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ത࢜จ

༰֓ߎ

ંΓࢴ͔͘ݹΒ͠·Ε͖ͯͨจԽͰ͋Γܳज़Ͱ͋ͬͨɻ͕࣌ਐΉʹͭΕંΓࢴֶʹऔΓࠐ·Εɺં

ΓߏࢴΛ༻͍Δ͜ͱͰݻڧͳߏΛ࣮ͨ͠ݱɻߋʹંΓߏࢴܰ͘ബ͍ͨΊɺอଘͷͨΊͷॴ༌ૹͷͨ

ΊͷΤωϧΪʔɺ͞ΒʹࡐྉΛઅͰ͖Δɻػࢉܭͷྗ্͕͕ͬͨࠓɺෳࡶͳંΓઢύλʔϯંΓࢴͷม

ͷղੳ͕Ͱ͖ܗͷ࿈ଓతͳมࢴɻંΓ͕ͨͬʹؾͷ෯ҰࢴղੳͰ͖ΔΑ͏ʹͳΓɺંΓ͔͘ࡉͳͲ͕ࢠͷ༷ܗ

ΔΑ͏ʹͳͬͨࠓɺಈ͖ͷෆٞ͞ࢥͱֶతʹ༗༻ͳੑ࣭͔Βม͢ܗΔંΓ͕ࢴண͞Ε͍ͯΔɻ͔͠͠ંΓࢴ

ͷมܗʹɺܰ͞ബ͞ॏ͞ࢹΕ͍ͯͳ͔͔ͬͨߏػΒมܗͷͨΊͷߏػΛԉ༻͍ͯ͠Δঢ়ଶͰ͋Δɻͦͷͨ

ΊંΓࢴͷܰ͞ɾബ͞Λॏ͠ࢹͳ͍มܗͷͨΊͷ͕ߏػɺંΓࢴͷརͰ͋Δܰബ͞Λଛͳ͍ͬͯͨɻຊจͰ

มܗͷͨΊͷߏػͱճ࿏͑ܰ͞ബʹ࣮͠ݱɺંΓࢴͷརΛ࠷େ͔ͨ͠׆ʹݶม͢ܗΔંΓࢴΛ࣮͢ݱΔɻ

·ͣऔΓΜͩڀݚɺࢴʹಋిੑΠϯΫΛҹߏͯ͠໘શͯΛిؾతʹଓ͢ΔڀݚͰ͋ΔɻંΓࢴͷࢸ

ΔॴͰมܗΛͨ͢͜ىΊʹɺંΓࢴͷࢸΔॴΤωϧΪʔΛ͢څڙΔඞཁ͕͋Δɻଟ͘ͷΞΫνϡΤʔλͰ༻

͍ΔిؾΤωϧΪʔΛંΓࢴશମʹ͖ߦΒͤΔͨΊɺࢴશମʹ͕Δಋઢ͕ඞཁͰ͋ΔɻࢴʹಋిੑΠϯΫΛ

ҹܰ͠ബ͔ͭ҆ՁʹಋઢΛ࣮͢ݱΔ࣮ํ๏ͷڀݚࠓ·ͰߦΘΕ͖͕ͯͨɺຊڀݚͰͦͷઢύλʔϯʹ

౿ΈࠐΈɺંΓ͕ࢴ༗͢ΔֶతɾزԿֶతͳੑ࣭Λ׆༻ͯ͠ҹͷΈͰશͯͷߏ໘ͷઢΛ࣮ͨ͠ݱɻ͜

ͷΞϧΰϦζϜʹઢͷՄ൱ผɺෆՄͰ͋ͬͨ߹ʹઢΛՄͱ͢ΔંΓࢴͷઃܭมߋؚΉɻͦ

ͯ͠શମͷઢͷԠ༻ྫͱͯ͠ɺಋిੑΠϯΫΛҹߏͨ͠໘Λిۃͱͯ͠ѻ͏ɺࢴશମΛΞΫνϡΤʔλͱ

͢ΔεϐʔΧΛՄͱͨ͠ɻ͜ͷख๏ʹΑΓંΓࢴͷશମʹిؾΤωϧΪʔΛ౸ୡͤ͞ΒΕɺંΓࢴͷมܗΛࢸ

ΔॴͰ࣮ݱͰ͖Δɻ

ෆՄͰ͋ΔɻͦͷͨΊઢ͚ͩͰͳ͕ޚతͳ੍ؒ࣌ੜ͡ɺʹ࣌ಉܗͷมࢴతʹଓ͚ͨͩ͠ͰંΓؾి

͘ɺંΓࢴͷมܗಉ࢜ͷؒ࣌తͳॱংΛ੍͢ޚΔճ࿏͕ඞཁͰ͋ΔɻંΓࢴશମʹిؾΤωϧΪʔΛ౸ୡͤ͞Δ

ઢΛɺંΓࢴͷܗঢ়ʹΑͬͯબతʹଓ͞ΕΔճ࿏ʹվྑ͢Δ͜ͱͰɺંΓࢴͷܗঢ়ʹΑͬͯબతʹΞΫ

νϡΤʔλͷڅڙΛ࣮͢ݱΔɻ·ͣંΓࢴͷܗঢ়Λೖྗͱ͢ΔͨΊʹɺͦΕͧΕͷંΕઢͷ֯ʹΑͬͯಋ௨

ͱஅઢΛΓସ͑ΔߏΛ͑ߟΔɻͦͯ͜͠ͷߏΛྻɾฒྻଓ͢Δ͜ͱͰɺંΕઢͷ֯ͷΈ߹Θͤʹ

Αͬͯಋ௨ɾஅઢΛΓସ͑Δճ࿏Λ࣮͢ݱΔɻ͜ͷճ࿏ΛɺిݯͱΞΫνϡΤʔλΛଓ͢Δಋઢʹૠೖ͢Δ

͜ͱͰɺંΓࢴͷܗঢ়ʹΑͬͯɺΞΫνϡΤʔλͷిݯͷڅڙΛ੍͢ޚΔɻ͜ͷճ࿏ΛཧࣜͱରԠͤ͞Δ͜

ͱͰɺॴͷλΠϛϯάͰॴͷΞΫνϡΤʔλΛۦಈ͢Δճ࿏Λ࣮͠ݱɺมܗͷॱংΛ੍ͨ͠ޚɻຊఏҊ

ҙͷཧࣜʹରԠͰ͖ɺ֤ΞΫνϡΤʔλΛҙͷ݅ͰۦಈͰ͖Δɻ͜ͷख๏ʹΑΓબతʹΞΫνϡΤʔλ

Ͱ͖ΔɻޚͷॱংΛ੍ܗͷมࢴɺંΓ͠څڙΛݯిʹ

ંΓࢴͷมܗɺͪΖΜΞΫνϡΤʔλͰྗΛ༩͑Δ͜ͱʹΑͬͯੜ͡Δ͕ɺྗͦͷͷ͕ػցతʹΘ

Δ͜ͱͰੜ͡Δɻͦ͜ͰɺߏػͷΈͰͷมܗͷ૬࡞ޓ༻ʹண͠ɺػցతͳมܗͷൖʹ͍ͭͯͨ͠ڀݚɻં

Γࢴͷมܗʹɺ߶ମંͱݺΕΔંΓͷ֯ͷΈ͕มԽ͢Δมܗͱผʹɺߏ໘ͷੑมܗΛؚΉม͕ܗ

ଘ͢ࡏΔɻ͜ͷΑ͏ͳมܗͰંΓࢴ෦ʹੑΤωϧΪʔ͕͑ΒΕɺͦΕΏ͑ͦͷΤωϧΪʔΛ׆༻Ͱ͖Ε

ɺ࣍ͷมܗΛ࣮ݱͰ͖ΔɻੑมܗΛ͏ંΓࢴΛػցతʹଓ͢Δ͜ͱͰɺมܗΛൖͤ͞ΔߏػΛ࣮͠ݱ

ͨɻຊจͰԁંͱݺΕΔෳͷ҆ఆͳঢ়ଶΛંͭ࣋ΓࢴΛ༻͍ɺҟͳΔ҆ఆঢ়ଶͱભҠ͢Δม͕࣍ܗʑ

ͱੜ͡ΔߏػΛ࣮ͨ͠ݱɻͦͯͦ͠ͷԠ༻ͱͯ͠ɺંΓࢴͷੑมܗͱόωͷੑมܗΛΈ߹ΘͤΔ͜ͱͰඇ

ରশͳϙςϯγϟϧΤωϧΪʔΛͭ࣋ෆݮਰૹ࿏Λߏஙͨ͠ɻ͜ͷख๏ʹΑΓɺંΓࢴͷॴͷॴ·ͰมܗΛ

Ͱ͖ΔɻݱΛॴͷൣғͰ࣮ܗͷมࢴցతʹൖͤ͞ɺંΓػ

ʹੜ͡ɺઢͱಉ༷ʹ࣌ಉܗͷมࢴΛൖͤ͞Δख๏Λ༻͍ͯྗֶతʹଓ͚ͨͩ͠ͰંΓܗցతʹมػ

ඞཁͰ͋ΔɻҰൠߏػΔ͢ޚతͳॱংΛ੍ؒ࣌ͷ࢜ಉܗͷมࢴෆՄͰ͋ΔɻͦͷͨΊɺંΓ͕ޚతͳ੍ؒ࣌

తʹɺෳͷંΓΛ੍͢ޚΔ߹ʹͦͷંΓʹͦΕͧΕରԠ͢ΔΞΫνϡΤʔλΛඞཁͱ͢Δɻ͔͠͠

ΞΫνϡΤʔλͷ૿Ճܰബ͞Λࣦ͏ཁҼͷҰͭͰ͋ΓɺંΓߏػࢴͷΈͰॱংಈ࡞Λ࣮ݱͰ͖Εେ෯ͳܰബ

Խ͕ՄͱͳΔɻػցతͳมܗͷൖɺશͯಉ͡ܗঢ়ͷંΓࢴʹΑ࣮͕ͬͯͨ͠ݱɺԁંͷύϥϝʔλΛͦ

ΕͧΕௐઅ͠ɺԁંͷੑΤωϧΪʔΛมԽͤ͞Δ͜ͱͰɺԁં͝ͱʹม͕ܗੜ͡ΔλΠϛϯάʹࠩҟ͕ੜ

͡Δɻ͜ͷΑ͏ʹંΓύλʔϯͷࠩʹΑͬͯཧಛੑ͕ҟͳΔԁંɺม͕ܗҟͳΔ͚ͩͰͳ͘ɺੑมܗʹ

ΑΔࢄతͳ҆ఆͳঢ়ଶΛ࣭ੑͭ࣋ʹΑΓɺஈ֊తʹม͢ܗΔɻ͕ͨͬͯ͠ɺ1ΞΫνϡΤʔλͰͷ੍ޚʹ͔͔

ΘΒͣஈ֊తʹԁં͕ม͢ܗΔߏ͕ՄͰ͋Δɻͦͯ͠ંΓࢴͷભҠͷॱ൪ʹଘ͢ࡏΔώεςϦγεಛੑ

·ͱΊɺંΓࢴͷมܗͷॱংΛ੍ޚͰ͖ΔߏػΛ࣮ͨ͠ݱɻ͜ͷख๏ʹΑΓɺંΓઢͷͷΈͰંΓࢴͷม

Ͱ͖ɺ·ͨॴͷંΓͷΈΛંͬͨঢ়ଶޚͷॱংΛ੍ܗ 1ΞΫνϡΤʔλͰ࣮ݱͰ͖Δɻ
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ͷ·ͱࢴΔંΓ͢ܗΛ౷߹ͨ͠ҠಈϩϘοτΛ࣮͢Δ͜ͱͰมޚցతͳ੍ػͱޚతͳ੍ؾɺిʹޙ࠷ͯͦ͠

Ίͱ͢Δɻԁંల։ঢ়ଶͱऩॖঢ়ଶͰ҆ఆͰ͋Γɺͦͷ 2ঢ়ଶʹ͞Ҏ֎ʹ༷ʑͳܗঢ়ύϥϝʔλΛม

Խͤ͞Δɻ͜ΕΒͷมԽΛ༻͍ͯ໘ͱͷຎࡲΛ੍͢ޚΔͳͲɺڥͱͷ૬࡞ޓ༻Λ੍͠ޚҠಈΛ࣮͢ݱΔɻҠ

ಈʹԁંΛॱʹ৳ॖͤ͞Δඞཁ͕͋Γɺ͜ͷॱংΛԁંͷંΓઢύλʔϯͷʹΑ࣮ͬͯ͢ݱΔ͜ͱͰɺ

1ΞΫνϡΤʔλͰͷҠಈΛ࣮͢ݱΔɻͦͯ͠͞Βʹɺ͜ͷΞΫνϡΤʔλΛંΓࢴͷܗঢ়Λೖྗͱͨ͠ཧճ࿏

Ͱిؾతʹ੍͢ޚΔɻຊจͰఏҊ͢Δԁંͱཧճ࿏ܰബͳߏػͱճ࿏Ͱ͋ΓɺܰബͳߏػʹΑͬͯંΓࢴ

ͷมܗΛ͜͢͜ىͱʹޭ͍ͯ͠ΔɻຊจҎ্ͷྲྀΕͰܰബͳ੍ޚճ࿏ͱܰബͳػցཁૉͰҠಈϩϘοτΛ

ɻͨ͠ݱ࣮
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ୈ1ষ

͡Ίʹ

1.1 ຊڀݚ

ຊڀݚͰɺંΓࢴͷมܗΛܰ͢͜ىബͳߏػͱճ࿏ΛఏҊ͢ΔɻओͳՌ

• ંΓઢύλʔϯ͕Ұචॻ͖ՄͰ͋ΕҹͷΈͰ࿈ଓͨ͠ిۃύλʔϯΛ࣮ݱͰ͖Δੑ࣭ͷൃݟ

• ྲྀిݯͱಔςʔϓճ࿏ͷΈͰͷܗঢ়هԱ߹ۚͷ੍ޚʹΑΔɺંΓࢴͷ܁Γฦ͠มܗಈ࡞ͷ࣮ݱ

• ඇରশͳϙςϯγϟϧΤωϧΪʔʹΑΔɺંΓࢴͷมܗΛ࣍ʑͱؾి͢͜ىΛ༻͍ͳ͍ߏͷ࣮ݱ

• ෳͷ҆ఆߏΛΈ߹ΘͤʹΑΔɺ1ΞΫνϡΤʔλͰͷෳͷંΓΛॱʹંΔ੍ޚͷ࣮ݱ

Ͱ͋Γɺ͜ΕΒΛશͯܰͯ͘ബ͍ߏͰ࣮ͨ͠ݱɻ͜ΕΒʹΑΓંΓࢴΛܰബͳߏػͱճ࿏Ͱมܗɾ੍ͤ͞ޚΒ

ΕΔɻ

1.1.1 ંΓࢴɾંΓֶࢴɾંࢉܭΓࢴɾͦͯ͠ຊڀݚͷత

ંΓࢴ

ંΓࢴͱɺ͘ͱ࣌ށߐʹຊͰָ͠·Ε͍ͯͨจԽͰ͋Γܳज़Ͱ͋ΓɺࢴΛંΔߦҝͱંΒΕͨࢴ

ͷํΛંΓࢴͱݺͿɻࢴΛંΔ͜ͱͰฏ໘ܗঢ়ͷ༷Λ࢈Έ͚ͩͩ͢Ͱͳ͘ɺཱମܗঢ়Λ࡞Γ্͛ΒΕɺͦͷ

ਤʹࢴΒંΔ੍ָ͠ΊΔɻ༗໊ͳંΓ͔ࢴঢ়ͷܳज़తͳඒ͠͞ͷΈͳΒͣɺ1ຕͷܗ 1.1ͷΑ͏ͳંΓ͕

ଘ͢ࡏΔɻʮࢴʯΛંΔߦҝʹ੍͢ݶΕɺਓ͕ؒߦ͏ߦҝͱͳΔ͕ɺฏ໘্ͷମΛંΓͳ͕Βऩೲ͢Δྗ

ਤ 1.1: චऀ੍͕ંͨ͠࡞Γɻܳज़తʹ༏Ε͍ͯΔ͔͠Εͳ͍͕ɺֶతʹಛʹՁͳ͍ɻ

২ಈͷମۥʹݟΒΕΔ [1]ɻਐԽΛ܁Γฦͨ݁͠Ռɺಛʹࠛͷᠯɺඈ࣌ߦʹͷ໘ੵ͚ͩͰͳ͘ᠯ຺

ͷҐஔల։ؒ࣌ͳͲྀͨ͠ߟඒ͘͠߹ཧతͳંΓΈύλʔϯΛ࣮͍ͯ͠ݱΔ [2]ɻ·ͨҙࢥΛͨ࣋ͳ͍ମ

Ͱ͑͞ɺ੍ڧతʹԡͭ͠Ϳͤࣗવ͕උ͑Δ࠷খ࡞༻ͷݪཧͷ݁Ռͱͯ͠ମΛฏୱʹંΓΉંΓઢύλʔϯ

Λੜ͢Δɻ͜ΕΒͷύλʔϯָͯ͘͠ݟඒ͠͞Λ͡ײΒΕΔ͚ͩͰͳ͘ɺֶతʹ༗༻ͳੑ࣭ͭ࣋ɻ
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ંΓֶࢴ

