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࿦จཁࢫ

౎ݍࢢͰͷຫੑతͳަ௨ौ଺͸ґવͱͯ͠େ͖ͳࣾձ໰୊ͱͳ͍ͬͯΔɽަ௨ωοτ

ϫʔΫɾγεςϜͰ͸ɼࡏݱͷަ௨ঢ়گʹରԠͯ͠ಓ࿏ར༻ऀ͕ߦಈબ୒Λ͢ΔҰํɼͦ

ͷબ୒ʹԠͯ͡ಓ࿏ަ௨ੑೳʢަ௨ঢ়گʣ͕มԽ͢Δͱ͍ͬͨɼधཁɾؒڅڙʹ૬࡞ޓ༻

͕ੜ͍ͯ͡Δɽͦͷ݁Ռɼަ௨ࡦࢪʹΑΓγεςϜશମͷੑೳ͕͔͑ͬͯ௿Լ͢Δ͜ͱ͕

ಈಛੑΛཧղ͢Δ͜ͱʹΑͬͯॳΊڍγεςϜͷྀͯ͠ߟʹΛద੾༺࡞ޓΓ͏Δɽ૬͜ى

ͯɼަ௨ौ଺Λղফͨ͠๬·͍͠ঢ়ଶΛୡ੒͢ΔͨΊͷωοτϫʔΫަ௨ྲྀͷ੍ࡦํޚΛ

ମܥత͔ͭ߹ཧతʹߏங͢Δ͜ͱ͕Ͱ͖Δɽ

ωοτϫʔΫަ௨ྲྀͷ੍ࡦํޚʹؔ͢Δطԟڀݚ͸ɼऔΓѻ͏ަ௨ঢ়ଶ/ੑೳͷৄࡉ౓

ʹԠͯ͡ඍࢹతɾࢹڊతͳΞϓϩʔνͷ 2छྨʹେผͰ͖Δɽ

ඍࢹతͳΞϓϩʔνʹަ͍ͨͮج௨੍ޚ໰୊͸ɼಈతγεςϜ࠷ద഑෼໰୊ͱͯ͠ఆࣜ

Խ͞Ε͍ͯΔɽ͜ͷ໰୊͸ɼωοτϫʔΫΛߏ੒͢Δ֤ϦϯΫͷަ௨ঢ়ଶΛهड़͢Δަ௨

ྲྀϞσϧΛ༻͍ͨৄࡉ༧ଌʹ͖ͮجɼ૯ཱྀؒ࣌ߦΛ࠷খԽ͢Δ࣌ʑࠁʑͷϑϩʔɾύλʔ

ϯΛٻΊ͍ͯΔɽ͔͠͠ɼҰൠߏ଄ωοτϫʔΫͰͷγεςϜ࠷ద഑෼͸௨ৗඇತܭը໰

୊ͱͯ͠ఆࣜԽ͞ΕΔͨΊɼେҬత࠷దղΛಘΔ͜ͱ͸ۃΊͯࠔ೉Ͱ͋Δɽ·ͨɼࠞ͠ࡶ

ͨωοτϫʔΫ্ͷϑϩʔɾύλʔϯ͸ຊ࣭తͳ༧ଌෆՄೳੑΛ༗͢Δɽ͜͏ͨࠞ͠ࡶԼ

ʹ͓͚Δඍࢹతͳަ௨੍ࡦํޚͷ੬ऑੑΛ͑ߟΔͱɼ৴པੑͷ͋Δ੍ࡦํޚͷߏங͸ࠔ೉

Ͱ͋Δͱ͑ߟΒΕΔɽ

ҰํࢹڊతͳΞϓϩʔν͸ɼγεςϜɾϞσϧͱͯ͠ަ௨ঢ়ଶ/ੑೳؔ܎ΛࢹڊతʹදΘ

͢ Macroscopic Fundamental Diagram (MFD) Λ׆༻͢Δ΋ͷͰ͋ΔɽMFD ͸֤ϦϯΫͷ

࣌ʑࠁʑͷަ௨ঢ়ଶΛωοτϫʔΫϨϕϧͰू݁ͨ͠ܭՌݱΕΔɼं྆ଘࡏ୆਺ͱωοτ

ϫʔΫɾεϧʔϓοτʢωοτϫʔΫ͔Βྲྀग़·ͨ͸τϦοϓऴྃ͢Δ୯Ґ࣌ؒ౰ͨΓަ

௨ྔʣͱͷತܕͷؔ਺ؔ܎Ͱ͋ΔɽMFDΛ׆༻͢Ε͹ɼ؍ଌ৘ใ͔Βं྆ଘࡏ୆਺Λ೺

Ѳ͑͢͞Ε͹ɼωοτϫʔΫੑೳΛϦΞϧλΠϜʹਪఆͰ͖ΔɽͦͷͨΊ MFD ͔Β͸ɼ

ඍࢹతͳΞϓϩʔν͕࣋ͭ੬ऑੑΛࠀ෰ͨ͠ϩόετͳ੍ࡦํޚΛߏஙͰ͖Δͱظ଴͞Ε

͍ͯΔɽ͔͠͠ MFD Λ೺Ѳ͚ͨͩ͠Ͱ͸֤ϦϯΫͷަ௨੍ޚͷํ๏࿦Λಋग़Ͱ͖ͳ͍ɽ

͜Ε͸ɼԿΒ͔ͷަ௨੍ࡦํޚΛͨͬߦ৔߹ʹɼͲͷΑ͏ͳωοτϫʔΫɾεϧʔϓοτ

͕ಘΒΕΔ͔Λ༧ଌ͢Δཧ࿦ମཱ͕֬͞ܥΕ͍ͯͳ͍ͨΊͰ͋Δɽ

͜Εʹରͯ͠ຊڀݚ͸ɼ͔ͭزͷ࣮ূɾཧ࿦͔ڀݚΒωοτϫʔΫɾεϧʔϓοτΛಛ
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௃͚ͮΔݤͱͯࣔࠦ͠͞Ε͍ͯΔɼौ଺ύλʔϯʹண໨͢Δɽौ଺ύλʔϯͱ͸ɼ࣌ʑ

଺ཹ͍ͯ͠Δौ଺ϦϯΫͷωοτϫʔΫʹ͓͚Δۭؒతͳύλʔϯ͓Α͕ྻߦʑͷ଴ͪࠁ

ͼͦΕΒͷަ͚ࡹ௨ྔͱͯ͠ఆٛ͢ΔɽωοτϫʔΫɾεϧʔϓοτ͸ɼݪཧతʹ͜ͷौ

଺ύλʔϯʹΑͬͯมԽ͢Δ΋ͷͱ͑ߟΒΕΔɽैͬͯɼौ଺ύλʔϯͱωοτϫʔΫɾ

εϧʔϓοτͱͷؔ܎Λཧ࿦తʹ݁ͼ͚ͭͯɼωοτϫʔΫ্ͷͲͷौ଺ϦϯΫ͕ͲͷΑ

͏ʹωοτϫʔΫɾεϧʔϓοτʹӨڹΛ༩͍͑ͯΔ͔Λղ໌Ͱ͖Ε͹ɼौ଺ωοτϫʔ

Ϋͷ੍ࡦํޚͷߏஙʹେ͖͘د༩͢Δ΋ͷͱ͑ߟΒΕΔɽ

Ҏ্ΑΓɼຊڀݚͰ͸ɼौ଺ύλʔϯʹͮ͘جωοτϫʔΫɾεϧʔϓοτͷղੳཧ࿦

Λཱ֬͠ɼωοτϫʔΫɾεϧʔϓοτΛվળ͢Δौ଺ϦϯΫ੍ࡦํޚΛߏங͢Δ͜ͱΛ

໨తͱ͢Δɽौ଺ύλʔϯͱωοτϫʔΫɾεϧʔϓοτΛ݁ͼ͚ͭΔͨΊͷج൫ཧ࿦ͱ

ͯ͠ɼຊڀݚ͸ಈతར༻ऀߧۉ഑෼ʢDUEʣཧ࿦Λ༻͍Δɽಛʹ͜ΕΒͷؔੑ܎Λղੳత

ʹཧղ͢ΔͨΊɼDUEͷ࣌ؒ෼ղ๏Λద༻ՄೳͳωοτϫʔΫߏ଄Ͱ͋Δ unidirectional

networkʹண໨͢Δɽຊ࿦จ͸େ͖͘ 2ͭͷڀݚ಺༰͔ΒͳΔɽ

ୈҰʹɼߧۉղੳͷଥ౰ੑΛอূ͢ΔͨΊͷ DUE഑෼ͷ҆ఆੑʹؔ͢Δཧ࿦ղੳΛߦ

͏ɽ҆ఆੑ͸ߧۉঢ়ଶ͕࣮͜ىʹࡍΓ͏Δ͜ͱΛอূ͢Δॏཁͳੑ࣭Ͱ͋Δ͕ɼطଘͷղ

ੳ๏͕ܦ࿏ཱྀؒ࣌ߦͷ୯ௐੑͱ͍͏ੑ࣭Λཁ͢ٻΔͨΊɼ1ܦ࿏ʹ 1ϘτϧωοΫ͕ଘࡏ

͢ΔωοτϫʔΫҎ֎ͷߏ଄Λ࣋ͭωοτϫʔΫͰ͸҆ఆੑ͸ࣔ͞Ε͍ͯͳ͍ɽ͜Εʹର

͠ຊڀݚͰ͸୯ௐੑΛඞཁͱ͠ͳ͍ํ๏ͱͯ͠ɼήʔϜཧ࿦ͷ࿮૊Έ͔Β҆ఆੑΛղੳ͢

Δ৽ͨͳํ๏࿦Λߏங͢Δɽͦͯ͠ΏΒ͗ΛؚΉಈతγεςϜͷ҆ఆੑ֓೦Ͱ͋Δ֬཰త

ʹ҆ఆͳ͕ߧۉଘ͢ࡏΔ͜ͱΛࣔ͢ɽ

ୈೋʹɼौ଺ύλʔϯͱωοτϫʔΫɾεϧʔϓοτͷؔ܎Λཧ࿦తʹఆࣜԽ͠ɼωο

τϫʔΫɾεϧʔϓοτΛվળ͢ΔωοτϫʔΫ੍ࡦํޚΛߏங͢Δɽ͜͜Ͱ͸ɼ؍ଌ͞

ΕΔौ଺ύλʔϯΛ༩݅ͱͯ͠ωοτϫʔΫɾεϧʔϓοτΛಋग़͢Δ໰୊Λߏங͢Δɽ

ͦͯ͠ɼ͜ͷ໰୊Λղ͘͜ͱͰಘΒΕΔղੳࣜͷײ౓෼ੳΛ͍ߦɼωοτϫʔΫɾεϧʔ

ϓοτΛվળ͢ΔͨΊʹ༰ྔΛ૿ڧ·ͨ͸཈੍͢Δ΂͖ौ଺ϦϯΫΛ໌Β͔ʹ͢Δɽ

ຊ࿦จ͸શ 7ষ͔Βߏ੒͞ΕΔɽ֤ষͷ಺༰ͷཁ໿ΛҎԼʹ͢هɽ

ୈ 1ষͰ͸ຊڀݚͷഎܠͱ໨తΛड़΂Δɽ͜͜Ͱ͸ɼಈతͳަ௨ωοτϫʔΫ੍ࡦํޚ

ͷඞཁੑΛ࿦͡ɼͦΕʹର͢ΔطԟڀݚͷݶքΛࢦఠ͍ͯ͠Δɽ͜ΕΒΛ౿·্͑ͨͰɼ

ຊڀݚͷண؟఺Λࣔͨ͠ޙɼ໨త͓Αͼ಺༰Λ·ͱΊΔɽ

ୈ 2ষͰ͸ར༻ऀߧۉ഑෼ͷఆࣜԽͱߧۉঢ়ଶͷ਺ཧಛੑͷղੳͷૅجʹ͍ͭͯઆ໌͠

తΞࢹΛ੔ཧ͢Δɽ͜͜Ͱ͸ඍڀݚԟطΔؔ͢ʹࡦํޚɼಈతͳަ௨ωοτϫʔΫ੍ޙͨ

ϓϩʔνͰ͋ΔಈతγεςϜ࠷ద഑෼ͱࢹڊతΞϓϩʔνͰ͋ΔMFDΞϓϩʔνͷೋͭ

ͷҐஔ෇͚Λ໌ڀݚΛେผ͠ɼͦΕΒͷಛ௃ɾ໰୊఺Λ੔ཧ͢ΔɽͦΕΛ౿·͑ຊڀݚʹ

֬Խ͢Δɽ

ୈ 3ষͰ͸ɼୈ 4ষʹ͓͍ͯ DUEͷ҆ఆੑΛղੳ͢ΔͨΊͷ४උͱͯ͠ɼྲྀମϞσϧ

ͷ࣌ؒ෼ղಛੑ͕ࣔࠦ͞Ε͍ͯΔ unidirectional networkͰͷཻࢠϞσϧͷ࣌ؒ෼ղಛੑΛ
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໌Β͔ʹ͢Δɽ

ୈ 4ষͰ͸ɼήʔϜཧ࿦ͷ࿮૊ΈΛ༻͍ͯ DUEͷ֬཰త҆ఆੑΛղੳ͢Δɽ·ͣɼ࣌

ؒ෼ղͰ͖ΔωοτϫʔΫͷ DUE໰୊͸ɼઓུܕήʔϜͷ weakly acyclic gameͷΫϥε

ʹଐ͢Δ͜ͱΛࣔ͢ɽ࣍ʹɼ͜ͷΫϥεʹؔͯ͠ήʔϜཧ࿦෼໺Ͱ஝ੵ͞Ε͖ͯͨ஌ݟΛ

ԉ༻͠ɼཻࢠϞσϧͰͷجຊతͳ day-to-dayμΠφϛΫεͰ͋Δ better responseμΠφϛ

ΫεͷऩଋੑΛࣔ͢ɽͦͯ͠ऩଋੑʹ͖ͮجɼΏΒؚ͕͗·ΕΔμΠφϛΫεͷ֬཰త҆

ఆੑΛࣔ͢ɽ͞Βʹɼෳ਺ͷΏΒ͗ΛؚΉμΠφϛΫεͷ֬཰త҆ఆੑͷղੳ݁ՌΛൺֱ

͓ʹͳվળੑ͕ɼDUE഑෼໰୊ີݫΔ͜ͱͰɼμΠφϛΫεʹ͓͚Δར༻ऀޮ༻ͷ͢࡯ߟ

͚Δऩଋੑɾ֬཰త҆ఆߧۉͷଘࡏΛอূ͢Δʹ͋ͨΓॏཁͳ໾ׂΛՌͨ͢͜ͱΛࣔ͢ɽ

࣍ʹୈ 5ষͰ͸ɼौ଺ύλʔϯʹͮ͘جωοτϫʔΫɾεϧʔϓοτͷղੳཧ࿦Λཱ֬

͢Δɽ·ͣɼDUE഑෼໰୊Λɼौ଺ύλʔϯΛ༩݅ͱͯ͠ఆৗతʹྲྀΕಘΔ ODަ௨ྲྀ཰

Ͱ͋ΔωοτϫʔΫɾεϧʔϓοτΛಋग़͢Δ໰୊΁ͱม͢׵Δɽ͜ͷ໰୊͸ٯ໰୊ͷղ

ΛҰҙʹఆΊΔͨΊͷج४ͱͯ͠ɼωοτϫʔΫͷं྆ଘࡏ୆਺͕ҰఆͱͳΔपڥظք৚

݅ΛԾఆ͍ͯ͠Δɽͦͷ݁ՌɼఏҊٯ໰୊͸ઢํܗఔࣜܥͰهड़͞Εɼ͜ΕΛղ͘͜ͱʹ

ΑΓौ଺ύλʔϯͱωοτϫʔΫɾεϧʔϓοτͱΛղੳతʹ݁ͼ͚͍ͭͯΔɽͦͯ͠ɼ

ωοτϫʔΫɾεϧʔϓοτ͕ौ଺ύλʔϯ͓Αͼىऴ఺ͷۭؒ෼෍ʹΑΓಛ௃͚ͮΒΕ

Δ͜ͱΛ໌Β͔ʹ͍ͯ͠Δɽ

ୈ 6ষͰ͸ಋग़ͨ͠ղੳࣜͷײ౓෼ੳΛ͍ߦɼौ଺ϦϯΫͷ༰ྔ͕มԽ͢Δ͜ͱʹΑΔ

εϧʔϓοτͷվળɾ௿Լͷ৚݅ͱͦͷϝΧχζϜΛ໌Β͔ʹ͢Δɽ͜͜Ͱ͸ɼ༰ྔ͕ม

Խ͢Δौ଺ϦϯΫͷछྨʢi.e.,্ɾԼྲྀϊʔυ͕ى఺ɼ௨աɼऴ఺ͷͲΕͰ͋Δ͔ʣผʹ

໢ཏతʹ৔߹෼͚ͯ͠ײ౓Λௐ΂Δɽ͜ΕʹΑΓɼωοτϫʔΫɾεϧʔϓοτΛվળ͢

ΔͨΊʹ༰ྔΛ૿ڧɾ཈੍͢Δ΂͖ौ଺ϦϯΫΛɼौ଺ϦϯΫͷछྨผʹ໌Β͔ʹͨ͠ɽ

ͦͯ͠ɼײ౓෼ੳͷ݁Ռʹ͖ͮجɼ۩ମతͳަ௨੍ܗޚଶͱͯ͠ա๞࿨ަࠩ఺Ͱͷ৴߸੍

ɼཱͯͯݟʹங͢Δɽ͜͜Ͱ͸ϊʔυΛ৴߸ަࠩ఺ߏΛࡦํޚΛ૝ఆ͠ɼौ଺ϦϯΫ੍ޚ

ϊʔυʹྲྀೖ͢Δ̎ຊͷϦϯΫʹׂΓৼΒΕΔ੨࣌ؒεϓϦοτͷ૯࿨͕ҰఆͱͳΔ੍໿

৚݅Λ͑ߟΔɽͦͷԼͰɼ͜ΕΒͷϦϯΫ͕྆ํͱ΋ौ଺ঢ়ଶͰ͋Δա๞࿨ঢ়ଶͷ৴߸ަ

ࠩ఺ʹ͓͚Δަ௨੍ޚͱͯ͠ɼ੨࣌ؒεϓϦοτ഑෼Λௐ੔͢Δ੍ࡦํޚΛఏҊ͢Δɽ͞

ΒʹɼఏҊํࡦ͸੍֤ޚओମ͕ಠཱʹ੍ޚՄೳͳࣗ཯෼ࢄతͳੑ࣭Λ࣋ͭ͜ͱΛࣔ͠ɼ͜

ͷํࡦͷ༗ޮੑΛɼ਺஋ࢉܭΛ௨ͯ֬͠ೝ͍ͯ͠Δɽ

ୈ 7ষͰ͸ຊ࿦จͷ݁࿦Λ·ͱΊɼޙࠓͷల๬Λ͍ࣔͯ͠Δɽ
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ୈ 1ষ

ং࿦

1.1 ܠͷഎڀݚ

1.1.1 ಓ࿏ωοτϫʔΫ্ͷަ௨ौ଺ͱಈతͳަ௨੍ࡦํޚͷඞཁੑ

౎ݍࢢͰͷຫੑతͳަ௨ौ଺͸ɼࡏݱʹ͓͍ͯ΋ґવͱͯ͠େ͖ͳࣾձ໰୊ͱͳ͍ͬͯ

Δɽࠃ౔ަ௨লͷൃද ,౔ަ௨লࠃ) 2017)ʹΑΕ͹ɼಓ࿏Ҡಈ࣌ؒͷ໿ 4ׂ͸ौ଺ʹඅ΍

͞Ε͍ͯΔɽ͜Ε͸೥ؒ໿ 280ສਓͷ࿑ಇྗʹඖఢ͓ͯ͠Γɼ೔ຊࡁܦʹͱͬͯͷେ͖ͳ

ଛࣦͷݪҼͱͳ͍ͬͯΔ*1ɽՃ͑ͯौ଺͸ɼཱྀؒ࣌ߦͷ૿ՃҎ֎ʹ΋ଟذʹΘͨΔෛͷ֎

෦ੑΛҾ͖͢͜ىɼe.g.,େؾԚછɼԹࣨޮՌΨεͷ૿Ճɼަ௨҆શ΁ͷѱӨڹɽࡁܦతར

ӹͷ௥ٻͷΈͳΒͣɼڥ؀อશ΍ަ௨҆શͷ֬อͱ͍ͬͨ؍఺͔Β΋ɼौ଺Λղফ͠ɼަ

௨ྲྀͷԁੑ׈ͷ্޲Λ໨͜͢ࢦͱ͸ෆՄܽͰ͋Δɽ

ަ௨ौ଺ͷղফʹ͋ͨΓɼࡏݱͰ΋ಋೖ͞Ε͍ͯΔࡦࢪ͸ɼಓ࿏Πϯϑϥͷ੔උʢe.g.,

৽نಓ࿏ݐઃɼಓ࿏༰ྔ֦େʣͰ͋Δɽ͔͠͠ɼΠϯϑϥ੔උʹ͸๲େͳඅ༻ͱ࣌ؒΛཁ

͢ΔͷʹՃ͑ɼࡦࢪҙਤͱ͸ҟͳΓަ௨ωοτϫʔΫͷੑೳ௿ԼΛҾ͖͏͜͠ىΔͱ͍͏

໰୊͕͋Δɽ͜Ε͸ɼަ௨ωοτϫʔΫɾγεςϜͰ͸ɼަ௨ࠞࡶ/ौ଺ʹΑΔ֎෦ෆܦ

ؒ࣌ߦཱྀ,.ʢe.gڹΔͨΊͰ͋Δɽ͢ͳΘͪɼಓ࿏ར༻ऀ͸ଞऀʹ༩͑ΔӨ͢ࡏՌ͕ଘޮࡁ

ͷ૿෼ʣΛߦʹྀͣͤߟಈબ୒ʢe.g.,ܦ࿏ɾग़ൃ࣌ࠁબ୒ʣΛ͏ߦɽͦͯ͠ɼಓ࿏ར༻ऀ

ͷબ୒ߦಈͱಓ࿏ωοτϫʔΫͷަ௨৚݅ʢe.g.,֤ಓ࿏۠ըʢϦϯΫʣͰͷ଴ͪྻߦͷ࣌

ؒਐల๏ଇʣͱͷؒͷෳࡶͳ૬࡞ޓ༻ͷ݁Ռɼަ௨ωοτϫʔΫྲྀͷύϥυΫεͳͲͰ஌

ΒΕΔΑ͏ʹɼಓ࿏Πϯϑϥͷ੔උʹΑΔہॴతͳվળޮՌ͕ɼγεςϜશମͷੑೳΛ͔

͑ͬͯ௿Լͤ͞Δ͜ͱ͕͜ىΓ͏Δ (e.g., Braess, 1968; Smith, 1978)ɽͦͷͨΊɼަ௨ঢ়ଶ

ͷมԽ͕ੑೳʹ༩͑ΔӨڹʹର͢Δద੾ͳཧղ͕ෆ଍ͨ͠φΠʔϒͳ੔උ͸ɼަ௨ौ଺Λ

վળ͢Δʹ͋ͨΓ༗ޮͰ͋Δͱ͸ݶΒͳ͍ɽ

ैͬͯɼಓ࿏ΠϯϑϥΛेશʹػೳͤͭͭ͞ަ௨ौ଺Λղফ͢ΔͨΊʹ͸ɼ্هͷ૬ޓ

*1 Δͱ೥ؒ͢ࢉ׵ʹͷौ଺ଛֹࣦΛ՟ฎՁ஋ࠃ౔ަ௨লͷൃදʹΑΔͱɼ೔ຊશࠃ 12ஹԁʹ΋্Δɽ
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ڍɼωοτϫʔΫɾγεςϜͷ͖ͮجʹΔγεςϜɾϞσϧ͢ݱ࠶Λద੾ͳϨϕϧͰ༺࡞

ಈಛੑΛཧղ͢Δඞཁ͕͋Δɽಛʹɼಈతݱ৅Ͱ͋Δަ௨ौ଺͕Ҿ͖͢͜ى֎෦ෆޮࡁܦ

Ռͷղੳʹ͋ͨͬͯ͸ɼ࣌ʑࠁʑͱมԽ͢Δަ௨ঢ়ଶΛهड़͢Δಈతͳަ௨ྲྀϞσϧʹج

ͮ͘ɼγεςϜղੳͷಈֶԽ͕ٻΊΒΕΔɽͦͯ͠ɼಈతͳγεςϜͷಛੑཧղʹ͖ͮجɼ

๬·͍͠ঢ়ଶΛୡ੒͢ΔͨΊͷɼωοτϫʔΫަ௨ྲྀͷ੍ࡦํޚΛߏங͢Δඞཁ͕͋Δɽ

1.1.2 ͷ੔ཧࡦํޚଘͷಈతަ௨੍ط

ಈతͳωοτϫʔΫަ௨ྲྀͷ੍ࡦํޚʹؔ͢Δطԟڀݚ͸ɼަ௨ྲྀϞσϧ͕औΓѻ͏ަ

௨ঢ়ଶ/ੑೳͷৄࡉ౓ʹԠͯ͡ɼඍࢹతɾࢹڊతͳΞϓϩʔνͷ 2छྨʹେผͰ͖Δɽඍࢹ

తͳΞϓϩʔνʹ͖ͮجωοτϫʔΫɾγεςϜΛ࠷దԽ͢Δ໰୊͸ɼಈతγεςϜ࠷ద

഑෼໰୊ͱͯ͠ 1960, 70೥୅ʹఆࣜԽ͕ߦΘΕɼҎ߱ଟ͘ͷߦ͕ڀݚΘΕ͖ͯͨɽ͜ͷ໰

୊͸ɼωοτϫʔΫΛߏ੒͢Δ֤ϦϯΫͷঢ়ଶม਺ʢe.g.,ྲྀೖɾྲྀग़ަ௨ྲྀ཰ɼ଴ͪྻߦ

୆਺ʣɼ͓ΑͼͦΕΒͷਪҠΛهड़͢ΔϦϯΫϨϕϧͷަ௨ྲྀϞσϧ͔Βߏ੒͞ΕΔɽͦ

ͯ͠ɼܭը࣌ؒଳʹ͓͚Δঢ়ଶਪҠͷৄࡉ༧ଌʹ͖ͮجɼωοτϫʔΫશମͷ૯ཱྀؒ࣌ߦ

Λ࠷খԽ͢Δ࣌ʑࠁʑͷϦϯΫɾϑϩʔɾύλʔϯΛٻΊ͍ͯΔɽಈతγεςϜ࠷ద഑෼

໰୊Ͱ͸ɼγεςϜͷඍࢹతͳߏ੒ཁૉͷঢ়ଶมԽ͕γεςϜશମͷੑೳʹ༩͑ΔӨڹΛ

ਫ਼៛ʹϞσϦϯά͍ͯ͠ΔɽͦͷͨΊɼղͰ͋Δ࠷దͳϑϩʔɾύλʔϯ͸ɼωοτϫʔ

Ϋ੍ࡦํޚͷ۩ମతͳํ๏࿦ʢe.g.,ͲͷϦϯΫͷ༰ྔΛͲͷΑ͏ʹ૿ڧɾ੍͢ݶΕ͹Α͍

ͷ͔ʣΛ͢࡯ߟΔࡍͷૅجͱͳΓ͏Δɽ

͔͠͠ɼಈతγεςϜ࠷ద഑෼ʹ͸͔ͭزͷݶք͕ଘ͢ࡏΔɽ·ͣɼौ଺ݱ৅ͷදݱʹ

൐͏਺ֶతෳ͞ࡶͷ݁ՌɼҰൠߏ଄ωοτϫʔΫͰͷγεςϜ࠷ద഑෼͸ɼ௨ৗඇತܭը

໰୊ͱͯ͠ఆࣜԽ͞ΕΔͱ͍͏͜ͱͰ͋ΔɽͦͷͨΊɼฒߦ઀ଓ͞Εͨܦ࿏͔Βߏ੒͞Ε

ΔΑ͏ͳɼൺֱత୯७ͳߏ଄Λ࣋ͭωοτϫʔΫΛআ͍ͯɼͦͷେҬత࠷దղΛಘΔ͜ͱ

͸ۃΊͯࠔ೉ͱͳΔɽ݁Ռͱͯ͠ɼࢸʹࡏݱΔ·ͰҰൠߏ଄ωοτϫʔΫͰͷ੍ࡦํޚ͸

໌Β͔ʹͳ͍ͬͯͳ͍ɽ࣍ʹɼಈతͳωοτϫʔΫަ௨ྲྀ͸ɼຊ࣭తͳ༧ଌෆՄೳੑΛ༗

͍ͯ͠Δͱ͍͏͜ͱͰ͋Δɽ੍ޚͷલఏͱͳΔަ௨ঢ়ଶͷਖ਼֬ͳ༧ଌΛͨ͏ߦΊʹ͸ɼೖ

ྗ৘ใͱͳΔ ODަ௨धཁͷۭ࣌ؒతʹৄࡉͳ৘ใ͕ඞཁͱͳΔɽधཁ৘ใ͸ಓ࿏ར༻ऀ

ͷࢲత৘ใͰ͋Γɼ͜ͷΑ͏ͳ๲େͳ৘ใΛ੍ޚʹඞཁͳ͚ͩͷे෼ͳਫ਼౓ͰಘΔ͜ͱ͸

ɼ͔ͭࡶωοτϫʔΫ্Ͱͷϑϩʔɾύλʔϯ͸ෳͨ͠ࡶࠞʹ೉Ͱ͋ΔɽՃ͑ͯɼඇৗࠔ

ΧΦεతͳڍಈΛͱΔ͜ͱ͕طଘ͔ڀݚΒࢦఠ͞Ε͍ͯΔɿODަ௨धཁͷ͔ۇͳมԽʹ

ରͯ͠ɼ༧ଌ݁ՌͱͳΔϑϩʔɾύλʔϯ͕େ͖͘มԽ͢Δɽ݁Ռɼৄࡉ༧ଌʹަͮ͘ج

௨੍ࡦํޚ͸੬ऑੑΛ๊͓͑ͯΓɼ৴པੑͷ͋Δ੍ࡦํޚͷߏங͸ࠔ೉Ͱ͋Δ͜ͱ͕༧૝

͞ΕΔɽ

ҰํɼࢹڊతͳΞϓϩʔν͸ɼωοτϫʔΫɾγεςϜͷϞσϧͱͯ͠ަ௨ঢ়ଶͱੑೳ

ͱͷؔ܎ΛࢹڊతʹදΘ͢Macroscopic Fundamental Diagram (MFD)Λ׆༻͢Δ΋ͷͰ͋



ୈ 1ষ ং࿦ 3

Γɼ2000೥୅ޙ൒͔Β੝Μʹߦ͕ڀݚΘΕ͍ͯΔɽMFD͸ɼ֤ϦϯΫͷ࣌ʑࠁʑͷަ௨

ঢ়ଶΛωοτϫʔΫϨϕϧͰʢۭؒతʹʣू݁ͨ͠ܭՌݱΕΔɼं྆ଘࡏ୆਺ͱωοτ

ϫʔΫɾεϧʔϓοτʢωοτϫʔΫ͔Βྲྀग़·ͨ͸τϦοϓऴྃ͢Δ୯Ґ࣌ؒ౰ͨΓަ

௨ྔʣͱͷɼತܕͷؔ਺ؔ܎Ͱ͋Δɽ͜ͷؔ਺Ͱ͸ɼଘࡏ୆਺ͷ૿Ճͱͱ΋ʹ଴ͪྻߦԆ

৳͕ൃੜ͠ɼωοτϫʔΫશମͷަ௨ੑೳ͕௿Լ͢Δͱ͍ͬͨҼՌ͕ؔ܎ද͞ݱΕ͍ͯ

Δɽ͢ͳΘͪɼγεςϜΛߏ੒͢ΔݸʑͷཁૉΛू͢ܭΔ͜ͱͰɼγεςϜͷঢ়ଶͱੑ

ೳͱͷେ·͔ͳؔੑ܎Λཅʹཧղɾද͠ݱΑ͏ͱ͢Δ΋ͷ͕ɼMFD Ͱ͋Δɽͦͷ݁Ռɼ

MFD͔Β͸ଘࡏ୆਺ʹ͖ͮجωοτϫʔΫͷަ௨ੑೳΛूܭϨϕϧͰɼ͔ͭϦΞϧλΠ

Ϝʹ೺ѲͰ͖ΔΑ͏ʹͳΔɽैͬͯɼMFD͸؍ଌ৘ใʢଘࡏ୆਺ʣϕʔεͷɼৄࡉ༧ଌΛ

ඞཁͱ͠ͳ͍ϩόετͳަ௨੍ߏࡦํޚஙͷૅجͱͳΓ͏Δɽྫ͑͹ɼωοτϫʔΫͷଘ

ͱͰɼεϧʔϓοτͷ௿ԼΛආ͚Δ͜ͱ͕͜͏ߦΛޚ୆਺ΛҰఆͷ஋ҎԼʹอͭྲྀೖ੍ࡏ

Ͱ͖Δͱ͑ߟΒΕ͍ͯΔɽ

͔͠͠ɼ࣮ࡍʹަ௨੍ޚΛ͏ߦ৔߹ɼMFD͔ΒಘΒΕΔूܭϨϕϧͷϩδοΫ͸ɼʢඇ

ͷʣϦϯΫϨϕϧͰղऍ͞Εɼ࣮૷͞ΕΔඞཁ͕͋ΔɽͦΕʹ΋͔͔ΘΒͣɼMFD͔ܭू

Β͸֤ϦϯΫͷ۩ମతͳަ௨੍ޚͷํ๏࿦Λ೺Ѳ͢Δ͜ͱ͕Ͱ͖ͳ͍ɼͱ͍͏ऑ఺͕ଘࡏ

͢Δɽ͜Ε͸ɼࡏݱͷMFD͸؍ଌ৘ใ͔Βಋग़͞ΕΔݧܦଇతͳؔ਺ؔ܎ʹա͗ͣɼԿ

Β͔ͷަ௨੍ࡦํޚΛͨͬߦ৔߹ʹɼͲͷΑ͏ͳεϧʔϓοτ͕ಘΒΕΔ͔Λ༧ଌ͢Δཧ

࿦ମཱ͕֬͞ܥΕ͍ͯͳ͍ͨΊͰ͋Δɽ͜ͷΑ͏ͳަ௨ঢ়ଶͱੑೳͱͷؔ܎ʹର͢Δཧղ

ͷෆ଍͸ɼલઅͰࢦఠͨ͠Α͏ʹɼަ௨੍ޚʹΑΔωοτϫʔΫੑೳͷ௿ԼΛট͖͏Δɽ

݁Ռͱͯ͠ɼࢹڊతͳΞϓϩʔν͸ϩόετͳަ௨੍ࡦํޚͷૅجͱͯ͠༗๬Ͱ͋Δͱߟ

͑ΒΕΔ΋ͷͷɼ੍ޚΛ࣮૷͢Δʹ͋ͨͬͯ͸ɼະͩෆे෼Ͱ͋Δͱ͍͑Δɽ

1.1.3 ौ଺ύλʔϯʹͮ͘جωοτϫʔΫɾεϧʔϓοτͷղੳ

͜͏ͨ͠എܠΛؑΈΔͱɼৄࡉ༧ଌʹཔΒͳ͍ϩόετͳ੍ࡦํޚͷߏஙʹ͢ࢿΔɼڊ

ํޚΊΒΕ͍ͯΔͱ͍͑Α͏ɽͦͯ͠ಉ࣌ʹɼ۩ମతͳަ௨੍ٻޙࠓతͳΞϓϩʔν͕ࢹ

ࢹಈಛੑΛɼΑΓඍڍతͳࢹڊΔͨΊʹɼωοτϫʔΫɾγεςϜͷ͢࡯ߟͷํ๏࿦Λࡦ

తͳߏ੒ཁૉʹ͖ͮجઆ໌͢ΔͨΊͷཧ࿦͕ඞཁͱͳΔɽ͢ͳΘͪɼεϧʔϓοτ͸֤Ϧ

ϯΫͷަ௨ঢ়ଶ͔ΒͲͷΑ͏ʹಛ௃͚ͮΒΕΔͷ͔ɼ֤ϦϯΫͷަ௨ঢ়ଶมԽ͕εϧʔ

ϓοτΛͲͷΑ͏ʹมԽͤ͞Δͷ͔ɼͱ͍ͬͨඍࢹతͳަ௨ঢ়ଶͱࢹڊతͳަ௨ੑೳؒͷ

Λಋࡦํޚɼ۩ମతͳަ௨੍͍ͯͮجʹΛཧղ͢Δඞཁ͕͋Δɽͦͯ͠ɼͦͷཧղੑ܎ؔ

ग़͢Δ͜ͱ͕ٻΊΒΕΔɽ

͜Εʹର͠ɼεϧʔϓοτΛઆ໌͢ΔͨΊͷަ௨ঢ়ଶม਺ͱͯ͠ద੾ͱ͑ߟΒΕΔͷ

͕ɼ଴͕ͪྻߦ଺ཹ͍ͯ͠Δौ଺ϦϯΫͷۭؒతͳύλʔϯͰ͋Δʢຊ࿦จͰ͸͜ΕΛ “

ौ଺ύλʔϯ”ͱݺͿʣɽ͋Δ࣌ؒଳͰͷौ଺ύλʔϯ͸ɼौ଺ϦϯΫͷωοτϫʔΫʹ͓

͚Δۭؒతͳύλʔϯʢ଴͕ͪྻߦ଺ཹ͍ͯ͠ΔϦϯΫ͸ͲΕ͔ʣɼ͓ Αͼ֤ौ଺ϦϯΫͷ
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and 10 AM, causing drivers to change routes. The lower flows were attributed to the non-homogeneous congestion in the
network created by this disturbance.

This explanation seems reasonable since a major disturbance can distribute traffic unevenly in space, and it is well known
that uneven vehicle distributions can reduce network flow (Daganzo, 2007; Daganzo and Geroliminis, 2008). What is still
puzzling, however, is why low flows are only observed when the network is recovering from congestion (from 9 AM to some-
time after 11 AM)—long after the disturbance started—and why the low flows persist well after the disturbance ended.

An explanation may lie in recent computer simulations which show that traffic congestion tends to distribute itself un-
evenly when a fixed number of drivers circulate in a network indefinitely while choosing their routes randomly (Daganzo
et al., 2011; Gayah and Daganzo, 2010; Mazloumian et al., 2010). Using an analytical model of a simple network exhibiting
the most favorable conditions for an MFD (perfect symmetry and uniform demand), Daganzo et al. (2011) showed that the
ultimate reason for this phenomenon is turning at intersections: random turns cause more congested regions to emit less
traffic than less congestion regions, misdistributing congestion. This reference also shows that if drivers choose their routes
adaptively in real-time then the tendency toward unevenness is mitigated, albeit not completely if congestion is heavy. If
this tendency toward unevenness also arises for more realistic scenarios in which drivers are allowed to enter and exit a net-
work according to their wishes, it could explain the delayed hysteresis pattern observed in Toulouse. The pattern could be
due to a gradual buildup of congestion unevenness that became self-sustained once it started.

To look into this issue, this paper generalizes the two-bin model in Daganzo et al. (2011) by including trip ends to account
for the dynamics of a rush hour. This model will be used to see if the observations in Buisson and Ladier (2009) can be
qualitatively reproduced, and to shed light on when and how hysteresis arises. It will be assumed that trip generation is
time-dependent and exogenous, but the trip termination rate is endogenous. The latter is assumed to be proportional to
the circulating flow as recommended in the literature (Daganzo, 2007; Geroliminis and Daganzo, 2008).

It is found that hysteresis loops arise even under the most favorable network conditions for an MFD. It is also found that a
network’s tendency toward unevenness is exacerbated during the late stages of a rush hour when more trips are terminating
than starting, especially if drivers do not navigate through congestion adaptively, and this causes hysteresis loops to follow a
clockwise pattern. This helps explain why the Toulouse observations only exhibit low flows during recovery on a day when
many drivers were forced into unfamiliar routes.

The paper is organized as follows. Section 2 describes the two-bin network. Section 3 presents its dynamic equations
assuming no driver adaptation, and explores the asymmetry between the beginning of a rush hour (loading) and its end
(recovery). Section 4 examines full rush hour cycles and the conditions giving rise to hysteresis loops of different types. Sec-
tion 5 examines the effect of driver adaptation. Section 6 provides concluding remarks and discusses implications for more
realistic traffic networks.

2. The simple network: A two-bin system

A more general version of the two-bin system used in Daganzo et al. (2011) to model a homogeneous square grid network
will be used here. Whereas each of the bins in this reference represented a family of parallel streets, here they will represent

Fig. 1. Empirical MFDs of: (a) Yokohama, Japan; and (b) Toulouse, France. Source: Buisson and Ladier (2009).
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ਤ 1.1: εϧʔϓοτͱौ଺ύλʔϯ

ͷۭؒతࡶ୆਺ͱൺֱͯࠞ͠ࡏ௨ྔͱͯ͠ఆٛ͢Δɽ͜͏ͨ͠ौ଺ύλʔϯ͸ɼଘަ͚ࡹ

ͳ઀ଓؔ܎Λࣺ৅͠ͳ͍ɼΑΓඍࢹతͳঢ়ଶม਺Ͱ͋Δͱ͍͑Δɽ·ͨɼͦ΋ͦ΋εϧʔ

ϓοτͱ͸ωοτϫʔΫ͔Βͷަ͚ࡹ௨ྔͰ͋ΔͨΊɼݪཧతʹ͜͏ͨ͠ौ଺ύλʔϯʹ

ΑΓ੍໿͞ΕΔ΋ͷͱ͑ߟΒΕΔɽ࣮͔ͭزࡍͷ࣮ূ͔ڀݚΒɼ͋Δଘࡏ୆਺ʹର࣮ͯ͠

͕͋ੑݱ࠶Δौ଺ύλʔϯʹ΋͍ͯ͠ݱΔεϧʔϓοτͷ͹Β͖͕ͭখ͍͞ͱ͖ɼ࣮͢ݱ

Δ͜ͱ͕ࣔࠦ͞Ε͍ͯΔ (Geroliminis and Sun, 2011b,a,ਤ 1.1΋ߟࢀ)ɽ͜ͷ͜ͱΑΓɼۭ

ؒతʹৄࡉͳࠞࡶ෼෍Ͱ͋Δौ଺ύλʔϯͱεϧʔϓοτͱΛ݁ͼ͚ͭΔཧ࿦ΛߏஙͰ͖

Ε͹ɼݸʑͷौ଺ϦϯΫͷঢ়ଶมԽ͕εϧʔϓοτʹӨڹΛ༩͑ΔϝΧχζϜΛ೺ѲͰ͖

Δʀͦͯ͠ɼͦͷϝΧχζϜʹ͍ͨͮجɼεϧʔϓοτΛվળ͢ΔͨΊͷ۩ମతͳौ଺Ϧ

ϯΫ੍ࡦํޚΛߏஙͰ͖Δͱ͑ߟΒΕΔɽ

1.2 ຊڀݚͷ໨త

Ҏ্ͷഎܠͷԼɼຊڀݚͰ͸ɼौ଺ύλʔϯʹͮ͘جωοτϫʔΫɾεϧʔϓοτͷղ

ੳཧ࿦Λߏங͢Δɽͦͯ͠ɼߏஙͨ͠ཧ࿦ʹ͖ͮجɼεϧʔϓοτΛվળ͢Δौ଺ϦϯΫ

൫ཧ࿦ͱ͠جங͢Δɽौ଺ύλʔϯͱεϧʔϓοτͱΛ݁ͼ͚ͭΔͨΊͷߏΛࡦํޚ੍

ͯɼຊڀݚ͸ɼಈతར༻ऀߧۉ഑෼ʢDynamic User Equilibrium: DUEʣཧ࿦ʹண໨͢Δɽ

DUEཧ࿦͸ɼར༻ऀͷબ୒ߦಈͱಓ࿏ͷަ௨৚݅ͱͷ૬࡞ޓ༻ͷ݁Ռੜ͡Δɼߧۉঢ়ଶʹ

͓͚ΔωοτϫʔΫަ௨ྲྀΛهड़͢Δཧ࿦Ͱ͋Δɽ͜͏ͨ͠ߧۉঢ়ଶ͸ɼަ௨ωοτϫʔ

ΫɾγεςϜશମͷঢ়ଶΛ͑ߟΔ্Ͱͷجຊతͳঢ়ଶͰ͋ΓɼγεςϜڍಈͷຊ࣭తͳಛ

ੑΛ೺Ѳ͢Δ͜ͱ͕Ͱ͖Δɽ

ಛʹɼຊڀݚͰ͸ɼौ଺ύλʔϯͱεϧʔϓοτͱͷؔ܎Λղੳతʹ೺Ѳ͢ΔͨΊʹɼ

DUE഑෼໰୊ͷ࣌ؒ෼ղ๏ (Kuwahara and Akamatsu, 1993)Λద༻Ͱ͖Δߏ଄Λ࣋ͭωο

τϫʔΫͷΫϥεͰ͋Δ unidirectional network (Iryo and Smith, 2017)ʹண໨͢Δɽ࣌ؒ෼

ղ๏ͱ͸ɼಈతͳަ௨ྲྀϞσϧͷ causalityʢҼՌ཯ͱ΋ʣɼ͓ Αͼ First-In-First-Out (FIFO)ݪ
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ଇΛ׆༻͠ɼ͋Δج४࣌ࠁͱͳΔϊʔυͰͷ࣌ࠁผʹ഑෼໰୊Λ෼ղͯ͠ղ͘ํ๏Ͱ͋

Δɽྫ͑͹ɼ୯Ұى఺ωοτϫʔΫʹ͓͚Δߧۉঢ়ଶΛ͑ߟΔͱɼ͜ΕΒͷੑ࣭Λຬͨ͢

ަ௨ྲྀϞσϧͷԼͰ͸ɼ͋Δ࣌ࠁʹ།Ұͷى఺Λग़ൃ͢Δं͕྆͢ݧܦΔཱྀؒ࣌ߦ͸ɼͦ

ͷ࣌ࠁҎ߱ʹग़ൃ͢Δं྆ͷӨڹΛड͚ͳ͍͜ͱ͕อূ͞ΕΔʀैͬͯɼ഑෼໰୊Λى఺

ग़ൃ࣌ࠁผʹ෼ղ͠ɼલ͖޲ʹஞ͍࣍ͯ͘͜͠ࢉܭͱ͕ՄೳͰ͋Δɽ࣌ؒ෼ղ๏͸ɼ͜Ε

·Ͱߧۉղͷಛੑղੳ (Akamatsu, 2000; Akamatsu et al., 2015; Iryo and Smith, 2017)΍ɼޮ

཰తͳղ๏ (Akamatsu, 2001; Waller and Ziliaskopoulos, 2006; Iryo, 2011b)ΛಘΔͨΊʹ༻

͍ΒΕ͖ͯͨɽຊڀݚͰ͸ɼ͜ͷํ๏࿦Λεϧʔϓοτղੳɼ͓Αͼղੳʹަͮ͘ج௨੍

ஙʹԠ༻͢Δ͜ͱͱͳΔɽߏͷࡦํޚ

ຊ࿦จͰ͸ɼେ͖͘෼͚ͯ 2ͭͷڀݚΛ਱͢ߦΔɽୈҰʹɼߧۉղੳͷଥ౰ੑΛอূ͢

ΔͨΊͷɼDUE഑෼ཧ࿦ͷ҆ఆੑղੳͰ͋Δɽߧۉ໰୊Λղੳ͢Δࡍʹ͸ɼߧۉঢ়ଶͷ਺

ཧతಛੑʢe.g.,ଘੑࡏɾҰҙੑɾ҆ఆੑʣΛௐ΂Δඞཁ͕͋Δɽಛʹ҆ఆੑ͸ɼߧۉঢ়ଶ

Γ͏Δ͜ͱΛอূ͢ΔͨΊͷॏཁͳੑ࣭Ͱ͋Δʹ΋͔͔ΘΒͣɼ࣌ؒ෼ղ๏͜ىʹࡍ࣮͕

͕ద༻Ͱ͖ΔΫϥεͷωοτϫʔΫͰ͸อূ͞Ε͍ͯͳ͍ɽ͜Ε͸ɼ҆ఆੑΛূ໌͢Δʹ

͋ͨΓ༻͍ΒΕΔطଘͷΞϓϩʔν͕ܦ࿏ཱྀؒ࣌ߦͷ୯ௐੑͱ͍͏ੑ࣭Λཁ͢ٻΔҰํɼ

͜ͷੑ࣭͸ ʹ࿏ܦ1 1ϘτϧωοΫ͕ଘ͢ࡏΔݶఆ͞ΕͨΫϥεͷωοτϫʔΫͰ͔͠Ұ

ൠతʹ੒ཱ͠ͳ͍ͨΊͰ͋Δɽ

ͦͷͨΊɼຊڀݚͰ͸ɼ୯ௐੑΛཁ͠ٻͳ͍ํ๏ͱͯ͠ɼਐԽήʔϜཧ࿦ͷ࿮૊Έ͔

Β҆ఆੑΛղੳ͢Δ৽ͨͳํ๏࿦Λߏங͢Δɽ͜ͷํ๏࿦͸ɼަ௨ωοτϫʔΫ഑෼ཧ

࿦ͱήʔϜཧ࿦ͷͦΕͧΕͷ෼໺Ͱൃల͖ͯͨ͠ɼ࣍ͷ 3 ͭͷ֓೦ɾํ๏࿦͔Βߏ੒͞

Ε͍ͯΔɿཻࢠϞσϧʹ͓͚Δ DUEͷ࣌ؒ෼ղ๏ɼઓུܕήʔϜͷΫϥεͰ͋Δ weakly

acyclic gameɼ͓ΑͼΏΒ͗ΛؚΉಈతγεςϜͷఆৗ෼෍ղੳɽ҆ఆੑͷղੳʹ͋ͨΓɼ

ຊڀݚͰ͸·ͣग़ൃ࣌ࠁΛݻఆͨ͠ DUE ഑෼໰୊Λɼं྆Λ࿈ଓମۙͣͤࣅɼ֤ं྆

ΛݸผʹऔΓѻͬͨઓུܕήʔϜʢ͜ΕΛ DUEήʔϜͱݺͿʣͱͯ͠ఆࣜԽ͢Δɽ·ͨ

unidirectional networkʹ͓͍ͯɼߧۉղΛಋग़͢ΔͨΊͷɼं྆ͷద੾ͳ഑෼͢Δ΂͖ॱ

ং෇͚Λ͑ߦΔ͜ͱΛࣔ͢ɽ࣍ʹɼ͜ͷॱং෇͚ͷಛੑʹ͖ͮجɼDUEήʔϜͱ weakly

acyclic gameͱͷ݁ͼ͖ͭΛཱ֬͢Δɽͦͯͦ͠ͷ݁ͼ͖ͭʹ͖ͮجɼήʔϜཧ࿦෼໺ʹ

͓͍ͯ஝ੵ͞Ε͖ͯͨ஌ݟΛԉ༻ͯ͠ɼΏΒ͗ΛؚΉಈతγεςϜͷ҆ఆੑ֓೦Ͱ͋Δ֬

཰త҆ఆੑ (Foster and Young, 1990; Young, 1993)Λղੳ͢Δɽ

ୈೋʹɼߧۉղੳͷଥ౰ੑʹཱ͠٭ɼ؍ଌ͞Εͨौ଺ύλʔϯΛ༩݅ͱͨ͠εϧʔϓο

τͷղੳཧ࿦ɼ͓Αͼ੍ࡦํޚΛߏங͢Δɽ·ͣɼODަ௨धཁΛ༩݅ͱ͠ར༻ऀͷܦ࿏

બ୒ݪཧͱ੔߹తͳौ଺ύλʔϯΛٻΊΔ DUE഑෼໰୊Λɼौ଺ύλʔϯΛ༩݅ͱͯ͠ɼ

εϧʔϓοτʢఆৗతʹྲྀΕ͏Δ ODަ௨धཁʣΛಋग़͢Δ໰୊΁ͱม͢׵Δɽ͜Ε͸ɼ

DUE ഑෼໰୊ͷٯ໰୊ͱͯ͠Ґஔ͚ͮΒΕΔɽ͜ͷ໰୊͸ɼग़ྗʢٯ໰୊ͷղʣΛҰҙ

ʹఆΊΔͨΊͷج४ͱͯ͠ɼωοτϫʔΫ಺ʹଘ͢ࡏΔं྆୆਺͕ҰఆͱͳΔఆৗঢ়ଶ

ʢi.e.,पڥظք৚݅ʣΛ૝ఆ͍ͯ͠Δɽͦͷ݁ՌɼఏҊٯ໰୊͸ઢํܗఔࣜܥͰهड़͞ΕΔ
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OD交通需要

渋滞パターン
（混雑の空間的分布）

スループット

順問題（3・4章）
Input

Output Input

Output

逆問題（5・6章）

動的利用者均衡配分（DUE）：経路選択原理

定常状態条件

ਤ 1.2: ಈతར༻ऀߧۉͱຊڀݚͷߏ੒ͱͷؔ܎

ͨΊɼ͜ΕΛղ͘͜ͱʹΑΓौ଺ύλʔϯͱεϧʔϓοτͱΛղੳతʹ݁ͼ͚ͭΔ͜ͱ͕

Ͱ͖Δɽ

࣍ʹɼߏஙͨ͠ղੳࣜͷײ౓෼ੳΛ͍ߦɼौ଺ϦϯΫͷ༰ྔมԽʹର͢Δεϧʔϓοτ

ͷվળɾ௿Լͷ৚݅ͱɼͦͷϝΧχζϜΛ໌Β͔ʹ͢Δɽ͜͜Ͱ͸ɼ༰ྔ͕มԽ͢Δौ଺

ϦϯΫͷछྨʢi.e.,্ɾԼྲྀϊʔυ͕ى఺ɼ௨աɼऴ఺ͷͲΕͰ͋Δ͔ʣผʹ໢ཏతʹ৔߹

෼͚ͯ͠ײ౓Λௐ΂Δɽ͜ΕʹΑΓɼεϧʔϓοτΛվળ͢ΔͨΊʹ༰ྔΛ૿ڧʢ੍ݶʣ

͢Δ΂͖ौ଺ϦϯΫΛɼͦͷछྨผʹ໌Β͔ʹ͢Δɽͦͯ͠ղ໌ͨ͠৚݅ʹ͖ͮجɼա๞

࿨ঢ়ଶʹ͓͚Δ৴߸ަࠩ఺Ͱͷަ௨੍ޚΛ૝ఆͯ͠ɼौ଺ϦϯΫ੍ࡦํޚΛߏங͢Δɽ

Ҏ্ͷྲྀΕΛ·ͱΊͨ΋ͷΛɼਤ 1.2ʹࣔ͢ɽ͜ͷΑ͏ʹɼຊڀݚ͸ɼަ௨ωοτϫʔ

Ϋ഑෼ཧ࿦෼໺Ͱ௕೥ൃ͕ڀݚల͖ͯͨ͠ DUEཧ࿦ʹ͍ͭͯɼͦͷॱ໰୊ʢ҆ఆੑղੳʣ

ͱٯ໰୊ʢ੍ߏࡦํޚஙʣͷ྆ଆ໘͔Β෼ੳ͢Δͱ͍͏ɼମܥతͳߏ੒ͱͳ͍ͬͯΔɽ

1.3 ຊ࿦จͷߏ੒

ຊ࿦จ͸શ 7ষͰߏ੒͞ΕΔɽୈ 1ষͰ͸ɼഎܠͱ໨తΛड़΂ͨɽଓ͘ୈ 2ষͰ͸ɼར
ର৅ͱ͕͢ڀݚɼຊޙઆ໌͍ͨͯͭ͠ʹૅج഑෼ͷఆࣜԽͱ਺ཧతಛੑͷղੳͷߧۉऀ༺

ΔಈతͳωοτϫʔΫަ௨ྲྀͷ੍ࡦํޚʹؔ͢ΔطଘڀݚΛ੔ཧ͠ɼຊڀݚͷҐஔ෇͚Λ

໌֬Խ͢Δɽୈ 3ষɾ4ষͰ͸ಈతར༻ऀߧۉͷ҆ఆੑΛղੳ͢Δɽୈ 3ষͰ͸ɼ҆ఆੑ
ղੳʹઌཱͪɼަ௨ྲྀͷྲྀମϞσϧͰ࣌ؒ෼ղಛੑ͕ࣔ͞Ε͍ͯΔ unidirectional network

ʹ͓͚ΔཻࢠϞσϧͷަ௨ྲྀͷ࣌ؒ෼ղੑΛࣔ͢ɽୈ 4ষͰ͸ɼ࣌ؒ෼ղ๏Λద༻Ͱ͖Δ
ωοτϫʔΫߏ଄Ͱͷಈతར༻ऀߧۉͷ֬཰త҆ఆੑΛղੳ͢Δɽୈ 5ষɾ6ষ͸ߧۉղ
ੳΛ௨ͨ͠ौ଺ύλʔϯʹͮ͘جωοτϫʔΫ੍ࡦํޚΛߏங͢Δɽୈ 5ষͰ͸ɼಈతར
ɼौ଺ύλʔϯΛ༩݅ͱͨ͠εϧʔϓοτͷղੳࣜΛಋग़͠༺׆ͷ࣌ؒ෼ղ๏Λߧۉऀ༺
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͢Δɽୈ 6ষͰ͸ɼղੳࣜͷײ౓෼ੳΛ͜͏ߦͱͰɼεϧʔϓοτΛվળ͢Δौ଺ϦϯΫ
ͷ༰ྔมԽͷ৚݅Λಋग़͢Δʀͦͯ͜͠Εʹ͖ͮجɼौ଺ϦϯΫͷ੍ࡦํޚΛߏங͢Δɽ

ୈ 7ষͰ͸ɼຊ࿦จͷ݁࿦ΛͱΓ·ͱΊɼޙࠓͷల๬Λࣔ͢ɽ
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ୈ 2ষ

ͷ੔ཧڀݚଘط

2.1 ੔ཧͷํ਑

ຊষͰ͸ɼຊ͕ڀݚର৅ͱ͢Δ DUE ഑෼໰୊ͷ਺ֶతಛੑͷղੳɼ͓Αͼಓ࿏ωο

τϫʔΫͷಈతͳަ௨੍ࡦํޚʹؔ࿈͢ΔطԟͷڀݚΛ੔ཧ͠ɼຊڀݚͷҐஔ෇͚Λ

໌Β͔ʹ͢ΔɽҎԼͰ͸·ͣɼར༻ऀߧۉঢ়ଶͱͦͷ਺ཧಛੑʹ͍ͭͯ؆୯ͳ੔ཧΛߦ

͏ɽ࣍ʹɼωοτϫʔΫͷަ௨ঢ়ଶ/ੑೳΛඍࢹతʹଊ͑ΔΞϓϩʔνʹؔ͢Δطଘݚ

తͳΞϓϩʔνͰ͋Δࢹڊɽͦͯ͠ɼ͏ߦ੔ཧΛ͍ͯͭʹڀ Macroscopic Fundamental

Diagram (MFD)ʹ͍ͭͯɼͦͷཧ࿦ͱ੍ޚʹؔ͢ΔڀݚΛ੔ཧ͢Δɽޙ࠷ʹɼ੔ཧͨ͠ط

ଘڀݚͷ಺༰Λ౿·͑ͯຊڀݚͷҐஔ෇͚Λड़΂Δɽ

2.2 ަ௨ωοτϫʔΫ഑෼ཧ࿦ɿߧۉ഑෼໰୊

ຊઅͰ͸ɼར༻ऀߧۉঢ়ଶͱͦͷ਺ཧಛੑʹ͍ͭͯ؆୯ʹ੔ཧ͢ΔɽҎԼͰ͸ɼ·ͣɼ

Wardrop (1952)ʹΑΓఏএ͞Εͨ഑෼ݪଇΛઆ໌͢Δɽ࣍ʹɼఆৗతͳϑϩʔɾύλʔϯ

ΛԾఆͨ͠੩తར༻ऀߧۉ഑෼໰୊ͷఆࣜԽ͓Αͼ਺ཧಛੑʹ͍ͭͯ੔ཧΛ͏ߦɽͦͷ

ߦ഑෼໰୊ʹ͍ͭͯͷ੔ཧΛߧۉऀ༺ड़͢ΔಈతརهʑͷϑϩʔɾύλʔϯΛࠁɼ࣌ʑޙ

͏ɽͳ͓͜͜Ͱ͸ܦ࿏બ୒ͷΈΛྀͨ͠ߟ഑෼ཧ࿦ʹ͍ͭͯड़΂Δɽ

2.2.1 Wardropͷ഑෼ݪଇ

ަ௨ωοτϫʔΫ഑෼໰୊ͱ͸ɼ࣮ݱͷަ௨໢Λந৅Խͨ͠ަ௨ωοτϫʔΫΛର৅

ʹɼODަ௨धཁͱަ௨഑෼ݪଇΛ༩݅ͱͯ͠ɼωοτϫʔΫͷ֤ϦϯΫΛྲྀΕΔަ௨ྔ

Λ༧ଌ͢Δ໰୊Ͱ͋Δ (౔໦ֶձ, 1998)ɽަ௨഑෼ݪଇʹ͍ͭͯɼWardrop (1952)͸࣍ͷ

2ͭͷ഑෼ݪଇΛఏএ͍ͯ͠Δɿ

• Wardropͷୈ̍ݪଇɿར༻͞ΕΔܦ࿏ͷཱྀؒ࣌ߦ͸օ౳͘͠ɼར༻͞Εͳ͍ܦ࿏ͷ

ΑΓ΋খ͍͔͞ɼ͍͍ͤͥ౳͍͠ɽؒ࣌ߦཱྀ
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• Wardropͷୈ̎ݪଇɿަ௨ωοτϫʔΫ্ͷ૯ཱྀ࠷͕ؒ࣌ߦখͱͳΔɽ

ୈ̍ݪଇ͸࠷΋؆ܿͳ഑෼ݪଇͷҰͭͰ͋Γɼࠓ೔ͷଟ͘ͷަ௨ωοτϫʔΫɾϞσϧ

ͷϕϯνϚʔΫͱͳΔ֓೦Ͱ͋Δɽ͜ͷ഑෼ݪଇ͸ɼ֤ར༻ऀ͕ࣗ෼ͷ໨తؔ਺ʢe.g.,ཱྀ

ঢ়ଶʢWardropߧۉ࿏Λબ୒ͨ݁͠Ռ౸ୡ͢Δ࣍ͷΑ͏ͳܦʹখͱͳΔΑ͏࠷ʣ͕ؒ࣌ߦ

ΔΠϯηϯςΟϒΛ࣋ͨͳ͢ߋʣΛදΘ͢΋ͷͰ͋Δɿ୭΋͕ࣗ෼ͷબ୒Λ୯ಠͰมߧۉ

͍ঢ়ଶɽ͜ͷ͜ͱ͔Βɼ͜ͷݪଇʹै࣮ͬͯ͢ݱΔϑϩʔɾύλʔϯ͸ “ར༻ऀߧۉʢUE:

user equilibriumʣ”ঢ়ଶʢ͋Δ͍͸هड़తঢ়ଶʣͱݺ͹ΕΔɽWardropߧۉ͸ɼ֤ར༻ऀ͕

ࣗ਎ͷ໨తؔ਺ʢཱྀؒ࣌ߦʣΛվળͰ͖ͳ͍ͱ͍͏ҙຯʹ͓͍ͯɼήʔϜཧ࿦ʹ͓͚Δ

Nashߧۉͱ౳Ձͳ֓ߧۉ೦Ͱ͋Δɽ

ҰํɼWardrop ͷୈ̎ݪଇ͸ަ௨γεςϜશମͷ࠷దԽΛ໨͢ࢦ΋ͷͰ͋Γɼಓ࿏؅

ཧऀ͕தԝूݖతʹωοτϫʔΫަ௨ྲྀΛ؅ཧ͢Δ͜ͱʹΑ࣮ͬͯݱͰ͖Δ΋ͷͰ͋Δɽ

͜ͷ͜ͱ͔ΒɼγεςϜ࠷దʢSO: system optimumʣ഑෼ʢ͋Δ͍͸ൣنతঢ়ଶʣͱݺ͹

ΕΔɽ

2.2.2 ੩తར༻ऀߧۉ഑෼໰୊

੩తͳ UE഑෼໰୊Ͱ͸ɼωοτϫʔΫަ௨ྲྀ͕ఆৗঢ়ଶʹ͋Δ͜ͱΛԾఆ͍ͯ͠Δɽ

͢ͳΘͪɼ֤ϦϯΫʹྲྀೖɾྲྀग़͢Δަ௨ྔͳͲ͕࣌ؒతʹมԽ͠ͳ͍͜ͱΛԾఆͯ͠ɼ

લड़ͷWardropߧۉঢ়ଶʹ͋ΔϑϩʔɾύλʔϯΛٻΊ͍ͯΔɽ͜ͷ഑෼໰୊͸ɼҰൠత

ʹ͸ҎԼͷΑ͏ʹఆࣜԽ͞ΕΔɿ
⎧⎪⎪⎨⎪⎪⎩

Cr(f) − C∗od = 0 if fr > 0
Cr(f) − C∗od ≥ 0 if fr = 0

∀r ∈ Rod,∀od ∈W, (2.1)

∑

r∈Rod

fr −Qod = 0 ∀od ∈W, (2.2)

fr ≥ 0 ∀r ∈ Rod,∀od ∈W. (2.3)

͜͜ͰɼCr(f) ͸ܦ࿏ަ௨ྔύλʔϯ͕ f Ͱ͋Δͱ͖ͷܦ࿏ r ͷཱྀؒ࣌ߦɼC∗od ͸ OD ϖ

Ξ od ؒͷߧۉʢ࠷খʣܦ࿏ཱྀؒ࣌ߦɼQod ͸ OD ϖΞ od ؒͷ෼෍ަ௨ྔͰ͋Δɽ·ͨɼ

Rod,W ͸ͦΕͧΕ ODϖΞ odؒͷܦ࿏ू߹ɼODϖΞͷू߹Λද͍ͯ͠Δɽࣜ (2.1)͸ɼ

ར༻͞ΕΔʢi.e., fr > 0ͱͳΔʣܦ࿏ͷॴཁ࣌ؒ͸ܦߧۉ࿏ཱྀؒ࣌ߦʹօ౳͘͠ɼར༻͞

Εͳ͍ʢi.e., fr = 0ͱͳΔʣܦ࿏ͷॴཁ࣌ؒΑΓ΋খ͍͔͞ɼ͍͍ͤͥ౳͍͠ͱ͍͏ར༻

ͷ৚݅Λද͍ͯ͠Δɽࣜߧۉऀ (2.2)͸ϑϩʔอଘଇɼࣜ (2.3)͸ඇෛ੍໿Λද͍ͯ͠Δɽ

੩తͳަ௨ωοτϫʔΫ഑෼ϞσϧͰ͸ɼ֤ϦϯΫཱྀؒ࣌ߦ c͸ϦϯΫަ௨ྔ xͷؔ਺

ͱͯ͠༩͑ΒΕɼܦ࿏ཱྀؒ࣌ߦ C͸ܦ࿏͕แؚ͢ΔϦϯΫͷཱྀؒ࣌ߦͷ࿨ͱͯ͠༩͑ΒΕ

ΔɿωοτϫʔΫͷܦ࿏ɾϦϯΫ઀ଓྻߦΛ∆ͱදΘ͢ͱ͖ɼC =∆cɽϦϯΫཱྀؒ࣌ߦ

ؔ਺ͱͯ͠͸ɼૢੑ࡞ͷ͞ߴɼ·ͨʢޙड़͢Δ୯ௐੑͳͲΛຬͨ͢ʣ਺ֶతੑ࣭ͷྑ͔͞
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Βɼถࠃಓ࿏ہʢUS Bureau of Public RoadʣͰ։ൃ͞Εͨɼ࣍ͷ “BPRؔ਺”͕༻͍ΒΕΔ

͜ͱ͕ଟ͍ɿ

cl(xl) = cl(0)

⎧⎪⎪⎨⎪⎪⎩1 + α
{xl

γ

}β⎫⎪⎪⎬⎪⎪⎭ (2.4)

cl(xl)͸ϦϯΫ lͷަ௨ྔ͕ xl Ͱ͋Δͱ͖ͷϦϯΫཱྀؒ࣌ߦΛදΘ͢ɽ·ͨ α, β, γ͸ύϥ

ϝʔλͰ͋Δɽ

ఆࣜԽ͞Εͨߧۉ໰୊͸ɼ਺ཧ࠷దԽ໰୊΍ม෼ෆ౳ࣜͷܗͰ౳ՁͳදݱΛ͜͏ߦͱ͕

Ͱ͖Δ (੺দོɼ࿨ా݈ଠ࿠, 2014)ɽSmith (1979a) ͸ɼUE ഑෼໰୊Λ࣍ͷม෼ෆ౳ࣜ໰

୊ͱͯ͠ఆࣜԽ͍ͯ͠Δɿ

Find f∗ ∈ Ω f such that C(f∗) · (f − f∗) ≥ 0, ∀f ∈ Ω f ≡ {f : satisfying (2.2) and (2.3)}.
(2.5)

·ͨ͜ͷ໰୊͸ɼϦϯΫަ௨ྔ xʹؔ͢Δม෼ෆ౳ࣜ໰୊ͱͯ͠΋දݱͰ͖Δɿ

Find x∗ ∈ Ω such that c(x∗) · (x − x∗) ≥ 0, ∀x ∈ Ω ≡ {x : satisfying x =∆f, (2.2), and (2.3)}.
(2.6)

͞ΒʹɼϦϯΫཱྀؔؒ࣌ߦ਺ͷ Jacobian͕ରশͰ͋Δͱ͖ɼར༻ऀߧۉঢ়ଶͰͷϦϯΫɾ

ύλʔϯ x͸ɼҎԼͷತܭը໰୊ͷղͱͯ͠༩͑ΒΕΔɿ

min .z(x) =
∮

x
c(x)dx, s.t. x ∈ Ω. (2.7)

͜ΕΒͷ౳ՁදݱΑΓɼUE ঢ়ଶͷ༷ʑͳ਺ཧಛੑ͕໌Β͔ʹ͞Ε͍ͯΔɽ۩ମతʹ͸ɼ

ϦϯΫཱྀؔؒ࣌ߦ਺ c(x)͕࿈ଓ͔ͭ࣍ͷٛڱ୯ௐੑɿ

(c(x) − c(y)) · (x − y) > 0, (2.8)

Λຬͨ͢ͳΒ͹ɼߧۉղ͸ඞͣଘ͔ͭ͠ࡏҰҙʹఆ·Δɽ·ͨɼͦͷߧۉղ͸େҬత઴ۙ

҆ఆͰ͋Δ͜ͱ͕ࣔ͞Ε͍ͯΔɽͳ͓҆ఆੑղੳͷࡍʹ͸ɼෆߧۉঢ়ଶ͔Βߧۉঢ়ଶʹࢸ

Δ·Ͱͷར༻ऀͷߦಈௐ੔աఔΛهड़͢ΔɼԿΒ͔ͷಈֶϞσϧʢi.e., day-to-dayμΠφ

ϛΫεʣΛԾఆ͢Δඞཁ͕͋Δɽ͜͜Ͱ͸ɼ֤ར༻ऀ͕લ೔ΑΓཱྀ͕ؒ࣌ߦ୹͘ͳΔܦ࿏

Λબ୒͢Δ “assignment process”ͱ͍͏μΠφϛΫεΛԾఆ͍ͯ͠Δɽ

2.2.3 ಈతར༻ऀߧۉ഑෼໰୊

੩త഑෼໰୊ʹର͠ɼಈత഑෼໰୊Ͱ͸ަ௨ωοτϫʔΫ্ͷ࣌ʑࠁʑͷϑϩʔɾύ

λʔϯͷมԽΛهड़͢Δɽͦͷ֓ߧۉ೦ͷجຊతͳఆٛ͸੩తར༻ऀߧۉͷࣗવͳ֦ுͰ

͋Γɼ“೚ҙͷ࣌ࠁʹ͓͍ͯ”ಉҰͷىऴ఺Λ࣋ͭར༻ऀؒͰ͸ɼͲͷܦ࿏Λ૸͢ߦΔར༻

ऀ΋ཱྀ͕ؒ࣌ߦಉҙͱͳΔΑ͏ͳϑϩʔɾύλʔϯΛٻΊΔ΋ͷͰ͋Δɽ͢ݴ׵Δͱɼશ

ͯͷར༻ऀ͕ޙࣄతʹͯݟ΋֤ࣗͷਅͷ࠷୹ܦ࿏ͱͳ͍ͬͯΔΑ͏ͳϑϩʔɾύλʔϯͰ
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͋Δɽ͜͏ͨ͠ಈతར༻ऀߧۉʢDUEʣ഑෼໰୊͸ɼUE഑෼໰୊ͱಉ༷ʹɼ࣍ͷม෼ෆ

౳ࣜ໰୊ͱͯ͠දݱͰ͖Δ (Zhu and Marcotte, 2000)ɿ

∑

od∈W

∑

r∈Rod

∫ T

0
C∗(t) · (f(t) − f∗(t))d ≥ 0 (2.9)

͜͜Ͱ C∗(t)͸ɼܦ࿏ϑϩʔɾύλʔϯ f∗(t)ͷԼͰɼ࣌ࠁ tʹग़ൃ͢Δं྆ͷܦ࿏ཱྀ࣌ߦ

ؒΛදΘ͢ɽ

਺ͱؔؒ࣌͠ߦΊΒΕΔɽϦϯΫཱྀٻ͖ͮجʹ਺ؔؒ࣌ߦ͸ϦϯΫཱྀؒ࣌ߦ࿏ཱྀܦ

ͯ͸ɼlink delay function Ϟσϧ (Friesz et al., 1993)ɼϘτϧωοΫϞσϧ (Vickrey, 1969;

Smith, 1993)ͳͲ͕͋Δɽ֤Ϟσϧ͸ϦϯΫ্ʹ଺ཹ͢Δं྆ͷ଴ͪ࣌ؒʢ͋Δ͍͸ྲྀग़

ަ௨ྔʣͷදݱʹͦΕͧΕͷಛ௃͕͋Δ͕ɼ͍ͣΕ΋ FIFOݪଇ΍ҼՌ཯ͱ͍ͬͨɼಈత

ͳަ௨ྲྀϞσϧͱͯࣗ͠વͳԾఆΛຬ͍ͨͯ͠Δ (Carey et al., 2003)ɽ

FIFO ଇ͸ɼ͍͔ͳΔϦϯΫʹ͓͍ͯ΋֤ं྆ͷྲྀೖॱংͱྲྀग़ॱং͸ಉ͡Ͱ͋Δɼݪ

ͱ͍͏ݪଇͰ͋Δ*1ɽҰํҼՌ཯͸ɼ͋Δ࣌ࠁʹϦϯΫʹྲྀೖ͢Δར༻ऀͷཱྀؒ࣌ߦ͸ɼ

ͦͷ࣌ࠁҎલʹྲྀೖͨ͠ར༻ऀͷϑϩʔɾύλʔϯͷΈʹӨ͢ڹΔͱ͍͏ੑ࣭Ͱ͋Δɽ͜

ΕΒΛຬͨ͞ͳ͍ϞσϧͰ͸ɼ଴ͪྻߦͷԆ৳ݱ৅΍ͦΕʹ൐͏֤ं྆ͷཱྀؒ࣌ߦͷมԽ

͕ਖ਼֬ʹද͞ݱΕͣɼ෺ཧతʹ͜ىΓಘͳ͍ෆՄղͳަ௨ྲྀ͕ੜ͡͏Δɼe.g., ϦϯΫʹ

ೖͬͨॠؒʹ “δϟϯϓʡͯ͠ྲྀग़ͯ͠͠·͏Α͏ͳར༻ऀͷଘࡏΛͯ͠͠ڐ·͏ (Carey,

1992; Astarita, 1996; Nie and Zhang, 2005)ɽैͬͯࡏݱͰ͸ɼ͜͏ͨ͠ݪଇΛຬͨ͢ಈత

ͳަ௨ྲྀϞσϧ͕ଥ౰ͳ΋ͷͱͯ͑͠ߟΒΕ͍ͯΔɽ

DUE ঢ়ଶͷ਺ཧಛੑͷղੳ͸ɼUE ঢ়ଶͷ΋ͷͱಉ༷ʹɼܦ࿏ཱྀؔؒ࣌ߦ਺ͷ਺ཧಛ

ΘΕΔɽSmithߦ͖ͮجʹੑ and Wisten (1995)͸ߧۉղͷଘੑࡏʹ͍ͭͯɼܦ࿏ཱྀؒ࣌ߦ

ؔ਺͕࿈ଓͰ͋Δͱ͍͏Ծఆʹ͖ͮجɼγϟ΢μʔͷෆಈ఺ఆཧΛ༻͍ͯূ໌Λͨͬߦɽ

͜Εʹ͍ͭͯɼMounce and Smith (2007) ͸ϦϯΫཱྀؔؒ࣌ߦ਺͕ϘτϧωοΫɾϞσϧ

Ͱ͋Δͱ͖ɼܦ࿏ཱྀؒ࣌ߦ͸ܦ࿏ϑϩʔʹؔͯ͠࿈ଓͰ͋Δ͜ͱΛ͍ࣔͯ͠Δɽ·ͨ Zhu

and Marcotte (2000)͸ɼ࣌ʑࠁʑͷϦϯΫཱྀ͕ؒ࣌ߦϦϯΫྲྀೖ࣌ͷଘࡏ୆਺ʹґଘ͢Δ

“whole-link”ϞσϧΛԾఆͨ͠ͱ͖ͷଘੑࡏΛূ໌͍ͯ͠Δɽͨͩ͠ɼ͜ΕΒͷϦϯΫϞ

σϧ͸͍ͣΕ΋ɼ͋ΔϦϯΫͷ଴͕ͪྻߦҟͳΔϦϯΫʹ·ͰԆ৳͢ΔΑ͏ͳঢ়گΛ͑ߟ

ͳ͍ɼ“point-queue”ϞσϧͰ͋ΔɽϦϯΫؒͷ଴ͪྻߦԆ৳Λ૝ఆͨ͠ “physical-queue”

Ϟσϧʹؔͯ͠͸ɼܦ࿏ཱྀؔؒ࣌ߦ਺͸ෆ࿈ଓʹͳΓɼߧۉঢ়ଶ͕ଘ͠ࡏͳ͍Մೳੑ͕͋

Δ͜ͱ͕ࢦఠ͞Ε͍ͯΔ (Szeto and Lo, 2006)ɽ

࣍ʹɼߧۉղͷҰҙੑʢ͞Βʹ͸҆ఆੑʣͷূ໌ʹ͋ͨͬͯ͸ɼܦ࿏ཱྀؔؒ࣌ߦ਺ͷ୯

ௐੑ͕ओཁͳ໾ׂΛՌͨ͢ɽSmith and Ghali (1990); Mounce (2006) ͸ܦ࿏ཱྀؔؒ࣌ߦ਺

*1 ௥ӽंઢ͕͋ΔΑ͏ͳϦϯΫͰ͸ີݫʹ͸͜ͷ͕ؔ܎੒ཱ͢Δͱ͸ݶΒͳ͍͕ɼ଴͕ͪྻߦੜ͍ͯ͡ΔΑ͏
ͳঢ়گͰ͸ɼ͜Εʹ͍͕ۙؔ܎੒ཱ͍ͯ͠Δͱ͑ߟΒΕΔɽ
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ͷʢٛ޿ʣ୯ௐੑΛ࣍ͷΑ͏ʹఆٛͨ͠ɿ

∫ T

0
(dx(t) − dy(t)) · (x(t) − y(t))dt ≥ 0. (2.10)

͜͜Ͱɼdx(t) ͸ɼ͋Δ࣌ࠁ t ͰͷྲྀೖϦϯΫަ௨ྔ͕ x(t) Ͱ༩͑ΒΕΔͱ͖ͷɼ࣌ࠁ t

ʹ֤ϦϯΫʹྲྀೖ͢Δར༻ऀ͕͢ݧܦΔ஗Ε࣌ؒΛϕΫτϧදࣔͨ͠΋ͷͰ͋ΔɽSmith

and Ghali (1990)͸ɼ1ܦ࿏ʹϘτϧωοΫ͕ 1ͭͷΈଘ͢ࡏΔ ࿏ܦ1“ 1ϘτϧωοΫɾ

ωοτϫʔΫ”ʹ͓͍ͯٛ޿୯ௐੑ͕੒ཱ͢Δ͜ͱΛ͍ࣔͯ͠Δɽ·ͨMounce and Smith

(2007)͸ɼ͜ͷߏ଄Λ࣋ͭωοτϫʔΫʹ͓͍ͯɼ།Ұͷತू߹͕ղू߹ͱͳΔ͜ͱΛࣔ

͍ͯ͠Δɽ͞Βʹ҆ఆੑͱؔ࿈ͨ͠ੑ࣭ͱͯ͠͸ Smith dynamics Smith (1984b)ͷूߧۉ

߹΁ͷऩଋੑ͕ࣔ͞Ε͍ͯΔɽ

͔͠͠ͳ͕Βɼಈతͳަ௨ྲྀϞσϧʹ͓͍ͯܦ࿏ཱྀؔؒ࣌ߦ਺ͷ୯ௐੑ͸Ұൠతʹ੒

ཱ͢Δ΋ͷͰ͸ͳ͍ɽ࣮ࡍɼ1 ͭͷܦ࿏ʹ 2 ͭҎ্ͷϘτϧωοΫؚ͕·ΕΔͱ͖ɼ୯

७ͳτϙϩδʔͷωοτϫʔΫͰ΋ɼܦ࿏ཱྀؒ࣌ߦ͸ඇ୯ௐͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯ

Δ (Kuwahara, 1990b; Mounce and Smith, 2007)ɽ͜Ε͸ɼϘτϧωοΫ͕λϯσϜߏ଄Λ

औΔͱ͖ɼԼྲྀଆϘτϧωοΫͰͷ஗Ε࣌ؒ͸্ྲྀଆϘτϧωοΫͷ஗Ε࣌ؒʹґଘ͠

ͨɼෳࡶͳؼ࠶తํఔࣜͷܗͰఆࣜԽ͞ΕΔͨΊͰ͋Δ (ͦͷৄࡉ͸ɼ Iryo, 2013;੺দོɼ

࿨ా݈ଠ࿠, 2014, ͳͲΛߟࢀͷ͜ͱ)ɽ݁Ռͱͯ͠ɼΑΓҰൠతͳߏ଄ͷωοτϫʔΫʹ

͓͍ͯ͸ɼߧۉղͷҰҙੑɾ҆ఆੑ͸੒ཱ͠ͳ͍ɼ·ͨ͸ূ໌͢Δ͜ͱ͕ඇৗʹࠔ೉ͱ

ͳ͍ͬͯΔɽ࣮ࡍɼDUEঢ়ଶ͸ʢܦ࿏ཱྀؒ࣌ߦύλʔϯͷҙຯͰʣҰҙੑΛ࣋ͨͳ͍͜ͱ

΋ɼIryo (2011a)ʹΑΓࣔ͞Ε͍ͯΔɽ

2.3 ಈతͳަ௨ྲྀͷ੍ڀݚޚͷݯى

ަ௨ྲྀͷۭ࣌ؒμΠφϛΫεʢi.e.,଴ͪྻߦͷۭ࣌ؒతͳਐలʣΛ໌ࣔతʹऔΓѻͬͨɼ

ಈతͳަ௨ྲྀϞσϧʹޚ੍ͮ͘جʹؔ͢Δڀݚ͸ɼ1960 ೥୅ͷ Vickrey (1969) ͱ Gazis

(1964)ͷڀݚʹ·Ͱ૎Δɽ͜ΕΒͷڀݚ͸͍ͣΕ΋ɼ͋ΔہॴతͳϘτϧωοΫʹ༝དྷ͢

Δۭ͕ࠞؒ࣌ࡶతʹਐలɾ೾͢ٴΔ͜ͱͰɼର৅ͱͳΔωοτϫʔΫɾγεςϜશମͷੑ

ೳ͕௿Լ͢Δͱ͍ͬͨɼࠞࡶͷωοτϫʔΫతͳଆ໘ʹର͢Δ໰୊ҙࣝΛ͍࣋ͬͯΔɽͦ

ͯ͠ɼͦΕͧΕผͷΞϓϩʔνʹΑΓɼަ௨ौ଺Λղফ͋Δ͍͸؇࿨͢ΔͨΊͷ੍ࡦํޚ

Λಋग़͢Δ͜ͱΛࢼΈ͍ͯΔɽ

ϘτϧωοΫϞσϧ

Vickrey (1969)͸ɼަ௨ྲྀ཰ͷ༰ྔ௒աʹΑΔ଴ͪྻߦͷൃੜͱͦΕʹΑΔཱྀؒ࣌ߦͷ

૿Ճݱ৅Ͱ͋Δަ௨ौ଺Λղੳ͢ΔͨΊʹɼϘτϧωοΫϞσϧΛఏҊͨ͠ɽ͜ͷϞσϧ

Ͱ͸ɼॅډ஍͔Β౎ࢢ஍Ҭ΁ͷ௨ަۈ௨ΛӦΉར༻ऀΛ͑ߟɼ͜ΕΒ͕͋Δ୯ҰͷϦϯΫ
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Λڞ௨ͯ͠ར༻͢ΔΑ͏ͳঢ়گΛ͑ߟΔɽϦϯΫ͸୯Ґ࣌ؒ͋ͨΓͷ௨աՄೳަ௨ྔͷ্

ੜൃ͕ྻߦʢϘτϧωοΫ༰ྔʣΛ࣋ͪɼྲྀೖྔ͕༰ྔΛ௒͑ͨͱ͖ϦϯΫ্ʹ͸଴ͪݶ

͢Δɽͦͯ͜͠ͷઃఆʹ͓͍ͯɼۈ຿஍౸ண࣌ࠁͱཱྀؒ࣌ߦͷ௕͞ʹؔ৺Λ࣋ͭར༻ऀ͕

ग़ൃ࣌ࠁΛબ୒͢Δঢ়گʹ͓͍ͯɼͲͷΑ͏ʹ଴ͪܗ͕ྻߦ੒͞ΕΔͷ͔Λ෼ੳ͍ͯ͠

Δɽ͜ͷϞσϧ͸ޙʹ Hendrickson and Kocur (1981)ʹΑΓಠཱʹఏএ͞Εɼ਺ֶతʹ໌

֬ͳܗͰ࠶ఆࣜԽ͕ߦΘΕ͍ͯΔɽಉ࣌ʹɼ଴ͪྻߦͰͷ஗Ε͕࣌ؒौ଺ʹΑΔࢮՙॏͰ

͋Δ͜ͱΛࢦఠ͠ɼ଴ͪྻߦΛഉআ͢ΔΑ͏ʹద੾ʹ՝ۚΛ͜͏ߦͱʹΑΓɼࣾձతʹ࠷

దͳঢ়ଶΛୡ੒Ͱ͖Δ͜ͱΛ͍ࣔͯ͠Δɽ

ϘτϧωοΫϞσϧͷ࠷େͷར఺͸ɼ଴ͪݱྻߦ৅Λ͢ݱ࠶ΔͨΊʹඞཁͳຊ࣭తͳཁ

ૉ͔ΒϞσϧΛߏங͢Δ͜ͱͰɼݱ৅Λ਺ཧతʹղੳ͢Δ͜ͱΛՄೳʹ͍ͯ͠Δ఺ʹ͋

Δɽ͢ͳΘͪɼۈ຿։࢝࣌ࠁͱ͍͏࣌ؒత੍໿Λ࣋ͭ௨ަۈ௨͕ͲͷΑ͏ʹަ௨ौ଺Λܗ

੒͍ͯ͠Δͷ͔Λද͢ݱΔ਺ཧཧ࿦Ϟσϧ͔ΒɼҰछͷϕϯνϚʔΫͱͳΔަ௨ঢ়ଶΛಋ

ग़Ͱ͖Δ఺͕ɼϘτϧωοΫϞσϧɼͻ͍ͯ͸਺ཧཧ࿦Ϟσϧͷ࠷େͷར఺Ͱ͋Δɽ͜Ε

ʹΑΓɼࠞࡶ՝ۚͳͲͷ੍͞ࢪ࣮͕ޚΕͨͱ͖ͷަ௨ঢ়ଶͷมԽʢi.e.,ར༻ऀͷग़ൃ࣌ࠁ

બ୒ߦಈʣʹରͯ͠ཧ࿦తղੳΛ͜͏ߦͱ͕Ͱ͖͍ͯΔɽ·ͨɼ࠷దͳ՝ۚࡦࢪͱͦͷϩ

δοΫΛ໌֬ʹࣔ͢͜ͱʹ੒ޭ͍ͯ͠Δɽ

ϘτϧωοΫϞσϧ͸ަ௨ֶ޻ɾ౎ֶࡁܦࢢͷ྆෼໺Ͱͦͷ਺ཧతಛੑͷղੳɼ͓Αͼ

֦ு͕ଓ͚ΒΕ͖ͯͨʢৄࡉͳϨϏϡʔʹ͍ͭͯ͸ݪ܂խ෉ (1998, 2002) ͳͲΛߟࢀʣɽ

Smith (1984a)͸ɼར༻ऀͷग़ൃ࣌ࠁબ୒ߦಈʹߧۉঢ়ଶ͕ଘ͢ࡏΔ͜ͱΛ͍ࣔͯ͠Δɽ·

ͨ Daganzo (1985)͸ɼ͜ͷߧۉղ͕ҰҙͰ΋͋Δ͜ͱΛ͍ࣔͯ͠ΔɽArnott et al. (1993a)

͸ɼར༻ऀͷτϦοϓ਺͕ҰൠԽඅ༻ʹରͯ͠஄ੑతͰ͋Δέʔε΁ͱ໰୊Λ֦ு͠ɼ͜

ͷͱ͖ͷ࠷దͳ՝ۚʹ͍ͭͯ਺ཧతʹղੳΛͨͬߦɽΑΓෳࡶͳέʔε΁ͷ֦ுͱͯ͠

͸ɼKuwahara (1990a); Arnott et al. (1993b) ʹΑΔɼϘτϧωοΫ͕ 2 ͭଘ͢ࡏΔωοτ

ϫʔΫ΍ɼArnott et al. (1990)ʹΑΔฒߦ઀ଓ͞Εͨ 2ͭͷܦ࿏Λ࣋ͭωοτϫʔΫ΁ͷ

֦ு͕ଘ͢ࡏΔɽ·ͨɼར༻ऀͷ௨ࠁ࣌ۈʢi.e.,ر๬౸ண࣌ࠁʣʹҟ࣭ੑ͕͋Δέʔε΁

ͱ֦ுͨ͠΋ͷ΋͋Δɽ

ͦͷޙɼҪྉོխɼ٢Ҫູ༤ɼே૔߁෉ (2005); Iryo and Yoshii (2007)͸ɼ1ܦ࿏̍Ϙτ

ϧωοΫωοτϫʔΫ΁ͱ֦ு্ͨ͠Ͱɼग़ൃ࣌ࠁɾܦ࿏ͷಉ࣌બ୒ߧۉ໰୊͕ઢܭܗը

໰୊ͱͯ͠ஔ͖͑׵ΒΕΔ͜ͱΛࣔ͠ɼ໰୊ͷ਺ֶతͳҐஔ෇͚Λ໌֬ʹͨ͠ɽ੩తߧۉ

഑෼໰୊ʹ͓͚Δ Beckmann et al. (1956) ͷۀ੷ͱಉ༷ɼ͜Ε͸ߧۉঢ়ଶΛٻΊΔͨΊͷ

ޮ཰తͳ਺஋ࢉܭ๏ͷ։ൃʹ༗༻Ͱ͋ΔͷΈͳΒͣɼߧۉղͷ਺ཧతಛੑΛ෼ੳ͢Δ্Ͱ

༗༻ͳੑ࣭Λ࣋ͭɽ࣮ࡍʹɼ͜ΕΒͷڀݚͰ͸໰୊ͷ Karush-Kuhn-Tucker (KKT)৚݅Λ

ௐ΂Δ͜ͱʹΑΓɼߧۉղͷಛੑʹؔ͢Δ͔ͭزͷఆཧΛಋग़ͨ͠ɽ·ͨɼIryo2007Ͱ͸

͜ͷఆࣜԽͷ਺ཧղੳΑΓɼ଴͕ͪྻߦଘ͠ࡏͳ͍ग़ൃ࣌ࠁύλʔϯ͕ɼγεςϜ࠷దঢ়

ଶͱ౳ՁͰ͋Δ͜ͱ͕ࣔ͞Ε͍ͯΔɽ
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ྡ઀৴߸ަࠩ఺੍ޚ

Gazis (1964)͸ɼྡ઀͢Δ 2ͭͷ৴߸ަࠩ఺͔Βߏ੒͞ΕΔωοτϫʔΫɾγεςϜΛ

ઃఆͨ͠ɽͦͯ͠ɼա๞࿨ঢ়ଶʹ͓͚Δ৴߸੍ޚʹ͓͍ͯɼ͜͏ͨ͠ෳ਺ͷ৴߸ަࠩ఺Λ

ಠཱʹ੍͢ޚΔ͜ͱ͸શମͷར༻ޮ཰ੑͷվળʹ͕ܨΔͱ͸ݶΒͳ͍͜ͱΛࢦఠ͍ͯ͠

Δɽ·ͨɼྦྷੵۂઢΛ༻͍ͨղੳ͔Βɼ஗Ε࣌ؒΛ࠷খԽ͢ΔઓུΛղੳతʹಋग़ͯ͠

͍Δɽ

͜ͷڀݚͰ͸ɼ৴߸੍͞ޚΕͨωοτϫʔΫʹ͓͚Δަ௨ྲྀͷۭ࣌ؒμΠφϛΫεΛ؆

໌ʹऔΓѻ͏ store-and-forward ϞσϧΛఏҊ͍ͯ͠Δɽ͜ͷϞσϧͰ͸ɼ৴߸ަࠩ఺ʹ

઀ଓͨ͠ϦϯΫͷަ௨༰ྔΛ๞࿨ަ௨ྲྀ཰ͱεϓϦοτͷੵͰද͍ͯ͠Δɽ͜ΕʹΑΓɼ

ຊདྷ৴߸ͷ੨࣌ؒͷΦϯɾΦϑύλʔϯͱ͍ͬͨ੔਺ม਺Λѻ͏͜ͱͳ͘ɼεϓϦοτͱ

͍͏࿈ଓม਺Λ༻͍ͨ৴߸੍ޚύϥϝʔλͷද͕ݱՄೳͱͳ͍ͬͯΔɽͳ͓ɼ͜ͷωοτ

ϫʔΫɾγεςϜʹ͓͚Δ৴߸੍ޚ໰୊͸ޙʹ D’Ans and Gazis (1976)ʹΑΓઢܭܗը໰

୊ͱͯ͠ͷఆࣜԽ͕ߦΘΕͨɽͦͯ͠ɼ਺ֶతʹີݫͳܗͰͷ࠷దͳ৴߸੍ޚύϥϝʔλ

ͷಋग़ํ๏΍ɼΑΓҰൠతͳߏ଄Λ࣋ͭωοτϫʔΫ΁ͷ֦ுʹ͍ͭͯͷߦ͕౼ݕΘΕͯ

͍Δɽ

͜ΕΒͷڀݚ͸ಈతͳަ௨ྲྀϞσϧΛର৅ͱͨ͠ωοτϫʔΫͷར༻ޮ཰ੑΛ࠷େԽ͢

Δ໰୊ͷઌ͚ۦͰ͋ΓɼͦΕͧΕަ௨੍ޚʹؔ͢Δ༗༻ͳ஌ݟΛ͍ͯ͠࢒Δɽ͔ͦ͠͠ͷ

ղੳʹ͋ͨͬͯ͸ɼܦ࿏બ୒͕ଘ͠ࡏͳ͍ωοτϫʔΫߏ଄ɼ͋Δ͍͸ར༻ऀͷܦ࿏બ୒

ຊ࣭తͳཁ͍͓ͯʹޚΛ૝ఆ͍ͯͨ͠ɽͦͷͨΊɼωοτϫʔΫ੍گఆ͞Εͨঢ়ݻಈ͕ߦ

ૉͰ͋Δɼར༻ऀͷۭؒతͳ഑෼ํ๏ʹ͍ͭͯ͸༗༻ͳ஌ݟΛಘΔ͜ͱ͕Ͱ͖ͳ͍ͱ͍͏

Δ*2ɽ͍ͯ͠ࡏք͕ଘݶ

͜͏ͨ͠໰୊ʹର͠ɼར༻ऀͷۭؒతͳ࠷ద഑෼ύλʔϯΛٻΊΔํ๏࿦ͱͯ͠ఏҊ͞

Εͨͷ͕ɼಈతγεςϜ࠷ద഑෼Ͱ͋Δɽ

2.4 ަ௨੍ޚͷඍࢹతΞϓϩʔνɿಈతγεςϜ࠷ద഑෼

ಈతγεςϜ࠷ద (Dynamic System Optimal: DSO)഑෼໰୊͸ɼ͋Δܭը࣌ؒଳʹ͓͚

ΔωοτϫʔΫɾγεςϜશମͷ૯ཱྀؒ࣌ߦΛ࠷খԽ͢Δ࣌ʑࠁʑͷϦϯΫɾϑϩʔɾύ

λʔϯʢ͋Δ͍͸ɼͦΕΛ࣮͢ݱΔͨΊͷ੍ޚύλʔϯʣΛٻΊΔ໰୊Ͱ͋ΔɽDSO഑෼

໰୊ͷఆࣜԽͰ͸ɼಈతͳަ௨ྲྀϞσϧʹ͖ͮجɼϦϯΫϨϕϧͷަ௨ঢ়ଶͷมԽʢe.g.,

଴ͪྻߦͷ࣌ؒਐలʣͱγεςϜશମͷަ௨ੑೳͱͷؔ܎Λਫ਼៛ʹϞσϦϯά͍ͯ͠Δɽ

ͦͷͨΊ͜ͷ໰୊ͷղ͸ɼಈతωοτϫʔΫަ௨ྲྀͷϕϯνϚʔΫͱͯ͠ͷҙຯΛ࣋ͭͷ

*2 ަ௨੍͕ޚར༻ऀͷܦ࿏બ୒ߦಈʹ༩͑ΔӨڹΛྀ͢ߟΔඞཁ͕͋Δ͜ͱ͸ɼAllsop (1974); Dickson (1981)
ΒʹΑΓࢦఠ͞Ε͍ͯͨɽ
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ΈͳΒͣɼ֤ϦϯΫͷ੍ࡦํޚΛཧ࿦త͔ͭ۩ମతʹ͢࡯ߟΔࡍͷૅجͱͳΓ͏ΔɽҰํ

Ͱɼौ଺ݱ৅ͷදݱʹ൐͏਺ֶతෳ͞ࡶͷ݁ՌɼDSO഑෼໰୊ͷಛੑղੳ΍਺஋ࢉܭ๏ͷ

։ൃ͸ɼ੩తͳγεςϜ࠷ద഑෼ͱൺֱͯ֨͠ஈʹ೉͘͠ͳ͍ͬͯΔɽ

ຊઅͰ͸ɼDSO഑෼໰୊ʹؔ͢ΔطଘڀݚΛϨϏϡʔ͠ͳ͕ΒɼͦͷఆࣜԽͷಛ௃΍ղ

ੳͷ೉͠͞ʹ͍ͭͯઆ໌͢Δɽ

2.4.1 ಈతγεςϜ࠷ద഑෼ͷҰൠతͳ࿮૊Έ

DSO഑෼໰୊͸ɼܭը࣌ؒଳΛ [0,T]ͱ͢ΔͱɼҰൠతʹ͸࣍ͷΑ͏ͳ࠷ద੍ޚ໰୊ͱ

ͯ͠ఆࣜԽ͞ΕΔɿ

min .
∑

i j∈L

T∑

t=0

cij(t)λd
ij(t), (2.11)

subject to dynamic traffic flow modeling

such as

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

Flow conservation at each node
Flow propagation conditions
Link travel time (or outflow) function
Other conditions (e.g., non-negative constraints)

.

