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͔ݶՄೳͳిྗྔͷ੍༺࢖໛Խ΍ɼنͷେڥ؀ػࢉܭ͚ͯ޲ʹͷ෼໺Ͱ͸ɼΤΫαεέʔϧࢉܭೳੑߴ

Βফඅిྗੑೳൺͷྑ͍ϝχʔίΞϓϩηοαͷ࠾༻͕ਐΜͰ͍Δɽڥ؀ػࢉܭ͸ෳ͞ࡶΛ૿͢ҰํͰɼ

ϢʔβʹٻΊΒΕΔϓϩάϥϛϯάίετ΋૿Ճ͓ͯ͠Γɼੑߴೳ͔ͭߴੜ࢈ͳฒྻϓϩάϥϛϯάϞ

σϧ͕ඞཁͱ͞ΕΔɽ෼ࢄϝϞϦڥ؀ͰͷฒྻϓϩάϥϛϯάϞσϧ͸ MPI هΔ͕ɼͦͷ͍ͯ͠ٴී͕

ड़ͷෳ͔͞ࡶΒੜੑ࢈ͷ௿͕͞໰୊ͱ͞Ε͍ͯΔɽۙ೥Ͱ͸ɼPartitioned Global Address SpaceʢPGASʣ

Ϟσϧ͕ొ৔͠ɼ෼ࢄϝϞϦڥ؀ʹ͓͚ΔେҬతͳ໊લۭؒʹΑΔ؆қͳฒྻॲཧ΍௨৴هड़ΛՄೳͱ͠

͍ͯΔɽPGAS Ϟσϧ͸άϩʔόϧϏϡʔͱϩʔΧϧϏϡʔͷ 2 छྨͷϓϩάϥϛϯάϞσϧʹ෼ྨ͞

ΕΔɽάϩʔόϧϏϡʔ͸ɼ؆қͳࣔࢦʹΑΔฒྻ࣮૷ΛՄೳͱ͢ΔϞσϧͰ͋Γɼஞ࣍ͷ࣮૷ʹରͯ͠

Δɽ·ͨɼ࣮૷͞ΕͨϓϩάϥϜ͸ஞ࣮࣍૷ͷΠϝʔδΛҡ࣋͢͠ݱΛૠೖ͢ΔͷΈͰͷฒྻԽΛ࣮ࣔࢦ

͓ͯΓɼΞϓϦέʔγϣϯͷੜੑ࢈ΛߴΊΔ͜ͱ͕ՄೳͰ͋Δɽ͔͠͠ɼϓϩάϥϛϯάͷ੍໿΋ଟ͘య

ड़ʹΑΔยଆهద༻Ͱ͖ͳ͍৔߹͕ଟ͍ɽҰํͰɼϩʔΧϧϏϡʔͰ͸ɼ؆қͳ͔͠ʹࢉతͳ௨৴΍ԋܕ

௨৴ͱ֤ϊʔυݻ༗ͷ໊લۭؒΛ༻͍ͨϓϩάϥϛϯάʹΑΓଟ͘ͷϓϩάϥϜʹద༻ՄೳͰ͋Δɽ͔͠

͠ɼσʔλ෼ࢄ΍ฒྻ࣮૷ͷͨΊͷهड़͸ MPI ͱಉ༷ཅʹهड़͢Δඞཁ͕͋ΓɼϓϩάϥϜશମͰͷੜ

ͳ͍ɽ·ͨɼۙ೥஫໨ΛूΊ͍ͯΔϝχʔίΞϓϩηοαͷ୅දྫͰ͋Δ͑ݴͱ͸͍ߴ͕ੑ࢈ Intel Xeon

Phi Ͱ͸ɼOpenMP ͷϧʔϓฒྻʹΑΔϫʔΫγΣΞϦϯάΛ༻͍࣮ͨ૷͕ओྲྀͰ͋Δɽ͔͠͠ɼίΞ਺

ͷ૿ՃʹΑΓϩʔυΠϯόϥϯε͕ൃੜ͠΍͘͢ɼϫʔΫγΣΞϦϯά͕಺แ͢Δશମಉظͷίετ͕૿

Ճ͢ΔͳͲͷੑೳ௿Լ͕໰୊ͱͳ͍ͬͯΔɽOpenMP Ͱ͸༷࢓ 4.0 ΑΓσʔλґଘʹΑΔλεΫฒྻϞσ

ϧΛఏ͓ͯ͠ڙΓɼσʔλґଘʹΑΔλεΫؒͷཻࡉ౓ͳಉظʹΑΓɼେྔͷίΞΛ࣋ͭϝχʔίΞͳ؀

଴͞ΕΔɽ͔͠͠ɼOpenMPظ্͕޲ೳੑ͍͓ͯʹڥ ͸୯ҰϊʔυΛର৅ͱ͓ͯ͠Γɼ෼ࢄϝϞϦڥ؀ʹ

͓͚ΔϊʔυΛލΔґଘؔ܎ͷ؆қͳهड़ํ๏͕ٻΊΒΕΔɽͦ͜ͰɼຊڀݚͰ͸େن໛ฒྻΫϥελʹ

͓͚ΔϓϩάϥϜͷੜੑ࢈Λ্ͤ͞޲ΔͨΊɼPGAS ޠݴ XcalableMPʢXMPʣΛର৅ͱ͠ɼPGAS Ϟσ

ϧͷάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔΛ૊Έ߹ΘͤͨϋΠϒϦουϏϡʔΛఏҊ͢ΔɽఏҊϞσϧͰ֩

༥߹γϛϡϨʔγϣϯίʔυ GTC-P Λ࣮૷͠ɼΦϦδφϧͷ MPI ࣮૷ͱൺֱΛ͢Δ͜ͱͰɼఏҊϞσϧ

ʹΑΔ࣮૷ͷੑೳͱੜੑ࢈Λࣔ͢ɽ·ͨɼϋΠϒϦουϏϡʔ͸ϊʔυؒͰͷ௨৴ɼσʔλ෼ࢄ΍ฒྻ࣮

ड़Մೳͱ͢ΔϞσϧͰ͋ΓɼϝχʔίΞγεςϜͰ͸ϊʔυؒฒྻʹՃ͑ͯɼϊʔυ಺ฒྻهʹΛ؆қߦ

ͷੑೳɼੜੑ࢈΋ྀߟʹೖΕΔඞཁ͕͋Δɽͦ͜ͰɼϝχʔίΞγεςϜ্Ͱͷੑߴೳɼߴੜ࢈Λཱ྆͞

ͤΔϓϩάϥϛϯάΛՄೳͱ͢΂͘ɼPGAS ϞσϧʹΑΔλεΫฒྻϓϩάϥϛϯάϞσϧͷఏҊΛߦ

͏ɽXMP Λର৅ʹϊʔυ಺/ؒΛؚΉλεΫґଘʹͮ͘جฒྻ࣮ߦΛՄೳͱ͢ΔࣔࢦจΛఏҊ͠ɼఏҊࢦ

ࣔจʹΑΔϕϯνϚʔΫϓϩάϥϜΛ༻͍ͯϝχʔίΞγεςϜ্ͰධՁΛ͢Δ͜ͱͰɼఏҊϞσϧʹΑ



ii

Δ࣮૷ͷੑೳɼੜੑ࢈Λࣔ͢ɽϋΠϒϦουϏϡʔʹΑΔ GTC-P ͷ࣮૷Ͱ͸ɼάϩʔόϧϏϡʔʹΑΔ

؆қهड़Ͱஞ࣮࣍૷Λҡ࣋ͭͭ͠ɼϩʔΧϧϏϡʔʹΑΔεέʔϥϒϧͳ௨৴هड़ʹΑΓɼΦϦδφϧ

MPI ࣮૷ʹ͍ۙੑೳͰ͍ߴੜੑ࢈Λࣔͨ͠ɽҰํɼPGAS Ϟσϧʹͮ͘جλεΫฒྻϞσϧ͸ɼϊʔυ

಺/ؒΛؚΉλεΫґଘΛࣔࢦจʹΑΔ؆қͳه๏Ͱ࣮ݱՄೳͱͨ͠ɽ·ͨɼैདྷͷϧʔϓฒྻʹΑΔ࣮

૷ͱͷൺֱͰ͸ɼXMP ʹΑΔλεΫฒྻʹΑΔ࣮૷ͷੑ͍ߴೳͱੜੑ࢈Λࣔͨ͠ɽ
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1 ୈ 1 ষ ং࿦

ୈ 1ষ

ং࿦

1.1 ܠഎڀݚ

৅ɼӉ஦෺ཧɼྔؾՊֶͷ෼໺Ͱ͸ɼࢉܭ ෺ཧͳͲ༷ʑͳ෼໺ʹ͓͍ͯɼγϛϡϨʔγϣࢠ෺ੑ΍ૉཻࢠ

ϯ΍࣮ݧσʔλͷղੳʹεʔύʔίϯϐϡʔλ͕༻͍ΒΕ͓ͯΓɼॲཧ࣌ؒͷ୹ॖ΍େن໛ͳ໰୊Λղ͘

ͨΊʹଟ͘ͷࢉܭϦιʔεʹՃ͍͑ͯߴԋੑࢉೳ͕ඞཁͱ͞ΕΔɽͦ͏ͨ͠ཁ͔ٻΒɼHigh Performance

ComputingʢHPCʣͷ෼໺Ͱ͸ɼ2020 ೥͋ͨΓΛ໨ඪʹ 1ExaFLOPS ͷ։ൃڥ؀ػࢉܭ໛ͳنେ͚ͨ޲ʹ

͕ਐΊΒΕ͍ͯΔɽεʔύʔίϯϐϡʔλͷੑೳϥϯΩϯάͰ͋Δ Top500[1] ΑΓࡏݱՔಇதͷεʔύʔ

ίϯϐϡʔλΛݟΔͱɼͦͷ্Ґ͸਺ઍϊʔυΛ௒͑Δେن໛ͳγεςϜ͕઎ΊΔɽ͔͠͠ɼ1 γεςϜ

͋ͨΓ͕࢖༻Մೳͳిྗྔʹ͸੍͕͋ݶΔͨΊɼޙࠓ΋୯७ͳϊʔυ਺ͷ૿ՃʹΑΔੑߴೳԽͷ࣮ݱ͸

೉Ͱ͋ΔɽͦͷΑ͏ͳ໰୊͔Βۙ೥Ͱ͸ɼ1ࠔ ϓϩηοα͋ͨΓͷফඅిྗੑೳൺ͕ྑ͍ϝχʔίΞϓϩ

ηοα͕஫໨ΛूΊ͍ͯΔɽIntel Xeon Phi ΍ PEZY-SCɼਃҖ 26010 ͳͲ༷ʑͳछྨͷϝχʔίΞϓϩ

ηοα͕։ൃ͞Ε͓ͯΓɼੑೳ΍ফඅిྗཁٻʹΑΓޙࠓ΋ϝχʔίΞΛ౥͢ࡌΔγεςϜ͸૿Ճ͢Δͱ

ΒΕΔɽ͔͠͠ɼ1͑ߟ ϊʔυʹ਺ेɼ਺ඦίΞΛ࣋ͭϓϩηοαΛ౥͠ࡌ਺ສϊʔυن໛Ͱߏ੒͞ΕΔ

ͳͲڥ؀ػࢉܭͷෳࡶԽ͸ਐΈɼΞϓϦέʔγϣϯ։ൃͷͨΊͷϢʔβʹٻΊΒΕΔϓϩάϥϛϯάίε

τ͸૿Ճ޲܏ʹ͋Δɽैͬͯɼେن໛ͳ෼ࢄϝϞϦڥ؀΍ϝχʔίΞϓϩηοαΛ౥ͨ͠ࡌγεςϜʹ޲

ΊΒΕΔɽٻͳฒྻϓϩάϥϛϯάϞσϧ͕࢈ੜߴೳɼੑߴ͚ͨ

1.2 ෼ࢄϝϞϦڥ؀ʹ͓͚ΔฒྻϓϩάϥϛϯάϞσϧ

෼ࢄϝϞϦڥ؀ͷฒྻϓϩάϥϛϯάϞσϧ͸ɼMessage Passing InterfaceʢMPIʣ͕σϑΝΫτελ

ϯμʔυͱͳΓͭͭ͋Δɽ͔͠͠ɼMPI ͸ϓϩηεຖͷσʔλͷ෼ࢄ഑ஔ΍ෳࡶͳ௨৴هड़ͳͲɼฒྻԽ

ͷͨΊͷ༷ʑͳॲཧखॱΛશͯ໌ࣔతʹهड़͢Δඞཁ͕͋Γɼϓϩάϥϛϯάͷֶशίετ͕͘ߴιʔ

είʔυ͕൥ࡶʹͳΓ΍͍͢ͱ͍͏ੜੑ࢈ͷ௿Լ͕େ͖ͳ໰୊ͱ͞Ε͍ͯΔɽͦ͜Ͱɼ෼ࢄϝϞϦڥ؀

্ͰͷฒྻϓϩάϥϛϯάΛΑΓ༰қʹ͢ΔͨΊʹఏҊɼ։ൃ͕ਐΊΒΕ͍ͯΔͷ͕ Partitioned Global

Address SpaceʢPGASʣϞσϧ [2] Ͱ͋ΔɽPGAS Ϟσϧ͸ɼ෼ࢄϝϞϦڥ؀ʹ͓͍֤ͯϓϩηεʹ෼ׂ

͞ΕͨσʔλΛ୯Ұͷ໊લۭؒͱͯ͠Ϣʔβʹఏ͢ڙΔ͜ͱʹΑΓɼϓϩηεؒ௨৴΍ฒྻॲཧΛ༰қʹ

রՄೳͳେҬతͳ໊લۭؒΛ༻͍ͨϓϩάϥϛϯάͱͳΔࢀड़Մೳͱ͢ΔϞσϧͰ͋ΔɽϊʔυશମΛه



1.2 ෼ࢄϝϞϦڥ؀ʹ͓͚ΔฒྻϓϩάϥϛϯάϞσϧ 2

ͨΊɼڞ༗ϝϞϦ͚޲ͷϓϩάϥϛϯάΛ͢ΔΑ͏ʹɼ֤ϊʔυͷہॴੑΛҙ࣮ࣝͨ͠૷͕ՄೳͱͳΔɽ

PGAS Ϟσϧͷಛੑ্ɼάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔͷ 2 छྨͷϓϩάϥϛϯάϞσϧʹ෼ྨ͞Ε

ΔɽࢉܭՊֶͷ෼໺ʹ͓͚ΔΞϓϦέʔγϣϯͷେ൒͸ C ΍ Fortran ʹΑΓ։ൃ͕ਐΊΒΕ͍ͯΔͨΊɼ

ຊઅͰ͸ CɼFortran Λϕʔεͱͨ͠ PGAS ϞσϧΛྫʹ͛ڍɼ2 छྨͷϓϩάϥϛϯάϞσϧͱͦͷੜ

ड़΂Δɽͯؔ͠ʹੑ࢈

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] ͳͲΛ୅දͱ͢ΔάϩʔόϧϏϡʔ͸ɼ֤ϓϩη

εʹ෼ׂ͞ΕͨσʔλΛେҬతͳ໊લۭؒʹϚοϓ͠ɼͦΕΛ༻͍ͯฒྻϓϩάϥϛϯάΛ͏ߦϞσϧͰ

͋ΔɽϢʔβ͔Β͸࣮ߦϓϩηε਺΍σʔλ෼ׂํ๏ͳͲΛࣔ͢ࢦΔ͜ͱͰɼஞ࣮࣍૷Λҡ࣋ͨ͠··Ͱ

σʔλ෼ࢄ΍ฒྻ࣮ߦɼϞσϧʹΑͬͯ͸҉໧ͷ௨৴·Ͱ΋࣮͢ݱΔɽ

άϩʔόϧϏϡʔͷ UPC ΛྫʹϓϩάϥϛϯάϞσϧͷৄࡉΛࣔ͢ɽUPC ͸ C ͷ֦ޠݴுʹΑΓ෼

΁ͱରԠͨ͠ڥϝϞϦ؀ࢄ PGAS Ͱ͋Δɽthreadޠݴ Λ࣮ߦ୯Ґͱ͓ͯ͠ΓɼMPI ͱ OpenMP ͷ૊Έ

߹ΘͤͷΑ͏ʹϊʔυ಺/֎Ͱϓϩηε/εϨουͱɼผϞσϧʹΑΔҟͳΔ࣮ߦ୯ҐͰهड़͢ΔͷͰ͸

ͳ͘ɼγεςϜશମͰ౷Ұతʹѻ͏ɽ੩తʹهड़͞Εͨ഑ྻΛ thread ؒͰ෼͢ࢄΔ৔߹͸ɼఆٛ࣌ʹ

shared म০ࢠΛࢦఆ͢ΔͷΈͰ͋Γɼprivate म০͔ࢠԿ΋هड़͕ͳ͚Ε͹ thread ༗ͷఆٛͱͳݻ

Δɽsharedम০ه͕ࢠड़͞Εͨ഑ྻ͸େҬతͳ໊લ্ۭؒʹ഑ஔ͞Εɼผ thread ͕࣋ͭྖҬ΋ؚΊͯ

ຊతʹετϥΠυ෼ׂ͕جঢ়͸ܗͷࢄ༗ϝϞϦΛѻ͏Α͏ʹΞΫηε͢Δ͜ͱ͕ՄೳͰ͋Δɽσʔλ෼ڞ

ద༻͞ΕΔ͕ɼsharedम০ࢠͱσʔλܕͷؒʹ [] Λهड़͠஋Λࢦఆ͢Δ͜ͱͰɼࢦఆαΠζͷϒϩο

ΫαΠΫϦοΫ෼ׂͱͳΓɼ“*” Λࢦఆ͢Δ͜ͱͰϒϩοΫ෼ׂͱͳΔɽ෼͞ࢄΕͨ഑ྻ͸ɼࣗ thread ͕

࣋ͨͳ͍஋ͷࢀর΍ߋ৽΋ՄೳͰ͋Γɼϊʔυ಺Ͱ͋Ε͹୯७ͳϝϞϦͷ read/writeɼϊʔυؒͷ৔߹͸

҉໧ͷ௨৴͕ϥϯλΠϜʹΑͬͯੜ੒ɼ࣮͞ߦΕΔɽ·ͨɼUPC Ͱ͸ upc memcpy() ͷΑ͏ʹେҬతͳ໊

લۭؒʹࣔ໌ͮ͘جతͳ௨৴΋هड़ՄೳͰ͋Δɽϧʔϓͷฒྻ࣮ߦʹ͸ɼஞ࣮࣍૷ͷ for ϧʔϓ͕ԋ͢ࢉ

ΔൣғΛҡ࣋ͨ͠·· upc forall ͱॻ͖͑׵ affinity Λࢦఆ͢Δɽaffinity ड़͞Εͨ৚݅ͱࣗهʹ thread ͕

ॴ༗͢Δൣғ͕߹க͢ΔՕॴΛ࣮͢ߦΔͨΊɼϧʔϓฒྻʹΑΔϫʔΫγΣΞϦϯά͕࣮ߦՄೳͰ͋Δɽ

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

ͳͲΛ୅දͱ͢ΔϩʔΧϧϏϡʔͰ͸ɼ֤ϊʔυ͕࣋ͭϩʔΧϧͳ໊લۭؒʹΑΔ MPI ͱಉ༷ͷσʔλ

෼ࢄ΍ฒྻ࣮ߦͷهड़͕ٻΊΒΕΔ͕ɼϊʔυؒͷ௨৴͸ยଆ௨৴Λ࠾༻͓ͯ͠Γɼଞϊʔυ͕࣋ͭݻ༗

ͷ໊લۭؒʹରͯ͠௚઀ϝϞϦͷ read/writeʢGet/PutʣΛ͜͏ߦͱ͕ՄೳͰ͋Δɽ·ͨɼMPI ͷ௨৴هड़

ͱൺֱͯ͠ΑΓεέʔϥϒϧͳهड़Λఏ͢ڙΔϞσϧ͕ଟ͍ɽ

ϩʔΧϧϏϡʔͷ CAF ΛྫʹϓϩάϥϛϯάϞσϧͷৄࡉΛࣔ͢ɽCAF ͸ Fortran ͷ֦ޠݴுͰ͋

Γɼ഑ྻ୅ೖจࣜܗʹΑΔยଆ௨৴ػೳʢPutɼGetʣΛఏ͢ڙΔɽ࣮ߦ୯Ґ͸ΠϝʔδͰ͋Γ MPI ͷϓ

ϩηεͱಉ༷ʹѻΘΕΔɽFortran ͷจ๏ʹ [] ͷ֓೦͕௥Ճ͞Ε͓ͯΓɼยଆ௨৴ʹ͓͚Δର৅ͷ഑ྻ΍

Πϝʔδͷࢦఆʹ༻͍ΒΕΔɽϦϞʔτΠϝʔδ͔Β Put ΍ Get ͢Δ഑ྻ͸ɼఆٛ࣌ʹ [] Ͱ࣮͢ߦΔΠ

ϝʔδू߹Λࢦఆ͢Δɽ·ͨɼ1 ΠϝʔδΛର৅ͱ͢Δ৔߹͸ߦͰશ࣮ݩ࣍ “*” Λࢦఆ͢Δɽยଆ௨৴

͸ɼ഑ྻ୅ೖจʹରͯ͠ [] Λ௥Ճ͠ɼΠϝʔδ൪߸ͷهड़͕ඞཁͱͳΔɽӈลʹΠϝʔδ൪߸ͷࢦఆ͕



3 ୈ 1 ষ ং࿦

͋Ε͹ PutɼࠨลͰ͋Ε͹ Get ΕΔɽ௨৴͢ΔσʔλαΠζ͸ίϩ͞ߦड़͞ΕͨΠϝʔδʹର࣮ͯ͠ه͕

ϯΛ༻͍ͨηΫγϣϯͰهड़͞ΕɼϢʔβ͸ൣғΛࢦఆ͢Δɽ·ͨɼMPI ͷΑ͏ʹ௨৴هड़ʹλάɼσʔ

λܕ΍ίϛϡχέʔλͳͲͷهड़͸ඞཁͳ͘ɼશͯϥϯλΠϜ͕ࣗಈతʹܾఆ͠௨৴ͷ੔߹ੑΛͱΔɽͦ

ͷͨΊɼஞ࣍ͷ഑ྻ୅ೖจͱ΄΅ಉ౳ͷهड़Ͱยଆ௨৴͕هड़ՄೳͰ͋Δɽ

1.2.2 ੜੑ࢈ͱ໰୊఺

͸ɼΞϓϦέʔγϣϯͷ։ൃ࣌ؒɼੑೳνϡʔχϯά΍σੑ࢈Պֶͷ෼໺ʹ͓͚ΔϓϩάϥϜͷੜࢉܭ

όοάͷ͠΍͢͞ɼίʔυ֦ு΍࠶ར༻ੑɼฒྻϓϩάϥϛϯάϞσϧͷֶशίετͳͲ༷ʑͳཁҼ͔Β

ධՁΛ͢Δඞཁ͕͋ΔɽຊઅͰ͸ɼͦΕΒͷ؍఺͔Β PGAS Ϟσϧͷੜੑ࢈ʹ͍ͭͯड़΂ΔɽPGAS Ϟ

σϧ΍ MPI ͳͲΛ༻͍ͯฒྻϓϩάϥϜΛ࣮૷͢Δ৔߹ɼͦͷଟ͘͸ஞ࣍ͷϓϩάϥϜΛ࣮૷͠ɼͦͷ

ίʔυΛجʹฒྻԽΛ͏ߦɽͦͷͨΊɼάϩʔόϧϏϡʔʹΑΔ࣮૷͸ɼେҬతͳ໊લۭؒʹΑΔϓϩά

ϥϛϯάΛՄೳͱ͢Δ؆қͳࣔࢦʹΑΔ࣮૷Ͱ͋ΔͨΊɼஞ࣍ϓϩάϥϜ͔Βஈ֊తɼ෦෼తͳฒྻ࣮૷

͕ՄೳͰ͋Γɼσόοάͷ༰қ͞ʹΑΔΞϓϦέʔγϣϯͷ։ൃ࣌ؒͷ୹ॖ͕ՄೳͰ͋Δͱ͑ݴΔɽ·

ͨɼ࣮૷͞ΕͨฒྻϓϩάϥϜ͸ஞ࣍ͷهड़ͱ΄΅ಉ౳Ͱ͋ΔͨΊɼฒྻ࣮૷ޙͰ͋ͬͯ΋ίʔυ֦ு΍

ΑΔ࣮૷Ͱ͋ΔͨΊɼϓϩάϥϛϯάϞσʹࣔࢦΔɽ͞Βʹɼ؆қͳ͑ݴར༻͕༰қͰ͋Δ఺΋ར఺ͱ࠶

ϧࣗମͷֶशίετ΋௿͍ɽϩʔΧϧϏϡʔʹΑΔ࣮૷Ͱ͸ɼ֤ϊʔυݻ༗ͷ໊લۭؒʹΑΔϓϩάϥϛ

ϯάʹΑΓɼطʹ MPI ࣮૷͞ΕͨΞϓϦέʔγϣϯ΋ؚΉଟ͘ͷ࣮૷ʹରͯ͠ద༻͕ՄೳͰ͋Δɽ͞Β

ʹยଆ௨৴͸ɼ௨৴όοϑΝ΁ͷίϐʔ΍૒ํ޲ͰͷಉظΛഉআͨ͠ɼΑΓϋʔυ΢ΣΞϨϕϧʹ͍ۙ௨

৴ͱ͍ͯ͠ΔͨΊɼP2P ௨৴ͱൺֱͯ͠ߴ଎ͳ௨৴Λ࣮ݱՄೳͳ͕ڥ؀ଟ͍ɽ·ͨɼCAF ͷΑ͏ͳ഑ྻ

୅ೖจʹΑΔهड़Λαϙʔτ͍ͯ͠ΔͳͲɼMPI ͱൺֱͯ͠ΑΓՄಡੑͷه͍ߴड़Λఏ͓ͯ͠ڙΓɼϢʔ

βͷϓϩάϥϛϯάϛεΛݮΒ͢ɽ

PGAS Ϟσϧʹ͸ੜੑ࢈ʹؔ͢Δଟ͘ͷར఺͕͋ΔҰํͰɼϓϩάϥϛϯάͷ੍໿΍໰୊΋ଟ͍ɽά

ϩʔόϧϏϡʔͰ͸ɼXMP ʹΑΔ֨ࢠ QCD ͷ࣮૷ [15, 16] ΍ HPF ʹΑΔ਺஋ྲྀମྗֶͷγϛϡϨʔ

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

Ε͍ͯΔɽ͔͠͠ɼͦͷଟ͘͸యܕతͳεςϯγϧ໰୊͕ओͳԋࢉͰ͋Γɼ௨৴΋ྡ઀ϊʔυؒͷڥք

ཁૉಉ࢜ͷ௨৴Ͱ͋ΔକྖҬ௨৴Λओͱ͢Δɼൺֱత୯७ͳΞϧΰϦζϜ΁ͷద༻Ͱ͋Δɽάϩʔόϧ

Ϗϡʔͷಛੑ্ɼσʔλ෼ࢄ͸֤ PGAS Ϟσϧ͕ఏ͢ڙΔయܕతͳ෼ܗࢄঢ়ʹݶΒΕΔͨΊɼྫ͑͹ɼ

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

Ͱ༻͍ΒΕΔ Multipartitioning ๏ʹΑΔ෼ׂ [17] ͷΑ͏ʹɼϩʔυόϥϯεվળͷͨΊͷෆۉҰͰෳࡶ

ͳ෼ࢄͷ৔߹ʹద༻Ͱ͖ͣɼಉҰΞϓϦέʔγϣϯͰ͋ͬͯ΋άϩʔόϧϏϡʔ͚޲ͷσʔλ෼ࢄΞϧΰ

ϦζϜʹΑΔ࣮૷͕ٻΊΒΕΔɽ·ͨσʔλ෼ࢄͷهड़Ҏ֎ʹ΋ɼશͯͷ௨৴͕େҬతͳ໊લ্ۭؒͰޮ

཰తʹهड़Ͱ͖ΔΘ͚Ͱ͸ͳ͍ɽྫ͑͹ɼ௨৴ର৅ͷඇ࿈ଓྖҬΛ෼ׂ͠ɼ෦෼తͳσʔλύοΩϯάͱ

ยଆ௨৴ΛύΠϓϥΠϯతʹ࣮͢ߦΔ࣮૷ [19] ΍ɼ෦෼తͳू߹௨৴ͷ࣮૷ [20] ͳͲɼେҬతͳ໊લۭ

্ؒͰ௨৴࠷దԽΛద༻͢Δ͜ͱ͸೉͍͠ɽ·ͨɼ҉໧ͷ௨৴ͷ৔߹͸ɼฒྻϓϩάϥϜΛ؆қʹ࣮૷͢

Δ͜ͱ͸ՄೳͱͳΔ͕ɼϢʔβ͔Β͸ϓϩάϥϜͷͲͷՕॴͰ௨৴͕࣮͞ߦΕ͍ͯΔ͔Λ೺Ѳ͢Δͷ͸೉

͘͠ɼੑೳνϡʔχϯάΛࠔ೉ʹ͢ΔɽҰํͰϩʔΧϧϏϡʔ͸ɼยଆ௨৴ʹΑΔ௨৴ੑೳͷ্޲Λ໨త

ͱͨ͠ΞϓϦέʔγϣϯͷ։ൃ͕ਐΊΒΕ͍ͯΔɽྫ͑͹ɼOpenSHMEM ʹΑΔ Graph500 ϕϯνϚʔ
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Ϋͷ࣮૷ [21]ɼCAF ʹΑΔ஍ԼͷΠϝʔδϯάख๏Ͱ͋ΔϦόʔελΠϜϚΠάϨʔγϣϯͷ࣮૷ [22]

ͳͲ༷ʑ͋Δɽ௨৴هड़͸ɼMPI ͱൺֱͯ͠؆қͳهड़Ͱ࣮૷͞Ε͓ͯΓɼP2P ௨৴ͱൺֱͯ͠ยଆ௨৴

ʹΑΔߴ଎ԽΛୡ੒͍ͯ͠Δ࣮૷΋ଟ͍ɽ͔͠͠ɼσʔλ෼ࢄ΍ฒྻ࣮ߦ͸ґવͱͯ͠ MPI ͱಉ༷ʹશ

ͯ໌ࣔతʹهड़͢Δඞཁ͕͋ΓɼϓϩάϥϜશମͷੜ͍ߴ͕ੑ࢈ͱ͸͑ݴͳ͍ɽҎ্ͷΑ͏ʹ֤Ϟσϧʹ

ΑΔ໰୊఺΋ଟ͍ͨΊɼϢʔβʹͱͬͯΑΓੑೳ΍ੜੑ࢈ΛߴΊΔ͜ͱ͕༰қͳϓϩάϥϛϯάϞσϧ͕

Δ͢ڙͰ͸ɼάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔͷ྆ํΛఏڀݚΊΒΕΔɽͦ͜Ͱຊٻ XMP Λ༻͍ͯɼ

άϩʔόϧϏϡʔͷ؆қͳهड़ʹΑΔσʔλ෼ࢄ΍ฒྻ࣮ٴߦͼ௨৴هड़Λͭͭ͠࢒ɼ௨৴࠷దԽͷΑ͏

ͳෳࡶͳهड़Λඞཁͱ͢Δ௨৴࣮૷ʹϩʔΧϧϏϡʔΛ༻͍ΔɼϋΠϒϦουͳϓϩάϥϛϯάΛՄೳͱ

͢Δ৽ͨͳϞσϧΛఏҊ͢Δɽ

1.3 ϝχʔίΞڥ؀ʹ͓͚ΔฒྻϓϩάϥϛϯάϞσϧ

PGAS ϞσϧͷϓϩάϥϛϯάϞσϧͷվળΛ͜͏ߦͱͰɼ෼ࢄϝϞϦڥ؀ͰͷϓϩάϥϜͷੜੑ࢈Λ

ΔγεςϜʹ͓͍ͯ͸ϊʔ͢ࡌΔ͜ͱ͸Մೳ͕ͩɼۙ೥ొ৔͍ͯ͠ΔϝχʔίΞϓϩηοαΛ౥্ͤ͞޲

υؒฒྻʹՃ͑ͯɼϊʔυ಺ฒྻͷੑೳɼੜੑ࢈΋ྀߟʹೖΕΔඞཁ͕͋ΔɽϝχʔίΞϓϩηοαͱ͠

ͯ͸ɼTop500 ϦετΑΓ Intel Xeon Phi ͕஫໨ΛूΊ͍ͯΔ͜ͱ͕Θ͔Δɽ

Xeon Phi ʹ͓͚Δϓϩάϥϛϯάʹ͸ɼOpenMP ͷϧʔϓฒྻʹΑΔϫʔΫγΣΞϦϯάΛ༻͍࣮ͨ

૷͕ଟ͘ߦΘΕ͓ͯΓɼͦͷଟ͕͘ϧʔϓͷฒྻ࣮ߦऴྃޙʹશମಉظΛඞཁͱ͢ΔɽϝχʔίΞϓϩ

ηοαͰ͸ɼίΞ਺૿ՃʹΑΓҙਤ͠ͳ͍ϩʔυΠϯόϥϯε͕ൃੜ͠΍͘͢ɼશମಉظͷίετ͕େ෯

ʹ૿Ճ͢ΔՄೳੑ͕͋Δɽ·ͨɼಉࣗظମͷίετ΋େ͖͍ [23] ͨΊɼϢʔβ͸ग़དྷΔݶΓશମಉظΛ

͠ͳ͍ฒྻϓϩάϥϛϯά͕ٻΊΒΕΔɽ

OpenMP Ͱ͸༷࢓ 3.0 ΑΓλεΫฒྻ͕هड़ՄೳͱͳΓɼؼ࠶తߏ଄΍ while ϧʔϓͳͲͷ֤εϨου

Ͱͷԋ͕ࢉಈతʹܾఆ͢Δ৔߹ͷฒྻ࣮૷͕Մೳͱͳͬͨɽ·ͨɼ༷࢓ 4.0 ͔Β͸λεΫґଘ͕هड़Մೳ

ͱͳΓɼґଘؔ܎ʹΑΔλεΫؒͰͷҰରҰಉظͱ͢Δ͜ͱ͕Ͱ͖ΔɽλεΫؒͷσʔλґଘΛهड़͢

Δ͜ͱͰɼैདྷͷϫʔΫγΣΞϦϯάʹΑΔશମಉظΛഉআͨ͠λεΫ୯ҐͰͷཻࡉ౓ͳಉظΛ࣮͠ݱɼ

ϩʔυόϥϯεͷվળʹΑΔੑೳظ্͕޲଴͞ΕΔɽຊઅͰ͸ɼIntel Xeon Phi ϓϩηοαͰ͋Δ Knights

LandingʢKNLʣ[24] ͷ֓ཁΛࣔ͢ɽ·ͨɼϝχʔίΞϓϩηοα্Ͱͷฒྻϓϩάϥϛϯάख๏ʹؔ͠

ͯ·ͱΊɼݱঢ়ͷϝχʔίΞڥ؀ʹ͓͚Δϓϩάϥϛϯάͷ໰୊఺Λࣔ͢ɽ

1.3.1 Knights LandingʢKNLʣϝχʔίΞϓϩηοα

KNL ͸ Intel Xeon Phi ͷୈ 2 ੈ୅ϓϩηοαͰ͋ΓɼKnights CornerʢKNCʣͷػܧޙͰ͋ΔɽKNC

͸ GPU ͱಉ༷ʹ PCI Express ઀ଓͷΞΫηϥϨʔλܕͰɼIntel Xeon ͳͲͷϗετϓϩηοαΛඞཁͱ

͢Δ͕ɼKNL ͸ࣗ਎͕ϒʔτՄೳͱͳͬͨͨΊ KNL ͷΈΛϗετϓϩηοαͱ͢ΔγεςϜΛߏஙՄ

ೳͱͳͬͨɽ·ͨɼߴόϯυ෯ͳ 3D ੵ૚ϝϞϦͰ͋Δ MCDRAM ͷ౥ࡌ΍ AVX512 ໋ྩͷαϙʔτɼ

͞ΒʹίΞؒ͸Ϧϯάόε઀ଓ͔Β 2 ϝογϡωοτϫʔΫʹͳΔͳͲɼKNCݩ࣍ ͔Βଟ͘ͷมߋ఺͕

͋Δɽ

ਤ 1.1 ʹ KNL ͷνοϓ಺ߏ੒Λࣔ͢ɽKNL ͸ 2 ίΞΛ 1 λΠϧͱͯ͠ѻ͏ɽλΠϧ͸ 1MB ͷ L2
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ਤ 1.1 KNLʢKnights Landingʣϓϩηοαͷߏ੒ɽ

ΩϟογϡͱίΞຖʹ 2 ͭͷ Vector Processing UnitʢVPUʣͰߏ੒͞ΕɼλΠϧؒ͸ 2 ϝογϡωοݩ࣍

τϫʔΫͰ઀ଓ͞ΕΔɽ֤ίΞ͸ϋΠύʔεϨοσΟϯάʹΑΓ࠷େ 4 εϨου·Ͱಈ͢࡞Δ͜ͱ͔Βɼ

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

େ 272 εϨουʹΑΔ࣮͕ߦՄೳͰ͋ΔɽMCDRAM ͸ 2GB Ͱܭ߹ͭͣ 16GB ͕νοϓ಺ʹ౥͞ࡌΕɼ

νοϓ྆୺ʹ͸ DDR4 ϝϞϦνϟωϧ͕ 3 ܭ߹ͭͣͭ 6 νϟωϧ͋Δɽ

KNL ͸ 2 ʹϝογϡωοτϫʔΫͷѻ͍ݩ࣍ All-to-AllɼQuadrantɼSub-NUMA ClusteringʢSNC4ʣ

ͷ 3 छྨͷΫϥελϦϯάϞʔυΛఏ͍ͯ͠ڙΔɽAll-to-All Ϟʔυ͸ɼνοϓ಺ͷશͯͷίΞΛ୯Ұϓ

ϩηοαͱͯ͠ѻ͏ͨΊɼϝϞϦΞΫηεʹΑͬͯ͸ίΞͱϝϞϦؒͷύε͕௕͘ͳΔɽQuadrant Ϟʔ

υ͸ɼAll-to-All Ϟʔυͱಉ༷ʹ୯Ұϓϩηοαͱͯ͠ίΞΛѻ͏͕ɼωοτϫʔΫ͸Ծ૝తʹ 4 ෼ׂ͞

Ε֤ྖҬʹ࠷΋͍ۙϝϞϦʹσʔλ͕഑ஔ͞ΕΔɽैͬͯɼϢʔβ͸σʔλͷϝϞϦ഑ஔΛҙࣝ͢Δ͜

ͱͳ͘ϓϩάϥϛϯά͢Δ͜ͱ͕ՄೳͰ͋ΔɽSNC4 Ϟʔυ͸νοϓΛԾ૝తʹ 4 ෼ׂ͠ɼ4 ιέοτ

ͷ Xeon ϓϩηοαͷΑ͏ʹ 4 ͭͷ NUMA ϊʔυͱͯ͠ѻ͏ɽجຊతʹ෼ׂ͞Ε֤ͨྖҬʹดͨ͡ϝϞ

ϦΞΫηεͱͳΔͨΊɼnumactl ίϚϯυͰ NUMA ϊʔυΛѻ͏खؒ͸͋Δ͕ੑ͍ߴೳ͕ظ଴͞ΕΔɽ
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ਤ 1.2 tlog ʹΑΔϒϩοΫίϨεΩʔ෼ղͷλΠϜϥΠϯɽ্͸ϧʔϓฒྻɼԼ͸λεΫฒྻʹΑΔ
࣮૷Λද͠ɼ12 εϨουʹΑΔ࣮ߦΛࣔ͢ɽ

͞Βʹ KNL ͸ɼMCDRAM ͱ DDR4 ϝϞϦͷѻ͍ͷͨΊʹ 3 छྨͷϝϞϦϞʔυʢFlatɼCache ͼٴ

HybridʣΛఏ͍ͯ͠ڙΔɽFlat Ϟʔυ͸ɼMCDRAM ͱ DDR4 ϝϞϦ͕ҟͳΔϝϞϦΞυϨε্ʹ഑ஔ

͞Εɼnumactl ίϚϯυͳͲʹΑΓ໌ࣔతʹׂΓ౰ͯΔɽCache Ϟʔυ͸ɼMCDRAM Λ DDR4 ϝϞϦͷ

L3 ΩϟογϡͷΑ͏ʹѻ͏ɽͦͷͨΊɼ໌ࣔతʹ MCDRAM Λར༻͢Δ͜ͱ͸Ͱ͖ͳ͍͕ɼMCDRAM

ͷϝϞϦྔ 16GB Λ௒͑ΔϓϩάϥϜͰ͋ͬͯ΋ɼϓϩάϥϜʹมߋΛՃ͑Δ͜ͱͳ࣮͕͘ߦՄೳͰ͋

ΔɽHybrid Ϟʔυ͸ɼMCDRAM Λ෼ׂ͠ FlatɼCache ϞʔυͷͦΕͧΕΛར༻Մೳͱ͢Δɽ

1.3.2 ϧʔϓฒྻͱλεΫฒྻ

ϝχʔίΞϓϩηοαʹ͓͍ͯੑ͍ߴೳΛಘΔͨΊʹ͸ɼͦͷലେͳίΞΛ͍࢖੾Δ͜ͱ͕Մೳͳ͍ߴ

ฒྻੑ΍ɼద੾ͳϩʔυόϥϯγϯάʹΑΓΞΠυϧεϨουΛൃੜͤ͞ͳ͍͜ͱ͕ɼϚϧνίΞϓϩ

ηοαҎ্ʹॏཁͱ͞ΕΔɽXeon PhiϓϩηοαʢKNLʣͷϓϩάϥϛϯάʹ͸ɼOpenMPͷ parallel

forɼforࣔࢦจΛ༻͍ͨϧʔϓฒྻʹΑΔϫʔΫγΣΞϦϯάͷ࣮૷͕ଟ͘ߦΘΕ͓ͯΓɼͦͷଟ͘͸

ϧʔϓฒྻ࣮ߦऴྃޙʹεϨουશମͷಉظΛඞཁͱ͢ΔɽϝχʔίΞϓϩηοαͰ͸ɼίΞ਺૿ՃʹΑ

Δҙਤ͠ͳ͍ϩʔυΠϯόϥϯε͕ൃੜ͠΍͘͢ɼશମಉظͷίετ͕େ෯ʹ૿Ճ͢ΔՄೳੑ͕͋Δɽ·

ͨɼಉࣗظମͷίετ΋େ͖͘ [23]ɼϢʔβʹ͸ग़དྷΔݶΓશମಉظΛ͠ͳ͍ฒྻϓϩάϥϛϯά͕ٻΊ

ΒΕΔɽ

OpenMP Ͱ͸ɼ༷࢓ 3.0 ΑΓ task ଄΍ߏతؼ࠶ड़ՄೳͱͳΓɼهจͰλεΫฒྻ͕ࣔࢦ while ϧʔ

ϓͳͲͷ֤εϨουͰͷԋ͕ࢉಈతʹܾఆ͢Δ৔߹ͷฒྻ࣮૷͕Մೳͱͳͬͨɽ·ͨɼ༷࢓ 4.0 ͔Β͸

dependઅʹΑΔλεΫґଘͷهड़Λఏ͠ڙɼґଘؔ܎ʹΑΔλεΫؒͰͷҰରҰಉ͕ظՄೳͱͳͬͨɽ

ͦ͜ͰɼϧʔϓฒྻͱλεΫฒྻͷͦΕͧΕΛ༻͍ͯಉҰͷϕϯνϚʔΫϓϩάϥϜΛ࣮૷͠ɼಉํظ๏

ͷҧ͍͕ੑೳʹ༩͑ΔӨڹΛௐࠪ͢Δɽਤ 1.2 ʹ OpenMP ͷ parallel forࣔࢦจʹΑΔϧʔϓฒྻ

࣮૷ͱɼtaskࣔࢦจͱ dependઅʹΑΔλεΫฒྻ࣮૷ͷλΠϜϥΠϯΛࣔ͢ɽର৅͸ϒϩοΫίϨ

εΩʔ෼ղͰ͋Γɼ1 ϊʔυʹ Intel Xeon E5-2680 v2 Λ 2 ιέοτʢ10 ίΞ ×2ʣ࣋ͭڥ؀ʹ͓͍ͯ 12

εϨουͰ࣮͢ߦΔɽίϯύΠϥ͸ Intel Compiler 17.0.1 ͱ͠ɼλΠϜϥΠϯͷදࣔʹ͸ϓϩϑΝΠϦϯ
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ਤ 1.3 OpenMP parallel forɼtaskࣔࢦจͷΦʔόϔουɽ

