճͤͨ͞

߹ͷධՁͰ͋Γɼ߹ܭͰ 512ɼ2048ɼ8192 ͼٴ 32768 ϊʔυΛ༻͍ͨ 4 छྨͷΟʔΫεέʔϦϯάͷ

ੑΛ͍ࣔͯ͠Δɽ݁Ռͱͯ͠ɼຊڀݚͰͷੑධՁͱಉ༷ʹੑ͕εέʔϧ͍ͯ͠ͳ͍ɽScalasca ʹ

ΑΔίʔυղੳͷ݁ՌʹΑΔͱɼϊʔυຖʹϩʔυόϥϯε͕औΕ͓ͯΒͣɼ௨৴ͪؒ࣌ʹΑΓੑ

͕Լ͍ͯ͠Δͱใ͞ࠂΕ͓ͯΓɼຊڀݚͷߟͰಉ༷ʹࣔ͞Ε͍ͯΔɽX. Liao Βจݙ [46] ʹͯ

Tianhe-2 ্Ͱ༷ʑͳ HPC ΞϓϦέʔγϣϯͷ࣮ɼੑධՁΛใ͍ͯ͠ࠂΔɽGTC ͕ͦͷதͷҰͭͰ͋

ΓɼTianhe-2 ͕ͭ࣋ Intel Xeon PhiʢKNCʣ͚ʹΦϦδφϧͷ MPI+OpenMP ͷ࣮ΛɼΦϑϩʔυϞ

σϧʹΑΔ࣮ͱमਖ਼ΛͨͬߦɽTianhe-2 ͷ 1 ϊʔυ 2 ιέοτߏͷ Intel Xeon E5-2692v2 ͱ 3

ຕͷ KNC ʹΑΓߏ͞Ε͓ͯΓɼੑൺֱ 2 ιέοτͷ Xeon ର KNC ͱ͍ͯ͠Δɽ݁Ռͱͯ͠ 2 ι

έοτͷ Xeon ͱ 3 ຕͷ KNC Λൺֱ͢Δͱɼ1.67 ഒͷੑ্͕ใ͞ࠂΕ͍ͯΔɽK. Madduri Βจ

ݙ [47] ʹͯ GPU ͷ͚ GTC ͷ࣮ͱੑධՁΛ͍ࣔͯ͠ΔɽFermi ੈͷ GPUʢTesla C2050ʣ͚

ʹ CUDA Λ༻͍࣮͕ͨߦΘΕɼΦϦδφϧͷ MPI+OpenMP ͷ࣮ͱൺֱͯ͠ 1.34 ഒͷੑ্Λใ

ॴͰڀݚΔɽஜେֶͱཧԽֶ͍ͯ͠ࠂ XMP ͱσόΠεࣔࢦ͚จϕʔεϞσϧ OpenACC Λਨ౷

߹ͨ͠ XcalableACCʢXACCʣ[48] ͷٴ౼ݕ༷ͼϓϩτλΠϓ࣮͕ਐΊΒΕ͍ͯΔɽޙࠓͷ՝ͱ͠

ͯɼXACC Λ༻͍ͯσόΠε͚ͷ࣮Λ͍ߦɼGPU  Intel Xeon Phi ʹ͓͚Δੑੜੑ࢈ͷධՁΛ

ΒΕΔɽ͛ڍͱ͕͜͏ߦ

2.7 ·ͱΊ

େنฒྻΫϥελʹ͓͚ΔฒྻϓϩάϥϜͷੜੑ࢈ͷ্Λతͱͯ͠ɼPGAS ϞσϧΛجʹͨ͠ϋ

ΠϒϦουϏϡʔͷఏҊΛͨͬߦɽϋΠϒϦουϏϡʔɼάϩʔόϧϏϡʔͷ؆қͳσʔλࢄɼฒྻ

ΊΒΕΔΑ͏ͳෳٻड़Մͱͭͭ͠ɼϩʔΧϧͳ໊લۭؒͰͷϓϩάϥϛϯά͕هΛظͼ௨৴ɾಉٴߦ࣮

ड़Մͱ͢ΔɽఏҊϞσϧʹΑΓɼهड़ʹΑΔยଆ௨৴Λهͳ௨৴ʹରͯ͠ϩʔΧϧϏϡʔͷ؆қͳࡶ

ैདྷͰάϩʔόϧϏϡʔͷద༻͕ࠔͳϓϩάϥϜʹରͯ͠෦తʹద༻ՄͱͳΓɼϓϩάϥϜશ

ମͱͯ͠ͷੜੑ࢈Λ্ͤ͞Δ͜ͱ͕ՄͱͳͬͨɽຊڀݚͰɼPGAS ޠݴ XMP Λରͱ͠ɼXMP

ͷάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔΛΈ߹ΘͤͨϋΠϒϦουϏϡʔΛ༻͍ͯ֩༥߹γϛϡϨʔγϣ
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ϯίʔυ GTC-P ͷ࣮Λ͍ߦɼΦϦδφϧͷ MPI ࣮ͱൺֱΛ͢Δ͜ͱͰੑͱੜੑ࢈ͷධՁΛͬߦ

ͨɽϋΠϒϦουϏϡʔʹΑΔ࣮ͰɼΦϦδφϧͷ࣮ΛؚΉϩʔυΠϯόϥϯε͕ൃੜ͢ΔҰ෦ͷ

ධՁΛআ͖ɼMPI ࣮ʹ͍ۙੑΛୡͨ͠ɽੜੑ࢈ͷ؍͔ΒɼάϩʔόϧϏϡʔʹΑΔྖҬׂʹ

ΑΓɼஞ࣍ϓϩάϥϜʹࣔࢦจΛՃ͢ΔͷΈͰͷฒྻԽɼྡ֨ࢠؒͷ௨৴Λ reflectࣔࢦจ 1

Δɽ·ͨɼϩʔΧϧϏϡʔͷ͑ݴड़͢Δ͜ͱ͕ՄͰ͋ΔͨΊ؆қͳ࣮ͱهͰߦ coarray ɼྻೖ

จࣜܗͰ௨৴Λهड़Մͳ͜ͱ͔ΒɼMPI ͱൺֱͯ͠ΑΓײతͳͨΊՄಡੑ͕͘ߴɼXMP ͕ࣗಈͰ௨

৴ͷ߹ੑΛͱΔͨΊ௨৴هड़༰қͰ͋ΔɽҎ্ͷ͜ͱ͔ΒɼPIC ๏ʹؚ·ΕΔ֤ϓϩηεͷԋ͕ྔࢉ

ಈతʹมԽ͢ΔཻيࢠಓԋࢉͷΑ͏ͳɼάϩʔόϧϏϡʔͷΈͰ࣮͢Δ͜ͱ͕ࠔͳෳࡶͳΞϧΰϦζ

Ϝʹରͯ͠ɼXMP ͷϓϩάϥϛϯάϞσϧΛΈ߹ΘͤΔ͜ͱͰ࣮͕ՄʹͳΓɼ͞ΒʹɼҰఆͷ

ੑΛอͪͭͭɼ؆ศ͔ͭεέʔϥϒϧʹهड़Ͱ͖Δ͕ࣔ͞ࣄΕͨɽ

ͷ՝ͱͯ͠ɼXMP/Cޙࠓ ͷ coarray ͷϥϯλΠϜϥΠϒϥϦͷ࣮ʹผͷยଆ௨৴ϥΠϒϥϦΛ༻͍

࣮ͯ͠ɼੑධՁΛ͢Δ͜ͱ͕͛ڍΒΕΔɽOmni XMP Compiler Ͱɼ2018  1 ࡏݱ݄ coarray ͷϥ

ϯλΠϜϥΠϒϥϦͷ࣮ʹ MPI Λ༻͍࣮͕ͨՃ͞Ε͓ͯΓɼͦΕΛ༻͍ͨධՁɼGASPI[49] 

ComEx[50] ͳͲͷଞͷ PGAS ڀݚΒΕΔɽ·ͨɼຊ͛ڍͷ௨৴ϥΠϒϥϦΛ༻͍࣮ͯ͢Δ͜ͱ͕͚

Ͱɼࢄྻશͯ੩తʹ֬อ͞ΕͨྻΛରͱͨͨ͠Ίɼtemplate fixࣔࢦจ xmp malloc()

Λ༻͍ͨಈతͳࢄྻΛ༻͍࣮ͨΛ͜͏ߦͱ͕͛ڍΒΕΔɽੑධՁͰ༻͍ͨαΠζ A ͱখن

Ͱ͋ͬͨͨΊɼITER ͷΑ͏ͳେنͳ֩༥߹ஔʹରԠͨ͠αΠζΛղ͍ͨ߹ͷධՁɼXACC

Λ༻͍ͨ GPU Ϋϥελ͚ͷ࣮Λ͜͏ߦͱ͕͑ߟΒΕΔɽ
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ୈ 3ষ

PGASϞσϧʹ͓͚ΔλεΫฒྻϓϩά
ϥϛϯά

3.1 λεΫฒྻϓϩάϥϛϯά

ຊڀݚͰ OpenMP ͷλεΫฒྻϞσϧʹ͖ͮجɼXMP ʹ͓͚ΔࢄϝϞϦ͚ڥͷλεΫฒྻϞ

σϧΛఏҊ͢ΔɽຊઅͰɼOpenMP ͷσʔλґଘʹͮ͘جλεΫฒྻϞσϧͷৄࡉΛઆ໌͠ɼࢄϝϞ

Ϧڥʹ͓͚ΔϊʔυΛލΔλεΫؒͷґଘؔͷ࣮ํݱ๏ʹ͍ͭͯड़Δɽ

3.1.1 OpenMPͷλεΫฒྻϓϩάϥϛϯά

OpenMP ʹ༷ʑͳϊʔυฒྻԽσόΠεར༻ͷͨΊͷػ͕ࣔࢦจʹΑΓఏ͞ڙΕ͍ͯΔ͕ɼ

ຊઅͰຊڀݚͰ༻͍Δ taskࣔࢦจͷ֓ཁͱͦͷهड़ํ๏ͷΈΛࣔ͢ɽtaskࣔࢦจ OpenMP ͷ

#pragma omp parallel
#pragma omp single
{

int A, B, C;
#pragma omp task depend(out:A)

A = 1;          /* taskA */
#pragma omp task depend(out:B)

B = 2;          /* taskB */
#pragma omp task depend(in:A, B) depend(out:C) 

C = A + B;  /* taskC */
#pragma omp task depend(out:A)

A = 3;          /* taskD */
}

taskA taskB

taskC

taskD

flow dep.output dep.

anti dep.

ਤ 3.1 OpenMP taskࣔࢦจͷྫɽ
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༷ 3.0 ͔Βొͨ͠λεΫฒྻΛهड़Մͱ͢ΔࣔࢦจͰ͋Γɼؼ࠶తߏʢϑΟϘφονͷࢉܭ

ׂ౷࣏๏ͳͲʣ while ϧʔϓͳͲͷ֤εϨουͰͷԋ͕ࢉಈతʹܾఆ͢Δ߹ʹ༻͍ΒΕΔɽ·ͨɼ

༷ 4.0 ͔Βొͨ͠ depend અʹΑΓɼλεΫ͕༻͍ΔԋࢉσʔλΛجʹͨ͠σʔλґଘΛهड़͢

Δ͜ͱͰɼશମಉظͰͳ͘λεΫؒͷཻࡉͳಉظΛهड़͢Δ͜ͱ͕Մͱͳͬͨɽdepend અʹ

dependence-type ͱͯ͠ inɼout ͼٴ inout ͷ 3 छྨ͕ࢦఆՄͰ͋Γɼ߹Θͤͯม·ͨྻηΫγϣ

ϯΛࢦఆ͢ΔɽҎԼʹ OpenMP ʹΑΔλεΫґଘϞσϧͷಛΛࣔ͢ɽ

• ྻηΫγϣϯΛهड़ͨ͠߹ɼྻηΫγϣϯͱͦͷൣғͷ୯Ұʹهड़͞Εͨཁૉશͯͱґ

ଘ͕ؔ͋ΔͷͰͳ͘ɼશҰக͢ΔྻηΫγϣϯಉ࢜Ͱґଘؔൃ͕ੜ͢Δɽ

• ྻηΫγϣϯґଘؔຖʹಠཱͨ͠ൣғΛهड़͢Δඞཁ͕͋ΓɼൣғΛॏͶͨґଘؔΛͭ࣋

λεΫΛهड़͍͚ͯ͠ͳ͍ɽ

• ґଘؔΛࣔ͢มྻηΫγϣϯඞͣ͠λεΫϒϩοΫͰ༻͍Δඞཁͳ͍ɽ

• λεΫͷґଘܑؔఋλεΫؒͰͷΈྀ͞ߟΕɼࢠλεΫؒͰແ͞ࢹΕΔɽ

dependઅʹΑΓੜ͞ΕΔґଘؔʹɼϓϩάϥϜͷஞͮ͘جʹߦ࣮࣍ 3 छྨͷσʔλґଘ͕ଘࡏ

͢Δɽ

• ϑϩʔґଘ: ಉҰมʹର͢Δॻ͖ࠐΈޙͷಡΈࠐΈʢRAW: read-after-writeʣɽdependઅͷ out

ͱ in ͷؒʹൃੜ͢Δɽ

• ґଘ: ಉҰมʹର͢ΔಡΈࠐΈޙͷॻ͖ࠐΈʢWAR: write-after-readʣɽdependઅͷ in ͱ out

ͷؒʹൃੜ͢Δɽ

• ग़ྗґଘ: ಉҰมʹର͢Δॻ͖ࠐΈޙͷॻ͖ࠐΈʢWAW: write-after-writeʣɽdepend અͷ out

ͱ out ͷؒʹൃੜ͢Δɽ

ຊڀݚͰ༻͍ΔλεΫฒྻϞσϧɼOpenMP ͷ parallel + single/masterࣔࢦจϒϩοΫ

Ͱ taskࣔࢦจ͕࣮͞ߦΕΔϞσϧͰ͋Γɼ͋ΔεϨου͕λεΫΛੜ࣮͠ߦػதͷεϨου͕ੜ

͞ΕͨλεΫΛฒྻʹ࣮͢ߦΔɽparallelɼsingleࣔࢦจϒϩοΫͷग़ޱͰ҉ͷಉ͕ظೖΔ͕ɼ

ҙͰͷλεΫͷಉظɼsingleࣔࢦจͰͳ͘ masterࣔࢦจͷ߹ɼ໌ࣔతͳλεΫಉظ

Λ࣮͢ߦΔ taskwaitࣔࢦจ͕ඞཁͱͳΔɽ

ਤ 3.1 ʹ task จͷྫΛࣔ͢ɽtaskAɼtaskBɼtaskCࣔࢦ ͼٴ taskD ͕ task จʹΑΓੜ͞Εɼࣔࢦ

λεΫຖʹ dependઅͰࢦఆ͞ΕͨґଘؔΛͭ࣋ɽdependઅʹΑΔґଘؔͷهड़جຊతʹλε

ΫͰ༻͞ΕΔมྻʹରͯ͠هड़͞ΕΔͷ͕ҰൠతͰ͋Δɽྫ͑ taskA ͱ taskB ͷ߹ɼม

 A ͱ B ʹରͯ͠ॻ͖ࠐΈΛͨ͏ߦΊ depend અʹͯ “out:A”ɼ“out:B” ͱࢦఆ͢ΔɽtaskC ม A

ͱ B ʹରͯ͠ಡΈࠐΈΛ͍ߦɼͦΕΒͷͷՃ݁ࢉՌΛม C ʹରͯ͠ॻ͖ࠐΉͨΊɼdependઅʹͯ

“in:AɼB”ɼ“out:C” ͱهड़͢Δɽ͜ͷΑ͏ʹґଘؔΛهड़ͨ͠߹ɼtaskA ͱ taskB ͷؒʹґଘؔ

͕ແ͍ͨΊฒྻʹ࣮͞ߦΕΔɽtaskB ͱ taskC ͷؒʹม B ʹΑΔϑϩʔґଘɼtaskC ͱ taskD ͷؒʹ

ม A ʹΑΔґଘɼtaskA ͱ taskD ͷؒʹม A ʹΑΔग़ྗґଘ͕ͦΕͧΕൃੜ͠ɼ֤ґଘ͕ؔ

ղফ͞ΕΔ·ͰޙଓͷλεΫͷ࣮ߦ։࢝͞Εͳ͍ɽ
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int A[2];

if (proc == 0) {
#pragma omp task depend(out:A[0])

funcA(A[0]); /* taskA */
#pragma omp task depend(in:A[0])

MPI_Send(A[0], ... 1, ...);   /* taskB */

} else if (proc == 1) {
#pragma omp task depend(out:A[0])

MPI_Recv(A[0], ... 0, ...);   /* taskC */
#pragma omp task depend(in:A[0]) depend(out:A[1])

funcB(A[0], A[1]); /* taskD */
}

out(A[0])

proc 0 proc 1

taskA

taskB

taskC

in(A[0]) out(A[0])

in(A[0])
out(A[1])

dependency

communication taskD

ਤ 3.2 MPI+OpenMP ʹΑΔࢄϝϞϦڥʹ͓͚ΔλεΫґଘͷϓϩάϥϛϯάྫɽ

3.1.2 ࢄϝϞϦڥͰͷ OpenMPλεΫฒྻϓϩάϥϛϯάϞσϧ

OpenMP ڞ༗ϝϞϦ͚ͷϓϩάϥϛϯάϞσϧͰ͋ΓɼࢄϝϞϦڥͰ࣮͢ߦΔ߹ʹ MPI

ͳͲଞͷϓϩάϥϛϯάϞσϧͱΈ߹Θͤͨهड़͕ඞཁͱͳΔɽOpenMP ͷλεΫฒྻϞσϧΛࢄ

ϝϞϦڥͱ֦ு͢Δ߹ɼϊʔυΛލΔλεΫͷґଘؔΛͲͷΑ͏ʹهड़͢Δ͔Λྀ͢ߟΔඞཁ͕

͋ΔɽOpenMP ͷ߹ɼλεΫґଘͷॲཧஞ͍ͨͮجʹߦ࣮࣍σʔλͷ read/write ʹΑΔσʔλґଘͰ

͋ΔͨΊɼࢄϝϞϦڥʹ͓͚ΔҟͳΔϊʔυͷεϨου্Ͱฒྻ࣮͞ߦΕ͍ͯΔλεΫؒͰґଘؔ

Λߏங͢Δ͜ͱࠔͰ͋Δɽͦ͜ͰɼຊڀݚͰ MPI ͷ P2P ௨৴Λ OpenMP ͷλεΫ͔Β࣮͠ߦɼ

MPI ͷ௨৴Λґଘؔͱ͢Δख๏Λ༻͍Δ [52]ɽૹ৴ଆͰ MPI Send() ͷ௨৴ରΛ dependઅͰ in

ͱ͠ɼड৴ଆͰ MPI Recv() ͷ௨৴ରΛ out ͱͯ͠σʔλґଘΛࢦఆ͢Δɽૹ৴ଆͰґଘ͕ൃੜ

͢ΔͨΊૹ৴ྃ·Ͱσʔλͷॻ͖͑Ͱ͖ͣɼड৴ଆͰϑϩʔɼग़ྗґଘ͕ൃੜ͢ΔͨΊରσʔ

λΛ༻͍ΔλεΫͷ࣮ߦ͞ػΕΔɽ

ਤ 3.2 ʹࢄϝϞϦڥʹ͓͚Δ MPI ͱ OpenMP Λ༻͍ͨλεΫґଘʹΑΔϓϩάϥϛϯάྫΛࣔ

͢ɽྫͰɼfuncA() ʹΑΓ A[0] Λॻ͖͑ɼͦͷΛ༻͍ͯ funcB() ʹͯ A[1] Λߋ৽͢Δɽ࣮ߦϓϩ

ηε 2 Ͱ͋ΓɼfuncA() Λϓϩηε 0ɼfuncB() Λϓϩηε 1 ΔͨΊɼA[0]͢ߦ࣮͕ ΛϓϩηεؒͰ௨

৴͢Δඞཁ͕͋ΔɽλεΫ 4 छྨੜ͞ΕɼfuncA() ʹͯ A[0] Λߋ৽͢Δ taskAɼA[0] Λϓϩηε 1 

ૹ৴͢Δ taskBɼϓϩηε 0 ΑΓ A[0] Λड৴͢Δ taskC ͼٴ funcB() Ͱ A[0] Λ༻͍ͯ A[1] Λߋ৽͢Δ

taskD Ͱ͋Δɽϓϩηε 0 ɼtaskA ͕ A[0] Λॻ͖͑ΔͨΊ depend અʹ out Ͱࢦఆ͢ΔɽtaskB 

MPI Send() Ͱૹ৴͕ྃ͢Δ·ͰରͰ͋Δ A[0] ͷॻ͖ࠐΈΛ͙ͨΊɼin ଓλޙఆ͢Δ͜ͱͰࢦʹ

εΫͱͷؒʹґଘΛੜ͢Δɽϓϩηε 1 ɼtaskC ʹͯϓϩηε 0 ͔Β A[0] Λ MPI Recv() Ͱड৴͢

ΔͨΊɼड৴όοϑΝͰ͋Δ A[0] ͷॻ͖ࠐΈ͕͋Δͱͯ͠ out Λࢦఆ͢Δ͜ͱͰɼޙଓλεΫͱͷؒ
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ʹϑϩʔɼग़ྗґଘ͕ੜ͞ΕΔɽtaskD Ͱड৴ͨ͠ A[0] Λ༻͍ͯ A[1] Λߋ৽͢ΔͨΊɼin ʹ A[0]ɼ

out ʹ A[1] Λࢦఆ͢ΔɽҎ্ΑΓɼ௨৴͕ྃ͢Δ·Ͱϓϩηε 0 Ͱ A[0] ߋ৽͞Εͣɼϓϩηε 1

ϓϩηε 0 ͕ͭ࣋ A[0] ͷड৴͕ऴΘΔ·ͰɼͦͷΛ༻͍ΔԋࢉλεΫͷ࣮ߦ։࢝͞Εͳ͍ɽͭ·

Γɼ௨৴ରΛґଘؔͱͨ͠ P2P ௨৴ΛλεΫͰ࣮͢ߦΔ͜ͱͰɼϓϩηεؒͷλεΫͷґଘؔ

Λهड़͢Δ͜ͱ͕ՄͰ͋Δɽ

MPI ͱ OpenMP ΛΈ߹ΘͤΔ͜ͱͰϓϩηεؒͷλεΫґଘΛهड़͢Δ͜ͱ͕Ͱ͖ΔҰํͰɼMPI

ʹΑΔσʔλͷࢄΛྀͨ͠ߟෳࡶͳ௨৴ͱλεΫͷґଘؔΛ߹Θͤͨهड़͕ඞཁͱ͞ΕΔɽਤ 3.2 ͷ

ྫΛͯݟɼ࣮ߦϓϩηεࢦఆͷͨΊͷ if จ MPI ͷ௨৴هड़͕͋ΓɼΦϦδφϧͷஞ࣍ϓϩάϥϜ

͔Βֻ͚Εͨهड़ͱͳ͍ͬͯΔɽ·ͨɼ͜ͷྫͰྻ A શͯͷϊʔυͰॏෳͯ֬͠อ͞Ε͍ͯΔ

͕ɼҰൠతͳ MPI ʹΑΔฒྻϓϩάϥϛϯάͰσʔλࢄஔ͞ΕΔͨΊɼϩʔΧϧΠϯσοΫε

ʹΑΔԋهࢉड़௨৴༻ͷϩʔΧϧόοϑΝ͕ඞཁͱͳΔͳͲɼϓϩάϥϜ͞ΒʹෳࡶʹͳΔɽ·ͨɼ

OpenMP ͱ MPI جຊతʹผͷ࣮ͱͳ͓ͬͯΓɼOpenMP ϥϯλΠϜଆ͔ΒλεΫͰ࣮͞ߦΕ

Δԋࢉͱ MPI ௨৴Λ۠ผ͠ͳ͍ɽͦͷͨΊɼλεΫͰ MPI ͷϒϩοΩϯά௨৴ಉظॲཧΛͨͬߦ

߹ɼOpenMP ϥϯλΠϜ͕ґଘؔແ͍ͱஅ͢Ε௨৴λεΫ͕େྔʹ࣮͞ߦΕɼσουϩοΫΛҾ

ͳ͍௨৴λεΫͷ࣮ඞཁͱ͞ΕΔɽ͜͞ىՄੑ͕͋ΔɽैͬͯɼσουϩοΫΛ͢͜ى͖

3.2 XMPͷλεΫฒྻϓϩάϥϛϯάϞσϧ

ࢄϝϞϦڥʹ͓͚ΔλεΫฒྻϓϩάϥϜΛ؆қʹهड़Մͱ͘͢ɼPGAS ޠݴ XMP ʹ֦ு

Λ͏ߦɽXMP ʹλεΫฒྻϞσϧΛऔΓೖΕΔ͜ͱͰɼPGAS ϞσϧͷάϩʔόϧϏϡʔʹΑΔ؆қͳ

σʔλࢄɼฒྻ࣮ٴߦͼ௨৴ɾಉظɼϩʔΧϧϏϡʔͷεέʔϥϒϧͳهड़ʹΑΔ௨৴ΛλεΫฒྻ

ʹ͓͍ͯهड़Մͱ͠ɼϓϩάϥϜશମͰͷੜੑ࢈Λ্ͤ͞Δ͜ͱ͕తͰ͋Δɽ·ͨɼैདྷͷϧʔ

ϓฒྻͱλεΫฒྻʹΑΔ࣮ΛϝχʔίΞڥͰൺֱ͢Δ͜ͱͰɼϝχʔίΞڥʹ͓͚ΔλεΫฒྻ

࣮ͷ༏Ґੑࣔ͢ɽ

3.2.1 ઃܭ

XMP ʹ͓͚ΔλεΫฒྻΛαϙʔτ͢Δࣔࢦจͱͯ͠ɼطʹ taskࣔࢦจ͕༷ʹ͋Δɽtaskࣔࢦ

จɼϒϩοΫʹهड़͞ΕͨԋࢉΛ onઅͰࢦఆ͞ΕͨϊʔυͷΈ͕࣮͢ߦΔɽ͜ͷࣔࢦจϊʔυϨ

ϕϧͰ࣮͞ߦΕɼtasksࣔࢦจϒϩοΫʹ taskࣔࢦจ͕هड़͞Εͳ͍ݶΓɼෳͷ taskࣔࢦจʹ

ΑΔॲཧผϊʔυ্ͷ࣮ߦͰ͋ͬͯฒྻʹ࣮͞ߦΕͳ͍ɽຊڀݚͰɼ֤ϊʔυ͕ͭ࣋εϨου্Ͱ

ΕΔͷͪΖΜɼεϨουϨϕ͞ߦ࣮ʹͳλεΫΛఆ͓ͯ͠ΓɼϊʔυؒͰฒྻཻࡉΕΔ͞ߦ࣮

ϧͰͷฒྻ࣮ߦٻΊΒΕΔɽͦ͜ͰɼຊڀݚͰཻࡉλεΫΛ࣮͢ߦΔͨΊͷ৽ͨͳࣔࢦจͱͯ͠ɼ

taskletࣔࢦจΛఏҊ͢Δɽ

ਤ 3.3 ʹ taskletɼtaskletwaitٴͼ taskletsࣔࢦจͷγϯλοΫεΛࣔ͢ɽtaskletࣔࢦ

จ֤ϊʔυͷεϨου্ʹλεΫΛੜ͢ΔࣔࢦจͰ͋Δɽ࣮ߦϊʔυ onઅʹهड़͞ΕΔϊʔυू

߹ςϯϓϨʔτʹΑܾͬͯఆ͞Εɼࢦఆ͕ͳ͍߹શͯͷϊʔυͰಉҰͷλεΫ͕ੜ͞ΕΔɽ࣮ߦ

Ϟσϧͱͯ͠ OpenMP ͷλεΫґଘϞσϧΛ࠾༻͓ͯ͠Γɼinɼoutٴͼ inoutઅͱ߹Θͤͯม·
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#pragma xmp tasklet [clause[, clause] ... ] [on { node-ref | template-ref } ]