͜͜ͰɼL͸ϦϯΫू߹ɼcij(t)͸࣌ࠁ tʹϦϯΫ i jʹྲྀೖͨ͠ར༻ऀͷϦϯΫཱྀؒ࣌ߦɼ

λi j(t)͸࣌ࠁ tʹ͓͚ΔϦϯΫ i j΁ͷऴ఺Λ dʹ΋ͭར༻ऀʹؔ͢Δྲྀೖަ௨ྲྀ཰Λද͢ɽ

੍໿৚݅͸ಈతͳωοτϫʔΫަ௨ྲྀ͕ຬͨ͢΂͖৚݅Λ͍ࣔͯ͠Δɽ

੍໿৚݅ͷதͷϦϯΫཱྀؔؒ࣌ߦ਺ʢ·ͨ͸ɼϦϯΫྲྀग़ަ௨ྔؔ਺ʣ͸ɼߧۉঢ়ଶͷ

ղઆͰͨ͠ٴݴΑ͏ʹɼFIFOݪଇ͓ΑͼҼՌ཯ʹ୅ද͞ΕΔಈతͳަ௨ྲྀϞσϧ͕༗͢

ΔࣗવͳಛੑΛຬ͍ͨͯ͠Δɽͳ͓ɼDSO഑෼໰୊ʹؔ͢ΔॳظͷڀݚͰ͸ɼFIFOݪଇ

Λຬͨ͞ͳ͍ “exit function”ͱ͍͏ϞσϧΛ༻͍ͨఆࣜԽ΍ղੳ͕ߦΘΕ͍ͯͨ (Merchant

and Nemhauser, 1978a,b; Carey, 1987; Friesz et al., 1989)ɽ͔͠͠લड़ͨ͠Α͏ʹɼ͜͏͠

ͨϞσϧͰ͸෺ཧతʹੜ͡ಘͳ͍ෆՄղͳަ௨ྲྀ͕ੜ͡ΔɽͦͷͨΊɼ͜ΕΒͷղੳ݁Ռ

͸΄ͱΜͲແҙຯͳ΋ͷͰ͋Δ͜ͱʹ͸஫ҙ͢΂͖Ͱ͋Ζ͏ɽ

2.4.2 Ұൠߏ଄ωοτϫʔΫΛର৅ͱͨ͠ DSO഑෼໰୊ͷࠔ೉͞

໰୊ͷඇತੑͱ vehicle-holding໰୊

DSO ഑෼໰୊͸ɼ֓೦తʹ͸੩తͳγεςϜ࠷ద഑෼໰୊ͷ୯७ͳ֦ுͰ͋Δ͕ɼͦ

ͷಛੑͷղ໌΍ࢉܭ๏ͷ։ൃ͸੩తͳ৔߹ͱൺֱͯ֨͠ஈʹ೉͍͠ɽͦͷେ͖ͳཧ༝͸ɼ

ौ଺ݱ৅ͷදݱʹ͋ͨΓɼલड़ͨ͠ FIFO ͳ੍໿৚݅Λຬͨ͢͜ࡶଇʹ୅ද͞ΕΔෳݪ

ͱ͕ཁ͞ٻΕΔͨΊͰ͋Δɽ͜ΕΒͷ੍໿৚݅ͷ݁ՌɼҰൠߏ଄ωοτϫʔΫͰͷ DSO

഑෼໰୊͸ڐ༰ྖҬͱͯ͠ඇತू߹Λ࣋ͭ͜ͱʹͳΔ (੺দོ, 2007; Nie, 2011; Shen and

Zhang, 2014; ੺দོɼ࿨ా݈ଠ࿠, 2014)ɽͦͷͨΊɼDSO ഑෼໰୊͸௨ৗඇತඇઢܗͷ
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೉ͳ໰୊ͱͳ͍ͬͯΔࠔΊͯۃదղΛಘΔ͜ͱ͕࠷ը໰୊ͱͳΓɼͦͷେҬతܭ (see for

example, Lovell and Daganzo, 2000)ɽ͜Εʹ͍ͭͯɼCarey (1992)͸ɼFIFOݪଇ͕ඇತੑ

Λট͘͜ͱΛࢦఠ͍ͯ͠Δɽ·ͨɼErera et al. (2002)͸ɼ཭ؒ࣌ࢄ DSO഑෼໰୊͕ NPࠔ

೉ੑΛ࣋ͭ͜ͱΛࢦఠ͍ͯ͠Δɽ

؇ΘΕΔॲஔ͕ɼ੍໿৚݅ͷߦ༰ྖҬͷඇತੑΛճආ͢ΔͨΊʹ͠͹͠͹ڐͨ͠͏͜

࿨ɾઢܗԽʹΑΔ໰୊ͷ؆ུԽͰ͋Δɽ͜Ε͸ࡏݱͰ͸ओʹɼCell Transmission Model

(CTM) (Daganzo, 1994, 1995b,a)ʹͮ͘ج DSO഑෼໰୊ͷఆࣜԽͷจ຺ͰߦΘΕ͍ͯΔɽ

۩ମతʹ͸ɼCTMͰ͸ಈతͳަ௨ྲྀϞσϧͷߏ੒ཁૉͱͯ͠ɼ֤ηϧͷϑϩʔอଘଇɼ͓

Αͼηϧ i − 1͔Β i΁ͷભҠϑϩʔ yi(t)Λܾఆ͢Δ Fundamental Diagram (FD)͕༩͑Β

Ε͍ͯΔʢܕܗ֯ࡾͷ FDΛԾఆɽ·ͨ͜ͷৄࡉ͸ɼ࿨ా݈ଠ࿠ɼ੉ඌږɼத੢ߤɼࠤ௡

઒ޭقɼ༄ݪਖ਼࣮ (2017)Λߟࢀʣɿ

yi(t) = min .{uki−1(t), qmax,w[κ–ki(t)]}∆t. (2.12)

͜͜Ͱɼu ͸ࣗ༝ྲྀ଎౓ɼki ͸ηϧ i ͷີ౓ɼqmax ͸ FD ͷ༰ྔɼw ͸ޙਐ೾଎౓ɼκ ͸

๞࿨ަ௨ີ౓Ͱ͋Δɽ͜ͷࣜ͸ඇઢ੍ܗ໿Ͱ͋Γɼ໰୊ͷڐ༰ྖҬ͸Ұൠʹඇತू߹ͱͳ

Δɽ͜Εʹର͠ɼZiliaskopoulos (2000)͸ඇઢܗͷ౳੍ࣜ໿Λ࣍ͷΑ͏ͳෆ౳੍ࣜ໿ʹஔ

Δɿ͍ͯ͑׵͖

yi(t) ≤ uki−1(t)∆t, yi(t) ≤ qmax∆t, yij(t) ≤ w[κ–ki(t)]}∆t. (2.13)

ͦͯ͜͠ͷ؇࿨ʹΑΓɼDSO഑෼໰୊͸ઢܭܗը໰୊ʹม׵Ͱ͖Δ͜ͱΛओு͍ͯ͠Δɽ

͔͠͠ɼ͜ͷ໰୊Ͱ͸੍໿৚݅ (2.13)ͷ 1ͭ͸౳ࣜʹͳΔ͜ͱ͕อূ͞Εͳ͍ɽͦͷ݁

Ռɼं ྆Λ೚ҙͷ࣌఺ɾҐஔͰఀͤ͞ࢭΔ͜ͱ͕Ͱ͖Δͱ͍͏ɼvehicle-holding໰୊ (Doan

and Ukkusuri, 2012; Zhu and Ukkusuri, 2013)͕ੜ͡Δʢ͋Δ͍͸ɼಓ࿏؅ཧऀ͕ͦ͏ͨ͠

ՄೳߦͰ͖Δ͜ͱΛԾఆ͍ͯ͠Δʣɽ͜͏ͨ͠ϑϩʔɾύλʔϯ͸ɼ࣮ߦ࣮ʹΛ೚ҙ࡞ૢ

ੑͷ؍఺͔Β͸ଥ౰Ͱ͋Δͱ͸͍ݴ೉͍ɽͦͷͨΊɼ͜ͷΑ͏ͳม׵΋ಈతͳަ௨ྲྀϞσ

ϧͱͯ͠͸ෆద੾Ͱ͋ΓɼDSO഑෼ͷ؆ུԽ͸ґવ೉͍͠໰୊Ͱ͋Δɽ

ͳ͓ vehicle-holding ໰୊ʹରͯ͠͸͍͔ͭ͘ͷڀݚʹΑΓղܾͷํ๏͕ఏҊ͞Ε͍ͯ

Δɽ͔͠͠ɼͦͷଟ͘͸਺஋ࢉܭ๏ϨϕϧͷఏҊͰ͋Γɼݪ໰୊ͷఆࣜԽϨϕϧͰͷࠜ

ຊతͳղܾʹ͸͍ͯͬࢸͳ͍ɽྫ͑͹ɼNie (2011) ͸ holding ໰୊ʹରͯ͠ɼHo (1980)

ʹΑΓఏҊ͞Εͨ਺஋ࢉܭ๏͕༗ޮͰ͋Δ͜ͱΛओு͍ͯ͠ΔɽZhu and Ukkusuri (2013)

͸ɼܦ࿏બ୒͕ͳ͍୯Ұऴ఺ωοτϫʔΫͰ͸ɼ໨తؔ਺ʹϖφϧςΟؔ਺Λಋೖ͢Δ͜

ͱʹΑΓ holding໰୊ΛղܾͰ͖Δ͜ͱΛ͍ࣔͯ͠Δɽ͔͠͠ɼҰൠతͳߏ଄Λ࣋ͭωο

τϫʔΫ্Ͱ͸ FIFO Δ͜ͱΛड़΂͍ͯΔɽShen͢ࡏଇ͕ຬͨ͞Εͳ͍৔߹͕ଘݪ and

Zhang (2014)͸୯Ұऴ఺ωοτϫʔΫΛର৅ͱͨ͠ղੳ͔Βɼholding໰୊͕ੜ͍ͯ͡Δ

ϑϩʔɾύλʔϯ͸ɼ૯ཱྀؒ࣌ߦΛ૿Ճͤ͞Δ͜ͱͳ͘ holding-freeͷϑϩʔɾύλʔϯʹ

ม׵Ͱ͖Δ͜ͱΛࣔͨ͠ɽͦͯ͜͠ͷಛੑΛར༻͠ɼvehicle-holding໰୊͕ੜ͡͏Δʢ͠
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͔͠਺ֶతʹྑ͍ੑ࣭Λ࣋ͬͨʣ໰୊Λઌʹղ͖ɼͦͷղ͔Β holding-freeͷϑϩʔɾύ

λʔϯΛٻΊΔΞϧΰϦζϜΛఏҊ͍ͯ͠Δɽ

ม਺ͱ͢Δޚ࿏ϑϩʔΛ੍ܦ DSO഑෼໰୊ͷఆࣜԽ

ަ௨ྲྀͷղੳʹ͋ͨͬͯͷଥ౰ੑΛ୲อͭͭ͠ɼڐ༰ྖҬͷඇತੑΛճආ͢ΔͨΊͷํ

͍ͨ༺࿏ϑϩʔΛܦม਺ͱͯ͠ޚͱͯ͠͸ɼ੍ࡦ DSO഑෼ͷఆࣜԽ͕ଘ͢ࡏΔɽ͜ͷఆ

ࣜԽͰ͸ɼγεςϜ࠷ద഑෼ͷݪଇͰ͋Δɼར༻͞Ε͍ͯΔܦ࿏ͷࣾձతݶքඅ༻Λߧۉ

ͤ͞Δɼͱ͍͏഑෼ݪଇʹ͖ͮجɼ࣌ʑࠁʑͷ֤ܦ࿏ͷྲྀೖަ௨ྲྀ཰Λܾఆ͍ͯ͠Δ ܂)

,խ෉ݪ 2004;੺দོ, 2007)ɽ͢ͳΘͪɼલड़ͨ͠࠷ద੍ޚ໰୊ͱͯ͠ͷఆࣜԽͷଞʹɼར

༻͞ΕΔ֤ܦ࿏ͷ࣌ʑࠁʑͷࣾձతݶքඅ༻Λ౳͘͢͠Δߧۉ໰୊ͱͯ͠ͷఆࣜԽ͕ߦΘ

ΕΔɽ

͜ͷఆࣜԽͷಛ௃͸ɼ໰୊ͷڐ༰ྖҬ͕ತܕͷଟ໘ମʢpolyhedralʣʹؼண͢Δ͜ͱͰ͋

Δ (Qian et al., 2012; Shen and Zhang, 2014)ɽ͜Ε͸ɼ੍໿৚͕݅جຊతͳϑϩʔอଘଇͱ

ঢ়ଶม਺ͷඇෛ৚݅ͷΈ͔Βߏ੒͞ΕΔΑ͏ʹͳΔͨΊͰ͋Δɽܦ࿏ϑϩʔΛ༻͍ͨఆࣜ

ԽͰ͸໨తؔ਺͕ඇઢܗɾඇತͷܦ࿏ཱྀؔؒ࣌ߦ਺͔Βߏ੒͞ΕΔͨΊɼ໰୊ͷ਺ཧߏ଄

͸؆୯ʹͳͬͨΘ͚Ͱ͸ͳ͍ɽ͔͠͠ɼ͜͏ͨ͠ڐ༰ྖҬΛ࣋ͭߧۉ໰୊Ͱ͸ɼDUE഑෼

໰୊ͷղ๏Ͱ΋༻͍ΒΕ͍ͯΔۙࣅతͳΞϧΰϦζϜΛద༻Ͱ͖Δ͜ͱ΍ɼಘΒΕΔۙࣅ

ղ͔Β͸ vehicle-holding໰୊ΛഉআͰ͖Δͱ͍͏ར఺͕ଘ͍ͯ͠ࡏΔ (Qian et al., 2012)ɽ

ʹΊΔ໰୊ͱͯ͠ͷఆࣜԽ͸ɼ͸͡Ίٻքඅ༻Λݶ࿏ͷࣾձతܦ Ghali and Smith (1995);

Peeta and Mahmassani (1995)ͳͲʹΑΓߦΘΕͨɽ͜͜Ͱ͸ɼ·֤ͣϦϯΫͷࣾձతݶք

අ༻ΛٻΊɼͦΕΛ଍͠߹Θͤͨ΋ͷΛܦ࿏ͷࣾձతݶքඅ༻ͱ͑ߟΔɽͦͯͦ͠ΕΛ֤

తʹಘΔ͜ͱΛఏҊ͍ͯ͠ࣅదύλʔϯΛۙ࠷࿏ؒͰҰகͤ͞ΔΑ͏ʹ഑෼͢Δ͜ͱͰܦ

Δɽ͔͠͠ɼ͜ͷۙํࣅ๏Ͱ͸ݶքඅ༻͕աେධՁ͞ΕΔ͜ͱ͕طଘ͔ڀݚΒࢦఠ͞Εͯ

͍Δ (Shen et al., 2006, 2007)ɽҰํ Shen et al. (2007)Ͱ͸ɼ෼͕ذଘͣͤࡏɼ͔ͭಈతͳ

ަ௨ྲྀϞσϧͱͯ͠ point queueϞσϧΛద༻ͨ͠ωοτϫʔΫʹ͓͍ͯɼܦ࿏ͷࣾձత

࿏ʹԊ֤ͬͯϦϯΫͷྦྷܦΊΔํ๏ΛఏҊ͍ͯ͠Δɽ͜ͷํ๏Ͱ͸ɼٻʹքඅ༻Λਖ਼֬ݶ

ڧʹ଄ߏΔɽ͔͠͠ɼωοτϫʔΫ͍ͯ͠ࢉܭքඅ༻ΛݶઢΛ௥͍ͬͯ͘͜ͱʹΑΓۂੵ

͍ԾఆΛஔ͍͍ͯΔ͜ͱ͕໰୊͞ࢹΕ͍ͯΔɽQian et al. (2012)͸ Shen et al. (2007)ͷํ

๏Λଟى఺ଟऴ఺ʹ֦ு͢Δํ๏ΛఏҊͨ͠ɽ͔͠͠ɼ͜ͷํ๏࿦Ͱ͸ɼݶքඅ༻ͷಋग़

͸ґવۙࣅతͳ΋ͷͱͳ͍ͬͯΔɽ

Chow (2007, 2009a,b) Ͱ͸ɼ໰୊Λ਺ཧܭը໰୊ͱͯ͠ఆࣜԽͨ͠ޙɼͦͷ KKT ৚݅

ΛऔΔ͜ͱͰɼ࠷దͳܦ࿏ϑϩʔɾύλʔϯͱࣾձతݶքඅ༻ͷؔੑ܎Λ਺ֶతʹࣔͯ͠

͍Δɽ͜ͷதͰɼChow (2007)Ͱ͸ɼ࣌ʑࠁʑͷ֤ܦ࿏΁ͷྲྀೖަ௨ྔͷมԽʹର͢Δ૯

౓෼ੳΛײ࿏ϑϩʔͷ഑෼ͱܦங͍ͯ͠Δɽͦͯ͠ɼߏΔखॱΛ͢ࢉܭ౓Λײͷؒ࣌ߦཱྀ

ΔΞϧΰϦζϜΛఏҊͨ͠ɽͨͩ͠ɼ୯ҰϘ͢ݱదঢ়ଶΛ࣮࠷Γฦ͠ͳ͕ΒγεςϜ܁

τϧωοΫΛ࣋ͭϦϯΫ͕୯Ұىऴ఺ϖΞʹฏߧ઀ଓ͞ΕͨωοτϫʔΫʢύϥϨϧϦ
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ϯΫɾωοτϫʔΫʣʹ͓͚Δग़ൃ࣌ࠁɾܦ࿏ͷಉ࣌બ୒໰୊Λର৅ͱ͍ͯ͠ΔɽChow

(2009a) Ͱ͸ɼChow (2007) ͷղੳΛҰൠߏ଄ͷωοτϫʔΫʹ֦ு͍ͯ͠Δɽ͜ͷதͰ

͸ɼKKT ৚͔݅ΒγεςϜ࠷దͷඞཁ৚݅Λಋग़͠ɼͦͷ৚͔݅ΒɼγεςϜ࠷దঢ়ଶ

͕࣌ʑࠁʑͷ֤ܦ࿏ͷࣾձతݶքඅ༻͕ͨ͠ߧۉঢ়ଶͱ౳ՁͰ͋Δ͜ͱΛ਺ֶతʹࣔͯ͠

͍ΔɽChow (2009b)Ͱ͸ɼܦ࿏ͷࣾձతݶքඅ༻Λಋग़͢Δ͜ͱ͕೉͍͜͠ͱΛ౿·͑ɼ

؆୯ͳωοτϫʔΫʹ͓͚Δ࣮ݱతͳ՝͕ۚࡦࢪͲΕ͚ͩγεςϜ࠷దʹ͍ۙϑϩʔɾύ

λʔϯΛୡ੒Ͱ͖͍ͯΔ͔Λ਺஋͔ࢉܭΒ͍ͯ͠࡯ߟΔɽ

ͳ͓ɼಈతγεςϜ࠷ద഑෼໰୊ͷఆࣜԽͷ࿮૊Έͱͯ͠͸্هʹ͋͛ͨ΋ͷҎ֎ʹ

΋ɼ੍ߧۉ໿෇͖࠷దԽ໰୊ (Mathematical Problem with Equilibrium Constraints: MPEC)ɼ

͋Δ͍͸ೋஈ֊ܭը໰୊ (Bi-level programming) ͱͯ͠ఆࣜԽ͢Δ΋ͷ΋͋Δ (e.g., Sun

et al., 2006; Friesz et al., 2007; Lin et al., 2011; Ukkusuri et al., 2013; Yu et al., 2018)ɽ۩ମ

తʹ͸ɼަ௨੍ޚύϥϝʔλʢe.g.,৴߸੍ޚύϥϝʔλɼ֤ϦϯΫͷࠞࡶ՝ۚʣΛ੍ޚม

਺ʢ͋Δ͍͸্Ґ໰୊ʣͱ͠ɼ੍໿৚݅ʢ͋Δ͍͸ԼҐ໰୊ʣͱͯ͠ಈతར༻ऀߧۉঢ়ଶ

Λ࠷ͨ͠༺࠾దԽ໰୊ͱͯ͠ఆࣜԽΛߦͳ͍ͬͯΔɽ͔͠͠ɼ͜ΕΒͷ໰୊Ͱ͸ඇತ໰୊

ͱͯ͠ͷද͕ݱආ͚ΒΕ͓ͯΒͣɼجຊతʹ໰୊ͷ೉͠͞ʢ·ͨ͸ɼ਺ཧతੑ࣭ͷѱ͞ʣ

͸͜Ε·ͰͰఏࣔͨ͠໰୊ͱಉ౳Ҏ্ͱͳ͍ͬͯΔɽͦͷͨΊ͜͏ͨ͠໰୊͔Β͸ωοτ

ϫʔΫ੍ࡦํޚͷߏங΍ɼͦΕʹޚ੍͚ͨ޲ϩδοΫͷಋग़͸΍͸Γࠔ೉ͳ΋ͷͱͳͬͯ

͍Δɽ

2.4.3 ωοτϫʔΫߏ଄Λݶఆͨ͠ DSO഑෼໰୊ͷղੳ

Ҏ্ͷΑ͏ͳ DSO഑෼໰୊ͷෳ͞ࡶɾ೉͠͞Λྀ͢ߟΔͱɼҰൠߏ଄ωοτϫʔΫͰ

ͷಛੑΛղܾ͢Δ͜ͱ͸ඇৗʹࠔ೉Ͱ͋ΓɼҋӢʹఆࣜԽ΍ͦͷղ๏Λ୳Δͷ͸ɼ༗ӹͳ

ΞϓϩʔνͰ͋Δͱ͸͍ݴ೉͍ɽͦͷΑ͏ͳ͖ͮجʹ͑ߟɼۙ೥Ͱ͸ɼҰൠߏ଄ωοτ

ϫʔΫ͔ΒΑΓݶఆ͞Εͨߏ଄΁ͱɼղੳ৚݅Λݶఆ্ͨ͠ͰɼDSO഑෼໰୊ͷղͷಛੑ

Λཧ࿦ղੳ͢Δߦ͔͍͕ͭ͘ڀݚΘΕ͍ͯΔɽ

੒͞ΕΔύϥϨϧɾϦϯߏ઀ଓ͞Εͨෳ਺ͷϦϯΫ͔Βߦͷ୅දྫ͸ɼฒڀݚͨ͠͏͜

ΫɾωοτϫʔΫʹ͓͚ΔղੳͰ͋Δɽ͜͏ͨ͠ωοτϫʔΫ͸ 1 ࿏ʹϘτϧωοΫܦ

͕ 1͔ͭ͠ଘ͠ࡏͳ͍ͨΊɼܦ࿏ίετɼ͓Αͼͦͷίετ͔Βಋ͔ΕΔ࠷దϑϩʔɾύ

λʔϯͷղੳ͸ൺֱత༰қͱͳ͍ͬͯΔɽݪ܂խ෉ (2002); Muñoz and Laval (2006)͸ɼ2

ຊͷฒߦ઀ଓ͞ΕͨϦϯΫʢܦ࿏ʣ͔Βߏ੒͞ΕΔωοτϫʔΫͰͷ DSO഑෼ύλʔϯ

ΛɼྦྷੵਤΛ༻͍ͨਤࣜղ๏ (graphical solutionͱݺ͹ΕΔ)ʹΑͬͯٻΊ͍ͯΔɽͦͯ͠

ͦͷ݁Ռ͔Βɼࣗ༝ཱྀؒ࣌ߦͷ୹͍ܦ࿏ʹͦͷ༰ྔʹ౳͍͠धཁΛ഑෼͠ɼ࢒ΓΛଞํͷ

ຊઓུΛ໌Β͔ʹ͍ͯ͠ΔɽLavalج࿏ʹׂΓৼΔͱ͍ͬͨɼDSO഑෼ͷܦ and Castrillón

(2015)͸ಉ༷ͷղੳΛ͏ߦͱͱ΋ʹɼγεςϜ࠷ద഑෼Λར༻ऀߧۉঢ়ଶͱͯ͠ୡ੒͢Δ

ͨΊͷɼద੾ͳࠞࡶ՝ۚ࡯ߟ͍ͯͭʹࡦࢪΛ͍ͯͬߦΔɽ·ͨ Zhao and Leclercq (2018)
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͸ 3ຊͷฒߦ઀ଓ͞ΕͨωοτϫʔΫ΁ͱઃఆΛ֦ு্ͨ͠Ͱಉ༷ͷղੳΛ͍ͯͬߦΔɽ

ͦͯ͠ɼར༻ऀʹରࣗ͠༝ཱྀ͕ؒ࣌ߦ௕͍͕༰ྔ͕େ͖͍ܦ࿏΁ͱӌճͤ͞ΔΠϯηϯ

ςΟϒʢe.g.,ิॿۚʣΛద੾ʹ༩͑Δ͜ͱʹΑΓɼDSO഑෼Λߧۉঢ়ଶͱͯ͠ୡ੒ͤ͞Δ

͜ͱ͕Ͱ͖Δ͜ͱΛ͍ࣔͯ͠Δɽ

௕ࢤ߶ߐɼ੺দོ (2007); Akamatsu and Nagae (2007)͸ɼݪ܂ΒͷઃఆΛಈతෆ࣮֬ੑ

Λྀͨ͠ߟ࿮૊Έ΁ͱҰൠԽ͠ɼϦϯΫཱྀ͕֬ؒ࣌ߦ཰ಈֶతʹมಈ͢Δ৔߹ͷ࠷దϥϯ

ϓ੍ޚϧʔϧΛ͍ͯ͠࡯ߟΔɽ͜ͷ໰୊Ͱ͸ DSO഑෼໰୊Λ֬཰త੍ޚ໰୊ͱͯ͠ఆࣜ

Խͨ͠ͷͪɼ͜ͷ੍ޚ໰୊ͷղੳ͔Βɼ࣌ʑࠁʑͷߴ଎ಓ࿏΁ͷ࠷దྲྀೖϑϩʔΛٻΊͯ

͍Δɽ·ͨɼ͜ͷ໰୊ͷ࠷దੑ৚݅Λ׆༻ͨ͠਺஋ํࢉܭ๏Λߏங͍ͯ͠Δɽ

Shen and Zhang (2009)͸ɼϘτϧωοΫΛ࣋ͭෳ਺ͷΦϯɾΦϑϥϯϓ෦͔Βߏ੒͞Ε

ΔίϦυʔܕͷωοτϫʔΫͰɼग़ൃ࣌ࠁͱܦ࿏ͷಉ࣌બ୒͕Մೳͳར༻ऀͷ࠷ద഑෼໰

୊Λղੳ͍ͯ͠Δɽ͜ͷղੳ͔Β͸ɼDSO഑෼ʹ͓͚ΔϑϩʔɾύλʔϯͷಛੑΛɼωο

τϫʔΫͷτϙϩδʔͱؔ܎෇͚ͳ͕Β͍ͯ͠࡯ߟΔɽ۩ମతʹ͸ɼDSO ഑෼ύλʔϯ

ʹ͓͍ͯ͸ɼ֤࣌఺ʹ͓͍ͯྲྀग़ϑϩʔ͕ଘ͢ࡏΔΦϑɾϥϯϓ͸ɼྲྀೖϑϩʔ͕ଘ͢ࡏ

ΔΦϯɾϥϯϓͷඞͣԼྲྀʹҐஔ͍ͯ͠Δ͜ͱΛ໌Β͔ʹ͍ͯ͠Δɽͦͯͦ͠ͷ݁Ռ͔

ΒɼDSO ഑෼ͷಛੑΛղੳ͢ΔͨΊͷߏ଄Λ؆қԽͨ͠ωοτϫʔΫ΁ͷมํ׵๏Λఏ

Ҋ͠ɼͦͷωοτϫʔΫ্Ͱͷղੳ͔Β࠷దࠞࡶ՝ۚઓུͷಋग़Λߦͳ͍ͬͯΔɽ

Zhang and Shen (2010)͸ܦ࿏બ୒ߏ଄͕ͳ͍୯Ұऴ఺ωοτϫʔΫߏ଄Λ૝ఆ͠ɼ͜ͷ

ωοτϫʔΫ্ʹ͓͚ΔಈతγεςϜ࠷దঢ়ଶΛௐ΂͍ͯΔɽ͜͜Ͱ͸ಈతͳަ௨ྲྀϞσ

ϧͱͯ͠ point queueϞσϧͱ CTMΛద༻ͨ࣌͠ͷঢ়ଶʹ͍ͭͯൺֱ͠ɼલऀͱऀޙͰ͸

ʹಉҰͱͳΔ͜ͱΛ͍ࣔͯ͠Δɽಛ͕ؒ࣌ߦখ૯ཱྀ࠷ point queueϞσϧͰ͸ɼ੍ޚΛߦ

Θͣͱ΋࠷খ૯ཱྀ͕ؒ࣌ߦୡ੒Ͱ͖Δ͜ͱΛ͍ࣔͯ͠Δɽ͜Ε͸ɼpoint queueͰ͸଴ͪߦ

ྻͷԆ৳ʹΑΔϦϯΫੑೳͷ௿Լʢe.g.,ަ͚ࡹ௨ྔͷ௿Լʣ͕ੜ͡ͳ͍ͨΊɼωοτϫʔ

ΫͷͲ͜Ͱར༻ऀΛ଴ͨͤͯ΋࠷ऴతͳ૯ཱྀؒ࣌ߦ͸มԽ͠ͳ͍ͨΊͰ͋Δɽ

2.5 తΞϓϩʔνɿMacroscopicࢹڊ Fundamental Diagram

͜͜·ͰͰड़΂ͨΑ͏ʹɼ֤ϦϯΫ্ͷ଴ͪྻߦͷ࣌ؒతͳਐలΛৄࡉʹද͢ݱΔΞϓ

ϩʔνͰ͸ɼఆࣜԽ͞ΕΔ໰୊͕ඇತੑΛ࣋ͭͨΊʹɼҰൠߏ଄ωοτϫʔΫͰͷ࠷ద੍

೉Ͱ͋Δɽ·ͨɼલষͰ΋ड़΂ͨΑ͏ʹɼಈతͳωοτϫʔࠔΛಋग़͢Δ͜ͱ͸ࡦͷํޚ

Ϋަ௨ྲྀ͸ຊ࣭తͳ༧ଌෆՄೳੑΛ༗͍ͯ͠Δ (Daganzo, 1996, 1998)ɽͦͷͨΊɼৄࡉ༧

ଌʹަͮ͘ج௨੍ࡦํޚ͸੬ऑੑΛ๊͓͑ͯΓɼ৴པੑͷ͋Δϩόετͳ੍ࡦํޚͷߏங

΋·ͨࠔ೉Ͱ͋Δ͜ͱ͕طଘڀݚΑΓࢦఠ͞Ε͍ͯΔɽ

͜Εʹର͠ɼ౎ࢢϨϕϧͷෳࡶͳಓ࿏ωοτϫʔΫͷӡ༻ɾ؅ཧΛՄೳͱ͢ΔͨΊʹ

ఏҊ͞Εͨͷ͕ɼަ௨ঢ়ଶͱੑೳͱͷؔੑ܎Λࢹڊతʹଊ͑ΔࢦඪͰ͋Δ Macroscopic

Fundamental Diagram (MFD) Ͱ͋ΔɽMFD ͸ɼ֤ϦϯΫͷ࣌ʑࠁʑͷަ௨ঢ়ଶΛωοτ
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ਤ 2.1: MFDཧ࿦ͷجຊԾઆ

ϫʔΫϨϕϧͰू݁ͨ͠ܭՌݱΕΔɼ྆ଘࡏ୆਺ʢ·ͨ͸ɼۭؒฏަۉ௨ີ౓ʣͱωοτ

ϫʔΫɾεϧʔϓοτʢ·ͨ͸ɼۭؒฏަۉ௨ྲྀ཰ʣͱͷɼತܕͷؔ਺ؔ܎Ͱ͋Δɽ͜͏

ͨؔ͠਺͔ؔ܎Β͸ɼωοτϫʔΫੑೳʢεϧʔϓοτʣ͕࠷େͱͳΔ࠷దଘࡏ୆਺Λ೺

ѲͰ͖ΔɽͦͷͨΊ MFD ͸ɼৄࡉ༧ଌʹཔΒͳ͍ɼ؍ଌ৘ใʢωοτϫʔΫଘࡏ୆਺ʣ

ϕʔεͷ৴པੑͷ͋ΔϦΞϧλΠϜަ௨੍ޚ๏ߏஙͷૅجͱͳΓ͏Δ΋ͷͱͯ͠ظ଴͞Ε

͓ͯΓɼۙ೥੝Μʹߦ͕ڀݚΘΕ͍ͯΔɽ

ຊઅͰ͸ɼMFDΛऔΓѻͬͨڀݚʹؔ͢ΔϨϏϡʔΛ͏ߦɽҎԼͰ͸·ͣɼࢹڊతʹ

ަ௨ঢ়ଶ/ੑೳؔ܎Λଊ͑Δํ͑ߟͰ͋Δ MFD ͷഎܠʹ͋Δཧ࿦ʹ͍ͭͯઆ໌͢Δɽ࣍

ʹɼMFDͷಛੑʢe.g., MFDͷܗঢ়ɾ༰ྔͷܾఆཁҼʣղੳʹؔͯ͠஝ੵ͞Ε͖ͯͨ஌ݟ

ʹ͍ͭͯ֓આ͢Δɽޙ࠷ʹɼMFDΛ׆༻ͨ͠ωοτϫʔΫަ௨੍ޚʹؔ͢Δڀݚʹ͍ͭ

ͯ؆୯ʹઆ໌͢Δɽ

2.5.1 MFDͷཧ࿦

MFDͱ NEF

Daganzo (2007)͸ɼ͋ΔΤϦΞ಺ͷަ௨ωοτϫʔΫɾγεςϜΛ 1ͭͷ Input–Output

γεςϜʢஷਫ૧ʣͱͯ͠ଊ͑Δ͜ͱʹΑΓɼMFDͷཧ࿦Λల։͍ͯ͠Δɽ۩ମతʹ͸ɼ

MFDͷཧ࿦͸ɼʮγεςϜ΁ͷަ௨धཁʢஷਫ૧΁ͷਫͷྲྀೖʣͷมԽ͕؇΍͔Ͱ͋Ε͹ɼ

ͦͷεϧʔϓοτʢஷਫ૧͔Βͷਫͷྲྀग़ʣ͸ɼγεςϜ಺ͷं྆ଘࡏ୆਺ʢਫҐʣͷؔ

਺ͱͯۙ͠ࣅతʹද͢ݱΔ͜ͱ͕Ͱ͖Δʯͱ͍͏Ծઆʹ͍͍ͯͮجΔɽ

͜ͷԾઆΛਤࣔͨ͠΋ͷ͕ਤ 2.1 Ͱ͋Δɽ͜͜ͰɼA(t) ͸γεςϜ΁ͷྦྷੵྲྀೖ୆਺ɼ

D(t)͸ྦྷੵྲྀग़୆਺ɼn(t)͸ं྆ଘࡏ୆਺Λද͢ɽγεςϜͷঢ়ଶ͕มԽ͢Δͱ͖ɼྲྀग़

཰ dD(t)/dt͸ɼີݫʹ͸ɼྲྀೖ཰ dA(t)/dtͱଘࡏ୆਺ n(t)ͷཤྺʹґଘ͢Δɽ͔͠͠ɼ

มԽ͕؇΍͔ͳͱ͖ɼͦͷཤྺґଘੑ͸ऑ·Γఆৗঢ়ଶʹ͍ۙঢ়ଶ͕࣮͢ݱΔͰ͋Ζ͏ɽ
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ͦͯ͜͠ͷͱ͖ɼྲྀग़཰͸ɼ

dD(t)
dt
≈ G(n(t)) (2.14)

ͱॻ͘͜ͱ͕Ͱ͖ΔɽG(n(t)) ͸ఆৗঢ়ଶʹ͓͚Δଘࡏ୆਺ͱྲྀग़ަ௨ྲྀ཰ʢεϧʔϓο

τʣͱͷؔ܎Λදؔ͢਺Ͱ͋ΓɼNetwork Exit Function (NEF)ͱݺ͹Ε͍ͯΔɽNEFͷଘ

Αͼ͓ࣜࡏ (2.14)ͷ͕ؔ܎੒ཱ͢Δ͜ͱ͕ɼMFDͷཧ࿦ͷࠜຊʹ͋ΔԾఆͰ͋Δɽ

ͳ͓ɼNEF͸εϧʔϓοτͷσʔλΛඞཁͱ͢ΔͨΊɼ࣮ݱʹ͸ͦͷ೺Ѳ͸ඞͣ͠΋༰

қͰ͸ͳ͍ɽͦͷͨΊɼNEF ͷ୅ସͱͯ͠ΤϦΞฏަۉ௨ີ౓ k ͱฏަۉ௨ྔ q ͷؔ܎

Ͱ͋ΔMFD, q = F(k),͕࣮ࡍʹ͸ར༻͞ΕΔ*3ɽ͜Ε͸ɼNEFͱMFD͸ɼΤϦΞ಺ͷฏ

τϦοϓ௕͕શۉ ODͰ౳͍͠ͱΈͳͤΔͱ͖ɼ࣍ͷΑ͏ʹ͚ؔͮ܎ΒΕΔͨΊͰ͋Δɿ

G(n) = (lall/l) F(k)ɽ͜͜Ͱɼlall ͸ΤϦΞ಺ͷ૯ϦϯΫ௕ɼl͸ฏۉτϦοϓ௕Ͱ͋Δɽ͜

ͷͱ͖ɼMFD͸୯ʹ NEFΛεέʔϧมͨ͠׵΋ͷͰ͋Δɽ

NEFͱMFDʹ͍ͭͯ஫ҙ͕ඞཁͳͷ͸ɼNEF͸ΤϦΞ಺ͷं྆ͷ “ॲཧྔ”ͱ͍͏ωο

τϫʔΫੑೳΛ໌֬ʹද͍ͯ͠Δͷʹରͯ͠ɼMFD୯ಠͰ͸ʢԿΒ͔ͷަ௨ྲྀಈੑࢦඪ

ͱ͸ΈͳͤΔ͕ʣ໌֬ͳੑೳࢦඪͱ͸ͳΒͳ͍ͱ͍͏͜ͱͰ͋Δɽ͢ͳΘͪɼMFD੍͕

༗༻Ͱ͋Δͱ͞ΕΔཧ༝͸ɼ্্ޚ Ͱٞ࿦ͨ͠ه NEFͱͷ͕ؔ܎ɼద੾ʹఆٛ͞ΕͨΤϦ

ΞͰ͸੒ཱ͢Δͱ͑ߟΒΕΔͨΊͰ͋ΔɽMFDͷΑ͏ʹɼಓ࿏ωοτϫʔΫͷަ௨ঢ়ଶ

Λࢹڊతͳʢूܭతͳʣঢ়ଶม਺ؒͷ͔ؔ܎Β೺Ѳ͠Α͏ͱ͢Δൃ૝ࣗମ͸͔͘ݹΒଘࡏ

͢Δ (e.g., Godfrey, 1969; Herman and Prigogine, 1979; Ardekani and Herman, 1987)ɽ͔͠

͠ɼMFDͰ͸ࢹڊతͳଘࡏ୆਺ͱަ௨ྔͱͷؔੑ܎ͱͦͷωοτϫʔΫͷަ௨ੑೳʢε

ϧʔϓοτʣΛؔ࿈෇͚͍ͯΔͱ͍͏఺͕ɼैདྷڀݚͱͷ૬ҧ఺Ͱ͋Γɼ·ͨωοτϫʔ

Ϋͷಈతͳަ௨੍ޚ๏Λ͑ߟΔ্Ͱॏཁͳ఺Ͱ͋Δɽ

εϧʔϓοτΛަ௨ੑೳࢦඪͱ͢Δطଘڀݚʹ͍ͭͯ

ަ௨ੑೳࢦඪͱͯ͠ର৅ͷωοτϫʔΫɾγεςϜͷεϧʔϓοτʹண໨͢Δڀݚ͸

MFDҎલʹ΋੩తɾಈతͳަ௨ྔ഑෼ͷ෼໺ʹ͓͍ͯߦ͔ͭزΘΕ͖͍ͯͯΔɽ੩తͳ

ωοτϫʔΫަ௨ྲྀ഑෼ཧ࿦ͷ෼໺Ͱ͸ɼWong and Yang (1997)ʹΑΓɼreserve capacityΛ

େԽ͢Δ໰୊͕ఆࣜԽ͞Ε͍ͯΔ*4ɽReserve࠷େԽ͢Δͱ͍͏จ຺ͰɼεϧʔϓοτΛ࠷

capacityͱ͸ɼ֤ϦϯΫʹ՝ͤΒΕ੍ͨ໿৚݅ʢe.g.,ϦϯΫ΁ͷ࠷େྲྀೖަ௨ྲྀ཰ʣ౳Λ

ຬͨͨ͢Ίʹɼ༩݅ͱ͢Δ ODަ௨धཁͷͲΕ͚ͩͷׂ߹Λྲྀೖͤͯ͞ྑ͍͔Λද͢ࢦඪ

Ͱ͋Δɽ͜ͷڀݚͰ͸ɼ৴߸ަࠩ఺ύϥϝʔλͷ੍໿ʢe.g., খ੨࣌ؒʣΛຬͨͭͭ͠ɼ࠷

reserve capacityΛ࠷େԽ͢Δೋஈ֊࠷దԽ໰୊ΛఆࣜԽ͍ͯ͠Δɽͳ͓ɼ͜ͷఆࣜԽ͸ޙ

ʹ Ziyou and Yifan (2002)ʹΑΓ࠶ఆࣜԽ͕ߦΘΕ͍ͯΔɽ·ͨɼYang and Bell (1998)͸

*3 ଎ಓ࿏ωοτϫʔΫͷΑ͏ʹγεςϜ΁ͷྲྀग़ೖ͕೺ѲͰ͖Δ৔߹͸ɼNEFΛ௚઀༻͍Δ΂͖Ͱ͋Ζ͏ɽߴ
*4 ͳ͓ɼܦ࿏બ୒Λ͑ߟͳ͍ঢ়گԼͰͷ reserve capacityͷ࠷େԽ໰୊͸ɼ͜ΕҎલʹ΋ Allsop (1972); Yagar

(1974)ΒʹΑΓఆࣜԽ͞Ε͍ͯΔɽ
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BraessωοτϫʔΫΛର৅ʹεϧʔϓοτΛղੳతʹಋग़ͨ͠ޙɼεϧʔϓοτͷ؍఺͔

Β༰ྔ૿ڧͷύϥυΫεΛ͍ͯ͠࡯ߟΔɽۙ೥Ͱ͸Wang et al. (2018)ʹΑΓɼԼҐ໰୊ͱ

ͯ֬͠཰తར༻ऀߧۉΛઃఆͨ͠ɼ৴߸࠷ద੍ޚͷೋஈ֊࠷దԽ໰୊ͷఆࣜԽ͕ߦΘΕͯ

͍Δɽͨͩ͜͠ΕΒ͸੩తͳ࿮૊ΈͰ͋ΔͨΊɼަ௨ौ଺ͷ࣌ؒతͳਐలͱͦͷӨڹΛଊ

͑ΒΕΔ࿮૊ΈͰ͸ͳ͍ɽ

εϧʔϓοτΛ࠷େԽ͢Δ੍ޚͱͯ͠࠷΋༗໊ͳ΋ͷͷҰͭ͸ɼSmithʹΑΔࣗ཯෼ࢄ

ࡦํޚ੍߸ͷ৴ܕ Policy P0 Ͱ͋Ζ͏ɽPolicy P0 ͸ɼ͸͡Ί Smith (1979a,b)ʹΑΓ੩త഑

෼ͷ࿮૊ΈͷԼͰఆࣜԽ͞Εͨɽ͜ͷ৴߸੍ޚͰ͸ɼ৴߸ަࠩ఺ʹྲྀೖ͢Δ֤ϦϯΫʹͭ

͍ͯɼ๞࿨ަ௨ྲྀ཰ͱ஗Ε࣌ؒͷੵͰ͋Δ pressureΛٻΊΔɽͦͯ͠ɼ͜ͷ pressure͕֤

ྲྀೖϦϯΫͰฏ౳Խ͢ΔΑ͏ʹεϓϦοτΛׂΓৼΔํ޲Λܾఆ͍ͯ͠Δɽ͜ͷํࡦ͸

ಈతͳަ௨ྲྀϞσϧΛର৅ʹ΋֦ு͞Ε͖͓ͯͯΓʹޙ (Smith, 1987; Smith and Mounce,

2011; Smith et al., 2013, 2015)ɼ਺஋ࢉܭͳͲΛ௨ͯ͠ɼωοτϫʔΫ༰ྔΛ࠷େԽ͢Δํ

Ͱڀݚ΁ͱεϓϦοτΛׂΓৼΔ͜ͱ͕Ͱ͖Δ͜ͱ͕֬ೝ͞Ε͖ͯͨɽ͔͜͠͠ΕΒͷ޲

͸ɼओʹඇৗʹ୯७ͳ୯Ұऴ఺ωοτϫʔΫʹ͓͚Δղੳ͕ߦΘΕ͓ͯΓɼہॴతͳަࠩ

఺༰ྔͷ࠷େԽΛ௨ͯ͠ɼωοτϫʔΫ༰ྔͷ࠷େԽΛୡ੒Ͱ͖Δ͜ͱΛड़΂͍ͯΔɽҰ

ํͰଟऴ఺ωοτϫʔΫͰ͸ɼ͋Δަࠩ఺΁ͷྲྀೖϑϩʔͷ੍͕ޚɼͦͷަࠩ఺ͷ্ྲྀଆ

ͷϦϯΫϑϩʔʹӨڹΛ༩͑Δ͜ͱ͕஌ΒΕ͍ͯΔ (Akamatsu and Heydecker, 2003b)ɽͦ

ͷͨΊɼΑΓҰൠతͳߏ଄ͷωοτϫʔΫʹ੍͓͍͕ͯࡦํޚ༗ޮʹಇ͔͘Ͳ͏͔͸ະղ

໌ͳͱ͜Ζ͕ଟ͍ɽ

2.5.2 MFDͷಛੑղੳʹؔ͢Δڀݚ

લઅͰड़΂ͨ MFDͷཧ࿦Λ౿·͑Δͱɼޙड़͢Δ MFDΛ༻͍ͨަ௨੍͕ޚ༗ޮͰ͋

ΔͨΊʹ͸ɼ࣍ͷ 2ͭͷ͕߲ࣄཁ͞ٻΕΔɿʢ̍ʣMFD੍͕ࣗޚମʹΑͬͯେ͖͘มԽ͠

ͳ͍͜ͱɼ͓Αͼʢ̎ʣฏۉτϦοϓ௕͕ҰఆͰ͋Γۭؒฏަۉ௨ྲྀ཰͕εϧʔϓοτ

ͷ୅ସͱͯ͠ద੾Ͱ͋Δ͜ͱʢ͋Δ͍͸εϧʔϓοτࣗମ͕೺ѲͰ͖Δ͜ͱʣɽैͬͯɼ

ʮͲͷΑ͏ͳ৚݅ԼͰۭؒฏަۉ௨ྲྀ཰ʢεϧʔϓοτʣͷ͹Β͖ͭͷখ͍͞ well-defined

MFD͕੒ཱ͢Δͷ͔ʁ ·ͨͦͷ༰ྔ΍ܗঢ়͕ੜ͡Δഎܠʹ͸ͲͷΑ͏ͳϝΧχζϜ͕͋

Δͷ͔ʁʯͱ͍ͬͨMFDͷܗঢ়ܾఆཁҼ΍ϝΧχζϜΛ೺Ѳ͢Δඞཁ͕͋ΔͩΖ͏ɽՃ

͑ͯɼʮฏۉτϦοϓ௕͕ҰఆͰ͋Δͷ͸Ͳ͏͍ͬͨަ௨ঢ়گͷͱ͖ͳͷ͔ʁʯͱ͍ͬͨɼ

ۭؒฏަۉ௨ྲྀ཰ͷεϧʔϓοτʹର͢Δ୅ସՄೳੑʹ͍ͭͯ΋೺Ѳ͕ඞཁͱͳΔɽ

ຊઅͰ͸ɼMFDͷ͜͏ͨ͠ಛੑʹؔ͢Δطଘڀݚʹؔͯ֓͠આ͢Δɽ

MFDͷܗঢ়ܾఆཁҼ

લऀͷ MFD ঢ়ʹ͍ͭͯ͸ɼMFDܗ ͷಛੑղੳʹؔ͢Δڀݚͷଟ͕ؔ͘৺Λ͍ͯͤد

Δٞ୊Ͱ͋Δɽ͜Εʹ͍ͭͯ͸ɼMFDͷࣗ༝ྲྀྖҬʢଘࡏ୆਺͕࠷దଘࡏ୆਺ΑΓগͳ
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͍ঢ়گʣͰ͸ɼަ௨धཁ͕څڙαΠυͷ৚݅ʹ੍໿͞ΕͣʹྲྀΕΔঢ়گͰ͋ΔͨΊɼͦͷ

࠷༝ྲྀ଎౓Ͱܾఆ͞ΕΔɽҰํͰɼMFDͷྟքྖҬʢࣗۉঢ়͸ಓ࿏ωοτϫʔΫͷฏܗ

దଘࡏ୆਺෇ۙͷঢ়ଶʣ΍ौ଺ྖҬͰ͸ঢ়͕گ΍΍ෳࡶͰ͋Δɽ͔͔ͭ͠͠زͷڀݚͷ੒

ՌʹΑΓɼ࣌ʑࠁʑͷωοτϫʔΫ಺ͷ “ϦϯΫަ௨ີ౓෼෍ʢີ౓ϨϕϧผͷϦϯΫ਺

ͷස౓෼෍ʣ”͕ͦͷܗঢ়Λಛ௃͚ͮΔ 1ͭͷݤͱͳΔ͜ͱ͕໌Β͔ʹͳ͖͍ͬͯͯΔɽ

Geroliminis and Sun (2011b)͸ԣ඿ΤϦΞͷσʔλΛ༻͍ͯɼಉҰͷΤϦΞฏີۉ౓ʹ

ରͯ͠ҟͳΔ೔࣌Ͱ࣮͢ݱΔϦϯΫີ౓෼෍͕ʢ౷ܭతʹʣಉҰͰ͋Ε͹ well-defined

MFD ͕੒ཱ͢Δ͜ͱΛࣔͨ͠ɽ͜Ε͸ಉ࣌ʹɼωοτϫʔΫ্ͷ “ۭؒతͳौ଺ύλʔ

ϯ”ʹҰఆͷ͕͋ੑݱ࠶Δ͜ͱΛ͍ࣔࠦͯ͠Δɽ࣮ࡍɼԦ๠ඈɼ੺দོɼ࿨ా݈ଠ࿠ (2015)

͸ɼ(well-defined) MFDͷौ଺ྖҬൃੜ࣌ʹ͸͓͓Αͦಉۭؒ͡తͳौ଺ύλʔϯ͕ൃݱ

͍ͯ͠Δ͜ͱΛɼಹ೼ࢢத৺෦ͷ࣮ଌσʔλΛ֬ͯͬ࢖ೝ͍ͯ͠ΔɽBuisson and Ladier

(2009); Geroliminis and Sun (2011a) ͸ɼಉҰΤϦΞଘࡏ୆਺Լͷौ଺ύλʔϯ͕ҟͳΔ

ʢi.e.,ϦϯΫަ௨ີ౓෼෍΋ҟͳΔʣ͜ͱͰɼMFD্ʹώεςϦγεɾϧʔϓ͕ൃ͢ݱΔ

͜ͱʢi.e.,ಉҰͷΤϦΞฏີۉ౓ʹରͯ͠ෳ਺ͷฏަۉ௨ྔ͕ଘ͢ࡏΔ͜ͱʣΛ࣮ূతʹ

͍ࣔͯ͠Δɽಛʹ Geroliminis and Sun (2011a)͸ौ଺ύλʔϯʹՃ͑ɼ֤ϦϯΫͷ࣮ࡍͷ

Δ͜ͱΛ͍ࣔࠦͯ͠Δɽ͏͠ڹঢ়ʹେ͖͘Өܗ΋MFDੑݱ࠶௨ྔͷަ͚ࡹ

·ͨɼMazloumian et al. (2010); Daganzo et al. (2011)Ͱ͸ɼωοτϫʔΫ্ͷࠞࡶͷภ

ΓΛද͢ϦϯΫີ౓෼෍ͷ෼ࢄʹண໨͠ɼͦͷ෼ࢄͷ૿Ճͱͱ΋ʹಉҰฏີۉ౓Լͷฏۉ

ަ௨ྔ͕௿Լ͢Δ͜ͱΛɼͦΕͧΕɼγϛϡϨʔγϣϯɼཧ࿦෼ੳʹΑΓ໌Β͔ʹ͍ͯ͠

Δɽऀޙʹ͍ͭͯ͸ɼͦͷޙ Gayah and Daganzo (2011)ʹΑΓཧ࿦ղੳϞσϧͷ֦ு͕ߦ

ΘΕ͓ͯΓɼώεςϦγεɾϧʔϓͷൃݱϝΧχζϜΛཧ࿦తʹઆ໌͢Δ͜ͱʹ੒ޭͯ͠

͍Δɽ·ͨɼࠞࡶͷภΓΛද͢ผͷࢦඪͰ͋Δɼ଴ͪྻߦͷԆ৳਺ʢi.e.,্ྲྀϦϯΫͷઌ

٧·ΓΛҾ͖͢͜ىϦϯΫ਺ʣͷ૿Ճͱฏަۉ௨ྔͷ௿Լʹ΋ಉ༷ͷ͕ؔ͋܎Δ͜ͱ΋Θ

͔͍ͬͯΔ (Mazloumian et al., 2010)ɽ͞Βʹɼ͜ΕΒͷؔ܎͸࣮ݱͷߴ଎ಓ࿏/Ұൠಓ࿏

ωοτϫʔΫʹ͓͍ͯ΋੒ཱ͢Δ͜ͱ͕ɼ௕؍ؒظଌσʔλΛ༻͍࣮ͯূతʹ֬ೝ͞Εͯ

͍Δ (Knoop and Hoogendoorn, 2013;Ԧ๠ඈ et al., 2016)ɽ

Ҏ্ͷΑ͏ʹɼϦϯΫަ௨ີ౓෼෍ɼ͓Αͼͦͷ෼ࢄͱMFDܗঢ়ͱͷ૬ؔؔ܎ʹ͍ͭ

ͯ͸ɼ͍͔ͭ͘ͷॏཁͳ஌͕ݟ஝ੵ͞Εͭͭ͋Δɽ͔͠͠ɼϦϯΫަ௨ີ౓෼෍͸͋͘·

ͰूܭԽ͞ΕͨࢦඪͰ͋Γɼࠞࡶͷۭؒతͳ઀ଓؔ܎ʢۭؒతͳौ଺ύλʔϯʣ͸ࣺ৅͞

Ε͍ͯΔɽͦͷͨΊɼϚΫϩͳMFDͷܗঢ়ʹɼΑΓϛΫϩͳঢ়ଶͰ͋Δौ଺ύλʔϯ΍

ͦͷมԽ͕ӨڹΛ༩͑ΔϝΧχζϜ͸ɼे෼ʹ໌Β͔ʹͳ͍ͬͯͳ͍ɽ

͜Εʹର͠ɼ༷ʑͳަ௨ྲྀϞσϦϯάʹͮ͘جγϛϡϨʔγϣϯɾཧ࿦෼ੳΛ௨ͯ͠ɼ

ϛΫϩͳަ௨ঢ়ଶͱϚΫϩͳަ௨ੑೳͱͷؔ܎Λৄࡉʹ෼ੳ͢Δ͜ͱΛࢼΈ͍ͯΔڀݚ΋

ଘ͢ࡏΔɽྫ͑͹ɼJong et al. (2013)͸ϛΫϩɾγϛϡϨʔγϣϯʹΑΔ෼ੳ͔ΒMFDܗ

ঢ়Λ෼ੳ͢Δ͜ͱΛࢼΈ͍ͯΔɽಉ༷ʹɼLeclercq et al. (2015) ͸γϯϓϧͳωοτϫʔ

Ϋ্Ͱ ODަ௨धཁύλʔϯΛܥ౷తʹมԽͤ͞ͳ͕ΒɼMFDܗঢ়͕ͲͷΑ͏ʹมԽ͢
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Δͷ͔Λ͍ͯ͠࡯ߟΔɽ͔͠͠ɼौ଺ύλʔϯ͸ωοτϫʔΫͷτϙϩδʔɼOD ෼෍ɼ

ϦϯΫ༰ྔύλʔϯ΍ܦ࿏બ୒ͳͲ༷ʑͳཁҼʹӨڹΛड͚͓ͯΓɼ͜͏ͨ͠γϛϡϨʔ

γϣϯΛ༻͍ͨ෼ੳ͸ґવ૬ؔؔ܎ͷٞ࿦ʹཹ·͍ͬͯΔɽ

·ͨɼΑΓཧ࿦తͳڀݚͱͯ͠ Leclercq and Geroliminis (2013)͸ɼར༻ऀͷܦ࿏બ୒ͷ

ҧ͍΍ͦͷ݁Ռͱͯ͠ͷौ଺ύλʔϯ͕ MFD ΛɼMFDڹঢ়ʹ༩͑ΔӨܗ ͷۙࣅղੳํ

๏ (Daganzo and Geroliminis, 2008) ͱܦ࿏બ୒ߧۉϞσϧΛ૊Έ߹Θͤͯ෼ੳ͍ͯ͠Δɽ

͔͠͠ɼͦͷղੳ͸ฒܦߦ࿏Λ࣋ͭ ఺ى1 1ऴ఺ͷωοτϫʔΫʹݶఆ͞Ε͍ͯΔɽՃ͑

ͯɼ͜ͷղੳͰ༻͍ΒΕ͍ͯΔMFDͷۙࣅղੳํ๏͸ۃΊͯ୯७ͳ୯Ұಓ࿏۠ؒͷղੳ

݁Ռʹ͓͍ͯͮجΓɼݱ৅ཧղͷݤͱ͞ΕΔࠞࡶͷۭؒతͳ෼෍ΛऔΓѻ͑Δ࿮૊ΈͰ͸

ͳ͍ɽ݁Ռͱͯ͠ɼࠞࡶͷۭؒతͳ෼෍ͱMFDͱͷؔ܎ʹ͓͍ͯ͸ɼ໌֬ͳ݁࿦ΛಘΔ

ঢ়Ͱ͋Δɽݱͳ͍ɼͱ͍͏ͷ͕͍ͯͬࢸʹ

MFDͱฏۉτϦοϓ௕

Ұํɼ΋͏Ұͭͷ MFD ͷಛੑͰ͋Δʮۭؒฏަۉ௨ྲྀ཰ͷεϧʔϓοτʹର͢Δ୅

ସՄೳੑʯʹ͍ͭͯ͸ɼ஫໨͍ͯ͠Δڀݚ͸ଟ͘͸ͳ͍ɽ͔͠͠طଘڀݚͷ΄ͱΜͲ͸ɼ

࣮ূɾγϛϡϨʔγϣϯ෼ੳΛ௨ͯ͠ɼۭؒฏަۉ௨ྲྀ཰ͱεϧʔϓοτͷൺྫؔ܎͸

ҰఆͰ͋Δ͜ͱΛड़΂͍ͯΔɽྫ͑͹ɼGeroliminis and Daganzo (2007); Mahmassani et al.

(2013)͸ɼͦΕͧΕαϯϑϥϯγείɾγΧΰͷωοτϫʔΫσʔλΛ༻͍ͨγϛϡϨʔ

γϣϯ͔Βɼۭؒฏަۉ௨ྔͱεϧʔϓοτ͕΄΅ఆ਺ൺྫ͍ͯ͠Δ͜ͱΛ͍ࣔͯ͠Δɼ

i.e., ฏۉτϦοϓ௕͸ҰఆͰ͋ΔɽGeroliminis and Daganzo (2008) ͸ɼԣ඿ΤϦΞͷ࣮

σʔλΛ෼ੳ͠ɼۭؒฏަۉ௨ྔͱΤϦΞͷ࣌ʑࠁʑͷεϧʔϓοτͷൺ͕ 1೔Λ௨ͯ͡

ҰఆͰ͋Δ͜ͱΛड़΂͍ͯΔɽ

͔͠͠ͳ͕Βɼۙ೥Ͱ͸ɼར༻ऀͷܦ࿏બ୒ߦಈ΍ OD ަ௨धཁύλʔϯ͕ɼฏۉ

τϦοϓ௕ʹେ͖͘ӨڹΛ༩͑͏Δ͜ͱ͕ɼγϛϡϨʔγϣϯ͔ڀݚΒࢦఠ͞Ε͍ͯ

Δ (Yildirimoglu and Geroliminis, 2014; Leclercq et al., 2015)ɽYildirimoglu and Geroliminis

(2014) ͸ɼར༻ऀߧۉঢ়ଶΛۙࣅతʹ͠ࢉܭɼར༻ऀ͕ࠞࡶΛ༧ܦͯ͠ݟ࿏બ୒Λͱͬ

͍ͯΔ৔߹ɼฏۉτϦοϓ௕͕࣌ʑࠁʑͰେ͖͘มԽ͍ͯ͠Δ͜ͱΛ͍ࣔͯ͠Δɽ·ͨ

Leclercq et al. (2015)͸ɼτϦοϓ௕͕௕͍ ODͷൺ཰͕େ͖͍΄ͲɼฏۉτϦοϓ௕΋௕

͘ͳΔ͜ͱΛγϛϡϨʔγϣϯ͔Β֬ೝ͍ͯ͠Δɽ͜ΕΒͷ݁Ռ͔Β͸ɼ੍ޚɾࡦࢪͳͲ

Ͱ ODަ௨धཁ΍ར༻ऀͷܦ࿏બ୒ߦಈ͕มԽͨ͠৔߹ɼฏۉτϦοϓ௕΋·ͨมԽ͠͏

Δ͜ͱ͕֬ೝͰ͖Δɽ

ैͬͯɼMFD Λޚ੍ͨ͠༺׆ʹ͋ͨΓॏཁͳཁૉͰ͋ΔฏۉτϦοϓ௕ʢ͋Δ͍͸ɼ

ωοτϫʔΫɾεϧʔϓοτͦͷ΋ͷʣ͸ɼ੍ޚɾࡦࢪͷಋೖʹΑΓͦͷಛੑΛେ͖͘ม

͡͏Δ͜ͱ͕ࣔࠦ͞ΕΔɽ͔͠͠ɼͦ΋ͦ΋ฏۉτϦοϓ௕ɼ͋Δ͍͸εϧʔϓοτΛऔ

Γѻͬͨڀݚ͸গͳ͘ɼ΍͸Γ͜ΕΒͷಛੑʹ͍ͭͯ͸໌֬ͳ݁࿦ΛಘΔʹ͸͍ͯͬࢸͳ

͍ɽͦͷͨΊɼۭؒฏަۉ௨ྔͱεϧʔϓοτ૬ؔͷ࣮ূతͳڀݚ͸େ͍ʹ๬·Ε͍ͯΔ
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ͱ͍͑ΔͩΖ͏ɽ

Ҏ্Λ·ͱΊΔͱɼMFDΛޚ੍ͨ͠༺׆ʹ͋ͨͬͯॏཁͳMFDͷܗঢ়ɼ͓Αͼฏަۉ

௨ྲྀ཰ͷεϧʔϓοτʹର͢Δ୅ସՄೳੑ͸ɼͦΕͧΕौ଺ύλʔϯɼฏۉτϦοϓ௕ͷ

ͦʹͳͬͨͱ͖ߦΛޚେ͖ؔ͘Θ͍ͬͯΔ͜ͱ͕Θ͔Δɽ͔͠͠ҰํͰɼަ௨੍͕ੑݱ࠶

ΕΒ͕͞ݱ࠶Ε͍ͯΔ͔ɼ·ͨԾʹมԽͨ͠ͱͯͦ͠ΕΒ͕ͲͷΑ͏ʹεϧʔϓοτ੍ޚ

ʹӨڹΛ༩͑Δͷ͔ɼͱ͍ͬͨ஌ݟʹ͍ͭͯ͸े෼ʹ໌Β͔ͱͳ͍ͬͯͳ͍ɽͦ͏ͨ͠ݱ

ঢ়ͷதɼطଘͷ੍ڀݚޚͷଟ͘͸ɼ͜ΕΒ੍͕ޚʹରͯ͠ෆมͰ͋ΔͱԾఆͯͦ͠ͷղੳ

ΛਐΊ͍ͯΔɽ࣍અͰ͸MFDͷ੍ڀݚޚʹର͢ΔϨϏϡʔΛߦͳ͍͕ͬͯ͘ɼͦͷࠜఈ

ʹ͸͜͏ͨ͠Ծఆ͕ଘ͍ͯ͠ࡏΔ͜ͱ͸஫ҙ͢Δ΂͖Ͱ͋Δɽ

2.5.3 MFDΛ׆༻ͨ͠ަ௨੍ޚ

ຊઅͷ͸͡Ίʹࣔͨ͠௨ΓɼMFD͸ωοτϫʔΫ಺ͷଘࡏ୆਺ʹ͍ͭͯͷ੍ࢦޚඪΛ

ఏ͢ڙΔɽͦͷͨΊɼMFD͸ओʹɼωοτϫʔΫʹରͯ͠ͲΕ͚ͩͷަ௨ྔΛೖΕͯྑ

͍͔ɼͱ͍ͬͨྲྀೖ੍ޚʹ༻͍ΒΕΔɽҎԼͰ͸ɼ͜͏ͨ͠ྲྀೖ੍ޚʹؔ͢ΔطଘڀݚΛ

੔ཧ͍ͯ͘͠ɽ

ͳ͓ɼMFDʹؔ͢܎Δطଘڀݚͱͯ͠͸ɼωοτϫʔΫϨϕϧͷີ౓–଎౓ؔ܎ΛԠ༻

ͯ͠ɼग़ൃ࣌ࠁΛબ୒͢Δར༻ऀͷωοτϫʔΫྲྀೖ࣌ࠁΛࠞࡶ՝ۚʹΑΓ੍͢ޚΔݚ

Δ͢ࡏͳͲ͕ଘڀ (e.g., Geroliminis and Levinson, 2009; Arnott, 2013; Fosgerau and Small,

2013; Fosgerau, 2015; Lamotte and Geroliminis, 2017)ɽωοτϫʔΫϨϕϧͷີ౓–଎౓ؔ

͸܎ trip-based MFDɼ·ͨ͸ bathtub modelͱ΋ݺ͹ΕɼωοτϫʔΫ಺ͷར༻ऀͷ࣌ʑ

ʑͷ଎౓͕ͦͷ࣌఺Ͱͷີ౓ʹґଘ͢Δ͜ͱΛར༻͍ͯ͠Δɽ۩ମతʹ͸ɼωοτϫʔࠁ

Ϋ಺ͷଘࡏ୆਺Λద੾ͳଘࡏ୆਺ʹอͭ͜ͱͰ֤ར༻ऀ͕࣋ͭτϦοϓ௕ΛΑΓૣ͘ফԽ

ͤ͞Δʢi.e.,τϦοϓΛऴ͑Δʣ੍ޚΛߦͳ͍ͬͯΔɽͨͩ͜͠ΕΒͷڀݚ͸ɼඇఆৗঢ়

ଶ͕Ҿ͖͢͜ىωοτϫʔΫͷཤྺґଘੑΛ໌ࣔతʹऔΓѻ͍ͬͯΔɽͦͷͨΊɼMFD

ͷ౰ॳͷ໨తͰ͋ΔϦΞϧλΠϜͳ؍ଌσʔλʹͮ͘جεϧʔϓοτ੍ޚͱ͸΍΍ҳ୤͠

ͨผ࿏ઢͷڀݚͱ΋͑ߟΒΕΔͨΊɼຊষͰ͸͜͜Ͱͷ঺հʹཹΊΔ͜ͱʹ͢Δɽ

࿦ཧ੍ޚɾઢޚ੍ܗ

MFD Λ༻͍ͨަ௨੍ޚͷ͏ͪ࠷΋؆ܿͳ΋ͷͷҰͭ͸ɼDaganzo (2007) ͕ఏএͨ͠

ωοτϫʔΫ಺ͷଘࡏ୆਺ʹͮ͘ج࿦ཧ੍ޚγεςϜͰ͋Δɽ͜ͷ੍ޚγεςϜͰ͸ɼ੍

େԽ͢Δ࠷୆਺ΛɼMFD্ʹ͓͍ͯεϧʔϓοτΛࡏର৅ͱ͢ΔωοτϫʔΫ಺ͷଘޚ

୆਺ʢ͋Δ͍͸ͦͷۙ๣ʣʹҡ࣋͢ΔͨΊͷ࣍ͷΑ͏ͳϧʔϧࡏదଘ࠷ (AB-rule)ʹै͍ɼ

ྲྀೖަ௨ӍྔΛ੍͢ޚΔ͜ͱΛఏҊ͍ͯ͠Δɿଘࡏ୆਺͕࠷దଘࡏ୆਺ΑΓଟ͍৔߹ɼྲྀ

ೖΛθϩʹ͢Δɽͦ͏Ͱͳ͍৔߹ɼ࠷దଘࡏ୆਺Λ௒ա͠ͳ͍෼͚ͩωοτϫʔΫʹྲྀೖ

ͤ͞Δɽͨͩ͠ɼ͜ͷ੍ޚϧʔϧʹର͠ Keyvan-Ekbatani et al. (2012)͸ɼ੍ޚର৅ωοτ



ୈ 2ষ ͷ੔ཧڀݚଘط 26

ϫʔΫ಺Ͱधཁ͕ൃੜ͢Δ৔߹Λྀ͢ߟΔͱɼ࠷దଘࡏ୆਺Λ௒ա͠ͳ͍ྲྀೖަ௨ྔΛٻ

ΊΔͷ͸ࠔ೉Ͱ͋Δ͜ͱΛࢦఠ͍ͯ͠Δɽ࣮ͦͯ͠૷͠΍͍͢ bang-bang੍ޚʢΦϯɾΦ

ϑ੍ޚʣͷܗͰ੍ޚϧʔϧΛߏ࠶ங͢Δ͜ͱΛఏҊͨ͠ɿ

qin(t) =

⎧⎪⎪⎨⎪⎪⎩
qmin if n(t) > n̂
qmax else

(2.15)

͜͜Ͱɼqin(t)͸࣌ؒଳ tͷྲྀೖՄೳަ௨ྲྀ཰ɼqmin, qmax ͸ͦΕͧΕɼ੍ޚ஋ͷԼݶɾ্

஋Ͱ͋Δɽn(t)͸࣌ؒଳݶ t͸͡ΊͷωοτϫʔΫ಺ଘࡏ୆਺ɼn̂͸࠷దଘࡏ୆਺Ͱ͋Δɽ

ͳ͓ bang-bang੍ޚ͸ɼ੍ޚ஋Ͱ͋Δଘࡏ୆਺͕໨ඪ஋Ͱ͋Δ࠷దଘࡏ୆਺ͷ্Լʹ͓͍

ͯৼಈ͢ΔͷΛճආͰ͖ͳ͍ɽͨͩ͠ɼ࠷దଘࡏ୆਺Λൣғͱͯ͠औΓɼͦͷൣғ͕े෼

͸༩͑ͳ͍ͱ͞Ε͍ͯΔɽڹͷޮ཰ੑʹ͸େ͖ͳӨޚΕ͹ɼ࣮૷͞ΕΔ੍͚޿

Bang-bang੍ޚ͸ MFDΛ༻͍ͨ࠷΋௚ײతͳ੍ޚͰ͋Γɼͦͷ༗ޮੑ͸࣮ࡍʹ਺஋ܭ

Λ௨ͯ֬͠ೝ͞Ε͍ͯΔࢉ (Wada et al., 2018)ɽ͔͠͠ɼྲྀೖަ௨ྔ͕࠷େ஋ͱ࠷খ஋Ͱ

සൟʹ੾ΓସΘΔ੍ޚ͸ɼಓ࿏ར༻ऀɾ؅ཧऀͷ૒ํʹͱͬͯ๬·͘͠ͳ੍͍ޚͰ͋Δͷ

΋࣮ࣄͰ͋Δɽ͜Εʹରͯ͠ Keyvan-Ekbatani et al. (2012)͸ɼΑΓ׈Β͔ͳ੍ޚ஋Λ༩͑

ΔϑΟʔυόοΫܕͷ੍ޚγεςϜΛఏҊ͍ͯ͠Δɽ͜ͷ੍ޚγεςϜͷߏஙʹ͋ͨͬͯ

͸ɼ·ͣɼඇઢܗͷඍ෼ํఔࣜͰهड़͞ΕΔɼMFDʹͮ͘جμΠφϛΫεΛద༻ͨ͠ωο

τϫʔΫɾγεςϜΛɼ࠷దଘࡏ୆਺ۙ๣Ͱઢ͢ࣅۙܗΔɽ࣍ʹઢ͞ࣅۙܗΕͨγεςϜ

͔Βɼεϧʔϓοτ࠷େԽ΍ࠞࡶͷҰ༷෼෍ͳͲɼަ௨ੑೳࢦඪͷ࠷దԽΛ௨͢͜ͱͰɼ

ϑΟʔυόοΫ੍ػޚΛߏங͢Δɽ͜ͷڀݚͰ͸ɼωοτϫʔΫ΁ͷ૯ྲྀೖަ௨ྔʹؔ͢

Δ࣍ͷ PI੍ثޚΛߏஙͨ͠ɿ

qin(t) = q(t − 1) − KP[n(t) − n(t − 1)] + KI[n̂ − n(t)]. (2.16)

q(t)͸࣌ؒଳ tʹ͓͍࣮ͯࡍʹྲྀೖͨ͠ަ௨ྲྀ཰ɼKP, KI ͸੍ޚύϥϝʔλʢήΠϯʣͰ

͋Δɽ

ϑΟʔυόοΫ੍ޚͰ͸ɼγεςϜͷঢ়ଶΛอͭج४ͱͳΔ໨ඪ஋΍ɼ໨ඪ஋ͱࡏݱͷ

ภࠩʹରͯ͠ͲΕ੍͚ͩ͢ޚΔͷ͔ΛܾΊΔήΠϯͷઃఆʹ؆қͰͳ͍ۀ࡞Λඞཁͱ͢

Δ*5ɽҰํͰɼࢉܭෛՙͷࢉܭ͍ߴ΍কདྷ༧ଌΛඞཁͱ͠ͳ͍ͨΊϦΞϧλΠϜ੍ޚͱ͠

ͯͷ࣮૷͕༰қͰ͋Δɼ੍ޚ஋͕׈Β͔Ͱ͋ΔͨΊ࣮ݱͰͷ࣮૷ʹ଱͑͏Δަ௨੍ޚͱ͠

࣮ͯ༻తͰ͋ΔͳͲͱ͍ͬͨར఺Λอͭɽ

ͷ֦ுͱͯ͠ɼKeyvan-Ekbataniڀݚͷه্ et al. (2015a) ͸ɼྲྀೖ੍ޚΛ͏ߦ৔ॴͱ੍

஗Ε͕ੜ͡ΔέʔεΛ૝ఆ͠ɼద੾ؒ࣌ʹޚ཭͕͋Γɼ੍ڑʹର৅ͱ͢ΔΤϦΞͱͷؒޚ

*5 ద੾ͳήΠϯͷܾఆج४ͱͯ͠͸ɼ͍͔ʹૣ͘໨ඪ஋෇ۙͰఆৗঢ়ଶʹୡ͢Δ͔ɼೖྗ஋͕มಈ͔ͯ͠Βग़
ྗ஋͕Ԡ౴͢Δ·Ͱͷ࣌ؒʢແବ࣌ؒʣɾग़ྗ஋͕Ԡ౴࢝͠Ί͔ͯΒͷมԽͷ଎౓ʢ࣌ఆ਺ʣͷ࠷దԽɼ·ͨ
͸੍ޚͷΦʔόʔγϡʔτʢ໨ඪ஋Λ͖ߦա͗Δݱ৅ʣ΍ϋϯνϯάʢ໨ඪ஋෇ۙͰৼಈ͢Δݱ৅ʣΛ๷͙
ͨΊͷ஋ɼ੍ޚ஋΍γεςϜͷ҆ఆԽͳͲͰ͋ΔɽҰൠతͳ੍ޚର৅ʹରͯ͠ɼ࠷దͳήΠϯ஋Λ༩͑Δ୅
਺తͳํ๏͸ଘͣͤࡏɼ਺஋γϛϡϨʔγϣϯͳͲΛ௨ͯ͠ޡࡨߦࢼతʹ͏ߦඞཁ͕༗Δ͜ͱʹ͸஫ҙ͞Ε
͍ͨɽ
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ͳήΠϯΛಘΔͨΊͷํ๏ʹ͍ͭͯઆ໌͍ͯ͠ΔɽHaddad and Shraiber (2014)͸ɼ͋Β͔