άπʔϧͰ͋Δ tlog Λ༻͍Δɽॎ͕࣠εϨου਺ɼԣ͕࣠࣌ؒΛද͓ͯ͠Γɼྖ͍ࠇҬ͸εϨου͕ΞΠ

υϧঢ়ଶͰ͋Δ͜ͱΛද͠ɼͦͷଞͷྖҬ͸ԋ͞ߦ࣮͕ࢉΕ͍ͯΔ۠ؒΛද͢ɽ

ϧʔϓฒྻʹΑΔ࣮ߦͰ͸ɼ0.015ɼ0.03s ͳͲʹ͓͍ͯશମಉظʹΑΓଟ͘ͷεϨου͕ΞΠυϧঢ়ଶ

Ͱ͋Δ͜ͱ͕Θ͔ΔɽҰํͰɼλεΫฒྻͰ͸શମಉ͔ظΒҰରҰಉظͱͳͬͨ͜ͱͰΞΠυϧঢ়ଶͷε

Ϩου͕ݮΓɼੑೳ্͕͍ͯ͠޲Δ͜ͱ͕Θ͔ΔɽΑͬͯɼλεΫؒͷσʔλґଘΛهड़͠λεΫ୯Ґͷ

Λഉআ͠ɼϩʔυόϥϯεͷվળظͱ͢Δ͜ͱͰɼैདྷͷϫʔΫγΣΞϦϯάʹΑΔશମಉظ౓ͳಉཻࡉ

ʹΑΔੑೳظ্͕޲଴͞ΕΔɽ͔͠͠ɼOpenMP ͸ϊʔυ಺هड़ͷΈΛαϙʔτ͍ͯ͠ΔͨΊɼ෼ࢄϝϞ

Ϧڥ؀ͰͷλεΫґଘ͕هड़ՄೳͳϓϩάϥϛϯάϞσϧ͕ඞཁͱ͞ΕΔɽ

OpenMP ͷ༷࢓ 4.0 Ҏ্Λαϙʔτ͢ΔίϯύΠϥ͸ GNU ΍ Intel ͳͲ༷ʑ͋Δ͕ɼλεΫฒྻʹؔ

͢Δ࣮૷͸ະͩվળͷ༨஍͕͋Δɽਤ 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 छྨͷڥ؀Λ༻͍ͯɼϚϧνɾϝχʔίΞϓϩηο

αͰͷ޲܏ͷҧ͍Λࣔ͢ɽ·ͣɼparallel forࣔࢦจͷϚϧνɾϝχʔίΞϓϩηοαʹ͓͚Δੑೳ

Λൺֱ͢ΔͱɼͲͪΒͷϓϩηοαʹ͓͍ͯ΋εϨου਺૿Ճͱͱ΋ʹੑೳ͕؇΍͔ʹ௿Լ͠ɼશମͱ͠

ͯ͸ϝχʔίΞϓϩηοαͰͷੑೳ͕௿͍͜ͱ͕Θ͔Δɽ࣍ʹ taskࣔࢦจͷੑೳ͸ɼ16 εϨου·Ͱ

͸ϚϧνίΞϓϩηοαͰͷΦʔόϔου͕େ͖͘ɼεϨου਺ͷ૿Ճͱͱ΋ʹϝχʔίΞϓϩηοαͰ

ͷੑೳ͕ۃ୺ʹ௿Լͨ͠ɽ·ͨɼϚϧνɾϝχʔίΞϓϩηοαͷͲͪΒʹ͓͍ͯ΋ parallel forࢦ

ࣔจͱൺֱͯ͠ taskࣔࢦจͷΦʔόϔου͕େ͖͍͜ͱ͕Θ͔ͬͨɽ

λεΫ࣮ߦதʹσουϩοΫ͕͏͖ىΔՕॴͰɼผͷ࣮ߦՄೳλεΫ΁ͱεΠονΛଅ͢ taskyield

ɼGNUʢ6.4ʣɼIntelʢ17.0.1ʣίϯύΠϥͱ΋ʹґଘ෇͖λεΫͷ৔߹ͷ͕ͨͬߦಈͷௐࠪ΋ڍจͷࣔࢦ
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͑ߟΔ͜ͱ͕͢ߦͰ͸ɼλεΫ಺Ͱ௨৴Λ࣮ߦͰͷλεΫฒྻ࣮ڥϝϞϦ؀ࢄಈ͕ෆఆͰ͋ͬͨɽ෼ڍ

ΒΕΔɽͦͷͨΊɼσουϩοΫͷ๷ࢭ΍εϨου಺Ͱͷ௨৴ͱԋࢉλεΫͷΦʔόϥοϓͷͨΊʹ΋

taskyieldࣔࢦจʹΑΔλεΫͷεΠον͸ඞཁͰ͋Δɽͦ͜ͰɼλεΫੜ੒΍ίϯςΩετεΠον

ͷίετ͕ൺֱతখ͍ܰ͞ྔεϨουϥΠϒϥϦΛ༻͍ͯɼߴ଎ͳλεΫੜ੒΍Ұఆಈ͢࡞ΔλεΫε

ΠονϯάػೳΛ࣋ͭλεΫฒྻͷ࣮૷͕ඞཁͱ͞ΕΔɽ

1.3.3 ௨৴

෼ࢄϝϞϦڥ؀ʹ͓͚Δੑೳ্޲ͷख๏ͷҰͭͱͯ͠ɼ௨৴ͱԋࢉΛΦʔόϥοϓ͢Δ͜ͱ͕͛ڍΒΕ

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

৴ͱԋࢉΛΦʔόϥοϓͤ͞Δɽͦͷޙɼ௨৴ର৅ͷσʔλͷ read/write Δ௚લͰ͖ى͕ MPI Wait() ʹ

ΑΓ௨৴ྃ׬Λอূ͢Δ࣮૷͕ҰൠతͰ͋Δɽ͔͠͠ɼෳࡶͳԋࢉ΍෦෼తʹ௨৴Λ࣮͢ߦΔ৔߹ɼ௨৴

ͱԋࢉΛ׬શʹΦʔόϥοϓ͢Δ͜ͱ͸ࠔ೉Ͱ͋Γɼฒྻ౓ͷ͍ߴϝχʔίΞϓϩηοαͰ͸ϓϩάϥϜ

શମͱͯͨ͠ݟͱ͖ʹੑೳϘτϧωοΫͱͳΓ΍͍͢ɽ·ͨɼϢʔβ͕ϓϩάϥϜதͷಉظՕॴΛ೺Ѳ

͠ɼ௨৴ͱԋࢉͷΦʔόϥοϓΛهड़͢Δඞཁ͕͋ΔͨΊɼϓϩάϥϛϯάίετ΋େ͖͍ɽ

OpenMP ͷσʔλґଘʹͮ͘جλεΫฒྻϞσϧͰ͸ɼλεΫ಺Ͱ MPI ͷΑ͏ͳ௨৴Λهड़͢Δ͜ͱ

͕ՄೳͰ͋Δɽ௨৴ର৅Λԋࢉͱಉཻ͡౓ͷσʔλґଘͱͯ͠هड़͢Δ͜ͱͰɼͦͷσʔλ͕ඞཁͱͳΔ

࣌఺Ͱ OpenMP ϥϯλΠϜ͕ґଘؔߦ࣮͖ͮجʹ܎ॱংΛܾఆ͢ΔͨΊɼϢʔβ͕ಉظՕॴΛ໌ࣔతʹ

ܾఆ͢Δඞཁ͕ͳ͍ɽैͬͯɼ௨৴ͱԋࢉͷΦʔόϥοϓ཰Λ্ͤ͞޲ɼ͞ΒʹσʔλґଘͷΈͷ؆қͳ

ΒΕΔɽ͑ߟͰ͖Δͱݱड़͕࣮ه

෼ࢄϝϞϦڥ؀ͰλεΫฒྻϞσϧΛ࣮͢ߦΔ৔߹ɼલड़ͨ͠ͱ͓Γ֤ϊʔυ͕࣋ͭεϨο

υͷλεΫ্Ͱ௨৴͕࣮͞ߦΕΔɽεϨου্Ͱ MPI ͷ௨৴ API ΛݺͿ৔߹ɼϚϧνεϨου

Ͱͷ௨৴ΛڐՄ͢Δ MPI THREAD MULTIPLE Λ MPI ͷॳظԽ࣌ʹࢦఆ͢Δඞཁ͕͋Δɽ͔͠

͠ɼMPI THREAD MULTIPLE Ͱͷ௨৴͸ɼҰൠతͳϓϩηεϨϕϧʢMPI THREAD SINGLEɼ

MPI THREAD FUNNELEDʣͷ௨৴ͱൺֱͯ͠ੑೳ͕௿͘ɼͦͷ௨৴ੑೳΛվળ͢ΔͨΊʹଟ͘ͷݚ

.ΘΕ͖ͯͨɽHߦ͕ڀ Dang Β͸จݙ [26] ʹͯɼMPICH ͷ࣮૷Λϕʔεͱ͠ϚϧνεϨου௨৴࣌ͷ

lock/unlock ͷ࠷దԽΛ͜͏ߦͱͰɼΫϦςΟΧϧηΫγϣϯΛݮΒ͠ MPI THREAD MULTIPLE Ͱͷ

௨৴ੑೳΛ্ͨͤ͞޲ɽ·ͨɼM. Si Β͸จݙ [27] ʹͯɼ௨৴ͷΈΛ࣮͢ߦΔΰʔετϓϩηεΛϢʔβ

ΔΑ͏ʹ௨৴͢ߦΔ࣮૷ͱͨ͠ɽϢʔβ͸εϨου্Ͱ࣮͢ߦఆͤ͞ɼͦͷϓϩηεͷΈ͕௨৴Λ࣮ࢦʹ

Λهड़͢Δ͚ͩͰɼࣗಈతʹΰʔετϓϩηε͕௨৴Λ࣮͢ߦΔɽK. Vaidyanathan Β͸จݙ [28] ʹͯɼ

௨৴༻ͷεϨουΛఆٛ͠ଞͷεϨου্Ͱ࣮͞ߦΕΔ௨৴Λ௨৴༻εϨουʹࣗಈͰΦϑϩʔυ͢Δ͜

ͱͰੑೳ্޲ΛͨͬߦɽैͬͯɼMPI THREAD MULTIPLE ͷͨΊʹ͸ɼMPI্޲Ͱͷ௨৴ੑೳͷڥ؀

ίϯύΠϥͷ࣮૷Λमਖ਼͠ MPI THREAD MULTIPLE ࣗମͷੑೳΛ্ͤ͞޲Δ͔ɼϢʔβ͔Β͸Ϛϧν

εϨουʹ௨৴͍ͯ͠ΔΑ͏ʹ͑ݟΔ͕ϥϯλΠϜ͕ࣗಈతʹ 1 ͭͷ࣮ߦ୯Ґʹ௨৴Λू໿͢Δ 2 छྨ

ͷํ๏͕͑ߟΒΕΔɽ͔͠͠ɼ্هͷڀݚͰ͸ MPI ίϯύΠϥͷ࣮૷ґଘͱͳΔ͜ͱ΍ɼ௨৴ू໿༻ͷ

ϥΠϒϥϦ͕ผ్ඞཁͱͳΔɽͦ͜ͰຊڀݚͰ͸ɼΑΓ൚༻తͳ௨৴࠷దԽͷ࣮૷Λͨ͏ߦΊɼOpenMP

ϨϕϧͰจݙ [28] ͷ௨৴༻εϨουͷੜ੒ͱͦͷεϨου΁ͷࣗಈతͳ௨৴ͷू໿ߏػΛ࣮૷͠ɼ௨৴

ੑೳ্޲Λ໨͢ࢦɽ
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1.4 PGASޠݴ XcalableMP (XMP)

ຊڀݚͰ༻͍Δ PGAS ޠݴ XMP ͷ֓ཁΛड़΂ΔɽXMP ͸ɼ࣍ੈ୅ฒྻϓϩάϥϛϯάݕޠݴ౼ҕһ

ձٴͼ PC ΫϥελίϯιʔγΞϜฒྻϓϩάϥϛϯάޠݴ XcalableMP ෦ձ֨ن [29] ʹΑΓɼݕ༷࢓

ܕϝϞϦࢄΘΕ͍ͯΔ෼ߦఆ͕ࡦͼٴ౼ Single Program Multiple DataʢSPMDʣΛ࣮ߦϞσϧͱ͢Δ Cɼ

Fortran ରԠͷ PGAS Ͱ͋ΔɽϦϑΝϨϯε࣮૷Ͱ͋Δޠݴ Omni XcalableMP Compiler ͸ɼཧԽֶڀݚ

ॴࢉܭՊֶߏػڀݚϓϩάϥϛϯάڀݚڥ؀νʔϜͱஜ೾େֶ HPCS ΑΔʹࣨڀݚ Omni Compiler ϓϩ

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

͞ΕͨϥϯλΠϜݺͼग़͠΁ͱม͢׵Δ source-to-source ͳτϥϯεϨʔλͰ͋ΔɽMPI ͸ 0 ΦϦδϯͰ

“ϓϩηε” Λ࣮ߦ୯Ґͱ͍ͯ͠Δ͕ɼXMP ͸ 1 ΦϦδϯͰ “ϊʔυ” ͱ͍ͯ͠ΔɽXMP ͸ϓϩάϥϛϯ

άϞσϧͱͯ͠άϩʔόϧϏϡʔͱϩʔΧϧϏϡʔͷ 2 छྨΛఏ͍ͯ͠ڙΔɽάϩʔόϧϏϡʔϞσϧ͸

యܕతͳσʔλ෼ࢄ΍௨৴ΛࣔࢦจͰఏ͓ͯ͠ڙΓɼϩʔΧϧϏϡʔϞσϧ͸ Fortran 2008 ΑΓਖ਼ࣜ࠾༻

͞Εͨ coarray ͱ͕͋ੑ׵ޓΔยଆ௨৴Λαϙʔτ͍ͯ͠Δɽ

1.4.1 άϩʔόϧϏϡʔϞσϧ

άϩʔόϧϏϡʔϞσϧ͸ɼ໰୊Ͱѻ͏άϩʔόϧͳ഑ྻΛ֤ϊʔυʹ෼͢ࢄΔࣔࢦจΛૠೖ͢Δ͜

ͱͰฒྻ࣮ߦΛՄೳͱ͢ΔϓϩάϥϛϯάϞσϧͰ͋Δɽैͬͯɼجຊతʹஞ࣍ϓϩάϥϜʹࣔࢦจΛ

ૠೖ͢ΔͷΈͰฒྻϓϩάϥϜΛ࣮૷Ͱ͖ΔɽάϩʔόϧϏϡʔͰ͸ςϯϓϨʔτͱݺ͹ΕΔԾ૝తͳ

ΠϯσοΫεۭؒΛ༻͍ͯσʔλ΍ॲཧͷ෼ࢄΛهड़͢Δɽਤ 1.4 ʹάϩʔόϧϏϡʔϞσϧͷϓϩά

ϥϜྫΛࣔ͢ɽҎ߱ͷάϩʔόϧϏϡʔʹΑΔϓϩάϥϜͷઆ໌͸ɼશͯαΠζ 16 ͷ഑ྻ A Λ 4 ϊʔ

υͰϒϩοΫ෼ׂͨ͠৔߹ͷσʔλ෼ࢄɼฒྻ࣮ٴߦͼ௨৴ɾಉظͷྫͱͳΔɽ·ͣɼnodesࣔࢦจʹ

ΑΓ࣮ߦϊʔυू߹Λఆٛ͢Δɽ਺஋ͷهड़ʹΑΓ੩తʹ࣮ߦϊʔυ਺ΛࢦఆͰ͖Δ΄͔ɼ“*” ͱͨ͠

৔߹͸Ϣʔβ͕࣮ࢦʹ࣌ߦఆͨ͠ϊʔυ਺ΛجʹɼXMP ϥϯλΠϜ͕ࣗಈతʹ࣮ߦϊʔυ਺Λ൑அ͢

Δɽtemplateࣔࢦจ͸ςϯϓϨʔτΛఆٛ͢Δɽਤ 1.4 Ͱ͸෼͢ࢄΔ഑ྻ A ͷαΠζʹ߹Θͤͯςϯ

ϓϨʔτ௕Λࢦఆ͍ͯ͠Δɽ࣍ʹɼςϯϓϨʔτʹରͯ͠ distributeࣔࢦจͰ෼ׂํ๏ʢϒϩοΫɼ

αΠΫϦοΫɼϒϩοΫαΠΫϦοΫٴͼෆۉ౳ϒϩοΫʣΛࢦఆ͠ɼalignࣔࢦจʹΑΓର৅ͷ഑ྻ

ͱ෼͞ࢄΕͨςϯϓϨʔτΛରԠ෇͚Δ͜ͱͰɼ֤ϊʔυ΁ͱσʔλ෼ࢄΛ͏ߦɽ෼͞ࢄΕͨσʔλΛ༻

͍Δ for จʹରͯ͠ loopࣔࢦจΛૠೖ͢Δ͜ͱͰɼϢʔβ͸֤ϊʔυ΁ͱ෼͞ࢄΕͨσʔλͷ഑ஔΛҙ

ࣝ͢Δ͜ͱͳ͘ɼฒྻ࣮͕ߦՄೳͰ͋ΔɽجຊతʹάϩʔόϧϏϡʔʹΑΔฒྻϓϩάϥϜ͸ࣔࢦจ௥Ճ

ʹΑΔ࣮૷Ͱ͋ΔͨΊɼXMP ίϯύΠϥ͕ແ͍ڥ؀Ͱ͸ஞ࣮࣍૷ͷ CɼFortran ͷϓϩάϥϜͱ࣮ͯ͠ߦ

Ͱ͖Δɽ

XMP ͸෼ࢄ഑ྻʹର͢Δ௨৴Λαϙʔτ͢ΔͨΊ shadowɼreflect ͼٴ gmove ͠ڙจΛఏࣔࢦ

͍ͯΔɽshadowɼreflectࣔࢦจ͸ɼεςϯγϧԋࢉͳͲͰ͘޿༻͍ΒΕ͍ͯΔକྖҬ௨৴Λ࣮͢ߦ

ΔࣔࢦจͰ͋Δɽਤ 1.5 ͸ɼάϩʔόϧϏϡʔʹΑΓϒϩοΫ෼ׂ͞Εͨ 1 ഑ྻʹର͢ΔକྖҬ௨৴ݩ࣍

ͷྫͰ͋ΔɽshadowࣔࢦจʹΑΓɼ֤ϊʔυʹ෼͞ࢄΕͨ഑ྻͷ্୺ɾԼ୺ʹ೚ҙ෯ͷକྖҬΛ֬อ͢

Δɽྫͷ৔߹͸ “A[1:1]” ͱهड़͞Ε͍ͯΔͨΊɼ෼ࢄ഑ྻ A ͷ্୺ɾԼ୺ʹͦΕͧΕ 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 άϩʔόϧϏϡʔϞσϧͷϓϩάϥϛϯάྫʢσʔλ෼ࢄɼฒྻ࣮ߦʣɽ

֬อ͞ΕΔɽshadow ఆ͞Εͨ഑ྻΛࢦจͰࣔࢦ reflect ఆ͢Δ͜ͱͰ֤ϊʔυ͕࣋ͭକࢦจͰࣔࢦ

ྖҬͷ஋Λߋ৽͢Δɽ

gmove จͰ͋ΔɽgmoveࣔࢦՄೳͳߦ഑ྻʹର͢Δ༷ʑͳ௨৴͕࣮ࢄจ͸෼ࣔࢦ จʹ͸ม਺΍ࣔࢦ

෼ࢄ഑ྻʹΑΔ୅ೖจ͕هड़͞Εɼࠨลͱӈลͷॴ༗ϊʔυ͕ҟͳΔ৔߹ʹ௨৴͕ൃੜ͢Δɽ͞Βʹɼ

gmoveࣔࢦจʹରͯ͠ in/outΛࢦఆ͢ΔͱɼϊʔυؒͰͷ௨৴͸ยଆ௨৴ʢPutɼGetʣͱͳΔɽਤ 1.6

ʹ gmove ลͱӈลͷ྆ํʹ഑ྻηΫγϣϯΛࠨड़Մೳͳ௨৴ύλʔϯͷҰ෦Λࣔ͢ɽهจʹΑΓࣔࢦ

ؚΉ෼ࢄ഑ྻΛࢦఆͨ͠৔߹ɼਤதͷ send-recv ͷΑ͏ʹϊʔυؒͰͷσʔλίϐʔ͕࣮͞ߦΕΔɽෳ਺

ϊʔυʹލΔ഑ྻηΫγϣϯΛهड़ͨ͠৔߹΋ಉ༷ʹ࣮͕ߦՄೳͰɼରԠ͢Δϊʔυશ͕࣮ͯߦର৅ͱͳ

ΔɽࠨลʹϩʔΧϧม਺͕هड़͞Εͨ৔߹͸ਤதͷ broadcast ͷΑ͏ʹɼϊʔυ 1 ͕࣋ͭ A[0] ͷ஋Λ֤

ϊʔυ͕࣋ͭϩʔΧϧม਺ B ʹରͯ͠୅ೖ͢ΔϒϩʔυΩϟετͱͳΔɽӈลʹϩʔΧϧม਺͕هड़͞
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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 ഑ྻࢄΕΔɽ෼͞ߦ࣮͕ A ͷશͯͷཁૉ͕ࢦఆ͞Ε͍ͯΔͨΊɼ֤ϊʔυ͕࣋ͭ

ϩʔΧϧม਺ B Λ෼ࢄ഑ྻ A ͷશͯΠϯσοΫεʹରͯ͠୅ೖ͢Δɽ

1.4.2 ϩʔΧϧϏϡʔϞσϧ

ϩʔΧϧϏϡʔϞσϧ͸ɼ֤ϊʔυ͕࣋ͭϩʔΧϧσʔλʹରͯ͠௨৴Λ͏ߦϓϩάϥϛϯάϞσϧͰ

͋ΔɽXMP Ͱ͸ɼFortran2008 ͔Βਖ਼ࣜ࠾༻͞Εͨ CAF Λϕʔεͱͨ͠ coarray Δɽ͍ͯ͠ڙ๏Λఏه

XMP/Fortran ʹ͓͚Δ coarray ͸ Fortran2008 ͷ্Ґ׵ޓͰ͋ΓɼXMP/C ʹ͓͚Δ coarray ͸ XMP ͷಠ

֦ࣗுͰ͋Δɽcoarray ͷ࣮ߦ୯Ґ͸ΠϝʔδͰ͋Δɽ֤ϊʔυ͕࣋ͭݻ༗ͷ໊લۭؒʹରͯ͠ɼ഑ྻ୅

ೖจࣜܗͰΠϝʔδ൪߸ɼ௨৴ཁૉ਺Λࢦఆ͢ΔͷΈͰยଆ௨৴ʢPutɼGetʣΛ࣮ߦՄೳͰ͋ΔͨΊɼMPI

ͷΑ͏ʹϩʔΧϧσʔλͷৼΔ෣͍Λৄهʹࡉड़Ͱ͖Δɽยଆ௨৴ͷର৅ͱͳΔ഑ྻ͸ɼ഑ྻએ࣌ݴʹ֯

Πϝʔδʹର͢Δׂ෇΋ՄೳͰ͋ݩΑΓଟ࣍ʹހड़͢Δɽෳ਺ׅ֯هର৅ͷΠϝʔδू߹ΛߦͰ࣮ހׅ

Δɽ1 ʹހΠϝʔδΛର৅ͱ͢Δ৔߹͸ׅ֯ߦͷશ࣮ۭؒݩ࣍ “*” Λࢦఆ͢Δɽยଆ௨৴͸ඇಉߦ࣮ʹظ

͞ΕΔͨΊɼϢʔβ͕ಉظΛ໌ࣔతʹهड़͢Δඞཁ͕͋ΔɽXMP/Fortran ͸ CAF ͱಉ౳Ͱ͋ΓɼXMP/C

Ͱ͸શମಉظͷ xmp sync all()ɼ࣮ߦओମʹ͓͚Δ௨৴ྃ׬Λอূ͢Δ xmp sync memory()ɼҰରҰಉظ

ड़Մೳͳه͕ xmp sync image() ͳͲΛఏ͍ͯ͠ڙΔɽ
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ιʔείʔυ 1.1 ʹ XMP/C ͷ coarray Λ༻͍ͨยଆ௨৴ͷྫΛࣔ͢ɽ഑ྻ A Λยଆ௨৴ͷର৅ͷ഑ྻ

ͱ͢ΔͨΊɼ1 ɽྫͰ͸ɼ1͏ߦఆΛࢦΑΔʹހׅ֯ʹ໨ͷΑ͏ߦ ΠϝʔδΛର৅ͱ͢ߦͷશ࣮ۭؒݩ࣍

Δɽ7ɼ13 ໨͕ͦΕͧΕߦ coarray GetɼPut Λද͓ͯ͠Γɼ഑ྻهड़ํޙͷίϩϯҎ͕߱௨৴ର৅ͷΠ

ϝʔδΛࣔ͢ɽ7 ໨Ͱ͸ϊʔυߦ 4 ओମͰ͋Γɼϊʔυߦ࣮͕ 1 ͕࣋ͭ഑ྻ A ͷΠϯσοΫε 0 ͔Β 25

ཁૉʹରͯ͠ Get Λ࣮͢ߦΔɽยଆ௨৴͸ඇಉ͞ߦ࣮ʹظΕΔͨΊɼ9 ໨ͷߦ xmp sync all() ʹͯશମಉ

Λอূ͢Δɽ13ྃ׬ΑΓยଆ௨৴ͷʹظ ໨Ͱ͸ϊʔυߦ 1 ओମͰ͋Γɼϊʔυߦ࣮͕ 4 ͕࣋ͭ഑ྻ A ͷ

ΠϯσοΫε 0 ͔Β 25 ཁૉʹରͯ͠ Put Λ࣮͢ߦΔɽ͜ͷྫ͸ɼશମಉظͰ͸ͳ͘ post/waitࣔࢦจ

ʹΑΔҰରҰͷಉظΛࣔ͢ɽ14 ໨ͷߦ xmp sync memory() ʹΑΓɼ࣮ߦओମʹ͓͍ͯยଆ௨৴ͷྃ׬Λ

อূ͠ postࣔࢦจͰର৅ϊʔυΛىಈ͢Δɽϊʔυ 4 Ͱ͸ waitࣔࢦจʹΑΓ postࣔࢦจ͕࣮͞ߦ

ΕΔ·Ͱ଴͢ػΔͷͰɼϊʔυ 4 ʹ͓͍ͯϊʔυ 1 Ͱ࣮͞ߦΕͨยଆ௨৴ͷྃ׬Λอূ͢Δ͜ͱ͕Մೳͱ

ͳΔɽ

1.5 ໨త

ຊڀݚͰ͸ɼେن໛ͳ෼ࢄϝϞϦγεςϜʹ͓͚ΔฒྻϓϩάϥϜͷੑೳͱੜੑ࢈ͷ্޲Λओͳ໨తͱ

͢Δɽͦͷ໨తΛୡ੒͢ΔͨΊʹ 2 ͭͷڀݚ՝୊ʹऔΓ૊Ήɽ·ͣ 1 ͭͱͯ͠ɼPGAS Ϟσϧͷάϩʔό

ϧϏϡʔͱϩʔΧϧϏϡʔͷܽ఺Λิ͏৽ͨͳϓϩάϥϛϯάϞσϧͷఏҊΛ͏ߦɽఏҊϞσϧʹΑΔ࣮

ΞϓϦέʔγϣϯ΁ͷద༻Λ௨ͯ͠ɼ࣮ΞϓϦέʔγϣϯͷΑ͏ͳෳࡶͳϓϩάϥϜʹର͢Δ PGAS Ϟ

σϧద༻ʹΑΔ஌ݟΛࣔ͢ͱͱ΋ʹɼΦϦδφϧͷฒྻ࣮૷ͱͷൺֱʹΑΔੑೳͱੜੑ࢈ͷධՁΛ͏ߦɽ

ຊڀݚͰ͸ PGAS ޠݴ XMP Λର৅ʹɼάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔΛ૊Έ߹ΘͤͨϞσϧͰ͋Δ

ϋΠϒϦουϏϡʔΛఏҊ͢ΔɽϋΠϒϦουϏϡʔϞσϧʹΑΓɼ࣮ΞϓϦέʔγϣϯͰ͋Δ֩༥߹γ

ϛϡϨʔγϣϯίʔυ GTC-P[31, 32] Λ࣮૷͠ɼఏҊϞσϧ͕ MPI ͱಉ౳ͷੑೳ͕ಘΔ͜ͱ͕ՄೳͰ͋

Γɼ͞Βʹੜੑ࢈ͷ࣮͍ߴ૷Ͱ͋Δ͜ͱΛࣔ͢ɽ·ͨɼϋΠϒϦουϏϡʔ͸ϊʔυؒͰͷ௨৴ɼσʔλ

෼ׂ΍ฒྻ࣮ߦΛ؆қʹهड़Մೳͱ͍ͯ͠ΔϞσϧͰ͋ΓɼϝχʔίΞϓϩηοαΛ౥͢ࡌΔγεςϜʹ

͓͍ͯ͸ϊʔυؒฒྻʹՃ͑ͯɼϊʔυ಺ฒྻͷੑೳɼੜੑ࢈΋ྀߟʹೖΕΔඞཁ͕͋Δɽͦ͜Ͱ 2 ͭ໨

ͷ՝୊ͱͯ͠ɼϝχʔίΞγεςϜ্Ͱੑ͍ߴೳ΍ੜੑ࢈Λཱ྆ͤ͞ΔϓϩάϥϛϯάΛՄೳͱ͢΂͘ɼ

PGAS ϞσϧʹΑΔλεΫฒྻϞσϧͷఏҊΛ͏ߦɽXMP Λର৅ͱͯ͠ϊʔυ಺/ؒʹ͓͚ΔλεΫґଘ

Λ౷Ұతʹهड़Մೳͱ͢ΔࣔࢦจΛఏҊ͠ɼఏҊࣔࢦจʹΑΔϕϯνϚʔΫϓϩάϥϜͷ࣮૷ɼධՁʹΑ

ΓɼϝχʔίΞΫϥελ্Ͱੑೳɼੜੑ࢈Λࣔ͢ɽ

ຊڀݚͷݙߩ͸ҎԼͷ௨ΓͰ͋Δɽ

• XMP ͷϋΠϒϦουϏϡʔϞσϧʹΑΓɼैདྷͰ͸ෳࡶͳ௨৴΍ԋࢉʹΑΓάϩʔόϧϏϡʔ͕

ద༻Ͱ͖ͳͬͨϓϩάϥϜʹରͯ͠ɼ෦෼తʹάϩʔόϧϏϡʔ͕ద༻ՄೳͱͳΓɼੜੑ࢈ͷ͍ߴ

࣮૷͕Մೳͱͳͬͨɽ·ͨɼ௨৴͸ϩʔΧϧϏϡʔʹΑΔ؆қͳه๏ʹΑΔ࣮૷ͱͳΓɼ௨৴هड़

ͷՄಡੑ͸͍ߴɽ

• XMP ͷλεΫฒྻϞσϧʹΑΓɼैདྷͷϧʔϓฒྻʹΑΔϫʔΫγΣΞϦϯάͷશମಉظΛഉআ

͠ɼσʔλґଘʹͮ͘جλεΫؒͷཻࡉ౓ͳಉظΛ෼ࢄϝϞϦڥ؀Ͱ࣮ͨ͠ݱɽ·ͨɼϕϯνϚʔ

ΫϓϩάϥϜ΁ఏҊख๏ͷద༻ʹΑΓϝχʔίΞγεςϜ্Ͱͷੑߴೳɼߴੜੑ࢈Λࣔͨ͠ɽ
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1.6 ຊ࿦จͷߏ੒

ຊ࿦จͷ֤ষͷߏ੒͸ҎԼͷ௨ΓͰ͋Δɽୈ 2 ষͰ͸ϋΠϒϦουϏϡʔϞσϧʹΑΔ֩༥߹γϛϡ

Ϩʔγϣϯίʔυ GTC-P ͷ࣮૷ͱධՁΛࣔ͢ɽάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔͷܽ఺Λิ͏৽͍͠

ϓϩάϥϛϯάϞσϧͰ͋ΔϋΠϒϦουϏϡʔͷఏҊΛ͏ߦɽఏҊϞσϧʹΑΓ࣮ΞϓϦέʔγϣϯΛ

࣮૷͠ධՁΛ͢Δ͜ͱͰɼΦϦδφϧͷ MPI ࣮૷ͱͷੑೳ΍ੜੑ࢈ͷൺֱʹΑΔϋΠϒϦουϏϡʔͷ

༗༻ੑΛࣔ͢ɽGTC-P ͸ GPU ΍ Intel Xeon Phi ͷద༻ʹΑΔੑೳ໘Ͱͷվળ͸සൟʹߦΘΕ͖͕ͯͨɼ

ϓϩάϥϜͷੜੑ࢈ͷ؍఺͔ΒධՁΛ͜͏ߦͱ͸ຊ͕ڀݚॳΊͯͰ͋Δɽୈ 3 ষͰ͸ɼϝχʔίΞڥ؀ʹ

͓͚Δੑߴೳɼߴੜੑ࢈ΛಘΔ͜ͱ͕ՄೳͳϓϩάϥϛϯάϞσϧͷఏҊΛ͏ߦɽຊڀݚͰ͸λεΫฒྻ

Ϟσϧʹ஫໨͠ɼϝχʔίΞڥ؀ͰͷλεΫฒྻهड़ͷར఺Λड़΂Δͱͱ΋ʹɼैདྷͷϧʔϓฒྻʹΑΔ

ϫʔΫγΣΞϦϯάͷ࣮૷ͱͷൺֱΛࣔ͢ɽ·ͨɼPGAS ϞσϧʹλεΫฒྻػೳΛऔΓೖΕΔ͜ͱͰɼ

ϝχʔίΞڥ؀Ͱͷੑೳɼੜੑ࢈ͷཱ྆Λ໨͢ࢦɽޙ࠷ʹୈ 4 ষͰຊڀݚશମͷ·ͱΊͱޙࠓͷ՝୊Λ

ࣔ͢ɽ
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ୈ 2ষ

ϋΠϒϦουϏϡʔϞσϧʹΑΔฒྻϓ
ϩάϥϛϯά

2.1 ϋΠϒϦουϏϡʔϞσϧ

PGAS ϞσϧͷΞϓϦέʔγϣϯ΁ͷద༻ྫΛ༻͍ͯɼάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔͷར఺΍ܽ

఺Λड़΂ΔɽࢉܭՊֶͷΞϓϦέʔγϣϯͷ෺ཧγϛϡϨʔγϣϯͰΑ͘༻͍ΒΕΔख๏ͱͯ֨͠ࢠ๏ͱ

Γ౰ͯΒΕͨεςϯׂʹ্ࢠҬ͕֨ྖࢉ๏Ͱ͸ɼԋࢠཁૉ๏Λ୅දͱ͢Δ֨ݶ๏͕͋Δɽࠩ෼๏΍༗ࢠཻ

γϧԋࢉΛओͳԋࢉͱ͍ͯ͠ΔͨΊɼάϩʔόϧϏϡʔʹΑΔయܕతͳσʔλ෼ࢄ΍ฒྻ࣮͕ߦదͯ͠

͍ΔɽҰํͰཻࢠ๏͸ɼԋࢉ͸֨ࢠʹґΒͣࢉܭ఺͕෺ཧྔͱͱ΋ʹۭؒΛࣗ༝ʹҠಈՄೳͰ͋ΔͨΊɼ

ϊʔυΛލΔ௨৴͸σʔλαΠζ΍ର৅ϊʔυ͕ಈతʹม͞ߋΕΔΑ͏ͳෳࡶͳ௨৴هड़͕ඞཁͱͳΔɽ

ͦͷͨΊɼϩʔΧϧϏϡʔͷยଆ௨৴ʹΑΔ؆қͳ௨৴هड़͕ద͍ͯ͠Δɽ

άϩʔόϧϏϡʔʹΑΔ࣮૷͸ɼஞ࣮࣍૷Λҡ࣋ͨ͠··Ͱɼ͔ͭ؆қͳࣔࢦΛ༩͑Δ͚ͩͰฒྻ࣮૷

͕ՄೳͰ͋ΔͨΊɼΞϓϦέʔγϣϯશମͷੜੑ࢈ΛߴΊΔ͜ͱ͕ՄೳͰ͋Δɽ͔͠͠ɼϓϩάϥϛϯά

ͷ੍໿΋ଟ͘ɼཻࢠ๏ͷΑ͏ͳෳࡶͳ௨৴ΛؚΉΞϧΰϦζϜʹ͸ద༻Ͱ͖ͣɼ֨ࢠ๏ͷΑ͏ͳయܕతͳ

σʔλ෼ࢄ΍௨৴Λ͏ߦΞϓϦέʔγϣϯʹ͔͠ద༻Ͱ͖ͳ͍৔߹͕ଟ͍ɽҰํͰɼϩʔΧϧϏϡʔʹΑ

Δ࣮૷͸ɼ؆қͳهड़ʹΑΔยଆ௨৴ͱ֤ϊʔυݻ༗ͷ໊લۭؒʹ͓͚ΔϓϩάϥϛϯάͰ͋ΔͨΊɼཻ

͸ߦ΍ϧʔϓͷฒྻ࣮ࢄͳ௨৴ύλʔϯʹ΋ରԠՄೳͰ͋Δɽ͔͠͠ɼσʔλ෼ࡶ๏ͷΑ͏ͳෳࢠ MPI

ͱಉ༷ཅʹهड़͢Δඞཁ͕͋ΓɼϓϩάϥϜશମͰͷੜ͍ߴ͕ੑ࢈ͱ͸͑ݴͳ͍ɽ֤࣮ߦϞσϧʹ͓͍ͯ

໰୊఺΋ଟ͍ͨΊɼMPI ͱಉ౳ͷੑೳ͕ಘΔ͜ͱ͕ՄೳͰɼΑΓੜੑ࢈ΛߴΊΔ͜ͱ͕༰қͳϓϩάϥϛ

ϯάϞσϧ͕ٻΊΒΕΔɽຊڀݚͰ͸ɼάϩʔόϧϏϡʔͷ؆қͳهड़ʹΑΔσʔλ෼ࢄ΍ฒྻ࣮ٴߦͼ

௨৴هड़Λͭͭ͠࢒ɼཻࢠ๏ʹ͓͚Δ௨৴ͷΑ͏ͳෳࡶͳهड़Λඞཁͱ͢ΔՕॴΛϩʔΧϧϏϡʔͰ࣮૷

͢ΔɼϋΠϒϦουʹهड़ՄೳͳϓϩάϥϛϯάϞσϧΛఏҊ͢Δɽ

2.2 ֩༥߹γϛϡϨʔγϣϯίʔυ

֩༥߹ϓϥζϚதͷཚྲྀݱ৅ͷγϛϡϨʔγϣϯΛ͏ߦ୅දతͳख๏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 ϒϩοΫ෼ׂʹΑΔݩ࣍ 2 ݩ࣍ PIC γϛϡϨʔγϣϯͷ؆қਤɽʢAʣ͸ཻి͕ͭ࣋ࢠՙͷ
ۙ๣֨ࢠ఺΁ͷ෼഑ɼʢBʣ͸ϙΞιϯํఔࣜΛղͨ͘Ίͷཅղ๏ʹΑΔεςϯγϧԋࢉɼʢCʣ͸ཻࢠ
ΛͦΕͧΕද͢ɽࢉܭಓي

ʹΑΔ͕ɼPIC ๏͸֎෦ి࣓৔Ҏ্ʹϓϥζϚࣗ਎͕࡞Γग़͢ి࣓৔ͷӨݱ͍ڧ͕ڹ৅ʹద͓ͯ͠ΓɼϞ

ϯςΧϧϩ๏͸ϓϥζϚཻࢠ΍ෆ७෺ΠΦϯͳͲͷ༌ૹݱ৅ͷղੳʹ͘޿༻͍ΒΕ͍ͯΔɽຊڀݚͰ͸ɼ

PIC ๏ʹΑΔ࣮ΞϓϦέʔγϣϯͰ͋Δ GTC-P Λର৅ͱͨͨ͠ΊɼPIC ๏ͷઆ໌ͷΈΛࣔ͢ɽ

2.2.1 Particle-In-CellʢPICʣγϛϡϨʔγϣϯ

PIC ๏͸ɼ৔ͷࢉܭΛࢠ֨ࢉܭ͏ߦͱۭؒΛࣗ༝ʹಈ͖ճΔ֨ࢠʹΑΒͳཻ͍يࢠಓࢉܭͷ૊Έ߹Θͤ

Ͱߏ੒͞ΕΔɽҎԼʹ PIC ๏ͷγϛϡϨʔγϣϯΛࣔ͢ [33]ɽ

1. ɽ͏ߦΛࢉ఺ʹ෼഑͠ɼՃࢠՙΛۙ๣֨ి͕ͭ࣋ࢠཻ֤

2. ϙΞιϯํఔࣜʹΑΓɼۙ๣֨ࢠ఺্ͷిՙີ౓͔Β֨ࢠ఺্ͷ੩ిϙςϯγϟϧΛٻΊɼͦΕΛ

ΊΔɽٻ৔Λిʹج

3. Ίɼ1ٻҐஔͰͷి৔Λࡏݱͷࢠʑͷཻݸ఺͔Βࢠͷۙ๣֨ࢠཻ֤ εςοϓཻࢠͷҐஔΛਐΊΔɽ

ਤ 2.1 ʹ 2 ݩ࣍ PIC γϛϡϨʔγϣϯίʔυʹରͯ͠ 2 Λࣔྫͨ͠ࢪϒϩοΫ෼ׂʹΑΔฒྻԽΛݩ࣍

͢ɽਤதͷʢAʣɼʢBʣ͸ྡ઀֨ࢠ఺৘ใΛ༻͍ͨ৔ͷࢉܭΛද͠ɼʢCʣ͸ཻࢠͷيಓࢉܭΛද͢ɽ৔ͷ

͸େ͖͘෼͚ͯࢉܭ 2 छྨʹ෼ྨ͞ΕɼʢAʣ͸֨ࢠ಺ͷཻి͕ͭ࣋ࢠՙΛۙ๣֨ࢠ఺΁ͷ෼഑ɼʢBʣ͸

ϙΞιϯํఔࣜΛղͨ͘Ίཅղ๏ʹΑΔ 5 ఺εςϯγϧԋࢉΛද͢ɽMPI ͳͲΛ༻͍ͯฒྻ࣮૷Λͬߦ

ͨ৔߹ʹ௨৴͕ൃੜ͢Δεςοϓͱͯ͠ɼʢAʣɼʢBʣͰ͸ɼࢉܭʹ༻͍Δྡ઀֨ࢠ఺͕ผϓϩηεͷ࣋ͭ

ྖҬʹ͋Δ৔߹ɼʢCʣ͸ཻࢠͷҠಈઌ͕ผϓϩηεͷ࣋ͭྖҬͷ৔߹͕͛ڍΒΕΔɽ
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ιʔείʔυ 2.1 XMP ʹΑΔ PIC γϛϡϨʔγϣϯίʔυͷ࣮૷ྫɽ

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 ๏ͷ࣮૷Λ͏ߦ৔߹ɼࢠ֨ࢉܭͷΑ͏ʹ෼ׂ͞ΕͨྖҬͷαΠζ͕ม͞ߋΕ

ͣɼεςϯγϧԋࢉ΍ྡ઀֨ؒࢠͰͷ௨৴͕ओͳ৔߹͸άϩʔόϧϏϡʔϞσϧʹΑΔ࣮૷͕ద͍ͯ͠

Δɽ͔͠͠ɼཻيࢠಓࢉܭͷΑ͏ͳԋࢉεςοϓຖʹ֤ϓϩηε͕ड͚࣋ͭσʔλαΠζ͕ಈతʹมߋ

͞ΕΔԋࢉ΍ͦΕʹ൐͏௨৴ͷάϩʔόϧϏϡʔ࣮૷͸ࠔ೉Ͱ͋ΓɼϓϩάϥϜશମΛ MPI ΍ϩʔΧϧ

ϏϡʔͰ࣮૷͢Δํ๏͕ߦΘΕ͖ͯͨɽϩʔΧϧϏϡʔʹΑΔ࣮૷Ͱ͸ɼMPI ͱൺֱͯ͠؆қͳه๏ʹΑ

Δยଆ௨৴Ͱ࣮૷͕Մೳ͕ͩɼσʔλ෼ࢄ΍ฒྻ࣮ߦ͸ MPI ಉ༷ʹهड़͢Δඞཁ͕͋ΓɼϓϩάϥϜશ

ମͷੜ͍ߴ͕ੑ࢈ͱ͸͑ݴͳ͍ɽͦ͜ͰɼPGAS ϞσϧͷάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔΛ૊Έ߹Θ

ͤͯಉҰͷϓϩάϥϜͰهड़͢ΔϋΠϒϦουϏϡʔΛ༻͍Δ͜ͱͰੑೳΛҡ࣋ͭͭ͠ɼੜ্޲͕ੑ࢈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 γϛϡϨʔγϣϯΛ࣮૷ͨ͠ྫΛιʔείʔυ 2.1 ʹࣔ͢ɽ֨ࢠσʔλΛ֨ೲ͢Δ഑

ྻ f ΛάϩʔόϧϏϡʔͷࣔࢦจʹΑΓ෼͢ࢄΔɽྫͰ͸ɼ5 ໨ͷߦ nodesࣔࢦจʹΑΓ 2 ͷݩ࣍ 3×3

ϊʔυʹΑΔ࣮ߦΛࣔ͢ɽ৔ͷࢉܭͰ͋Δ֨ࢉܭࢠ͸εςϯγϧԋࢉΛؚΉయܕతͳϧʔϓͰߏ੒͞ΕΔ

ͨΊɼ14 ͔Β 18 ໨ͷߦ for ϧʔϓʹରͯ͠ 13 ໨ͷߦ loopࣔࢦจΛ௥Ճ͢Δ͜ͱͰɼ֤ϊʔυʹ෼͞ࢄ

Εͨσʔλʹରͯ͠ฒྻ࣮͢ߦΔ͜ͱ͕ՄೳͰ͋Δɽ·ͨɼ֨ࢉܭࢠͰ͸ྡ઀ϊʔυ͕࣋ͭ֨ࢠ৘ใ͕ඞ

ཁͱͳΔͨΊɼ9 ໨ͷߦ shadowࣔࢦจʹΑΓ 2 ӈͷକྖҬΛ֬อ͢Δɽ֬อ͞Εͨࠨͷ্Լۭؒݩ࣍

କྖҬ͸ɼ֨ࢉܭࢠऴྃޙʹ͋Δ 19 ໨ͷߦ reflectࣔࢦจʹΑΓɼྡ઀ϊʔυؒͷ௨৴Ͱ֨ࢠ৘ใ͕

৽͞ΕΔɽPICߋ γϛϡϨʔγϣϯͷ৔߹͸ɼಉҰΞϓϦέʔγϣϯ಺ʹཻيࢠಓԋࢉͷΑ͏ͳϩʔΧϧ

ͳ໊લۭؒͰͷهड़Λཁ͢ٻΔ௨৴ؚ͕·ΕΔɽͦ͜Ͱ 23ɼ24 ໨ͷΑ͏ʹɼϩʔΧϧϏϡʔͷߦ coarray

ʹΑΔ௨৴ΛάϩʔόϧϏϡʔͷϓϩάϥϜͱ૊Έ߹Θͤͯهड़͢Δɽ͜ͷΑ͏ͳϋΠϒϦουϏϡʔͷ

૷͕ෆՄೳͰ͋ͬͨΞϓϦέʔγϣϯʹର࣮͍ߴͷੑ࢈ड़ʹΑΓɼैདྷͰ͸άϩʔόϧϏϡʔʹΑΔੜه

ͯ͠΋ɼάϩʔόϧϏϡʔʹΑΔهड़ΛอͪͭͭϩʔΧϧϏϡʔͷ؆қͳ௨৴Ͱ࣮૷͕ՄೳͰ͋Δɽ

2.2.2 GTC-P

Gyrokinetic Toroidal CodeʢGTCʣ[36] ͸ɼ࣓ ৔ด͡ࠐΊ֩ܕ༥߹૷ஔʹ͓͚Δ֩༥߹ϓϥζϚதͷඍࢹ

తཚྲྀݱ৅ͷղੳΛ໨తͱͯ͠ɼถࠃDoE SCiDACɼUC IrvineͳͲͰ։ൃ͕ਐΊΒΕ͍ͯΔ δϟΠݩ3࣍

ϩӡಈ࿦త PIC γϛϡϨʔγϣϯίʔυͰ͋ΔɽຊڀݚͰର৅ͱ͢Δ࣮ΞϓϦέʔγϣϯͷ 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: ϙϩΠμϧஅ໘Ͱͷ޲ํܘ෼ׂ.