ંΓࢴͦͷͨݟֶతͳඒ͠͞Λ͚ͩͭ࣋Ͱͳ͘ɺֶͷʹਐग़͍ͯ͠Δɻྫ͑ɺਓӴʹ

ͦͷදͰ͋ΔࢴΕΔંΓݺ༗໊Ͱ͋ΓɺϛϥંΓͱߏΕͨંΓͨͨΈ͞ࡌ [3]ɻંΓֶ͕ࢴͷ

ʹਐग़ͨ͠ཧ༝ɾੑ࣭͍͔ͭ͋͘Δ͕ɺ͜͜Ͱओཁͳ 3Λಛʹհ͢Δɻ

1ɺϖΠϩʔυϑΣΞϦϯάͷΑ͏ͳݶΒΕۭͨؒʹେ͖ͳߏΛ٧ΊࠐΉͨΊʹඞཁͳʮίϯύΫτʹ

ંΓΊΔੑ࣭ʯͰ͋Δ [4, 5]ɻંΓࢴͦͷ໊ͷ௨Γݩͷܗঢ়ฏ໘Ͱ͋Γɺฏ໘ബͯ͘ॴΛऔΓʹ͍͘ɻ

·ͨંΓࢴͱݴΘΕΔࣄͳ͘ͱɺંΓΈҜࢠંΓΈࡿͳͲͷʮંΓΈʯ͕ͭ͘ߏଟ͘ɺඞཁͳ

͕ߏࢴΒΕ͍ͯΔ͕ંΓ͔׆ৗੜʹٯ͍͍ࠜͯΔɻʹ׆Ҏ֎ʹίϯύΫτʹऩೲͰ͖Δੑ࣭ੜ࣌

ඞཁͳʹӉֶ͕͋ΓɺϩέοτͷΑ͏ͳੵ͞ݶ੍͘͠ݫ͕ྔࡌΕΔॴͰંΓΈߏ͕׆༻͞Εͯ

͖ͨɻଠཅޫൃిύωϧӉۭؒͰ͍໘ੵͰଠཅޫΛड͚औΔඞཁ͕͋Δ͕ɺϩέοτͦͷΑ͏ͳେ͖

ͳ໘ੵΛͦͷ··ଧ্ͪ͛Δ͜ͱͰ͖ͳ͍ͨΊɺંΓߏࢴΛંΓͨͨΜͰଧ্͍ͪ͛ͯΔɻ·ͨɺଧ্ͪ͛

Ͱͷల։͕·͍ͨ͠ΊɺϛϥંΓͳͲͷޚӴͷओཁ෦ͱͷଓ෦ۙͷ੍ଠཅޫύωϧͱਓʹޙͨ 1ࣗ

༝ͷંΓߏࢴ͕༻͍ΒΕΔɺʹΑΔಠಛͷ੍͋Δ [3]ɻ·ͨମʹೖΕΔંΓࢴʹ͍ͭͯίϯύ

Ϋτ͞ॏཁͰ͋ΔɻңͷதΛௐΔͨΊͷϩϘοτͦͷҿΈࠐΈ͢͞ͷͨΊʹίϯύΫτͳঢ়ଶͰͷҿ༻

͕·͘͠ɺંΓٕࢴज़Λ༻͍ͨҿΈࠐΉϩϘοτ͕ఏҊ͞Ε͍ͯΔ [6]ɻ͜ͷΑ͏ʹɺମੵΛখ͘͞Ͱ͖Δੑ࣭

ંΓࢴͷਅͷҰͭͰ͋ΓɺંΓߏࢴΛ͏ʹ͋ͨͬͯ࠷େ͔͢׆ݶ͖ੑ࣭Ͱ͋Δɻ

2ʮ͍ܰੑ࣭ʯͰ͋Δɻ1Ͱड़ͨંΓࢴΛখͨͨ͘͞ΊΔੑ࣭ɺಉ࣌ʹখ͞ͳܗঢ়͕େ͖͘ల։

Ͱ͖Δੑ࣭ҙຯ͢Δɻখ͞ͳܗঢ়Λ࣮ݱͰ͖Δ͜ͱͦͷখ͞͞ʹର͢Δ࣭ྔΛͭ࣋͜ͱΛҙຯ͠ɺେ͖͘ల։

͢Δࡍʹ࣭ྔมΘΒͳ͍ͨΊͨݟʹର͍ͯܰ͠ߏͱͳΔɻͦͯͨ͠ݟ͕ల։ͯ͠େ͖͘ͳΔ͚ͩͰͳ

͘ɺల։͍ͨ͠ޓ͕ࢴʹ͠ݻఆ͋͠͏͜ͱͰߏ͍ڧΛ࣮ݱͰ͖Δɻྫ͑ંΓߏࢴܰ͞ͱ͞ڧΛ͔͠׆ɺ

μϯϘʔϧϋχΧϜߏΛڬΜͩαϯυΠονύωϧ͕ػۭߤͷচͳͲʹ༻͍ΒΕ͍ͯΔ [7, 8]ɻ୯ͳΔฏ໘ͷ

ΛಘΒΕΔ͞ڧ͛ۂྉͱൺΔͱɺஈϘʔϧαϯυΠονύωϧॏ͞Λ΄ͱΜͲม͑Δ͜ͱͳ͘߶ੑͱࡐ [8]ɻ

ஈϘʔϧαϯυΠονύωϧࢴͷྔͭ·Γॏ͞ 3ഒఔͰ͋Δʹ͔͔ΘΒͣɺࢴͷ֯ͷʹΑͬͯ 3

ഒҎ্ͷڧΛ࣮͍ͯ͠ݱΔ [9]ɻް͞ࡐྉͱͳΔࢴ΄ͲͰͳ͍͕ɺࢴঢ়ͷஈϘʔϧύωϧബܰͦ͘͘͠

ͯͦͷ༏ΕͨিܸٵऩੑʹΑΓɺஈϘʔϧಛʹྲྀͰඇৗʹҰൠతʹ༻͞Ε͍ͯΔɻ·ͨϋχΧϜαϯυ

Πονύωϧɺίετ͕ൺֱత͍ߴͷͰɺػۭߤϩέοτͳͲͷΑΓॏྔͷݶΒΕͨͰ༻͞Εͯ

͍Δɻଞʹ Paper Bridge Design ChallengeͱݺΕΔίϯςετͰɺബ͕ͯ͘ۂΓ͍͢ࢴͰɺ3ݩ࣍ʹ

ંΔ͜ͱʹΑͬͯඇৗʹߏ͍ڧΛ࣮͍ͯ͠ݱΔɻ͍͍ՃݮʹંͬͨંΓࢴͰτϥεߏ͕ࣗવͱੜ·ΕΔͳ

ͲͰͦΕͳΓͷڧΛੜΉҰํͰɺྑ͘͞ࢉܭΕͨંΓࢴ͘ڻ͖ڧΛ࣮͢ݱΔ [10]ɻ͜ͷΑ͏ʹɺ༌ૹͷͨ

Ίʹܰ͘͢Δੑ࣭ંΓࢴͷਅͷҰͭͰ͋ΓɺંΓߏࢴΛ͏ʹ͋ͨͬͯ࠷େ͔͢׆ݶ͖ੑ࣭Ͱ͋Δɻ

3ʮ؆୯ʹ࡞ΕΔ͜ͱʯͰ͋ΔɻίϯύΫτͰ͋Δੑ࣭ͱ͍ܰੑ࣭ʹൺΔͱંΓࢴͷֶతԠ༻ͷߩ

จԽΛৢ͢Δʹ͋ͨΓॏཁͳཁૉͰ͋ͬͨͰ͋ࢴΛ૿͠ɺંΓޱਓࢴΕΔ͜ͱંΓ࡞ʹྼΔ͕ɺ؆୯ݙ

Ζ͏ɻಛʹͱͱͷંΓࢴʮෆਖ਼ํܗҰຕંʯͱݺͿ 1ຕͷ͔ࢴΒ࡞ΔંΓࢴΛ࠷ඒ͍͠ંΓࢴͱͯ͠

͓Γɺ͜Ε্ͷརͱͯ͠ѻ͑Δɻ1ຕͷฏ໘ͷࡐྉ͔ΒંΓͨͨΉ͜ͱͰ͢Δख๏ɺগྔੜ࢈ʹ

େྔੜ࢈ʹద͍ͯ͠Δɻઌ΄Ͳհͨ͠ϋχΧϜίΞɺฏ໘ͷࡐྉ͔Βɾ࿈ଓతʹ ܗঢ়Λܗݩ࣍3

Ͱ͖Δͱ͍͏ϝϦοτΛͭ࣋ [7]ɻߋʹɺࣗંݾͷٕज़Λ༻͍Δ͜ͱͰɺࣗಈతʹΈ্͕ΔંΓߏࢴఏҊ͞

Ε͓ͯΓɺωδཹΊணΛؚ·ͳ͍աఔࣗંݾͱݺΕΔࣗൃతʹંΕΔંΓࢴʹΑͬͯฏ໘͔ΒંΓ

্͕ΔΛͬͨ [11, 12]ɻ

ଞʹฏୱͳߏΛંΓࢴͱଊ͑ΔંΓֶࢴଘ͠ࡏɺંΓͷͳ͍ࢴͰ͋ΕͲ۶͠࠲ͳ͕ΒંΕΔ༷ࢠ

ંΓࢴͱଊ͑ΒΕΔ [13, 14]ɻ͜ΕΒͷ௵ΕΔύλʔϯ௵ΕΔࡍͷিܸٵऩྗࣗಈंͷલ໘ͷߏʹ༗༻Ͱ͋

Δɻ·͔ͨࢴΒંΓύλʔϯΛ͑ߟΔख๏ͱҟͳΓɺԁԁਲ਼ͷܗঢ়Λݩͱͯ͠Ͳ͏ંΓΉ͔Λ͑ߟΔࢥ

௵͢ύλʔϯ͔ΒಘΒΕΔ [15]ɻಘΒΕͨύλʔϯΛղੳͯ͠ϞσϧԽ͠ԁԁਲ਼ͷෛՙͷখ͍͞ંΓΈ

ํΛ࣮͍ͯ͠ݱΔɻ͜ͷΑ͏ͳղੳʹΑΓֶతʹંΓΊͳ͍ܗঢ়ΛંΓΉͨΊͷཧ͕͖ͬͯͨɻ

Ҏ্ͷΑ͏ʹɺܰബͰ͋Δੑ࣭Λத৺ͱͯ͠ંΓࢴͷંΓͨͨΊΔߏ͍ڧ͕͔͞׆Ε͖ͯͨɻંΓઢΛઃܭ

ͯ͠ॴͷܗঢ়ɾ߶ੑΛ࣮͢ݱΔٕज़ੜ׆ʹঃʑʹࠜ͟͠ɺָ͠Ή͚ͩͷߏ͔ΒֶతʹՁͷ͋ΔંΓࢴ

͕૿Ճ͖ͯͨ͠ɻ
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ࢴΓંࢉܭ

Λ݉උ͢ΔػࢉܭࢠͳిߴԿֶͷӥஐͱزͯͦ͠ ࢴΓંࢉܭΛֶతʹѻ͏͜ͱ͕૿͑ɺࢴંΓʹل21ੈ

ͱݺΕΔོ͕ΛۃΊ͍ͯΔɻંΓࢴͷల։ਤઐ༻ΤσΟλͰ͋ΔORIPA[17]୯ʹల։ਤΛฤू͢Δͩ

͚Ͱͳ͘ɺંΓͨͨΈܗঢ়ਪఆ·ͰΛ࣮͠ݱɺࢴͷॏͳΓॱ·Ͱંྀͨ͠ߟΓΈޙͷܗͷྻڍΛՄͱ͍ͯ͠

Δɻଞʹฏ৫ΓͷͨΊͷπʔϧͳͲ͕ఏҊ͞ΕɺػࢉܭΛં͔ͨ͠׆Γ૿͕ࢴՃ͍ͯ͠Δɻ͔͠͠ંΓࢴͷزԿ

ֶҰےೄͰ͍͔ͣɺػࢉܭΛ͍ͯͯͬ࣋͠͠ଟ͘ଘ͢ࡏΔɻྫ͑ંΓࢴΛંΔ্Ͱવඞཁͱͳ

Δ ୯ͷંΓͷ݅ݩ࣍3 [20]ತଟ໘ମͷల։ਤͷ༗ແ [21]͑͞ະղܾͰ͋ΓɺંΓࢴͷ࿈ଓతͳมԽΛଊ

͑Δ͜ͱ͍͠ɻ୯७ͳંΓઢύλʔϯͷΈ߹ΘͤͰ͋ͬͯɺ߶ମંΓͷՄ൱ผ [18]ඈͼग़Δֆຊͷ

Մ൱ผ [19]ͳͲɺྔࢉܭͷരൃ͕ূ໌͞Ε͍ͯΔߏଟ͍ɻಛʹ 2000ͷڀݚ͜ͷΑ͏ʹֶతͳจ

͕ଟ͘ɺ͜ΕΒંΓࢴͷܗঢ়ʹΑͬͯͦͷંΓΈ͕ՄͰ͋Δ͔͑͞ผ͕͘͠ͳΔ͜ͱΛ͍ࣔͯ͠Δɻ

ҰํͰંΓࢴͷࢉܭʹ͓͍ͯ༗༻ͳੑ࣭ಘΒΕ͖͍ͯͯΔɻ࢛৭ఆཧࣗಈূ໌ͷΑ͏ʹ৽ͨͳఆཧΛࢉܭ

Ε͍ͯΔɻྫ͞ݱͰ࣮ػࢉܭେͳखؒྗΛඞཁͱ͢Δख๏͕ʹ͏ߦग़͢Θ͚Ͱͳ͍͕ɺਓؒͷखͰ͕ػ

͑ҙͷଟ໘ମΛંΓΉΞϧΰϦζϜ [22]ɺંΓઢύλʔϯͱંͬͨޙͷܗঢ়ͷಉ࣌ฤू [23]Ұൠతͳ

ਓؒͷखͰ͏ߦʹେͳखؒྗ͕ඞཁͱͳΔྫͰ͋Δɻෳͷํମ͕ંΕΔల։ਤɺݩʑਓؒͷख

ʹΑͬͯʢίϯϐϡʔλΛΘͣʹʣൃ͞ݟΕͨͰ͋Δ͕ [24]ɺػࢉܭͷొʹΑΓଟ͘ͷྫ͕ൃ͞ݟΕΔΑ͏

ʹͳͬͨ [25]ɻෳͷਖ਼ଟ໘ମͷڞ௨͢Δల։ਤΛ͚ͭݟΔʢະղܾʣਖ਼ଟ໘ମʹཱ͍ۙମʹڞ௨͢Δల։

ਤͷൃݟʹͭͳ͕Γɺ28ܻͷΛ༻͍ͨ࿈ల։ʹΑΓඇৗʹߴਫ਼ͳల։ਤΛ࣮͢ݱΔͳͲɺػࢉܭͳΒ

Ͱͷల։ਤൃ͞ݟΕͨɻͦͯ͠ଟ͘ͷંΓࢴͷંΓઢύλʔϯ͕ઢͷΈͰߏ͞Ε͍͕ͯͨɺۂઢͷંΓ

Λ༻͍ͨંΓ͑͞ࢴՄͱͳΓɺંΓࢴͷ෯͕ࢉܭྗʹΑͬͯٸʹ͍͕ͯͬΔ [26]ɻ

͜ͷΑ͏ͳֶతͳࢥʹΑΔڀݚʹ͓͍࣮ͯࡍͷંΓࢴΛ͕࢝ڀݚྀͨ͠ߟ·Γɺ୯७ંΓͱ thickંΓࢴ

͕ͦͷදͰ͋Δɻ୯७ંΓͱฏୱͳঢ়ଶͷࢴΛઢͰંΔૢ࡞Ͱ͋Γɺ֎ଆ͔Β࿈ଓ͢Δ͍͔ͭ͘ͷࢴΛಉ

ΓͰ͋Δં͢ڐͷΈΛ࡞Δૢંʹ࣌ [27]ɻ୯७ંΓશͯͷંΓࢴΛ࣮͢ݱΔૢ࡞Ͱͳ͍͕ɺ୯७ͳػցͰՄ

ͳΑ͏ͳૢ࡞Ͱ͋ΔͨΊʹ࣮༻ʹ͍ۙɻંΓઢύλʔϯͱ࠷ऴతͳܗঢ়͚ͩͰͳ͘ɺͦͷૢ࣮͕࡞༻తͰ͋Δ

͔·Ͱͨ͑ߟख๏Ͱ͋Γɺૢ࣮ݱ͍͓ͯʹ࡞తͳཁૉ͕٧Ίࠐ·Ε͍ͯΔɻthickંΓࢴͦͷ໊ͷ௨Γް͞Λ࣋

Ε͍ͯΔ·ࠐతͳཁૉ͕٧Ί࣮ݱ͍͓ͯʹྉࡐͰ͋ΓɺࢴྉͰͷંΓࡐͭ [28]ɻ͜ΕΒͷΑ͏ͳંΓࢴͷʮཧత

Ͱͳ͍ੑ࣭ʯʹண͢Δ͜ͱͰɺંࢉܭΓࢴͷ݁ՌΛંΓֶࢴԠ༻͘͢͠ͳ͖ͬͯͨɻ

͜ͷΑ͏ͳഎ͕͋ܠΓɺંΓࢴͷՊֶࡍࠃձٞͰ͍·ֶͩతͳڀݚଟ͍ͷͷ 2010ʹֶज़తʹ

ߏΔϙοϓΞοϓ࡞Β͔ࢴతԠ༻͕૿Ճ͠ɺ1ຕͷֶ [29]ྻंͷۭؾ߅ͷݮ [30]ͳͲɺ࣮Λ͏ڀݚ

͕૿Ճ͍ͯ͠Δɻͦͯ͠࠷৽ͷંΓࢴͷՊֶࡍࠃձٞͰ͋Δ 7OSMEͰϩϘςΟΫεͷηογϣϯ͕ઃ͞Ε

ΔͳͲɺંΓࢴͷʮಈ͖ʯΛѻ͏ൃ׆͕ڀݚͰ͋Δɻྫ͑ϩϘοτͷ٭ʹંΓߏࢴΛऔΓೖΕΔ͜ͱͰద

ͳॊΒ͔͞ͱ෮ྗݩΛ༻͍ͯ҆ఆͨ͠าߦΛ࣮ͨ͠ݱΓ [31]ɺඞཁͳ͚͍ͩ࣌Λ৳ͯ͠Λ͔ͭΉߏػ [32]

Λ࣮ͨ͠ݱΓ͖͍ͯͯ͠ΔɻೋาߦϩϘοτͷ٭υϩʔϯʹ͢ࡌΔߏػॏ͕͞ॏཁͳҼࢠͰ͋Γɺจݙ

[31]จݙ [32]ંΓߏࢴͱஔ͖͑Δ෦ͷબʹཧʹ͔ͳ͍ͬͯΔɻ͔͜͠͠ΕΒંΓߏࢴΛϩ

Ϙοτͷ͘͝Ұ෦ʹऔΓೖΕͨͷͰ͋ΓɺંΓࢴಛ༗ͷੑ࣭Λ༻͍ͨڀݚʹൺɺંΓߏࢴͷܰബ͞ੜ͔͠

Ε͍ͯΔͱ͑ݴͳ͍ɻྫ͑ೋาߦϩϘοτશମ͕ΑΓܰബͰ͋ΕೋาߦϩϘοτͷ٭ΑΓ؆ૉͳ

ߏബͳܰʹߋΛߏࢴՃͰ͖ΔͩΖ͏ɻ͜ͷΑ͏ʹંΓ૿ʹߋՄͰ͋ΓɺυϩʔϯͷϖΠϩʔυݱͰ࣮ߏ

ʹ͢Δརଟ͍ɻडಈతʹม͢ܗΔંΓࢴʢྫ͑จݙ [31]ʣͦͷมܗͷͨΊͷΞΫνϡΤʔλͳͲΛඞཁͱ

͠ͳ͍ͨΊϩϘοτͷܰྔԽʹد༩͢Δ͕ɺจݙ [32]ίϯύΫτ͞ͷΈ͕࣮͞ݱΕ͓ͯΓɺυϩʔϯʹக໋

తͳॏ͞ղܾͰ͖͍ͯͳ͍ɻͭ·ΓંΓߏࢴͱରরతʹંΓߏࢴΛมͤ͞ܗΔͨΊͷߏػճ࿏ॏ͘

͔͓ͬͯ͞ΓɺਅʹંΓߏࢴͷརΛ͔ͨ͢׆ΊʹંΓߏࢴΛมͤ͞ܗΔͨΊͷߏػճ࿏ͷܰബԽ

ॏཁͰ͋Δɻ

୯७Ͱ͋ΓΞΫܗͷมࢴΔख๏Ͱ͋ΕͦΕͧΕͷંΓ͑Ͱஔ͖ߏࢴΘΕ͍ͯΔҰ෦ͷΈΛંΓߦঢ়ݱ

νϡΤʔλͳͲগͳ͘ࡁΉɻ͔͠͠ંΓߏࢴΛΑΓશମʹऔΓೖΕͨંΓࢴͷมܗΛ͑ߟΔͱɺΞΫνϡΤʔ

λͳͲ૿Ճ͠ɺมܗΛͨ͢͜ىΊͷߏػͱճ࿏ͷܰബԽ͕ࠓҎ্ʹॏཁͳཁૉͱͳΔͰ͋Ζ͏ɻ
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ຊڀݚͷతͱൣғ

ͦ͜Ͱຊจܰͯ͘ബ͍ંΓࢴͷมܗͷ࣮ݱΛඪͱͨ͠ɻͦͯ͠ຊڀݚͷతɺܰബͳߏػʹΑΔมܗ

ͷ࣮ݱͱɺͦΕʹΑΔંΓࢴͷརͰ͋ΔܰബͳંΓࢴϩϘοτͷ࣮ݱͰ͋Δɻ

ંΓࢴͷม͕ܗ 1ΧॴͰ͔͠ੜ͡ͳ͍߹ʹͦͷมܗͷΈΛܰബͳߏػͰ࣮͢ݱΕྑ͘ɺܰബͳߏػɾΞ

ΫνϡΤʔλͱܰബͳճ࿏Λબ࣮ͯ͢͠ΔͷΈͰ͋ΓɺຊจͰਂ͘ड़ͳ͍ɻ͔͠͠શମΛંΓࢴͱ͢Δ

Α͏ͳ͜Ε͔ΒͷંΓࢴͷมܗΛ͑ߟΔͱɺંΓࢴͷมܗΛෳՕॴͰ͢͜ىඞཁ͕ੜ͡Δɻ

·ͣંΓࢴͷมܗΛંΓࢴͷࢸΔॴͰͨ͢͜ىΊʹɺંΓࢴͷࢸΔॴʹมܗͷͨΊͷΤωϧΪʔΛ͢څڙΔ

ඞཁ͕͋ΔɻંΓࢴΛมͤ͞ܗΔଟ͘ͷ߹ɺిؾΛ༻͍ͨΞΫνϡΤʔλʹΑͬͯมͤ͞ܗΔͨΊɺ·ͣిؾ

ΤωϧΪʔΛંΓࢴͷࢸΔॴʹ͢څڙΔʮઢʯΛѻ͏ɻ

ຊจͰંΓࢴͷද໘ʹಋిੑΠϯΫΛҹ͠ɺશͯͷߏ໘Λిؾతʹଓ͢Δ͜ͱʹΑͬͯંΓࢴͷม

Ͱ͖ΔૉΛͭ͘ΔɻಋిੑΠϯΫඇৗʹܰബͰ͋ΓɺδϟϯύઢͳͲΛඞཁͱ͠ͳ͍ݱΛॴͷॴͰ࣮ܗ

ઢͱ͢Δ͜ͱͰܰബͳߏͷΈͰંΓࢴશମిؾΤωϧΪʔΛڅڙͰ͖Δɻ͔͠͠ંΓࢴͷมܗʹมܗಉ࢜

ʹଘ͢ࡏΔؒ࣌తͳґଘؔଘ͢ࡏΔɻ୯ʹిؾΤωϧΪʔΛ͖ߦΒͤΔઢ͚ͩͰɺશͯͷม͕ܗ΄΅

ಉ࣌ʹੜͯ͡͠·͏ͨΊɺۭؒతͳΤωϧΪʔͷڅڙʹՃ͑ɺؒ࣌తͳڅڙͷ੍ޚඞཁͰ͋Δɻͦ͜Ͱؒ࣌త

ͳ੍ޚͱͯ͠ંΓࢴͷঢ়ଶʢܗঢ়ʣΛೖྗͱͯ͠ɺંΓࢴʹ͞ࡌΕͨΞΫνϡΤʔλͷۦಈঢ়ଶΛ੍͢ޚΔγ

εςϜΛߏங͢ΔɻંΓࢴͷͦΕͧΕͷંΕʹରͯ͠ɺંΕ֯ʹԠͯ͡ग़ྗΛม͑ΔૉࢠΛ͠ࡌɺͦͷૉࢠ

ͷग़ྗΛཧճ࿏Ͱॲཧ͢Δ͜ͱͰΞΫνϡΤʔλͷಈ࡞݅ͱ͢ΕɺંΓࢴͷঢ়ଶʹΑͬͯۦಈঢ়ଶΛΓ

ସ͑ΔγεςϜΛߏஙͰ͖ΔɻຊڀݚͰ͜ͷγεςϜΛܰബʹ࣮͢ݱΔͨΊʹܰബͳηϯαΛ։ൃ͚ͨͩ͠Ͱ

ͳ͘ɺંΕ֯ʹԠͯ͡มԽ͢Δग़ྗΛిѹͷߴͱ͢ΔͷͰͳ͘ɺಋ௨ͱஅઢͱ͢Δ͜ͱͰཧճ࿏Λૉࢠಉ࢜

ͷଓؔͷΈͰ࣮͠ݱɺܰബͳΞΫνϡΤʔλͷ੍ޚΛ࣮͢ݱΔɻཧճ࿏Λܰബͳۚଐ൘Ͱ࣮͢Δ͜ͱͰ

ܰബͳߏͷΈͰཧճ࿏Λߏங͢Δ͚ͩͰͳ͘ɺંΓࢴͷܗঢ়Λطଘͷख๏ʹൺߴਫ਼ʹѲͰ͖Δख๏Λ

ɻͨ͠ݱ࣮ʹΛܰബޚతͳճ࿏ɾ੍ؾͷͨΊʹඞཁͳిܗஙͨ͠ɻҎ্ͷΑ͏ʹมߏ

ͷΑ͏ʹ߶ମͷΈ߹Θͤͱͯ͠ߏػϦϯΫࢴΔɻંΓ͑ߟΛߏػցతͳػͷͨΊʹඞཁͳܗมʹ࣍ͯͦ͠

ԕ͘·ͰมܗΛҾ͖͜͢͜ىͱ͕Ͱ͖Δɻ͔ͦ͠͠ΕҎ֎ʹɺߏ໘ͷੑมܗͱੑมܗʹ͏ΤωϧΪʔ

ʹΑΔมܗͷൖ͕ՄͰ͋ΔɻมܗΛҾ͖ߏػ͢͜ىͱͯ͜͠ͷੑมܗΛ༻͍ͨԁંͱݺΕΔંΓࢴͷ

ղੳΛ͍ߦɺંΓࢴͷΕͨͱ͜Ζ·ͰมܗΛൖͤ͞ΔߏػΛ࣮͢ݱΔɻ

ͦͯ͠ճ࿏ಉ༷ɺػցతʹંΓࢴͷมܗͷؒ࣌తͳ੍ޚΛͨ͏ߦΊɺճ࿏Λ༻͍ͣʹஈ֊తͳมܗΛҾ͖ى

ΔλΠϛϯάΛௐ͠ɺॱ͢ܗঢ়Λௐઅ͢Δ͜ͱͰ֤ԁં͕มܗඞཁͰ͋ΔɻຊจͰԁંͷߏػ͢͜

ংಈ࡞Λߏ͚ͩͰ࣮ͨ͠ݱɻ·ͨߋʹมܗͷॱং͕มܗͷ͖ʹΑͬͯҟͳΔੑ࣭ʹ͍ͭͯղੳ͠ɺંΓࢴ

ͷมܗͷॱংͷ੍ޚΛ·ͱΊͨɻ

ͷঢ়ଶΛೖྗͱ͠ࢴંΓޚΛ༥߹ͨ͠ҠಈϩϘοτΛ࣮͢Δɻ͜ͷϩϘοτͷ੍ߏػճ࿏ͱʹޙ࠷ͯͦ͠

ͨཧճ࿏ʹΑͬͯΞΫνϡΤʔλΛ੍͢ޚΔɻΞΫνϡΤʔλંΓࢴશମʹྗΛ༩͑Δ͕ɺҠಈϩϘοτ

ͦΕͧΕͷંΓΛॱ൪ʹಈ͔͢͜ͱͰҠಈΛ࣮͢ݱΔɻҠಈϩϘοτෳͷϞδϡʔϧ͔Βߏ͞Ε͓ͯΓɺ

ͦΕͧΕͷϞδϡʔϧΛผʑʹಈ͠࡞ͳ͚ΕͳΒͳ͍ɻ͜ͷஈ֊తɾஞ࣍తͳಈ࡞ΛԁંΛ༻͍ͨॱংಈ࡞

ʹΑΓ࣮͠ݱɺϩϘοτʹ͞ࡌΕ͍ͯΔΞΫνϡΤʔλ ɻ͜ΕʹΑΓɺతͰ͋ͬͨܰബͳͨ͠ݮʹݸ1

ม͢ܗΔંΓࢴͷڀݚͷకΊ͘͘Γͱ͢Δɻ

ܰബ鱯
มܗ鱞鲐ં鲏ࢴ

ߏػ

ճ࿏ ઢ ཧճ࿏
ୈ 3ষ

ൖ ॱংಈ࡞

ୈ 2ষ

ୈ 1ষ

ܰബ鱯
Ҡಈ鳥鳔鲻鳀

ୈ 5ষୈ 4ষ

ୈ 6ষ

ݱ࣮

ਤ 1.2: ֤ষͷՌͱຊจͷྲྀΕ
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1.1.2 ֤ষʹ͍ͭͯ