(structured-block)

#pragma xmp taskletwait [on { node-ref | template-ref } ]

#pragma xmp tasklets

(structured-block)

where clause is :

{in | out | inout} (variable[, variable] ... ])

ਤ 3.3 taskletɼtaskletwaitɼtaskletsࣔࢦจͷγϯλοΫεɽ

ͨྻηΫγϣϯΛهड़͢Δ͜ͱͰλεΫґଘΛهड़͢Δɽґଘ͕ؔͳ͍λεΫࣔࢦจʹ౸ୡޙ

Δ߹͕͋ΕΔ͕ɼґଘؔ࢝͞։͕ߦ࣮ʹ 3.1.1 અͰࣔͨ͠ϑϩʔɼٴͼग़ྗґଘΛͭ࣋ઌߦλε

Ϋͷ࣮͕ߦऴྃ͢Δ·ͰɼλεΫͷ࣮ߦ։࢝͞Εͳ͍ɽinɼoutٴͼ inoutઅʹهड़͞ΕΔλεΫґ

ଘϊʔυʹด͡ΒΕ͓ͯΓɼάϩʔόϧϏϡʔͷࢄྻͰࣗϊʔυ͕ͨ࣋ͳ͍ྖҬ͕ґଘؔͱ͠

ఆ͞Εͨ߹ɼશͯϊʔυґଘͱͯ͠ॲཧ͞ΕΔɽࢦͯ

taskletsࣔࢦจɼͦͷϒϩοΫʹهड़͞ΕͨλεΫΛεϨουϨϕϧͰฒྻ࣮͢ߦΔ͜ͱΛࣔ

ड़͞ΕͨهʹจϒϩοΫࣔࢦจͰ͋Δɽtaskletsࣔࢦ͢ taskletࣔࢦจͷΈੜ͞ΕͨλεΫ͕

ฒྻʹ࣮͞ߦΕɼtasklets ΕΔɽ͞ߦ࣮ʹ࣍ड़͞Ε͍ͯͳ͍߹ɼλεΫ֤ϊʔυͰஞهจ͕ࣔࢦ

taskletwaitࣔࢦจɼੜ͞ΕͨλεΫͷ࣮ྃߦΛอূ͢ΔࣔࢦจͰ͋Δɽ͜ͷߏจϊʔυຖ

ʹੜ͞ΕͨλεΫͷಉظΛͱΔࣔࢦจͰ͋ΔͨΊɼ࣮ߦϊʔυશମͰಉظΛͱΔ߹ barrierࣔࢦ

จͱ߹Θͤͯهड़͢Δඞཁ͕͋Δɽ·ͨɼtaskletsࣔࢦจͷϒϩοΫͷग़ޱʹ֤ͯϊʔυʹ͓͚Δ

λεΫͷ҉ͷಉظΛؚΉ༷ͱͨ͠ɽ

ϊʔυؒͷλεΫͷґଘؔɼ3.2 અΑΓ P2P ௨৴ʹΑΓද͞ΕΔɽXMP ͰάϩʔόϧϏϡʔɼ

ϩʔΧϧϏϡʔͱʹ༷ʑͳ௨৴ߏจʢࣔࢦจɼcoarrayʣΛఏ͍ͯ͠ڙΔɽຊڀݚͰɼͲͪΒͷϞσϧ

ʹ͓͍ͯϊʔυؒͷλεΫґଘͷهड़ΛՄͱ͢ΔͨΊɼ֤Ϟσϧʹ͓͚Δ௨৴ߏจΛλεΫ࣮͚ߦ

ʹ֦ுΛ͏ߦɽຊڀݚͰࣔ͢ taskletࣔࢦจ XMP ͷ௨৴ࣔࢦจͷ֦ுɼXMP ͷ༷ظ࣍Ͱ͋Δ

XMP2.0 ࡏݱɼ͚ͯʹ PC ΫϥελίϯιʔγΞϜ XMP ਐΊΒΕ͍ͯΔɽຊ͕౼ݕ෦ձʹΑͬͯ֨ن

Δ֦ுͦͷఏҊͷҰͭͰ͋Δɽ͚͓ʹڀݚ

άϩʔόϧϏϡʔͰͷϊʔυؒλεΫฒྻهड़

άϩʔόϧϏϡʔϞσϧͰɼࢄྻʹର͢Δ௨৴Λهड़Մͳ gmoveɼreflectࣔࢦจΛλεΫ

ฒྻͰهड़Մͱ֦͘͢ுΛ͏ߦɽਤ 3.4 ʹλεΫ্Ͱ࣮͞ߦΕΔ gmoveɼreflect จͰ͋Δࣔࢦ

tasklet gmoveɼtasklet reflectࣔࢦจͷγϯλοΫεΛࣔ͢ɽ

tasklet gmoveࣔࢦจ onઅʹΑΓ࣮ߦϊʔυ͕ܾఆ͞Εɼهड़͞ΕͨྻೖจʹݱΕΔࢄ

ྻʹΑͬͯ௨৴ର͕ܾఆ͞ΕΔɽ·ͨɼonઅ͕ແ͍߹ɼྻೖจʹهड़͞ΕͨࢄྻΛ࣋
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#pragma xmp tasklet gmove [clause[, clause] ... ] [on { node-ref | template-ref } ]

(an assignment statement)

#pragma xmp tasklet reflect (array-name[, array-name] ... )

[chunksize (reflect-chunksize[, reflect-chunksize] ... ) ]

where clause is :

{in | out | inout} (variable[, variable] ... ])

ਤ 3.4 tasklet gmoveɼtasklet reflectࣔࢦจͷγϯλοΫεɽ

ͭϊʔυͷΈ͕࣮ߦରͱͳΓɼϊʔυϩʔΧϧͳ͕ࢦఆ͞Εͨ߹શͯͷϊʔυ͕࣮ߦରͱͳ

ΔɽλεΫґଘɼtaskletࣔࢦจಉ༷ʹ inɼoutٴͼ inoutઅͰґଘؔΛهड़͢Δ͜ͱ͕Մ

Ͱ͋Δɽtaskletɼtasklet gmoveࣔࢦจʹΑΓੜ͞ΕͨλεΫܑఋλεΫͱͳΓɼϢʔβ͕ه

ड़ͨ͠ґଘؔʹΑΓ࣮ߦॱং͕ܾఆ͞ΕΔɽ

gmoveࣔࢦจɼ࣮ߦϊʔυू߹શମ͔ taskࣔࢦจͰࢦఆ͞Ε࣮ͨߦϊʔυू߹ʹ͓͍ͯɼྻ

ೖจ࣮ߦϊʔυू߹Λجʹ௨৴Λ࣮͢ߦΔϊʔυ͕ܾఆ͞ΕΔɽ1.4 અͷਤ 1.6 ͷ௨৴͕࣮ߦՄͰ

͋Γɼ௨৴ޙྃʹ࣮ߦϊʔυू߹શମͰ҉ͷಉ͕ظͱΒΕΔɽ࣮ߦϊʔυू߹શମͰͷಉظɼ

P2P ௨৴Ͱ͋Εͳ͍͕ɼϒϩʔυΩϟετϦμΫγϣϯͷΑ͏ͳूஂ௨৴ͷ߹ɼσʔλΛ

ड৴ͨ͠ϊʔυͰ͋ͬͯશମͰ௨৴͕ྃ͢Δ·Ͱ࣮ࢭ͕ߦ·ΔɽεϨου্ͷλεΫͰ gmoveࣔࢦ

จΛ࣮͢ߦΔ߹ɼશͯͷ௨৴͕ྃ͢Δ·ͰλεΫ͕εϨου্ʹΓଓ͚Δɽ௨৴λεΫ͕εϨου

Λઐ༗͢ΔͨΊɼґଘ͕ؔղ͔ΕͨλεΫͷ࣮͕ߦΕɼ݁Ռͱͯ͠ϓϩάϥϜͷੑʹӨڹΛ༩͑Δ

Մੑ͕͋Δɽͦ͜Ͱɼtasklet gmoveࣔࢦจͰͦͷ੍Λ֎͠ɼ௨৴͕ͨྃ͠λεΫ͔Β࣮ߦ

Λऴྃ͢Δ༷ͱͨ͠ɽ

tasklet reflectࣔࢦจɼshadowࣔࢦจʹΑͬͯକྖҬ͕ࢦఆ͞Εͨࢄྻʹରͯ͠ɼλε

ΫͰྡϊʔυؒͷ௨৴Λ࣮͢ߦΔ͜ͱͰକྖҬΛߋ৽͢ΔɽXMP ͰɼσʔλࢄࣔࢦจʹΑΓ

Εͨσʔ͞ࢄஔ͞ΕΔɽͭ·ΓɼϢʔβ͔ΒࢄύλʔϯͰࣗಈతʹ֤ϊʔυͱࢄఆ͞Εͨࢦ

λͷڥքΠϯσοΫεΛΔ͜ͱͰ͖ͣɼ௨৴͞ΕΔକྖҬʹରͯ͠ґଘؔΛ໌ࣔతʹࢦఆ͢Δ͜ͱ

ෆՄͰ͋Δɽͦ͜Ͱɼtasklet reflectࣔࢦจͰ tasklet gmoveࣔࢦจͱҟͳΓɼσʔλ

ґଘ XMP ϥϯλΠϜʹΑͬͯࣗಈతʹੜ͞ΕΔ༷ͱͨ͠ɽ

εςϯγϧԋࢉͷ࠷దԽख๏ͷҰͭͱͯ͠ΩϟογϡϒϩοΩϯά͕͋ΔɽΩϟογϡϒϩοΩϯά

ɼԋྖࢉҬΛϒϩοΫԽ͠σʔλΞΫηεൣғΛڱΊΔ͜ͱͰΩϟογϡϛεΛݮΒ͠ੑΛ

্ͤ͞Δख๏Ͱ͋ΔɽXMP ϓϩάϥϜʹΩϟογϡϒϩοΩϯάΛద༻͢ΔͱɼXMP ͷάϩʔόϧ

ϏϡʔʹΑΔࣔࢦจͰ͞ࢄΕͨϧʔϓΛ͞ΒʹϢʔβࢦఆͷϒϩοΫαΠζͰׂ͢Δɽͦͷ߹ɼ

tasklet reflectࣔࢦจʹΑΓ௨৴͞ΕΔକྖҬϒϩοΫԽ͞Ε͓ͯΒͣɼϒϩοΫ୯ҐͰͷԋࢉ

ͱࣗಈͰੜ͞ΕΔକྖҬ௨৴ͷґଘཱ͕ؔ͠ͳ͍ɽͦ͜Ͱɼtasklet reflectࣔࢦจͷઅͱ͠

ͯ chunksizeઅΛఏҊ͢Δɽchunksizeઅґଘؔͱͯ͠هड़͞Εͨԋࢉͷཻʢ͜ͷྫͰϒ

ϩοΫαΠζΛࣔ͢ʣΛνϟϯΫαΠζͱͯ͠ࢦఆՄͱ͠ɼXMP ϥϯλΠϜʹରͯࣗ͠ಈతʹ༩͞
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#pragma xmp tasklet clause[, clause[, ...]] on {node-ref | template-ref}
(structured-block)

where clause is :

{in | out | inout} (variable[, variable, ...])

or

{put | get} (tag)

or

{put ready | get ready} (variable, {node-ref | template-ref}, tag)

ਤ 3.5 taskletࣔࢦจͷ putɼput readyɼgetٴͼ get readyઅͷγϯλοΫεɽ

ΕΔґଘ͕ؔνϟϯΫαΠζͰׂ͞Ε͍ͯΔ͜ͱΛΒͤΔɽ

ϩʔΧϧϏϡʔͰͷϊʔυؒλεΫฒྻهड़

ϩʔΧϧϏϡʔͰɼ௨৴ߏจͱͯ͠ coarray Λఏ͍ͯ͠ڙΔɽcoarray ยଆ௨৴Ͱ͋ΔͨΊɼ௨৴ର

ͷόοϑΝͷঢ়گʹґΒͣ௨৴Λྃ͢Δ͜ͱ͕ՄͰ͋Δɽͭ·Γɼϊʔυؒͷσʔλͷґଘؔͱ

ͯ͠ coarray ୯ମͰ༻͢Δ͜ͱෆՄͰ͋ΔɽҰൠతʹยଆ௨৴Λ࣮͢ߦΔ߹ɼ2 छྨͷಉํظ๏

ओߦΛͱΔํ๏Ͱ͋Δɽ͏Ұͭɼยଆ௨৴ͷ࣮ظશମಉʹޙલߦΒΕΔɽҰͭยଆ௨৴ͷ࣮͑ߟ͕

ମ௨৴ରϊʔυΑΓ࣮ߦՄͰ͋Δͱ͍͏௨Λड͚ɼยଆ௨৴Λ࣮͢ߦΔɽͦͷޙɼยଆ௨৴ͷ

ྃΛอূͨྃ͠ʹޙ௨Λ௨৴ରϊʔυʹૹ৴͢ΔɼMPI ͷΞΫςΟϒϞσϧʹΑΔಉํظ๏Ͱ͋

Δ PSCWʢPost-Start-Complete-WaitʣϞσϧʹํͮ͘ج๏Ͱ͋ΔɽຊڀݚͰλεΫฒྻʹΑΔશମಉ

ͷํ๏ΛͱΔɽྫ͑ɼλεΫͰऀޙΛඪͱ͍ͯ͠ΔͨΊݮͷظ coarray/Put Λ࣮͢ߦΔ߹ɼPut

ͷ௨৴ରϊʔυ͔Βͷ௨৴Մ௨ɼPutɼPut ͷྃ௨ͷ 3 छྨͷ௨৴Λهड़͢Δඞཁ͕͋Δɽ͜Ε

Βશͯͷ௨৴ΛϢʔβ͕໌ࣔతʹهड़͢ΔͷඇৗʹࠔͰίʔυࡶʹͳΓ͍͢ɽͦ͜ͰຊڀݚͰ

ɼยଆ௨৴Λ࣮͢ߦΔͨΊͷ௨Λ؆қʹهड़Մͳ putɼput readyɼgetٴͼ get readyઅΛ

taskletࣔࢦจͷઅͱͯ͠ఏҊ͢Δɽยଆ௨৴͚ͷ taskletࣔࢦจͷ֦ுͷͨΊɼϩʔΧϧϏϡʔ

ͷ coarray ͚ͩͰͳ͘ɼάϩʔόϧϏϡʔͷ gmove in/outࣔࢦจʹରͯ͠ಉ༷ʹ༻ՄͰ͋Δ

ͱ͑ߟΒΕΔɽͦ͜Ͱɼ3.6 અͷϕϯνϚʔΫͷ࣮ͱධՁͰɼcoarray ʹՃ͑ͯ gmove in/outࢦ

ࣔจͰهड़࣮ͨ͠ྫࣔ͢ɽ

put readyઅ Put ͷ࣮ߦओମͷ௨৴ରϊʔυ্Ͱ࣮͞ߦΕɼઅʹ Put Λ࣮͞ߦΕΔม·ͨ

ྻηΫγϣϯɼ௨৴ରϊʔυɼλάΛهड़͢ΔɽPut ʹΑͬͯͷߋ৽͕͖ىΔͨΊɼ͜ͷઅʹΑΓ

ੜ͞ΕΔλεΫୈҰҾʹରͯ͠ out ͷґଘؔΛͭ࣋ɽ௨৴ରϊʔυ onઅͱಉ༷ʹ࣮ߦϊʔ

υू߹·ͨςϯϓϨʔτ͕هड़ՄͰ͋Δɽput readyઅ͕هड़͞ΕͨλεΫɼ௨৴ରϊʔυͱ

λάʹΑΓࢦఆ͞ΕͨϊʔυͷλάͱҰக͢Δ putઅ͕هड़͞ΕͨλεΫʹରͯ͠ Put ͷ࣮ߦՄ௨

ΛૹΓɼ௨৴͕ྃ͢Δ·Ͱ͢ػΔɽ௨৴ྃ௨Λ put અ͕هड़͞ΕͨλεΫΑΓड͚औͬͨޙɼ

taskletࣔࢦจϒϩοΫʹهड़͞Εͨԋࢉͷ࣮ߦΛ։࢝͢Δɽ
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int A[2], B;
#pragma xmp nodes P(2)
#pragma xmp template T(0:1)
#pragma xmp distribute T(block) onto P
#pragma xmp align A[i] with T(i)

#pragma xmp tasklets
{
#pragma xmp tasklet out(A[0]) on P(1)

A[0] = 0; /* taskA */
#pragma xmp tasklet gmove in(A[0]) out(A[1]) on P(1:2)

A[1] = A[0];   /* taskB */
#pragma xmp tasklet gmove in(A[1]) out(B) on P(2)

B = A[1]; /* taskC */
}

out(A[0])

Node 1 Node 2

taskA

taskB

taskC

in(A[0])
out(A[1])

in(A[0])
out(A[1])

in(A[1])
out(B)

dependency

communication

ਤ 3.6 tasklet gmoveࣔࢦจͷϓϩάϥϛϯάྫͱλεΫϑϩʔɽ

putઅ Put ͷ࣮ߦओମͷϊʔυ্Ͱ࣮͞ߦΕɼઅʹλάͷΈΛهड़͢ΔɽλάͱҰக͢Δϊʔυ্

ͷ put readyઅ͕هड़͞ΕͨλεΫΑΓɼ௨৴Մ௨Λड͚औΔ·ͰλεΫͷ࣮ߦ։࢝͞Εͳ͍ɽ

௨৴Մ௨Λड͚औΓޙɼtaskletࣔࢦจϒϩοΫʹهड़͞Εͨยଆ௨৴ͷ Put Λ࣮͠ߦɼยଆ௨

৴ͷྃ௨Λ௨৴Մ௨͕ૹΒΕ͖ͯͨ put readyઅ͕هड़͞ΕͨλεΫʹରͯ͠ૹΔɽ

get readyઅ Get ͷ࣮ߦओମͷ௨৴ରϊʔυ্Ͱ࣮͞ߦΕɼઅʹ Get Λ࣮͞ߦΕΔม·ͨ

ྻηΫγϣϯɼ௨৴ରϊʔυɼλάΛهड़͢ΔɽGet ʹΑͬͯͷಡΈࠐΈ͕ߦΘΕΔͨΊɼ͜ͷઅ

ʹΑΓੜ͞ΕΔλεΫୈҰҾʹରͯ͠ in ͷґଘؔΛͭ࣋ɽ௨৴ରϊʔυ put readyઅͱ

ಉ༷ʹ࣮ߦϊʔυू߹·ͨςϯϓϨʔτ͕هड़ՄͰ͋Δɽget readyઅ͕هड़͞Εͨ taskletࢦ

ࣔจϒϩοΫͷॲཧͷ࣮ޙߦʹɼࢦఆ͞ΕͨϊʔυͷλάͱҰக͢Δ getઅ͕هड़͞ΕͨλεΫʹର

ͯ͠ Get ͷ࣮ߦՄ௨ΛૹΓɼ௨৴͕ྃ͢Δ·Ͱ͢ػΔɽ௨৴ྃ௨Λ getઅ͕هड़͞Εͨλ

εΫΑΓड͚औΔ͜ͱͰλεΫͷ࣮͕ߦऴྃ͢Δɽ

getઅ Get ͷ࣮ߦओମͷϊʔυ্Ͱ࣮͞ߦΕɼઅʹλάͷΈΛهड़͢ΔɽλάͱҰக͢Δϊʔυ

্ͷ get ready અ͕هड़͞ΕͨλεΫΑΓɼ௨৴Մ௨Λड͚औΔ·ͰλεΫͷ࣮ߦ։࢝͞Εͳ

͍ɽ௨৴Մ௨Λड͚औΓޙɼtaskletࣔࢦจϒϩοΫʹهड़͞Εͨยଆ௨৴ͷ Get Λ࣮͠ߦɼย

ଆ௨৴ͷྃ௨Λ௨৴Մ௨͕ૹΒΕ͖ͯͨ get readyઅ͕هड़͞ΕͨλεΫʹରͯ͠ૹΔɽ

3.2.2 ίʔυྫ

άϩʔόϧϏϡʔ

ਤ 3.6  tasklet gmoveࣔࢦจʹΑΔϓϩάϥϛϯάྫͱλεΫϑϩʔͰ͋Δɽ2 ཁૉΛͭ࣋ྻ

A ͕ 2 ϊʔυͰϒϩοΫׂ͞Ε͓ͯΓɼϊʔυ 1 ͕ A[0]ɼϊʔυ 2 ͕ A[1] ΛͦΕͧΕอ͍ͯ࣋͠Δɽ

3 छྨͷλεΫ͕ੜ͞ΕɼA[0] Λߋ৽͢Δ taskAɼtasklet gmoveࣔࢦจʹΑΓ A[1] ͔Β A[0] 
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int A[4];
#pragma xmp nodes P(2)
#pragma xmp template T(0:3)
#pragma xmp distribute T(block) onto P
#pragma xmp align A[i] with T(i)
#pragma xmp shadow A[1] 

#pragma xmp tasklets
{
#pragma xmp loop (i) on T(i)

for (int i = 0; i < 4; i++) {
#pragma xmp tasklet out(A[i]) on T(i)

A[i] = i;  /* taskA */
}

#pragma xmp tasklet reflect(A)
/* taskB */

}

Node 1 Node 2

out(A[0]) out(A[1])

in(A[1])

out(A[2])

out(A[2]) out(A[3])

in(A[2])

out(A[1])

taskA

taskB
dependency

communication

ਤ 3.7 tasklet reflectࣔࢦจͷϓϩάϥϛϯάྫͱλεΫϑϩʔɽ

ͱσʔλίϐʔΛ͏ߦ taskB ͼٴ A[1] Λ༻͍ͯม B Λߋ৽͢Δ taskC Ͱ͋Δɽtaskletࣔࢦจ on

અʹΑΓ࣮ߦϊʔυ͕ܾఆ͞ΕΔͨΊɼϊʔυ 1  taskA ͱ taskBɼϊʔυ 2  taskB ͱ taskC ͕ੜ͞

ΕΔɽtasklet gmoveࣔࢦจͷྻೖจͰࢦఆ͞Ε͍ͯΔࢄྻͦΕͧΕϊʔυ 1 ͱϊʔυ 2

͕อ͍ͯ࣋͠ΔͨΊɼgmoveࣔࢦจͷ௨৴ύλʔϯͷҰͭͰ͋Δ send-recv ʹΑΔ P2P ௨৴͕ൃੜ͢Δɽ

ϊʔυ 1 Ͱ௨৴Λ͏ߦ taskB ͱ taskA ͷؒʹ A[0] ʹΑΔϑϩʔґଘ͕͋ΔͨΊ taskA ͕ऴྃ͢Δ·Ͱ

taskB ͷ࣮ߦ͞ػΕɼϊʔυ 2 Ͱ A[1] ʹΑΔϑϩʔґଘ͕͋ΔͨΊ taskB ͷ௨৴͕ྃ͢Δ·Ͱ

taskC ͷ࣮ߦ͞ػΕΔɽ

ਤ 3.7 ʹ tasklet reflect จʹΑΔϓϩάϥϛϯάྫͱλεΫϑϩʔΛࣔ͢ɽ4ࣔࢦ ཁૉΛͭ࣋

ྻ A ͕ 2 ϊʔυͰϒϩοΫׂ͞Ε͍ͯΔͨΊɼϊʔυ 1 ͕ A[0]ɼA[1]ɼϊʔυ 2 ͕ A[2], A[3] Λ

อ࣋͢Δɽ·ͨɼshadow ఆʹΑΓ֤ϊʔυͰࢦจͷࣔࢦ 1 ཁૉͣͭକྖҬ͕֬อ͞ΕΔɽ2 छྨͷλ

εΫ͕ੜ͞Εɼloop ΕΔϧʔϓ͕ੜ͢Δྻ͞ߦ࣮ࢄจʹΑͬͯࣔࢦ A ͷΛߋ৽͢Δ taskA

ͱ tasklet reflect Δ͢ߦจΛ࣮ࣔࢦ taskB Ͱ͋Δɽਤ 3.7 ͷλεΫϑϩʔͷΑ͏ʹ 1 ྻͷݩ࣍

tasklet reflectࣔࢦจʹΑΔକྖҬަΛ͏ߦ߹ɼϊʔυ 1ɼ2 ͕ͦΕͧΕྖͭ࣋ҬΛૹ৴͢Δ

λεΫͱɼକྖҬʹΛड৴͢ΔλεΫͷ 4 छྨ͕ੜ͞ΕΔɽैͬͯɼtaskA ͷதͰྡϊʔυͱ

͢ΔྖҬΛԋ͢ࢉΔλεΫʢϊʔυ 1 Ͱ A[1]ɼϊʔυ 2  A[2] Λߋ৽͢ΔλεΫʣͷ࣮͕ߦऴྃ࣍ୈɼ

ྡϊʔυͱͷ௨৴Λ։࢝͢Δ͜ͱ͕ՄͰ͋Δɽ

ϩʔΧϧϏϡʔ

ਤ 3.8  taskletࣔࢦจͷ putɼput readyઅʹΑΔϓϩάϥϛϯάྫͱλεΫϑϩʔͰ͋Δɽ2

ϊʔυͰ࣮͞ߦΕɼϊʔυ 2 ͷ taskB ͔Βϊʔυ 1 ͷ coarray એ͞ݴΕͨม A ʹର͢Δ coarray/Put Λ

Δɽϊʔυ͢ߦ࣮ 1 Ͱɼม A ΛಡΈࠐΉ taskA ͷ࣮ޙߦʹ Put ม࠶Εɼ͞ߦ࣮͕ A ΛಡΈࠐΉ
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#pragma xmp nodes P(2)
int A:[*], B, C, tag;

#pragma xmp tasklets
{
#pragma xmp tasklet in(A) out(B) on P(1) 

B = A;         /* taskA */
#pragma xmp tasklet out(A) put(tag) on P(2)

A:[1] = 1;    /* taskB */
#pragma xmp tasklet in(A) out(C) ¥

put_ready(A, P(2), tag) on P(1)
C = A;         /* taskC */

}

in(A)

out(A)