Ͱ։ൃ͕ਐΊΒΕ͍ͯΔࡍࠃ೤֤༥߹࣮ݧ࿍ ITERʢInternational Thermonuclear Experimental Reactorʣ

[37] ໛ΛγϛϡϨʔτՄೳͳ࣮ΞϓϦέʔγϣϯͰ͋ΔɽGTCن ͸ Fortran Ͱ։ൃ͞Ε͍ͯΔͷʹର͠

ͯɼGTC-P ͸ CɼFortran Ͱ։ൃ͞Ε͍ͯΔɽຊڀݚͰ͸ C ʹΑΔ࣮૷Λର৅ͱͨ͠ɽ

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

ϩΠμϧํ޲ɼ࣓࣠ؾΛճΔϙϩΠμϧํ޲ɼ࣓͔࣠ؾΒτʔϥεͷ֎΁৳ͼΔํ޲Λ޲ํܘͱͦΕͧΕ

Ϳɽݺͷτʔϥεͷ໘ΛϙϩΠμϧஅ໘ͱࡍҬ෼ׂΛͨ͠ྖʹ޲Ϳɽ·ͨɼτϩΠμϧํݺ

GTC-P ͸γϛϡϨʔγϣϯͷେن໛ԽʹରԠ͢΂͘։ൃ͞Εͨ GTC ͷฒྻΞϧΰϦζϜͷվྑ൛Ͱ͋

ΔɽGTC Ͱ͸ɼMPI ʹΑΔϓϩηεϨϕϧͰͷτϩΠμϧํ޲ͷ 1 ෼ׂͱ෼ׂ͞ΕͨྖҬཻ͕࣋ͭݩ࣍

਺ͷ෼ׂʹՃ͑ɼ֤ࢠ ϓϩηε͕࣋ͭྖҬ಺Ͱͷ OpenMP ʹΑΔϧʔϓͷεϨουฒྻʹΑΔ 3 ૚Ϩϕϧ

ͰͷฒྻԽ͕͞ࢪΕ͍ͯΔɽҰํͰɼGTC-P Ͱ͸ྖҬ෼ׂ͕τϩΠμϧํ޲ͱ޲ํܘͷ 2 ΁ͱ֦ு͞ݩ࣍

Εɼશମͱͯ͠ 4 ૚ϨϕϧͰͷฒྻ࣮૷ͱͳͬͨɽैͬͯɼτϩΠμϧํ޲ͷ෼ׂ਺ΛNtɼ޲ํܘΛNrɼ

෼ׂ͞ΕͨྖҬ্͕࣋ͭ֨ࢠͷཻࢠ਺Λ Nrp ͱ෼ׂ͢Δͱɼ૯ MPI ϓϩηε਺͸ N = Nt ×Nr ×Nrp

ͱͳΔɽ

ਤ 2.3 ʹ GTC-P ͷϙϩΠμϧஅ໘্ͷ֨ࢠ఺ͷ෼෍ͱྖҬ෼ׂͷํ๏Λࣔ͢ɽਤ 2.3 ͷࠨͷ໘͕ࣔ͢

Α͏ʹ GTC-P ͷϙϩΠμϧஅ໘্ͷ֨ࢠ఺͸ɼ౳ϙϩΠμϧํڑ޲཭Ͱ͸ͳ͘౳ڑ޲ํܘ཭ʹ෼෍͢Δɽ

ͦͷͨΊɼGTC-P Ͱ͸ϙϩΠμϧํ޲Ͱ͸ͳ͘޲ํܘͷྖҬ෼ׂΛ࠾༻͍ͯ͠Δɽ·ͨɼτϩΠμϧํ

৔߹͸ɼτϩͨͬߦରͯ͠౳ִؒʹ෼ׂΛʹ޲ํܘରͯ͠౳τϩΠμϧ֯Ͱͷ෼ׂ͸ՄೳͳҰํͰɼʹ޲

Πμϧஅ໘্ͷ֨ࢠ఺ͷ෼෍͸ҰఆͰ͸ͳ͍ͨΊϓϩηεຖͷԋྔࢉʹେ͖ͳ͕ࠩੜ͡ϩʔυΠϯόϥ

ϯε͕ൃੜ͢ΔɽGTC-P Ͱ͸ɼ޲ํܘͷ෼ׂʹ͓͍֤ͯϓϩηε͕࣋ͭ֨ࢠ఺਺ͷภΓΛݮΒͨ͢Ίʹɼ

ਤ 2.3 ͷӈͷ໘͕ࣔ͢Α͏ʹ޲ํܘͷத৺ͷྖҬͷ෯Λ͘޿ɼ֎ଆ΁͏͔޲ʹͭΕͯ෯Λ͘ڱ෼ׂ͢Δ͜

ͱͰɼ֨ࢠ఺਺Λྗۃଗ͍͑ͯΔɽ

GTC-P͸ chargeɼpoissonɼfieldɼsmoothɼpushٴͼ shiftͷ 6छྨͷԋࢉΧʔωϧͰߏ੒͞ΕΔɽcharge

͸֨ࢠ಺ͷཻి͕ͭ࣋ࢠՙΛۙ๣ͷ֨ࢠ఺ʹ෼഑͢Δɽpoisson ͸ϙΞιϯํఔࣜΛղ͖ͦͷ݁ՌΛجʹɼ
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field ʹͯి৔Λ͠ࢉܭɼsmooth ʹΑͬͯి৔্Ͱిՙͱ੩ిϙςϯγϟϧ͕ฏ׈Խ͞ΕΔɽpush ͸ཻ֤

Ίɼ1ٻҐஔͰͷి৔Λࡏݱͷࢠʑͷཻݸ఺͔Βࢠͷۙ๣֨ࢠ εςοϓཻࢠͷҐஔΛਐΊΔɽ͜ͷཻ࣌ࢠ

ͷҠಈઌ͕ผͷϓϩηε͕࣋ͭྖҬͷ৔߹ɼshift Ҡಈͷ௨৴͕ൃੜ͢Δɽpoissonɼsmoothࢠཻͯʹ ͼٴ

field ͕ओʹ֨ࢠ఺ʹΑΔ৔ͷԋࢉͱͳΓɼchargeɼpush ͼٴ shift ͱͳΔɽͨͩ͠ɼchargeɼࢉԋࢠཻ͕

push ͸֨ࢠʹΑΔԋࢉ΋ؚΉɽ

2.3 XMPϋΠϒϦουϏϡʔ

XMP ͷάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔΛ૊Έ߹ΘͤͨϋΠϒϦουϏϡʔͷઆ໌Λࣔ͢ɽXMP

Ͱ͸্༷࢓ɼάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔͷಉҰϓϩάϥϜ্Ͱͷهड़ΛՄೳͱ͍ͯ͠Δɽάϩʔ

όϧϏϡʔͱϩʔΧϧϏϡʔΛಉ࣌ʹѻ͏ͨΊʹ͸ɼάϩʔόϧϏϡʔ͕ఆٛ͢Δ෼ࢄ഑ྻΛϩʔΧϧͳ

໊લۭؒͰͲͷΑ͏ʹѻ͏͔Λྀ͢ߟΔඞཁ͕͋ΔɽXMP Ͱ͸Լهͷ 3 छྨͷํ๏͕͑ߟΒΕΔɽ

• ؔ਺ͷҾ਺ʹ෼ࢄ഑ྻΛࢦఆ͢Δɽؔ਺ΛݺͿଆ͸෼ࢄ഑ྻͰ͋Δ͕ɼؔ਺಺Ͱ͸ϩʔΧϧ഑ྻͱ

ͯ͠ѻΘΕΔɽ

• taskࣔࢦจͷϒϩοΫ಺Ͱ഑ྻ୅ೖจʹΑΓɼࣗϊʔυ͕࣋ͭ෼ࢄ഑ྻͷཁૉΛϩʔΧϧม਺΍

഑ྻ΁ͱίϐʔΛ͢Δɽ

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

ͭ෼ࢄ഑ྻͷϩʔΧϧྖҬΛऔಘ͢Δɽ

1 ͭ໨ͷํ๏ͷৄࡉΛࣔ͢ɽXMP Ͱ͸ؔ਺಺Ͱ෼ࢄ഑ྻΛѻ͏৔߹ɼҾ਺ʹ෼ࢄ഑ྻΛࢦఆؔ͠਺಺Ͱ

alignࣔࢦจͳͲΛهड़͢Δ͜ͱͰɼ෼ࢄ഑ྻͱͯ͠࠶ఆٛΛ͢Δඞཁ͕͋Δɽ࠶ఆٛΛ͠ͳ͍৔߹͸ɼ

ϊʔυϩʔΧϧͳ഑ྻͱͯ͠ѻΘΕΔͷͰɼ͜ͷػೳΛར༻͠ϩʔΧϧϏϡʔϓϩάϥϛϯάΛ͜͏ߦ

ͱ͕ՄೳͰ͋Δɽ2 ͭ໨ͷ৔߹͸ɼࣗϊʔυ͕࣋ͭ෼ࢄ഑ྻͷཁૉΛ௚઀ϩʔΧϧม਺΍഑ྻ΁ͱ୅ೖ͢

ΔɽXMP Ͱ͸ gmoveࣔࢦจΛهड़͠ͳ͍ݶΓɼଞϊʔυ͕࣋ͭ෼ࢄ഑ྻͷཁૉͷࢀরΛ͍ͯ͠ڐͳ͍

ͨΊɼඞͣࣗϊʔυ͕࣋ͭྖҬͷΈΛهड़͢Δඞཁ͕͋Δɽͦ͜ͰɼXMP ͷ taskࣔࢦจͱ onઅͰɼ഑

ྻ୅ೖจΛ࣮͢ߦΔϊʔυΛϊʔυू߹΍ςϯϓϨʔτΛ༻੍͍ͯ͢ݶΔ͜ͱͰهड़͕Մೳͱ͋Δɽ3 ͭ

໨͸ɼXMP ͷϥϯλΠϜؔ਺΍ࣔࢦจΛ༻͍ͨྫͰ͋ΔɽXMP/C ͸ xmp array laddr() ʹ෼ࢄ഑ྻΛࢦ

ఆ͢Δ͜ͱͰɼ෼ࢄ഑ྻͷϩʔΧϧྖҬΛ͢ࢦϙΠϯλΛऔಘͰ͖ΔɽXMP/Fortran Ͱ͸ local alias

഑ྻͷϩʔΧϧྖҬΛΞΫηε͢ΔͨΊͷΤࢄఆ͢Δ͜ͱͰɼ෼ࢦ഑ྻΛࢄఆ഑ྻͱ෼ࢦঢ়ແܗʹจࣔࢦ

ΠϦΞεΛఆٛ͢Δɽ͜ͷख๏ͷ৔߹ɼҰ౓ͷࢦఆͰϓϩάϥϜதԿ౓Ͱ΋෼ࢄ഑ྻͷϊʔυϩʔΧϧͳ

ཁૉΛ௚઀ѻ͏͜ͱ͕ՄೳͰ͋Δɽ

2.4 ࣮૷

GTC-P ͷ XMP ࣮૷ͷํ਑Λࣔ͢ɽXMPɼMPI ͷ࣮ߦ୯ҐΛϓϩηεͱ౷Ұͯ͠ޙࠓͷઆ໌Λࣔ

͢ɽGTC-P ͷஞ࣮࣍૷Λϕʔεͱͯ͠ఏҊख๏Ͱ͋ΔϋΠϒϦουϏϡʔʹΑΔ࣮૷Λ͏ߦɽσʔλ

ͷ෼ࢄ഑ஔ΍ԋࢉϧʔϓͷฒྻ࣮ߦ͸άϩʔόϧϏϡʔͷࣔࢦจʹΑΓ࣮૷͠ɼྡ઀֨ࢠ఺ؒͷ௨৴͸

reflectࣔࢦจʹΑΔକྖҬ௨৴ͱͯ͠هड़͢Δɽ·ͨɼཻࢠͷҠಈʹ൐͏ϓϩηεؒ௨৴͸ coarray
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ιʔείʔυ 2.2 MPI ʹΑΔ GTC-P ͷྡ઀֨ࢠ఺ͷߋ৽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 ͷྡ઀֨ࢠ఺ͷߋ৽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)

ʹΑΓ࣮૷͠ɼಈతʹมԽ͢ΔσʔλαΠζʹରԠ͢ΔɽGTC-P ͷΦϦδφϧͷ MPI ࣮૷ͱൺֱ͠ɼಉ

౳ͷੑೳͰ͍ߴੜ͕ੑ࢈ಘΒΕΔ͜ͱΛࣔ͢ɽ·ͨɼൺֱͱͯ͠ϩʔΧϧϏϡʔͷΈΛ༻͍࣮ͯ૷Λߦ

͍ MPI ࣮૷ͱൺֱΛ͢Δ͜ͱͰɼϩʔΧϧϏϡʔʹΑΔ௨৴ੑೳͱ coarray ͷهड़ੑͷ͞ߴ΋߹Θͤͯ

ࣔ͢ɽ

XMP ͷ࣮྆૷ͱ΋ʹ MPI Bcast() ΍ MPI Allreduce() ͷΑ͏ͳશମ௨৴͸ɼάϩʔόϧϏϡʔ͕ఏڙ

͢Δ bcastɼreductionࣔࢦจΛͦΕͧΕ༻͍Δɽ·ͨɼGTC-P ͸ OpenMP ʹΑΔεϨουϨϕϧ

ͰͷฒྻԽ΋ߦΘΕ͍ͯΔͨΊɼຊ࣮૷ʹ͓͍ͯ΋ XMP ͱ OpenMP Λ૊Έ߹Θͤͯهड़͠ɼͦͷ࣮૷

ͷੑೳධՁ΋͏ߦɽ

2.4.1 ϩʔΧϧϏϡʔ࣮૷

GTC-P ͷϩʔΧϧϏϡʔʹΑΔ࣮૷Λࣔ͢ɽGTC-P ʹ͓͚ΔϓϩηεؒͰͷྡ઀֨ࢠ఺ͷߋ৽΍ཻࢠ

ͷҠಈʹ൐͏௨৴͸ MPI Sendrecv() ·ͨ͸ɼMPI Isend/Irecv() ʹΑΓهड़͞ΕΔɽ௨৴ઌ͸ৗʹಉҰͰ

͋ΓɼҰ෦Λআ͖ྡ઀ϓϩηεؒͰͷ௨৴ͱͳΔɽϩʔΧϧϏϡʔ࣮૷Ͱ͸ɼશମ௨৴Λআ͖શͯͷ௨৴
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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 ࣮૷ʹΑΔྡ઀֨ࢠ఺ͷߋ৽Λࣔ͢ɽ഑ྻ sendrɼrecvl ͸௨৴ʹ༻͍Δૹ৴ɼ

ड৴༻ͷόοϑΝͰ͋Γɼ༧ΊαΠζ nloc over ෼ྖҬ͕֬อ͞Ε͍ͯΔɽMPI Ͱ௨৴Λ͢ΔྖҬ͸ 3

͔Β 5 ఺৘ใΛอ࣋͢Δ഑ྻࢠ໨ΑΓɼ֨ߦ phitmp ͔Βྡ઀ϓϩηε΁ͱૹ৴͢ΔྖҬΛ഑ྻ sendr ΁

ύοΩϯά͢Δɽ7 ໨Ҏ߱ͷߦ MPI Sendrecv() ʹΑΓ഑ྻ sendr ͷ nloc over ෼Λϓϩηε right pe ΁ૹ

৴͠ɼϓϩηε left pe ΑΓૹ৴͞Εͨྡ઀֨ࢠ఺͸഑ྻ recvl ʹड৴͞ΕΔɽड৴ͨ͠഑ྻ recvl ΑΓΞ

ϯύοΩϯάΛࢠ͍֨ߦ఺Λ഑ྻ phitmp ΁ͱ໭͕͢ɼGTC-P Ͱ͸ΞϯύοΩϯά࣌ʹԋࢉΛ͍ߦͳ͕Β

όοϑΝ΁୅ೖ͍ͯ͠ΔͨΊৄࡉͳίʔυ͸লུ͢Δɽ

ιʔείʔυ 2.3 ʹϩʔΧϧϏϡʔͷ coarray ʹΑΔྡ઀֨ࢠ఺ͷߋ৽Λࣔ͢ɽOmni XMP Compiler

ͷ coarray ࣮૷͸ɼcoarray ͷର৅ͱͳΔόοϑΝΛάϩʔόϧྖҬʹ੩తʹ֬อ͓ͯ͘͠ඞཁ͕͋Δͨ

Ίɼ1 Ͱ͸ڀݚ໨ͷΑ͏ʹૹ৴ɼड৴༻ͷόοϑΝΛ੩తʹఆٛͨ͠ɽຊߦ coarray/Put ʹΑΔ࣮૷ͱͨ͠

ͨΊɼड৴༻όοϑΝͷ഑ྻ recvl Λ coarray ༻ͷ഑ྻͱͯ͠એͨ͠ݴɽྡ઀ϓϩηε΁ͱૹ৴͢Δόο

ϑΝ΁ͷύοΩϯά͸ MPI ࣮૷ͱಉ༷ʹ͏ߦɽ௨৴͸ 7 ໨ͷ഑ྻ୅ೖจͰ͋Γɼ഑ྻߦ sendr ͷΠϯ

σοΫε 0 ͔ΒαΠζ nloc over Λϓϩηε right pe ͷ഑ྻ recvl ͷΠϯσοΫε 0 ͔ΒαΠζ nloc over

΁ Put Λ࣮͢ߦΔɽcoarray ͷΈอূ͞ΕΔͨΊɼxmpྃ׬͸ϩʔΧϧͰͷ௨৴ޙจߏ sync memory() ʹ

ΑΓ௨৴ର৅ͷϓϩηε΁ͷ౸ୡͷอূ͕ඞཁͱͳΔɽ·ͨɼPut ΕΔϓϩηε͸ɼPut͞ߦ࣮͕ ྃ׬͕

͔ͨ͠Ͳ͏͔Λ஌Δ͜ͱ͸Ͱ͖ͳ͍ͨΊɼXMP ͷ postɼwaitࣔࢦจʹΑΓยଆ௨৴ͷྃ׬௨஌Λه
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ड़͢Δඞཁ͕͋Δɽιʔείʔυ 2.3 ͷ৔߹ɼ9 ໨Ͱ௨৴ର৅ͷϓϩηεߦ right pe ʹରͯ͠ postࣔࢦ

จΛ࣮͠ߦɼϓϩηε left pe ΑΓ࣮͞ߦΕΔ Put Δ·Ͱྃ͢׬͕ 10 ໨ͷߦ waitࣔࢦจͰ଴͢ػΔɽ

ιʔείʔυ 2.4 ʹ MPI ࣮૷ʹΑΔཻࢠҠಈͷ࣮૷Λࣔ͢ɽཻࢠҠಈͷ࣮૷͸ϓϩηε right pe ʹର

ͯ͠഑ྻ sendright ͷཻࢠσʔλΛૹ৴͠ɼϓϩηε left pe ΑΓ഑ྻ recvleft σʔλΛड৴͢Δɽࢠཻʹ

௨৴͞ΕΔཻࢠαΠζ͸ΠςϨʔγϣϯຖʹҟͳΔͨΊɼGTC-P Ͱ͸ 1 ճͷཻࢠҠಈʹରͯ͠ 2 छྨͷ

௨৴ʹΑΔ࣮૷͕औΒΕ͍ͯΔɽ·ͣɼ2 ໨ͷ௨৴ʹΑΓϓϩηεߦ left pe ͔Βૹ৴͞ΕΔཻࢠσʔλͷ

αΠζ nrecvleft ͷΈΛड৴͠ɼ5 ϓϩηεʹجαΠζΛࢠ໨ͷ௨৴Ͱड৴ཻͨ͠ߦ left pe ΑΓཻࢠσʔ

λΛ഑ྻ recvleft ʹड৴͢Δɽૹ৴͢Δσʔλ͸௨৴૬खʹґΒͣσʔλαΠζ͕ܾఆ͞ΕΔͨΊɼ௨৴

͢ΔཻࢠσʔλͷαΠζ nsendrecv ͱཻࢠσʔλͷ഑ྻ sednright ΛͦΕͧΕૹ৴͢Δɽ

ยଆ௨৴ͷ৔߹͸ɼ௨৴ର৅ʹґΒͣʹ௨৴Λ௚઀࣮ߦՄೳͰ͋ΔͨΊɼର৅ʹ௨৴αΠζΛલ΋ͬͯ

஌ΒͤΔιʔείʔυ 2.4 ͷ 2 ໨ͷ௨৴͸ඞཁͳ͍ɽ͔͠͠ɼGTC-Pߦ ͷ৔߹͸ड৴͢ΔཻࢠαΠζΛ

༻͍ͨԋߦ͕ࢉΘΕΔͨΊɼMPI ࣮૷ͱಉ༷ʹ 2 ճͷ௨৴ʹΑΔ࣮૷ͱͨ͠ɽιʔείʔυ 2.5 ʹϩʔΧ

ϧϏϡʔͷ coarray ʹΑΔཻࢠҠಈͷ࣮૷Λࣔ͢ɽ2 αΠζࢠ໨Ͱཻߦ nsendright Λϓϩηε right pe ͷ

nrecvleft ΁ Put ͠ɼ4 σʔλͰ͋Δ഑ྻࢠ໨Ͱཻߦ sendright ͷΠϯσοΫε 0 ͔ΒαΠζ sendright Λϓ

ϩηε right pe ͷ഑ྻ recvleft ͷΠϯσοΫε 0 ͔ΒαΠζ nsendright ΁ Put ͢Δɽ௨৴ͷಉظ͸ྡ઀֨

ʹ৽ͱಉ༷ߋ఺ͷࢠ xmp sync memory()ɼpostɼwaitࣔࢦจΛ༻͍ͨྡ઀ಉ࢜ͷϓϩηεʹΑΔಉظ

ͱͨ͠ɽ

2.4.2 ϋΠϒϦουϏϡʔ࣮૷

GTC-P ͷϋΠϒϦουϏϡʔʹΑΔ࣮૷Λࣔ͢ɽGTC-P ͷτϩΠμϧํ޲ɼ޲ํܘͷྖҬ෼ׂ͸ 2.2.2

અΑΓτϩΠμϧํ޲͸౳ִؒʹ෼ׂ͞ΕΔ͕ɼ޲ํܘʹରͯ͠͸֨ࢠ఺਺Λྗۃଗ͑ΔͨΊʹॳ֨ظ

Ұʹ෼ׂ͞ΕΔɽXMPۉෆʹ࣌ࢉ఺ԋࢠ Ͱ͸ɼάϩʔόϧϏϡʔ͕ఏ͢ڙΔ distribute จͷࣔࢦ

gblockʹΑΔσʔλ෼ࢄΛ͏ߦɽgblock͸֤ϓϩηε͕ड͚࣋ͭσʔλྖҬͷαΠζΛϢʔβ͕ࢦ

ఆ͢Δ͜ͱ͕ՄೳͰ͋ΓɼϓϩηεຖʹෆۉҰʹσʔλΛ෼ࢄ഑ஔ͢Δ͜ͱ͕ՄೳͰ͋Δɽιʔείʔ

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

ͷ࣮૷Ͱ͋Δɽ18ߦͱฒྻ࣮ࢄ ໨ͷߦ distributeࣔࢦจͰ gblockࢦఆͷࡍʹɼ֤ϊʔυ͕࣋ͭ෼

ׂྖҬͷαΠζ͕֨ೲ͞Εͨ഑ྻʢྫͰ͸ 11 ໨ͷ഑ྻߦ b Λ͢ࢦʣΛࢦఆ͢Δ͜ͱͰෆۉҰͳ෼ׂΛߦ

͏ɽMPI ࣮૷Ͱ͸ɼ֤ϓϩηε͕࣋ͭ഑ྻαΠζ͸ಈతʹ֬อ͞ΕΔ͕ɼϋΠϒϦουϏϡʔ࣮૷Ͱ͸શ

ͯ੩తʹهड़͍ͯ͠ΔɽXMP ͷ༷࢓Ͱ͸ಈతʹςϯϓϨʔτ΍෼ࢄ഑ྻΛఆٛ͢Δ͜ͱ͕ՄೳͰ͋Γɼ

Omni XMP Compiler ʹ͸ͦΕΒͷػೳ͕طʹ࣮૷͞Ε͍ͯΔɽͦ͜Ͱɼޙࠓͷ՝୊ͱͯ͠ಈతʹςϯϓ

Ϩʔτɼ෼ࢄ഑ྻΛ֬อ͢Δ࣮૷Λ͜͏ߦͱ͕͛ڍΒΕΔɽ·ͨɼfor ϧʔϓͷԋൣࢉғ͸֤ϓϩηε͕

࣋ͭ഑ྻαΠζʹΑͬͯ։࢝ɼऴྃΠϯσοΫεΛࢦఆ͢Δඞཁ͸ͳ͘ɼ27 ͔Β 31 ໨ͷஞ࣮࣍૷ͷߦ

for ϧʔϓʹରͯ͠ XMP ͷ loop จ΍ࣔࢦ OpenMP ͷ parallel for จʹΑͬͯϓϩηεؒͰࣔࢦ

ͷฒྻ࣮ߦɼϓϩηε಺ͰͷεϨουฒྻΛهड़ՄೳͰ͋Δɽ

ྡ઀֨ࢠ఺ؒͷ௨৴ʹ͸άϩʔόϧϏϡʔͷ reflect จΛ༻͍Δɽιʔείʔυࣔࢦ 2.7 ͸ɼ

reflectࣔࢦจʹΑΔ࣮૷Ͱ͋Γɼιʔείʔυ 2.2ɼ2.3 ͱಉ༷ͷ௨৴Λද͢ɽwidthઅʹΑΓɼఆ

ٛ͞ΕͨକྖҬͷยଆͷΈΛର৅ͱͨ͠௨৴ͱ͠ɼperiodicࢦఆʹΑΓ࠲ۃඪܥͷΑ͏ͳपճσʔλ
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ιʔείʔυ 2.6 XMP ϋΠϒϦουϏϡʔʹΑΔ GTC-P ͷσʔλ෼ࢄͱฒྻ࣮ߦɽ

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 ϋΠϒϦουϏϡʔʹΑΔྡ઀֨ࢠ఺ͷߋ৽ɽ

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

ද 2.1 ʢHA-PACSڥ؀ݧ࣮ 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

ʹରͯ͠ɼ຤୺ϓϩηεಉ࢜ͷକྖҬͷߋ৽Λ͜͏ߦͱΛද͢ɽକྖҬͱͯ͠ྡ઀֨ࢠ఺ؒͷ௨৴Λ͏ߦ

͜ͱͰɼMPIɼϩʔΧϧϏϡʔ࣮૷Ͱ͍ͨͯͬߦ௨৴ͷͨΊͷύοΩϯά/ΞϯύοΩϯά͸ɼXMP ϥϯ

λΠϜ಺Ͱࣗಈతʹ࣮͞ߦΕΔɽҰํͰɼཻࢠҠಈʹΑΔ௨৴͸ coarray Ͱ࣮૷Λ͏ߦɽ2.3 અʹهड़͞

Εͨख๏Λ༻͍ͯ෼ࢄ഑ྻΛϓϩηεϩʔΧϧͳ഑ྻͱͯ͠ѻ͏ɽGTC-P ͷࢉܭ͸ؔ਺ຖʹ෼͚ͯهड़

͞Ε͍ͯΔͨΊɼຊڀݚͰ͸ɼؔ਺ͷҾ਺ͱͯ͠෼ࢄ഑ྻΛ౉͠ɼؔ਺಺ͰϩʔΧϧ഑ྻͱͯ͠ѻ͏ํ๏

ͱɼxmp array laddr() ʹΑΔ෼ࢄ഑ྻͷϩʔΧϧྖҬΛ͢ࢦϙΠϯλʹΑΔ࣮૷ͷ 2 छྨͷํ๏Λ༻͍

ͨɽͦͷͨΊɼάϩʔόϧϏϡʔͰهड़͞Ε࣮ͨ૷ʹରͯ͠ϩʔΧϧϏϡʔ͕࢖༻ՄೳͰ͋ΓɼཻࢠҠಈ

ʹΑΔ௨৴͸ϩʔΧϧϏϡʔ࣮૷Ͱ͋Διʔείʔυ 2.5 ͱશ͘ಉ͡Ͱ͋Δɽ

2.5 ධՁ

GTC-P ͷΦϦδφϧͷ MPI ࣮૷ͱຊڀݚͰఏҊ͢ΔϋΠϒϦουϏϡʔʹΑΔ࣮૷Λ෼ࢄϝϞϦڥ؀

্Ͱ࣮ߦɼൺֱΛ͢Δ͜ͱͰɼϋΠϒϦουϏϡʔʹΑΔ࣮૷ͷੑೳͱੜੑ࢈Λࣔ͢ɽ·ͨɼϩʔΧϧ

ϏϡʔͷΈʹΑΔ࣮૷ͷධՁ΋͍ߦɼϩʔΧϧϏϡʔ͕ఏ͢ڙΔ coarray ͱ MPI Λൺֱͨ͠ͱ͖ͷੑೳͱ

ੜੑ࢈΋߹Θͤͯࣔ͢ɽશͯͷ࣮૷ʹ͓͍ͯετϩϯάɾ΢ΟʔΫεέʔϦϯάͷ 2 छྨͷख๏Ͱੑೳධ

ՁΛ͏ߦɽ

2.5.1 ௨৴ੑೳͷධՁ

2015 ೥ 3 ɼOmniࡏݱ݄ XMP Compiler ͷ XMP/C ͷ coarray ͸ɼϥϯλΠϜϥΠϒϥϦͷ࣮૷ʹ MPI

Ͱ͸ͳ͘ GASNet[40] ͕༻͍ΒΕ͍ͯΔɽຊڀݚͰ͸ɼϋΠϒϦουϏϡʔɼϩʔΧϧϏϡʔʹΑΔ࣮૷

Λ͏ߦʹ͋ͨΓɼMPI Send/Recv() ͳͲʹΑΔҰରҰ௨৴Λ coarray ʹΑΔยଆ௨৴ͷ Put ΁ͱมߋΛߦ

͏ɽ௨৴ํ๏ͷҧ͍΍ GASNet ͷ࠷దԽͳͲʹΑΓɼΞϓϦέʔγϣϯͷੑೳʹӨڹΛ༩͑ΔՄೳੑ͕͋
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Transfer"Size"[Byte] 

MPI"(MPI_Send/Recv)" XMP"(coarray)"

ਤ 2.4 ௨৴ੑೳͷධՁʢHA-PACS Base ClusterʣɽMPIʢMPI Send()/MPI Recv()ʣͱXMPʢcoarray/Putʣ
ͷ௨৴ੑೳͷൺֱɽ

Δ͜ͱ͔ΒɼPing-Pong ϓϩάϥϜʹΑΔ௨৴ੑೳͷධՁΛࣔͨ͠ͷͪʹΞϓϦέʔγϣϯͷධՁΛ͏ߦɽ

ηϯλʔͷ௒ฒྻڀݚՊֶࢉܭͱͯ͠ɼஜ೾େֶڥ؀ݧ࣮ GPU ΫϥελͰ͋Δ HA-PACS Base Cluster

෦ [39] Λ༻͍ΔɽHA-PACS ͷ 1 ϊʔυͷڥ؀ػࢉܭ΍࢖༻ͨ͠ιϑτ΢ΣΞͷόʔδϣϯΛද 2.1 ʹࣔ

͢ɽ1 ϊʔυ͸ɼIntel Xeon E5-2670 ͷ 2 ιέοτߏ੒Ͱ͋ΔͨΊ 16 ίΞΛར༻ՄೳͰ͋ΔɽΠϯλʔί

ωΫτͱͯ͠ Mellanox Connect-X3 Dual-port QDR Λ࠾༻͓ͯ͠Γཧ࿦ϐʔΫόϯυ෯͸ 40Gb/s×2 Ͱ

͋Δɽ1 ϊʔυʹ 4GPU Λ౥͍ͯ͠ࡌΔ͕ɼຊڀݚͰ͸ϗετ CPU ͷΈΛର৅ͱ͢ΔɽXMP ʹ͸ Omni

Compiler 0.9.0 Λར༻͠ɼXMP ͷόοΫΤϯυ΍ΦϦδφϧͷ MPI ࣮૷ͷ࣮ߦͷͨΊͷ MPI ίϯύΠ

ϥʹ͸ɼΦϋΠΦभཱେֶ͕ڀݚ։ൃΛਐΊ͍ͯΔ MVAPICH2[41] 2.0 Λ࢖༻͢Δɽ

MPI ௨৴ͷධՁͷͨΊͷ Ping-Pong ϓϩάϥϜ͸ɼΦϋΠΦभཱେֶ͕ఏ͢ڙΔ OSU Micro-

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

ΑΔ Ping-Pong ϓϩάϥϜΛ࣮૷ͨ͠ɽHA-PACS ͷ InfiniBand ͸ 2 ϙʔτΛ࣋ͭ HCA Χʔ

υΛ࠾༻͍ͯ͠ΔɽͦͷͨΊɼMPI ΍ GASNET ͷڥ؀ม਺Λ MV2 NUM PORTS=2ɼGAS-

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

2.4 ʹ MPIʢMPI Send/Recv()ʣͱ XMPʢcoarrayʣͷ௨৴ੑೳΛࣔ͢ɽ݁Ռͱͯ͠ɼ௨৴αΠζ͕ 64KB

·Ͱ͸ GASNet ࣮૷ʹΑΔ coarray ͷ௨৴ੑೳ͕ྑ͘ɼͦΕҎ߱͸ MPI Send/Recv() ʹΑΔ௨৴͕༗རͱ

ͳΓɼ࠷େͰ 2GB/s ͷ͕ࠩੜ͡Δ͜ͱ͕Θ͔ͬͨɽ
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ද 2.2 ͷ෼ׂ਺ʢNtݩ֤࣍ ×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 ͷ໰୊αΠζΛܾఆ͢Δ֤ύϥϝʔλͷ஋ɽ

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 ໰୊αΠζɼ෼ׂํ๏

GTC-P ͷσʔλ෼ׂ΍ϓϩηεϚοϐϯάɼ໰୊αΠζΛࣔ͢ɽGTC-P ͸ MPI ʹΑΓτϩΠμϧํ

਺ͷࢠͼ෼ׂ͞ΕͨྖҬ಺ͷཻٴ޲ํܘɼ޲ 3 Δɽͦ͜Ͱɼ2͍ͯͬߦ෼ׂΛݩ࣍ ͭͷ࣍ݩͷ෼ׂ਺Λݻ

ఆ͠ɼ1 ͏ߦɽετϩϯάɾ΢ΟʔΫεέʔϦϯάͰͷධՁΛ͏ߦͷΈͷ෼ׂ਺Λมಈͤͨ͞ධՁΛݩ࣍

ʹ͋ͨΓɼද 2.2 ͷΑ͏ʹ෼ׂ਺Λܾఆͨ͠ɽදͷࠨͷྻ͔Β૯ϓϩηε਺ɼτϩΠμϧํ޲ͷ෼ׂ਺Λ

มಈͨ͠৔߹ͷ֤࣍ݩͷϓϩηε਺ɼٴ޲ํܘͼཻࢠ਺ͷ৔߹ͱฒͿɽ2 ͭͷ࣍ݩͷ෼ׂ਺ΛͦΕͧΕ 2

ϓϩηεʹݻఆ͠ɼ1 ͷ෼ׂ਺Λݩ࣍ 4 ͔Β 128 ϓϩηεͱ૿Ճͤ͞Δɽྫ͑͹ɼཻࢠ਺ͷ෼ׂ਺Λ 4 ͔

Β 128 ϓϩηε΁ͱ૿Ճͤ͞Δ৔߹ɼτϩΠμϧํ޲ͱ޲ํܘ෼ׂ਺͸ͦΕͧΕ 2 ϓϩηεͱͳΔɽ͠

͔͠ɼτϩΠμϧํ޲͸τϩΠμϧ໘ຖʹ֨ࢠ఺Λอ࣋͢ΔͨΊɼ෼ׂ਺ͷ૿Ճຖʹԋྔࢉ΋૿Ճ͢Δɽ

ैͬͯɼτϩΠμϧํݶʹ޲Γ΢ΟʔΫεέʔϦϯάͷΈͷධՁͱͳΔɽ·ͨɼཻࢠ਺΍޲ํܘͱಉ༷

ʹ෼ׂΛͨͬߦ৔߹ɼ16 ϓϩηεͰͷ෼ׂ਺Λ 4 × 2 × 2ͱ 2 × 2 × 4ͱͨ͠৔߹ʹԋ͕ྔࢉഒҟͳΔɽ

ͦͷͨΊɼଞͷ෼ׂํ๏ͱԋྔࢉΛଗ͑ΔͨΊɼτϩΠμϧํ޲ͷ෼ׂ਺Λมಈͤͨ͞৔߹ͷධՁʹݶ

ΓɼτϩΠμϧํ޲ͷ෼ׂ਺Λ 2 ͔Β 64 ϓϩηε·Ͱͱ͠ɼ޲ํܘͷ෼ׂ਺͸ 2 ϓϩηεɼཻࢠ਺ͷ෼

ׂ਺͸ 4 ϓϩηεͱ͢ΔɽධՁʹ͸ 1 ϊʔυ͋ͨΓ 16 ϓϩηεΛ഑ஔ͠ɼ࠷େ 32 ϊʔυ 512 ϓϩηε

Λ༻͍ͯܭଌΛͨͬߦɽXMP/MPI+OpenMP ࣮૷ͷධՁʹ͸ɼ1 ϊʔυ 1 ϓϩηεͱͯ͠ 32 ϊʔυΛ࢖

༻͠ɼ1 ϓϩηε͋ͨΓͷεϨου਺Λ 1 ͔Β 16 ΁ͱมಈͤ͞Δɽ෼ׂํ๏͸ɼτϩΠμϧํ޲ɼํܘ

਺ͷ෼ׂ਺ΛͦΕͧΕࢠͼཻٴ޲ 2× 8× 2ɼ2× 2× 8ͱͨ͠ɽ

GTC-P ʹ͸ԋྔࢉΛܾఆ͢Δύϥϝʔλͱͯ͠ɼԋࢉεςοϓΛද͢ mstepɼ޲ํܘͷ֨ࢠ਺ mpsiɼ࠷
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ਤ 2.5 ΢ΟʔΫεέʔϦϯάͷੑೳධՁʢτϩΠμϧํ޲ͷ෼ׂ਺Λมಈʣɽ

֎֪ͰͷϙϩΠμϧ֨ࢠ਺ mthetamaxɼτϩΠμϧ֨ࢠ਺ mzetamax ਺ࢠ఺͋ͨΓͷཻࢠͼ֨ٴ micell ͕

͋ΔɽGTC-P ͸໰୊αΠζ A ͔Β D ͷ 4 छྨΛఏ͓ͯ͠ڙΓ A Ͱڀݚখͷ໰୊αΠζͱͳΔɽຊ࠷͕

͸ mstep Λ 20 ͱ͠ɼmpsiɼmzetamaxɼmicell ͸໰୊αΠζ A Λجʹ෼ׂ਺୯ҐͰ஋Λม͠ߋɼετϩ

ϯάɾ΢ΟʔΫεέʔϦϯάͷධՁΛ͏ߦɽ໰୊αΠζ΍֤ύϥϝʔλͷ஋Λද 2.3 ʹࣔ͢ɽ΢ΟʔΫε

έʔϦϯάධՁ࣌ʹ͸֤෼ׂ਺Λ૿Ճͤ͞ΔຖʹύϥϝʔλΛ૿Ճͤ͞Δɽྫ͑͹ɼཻࢠ਺ͷ෼ׂ਺Λ૿

Ճͤ͞Δ৔߹ɼmpsiɼmzetamax ͷ஋Λݻఆ͠ɼmicell ͷ஋Λ 100 ͔Β 3200 ΁ͱ૿Ճ͠ධՁΛ͏ߦɽε

τϩϯάεέʔϦϯάධՁ࣌ʹ͸ɼmstepɼmpsiɼmzetamax ͼٴ micell ΛͦΕͧΕɼ20ɼ90ɼ2ɼ100 ͱ

ͨ͠ɽ

2.5.3 ੑೳධՁ

΢ΟʔΫεέʔϦϯάͷධՁ

ਤ 2.5ɼ2.6 ͼٴ 2.7 ʹτϩΠμϧํ޲ɼ޲ํܘɼཻࢠ਺ͷ෼ׂ਺Λมಈͤͨ͞৔߹ͷ΢ΟʔΫεέʔϦ

ϯάʹΑΔධՁΛࣔ͢ɽ๮άϥϑ͸࣮ؒ࣌ߦɼંΕઢάϥϑ͸ MPI ࣮૷ͷੑೳΛ 1 ͱͨ͠ͱ͖ͷϩʔΧ

ϧϏϡʔɼϋΠϒϦουϏϡʔ࣮૷ͷ૬ରੑೳΛද͠ɼXMP-L ͸ϩʔΧϧϏϡʔɼXMP-H ͸ϋΠϒϦο

υϏϡʔʹΑΔ࣮૷ͷੑೳΛࣔ͢ɽϩʔΧϧϏϡʔʹΑΔ࣮૷͸ਤ 2.5ɼ2.7 ΑΓɼτϩΠμϧํ޲ͱཻࢠ

਺ͷ෼ׂ਺มಈ࣌ʹ MPI ࣮૷ͱ΄΅ಉ౳ͷੑೳ͕ಘΒΕͨɽҰํͰɼਤ 2.6 ͷ޲ํܘ෼ׂ࣌Ͱ͸࠷େͰ

8% ͷੑೳ͕ࠩੜͨ͡ɽϋΠϒϦουϏϡʔʹΑΔ࣮૷͸ɼϩʔΧϧϏϡʔͱಉ༷ʹτϩΠμϧํ޲ɼཻ

෼ׂ࣌ʹ͸޲ํܘ਺ͷ෼ׂ਺มಈ࣌͸΄΅ಉ౳ͷੑೳ͕ಘΒΕ͕ͨɼࢠ 6 ͔Β 25% ੑೳ͕௿Լͨ͠ɽ

τϩΠμϧํ޲ɼཻࢠ਺ͷ෼ׂ਺Λมಈͤͨ͞৔߹͸ɼMPIɼXMP ࣮૷ͱ΋ʹੑೳ͕εέʔϧ͍ͯ͠

Δ͕ɼ޲ํܘ෼ׂ࣌ʹ͸ϓϩηε਺͕૿Ճ͢Δຖʹશͯͷ࣮૷ʹ͓͍ͯੑೳ͕௿Լ͍ͯ͠Δɽ͜ͷ໰୊ͷ
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ਤ 2.6 ΢ΟʔΫεέʔϦϯάͷੑೳධՁʢ޲ํܘͷ෼ׂ਺Λมಈʣɽ
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ਤ 2.7 ΢ΟʔΫεέʔϦϯάͷੑೳධՁʢཻࢠ਺ͷ෼ׂ਺Λมಈʣɽ
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ද 2.4 MPI ࣮૷ʹ͓͚ΔτϩΠμϧํ޲ɼٴ޲ํܘͼཻࢠ਺ͷ෼ׂ਺Λมಈͤͨ͞৔߹ͷ࣮ؒ࣌ߦɽ
දͷ஋͸௨৴࣌ؒΛআ͍֤ͨϓϩηεͷ࠷େͱ࠷খͷԋؒ࣌ࢉɼׅހͷ஋͸ͦͷϓϩηε͕࣋ͭ֨ࢠ

఺਺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)