ਤ 1.2ʹࣔͨ͠ྲྀΕͰຊจߏ͞ΕΔɻୈ 2ষͰిؾతઢΛɺୈ 3ষͰͦͷઢΛܗঢ়ʹΑͬͯมԽ͞

ͤબతʹ௨ి͢Δཧճ࿏Λɺୈ 4ষͰػցతͳมܗͷൖΛɺୈ 5ষͰͦͷมܗͷൖΛॱʹߏػ͢͜ىΛɺ

ͦͯ͠ୈ 6ষͰୈ 3ষͱୈ 5ষͷՌΛΈ߹ΘͤΔ͜ͱͰతͰ͋ͬͨܰബͳϩϘοτΛ࣮ͨ͠ݱ༰Λड़

ΔɻҎ߱ɺ֤ষ͕ѻ͏ൣғʹ͍ͭͯड़Δɻ

ୈ 2ষɹંΓࢴͷߏ໘ͷిؾతଓ

ୈ 2ষͰɺࢴʹಋిੑΠϯΫΛృ͠ɺిѹΛ͔͚Δ͜ͱͰిۃͱͯ͠༻͍ΔԠ༻ʹඞཁͳిۃύλʔϯͷੜ

ʹ͍ͭͯड़Δɻখ໘ର 1ʹͷΈిݯΛଓ͢Δ͚ͩͰɺଞͷখ໘ʹಋిੑΠϯΫͷҹύλʔϯʹΑͬͯ

ిѹΛҹՃ͢Δख๏Ͱ͋Δɻখ໘ͷಋిੑΠϯΫͷృɺΛணͤ͞Δख๏ͱͯ͠࠷ܰബͳख๏Ͱ͋

ΓɺંΓࢴͷܰബ͞ΛࣦΘͣʹిؾతͳଓΛ࣮ݱͰ͖ΔɻຊจͰɺҹͷΈͰઢ͕ՄͰ͋Δ͔ͷผ

ख๏ͱҹύλʔϯͷಋग़ΞϧΰϦζϜΛఏҊ͠ɺಋిੑΠϯΫʹΑΔંΓࢴશମͷిؾΤωϧΪʔͷڅڙΛ

ঢ়Λม͑ͳ͍··ંΓઢύλʔܗऴతͳ࠷ͷࢴΔɻ·ͨɺઢ͕ෆՄͰ͋Δύλʔϯʹରͯ͠ɺંΓ͢ݱ࣮

ϯΛमਖ਼͠ɺઢΛՄʹ͢Δख๏ఏҊͨ͠ɻୈ 2ষͷՌʹΑΓɺંΓࢴͷશମͱిؾΤωϧΪʔΛڅڙ

͢Δ͜ͱͰɺંΓࢴͷมܗΛΞΫνϡΤʔλΛ͚Δ͚ͩͰͲ͜Ͱੜͤ͡͞ΒΕΔճ࿏Λ࣮͢ݱΔɻ·ͨɺં

Γࢴશମʹ͞څڙΕͨిؾΤωϧΪʔΛ༻͍Δදతͳྫͱͯ͠ɺߏ໘ͷಋిύλʔϯΛίϯσϯαεϐʔΧ

ͱͯ͠༻͍ΔԠ༻ʹ͚ٞͯΛల։͢Δɻ

ୈ 3ষɹંΓࢴͷॱংಈ࡞ͷͨΊͷཧճ࿏

ୈ 2ষಋઢʹΑͬͯిѹΛંΓࢴશମʹ͖ߦΒͤɺॴͷॴʹΞΫνϡΤʔλΛ͢ࡌΕંΓࢴͷมܗ

Λ࣮ݱͰ͖ΔΑ͏ʹͳͬͨɻ͔͠͠ɺৗʹશମʹిѹΛ͖ߦΒͤΔಋઢɺৗʹશͯͷΞΫνϡΤʔλΛۦಈ

ͯ͠͠·͏ɻ͔͠͠ંΓࢴͷมܗʹॱং͕ॏཁͰ͋ΔͨΊɺୈ 3ষͰંΓࢴͷܗঢ়ʹΑͬͯΞΫνϡΤʔλ

·ͰͷઢΛΓସ͑Δ͜ͱͰɺંΓࢴͷܗঢ়ʹΑͬͯۦಈ͢ΔΞΫνϡΤʔλΛΓସ͑Δཧճ࿏Λ࣮͢ݱ

ΔɻંΓࢴͷܗঢ়ʹΑͬͯిؾΤωϧΪʔͷڅڙΛΓସ͑ΔͨΊʹɺંΓ͕ંΕ͍ͯΔͱ͖ͷΈಋ௨͢Δճ

࿏ͱɺંΓ͕ંΕ͍ͯͳ͍ͱ͖ͷΈಋ௨͢Δճ࿏Λ·ͣఏҊ͢Δɻ͜ΕʹΑΓંΓͷঢ়ଶʹΑͬͯΞΫνϡ

Τʔλͷಈ࡞Λ੍ޚͰ͖ΔɻෳͷંΓͷঢ়ଶΛ༻͍Δ߹ʹͦΕͧΕͷંΓʹಋ௨/அઢΛΓସ͑Δճ

࿏Λ͠ࡌɺͦͷճ࿏Λྻɾฒྻʹଓ͢Δ͜ͱͰંΓͷঢ়ଶͷཧੵɾཧͰΞΫνϡΤʔλΛۦಈͰ

͖Δɻ͜ͷཧճ࿏ΛෳͷΞΫνϡΤʔλʹ͠ࡌɺಈ࡞ͷλΠϛϯάΛͣΒ͢͜ͱͰ܁Γฦ͠ಈ࡞Λ࣮͠ݱɺ

ICΛඞཁͱ͠ͳ੍͍ޚΛ࣮͢ݱΔɻຊఏҊΛܰബʹ࣮͢ݱΔͨΊʹಔςʔϓͰಋઢͱંΓ֯ʹΑͬͯಋ௨ΛมԽ

ͤ͞ΔηϯαΛ࣮͠ɺྲྀిݯͷΈͰ܁Γฦ͠ಈ࡞Λ࣮͢ݱΔંΓࢴΛ͢࡞Δɻ

ୈ 4ষɹԁંʹ͓͚Δมܗͷػցతൖ

ୈ 4ষͰɺྗֶతʹมܗΛ͢͜ىख๏ʹ͍ͭͯड़Δɻୈ 2ষୈ 3ষͰѻͬͨંΓࢴʹணͤͨ͞ମʹΑ

ΔมܗͱҟͳΓɺંΓࣗࢴͷܗঢ়ੑมܗʹΑΔมܗͰ͋ΔɻંΓࢴͷมܗʹ߶ମંͱݺΕΔߏ໘

Λશ͘มԽͤ͞ͳ͍มܗҎ֎ʹɺߏ໘Λมͤ͞ܗɺੑΤωϧΪʔΛͬͯੜ͡Δม͕͋ܗΔɻ߶ମંֶ

తʹඇৗʹ੍͍͠ݫͷԼͰͷΈมܗͰ͖ΔંͰ͋ΓɺෳͷંΓΛଓ͢Ε͢Δ΄Ͳͦͷ੍͕͘͠ݫͳ

Δͷʹର͠ɺߏ໘ͷมܗΛڐ༰͢Δ͜ͱͰ੍େ෯ʹ؇͞ΕɺંΓࢴͷมܗͷ෯Ұ͕ʹؾΔɻͦͯ͠

ંΓࢴͷมܗʹ͏ੑΤωϧΪʔΛ༻͍Δ͜ͱͰɺมܗʹΤωϧΪʔྗΛਵͤ͞ΒΕΔɻ͜ͷΤωϧΪʔ

Λ༻͍ͯมܗΛൖͤ͞Δख๏Λୈ 4ষͰѻ͏ɻߏ໘ͷੑมܗΛ͏ંΓࢴʹʮԁંʯͱݺΕΔંΓ

৳ঢ়ଶͱऩॖঢ়ଶͷܗΓɺͦͷಛతͳੑม͕͋ࢴ 2छྨͷ҆ఆঢ়ଶΛͭ࣋ɻԁંͷม͢ܗΔ෦Λػ

ցతʹଓ͢Δ͜ͱͰɺҟͳΔ҆ఆঢ়ଶભҠͨ͠ԁંͷมܗΛ࣍ʑͱൖͤ͞ɺෳͷԁંͷભҠΛҰ

ͷൖͷදతͳԠ༻ͱͯ͠ɺόωܗΛൖͤ͞ΒΕΔɻมܗΑΓΕͨॴͱมʹߏػͰ͖Δɻ͜ͷݱ࣮ʹ

ͳͲʹΑͬͯΤωϧΪʔΛิঈ͢Δ͜ͱͰݮਰ͠ͳ͍มܗͷભҠΛ࣮͠ݱɺෆݮਰૹ࿏·ͰٞΛల։͢Δɻ

ୈ 5ষɹԁંʹΑΔॱংಈ࡞ͷ࣮ݱ

ୈ 6෦ંΓࢴͷંΓઢύλʔϯͷ͚ͩͰɺॱʹม͢ܗΔߏػΛ࣮͢ݱΔɻҟͳΔંΓઢύλʔϯมܗʹ

ඞཁͳྗɾΤωϧΪʔҟͳΔͨΊɺదͳઃܭʹΑΓಉ͡ྗ͕ՃΘͬͨͱ͖ʹ͑͞ॴͷॱংͰมܗΛੜ͡͞

ͤΒΕΔɻ͞ΒʹɺώεςϦγεޮՌΛ༗͢ΔંΓߏࢴΛ༻͍Δ͜ͱͰɺ1ΞΫνϡΤʔλͷ੍ޚʹ͔͔ΘΒ

ͣෳͷંΓͷঢ়ଶΛॴͷύλʔϯʹมԽͰ͖ΔɻҎ্ͷંΓઢύλʔϯͷͷΈͰͨͬߦมܗͷ੍ޚʹ

ΑΓ 1ΞΫνϡΤʔλͰҠಈ͢ΔϩϘοτΛ࣮͠ɺͦͷҠಈભҠΛ͢؍ΔɻંΓઢύλʔϯʹஞ࣍తͳ੍
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ͳ͛ΔɻͭʹࢴബͳંΓܰ͠ݮΉ͜ͱͰɺΞΫνϡΤʔλΛࠐΛೖΕޚ

ୈ 6ষͦͯ͠ޙ࠷ʹୈ 3෦Ͱѻͬͨಔςʔϓճ࿏Ͱୈ 6෦ͷΞΫνϡΤʔλΛ੍͢ޚΔϩϘοτΛ࣮͠ݱɺຊ

จͷूେͱ͢Δɻ͜ͷϩϘοτྲྀిѹ͕ҹՃ͞ΕΔ͚ͩͰಈ࡞Λ։࢝͠ԁંΛ৳ॖͤ͞Δɻ৳ॖʹΑ

Γಔςʔϓ͕ϞʔλʹҹՃ͢Δిѹͷ͖ΛΓସ͑ΔͨΊɺICΛඞཁͱ͠ͳ͍ 1ΞΫνϡΤʔλͰಈ͘ંΓࢴ

Ͱ͋Δɻ
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ୈ 2ষͷ༰ɺંΓࢴͷมܗΛܰ͢͜ىബͳߏػͰ͋Γճ࿏Ͱ͋ΔɻંΓࢴϩϘοτͷओͳརܰ͞ͱബ͞

Ͱ͋Γɺ͜ΕΒͷརΛଛͳΘͳ͍ͨΊʹܰബͳΞΫνϡΤʔλΛ༻͍ͯંΓࢴΛมͤ͞ܗΔख๏͕ఏҊ͞Εͯ

͖ͨɻͦͷதͰຊୈ 2ষͰܰബͳΞΫνϡΤʔλͱͯ͠ಇ͘ཁૉͱͯ͠ંΓࢴʹష͢Δۚଐഩృ͢Δ

ಋిੑΠϯΫΛ༻͍Δ߹ʹண͢Δɻྫ͑Χοτج൘ͷಔഩʢΧοτج൘ɾಔுੵ൘ɺαϯϋϠτʣͷಔ

ഩް 35 µmಋిੑΠϯΫͷ 0.3 µmɺۚଐഩಋిੑΠϯΫϞʔλͱൺͯඇৗʹബ͍Ͳ͜Ζ͔ɺҰൠతͳ
ίϐʔ༻ࢴͷް͞ 90 µmͱൺͯଝ৭ͳ͍ɻۚଐഩಋిੑΠϯΫΛখ໘ʹిۃΛஔ͠ɺిۃʹిѹΛҹՃ
͢Δ͜ͱͰંΓࢴͷมܗΛߏػ͢͜ىͱͯ͠ΘΕ͖ͯͨɻ

֤খ໘ʹΤωϧΪʔΛ༩͑Δۦಈ୯७Ͱ͋Δ͕ɺશͯͷখ໘ʹిѹΛҹՃ͢Δͱख͕ؒ૿Ճ͢Δ͚ͩͰͳ͘

ઢ͕ॏ͘ް͘ͳΓಘΔɻैདྷ͜ͷઢۚଐഩಋిੑΠϯΫͰ࣮͠ݱΑ͏ͱ͍͕ͯͨ͠ɺઢՄͳંΓ

Λඞཁۀ࡞ͱखؒΛཁ͢Δؒ࣌ɺͦͷผಋग़ਓྗͰ͋Γਫ਼ਆతͳۤ௧ͱ͠ࡏଘ͕ࢴͱઢෆՄͳંΓࢴ

ͱ͍ͯͨ͠ɻຊୈ 2ষͰંΓઢύλʔϯ͔ΒઢͷՄ൱ผΛ͍ߦɺઢՄͰ͋Εͦͷ۩ମతͳઢΛಋ

ग़͢ΔΞϧΰϦζϜΛఏҊ͢Δɻ·ͨઢ͕ෆՄͰ͋Δ߹ʹɺ࠷ऴతͳંΓࢴͷܗঢ়Λ΄ͱΜͲม͑ͣʹ

ઢ͕Մͳύλʔϯͱมͤ͞ܗΔख๏ఏҊͨ͠ɻ

ຊՌʹΑΓɺંΓઢύλʔϯંΓܗࢴঢ়͔Βશిۃʹઢ͢Δ࿈ଓઢύλʔϯΛಋग़Ͱ͖ɺ1খ໘ʢҰ

෦ʣʹ֎෦͔ΒΤωϧΪʔΛ༩͑Δ͚ͩͰશମͷಉ࣌มܗΛՄͱ͢Δɻ

ୈ 2ষͷՌɺ

[C4]Ԟ୩จಙɼ੪౻Ұ࠸ɼՃ౻ɼܓݪതɼ“ંΓࢴεϐʔΧͷͨΊͷిۃͷ࿈ଓઢՄ൱ผɼ“ใॲ

ཧֶձશࠃେձߨԋจू, no.6B-06, March 2019.

Ͱൃද͞Εͨ༰ͷ࠶ར༻ΛؚΉɻ

2.1 খ໘ిۃͷ࿈ଓઢͷඞཁੑ

5Ҏʹग़൛༧ఆ

2.2 ୈ2ষͷؔ࿈ڀݚɾલఏࣝ

2.2.1 2৭ృΓ͚

ୈ 2ষͰѻ͏ 2৭ృΓ͚ͱɺάϥϑཧʹ͓͚Δ໘࠼৭ͷ 1Ͱ͋ΓɺลΛڞ༗͢ΔྖҬಉ࢜ΛҟͳΔ 2

৭ͰృΓ͚ΔɺͦͷղͰ͋Δ 2৭ͰృΓ͚ͨύλʔϯΛ͢ࢦɻͦͯ͠ 2৭ͰͷృΓ͚ʮ֎पΛআ

͖ɺશͯͷͷ͕࣍ۮͰ͋Δʯύλʔϯʹରͯ͠ՄͰ͋Δ [39, 40]ɻྺ࢙తʹ༗໊ͳ࢛৭ʢ࢛৭ఆཧʣ

ͷΑ͏ͳ 3৭Ҏ্ͰͷృΓ͚ͱҟͳΓɺ2৭ͰͷృΓ͚͋Δ 1ͭͷྖҬʹ৭Λృͬͨ߹ʹɺྡ͢Δ໘

શͯͷ৭ΛҰҙʹܾఆ͢ΔɻͦͷͨΊృΓ͚ͷΈ߹Θͤͷ୳ࡧʹ͓͍ͯΈ߹Θͤരൃ͖ͣىɺখ໘ͷ

ʹൺྫͨؒ࣌͠Ͱ 2৭ృΓ͚ͷՄ൱ผ͕ՄͰ͋Δ [41]ɻΛத৺ʹ͑ߟΔͱɺ͋Δখ໘͔Βॱ٭ 1ʹ৭

ΛަޓʹృΓ͚Δͱࣗࣗͷ৭͕ໃ६͠ͳ͍߹ɺͦͷΛͱͯͭ࣋͠ลͷ͕ۮͰ͋Δ߹ͷ

ΈͰ͋Δɻͭ·Γɺ͋Δͷ͕࣍ۮͰ͋Εͦͷۙʹରͯ͠ՄͳృΓ͚͕ଘ͠ࡏɺ͋Δͷ

ͳ͍ɻ·ͨɺͦͷۙʹରͯ͠Մ͠ࡏͰ͋Εͦͷपลʹରͯ͑͠͞ՄͳృΓ͚͕ଘح͕࣍

٭ 1ྫ͑ਖ਼ͷճసํ
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ͳృΓ͚ɺ1ͭͷղͱͦͷ৭Λసͨ͠ղͷ߹ܭ 2௨Γ͔͠ଘ͠ࡏͳ͍ɻ͋ΔۙͰໃ६͠ͳ͍ృΓ͚

ͦͷʹଓ͍ͯ͠Δลͷ͏ยํͷͰͷృΓ͚Λໃ६ͤ͞ͳ͍ͨΊɺʮ֎पΛআ͖ɺશͯͷͷ࣍

͕ۮͰ͋Δʯ߹ʹંΓઢύλʔϯʹରͯ͠খ໘Λ 2৭ͰృΓ͚ΒΕΔ͜ͱ͕େہతʹཱ͢Δɻં

ΓࢴͷృΓ͚ʹؔͯ͠ɺંΓࢴͷ֎ʹిۃଘ͠ࡏͳ͍ͨΊ֎प৭Λͨ࣋ͳ͍ɺͭ·ΓͲͷ৭͕ྡͯ͠

͍ͯͳ͍ͱͯ͠ѻͬͯΑ͘ɺ֎पʹ͓͚Δͷ࣍ʹ੍ͳ͍ɻ

2.2.2 ฏୱંͱ 2৭ృΓ͚

ୈ 2ষͷେ෦Ͱɺిۃͷछྨ 2छྨʹ੍͢ݶΔɻ͜Ε࣮͢ࡏΔԠ༻ྫͰ͋ΔΩϟύγλɾεϐʔΧɾΞ

ΫνϡΤʔλ͕ 2छྨͷి͔ۃΒͳΔྫͰ͋ͬͨͨΊɺͦͯ͠ฏୱંͷల։ਤ͕ 2৭ʹృΓ͚ΒΕΔੑ࣭͕

ΒΕ͍ͯΔͨΊͰ͋Δɻฏୱંͷల։ਤંΒΕͨঢ়ଶͰද͖ͷখ໘ͱཪ͖ͷখ໘ͱͷ 2छྨͷྖҬʹ͚

ΒΕΔɻͦͯ͠ɺลͰྡ͢Δখ໘ৗʹંΓΛհͨ͠খ໘Ͱ͋ΔͨΊɺද͖ͷখ໘ʹลͰྡ͢Δখ໘

શͯཪ͖ͷখ໘Ͱ͋Γɺཪ͖ͷখ໘ʹลͰྡ͢Δখ໘ද͖ͷখ໘ͱͳΔɻͦͷ͖ʹରͯ͠ 2৭Λର

Ԡͤ͞Εɺฏୱંͷখ໘ͷ 2৭ృΓ͚ΛಘΒΕΔɻંΓࢴͷԠ༻ʹʮബ͘ંΓͨͨΊΔੑ࣭ʯʹண͢Δ

Ԡ༻͕ଟ͍ͨΊɺฏୱંͷੑ࣭ඇৗʹ༗༻Ͱ͋Δɻ

ྡΓ߹͏ྖҬ͕ҟͳΔ৭ʹͳΔ 2৭ͰͷృΓ͚ͷҰྫ͕ɺਤ 2.1ͷਤʹࣔ͢ 2৭ͷృΓ͚Ͱ͋Δ٭ 2ɻਤ

ਤ 2.1: 2৭ృΓ͚ͷྫ

2.1ͷখ໘ʹରԠ͢ΔંΓઢύλʔϯʹ͓͍ͯɺંΓࢴ෦ͷͷ࣍શͯ 4Ͱ͋ΓɺͦΕΏ͑ 2৭ృΓ͚

͕ՄͰ͋Δɻ

ฏୱં͕ՄͰ͋Ε 2৭ృΓ͚͕ՄͰ͋Δ͕ɺ2৭ృΓ͚͕ՄͰ͋Εฏୱં͕ՄͱݶΒͳ͍ɻ

ɺਤ࣮ࣄ 2.1 2৭ృΓ͚͕ՄͰ͋Δ͕ฏୱં͕ෆՄͳਤܗͰ͋Δɻຊୈ 2ষͷ༰ΑΓ͍ 2৭ృΓ

͚Մͳਤܗʹର͢Δख๏Ͱ͋ΓɺฏୱંΑΓൣ͍ғʹద༻Մͳख๏Ͱ͋Δɻ͔͠͠ຊୈ 2ষͰઆ໌ͨ͠ 2

৭ృΓ͚ͷԠ༻ͰɺදΛ͍͍ͯΔ໘ͱཪΛ͍͍ͯΔ໘ྡ͢ΔΑ͏ʹॏͳΔ͜ͱͰޮՌతʹిྗ͕ۃ

Λൃ͢شΔɻ͔͠͠ɺ2৭ృΓ͚ͳΒৗʹྡ͢ΔΑ͏ʹॏͳΔ໘͕ҟͳΔ৭Ͱ͋Δ͜ͱ·Ͱอূ͠ͳ͍ɻ

ฏୱં͕ՄͰ͋Δ͔ͷผNPࠔͱূ໌͞Ε͍ͯΔͨΊຊจͰѻΘͣɺฏୱંͷՄ൱ʹ͔͔ΘΒͣ 2৭

ృΓ͚͕ՄͰ͋ΔύλʔϯશମΛѻ͏ [42]ɻ

ྫ͑ɺ3খ໘ͷฏୱંʹɺਤ 2.2(a)ͷΑ͏ʹަޓʹંΔฏୱંͱɺਤ 2.2(b)ͷΑ͏ʹ͖רऔΔΑ͏ʹંΔ

ฏୱંͷ 2छྨ͕ଘ͢ࡏΔɻ͔͠͠ 2৭ృΓ͚Ͱ͡ېΒΕ͍ͯΔʮลΛհͯ͠ྡ͢Δখ໘͕ಉ͡৭Ͱ͋ͬͯ

(a) (b)

ਤ 2.2: 2छྨͷฏୱંɻදΛ͍͍ͯΔখ໘Λ࣮ઢͰɺཪΛ͍͍ͯΔখ໘ΛഁઢͰද͍ͯ͠Δɻ(a)

Δίϝϯ͍͍ͯΔ߹ʹදΛંʹޓऔΔΑ͏ʹંΔ߹ɻަ͖רʹ͖Δ߹ɻ(b)ಉ͡ંʹޓަ

τཪΛ͍͍ͯΔখ໘ަޓʹॏͳΓ߹͏͕ɺಉ͖͡ʹંΔ߹ʹަޓʹॏͳΓ߹Θͳ͍ɻ

͍͚ͳ͍ʯͱ͍͏ੑ࣭ɺંΓࢴͷԠ༻ʹඞཁͳੑ࣭Ͱͳ͍ɻͦͷͨΊਤ 2.2(b)ͷΑ͏ͳ߹ลͰ

͍ͯ͠Δ෦Ͱ࿈ଓઢ͢Εྑ͍ɻ·ͨɺຊୈ 2ষͰड़Δख๏ંΓઢʹͱΒΘΕͣ 2৭ͰృΓ͚ΒΕͨ

ྖҬʹର͢Δʹର͢Δख๏ͱͯࠩ͑͠͠ࢧͳ͍٭ 3ɻ
٭ 2ฏୱંՄͰͳ͍͕ 2 ৭ͰͷృΓ͚͕ՄͰ͋Δɻ
٭ 3͜ͷંΓํʹҼͬͯॏͳΓ߹͍͕ҟͳΔٞ??Ͱ͏ߦ
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5Ҏʹग़൛༧ఆ

2.3 ࿈ଓઢՄ൱ผ

5Ҏʹग़൛༧ఆ

2.3.1 ֎पʹลͰྡͨ͠ྖҬͷ৭Λ༻͍ͨ࿈ଓઢՄ൱ผ

͜͜ͰɺંΓઢύλʔϯ͔Βੜ͞Εͨ 2৭ͰͷృΓ͚ΛޙͨͬߦɺંΓࢴͷ֎पʹ͢Δ͜ͱͰɺ࿈ଓ

ઢͷՄ൱Λผ͢Δख๏Λհ͢Δɻਤ??(a)ɺࠨӈͷࠇͷྖҬ͕࿈ଓઢෆՄͰ͋ͬͨਤ??(a)ͷ֎෦ͷ

ྖҬʹΑΓ࿈ଓઢ͕ՄͳྫΛࣔͨ͠ɻຊख๏ʮ֎पʹลͰྡͨ͠ྖҬͷ৭Λ༻͍ͨ࿈ଓઢՄ൱ผʯ

ʮ֎෦ͷྖҬʹΑͬͯ࿈ଓઢͷՄ൱͕มԽ͢ΔͷͰ͋Εɺ࠷֎ଆͷྖҬʹணͯ͠Ͳ͏͔ʯΛ݁ͨ͑ߟՌɺ

ಋग़͞Εͨผख๏Ͱ͋Δɻ

ผख๏✓ ✏
ఆཧ 1. ୯࿈݁ͳฏ໘্ͷɺ࿈݁ͳંΓઢύλʔϯʹର͢Δ࿈ଓઢՄ൱ผख๏

֎पͱลΛڞ༗͢Δখ໘ʹ͠ɺͦͷ 2৭ృΓ͚ͷ৭ͷΓସΘΓ͕Ұप͢Δؒʹ 2ճҎԼͰ͋Εɺ࿈

ଓઢ͕Մɺͦ͏Ͱͳ͚ΕෆՄɻ✒ ✑
Ͱ͋Δɻ΄΅ࣗ໌ʹಉͳผख๏ͱͯ͠ɺ✓ ✏
ఆཧ 2. ୯࿈݁ͳฏ໘্ͷɺ࿈݁ͳંΓઢύλʔϯʹର͢Δ࿈ଓઢՄ൱ผख๏ 2

֎पͷࠇ৭ͷ෦ͱന৭ͷ෦͕aͦΕͧΕ࿈ଓͰ͋ΔͳΒ࿈ଓઢ͕Մɺͦ͏Ͱͳ͚ΕෆՄɻ
aଘ͢ࡏΔͳΒ✒ ✑

͕ଘ͢ࡏΔɻ

ఆཧ 2ɺఆཧ 1ͱ֎पͷ৭Ұप͢ΔͱݩͷྖҬʹ౸ୡ͠ݩͷ৭ʹͳΔͨΊɺΓସΘΓ͕ 2ճҎԼͳΒɺ

֎पͷ৭શͯಉ͡৭Ͱ͋Δ٭ 4͔ɺΓସΘΓͷؒͷΈ࢝ͷ࣍ͷྖҬͱҟͳΔ৭͕࿈ଓ͢Δ٭ 5ੑ࣭͔Β

ಋ͔ΕΔɻ·ͨɺࠇ৭ͷྖҬ͕ෆ࿈ଓͳ߹ɺࠇ৭ͷ෦ΛִͯΔ෦ന৭Ͱ͋ΔͨΊɺന৭ͷྖҬෆ࿈ଓ

ʹͳΔͷͰɺʮͦΕͧΕ࿈ଓʯͰͳ͘ɺʮগͳ͘ͱͲͪΒ͔ʯ͕࿈ଓͰ͋Δ͚ͩͰྑ͍ͱ͑ݴΔ٭ 6ɻ

۩ମྫͷਤ??(a)ͱਤ??(b)Ͱ֎पͷ৭ͷΓସΘΓͦΕͧΕ 4ճͰ͋ΔͨΊɺ࿈ଓઢ͕ෆՄͰ͋Δͱ

ਖ਼͘͠ผ͞ΕΔɻͦͯ͠ਤ??(a’)ͱਤ??(b’)Ͱ֎पͷ৭ͷΓସΘΓͦΕͧΕ 2ճͰ͋ΔͨΊɺ࿈ଓઢ

͕ՄͰ͋Δͱਖ਼͘͠ผ͞ΕΔɻ֎पͷ৭ͷΓସΘΓ͕ 0ճͰ͋Δྫͱͯ͠ਤ 2.3ͷΑ͏ͳਤ͕͋ܗΔ͕ɺ2

৭ͰృΓ͚ՄͰ͋Γɺ࿈ଓઢՄͰ͋Δɻ

(a) (b)