Node 1 Node 2

in(A)

taskA

taskB

taskC

out(A)

post

Put

start

complete

wait

dependency

communication

ਤ 3.8 taskletࣔࢦจͷ putɼput readyઅͷϓϩάϥϛϯάྫͱλεΫϑϩʔɽ

#pragma xmp nodes P(2)
int A:[*], B, tag;

#pragma xmp tasklets
{
#pragma xmp tasklet out(A) ¥

get_ready(A, P(2), tag) on P(1)
A = 0;           /* taskA */

#pragma xmp tasklet in(A) out(B) get(tag) on P(2)
B = A:[1];    /* taskB */

#pragma xmp tasklet out(A) on P(1)
A = 1;          /* taskC */

}

out(A)

in(A)

Node 1 Node 2

out(A)

in(A)
post

Get

start

complete
wait

taskA

taskB

taskC

dependency

communication

ਤ 3.9 taskletࣔࢦจͷ getɼget readyઅͷϓϩάϥϛϯάྫͱλεΫϑϩʔɽ

taskC Λ࣮͢ߦΔྫͱͳΔɽϊʔυ 1 ͷ taskC ʹ͓͍ͯ put readyઅͰม A ఆ͞Ε͍ͯΔͨΊɼࢦ͕

ґଘؔͱͯ͠ out ͷλεΫ͕ੜ͞Εɼઌ͢ߦΔ taskA ͱͷґଘΛੜ͢Δ͜ͱͰλεΫͷ࣮ߦॱ

ংΛ੍͢ޚΔɽput readyઅʹهड़͞Εͨϊʔυू߹ͱλάΑΓɼϊʔυू߹ʹࢦఆ͞Εͨϊʔυ্ͷ

λάͱҰக͢Δ put અ͕هड़͞ΕͨλεΫʹରͯ͠ Put ͷ࣮ߦՄ௨ΛૹΓɼPut ͷྃ௨Λड͚

औΔ·Ͱ͢ػΔɽྃ௨ͷड৴ޙ taskC ͷϒϩοΫʹهड़͞ΕͨԋࢉΛ࣮͢ߦΔɽਤ 3.8 ͷ

߹ɼtaskC ͕ϊʔυ 2 ͷ taskB ʹର࣮ͯ͠ߦՄ௨ΛૹΓɼͦͷλεΫΑΓྃ௨Λड͚औΔɽϊʔ

υ 2 ͷ put અ͕هड़͞Εͨ taskB ɼλεΫ࣮ߦ։ޙ࢝ʹ Put ͷ࣮ߦՄ௨Λड৴͢Δ·Ͱ͢ػ
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Δɽputઅʹهड़͞ΕͨλάʹҰக͢ΔλεΫΑΓ Put ͷ࣮ߦՄ௨Λड৴ޙʹλεΫʹهड़͞Ε

ͨ coarray/Put Λ࣮͢ߦΔɽPut ͷ௨৴ྃΛอূͨ͠ޙɼ࣮ߦՄ௨Λड৴ͨ͠ϊʔυʹରͯ͠ Put

ͷྃ௨ΛૹΓλεΫͷ࣮ߦΛऴྃ͢Δɽ

ਤ 3.9 ʹ taskletࣔࢦจͷ getɼget readyઅʹΑΔϓϩάϥϛϯάྫΛࣔ͢ɽਤ 3.8 ͱಉ༷ʹ 2

ϊʔυͰ࣮͞ߦΕɼϊʔυ 2 ͷ taskB ͔Βϊʔυ 1 ͷ coarray એ͞ݴΕͨม A ʹର͢Δ coarray/Get Λ

Δɽϊʔυ͢ߦ࣮ 1 Ͱɼม A Λߋ৽͢Δ taskA ͷ࣮ޙߦʹ Get ม࠶Εɼ͞ߦ࣮͕ A ͷߋ৽Λߦ

͏ taskC Λ࣮͢ߦΔɽϊʔυ 1 ͷ taskA ʹ͓͍ͯ get readyઅͰม A ఆ͞Ε͍ͯΔͨΊɼґଘࢦ͕

ͱͯؔ͠ in ͷλεΫ͕ੜ͞Εɼޙଓͷ taskC ͱͷґଘΛੜ͢Δ͜ͱͰλεΫͷ࣮ߦॱংΛ੍ޚ

͢ΔɽtaskA ͷϒϩοΫͷॲཧͷ࣮ޙߦʹɼget readyઅʹهड़͞Εͨϊʔυू߹ͱλάΑΓɼϊʔ

υू߹ʹࢦఆ͞Εͨϊʔυ্ͷλάͱҰக͢Δ getઅ͕هड़͞ΕͨλεΫʹରͯ͠ Get ͷ࣮ߦՄ௨

ΛૹΓɼGet ͷྃ௨Λड͚औΔ·Ͱ͢ػΔɽྃ௨ͷड৴ޙλεΫͷ࣮ߦΛऴྃ͢Δɽਤ 3.9

ͷ߹ɼtaskA ͕ϊʔυ 2 ͷ taskB ʹର࣮ͯ͠ߦՄ௨ΛૹΓɼͦͷλεΫΑΓྃ௨Λड͚औΔɽ

ϊʔυ 2 ͷ getઅ͕هड़͞Εͨ taskB ɼλεΫ࣮ߦ։ޙ࢝ʹ Get ͷ࣮ߦՄ௨Λड৴͢Δ·Ͱػ

͢Δɽgetઅʹهड़͞ΕͨλάʹҰக͢ΔλεΫΑΓ Get ͷ࣮ߦՄ௨Λड͚औΓޙʹλεΫʹه

ड़͞Εͨ coarray/Get Λ࣮͢ߦΔɽGet ͷ௨৴ྃΛอূͨ͠ޙɼ࣮ߦՄ௨Λड৴ͨ͠ϊʔυʹର

ͯ͠ Get ͷྃ௨ΛૹΓλεΫͷ࣮ߦΛऴྃ͢Δɽ

ਤ 3.8ɼ3.9 ͷྫΑΓ put readyɼget readyઅͷͲͪΒʹ͓͍ͯɼϒϩοΫʹهड़͞Εͨԋࢉ

ͷ࣮ߦͱ௨৴௨ΛґଘؔͷಈతੜʹΑΓ 2 छྨͷλεΫʹ͢Δ͜ͱ͕Մͳ༷ͱͨ͠ɽਤ

3.8 ͷλεΫϑϩʔதͷઢͷΑ͏ʹɼPut ͷ։࢝௨Λग़͢λεΫʢਤதͷάϨʔͷλεΫʣΛલͬͯ

Δ͜ͱͰɼPut͢ߦ࣮ ͷ࣮ߦ։࢝ΛૣΊΔ͜ͱ͕ՄͰ͋ΓɼଞͷԋࢉλεΫͱ௨৴ͷΦʔόϥοϓ͕Մ

ͱͳΔɽಉ༷ʹਤ 3.9 ͷλεΫϑϩʔதͷઢͰɼGet ͷྃ௨ଞͷґଘΛͭ࣋λεΫͷ࣮ߦ

ͷલ·Ͱʹࡁ·͓͚ͤͯྑ͍ͨΊɼྃ௨ͷͨΊͷ௨৴ΛΒͤΔ͜ͱ͕ՄͰ͋Δɽޙࠓͷ՝

ͱͯ͠ɼλεΫεέδϡʔϦϯάΛվળ͠ɼput readyɼget readyઅʹΑΓੜ͞ΕΔยଆ௨৴ͷ

։࢝௨Λग़͢λεΫͷεέδϡʔϦϯάΛ͍ߦɼ௨৴ͱࢉܭͷΦʔόϥοϓͷ্ʹΑΔੑ্Λ

ΒΕΔɽ͛ڍͱ͕͜͏ߦ

3.3 MPI+OpenMPʹΑΔ࣮

taskletࣔࢦจͷ࣮Λࣔ͢ɽtaskletࣔࢦจΛ࣮͢Δ XMP ίϯύΠϥΛ Omni XMP Compiler

ͱ͢ΔɽOmni XMP Compiler ɼXMP ड़͞ΕͨίʔυΛهจ͕ࣔࢦ MPI+OpenMP Ͱ࣮͞Εͨϥϯ

λΠϜݺͼग़͠ͱม͢Δ source-to-source ͳτϥϯεϨʔλͰ͋ΔɽैͬͯɼຊڀݚͰ Omni XMP

Compiler Λվྑ͢Δ͜ͱͰɼtaskletࣔࢦจΛରԠ͢Δ MPI ͷ௨৴ API  OpenMP จͱมࣔࢦ

͢Δ࣮Λ͏ߦɽ͔͠͠ɼOmni XMP Compiler ʹΑΔϥϯλΠϜݺͼग़͠ͷมنଇΛ͚ࣔͩ͢Ͱɼ

ϥϯλΠϜͷڍಈ͕͑ݟͳ͍ɽͦ͜ͰɼຊઅͰ taskletࣔࢦจ͕ Omni XMP Compiler ʹΑΔίʔ

υมͰͲͷΑ͏ͳڍಈΛ͢Δ MPI+OpenMP ίʔυͱม͞ΕΔ͔ΛٖࣅίʔυͰࣔ͢ɽ

ఏҊ͢Δ taskletࣔࢦจͷมޙͷ MPI ͷ௨৴ API  OpenMP จࣔࢦจΛࣔ͢ɽtaskletsࣔࢦ

 OpenMP parallelɼsingleࣔࢦจͱ͠ɼtaskletwaitࣔࢦจ OpenMP taskwaitࣔࢦจ

ͱม͢Δɽ·ͨɼtaskletࣔࢦจͱ inɼoutٴͼ inoutઅ OpenMP taskࣔࢦจͱ dependઅ
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ιʔείʔυ 3.1 λεΫฒྻʹ͓͚Δ௨৴ͱಉظɽ

1 int comp;

2 /∗ Communication ∗/

3 MPI Isend( ... );

4

5 /∗ Synchronization ∗/

6 MPI Test( &comp, ... );

7 while (! comp) {
8 #pragma omp taskyield

9 MPI Test( &comp, ... );

10 }

ͷ inɼout ͼٴ inout ͱ͢ΔɽϢʔβ͕هड़͢Δยଆ௨৴ͷ coarray  gmove in/out จΛআ͖ɼࣔࢦ

tasklet จʹΑΓੜ͞ΕΔ௨৴ɼιʔείʔυࣔࢦ 3.1 ͷΑ͏ʹม͢Δɽιʔείʔυ 3.1 ɼ

MPI Isend() ʹΑΔૹ৴ଆͷΈͷྫ͕ͩɼड৴ଆಉ༷ʹ MPI Irecv() ͱಉظॲཧͱม͢Δɽϓϩη

εϨϕϧͷ௨৴هड़ͰɼMPI Send/Recv() ʹΑΔϒϩοΩϯά௨৴ɼMPI Isend/Irecv() ʹΑΓϊϯϒ

ϩοΩϯά௨৴Λ։࢝͠ MPI Wait()  MPI Waitall() ͰಉظΛͱΔهड़͕ҰൠతͰ͋Δɽ͔͠͠ɼλεΫ

Ͱ௨৴Λ࣮͢ߦΔ߹ɼ௨৴Ҏ֎ʹԋࢉΛ͏ߦλεΫ͕େྔʹ࣮͞ߦΕΔ͜ͱΛྀߟʹೖΕΔඞཁ͕

͋Δɽྫ͑ɼλεΫͰϒϩοΩϯά௨৴ MPI Wait() ͳͲʹΑΔಉظॲཧΛͨͬߦ߹ɼ௨৴͕

ྃ͢Δ·ͰͦͷλεΫεϨουΛઐ༗͢Δɽͭ·Γɼଞͷґଘ͕ؔղফ͞Ε࣮ͨߦՄͳλεΫ͕

ଟ͋ΔʹؔΘΒͣɼ௨৴ྃ·ͰλεΫͷ࣮͕ߦΓੑԼΛҾ͖͜͢͜ىͱ͕͑ߟΒΕΔɽͦ

͜Ͱɼιʔείʔυ 3.1 ͷΑ͏ʹ MPI Test() ͱ OpenMP taskyield ๏ͱ͢ΔɽํظจΛ༻͍Δಉࣔࢦ

MPI Test() ௨৴ྃΛඇಉظతʹ֬ೝՄͳ MPI ͷ API Ͱ͋Δɽtaskyieldࣔࢦจɼଞʹ࣮ߦՄ

ͳλεΫ͕͋Δ߹ʹ taskyieldࣔࢦจΛ࣮ͨ͠ߦλεΫΛҰͤ͞ࢭఀ࣌ɼଞͷλεΫͷ࣮ߦΛ༏ઌ

͢ΔࣔࢦจͰ͋ΓɼϩοΫ௨৴ͳͲσουϩοΫ͕ൃੜ͠͏ΔՕॴͰ༻͍ΒΕΔɽ͜ͷ 2 छྨͷߏจΛ

༻͍ͯɼMPI Test() ʹΑΓ௨৴͕͍ͯྃ͠ͳ͚Ε taskyieldࣔࢦจʹΑΓผͷ࣮ߦՄλεΫ

ͱεΠον͢Δ͜ͱͰɼσουϩοΫ௨৴λεΫ͕εϨουΛઐ༗͢ΔͷΛ͗ɼεϨουʹ͓͍ͯ

௨৴ͱࢉܭͷΦʔόϥοϓΛ࣮͢ݱΔɽޙࠓͷάϩʔόϧϏϡʔɼϩʔΧϧϏϡʔʹ͓͚Δ tasklet

ͷίʔυʹ͋Δޙจͷมࣔࢦ P2P ௨৴ɼશͯιʔείʔυ 3.1 ͷΑ͏ʹίʔυม͞ΕΔ͕ɼίʔυ

දࣔͷ؆ུԽͷͨΊશͯ MPI Send/Recv() ͱهड़͢Δɽ

3.3.1 άϩʔόϧϏϡʔ

άϩʔόϧϏϡʔ͕ఏ͢ڙΔ tasklet gmoveɼtasklet reflectࣔࢦจͷίʔυมྫΛࣔ͢ɽ

ιʔείʔυ 3.2 ɼਤ 3.6 ͷ tasklet gmoveࣔࢦจʹΑΔίʔυΛ MPI+OpenMP ίʔυͱม

ͨ͠ྫͰ͋Δɽਤ 3.6 ͷ taskA ͱ taskC ɼґଘؔͱ onઅ͕هड़͞Εͨ taskletࣔࢦจʹΑΓੜ

͞ΕΔͨΊɼ4 ͔Β 7ɼ18 ͔Β 21 ͭͭ࣋͠ड़ΛҡهͷΑ͏ʹλεΫͷߦ OpenMP task จͱࣔࢦ
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ιʔείʔυ 3.2 ਤ 3.6 ͷ tasklet gmoveࣔࢦจͷίʔυมྫɽ

1 #pragma omp parallel

2 #pragma omp single

3 {
4 if (my node num is 1) {
5 #pragma omp task depend(out:A[0])

6 /∗ ... ∗/

7 } /∗ taskA ∗/

8 if (my node num is 1 or 2) {
9 if (I have the variable of rhs) {

10 #pragma omp task depend(in:A[0]) depend(out:A[1])

11 MPI Send( ... ); /∗ Send A[0] to the node of lhs ∗/

12 }
13 if (I have the variable of lhs) {
14 #pragma omp task depend(in:A[0]) depend(out:A[1])

15 MPI Recv ( ... ); /∗ Receive A[0] from the node of rhs in A[1] ∗/

16 }
17 } /∗ taskB ∗/

18 if (my node num is 2) {
19 #pragma omp task depend(in:A[1]) depend(out:B)

20 /∗ ... ∗/

21 } /∗ taskC ∗/

22 }

depend અɼon અΛͭ࣋ϊʔυ͔Ͳ͏͔ͷ if จͱม͞ΕΔɽtaskB Λੜ͢Δ tasklet gmove

ɽྻೖ͏ߦϊʔυ͕௨৴Λͭ࣋ྻϊʔυϩʔΧϧͳΛࢄड़͞Εͨهʹจɼྻೖจࣔࢦ

จͷࠨลͱӈลͷཁૉͱ onઅʹΑΓ tasklet gmoveࣔࢦจΛ࣮͢ߦΔϊʔυɼ௨৴ͷ࣮ߦରͷ

શͯͷϊʔυ͕அՄͳͨΊ MPI ͷ P2P ௨৴ͱมͰ͖ΔɽίʔυมͰɼ8 ͔Βͷߦ if จͰ

onઅͰࢦఆ͞Ε࣮ͨߦϊʔυͷΈͱ͠ɼ9 ͔Β 12 ͷߦ if จͰӈลɼ13 ͔Β 16 ͷߦ if จͰࠨลͷ

ΕΔɽ͞ߦϊʔυΛܾఆ͠ɼͦΕͧΕλεΫͰ௨৴͕࣮ߦ࣮

ιʔείʔυ 3.3 ɼਤ 3.7 ͷ tasklet reflectࣔࢦจʹΑΔίʔυΛ MPI+OpenMP ίʔυͱ

มྫͨ͠Ͱ͋Δɽਤ 3.7 ͰɼloopࣔࢦจͰฒྻ࣮͞ߦΕΔϧʔϓͰ taskletࣔࢦจʹΑΔґଘ

λεΫͰ͋Δͭ࣋Λؔ taskA Λੜ͢ΔɽίʔυมʹΑΓ taskA ɼ5 ΕͨϧʔϓͰ͞ࢄͷߦ

λεΫͷهड़Λҡͭͭ࣋͠ OpenMP taskࣔࢦจͱ dependઅɼonઅΛͭ࣋ϊʔυ͔Ͳ͏͔ͷ if จ

ͱม͞ΕΔɽtaskB Λੜ͢Δ tasklet reflectࣔࢦจͷ߹କྖҬ௨৴ΛλεΫͰ࣮͢ߦΔ

ͨΊɼૹ৴͢ΔྖҬͱྡϊʔυ͔Βड৴͢ΔྖҬ͕ґଘؔͱͳΔɽਤ 3.7 ͷ߹ɼ1 ྻࢄͷݩ࣍
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ιʔείʔυ 3.3 ਤ 3.7 ͷ tasklet reflectࣔࢦจͷίʔυมྫɽ

1 #pragma omp parallel

2 #pragma omp single

3 {
4 /∗ loop length is distributed by loop directive ∗/

5 for (int i = local begin; i < local end; i++) {
6 if (I have template T[i]) {
7 #pragma omp task depend(in:A[i])

8 /∗ ... ∗/

9 } /∗ taskA ∗/

10 }
11 /∗ It is assumed that this example of code translation is executed by two nodes ∗/

12 if (my node num is 1) {
13 #pragma omp task depend(in:A[upper])

14 MPI Send( ... ); /∗ Send A[upper] for updating lower halo region of node 2 ∗/

15 #pragma omp task depend(out:A[upper+1])

16 MPI Recv( ... ); /∗ Receive A[upper+1] from node 2 ∗/

17 }
18 if (my node num is 2) {
19 #pragma omp task depend(in:A[lower])

20 MPI Send( ... ); /∗ Send A[lower] for updating upper halo region of node 1 ∗/

21 #pragma omp task depend(out:A[lower−1])

22 MPI Recv( ... ); /∗ Receive A[lower−1] from node 1 ∗/

23 } /∗ task B ∗/

24 }

ͷ্Լʹ 1 ཁૉͣͭକྖҬΛͨͭ࣋Ίɼ12 ͱ 18 ͔Βͷߦ if จʹΑΓϊʔυ 1ɼ2 ʹ͓͚Δڥքྖ

Ҭͷૹ৴ͱକྖҬͷड৴ΛͦΕͧΕλεΫͰ࣮͢ߦΔɽڥքྖҬକྖҬͷґଘؔάϩʔόϧϏϡʔ

ͷσʔλ͖ͮجʹࢄɼϥϯλΠϜ͕ڥքΠϯσοΫεΛࣗ͠ࢉܭಈͰ dependઅΛ༩͢Δɽ

3.3.2 ϩʔΧϧϏϡʔ

ϩʔΧϧϏϡʔ͕ఏ͢ڙΔ taskletࣔࢦจͷ putɼput readyɼgetٴͼ get readyઅͷίʔυ

มྫΛࣔ͢ɽຊڀݚʹ͓͍ͯɼλεΫͰͷยଆ௨৴Λ࣮͢ݱΔͨΊͷ։࢝௨ͱྃ௨ɼϝο

ηʔδ 0 ͷ P2P ௨৴ʹΑΔ࣮ͱ͢Δɽैͬͯɼ1 ճͷยଆ௨৴Λ࣮͢ߦΔͨΊʹɼ࣮ߦओମ

MPI Recv() Ͱ։࢝௨Λड͚औͬͨޙɼยଆ௨৴Λ࣮ߦɼยଆ௨৴ͷྃอূޙʹ MPI Send() Ͱྃ௨

ΛૹΔ 3 छྨͷ௨৴͕ඞཁͱͳΔɽ·ͨɼOmni XMP Compiler ͷ coarray  gmove in/outࣔࢦจ
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ιʔείʔυ 3.4 ਤ 3.8 ͷ putɼput readyઅͷίʔυมྫɽ

1 #pragma omp parallel

2 #pragma omp single

3 {
4 if (my node num is 1) {
5 #pragma omp task depend(in:A) depend(out:B)

6 /∗ ... ∗/

7 } /∗ taskA ∗/

8 if (my node num is 2) {
9 #pragma omp task depend(out:A)

10 {
11 MPI Recv( ... ); /∗ Receive zero element msg from any source with tag ∗/

12 MPI Put( ... ); /∗ Put the data to the node ∗/

13 MPI Win flush( ... ); /∗ Completion of one−sided communication ∗/

14 MPI Send( ... ); /∗ Send zero element msg to the node with tag ∗/

15 }
16 } /∗ taskB ∗/

17 if (my node num is 1) {
18 #pragma omp task depend(out:A)

19 {
20 MPI Send( ... ); /∗ Send zero element msg to P(2) with tag ∗/

21 MPI Recv( ... ); /∗ Receive zero element msg from P(2) with tag ∗/

22 }
23 #pragma omp task depend(in:A) depend(out:C)

24 /∗ ... ∗/

25 } /∗ taskC ∗/

26 }

ͷϥϯλΠϜ࣮ɼMPI ͷยଆ௨৴ͷύογϒϞσϧʹΑΔಉظΛ༻͍͓ͯΓɼϓϩάϥϜͷ։࢝ͱऴ

ʹ࣌ྃ MPI Win lock all()ɼMPI Win unlock all() Λݺͼɼશͯͷϊʔυʹର͢Δยଆ௨৴ͷ࣮ߦΛՄ

ͱ͠ɼಉظ MPI Win flush() ͳͲ௨৴ओମଆͷΈྃอূΛ͢Δ࣮Ͱ͋ΔɽͦͷͨΊɼຊڀݚʹ͓͍

ͯಉ༷ͷϞσϧʹΑΔ࣮ͱ͢Δɽ

ιʔείʔυ 3.4 ɼਤ 3.8 ͷ putɼput ready અʹΑΔίʔυΛ MPI+OpenMP ίʔυͱม

ͨ͠ྫͰ͋Δɽਤ 3.8 ͷ taskA ɼґଘؔͱ on અ͕هड़͞Εͨ tasklet จʹΑΓੜ͞ΕΔࣔࢦ

ͨΊɼ4 ͔Β 7 ͭͭ࣋͠ड़ΛҡهͷΑ͏ʹλεΫͷߦ OpenMP task จͱࣔࢦ depend અɼon અ

Λͭ࣋ϊʔυ͔Ͳ͏͔Λஅ͢Δ if จͱม͞ΕΔɽtaskB  put અ͕هड़͞Ε͍ͯΔͨΊɼtag ͱ
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ιʔείʔυ 3.5 ਤ 3.9 ͷ getɼget readyઅͷίʔυมྫɽ

1 #pragma omp parallel

2 #pragma omp single

3 {
4 if (my node num is 1) {
5 #pragma omp task depend(out:A)

6 /∗ ... ∗/

7 #pragma omp task depend(in:A)

8 {
9 MPI Send( ... ); /∗ Send zero element msg to P(2) with tag ∗/

10 MPI Recv( ... ); /∗ Receive zero element msg from P(2) with tag ∗/

11 }
12 } /∗ taskA ∗/

13 if (my node num is 2) {
14 #pragma omp task depend(in:A) depend(out:B)

15 {
16 MPI Recv( ... ); /∗ Receive zero element msg from any source with tag ∗/

17 MPI Get( ... ); /∗ Get the data from the node ∗/

18 MPI Win flush( ... ); /∗ Completion of one−sided communication ∗/

19 MPI Send( ... ); /∗ Send zero element msg to the node with tag ∗/

20 }
21 } /∗ taskB ∗/

22 if (my node num is 1) {
23 #pragma omp task depend(out:A)

24 /∗ ... ∗/

25 } /∗ taskC ∗/

26 }

Ұக͢Δ put ready અΛͭ࣋λεΫΑΓ։࢝௨Λͪɼ௨ͷड৴ޙ coarray/Put Λ࣮͠ߦ௨৴

௨ΛૹΔɽ11ྃ௨Λड৴ͨ͠ϊʔυʹରͯ࢝͠ɼ։ޙΛอূ͢Δɽͦͷྃ ௨Λ͕࢝։ߦ

ड৴͢ΔͨΊͷ MPI Recv()ɼ12 ͕ߦ tasklet ड़͞ΕͨهʹจͷϒϩοΫࣔࢦ coarray/Put Λม

ͨ͠ MPI Put()ɼ13 อূΛ͢Δ͕ྃยଆ௨৴ͷߦ MPI Win flush()ɼ14 ௨Λૹ৴͢Δ͕ྃߦ

MPI Send() ΛͦΕͧΕද͢ɽtaskC  put ready અ͕هड़͞Ε͍ͯΔͨΊɼ͜ͷλεΫ͕࣮ߦՄͱ

ͳͬͨ࣌Ͱ put ready અʹهड़͞Εͨରϊʔυͷ tag ͱҰக͢ΔλεΫʹରͯ͠ɼยଆ௨৴ͷ։

௨Λड৴͢Δྃޙ௨Λૹ৴࢝௨ΛૹΔɽ։࢝ MPI Recv() ͷಉظͪΛ͠ɼྃ௨Λड৴ޙ

ʹ taskletࣔࢦจʹهड़͞Εͨॲཧͷ࣮ߦΛ։࢝͢Δɽ18 ͔Βͷߦ taskࣔࢦจ͕ยଆ௨৴ͷ։࢝ɼ
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ਤ 3.10 Argobots ͷ࣮ߦϞσϧɽ