ɽදͨͬߦͷௐࠪΛؒ࣌ߦҼΛௐࠪ͢΂͘ɼϓϩηε୯ҐͰͷ࣮ݪ 2.4 ͷ෼ׂ਺Λมಈͤͨ͞৔ݩ֤࣍ʹ

߹ͷ௨৴࣌ؒΛআ͍࣮ͨؒ࣌ߦͷதͰɼ࠷খͱ࠷େͷԋؒ࣌ࢉͰ͋ͬͨϓϩηεΛࣔ͢ɽ·ׅͨހ಺ͷ஋

͸ɼͦͷϓϩηε͕ԋࢉΛࢠ֨ͨͬߦ఺਺Λࣔ͢ɽ݁Ռͱͯ͠ɼτϩΠμϧํ޲΍ཻࢠ਺ͷ෼ׂ਺Λมಈ

ͤͨ͞৔߹͸ɼ֤ϓϩηε͕ԋ͢ࢉΔ֨ࢠ఺਺ʹࠩ͸ͳ͘ɼͦΕͧΕͷϓϩηεͷԋؒ࣌ࢉ͸΄΅ಉ͡Ͱ

͋Δɽ͔͠͠ɼ޲ํܘͷ෼ׂ਺Λมಈͤͨ͞৔߹ʹ͸ɼϓϩηε਺ͷ૿Ճͱͱ΋ʹ֤ϓϩηε͕ԋ͢ࢉΔ

఺਺ʹେ͖ͳ͕ࠩੜ͍ͯ͡Δɽਤࢠ֨ 2.8 ͷ෼ׂ਺૿Ճ࣌ͷ޲ํܘʹ 512 ϓϩηε࣮ߦʹ͓͚Δɼԋ࣌ࢉ

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

͕ؒ૿Ճ͍ͯ͠Δ͜ͱ͕Θ͔Δɽ͜ΕΒͷԋࢉ͸ 2.2.2 અΑΓ֨ࢠ఺ʹؔ͢܎ΔԋࢉΛؔ͏ߦ਺Ͱ͋Δ͜
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ਤ 2.8 MPI ࣮૷ͷ 512 ϓϩηε࣮࣌ߦʹ͓͚Δ޲ํܘ෼ׂ࣌ͷԋؒ࣌ࢉͷ಺༁ɽ

ͱ͔Βɼ֨ࢠ఺਺ͷ૿ՃʹΑΓԋ૿͕ؒ࣌ࢉՃ͍ͯ͠Δͱ͑ݴΔɽैͬͯɼGTC-P ͷΞϓϦέʔγϣϯ

ͷઃܭͱͯ͠ɼ֨ࢠ఺਺ͷۉ౳ͳ෼ׂ͕Ͱ͖͓ͯΒͣɼ֤ϓϩηεͰͷԋྔࢉͷҧ͍ʹΑΔϩʔυΠϯό

ϥϯεͷൃੜʹΑΓੑೳ͕௿Լ͍ͯ͠Δ͜ͱ͕Θ͔ͬͨɽ

ʹ෼ׂ࣌ͷશͯͷ࣮૷ʹ͓͍ͯੑೳ͕௿Լ͍ͯ͠Δ͕ɼͦΕҎ্޲ํܘ XMP ϩʔΧϧϏϡʔɼϋΠϒ

ϦουϏϡʔ࣮૷ͷ௨৴͕࣌ؒ௕͘ͳ͍ͬͯΔ͜ͱ͕ਤ 2.6 ΑΓΘ͔Δɽਤ 2.9 ͷ෼ׂ਺Λมಈݩ֤࣍ʹ

ͤͨ͞৔߹ͷϓϩηε 0 ͷ௨৴ճ਺Λࣔ͢ɽਤ 2.4 ΑΓ 64KB Λڥʹ MPI ͱ XMP ͷ௨৴ੑೳʹ͕ࠩੜ

͡ΔͨΊɼ64KB Λڥքͱͨ͠௨৴ճ਺Λࣔ͢ɽਤ 2.9 ΑΓɼτϩΠμϧํ޲ͱཻࢠ਺ͷ෼ׂ਺มಈ࣌͸

ϓϩηε਺૿ՃʹΑΓ௨৴෼෍ʹมԽ͸ͳ͍͕ɽ޲ํܘ෼ׂ࣌ʹ͸ϓϩηε਺૿Ճͱͱ΋ʹ௨৴ճ਺͕

૿Ճ͍ͯ͠Δɽ޲ํܘ෼ׂ࣌ʹ͓͍ͯ 64KB Λڥͱͨ྆͠ํͷ௨৴ճ਺͕૿Ճ͍ͯ͠Δ͕ɼਤ 2.4 ΑΓ

64KB Ҏ্ͷ MPI ͱ XMP ͷ௨৴ੑೳͷ͕ࠩେ͖͍ͨΊɼXMP ϩʔΧϧϏϡʔɼϋΠϒϦουϏϡʔͱ

MPI ࣮૷Ͱ௨৴࣌ؒʹ͕ࠩͰ͍ͯΔͱ͑ߟΒΕΔɽ

XMP ͷϩʔΧϧϏϡʔͱϋΠϒϦουϏϡʔ࣮૷ʹ͓͍ͯ΋ਤ 2.6 ΑΓɼ௨৴࣌ؒʹ͕ࠩ͋Δ͜ͱ͕

Θ͔ΔɽGTC-P Ͱ͸ɼεςϯγϧԋࢉΛࢠ֨͏ߦ఺ʹ͓͍ͯɼྡ઀ϓϩηε͕࣋ͭ֨ࢠ఺Λอ࣋͢Δକ

ྖҬͷҰ෦෼ͷΈΛߋ৽͢Δ௨৴͕ଘ͢ࡏΔɽ͔͠͠ɼϋΠϒϦουϏϡʔͰ༻͍ΒΕ͍ͯΔάϩʔόϧ

Ϗϡʔͷ reflectࣔࢦจͰ͸ɼ࣍ݩ୯Ґɼ΋͘͠͸֤࣍ݩͷยଆҰํͷΈΛ௨৴͢Δ͜ͱ͸Մೳ͕ͩɼ

৽͢Δ͜ͱ͸Ͱ͖ͳ͍ɽͦͷͨΊɼMPIߋͷยଆҰํ಺ͷҰ෦෼ͷΈΛݩ֤࣍ ΍ϩʔΧϧϏϡʔ࣮૷ͱൺ

ֱͯ͠ଟ͘ͷ௨৴Λ͍ͯͬߦΔɽҎ্ͷ͜ͱ͕ϩʔΧϧϏϡʔͱϋΠϒϦουϏϡʔ࣮૷ͷ௨৴࣌ؒͷࠩ

Ͱ͋Δͱ͑ߟΒΕΔɽ
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ਤ 2.9 ΢ΟʔΫεέʔϦϯάʹ͓͚Δ෼ׂ਺มಈ࣌ͷ௨৴ճ਺ͷมԽɽ

ετϩϯάεέʔϦϯάͷධՁ

ਤ 2.10ɼ2.11 ਺ͷ෼ׂ਺Λมಈͤͨ͞৔߹ͷετϩϯάεέʔϦϯάʹΑΔධՁΛࣔࢠɼཻ޲ํܘʹ

͢ɽτϩΠμϧํ޲ͷ෼ׂ਺Λมಈͤͨ͞৔߹ͷετϩϯάεέʔϦϯάͷධՁ͸ɼτϩΠμϧํ޲ͷ෼

ׂ਺Λ૿Ճͤ͞Δͱԋྔࢉ΋૿Ճ͢Δͱ͍͏ΞϓϦέʔγϣϯͷಛੑ্ɼධՁΛ͢Δ͜ͱ͕ෆՄೳͰ͋Δ

ͨΊɼ2 छྨͷධՁͱͨ͠ɽ΢ΟʔΫεέʔϦϯάʹΑΔධՁͱಉ༷ʹɼ๮άϥϑ͸࣮ؒ࣌ߦɼંΕઢά

ϥϑ͸ MPI ࣮૷ͷੑೳΛ 1 ͱͨ͠ͱ͖ͷϩʔΧϧϏϡʔɼϋΠϒϦουϏϡʔ࣮૷ͷ૬ରੑೳΛද͢ɽ

ϩʔΧϧϏϡʔɼϋΠϒϦουϏϡʔʹΑΔ࣮૷͸ɼਤ 2.11 ΑΓͲͪΒͷ࣮૷ʹ͓͍ͯ΋ɼཻࢠ਺ͷ

෼ׂ਺Λมಈͤͨ͞৔߹͸ɼMPI ͱ΄΅ಉ౳ͷੑೳ͕ಘΒΕ͍ͯΔɽҰํͰɼਤ 2.10 ͷ޲ํܘͷ෼ׂ਺

Λมಈͤͨ͞৔߹͸ɼ64 ϓϩηεҎ্Ͱ࣮ߦϓϩηε਺Λ૿Ճͤ͞Δຖʹ MPI ࣮૷ΑΓ΋ੑೳ্͕޲

͍ͯ͠Δɽ࣮ؒ࣌ߦͷ಺༁ΑΓؒ࣌ࢉܭ͸ MPI ͱ΄΅ಉ౳͕ͩɼ௨৴͕࣌ؒ୹͘ͳ͍ͬͯΔ͜ͱ͕Θ͔

Δɽ΢ΟʔΫεέʔϦϯάͷϓϩηε 0 ͷ௨৴ճ਺ͷௐࠪͱಉ༷ʹɼετϩϯάεέʔϦϯάʹ͓͍ͯ

΋ 64KB Λڥͱͨ͠௨৴ճ਺Λ֤࣍ݩͷ෼ׂ਺૿Ճ࣌ͷͦΕͧΕͷ৔߹ʹ͓͍ͯௐࠪΛͨͬߦɽ݁ՌΛਤ

2.12 ʹࣔ͢ɽਤ 2.12 ΑΓɼཻࢠ਺ͷ෼ׂ਺มಈ࣌͸ϓϩηε਺Λ૿Ճͯ͠΋௨৴ճ਺ͷ෼෍ʹࠩ͸ͳ͍ɽ

͔͠͠ɼ޲ํܘͷ෼ׂ਺૿Ճ࣌͸ɼϓϩηε਺ͷ૿Ճͱͱ΋ʹ 64KB ҎԼͷ௨৴ճ਺͕େ෯ʹ૿Ճ͍ͯ͠

Δɽਤ 2.4 ΑΓɼXMP ͷ௨৴ੑೳ͸ MPI ͱൺֱͯ͠ 64KB ҎԼͷ৔߹ʹੑೳ͕ྑ͍ͨΊɼ௨৴͕࣌ؒ୹

͘ͳΓੑೳ্͕ͨ͠޲ͱ͑ߟΒΕΔɽ

XMP/MPI+OpenMP࣮૷ͷධՁ
ਤ 2.13 ʹɼXMP/MPI+OpenMP ࣮૷ʹΑΔੑೳධՁΛࣔ͢ɽ෼ׂ਺͸ 2× 8× 2ɼ2× 2× 8ͷ 2 छྨͰ

͋Δɽ޲ํܘͷ෼ׂ਺͕ 8 ͷ৔߹ɼϩʔΧϧϏϡʔ͸ 10%ɼϋΠϒϦουϏϡʔͰ͸ 17% ఔ౓ MPI ʹΑ
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ਤ 2.10 ετϩϯάεέʔϦϯάͷੑೳධՁʢ޲ํܘͷ෼ׂ਺Λมಈʣɽ

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

Δ࣮૷ͱੑೳ͕ࠩ͋Δɽ·ͨɼཻࢠ਺ͷ෼ׂ਺͕ 8 ͷ৔߹ɼϩʔΧϧϏϡʔ͸ 2%ɼϋΠϒϦουϏϡʔ

Ͱ͸ 15% ͷੑೳࠩͰ͋ΔɽҎ্ΑΓɼXMP+OpenMP ࣮૷͸ɼ֤ํ޲ͷ෼ׂ਺Λ૿Ճͤͨ͞৔߹ʹ͓͍

ͯ΋ɼϩʔΧϧϏϡʔɼϋΠϒϦουϏϡʔͱ΋ʹੑೳ͕ۃ୺ʹ௿Լ͢Δ͜ͱ͸ͳ͘ɼMPI+OpenMP ࣮

૷ͱಉ༷ʹεέʔϧ͢Δ͜ͱ͕Θ͔ͬͨɽ

2.5.4 ੜੑ࢈ͷධՁ

1.2.2 અͰड़΂ͨ௨ΓɼPGAS ϞσϧͷάϩʔόϧϏϡʔʹΑΔฒྻ࣮ߦΛ͜͏ߦͱͰɼஞ࣍ϓϩάϥ

Ϝ͔Βͷগͳ͍มߋͰฒྻϓϩάϥϛϯάΛ͢Δ͜ͱ͕ՄೳͰ͋Δɽ·ͨɼஞ࣍ϓϩάϥϜͷܗঢ়Λ͠࢒

ͨ··Ͱϓϩάϥϛϯά͕ՄೳͳͨΊɼσʔλ෼ࢄ΍ฒྻ࣮ߦʹΑΔϧʔϓΠϯσοΫεͳͲͷม͕ߋඞ

ཁͳ͘ɼ௨৴΋҉໧΋͘͠͸άϩʔόϧͳ໊લ্ۭؒͷσʔλίϐʔهड़ͱͳΔɽैͬͯɼฒྻ࣮૷ͷͨ
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ਤ 2.13 XMP/MPI+OpenMP ࣮૷ͷධՁɽ෼ׂ਺Λ 2× 8× 2ɼ2× 2× 8ͱͨ͠৔߹ͷ࣮ؒ࣌ߦɽ

Ίʹஞ࣍ϓϩάϥϜࣗମͷมߋ͸࠷খݶͰ͋ΔͨΊɼϓϩάϥϜͷ։ൃίετ΍όάͷൃੜΛ௿͘͢Δ͜

ͱ͕Ͱ͖Δɽ͔͠͠ɼࢉܭՊֶͷ෼໺Ͱ࣮૷͞ΕΔ࣮ΞϓϦέʔγϣϯ͸ෳࡶͰ͋ΓɼશͯͷϓϩάϥϜ

ʹରͯ͠άϩʔόϧϏϡʔΛద༻͢Δ͜ͱ͸೉͍͠ɽͦͷ৔߹ɼग़དྷΔݶΓάϩʔόϧϏϡʔͰ࣮૷͠ɼ

άϩʔόϧͳ໊લ্ۭؒͰͷ࣮૷͕ࠔ೉ͳՕॴͷΈϩʔΧϧͳ໊લۭؒΛ༻͍࣮ͯ૷Λ͢Δ͜ͱͰੜੑ࢈

ͷ࣮͍ߴ૷ͱ͢Δ͜ͱ͕ՄೳͰ͋Δͱ͑ߟΔɽ·ͨɼϩʔΧϧͳ໊લۭؒͰ࣮૷͕ඞཁͳՕॴʹ͓͍ͯ͸

σʔλ෼ࢄ΍ฒྻ࣮ߦ͸ MPI ͱಉ༷ͷهड़͕ඞཁͱͳΔ͕ɼPGAS ϞσϧͷϩʔΧϧϏϡʔΛ͜͏࢖ͱ

Ͱ௨৴هड़ͷੜੑ࢈Λ্ͤ͞޲Δ͜ͱ͕ՄೳͰ͋ΔɽैͬͯɼάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔΛ૊Έ

߹ΘͤͨϋΠϒϦουϏϡʔʹΑΔهड़͕ඞཁͱͳΔɽ

GTC-P ͷ XMP ࣮૷ʹ͓͚Δੜੑ࢈ͷ࡯ߟΛड़΂ΔɽఏҊϞσϧͰ͋ΔϋΠϒϦουϏϡʔʹΑΔ࣮

૷Ͱ͸ɼԋྖࢉҬͷ෼ׂΛ XMP άϩʔόϧϏϡʔͷࣔࢦจͰ࣮૷Λ͍ߦɼฒྻ࣮͢ߦΔ for ϧʔϓʹ͸

ஞ࣍ϓϩάϥϜʹରͯ͠ loopࣔࢦจͷ௥ՃͷΈͷ࣮૷ͱͨ͠ɽ·ͨɼྡ઀ϓϩηε͕࣋ͭ֨ࢠ఺ͷࢀর

ʹ͸ɼྡ઀֨ࢠ఺Λอ࣋͢ΔόοϑΝΛ shadowࣔࢦจΛ༻͍ͯକྖҬͱͯ֬͠อ͠ɼreflectࣔࢦจ

ʹΑΔࣔࢦจ 1 ʹจ͸ೖΔ΋ͷͷஞ࣍ϓϩάϥϜࣔࢦ૷ͱͨ͠ɽ͜ͷΑ͏ʹɼ࣮͏ߦͰͷକྖҬ௨৴Λߦ

͸େ͖ͳม͕ߋͳ͍ͨΊɼϓϩάϥϜͷՄಡੑ͸͍ߴͱ͑ݴΔɽ·ͨɼάϩʔόϧϏϡʔͷࣔࢦจʹΑΔ

σʔλ෼ࢄͱͨͨ͠Ίɼσʔλ෼ࢄͷൣғ΍෼ํࢄ๏ͷมߋʹΑΔੑೳνϡʔχϯάΛ؆қʹ࣮ݱՄೳ

ͱͨ͠ɽXMP ͸ࣔࢦจϕʔεͳϓϩάϥϛϯάϞσϧͰ͋ΔͨΊɼ෦෼తɼஈ֊తͳฒྻ࣮͕ߦՄೳͰ

͋Γɼσόοά͕༰қͱ͑ݴΔɽreflectࣔࢦจʹΑΔ௨৴Ͱ͸ɼෆ࿈ଓྖҬʹରͯ͠௨৴Λ࣮͢ߦΔ

৔߹ɼXMP ϥϯλΠϜ಺Ͱ MPI Type vector() ʹΑΔ೿ੜσʔλ͔ܕύοΩϯά/ΞϯύοΩϯάʹΑΔ

௨৴͕ࣗಈͰߦΘΕΔɽैͬͯɼϢʔβ͸ࣔࢦจ 1 ΕɼXMP͞ߦड़͢Δ͚ͩͰକྖҬ௨৴͕࣮هΛߦ ϥ

ϯλΠϜ͕ࣗಈͰσʔλ΍௨৴ͷ੔߹ੑΛͱΔͨΊɼ௨৴ͷϓϩάϥϛϯάϛεΛݮΒ͢͜ͱ͕ՄೳͰ

͋Δɽ
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Λ൐͏ͨΊɼάϩʔόϧͳ໊ࢉԋࢠ಺Λࣗ༝ʹಈ͖ճΔཻࢠͰ͸ɼ֤ϓϩηε͕࣋ͭ֨ࢉܭಓيࢠཻ

લۭؒΛ༻͍࣮ͨ૷͕ࠔ೉Ͱ͋Δɽͦ͜ͰɼཻيࢠಓԋࢉͷΈΛϩʔΧϧͳ໊લۭؒͰͷ࣮૷ͱ͠ɼMPI

ͱಉ༷ʹσʔλ෼ࢄ΍ฒྻ࣮ߦΛهड़͢Δ࣮૷ͱͨ͠ɽཻ͕ࢠผϓϩηε΁ͱҠಈ͢Δ௨৴͸ɼϩʔΧ

ϧϏϡʔͷ coarray ʹΑΔยଆ௨৴ͱͨ͜͠ͱͰɼ഑ྻ୅ೖจࣜܗͰͷݟ௨͠ͷྑ͍௨৴هड़ͱͨ͠ɽ

coarray Λ༻͍Δ͜ͱͰɼMPI ͷΑ͏ʹ௨৴ϚονϯάͷͨΊͷλάͷ؅ཧ΍σʔλܕͷࢦఆɼίϛϡχ

έʔλ΍௨৴৘ใͷ؅ཧͷͨΊͷม਺Λ XMP ϥϯλΠϜ͕ࣗಈͰੜ੒ɼ؅ཧΛͨ͏ߦΊɼϓϩάϥϜ͔

Β൥ࡶͳهड़Λഉআ͠ϢʔβʹٻΊΒΕΔ௨৴ͷͨΊͷม਺؅ཧίετΛݮΒ͢͜ͱ͕ՄೳͰ͋Δɽ

ϋΠϒϦουϏϡʔʹΑΔ GTC-P ࣮૷ͷੜੑ࢈ΛఆྔతʹධՁ͢ΔͨΊɼ֤ϓϩάϥϛϯάϞσϧʹ

ΑΔ࣮૷ͷίʔυߦ਺Λൺֱ͢Δɽൺֱख๏ͱͯ͠ஞ࣍ϓϩάϥϜ͔Βͷࠩ෼ʢमਖ਼ɼ௥Ճٴͼ࡟আͷ

͏ߦ਺ʣͰධՁΛߦ Delta-SLOC ํࣜ [42] Λ༻͍Δɽද 2.5 ʹͦΕͧΕͷϓϩάϥϛϯάϞσϧʹΑΔ

GTC-P ͷߦ਺ͱஞ࣍ϓϩάϥϜ͔Βͷࠩ෼Λࣔ͢ɽશମͷߦ਺Λ MPI ͱൺֱ͢ΔͱɼϩʔΧϧϏϡʔ࣮

૷ͱ͸΄΅ࠩ͸ͳ͘ɼϋΠϒϦουϏϡʔ࣮૷Ͱ͸໿ 250 ɽ͜ͷཧ༝ͱͯ͠ɼϩʔΧϧϏϡʔͨ͠ݮ࡟ߦ

࣮૷͸ MPI ͷ௨৴Λ coarray ͱ͚ͨͩ͠Ͱ͋ΓɼϋΠϒϦουϏϡʔ࣮૷͸ࣔࢦจʹΑΔσʔλ෼ࢄ΍

reflectࣔࢦจ 1 ΑΔକྖҬ௨৴ʹΑΔ࣮૷ͱͨͨ͠ΊͰ͋ΔɽDelta-SLOCʹߦ ͷධՁΑΓɼϋΠϒ

ϦουϏϡʔ࣮૷Ͱ͸άϩʔόϧϏϡʔͷࣔࢦจʹΑΔ࣮૷ʹΑΓɼमਖ਼ɼ௥Ճߦ਺͕ݮগ͍ͯ͠Δ͜ͱ

͕Θ͔Δɽ͔͠͠ɼґવͱͯ͠௥Ճߦ਺͕ଟ͍ཧ༝ͱͯ͠ɼϩʔΧϧͳ໊લۭؒͰهड़͞Εཻͨيࢠಓԋ

਺ͷଟ͘Λ઎Ί͍ͯΔͨΊͰ͋Δɽ·ͨɼදߦ௥Ճ͕ࢉ 2.5 ΑΓϩʔΧϧϏϡʔͱϋΠϒϦουϏϡʔ࣮

૷ͷ࡟আߦ਺͕૿Ճ͍ͯ͠Δ͜ͱ͕Θ͔ΔɽϩʔΧϧϏϡʔ΍ϋΠϒϦουϏϡʔͰ༻͍ΒΕΔ coarray

ͷόοϑΝ͸ɼXMP ͷ্༷࢓ɼ੩తʹάϩʔόϧྖҬʹ֬อ͓ͯ͘͠ඞཁ͕͋Δɽ͔͠͠ɼMPI ࣮૷Ͱ

͸ಈతʹ֬อ͍ͯ͠ΔͨΊɼόοϑΝຖʹ֬อͱղ์ͷߦ਺͕࡟আ͞Ε͍ͯΔͨΊͰ͋ΔɽϋΠϒϦου

Ϗϡʔʹ͓͍ͯ͸෼ࢄ഑ྻ΋੩తͳ֬อͱ͍ͯ͠ΔͨΊϩʔΧϧϏϡʔͱൺֱͯ͠࡟আߦ਺͕૿Ճ͍ͯ͠

Δɽ෼ࢄ഑ྻ͸ςϯϓϨʔτ΍෼ࢄ഑ྻΛಈతʹ֬อՄೳͳ template fixࣔࢦจ΍ xmp malloc() ͕

࣮૷͞ΕͨͨΊɼޙࠓͷ՝୊ͱͯ͠ಈత֬อͨ͠෼ࢄ഑ྻʹΑΔ࣮૷ͱධՁΛ͏ߦ༧ఆͰ͋Δɽ

2.6 ؔ࿈ڀݚ

PGAS ϞσϧʹΑΔ PIC ๏ͷ࣮૷ྫΛࣔ͢ɽR. Preissl Β͸จݙ [43] ʹͯɼ3 ݩ࣍ PIC ίʔυͰ͋Δ

Gyrokinectic Tokamak SimulationʢGTSʣΛ PGAS+OpenMP Ͱ࣮૷͠ɼΦϦδφϧͷ࣮૷ͱൺֱͯ͠ߴ

͍ੑೳΛࣔͨ͠ɽGTS ͸ MPI+OpenMP Ͱ࣮૷͞Ε͓ͯΓɼMPI ௨৴ͷҰ෦Λ CAF ʹΑΔยଆ௨৴ͷ࣮

૷ͱͨ͠ɽର৅͸ཻࢠҠಈ࣌ͷ௨৴Ͱ͋ΓɼΦϦδφϧͷ P2P ௨৴ʹΑΔ࣮૷͔Βยଆ௨৴΁ͷมߋͱ

௨৴ΞϧΰϦζϜͷ࠷దԽΛ௨ͯ͠ߴ଎ԽΛͨͬߦɽCAF ͷίϯύΠϥͱͯ͠ Cray Fortran 2008 Λ࢖༻

͠ɼOpteron 6172 Λ౥͢ࡌΔ Cray XE6 ্Ͱ࠷େ 13056 ϓϩηεΛ༻͍ͨධՁʹΑΔͱɼΦϦδφϧͷ

࣮૷ͱൺֱͯ͠ 52% ੑೳ্͕ͨ͠޲ͱใ͞ࠂΕ͍ͯΔɽMPI ࣮૷ͷҰ෦ΛϩʔΧϧϏϡʔͷ CAF Ͱ෦

෼తʹ࣮૷͍ͯ͠ΔͨΊɼCAF ͷ഑ྻ୅ೖจࣜܗͷݟ௨͠ͷྑ͍هड़ʹΑΔ௨৴࣮૷Ͱ͸͋Δ͕ɼσʔ

λ෼ࢄ΍ฒྻ࣮ߦ͸ MPI ͱಉ༷ཅʹهड़͞Ε͍ͯΔͨΊɼϓϩάϥϜશମͷੜ͍ߴ͕ੑ࢈ͱ͸͑ݴͳ͍ɽ

H. Sakagami Β͸จݙ [44] ʹͯɼ2 ݩ࣍ PIC ίʔυͰ͋Δ ESPAC2 Λ HPF ʹΑΔ࣮૷ͱੑೳධՁΛࣔ

͍ͯ͠Δɽσʔλ෼ࢄ͸ཻࢠͱి࣓৔ͷ 2 ৘ใ͸ϒϩοΫ෼ׂ͕ͩి࣓৔͸֤ࢠͱ͓ͯ͠Γɼཻࢄ෼ݩ࣍

ϓϩηε͕σʔλΛॏෳͯ࣋ͭ͠ɽ֤ϓϩηε͕ߋ৽͢Δཻࢠ৘ใʹΑΓԋ͞ࢉΕͨి࣓৔Λɼू߹௨৴
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ʹΑΓσʔλΛू໿͠શϓϩηεͷ஋Λߋ৽͢ΔɽͦͷͨΊɼσʔλ෼ࢄ΍௨৴͸୯७ͳϒϩοΫ෼ׂ΍

ू߹௨৴ͱͳΔͨΊɼάϩʔόϧϏϡʔʹదͨ͠ΞϧΰϦζϜͱ͑ݴΔɽVPP800ɼSR8000ɼSX-4 ͼٴ

SX-5 ্Ͱ֤ϕϯμʔ͕ఏ͢ڙΔ HPF ίϯύΠϥʹΑΔੑೳධՁΛ͓ͯͬߦΓɼίϯύΠϥͷόʔδϣϯ

ʹΑΔ௨৴ੑೳͷ௿Լ͸ݟΒΕ͕ͨɼ֓Ͷ 8 ϓϩηε·Ͱ͸ྑ͍ੑೳ͕ಘΒΕ͍ͯΔͱใ͞ࠂΕ͍ͯΔɽ

άϩʔόϧϏϡʔϞσϧͰ͋Δ HPF Λ༻͍࣮ͨ૷ʹΑΓɼେҬతͳ໊લۭؒʹΑΔஞ࣮࣍૷ͱ΄΅ಉ౳

ͷهड़Ͱฒྻ࣮૷͕͞ࢪΕ͍ͯΔɽ͔͠͠ɼάϩʔόϧϏϡʔͰ࣮૷͢ΔͨΊʹॏෳͨ͠σʔλྖҬ͕ඞ

ཁͱͳΔͳͲɼେن໛࣮࣌ߦͷεέʔϥϏϦςΟʹ໰୊͕ੜ͡ΔՄೳੑ͕͋Δɽͦ͜ͰɼεέʔϥϏϦ

ςΟΛ্ͭͭͤ͞޲΋ϓϩάϥϜͷੜੑ࢈Λҡ࣋͢ΔͨΊʹɼຊڀݚͰఏҊ͢ΔϋΠϒϦουϏϡʔͷ

Α͏ʹɼ෦෼తʹάϩʔόϧϏϡʔΛ༻͍Δ͜ͱ͕ՄೳͳϓϩάϥϛϯάϞσϧ͕ඞཁͰ͋Δͱ͑ߟΒ

ΕΔɽ

GTC ΍ GTC-P ͸༷ʑͳϓϥοτϑΥʔϜ͚޲ͷ࣮૷ɼ࠷దԽ͕ߦΘΕ͍ͯΔɽԼࡔΒ͸จݙ [45] ʹ

ίϯϐϡʔλ্Ͱͷژͯ GTC-P ͷେن໛࣮ߦ΍ੑೳղੳπʔϧ Scalasca ʹΑΔίʔυղੳ݁ՌΛࣔͯ͠

͍ΔɽژίϯϐϡʔλʹΑΔੑೳධՁͰ͸ɼຊڀݚͱ͸ҟͳΓશͯͷ෼ׂ࣍ݩ਺Λಉ࣌ʹ૿Ճͤͨ͞৔

߹ͷධՁͰ͋Γɼ߹ܭͰ 512ɼ2048ɼ8192 ͼٴ 32768 ϊʔυΛ༻͍ͨ 4 छྨͷ΢ΟʔΫεέʔϦϯάͷ

ੑೳΛ͍ࣔͯ͠Δɽ݁Ռͱͯ͠ɼຊڀݚͰͷੑೳධՁͱಉ༷ʹੑೳ͕εέʔϧ͍ͯ͠ͳ͍ɽScalasca ʹ

ΑΔίʔυղੳͷ݁ՌʹΑΔͱɼϊʔυຖʹϩʔυόϥϯε͕औΕ͓ͯΒͣɼ௨৴଴ͪ࣌ؒʹΑΓੑೳ

͕௿Լ͍ͯ͠Δͱใ͞ࠂΕ͓ͯΓɼຊڀݚͷ࡯ߟͰ΋ಉ༷ʹࣔ͞Ε͍ͯΔɽX. Liao Β͸จݙ [46] ʹͯ

Tianhe-2 ্Ͱ༷ʑͳ HPC ΞϓϦέʔγϣϯͷ࣮૷ɼੑೳධՁΛใ͍ͯ͠ࠂΔɽGTC ͕ͦͷதͷҰͭͰ͋

ΓɼTianhe-2 ͕࣋ͭ Intel Xeon PhiʢKNCʣ͚޲ʹΦϦδφϧͷ MPI+OpenMP ͷ࣮૷ΛɼΦϑϩʔυϞ

σϧʹΑΔ࣮૷΁ͱमਖ਼ΛͨͬߦɽTianhe-2 ͷ 1 ϊʔυ͸ 2 ιέοτߏ੒ͷ Intel Xeon E5-2692v2 ͱ 3

ຕͷ KNC ʹΑΓߏ੒͞Ε͓ͯΓɼੑೳൺֱ͸ 2 ιέοτͷ Xeon ର KNC ͱ͍ͯ͠Δɽ݁Ռͱͯ͠ 2 ι

έοτͷ Xeon ͱ 3 ຕͷ KNC Λൺֱ͢Δͱɼ1.67 ഒͷੑೳ্͕޲ใ͞ࠂΕ͍ͯΔɽK. Madduri Β͸จ

ݙ [47] ʹͯ GPU ͷ͚޲ GTC ͷ࣮૷ͱੑೳධՁΛ͍ࣔͯ͠ΔɽFermi ੈ୅ͷ GPUʢTesla C2050ʣ͚޲

ʹ CUDA Λ༻͍࣮ͨ૷͕ߦΘΕɼΦϦδφϧͷ MPI+OpenMP ͷ࣮૷ͱൺֱͯ͠ 1.34 ഒͷੑೳ্޲Λใ

ॴͰ͸ڀݚΔɽஜ೾େֶͱཧԽֶ͍ͯ͠ࠂ XMP ͱσόΠεࣔࢦ͚޲จϕʔεϞσϧ OpenACC Λਨ௚౷

߹ͨ͠ XcalableACCʢXACCʣ[48] ͷٴ౼ݕ༷࢓ͼϓϩτλΠϓ࣮૷͕ਐΊΒΕ͍ͯΔɽޙࠓͷ՝୊ͱ͠

ͯɼXACC Λ༻͍ͯσόΠε͚޲ͷ࣮૷Λ͍ߦɼGPU ΍ Intel Xeon Phi ʹ͓͚Δੑೳ΍ੜੑ࢈ͷධՁΛ

ΒΕΔɽ͛ڍͱ͕͜͏ߦ

2.7 ·ͱΊ

େن໛ฒྻΫϥελʹ͓͚ΔฒྻϓϩάϥϜͷੜੑ࢈ͷ্޲Λ໨తͱͯ͠ɼPGAS ϞσϧΛجʹͨ͠ϋ

ΠϒϦουϏϡʔͷఏҊΛͨͬߦɽϋΠϒϦουϏϡʔ͸ɼάϩʔόϧϏϡʔͷ؆қͳσʔλ෼ࢄɼฒྻ

ΊΒΕΔΑ͏ͳෳٻड़Մೳͱͭͭ͠ɼϩʔΧϧͳ໊લۭؒͰͷϓϩάϥϛϯά͕هΛظͼ௨৴ɾಉٴߦ࣮

ड़Մೳͱ͢ΔɽఏҊϞσϧʹΑΓɼهड़ʹΑΔยଆ௨৴Λهͳ௨৴ʹରͯ͠͸ϩʔΧϧϏϡʔͷ؆қͳࡶ

ैདྷͰ͸άϩʔόϧϏϡʔͷద༻͕ࠔ೉ͳϓϩάϥϜʹରͯ͠΋෦෼తʹద༻ՄೳͱͳΓɼϓϩάϥϜશ

ମͱͯ͠ͷੜੑ࢈Λ্ͤ͞޲Δ͜ͱ͕ՄೳͱͳͬͨɽຊڀݚͰ͸ɼPGAS ޠݴ XMP Λର৅ͱ͠ɼXMP

ͷάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔΛ૊Έ߹ΘͤͨϋΠϒϦουϏϡʔΛ༻͍ͯ֩༥߹γϛϡϨʔγϣ
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ϯίʔυ GTC-P ͷ࣮૷Λ͍ߦɼΦϦδφϧͷ MPI ࣮૷ͱൺֱΛ͢Δ͜ͱͰੑೳͱੜੑ࢈ͷධՁΛͬߦ

ͨɽϋΠϒϦουϏϡʔʹΑΔ࣮૷Ͱ͸ɼΦϦδφϧͷ࣮૷ΛؚΉϩʔυΠϯόϥϯε͕ൃੜ͢ΔҰ෦ͷ

ධՁΛআ͖ɼMPI ࣮૷ʹ͍ۙੑೳΛୡ੒ͨ͠ɽੜੑ࢈ͷ؍఺͔Β͸ɼάϩʔόϧϏϡʔʹΑΔྖҬ෼ׂʹ

ΑΓɼஞ࣍ϓϩάϥϜʹࣔࢦจΛ௥Ճ͢ΔͷΈͰͷฒྻԽ΍ɼྡ઀֨ࢠ఺ؒͷ௨৴Λ reflectࣔࢦจ 1

Δɽ·ͨɼϩʔΧϧϏϡʔͷ͑ݴड़͢Δ͜ͱ͕ՄೳͰ͋ΔͨΊ؆қͳ࣮૷ͱهͰߦ coarray ͸ɼ഑ྻ୅ೖ

จࣜܗͰ௨৴Λهड़Մೳͳ͜ͱ͔ΒɼMPI ͱൺֱͯ͠ΑΓ௚ײతͳͨΊՄಡੑ͕͘ߴɼXMP ͕ࣗಈͰ௨

৴ͷ੔߹ੑΛͱΔͨΊ௨৴هड़΋༰қͰ͋ΔɽҎ্ͷ͜ͱ͔ΒɼPIC ๏ʹؚ·ΕΔ֤ϓϩηεͷԋ͕ྔࢉ

ಈతʹมԽ͢ΔཻيࢠಓԋࢉͷΑ͏ͳɼάϩʔόϧϏϡʔͷΈͰ࣮૷͢Δ͜ͱ͕ࠔ೉ͳෳࡶͳΞϧΰϦζ

Ϝʹରͯ͠΋ɼXMP ͷϓϩάϥϛϯάϞσϧΛ૊Έ߹ΘͤΔ͜ͱͰ࣮૷͕ՄೳʹͳΓɼ͞ΒʹɼҰఆͷ

ੑೳΛอͪͭͭɼ؆ศ͔ͭεέʔϥϒϧʹهड़Ͱ͖Δ͕ࣔ͞ࣄΕͨɽ

ͷ՝୊ͱͯ͠ɼXMP/Cޙࠓ ͷ coarray ͷϥϯλΠϜϥΠϒϥϦͷ࣮૷ʹผͷยଆ௨৴ϥΠϒϥϦΛ༻͍

࣮ͯ૷͠ɼੑೳධՁΛ͢Δ͜ͱ͕͛ڍΒΕΔɽOmni XMP Compiler Ͱ͸ɼ2018 ೥ 1 ࡏݱ݄ coarray ͷϥ

ϯλΠϜϥΠϒϥϦͷ࣮૷ʹ MPI Λ༻͍࣮ͨ૷͕௥Ճ͞Ε͓ͯΓɼͦΕΛ༻͍ͨධՁ΍ɼGASPI[49] ΍

ComEx[50] ͳͲͷଞͷ PGAS ڀݚΒΕΔɽ·ͨɼຊ͛ڍͷ௨৴ϥΠϒϥϦΛ༻͍࣮ͯ૷͢Δ͜ͱ͕͚޲

Ͱ͸ɼ෼ࢄ഑ྻ͸શͯ੩తʹ֬อ͞Εͨ഑ྻΛର৅ͱͨͨ͠Ίɼtemplate fixࣔࢦจ΍ xmp malloc()

Λ༻͍ͨಈతͳ෼ࢄ഑ྻΛ༻͍࣮ͨ૷Λ͜͏ߦͱ͕͛ڍΒΕΔɽੑೳධՁͰ༻͍ͨαΠζ͸ A ͱখن໛

Ͱ͋ͬͨͨΊɼITER ͷΑ͏ͳେن໛ͳ֩༥߹૷ஔʹରԠͨ͠໰୊αΠζΛղ͍ͨ৔߹ͷධՁ΍ɼXACC

Λ༻͍ͨ GPU Ϋϥελ͚޲ͷ࣮૷Λ͜͏ߦͱ͕͑ߟΒΕΔɽ
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ୈ 3ষ

PGASϞσϧʹ͓͚ΔλεΫฒྻϓϩά
ϥϛϯά

3.1 λεΫฒྻϓϩάϥϛϯά

ຊڀݚͰ͸ OpenMP ͷλεΫฒྻϞσϧʹ͖ͮجɼXMP ʹ͓͚Δ෼ࢄϝϞϦ͚޲ڥ؀ͷλεΫฒྻϞ

σϧΛఏҊ͢ΔɽຊઅͰ͸ɼOpenMP ͷσʔλґଘʹͮ͘جλεΫฒྻϞσϧͷৄࡉΛઆ໌͠ɼ෼ࢄϝϞ

Ϧڥ؀ʹ͓͚ΔϊʔυΛލΔλεΫؒͷґଘؔ܎ͷ࣮ํݱ๏ʹ͍ͭͯड़΂Δɽ

3.1.1 OpenMPͷλεΫฒྻϓϩάϥϛϯά

OpenMP ʹ͸༷ʑͳϊʔυ಺ฒྻԽ΍σόΠεར༻ͷͨΊͷػೳ͕ࣔࢦจʹΑΓఏ͞ڙΕ͍ͯΔ͕ɼ

ຊઅͰ͸ຊڀݚͰ༻͍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 ͔Βొ৔ͨ͠λεΫฒྻΛهड़Մೳͱ͢ΔࣔࢦจͰ͋Γɼؼ࠶తߏ଄ʢϑΟϘφον਺ͷࢉܭ΍

෼ׂ౷࣏๏ͳͲʣ΍ while ϧʔϓͳͲͷ֤εϨουͰͷԋ͕ࢉಈతʹܾఆ͢Δ৔߹ʹ༻͍ΒΕΔɽ·ͨɼ

༷࢓ 4.0 ͔Βొ৔ͨ͠ depend અʹΑΓɼλεΫ͕༻͍ΔԋࢉσʔλΛجʹͨ͠σʔλґଘΛهड़͢

Δ͜ͱͰɼશମಉظͰ͸ͳ͘λεΫؒͷཻࡉ౓ͳಉظΛهड़͢Δ͜ͱ͕Մೳͱͳͬͨɽdepend અʹ͸

dependence-type ͱͯ͠ inɼout ͼٴ inout ͷ 3 छྨ͕ࢦఆՄೳͰ͋Γɼ߹Θͤͯม਺·ͨ͸഑ྻηΫγϣ

ϯΛࢦఆ͢ΔɽҎԼʹ OpenMP ʹΑΔλεΫґଘϞσϧͷಛ௃Λࣔ͢ɽ

• ഑ྻηΫγϣϯΛهड़ͨ͠৔߹͸ɼ഑ྻηΫγϣϯͱͦͷൣғ಺ͷ୯Ұʹهड़͞Εͨཁૉશͯͱґ

ଘ͕ؔ͋܎ΔͷͰ͸ͳ͘ɼ׬શҰக͢Δ഑ྻηΫγϣϯಉ࢜Ͱґଘؔൃ͕܎ੜ͢Δɽ

• ഑ྻηΫγϣϯ͸ґଘؔ܎ຖʹಠཱͨ͠ൣғΛهड़͢Δඞཁ͕͋ΓɼൣғΛॏͶͨґଘؔ܎Λ࣋ͭ

λεΫΛهड़ͯ͠͸͍͚ͳ͍ɽ

• ґଘؔ܎Λࣔ͢ม਺΍഑ྻηΫγϣϯ͸ඞͣ͠΋λεΫϒϩοΫ಺Ͱ༻͍Δඞཁ͸ͳ͍ɽ

• λεΫͷґଘؔ܎͸ܑఋλεΫؒͰͷΈྀ͞ߟΕɼ਌ࢠλεΫؒͰ͸ແ͞ࢹΕΔɽ

dependઅʹΑΓੜ੒͞ΕΔґଘؔ܎ʹ͸ɼϓϩάϥϜͷஞ࣮࣍ͮ͘جʹߦ 3 छྨͷσʔλґଘ͕ଘࡏ

͢Δɽ

• ϑϩʔґଘ: ಉҰม਺ʹର͢Δॻ͖ࠐΈޙͷಡΈࠐΈʢRAW: read-after-writeʣɽdependઅͷ out

ͱ in ͷؒʹൃੜ͢Δɽ

• ൓ґଘ: ಉҰม਺ʹର͢ΔಡΈࠐΈޙͷॻ͖ࠐΈʢWAR: write-after-readʣɽdependઅͷ in ͱ out

ͷؒʹൃੜ͢Δɽ

• ग़ྗґଘ: ಉҰม਺ʹର͢Δॻ͖ࠐΈޙͷॻ͖ࠐΈʢWAW: write-after-writeʣɽdepend અͷ out

ͱ out ͷؒʹൃੜ͢Δɽ

ຊڀݚͰ༻͍ΔλεΫฒྻϞσϧ͸ɼOpenMP ͷ parallel + single/masterࣔࢦจϒϩοΫ಺

Ͱ taskࣔࢦจ͕࣮͞ߦΕΔϞσϧͰ͋Γɼ͋ΔεϨου͕λεΫΛੜ੒࣮͠ߦ଴ػதͷεϨου͕ੜ੒

͞ΕͨλεΫΛฒྻʹ࣮͢ߦΔɽparallelɼsingleࣔࢦจϒϩοΫͷग़ޱͰ͸҉໧ͷಉ͕ظೖΔ͕ɼ

೚ҙ஍఺ͰͷλεΫͷಉظ΍ɼsingleࣔࢦจͰ͸ͳ͘ masterࣔࢦจͷ৔߹͸ɼ໌ࣔతͳλεΫಉظ

Λ࣮͢ߦΔ taskwaitࣔࢦจ͕ඞཁͱͳΔɽ

ਤ 3.1 ʹ task จͷྫΛࣔ͢ɽtaskAɼtaskBɼtaskCࣔࢦ ͼٴ taskD ͕ task จʹΑΓੜ੒͞Εɼࣔࢦ

λεΫຖʹ dependઅͰࢦఆ͞Εͨґଘؔ܎Λ࣋ͭɽdependઅʹΑΔґଘؔ܎ͷهड़͸جຊతʹλε

Ϋ಺Ͱ࢖༻͞ΕΔม਺΍഑ྻʹରͯ͠هड़͞ΕΔͷ͕ҰൠతͰ͋Δɽྫ͑͹ taskA ͱ taskB ͷ৔߹͸ɼม

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

ͱ B ʹରͯ͠ಡΈࠐΈΛ͍ߦɼͦΕΒͷ஋ͷՃ݁ࢉՌΛม਺ C ʹରͯ͠ॻ͖ࠐΉͨΊɼdependઅʹͯ

“in:AɼB”ɼ“out:C” ͱهड़͢Δɽ͜ͷΑ͏ʹґଘؔ܎Λهड़ͨ͠৔߹ɼtaskA ͱ taskB ͷؒʹ͸ґଘؔ܎

͕ແ͍ͨΊฒྻʹ࣮͞ߦΕΔɽtaskB ͱ taskC ͷؒʹ͸ม਺ B ʹΑΔϑϩʔґଘɼtaskC ͱ taskD ͷؒʹ

͸ม਺ A ʹΑΔ൓ґଘɼtaskA ͱ taskD ͷؒʹ͸ม਺ 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 ʹΑΔ෼ࢄϝϞϦڥ؀ʹ͓͚ΔλεΫґଘͷϓϩάϥϛϯάྫɽ