͡Ί࠷దଘࡏ୆਺͕෼͔Βͳ͍Α͏ͳɼMFDͷܗঢ়ʹΏΒ͕͗͋Δʢi.e.,ಈతγεςϜ͕

ෆ࣮֬ੑΛؚΉʣ͜ͱΛ૝ఆͨ͠ͱ͖ͷɼϩόετͳϑΟʔυόοΫ੍ޚ๏ΛఏҊ͍ͯ͠

Δɽ·ͨ Keyvan-Ekbatani et al. (2013)͸ɼର৅ωοτϫʔΫ಺ͷަ௨ঢ়ଶ͕׬શʹΘ͔Β

ͣɼݶΒΕͨϦϯΫͷަ௨৘ใ͔͠ಘΒΕͳ͍ͱ͖ͷϑΟʔυόοΫ੍ޚͷޮՌʹ͍ͭͯ

Δɽ͍ͯ͠࡯ߟ

͜͜·Ͱͷ੍ޚ͸੍ޚର৅ͱ͢ΔωοτϫʔΫ͕୯ҰͷέʔεΛऔΓѻ͍͕ͬͯͨɼͦ

ΕͧΕಠࣗͷMFDΛ࣋ͭɼෳ਺ͷྡ઀ͨ͠ωοτϫʔΫΛର৅ͱͨ͠ϑΟʔυόοΫ੍

͸ɼผͷωοτϫʔΫޚΕ͍ͯΔɽ͜͜Ͱ͸ɼ͋ΔωοτϫʔΫ΁ͷྲྀೖ੍͞࡯ߟ΋ޚ

ͷྲྀग़Λ੍͢ݶΔ͜ͱʹͳΔͨΊɼͦΕΛྀͨ͠ߟϑΟʔυόοΫ੍ثޚΛߏங͢Δඞ

ཁ͕͋ΔɽAboudolas and Geroliminis (2013)͸ɼෳ਺ωοτϫʔΫͷࠞࡶ౓߹͍Λ࣭ۉԽ

͢ΔΑ͏ʹϑΟʔυόοΫ੍ثޚΛߏங͍ͯ͠ΔɽΑΓ۩ମతʹ͸ɼ͋ΔωοτϫʔΫ

i ͷ࠷దଘࡏ୆਺ʹର͢Δ࣌ݱ఺Ͱͷଘࡏ୆਺ൺ཰ ni(t)/n̂ ͕ɼωοτϫʔΫؒͰ࣭ۉԽ

͢ΔΑ͏ʹ੍ޚ໰୊Λߏங͍ͯ͠ΔɽKeyvan-Ekbatani et al. (2015b) ͸ɼ੍ޚର৅ͱ͢Δ

ωοτϫʔΫΛ֊૚తʹ੍͢ޚΔͱ͖ͷϑΟʔυόοΫ੍ޚ๏Λߏங͍ͯ͠Δɽ͜ͷ੍

Ͱ͋ΔϘτϧωοΫΛଟݩ৳ͷԆྻߦର৅ͱ͢ΔωοτϫʔΫ಺ʹ଴ͪޚ๏Ͱ͸ɼ੍ޚ

ؚ͘ΉΤϦΞ͕ଘ͠ࡏɼͦͷΤϦΞʹର͢Δྲྀೖަ௨ྔΛΑΓࡉ΍͔ʹ੍͢ޚΔ͜ͱΛ

૝ఆ͍ͯ͠ΔɽՃ͑ͯɼ଴͕ͪྻߦԆ৳͢Δ͜ͱͰׂΓ౰ͯͨ༰ྔʹແବ͕ੜ͡Δ৔߹

ͷɼݸʑͷϥϯϓͷ༰ྔׂΓ౰ͯͷํ๏Λ͍ͯ͠࡯ߟΔɽHaddad (2015)͸ɼHaddad and

Shraiber (2014) ͷ੍ޚ๏Λෳ਺ωοτϫʔΫͷ৔߹΁ͱ֦ுͨ͠ɽ·ͨۙ೥Ͱ͸ Haddad

and Zheng (2018)ʹΑΓɼಈతγεςϜʹෆ࣮֬ੑɼ͓ΑͼಈతγεςϜͷ੍ޚͱग़ྗʹ

࣌ؒ஗Ε͕ੜ͡Δͱ͖ͷ੍ߏ͕ࡦํޚங͞Ε͍ͯΔɽ

Ϟσϧ༧ଌ੍ޚ

ͯ͞ɼ͜͜·Ͱ͸͍ΘΏΔݹయ੍ޚʹଐ͢Δ੍ޚཧ࿦ʹͮ͘جMFD੍ࡦํޚΛઆ໌͠

ͨɽҰํͰɼ੍ޚର৅ͱ͢ΔಈతγεςϜͷঢ়ଶۭؒʢi.e.,ಈతγεςϜͷঢ়ଶਪҠΛද

͢ঢ়ଶํఔࣜʣΛ໌ࣔతʹऔΓѻ͏ݱ୅੍ޚʹଐ͢Δ੍ޚཧ࿦ʹͮ͘جMFD੍ࡦํޚ΋

ʢModelޚ͸ɼϞσϧ༧ଌ੍ʹࡉங͞Ε͍ͯΔɽΑΓৄߏ Predictive Control: MPCʣʹج

ͮ͘MFD੍ߏ͕ࡦํޚங͞Ε͖͍ͯͯΔɽMPC͸ɼ֤࣌ࠁʹ͓͍ͯɼ༗ؒ࣌ؒ۠ݶͷ࠷

ద੍ޚ໰୊Λղ͖ͳ͕Βɼ੍ޚ஋Λܾఆ͢Δ੍ޚख๏Ͱ͋Δɽ͜͜Ͱ͸੍ޚ஋ΛٻΊΔ͜

ͱ͸ɼ֤࣌ࠁͰͷঢ়ଶΛ༩݅ͱ্ͨ͠Ͱɼ੍໿෇͖࠷దԽ໰୊Λղ͘͜ͱʹؼண͞Ε͍ͯ

ΔɽͦͷͨΊɼ࠷ద੍ޚ໰୊Ͱ͋Γͳ͕ΒɼϑΟʔυόοΫ੍ޚͱͯ͠ͷੑ࣭Λซͤ࣋ͭ

ͱ͍͏ಛ௃Λ͍࣋ͬͯΔɽ͢ͳΘͪɼ࠷దԽͷ݁ࢉܭՌͱ࣮ࡍͷϑϩʔɾύλʔϯͷͣΕ

Λ೺Ѳ্ͨ͠Ͱɼͦͷ৘ใΛ༻͍ͯϦΞϧλΠϜʹద੾ͳަ௨੍ޚΛ͑ߦΔΑ͏ɼ੍ޚ஋

Λௐ੔͍ͯ͘͜͠ͱ͕Ͱ͖Δɼi.e., ODަ௨धཁ΍ަ௨ঢ়ଶͷ༧ଌͱ࣮ࡍͱͷͣΕʹର͠

ͯϩόετʹ੍ޚΛ͜͏ߦͱ͕Ͱ͖Δɽ
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ͱൺֱ͢ΔͱɼMPCޚయ੍ݹ ͸࠷దԽͷதʹ༷ʑͳ੍໿৚݅ʢe.g., ɾ্ݶ஋ͷԼޚ੍

ύϥϝʔλͷνϡʔχϯάͳͲͷखؒΛඞཁͱ͠ͳޚΉ͜ͱ͕Ͱ͖Δɼ੍ࠐʣΛ૊Έݶ

͍ɼͱ͍ͬͨ఺Ͱར఺͕͋ΔɽҰํͰɼ੍ޚ஋Λܾఆ͢ΔͨΊʹɼ֤࣌ࠁͰ੍໿෇͖࠷ద

Խ໰୊Λղ͘ඞཁ͕͋ΔɽͦͷͨΊߏங੍ͨ͠ࡦํޚΛ࣮׆ʹࡍ༻͢Δ͜ͱΛ͑ߟΔͱɼ

ϦΞϧλΠϜͳ੍ޚΛՄೳʹ͢Δ͚ͩͷޮ཰͕ྑ͍ํࢉܭ๏͕ඞཁͰ͋Δ͜ͱʹ͸஫ҙ͞

Ε͍ͨɽ

MPCͱMFDΛ૊Έ߹Θ੍ͤͨࡦํޚʹ͍ͭͯɼGeroliminis et al. (2013)͸ɼ2ͭͷωο

τϫʔΫͷྲྀೖग़ަ௨ྔΛ੍͢ޚΔ໰୊Λߏங͍ͯ͠Δɽ·ͨ Haddad et al. (2013)Ͱ͸ɼ

౎ࢢ಺֗࿏Λ૝ఆͨ͠ 2 ͭͷωοτϫʔΫͱ 1 ͭͷߴ଎ಓ࿏͔Βߏ੒͞ΕΔΤϦΞΛ੍

଎ಓ࿏্ͷμΠφϛΫε͸୯Ұ࿏ઢͷߴ໰୊Ͱ͸ɼޚங͍ͯ͠Δɽ͜ͷ੍ߏΛࡦΔํ͢ޚ

CTMʹΑΓද͞ݱΕΔ΋ͷͱ͍ͯ͠Δɽͦͯ͠ɼMPCʹΑΓωοτϫʔΫؒͷྲྀೖग़ަ

௨ྔʢ৴߸੍ޚΛ૝ఆʣɾ֤ωοτϫʔΫ͔Βߴ଎ಓ࿏΁ͷྲྀೖަ௨ྔʢϥϯϓ੍ޚΛ૝

ఆʣͷ੍ޚ஋ΛϦΞϧλΠϜʹٻΊΔ੍ޚΛఏҊͨ͠ɽ͞Βʹ Ramezani et al. (2015)͸ɼ

ஙߏΛࡦํޚ΍τϦοϓ௕͕Ұ༷Ͱͳ͍έʔεʹ͓͚Δ੍ࡶର৅ͱͳΔΤϦΞ಺ͷࠞޚ੍

͍ͯ͠Δɽ

2.6 ຊষͷ·ͱΊ

Ҏ্ͷΑ͏ʹɼಓ࿏ωοτϫʔΫͷಈతͳަ௨੍ࡦํޚʹ͍༷ͭͯʑͳํ๏͕ߏங͞Ε

͖͍ͯͯΔ΋ͷͷɼ৴པੑͷ͋Δަ௨੍ޚ๏ʹ͍ͭͯ͸ະͩ༗༻ੑͷ͋Δ஌͕ݟಘΒΕͯ

͍ͳ͍ͷ͕ݱঢ়Ͱ͋ΔɽඍࢹతͳΞϓϩʔνͰ͸ɼҰൠߏ଄ωοτϫʔΫʹ͓͚Δ࠷ద੍

೉Ͱ͋ΔɽՃ͑ࠔΊͯۃదղΛಘΔ͜ͱ͕࠷ண͠ɼେҬతؼʹը໰୊ܭͷܗ͸ඇತඇઢޚ

ͯɼͨͱ͑࠷దղ͕ಘΒΕͨͱͯ͠΋ɼৄࡉ༧ଌʹަͮ͘ج௨੍ޚ͸ຊ࣭తʹ੬ऑੑΛ๊

͑Δͱ͍͏ܽ఺Λ࣋ͭɽ

ҰํࢹڊతͳΞϓϩʔνͰ͸ɼҰ౓੍ޚର৅ͱ͢ΔωοτϫʔΫͷMFD͕ಘΒΕͨͷ

Ͱ͋Ε͹ɼͦͷMFDΛ௨ͯ͠؍ଌ৘ใͰ͋Δଘࡏ୆਺͔ΒϦΞϧλΠϜʹަ௨ੑೳΛ೺

ѲͰ͖Δͱ͍͏ར఺Λ࣋ͭɽ͔͠͠ɼMFDͷܗঢ়͕ωοτϫʔΫ্ͷ֤ϦϯΫͷަ௨੍

௨ྲྀ཰ͷεަۉঢ়ܾఆϝΧχζϜ΍ۭؒฏܗΑΓͲͷΑ͏ʹมԽ͢Δͷ͔ͱ͍ͬͨʹޚ

ϧʔϓοτʹର͢Δ୅ସՄೳੑͳͲͷɼMFDͷཧ࿦ʹ͍ͭͯ͸ະͩൃల్্Ͱ͋Δͱ͜

Ζ͕ଟ͍ɽͦΕʹ΋ؔΘΒͣɼMFDΛ׆༻ͨ͠ަ௨੍ޚ๏ͷଟ͘͸ɼMFDͷܗঢ়͕ෆม

Ͱ͋Γ͔ͭτϦοϓ௕΋ҰఆͰ͋Δͱ͍͏Ծఆʹ͍͍ͯͮجΔɽͦͷͨΊࡏݱͷࢹڊతΞ

ϓϩʔν͸ɼ֤ ϦϯΫΛͲͷΑ͏ʹ੍͢ޚ΂͖͔ʁ ͦͷ੍ޚ͸ωοτϫʔΫੑೳʹͲͷΑ

͏ͳӨڹΛ༩͑Δͷ͔ʁ ͱ੍͍ͬͨޚΛ࣮૷͢Δྀ͢ߟʹࡍΔ΂͖ཁૉΛແ͠ࢹɼMFD

ཧ࿦ʹͱͬͯཧ૝తͳঢ়گͷΈΛର৅ͱ੍ͯ͠ޚ๏Λߏங͍ͯ͠Δɼͱ͍͏ঢ়گʹ͋Δͱ

͍͑ΔͩΖ͏ɽ͜Ε͸ɼMFD͔Β͸֤ϦϯΫͷ۩ମతͳަ௨੍ޚ๏Λ೺ѲͰ͖ͳ͍ͱ͍

͏໰୊ʹ΋ͭͳ͕͍ͬͯΔɽ
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͜ΕΒʹର͠ɼຊڀݚͰ͸ौ଺ύλʔϯʹͮ͘جεϧʔϓοτͷཧ࿦ղੳ๏Λߏங͢

Δʀͦͯ͠ौ଺ϦϯΫͷަ͚ࡹ௨ྔͷมԽ͕εϧʔϓοτʹ༩͑ΔӨڹͱͦͷϝΧχζϜ

Λղ໌্ͨ͠ͰɼεϧʔϓοτΛվળ͢Δަ௨੍ޚ๏Λߏங͍ͯ͠ΔɽຊڀݚͷϞνϕʔ

γϣϯࣗମ͸ɼϦΞϧλΠϜͳަ௨৘ใʹͮ͘جεϧʔϓοτͷվળɾ௿Լ๷ࢭɼͱ͍ͬ

ͨɼࢹڊతͳΞϓϩʔνͷ΋ͷΛड͚͍ܧͰΔɽ͔͠͠ɼຊڀݚͰ͸ݱ৅ཧղͷݤͰ͋

Δौ଺ύλʔϯʹண໨͠ɼͦΕͱεϧʔϓοτͱΛ͙ܨཧ࿦Λߏங͍ͯ͠Δɽ͢ͳΘͪɼ

ωοτϫʔΫͷʢඍࢹతͳʣۭؒతཁૉʢe.g.,ωοτϫʔΫߏ଄ɼىऴ఺෼෍ɼࠞࡶ෼෍ʣ

ͱަ௨ੑೳͱͷؔ܎ʢi.e., MFD ঢ়ܾఆϝΧχζϜʣΛղੳతʹ໌Β͔ʹ͢ΔͨΊͷཧܗ

࿦తج൫Λఏ͍ͯ͠ڙΔɽ͞Βʹɼߏஙͨ͠ौ଺ύλʔϯͷཧ࿦ղੳ๏͔Β͸ɼࠞͨ͠ࡶ

ωοτϫʔΫશମͷަ௨ੑೳΛಛ௃͚ͮΔौ଺ϦϯΫΛಛఆ͢Δ͜ͱ͕Ͱ͖Δɽ֤ौ଺Ϧ

ϯΫͷަ௨੍ޚ๏ʹؔͯ͠ܥ౷తͳํ਑ΛఏڙͰ͖Δ͜ͱ͸ɼຊڀݚͷେ͖ͳಛ௃Ͱ͋Δ

ͱ͍͑ΔɽՃ͑ͯɼຊڀݚͰ͸ަ௨ੑೳࢦඪͰ͋ΔεϧʔϓοτΛ௚઀ਪఆ੍͍ͯ͠͠ޚ

Δ͜ͱ΋ɼطଘڀݚͱ͸ҟͳΔ఺Ͱ͋Δɽ

ͨͩ͠ɼຊڀݚͰఏҊ͢Δौ଺ύλʔϯͷղੳ๏͸ɼલষͰ΋ड़΂ͨΑ͏ʹ DUE഑෼

໰୊ͷ࣌ؒ෼ղ๏ʹ͍͍ͯͮجΔɽͦͷͨΊɼղੳର৅ͱͳΔωοτϫʔΫߏ଄ʹ͍ͭͯ

͸ґવݶఆతͰ͋Γɼ࣮ݱͷωοτϫʔΫ্ͷަ௨ࠞࡶ/ौ଺ʹରͯ͠௚઀తͳղܾࡦΛ

ࣔ͢΋ͷͰ͸ͳ͍ɽ͔͠͠ɼωοτϫʔΫͷࢹڊతͳಛੑͰ͋ΔεϧʔϓοτΛඍࢹతͳ

ަ௨ঢ়ଶ͔Βղੳ͢Δཧ࿦ͷૅجతͳ࿮૊ΈΛࣔ͢͜ͱ͸ɼޙࠓΑΓҰൠతͳωοτϫʔ

ΫͰͷަ௨੍ޚ๏Λ͢࡯ߟΔࡍʹ΋༗ޮͰ͋Δͱ͍͑ΔͩΖ͏ɽ
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ୈ 3ষ

ߧۉऀ༺Ϟσϧʹ͓͚Δಈతརࢠཻ
഑෼໰୊ͷ࣌ؒ෼ղಛੑ

3.1 ͸͡Ίʹ

ୈ 1 ষͰ΋ड़΂ͨΑ͏ʹɼຊ࿦จͰ͸ DUE ͷ࣌ؒ෼ղ๏ (Kuwahara and Akamatsu,

1993) Λద༻Ͱ͖Δߏ଄Λ΋ͬͨωοτϫʔΫΛର৅ͱͨ͠ղੳΛ͏ߦɽDUE ͷ࣌ؒ෼

ղ๏ͱ͸ɼ୯Ұى఺͋Δ͍͸୯Ұऴ఺ͱ͍ͬͨಛघͳߏ଄Λ࣋ͭωοτϫʔΫʹ͓͍ͯɼ

DUE഑෼໰୊Λج४ͱͳΔϊʔυ͔Βͷग़ൃ࣌ࠁผʹ෼ղͯ͠ղ͘ํ๏Ͱ͋Δɽྫ͑͹ɼ

୯Ұى఺ωοτϫʔΫͰͷ DUE഑෼໰୊͸ɼ།Ұͷى఺͔Βͷग़ൃ࣌ࠁʹؔͯ͠෼ղ͢

Δ͜ͱ͕Ͱ͖Δʀى఺ग़ൃ࣌ࠁʹؔͯ͠ɼલ͖޲ʹஞ࣍తʹղ͍͍ͯ͘͜ͱ͕Ͱ͖Δɽ͜

Ε͸ɼDUEঢ়ଶʹ͓͚Δߧۉϊʔυ౸ண࣌ࠁͷಛੑͱϦϯΫϞσϧͷੑ࣭ʢe.g., FIFOݪ

ଇɾҼՌ཯ʣ͔Βɼ͋Δ࣌ىʹࠁ఺Λग़ൃ͢Δར༻ऀ͕͢ݧܦΔཱྀؒ࣌ߦ͸ɼΑΓ஗͘ग़

ൃ͢Δར༻ऀͷӨڹΛड͚ͳ͍͜ͱ͕อূ͞ΕΔͨΊͰ͋Δɽ

࣌ؒ෼ղ๏͸ओʹɼަ௨ྲྀΛྲྀମͷΑ͏ͳ࿈ଓͨ͠ϑϩʔͱͯ͠ଊ͑ΔʮྲྀମϞσϧʯ

Λલఏͱͯ͠ఆࣜԽ͞Εͨಈత഑෼໰୊ͷղੳʹ༻͍ΒΕ͖ͯͨɽྫ͑͹ߧۉղͷ਺ཧ

ಛੑղੳ (Akamatsu, 2000; Akamatsu et al., 2015)΍ޮ཰తͳ਺஋ࢉܭ๏ͷߏங (Akamatsu,

2001; Waller and Ziliaskopoulos, 2006)ͳͲͰ͋ΔɽҰํҪྉོխ (2011)ͱࠤ௡઒ޭقɼ࿨

ా݈ଠ࿠ (2017) ͸ɼं྆Ұ୆Ұ୆Λ෼ׂෆՄೳͳަ௨ྲྀͷߏ੒ཁૉͱͯ͠औΓѻ͏ʮཻ

ϞσϧʯΛલఏͱͯ͠ఆࣜԽ͞Εͨಈత഑෼໰୊ʢ͜ΕΛࢠ DUEήʔϜͱݺͿʣʹର͠

ͯ΋ɼྲྀମϞσϧͱಉ༷ͷ DUE഑෼໰୊ͷ෼ղ͕ՄೳͰ͋Δ͜ͱΛ͍ࣔͯ͠Δɽ͜Ε͸

ʮॱং഑෼ΞϧΰϦζϜʯͱ͍͏ߧۉղ΁ͷऩଋੑ͕อূ͞ΕͨΞϧΰϦζϜͱͯ͠੔ཧ

͞Ε͓ͯΓɼ࣍ষͰߧۉ͏ߦղͷ҆ఆੑղੳʹ͋ͨͬͯͷج൫ͱͳΔํ๏࿦Ͱ͋Δɽ

ͨͩ͠ɼॱং഑෼ΞϧΰϦζϜΛ༻͍ͨղੳΛͨ͏ߦΊʹ͸ɼղੳର৅ͱͳΔωοτ

ϫʔΫʹ͓͚Δద༻ՄೳੑΛࣔ͢ඞཁ͕͋Δɽͦͯ͠ɼຊڀݚͷର৅Ͱ͋Δ unidirectional

networkͰ͸ɼྲྀମϞσϧͰͷ࣌ؒ෼ղ๏ͷద༻Մೳੑ͕ࣔ͞Ε͍ͯΔҰํɼॱং഑෼Ξ
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ϧΰϦζϜͷద༻Մೳੑ͸ࣔ͞Ε͍ͯͳ͍ɽͦͷͨΊɼunidirectional networkʹ͓͚Δ҆

ఆੑղੳΛͨ͏ߦΊʹ͸ɼͦͷద༻ՄೳੑΛ໌ࣔతʹࣔ͢ඞཁ͕͋Δɽ

ຊষͰ͸ɼ unidirectional networkͷఆٛͱཻࢠϞσϧʹ͓͚Δ DUE഑෼໰୊ͷ࣌ؒ෼

ղಛੑΛࣔ͢ɽҎԼͰ͸·ͣɼ3.2Ͱɼग़ൃ࣌ࠁΛݻఆཻͨ͠ࢠϞσϧʹ͓͚Δಈతར༻
഑෼໰୊ʢDUEήʔϜʣΛఆࣜԽ͢ΔɽDUEήʔϜ͸ɼʮωοτϫʔΫʯɼʮϓϨΠߧۉऀ

Ϡʔʢं྆ʣू߹ʯɼʮ֤ϓϨΠϠʔͷઓུू߹ʢܦ࿏બ୒ूࢶ߹ʣʯɼ͓Αͼʮઓུͷརಘ

ʢܦ࿏ཱྀؒ࣌ߦʣʯͷཁૉ͔Βߏ੒͞Ε͍ͯΔɽ·ͨɼ͜ͷήʔϜ͸ඇྗڠήʔϜͰ͋Γɼ

ಈతར༻ऀߧۉঢ়ଶ͸ Nashߧۉঢ়ଶͱͯ͠ఆٛ͞ΕΔɽ࣍ʹ 3.3Ͱ͸ɼॱং഑෼Ξϧΰ
ϦζϜʹ͍ͭͯઆ໌͢Δɽͦͯ͠ 3.4Ͱ͸ɼunidirectional networkͷఆٛͱಛੑʹ͍ͭͯ

֓આͨ͠ޙɼॱং഑෼ΞϧΰϦζϜͷద༻ՄೳੑΛࣔ͢ɽ3.5Ͱ͸ɼຊষͷ·ͱΊΛ͏ߦɽ

3.2 DUEήʔϜͷఆٛ

3.2.1 ωοτϫʔΫ

ຊߘͰऔΓѻ͏ωοτϫʔΫ͸ɼϊʔυͱ༗޲ϦϯΫ͔Βߏ੒͞ΕΔɽϊʔυͷू߹Λ

Nɼ༗޲ϦϯΫͷू߹Λ L ͱ͢Δɽ·ͨɼى఺ɼऴ఺ϊʔυͷू߹ΛͦΕͧΕɼNo, Nd

ͱද͢ɽ͋Δϊʔυ a͔Βϊʔυ b΁ͷɼશͯͷ acyclicͳܦ࿏ू߹Λ R(a, b)ͱද͢ɽͳ

͓ɼϊʔυ a͔Βϊʔυ b΁ͷܦ࿏͕ଘ͠ࡏͳ͍ͱ͖ɼR(a, b) = ∅Ͱ͋Δɽ·ͨɼ͋Δܦ
࿏ rʹؚ·ΕΔϊʔυɼϦϯΫͷू߹ΛͦΕͧΕN(r), L(r)ͱද͢ɽ

3.2.2 ं྆ू߹

ं྆͸཭ࢄԽ͞Ε͓ͯΓɼҰ୆Ұ୆Λ෼ׂෆՄೳͳަ௨ྲྀͷߏ੒ཁૉͱͯ͠औΓѻ͏ɽ

શं྆ͷू߹Λ Pɼ૯୆਺Λ |P|ͱද͢ɽं྆ i ∈ Pͷىऴ఺ϊʔυ oi, diɼٴͼग़ൃ࣌ࠁ

si ͸֎ੜతʹ༩͑ΒΕΔɽͨͩ͠ɼಉҰى఺͔ΒಉҰ࣌ࠁʹग़ൃ͢Δं྆͸ଘ͠ࡏͳ͍΋

ͷͱ͢Δɼi.e., oi = oj ͳΒ͹ si ! sj ͱ͢Δɽ

3.2.3 ߹ूࢶ࿏બ୒ܦ

͋Δं྆ i͸ɼى఺ oi ͱऴ఺ di Λ݁Ϳ೚ҙͷ acyclicͳܦ࿏Λબ୒Ͱ͖Δɽं྆ iͷܦ

࿏બ୒ूࢶ߹Λ Ri Ͱද͢ʢͳ͓ɼRi = R(oi, di)ʣɽ͜ͷܦ࿏બ୒ूࢶ߹ʹ͸ɼं྆ iΛ·

ͩ഑෼͍ͯ͠ͳ͍ʢi.e.,ى఺Λग़ൃ͍ͯ͠ͳ͍ʣ͜ͱΛࣔ͢બ୒ࢶ φi ΋ؚ·ΕΔɽશं྆

͕બ୒ͨ͠ܦ࿏Λฒ΂ͨϕΫτϧ͸ r Ͱɼं྆ i Ҏ֎ͷܦ࿏બ୒Λฒ΂ͨϕΫτϧ͸ r−i

Ͱهड़͢Δɽ͜ͷܦ࿏ϕΫτϧ͸ r = (ri; r−i)ͷΑ͏ʹɼri ͱ r−i ΛଋͶͨهड़΋͏ߦɽ·

ͨɼRi ͷશं྆ʹର͢Δ௚ੵू߹Λ R =
∏

i∈P Ri ͱఆٛ͢Δɽ
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3.2.4 ؒ࣌ߦ࿏ཱྀܦ

֤ं྆ͷརಘ͸ɼܦ࿏ͷҰൠԽަ௨අ༻ͷූ߸Λٯʹͨ͠΋ͷͱ͢ΔɽຊߘͰ͸֤ं྆

ͷग़ൃ࣌ࠁ͸ݻఆ͞Ε͍ͯΔͨΊɼҰൠԽަ௨අ༻ͱͯ͠໨త஍౸ண࣌ࠁΛ༻͍Δ͜ͱ͸

༺ΛҰൠԽඅ༻ͱͯ͠ࠁͰ͸ɼऴ఺౸ண࣌ߘΛ༻͍Δ͜ͱͱ౳͍͠ɽͦͷͨΊຊؒ࣌ߦཱྀ

͍Δ͜ͱͱ͢Δɽ

ं྆ iҎ֎ͷܦ࿏બ୒͕ r−i Ͱ͋Δͱ͖ɼं྆ i͕ܦ࿏ ri ∈ R Λར༻͢Δ͜ͱͰࣗ਎ͷ
ऴ఺ di ʹ౸ணͰ͖Δ࣌ࠁΛ gi(ri; r−i)ͱද͢ɽं྆ iͷܦ࿏બ୒͕ φi Ͱ͋Δʢi.e.,ى఺Λ

ग़ൃ͍ͯ͠ͳ͍ʣͱ͖ɼऴ఺౸ண࣌ࠁ͸ແݶେͰ͋Δͱ͢Δɼi.e., gi(φi; r−i) = ∞ɽ·ͨɼ
ं྆ i͕ܦ࿏ ri Λར༻͢Δͱ͖ͷɼϊʔυ n ∈ N(ri)ͷ௨ա࣌ࠁΛ un(oi, si, ri; r−i)ͱද͢ɽ

֤ं྆ͷऴ఺౸ண࣌ࠁɼ͓Αͼϊʔυ౸ண࣌ࠁ͸ɼ֤ं྆ͷܦ࿏બ୒ϕΫτϧ rΛ༩݅

ͱͯ͠ɼಈతͳަ௨ྲྀϞσϧΛద༻͢Δ͜ͱʹΑΓ͞ࢉܭΕΔɽద༻͢ΔϞσϧ͸ɼಈత

ͳަ௨ྲྀΛද͢ݱΔͨΊͷద੾ͳ৚݅ʢe.g., FIFOݪଇɼҼՌ཯ʣΛຬͨ͢΋ͷͰ͋Ε͹

೚ҙͷϞσϧΛ࢖༻Ͱ͖Δɽ·ͨɼ଴ͪྻߦͷԆ৳Λྀͨ͠ߟϞσϧ΋ద༻͢Δ͜ͱ͕Ͱ

͖Δ (e.g., the car-following model, Newell, 2002)ɽ

3.2.5 Nashߧۉ

ঢ়ଶ͸ɼʢ७ਮઓུʣNashߧۉऀ༺ͷઃఆͷԼɼಈతརه্ ͱͯ͠ఆٛ͞ΕΔɽߧۉ

Nashߧۉঢ়ଶͰ͸ɼશͯͷར༻ऀ͸ɼબ୒͍ͯ͠Δܦ࿏Λ୯ಠͰม͢ߋΔΠϯηϯςΟ

ϒΛ࣋ͨͳ͍ঢ়ଶͱͳ͍ͬͯΔɽ͢ͳΘͪɼ૬ख͕બΜͰ͍Δܦ࿏બ୒ʹରͯ͠ɼࣗ਎ͷ

ऴ఺౸ண࣌ࠁʢi.e.,ܦ࿏ཱྀؒ࣌ߦʣΛ࠷খԽ͢Δ࠷ద൓ԠΛऔ͍ͬͯΔঢ়ଶͰ͋Δɽ͜ͷ

ͱ͖ɼߧۉঢ়ଶ r∗ ͸࣍Λຬͨ͢ܦ࿏બ୒ঢ়ଶͱͯ͠ද͞ΕΔɿ

gi(r∗i ; r∗−i) ≤ gi(ri; r∗−i), ∀ri ∈ Ri,∀i ∈ P. (3.1)

·ͨɼ୯ʹ࠷ద൓Ԡͱͳ͍ͬͯΔ͚ͩͰͳ͘ɼଞͷܦ࿏બ୒ΑΓ΋ܦʹີݫ࿏ཱྀ͕ؒ࣌ߦ

খ͍͞ʢi.e.,ࣜ (3.1)ͷෆ౳߸͕Πίʔϧͳ͠Ͱ੒ཱ͢Δʣͱ͖ɼr∗ ͸ٛڱφογϡߧۉঢ়

ଶͰ͋Δͱ͍͏ɽ

3.3 ॱং഑෼ΞϧΰϦζϜ

ަ௨ྲྀͷཻࢠϞσϧʹ͓͚Δ࣌ؒ෼ղ๏͸ɼҪྉོխ (2011)ʹΑΓʮॱং഑෼ΞϧΰϦ

ζϜʯͱ͍͏ߧۉղͷղ๏ͱͯ͠ఏҊ͞Ε͍ͯΔɽ͜ͷΞϧΰϦζϜͰ͸·ͣɼॳظઃఆ

ͱͯ͠શͯͷं͕྆ܦ࿏Λબ୒͍ͯ͠ͳ͍ʢi.e.,ωοτϫʔΫʹ഑෼͞Ε͍ͯͳ͍ʣʮະ഑

෼ं྆ʯͰ͋Δঢ়ଶΛ͑ߟΔɽ͋Δं྆ i͕ະ഑෼ं྆Ͱ͋Δ͜ͱ͸ɼi͕ܦ࿏ φi Λબ୒

͍ͯ͠Δঢ়ଶͰ͋Δ͜ͱͰ͋Δɽ·ͨɼं྆ͷܦ࿏બ୒ϕΫτϧ͕ rͷͱ͖ͷະ഑෼ं྆
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ͷू߹ΛɼP(r)ͰදΘ͢ɽ࣍ʹɼߧۉղΛಋग़͢ΔͨΊͷద੾ͳ഑෼ॱং෇͚Λ֤ं྆ʹ

ɼͦͷॱংͲ͓Γʹະ഑෼ं྆ΛҰ୆ͣͭωοτϫʔΫ΁ॱ࣍഑෼͢Δɽͦͯ͠શ͍ͯߦ

ͷं྆Λ഑෼͠ऴ͑ͨͱ͖ͷܦ࿏બ୒ϕΫτϧΛ Nashߧۉঢ়ଶͱͯ͠ಋग़͢Δɽ

ॱং഑෼ΞϧΰϦζϜͰ͸ɼʮૣ࠷ະ഑෼ं྆ʯͱ͍͏֓೦Λ׆༻ͯ͠ɼ഑෼ॱং͚ͮ

Λ͏ߦɽૣ࠷ະ഑෼ं྆ͱ͸ʮ࠷୹ܦ࿏্ͷͲͷϦϯΫ΁΋ଞͷະ഑෼ं྆ΑΓ΋ૣ͘ྲྀ

ೖͰ͖Δʯະ഑෼ं྆Ͱ͋Δɽ͜ͷఆٛΛϑΥʔϚϧʹهड़͢ΔͨΊʹɼ·ͣʮૣ࠷ϊʔ

υ౸ண࣌ࠁʯɼٴͼ͋Δं྆ͷʮ࠷୹ܦ࿏ʯΛ࣍ͷΑ͏ʹఆٛ͢Δɿ

ఆٛ 1. ʢૣ࠷ϊʔυ౸ண࣌ࠁʣ͋Δܦ࿏ϕΫτϧ r ∈ RΛ͑ߟΔɽ·ͨɼ͋Δं྆ iͷܦ

࿏બ୒ूࢶ߹ Ri ʹؚ·ΕΔ͍ͣΕ͔ͷܦ࿏ҰຊҎ্ʹؚ·ΕΔϊʔυͷू߹Λ Ni ͱද

͢ɼi.e., Ni = {n | n ∈ N(r), r ∈ Ri}ɽ͜ͷͱ͖ɼं྆ i͕ϊʔυ n ∈ Ni ΋ૣ͘ྲྀೖͰ࠷ʹ

͖Δ࣌ࠁɿ

u∗n(oi, si; r−i) = min
r∈{r′ |r′∈Ri,n∈N(r′)}

un(oi, si, r; r−i). (3.2)

Λʮૣ࠷ϊʔυ౸ண࣌ࠁʯͱݺͿɽ

ఆٛ 2. ʢ࠷୹ܦ࿏ʣ͋Δܦ࿏ϕΫτϧ r ∈ RΛ͑ߟΔɽ͜ͷͱ͖ɼ͋Δं྆ i ∈ P(r)ͷ࠷

୹ܦ࿏ΛɼҎԼΛຬͨ͢ܦ࿏ͱఆٛ͢Δɿ

r∗i ∈ arg min
r∈Ri

gi(r; r−i), (3.3)

s.t. un(oi, si, r∗i ; r−i) = u∗n(oi, si; r−i), ∀n ∈ N(r∗i ). (3.4)

͜Ε͸ɼ͋Δं͕྆࠷୹ܦ࿏Λ૸͍ͯ͠ߦΔͱ͖ɼܦ࿏ʹؚ·ΕΔશͯͷϊʔυ΁࠷

୹ཱྀؒ࣌ߦͰ౸ண͢Δ͜ͱΛҙຯ͍ͯ͠Δɼi.e., ࿏্Ͱܦ୹࠷ dynamic programming ݪ

ཧ͕੒ཱ͍ͯ͠Δɽ࣌ࠁ s ʹऴ఺ d ఺ى͚ͯ޲ʹ o Λग़ൃ͢Δं྆ͷ࠷୹ܦ࿏ू߹Λ

R∗(o, s, d; r)ͱද͢ɽ

͜ΕΒͷఆٛΛ༻͍ͯɼૣ࠷ະ഑෼ं྆͸ԼهͷΑ͏ʹఆٛ͞ΕΔɿ

ఆٛ 3. ʢૣ࠷ະ഑෼ं྆ʣ͋Δܦ࿏ϕΫτϧ r ∈ RΛ͑ߟΔɽ͋Δະ഑෼ं྆ i ∈ P(r)ͷ

࿏ܦ୹࠷࿏ͷ͏ͪɼ࣍ͷ৚݅Λຬͨ͢ܦ୹࠷ r∗i ͕ଘ͢ࡏΔͳΒ͹ɼं྆ i͸ૣ࠷ະ഑෼ं

྆Ͱ͋Δɿ

un(oi, si, r
∗
i ; r−i) ≤ u∗n(oj, sj; r−i), ∀n ∈ N(r∗) ∩N j,∀ j ∈ P(r) \ {i}. (3.5)

ͳ͓ɼ|P| = 1ͳΒ͹ɼͦͷະ഑෼ं྆͸ૣ࠷ະ഑෼ं྆Ͱ͋Δͱ͢Δɽ

ະ഑෼ं྆ૣ࠷ i͸ɼࣜ (3.5)Λຬͨ͢࠷୹ܦ࿏ r∗i Λར༻͢Δ͜ͱͰɼͦͷܦ࿏্ͷશ

ͯͷϊʔυʹɼଞͷ೚ҙͷະ഑෼ं྆ΑΓ஗͘ͳ͘౸ண͢Δɽ͜ͷੑ࣭ͱಈతͳަ௨ྲྀϞ

σϧͷ FIFOݪଇ͓ΑͼҼՌ཯Λ૊Έ߹ΘͤΔͱɼ࠷୹ܦ࿏ r∗i ͷཱྀؒ࣌ߦ͸ɼଞͷະ഑෼

ं྆ͷܦ࿏બ୒ʹӨ͞ڹΕͳ͍͜ͱ͕อূ͞ΕΔɽͦͷͨΊɼશͯͷະ഑෼ं྆ͷ͏ͪɼ
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ઌʹૣ࠷ະ഑෼ं྆Λ࠷୹ܦ࿏ʹ഑෼͢Ε͹ɼ͔ޙΒ഑෼͞ΕΔं྆͸ઌʹ഑෼͞ΕΔं

྆Λ௥͍ӽ͢͜ͱ͕ͳ͍͜ͱ͕อূ͞ΕΔɼi.e.,ૣ࠷ະ഑෼ं྆͸ະ഑෼ं྆ͷதͰɼۉ

ະ഑෼ं྆Λૣ࠷΋ૣ͍഑෼ॱ൪Λอ༗͍ͯ͠Δɽ݁Ռͱͯ͠ɼ࠷ղΛಋग़͢ΔͨΊͷߧ

ॱ࣍࠷୹ܦ࿏ʹ഑෼͢Δ͜ͱʹΑΓɼͲͷं྆΋ޙࣄతͳ࠷୹ܦ࿏Λબ୒͍ͯ͠Δঢ়͕گ

ୡ੒͞ΕΔʢi.e., Nashߧۉঢ়ଶ ɼॱং഑෼Ξϧΰ͖ͮجʹํ͑ߟΔʣɽ͜ͷ͢ݱ࣮͕(3.1)

ϦζϜ͸ҎԼͷΑ͏ʹߏங͞ΕΔɿ

ॱং഑෼ΞϧΰϦζϜ

0. ॳظઃఆɿn = 0ͱ͠ɼܦ࿏ϕΫτϧ rn Λ rn
i = φi (∀i ∈ P)ɼະ഑෼ं྆ͷू߹Λ

P(r0) = Pͱ͢Δɽ
1. ഑෼ं྆ͷܾఆɿܦ࿏ϕΫτϧ rn Λ༩݅ͱͯ͠ɼఆٛ 3 ະ഑෼ं྆ૣ࠷͖ͮجʹ

i ∈ P(rn)ΛٻΊΔɽͳ͓ૣ࠷ະ഑෼ं͕྆ෳ਺ଘ͢ࡏΔͱ͖͸ɼͦͷ͏ͪ೚ҙͷҰ

୆ΛબͿɽ

2. ະ഑෼ं྆ૣ࠷৽ɿߋ࿏ϕΫτϧ͓Αͼະ഑෼ं྆ू߹ͷܦ i Λ࠷୹ܦ࿏ r∗i (rn)

ʹ഑෼͠ɼܦ࿏ϕΫτϧͱະ഑෼ं྆Λ࣍ͷΑ͏ʹߋ৽͢Δɿrn+1 := (ρi(r
n), rn

−i),

P(rn+1) := P(rn) − {i}ɽ
3. ऩଋ൑ఆɿP(rn+1) = ∅ͳΒ͹ɼrn+1 Λߧۉղͱͯ͠ΞϧΰϦζϜΛऴྃ͢Δɽͦ͏

Ͱͳ͚Ε͹ n := n + 1ͱͯ͠εςοϓ 1ʹ໭Δɽ

ॱং഑෼ΞϧΰϦζϜͷϩδοΫ͔ΒΘ͔ΔΑ͏ʹɼॱং഑෼ΞϧΰϦζϜͷద༻Մೳ

ੑʢDUEήʔϜͷ࣌ؒ෼ղಛੑʣ͸ɼͦͷωοτϫʔΫͷૣ࠷ະ഑෼ं྆ͷଘੑࡏͱҰର

ҰରԠ͍ͯ͠Δɽ࣍અͰ͸ɼ͜ͷૣ࠷ະ഑෼ं྆ͷଘੑࡏΛɼunidirectional network্ͷ

DUEήʔϜͰূ໌͢Δɽͦͯ͠ɼDUEήʔϜͷ࣌ؒ෼ղಛੑΛࣔ͢ɽ

3.4 Unidirectional networkʹ͓͚Δॱং഑෼ΞϧΰϦζϜͷ
ద༻Մೳੑͷূ໌

͜͜Ͱ͸ɼIryo and Smith (2017)ʹΑΓఏҊ͞Εͨ unidirectional networkʹ͓͚Δɼ࠷

ૣະ഑෼ं྆ͷଘੑࡏΛূ໌͢Δɼi.e., unidirectional networkʹ͓͚Δ DUEήʔϜͷ࣌ؒ

෼ղಛੑΛࣔ͢ɽҎԼͰ͸·ͣɼunidirectional networkͷఆٛͱͦͷಛੑʹ͍ͭͯઆ໌͢

Δɽ࣍ʹɼIryo and Smith (2017)ͰͷԾఆΛ؇Ίɼzero-flow congested link͕ଘ͢ࡏΔҰൠ

తͳަ௨ঢ়ଶʹ͓͚Δϊʔυɾϙςϯγϟϧͷੑ࣭Λࣔ͢ɽͦͯ͠ɼ͜ͷੑ࣭Λ׆༻͠ɼ

Λࣔ͢ɽੑࡏະ഑෼ं྆ͷଘૣ࠷
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3.4.1 Unidirectional networkͷఆٛͱͦͷಛੑ

Unidirectional networkͱ͸ɼ࣌ؒ෼ղ๏Λద༻Ͱ͖ΔτϙϩδʔΛ࣋ͭωοτϫʔΫͷ

ҰൠԽ֓೦Ͱ͋Δɽ࣌ؒ෼ղ๏Λద༻Ͱ͖ΔωοτϫʔΫͱͯ͠ɼunidirectional network

͸࣍ͷ 2ͭͷಛੑΛ࣋ͭɽୈҰʹɼωοτϫʔΫ্ͷ֤ϊʔυ΁ͷߧۉ౸ண࣌ࠁΛɼ͋Δ

Ϳʣͷؔ਺ͱͯ͠ද͢͜ͱ͕Ͱ͖ݺͱࠁ४࣌جʢ͜ΕΛࠁ४ͱ͢Δϊʔυ͔Βͷग़ൃ࣌ج

Δɼͱ͍͏͜ͱͰ͋Δɽ͜ͷؔ਺ΛϊʔυɾϙςϯγϟϧͱݺͿɽྫ͑͹ɼ୯Ұى఺ωο

τϫʔΫͰ͸ɼ֤ϊʔυ΁ͷߧۉ౸ண࣌ࠁ͸ɼى఺ग़ൃ࣌ࠁͷؔ਺ͱͯ͠දΘ͢͜ͱ͕Ͱ

͖Δɽ

ୈೋʹɼϊʔυɾϙςϯγϟϧ͸ج४࣌ࠁʹର͠ ʢͯٛ޿ʣ୯ௐ૿Ճͷؔ਺Ͱ͋Δɼͱ͍

͏͜ͱͰ͋Δɽ͢ͳΘͪɼج४࣌ࠁͷ૿Ճʹର͠ߧۉ౸ண࣌ࠁ͸ૣ͘ͳΔ͜ͱ͸ͳ͍ɽྫ

͑͹୯Ұى఺ωοτϫʔΫͰͷ DUEঢ়ଶΛ͑ߟΔͱɼى఺ʹ͓͚Δར༻ऀͷग़ൃॱং͕

ऴ఺ʹ౸ண͢Δ·Ͱͷ͋ΒΏΔϊʔυ΁ͷ౸ண࣌ʹҡ࣋͞Ε͍ͯͳ͚Ε͹ͳΒͳ͍ɽͦ͠

ͯɼ͜ΕΒͷಛੑʹಈతͳަ௨ྲྀϞσϧͷ FIFOݪଇ͓ΑͼҼՌ཯ʢ͋Δ࣌ࠁͰͷϦϯΫ

ϦϯΫΛྲྀೖͨ͠ं྆ʹͷΈґଘ͢Δͱ͍͏ੑ࣭ʣΛ૊Έ߹Θʹࠁ͸ΑΓૣ͍࣌ؒ࣌ߦཱྀ

ͤΔͱɼ͋Δ࣌ىʹࠁ఺Λग़ൃ͢Δར༻ऀ͕͢ݧܦΔཱྀؒ࣌ߦ͸ɼͦͷ࣌ࠁҎ߱ʹى఺Λ

ग़ൃ͢Δར༻ऀͷӨڹΛड͚ͳ͍͜ͱ͕อূ͞ΕΔɽ݁Ռͱͯ͠ɼunidirectional network

ʹ͓͚Δ DUEঢ়ଶ͸ɼج४࣌ࠁผʹ෼ղ͢Δ͜ͱ͕Ͱ͖Δɽ

Unidirectional networkͷϑΥʔϚϧͳఆٛʹઌཱͪɼຊڀݚͰ͸ಈతͳަ௨ྲྀϞσϧԼ

Ͱͷཱྀ͕ؒ࣌ߦऔΓ͏ΔൣғΛදΘ͢ɼ“possible dynamical link travel time profile”Λ Iryo

and Smith (2017)ʹଇΓఆٛ͢Δɽ͜Ε͸ɼલड़ͨ͠ϙςϯγϟϧؔ਺ʹؔ͢Δ 2ͭͷੑ

࣭͕ɼधཁ৚݅ʢe.g., ODަ௨धཁύλʔϯʣʹؔΘΒͣ੒ཱ͢Δ͜ͱΛอূ͢ΔͨΊʹ

༻͍ΒΕΔɽ͢ͳΘͪɼunidirectional network Ͱ͸ɼϦϯΫͷ੩త৚݅ʢi.e., ࣗ༝ཱྀ࣌ߦ

ؒɼ༰ྔɼϦϯΫಉ࢜ͷ઀ଓߏ଄ʣΛ༩݅ͱͨ͠ͱ͖ɼ͋ΔϦϯΫ lʹ͓͍ͯɼ࣍ͷ৚݅

Λຬ͍͔ͨ͢ͳΔϦϯΫཱྀؒ࣌ߦϓϩϑΝΠϧ͕࣮͍ͯ͠ݱΔͱ͖ʹ͓͍ͯ΋ɼ୯ௐ૿Ճ

ͳϙςϯγϟϧؔ਺͕ଘ͍ͯ͠ࡏͳ͚Ε͹ͳΒͳ͍ɿ

CP
l =

{
cl(t) | cl(t) ∈

{
Any Lipschitz continuous function s.t. cl(t) ≥ cFT

l

and
cl(t′) − cl(t)

t′ − t
≥ −1

}}
. (3.6)

͜͜Ͱɼcl(t) ͸͋Δ࣌ࠁ t ʹϦϯΫ l ʹྲྀೖͨ͠ं͕྆͢ݧܦΔཱྀؒ࣌ߦΛද͓ͯ͠Γɼ

cFT
l ͸ϦϯΫ lͷࣗ༝ཱྀؒ࣌ߦΛද͢ɽ·ͨɼશͯͷϦϯΫཱྀؒ࣌ߦϓϩϑΝΠϧΛϕΫ

τϧදࣔͨ͠΋ͷΛɼcͰද͢ɽ͋ΔωοτϫʔΫ্ͰͷϦϯΫཱྀؒ࣌ߦϓϩϑΝΠϧ͕

औΓ͏Δू߹ΛɼΧϧςγΞϯੵΛ༻͍ͯ CP =
∏

l∈L CP
l ͱද͢ɽ

Ҏ্ͷ४උͷԼɼunidirectional networkɼ͓Αͼϊʔυɾϙςϯγϟϧ͸࣍ͷΑ͏ʹఆ

ٛ͞ΕΔɿ
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ఆٛ 4. ʢUnidirectional networkʣ͋ΔωοτϫʔΫʹ͓͍ͯɼ೚ҙͷى఺Λج४఺ͱ͠
ͯબͼɼͦΕΛ oREF ∈ No ͱද͢ɽωοτϫʔΫ্ͷ֤ϦϯΫʹର͠ɼ೚ҙͷϦϯΫཱྀߦ

࣌ؒؔ਺ϕΫτϧ c ∈ CP Λ༩͑Δɽ͜ͷωοτϫʔΫ͕ unidirectional networkͰ͋Δͱ

͖ɼ࣍Λຬͨ͢Α͏ʹɼج४࣌ࠁ tͷؔ਺ͱͯ͋͠Δϊʔυ nͷϙςϯγϟϧؔ਺ pn(t; c)

ΛఆٛͰ͖Δɿ

pn(t; cP) = u∗n(o, po(t; cP); cP)), (3.7)

∀n ∈ N(r∗),∃r∗ ∈ R∗(o, po(t; cP), d; cP)),∀o ∈ No.∀d ∈ Nd.

where poREF (t; cP) = t. (3.8)

͜ͷఆٛ͸ɼ֤ϦϯΫཱྀؔؒ࣌ߦ਺͕ cͰ༩͑ΒΕͨͱ͖ɼunidirectional network্ʹ

͓͚Δ͋Δϊʔυ nͷϙςϯγϟϧ͸ɼ೚ҙͷى఺ o͔Βऴ఺ dʹࠁ͚࣌ͯ޲ po(t; r)ʹ

ग़ൃ͢Δं྆ͷɼϊʔυ nʹ͓͚Δૣ࠷ϊʔυ౸ண࣌ࠁͱͯ͠༩͑ΒΕΔ͜ͱΛ͍ࣔͯ͠

Δɽͳ͓ɼར༻ऀͷܦ࿏ϕΫτϧΛ༩݅ͱͨ͠ͱ͖ͷϙςϯγϟϧΛٻΊΔʹ͋ͨΓɼຊ

਺ϕΫτϧΛؔؒ࣌ߦͰ͸ɼͦΕʹରԠ͢ΔϦϯΫཱྀڀݚ c(r)ͱද͢΋ͷͱ͢Δɽ͜Εʹ

ΑΓɼ͋Δܦ࿏ϕΫτϧΛ༩݅ͱͨ͠ͱ͖ͷૣ࠷ϊʔυ౸ண͓࣌ࠁΑͼϙςϯγϟϧ͸ɼ

࣍ͷΑ͏ʹఆٛ͢Δ͜ͱ͕Ͱ͖Δɿu∗n(o, s; r) ≡ u∗n(o, s; c(r))ɼpn(t; r) ≡ pn(t; c(r))ɽҎ্ͷ

ϊʔυɾϙςϯγϟϧͷఆٛ͸ɼຊઅͷ๯಄Ͱड़΂ͨ unidirectional network͕ຬͨ͢ୈҰ

ͷੑ࣭Λද͍ͯ͠Δɽ

Ͱ͸ɼunidirectional network͕ຬͨ͢ୈೋͷੑ࣭Ͱ͋Δɼϊʔυɾϙςϯγϟϧؔ਺ͷ

ର͢Δ୯ௐੑΛࣔ͢ఆཧΛূ໌͠Α͏ɽ͜ͷఆཧ͸ʹࠁ४࣌ج Iryo and Smith (2017) ͷ

Theorem 2ͷ֦ுͰ͋Γɼϊʔυɾϙςϯγϟϧؔ਺͕ج४࣌ࠁʹରͯٛ͠޿୯ௐੑΛ࣋

ͭ͜ͱΛද͍ͯ͠Δɿ

ఆཧ 1. ʢϊʔυɾϙςϯγϟϧͷج४࣌ࠁʹର͢Δٛ޿୯ௐੑʣUnidirectional networkʹ

͓͍ͯɼར༻ऀͷܦ࿏બ୒ϕΫτϧ r͕༩͑ΒΕ͍ͯΔͱ͢Δɽ͜ͷͱ͖ϊʔυɾϙςϯ

γϟϧ͸ɼج४࣌ࠁʹରͯٛ͠޿୯ௐੑΛ࣋ͭɽ͢ͳΘͪɼ

t < t′ ⇒ pn(t; r) ≤ pn(t′; r), ∀n ∈ N , (3.9)

͕੒ཱ͢Δɽ

ূ໌ 1. ఆཧͷূ໌ʹઌཱͪɼϊʔυɾϙςϯγϟϧʹؔΘΔೋͭͷิ୊ͷূ໌Λ͏ߦɽ
ͳ͓͜͜Ͱ͸ɼม਺ c(r)͸؆୯ͷͨΊলུ͢Δɽ

·ͣɼى఺ϊʔυʹ͓͚Δϊʔυɾϙςϯγϟϧͷٛ޿୯ௐੑʹؔ͢Δ࣍ͷิ୊Λূ໌

͢Δɿ

ิ୊ 1. Unidirectional networkʹ͓͍ͯɼར༻ऀͷܦ࿏બ୒ϕΫτϧ r͕༩͑ΒΕ͍ͯΔ

ͱ͢Δɽ͜ͷͱ͖ҟͳΔج४࣌ࠁ t, t′ ʹରͯ͠ɼ֤ى఺ϊʔυͰͷϙςϯγϟϧ͸࣍ͷ޿
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ٛ୯ௐੑΛຬͨ͢ɿ

t < t′ ⇒ po(t) ≤ po(t′) ∀o ∈ No. (3.10)

ূ໌ 2. ূ໌ͷ֓ཁΛҎԼʹࣔ͢ʢৄࡉ͸ Appendix 3.A Λߟࢀͷ͜ͱʣɽ·ͣ͋Δى఺ o

ͱͦͷى఺͔Βϙςϯγϟϧ࣌ࠁʹग़ൃ͢Δं྆ͷ࠷୹ܦ࿏্ͷϊʔυ nʹண໨͠ɼ͜Ε

Βͷϊʔυʹ͓͚ΔҟͳΔج४࣌ࠁͷϙςϯγϟϧʹ͍ͭͯɼͲͪΒ͔ยํͷϊʔυͰͷ

େখ͕ؔ܎ఆ·͍ͬͯΕ͹ɼ΋͏Ұํͷϊʔυͷେখؔ܎΋ఆΊΒΕΔ͜ͱΛࣔ͢ɽ۩ମ

తʹ͸೚ҙͷى఺ o ∈ No ͔Β po(t)͓Αͼ po(t′)ʹग़ൃ͢Δं྆Λ͑ߟɼ͜ΕΒͷं྆ͷ

࿏্ͷϊʔυܦ୹࠷ nͷϙςϯγϟϧʹ͍ͭͯɼ࣍ͷؔࣜ܎ΛಘΔɿ
⎧⎪⎪⎨⎪⎪⎩

po(t) ≤ po(t′)⇒ pn(t) ≤ pn(t′),
pn(t) ≤ pn(t′)⇒ po(t) ≤ po(t′)

. (3.11)

ैͬͯɼج४఺ʢى఺ͷҰͭʣʹ͓͚Δϙςϯγϟϧͷେখ͕ؔ܎ t < t′ ͱͯ͠ಘΒΕͯ

͍ΔͨΊɼࣜ 3.11 Λશͯͷى఺ͱ࠷୹ܦ࿏্ͷϊʔυؒͰద༻͍ͯ͘͜͠ͱʹΑΓɼࣜ

(3.10)ΛಘΔ͜ͱ͕Ͱ͖Δɽ !

࣍ʹɼ࠷୹ܦ࿏ʹؚ·Εͳ͍ϊʔυΛؚΜͩɼϙςϯγϟϧͷ஋ʹؔ͢Δ࣍ͷิ୊Λূ

໌͢Δɿ

ิ୊ 2. Unidirectional networkʹ͓͍ͯɼར༻ऀͷܦ࿏બ୒ϕΫτϧ r͕༩͑ΒΕ͍ͯΔ

ͱ͢Δɽ͜ͷͱ͖ɼ͋Δϊʔυ nͷج४࣌ࠁ tʹରԠ͢Δϙςϯγϟϧ pn(t; r)͸ɼ֤ى఺

Λϙςϯγϟϧ࣌ࠁͰग़ൃ͢Δं྆ͷૣ࠷ϊʔυ౸ண࣌ࠁͷ͏ͪɼ࠷খ஋ͱҰக͢Δɽ͢

ͳΘͪɼ

pn(t) = min
o∈No

u∗n(o, po(t)), ∀n ∈ N . (3.12)

ূ໌ 3. ·ͣϊʔυ n͕ɼج४࣌ࠁ tʹରԠ͢Δϙςϯγϟϧͷ࣌ࠁͰ֤ى఺Λग़ൃ͢Δ

͍͔ͳΔं྆ͷ࠷୹ܦ࿏ʹؚ·Εͳ͍৔߹Λ͑ߟΔɽఆٛ 4 Ͱ͸࠷୹ܦ࿏ʹؚ·Εͳ͍

ϊʔυʹ͍ͭͯϙςϯγϟϧ͸ఆٛ͞Ε͍ͯͳ͍ͷͰɼ͜͏ͨ͠ϊʔυͷϙςϯγϟϧʹ

͍ͭͯ͸ࣜ (3.12)ͷΑ͏ʹఆٛ͢Δ͜ͱ͕Ͱ͖Δɽ

࣍ʹɼϊʔυ n͕গͳ͘ͱ΋͋ΔҰ୆ͷं྆ͷ࠷୹ܦ࿏ʹؚ·ΕΔ৔߹Λ͑ߟΔɽ·ͣɼ

࿏ʹϊʔυܦ୹࠷Ͱग़ൃ͢Δं྆ͷࠁ఺Λ࣍ͷೋͭͷू߹ʹ۠෼͢Δɿϙςϯγϟϧ࣌ى

nؚ͕·ΕΔى఺ͷू߹NA
o ɼ͓ΑͼͦΕҎ֎ͷू߹NB

oɽ͜͜ͰɼNA
o ʹଐ͢Δى఺͔Β

ग़ൃ͢Δं྆ͷૣ࠷ϊʔυ౸ண࣌ࠁʹ͍ͭͯ͸࣍ͷ͕ؔࣜ܎੒ཱ͢Δɿpn(t) = u∗n(o, po(t))ɽ

ैͬͯূ໌ʹ͋ͨͬͯ͸ɼNB
o ʹଐ͢Δى఺͔Βग़ൃ͢Δं྆ͷૣ࠷ϊʔυ౸ண͕࣌ࠁɼ

ϙςϯγϟϧΑΓૣ͘ͳ͍͜ͱΛࣔͤ͹े෼Ͱ͋Δɽ͢ͳΘͪɼ͕࣍੒ཱ͢Ε͹ྑ͍ɿ

pn(t) ≤ u∗n(o, po(t)), ∀o ∈ NB
o . (3.13)
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ਤ 3.1: ϓϩϑΝΠϧؒ࣌ߦ੻ਤͱɼରԠ͢ΔϦϯΫཱྀيϞσϧʹ͓͚Δं྆ࢠཻ

എཧ๏ʹΑΓূ໌͢Δɽى఺ o ∈ NB
o ͔Βग़ൃ͢Δं྆ͷϊʔυ nͷૣ࠷ϊʔυ౸ண࣌

,.ϙςϯγϟϧΑΓૣ͍΋ͷͱԾఆ͢Δɼi.e͕ࠁ u∗n(o, po(t)) < pn(t)ɽ͢Δͱ͜ͷं྆͸ɼ࣍

Λຬͨ͢ܦ࿏ rB Λ࣋ͭ͜ͱʹͳΔɿNA
o ʹؚ·ΕΔ೚ҙͷى఺͔Βऴ఺ dʹ͚ͯ޲ग़ൃ͢

Δं྆ͷ࠷୹ܦ࿏ r∗A ͱɼϊʔυ n͔Βऴ఺ d·ͰಉҰϊʔυΛ௨ա͠ɼ͔ ͭͦΕΒͷϊʔ

υʹϙςϯγϟϧΑΓ஗͘ͳ͘౸ண͢Δɼe.g.,ϊʔυ nʹ͓͍ͯ un(o, po(t), rB) ≤ p∗n(t)͕

੒ཱ͢Δɽ͜͜Ͱ rB ͸࠷୹ܦ࿏Ͱ͸ͳ͍ͨΊɼϊʔυ nΑΓܦ࿏ʹԊͬͯԼྲྀʹҐஔ͢

Δϊʔυͷ͏ͪɼগͳ͘ͱ΋Ұͭͷϊʔυ n′ ʹ͓͍ͯ DP ཧ͕੒ཱ͍ͯͯ͠͸ͳΒͳݪ

͍ɽ͢ͳΘͪى఺ o͔Βग़ൃ͢Δं྆͸ɼn′ ʹ rB Λར༻͢ΔΑΓૣ͘౸ணͰ͖Δܦ࿏ r∗B
Λ࣋ͭ͜ͱʹͳΔɼi.e., un′ (o, po(t), r∗B) < un′ (o, po(t), rB)ɽैͬͯɼ࣍ͷ͕ؔࣜ܎੒ཱ͢Δɿ

p∗n′ (t) = un′ (o, po(t), r∗B) < un′ (o, po(t), rB) ≤ p∗n′ (t). (3.14)

͜Ε͸ɼ࠷୹ܦ࿏্ʹ͓͍ͯϊʔυɾϙςϯγϟϧͷఆٛʢࣜ (3.7)ʣͱໃ६͢ΔɽΑͬͯɼ

(3.13)͕੒ཱ͢ΔͨΊɼࣜ (3.12)͕੒ཱ͢Δɽ !

ɼ͜ΕΒͷิ୊Λ૊Έ߹ΘͤΔ͜ͱʹΑΓ͕࣍੒ཱ͢Δɿʹޙ࠷

t < t′ ⇒ po(t) ≤ po(t′), ∀o ∈ No (3.15)
⇒ min

o
{u∗n(o, po(t))} ≤ min

o
{u∗n(o, po(t′))} ∀n ∈ N (3.16)

⇒ pn(t) ≤ pn(t′). (3.17)

ࣜ (3.15)͸ิ୊ 1ΑΓ੒ཱ͢Δɽࣜ (3.16)͸ࣜ (3.15)ΑΓಋ͔ΕΔɽࣜ (3.17)͸ࣜ (3.16)

ͱิ୊ 2Λ૊Έ߹ΘͤΔ͜ͱͰಋ͔ΕΔɽΑͬͯɼࣜ (3.9)͕੒ཱ͢Δɽ !

ͳ͓͜͜·Ͱͷٞ࿦Ͱ͸ɼ֤ϊʔυͷϙςϯγϟϧ͕શͯͷج४࣌ࠁʹ͓͍ͯఆٛͰ

͖Δ͜ͱΛ҉ʹԾఆ͍ͯ͠Δ͕ɼཻࢠϞσϧʹ͓͍ͯ͸ඞͣ͠΋͜ͷԾఆ͕੒ཱ͢Δͱ

͸ݶΒͳ͍ɼi.e.,͋Δج४࣌ࠁʹରͯ͠ɼ֤ϊʔυɾϙςϯγϟϧΛఆٛͰ͖ͳ͍͜ͱ͕

ΑΓఆٛ͞ΕΔʹࠁϊʔυ౸ண࣌ૣ࠷Γ͏Δɽ͜Ε͸ϊʔυɾϙςϯγϟϧ͕ं྆ͷ͜ى
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Ұํɼ࣍ͷೋͭͷཧ༝ʹΑΓɼं͕྆ϊʔυʹ౸ୡͰ͖ͳ͍࣌ؒଳ͕ଘ͏͠ࡏΔͨΊͰ͋

ΔɽୈҰʹɼ͋Δं͕྆ϦϯΫ্Λ૸͍ͯ͠ߦΔͱ͖ɼ͔ޙΒྲྀೖ͢Δं྆͸࠷খं಄ؒ

ִະຬͷं಄ִؒͰྲྀೖͰ͖ͳ͍ͨΊɼ͋ΔϦϯΫʹ͓͍ͯྲྀೖෆՄೳͳ࣌ؒଳଘ͢ࡏΔ

ͨΊͰ͋Δʢਤ ࡏ਺͕ఆٛ͞Εͳ͍࣌ؒଳ͕ଘؔؒ࣌ߦΕ͹ɼϦϯΫཱྀ͑׵͍ݴʣɽࠨ3.1

͠͏Δɽୈೋʹɼ͋Δج४࣌ࠁʹରԠ͢Δϙςϯγϟϧ࣌ࠁͰى఺Λग़ൃ͢Δं͕྆ଘࡏ

͠ͳ͚Ε͹ɼఆ্ٛϙςϯγϟϧΛఆٛ͢Δ͜ͱ͸Ͱ͖ͳ͍ʢi.e.,ࣜ 3.7Λద༻͢Δ͜ͱ

͕Ͱ͖ͳ͍ʣɽ

͔͠͠ͳ͕Βɼ͜ͷ໰୊͸ద੾ͳิؒΛ͜͏ߦͱʹΑΓղܾ͢Δ͜ͱ͕Ͱ͖Δɽ۩ମత

ʹ͸ɼୈҰͷ໰୊ʹରͯ͠͸ɼࣜ (3.6)Λຬͨ͢Α͏ʹʢi.e., FIFOݪଇΛຬ଍͢ΔΑ͏ʹʣ

ϦϯΫཱྀؔؒ࣌ߦ਺ʹద੾ͳઢؒิܗΛ͑ߦ͹ྑ͍ʢਤ 3.1ӈʣɽୈೋͷ໰୊ʹରͯ͠͸ɼ

ϙςϯγϟϧ࣌ࠁͰى఺Λग़ൃ͢ΔԾ૝తͳं྆Λಋೖ͠ɼૣ࠷ϊʔυ౸ண࣌ࠁΛٻΊΔ

ͨΊʹ഑෼͢Ε͹ྑ͍ɽ݁Ռͱͯ͠ɼ͜ΕΒͷิؒʹΑΓ DUEήʔϜʹࢀՃ͢ΔϓϨΠ

Ϡʔͷཱྀؒ࣌ߦʹӨڹΛ༩͑Δ͜ͱͳ͘ɼϙςϯγϟϧΛఆٛͰ͖ΔΑ͏ʹͳΔɽͦͷͨ

ΊɼҟͳΔج४࣌ࠁʹରԠ͢Δෳ਺ͷϙςϯγϟϧΛൺֱ͢Δࡍʹɼલड़ͨ͠ఆٛҬͷෆ

࿈ଓੑʹΑΔෳ͞ࡶΛऔΓѻ͏͜ͱͳٞ͘࿦Λ͜͏ߦͱ͕Ͱ͖Δɽ

3.4.2 ໌ূࡏະ഑෼ं྆ͷଘૣ࠷

Λࣔͦ͏ɿੑࡏະ഑෼ं྆ͷଘૣ࠷Λ༻͍ͯɼࣜ܎ΕΒͷؔ͜ʹޙ࠷

ఆཧ 2. ʢUnidirectional network ʹ͓͚Δૣ࠷ະ഑෼ं྆ͷଘࡏʣUnidirectional network

ʹ͓͍ͯɼP(r) ! ∅ͱͳΔʢi.e.,ະ഑෼ं͕྆ଘ͢ࡏΔʣܦ࿏બ୒ϕΫτϧ r ∈ RΛ͑ߟ
Δɽ͜ͷͱ͖ɼະ഑෼ं྆ͷ͏ͪগͳ͘ͱ΋Ұ୆͸ૣ࠷ະ഑෼ं྆ͱͳΔɽ

ূ໌ 4. ·ͣɼ֤ະ഑෼ं྆ͷग़ൃ࣌ࠁͱϙςϯγϟϧΛ͚ؔͮ܎Α͏ɽະ഑෼ं྆
i ∈ P(r)ͷى఺Λ oiɼग़ൃ࣌ࠁΛ si ͱද͢*1ɽ

ΛऔΕΔະ഑෼ं྆ͷ͏ͪɼະ഑෼ं྆ࠁ४࣌ج i͕࠷খͷج४࣌ࠁΛ͍࣋ͬͯΔ΋ͷ

ͱ͠Α͏ɽ͢Δͱɼࣜ (??)͔ΒɼΑΓେ͖͍ج४࣌ࠁ tj Λ࣋ͭະ഑෼ं྆ jʹରͯ͠ɼ࣍

Λຬͨ͢࠷୹ܦ࿏ r∗i Λ࣋ͭ͜ͱ͕ࣔ͞ΕΔɿ

ti < tj ⇔ poREF (ti) < poREF (tj)
⇒ pn(ti) ≤ pn(tj), ∀n ∈ N (3.18)

⇒ u∗n′ (oi, si) ≤ u∗n′ (oj, sj), ∀n′ ∈ N(r∗i ) ∩N j. (3.19)

͜͜Ͱɼࣜ (3.18)ͷෆ౳ࣜ͸ ti < tj ʹࣜ (??)Λద༻ͨ͠΋ͷͰ͋Δʀ·ͨɼࣜ (3.18)͔Β

*1 ͳ͓ɼϙςϯγϟϧؔ਺͸࿈ଓؔ਺Ͱ͋Δͱ͸ݶΒͳ͍ͨΊɼग़ൃ࣌ࠁͱϙςϯγϟϧ͕Ұக͠ͳ͍ະ഑෼
ं͕྆ଘ͏͠ࡏΔɼi.e.,ج४࣌ࠁΛ࣋ͨͳ͍ະ഑෼ं͕྆ଘ͏͠ࡏΔɽ͔͠͠ɼద੾ʹϙςϯγϟϧؔ਺ͷ
஋ΛఆΊΔ͜ͱʹΑΓɼ͜͏ͨ͠ະ഑෼ं྆͸ૣ࠷ະ഑෼ं྆ͷީิͱ͸ͳΒͣɼ·ͨج४࣌ࠁΛ࣋ͭं྆
ಉ࢜Ͱൺֱͨ͠ͱ͖ʹ࠾୒͞ΕΔૣ࠷ະ഑෼ं྆ͷ࠷୹ܦ࿏্ͷϊʔυʹΑΓૣ͘౸ண͢Δ͜ͱ͸ͳ͘ͳ
ΔɽͦͷͨΊɼ͜͏ͨ͠ं྆Λ͑ߟΔඞཁ͸ͳ͍ʢͦͷৄࡉ͸ Appendix 3.BΛࢀরʣɽ
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ࣜ (3.19)΁ͷม׵͸ɼ࠷୹ܦ࿏্ͷϊʔυͰ͸౸ண͕࣌ࠁϙςϯγϟϧͱҰக͢Δੑ࣭Λ

༻͍͍ͯΔɽࣜ (3.19)͔Β͸ɼ͋Δج४࣌ࠁΛ࣋ͭະ഑෼ं྆͸ɼͦͷ࠷୹ܦ࿏্ͰɼΑ

Γେ͖ͳج४࣌ࠁΛ࣋ͭະ഑෼ं྆ʹ௥͍ൈ͔Εͳ͍͜ͱΛҙຯ͍ͯ͠Δɼi.e.,ૣ࠷ະ഑

෼ं͕྆औΓ͏Δ΂͖࠷୹ܦ࿏ͷ৚݅Λຬͨ͢ɽΑͬͯɼج४࣌࠷͕ࠁখͱͳΔະ഑෼ं

ະ഑෼ं྆ͱͳΔɽૣ࠷͕྆ !

3.5 ຊষͷ·ͱΊ

ຊষͰ͸ɼunidirectional network্ͰͷཻࢠϞσϧʹ͓͚Δ DUE ഑෼໰୊ͷ࣌ؒ෼ղ

ಛੑΛࣔͨ͠ɽ۩ମతʹ͸ɼ·ཻͣࢠϞσϧΛԾఆͨ͠ DUE ഑෼໰୊Ͱ͋Δ DUE ήʔ

ϜͷఆࣜԽΛߦͳͬͨɽ·ͨಉ࣌ʹɼDUEήʔϜͷ࣌ؒ෼ղ๏Ͱ͋Δॱং഑෼ΞϧΰϦ

ζϜʹ͍ͭͯઆ໌ͨ͠ɽͦͯ͠ɼunidirectional network ্ͷ DUE ήʔϜͰ͸ɼૣ࠷ະ഑

෼ं͕྆ଘ͢ࡏΔ͜ͱΛূ໌͠ɼॱং഑෼ΞϧΰϦζϜͷద༻ՄೳੑΛࣔͨ͠*2ɽ࣍ষͰ

͸ɼ͜ͷૣ࠷ະ഑෼ं྆ͷଘੑࡏΛ༻͍ͯɼಈతަ௨ωοτϫʔΫ഑෼ཧ࿦ͱήʔϜཧ࿦

ͱͷ݁ͼ͖ͭΛཱ֬͢Δɽͦͯ͠ɼͦͷ݁ͼ͖ͭʹߧۉ͖ͮجղͷ҆ఆੑΛղੳ͢Δ͜ͱ

ͱͳΔɽ

Appendix 3.A Proof of Lemma 1

೚ҙͷى఺ϊʔυ o ∈ No Λ͑ߟɼҟͳΔج४࣌ࠁ t, t′ ʹରԠ͢Δى఺ o ͷϙςϯ

γϟϧΛ po(t), po(t′) ͱද͢ɽ·ͨɼ֤ϙςϯγϟϧ࣌ࠁʹग़ൃ͢Δं྆ͷ࠷୹ܦ࿏Λɼ

ͦΕͧΕ r∗(t), r∗(t′) ͱද͢ɽҎԼͰ͸ɼ͜ΕΒͷ࠷୹ܦ࿏྆ํʹؚ·ΕΔ೚ҙͷϊʔ

υ n ∈ N(r∗d(t)) ∩N(r∗d(t′))ʹண໨͢Δɽͦͯ͠ɼى఺ oͱϊʔυ nͷϙςϯγϟϧʹ͍ͭ

Λ໌Β͔ʹ͢Δɽੑ܎ɼ͜ΕΒͷؒͰ੒ཱ͢Δؔ͑ߟͯ

·ͣɼى఺ oʹ͓͚Δϙςϯγϟϧͷେখ͕ؔ܎ఆ·͍ͬͯΔͱ͖ͷϊʔυ nͷϙςϯ

γϟϧͷେখؔ܎ΛٻΊΑ͏ɽ͜ͷͱ͖͸໌Β͔ʹɼಈతͳަ௨ྲྀϞσϧ͕ຬͨ͢ FIFO

ͷ৳ͼ཰͕ؒ࣌ߦཱྀ,.ଇʢi.eݪ −1Ҏ্ʣ͔Βɼ࣍ͷ͕ؔࣜ܎੒ཱ͢Δɿ
⎧⎪⎪⎨⎪⎪⎩

po(t) < po(t′)⇒ pn(t) ≤ pn(t′)
po(t) = po(t′)⇒ pn(t) = pn(t′)

. (3.20)

͜ͷ͜ͱ͸ɼى఺ oͷϙςϯγϟϧͷେখ͕ؔ܎ఆ·Δͱ͖ɼى఺Լྲྀଆͷϊʔυ nͷϙ

ςϯγϟϧ͸࠷୹ܦ࿏্ͷަ௨ྲྀͷྲྀΕʹԊͬͯ forward ʹܾΊΒΕΔ͜ͱΛҙຯ͢Δɽ

͜Ε͸ɼ(3.11)ͷୈҰࣜΛ͍ࣔͯ͠Δɽ

*2 ͳ͓͜͜Ͱ͸ૣ࠷ະ഑෼ं྆ͷଘ໌ূࡏʹ͋ͨΓɼϊʔυɾϙςϯγϟϧͷج४࣌ࠁʹؔ͢Δ୯ௐੑΛ༻͍
͕ͨɼࠤ௡઒ޭقɼ࿨ా݈ଠ࿠ (2017)͸୯Ұऴ఺ωοτϫʔΫʹ͓͍ͯɼʮׂΓࠐΈʯͱ͍͏֓೦Λ༻͍ͨ
ҟͳΔΞϓϩʔνʹΑΔূ໌Λߦͳ͍ͬͯΔɽͦͷৄࡉ͸ Appendix 3.CΛࢀরɽ
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࣍ʹɼ͜Εͱ͸ٯʹɼϊʔυ nͰͷϙςϯγϟϧͷ͕ؔੑ܎༩͑ΒΕͨͱ͖ͷɼى఺ o

Ͱͷϙςϯγϟϧͷؔੑ܎ΛٻΊΑ͏ɼi.e.,ى఺Ͱͷϙςϯγϟϧͷେখؔ܎Λ backward

ΊΔɽ·ͣɼϊʔυٻʹ nʹ͓͍ͯີݫͳେখ͕ؔ܎੒ཱ͢Δʢi.e.,౳߸෇͖ෆ౳߸͕੒

ཱ͠ͳ͍ʣͱ͖ɼFIFOݪଇ͔Βɼى఺ oͷϙςϯγϟϧʹ͍ͭͯ΋ີݫͳେখ͕ؔ܎੒

ཱ͢Δ͜ͱ͸ࣗ໌Ͱ͋Δɽ͢ͳΘͪɼ

pn(t) < pn(t′)⇒ po(t) < po(t′). (3.21)

͕੒ཱ͢Δɽ͜ͷࣜ͸ɼ࠷୹ܦ࿏্ʹ͓͍ͯɼ͋ΔԼྲྀଆͷϊʔυ nʹΑΓૣ͘౸ணͰ͖

Δं྆͸ɼಉҰى఺ΛΑΓૣ͘ग़ൃ͍ͯ͠Δ͜ͱΛ͍ࣔͯ͠Δɽͦͯ͜͠Ε͸ಉ࣌ʹɼ͋

Δى఺͔Βग़ൃ͢Δं྆ͷ࠷୹ܦ࿏ʹؚ·ΕΔগͳ͘ͱ΋Ұͭͷϊʔυʹ͓͍ͯɼҟͳΔ

ఆ·͍ͬͯΔͷͰ͋Ε͹ɼͦͷϊʔυ͕܎ͳେখؔີݫΔϙςϯγϟϧͷ͚͓ʹࠁ४࣌ج

͔Βى఺ͷϙςϯγϟϧͷେখ͕ؔ܎෼͔Δ͜ͱΛ͍ࣔͯ͠Δɽ

ҰํͰɼີݫͳେখ͕ؔ܎ఆ·͍ͬͯͳ͍৔߹ʢi.e., pn(t) = pn(t′) ͕੒ཱ͍ͯ͠Δ৔

߹ʣɼى఺ͷϙςϯγϟϧͷେখؔ܎͸Ұҙʹఆ·Βͳ͍৔߹͕͋Δɼi.e.,͋Δ࠷୹ܦ࿏্

ͰͷԼྲྀଆϊʔυʹ͓͚Δϙςϯγϟϧ͕ಉҰͰ͋ͬͨͱͯ͠΋ɼ্ྲྀଆϊʔυʹ͓͚Δ

ϙςϯγϟϧ͕ಉҰͰ͋Δͱ͸ݶΒͳ͍ɽ͜Ε͸ɼ଴͕ͪྻߦଘ͍ͯ͠ࡏΔ͕ྲྀೖަ௨ྔ

͕ଘ͠ࡏͳ͍࣌ؒଳΛ࣋ͭϦϯΫͰ͋Δɼzero-flow congested link ͕ଘ͢ࡏΔͱ͖ੜ͡͏

Δɽ͜͏ͨ͠ϦϯΫͰ͸ɼಛఆͷ࣌ؒଳʹ͓͚Δɼྲྀೖ࣌ࠁʹର͢ΔϦϯΫཱྀؒ࣌ߦͷม

Խ཰͸ −1ͱͳΔɽ͜Ε͸ɼಛఆͷ࣌ؒଳʹྲྀೖͨ͠ं྆͸଴ͪྻߦ຤ඌͷं྆ʹ௥ै͢

Δ͜ͱʹΑΓɼͦͷࠁ͚࣌ࡹʹϦϯΫྲྀग़࣌ࠁΛ੍໿͞ΕΔΑ͏ʹͳΔ͜ͱΛҙຯ͍ͯ͠

Δɼi.e.,ྲྀೖ͕࣌ࠁҟͳ͍ͬͯͯ΋ྲྀग़࣌ࠁ͸ಉҰͱͳΓ͏ΔɽͦͷͨΊ͜ͷΑ͏ͳϦϯ

Ϋ͕ଘ͢ࡏΔ৔߹ɼԼྲྀଆͷϙςϯγϟϧ͕ҟͳΓ࣌ؒଳʹ͓͍ͯҰக͍ͯͯ͠΋ɼ্ྲྀ

ଆͷϙςϯγϟϧ͸ҟͳΔ஋Λ࣋ͭՄೳੑ͕͋Δɽ

۩ମྫ͔Β͜ͷ࣮ࣄΛ֬ೝ͠Α͏ɽਤ 3.2aʹɼzero-flow congested link͕ଘ͢ࡏΔ͜ͱ

Ͱɼϙςϯγϟϧ͕ଟՁؔ਺ͱͳͬͨަ௨ঢ়ଶʹ͋ΔωοτϫʔΫΛࣔ͢ɽ͜ͷਤͰ͸ɼ

ϦϯΫ (oREF, d), (n, d)͕ zero-flow congested linkͰ͋Δɽ·ͨɼਤதͷ vFT ͸ࣗ༝૸ߦ଎

౓ɼTs ͸લํΛ૸͢ߦΔं྆ͱͷ࠷খं಄ִؒͷ্ؔ܎ɼϦϯΫʹྲྀೖ͢Δ͜ͱ͕Մೳ

ͱͳΔ࣌ࠁɼTe ͸௥ैڍಈΛऔΒͳ͘ͳΔ࠷খͷ࣌ࠁΛ͍ࣔͯ͠Δɽ͜͜Ͱɼج४࣌ࠁ t

ʹର͢Δऴ఺ dͷϙςϯγϟϧ͕ɼpd(t) = gd Ͱ͋ͬͨͱ͠Α͏ɽ͜ͷͱ͖ϊʔυ nʹ͓

͚Δϙςϯγϟϧ͸ɼTs ∼ Te ͷൣғ಺ʹ͓͍ͯͲͷΑ͏ͳ஋Λऔͬͯ΋ྑ͘ͳΔΑ͏ʹ

ͳΔɼi.e.,ϙςϯγϟϧʹ೚ҙੑ͕ଘ͢ࡏΔ*3ɽ͜Ε͸ɼҟͳΔى఺ग़ൃ࣌ࠁͰ͋ͬͯ΋ɼ

zero-flow congested linkΛ௨ա͢Δ͜ͱʹΑΓɼ౸ண͕࣌ࠁҰͭͷ஋ʹू໿͞ΕΔͨΊͰ

͋ΔɽͦͷͨΊ͜ͷঢ়گԼͰ͸ɼϊʔυ nɼ͓Αͼͦͷ·্ͨྲྀͷϊʔυ oʹ͓͚Δϙς

*3 ಉ༷ͷٞ࿦͸ Akamatsu et al. (2015)Ͱ΋ݟΒΕΔɽ͜͜Ͱ͸ɼίϦυʔܕͷ୯Ұऴ఺ωοτϫʔΫΛͨ͑ߟ
ͱ͖ɼऴ఺౸ண͔࣌ࠁΒ͸ɼྲ্ྀ࠷ʹҐஔ͢Δى఺Ͱͷɼߧۉग़ൃ࣌ࠁΛٻΊΔ͜ͱ͕Ͱ͖ͳ͍ͱ͍͏໰୊
ͱͯ͠ൃ͍ͨͯ͠ݱɽ
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(a) Zero-flow congested linkͱϙςϯγϟϧͷ೚ҙੑ

(b)ϙςϯγϟϧͷܾఆྫ

ਤ 3.2: Zero-flow congested link͕ଘ͢ࡏΔͱ͖ͷަ௨ঢ়ଶͱϙςϯγϟϧͷܾఆํ๏

ϯγϟϧ͸ج४࣌ࠁʹର͢ΔଟՁؔ਺ͱͳΓɼҰҙʹఆΊΔ͜ͱ͕Ͱ͖ͳ͍ɽ

ͦͯ͠ಛʹɼج४఺͔Β͋Δϊʔυ·Ͱͷ࠷୹ܦ࿏্ʹ zero-flow congested link͕͋Δ

ͱ͖ɼҟͳΔج४࣌ࠁʹରͯ͠ಉҰͷϙςϯγϟϧ͕ରԠ͢Δ͜ͱʹͳΔɽਤ 3.2aͰ͸ɼ

ࠁ४࣌ج t, t′ ͷͦΕͧΕʹରͯ͠ɼಉҰͷϙςϯγϟϧ͕ରԠ͢Δ͜ͱ͕ͯݟऔΕΔɽ͜

ͷΑ͏ͳঢ়گԼͰ͸ɼ͋Δج४࣌ࠁʹର͢Δϙςϯγϟϧ͕ఆ·Βͳ͍͹͔Γ͔ɼҟͳΔ

ͳΒ͹ɼϙςϯγϟϧނ΋ఆ·Βͳ͘ͳΔɽԿ܎Δϙςϯγϟϧͷେখ͚͓ؔʹࠁ४࣌ج

͸ಉҰͷൣғ಺Ͱ೚ҙੑΛ͍࣋ͬͯΔͨΊɼϙςϯγϟϧͷઃఆ࣍ୈʢͲͷج४࣌ࠁʹର

ͯ͠Ͳͷϙςϯγϟϧͷ஋ΛׂΓ౰ͯΔ͔ʣͰͦͷେখؔ܎͸มԽ͢ΔͨΊͰ͋Δɽ͜Ε

͕ɼϙςϯγϟϧ͕ಉҰͰ͋Δͱ͖ʹɼͦͷ্ྲྀଆͷى఺ϊʔυͰͷϙςϯγϟϧͷେখ

ఆ·Βͳ͘ͳΔཧ༝Ͱ͋Δɽ͕܎ؔ

͔͠͠ɼ͜͏ͨ͠ج४࣌ࠁʹର͢ΔϙςϯγϟϧͷଟՁੑ͸ɼ೚ҙੑͷൣғ಺Ͱ͋Ε͹
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ͲͷΑ͏ʹ஋Λͱͬͯ΋ྑ͍͜ͱΛࣔࠦ͢ΔɽͦͷͨΊɼຊߘͰ͸্هͷଟՁੑͷ໰୊ʹ

ରͯ͠ɼ࣍ͷΑ͏ʹج४࣌ࠁͷେখؔ܎ͱ੔߹͢ΔΑ͏ϙςϯγϟϧͷ஋ΛఆΊΔ͜ͱͱ

͢Δɿ

t < t′ ∧ pn(t) = pn(t′)⇒ po(t) ≤ po(t′). (3.22)

ਤ 3.2bʹͦͷྫΛࣔ͢ɽ

ΑͬͯҎ্Λ·ͱΊΔͱɼ͋Δϊʔυ n ʹ͓͚Δϙςϯγϟϧͷେখؔ܎ͱى఺ o ʹ

͓͚Δϙςϯγϟϧͷେখؔ܎ʹ͸ɼt < t′ ͕੒ཱ͍ͯ͠Δͱ͖ɼ͕࣍੒ཱ͢Δ͜ͱ͕Θ

͔Δɿ

pn(t) ≤ pn(t′)⇒ po(t) ≤ po(t′), ∀o ∈ No,∀n ∈ N(r∗(t)) ∩N(r∗(t′)). (3.23)

͜Ε͸ɼࣜ (3.11)ͷୈೋࣜͰ͋ΔɽΑͬͯɼࣜ (3.11)͕੒ཱ͢Δ͜ͱ͕ࣔ͞Εͨɽ

ɼࣜʹޙ࠷ (3.11)Λ༻͍ͯࣜ (3.10)Λಋग़͠Α͏ɽ·ͣɼt < t′ ͕੒ཱ͍ͯ͠Δ͜ͱ͔

Βɼج४఺Λग़ൃ͢Δं྆ͷ࠷୹ܦ࿏ʹؚ·ΕΔϊʔυ n ʹ͓͚Δϙςϯγϟϧʹ͍ͭ

ͯɼ͕࣍੒ཱ͢Δ͜ͱ͕Θ͔Δɿt < t′ ⇒ pn(t) ≤ pn(t′)ɽ࣍ʹɼϊʔυ nΛ࠷୹ܦ࿏ʹؚ

Ήं͕྆ग़ൃ͢Δى఺ϊʔυ oʹ͓͚Δϙςϯγϟϧʹ͍ͭͯɼ͕࣍੒ཱ͢Δ͜ͱ͕Θ͔

Δɿpn(t) ≤ pn(t′)⇒ po(t) ≤ po(t′)ɽΑͬͯɼ͜ͷؔੑ܎Λ࿈͍ͯͤ͘͜͞࠯ͱʹΑΓɼશ

ͯͷى఺ʹ͍ͭͯ࣍ͷ͕ؔࣜ܎੒ཱ͢Δ͜ͱ͕Θ͔Δɿ

t < t′ ⇒ po(t) ≤ po(t′). (3.24)

͜Ε͸ɼࣜ (3.10)Ͱ͋Δɽ !