௨ͷૹड৴Λ͢ΔλεΫͰ͋Γɼ20ྃ ௨Λૹ৴͢Δ͕࢝։ߦ MPI Send()ɼ21 ௨Λ͕ྃߦ

ड৴͢Δ MPI Recv() ΛͦΕͧΕද͢ɽ͜ͷλεΫ put readyઅʹهड़͞ΕͨཁૉΛجʹࣗಈੜ͞

ΕΔɽ23 Ҏ߱ɼtaskAߦ ͱಉ༷ʹ taskletࣔࢦจΑΓม͞ΕΔɽ

ιʔείʔυ 3.5 ɼਤ 3.9 ͷ getɼget readyઅʹΑΔίʔυΛ MPI+OpenMP ίʔυͱม͠

ͨྫͰ͋Δɽਤ 3.9 ͷ taskA ɼget readyઅ͕هड़͞Ε͍ͯΔͨΊɼtaskletࣔࢦจʹهड़͞Ε

ͨॲཧΛ࣮ޙߦʹɼยଆ௨৴ͷ Get ͕ get readyઅʹهड़͞ΕͨϊʔυΑΓ࣮͞ߦΕΔɽରϊʔυͷ

tag ͱҰக͢ΔλεΫʹยଆ௨৴ͷ։࢝௨Λૹ৴͠ɼྃ௨Λड৴͢Δ MPI Recv() ͷಉظͪΛ͢

Δɽ9 ͷߦ MPI Send() ͕։࢝௨ͷૹ৴ɼ10 ͷߦ MPI Recv() ௨ͷड৴Λද͢ɽ5͕ྃ ͷߦ

taskࣔࢦจ taskletࣔࢦจͱґଘؔʹΑΓม͞Εɼ7 ͷλεΫߦ get readyઅʹΑΓࣗ

ಈੜ͞ΕΔɽtaskB  getઅ͕هड़͞Ε͍ͯΔͨΊɼget readyઅ͕هड़͞Ε͍ͯΔ tag ͱҰக͢Δ

λεΫΑΓยଆ௨৴ͷ։࢝௨Λड৴͠ɼcoarray/Get ͷ࣮ޙߦʹ௨৴ྃΛอূ͢Δɽͦͷޙɼ։࢝௨

Λड৴ͨ͠ϊʔυʹରͯྃ͠௨ΛૹΔɽgetઅͷมɼputઅͱ΄΅ಉͷมߦ͕ΘΕɼ16 ߦ

͕։࢝௨Λड৴͢Δ MPI Recv()ɼ17 ͕ߦ taskletࣔࢦจͷϒϩοΫʹهड़͞Εͨ coarray/Get

Λมͨ͠ MPI Get()ɼ18 อূΛ͢Δ͕ྃยଆ௨৴ͷߦ MPI Win flush()ɼ19 ௨Λૹ৴͕ྃߦ

͢Δ MPI Send() ΛͦΕͧΕද͢ɽtaskC ɼґଘؔͱ onΛͭ࣋ taskletࣔࢦจͰ͋ΔͨΊɼ22 ͔

Β 25 ʹͷΑ͏ߦ taskࣔࢦจͱ dependઅٴͼ onઅͷ݅Λຬͨ͢ϊʔυ͔Ͳ͏͔Λஅ͢Δ if จ

ͱม͞ΕΔɽ
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3.4 ArgobotsʹΑΔ࣮

λεΫੜͷߴԽɼҰఆಈ࡞Λ͢ΔλεΫεΠονϯάߏػΛ࣮͢ݱΔͨΊͷܰྔεϨουϥΠϒ

ϥϦ Argobots ʹΑΔλεΫฒྻ࣮ߦͷ࣮Λࣔ͢ɽຊઅͰɼArgobots ͷ֓ཁΛࣔͨ͠ޙɼArgobots ʹ

ΑΔλεΫฒྻ࣮ߦͷ࣮Λࣔ͢ɽArgobots  Argonne National LaboratoryʢANLʣͷΤΫαεέʔϧ

ίϯϐϡʔςΟϯάʹڀݚ͚ͨϓϩδΣΫτ Argo[53] ͷҰ෦ͱͯ͠ڀݚ։ൃ͕ਐΊΒΕ͍ͯΔɼϢʔ

βϨϕϧͷεϨουϥΠϒϥϦͰ͋ΔɽେྔͷཻࡉλεΫʹΑΔฒྻॲཧΛ࣮͢ݱΔͨΊͷϑϨʔϜ

ϫʔΫͱͯ͠ɼεϨου੍ߏػޚλεΫͷεέδϡʔϦϯάͷͨΊͷ API Λఏ͍ͯ͠ڙΔɽਤ 3.10 ʹ

Argobots ͷ࣮ߦϞσϧΛࣔ͢ɽArgobots ͷ࣮ߦ୯ҐͰ͋Δ Working UnitʢWUʣɼUser Level Thread

ʢULTʣͱ Tasklet ͷ 2 छྨ͕͋ΔɽULT طଘͷεϨουϥΠϒϥϦͱಉͷػΛϢʔβϨϕϧͰఏڙ

͓ͯ͠Γɼmutex ݅มͳͲͷഉଞ੍ޚಉߏػظʹՃ͑ɼߴͳλεΫੜɾίϯςΩετεΠο

νΛಛͱ͍ͯ͠ΔɽTasklet ؔΛநԽͨܰ͠ྔ࣮ߦϢχοτͰ͋Γɼߴʹ࣮ߦՄ͕ͩ ULT ͕

ɽ͍ڧɼίϯςΩετεΠονͰ͖ͳ͍ͳͲ੍ͣͨ࣋Λߏػظಉޚഉଞ੍ͭ࣋

֤ WU ίΞʹׂΓͯΒΕ࣮ͯ͞ߦΕΔͷͰͳ͘ɼWU ΛೖΕΔͨΊͷΩϡʔͰ͋Δϓʔϧʹ

ೖΕΒΕɼϓʔϧͷ WU Λ Execution StreamʢESʣ͕࣮͢ߦΔɽਤ 3.10 ͰɼCPU ͷ֤ཧίΞʹର

ͯ͠Ұͭͷ ES ׂ͕ΓͯΒΕ͍ͯΔɽES ʹඥ͚ΒΕͨϚελʔεέδϡʔϥʹΑΓϓʔϧ͔Β WU

͕औΓग़͞Ε ES ্Ͱஞ࣍తʹ࣮͞ߦΕΔ͕ɼͦΕͧΕͷ ES ฒྻʹಈ͢࡞ΔͨΊฒྻ࣮͕ߦՄͰ͋

Δɽϓʔϧʹ WU ͷଞʹεέδϡʔϥΛೖΕΔ͜ͱՄͰ͋Δɽਤ 3.10 ͷίΞ 0 ͷϚελʔεέ

δϡʔϥʹׂΓͯΒΕͨϓʔϧʹ͋Δεέδϡʔϥ͕࣮ߦՄʹͳͬͨ߹ɼͦͷεέδϡʔϥ͕

ϓʔϧͷͭ࣋ WU ΕΔɽ·ͨɼίΞ͞ߦ࣮͕ 1 ͷϓʔϧͷΑ͏ʹϚελʔεέδϡʔϥʹෳͷϓʔ

ϧΛׂΓͯΔ͜ͱɼίΞ 0ɼ1 Ͱڞ༗ͷϓʔϧΛઃఆ͢Δ͜ͱՄͰ͋ΓɼES ؒͰͷλεΫͷε

ςΟʔϦϯάϚΠάϨʔγϣϯϢʔβ͕࣮ՄͰ͋Δɽ

Argobots ͷ֤ػͱλεΫɼεϨουͱͷରԠ͚ͱλεΫฒྻ࣮ߦͷ࣮ͷઆ໌Λࣔ͢ɽεϨου

ͱ Argobots ͷ ES ҰରҰͷରԠͱ͠ɼϢʔβ͕ࢦఆ͢Δ࣮ߦεϨουʹΑͬͯ ES ͷΛࢦఆՄ

ͱ͢Δɽ֤ཧίΞʹରͯ͠ ES ͱϓʔϧΛҰׂͭͣͭΓͯΔ͕ɼશͯͷ ES ͕શͯͷϓʔϧͱΞΫ

ηεՄͱ͢Δɽجຊతʹɼ֤ ES ϚελʔεέδϡʔϥʹΑͬͯࣗʹׂΓͯΒΕͨϓʔ͕ͭ࣋

ϧ͔ΒλεΫΛऔΓग़͠ ES ্Ͱ࣮͢ߦΔ͕ɼϓʔϧʹλεΫ͕ͳ͍߹ଞͷ ES ϓʔϧΑΓλ͕ͭ࣋

εΫͷεςΟʔϦϯάΛ࣮͢ߦΔ࣮ͱ͢ΔɽλεΫͷੜϚελʔεϨουʹΑͬͯஞ࣍తߦΘΕɼ

taskletࣔࢦจʹΑͬͯੜ͞ΕΔλεΫΛҰͭͷ ULT ͱͯ͠ѻ͏ɽinɼoutٴͼ inoutઅΛͨ࣋

ͳ͍߹طʹґଘ͕ؔຬͨ͞Ε͍ͯΔ߹ɼλεΫͪʹੜ͞ΕϓʔϧͱೖΕΒΕΔɽϚε

λʔεϨουɼtaskletwaitࣔࢦจ͔ taskletsࣔࢦจʹΑΔϒϩοΫͷग़ޱ·Ͱ౸ୡͨ͠ͱ͖ͳ

ͲɼϢʔβʹΑͬͯࢦఆ͞ΕͨಉظϙΠϯτ·ͰͷશͯͷλεΫͷੜΛऴ͑ͨͷͪʹɼλεΫͷ࣮ߦΛ

։࢝͢Δɽ

ґଘؔΛͭ࣋λεΫͷ࣮ߦ݅Λࣔ͢ɽinઅ͕ࢦఆ͞ΕͨλεΫͷ߹ɼґଘؔϑϩʔґଘͷ

ΈͰ͋ΔͨΊɼલͷ outઅΛͭ࣋λεΫͷऴྃʹΑΓ࣮͕ߦ։࢝͞ΕΔɽoutઅΛͭ࣋λεΫͷ߹ɼ

ग़ྗґଘͱґଘͷ 2 छྨͷґଘ͕ؔ͋ΔͨΊɼલͷ outઅΛͭ࣋λεΫͱͦͷλεΫҎ߱ʹੜ

͞Εͨ inઅΛͭ࣋શͯͷλεΫͷऴྃʹΑΓ࣮͕ߦ։࢝͞ΕΔɽҎ্ͷ࣮ߦ݅Λදͨ͢ΊɼຊڀݚͰ
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ද 3.1 ʢOakforest-PACSʣɽڥݧ࣮

CPU Intel Xeon Phi 7250 1.4 GHz 68 cores

Memory 16GB (MCDRAM) + 96GB (DDR4)

Interconnect Intel Omni-Path Architecture

Compiler Intel Compiler 17.0.1

Intel MPI Library 2017 Update 1

ΧϯλʹΑΔ࣮Λͨͬߦɽinɼoutٴͼ inoutઅʹهड़͞ΕͨมྻηΫγϣϯɼͦΕΒ

ͷΞυϨεΛجʹϋογϡ͕ੜ͞Εϋογϡςʔϒϧͷόέοτ্Ͱཧ͞ΕΔɽόέοτϦετ

ʹΑΔ࣮ͱͨ͠ɽλεΫੜ࣌ʹࣗλεΫͱґଘؔΛͭ࣋λεΫ͕طʹ͋ΓɼͦͷλεΫͷ࣮͕ߦ։

ऴߦΕ͍ͯͳ͍߹ɼΧϯλͷΛ૿Ճͤ͞ϋογϡςʔϒϧͷόέοτʹՃ͢ΔɽλεΫͷ࣮࢝͞

ɼ֨ೲ͞Ε͍ͯ͠ࡧґଘͱಉҰͷґଘΛϋογϡΑΓϋογϡςʔϒϧ͔Β୳ͭ࣋ɼࣗλεΫ͕ʹ࣌ྃ

ΔλεΫͷΧϯλͷΛݮΒ͢ɽ͜ͷ࣌ɼΧϯλͷ͕ 0 ͱͳͬͨ߹ɼλεΫͷґଘ͕ؔղফ͠

ͨͱ͠όέοτ͔ΒऔΓग़ͨ͠ޙɼULT Λੜ͠ϓʔϧૠೖ͢Δɽ

OpenMP ͷ taskyieldࣔࢦจͰ࣮͞ߦΕΔλεΫͷεΠονϯάɼArgobots ͕ఏ͢ڙΔλεΫε

ΠονϯάؔΛ༻͍ΔɽULT Ͱ͜ͷ͕ؔݺΕͨ߹ɼߦ࣮ࡏݱதͷ ULT ϓʔϧͱୀආͤ͞

ΒΕɼϚελʔεέδϡʔϥ͕ىಈ͞ΕΔɽϓʔϧૠೖ͞Ε͍ͯΔλεΫґଘ͕ͳ͍ɼ͘͠طʹ

ղফ͞Ε͍ͯΔλεΫͷΈͰ͋ΔͨΊɼϚελʔεέδϡʔϥϓʔϧ͔ΒλεΫΛऔΓग़͠ɼͪʹ࣮

͍ͯྃ͠ɼ௨৴͕͍͓ͯʹظΔ௨৴ಉ͏͖ىΔ࣮ͰɼσουϩοΫ͕͚͓ʹڀݚΔɽຊ࢝͢Λ։ߦ

ͳ͚ΕλεΫεΠονϯάඞ࣮ͣ͞ߦΕΔ࣮ͱͨ͠ɽ

3.5 ௨৴ੑͷධՁ

1.3.3 અʹ͓͍ͯɼϓϩηεϨϕϧͰͷ௨৴ͱൺֱͯ͠ MPI THREAD MULTIPLE ͷϚϧνεϨου

ͷʹ͍ͭͯࣔͨ͠ɽຊઅͰɼIntelطΔ௨৴ੑ͍ͱ͍͏͚͓ʹڥ Omni-Path  InfiniBand

ΛΠϯλʔίωΫτͱͯ͠ڥͭ࣋ʹͯɼ࣮ࡍͷ MPI THREAD MULTIPLE ͷੑΛࣔͨ͠ޙɼ௨৴ੑ

վળͷͨΊͷ࣮ʹ͍ͭͯड़Δɽ

3.5.1 ڥݧ࣮

Intel Omni-Path ΛΠϯλʔίωΫτͱͯ͠ڥͭ࣋ͱͯ͠ஜେֶࢉܭՊֶڀݚηϯλʔͱ౦ژେֶ

ใج൫ηϯλʔڞಉͷ Joint Center for Advanced HPC : ಉڞઌ࠷ HPC ༺ઃʢJCAHPCʣ͕ӡࢪ൫ج

͢Δ Oakforest-PACSʢOFPʣ[54] Λར༻͢Δɽ·ͨɼInfiniBand ΛΠϯλʔίωΫτͱͯ͠ڥͭ࣋ͱ

ͯ͠ɼஜେֶࢉܭՊֶڀݚηϯλʔ͕ӡ༻͢Δ COMA[55] Λར༻͢Δɽ֤γεςϜͷ 1 ϊʔυͷܭ

ιϑτΣΞͷόʔδϣϯΛͦΕͧΕදڥػࢉ 3.1ɼ3.2 ʹࣔ͢ɽOFP  Intel Xeon Phi 7250ʢ68 ί

ΞʣΛϗετϓϩηοαͱ͠ɼΠϯλʔίωΫτཧϐʔΫόϯυ෯ 100Gb/s Λͭ࣋ Intel Omni-Path

Architecture Ͱ͋ΔɽCOMA ɼ1 ϊʔυʹ Intel Xeon E5-2670v2 ͷ 2 ιέοτʢ10 ίΞ × 2 ιέοτʣ
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ද 3.2 ʢCOMAʣɽڥݧ࣮

CPU Intel Xeon E5-2670v2 × 2

10 cores/CPU × 2 = 20 cores

Memory 64GB (DDR3)

Interconnect Mellanox Connect-X3 Single-port FDR

Compiler Intel Compiler 16.0.4

Intel MPI Library 5.1.3
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ਤ 3.11 ௨৴ੑͷධՁʢOakforest-PACSʣɽ

ͱ Intel Xeon Phi 7110P ίϓϩηοαΛ 2 ຕʢ61 ίΞ × 2ʣ͕ͭ࣋ɼຊڀݚͰϗετϓϩηοαͷΈΛ

ରͱ͢ΔɽΠϯλʔίωΫτͱͯ͠ Mellanox Connect-X3 Single-port FDR Λ࠾༻͓ͯ͠Γɼཧϐʔ

Ϋόϯυ෯ 56Gb/s Ͱ͋ΔɽMPI εϨου௨৴Λ࣮͢ΔͨΊͷ OpenMP ͷίϯύΠϥͱͯ͠ Intel

Compiler Λ༻͢Δɽ

3.5.2 ϚϧνεϨουڥͰͷ௨৴ੑͷ༧උධՁ

3.5.1 અͰࣔͨ͠ڥΛ༻͍ɼ༧උධՁͱͯ͠௨৴ੑͷௐࠪΛ͏ߦɽλεΫฒྻͰεϨου্

Ͱ࣮͞ߦΕΔλεΫ͔Β௨৴͕࣮͞ߦΕΔͨΊɼෳͷεϨου͕ಉ࣌ʹ௨৴Λ͜͏ߦͱ͕Մͳ

MPI THREAD MULTIPLE ͕ඞཁͱͳΔɽͦ͜Ͱɼ௨৴ੑͷධՁʹɼ௨ৗͷϓϩηεରϓϩηεͷ

Ping-Pong ϓϩάϥϜʹՃ͑ͯɼεϨουରεϨουͰ௨৴Λ࣮ߦՄͳ Ping-Pong ϓϩάϥϜΛ༻͍

Δɽ·ͨɼάϩʔόϧϏϡʔͰ P2P ௨৴ɼϩʔΧϧϏϡʔยଆ௨৴Ͱ͋ΔͨΊɼMPI Send/Recv()ɼ
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ਤ 3.12 ௨৴ੑͷධՁʢCOMAʣɽ

MPI Put() ͷͦΕͧΕΛ༻͍ͯੑධՁΛ͏ߦɽยଆ௨৴ͷ߹௨৴ରʹґΒͣ௨৴Λ࣮ߦՄͰ

͋ΔͨΊɼMPI Put() Λ࣮ޙߦʹ MPI Win flush() ͰྃΛอূ͠ɼMPI Send/Recv() ʹΑΔ 0Byte ϝο

ηʔδ௨৴Λ༻͍ͯྃ௨ΛૹΔ࣮ͱͨ͠ɽ͞Βʹɼಉ࣌ʹ௨৴͢ΔεϨουΛ 1ɼ2ɼ4 ͱ૿Ճ͞

ͤͨ߹ͷධՁ͏ߦɽPing-Pong ϓϩάϥϜʹΦϋΠΦभཱେֶͰڀݚ։ൃ͕ਐΊΒΕ͍ͯΔ OSU

Micro-Benchmarks Λ༻͍ɼεϨουϨϕϧͰͷ௨৴ͷ߹ɼͦ ͷϓϩάϥϜΛϕʔεͱͨ͠ Ping-Pong

ϓϩάϥϜΛ࣮͠ɼධՁʹ༻͍ͨɽ

ਤ 3.11ɼ3.12 ʹ OFP ͱ COMA Ͱͷ௨৴ੑͷධՁΛࣔ͢ɽԣ࣠ 1 εϨου͕௨৴͢ΔαΠζΛද

͠ɼॎ࣠εϨου͋ͨΓͷόϯυ෯Λද͢ɽྫ͑࣠ͷ 4KB ɼ1 εϨουͳΒ 4KBɼ2 εϨου

8KBɼ4 εϨου 16KB Λ߹ܭͰૹ৴͢Δɽ·ͣɼ1 εϨου࣮ߦͰͷ MPI Send/Recv() ͱ MPI Put()

Λൺֱ͢ΔɽͲͪΒͷγεςϜʹ͓͍ͯ MPI Put() ΑΓ MPI Send/Recv() ͷੑ͕ྑ͍͜ͱ͕Θ͔Δɽ

OFP ʹ͓͚Δͦͷࠩେ͖͘ɼ࠷େͰ 2GB/s Ҏ্ੑ͕ҟͳΔɽ·ͨɼCOMA ʹ͓͚Δ MPI Put() 

1MB Ҏ্ͷ௨৴ʹ͓͍ͯੑ͕ܹٸʹԼ͢Δ͜ͱ͕Θ͔ͬͨɽ࣍ʹ 1 εϨουͱϚϧνεϨουͰͷ

௨৴Λൺֱ͢ΔɽͲͪΒͷγεςϜʹ͓͍ͯ MPI Send/Recv()ɼMPI Put() ͱʹεϨου૿Ճͱͱ

ʹੑ͕Լ͢ΔɽैͬͯɼInfiniBandɼIntel Omni-Path ͷͲͪΒͷΠϯλʔίωΫτʹ͓͍ͯยଆ

௨৴ΑΓ P2P ௨৴ͷੑ͕ྑ͘ɼϚϧνεϨουͰ௨৴Λ͏ߦ MPI THREAD MULTIPLE ΑΓ 1 ε

Ϩου͕௨৴Λै͏ߦདྷͷϓϩηε୯ҐͰͷ௨৴͕ߴͰ͋Δ͜ͱ͕ࣔ͞Εͨɽ

3.5.3 ௨৴ҕৡʹΑΔ௨৴࠷దԽ

λεΫฒྻ࣮ߦʹ͓͚ΔϚϧνεϨουͰͷ௨৴ੑΛվળ͢ΔͨΊʹɼ௨৴࠷దԽΛ͏ߦɽ3.5.2 અ

ΑΓɼIntel Omni-PathɼInfiniBand ͱʹɼ1 ϓϩηε͘͠ 1 εϨου͕௨৴ͨ͠߹ͷੑྑ͍
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comm. thread calc. thread

global comm. queue

OpenMP	
Scheduler

create and execute 
tasks

2. enqueue comm. 
request

4. dequeue comm. 
request

5. execute
comm.

1. create comm. 
request

comm. taskcalc. task

3. spin wait
6. break out of 

spin wait

ਤ 3.13 ௨৴࠷దԽͷ࣮ɽ

ͨΊɼຊڀݚͰ taskletࣔࢦจʹΑΔλεΫฒྻ࣮ʹ͓͍ͯɼϢʔβ͔ΒϚϧνεϨουʹ௨৴

Λ࣮͢ߦΔΑ͏ͳϓϩάϥϜͰɼϥϯλΠϜʹΑΓ 1 εϨουʹ௨৴Λҕৡ͢Δ࣮ͱ͢Δɽ൚༻తͳ࣮

ͱ͢ΔͨΊ௨৴࠷దԽͷ࣮શͯ OpenMP Ͱ͏ߦɽ·ͨɼൺֱͱͯ͠ Argobots ʹΑΔ࣮ੑ͍ߦ

Λࣔ͢ɽ

ਤ 3.13 ʹ 1 εϨουʹ௨৴ҕৡΛ͢Δ௨৴࠷దԽͷ࣮ͷ֓ཁΛࣔ͢ɽ࣮ߦεϨουͷ 1 ͭΛ௨

৴εϨουͱ͠ɼͦͷଞͷεϨουΛࢉܭεϨουͱ͢Δɽtasklets ΑΓʹจͷมࣔࢦ OpenMP

parallelɼsingleࣔࢦจͱม͞ΕΔ͕ɼͦͷ 2 ͭͷࣔࢦจͷؒʹ masterࣔࢦจΛૠೖ͠ɼͦ

ͷࣔࢦจͰੜ͞ΕΔεϨουΛ௨৴εϨουͱ͢Δɽैͬͯɼsingle ΕΔ͞ߦจͰ࣮ࣔࢦ task

จ͕ࣔࢦ masterࣔࢦจͷεϨουͰ࣮͞ߦΕΔ͜ͱͳ͍ɽ௨৴Λ࣮͢ߦΔλεΫΛؚΉશͯͷλε

ΫࢉܭεϨουͰҰ࣮͞ߦΕΔɽ௨৴λεΫͷ߹௨৴ΛεϨουͰ࣮͢ߦΔͷͰͳ͘ɼ௨

৴ϦΫΤετΛੜ͠શͯͷεϨου͕ࢀরՄͳΩϡʔͱೖΕΔɽΩϡʔૠೖޙ௨৴ྃ·Ͱ

taskyieldࣔࢦจΛݺͼͳ͕Βɼ௨৴ϦΫΤετʹରͯ͠εϐϯΣΠτΛ࣮͢ߦΔɽ௨৴ϦΫΤετ

ͷͷॻ͖͑Λ௨৴ྃͱ͠ɼεϐϯΣΠτΛൈ͚λεΫΛऴྃ͢Δɽ௨৴εϨουɼΩϡʔʹϦ

ΫΤετ͕ૠೖ͞ΕΔͷΛͭɽΩϡʔʹϦΫΤετ͕͋Δ߹ɼͦͷϦΫΤετΛجʹ௨৴Λੜ͠

ྃΔɽ௨৴ͷ͢ߦ࣮ MPI Test() ʹΑΓඇಉظతʹ֬ೝ͠ɼ௨৴͕͍ͯྃ͠Ε௨৴ϦΫΤετͷ

Λॻ͖͑ΔɽsingleࣔࢦจͷϒϩοΫͷग़ޱʹ౸ୡ͠ɼશͯͷλεΫ͕ऴྃͨ͠ͷͪʹ௨৴εϨο

υऴྃ͢ΔɽArgobots ʹΑΔ࣮ͷ߹ɼES0 Λ௨৴λεΫΛ࣮͢ߦΔεϨουͱ͢ΔɽES0 ্ʹ

ৗʹ 1 ͭͷλεΫ͕࣮͞ߦΕ͓ͯΓɼ͜ͷλεΫͷΈ͕௨৴Λ࣮͢ߦΔɽଞͷ ES ্Ͱ࣮͞ߦΕΔλεΫ

ͷڍಈ OpenMP ࣮ͱಉ༷ʹΩϡʔʹΑΔ௨৴ϦΫΤετͷΓऔΓͰ͋ΔͨΊৄࡉলུ͢Δɽ
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3.6 ධՁ