3.1.2 ෼ࢄϝϞϦڥ؀Ͱͷ OpenMPλεΫฒྻϓϩάϥϛϯάϞσϧ

OpenMP ͸ڞ༗ϝϞϦ͚޲ͷϓϩάϥϛϯάϞσϧͰ͋Γɼ෼ࢄϝϞϦڥ؀Ͱ࣮͢ߦΔ৔߹ʹ͸ MPI

ͳͲଞͷϓϩάϥϛϯάϞσϧͱ૊Έ߹Θͤͨهड़͕ඞཁͱͳΔɽOpenMP ͷλεΫฒྻϞσϧΛ෼ࢄ

ϝϞϦڥ؀΁ͱ֦ு͢Δ৔߹ɼϊʔυΛލΔλεΫͷґଘؔ܎ΛͲͷΑ͏ʹهड़͢Δ͔Λྀ͢ߟΔඞཁ͕

͋ΔɽOpenMP ͷ৔߹ɼλεΫґଘͷॲཧ͸ஞ࣮͍࣍ͨͮجʹߦσʔλͷ read/write ʹΑΔσʔλґଘͰ

͋ΔͨΊɼ෼ࢄϝϞϦڥ؀ʹ͓͚ΔҟͳΔϊʔυͷεϨου্Ͱฒྻ࣮͞ߦΕ͍ͯΔλεΫؒͰґଘؔ܎

Λߏங͢Δ͜ͱ͸ࠔ೉Ͱ͋Δɽͦ͜ͰɼຊڀݚͰ͸ MPI ͷ P2P ௨৴Λ OpenMP ͷλεΫ಺͔Β࣮͠ߦɼ

MPI ͷ௨৴Λґଘؔ܎ͱ͢Δख๏Λ༻͍Δ [52]ɽૹ৴ଆͰ͸ MPI Send() ͷ௨৴ର৅Λ dependઅͰ in

ͱ͠ɼड৴ଆͰ͸ MPI Recv() ͷ௨৴ର৅Λ out ͱͯ͠σʔλґଘΛࢦఆ͢Δɽૹ৴ଆͰ͸൓ґଘ͕ൃੜ

͢ΔͨΊૹ৴ྃ׬·Ͱσʔλͷॻ͖͑׵͸Ͱ͖ͣɼड৴ଆͰ͸ϑϩʔɼग़ྗґଘ͕ൃੜ͢ΔͨΊର৅σʔ

λΛ༻͍ΔλεΫͷ࣮ߦ͸଴͞ػΕΔɽ

ਤ 3.2 ʹ෼ࢄϝϞϦڥ؀ʹ͓͚Δ MPI ͱ OpenMP Λ༻͍ͨλεΫґଘʹΑΔϓϩάϥϛϯάྫΛࣔ

͢ɽྫͰ͸ɼfuncA() ʹΑΓ A[0] Λॻ͖͑׵ɼͦͷ஋Λ༻͍ͯ funcB() ʹͯ A[1] Λߋ৽͢Δɽ࣮ߦϓϩ

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

৴͢Δඞཁ͕͋ΔɽλεΫ͸ 4 छྨੜ੒͞ΕɼfuncA() 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] Λॻ͖͑׵ΔͨΊ depend અʹ out Ͱࢦఆ͢ΔɽtaskB ͸

MPI Send() Ͱૹ৴͕ྃ͢׬Δ·Ͱର৅Ͱ͋Δ A[0] ΁ͷॻ͖ࠐΈΛ๷͙ͨΊɼin ଓλޙఆ͢Δ͜ͱͰࢦʹ

εΫͱͷؒʹ൓ґଘΛੜ੒͢Δɽϓϩηε 1 ͸ɼtaskC ʹͯϓϩηε 0 ͔Β A[0] Λ MPI Recv() Ͱड৴͢

ΔͨΊɼड৴όοϑΝͰ͋Δ A[0] ΁ͷॻ͖ࠐΈ͕͋Δͱͯ͠ out Λࢦఆ͢Δ͜ͱͰɼޙଓλεΫͱͷؒ
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ʹϑϩʔɼग़ྗґଘ͕ੜ੒͞ΕΔɽtaskD Ͱ͸ड৴ͨ͠ A[0] Λ༻͍ͯ A[1] Λߋ৽͢ΔͨΊɼin ʹ A[0]ɼ

out ʹ A[1] Λࢦఆ͢ΔɽҎ্ΑΓɼ௨৴͕ྃ͢׬Δ·Ͱϓϩηε 0 Ͱ͸ A[0] ͸ߋ৽͞Εͣɼϓϩηε 1

͸ϓϩηε 0 ͕࣋ͭ A[0] ͷड৴͕ऴΘΔ·Ͱɼͦͷ஋Λ༻͍ΔԋࢉλεΫͷ࣮ߦ͸։࢝͞Εͳ͍ɽͭ·

Γɼ௨৴ର৅Λґଘؔ܎ͱͨ͠ P2P ௨৴ΛλεΫ಺Ͱ࣮͢ߦΔ͜ͱͰɼϓϩηεؒͷλεΫͷґଘؔ܎

Λهड़͢Δ͜ͱ͕ՄೳͰ͋Δɽ

MPI ͱ OpenMP Λ૊Έ߹ΘͤΔ͜ͱͰϓϩηεؒͷλεΫґଘΛهड़͢Δ͜ͱ͕Ͱ͖ΔҰํͰɼMPI

ʹΑΔσʔλͷ෼ࢄΛྀͨ͠ߟෳࡶͳ௨৴ͱλεΫͷґଘؔ܎Λ߹Θͤͨهड़͕ඞཁͱ͞ΕΔɽਤ 3.2 ͷ

ྫΛͯݟ΋ɼ࣮ߦϓϩηεࢦఆͷͨΊͷ if จ΍ MPI ͷ௨৴هड़͕͋ΓɼΦϦδφϧͷஞ࣍ϓϩάϥϜ

͔Βֻ͚཭Εͨهड़ͱͳ͍ͬͯΔɽ·ͨɼ͜ͷྫͰ͸഑ྻ A ͸શͯͷϊʔυͰॏෳͯ֬͠อ͞Ε͍ͯΔ

͕ɼҰൠతͳ MPI ʹΑΔฒྻϓϩάϥϛϯάͰ͸σʔλ͸෼ࢄ഑ஔ͞ΕΔͨΊɼϩʔΧϧΠϯσοΫε

ʹΑΔԋهࢉड़΍௨৴༻ͷϩʔΧϧόοϑΝ͕ඞཁͱͳΔͳͲɼϓϩάϥϜ͸͞ΒʹෳࡶʹͳΔɽ·ͨɼ

OpenMP ͱ MPI ͸جຊతʹ͸ผͷ࣮૷ͱͳ͓ͬͯΓɼOpenMP ϥϯλΠϜଆ͔Β͸λεΫ಺Ͱ࣮͞ߦΕ

Δԋࢉͱ MPI ௨৴Λ۠ผ͠ͳ͍ɽͦͷͨΊɼλεΫ಺Ͱ MPI ͷϒϩοΩϯά௨৴΍ಉظॲཧΛͨͬߦ৔

߹ɼOpenMP ϥϯλΠϜ͕ґଘؔ܎͸ແ͍ͱ൑அ͢Ε͹௨৴λεΫ͕େྔʹ࣮͞ߦΕɼσουϩοΫΛҾ

ͳ͍௨৴λεΫͷ࣮૷΋ඞཁͱ͞ΕΔɽ͜͞ىՄೳੑ͕͋ΔɽैͬͯɼσουϩοΫΛ͢͜ى͖

3.2 XMPͷλεΫฒྻϓϩάϥϛϯάϞσϧ

෼ࢄϝϞϦڥ؀ʹ͓͚ΔλεΫฒྻϓϩάϥϜΛ؆қʹهड़Մೳͱ͢΂͘ɼPGAS ޠݴ XMP ʹ֦ு

Λ͏ߦɽXMP ʹλεΫฒྻϞσϧΛऔΓೖΕΔ͜ͱͰɼPGAS ϞσϧͷάϩʔόϧϏϡʔʹΑΔ؆қͳ

σʔλ෼ࢄɼฒྻ࣮ٴߦͼ௨৴ɾಉظ΍ɼϩʔΧϧϏϡʔͷεέʔϥϒϧͳهड़ʹΑΔ௨৴ΛλεΫฒྻ

ʹ͓͍ͯ΋هड़Մೳͱ͠ɼϓϩάϥϜશମͰͷੜੑ࢈Λ্ͤ͞޲Δ͜ͱ͕໨తͰ͋Δɽ·ͨɼैདྷͷϧʔ

ϓฒྻͱλεΫฒྻʹΑΔ࣮૷ΛϝχʔίΞڥ؀Ͱൺֱ͢Δ͜ͱͰɼϝχʔίΞڥ؀ʹ͓͚ΔλεΫฒྻ

࣮૷ͷ༏Ґੑ΋ࣔ͢ɽ

3.2.1 ઃܭ

XMP ʹ͓͚ΔλεΫฒྻΛαϙʔτ͢Δࣔࢦจͱͯ͠ɼطʹ taskࣔࢦจ͕༷࢓ʹ͋Δɽtaskࣔࢦ

จ͸ɼϒϩοΫ಺ʹهड़͞ΕͨԋࢉΛ onઅͰࢦఆ͞ΕͨϊʔυͷΈ͕࣮͢ߦΔɽ͜ͷࣔࢦจ͸ϊʔυϨ

ϕϧͰ࣮͞ߦΕɼtasksࣔࢦจϒϩοΫ಺ʹ taskࣔࢦจ͕هड़͞Εͳ͍ݶΓɼෳ਺ͷ taskࣔࢦจʹ

ΑΔॲཧ͸ผϊʔυ্ͷ࣮ߦͰ͋ͬͯ΋ฒྻʹ࣮͞ߦΕͳ͍ɽຊڀݚͰ͸ɼ֤ϊʔυ͕࣋ͭεϨου্Ͱ

ΕΔͷ͸΋ͪΖΜɼεϨουϨϕ͞ߦ࣮ʹ౓ͳλεΫΛ૝ఆ͓ͯ͠ΓɼϊʔυؒͰฒྻཻࡉΕΔ͞ߦ࣮

ϧͰͷฒྻ࣮ߦ΋ٻΊΒΕΔɽͦ͜ͰɼຊڀݚͰ͸ཻࡉ౓λεΫΛ࣮͢ߦΔͨΊͷ৽ͨͳࣔࢦจͱͯ͠ɼ

taskletࣔࢦจΛఏҊ͢Δɽ

ਤ 3.3 ʹ taskletɼtaskletwaitٴͼ taskletsࣔࢦจͷγϯλοΫεΛࣔ͢ɽtaskletࣔࢦ

จ͸֤ϊʔυͷεϨου্ʹλεΫΛੜ੒͢ΔࣔࢦจͰ͋Δɽ࣮ߦϊʔυ͸ onઅʹهड़͞ΕΔϊʔυू

߹΍ςϯϓϨʔτʹΑܾͬͯఆ͞Εɼࢦఆ͕ͳ͍৔߹͸શͯͷϊʔυͰಉҰͷλεΫ͕ੜ੒͞ΕΔɽ࣮ߦ

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

ͨ͸഑ྻηΫγϣϯΛهड़͢Δ͜ͱͰλεΫґଘΛهड़͢Δɽґଘ͕ؔ܎ͳ͍λεΫ͸ࣔࢦจʹ౸ୡ௚ޙ

Δ৔߹͸͕͋܎։࢝͞ΕΔ͕ɼґଘ͕ؔߦ࣮ʹ 3.1.1 અͰࣔͨ͠ϑϩʔɼ൓ٴͼग़ྗґଘΛ࣋ͭઌߦλε

Ϋͷ࣮͕ߦऴྃ͢Δ·ͰɼλεΫͷ࣮ߦ͸։࢝͞Εͳ͍ɽinɼoutٴͼ inoutઅʹهड़͞ΕΔλεΫґ

ଘ͸ϊʔυ಺ʹด͡ΒΕ͓ͯΓɼάϩʔόϧϏϡʔͷ෼ࢄ഑ྻͰࣗϊʔυ͕࣋ͨͳ͍ྖҬ͕ґଘؔ܎ͱ͠

ఆ͞Εͨ৔߹΋ɼશͯϊʔυ಺ґଘͱͯ͠ॲཧ͞ΕΔɽࢦͯ

taskletsࣔࢦจ͸ɼͦͷϒϩοΫ಺ʹهड़͞ΕͨλεΫΛεϨουϨϕϧͰฒྻ࣮͢ߦΔ͜ͱΛࣔ

ड़͞ΕͨهʹจϒϩοΫ಺ࣔࢦจͰ͋Δɽtaskletsࣔࢦ͢ taskletࣔࢦจͷΈੜ੒͞ΕͨλεΫ͕

ฒྻʹ࣮͞ߦΕɼtasklets ΕΔɽ͞ߦ࣮ʹड़͞Ε͍ͯͳ͍৔߹ɼλεΫ͸֤ϊʔυͰஞ࣍هจ͕ࣔࢦ

taskletwaitࣔࢦจ͸ɼੜ੒͞ΕͨλεΫͷ࣮ྃ׬ߦΛอূ͢ΔࣔࢦจͰ͋Δɽ͜ͷߏจ͸ϊʔυຖ

ʹੜ੒͞ΕͨλεΫͷಉظΛͱΔࣔࢦจͰ͋ΔͨΊɼ࣮ߦϊʔυશମͰಉظΛͱΔ৔߹͸ barrierࣔࢦ

จͱ߹Θͤͯهड़͢Δඞཁ͕͋Δɽ·ͨɼtaskletsࣔࢦจͷϒϩοΫͷग़ޱʹ֤ͯϊʔυ಺ʹ͓͚Δ

λεΫͷ҉໧ͷಉظΛؚΉ༷࢓ͱͨ͠ɽ

ϊʔυؒͷλεΫͷґଘؔ܎͸ɼ3.2 અΑΓ P2P ௨৴ʹΑΓද͞ΕΔɽXMP Ͱ͸άϩʔόϧϏϡʔɼ

ϩʔΧϧϏϡʔͱ΋ʹ༷ʑͳ௨৴ߏจʢࣔࢦจɼcoarrayʣΛఏ͍ͯ͠ڙΔɽຊڀݚͰ͸ɼͲͪΒͷϞσϧ

ʹ͓͍ͯ΋ϊʔυؒͷλεΫґଘͷهड़ΛՄೳͱ͢ΔͨΊɼ֤Ϟσϧʹ͓͚Δ௨৴ߏจΛλεΫ࣮͚޲ߦ

ʹ֦ுΛ͏ߦɽຊڀݚͰࣔ͢ taskletࣔࢦจ΍ XMP ͷ௨৴ࣔࢦจͷ֦ு͸ɼXMP ͷ༷࣍࢓ظͰ͋Δ

XMP2.0 ࡏݱɼ͚ͯ޲ʹ PC ΫϥελίϯιʔγΞϜ XMP ਐΊΒΕ͍ͯΔɽຊ͕౼ݕ෦ձʹΑͬͯ֨ن

Δ֦ு͸ͦͷఏҊͷҰͭͰ͋Δɽ͚͓ʹڀݚ

άϩʔόϧϏϡʔͰͷϊʔυؒλεΫฒྻهड़

άϩʔόϧϏϡʔϞσϧͰ͸ɼ෼ࢄ഑ྻʹର͢Δ௨৴Λهड़Մೳͳ gmoveɼreflectࣔࢦจΛλεΫ

ฒྻͰهड़Մೳͱ͢΂֦͘ுΛ͏ߦɽਤ 3.4 ʹλεΫ্Ͱ࣮͞ߦΕΔ gmoveɼreflect จͰ͋Δࣔࢦ

tasklet gmoveɼtasklet reflectࣔࢦจͷγϯλοΫεΛࣔ͢ɽ

tasklet gmoveࣔࢦจ͸ onઅʹΑΓ࣮ߦϊʔυ͕ܾఆ͞Εɼهड़͞Εͨ഑ྻ୅ೖจʹݱΕΔ෼ࢄ

഑ྻʹΑͬͯ௨৴ର৅͕ܾఆ͞ΕΔɽ·ͨɼonઅ͕ແ͍৔߹͸ɼ഑ྻ୅ೖจʹهड़͞Εͨ෼ࢄ഑ྻΛ࣋
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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

ͭϊʔυͷΈ͕࣮ߦର৅ͱͳΓɼϊʔυϩʔΧϧͳ஋͕ࢦఆ͞Εͨ৔߹͸શͯͷϊʔυ͕࣮ߦର৅ͱͳ

ΔɽλεΫґଘ͸ɼtaskletࣔࢦจಉ༷ʹ inɼoutٴͼ inoutઅͰґଘؔ܎Λهड़͢Δ͜ͱ͕Մೳ

Ͱ͋Δɽtaskletɼtasklet gmoveࣔࢦจʹΑΓੜ੒͞ΕͨλεΫ͸ܑఋλεΫͱͳΓɼϢʔβ͕ه

ड़ͨ͠ґଘؔ܎ʹΑΓ࣮ߦॱং͕ܾఆ͞ΕΔɽ

gmoveࣔࢦจ͸ɼ࣮ߦϊʔυू߹શମ͔ taskࣔࢦจͰࢦఆ͞Ε࣮ͨߦϊʔυू߹಺ʹ͓͍ͯɼ഑ྻ

୅ೖจ΍࣮ߦϊʔυू߹Λجʹ௨৴Λ࣮͢ߦΔϊʔυ͕ܾఆ͞ΕΔɽ1.4 અͷਤ 1.6 ͷ௨৴͕࣮ߦՄೳͰ

͋Γɼ௨৴ޙྃ׬ʹ͸࣮ߦϊʔυू߹શମͰ҉໧ͷಉ͕ظͱΒΕΔɽ࣮ߦϊʔυू߹શମͰͷಉظ͸ɼ

P2P ௨৴Ͱ͋Ε͹໰୊͸ͳ͍͕ɼϒϩʔυΩϟετ΍ϦμΫγϣϯͷΑ͏ͳूஂ௨৴ͷ৔߹͸ɼσʔλΛ

ड৴ͨ͠ϊʔυͰ͋ͬͯ΋શମͰ௨৴͕ྃ͢׬Δ·Ͱ࣮ࢭ͕ߦ·ΔɽεϨου্ͷλεΫͰ gmoveࣔࢦ

จΛ࣮͢ߦΔ৔߹ɼશͯͷ௨৴͕ྃ͢׬Δ·ͰλεΫ͕εϨου্ʹ࢒Γଓ͚Δɽ௨৴λεΫ͕εϨου

Λઐ༗͢ΔͨΊɼґଘ͕ؔ܎ղ͔ΕͨλεΫͷ࣮͕ߦ஗Εɼ݁Ռͱͯ͠ϓϩάϥϜͷੑೳʹӨڹΛ༩͑Δ

Մೳੑ͕͋Δɽͦ͜Ͱɼtasklet gmoveࣔࢦจͰ͸ͦͷ੍໿Λ֎͠ɼ௨৴͕ͨྃ͠׬λεΫ͔Β࣮ߦ

Λऴྃ͢Δ༷࢓ͱͨ͠ɽ

tasklet reflectࣔࢦจ͸ɼshadowࣔࢦจʹΑͬͯକྖҬ͕ࢦఆ͞Εͨ෼ࢄ഑ྻʹରͯ͠ɼλε

Ϋ಺Ͱྡ઀ϊʔυؒͷ௨৴Λ࣮͢ߦΔ͜ͱͰକྖҬΛߋ৽͢ΔɽXMP Ͱ͸ɼσʔλ෼ࢄ͸ࣔࢦจʹΑΓ

Εͨσʔ͞ࢄ഑ஔ͞ΕΔɽͭ·ΓɼϢʔβ͔Β͸෼ࢄύλʔϯͰࣗಈతʹ֤ϊʔυ΁ͱ෼ࢄఆ͞Εͨ෼ࢦ

λͷڥքΠϯσοΫεΛ஌Δ͜ͱ͸Ͱ͖ͣɼ௨৴͞ΕΔକྖҬʹରͯ͠ґଘؔ܎Λ໌ࣔతʹࢦఆ͢Δ͜ͱ

͸ෆՄೳͰ͋Δɽͦ͜Ͱɼtasklet reflectࣔࢦจͰ͸ tasklet gmoveࣔࢦจͱҟͳΓɼσʔλ

ґଘ͸ XMP ϥϯλΠϜʹΑͬͯࣗಈతʹੜ੒͞ΕΔ༷࢓ͱͨ͠ɽ

εςϯγϧԋࢉͷ࠷దԽख๏ͷҰͭͱͯ͠ΩϟογϡϒϩοΩϯά͕͋ΔɽΩϟογϡϒϩοΩϯά

͸ɼԋྖࢉҬΛϒϩοΫԽ͠σʔλΞΫηεൣғΛڱΊΔ͜ͱͰΩϟογϡϛε཰ΛݮΒ͠ੑೳΛ޲

্ͤ͞Δख๏Ͱ͋ΔɽXMP ϓϩάϥϜʹΩϟογϡϒϩοΩϯάΛద༻͢ΔͱɼXMP ͷάϩʔόϧ

ϏϡʔʹΑΔࣔࢦจͰ෼͞ࢄΕͨϧʔϓΛ͞ΒʹϢʔβࢦఆͷϒϩοΫαΠζͰ෼ׂ͢Δɽͦͷ৔߹ɼ

tasklet reflectࣔࢦจʹΑΓ௨৴͞ΕΔକྖҬ͸ϒϩοΫԽ͞Ε͓ͯΒͣɼϒϩοΫ୯ҐͰͷԋࢉ

ͱࣗಈͰੜ੒͞ΕΔକྖҬ௨৴ͷґଘ͕ؔ܎੒ཱ͠ͳ͍ɽͦ͜Ͱɼtasklet reflectࣔࢦจͷઅͱ͠

ͯ chunksizeઅΛఏҊ͢Δɽchunksizeઅ͸ґଘؔ܎ͱͯ͠هड़͞Εͨԋࢉͷཻ౓ʢ͜ͷྫͰ͸ϒ

ϩοΫαΠζΛࣔ͢ʣΛνϟϯΫαΠζͱͯ͠ࢦఆՄೳͱ͠ɼXMP ϥϯλΠϜʹରͯࣗ͠ಈతʹ෇༩͞
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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

ΕΔґଘ͕ؔ܎νϟϯΫαΠζͰ෼ׂ͞Ε͍ͯΔ͜ͱΛ஌ΒͤΔɽ

ϩʔΧϧϏϡʔͰͷϊʔυؒλεΫฒྻهड़

ϩʔΧϧϏϡʔͰ͸ɼ௨৴ߏจͱͯ͠ coarray Λఏ͍ͯ͠ڙΔɽcoarray ͸ยଆ௨৴Ͱ͋ΔͨΊɼ௨৴ର

৅ͷόοϑΝͷঢ়گʹґΒͣ௨৴Λྃ͢׬Δ͜ͱ͕ՄೳͰ͋Δɽͭ·Γɼϊʔυؒͷσʔλͷґଘؔ܎ͱ

ͯ͠ coarray ୯ମͰ࢖༻͢Δ͜ͱ͸ෆՄೳͰ͋ΔɽҰൠతʹยଆ௨৴Λ࣮͢ߦΔ৔߹ɼ2 छྨͷಉํظ๏

ओߦΛͱΔํ๏Ͱ͋Δɽ΋͏Ұͭ͸ɼยଆ௨৴ͷ࣮ظશମಉʹޙલߦΒΕΔɽҰͭ͸ยଆ௨৴ͷ࣮͑ߟ͕

ମ͸௨৴ର৅ϊʔυΑΓ࣮ߦՄೳͰ͋Δͱ͍͏௨஌Λड͚ɼยଆ௨৴Λ࣮͢ߦΔɽͦͷޙɼยଆ௨৴ͷ׬

ྃΛอূͨྃ͠׬ʹޙ௨஌Λ௨৴ର৅ϊʔυʹૹ৴͢ΔɼMPI ͷΞΫςΟϒϞσϧʹΑΔಉํظ๏Ͱ͋

Δ PSCWʢPost-Start-Complete-WaitʣϞσϧʹํͮ͘ج๏Ͱ͋ΔɽຊڀݚͰ͸λεΫฒྻʹΑΔશମಉ

ͷํ๏ΛͱΔɽྫ͑͹ɼλεΫ಺ͰऀޙΛ໨ඪͱ͍ͯ͠ΔͨΊݮ࡟ͷظ coarray/Put Λ࣮͢ߦΔ৔߹ɼPut

ͷ௨৴ର৅ϊʔυ͔Βͷ௨৴Մೳ௨஌ɼPutɼPut ͷྃ׬௨஌ͷ 3 छྨͷ௨৴Λهड़͢Δඞཁ͕͋Δɽ͜Ε

Βશͯͷ௨৴ΛϢʔβ͕໌ࣔతʹهड़͢Δͷ͸ඇৗʹࠔ೉Ͱίʔυ΋൥ࡶʹͳΓ΍͍͢ɽͦ͜ͰຊڀݚͰ

͸ɼยଆ௨৴Λ࣮͢ߦΔͨΊͷ௨஌Λ؆қʹهड़Մೳͳ putɼput readyɼgetٴͼ get readyઅΛ

taskletࣔࢦจͷઅͱͯ͠ఏҊ͢Δɽยଆ௨৴͚޲ͷ taskletࣔࢦจͷ֦ுͷͨΊɼϩʔΧϧϏϡʔ

ͷ coarray ͚ͩͰ͸ͳ͘ɼάϩʔόϧϏϡʔͷ gmove in/outࣔࢦจʹରͯ͠΋ಉ༷ʹ࢖༻ՄೳͰ͋Δ

ͱ͑ߟΒΕΔɽͦ͜Ͱɼ3.6 અͷϕϯνϚʔΫͷ࣮૷ͱධՁͰ͸ɼcoarray ʹՃ͑ͯ gmove in/outࢦ

ࣔจͰهड़࣮ͨ͠૷ྫ΋ࣔ͢ɽ

put readyઅ͸ Put ͷ࣮ߦओମͷ௨৴ର৅ϊʔυ্Ͱ࣮͞ߦΕɼઅʹ͸ Put Λ࣮͞ߦΕΔม਺·ͨ͸

഑ྻηΫγϣϯɼ௨৴ର৅ϊʔυɼλάΛهड़͢ΔɽPut ʹΑͬͯ஋ͷߋ৽͕͖ىΔͨΊɼ͜ͷઅʹΑΓ

ੜ੒͞ΕΔλεΫ͸ୈҰҾ਺ʹରͯ͠ out ͷґଘؔ܎Λ࣋ͭɽ௨৴ର৅ϊʔυ͸ onઅͱಉ༷ʹ࣮ߦϊʔ

υू߹·ͨ͸ςϯϓϨʔτ͕هड़ՄೳͰ͋Δɽput readyઅ͕هड़͞ΕͨλεΫ͸ɼ௨৴ର৅ϊʔυͱ

λάʹΑΓࢦఆ͞ΕͨϊʔυͷλάͱҰக͢Δ putઅ͕هड़͞ΕͨλεΫʹରͯ͠ Put ͷ࣮ߦՄೳ௨஌

ΛૹΓɼ௨৴͕ྃ͢׬Δ·Ͱ଴͢ػΔɽ௨৴ྃ׬௨஌Λ put અ͕هड़͞ΕͨλεΫΑΓड͚औͬͨޙɼ

taskletࣔࢦจϒϩοΫ಺ʹهड़͞Εͨԋࢉͷ࣮ߦΛ։࢝͢Δɽ



3.2 XMP ͷλεΫฒྻϓϩάϥϛϯάϞσϧ 46

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 ͷ࣮ߦओମͷϊʔυ্Ͱ࣮͞ߦΕɼઅʹ͸λάͷΈΛهड़͢ΔɽλάͱҰக͢Δϊʔυ্

ͷ put readyઅ͕هड़͞ΕͨλεΫΑΓɼ௨৴Մೳ௨஌Λड͚औΔ·ͰλεΫͷ࣮ߦ͸։࢝͞Εͳ͍ɽ

௨৴Մೳ௨஌Λड͚औΓޙɼtaskletࣔࢦจϒϩοΫ಺ʹهड़͞Εͨยଆ௨৴ͷ Put Λ࣮͠ߦɼยଆ௨

৴ͷྃ׬௨஌Λ௨৴Մೳ௨஌͕ૹΒΕ͖ͯͨ put readyઅ͕هड़͞ΕͨλεΫʹରͯ͠ૹΔɽ

get readyઅ͸ Get ͷ࣮ߦओମͷ௨৴ର৅ϊʔυ্Ͱ࣮͞ߦΕɼઅʹ͸ Get Λ࣮͞ߦΕΔม਺·ͨ͸

഑ྻηΫγϣϯɼ௨৴ର৅ϊʔυɼλάΛهड़͢ΔɽGet ʹΑͬͯ஋ͷಡΈࠐΈ͕ߦΘΕΔͨΊɼ͜ͷઅ

ʹΑΓੜ੒͞ΕΔλεΫ͸ୈҰҾ਺ʹରͯ͠ in ͷґଘؔ܎Λ࣋ͭɽ௨৴ର৅ϊʔυ͸ put readyઅͱ

ಉ༷ʹ࣮ߦϊʔυू߹·ͨ͸ςϯϓϨʔτ͕هड़ՄೳͰ͋Δɽget readyઅ͕هड़͞Εͨ taskletࢦ

ࣔจϒϩοΫ಺ͷॲཧͷ࣮ޙߦʹɼࢦఆ͞ΕͨϊʔυͷλάͱҰக͢Δ getઅ͕هड़͞ΕͨλεΫʹର

ͯ͠ Get ͷ࣮ߦՄೳ௨஌ΛૹΓɼ௨৴͕ྃ͢׬Δ·Ͱ଴͢ػΔɽ௨৴ྃ׬௨஌Λ getઅ͕هड़͞Εͨλ

εΫΑΓड͚औΔ͜ͱͰλεΫͷ࣮͕ߦऴྃ͢Δɽ

getઅ͸ Get ͷ࣮ߦओମͷϊʔυ্Ͱ࣮͞ߦΕɼઅʹ͸λάͷΈΛهड़͢ΔɽλάͱҰக͢Δϊʔυ

্ͷ get ready અ͕هड़͞ΕͨλεΫΑΓɼ௨৴Մೳ௨஌Λड͚औΔ·ͰλεΫͷ࣮ߦ͸։࢝͞Εͳ

͍ɽ௨৴Մೳ௨஌Λड͚औΓޙɼtaskletࣔࢦจϒϩοΫ಺ʹهड़͞Εͨยଆ௨৴ͷ Get Λ࣮͠ߦɼย

ଆ௨৴ͷྃ׬௨஌Λ௨৴Մೳ௨஌͕ૹΒΕ͖ͯͨ get readyઅ͕هड़͞ΕͨλεΫʹରͯ͠ૹΔɽ

3.2.2 ίʔυྫ

άϩʔόϧϏϡʔ

ਤ 3.6 ͸ tasklet gmoveࣔࢦจʹΑΔϓϩάϥϛϯάྫͱλεΫϑϩʔͰ͋Δɽ2 ཁૉΛ࣋ͭ഑ྻ

A ͕ 2 ϊʔυͰϒϩοΫ෼ׂ͞Ε͓ͯΓɼϊʔυ 1 ͕ A[0]ɼϊʔυ 2 ͕ A[1] ΛͦΕͧΕอ͍࣋ͯ͠Δɽ

3 छྨͷλεΫ͕ੜ੒͞ΕɼA[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 ͕ੜ੒͞

ΕΔɽtasklet gmoveࣔࢦจͷ഑ྻ୅ೖจͰࢦఆ͞Ε͍ͯΔ෼ࢄ഑ྻ͸ͦΕͧΕϊʔυ 1 ͱϊʔυ 2

͕อ͍࣋ͯ͠ΔͨΊɼgmoveࣔࢦจͷ௨৴ύλʔϯͷҰͭͰ͋Δ send-recv ʹΑΔ P2P ௨৴͕ൃੜ͢Δɽ

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

taskB ͷ࣮ߦ͸଴͞ػΕɼϊʔυ 2 Ͱ͸ A[1] ʹΑΔϑϩʔґଘ͕͋ΔͨΊ taskB ͷ௨৴͕ྃ͢׬Δ·Ͱ

taskC ͷ࣮ߦ͸଴͞ػΕΔɽ

ਤ 3.7 ʹ tasklet reflect จʹΑΔϓϩάϥϛϯάྫͱλεΫϑϩʔΛࣔ͢ɽ4ࣔࢦ ཁૉΛ࣋ͭ

഑ྻ A ͕ 2 ϊʔυͰϒϩοΫ෼ׂ͞Ε͍ͯΔͨΊɼϊʔυ 1 ͕ A[0]ɼA[1]ɼϊʔυ 2 ͕ A[2], A[3] Λ

อ࣋͢Δɽ·ͨɼshadow ఆʹΑΓ֤ϊʔυͰࢦจͷࣔࢦ 1 ཁૉͣͭକྖҬ͕֬อ͞ΕΔɽ2 छྨͷλ

εΫ͕ੜ੒͞Εɼloop ΕΔϧʔϓ͕ੜ੒͢Δ഑ྻ͞ߦ࣮ࢄจʹΑͬͯ෼ࣔࢦ A ͷ஋Λߋ৽͢Δ taskA

ͱ tasklet reflect Δ͢ߦจΛ࣮ࣔࢦ taskB Ͱ͋Δɽਤ 3.7 ͷλεΫϑϩʔͷΑ͏ʹ 1 ഑ྻͷݩ࣍

tasklet reflectࣔࢦจʹΑΔକྖҬަ׵Λ͏ߦ৔߹ɼϊʔυ 1ɼ2 ͕ͦΕͧΕ࣋ͭྖҬΛૹ৴͢Δ

λεΫͱɼକྖҬʹ஋Λड৴͢ΔλεΫͷ 4 छྨ͕ੜ੒͞ΕΔɽैͬͯɼtaskA ͷதͰ΋ྡ઀ϊʔυͱ઀

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

ྡ઀ϊʔυͱͷ௨৴Λ։࢝͢Δ͜ͱ͕ՄೳͰ͋Δɽ

ϩʔΧϧϏϡʔ

ਤ 3.8 ͸ taskletࣔࢦจͷ putɼput readyઅʹΑΔϓϩάϥϛϯάྫͱλεΫϑϩʔͰ͋Δɽ2

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

Δɽϊʔυ͢ߦ࣮ 1 Ͱ͸ɼม਺ 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

ґଘؔ܎ͱͯ͠ out ͷλεΫ͕ੜ੒͞Εɼઌ͢ߦΔ taskA ͱͷ൓ґଘΛੜ੒͢Δ͜ͱͰλεΫͷ࣮ߦॱ

ংΛ੍͢ޚΔɽput readyઅʹهड़͞Εͨϊʔυू߹ͱλάΑΓɼϊʔυू߹ʹࢦఆ͞Εͨϊʔυ্ͷ

λάͱҰக͢Δ put અ͕هड़͞ΕͨλεΫʹରͯ͠ Put ͷ࣮ߦՄೳ௨஌ΛૹΓɼPut ͷྃ׬௨஌Λड͚

औΔ·Ͱ଴͢ػΔɽྃ׬௨஌ͷड৴ޙ͸ taskC ͷϒϩοΫ಺ʹهड़͞ΕͨԋࢉΛ࣮͢ߦΔɽਤ 3.8 ͷ৔

߹ɼtaskC ͕ϊʔυ 2 ͷ taskB ʹର࣮ͯ͠ߦՄೳ௨஌ΛૹΓɼͦͷλεΫΑΓྃ׬௨஌Λड͚औΔɽϊʔ

υ 2 ͷ put અ͕هड़͞Εͨ taskB ͸ɼλεΫ࣮ߦ։࢝ޙʹ Put ͷ࣮ߦՄೳ௨஌Λड৴͢Δ·Ͱ଴͢ػ
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Δɽputઅʹهड़͞ΕͨλάʹҰக͢ΔλεΫΑΓ Put ͷ࣮ߦՄೳ௨஌Λड৴ޙʹλεΫ಺ʹهड़͞Ε

ͨ coarray/Put Λ࣮͢ߦΔɽPut ͷ௨৴ྃ׬Λอূͨ͠ޙ͸ɼ࣮ߦՄೳ௨஌Λड৴ͨ͠ϊʔυʹରͯ͠ Put

ͷྃ׬௨஌ΛૹΓλεΫͷ࣮ߦΛऴྃ͢Δɽ

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 Ͱ͸ɼม਺ A Λߋ৽͢Δ taskA ͷ࣮ޙߦʹ Get ౓ม਺࠶Εɼ͞ߦ࣮͕ A ͷߋ৽Λߦ

͏ taskC Λ࣮͢ߦΔɽϊʔυ 1 ͷ taskA ʹ͓͍ͯ get readyઅͰม਺ A ఆ͞Ε͍ͯΔͨΊɼґଘࢦ͕

ͱͯ͠܎ؔ in ͷλεΫ͕ੜ੒͞Εɼޙଓͷ taskC ͱͷ൓ґଘΛੜ੒͢Δ͜ͱͰλεΫͷ࣮ߦॱংΛ੍ޚ

͢ΔɽtaskA ͷϒϩοΫ಺ͷॲཧͷ࣮ޙߦʹɼget readyઅʹهड़͞Εͨϊʔυू߹ͱλάΑΓɼϊʔ

υू߹ʹࢦఆ͞Εͨϊʔυ্ͷλάͱҰக͢Δ getઅ͕هड़͞ΕͨλεΫʹରͯ͠ Get ͷ࣮ߦՄೳ௨஌

ΛૹΓɼGet ͷྃ׬௨஌Λड͚औΔ·Ͱ଴͢ػΔɽྃ׬௨஌ͷड৴ޙ͸λεΫͷ࣮ߦΛऴྃ͢Δɽਤ 3.9

ͷ৔߹ɼtaskA ͕ϊʔυ 2 ͷ taskB ʹର࣮ͯ͠ߦՄೳ௨஌ΛૹΓɼͦͷλεΫΑΓྃ׬௨஌Λड͚औΔɽ

ϊʔυ 2 ͷ getઅ͕هड़͞Εͨ taskB ͸ɼλεΫ࣮ߦ։࢝ޙʹ Get ͷ࣮ߦՄೳ௨஌Λड৴͢Δ·Ͱ଴ػ

͢Δɽgetઅʹهड़͞ΕͨλάʹҰக͢ΔλεΫΑΓ Get ͷ࣮ߦՄೳ௨஌Λड͚औΓޙʹλεΫ಺ʹه

ड़͞Εͨ coarray/Get Λ࣮͢ߦΔɽGet ͷ௨৴ྃ׬Λอূͨ͠ޙ͸ɼ࣮ߦՄೳ௨஌Λड৴ͨ͠ϊʔυʹର

ͯ͠ Get ͷྃ׬௨஌ΛૹΓλεΫͷ࣮ߦΛऴྃ͢Δɽ

ਤ 3.8ɼ3.9 ͷྫΑΓ put readyɼget readyઅͷͲͪΒʹ͓͍ͯ΋ɼϒϩοΫ಺ʹهड़͞Εͨԋࢉ

ͷ࣮ߦͱ௨৴௨஌Λґଘؔ܎ͷಈతੜ੒ʹΑΓ 2 छྨͷλεΫʹ෼཭͢Δ͜ͱ͕Մೳͳ༷࢓ͱͨ͠ɽਤ

3.8 ͷλεΫϑϩʔதͷ఺ઢͷΑ͏ʹɼPut ͷ։࢝௨஌Λग़͢λεΫʢਤதͷάϨʔͷλεΫʣΛલ΋ͬͯ

Δ͜ͱͰɼPut͢ߦ࣮ ͷ࣮ߦ։࢝ΛૣΊΔ͜ͱ͕ՄೳͰ͋ΓɼଞͷԋࢉλεΫͱ௨৴ͷΦʔόϥοϓ͕Մ

ೳͱͳΔɽಉ༷ʹਤ 3.9 ͷλεΫϑϩʔதͷ఺ઢͰ͸ɼGet ͷྃ׬௨஌͸ଞͷ൓ґଘΛ࣋ͭλεΫͷ࣮ߦ

ͷ௚લ·Ͱʹࡁ·͓͚ͤͯ͹ྑ͍ͨΊɼྃ׬௨஌ͷͨΊͷ௨৴Λ஗ΒͤΔ͜ͱ͕ՄೳͰ͋Δɽޙࠓͷ՝୊

ͱͯ͠͸ɼλεΫεέδϡʔϦϯάΛվળ͠ɼput readyɼget readyઅʹΑΓੜ੒͞ΕΔยଆ௨৴ͷ

։࢝௨஌Λग़͢λεΫͷεέδϡʔϦϯάΛ͍ߦɼ௨৴ͱࢉܭͷΦʔόϥοϓ཰ͷ্޲ʹΑΔੑೳ্޲Λ

ΒΕΔɽ͛ڍͱ͕͜͏ߦ

3.3 MPI+OpenMPʹΑΔ࣮૷

taskletࣔࢦจͷ࣮૷Λࣔ͢ɽtaskletࣔࢦจΛ࣮૷͢Δ XMP ίϯύΠϥΛ Omni XMP Compiler

ͱ͢ΔɽOmni XMP Compiler ͸ɼXMP ड़͞ΕͨίʔυΛهจ͕ࣔࢦ MPI+OpenMP Ͱ࣮૷͞Εͨϥϯ

λΠϜݺͼग़͠΁ͱม͢׵Δ source-to-source ͳτϥϯεϨʔλͰ͋ΔɽैͬͯɼຊڀݚͰ͸ Omni XMP

Compiler Λվྑ͢Δ͜ͱͰɼtaskletࣔࢦจΛରԠ͢Δ MPI ͷ௨৴ API ΍ OpenMP ׵จ΁ͱมࣔࢦ

͢Δ࣮૷Λ͏ߦɽ͔͠͠ɼOmni XMP Compiler ʹΑΔϥϯλΠϜݺͼग़͠΁ͷมن׵ଇΛ͚ࣔͩ͢Ͱ͸ɼ

ϥϯλΠϜ಺ͷڍಈ͕͑ݟͳ͍ɽͦ͜ͰɼຊઅͰ͸ taskletࣔࢦจ͕ Omni XMP Compiler ʹΑΔίʔ

υม׵ͰͲͷΑ͏ͳڍಈΛ͢Δ MPI+OpenMP ίʔυ΁ͱม͞׵ΕΔ͔ΛٖࣅίʔυͰࣔ͢ɽ

ఏҊ͢Δ taskletࣔࢦจͷมޙ׵ͷ MPI ͷ௨৴ API ΍ OpenMP จࣔࢦจΛࣔ͢ɽtaskletsࣔࢦ

͸ OpenMP parallelɼsingleࣔࢦจͱ͠ɼtaskletwaitࣔࢦจ͸ OpenMP taskwaitࣔࢦจ΁

ͱม͢׵Δɽ·ͨ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 จʹΑΓੜ੒͞ΕΔ௨৴͸ɼιʔείʔυࣔࢦ 3.1 ͷΑ͏ʹม͢׵Δɽιʔείʔυ 3.1 ͸ɼ