ਤ 2.3: ֎पͷ৭ͷΓସΘΓ͕ 0ճͰ͋Δਤܗͷྫɻ(a)2৭ͰృΓ͚ՄͰ͋Γɺ(b)࿈ଓઢ

ՄͰ͋Δɻ

٭ 4৭ͷΓସΘΓ͕ 0 ճͰ͋Δ߹
٭ 5৭ͷΓସΘΓ͕ 2 ճͰ͋Δ߹
٭ 6͜Εʹ͍ͭͯ 2 ৭ͰͷΈΓཱͭੑ࣭Ͱ͋Δ
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৭ͷΓସΘΓ͕ 3ճҎ্Ͱ͋Δ߹٭ 7ɺਤ??(b)ͷ༷ʹɺࠇ͏߹͍͔৭ͷྖҬΛ࿈ଓʹ͢Δͱന৭͕࿈ଓ

Ͱͳ͘ͳΓɺ͍͔߹͏ന৭ͷྖҬΛ࿈ଓʹ͢Δͱࠇ৭͕࿈ଓͰͳ͘ͳΔɻͦͷͨΊࠇ৭ͱന৭ͷͲͪΒ͔

͕ෆ࿈ଓʹͳͬͯ͠·͏ɻਤ??ͷ (b)ͲͪΒ͔͕ෆ࿈ଓʹͳͬͯ͠·͏࠷؆୯ͳྫͰ͋Δɻ

ਤ 2.4ͷΑ͏ʹɺ৭ͷΓସΘΓ͕ 4ճͰ͋Δ߹ɺͲͪΒͷ৭पลͰ࿈ଓͰͳ͍ɻͦͷͨΊยํͷ৭ʢਤ

2.4தͰࠇʣΛ࿈݁ͤ͞Δͱɺͦͷܦ࿏ʹΑΓ͏ยํͷ৭ʢਤ 2.4தͰനʣͲ͔͜Ͱஅ͞ΕΔɻ·ͨɺ

ਤ 2.4: ֎पͷ৭ͷΓସΘΓ͕ 3ճҎ্Ͱ͋Δͱɺยํͷ৭Λ࿈݁ͤ͞Δ͜ͱʹΑΓɺ͏ยํͷ৭

͕அ͞ΕΔ༷ࢠɻਤதͰࠇ৭Λ࿈ଓઢͤͨ݁͞Ռɺന৭ͷ࿈ଓઢࠇ৭ͷઢʹΑͬͯஅ

͞Ε͍ͯΔɻ۩ମతʹͲͷ෦Ͱෆ࿈ଓͱͳΔ͔Λࣔ͢͜ͱͳ͘ɺෆ࿈ଓͰ͋Δ͜ͱΛূ໌Ͱ͖Δɻ

৭ͷΓସΘΓ͕ 6ճҎ্Ͱ͋Δ߹ʹɺਤ 2.4ͷύλʔϯؚ͕·ΕΔɻͦͷͨΊ৭ͷΓସΘΓ͕ 4ճҎ্Ͱ

͋Εɺগͳ͘ͱยํͷ৭ʹରͯ͠࿈ଓઢ͕Γཱͨͳ͍ɻ͕ͨͬͯ͠ఆཧ 1ඞཁ݅Ͱ͋Δɻఆཧ 1͕

े݅Ͱ͋Δূ໌ୈ 2.4.2ষͷ۩ମతͳ࿈ଓઢύλʔϯͷಋग़ʹ͓͍ͯ͏ߦɻ

ఆཧ 1Ͱɺʮ֎पͱลΛڞ༗͢Δখ໘ʹ͠ɺͦͷ 2৭ృΓ͚ͷ৭ͷΓସΘΓ͕Ұप͢Δؒʹ 2ճҎԼ

Ͱ͋Εɺ࿈ଓઢ͕Մʯͱड़ͨɻ͔͠͠ఆཧͷ໊લʹ͋Δ௨Γʮ୯࿈݁ͳฏ໘্ʯͱʮ࿈݁ͳંΓઢύλʔ

ϯʯͷ ঢ়ͷ੍Ͱ͋ΔͨΊɺୈ??અͰड़Δ͜ͱͱ͠ɺܗͷࢴͷ੍͕͋Δɻʮ୯࿈݁ͳฏ໘্ʯʹ͍ͭͯݸ2

͜͜ͰંΓઢʹண͢Δɻʮ࿈݁ͳંΓઢύλʔϯʯͰͳ͍ંΓઢύλʔϯʮ࿈݁Ͱͳ͍ંΓઢύλʔϯʯ

Ͱ͋Γɺਤ 2.5ͷΑ͏ͳɺ࿈ଓઢ͕ෆՄͳྫ͕ผͰ͖Δൣғ͔Βআ͔Ε͍ͯΔɻ͜ΕΒͷෆՄͳྫɺ۩

(a) (b)

ਤ 2.5: ֎पͷ৭ͷΓସΘΓ͕ 0Ͱ͋Δʹ͔͔ΘΒͣɺ࿈ଓઢ͕ෆՄͳྫɻ(a)ฏୱંෆՄ

ͳંΓઢύλʔϯɻ(b)ฏୱંՄͳύλʔϯɻ

ମతͳ࿈ଓઢͷಋग़ʹඞཁͰ͋Δʮશͯͷಉ͡৭ͷখ໘͕ɺಉ͡৭ͷখ໘ͦ͘͠ͷͷΈΛܦ༝ͯ͠

͠߹͍ͬͯΔʢશҬͰ͋ΔʣʯಛΛͨ࣋ͳ͍ંΓઢύλʔϯͰ͋Δɻਤ 2.5(a)ฏୱંෆՄͳંΓઢύλʔϯ

Ͱ͋Γɺਤ 2.5(b)ฏୱંՄͳંΓઢύλʔϯͰ͋ΔɻͦͷͨΊฏୱંͷՄ൱ผͱؔͳ͘ੜ͡ΔંΓઢ

ύλʔϯͰ͋Γɺ੍ͱͯ͠ඞཁͱͳΔɻ

ਤ 2.5ڞʹ֎पͷ৭ͷΓସΘΓͷ͕ 0ճͰ͕͋ͬͨɺਤ 2.6ͷΑ͏ʹ֎पͷ৭ͷΓସΘΓ͕ 2ճͰ͋ͬ

ͯɺಉ༷ʹ࿈ଓઢ͕ෆՄͳྫଘ͢ࡏΔɻ

ਤ 2.5(a)ͷΑ͏ͳɺંΓಉ͕࢜֎पΛհͯ͑͠͞ଓ͍ͯ͠ͳ͍ύλʔϯɺͦͦંΔ͜ͱ͕ෆՄͳ

ંΓઢύλʔϯͰ͋Δɻࠓճͷઢͷझࢫ 2৭ృΓ͚ʹର͢ΔઢͰͳ͘ɺʢฏ໘Ͱͳ͘ͱʣંΓͨͨ

Έ͕ੜ͡ΔંΓࢴʹର͢ΔઢͰ͋ΔɻͦͷͨΊਤ 2.5(b)ͷΑ͏ͳগͳ͘ͱͰ֎पʹྡ͍ͯ͠ΔંΓ

ઢύλʔϯʹ͍ͭͯͷΈ͑ߟΕྑ͍ɻ

ਤ 2.5ͱਤ 2.6ͱΛݟൺΔͱɺӈ্ͷ໌Δ͍ փ৭ ͷখ໘٭ 8ΛՃ͢Δ͜ͱͰɺ࿈ଓઢ͕Մͳঢ়ଶΛ࿈

ଓઢ͕ෆՄͳঢ়ଶͱมԽ͍ͤͯ͞Δɻ

٭ 7Ұप͢ΔͨΊ৭ͷΓସΘΓۮͰ༗Γɺ৭ͷΓସΘΓͷճ࣮ࡍʹ 4 ճҎ্Ͱ͋Δ
٭ 8ന৭ͷখ໘ͷྖҬʹྨ͞ΕΔ
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(a) (b)

ਤ 2.6: ֎पͷ৭ͷΓସΘΓ͕ 2Ͱ͋Δʹ͔͔ΘΒͣɺ࿈ଓઢ͕ෆՄͳྫɻ(a)ฏୱંෆՄ

ͳંΓઢύλʔϯɻ(b)ฏୱંՄͳύλʔϯɻਤ 2.5ͷӈ্ʹ৽ͨͳྖҬʢ փ৭ ʣΛੜ͢Δ͜ͱ

Ͱ৭ͷΓସΘΓΛ 2૿Ճ͍ͤͯ͞Δɻ

͜ͷมԽ֎पۙΛ༻͍ͨඍখͳมԽͰՄͰ͋Δɻࡏݱͷͱ͜ΖඞཁͰͳ͍͕ɺฏୱંʹݶΒͳ͚Εɺ

࿈ଓઢՄͳંΓઢύλʔϯ͔ΒɺંΓΛՃ͢Δ͜ͱͰ࿈ଓઢෆՄͳখ໘Λൃੜͤ͞Δ͜ͱՄͰ

͋Δɻ

ਤ 2.5ʹɺಉ͡৭ͷখ໘ͱͦͷͷΈΛܦ༝ͯ͠౸ୡͰ͖ͳ͍ಉ͡৭ͷখ໘͕ଘ͢ࡏΔɻਤ 2.5(a)Ͱ͍ࠇ

খ໘ͱന͍খ໘͕ɺਤ 2.5(b)Ͱന͍খ໘͕ͦͷΑ͏ͳঢ়ଶͰ͋Δɻ͜ͷΑ͏ͳɺʮಉ͡৭ͷখ໘ͱͦͷΛܦ

༝ͯ͠౸ୡͰ͖ͳ͍ಉ͡৭ͷখ໘͕ଘ͢ࡏΔঢ়ଶʯ٭ 9Λʮʢͦͷ৭ͷྖҬ͕ʣஅʢ͞Ε͍ͯΔʣʯͱද͢ݱΔɻ

͞Βʹɺ͋Δ 1ͭͷখ໘͔ͦ͘͜͠Βಉ͡৭ͷখ໘ͱͦͷͷΈΛܦ༝ͯ͠౸ୡՄͷಉ͡৭ͷখ໘ू߹

ʹର͠ɺͦͷ৭͕ʮஅʯ͞Ε͍ͯΔ߹ʹɺͦͷখ໘ʢू߹ʣΛʮʢಉ͡৭ͷখ໘ͱͦͷΛܦ༝ͯ͠౸ୡ

Ͱ͖ͳ͍খ໘ू߹͔Βʣཱ͍ͯ͠ݽΔʯͱද͢ݱΔ٭ 10ɻ

1ͭͰཱͨ͠ݽখ໘͕ଘ͢ࡏΕɺͦͷཱͨ͠ݽখ໘ʹ࿈ଓઢ͕ෆՄͰ͋ΔͨΊɺͦͷંΓࢴશମʹର

ͯ͠࿈ଓઢ͕ෆՄͰ͋Δɻͦͯ͠ɺ͜ͷผख๏Ͱ֎पͷ৭ʹͷΈ͓ͯ͠Γɺ෦ʹଘ͢ࡏΔཱ͠ݽ

ͨখ໘ͷଘࡏ֎प͚ͩͰஅͰ͖ͳ͍ɻಛʹɺਤ 2.5ʹࣔ͢ͷύλʔϯࠇҰ৭ͷύλʔϯͱ֎पͷ৭ಉ͡

Ͱ͋ΓɺͦΕΏ͑ʹશͯͷʹ͓͍ͯ࣍ۮͰ͋ΔͨΊɺ֎पʹӨڹΛ༩͑ͳ͍ύλʔϯͰ͋Δɻͦͷͨ

Ίຊख๏ʮ֎पͱลΛڞ༗͢Δখ໘ʹ͠ɺͦͷ৭ͷΓସΘΓ͕Ұप͢Δؒʹ 2ճҎԼͰ͋Εɺͦͯͦ͠

ͷͱ͖ʹݶΓ࿈ଓઢ͕ՄͰ͋ΔʯͰʮཱͨ͠ݽখ໘͕ଘ͠ࡏͳ͍͜ͱʯΛࣄલʹ্ͬͨͰͷΈద༻Ͱ͖

Δ࿈ଓઢՄ൱ผख๏Ͱ͋Δɻখ໘ू߹Ͱͳ͘ Δʯʮ֎पཱ͍ͯ͠ݽͷখ໘Λѻ͏߹ʹʮখ໘͕ݸ1

ͱڞ༗͍ͯ͠ΔลΛআ͖ɺͦͷখ໘ͷͷ͕࣍શͯ 2Ͱ͋ΔʯͱಉͰ͋Δɻͦͯ͠ɺʮখ໘ू߹ཱ͕ͯ͠ݽ

͍Δʯʮ֎पͱڞ༗͍ͯ͠ΔลΛআ͖ɺͦͷখ໘ू߹ͷ෦ͷลΛऔΓআ͘ͱͷ͕࣍શͯ 2Ͱ͋Δʯͱ

ಉͰ͋Δɻখ໘͘͠খ໘ू߹ཱ͕͍ͯ͠ݽΔ͔ͷఆɺͦΕͧΕͷ৭ʹରͯ͠ಠཱͯ͑͠ߦΔͨΊɺܭ

ͦΕ΄ͲʹͳΒͳ͍ɻྔࢉ

·ͨɺখ໘ͷଓؔΛάϥϑͰදͤޮతʹখ໘ू߹ͷཱݽΛఆͰ͖Δɻখ໘Λͱͯ͠ɺΛڞ༗

͢Δಉ͡৭ͷখ໘ΛลͰଓͨ͠άϥϑΛ͑ߟΔͱɺখ໘ཱ͕͍ͯ͠ݽΔ߹ʹɺখ໘ͷଓؔΛද͢άϥ

ϑશҬͰͳ͍άϥϑͱͳΔɻάϥϑ͕શҬͰ͋Δ͔ͷผɺଓؔͷάϥϑΛͲ͏֨ೲ͢Δ͔ʹΑͬͯ

ଟগӨڹ͋Δͷͷɺ෯༏ઌ୳ࡧΛ༻͍Δ͜ͱͰ O(ลͷ٭ 11)ͰՄͰ͋Δɻ

2.4 ࿈ଓઢख๏
2.4.1 ࿈ଓઢख๏ͷඞཁੑ

ͷఆཧه্ 1ɺఆཧ??Λ༻͍ͨผ๏Ͱ࿈ଓઢͷՄ൱ఆͰ͖Δɻ͔͠͠࿈ଓઢՄͰ͋ΔͳΒৗʹ

ઢΛແ࡞ҝʹͯͬߦ࿈ଓઢՄͱݶΒͳ͍ɻྫ͑ਤ 2.7(a)ਤ 2.7(b)ͷ༷ʹ 2৭ృΓ͚ՄͰ͋Δɻ

ͦͯ͠ɺখ໘ͷ৭ͷΓସΘΓ͕ 0ճͰ͋Γɺಉ༷ʹંΓઢͷҰචॻ͖ՄͰ͋ΔͨΊɺͲͪΒͷผख๏ʹ

Αͬͯ࿈ଓઢ͕ՄͰ͋Δͱผ͞ΕΔɻͪΖΜɺ࣮ࡍʹਤ 2.7(c)ͷΑ͏ʹ࿈ଓઢՄͰ͋Δɻ

٭ 9ͭ·Γɺʮશͯͷಉ͡৭ͷখ໘͕ɺಉ͡৭ͷখ໘ͦ͘͠ͷͷΈΛܦ༝ͯ͠͠߹͍ͬͯΔʢશҬͰ͋ΔʣʯΛຬͨ͞ͳ͍ঢ়ଶ
٭ 10ਤ 2.3 ͷΑ͏ʹɺಉ͡৭ͷখ໘͕ 1 ͔ͭ͠ଘ͠ࡏͳ͍߹ʹɺଞͷಉ͡৭ͷখ໘͕ଘ͠ࡏͳ͍ͨΊɺଞͷಉ͡৭ͷখ໘ʹ౸ୡ͢Δ͜ͱ
ෆՄͰ͋Δɻ͔͠͠ɺ0 ༝ܦશͯͷখ໘ʹଓͰ͖͍ͯΔͱղऍ͢ΔͳͲͰɺશͯͷಉ͡৭ͷখ໘͕ಉ͡৭ͷখ໘ͦ͘͠ͷΛݸ
ͯ͠͠߹͍ͬͯΔͱଊ͑ɺཱ͍ͯ͠ݽΔͱද͠ݱͳ͍ɻ

٭ 11খ໘ಉ࢜ͷଓͷ



ୈ 2ষ ંΓࢴͷߏ໘ͷిؾతଓ 13

͔͠͠ɺਤ 2.7(d)ͷΑ͏ʹத৺ͷ͍ࠇখ໘͔Β์ࣹঢ়ʹଓ͢Δͱɺ4ݸͷന͍খ໘࿈ଓઢෆՄʹͳͬͯ

͠·͏ɻ͜ͷΑ͏ʹɺઢՄͰ͋Δిۃύλʔϯʹରͯ͠࿈ଓઢ͕༰қʹ٭ 12ಘΒΕΔͱݶΒͳ͍ɻ

(a) net (b) bi-color (c) correct (d) bad

ਤ 2.7: ࿈ଓઢ͕͏·͍͘͘ઢྫͱ͏·͍͔͘ͳ͍ઢྫɻແ࡞ҝʹଓͯ͠࿈ଓઢ͕͏·͍͘

͘ͱݶΒͳ͍ɻ(a)ృΓ͚ՄͳંΓࢴͷల։ਤɻ(b)2৭ృΓ͚ɻંΓઢύλʔϯ࿈ଓઢ͕

ՄͰ͋Γ (c)ͷΑ͏ʹ࿈ଓઢՄ͕ͩ (d)Ͱ࿈ଓઢ͕ෆՄʹͳΔɻ

ͷଓύλʔϯΛશ௨Γ͢ࢼख๏ͪΖΜిۃύλʔϯΛಋग़Ͱ͖Δ͕ɺਤ 2.8ͷΑ͏ʹɺ͕࣍େ͖͍

ʹରͯ͠ଟ͘ͷଓύλʔϯ͕ଘ͢ࡏΔɻ͜ͷͰͷଓͷύλʔϯͷɺଓؔࠩ͠ަ͕ͳ͍Α

vertices of
degree 4

vertices of
degree 6

vertices of
degree 8

14 ways
(in total)

ਤ 2.8: ͷ࣍ͱଓύλʔϯྫɻ࣍ͷ૿Ճʹରͯ͠ଓύλʔϯ૿Ճ͢Δɻ

͏ͳྖҬͷׂʹ૬͢Δɻ͢ΔͱɺʮඇަׂࠩʯͱݺΕΔΧλϥϯ͕ͦͷʹରԠ͠ɺ͕࣍ 2n

͘͠ 2n + 1ͷʹରͯ͠ Cn =
(2n)!

(n+ 1)!n!
≈ 4n

n
3
2
√
π
௨Γͷଓύλʔϯ͕ଘ͢ࡏΔ͜ͱͱͳΓɺࢦؔ

తʹ૿Ճ͢Δ [44]ɻ͞Βʹɺ͜ͷύλʔϯ͕͝ͱʹଘ͠ࡏɺͦΕͧΕΛಠཱʹ͑ߟΔ૯ͨΓͰɺͦ

ΕͧΕͷύλʔϯͷΛֻ͚߹Θͤͨͷ࿈ଓઢΛ͑ߟΔඞཁ͕͋Δ٭ 13ɻ͜ͷΑ͏ͳ૯ͨΓͷύλʔϯ

ೋॏࢦؔతʹ૿Ճ͢ΔͨΊɺ૯ͨΓ࣮ݱతͰͳ͍ɻͦ͜Ͱɺ۩ମతͳྫΛ༻͍ͯޮతͳ࿈ଓઢ

ੜΞϧΰϦζϜΛհ͢Δɻ

٭ 12ͭͳ͛ΒΕΔॴΛ͚࣍ͭݟୈͭͳ͛Δᩦཉ๏Ͱ
٭ 13ྫ͑ਤ 2.7  16 ௨ΓͰ͋Δ͕ɺҰൠతͳંΓͷંΓઢύλʔϯ͕࣍ 4 ͷ͕ 37 ͕࣍ɺݸ 6 ͷ͕ 1 ͕࣍ɺݸ 9 ͷ
͕ 2 ༗ΔͨΊɺC37ݸ

2 C3C2
4 ≈ 1.35× 1014 ௨ΓͷଓύλʔϯΛ͜͢ࢼͱͱͳΓɺͦΕͧΕʹରͯ͠࿈ଓઢΛ࣮͍ͯ͠ݱΔ͔Λ֬ೝ͢

Δ͜ͱ΄΅ෆՄͰ͋Δ
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2.4.2 શҬΛ༻͍ͨ࿈ଓઢಋग़

ຊख๏ɺ֎पʹลͰྡͨ͠ྖҬͷ৭Λ༻͍ͨ࿈ଓઢՄ൱ผʹରԠ͢Δख๏Ͱ͋Δɻ͔͠͠֎पͷ

ͰͷଓύλʔϯΛઌʹܾఆ͢ΔఔͷରԠͰ͋Γɺ͍ؔڧ࿈ͳ͍ɻ

(a) (b) (c) (d)

(g2)(g)(e) (f)

ਤ 2.9: ృΓ͚Մ൱ͷผͱશҬΛ༻͍ͨઢಋग़ɻখ໘ͷྡؔΛද͢άϥϑͷશҬͷଓ

ͱରԠ͢ΔઢʹΑΓ࿈ଓઢ͕ՄͰ͋Δɻ(a)ંΓઢύλʔϯɻ(b)2৭ృΓ͚ύλʔϯɻ(c)֎

पͱลΛڞ༗͢Δখ໘ʹ͠ɺͦͷ৭ͷΓସΘΓ͕Ұप͢Δؒʹ 2ճҎԼͰ͋Δఆɻ(d)֎पͱ

ลΛڞ༗͢Δখ໘Λ࿈݁ͤ͞Δɻ(e)ͰͷྡؔΛลͰදͨ͠ਤɻന͍ྖҬʹରͯ͠ઢͰɺ

Ͱ͋Δɻ(f)നઢͰͦͷάϥϑΛද͢ɻ࣮ઢɺ(d)ͷஈ֊Ͱ࿈݁͞ΕͨؔҬʹରͯ͠Ұྖ͍ࠇ

৭ͷྖҬʢઢͷάϥϑʣʹରͯ͠શҬΛߏஙͨ͠ྫɻ(g)ಋग़͞Εͨ࿈ଓઢύλʔϯɻ(g2)࣍

͕ 8ͷۙͷ (g)ͷ֦େਤɻ[45]

·ͣɺਤ 2.9(a)ͷύλʔϯ͕༩͑ΒΕͨͱ͢Δ [45]ɻฏୱંՄͳંΓઢύλʔϯͰ͋Γɺ2৭ృΓ͚͕Մ

Ͱ͋ΔɻંΓઢύλʔϯͷҙͷখ໘ΛબͼลͰྡ͢Δখ໘ΛॱʹҟͳΔ৭ʹృΔૢ࡞ʹΑΓɺਤ 2.9(b)ͷ 2

৭ృΓ͚͕ҰҙʹಘΒΕΔ٭ 14ɻ࣍ʹਤ 2.9(c)ͷΑ͏ʹ֎पͷ৭ͷΈʹ͠৭ͷೖΕସΘΓ͕ 2ճҎԼɺͭ

·Γ࿈ଓઢՄͰ͋Δੑ࣭Λ֬ೝ͢Δɻຊख๏࿈ଓઢ͕ՄͰ͋ΔਤܗʹͷΈରԠ͢ΔͨΊɺਤ 2.9(c)ͷ

ஈ֊Ͱ৭ͷೖΕସΘΓ͕ 4ճҎ্Ͱ͋ΕɺંΓઢύλʔϯΛ͑ߟ͢ɻͨͩ͠ɺશͯͷಉ͡৭ͷখ໘Ͱ

શҬͰ͋Δͱ͢Δ٭ 15ɻ

ਤ 2.9(d)ͷΑ͏ʹ֎पͰ৭͕࿈ଓ͢Δॴʹؔͯ͠ɺͦͷ৭Ͱ֎पͷখ໘ಉ࢜Λଓ͢Δɻ٭ ɺ֤৭ʹ࣍16

ʹରͯ͠খ໘Λͱͨ͠ͰͷྡΛลͱ͢ΔάϥϑΛٻΊΔɻന৭ͷখ໘ʹର͢ΔྡάϥϑΛਤ 2.9(e)