Appendix 3.B ͭʹΛ࣋ͨͳ͍ະ഑෼ं྆ͷऔΓѻ͍ࠁ४࣌ج

͍ͯ

Appendix 3.A Ͱઆ໌͍ͯ͠ΔΑ͏ʹɼωοτϫʔΫʹ zero-flow congested link ͕ଘࡏ

͢Δͱ͖ɼϙςϯγϟϧʹ೚ҙੑ͕ଘ͏͠ࡏΔɽ͜ͷͱ͖ɼ͋Δج४࣌ࠁʹରͯ͠ϙς

ϯγϟϧΛׂΓ౰ͯΔ͜ͱʹΑΓɼϙςϯγϟϧͱಉҰͷૣ࠷ϊʔυ౸ண࣌ࠁΛ࣋ͨ

ͣɼ݁Ռͱͯ͠ج४࣌ࠁΛ࣋ͨͳ͍ं͕྆ଘ͏͠ࡏΔ͜ͱʹͳΔɽྫ͑͹ਤ 3.2bͷ৔߹ɼ

[Ts,u∗n(o1, so1 ))ʹϊʔυ nʹ౸ண͢Δं྆͸ج४࣌ࠁΛ࣋ͨͳ͍͜ͱʹͳΔɽ

͔͠͠ɼϙςϯγϟϧΛద੾ͳ஋ʹରԠͤͨ͞৔߹ɼૣ࠷ະ഑෼ं྆ͷܾఆʹ͋ͨΓɼ

͜ͷΑ͏ͳج४࣌ࠁΛ࣋ͨͳ͍ं྆ʹ͍ͭͯ͸͑ߟͳͯ͘΋ྑ͘ͳΔɽ۩ମతʹ͸ɼ͋Δ

ϊʔυͷϙςϯγϟϧΛܾΊΔʹ͋ͨΓɼͦͷϊʔυʹҰ൪ૣ͘౸ண͢Δະ഑෼ं྆ͷ࠷

ૣϊʔυ౸ண࣌ࠁΛ༻͍Ε͹ྑ͍ʢҰ൪ૣ͘౸ண͢Δະ഑෼ं྆ʹର͠ reference timeΛ

༩͑Δʣɽ͜ΕʹΑΓ reference timeΛ࣋ͨͳ͍ະ഑෼ं྆͸ɼඞͣ͜ͷະ഑෼ं྆ʹ࠷୹

ະ഑෼ं྆ͷૣ࠷ΕΔΑ͏ʹͳΔɼi.e.,͜ΕΒͷं྆͸·ࠐ࿏্ͷϊʔυʹׂ͓͍ͯΓܦ
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ީิͰ͸ͳ͍ɽՃ͑ͯɼreference timeΛ࣋ͨͳ͍ະ഑෼ं྆͸ɼreference timeΛ࣋ͭं

྆ͷ࠷୹ܦ࿏্ͷϊʔυʹΑΓૣ͘౸ண͢Δ͜ͱ͸ͳ͍ɽैͬͯɼreference time Λ࣋ͭ

ະ഑෼ं྆ಉ࢜Λൺֱ͢Δ͜ͱͰಘΒΕͨૣ࠷ະ഑෼ं྆͸ɼreference time Λ࣋ͨͳ͍

ं྆ʹΑׂͬͯΓࠐ·ΕΔ͜ͱ͸ͳ͍ɼi.e., reference timeΛ࣋ͭं྆ಉ࢜ͷΈͰൺֱΛ͢

Δ͜ͱͰɼૣ࠷ະ഑෼ं྆Λܾఆ͢Δ͜ͱ͕Ͱ͖Δɽ

Appendix 3.C ୯Ұऴ఺ωοτϫʔΫͰͷॱং഑෼ΞϧΰϦ

ζϜͷద༻Մೳੑͷূ໌

ຊઅͰ͸ɼ୯Ұऴ఺ωοτϫʔΫͰͷॱং഑෼ΞϧΰϦζϜͷద༻Մೳੑʹ͍ͭͯɼϙ

ςϯγϟϧΛ༻͍ͳ͍ผΞϓϩʔνʹ໌ূͮ͘جΛࣔ͢ɽ۩ମతʹ͸ɼ͋Δं͕྆ૣ࠷ະ

഑෼ं྆Ͱ͸ͳ͍ͱ͖ʹຬͨ͞ͳ͚Ε͹ͳΒͳ͍ɼʮׂΓࠐΈʯͱ͍͏֓೦Λ༻͍ͨূ໌

Λ͏ߦɽ

ҎԼͰ͸ূ໌ʹઌཱͪɼຊ෇࿥Ͱ༻͍Δม਺΍ఆٛʹ͍ͭͯઆ໌͢Δɽ·ͨ Iryo (2011b)

ະ഑෼ं྆ͷূ໌ʹର͢Δ൓ྫΛࣔ͢ɽૣ࠷ΘΕͨ୯Ұऴ఺ωοτϫʔΫʹ͓͚Δߦͯʹ

࣍ʹɼׂΓࠐΈͷ֓೦Λઆ໌͠ɼͦΕΛ༻͍ͨૣ࠷ະ഑෼ं྆ͷଘ໌ূࡏΛ͏ߦɽ

3.C.1 DUEήʔϜͷఆࣜԽ

ຊߘͰऔΓѻ͏ωοτϫʔΫ͸ɼϊʔυͱ༗޲ϦϯΫ͔Βߏ੒͞ΕΔɽϊʔυͷू߹Λ

Vɼ༗޲ϦϯΫͷू߹Λ E ͱ͠ɼϦϯΫ l ∈ E ͷ্ྲྀ୺ϊʔυΛ vu(l)ɼԼྲྀ୺ϊʔυΛ

vd(l)ͱ͢هɽ

͜ͷωοτϫʔΫ্ͰఆࣜԽ͞ΕΔ DUEήʔϜ͸ɼʮϓϨΠϠʔʢं྆ʣʯɼʮϓϨΠϠʔ

ͷઓུू߹ʢܦ࿏બ୒ूࢶ߹ʣʯɼʮઓུʢܦ࿏ʣͷརಘʯ͔Βߏ੒͞Ε͍ͯΔɽं྆͸཭ࢄ

Խ͞Ε͓ͯΓɼશं྆ͷू߹ΛN ͱ͢Δɽं྆ i ∈ N ͷىऴ఺ϊʔυ oi, di ͱग़ൃ࣌ࠁ τi

͸֎ੜతʹ༩͑ΒΕΔͱ͠ɼoi = oj ͳΒ͹ τi ! τ j ͱ͢Δɽ

͋Δं྆ i͸શͯͷ acyclicͳܦ࿏ ri Λબ୒Ͱ͖ɼͦͷܦ࿏બ୒ूࢶ߹Λ Ri Ͱࣔ͢ɽܦ

࿏ ri ʹؚ·ΕΔϦϯΫͷू߹Λ E(ri)Ͱද͢ɽܦ࿏બ୒ूࢶ߹ʹ͸ɼ͋Δं྆ iΛ·ͩ഑

෼͍ͯ͠ͳ͍ʢi.e., ࢶ఺Λग़ൃ͍ͯ͠ͳ͍ʣ͜ͱΛࣔ͢બ୒ى φi ΋ؚ·ΕΔɽશं͕྆

બ୒ͨ͠ܦ࿏Λฒ΂ͨϕΫτϧ͸ rͰɼं྆ iҎ֎ͷܦ࿏બ୒͸ϕΫτϧ r−i Ͱهड़͢Δɽ

͜ͷܦ࿏ϕΫτϧ͸ɼr = (ri, r−i)ͷΑ͏ʹ ri ͱ r−i ΛଋͶͨهड़΋͏ߦɽ·ͨɼRi ͷશं

྆ʹର͢Δ௚ੵू߹Λ RALL =
∏

i∈N Ri ͱఆٛ͢Δɽ

഑෼ࢉܭաఔͰ͸ɼҰ෦ͷं྆ͷΈ͕഑෼͞Ε͍ͯΔঢ়گΛ͑ߟΔɽ͜ͷͱ͖ɼ഑෼͠

ͨं྆Λʮط഑෼ं྆ʯɼ·ͩ഑෼͞Ε͍ͯͳ͍ं྆Λʮະ഑෼ं྆ʯͱݺͼɼऀޙͷू߹

Λ N(r)Ͱද͢ɽະ഑෼ं྆ i͸ɼφi ∈ Ri Λબ୒͍ͯ͠Δं྆ͱͯ͠ද͢ɽ·ͨɼະ഑෼

ं྆ΛωοτϫʔΫʹ഑෼͢Δ͜ͱΛʮ௥Ճ഑෼ʯͱݺͿɽ
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ं྆ iҎ֎ͷܦ࿏બ୒͕ r−i Ͱ͋Δͱ͖ɼܦ࿏ ri Λར༻͢Δ͜ͱʹΑΔं྆ i ∈ N ͷऴ
఺౸ண࣌ࠁΛ gi(ri, r−i)ͱॻ͘ɽ·ͨɼະ഑෼ं྆ i ∈ N(r)͕ɼԾʹܦ࿏ ρi ∈ Ri − {φi}Λ
ར༻ͨ͠৔߹ʹɼϦϯΫ l ∈ ri ʹྲྀೖ͢Δ࣌ࠁΛ ti(l; (ρi, r−i))ͱॻ͘*4ɽ

རಘ͸ܦ࿏ͷҰൠԽަ௨අ༻ͷූ߸Λٯʹͨ͠΋ͷͱ͠ɼҰൠԽަ௨අ༻͸ऴ఺౸ண࣌

ࠁఆ͞Ε͓ͯΓɼҰൠԽަ௨අ༻Λऴ఺౸ண࣌ݻ͸ࠁͱ౳͍͠ͱ͢Δɽ֤ं྆ͷग़ൃ࣌ࠁ

ͱ͢Δ͜ͱ͸ཱྀؒ࣌ߦΛ༻͍Δ͜ͱͱ౳ՁͰ͋Δɽ͜ͷͱ͖ɼNashߧۉঢ়ଶ r͸ɼ

gi(ri, r−i) ≤ gi(si, r−i) ∀si ∈ Ri − {φi}, ∀i ∈ N (3.25)

Λຬͨ͢ঢ়ଶͰ͋Δͱఆٛ͢Δɽ·ͨɼ͜͜Ͱ͸७ਮઓུͷΈΛྀ͍ͯ͠ߟΔɽ

3.C.2 ॱং഑෼ΞϧΰϦζϜ

ຊ෇࿥Ͱ͸ɼૣ࠷ະ഑෼ं྆ɼ͓Αͼͦͷ࠷୹ܦ࿏ΛɼϦϯΫྲྀೖ࣌ࠁΛ༻͍ͯఆٛ͠

͍ͯ͘ɽ·ͣɼʮૣ࠷ϦϯΫྲྀೖ࣌ࠁʯͱɼ͋Δະ഑෼ं͕྆഑෼͞ΕΔͱ͖ͷʮ࠷୹ܦ

࿏ʯΛ࣍ͷΑ͏ʹఆٛ͢Δɽ

ఆٛ 5. ʢૣ࠷ϦϯΫྲྀೖ࣌ࠁɼҪྉ Iryo (2011b)ʣN(r) ! ∅ ͱͳΔ r ∈ RALL Λ͑ߟΔɽ

ະ഑෼ं྆ i ∈ N(r)ͷܦ࿏બ୒ूࢶ߹ Ri ʹؚ·ΕΔ͍ͣΕ͔ͷܦ࿏ 1ຊҎ্ʹؚ·ΕΔ

ϦϯΫͷू߹ Ei Λɼ

Ei ≡ { l | l ∈ E(ρi), ρi ∈ Ri} (3.26)

ͱఆٛ͢Δɽ͜ͷͱ͖ɼं྆ i͕ϦϯΫ l ∈ Ei ɿࠁ΋ૣ͘ྲྀೖͰ͖Δ࣌࠷ʹ

ti(l; r) = min
ρi∈{si |si∈Ri,l∈E(si)}

.ti(l; (ρi, r−i)) (3.27)

Λʮૣ࠷ϦϯΫྲྀೖ࣌ࠁʯͱݺͿɽ

ఆٛ 6. ʢະ഑෼ं྆ͷ࠷୹ܦ࿏ɼҪྉ Iryo (2011b)ʣN(r) ! ∅ͱͳΔ r ∈ RALL Λ͑ߟΔɽ

ͦͷͱ͖ͷະ഑෼ं྆ i ∈ N(r)͕௥Ճ഑෼͞ΕΔͱ͖ͷ࠷୹ܦ࿏ ρi(r)ΛҎԼΛຬͨ͢ܦ

࿏ͱఆٛ͢Δɿ

ρi(r) ∈ arg minρi∈Ri−{φi}. gi(ρi, r−i). (3.28)

͢ͳΘͪɼ͜ͷ࠷୹ܦ࿏Λ༻͍Δະ഑෼ं྆͸ɼଞͷ͍ͣΕͷܦ࿏Λ༻͍ͨ৔߹ΑΓ΋

ऴ఺ʹ஗͘ͳ͘౸ணͰ͖Δɽͨͩ͠ɼ͜ͷ࠷୹ܦ࿏্Ͱ͸ DPݪཧ͕ຬͨ͞ΕΔͱ͸ݶΒ

ͳ͍ɽ

͜ΕΒͷఆٛΛ༻͍ͯʮૣ࠷ະ഑෼ं྆ʯ͸ԼهͷΑ͏ʹఆٛ͞ΕΔɽ

*4 ΔͨΊͷަ௨ྲྀϞσϧ͸ɼҪྉ͢ࢉܭΛࠁ࣌ Iryo (2011b)Ͱࣔ͞Εͨʮަ௨ྲྀϞσϧ͕ຬͨ͢΂͖৚݅ʯΛ
ຬ͍ͨͯ͠Δ΋ͷͱ͢Δɽ
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ਤ 3.3: ऴ఺౸ண࣌ૣ࠷ͮ͘جʹࠁະ഑෼ंܾ྆ఆͷ൓ྫ

ఆٛ 7. ʢૣ࠷ະ഑෼ं྆ʣະ഑෼ं྆ i ∈ N(r) (! ∅)ͷ࠷୹ܦ࿏ͷ͏ͪ࣍ͷ৚݅ɿ

tj(l; r) ≥ ti(l; (ρi(r), r−i))

∀l ∈ E j ∩ E(ρi(r)),∀ j ∈ N(r) − {i} (3.29)

Λຬͨ͢ܦ࿏ ρi(r) ͕ଘ͢ࡏΔͳΒ͹ɼi ͸ૣ࠷ະ഑෼ं྆Ͱ͋Δͱఆٛ͢Δɽ·ͨɼ

|N(r)| = 1ͳΒ͹ɼͦͷະ഑෼ं྆͸ૣ࠷ະ഑෼ं྆ͱ͢Δɽ

3.C.3 ୯Ұऴ఺ωοτϫʔΫͷૣ࠷ະ഑෼ं྆ͷଘࡏఆཧ (Iryo, 2011b)ʹ
ର͢Δ൓ྫ

ຊষͰ͸ɼ୯Ұऴ఺ωοτϫʔΫͷૣ࠷ະ഑෼ं྆ͷଘࡏఆཧʢఆཧ 3b, Iryo (2011b)ʣ

ʹର͢Δ൓ྫΛ͛ڍɼͦͷଘࡏఆཧͷূ໌աఔʹ͓͚ΔෆඋΛ۩ମతʹࣔ͢ɽ

·ͣ Iryo (2011b)͕ࣔͨ͠ଘࡏఆཧΛҎԼʹҾ༻͢Δɿ

ʢఆཧ 3bɼIryo (2011b)ʣ୯Ұऴ఺ωοτϫʔΫͰ͸౸ண࣌ࠁ gi(ρi(r), r−i)͕࠷খͷ

ະ഑෼ं྆ i ∈ N(r)͕ૣ࠷ະ഑෼ं྆Ͱ͋Δɽ

͜Ε͸ɼҰࣗݟવͳओுͷΑ͏ʹࢥΘΕΔ͕ɼૣ࠷ະ഑෼ं྆ͷఆٛͱໃ६͢Δ͜ͱʹͳ

Δɽਤ 3.3ʹɼͦͷ൓ྫͱͳΔωοτϫʔΫͷঢ়ଶͱं྆ي੻ਤΛࣔ͢ɽ͜͜Ͱ͸ɼऴ఺

͕ dɼى఺͕ {o, o′}Ͱ͋Γɼى఺ o͔Β௥Ճ഑෼͞ΕΔະ഑෼ं͕྆ΑΓૣ͘ϊʔυ kʹ

౸ணͰ͖Δ΋ͷͱ͢Δʢi.e.,ى఺ o′ ͷະ഑෼ं྆͸ૣ࠷ະ഑෼ं྆Ͱ͸ͳ͍ʣɽ·ͨɼϦ

ϯΫ (k, d)্ʹे෼ͳ௕͞ͷ଴͕ͪྻߦଘ͓ͯ͠ࡏΓɼͲͪΒͷى఺͔Β௥Ճ഑෼͞ΕΔ

ະ഑෼ं྆΋ͦͷ଴ͪྻߦͷޙ࠷ඌʹ௥͍͚ͭΔͱ͠Α͏ɽ͜ͷͱ͖ɼϦϯΫ (k, d)ʹྲྀ

ೖͨ͠ະ഑෼ं྆ͷ૸ߦύλʔϯ͸ɼਤ 3.3ͷ఺ઢͰࣔ͞ΕΔ*5ɽ͜ͷي੻ਤ͔ΒΘ͔Δ

Α͏ʹɼ͍ͣΕͷະ഑෼ं྆Λ௥Ճ഑෼ͯ͠΋ɼऴ఺౸ண࣌ࠁ͸ಉҰʢi.e.,଴ͪྻߦͷࡹ

఺ىʣͱͳΔɽͭ·Γɼఆ্ٛ͸ࠁ͚࣌ o′ ͷະ഑෼ं྆͸ૣ࠷ະ഑෼ं྆Ͱͳ͍ʹ΋ؔΘ

Βͣɼఆཧ 3b্͸ૣ࠷ະ഑෼ं྆ͱͳΔͱ͍͏ໃ६͕ൃੜ͢Δɽ

͜ͷޡΓ͸Ͳ͜Ͱੜͨ͡ͷͰ͋Ζ͏͔ɽͦΕ͸ɼఆཧ 3bͷূ໌தͷ࣍ͷओுͰ͋Δɿ

*5 ύλʔϯͱɼͦͷະ഑෼ं྆Λ௥Ճ഑෼ͤͣɼ΋͏ߦ੻ਤͰ͸ɼ͋Δະ഑෼ं྆Λ௥Ճ഑෼ͨ͠ͱ͖ͷ૸ي
Ұ୆ͷະ഑෼ं྆Λ௥Ճ഑෼ͨ͠ͱ͖ͷ૸ߦύλʔϯΛॏͶ͍ͯࣔͯ͠Δɽ



ୈ 3ষ ഑෼໰୊ͷ࣌ؒ෼ղಛੑߧۉऀ༺Ϟσϧʹ͓͚Δಈతརࢠཻ 47

ਤ 3.4: 2୆ͷະ഑෼ं྆ͷ૸ߦύλʔϯ

ʢิ୊ 3.1ɼIryo (2011b)ʣະ഑෼ं྆ i ∈ N(r) Λϊʔυ v1, v2 ∈ V Λ௨Δ࠷୹ܦ
࿏ʢv1 ্͕ྲྀଆʣʹ௥Ճ഑෼ͨ͠ͱ͖ͷ v1, v2 ͷ௨ա࣌ࠁΛ t1, t2 ͱ͢ΔɽҰํɼ

i ∈ N(r) Λ഑෼ͤͣɼผͷະ഑෼ं྆ j ∈ N(r) Λϊʔυ v1, v2 ∈ V Λ௨Δܦ࿏
ʢϊʔυ v1 ্͕ྲྀଆʣʹ௥Ճ഑෼ͨ͠ͱ͖ͷ v1, v2 ͷ௨ա࣌ࠁΛ t∗1, t

∗
2 ͱ͢Δɽ͜ͷ

ͱ͖ҎԼ͕੒ཱɿ

t∗1 > t1 ⇒ t∗2 > t2. (3.30)

͜ͷओுͷূ໌ʹ͓͍ͯ Iryo (2011b)͸ɼࣜ (3.30)͕੒ཱ͠ͳ͍ͱԾఆͯ͠ɼʮFirst In First

Out (FIFO)ݪଇʯΑΓໃ६Λಋ͍͍ͯΔɽ͔͠͠ɼFIFOݪଇ͸ωοτϫʔΫʹ࣮ࡍʹ഑

෼͞Εͨं͕྆ड͚Δ੍໿Ͱ͋Γɼະ഑෼ं྆ಉ࢜ͷ౸ணॱংͷൺֱʹར༻͢Δ͜ͱ͸Ͱ

͖ͳ͍ɽ࣮ࡍɼࣜ (3.30)͕੒ཱ͠ͳ͍͜ͱ͸ਤ 3.3ͷྫͰͨݟ௨ΓͰ͋Δɽ

Ұൠʹɼ͋ΔϦϯΫʹҟͳΔ࣌ࠁʹྲྀೖͨ͠ 2୆ͷະ഑෼ं྆ͷ૸ߦύλʔϯ͸ਤ 3.4

ʹࣔ͢ 3ͭͰ͋Δ*6ʀ(a)྆ं͕྆ࣗ༝૸ߦʀ(b)྆ं͕྆௥ै૸ߦʀ(c)ઌʹྲྀೖ͢Δं͕྆

௥ै૸ߦɼޙʹྲྀೖ͢Δं͕྆ࣗ༝૸ߦɽ(a)Ͱ͸ɼ͍ͣΕͷະ഑෼ं྆΋ࣗ༝૸ߦ଎౓Ͱ

૸͢ߦΔͨΊɼϦϯΫྲྀೖ࣌ࠁͷࠩ͸ͪΐ͏ͲϦϯΫྲྀग़࣌ࠁͷࠩͱͳΔɿt∗1− t1 = t∗2− t2ɽ

(b)Ͱ͸ɼ͍ͣΕͷະ഑෼ं྆΋ط഑෼ं྆ʹ੍໿͞ΕΔͨΊɼ྆ऀͷϦϯΫྲྀग़࣌ࠁ͸

ಉҰͱͳΔɿt∗1 > t1 ⇒ t2 = t∗2ɽ(c)Ͱ͸ɼޙʹϦϯΫʹྲྀೖ͢Δं྆ͷϦϯΫྲྀग़࣌ࠁ͸ɼ

ઌʹྲྀೖ͢Δं྆ͷϦϯΫྲྀೖ࣌ࠁΑΓ஗͘ͳΔɿt∗1 > t1 ⇒ t∗2 > t2ɽैͬͯɼࣜ (3.30)͸

ҎԼͷΑ͏ʹमਖ਼͞ΕΔ΂͖Ͱ͋Ζ͏ɽ

t∗1 > t1 ⇒ t∗2 ≥ t2. (3.31)

೦ͳ͕Βɼࣜ࢒͔͠͠ (3.30)Λमਖ਼͢Δ͚ͩͰ͸ෆे෼Ͱ͋ΔɽͳͥͳΒɼࣜ (3.28)Ͱ

ఆٛͨ͠ʮ࠷୹ܦ࿏ʯ͸ɼͦͷܦ࿏ʹؚ·ΕΔશͯͷϊʔυ΁࠷୹ཱྀؒ࣌ߦͰண͘͜ͱΛ

อূ͍ͯ͠ͳ͍ͨΊͰ͋Δʢi.e.,࠷୹ܦ࿏্Ͱ Dynamic ProgrammingʢDPʣݪཧ͕੒ཱ͠

ͳ͍ʣɽ͢ͳΘͪɼ͜ͷʮ࠷୹ܦ࿏ʯΛ༻͍ΔݶΓɼऴ఺Λআ͘શͯͷϊʔυ΁ͷ౸ண͕ଞ

ͷܦ࿏Λར༻ͨ࣌͠ΑΓ΋஗͘ͳΔՄೳੑ͕͋Γɼ্هओுͷະ഑෼ं྆ i͕ v1, v2 ؒʹ

͓͚Δ࠷୹ܦ࿏Λ௨Δอূ͸ͳ͍ɽͦͷͨΊɼࣜ (3.31)͕੒ཱ͢Δ͜ͱΛূ໌͢Δ͜ͱ͸

*6 ʮಉҰܦ࿏ʯΛ௨Δ 2୆ͷະ഑෼ं྆Λͯ͑ߟ΋੒ཱ͢Δɽ
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Ͱ͖ͳ͍ɽྫ͑͹ɼਤ 3.3্Ͱى఺ o͔Βग़ൃ͢Δະ഑෼ं྆͸ϊʔυ jΛ௨Δܦ࿏ͱ௨

Βͳ͍ܦ࿏Λ͕࣋ͭɼϦϯΫ (k, d)্ͷ଴ͪྻߦͷޙ࠷ඌʹ௥͍ͭ͘͜ͱ͕Ͱ͖ΔͳΒ͹ɼ

ϊʔυ k΁ͷ౸ண࣌ࠁʹΑΒͣͲͪΒͷܦ࿏΋ʮ࠷୹ܦ࿏ʯͱͳΔɽ

ͦ͜Ͱɼ࣍ͷʮ࠷ٛڱ୹ܦ࿏ʯΛ৽ͨʹఆٛ͢Δɿ

ఆٛ 8. ʢະ഑෼ं྆ͷ࠷ٛڱ୹ܦ࿏ʣN(r) ! ∅ͱͳΔ r ∈ RALL Λ͑ߟΔɽ͜ͷͱ͖ɼະ

഑෼ं྆ i ∈ N(r)ͷ࠷ٛڱ୹ܦ࿏ ρi(r)ΛҎԼΛຬͨ͢ܦ࿏ͱఆٛ͢Δɿ

ρi(r) ∈ arg minρi∈Ri−{φi}. gi(ρi, r−i)

s.t. ti(l; (ρi, r−i)) = ti(l; r) ∀l ∈ E(ρi). (3.32)

͜Ε͸ɼ࠷ٛڱ୹ܦ࿏্Ͱ DPݪཧ͕੒ཱ͍ͯ͠Δ͜ͱΛҙຯ͢ΔɽDP ཧ͸ɼ௨ৗݪ

ͷ࠷୹ܦ࿏໰୊Ͱ͋Ε͹ඞͣ੒ཱ͢Δ͕ɼ଴͕ͪྻߦଘ͢ࡏΔωοτϫʔΫͰ͸ɼ͜ͷ੍

໿ͳ͠ʹࣗಈతʹ੒ཱ͢Δ͜ͱ͸ͳ͍ɽ

Ҏ্Λ༻͍ΔͱɼԼهͷิ୊͕੒ཱ͢Δɽ

ิ୊ 3. ʢิ୊ 3.1(Iryo, 2011b)ͷमਖ਼൛ʣະ഑෼ं྆ i ∈ N(r)Λϊʔυ v1, v2 ∈VΛ௨Δ
࿏ʢv1ܦ୹࠷ٛڱ ্͕ྲྀଆʣʹ௥Ճ഑෼ͨ͠ͱ͖ͷ v1, v2 ͷ௨ա࣌ࠁΛ t1, t2 ͱ͢ΔɽҰ

ํɼi ∈ N(r)Λ഑෼ͤͣɼผͷະ഑෼ं྆ j ∈ N(r)Λϊʔυ v1, v2 ∈VΛ௨Δܦ࿏ʢv1 ͕

্ྲྀଆʣʹ௥Ճ഑෼ͨ͠ͱ͖ͷ v1, v2 ͷ௨ա࣌ࠁΛ t∗1, t
∗
2 ͱ͢Δɽ͜ͷͱ͖ɼҎԼʢi.e.,ࣜ

(3.31)ʣ͕੒ཱ͢Δɿ

t∗1 > t1 ⇒ t∗2 ≥ t2 (3.33)

ূ໌ 5. ࣜ (3.33)͕੒ཱ͠ͳ͍ͱԾఆ͢Δɽ͜ͷͱ͖ɼt∗1 > t1 ͔ͭ t2 > t∗2 ͕੒ཱ͢Δɽ͜

Ε͸ɼं྆ i͕ v1, v2 ؒͰं྆ j͕༻͍Δܦ࿏Λ༻͍Ε͹ɼࡏݱͷ౸ண࣌ࠁ t2 ΑΓ΋ૣ͘

ϊʔυ v2 ʹ౸ணͰ͖Δ͜ͱʹͳΓɼࡏݱͷܦ࿏͕࠷ٛڱ୹ܦ࿏Ͱ͋Δ͜ͱʹໃ६͢Δɽ

Αͬͯഎཧ๏ʹΑΓࣜ (3.33)͕੒ཱ͢Δɽʢূ໌ऴʣ

ࣜ (3.30)͸ɼ୯Ұى఺ωοτϫʔΫͷૣ࠷ະ഑෼ं྆ͷଘࡏఆཧʢఆཧ 3a, Iryo (2011b)ʣ

ͷূ໌ʹ΋༻͍ΒΕ͍ͯΔ͕ɼิ୊ 3Λ༻͍Ε͹ͦͷଘࡏΛূ໌͢Δ͜ͱ͕Ͱ͖Δɽ͞Β
ʹɼIryo (2011b)ͷʮ5. ςετωοτϫʔΫͰͷྫࢉܭʯͰ͸୯Ұऴ఺ωοτϫʔΫ͕༻
͍ΒΕ͍ͯΔ͕ɼ͜͜Ͱ͸ૣ࠷ະ഑෼ं྆ͷఆٛΛ༻͍ͯ͞ࢉܭΕ͍ͯΔͨΊʢi.e.,ఆཧ

3bΛ༻͍͍ͯͳ͍ͨΊʣɼNashߧۉղ͕ಋग़͞Ε͍ͯΔɽ͜Ε͸ɼ୯Ұऴ఺ωοτϫʔΫ

ʹ͓͚Δૣ࠷ະ഑෼ं྆ͷଘࡏΛ͍ࣔࠦͯ͠Δ͕ɼ࣍ষͰ͸ͦͷଘࡏΛอূ͢ΔఆཧΛࣔ

ͦ͏ɽ

3.C.4 ୯Ұऴ఺ωοτϫʔΫʹ͓͚Δૣ࠷ະ഑෼ं྆ͷଘ໌ূࡏ

ຊઅͰ͸ɼ୯Ұऴ఺ωοτϫʔΫʹରͯ͠શͯͷະ഑෼ं͕྆ૣ࠷ະ഑෼ं྆Ͱ

͸ͳ͍͜ͱΛԾఆ͠ɼໃ६Λಋ͘͜ͱʹΑΓૣ࠷ະ഑෼ं྆ͷଘࡏΛূ໌͢Δɽͦ
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ͷࡍɼະ഑෼ं྆ i ∈ N(r) ͕།Ұͷऴ఺ʹ࠷΋ૣ͘౸ண͢Δ͜ͱ͕Ͱ͖Δ࣌ࠁΛ ui

ʢ= minρi∈Ri−{φi}. gi(ρi, r−i)ʣͱද͢ɽ͞ΒʹɼʮׂΓࠐΈʯͱ͍͏֓೦Λಋೖ͢Δɽ

ఆٛ 9. ʢׂΓࠐΈʣN(r) ! ∅ͱͳΔ r ∈ RALL Λ͑ߟΔɽະ഑෼ं྆ i ∈ N(r)ͷ͋Δٛڱ

࿏ܦ୹࠷ ρi(r)ʹະ഑෼ं྆ j ∈ N(r) − {i}͕ʮׂΓࠐΈʯͰ͖Δͱ͸ɼܦ࿏ ρi(r)্ͷϦϯ

Ϋ l ∈ E(ρi(r))͓Αͼं྆ jͷܦ࿏ ρ j ∈ R j ͷ͏ͪ࣍ͷ৚݅ɿ

tj(l; (ρ j, r− j)) < ti(l; r) l ∈ E(ρ j) ∩ E(ρi(r)) (3.34)

Λຬͨ͢ϦϯΫ lɼܦ࿏ ρ j ͕ଘ͢ࡏΔ͜ͱΛ͍͏ɽ

͋Δະ഑෼ं྆ͷ࠷ٛڱ୹ܦ࿏ׂ͕Γࠐ·ΕΔͱ͖ɼͦͷܦ࿏্ͷϦϯΫʹଞͷະ഑෼ं

͕྆ΑΓૣ͘ྲྀೖͰ͖Δঢ়ଶͱͳ͍ͬͯΔɽैͬͯɼ͋Δະ഑෼ं྆ͷશͯͷ࠷ٛڱ୹ܦ

࿏ׂ͕Γࠐ·ΕΔͱ͖ɼͦͷະ഑෼ं྆͸ૣ࠷ະ഑෼ं྆Ͱ͸ͳ͍ͱ͑ݴΔɽͳ͓ɼׂΓ

࿏ܦΉࠐ ρ j ͸ɼϦϯΫ l·Ͱं྆ iΑΓૣ͘ྲྀೖͰ͖Ε͹࠷୹ܦ࿏Ͱͳͯ͘΋Α͍͕ɼҎ

ԼͰ͸ҰൠੑΛࣦ͏͜ͱͳ͘ɼvu(l)͔Βऴ఺ d·Ͱͷؒ͸ं྆ iͷ࠷ٛڱ୹ܦ࿏ ρi(r)ʹ

Ԋͬͯ૸͢ߦΔܦ࿏ͷΈΛ͑ߟΔɽ

ҎԼͰ͸ૣ࠷ະ഑෼ं྆ͷଘࡏఆཧͷূ໌ʹઌཱͪɼ͜ͷʮׂΓࠐΈʯʹؔΘΔҰ࿈ͷ

ิ୊Λࣔ͢ɽͨͩ͠ɼҎԼͰ͸࠷୹ܦ࿏͸جຊతʹʮ࠷ٛڱ୹ܦ࿏ʯΛ͢ࢦɽ

ิ୊ 4. ୯Ұऴ఺ωοτϫʔΫͷ 2୆ͷະ഑෼ं྆ i, j ∈ N(r)ʹ͍ͭͯɼं྆ j͕ं྆ iͷ

͋Δ࠷୹ܦ࿏ ρi(r)ʹׂΓࠐΈͰ͖ΔͳΒ͹ɼҎԼ͕੒ཱ͢Δɿ

uj ≤ ui. (3.35)

ূ໌ 6. ं྆ jׂ͕ΓࠐΉϦϯΫΛ lɼͦͷͱ͖ͷܦ࿏Λ ρ j ͱॻ͘ɽ͍·ɼܦ࿏ ρ j ୹࠷͕

࿏ͷͱ͖ɼิ୊ܦ 3ͷ v1 = vu(l)ɼv2 = dͱ͢Ε͹ɼࣜ (3.34)ΑΓࣜ (3.35)͕੒ཱɽҰํɼ

࿏ܦ ρ j ࿏Ͱͳ͍ͱ͖ɼࣜܦ୹࠷͕ (3.31)ΑΓ ρ j ͷऴ఺౸ண࣌ࠁ gj(ρ j, r− j)͸ ui ΑΓ஗͘

ͳ͘ʢgj(ρ j, r− j) ≤ uiʣɼ͔ͭɼܦ࿏ ρ j ͱ͸ผʹ࠷୹ܦ࿏͕ଘ͢ࡏΔͨΊʢuj ≤ gj(ρ j, r− j)ʣɼ

ࣜ (3.35)͕੒ཱɽʢূ໌ऴʣ

ิ୊ 5. ୯Ұऴ఺ωοτϫʔΫʹ͓͍ͯɼະ഑෼ं྆ j ∈ N(r)͕ɼະ഑෼ं྆ i ∈ N(r)ͷ

͋Δ࠷୹ܦ࿏ ρi(r) ʹׂΓࠐΈͰ͖Δͱ͢Δɽ͜ͷͱ͖ɼं྆ j ͸࣍ͷ͏ͪগͳ͘ͱ΋Ұ

ͭͷ৚݅Λຬͨ͢࠷୹ܦ࿏ ρ j(r)Λ࣋ͭɿ

(i) ं྆ iͷ࠷୹ܦ࿏ ρi(r)ʹରׂͯ͠ΓࠐΊΔɼ

(ii) ं྆ iΑΓૣ͘ऴ఺ʹ౸ண͢Δ͜ͱ͕Ͱ͖Δɽ

ূ໌ 7. ं྆ jׂ͕ΓࠐΉϦϯΫΛ lɼͦͷͱ͖ͷܦ࿏Λ ρ j ͱॻ͖ɼͦͷܦ࿏͕࠷୹ܦ࿏

Ͱ͋Δ͔൱͔Ͱ৔߹෼͚Λ͏ߦɽܦ࿏ ρ j ࿏ͷ৔߹ɼ৚݅ܦ୹࠷ٛڱ͕ (i)͕੒ཱ͢Δ͜ͱ

͸໌Β͔ɽܦ࿏ ρ j ࿏্ͷ͍ͣΕ͔ͷϦϯΫʹΑΓܦ࿏ͷ৔߹ɼͦͷܦ୹࠷Ͱͳ͍ٛڱ͕
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ਤ 3.5: ิ୊ 5Λຬͨ͢࠷୹ܦ࿏ ρ∗j(r)ʢ੺໼ҹʣ

ૣ͘౸ணͰ͖Δ࠷ٛڱ୹ܦ࿏͕ଘ͢ࡏΔͨΊ৚݅ (i)͸੒ཱɽܦ࿏ ρ j ࿏Ͱͳ͍৔ܦ୹࠷͕

߹ɼͦͷܦ࿏ΑΓૣ͘ऴ఺ʹ౸ணͰ͖Δ࠷ٛڱ୹ܦ࿏͕ଘ͢ࡏΔͨΊ৚݅ (ii)͕੒ཱɽʢূ

໌ऴʣ

͜͜Ͱɼิ୊ 5Λຬͨ͢ະ഑෼ं྆ j ∈ N(r)ͷ࠷୹ܦ࿏Λ ρ∗j(r)ͱද͢ʢΠϝʔδ͸ਤ 3.5

੺໼ҹΛࢀরʣɽ

ิ୊ 6. ୯Ұऴ఺ωοτϫʔΫʹ͓͍ͯɼ2୆Ҏ্ͷະ഑෼ं͕྆ଘ͍ͯ͠ࡏΔঢ়گʢi.e.,

2 ≤ |N(r)|ʣΛ͑ߟɼ࣍ ͷΑ͏ͳʮׂΓࠐΈͷ࿈࠯ʯ͕ ՄೳͰ͋Δͱ͢Δɿະ഑෼ं྆ iͷ࠷

୹ܦ࿏ ρ∗i (r)͸ະ഑෼ं྆ jʹׂΓࠐ·Εɼͦͷं྆ jͷ࠷୹ܦ࿏ ρ∗j(r)͸ະ഑෼ं྆ kʹ

ׂΓࠐ·Εɼ...ɽͦͯ͠ɼ͜ͷ࿈࠯ʹؚ·ΕΔະ഑෼ं྆Λͦͷॱং௨Γʹ i = 1, 2, . . . , k

ͱ൪߸෇͚͢Δʢk ≤ |N(r)|ʣɽ͜ͷͱ͖ɼະ഑෼ं྆ k ͷ࠷୹ܦ࿏ ρ∗k(r) ͸ɼະ഑෼ं྆

i = 1, 2, . . . , k − 1ʹׂΓࠐ·ΕΔ͜ͱ͸ͳ͍ɽ

ূ໌ 8. ͋Δະ഑෼ं྆ j (< k)͕ɼ࠷୹ܦ࿏ ρ∗k(r)ʹׂΓࠐΊΔͱԾఆ͢Δɽ͜ͷͱ͖ɼิ

୊ 4͔Β uj ≤ uk Ͱ͋Γɼ͔ͭɼׂΓࠐΈͷ࿈࠯ʹؚ·ΕΔं྆ʹ͍ͭͯ΋ಉ༷ͷ͕ؔ܎

੒ΓཱͭͨΊɼ

uj ≤
︸︷︷︸
Ծఆ

uk ≤ uk−1 ≤ ... ≤ uj+1 ≤ uj ≤ ...
︸!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!︷︷!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!︸

ʮׂΓࠐΈͷ࿈࠯ʯ

(3.36)

Ͱ͋Δɽ͜Ε͸ɼҎԼ͕੒ཱ͢Δ͜ͱΛҙຯ͢Δɿ

uk = uk−1 = ... = uj+1 = uj. (3.37)

͞Βʹ͜Ε͸ɼं྆ j͔Βं྆ k·ͰͷׂΓࠐΈͷ࿈࠯ʹ͓͍ͯɼิ୊ 5Ͱࣔͨ͠৚݅
(i)ʢͷΈʣ͕ৗʹຬͨ͞ΕΔ͜ͱΛҙຯ͍ͯ͠Δɽͭ·ΓɼׂΓࠐΈʹ༻͍ΒΕΔܦ࿏͸

࿏ܦ୹࠷ ρ∗i (r)Ͱ͋Γ*7ɼͦͷ࠷୹ܦ࿏͕࣍ͷं྆ʹׂΓࠐ·ΕΔɽͦͷͨΊɼं྆ k͸࠷

୹ܦ࿏ ρ∗k(r)Λ༻͍ͯं྆ i = k − 1, . . . , j + 1ׂ͕ΓࠐΈʹ༻͍ͨ͢΂ͯͷ࠷୹ܦ࿏ ρ∗i (r)ɼ

͓Αͼɼं྆ jͷׂΓࠐ·ΕΔ࠷୹ܦ࿏ ρ∗j(r)ʹׂΓࠐΉ͜ͱ͕Ͱ͖Δʢਤ 3.6ʣɽ

͜͜ͰԾఆΑΓɼं྆ j͸͋Δܦ࿏ ρ j Λ༻͍ͯܦ࿏ ρ
∗
k(r)ʹׂΓࠐΉ͜ͱ͕Ͱ͖Δ͕ɼ

͜Ε͸ܦ࿏ ρ∗j(r)্ͷ͍ͣΕ͔ͷϊʔυʹΑΓૣ͘౸ணͰ͖Δ͜ͱʹͳΓɼʢٛڱʣ࠷୹ܦ

࿏Ͱ͋Δ͜ͱʹໃ६ɽΑͬͯഎཧ๏ʹΑΓิ୊͸੒ཱ͢Δɽʢূ໌ऴʣ

*7 ׂΓࠐΈͷ࿈࠯ͷ࠷ॳͷं྆ͷ࠷୹ܦ࿏͸୯ʹ ρ1(r)Ͱ͋Δ͕ɼ͜͜Ͱ͸ ρ∗1(r)ͱද͍ͯ͠Δɽ
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ਤ 3.6: ͷΠϝʔδ࠯Έͷ࿈ࠐ࿏ʹΑΔׂΓܦ୹࠷ٛڱ

͜ͷิ୊͸ɼk୆ͷं྆ͷશͯͷ࠷୹ܦ࿏ׂ͕Γࠐ·ΕΔͨΊʹ͸ɼগͳ͘ͱ΋ k+ 1୆

ͷं͕྆ඞཁͰ͋Δ͜ͱΛ͍ࣔͯ͠Δɽͦͯ͠ɼ͜ͷิ୊Λ༻͍Δ͜ͱʹΑΓ࣍ͷఆཧ͕

ಘΒΕΔɽ

ఆཧ 3. ʢ୯Ұऴ఺ωοτϫʔΫʹ͓͚Δૣ࠷ະ഑෼ं྆ͷଘࡏʣ୯Ұऴ఺ωοτϫʔΫ
ʹ͓͍ͯɼN(r) ! ∅ͱͳΔ r ∈ RALL Λ͑ߟΔɽ͜ͷͱ͖ɼະ഑෼ं྆ͷ͏ͪগͳ͘ͱ΋

Ұ୆͸ૣ࠷ະ഑෼ं྆Ͱ͋Δɽ

ূ໌ 9. શͯͷະ഑෼ं྆͸ૣ࠷ະ഑෼ं྆Ͱ͸ͳ͍ͱԾఆ͢Δɽ͜ͷͱ͖ɼશͯͷະ഑
෼ं྆ͷશͯͷ࠷୹ܦ࿏ʹׂΓࠐΈ͕ՄೳͰͳ͚Ε͹ͳΒͳ͍ɽ͔͠͠ɼิ୊ 6 ʹΑΕ
͹ɼ|N(r)| ୆ͷະ഑෼ं྆ͷશͯͷ࠷୹ܦ࿏ׂ͕Γࠐ·ΕΔʹ͸ɼগͳ͘ͱ΋ |N(r)| + 1

୆ͷະ഑෼ं͕྆ඞཁͱͳΔɽ͜Ε͸ |N(r)|୆ͷະ഑෼ं͕྆ଘ͢ࡏΔঢ়گͱ໌Β͔ʹໃ
६ɽΑͬͯɼະ഑෼ं྆ͷ͏ͪগͳ͘ͱ΋Ұ୆͸ૣ࠷ະ഑෼ं྆Ͱ͋Δɽʢূ໌ऴʣ
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ୈ 4ষ

ಈతར༻ऀߧۉͷ֬཰త҆ఆੑͷ
ղੳ

4.1 ͸͡Ίʹ

DUE഑෼໰୊͸ɼौ଺ݱ৅ͷهड़ʹ൐͏ղੳ্ͷࠔ೉͔Βɼͦͷ਺ཧಛੑΛ໌֬ʹ೺Ѳ

͢Δʹ͸ະ͍ͩͯͬࢸͳ͍ɼe.g.,ଘੑࡏɼҰҙੑɼ҆ఆੑ (Iryo, 2013)ɽಛʹߧۉղͷ҆ఆ

ੑ͸ɼͦͷঢ়ଶ͕࣮͜ىʹࡍΓ͏Δ͜ͱΛอূ͢ΔͨΊʹॏཁͱͳΔੑ࣭Ͱ͋Δɽ҆ఆੑ

͕อূ͞Εͳ͚Ε͹ɼԿΒ͔ͷཧ༝ʹΑΓަ௨ঢ়ଶ͕ߧۉঢ়ଶ͔Β֎ΕͨΒɼར༻ऀ͸ͦ

ͷঢ়ଶ͔Β཭ΕΔํ޲΁ͱߦಈʢe.g.,ར༻ܦ࿏ɼग़ൃ࣌ࠁʣΛมԽͤͯ͞͠·͍ɼೋ౓ͱ

ͦͷߧۉঢ়ଶ͸࣮͠ݱͳ͍͔΋͠Εͳ͍ɽ͜ͷΑ͏ͳ৔߹ߧۉঢ়ଶ͸͘͜͝ى͔͠ʹكΓ

ಘͣɼ݁Ռͱ࣮ͯ͜͠ىʹࡍΓ͏Δަ௨ঢ়ଶΛ൓ө͢Δ΋ͷͱ͸͍͑ͳ͘ͳΔ (Beckmann

et al., 1956)ɽ

Δɼަ௨ωοτϫʔΫྲྀͷௐ੔ࢸ΁ͱߧۉঢ়ଶ͔Βߧۉղͷ҆ఆੑղੳͰ͸ɼෆߧۉ

աఔΛಈతγεςϜͱͯ͠ද͠ݱɼͦͷಛੑΛղੳ͢Δ͜ͱʹͳΔɽ͜ͷௐ੔աఔ͸ɼ

Ռͱͯ͠ੜ͡Δɼަ݁ͨ͠ߋಈΛมߦ࿏બ୒ܦ೔ʑͷ͖ͮجʹݧܦͷڈʑͷར༻ऀ͕աݸ

௨ྲྀͷ day-to-day dynamics ͱͯ͠ද͞ݱΕ͍ͯΔʢe.g., Smith dynamics (Smith, 1984b),

projection dynamics (Zhang and Nagurney, 1996)*1ʣɽಈతγεςϜͷղੳʹ͋ͨΓɼަ௨

ωοτϫʔΫ഑෼ཧ࿦ͷ෼໺ʹ͓͚Δطଘڀݚͷଟ͘͸ɼܦ࿏ཱྀؔؒ࣌ߦ਺ͷ୯ௐੑΛ༻

͍ͯɼϦΞϓϊϑؔ਺ͷଘࡏΛূ໌͢Δͱ͍ͬͨΞϓϩʔνΛͱ͍ͬͯΔɽྫ͑͹੩తར

഑෼ͷ࿮૊ΈͰ͸ɼSmithߧۉऀ༺ (1984b)ʹΑΓɼ೚ҙͷॳظ஋ʹର͢Δ Smith dynamics

ͷूߧۉ߹΁ͷऩଋੑʢେҬతऩଋੑʣ͕ࣔ͞Ε͍ͯΔɽՃ͑ͯɼܦ࿏ཱྀؔؒ࣌ߦ਺͕

ղ͸҆ఆͰ΋͋Δ͜ͱ͕ࣔ͞Ε͍ͯΔ*2ɽ·ͨग़ൃߧۉ୯ௐͰ͋Δͱ͖͸ɼ།Ұͷٛڱ

*1 ͦͷଞͷ evolutionary dynamicsʹ͍ͭͯ͸ Sandholm (2010)Λߟࢀɽ
*2 ຊڀݚͰ͸ߧۉղͷ҆ఆੑͱऩଋੑΛطଘڀݚͷఆٛ (e.g., Watling, 1998; Watling and Cantarella, 2013)ʹ
ଇΓɼ࣍ͷΑ͏ʹ۠ผ͍ͯ͠Δɿߧۉঢ়ଶͷۙ๣ʹཹ·Γଓ͚Δੑ࣭Λ҆ఆੑɼ࣌ؒܦաͱͱ΋ʹߧۉঢ়ଶ
ʹަ௨ঢ়ଶ͕ऩଋ͢Δ͜ͱΛऩଋੑͱݺͿɽ
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ఆ͞Εͨݻ͕ࠁ࣌ DUE Ͱ͸ɼ1 ʹ࿏ܦ 1 ͔ͭ͠ϘτϧωοΫؚ͕·Εͳ͍ωοτϫʔ

Ϋ (single-bottleneck-per-route network) ʹ͓͚Δܦ࿏ཱྀؔؒ࣌ߦ਺ͷٛ޿୯ௐੑ͕ Smith

and Ghali (1990)ʹΑΓࣔ͞Ε͍ͯΔɽͦͯ͠ Mounce (2006)͸͜ͷ୯ௐੑΛ׆༻͢Δ͜

ͱͰɼSmith dynamicsʹର͢ΔϦΞϓϊϑؔ਺ͷଘੑࡏΛࣔ͠ɼूߧۉ߹΁ͷେҬతऩଋ

ੑΛ͍ࣔͯ͠Δɽ

͔͠͠ɼܦ࿏ཱྀؔؒ࣌ߦ਺ͷ୯ௐੑ͸ɼDUE Ͱ͸ීวతʹ੒ཱ͢Δੑ࣭Ͱ͸ͳ͍ɽ࣮

ɼ1ࡍ ͭͷܦ࿏ʹ̎ͭҎ্ͷϘτϧωοΫؚ͕·ΕΔͱ͖ɼ୯७ͳτϙϩδʔͷωοτ

ϫʔΫͰ΋ɼܦ࿏ཱྀؒ࣌ߦ͸ඇ୯ௐͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ (Kuwahara, 1990b; Mounce

and Smith, 2007)ɽ݁Ռͱͯ͠ɼϦΞϓϊϑɾΞϓϩʔν͸ద༻Ͱ͖ΔωοτϫʔΫߏ଄͕

ղͷߧۉ΁ͷऩଋੑ͸ࣔ͞ΕΔ΋ͷͷɼ߹ूߧۉఆ͞Ε͍ͯΔɽՃ͑ͯ͜ͷํ๏࿦Ͱ͸ݶ

҆ఆੑ͸ࣔ͢͜ͱ͸Ͱ͖ͯ͸͍ͳ͍ɽͳͥͳΒ͹ɼू߹ʹؚ·ΕΔ͋Δߧۉղ͕ΏΒ͗Λ

ड͚ͨͱ͖ɼͦͷߧۉঢ়ଶ΁ͱ໭Δ͜ͱ͕อূ͞Εͳ͍ͨΊͰ͋Δɼi.e.,ผͷߧۉղ΁ͱ

ঢ়ଶ͕ભҠ͢ΔՄೳੑ͕͋ΔɽͦͷͨΊɼΑΓҰൠతͳߏ଄ͷωοτϫʔΫͰͷߧۉղͷ

ऩଋੑ΍҆ఆੑΛ໌Β͔ʹ͢ΔͨΊʹ͸ɼཱྀؔؒ࣌ߦ਺ͷ୯ௐੑΛඞཁͱͤͣɼ͔ͭऩଋ

ઌͷߧۉʹΏΒ͕͗ੜͨ͡ͱ͖ͷڍಈΛղੳͰ͖Δɼผͷํ๏࿦͕ඞཁͱͳΔͩΖ͏ɽ

͜Εʹରͯ͠ຊষͰ͸ɼग़ൃ࣌ݻ͕ࠁఆ͞Εͨ DUEͷ҆ఆੑΛήʔϜཧ࿦ͷ࿮૊Έ͔

Βղੳ͢Δ৽ͨͳํ๏࿦Λߏங͢Δɽ͜ͷํ๏࿦͸ɼલষͰઆ໌ͨ͠ (A)ཻࢠϞσϧʹ͓

͚Δ DUEͷ࣌ؒ෼ղ๏ʹɼήʔϜཧ࿦ͷ෼໺Ͱൃల͖ͯͨ࣍͠ͷ 2ͭͷ֓೦ɾํ๏࿦Λ

૊Έ߹Θͤͨ΋ͷͰ͋Δɿ (B)ઓུܕήʔϜͷΫϥεͰ͋Δ weakly acyclic gameɼ (C)Ώ

Β͗ΛؚΉಈతγεςϜͷఆৗ෼෍ղੳɽ۩ମతʹ͸·ͣɼ(A) ͷํ๏࿦͕ద༻Ͱ͖Δ

unidirectional network Ͱͷ DUE ͕ (B) ͷ weakly acyclic game Ͱ͋Δ͜ͱΛࣔ͢ɽ࣍ʹɼ

weakly acyclic gameʹ͓͍ͯ஝ੵ͞Ε͖ͯͨ஌ݟΛԉ༻͠ɼ (C)ͷํ๏࿦Λ௨ͯ͠ɼΏΒ

͗ΛؚΉγεςϜͷ҆ఆੑ֓೦Ͱ͋Δ֬཰త҆ఆੑ (Foster and Young, 1990; Young, 1993)

ͷղੳΛ͏ߦɽҎԼͰ͸ɼ(B)͓Αͼ (C)ͷ֓೦ɾํ๏࿦Λ֓આ͠ͳ͕Βɼຊڀݚͷํ๏

࿦ʹ͍ͭͯઆ໌͍ͯ͘͠ɽ

(B) Weakly acyclic game (Young, 1993; Marden et al., 2009)ͱ͸ɼ೚ҙͷॳظঢ়ଶʢܦ࿏

બ୒ʣ͔Βɼ͍ͣΕ͔ͷ Nash ୡͰ͖Δ౸ʹߧۉ better response pathʢ͋Δ࣌ؒͷྲྀΕʹ

Ԋͬͯར༻ऀ͕ޮ༻Λվળ͢ΔΑ͏ʹߦಈΛมԽ͍ͯͬͨ͠ͱ͖ͷઓུϕΫτϧͷྻʣ͕

ଘ͢ࡏΔήʔϜͷΫϥεͰ͋ΔɽWeakly acyclic game Ͱ͸ɼday-to-day dynamics ͸ɼ؇

͍৚݅ͷԼͰूߧۉ߹΁ͷେҬతऩଋੑΛ࣋ͭΑ͏ʹͳΔɼi.e., ঢ়ଶ͕ߧۉ day-to-day

dynamics ͷఀཹ఺ͱͳΔɽ͜ͷఀཹ఺ͷଘ͕ੑࡏɼ࣍Ͱઆ໌͢Δఆৗ෼෍ղੳΛ௨ͨ͠

ঢ়ଶͷ֬཰త҆ఆੑΛূ໌͢Δʹ͋ͨΓɼॏཁͳ໾ׂΛՌͨ͢͜ͱʹͳΔɽߧۉ

(C) ఆৗ෼෍ͷղੳ͸ɼΏΒ͗ΛؚΉγεςϜͷڍಈΛղੳ͢Δʹ͋ͨͬͯ༗༻ͳํ

๏Ͱ͋Δɽ͜ͷղੳͰ͸ɼ·ͣར༻ऀͷબ୒ߦಈʹΏΒ͗ʢe.g., ϛε΍རಘͷҰ࣌తͳ

ΏΒ͗ɼݸʑਓͷೝ஌ࠩޡʣؚ͕·ΕΔɼ֬཰తͳ day-to-day dynamics Λ͑ߟΔɽ͜ͷ

μΠφϛΫε͸Ϛϧίϑ࿈࠯ͰϞσϧԽ͞Εɼ͞Βʹͦͷఆৗ෼෍͸ॳظ஋ʹΑΒͣҰ
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ҙʹఆ·Δ (Young, 1993; Sandholm, 2010)ɽͦͷͨΊ͜ͷҰҙͳఆৗ෼෍͔Βɼಈతγε

ςϜͷ௕ظతͳৼΔ෣͍ʹ͍ͭͯɼͦͷʢॳظ஋ʹΑΒͳ͍ʣେҬతͳಛੑΛղੳ͢Δ

͜ͱ͕Ͱ͖Δɽ͜ͷํ๏࿦͸ɼަ௨ωοτϫʔΫ഑෼ཧ࿦Ͱ΋ɼఆৗঢ়ଶʹ͓͚Δ֤Ϧ

ϯΫ/ܦ࿏ަ௨ྔͷ෼෍ʢe.g., Ͱ༻͍ΒΕ͖ͯͨܗʣղੳͱ͍͏ࢄ଴஋ɼ෼ظ (Cascetta,

1989; Cantarella and Cascetta, 1995; Watling, 1998; Balijepalli and Watling, 2005; Cantarella

and Watling, 2016)ɽ

ҰํήʔϜཧ࿦ͷ෼໺Ͱ͸ɼ͜ͷఆৗ෼෍ͷ઴ۙతͳڍಈ͔Βɼ͋Δߧۉ఺ͷେҬతͳ

҆ఆੑΛղੳ͢Δߦ͕ڀݚΘΕ͖͍ͯͯΔɽ۩ମతʹ͸ɼΏΒ͗ͷੜ֬ى཰Λे෼খ͘͞

͢Δ͜ͱͰɼఆৗ෼෍͸ಛఆͷঢ়ଶ΁ͱऩଋ͢Δ͜ͱ͕ࣔ͞Ε͍ͯΔ (Young, 1993)ɽ͜

ͷΏΒ͗ʹରͯ͠ڧؤͳঢ়ଶ͸֬཰త҆ఆঢ়ଶͱݺ͹Ε͓ͯΓɼΏΒؚ͕͗·ΕΔ࣮ݱత

ͳަ௨ঢ়ଶΛͨ͑ߟͱ͖ʹ΋໬΋Β࣮͘͢͠ݱΔঢ়ଶͱͯ͠ղऍ͞ΕΔɽ͞ΒʹγεςϜ

͕ఀཹ఺Λ࣋ͭͱ͖ɼ͍ͣΕ͔ͷఀཹ఺͕֬཰త҆ఆঢ়ଶͱͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔɽͦ

ͷͨΊɼweakly acyclic gameʹ͓͍ͯ day-to-day dynamicsͷऩଋੑ͕ࣔ͞Εͨʢi.e.,ߧۉ

ղ͕ఀཹ఺ͱͳΔʣͷͰ͋Ε͹ɼ֬཰త҆ఆͳߧۉঢ়ଶͷଘࡏΛূ໌͢Δ͜ͱ͕Ͱ͖ΔΑ

͏ʹͳΔɽ

ҎԼͰ͸·ͣɼ4.2 ʹ͓͍ͯɼunidirectional network ʹ͓͚Δ DUE ήʔϜ͕ weakly

acyclic gameͰ͋Δ͜ͱΛࣔ͢ɽ࣍ʹɼ͜ͷઅ͓Αͼ 4.3ʹ͓͍ͯɼunidirectional network

Ͱͷ DUEήʔϜʹ͓͚Δ day-to-day dynamicsͷऩଋੑͱ֬཰త҆ఆੑΛௐ΂Δɽͦͯ͠

4.4ʹ͓͍ͯɼ਺஋ࢉܭΛ௨ͯ͠ߧۉղ΁ͷऩଋ଎౓΍ఆৗ෼෍ͷੑ࣭ʹ͍ͭͯͷ࡯ߟΛ
ʹޙ࠷ɽ͏ߦ 4.5Ͱɼຊষͷ·ͱΊΛ͏ߦɽ

4.2 DUEήʔϜͱWeakly acyclic games

ຊઅͰ͸ɼDUEήʔϜͱ weakly acyclic game (Young, 1993; Marden et al., 2009)ͱͷ݁

ͼ͖ͭΛূ໌͢Δɽ۩ମతʹ͸·ͣɼweakly acyclic gameͷఆٛͱͦͷಛ௃ʹ͍ͭͯઆ໌

͢Δɽ࣍ʹɼલষͰࣔͨ͠ૣ࠷ະ഑෼ं྆ͷଘ͖ͮجʹੑࡏɼunidirectional networkͰͷ

DUEήʔϜ͕ weakly acyclic gameͰ͋Δ͜ͱΛࣔ͢ɽͦͯ͠ɼ࣍અͰߧۉ͏ߦঢ়ଶͷ֬

཰త҆ఆੑղੳʹઌཱͪɼDUEήʔϜͷऩଋੑʹ͍ͭͯௐ΂Δɽ

ͳ͓Ҏ߱Ͱ͸ɼDUEήʔϜΛਐԽήʔϜͱͯ͠ಈֶԽ͢ΔʀDUEήʔϜ͕܁Γฦ͠ߦ

ΘΕɼ֤ར༻ऀ͕աڈͷ͖ͮجʹݧܦ೔ʑͷܦ࿏બ୒ߦಈΛม͢ߋΔঢ়گΛ͑ߟΔɽܦ࿏

બ୒ͷௐ੔աఔ͸཭ࢄతʹߦΘΕΔ΋ͷͱ͢Δɽ͜ͷͱ͖ͷ࣌ؒͷྲྀΕʢi.e., dayʣΛࣔ͢

཭ࢄతͳม਺Λɼτ = 1, 2, . . .Ͱද͢ɽDay tʹ͓͚Δར༻ऀ i ∈ Pͷબ୒ܦ࿏ͱརಘʢi.e.,

ऴ఺౸ண࣌ࠁʣΛɼͦ ΕͧΕ rτi , gi(rτi ; rτ−i)ͱද ʢͦ͢ͷଞͷม਺ɼϕΫτϧ΋ಉ༷ʹද͢ʣɽ

ͦͯ͠ day͝ͱʹɼϥϯμϜʹબ͹Εͨ 1ਓͷར༻ऀʹܦ࿏มߋͷػձ͕༩͑ΒΕɼͦͷ

ར༻ऀ͸શར༻ऀʹڞ௨ͨ͠ߦಈϧʔϧʢi.e., day-to-day dynamicsʣʹै͍ɼۙ؟ࢹతʹ

Δɽͳ͓ɼ͜ͷஈ֊Ͱ͸ಛఆͷ͢ߋ࿏બ୒Λมܦ day-to-day dynamics͸͑ߟͳ͍ʢޙͰಛ
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ਤ 4.1: 2ਓɾ3ઓུήʔϜͷརಘද

ఆԽ͢Δʣɽ

4.2.1 Definition of weakly acyclic games

Weakly acyclic game͸ඇྗڠήʔϜͷΫϥεͷҰͭͰ͋Γɼ࣍ͷΑ͏ʹఆٛ͞ΕΔɿ

ఆٛ 10. (Weakly acyclic game, Young, 1993; Marden et al., 2009)༗ݶͷઓུۭؒ RΛ࣋ͭ
ήʔϜʢ༗ݶήʔϜʣΛ͑ߟΔɽ͋Δ༗ݶήʔϜ͕ weakly acyclic gameͰ͋Δͱ͖ɼNash

ঢ়ଶͰ͸ͳ͍೚ҙͷઓུϕΫτϧߧۉ r ∈ R ͔ΒɼNash Ͱ͋Δ͍ͣΕ͔ͷઓུϕΫߧۉ

τϧ΁ͷ better response path͕ଘ͢ࡏΔɽ

͜͜Ͱɼbetter response path͸࣍ͷΑ͏ʹఆٛ͞ΕΔɿ͋Δ࣌ؒͷྲྀΕʹԊͬͨઓུϕ

Ϋτϧͷྻʢpathʣr0, r1, . . . , rk Λ͑ߟΔɽ֤ day τ ∈ [1, k]Ͱ͸ɼલͷ dayͱ͸ҟͳΔܦ࿏

Λબ୒͢Δར༻ऀ i ∈ P͕ଘ͍ͯ͠ࡏΔ΋ͷͱ͠ʢi.e., rτ−1
i ! rτiʣɼ͜ΕΛ day τʹ͓͚Δ

ҳ୤ऀͱݺͿɽ͜͜Ͱɼ֤ day τͷҳ୤ऀ͕ 1ਓͰ͋Γɼ͔ͭҳ୤ऀ iͷޮ༻͕ৗʹ૿Ճ

͍ͯ͠Δʢi.e., better response͍ͯ͠Δʣͱ͖ɼ͢ͳΘͪɼ
⎧⎪⎪⎨⎪⎪⎩

rτi ! rτ+1
i , s.t. gi(rτ+1

i ; rτ+1
−i ) < gi(rτi ; rτ−i),

rτj = rτ+1
j , ∀ j ∈ P \ {i}. (4.1)

͕੒ཱ͢Δͱ͖ɼ͜ͷ pathΛ better response pathͱݺͿɽͳ͓ఆ͔ٛΒ෼͔ΔΑ͏ʹɼ͋

ΔήʔϜ͕ weakly acyclic game Ͱ͋Δ͔Ͳ͏͔͸ɼήʔϜʹద༻͞ΕΔμΠφϛΫεͱ

͸ແؔ܎ʹఆ·Δɽ

Weakly acyclic gameͷ۩ମྫΛɼਤ 4.1ʹࣔ͢ɽ͜Ε͸ɼ2ਓɾ3ઓུήʔϜͷརಘද

Λදͨ͠΋ͷͰ͋Δɽ֤ঢ়ଶͷ਺ࣈ͸ϓϨΠϠʔͷརಘΛද͓ͯ͠Γɼ໼ҹ͸֤ঢ়ଶ͔

Β better responseͰ͖Δํ޲Λද͍ͯ͠Δɽਤ͔Β෼͔ΔΑ͏ʹɼ͜ͷήʔϜͰ͸͍͔ͳ

Δঢ়ଶ͔Β΋ Nashߧۉ (C,C)ʹ౸ୡͰ͖Δ better response path͕ଘ͢ࡏΔɽྫ͑͹ɼར
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༻ऀ͕ (B,B) ͷઓུΛऔ͍ͬͯͨͱ͖ɼ(B,B) → (B,A) → (C,A) → (C,C) ͱ͍͏ better

response path͕ଘ͢ࡏΔɽ

ͳ͓ɼweakly acyclic gameͰ͸ɼશͯͷ better response path͕ Nashߧۉʹ౸ୡ͢Δͱ

͸ݶΒͳ͍ɽ͜Ε͸ɼརಘදΛݟΕ͹෼͔ΔΑ͏ʹɼbetter response pathʹ cycleؚ͕·Ε

͏ΔͨΊͰ͋Δɽྫ͑͹͜ͷརಘදͰ͸ɼ(B,B) → (B,A) → (A,A) → (A,B) → (B,B)ͱ

͍͏ cycle ͕ଘ͢ࡏΔɽͨͩ͠ɼద੾ͳ better response Λ͜͏ߦͱʹΑΓ cycle ͔Βҳ୤

͠ɼNashߧۉ΁ͱ౸ୡ͢Δ͜ͱ͕ՄೳͰ͋Δɽ

Weakly acyclic game ͸ɼ੩తߧۉ഑෼ཧ࿦ͱͷؔੑ܎Ͱ஌ΒΕ͍ͯΔɼϙςϯγϟϧ

ήʔϜ (Monderer and Shapley, 1996) ͷҰൠԽ֓೦ʹ૬౰͢Δɼi.e., weakly acyclic game

ͷಛघͳΫϥε͕ɼϙςϯγϟϧήʔϜͰ͋Δɽ۩ମతʹ͸ɼcycle Λؚ·ͳ͍ better

response path ͷΈΛ࣋ͭ weakly acyclic game ͕ɼϙςϯγϟϧήʔϜͱͯ͠Ґஔ෇͚Β

ΕΔɽ

4.2.2 A DUE game in a unidirectional network is a weakly acyclic game

Ͱ͸ɼunidirectional network্ͷ DUEήʔϜ͕WAGͰ͋Δ͜ͱΛূ໌͠Α͏ɿ

ఆཧ 4. Unidirectional network্ͷ DUEήʔϜ͸ɼweakly acyclic gameͰ͋Δɽ

ূ໌ 10. ೚ҙͷॳܦظ࿏બ୒ϕΫτϧ r ∈ R͔Βɼద੾ͳॱ൪Ͱं྆ͷܦ࿏બ୒Λվળ͢
Δ͜ͱʹΑΓ NashߧۉΛಋग़͢ΔΞϧΰϦζϜΛߏங͢Δɿ͢ͳΘͪɼશͯͷॳܦظ࿏

ϕΫτϧʹ͓͍ͯɼNash ΁ͱ౸ୡ͢Δߧۉ better response path ͷଘࡏΛࣔ͢͜ͱͰߏ੒

తʹূ໌͢Δɽ

·ͣɼं྆Λ࣍ͷೋͭͷू߹ʹ۠෼͢Δɿʢ̍ʣޙࣄతͳ࠷୹ܦ࿏Λબ୒͍ͯ͠Δ͜ͱ

͕֬ఆ͍ͯ͠Δं྆ू߹ Aɼ͓Αͼʢ̎ʣޙࣄతͳ࠷୹ܦ࿏Λબ୒͍ͯ͠Δ͔Ͳ͏͔͕෼

͔Βͳ͍ं྆ू߹ Bɽू߹ A, BΛɼͦΕͧΕ PA, PB ͱද͢ɽ·ͨɼ֤ू߹ʹଐ͢Δं྆

ͷܦ࿏ϕΫτϧΛɼͦΕͧΕ rA, rB ͱද͢ɽͳ͓ɼr = (rA, rB)Ͱ͋Δɽ͜ͷू߹ Bʹؚ·

ΕΔं྆Λɼbetter responseʹΑΓҰ୆ͣͭू߹ AʹҠ͢͜ͱ͕ɼΞϧΰϦζϜͷ໨తͰ

͋Δɽ

Ҏ্ͷ४උͷԼɼNashߧۉΛಋग़͢Δ࣍ͷΞϧΰϦζϜΛ͑ߟΔɿ

0. ॳظઃఆɿm = 0ͱ͠ɼं྆ू߹ɼܦ࿏ϕΫτϧʹ͍ͭͯ࣍ͷΑ͏ʹॳظઃఆΛߦ

͏ɿ(Pm
A ,Pm

B ) = (∅,P), rm = (rm
A , r

m
B ) = (∅, r)ɽ͜͜Ͱɼr͸ॳܦظ࿏બ୒ϕΫτϧͰ

͋Δɽ

1. ߹ɿं྆ूࡧະ഑෼ं྆ͷ୳ૣ࠷ Pm
A ͷܦ࿏ϕΫτϧ rm

A Λ༩݅ͱ͠ɼं྆ू߹ Pm
B

ʹଐ͢Δं྆Λະ഑෼ं྆ͱΈͳͯ͠ɼఆٛʹૣ࠷͖ͮجະ഑෼ं྆ i ΛٻΊΔɽ

ं྆ iͷૣ࠷ະ഑෼ं྆ͱͯ͠ͷ࠷୹ܦ࿏Λ r∗iɼ࠷୹ܦ࿏Λར༻͢Δ͜ͱʹΑΔऴ

఺౸ண࣌ࠁΛ g∗i ͱද͢ɽ
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2. ৽ɿं྆ߋ࿏ϕΫτϧͷܦ iͷࡏݱͷબ୒ܦ࿏ʹΑΔऴ఺౸ண࣌ࠁ gi(rm
i ; rm

−i)ͱ g∗i
Λൺֱ͠ɼ࣍ͷ৔߹෼͚ʹܦ͖ͮج࿏Λมͤ͞ߋΔɿ

ʢaʣg∗i < gi(rm
i ; rm

−i)ͷ৔߹ɿं྆ iͷར༻ܦ࿏Λ r∗i ΁ͱมͤ͞ߋΔɼi.e., rm+1
i := r∗iɽ

ͳ͓ɼଞͷं྆ͷબ୒ܦ࿏͸ม͠ߋͳ͍ɿrm+1
j := rm

j , ∀ j ∈ Pm
B \ {i}ɽ

ʢbʣg∗i = gi(rm
i ; rm

−i)ͷ৔߹ɿ·ͣɼ࣍ ͷೋͭͷ৚݅Λຬͨ͢ܦ࿏બ୒ϕΫτϧ r′B͕ଘ

Δ͔Ͳ͏͔Λ͔֬ΊΔɿʢ̍ʣrm͢ࡏ
B ͔Β r′B ΁ͷ better response path͕ଘ͠ࡏɼ

ʢ̎ʣr′B ʹ͓͍ͯं྆ iͷऴ఺౸ண࣌ࠁ͸஗͘ͳΔɼi.e., gi(rm
i ; rm

−i) < gi(r′i ; r′−i)

where r′ = (rm
A , r

′
B)ɽ

r′B ͕ଘ͢ࡏΔͱ͖ʢCase (b)-(i)ʣɼPm
B ʹଐ͢Δं྆ͷબ୒ܦ࿏Λ࣍ͷΑ͏ʹߋ

৽͢Δɿrm+1
i := r∗i , rm+1

j := r′j, ∀ j ∈ Pm
B \ {i}ɽҰํɼr′B ͕ଘ͠ࡏͳ͍ͱ͖ʢCase

(b)-(ii)ʣɼं྆ͷܦ࿏͸ม͠ߋͳ͍ɿrm+1
j := rm

j , ∀ j ∈ Pm
Bɽ

3. ं྆ू߹ͷߋ৽ɼٴͼऩଋ൑ఆɿPm+1
A := Pm

A∪{i},Pm+1
B := Pm

B \{i}ͱ͢ΔɽPm+1
B ! ∅

ͳΒ͹ɼm := m + 1ͱͯ͠εςοϓ̍ʹ໭Δɽͦ͏Ͱͳ͍৔߹ɼrm+1 = rm+1
A Λۉ

ղͱͯ͠ΞϧΰϦζϜΛऴྃ͢Δɽߧ

͜ͷΞϧΰϦζϜ͸ɼૣ࠷ະ഑෼ं͕྆ଘ͢ࡏΔʢi.e.,֤ं྆ʹର͠഑෼͢Δ΂͖ద੾ͳ

ॱং͚͕ͮͰ͖ΔʣήʔϜͳΒ͹ɼͦͷॱ൪ʹै͍֤ं྆Λ࠷୹ܦ࿏ʹ better response͞

ͤΔ͜ͱͰɼޙࣄతͳ࠷୹ܦ࿏Λୡ੒͍ͯ͠Δঢ়ଶʹ͢Δ͜ͱ͕Ͱ͖Δ͜ͱΛ͍ࣔͯ͠

ΔɽҎԼͰ͸ɼ֤εςοϓͷ໾ׂʹ͍ͭͯઆ໌͢Δɽ

εςοϓ 1Ͱ͸ɼं྆ू߹ B͔Βૣ࠷ະ഑෼ं྆Λ୳͍ͯ͠ࡧΔɽૣ࠷ະ഑෼ं྆ͷ࠷

୹ܦ࿏ r∗i ͸ະ഑෼ं྆ʢi.e.,ू߹ Bʹଐ͢Δं྆ʣʹ௥͍ӽ͞Εͳ͍ܦ࿏Ͱ͋Δɽͦͷͨ

Ίɼं྆ iΛ r∗i ʹ better responseͤ͞Δ͜ͱ͕Ͱ͖Ε͹ɼޙࣄతͳ࠷୹ܦ࿏Λબ୒͍ͯ͠

Δঢ়ଶ͕ୡ੒͞ΕΔɽ

εςοϓ 2Ͱ͸ɼ·ͣɼं྆ iͷࡏݱར༻͍ͯ͠Δܦ࿏͕ޙࣄతͳ࠷୹ܦ࿏Ͱ͋Δ͔Ͳ

͏͔Λ֬ೝ͢Δʀͦͯ͠ɼޙࣄతͳ࠷୹ܦ࿏Ͱ͸ͳ͍৔߹ɼbetter responseΛ௨ͯ͠ं྆ i

ͷར༻ܦ࿏Λޙࣄతͳ࠷୹ܦ࿏ r∗i ΁ͱม͢ߋΔɽ·ͣ case-(a) Ͱ͸ɼࡏݱͷར༻ܦ࿏ rm
i

ΑΓɼ࠷୹ܦ࿏ r∗i Λར༻͢Δ͜ͱͰऴ఺ʹΑΓૣ͘౸ணͰ͖Δঢ়ଶͰ͋Γɼޙࣄతͳ࠷୹

࿏Λબ୒͍ͯ͠ͳ͍͜ͱ͕໌Β͔ͳέʔεͰ͋ΔɽͦͷͨΊɼं྆ܦ i ͸ better response

ʹΑΓ r∗i Λબ୒͢Δ͜ͱ͕Ͱ͖Δɽ

Ұํ case-(b)͸ɼࡏݱͷબ୒ܦ࿏Λར༻͢Δ͜ͱʹΑΔऴ఺౸ண࣌ޙࣄ͕ࠁతͳ࠷୹ܦ

࿏ͷ΋ͷͱಉ͡ঢ়گͰ͋Δ͕ɼࡏݱͷར༻ܦ࿏͕ޙࣄతͳ࠷୹ܦ࿏͔Ͳ͏͔͸ࣗ໌Ͱ͸

ͳ͍ɽԿނͳΒ͹ɼं྆ू߹ Bʹଐ͢Δं྆ͷ better responseʹΑΓɼं྆ i͕࠷୹ܦ࿏

্ͰׂΓࠐ·Εɼऴ఺౸ண࣌૿͕ࠁՃ͢ΔՄೳੑ͕͋Δ͔ΒͰ͋Δɽैͬͯ͜ͷέʔεͰ

͸ɼͦͷΑ͏ͳू߹ B ʹଐ͢Δं྆ͷܦ࿏બ୒ঢ়گ r′B ͕ଘ͢ࡏΔ͔Ͳ͏͔Λ͔֬ΊΔɽ

ͦͯ͠ଘ͢ࡏΔ৔߹ʢcase (b)-(i)ʣɼ·ͣू߹ B ʹଐ͢Δं྆ͷܦ࿏ϕΫτϧΛ r′B ΁ͱ

better responseʹΑΓม͢ߋΔʀ͜ΕʹΑΓं྆ iͷऴ఺౸ண࣌ࠁ͸૿Ճ͢ΔͨΊɼbetter
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responseʹΑΓબ୒ܦ࿏Λ r∗i ΁ͱม͢ߋΔɽଘ͠ࡏͳ͍৔߹ʢcase (b)-(ii)ʣɼं྆ iͷબ୒

߹࿏Ͱ͋Δ͜ͱ͕֬ఆ͢ΔʀͦͷͨΊɼूܦ୹࠷తͳޙࣄ࿏͸ܦ Bʹଐ͢Δं྆ͷબ୒ܦ

࿏Λม͢ߋΔඞཁ͸ͳ͍ɽ

εςοϓʹޙ࠷ 3ʹ͓͍ͯɼं྆ iΛू߹ AʹՃ͑Δɽεςοϓ 2Λ௨ͯ͠ं྆ iͷબ

୒ܦ࿏͸ޙࣄతͳ࠷୹ܦ࿏ͱͳΔɽͦͷͨΊɼू߹ Aʹଐ͢Δं྆ͷऴ఺౸ண࣌ࠁ͸ɼू

߹ Bʹଐ͢Δं྆ͷܦ࿏มߋʹΑͬͯมԽ͠ͳ͍͜ͱ͕อূ͞ΕΔɽ

݁Ռͱͯ͠ɼ͜ΕΒͷεςοϓΛं྆୆਺ |P|͚ͩ܁Γฦ͢͜ͱʹΑΓɼશͯͷं྆Λ
better responseʹΑΓޙࣄతͳ࠷୹ܦ࿏Λબ୒͍ͯ͠Δঢ়ଶʹ͢Δ͜ͱ͕Ͱ͖Δɽ͢ͳΘ

ͪɼૣ࠷ະ഑෼ं྆ͷଘ͕ࡏอূ͞Ε͍ͯΔͱ͖ɼ೚ҙͷॳظઓུϕΫτϧ r ͔Β Nash

ୡ͢Δ౸ʹߧۉ better response pathͷଘ͕ࣔ͞ࡏΕΔɽͦͯ͠ɼunidirectional network্

ͷ DUE ήʔϜͰ͸ɼૣ࠷ະ഑෼ं྆ͷଘࡏ͸อূ͞Ε͍ͯΔɽΑͬͯɼunidirectional

network্ͷ DUEήʔϜ͸ɼWAGͰ͋Δɽ !

ͳ͓ɼূ໌Ͱࣔͨ͠ΞϧΰϦζϜ͸ɼIryo (2011b)ͷॱং഑෼ΞϧΰϦζϜΛ֦ுͨ͠

΋ͷͱͯ͠Ґஔ෇͚ΒΕΔɽ۩ମతʹ͸ɼॱং഑෼ΞϧΰϦζϜͰ͸ɼ֤ं྆͸ॳܦظ࿏

ͱͯ͠ɼԿ΋બ୒͍ͯ͠ͳ͍ঢ়ଶΛ૝ఆ͍ͯͨ͠ʀͦͯ͠ɼͦͷॳظ஋͔Βૣ࠷ະ഑෼ं

྆Λ࠷୹ܦ࿏΁ͱ better response ͤ͞Δ͜ͱʹΑΓɼNash ঢ়ଶΛಋ͍͍ͯΔɽҰํߧۉ

Ͱɼࠓճߏஙͨ͠ΞϧΰϦζϜ͸ɼ೚ҙͷॳܦظ࿏͔Βɼbetter response ͕ Nash ΁ߧۉ

ͱऩଋ͢Δ͜ͱΛ͍ࣔͯ͠Δɽ͢ͳΘͪɼ࣌ؒ෼ղಛੑΛ࣋ͭωοτϫʔʹ͓͚Δ DUE

ήʔϜͰͷɼbetter response dynamicsͷେҬతऩଋੑͱ͍͏ɼΑΓ๬·͍͠ੑ࣭Λࣔͯ͠

͍Δɽ

ͳ͓ɼূ໌Ͱࣔͨ͠ΞϧΰϦζϜ͸ɼૣ࠷ະ഑෼ं͕྆ଘ͢ࡏΔ DUEήʔϜʹରͯ͠

ద༻͢Δ͜ͱ͕Ͱ͖ΔɽͦͷͨΊɼ࣍ͷ͕ܥ੒ཱ͢Δɿ

ܥ 1. Δ͢ࡏະ഑෼ं͕྆ଘૣ࠷ DUEήʔϜΛ͑ߟΔɽ͜ͷ DUEήʔϜ͸ weakly acyclic

gameͰ͋Δɽ

4.2.3 Unidirectional networkʹ͓͚Δಈతར༻ऀߧۉ΁ͷऩଋੑ

ຊઅͰ͸ɼ࣍અͷ֬཰త҆ఆੑͷղੳʹઌཱͪɼDUEήʔϜͰͷ day-to-day dynamics

ͷऩଋੑΛௐ΂ΔɽΏΒ͗Λؚ·ͳ͍֬ఆతͳ day-to-day dynamics ͷऩଋੑ͸ɼߧۉղ

ͷ҆ఆੑΛࣔ͢े෼৚݅ͱ͸ͳΒͳ͍ɽ͜Ε͸ɼΏΒ͕͗ՃΘΔ͜ͱͰߧۉঢ়ଶ͔Βͷҳ

୤͕ੜͨ͡ͱ͖ɼݩͷߧۉঢ়ଶ΁໭Δํ޲ʹ֤ར༻ऀͷߦಈબ୒͕ߦΘΕΔͱ͸ݶΒͳ͍

ͨΊͰ͋Δɽ͔ͦ͠͠ͷऩଋੑ͸ɼμΠφϛΫεʹΏΒ͕͗ՃΘͬͨͱ͖ͷ҆ఆੑʢi.e.,

֬཰త҆ఆੑʣΛࣔ͢ʹ͋ͨΓɼॏཁͳ໾ׂΛ୲͏͜ͱʹͳΔɽҎԼͰ͸ɼཻࢠϞσϧʹ

͓͚ΔҰൠతͳ֬ఆతμΠφϛΫεͱͯ͠ɼbetter response dynamics (Hart and Mas-Colell,

2000)ͱ best response dynamics (Blume, 1993)ͷऩଋੑΛղੳ͢Δɽ
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Better response dynamics

Better response dynamicsʹΑΔܦ࿏બ୒ͷௐ੔աఔ͸ɼ࣍ ͷΑ͏ʹߦΘΕΔɿ֤ day τ (>

0)ʹ͓͍ͯɼ1୆ͷं྆ i ∈ P͕ϥϯμϜʹબ͹Εɼܦ࿏Λม͢ߋΔػձ͕༩͑ΒΕΔɽi

Ҏ֎ͷं྆͸ࡏݱͷܦ࿏Λͦͷ··બ୒͢Δɽं྆ i͸ɼࡏݱͷܦ࿏ rτi ΑΓૣ͘ऴ఺ʹ౸

ண͢Δܦ࿏ rτ+1
i ͕ଘ͢ࡏΔ৔߹ʢi.e., gi(rτ+1

i ; rτ−i) < gi(rτi ; rτ−i)ʣɼͦͷܦ࿏Λ৽ͨʹબ୒͢

Δɽͨͩ͠ɼ֘౰ܦ࿏͕ෳ਺ଘ͢ࡏΔͱ͖͸ɼͦͷܦ࿏ू߹͔ΒϥϯμϜʹҰͭͷܦ࿏Λ

બ୒͢Δ΋ͷͱ͢ΔɽҰํͰɼΑΓૣ͘ऴ఺ʹ౸ண͢Δܦ࿏͕ଘ͠ࡏͳ͍৔߹ɼܦ࿏͸ม

ͳ͍ɽ͢ͳΘͪɼं྆͠ߋ i͸࣍ʹࣔ͞ΕΔܦ࿏બ୒ूࢶ߹ Di(r−i)͔ΒϥϯμϜʹܦ࿏Λ

બ୒͢Δɿ

Di(rτ−i) :=
{
r∗i ∈ Ri s.t. gi(r∗i , r

τ
−i) < gi(rτi , r

τ
−i)

}
. (4.2)

Better response dynamicsͰ͸ɼ֤ར༻ऀ͸ࣗ਎ͷޮ༻͕ີݫʹվળ͞ΕΔΑ͏ʹܦ࿏Λ

ม͢ߋΔʢi.e.,ಉ͡ޮ༻ͷܦ࿏ʹม͢ߋΔ͜ͱ͸ͳ͍ʣɽ·ͨɼNash͕͜ߧۉͷμΠφϛ

Ϋεͷఀཹ఺Ͱ͋Δ͜ͱ͸ࣗ໌Ͱ͋Δɽ͢ͳΘͪ͜ͷμΠφϛΫε͸ɼ࿈ଓϞσϧʹ͓͚

Δ positive correlationͱ Nash stationarityΛຬͨ͢ɼཻࢠϞσϧʹ͓͚ΔࣗવͳμΠφϛ

Ϋεͱͯ͠Ґஔ෇͚Δ͜ͱ͕Ͱ͖Δɽ

Ͱ͸ɼunidirectional networkʹ͓͚Δ DUEήʔϜͰͷɼbetter response dynamicsͷऩଋ

ੑΛࣔͦ͏ɽ͜Ε͸ɼDUEήʔϜ͕ weakly acyclic gameͰ͋Δͱ͍͏͔࣮ࣄΒɼ࣍ͷΑ

͏ʹ௚઀ಋ͘͜ͱ͕Ͱ͖Δɿ·ͣɼweakly acyclic gameͰ͋ΔͨΊɼશͯͷઓུϕΫτϧ

͔Β Nash ΁ͷߧۉ better response path ͕ଘ͢ࡏΔɽͦͯ͠ɼbetter response dynamics Λ

ແݶճ܁Γฦ͢ʢi.e., τ→ ∞ʣ͜ͱͰɼ͜͏ͨ͠ better response path͕બ͹Εͳ͘ͳΔ֬

཰͸θϩʹͳΔɽΑͬͯɼbetter response dynamics͸େҬతʹ almost surelyʢi.e., ΄ͱΜ

Ͳ࣮֬ͳʣऩଋੑΛ࣋ͭ͜ͱ͕෼͔Δɽैͬͯ࣍ͷ໋୊͕੒ཱ͢Δɿ

໋୊ 1. Unidirectional networkʹ͓͚Δ DUEήʔϜΛ͑ߟΔɽं྆ͷܦ࿏બ୒ͷ day-to-

dayμΠφϛΫεͱͯ͠ better response dynamicsΛͨ͑ߟͱ͖ɼ͜ͷμΠφϛΫεʹΑΓ

࿏ϕΫτϧܦΔ͢ݱ࣮ r͸ɼॳظ஋ʹؔΘΒͣ Nashߧۉ΁ͱ΄ͱΜͲ࣮֬ʹऩଋ͢Δɽ

ূ໌ 11. WAGͰͷ better response dynamicsͷऩଋੑ͸ɼYoung (2004)ʹΑΓࣔ͞Ε͍ͯ

ΔɽUnidirectional networkʹ͓͚Δ DUEήʔϜ͸WAGͰ͋ΔͨΊɼ͜ͷ DUEήʔϜͰ

ͷ better response dynamics͸େҬతऩଋੑΛ࣋ͭɽ !