MPI Isend() ʹΑΔૹ৴ଆͷΈͷྫ͕ͩɼड৴ଆ΋ಉ༷ʹ MPI Irecv() ͱಉظॲཧ΁ͱม͢׵Δɽϓϩη

εϨϕϧͷ௨৴هड़Ͱ͸ɼMPI Send/Recv() ʹΑΔϒϩοΩϯά௨৴΍ɼMPI Isend/Irecv() ʹΑΓϊϯϒ

ϩοΩϯά௨৴Λ։࢝͠ MPI Wait() ΍ MPI Waitall() ͰಉظΛͱΔهड़͕ҰൠతͰ͋Δɽ͔͠͠ɼλεΫ

಺Ͱ௨৴Λ࣮͢ߦΔ৔߹ɼ௨৴Ҏ֎ʹԋࢉΛ͏ߦλεΫ͕େྔʹ࣮͞ߦΕΔ͜ͱΛྀߟʹೖΕΔඞཁ͕

͋Δɽྫ͑͹ɼλεΫ಺ͰϒϩοΩϯά௨৴΍ MPI Wait() ͳͲʹΑΔಉظॲཧΛͨͬߦ৔߹ɼ௨৴͕׬

ྃ͢Δ·ͰͦͷλεΫ͸εϨουΛઐ༗͢Δɽͭ·Γɼଞͷґଘ͕ؔ܎ղফ͞Ε࣮ͨߦՄೳͳλεΫ͕

ଟ਺͋Δʹ΋ؔΘΒͣɼ௨৴ྃ׬·ͰλεΫͷ࣮͕ߦ଺Γੑೳ௿ԼΛҾ͖͜͢͜ىͱ͕͑ߟΒΕΔɽͦ

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

MPI Test() ͸௨৴ྃ׬Λඇಉظతʹ֬ೝՄೳͳ MPI ͷ API Ͱ͋Δɽtaskyieldࣔࢦจ͸ɼଞʹ࣮ߦՄ

ೳͳλεΫ͕͋Δ৔߹ʹ taskyieldࣔࢦจΛ࣮ͨ͠ߦλεΫΛҰ࣌ఀͤ͞ࢭɼଞͷλεΫͷ࣮ߦΛ༏ઌ

͢ΔࣔࢦจͰ͋ΓɼϩοΫ΍௨৴ͳͲσουϩοΫ͕ൃੜ͠͏ΔՕॴͰ༻͍ΒΕΔɽ͜ͷ 2 छྨͷߏจΛ

༻͍ͯɼMPI Test() ʹΑΓ௨৴͕͍ͯྃ͠׬ͳ͚Ε͹ taskyieldࣔࢦจʹΑΓผͷ࣮ߦՄೳλεΫ΁

ͱεΠον͢Δ͜ͱͰɼσουϩοΫ΍௨৴λεΫ͕εϨουΛઐ༗͢ΔͷΛ๷͗ɼεϨου಺ʹ͓͍ͯ

΋௨৴ͱࢉܭͷΦʔόϥοϓΛ࣮͢ݱΔɽޙࠓͷάϩʔόϧϏϡʔɼϩʔΧϧϏϡʔʹ͓͚Δ tasklet

ͷίʔυʹ͋Δޙ׵จͷมࣔࢦ P2P ௨৴͸ɼશͯιʔείʔυ 3.1 ͷΑ͏ʹίʔυม͞׵ΕΔ͕ɼίʔυ

දࣔͷ؆ུԽͷͨΊશͯ MPI Send/Recv() ͱهड़͢Δɽ

3.3.1 άϩʔόϧϏϡʔ

άϩʔόϧϏϡʔ͕ఏ͢ڙΔ tasklet gmoveɼtasklet reflectࣔࢦจͷίʔυมྫ׵Λࣔ͢ɽ

ιʔείʔυ 3.2 ͸ɼਤ 3.6 ͷ tasklet gmoveࣔࢦจʹΑΔίʔυΛ MPI+OpenMP ίʔυ΁ͱม׵

ͨ͠ྫͰ͋Δɽਤ 3.6 ͷ taskA ͱ taskC ͸ɼґଘؔ܎ͱ onઅ͕هड़͞Εͨ taskletࣔࢦจʹΑΓੜ੒

͞ΕΔͨΊɼ4 ͔Β 7ɼ18 ͔Β 21 ड़Λҡ࣋ͭͭ͠ه໨ͷΑ͏ʹλεΫ಺ͷߦ OpenMP task จͱࣔࢦ
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ιʔείʔυ 3.2 ਤ 3.6 ͷ tasklet gmoveࣔࢦจͷίʔυมྫ׵ɽ

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 અΛ࣋ͭϊʔυ͔Ͳ͏͔ͷ if จ΁ͱม͞׵ΕΔɽtaskB Λੜ੒͢Δ tasklet gmove

ɽ഑ྻ୅ೖ͏ߦ഑ྻ΍ϊʔυϩʔΧϧͳ஋Λ࣋ͭϊʔυ͕௨৴Λࢄड़͞Εͨ෼هʹจ͸ɼ഑ྻ୅ೖจࣔࢦ

จͷࠨลͱӈลͷཁૉͱ onઅʹΑΓ tasklet gmoveࣔࢦจΛ࣮͢ߦΔϊʔυ͸ɼ௨৴ͷ࣮ߦର৅ͷ

શͯͷϊʔυ͕൑அՄೳͳͨΊ MPI ͷ P2P ௨৴΁ͱม׵Ͱ͖Δɽίʔυม׵Ͱ͸ɼ8 ໨͔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 ίʔυ΁ͱ

มྫͨ͠׵Ͱ͋Δɽਤ 3.7 Ͱ͸ɼloopࣔࢦจͰฒྻ࣮͞ߦΕΔϧʔϓ಺Ͱ taskletࣔࢦจʹΑΔґଘ

Λ࣋ͭλεΫͰ͋Δ܎ؔ taskA Λੜ੒͢Δɽίʔυม׵ʹΑΓ taskA ͸ɼ5 Εͨϧʔϓ಺Ͱ͞ࢄ໨ͷ෼ߦ

λεΫ಺ͷهड़Λҡ࣋ͭͭ͠ OpenMP taskࣔࢦจͱ dependઅɼonઅΛ࣋ͭϊʔυ͔Ͳ͏͔ͷ if จ

΁ͱม͞׵ΕΔɽtaskB Λੜ੒͢Δ tasklet reflectࣔࢦจͷ৔߹͸କྖҬ௨৴ΛλεΫͰ࣮͢ߦΔ

ͨΊɼૹ৴͢ΔྖҬͱྡ઀ϊʔυ͔Βड৴͢ΔྖҬ͕ґଘؔ܎ͱͳΔɽਤ 3.7 ͷ৔߹ɼ1 ഑ྻࢄͷ෼ݩ࣍
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ιʔείʔυ 3.3 ਤ 3.7 ͷ tasklet reflectࣔࢦจͷίʔυมྫ׵ɽ

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 }

ͷ্୺Լ୺ʹ 1 ཁૉͣͭକྖҬΛ࣋ͭͨΊɼ12 ͱ 18 ໨͔Βͷߦ if จʹΑΓϊʔυ 1ɼ2 ʹ͓͚Δڥքྖ

Ҭͷૹ৴ͱକྖҬͷड৴ΛͦΕͧΕλεΫͰ࣮͢ߦΔɽڥքྖҬ΍କྖҬͷґଘؔ܎͸άϩʔόϧϏϡʔ

ͷσʔλ෼͖ͮجʹࢄɼϥϯλΠϜ͕ڥքΠϯσοΫεΛࣗ͠ࢉܭಈͰ dependઅΛ෇༩͢Δɽ

3.3.2 ϩʔΧϧϏϡʔ

ϩʔΧϧϏϡʔ͕ఏ͢ڙΔ taskletࣔࢦจͷ putɼput readyɼgetٴͼ get readyઅͷίʔυ

มྫ׵Λࣔ͢ɽຊڀݚʹ͓͍ͯɼλεΫ಺Ͱͷยଆ௨৴Λ࣮͢ݱΔͨΊͷ։࢝௨஌ͱྃ׬௨஌͸ɼϝο

ηʔδ௕ 0 ͷ P2P ௨৴ʹΑΔ࣮૷ͱ͢Δɽैͬͯɼ1 ճͷยଆ௨৴Λ࣮͢ߦΔͨΊʹ͸ɼ࣮ߦओମ͸

MPI Recv() Ͱ։࢝௨஌Λड͚औͬͨޙɼยଆ௨৴Λ࣮ߦɼยଆ௨৴ͷྃ׬อূޙʹ MPI Send() Ͱྃ׬௨

஌ΛૹΔ 3 छྨͷ௨৴͕ඞཁͱͳΔɽ·ͨɼOmni XMP Compiler ͷ coarray ΍ gmove in/outࣔࢦจ
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ιʔείʔυ 3.4 ਤ 3.8 ͷ putɼput readyઅͷίʔυมྫ׵ɽ

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 }

ͷϥϯλΠϜ࣮૷͸ɼMPI ͷยଆ௨৴ͷύογϒϞσϧʹΑΔಉظΛ༻͍͓ͯΓɼϓϩάϥϜͷ։࢝ͱऴ

ྃ࣌ʹ MPI Win lock all()ɼMPI Win unlock all() Λݺͼɼશͯͷϊʔυʹର͢Δยଆ௨৴ͷ࣮ߦΛՄೳ

ͱ͠ɼಉظ͸ MPI Win flush() ͳͲ௨৴ओମଆͷΈྃ׬อূΛ͢Δ࣮૷Ͱ͋ΔɽͦͷͨΊɼຊڀݚʹ͓͍

ͯ΋ಉ༷ͷϞσϧʹΑΔ࣮૷ͱ͢Δɽ

ιʔείʔυ 3.4 ͸ɼਤ 3.8 ͷ putɼput ready અʹΑΔίʔυΛ MPI+OpenMP ίʔυ΁ͱม׵

ͨ͠ྫͰ͋Δɽਤ 3.8 ͷ taskA ͸ɼґଘؔ܎ͱ on અ͕هड़͞Εͨ tasklet จʹΑΓੜ੒͞ΕΔࣔࢦ

ͨΊɼ4 ͔Β 7 ड़Λҡ࣋ͭͭ͠ه໨ͷΑ͏ʹλεΫ಺ͷߦ OpenMP task จͱࣔࢦ depend અɼon અ

Λ࣋ͭϊʔυ͔Ͳ͏͔Λ൑அ͢Δ if จ΁ͱม͞׵ΕΔɽtaskB ͸ put અ͕هड़͞Ε͍ͯΔͨΊɼtag ͱ
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ιʔείʔυ 3.5 ਤ 3.9 ͷ getɼget readyઅͷίʔυมྫ׵ɽ

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 અΛ࣋ͭλεΫΑΓ։࢝௨஌Λ଴ͪɼ௨஌ͷड৴ޙ͸ coarray/Put Λ࣮͠ߦ௨৴

௨஌ΛૹΔɽ11ྃ׬ɼ։࢝௨஌Λड৴ͨ͠ϊʔυʹରͯ͠ޙΛอূ͢Δɽͦͷྃ׬ ໨͕։࢝௨஌Λߦ

ड৴͢ΔͨΊͷ MPI Recv()ɼ12 ໨͕ߦ tasklet ड़͞Εͨهʹจ಺ͷϒϩοΫࣔࢦ coarray/Put Λม׵

ͨ͠ MPI Put()ɼ13 อূΛ͢Δྃ׬໨͕ยଆ௨৴ͷߦ MPI Win flush()ɼ14 ௨஌Λૹ৴͢Δྃ׬໨͕ߦ

MPI Send() ΛͦΕͧΕද͢ɽtaskC ͸ put ready અ͕هड़͞Ε͍ͯΔͨΊɼ͜ͷλεΫ͕࣮ߦՄೳͱ

ͳͬͨ࣌఺Ͱ put ready અʹهड़͞Εͨର৅ϊʔυͷ tag ͱҰக͢ΔλεΫʹରͯ͠ɼยଆ௨৴ͷ։

࢝௨஌ΛૹΔɽ։࢝௨஌Λૹ৴ޙ͸ྃ׬௨஌Λड৴͢Δ MPI Recv() ͷಉظ଴ͪΛ͠ɼྃ׬௨஌Λड৴ޙ

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

௨஌ͷૹड৴Λ͢ΔλεΫͰ͋Γɼ20ྃ׬ ໨͕։࢝௨஌Λૹ৴͢Δߦ MPI Send()ɼ21 ௨஌Λྃ׬໨͕ߦ

ड৴͢Δ MPI Recv() ΛͦΕͧΕද͢ɽ͜ͷλεΫ͸ put readyઅʹهड़͞ΕͨཁૉΛجʹࣗಈੜ੒͞

ΕΔɽ23 ໨Ҏ߱͸ɼtaskAߦ ͱಉ༷ʹ taskletࣔࢦจΑΓม͞׵ΕΔɽ

ιʔείʔυ 3.5 ͸ɼਤ 3.9 ͷ getɼget readyઅʹΑΔίʔυΛ MPI+OpenMP ίʔυ΁ͱม͠׵

ͨྫͰ͋Δɽਤ 3.9 ͷ taskA ͸ɼget readyઅ͕هड़͞Ε͍ͯΔͨΊɼtaskletࣔࢦจ಺ʹهड़͞Ε

ͨॲཧΛ࣮ޙߦʹɼยଆ௨৴ͷ Get ͕ get readyઅʹهड़͞ΕͨϊʔυΑΓ࣮͞ߦΕΔɽର৅ϊʔυͷ

tag ͱҰக͢ΔλεΫʹยଆ௨৴ͷ։࢝௨஌Λૹ৴͠ɼྃ׬௨஌Λड৴͢Δ MPI Recv() ͷಉظ଴ͪΛ͢

Δɽ9 ໨ͷߦ MPI Send() ͕։࢝௨஌ͷૹ৴ɼ10 ໨ͷߦ MPI Recv() ௨஌ͷड৴Λද͢ɽ5ྃ׬͕ ໨ͷߦ

taskࣔࢦจ͸ taskletࣔࢦจͱґଘؔ܎ʹΑΓม͞׵Εɼ7 ໨ͷλεΫ͸ߦ get readyઅʹΑΓࣗ

ಈੜ੒͞ΕΔɽtaskB ͸ getઅ͕هड़͞Ε͍ͯΔͨΊɼget readyઅ͕هड़͞Ε͍ͯΔ tag ͱҰக͢Δ

λεΫΑΓยଆ௨৴ͷ։࢝௨஌Λड৴͠ɼcoarray/Get ͷ࣮ޙߦʹ௨৴ྃ׬Λอূ͢Δɽͦͷޙɼ։࢝௨஌

Λड৴ͨ͠ϊʔυʹରͯྃ͠׬௨஌ΛૹΔɽgetઅͷม׵͸ɼputઅͱ΄΅ಉ౳ͷมߦ͕׵ΘΕɼ16 ߦ

໨͕։࢝௨஌Λड৴͢Δ MPI Recv()ɼ17 ໨͕ߦ taskletࣔࢦจ಺ͷϒϩοΫʹهड़͞Εͨ coarray/Get

Λมͨ͠׵ MPI Get()ɼ18 อূΛ͢Δྃ׬໨͕ยଆ௨৴ͷߦ MPI Win flush()ɼ19 ௨஌Λૹ৴ྃ׬໨͕ߦ

͢Δ MPI Send() ΛͦΕͧΕද͢ɽtaskC ͸ɼґଘؔ܎ͱ onΛ࣋ͭ taskletࣔࢦจͰ͋ΔͨΊɼ22 ͔

Β 25 ʹ໨ͷΑ͏ߦ taskࣔࢦจͱ dependઅٴͼ onઅͷ৚݅Λຬͨ͢ϊʔυ͔Ͳ͏͔Λ൑அ͢Δ if จ

΁ͱม͞׵ΕΔɽ



3.4 Argobots ʹΑΔ࣮૷ 56

3.4 ArgobotsʹΑΔ࣮૷

λεΫੜ੒ͷߴ଎Խ΍ɼҰఆಈ࡞Λ͢ΔλεΫεΠονϯάߏػΛ࣮͢ݱΔͨΊͷܰྔεϨουϥΠϒ

ϥϦ Argobots ʹΑΔλεΫฒྻ࣮ߦͷ࣮૷Λࣔ͢ɽຊઅͰ͸ɼArgobots ͷ֓ཁΛࣔͨ͠ޙɼArgobots ʹ

ΑΔλεΫฒྻ࣮ߦͷ࣮૷Λࣔ͢ɽArgobots ͸ Argonne National LaboratoryʢANLʣͷΤΫαεέʔϧ

ίϯϐϡʔςΟϯάʹڀݚ͚ͨ޲ϓϩδΣΫτ Argo[53] ͷҰ෦ͱͯ͠ڀݚ։ൃ͕ਐΊΒΕ͍ͯΔɼϢʔ

βϨϕϧͷεϨουϥΠϒϥϦͰ͋Δɽେྔͷཻࡉ౓λεΫʹΑΔฒྻॲཧΛ࣮͢ݱΔͨΊͷϑϨʔϜ

ϫʔΫͱͯ͠ɼεϨου੍ߏػޚ΍λεΫͷεέδϡʔϦϯάͷͨΊͷ API Λఏ͍ͯ͠ڙΔɽਤ 3.10 ʹ

Argobots ͷ࣮ߦϞσϧΛࣔ͢ɽArgobots ͷ࣮ߦ୯ҐͰ͋Δ Working UnitʢWUʣ͸ɼUser Level Thread

ʢULTʣͱ Tasklet ͷ 2 छྨ͕͋ΔɽULT ͸طଘͷεϨουϥΠϒϥϦͱಉ౳ͷػೳΛϢʔβϨϕϧͰఏڙ

͓ͯ͠Γɼmutex ΍৚݅ม਺ͳͲͷഉଞ੍ޚ΍ಉߏػظʹՃ͑ɼߴ଎ͳλεΫੜ੒ɾίϯςΩετεΠο

νΛಛ௃ͱ͍ͯ͠ΔɽTasklet ͸ؔ਺Λந৅Խͨܰ͠ྔ࣮ߦϢχοτͰ͋Γɼߴ଎ʹ࣮ߦՄೳ͕ͩ ULT ͕

࣋ͭഉଞ੍ޚ΍ಉߏػظΛ࣋ͨͣɼίϯςΩετεΠον΋Ͱ͖ͳ͍ͳͲ੍໿΋͍ڧɽ

֤ WU ͸௚઀ίΞʹׂΓ౰ͯΒΕ࣮ͯ͞ߦΕΔͷͰ͸ͳ͘ɼWU ΛೖΕΔͨΊͷΩϡʔͰ͋Δϓʔϧʹ

ೖΕΒΕɼϓʔϧ಺ͷ WU Λ Execution StreamʢESʣ͕࣮͢ߦΔɽਤ 3.10 Ͱ͸ɼCPU ͷ֤෺ཧίΞʹର

ͯ͠Ұͭͷ ES ׂ͕Γ౰ͯΒΕ͍ͯΔɽES ʹඥ෇͚ΒΕͨϚελʔεέδϡʔϥʹΑΓϓʔϧ͔Β WU

͕औΓग़͞Ε ES ্Ͱஞ࣍తʹ࣮͞ߦΕΔ͕ɼͦΕͧΕͷ ES ͸ฒྻʹಈ͢࡞ΔͨΊฒྻ࣮͕ߦՄೳͰ͋

Δɽϓʔϧʹ͸ WU ͷଞʹεέδϡʔϥΛೖΕΔ͜ͱ΋ՄೳͰ͋Δɽਤ 3.10 ͷίΞ 0 ͷϚελʔεέ

δϡʔϥʹׂΓ౰ͯΒΕͨϓʔϧ಺ʹ͋Δεέδϡʔϥ͕࣮ߦՄೳʹͳͬͨ৔߹͸ɼͦͷεέδϡʔϥ͕

࣋ͭϓʔϧ಺ͷ WU ΕΔɽ·ͨɼίΞ͞ߦ࣮͕ 1 ͷϓʔϧͷΑ͏ʹϚελʔεέδϡʔϥʹෳ਺ͷϓʔ

ϧΛׂΓ౰ͯΔ͜ͱ΍ɼίΞ 0ɼ1 Ͱڞ༗ͷϓʔϧΛઃఆ͢Δ͜ͱ΋ՄೳͰ͋ΓɼES ؒͰͷλεΫͷε

ςΟʔϦϯά΍ϚΠάϨʔγϣϯ΋Ϣʔβ͕࣮૷ՄೳͰ͋Δɽ

Argobots ͷ֤ػೳͱλεΫɼεϨουͱͷରԠ෇͚ͱλεΫฒྻ࣮ߦͷ࣮૷ͷઆ໌Λࣔ͢ɽεϨου

ͱ Argobots ͷ ES ͸ҰରҰͷରԠͱ͠ɼϢʔβ͕ࢦఆ͢Δ࣮ߦεϨου਺ʹΑͬͯ ES ͷ਺ΛࢦఆՄೳ

ͱ͢Δɽ֤෺ཧίΞʹରͯ͠ ES ͱϓʔϧΛҰׂͭͣͭΓ౰ͯΔ͕ɼશͯͷ ES ͕શͯͷϓʔϧ΁ͱΞΫ

ηεՄೳͱ͢Δɽجຊతʹ͸ɼ֤ ES ͕࣋ͭϚελʔεέδϡʔϥʹΑͬͯࣗ෼ʹׂΓ౰ͯΒΕͨϓʔ

ϧ͔ΒλεΫΛऔΓग़͠ ES ্Ͱ࣮͢ߦΔ͕ɼϓʔϧʹλεΫ͕ͳ͍৔߹͸ଞͷ ES ͕࣋ͭϓʔϧΑΓλ

εΫͷεςΟʔϦϯάΛ࣮͢ߦΔ࣮૷ͱ͢ΔɽλεΫͷੜ੒͸ϚελʔεϨουʹΑͬͯஞ࣍తߦΘΕɼ

taskletࣔࢦจʹΑͬͯੜ੒͞ΕΔλεΫΛҰͭͷ ULT ͱͯ͠ѻ͏ɽinɼoutٴͼ inoutઅΛ࣋ͨ

ͳ͍৔߹΍طʹґଘ͕ؔ܎ຬͨ͞Ε͍ͯΔ৔߹͸ɼλεΫ͸௚ͪʹੜ੒͞Εϓʔϧ΁ͱೖΕΒΕΔɽϚε

λʔεϨου͸ɼtaskletwaitࣔࢦจ͔ taskletsࣔࢦจʹΑΔϒϩοΫͷग़ޱ·Ͱ౸ୡͨ͠ͱ͖ͳ

ͲɼϢʔβʹΑͬͯࢦఆ͞ΕͨಉظϙΠϯτ·ͰͷશͯͷλεΫͷੜ੒Λऴ͑ͨͷͪʹɼλεΫͷ࣮ߦΛ

։࢝͢Δɽ

ґଘؔ܎Λ࣋ͭλεΫͷ࣮ߦ৚݅Λࣔ͢ɽinઅ͕ࢦఆ͞ΕͨλεΫͷ৔߹ɼґଘؔ܎͸ϑϩʔґଘͷ

ΈͰ͋ΔͨΊɼ௚લͷ outઅΛ࣋ͭλεΫͷऴྃʹΑΓ࣮͕ߦ։࢝͞ΕΔɽoutઅΛ࣋ͭλεΫͷ৔߹ɼ

ग़ྗґଘͱ൓ґଘͷ 2 छྨͷґଘ͕ؔ͋܎ΔͨΊɼ௚લͷ outઅΛ࣋ͭλεΫͱͦͷλεΫҎ߱ʹੜ੒

͞Εͨ inઅΛ࣋ͭશͯͷλεΫͷऴྃʹΑΓ࣮͕ߦ։࢝͞ΕΔɽҎ্ͷ࣮ߦ৚݅Λදͨ͢ΊɼຊڀݚͰ
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ද 3.1 ʢOakforest-PACSʣɽڥ؀ݧ࣮

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

͸Χ΢ϯλʹΑΔ࣮૷Λͨͬߦɽinɼoutٴͼ inoutઅʹهड़͞Εͨม਺΍഑ྻηΫγϣϯ͸ɼͦΕΒ

ͷΞυϨεΛجʹϋογϡ஋͕ੜ੒͞Εϋογϡςʔϒϧͷόέοτ্Ͱ؅ཧ͞ΕΔɽόέοτ͸Ϧετ

ʹΑΔ࣮૷ͱͨ͠ɽλεΫੜ੒࣌ʹࣗλεΫͱґଘؔ܎Λ࣋ͭλεΫ͕طʹ͋ΓɼͦͷλεΫͷ࣮͕ߦ։

࢝͞Ε͍ͯͳ͍৔߹ɼΧ΢ϯλͷ஋Λ૿Ճͤ͞ϋογϡςʔϒϧͷόέοτʹ௥Ճ͢ΔɽλεΫͷ࣮ߦऴ

ྃ࣌ʹɼࣗλεΫ͕࣋ͭґଘͱಉҰͷґଘΛϋογϡ஋ΑΓϋογϡςʔϒϧ͔Β୳͠ࡧɼ֨ೲ͞Ε͍ͯ

ΔλεΫͷΧ΢ϯλͷ஋ΛݮΒ͢ɽ͜ͷ࣌ɼΧ΢ϯλͷ஋͕ 0 ͱͳͬͨ৔߹ɼλεΫͷґଘ͕ؔ܎ղফ͠

ͨͱ͠όέοτ͔ΒऔΓग़ͨ͠ޙɼULT Λੜ੒͠ϓʔϧ΁ૠೖ͢Δɽ

OpenMP ͷ taskyieldࣔࢦจͰ࣮͞ߦΕΔλεΫͷεΠονϯά͸ɼArgobots ͕ఏ͢ڙΔλεΫε

Πονϯάؔ਺Λ༻͍ΔɽULT ಺Ͱ͜ͷؔ਺͕ݺ͹Εͨ৔߹ɼߦ࣮ࡏݱதͷ ULT ͸ϓʔϧ΁ͱୀආͤ͞

ΒΕɼϚελʔεέδϡʔϥ͕ىಈ͞ΕΔɽϓʔϧ΁ૠೖ͞Ε͍ͯΔλεΫ͸ґଘ͕ͳ͍ɼ΋͘͠͸طʹ

ղফ͞Ε͍ͯΔλεΫͷΈͰ͋ΔͨΊɼϚελʔεέδϡʔϥ͸ϓʔϧ͔ΒλεΫΛऔΓग़͠ɼ௚ͪʹ࣮

͍ͯྃ͠׬ɼ௨৴͕͍͓ͯʹظΔ௨৴ಉ͏͖ىΔ࣮૷Ͱ͸ɼσουϩοΫ͕͚͓ʹڀݚΛ։࢝͢Δɽຊߦ

ͳ͚Ε͹λεΫεΠονϯά͸ඞ࣮ͣ͞ߦΕΔ࣮૷ͱͨ͠ɽ

3.5 ௨৴ੑೳͷධՁ

1.3.3 અʹ͓͍ͯɼϓϩηεϨϕϧͰͷ௨৴ͱൺֱͯ͠ MPI THREAD MULTIPLE ͷϚϧνεϨου

஌ͷ໰୊ʹ͍ͭͯࣔͨ͠ɽຊઅͰ͸ɼIntelطΔ௨৴ੑೳ͸௿͍ͱ͍͏͚͓ʹڥ؀ Omni-Path ΍ InfiniBand

ΛΠϯλʔίωΫτͱͯ࣋ͭ͠ڥ؀ʹͯɼ࣮ࡍͷ MPI THREAD MULTIPLE ͷੑೳΛࣔͨ͠ޙɼ௨৴ੑ

ೳվળͷͨΊͷ࣮૷ʹ͍ͭͯड़΂Δɽ

3.5.1 ڥ؀ݧ࣮

Intel Omni-Path ΛΠϯλʔίωΫτͱͯ࣋ͭ͠ڥ؀ͱͯ͠ஜ೾େֶࢉܭՊֶڀݚηϯλʔͱ౦ژେֶ

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

͢Δ Oakforest-PACSʢOFPʣ[54] Λར༻͢Δɽ·ͨɼInfiniBand ΛΠϯλʔίωΫτͱͯ࣋ͭ͠ڥ؀ͱ

ͯ͠͸ɼஜ೾େֶࢉܭՊֶڀݚηϯλʔ͕ӡ༻͢Δ COMA[55] Λར༻͢Δɽ֤γεςϜͷ 1 ϊʔυͷܭ

΍ιϑτ΢ΣΞͷόʔδϣϯΛͦΕͧΕදڥ؀ػࢉ 3.1ɼ3.2 ʹࣔ͢ɽOFP ͸ Intel Xeon Phi 7250ʢ68 ί

ΞʣΛϗετϓϩηοαͱ͠ɼΠϯλʔίωΫτ͸ཧ࿦ϐʔΫόϯυ෯ 100Gb/s Λ࣋ͭ Intel Omni-Path

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



3.5 ௨৴ੑೳͷධՁ 58

ද 3.2 ʢCOMAʣɽڥ؀ݧ࣮

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 ௨৴ੑೳͷධՁʢOakforest-PACSʣɽ

ͱ Intel Xeon Phi 7110P ίϓϩηοαΛ 2 ຕʢ61 ίΞ × 2ʣ͕࣋ͭɼຊڀݚͰ͸ϗετϓϩηοαͷΈΛ

ର৅ͱ͢ΔɽΠϯλʔίωΫτͱͯ͠ Mellanox Connect-X3 Single-port FDR Λ࠾༻͓ͯ͠Γɼཧ࿦ϐʔ

Ϋόϯυ෯͸ 56Gb/s Ͱ͋ΔɽMPI ΍εϨου௨৴Λ࣮૷͢ΔͨΊͷ OpenMP ͷίϯύΠϥͱͯ͠ Intel

Compiler Λ࢖༻͢Δɽ

3.5.2 ϚϧνεϨουڥ؀Ͱͷ௨৴ੑೳͷ༧උධՁ

3.5.1 અͰࣔͨ͠ڥ؀Λ༻͍ɼ༧උධՁͱͯ͠௨৴ੑೳͷௐࠪΛ͏ߦɽλεΫฒྻͰ͸εϨου্

Ͱ࣮͞ߦΕΔλεΫ͔Β௨৴͕࣮͞ߦΕΔͨΊɼෳ਺ͷεϨου͕ಉ࣌ʹ௨৴Λ͜͏ߦͱ͕Մೳͳ

MPI THREAD MULTIPLE ͕ඞཁͱͳΔɽͦ͜Ͱɼ௨৴ੑೳͷධՁʹ͸ɼ௨ৗͷϓϩηεରϓϩηεͷ

Ping-Pong ϓϩάϥϜʹՃ͑ͯɼεϨουରεϨουͰ௨৴Λ࣮ߦՄೳͳ Ping-Pong ϓϩάϥϜΛ༻͍

Δɽ·ͨɼάϩʔόϧϏϡʔͰ͸ P2P ௨৴ɼϩʔΧϧϏϡʔ͸ยଆ௨৴Ͱ͋ΔͨΊɼMPI Send/Recv()ɼ
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ਤ 3.12 ௨৴ੑೳͷධՁʢCOMAʣɽ

MPI Put() ͷͦΕͧΕΛ༻͍ͯੑೳධՁΛ͏ߦɽยଆ௨৴ͷ৔߹͸௨৴ର৅ʹґΒͣ௨৴Λ࣮ߦՄೳͰ

͋ΔͨΊɼMPI Put() Λ࣮ޙߦʹ MPI Win flush() Ͱྃ׬Λอূ͠ɼMPI Send/Recv() ʹΑΔ 0Byte ϝο

ηʔδ௨৴Λ༻͍ͯྃ׬௨஌ΛૹΔ࣮૷ͱͨ͠ɽ͞Βʹɼಉ࣌ʹ௨৴͢ΔεϨου਺Λ 1ɼ2ɼ4 ͱ૿Ճ͞

ͤͨ৔߹ͷධՁ΋͏ߦɽPing-Pong ϓϩάϥϜʹ͸ΦϋΠΦभཱେֶͰڀݚ։ൃ͕ਐΊΒΕ͍ͯΔ OSU

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

ϓϩάϥϜΛ࣮૷͠ɼධՁʹ༻͍ͨɽ

ਤ 3.11ɼ3.12 ʹ OFP ͱ COMA Ͱͷ௨৴ੑೳͷධՁΛࣔ͢ɽԣ࣠͸ 1 εϨου͕௨৴͢ΔαΠζΛද

͠ɼॎ࣠͸εϨου͋ͨΓͷόϯυ෯Λද͢ɽྫ͑͹࣠ͷ 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() ͷੑೳ͕ྑ͍͜ͱ͕Θ͔Δɽ

OFP ʹ͓͚Δͦͷࠩ͸େ͖͘ɼ࠷େͰ 2GB/s Ҏ্ੑೳ͕ҟͳΔɽ·ͨɼCOMA ʹ͓͚Δ MPI Put() ͸

1MB Ҏ্ͷ௨৴ʹ͓͍ͯੑೳ͕ܹٸʹ௿Լ͢Δ͜ͱ͕Θ͔ͬͨɽ࣍ʹ 1 εϨουͱϚϧνεϨουͰͷ

௨৴Λൺֱ͢ΔɽͲͪΒͷγεςϜʹ͓͍ͯ΋ MPI Send/Recv()ɼMPI Put() ͱ΋ʹεϨου਺૿Ճͱͱ

΋ʹੑೳ͕௿Լ͢ΔɽैͬͯɼInfiniBandɼIntel Omni-Path ͷͲͪΒͷΠϯλʔίωΫτʹ͓͍ͯ΋ยଆ

௨৴ΑΓ P2P ௨৴ͷੑೳ͕ྑ͘ɼϚϧνεϨουͰ௨৴Λ͏ߦ MPI THREAD MULTIPLE ΑΓ΋ 1 ε

Ϩου͕௨৴Λै͏ߦདྷͷϓϩηε୯ҐͰͷ௨৴͕ߴ଎Ͱ͋Δ͜ͱ͕ࣔ͞Εͨɽ

3.5.3 ௨৴ҕৡʹΑΔ௨৴࠷దԽ

λεΫฒྻ࣮ߦʹ͓͚ΔϚϧνεϨουͰͷ௨৴ੑೳΛվળ͢ΔͨΊʹɼ௨৴࠷దԽΛ͏ߦɽ3.5.2 અ

ΑΓɼIntel Omni-PathɼInfiniBand ͱ΋ʹɼ1 ϓϩηε΋͘͠͸ 1 εϨου͕௨৴ͨ͠৔߹ͷੑೳ͸ྑ͍
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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࠷దԽͷ࣮૷ɽ

ͨΊɼຊڀݚͰ͸ taskletࣔࢦจʹΑΔλεΫฒྻ࣮૷ʹ͓͍ͯɼϢʔβ͔Β͸ϚϧνεϨουʹ௨৴

Λ࣮͢ߦΔΑ͏ͳϓϩάϥϜͰɼϥϯλΠϜʹΑΓ 1 εϨουʹ௨৴Λҕৡ͢Δ࣮૷ͱ͢Δɽ൚༻తͳ࣮

૷ͱ͢ΔͨΊ௨৴࠷దԽͷ࣮૷͸શͯ OpenMP Ͱ͏ߦɽ·ͨɼൺֱͱͯ͠ Argobots ʹΑΔ࣮૷΋ੑ͍ߦ

ೳΛࣔ͢ɽ

ਤ 3.13 ʹ 1 εϨουʹ௨৴ҕৡΛ͢Δ௨৴࠷దԽͷ࣮૷ͷ֓ཁΛࣔ͢ɽ࣮ߦεϨουͷ 1 ͭΛ௨

৴εϨουͱ͠ɼͦͷଞͷεϨουΛࢉܭεϨουͱ͢Δɽtasklets ΑΓʹ׵จͷมࣔࢦ OpenMP

parallelɼsingleࣔࢦจ΁ͱม͞׵ΕΔ͕ɼͦͷ 2 ͭͷࣔࢦจͷؒʹ masterࣔࢦจΛૠೖ͠ɼͦ

ͷࣔࢦจͰੜ੒͞ΕΔεϨουΛ௨৴εϨουͱ͢Δɽैͬͯɼsingle ΕΔ͞ߦจ಺Ͱ࣮ࣔࢦ task

จ͕ࣔࢦ masterࣔࢦจͷεϨουͰ࣮͞ߦΕΔ͜ͱ͸ͳ͍ɽ௨৴Λ࣮͢ߦΔλεΫΛؚΉશͯͷλε

Ϋ͸ࢉܭεϨουͰҰ౓࣮͞ߦΕΔɽ௨৴λεΫͷ৔߹͸௨৴ΛεϨουͰ௚઀࣮͢ߦΔͷͰ͸ͳ͘ɼ௨

৴ϦΫΤετΛੜ੒͠શͯͷεϨου͕ࢀরՄೳͳΩϡʔ΁ͱೖΕΔɽΩϡʔ΁ૠೖޙ͸௨৴ྃ׬·Ͱ

taskyieldࣔࢦจΛݺͼͳ͕Βɼ௨৴ϦΫΤετʹରͯ͠εϐϯ΢ΣΠτΛ࣮͢ߦΔɽ௨৴ϦΫΤετ

ͷ஋ͷॻ͖͑׵Λ௨৴ྃ׬ͱ͠ɼεϐϯ΢ΣΠτΛൈ͚λεΫΛऴྃ͢Δɽ௨৴εϨου͸ɼΩϡʔʹϦ

ΫΤετ͕ૠೖ͞ΕΔͷΛ଴ͭɽΩϡʔʹϦΫΤετ͕͋Δ৔߹͸ɼͦͷϦΫΤετΛجʹ௨৴Λੜ੒͠

͸ྃ׬Δɽ௨৴ͷ͢ߦ࣮ MPI Test() ʹΑΓඇಉظతʹ֬ೝ͠ɼ௨৴͕͍ͯྃ͠׬Ε͹௨৴ϦΫΤετͷ

஋Λॻ͖͑׵ΔɽsingleࣔࢦจͷϒϩοΫͷग़ޱʹ౸ୡ͠ɼશͯͷλεΫ͕ऴྃͨ͠ͷͪʹ௨৴εϨο

υ͸ऴྃ͢ΔɽArgobots ʹΑΔ࣮૷ͷ৔߹ɼES0 Λ௨৴λεΫΛ࣮͢ߦΔεϨουͱ͢ΔɽES0 ্ʹ͸

ৗʹ 1 ͭͷλεΫ͕࣮͞ߦΕ͓ͯΓɼ͜ͷλεΫͷΈ͕௨৴Λ࣮͢ߦΔɽଞͷ ES ্Ͱ࣮͞ߦΕΔλεΫ

ͷڍಈ͸ OpenMP ࣮૷ͱಉ༷ʹΩϡʔʹΑΔ௨৴ϦΫΤετͷ΍ΓऔΓͰ͋ΔͨΊৄࡉ͸লུ͢Δɽ
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3.6 ධՁ

ఏҊ͢Δ XMP ͷλεΫฒྻϞσϧͷੑೳධՁΛࣔ͢ɽtaskletࣔࢦจͷάϩʔόϧϏϡʔɼϩʔΧ

ϧϏϡʔΛͦΕͧΕ༻͍ͨϕϯνϚʔΫΛ࡞੒͠ɼIntel Xeon Phi ϝχʔίΞϓϩηοαΛ౥͢ࡌΔΫϥ

ελ্ͰੑೳධՁΛ͏ߦɽ·ͨɼIntel Xeon ϓϩηοαΛ౥͢ࡌΔΫϥελ্Ͱͷ࣮ߦ΋͍ߦɼϚϧνί

Ξڥ؀ͰͷੑೳධՁ΋߹Θͤͯࣔ͢ɽର৅ͷϕϯνϚʔΫ͸ϒϩοΫίϨεΩʔ෼ղͱϥϓϥειϧόͱ

͢ΔɽXMP ࣮૷ͱͷൺֱର৅͸ҎԼʹ࣮ࣔͨ͠૷Ͱ͋Γɼશͯ MPI+OpenMP ʹΑΔ࣮૷Ͱ͋Δɽ

• ϧʔϓฒྻʹΑΔϫʔΫγΣΞϦϯάͱσʔλґଘϞσϧʹΑΔλεΫฒྻʹΑΔ࣮૷ɽ

• MPI Send/Recv() ʹΑΔ P2P ௨৴ͱ MPI Put() ʹΑΔยଆ௨৴ʹΑΔ࣮૷ɽ

• OpenMP ͱ Argobots ͷൺֱɽ

• ௨৴࠷దԽͷ༗ແɽ

Ҏ্ͷ࣮૷ͱͷൺֱʹΑΓɼैདྷͷϧʔϓฒྻʹΑΔϫʔΫγΣΞϦϯάͱλεΫฒྻʹΑΔ࣮૷Λൺ

ֱ͢Δ͜ͱͰɼϝχʔίΞγεςϜʹ͓͚ΔλεΫฒྻʹ༏ҐੑΛࣔ͢ɽ·ͨɼXMP ͱ MPI+OpenMP

ͷλεΫґଘʹΑΔ࣮૷ͷੑೳൺֱʹΑΓɼλεΫฒྻʹΑΔ XMP ϓϩάϥϜͷੑೳ͕ MPI+OpenMP

ͱಉ౳Ͱ͋Γɼੜ࣮͍ߴ͕ੑ࢈૷Ͱ͋Δ͜ͱΛࣔ͢ɽޙ࠷ʹ Argobots ʹΑΔฒྻλεΫ࣮ߦͷ࣮૷΍

௨৴࠷దԽͷద༻ʹΑΓλεΫฒྻʹΑΔ࣮૷ͷ͞ΒͳΔߴ଎ԽΛ໨͢ࢦɽOmni XMP Compiler ΁ͷ

tasklet ɽͨͩͨͬߦ͸खಈͰ׵ΔͨΊίʔυม͍ͯྃ͠׬จͷ࣮૷͸ɼϥϯλΠϜͷΈ࣮૷͕ࣔࢦ

͠ɼtasklet gmoveࣔࢦจͷΈҰ෦ίʔυม׵ͷ࣮૷͕͓ͯྃ͠׬ΓɼϒϩοΫίϨεΩʔ෼ղͷΈ

XMP άϩʔόϧϏϡʔͷੑೳΛධՁ͢Δɽ·ͨɼArgobots ͷద༻͸ϒϩοΫίϨεΩʔ෼ղͷΈͰ͋

Γɼϥϓϥειϧό΁ͷద༻͸ޙࠓͷ՝୊ͱ͍ͨ͠ɽ

3.6.1 ύϥϝʔλ࣌ߦม਺ɼ࣮ڥ؀

ධՁڥ؀ʹ͸ɼ3.5.1 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 taskletࣔࢦจΛ࣮૷ͨ͠΋ͷΛ༻͍ɼόοΫΤϯυίϯύΠϥ΍ൺֱର৅

ͷ MPI+OpenMP ࣮૷ʹ͸ Intel Compiler Λ࢖༻͢ΔɽϒϩοΫίϨεΩʔ෼ղͰ༻͍ΒΕΔ BLAS ΍

LAPACK ͷ࣮૷ʹ͸ Intel MKL Λ࢖༻͠ɼOFP Ͱ͸ 2017 Update1ɼCOMA Ͱ͸ 11.3.2 Λ༻͍ͨɽ

ม਺Λࣔ͢ɽKNLڥύϥϝʔλ΍؀ߦΔ࣮͍༺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 ্ʹશͯͷσʔλΛ഑ஔ͢Δ৔߹͸ɼ

numactl -membind 1 ͱࢦఆ͢Δɽ͔͠͠ɼຊڀݚͰ༻͍ΔϕϯνϚʔΫͰ͸ԋࢉ༻ͷόοϑΝશମ͸

MCDRAM ্ʹऩ·Δ͕ɼॳظԽ΍݁ՌূݕͷͨΊͷόοϑΝΛؚΊΔͱ MCDRAM ͷ 16GB Λ௒͑Δɽ

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

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

OFP Ͱ͸ Intel Omni-Path ͷ௨৴ελοΫͱͯ͠ Tag Matching InterfaceʢTMIʣɼOpenFabrics Alliance

ʢOFAʣٴͼ OpenFabrics InterfaceʢOFIʣ͕࢖༻ՄೳͰ͋ΓɼCOMA Ͱ͸ Direct Access Programming

LibraryʢDAPLʣͱ OFA ͕બ୒Ͱ͖ΔɽI MPI FABRICS ʹΑΓઃఆ͕ՄೳͰ͋ΓɼຊڀݚͰ͸ OFP Ͱ

͸ TMIɼCOMA Ͱ͸ OFA ͱͨ͠ɽ

จݙ [56] ʹ͓͍ͯɼOFP Ͱ͸λΠϚׂΓࠐΈΛड͚ΔίΞ͕ 0 ͱઃఆͯ͋͠Δͱड़΂ΒΕ͓ͯΓɼί

Ξ 0 ͷ࢖༻͕ਪ঑͞Ε͍ͯͳ͍ɽ·ͨ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 ίΞΛඈ͹͢ઃఆͱͳΔɽ·ͨɼI MPI PIN PROCESSOR EXCLUDE LIST=“0, 1, 68, 69, 136, 137,

204, 205” ͱ͢Δ͜ͱͰɼࢦఆͨ͠εϨου্ʹ MPI ϓϩηε͕όΠϯυ͞Εͳ͍ઃఆͱͳΔɽKNL

͸ɼ512bit ͷ simd ௕Λ༻͍Δ͜ͱ͕Մೳͳ AVX512 Λαϙʔτ͍ͯ͠ΔͨΊɼίϯύΠϧ࣌ͷϑϥά

ʹ-axMIC-AVX512 Λ௥Ճͨ͠ɽ

3.6.2 ϒϩοΫίϨεΩʔ෼ղͷੑೳධՁ

ίϨεΩʔ෼ղ͸ɼਖ਼ఆ஋ରশྻߦΛԼྻߦ֯ࡾͱͦͷసஔͷੵʹ෼ղ͢ΔίʔυͰ͋ΓɼຊڀݚͰ͸

ϒϩοΫԽͨ͠ྻߦΛղ͘ϒϩοΫίϨεΩʔ෼ղΛର৅ͱ͢ΔɽϒϩοΫίϨεΩʔ෼ղͷίʔυ͸

OmpSs ͷύοέʔδ಺Ͱఏ͞ڙΕ͍ͯΔίʔυΛ༻͍ΔɽOmpSs ͷίʔυ͸ڞ༗ϝϞϦ͚޲ͷ࣮૷Ͱ͋

ΔͨΊɼͦͷ࣮૷Λجʹ OpenMP ࣮૷Λ͍ߦɼMPI ͱ૊Έ߹ΘͤΔ͜ͱͰ෼ࢄϝϞϦڥ؀ʹରԠ͢Δ࣮

૷ΛͨͬߦɽϒϩοΫίϨεΩʔ෼ղ͸ҎԼͷ 4 छྨͷॲཧʹ෼͚ΒΕΔɽׅހ಺͸ BLAS ΍ LAPACK

ͷϧʔνϯ໊Λද͢ɽ

1. ίϨεΩʔ෼ղʢpotrfʣ

2. ఔࣜΛղ͘ʢtrsmʣํྻߦͱ͢Δྻߦ਺܎Λྻߦ֯ࡾ

3. ରশྻߦͷϥϯΫΛߋ৽ʢsyrkʣ

4. ʢgemmʣੵྻߦ

͸ࢉΕΔɽ֤ԋ͞ߦͷॲཧ͸શͯϒϩοΫ୯ҐͰ࣮ه্ OpenMP ͷ taskࣔࢦจͱ dependઅͰهड़͞

ΕͨλεΫ಺Ͱ࣮͞ߦΕɼσʔλґଘͰ࣮ߦॱং੍͕͞ޚΕΔɽਤ 3.14 ʹϒϩοΫ਺͕ 4×4 ͷྻߦΛର

৅ͱͨ͠ϒϩοΫίϨεΩʔ෼ղΛɼ1 ϊʔυͰ࣮ͨ͠ߦͱ͖ͷλεΫϑϩʔΛࣔ͢ɽϒϩοΫίϨε

Ωʔ෼ղͷͦΕͧΕͷॲཧʹ͸ґଘ͕ؔ܎ଘ͠ࡏɼྫ͑͹ॳճͷΠςϨʔγϣϯͷ৔߹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 ؒͰ͸ґଘ͕ؔ܎ͳ͍ͨΊฒྻ࣮͕ߦՄೳͰ͋Γɼ଴ػதͷεϨου͕͋Ε͹