ఏҊ͢Δ XMP ͷλεΫฒྻϞσϧͷੑධՁΛࣔ͢ɽtaskletࣔࢦจͷάϩʔόϧϏϡʔɼϩʔΧ

ϧϏϡʔΛͦΕͧΕ༻͍ͨϕϯνϚʔΫΛ࡞͠ɼIntel Xeon Phi ϝχʔίΞϓϩηοαΛ͢ࡌΔΫϥ

ελ্ͰੑධՁΛ͏ߦɽ·ͨɼIntel Xeon ϓϩηοαΛ͢ࡌΔΫϥελ্Ͱͷ࣮ߦ͍ߦɼϚϧνί

ΞڥͰͷੑධՁ߹Θͤͯࣔ͢ɽରͷϕϯνϚʔΫϒϩοΫίϨεΩʔղͱϥϓϥειϧόͱ

͢ΔɽXMP ࣮ͱͷൺֱରҎԼʹ࣮ࣔͨ͠Ͱ͋Γɼશͯ MPI+OpenMP ʹΑΔ࣮Ͱ͋Δɽ

• ϧʔϓฒྻʹΑΔϫʔΫγΣΞϦϯάͱσʔλґଘϞσϧʹΑΔλεΫฒྻʹΑΔ࣮ɽ

• MPI Send/Recv() ʹΑΔ P2P ௨৴ͱ MPI Put() ʹΑΔยଆ௨৴ʹΑΔ࣮ɽ

• OpenMP ͱ Argobots ͷൺֱɽ

• ௨৴࠷దԽͷ༗ແɽ

Ҏ্ͷ࣮ͱͷൺֱʹΑΓɼैདྷͷϧʔϓฒྻʹΑΔϫʔΫγΣΞϦϯάͱλεΫฒྻʹΑΔ࣮Λൺ

ֱ͢Δ͜ͱͰɼϝχʔίΞγεςϜʹ͓͚ΔλεΫฒྻʹ༏ҐੑΛࣔ͢ɽ·ͨɼXMP ͱ MPI+OpenMP

ͷλεΫґଘʹΑΔ࣮ͷੑൺֱʹΑΓɼλεΫฒྻʹΑΔ XMP ϓϩάϥϜͷੑ͕ MPI+OpenMP

ͱಉͰ͋Γɼੜ࣮͍ߴ͕ੑ࢈Ͱ͋Δ͜ͱΛࣔ͢ɽޙ࠷ʹ Argobots ʹΑΔฒྻλεΫ࣮ߦͷ࣮

௨৴࠷దԽͷద༻ʹΑΓλεΫฒྻʹΑΔ࣮ͷ͞ΒͳΔߴԽΛ͢ࢦɽOmni XMP Compiler ͷ

tasklet ɽͨͩͨͬߦखಈͰΔͨΊίʔυม͍ͯྃ͠จͷ࣮ɼϥϯλΠϜͷΈ࣮͕ࣔࢦ

͠ɼtasklet gmoveࣔࢦจͷΈҰ෦ίʔυมͷ࣮͕͓ͯྃ͠ΓɼϒϩοΫίϨεΩʔղͷΈ

XMP άϩʔόϧϏϡʔͷੑΛධՁ͢Δɽ·ͨɼArgobots ͷద༻ϒϩοΫίϨεΩʔղͷΈͰ͋

Γɼϥϓϥειϧόͷద༻ޙࠓͷ՝ͱ͍ͨ͠ɽ

3.6.1 ύϥϝʔλ࣌ߦมɼ࣮ڥ

ධՁڥʹɼ3.5.1 અͰ༻͍ͨ OFP ͱ COMA ͷ 2 छྨͷγεςϜΛ༻͍ΔɽIntel Xeon Phi Ϋ

ϥελͱͯ͠ OFPɼIntel Xeon Ϋϥελͱͯ͠ COMA Λར༻͢ΔɽXMP ͷίϯύΠϥʹ Omni

Compiler 1.0.3 Λϕʔεʹ taskletࣔࢦจΛ࣮ͨ͠ͷΛ༻͍ɼόοΫΤϯυίϯύΠϥൺֱର

ͷ MPI+OpenMP ࣮ʹ Intel Compiler Λ༻͢ΔɽϒϩοΫίϨεΩʔղͰ༻͍ΒΕΔ BLAS 

LAPACK ͷ࣮ʹ Intel MKL Λ༻͠ɼOFP Ͱ 2017 Update1ɼCOMA Ͱ 11.3.2 Λ༻͍ͨɽ

มΛࣔ͢ɽKNLڥύϥϝʔλߦΔ࣮͍༺ʹ࣌ߦ࣮ ͷϝϞϦϞʔυΛ Flat ϞʔυɼΫϥελ

ϦϯάϞʔυ OFP ఆ͢Δࢦ͕ Quadrant Ϟʔυͱͨ͠ɽFlat ϞʔυͰ MCDRAM Λ༻͍Δํ๏ͱ

ͯ͠ numactl ίϚϯυʹΑΔํ๏͕͋Δɽnumactl ίϚϯυʹΑΓ DDR4 ϝϞϦ͕ NUMA ϊʔυ 0ɼ

MCDRAM ͕ NUMA ϊʔυ 1 ͱͯ͑͠ݟΔɽͦ͜ͰɼMCDRAM ্ʹશͯͷσʔλΛஔ͢Δ߹ɼ

numactl -membind 1 ͱࢦఆ͢Δɽ͔͠͠ɼຊڀݚͰ༻͍ΔϕϯνϚʔΫͰԋࢉ༻ͷόοϑΝશମ

MCDRAM ্ʹऩ·Δ͕ɼॳظԽ݁ՌূݕͷͨΊͷόοϑΝΛؚΊΔͱ MCDRAM ͷ 16GB Λ͑Δɽ

ͦ͜Ͱɼmemkind ϥΠϒϥϦΛ༻͍ͯ MEMKIND HBW NODE=1ɼnumactl -membind 0 ͱ͢Δ͜ͱͰ

DDR4 ϝϞϦͷΈΛ༻͢Δͱࢦఆ͠ɼԋࢉόοϑΝΛ hbw posix memalign() Ͱ֬อ͢ΔɽͦΕʹΑΓɼ
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ԋࢉόοϑΝͷΈΛ MCDRAM ʹɼͦͷଞΛ DDR4 ϝϞϦ্ʹ֬อ͢Δ͜ͱ͕ՄͰ͋Δɽ

OFP Ͱ Intel Omni-Path ͷ௨৴ελοΫͱͯ͠ Tag Matching InterfaceʢTMIʣɼOpenFabrics Alliance

ʢOFAʣٴͼ OpenFabrics InterfaceʢOFIʣ͕༻ՄͰ͋ΓɼCOMA Ͱ Direct Access Programming

LibraryʢDAPLʣͱ OFA ͕બͰ͖ΔɽI MPI FABRICS ʹΑΓઃఆ͕ՄͰ͋ΓɼຊڀݚͰ OFP Ͱ

 TMIɼCOMA Ͱ OFA ͱͨ͠ɽ

จݙ [56] ʹ͓͍ͯɼOFP ͰλΠϚׂΓࠐΈΛड͚ΔίΞ͕ 0 ͱઃఆͯ͋͠Δͱड़ΒΕ͓ͯΓɼί

Ξ 0 ͷ༻͕ਪ͞Ε͍ͯͳ͍ɽ·ͨɼKNL ಉҰλΠϧʹ͓͍ͯ 2 ίΞ͕ L2 ΩϟογϡΛڞ༗͠

͍ͯΔͨΊɼL2 ΩϟογϡԚછΛ͑ߟΔͱ 2 ίΞΛԋࢉʹ༻͍ͳ͍ઃఆ͕ྑ͍ͱ͞Ε͍ͯΔɽͦ͜Ͱɼ

KMP HW SUBSET=64c@2,1t ͱ͢Δ͜ͱͰɼ“64c,1t” Ͱ 1 ίΞ 1 εϨουͷ࣮ߦΛද͠ɼ“@2” Ͱ࠷ॳ

ͷ 2 ίΞΛඈ͢ઃఆͱͳΔɽ·ͨɼI MPI PIN PROCESSOR EXCLUDE LIST=“0, 1, 68, 69, 136, 137,

204, 205” ͱ͢Δ͜ͱͰɼࢦఆͨ͠εϨου্ʹ MPI ϓϩηε͕όΠϯυ͞Εͳ͍ઃఆͱͳΔɽKNL

ɼ512bit ͷ simd Λ༻͍Δ͜ͱ͕Մͳ AVX512 Λαϙʔτ͍ͯ͠ΔͨΊɼίϯύΠϧ࣌ͷϑϥά

ʹ-axMIC-AVX512 ΛՃͨ͠ɽ

3.6.2 ϒϩοΫίϨεΩʔղͷੑධՁ

ίϨεΩʔղɼਖ਼ఆରশྻߦΛԼྻߦ֯ࡾͱͦͷసஔͷੵʹղ͢ΔίʔυͰ͋ΓɼຊڀݚͰ

ϒϩοΫԽͨ͠ྻߦΛղ͘ϒϩοΫίϨεΩʔղΛରͱ͢ΔɽϒϩοΫίϨεΩʔղͷίʔυ

OmpSs ͷύοέʔδͰఏ͞ڙΕ͍ͯΔίʔυΛ༻͍ΔɽOmpSs ͷίʔυڞ༗ϝϞϦ͚ͷ࣮Ͱ͋

ΔͨΊɼͦͷ࣮Λجʹ OpenMP ࣮Λ͍ߦɼMPI ͱΈ߹ΘͤΔ͜ͱͰࢄϝϞϦڥʹରԠ͢Δ࣮

ΛͨͬߦɽϒϩοΫίϨεΩʔղҎԼͷ 4 छྨͷॲཧʹ͚ΒΕΔɽׅހ BLAS  LAPACK

ͷϧʔνϯ໊Λද͢ɽ

1. ίϨεΩʔղʢpotrfʣ

2. ఔࣜΛղ͘ʢtrsmʣํྻߦͱ͢ΔྻߦΛྻߦ֯ࡾ

3. ରশྻߦͷϥϯΫΛߋ৽ʢsyrkʣ

4. ʢgemmʣੵྻߦ

ࢉΕΔɽ֤ԋ͞ߦͷॲཧશͯϒϩοΫ୯ҐͰ࣮ه্ OpenMP ͷ taskࣔࢦจͱ dependઅͰهड़͞

ΕͨλεΫͰ࣮͞ߦΕɼσʔλґଘͰ࣮ߦॱং੍͕͞ޚΕΔɽਤ 3.14 ʹϒϩοΫ͕ 4×4 ͷྻߦΛର

ͱͨ͠ϒϩοΫίϨεΩʔղΛɼ1 ϊʔυͰ࣮ͨ͠ߦͱ͖ͷλεΫϑϩʔΛࣔ͢ɽϒϩοΫίϨε

ΩʔղͷͦΕͧΕͷॲཧʹґଘ͕ؔଘ͠ࡏɼྫ͑ॳճͷΠςϨʔγϣϯͷ߹ɼpotrf(A[0][0])

ɼtrsm(A[0][0], A[0][1])ɼtrsm(A[0][0], A[0][2])ٴͼ trsm(A[0][0], A[0][3])ͱ A[0][0]ʹؔ͢Δϑϩʔ

ґଘ͕͋Δɽ͔͠͠ɼtrsm ؒͰґଘ͕ؔͳ͍ͨΊฒྻ࣮͕ߦՄͰ͋ΓɼػதͷεϨου͕͋Ε

ॱ࣍λεΫ͕εέδϡʔϦϯά͞Ε࣮ߦΛ։࢝͢Δɽ

taskletࣔࢦจʹΑΔ࣮

taskletࣔࢦจʹΑΔϒϩοΫίϨεΩʔղͷ࣮ྫΛιʔείʔυ 3.6ɼ3.7 ʹࣔ͢ɽιʔείʔ

υ 3.6 ͕ tasklet gmoveࣔࢦจɼιʔείʔυ 3.7 ͕ taskletࣔࢦจͷ getɼget readyઅʹΑ
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A[0][0] 

A[0][0] 
A[0][1] 

A[0][0] 
A[0][2] 

A[0][0] 
A[0][3] 

A[0][1] 
A[1][1] 

A[0][2] 
A[0][1] 
A[1][2] 

A[0][2] 
A[2][2] 

A[0][3] 
A[0][1] 
A[1][3] 

A[0][3] 
A[0][2] 
A[2][3] 

A[0][3] 
A[3][3] 

A[1][1] 

A[1][1] 
A[1][2] 

A[1][1] 
A[1][3] 

A[1][2] 
A[2][2] 

A[1][3] 
A[1][2] 
A[2][3] 

A[1][3] 
A[3][3] 

A[2][2] 

A[2][2] 
A[2][3] 

A[2][3] 
A[3][3] 

A[3][3] 

potrf 

trsm 

syrk 

gemm 

黒文字 : inout 
白文字 : in 
          : dependency 

ਤ 3.14 4×4 ϒϩοΫΛͭ࣋ϒϩοΫίϨεΩʔղͷλεΫϑϩʔɽ

Δ࣮Ͱ͋ΔɽͲͪΒͷίʔυྻ A Λࢄྻͱ͠ɼྻ B ͱ C Λ௨৴όοϑΝͱͯ͠ѻ͏ɽྻ

A ϒϩοΫίϨεΩʔղΛ࣮͢ߦΔྻͰ͋Γɼ1ɼ2 ͕ϒϩοΫΠϯσοΫεͰݩ࣍ 3 ͕ϒݩ࣍

ϩοΫͷཁૉΛද͢ɽશͯͷԋࢉϒϩοΫ୯ҐͰߦΘΕΔͨΊɼσʔλґଘهड़ 1ɼ2 ͷϒϩοΫݩ࣍

ΠϯσοΫεͰશͯهड़͞ΕΔɽͲͪΒͷίʔυʹ͓͍ͯ 3 ͔Β 5 ͷߦ templateɼdistribute

ͼٴ alignࣔࢦจʹΑΓɼྻ A ͷ 2 ఆ͞Ε͍ͯΔɽࢦʹରͯ͠αΠΫϦοΫׂ͕ݩ࣍

tasklet จࣔࢦ on અɼ1 ճͷ BLAS  LAPACK ͷϧʔνϯݺͼग़͠ʹରͯ͠هड़͞ΕΔɽ

BLAS  LAPACK ͷϧʔνϯͷԋࢉ༰ʹΑΓσʔλґଘΛܾఆ͠ɼ࣮ߦϊʔυͦΕΒͷԋࢉʹΑΔ

Δ࣮ͱͨ͠ɽྫ͑ɼsyrk͢ߦϊʔυͷΈ͕λεΫΛੜɼ࣮ͭ࣋৽͕ൃੜ͢ΔྖҬΛߋ ͷ߹ɼࠨล

Λ༻͍ͯӈลͷϒϩοΫ͕ߋ৽͞ΕΔͨΊɼinઅʹ A[k][i]ɼoutઅʹ A[i][i] Λهड़͠ɼA[i][i] Λͭ࣋

ϊʔυΛද͢ςϯϓϨʔτ T(i)Λ onઅʹهड़͢Δɽ

potrf ͔Β trsmɼtrsm ͔Β gemm ͱ syrk ʹ͓͍ͯϑϩʔґଘ͕ଘ͢ࡏΔͨΊɼσʔλࢄʹΑ֤ͬͯԋ

ͷؒͰ௨৴͕ඞཁͱͳΔɽ͜͜Ͱɼpotrfࢉ ͱ trsm ؒͷ௨৴࣮ͷΈΛઆ໌͢Δɽιʔείʔυ 3.6 Ͱ

ɼ12 ͷߦ tasklet gmoveࣔࢦจʹΑΓ potrf Ͱԋ͞ࢉΕͨ A[k][k] Λ֤ϊʔυ͕ͭ࣋ϩʔΧϧ

ྻ B ͱ௨৴͢Δɽैͬͯɼґଘهड़ inઅʹ A[k][k]ɼoutઅʹ B ͱͳΔɽtrsm Λԋ͢ࢉΔϊʔυ
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ιʔείʔυ 3.6 tasklet gmoveࣔࢦจʹΑΔϒϩοΫίϨεΩʔղͷ࣮ྫɽ

1 double A[nt][nt][ts∗ts], B[ts∗ts], C[nt][ts∗ts];

2 #pragma xmp nodes P(∗)

3 #pragma xmp template T(0:nt−1)

4 #pragma xmp distribute T(cyclic) onto P

5 #pragma xmp align A[∗][i][∗] with T(i)

6

7 #pragma xmp tasklets

8 for (int k = 0; k < nt; k++) {
9 #pragma xmp tasklet out(A[k][k]) on T(k)

10 potrf(A[k][k]);

11

12 #pragma xmp tasklet gmove in(A[k][k]) out(B) on T(k:)

13 B[:] = A[k][k][:];

14

15 for (int i = k + 1; i < nt; i++) {
16 #pragma xmp tasklet in(B) out(A[k][i]) on T(i)

17 trsm(B, A[k][i]);

18

19 #pragma xmp tasklet gmove in(A[k][i]) out(C[i]) on T(i:)

20 C[i][:] = A[k][i][:];

21 }
22 for (int i = k + 1; i < nt; i++) {
23 for (int j = k + 1; j < i; j++) {
24 #pragma xmp tasklet in(A[k][i], C[j]) out(A[j][i]) on T(j)

25 gemm(A[k][i], C[j], A[j][i]);

26 }
27 #pragma xmp tasklet in(A[k][i]) out(A[i][i]) on T(i)

28 syrk(A[k][i], A[i][i]);

29 }
30 }
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ιʔείʔυ 3.7 getɼget readyઅʹΑΔϒϩοΫίϨεΩʔղͷ࣮ྫɽ

1 double A[nt][nt][ts∗ts], B[ts∗ts], C[nt][ts∗ts];

2 #pragma xmp nodes P(∗)

3 #pragma xmp template T(0:nt−1)

4 #pragma xmp distribute T(cyclic) onto P

5 #pragma xmp align A[∗][i][∗] with T(i)

6

7 #pragma xmp tasklets

8 for (int k = 0; k < nt; k++) {
9 #pragma xmp tasklet out(A[k][k]) get ready(A[k][k], T(k:), k∗nt+k) on T(k)

10 potrf(A[k][k]);

11

12 #pragma xmp tasklet in(A[k][k]) out(B) get(k∗nt+k) on T(k:)

13 #pragma xmp gmove in

14 B[:] = A[k][k][:];

15

16 for (int i = k + 1; i < nt; i++) {
17 #pragma xmp tasklet in(B) out(A[k][i]) get ready(A[k][i], T(i:), k∗nt+i) on T(i)

18 trsm(B, A[k][i]);

19 }
20

21 for (int i = k + 1; i < nt; i++) {
22 #pragma xmp tasklet in(A[k][i]) out(C[i]) get(k∗nt+i) on T(i:)

23 #pragma xmp gmove in

24 C[i][:] = A[k][i][:];

25

26 for (int j = k + 1; j < i; j++) {
27 #pragma xmp tasklet in(A[k][i], C[j]) out(A[j][i]) on T(j)

28 gemm(A[k][i], C[j], A[j][i]);

29 }
30 #pragma xmp tasklet in(A[k][i]) out(A[i][i]) on T(i)

31 syrk(A[k][i], A[i][i]);

32 }
33 }
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for จͷԋൣࢉғʢk+1 ΑΓ nt ·ͰʣΑΓςϯϓϨʔτ T(k+1:)Ͱࣔ͞ΕΔ͕ɼಉҰϊʔυʹ͓͍ͯ

 trsm Ͱྻ B Λ༻͍͍ͯΔͨΊɼࣗϊʔυΛؚΉ T(k:) Λ on અͰهड़͢Δɽιʔείʔυ 3.7 Ͱ

ɼ9ɼ12 ͷߦ taskletࣔࢦจͷ get readyɼgetઅٴͼ 13 ͷߦ gmove inࣔࢦจͰยଆ௨৴

ͱϊʔυؒʹ͓͚ΔλεΫͷಉظΛهड़͢Δɽ௨৴͢Δൣғιʔείʔυ 3.6 ͱಉҰ͕ͩɼยଆ௨৴ͷ

ͨΊ potrf ͱ௨৴λεΫͷؒͰ getɼget readyઅʹΑΔಉ͕ظඞཁͱͳΔɽpotrf ԋޙࢉʹยଆ௨৴͕

ՄͱͳΔͨΊɼpotrfߦ࣮ ͷλεΫʹ get readyઅ͕هड़͞ΕΔɽยଆ௨৴Λ࣮͢ߦΔͷ trsm Λ࣮

ϊʔυςϯϓϨʔτߦΔϊʔυͰ͋ΔͨΊɼ࣮͢ߦ T(k:)ͱදͤΔɽยଆ௨৴Λ࣮͢ߦΔλεΫʹର

ͯ͠ getઅ͕هड़͞Εɼget readyઅͱϚονͤ͞ΔλάʢྫͰ k*nt+kʣΛࢦఆ͢Δɽ

ੑධՁ

ϒϩοΫίϨεΩʔղͷධՁʹ༻͍Δྻɼഒਫ਼ුಈখܕͰ 32768×32768ɼ1 ϒϩοΫ

αΠζ 512×512 ͱ͠ɼ2 ͷαΠΫϦοΫׂʹΑΔධՁΛࣔ͢ɽOmniݩ࣍ XMP Compiler ͷίʔυม

෦Ұ෦ະ࣮Օॴ͕͋ΔͨΊɼXMP ͷධՁάϩʔόϧϏϡʔΛআ͖खಈมͷίʔυʹΑΔੑ

ධՁͱͳΔɽOFP Ͱɼ1 ϊʔυ 1 ϓϩηεɼ1 ϓϩηε͋ͨΓͷεϨουΛ 64 ͱ͠ɼ࠷େ 32 ϊʔ

υΛ༻͍ΔɽCOMA γεςϜͰɼ1 ϊʔυ 1 ϓϩηεɼ1 ϓϩηε͋ͨΓͷεϨουΛ 16 ͱ͠ɼ࠷

େ 16 ϊʔυΛ༻͍ͯධՁΛ͏ߦɽੑධՁͱͯ͠ FLOPS ͱ࠷େϊʔυΛ༻͍ͨ߹ͷ࣮ؒ࣌ߦͷ

༁Λࣔ͢ɽϒϩοΫίϨεΩʔղͷ߹ɼϓϩηε 0 ʹ͓͚ΔԋࢉλεΫʢpotrfɼtrsmɼgemm ٴ

ͼ syrkʣɼ௨৴ؒ࣌ʢcommʣͱεϨουͷΞΠυϧঢ়ଶͷؒ࣌ʢwaitʣΛશεϨουͰͷॲཧຖͷฏۉ

Λࣔ͢ɽλεΫ࣮ߦͷ߹ɼϓϩάϥϜͷ࣮ߦຖʹεϨουͰ࣮͞ߦΕΔԋ͕ࢉมΘΔͨΊɼϚελʔε

ϨουͷΈͷ࣮ؒ࣌ߦͷ༁ͰൺֱͱͳΒͳ͍ɽͦ͜ͰɼຊڀݚͰશεϨουͰͷॲཧຖͷฏؒ࣌ۉ

ʹΑΔੑൺֱͱͨ͠ɽ

ਤ 3.15ɼ3.16 ʹ OFPɼCOMA Ͱͷ Send/Recv ௨৴ʹΑΔϒϩοΫίϨεΩʔղͷੑͱɼ࠷େϊʔ

υ࣮࣌ߦͷ࣮ؒ࣌ߦͷ༁Λࣔ͢ɽ·ͣɼਤ 3.15(a)ɼ3.16(a) ͷ MPI+OpenMP Ͱهड़ͨ͠ϧʔϓฒྻ

ʢMPI+OMP, Parallel LoopʣͱλεΫฒྻʢMPI+OMP, TaskʣʹΑΔ࣮ͷੑΛൺֱ͢ΔɽλεΫฒ

ྻ࣮ϧʔϓฒྻ࣮ͱൺֱͯ͠ɼOFP Ͱ 30%ɼCOMA  32% ੑ্͕͍ͯ͠Δɽਤ 3.15(b)ɼ

3.16(b) ΛݟΔͱεϨουͷΞΠυϧؒ࣌Λද͢ wait ͕େ෯ʹݮগ͍ͯ͠Δͷ͕Θ͔Δɽ͜Εɼϧʔϓ

ฒྻ࣮Ͱهड़͞ΕͨશମಉظΛλεΫฒྻʹΑΓσʔλґଘʹΑΔҰରҰಉظͱͨ͜͠ͱͰɼಉظͪ

ঢ়ଶͷεϨου͕ݮগ͠ԋࢉλεΫͷ࣮͕ߦଅ͞Εͯੑ্͕ͨ͠ͱ͑ݴΔɽ·ͨɼOFPɼCOMA ͷ

྆γεςϜʹ͓͍ͯಉ༷ʹੑ্͕͓ͯ͠ΓɼϚϧνɼϝχʔίΞγεςϜͷͲͪΒʹ͓͍ͯλε

ΫฒྻʹΑΓੑࠐݟ্͕ΊΔ͜ͱ͕Θ͔ͬͨɽ

λεΫฒྻϞσϧͷ XMPʢXMP globalviewʣͱ MPI+OpenMPʢMPI+OMP, TaskʣʹΑΔ࣮ͷੑ

Λൺֱ͢Δɽਤ 3.15(a)ɼ3.16(a) ΑΓɼXMP  MPI+OpenMP ࣮ͱൺֱͯ͠ɼOFP Ͱ 5%ɼCOMA

 30% ੑ͕Լ͍ͯ͠ΔɽXMP ͱ MPI+OpenMP ࣮ͷҟͳΔͱͯ͠௨৴͕͋Δɽpotrf ͱ trsm

ؒͷ௨৴Λྫʹ͛ڍΔͱɼMPI+OpenMP ࣮Ͱࣗϊʔυ͕ potrf ͷԋ݁ࢉՌΛอ͍ͯ࣋͠Δ߹ɼ

trsm ͰͦͷΛ༻͍ͯԋ͢ࢉΔ͕ɼXMP ࣮ͷ߹ tasklet gmove จʹͯࣗϊʔυΛؚࣔࢦ

Ή trsm Λԋ͢ࢉΔશͯͷϊʔυͱ௨৴Λ࣮͢ߦΔɽͦͷͨΊɼԋ݁ࢉՌΛอ͍ͯ࣋͠Δϊʔυͷ߹Ͱ

͋ͬͯ MPI Send/Recv() ʹΑΓϊʔυͰϝϞϦίϐʔ͕ൃੜ͢Δɽਤ 3.15(b)ɼ3.16(b) ͷ XMP ͱ

MPI+OpenMP ࣮ΛݟΔͱɼXMP ࣮ͷ௨৴૿͕ؒ࣌Ճ͓ͯ͠Γɼtasklet gmoveࣔࢦจʹΑΔෆ
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ਤ 3.15 Send/Recv ௨৴ʹΑΔϒϩοΫίϨεΩʔղͷੑධՁʢOakforest-PACSʣɽ
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ਤ 3.16 Send/Recv ௨৴ʹΑΔϒϩοΫίϨεΩʔղͷੑධՁʢCOMAʣɽ
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ਤ 3.17 Put ௨৴ʹΑΔϒϩοΫίϨεΩʔղͷੑධՁʢOakforest-PACSʣɽ
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ਤ 3.18 Put ௨৴ʹΑΔϒϩοΫίϨεΩʔղͷੑධՁʢCOMAʣɽ



71 ୈ 3 ষ PGAS Ϟσϧʹ͓͚ΔλεΫฒྻϓϩάϥϛϯά

ඞཁͳྖҬͷ௨৴ʹΑͬͯੑ͕Լ͍ͯ͠Δͱ͑ݴΔɽ·ͨɼOFP ͱൺֱͯ͠ COMA Ͱͷ XMP ࣮

ͷ௨৴ؒ࣌େ͖͘Լ͍ͯ͠ΔɽXMP ࣮ͰϊʔυͷϝϞϦίϐʔΛؚΊͯ MPI Send/Recv()