Best response dynamics

ଓ͍ͯɼbest response dynamics ͷऩଋੑʹ͍ͭͯ͢࡯ߟΔɽBest response dynamics ͷ

ձ͕༩͑ΒΕͨं྆ػͷߋ࿏มܦ࿏બ୒ͷௐ੔աఔͰ͸ɼܦ i͸ɼࣗ਎ͷརಘΛ࠷େԽ͢

Δʢi.e., ऴ఺౸ண͕࣌ࠁҰ൪ૣ͍ʣܦ࿏Λબ୒͢Δɽ͢ͳΘͪɼं྆ i͸࣍ͷࣜͰࣔ͞Ε
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ਤ 4.2: ଴͕ͪྻߦଘ͢ࡏΔϦϯΫʹ͓͚Δं྆ي੻ਤ

Δܦ࿏બ୒ूࢶ߹ Bi(rτ−i)͔ΒϥϯμϜʹܦ࿏Λબ୒͢Δɿ

Bi(rτ−i) :=
{

r∗i ∈ Ri s.t. gi(r∗i , r
τ
−i) = min

ri∈Ri
gi(ri, rτ−i)

}
. (4.3)

Best response dynamics͕ better response dynamicsͱຊ࣭తʹҟͳΔͷ͸ɼٛڱ Nashۉ

μΠφϛΫεͷఀཹ఺ͱͳΔ͜ͱͰ͋Δ͜Ε͸ɼ͜ͷμΠφϛΫεͰ͸ɼಉҰͷऴ఺͕ߧ

౸ண࣌ࠁΛ࣋ͭܦ࿏ʹมߋͰ͖ΔͨΊͰ͋Δɽ͢ͳΘͪɼ͋Δ Nash ঢ়ଶߧۉ r∗ ʹ͓͍

ͯɼগͳ͘ͱ΋ 1 ਓͷར༻ऀ͕ 2 ͭҎ্ͷ࠷୹ܦ࿏Λ࣋ͭʢi.e., ෳ਺ͷ࠷ద൓ԠΛ࣋ͭʣ

ͱ͖ɼͦͷར༻ऀ͸ best responseʹΑΓܦ࿏Λม͏͠ߋΔɽ݁Ռͱͯ͠ɼ௨ৗͷ Nashۉ

͸ఀཹ఺ͱͳΒͳ͍ɽͦͷͨΊɼbestߧ response dynamicsͷऩଋੑΛࣔͨ͢Ίʹ͸ɼDUE

ήʔϜ͕ٛڱ NashߧۉΛ࣋ͭ͜ͱ͕ඞཁ৚݅ͱͳΔɽ

͔͠͠ DUEήʔϜͰ͸ɼٛڱ Nashߧۉͷଘࡏ͸Ұൠʹอূ͞Εͳ͍ɽ͜Ε͸ɼωοτ

ϫʔΫ্ʹ଴͕ͪྻߦଘ͢ࡏΔʢi.e., zero-flow congested link ͕ଘ͢ࡏΔʣͱ͖ɼं྆ͷ

ΔͨΊͰ͋Δɽྫ͑͹ɼਤ͏͠ࡏ࿏͸ෳ਺ଘܦ୹࠷తͳޙࣄ 4.2ʹࣔ͢ωοτϫʔΫΛߟ

͑ͯΈΑ͏ɽ͜ͷωοτϫʔΫ͸ ఺ى1 1ऴ఺ωοτϫʔΫͰ͋Γɼ2ͭͷܦ࿏͕ଘ͢ࡏ

Δɽ͜͜Ͱɼߧۉঢ়ଶʹ͓͍ͯϦϯΫ 3ʹ଴͕ͪྻߦଘ͓ͯ͠ࡏΓɼ͋Δं྆ i͸ͲͪΒ

ͷܦ࿏Λར༻ͯ͠΋଴ͪྻߦͷ຤ඌʹ௥͍͚ͭΔ΋ͷͱ͠Α͏ʀՃ͑ͯɼं྆ iΑΓޙͷ

఺Λग़ൃ͢Δं྆͸ɼं྆ىʹࠁ࣌ iΛ௥͍ӽ͢ʢi.e.,ϦϯΫ 3ʹΑΓૣ͘ྲྀೖ͢Δʣ͜

ͱ͕Ͱ͖ͳ͍΋ͷͱ͢Δɽ͜ͷͱ͖ਤதͷي੻ਤʹࣔ͢Α͏ʹɼं྆ iͷϦϯΫ 3ͷྲྀग़

తޙࣄ࿏Λར༻ͯ͠΋ಉ͡ʹͳΔɽ͢ͳΘͪɼܦʣ͸ɼͲͪΒͷࠁʢi.e.,ऴ఺౸ண࣌ࠁ࣌

ͳ࠷୹ܦ࿏͕ෳ਺ଘ͢ࡏΔʢi.e.,ࣜ (3.1)ʹ͓͍ͯෳ਺ͷ࠷ద൓Ԡ͕ଘ͢ࡏΔʣͨΊɼߧۉ

ղͷੑٛڱ͸ࣦΘΕΔ͜ͱ͕Θ͔Δɽ

Ҏ্Λ·ͱΊΔͱɼ͋ΔμΠφϛΫεͷऩଋੑʹ͸ɼߧۉղͷੑٛڱɼ·ͨ͸ద༻͞Ε
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ΔμΠφϛΫεͰͷϓϨΠϠʔͷརಘͷີݫͳվળੑ͕ॏཁͳ໾ׂΛՌͨ͢͜ͱ͕෼͔

Δɽͦͯ͠ DUEήʔϜͰ͸ߧۉղ͸Ұൠʹ͸ੑٛڱΛ࣋ͭ͜ͱ͕อূ͞Εͳ͍ͨΊɼར

ಘͷີݫͳվળੑΛ࣋ͭ better response dynamics͕ best response dynamicsΑΓɼऩଋੑ

ͱ͍͏؍఺Ͱ͸๬·͍͜͠ͱ͕෼͔Δɽ͜͏ͨ͠ɼ଴ͪྻߦͷଘߧۉ͕ࡏղͷੑٛڱΛଛ

ͳ͏͜ͱͰɼ͋ΔछͷμΠφϛΫεͰ͸ऩଋੑ͕อূ͞Εͳ͘ͳΓ͏Δͱ͍࣮ͬͨࣄ͸ɼ

ಈతͳަ௨ྲྀಛ༗ͷݱ৅ͱͯ͠ڵຯਂ͍ੑ࣭Ͱ͋Δͱ͍͑Α͏ɽͦͯ͠ɼ͜ͷऩଋੑͷੑ

࣭͕ɼ࣍અͰࣔ֬͢཰త҆ఆੑʹ΋͘ڧӨڹΛٴ΅͢ͷͰ͋Δɽ

4.3 ಈతར༻ऀߧۉঢ়ଶͷ֬཰త҆ఆੑ

ຊઅͰ͸ɼಈతར༻ऀߧۉঢ়ଶͷ֬཰త҆ఆੑΛղੳ͢Δɽ·ͣɼ֬཰త҆ఆੑͷఆٛ

ʹ͍ͭͯઆ໌͢Δɽ࣍ʹɼલઅͰऩଋੑʹ͍ͭͯௐ΂ͨ֬ఆతͳμΠφϛΫεʹΏΒ͕͗

ؚ·ΕΔμΠφϛΫεΛ͑ߟɼͦΕΒͷ֬཰త҆ఆੑΛௐ΂Δɽ

4.3.1 ֬཰త҆ఆੑͷఆٛ

ಈΛௐ΂Δʹ͋ͨΓɼYoungڍղͷ઴ۙతͳߧۉ (1993)͸ “֬཰త҆ఆੑ”ͷ֓೦Λಋೖ

ͨ͠ɽ֬཰త҆ఆੑͷ෼ੳͰ͸ɼΏΒ͗ΛؚΉμΠφϛΫεͷԼͰͷঢ়ଶਪҠͷ௕ظతͳ

ৼΔ෣͍Λɼ֬཰աఔͷఆৗ෼෍ͱͯ͠ଊ͑Δɽͦͯ͠ɼΏΒ͕͗ੜ͡Δ֬཰Λे෼খ͞

ͨ͘͠ͱ͖ͷఆৗ෼෍ͷ઴ۙతͳڍಈ͔ΒɼͲͷঢ়ଶ͕࣮͠ݱ΍͍͔͢ʢi.e.,े෼௕ظʹ

ΘͨΓ؍ଌͨ͠ͱ͖ʹɼͲͷঢ়ଶͷ؍ଌස౓͕͘ߴͳΔ͔ʣΛ෼ੳ͢Δɽ͜ͷΏΒ͗ʹର

ͯ͠௕ظతʹڧؤͳঢ়ଶ͕֬཰త҆ఆͳঢ়ଶͰ͋Δɽ

ΏΒ͗ͷੜ֬ى཰͕े෼খ͘͞ͳͬͨͱ͖ͷ௕ظతͳৼΔ෣͍ΛݟΔͱɼ֬཰త҆ఆͰ

͋Δঢ়ଶ͸ɼͦ͏Ͱͳ͍ঢ়ଶͱൺֱͯ͠සൟʹ؍ଌ͞ΕΔঢ়ଶͱͳΔɽ͢ͳΘͪɼ֬཰త

҆ఆͰ͋Δߧۉղ͕ଘ͢ࡏΔ͜ͱΛূ໌Ͱ͖Ε͹ɼͦͷߧۉ͸ઁಈΛؚΉμΠφϛΫεͷ

ԼͰͷঢ়ଶભҠʹ͓͍ͯ΋සൟʹ؍ଌ͞ΕΔɼ࣮͏͠ݱΔ໬΋Β͍͠ߧۉղͱͯ͠ղऍ͢

Δ͜ͱ͕Ͱ͖Δɽ

֬཰త҆ఆੑ͸ɼϑΥʔϚϧʹ͸࣍ͷΑ͏ʹఆٛ͞ΕΔɿ·ͣɼ͋ΔΏΒ͗Λؚ·ͳ͍

μΠφϛΫεʹΑΔ֤ं྆ͷ೔ʑͷܦ࿏มߋΛ༗ݶϚϧίϑ࿈࠯ͱͯ͠ϞσϧԽ͢Δʢ͜

ΕΛ unperturbed Markov chain ͱݺͿʣɽ͜ͷϚϧίϑ࿈࠯ͷঢ়ଶۭؒ͸ܦ࿏બ୒ϕΫτ

ϧͷ௚ੵू߹ RͰ͋ΓɼભҠ֬཰ྻߦΛ P0 ʹΑΓද͢ɽ·ͨɼঢ়ଶʢܦ࿏ϕΫτϧʣr͔

Β r′ ΁ͷભҠ֬཰Λ P0
rr′ ʹΑΓද͢ɽ

࣍ʹ͜ͷμΠφϛΫεʹ͓͍ͯɼ͋Δύϥϝʔλ ϵʹΑΓಛ௃͚ͮΒΕͨ֬཰ͰΏΒ͗

Δʢe.g.,ޮ༻ʹؔΘΒͣϥϯμϜʹઓུΛબͿʣμΠφϛΫε͖ى͕ (perturbed dynamics)

Λ͑ߟΔʀͦͯ͠ઌͱಉ༷ʹɼ͜ͷμΠφϛΫεʹΑΔܦ࿏ϕΫτϧͷભҠΛ༗ݶϚϧ

ίϑ࿈࠯ͱͯ͠ϞσϧԽ͢Δʢregular perturbed Markov chainͱݺͿʣɽRegular perturbed
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Markov chainͷભҠ֬཰ྻߦΛ Pϵ ʹΑΓද͢ɽͨͩ͜͠ͷભҠ֬཰ྻߦ͸ɼύϥϝʔλ

ϵ͕θϩʹͳͬͨͱ͖ɼunperturbed Markov chainͷભҠ֬཰ྻߦͱҰக͢Δ΋ͷͱ͢Δɼ

i.e., limϵ→0 Pϵ = P0ɽ

ϵ > 0Ͱ͋Δͱ͖ɼperturbed Markov chain͸ඇपظɼ͔ͭط໿Ͱ͋Δɼi.e.,͜ͷϚϧί

ϑ࿈࠯͸ΤϧΰʔυతͰ͋Δɽ͢ͳΘͪɼ͜ͷϚϧίϑ࿈࠯͸།Ұͷఆৗ෼෍ µϵ Λ࣋ͪɼ

͜Ε͸ µϵPϵ = µϵ Λຬͨ͢ɽ͜ͷఆৗ෼෍͸ɼ௕ؒظʹΘͨΓ؍ଌͨ͠ͱ͖ͷ֤ঢ়ଶͷ؍

ଌස౓Λද͢΋ͷͰ͋Δɽ͞Βʹɼ͜ͷఆৗ෼෍͸ύϥϝʔλ ϵ͕θϩʹۙͮ͘͜ͱͰɼ

unperturbed Markov chainͷఆৗ෼෍ͷ͏ͪҰͭ΁ͱऩଋ͢Δ͜ͱ͕ࣔ͞Ε͍ͯΔ (Young,

1993)ɽͦͷͨΊɼΏΒ͗ͷੜ֬ى཰͕े෼খ͘͞ͳͬͨͱ͖ͷఆৗ෼෍ µϵ ͔ΒɼઁಈΛ

ؚ·ͳ͍μΠφϛΫεͰͷ઴ۙతͳڍಈʢi.e.,Ͳͷঢ়ଶपลʹఆৗ෼෍͕ऩଋ͢Δ͔ʣΛ

ௐ΂Δ͜ͱ͕Ͱ͖Δɽ

Ҏ্ͷ४උͷԼɼ֬཰త҆ఆੑ͸࣍ͷΑ͏ʹఆٛ͞ΕΔɿ

ఆٛ 11. (Stochastic stability, Young, 1993)͋Δঢ়ଶ r ∈ R͕͋Δ regular perturbed Markov

chainʹରͯ֬͠཰త҆ఆͰ͋Δͱ͖ɼlimϵ→0 µϵr > 0͕੒ཱ͢Δɽ

4.3.2 ಈతར༻ऀߧۉͷ֬཰త҆ఆੑ

Ͱ͸ɼunidirectional network ʹ͓͚Δ DUE ήʔϜͷɼߧۉղͷ֬཰త҆ఆੑΛௐ΂Α

͏ɽຊߘͰ͸ɼલઅͰऩଋੑΛௐ΂ͨ 2ͭͷμΠφϛΫεͷ perturbed dynamicsΛ͑ߟΔɽ

ͦͯ͠ɼͦΕΒͷμΠφϛΫεͷ֬཰త҆ఆੑʹ͍ͭͯௐ΂Δɽ

Perturbed better response dynamics

Perturbed better response dynamicsͰ͸ɼ֬ఆతͳμΠφϛΫεͱಉ༷ʹɼ֤ day τ͝ͱ

ʹɼ͋Δं྆ i ∈ P ͕ϥϯμϜʹબ͹Εܦ࿏มߋͷػձ͕༩͑ΒΕΔɽ͔͠͠ं྆ i ͸ɼ

ઁಈύϥϝʔλ ϵͰඥ͚ͮΒΕͨ֬཰ pi(ϵ)Ͱɼܦ࿏มߋʹϛεΛ͢͜ى΋ͷͱ͢Δʢe.g.,

Δʣɽͨͩ͠ɼઁಈύϥϝʔλΛ͢ߋ࿏΁ͱϥϯμϜʹมܦ࿏ΛؚΉܦͷޮ༻ҎԼͷࡏݱ

θϩʹ͚ۙͮΔ͜ͱͰɼϛεͷ֬཰΋θϩʹۙͮ͘΋ͷͱ͢Δɼi.e., limϵ→0 pi(ϵ) = 0ɽ͜

ͷμΠφϛΫεʹΑΔ͋Δঢ়ଶ r = (ri, r−i)͔Β r′ = (r′i , r−i)΁ͷભҠ֬཰ Pϵrr′ ͸࣍ͷΑ͏

ʹද͞ΕΔɿ

Pϵrr′ = (1 − pi(ϵ))P0
rr′ +

1
n
· pi(ϵ) · qi(r′i ; r−i) (4.4)

where P0
rr′ =

⎧⎪⎪⎪⎨⎪⎪⎪⎩

1
n

1
|Di(r)|

r′i ͕ं྆ i ͷ better response ʹΑΔ
ઌͷީิͷͱ͖ɽߋ࿏มܦ

0 otherwise
. (4.5)

͜͜Ͱ qi(r′i ; r−i)͸ɼࡏݱͷܦ࿏બ୒ϕΫτϧ͕ r−i Ͱ͋Δͱ͖ɼं྆ i͕ϛεΛ͢Δ͜ͱ

Ͱɼܦ࿏ r′i Λબ୒͢Δ֬཰Ͱ͋Δɿ
∑

r′i∈Ri
qi(r′i ; r−i) = 1Λຬͨ͢ɽࣜ (4.4)ͷୈҰ߲͸ɼϛ
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εΛ͠ͳ͍ͱ͖ͷભҠ֬཰Λ͍ࣔͯ͠Δʀ·ͨୈೋ߲͸ɼं྆ i͕બ୒͞Εɼ͔ͭϛεΛ

͢Δ͜ͱͰ ri ͔Β r′i ΁ͱܦ࿏ม͢ߋΔ֬཰Λ͍ࣔͯ͠Δɽ

ϛεͷ֬཰ pi(ϵ)ɼ͓Αͼܦ࿏બ୒֬཰ qi(r′i ; r−i)͸ɼߏங͞ΕΔ perturbed Markov chain

͕࣍ͷੑ࣭Λຬͨ͢ͷͰ͋Ε͹ɼͲͷΑ͏ͳ΋ͷͰ͋ͬͯ΋Α͍ɿ

1. ϚϧίϑੑΛຬ͍ͨͯ͠Δʢi.e.,ભҠ֬཰͸ time-independentͰ͋Δʣɽ

2. Ϛϧίϑ࿈͕࠯ɼΤϧΰʔυੑΛຬ͍ͨͯ͠Δɽ

3. ઁಈύϥϝʔλΛθϩʹ͚ۙͮΔ͜ͱͰɼ֬ఆతͳμΠφϛΫεʹऩଋ͢Δ

ྫ͑͹ɼϛεΛͨ͜͠ىͱ͖ɼར༻ऀ͕ޮ༻ʹؔΘΒͣϥϯμϜʹܦ࿏Λબ୒͢Δಥવม

ҟతͳμΠφϛΫεΛ͑ߟΔ৔߹͸ɼ

pi(ϵ) = ϵ, qi(r′i ; r−i) =
1
|Ri|
, (4.6)

ͱ͢Ε͹ྑ͍ɽ·ͨɼܦ࿏બ୒֬཰͕རಘͱؔ܎෇͚ΒΕ͍ͯΔμΠφϛΫεΛ͑ߟΔ৔

߹͸ɼ࣍ͷΑ͏ͳ logitܕͷܦ࿏બ୒֬཰Λಋೖ͢Ε͹ྑ͍ɿ

qi(r′i ; r−i) =
exp(−gi(r′i , r−i))∑

ri∈Ri
exp(−gi(ri, r−i))

. (4.7)

ͦͯ͠Ҏ্ͷ४උͷԼɼperturbed better response dynamicsͷԼͰͷߧۉղͷ֬཰త҆ఆ

ੑ͸࣍ͷఆཧʹΑΓࣔ͞ΕΔɿ

ఆཧ 5. Unidirectional network্Ͱͷ DUEήʔϜΛ͑ߟΔɽ͜ͷήʔϜʹ perturbed better

response dynamicsΛద༻ͨ͠ͱ͖ɼ͜ͷμΠφϛΫεͷ֬཰త҆ఆঢ়ଶ͸ɼNashߧۉঢ়

ଶͷू߹ʹؚ·ΕΔɽ͢ͳΘͪɼ֬཰త҆ఆతͳಈతར༻ऀߧۉঢ়ଶ͕ଘ͢ࡏΔɽ

ূ໌ 12. Young (1993)͸ɼ֬཰త҆ఆঢ়ଶΛղੳ͢Δʹ͋ͨΓ༗༻ͳɼ࣍ͷఆཧΛࣔͯ͠

͍Δɿ

ఆཧ 6. (Young (1993), Theorem 4)༗ݶͷঢ়ଶۭؒ RΛ࣋ͭήʔϜΛ͑ߟΔɽ·ͣɼ͜ͷ
ήʔϜʹΏΒ͗Λؚ·ͳ͍֬ఆతͳμΠφϛΫεΛద༻͠ɼ͜ͷͱ͖ͷঢ়ଶભҠΛϚϧί

ϑ࿈࠯ͰϞσϦϯάͨ͠ unperturbed Markov chainΛ͑ߟΔʀͦͯ͠ɼ͜ͷϚϧίϑ࿈࠯

ͷؼ࠶తಉ஋ྨΛ r1, . . . , r j ͱද͢ɽ࣍ʹɼઁಈύϥϝʔλ ϵ Λ࣋ͭ͜ͷμΠφϛΫεͷ

regular perturbed Markov chainΛ͑ߟɼͦͷ།Ұͷఆৗ෼෍Λ µϵ ͱද͢ɽ

͜ͷͱ͖ɼϵ→ 0ʹΑΓɼµϵ ͸ unperturbed Markov chainͷఆৗ෼෍ͷ͏ͪɼ͍ͣΕ͔

Ұͭʹऩଋ͢Δɽ͞Βʹɼ֬཰త҆ఆͳঢ়ଶ͸ɼunperturbed Markov chain ͷؼ࠶తಉ஋

ྨͷ͏ͪɼ࠷খͷ stochastic potentialΛ࣋ͭ΋ͷʹؚ·ΕΔ*3ɽ

*3 Stochastic potentialͷৄࡉʹ͍ͭͯ͸ Young (1993); Ellison (2000)Λߟࢀɽ
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Ͱ͸ɼunidirectioal network Ͱͷ DUE ήʔϜʹ͓͚Δߧۉঢ়ଶͷ֬཰త҆ఆੑΛূ໌

͠Α͏ɽ͜ͷ DUEήʔϜ͸ weakly acyclic gameͰ͋ΔͨΊɼbetter response dynamics͸

Nashߧۉ΁ͱऩଋ͠ɼऩଋޙ͸ߧۉղ͕࣮͠ݱଓ͚Δɼi.e., Nashߧۉঢ়ଶ͸ unperturbed

Markov chainͷٵऩঢ়ଶͰ͋Δɽ͜Ε͸ɼؼ࠶తಉ஋ྨͷͦΕͧΕ͕ɼNashߧۉͱҰର

ҰରԠ͢Δ͜ͱΛҙຯ͍ͯ͠Δɽ্هͷఆཧΑΓɼ֬཰త҆ఆͳঢ়ଶ͸ؼ࠶తಉ஋ྨͷू

߹ʹؚ·ΕΔͨΊɼ֬཰త҆ఆঢ়ଶ͸ߧۉঢ়ଶͷू߹ʹؚ·ΕΔɽΑͬͯఆཧ͸ূ໌͞Ε

ͨɽ !

͢ͳΘͪɼbetter response dynamicsͷ perturbed dynamicsͰ͋Ε͹ɼͲͷΑ͏ͳμΠφ

ϛΫεͰ͋ͬͯ΋ɼߧۉղͷ֬཰త҆ఆੑ͕อূ͞ΕΔ͜ͱ͕ࣔ͞Εͨɽ

Perturbed best response dynamics

࣍ʹɼperturbed best response dynamics ͷ֬཰త҆ఆੑʹ͍ͭͯௐ΂Α͏ɽ͜ͷμΠ

φϛΫεͷ۩ମྫͱͯ͠࠷΋Α͘஌ΒΕ͍ͯΔ΋ͷͷҰͭ͸ɼ࣍ʹࣔ͢ logit-response

dynamics (Blume, 1993; Marden and Shamma, 2012; Alós-Ferrer and Netzer, 2017) Ͱ͋Δɿ

͋Δ day τʹ͓͚Δܦ࿏બ୒ϕΫτϧ͕ rͰ༩͑ΒΕ͍ͯΔͱ͖ɼday τ + 1ʹ͓͍ͯं྆

i͕ܦ࿏ ri ΁ͱม͢ߋΔ֬཰ pi(ri; r−i)͸ɼ࣍ͷΑ͏ʹ༩͑ΒΕΔɿ

pi(ri; r−i) =
exp(−βgi(ri, r−i))∑

ri∈Ri
exp(−βgi(ri, r−i))

. (4.8)

͜͜Ͱɼβ (0 < β < ∞) ͸ઁಈύϥϝʔλ ϵ ͷٯ਺ʹ૬౰͢ΔύϥϝʔλͰ͋Δɼi.e.,

β→∞ʹΑΓɼμΠφϛΫε͸ best responseʹऩଋ͢Δɽ

Logit-response dynamicsͷऩଋੑʹ͍ͭͯɼAlós-Ferrer and Netzer (2017)͸࣍ͷఆཧΛ

͍ࣔͯ͠Δɿ

WAGͰ͸ɼlogit-response dynamicsͷ֬཰త҆ఆঢ়ଶ͸ٛڱ Nashߧۉͷू߹ʹؚ

·ΕΔɽ

͜Ε͸ɼઌͷ Young ͷఆཧͷԠ༻Ͱ͋Γɼlogit-response ͷ unperturbed dynamics Ͱ͋Δ

best response dynamicsͷఀཹ఺ʢi.e.,Ϛϧίϑ࿈࠯ͷٵऩঢ়ଶʣ͕ɼٛڱ Nashߧۉঢ়ଶ

ͱରԠ͢Δ͜ͱΛར༻ͨ͠΋ͷͰ͋Δɽ͔͠͠લઅͰࣔͨ͠௨ΓɼDUEήʔϜͰ͸ٛڱ

Nashߧۉঢ়ଶ͸ҰൠʹଘࡏΛอূ͞Εͳ͍ɽͦͷͨΊɼlogit-response dynamicsɼ͓Αͼ

perturbed better response dynamics͸ɼ֬཰త҆ఆͳߧۉͷଘ͕ࡏอূ͞Εͳ͍ͱ͍͑Δɽ

4.4 ਺஋࣮ݧ

ຊઅͰ͸਺஋ࢉܭΛ௨ͯ͠ɼཧ࿦ղੳͰ͸໌Β͔ʹͰ͖ͳ͔߲ͬͨࣄʹ͍ͭͯௐ΂Δɽ

۩ମతʹ͸ɼ·ͣ better response dynamicsͷऩଋੑʹ͍ͭͯௐ΂Δɽ࣍ʹɼperturbed better
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ਤ 4.3: ਤɿΦϦδφϧͷࠨ DupuisωοτϫʔΫɽӈਤɿຊߘͰऔΓѻ͏ωοτϫʔΫ

ද 4.1: ϦϯΫɾύϥϝʔλ (FFTT:ࣗ༝ཱྀؒ࣌ߦ, BN:ϘτϧωοΫ༰ྔ, SF:๞࿨ަ௨ྲྀ཰)

Link FFTT

[sec]

BN

[veh/sec]

SF

[veh/sec]

Link FFTT

[sec]

BN

[veh/sec]

SF

[veh/sec]

(o1, a) 14 2 2 ( f , h) 12 1.5 1.5

(o2, a) 18 2 2 (g, h) 18 0.17 0.5

(a, b) 6 2 2 (g, j) 6 0.2 0.5

(b, c) 6 2 2 (h, i) 9 0.67 83

(b, e) 18 1.5 1.5 (i, k) 12 0.27 0.67

(c, f ) 26 1.5 1.5 (i, l) 6 0.2 0.5

(c, g) 10 1.5 1.5 ( j, k) 6 0.67 1

(e, f ) 20 1.5 1.5 (k, d1) 6 0.67 1

(e, l) 42 0.27 0.5 (l, d2) 6 0.67 1

response dynamicsɼ͓Αͼ perturbed best response dynamicsͷఆৗ෼෍ʹ͍ͭͯௐ΂Δɽ

4.4.1 ωοτϫʔΫɾधཁઃఆ

ਤ 4.3 ʹɼຊষͰऔΓѻ͏ unidirectional network Λࣔ͢ɽ͜ͷωοτϫʔΫ͸ Nguyen

DupuisΛϕʔεʹɼunidirectionalߏ଄Λ࣋ͭΑ͏ʹߏ଄Λमਖ਼ͨ͠΋ͷͰ͋Δɽى఺ϊʔ

υͷू߹͸ No = {o1, o2}Ͱ͋Γɼऴ఺ϊʔυͷू߹͸ Nd = {d1, d2}Ͱ͋Δɽωοτϫʔ
Ϋ্ͷ֤ϦϯΫ͸ɼϦϯΫऴ୺ͷϘτϧωοΫ෦ͱϘτϧωοΫҎ֎ͷ͔۠ؒΒߏ੒͞Ε

͓ͯΓɼ୆ܕܗͷ Fundamental DiagramΛ͍࣋ͬͯΔɽ֤ϦϯΫͷύϥϝʔλʢe.g.,ࣗ༝

ɼϘτϧωοΫ༰ྔʣΛදؒ࣌ߦཱྀ 4.1ʹ·ͱΊΔɽͳ͓ɼωοτϫʔΫ্ͷ֤ى఺͔Β

֤ऴ఺ʹ͸ɼ࢛ͭͷܦ࿏͕ଘ͍ͯ͠ࡏΔʢi.e.,֤ं྆ͷܦ࿏બ୒ूࢶ߹͸࢛ͭͷܦ࿏͔Β

࿏͸ਤʹࣔͨ͠ͱ͓Γʹ൪߸෇͚͍ͯΔɽܦ੒͞ΕΔʣɽ͜ΕΒߏ

ωοτϫʔΫ্ͷ֤ى఺͔Β͸ɼͦΕͧΕ 100୆ͷं͕྆ग़ൃ͢Δɽ֤ं྆͸Ұఆͷं

಄ִؒͰى఺͔ΒωοτϫʔΫʹྲྀೖ͍ͯ͠Δʢं಄ִؒͷ۩ମతͳ஋͸ޙʹࣔ͢ʣɽ·

ͨɼ֤ऴ఺΁྆ं͏͔޲ͷൺ཰͸ 1ର 1ͱઃఆ͍ͯ͠Δɼi.e.,֤ىऴ఺ؒΛ૸͢ߦΔं྆



ୈ 4ষ ಈతར༻ऀߧۉͷ֬཰త҆ఆੑͷղੳ 66

1 2 3
0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2 #10
4

N
um

be
r o

f t
he

 a
ve

ra
ge

 it
er

at
io

ns
 

to
 c

on
ve

rg
en

ce
 �

Low� Medium� High�

Physical�

(a) Physical queue

1 2 3
0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2 #10
4

N
um

be
r o

f t
he

 a
ve

ra
ge

 it
er

at
io

ns
 

to
 c

on
ve

rg
en

ce
 �

Low� Medium� High�

Point�

(b) Point queue

ਤ 4.4: Nashߧۉঢ়ଶʹୡ͢Δલͷऩଋ೔਺ͷฏۉ஋ɽ

͸ɼ50୆ͣͭଘ͢ࡏΔɽ

ຊߘͰ͸ɼLeclercq and Bécarie (2012) ʹΑΓఏҊ͞Εͨ mesoscopic LWR ϞσϧʹΑ

Γɼ֤ं྆ͷڍಈΛ͢ࢉܭΔɽ͜ͷ਺஋࣮ݧͰ͸ɼ֤ं͕྆ಛఆͷՕॴʢe.g.,ϊʔυʣΛ

௨Δ࣌ࠁͰ͋Δ event timeΛٻΊΔɽ࣍ʹ event timeͷ͏ͪɼ࠷খͷ࣌ࠁ·Ͱͷं྆ڍಈ

ʢi.e.,֤ϦϯΫ্ͷं྆ي੻ʣΛɼద༻͞ΕΔಈతͳަ௨ྲྀϞσϧʹै͍ٻΊΔɽͦͯ͠ɼ

͜ΕΒΛશͯͷं͕྆τϦοϓΛऴ͑Δ·Ͱ܁Γฦ͍ͯ͠Δɽͳ͓ɼຊߘͰ͸ಈతͳަ௨

ྲྀϞσϧͱͯ͠ɼNewell (2002)ͷ௥ैϞσϧΛ࠾༻͍ͯ͠Δɽ

4.4.2 ਺஋࣮݁ݧՌ

Better response dynamicsͷऩଋ଎౓ʹ͍ͭͯ

·ͣɼbetter response dynamics͕ Nashߧۉʹऩଋ͢ΔͨΊʹඞཁͳ೔਺Λௐ΂Δɽ͜

ͷ਺஋࣮ݧͰ͸ɼى఺͔Βྲྀೖ͢Δं྆ͷं಄ִؒʹ͍ͭͯɼ࣍ͷࡾछྨͷύλʔϯΛߟ

͑Δʀ2.5[sec/veh]ʢlowύλʔϯʣɼ2.0[sec/veh]ʢmediumύλʔϯʣɼ1.5[sec/veh]ʢhighύ

λʔϯʣɽ͞Βʹ଴ͪྻߦͷԆ৳͕ऩଋ೔਺ʹӨ͢ڹΔ͔Ͳ͏͔Λ͢࡯ߟΔͨΊʹɼ֤ध

ཁύλʔϯʹ͍ͭͯɼphysical queueͱ point queueͷͦΕͧΕΛద༻͢Δɽऩଋ೔਺ͷൺ

ֱʹ͋ͨͬͯ͸ɼ֤धཁɾqueueϞσϧΛద༻ͨ͠΋ͷʹ͍ͭͯɼbetter response dynamics

ʹΑΔߧۉղ΁ͷऩଋࢉܭΛ 50ճ͍ߦɼऩଋʹཁ͢Δ·Ͱͷฏۉ೔਺Λͨ͠ࢉܭɽͳ͓

࿏ͱઃఆ͍ͯ͠Δɽܦ୹ͷ࠷཭ڑ஋͸ɼظ࿏બ୒ϕΫτϧͷॳܦ

ਤ 4.4 ʹɼฏۉऩଋ೔਺ͷ݁ՌΛࣔ͢ɽਤ 4.4 ͷࠨʹ physical queueɼӈʹ point queue

Λద༻ͨ͠΋ͷΛࣔ͢ɽ֤ਤʹ͸ɼҟͳΔधཁύλʔϯΛద༻ͨ݁͠ՌΛശͻ͛ਤͰࣔ͠

͓ͯΓɼਤத੺ઢ͕ऩଋ೔਺ͷฏۉ஋Λ͍ࣔͯ͠Δɽ͜ΕΒͷਤ͔Β͸ɼं಄ִ͕ؒ୹͘

ͳΔ΄Ͳʢྲྀೖަ௨ྲྀ཰͕͍ߴ΄Ͳʣɼऩଋ೔਺͕গͳ͘ͳΔ޲܏ʹ͋Δ͜ͱ͕ͯݟऔΕ

Δɽ·ͨ physical queue ͱ point queue ͷऩଋ೔਺Λൺֱ͢Δͱɼhigh ͷधཁύλʔϯͰ
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ਤ 4.5: ঢ়ଶͰͷɼऴ఺ߧۉ d1 ࿏ͷྦྷੵྲྀೖ୆਺ɽܦ֤͏͔޲ʹ

͸ऩଋ೔਺ͷฏۉ஋ʹ໌֬ͳ͕ࠩग़͍ͯΔ͜ͱ͕Θ͔Δɽ͜ͷ݁Ռ͸ɼ͜ͷ਺஋࣮ݧͷઃ

ఆͰ͸ɼ଴ͪྻߦͷԆ৳͕ऩଋ೔਺Λগͳ͍ͯ͘͠Δ͜ͱΛ͍ࣔࠦͯ͠Δɽ

͜ͷཁҼʹ͍ͭͯ͢࡯ߟΔͨΊʹɼߧۉঢ়ଶʹ͓͚Δܦ࿏બ୒ύλʔϯΛௐ΂ͨɽਤ 4.5

ʹɼphysical queueͱ point queueͷͦΕͧΕΛద༻ͨ͠৔߹ʹ͓͚Δɼ֤ܦ࿏ͷར༻ऀ਺

ͷྦྷੵਤΛࣔ͢ɽԣ࣠͸࣌ؒΛ͓ࣔͯ͠Γɼॎ࣠͸ͦͷ࣌ࠁ·Ͱʹܦ࿏ʹྲྀೖͨ͠ं྆ͷ

ྦྷੵ਺Λ͍ࣔͯ͠Δɽ͜ΕΒͷਤΛൺֱ͢Δͱɼphysical queueΛద༻ͨ͠৔߹͸ɼΑΓ

࿏ܦɼ͍͓ͯʹࠁ͍࣌ૣ 2 Λར༻͢Δं͕྆ଘ͠ࡏͳ͘ͳ͍ͬͯΔ͜ͱ͕Θ͔Δɽ͜Ε

͸ɼϦϯΫ ( j, g)্ͷ଴͕ͪྻߦϦϯΫ (c, g)ʹԆ৳͢Δ͜ͱʹΑΓɼ͜ͷܦ࿏ͷཱྀؒ࣌ߦ

͕૿Ճͨͨ͠ΊͰ͋Δɽ͜ͷ͜ͱ͸ɼߧۉঢ়ଶ΁ͷऩଋաఔΛͨ͑ߟͱ͖ɼbetter response

ʹΑΔ֤ं྆ͷܦ࿏มߋઌͷީิ͔Βܦ࿏ 2͕আ֎͞Ε΍͘͢ͳΔ͜ͱΛҙຯ͍ͯ͠Δɼ

i.e.,ܦ࿏ 1ͱ 3ͷؒͰͷ better responseΛ޲܏͏ߦʹ͋ΔɽҰํͰ point queueΛద༻ͨ͠

৔߹͸ɼ଴ͪྻߦͷԆ৳͕ੜ͍ͯ͡ͳ͍ͨΊʹɼܦ࿏ 2Λར༻͢Δं྆͸ΑΓ஗͍ग़ൃ࣌

࿏ܦΔ͜ͱ͕Θ͔Δɽ͢ͳΘͪɼ͍ͯ͠ࡏ΋ଘ͍͓ͯʹࠁ 2͸ better responseͷީิͱ͠

৳ͷԆྻߦ͸ɼ଴͍͓ͪͯʹݧΓଓ͚͍ͯΔ͜ͱ͕Θ͔Δɽ݁Ռͱͯ͠ɼ͜ͷ਺஋࣮࢒ͯ

͕ better responseʹΑΔޙࣄతͳ࠷୹ܦ࿏΁ͷม֬ߋ཰ΛߴΊ͍ͯΔͱ͑ߟΒΕΔɽͦ͠

ͯ͜ͷͨΊʹɼphysical queueͰ͸ΑΓগͳ͍೔਺Ͱߧۉղ΁ͱऩଋ͍ͯ͠Δ͜ͱ͕ࣔࠦ

͞ΕΔɽ

Perturbed dynamicsͷఆৗ෼෍

࣍ʹɼperturbed dynamicsͷఆৗ෼෍Λௐ΂Δɽ͜͜Ͱ͸·ͣɼperturbed better response

dynamics Λద༻ͨ͠ͱ͖ͷఆৗ෼෍ΛٻΊΔʀͦͯ͠ɼΏΒ͗ͷύϥϝʔλΛখ͘͞

͢Δ͜ͱͰɼͲͷΑ͏ʹߧۉղ΁ͱऩଋ͢Δͷ͔Λௐ΂Δɽ࣍ʹ perturbed best response

dynamicsΛద༻͠ɼཧ࿦తʹ͸อূ͞Εͳ͔͕ͬͨɼ֬཰త҆ఆͳߧۉ͸ൃ͢ݱΔͷ͔Ͳ

͏͔Λௐ΂Δɽ

਺஋ࢉܭͷઃఆʹ͍ͭͯઆ໌͢Δɽ·ͣɼperturbed better response dynamics Ͱ͸ɼे
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(a)ܦ࿏ར༻ऀ਺ͷဃ཭౓߹͍ͷ෼෍ (b)૯ཱྀؒ࣌ߦͷ෼෍

ਤ 4.6: Perturbed better response dynamicsʹ͓͚Δఆৗ෼෍

෼খ͍֬͞཰ ϵ Ͱར༻ऀ͸ better response ʹϛεΛ͢͜ى΋ͷͱ͢Δɽͦͯ͠ϛεΛ

࿏Λબ୒͢Δ΋ͷͱ͢ܦ࿏ͷརಘʹؔΘΒͣϥϯμϜʹҰͭͷܦར༻ऀ͸ɼͨ͜͠ى

Δɽ࣍ʹɼperturbed best response dynamicsͱͯ͠͸ɼlogit-response dynamicsΛద༻͢Δɽ

Logit-responseͰ͸ɼΏΒ͗ͷύϥϝʔλ β͕༩͑ΒΕͨͱ͖ɼ࣍ʹࣔ֬͢཰ʹܦ͖ͮج

࿏Λબ୒͢Δɿ

pi(ri; r−i) =
exp(−βgi(ri, r−i))∑

ri∈Ri
exp(−βgi(ri, r−i))

. (4.9)

ຊߘͰ͸ɼ֤μΠφϛΫεʹ͍ͭͯɼ࣍ʹࣔ͢ 3 ύλʔϯͷΏΒ͗ͷύϥϝʔλΛ༩

͑ͨͱ͖ͷఆৗ෼෍ΛٻΊΔɿperturbed better response Ͱ͸ɼϵ = 0.005, 0.0005, 0.0001ʀ

logit-responseͰ͸ɼβ = 0.1, 1, 100ɽͳ͓ɼधཁ͸ highύλʔϯͷ΋ͷΛద༻ͨ͠ɽ

ఆৗ෼෍ΛٻΊΔࡍʹ͸ɼద༻͞Εͨ perturbed dynamicsʹैͬͨܦ࿏มߋΛɼ200,000

ճ܁Γฦ͢ɽॳܦظ࿏બ୒ϕΫτϧ͸ɼલઅͱಉ֤͘͡ར༻ऀ͕࠷୹ڑ཭ܦ࿏ΛબΜͰ͍

Δঢ়ଶͰ͋Δͱ͢Δɽͦͯ͠ɼ֤ަ௨ঢ়ଶʹର͢Δස౓෼෍ΛٻΊΔɽަ௨ঢ়ଶͱͯ͠

͸ɼ࣍ͷ 2ͭͷࢦඪΛ༻͍͍ͯΔʢ1ͭͷ܁Γฦ͠ʹର͠ɼ2ͭͷަ௨ঢ়ଶΛ༻͍ͯఆৗ

෼෍Λಋग़͍ͯ͠ΔʣɿҰͭ͸ɼॳܦظ࿏બ୒ϕΫτϧ͔Βͷϑϩʔɾύλʔϯͷဃ཭౓߹

͍Ͱ͋Δɽ۩ମతʹ͸ɼ֤ܦ࿏ͷར༻ऀ਺ͷဃ཭౓߹͍ z(τ)Λɼ࣍ʹࣔ͢ϢʔΫϦουڑ

཭Ͱఆ͍ٛͯ͠Δɿ

z(τ) =

⎡
⎢⎢⎢⎢⎢⎣
∑

r∈R

(
f r(τ) − f r(0)

)2

⎤
⎥⎥⎥⎥⎥⎦

1/2

. (4.10)

͜͜Ͱ f r(τ)͸ɼday τʹ͓͚Δܦ࿏ rͷར༻ऀ਺Λද͍ͯ͠Δɽ΋͏Ұͭͷަ௨ঢ়ଶͱ͠

ͯ͸ɼཱྀؒ࣌ߦͷύλʔϯͷྨࣅ౓߹͍ΛݟΔͨΊʹɼ૯ཱྀؒ࣌ߦΛ༻͍ͯΔɽ
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ද 4.2: ࿏ͷར༻ऀ਺ܦ֤

For d1 r1 r2 r3 r4 For d2 r1 r2 r3 r4 Total Time [sec]

49 4 47 0 55 7 38 0 23342

49 4 47 0 55 6 39 0 23342

49 4 47 0 55 7 38 0 23342

49 3 48 0 55 7 38 0 23381

49 2 49 0 55 9 36 0 23381

(a)ܦ࿏ར༻ऀ਺ͷဃ཭౓߹͍ͷ෼෍ (b)૯ཱྀؒ࣌ߦͷ෼෍

ਤ 4.7: Logit-response dynamicsʹ͓͚Δఆৗ෼෍

Perturbed better response dynamics

ਤ 4.6ʹɼperturbed better response dynamicsΛద༻ͨ͠ͱ͖ͷఆৗ෼෍Λࣔ͢ɽ֤ਤʹ

͓͍ͯԣ࣠͸ަ௨ঢ়ଶΛ͓ࣔͯ͠Γɼॎ࣠͸֤ঢ়ଶͷස౓෼෍Λද͍ͯ͠Δɽ·ͣਤ 4.6a

ΛݟΔͱɼΏΒ͗ͷύϥϝʔλ ϵ͕খ͘͞ͳΔ͜ͱʹΑΓɼަ ௨ঢ়ଶ͕ NashߧۉपΓ΁ͱ

ऩଋ͍ͯ͠Δ͜ͱ͕Θ͔Δɽͨͩ͠ɼऩଋઌͷ Nashߧۉ͸།ҰͰ͸ͳ͘ɼෳ਺ͷ֬཰త

҆ఆͳ Nash͕ߧۉଘ͍ͯ͠ࡏΔ͜ͱ͕Θ͔Δɽྫ͑͹ ϵ = 0.0001Ͱ͸ɼ5ຊͷϏϯ͕ߴ

͍ස౓෼෍Λ͓ࣔͯ͠Γɼ͜ΕΒ͸ͦΕͧΕҟͳΔछྨͷ Nashߧۉঢ়ଶʹରԠ͍ͯ͠Δɽ

࣍ʹɼ૯ཱྀؒ࣌ߦͷఆৗ෼෍Λঢ়ଶͱͯ͠ͱͬͨఆৗ෼෍ʢਤ 4.6bʣΛΈΔͱɼϵ = 0.0001

࿏બ୒ϕΫτϧΛঢ়ଶͱͨ͠ఆৗ෼෍Ͱ͸ܦ͍͓ͯʹ 5ຊ͋ͬͨϏϯ͕ɼ૯ཱྀؒ࣌ߦͰ͸

2ຊͷϏϯʹू໿͞Ε͍ͯΔ͜ͱ͕Θ͔Δɽ͜ͷ͜ͱ͔Β͸ɼϑϩʔɾύλʔϯͷࠣࡉͳ

ҧ͍͸༗ΕͲ΋ɼ΄ͱΜͲͷ NashߧۉͰ͸ಉҰͷίετɾύλʔϯΛ͍࣋ͬͯΔ͜ͱ͕

Θ͔Δɽ͔͠͠ಉ࣌ʹඍࠩͰ͸͋Δ͕ɼ૯ཱྀ͕ؒ࣌ߦେ͖͍ʢ23381[sec]ʣɼࣾձతඅ༻ͷ

ΑΓখ͍͞ʢ23342[sec]ʣʮྑ͍ʯNash͕ؒ࣌ߦͱɼ૯ཱྀߧۉΔͱʮѱ͍ʯNashݟ఺͔Β؍

Δʢද͍ͯ͠ࡏଘ͕ߧۉ 4.2ʹɼ֤ Nashߧۉঢ়ଶʹ͓͚Δ֤ܦ࿏ͷར༻ऀ਺ɼ͓Αͼ૯

ϞσϧͰ͸୯ʹϑϩʔɾύλʔϯ͕ҰҙʹͳΒͳ͍ࢠΛࣔ͢ʣɽ͜ͷΑ͏ʹɼཻؒ࣌ߦཱྀ

ͷͰ͸ͳ͘ɼίετɾύλʔϯͷ໘͔ΒΈͯ΋୯७ʹ͸ҰҙʹͳΒͳ͍͜ͱ͕Θ͔Δɽ
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Logit response dynamics

࣍ʹɼਤ 4.7ʹɼlogit response dynamicsΛద༻ͨ͠ͱ͖ͷఆৗ෼෍Λࣔ͢ɽ·ͣਤ 4.7a

ΛݟΔͱɼlogit response dynamicsͰ͸ΏΒ͗ͷύϥϝʔλΛখͨ͘͞͠ͱ͖ʢi.e., βΛେ

͖͘͢ΔʣɼNashߧۉঢ়ଶपΓʹ͸ऩଋͭͭ͋͠Δ΋ͷͷɼ͋Δಛఆͷঢ়ଶͷස౓͕͘ߴ

ͳΔ͜ͱ͸ͳ͔ͬͨ*4ɽͳ͓ɼ͜ͷ਺஋ࢉܭͷൣғ಺Ͱ͸ɼNash ͯ͠ݱ͸Ұ౓΋ൃߧۉ

͍ͳ͍ɽ·ͨɼਤ 4.7b ΛݟΔͱɼ૯ཱྀؒ࣌ߦ΋ Nash ܏ঢ়ଶपΓʹऩଋͭͭ͋͠Δߧۉ

Δ͕ɼͦͷස౓͸͑ݟ͕޲ better responseʹରͯ͠௿͍ɽΑͬͯ͜ͷ਺஋ࢉܭͰ͸ɼlogit

response dynamicsͰ͸֬཰త҆ఆͳ͕ߧۉଘ͠ࡏͳ͍͜ͱ͕ࣔࠦ͞ΕΔɽ

4.5 ຊষͷ·ͱΊ

ຊষͰ͸ɼunidirectional network ্ͷ DUE ήʔϜʹ͓͚ΔɼΏΒ͗ΛؚΉμΠφϛΫ

εͷ֬཰త҆ఆੑΛղੳͨ͠ɽղੳͷํ๏࿦͸ɼ࣍ͷ 3ͭͷ֓೦ɾํ๏࿦͔Βߏ੒͞Εͯ

͍ΔɿཻࢠϞσϧʹ͓͚Δ DUE഑෼໰୊ͷ࣌ؒ෼ղ๏ɼweakly acyclic gameɼͦͯ͠ఆৗ

෼෍ͷ઴ۙతڍಈղੳɽ͜ΕΒΛ૊Έ߹Θͤͨํ๏࿦ʹΑΓɼܦ࿏ཱྀؒ࣌ߦͷ୯ௐੑΛඞ

ཁͱ͢Δ͜ͱͳ͘ɼDUE഑෼໰୊ͷ਺ཧతಛੑΛղੳ͢Δ͜ͱ͕Ͱ͖Δɽ۩ମతʹ͸ɼલ

ষͰূ໌ͨ͠ DUEήʔϜͷ࣌ؒ෼ղಛੑ͔Βɼunidirectional networkʹ͓͚Δ DUEήʔ

Ϝ͕ weakly acyclic game Ͱ͋Δ͜ͱΛࣔͨ͠ɽ࣍ʹɼ͜ͷ͖ؔͮجʹੑ܎ɼཻࢠϞσϧ

Ͱͷجຊతͳ day-to-day dynamics Ͱ͋Δ better/best response dynamics ͷऩଋੑʹ͍ͭͯ

ௐ΂ɼbetter response dynamics ͷऩଋੑΛࣔͨ͠ɽͦͯ͜͠ͷऩଋੑΛ׆༻͢Δ͜ͱͰɼ

perturbed better response dynamicsʹ͸֬཰త҆ఆੑ͕ߧۉଘ͢ࡏΔ͜ͱΛূ໌ͨ͠ɽ

ຊڀݚͰߏஙͨ͠ํ๏࿦͸ɼަ௨ωοτϫʔΫ഑෼ཧ࿦ɼ͓ΑͼήʔϜཧ࿦Ͱൃలͯ͠

͖ͨํ๏࿦ɾ֓೦Λ૊Έ߹Θͤͨ΋ͷͰ͋Δɽ͜ΕΒͷํ๏࿦͸ैདྷ͔ΒΑ͘஌ΒΕ͍ͯ

Δ΋ͷͰ͸͋Δ͕ɼͦΕΒΛ౷߹͢Δ͜ͱͰɼຊڀݚ͸࣍ͷΑ͏ͳཧ࿦తͳݙߩΛ͜͏ߦ

ͱʹ੒ޭ͍ͯ͠ΔɽୈҰʹɼDUEͷ҆ఆੑʹؔ͢ΔطଘڀݚͰ͸ղੳର৅ͱ͢Δωοτ

ϫʔΫߏ଄͕ 1 ࿏ܦ 1 ϘτϧωοΫɾωοτϫʔΫʹݶఆ͞Ε͍ͯͨͷʹର͠ɼຊڀݚ

Ͱ͸ unidirectional networkͰͷ҆ఆੑɾऩଋੑʹؔ͢Δ݁࿦Λཱ֬ͨ͜͠ͱͰ͋Δɽୈೋ

ʹɼDUEήʔϜͰ֬཰త҆ఆੑΛอূ͢Δʹ͋ͨΓɼద༻͢ΔμΠφϛΫεʹ͓͚Δར༻

ऀͷޮ༻ͷີݫͳվળੑ͕ॏཁͳ໾ׂΛՌͨ͢͜ͱΛ໌Β͔ʹͨ͜͠ͱͰ͋Δɽୈࡾʹɼ

ঢ়ଶͷ਺ཧతಛੑͷղੳʹ͋ͨΓɼDUE഑෼໰୊ͷ࣌ؒ෼ղ๏͕Ռͨ͢৽ͨͳ໾ׂߧۉ

Λ໌Β͔ʹͨ͜͠ͱͰ͋Δɽ

ຊڀݚͰ͸ unidirectional networkʹ͓͚Δ DUEήʔϜͷ֬཰త҆ఆߧۉͷଘੑࡏΛূ

໌͕ͨ͠ɼͦͷ҆ఆߧۉʹରԠ͢Δϑϩʔɾύλʔϯʢ·ͨ͸ίετɾύλʔϯʣ͸໌Β

*4 βΛ͞Βʹେ͖ͨ͘͠ʢi.e.,ΏΒ͗ͷύϥϝʔλΛখͨ͘͞͠ʣέʔεͰ΋਺஋ࢉܭΛߦͳ͕ͬͨɼͦͷͱ
͖ͷఆৗ෼෍͸ β = 100ͷέʔεͱ΄΅ಉҰͰ͋ͬͨɽ
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͔ʹͳ͍ͬͯͳ͍ɽಛʹɼDUEήʔϜ͕ෳ਺ߧۉΛ࣋ͭ৔߹ɼͲ͏͍ͬͨϑϩʔɾύλʔ

ϯΛ࣋ͭߧۉঢ়ଶ͕֬཰త҆ఆԽ͢Δͷ͔ʢi.e.,μΠφϛΫεʹΑΔߧۉબ୒ʣΛௐ΂Δ

͜ͱ͕ॏཁͱͳΔɽ·ͨɼ૯ཱྀؒ࣌ߦͷ؍఺͔Βޮ཰తɾඇޮ཰తͳߧۉঢ়ଶ͕ଘ͢ࡏΔ

ͷͰ͋Ε͹ɼμΠφϛΫε͕ޮ཰తͳߧۉঢ়ଶ΁ͱऩଋ͢ΔͨΊͷϓϨΠϠʔͷརಘઃܭ

ͷํ๏࿦ͷߏங΋ɼڵຯਂ͍՝୊Ͱ͋ΔɽDUEήʔϜʹ͓͚Δঢ়ଶۭؒ͸๲େͰ͋Γɼ͔

ͭϓϨΠϠʔؒͷ૬࡞ޓ༻͸ෳࡶͰ͋ΔͨΊɼ͜͏ͨ͠ղੳ͸୯७ͳ΋ͷͰ͸ͳ͍ɽ͔͠

͠ͳ͕Βɼ͜ΕΒ͸ۙ೥͕ڀݚਐΊΒΕ͖͍ͯͯΔࣗ཯෼ܕࢄͷ੍ޚγεςϜߏஙʹ͢ࢿ

Δॏཁͳɼ௅ઓ͢ΔՁ஋ͷ͋Δ՝୊Ͱ͋Δͱ͑ݴΔͩΖ͏ɽ

·ͨɼweakly acyclic gameͱͯ͠औΓѻ͑Δ DUEήʔϜͷछผʢωοτϫʔΫߏ଄ɼग़

Ͱ͸ڀݚຯਂ͍՝୊ͷҰͭͰ͋Δɽຊڵબ୒ͷ༗ແʣʹ͍ͭͯৄ͘͠ௐ΂Δ͜ͱ΋ࠁ࣌ൃ

unidirectional network ্Ͱͷૣ࠷ະ഑෼ं྆ͷଘ͔ੑࡏΒ DUE ήʔϜͱ weakly acyclic

game ͱͷ݁ͼ͖ͭΛ໌Β͔ʹ͕ͨ͠ɼunidirectional network ͸͋͘·ͰଘੑࡏΛ୲อ͢

ΔͨΊͷे෼৚݅Ͱ͋ΔɽͦͷͨΊɼૣ࠷ະ഑෼ं͕྆ଘ͢ࡏΔͨΊͷඞཁे෼৚݅Λ໌

Β͔ʹ͍ͯ͘͜͠ͱͰɼ҆ఆੑղੳΛ͑ߦΔωοτϫʔΫߏ଄ͷछผΛ֦ு͢Δ͜ͱ͕Ͱ

͖͏Δɽ·ͨɼूߧۉ߹΁ͷऩଋੑ͕อূ͞Ε͍ͯΔ ࿏ܦ1 1ϘτϧωοΫɾωοτϫʔ

ΫͰͷ DUEͱ weakly acyclic gameͱͷؔੑ܎Λ໌Β͔ʹ͍ͯ͘͜͠ͱ΋ॏཁͰ͋Ζ͏ɽ
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ୈ 5ষ

ौ଺ύλʔϯΛ༩݅ͱͨ͠εϧʔ
ϓοτղੳํ๏ͷߏங

5.1 ͸͡Ίʹ

ຊষͰ͸ɼDUE ഑෼໰୊ͷ࣌ؒ෼ղ๏Λద༻Ͱ͖Δ unidirectional networkΛର৅ͱ͠

ͯɼεϧʔϓοτΛཧ࿦తʹղੳ͢Δํ๏Λߏங͢ΔɽఏҊํ๏͸ɼୈ 1ষͰઆ໌ͨ͠Α

͏ʹɼطଘ͔ڀݚΒͦͷॏཁੑ͕ࣔࠦ͞Ε͍ͯΔʮʢ҆ఆతʹ؍ଌ͞ΕΔʣۭؒతͳौ଺

ύλʔϯʯΛத৺ʹ૊ΈཱͯΒΕ͓ͯΓɼͦͷύλʔϯͱεϧʔϓοτΛղੳతʹ݁ͼͭ

͚ΔͨΊʹɼDUE ཧ࿦Λ༻͍͍ͯΔɽΑΓ۩ମతʹ͸ɼωοτϫʔΫͷ෺ཧత৚͓݅Α

ͼ ODधཁ͔Βौ଺ύλʔϯΛٻΊΔ DUE഑෼໰୊Λɼʮौ଺ύλʔϯΛ༩݅ͱͯ͠ɼε

ϧʔϓοτʢఆৗతʹྲྀΕ͏Δ ODधཁͷ࿨ʣΛಋग़͢Δٯ໰୊ʯ΁ͱม͢׵Δɽ͜ͷ໰

୊͸ɼग़ྗΛҰҙʹܾΊΔͨΊͷج४*1ͱͯ͠ɼωοτϫʔΫ಺ʹଘ͢ࡏΔं྆୆਺͕Ұ

ఆͱͳΔఆৗঢ়ଶʢi.e., पڥظք৚݅ʣΛ૝ఆ͢Δɽ͜Ε͸ɼୈ 2 ষͰղઆͨ͠Α͏ʹɼ
ཤྺґଘੑ͕ऑ·ͬͨఆৗঢ়ଶΛ͑ߟΔ͜ͱͰɼγεςϜͷੑೳΛ࣌ݱ఺ͷঢ়ଶ͔Βද͢

͜ͱ͕Ͱ͖ΔΑ͏ʹͳΔͨΊͰ͋Δɽͦͷ݁ՌɼఏҊٯ໰୊͸ઢํܗఔࣜܥͰهड़͞Εɼ

ौ଺ύλʔϯͱεϧʔϓοτΛղੳతʹ͚ؔͮ܎Δ͜ͱ͕Ͱ͖Δɽ

ຊষͷߏ੒͸࣍ͷ௨ΓͰ͋Δɽଓ͘ 5.2Ͱ͸ɼҎ߱ͷղੳͷ४උͱͯ͠ɼ࣌ࠁผ෼ղ͞
Εͨ DUE Ϟσϧ͓Αͼौ଺ύλʔϯΛ༩݅ͱͨ͠ DUE ͷߧۉղͷಋग़๏Λ֓આ͢Δɽ

5.3 Ͱ͸ɼۭؒతͳौ଺ύλʔϯΛ༩݅ͱͨ͠ DUE ͷߧۉղ͔Βٯ໰୊Λߏங͠ɼ͜Ε

Λղ͘͜ͱʹΑΓఆৗঢ়ଶʹ͓͚ΔεϧʔϓοτΛղੳతʹಋग़͢Δɽ5.4Ͱ͸ɼωοτ
ϫʔΫ಺ͷं྆ଘࡏ୆਺͕มԽ͢ΔࡍͷεϧʔϓοτͷಛੑΛ͢࡯ߟΔɽ5.5Ͱ͸ɼ͜͜
·Ͱͷ୯Ұى఺ߏ଄ωοτϫʔΫͰͷεϧʔϓοτղੳํ๏Λɼunidirectionalߏ଄Λ࣋ͭ

ωοτϫʔΫ΁ͱ֦ு͢Δɽ5.6 Ͱ͸ɼ਺஋࣮ݧʹΑΓɼఏҊख๏ͷଥ౰ੑΛ֬ೝ͢Δɽ
ʹޙ࠷ 5.7Ͱ͸ɼຊষͷ·ͱΊΛड़΂Δɽ

*1 ௨ৗͷ ODަ௨ྔਪఆʹ͓͚ΔΤϯτϩϐʔ࠷େԽ΍ࠩ࢒ฏํ࿨࠷খԽʹ૬౰͢Δ৚݅Ͱ͋Δɽ
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5.2 ಈతར༻ऀߧۉঢ়ଶ

5.2.1 ղੳͷલఏ৚݅

ҎԼͰ͸·ͣɼ୯Ұى఺ͷ ODߏ଄Λ࣋ͭҰൠߏ଄ͷωοτϫʔΫΛର৅ͱ͢Δɽωο

τϫʔΫ͸ϊʔυू߹NɼϦϯΫू߹ Lɼىऴ఺ͷू߹WͰද͞ݱΕ͓ͯΓɼ֤ʑͷू

߹ͷཁૉΛ i ∈ Nɼi j ∈ Lɼod ∈Wͱ͢ΔɽωοτϫʔΫͷߏ଄͸ɼϊʔυɾϦϯΫ઀ଓ

ྻߦ A∗ʢ|N|× |L|ྻߦʣͰද͞ΕΔɽ͜ͷྻߦͷϥϯΫ͸ |N|− 1Ͱ͋ΔͨΊ (੺দོɼ܂

,խ෉ݪ 1992)ɼ།Ұͷى఺ʹରԠ͢ΔߦΛআ͖ɼͦͷྻߦΛط໿઀ଓྻߦ Aͱ͢Δɽ͞Β

ʹɼط໿઀ଓྻߦʹ͓͚Δ +1ͷཁૉΛ Λྻߦͨ͠ʹ0 A− ͱ͓͘ɽ

֤ OD ϖΞؒͷަ௨धཁ͸֎ੜతʹ༩͑ΒΕΔɽΑΓ۩ମతʹ͸ɼ࣌ࠁ t ·Ͱʹى఺

oΛग़ൃ͠ऴ఺Λ dͱ͢Δྦྷੵ ODަ௨ྔΛ Qod(t)ͱද͢ɽ֤ϦϯΫ͸ First-In-First-Out

(FIFO)ݪཧΛ࠾༻͠ɼަ௨ঢ়ଶ͸ Point Queue (PQ)ϞσϧͰද͞ݱΕΔͱ͢Δɽ۩ମతʹ

͸ɼ֤ϦϯΫ (i, j)͸ࣗ༝૸ߦϦϯΫͱ଴ͪྻߦϦϯΫͰߏ੒͞Ε͍ͯΔͱ͠ɼࣗ༝૸ߦϦ

ϯΫͷཱྀؒ࣌ߦ͸ఆ਺ mijɼ଴ͪྻߦϦϯΫͷϘτϧωοΫ༰ྔ͸ µi j ͱ͢Δɽ͜ͷͱ͖ɼ

ࠁ࣌ tʹϦϯΫ (i, j)ʹྲྀೖͨ͠ं྆ͷཱྀؒ࣌ߦ͸ɼ

cij(t) = mij + xij(t +mij)/µi j (5.1)
where xij(t) = Aij(t −mij) −Dij(t).

͜͜Ͱɼxij(t)͸࣌ࠁ tͷϦϯΫԼྲྀ୺Ͱͷ଴ͪྻߦ୆਺ɼAij(t),Dij(t)͸֤ʑ࣌ࠁ t·Ͱ

ʹϦϯΫ (i, j)Λྲྀೖ,ྲྀग़ͨ͠ྦྷੵަ௨ྔΛද͍ͯ͠Δɽͳ͓ɼAij(t),Dij(t)͕࣌ؒඍ෼Մ

ೳͰ͋Ε͹ɼ࣌ࠁ tʹ͓͚ΔϦϯΫ (i, j)ͷྲྀೖɼྲྀग़ަ௨ྲྀ཰ λi j(t), gij(t)͸ԼهͷΑ͏

ʹॻ͘͜ͱ͕Ͱ͖Δɿ

λi j(t) ≡ dAij(t)/dt, gij(t) ≡ dDij(t)/dt. (5.2)

5.2.2 ผ෼ղ͞Εͨࠁ࣌ DUEͷఆࣜԽ

DUE͸੩తͳར༻ऀߧۉΛಈతͳ৔߹ʹࣗવʹ֦ுͨ͠ղͷ֓೦Ͱ͋ΓɼDUEঢ়ଶ͸

ҎԼͷΑ͏ʹఆٛ͞ΕΔɿ೚ҙͷ࣌ࠁʹ͓͍ͯɼͲͷར༻ऀ΋ࣗ෼͚͕ͩܦ࿏Λม͢ߋΔ

͜ͱʹΑͬͯࣗ෼ͷॴཁ࣌ؒΛվળͰ͖ͳ͍Α͏ͳঢ়ଶɽ͑׵͍ݴΕ͹ɼશͯͷॠؒʹ͓

͍ͯɼશͯͷར༻ऀ͕બ୒ͨ͠ܦ࿏͕ ࿏ͱͳ͍ͬͯΔΑ͏ܦ୹࠷΋֤ਓͷͯݟʹ”తޙࣄ“

ͳަ௨ྲྀύλʔϯͰ͋Δɽ

DUEঢ়ଶͰ͸ɼಉ࣌ࠁʹಉҰى఺Λग़ൃͨ͠ར༻ऀͷ೚ҙͷϊʔυ΁ͷ౸ண࣌ࠁ͸ܦ

࿏ʹΑΒͣ౳͍͠ɽ͞ΒʹɼDUE ঢ়ଶͰ͸ɼى఺ʹ͓͚Δར༻ऀͷग़ൃॱং͕ऴ఺ʹ౸

ண͢Δ·Ͱͷ͋ΒΏΔϊʔυ΁ͷ౸ண࣌ʹҡ࣋͞Ε͍ͯͳ͚Ε͹ͳΒͳ͍ɽ͜ͷੑ࣭ʹ

ΑΓɼى఺ग़ൃ࣌ࠁຖʹɼ֤ϊʔυ΁ͷҰҙతͳߧۉ౸ண࣌ࠁΛఆٛ͢Δ͜ͱ͕Ͱ͖Δɽ
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͜ΕΒͷಛੑͱϦϯΫϞσϧͷੑ࣭͔Βɼ࣌ࠁ s Δཱྀ͢ݧܦ͕ऀ༺఺Λग़ൃ͢Δརىʹ

ࠁ͸࣌ؒ࣌ߦ sҎ߱ʹى఺Λग़ൃ͢Δར༻ऀͷӨڹΛड͚ͳ͍͜ͱ͕෼͔Δɽ͢ͳΘͪɼ

୯Ұى఺ͷ ODߏ଄Λ࣋ͭωοτϫʔΫʹ͓͚Δ DUEঢ়ଶ͸ɼى఺ग़ൃ࣌ࠁผʹ෼ղ͢

Δ͜ͱ͕Ͱ͖Δ (Kuwahara and Akamatsu, 1993; ੺দོɼݪ܂խ෉, 1994; Akamatsu et al.,

2015)ɽ

ग़ൃ࣌ࠁผͷ DUEͰ͸ɼ࣍ͷ 2ͭͷม਺͕த৺తͳ໾ׂΛՌͨ͢ɽ1ͭ͸ɼग़ൃ࣌ࠁ s

ʹؔ͢Δ֤ϦϯΫͷྲྀೖަ௨ྲྀ཰Ͱ͋Δɿ

yij(s) ≡ dAij(τi(s))/ds. (5.3)

΋͏ 1 ͭ͸ɼى఺Λ࣌ࠁ s ʹग़ൃͨ͠ं͕྆࠷΋ૣ͘ϊʔυ i ʹ౸ண͢Δ࣌ࠁ τi(s) Ͱ͋

Δɽઌʹఆٛͨ͠ઈର࣌ࠁ t ʹ͓͚Δྲྀೖަ௨ྲྀ཰ λi j(t) ͱ yij(s) ͷؔ܎͸ҎԼͷΑ͏ʹ

ද͞ΕΔɿ

yij(s) = λi j(τi(s)) τ̇i(s). (5.4)

͜͜Ͱɼτ̇i(s) ≡ dτi(s)/dsͰ͋Δɽ

ผͷࠁͷม਺Λ༻͍Δͱɼग़ൃ࣌ه্ DUE഑෼͸ҎԼͷΑ͏ʹද͞ΕΔ (Kuwahara and

Akamatsu, 1993;੺দོɼݪ܂խ෉, 1994)ɿ

ɾϦϯΫཱྀؔؒ࣌ߦ਺ʢPQϞσϧʣ

cij(s) =
∫ s

0
ċi j(s) ds + cij(0) ∀s, (5.5)

where ċi j(s) =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

yij(s)
µi j
− τ̇i(s) if xij(τi(s) +mij) > 0

0 if xij(τi(s) +mij) = 0
(5.6)

ɾ֤ϊʔυͰͷϑϩʔอଘଇ
∑

i∈I(k)

yik(s) −
∑

j∈O(k)

ykj(s) − Q̇ok(s) = 0 ∀k ∈ N , k ! o, ∀s

⇔ Ay(s) = −Q̇(s). (5.7)

ɾ࠷୹ܦ࿏બ୒৚݅

⎧⎪⎪⎨⎪⎪⎩
yij(s)

{
cij(s) + τi(s) − τ j(s)

}
= 0

cij(s) + τi(s) − τ j(s) ≥ 0, yij(s) ≥ 0
∀i j ∈ L, ∀s. (5.8)

͜͜ͰɼI(k)͸ϊʔυ kʹྲྀೖ͢ΔϦϯΫͷ࢝఺ͱͳΔϊʔυͷू߹ɼO(k)͸ϊʔυ k͔

Βྲྀग़͢ΔϦϯΫͷऴ఺ͱͳΔϊʔυͷू߹ɼċi j(s) ≡ dcij(τi(s))/dsɼQ̇ok(s) ≡ dQok(s)/ds

Ͱ͋Δɽ·ͨɼ(5.7)͸ɼϑϩʔอଘଇΛྻߦɾϕΫτϧදࣔͨ͠΋ͷͰ͋Δɽ
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5.2.3 ौ଺ύλʔϯΛ༩݅ͱͨ͠ DUEͷߧۉղ

ผࠁ࣌ DUE͸૬ิੑ໰୊/ม෼ෆ౳ࣜ໰୊ͱͯ͠ද͞ݱΕ͓ͯΓɼҰൠతʹɼղੳղΛ

ΊΔ͜ͱ͸Ͱ͖ͳ͍ɽ͔͠͠ɼωοτϫʔΫ্ͷશͯͷϦϯΫͰϑϩʔͷྲྀೖ͕͋Γٻ

ʢi.e., yij(s) > 0ʣɼ͔ͭɼશͯͷϦϯΫͰौ଺͍ͯ͠Δʢi.e., xij(τi(s)) > 0ʣɼ“๞࿨ωοτ

ϫʔΫ”Ͱ͸ɼ࣌ࠁผͷ DUE໰୊͕࿈ཱઢܗγεςϜํఔࣜʹؼண͠ɼߧۉղΛղੳతʹ

ΊΔ͜ͱ͕ՄೳͰ͋Δٻ (੺দོɼߴদ๬, 1999; Akamatsu and Kuwahara, 1999; Akamatsu,

2000; Akamatsu and Heydecker, 2003b)ɽ

ࠁ࣌ sҎલʹى఺Λग़ൃͨ͠ϑϩʔʹରԠͨ͠ωοτϫʔΫͷঢ়ଶ͸ط஌ͱͯ͠ɼى఺

ग़ൃ͕࣌ࠁ sͷར༻ऀʹରԠͨ͠ߧۉղΛٻΊΑ͏ɽ๞࿨ωοτϫʔΫ಺ͷશͯͷϦϯΫ

Ͱྲྀೖ͓Αͼौ଺͕͋ΔͨΊɼલઅͰ૬ิੑ৚݅ͱͯ͠ද͞ݱΕ͍ͯͨϦϯΫཱྀؔؒ࣌ߦ

਺ (5.6)͓Αͼ࠷୹ܦ࿏બ୒৚݅ (5.8)͸౳ࣜ৚݅ʹؼண͢Δɿ

ċi j(s) = yij(s)/µi j − τ̇i(s) ∀i j ∈ L, (5.9)
ċi j(s) + τ̇i(s) − τ̇ j(s) = 0 ∀i j ∈ L. (5.10)

ࣜ (5.9)Λࣜ (5.10)΁୅ೖ͢Ε͹ɼ

yij(s) = µi j τ̇ j(s) ∀i j ∈ L (5.11)

⇔ y(s) = −(MAT
−) τ̇ (s) (5.12)

where M ≡ diag[· · · , µi j, · · · ].

͕੒ཱ͢Δɽ͜ͷࣜΛϑϩʔอଘଇ (5.7)ʹ୅ೖ͢Ε͹ɼ

(AMAT
−)τ̇ (s) = Q̇(s). (5.13)

ྻߦ AMAT
− ͷϥϯΫ͸Ұൠʹج४఺ͷબͼํʹґଘ͢Δ͕ɼ୯Ұى఺ωοτϫʔΫʹ͓

͍ͯ͸ɼى఺ϊʔυʢ७༙͖ग़͠ϊʔυʣΛج४఺ʹબ΂͹ɼϥϯΫ͸ඞͣ |N| − 1ͱͳ

Δ (Akamatsu and Kuwahara, 1999)ɽैͬͯɼAMAT
− ͸ྻߦٯΛ࣋ͪɼߧۉղ͸།Ұʹఆ

·Δɿ

τ̇ (s) = (AMAT
−)−1Q̇(s), (5.14)

y(s) = −(MAT
−)(AMAT

−)−1Q̇(s). (5.15)

·ͨ͜ͷํ๏࿦͸ɼඇौ଺ϦϯΫΛؚΉωοτϫʔΫʹରͯ͠΋֦ு͕ՄೳͰ͋Δɿ

ඇौ଺ϦϯΫΛؚΉωοτϫʔΫʹରͯ͠΋ద੾ʹωοτϫʔΫΛॖ໿͢Δ͜ͱʹΑΓɼ

ʠॖ໿ωοτϫʔΫʡͱݺ͹ΕΔ๞࿨ωοτϫʔΫΛߏங͢Δ͜ͱ͕Ͱ͖Δ (Akamatsu and

Heydecker, 2003a)ɽॖ໿ωοτϫʔΫ͸ɼωοτϫʔΫ্ͷौ଺ύλʔϯ͕༩͑ΒΕͨͱ

͖ɼඇौ଺ϦϯΫͷ࢝఺ͱऴ఺ϊʔυΛ 1 ͭͷϊʔυͱͯ͠ू໿͢Δʢi.e., ඇौ଺Ϧϯ

ΫΛऔΓআ͘ʣ͜ͱʹΑΓߏங͞ΕΔʢਤ 5.1ʣɽ·ͨɼϑϩʔͷྲྀೖͷͳ͍ϦϯΫʢi.e.,

yij(s) = 0ʣ͕͋Δ৔߹͸ɼͦͷϦϯΫΛ࡟আ͢Δɽ
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o 

渋滞パターン 縮約ネットワーク 

a 
e 

f 

o 

f 

a 

e 

非渋滞リンク 

渋滞リンク 

b 

c 

d 

ਤ 5.1: ॖ໿ωοτϫʔΫͷߏஙྫ

͜ͷॖ໿ωοτϫʔΫͷϊʔυू߹ɼϦϯΫू߹ɼىऴ఺ू߹ΛͦΕͧΕɼNR,LR,WR

ͱ͢Ε͹ɼ͜ͷωοτϫʔΫ͸શͯͷϦϯΫ͕ौ଺͍ͯ͠ΔͨΊɼ

(ARMRAT
R−)τ̇R(s) = Q̇R(s) (5.16)

͕੒ཱ͢Δɽ͜͜ͰɼԼ෇͖ఴࣈ R ͸ॖ໿ωοτϫʔΫ্Ͱఆٛ͞Εͨม਺Ͱ͋Δ͜ͱ

Λҙຯ͢Δɽ·ͨɼARMRAT
R− ͸ྻߦٯΛ࣋ͭͨΊ (Akamatsu and Heydecker, 2003a)ɼ͜

ͷղ͸།ҰͰ͋Δɽͳ͓ɼॖ໿ωοτϫʔΫʹ͓͍ͯ͸ɼϊʔυͷू໿݁Ռͱͯ͠ى఺ʹ

໭Δौ଺ϦϯΫ͕ੜ͡ಘΔɽ͜ͷࡍɼط໿઀ଓྻߦΛಘΔͨΊʹॖ໿ωοτϫʔΫͷى఺

ϊʔυΛऔΓআ͘ͱɼ७༙͖ग़͠ϊʔυͰ͸ͳ͍ϊʔυ͕औΓআ͔Εɼط໿઀ଓྻߦ AR

͔Βى఺΁ͷྲྀೖ৘ใ͕ൈ͚མͪΔʢi.e.,ϑϩʔอଘଇ͕ຬͨ͞Εͳ͘ͳΔʣɽैͬͯɼ͜

ͷ৘ใΛิ͏ͨΊʹɼ͜ͷϦϯΫͷ࢝఺ϊʔυʹରԠ͢ΔཁૉͷΈʹϦϯΫ༰ྔ஋Λ࣋ͭ

ϕΫτϧ δR Λࣜ (5.16)ͷӈลʹՃ͑Δඞཁ͕͋Δɿ

(ARMRAT
R−)τ̇R(s) = Q̇R(s) + δR. (5.17)

Ҏ߱ͷղੳͰ͸ɼඇ๞࿨ωοτϫʔΫΛର৅ͱ͢ΔͨΊɼఴ͑ࣈ R͕͍͍ͭͯͳ͍ه߸΋

શͯॖ໿ωοτϫʔΫ্Ͱఆٛ͞Εͨ΋ͷͰ͋Δͱ͢Δɽ

5.3 ωοτϫʔΫɾεϧʔϓοτͷղੳํ๏

ຊઅҎ߱Ͱ͸ɼौ଺ύλʔϯͱωοτϫʔΫͷަ௨ੑೳʢi.e.,εϧʔϓοτʣͷؔ܎Λ

ཧ࿦తʹ෼ੳ͢Δɽ͜ͷཧ࿦ͷૅجͱͳΔͷ͕ɼ5.1Ͱ΋ͦͷུ֓Λड़΂ͨɼपڥظք৚
݅ΛԾఆͨ͠ DUEͷٯ໰୊Ͱ͋Δɽ͜ͷ໰୊ͷղ͸ɼ͋ΔҰఆ୆਺ͷं͕ωοτϫʔΫ

಺Λ૸͢ߦΔఆৗঢ়ଶԼͰͷεϧʔϓοτʢఆৗతʹྲྀΕ͏Δ ODधཁͷ࿨ʣΛද͓ͯ͠

ΓɼMFDཧ࿦ʹ͓͚Δ Network Exit Function (NEF)ʹ૬౰͢Δɽ

ຊઅͰ͸·ͣɼDUE Λهड़͢Δঢ়ଶྔͱࢹڊతͳঢ়ଶྔͷؔੑ܎Λ੔ཧ͢Δɽ࣍ʹɼ

5.3.2Ͱ͸ɼఆৗঢ়ଶʹ͓͚ΔεϧʔϓοτΛղੳతʹಋग़͢Δɽޙ࠷ʹɼ5.3.3Ͱطଘͷ
MFDղੳख๏ͱͷൺֱΛ͏ߦɽ
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5.3.1 ݱతͳঢ়ଶม਺ͷදࢹڊ

લઅͰߏஙͨ͠ DUE഑෼໰୊Λεϧʔϓοτͱ݁ͼ͚ͭͯٞ࿦͢ΔͨΊʹɼࢹڊతͳ

ঢ়ଶม਺Λ DUEͷهड़ʹ༻͍ͨม਺Λ༻͍ͯද͢ɿ

Ad(t) = Qod(t), (5.18)
Dd(t) = Qod(t − C∗d(t)), (5.19)
nd(t) = Ad(t) −Dd(t). (5.20)

͜ΕΒ͸ɼऴ఺ผʹ۠ผ͞ΕͨɼωοτϫʔΫ΁ͷྦྷੵྲྀೖަ௨ྔɼྦྷੵྲྀग़ަ௨ྔ͓Α

ͼं྆ଘࡏ୆਺Ͱ͋Δɽ͜͜ͰɼC∗d(t)͸࣌ࠁ tʹऴ఺ dʹ “౸ண”͢Δं྆ͷߧۉʢ࠷খʣ

ODཱྀؒ࣌ߦͰ͋Δɽࣜ (5.19)͕੒ཱ͢Δͷ͸ɼDUEঢ়ଶʹ͓͍ͯ͸ ODؒͰ FIFO৚݅

͕੒ཱ͢ΔͨΊͰ͋Δɽ͜ΕΒͷࢹڊతͳม਺͕ඍ෼ՄೳͰ͋Δͱ͢Δͱɼ

λd(τo(s)) ≡ dAd(τo(s))
dt

=
dQod(τo(s))

dt
= Q̇od(s), (5.21)

gd(τd(s)) ≡ dDd(τd(s))
dt

=
dQod(τd(s) − (τd(s) − s))

ds

/
dτd(s)

ds

= Q̇od(s)/τ̇d(s), (5.22)
dnd(τd(s))

dt
= λd(τd(s)) − gd(τd(s))

=
(
dQod(τd(s))/dt − Q̇od(s)/τ̇d(s)

)
, (5.23)

͕੒ཱ͢Δɽͳ͓ɼ͜͜Ͱ τo(s) ≡ sͰ͋Δɽࣜ (5.21)ɼ(5.22)͸ɼऴ఺ຖͷωοτϫʔΫ

΁ͷྲྀೖަ௨ྲྀ཰ɼྲྀग़ަ௨ྲྀ཰ʢεϧʔϓοτʣΛද͍ͯ͠Δɽ·ͨɼࣜ (5.23)͸ωο

τϫʔΫ಺ͷं྆ଘࡏ୆਺ͷμΠφϛΫεΛද͍ͯ͠Δɽ

5.3.2 εϧʔϓοτͷղੳతධՁ

Ҏ্ͷ४උͷԼɼωοτϫʔΫͷεϧʔϓοτΛղੳతʹධՁ͢Δɽ۩ମతʹ͸ɼDUE

ঢ়ଶ (5.17)ͷٯ໰୊ΛఆࣜԽ͠ɼͦͷ໰୊Λղ͘͜ͱʹΑΓɼεϧʔϓοτͷղੳࣜΛಋ

ग़͢Δɽ

͜ͷٯ໰୊ͷೖྗ͸ɼौ଺ύλʔϯͰ͋Γɼॖ໿ωοτϫʔΫʹΑΓද͞ݱΕΔɽͭ·

Γɼط໿઀ଓྻߦ Aʢi.e.,ॖ໿ωοτϫʔΫͷτϙϩδʔʣͱϦϯΫ༰ྔྻߦMʢi.e.,ौ

଺ϦϯΫͷ༰ྔύλʔϯʣ͕ೖྗͰ͋Δ*2ɽ͜ͷॖ໿ωοτϫʔΫͷτϙϩδʔʹ͍ͭͯɼ

*2 ͜ͷौ଺ύλʔϯ͸ຊདྷɼ࣌ࠁ sʹى఺Λग़ൃͨ͠ަ௨͕͢ݧܦΔ΋ͷͰ͋Δ͕ɼҎԼͰ͸ఆৗঢ়ଶΛ͑ߟ
ΔͨΊ s͸লུ͢Δɽ
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ຊߘͰ͸ҎԼͷԾఆΛஔ͘ɿશͯͷ ODͰىऴ఺ϊʔυ͕ 1ͭͷϊʔυʹू໿͞Ε͍ͯͳ

͍*3ɽ͜Ε͸ɼωοτϫʔΫ͕͍ࠞͯ͠ࡶͳ͍ঢ়گΛഉআ͢Δ΋ͷͰ͋ΔɽͳͥͳΒɼ͜

ͷʢMFDͷࣗ༝ྲྀྖҬʹ͋ͨΔʣঢ়گͰ͸ɼधཁ৚݅Ͱεϧʔϓοτ͕ܾ·͓ͬͯΓɼौ

଺ύλʔϯʢ΍څڙ৚݅ʣ͸εϧʔϓοτʹӨڹΛ͓Α΅͞ͳ͍ͨΊͰ͋Δɽ

Ұํɼ͜ͷٯ໰୊ͷग़ྗͱͳΔͷ͸ɼDUE഑෼Ͱ͸֎ੜతʹ༩͑ΒΕ͍ͯͨ ODަ௨ྲྀ

཰Ͱ͋Δɽ͜ͷग़ྗΛҰҙʹܾΊΔͨΊʹ͸ɼͳΜΒ͔ͷ௥Ճతͳ৚͕݅ඞཁʢe.g.,Τϯ

τϩϐʔ࠷େԽʣͰ͋Δ͕ɼຊߘͰ͸पڥظք৚݅Λ࠾༻͢Δɽ͜ͷ৚݅͸ɼ͋ ΔҰఆ୆਺

ͷं྆ n͕ωοτϫʔΫ಺Λ૸͢ߦΔఆৗঢ়ଶʹ͓͚ΔεϧʔϓοτΛٻΊΔͨΊʹɼै

དྷڀݚ (Mazloumian et al., 2010; Leclercq and Geroliminis, 2013; Daganzo and Geroliminis,

2008)Ͱ͠͹͠͹༻͍ΒΕΔ΋ͷͰ͋Δɽຊڀݚʹ͓͍ͯɼपڥظք৚݅͸ऴ఺ dຖʹɼ

dnd(t)/dt = 0 ⇔ dQod(τd(s))/dt = Q̇od(s)/τ̇d(s), (5.24)

ͱද͢͜ͱ͕Ͱ͖Δɽ·ͨఆৗঢ়ଶΛ͑ߟΔͨΊʹɼ֤ऴ఺ͷ ODަ௨ྲྀ཰͕Ұఆʢ͋Δ

͍͸ɼे෼؇΍͔ʣͰ͋Δ͜ͱΛԾఆ͢Δͱɼ

dQod(τd(s))/dt = Q̇od(s) ∀d, (5.25)

͕੒ཱ͢Δɽ͞Βʹɼࣜ (5.24)ͱ (5.25)Λ࿈ཱ͢Ε͹ɼ࠷ऴతʹ࣍ͷ௥Ճతͳ৚͕݅ಘΒ

ΕΔɿ

τ̇d(s) = 1 ∀d. (5.26)

͜Ε͸ɼఆৗతͳεϧʔϓοτ fd ͸ɼωοτϫʔΫ΁ͷྲྀೖަ௨ྲྀ཰ λdɼ͋Δ͍͸ɼOD

ަ௨ྲྀ཰ Q̇od(s)ʹҰக͢Δ͜ͱΛҙຯ͍ͯ͠Δɽ

͜ͷ৚݅ (5.26)ͱ DUE৚݅ (5.17)Λ༻͍Ε͹ɼఏҊٯ໰୊͸ҎԼͷΑ͏ʹද͞ΕΔɿ
⎧⎪⎪⎨⎪⎪⎩

f + δ = (AMAT
−) τ̇

τ̇ = [τ̇i | τ̇d]T = [τ̇i | 1]T . (5.27)

͜͜ͰɼԼ෇͖ఴ͑ࣈͷ͍ͭͨϕΫτϧ τ̇iɼτ̇d ͸ɼͦΕͧΕऴ఺ϊʔυू߹ Ndɼ௨ա

ϊʔυू߹ Niʢi.e., N = {o} ∪Ni ∪NdʣʹରԠ͢Δ෦෼ϕΫτϧΛද͢ɽ͜͜Ͱɼٯ໰

୊ (5.27)ͷୈҰࣜ͸ɼODަ௨ྲྀ཰ Q̇(s)Λεϧʔϓοτ fͰஔ͖͑׵ɼ͔ͭɼौ଺ύλʔ

ϯΛ༩݅ͱͨ͠ DUEߧۉ৚݅ࣜͰ͋Δɽ

͜ͷ໰୊ΛΑΓৄ͘͠ݟΔͨΊʹɼఏҊ໰୊ (5.27)ΛϒϩοΫදࣔ͢Δͱɼ
[

δi
fd + δd

]
=

[
Ai
Ad

]
M

[
AT

i− AT
d−

] [ τ̇i
1

]

=

[
Vii Vid
Vdi Vdd

] [
τ̇i
1

]
, (5.28)

*3 ͱҰக͠ɼODधཁؒ࣌ߦ༝ཱྀ͕ࣗؒ࣌ߦऴ఺ؒͷཱྀىऴ఺͕ू໿͞ΕΔ৔߹ɼू໿͞Εͨى Q̇od(s)͕ͦͷ
··ωοτϫʔΫΛྲྀग़͢Δɽ
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where

Vdd ≡ AdMAT
d−,Vii ≡ AiMAT

i−,

Vid ≡ AiMAT
d−,Vdi ≡ AdMAT

i−.