ॱ࣍λεΫ͕εέδϡʔϦϯά͞Ε࣮ߦΛ։࢝͢Δɽ

taskletࣔࢦจʹΑΔ࣮૷

taskletࣔࢦจʹΑΔϒϩοΫίϨεΩʔ෼ղͷ࣮૷ྫΛιʔείʔυ 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 ϒϩοΫΛ࣋ͭϒϩοΫίϨεΩʔ෼ղͷλεΫϑϩʔɽ

Δ࣮૷Ͱ͋ΔɽͲͪΒͷίʔυ΋഑ྻ A Λ෼ࢄ഑ྻͱ͠ɼ഑ྻ B ͱ C Λ௨৴όοϑΝͱͯ͠ѻ͏ɽ഑ྻ

A ͸ϒϩοΫίϨεΩʔ෼ղΛ࣮͢ߦΔ഑ྻͰ͋Γɼ1ɼ2 ໨͕ϒϩοΫΠϯσοΫεͰݩ࣍ 3 ໨͕ϒݩ࣍

ϩοΫͷཁૉΛද͢ɽશͯͷԋࢉ͸ϒϩοΫ୯ҐͰߦΘΕΔͨΊɼσʔλґଘهड़͸ 1ɼ2 ͷϒϩοΫݩ࣍

ΠϯσοΫεͰશͯهड़͞ΕΔɽͲͪΒͷίʔυʹ͓͍ͯ΋ 3 ͔Β 5 ໨ͷߦ templateɼdistribute

ͼٴ alignࣔࢦจʹΑΓɼ഑ྻ A ͷ 2 ఆ͞Ε͍ͯΔɽࢦ໨ʹରͯ͠αΠΫϦοΫ෼ׂ͕ݩ࣍

tasklet จ΍ࣔࢦ on અ͸ɼ1 ճͷ BLAS ΍ LAPACK ͷϧʔνϯݺͼग़͠ʹରͯ͠هड़͞ΕΔɽ

BLAS ΍ LAPACK ͷϧʔνϯͷԋࢉ಺༰ʹΑΓσʔλґଘΛܾఆ͠ɼ࣮ߦϊʔυ͸ͦΕΒͷԋࢉʹΑΔ

Δ࣮૷ͱͨ͠ɽྫ͑͹ɼsyrk͢ߦ৽͕ൃੜ͢ΔྖҬΛ࣋ͭϊʔυͷΈ͕λεΫΛੜ੒ɼ࣮ߋ ͷ৔߹ɼࠨล

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

ϊʔυΛද͢ςϯϓϨʔτ T(i)Λ onઅʹهड़͢Δɽ

potrf ͔Β trsmɼtrsm ͔Β gemm ͱ syrk ʹ͓͍ͯϑϩʔґଘ͕ଘ͢ࡏΔͨΊɼσʔλ෼ࢄʹΑ֤ͬͯԋ

ͷؒͰ௨৴͕ඞཁͱͳΔɽ͜͜Ͱ͸ɼpotrfࢉ ͱ trsm ؒͷ௨৴࣮૷ͷΈΛઆ໌͢Δɽιʔείʔυ 3.6 Ͱ

͸ɼ12 ໨ͷߦ tasklet gmoveࣔࢦจʹΑΓ potrf Ͱԋ͞ࢉΕͨ A[k][k] Λ֤ϊʔυ͕࣋ͭϩʔΧϧ഑

ྻ B ΁ͱ௨৴͢Δɽैͬͯɼґଘهड़͸ inઅʹ A[k][k]ɼoutઅʹ B ͱͳΔɽtrsm Λԋ͢ࢉΔϊʔυ͸
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ιʔείʔυ 3.6 tasklet gmoveࣔࢦจʹΑΔϒϩοΫίϨεΩʔ෼ղͷ࣮૷ྫɽ

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 readyઅʹΑΔϒϩοΫίϨεΩʔ෼ղͷ࣮૷ྫɽ

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:)Ͱࣔ͞ΕΔ͕ɼಉҰϊʔυ಺ʹ͓͍ͯ

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

͸ɼ9ɼ12 ໨ͷߦ taskletࣔࢦจͷ get readyɼgetઅٴͼ 13 ໨ͷߦ gmove inࣔࢦจͰยଆ௨৴

ͱϊʔυؒʹ͓͚ΔλεΫͷಉظΛهड़͢Δɽ௨৴͢Δൣғ͸ιʔείʔυ 3.6 ͱಉҰ͕ͩɼยଆ௨৴ͷ

ͨΊ potrf ͱ௨৴λεΫͷؒͰ getɼget readyઅʹΑΔಉ͕ظඞཁͱͳΔɽpotrf ԋޙࢉʹยଆ௨৴͕

ՄೳͱͳΔͨΊɼpotrfߦ࣮ ͷλεΫʹ get readyઅ͕هड़͞ΕΔɽยଆ௨৴Λ࣮͢ߦΔͷ͸ trsm Λ࣮

ϊʔυ͸ςϯϓϨʔτߦΔϊʔυͰ͋ΔͨΊɼ࣮͢ߦ T(k:)ͱදͤΔɽยଆ௨৴Λ࣮͢ߦΔλεΫʹର

ͯ͠͸ getઅ͕هड़͞Εɼget readyઅͱϚονͤ͞ΔλάʢྫͰ͸ k*nt+kʣΛࢦఆ͢Δɽ

ੑೳධՁ

ϒϩοΫίϨεΩʔ෼ղͷධՁʹ༻͍Δ഑ྻ͸ɼഒਫ਼౓ුಈখ਺఺਺ܕͰ 32768×32768ɼ1 ϒϩοΫ

αΠζ͸ 512×512 ͱ͠ɼ2 ͷαΠΫϦοΫ෼ׂʹΑΔධՁΛࣔ͢ɽOmniݩ࣍ XMP Compiler ͷίʔυม

෦͸Ұ෦ະ࣮૷Օॴ͕͋ΔͨΊɼXMP׵ ͷධՁ͸άϩʔόϧϏϡʔΛআ͖खಈม׵ͷίʔυʹΑΔੑೳ

ධՁͱͳΔɽOFP Ͱ͸ɼ1 ϊʔυ 1 ϓϩηεɼ1 ϓϩηε͋ͨΓͷεϨου਺Λ 64 ͱ͠ɼ࠷େ 32 ϊʔ

υΛ༻͍ΔɽCOMA γεςϜͰ͸ɼ1 ϊʔυ 1 ϓϩηεɼ1 ϓϩηε͋ͨΓͷεϨου਺Λ 16 ͱ͠ɼ࠷

େ 16 ϊʔυΛ༻͍ͯධՁΛ͏ߦɽੑೳධՁͱͯ͠ FLOPS ஋ͱ࠷େϊʔυ਺Λ༻͍ͨ৔߹ͷ࣮ؒ࣌ߦͷ

಺༁Λࣔ͢ɽϒϩοΫίϨεΩʔ෼ղͷ৔߹͸ɼϓϩηε 0 ʹ͓͚ΔԋࢉλεΫʢpotrfɼtrsmɼgemm ٴ

ͼ syrkʣɼ௨৴࣌ؒʢcommʣͱεϨουͷΞΠυϧঢ়ଶͷ࣌ؒʢwaitʣΛશεϨουͰͷॲཧຖͷฏۉ஋

Λࣔ͢ɽλεΫ࣮ߦͷ৔߹ɼϓϩάϥϜͷ࣮ߦຖʹεϨουͰ࣮͞ߦΕΔԋ͕ࢉมΘΔͨΊɼϚελʔε

ϨουͷΈͷ࣮ؒ࣌ߦͷ಺༁Ͱ͸ൺֱͱͳΒͳ͍ɽͦ͜ͰɼຊڀݚͰ͸શεϨουͰͷॲཧຖͷฏؒ࣌ۉ

ʹΑΔੑೳൺֱͱͨ͠ɽ

ਤ 3.15ɼ3.16 ʹ OFPɼCOMA Ͱͷ Send/Recv ௨৴ʹΑΔϒϩοΫίϨεΩʔ෼ղͷੑೳͱɼ࠷େϊʔ

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

ʢMPI+OMP, Parallel LoopʣͱλεΫฒྻʢMPI+OMP, TaskʣʹΑΔ࣮૷ͷੑೳΛൺֱ͢ΔɽλεΫฒ

ྻ࣮૷͸ϧʔϓฒྻ࣮૷ͱൺֱͯ͠ɼOFP Ͱ͸ 30%ɼCOMA ͸ 32% ੑೳ্͕͍ͯ͠޲Δɽਤ 3.15(b)ɼ

3.16(b) ΛݟΔͱεϨουͷΞΠυϧ࣌ؒΛද͢ wait ͕େ෯ʹݮগ͍ͯ͠Δͷ͕Θ͔Δɽ͜Ε͸ɼϧʔϓ

ฒྻ࣮૷Ͱهड़͞ΕͨશମಉظΛλεΫฒྻʹΑΓσʔλґଘʹΑΔҰରҰಉظͱͨ͜͠ͱͰɼಉظ଴ͪ

ঢ়ଶͷεϨου͕ݮগ͠ԋࢉλεΫͷ࣮͕ߦଅ͞Εͯੑೳ্͕ͨ͠޲ͱ͑ݴΔɽ·ͨɼOFPɼCOMA ͷ

྆γεςϜʹ͓͍ͯ΋ಉ༷ʹੑೳ্͕͓ͯ͠޲ΓɼϚϧνɼϝχʔίΞγεςϜͷͲͪΒʹ͓͍ͯ΋λε

ΫฒྻʹΑΓੑೳࠐݟ্͕޲ΊΔ͜ͱ͕Θ͔ͬͨɽ

λεΫฒྻϞσϧͷ XMPʢXMP globalviewʣͱ MPI+OpenMPʢMPI+OMP, TaskʣʹΑΔ࣮૷ͷੑೳ

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

͸ 30% ੑೳ͕௿Լ͍ͯ͠ΔɽXMP ͱ MPI+OpenMP ࣮૷ͷҟͳΔ఺ͱͯ͠௨৴͕͋Δɽpotrf ͱ trsm

ؒͷ௨৴Λྫʹ͛ڍΔͱɼMPI+OpenMP ࣮૷Ͱ͸ࣗϊʔυ͕ potrf ͷԋ݁ࢉՌΛอ͍࣋ͯ͠Δ৔߹͸ɼ

trsm Ͱ͸ͦͷ஋Λ༻͍ͯԋ͢ࢉΔ͕ɼXMP ࣮૷ͷ৔߹͸ tasklet gmove จʹͯࣗϊʔυΛؚࣔࢦ

Ή trsm Λԋ͢ࢉΔશͯͷϊʔυͱ௨৴Λ࣮͢ߦΔɽͦͷͨΊɼԋ݁ࢉՌΛอ͍࣋ͯ͠Δϊʔυͷ৔߹Ͱ

͋ͬͯ΋ MPI Send/Recv() ʹΑΓϊʔυ಺ͰϝϞϦίϐʔ͕ൃੜ͢Δɽਤ 3.15(b)ɼ3.16(b) ͷ XMP ͱ

MPI+OpenMP ࣮૷ΛݟΔͱɼXMP ࣮૷ͷ௨৴͕࣌ؒ૿Ճ͓ͯ͠Γɼtasklet gmoveࣔࢦจʹΑΔෆ
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ਤ 3.15 Send/Recv ௨৴ʹΑΔϒϩοΫίϨεΩʔ෼ղͷੑೳධՁʢOakforest-PACSʣɽ
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ਤ 3.17 Put ௨৴ʹΑΔϒϩοΫίϨεΩʔ෼ղͷੑೳධՁʢOakforest-PACSʣɽ
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ਤ 3.18 Put ௨৴ʹΑΔϒϩοΫίϨεΩʔ෼ղͷੑೳධՁʢCOMAʣɽ
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ඞཁͳྖҬͷ௨৴ʹΑͬͯੑೳ͕௿Լ͍ͯ͠Δͱ͑ݴΔɽ·ͨɼOFP ͱൺֱͯ͠ COMA Ͱͷ XMP ࣮

૷ͷ௨৴࣌ؒ͸େ͖͘௿Լ͍ͯ͠ΔɽXMP ࣮૷Ͱ͸ϊʔυ಺ͷϝϞϦίϐʔΛؚΊͯ MPI Send/Recv()

ʹΑΔ௨৴ͱ࣮͍ͯͯ͠͠ߦΔͨΊɼ௨৴ճ਺ࣗମ͕ MPI+OpenMP ࣮૷ͱൺֱͯ͠૿Ճ͍ͯ͠Δɽ௨

৴ಉظͷ࣮૷Ͱ༻͍ͨ taskyieldࣔࢦจͷڍಈ͸ OpenMP Ͱ͸ෆఆͰ͋ΔͨΊɼ௨৴ಉ͕ظඞཁͳλ

εΫ਺͕૿Ճ͢Δͱ௨৴͕ऴྃ͢Δ·ͰεϨουΛઐ༗͢ΔλεΫ͕૿Ճ͢Δɽ·ͨɼOFP ͱൺֱͯ͠

COMA ͸࣮ߦεϨου਺͕গͳ͍ͨΊɼଟ͘ͷεϨου͕௨৴λεΫʹΑͬͯઐ༗͞Εͨ͜ͱͰɼԋࢉ

λεΫͷ࣮͕ߦ஗Εੑೳ͕௿Լͨ͠ͱ͑ߟΒΕΔɽ

λεΫฒྻϞσϧͷ OpenMPʢMPI+OMP, Taskʣͱ ArgobotsʢMPI+ABT, TaskʣʹΑΔ࣮૷ͷੑೳΛ

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

ೳ্͕͍ͯ͠޲ΔɽϕʔεϥΠϯͷϧʔϓฒྻʢMPI+OMP, Parallel LoopʣʹΑΔ࣮૷ͱͷൺֱͰ͸ɼ

Argobots ͸ OFP Ͱ͸ 34%ɼCOMA ͸ 41% ͷੑೳݟ্͕޲ΒΕͨɽਤ 3.15(b)ɼ3.16(b) ͷ࣮ؒ࣌ߦͷ಺

༁ΑΓɼ྆γεςϜʹ͓͚Δ Argobots ࣮૷ͷ௨৴͕࣌ؒݮগ͍ͯ͠Δ͜ͱ͕Θ͔ΔɽArgobots Λ༻͍ͨ

͜ͱͰɼOpenMP Ͱ͸ෆఆͩͬͨ taskyieldࣔࢦจʹΑΔλεΫͷεΠονϯά͕ඞ࣮ͣ͞ߦΕɼε

Ϩου಺ʹ͓͍ͯ΋௨৴ͱࢉܭͷΦʔόϥοϓ͕ՄೳͱͳΓੑೳ্͕ͨ͠޲ͱ͑ߟΒΕΔɽ

OpenMPɼArgobots ʹΑΔ࣮૷ʹରͯ͠ɼ௨৴ҕৡʹΑΓ 1 εϨου͕௨৴Λ࣮͢ߦΔ௨৴࠷దԽΛ

,૷ʢMPI+OMP࣮ͨ͠ࢪ Task (opt) ͱ MPI+ABT, Task (opt)ʣͷੑೳΛൺֱ͢Δɽ௨৴࠷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% ͷੑೳ্޲Λୡ੒ͨ͠ɽ1 εϨουʹ௨৴Λҕৡ͠ MPI THREAD MULTIPLE ͔Βٖ

ʹతࣅ MPI THREAD FUNNELED ͱ͢Δ͜ͱͰɼਤ 3.15(b)ɼ3.16(b) ʹࣔ͞Εͨ௨৴࣌ؒ comm Λݮ࡟

͠ੑೳ্͕ͨ͠޲ɽ

Put ௨৴ʹΑΔ OFPɼCOMA ͰͷϒϩοΫίϨεΩʔ෼ղͷੑೳͱɼ࠷େϊʔυ࣮࣌ߦͷ࣮ؒ࣌ߦ

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

LoopʣͱλεΫฒྻʢMPI+OMP, TaskʣʹΑΔ࣮૷ͷੑೳΛൺֱ͢ΔͱɼλεΫฒྻ࣮૷͸ϧʔϓฒྻ

࣮૷ͱൺֱͯ͠ɼOFP Ͱ͸ 5% ੑೳ্͕͍ͯ͠޲Δɽ͔͠͠ɼCOMA Ͱ͸λεΫ࣮͕ߦऴྃͤͣɼੑೳ

ධՁΛ͜͏ߦͱ͕Ͱ͖ͳ͔ͬͨɽ͜ͷཧ༝ͱͯ͠ɼλεΫ಺ʹ͓͚Δ௨৴ಉظͷ࣮૷ʹ༻͍ͨ OpenMP

taskyieldࣔࢦจͷಈ͕࡞ෆఆͰ͋Γɼґଘ͕ؔ܎ͳ͍௨৴λεΫ͕ଟ͘ͷεϨουͰಉ࣌ʹىಈͨ͠

͜ͱʹΑΔ௨৴ͷσουϩοΫ͕ൃੜͨ͜͠ͱ͕͛ڍΒΕΔɽOFP ͱൺֱͯ͠ COMA ͸࣮ߦεϨου਺

͕গͳ͍ͨΊɼଟ͘ͷεϨου͕௨৴λεΫʹઐ༗͞Εͯ͠·͍ɼCOMA ͷΈσουϩοΫ͕ൃੜͨ͠

ͱ͑ߟΒΕΔɽ

λεΫฒྻϞσϧͷ OpenMPʢMPI+OMP, Taskʣͱ ArgobotsʢMPI+ABT, Taskʣʹ ΑΔ࣮૷ͷੑೳΛൺ

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

Ͱ͸গͳ͍࣮ߦεϨου਺ʹ͓͚ΔεϨουϨϕϧͰͷ௨৴͕ଟൃ͢ΔϓϩάϥϜʹ͓͍ͯ΋҆શʹ࣮

,ՄೳͰ͋Δ͜ͱΛࣔͨ͠ɽϕʔεϥΠϯͷϧʔϓฒྻʢMPI+OMPߦ Parallel LoopʣʹΑΔ࣮૷ͱͷൺ

ֱͰ͸ɼArgobots ͸ OFP Ͱ͸ 8%ɼCOMA ͸ 34% ͷੑೳݟ্͕޲ΒΕͨɽArgobots Λ༻͍ͨ͜ͱͰɼ

OpenMP Ͱ͸ෆఆͩͬͨ taskyieldࣔࢦจʹΑΔλεΫεΠον͕ඞ࣮ͣ͞ߦΕɼSend/Recv ௨৴ʹ

ΑΔ࣮૷ͱಉ༷ʹεϨου಺ʹ͓͍ͯ΋௨৴ͱࢉܭͷΦʔόϥοϓ͕ՄೳͱͳΓੑೳ্͕ͨ͠޲ͱ͑ߟΒ
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ΕΔɽ

OpenMPɼArgobots ʹΑΔ࣮૷ʹରͯ͠ɼ௨৴ҕৡʹΑΓ 1 εϨου͕௨৴Λ࣮͢ߦΔ௨৴࠷దԽΛࢪ

࣮ͨ͠૷ʢMPI+OMP, Task (opt)ͱMPI+ABT, Task (opt)ʣͷੑೳΛൺֱ͢ΔɽCOMAͷ৔߹͸ɼOpenMP

ʹΑΔ࣮ߦ͸σουϩοΫΛͨͨ͜͠ىΊɼArgobots 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% ͷੑೳ্޲Λୡ੒ͨ͠ɽSend/Recv ͱ

ಉ༷ʹ Put ௨৴ͷ৔߹Ͱ΋ɼยଆ௨৴࣮ߦͷͨΊͷ௨஌ʹΑΔ௨৴ͱ Put Λ 1 εϨου্Ͱ࣮͢ߦΔ͜ͱ

Ͱੑೳ্͕͢޲Δ͜ͱΛࣔͨ͠ɽ

3.6.3 ϥϓϥειϧόͷੑೳධՁ

ϥϓϥειϧό͸ɼ2 తͳεςϯܕϥϓϥεํఔࣜΛϠίϏ๏Λ༻͍ͯղ͘ϓϩάϥϜͰ͋Δɽయݩ࣍

γϧ໰୊Ͱ͋Γɼ2 ঢ়ʹ͓͚Δۙ๣ࢠ֨ݩ࣍ 4 ఺ͷฏۉʹΑΔ஋ͷߋ৽͕ओͳԋࢉͰ͋Δɽ෼ࢄϝϞϦ؀

৽ʹྡ઀ϓϩηε͕࣋ͭྖҬ͕ඞཁͱͳΔɽ͜ͷྖҬ͸କྖҬͱߋքͷ஋ͷڥࢄΔ৔߹͸ɼ෼͢ߦͰ࣮ڥ

࣮ͯ͠૷͞ΕɼΠςϨʔγϣϯຖʹߋ৽͞ΕΔεςϯγϧԋࢉͷ݁ՌΛྡ઀ϓϩηεؒͰ௨৴͢Δ͜ͱ

Ͱɼ࣍ΠςϨʔγϣϯͰԋࢉʹ༻͍Δ஋Λอ࣋͢ΔɽϠίϏ๏Ͱ͸ۭؒશମͷҰ੪ߋ৽͕͋ΔͨΊɼΠς

Ϩʔγϣϯຖʹ஋ΛҰ࣌తʹอ࣋͢Δඞཁ͕͋ΔɽैͬͯϥϓϥειϧόͰ͸ɼҰ࣌తͳσʔλอ࣋ͷͨ

ΊͷσʔλίϐʔʢcopyʣɼକྖҬΛ༻͍ͨྡ઀ϓϩηεؒͰͷ௨৴ʢcommʣٴͼ 4 ఺εςϯγϧԋࢉ

ʢcalcʣͷ 3 छྨͰߏ੒͞ΕΔɽ·ͨɼຊڀݚͰ༻͍Δϥϓϥειϧό͸ MPI+OpenMP ͷϧʔϓฒྻʹΑ

Δ࣮૷͕͞Ε͓ͯΓɼൺֱͷͨΊλεΫฒྻʹΑΔ࣮૷Λ৽ͨʹͨͬߦɽ࣮྆૷ʹ͓͍ͯɼԋྖࢉҬΛԾ

૝తʹϒϩοΫԽ͠ɼϒϩοΫ୯ҐͰԋࢉΛ͜͏ߦͱͰϝϞϦΞΫηεͷ࠷దԽΛ͏ߦΩϟογϡϒϩο

ΩϯάΛద༻ͨ͠ɽ

taskletࣔࢦจʹΑΔ࣮૷

ιʔείʔυ 3.8ɼ3.9 ʹ tasklet จʹΑΔϥϓϥειϧόͷ࣮૷ྫΛࣔ͢ɽιʔείʔυࣔࢦ 3.8

͸ɼάϩʔόϧϏϡʔʹΑΔσʔλ෼ࢄͱ taskletɼtasklet reflect จʹΑΔλεΫฒྻࣔࢦ

࣮૷Ͱ͋Δɽ3 ͔Β 5 ໨ͷߦ templateɼdistribute ͼٴ align จʹΑΓɼαΠζࣔࢦ XSIZE ×
YSIZE ͷ 2 ഑ྻݩ࣍ uɼuu ͷ 2 ΘΕΔɽ·ͨɼ1ߦ͕ࢄϒϩοΫ෼ݩ࣍ ΠςϨʔγϣϯલͷεςϯγϧ

ԋࢉͷ݁ՌΛอ࣋͢Δ഑ྻ uu ʹ͸ɼshadow ఆ͞Ε͓ͯΓɼ20ࢦจʹΑΓକྖҬ͕ࣔࢦ ʹ໨ͷΑ͏ߦ

tasklet reflectࣔࢦจʹΑΔକྖҬ௨৴͕࣮ߦՄೳͰ͋ΔɽλεΫฒྻΛ࣮͢ߦΔԋൣࢉғ͸ 9 ߦ

໨͔Β࢝·Δ for ϧʔϓͰ͋ΔͨΊɼͦͷϧʔϓʹରͯ͠ taskletsࣔࢦจΛࢦఆ͢Δɽ1 λεΫ͕࣮

ͷཻ౓͸ɼΩϟογϡϒϩοΩϯά͞ΕͨϒϩοΫαΠζͱ͢ΔɽΑͬͯɼ10ɼ22ࢉΔԋ͢ߦ ໨ʹදߦ

͞ΕΔ loop จʹΑΓ֤ϊʔυͰࣔࢦ for ϧʔϓͷ෼͕ߦ࣮ࢄ։࢝͞Εɼϊʔυ಺Ͱ͸ 13ɼ25 ໨ͷߦ

taskletࣔࢦจʹΑΓ 1 ϒϩοΫͷԋ͕ࢉλεΫͱ࣮ͯ͠͞ߦΕΔɽtaskletࣔࢦจͷ࣮ߦϊʔυ͸

ର৅ϒϩοΫΛอ࣋͢ΔϊʔυͷΈͰ͋ΔͨΊɼonઅͰ͸ର৅ϒϩοΫͷ։࢝ΠϯσοΫεΛද͢ςϯ

ϓϨʔτΛࢦఆ͢ΔɽϒϩοΫ୯ҐͰͷԋࢉͰ͸ྡ઀ϊʔυ͕࣮ଶΛ࣋ͭକྖҬͱಉ༷ʹɼϒϩοΫڥք

ͷ஋ͷߋ৽ʹྡ઀͢ΔϒϩοΫ͕࣋ͭ஋͕ඞཁͱͳΔɽͦͷͨΊɼ30 ͔Β 32 Λ࣮ࢉ໨ͷεςϯγϧԋߦ
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ιʔείʔυ 3.8 tasklet reflectࣔࢦจʹΑΔϥϓϥειϧόͷ࣮૷ྫɽ

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 readyઅʹΑΔϥϓϥειϧόͷ࣮૷ྫɽ

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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͸ɼ25܎ΔλεΫͷґଘؔ͢ߦ ͔Β 28 ΔϒϩοΫͷଞʹྡ઀͢ࢉ໨ͷΑ͏ʹԋߦ 4 ϒϩοΫͷԋൣࢉғ

Λґଘؔ܎ͱͯ͠هड़͢Δɽ20 ໨ͷߦ tasklet reflectࣔࢦจʹΑΓɼྡ઀ϊʔυ͕࣋ͭڥք஋Λ

ࣗϊʔυ͕࣋ͭକྖҬ΁ͱߋ৽Λ͏ߦକྖҬ௨৴ΛλεΫͱ࣮ͯ͢͠ߦΔɽ͜͜Ͱɼґଘؔ܎͸શͯϒ

ϩοΫαΠζຖʹهड़͞Ε͍ͯΔ͕ɼକྖҬ௨৴͸࠷֎ϒϩοΫ͕࣋ͭཁૉͷҰ෦ͷΈͰ͋ΔͨΊɼϢʔ

βهड़ͱ XMP ϥϯλΠϜ͕ੜ੒͢Δґଘ͕ؔ܎Ϛον͠ͳ͍ɽͦ͜Ͱɼtasklet reflectࣔࢦจʹ

͓͍ͯԋࢉͷґଘ͕ؔ܎ͲͷΑ͏ʹهड़͞Ε͍ͯΔ͔Λ XMP ϥϯλΠϜ΁ͱ஌ΒͤΔ chunksizeઅ

Λ༻͍ͯґଘهड़͕ϒϩοΫ୯ҐͰ͋Δ͜ͱΛࢦఆ͢Δ͜ͱͰɼ࠷֎ϒϩοΫͷԋࢉͱକྖҬ௨৴ͷؒͷ

ґଘؔ܎Λࣔ͢ɽ

ιʔείʔυ 3.9 ͸ɼϩʔΧϧϏϡʔͷ coarray/Put ͱ tasklet จɼputɼputࣔࢦ ready અʹΑ

Δ࣮૷ྫͰ͋Δɽιʔείʔυ؆ུԽͷͨΊ 1 ϒϩοΫ෼ׂͷྫΛࣔ͢ɽ·ͨ༧Ίɼ഑ྻݩ࣍ uɼuu ͷ

αΠζ XSIZE ͕෼͞ࢄΕͨ஋ͱ͢Δɽσʔλίϐʔ΍εςϯγϧԋࢉ෦ͷ taskletࣔࢦจʹΑΔλε

Ϋฒྻ࣮૷͸ɼϧʔϓྖҬͷશମ͕ࣗϊʔυͷԋൣࢉғͱͳΔͨΊ onઅ͸ඞཁͳ͍ɽͦΕҎ֎͸ιʔε

ίʔυ 3.8 ͱಉ౳Ͱ͋ΔͨΊઆ໌͸লུ͢Δɽ௨৴͸ 16ɼ21 ໨ͷߦ coarray/Put Ͱهड़͞Εɼྡ઀ϊʔ

υ upperɼlower ಉ࢜ͰϒϩοΫ୯Ґͷڥքཁૉͷަ׵Λ͏ߦɽ18 ໨ͷߦ put ready અʹΑΓϊʔυ

lower ʹରͯ͠ uu[0:bs][by:bs] ΁ͷ Put ͕ՄೳͰ͋Δ͜ͱΛ஌ΒͤɼPut ͰλεΫ͸อ࣋͞ΕΔɽ·ྃ׬

ϊʔυ lower Ͱ͸ɼ15 ໨ͷߦ putઅͰϊʔυ upper ͔Βͷ௨৴Մೳ௨஌Λड͚औΓɼ16 ໨ͷߦ Put Λ࣮

ऴతʹϊʔυ࠷ɼ͠ߦ upper ΁ͷྃ׬௨஌Λग़͢͜ͱͰλεΫͷ࣮ߦ͸ऴྃ͢Δɽ

ੑೳධՁ

ϥϓϥειϧόͷධՁʹ༻͍Δ഑ྻ͸ɼഒਫ਼౓ුಈখ਺఺਺ܕͰ 32768×32768ɼ1 ϒϩοΫαΠζ͸

512×512 ͱ͠ɼ2 ͷϒϩοΫ෼ׂʹΑΔධՁΛࣔ͢ɽXMPݩ࣍ ࣮૷ɼArgobots ͷద༻ʹΑΔධՁ͸ྃ׬

͓ͯ͠ΒͣɼධՁ͸खಈม׵ʹΑΔ MPI+OpenMP ίʔυͷੑೳධՁͷΈͱͳΔɽϒϩοΫίϨεΩʔ෼

ղͰͷධՁͱಉ༷ʹɼOFP γεςϜͰ͸ 1 ϊʔυ 1 ϓϩηεɼ1 ϓϩηε͋ͨΓͷεϨου਺Λ 64 ͱ

େ࠷͠ 32 ϊʔυΛ༻͍ΔɽCOMA γεςϜͰ͸ 1 ϊʔυ 1 ϓϩηεɼ1 ϓϩηε͋ͨΓͷεϨου਺

Λ 16 ͱ͠࠷େ 16 ϊʔυΛ༻͍ͯධՁΛ͏ߦɽੑೳධՁͱͯ͠ FLOPS ஋ɼ࠷େϊʔυ਺Λ༻͍ͨ৔߹

ͷ࣮ؒ࣌ߦͷ಺༁Λࣔ͢ɽϥϓϥειϧόͷ৔߹͸ɼϓϩηε 0 ʹ͓͚Δԋࢉʢcopy ͱ calcʣɼ௨৴࣌ؒ

ʢcommʣͱεϨουͷΞΠυϧঢ়ଶͷ࣌ؒʢwaitʣͷશεϨουͰͷॲཧຖͷฏۉ஋Λࣔ͢ɽ

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

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

LoopʣͱλεΫฒྻʢMPI+OMP, TaskʣʹΑΔ࣮૷ͷੑೳΛൺֱ͢ΔͱɼOFP Ͱ͸λεΫฒྻʹΑΓ

18% ੑೳ্͕͕ͨ͠޲ɼCOMA Ͱ͸ 13% ੑೳ͕௿Լͨ͠ɽਤ 3.19(b) ʹࣔ͞ΕΔ OFP ͷ࣮ؒ࣌ߦͷ಺

༁Ͱ͸ɼεϨουͷΞΠυϧ࣌ؒΛද͢ wait ͕େ෯ʹݮগ͍ͯ͠Δ͜ͱ͕Θ͔ΔɽϒϩοΫίϨεΩʔ

෼ղͷධՁͱಉ༷ʹɼϧʔϓฒྻͰهड़͞ΕͨશମಉظΛσʔλґଘʹΑΔλεΫฒྻͷҰରҰಉظͱ͠

ͨ͜ͱͰɼಉظ଴ͪঢ়ଶͷεϨουΛݮগͤ͞ੑೳ্͕ͨ͠޲ͱ͑ݴΔɽ͔͠͠ɼਤ 3.20(b) ͷ COMA Ͱ

ͷ࣮ؒ࣌ߦͷ಺༁Ͱ͸ɼλεΫฒྻʹΑΓ wait ͷ࣌ؒ͸ݮগ͍ͯ͠Δ͕ wait ࣗମͷ࣮ؒ࣌ߦ͸୹͘ɼͦ

΋ͦ΋ͷ࣮ߦʹ͓͍ͯϩʔυΠϯόϥϯε͕ൃੜ͍ͯ͠ͳ͍͜ͱ͕Θ͔ΔɽͦͷͨΊɼλεΫ࣮ߦʹΑΔ

Φʔόϔου΍ϚϧνεϨου௨৴ʹΑΔ௨৴࣌ؒͷ૿ՃʹΑΓੑೳ͕௿Լͨ͠ɽ࣍ʹɼMPI+OpenMP

ͷλεΫฒྻʢMPI+OMP, Taskʣͱɼͦͷ࣮૷ʹରͯ͠௨৴࠷దԽΛ࣮ͨͬߦ૷ʢMPI+OMP, Task (opt)ʣ
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ਤ 3.19 Send/Recv ௨৴ʹΑΔϥϓϥειϧόͷੑೳධՁʢOakforest-PACSʣɽ
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ਤ 3.20 Send/Recv ௨৴ʹΑΔϥϓϥειϧόͷੑೳධՁʢCOMAʣɽ
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ਤ 3.21 Put ௨৴ʹΑΔϥϓϥειϧόͷੑೳධՁʢOakforest-PACSʣɽ
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(b) 16 ϊʔυ࣮࣌ߦͷ࣮ؒ࣌ߦͷ಺༁ɽ

ਤ 3.22 Put ௨৴ʹΑΔϥϓϥειϧόͷੑೳධՁʢCOMAʣɽ
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ද 3.3 ϒϩοΫίϨεΩʔ෼ղʹ͓͚Δ֤࣮૷ͷ 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࠷దԽͷલޙͰੑೳࠩ͸ΈΒΕͳ͔ͬͨɽϥ

ϓϥειϧόͷ 1 ΠςϨʔγϣϯ͋ͨΓͷ௨৴͸ϒϩοΫίϨεΩʔ෼ղͱൺֱͯ͠ɼ2 ͚͓ʹۭؒݩ࣍

Δ্Լࠨӈͷྡ઀ 4 ϊʔυͱͷକྖҬ௨৴ͷΈͱগͳ͍ɽਤ 3.19(b)ɼ3.20(b) ͷ௨৴࣌ؒ comm Λͯݟ

΋ɼશͯͷ࣮૷ʹ͓͍ͯ௨৴࣌ؒʹେ͖ͳࠩ͸ͳ͘ɼϚϧνεϨου࣮ߦʹ͓͍ͯ௨৴ੑೳ͕௿Լ͠ͳ

͔ͬͨ͜ͱ͕ཧ༝ͱͯ͛͠ڍΒΕΔɽ

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

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

ͱλεΫฒྻʢMPI+OMP, TaskʣʹΑΔ࣮૷ͷੑೳΛൺֱ͢ΔͱɼOFP Ͱ͸λεΫฒྻʹΑΓ 14% ੑ

ೳ্͕͕ͨ͠޲ɼCOMA Ͱ͸ 13% ੑೳ͕௿Լͨ͠ɽSend/Recv ௨৴ʹΑΔධՁͱಉ༷ͰɼOFP Ͱ͸ਤ

3.21(b) ΑΓɼεϨουͷΞΠυϧ࣌ؒ wait ΒλεΫฒྻʹΑ͔ظগ͓ͯ͠Γɼϧʔϓฒྻͷશମಉݮ͕

ΔҰରҰಉظͱͨ͜͠ͱͰੑೳ্͕ͨ͠޲ɽ͔͠͠ɼਤ 3.22(b) ͷ COMA Ͱ͸ɼλεΫฒྻʹΑΓ wait

ͷ࣌ؒ͸ଟগݮগ͍ͯ͠Δ͕ wait ࣗମͷ࣮ؒ࣌ߦ͸୹͘ɼͦ΋ͦ΋ͷ࣮ߦʹ͓͍ͯϩʔυΠϯόϥϯε

͕ൃੜ͍ͯ͠ͳ͍͜ͱ͕Θ͔Δɽ࣍ʹɼMPI+OpenMP ͷλεΫฒྻʢMPI+OMP, Taskʣͱɼͦͷ࣮૷ʹ

ରͯ͠௨৴࠷దԽΛ࣮ͨͬߦ૷ʢMPI+OMP, Task(opt)ʣΛൺֱ͢Δɽ݁Ռͱͯ͠ɼOFPɼCOMA ͷ྆γ

εςϜʹ͓͍ͯ௨৴࠷దԽͷલޙͰੑೳࠩ͸ΈΒΕͳ͔ͬͨɽ͜ͷཧ༝ʹ͍ͭͯ΋ Send/Recv ௨৴ʹΑ

Δ࣮૷ͱಉ༷ʹɼ1 ΠςϨʔγϣϯ͋ͨΓͷ௨৴͕֤ྡ઀ϊʔυʹର͢Δ 1 ճͷ௨৴Ͱ͋ΓɼϒϩοΫί

ϨεΩʔ෼ղͱൺֱͯ͠গͳ͔ͬͨͨΊʹɼ1 εϨουʹ௨৴Λҕৡ͢Δ࠷దԽʹΑͬͯੑೳ্͕͠޲ͳ

͔ͬͨͱ͑ߟΒΕΔɽ

3.6.4 ੜੑ࢈

ϝχʔίΞγεςϜΛؚΉ෼ࢄϝϞϦڥ؀ͰλεΫฒྻϓϩάϥϛϯάΛ͢Δ৔߹ɼϊʔυ಺͸

OpenMPɼϊʔυؒ͸ MPI ͱҟͳΔϝϞϦۭ͚ؒ޲ͷϓϩάϥϛϯάϞσϧΛ૊Έ߹Θͤͯهड़͢Δඞ

ཁ͕͋ΔɽMPI ʹΑΔ൥ࡶͳσʔλ෼ࢄ΍ฒྻ࣮ߦͷهड़͕ඞཁͱͳΓɼ͞ΒʹϊʔυؒͰͷλεΫґଘ

Λ࣮͢ݱΔͨΊʹϊʔυ಺ͷλεΫґଘهड़ͱෳࡶͳ௨৴هड़Λ૊Έ߹Θͤͨ௨৴λεΫͷهड़͕ඞཁͱ

ͳΔɽ·ͨɼλεΫґଘͷهड़ʹΑͬͯ͸ɼલޙͰهड़͞ΕͨλεΫͷ࣮ߦॱং͕ٯʹͳΔͳͲɼϓϩά

ϥϜͷϑϩʔʹґΒͳ͍هड़΋ՄೳͰ͋ΔͨΊɼϓϩάϥϜͷόάΛݮΒͨ͢Ίʹ΋௨৴ͱλεΫґଘΛ

૊Έ߹Θͤͨ௚ײతͰ؆қͳهड़͕ٻΊΒΕΔɽ

ຊڀݚͰఏҊ͢Δ XMP ʹ͓͚ΔλεΫฒྻϞσϧͰ͸ɼάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔͷͦΕͧ
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ද 3.4 ϥϓϥειϧόʹ͓͚Δ֤࣮૷ͷ 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৔߹͸ɼஞ࣍ϓϩάϥϜͷσʔλίϐʔͷΑ͏ͳ഑ྻ୅ೖจࣜܗͰͷ௨৴

΍ɼ෼ࢄ഑ྻΛࢦఆ͢Δ͚ͩͷକྖҬ௨৴ΛλεΫ্Ͱ࣮͍ͯ͠ݱΔɽtasklet gmove จͰ͸ɼࣔࢦ

௨ৗͷλεΫґଘهड़ͱಉ༷ʹ഑ྻ୅ೖจͰࢦఆͨ͠഑ྻΛґଘͱͯ͠هड़͢Δ͚ͩͰ͋Γɼtasklet

reflectࣔࢦจͷ৔߹͸ XMP ϥϯλΠϜ͕ࣗಈతʹґଘؔ܎Λࢦఆ͢ΔɽैͬͯɼOpenMP ͷλεΫ

ฒྻϞσϧͷΑ͏ʹɼλεΫ಺Ͱهड़͞Εͨ୅ೖจΛґଘؔ܎ͱͯ͠هड़͢Δͷͱಉ༷ͷهड़Ͱɼ෼ࢄϝ

ϞϦڥ؀ʹ͓͚ΔλεΫґଘ͕هड़ՄೳͱͳͬͨɽϩʔΧϧϏϡʔʹΑΔ putɼput readyɼgetٴͼ

get readyઅͷ৔߹͸ɼλεΫ಺Ͱͷยଆ௨৴Λ࣮͢ߦΔͨΊͷಉߏظจΛఏ͍ͯ͠ڙΔɽยଆ௨৴ͷ

PutɼGet ΛλεΫ಺Ͱ࣮͢ߦΔ৔߹ͷ 3 छྨͷ௨৴ΛϢʔβ͕શͯهड़͢Δͷ͸ࠔ೉Ͱ͋Γɼهड़΋൥

ड़ͷλάϚονϯάʹΑΓهͰ͋Δɽͦ͜ͰɼϢʔβࡶ 2 ϊʔυؒͰͷ௨৴ͷ੔߹ੑΛࣗಈͰͱΔ༷࢓ͱ

ͨ͜͠ͱͰɼϢʔβ͕શͯͷ௨৴Λ໌ࣔతʹهड़͢Δෛ୲Λ͍ܰͯ͠ݮΔɽ

tasklet ΛఆྔతʹධՁ͢ΔͨΊɼ֤ϓϩάϥϛϯάϞσϧʹΑΔ࣮૷ੑ࢈จʹΑΔ࣮૷ͷੜࣔࢦ

ͷίʔυߦ਺Λൺֱ͢Δɽൺֱख๏ͱͯ͠ 2.5.4 અͷ GTC-P ͷੜੑ࢈ͷධՁͱಉ༷ʹ Delta-SLOC ํࣜ

Λ༻͍Δɽද 3.3 ʹϒϩοΫίϨεΩʔ෼ղɼද 3.4 ʹϥϓϥειϧόͷͦΕͧΕͷ࣮૷ͷߦ਺ͱஞ࣍

ϓϩάϥϜ͔Βͷࠩ෼Λࣔ͢ɽද 3.3 ʹ͓͚Δ XMP ͸ tasklet gmoveࣔࢦจʹΑΔ࣮૷ɼද 3.4 Ͱ

͸ tasklet reflectࣔࢦจʹΑΔ࣮૷Λද͢ɽશମͷߦ਺ͱͯ͠ɼ྆ϕϯνϚʔΫͷ MPI+OpenMP

࣮૷͸ஞ࣍ϓϩάϥϜͱൺֱͯ͠਺ඦߦҎ্૿Ճ͍ͯ͠Δͷʹରͯ͠ɼXMP ͸ OpenMP ࣮૷ͱ΄΅ಉ

౳ͷߦ਺૿ՃͰ࣮૷ΛՄೳͱ͍ͯ͠Δɽ͜ͷཧ༝ͱͯ͠ɼσʔλ෼ࢄ΍ฒྻ࣮͕ߦάϩʔόϧϏϡʔͷ

Մೳʹͳͬͨ͜ͱ΍ɼ௨৴ର৅ͷܾఆ΍ιʔείʔυ͕ߦจͷΈͰ࣮ࣔࢦ 3.1 ͷΑ͏ͳ௨৴ͱಉظΛࢦ

ࣔจม׵Ͱ XMP ϥϯλΠϜ͕ٵऩ͍ͯ͠Δ఺͕͛ڍΒΕΔɽ·ͨɼϥϓϥειϧόͷ XMP ࣮૷Ͱ͸

tasklet reflect จʹΑΓɼෆ࿈ଓྖҬͷ௨৴ʹ͓͚ΔσʔλͷύοΩϯά/ΞϯύοΩϯάΛࣔࢦ

ؚΉ 2 ͷۭؒݩ࣍ 4 ͷକྖҬ௨৴Λ޲ํ 1 ͷଟ͘Λ઎Ί͍ͯݮ࡟਺ߦͰද͢͜ͱ͕Ͱ͖Δ఺͕ίʔυߦ

ΔɽDelta-SLOC ͷධՁΛͯݟ΋ɼXMP ͸ OpenMP ࣮૷ͱಉ౳ͷίʔυมྔߋͰϒϩοΫίϨεΩʔ෼

ղɼϥϓϥειϧόͱ΋ʹ࣮૷Ͱ͖͍ͯΔ͜ͱ͕Θ͔ΔɽXMP ͷϩʔΧϧϏϡʔʹΑΔ࣮૷͸ 2.5.4 અ

ͷϩʔΧϧϏϡʔͷੜੑ࢈ͷධՁͱಉ༷ʹɼcoarray ʹ༻͍Δ഑ྻએ࣌ݴʹ͓͍ͯϓϩάϥϜͷॻ͖͑׵

ͨ·Δɽ͜ى͕ tasklet࣮૷ʹ͓͍ͯ͸ɼϊʔυϩʔΧϧͷ௨৴όοϑΝΛԋࢉʹ༻͍Δ࣮૷ͱͨͨ͠

Ίɼͦͷ 2 ఺ͷΈ͕ஞ࣮࣍૷͔Βͷมߋ఺Ͱ͋Δɽ͔͠͠ɼยଆ௨৴Λ࣮͢ߦΔͨΊͷ 2 ճͷಉظΛࣔࢦ

จͷઅͱͨ͜͠ͱͰͷߦ਺ͷݮ࡟΍ɼఏҊࣔࢦจ಺Ͱยଆ௨৴ͷಉ͕ࣗظಈతʹऔΒΕΔͳͲɼMPI ͱൺ
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෼ࢄϝϞϦڥ؀ʹ͓͚ΔλεΫฒྻΛهड़Մೳͳϓϩάϥϛϯάޠݴ΍ϥϯλΠϜϥΠϒϥϦ͸༷ʑ