ͷઢʹࣔ͢ɻ·ͨɺߟࢀͷͨΊʹࠇʹ͍ͭͯͷখ໘Λͱ͠ͰͷྡΛลͱ͢Δάϥϑਤ 2.9(e)ʹҰ

ઢͰࣔ͢ɻ

͜ͷάϥϑͰɺશҬΛߏங͢Δͱɺด࿏Λͨ࣋ͳ͍ͨΊࠇ৭ͷྖҬΛཱͣͤ͞ݽɺશҬੑશͯͷന৭

ͷখ໘Λ࿈ଓઢͤ͞Δɻྡάϥϑ͔ΒશҬ͕Ұҙʹܾ·ΔͱݶΒͳ͍͕ɺਤ 2.9(f)ͷΑ͏ʹ͍ͣΕ͔ͷ

શҬΛಋग़͢Ε্هͷੑ࣭ຬͨ͞ΕΔɻಛʹ੍Λઃ͚ͳ͍શҬͷߏஙด࿏͕ੜ͡ͳ͍Α͏ʹॱʹ

ଓ͢Δ͚ͩͰՄͰ͋ΔͨΊɺྔࢉܭ O(|F |)Ͱ͋Δ٭ 17ɻ

ͦͯ͠ɺਤ 2.9(g)ͷΑ͏ʹ͜ͷશҬͷ࿈݁ʹରԠ͢ΔΑ͏ʹʹઢύλʔϯΛՃ͢ΔॲཧͰ࿈ଓઢ

ΔɻͦͷͰੜ͍ͯ͡Δ࿈͕݁ɺશͯಉ৭Ͱ͋Δ߹ʹͦͷۙΛԁঢ়ʹృΓͭͿ͢͜ͱͰ͢ݱ࣮͕

ઢ͕ՄͰ͋ΔɻͦͷͰੜ͍ͯ͡Δ࿈͕݁ɺશͯಉ৭Ͱͳ͍߹ʹɺਤ 2.9(g)ͷ͕࣍ 8ͷͷΑ͏ʹɺ

ઔܗΛΈ߹ΘͤͨృΓ͚͕ඞཁͱͳΔɻ͕࣍ 8ͷͷ֦େਤਤ 2.9(g2)ͷΑ͏ʹͳΓɺਤ 2.9(f)ͷ੨͍

Ұઢͱ͍ઢ͕ͦΕͧΕ੨৭ͱ৭ͷ࣮ઢͷΑ͏ʹ࿈݁͞ΕΔ͜ͱͰ࿈ଓઢ͕࣮͢ݱΔɻ

٭ 14৭Λసͨ͠ύλʔϯಉҰͷృΓ͚ύλʔϯͱ͢Δ
٭ 15͜ͷॲཧʹ͍ͭͯ෦ͷંΓઢύλʔϯΛݟΔඞཁ͕͋Δɻ
٭ ճѻ͏ਤࠓ16 2.9(d)Ͱશͯͷ֎पͷͷ͕࣍ 4ҎԼͰ͋Δ͕ɺ6Ҏ্Ͱ͋Δ߹֎पʹྡ͍ͯ͠ͳ͍ྖҬΛ࿈݁͠ͳ͍Α͏ʹ
ҙ͢Δɻ

٭ 17੍Λઃ͚Δ߹ʹ͍ͭͯୈ??খઅͰड़Δɻ
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2.5 ୈ2ষͷ·ͱΊ

ୈ 2ষͰɺંΓઢύλʔϯʹର͢Δ࿈ଓઢͷՄ൱ผख๏ͱɺՄͳ߹ͷ۩ମతͳઢಋग़ΞϧΰϦζ

ϜΛհͨ͠ɻ

ຊख๏͕ఏҊ͞ΕΔલɺઢ͕Մ͔Θ͔Βͳ͍··ɺਓ͕ؒखۀ࡞Ͱ࿈ଓઢΛ୳͍ͯͨ͠ɻ͔͠͠ɺ

ผख๏ͱ۩ମతͳઢύλʔϯͷಋग़ΞϧΰϦζϜ͕Ͱ͖ͨࠓɺଘ͠ࡏͳ͍ઢύλʔϯΛ͢ࡧΔແବͳ͘

ͳΓɺઢ͕ଘ͢ࡏΕࣗಈతʹύλʔϯΛੜͰ͖ΔɻϢʔβ͕࡞༷ͨ͠ʑͳܗঢ়ͷંΓࢴͳͲΛɺͦͷ··

εϐʔΧͱͯ͠༻͢ΔઢઃܭΛେ෯ʹ؆୯ʹ͢Δɻ

ୈ 2ষɺંΓࢴͷมܗΛͨ͢͜ىΊͷܰബͳճ࿏ͱͯ͠ಋిੑΠϯΫʹண͠ɺͦͷҹύλʔϯͷΞϧΰ

ϦζϜΛߏங͢Δ͜ͱͰҹͷΈͰ࣮͢ݱΔΞΫνϡΤʔλɾઢΛ࣮ͨ͠ݱɻ͜ΕʹΑΓઢ͞Ε͍ͯΔ෦

શମΛಉ࣌ʹมͤ͞ܗΔճ࿏Λ࣮ͨ͠ݱɻ



ୈ3ষ

ંΓࢴͷॱংಈ࡞ͷͨΊͷཧճ࿏

ຊୈ 3ষ͕ड़Δ༰ંΓࢴͷมܗΛॱʹܰ͢͜ىബͳճ࿏Ͱ͋Δɻ

ຊୈ 3ষͰมܗΛ͢͜ىΞΫνϡΤʔλͱͯ͠ܗঢ়هԱ߹ۚΛ༻͍Δɻܗঢ়هԱ߹ۚग़ྗͷΘΓʹܰബͰ

͋ΔͨΊɺܗʹطঢ়هԱ߹ۚંΓࢴͷมܗʹ༻͍ΒΕ͖ͯͨɻຊୈ 3ষͷςʔϚʮॱʹมܗΛ͢͜ىʯͷ࣮ݱ

ͷͨΊɺશͯͷܗঢ়هԱ߹ۚʹిѹ͕ҹՃ͠͏Δճ࿏͕ॱʹܗঢ়هԱ߹ۚͷۦಈΛ࣮͢ݱΔγεςϜΛߏங͢Δɻ

ैདྷܗঢ়هԱ߹ۚΛ༻͍ͨંΓࢴͷมܗʹɺԹͰۦಈ͢ΔͨΊڥͷԹ෩ʹΑͬͯมҐ͕༰қʹม

Խ͢ΔͨΊϞʔλͱൺΔͱ੍͕ޚ͍͕͋ͬͨ͠ɻͦͯ͠ɺܗঢ়هԱ߹ۚͷۦಈʹંΓ֯Λ؍ଌ͢Δ

ͳηϯαͦͷपลճ࿏ඞཁͰ͋ͬͨɻੑߴ

ຊୈ 3ষͰɺંΓࢴϩϘοτͷଟ͕͘ඞཁͱ͢ΔંΓ֯ͷใ͕ɺંΓ֯ࣗମͷใͰͳ͘ંΓ֯ͱ͖͠

͍ͷେখؔͰ͋Δ͜ͱʹணͨ͠ɻͦͯ͠ߴਫ਼͔ͭ࿈ଓతͳંΓ֯ͷมԽͷऔಘΛఘΊΔΘΓʹɺ͖͠

͍ͱͷେখؔͷΈΛߴਫ਼ͰٻΊΔηϯαΛಔςʔϓͰബ࣮ͨ͘͠ɻ

ैདྷͷηϯαͷଟ͘߅ͷมԽిѹͷߴͰ࿈ଓతʹ֯Λग़ྗ͕ͨ͠ɺຊୈ 3ষͰఏҊ͢Δബ͍ηϯ

αಋ௨ͱஅઢʹΑͬͯେখؔΛग़ྗ͢ΔɻͦͷͨΊɺηϯαͱྻʹిݯͱܗঢ়هԱ߹ۚΛଓ͢ΕંΓ

͕֯ܗঢ়هԱ߹ۚͷۦಈɺͻ͍ͯંΓࢴͷมܗΛͤ͜ىΔɻ͜ͷੑ࣭ͱग़ྗͷෆ࿈ଓੑ͔ΒɺఏҊ͢Δಔ

ςʔϓʹΑΔηϯαΛಔςʔϓεΠονͱݺͿɻ͜ͷಔςʔϓεΠονΛ͋ΔંΕ͔֯ΒஅઢʹΓସΘΔΑ͏

ʹઃ͠ܭɺ͋ΔંΕ֯·Ͱܗঢ়هԱ߹͕ۚۦಈ͢Δ͕ͦͷંΕ֯Ҏ্Ͱܗঢ়هԱ߹͕ۚఀ͠ࢭɺతͷંΕ

֯ۙͰ҆ఆ͢ΔΑ͏ͳಈ͕࡞Մͱ͢Δɻ

ͦͯ͠͞ΒʹಔςʔϓεΠονΛྻฒྻʹଓ͠ɺΑΓෳࡶͳ݅ʹΑΔܗঢ়هԱ߹ۚͷۦಈ࣮ͨ͠ݱɻ

ຊఏҊʹΑΓશମʹిѹΛҹՃ͢Δ͚ͩͰંΓࢴͷܗঢ়ʹΑͬͯಔςʔϓͷಋ௨͕ؔมԽ͠ܗঢ়هԱ߹ۚΛ੍

ͳ͍ബ͘͠ࡌಈ͢ΔɺICΛۦԱ߹ۚͰهঢ়ܗՄͱͳΔɻຊՌʹΑΓɺ͕ޚΔ੍͢ܗΔ͜ͱͰɺॱʹม͢ޚ

͍ͯܰંΓࢴϩϘοτ͕࣮ݱͰ͖Δɻ

ຊୈ 3ষͷՌɺ

[C1]Ԟ୩จಙɼܓݪതɼ“ಔςʔϓճ࿏ͷഉଞతཧͷԁંΛ༻͍࣮ͨɼ”ిࢠใ௨৴ֶձٕज़ڀݚ

ใࠂʢCASʣɼvol.119, no.313, CAS2019-52, pp.59–64, Nov. 2019.

[C2]Ԟ୩จಙɼܓݪതɼ“ग़ྗΛೖྗʹϑΟʔυόοΫ͢Δ͜ͱͰ܁Γฦ͠ભҠΛߏ͢ΔΈ߹Θͤճ࿏ͷ؆

୯ԽʹΑΔϩόετੑɼ”ిࢠใ௨৴ֶձٕज़ڀݚใࠂʢCOMPʣɼvol.119, no.249, COMP2019-21, pp.27–34,

Oct. 2019.

[C3]Ԟ୩จಙɼܓݪതɼ“ંΓࢴϩϘοτͷ੍ޚճ࿏ͷࣗޚ੍ࢄΛ༻͍ͨ؆୯Խɼ”ిࢠใ௨৴ֶձι

αΠΤςΟେձߨԋจूɼno.N-1-1, Sept. 2019.

Ͱൃද͞Εͨ༰ͷ࠶ར༻ΛؚΉɻ

3.1 ંΓࢴϩϘοτͷ੍ޚͷ

ɹંΓࢴϩϘοτɺϩϘοτΛബ͍ঢ়ଶͰ༌ૹͰ͖ΔͨΊɺେྔͷϩϘοτΛ༌ૹ͍ͨ͠߹ɺݶΒΕͨ

ۭؒͷதͰബ͍ঢ়ଶͰ༌ૹ͢Δ߹ʹඇৗʹศརͰ͋Δɻ͞ΒʹɺંΓࢴϩϘοτ͞ࡌΕͨόοςϦͱΞΫ

νϡΤʔλΛ༻͍ͯ֎෦͔Βͷૢ࡞ΛඞཁͱͤͣંΓ্͕Γɺઃ͞ܭΕͨܗঢ়ͱม͢ܗΔࣗંݾͱݺΕΔ

ͷൃ׆͕ڀݚʹͳͬͨɻͦͷͨΊɺখ͘͞ંΓͨͨΊΔੑ࣭ɺΈཱͯͷख͕͍ؒΒͳ͍ੑ࣭͕༗༻ͳɺӉ

ʹଧ্ͪ͛ΔϩϘοτੜମͰಈ͘ϩϘοτͳͲͱͯ͠ண͞Ε͖ͯͨɻ

ͦͯ͠ɺંΓࢴϩϘοτͷ༌ૹ໘ʹ͓͚ΔརɺંΓࢴϩϘοτͷܰ͞ɾബ͞ʢখ͞͞ʣʹ͋ΓɺͦͷརΛ
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ଛͳΘͳ͍ͨΊʹബ͍ʢখ͍͞ʣܗঢ়هԱ߹ۚΛΞΫνϡΤʔλͱͯ͠༻͍ΒΕ͍ͯΔɻܗঢ়هԱ߹ۚɺΛ

༩͑Δͱݩͷܗঢ়ʹΖ͏ͱ͢Δྗ͕ಇ͘߹ۚͰ͋Γɺ֎෦͔ΒΛ༩͑Δ͔ɺిྲྀΛྲྀͯ͠δϡʔϧΛ༻͍ͯ

ಈ͢ΔͨۦԱ߹ۚͷԹͰهঢ়ܗԱ߹ۚ֎෦͔Β༩͑ͨྔిྲྀྔͰͳ͘ɺهঢ়ܗಈ͞ΕΔɻ͔͠͠ɺۦ

Ίɺ੍͕ޚ͍͠Λ༗͢Δɻ

ैདྷ͜ͷΛɺંΓ֯ηϯαΛͯ͠ࡌϑΟʔυόοΫ੍ޚΛͯͬߦղܾ͍ͯͨ͠ɻ͔͠͠ંΓ֯Λऔಘ

͢ΔͨΊͷηϯαંΓࢴϩϘοτͷް͞Λ૿Ճͤ͞ΔཁҼͰ͋Γɺߴਫ਼͔ͭബ͍ηϯα͕ొ͢Δ͜ͱͳ

͔ͬͨɻߴਫ਼͔ͭബ͍ηϯα͕࣮͢ݱΕɺܗঢ়هԱ߹ۚͷΑ͏ͳෆ҆ఆͳΞΫνϡΤʔλΛંΓࢴϩϘοτ

ʹ༻͍ΒΕΔΑ͏ʹͳΔɻ

ંΓࢴϩϘοτͷ΄ͱΜͲͷ੍ޚߴਫ਼͔ͭ࿈ଓతͳંΓ֯ͷมԽΛऔಘ͢Δʹ͔͔ΘΒͣɺ࣮ࡍʹ༻͍ͯ

͍Δใతͷ֯·ͰมԽ͔ͨ͠ͷஅͷΈͰ͋ͬͨɻͦͷͨΊɺ͋ΔંΕ֯·ͰંΕ͔ͨͲ͏͔Λߴਫ਼

ʹऔಘͰ͖Εɺଞͷ֯ʹ͓͚Δߴਫ਼ͳ֯ෆཁͰ͋Δɻຊୈ 3ষͰ͜ͷੑ࣭ʹண͠ɺ֯ͷେখؔ

͞ΕɺંΕ֯ߏɻηϯαಔςʔϓͰͨ͠ݱͳ͍͕ܰബͳંΕ֯ηϯαΛ࣮ͨ࣋ͷΈͷఆͷΈͷྗ͔͠

ͷେখؔΛಋ௨ͱஅઢʹΑͬͯग़ྗ͢ΔͨΊɺ͜ͷηϯαΛಔςʔϓεΠονͱݺͿɻ

ຊୈ 3ষͰɺఏҊ͢ΔಔςʔϓεΠονͷ༗༻ੑΛ͔֬ΊΔͨΊʹɺંΓߏࢴʹηϯαΛ͠ࡌɺંΓࢴ

ϩϘοτͷঢ়ଶΛѲ͠ɺॴͷॱ൪ͰંΔ੍ޚΛ͏ߦɻैདྷͷ੍ޚͰɺࣗંݾͱݺΕΔڀݚͰ͋Γɺॴͷ

ॱ൪ͰંΔ੍ޚΛ͍ͯͬߦΔɻͦͷࣗંݾ֎ͷ੍ޚΛඞཁͱ͠ɺϩϘοτͷ෦ʹ੍͕͋ޚΔ߹ʹ ICͳ

ͲͷްΈͷ͋ΔૉࢠΛඞཁͱ͍ͯͨ͠ɻͦͯ͠ɺ֎෦ͷ੍ޚͰંΓࢴͷۦಈγεςϜશମͷॏྔ͕૿Ճͯ͠͠

·͍ɺલड़ͨ͠Ӊʹଧ্ͪ͛ΔϩϘοτͳͲʹద͞ͳ͍ɻຊఏҊɺ֎෦ͷ੍ثޚཁΒͣɺ෦Ͱബ͍ճ

࿏ͱ੍ޚγεςϜΛ࣮ͨͨ͠ݱΊɺ͜ͷްΈʹΑΔΛղܾͰ͖Δख๏Ͱ͋Γɺߴਫ਼ͳܗঢ়هԱ߹ۚͷ੍ޚ

Մͱ͢Δɻ
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3.2 ୈ3ষͷؔ࿈ڀݚ

ɹຊষͰɺैདྷͷંΓࢴϩϘοτͷ੍ޚɾैདྷͷંΓࢴϩϘοτͷঢ়ଶͷѲɾബ͍ճ࿏ͷ 3ʹ͚ͯ

ؔ࿈ڀݚΛհ͢ΔɻैདྷͷંΓࢴϩϘοτͷ੍ޚΛΞΫνϡΤʔλͱͱʹհ͠ɺંΓࢴϩϘοτ͕ͲͷΑ

͏ͳΞΫνϡΤʔλΛ༻͍͖͔ͯͨɾͲͷΑ͏ͳ੍ޚʹΑΓॴͷಈ͖Λ࣮͔͖ͨͯ͠ݱΛड़Δɻ

·ͣɺંΓࢴϩϘοτʹηϯαΛ໌ࣔతʹ͚͍ͭͯͳ੍͍ޚΛհ͢Δɻͭ·ΓɺϚΠίϯͳͲͷܭଌثػΛ

༻͍ͨϑΟʔυόοΫ੍ޚҎ֎ͷ੍ޚͰ͋Δɻ

ϩϘοτͷརΛଛͳΘͳ͍Α͏ͳɺঢ়ଶͷࢴΛհ͢ΔɻંΓߏػϩϘοτͷঢ়ଶΛѲ͢ΔࢴɺંΓʹ࣍

ѲʹऔΓΜͰ͍Δ͕ڀݚଟ͍ɻ·ͨંΓࢴϩϘοτͷঢ়ଶΛѲ͢ΔͨΊͰͳͯ͘ɺຊୈ 3ষͰηϯα

ͱͯ͠༻͍ΔߏػʹΑ͘ߏػͨࣅΛંͭ࣋ΓߏࢴΛհ͢Δɻ

Λ༻͍Δ͕ɺಋઢΛඞཁͱ͠ͳ͍Θ͚Ͱߏػͳ͍͠ࡌɺബ͍ճ࿏Λհ͢ΔɻఏҊख๏ूੵճ࿏Λʹޙ࠷

ͳ͍ɻͦ͜ͰɺఏҊ͢Δߏʹߟࢀʹͨ͠ബ͍ճ࿏ͱͦΕͧΕͷಛੑΛհ͢Δɻ

3.2.1 ैདྷͷંΓࢴϩϘοτͷ੍ޚ

ંΓߏࢴಛఆͷΞΫνϡΤʔλʹറΒΕͨߏͰͳ͍ͨΊɺ༷ʑͳΞΫνϡΤʔλΛ༻੍͍ͨߦ͕ޚΘΕ

͍ͯΔɻಛʹܗঢ়هԱ߹ۚɾϚΠΫϩϦχΞαʔϘɾྲྀϞʔλΛ༻੍͍ͯ͢ޚΔંΓࢴϩϘοτ͕ఏҊ͞Εͯ

͓ΓɺྲྀϞʔλɾϚΠΫϩϦχΞαʔϘɾܗঢ়هԱ߹ۚͷॱͰߴʹҠಈ͢Δ͜ͱ͕ՄͰ͋Δ [33]ɻจݙ [33]