·ͨɼf = [fi | fd]T, A = [Ai | Ad]T, A− = [Ai− | Ad−]T, δ = [δi | δd]T Ͱ͋Δɽͦͯ͠ɼ໰୊

(5.28)Λղ͘͜ͱͰɼ֤ऴ఺͝ͱͷεϧʔϓοτ gd ʹ͍ͭͯͷҎԼͷ໋୊͕ಘΒΕΔɽ

໋୊ 2. ୯Ұى఺ωοτϫʔΫʹ͓͍ͯौ଺ύλʔϯ (A,M) ͕༩͑ΒΕͨ͢Δɽ͜ͷͱ

͖ɼं྆ଘࡏ୆਺͕ҰఆͱͳΔఆৗঢ়ଶʹ͓͚Δऴ఺ผͷεϧʔϓοτ fd ͸ҎԼͷղੳ

ࣜͰ༩͑ΒΕΔɿ

fd = Vdd1 − (Vdi(Vii)−1[Vid1 − δi] + δd). (5.29)

ূ໌ 13. ࣜ (5.28)͸ϒϩοΫ͝ͱʹ͸ɼ

δi = Viiτ̇i +Vid1, (5.30)
fd + δd = Vdiτ̇i +Vdd1, (5.31)

ͱද͢͜ͱ͕Ͱ͖Δɽ͜ͷୈҰࣜͷ Vii ͸७༙͖ग़͠ϊʔυΛؚ·ͳ͍ྻߦͰ͋Γɼඞͣ

Λ࣋ͭྻߦٯ (Akamatsu and Kuwahara, 1999)ɽैͬͯɼτ̇i ͸Ұҙʹఆ·Δɿ

τ̇i = −(Vii)−1[Vid1 − δi]. (5.32)

͜ͷࣜΛୈೋࣜʹ୅ೖ͢Ε͹ɼղੳࣜ (5.29)͕ಘΒΕΔɽʢূ໌ऴʣ

͜ͷ໋୊ΑΓɼఆৗঢ়ଶʹ͓͚Δεϧʔϓοτ͸ɼौ଺ϦϯΫಉ࢜ͷ઀ଓߏ଄͓ΑͼͦΕ

Βͷ༰ྔʢॖ໿ωοτϫʔΫʣɼOD෼෍ʢODަ௨ “ྔ”Ͱ͸ͳ͘ىऴ఺ϊʔυͷҐஔʣ͔

Βܾ·Δ͜ͱ͕Θ͔Δɽ

ҎԼͰ͸ɼࣜ (5.29)ΛΑΓৄ͏͍ͯ͜ݟʹࡉɽͦͷͨΊʹ·ͣɼྻߦ V ≡ AMAT
− ʹͭ

͍ͯड़΂Δɽ͜ͷྻߦͷجຊతͳߏ଄͸ɼϊʔυɾϦϯΫ઀ଓྻߦ AͷߦϕΫτϧͱྲྀೖ

ϦϯΫͷ৘ใͷΈΛอ࣋ͨ͠઀ଓྻߦ A− ͷߦϕΫτϧͷੵͰ͋Γɼྻߦ Vͷ kߦ lྻཁ

ૉ [V]kl ͸ҎԼͷΑ͏ʹ༩͑ΒΕΔɿ

[V]kl =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

∑
j∈I(k) µ jk if k = l
−µkl if k ! l, kl ∈ L
0 otherwise

. (5.33)

͢ͳΘͪɼର֯ཁૉ [V]kk ͕ϊʔυ k΁ͷྲྀೖϦϯΫͷ༰ྔͷ࿨Λද͓ͯ͠Γɼඇର֯ཁ

ૉ [V]kl (k ! l)͸ϊʔυ k͔Βϊʔυ l΁ྲྀग़͢ΔϦϯΫ༰ྔΛද͍ͯ͠Δɽ

͜ͷ͜ͱ͔Βɼࣜ (5.29)ͷୈҰ߲͸ Vdd ͷߦ࿨ΛͱͬͨϕΫτϧͰ͋Γɼ֤ཁૉ͸ҎԼ

ͷΑ͏ʹ༩͑ΒΕΔɿ

[Vdd1]d =
∑

k∈I(d)

µkd −
∑

d′∈{O(d)∩Nd}
µdd′ . (5.34)
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͜Ε͸ɼॖ໿ωοτϫʔΫͰऴ఺ʹྲྀೖ͢ΔϦϯΫ༰ྔͷ૯࿨͔Βଞͷऴ఺ʹྲྀग़͢ΔϦ

ϯΫ༰ྔͷ૯࿨Λࠩ͠Ҿ͍ͨྔͰ͋Δɽ͢ͳΘͪɼऴ఺ d͔Βͦͷऴ఺Ҏ֎΁ωοτͰྲྀ

ग़͢Δྔʢi.e.,εϧʔϓοτ͓Αͼ௨աϊʔυ΁ͷྲྀग़ʣͰ͋ΔɽҰํɼࣜ (5.29)ͷୈೋ

߲͸ɼ࣍ͷΑ͏ʹද͞ΕΔɿ

[−(Vdi(Vii)−1(Vid1 − δi) + δd)]d = [Vdiτ̇i − δd]d

= −
∑

k∈{O(d)∩Ni}
µdkτ̇k − µdo. (5.35)

͜Ε͸ɼεϧʔϓοτͷୈҰ߲ (5.34)Ͱද͞Εͨϑϩʔͷ͏ͪɼऴ఺ dͰτϦοϓΛྃ׬

ͤͣɼ௨աϊʔυ΁ྲྀग़͢ΔϑϩʔͰ͋Δɽͳ͓ɼτ̇k ͸ɼࣜ (5.32)ʹΑͬͯද͞ΕΔ DUE

ͷ഑෼ݪཧ͔Βܾ·Δैଐม਺Ͱ͋Γɼ͜ͷऴ఺ʹ௚઀઀ଓ͍ͯ͠ͳ͍ϦϯΫͷӨڹ΋൓

ө͞Ε͍ͯΔ͜ͱʹ͸஫ҙ͕ඞཁͰ͋Δɽ

Ҏ্ΑΓɼࣜ (5.29) ͸ҰݟෳࡶͰ͋Δ͕ɼͦͷҙຯ͸ɼॖ໿ωοτϫʔΫ্ͷ֤ऴ఺

ϊʔυʹ͍ͭͯͷϑϩʔอଘଇʹ૬౰͢Δ͜ͱ͕Θ͔Δɽͨͩ͠ɼ͜ͷϑϩʔอଘଇ͸ɼ

ौ଺ύλʔϯͱ DUE ഑෼ݪཧʢi.e., ଄Խ͞ΕͨɼΑΓʮάϩʔߏಈʣʹΑΓߦ࿏બ୒ܦ

όϧʯͳϑϩʔอଘଇͰ͋Δ*4ʀܦ࿏બ୒ߦಈʹӨ͏͠ڹΔɼ͜ͷऴ఺ʹ௚઀઀ଓ͍ͯ͠

ͳ͍ϦϯΫͷӨڹ΋൓ө͞ΕΔɽͦͷͨΊɼ(5.29)ʹΑΔौ଺ύλʔϯͷղੳʹΑΓɼε

ϧʔϓοτͷߏ଄ʢi.e.,ωοτϫʔΫ্ͷϩʔΧϧͳ֤ϦϯΫͷަ௨ঢ়ଶͱɼάϩʔόϧ

ͳωοτϫʔΫੑೳͷؔ܎ʣΛɼཧ࿦తʹ͢࡯ߟΔ͜ͱ͕Ͱ͖Δʢ࣍ষΛࢀরʣɽ

ωοτϫʔΫશମͷεϧʔϓοτ F͸ɼϕΫτϧ fd ͷཁૉΛશͯ଍͠߹ΘͤΔ͜ͱͰ

ΊΒΕΔɿٻ

F = 1T{Vdd1 − (Vdi(Vii)−1[Vid1 − δi] + δd)}

=
∑

d∈Nd

⎧⎪⎪⎨⎪⎪⎩
∑

k∈{I(d)∩{Ni∪{o}}}
µkd −

∑

k∈{O(d)∩{Ni∪{o}}}
µdkτ̇k

⎫⎪⎪⎬⎪⎪⎭ . (5.36)

͜͜Ͱɼऴ఺ؒͷϑϩʔͷ΍ΓऔΓ͸૬͞ࡴΕΔͨΊɼࣜ (5.34)ͷୈೋ߲͸ݱΕͳ͍ɽ·

ͨɼτ̇o = 1Ͱ͋Δɽ

ͳ͓ɼҎ্͸ɼPoint QueueϞσϧΛલఏͱͨ͠هड़Ͱ͕͋ͬͨɼ଴ͪྻߦͷԆ৳͕ൃੜ

͍ͯ͠Δঢ়گʹ͓͍ͯ΋্هͷղੳࣜ͸੒ཱ͢ΔɽPoint QueueΛલఏͱͨ͠৔߹ͱͷ།

Ұͷҧ͍͸ɼೖྗͱͳΔྻߦMͷཁૉͷ͏ͪɼ଴ͪྻߦͷԆ৳Λड্͚ͨྲྀϦϯΫͷ µi j

ΛɼͦͷϦϯΫ༰ྔͰ͸ͳ࣮͘ࡍͷ ʢ≤༰ྔʣͱ͢Δ఺Ͱ͋Δɽ͜ͷͱ͖ɼ଴ͪ”ྔ͚ࡹ“
௿Լ͢Δ͔ΛɼPhysical͕ྔ͚ࡹͷԆ৳ʹΑͬͯͲͷఔ౓ྻߦ QueueϞσϧΛ༻͍ͯٻΊ

*4 ͳ͓ɼఆৗঢ়ଶΛ͍ͯ͑ߟΔຊڀݚͰ͸ɼى఺ʹ͓͚ΔʮϩʔΧϧͳʯϑϩʔอଘଇ͔ΒεϧʔϓοτΛಋ
ग़͢Δ͜ͱ΋ՄೳͰ͋Δɽ͔͠͠ͳ͕Βɼ࣍ষͰղੳ͢Δεϧʔϓοτͷ௿ԼϝΧχζϜΛղ໌͠ɼͦͷ੍
Δɼऴ఺ϕʔεͰͷఆࣜԽ͢ݱΛద੾ʹදੑ܎ங͢ΔͨΊʹ͸ɼऴ఺ΛҟͳΔं྆ಉ࢜ͷؔߏϩδοΫΛޚ
͕ඞཁͱͳΔɽ
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ਤ 5.2: ఺ى1 3ऴ఺ͷॖ໿ωοτϫʔΫ

Δඞཁ͸ͳ͍ɽͳͥͳΒɼຊڀݚͰ͸ɼौ଺ύλʔϯ (A,M)͸ೖྗʢ؍ଌʣ৘ใͰ͋Δͨ

ΊͰ͋Δɽ

۩ମྫɽεϧʔϓοτͷղੳࣜͷྫࢉܭΛࣔ͢ɽਤ 5.2 ͸ɼ1 ఺ى 3 ऴ఺ͷॖ໿ωοτ

ϫʔΫͰ͋Γɼϊʔυ o͕ى఺ɼϊʔυ {b, c, d}͕ऴ఺ɼϊʔυ {a}͸௨աϊʔυͰ͋Δɽ
֤ϦϯΫͷ༰ྔ͸ਤʹࣔ͢ͱ͓ΓͰ͋Δɽ

͜ͷͱ͖ɼࣜ (5.29)ͷཁૉͱͳΔྻߦɾϕΫτϧ͸ҎԼͷΑ͏ʹද͞ΕΔɿ

Vdd =

⎡
⎢⎢⎢⎢⎢⎢⎣

µ3 + µ4 0 −µ7
0 µ5 + µ8 0
0 −µ8 µ7

⎤
⎥⎥⎥⎥⎥⎥⎦ ,Vii =

[
µ1 + µ6

]
,

Vid =
[
−µ4 −µ5 0

]
,Vdi =

⎡
⎢⎢⎢⎢⎢⎢⎣

0
0
−µ6

⎤
⎥⎥⎥⎥⎥⎥⎦ ,

δi =

[
µ2
0

]
, δd =

[
0
0

]
.

ͦͯ͠ɼ͜ΕΒΛࣜ (5.29)ʹ୅ೖ͢Δ͜ͱʹΑΓɼ֤ऴ఺ͷεϧʔϓοτ͕ٻ·Δɿ

fd =

⎡
⎢⎢⎢⎢⎢⎢⎣

fb
fc
fd

⎤
⎥⎥⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

µ3 + µ4 − µ7
µ5 + µ8

µ7 − µ8 − µ2+µ4+µ5
µ1+µ6

µ6

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

͜͜Ͱɼ2ߦ໨ͷ෼਺͕ɼࣜ (5.32)Ͱද͞ΕΔ෦෼Ͱ͋Δɿ

τ̇d =
µ2 + µ4 + µ5

µ1 + µ6
.

ɼgdʹޙ࠷ ͷཁૉͷ࿨ΛͱΕ͹ɼωοτϫʔΫશମͷεϧʔϓοτ͕ٻ·Δɿ

F = µ3 + µ4 + µ5 −
µ2 + µ4 + µ5

µ1 + µ6
µ6.

͜ͷྫ͔Β΋ɼεϧʔϓοτ͸ऴ఺ϊʔυʹ઀ଓ͢ΔϦϯΫ༰ྔͷΈ͔Βද͞ΕΔͷͰ͸

ͳ͘ɼʢҰݟແؔ܎ͳʣϦϯΫ 1΍ 2͕ӨڹΛ͓Α΅͢͜ͱ͕Θ͔Δɽ
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5.3.3 ଘͷط MFDղੳํ๏ͱͷൺֱ

ຊઅͷޙ࠷ʹɼvariational theory (VT, Daganzo, 2005a,b)Λطͨ͠༺׆ଘͷMFDղੳํ

๏ (e.g., Daganzo and Geroliminis, 2008; Leclercq and Geroliminis, 2013; Laval and Castrillón,

2015)ͱͷಛੑൺֱΛ͏ߦɽ͜ͷํ๏͸ɼ͋ΔҰఆ୆਺ͷं͕྆ωοτϫʔΫ಺Λ૸͢ߦ

Δఆৗঢ়ଶͰͷωοτϫʔΫަ௨ྲྀΛղੳ͍ͯ͠Δ఺͸ɼຊڀݚͰఏҊ͢Δํ๏ͱڞ௨͠

͍ͯΔɽ͔͠͠ɼ͜ΕΒͷํ๏ʹ͸ɼ࣍ͷΑ͏ͳ૬ҧ఺͕ଘ͢ࡏΔɽ

ଘͷطͣ· MFD ղੳํ๏͸ɼղੳର৅ͱ͢ΔωοτϫʔΫߏ଄ΛίϦυʔܕಓ࿏໢

ʢ୯࿏ʣʹݶఆʢ͋Δ͍͸ɼͦͷΑ͏ʹωοτϫʔΫΛ؆ུԽʣ͠ɼ͔ͭ୯࿏಺Ͱͷަ௨ີ

౓෼෍͕Ұ༷Ͱ͋Δͱ͍͏ԾఆΛ͍ͯͬߦΔɽ͜ͷઃఆԼͰ͸ɼωοτϫʔΫʢڅڙଆʣ

ͷಛੑΛද͢੩తͳύϥϝʔλʢe.g.,୯࿏্ͷ link fundamental diagram΍ɼ৴߸ύϥϝʔ

λʣΛ༩݅ͱͨ͠ͱ͖ɼަ௨ີ౓ʹର͢ΔωοτϫʔΫ্ͷަ௨ঢ়ଶ͸Ұҙʹఆ·Δɽͦ

ͷͨΊɼVTΛద༻͢Δ͜ͱͰɼMFDͷશମਤʢi.e.,֤ަ௨ີ౓ʹର͢Δۭؒฏަۉ௨ྲྀ

཰ʣΛղੳతʹ໌Β͔ʹ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷҙຯͰɼ͜ͷํ๏͸͋ΔωοτϫʔΫͷ

ʮʢ͋Δަ௨ີ౓Ͱ࣮͏͠ݱΔ࠷େͷฏަۉ௨ྲྀ཰ΛධՁ͢Δʣཧ૝తͳʯMFDΛಛఆ͠ɼ

ύϥϝʔλʹର͢Δͦͷฏۉతͳަ௨ঢ়ଶͷมԽΛ೺Ѳ͢Δʹ͋ͨͬͯ͸ɼ༗༻ͳํ๏Ͱ

͋Δɽ

ҰํͰຊڀݚͰఏҊͨ͠ํ๏Ͱ͸ौ଺ύλʔϯΛ໌ࣔతʹऔΓѻ͍ͬͯΔͨΊɼ࣮ݱͷ

MFDͷܗঢ়ܾఆʹ͋ͨΓॏཁͳ໾ׂΛՌͨ͢ͱ͞Ε͍ͯΔɼωοτϫʔΫ্ͷࠞࡶͷภ

Γ͕εϧʔϓοτʹ༩͑ΔӨڹΛղੳ͢Δ͜ͱ͕Ͱ͖Δ*5ɽͨͩ͜͠ͷํ๏࿦Ͱ͸ɼ੩త

ͳύϥϝʔλͷΈ͔ΒMFDͷશମਤΛධՁ͢Δ͜ͱ͸೉͍͠ɽͳͥͳΒ͹ɼ͋Δަ௨ີ

౓ʹରͯ͜͠ىΓ͏Δौ଺ύλʔϯΛಛఆ͢Δ͜ͱ͸ࠔ೉Ͱ͋Δ͔ΒͰ͋Δɽ͔͠͠ɼ؍

ଌ৘ใ͔Βौ଺ύλʔϯ͕༩͑ΒΕͨͳΒ͹ɼ֤ϦϯΫͷہॴతͳ༰ྔมԽ͕ωοτϫʔ

Ϋશମͷεϧʔϓοτʹ༩͑ΔӨڹΛղੳͰ͖Δ఺ʹఏҊํ๏ͷ௕ॴ͕͋Δɽͦͯ͜͠ͷ

௕ॴ͕ɼ࣍ষʹࣔ͢Α͏ʹωοτϫʔΫશମͷੑೳΛվળ͢ΔͨΊͷौ଺ϦϯΫ੍ࡦํޚ

ͷߏஙʹ͓͍ͯॏཁͳ໾ׂΛՌͨ͢͜ͱʹͳΔɽ

5.4 ಈతͳঢ়گԼʹ͓͚Δεϧʔϓοτͷղੳํ๏

͜͜·Ͱ͸ɼೖྗͰ͋Δौ଺ύλʔϯ͕ʢMFDཧ࿦ͷ૝ఆ͢Δʣं྆ଘࡏ୆਺͕Ұఆ

ͱͳΔఆৗঢ়ଶʹ͋Δͱͯ͠ɼཧ૝తͳεϧʔϓοτ͓Αͼͦͷ௿ԼϝΧχζϜΛ෼ੳ͠

ͨɽͨͩ͠ɼ࣮ݱͷौ଺ύλʔϯ͸౰વͳ͕Βඞͣ͠΋ఆৗঢ়ଶʹ͋Δͱ͸ݶΒͳ͍ɽͦ

͜ͰຊઅͰ͸ɼपڥظք৚͓݅Αͼ ODަ௨ྲྀ཰ҰఆͷԾఆ͕੒ཱ͠ͳ͍ಈతͳঢ়گΛߟ

*5 ྫ͑͹ɼఏҊํ๏͸ɼಉҰଘࡏ୆਺ʹରͯ͠ҟͳΔौ଺ύλʔϯ͕࣮͢ݱΔ͜ͱͰൃੜ͢Δͱ͞ΕΔώες
Ϧγεɾϧʔϓ (see Fig. 3 in Geroliminis and Sun, 2011a, for example)Λղੳ͢Δ͜ͱ΋Ͱ͖͏Δɽ
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͑ɼͦͷΑ͏ͳঢ়گͰ؍ଌ͞Εͨौ଺ύλʔϯ (A,M)ͱεϧʔϓοτͱͷؔ܎Λۙࣅత

ʹಋ͘ɽͦͯ͠ɼं྆ଘࡏ୆਺ͷมԽʢࢹڊతͳঢ়ଶมԽʣͱεϧʔϓοτͱͷؔ܎Λߟ

Δɽ͢࡯

͍·ɼʢઈରʣ࣌ࠁ t͔Β࣌ࠁ t + ∆t·Ͱɼ͋Δौ଺ύλʔϯ (A,M)͕࣮͍ͨͯ͠ݱͱ

͢Δ*6ɽͦͯ͠ɼ֤ऴ఺͝ͱʹɼτd(s) = t, τd(s+∆s) = t+∆tΛຬͨ͢ s ∼ s+∆sʹ͓͚Δ

ODަ௨ྲྀ཰ Q̇od(s)͓Αͼ τ̇d(s)ͷฏۉ஋ΛҎԼͷΑ͏ʹఆٛ͢Δɿ

Q̇od ≡
1
∆s

∫ s+∆s

s
Q̇od(s)ds, τ̇d ≡

1
∆s

∫ s+∆s

s
τ̇d(s)ds.

͜͜Ͱɼऀޙ͸ؒ࣌ߦཱྀߧۉͷ૿Ճ཰Λද͢ɿ

τ̇d = 1 +
C∗od(τd(s + ∆s)) − C∗od(τd(s))

(s + ∆s) − s
=
∆t
∆s
. (5.37)

·ͨɼͦΕΒΛશͯͷऴ఺ϊʔυʹ͍ͭͯฒ΂ͨϕΫτϧΛ Q̇dɼτ̇ d ͱॻ͖ɼҎԼͷԾఆ

Λ͓͘ɽ

Ծఆ 1. Q̇dɼτ̇ d ʹ͍ͭͯɼDUE৚݅ తʹ੒ཱ͢Δɿࣅ͕ۙ(5.17)
[

Vii Vid
Vdi Vdd

] [
τ̇ i

τ̇ d

]
≈

[
δi

Q̇d + δd

]
. (5.38)

͜͜Ͱɼτ̇ i ͸ τ̇i(s)ͷฏۉ஋ʹ͋ͨΔม਺Ͱ͋Δɽ

ࣜ (5.38)͕ʢҰൠʹʣۙࣅͱͳΔཧ༝͸ɼऴ఺΁ͷ౸ண࣌ࠁ t ∼ t + ∆tΛج४ʹ͑ߟΔ

ࠁ఺͔Βͷग़ൃ࣌ىɼͦΕʹରԠ͢Δʹࡍ s ∼ s+∆sʢ͋Δ͍͸ ODཱྀؒؒ࣌ߦʣ͸ɼҰൠ

ʹऴ఺ຖʹҟͳΔͨΊͰ͋Δʢٯʹɼࣜ (5.17)͸ى఺͔Βͷग़ൃ࣌ࠁ sΛج४ͱͯ͠هड़

͞Ε͍ͯΔʣɽͨͩ͠ɼt ∼ t + ∆tͰौ଺ύλʔϯ͸มԽ͠ͳ͍ͨΊɼࣜ (5.17)ͷ܎਺ྻߦ

V͸มԽ͠ͳ͍ɽ·ͨɼࣜ (5.17)͸ઢܗͰ͋ΔͨΊɼߧۉ ODཱྀ͕ؒ࣌ߦ౳͍͠৔߹ʹ͸

ʢ͋Δ͍͸ɼऴ఺͕ 1ͭͷ৔߹ʣɼࣜ ੒ཱ͢Δɽैͬͯɼ͜ͷԾఆ͸Ϧʔζʹີݫ͕(5.38)

φϒϧͳ΋ͷͰ͋Δͱ͑ߟΒΕΔɽ

Ҏ্ͷ४උͷԼɼಈతͳ৚݅Լʹ͓͚Δฏۉεϧʔϓοτ fd(x) ≡ [ f d]∀dɼ f d ≡
1
∆t

∫ t+∆t
t fd(τd(s))dt͸ɼ࣍ͷΑ͏ʹධՁ͞ΕΔɽ

໋୊ 3. ୯Ұى఺ωοτϫʔΫʹ͓͍ͯɼ࣌ࠁ t ͔Β࣌ࠁ t + ∆t ʹ͓͍ͯौ଺ύλʔϯ

(A,M)͕࣮͓ͯ͠ݱΓɼ·ͨ τ̇ d ༩͑ΒΕ͍ͯͨͱ͢Δɽ͜ͷͱ͖ɼऴ఺ผͷฏۉεϧʔ

ϓοτ fd(x)͸ҎԼͷղੳࣜͰۙ͞ࣅΕΔɿ

fd ≈ T−1{Vddτ̇ d − (Vdi(Vii)−1[Vidτ̇ d − δi] + δd)} (5.39)

where T ≡ diag[· · · , τ̇d, · · · ].

*6 લষ·Ͱ͸࣌ࠁ sʹى఺Λग़ൃͨ͠ަ௨͕͢ݧܦΔौ଺ύλʔϯΛ͍ͨͯ͑ߟɽ
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ূ໌ 14. Ծఆ 1ΑΓɼ

Q̇d ≈ Vddτ̇ d − (Vdi(Vii)−1[Vidτ̇ d − δi] + δd). (5.40)

·ͨɼҎԼͷؔࣜ܎ɿ

gd =
Dd(t + ∆t) −Dd(t)

∆t
=

Qod(s + ∆s) −Qod(s)
∆t

=
1
∆s

∫ s+∆s
s Q̇od(s)ds

1
∆s

∫ s+∆s
s τ̇d(s)ds

=
Q̇od

τ̇d
(5.41)

,.Λ୅ೖ͢Ε͹ʢi.eࣜࣅͷۙه্ʹ ఺Ͱͷى OD ަ௨ྲྀ཰Λऴ఺Ͱͷྲྀग़཰ʹม͢׵Ε

͹ʣɼࣜ (5.39)͕ಘΒΕΔɽʢূ໌ऴʣ

͜͜Ͱɼಈతͳঢ়گԼͷωοτϫʔΫશମͷฏۉεϧʔϓοτ F͸ɼҎԼͷΑ͏ʹද͞

ΕΔɿ

F ≈ 1TT−1{Vddτ̇ d − (Vdi(Vii)−1[Vidτ̇ d − δi] + δd)}

=
∑

d∈Nd

⎧⎪⎪⎨⎪⎪⎩
∑

k∈I(d)

µkd −
∑

k∈O(d)

µdkτ̇k/τ̇d

⎫⎪⎪⎬⎪⎪⎭ . (5.42)

ৄ͘͠ఆৗঢ়ଶͱಈతঢ়گԼͷεϧʔϓοτͷؔ܎Λ͠࡯ߟΑ͏ɽఆৗঢ়ଶͷεϧʔ

ϓοτ G͔Βಈతঢ়گԼͷฏۉεϧʔϓοτ GΛࠩ͠Ҿ͘ͱɼ

F − F =
∑

d∈Nd

∑

k∈O(d)

µdk(τ̇k/τ̇d − τ̇k/τ̇d). (5.43)

͜͜Ͱɼτ̇o = 1ɼτ̇d = 1Λ༻͍ͨɽ͜ͷࣜ (5.43)͔Βɼ྆ऀͷဃ཭͸ɼ֤ऴ఺ϊʔυ͔Β

ྲྀग़͢Δϑϩʔʹؔ͢Δ෦෼ʹىҼ͠ɼऴ఺΁ͷྲྀೖϑϩʔ͸ࠩʹӨڹΛ༩͑ͳ͍͜ͱ͕

Θ͔Δɽ·ͨɼ͜ͷࣜ (5.43)͔Β͸ີݫʹͦͷਖ਼ෛΛ൑ఆ͢Δ͜ͱ͕Ͱ͖ͳ͍͕ɼԼهͷ

Α͏ʹશମతͳ޲܏͸ಡΈऔΔ͜ͱ͕Ͱ͖Δɽ

·ͣɼࣜ (5.4)ɼ(5.11)ΑΓɼτ̇ j/τ̇i ͸ϦϯΫ (i, j)ͷ༰ྔʹର͢Δʢฏۉʣྲྀೖަ௨ྲྀ཰

ͷൺʢ=ྲྀೖަ௨ྲྀ཰/༰ྔʣΛද͓ͯ͠ΓɼϦϯΫͷଘࡏ୆਺͕૿Ճ͍ͯ͠Δͱ͖ɼ͜ͷ

஋͕ 1ΑΓେ͖͘ͳΔ͜ͱ͕Θ͔ΔɽैͬͯɼωοτϫʔΫͷं྆ଘࡏ୆਺͕૿Ճ͍ͯ͠

Δͱ͖ɼࣜ (5.43)ͷ֤߲ͷ֘౰෦෼ͷଟ͘͸ τ̇ j/τ̇i > 1ͱͳΔɽҰํɼఆৗঢ়ଶʹ͓͍ͯ

͸ωοτϫʔΫશମͷं྆ଘࡏ୆਺ΛෆมͱԾఆ͍ͯ͠ΔͨΊɼશϦϯΫͷฏۉͱͯ͠͸

τ̇k/τ̇d ≈ 1͕੒Γཱ͍ͬͯͳ͚Ε͹ͳΒͳ͍ɽͭ·Γɼఆৗঢ়ଶʹ͓͚Δղੳࣜ (5.36)͸ɼ

ωοτϫʔΫͷं྆ଘࡏ୆਺ʢΑΓਖ਼֬ʹ͸ɼҟͳΔऴ఺ͷؒͷं྆ଘࡏ୆਺ʣ͕૿Ճ͠

͍ͯΔہ໘ʹ͓͍ͯ͸ɼεϧʔϓοτΛ࣮ࡍʢಈతͳঢ়گԼʣΑΓաେධՁ͢Δ޲܏ʹ͋

Δʢं྆ଘࡏ୆਺͕ݮগ͍ͯ͠Δہ໘Ͱ͸աখධՁ͢Δ޲܏ʹ͋Δʣͱ͑ݴΔɽ

ैͬͯɼ͞࡯؍ʹ࣮ݱΕΔौ଺ύλʔϯ͔Β NEF/MFDΛ෼ੳ͢ΔͨΊʹ͸ɼͲͷΑ͏

ͳौ଺ύλʔϯ͕࣮͍ͯ͠ݱΔ͔ʹՃ͑ɼͦͷौ଺ύλʔϯ͕ʢࢹڊతʹΈͯʣौ଺͕ਐ
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ల͍ͯ͠Δաఔʹ͋Δͷ͔ɼ͋Δ͍͸ɼौ଺͕ղফ͍ͯ͠Δաఔʹ͋Δͷ͔΋ྀ͢ߟ΂͖

ཁૉͰ͋Δ͜ͱ͕Θ͔Δɽ

5.5 Unidirectional network΁ͷఏҊํ๏ͷ֦ு

ຊઅͰ͸ɼલઅ·Ͱͷ୯Ұى఺ߏ଄ʹ͓͚Δεϧʔϓοτͷղੳํ๏Λɼunidirectional

ͣ·఺ଟऴ఺ͷωοτϫʔΫ΁ͱ֦ு͢Δɽى଄Λ࣋ͭଟߏ 5.5.1 Ͱ͸ɼunidirectional

network ʹ͓͚Δौ଺ύλʔϯΛ༩݅ͱͨ͠ಈతར༻ऀߧۉϞσϧΛఆࣜԽ͢Δɽ࣍ʹ

5.5.2Ͱɼ๞࿨ωοτϫʔΫʹ͓͚Δ DUEͷࣜߧۉΛಋग़͢Δɽ5.5.3Ͱ͸ɼ୯Ұى఺ʹ͓
͚Δղੳࣜͷಋग़ͱಉ༷ʹɼϞσϧͷٯղੳΛ͜͏ߦͱʹΑΓεϧʔϓοτͷղੳࣜΛಋ

ग़͢Δɽ

5.5.1 Unidirectional networkʹ͓͚Δ࣌ࠁผ෼ղ͞Εͨ DUEͷఆࣜԽ

ୈ 3ষͰઆ໌ͨ͠Α͏ʹɼunidirectional network͸࣌ؒ෼ղ๏Λద༻Ͱ͖Δωοτϫʔ

ΫͷҰൠԽ֓೦Ͱ͋Δɽ͜ͷωοτϫʔΫͰ͸ɼ֤ϊʔυ্ͷߧۉ౸ண࣌ࠁ͸ɼ೚ҙͷى

఺ʢج४఺ʣ͔Βͷग़ൃ࣌ࠁͰ͋Δج४࣌ࠁͷؔ਺ͱͯ͠දͤΒΕΔʢ͜ΕΛϊʔυɾϙ

ςϯγϟϧͱݺͿʣɽՃ͑ͯɼ͜ͷϊʔυɾϙςϯγϟϧ͸ج४࣌ࠁʹର͢Δٛ޿୯ௐؔ

਺ͱͳΔɽͦͷͨΊɼunidirectional network Ͱͷ DUE ഑෼໰୊͸ɼ୯Ұى఺΍୯Ұऴ఺

ωοτϫʔΫͱಉ༷ʹɼج४࣌ࠁผʹ෼ղ͢Δ͜ͱ͕Ͱ͖Δɽ

Ͱ͸ɼunidirectional network ্ͷ DUE Λɼج४఺͔Βͷग़ൃ࣌ࠁผ͝ͱʹ໰୊Λ෼ղ

ผͷࠁ४࣌جͰఆࣜԽ͠Α͏ɽܗͨ͠ DUEͰ͸ɼ࣍ͷೋͭͷม਺͕த৺తͳ໾ׂΛՌͨ

͢ɽҰͭ͸ɼج४࣌ࠁ sʹରԠ͢Δɼϊʔυ iͷϊʔυɾϙςϯγϟϧ pi(s)Ͱ͋Δ*7ɽ΋

͏Ұͭ͸ɼج४࣌ࠁ sʹؔ͢ΔϦϯΫ i jͷྲྀೖަ௨ྲྀ཰ yij(s)Ͱ͋Δɽઌʹఆٛͨ͠ઈର

ࠁ࣌ tʹ͓͚Δྦྷੵྲྀೖ୆਺ Aij(t)ɼٴͼྲྀೖަ௨ྲྀ཰ λi j(t)ͱ͸࣍ͷ͕ؔ܎੒ཱ͢Δɿ

yij(s) ≡ dAij(pi(s))/ds (5.44)
= λi j(pi(s)) ṗi(s). (5.45)

͜͜Ͱɼṗi(s) ≡ dpi(s)/dsͰ͋Δɽ͜Ε͸ɼج४࣌ࠁͷมԽʹର͢Δϊʔυ i΁ͷ౸ண࣌ࠁ

ͷ৳ͼ཰Λද͍ͯ͠Δɽ

͜ΕΒͷม਺Λ༻͍Δͱɼج४࣌ࠁผͷ DUEͷఆࣜԽ͸ɼҎԼͷΑ͏ʹ·ͱΊΒΕΔɿ

*7 ͳ͓ɼpoREF (s) ≡ sͰ͋Δɽ



ୈ 5ষ ौ଺ύλʔϯΛ༩݅ͱͨ͠εϧʔϓοτղੳํ๏ͷߏங 86

ϦϯΫཱྀؒ࣌ߦ

ࠁ४࣌ج sʹؔ͢ΔϦϯΫ i jͷཱྀؒ࣌ߦ cij(s)͸ɼ࣍ͷΑ͏ʹද͞ΕΔɿ

cij(s) =
∫ s

0
ċi j(s) ds + cij(0) ∀s, (5.46)

where ċi j(s) =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

yij(s)
µi j
− ṗi(s) if xij(pi(s) +mij) > 0

0 if xij(pi(s) +mij) = 0
(5.47)

͜͜Ͱɼċi j(s) ≡ dcij(τi(s))/dsͰ͋Δɽ

࿏બ୒৚݅ܦ୹࠷

⎧⎪⎪⎨⎪⎪⎩
yij(s)

{
cij(s) + pi(s) − pj(s)

}
= 0

cij(s) + pi(s) − pj(s) ≥ 0, yij(s) ≥ 0
∀i j ∈ L, ∀s. (5.48)

FIFO৚݅ࣜͱϑϩʔอଘଇ

FIFO͕੒ཱ͍ͯ͠Δʢi.e.,ϦϯΫ಺Ͱͷ௥͍ӽ͕͠ͳ͍ʣͱ͖ɼ֤ϦϯΫʹ͓͍ͯɼೖ

ॱং͸ಉ͡Ͱ͋Δɽ͢ͳΘͪɼϑϩʔ͕ྲྀΕ͍ͯΔڈͰͷୀޱ΁ͷं྆ͷ౸ணॱংͱग़ޱ

ϦϯΫʹ͓͍ͯɼ

Ao
ij(t) = Do

ij(t + cij(t)), (5.49)

͕੒ཱ͢Δɽͳ͓ Ao
ij(t),D

o
ij(t)͸ɼͦΕͧΕى఺Λ oͱ͢Δं྆ͷɼϦϯΫ i jͰͷ࣌ࠁ t

ʹ͓͚Δྦྷੵྲྀೖɾྲྀग़ަ௨ྔͰ͋Δɽಛʹɼt = pi(s)ͱ͢Δͱɼunidirectional network্

ͷϑϩʔ͕ྲྀΕ͍ͯΔϦϯΫͰ͸ɼDUEঢ়ଶʹ͓͍ͯ cij(s)+ pi(s) = pj(s)͕੒ཱ͍ͯ͠Δ

ͨΊɼ

Ao
ij(pi(s)) = Do

ij(pi(s) + cij(pi(s))) = Do
ij(pj(s)) (5.50)

ͱͳΔɽ

࣍ʹɼ͋Δϊʔυ i ∈ N \No ʹ͓͚Δϑϩʔอଘଇ͸ɼى఺ผʹϑϩʔΛ෼ղ͢Δ͜ͱ

Ͱ࣍ͷΑ͏ʹఆࣜԽ͢Δ͜ͱ͕Ͱ͖Δɿ
∑

k

Do
ki(t) −

∑

k

Ao
ik(t) −Qoi(t − C∗oi(t)) = 0. (5.51)

C∗oi(t)͸ɼى఺ oΛग़ൃ͠ɼ࣌ࠁ tʹϊʔυ iʹ౸ண͢Δं͕྆͢ݧܦΔܦߧۉ࿏ཱྀؒ࣌ߦ

Ͱ͋Δɽ
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͜͜Ͱ t = pi(s)ͱ͢Δ͜ͱʹΑΓɼج४࣌ࠁ sʹରԠ͢Δ࣌ࠁʹग़ൃͨ͠ं͕྆ຬͨ͢

΂͖ϑϩʔอଘଇΛ͑ߟΔɽ͜ͷͱ͖ܦߧۉ࿏ཱྀؒ࣌ߦʹ͍ͭͯɼpi(s)−C∗oi(pi(s)) = po(s)

Ͱ͋Δɽ͜ͷؔࣜ܎ͱ (5.50)Λ (5.51)ʹ୅ೖ͠ɼશͯͷى఺ʹ͍ͭͯ଍͠߹ΘͤΔ͜ͱͰɼ

∑

o

⎡
⎢⎢⎢⎢⎢⎣
∑

k

Do
ki(pi(s)) −

∑

k

Ao
ik(pi(s)) −Qoi(po(s))

⎤
⎥⎥⎥⎥⎥⎦ = 0,

⇒
∑

k

Aki(pk(s)) −
∑

k

Aik(pi(s)) −
∑

o
Qoi(po(s)) = 0. (5.52)

͕੒ཱ͢Δɽͦͯ͜͠ΕΛ sͰඍ෼͢Δ͜ͱͰɼ֤ϦϯΫͰͷ FIFO৚݅ࣜͱ֤ϊʔυͰ

ͷϑϩʔอଘଇ͸ɼҎԼͷΑ͏ͳ yij(s)Λར༻ͨ͠දؼʹݱண͢Δɿ
∑

k

yki(s) −
∑

k

yik(s) − Q̇oi(po(s)) ṗo(s) = 0, (5.53)

where Q̇oi(po(s)) ≡ dQoi(po(s))/dpo(s). (5.54)

݁Ռͱͯ͠ɼ͜ΕΒͷ৚݅ΛશͯͷϊʔυɾϦϯΫʹ͍ͭͯͱΓɼྻߦɾϕΫτϧදࣔ

͢Δ͜ͱʹΑͬͯɼunidirectional networkʹ͓͚Δج४࣌ࠁผ෼ղ͞Εͨ DUEঢ়ଶ͸ɼ࣍

ͷΑ͏ʹ૬ิੑࣜܗͰද͞ΕΔɿ

m ≤ c(s) ⊥ (ċ(s) −M−1y(s) +A∗T+ ṗ∗(s)) ≥ 0 (5.55)

0 ≤ y(s) ⊥ (c(s) +A∗Tp∗(s)) ≥ 0 (5.56)

Ay(s) = −Q̇(s)ṗo(s) (5.57)

͜͜ͰɼM͸ϦϯΫ༰ྔ µi j Λର֯ཁૉͱ͢Δ L ×Lର֯ྻߦɼm, c(s),ͦͯ͠ y(s)͸ɼ

ͦΕͧΕ mij, cij(s), yij(s)Λཁૉͱ͢Δ L࣍ݩϕΫτϧͰ͋Δɽ·ͨɼp∗(s), ṗ∗(s)͸ɼͦ

ΕͧΕ pi(s), ṗi(s)Λཁૉͱ͢ΔN ϕΫτϧͰ͋Γɼṗo(s)͸ݩ࣍ ṗ∗(s)ͷى఺ʹؔ͢Δߦʹ

͍ͭͯநग़ͨ͠No ߦͷϕΫτϧͰ͋ΔɽQ̇(s)͸ɼiݩ࣍ jྻʹ Q̇ji(pj(s))Λཁૉͱͯ͠΋

ͭ {N −No} ×No ͷྻߦͰ͋Δɽ

5.5.2 ौ଺ύλʔϯΛ༩݅ͱͨ͠ DUEͷߧۉղ

લઅͰࣔ͞Εͨ࣌ࠁผ DUE͸૬ิੑ໰୊/ม෼ෆ౳ࣜ໰୊ͱͯ͠ද͞ݱΕ͓ͯΓɼҰൠ

తʹղੳղΛٻΊΔ͜ͱ͸Ͱ͖ͳ͍ɽ͔͠͠୯Ұى఺ωοτϫʔΫͱಉ༷ʹɼωοτϫʔ

Ϋ্ͷશͯͷϦϯΫͰϑϩʔͷྲྀೖ͕͋Γʢi.e., yij(s) > 0ʣɼ͔ͭɼશͯͷϦϯΫͰौ଺͠

͍ͯΔʢi.e., xij(pi(s)) > 0ʣɼ“๞࿨ωοτϫʔΫ”Ͱ͸ɼ࣌ࠁผͷ DUE໰୊͕࿈ཱઢܗγε

ςϜํఔࣜʹؼண͢ΔͨΊɼߧۉղΛղੳతʹٻΊΔ͜ͱ͕ՄೳͰ͋Δɽ

۩ମతʹ͸ɼ૬ิੑ৚݅ͱͯ͠ද͞ݱΕ͍ͯͨϦϯΫཱྀؔؒ࣌ߦ਺ (5.55)ɼٴͼ࠷୹ܦ

࿏બ୒৚݅ (5.56)͸ɼ࣍ͷ౳ࣜ৚݅ʹؼண͢Δɿ

ċ(s) −M−1y(s) +A∗T+ ṗ∗(s) = 0, (5.58)

c(s) +A∗Tp∗(s) = 0. (5.59)
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͜͜Ͱɼ(5.59)Λ sʹ͍ͭͯඍ෼͠ɼ(5.58)ͱ࿈ཱͤ͞Δ͜ͱʹΑΓɼ

y(s) = −(MAT
o−ṗo(s) +MAT

−ṗ(s)). (5.60)

ͳ͓ɼṗ(s)͸ ṗ∗(s)͔Βى఺ʹؔ͢ΔཁૉΛ࡟আͨ͠N −No ͷϕΫτϧͰ͋ΔɽΑͬݩ࣍

ͯɼ͜ͷࣜ (5.60)Λϑϩʔอଘଇ (5.57)ʹ୅ೖ͢Δ͜ͱʹΑΓɼunidirectional networkʹ

͓͚Δ DUEͷߧۉղʹؔ͢Δ࣍ͷؔࣜ܎ΛಘΔɿ

AMAT
o−ṗo(s) +AMAT

−ṗ(s) = Q̇(s)ṗo(s). (5.61)

5.5.3 εϧʔϓοτͷղੳతධՁ

εϧʔϓοτͷղੳͷ४උͷͨΊɼࢹڊతͳঢ়ଶม਺Λ DUEͷهड़ʹ࢖ΘΕͨม਺Λ

༻͍ͯද͢ɿ

Aod(t) = Qod(t), (5.62)
Dod(t) = Qod(t − C∗od(t)), (5.63)
nod(t) = Aod(t) −Dod(t). (5.64)

͜ΕΒ͸ɼىऴ఺ผʹ۠ผ͞ΕͨɼωοτϫʔΫ΁ͷྦྷੵྲྀೖަ௨ྔɼྦྷੵྲྀग़ަ௨ྔɼ

୆਺Ͱ͋Δɽͳ͓ɼ(5.63)ࡏͼं྆ଘٴ ͕੒ཱ͢Δͷ͸ɼDUE ঢ়ଶʹ͓͍ͯ͸ɼOD ؒ

Ͱ FIFO ৚͕݅੒ཱ͢ΔͨΊͰ͋Δɽ͜ΕΒͷࢹڊతͳม਺͕ඍ෼ՄೳͰ͋Δͱ͢Δͱɼ

ωοτϫʔΫ಺ͷं྆ଘࡏ୆਺ͷμΠφϛΫε͸ɼ࣍ͷΑ͏ʹද͞ΕΔɿ

dnod(pd(s))
dt

= λod(pd(s)) − fod(pd(s)) ∀od ∈W, (5.65)

where λod(pd(s)) ≡
dAod(pd(s))

dt
=

dQod(pd(s))
dt

(5.66)

fod(pd(s)) ≡
dDod(pd(s))

dt
=

dQod(po(s))
dt

(5.67)

͜͜Ͱɼࣜ (5.66)ɼ(5.67)͸ɼͦΕͧΕىऴ఺ຖͷωοτϫʔΫ΁ͷྲྀೖަ௨ྲྀ཰ɼྲྀग़

ަ௨ྲྀ཰ʢεϧʔϓοτʣΛද͍ͯ͠Δɽ

Ҏ্ͷ४උͷԼɼҎԼͰ͸ DUEঢ়ଶ (5.61)ͷٯ໰୊ΛఆࣜԽ͢Δɽͦͯͦ͠ͷ໰୊Λ

ղ͘͜ͱʹΑΓɼఆৗঢ়ଶʹ͓͚ΔεϧʔϓοτͷղੳࣜΛಋग़͢Δɽ·ͣɼपڥظք৚

݅͸֤ىऴ఺ϖΞຖʹ࣍ͷΑ͏ʹද͞ΕΔɿ

dnod(pd(s))
dt

⇔
dQod(pd(s))

dt
=

dQod(po(s))
dt

, (5.68)

⇔ Q̇od(pd(s))ṗd(s) = Q̇od(po(s))ṗo(s) (5.69)
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·ͨɼఆৗঢ়ଶΛ͑ߟΔͨΊʹɼྲྀೖɾྲྀग़ަ௨ྲྀ཰͕ҰఆͰ͋Δ͜ͱΛԾఆ͢Δͱɼ

Q̇od(pd(s)) = Q̇od(po(s)), (5.70)

͕੒ཱ͢Δɽ͜͜Ͱɼ(5.69)ͱ (5.70)Λ࿈ཱͤ͞Δ͜ͱʹΑΓɼ࣍ͷؔࣜ܎ΛಘΔɿ

ṗo(s) = ṗd(s). (5.71)

͞Βʹɼo = oREF ʹ͓͍ͯ ṗo(s) = 1Ͱ͋Δ͜ͱΛ͑ߟΔͱɼunidirectional networkʹ͓͚

Δఆৗ৚݅ࣜ͸࣍ͷؔؼʹࣜ܎ண͢Δ͜ͱ͕Θ͔Δɿ

ṗo(s) = ṗd(s) = 1. (5.72)

͜Ε͸ɼ͋Δऴ఺ dʹ͓͚Δఆৗతͳεϧʔϓοτ fd ͸ɼωοτϫʔΫ΁ͷྲྀೖަ௨ྲྀ཰

λd =
∑

o λodɼ͋Δ͍͸ ODަ௨ྲྀ཰
∑

o Q̇od(s)ʹҰக͢Δ͜ͱΛҙຯ͍ͯ͠Δɽ

݁Ռͱͯ͠ɼఆৗ৚݅ (5.72)ͱ DUE৚݅ (5.61)Λ༻͍Δ͜ͱʹΑΓɼఏҊٯ໰୊͸Ҏ

ԼͷΑ͏ʹද͞ΕΔɿ
⎧⎪⎪⎨⎪⎪⎩

f = AMAT
−ṗ +AMAT

o−1
ṗ = [ṗi | ṗd]T = [ṗi | 1]T . (5.73)

͜͜Ͱɼṗiɼṗd ͸ɼͦΕͧΕ௨աϊʔυू߹ Niɼऴ఺ϊʔυू߹ Nd ʹରԠ͢Δ ṗͷ෦

෼ϕΫτϧΛද͢ɽ·ͨɼ(5.73)ͷୈҰࣜ͸ɼODަ௨ྲྀ཰ Q̇(s)ṗo(s)Λεϧʔϓοτ fͰ

ஔ͖͑׵ɼ͔ͭौ଺ύλʔϯΛ༩݅ͱͨ͠ DUEߧۉ৚݅ࣜͰ͋Δɽͦͯ͠ɼ͜ͷ໰୊Λ

ղ͘͜ͱʹΑΓɼऴ఺ผͷεϧʔϓοτ fd ʹ͍ͭͯͷɼҎԼͷ໋୊͕ಘΒΕΔɿ

໋୊ 4. ʢUnidirectional networkʹ͓͚ΔεϧʔϓοτͷղੳࣜʣUnidirectional network

ʹ͓͍ͯौ଺ύλʔϯ (A,M)͕༩͑ΒΕͨ͢Δɽ͜ͷͱ͖ɼं྆ଘࡏ୆਺͕ҰఆͱͳΔ

ఆৗঢ়ଶʹ͓͚Δऴ఺ผͷεϧʔϓοτ fd ͸ɼҎԼͷղੳࣜͰ༩͑ΒΕΔɿ

fd = Vdd1 +Vdo1 −Vdi(Vii)−1[Vio1 +Vid1]. (5.74)

where Vab = AaMAT
b−. (5.75)

ূ໌ 15. (5.73)ʹ͍ͭͯɼ௨աϊʔυͱऴ఺ϊʔυΛ۠ผͯ͠ϒϩοΫදࣔ͢Δ͜ͱʹΑ

Γɼ࣍ͷؔࣜ܎ΛಘΔɿ
[

0
fd

]
=

[
Vio1
Vdo1

]
+

[
Vii Vid
Vdi Vdd

] [
ṗi
1

]
(5.76)

⇔
⎧⎪⎪⎨⎪⎪⎩

0 = Viiṗi +Vio1 +Vid1
fd = Vdd1 +Vdo1 +Vdiṗi

(5.77)

͜͜Ͱɼ(5.77)ͷୈҰࣜͷ Vii ͸७༙͖ग़͠ϊʔυΛؚ·ͳ͍ྻߦͰ͋ΓɼඞͣྻߦٯΛ

࣋ͭɽैͬͯɼ

ṗi = −(Vii)−1[Vio1 +Vid1]. (5.78)

͕੒ཱ͢Δɽ͜ͷࣜΛ (5.77)ͷୈೋࣜʹ୅ೖ͢Ε͹ɼ(5.74)͕ಘΒΕΔɽʢূ໌ऴʣ
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5.5.4 ୯Ұى఺ωοτϫʔΫͰͷղੳࣜͱͷൺֱ

఺ωοτϫʔΫʹ͓͚ΔεϧʔϓοτͷղੳࣜͱൺֱىɼಘΒΕͨղੳࣜΛ୯Ұʹޙ࠷

͠Α͏ɽ͜ͷͨΊʹ·ͣɼࣜ (5.74)ͷى఺ϊʔυʹؔ͢Δྻߦ AT
o− Λɼ࣍ͷΑ͏ʹى఺ผ

ʹϒϩοΫදࣔ͢Δɿ

AT
o− =

[
· · · AT

dec;k− · · ·
]
. (5.79)

͜͜ͰɼAT
dec;k− ͸ AT

o− ͷ kྻ໨ͱ౳͍͠ L࣍ݩͷྻϕΫτϧͰ͋Δɽ͜ΕΛ AdMAT
o−1,

AiMAT
o−1ʹ୅ೖ͢Δͱɼ͕࣍੒ཱ͢Δɿ

AdMAT
o−1 = AdM

[
· · · AT

dec;i− · · ·
]

1

=
∑

k∈No

AdMAT
dec;k−, (5.80)

AiMAT
o−1 =

∑

k∈No

AiMAT
dec;k−. (5.81)

͜͜ͰɼAdMAT
dec;k−, AiMAT

dec;k− ͸ɼͦΕͧΕࣜ (5.29)ͷ δd, δi ͱ౳ՁͰ͋Δɿ͋Δऴ఺

ϊʔυ dʢ·ͨ͸ɼ௨աϊʔυ iʣ͔Βى఺ k΁ྲྀೖ͢ΔϦϯΫ (d, k)͕͋Δͱ͖ɼߦ dʢ·

ͨ͸ɼߦ iʣͷཁૉͱͯ͠ −µdk Λ࣋ͭɽͦͯ͜͠ΕΒΛ୅ೖ͢Δ͜ͱͰɼunidirectional

networkͰͷղੳࣜ͸ɼ࣍ͷΑ͏ʹද͞ΕΔɿ

fd = AdMAT
d−1 −AdMAT

i−(AiMAT
i−)−1AiMAT

d−1

+
∑

k∈No

[
AdMAT

dec;k− −AdMAT
i−(AiMAT

i−)−1AiMAT
dec;k−

]
. (5.82)

͜ΕΛݟΔͱΘ͔ΔΑ͏ʹɼunidirectional networkͰͷղੳࣜͰ͸ɼى఺ʹؔ͢Δྻߦ

͸֤ى఺ผͷྻߦͷઢܗ࿨Ͱද͞ΕΔɽ·ͨɼى఺ʹؔ͢Δى֤͕ྻߦ఺ผͷྻߦͷઢܗ

࿨Ͱද͞ΕΔ͜ͱ͸ɼunidirectional networkͷॖ໿ωοτϫʔΫΛ࣍ͷΑ͏ʹมͯ͠׵΋

εϧʔϓοτ͸มԽ͠ͳ͍͜ͱΛҙຯ͢ΔɿରԠ͢Δॖ໿ωοτϫʔΫʹ͓͍ͯɼෳ਺ͷ

఺ͱ઀ଓ͠ى఺ͱ઀ଓ͍ͯ͠ΔϦϯΫ͕ɼશͯҰͭͷى఺ʹू໿͢Δʢ֤ى఺ΛҰͭͷى

͍ͯΔ΋ͷͱΈͳ͢ʣɽ͢ͳΘͪɼࣜ (5.82) ͸ࣜ (5.29) Λแؚ͢Δؔ܎ʹ͋Δͱͱ΋ʹɼ

ͦͷੑ࣭ʢ࣍ষͰղੳ͢Δεϧʔϓοτͷղੳࣜͷײ౓ʣ͸୯Ұى఺ͷ΋ͷͱมΘΒͳ͍

͜ͱ͕Θ͔Δɽ

5.6 ਺஋ྫࢉܭ

ຊઅͰ͸ɼಈతͳ ODधཁύλʔϯʹै࣮ͬͯͨ͠ݱ DUEঢ়ଶʹ͓͚Δ NEFͱɼఏҊ

ख๏ʹΑΓղੳతʹධՁͨ͠ NEFΛൺֱ͢Δ͜ͱʹΑΓɼఏҊख๏ͷଥ౰ੑΛ֬ೝ͢Δɽ

·ͣ 5.6.1Ͱ͸ɼ਺஋ࢉܭͷઃఆͱ DUEঢ়ଶͷ਺஋ࢉܭ๏Λઆ໌͢Δɽ5.6.2Ͱ͸ɼ࣌ʑ
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ਤ 5.3: ୯Ұى఺ωοτϫʔΫ

ौ଺ύλʔϯʹఏҊख๏Λద༻͢Δ͜ͱͰղੳతʹಋग़͞ΕΔཧ࿦஋ͱ࣮ͨ͠ݱʑͷ࣮ࠁ

ঢ়Λൺֱ͢Δ͜ͱͰɼMFDΛܗͳ͏ɽ·ͨɼNEFͱMFDͷߦ஋ͷൺֱΛݱ NEFͷ୅ସ

ͱͯ͠ར༻͢Δࡍͷ஫ҙ఺Λઆ໌͢Δɽ

5.6.1 ਺஋ࢉܭઃఆ

ਤ 5.3ʹɼຊઅͰऔΓѻ͏ ఺͸ϊʔυى఺ଟऴ఺ωοτϫʔΫΛࣔ͢ɽى1 0Ͱ͋Γɼऴ

఺ϊʔυͷू߹͸ Nd = {10, 11, 13, 14, 19, 20, 21, 24} Ͱ͋Δɽ͜ΕΒऴ఺͸ى఺͔Βͷڑ
཭ʹԠͯ͡ɼ࣍ ͷ 3ͭͷऴ఺܈ʹ۠෼͢ΔɿNd1 = {10, 11, 13, 14},Nd2 = {19, 20, 21},Nd3 =

{24}ɽωοτϫʔΫ্ͷ֤ϦϯΫ͸ɼϦϯΫऴ୺ͷϘτϧωοΫ෦ͱϘτϧωοΫҎ֎ͷ
͔۠ؒΒߏ੒͞Ε͓ͯΓɼ୆ܕܗͷ Fundamental Diagram (FD)Λ࣋ͭɽਤதͷׅހॻ͖ͷ

਺ࣈ͸ɼͦΕͧΕࣗ༝ཱྀؒ࣌ߦ [sec]ɼϘτϧωοΫ༰ྔ [veh/sec]Λ͓ࣔͯ͠ΓɼϘτϧ

ωοΫҎ֎ͷ۠ؒʹ͓͚Δަ௨༰ྔ͸ 4[veh/sec]ͱ͢Δɽ਺஋࣮ݧΛ։͔࢝ͯ͠Β tඵޙ

ͷωοτϫʔΫ΁ͷ૯ྲྀೖަ௨ྲྀ཰͸ҎԼͷΑ͏ʹ༩͍͑ͯΔɽ

∑

d∈Nd

dQod(t)
dt

=

⎧⎪⎪⎪⎨⎪⎪⎪⎩

2 + 1
600 t t < 1800

5 1800 ≤ t < 3900
5 − 1

600 (t − 3900) 3900 ≤ t < 5700

·ͨɼ֤ऴ఺͏͔޲ʹ܈ར༻ऀͷൺ཰͸ɼNd1 : Nd2 : Nd3 = 1 : 2 : 2ͱઃఆͨ͠ɽDUEঢ়

ଶʹ͓͚ΔωοτϫʔΫશମͷं྆ଘࡏ୆਺ͱεϧʔϓοτ͸ɼ͢΂ͯͷधཁ͕ྲྀೖ͢Δ

·Ͱ 3෼ִؒͰू͞ܭΕɼ֤࣌ؒଳʹ͓͚Δฏۉ஋Λ࣮ݱ஋ͱ͢Δɽͳ͓ɼ֤ϦϯΫͷौ

଺ͷ༗ແʢi.e.,ौ଺ύλʔϯ͓ΑͼϦϯΫ༰ྔ஋ʣʹ͍ͭͯ΋ɼ3෼ؒू͞ܭΕͨϦϯΫ

ަ௨ྔ͔Β൑ఆΛ͠ɼղੳࣜ΁ͷΠϯϓοτͱ͍ͯ͠Δɽ

ຊڀݚͰ͸ɼҪྉʹΑͬͯఏҊ͞Εͨॱং഑෼ΞϧΰϦζϜ (Iryo, 2011b; Satsukawa and
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ਤ 5.4: NEFͷ࣮ݱ஋ͱཧ࿦஋

Wada, 2017)ʹΑΓ DUE഑෼Λ͏ߦɽ͜ͷํ๏͸ɼ཭ࢄԽ͞Εͨं྆ͷ͏ͪɼ“ૣ࠷ະ഑

෼ं྆”ʢi.e.,౰֘ं྆ͷ࠷୹ܦ࿏ʹؚ·ΕΔϦϯΫ΁ͷྲྀೖ͕࣌ࠁɼଞͷͲͷं྆ͷྲྀೖ

ΑΓ΋஗͘ͳ͍ʣΛࠁ࣌ 1୆ͣͭ࠷୹ܦ࿏ʹ഑෼͢Δ΋ͷͰ͋Δɽ͢ͳΘͪɼૣ࠷ະ഑෼

ं྆Λॱ࣍࠷୹ܦ࿏ʹ഑෼͢Δ͜ͱʹΑΓɼ͔ޙΒ഑෼͞ΕΔं྆͸લʹ഑෼͞Εͨं྆

Λ௥͍ӽ͢͜ͱ͸ͳ͘ʢi.e.,͋Δं྆ͷي੻͕ɼͦΕҎ߱ͷं྆ͷي੻ʹӨ͞ڹΕͳ͍ʣɼ

Ͳͷं྆΋ޙࣄతͳ࠷୹ܦ࿏Λ૸͍ͬͯΔঢ়ଶ͕ୡ੒͞ΕΔɽຊڀݚͰऔΓѻ͏ ఺ଟى1

ऴ఺ωοτϫʔΫʹ͓͍ͯ͸ɼ༩͑ΒΕͨ ODधཁΛωοτϫʔΫ΁ͷྲྀೖ͍࣌ૣ͕ࠁॱ

ʹ 1୆ͣͭ࠷୹ܦ࿏ʹ഑෼͍͚ͯ͠͹ɼώϡʔϦεςΟΫεͳࢉܭΛ͢Δ͜ͱͳ͘ɼDUE

ͷߧۉղΛٻΊΔ͜ͱ͕Ͱ͖Δɽ

·ͨɼ͜ͷख๏Ͱ͸଴ͪྻߦͷԆ৳Λྀ༷ͨ͠ߟʑͳަ௨ྲྀϞσϧΛ࠾༻͢Δ͜ͱ͕ग़

དྷΔ͕ɼຊڀݚͰ͸ Newell ͷ௥ैϞσϧ (Newell, 2002) Λ࠾༻͍ͯ͠Δɽ͜ͷϞσϧͰ

͸ɼ௥ैঢ়ଶʹ͋Δं྆ nͷي੻͸ɼ௚ۙͷं྆ n − 1ͷي੻Λʢ஍఺ͷ༰ྔ µͷؔ਺Ͱ

͋Δʣ࠷খं಄ڑ཭ d(µ)ͱ࠷গं಄࣌ؒ τ(µ)͚ͩγϑτͨ͠΋ͷͱͯ͠͞ࢉܭΕΔɽΑ

Γ۩ମతʹ͸ɼं྆ nͷ࣌ࠁ tʹ͓͚ΔҐஔ xn ͸ɼFDͷࣗ༝ཱྀߦ଎౓ʢલਐ೾଎౓ʣΛ

vɼޙਐ೾ͷ଎౓Λ wͱͨ͠ͱ͖ɼ

xn(t) = min{xn−1(t − τ(µ)) − d(µ), xn(t − 1) + v} (5.83)

where d(µ) =
wv

µ(w − v)
, τ(µ) = − v

µ(w − v)

ͱ༩͑ΒΕΔɽ͜͜Ͱ͸ɼ࠷ద଎౓Λ v = 16.7[m/sec]ɼޙਐ೾ͷ଎౓Λ w = 8.33[m/sec]

ͱ͍ͯ͠Δɽ

5.6.2 ਺஋݁ࢉܭՌ

ਤ 5.4ʹɼं྆ଘࡏ୆਺ʹର͢Δεϧʔϓοτͷ࣮ݱ஋ʢNEFʣͱɼ࣌ʑࠁʑʹൃ͠ݱ

ͨौ଺ύλʔϯʹରͯ͠ղੳࣜΛద༻͢Δ͜ͱͰಋग़ͨ͠ཧ࿦஋ͷਪҠΛࣔ͢ɽͳ͓ɼཧ
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ਤ 5.5: ֤ऴ఺ϊʔυ΁ͷཱྀؒ࣌ߦมԽ཰

࿦஋͸ಈతঢ়گԼͷ΋ͷͱɼఆৗঢ়ଶԼͷ΋ͷΛ྆ํ͍ࣔͯ͠Δɽਤதͷ P1 ∼ P4͸ɼਤ

5.6ʹࣔͨ͠ौ଺ύλʔϯ͕࣮͍ͯ͠ݱΔं྆ଘࡏ୆਺ͷൣғΛ͍ࣔͯ͠Δɽ

͜ͷਤ͔Β·ͣΘ͔Δ͜ͱ͸ɼಈతঢ়گԼͷεϧʔϓοτͷཧ࿦஋͕࣮ݱ஋ʹ΄΅Ұக

͍ͯ͠Δ͜ͱͰ͋Δɽͨͩ͠ɼP4ʹ͓͍ͯं྆ଘࡏ୆਺͕ݮগ͍ͯ͠Δͱ͖ʹ͸ɼ࣮ݱ஋

ͱཧ࿦஋ͷဃ཭͕ݟΒΕΔɽ͜Ε͸ɼ͜ͷ࣌ؒଳʹ͓͍ͯɼࣜ (5.38)ʹΑΔۙࣅͷ͕ࠩޡ

େ͖͘ͳΔͨΊͰ͋Δͱ͑ߟΒΕΔɽΑΓ۩ମతʹ͸ɼODཱྀ͕ͦؒ࣌ߦΕͧΕͷऴ఺܈

ͰҟͳΔ͜ͱʹՃ͑ʢ͜ͷ఺͸ P1 ∼ P3Ͱ΋ಉ༷ʣɼى఺ʹ͓͚Δྲྀೖަ௨ྲྀ཰͕ݮগ͠

͍ͯΔͨΊɼࣜ (5.38)ʹΑΔ͕ۙࠩޡࣅେ͖͘ͳΔɽٯʹɼP1 ∼ P3͸ྲྀೖަ௨ྲྀ཰͕Ұ

ఆͰ͋ΔͨΊɼࣜ (5.38)ʹΑΔ͕ۙࠩޡࣅখ͍͞ɽͭ·ΓɼωοτϫʔΫ΁ͷྲྀೖަ௨ྲྀ

཰ͷมԽ͕े෼؇΍͔Ͱ͋Ε͹ɼࣜ (5.42)͸ DUEঢ়ଶͰ࣮͢ݱΔεϧʔϓοτͷΑ͍ۙ

Λ༩͑Δ͜ͱ͕Θ͔Δɽࣅ

࣍ʹɼఆৗঢ়ଶԼͷεϧʔϓοτͷཧ࿦஋ΛݟΔͱɼौ଺ύλʔϯͷભҠʢP2 ͓Αͼ

P3ʣʹ൐͍௿Լ͍ͯ͠Δ΋ͷͷɼεϧʔϓοτΛաେධՁ͍ͯ͠Δ͜ͱ͕Θ͔Δɽ͜Ε

͸ɼ5.4Ͱ΋ͨ͠࡯ߟ௨ΓɼωοτϫʔΫ಺ͷҟͳΔऴ఺܈ͷؒͷं྆ଘࡏ୆਺͕૿Ճ͠
͍ͯΔͨΊͰ͋Δɽ͜ͷ͜ͱΛɼΑΓ۩ମతʹΈΔͨΊʹɼਤ 5.5ʹ֤ऴ఺ϊʔυ΁ͷཱྀ

ͷ૿Ճ཰ؒ࣌ߦ τ̇d ͷ࣌ؒਪҠΛࣔ͢ɽҟͳΔऴ఺ؒͷཱྀؒ࣌ߦͷ૿Ճ཰ͷҧ͍͸ɼͦͷ

ऴ఺ؒͰ଴ͪ࣌ؒ͋Δ͍͸଴ͪ૿͕ྻߦՃɾݮগ͍ͯ͠Δ͜ͱΛҙຯ͍ͯ͠Δɽ

͜ͷਤΛΈΔͱɼP1͕࣮͍ͯ͠ݱΔ࣌ؒଳͰ͸ɼ࠷΋Լྲྀͷऴ఺΁ͷཱྀؒ࣌ߦͷ૿Ճ཰

ͷΈ͕͘ߴɼऴ఺܈Nd2 ͱNd3 ͷؒͰं྆ଘࡏ୆਺͕૿Ճ͍ͯ͠Δɽैͬͯɼఆৗঢ়ଶΛ

Ծఆͨ͠εϧʔϓοτ͸΍΍աେධՁؾຯͰ͋ΔɽP2 ͷ࣌ؒଳʹͳΔͱɼNd2 ΁ͷཱྀߦ

࣌ؒͷ૿Ճ཰΋্ঢ͓ͯ͠ΓɼP2͔Β P3ʹ͔͚ͯऴ఺܈ Nd1 ͱ Nd2 ͷؒͷं྆ଘࡏ୆

਺͕૿Ճ͍ͯ͠Δɽैͬͯɼ͜͜Ͱ΋ఆৗঢ়ଶԼͷεϧʔϓοτ͸աେͰ͋ΓɼNd2 ΁ͷ

΋࠷Ͱ͋ΔͨΊɼͦͷဃ཭΋େ͖͍ɽҰํɼP4ʹͳΔͱɼܹٸͷ૿Ճ཰ͷ্ঢ͕ؒ࣌ߦཱྀ

্ྲྀͷऴ఺܈ Nd1 ΁ͷཱྀؒ࣌ߦͷ૿Ճ཰΋্ঢ͠ʢى఺ͱऴ఺܈ Nd1 ͷؒͷं྆ଘࡏ୆
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ਤ 5.6: ौ଺ύλʔϯͷਐలʢ࣮ઢɿौ଺ϦϯΫɼ఺ઢɿඇौ଺ϦϯΫɼ੺ઢɿ଴ͪྻߦͷԆ

৳Ͱ༰ྔ͕มԽͨ͠ϦϯΫʣ

਺ͷ૿Ճ͠ʣऴΘΓɼऴ఺܈Nd1 ͷ্ྲྀଆ͔Βं྆ଘࡏ୆਺͕ݮগ͍ͯ͠Δɽͦͯ͠ɼ͜

ͷ P4ͷ࣌ؒଳͰ͸ɼҟͳΔऴ఺܈ͷؒͰͷं྆ଘࡏ୆਺ͷ૿ݮ͸খ͍ͨ͞Ίɼఆৗঢ়ଶ

Լͷεϧʔϓοτͱ࣮ݱ஋ͷဃ཭͸খ͘͞ͳΔɽ

͓ͯ͜ݟಈʹ͍ͭͯ΋ڍʣͷ܎௨ྲྀ཰ͷؔަۉ୆਺ͱۭؒฏࡏɼMFDʢं྆ଘʹޙ࠷

͏ɽ͜͜ͰɼMFDͷۭؒฏަۉ௨ྲྀ཰͸ɼEdieͷఆٛ (Edie, ֤ͨ͠ࢉܭͯͬैʹ(1963

ϦϯΫͷަ௨ྔΛɼϦϯΫ௕ͰॏΈ෇͚ฏٻͯ͠ۉΊͨɽਤ 5.7ʹ NEFͱMFDͷ࣮ݱ஋

Λࣔ͢ɽ͜ͷਤΑΓɼMFD͕ NEFͷ޲܏Λ͓͓ΉͶଊ͍͑ͯΔ͜ͱ͕Θ͔Δɽͨͩ͠ɼ

P2 ∼ P3 Ͱ͸ɼͦͷมԽ͕ NEF ʹൺ΂ͯಷ͍ͬͯΔɽ͜Ε͸ɼεϧʔϓοτʢަ௨ॲཧ

ྔʣͷ௿Լ͕௚઀൓ө͞ΕΔ NEFͱҟͳΓɼMFD͸εϧʔϓοτʹ௚઀ؔ܎ͳ͍ϦϯΫ

΋ؚΉωοτϫʔΫશମͷϦϯΫަ௨ྔͷฏۉ஋Λද͍ͯ͠ΔͨΊͰ͋Δɽ·ͨɼP4 ʹ

͓͚Δं྆ଘࡏ୆਺ͷݮগہ໘Ͱ͸ɼNEF͸௿Լ͠ͳ͍ʹ΋ؔΘΒͣɼMFD͸௿Լͯ͠

͍Δɽ͜Ε΋ಉ༷ʹɼεϧʔϓοτʹ͸ؔ܎ͳ͍ϦϯΫަ௨ྔͷݮগͷӨڹͰ͋Δɽͭ·

ΓɼMFD ʹΑΓωοτϫʔΫͷަ௨ੑೳΛਪ͠ྔΔ͜ͱ͸ՄೳͰ͋Δ͕ɼMFD Λ NEF

ͷ୅ସͱͯ͠ར༻͢ΔʢεϧʔϓοτΛਪఆ͢Δʣࡍʹ͸ɼҎ্ͷΑ͏ͳ޲܏ʹ஫ҙ͕ඞ

ཁͰ͋Δͱ͑ݴΑ͏ɽ
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ਤ 5.7: NEFͱMFDͷൺֱ

5.7 ຊষͷ·ͱΊ

ຊষͰ͸ɼunidirectional networkΛର৅ʹɼौ଺ύλʔϯʹͮ͘جεϧʔϓοτͷղੳ

๏Λߏஙͨ͠ɽ۩ମతʹ͸ɼौ଺ύλʔϯΛ༩݅ͱͨ͠ DUE഑෼ͷٯ໰୊Λ͑ߟɼఆৗঢ়

ଶɼ͓Αͼಈతঢ়گԼͷεϧʔϓοτͷղੳࣜΛಋग़ͨ͠ɽͦͷ݁Ռɼఆৗঢ়ଶʹ͓͚Δ

εϧʔϓοτ͸ɼॖ໿ωοτϫʔΫͷߏ଄ʢौ଺ϦϯΫಉ࢜ͷ઀ଓؔ܎ʣͱ༰ྔύλʔϯɼ

͓Αͼͦͷ OD෼෍ʹΑΓಛ௃͚ͮΒΕΔ͜ͱ͕ཧ࿦తʹ໌Β͔ʹͳͬͨɽ·ͨɼಈతঢ়

ଶͰ͸͜ΕΒͷཁૉʹՃ͑ɼODཱྀؒ࣌ߦͷมԽ཰͕ӨڹΛٴ΅͢͜ͱ͕Θ͔ͬͨɽ͢ͳ

ΘͪɼMFDಛੑղ໌ͷݤͰ͋Δौ଺ύλʔϯΛ௨ͯ͠ɼunidirectionalߏ଄Λ࣋ͭωοτ

ϫʔΫ্ͷඍࢹతͳަ௨ঢ়ଶʢौ଺ϦϯΫͷަ௨༰ྔʣͱࢹڊతͳަ௨ੑೳʢεϧʔϓο

τʣؒͷؔੑ܎Λ໌Β͔ʹ͢Δ͜ͱ͕Ͱ͖ͨɽ

ຊষͰߏஙͨ͠ղੳࣜͰ͸ɼOD෼෍ʢى఺ɾऴ఺ͷҐஔʣͷ৘ใΛඞཁͱ͢Δ͕ɼͦ

ͷఆྔతͳ৘ใʢ͍ͭɼͲΕ͚ͩͷ ODަ௨ྔ͕ൃੜɼूத͍ͯ͠Δͷ͔ʣ͸ඞཁͱ͠ͳ

͍ɽ͢ͳΘͪɼఏҊ͢Δํ๏࿦Ͱ͸ɼ؍ଌՄೳͳަ௨৘ใʹͮ͘جωοτϫʔΫશମͷ

ަ௨ੑೳͷϦΞϧλΠϜͳධՁ͕ՄೳͱͳΔɽͦͷͨΊɼఏҊղੳํ๏͸ʢunidirectional

networkߏ଄ʹݶΒΕΔ͕ʣωοτϫʔΫશମͷަ௨ੑೳΛϦΞϧλΠϜʹ೺ѲͰ͖Δͱ

తͳΞϓϩʔνͷར఺Λଛͳ͏͜ͱͳ͘ɼۭؒతͳौ଺ύλʔϯͱεϧʔϓοτࢹڊ͏͍

ͱΛղੳతʹ݁ͼ͚ͭΔ͜ͱ͕Ͱ͖͍ͯΔɽ

ຊষͰߏஙͨ͠ौ଺ύλʔϯͷཧ࿦ղੳํ๏Ͱ͸ɼࠞͨ͠ࡶωοτϫʔΫશମͷεϧʔ

ϓοτΛಛ௃͚ͮΔौ଺ϦϯΫͷಛఆ͕ՄೳͱͳΔɽՃ͑ͯɼߏஙͨ͠ղੳ͔ࣜΒ͸ɼہ

ॴతͳौ଺ϦϯΫ༰ྔͷมԽ͕εϧʔϓοτʹ༩͑ΔӨڹΛఆྔతʹ೺Ѳ͢Δ͜ͱ͕Մೳ

ͱͳΔɽͦͷͨΊɼ֤ौ଺ϦϯΫͷ༰ྔมԽલޙͷεϧʔϓοτมԽΛղੳ͢Δ͜ͱͰɼ

εϧʔϓοτΛվળ͢ΔͨΊͷौ଺ϦϯΫ੍ࡦํޚΛ͑ߟΔ͜ͱ͕Ͱ͖Δɽ࣍ষͰ͸͜ͷ
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ਤ 5.8: ϧʔϓߏ଄෦ͱෳ਺ى఺ͷू໿ͷΠϝʔδ

ղੳʢײ౓෼ੳʣ͔Βɼ·ͣɼौ଺ϦϯΫͷ༰ྔมԽ͕εϧʔϓοτʹ༩͑ΔӨڹͷϝΧ

χζϜΛ໌Β͔ʹ͢Δɽͦͯͦ͠ͷ݁Ռʹ͖ͮجɼεϧʔϓοτΛվળ͢Δौ଺ϦϯΫ੍

ங͢Δɽߏɼྀͯ͠ߟଶʢi.e.,੍໿৚݅ʣΛܗޚΛɼ۩ମతͳ੍ࡦํޚ

Appendix 5.A Ұൠߏ଄ωοτϫʔΫ΁ͷఏҊํ๏ͷ֦ுҊ

͜͜·Ͱ͸ unidirectional networkΛର৅ͱͯ͠ఆৗঢ়ଶʹ͓͚Δεϧʔϓοτͷߏ଄ɼ

ͷωοτϫʔΫʹ͍ͭͯ͸ɼunidirectional࣮ݱɽҰํͰͨ͠࡯ߟ͍ͯͭʹͼͦͷಛ௃ٴ

networkߏ଄Λ࣋ͭωοτϫʔΫͱͯ͠ղੳͰ͖Δ΋ͷ͸ݶΒΕ͍ͯΔɽͦ͜Ͱຊ෇࿥Ͱ

͸ɼલઅ·Ͱͷٞ࿦ΛҰൠతͳߏ଄Λ࣋ͭωοτϫʔΫʹରͯ͠ద༻͢ΔͨΊͷख๏ʹͭ

଄ωοτϫʔΫΛߏΔɽ۩ମతʹ͸ɼҰൠ͢࡯ߟ͍ͯ unidirectional network΁ͱۙࣅม׵

͢Δख๏ʹ͍ͭͯ͢࡯ߟΔɽͦͯ͠ɼۙࣅม͞׵ΕͨωοτϫʔΫʹલষͰߏஙͨ͠ղੳ

ࣜΛద༻͢Δ͜ͱͰɼεϧʔϓοτΛۙࣅղੳ͢Δɽ

ҎԼͰ͸·ͣɼωοτϫʔΫͷۙࣅม׵ͷΞΠσΞʹ͍ͭͯ֓આ͢Δɽͦͯ͠ɼۙࣅม

ɽ͏ߦΛ࡯ߟ͍ͯͭʹͷ۩ମతͳख๏Λઆ໌͠ɼͦͷಛੑ׵

5.A.1 ຊతͳΞΠσΞجͷ׵มࣅۙ

ຊઅͰఏҊ͢Δۙࣅม׵ख๏ͷجຊతͳΞΠσΞ͸ɼҰൠߏ଄ωοτϫʔΫ্ͷ༗޲ɾ

ແ޲ͷϧʔϓߏ଄Λɼ୯Ұى఺ߏ଄΁ͱม͢׵Δ͜ͱͰ͋ΔɽΑΓ۩ମతʹ͸ɼϧʔϓߏ

଄ʹؚ·ΕΔෳ਺ͷى఺ϊʔυɼٴͼϧʔϓߏ଄΁ͱྲྀೖ͢ΔϦϯΫͷ্ྲྀϊʔυΛɼҰ

ͭͷԾ૝తͳى఺΁ͱू໿͢Δʢਤ 5.8ʣɽͦͯ͠ɼ͜ΕΛશͯͷϧʔϓʹద༻͢Δ͜ͱ

Ͱɼ୯Ұى఺ߏ଄͕Ծ૝తͳى఺Λ௨ͯ͠૊Έ߹Θͬͨ͞ɼpolytreeߏ଄΁ͱωοτϫʔ

ΫΛม͢׵ΔɽҎԼͰ͸ɼ͜ͷۙࣅม׵ͷΞΠσΞʹ͍ͭͯઆ໌͢Δɽ

εϧʔϓοτΛղੳ͢ΔͨΊͷϧʔϓߏ଄ͷۙࣅม׵ʹ͋ͨͬͯ͸ɼॏཁͳ఺͸ೋͭଘ

Ͱεϧʔϓοτͷ஋͕Ұக͍ͯ͠Δ͜ͱͰ͋Δɽ͜Ε͸ɼϧʔޙલ׵ΔɽҰͭ͸ɼม͢ࡏ

ϓߏ଄΁ͷྲྀೖϑϩʔ͕ɼม׵લޙͰมΘΒͳ͍͜ͱΛཁ͢ٻΔ΋ͷͰ͋ΔɽͳͥͳΒ

͹ɼຊߘͰղੳର৅ͱ͢Δఆৗঢ়ଶͰ͸ɼϧʔϓߏ଄͔Βͷྲྀग़ϑϩʔͷ૯࿨ʢi.e.,ϧʔ
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ϓߏ଄෦಺ͷऴ఺ʹ͓͚Δεϧʔϓοτͱɼϧʔϓߏ଄Λ௨ա͢Δަ௨ྔͷ࿨ʣ͸ɼྲྀೖ

ϑϩʔͱҰக͢ΔͨΊͰ͋ΔɽͦͷͨΊɼϧʔϓߏ଄͔Βଞͷϊʔυ΁ͷ઀ଓߏ଄ʢϧʔ

ϓߏ଄͔Βͷྲྀग़ߏ଄ʣΛม͑ͳ͍৔߹͸ɼϧʔϓߏ଄ʹؚ·ΕΔى఺͔Βྲྀೖ͢Δϑ

ϩʔɼٴͼϧʔϓߏ଄΁ͱྲྀೖ͢ΔϦϯΫͷަ௨ঢ়ଶʢi.e.,ϑϩʔɼौ଺ɾඇौ଺ঢ়ଶʣ͕

ಉҰͱͳΔΑ͏ͳม͕׵ඞཁͱͳΔɽ

ҰํͰΑΓॏཁͳ͜ͱ͸ɼۙࣅม׵લޙͰεϧʔϓοτͷײ౓͕ಉҰͰ͋Δ͜ͱͰ͋

Δɽ͢ͳΘͪɼલઅͰٞ࿦ͨ͠Α͏ͳҟͳΔऴ఺Λ࣋ͭϑϩʔͷ૬࡞ޓ༻ʢi.e.,ϒϩοΩ

ϯάݱ৅ɼऴ఺௨աަ௨ྔͷ૿Ճʣ͕ɼมޙ׵ͷωοτϫʔΫͰ΋ಉ༷ʹൃ͍ͯ͠ݱΔඞ

ཁ͕͋Δɽ͜͜ͰɼεϧʔϓοτΛҰகͤ͞ΔͨΊʹɼϧʔϓߏ଄΁ͷྲྀೖϑϩʔ͕Ұக

͢Δม׵Λ͏ߦͱ͖ɼϧʔϓߏ଄෦಺ͷऴ఺΁ͷྲྀೖϑϩʔ͸ม׵લޙͰ੔߹͢Δ΋ͷͱ

͞߹౓Λ੔ײΕΔɽͦͷͨΊɼ͞ݱ৅͸ద੾ʹදݱΒΕΔʀ͢ͳΘͪɼϒϩοΩϯά͑ߟ

ͤΔͨΊʹ͸ɼ͋Δऴ఺͔Βଞͷऴ఺΁ͱྲྀग़͢Δऴ఺௨աϑϩʔΛద੾ʹද͢ݱΔඞཁ

͕͋Δɽ۩ମతʹ͸ɼ͋Δऴ఺͔Βผͷऴ఺ʹ͏͔޲ϑϩʔͷܦ࿏બ୒ࢶɼٴͼͦͷܦ࿏

Λߏ੒͢ΔϦϯΫͱ͍ͬͨɼऴ఺ಉ࢜ͷ઀ଓ͕ؔ܎ɼม׵લޙͰอଘ͞Ε͍ͯΔඞཁ͕͋

Δͱ͑ߟΒΕΔɽ

͜͏ͨ͠ม׵ͷݤͱͳΔͷ͕ɼຊઅͷ͸͡Ίʹઆ໌ͨ͠ɼϧʔϓߏ଄ͷ୯Ұى఺ԽͰ͋

Δɽ͜ͷม׵Ͱ͸ɼϧʔϓߏ଄෦΁ͱྲྀೖ͢Δϑϩʔ͸શͯԾ૝తͳى఺͔Βྲྀग़͢Δ΋

ͷͱ͍ͯ͠Δ͕ɼม׵લͰͷϧʔϓߏ଄෦΁ͷྲྀೖϑϩʔΛ࣋ͭϊʔυʢϧʔϓߏ଄෦಺

ͷى఺ϊʔυɼ·ͨ͸ϧʔϓߏ଄΁ͱྲྀೖ͢ΔϦϯΫͷԼྲྀϊʔυʣ΁ͱϦϯΫΛ઀ଓ͢

Ε͹ɼϧʔϓߏ଄෦΁ͷྲྀೖϑϩʔͷ૯ྔ͸ม׵લޙͰҰக͢ΔɽՃ͑ͯɼϧʔϓߏ଄෦

͔Βྲྀग़ߏ଄ΛมԽ͍ͤͯ͞ͳ͍ͨΊɼϧʔϓߏ଄಺ͷ֤ऴ఺Λྲྀग़͢Δϑϩʔͷɼଞͷ

ऴ఺΁ͷܦ࿏ߏ଄͸อଘ͞Ε͍ͯΔɽ͢ͳΘͪɼϧʔϓߏ଄෦಺ͷऴ఺ʹؔͯ͠ɼεϧʔ

ϓοτͷ஋ΛҰகͤ͞Δͱͱ΋ʹɼͦͷײ౓Λม׵લͷ΋ͷͱ੔߹తʹղੳͰ͖Δͱߟ

͑ͨɽ

5.A.2 ΞϧΰϦζϜ׵มࣅۙ

લઅͷٞ࿦Λ౿·͑ɼຊઅͰ͸ɼҰൠߏ଄ωοτϫʔΫͷϧʔϓߏ଄Λ୯Ұى఺ߏ଄΁

ͱม͢׵Δ͜ͱʹΑΔɼunidirectional network΁ͷۙࣅม׵ख๏Λߏங͢ΔɽҎԼͰ͸·

ͣɼख๏ͷઆ໌ʹઌཱͪɼຊઅͰ༻͍Δม਺ͷఆٛʹ͍ͭͯઆ໌͢Δɽ࣍ʹɼunidirectional

network΁ͷۙࣅม׵ΞϧΰϦζϜΛࣔ͢ɽ

·ͣɼ͋Δौ଺ύλʔϯ (A,M)ʹ͓͚Δϧʔϓߏ଄ͷू߹Λ CG(A,M)ͱද͢ɽ͋Δ

ϧʔϓߏ଄ CGi ∈ CG(A,M)͸ɼ࢝ ఺ɾऴ఺ϊʔυ͕ಉҰͰ͋Δແ޲ͷܦ࿏ɼٴͼͦͷܦ࿏

ʹؚ·ΕΔϊʔυ͔Βߏ੒͞Ε͍ͯΔɽ͜͜Ͱແ޲ͷܦ࿏ͱ͸ɼ༗޲ɾແ޲ϧʔϓͷ྆ํ

Ϧ޲࿏Ͱ͋Δɼi.e.,༗ܦͱ͖ͷͨ͑ߟϦϯΫͱ޲ϦϯΫΛແ޲ΔͨΊͷɼ༗͑ߟ͍ͯͭʹ

ϯΫʹ͍ͭͯԼྲྀϊʔυ͔Β্ྲྀϊʔυ΁ͱϊʔυΛ୧Δ͜ͱΛ͢ڐɽCGi ͸ϊʔυͷू
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ਤ 5.9: Ұൠߏ଄ͷωοτϫʔΫͷ unidirectional network΁ͷม׵ʢ఺ઢɿඇौ଺ϦϯΫɼ࣮

ઢɿौ଺ϦϯΫʣ

߹ͱ΋Έͳ͢ʢe.g.,ϊʔυ a ∈ N ͕ϧʔϓߏ଄ CGi ʹؚ·Ε͍ͯΔͱ͖ɼa ∈ CGiʣɽ͋Δ

ϊʔυ͸ෳ਺ͷϧʔϓߏ଄ʹڞ௨ؚͯ͠·ΕΔ৔߹΋͋Δʢe.g., a ∈ CGi∩ a ∈ CGj, i ! jʣɽ

ͳ͓ɼϑϩʔ͕ྲྀΕ͍ͯͳ͍ϦϯΫʹ͍ͭͯ͸ɼ࡟আͯ͑͠ߟΔɽ

Ҏ্ͷ४උͷԼɼ࣍ͷखॱΛ౿Ή͜ͱʹΑΓɼpolytreeߏ଄Λجຊߏ଄ͱͯ͠΋ͭωο

τϫʔΫΛߏங͢Δʢม׵ͷखॱΛ۩ମతͳωοτϫʔΫͰදͨ͠΋ͷΛਤ 5.9ʹࣔ͢ʣɿ

unidirectional network΁ͷۙࣅม׵ΞϧΰϦζϜ

1. ौ଺ύλʔϯ্ͷϧʔϓߏ଄ͷಛఆɿौ଺ύλʔϯ (A,M) ͷϧʔϓߏ଄ू߹

CG(A,M)Λಛఆ͢Δɽ

2. ଄ߏ఺ϊʔυͷ෼཭ɿϧʔϓى CGi ∈ CG(A,M),∀i ఺ϊʔυىʹ n ؚ͕·ΕΔ৔

߹ɼ͜ͷى఺Λϧʔϓߏ଄͔Β෼཭͢Δɽ۩ମతʹ͸ɼඇौ଺ঢ়ଶͰ͋ΔμϛʔϦ

ϯΫΛ࡞੒͠ɼ͜ͷ্ྲྀʹ७ى఺ͱͯ͠઀ଓ͠௚͢*8ɽ

3. ϧʔϓߏ଄ͷू໿ɿϧʔϓߏ଄ CGi ΛҰͭͷϊʔυ΁ͱू໿͢Δɽ·ͨɼू໿͞Ε

ͨϊʔυ͕ଞͷϧʔϓʹؚ·ΕΔͱ͖ɼ͜ͷϧʔϓ΋ಉҰͷϊʔυʹू໿͢Δɽू

໿ޙͷϊʔυΛ CN ͱද͠*9ɼ͋Δϧʔϓߏ଄ CGi ͕͜ͷϊʔυʹू໿͞Ε͍ͯΔ

͜ͱΛ CGi ∈ CNͱද͢ɽ

*8 ͜ͷμϛʔϦϯΫ͸ɼޙͰ͏ߦौ଺ύλʔϯͷॖ໿ͷࡍʹআ͞ڈΕΔͨΊɼεϧʔϓοτͷߏ଄ʹӨڹΛ͋
ͨ͑Δ͜ͱ͸ͳ͍ɽ

*9 ͳ͓ɼCN͸ෳ਺ଘ͏͠ࡏΔɼi.e.,શͯͷϧʔϓ͕Ұͭͷϊʔυ΁ͱू໿͞ΕΔͱ͸ݶΒͳ͍ɽ
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4. ϧʔϓߏ଄ͷ࠶઀ଓɿू໿ϊʔυ CN ʹɼू໿͞Εͨߏ଄ CGi ∈ CN Λɼϧʔϓߏ

଄΁ྲྀೖ͢ΔϦϯΫΛ༻͍ͯ઀ଓ͢Δɽ۩ମతʹ͸ɼ͋Δϧʔϓߏ଄ CGi ΁ CNʹ

ଐ͢Δߏ଄Ҏ֎͔Βྲྀೖ͢ΔϦϯΫ lʹ͍ͭͯɼಉҰͷަ௨ঢ়ଶʢौ଺ɼඇौ଺ʣɾ

ϑϩʔɾ༰ྔΛ࣋ͭϦϯΫΛ࡞੒͠ɼ͜ ͷϦϯΫͷ্ྲྀʹ CNɼԼྲྀʹม׵લͷωο

τϫʔΫʹ͓͍ͯ l͕Լྲྀʹ࣋ͭϊʔυΛ઀ଓ͢Δɽͳ͓ɼू໿ͨ͠ϊʔυ͔Βྲྀ

ग़͢ΔϦϯΫʹ͍ͭͯ͸ɼม׵લͷߏ଄ͱಉ͡ϊʔυΛ্ྲྀʹ࣋ͭΑ͏ʹ઀ଓ͠

௚͢ɽ

͜ͷΑ͏ʹͯ͠ม͞׵ΕͨωοτϫʔΫͰ͸ɼू ໿ϊʔυ CN͕͋Δϧʔϓߏ଄ CGi ∈ CN

ʹͱͬͯͷʢ୯Ұͷʣى఺ϊʔυͱͳΔɽ݁Ռͱͯ͠ɼมޙ׵ͷωοτϫʔΫ͸୯Ұߏ଄

͕ू໿ϊʔυΛհͯ͠ polytree ͷߏ଄Ͱ઀ଓ͢Δߏ଄ͱͳΓɼ͜Ε͸ UN Ͱ͋ΔɽΑͬ

ͯɼ͜ͷωοτϫʔΫΛौ଺ύλʔϯʹॖ͖ͮج໿͠ɼղੳࣜ (5.74) Λద༻͢Ε͹ɼε

ϧʔϓοτͷߏ଄ΛۙࣅతʹٻΊΔ͜ͱ͕Ͱ͖Δɽ

͜ͷۙࣅม׵ΞϧΰϦζϜʹ͓͍ͯɼมޙ׵ͷωοτϫʔΫ͕ҰҙͰ͋Δ͜ͱΛࣔ࣍͢

ͷఆཧΛ͋͛Δɿ

ఆཧ 7. ʢۙࣅม͞׵ΕͨωοτϫʔΫͷҰҙੑʣunidirectional network΁ͷۙࣅม׵Ξϧ

ΰϦζϜʹ͓͍ͯɼมޙ׵ͷωοτϫʔΫͷߏ଄͸ҰҙͰ͋Δɽ

ূ໌ 16. unidirectional network΁ͷۙࣅม׵ΞϧΰϦζϜͷʮϧʔϓߏ଄ͷू໿ʯʹ͓͍

ͯɼͲͷΑ͏ͳॱ൪Ͱϧʔϓߏ଄Λू໿ͯ͠΋ɼ͋Δू໿ϊʔυ CNʹؚ·ΕΔϧʔϓߏ

଄͕ҰҙͰ͋Δ͜ͱΛࣔͤ͹ྑ͍ɽ͜͜Ͱ͋Δϧʔϓߏ଄ CGi ͕ଞͷϧʔϓߏ଄ͱڞ௨

͢ΔϊʔυΛ࣋ͨͳ͍ͱ͖ɼCGi ͸ͦΕ୯ಠͰҰͭͷϊʔυ CN ʹू໿͞ΕΔ͜ͱ͸ࣗ

໌ɽͦͷͨΊɼڞ௨͢ΔϊʔυΛ࣋ͭϧʔϓ͕ෳ਺ଘ͢ࡏΔͱ͖ʹɼू໿ͷॱ൪ʹΑͬͯ

ϧʔϓͷू໿ઌ͕มԽ͠ͳ͍͜ͱΛࣔͤ͹े෼Ͱ͋Δɽ͜ͷͨΊʹɼू໿ʹؔ͢Δ࣍ͷੑ

࣭Λࣔ͢ɿ

ੑ࣭ 1. ͋Δೋͭͷϧʔϓ CGi,CGj ͕ଘ͠ࡏɼ͜ΕΒ͕ม׵લͷωοτϫʔΫʹ͓͍ͯ

গͳ͘ͱ΋ҰͭͷϊʔυΛڞ௨ͯ࣋ͭ͠΋ͷͱ͢Δɽ͜ͷͱ͖ɼCGa, (a = {i, j})Λू໿͠
ͨϊʔυ CN ͸ɼCGb, (b = {i, j; b ! a}Λߏ੒͢ΔϊʔυͷҰ෦ͱͳΔ͔ɼCGb ΛؚΉ ∴

CGi,CGj ͸ू໿ͷॱ൪ʹؔΘΒͣɼϊʔυ CNʹू໿͞ΕΔɽ

͜ͷੑ࣭͔Βɼू໿ͷॱ൪ʹΑΒͣม׵લͷωοτϫʔΫʹ͓͚Δϧʔϓߏ଄ͷΈ͔

Βɼू໿ઌͷϊʔυ͕ܾ·Δ͜ͱ͕Θ͔ΔɽΑͬͯɼ͜ΕΛωοτϫʔΫ্ͷશͯͷϧʔ

ϓʹద༻͢Ε͹ɼू໿ͷॱ൪ʹΑΒͣɼϧʔϓͷू໿ઌ͕ܾ·Δ͜ͱ͸໌Β͔ɽΑͬͯূ

໌ɽʢূ໌ऴʣ
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ਤ 5.10: มޙ׵ͷौ଺ύλʔϯʹରԠ͢Δॖ໿ωοτϫʔΫ

۩ମྫ

ਤ 5.10ʹࣔ͢ɼਤ 5.9ͷมޙ׵ͷौ଺ύλʔϯʹରԠ͢Δॖ໿ωοτϫʔΫΛ༻͍ͯɼ

εϧʔϓοτͷྫࢉܭΛࣔ͢ɽ͜ͷωοτϫʔΫ͸ ఺ى1 3ऴ఺ͷωοτϫʔΫͰ͋Γɼ

ϊʔυ {o} ఺ɼϊʔυى͕ {d1, d2, d3} ͕ऴ఺ϊʔυͰ͋Δɽ֤ϦϯΫ l ͷ༰ྔ͸ਤʹࣔ͢

ͱ͓ΓͰ͋Δɽ

͜ͷͱ͖ɼ(5.74)ͷཁૉͱͳΔྻߦɼϕΫτϧ͸ҎԼͷΑ͏ʹද͞ΕΔɿ

Vdd =

⎡
⎢⎢⎢⎢⎢⎢⎣

µ1 0 0
0 µ3 + µ5 0
0 0 µ7

⎤
⎥⎥⎥⎥⎥⎥⎦ ,Vii =

[
µ4 + µ6

]
,

Vio =
[

0
]
,Vid =

[
0 −µ5 −µ7

]
, (5.84)

Vdo =

⎡
⎢⎢⎢⎢⎢⎢⎣

−µ2
0
0

⎤
⎥⎥⎥⎥⎥⎥⎦ ,Vdi =

⎡
⎢⎢⎢⎢⎢⎢⎣

0
−µ4

0

⎤
⎥⎥⎥⎥⎥⎥⎦ .