ʹΑΔ௨৴ͱ࣮͍ͯͯ͠͠ߦΔͨΊɼ௨৴ճࣗମ͕ MPI+OpenMP ࣮ͱൺֱͯ͠૿Ճ͍ͯ͠Δɽ௨

৴ಉظͷ࣮Ͱ༻͍ͨ taskyieldࣔࢦจͷڍಈ OpenMP ͰෆఆͰ͋ΔͨΊɼ௨৴ಉ͕ظඞཁͳλ

εΫ͕૿Ճ͢Δͱ௨৴͕ऴྃ͢Δ·ͰεϨουΛઐ༗͢ΔλεΫ͕૿Ճ͢Δɽ·ͨɼOFP ͱൺֱͯ͠

COMA ࣮ߦεϨου͕গͳ͍ͨΊɼଟ͘ͷεϨου͕௨৴λεΫʹΑͬͯઐ༗͞Εͨ͜ͱͰɼԋࢉ

λεΫͷ࣮͕ߦΕੑ͕Լͨ͠ͱ͑ߟΒΕΔɽ

λεΫฒྻϞσϧͷ OpenMPʢMPI+OMP, Taskʣͱ ArgobotsʢMPI+ABT, TaskʣʹΑΔ࣮ͷੑΛ

ൺֱ͢Δɽਤ 3.15(a)ɼ3.16(a) ΑΓɼArgobots  OpenMP ͱൺֱͯ͠ɼOFP Ͱ 3%ɼCOMA  7% ੑ

্͕͍ͯ͠ΔɽϕʔεϥΠϯͷϧʔϓฒྻʢMPI+OMP, Parallel LoopʣʹΑΔ࣮ͱͷൺֱͰɼ

Argobots  OFP Ͱ 34%ɼCOMA  41% ͷੑݟ্͕ΒΕͨɽਤ 3.15(b)ɼ3.16(b) ͷ࣮ؒ࣌ߦͷ

༁ΑΓɼ྆γεςϜʹ͓͚Δ Argobots ࣮ͷ௨৴ݮ͕ؒ࣌গ͍ͯ͠Δ͜ͱ͕Θ͔ΔɽArgobots Λ༻͍ͨ

͜ͱͰɼOpenMP Ͱෆఆͩͬͨ taskyieldࣔࢦจʹΑΔλεΫͷεΠονϯά͕ඞ࣮ͣ͞ߦΕɼε

Ϩουʹ͓͍ͯ௨৴ͱࢉܭͷΦʔόϥοϓ͕ՄͱͳΓੑ্͕ͨ͠ͱ͑ߟΒΕΔɽ

OpenMPɼArgobots ʹΑΔ࣮ʹରͯ͠ɼ௨৴ҕৡʹΑΓ 1 εϨου͕௨৴Λ࣮͢ߦΔ௨৴࠷దԽΛ

,ʢMPI+OMP࣮ͨ͠ࢪ Task (opt) ͱ MPI+ABT, Task (opt)ʣͷੑΛൺֱ͢Δɽ௨৴࠷దԽΛ͜͏ߦ

ͱͰɼOFP Ͱ OpenMP Ͱ 7%ɼArgobots Ͱ 9% ੑ্͕͠ɼಉ༷ʹ COMA Ͱ OpenMP Ͱ 7%ɼ

Argobots Ͱ 10% ੑ্͕͍ͯ͠ΔɽϕʔεϥΠϯͷϧʔϓฒྻʢMPI+OMP, Parallel LoopʣʹΑΔ࣮

ͱൺֱΛ͢ΔͱɼOFP Ͱ OpenMP Ͱ 38%ɼArgobots Ͱ 45% ɼCOMA্͠ Ͱ OpenMP Ͱ 41%ɼ

Argobots Ͱ 55% ͷੑ্Λୡͨ͠ɽ1 εϨουʹ௨৴Λҕৡ͠ MPI THREAD MULTIPLE ͔Βٖ

ʹతࣅ MPI THREAD FUNNELED ͱ͢Δ͜ͱͰɼਤ 3.15(b)ɼ3.16(b) ʹࣔ͞Εͨ௨৴ؒ࣌ comm Λݮ

͠ੑ্͕ͨ͠ɽ

Put ௨৴ʹΑΔ OFPɼCOMA ͰͷϒϩοΫίϨεΩʔղͷੑͱɼ࠷େϊʔυ࣮࣌ߦͷ࣮ؒ࣌ߦ

ͷ༁Λਤ 3.17ɼ3.18 ʹࣔ͢ɽਤ 3.17(a) ͷ MPI+OpenMP Ͱهड़ͨ͠ϧʔϓฒྻʢMPI+OMP, Parallel

LoopʣͱλεΫฒྻʢMPI+OMP, TaskʣʹΑΔ࣮ͷੑΛൺֱ͢ΔͱɼλεΫฒྻ࣮ϧʔϓฒྻ

࣮ͱൺֱͯ͠ɼOFP Ͱ 5% ੑ্͕͍ͯ͠Δɽ͔͠͠ɼCOMA ͰλεΫ࣮͕ߦऴྃͤͣɼੑ

ධՁΛ͜͏ߦͱ͕Ͱ͖ͳ͔ͬͨɽ͜ͷཧ༝ͱͯ͠ɼλεΫʹ͓͚Δ௨৴ಉظͷ࣮ʹ༻͍ͨ OpenMP

taskyieldࣔࢦจͷಈ͕࡞ෆఆͰ͋Γɼґଘ͕ؔͳ͍௨৴λεΫ͕ଟ͘ͷεϨουͰಉىʹ࣌ಈͨ͠

͜ͱʹΑΔ௨৴ͷσουϩοΫ͕ൃੜͨ͜͠ͱ͕͛ڍΒΕΔɽOFP ͱൺֱͯ͠ COMA ࣮ߦεϨου

͕গͳ͍ͨΊɼଟ͘ͷεϨου͕௨৴λεΫʹઐ༗͞Εͯ͠·͍ɼCOMA ͷΈσουϩοΫ͕ൃੜͨ͠

ͱ͑ߟΒΕΔɽ

λεΫฒྻϞσϧͷ OpenMPʢMPI+OMP, Taskʣͱ ArgobotsʢMPI+ABT, Taskʣʹ ΑΔ࣮ͷੑΛൺ

ֱ͢Δɽਤ 3.17(a)ɼ3.18(a) ΑΓɼArgobots  OpenMP ͱൺֱͯ͠ɼOFP Ͱ 3% ੑ্͕͠ɼCOMA

Ͱগͳ͍࣮ߦεϨουʹ͓͚ΔεϨουϨϕϧͰͷ௨৴͕ଟൃ͢ΔϓϩάϥϜʹ͓͍ͯ҆શʹ࣮

,ՄͰ͋Δ͜ͱΛࣔͨ͠ɽϕʔεϥΠϯͷϧʔϓฒྻʢMPI+OMPߦ Parallel LoopʣʹΑΔ࣮ͱͷൺ

ֱͰɼArgobots  OFP Ͱ 8%ɼCOMA  34% ͷੑݟ্͕ΒΕͨɽArgobots Λ༻͍ͨ͜ͱͰɼ

OpenMP Ͱෆఆͩͬͨ taskyieldࣔࢦจʹΑΔλεΫεΠον͕ඞ࣮ͣ͞ߦΕɼSend/Recv ௨৴ʹ

ΑΔ࣮ͱಉ༷ʹεϨουʹ͓͍ͯ௨৴ͱࢉܭͷΦʔόϥοϓ͕ՄͱͳΓੑ্͕ͨ͠ͱ͑ߟΒ
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ΕΔɽ

OpenMPɼArgobots ʹΑΔ࣮ʹରͯ͠ɼ௨৴ҕৡʹΑΓ 1 εϨου͕௨৴Λ࣮͢ߦΔ௨৴࠷దԽΛࢪ

࣮ͨ͠ʢMPI+OMP, Task (opt)ͱMPI+ABT, Task (opt)ʣͷੑΛൺֱ͢ΔɽCOMAͷ߹ɼOpenMP

ʹΑΔ࣮ߦσουϩοΫΛͨͨ͜͠ىΊɼArgobots ͷΈͷൺֱΛࣔ͢ɽ௨৴࠷దԽΛ͜͏ߦͱͰɼOFP

Ͱ OpenMP Ͱ 33%ɼArgobots Ͱ 32% ੑ্͕͠ɼಉ༷ʹ COMA Ͱ Argobots  25% ੑ্͕

͍ͯ͠ΔɽϕʔεϥΠϯͷϧʔϓฒྻʢMPI+OMP, Parallel LoopʣͱൺֱΛ͢ΔͱɼOFP Ͱ OpenMP

Ͱ 39%ɼArgobots Ͱ 49% ɼCOMA্͠ ͷ Argobots Ͱ 68% ͷੑ্Λୡͨ͠ɽSend/Recv ͱ

ಉ༷ʹ Put ௨৴ͷ߹Ͱɼยଆ௨৴࣮ߦͷͨΊͷ௨ʹΑΔ௨৴ͱ Put Λ 1 εϨου্Ͱ࣮͢ߦΔ͜ͱ

Ͱੑ্͕͢Δ͜ͱΛࣔͨ͠ɽ

3.6.3 ϥϓϥειϧόͷੑධՁ

ϥϓϥειϧόɼ2 తͳεςϯܕϥϓϥεํఔࣜΛϠίϏ๏Λ༻͍ͯղ͘ϓϩάϥϜͰ͋Δɽయݩ࣍

γϧͰ͋Γɼ2 ঢ়ʹ͓͚Δۙࢠ֨ݩ࣍ 4 ͷฏۉʹΑΔͷߋ৽͕ओͳԋࢉͰ͋ΔɽࢄϝϞϦ

Ҭ͕ඞཁͱͳΔɽ͜ͷྖҬକྖҬͱྖͭ࣋৽ʹྡϓϩηε͕ߋքͷͷڥࢄΔ߹ɼ͢ߦͰ࣮ڥ

࣮ͯ͠͞ΕɼΠςϨʔγϣϯຖʹߋ৽͞ΕΔεςϯγϧԋࢉͷ݁ՌΛྡϓϩηεؒͰ௨৴͢Δ͜ͱ

Ͱɼ࣍ΠςϨʔγϣϯͰԋࢉʹ༻͍ΔΛอ࣋͢ΔɽϠίϏ๏ͰۭؒશମͷҰ੪ߋ৽͕͋ΔͨΊɼΠς

ϨʔγϣϯຖʹΛҰ࣌తʹอ࣋͢Δඞཁ͕͋ΔɽैͬͯϥϓϥειϧόͰɼҰ࣌తͳσʔλอ࣋ͷͨ

ΊͷσʔλίϐʔʢcopyʣɼକྖҬΛ༻͍ͨྡϓϩηεؒͰͷ௨৴ʢcommʣٴͼ 4 εςϯγϧԋࢉ

ʢcalcʣͷ 3 छྨͰߏ͞ΕΔɽ·ͨɼຊڀݚͰ༻͍Δϥϓϥειϧό MPI+OpenMP ͷϧʔϓฒྻʹΑ

Δ࣮͕͞Ε͓ͯΓɼൺֱͷͨΊλεΫฒྻʹΑΔ࣮Λ৽ͨʹͨͬߦɽ࣮྆ʹ͓͍ͯɼԋྖࢉҬΛԾ

తʹϒϩοΫԽ͠ɼϒϩοΫ୯ҐͰԋࢉΛ͜͏ߦͱͰϝϞϦΞΫηεͷ࠷దԽΛ͏ߦΩϟογϡϒϩο

ΩϯάΛద༻ͨ͠ɽ

taskletࣔࢦจʹΑΔ࣮

ιʔείʔυ 3.8ɼ3.9 ʹ tasklet จʹΑΔϥϓϥειϧόͷ࣮ྫΛࣔ͢ɽιʔείʔυࣔࢦ 3.8

ɼάϩʔόϧϏϡʔʹΑΔσʔλࢄͱ taskletɼtasklet reflect จʹΑΔλεΫฒྻࣔࢦ

࣮Ͱ͋Δɽ3 ͔Β 5 ͷߦ templateɼdistribute ͼٴ align จʹΑΓɼαΠζࣔࢦ XSIZE ×
YSIZE ͷ 2 ྻݩ࣍ uɼuu ͷ 2 ΘΕΔɽ·ͨɼ1ߦ͕ࢄϒϩοΫݩ࣍ ΠςϨʔγϣϯલͷεςϯγϧ

ԋࢉͷ݁ՌΛอ࣋͢Δྻ uu ʹɼshadow ఆ͞Ε͓ͯΓɼ20ࢦจʹΑΓକྖҬ͕ࣔࢦ ʹͷΑ͏ߦ

tasklet reflectࣔࢦจʹΑΔକྖҬ௨৴͕࣮ߦՄͰ͋ΔɽλεΫฒྻΛ࣮͢ߦΔԋൣࢉғ 9 ߦ

͔Β࢝·Δ for ϧʔϓͰ͋ΔͨΊɼͦͷϧʔϓʹରͯ͠ taskletsࣔࢦจΛࢦఆ͢Δɽ1 λεΫ͕࣮

ͷཻɼΩϟογϡϒϩοΩϯά͞ΕͨϒϩοΫαΠζͱ͢ΔɽΑͬͯɼ10ɼ22ࢉΔԋ͢ߦ ʹදߦ

͞ΕΔ loop จʹΑΓ֤ϊʔυͰࣔࢦ for ϧʔϓͷ͕ߦ࣮ࢄ։࢝͞ΕɼϊʔυͰ 13ɼ25 ͷߦ

taskletࣔࢦจʹΑΓ 1 ϒϩοΫͷԋ͕ࢉλεΫͱ࣮ͯ͠͞ߦΕΔɽtaskletࣔࢦจͷ࣮ߦϊʔυ

ରϒϩοΫΛอ࣋͢ΔϊʔυͷΈͰ͋ΔͨΊɼonઅͰରϒϩοΫͷ։࢝ΠϯσοΫεΛද͢ςϯ

ϓϨʔτΛࢦఆ͢ΔɽϒϩοΫ୯ҐͰͷԋࢉͰྡϊʔυ͕࣮ଶΛͭ࣋କྖҬͱಉ༷ʹɼϒϩοΫڥք

ͷͷߋ৽ʹྡ͢ΔϒϩοΫ͕͕ͭ࣋ඞཁͱͳΔɽͦͷͨΊɼ30 ͔Β 32 Λ࣮ࢉͷεςϯγϧԋߦ
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ιʔείʔυ 3.8 tasklet reflectࣔࢦจʹΑΔϥϓϥειϧόͷ࣮ྫɽ

1 double u[XSIZE][YSIZE], uu[XSIZE][YSIZE];

2 #pragma xmp nodes P(∗, ∗)

3 #pragma xmp template T(0:YSIZE−1, 0:XSIZE−1)

4 #pragma xmp distribute T(block, block) onto P

5 #pragma xmp align [i][j] with T(j, i) :: u, uu

6 #pragma xmp shadow uu[1][1]

7

8 #pragma xmp tasklets

9 for (int k = 0; k < n; k++) {
10 #pragma xmp loop (by, bx) on T(by, bx)

11 for (int bx = 0; bx < XSIZE; bx+=bs)

12 for (int by = 0; by < YSIZE; by+=bs)

13 #pragma xmp tasklet in(u[bx:bs][by:bs]) \
14 out(uu[bx:bs][by:bs]) on T(by, bx)

15 /∗ Calculate begin and end indices of the block from bx and by ∗/

16 for (int x = x begin; x < x end; x++)

17 for (int y = y begin; y < y end; y++)

18 uu[x][y] = u[x][y];

19

20 #pragma xmp tasklet reflect(uu) chunksize(bs, bs)

21

22 #pragma xmp loop (by, bx) on T(by, bx)

23 for (int bx = 0; bx < XSIZE; bx+=bs)

24 for (int by = 0; by < YSIZE; by+=bs)

25 #pragma xmp tasklet in(uu[bx:bs][by:bs], \
26 uu[bx−bs:bs][by:bs], uu[bx+bs:bs][by:bs], \
27 uu[bx:bs][by−bs:bs], uu[bx:bs][by+bs:bs]) \
28 out(u[bx:bs][by:bs]) on T(by, bx)

29 /∗ Calculate begin and end indices of the block from bx and by ∗/

30 for (int x = x begin; x < x end; x++)

31 for (int y = y begin; y < y end; y++)

32 u[x][y] = (uu[x−1][y] + uu[x+1][y] + uu[x][y−1] + uu[x][y+1])/4.0;

33 }
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ιʔείʔυ 3.9 putɼput readyઅʹΑΔϥϓϥειϧόͷ࣮ྫɽ

1 double u[XSIZE][YSIZE], uu[XSIZE][YSIZE]:[∗];

2 #pragma xmp nodes P(∗)

3

4 #pragma xmp tasklets

5 for (int k = 0; k < n; k++) {
6 for (int bx = 0; bx < XSIZE; bx+=bs)

7 for (int by = 0; by < YSIZE; by+=bs)

8 #pragma xmp tasklet in(u[bx:bs][by:bs]) out(uu[bx:bs][by:bs])

9 /∗ Calculate begin and end indices of the block from bx and by ∗/

10 for (int x = x begin; x < x end; x++)

11 for (int y = y begin; y < y end; y++)

12 uu[x][y] = u[x][y];

13

14 for (int by = 0; by < YSIZE; by+=bs) {
15 #pragma xmp tasklet in(uu[0:bs][by:bs]) put(by)

16 uu[xmax−1][by∗bs:bs]:[upper] = uu[1][by∗bs:bs];

17 #pragma xmp tasklet out(uu[XSIZE/bs−bs:bs][by:bs]) \
18 put ready(uu[XSIZE/bs−bs:bs][by:bs], P(lower), by)

19

20 #pragma xmp tasklet in(uu[XSIZE/bs−bs:bs][by:bs]) put(by + offset)

21 uu[0][by∗bs:bs]:[lower] = uu[xmax−2][by∗bs:bs];

22 #pragma xmp tasklet out(uu[0:bs][by:bs]) \
23 put ready(uu[0:bs][by:bs], P(upper), by + offset)

24 }
25

26 for (int bx = 0; bx < XSIZE; bx+=bs)

27 for (int by = 0; by < YSIZE; by+=bs)

28 #pragma xmp tasklet in(uu[bx:bs][by:bs], \
29 uu[bx−bs:bs][by:bs], uu[bx+bs:bs][by:bs], \
30 uu[bx:bs][by−bs:bs], uu[bx:bs][by+bs:bs]) \
31 out(u[bx:bs][by:bs])

32 /∗ Calculate begin and end indices of the block from bx and by ∗/

33 for (int x = x begin; x < x end; x++)

34 for (int y = y begin; y < y end; y++)

35 u[x][y] = (uu[x−1][y] + uu[x+1][y] + uu[x][y−1] + uu[x][y+1])/4.0;

36 }
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ɼ25ΔλεΫͷґଘؔ͢ߦ ͔Β 28 ΔϒϩοΫͷଞʹྡ͢ࢉͷΑ͏ʹԋߦ 4 ϒϩοΫͷԋൣࢉғ

Λґଘؔͱͯ͠هड़͢Δɽ20 ͷߦ tasklet reflectࣔࢦจʹΑΓɼྡϊʔυ͕ڥͭ࣋քΛ

ࣗϊʔυ͕ͭ࣋କྖҬͱߋ৽Λ͏ߦକྖҬ௨৴ΛλεΫͱ࣮ͯ͢͠ߦΔɽ͜͜Ͱɼґଘؔશͯϒ

ϩοΫαΠζຖʹهड़͞Ε͍ͯΔ͕ɼକྖҬ௨৴࠷֎ϒϩοΫ͕ͭ࣋ཁૉͷҰ෦ͷΈͰ͋ΔͨΊɼϢʔ

βهड़ͱ XMP ϥϯλΠϜ͕ੜ͢Δґଘ͕ؔϚον͠ͳ͍ɽͦ͜Ͱɼtasklet reflectࣔࢦจʹ

͓͍ͯԋࢉͷґଘ͕ؔͲͷΑ͏ʹهड़͞Ε͍ͯΔ͔Λ XMP ϥϯλΠϜͱΒͤΔ chunksizeઅ

Λ༻͍ͯґଘهड़͕ϒϩοΫ୯ҐͰ͋Δ͜ͱΛࢦఆ͢Δ͜ͱͰɼ࠷֎ϒϩοΫͷԋࢉͱକྖҬ௨৴ͷؒͷ

ґଘؔΛࣔ͢ɽ

ιʔείʔυ 3.9 ɼϩʔΧϧϏϡʔͷ coarray/Put ͱ tasklet จɼputɼputࣔࢦ ready અʹΑ

Δ࣮ྫͰ͋Δɽιʔείʔυ؆ུԽͷͨΊ 1 ϒϩοΫׂͷྫΛࣔ͢ɽ·ͨ༧Ίɼྻݩ࣍ uɼuu ͷ

αΠζ XSIZE ͕͞ࢄΕͨͱ͢Δɽσʔλίϐʔεςϯγϧԋࢉ෦ͷ taskletࣔࢦจʹΑΔλε

Ϋฒྻ࣮ɼϧʔϓྖҬͷશମ͕ࣗϊʔυͷԋൣࢉғͱͳΔͨΊ onઅඞཁͳ͍ɽͦΕҎ֎ιʔε

ίʔυ 3.8 ͱಉͰ͋ΔͨΊઆ໌লུ͢Δɽ௨৴ 16ɼ21 ͷߦ coarray/Put Ͱهड़͞Εɼྡϊʔ

υ upperɼlower ಉ࢜ͰϒϩοΫ୯ҐͷڥքཁૉͷަΛ͏ߦɽ18 ͷߦ put ready અʹΑΓϊʔυ

lower ʹରͯ͠ uu[0:bs][by:bs] ͷ Put ͕ՄͰ͋Δ͜ͱΛΒͤɼPut ΕΔɽ࣋͞ͰλεΫอ·ྃ

ϊʔυ lower Ͱɼ15 ͷߦ putઅͰϊʔυ upper ͔Βͷ௨৴Մ௨Λड͚औΓɼ16 ͷߦ Put Λ࣮

ऴతʹϊʔυ࠷ɼ͠ߦ upper ͷྃ௨Λग़͢͜ͱͰλεΫͷ࣮ߦऴྃ͢Δɽ

ੑධՁ

ϥϓϥειϧόͷධՁʹ༻͍Δྻɼഒਫ਼ුಈখܕͰ 32768×32768ɼ1 ϒϩοΫαΠζ

512×512 ͱ͠ɼ2 ͷϒϩοΫׂʹΑΔධՁΛࣔ͢ɽXMPݩ࣍ ࣮ɼArgobots ͷద༻ʹΑΔධՁྃ

͓ͯ͠ΒͣɼධՁखಈมʹΑΔ MPI+OpenMP ίʔυͷੑධՁͷΈͱͳΔɽϒϩοΫίϨεΩʔ

ղͰͷධՁͱಉ༷ʹɼOFP γεςϜͰ 1 ϊʔυ 1 ϓϩηεɼ1 ϓϩηε͋ͨΓͷεϨουΛ 64 ͱ

େ࠷͠ 32 ϊʔυΛ༻͍ΔɽCOMA γεςϜͰ 1 ϊʔυ 1 ϓϩηεɼ1 ϓϩηε͋ͨΓͷεϨου

Λ 16 ͱ͠࠷େ 16 ϊʔυΛ༻͍ͯධՁΛ͏ߦɽੑධՁͱͯ͠ FLOPS ɼ࠷େϊʔυΛ༻͍ͨ߹

ͷ࣮ؒ࣌ߦͷ༁Λࣔ͢ɽϥϓϥειϧόͷ߹ɼϓϩηε 0 ʹ͓͚Δԋࢉʢcopy ͱ calcʣɼ௨৴ؒ࣌

ʢcommʣͱεϨουͷΞΠυϧঢ়ଶͷؒ࣌ʢwaitʣͷશεϨουͰͷॲཧຖͷฏۉΛࣔ͢ɽ

ਤ 3.19ɼ3.20 ʹ OFPɼCOMA Ͱͷ Send/Recv ௨৴ʹΑΔϥϓϥειϧόͷੑͱɼ࠷େϊʔυ࣮ߦ

ͷ༁Λࣔ͢ɽਤؒ࣌ߦͷ࣮࣌ 3.19(a)ɼ3.20(a) ͷ MPI+OpenMP ʹΑΔϧʔϓฒྻʢMPI+OMP, Parallel

LoopʣͱλεΫฒྻʢMPI+OMP, TaskʣʹΑΔ࣮ͷੑΛൺֱ͢ΔͱɼOFP ͰλεΫฒྻʹΑΓ

18% ੑ্͕͕ͨ͠ɼCOMA Ͱ 13% ੑ͕Լͨ͠ɽਤ 3.19(b) ʹࣔ͞ΕΔ OFP ͷ࣮ؒ࣌ߦͷ

༁ͰɼεϨουͷΞΠυϧؒ࣌Λද͢ wait ͕େ෯ʹݮগ͍ͯ͠Δ͜ͱ͕Θ͔ΔɽϒϩοΫίϨεΩʔ

ղͷධՁͱಉ༷ʹɼϧʔϓฒྻͰهड़͞ΕͨશମಉظΛσʔλґଘʹΑΔλεΫฒྻͷҰରҰಉظͱ͠

ͨ͜ͱͰɼಉظͪঢ়ଶͷεϨουΛݮগͤ͞ੑ্͕ͨ͠ͱ͑ݴΔɽ͔͠͠ɼਤ 3.20(b) ͷ COMA Ͱ

ͷ࣮ؒ࣌ߦͷ༁ͰɼλεΫฒྻʹΑΓ wait ͷؒ࣌ݮগ͍ͯ͠Δ͕ wait ࣗମͷ࣮ؒ࣌ߦ͘ɼͦ

ͦͷ࣮ߦʹ͓͍ͯϩʔυΠϯόϥϯε͕ൃੜ͍ͯ͠ͳ͍͜ͱ͕Θ͔ΔɽͦͷͨΊɼλεΫ࣮ߦʹΑΔ

ΦʔόϔουϚϧνεϨου௨৴ʹΑΔ௨৴ؒ࣌ͷ૿ՃʹΑΓੑ͕Լͨ͠ɽ࣍ʹɼMPI+OpenMP

ͷλεΫฒྻʢMPI+OMP, Taskʣͱɼͦͷ࣮ʹରͯ͠௨৴࠷దԽΛ࣮ͨͬߦʢMPI+OMP, Task (opt)ʣ



3.6 ධՁ 76

0

200

400

600

800

1000

1200

1 2 4 8 16 32

#	of	nodes

Pe
rfo

rm
an
ce
	[
GF

LO
PS
]

MPI+OMP,	Parallel	 Loop

MPI+OMP,	Task

MPI+OMP,	Task	(opt)

(a) ੑʢGFLOPSʣɽ

0

0.05

0.1

0.15

0.2

0.25

0.3

copy calc comm wait

Av
er
ag
e	
tim

e	
[s
ec
]

MPI+OMP,	Parallel	 Loop MPI+OMP,	Task MPI+OMP,	Task	(opt)

(b) 32 ϊʔυ࣮࣌ߦͷ࣮ؒ࣌ߦͷ༁ɽ

ਤ 3.19 Send/Recv ௨৴ʹΑΔϥϓϥειϧόͷੑධՁʢOakforest-PACSʣɽ
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ਤ 3.20 Send/Recv ௨৴ʹΑΔϥϓϥειϧόͷੑධՁʢCOMAʣɽ
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ਤ 3.21 Put ௨৴ʹΑΔϥϓϥειϧόͷੑධՁʢOakforest-PACSʣɽ
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ਤ 3.22 Put ௨৴ʹΑΔϥϓϥειϧόͷੑධՁʢCOMAʣɽ