Ͱհ͞Ε͍ͯΔϩϘοτਓ͕ؒखۀ࡞Ͱંͬͯ࡞ΔϩϘοτͰ͋Γɺ2͔ؒ࣌Β ͚͔ͯؒ࣌3 100mmఔͷ

େ͖͞ͷϩϘοτΛ͍ͯ͠࡞Δɻ͜ͷϩϘοτɺ1ຕͷࡐྉʹճ࿏ྨΛ͠ࡌɺॴͷܗঢ়ͱંΓͨͨΉ͜

ͱͰϩϘοτͯ͢͠ΔͷͰ͋Γɺ1ຕͷฏ໘ࡐྉ͔Β੍࡞Ͱ͖Δརͭ࣋ɻ

͜ͷΑ͏ʹΞΫνϡΤʔλΛ͢ࡌΔ߹ɺݐஙͷΑ͏ͳେܕͷߏ [46]Ͱ͋Εɺ͍ΘΏΔʮࢴʯͰ͋Δখ

໘ͷް͞૿Ճ͢ΔͨΊɺΞΫνϡΤʔλʹٻΊΔബ͞ͳͲͷ੍ݶগͳ͘ͳΔɻ͔͠͠ɺʮંΓࢴϩϘοτʯͱ

ͯ͠ఏҊ͞Ε͍ͯΔͷɺͦͷ΄ͱΜͲ͕ܰྔͰ͋Δੑ࣭ബܕͰ͋Δੑ࣭Λ͔ͨ͢׆ΊʹંΓߏࢴΛ༻͍

͍ͯΔɻͦͯ͠ɺͦͷંΓߏࢴͷརΛଛͳΘͳ͍ͨΊʹɺܰྔͰখܕͳΞΫνϡΤʔλΛ༻͍Δ͜ͱ͕ଟ͍ɻ

ΞΫνϡΤʔλʹ͢ΔͱɺંΓߏࢴͰಛʹ༻͍ΒΕΔΞΫνϡΤʔλʹܗঢ়هԱ߹͕ۚ͋͛ΒΕΔɻܗ

ঢ়هԱ߹ۚͱɺܗঢ়ճ෮ԹͱݺΕΔԹ·ͰՃ͢ΔͱهԱ͞Εͨܗঢ়ʹΔࡐྉͰ͋Δɻܗঢ়هԱ߹ۚ

ͦͷ໊ͷ௨ΓۚଐͰ͋ΔͨΊɺిؾΛ௨͠ɺͦͷిྲྀʹΑΔൃͰۦಈ͢Δ͜ͱͰ͖ΔɻҰൠతʹɺΞΫνϡ

Τʔλෳͷ෦ͷ૬࡞ޓ༻ʹΑͬͯྗɾӡಈΛൃੜͤ͞Δ͕ɺܗঢ়هԱ߹ۚͦͷૉࣗࡐମ͕ܗঢ়ΛมԽ͞

ͤΔɻෳͷ෦ͷ૬࡞ޓ༻ϞʔϝϯτڑʹΑͬͯྗΛൃੜͤ͞ΔͨΊɺେ͖ͳྗΛੜΉͨΊʹେ͖ͳ

ঢ়ͳͲɺଞͷܗঢ়ബ͍ܗΔͨΊɺখ͍࢘͞Λܗମ͕มࣗࡐԱ߹ۚૉهঢ়ܗঢ়ඞཁͱͳͬͯ͠·͏ɻҰํͰܗ

ΞΫνϡΤʔλͰࠔͳܗঢ়ͰಛʹศརͰ͋Δ [47, 48]ɻ

ಛʹંΓࢴͰɺܗ͍ࡉঢ়هԱ߹ۚΛંΓࢴϩϘοτͷརΛଛͳΘͳ͍ΞΫνϡΤʔλͱͯ͠ར༻Ͱ͖Δɻ·

Մͱ͍ͯ͠Δɻܗ͢Δ͜ͱͰΑΓେ͖ͳมʹฏ໘ͳͲܕঢ়ΛόωܗԱ߹ۚͷهঢ়ܗͨ

Λ༩͑ΒΕͳ͍͚ͩͰͳ͘ಉྗʹํٯঢ়ʹΖ͏ͱ͢Δྗ͕ಇ͚ͩ͘Ͱ͋ΓɺܗͷݩԱ߹ۚ୯ମͰهঢ়ܗ

Ա߹ۚಉ͡มҐʹରͯ͠͡Ίͯهঢ়ܗΛ͔͚͚ͭͮΒΕΔΞΫνϡΤʔλͰͳ͍ɻͦΕΏ͑ɺྗʹํ͡

ৗʹಉ͡ํͷྗΛ༩͑ΔΞΫνϡΤʔλͱͯ͠ಇ͘ɻͦͷͨΊɺԟ෮ӡಈͳͲͷ܁Γฦ͠ӡಈΛ࣮͢ݱΔࡍʹ

ɺόωͷΑ͏ͳଞͷཁૉͰྗΛൃੜͤ͞Δ͔ɺ፰ے߅ͷΑ͏ʹෳͷܗঢ়هԱ߹ۚΛ͕ߏػͨ͠ࡌඞཁͰ͋

Δ [49, 50]ɻ·ͨܗঢ়هԱ߹ۚͷܗঢ়ճ෮Թ͕ࣨԹΑΓ͍ߴ߹ɺܗঢ়هԱ߹ۚྫྷΊΔ͜ͱͰ࠶ͷมܗΛ

֎Ͱ͖ΔΑ͏ʹͳΔͨΊɺྫݱ࣮ [51]͋Δ͕Ճ͚ͩʹΑΓ੍͢ޚΔγεςϜ͕ଟ͍ɻܗঢ়هԱ߹ۚંΓࢴ

ϩϘοτ͚ͩʹΘΕ͍ͯΔΘ͚Ͱͳ͍͕ɺൺֱతߴՁͳͨΊιϑτϩϘοτͳͲͷݶΒΕͨʢಛघͳʣ༻్

ΘΕΔ͜ͱ͕ଟ͍͍͓ͯʹ [50]ɻ·ͨॏྔ͋ͨΓͷྗ͍ͨڧΊɺܰ͞ΛٻΊΒΕΔϩϘοτʹΘΕ͍ͯΔ

[52]ɻจݙ [52]ͷϩϘοτ੍ޚ෦ɾόοςϦ͕ϩϘοτͷ֎ʹ͋Δ͕ɺ150mm× 15mmͷϩϘοτΛ 0.03 g

ͷܗঢ়هԱ߹ۚͰۦಈ͓ͤͯ͞Γɺશମͷॏྔ 1.2 gʹൺΔͱ 1/400ͷॏྔͰ͋Δɻ

ϞʔλͳͲͷ੍ޚʹؔͯ͠ɺંΓࢴϩϘοτʹݶΒͣΑ͘͞ڀݚΕ͍ͯΔͨΊຊୈ 3ষͰड़ͣɺંΓࢴ



ୈ 3ষ ંΓࢴͷॱংಈ࡞ͷͨΊͷཧճ࿏ 19

Ա߹ۚܰ͘ɾബ͘ɾهঢ়ܗΛϞʔλͳͲͱൺֱ͠ͳ͕ΒੑΛ·ͱΊΔɻޚ੍ͯͬߜʹۚ߹Աهঢ়ܗΘΕΔʹ

ॊΒ͔͍ͨΊʹંΓࢴϩϘοτͱඇৗʹ૬ੑ͕ྑ͍͕ɺҰํͰܗঢ়ͷ੍͕ޚ͍͠ [49]ɻϞʔλͳͲిྲྀΛྲྀ

͢ͱͦͷྗ͚ͩؒ࣌Λൃੜ͢Δ͕ɺܗঢ়هԱ߹ۚܗঢ়ճ෮Թʹୡ͔ͯ͠ΒͷΈྗΛൃ͢شΔɻͦͯ͠ɺۚଐ

Ͱ͋ΔͨΊԹ͙͢ΘΓɺܗঢ়هԱ߹ۚͷҰ෦ͷΈͷۦಈ͍͠ɻ

ΛޚΤϯίʔμ֯ηϯαΛ༻͍ͯϑΟʔυόοΫ੍ʹޚ͋Δ͕ɺ੍֯ڀݚ͏ߦΛޚԱ߹ۚͷ੍هঢ়ܗ

Δ࣋͢ঢ়Λճ෮͔͚ͤͨ͞ঢ়ଶʣΛҡܗঢ়ʢܗͰத్ͳޚ෯ిྲྀྔ͚ͩͷ੍ؒ࣌Δͷ͕ଟ͘ɺ͍ͯͬߦ

͜ͱ͍͠ [49, 53]ɻંΓࢴϩϘοτʹ͓͍ͯɺΓ੍֯ޚʹΤϯίʔμ֯ηϯαΛ༻͍Δͱɺͦͷ

෦ંΓߏࢴͰͳ͘ͳΓɺް͍ߏͱͳͬͯ͠·͏ɻ

ͦ͜Ͱɺܗঢ়هԱ߹ۚͷঢ়ଶΛৄ͢ޚ੍ʹࡉΔͷͰͳ͘ɺҰఆܗؒ࣌ঢ়هԱ߹ۚʹΤωϧΪʔΛ༩͑Δ୯७

ͳ੍ै͕ޚདྷͷંΓߏࢴͰߦΘΕ͖ͯͨ [54]ɻܗঢ়هԱ߹͕ۚม͢ܗΔͷʹेͳܗؒ࣌ঢ়هԱ߹ۚΛՃͯ͠

͍ͨͯ͠ݱΓฦ͠ӡಈΛ࣮܁Γฦ͠ʹΑΓ܁͏ߦՃΛ࠶Β͔ͯ͠ܗมʹޙΊͨࢭಈ͠ɺՃΛۦ [54]ɻ

·ͨંΓߏࢴ͕͍ޓʹͿ͔ͭΔ͜ͱͰཧతʹมܗΛఀͤ͞ࢭΔ੍ޚଘ͢ࡏΔ [55]ɻ͜ͷߏંΓߏࢴ

ͷް͞Λ׆༻ͯ͠ɺಛఆͷ֯Λ·Ͱ͔͕͠ۂΒͳ͍Α͏ʹཧతͳ߆ଋΛ༩͑ΔͷͰ͋ΓɺߏશମΛΦʔ

ϒϯʹೖΕɺಉ࣌ʹ͢Δ͜ͱͰઃ͞ܭΕͨܗঢ়ͷมܗΛ࣮ͨ͠ݱɻ͜ͷߏɺՃޙͷܗঢ়Λࣄલʹઃܭ

͢Δ͜ͱͰઃ͞ܭΕͨ֯·ͰંΕ͕ۂΔؔઅΛ༗͍ͯ͠Δɻ͔͠͠ɺΞΫνϡΤʔλͰ༷ʑͳ֯Λ࣮ͯ͠ݱ

͍ΔΘ͚Ͱͳ͘ɺΞΫνϡΤʔλΛ੍͍ͯ͠ޚΔͱ͍͕͍ͨݴɻ·ͨ͜ͷંΓߏࢴҰ͚ͩͷܗঢ়มԽͰ

͋Γɺ܁Γฦ͠ಈ࡞Λં͏ߦΓࢴϩϘοτͷ੍ޚෆՄͰ͋Δɻ

ঢ়ͱભҠ͠Α͏ͱ͢ΔྗΛൃੜͤ͞ΔΞΫνϡΤʔλʹɺޫ͕রࣹ͞ΕΔͱมܗԱ߹ۚͱಉ͘͡ɺ͋Δهঢ়ܗ

ΔϙϦϚʔ͕͋Δ͢ܗ [56]ɻ͜ͷϙϦϚʔޫΛরࣹ͞ΕΔͱؔઅΛ͛ۂΔΑ͏ʹஔ͞Ε͓ͯΓɺޫΛরࣹ͢Δ

͜ͱͰંΓ·ΕΔંΓݱ࣮͕ࢴͰ͖Δɻ͞Βʹɺಛఆͷͷޫ͕রࣹ͞Εͨͱ͖ʹม͢ܗΔϙϦϚʔΛ༻ҙ͢

Δ͜ͱͰɺͦΕͧΕͷϙϦϚʔʹରԠ͢Δ৭ͷޫ͕রࣹ͞ΕΔͱͦΕͧΕͷϙϦϚʔ͕ม͢ܗΔߏ͕࣮ݱͰ͖

ΔɻͦͷߏʹҟͳΔ৭ͷޫΛॱʹͯΔ͜ͱͰɺॴͷॱ൪ͰંΓ͛ۂΒΕΔ [57]ɻͨͩ͜͠ͷͷڀݚɺ

ΔͷΈͰ͋͢ܗ΄ͱΜͲҰมߏʢself-foldingʣͱ໊͚ΒΕ͍ͯΔંݾͱಉ༷ɺࣗંݾԱ߹ۚͷࣗهঢ়ܗ

Δ٭ 1ɻ

͜ͷΑ͏ʹɺંΓࢴϩϘοτͷ੍ޚʹɺ͕ޚ੍͍͔ࡉ͍͠ͱ͏ݴ͕͋ͬͨɻ࣮ࡍʹɺܗঢ়هԱ߹ۚʹ

ిྲྀΛྲྀ͚ͩؒ࣌͢Ͱ੍ͨ͠ޚͱ͜Ζܗঢ়هԱ߹͕ۚ͞Ε͗͢Δੜͨ͡ɻ͗͢͠Δͱܗঢ়ճ෮ԹͰ

Ա߹ۚͷෆ҆ఆੑͷهঢ়ܗঢ়ʹΒͳ͘ͳΔੑ࣭ɺܗͷݩ 1ͭͰ͋ΓɺిྲྀΛ͜͢ྲྀؒ࣌ͱͰੜͯ͡͠·͏

[58]ɻ·ͨܗঢ়هԱ߹ۚΛ͗͢͠Δ͜ͱʹΑͬͯपลͷ෦͕ղ͚ͨΓয͛ͨΓ͢Δੑݥةੜͨ͡ɻ

͔͠͠ɺܗঢ়هԱ߹ۚͷྫྷ٫ͷଟࣗ͘વྫྷ٫Ͱ͋ΓपғͷԹ෩ʹӨ͞ڹΕΔͨΊɺৗʹಉؒ࣌͡ͷ௨

ిͰͷ੍ޚͰॴͷܗঢ়Λ࣮ݱͰ͖ͳ͍ɻͦͷͨΊɺԹ෩͕ҟͳΔڥͰಈͤ͞࡞ΔͨΊʹɺԹ

෩Λଌఆ͠ɺͦΕʹରԠ͢ΔϞσϧ͕ඞཁͱͳΔɻ͞Βʹ෩ʹ͍ͭͯड़ΔͱɺંΓࢴͷΑ͏ͳܰͯ͘ද໘ੵ

ͷେ͖ͳߏ෩͕ྗͱͯͨ͠Βͨ͘Ίɺֻ͔ΔྗมԽͯ͠͠·͏ɻ

͜ͷΑ͏ʹɺܗঢ়هԱ߹ۚͰંΓࢴϩϘοτΛۦಈ͢Δ߹ʹɺ࣮ࡍʹંΕ͍ͯΔ͔ΛѲ͢ΔͨΊͷηϯ

αΛ͠ࡌͳ੍͍ޚඇৗʹ͍͠ɻͦ͜Ͱɺ࣍અͰંΓࢴϩϘοτͷঢ়ଶΛѲ͢ΔͨΊʹߦΘΕ͖ͯͨ

Λհ͢Δɻ

٭ 1ຊจͰ܁Γฦ͠ಈ࡞·Ͱѻ͏ͨΊɺ൚༻ੑຊख๏্͕Ͱ͋Δɻ
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3.2.2 ैདྷͷંΓࢴϩϘοτͷঢ়ଶͷѲ

લड़ͨ͠ͱ͓ΓɺંΓࢴϩϘοτͷঢ়ଶΛѲ͢ΔͨΊʹɺ͏ΞΫνϡΤʔλʹ͔͔ΘΒͣͦΕͧΕͷؔઅʹ

Τϯίʔμ֯ηϯαΛ༻͍ͨϑΟʔυόοΫ੍͕͋ޚΔ [49, 53]ɻ͔͠͠ɺͦͷΑ͏ͳཁૉંΓࢴͷརͰ

͋Δܰ͞ബ͞ΛଛͶΔཁૉͱͳͬͯ͠·͏ɻંΓࢴϩϘοτͷঢ়ଶΛѲ͢ΔͨΊʹɺંΓࢴͷརΛଛͶͯ͠

·ͬͯͦͦંΓࢴΛ༻͍Δҙຯ͕ͯ͠͠ݮ·͏ͨΊɺຊઅͰંΓࢴͷརͰ͋Δܰ͞ͱബ͞ΛଛͶͳ

͍ɺܰബͳηϯαΛհ͢Δɻ

ંΓࢴͷঢ়ଶͷදతͳͷʹɺંΕઢͷંΕ͕֯͋ΔɻંΓࢴͷখ໘͕ม͠ܗͳ͍ͷͰ͋ΕɺંΕઢύλʔ

ϯͱંΕ͚֯ͩͰંΓߏࢴͷঢ়ଶҰҙʹಛఆͰ͖Δɻͦ͜ͰɺͦͷંΕઢۙʹۂηϯαΛ͢ࡌΔ͜ͱ

ͰɺͦͷંΕઢͷঢ়ଶΛѲ͢Δߦ͕ڀݚΘΕͨ [59]ɻബບʹҹ͞ΕͨಋిΠϯΫύλʔϯͷ߅͕ۂʹ

ΑͬͯมԽ͢Δ͜ͱΛ༻͍ɺͦͷંΕઢͷંΕ֯Λਪఆ͢Δख๏Ͱ͋Δ͕ɺ͕ࠩޡେ͖͍͕͋Δ [59]ɻ

͔͜͠͠ͷΑ͏ͳಋిΠϯΫύλʔϯͷ߅Λ༻͍Δख๏ɺಋిΠϯΫΛҹ͢Δ͚ͩͰՄͰ͋Γɺ

͕༰қͰ͋ΔརΛͪ࣋ɺಋిΠϯΫඇৗʹബ͍ͨΊંΓࢴͱͷ૬ੑྑ͍ɻ࣮ࡍɺຽੜͷΠϯΫδΣοτ

ϓϦϯλΛ༻͍ͯಋిΠϯΫΛҹ͢Δ͜ͱͰંΓ֯Ҏ֎ʹ༷ʑͳηϯα͕࣮ݱͰ͖Δ [60]ɻۜΠϯΫΛ༻͍

ͨख๏ʹ͍ͭͯɺۜΠϯΫͰճ࿏Λ࡞Δख๏ͱͯ͠ఏҊ͞Ε͍ͯΔͨΊ 3.2.3અͰৄ͘͠ड़Δɻ͔͜͠͠ͷη

ϯαඇৗʹ͕ࡌ༰қͰ͋ΔͳͲͷརͷҰํͰɺඪ४ภ͕ࠩ 10◦ Λ͑Δਫ਼ͷѱཱ͕ͭ͞ɻ

ηϯαʹۂΔɻ͕͋ڀݚ͍ͨ༺ʹޚΓɺͦͷಛੑΛड़ΔͱͱʹϩϘοτͷ੍࡞ͰߏηϯαΛଟۂ

ώεςϦγεಛੑ͕͋Γɺಉ֯͡Ͱ͍͕ͯͯͬۂͦΕ͕ંΕ͕ۂΔ్தͰ͋Δ͔ɺͦΕͱ։్͘தͰ͋Δ͔

Ͱग़ྗ͕ҟͳΔੑ࣭Λ༗͢Δ [61]ɻ͜ͷηϯαΛ༻͍ͨ֯ͷऔಘʹѹճ࿏Λ༻͍͍ͯΔͨΊɺग़ྗ͕ిѹʹ

ͳ͍ͬͯΔ͕ɺ߅ͷมԽΛ༻͍ͨۂηϯαͱݪཧಉ͡Ͱ͋ΔɻಋిΠϯΫύλʔϯͷ߅Λଌఆͨ͠ݚ

ڀ [60]ͱൺΔͱɺΞΫνϡΤʔλͱ΄΅ಉ͡ॴʹઃஔ͞Ε͍ͯΔ͚ͩͰͳ͘ɺϩϘοτΛߏ͢Δখ໘ʹڬ

·Ε͍ͯΔߏ্ͷ͋Γɺඪ४ภ͕ࠩ 4◦ ະຬͱਫ਼͕վળ͞Ε͍ͯΔɻ

มԽΛ༻͍ͯѹྗηϯαബ࣮͘͢Δ͜ͱ͕ՄͰ͋Δ߅ηϯαҎ֎ʹɺۂ [62]ɻྲྀ͍ࡉ࿏ʹಋిྲྀମ

ʢeGaInʣΛྲྀ͠ࠐΈɺͦͷ߅Λଌఆ͢Δ͜ͱͰද໘ͷѹྗΛଌఆ͢Δख๏Ͱ͋Δɻ͜ͷख๏ɺରশͰ΄

ͱΜͲઢରশͷӔܕ͖רͷྲྀ࿏ʹΑΔ୯ͳΔѹྗଌఆҎ֎ʹɺྲྀ࿏ํʹ͔͔͍ͬͯΔྗʹର͕ͯ͠߅มԽ

͢ΔύλʔϯͳͲՄͰ͋Δɻѹྗʹ͕߅ൺྫͯ͠มԽ͢ΔͷͰͳ͘ɺࢦؔతʹมԽ͢ΔͨΊɺখ͞

ͳѹྗมԽΛٻΊΔ͜ͱ͍͠ηϯαͰ͋Δɻ

ંΓઢ෦Ҏ֎ʹηϯαΛऔΓ͚Δํ๏ʹ֎ઢ LED٭ 2ͱϑΥττϥϯδελΛ༻͍ͯɺଟߏͰંΓ

֯Ληϯγϯά͢Δख๏͕͋Δ [63]ɻ͜ͷख๏ബ͍ࡐྉΛషΓ͚Δ͚ͩͰͳ͍͕ɺਤ 3.1ͷΑ͏ʹബ͍ 4અ

ͷฏߦϦϯΫΛંΓۙʹߏங͠ɺͦͷϦϯΫʹ LEDͱϑΥττϥϯδελΛऔΓ͚ͨൺֱతബ͍ߏͰ͋

Δɻ4અϦϯΫฏ࢛ߦลܗܗঢ়Ͱ͋Γɺฏ࢛ߦลܗͷ 1ͭͷ͕֯؍ଌ͍ͨ͠ંΓͰ͋Γɺͦͷ͍͔߹͏͕֯

LEDͱϑΥττϥϯδελʹڬ·ΕͨߏͰ͋Δɻฏ࢛ߦลܗͷ͍͔߹͏͍֯ͨ͠ΊɺLEDͱϑΥττϥ

ϯδελͷͳ֯͢ંΓͷ֯ͱҰக͢ΔɻLEDͷޫ͕ϑΥττϥϯδελʹͨΔͱɺͦͷޫͷ͞ڧʹԠ͡

ͯϑΥττϥϯδελԠΛมԽͤ͞ΔɻϑΥττϥϯδελʹͨΔޫ͕͘ڧͳΕͳΔ΄ͲϑΥττϥϯ

δελΛྲྀΕΔిྲྀଟ͘ͳΓɺϑΥττϥϯδελͷΤϛολ–ίϨΫλؒͷిѹԼ͢ΔɻͦͷͨΊɺંΕ

ΔʹͭΕ͕ͯۂ LEDͷޫ͕͘ڧϑΥττϥϯδελʹ͋ͨΔΑ͏ʹͳΕɺϑΥττϥϯδελͷిؒࢠѹ͕

Լ͠ɺͦͷిѹΛ A/DมثʹΑͬͯऔಘ͢Δ͜ͱͰંΕ͕֯औಘͰ͖Δɻ͜ͷख๏ࠓ·Ͱհͨ͠ɺମ

ͷมܗʹ͏߅ͷมԽʹൺΔͱਫ਼͕Α͘ɺಉ͡ηϯαͰ͋Εඪ४ภ͕ࠩ 0.2◦ ͱඇৗʹখ͍ࠩ͞ޡͰͷଌ

ఆ͕ՄͰ͋Δ [63]ɻ10ηοτͷηϯαΛ࣮͠ɺͦͷݸମࠩΛؚΊͨࠩޡͰඪ४ภ͕ࠩ 3◦ͱͳ͓ͬͯΓɺ֯

ͷมԽʹରͯ͠ిѹ͕΄ͱΜͲมΘΒͳ͍ྖҬͰ͍ߴਫ਼Λ࣮͍ͯ͠ݱΔ [63]ɻ

͜ͷંΓߏࢴܗঢ়هԱϙϦϚʔ٭ 3Λ༻੍͍ͯ͞ޚΕ͓ͯΓɺܗঢ়هԱϙϦϚʔܗঢ়هԱ߹ۚͱಉ༷ʹ

ҰํʹͷΈಈ͘ΞΫνϡΤʔλͰ͋ΔͨΊɺೖྗిྲྀ͕ඇৗʹؒ࣌ͷిྲྀΛԿ܁Γฦ͠ྲྀ͢Α͏ͳܗঢ়

ͱͳ͍ͬͯΔ [63]ʢจݙதͷ Fig. 10 Λࢀরʣɻ࠷ؒ࣌Ͱతͷ֯ʹ੍ޚͰ͖͍ͯΔΘ͚Ͱͳ͍͕ɺΦʔ

όʔγϡʔτͷଘ͠ࡏͳ੍͍͕ޚՄͱͳ͍ͬͯΔҰํͰɺ੍ޚͷޙͰ࠶ؒ࣌ͷిྲྀΛྲྀ͢͜ͱʹͳͬͯ

͍ΔͳͲɺత֯ʹ͍͔ۙͮͯΒͷै͕͘ɺد͕ࠩޡ༩͍ͯ͠ΔͱࢥΘΕΔڍಈଘ͢ࡏΔ [63]ʢจݙதͷ

٭ 2ൃޫμΠΦʔυɻLight Emitting Diode
٭ Ͱ͋Δɻࡐૉͭ࣋ঢ়ʹΔੑ࣭ΛܗͷݩԱ߹ۚͱಉ༷ʹಛఆͷԹҎ্ʹͳΔͱهঢ়ܗԱϙϦϚʔهঢ়ܗ3
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ਤ 3.1: LEDτϑΥττϥϯδελΛ༻͍ͨંΓ֯ηϯαɻ