ͦͯ͠ɼ͜ΕΒΛࣜ (5.74)ʹ୅ೖ͢Δ͜ͱʹΑΓɼ֤ऴ఺ͷεϧʔϓοτ͕ٻ·Δɿ

fd =

⎡
⎢⎢⎢⎢⎢⎢⎣

fd1

fd2

fd3

⎤
⎥⎥⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

µ1 − µ2

µ3 + µ5 −
µ5 + µ7

µ4 + µ6
µ4

µ7

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
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ɼfdʹޙ࠷ ͷཁૉͷ࿨ΛͱΕ͹ɼεϧʔϓοτ F͕ٻ·Δɿ

F = µ1 + µ3 + µ5 + µ7 − µ2 −
µ4

µ4 + µ6
(µ5 + µ7). (5.85)

ͳ͓෼਺෦෼͕ɼۙࣅมޙ׵ͷωοτϫʔΫʹ͓͚Δ DUEߧۉղ ṗi Ͱ͋Γɼं྆ͷܦ࿏

બ୒ߦಈΛ൓өͨ͠΋ͷͰ͋Δɽ

ఆৗঢ়ଶʹ͓͚ΔϩʔΧϧͳอଘଇ͔Βಋग़͞ΕΔτεϧʔϓοτͱൺֱͯ͠ΈΑ͏ɽ

ఆৗঢ়ଶʹ͓͍ͯɼ֤ऴ఺ͷεϧʔϓοτ͸ྲྀೖ͢ΔϦϯΫͷ༰ྔ͔Βྲྀग़͢ΔϦϯΫͷ

༰ྔΛҾ͍ͨ΋ͷͱ౳͍͠ɽैͬͯɼ

F = µ1 + µ3 + µ5 + µ7 − µ2 − µ4. (5.86)

͕੒ཱ͢Δ͜ͱ͕Θ͔Δɽ͜Ε͸ɼҰݟ (5.85)ͱ͸ҟͳΔ͕ɼఆৗঢ়ଶʹ͓͚Δ௨աϊʔ

υͰͷอଘଇ µ4 + µ6 = µ5 + µ7 Λྀ͢ߟΔͱɼ

µ4

µ4 + µ6
(µ5 + µ7) = µ4 (5.87)

͕੒ཱ͢Δ͜ͱ͕Θ͔Δɽ͜ΕΛ (5.85)ʹ୅ೖ͢Δͱɼೋͭͷεϧʔϓοτ͸ಉҰͰ͋Δ

͜ͱ͕Θ͔Δɽ

͜ͷྫ͔Β΋ɼఆৗঢ়ଶʹ͓͚Δεϧʔϓοτ͸ɼࠩޡͳ͘ਪఆͰ͖͏Δ͜ͱ͕Θ͔

ΔɽՃ͑ͯɼ(5.85)ͷղੳղ͔Β͸ɼऴ఺ϊʔυʹ͸௚઀઀ଓ͠ͳ͍ϦϯΫ 6͕ɼं྆ͷ

Δ͜ͱ͕Θ͔Δɽ͍ͯ͠΅ٴΛڹಈʹؔΘΔϦϯΫͱͯ͠ɼεϧʔϓοτʹӨߦ࿏બ୒ܦ

5.A.3 ͍ͯͭʹࠩޡΞϧΰϦζϜͷ׵มࣅۙ

ຊߘͰఏҊ͢Δۙࣅม׵ख๏͸ɼϧʔϓߏ଄෦಺ɼٴͼͦͷԼྲྀͷߏ଄͸มԽ͍ͤͯ͞

ͳ͍ͨΊɼ͜ΕΒͷߏ଄෦ʹҐஔ͢Δऴ఺ͷεϧʔϓοτͷײ౓ʹ͍ͭͯ͸ɼΦϦδφϧ

ͷ΋ͷͱ੔߹తʹղੳ͢Δ͜ͱ͕Ͱ͖ΔɽҰํͰɼϧʔϓߏ଄෦ͷʮ্ྲྀʯʹҐஔ͢Δऴ

఺ʹؔͯ͠͸ɼεϧʔϓοτͷײ౓͸ม׵લޙͰҟͳΔՄೳੑ͕͋Δɽ͜Ε͸ɼϧʔϓߏ

଄෦ʹྲྀೖ͢Δશͯͷϑϩʔ͕௨Δू໿ϊʔυ͕ߏங͞ΕΔ͜ͱͰɼϧʔϓߏ଄෦தͷ͋

ΔϦϯΫ༰ྔͷมԽʹΑΔϑϩʔͷมԽ͕ɼू໿ϊʔυΛհͯ͠ຊདྷӨ͠ڹಘͳ্͔ͬͨ

ྲྀଆͷωοτϫʔΫʹӨڹΛٴ΅͢Α͏ʹͳΔͨΊͰ͋Δɽ

͜͏ͨ͜͠ͱ͕͜ىΔঢ়گΛࣔ͢ωοτϫʔΫͷΠϝʔδ͔ΒɼͦΕΛ؆୯ʹ͔֬Ίͯ

ΈΑ͏ɽਤ 5.11ʹɼೋى఺ଟऴ఺ͷɼunidirectional networkͰͳ͍ωοτϫʔΫΛࣔ͢ɽ

͜ͷωοτϫʔΫͰ͸ɼى఺ o1, o2 ͔Βग़ൃͨ͠ϑϩʔ͸ɼଟऴ఺ߏ଄Λ࣋ͭωοτϫʔ

ΫΛ௨ͬͨޙʹϧʔϓߏ଄ʹྲྀೖ͢Δɽ͜ͷωοτϫʔΫʹલड़ͨۙ͠ࣅม׵ΞϧΰϦζ

ϜΛద༻͢ΔͱɼਤதͷӈਤͷΑ͏ͳ unidirectional network͕ߏங͞ΕΔɽ

͜͜ͰɼϦϯΫ (a, b)ͷ༰ྔ µab Λ૿ͨ͠ڧͱ͖ͷɼϑϩʔɾύλʔϯͷมԽΛͯݟΈΑ

͏ɽ·ͣɼΦϦδφϧɾωοτϫʔΫͰ͸ɼ͜ͷ༰ྔ૿ڧʹ൐͍ɼϊʔυ a͔Βͷྲྀग़ϑ
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ਤ 5.11: ϧʔϓߏ଄෦্ྲྀͷײ౓͕ҟͳΔωοτϫʔΫΠϝʔδ

ϩʔ͕૿Ճ͢Δʀͦͯ͠ɼఆৗঢ়ଶʹ͓͚Δϑϩʔอଘଇ͔Βɼ͜ͷϊʔυ a΁ͷྲྀೖϑ

ϩʔ΋૿Ճ͢Δ͜ͱʹͳΔɼi.e., o1 Լྲྀͷଟऴ఺ߏ଄Λ௨ա͢Δϑϩʔ͕૿Ճ͢Δɽ͢ͳ

Θͪɼ͜ͷϦϯΫͷ༰ྔมԽʹΑΔϑϩʔɾύλʔϯͷมԽ͔Βɼ o1 Լྲྀͷଟऴ఺ߏ଄಺

ʹҐஔ͢Δऴ఺ʹ͓͚ΔεϧʔϓοτͷΈ͕มԽ͠͏Δ͜ͱ͕Θ͔Δɽ

ҰํͰɼۙࣅม͞׵ΕͨωοτϫʔΫͰ͸ɼϊʔυ a, bͷ্ྲྀʹɼͲͪΒͷωοτϫʔ

Ϋ͔Βͷྲྀग़ϑϩʔ΋௨Δू໿ϊʔυ͕ߏங͞ΕΔɽͦͯ͠ɼϊʔυ a͔Βͷྲྀग़ϑϩʔ

ͷ૿ՃͷӨڹ͸ɼ·ͣू໿ϊʔυ͔Βϊʔυ a΁ͷྲྀग़ϑϩʔͷ૿Ճͱͯ͠هड़͞Εɼͦ

ͷूޙ໿ϊʔυ্ͷϑϩʔอଘଇ͔Βɼू໿ϊʔυʹ઀ଓ͢Δ྆ํͷϦϯΫ্ͷϑϩʔ

ͷมԽͱͯ͠هड़͞ΕΔɽ͜ͷ݁Ռͱͯ͠ɼݩʑยํͷωοτϫʔΫͷΈʹ͔͠Ө͠ڹͳ

͔ͬͨϦϯΫ༰ྔͷมԽ͕ɼ྆ํͷωοτϫʔΫͷεϧʔϓοτΛมԽͤ͞͏Δ͜ͱ͕Θ

͔Δɽ͢ͳΘͪɼεϧʔϓοτͷײ౓͸ΦϦδφϧͷ΋ͷͱҟͳΓ͏Δ͜ͱ͕Θ͔Δɽ

͜ͷΑ͏ʹɼຊۙࣅख๏Ͱ͸ɼຊདྷϧʔϓ෦΁ͱྲྀೖ͢ΔϦϯΫͷ্Լྲྀϊʔυݸผ

Ͱ͑ߟͳ͚Ε͹͍͚ͳ͔ͬͨϑϩʔอଘଇ͕ɼू໿ϊʔυͰूܭతʹऔΓѻΘΕͯ͠·

͏ɽͦͷ݁Ռɼϧʔϓߏ଄෦தͷ͋ΔϦϯΫͷϑϩʔ͕มԽͨ͠ͱ͖ͷӨ͕ڹɼϧʔϓ্

ྲྀଆʹద੾ʹ఻ΘΒͳ͍͜ͱ͕͜ىΓ͏Δɽ͜͏ͨ͠ຊདྷ͋ΔϦϯΫͷϑϩʔมԽʹ࿈

ಈ͠ͳ͍͸ͣͷϦϯΫ্ͷϑϩʔ͕มԽ͢Δͱ͍ͬͨݱ৅͕ɼҰൠߏ଄ωοτϫʔΫͷ

unidirectional network΁ͷۙࣅม׵ʹ͋ͨͬͯͷɼۙࠩޡࣅͱͳΔɽͦͷͨΊɼϧʔϓߏ

଄෦಺ɼٴͼԼྲྀͷऴ఺ͷΈʹண໨ͯ͠ײ౓෼ੳΛ͏ߦɼͳͲͷΑ͏ʹɼεϧʔϓοτͷ

෉͕ඞཁͱͳΔɽ޻ͨ͑·Λ౿ࠩޡࣅ౓෼ੳʹ͋ͨͬͯ͸ɼ͜ͷΑ͏ͳۙײ
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ୈ 6ষ

εϧʔϓοτΛվળ͢Δौ଺ϦϯΫ
ஙߏͷࡦํޚ੍

6.1 ͸͡Ίʹ

ຊষͰ͸ɼલষͰߏஙͨ͠ωοτϫʔΫɾεϧʔϓοτͷղੳࣜͷ෼ੳΛ௨ͯ͠ɼࠞࡶ

ͨ͠ωοτϫʔΫͷަ௨ੑೳΛվળ͢Δަ௨੍ޚ๏Λߏங͢Δɽ੍ޚ๏ߏஙͷج൫ͱͳΔ

ͷ͸ɼಈతར༻ऀߧۉঢ়ଶͰͷεϧʔϓοτͷײ౓෼ੳํ๏Ͱ͋Δɽ۩ମతʹ͸ɼ͋Δौ

଺ύλʔϯͷߏ଄ʢौ଺ϦϯΫಉ࢜ͷ઀ଓؔ܎ʣΛ༩݅ͱͨ͠ղੳࣜͷඍ෼Λ௨ͯ͠ɼौ

଺ϦϯΫ༰ྔมԽલޙͷεϧʔϓοτมԽΛղੳతʹ໌Β͔ʹ͢Δɽײ౓෼ੳͰ͸ɼ༰ྔ

͕มԽ͢Δौ଺ϦϯΫͷछྨʢi.e.,ौ଺ϦϯΫͷ্ɾԼྲྀϊʔυ͕ى఺ɼ௨աɼऴ఺ͷͲ

ΕͰ͋Δ͔ʣผʹ৔߹෼͚Λ͜͏ߦͱ͕Ͱ͖Δɽ͜ΕΒશͯͷ৔߹ʹ͓͚Δײ౓Λ໢ཏత

ʹௐ΂Δ͜ͱʹΑΓɼεϧʔϓοτΛվળ͢ΔͨΊͷौ଺ϦϯΫ੍ޚͷ৚݅ʢi.e.,Ͳͷौ

଺ϦϯΫͷ༰ྔΛվળɾ੍͢ݶΕ͹Α͍͔ʣɼ͓ΑͼͦͷϝΧχζϜΛ໌Β͔ʹ͢Δɽͦ

ͯ͠ղ໌ͨ͠৚݅ʹ͖ͮجɼա๞࿨ঢ়ଶʹ͋Δ৴߸ަࠩ఺Ͱͷ੍ޚΛ૝ఆͯ͠ɼौ଺Ϧϯ

Ϋ੍ࡦํޚΛߏங͢Δɽ

ҎԼͰ͸ɼ·ͣ 6.2ʹ͓͍ͯɼղੳࣜͷඍ෼Λ௨ͯ͠ϦϯΫ༰ྔͷมԽʹର͢Δεϧʔ
ϓοτͷมԽʢײ౓ʣΛղੳ͢Δɽ࣍ʹ 6.3ɼ͓Αͼ 6.4 Ͱ͸ɼεϧʔϓοτͷײ౓͕ਖ਼
ʢ·ͨ͸ෛʣͱͳΔौ଺ϦϯΫ༰ྔมԽͷ৚݅Λ໌Β͔ʹ͢Δɽ·ͨɼ֤৚݅ʹରԠͨ͠

ौ଺ϦϯΫ༰ྔมԽ͕͖ىΔ۩ମతͳަ௨ঢ়ଶͷ࡯ߟΛ௨ͯ͠ɼ༰ྔมԽ͕εϧʔϓοτ

มԽʹ༩͑ΔӨڹͷϝΧχζϜʹ͍ͭͯ໌Β͔ʹ͢Δɽͦͯ͠ 6.5Ͱ͸ɼա๞࿨ঢ়ଶʹ͋
Δ৴߸ަࠩ఺ʹ͓͚Δौ଺ϦϯΫ੍ࡦํޚΛߏங͢Δɽ6.6Ͱ͸ఏҊ৴߸੍ࡦํޚͷଥ౰
ੑΛɼ਺஋͔ࢉܭΒ֬ೝ͢Δɽޙ࠷ʹɼ6.7Ͱຊষͷ·ͱΊΛ͏ߦɽ
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6.2 ղੳࣜͷײ౓෼ੳ

͍·ɼ༰ྔύλʔϯ µ ≡ [. . . , µi j, . . . ]T Λର֯ཁૉʹ࣋ͭ༰ྔྻߦΛM(µ)ͱ͠ɼͦͷ

ଞͷྻߦ/ϕΫτϧ΋ fd(µ)ɼV(µ)ɼτ̇ (µ)ɼδ(µ)ͱද͢ݱΔɽͦͯ͠ɼ༰ྔύλʔϯ µʹ

͓͚Δ fd(µ)ͱɼ༰ྔύλʔϯ µ′ ≡ µ +∆µʹ͓͚Δ fd(µ′)Λൺֱ͢Δɽ

·ͣɼࣜ (5.30)͔Βɼೋͭͷ༰ྔύλʔϯʹ͍ͭͯ௨աϊʔυʹؔͯ͠ҎԼͷ͕ࣜ੒Γ

ཱͭɿ

δi(µ) =Vii(µ)τ̇i(µ) +Vid(µ)1 (6.1)
δi(µ) + δi(∆µ) = [Vii(µ) +Vii(∆µ)] τ̇i(µ′)

+ [Vid(µ) +Vid(∆µ)] 1 (6.2)

͜͜Ͱ͸ V(µ) ͱ δ(µ) ͕ µ ʹ͍ͭͯઢܗͰ͋Δͱ͍͏ੑ࣭Λ༻͍ͨɿV(µ′) = V(µ) +

V(∆µ)ɼδ(µ′) = δ(µ) + δ(∆µ)ɽ࣍ʹɼࣜ (6.2)͔Βࣜ (6.1)Λࠩ͠Ҿ͘͜ͱͰɼҎԼͷࣜ

ΛಘΔʢͨͩ͠ɼҎ߱ͷࣜͰ͸ µ͸লུͨ͠ʣɿ

[τ̇i(µ′) − τ̇i] = − (Vii)−1 [Vii(∆µ)τ̇i(µ′)
+Vid(∆µ)1 − δi(∆µ)] . (6.3)

·ͨɼऴ఺ϊʔυʹ͍ͭͯ΋ಉ༷ʹɼ༰ྔύλʔϯมԽલޙͷࣜ (5.39) ͷลʑΛࠩ͠Ҿ

͖ɼࣜ (6.3)Λ୅ೖ͢Δ͜ͱͰɼ͕࣍ࣜಘΒΕΔɽ

fd(µ′) − fd = Vdd(∆µ)1 − δd(∆µ)

+Vdi(∆µ)τ̇i(µ′) −Vdi(Vii)−1Vii(∆µ)τ̇i(µ′)

−Vdi(Vii)−1 [Vid(∆µ)1 − δi(∆µ)] . (6.4)

ɼ∆µʹޙ࠷ = [0, . . . , 0,∆µkl, 0, . . . , 0]T ͷ৔߹Λ͑ߟΔɽࣜ (6.4) ͷ྆ลʹ 1T Λ͔͚ɼ

∆µkl ͰׂΓɼݶۃ ∆µkl → 0 ΛͱΔ͜ͱʹΑΓɼϦϯΫ (k, l) ͷ༰ྔมԽʹؔ͢Δεϧʔ

ϓοτͷײ౓ࣜ ∂F/∂µkl ͸ɼ࣍ͷΑ͏ʹද͞ΕΔɽ

∂F
∂µkl

=1T
{
∂Vdd(∆µ)
∂µkl

1 − ∂δd(∆µ)
∂µkl

+
∂Vdi(∆µ)
∂µkl

τ̇i −Vdi(Vii)−1 ∂Vii(∆µ)
∂µkl

τ̇i

− Vdi(Vii)−1
[
∂Vid(∆µ)
∂µkl

1 − ∂δi(∆µ)
∂µkl

]}
. (6.5)

͜͜Ͱɼ

∂Vab(∆µ)
∂µkl

≡ lim
∆µkl→0

AaM(∆µ)AT
b−/∆µkl = AaIklAT

b−

∂δa(∆µ)
∂µkl

≡ lim
∆µkl→0

δa(∆µ)/∆µkl = ek
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ͨͩ͠ɼa, b ∈ {i, d}ɽ·ͨɼIkl ͸ϦϯΫ (k, l)ʹରԠ͢Δର֯ཁૉͷΈ 1ɼͦΕҎ֎ͷཁૉ

͸ 0ͱͳΔ |LR| × |LR|ྻߦɼek ͸ϊʔυ kʹରԠ͢ΔཁૉͷΈ 1ͱͳΔ୯ҐϕΫτϧͰ͋

Δɽ·ͨɼk͕ى఺ͷͱ͖͋Δ͍͸ l͕ى఺Ͱͳ͍ͱ͖ɼek = 0ͱ͢Δɽࣜ (6.5)͸ɼͦͷ

ୈҰ߲͕ղੳࣜ (5.36)ͷୈҰ߲ͷײ౓Λද͓ͯ͠ΓɼͦΕҎ֎ͷ߲͸ղੳࣜ (5.36)ͷୈೋ

߲ͷײ౓Λද͍ͯ͠Δɽ

͜ͷײ౓ࣜ͸ɼ༰ྔ͕มԽ͢ΔϦϯΫͷ্ɾԼྲྀϊʔυͷछྨʢi.e.,ى఺ɼऴ఺ɼ௨աʣ

ʹԠͯ͡৔߹෼͚Λ͢Δ͜ͱͰɼ࣍ͷΑ͏ʹද͢͜ͱ͕Ͱ͖Δɿ

∂F
∂µkl
=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1T(AdIklAT
d−)1 if k, l ∈ Nd or k = o ∧ l ∈ Nd

−1Tek if k ∈ Nd ∧ l = o
1TVdi(Vii)−1ek if k ∈ Ni ∧ l = o
−1TVdi(Vii)−1(AiIklAT

i−)τ̇i if k = o ∧ l ∈ Ni or k, l ∈ Ni

1T(AdIklAT
d−)1 − 1TVdi(Vii)−1(AiIklAT

d−)1 if k ∈ Ni ∧ l ∈ Nd

1T(AdIklAT
i−)τ̇i − 1TVdi(Vii)−1(AiIklAT

i−)τ̇i if k ∈ Nd ∧ l ∈ Ni

(6.6)

͜͜Ͱɼ∧͸ andͷ࿦ཧԋࢠࢉΛද͢ɽ

6.3 εϧʔϓοτͷ௿ԼϝΧχζϜղੳ

ຊઅͰ͸ɼલઅͰಋग़ͨ͠ײ౓ࣜ (6.6)Λ༻͍ͯɼʢॖ໿ωοτϫʔΫͰͷʣ͋ΔϦϯΫ

༰ྔ͕௿Լͨ͠ࡍʹɼεϧʔϓοτ͕௿Լ͢Δ৚݅Λಛఆ͢Δɽͦͯ͠ɼͦͷ৚͔݅ΒΑ

Γ۩ମతʹεϧʔϓοτͷ௿ԼϝΧχζϜɼ͓Αͼͦͷͱ͖ͷަ௨ঢ়گΛ͍ͯ͘͠࡯ߟɽ

͜ͷײ౓෼ੳͰ͸ɼ଴ͪྻߦͷԆ৳લޙͷॖ໿ωοτϫʔΫͷτϙϩδʔ A ͷมԽ͸ͳ

͍΋ͷͱ͢Δɽͳ͓ɼຊઅͰ૝ఆ͢ΔϦϯΫ༰ྔͷ௿ԼཁҼ͸ɼԼྲྀଆϦϯΫ͔Βͷ଴ͪ

ΓʣͰ͋Δ͕ɼຊઅͷ෼ੳࣗମ·ͷ௿Լʢi.e.,ઌ٧ྔ͚ࡹͷԆ৳ʹΑΔ্ྲྀϦϯΫͷྻߦ

͸ͦͷଞͷཁҼʹΑΔ༰ྔ௿Լʢe.g.,ަ௨ނࣄʣΛͯ͑ߟ΋੒ཱ͢Δɽ

6.3.1 εϧʔϓοτͷ௿Լ৚݅

౓ࣜײ (6.6)Λɼͦͷ্ԼྲྀϊʔυͷछྨͰ෼ྨ͞ΕΔϦϯΫλΠϓผʹղੳ͢Δ͜ͱ

ʹΑΓɼҎԼͷ໋୊͕੒ཱ͢Δɿ

໋୊ 5. ୯Ұى఺ωοτϫʔΫʹ͓͍ͯौ଺ύλʔϯ (A,M)͕༩͑ΒΕ͍ͯΔͱ͢Δɽ͜

ͷͱ͖ɼϦϯΫ (k, l)ͷ༰ྔ௿ԼʹΑΓɼఆৗঢ়ଶʹ͓͚Δεϧʔϓοτ͕௿Լ͢Δඞཁे

෼৚݅͸ɼ্Լྲྀϊʔυ k, lͷछྨผʹҎԼͷΑ͏ʹ༩͑ΒΕΔɿ

a) k͕ى఺ϊʔυɼ͔ͭɼl͕ऴ఺ϊʔυɽ

b) k͕ى఺ϊʔυɼ͔ͭɼl͕௨աϊʔυͰ͋Γɼى఺͔Βϊʔυ l΁ͷগͳ͘ͱ΋ 1

ͭͷऴ఺Λ௨Δܦ࿏͕ॖ໿ωοτϫʔΫ্ʹଘ͢ࡏΔɽ
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c) k, l͕௨աϊʔυͰ͋ΓɼҎԼͷ৚݅ࣜΛຬͨ͢ɿ
∑

i∈Ni

∑
d∈{I(i)∩Nd}µdi[v−1

il − v−1
ik ]τ̇l > 0. (6.7)

d) k͕௨աϊʔυɼ͔ͭɼl͕ऴ఺ϊʔυͰ͋ΓɼҎԼͷ৚݅Λຬͨ͢ɿ

1 −∑
i∈Ni

∑
d∈{I(i)∩Nd}µdiv−1

ik > 0. (6.8)

ূ໌ 17. 6.AΛࢀরɽ

໋୊ 5 ʹ͓͚Δ 4 ͭͷ৚݅ͷҧ͍͸ɼϦϯΫ༰ྔ͕௿Լͨ͠ࡍʹมԽ͢Δεϧʔϓο

τ (5.36)ͷ߲ͷҧ͍ʹରԠ͍ͯ͠ΔɽΑΓ۩ମతʹ͸ɼ༰ྔ௿Լ͢ΔϦϯΫͷॖ໿ωοτ

ϫʔΫ্ͷҐஔͱղੳࣜͷมԽ͸ҎԼͷΑ͏ʹ੔ཧ͞ΕΔʢͦΕΒΛਤࣔͨ͠ਤ 6.1ͷӈ

ྻ΋ࢀরʣɽ

໋୊ 5-a)Λຬͨ͢ϦϯΫͷ༰ྔ௿Լ͸ɼࣜ (5.36)ͷୈҰ߲ͷ௿Լɼ͢ͳΘͪऴ఺΁ྲྀೖ

͢Δϑϩʔͷ௿ԼΛ΋ͨΒ͢ɽਤ 6.1a ͷॖ໿ωοτϫʔΫ্Ͱ͸ɼऴ఺ d ʹྲྀೖ͢ΔϦ

ϯΫ (o, d)͕͜ͷ৚݅ʹ֘౰͢Δɽ

໋୊ 5-b)Λຬͨ͢ϦϯΫͷ༰ྔ௿Լ͸ɼࣜ (5.36)ͷୈೋ߲ͷ૿Ճɼ͢ͳΘͪऴ఺͔Β௨

աϊʔυ΁ྲྀग़͢Δϑϩʔʢi.e.,௨աަ௨ʣͷ૿ՃΛ΋ͨΒ͢ɽਤ 6.1cͷॖ໿ωοτϫʔ

Ϋ্Ͱ͸ɼ௨աϊʔυ lʹ౸ୡ͢Δϑϩʔ͸ɼऴ఺ϊʔυ dΛܦ༝͢Δܦ࿏ͱͦ͏Ͱͳ͍

࿏্ͷϦϯΫܦ༝͠ͳ͍ܦ࿏Λ௨Δ͜ͱ͕ՄೳͰ͋Δɽ͜ͷ͏ͪɼऴ఺ϊʔυΛܦ (o, l)

͕͜ͷ৚݅ʹ֘౰͢Δɽ

໋୊ 5-c)ͷࣜ (6.7)Λຬͨ͢ϦϯΫͷ༰ྔ௿Լ͸ɼ໋୊ 5-b)Λຬͨ͢ϦϯΫͷ༰ྔ௿Լ

ͱಉ༷ʹɼࣜ (5.36)ͷୈೋ߲ͷ૿ՃΛ΋ͨΒ͢ɽ༰ྔ௿Լ͢ΔϦϯΫͷॖ໿ωοτϫʔΫ

্ͷҐஔ΋ಉ༷Ͱ͋Γɼਤ 6.1eͷॖ໿ωοτϫʔΫ্Ͱ͸ɼऴ఺ d′ Λ௨Δܦ࿏ͱͦ͏Ͱ

ͳ͍ܦ࿏͕ଘ͠ࡏɼऴ఺ϊʔυΛܦ༝͠ͳ͍ܦ࿏্ͷϦϯΫ (k, l)͕͜ͷ৚݅ʹ֘౰͢Δɽ

໋୊ 5-d)Λຬͨ͢ϦϯΫͷ༰ྔ௿Լ͸ɼࣜ (5.36)ͷୈҰ߲ͱୈೋ߲ͷ௿Լɼ͢ͳΘͪऴ

఺ϊʔυ΁ͷྲྀೖϑϩʔͷ௿Լ͓Αͼऴ఺ϊʔυ͔Β௨աϊʔυ΁ͷྲྀग़ϑϩʔͷ௿ԼΛ

ҙຯ͍ͯ͠Δɽਤ 6.1g ͷॖ໿ωοτϫʔΫ্Ͱ͸ɼऴ఺ d ʹྲྀೖ͢ΔϦϯΫ༰ྔͷ௿Լ

͕ੜ͡ΔҰํͰɼͦͷऴ఺ dΛܦ༝ͯ͠ऴ఺ d′ গ͢Δɽݮ௨աަ௨΋͏͔޲ʹ

ͳ͓ɼਤ 6.1ͷӈྻʹ͸ɼ໋୊ 5ͷ֤৚݅ࣜΛຬͨ͢ɼ࠷খߏ੒ཁૉͷॖ໿ωοτϫʔ
ΫΛ͍ࣔͯ͠ΔɽैͬͯɼΑΓෳࡶͳॖ໿ωοτϫʔΫͰ͋ͬͯ΋ɼ͋Δ͍͸ɼΦϦδφ

ϧɾωοτϫʔΫʹ͓͚Δौ଺ঢ়͕گҰݟෳࡶͰ͋ͬͯ΋ɼεϧʔϓοτ͕௿Լ͢Δ৔

߹ʹ͸ɼਤ 6.1ͷӈྻʹࣔͨ͠ߏ଄͕ॖ໿ωοτϫʔΫͷ෦෼ωοτϫʔΫͱͯ͠ൃ͢ݱ

Δɽ࣍અͰ͸ɼ͜ΕΒͷߏ଄͕ൃ͢ݱΔΦϦδφϧɾωοτϫʔΫͷయྫܕʢਤ 6.1ͷࠨ

ྻʣΛ௨ͯ͠ɼ۩ମతʹεϧʔϓοτͷ௿ԼϝΧχζϜʹ͍͍ͭͯͯ͘͠࡯ߟɽ
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o d d’ 

(a) Case (i)

o d d’ i 

queue Unsaturated link 

Saturated link 

(b) Case (i)

o d d’l

(c) Case (ii)

o d d’l’

l

(d) Case (ii)

k d’ d’’lo d

(e) Case (iii)

k d’ d’’l’o d

k’ l

(f) Case (iii)

o

d

d’k

(g) Case (iv)

o d d’k k’

(h) Case (iv)

ਤ 6.1: ɿ໋୊ྻࠨ 5 Λຬͨ͢ϦϯΫʢ੺ઢʣΛؚΉॖ໿ωοτϫʔΫͷ࠷খߏ੒ཁૉɼӈ
ྻɿରԠ͢ΔΦϦδφϧɾωοτϫʔΫͷྫ

6.3.2 εϧʔϓοτͷ௿ԼϝΧχζϜ

ऴ఺ͷϒϩοΩϯάʹΑΔ௿Լ

΄΅ॖ໿ωοτϫʔΫͱಉܕͰ͋Δ͕ɼਤ 6.1bʹɼ໋୊ 5-a)Λຬͨ͢ϦϯΫ (o, d)Λؚ

ΉΦϦδφϧɾωοτϫʔΫͷྫΛࣔ͢ɽωοτϫʔΫ্ͷϦϯΫ (d, i)ͷौ଺͕ϦϯΫ

(o, d)ʹԆ৳͠ɼϦϯΫ༰ྔʢྔ͚ࡹʣ͕௿Լ͍ͯ͘͠ͱ͠Α͏ɽ͜ͷͱ͖ɼΑΓԼྲྀଆͷ

ऴ఺ʢi.e.,ऴ఺ϊʔυ d′ʣʹ͏͔޲ϦϯΫͷ଴ͪྻߦͷԆ৳্͕ྲྀଆͷऴ఺ dʹަ͏͔޲

௨ྲྀΛϒϩοΫ͠ʢi.e.,ઌ٧·Γ͕ൃੜ͠ʣɼऴ఺΁ྲྀೖͰ͖Δϑϩʔ͕௿Լ͢Δɽ͜ͷε

ϧʔϓοτͷ௿Լݱ৅ΛຊߘͰ͸ɼʮϒϩοΩϯάʯͱݺͿɽ͜ͷΑ͏ͳঢ়گ͸ɼྫ͑͹ߴ
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଎ಓ࿏Ͱ͋Ε͹ɼΦϑɾϥϯϓ௚ԼྲྀʹϘτϧωοΫ͕͋ΔΑ͏ͳ৔߹ʹΑ͘ੜ͡Δͱߟ

͑ΒΕΔɽ

࿏બ୒ʢ௨աަ௨ྔʣͷมԽʹΑΔ௿Լܦ

ਤ 6.1dʹɼ໋୊ 5-b)Λຬͨ͢ϦϯΫ (o, l)ΛؚΉΦϦδφϧɾωοτϫʔΫͷయྫܕΛ

ࣔ͢ɽ͜ͷωοτϫʔΫͰ͸ɼऴ఺ϊʔυ d′ ར༻ऀ͕ɼऴ఺ϊʔυ͏͔޲ʹ dΛܦ༝͢Δ

Δɽલઅͱಉ༷ʹɼϦϯΫ͏͠༺࢖࿏Λܦ࿏ͱͦ͏Ͱͳ͍ܦ (l, d)ͷौ଺͕ϦϯΫ (o, l)ʹ

Ԇ৳͠ϦϯΫ༰ྔ͕௿Լͨ͠ͱ͠Α͏ɽ͜ͷͱ͖ɼऴ఺Λ d′ ͱ͢Δར༻ऀͷܦ࿏બ୒͕

มԽ͠ɼऴ఺ dΛܦ༝͢Δܦ࿏ΛΑΓଟ͘ར༻͢ΔΑ͏ʹͳΔɽ͔͠͠ɼऴ఺ dʹྲྀೖ͢

ΔϦϯΫ {(o, d), (l, d)}ͷ༰ྔ͸มΘ͍ͬͯͳ͍ͨΊɼҰఆͷ༰ྔΛҟͳΔऴ఺ʹ͏͔޲ར
༻ऀಉ͕࢜෼͚߹͏ͱ͍͏ঢ়گʹ͋Δɽͦͯ͠ɼ͜ͷҰఆͷ༰ྔͷ͏ͪऴ఺ dΛ௨ա͢Δ

ϑϩʔʢ௨աަ௨ʣ͕૿Ճ͢ΔͨΊɼεϧʔϓοτ͕௿Լ͢Δɽ͜Ε͸ɼ֗ࢢ஍Λӌճ͢

ΔόΠύε͕ɼࠞࡶʹΑΓͦͷػೳΛՌͨͤͳ͘ͳ͍ͬͯΔঢ়گͰ͋ΔͱղऍͰ͖Δɽ

ਤ 6.1f͸໋୊ 5-c)Λຬͨ͢ϦϯΫ (k′, l)ΛؚΉΦϦδφϧɾωοτϫʔΫͰ͋Δɽ͜ͷ

ྫͰ΋ɼ্هͱಉ༷ͷϩδοΫͰɼऴ఺ d′ Ͱͷεϧʔϓοτ͕ݮগ͢Δɽͨͩ͠ಉ࣌ʹɼ

ऴ఺ d ͷ௨աަ௨͕ݮΓʢi.e., ϦϯΫ (o, d) ͷ༰ྔͷ͏ͪܦ࿏ (k, k′) Λ௨ա͢Δަ௨͕ݮ

Δʣɼऴ఺ dͰͷεϧʔϓοτ͸૿Ճ͢Δɽ͜ΕΒ 2ͭͷޮՌͷࠩΛද͍ͯ͠Δͷ͕ɼࣜ

গ͢ΔɽݮลͰ͋Γɼ͜ͷ͕ࣜਖ਼ͷͱ͖શମͷεϧʔϓοτ͸ࠨ(6.7)

࿏બ୒ʹΑΔϒϩοΩϯάͷ؇࿨ܦ

ਤ 6.1h ʹɼ໋୊ 5-d) Λຬͨ͢ϦϯΫ (k, d) ΛؚΉΦϦδφϧɾωοτϫʔΫͷྫΛࣔ

͢ɽ͜Ε͸ɼ্ه a)ͷϒϩοΩϯάʹΑΔεϧʔϓοτͷ௿Լ͕ɼܦ࿏બ୒ʹΑΓ؇࿨͞
Ε͍ͯΔঢ়گͰ͋Δɽ͍·ɼϦϯΫ (d, k′)ͷौ଺͕ϦϯΫ (k, d)ʹԆ৳ͨ͠ͱ͠Α͏ɽ͜

ͷͱ͖ɼऴ఺ d′ ࿏બ୒͕มԽ͠ɼऴ఺ܦར༻ऀͷ͏͔޲ʹ dΛ௨ա͠ͳ͍ܦ࿏͕ΑΓར༻

͞ΕΔΑ͏ʹͳΔͨΊɼऴ఺ dͷ௨աަ௨͸ݮগ͢Δɽ͔͠͠ಉ࣌ʹɼԼྲྀϘτϧωοΫ

͔ΒԆ৳͢Δ଴ͪྻߦʹΑΓऴ఺ d΁ͷྲྀೖϑϩʔ͕ݮগ͢Δɽ͜͜Ͱɼ৚݅ࣜ (6.8)͕

ຬͨ͞Ε͍ͯΔ৔߹ɼϒϩοΩϯάʹΑΔεϧʔϓοτͷ௿Լ͕ܦ࿏બ୒ͷӨڹʹΑΔε

ϧʔϓοτͷ૿ՃΛ্ճ͍ͬͯΔͨΊɼ݁Ռతʹεϧʔϓοτ͸௿Լ͢Δɽ͜Ε͸ɼόΠ

ύε͕ຊདྷͷػೳΛՌ͍ͨͯ͠Δ΋ͷͷɼͦͷརศੑ͕े෼Ͱ͸ͳ͍ঢ়گͰ͋Δͱղऍ͢

Δ͜ͱ͕Ͱ͖Δɽ

Ҏ্Λ·ͱΊΔͱɼωοτϫʔΫɾεϧʔϓοτͷओͳ௿ԼཁҼ͸ɼ଴ͪྻߦͷԆ৳ʹ

൐͏༰ྔ௿ԼʹΑΓҾ͖͜͞ىΕΔɼҟͳΔऴ఺Λ࣋ͭར༻ऀಉ࢜ͷ૬࡞ޓ༻ʹ͋Δͱ

͍͑Δɽ͜ͷ૬࡞ޓ༻͸ɼ଴ͪྻߦͷԆ৳͕͍͖ͯىΔϦϯΫ͕ऴ఺ʹ઀ଓ͍ͯ͠Δ͔൱

͔ɼͱ͍͏؍఺͔Βɼ௚઀తͳ΋ͷͱؒ઀తͳ΋ͷʹ෼͚Δ͜ͱ͕Ͱ͖Δɽ௚઀తͳ૬ޓ

ͷԆ৳͕౸ୡ͢Δ͜ͱͰϒϩοΩϯά͕ൃੜྻߦͰ͸ɼऴ఺ʹ઀ଓ͢ΔϦϯΫʹ଴ͪ༺࡞

͠ɼऴ఺ྲྀೖަ௨ྔ͕ݮগ͢Δͱ͍͏Ө͕ڹੜ͍ͯ͡ΔɽҰํؒ઀తͳ૬࡞ޓ༻Ͱ͸ɼ଴
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ߦ࿏બ୒ܦೳෆશ͕ੜ͡Δ͜ͱͰɼར༻ऀͷػ࿏ͷܦͷԆ৳ʹΑΓऴ఺Λӌճ͢Δྻߦͪ

ಈΛհͯ͠ऴ఺௨աަ௨ྔ͕૿Ճ͢Δͱ͍͏Ө͕ڹੜ͍ͯ͡Δɽ

ͳ͓ɼ͜͜Ͱղ໌͞Εͨεϧʔϓοτͷ௿ԼϝΧχζϜ͸׬શʹ৽͍͠஌ݟͱ͍͏Θ

͚Ͱ͸ͳ͘ɼωοτϫʔΫަ௨ͱͯ͠͸ैདྷ͔Β΋஌ΒΕͨݱ৅Ͱ͸͋Δɽ࣮ࡍ Daganzo

(2007)Ͱ͸ɼεϧʔϓοτΛ࠷େԽ͢ΔͨΊʹ͸ऴ఺ͷϒϩοΩϯάͱ௨աަ௨Λճආ͢

Δ΂͖ͱͯ͠ɼࠞͨ͠ࡶΤϦΞ΁ͷྲྀೖަ௨ྔΛ੍͢ޚΔํ๏ʢAB strategy for citiesʣΛ

ఏҊ͍ͯ͠Δɽ͔͠͠ɼຊڀݚͰ͸طଘڀݚͱҟͳΓɼौ଺ύλʔϯͷղੳΛ௨ͯ͠ɼہ

ॴతͳϦϯΫ༰ྔมԽͱωοτϫʔΫશମͷεϧʔϓοτͷมԽΛཧ࿦తʹ໌Β͔ʹͯ͠

͍Δɽ͜ͷͨΊʹɼ࣍અҎ߱Ͱ͏ߦΑ͏ʹɼωοτϫʔΫੑೳΛվળʢ͋Δ͍͸ੑೳ௿Լ

Λճආʣ͢Δौ଺ϦϯΫ੍ࡦํޚͷߏஙɼ͓ΑͼͦͷϩδοΫΛཧ࿦తʹ݈ؤͳܗͰఏࣔ

͢Δ͜ͱ͕Ͱ͖ΔΑ͏ʹͳΔɽ

6.4 ༰ྔ૿ڧͷύϥυΫεղੳ

6.4.1 ύϥυΫεͷੜى৚݅

ຊઅͰ͸ɼަ௨ωοτϫʔΫʹ͓͚Δ༰ྔ૿ڧͷύϥυΫε (e.g., Braess, 1968; Smith,

1978)ͷجຊతಛੑʹ͍ͭͯ͢࡯ߟΔɽ༰ྔ૿ڧͷύϥυΫεͱ͸ɼަ௨ωοτϫʔΫͷ

ɼಓ࿏ͷ৽ઃ౳ʣ͕ɼωοτϫʔΫશମͷར༻ޮ཰ੑͰ͋Δڧॴతͳվળʢe.g.,༰ྔ૿ہ

εϧʔϓοτΛ͔͑ͬͯ௿Լͤ͞Δݱ৅Ͱ͋Δɽ͜ͷղੳ͸ɼ࣍અͰ͏ߦಈత੍ࡦํޚͷ

Δ΂͖ϦϯΫͷछྨΛ໌Β͢ݶΔ͜ͱʹͳΔɿ༰ྔΛ੍͢ڙΛఏݟ༗༻ͳ஌ͯ͠ࡍʹஙߏ

͔ʹ͢Δ͜ͱ͕Ͱ͖Δɽ

εϧʔϓοτͷ௿ԼϝΧχζϜͷղੳͱಉ༷ʹɼײ౓ࣜ (6.6)ΛϦϯΫͷछྨผʹղੳ

͢Δ͜ͱʹΑΓɼҎԼͷ໋୊͕੒ཱ͢Δɿ

໋୊ 6. ୯Ұى఺ωοτϫʔΫʹ͓͍ͯौ଺ύλʔϯ (A,M)͕༩͑ΒΕ͍ͯΔͱ͢Δɽ͜

ͷͱ͖ɼϦϯΫ (k, l)ͷ༰ྔ૿ڧʹΑΓɼఆৗঢ়ଶʹ͓͚Δεϧʔϓοτ͕௿Լ͢Δ༰ྔ૿

Δඞཁे෼৚݅͸ɼ্Լྲྀϊʔυ͢ىύϥυΫε͕ੜڧ k, lͷछྨผʹҎԼͷΑ͏ʹ༩͑

ΒΕΔɿ

a) k͕ऴ఺ϊʔυɼ͔ͭɼl͕ى఺ϊʔυɽ

b) k͕௨աϊʔυɼ͔ͭɼl͕ى఺ϊʔυͰ͋Γɼى఺͔Βϊʔυ k΁ͷগͳ͘ͱ΋ 1

ͭͷऴ఺Λ௨Δܦ࿏͕ॖ໿ωοτϫʔΫ্ʹଘ͢ࡏΔɽ

c) k, l͕௨աϊʔυͰ͋ΓɼҎԼͷ৚݅ࣜΛຬͨ͢ɿ
∑

i∈Ni

∑
d∈{I(i)∩Nd}µdi[v−1

il − v−1
ik ]τ̇l < 0. (6.9)

d) k͕ऴ఺ϊʔυɼ͔ͭɼl͕௨աϊʔυͰ͋ΓɼҎԼͷ৚݅Λຬͨ͢ɿ
∑

i∈Ni

∑
d∈{I(i)∩Nd}µdiv−1

il − 1 < 0 (6.10)
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o d 
(a) Case (i)

o d 

d’ 

o’ 
(b) Case (i)

o d

d’

k

(c) Case (ii)

o k d’ d o’ 

(d) Case (ii)

ਤ 6.2: ɿ໋୊ྻࠨ 6 Λຬͨ͢ϦϯΫʢ੨ઢʣΛؚΉॖ໿ωοτϫʔΫͷ࠷খߏ੒ཁૉɼӈ
ྻɿରԠ͢ΔΦϦδφϧɾωοτϫʔΫͷྫ

ূ໌ 18. 6.AΛࢀরɽ

ਤ 6.2ʹɼ໋୊ 6Λຬͨ͢࠷খߏ੒ཁૉͷॖ໿ωοτϫʔΫɼ͓ΑͼରԠ͢ΔΦϦδφ
ϧɾωοτϫʔΫΛࣔ͢ɽͳ͓͜͜Ͱಛఆͨ͠৚݅Λຬͨ͢ϦϯΫͷ༰ྔมԽ͸ɼશͯɼ

લઅͰࣔͨؒ͠઀తͳ૬࡞ޓ༻ΛҾ͖͜͢͜ىͱʹͳΔɽ͢ͳΘͪɼ֘౰ϦϯΫͷ༰ྔ૿

Ճ͸ɼར༻ऀͷܦ࿏બ୒ߦಈΛհͯ͠ऴ఺௨աަ௨ྔΛ૿Ճͤ͞Δ͜ͱͰɼωοτϫʔ

ΫɾεϧʔϓοτΛݮগͤ͞Δɽ͔͠͠༰ྔ૿ڧύϥυΫεͷϝΧχζϜʹ͸ɼऴ఺͕།

ҰͰ͋ͬͯ΋ऴ఺௨աަ௨ྔͷ૿Ճ͕ੜ͡͏Δ͜ͱ͕Θ͔ͬͨɽҎԼͰ͸ɼΦϦδφϧɾ

ωοτϫʔΫ্ͷϑϩʔɾύλʔϯͷมԽΛ͍ͯ͘͜ݟͱͰɼͦͷύϥυΫεͷϝΧχζ

Ϝʹ͍ͭͯઆ໌͍ͯ͘͠ɽ

6.4.2 ύϥυΫεͷϝΧχζϜ

ਤ 6.2aʹɼ໋୊ 6-a)Λຬͨ͢ϦϯΫ (d, o)ΛؚΉॖ໿ωοτϫʔΫΛࣔ͢ɽ͜ͷωοτ

ϫʔΫͰ͸ɼऴ఺͕ಉ͡ར༻ऀಉ࢜ͷ૬࡞ޓ༻ʹΑΓɼεϧʔϓοτͷ௿Լ͕ൃੜ͢Δʀ

།Ұͷऴ఺ dʹ͏͔޲ར༻ऀͷܦ࿏બ୒͕มԽ͠ɼॖ໿ωοτϫʔΫ্Ͱͷ௨աަ௨ྔ͕

૿Ճ͢Δ͜ͱʹΑΓɼࣗഁݾյతʢself-destructiveʣʹωοτϫʔΫͷޮ཰ੑΛ௿Լͤͯ͞

͍Δɽ

ͦͷ۩ମతͳϝΧχζϜΛݟΔͨΊʹɼਤ 6.2bʹࣔͨ͠ΦϦδφϧɾωοτϫʔΫ্ͷ

ϑϩʔɾύλʔϯΛ௥͍ͬͯ͘ͱɼ࣍ͷΑ͏ʹͳΔɿϦϯΫ (d, o)ʹରԠ͢ΔϦϯΫ (d′, o′)
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ͷ༰ྔΛ૿ͨ͠ڧ৔߹ɼऴ఺ʹ઀ଓ͢ΔೋͭͷϦϯΫͷ͏ͪɼौ଺͍ͯ͠ΔϦϯΫ (o′, d)

ͷަ௨ྔ͸૿Ճ͠ͳ͍͜ͱ͸໌Β͔Ͱ͋ΔɽҰํͰɼඇौ଺ϦϯΫ (d′, d)ͷަ௨ྔ͸ɼϦ

ϯΫ (o, d′) ͔Βྲྀग़͢Δަ௨ྔ͕ΑΓϦϯΫ (d′, o′) Λ௨ա͢ΔΑ͏ʹͳΔͨΊɼݮগ͢

Δɽ݁Ռͱͯ͠ɼ༰ྔʹ༨༟ͷ͋ΔϦϯΫ͔Βɼ༰ྔʹ༨༟ͷͳ͍ौ଺ϦϯΫΛ௨ա͢Δ

Δ͜ͱʹΑΓɼωοτϫʔΫશମͷεϧʔϓοτ͕௿Լ͍ͯ͢͠ߋ࿏΁ͱར༻ऀ͕มܦ

Δʀ͜Ε͕ॖ໿ωοτϫʔΫ্Ͱ͸།Ұͷऴ఺ͷ௨աަ௨ྔͷ૿Ճͱͯ͠ද͞ݱΕΔ͜ͱ

ʹͳΔɽ

Ұํɼ໋୊ 6Λຬͨ͢ଞͷࡾछྨͷ৚݅͸ɼऴ఺͕ҟͳΔར༻ऀಉ࢜ͷ૬࡞ޓ༻ʹΑΔ
༰ྔ૿ڧͷύϥυΫεͷੜى৚݅Λද͍ͯ͠Δɽ໋୊ 6-b)Λຬͨ͢ϦϯΫΛؚΉॖ໿ωο

τϫʔΫɼ͓ΑͼͦͷΦϦδφϧɾωοτϫʔΫΛਤ 6.2cɼ6.2dʹࣔ͢ɽ͜ͷωοτϫʔ

Ϋ্Ͱ͸ɼϦϯΫ (k, o)ʢΦϦδφϧ্Ͱ͸ (k, o′)ʣͷ༰ྔ૿ڧʹΑΓɼऴ఺ dͷ௨աަ௨

ྔ͕૿͑Δ͜ͱͰεϧʔϓοτ͕௿Լ͢Δɽ໋୊ 6-c)͸ɼ໋ ୊ 5-c)ͷਖ਼ෛ͕ٯసͨ͠৚݅

Ͱ͋Γɼͦͷٯసͨ͠ϝΧχζϜʹΑΓεϧʔϓοτ͕௿Լ͢Δ*1ɽ໋୊ 6-d)Λຬͨ͢Ϧ

ϯΫؚ͕·ΕΔ࣌ͷަ௨ঢ়ଶ͸ɼ௿ԼϝΧχζϜͷ࡯ߟͰࣔͨ͠ਤ 6.1fʹؚ·Ε͍ͯΔɽ

ύϥυΫεͷϝΧχζϜ΋ɼͦͷٯసͨ͠ϝΧχζϜͱͳΔɿϦϯΫ (d′, l′)ͷ༰ྔΛ૿ڧ

ͨ͠৔߹ɼऴ఺ d′ ͷ௨աަ௨ྔ͕૿Ճ͢ΔͨΊɼ͜ͷऴ఺ͷεϧʔϓοτ͸ݮগ͢Δɽͨ

ͩ͠ಉ࣌ʹϦϯΫ (l, l′) ͷަ௨ྔ͕ݮগ͢ΔͨΊɼܦ࿏ {(o, d), (d, k), (k, k′), (k′, l), (l, l′)} ͷ
ަ௨ྔ͸ݮগ͠ɼऴ఺ dͷεϧʔϓοτ͸૿Ճ͢Δɽͦͯ͠ɼલऀͷӨऀޙ͕ڹͷӨڹΛ

্ճ͍ͬͯΔʢi.e.,ࣜ (6.10)͕ຬͨ͞Ε͍ͯΔʣͱ͖ɼωοτϫʔΫɾεϧʔϓοτ͸ݮ

গ͢Δɽ

ύϥυΫεͷੜى৚͔݅Β͸ɼͲͷϦϯΫͷ༰ྔΛݮগͤ͞Ε͹ωοτϫʔΫશମͷޮ

཰ੑΛ্ͤ͞޲Δ͜ͱ͕Ͱ͖Δͷ͔͕໌Β͔ͱͳΔɽͦͷͨΊɼಛఆͷϦϯΫ༰ྔΛ੍໿

ʢ΋͘͠͸վળʣ͢Δަ௨੍ޚͱωοτϫʔΫશମͷੑೳͷؔੑ܎Λɼʢौ଺ύλʔϯΛ༩

݅ͱ͢ΔҙຯͰʣہॴతʹɼ͔͠͠؆ศ͔ͭղੳతʹ༩͑Δ͜ͱ͕Ͱ͖Δɽैͬͯɼωο

τϫʔΫੑೳͷ௿ԼΛճආ͢Δौ଺ϦϯΫ੍ߏࡦํޚஙͷૅجͱͯ͠༗༻Ͱ͋Δͱ͑ߟΒ

ΕΔɽ

ͨͩ͠ɼ࣮ࡍͷ੍ޚʹ͋ͨͬͯ͸ɼ௨ৗԿΒ͔ͷ੍໿৚͕݅ଘ͍ͯ͠ࡏΔɽྫ͑͹ɼ߹

ྲྀ෦ʹ͓͍ͯ͋ΔಛఆͷϦϯΫ༰ྔΛݮগͤ͞Δ͜ͱ͸ɼಉҰՕॴʹྲྀೖ͢Δଞͷํ޲ͷ

ϦϯΫ༰ྔΛ૿Ճͤ͞Δ͜ͱʹ͕ܨΔɽͦͷͨΊަ௨੍ࡦํޚΛߏங͢ΔͨΊʹ͸ɼ۩ମ

తͳ੍ޚεΩʔϜɼ͓Αͼͦͷ੍ޚʹ൐͏੍໿৚݅Λ۩ମԽ্ͨ͠Ͱɼෳ਺ͷϦϯΫ༰ྔ

͕ಉ࣌ʹมԽ͢Δͱ͖ͷεϧʔϓοτͷײ౓Λղੳ͢Δඞཁ͕͋Δɽ࣍અͰ͸ɼͦͷ۩ମ

తͳ੍ޚεΩʔϜͱͯ͠ա๞࿨ωοτϫʔΫʹ͓͚Δ৴߸੍ࡦํޚΛ͑ߟΔ͜ͱͱ͢Δɽ

*1 ͳ͓͜ͷ৚݅͸ɼAkamatsu (2000); Akamatsu and Heydecker (2003b)Ͱࣔ͞ΕͨɼϦϯΫཱྀؒ࣌ߦʹؔ͢Δ
༰ྔ૿ڧͷύϥυΫεͷੜى৚݅ͱྨͨ͠ࣅ΋ͷͰ͋Δɽͨͩ͠ɼຊڀݚͰ͸ఆৗঢ়ଶΛ͍ͯ͑ߟΔ͜ͱɼ
·ͨωοτϫʔΫɾεϧʔϓοτʹର͠ύϥυΫε͕ੜ͢ىΔ͜ͱΛ͍ࣔͯ͠Δ఺Ͱҟͳ͍ͬͯΔɽ
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i

j k

increase split

decrease split

i

j k

dgik > 0

ਤ 6.3: ৴߸੍ޚͷ֓೦ਤ

6.5 ղ໌ͨ͠ϝΧχζϜʹͮ͘جಈత੍ࡦํޚͷߏங

ຊઅͰ͸͜Ε·Ͱʹղ໌ͨ͠εϧʔϓοτͷײ౓෼ੳ݁Ռʹ͖ͮجɼա๞࿨ωοτϫʔ

Ϋʹ͓͚Δ৴߸੍ࡦํޚΛߏங͢Δɽ۩ମతʹ͸ɼ·ͣྲྀೖϦϯΫ͕ 2ຊͰ͋Δ৴߸ަࠩ

఺Λ͑ߟɼ͜ΕΒͷྲྀೖϦϯΫ͕ौ଺ঢ়ଶʹ͋Δަ௨ঢ়ଶΛ͑ߟΔɽ͜ͷͱ͖ɼ֤ྲྀೖϦ

ϯΫͷ༰ྔ͸๞࿨ަ௨ྲྀ཰ͱεϓϦοτͷੵͰද͢͜ͱ͕Ͱ͖Δɽ·ͨɼ͋ΔҰํͷྲྀೖ

ϦϯΫʹεϓϦοτΛଟׂ͘ΓৼΔʢi.e.,༰ྔΛ૿Ճͤ͞Δʣͱ͖ɼ΋͏ҰํͷྲྀೖϦϯ

ΫͷεϓϦοτΛݮগͤ͞Δඞཁ͕͋Δͱ͍͏੍໿৚͕݅ଘ͍ͯ͠ࡏΔɽ͜͏ͨ͠ঢ়گʹ

͓͍ͯɼͲ͏͍ͬͨྲྀೖϦϯΫʹεϓϦοτΛׂΓৼΔ͜ͱͰεϧʔϓοτΛվળ͢Δ͜

ͱ͕Ͱ͖Δͷ͔Λɼײ౓෼ੳࣜͷԠ༻͔Β໌Β͔ʹ͢Δɽ

6.5.1 ৴߸੍ࡦํޚͷಋग़ͱͦͷϩδοΫ

ਤ 6.3ʹࣔ͢Α͏ͳɼ͋Δ৴߸ަࠩ఺ϊʔυ kʹ઀ଓ͢ΔϦϯΫ͕ौ଺͍ͯ͠Δঢ়ଶΛ

ΔɽྲྀೖϦϯΫ͑ߟ (i, k)ͷ༰ྔ͸๞࿨ަ௨ྲྀ཰ sik ͱɼϦϯΫʹׂΓৼΒΕΔεϓϦοτ

gik ͷੵͱͯ͠ද͞ΕΔɿµik = sikgikɽ৴߸ަࠩ఺͸ɼยํͷྲྀೖϦϯΫʹׂΓৼΔεϓ

ϦοτΛݮΒ͢͜ͱͰɼ΋͏ҰํͷྲྀೖϦϯΫʹׂΓৼΔεϓϦοτΛ૿Ճͤ͞Δ͜ͱ͕

Ͱ͖Δ΋ͷͱ͢Δɽ͜͜ͰɼྲྀೖϦϯΫ (i, k)ʹׂΓৼΔεϓϦοτΛ dgik ૿Ճͤͨ͞ͱ

͖ͷεϧʔϓοτͷײ౓͸ɼࣜ (6.5)ͷײ౓෼ੳࣜͷઢܗ࿨ΛͱΔ͜ͱͰɼ࣍ͷΑ͏ʹද

͞ΕΔɿ

dF =
∂F
∂µik

dµik +
∂F
∂µ jk

dµ jk

=
∂F
∂µik

(sikdgik) +
∂F
∂µ jk

(sjkdgjk) =
(
sik
∂F
∂µik
− sjk

∂F
∂µ jk

)
dgik. (6.11)

͜͜ͰɼdF ͸ɼϦϯΫ (i, k) ͷεϓϦοτΛ dgik ͚ͩ૿Ճͤͨ͞ͱ͖ͷɼεϧʔϓο

τͷมԽΛද͍ͯ͠Δɽ·ͨࢉܭʹ͋ͨͬͯ͸ɼ߹ྲྀ෦ͰͷεϓϦοτͷؔੑ܎Ͱ͋Δ

dgik = −dgjk Λ༻͍ͨɽ
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ද 6.1: ৴߸ަࠩ఺ϊʔυ k ͕௨աϊʔυͰ͋Δͱ͖ͷɼϦϯΫ (i, k) ʹεϓϦοτΛׂΓ
ৼͬͨͱ͖ͷεϧʔϓοτͷײ౓

No. upstream nodes dF causes of sensitivity additional condition

1 i = o ∧ j ∈ Ni ≥ 0 second term –

2 i = o ∧ j ∈ Nd > 0 second term –

3 i, j ∈ Ni ≥ 0 second term
There is no route from the origin to node i

so that it passes through a destination.

4 i ∈ Ni ∧ j ∈ Nd ≥ 0 second term –

5 i, j ∈ Nd 0 second term –

ද 6.2: ৴߸ަࠩ఺ϊʔυ k ͕ऴ఺ϊʔυͰ͋Δͱ͖ͷɼϦϯΫ (i, k) ʹεϓϦοτΛׂΓ
ৼͬͨͱ͖ͷεϧʔϓοτͷײ౓

No. upstream nodes dF causes of sensitivity additional condition

1 i = o ∧ j ∈ Ni > 0 first & second terms sik − sjk > 0.

2 i = o ∧ j ∈ Nd > 0 first term –

3 i, j ∈ Ni > 0 first & second terms sik − sjk > 0
4 i ∈ Ni ∧ j ∈ Nd ≥ 0 first & second terms –

5 i, j ∈ Nd 0 first term –

લઅ·Ͱͱಉ༷ʹɼ͜ͷײ౓ࣜͷਖ਼ෛ͸৴߸ަࠩ఺ʹ઀ଓ͢ΔϦϯΫͷ্Լྲྀϊʔυͷ

छྨʹԠͯ͡৔߹෼͚Λ͜͏ߦͱͰ੔ཧ͢Δ͜ͱ͕Ͱ͖Δɽ۩ମతʹ͸ɼ৴߸ަࠩ఺ϊʔ

υ͕௨աϊʔυʢk ∈ Niʣɼ΋͘͠͸ऴ఺ϊʔυʢk ∈ Ndʣͷͱ͖ͷεϧʔϓοτͷมԽͷ

ਖ਼ෛ͸ɼͦΕͧΕද 6.1ͱ 6.2ͷΑ͏ʹ੔ཧ͞ΕΔɽ݁Ռͱͯ͠ɼωοτϫʔΫɾεϧʔ

ϓοτΛվળ͢Δʹ͋ͨͬͯ͸ɼौ଺ύλʔϯΛ༩݅ͱ্ͨ͠Ͱɼ͜ΕΒͷදʹ͓͍ͯਖ਼

ͷײ౓Λࣔ͢ϦϯΫʹɼΑΓεϓϦοτΛׂΓৼΕ͹ྑ͍ʢ͋Δ͍͸ɼෛͷײ౓Λࣔ͢Ϧ

ϯΫͷεϓϦοτΛݮΒ͢ʣ͜ͱ͕Θ͔Δɽ͢ͳΘͪ͜Ε͕ɼ͋Δ৴߸ަࠩ఺ʹྲྀೖ͢Δ

ϦϯΫ͕ौ଺ঢ়ଶͱͳͬͨͱ͖ͷɼौ଺ύλʔϯʹ͍ͨͮج৴߸੍ࡦํޚͱͳΔɽ

ఏҊ͢Δ৴߸੍ޚͷϩδοΫ͸ɼલઅ·ͰͰ໌Β͔ʹͨ͠εϧʔϓοτมԽͷϝΧχζ

Ϝ͔Βཧղ͢Δ͜ͱ͕Ͱ͖Δɽ·ͣ৴߸ަࠩ఺ϊʔυ͕௨աϊʔυͰ͋Δͱ͖ʢද 6.1ʣɼ

εϓϦοτ͕มԽ͢Δ͜ͱʹΑΓɼऴ఺ʹ௚઀઀ଓ͠ͳ͍ϦϯΫͷ༰ྔ͕มԽ͢Δ͜ͱʹ

ͳΔɼi.e.,ؒ઀తͳ૬࡞ޓ༻ΛҾ͖͢͜ىɽΑͬͯɼ͜ͷަࠩ఺ʹ͓͚Δ৴߸੍ޚͷجຊ

ϩδοΫ͸ɼར༻ऀͷܦ࿏બ୒ߦಈΛհͯ͠ɼऴ఺௨աަ௨ྔΛݮগͤ͞Δͱ͍ͬͨ΋ͷ

ʹͳΔɽ͜ΕΛ࣮͢ݱΔͨΊͷ৴߸੍ޚͷجຊઓུ͸࣍ͷΑ͏ʹ·ͱΊΒΕΔɿ

௨աϊʔυʹ͓͚Δ৴߸੍ޚɿަࠩ఺ʹ઀ଓ͢ΔϦϯΫͷ͏্ͪྲྀϊʔυͷछྨ

͕ɼॖ໿ωοτϫʔΫ্ʹ͓͍ͯى఺Ͱ͋ΔϦϯΫ͕ଘ͢ࡏΔ৔߹ɼͦͷϦϯΫͷ
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εϓϦοτΛ૿Ճ͢Δɽ·ͨ͸ɼऴ఺Ͱ͋ΔϦϯΫ͕ଘ͢ࡏΔ৔߹ɼͦͷϦϯΫͷ

εϓϦοτΛ͢ݮ࡟Δɽ

͜ͷجຊઓུ͸ͲͪΒ΋ɼ͋Δऴ఺ʹ͏͔޲ར༻ऀΛɼऴ఺Λ௨ա͢Δܦ࿏͔Β௨ա͠ͳ

࿏΁ͱ༠ಋ͢Δ΋ͷͱͳΔɽܦ͍

࣍ʹ৴߸ަࠩ఺ϊʔυ͕ऴ఺ϊʔυͰ͋Δͱ͖ʢද 6.2ʣ͸ɼεϓϦοτͷมԽ͸ऴ఺

ʹ௚઀઀ଓ͢ΔϦϯΫͷ༰ྔΛมԽͤ͞Δ͜ͱʹͳΔɼi.e.,௚઀తͳ૬࡞ޓ༻ΛҾ͖͜ى

͢ɽͦͷͨΊ͜ͷަࠩ఺ʹ͓͚Δ੍ޚͷجຊϩδοΫ͸ɼଞͷऴ఺ʹ͓͚Δ௨աަ௨ྔΛ

গͤ͞Δͱͱ΋ʹɼ͜ͷަࠩ఺ʹ઀ଓ͢ΔϦϯΫͷ༰ྔΛ૿Ճͤ͞ɼऴ఺ྲྀೖՄೳަ௨ݮ

ྔΛ૿Ճͤ͞Δɼͱ͍ͬͨ΋ͷʹͳΔ۩ମతʹ͸ɼ࣍ͷ৴߸੍͕ࡦํޚಋग़͞ΕΔɿ

ऴ఺ϊʔυʹ͓͚Δ৴߸੍ޚɿަࠩ఺ʹ઀ଓ͢ΔϦϯΫͷ͏্ͪྲྀϊʔυͷछྨ

͕ɼॖ໿ωοτϫʔΫ্ʹ͓͍ͯऴ఺Ͱ͋ΔϦϯΫ͕ଘ͢ࡏΔ৔߹ɼͦͷϦϯΫͷ

εϓϦοτΛݮগͤ͞Δɽ·ͨ͸ɼͲͪΒͷϦϯΫͷ্ྲྀϊʔυ΋ऴ఺Ͱͳ͍৔

߹ɼ๞࿨ަ௨ྲྀ཰͕͍ߴϦϯΫͷεϓϦοτΛ૿Ճ͢Δɽ

ͳ͓ɼ࣮ࡍʹεϓϦοτΛ੍͢ޚΔࡍʹ͸εςοϓαΠζʢi.e.,Ұ౓ʹͲΕ͚ͩͷεϓ

ϦοτΛมԽͤ͞Δͷ͔ʣΛܾΊ͓ͯ͘ඞཁ͕͋Δɽ͜Εʹ͍ͭͯ͸ɼSmith et al. (2015)

Ͱ΋ߦΘΕ͍ͯΔΑ͏ʹɼौ଺ύλʔϯͷมԽ͕ܹٸʹͳΒͳ͍Α͏ɼे෼খ͞ͳεςο

ϓαΠζΛఆΊ͓͚ͯ͹ྑ͍ʢi.e., εϓϦοτΛঃʑʹมԽͤ͞Δʣɽ͜͏ͨ͠εςοϓ

αΠζͷઃํܭ਑͸ɼौ଺ύλʔϯ͕༰ྔมԽͷલޙͰಉҰͰ͋Δͱ͍͏ײ౓෼ੳͷԾఆ

ͱ΋੔߹ͨ͠΋ͷͰ͋Δɽ

6.5.2 ఏҊ৴߸੍ࡦํޚͷಛ௃

ຊઅͷޙ࠷ʹɼຊڀݚͰఏҊ͢Δ৴߸੍ࡦํޚͷಛ௃ʹ͍ͭͯ·ͱΊΔɽ·ͣɼఏҊ੍

Δ͜ͱʹΑΓɼωοτϫʔΫɾεϧʔϓοͤ͞࡞తʹಈࢄͰ͸ɼ֤৴߸ަࠩ఺Λࣗ཯෼ޚ

τΛ๬·͍͠ঢ়ଶ΁ͱ༠ಋ͍ͯ͠Δɼͱ͍͏͜ͱͰ͋Δɽ۩ମతʹ͸ɼ֤ަࠩ఺͸ॖ໿

ωοτϫʔΫ্Ͱ઀ଓ͍ͯ͠Δौ଺ϦϯΫͷ্ɾԼྲྀϊʔυͷछྨɼ͓Αͼ๞࿨ަ௨ྲྀ཰

ͱ͍ͬͨہॴతͳ৘ใʹ͖ͮجɼଞͷަࠩ఺ͱ͸ಠ੍ཱͯ͠ޚΛ͜͏ߦͱ͕Ͱ͖Δɽ͢ͳ

ΘͪఏҊ੍ޚͰ͸ɼ੍ߧۉ໿෇͖࠷దԽ໰୊ͳͲ੍ޚओମؒͷ૬࡞ޓ༻Λྀͨ͠ߟෳࡶͳ

શମ࠷దԽ໰୊ΛऔΓѻ͏͜ͱͳ͘ɼωοτϫʔΫશମͷަ௨ঢ়ଶΛվળ͢Δौ଺ϦϯΫ

๏ΛఏࣔͰ͖Δɽޚ੍

·ͨఏҊ੍ޚ͸ɼौ଺ϦϯΫͷ༰ྔ੍ޚΛ௨ͯ͠ɼ͋Δଘࡏ୆਺ʹ͓͍࣮ͯ͏͠ݱΔε

ϧʔϓοτΛվળ͢Δ੍ޚΛ͍ͯͬߦΔɼi.e., MFD ͷܗঢ়ΛมԽͤ͞Δ੍ޚΛ͍ͯͬߦ

Δɽ͜Ε͸ɼʢଘࡏ୆਺ʹର͢Δεϧʔϓοτͷ࣮ݱ஋Ͱ͋ΔʣMFDΛෆมͱΈͳ͢ɼط

ଘͷεϧʔϓοτ੍ࡦํޚͱେ͖͘ҟͳΔ఺Ͱ͋Δɽ͢ͳΘͪɼఏҊ੍ޚ͸͋Δଘࡏ୆਺

ʹ͓͚ΔωοτϫʔΫੑೳΛ࠷େͤ͞شൃʹݶΔΑ͏ͳ੍ޚΛ͜͏ߦͱ͕Ͱ͖Δɽ
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利用者を上手く分散

流入制御による
混雑領域の発現防止

提案制御による
性能向上

存在台数

ト
リ
ッ
プ
完
了
流
率

過剰需要を
抑制

ਤ 6.4: Hybrid੍ޚͷ֓೦ਤ

ҰํͰɼఏҊ੍ޚ͸ɼ଴ͪྻߦͷԆ৳ʹ൐͏ϒϩοΩϯάݱ৅͕Ҿ͖͢͜ىεϧʔϓο

τͷ௿Լʹରͯ͠͸ɼޮՌతͰ͸ͳ͍ɼi.e., NEFʹ͓͚ΔࠞྖࡶҬʢଘࡏ୆਺ͷ૿Ճʹ൐

͍εϧʔϓοτ͕௿Լ͢ΔྖҬʣͷൃݱΛ๷͢ࢭΔޮՌΛ࣋ͨͳ͍ɽ·ͨɼఏҊ੍ޚʹ

ΑΓ͋ΔϦϯΫͷ଴͕ͪྻߦԆ৳͠ɼεϧʔϓοτ͕ΑΓ௿Լ͢ΔՄೳੑ΋ଘ͢ࡏΔ*2ɽ

͜Ε͸ɼఏҊ੍͕ޚωοτϫʔΫ΁ͷྲྀೖަ௨धཁࣗମΛௐ੔͢ΔػೳΛ࣋ͨͳ͍ͨΊɼ

ωοτϫʔΫੑೳΛ࠷େͯ͠شൃݶ΋ͦͷ༰ྔҎ্ͷա৒धཁ͕ྲྀೖ͖ͯͨ͠৔߹ɼ଴ͪ

ͷԆ৳͕ආ͚ΒΕͳ͍ͨΊͰ͋ΔɽͦͷͨΊɼ͜ͷΑ͏ͳ໰୊Λආ͚ΔͨΊʹ͸ɼॏྻߦ

ཁͳ࿏ઢ্ͷ଴ͪྻߦ௕ʹԠͯ͡ઓུΛ࣮͢ࢪΔ͔Ͳ͏͔Λܾఆ͢ΔͳͲͷɼҰఆͷج४

Λઃ͚Δ͜ͱ͕͑ߟΒΕΔɽ·ͨ͸ɼطଘͷ MFD ޚͰఏҊ͞Ε͍ͯΔྲྀೖ੍ڀݚ (e.g.,

Daganzo, 2007; Yoshii et al., 2010; Keyvan-Ekbatani et al., 2012; Haddad and Shraiber, 2014)

ͱ૊Έ߹ΘͤΔ͜ͱʹΑΓɼଘࡏ୆਺Λ࠷ద୆਺ʹอͪͳ͕Β଴ͪྻߦͷԆ৳Λ๷͢ࢭΔ

͜ͱ΋͑ߟΒΕΔɽ

ಛʹɼMFDͱຊڀݚͷఏҊ੍ޚΛ૊Έ߹Θ੍ͤͨࡦํޚ͸ɼ֤ํࡦͷར఺Λ૬׬ิޓ

తʹ׆༻͢Δ͜ͱͰɼΑΓޮ཰తͳ੍ޚΛ͑ߦΔ͜ͱ͕ظ଴͞ΕΔɽ۩ମతʹ͸ɼఏҊ੍

Δौ଺ϦϯΫ͍ͯ͠ࡏࢄʹΔ͜ͱʹΑΓɼωοτϫʔΫ্ͤ͞ࢄ͸ަ௨ྲྀΛ͏·͘෼ޚ

ͷ༰ྔΛ໨Ұഋ͍࢖੾ΔޮՌΛ͍࣋ͬͯΔɼi.e.,ωοτϫʔΫ্ͷࠞࡶͷภΓΛద੾ͳํ

ଘͷط΁ͱੋਖ਼͢Δ*3ɽͦΕʹରͯ͠ɼ޲ MFD੍ޚͰ͸ࠞࡶͷภΓΛ๷͙͜ͱ͸Ͱ͖ͳ

͍͕ɼωοτϫʔΫ֎͔Βͷա৒धཁͷྲྀೖΛ཈੍͢Δ͜ͱͰɼωοτϫʔΫੑೳͷ௿Լ

Λ๷͙ػೳΛ࣋ͭ*4ɽͦͷͨΊɼྲྀೖ੍ޚͱωοτϫʔΫ಺੍ޚΛ૊Έ߹ΘͤΔ͜ͱͰɼ

ωοτϫʔΫͷ֎͔Βͷա৒धཁΛ཈੍͠ɼ͔ͭωοτϫʔΫ಺ͰࡏݦԽ͢ΔϘτϧωο

*2 ͜ͷݱ৅͸ Daganzo (1998)Ͱ΋͞ٴݴΕ͍ͯΔɽ
*3 ద੾ͳܦ࿏༠ಋࡶ͕ࠞࡦࢪͷภΓΛੋਖ਼͠ωοτϫʔΫੑೳΛվળ͢ΔޮՌΛ࣋ͭ͜ͱ͸ɼKnoop et al.

(2012); Mahmassani et al. (2013); Yildirimoglu et al. (2015)ͳͲͰ΋ࣔ͞Ε͍ͯΔɽ
*4 ͳ͓ɼΤϦΞΛద੾ʹ෼ׂͦ͠ͷதͰ MFD ྲྀྀͨ͠ߟͷภΓΛࡶͱʹΑΓɼΤϦΞ಺ͷࠞ͜͏ߦΛޚ੍
ೖ੍ޚΛ͏ߦͱ͍ͬͨఏҊ΋ͳ͞Ε͍ͯΔ (e.g., Haddad and Geroliminis, 2012; Aboudolas and Geroliminis,
2013; Keyvan-Ekbatani et al., 2015b; Kouvelas et al., 2017)ɽ
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i d1 p j d3 

l 

k 

m 
d2 

n 

d4 o 

Bypass 

Arterial 

ਤ 6.5: ఺ωοτϫʔΫى੒͞ΕΔ୯Ұߏઢಓ࿏ʢ੺ϦϯΫʣͱόΠύεʢ੨ϦϯΫʣ͔Βװ

ද 6.3: ϦϯΫͷઃఆ (FFTT:ࣗ༝ཱྀؒ࣌ߦ, BC:ϘτϧωοΫ༰ྔ, SF:๞࿨ަ௨ྲྀ཰)

Link FFTT

[sec]

BN

[veh/sec]

SF

[veh/sec]

Link FFTT

[sec]

BN

[veh/sec]

SF

[veh/sec]

(o, i) 143.88 6 6 (i, k) 71.94 3 6

(i, j) 28.78 2.53 4 (k,n) 21.58 1.5 3

( j, d1) 28.78 0.83 1.67 (n, p) 50.36 0.93 1.87

(d1, d3) 28.78 0.5 1 (l, k) 28.78 0.5 1

(d3, p) 28.78 0.55 1.1 (l, d1) 21.58 0.5 1

( j, l) 28.78 4 4 (m, d2) 14.39 0.67 1.0

(l,m) 14.39 4 4 (d2,n) 14.39 0.33 0.67

(m, d3) 28.78 0.92 1.83 (p, d4) 57.56 1 2.5

Ϋ༰ྔΛ্ख͍͘࢖੾ΒͤΔΑ͏ͳɼMFDʹ͍ͨͮج߹ཧతͳ hybrid੍ࡦํޚΛߏங͢

Δ͜ͱ͕ग़དྷΔͱ͑ߟΒΕΔɽ

6.6 ਺஋ࢉܭ

ຊઅͰ͸ɼલষͰͷ਺஋ྫࢉܭͱಉ༷ʹɼಈతͳ OD ަ௨धཁύλʔϯʹै࣮ͬͯݱ

ͨ͠ DUEঢ়ଶʹ͓͚Δ NEFͱఏҊख๏ʹΑΓղੳతʹධՁͨ͠ NEFΛൺֱ͢Δ͜ͱʹ

ΑΓɼఏҊख๏ͷଥ౰ੑΛ֬ೝ͢Δɽ·ͣ 6.6.1Ͱ͸ɼ਺஋ࢉܭͷઃఆΛઆ໌͢Δɽ࣍ʹ
6.6.2Ͱɼ࣌ʑࠁʑ࣮ͨ͠ݱौ଺ύλʔϯʹఏҊख๏Λద༻͠ɼεϧʔϓοτ͕௿Լ͢Δࡍ
ʹ 6.3Ͱࣔͨ͠ϝΧχζϜ͕ಇ͍͍ͯΔ͜ͱΛ֬ೝ͢Δɽͦͯ͠ 6.6.3Ͱ͸ɼຊষͰఏҊ
ͨ͠৴߸੍ޚઓུΛద༻͠ɼͦͷޮ཰ੑΛௐ΂Δɽ

6.6.1 ਺஋ࢉܭઃఆ

ਤ 6.5ʹɼຊઅͰऔΓѻ͏୯Ұى఺ωοτϫʔΫΛࣔ͢ɽ͜ͷωοτϫʔΫ͸װઢಓ࿏

ͱόΠύε͔Βߏ੒͞ΕͨωοτϫʔΫΛ૝ఆ͍ͯ͠Δɽى఺͸ϊʔυ o Ͱ͋Γɼऴ఺
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ਤ 6.6: NEFͷ࣮ݱ஋ͱཧ࿦஋

ϊʔυͷू߹͸ {d1, d2, d3, d4}Ͱ͋Δɽ·ͨɼϊʔυ {k, l,n, p, d1, d3}͸৴߸ަࠩ఺Ͱ͋Δɿ
ϊʔυʹྲྀೖ͢ΔϦϯΫʹׂΓৼΒΕΔεϓϦοτΛ੍͢ޚΔ͜ͱ͕Ͱ͖Δɽͳ͓ɼຊݚ

Ͱ͸εϓϦοτͷ࿨͸ڀ 1 ͱઃఆ͍ͯ͠Δʢi.e., ଛࣦ࣌ؒ͸͑ߟͳ͍ʣɽωοτϫʔΫ্

ͷ֤ϦϯΫ͸ɼϦϯΫऴ୺ͷϘτϧωοΫ෦ͱϘτϧωοΫҎ֎ͷ͔۠ؒΒߏ੒͞Ε͓ͯ

Γɼ୆ܕܗͷ Fundamental Diagram (FD)Λ࣋ͭɽ֤ϦϯΫͷ༰ྔ΍๞࿨ަ௨ྲྀ཰͸װઢಓ

࿏্ͷϦϯΫ͕େ͖͘ͳΔΑ͏ʹઃఆ͍ͯ͠Δʢද 6.3΋ࢀরʣɽͨͩ͠ɼ৴߸ަࠩ఺ʹྲྀ

ೖ͢ΔϦϯΫͷ༰ྔ͸ɼεϓϦοτͱ๞࿨ަ௨ྲྀ཰ͷੵͱͳ͍ͬͯΔɽ৴߸੍ޚઓུΛద

༻͠ͳ͍ͱ͖ʹ֤ϦϯΫʹׂΓৼΒΕΔεϓϦοτ͸ 0.5ͱઃఆͨ͠ɽ

਺஋࣮ݧΛ։͔࢝ͯ͠Β tඵޙͷωοτϫʔΫ΁ͷ૯ྲྀೖަ௨ྲྀ཰͸ҎԼͷΑ͏ʹ༩͑

͍ͯΔɽ

∑
d∈Nd

dQod(t)/dt =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1 t < 180,
1 + 1

720 (t − 180) 180 ≤ t < 1980,
3.5 1980 ≤ t < 3780,
3.5 − 1

720 (t − 3780) 3780 ≤ t < 5580,
1 5580 ≤ t < 5760.