3.6 ධՁ 80

ද 3.3 ϒϩοΫίϨεΩʔղʹ͓͚Δ֤࣮ͷ Delta-SLOCɽ

Serial OMP MPI+OMP XMP

SLOC 318 330 582 338

modified - 0 13 2

added - 12 264 20

deleted - 0 0 0

Total Delta-SLOC - 12 277 22

ͱͷൺֱΛࣔ͢ɽOFPɼCOMA ͷ྆γεςϜʹ͓͍ͯ௨৴࠷దԽͷલޙͰੑࠩΈΒΕͳ͔ͬͨɽϥ

ϓϥειϧόͷ 1 ΠςϨʔγϣϯ͋ͨΓͷ௨৴ϒϩοΫίϨεΩʔղͱൺֱͯ͠ɼ2 ͚͓ʹۭؒݩ࣍

Δ্Լࠨӈͷྡ 4 ϊʔυͱͷକྖҬ௨৴ͷΈͱগͳ͍ɽਤ 3.19(b)ɼ3.20(b) ͷ௨৴ؒ࣌ comm Λͯݟ

ɼશͯͷ࣮ʹ͓͍ͯ௨৴ؒ࣌ʹେ͖ͳࠩͳ͘ɼϚϧνεϨου࣮ߦʹ͓͍ͯ௨৴ੑ͕Լ͠ͳ

͔ͬͨ͜ͱ͕ཧ༝ͱͯ͛͠ڍΒΕΔɽ

ਤ 3.21ɼ3.22 ʹ OFPɼCOMA Ͱͷ Put ௨৴ʹΑΔϥϓϥειϧόͷੑͱɼ࠷େϊʔυ࣮࣌ߦͷ࣮ߦ

ͷ༁Λࣔ͢ɽਤؒ࣌ 3.21(a)ɼ3.22(a) ͷ MPI+OpenMP ʹΑΔϧʔϓฒྻʢMPI+OMP, Parallel Loopʣ

ͱλεΫฒྻʢMPI+OMP, TaskʣʹΑΔ࣮ͷੑΛൺֱ͢ΔͱɼOFP ͰλεΫฒྻʹΑΓ 14% ੑ

্͕͕ͨ͠ɼCOMA Ͱ 13% ੑ͕Լͨ͠ɽSend/Recv ௨৴ʹΑΔධՁͱಉ༷ͰɼOFP Ͱਤ

3.21(b) ΑΓɼεϨουͷΞΠυϧؒ࣌ wait ΒλεΫฒྻʹΑ͔ظগ͓ͯ͠Γɼϧʔϓฒྻͷશମಉݮ͕

ΔҰରҰಉظͱͨ͜͠ͱͰੑ্͕ͨ͠ɽ͔͠͠ɼਤ 3.22(b) ͷ COMA ͰɼλεΫฒྻʹΑΓ wait

ͷؒ࣌ଟগݮগ͍ͯ͠Δ͕ wait ࣗମͷ࣮ؒ࣌ߦ͘ɼͦͦͷ࣮ߦʹ͓͍ͯϩʔυΠϯόϥϯε

͕ൃੜ͍ͯ͠ͳ͍͜ͱ͕Θ͔Δɽ࣍ʹɼMPI+OpenMP ͷλεΫฒྻʢMPI+OMP, Taskʣͱɼͦͷ࣮ʹ

ରͯ͠௨৴࠷దԽΛ࣮ͨͬߦʢMPI+OMP, Task(opt)ʣΛൺֱ͢Δɽ݁Ռͱͯ͠ɼOFPɼCOMA ͷ྆γ

εςϜʹ͓͍ͯ௨৴࠷దԽͷલޙͰੑࠩΈΒΕͳ͔ͬͨɽ͜ͷཧ༝ʹ͍ͭͯ Send/Recv ௨৴ʹΑ

Δ࣮ͱಉ༷ʹɼ1 ΠςϨʔγϣϯ͋ͨΓͷ௨৴͕֤ྡϊʔυʹର͢Δ 1 ճͷ௨৴Ͱ͋ΓɼϒϩοΫί

ϨεΩʔղͱൺֱͯ͠গͳ͔ͬͨͨΊʹɼ1 εϨουʹ௨৴Λҕৡ͢Δ࠷దԽʹΑͬͯੑ্͕͠ͳ

͔ͬͨͱ͑ߟΒΕΔɽ

3.6.4 ੜੑ࢈

ϝχʔίΞγεςϜΛؚΉࢄϝϞϦڥͰλεΫฒྻϓϩάϥϛϯάΛ͢Δ߹ɼϊʔυ

OpenMPɼϊʔυؒ MPI ͱҟͳΔϝϞϦۭ͚ؒͷϓϩάϥϛϯάϞσϧΛΈ߹Θͤͯهड़͢Δඞ

ཁ͕͋ΔɽMPI ʹΑΔࡶͳσʔλࢄฒྻ࣮ߦͷهड़͕ඞཁͱͳΓɼ͞ΒʹϊʔυؒͰͷλεΫґଘ

Λ࣮͢ݱΔͨΊʹϊʔυͷλεΫґଘهड़ͱෳࡶͳ௨৴هड़ΛΈ߹Θͤͨ௨৴λεΫͷهड़͕ඞཁͱ

ͳΔɽ·ͨɼλεΫґଘͷهड़ʹΑͬͯɼલޙͰهड़͞ΕͨλεΫͷ࣮ߦॱং͕ٯʹͳΔͳͲɼϓϩά

ϥϜͷϑϩʔʹґΒͳ͍هड़ՄͰ͋ΔͨΊɼϓϩάϥϜͷόάΛݮΒͨ͢Ίʹ௨৴ͱλεΫґଘΛ

Έ߹ΘͤͨײతͰ؆қͳهड़͕ٻΊΒΕΔɽ

ຊڀݚͰఏҊ͢Δ XMP ʹ͓͚ΔλεΫฒྻϞσϧͰɼάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔͷͦΕͧ



81 ୈ 3 ষ PGAS Ϟσϧʹ͓͚ΔλεΫฒྻϓϩάϥϛϯά

ද 3.4 ϥϓϥειϧόʹ͓͚Δ֤࣮ͷ Delta-SLOCɽ

Serial OMP MPI+OMP XMP

SLOC 119 138 245 146

modified - 0 16 2

added - 19 126 27

deleted - 0 0 0

Total Delta-SLOC - 19 142 29

Εͷ௨৴ʹͮ͘ج௨৴λεΫͷهड़ํ๏Λఏ͍ͯ͠ڙΔɽάϩʔόϧϏϡʔʹΑΔ tasklet gmoveɼ

tasklet reflectࣔࢦจͷ߹ɼஞ࣍ϓϩάϥϜͷσʔλίϐʔͷΑ͏ͳྻೖจࣜܗͰͷ௨৴

ɼࢄྻΛࢦఆ͢Δ͚ͩͷକྖҬ௨৴ΛλεΫ্Ͱ࣮͍ͯ͠ݱΔɽtasklet gmove จͰɼࣔࢦ

௨ৗͷλεΫґଘهड़ͱಉ༷ʹྻೖจͰࢦఆͨ͠ྻΛґଘͱͯ͠هड़͢Δ͚ͩͰ͋Γɼtasklet

reflectࣔࢦจͷ߹ XMP ϥϯλΠϜ͕ࣗಈతʹґଘؔΛࢦఆ͢ΔɽैͬͯɼOpenMP ͷλεΫ

ฒྻϞσϧͷΑ͏ʹɼλεΫͰهड़͞ΕͨೖจΛґଘؔͱͯ͠هड़͢Δͷͱಉ༷ͷهड़Ͱɼࢄϝ

ϞϦڥʹ͓͚ΔλεΫґଘ͕هड़ՄͱͳͬͨɽϩʔΧϧϏϡʔʹΑΔ putɼput readyɼgetٴͼ

get readyઅͷ߹ɼλεΫͰͷยଆ௨৴Λ࣮͢ߦΔͨΊͷಉߏظจΛఏ͍ͯ͠ڙΔɽยଆ௨৴ͷ

PutɼGet ΛλεΫͰ࣮͢ߦΔ߹ͷ 3 छྨͷ௨৴ΛϢʔβ͕શͯهड़͢ΔͷࠔͰ͋Γɼهड़

ड़ͷλάϚονϯάʹΑΓهͰ͋Δɽͦ͜ͰɼϢʔβࡶ 2 ϊʔυؒͰͷ௨৴ͷ߹ੑΛࣗಈͰͱΔ༷ͱ

ͨ͜͠ͱͰɼϢʔβ͕શͯͷ௨৴Λ໌ࣔతʹهड़͢Δෛ୲Λ͍ܰͯ͠ݮΔɽ

tasklet ΛఆྔతʹධՁ͢ΔͨΊɼ֤ϓϩάϥϛϯάϞσϧʹΑΔ࣮ੑ࢈จʹΑΔ࣮ͷੜࣔࢦ

ͷίʔυߦΛൺֱ͢Δɽൺֱख๏ͱͯ͠ 2.5.4 અͷ GTC-P ͷੜੑ࢈ͷධՁͱಉ༷ʹ Delta-SLOC ํࣜ

Λ༻͍Δɽද 3.3 ʹϒϩοΫίϨεΩʔղɼද 3.4 ʹϥϓϥειϧόͷͦΕͧΕͷ࣮ͷߦͱஞ࣍

ϓϩάϥϜ͔ΒͷࠩΛࣔ͢ɽද 3.3 ʹ͓͚Δ XMP  tasklet gmoveࣔࢦจʹΑΔ࣮ɼද 3.4 Ͱ

 tasklet reflectࣔࢦจʹΑΔ࣮Λද͢ɽશମͷߦͱͯ͠ɼ྆ϕϯνϚʔΫͷ MPI+OpenMP

࣮ஞ࣍ϓϩάϥϜͱൺֱͯ͠ඦߦҎ্૿Ճ͍ͯ͠Δͷʹରͯ͠ɼXMP  OpenMP ࣮ͱ΄΅ಉ

ͷߦ૿ՃͰ࣮ΛՄͱ͍ͯ͠Δɽ͜ͷཧ༝ͱͯ͠ɼσʔλࢄฒྻ࣮͕ߦάϩʔόϧϏϡʔͷ

Մʹͳͬͨ͜ͱɼ௨৴ରͷܾఆιʔείʔυ͕ߦจͷΈͰ࣮ࣔࢦ 3.1 ͷΑ͏ͳ௨৴ͱಉظΛࢦ

ࣔจมͰ XMP ϥϯλΠϜ͕ٵऩ͍ͯ͠Δ͕͛ڍΒΕΔɽ·ͨɼϥϓϥειϧόͷ XMP ࣮Ͱ

tasklet reflect จʹΑΓɼෆ࿈ଓྖҬͷ௨৴ʹ͓͚ΔσʔλͷύοΩϯά/ΞϯύοΩϯάΛࣔࢦ

ؚΉ 2 ͷۭؒݩ࣍ 4 ͷକྖҬ௨৴Λํ 1 ͷଟ͘ΛΊ͍ͯݮߦͰද͢͜ͱ͕Ͱ͖Δ͕ίʔυߦ

ΔɽDelta-SLOC ͷධՁΛͯݟɼXMP  OpenMP ࣮ͱಉͷίʔυมྔߋͰϒϩοΫίϨεΩʔ

ղɼϥϓϥειϧόͱʹ࣮Ͱ͖͍ͯΔ͜ͱ͕Θ͔ΔɽXMP ͷϩʔΧϧϏϡʔʹΑΔ࣮ 2.5.4 અ

ͷϩʔΧϧϏϡʔͷੜੑ࢈ͷධՁͱಉ༷ʹɼcoarray ʹ༻͍Δྻએ࣌ݴʹ͓͍ͯϓϩάϥϜͷॻ͖͑

ͨ·Δɽ͜ى͕ tasklet࣮ʹ͓͍ͯɼϊʔυϩʔΧϧͷ௨৴όοϑΝΛԋࢉʹ༻͍Δ࣮ͱͨͨ͠

Ίɼͦͷ 2 ͷΈ͕ஞ࣮͔࣍ΒͷมߋͰ͋Δɽ͔͠͠ɼยଆ௨৴Λ࣮͢ߦΔͨΊͷ 2 ճͷಉظΛࣔࢦ

จͷઅͱͨ͜͠ͱͰͷߦͷݮɼఏҊࣔࢦจͰยଆ௨৴ͷಉ͕ࣗظಈతʹऔΒΕΔͳͲɼMPI ͱൺ
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3.7 ؔ࿈ڀݚ

ࢄϝϞϦڥʹ͓͚ΔλεΫฒྻΛهड़ՄͳϓϩάϥϛϯάޠݴϥϯλΠϜϥΠϒϥϦ༷ʑ

։ൃ͕ਐΊΒΕ͍ͯΔɽStarPU[57] ɼInstitut National de Recherche en Informatique et en Automatique

ʢINRIAʣͰ։ൃ͕ਐΊΒΕ͍ͯΔ CPU ԋࢉՃߏػΛରʹλεΫฒྻෛՙࢄΛهड़Մͳϥϯ

λΠϜϥΠϒϥϦͰ͋Δɽهड़ํ๏ͱͯ͠ codelet ͱݺΕΔߏମΛ༻͠ɼ࣮ ɼ࣮ؔߦ Ϧιʔεߦ

ґଘؔͳͲΛ༧Ίهड़͠ɼλεΫੜ࣌ʹ༻͍Δํ๏ΛͱΔɽ࣮ߦϞσϧ OpenMP ಉ༷ʹσʔλґଘ

ʹΑΔλεΫฒྻϞσϧΛ࠾༻͓ͯ͠Γɼஞͮ͘جʹߦ࣮࣍σʔλͷ read/writeʢSTARPU RɼSTARPU W

ͼٴ STARPU RW ΛࢦఆʣͰґଘؔΛߏங͢ΔɽࢄϝϞϦڥͰ࣮͢ߦΔ߹ʹɼStarPU ͱ MPI

ΛΈ߹Θͤͯ໌ࣔతʹ௨৴Λهड़͢Δɽ·ͨ StarPU ʹରͯ͠ɼ࣮࣌ߦʹશͯͷϊʔυ͕શͯͷλεΫ

ʹ౸ୡ͢Δͱ͍͏੍Λ͚ͯσʔλࢄΛ༧Ίࢦఆ͓ͯ͘͜͠ͱͰɼશϊʔυ͕શ͘ಉ͡λεΫάϥϑ

Λੜ͢Δ͜ͱ͕ՄͱͳΓɼͦͷάϥϑΛجʹ StarPU ͕ϊʔυؒͰͷσʔλґଘΛஅ͠ɼ௨৴Λࣗ

ಈੜ͢Δ͜ͱՄͰ͋ΔɽQueuing and Runtime for Kernels on DistributedʢQUARK-Dʣ[58] ςω

γʔେֶʹΑΓ։ൃ͕ਐΊΒΕ͍ͯΔࢄϝϞϦڥΛରͱͨ͠λεΫฒྻॲཧΛهड़ՄͳϥϯλΠ

ϜϥΠϒϥϦͰ͋ΔɽઌڀݚߦͰ͋Δ QUARK[59] ڞ༗ϝϞϦڥͷΈΛରԠͱ͍͕ͯͨ͠ɼQUARK

ͷλεΫهड़ʹରͯ͠λεΫͷ ID λεΫͷԋࢉͰ༻͍ΔࢄσʔλΛͭ࣋ϊʔυ൪߸Λ໌ࣔ͢Δ͜

ͱͰɼࢄϝϞϦڥʹରԠ͍ͯ͠Δɽ࣮ߦϞσϧ StarPUɼOpenMP ͱಉ༷ʹσʔλґଘʹͮ͘جλ

εΫฒྻϞσϧΛ࠾༻͓ͯ͠ΓɼINPUTɼOUTPUT ͼٴ INOUT ͰσʔλґଘΛهड़͢ΔɽStarPU*1

QUARK-D ͲͪΒϥϯλΠϜϥΠϒϥϦͰ͋ΓɼλεΫͱ࣮ͯ͢͠ߦΔؔɼσʔλґଘɼ࣮ߦϦ

ιʔεͳͲଟ͘ͷ੍ߏޚจΛؔࣜܗͰશͯ໌ࣔతʹهड़͢Δඞཁ͕͋ΔɽຊڀݚͰఏҊ͢ΔλεΫฒྻ

ϞσϧɼPGAS ϞσϧΛࣔࢦͨ͠ʹجจϕʔεͷهड़Λఏ͢ڙΔɽैͬͯɼஞ࣍ͷ࣮Λҡͭͭ࣋͠

ࢄϝϞϦڥʹ͓͚Δϓϩάϥϛϯά͕ՄͰ͋ΓɼλεΫґଘࣔࢦจʹΑΔ؆қͳهड़ͱͳͬͯ

͍Δɽ

UPC++[4] ɼUPC++ Specification Working Group ʹΑͬͯఏҊ͞Ε͍ͯΔ C++ ϕʔεͷ PGAS ޠݴ

Ͱ͋ΓɼͦͷػͷҰͭͱͯ͠λεΫฒྻ࣮ߦΛఏ͍ͯ͠ڙΔɽUPC++ ͰࢄϝϞϦڥͰͷλεΫ

ฒྻهड़ͷͨΊʹ event-driven ͱ finish-async ͷ 2 छྨͷϓϩάϥϛϯάϞσϧΛ࠾༻͍ͯ͠Δɽevent-

driven Ϟσϧ Phalanx[60]ɼfinish-async Ϟσϧ X10[7] ͷϓϩάϥϛϯάϞσϧΛ౿ऻ͍ͯ͠Δɽ

event-driven Ϟσϧ event ʹΑΓλεΫґଘΛهड़͢ΔɽUPC++ ͕ఏ͢ڙΔ async()ɼasync after() ʹɼ

ؔͰهड़͞ΕͨλεΫͱ event Λهड़͢Δ͜ͱͰɽasync() ʹޙߦड़͞ΕͨλεΫͷ࣮هʹ async after()

ͷλεΫͷ࣮͕ߦ։࢝͞ΕΔɽҰํͰɼfinish-async Ϟσϧ finish ߏड़͞ΕɼهจʹෳͷλεΫ͕ߏ

จʹهड़͞ΕͨλεΫฒྻʹ࣮͞ߦΕΔɽfinish ؚΜͰ͓ΓɼશͯͷλεΫͷऴྃظಉྃจߏ

ʹޙ finish จΛൈ͚Δɽevent-drivenɼfinish-asyncߏ ϞσϧͱຊڀݚͰఏҊ͢ΔλεΫฒྻϞσϧͷൺֱ

Λࣔ͢ɽfinish-async ϞσϧλεΫͷґଘؔΛهड़ՄͳϞσϧͰͳ͍ɽ·ͨɼevent-driven Ϟσϧ

ґଘؔهड़Մ͕ͩɼґଘهड़σʔλґଘͰͳ͘ผ్ event Λ༻ҙ͠λεΫϑϩʔΛهड़͢Δ

*1 StarPU  C ରԠ͍ͯ͠ͳ͍ɽʹڥϝϞϦࢄΔ͕ɼ͍ͯ͠ڙจఏࣔࢦड़ՄͳهσʔλґଘΛʹ͚
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ඞཁ͕͋ΔɽλεΫͰ࣮͞ߦΕΔԋࢉͱؔͷͳ͍ event ͷࢦఆ͕ඞཁͱͳΔͨΊɼσʔλґଘͰه

ड़͢ΔఏҊϞσϧͱൺֱ͢Δͱґଘهड़Λײతʹهड़͢Δ͜ͱ͍͠ͱ͑ߟΒΕΔɽ

OmpSs[61] ɼBarcelona Supercomputing CenterʢBSCʣ͕ڀݚ։ൃΛਐΊ͍ͯΔڞ༗ϝϞϦσό

Πε͚ͷσʔλґଘʹͮ͘جλεΫฒྻϓϩάϥϛϯάϞσϧͰ͋ΔɽOmpSs ͰσʔλґଘΛ

dependઅͰͳ͘ inɼoutٴͼ inoutઅͰهड़͢ΔҎ֎ɼ3.1.1 અͷ OpenMP ʹΑΔσʔλґଘ

ͱಉͷهड़Ͱ͋ΔɽOpenMP ͱҟͳΔͱ࣮ͯ͠ߦϞσϧ͕͛ڍΒΕΔɽOpenMP  parallel ࢦ

ࣔจʹΑΔ fork-join ϞσϧͰ͋Δ͕ɼOmpSs  thread-pool ϞσϧΛ࠾༻͍ͯ͠Δɽfork-join ϞσϧͰ

 parallel ߦ࣮ʹड़͢Δ͜ͱͰεϨου͕ੜ͞ΕɼͦͷϒϩοΫͰεϨου͕ฒྻهจΛࣔࢦ

͞ΕΔɽҰํͰ thread-pool ϞσϧͰɼϓϩάϥϜ࣮ߦ։࣌࢝ʹશεϨου͕ੜ͞ΕɼϚελʔε

Ϩου͕ϓϩάϥϜΛ࣮͢ߦΔɽͦͷଞͷεϨουɼϚελʔεϨου͕ϫʔΫγΣΞϦϯά͕ࢦఆ͞

ΕͨϧʔϓλεΫʹ౸ୡ͠ɼฒྻ࣮͕ߦඞཁͱͳΔ·Ͱ͢ػΔɽैͬͯɼOpenMP ͷΑ͏ʹ໌ࣔత

ʹ parallelࣔࢦจΛهड़͢Δඞཁ͕ͳ͍ɽࢄϝϞϦڥͰ࣮͢ߦΔ߹ʹ OmpSs ͷλεΫͰ

MPI ͷ P2P ௨৴Λهड़͢Δํ๏͕औΒΕΔ [52]ɽMPI ͷ௨৴Λϊʔυؒͷґଘؔͱ͠ɼ௨৴ͷྃΛ

ϊʔυؒͷґଘ͕ؔղফͨ͠ͱ͍ͯ͠Δɽ͜ͷ߹ɼ࣮ߦϞσϧຊڀݚͰͷఏҊϞσϧͱಉͰ͋

Δɽ͔͠͠ɼهड़ OmpSs+MPI ͕ඞཁͱͳΓɼOmpSs ͷσʔλґଘهड़ʹՃ͑ͯɼϊʔυؒͷσʔλ

ґଘΛ MPI ௨৴Ͱશͯ໌ࣔతʹཧ͢Δඞཁ͕͋ΔɽఏҊϞσϧͰϊʔυ/ؒͷґଘؔΛ XMP Ͱ

౷Ұతʹهड़Մͱ͢Δɽ

OmpSs[62] Ͱ͞Βʹɼmaster-slave ϞσϧʹΑΔࢄϝϞϦڥʹରԠͨ͠λεΫฒྻϞσϧఏҊ

͍ͯ͠Δɽ͜ͷϞσϧͰɼOmpSs ͷ taskࣔࢦจ͕هड़͞ΕͨλεΫʹ targetࣔࢦจΛՃ͢Δͷ

ΈͰࢄϝϞϦڥͰ࣮ߦՄͱͳΔɽ࣮ߦϊʔυɼϚελʔϊʔυͱεϨʔϒϊʔυʹྨ͞ΕɼϚ

ελʔϊʔυ͕શͯͷλεΫΛల։͠εϨʔϒϊʔυʹରͯ͠ɼόοϑΝ֬อɼσʔλίώʔϨϯγΛͱ

ΔͨΊͷ௨৴ٴͼλεΫ࣮ߦͷͨΊͷγάφϧΛૹΔɽैͬͯɼϓϩάϥϜશମͰ༻ՄͳϝϞϦྔ

ϚελʔϊʔυͷϝϞϦྔͱಉͱͳΓɼσʔλࢄ௨৴શͯ OmpSs ϥϯλΠϜ͕ܾఆ͠҉ʹ࣮

௨৴؆қʹฒྻ࣮ࢄগͳ͍Ϣʔβʹͱͬͯɼ҉ͷσʔλ͕ݧܦΕΔɽฒྻϓϩάϥϛϯάͷ͞ߦ

ಈΛ͏͜ͱ͘͠ɼੑڍΕΔϓϩάϥϜͷ͞ߦ࣮ʹՄͰ͋Γ༗༻Ͱ͋Δɽ͔͠͠ɼ҉ݱ࣮͕ߦ

ղੳνϡʔχϯάΛࠔʹ͢ΔɽຊڀݚͰఏҊ͢Δ PGAS ޠݴ XMP λεΫฒྻϞσϧͰɼͮ͘جʹ

σʔλࢄฒྻ࣮ߦɼ௨৴ɾಉظ؆қͳهड़ͷࣔࢦจͰશͯ໌ࣔతʹࣔ͢ඞཁ͕͋ΔɽͦΕࣔࢦจ

Λهड़͠ͳ͚Εҙਤ͠ͳ͍ಈ͜ى͕࡞Βͳ͍͜ͱΛࣔ͢ɽैͬͯɼϓϩάϥϜͷڍಈ͕͍͘͢ɼσ

όοάੑνϡʔχϯά͕͍͢͠ͱ͍͏ಛ͕͋Δɽ

λεΫฒྻΛهड़Մͳڞ༗ϝϞϦ͚ͷϓϩάϥϛϯάϞσϧɼOpenMPɼThread Building Blocks

ʢTBBʣ[63]ɼCilk Plus[64]  Chapel[5] ͳͲ༷ʑ͋ΔɽຊڀݚͰɼλεΫґଘϞσϧʹΑΔ PGAS ݴ

ͷରԠΛతͱ͍ͯ͠ΔͨΊɼଟ͘ͷϓϩάϥϛϯάϞσϧͷதͰޠ OpenMP Λ࠾༻ͨ͠ɽ

3.8 ·ͱΊ

ϝχʔίΞϓϩηοαΛͭ࣋େنͳฒྻγεςϜʹ͓͚ΔฒྻϓϩάϥϜͷੑɼੜੑ࢈ͷ্Λ

తͱͯ͠ɼPGAS ϞσϧʹΑΔσʔλґଘʹͮ͘جλεΫฒྻϞσϧͷఏҊΛͨͬߦɽσʔλґଘʹΑΔ

λεΫฒྻ࣮Λ͢Δ͜ͱͰɼै དྷͷ OpenMP ͷϧʔϓฒྻʹΑΔϫʔΫγΣΞϦϯά͕แ͢Δશମಉ
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Λ௨৴Ͱද͠ɼPGASΔλεΫؒͷґଘؔލԽɼϊʔυΛߴΑΔʹظΛഉআ͠λεΫؒͷҰରҰಉظ