Fig. 10(a) 90 sۙΛࢀরʣ٭ 4ɻ

·ͨখ໘ʹిۃΛͯ͠ࡌɺΩϟύγλϯεΛଌఆ͢Δ͜ͱͰ֎෦ͷঢ়ଶΛѲ͢Δख๏͋Δ [64]ɻ͜ͷख๏

খ໘ͷిۃͱਓମͷؒʹੜ͡ΔΩϟύγλϯεΛଌఆ͢Δ͜ͱͰਓମͷۙɾ৮Λݕ͢Δख๏Ͱ͋Δɻฏ

ͲΩϟύγλϯεେ͖͘΄͕ͮۙ͘ۃʹൺྫ͢ΔͨΊɺిڑͷؒۃͷΩϟύγλϯεɺిؒۃฏ൘ిߦ

ͳΔɻ͜ͷੑ࣭Λ͍ͪͯɺۃ൘ͷڑΛଌఆ͢ΔͷͰ͋ΔɻંΓʹଘ͢ࡏΔ߹ɺۃ൘͕ฏߦͱݶΒ

ͳ͍ͨΊɺൺྫ͢ΔΘ͚Ͱͳ͍͕ɺંΓ͕֯૿Ճ͢ΔʹͭΕͯΩϟύγλϯε૿Ճ͢Δɻ

Ωϟύγλϯεۃ൘ؒͷڑʹΑͬͯมԽ͢ΔͨΊɺεϙϯδͷΑ͏ͳॊΒ͔͍ૉࡐΛڬΜͩฏߦฏ൘ؒʹ

ֻ͔ΔྗଌఆͰ͖Δ [64]ɻͨͩ͠ɺް͞ͷมԽΛ༻͍Δख๏Ͱ͋ΔͨΊɺͦͷ߹ʹॊΒ͔͍ૉࡐͷް͕͞ඞ

ཁʹͳͬͯ͠·͏্ɺް͞ʹൺྫ͢ΔΩϟύγλϯεʹΑΔଌఆͰ͋ΔͨΊް͞ͷมԽʹରͯ͠ྗͷଌఆ͕

͘͠ͳΔྖҬ͕ଘ͢ࡏΔɻ

·ͨಉจ [64]ͰɺόΠεςʔϒϧεΠονߏ͕ఏҊ͞Ε͓ͯΓɺΩϟύγλϯεͰͳ͘ి͕ۃ৮

͢Δ͜ͱʹΑΓి͕ۃಋ௨͠ɺిؾతʹଓ͞ΕΔ͜ͱʹΑΔঢ়ଶͷѲՄͱ͞Εͨ [64]ɻ͜ͷख๏ɺ৮

͍ͯ͠Δঢ়ଶͱ৮͍ͯ͠ͳ͍ঢ়ଶͷ 2छྨͷঢ়ଶΛ۠ผ͢Δ͜ͱͷΈ͕ՄͰ͋ΓɺͲͷఔͷંΕ֯Ͱ͋Δ

͔·ͰѲͰ͖ͳ͍ɻ͜ͷΑ͏ͳిۃͷతͳ৮ 13ͷߏͰ࣮͞ݱΕͨྫ͕͋Δ [64]ɻຊ࣭తʹࢴ

ʹಋిੑͷ࣭͕ਵ͢Δɺ͘͠ɺখ໘͕ಋిੑͷ࣭Ͱ͋ΔઃܭͰՄͰ͋ΔͨΊɺ2͘͠ 1Ͱͷ

࣮͕ՄͰ͋Γɺബ͍ߏͷԠ༻ՄͰ͋Δɻ

͜͜·Ͱɺখ໘ࢴͳͲͷηϯαͷੑΛͦΕ΄ͲଛͳΘͳ͍ఔͷް͞Ͱ࡞ΒΕͨߏͰ͋ͬͨɻϩϘοτ

ࣗମ͕ηϯαͱͳΓϩϘοτͷܗঢ়ͷมԽ͕ΩϟύγλϯεͷมԽʹͭͳ͕Δ͜ͱΛԠ༻ͨ͠ɺϩϘοτͷঢ়ଶͷ

Ѳख๏͕ఏҊ͞Ε͍ͯΔ [65]ɻ4ΧॴͷંΓͦΕͧΕʹɺંΕΔͱ߅͕খ͘͞ͳΔύλʔϯΛҹ͢Δ͜

ͱͰɺϩϘοτࣗମͷ߅Λଌఆͯ͠ͲͷఔંΕ͍ͯΔͷ͔ΛѲ͢Δ͜ͱ͕ՄͰ͋Δɻಉ༷ʹɺΩϟύ

γλϯε͕มԽ͢ΔిۃஔɾΠϯμΫλϯε͕มԽ͢ΔిۃஔՄͰ͋Δ [65]ɻ

͜ͷંΓߏࢴɺՃ͢Δͱऩॖ͢ΔϙϦԘԽϏχϧʢPoly-Vinyl Chloride, PVCʣͷ྆໘ʹऩॖ͠ͳ͍ࡐྉ

ͷΛઃ͚Δ͜ͱͰՃΛӡಈʹม͍ͯ͠ΔɻϙϦԘԽϏχϧ 65 ◦Cʙ75 ◦CͰऩॖ͢ΔૉࡐͰ͋Δ [65]ɻ͠

͔͠ɺՃʹΑΔԹ্ঢ͕ଓ͍ͨ߹ɺ100 ◦CͰղ͚࢝Ίͯ͠·͏ [66]ɻ͜ͷΑ͏ʹɺϙϦԘԽϏχϧΛ༻͍

ͨख๏աՃʹҙ͢Δඞཁ͕͋ΔͨΊɺ֯ͷऔಘ͕ඞཁͱ͞Εͨɻ

Ҏ্ͷΑ͏ʹɺંΓࢴϩϘοτͷঢ়ଶΛѲ͢ΔͨΊʹɺ

• Τϯίʔμ֯ηϯαΛ༻͍ͨ֯औಘ

• ಋిΠϯΫͷ߅ͷมԽΛ༻͍ͨۂηϯα

• ಋిྲྀମͷ߅ͷมԽΛ༻͍ͨѹྗηϯα

• ֎ઢ LEDͱϑΥττϥϯδελʹΑΔϑΥττϥϯδελͷిѹͷมԽΛ༻͍ͨ֯ηϯα

• খ໘ͷిۃύλʔϯʹΑΔɺ߅ɾΩϟύγλϯεɾΠϯμΫλϯεͷมԽΛ༻͍ͨ֯ηϯα
٭ 4PD ΒΕΔɻ͑ߟΔͨΊɺΦʔόʔγϡʔτ͠ͳ͍Α͏ͳௐͷ݁Ռै͕͍ͱ͍ͯͬߦΛޚͰόϯόϯ੍ޚ੍
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͕ఏҊ͞Ε͍ͯΔɻંΓߏࢴͷܰ͞ɾബ͞ͱ͍͏རΛଛͳΘͳ͍ͱ͍͏తͰɺߏ্ʹബ͍ηϯαͷΈ

͕ଘͯ͠ࡏͳ͍ɻͦͯ͜͠ͷ݅ͰɺΤϯίʔμ֯ηϯαΛ༻͍ͨ֯औಘͱ֎ઢ LEDͱϑΥτ

τϥϯδελʹΑΔख๏ద͞ͳ͍ɻ·ͨಋిΠϯΫͷ߅ͷมԽΛ༻͍ͨۂηϯαɾಋిྲྀମͷ߅ͷ

มԽΛ༻͍ͨѹྗηϯαɾখ໘ͷిۃύλʔϯʹΑΔɺ߅ɾΩϟύγλϯεɾΠϯμΫλϯεͷมԽΛ༻͍ͨ֯

ηϯαɺͦΕͧΕͷ߅ͳͲΛଞͷܭଌثػͰଌఆ͢Δඞཁ͕͋Δɻ֎ͷঢ়ଶΛѲ͠ͳ͕Βಈ͢࡞Δ

ંΓࢴϩϘοτͷઃܭʹɺ͜ͷܭଌثػΛϩϘοτʹ͢ࡌΔඞཁ͕͋Δɻͦͯͦ͠ͷΑ͏ͳܭଌثػΛؚΊ

ͨંΓࢴϩϘοτγεςϜશମΛܰͯ͘ബ͍γεςϜʹ͢Δ͜ͱΛ͑ߟΔͱɺ߅ͷܭଌΛੵू͏ߦճ࿏ͷް

͕͞ંΓߏࢴͷརΛଛͶͯ͠·͏ɻͦ͜ͰɺຊڀݚͰूੵճ࿏ͷࡢΛؚΊͨബ͍ηϯαʹΑΔܗঢ়هԱ

߹ۚɾંΓͷ֯ͷ੍ޚΛ͢ࢦɻ
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3.2.3 ബ͍ճ࿏

ΧϝϥͳͲͰԕִࢹΛ͠ͳ͍ݶΓɺંΓʹηϯαΛંͯ͠ࡌΓࢴϩϘοτͷંΓ֯ΛѲ͢ΔγεςϜʹ

ͳΔɻͦͯ͠ɺͦͷંΓ͔֯ΒΞΫνϡΤʔλ·Ͱ৴߸ɾྗΛୡ͢ΔͨΊʹಋઢ͕ඞཁͰ͋ΔɻͦͷΑ͏ͳճ

࿏ΛંΓࢴʹ͢ࡌΔ͜ͱΛؑΈɺബ͍ηϯα͚ͩͰͳ͘ബͯ͛͘ۂΒΕΔճ࿏ඞཁͰ͋Δɻ

ബ͍ંΓ͛ۂΒΕΔճ࿏༷ʑͳࡐྉͰ࣮͞ݱΕɺେྔੜ͞࢈ΕΔͰ͘͠ͳ͍ɻͦͷͨΊɺຊઅͰ

ຽੜͰ҆Ձ͔ͭ༰қʹ࣮Ͱ͖Δബ͍ճ࿏ʹ͍ͭͯ·ͱΊΔɻͭ·ΓɺεϚϑΥͳͲʹ͞ࡌΕ͍ͯΔҰൠత

ͳϑϨΩγϒϧճ࿏ͳͲͷɺҰൠਓ͕͙͢ʹ࡞Δ͜ͱͷͰ͖ͳ͍ճ࿏আ͍ͯհ͢Δɻ

Instant inkjet circuits

Instant inkjet circuitsɺಋిੑΠϯΫΛࢴʹҹ͢Δ͜ͱͰɺͦͷҹ͞Εͨ෦͕ಋઢͱͯ͠ৼΔ͏ੑ࣭

Λ༻͍͍ͯΔ [60]ɻҙͷࢴʹҹͯ͠ಋઢͱͯ͠ৼΔ͏Θ͚Ͱͳ͍͕ɺMitsubishi glossy paper Kodak

Premium Photo Paperʹҹ͢Δ͜ͱͰɺ͞ൢࢢΕ͍ͯΔϓϦϯλͰಋిύλʔϯΛߴ͔ͭ҆ՁʹͰ͖Δ

[60]ɻંΓࢴͱ໊͏ݴͷ௨ΓʮࢴʯʹಋઢΛҹͰ͖Δٕज़Ͱ͋ΓɺۜΠϯΫҹޙඵҎʹಋઢͱͯ͠ৼΔ

͏ɻ·ͨΠϯΫδΣοτҹҎ֎ʹɺಋిੑΠϯΫΛΠϯΫͱͯ͠උ͑ΔϖϯΛ༻͍ͯखͰઢΛҾ͘͜ͱʹ

ΑͬͯɺಋઢΛॻ͘͜ͱՄͰ͋Δɻૉࣗࢠମ͔ޙΒͤΔඞཁ͕͋Δ͕ɺ໘ʹରͯ͠ਨʹͷΈಋ௨͢Δ

ಋిੑ྆໘ςʔϓʢ3M Electrically Conductive Adhesive Transfer Tape 9703ʣΛ༻͍ͯૉࢠΛࡌͰ͖Δɻ͜

ͷۜͷബບް͞ 300 nmͰ͋ΓɺࢴͷίʔςΟϯά͕ಋ௨Λଅ͢͜ͱͰ͋Δఔͷ͛ۂੑΛҡ࣋Ͱ͖Δɻ

͔͠͠ಋిੑΠϯΫʹΑΔಋઢ߅ൺֱతେ͖͘ɺҹ͢ΔࢴͷछྨʹΑͬͯҟͳΔ͕ɺҹޙͰ 0.21Ω/!
ʙ1.3Ω/!ɺҹͷ ʹޙؒ࣌10 0.19Ω/!ʙ0.28Ω/!ͷ͕߅ଘ͢ࡏΔ٭ 5[60]ɻ͕͋߅ΔಋઢͰిѹ߱Լ

͕ੜ͡ΔͨΊɺಋઢͱͯ͠ͷੑམͪΔɻ͔͠͠ɺࡉ͍ಋిੑΠϯΫύλʔϯʹΑΓɺ߅ΛҹͰ͖Δͱଊ

͑Δ͜ͱͰɺ͜ͷ߅Λ͔͜͢׆ͱՄͰ͋Γɺઢͷଠ͞Λ༗ޮ׆༻ͨ͠ख๏͍ͭ͋͘Δ [67, b2]ɻຊڀݚ

Ͱ߅͖ࣗಈંͷख๏Ͱ͜ͷدੜ߅Λ༻͍͓ͯΓɺബ͍߅Λ࣮ݱͰ͖Δٕज़ͱͯ͠༗༻Ͱ͋ͬͨɻ

ಔςʔϓʹΑΔճ࿏

ಔςʔϓͱɺബ͍ಔഩͱʢಋిੑͷʣ೪ண͔ࡎΒߏ͞ΕΔςʔϓͰ͋Δɻಔͷిؾಋඇৗʹ͘ߴɺ

1.68× 10−8 Ω m Ͱ͋Δɻ5mm × 150mm ʹΓग़ͨ͠ςʔϓͰ࣮ଌͨ͠ిؾ߅Ϛϧνςελͷ৮߅

ͳͲؚΊͯ 0.002Ω Ͱ͋ͬͨɻಔͷް͞ 0.035mm Ͱ͋Δ͜ͱ͔Βɺಔ୯ମͰͷిؾ߅ 1.68 × 10−8 ×
0.15

0.035×10−3×5×10−3 = 144 µΩͰ͋Δɻ͜ͷΑ͏ʹɺಔςʔϓͷ߅ඇৗʹখ͍ͨ͞ΊɺಋిੑΠϯΫύλʔϯͰ
ੜͨ͡ిѹ߱ԼΛ΄΅ແ͢ࢹΔ͜ͱ͕Ͱ͖Δɻ

·ͨಔςʔϓൢࢢͷϋαϛͰॴͷܗঢ়ʹஅͰ͖ΔɻಋిੑΠϯΫͱҟͳΓɺܗঢ়ͷมԽʹΑͬͯ

Ͱ͋Δ͕ɺಋిੑΠϯΫࠔΊΔͳͲٻΛ͞༺ثಔςʔϓΛඞཁͱ͠ɺखઌͷ͍ࡉʹΛੜͤ͡͞Δ͜ͱඇৗ߅

ͱಉ༷ʹ؆୯ʹಋઢΛ࡞Δ͜ͱ͕Ͱ͖ΔɻۜΠϯΫಛघͳίʔςΟϯάΛࢴͨ͠ࢪʹॻ͘͜ͱʹΑͬͯಋઢ͕

ྉʹషͰ͖ΔɻͦͷͨΊɺಋిੑΠϯΫʹΑΔಋઢʹൺɺࡐͰॴͷࡎΔ͕ɺಔςʔϓಋిੑͷ೪ண͢ݱ࣮

ಔςʔϓࡐجͷબ͕ΑΓࣗ༝ͱͳΓɺϓϥενοΫͳͲʹճ࿏ΛషΓ͚ΒΕΔɻ

ಔςʔϓΛͨͬճ࿏ͷྫͱͯ͠ɺಔςʔϓΛࢴʹషΓɺͦͷ্ʹಔςʔϓͱଓ͢ΔૉࢠΛషΓ͚Δ͜ͱͰ

ճ࿏Λ࡞͢Δٕज़͕͋Δ [68]ɻ͜ͷٕज़ɺLEDɾηϯαɾϚΠίϯɾίωΫλΛಔςʔϓʹషΓ͚Մ

ͳ෦ͱ͍͏Ϟδϡʔϧʹ͢Δ͜ͱͰɺಔςʔϓͱ͜ΕΒͷϞδϡʔϧͰճ࿏Λ࡞Ͱ͖ΔΑ͏ʹͨ͠πʔϧ

ΩοτͰ͋Δɻ·ͨߋʹଟ͘ͷૉࢠͳͲ͕༻ҙ͞Ε͖ͯͨ [69]ɻ

ಔςʔϓࣗମΛಋઢ߅ͱͯ͠༻͍Δ͜ͱ͕͘ΘΕ͍ͯΔ͜ͱ͔ΒɺߋʹίΠϧΛಔςʔϓͰ࡞͢Δ

ྫ͕͋ΔҰํɺΩϟύγλͱͯ͠༻͍Δྫগͳ͍ [70, 71]ɻ·ͨίΠϧΩϟύγλް͞Λߏͭ࣋ͱͳͬͯ

٭ 5͜͜ͰɺΩ/!γʔτ߅Ͱ͋Γɺਖ਼ํܗܗঢ়ͷҰลͱ͍͔߹͏ลͷؒͷ߅Λද͠ɺಋిύλʔϯͷ߅ɺ͜ͷγʔτ߅ͷΞε
ϖΫτൺഒͱͳΔɻ
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͠·͍ͬͯΔɻͦͷΑ͏ͳཧ༝ͰίΠϧΩϟύγλΛಔςʔϓͰߏங͢Δ͜ͱ͘͢ͳ͘ɺ୯ʹಋ௨ؔͷΈΛ

࣮͢Δ͜ͱ͕ଟ͍ɻ

3.2.4 ബ͍ΞΫνϡΤʔλ

ബ͍ΞΫνϡΤʔλΛ༻͍Δ͜ͱͰɺଟͷΞΫνϡΤʔλ͕͞ࡌΕ͍ͯͯബ͞ΛଛͶͣʹંΓࢴϩϘο

τ͕࣮ݱͰ͖Δɻͦͯ͠ɺബ͍ΞΫνϡΤʔλ͍ܰʹ͋ΔͨΊɺંΓࢴͷ͍ܰੑ࣭ଛͳΘͳ͍ɻͦ͜Ͱɺ

ܰͯ͘ബ͍ΞΫνϡΤʔλΛհ͢Δɻ

ճసӡಈΛͨ͏ߦΊʹɺճస͢Δ࣠ͱɺͦͷपΓͰτϧΫΛੜΉͨΊͷ෦͕ඞཁͰ͋Δɻͦͯ͠ɺͦͷτ

ϧΫճస͔࣠ΒͷڑΛ͡ΔύϥϝʔλͰ͋ΔͨΊɺ͋Δఔͷଠ͕͞ඞཁͱͳͬͯ͠·͏ɻͦͷͨΊɺ͜ͷ

ϝΧχζϜͰྗΛൃੜͤ͞ΔϞʔλʹԁܗঢ়Λͨ͠ͷ͕ଟ͘ɺંΓࢴϩϘοτʹ͢ࡌΔͱް͞Λੜͯ͡

͠·͏ɻ͞Βʹɺ࣓ྗΛ༻͍͍ͯΔͨΊɺӬ࣓ٱੴి࣓ੴΛ͢ࡌΔඞཁ͕͋Γɺॏྔ૿ͯ͠͠·͏ɻ

ͦ͜ͰɺͦͷΑ͏ͳճసӡಈͰͳ͘ɺਐӡಈΛ͏ߦΑ͏ͳΞΫνϡΤʔλΛհ͢ΔɻਐӡಈΛ͏ߦΞ

ΫνϡΤʔλɺંΓࢴͷંΕۙʹண͢Δ͜ͱͰંΓΛத৺ͱͨ͠ճసӡಈͱͳΔɻ͜ͷΑ͏ͳணɺ

ബ͕͞ͱͳΔશʹల։͞Εͨঢ়ଶऩॖ͞Εͨঢ়ଶʹ͓͍ͯബ͘ંΓ·ΕΔͨΊɺް͞ͷੜ͡ͳ

͍ɻંΓࢴϩϘοτʹ͞ࡌΕ͍ͯΔྫͱͯ͠ɺΛ༻͍ͨΓɺྲྀମΛೖͨ͠Γ͢Δ͜ͱʹΑΔମੵมԽʹΑ

ΔมܗͱɺిྲྀΛྲྀ͠ɺΛൃੜͤͯ͞ܗঢ়هԱ߹ۚΛมͤ͞ܗΔมܗͷ 2ख๏͕ଘ͢ࡏΔɻͦͷ 2ख๏Λ͜͜

Ͱհ͢Δɻ

ମੵมԽʹΑΔมܗ

෩ધͷΑ͏ͳബ͍ບͷଆʹۭؾΛೖ͢Δ͜ͱͰม͢ܗΔߏʹΑΓɺബ͍ΞΫνϡΤʔλ͕ՄͰ͋Δɻۭ

ͨ·Δ͕ଟ͍ɻͤͨ࣋ঢ়มԽʹॊΒ͔͞Λܗ͍ͯ༺ͷѹॖੑΛؾցඞཁͰ͋Δ͕ɺۭػΛೖ͢ΔͨΊͷؾ

ଞʹɺۭؾΛೖ͢Δඞཁͷͳ͍ɺ૬సҠΛ༻͍ͨΞΫνϡΤʔλଘ͢ࡏΔɻ

ॴʹΑΓް͞ɾ߶ੑͷҟͳΔ෩ધߏΛ༻ҙ͠ɺͦͷ෦ʹۭؾΛೖ͢Δ͜ͱͰมܗΛੜͤ͡͞ΔΑ͏ͳΞ

ΫνϡΤʔλ͕͋Δ [72]ɻΞΫνϡΤʔλͱ͍͏ΑΓɺࣗ֨ࠎମΛม͍ͯͤ͞ܗΔख๏Ͱ͋Δ͕ɺΞΫνϡΤʔ

λͱͯ͠ར༻ՄͰ͋Δɻް͍෦ࡐ͋·Γ৳ͼͣബ͍෦ࡐେ͖͘৳ͼΔͨΊɺѹྗ͕ۉʹ͔͔ͬͨ߹ʹ

ॴͷܗঢ়ͱͳΔΑ͏ʹઃ͢ܭΔ͜ͱͰɺۭؾͷೖͱ͍͏ 1ΞΫνϡΤʔλʹΑΓɺෳࡶͳಈ͕࡞ՄͰ͋Δɻ

ݙΔɻจ͍ͯ͠ݱΛΑΓബ࣮͘ߏΛೖ͢ΔલͷؾͷΑ͏ʹ͢Δ͜ͱͰɺۭߏࢴɺ͜ͷ෩ધΛંΓʹߋ [72]

Ͱɺ٢ଜύλʔϯͱݺΕΔંΓߏࢴ͕༻͍ΒΕ͓ͯΓɺԁʹͨࣅͳߏΛฏΒʹંΓΈɺίϯύΫτ

ͳऩೲΛՄͱ͍ͯ͠Δɻ

͜ͷΑ͏ʹંΓߏࢴΛ༻͍Δ͜ͱͰɺશํʹ͘͠ΒΉ୯ͳΔ෩ધʹൺͯʮҰํʹͷΈʯେ͖͘৳

͢ΔΑ͏ͳߏ͕ՄͱͳΔɻจݙ [72]Ͱɺ୯ʹંΓߏࢴΛ͚ͩ͏Ͱͳ͘ɺ֎෦ʹކ͚ͱඥ͚Λ

͚୯ʹͦͷ෦ͷ৳ΛෆՄͱ͢Δ͕ɺކΔɻ͍ͯ͠ݱΛ࣮ܗͳมࡶɺෳ͠ݶΛ੍ܗมʹߋͱʹΑΓ͜͏ߦ

ඥ͚ʹΑΔ߆ଋ͋ΔҰఆͷڑ·Ͱͷ৳ࣗ༝Ͱ͋Δ͕ɺͦͷ͞Ҏ߱৳Λ੍͢Δಈ࡞Λ࣮͢ݱΔɻ

ͦͷͨΊɺਤ 3.2c)ͷΑ͏ʹɺ్த·Ͱԁܗঢ়ͱͯ͠৳͢Δ͕ɺඥ͕৳ͼ͔ͬͯΒ͢ۂΔΑ͏ͳΞΫ

νϡΤʔλ࣮ݱͰ͖Δɻކɾඥ͍ܰૉࡐͰ࣮ݱͰ͖ΔͨΊɺކɾඥʹΑΔॏ͞ͷ૿ՃແࢹͰ͖Δɻͦͯ͠ކ

ඥബ࣮͘ݱͰ͖ΔͨΊɺ͜ΕΒͷ੍ް͞΄ͱΜͲ૿Ճͤ͞ͳ͍ɻ

͔͜͠͠ͷΑ͏ͳΞΫνϡΤʔλΛಈͤ͞࡞ΔͨΊʹؾମΛ֎෦͔Βೖ͢ΔʹɺϙϯϓͷΑ͏ͳൺֱతॏ

͔͘͞ΔΞΫνϡΤʔλ͕֎෦ʹඞཁͱͳΔɻͦ͜ͰɺബບʹྲྀମΛแΈɺͦͷബບͷܗঢ়ΛมԽͤ͞Δ͜ͱ

Ͱͦͷີดۭؒͷ͞ΛมԽͤ͞ΔΞΫνϡΤʔλ͕։ൃ͞Εͨ [73]ɻจݙ [73]Ͱհ͞Ε͍ͯΔɺจݙ [74]Ҏ

֎ͷΞΫνϡΤʔλͷಈ࡞খ͍͕͞ɺܰ͞ͱബ͞ʹൺͯ͠ྗڧͳྗΛ࣮ݱͰ͖ΔΞΫνϡΤʔλͰ͋Δɻిۃ

ʹిѹΛҹՃ͢Δ͜ͱͰͦΕΒͷి͕ۃҾ͖߹͍ɺҾ͖߹͏ྗ͕ಇ͔ͳ͍ۭ͍ؒڱʹྲྀମ͕ԡ͠ࠐ·ΕΔɻ͢Δ

ͱɺͦͷബບͰ͖Δ͚ͩ͞Λม͑ͳ͍··ɺେ͖ͳମੵΛแ͏ͱ͢ΔͨΊɺٿԁܗঢ়ʹۙͮ͘ม͕ܗ

ੜ͡Δ٭ 6ɻٿԁܗঢ়ͱͳΔͱ͕͘͞ͳΔํʹಈ͔͍ͨ͠෦Λண͢Δ͜ͱͰਐӡಈΛ࣮͢ݱΔ

٭ ঢ়Ͱ͋Δɻܗԁද໘ੵ͋ͨΓͷମੵ͕େ͖ͳٿ6
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ਤ 3.2: ંΓߏࢴʹۭؾΛೖ͢Δ͜ͱͰு͢ΔΞΫνϡΤʔλ [72]ɻന͍ઢͰࣔ͞ΕΔ෦