·ͨɼ֤ऴ఺ʹ͏͔޲ར༻ऀͷൺ཰͸ɼd1 : d2 : d3 : d4 = 1 : 1 : 2 : 3ͱઃఆͨ͠ɽDUEঢ়

ଶʹ͓͚ΔωοτϫʔΫશମͷं྆ଘࡏ୆਺ͱεϧʔϓοτ͸ɼ͢΂ͯͷधཁ͕ྲྀೖ͢Δ

·Ͱ 3෼ִؒͰू͞ܭΕɼ֤࣌ؒଳʹ͓͚Δฏۉ஋Λ࣮ݱ஋ͱ͢Δɽͳ͓ɼ֤ϦϯΫͷौ

଺ͷ༗ແʢi.e.,ौ଺ύλʔϯ͓ΑͼϦϯΫ༰ྔ஋ʣʹ͍ͭͯ΋ɼ3෼ؒू͞ܭΕͨϦϯΫ

ަ௨ྔ͔Β൑ఆΛ͠ɼղੳࣜ΁ͷΠϯϓοτͱ͍ͯ͠Δɽ·ͨɼDUEঢ়ଶͷ਺஋ࢉܭ๏ɼ

͓Αͼద༻͢Δަ௨ྲྀϞσϧ͸લষͱಉ͡΋ͷΛ༻͍͍ͯΔɽ
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ਤ 6.7: ौ଺ύλʔϯʢॖ໿ωοτϫʔΫʣͷਐలʢࠇઢɿौ଺ϦϯΫɼ੺ઢɿ଴ͪྻߦͷ

Ԇ৳Ͱ༰ྔ͕มԽͨ͠ϦϯΫʣɽॖ໿ωοτϫʔΫ্ͷ֤ϊʔυͷه߸Λ্ࠨͷఴࣈʹࣔ͢

ʢe.g.,ौ଺ύλʔϯ P1ʹ͓͍ͯϊʔυ {o, i, k,n}͕ॖ໿͞ΕͨઌͷϊʔυΛ o′ ͱ͢Δʣɽ

6.6.2 ਺஋݁ࢉܭՌɿεϧʔϓοτͷ௿ԼϝΧχζϜ֬ೝ

ਤ 6.6ʹɼNEFͷ࣮ݱ஋ͱɼ࣌ʑࠁʑͷौ଺ύλʔϯʹର͠ղੳࣜΛద༻͢Δ͜ͱͰಋ

ग़ͨ͠ཧ࿦஋ʢಈతঢ়گԼͷ΋ͷͱఆৗঢ়ଶԼͷ΋ͷ྆ํΛ͍ࣔͯ͠ΔʣͷਪҠΛࣔ͢ɽ

·ͨɼਤ 6.7ʹɼNEFதͷ P1-P4ʹରԠ͢Δौ଺ύλʔϯʢॖ໿ωοτϫʔΫʣΛࣔ͢ɽ

ਤதɼ੺ઢͰࣔ͞ΕͨϦϯΫ͕ɼ଴ͪྻߦͷԆ৳ʹΑΓ༰ྔ͕௿Լͨ͠ϦϯΫͰ͋Δɽ

·ͣɼਤ 6.6͔Β͸ɼಈతঢ়گԼͷεϧʔϓοτͷཧ࿦஋͕࣮ݱ஋ͱ΄΅Ұக͍ͯ͠Δ

͜ͱɼ͓Αͼఆৗঢ়ଶԼͷղੳࣜ͸εϧʔϓοτΛաେධՁ͍ͯ͠Δ͜ͱ͕Θ͔Δɽͨͩ

͠ɼఆৗঢ়ଶԼͷղੳࣜͰ͸εϧʔϓοτͷ௿Լࣗ޲܏ମ͸ଊ͑ΒΕ͍ͯΔ͜ͱ͕Θ͔

Δɽ͜ΕΒͷ݁Ռ͸ɼલষͷάϦουωοτϫʔΫʹ͓͚Δ਺஋݁ࢉܭՌͱ੔߹తͰ͋

Γɼͨ͠࡯ߟख๏ͷଥ౰ੑΛิ͢ڧΔ΋ͷͰ͋Δɽ

ଓ͍ͯɼ6.3Ͱͨ͠࡯ߟεϧʔϓοτͷ௿ԼϝΧχζϜ͕ಇ͍͍ͯΔ͜ͱΛɼਤ 6.7ʹࣔ

͢ौ଺ύλʔϯͷਐల͔Β֬ೝ͠Α͏ɽ·ͣɼεϧʔϓοτ͕࠷ॳʹ௿Լͨ͠ौ଺ύλʔ

ϯ P1͔Β P2΁ͷਐలΛݟΔͱɼ଴ͪྻߦͷԆ৳ʹΑΓɼར༻ऀͷܦ࿏બ୒͕มԽ͍ͯ͠

Δ͜ͱ͕Θ͔Δɽ۩ମతʹ͸ɼॖ໿ωοτϫʔΫ্Ͱऴ఺܈ d1, d2, d3 Λӌճ͢ΔόΠύ

εͷ໾ׂΛ࣋ͭϦϯΫ (o′, p)ͷ༰ྔ͕௿Լ͢Δ͜ͱʹΑΓɼऴ఺ d4 ར༻ऀ͕ऴ͏͔޲ʹ

఺܈Λ௨ա͢Δܦ࿏ʢਤத྘৭ͷ໼ҹʣΛΑΓར༻͢ΔΑ͏ʹͳ͍ͬͯΔɽͳ͓ɼ͜ͷͱ

͖ϦϯΫ (d3, p)ͷ༰ྔ΋௿Լ͍ͯ͠ΔͨΊɼόΠύε΁ͱར༻ऀ͕ܦ࿏Λม͢ߋΔϝΧχ

ζϜ΋ಇ͍͍ͯΔɽ͔͠͠ࠓճͷέʔεͰ͸ɼલऀͷӨऀޙ͕ڹͷӨڹΛ্ճ͍ͬͯΔͨ

Ίɼεϧʔϓοτ͸௿Լ͍ͯ͠Δɽ࣮ࡍʹ֤ϦϯΫͷ༰ྔมԽʹΑΔεϧʔϓοτͷײ౓
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Λ͢ࢉܭΔͱɼϦϯΫ (o′, p)ͷ༰ྔ௿ԼʹΑΔεϧʔϓοτͷมԽ͸ɼ

∂F
∂µo′p)

· dµo′p =
µd3pµpd4

(µd3p + µo′p)2 · dµo′p = 0.25 · −0.43 ≃ −0.1.

ͱٻΊΒΕΔʢ໋୊ 5-b)ࢀরʣɽಉ༷ʹɼϦϯΫ (d3, p)ͷ༰ྔ௿ԼͷӨڹ͸࣍ͷΑ͏ʹٻ

ΊΒΕΔʢ໋୊ 6-d)ࢀরʣɿ

∂F
∂µd3p

· dµd3p = −
µo′pµpd4

(µd3p + µo′p)2 · dµd3p = −0.42 · −0.05 ≃ 0.02.

݁Ռͱͯ͠ײ౓͸ෛͱͳΓɼ଴ͪྻߦͷԆ৳ʹΑͬͯεϧʔϓοτ͸௿Լ͢Δ͜ͱ͕֬ೝ

Ͱ͖Δɽ

࣍ʹɼौ଺ύλʔϯ P2͔Β P3΁ͷਐలΛݟΔͱɼऴ఺܈ d1, d2, d3 ΁ͷྲྀೖަ௨ྔ͕௿

Լ͢ΔϒϩοΩϯάݱ৅͕͍͖ͯىΔ͜ͱ͕֬ೝͰ͖ΔʀϦϯΫ ( j′,m′)ͱ ( j′, d1)ͷ༰ྔ

͕௿Լ͍ͯ͠Δɽ͜ͷͱ͖ɼ֤ϦϯΫͷ༰ྔมԽʹΑΔεϧʔϓοτͷײ౓͸ 1Ͱ͋Γɼ

֤ϦϯΫͷ༰ྔ௿ԼʹΑΓεϧʔϓοτ͕௿Լ͍ͯ͠Δ͜ͱΛ֬ೝͰ͖Δɽ

ɼौ଺ύλʔϯʹޙ࠷ P3 ͔Β P4 ΁ͷਐలͰ͸ɼωοτϫʔΫ্ͷ΄ͱΜͲͷϦϯΫ

ʹ଴ͪྻߦͷԆ৳͕೾ͨ͠ٴঢ়ଶʹͳ͍ͬͯΔɽ͜ͷͱ͖͸ɼωοτϫʔΫɾεϧʔϓο

τʹؔ͢܎ΔϦϯΫͷ༰ྔ͸͢ͰʹԼ͕Γ͖͍ͬͯΔঢ়ଶͱͳ͓ͬͯΓɼଘࡏ୆਺ͷ૿Ճ

͸ى఺௚ԼྲྀͷϦϯΫ (o, i) ্ͷଘࡏ୆਺Λ૿Ճͤ͞ΔͷΈͷঢ়ଶͰ͋ΔɽͦͷͨΊɼε

ϧʔϓοτ͸ଘࡏ୆਺ʹରͯ͠ insensitiveͱͳ͍ͬͯΔʢਫฏ෦෼Λࣔ͢ʣɽ

6.6.3 ਺஋݁ࢉܭՌɿ৴߸੍ޚઓུͷద༻

࣍ʹɼຊষͰఏҊͨ͠৴߸੍ޚઓུͷޮ཰ੑΛɼطଘͷ৴߸੍ࡦํޚͱൺֱ͠ͳ͕Β֬

ೝ͢Δɽطଘͷ৴߸੍ࡦํޚͱͯ͠͸ɼSmith (1979a,b, 1980)ͰఏҊ͞Εͨ Policy P0 ͱɼ

Webster (1958) ͷ equisaturation policy Λݕ౼͢ΔɽPolicy P0 Ͱ͸ɼ·ͣ৴߸ަࠩ఺ʹྲྀ

ೖ͢Δ֤ϦϯΫʹ͍ͭͯɼ๞࿨ަ௨ྲྀ཰ͱ଴ͪྻߦʹΑΔ஗Ε࣌ؒͷੵͰ͋Δ pressureΛ

ΊΔٻ (Smith, 1987; Smith et al., 2015)ɽͦͯ͠ɼ͜ͷ pressure͕֤ྲྀೖϦϯΫʹ͍ͭͯฏ

౳Խ͢ΔΑ͏ʹεϓϦοτΛׂΓৼΔํ޲Λܾఆ͢ΔɼҰํɼequisaturation policyͰ͸ɼ

৴߸ަࠩ఺ϦϯΫͷ্ྲྀϦϯΫ͕ौ଺ঢ়ଶʹ͋Δͱ͖ɼΑΓ஗Ε͕࣌ؒେ͖͍ϦϯΫʹ

εϓϦοτΛׂΓ౰ͯΔΑ͏ʹ੍͢ޚΔ (Smith, 1987; Mounce, 2009)ɽ͢ͳΘͪɼौ଺ύ

λʔϯɼ͓Αͼ଴ͪྻߦ஗Ε࣌ؒΛ༩݅ͱͨ͠ͱ͖ɼ֤৴߸੍ޚઓུ͸࣍ͷΑ͏ʹεϓ

ϦοτΛׂΓ౰ͯΔɿ

[Policy P0] Pressure͕͍ߴϦϯΫͷεϓϦοτΛ૿Ճ͢Δɽ (6.12)

[Equisaturation] ஗Ε͕࣌ؒେ͖͍ϦϯΫͷεϓϦοτΛ૿Ճ͢Δɽ (6.13)

ຊڀݚͰ͸ɼ্هͷ৴߸੍ޚઓུɼ͓ΑͼఏҊ৴߸੍ޚઓུΛ 3෼͝ͱʹద༻ͯ͠৴߸ަ

ࠩ఺ͷεϓϦοτΛ੍͢ޚΔɽ֤ઓུͷεςοϓαΠζ͸ 0.05ͱ͠ɼׂ Γ౰ͯΔεϓϦο
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(b)ྦྷੵਤ

ਤ 6.8: ϐʔΫ࣌ͷަ௨ྲྀ཰͕͍ߴέʔε
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(b)ྦྷੵਤ

ਤ 6.9: ϐʔΫ࣌ͷަ௨ྲྀ཰͕தఔ౓ͷέʔε

τ gͷԼݶɾ্ݶ஋͸࣍ͷΑ͏ʹઃఆͨ͠ʀ0.3 ≤ g ≤ 0.7ɽ·ͨɼઓུͷϩόετੑΛ֬

ೝ͢ΔͨΊʹɼϐʔΫ࣌ͷྲྀೖަ௨ྲྀ཰͕͍ߴέʔεͱதఔ౓ͷέʔεͰ਺஋ࢉܭΛߦ

ͳͬͨɽ۩ମతʹ͸ɼϐʔΫ࣌ͷྲྀೖަ௨ྲྀ཰͕͍ߴέʔεͰ͸ 6.6.1ͱಉ͡धཁΛ༻͍
͍ͯΔɽҰํɼதఔ౓ͷέʔεͰ͸ɼϐʔΫ࣌ͷྲྀೖަ௨ྲྀ཰Λ 3.1[veh/sec]ͱઃఆͨ͠ɽ

ਤ 6.8ʹϐʔΫަ௨ྲྀ཰͕͍ߴέʔεͷ݁ՌΛࣔ͢ɽਤ 6.8aͱ 6.8b͸ɼͦΕͧΕ NEF

ͱωοτϫʔΫɾεϧʔϓοτͷྦྷੵۂઢΛ͍ࣔͯ͠Δɽ·ͣ NEFΛݟΔͱɼఏҊ੍ޚɼ

͓Αͼ Policy P0 ͸੍ޚͳ͠ͷέʔεͱൺֱ͍ͯ͠ߴεϧʔϓοτΛୡ੒Ͱ͖͍ͯΔ͜ͱ

͕Θ͔Δɽ·ͨɼौ଺ྖҬʹ͓͚Δ NEFͷܗঢ়Λൺֱ͢Δͱɼద༻͢Δ৴߸੍ޚʹΑͬ

ͯҟͳΔಛੑΛ͍ࣔͯ͠Δ͜ͱ͕Θ͔Δɽ۩ମతʹ͸ɼఏҊ੍ޚɾPolicy P0 Ͱ͸ɼଘࡏ

୆਺ͷ૿Ճʹ൐͍εϧʔϓοτ͸୯ௐʹݮগ͍ͯ͠Δɽରͯ͠ equisaturation policyͰ͸ɼ

εϧʔϓοτ͕ৼಈʢ૿ݮʣ͍ͯ͠Δ͜ͱ͕ͯݟऔΕΔɽ͜Ε͸ equisaturation policy Ͱ

͸ɼར༻ऀͷܦ࿏બ୒ͱͦΕʹԠׂͯ͡ΓৼΒΕΔ֤ϦϯΫͷεϓϦοτ͕ৼಈΛ͜ى

͍ͯ͠ΔͨΊͰ͋Δɽ͜ΕΒͷ݁Ռ͔Β͸ɼఏҊ੍ޚɾPolicy P0 Ͱ͸ར༻ऀͷܦ࿏બ୒
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(c) Hybrid੍ޚΛద༻ͨ͠έʔε

ਤ 6.11: தن໛αΠζͷωοτϫʔΫʹ͓͚Δ NEF

εϓϦοτΛׂΓৼΔ͜ͱ͕Ͱ͖͍ͯΔ͜ͱ͕ࣔࠦ͞ΕΔɽҰํʹ޲ಈͱ੔߹తͳํߦ

Ͱɼequisaturation policyͰ͸ෆ੔߹ͳํ޲΁ͱεϓϦοτΛׂΓৼ͍ͬͯΔ͜ͱ͕ͯݟऔ

ΕΔɽ

ઓུʹ͓͍ͯɼྦྷੵεϧʔϓοτ͕վળ͍ͯ͠ޚ੍߸Δͱɼશͯͷ৴ݟઢΛۂੵྦྷʹ࣍

Δ͜ͱ͕Θ͔Δɽ۩ମతʹ͸ɼγϛϡϨʔγϣϯ͕։͔࢝ͯ͠Β 4, 000[sec]ʢ৴߸੍ޚͳ

͠ͷέʔεʹ͓͍ͯଘࡏ୆਺͕ݮগ࢝͠ΊΔ࣌ࠁʣ·ͰͷྦྷੵεϧʔϓοτΛൺֱ͢Δ

ͱɼఏҊ੍ޚɾPolicy P0 Ͱ͸ 5.8%ɼequisaturation policy Ͱ͸ 5.0% ͷվળΛୡ੒Ͱ͖ͯ

͍Δɽ

·ͨɼਤ 6.9 ʹϐʔΫަ௨ྲྀ཰͕தఔ౓ͷέʔεͷ݁ՌΛࣔ͢ɽ͜ͷέʔεͰ͸ɼఆ

ੑతʹ͸ಉ༷ͷ݁Ռ͕ࣔ͞Ε͍ͯΔ͕ɼվળͷఔ౓͸খ͍͜͞ͱ͕Θ͔ͬͨɽ۩ମతʹ

͸ɼྦྷੵεϧʔϓοτʹ͍ͭͯɼఏҊ੍ޚɾPolicy P0 Ͱ͸ 2.8%ɼequisaturation policyͰ

͸ 0.5%վળ͍ͯ͠Δ͜ͱ͕֬ೝͰ͖ͨɽ͜Ε͸ɼωοτϫʔΫͷࠞࡶͷ౓߹͍͕௿͍ͨ

ΊͰ͋Δͱ͑ߟΒΕΔɽ
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6.6.4 ਺஋݁ࢉܭՌɿྲྀೖ੍ޚͱ૊Έ߹Θͤͨ hybridͳ੍ޚͷద༻

Λ૊Έ߹ΘͤͨޚͱఏҊ੍ޚɼMFDϕʔεͷྲྀೖ੍ͨ͠࡯ߟɼ6.5.2Ͱʹޙ࠷ hybridͳ

ͷޮ཰ੑʹ͍ͭͯௐ΂Δɽ͜͜Ͱ͸ɼਤޚ੍ 6.10 ʹࣔ͢தن໛αΠζʢϊʔυ਺ɿ204ɼ

ϦϯΫ਺ɿ758ɼऴ఺਺ɿ21ʣͷωοτϫʔΫ্Ͱ਺஋ࢉܭΛ͏ߦɽͦͯ͠ɼMFDϕʔε

ͷྲྀೖ੍ޚͱͯ͠ɼDaganzo (2007)ͰఏҊ͞Εͨૉ๿ͳ “bang-bang”λΠϓͷྲྀೖ੍ޚΛ

ಋೖ͢Δɽ͜ͷ੍ޚͰ͸ɼࢦఆ͞ΕͨΤϦΞʢਤத੺ͰృΓͭͿ͞ΕͨΤϦΞʣ಺ͷଘࡏ

୆਺͕ɼ༩݅ͱ͢Δᮢ஋Λ௒͑ͳ͍Α͏ʹɼΤϦΞʹྲྀೖ͢ΔϦϯΫͷ༰ྔΛ੍͢ݶΔɽ

ΑΓ۩ମతʹ਺஋ࢉܭͷઃఆΛઆ໌͢Δɽ·ͣɼωοτϫʔΫͷى఺͸ਤதͷϊʔυ o

Ͱ͋Γɼଞͷനؙ͕ऴ఺ϊʔυΛද͢ɽϦϯΫͷ௕͞͸શͯ 100[m]Ͱ͋Γɼ֤ϦϯΫͷ

๞࿨ަ௨ྲྀ཰ɼ༰ྔ͸଴ͪྻߦͷԆ৳͕ൃੜ͢ΔΑ͏ʹɼΑΓى఺͔Β཭ΕͨϦϯΫͷ༰

ྔ͕খ͘͞ͳΔΑ͏ʹઃఆ͍ͯ͠ΔɽωοτϫʔΫʹྲྀೖ͢Δަ௨धཁ͸ɼ6.6.1 ͱಉ͡

΋ͷΛ༻͍͍ͯΔɽ֤ऴ఺ʹ͏͔޲ར༻ऀͷൺ཰͸ɼനؙதʹ D ͱࣔ͞Ε͍ͯΔϊʔυ

͕ଞͷനؙͷೋഒͱͳΔΑ͏ʹઃఆ͍ͯ͠Δɽͳ͓ɼωοτϫʔΫαΠζͷ֦େʹै͍ɼ

ौ଺ύλʔϯ΍֤ަ௨ྔͷूִؒܭ͸ 6[min]ͱઃఆͨ͠ɽ

ਤ 6.11ʹ਺஋ࢉܭͷ݁ՌಘΒΕͨ NEFΛࣔ͢ɽ·ͣɼਤ 6.11a͸ɼNEFͷ࣮ݱ஋ͱղ

ੳ஋ʢಈతͳঢ়گԼʣΛ͍ࣔͯ͠Δɽ͜ͷਤ͔Β͸ɼωοτϫʔΫɾαΠζ͕தن໛ʹ֦

େͨ͠ͱ͖΋࣮ݱ஋ͱղੳ஋͕͓͓ΑͦҰக͍ͯ͠Δ͜ͱ͕֬ೝͰ͖Δɽ

࣍ʹɼਤ 6.11bʹྲྀೖ੍ޚͱఏҊ੍ޚΛಠཱʹద༻ͨ݁͠ՌΛࣔ͢ɽͳ͓ྲྀೖ੍ޚͰ͸ɼ

ΤϦΞ಺ͷڐ༰ଘࡏ୆਺Λɼ੍ޚͳ͠ͷέʔεͰͷྟքଘࡏ୆਺Ͱ͋Δ 500[veh] ͱઃఆ

͍ͯ͠Δɽ͜ͷਤ͔Β͸ɼͲͪΒͷ੍ޚ΋ωοτϫʔΫͷঢ়ଶΛվળͰ͖͍ͯΔ͜ͱ͕Θ

͔Δɽ͔͠͠ɼ͜ΕΒͷ੍ޚ͸ҟͳΔಛ௃Λ͍࣋ͬͯΔ͜ͱ͕ͯݟऔΕΔɽ۩ମతʹ͸ɼ

ྲྀೖ੍ޚ͸ऴ఺ؒͷϒϩοΩϯάݱ৅Λճආ͢Δ͜ͱʹΑΓɼεϧʔϓοτͷ௿ԼΛ๷ࢭ

͢Δʢi.e.,ࠞྖࡶҬΛൃͤ͞ݱͳ͍ʣ੍ޚΛߦͳ͍ͬͯΔɽҰํͰɼఏҊ੍ޚ͸ऴ఺΁ͷ

ྲྀೖަ௨ྔͷ૿Ճɼ͓Αͼऴ఺௨աަ௨ྔΛݮগͤ͞Δ͜ͱʹΑΓɼεϧʔϓοτΛվળ

͢Δʢi.e.,༰ྔΛ্ͤ͞޲Δʣ੍ޚΛߦͳ͍ͬͯΔɽͨͩ͠ɼऀޙ͸଴ͪྻߦͷԆ৳Λ๷

৅͕ൃੜ͠εݱ୆਺͕ҰఆҎ্ʹୡ͢ΔͱϒϩοΩϯάࡏೳΛ͍࣋ͬͯͳ͍ͨΊɼଘػ͙

ϧʔϓοτͷ௿Լ͕͖ىΔɽͳ͓ɼεϧʔϓοτͷվળ͸ NEFͷࣗ༝ྲྀྖҬͰ΋͖ͯى

͍Δ͜ͱ͕Θ͔Δɽ͜Ε͸ɼࣗ༝ྲྀྖҬͰ΋ωοτϫʔΫ্Ͱ͸෦෼తʹࠞൃ͕ࡶੜͯ͠

͓Γɼͦ͜Ͱ৴߸੍࡞͕ޚಈ͍ͯ͠ΔͨΊͰ͋Δɽ

ɼਤʹޙ࠷ 6.11c ʹ hybrid ͳ੍ޚΛద༻ͨ݁͠ՌΛࣔ͢ɽ͜ͷਤ͔Β͸ɼ6.5.2 Ͱ࡯ߟ
ͨ͠Α͏ʹɼྲྀೖ੍ޚͱఏҊ੍͕ޚ૬ิతʹػೳ͠ɼNEF͕ࠞྖࡶҬʹؕΔͷΛ๷ͭ͠ࢭ

ͭɼεϧʔϓοτͷվળ͕࣮͍ͯ͠ݱΔ͜ͱ͕֬ೝͰ͖Δɽ੍ޚͷޮ཰ੑͷൺֱͱͯ͠ɼ

ਤ 6.12ʹεϧʔϓοτͷྦྷੵۂઢΛࣔ͢ɽγϛϡϨʔγϣϯ͕։͔࢝ͯ͠Β 15, 120[sec]

ʢ੍ޚͳ͠ͷέʔεʹ͓͍ͯଘࡏ୆਺͕ݮগ࢝͠ΊΔ࣌ࠁʣ·Ͱͷྦྷੵεϧʔϓοτ͸ɼ
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(a)ྲྀೖ੍ޚͱ৴߸੍ޚΛಠཱʹద༻ͨ͠έʔε (b) Hybrid੍ޚΛద༻ͨ͠έʔε

ਤ 6.12: தن໛αΠζͷωοτϫʔΫʹ͓͚Δεϧʔϓοτͷྦྷੵਤ

ྲྀೖ੍ޚɼఏҊ੍ޚɼhybrid੍ޚͷͦΕͧΕͰ 6.3%ɼ2.2%ɼ8.1%վળͨ͠ɽ·ͨɼ૯ཱྀ

͸ؒ࣌ߦ 20.5%ɼ15.8%ɼ32.3%ͱେ͖ͳվળ͕࣮͍ͯ͠ݱΔɽͦͷͨΊɼ͜ͷ਺஋ࢉܭ

ͷઃఆʹ͓͍ͯ͸ɼhybrid੍ޚ͸ྲྀೖ੍ޚͱఏҊ੍ޚͷվળͷ΄΅࿨ͱͯ͠ͷվળΛ࣮ݱ

Ͱ͖͍ͯΔ͜ͱ͕Θ͔ͬͨɽ

6.7 ຊষͷ·ͱΊ

ຊষͰ͸ɼલষͰߏஙͨ͠ωοτϫʔΫɾεϧʔϓοτͷղੳࣜͷײ౓෼ੳΛ௨ͯ͠ɼ

ωοτϫʔΫަ௨ྲྀͷಈత੍ࡦํޚΛߏஙͨ͠ɽ۩ମతʹ͸·ͣɼղੳࣜͷඍ෼͔Βɼौ

଺ϦϯΫ༰ྔมԽલޙͷεϧʔϓοτมԽΛද͢ɼεϧʔϓοτͷײ౓ࣜΛ໌Β͔ʹ͠

ͨɽ࣍ʹɼײ౓ࣜʹ͍ͭͯɼ༰ྔ͕มԽ͢Δौ଺ϦϯΫͷछྨผʹ৔߹෼͚Λ͍ߦɼ͜Ε

Λ໢ཏతʹௐ΂Δ͜ͱͰɼײ౓ͷਖ਼ෛ৚݅ɼ͓ΑͼͦͷϝΧχζϜʢϩδοΫʣʹ͍ͭͯ

੔ཧΛͨͬߦɽͦͯ͠ɼͦͷ੔ཧʹ͖ͮجɼεϓϦοτͷ૯࿨͕ҰఆͱͳΔ੍໿৚݅Λߟ

্ྀͨ͠Ͱɼա๞࿨ঢ়ଶʹ͋Δ৴߸ަࠩ఺ͷަ௨੍ࡦํޚΛߏஙͨ͠ɽ

ຊষͰ͸ɼεϧʔϓοτͷ௿Լ͕ɼ଴ͪྻߦͷԆ৳ʹΑΔϦϯΫ༰ྔͷ௿Լ͕Ҿ͖͜ى

͢ɼ࣍ͷ 2ͭͷ૬࡞ޓ༻ʹΑΓҾ͖͜͞ىΕΔ͜ͱΛཧ࿦తʹ໌Β͔ʹͨ͠ɿऴ఺ϊʔυ

ͷϒϩοΩϯάʹΑΔऴ఺ྲྀೖަ௨ྔͷݮগʢ௚઀తͳ૬࡞ޓ༻ʣɼ͓Αͼར༻ऀͷܦ࿏

બ୒ߦಈΛհͨ͠ऴ఺௨աަ௨ྔͷ૿Ճʢؒ઀తͳ૬࡞ޓ༻ʣɽຊڀݚͰ͸ unidirectional

network Λղੳର৅ͱ͍ͯ͠Δ͕ɼ͜͜Ͱ໌Β͔ͱͳͬͨϝΧχζϜ΍ɼ੍ޚͷجຊϩ

δοΫࣗମ͸ɼΑΓҰൠతͳଟى఺ଟऴ఺ OD෼෍Λ૝ఆͯ͠΋ൃ͏͠ݱΔ΋ͷͰ͋Δɽ

ͳͥͳΒ͹ɼଟى఺ଟऴ఺ߏ଄͸ɼ୯Ұى఺ߏ଄ʢ·ͨ͸ unidirectionalߏ଄ʣͷॏͶ߹Θ

ͤͱΈͳͤΔͨΊͰ͋Δɽ·ͨɼDUE ͷԾఆΛ؇Ίɼར༻ऀͷҟ࣭ੑ΍؍ଌͷෆ׬શੑ

Λྀͨ͠ߟɼΑΓ࣮ݱతͳܦ࿏બ୒ϞσϧͰ΋ɼఆੑతʹ͸ಉ༷ͷ݁࿦͕ಘΒΕΔͱ͑ߟ

ΒΕΔɽ
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·ͨຊڀݚͰ༻͍ͨײ౓෼ੳํ๏͔Β͸ɼ੍֤ޚओମ͕ଞͷओମͱ͸ಠཱʹ੍ޚύϥ

ϝʔλΛܾఆͰ͖Δɼࣗ཯෼ࢄతͳੑ࣭Λ༗͢Δौ଺ϦϯΫͷ༰ྔ੍ޚͷϩδοΫ͕໌Β

͔ͱͳͬͨɽ͜Ε͸ɼۙ೥ൃల͕໨֮·͍͠ɼۙະདྷܕͷ੍ޚγεςϜͷ࣮૷ʹ͋ͨͬͯ

΋ɼͦͷ੍ޚ๏ͷߏஙʹ͍ͭͯܥ౷తͳํ਑ΛఏڙͰ͖Δ΋ͷͱ͑ߟΒΕΔɽྫ͑͹ɼࣗ

ಈӡసΛར༻੍ͨ͠ޚΛ૝ఆͨ͠৔߹ɼωοτϫʔΫతʹϩʔΧϧʹ͸଎౓ௐ੔Λ௨ͨ͠

֤ϦϯΫͷٖࣅతͳ༰ྔ੍ޚɼάϩʔόϧʹ͸શମ࠷దΛૂͬͨܦ࿏બ୒ͳͲΛɼ֤ओମ

͕ࣗ཯෼ࢄతʹ͜͏ߦͱ͕Ͱ͖Δɽ͜ͷͱ͖ɼຊڀݚͰఏҊ͢Δํ๏࿦͸ɼωοτϫʔΫ

શମΛվળ͢Δ੍ޚͷํੑ޲Λ໌Β͔ʹ͢ΔͨΊͷɼཧ࿦తج൫ͱͳΓ͏Δɽौ଺ύλʔ

ϯʹ͍ͨͮجɼΑΓޮՌతͳަ௨੍ޚ๏ͷߏஙʹ͍ͭͯ͸ޙࠓͷॏཁͳ՝୊ͱͳΔɽ

ΑΓ௅ઓతͳ՝୊ͱͯ͠͸ɼଟى఺ଟऴ఺ωοτϫʔΫʹରͯ͠ɼఏҊͨ͠ղੳख๏Λ

֦ு͢Δ͜ͱ͕͛ڍΒΕΔɽଟى఺ଟऴ఺ωοτϫʔΫͷҰൠతͳ DUE഑෼ख๏ཱ͕֬

͍ͯ͠ͳ͍ݱঢ়Ͱ͸ɼͦͷ֦ுͷํੑ޲΋ࣗ໌Ͱ͸ͳ͍͕ɼ1ͭͷํੑ޲ͱͯ͠͸ɼଟى

఺ଟऴ఺ͷϑϩʔɾύλʔϯΛى఺ผʹ෼ղ͢Δʢcyclic decomposition ͷͮجʹํ͑ߟ

͘ʣΞϓϩʔν͕͑ߟΒΕΔɽͨͩ͠ɼඇઢܗͷ FIFO੍໿Λྀͯ͠ߟɼϑϩʔΛͲ͏ద

੾ʹى఺ผʹ෼ղ͢΂͖͔ɼ͋Δ͍͸ɼॏͶ߹ΘͤΔ΂͖͔ɼͳͲղܾ͢΂͖՝୊΋ଟ͍ɽ

͜͏ͨ͠໰୊ʹରͯ͠͸ɼγϛϡϨʔγϣϯ෼ੳͳͲ΋༻͍ͯɼͦͷ֦ுͷํੑ޲Λ୳ͬ

͍ͯ͘͜ͱ͕ٻΊΒΕΔɽ

Appendix 6.A ໋୊ 5ͱ໋୊ 6ͷূ໌

Δ͜ͱʹΑΓɼࣜ͢ࢉܭͷཁૉΛྻߦ 6.5͸࣍ͷΑ͏ʹද͞ΕΔɿ

∂F
∂µkl
=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 if k, l ∈ Nd [Case 1]
1 if k = o ∧ l ∈ Nd [Case 2]
−1 if k ∈ Nd ∧ l = o [Case 3]∑

i∈Ni

∑
d∈{I(i)∩Nd} µdiv−1

il τ̇l if k = o ∧ l ∈ Ni [Case 4]
−∑

i∈Ni

∑
d∈{I(i)∩Nd} µdiv−1

ik if k ∈ Ni ∧ l = o [Case 5]∑
i∈Ni

∑
d∈{I(i)∩Nd} µdi[v−1

il − v−1
ik ]τ̇l if k, l ∈ Ni [Case 6]

1 −∑
i∈Ni

∑
d∈{I(i)∩Nd} µdiv−1

ik if k ∈ Ni ∧ l ∈ Nd [Case 7]
[
∑

i∈Ni

∑
d∈{I(i)∩Nd} µdiv−1

il − 1]τ̇l if k ∈ Nd ∧ l ∈ Ni [Case 8]

. (6.14)

͜͜Ͱɼv−1
kl ͸ྻߦٯ (Vii)−1ͷ kߦ lྻͷཁૉͰ͋Δɽ·ͨࢉܭʹ͓͍ͯ͸ɼAaIklAT

b− (a, b ∈
{i, d})ͷ mߦ nྻཁૉ͕࣍ʹΑ͏ʹද͞ΕΔ͜ͱΛ༻͍͍ͯΔɿ

[AaIklAT
b−]mn =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

1 if {a = b ∧ l ∈ Na} ∧ {m = n = l}
−1 if {k ∈ Na ∧ l ∈ Nb} ∧ {m = k ∧ n = l}
0 otherwise

a, b ∈ {i, d}. (6.15)

Ͱ͸ɼࣜ (6.14)ͷ֤έʔεʹ͍ͭͯɼײ౓͕ਖ਼ʢi.e.,໋୊ 5ͷ৚݅ʹରԠʣͱͳΔ͔ɼෛ
ʢi.e.,໋୊ 6ͷ৚݅ʹରԠʣͱͳΔ͔Λௐ΂͍ͯ͜͏ɽ
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ਤ 6.13: Ծ૝ωοτϫʔΫͷྫ

·ͣɼCase 1 ͔Β 3 ·Ͱ͸ͦͷਖ਼ෛ͸໌Β͔Ͱ͋Δɽ͜͜ͰɼCase 1 ͸໋୊ 5-a) ʹɼ

Case 3͸໋୊ 6-a)ʹͦΕͧΕରԠ͍ͯ͠Δɽ࣍ʹ Case 4ͱ 5ʹ͍ͭͯ͸ɼى఺͔Βϊʔ

υ lɼ·ͨ͸ k·Ͱʹগͳ͘ͱ΋Ұͭͷऴ఺Λ௨Δܦ࿏͕ଘ͢ࡏΔͱ͖ʢi.e.,εϧʔϓοτ

ͷղੳࣜͷୈೋ߲͕ඇθϩͰ͋Δͱ͖ʣɼײ౓͸ඇθϩͱͳΔɽ͞Βʹɼྻߦٯ (Vii)−1 ͸

ඇෛྻߦͰ͋ΓʢAppendix 6.Bࢀরʣɼ͔ͭ τ̇i ͸ਖ਼Ͱ͋ΔɽͦͷͨΊɼCase 4ͷײ౓͸ਖ਼

Ͱ͋Γʢ໋୊ 5-b)ʹରԠʣɼCase 5ͷײ౓͸ෛͱͳΔʢ໋୊ 6-b)ʹରԠʣɽ

Case 6Ͱ͸ɼौ଺ύλʔϯʹΑΓײ౓͸ਖ਼ɾෛͷͲͪΒͷ஋΋औΓ͏Δɽ͜Ε͸ɼͦΕ

ͧΕ໋୊ 5-c)ͱ 6-c)ʹରԠ͍ͯ͠ΔɽCase 7 ΋ಉ༷ʹײ౓͸ਖ਼ɾෛͷͲͪΒͷ஋΋औΓ

͏Δ͕ɼौ଺ύλʔϯʹ͓͍ͯϧʔϓ͕ଘ͠ࡏͳ͍ͱ͖ɼײ౓܎਺͸ਖ਼ͱͳΔɽ͜Ε͸͢

ͳΘͪɼCase 7͸ύϥυΫεͷੜىʹ͋ͨΓඞཁ৚݅ͱͳΒͳ͍͜ͱΛূ໌Ͱ͖Δɽͦͷ

ͨΊɼ͜ͷ৚݅͸໋୊ 5-d)ͱରԠ͚ͮΔ͜ͱ͕Ͱ͖Δɽ

͜ͷূ໌ʹ͋ͨͬͯ͸ɼ࣍ͷղੳࣜΛ༻͍Δɿ

ิ୊ 7. ʢAkamatsu and HeydeckerAkamatsu and Heydecker (2003b)ͷࣜ (25)ʣ୯Ұى఺ͷ

ODߏ଄Λ࣋ͭϧʔϓͷͳ͍ॖ໿ωοτϫʔΫͰ͸ɼV−1 ͷ iߦ໨ lྻཁૉ [V−1]il ͸ҎԼ

ͷΑ͏ʹ༩͑ΒΕΔɿ

[V−1]il =
1

∑
j∈I(i) µ ji

∑

r∈R̂(i,l)

∏

(a,b)∈r

µab∑
a′∈I(b) µa′b

. (6.16)

͜͜ͰɼR̂(i, l)͸ϊʔυ i͔Βϊʔυ l·Ͱͷܦ࿏Ͱ͋Δɽ

ྻߦ V−1 ͱ (Vii)−1 ͸ҟͳΔͨΊɼ͜ͷղੳࣜΛ௚઀ v−1
il ʹద༻͢Δ͜ͱ͸Ͱ͖ͳ͍ɽ

ͦͷͨΊɼ͜͜Ͱ͸͞Βʹɼ௨աϊʔυͷΈͰߏ੒͞ΕΔҎԼͷԾ૝తͳॖ໿ωοτϫʔ

ΫΛ͑ߟΔɿ(a)௨աϊʔυʹྲྀೖ͢ΔϦϯΫͷ্ྲྀϊʔυͷ͏ͪ௨աϊʔυͰͳ͍΋ͷ

ʢi.e.,ىऴ఺ϊʔυʣΛ 1ͭͷԾ૝తͳى఺ͱͯ͠ू໿͢Δʀ(b)௨աϊʔυ͔Βऴ఺ϊʔ

υʹྲྀग़͢ΔϦϯΫ༰ྔΛԾ૝తͳ ODधཁͱ͢Δʢਤ 6.13ʣɽ͜ͷͱ͖ɼԾ૝తͳωο

τϫʔΫ΋ϧʔϓͷͳ͍୯Ұى఺ͷॖ໿ωοτϫʔΫʹͳΓɼݩωοτϫʔΫʹ͓͚Δ

V−1 ͱԾ૝ωοτϫʔΫͷ (Vii)−1 ͸ಉ͡໾ׂΛՌͨ͢ɽैͬͯɼղੳࣜʹݱΕΔܦ࿏͸

௨աϊʔυͷΈΛ௨Δܦ࿏ R(i, l)ͱ͢Ε͹ɼࣜ (6.16)Λ v−1
il ʹద༻͢Δ͜ͱ͕Ͱ͖Δɽ
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Λ୅ೖ͢Δ͜ͱʹΑΓɼCaseه্ 7ͷײ౓͸࣍ͷΑ͏ʹද͞ΕΔɿ

∂F
∂µkl
= 1 −

∑

i∈Ni

∑

d∈{I(i)∩Nd}

⎧⎪⎪⎨⎪⎪⎩pid

∑

r∈R(i,k)

∏

(a,b)∈r

pba

⎫⎪⎪⎬⎪⎪⎭ where pba ≡
µab∑

a′∈I(l) µa′b
. (6.17)

Akamatsu and Heydecker (2003b) Ͱࣔ͞Ε͍ͯΔΑ͏ʹɼࣜ (6.17) ͷ
∑

r∈R(i,k)
∏

(a,b)∈rpab

͸ɼं͕྆ϦόʔεɾωοτϫʔΫʢݩͷωοτϫʔΫͷ༗޲ϦϯΫͷ͖޲Λશ͖ͯ޲ٯ

ʹͨ͠ωοτϫʔΫʣΛϚϧίϑ࿈࠯ʢਪҠ֬཰ pbaʣʹैͬͯҠಈ͢Δͱ͖ͷϊʔυ k͔

Β iʹ౸ୡ͢Δ֬཰ Pki ͱղऍ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷ֓೦Λ͑࢖͹ɼࣜ (6.17)͸ɼ࣍ͷ

Α͏ʹॻ͖௚͢͜ͱ͕Ͱ͖Δɿ

∂F
∂µkl
= 1 −

∑

i∈Ni

∑

d∈{I(i)∩Nd}
{pid · Pki} = 1 −

∑

d∈Nd

Pkd. (6.18)

͜͜ͰɼԾ૝ωοτϫʔΫ಺ʹ͸ϧʔϓ͸ͳ͍ͨΊɼϦόʔεɾωοτϫʔΫʹ͓͍ͯɼ

ϊʔυ k ͔ΒԾ૝తͳى఺ʹ౸ୡ͢Δ֬཰͸ 1 Ͱ͋ΔɿPko +
∑

d∈Nd
Pkd = 1ɽैͬͯɼ

1 −∑
d∈Nd

Pkd ≥ 0Ͱ͋ΓɼݩωοτϫʔΫͷى఺ o͔Β௨աϊʔυͷΈΛ௨ͬͯϊʔυ k

ʹ౸ୡ͢Δܦ࿏͕ͳ͚Ε͹ɼ౳߸͕੒ཱ͢Δɽैͬͯɼࣜ (6.18)͸ඇਖ਼Ͱ͋Δɽ

ಉ༷ʹɼCase 8ͷײ౓͸ඇਖ਼Ͱ͋Δ͜ͱΛূ໌͢Δ͜ͱ͕Ͱ͖ΔɽͦͷͨΊɼ͜ͷ৚݅

͸໋୊ 6-d)ͱରԠ͚ͮΔ͜ͱ͕Ͱ͖Δɽ

Appendix 6.B ྻߦٯ (Vii)−1 ͷඇෛੑͷূ໌

௨աϊʔυ΁ͷྲྀग़ೖϦϯΫͷ༰ྔΛཁૉʹ࣋ͭྻߦ Vii ͷྻߦٯ (Vii)−1 ͕ɼඇෛྻߦ

Ͱ͋Δ͜ͱΛࣔ͢ɽ

·ͣɼ͋Δඇಛҟʢਖ਼ଇʣͳྻߦ Bͷྻߦٯ (B)−1 ͕ඇෛྻߦͰ͋ΔͨΊʹ͸ɼྻߦ B
͕M-ྻߦͰ͋Ε͹Α͍ɽM-ྻߦͱ͸ɼશͯͷݻ༗஋ͷ࣮෦͕ਖ਼Ͱ͋Δ Z-ྻߦͷ͜ͱͰ͋

ΓɼZ-ྻߦͱ͸શͯͷඇର֯੒෼͕ 0ҎԼͰ͋ΔྻߦͰ͋Δɽ͢ͳΘͪ Z-ྻߦ͸ҎԼΛຬ

ͨ͢ɽ

Z = (zij); zij ≤ 0, i ! j. (6.19)

͜͜Ͱɼࣜ (5.33)ΑΓ໌Β͔ʹɼVii ͷඇର֯੒෼͸ 0ҎԼͰ͋ΓɼఆٛΑΓ Vii ͸ Z-ߦ

ྻͰ͋Δɽ

Ҏ্ͷ৚݅ΑΓɼ(Vii)−1 ͕ඇෛྻߦͰ͋ΔͨΊʹ͸ɼM-ྻߦͰ͋Δ͜ͱɼ͢ͳΘͪ Vii

ͷݻ༗஋͕ਖ਼Ͱ͋Ε͹ྑ͍ɽ͜ͷݻ༗஋Λղੳతʹද͢͜ͱ͸Ͱ͖ͳ͍͕ɼήϧγϡΰϦ

ϯͷఆཧΛ༻͍Δ͜ͱʹΑΓͦͷൣғΛٻΊΔ͜ͱ͕ग़དྷΔɽ

ఆཧ 8. ʢήϧγϡΰϦϯͷఆཧʣn × n ͷෳૉྻߦ B ͷ֤੒෼Λ bij ͱ͢Δɽ·ͨɼ֤

j ∈ {1, · · · ,n}ʹରͯ͠ɼRj Λୈ jྻͷඇର֯੒෼ͷઈର࿨ͱ͢Δɽͦͯ͠ɼbjj Λத৺ͱ
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͢Δ൒ܘ Rj ͷดԁ൘ (bjj,Rj)ΛήϧγϡΰϦϯͷԁ൘ͱ͍͏ɽ͜ͷͱ͖ɼྻߦ Bͷ೚ҙ
ͷݻ༗஋͸ɼগͳ͘ͱ΋ 1ͭͷήϧγϡΰϦϯͷԁ൘্ʹ͋Δɽ

Ҏ্ͷήϧγϡΰϦϯͷఆཧΑΓɼશͯͷྻʹ͓͍ͯҎԼ͕੒Γཱͭͱ͖ɼݻ༗஋͸ඞ

ͣ 0Ҏ্ͱͳΔɽ

bjj − Rj = bjj −
∑

i! j|bij| ≥ 0 ∀ j. (6.20)

ྻߦ Vii Ͱ͸ɼbjj ͸ϊʔυ j΁ͷྲྀೖϦϯΫ༰ྔͷ૯࿨Ͱ͋Γɼ
∑

i! j|bij|͸ͦͷ͏ͪ௨ա
ϊʔυ͔Βྲྀೖ͢ΔϦϯΫ༰ྔͷ૯࿨Ͱ͋ΔɽΑͬͯɼશͯͷྻʹ͍ͭͯࣜ (6.20)͕໌Β

͔ʹ੒Γཱ͓ͬͯΓɼVii ͷશͯͷݻ༗஋͸ 0Ҏ্Ͱ͋Δɽ͞Βʹ Vii ͸ਖ਼ଇྻߦͰ͋Δͨ

Ίɼݻ༗஋ʹ 0Λ࣋ͭ͜ͱ͸ͳ͍ɽ

Ҏ্ΑΓ Vii ͷશͯͷݻ༗஋͸ਖ਼Ͱ͋ΔͨΊɼVii ͸ඇಛҟͳM-ྻߦͰ͋Δɽඇಛҟͳ

M-ྻߦͷྻߦٯ͸ඇෛྻߦʹͳΔͨΊɼVii ͷྻߦٯ (Vii)−1 ͸ඇෛྻߦͰ͋Δɽʢূ໌ऴʣ
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ୈ 7ষ

݁࿦

7.1 ຊڀݚͷ੒Ռ

ຊ࿦จͰ͸ɼौ଺ύλʔϯʹͮ͘جωοτϫʔΫɾεϧʔϓοτͷղੳཧ࿦Λߏஙͨ͠ɽ

·ͨͦͷཧ࿦ʹ͖ͮجɼεϧʔϓοτΛվળ͢ΔͨΊͷौ଺ϦϯΫ੍ࡦํޚΛߏஙͨ͠ɽ

ຊ࿦จͷج൫ཧ࿦͸ɼར༻ऀͷબ୒ߦಈͱಓ࿏ͷަ௨৚݅ͱͷ૬࡞ޓ༻ͷ݁Ռੜ͡Δߧۉ

ঢ়ଶʹ͓͚ΔωοτϫʔΫަ௨ྲྀΛهड़͢Δಈతར༻ऀߧۉʢDUEʣ഑෼ཧ࿦Ͱ͋Δɽຊ

࿦จͰ͸ɼौ଺ύλʔϯͱεϧʔϓοτͱͷؔ܎Λղੳతʹ೺Ѳ͢ΔͨΊʹɼDUE഑෼ཧ

࿦ͷ࣌ؒ෼ղ๏Λద༻Ͱ͖Δ unidirectional ͬߦ଄Λ࣋ͭωοτϫʔΫʹ͓͚ΔղੳΛߏ

ͨɽ·ͨɼղੳཧ࿦ͷߏஙʹઌཱͪɼߧۉղੳͷଥ౰ੑΛอূ͢ΔͨΊɼDUE഑෼ཧ࿦ͷ

҆ఆੑղੳΛͨͬߦɽҎԼʹ۩ମతͳ੒ՌΛࣔ͢ɽ

ಈతར༻ऀͷ֬཰త҆ఆੑղੳ

ຊ࿦จͷୈ 3 ষ͓Αͼୈ 4 ষͰ͸ɼಈతར༻ऀߧۉͷ҆ఆੑΛήʔϜཧ࿦ͷ࿮૊Έ͔
Βղੳ͢Δɼ৽ͨͳํ๏࿦Λߏஙͨ͠ɽ͜ͷํ๏࿦͸ɼަ௨ωοτϫʔΫ഑෼ཧ࿦ɾήʔ

Ϝཧ࿦ͷͦΕͧΕͰൃల͖ͯͨ͠ํ๏࿦/֓೦Ͱ͋ΔɼཻࢠϞσϧͷ࣌ؒ෼ղ๏ɾઓུܕ

ήʔϜͷΫϥεͰ͋Δ weakly acyclic gameɾΏΒ͗ΛؚΉμΠφϛΫεͷఆৗ෼෍ղੳ͔

Βߏங͞Ε͍ͯΔɽ͜ͷํ๏࿦ͷղੳΛ௨ͯ͠ɼຊڀݚ͸ɼ࣌ؒ෼ղ๏Λద༻Ͱ͖Δωο

τϫʔΫ্ͷ DUE͕ɼήʔϜཧ࿦Ͱ֬཰త҆ఆੑʹؔ͢Δ஌͕ݟ஝ੵ͞Ε͖ͯͨ weakly

acyclic gameͱ͍͏ઓུܕήʔϜͷΫϥεͰ͋Δ͜ͱΛࣔͨ͠ɽཻͦͯ͠ࢠϞσϧͰͷج

ຊతͳ day-to-day dynamicsͰ͋Δɼbetter responseͷ perturbed dynamicsͷ֬཰త҆ఆۉ

Λอূ͢Δʹ͋ͨΓɼμΠφϛࡏͷଘߧۉΔ͜ͱΛࣔͨ͠ɽ·ͨɼ֬཰త҆ఆ͢ࡏଘ͕ߧ

Ϋεɾߧۉղͷ͕ੑٛڱॏཁͳ໾ׂΛՌͨ͢͜ͱΛࣔͨ͠ɽ

ୈ 3 ষͰ͸ղੳͷ४උͱͯ͠ɼIryo and Smith (2017) ʹΑΓఏҊ͞Εͨ unidirectional

networkʹ͍ͭͯ֓આͨ͠ɽUnidirectional network͸ɼྲྀ ମϞσϧʹ͓͚Δ DUE഑෼໰୊

ʹର࣌ؒ͠෼ղ๏Λద༻Ͱ͖ΔωοτϫʔΫͰ͋Δɽͨͩ͠ɼཻࢠϞσϧʹ͓͚Δ DUE
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഑෼໰୊ʢDUEήʔϜʣͷ࣌ؒ෼ղಛੑʢૣ࠷ະ഑෼ं྆ͷଘੑࡏʣʹ͍ͭͯ͸໌Β͔Ͱ

͸ͳ͔ͬͨɽຊষͰ͸ɼ·ͣ DUEήʔϜͷఆࣜԽΛ͍ߦɼͦͷ࣌ؒ෼ղ๏Ͱ͋Δॱং഑

෼ΞϧΰϦζϜʹ͍ͭͯ֓આͨ͠ɽ࣍ʹɼunidirectional network͕ຬͨ͢΂͖ੑ࣭ʹ͍ͭ

ͯ੔ཧͨ͠ɽ͜͜Ͱ͸ɼ࣌ؒ෼ղ๏͕ద༻Ͱ͖ΔωοτϫʔΫͱͯ͠ͷੑ࣭Ͱ͋Δϙςϯ

γϟϧؔ਺ͷ୯ௐੑʹ͍ͭͯɼݪஶ࿦จͰઃఆ͞Ε͍ͯͨԾఆΛ؇Ί্ͨͰࣔͨ͠ɽͦ͠

ͯɼunidirectional network Ͱͷ DUE ήʔϜͰͷૣ࠷ະ഑෼ं྆ͷଘੑࡏΛূ໌ͨ͠ɽ͜

ΕʹΑΓɼunidirectional network Ͱͷ DUE ഑෼໰୊ʹ͍ͭͯɼަ௨ྲྀϞσϧʹΑΒͣ࣌

ؒ෼ղ๏Λద༻Ͱ͖Δ͜ͱ͕อূ͞ΕΔΑ͏ʹͳΔɽ

ୈ 4ষͰ͸ɼୈ 3ষͰূ໌ͨ͠ૣ࠷ະ഑෼ं྆ͷଘ͖ͮجʹੑࡏɼDUEήʔϜͷ֬཰త

҆ఆੑʹ͍ͭͯղੳͨ͠ɽ·ͣɼunidirectional network ʹ͓͚Δ DUE ήʔϜ͕ɼઓུܕ

ήʔϜͷΫϥεͰ͋Δ weakly acyclic gameͰ͋Δ͜ͱΛূ໌ͨ͠ɽ࣍ʹɼήʔϜཧ࿦ͷ෼

໺Ͱ஝ੵ͞Ε͖ͯͨ weakly acyclic gameͷղੳ݁ՌΛԉ༻͢Δ͜ͱͰɼཻࢠϞσϧʹ͓͚

ΔجຊతͳμΠφϛΫεͰ͋Δ better response dynamics͓Αͼ best response dynamicsͷ

ऩଋੑΛௐ΂ͨɽ͜͜Ͱ͸ɼbetter response dynamics͕ऩଋੑΛ࣋ͭ͜ͱΛࣔͨ͠ଞɼऩ

ଋੑͷอূʹ͋ͨΓߧۉղͷੑٛڱɼ͓ΑͼμΠφϛΫεʹ͓͚Δར༻ऀͷޮ༻ͷີݫͳ

վળੑ͕ॏཁͳ໾ׂΛՌͨ͢͜ͱΛ໌Β͔ʹͨ͠ɽͦͯ͠ɼऩଋੑͷղੳ݁Ռʹ͖ͮجɼ

ΏΒ͗ΛؚΉμΠφϛΫεͷ҆ఆੑ֓೦Ͱ͋Δ֬཰త҆ఆੑʹ͍ͭͯղੳ͠ɼperturbed

better response dynamicsͰͷ֬཰త҆ఆߧۉͷଘੑࡏΛࣔͨ͠ɽ

ຊڀݚͰ͸ɼήʔϜཧ࿦ͱަ௨ωοτϫʔΫ഑෼ཧ࿦Ͱൃల͖ͯͨ͠ํ๏࿦/֓೦Λ૊Έ

߹ΘͤΔ͜ͱʹΑΓɼ͜Ε·Ͱ ࿏ܦ1 1ϘτϧωοΫɾωοτϫʔΫʹݶఆ͞Ε͖ͯͨ҆

ఆੑղੳΛɼunidirectional networkͰ͜͏ߦͱʹ੒ޭ͍ͯ͠Δɽ͜ͷํ๏࿦͸ɼDUEήʔ

Ϝͱ weakly acyclic game ͱͷ݁ͼ͖ͭʹ͍ͨͮج΋ͷͰ͋Δɽ͢ͳΘͪɼҟͳΔωοτ

ϫʔΫߏ଄͋Δ͍͸ग़ൃ࣌ࠁબ୒͕͋Δ DUEήʔϜʹ͓͍ͯ΋ɼ͜ͷ݁ͼ͖ͭΛࣔ͢͜

ͱ͕Ͱ͖Ε͹ɼಉ༷ͷղੳΛ͜͏ߦͱ͕Ͱ͖Δɽ

·ͨɼຊڀݚͰ͸֬཰త҆ఆߧۉͷଘੑࡏΛࣔ͢ͷΈͳΒͣɼͦͷอূʹ͋ͨΓμΠφ

ϛΫεͰͷར༻ऀͷརಘͷີݫͳվળੑ͕ॏཁͳ໾ׂΛՌͨ͢͜ͱΛ໌Β͔ʹ͍ͯ͠Δɽ

͜ͷੑ࣭͸ɼैདྷͷ҆ఆੑղੳํ๏Ͱ͋ΔϦΞϓϊϑ ɾΞϓϩʔν͕ཁ͍ͨͯ͠ٻɼܦ

࿏ཱྀؔؒ࣌ߦ਺ͷ୯ௐੑ͕ஔ͖׵Θͬͨ΋ͷͱͯ͠ղऍ͢Δ͜ͱ͕Ͱ͖ΔͩΖ͏ɽ͔͠͠

୯ௐੑ͕ղੳର৅ͱ͢Δ DUEήʔϜͷ໰୊ߏ଄ͷੑ࣭Ͱ͋ΔҰํɼμΠφϛΫεͷີݫ

ͳվળੑ͸ద༻͞ΕΔμΠφϛΫεͦΕࣗମͷੑ࣭Ͱ͋ΔɽͦͷͨΊɼຊڀݚͷ੒Ռ͔Β

͸ɼղੳର৅ͱ͢Δ DUEͷ഑෼໰୊͕ྑ͍ੑ࣭Λ࣋ͨͣͱ΋ʢi.e.,୯ௐੑɾੑٛڱΛຬͨ

͞ͳ͍ʣɼద༻͢ΔμΠφϛΫε͕ྑ͍ੑ࣭Λ࣋ͭͷͰ͋Ε͹ɼ҆ఆߧۉͷଘࡏΛอূͰ

͖͏Δ͜ͱ͕෼͔Δɽ͜ͷΑ͏ʹɼຊڀݚ͸ DUEͷ҆ఆੑղੳʹ͢ࢿΔɼ৽ͨͳ਺ཧత

ੑ࣭͓Αͼղੳͷ؍఺Λఏ͢ڙΔ͜ͱ͕Ͱ͖͍ͯΔɽ
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ौ଺ύλʔϯʹࡦํޚ੍ͮ͘جͷߏங

ຊ࿦จͷୈ 5 ষ͓Αͼୈ 6 ষͰ͸ɼ·ͣ؍ଌ͞ΕΔौ଺ύλʔϯΛ༩݅ͱͯ͠εϧʔ
ϓοτΛղੳ͢Δํ๏࿦Λߏஙͨ͠ɽ͜ͷํ๏Ͱ͸ɼDUE഑෼ཧ࿦Λ༻͍ͯɼωοτϫʔ

Ϋͷۭؒతཁૉʢe.g.,ωοτϫʔΫߏ଄ɾىऴ఺෼෍ɾར༻ऀͷܦ࿏બ୒ߦಈʣͱεϧʔ

ϓοτͱͷؔ܎Λղੳతʹ໌Β͔ʹ͍ͯ͠Δɽ࣍ʹɼߏஙͨ͠ղੳࣜͷײ౓෼ੳΛ௨͠

ͯɼεϧʔϓοτΛಛ௃͚ͮΔϦϯΫͷ༰ྔมԽ͕εϧʔϓοτʹӨڹΛ༩͑ΔϝΧχζ

ϜΛ໌Β͔ʹͨ͠ɽͦͯ͠ղੳͨ͠ϝΧχζϜʹ͖ͮجɼ࣌ݱ఺ͷौ଺ύλʔϯʹ͖ͮج

֤৴߸ަࠩ఺͕ྡ઀͢ΔϦϯΫ༰ྔΛಠཱʹ੍͢ޚΔɼࣗ཯෼ܕࢄͷ৴߸੍ࡦํޚΛߏங

ͨ͠ɽ

ୈ 5ষͰ͸ɼौ଺ύλʔϯΛ༩݅ͱ͢Δ DUE഑෼໰୊ͷٯղੳΛ͜͏ߦͱͰɼεϧʔ

ϓοτͷղੳࣜΛಋग़ͨ͠ɽఏҊ͢Δٯ໰୊͸ɼղΛҰҙʹఆΊΔͨΊͷ௥Ճతͳ৚݅ͱ

ͯ͠ఆৗঢ়ଶ৚݅ʢपڥظք৚݅ʣΛಋೖ͍ͯ͠Δɽ͜ΕʹΑΓɼ௨ৗͷ ODਪఆ໰୊ͱ

͸ҟͳΓɼ͋Δौ଺ύλʔϯʹ͓͍ͯఆৗతʹྲྀΕ͏Δ ODަ௨ྔͰ͋ΔεϧʔϓοτΛ

ղੳతʹධՁͰ͖ΔΑ͏ʹͳΔɽͦͯ͠ɼٯ໰୊Λղ͘͜ͱʹΑΓɼωοτϫʔΫͷۭؒ

తͳཁૉʢe.g.,ωοτϫʔΫߏ଄ɾىऴ఺෼෍ɾར༻ऀͷܦ࿏બ୒ߦಈʣͱεϧʔϓοτ

ͱΛ݁ͼ͚ͭΔղੳࣜΛಋग़ͨ͠ɽՃ͑ͯɼఆৗঢ়ଶͷԾఆΛ؇࿨͠ɼωοτϫʔΫ಺ͷ

ଘࡏ୆਺͕૿Ճ/ݮগ͢Δաఔʹ͋Δɼಈతͳঢ়گԼͷεϧʔϓοτʹ͍ͭͯ΋ɼ֤ىऴ఺

ؒͷཱྀؒ࣌ߦͷ৳ͼ཰Λ༩݅ͱ͢Δ͜ͱͰಋग़Ͱ͖Δ͜ͱΛࣔͨ͠ɽ

ୈ 6ষͰ͸ɼ·ͣɼौ଺ϦϯΫͷ༰ྔʢަ͚ࡹ௨ྔʣมԽͱεϧʔϓοτͷมԽͱͷؔ
౓෼ੳʢi.e.,༰ྔʹର͢Δඍ෼ʣΛ௨ͯ͠໌Β͔ʹͨ͠ɽ۩ମతʹ͸ɼײΛɼղੳࣜͷੑ܎

εϧʔϓοτͷײ౓͕ਖ਼/ෛʹͳΔҰൠతͳ৚݅Λɼ֤ौ଺ϦϯΫͷ্ɾԼྲྀϊʔυͷछྨ

ʢى఺ɾ௨աɾऴ఺ʣʹ͍ͭͯͷ৔߹෼͚͔Βಋग़ͨ͠ɽͦͯ͠ɼौ଺ϦϯΫ༰ྔ͕มԽ͢

Δ۩ମతͳަ௨ঢ়گΛௐ΂Δ͜ͱͰɼ༰ྔมԽ͕εϧʔϓοτʹ༩͑ΔӨڹͷϝΧχζϜ

Λ໌Β͔ʹͨ͠ɽͦͷ݁Ռɼεϧʔϓοτͷ௿Լ͸࣍ͷ 2ͭͷ௚઀తɾؒ઀తͳϝΧχζ

ϜʹΑΓҾ͖͜͞ىΕΔ͜ͱ͕Θ͔ͬͨɿऴ఺ʹ઀ଓ͢ΔϦϯΫͷ༰ྔ௿ԼʹىҼ͢Δऴ

఺ྲྀೖަ௨ྔͷ௿Լʢಛʹɼ଴ͪྻߦͷԆ৳ʹىҼ͢Δͱ͖ɼ͜Ε͸଺ཹं྆ͷऴ఺ྲྀೖ

ަ௨ྔͷϒϩοΩϯάݱ৅ͱͯ͠ද͞ݱΕΔʣͱɼӌճܦ࿏ʢe.g.,όΠύεܦ࿏ʣͷػೳ

ෆશʹىҼͨ͠ɼऴ఺ʹ઀ଓ͢ΔϦϯΫ༰ྔʹ઎ΊΔऴ఺௨աަ௨ྔͷ૿Ճɽ

࣍ʹɼղ໌ͨ͠εϧʔϓοτมԽͷϝΧχζϜΛج൫ͱ͠ɼεϧʔϓοτΛվળ͢Δौ

଺ϦϯΫͷ੍ޚϩδοΫΛಋग़͠ɼա๞࿨৴߸ަࠩ఺Λର৅ͱ੍ͨ͠ࡦํޚͷߏஙΛͬߦ

ͨɽ͜͜Ͱ͸੍ޚʹ෇ਵ͢Δ۩ମతͳ੍໿৚݅ͱͯ͠ɼަࠩ఺ʹྲྀೖ͢ΔϦϯΫʹׂΓৼ

ΔεϓϦοτͷ૯࿨͕ҰఆͰ͋Δ͜ͱΛ૝ఆ͍ͯ͠Δɽͦͯ͠ɼ༩݅ͱ͞Εͨौ଺ύλʔ

ϯ্ͷ৴߸ަࠩ఺Λ͑ߟɼ͋ΔॠؒͷεϧʔϓοτΛվળ͢ΔͨΊʹ͸ɼͲͷϦϯΫʹΑ

ΓεϓϦοτΛׂΓৼΔ΂͖͔Λ͑ߟΔ໰୊Λߏஙͨ͠ɽ͜ͷ໰୊Λղੳ͠ɼ֤৴߸ަࠩ
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఺͸ɼྡ઀͢ΔϦϯΫͷ৘ใͷΈʹ͖ͮجεϓϦοτΛʢଞͷ৴߸ަࠩ఺ͷ੍ޚͱ͸ແؔ

ʣಠཱʹ഑෼͢Δ͜ͱͰɼεϧʔϓοτΛվળͰ͖Δ͜ͱΛࣔͨ͠ɽ͢ͳΘͪɼఏҊʹ܎

͢Δަ௨੍ࡦํޚ͸ɼऴ఺ʹ઀ଓ͢ΔϦϯΫ༰ྔΛωοτϫʔΫن໛Ͱ༗ޮ׆༻Ͱ͖ΔΑ

͏ɼࣗ཯෼ࢄతʹ੍ޚΛ͜͏ߦͱ͕Ͱ͖Δ͜ͱΛࣔͨ͠ɽ

ຊڀݚͰߏஙͨ͠εϧʔϓοτղੳ๏ͷϞνϕʔγϣϯࣗମ͸ɼ؍ଌ͞ΕΔަ௨ঢ়ଶʹ

ͷ΋ͷڀݚεϧʔϓοτΛվળ͢Δʢ͋Δ͍͸εϧʔϓοτͷ௿ԼΛ๷͙ʣMFD͖ͮج

Λड͚͍ܧͰ͍Δɽ͔͠͠ঢ়ଶม਺ͱͯࠞ͠ࡶͷۭؒ෼෍Λද͢ौ଺ύλʔϯʹண໨͢Δ

͜ͱͰɼطଘڀݚͰ͸ෆ໌Ͱ֤͋ͬͨϦϯΫͷ۩ମతͳަ௨੍ޚͷϩδοΫΛ໌Β͔ʹ͢

Δ͜ͱʹ੒ޭͨ͠ɽεϧʔϓοτΛੑೳࢦඪͱͨ͠ωοτϫʔΫ಺ͷަ௨੍ޚ๏ͷߏஙʹ

ͷେ͖ͳಛ௃Ͱ͋Δͱ͍͑Α͏ɽ·ͨɼຊڀݚͰ͖Δ఺͸ɼຊڙɼ۩ମతͳํ਑Λఏ͠ࡍ

౓෼ੳΛԠ༻͢Δ͜ײங͕ͨ͠ɼߏΛࡦํޚͰ͸ա๞࿨৴߸ަࠩ఺Ͱͷौ଺ϦϯΫ੍ڀݚ

ͱʹΑΓɼ༰ྔ੍ޚΛ͏ߦҟͳΔ੍ޚεΩʔϜʹରͯ͠΋ಉ༷ʹަ௨੍ࡦํޚΛߏங͢Δ

͜ͱ͕Ͱ͖Δɽྫ͑͹ɼߴ଎ಓ࿏ωοτϫʔΫ΁ͷྲྀೖަ௨ྔΛ੍͢ݶΔϥϯϓྲྀೖ੍ޚ

ʹ͓͍ͯɼͲͷϥϯϓ͔Βͷྲྀೖަ௨ྔΛ੍͢ݶΔ΂͖͔ͱ͍ͬͨํ਑Λ༩͑Δ͜ͱ͕Ͱ

͖Δɽଞʹ΋ɼ͋ΔϦϯΫͷࠞࡶ՝ۚ΍଎౓੍ݶ͸ϦϯΫͷަ͚ࡹ௨ྔͷมԽʹͭͳ͕Δ

๏ޚ௨੍ަͮ͘جʹ౓෼ੳײஙͨ͠ߏͰڀݚଶʹରͯ͠΋ຊܗޚͰ͋Γɼ͜͏੍ͨ͠ޚ੍

ஙͷํ๏࿦͸༗ޮͰ͋Ζ͏ɽߏ

Ճ͑ͯɼຊ͕ڀݚఏҊ͢Δํ๏࿦Ͱ͸ɼωοτϫʔΫ಺෦ͷ੍֤ޚओମ͕ɼࣗ཯෼ࢄత

͸ɼަ௨ੑࢄͱͰɼεϧʔϓοτΛվળͰ͖Δ͜ͱΛ͍ࣔͯ͠Δɽࣗ཯෼͜͏ߦΛޚ੍ʹ

ωοτϫʔΫͷΑ͏ͳڊେԽɾෳࡶԽͨ͠γεςϜͷ੍ޚʹ͋ͨΓɼඇৗʹ๬·͍͠ੑ࣭

Ͱ͋Δɽྫ͑͹ɼதԝूݖతʹ੍͢ޚΔ৔߹ʹඞཁͱͳΔ৘ใऩू΍ɾ੍ޚύϥϝʔλͷ

ޚΒΕΔɽ·ͨɼ੍֤͛ڍͰ͖Δ͜ͱ͕ݮ࡟దԽʹ͔͔Δඅ༻/࣌ؒͷίετΛେ͖͘࠷

ओମ͸ଞͷओମͷ੍ࢦޚඪͱ͸ಠཱʹઃఆ͢Δ͜ͱ΋Ͱ͖ΔͨΊɼޮ཰ੑ͋Δ͍͸҆શੑ

Λվળ͢Δ੍ޚΛ੍֤ޚओମ͕஍఺ۙลͷަ௨ಛੑʹ͖ͮجಠཱʹ͏ߦͱ͍ͬͨ͜ͱͱ΋

ՄೳͱͳΔͩΖ͏ɽ͜ͷΑ͏ʹɼॊೈੑɾ֦ுੑͷަ͍ߴ௨੍ޚ๏ߏஙͷૅجΛఏڙͰ͖

Δ఺Ͱ΋ɼຊڀݚͰఏҊ͢Δํ๏࿦͸ద༻ੑ͕͍ߴͱ͍͑Δɽ

7.2 ͷల๬ޙࠓ

ɽ͢ه՝୊Λڀݚͷޙࠓɼʹޙ࠷

҆ఆੑղੳ

҆ఆߧۉʹରԠ͢Δϑϩʔɾύλʔϯͷղੳ

ຊڀݚͰ͸ better response dynamicsͷ֬཰త҆ఆੑΛ͕ࣔͨ͠ɼ҆ఆߧۉʹରԠ͢Δϑ

ϩʔɾύλʔϯͷੑ࣭ʢe.g.,֤ϦϯΫ/ܦ࿏ͷίετɾύλʔϯʣʹ͍ͭͯ͸ະղ໌Ͱ͋Δɽ

ͦͷͨΊɼಛʹෳ਺͕ߧۉଘ͢ࡏΔ৔߹ɼ҆ఆߧۉͱͯ͠બ͹ΕΔঢ়ଶͷੑ࣭Λ໌Β͔ʹ



ୈ 7ষ ݁࿦ 132

͍ͯ͘͜͠ͱ͕๬·ΕΔɽ

Unidirectional networkͰͷ DUEήʔϜͰ͸࣌ؒ෼ղ๏ʢॱং഑෼ΞϧΰϦζϜʣΛద

༻ͯ͠ಘΒΕΔղҎ֎ͷߧۉղ΋ଘ͏͠ࡏΔ͕ɼ௚ײతʹ͸લऀ͕֬཰త҆ఆঢ়ଶͱͳ

Δͱ͑ߟΒΕΔɽ͜͏ͨ͠Ծઆͷํূݕ๏ͱͯ͠͸ɼ֬཰త҆ఆߧۉͷબ୒ࢦඪͰ͋Δɼ

“stochastic potential” (Young, 1993) Λ༻͍Δ͜ͱ͕Ͱ͖ΔͩΖ͏ɽ͋Δঢ়ଶͷ stochastic

potential͸ɼʢ֓આ͢Ε͹ʣͦͷঢ়ଶ͕࣮͢ݱΔͨΊʹඞཁͳϛεͷස౓Λࣔ͢΋ͷͰ͋

Γɼ͜Ε͕Ұ൪খ͍͞ؼ࠶తಉ஋ྨ͕֬཰త҆ఆঢ়ଶͱͯ͠બ͹ΕΔ͜ͱʹͳΔɽঢ়ଶۭ

͕ؒ๲େͳ DUE഑෼໰୊Ͱ͸֤ঢ়ଶͷ stochastic potentialΛ͢ࢉܭΔ͜ͱ͸ࠔ೉Ͱ͋Δɽ

͔͠͠ɼ࣌ؒ෼ղ๏ʹΑΓಘΒΕΔߧۉղͱଞͷߧۉղͷ stochastic potentialͱΛൺֱ͠

ͨղੳΛ͜͏ߦͱͰɼલड़ͨ͠ԾઆΛݕ౼͢Δ͜ͱ͕Ͱ͖Δͱ͑ߟΒΕΔɽ

ҟͳΔμΠφϛΫεͷऩଋੑɾ҆ఆੑղੳ

ຊڀݚͰ͸ऩଋੑɾ҆ఆੑղੳͷୈҰาͱͯ͠ better/best response dynamics ʹண໨͠

͕ͨɼಓ࿏ར༻ऀͷߦಈબ୒ͷ࣮ଶʹଈͨ͠ɼΑΓ໬΋Β͍͠μΠφϛΫεͷղੳ͕ٻ

ΊΒΕΔͩΖ͏ɽྫ͑͹ɼར༻ऀͷֶशߦಈΛ౿·͑ͨμΠφϛΫε (e.g., Marden et al.,

2009)ͳͲͷղੳͰ͋Δɽ͜ͷղੳʹ͋ͨͬͯ͸ɼಓ࿏ར༻ऀͷબ୒ߦಈͱͯ͠໬΋Β͠

ங͢Δ͜ߏͳͲ͔Β໌Β͔ʹ্ͨ͠Ͱɼద੾ͳμΠφϛΫεΛݟཧΛ࣮ূతͳ஌ݪಈߦ͍

ͱ΋ඞཁͱͳΔͩΖ͏ɽ·ͨɼલड़ͨ͠ߧۉঢ়ଶʹରԠ͢Δϑϩʔɾύλʔϯͷղੳͱؔ

࿈ͨ͠΋ͷͱͯ͠͸ɼޮ཰తͳʢe.g.,૯ཱྀ͕ؒ࣌ߦখ͍͞ʣަߧۉ௨ঢ়ଶɼ͋Δ͍͸γε

ςϜ࠷దঢ়ଶΛୡ੒͢ΔͨΊͷμΠφϛΫεͷߏஙͳͲ΋ɼަ௨੍ޚͷ؍఺͔Β͸๬·͠

Ͱ͋Δɽ߲ࣄ͍

μΠφϛΫεͷߏஙʹؔ࿈ͨٞ͠୊ͱͯ͠͸ɼμΠφϛΫεΛ֬཰త҆ఆԽ͢Δํ๏࿦

ͷߏங΋ڵຯਂ͍ٞ୊ͷҰͭͰ͋ΔɽຊڀݚͰ͸ɼDUE഑෼໰୊ʹ͕ߧۉٛڱଘ͠ࡏͳ

͍৔߹ɼద༻͢ΔμΠφϛΫεͰͷར༻ऀͷརಘͷີݫͳվળੑ͕֬཰త҆ఆߧۉͷଘࡏ

Λอূ͢Δ͜ͱΛड़΂ͨɽͦͷͨΊɼີݫͳվળੑΛμΠφϛΫεʹఏ͢ڙΔɼަ௨ߦಈ

ͱͯ͠໬΋Β͍͠௥Ճతͳج४Λ໌Β͔ʹ͢Δ͜ͱͰɼbest response dynamicsΛؚΉ༷ʑ

ͳμΠφϛΫεΛ֬཰త҆ఆԽͰ͖Δͱ͑ߟΒΕΔɽҰͭͷํ๏࿦ͱͯ͑͠ߟΒΕΔͷ

͸ɼར༻ऀͷ஌֮Λ࿪·ͤΔ͜ͱͰ͋Δʀྫ͑͹ɼޮ༻͕ಉҰͰ͋Δෳ਺ͷܦ࿏͕ଘ͢ࡏ

Δ৔߹ɼDPݪཧΛຬͨ͢ܦ࿏Λ༏ઌ͢Δɼͱ͍ͬͨ௥Ճతͳج४Λಋೖ͢Δ͜ͱͰ͋Δɽ

DPݪཧ͕ຬͨ͞Ε͍ͯΔͱ͖ɼར༻͢Δܦ࿏͕ऴ఺Ҏ֎ͷϊʔυʹ͍ͭͯ΋࠷୹ܦ࿏ͱ

ͳ͍ͬͯΔɽ͜Ε͸ಓ࿏ར༻ऀͷߦಈݪཧͱͯ͠͸ͦ͏ෆࣗવͳ΋ͷͰ͸ͳ͍ͱ͑ߟΒΕ

Δɽ͜͏ͨ͠ج४͸ɼަ௨੍ޚͷ҆ఆԽͳͲͱ΋ؔ࿈͢Δ΋ͷͱͯ͠ɼཧ࿦ղੳతɾ਺஋

తݕ౼͕ඞཁͱͳΔͩΖ͏ɽ
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ղ΁ͷऩଋ଎౓ͷղੳߧۉ

μΠφϛΫε͕ߧۉঢ়ଶ΁ͲΕ͚ͩͷ଎౓Ͱऩଋ͢Δͷ͔͸ɼ࣮ݱͷަ௨γεςϜʹ͓

͚Δߧۉʢʹ͍ۙʣঢ়ଶͷ࣮ੑݱʹ΋ؔΘΔɼڵຯਂ͍ٞ୊Ͱ͋ΔɽҰྫͱͯ͠ɼຊڀݚͰ

͸଴͕ͪྻߦ෼ذ෦ʹԆ৳͢Δ͜ͱͰऩଋ଎౓͕଎·Γ͏Δ͜ͱΛɼ਺஋ࢉܭͷ݁Ռ͔Β

ࣔͨ͠ɽ͜͏ͨ͠଴ͪྻߦͱऩଋ଎౓ͷؔ܎ʹ͍ͭͯ͸ɼωοτϫʔΫܗঢ়΍ަ௨धཁΛ

มԽͤͨ͞ɼܥ౷తͳ਺஋͔ࢉܭΒ໌Β͔ʹ͍ͯ͘͜͠ͱ͕๬·ΕΔɽ·ͨɼॳظঢ়ଶ΍

μΠφϛΫεͷҧ͍΋ऩଋ଎౓ʹӨڹΛ༩͑͏ΔཁҼͰ͋Γɼௐ΂Δඞཁ͕͋ΔͩΖ͏ɽ

ஙߏͷࡦํޚ੍

࣮ূ෼ੳ

ຊڀݚͰ͸ौ଺ύλʔϯͱεϧʔϓοτͱͷؒʹ҆ఆతͳ͕ؔ܎ଘ͢ࡏΔͱ͍͏Ծఆʹ

ͳ͑ݴ͸े෼ʹ஝ੵ͞Ε͍ͯΔͱ͸ݟங͍ͯ͠ΔҰํͰɼͦͷ࣮ূత஌ߏཧ࿦Λ͍ͨͮج

͍ɽͦͷͨΊɼຊڀݚͰߏஙͨ͠ཧ࿦͕ͲͷൣғͰ੒ཱ͢Δͷ͔ɼ·ͨ͸੒ཱ͠ͳ͍ͷ͔

Λ໌Β͔ʹ͢ΔͨΊʹ΋ɼ࣮ূ෼ੳɾূݕ͸ඞཁͱͳΔɽ੍ޚΛ্͏ߦͰ΋ɼ࣮ݱͷަ௨

ྲྀ͸͍ͭ΋ߧۉঢ়ଶʹ͋ΔΘ͚Ͱͳ͘ɼ੍͕ޚͲΕ͚ͩ༗ޮͳͷ͔΋෼͔͍ͬͯΔΘ͚Ͱ

͸ͳ͍ɽͦͷͨΊɼཧ࿦ղੳͰ͸ଊ͑ΒΕͳ͍༷ʑͳ໰୊͕ɼͲͷΑ͏ʹωοτϫʔΫͷ

·ͷ͔Λɼ࣮ূσʔλ͔Β೺Ѳ͍ͯ͘͠ඞཁ͕͋Δɽ͢΅ٴΛڹͷ༗ޮੑʹӨޚಈ΍੍ڍ

ϛεͳͲ΋ؚΉ͔ͳΓϊΠδʔͳ΋ͷͰܭଌ͞ΕΔौ଺ύλʔϯ͸ަ௨ྔͷू؍ʹࡍ࣮ͨ

͋ΔͨΊɼͦ͏ͨ͠σʔλͷऔΓѻ͍ํʹ͍ͭͯ΋͑ߟΔඞཁ͕͋ΔͩΖ͏ɽ

ಈతͳ࿮૊Έ΁ͷ֦ு

ຊڀݚͰ͸ओʹఆৗঢ়ଶΛ૝ఆ͍ͯ͠Δ͕ɼͦΕΛಈతͳ࿮૊Έʹ֦ு͢Δ͜ͱ͸੍ޚ

ͷ࣮૷ʹ͋ͨͬͯ΋ॏཁͳ՝୊Ͱ͋Δɽಛʹɼ͜ͷఆৗঢ়ଶͰ͸੍ޚʹରͯ͠ར༻ऀͷߦ

ಈબ୒͕ଈ࠲ʹରԠ͢ΔΑ͏ͳঢ়گΛ૝ఆ͢Δ͜ͱʹͳΔ͕ɼ࣮ݱͷ੍ޚͰ͸੍ޚʹର͢

Δಓ࿏ར༻ऀͷ஌֮ͷ஗ΕͳͲ͕ଘ͢ࡏΔɽͦͷͨΊɼ͜͏࣮ͨ͠ݱతͳ੍ޚΛ͑ߟΔ্

Ͱॏཁͳ੍ޚͷཁૉΛɼࣗ཯෼ࢄɾϦΞϧλΠϜੑͱ͍ͬͨੑ࣭ͷྑ͞Λ͠࢒ͳ͕Β૊Έ

ೖΕɼ੍ࡦํޚΛߏங͢Δ͜ͱ΋ඞཁͱͳΔͩΖ͏ɽ͜ͷղੳʹ͋ͨͬͯ͸ɼཧ࿦ղੳͩ

͚Ͱ͸ͳ͘ɼ਺஋ࢉܭɾγϛϡϨʔγϣϯ෼ੳΛ௨ͯ͠ɼ͑ߟΔ΂͖ཁૉͷಛఆ΍ɼͦͷ

ύϥϝʔλԽɾύϥϝʔλͷධՁΛ͜͏ߦͱ͕͑ߟΒΕΔɽ͜ͷΑ͏ͳ෼ੳΛॏͶΔ͜ͱ

ͰɼΑΓ࣮ݱతͳަ௨੍ޚʹ΋े෼ʹ଱͑͏Δɼద༻ੑͷࡦํޚ੍͍ߴ΁ͱຊํ๏࿦Λൃ

లͤ͞Δ͜ͱ͕Ͱ͖Δɽ
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ଟى఺ଟऴ఺΁ͷ֦ு

ΑΓ௅ઓతͳɼ͔͠͠ղܾ͞Εͳ͚Ε͹ͳΒͳ͍՝୊ͱͯ͠͸ɼଟى఺ଟऴ఺ωοτ

ϫʔΫʹରͯ͠ɼఏҊͨ͠ղੳํ๏Λ֦ு͢Δ͜ͱ͕͛ڍΒΕΔɽଟى఺ଟऴ఺ωοτ

ϫʔΫͷҰൠతͳ DUE഑෼ख๏ཱ͕͍֬ͯ͠ͳ͍ݱঢ়Ͱ͸ɼͦͷ֦ுͷํੑ޲΋ࣗ໌Ͱ

͸ͳ͍͔͕ɼ̍ͭͷํੑ޲ͱͯ͠͸ɼଟى఺ଟऴ఺ͷϑϩʔɾύλʔϯΛى఺ผʹ෼ղ͢

Δ (cyclic decomposition ͷͮ͘جʹํ͑ߟ) Ξϓϩʔν͔͕͑ߟΒΕΔɽͨͩ͠ɼඇઢܗ

ͷ FIFO੍໿Λྀͯ͠ߟɼϑϩʔΛͲ͏ద੾ʹى఺ผʹ෼ղ͢΂͖͔ɼ͋Δ͍͸ɼॏͶ߹

ΘͤΔ΂͖͔ɼͳͱͲղܾ͢΂͖՝୊΋ଟ͍ɽ͜Εʹ͍ͭͯ͸ɼ׬શʹղੳతʹ੍ࡦํޚ

Λߏங͢Δํ๏ʹཔΔͷͰ͸ͳ͘ɼ࠷దԽͳͲΛ௨ͨ͠໰୊ߏங΋͑ߟΔඞཁ͕͋Δͩ

Ζ͏ɽ
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