ϞσϧʹΑΔ؆қͳ௨৴هड़Ͱϊʔυ/ؒͷλεΫґଘΛ౷Ұతʹهड़Մͱ͢Δ͜ͱʹΑΔੜੑ࢈ͷ

ͰɼPGASڀݚΛతͱͨ͠ɽຊ্ ޠݴ XMP Λରͱ͠λεΫฒྻΛهड़Մͳ taskletࣔࢦจ

ʹՃ͑ɼλεΫͰͷࢄྻʹର͢Δ௨৴Λهड़Մͳ tasklet gmoveɼtasklet reflectࢦ

ࣔจͱยଆ௨৴Λ࣮ߦՄͱ͢Δ putɼput readyɼgetٴͼ get readyઅΛఏҊͨ͠ɽ·ͨɼλε

Ϋੜࣗମͷੑ্Ұఆಈ࡞Λ͢Δ taskyieldࣔࢦจΛ࣮͢ݱΔͨΊʹܰྔεϨουϥΠϒϥϦ

Argobots ʹΑΔฒྻλεΫ࣮ߦͷ࣮ɼMPI THREAD MULTIPLE ʹΑΔϚϧνεϨουͰͷ௨৴ੑ

ԼΛվળ͢ΔͨΊͷ 1 εϨουͷ௨৴ҕৡʹΑΔ௨৴࠷దԽΛͨͬߦɽఏҊࣔࢦจʹΑΓϒϩοΫ

ίϨεΩʔղͱϥϓϥειϧόΛ࣮͠ɼैདྷͷϧʔϓฒྻͱλεΫฒྻɼOpenMP ͱ Argobotsɼ௨

৴࠷దԽͷ༗ແͷൺֱΛͨͬߦɽϒϩοΫίϨεΩʔղɼϥϓϥειϧόͱʹϧʔϓฒྻͱൺֱ͠

ͯλεΫฒྻʹΑΔੑ্Λ֬ೝͨ͠ɽ·ͨɼArgobots ʹΑΔ࣮ͱ͢Δ͜ͱͰɼOpenMP Ͱෆఆ

ͩͬͨ taskyieldࣔࢦจʹΑΔλεΫεΠονϯά͕Ұఆಈ࡞Λ͢ΔΑ͏ʹͳΓɼ௨৴Λ࣮͢ߦΔλ

εΫ͕௨৴ྃ·ͰεϨουΛઐ༗ͤͣɼεϨουʹ͓͍ͯ௨৴ͱԋࢉͷΦʔόϥοϓΛ࣮ߦՄͱ

ͨ͠ɽ௨৴࠷దԽͰɼϥϓϥειϧό௨৴ճ͕গͳ͍ͨΊϚϧνεϨου௨৴ʹΑΔେ͖ͳੑ

Լ͕͖ͣىɼ௨৴ҕৡʹΑΔ࠷దԽͷޮՌಘΒΕͳ͔͕ͬͨɼϒϩοΫίϨεΩʔղʹ͓͍ͯλε

Ϋฒྻ࣮Ҏ্ͷੑ্Λ֬ೝͨ͠ɽ·ͨɼੜੑ࢈ͷ؍͔ΒάϩʔόϧϏϡʔͰɼஞ࣍ϓϩάϥ

ϜͷσʔλίϐʔͷΑ͏ͳهड़Ͱͷ௨৴ɼࢄྻΛࢦఆ͢Δ͚ͩͷକྖҬ௨৴ΛλεΫ্Ͱ؆қʹه

ड़Մͱͨ͠ɽϩʔΧϧϏϡʔͰɼยଆ௨৴Λ࣮͢ߦΔͨΊͷෳճͷಉظΛ taskletࣔࢦจͷઅͱ

Δɽ݁Ռͱͯ͠ɼXMP͍ͯ͠ݮड़͢Δෛ୲Λܰهʹड़Մͱ͠ɼϢʔβ͕શͯͷ௨৴Λ໌ࣔతهͯ͠ ʹ

ΑΔλεΫฒྻϞσϧʹΑΓɼैདྷͷϧʔϓฒྻͱൺֱͯ͠ੑ͍ߴ͕ಘΒΕɼMPI+OpenMP ड़ͱൺه

ֱͯ͠ΑΓ؆қͳ࣮ΛՄͱͨ͠ɽ

ͷ՝ͱͯ͠ɼOmniޙࠓ XMP Compiler ͷ tasklet ɼͤྃ͞จͷτϥϯεϨʔλ෦ͷ࣮Λࣔࢦ

ϒϩοΫίϨεΩʔղϥϓϥειϧόͷ XMP ࣮ͷੑධՁΛ͜͏ߦͱɼϋΠϒϦουϏϡʔಉ

༷ʹ࣮ΞϓϦέʔγϣϯͳͲͷෳࡶͳ࣮ͷద༻Λ͜͏ߦͱ͕͛ڍΒΕΔɽ·ͨɼยଆ௨৴ʹΑΔλε

Ϋฒྻ࣮ߦͷੑ্ͷͨΊʹɼยଆ௨৴࣮ߦͷͨΊͷ௨৴ճΛݮՄͳ௨৴ํ๏ͷ࣮͛ڍ͕ݱΒΕ

Δɽจݙ [65] Ͱɼยଆ௨৴ࣗମʹ notify Λ͚ɼยଆ௨৴ͱྃ௨Λ 1 ճͷ௨৴ͱ͢Δ͜ͱͰ௨৴

ੑΛ্Λ͍ͤͯ͞Δɽ͜ͷख๏ΛλεΫฒྻʹ͓͚Δยଆ௨৴ʹಋೖ͢Δ͜ͱͰɼ௨৴ճݮʹ

ΑΔੑظ্͕͞ΕΔɽ
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݁ͱޙࠓͷ՝

4.1 ݁

ຊڀݚͰɼେنͳࢄϝϞϦγεςϜʹ͓͚ΔฒྻϓϩάϥϜͷੑͱੜੑ࢈ͷ্Λతͱ͠

ͨɽ·ͣɼੜੑ࢈ͷ্Λతͱͯ͠ɼPGAS ϞσϧΛجʹͨ͠ϋΠϒϦουϏϡʔͷఏҊΛͨͬߦɽϋ

ΠϒϦουϏϡʔɼάϩʔόϧϏϡʔͷ؆қͳσʔλࢄɼฒྻ࣮ٴߦͼ௨৴ɾಉظΛهड़Մͱͭ͠

ͭɼϩʔΧϧͳ໊લۭؒͰͷϓϩάϥϜΛٻΊΒΕΔΑ͏ͳෳࡶͳ௨৴ʹରͯ͠ϩʔΧϧϏϡʔͷ؆қ

ͳهड़ʹΑΔยଆ௨৴Λهड़Մͱ͢ΔɽఏҊϞσϧʹΑΓɼैདྷͰάϩʔόϧϏϡʔͷద༻͕ࠔͳ

ϓϩάϥϜʹରͯ͠෦తʹద༻ՄͱͳΓɼϓϩάϥϜશମͱͯ͠ͷੜੑ࢈Λ্ͤ͞Δ͜ͱ͕Մ

ͱͳΔɽຊڀݚͰɼPGAS ޠݴ XMP Λରͱ͠ɼXMP ͷάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔΛΈ

߹ΘͤͨϋΠϒϦουϏϡʔΛ༻͍ͯ֩༥߹γϛϡϨʔγϣϯίʔυ GTC-P ͷ࣮Λ͍ߦɼΦϦδφϧ

ͷ MPI ࣮ͱൺֱΛ͢Δ͜ͱͰੑͱੜੑ࢈ͷධՁΛͨͬߦɽϋΠϒϦουϏϡʔʹΑΔ࣮ͰɼΦ

Ϧδφϧͷ࣮ΛؚΉϩʔυΠϯόϥϯε͕ൃੜ͢ΔҰ෦ͷධՁΛআ͖ɼMPI ࣮ʹ͍ۙੑΛୡ͠

ͨɽੜੑ࢈ͷ؍͔ΒɼάϩʔόϧϏϡʔʹΑΔྖҬׂʹΑΓɼஞ࣮࣍ʹࣔࢦจΛՃ͢ΔͷΈͰ

ͷฒྻԽɼྡ֨ࢠؒͷ௨৴Λ reflectࣔࢦจ 1 ड़͢Δ͜ͱ͕ՄͰ͋ΔͨΊ؆қͳ࣮ͱهͰߦ

Δɽ·ͨɼϩʔΧϧϏϡʔͷ͑ݴ coarray ɼྻೖจࣜܗͰ௨৴Λهड़Մͳ͜ͱ͔ΒɼMPI ͱൺֱ

ͯ͠ΑΓײతͳͨΊՄಡੑ͕͘ߴɼXMP ͕ࣗಈͰ௨৴ͷ߹ੑΛͱΔͨΊ௨৴هड़༰қͰ͋ΔɽҎ

্ͷ͜ͱ͔ΒɼPIC ๏ʹؚ·ΕΔ֤ϓϩηεͷԋ͕ྔࢉಈతʹมԽ͢ΔཻيࢠಓԋࢉͷΑ͏ͳɼάϩʔό

ϧϏϡʔͷΈͰ࣮͢Δ͜ͱ͕ࠔͳෳࡶͳΞϧΰϦζϜʹରͯ͠ɼXMP ͷϓϩάϥϛϯάϞσϧΛ

Έ߹ΘͤΔ͜ͱͰ࣮͕ՄʹͳΓɼ͞ΒʹҰఆͷੑΛอͪͭͭɼ؆ศ͔ͭεέʔϥϒϧʹهड़Ͱ͖

Δ͕ࣔ͞ࣄΕͨɽ

ͨͩ͠ɼϋΠϒϦουϏϡʔϊʔυؒͰͷ௨৴ɼσʔλׂฒྻ࣮ߦΛ؆қʹهड़Մͱ͍ͯ͠Δ

ϞσϧͰ͋Γɼۙొ͍ͯ͠ΔϝχʔίΞϓϩηοαΛ͢ࡌΔγεςϜʹ͓͍ͯϊʔυؒฒྻʹՃ

͑ͯɼϊʔυฒྻͷੑɼੜੑ࢈ྀߟʹೖΕΔඞཁ͕͋Δɽͦ͜ͰɼϝχʔίΞϓϩηοαΛͭ࣋େ

Λతͱͯ͠ɼPGAS্ͷੑ࢈ͳฒྻγεςϜʹ͓͚ΔฒྻϓϩάϥϜͷੑɼੜن ϞσϧʹΑΔ

σʔλґଘʹͮ͘جλεΫฒྻϞσϧͷఏҊΛͨͬߦɽσʔλґଘʹΑΔλεΫฒྻ࣮Λ͢Δ͜ͱͰɼ

ैདྷͷ OpenMP ͷϧʔϓฒྻʹΑΔϫʔΫγΣΞϦϯά͕แ͢ΔશମಉظΛഉআ͠ɼλεΫؒͷҰର

ҰಉظʹΑΔߴԽΛ࣮͢ݱΔɽ·ͨɼϊʔυΛލΔλεΫؒͷґଘؔΛ௨৴Ͱද͠ɼPGAS Ϟσϧ
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ʹΑΔ؆қͳ௨৴هड़Ͱϊʔυ/ؒͷλεΫґଘΛ౷Ұతʹهड़Մͱ͢ΔɽຊڀݚͰɼPGAS ޠݴ

XMP Λରͱ͠ taskletࣔࢦจΛఏҊ͠ɼఏҊࣔࢦจʹΑΔϒϩοΫίϨεΩʔղͱϥϓϥειϧ

όͷ࣮Λ͍ߦɼैདྷͷϧʔϓฒྻʹΑΔ࣮ͱͷੑɼੜੑ࢈ͷൺֱΛͨͬߦɽ݁Ռͱͯ͠ɼ྆ϕϯν

ϚʔΫʹ͓͍ͯλεΫฒྻͰهड़͢Δ͜ͱͰɼϧʔϓฒྻʹΑΔ࣮ΑΓੑ͍ߴΛୡͨ͠ɽ·ͨɼ

ੜੑ࢈ͷ؍͔ΒɼάϩʔόϧϏϡʔͰɼࢄྻʹରͯ͠ྻೖจࣜܗͰͷஞ࣍ϓϩάϥϜͷ

σʔλίϐʔͷΑ͏ͳهड़Ͱͷ௨৴ɼࢄྻΛࢦఆ͢Δ͚ͩͷକྖҬ௨৴ΛλεΫ্Ͱ؆қʹهड़Մ

ͱͨ͠ɽϩʔΧϧϏϡʔͰɼยଆ௨৴Λ࣮͢ߦΔͨΊͷෳճͷಉظΛ tasklet จͷઅͱࣔ͠ࢦ

ΔɽϓϩάϥϜશମͱͯ͠ɼ͍ͯ͠ݮड़͢Δෛ୲Λܰهʹड़Մͱ͠ɼϢʔβ͕શͯͷ௨৴Λ໌ࣔతهͯ

OpenMP ͱ΄΅ಉͷهड़ͰࢄϝϞϦ্ڥͰͷλεΫฒྻΛՄͱͨ͜͠ͱ͔Βੜੑ࢈ͷ͞ߴࣔ

ͨ͠ɽੑ࠷దԽʹؔͯ͠ɼλεΫੜͷܰྔԽҰఆಈ࡞Λ͢Δ taskyieldࣔࢦจΛ࣮͢ݱΔͨ

ΊʹܰྔεϨουϥΠϒϥϦ Argobots ʹΑΔฒྻλεΫ࣮ߦͷ࣮ɼϚϧνεϨουڥͰͷ௨৴ੑ

ԼΛվળ͢ΔͨΊͷ௨৴࠷దԽΛͨͬߦɽ݁Ռͱͯ͠ɼ௨৴ճ͕গͳ͍ϥϓϥειϧόʹ͓͍ͯ

௨৴࠷దԽͷޮՌಘΒΕͳ͔͕ͬͨɼϒϩοΫίϨεΩʔղʹରͯ͠ޮՌ͕͋Γੑ্Λ֬ೝ

ͨ͠ɽ

4.2 ͷ՝ޙࠓ

ͷ՝ͱͯ͠ɼϋΠϒϦουϏϡʔϞσϧʹΑΔ֩༥߹γϛϡϨʔγϣϯίʔυޙࠓ GTC-P ͷ࣮Ͱ

ɼXMP/C ͷ coarray ͷϥϯλΠϜϥΠϒϥϦΛผͷยଆ௨৴ϥΠϒϥϦʹΑΓ࣮͠ɼੑධՁΛߦ

͏͜ͱ͕͛ڍΒΕΔɽOmni XMP Compiler Ͱɼ2018  1 ࡏݱ݄ coarray ͷϥϯλΠϜϥΠϒϥϦͷ࣮

ʹ MPI Λ༻͍࣮͕ͨՃ͞Ε͓ͯΓɼͦΕΛ༻͍ͨධՁɼGASPI  ComEx ͳͲͷଞͷ PGAS 

͚ͷ௨৴ϥΠϒϥϦΛ༻͍࣮ͯ͢Δ͜ͱ͕͛ڍΒΕΔɽ·ͨɼຊڀݚͰɼࢄྻશͯ੩తʹ֬อ

͞ΕͨྻΛରͱͨͨ͠Ίɼtemplate fix จࣔࢦ xmp malloc() Λ༻͍ͨಈతͳࢄྻΛ༻͍

࣮ͨΛ͜͏ߦͱ͕͛ڍΒΕΔɽੑධՁͰ༻͍ͨαΠζ A εέʔϧͱͯ͠খنͰ͋ͬͨͨΊɼ

ITER ͷΑ͏ͳେنͳ֩༥߹ஔʹରԠͨ͠αΠζΛղ͍ͨ߹ͷධՁɼXACC Λ༻͍ͨ GPU

Ϋϥελ͚ͷ࣮Λ͜͏ߦͱ͕͑ߟΒΕΔɽ

PGAS ϞσϧʹΑΔϝχʔίΞγεςϜ͚λεΫฒྻϓϩάϥϛϯάϞσϧͷఏҊͰɼOmni XMP

Compiler ͷ taskletࣔࢦจͷτϥϯεϨʔλ෦ͷ࣮Λͤྃ͞ɼϒϩοΫίϨεΩʔղϥϓϥ

ειϧόͷ XMP ࣮ͷੑධՁΛ͜͏ߦͱɼϋΠϒϦουϏϡʔಉ༷ʹ࣮ΞϓϦέʔγϣϯͳͲͷෳ

ͷͨΊʹɼ্ͷੑߦΒΕΔɽ·ͨɼยଆ௨৴ʹΑΔλεΫฒྻ࣮͛ڍͱ͕͜͏ߦͳ࣮ͷద༻Λࡶ

ยଆ௨৴࣮ߦͷͨΊͷ௨৴ճΛݮՄͳ௨৴ํ๏ͷ࣮͛ڍ͕ݱΒΕΔɽจݙ [65] Ͱɼยଆ௨৴ࣗ

ମʹ notify Λ͚ɼยଆ௨৴ͱྃ௨Λ 1 ճͷ௨৴ͱ͢Δ͜ͱͰ௨৴ੑΛ্Λ͍ͤͯ͞Δɽ͜ͷख

๏ΛλεΫฒྻʹ͓͚Δยଆ௨৴ʹಋೖ͢Δ͜ͱͰɼ௨৴ճݮʹΑΔੑظ্͕͞ΕΔɽ

·ͨɼTop500 ΛݟΔͱ GPU Λදͱ͢ΔԋࢉՃߏػΛ͢ࡌΔγεςϜϝχʔίΞϓϩηοα

Ҏ্ʹଟ͘ొ͍ͯ͠ΔɽԋࢉՃߏػʹର͢Δϓϩάϥϛϯά CUDA  OpenCLɼࣔࢦจϕʔεͳ

Β OpenACC  OpenMP ͕දతͳޠݴϞσϧͰ͋Γɼϗετϓϩηοα͔ΒԋࢉΛΦϑϩʔυ͢Δ

ड़͢ΔɽOpenMPهͰϓϩάϥϜΛܗ ͷ༷ 4.0  OmpSs[66] ͰɼtargetࣔࢦจͰԋࢉΛΦϑϩʔ

υ͢Δ͜ͱ͕ՄͰ͋ΓɼͦͷϒϩοΫͰϧʔϓฒྻλεΫฒྻ͕هड़ՄͰ͋ΔɽຊڀݚͰ༻͍
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ͨ OpenMP ͷσʔλґଘʹͮ͘جλεΫฒྻԋࢉՃ্ߏػͰ࣮ߦՄͰ͋ΓɼϝχʔίΞϓϩηο

αͱಉ༷ʹશମಉظͰͳ͘λεΫؒͷཻࡉͳಉظʹΑΔߴԽ͕ࠐݟΊΔɽԋࢉՃߏػΛ͢ࡌΔ

ΫϥελɼϝχʔίΞγεςϜಉ༷ͷ MPI+OpneMP ػՃࢉจʹΑΔԋࣔࢦड़ʹՃ͑ͯɼtargetه

ڀݚͱͳΔɽͦ͜Ͱɼຊࡶड़͞Βʹෳهϓϩάϥϛϯά͕ඞཁͱͳΓɼྀͨ͠ߟͷσʔλసૹ·Ͱߏ

ͰఏҊͨ͠ taskletࣔࢦจΛԋࢉՃ͚ߏػʹ֦ு͠ɼGPU ͳͲͷԋࢉՃߏػΛ͢ࡌΔΫϥε

λʹ͓͍ͯɼσʔλґଘʹͮ͘جλεΫฒྻΛ༻͍ͯߴԽΛ͍ߦɼԋࢉՃߏػΛؚΊͯλεΫґଘ

Ͱ౷Ұతʹهड़Մͱ͠ੜੑ࢈Λ্ͤ͞Δ͜ͱ͕ɼޙࠓͷ՝ͱͯ͛͠ڍΒΕΔɽ

ۙͰɼϨΠςϯγॏࢹͷ CPU ͱɼεϧʔϓοτॏࢹͷԋࢉՃߏػʢGPU ͳͲʣͷؒΛຒΊΔத

ؒͷσόΠεͱͯ͠ Field Programmable Gate ArrayʢFPGAʣ͕ΛूΊ͍ͯΔɽFPGA ʹΑΔฒྻΫ

ϥελͷ։ൃਐΊΒΕ͓ͯΓɼஜେֶͰ Accelerator in SwitchʢAiSʣ[67] ͱ͍͏ɼ௨৴ߏػΛؚΉ

FPGA ্ʹΞϓϦέʔγϣϯಛԽͷԋߏػࢉΛΈࠐΉίϯηϓτͰੈ࣍ฒྻΫϥελͷڀݚ։ൃ͕ਐ

ΊΒΕ͍ͯΔɽFPGA  Verilog HDL ʹΑΔϓϩάϥϛϯά͕Ұൠత͕ͩɼΑΓ্ҐͷޠݴΑΓ FPGA

ͷճ࿏Λੜ͢ΔߴҐ߹ͷٕज़ͷීٴʹΑΓɼۙͰ OpenCL Ͱͷϓϩάϥϛϯά͕Մͱͳͬͨɽ

͔͠͠ɼOpenCL Ͱͷهड़؆қͱͣ͑ݴɼ͞Βʹ OpenMP  OpenACC ͷࣔࢦจϕʔεͰͷهड़Λ

Մͱ͢ΔڀݚߦΘΕ͍ͯΔ [68]ɽ·ͨɼOpenMP ͷλεΫϞσϧΛ FPGA ʹద༻͢Δڀݚ [69] ਐ

ΊΒΕ͓ͯΓɼFPGA Λ͢ࡌΔΑ͏ͳੈ࣍ฒྻΫϥελʹ͓͚Δੑੜੑ࢈ͷ্ͷͨΊʹɼຊݚ

Մͳ࡞ͰಈڥϝϞϦࢄͰఏҊͨ͠ڀ taskletࣔࢦจΛద༻͠ɼධՁΛ͜͏ߦͱ͕ޙࠓͷ՝ͱ͠

ΒΕΔɽ͛ڍͯ
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ຊจΛࣥච͢Δʹ͋ͨΓɼ5 ؒͱ͍͏͍ؒظɼஸೡͰ৺ͳ͝ࢦಋΛ͖ͯ͠·ͨ͠ஜେֶγ

εςϜใڀݚֶՊڭतʢ࿈ܞେֶӃʣɾٱࡾ౻ࠤઌੜʹ৺͔ΒँײΛਃ্͛͠·͢ɽ·ͨɼ͓͍͠

தɼຊจͷ෭ࠪΛҾ͖ड͚͖ͯ·ͨ͠ஜେֶࢉܭՊֶڀݚηϯλʔڭतɾହ༞ઌੜɼஜେֶγ

εςϜใڀݚֶՊڭतɾُٛࢁઌੜɼ౦େֶαΠόʔαΠΤϯεηϯλʔڭतɾୌ೭ઌੜɼ

ஜେֶγεςϜใڀݚֶՊ।ڭतɾલాರ࢘ઌੜʹਂ͘ँײக͠·͢ɽࠒΑΓ͓ੈʹͳΓ·͠

ͨஜେֶࢉܭՊֶڀݚηϯλʔڭतɾڮߴେհઌੜɼಉڭतɾݐ෦मݟઌੜɼಉ।ڭतɾౡӳ೭ઌੜɼ

ಉॿڭɾଟాਓઌੜɼಉॿڭɾখྛྒฏઌੜɼஜେֶγεςϜใڀݚֶՊ।ڭतɾޱࢁՂथઌ

ੜɼཧԽֶڀݚॴࢉܭՊֶߏػڀݚɾۄࣇ༞ӻതँײʹ࢜ͷҙΛද͠·͢ɽ

ຊڀݚͷߦʹ͋ͨΓ PGAS ޠݴ XcalableMP ʹؔͯ͠ʑͷॿݴΛ͖·ͨ͠ಉߏػɾଜҪۉത࢜ɼ

ಉߏػɾதඌণത࢜ɼಉߏػɾཥൻത࢜ɼࣜגձࣾ࢜௨ɾؠԼӳढ़ྱޚʹࢯਃ্͛͠·͢ɽ֩༥߹

γϛϡϨʔγϣϯίʔυ GTC-P ͷ XcalableMP ʹΑΔ࣮Ͱɼίʔυఏڙ࣮ʹؔ͢Δʑͷ͝ॿ

ྗΛ͖·ͨ͠ Princeton େֶڭतɾWilliam Tang ઌੜɼಉେֶɾBei Wang ത࢜ɼڀݚྗࢠݪ։ൃߏػɾ

ౕլलஉതँײʹ࢜Λਃ্͛͠·͢ɽPGAS Ϟσϧʹ͓͚ΔλεΫฒྻϓϩάϥϛϯάʹؔ͢ΔڀݚͰ

ɼHouston େֶͷΠϯλʔϯγοϓΛड͚ೖΕͯͩ͘͞Γɼࢲͷ͍ӳޠʹؔΘΒͣਏ๊ٞ͘ڧ

͖ͯ͠·ͨ͠ɼStoney Brook େֶڭतɾBarbara Chapman ઌੜɼIntel Corp. Dounia Khaldi ത࢜ɼCray,

Inc. Deepak Eachempati തँײ͘ਂʹ࢜Λ͢ΔͱͱʹɼܰྔεϨουϥΠϒϥϦ Argobots ʹؔ͢Δଟ

͘ͷॿݴΛ͖·ͨ͠ཧԽֶڀݚॴࢉܭՊֶߏػڀݚɾཥൻത࢜ɼࣜגձࣾιχʔɾΠϯλϥΫςΟϒ

ΤϯλςΠϯϝϯτɾਿࢁେีँײʹࢯக͠·͢ɽຊڀݚͷҰ෦ JST-CREST Ҭʮϙετϖλεྖڀݚ

έʔϧੑߴ͢ࢿʹࢉܭΔγεςϜιϑτΣΞٕज़ͷग़ʯɼڀݚ՝ʮϙετϖλεέʔϧ࣌ʹ

͚ͨԋࢉՃߏػɾ௨৴ߏػ౷߹ڥͷڀݚ։ൃʯͱཧԽֶڀݚॴࢉܭՊֶߏػڀݚͱஜେֶࢉܭՊֶ

ʯʹΑΔڀݚΑͼωοτϫʔΫʹؔ͢Δ͓ڥͷฒྻϓϩάϥϛϯάژʮϙετڀݚಉڞηϯλʔͷڀݚ

ͷͰ͢ɽ

ւ֎ग़ுڀݚੜ׆ʹ͓͚Δ༷ʑͳ໘ʹ͓͍ͯେม͓ੈʹͳΓ·ͨ͠ઌഐͰ͋ΔஜେֶࢉܭՊֶݚ

ॴɾڀݚ௨࢜ձࣾࣜגɼ࢜ത࠸ɾখాౢߏػڀݚՊֶࢉܭॴڀݚɼཧԽֶ࢜തٱηϯλʔɾ౻ాయڀ

େ௰و߂ത࢜ɼϠϑʔࣜגձࣾɾୋౙকതྱޚʹ࢜ਃ্͛͠·͢ɽࠒͷڀݚੜ׆໘Ͱେม͓ੈʹ

ͳΓ·ͨ͠ PA νʔϜɾాᔹথେࢯΛ࢝ΊɼޙഐͰ͋Δࣜגձཱࣾ࡞ॴɾӉ੪ࢯࢤɼຊిࣜגؾ

ձࣾɾେઍ૱ࢯɼHPCS େֶੜʹޙ࠷Λड़͍͖ͤͯͨͩ͞·͢ɽँײͷօ༷ʹ͜ͷΛआΓͯࣨڀݚ

׆ 9 ؒΛ͍ͩͯ͑͘͞ࢧ·ͨ྆͠ʹਂ͘ྱޚਃ্͛͠·͢ɽ
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