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

ʢINRIAʣͰ։ൃ͕ਐΊΒΕ͍ͯΔ CPU ΍ԋࢉՃ଎ߏػΛର৅ʹλεΫฒྻ΍ෛՙ෼ࢄΛهड़Մೳͳϥϯ

λΠϜϥΠϒϥϦͰ͋Δɽهड़ํ๏ͱͯ͠ codelet ͱݺ͹ΕΔߏ଄ମΛ࢖༻͠ɼ࣮ ਺ɼ࣮ؔߦ Ϧιʔε΍ߦ

ґଘؔ܎ͳͲΛ༧Ίهड़͠ɼλεΫੜ੒࣌ʹ༻͍Δํ๏ΛͱΔɽ࣮ߦϞσϧ͸ OpenMP ಉ༷ʹσʔλґଘ

ʹΑΔλεΫฒྻϞσϧΛ࠾༻͓ͯ͠Γɼஞ࣮࣍ͮ͘جʹߦσʔλͷ read/writeʢSTARPU RɼSTARPU W

ͼٴ STARPU RW ΛࢦఆʣͰґଘؔ܎Λߏங͢Δɽ෼ࢄϝϞϦڥ؀Ͱ࣮͢ߦΔ৔߹ʹ͸ɼStarPU ͱ MPI

Λ૊Έ߹Θͤͯ໌ࣔతʹ௨৴Λهड़͢Δɽ·ͨ StarPU ʹରͯ͠ɼ࣮࣌ߦʹશͯͷϊʔυ͕શͯͷλεΫ

ʹ౸ୡ͢Δͱ͍͏੍໿Λ෇͚ͯσʔλ෼ࢄΛ༧Ίࢦఆ͓ͯ͘͜͠ͱͰɼશϊʔυ͕શ͘ಉ͡λεΫάϥϑ

Λੜ੒͢Δ͜ͱ͕ՄೳͱͳΓɼͦͷάϥϑΛجʹ StarPU ͕ϊʔυؒͰͷσʔλґଘΛ൑அ͠ɼ௨৴Λࣗ

ಈੜ੒͢Δ͜ͱ΋ՄೳͰ͋ΔɽQueuing and Runtime for Kernels on DistributedʢQUARK-Dʣ[58] ͸ςω

γʔେֶʹΑΓ։ൃ͕ਐΊΒΕ͍ͯΔ෼ࢄϝϞϦڥ؀Λର৅ͱͨ͠λεΫฒྻॲཧΛهड़ՄೳͳϥϯλΠ

ϜϥΠϒϥϦͰ͋ΔɽઌڀݚߦͰ͋Δ QUARK[59] ͸ڞ༗ϝϞϦڥ؀ͷΈΛରԠͱ͍͕ͯͨ͠ɼQUARK

ͷλεΫهड़ʹରͯ͠λεΫͷ ID ΍λεΫ಺ͷԋࢉͰ༻͍Δ෼ࢄσʔλΛ࣋ͭϊʔυ൪߸Λ໌ࣔ͢Δ͜

ͱͰɼ෼ࢄϝϞϦڥ؀ʹରԠ͍ͯ͠Δɽ࣮ߦϞσϧ͸ StarPUɼOpenMP ͱಉ༷ʹσʔλґଘʹͮ͘جλ

εΫฒྻϞσϧΛ࠾༻͓ͯ͠ΓɼINPUTɼOUTPUT ͼٴ INOUT ͰσʔλґଘΛهड़͢ΔɽStarPU*1΍

QUARK-D ͸ͲͪΒ΋ϥϯλΠϜϥΠϒϥϦͰ͋ΓɼλεΫͱ࣮ͯ͢͠ߦΔؔ਺ɼσʔλґଘɼ࣮ߦϦ

ιʔεͳͲଟ͘ͷ੍ߏޚจΛؔ਺ࣜܗͰશͯ໌ࣔతʹهड़͢Δඞཁ͕͋ΔɽຊڀݚͰఏҊ͢ΔλεΫฒྻ

Ϟσϧ͸ɼPGAS ϞσϧΛࣔࢦͨ͠ʹجจϕʔεͷهड़Λఏ͢ڙΔɽैͬͯɼஞ࣍ͷ࣮૷Λҡ࣋ͭͭ͠

෼ࢄϝϞϦڥ؀ʹ͓͚Δϓϩάϥϛϯά͕ՄೳͰ͋ΓɼλεΫґଘ΋ࣔࢦจʹΑΔ؆қͳهड़ͱͳͬͯ

͍Δɽ

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

Ͱ͋ΓɼͦͷػೳͷҰͭͱͯ͠λεΫฒྻ࣮ߦΛఏ͍ͯ͠ڙΔɽUPC++ Ͱ͸෼ࢄϝϞϦڥ؀ͰͷλεΫ

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 ߏड़͞Εɼهจ಺ʹෳ਺ͷλεΫ͕ߏ

จ಺ʹهड़͞ΕͨλεΫ͸ฒྻʹ࣮͞ߦΕΔɽfinish ΋ؚΜͰ͓ΓɼશͯͷλεΫͷऴྃظಉྃ׬จ͸ߏ

ʹޙ finish จΛൈ͚Δɽevent-drivenɼfinish-asyncߏ ϞσϧͱຊڀݚͰఏҊ͢ΔλεΫฒྻϞσϧͷൺֱ

Λࣔ͢ɽfinish-async Ϟσϧ͸λεΫͷґଘؔ܎Λهड़ՄೳͳϞσϧͰ͸ͳ͍ɽ·ͨɼevent-driven Ϟσϧ

͸ґଘؔ܎͸هड़Մೳ͕ͩɼґଘهड़͸σʔλґଘͰ͸ͳ͘ผ్ event Λ༻ҙ͠λεΫϑϩʔΛهड़͢Δ

*1 StarPU ͸ C ͸ରԠ͍ͯ͠ͳ͍ɽʹڥϝϞϦ؀ࢄΔ͕ɼ෼͍ͯ͠ڙจ΋ఏࣔࢦड़ՄೳͳهσʔλґଘΛʹ͚޲
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ඞཁ͕͋ΔɽλεΫ಺Ͱ࣮͞ߦΕΔԋࢉͱ͸ؔ܎ͷͳ͍ event ͷࢦఆ͕ඞཁͱͳΔͨΊɼσʔλґଘͰه

ड़͢ΔఏҊϞσϧͱൺֱ͢Δͱґଘهड़Λ௚ײతʹهड़͢Δ͜ͱ͸೉͍͠ͱ͑ߟΒΕΔɽ

OmpSs[61] ͸ɼBarcelona Supercomputing CenterʢBSCʣ͕ڀݚ։ൃΛਐΊ͍ͯΔڞ༗ϝϞϦ΍σό

Πε͚޲ͷσʔλґଘʹͮ͘جλεΫฒྻϓϩάϥϛϯάϞσϧͰ͋ΔɽOmpSs Ͱ͸σʔλґଘΛ

dependઅͰ͸ͳ͘ inɼoutٴͼ inoutઅͰهड़͢ΔҎ֎͸ɼ3.1.1 અͷ OpenMP ʹΑΔσʔλґଘ

ͱಉ౳ͷهड़Ͱ͋ΔɽOpenMP ͱҟͳΔ఺ͱ࣮ͯ͠ߦϞσϧ͕͛ڍΒΕΔɽOpenMP ͸ parallel ࢦ

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

͸ parallel ߦ࣮ʹड़͢Δ͜ͱͰεϨου͕ੜ੒͞ΕɼͦͷϒϩοΫ಺ͰεϨου͕ฒྻهจΛࣔࢦ

͞ΕΔɽҰํͰ thread-pool ϞσϧͰ͸ɼϓϩάϥϜ࣮ߦ։࢝࣌ʹશεϨου͕ੜ੒͞ΕɼϚελʔε

Ϩου͕ϓϩάϥϜΛ࣮͢ߦΔɽͦͷଞͷεϨου͸ɼϚελʔεϨου͕ϫʔΫγΣΞϦϯά͕ࢦఆ͞

Εͨϧʔϓ΍λεΫʹ౸ୡ͠ɼฒྻ࣮͕ߦඞཁͱͳΔ·Ͱ଴͢ػΔɽैͬͯɼOpenMP ͷΑ͏ʹ໌ࣔత

ʹ parallelࣔࢦจΛهड़͢Δඞཁ͕ͳ͍ɽ෼ࢄϝϞϦڥ؀Ͱ࣮͢ߦΔ৔߹ʹ͸ OmpSs ͷλεΫ಺Ͱ

MPI ͷ P2P ௨৴Λهड़͢Δํ๏͕औΒΕΔ [52]ɽMPI ͷ௨৴Λϊʔυؒͷґଘؔ܎ͱ͠ɼ௨৴ͷྃ׬Λ

ϊʔυؒͷґଘ͕ؔ܎ղফͨ͠ͱ͍ͯ͠Δɽ͜ͷ৔߹ɼ࣮ߦϞσϧ͸ຊڀݚͰͷఏҊϞσϧͱಉ౳Ͱ͋

Δɽ͔͠͠ɼهड़͸ OmpSs+MPI ͕ඞཁͱͳΓɼOmpSs ͷσʔλґଘهड़ʹՃ͑ͯɼϊʔυؒͷσʔλ

ґଘΛ MPI ௨৴Ͱશͯ໌ࣔతʹ؅ཧ͢Δඞཁ͕͋ΔɽఏҊϞσϧͰ͸ϊʔυ಺/ؒͷґଘؔ܎Λ XMP Ͱ

౷Ұతʹهड़Մೳͱ͢Δɽ

OmpSs[62] Ͱ͸͞Βʹɼmaster-slave ϞσϧʹΑΔ෼ࢄϝϞϦڥ؀ʹରԠͨ͠λεΫฒྻϞσϧ΋ఏҊ

͍ͯ͠Δɽ͜ͷϞσϧͰ͸ɼOmpSs ͷ taskࣔࢦจ͕هड़͞ΕͨλεΫʹ targetࣔࢦจΛ௥Ճ͢Δͷ

ΈͰ෼ࢄϝϞϦڥ؀Ͱ࣮ߦՄೳͱͳΔɽ࣮ߦϊʔυ͸ɼϚελʔϊʔυͱεϨʔϒϊʔυʹ෼ྨ͞ΕɼϚ

ελʔϊʔυ͕શͯͷλεΫΛల։͠εϨʔϒϊʔυʹରͯ͠ɼόοϑΝ֬อɼσʔλίώʔϨϯγΛͱ

ΔͨΊͷ௨৴ٴͼλεΫ࣮ߦͷͨΊͷγάφϧΛૹΔɽैͬͯɼϓϩάϥϜશମͰ࢖༻ՄೳͳϝϞϦྔ͸

ϚελʔϊʔυͷϝϞϦྔͱಉ౳ͱͳΓɼσʔλ෼ࢄ΍௨৴͸શͯ OmpSs ϥϯλΠϜ͕ܾఆ͠҉໧ʹ࣮

΍௨৴͸؆қʹฒྻ࣮ࢄগͳ͍Ϣʔβʹͱͬͯɼ҉໧ͷσʔλ෼͕ݧܦΕΔɽฒྻϓϩάϥϛϯάͷ͞ߦ

ಈΛ௥͏͜ͱ͸೉͘͠ɼੑೳڍΕΔϓϩάϥϜͷ͞ߦ࣮ʹՄೳͰ͋Γ༗༻Ͱ͋Δɽ͔͠͠ɼ҉໧ݱ࣮͕ߦ

ղੳ΍νϡʔχϯάΛࠔ೉ʹ͢ΔɽຊڀݚͰఏҊ͢Δ PGAS ޠݴ XMP λεΫฒྻϞσϧͰ͸ɼͮ͘جʹ

σʔλ෼ࢄ΍ฒྻ࣮ߦɼ௨৴ɾಉظ͸؆қͳهड़ͷࣔࢦจͰશͯ໌ࣔతʹࣔ͢ඞཁ͕͋ΔɽͦΕ͸ࣔࢦจ

Λهड़͠ͳ͚Ε͹ҙਤ͠ͳ͍ಈ͜ى͕࡞Βͳ͍͜ͱΛࣔ͢ɽैͬͯɼϓϩάϥϜͷڍಈ͕௥͍΍͘͢ɼσ

όοά΍ੑೳνϡʔχϯά͕͠΍͍͢ͱ͍͏ಛ௃͕͋Δɽ

λεΫฒྻΛهड़Մೳͳڞ༗ϝϞϦ͚޲ͷϓϩάϥϛϯάϞσϧ͸ɼOpenMPɼThread Building Blocks

ʢTBBʣ[63]ɼCilk Plus[64] ΍ Chapel[5] ͳͲ༷ʑ͋ΔɽຊڀݚͰ͸ɼλεΫґଘϞσϧʹΑΔ PGAS ݴ

΁ͷରԠΛ໨తͱ͍ͯ͠ΔͨΊɼଟ͘ͷϓϩάϥϛϯάϞσϧͷதͰ΋ޠ OpenMP Λ࠾༻ͨ͠ɽ

3.8 ·ͱΊ

ϝχʔίΞϓϩηοαΛ࣋ͭେن໛ͳฒྻγεςϜʹ͓͚ΔฒྻϓϩάϥϜͷੑೳɼੜੑ࢈ͷ্޲Λ໨

తͱͯ͠ɼPGAS ϞσϧʹΑΔσʔλґଘʹͮ͘جλεΫฒྻϞσϧͷఏҊΛͨͬߦɽσʔλґଘʹΑΔ

λεΫฒྻ࣮૷Λ͢Δ͜ͱͰɼै དྷͷ OpenMP ͷϧʔϓฒྻʹΑΔϫʔΫγΣΞϦϯά͕಺แ͢Δશମಉ
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Λ௨৴Ͱද͠ɼPGAS܎ΔλεΫؒͷґଘؔލ଎Խ΍ɼϊʔυΛߴΑΔʹظΛഉআ͠λεΫؒͷҰରҰಉظ

ϞσϧʹΑΔ؆қͳ௨৴هड़Ͱϊʔυ಺/ؒͷλεΫґଘΛ౷Ұతʹهड़Մೳͱ͢Δ͜ͱʹΑΔੜੑ࢈ͷ

Ͱ͸ɼPGASڀݚΛ໨తͱͨ͠ɽຊ্޲ ޠݴ XMP Λର৅ͱ͠λεΫฒྻΛهड़Մೳͳ taskletࣔࢦจ

ʹՃ͑ɼλεΫ಺Ͱͷ෼ࢄ഑ྻʹର͢Δ௨৴Λهड़Մೳͳ tasklet gmoveɼtasklet reflectࢦ

ࣔจͱยଆ௨৴Λ࣮ߦՄೳͱ͢Δ putɼput readyɼgetٴͼ get readyઅΛఏҊͨ͠ɽ·ͨɼλε

Ϋੜ੒ࣗମͷੑೳ্޲΍Ұఆಈ࡞Λ͢Δ taskyieldࣔࢦจΛ࣮͢ݱΔͨΊʹܰྔεϨουϥΠϒϥϦ

Argobots ʹΑΔฒྻλεΫ࣮ߦͷ࣮૷΍ɼMPI THREAD MULTIPLE ʹΑΔϚϧνεϨουͰͷ௨৴ੑ

ೳ௿ԼΛվળ͢ΔͨΊͷ 1 εϨου΁ͷ௨৴ҕৡʹΑΔ௨৴࠷దԽΛͨͬߦɽఏҊࣔࢦจʹΑΓϒϩοΫ

ίϨεΩʔ෼ղͱϥϓϥειϧόΛ࣮૷͠ɼैདྷͷϧʔϓฒྻͱλεΫฒྻɼOpenMP ͱ Argobotsɼ௨

৴࠷దԽͷ༗ແͷൺֱΛͨͬߦɽϒϩοΫίϨεΩʔ෼ղɼϥϓϥειϧόͱ΋ʹϧʔϓฒྻͱൺֱ͠

ͯλεΫฒྻʹΑΔੑೳ্޲Λ֬ೝͨ͠ɽ·ͨɼArgobots ʹΑΔ࣮૷ͱ͢Δ͜ͱͰɼOpenMP Ͱ͸ෆఆ

ͩͬͨ taskyieldࣔࢦจʹΑΔλεΫεΠονϯά͕Ұఆಈ࡞Λ͢ΔΑ͏ʹͳΓɼ௨৴Λ࣮͢ߦΔλ

εΫ͕௨৴ྃ׬·ͰεϨουΛઐ༗ͤͣɼεϨου಺ʹ͓͍ͯ΋௨৴ͱԋࢉͷΦʔόϥοϓΛ࣮ߦՄೳͱ

ͨ͠ɽ௨৴࠷దԽͰ͸ɼϥϓϥειϧό͸௨৴ճ਺͕গͳ͍ͨΊϚϧνεϨου௨৴ʹΑΔେ͖ͳੑೳ௿

Լ͕͖ͣىɼ௨৴ҕৡʹΑΔ࠷దԽͷޮՌ͸ಘΒΕͳ͔͕ͬͨɼϒϩοΫίϨεΩʔ෼ղʹ͓͍ͯ͸λε

Ϋฒྻ࣮૷Ҏ্ͷੑೳ্޲Λ֬ೝͨ͠ɽ·ͨɼੜੑ࢈ͷ؍఺͔Β΋άϩʔόϧϏϡʔͰ͸ɼஞ࣍ϓϩάϥ

ϜͷσʔλίϐʔͷΑ͏ͳهड़Ͱͷ௨৴΍ɼ෼ࢄ഑ྻΛࢦఆ͢Δ͚ͩͷକྖҬ௨৴ΛλεΫ্Ͱ؆қʹه

ड़Մೳͱͨ͠ɽϩʔΧϧϏϡʔͰ͸ɼยଆ௨৴Λ࣮͢ߦΔͨΊͷෳ਺ճͷಉظΛ taskletࣔࢦจͷઅͱ

Δɽ݁Ռͱͯ͠ɼXMP͍ͯ͠ݮड़͢Δෛ୲Λܰهʹड़Մೳͱ͠ɼϢʔβ͕શͯͷ௨৴Λ໌ࣔతهͯ͠ ʹ

ΑΔλεΫฒྻϞσϧʹΑΓɼैདྷͷϧʔϓฒྻͱൺֱͯ͠ੑ͍ߴೳ͕ಘΒΕɼMPI+OpenMP ड़ͱൺه

ֱͯ͠ΑΓ؆қͳ࣮૷ΛՄೳͱͨ͠ɽ

ͷ՝୊ͱͯ͠ɼOmniޙࠓ XMP Compiler ͷ tasklet ɼͤྃ͞׬จͷτϥϯεϨʔλ෦ͷ࣮૷Λࣔࢦ

ϒϩοΫίϨεΩʔ෼ղ΍ϥϓϥειϧόͷ XMP ࣮૷ͷੑೳධՁΛ͜͏ߦͱ΍ɼϋΠϒϦουϏϡʔಉ

༷ʹ࣮ΞϓϦέʔγϣϯͳͲͷෳࡶͳ࣮૷΁ͷద༻Λ͜͏ߦͱ͕͛ڍΒΕΔɽ·ͨɼยଆ௨৴ʹΑΔλε

Ϋฒྻ࣮ߦͷੑೳ্޲ͷͨΊʹɼยଆ௨৴࣮ߦͷͨΊͷ௨৴ճ਺Λݮ࡟Մೳͳ௨৴ํ๏ͷ࣮͛ڍ͕ݱΒΕ

Δɽจݙ [65] Ͱ͸ɼยଆ௨৴ࣗମʹ notify Λ෇͚ɼยଆ௨৴ͱྃ׬௨஌Λ 1 ճͷ௨৴ͱ͢Δ͜ͱͰ௨৴

ੑೳΛ্޲Λ͍ͤͯ͞Δɽ͜ͷख๏ΛλεΫฒྻʹ͓͚Δยଆ௨৴ʹ΋ಋೖ͢Δ͜ͱͰɼ௨৴ճ਺ݮ࡟ʹ

ΑΔੑೳظ্͕޲଴͞ΕΔɽ
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ୈ 4ষ

݁࿦ͱޙࠓͷ՝୊

4.1 ݁࿦

ຊڀݚͰ͸ɼେن໛ͳ෼ࢄϝϞϦγεςϜʹ͓͚ΔฒྻϓϩάϥϜͷੑೳͱੜੑ࢈ͷ্޲Λ໨తͱ͠

ͨɽ·ͣɼੜੑ࢈ͷ্޲Λ໨తͱͯ͠ɼPGAS ϞσϧΛجʹͨ͠ϋΠϒϦουϏϡʔͷఏҊΛͨͬߦɽϋ

ΠϒϦουϏϡʔ͸ɼάϩʔόϧϏϡʔͷ؆қͳσʔλ෼ࢄɼฒྻ࣮ٴߦͼ௨৴ɾಉظΛهड़Մೳͱͭ͠

ͭɼϩʔΧϧͳ໊લۭؒͰͷϓϩάϥϜΛٻΊΒΕΔΑ͏ͳෳࡶͳ௨৴ʹରͯ͠͸ϩʔΧϧϏϡʔͷ؆қ

ͳهड़ʹΑΔยଆ௨৴Λهड़Մೳͱ͢ΔɽఏҊϞσϧʹΑΓɼैདྷͰ͸άϩʔόϧϏϡʔͷద༻͕ࠔ೉ͳ

ϓϩάϥϜʹରͯ͠΋෦෼తʹద༻ՄೳͱͳΓɼϓϩάϥϜશମͱͯ͠ͷੜੑ࢈Λ্ͤ͞޲Δ͜ͱ͕Մೳ

ͱͳΔɽຊڀݚͰ͸ɼPGAS ޠݴ XMP Λର৅ͱ͠ɼXMP ͷάϩʔόϧϏϡʔͱϩʔΧϧϏϡʔΛ૊Έ

߹ΘͤͨϋΠϒϦουϏϡʔΛ༻͍ͯ֩༥߹γϛϡϨʔγϣϯίʔυ GTC-P ͷ࣮૷Λ͍ߦɼΦϦδφϧ

ͷ MPI ࣮૷ͱൺֱΛ͢Δ͜ͱͰੑೳͱੜੑ࢈ͷධՁΛͨͬߦɽϋΠϒϦουϏϡʔʹΑΔ࣮૷Ͱ͸ɼΦ

Ϧδφϧͷ࣮૷ΛؚΉϩʔυΠϯόϥϯε͕ൃੜ͢ΔҰ෦ͷධՁΛআ͖ɼMPI ࣮૷ʹ͍ۙੑೳΛୡ੒͠

ͨɽੜੑ࢈ͷ؍఺͔Β͸ɼάϩʔόϧϏϡʔʹΑΔྖҬ෼ׂʹΑΓɼஞ࣮࣍૷ʹࣔࢦจΛ௥Ճ͢ΔͷΈͰ

ͷฒྻԽ΍ɼྡ઀֨ࢠ఺ؒͷ௨৴Λ reflectࣔࢦจ 1 ड़͢Δ͜ͱ͕ՄೳͰ͋ΔͨΊ؆қͳ࣮૷ͱهͰߦ

Δɽ·ͨɼϩʔΧϧϏϡʔͷ͑ݴ coarray ͸ɼ഑ྻ୅ೖจࣜܗͰ௨৴Λهड़Մೳͳ͜ͱ͔ΒɼMPI ͱൺֱ

ͯ͠ΑΓ௚ײతͳͨΊՄಡੑ͕͘ߴɼXMP ͕ࣗಈͰ௨৴ͷ੔߹ੑΛͱΔͨΊ௨৴هड़΋༰қͰ͋ΔɽҎ

্ͷ͜ͱ͔ΒɼPIC ๏ʹؚ·ΕΔ֤ϓϩηεͷԋ͕ྔࢉಈతʹมԽ͢ΔཻيࢠಓԋࢉͷΑ͏ͳɼάϩʔό

ϧϏϡʔͷΈͰ࣮૷͢Δ͜ͱ͕ࠔ೉ͳෳࡶͳΞϧΰϦζϜʹରͯ͠΋ɼXMP ͷϓϩάϥϛϯάϞσϧΛ

૊Έ߹ΘͤΔ͜ͱͰ࣮૷͕ՄೳʹͳΓɼ͞ΒʹҰఆͷੑೳΛอͪͭͭɼ؆ศ͔ͭεέʔϥϒϧʹهड़Ͱ͖

Δ͕ࣔ͞ࣄΕͨɽ

ͨͩ͠ɼϋΠϒϦουϏϡʔ͸ϊʔυؒͰͷ௨৴ɼσʔλ෼ׂ΍ฒྻ࣮ߦΛ؆қʹهड़Մೳͱ͍ͯ͠Δ

ϞσϧͰ͋Γɼۙ೥ొ৔͍ͯ͠ΔϝχʔίΞϓϩηοαΛ౥͢ࡌΔγεςϜʹ͓͍ͯ͸ϊʔυؒฒྻʹՃ

͑ͯɼϊʔυ಺ฒྻͷੑೳɼੜੑ࢈΋ྀߟʹೖΕΔඞཁ͕͋Δɽͦ͜ͰɼϝχʔίΞϓϩηοαΛ࣋ͭେ

Λ໨తͱͯ͠ɼPGAS্޲ͷੑ࢈໛ͳฒྻγεςϜʹ͓͚ΔฒྻϓϩάϥϜͷੑೳɼੜن ϞσϧʹΑΔ

σʔλґଘʹͮ͘جλεΫฒྻϞσϧͷఏҊΛͨͬߦɽσʔλґଘʹΑΔλεΫฒྻ࣮૷Λ͢Δ͜ͱͰɼ

ैདྷͷ OpenMP ͷϧʔϓฒྻʹΑΔϫʔΫγΣΞϦϯά͕಺แ͢ΔશମಉظΛഉআ͠ɼλεΫؒͷҰର

ҰಉظʹΑΔߴ଎ԽΛ࣮͢ݱΔɽ·ͨɼϊʔυΛލΔλεΫؒͷґଘؔ܎Λ௨৴Ͱද͠ɼPGAS Ϟσϧ
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ʹΑΔ؆қͳ௨৴هड़Ͱϊʔυ಺/ؒͷλεΫґଘΛ౷Ұతʹهड़Մೳͱ͢ΔɽຊڀݚͰ͸ɼPGAS ޠݴ

XMP Λର৅ͱ͠ taskletࣔࢦจΛఏҊ͠ɼఏҊࣔࢦจʹΑΔϒϩοΫίϨεΩʔ෼ղͱϥϓϥειϧ

όͷ࣮૷Λ͍ߦɼैདྷͷϧʔϓฒྻʹΑΔ࣮૷ͱͷੑೳɼੜੑ࢈ͷൺֱΛͨͬߦɽ݁Ռͱͯ͠ɼ྆ϕϯν

ϚʔΫʹ͓͍ͯλεΫฒྻͰهड़͢Δ͜ͱͰɼϧʔϓฒྻʹΑΔ࣮૷ΑΓ΋ੑ͍ߴೳΛୡ੒ͨ͠ɽ·ͨɼ

ੜੑ࢈ͷ؍఺͔Β΋ɼάϩʔόϧϏϡʔͰ͸ɼ෼ࢄ഑ྻʹରͯ͠഑ྻ୅ೖจࣜܗͰͷஞ࣍ϓϩάϥϜͷ

σʔλίϐʔͷΑ͏ͳهड़Ͱͷ௨৴΍ɼ෼ࢄ഑ྻΛࢦఆ͢Δ͚ͩͷକྖҬ௨৴ΛλεΫ্Ͱ؆қʹهड़Մ

ೳͱͨ͠ɽϩʔΧϧϏϡʔͰ͸ɼยଆ௨৴Λ࣮͢ߦΔͨΊͷෳ਺ճͷಉظΛ tasklet จͷઅͱࣔ͠ࢦ

ΔɽϓϩάϥϜશମͱͯ͠ɼ͍ͯ͠ݮड़͢Δෛ୲Λܰهʹड़Մೳͱ͠ɼϢʔβ͕શͯͷ௨৴Λ໌ࣔతهͯ

OpenMP ͱ΄΅ಉ౳ͷهड़Ͱ෼ࢄϝϞϦ্ڥ؀ͰͷλεΫฒྻΛՄೳͱͨ͜͠ͱ͔Βੜੑ࢈ͷ͞ߴ΋ࣔ

ͨ͠ɽੑೳ࠷దԽʹؔͯ͠͸ɼλεΫੜ੒ͷܰྔԽ΍Ұఆಈ࡞Λ͢Δ taskyieldࣔࢦจΛ࣮͢ݱΔͨ

ΊʹܰྔεϨουϥΠϒϥϦ Argobots ʹΑΔฒྻλεΫ࣮ߦͷ࣮૷΍ɼϚϧνεϨουڥ؀Ͱͷ௨৴ੑ

ೳ௿ԼΛվળ͢ΔͨΊͷ௨৴࠷దԽΛͨͬߦɽ݁Ռͱͯ͠ɼ௨৴ճ਺͕গͳ͍ϥϓϥειϧόʹ͓͍ͯ͸

௨৴࠷దԽͷޮՌ͸ಘΒΕͳ͔͕ͬͨɼϒϩοΫίϨεΩʔ෼ղʹରͯ͠͸ޮՌ͕͋Γੑೳ্޲Λ֬ೝ

ͨ͠ɽ

4.2 ͷ՝୊ޙࠓ

ͷ՝୊ͱͯ͠ɼϋΠϒϦουϏϡʔϞσϧʹΑΔ֩༥߹γϛϡϨʔγϣϯίʔυޙࠓ GTC-P ͷ࣮૷Ͱ

͸ɼXMP/C ͷ coarray ͷϥϯλΠϜϥΠϒϥϦΛผͷยଆ௨৴ϥΠϒϥϦʹΑΓ࣮૷͠ɼੑೳධՁΛߦ

͏͜ͱ͕͛ڍΒΕΔɽOmni XMP Compiler Ͱ͸ɼ2018 ೥ 1 ࡏݱ݄ coarray ͷϥϯλΠϜϥΠϒϥϦͷ࣮

૷ʹ MPI Λ༻͍࣮ͨ૷͕௥Ճ͞Ε͓ͯΓɼͦΕΛ༻͍ͨධՁ΍ɼGASPI ΍ ComEx ͳͲͷଞͷ PGAS ޲

͚ͷ௨৴ϥΠϒϥϦΛ༻͍࣮ͯ૷͢Δ͜ͱ͕͛ڍΒΕΔɽ·ͨɼຊڀݚͰ͸ɼ෼ࢄ഑ྻ͸શͯ੩తʹ֬อ

͞Εͨ഑ྻΛର৅ͱͨͨ͠Ίɼtemplate fix จ΍ࣔࢦ xmp malloc() Λ༻͍ͨಈతͳ෼ࢄ഑ྻΛ༻͍

࣮ͨ૷Λ͜͏ߦͱ͕͛ڍΒΕΔɽੑೳධՁͰ༻͍ͨαΠζ A ͸໰୊εέʔϧͱͯ͠খن໛Ͱ͋ͬͨͨΊɼ

ITER ͷΑ͏ͳେن໛ͳ֩༥߹૷ஔʹରԠͨ͠໰୊αΠζΛղ͍ͨ৔߹ͷධՁ΍ɼXACC Λ༻͍ͨ GPU

Ϋϥελ͚޲ͷ࣮૷Λ͜͏ߦͱ͕͑ߟΒΕΔɽ

PGAS ϞσϧʹΑΔϝχʔίΞγεςϜ͚޲λεΫฒྻϓϩάϥϛϯάϞσϧͷఏҊͰ͸ɼOmni XMP

Compiler ͷ taskletࣔࢦจͷτϥϯεϨʔλ෦ͷ࣮૷Λͤྃ͞׬ɼϒϩοΫίϨεΩʔ෼ղ΍ϥϓϥ

ειϧόͷ XMP ࣮૷ͷੑೳධՁΛ͜͏ߦͱ΍ɼϋΠϒϦουϏϡʔಉ༷ʹ࣮ΞϓϦέʔγϣϯͳͲͷෳ

ͷͨΊʹɼ্޲ͷੑೳߦΒΕΔɽ·ͨɼยଆ௨৴ʹΑΔλεΫฒྻ࣮͛ڍͱ͕͜͏ߦͳ࣮૷΁ͷద༻Λࡶ

ยଆ௨৴࣮ߦͷͨΊͷ௨৴ճ਺Λݮ࡟Մೳͳ௨৴ํ๏ͷ࣮͛ڍ͕ݱΒΕΔɽจݙ [65] Ͱ͸ɼยଆ௨৴ࣗ

ମʹ notify Λ෇͚ɼยଆ௨৴ͱྃ׬௨஌Λ 1 ճͷ௨৴ͱ͢Δ͜ͱͰ௨৴ੑೳΛ্޲Λ͍ͤͯ͞Δɽ͜ͷख

๏ΛλεΫฒྻʹ͓͚Δยଆ௨৴ʹ΋ಋೖ͢Δ͜ͱͰɼ௨৴ճ਺ݮ࡟ʹΑΔੑೳظ্͕޲଴͞ΕΔɽ

·ͨɼTop500 ΛݟΔͱ GPU Λ୅දͱ͢ΔԋࢉՃ଎ߏػΛ౥͢ࡌΔγεςϜ΋ϝχʔίΞϓϩηοα

Ҏ্ʹଟ͘ొ৔͍ͯ͠ΔɽԋࢉՃ଎ߏػʹର͢Δϓϩάϥϛϯά͸ CUDA ΍ OpenCLɼࣔࢦจϕʔεͳ

Β OpenACC ΍ OpenMP ͕୅දతͳޠݴ΍ϞσϧͰ͋Γɼϗετϓϩηοα͔ΒԋࢉΛΦϑϩʔυ͢Δ

ड़͢ΔɽOpenMPهͰϓϩάϥϜΛܗ ͷ༷࢓ 4.0 ΍ OmpSs[66] Ͱ͸ɼtargetࣔࢦจͰԋࢉΛΦϑϩʔ

υ͢Δ͜ͱ͕ՄೳͰ͋ΓɼͦͷϒϩοΫ಺Ͱϧʔϓฒྻ΍λεΫฒྻ͕هड़ՄೳͰ͋ΔɽຊڀݚͰ΋༻͍
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ͨ OpenMP ͷσʔλґଘʹͮ͘جλεΫฒྻ͸ԋࢉՃ଎্ߏػͰ࣮ߦՄೳͰ͋ΓɼϝχʔίΞϓϩηο

αͱಉ༷ʹશମಉظͰ͸ͳ͘λεΫؒͷཻࡉ౓ͳಉظʹΑΔߴ଎Խ͕ࠐݟΊΔɽԋࢉՃ଎ߏػΛ౥͢ࡌΔ

Ϋϥελ͸ɼϝχʔίΞγεςϜಉ༷ͷ MPI+OpneMP ػՃ଎ࢉจʹΑΔԋࣔࢦड़ʹՃ͑ͯɼtargetه

ڀݚͱͳΔɽͦ͜Ͱɼຊࡶड़͸͞Βʹෳهϓϩάϥϛϯά͕ඞཁͱͳΓɼྀͨ͠ߟ΁ͷσʔλసૹ·Ͱߏ

ͰఏҊͨ͠ taskletࣔࢦจΛԋࢉՃ଎͚޲ߏػʹ֦ு͠ɼGPU ͳͲͷԋࢉՃ଎ߏػΛ౥͢ࡌΔΫϥε

λʹ͓͍ͯ΋ɼσʔλґଘʹͮ͘جλεΫฒྻΛ༻͍ͯߴ଎ԽΛ͍ߦɼԋࢉՃ଎ߏػΛؚΊͯλεΫґଘ

Ͱ౷Ұతʹهड़Մೳͱ͠ੜੑ࢈Λ্ͤ͞޲Δ͜ͱ͕ɼޙࠓͷ՝୊ͱͯ͛͠ڍΒΕΔɽ

ۙ೥Ͱ͸ɼϨΠςϯγॏࢹͷ CPU ͱɼεϧʔϓοτॏࢹͷԋࢉՃ଎ߏػʢGPU ͳͲʣͷؒΛຒΊΔத

ؒͷσόΠεͱͯ͠ Field Programmable Gate ArrayʢFPGAʣ͕஫໨ΛूΊ͍ͯΔɽFPGA ʹΑΔฒྻΫ

ϥελͷ։ൃ΋ਐΊΒΕ͓ͯΓɼஜ೾େֶͰ͸ Accelerator in SwitchʢAiSʣ[67] ͱ͍͏ɼ௨৴ߏػΛؚΉ

FPGA ্ʹΞϓϦέʔγϣϯಛԽͷԋߏػࢉΛ૊ΈࠐΉίϯηϓτͰ࣍ੈ୅ฒྻΫϥελͷڀݚ։ൃ͕ਐ

ΊΒΕ͍ͯΔɽFPGA ͸ Verilog HDL ʹΑΔϓϩάϥϛϯά͕Ұൠత͕ͩɼΑΓ্ҐͷޠݴΑΓ FPGA

ͷճ࿏Λੜ੒͢ΔߴҐ߹੒ͷٕज़ͷීٴʹΑΓɼۙ೥Ͱ͸ OpenCL Ͱͷϓϩάϥϛϯά͕Մೳͱͳͬͨɽ

͔͠͠ɼOpenCL Ͱͷهड़΋؆қͱ͸ͣ͑ݴɼ͞Βʹ OpenMP ΍ OpenACC ͷࣔࢦจϕʔεͰͷهड़Λ

Մೳͱ͢Δڀݚ΋ߦΘΕ͍ͯΔ [68]ɽ·ͨɼOpenMP ͷλεΫϞσϧΛ FPGA ʹద༻͢Δڀݚ [69] ΋ਐ

ΊΒΕ͓ͯΓɼFPGA Λ౥͢ࡌΔΑ͏ͳ࣍ੈ୅ฒྻΫϥελʹ͓͚Δੑೳ΍ੜੑ࢈ͷ্޲ͷͨΊʹɼຊݚ

Մೳͳ࡞ͰಈڥϝϞϦ؀ࢄͰఏҊͨ͠෼ڀ taskletࣔࢦจΛద༻͠ɼධՁΛ͜͏ߦͱ͕ޙࠓͷ՝୊ͱ͠

ΒΕΔɽ͛ڍͯ



4.2 ͷ՝୊ޙࠓ 88



89 ँࣙ

ँࣙ

ຊ࿦จΛࣥච͢Δʹ͋ͨΓɼ5 ೥ؒͱ͍͏௕͍ؒظɼஸೡͰ೤৺ͳ͝ࢦಋΛͯ͠௖͖·ͨ͠ஜ೾େֶγ

εςϜ৘ใڀݚֶ޻Պڭतʢ࿈ܞେֶӃʣɾٱࡾ౻ࠤઌੜʹ৺͔ΒँײΛਃ্͛͠·͢ɽ·ͨɼ͓๩͍͠

தɼຊ࿦จͷ෭ࠪΛҾ͖ड͚ͯ௖͖·ͨ͠ஜ೾େֶࢉܭՊֶڀݚηϯλʔڭतɾ๿ହ༞ઌੜɼஜ೾େֶγ

εςϜ৘ใڀݚֶ޻Պڭतɾُٛ޾ࢁઌੜɼ౦๺େֶαΠόʔαΠΤϯεηϯλʔڭतɾୌ୔׮೭ઌੜɼ

ஜ೾େֶγεςϜ৘ใڀݚֶ޻Պ।ڭतɾલాರ࢘ઌੜʹਂ͘ँײக͠·͢ɽ೔ࠒΑΓ͓ੈ࿩ʹͳΓ·͠

ͨஜ೾େֶࢉܭՊֶڀݚηϯλʔڭतɾڮߴେհઌੜɼಉڭतɾݐ෦मݟઌੜɼಉ।ڭतɾ઒ౡӳ೭ઌੜɼ

ಉॿڭɾଟా໺׮ਓઌੜɼಉॿڭɾখྛྒฏઌੜɼஜ೾େֶγεςϜ৘ใڀݚֶ޻Պ।ڭतɾޱࢁՂथઌ

ੜɼཧԽֶڀݚॴࢉܭՊֶߏػڀݚɾۄࣇ༞ӻത࢜ʹँײͷҙΛද͠·͢ɽ

ຊڀݚͷ਱ߦʹ͋ͨΓ PGAS ޠݴ XcalableMP ʹؔͯ͠਺ʑͷॿݴΛ௖͖·ͨ͠ಉߏػɾଜҪۉത࢜ɼ

ಉߏػɾதඌণ޿ത࢜ɼಉߏػɾཥ௝ൻത࢜ɼࣜגձࣾ෋࢜௨ɾؠԼӳढ़ྱޚʹࢯਃ্͛͠·͢ɽ֩༥߹

γϛϡϨʔγϣϯίʔυ GTC-P ͷ XcalableMP ʹΑΔ࣮૷Ͱ͸ɼίʔυఏڙ΍࣮૷ʹؔ͢Δ਺ʑͷ͝ॿ

ྗΛ௖͖·ͨ͠ Princeton େֶڭतɾWilliam Tang ઌੜɼಉେֶɾBei Wang ത࢜ɼڀݚྗࢠݪ։ൃߏػɾ

ౕլलஉത࢜ʹँײΛਃ্͛͠·͢ɽPGAS Ϟσϧʹ͓͚ΔλεΫฒྻϓϩάϥϛϯάʹؔ͢ΔڀݚͰ

͸ɼHouston େֶ΁ͷΠϯλʔϯγοϓΛड͚ೖΕͯͩ͘͞Γɼࢲͷ੿͍ӳޠʹ΋ؔΘΒͣਏ๊ٞ͘ڧ࿦

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

Inc. Deepak Eachempati ത࢜ʹਂ͘ँײΛ͢Δͱͱ΋ʹɼܰྔεϨουϥΠϒϥϦ Argobots ʹؔ͢Δଟ

͘ͷॿݴΛ௖͖·ͨ͠ཧԽֶڀݚॴࢉܭՊֶߏػڀݚɾཥ௝ൻത࢜ɼࣜגձࣾιχʔɾΠϯλϥΫςΟϒ

ΤϯλςΠϯϝϯτɾਿࢁେีँײʹࢯக͠·͢ɽຊڀݚͷҰ෦͸ JST-CREST Ҭʮϙετϖλεྖڀݚ

έʔϧੑߴೳ͢ࢿʹࢉܭΔγεςϜιϑτ΢ΣΞٕज़ͷ૑ग़ʯɼڀݚ՝୊ʮϙετϖλεέʔϧ࣌୅ʹ޲

͚ͨԋࢉՃ଎ߏػɾ௨৴ߏػ౷߹ڥ؀ͷڀݚ։ൃʯͱཧԽֶڀݚॴࢉܭՊֶߏػڀݚͱஜ೾େֶࢉܭՊֶ

ʯʹΑΔڀݚΑͼωοτϫʔΫʹؔ͢Δ͓ڥͷฒྻϓϩάϥϛϯά؀ژʮϙετڀݚಉڞηϯλʔͷڀݚ

΋ͷͰ͢ɽ

ւ֎ग़ு΍ڀݚੜ׆ʹ͓͚Δ༷ʑͳ໘ʹ͓͍ͯେม͓ੈ࿩ʹͳΓ·ͨ͠ઌഐͰ͋Δஜ೾େֶࢉܭՊֶݚ

ॴɾڀݚձࣾ෋࢜௨ࣜגത࢜ɼ࠸ɾখాౢ఩ߏػڀݚՊֶࢉܭॴڀݚത࢜ɼཧԽֶٱηϯλʔɾ౻ాయڀ

େ௰و߂ത࢜ɼϠϑʔࣜגձࣾɾୋ௡ౙকത࢜ʹྱޚਃ্͛͠·͢ɽ೔ࠒͷڀݚ΍ੜ׆໘Ͱେม͓ੈ࿩ʹ

ͳΓ·ͨ͠ PA νʔϜɾాᔹথେࢯΛ࢝ΊɼޙഐͰ͋Δࣜגձࣾ೔ཱ੡࡞ॴɾӉ઒੪ࢯࢤɼ೔ຊిࣜגؾ

ձࣾɾେ઒ઍ૱ࢯɼHPCS େֶੜʹޙ࠷Λड़΂͍͖ͤͯͨͩ͞·͢ɽँײͷօ༷ʹ͜ͷ৔ΛआΓͯࣨڀݚ

׆ 9 ೥ؒΛ͍ͩͯ͑͘͞ࢧ·ͨ྆͠਌ʹਂ͘ྱޚਃ্͛͠·͢ɽ
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