ʹކ͚͕͞Ε͍ͯΔɻ͍ͻ࠷େ͞Λ੍͢Δɻ

ΞΫνϡΤʔλͰ͋Δɻ

͔͜͠͠ΕΒͷӷମΛแΜͩΞΫνϡΤʔλɺΞΫνϡΤʔλΛಈͤ͞࡞ΔͨΊʹӷମ͕ඞཁͰ͋Δɻͦ͠

ͯɺٿԁܗঢ়ͷ෦ʹӷମ͕ີด͞ΕΔঢ়ଶ͕ಈൣ࡞ғʹଘ͢ࡏΔͨΊɺ૬͢ΔྔΛີด͢Δඞཁ͕͋Δɻ

͢Δͱɺॏ͞ް͞૿Ճͯ͠͠·͍ɺ͍ܰΞΫνϡΤʔλ͔Βബ͍ΞΫνϡΤʔλ͔ΒΕͯ͠·͏ɻ্ه

ͷΑ͏ͳΞΫνϡΤʔλઈԑͷͨΊʹӷମΛ༻͍͍ͯΔ͕ɺؾମΛ༻͍Δ͜ͱՄͰ͋Ζ͏ɻ͔͍ܰ͠͠ΞΫ

νϡΤʔλ࣮ݱͰ͖Δ͕ബ͍ΞΫνϡΤʔλͷ࣮ݱ͍͠ɻ͜ͷΑ͏ͳΛղܾͨ͠ͷ͕ϦΩουύν

ϞʔλͱݺΕΔɺӷମΛར༻ͨ͠૬సҠΞΫνϡΤʔλͰ͋Δ [75, 76]ɻ

ϦΩουύνϞʔλͱݺΕΔΞΫνϡΤʔλɺബບʹแ·Εͨӷମ͕ؾԽ͢Δ͜ͱͰಈ͢࡞ΔΞΫνϡ

ΤʔλͰ͋Δɻ͍ԹͰؾԽ͢ΔӷମΛೖΕͨϓϥενοΫϑΟϧϜͷାΛՃ͢Δ͜ͱͰӷମΛؾԽͤ͞ɺͦ

ͷମੵมԽʹΑͬͯٿԁܗঢ়ʹۙͮ͘ม͕ܗੜ͡Δɻͦͯ͠จݙ [74]ͱಉ༷ʹਐӡಈ͕࣮ݱͰ͖Δɻͦͷ

ͨΊɺిۃʹిѹΛҹՃͤ͞Δ͜ͱʹΑΔɺӷମΛӷମͷ··༻͍ΔΞΫνϡΤʔλΑΓܰͯ͘ബ͍ߏͰɺಉ

͡มԽΛ࣮ݱͰ͖Δɻ͜ͷΞΫνϡΤʔλʹؔͯ͠ɺยଆͷϓϥενοΫϑΟϧϜΛް͘͢Δ͜ͱͰยଆʹྗ

͕͔͔ΔΑ͏ʹ͢Δ͜ͱ͕Ͱ͖Δɻ

FeltonΒͷંΓࢴϩϘοτɺಈޙ࡞ʹয͕͍͍͛ͭͯΔͨΊɺ͜ͷΑ͏ͳͰಈ͘ΞΫνϡΤʔλΛ༻͍

͍ͯΔͱਪଌͰ͖ΔɻՃʹɺిઢΛ༻͍Δख๏͕ଟ͍͕ɺӔిྲྀΛར༻ͨ͠ۦಈͳͲՄͰ͋Δɻ
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Ա߹ۚΛ༻͍ͨΞΫνϡΤʔλهঢ়ܗ

ঢ়͕ܗͰ͋ΔɻΛՃ͑Δ͜ͱʹΑͬͯۚ߹ͨͬ࣋ঢ়ʹΔੑ࣭ΛܗԱͨ͠هԱ߹ۚͱɺՃ͢Δͱهঢ়ܗ

มԽ͢Δੑ࣭Λ༻͍ͯɺΞΫνϡΤʔλͱͯ͠༻͍Δ͜ͱ͕Ͱ͖Δɻ

ଞͷΞΫνϡΤʔλଟͷ෦͕Έ߹Θͬͯ͞ΞΫνϡΤʔλͱͯͨ͠Β͕͘ɺܗঢ়هԱ߹ۚɺࡐྉͦ

ͷͷ͕ม͢ܗΔͨΊɺඍখͳΞΫνϡΤʔλΛ࣮ݱͰ͖Δɻ͔͠͠ܗঢ়هԱ߹ۚେม͕ܗͰ͖ͳ͍ͨΊɺΞ

ΫνϡΤʔλͱͯ͠༻͍Δ߹ʹόωঢ়ͷܗঢ়هԱ߹ۚΛ༻͍ɺόωͱͯ͠ͷ৳ͼॖΈʹΑͬͯਐӡಈΛ࣮

٭Δྫ͕ଟ͍͢ݱ 7ɻͨͩ͠ɺܗঢ়هԱ߹ۚʮهԱ͞Εͨܗঢ়ʹΔʯͱ͍͏ੑ࣭Ͱ͋ΔͨΊɺҰهԱ͞Ε

ঢ়ʹมԽͰ͖ͳ͍ɻͦ͜ͰԿಈ͔ܗঢ়ʹͬͯ͠·͏ͱɺ͔ͦ͜ΒଞͷྗΛ༩͑ͳ͚Εɺͦͷଞͷܗͨ

͢ॴͰɺܗঢ়هԱ߹ۚΛ፰ے߅ͷΑ͏ʹઢ͢Δ͜ͱͰܗঢ়هԱ߹ۚΛมͤ͞ܗΔͳͲͷ͕ඞཁͰ͋Δɻ

·Λ૿෯Ͱ͖ΔɻܗཧΛ༻͍ͯมݪͱΈ߹Θͤɺͯ͜ͷߏࢴඍখͰ͋Δ͕ɺંΓܗԱ߹ۚͰͷมهঢ়ܗ

ۦ͕ۚ߹Աهঢ়ܗঢ়ͷ͞ͱҟͳΔࣗવΛͭόωΛಉҰΧॴʹ͚Δ͜ͱͰɺܗԱͨ͠هԱ߹ۚͷهঢ়ܗͨ

ಈ͍ͯ͠Δ߹ʹܗঢ়هԱ߹ۚͷهԱͨ͠ܗঢ়ͷ͞ʹมԽ͠ɺܗঢ়هԱ߹͕ۚۦಈ͍ͯ͠ͳ͍߹ʹόω

ͷࣗવʹมԽ͢ΔΞΫνϡΤʔλ͕࣮ݱͰ͖Δɻ͜ͷΑ͏ʹܗঢ়هԱ߹ۚΛόωͱΈ߹ΘͤΔ͜ͱͰܗঢ়ม

Խͷ܁Γฦ࣮͠͠ݱɺখܕͳΞΫνϡΤʔλͱͯ͠༻͍ΒΕ͍ͯΔ [77]ɻ·ͨંΓ֯ɺهԱ͞Εͨ֯ʹ

ΔͨΊɺඥঢ়Ͱͳ͘൘ঢ়ͷܗঢ়هԱ߹ۚΛ༻͍Δख๏͋Δ [78]ɻ

ͷԹΛ্͛Δࣗ໌ͳखڥԱ߹ۚΛ͢ΔͨΊʹɺهঢ়ܗಈख๏ʹ͍ͭͯड़ΔɻۦԱ߹ۚͷهঢ়ܗʹ࣍

๏͋Δ͕ɺ෦͔ΒՃ͢Δख๏͋ΔɻͦͷதͰɺܗঢ়هԱ߹ۚΛಋઢͱͯ͠༻͍Δ͜ͱͰɺಋઢʢܗঢ়

Ա߹͕ۚίΠϧঢ়ʹͳͬͯهঢ়ܗಋઢ͕ऩॖ͢Δͱ͍͏ΞΫνϡΤʔλ͕ଟ͍ɻʹࡍԱ߹ۚʣʹిྲྀ͕ྲྀΕͨه

͍Δ߹ɺࡐྉͷมܗʹൺͯ͞ͷมԽ͕େ͖͍ͨΊɺมҐͷେ͖͍ۦಈΛ࣮͢ݱΔܗঢ়هԱ߹ۚίΠϧঢ়

ʹͳ͍ͬͯΔ͜ͱ͕ଟ͘ɺܗঢ়Λ෮ݩͰ͖Δ͞ͷมܗΛ 3ഒఔ·ͰՔ͙͜ͱ͕ՄͰ͋Δɻ

ಛʹಋઢΛܗঢ়هԱ߹ۚͰ࡞ͨ͠߹ʹɺܗঢ়هԱ߹ۚͷՃߴʹ͑ߦΔɻͦͷͨΊɺܗঢ়هԱ߹ۚ

Λۭͨ͠ࡌதʹඈͼ্͕ΔϩϘοτ͑͞ଘ͢ࡏΔ [79]ɻͨͩ͠ଟ͘ͷ߹ܗঢ়هԱ߹ۚͷྫྷ٫ࣗવྫྷ٫ʹཔ

Γɺܗঢ়هԱ߹ۚͷपลۭؾͰ͋Δ͜ͱ͕ଟ͍ͨΊʹܗঢ়هԱ߹ۚͷྫྷ٫ʹ͔͔͕ؒ࣌ΔɻͦͷͨΊɺಛʹ

Թؾ֎ɺࣗવۭྫྷʹߋͷΑ͏ʹઢ͢Δ͜ͱ͕·ΕΔɻے߅Ա߹ۚΛ፰هঢ়ܗඞཁͳ߹ʹ͕࡞ͳಈߴ

෩ʹΑͬͯྫྷ٫͕มΘΓɺԹ੍͕ޚ͍ͨ͠Ίɺܗঢ়ͷਫ਼ີͳ੍ޚ͘͢͠Δɻܗঢ়هԱ߹ۚͦͷ

ɺͪ࣋फ़ͳ෦ΛٸʹඇৗΛ΄ͱΜͲมԽͤͣ͞ɺ·ͨมԽྔͱ༩͑ͨిѹͱͷؔ߅ؾঢ়มԽʹΑͬͯిܗ

ిѹʹΑͬͯมԽྔΛ੍͢ޚΔ͜ͱ͍͠ɻܗঢ়มԽͱిؾ߅ͷؔʹ͍ͭͯ??Ͱ࣮ݧͱͦͷ݁ՌΛ

༻͍ͯৄ͘͠આ໌͢ΔɻҹՃిѹͱܗঢ়มԽͷؔʹ͍ͭͯ??Ͱ࣮ݧͱͦͷ݁ՌΛ༻͍ͯৄ͘͠આ໌͢Δɻ

తঢ়ଶ͔ΒѲ͢Δ͜ͱ͕͍ͨ͠Ίɺ֎෦ʹԿΒ͔ͷηϯαΛඞؾԱ߹ۚͷిهঢ়ܗԱ߹ۚͷঢ়ଶΛهঢ়ܗ

ཁͱ͢Δɻ͔͠͠֎෦ͷηϯαୈ 3.2.2અͰड़ͨΑ͏ʹް͞ͷ૿Ճʹͭͳ͕Δɻͦ͜ͰɺฏΒͳճ࿏Ͱ͋Δಔ

ςʔϓΛ༻͍ɺಋઢΛߏங͢Δͱͱʹܗঢ়هԱ߹ۚͷ֯ͷ੍ޚΛͨͬߦɻ

ԱޮՌΛࣦ͏ͨΊɺԹ੍هঢ়ܗ͕ۚ߹Աهঢ়ܗԱ߹ۚΛྫྷ͗ͨ͢͠Γ͗ͨ͢͠Γ͢Δ͜ͱͰهঢ়ܗͨ·

Δɻ͢ࡏଘ͔͍͕ͭ͘ݧͳ͘ͳ࣮ͬͨ͠ݩ͗͢͠Δ͜ͱͰԎ͕ग़ͯ෮͍͓ͯʹڀݚඞཁͰ͋Δɻຊޚ

٭ 7͜ͷ৳ͼॖΈશମͷมྔܗʹൺͯࡐྉࣗମͷม͕ܗগͳ͍ɻ
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3.2.5 ཧࣜͷ؆୯Խͱཧతͳ࣮

ຊୈ 3ষͰಔςʔϓΛηϯαͱͯ͠༻͍Δ͚ͩͰͳ͘ཧճ࿏ͱͯ͠༻͍ΔͨΊɺཧࣜʹ͍ͭͯ

հ͢ΔɻҰൠతͳཧࣜʹ͍ͭͯলུ͠ɺࠓճͷಔςʔϓߏʹඞཁͳཧࣜͷ؆୯Խͱɺཧճ࿏Λཧత

ʹ࣮͖ͯͨ͠ྫʹॏΛஔ͘ɻ

͍ͨ༺ճѻ͏ཧࣜͷ؆୯ԽʹΧϧϊʔਤΛ༻͍ͨ؆୯ԽΛࠓ [80]ɻΧϧϊʔਤΛ༻͍ͨ؆୯Խɺਓ͕ؒࢴ

໘্Ͱ͏ߦཧࣜͷ؆୯Խʹ༻͍ΒΕΔ࠷Ұൠతͳ؆୯ԽͰ͋Δɽ͜ͷ؆୯ԽɺͦΕͧΕͷঢ়ଶΛ֨ࢠঢ়ʹ

ฒɺͦΕͧΕͷϚεʹग़ྗঢ়ଶΛॻ͘͜ͱͰ͏ߦ؆୯ԽͰ͋Δɻཧճ࿏͋Δೖྗมͷঢ়ଶ͕ҟͳ͍ͬͯ

ͯಉ͡ঢ়ଶΛग़ྗ͢Δ߹ɺͦͷҟͳΔมΛແͨ͠ࢹཧճ࿏Λग़ྗͰ͖ΔɻΧϧϊʔਤྡΓ߹͏Ϛε

มͷঢ়ଶ͕ 1͚ͭͩҟͳΔঢ়ଶಉ࢜Ͱ͋Δੑ࣭Λͨͭ࣋Ίɺ͜ͷΑ͏ͳมͷআڈΛ֮ࢹత͔ͭޮతʹ͑ߦ

ΔɻΧϧϊʔਤΛ༻͍ͨ؆୯Խʹɺग़ྗ͕ 1Ͱ͋Δঢ়ଶʹணͯ͠ੵඪ४ܗΛߏங͢Δख๏ͱɺग़ྗ͕ 0Ͱ

͋Δঢ়ଶʹணͯ͠ੵඪ४ܗΛߏங͢Δख๏͕͋Δɻ͔͠͠ͱͱΧϧϊʔਤੵඪ४ܗͰߏங͢Δख

๏Λհ͓ͯ͠Γɺݸਓతʹੵඪ४ܗΛ༻͍Δख๏͕ײతͳख๏Ͱ͋Δͱ͡ײΔɻ

ͦͯ͠ΧϧϊʔਤΛ༻͍Δ؆୯ԽͷΈ͕ຊͱؔ͢ΔΘ͚Ͱͳ͍ɻจݙ [80]ͷਤ 12ਤ 15Ͱड़ΒΕ͍ͯ

ΔΑ͏ʹɺ͜ͷख๏Ͱ؆୯Խͨ͠ཧࣜΛಋ௨ؔͰද͢͜ͱʹॏΛஔ͍͍ͯΔɻจݙ [80]ͷਤ 15 4ೖྗ

5ग़ྗͷճ࿏Ͱ͋ΓɺͦΕͧΕΛ؆ུԽ͢Δ͚ͩͰͳ͘ҟͳΔग़ྗʹର͍ͯ͠ճͤΔ෦Λ࠷େ͍ݶճͯ͠

͍ΔͨΊʹඇৗʹͮݟΒ͘ͳ͍ͬͯΔ٭ 8͕ɺੵඪ४ܗΛΧϧϊʔਤΛ༻͍ͯಋग़ͨ͠ޙɺMAKEͱ BREAK

Ͱࣔ͞ΕΔϦςϥϧͱઢͱΛ༻͍ͯॴͷཧճ࿏Λߏங͍ͯ͠ΔɻཧࣜͷߏΛ࠷খʹ͢Δ͜ͱʹॏΛ

ஔ͍͍ͯͳ͍ͨΊɺຊจͰจݙ [80]ͷਤ 9Ͱड़ΒΕ͍ͯΔҪܗͷख๏༻͍͍ͯͳ͍ɻ

͜ͷઢɺΧϧϊʔਤΛ༻͍ͨ؆୯Խ͕ʮಋ௨ʯʹΘΕͨྫͰ͋ΓɺΧϧϊʔਤΛ༻͍ͨ؆୯Խʮಋ௨ʯ

Εͳ͍ͨΊʹɺʮಋݱɺϦςϥϧͰͳ͍ཧࣜͷ൱ఆ͍͓ͯʹܗಛԽ͍ͯ͠ΔྫͰ͋Δɻ·ͨੵඪ४ʹؔ

௨ʯΛ৴߸ɾঢ়ଶͱͯ͠༻͍Δճ࿏ʹ͓͍ͯ͜ͷ؆୯Խ͕·͍͠ɻΧϧϊʔਤྡΓ߹͏Ϛεมͷঢ়ଶ

͕ 1͚ͭͩҟͳΔঢ়ଶಉ࢜Ͱ͋ΔࣄʹΑΓɺVeitchʢϕΠνʣਤ [81]Λ༻͍Δख๏ʹൺͯੵඪ४ܗΛ؆୯Խ

͘͢͠ɺϦςϥϧͷݮʹޮՌతͰ͋ΔͨΊʹΧϧϊʔਤΛ༻͍ͨ؆୯ԽΛຊจͰ࠾༻ͨ͠ɻ

͜ΕΒͷ؆୯Խɺ୯ʹઃͨ͠ܭঢ়ଶͰͷग़ྗΛޮతʹ؆୯Խ͢Δ͚ͩͰͳ͘ɺग़ྗ͕ઃ͞ܭΕ͍ͯͳ͍ঢ়

ଶΛ͏·͘͜͏ͱʹΑͬͯ؆୯ԽΛ͍ͯͬߦΔɻಛʹ͜ΕΒͷਤΛ༻͍ͨ؆୯ԽͰ d٭ 9 ×Ͱද͞ΕΔυ
ϯτέΞΛ؆୯Խʹ߹͕ྑ͍Α͏ʹ 0͘͠ 1ΛͦΕͧΕͷঢ়ଶʹׂΓͯΔɻ͜ͷదٓߦΘΕΔ 0͘͠

 1ͷׂΓ͕ͯɺ??Ͱண͢Δઃܭ֎ͷಈ͖Λܾఆ͢Δ͜ͱʹͳΔɻ

ຊߘͰѻ͏ཧճ࿏Ϧςϥϧʢೖྗมͱͦͷ൱ఆʣͱཧੵͱཧͷΈͱ੍͕ͨ͠ݶɺNANDήʔτ

ͷΈͰཧճ࿏ͷඋੑΛͭ࣋͜ͱ͔Βɺཧճ࿏Λ࠷খͷNANDૉࢠͷΈʹ͢ݱ࣮ͯͬݶΔ͜ͱ [82]ɺࣗಈ

ཧ߹γεςϜʹ͓͍ͯ NANDͷΈͰͷ࣮ ͷΈͰͷ࣮͘͠ͳ͍ɻࢠΘΕ͓ͯΓɺҰ෦ͷૉߦ͕[83]

ϦϨʔͱεΠονʹΑΔཧճ࿏

ຊߘͰͨͬߦϦςϥϧͱཧੵͱཧͷ੍ݶϦϨʔͱεΠονͰߏͰ͖Δճ࿏ͱՁͰ͋Δɻཧճ

࿏ΛϦϨʔͱεΠονͰཧతʹ࣮ݱͰ͖Δ͜ͱ͔͘ݹΒΒΕ͓ͯΓɺݱͷߴͳཧԋثࢉΛ࣮͢ݱΔ

ͨΊʹඞཁෆՄܽͳٕज़Ͱ͋ͬͨ [84]ɻͦͯͦ͠ͷจݙ [84]Ͱɺclosed circuitʢಋ௨ʣ͕ 0ʹରԠ͠ɺ open

circuit ʢஅઢʣ͕ 1ʹରԠ͍ͯ͠Δɻͦͯ͠ɺฒྻଓ͕ཧੵʹରԠ͠ɺྻଓ͕ཧʹରԠ͍ͯ͠Δɻ

ຊจͰಋ௨ঢ়ଶΛ 1ʹରԠͤ͞ɺஅઢঢ়ଶΛ 0ʹରԠ͍ͤͯ͞Δ͕ɺ͜ͷରԠͰཧΛฒྻଓʹɺ

ཧੵΛྻଓʹରԠͤ͞Δ͜ͱͰϒʔϧͱରԠ͢Δɻ

ྫ͑จ [84] Ͱ 1ͱ 0ͷཧ͕ open circuit ͱ closed circuit ͷྻଓ open circuit ͱͳΔͨΊ

1 + 0 = 1ཱ͕͢Δͱ͍ͯ͠Δ͕ɺຊจͰͦͷճ࿏Λ 0 · 1 = 0ͱͯ͠ղऍ͢Δɻ͜ΕΒͦΕͧΕ negative

logic polarityͱ positive logic polarityͱݺΕΔରԠͰ͋Γɺͱԋࢉͷ྆ํΛస͢Δ͚ͩͰಘΒΕΔରԠͰ

͋Δɻ͜Ε͕ϒʔϧͷରੑͰ͋Γɺจݙ [84]ͷެཧΛຊจʹରԠ͢ΔܗͰॻ͘ͱද 3.1ͱͳΔɻ͜͜Ͱɺ

٭ ͕ඞཁͰ͋Δɻ͕ॏཁͰ͋ΓɺຊจͰհ͢Δճ࿏Ͱಉ༷ͷ͠ͳ͍Α͏ͳٯ8ిྲྀ͕
٭ 9don’t care ͷ಄จࣈ
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ද 3.1: ಔςʔϓճ࿏ͷެཧ

1. a. 0 · 0 = 0 அઢঢ়ଶͱஅઢঢ়ଶͷྻଓஅઢঢ়ଶͰ͋Δɻ

b. 1 + 1 = 1 ಋ௨ঢ়ଶͱಋ௨ঢ়ଶͷฒྻଓಋ௨ঢ়ଶͰ͋Δɻ

2. a. 1 + 0 = 0 + 1 = 1 ಋ௨ঢ়ଶͱஅઢঢ়ଶͷฒྻଓಋ௨ঢ়ଶͰ͋Δɻ

b. 0 · 1 = 1 · 0 = 0 அઢঢ়ଶͱಋ௨ঢ়ଶͷྻଓஅઢঢ়ଶͰ͋Δɻ

3. a. 0 + 0 = 0 அઢঢ়ଶͱஅઢঢ়ଶͷฒྻଓஅઢঢ়ଶͰ͋Δɻ

b. 1 · 1 = 1 ಋ௨ঢ়ଶͱಋ௨ঢ়ଶͷྻଓಋ௨ঢ়ଶͰ͋Δɻ

4. ҙͷࠁ࣌ʹ͓͍֤ͯมX  0·ͨ 1ͷঢ়ଶͰ͋Δɻ

ͦͷରੑ͕ a.ͱ b.ͱͳΔΑ͏ͳରԠ͕ߦΘΕ͍ͯΔɻ͜ͷΑ͏ͳਖ਼ཧͷճ࿏͢Ͱʹ͘༻͍ΒΕ͓ͯΓɺ

ฒྻଓͱྻଓͷରԠຊจͱҰக͍ͯ͠Δ [85]ɻ

ճఏҊ͢Δಔςʔϓճ࿏ɺຊઅͷ΄ͱΜͲʹ͓͍ͯཧࣜͷ൱ఆ͕Ͱ͖ͳ͍ͱͯ͠ѻΘΕΔɻ͜ͷΑ͏ࠓ

ͳ NOTήʔτ͕ͳ͍ϒʔϧճ࿏୯ௐճ࿏ʢmonotone circuitʣͱݺΕ͓ͯΓɺճ࿏ྔࢉܭͷͰ͞ڀݚΕ

͍ͯΔɻಛʹɺΫϦʔΫͷ [86, 87]ɺ୯ௐճ࿏ʹݶΒͳ͍ճ࿏ͱ୯ௐճ࿏ʹ੍ͨ͠ݶճ࿏ࢦؔతͳࠩ

͕͋Δ͜ͱΛࣔ͢จͰ༻͍ΒΕͨ [88]ɻ͜ΕΒͷڀݚʹΑΓɺ୯ௐճ࿏ nมΫϦʔΫؔ٭ 10Λ͢ࢉܭΔ

ͨΊʹඞཁͳཧήʔτ͕ O(en)ͱͳΔ͜ͱ͕ࣔ͞Ε͖ͯͨɻ·ͨ NOTήʔτͷΛ ΔͷͰͳ͘ɺ͢ݶ੍ʹ0

༗ݶʹݸݶఆͨ͠ճ࿏ʹ͍ͭͯͷڀݚଘ͢ࡏΔ [89]ɻྫ͑ɺNOTήʔτ ͷมͷͦΕͧΕݸͷΈͰɺ3ݸ2

ͷ൱ఆ͕ਤ 3.3ͷΑ͏ʹ࣮ݱՄͰ͋Δɻ͜ͷཧճ࿏ɺ3มͷ൱ఆͰ͋ΔͨΊʹʮ1ʯͷ͕ ͷ߹ͱݸ0

A
B
A
C
B
C

A
B
C

A
B
C

B
C

B
C

A

ਤ 3.3: NOTήʔτ ͷΈͰݸ2 ¬Aͱ ¬Bͱ ¬CΛ࣮͢ݱΔճ࿏ͷҰ෦ɻࠇ৭ͷ෦ ¬Aͱ ¬Bͱ
¬CͰڞ௨Ͱ͋Γɺ੨จࣈͰࣔͨ͠෦Λ Aͱ Cʹ͢Ε ¬B͕ɺ੨จࣈͰࣔͨ͠෦Λ Aͱ Bʹ͢

Ε ¬C͕࣮͢ݱΔɻ

ͷ߹ͱݸ1 ͷ߹ͱݸ2 ͷ߹ͷݸ3 4ू߹ʹׂ࣮͍ͯͯ͠͠ݱΔɻಉ༷ʹɺ͜ͷΑ͏ͳख๏Λ༻͍Δ͜ͱ

ͰɺͦΕͧΕͷมͷ൱ఆΛग़ྗ͢Δཧճ࿏Λ࣮͢ݱΔ͜ͱ͕Ͱ͖ɺNOTήʔτͷ͔֬ʹݮͰ͖Δɻ͜

ͷख๏Λ༻͍Δ͜ͱͰ nมͷͦΕͧΕͷ൱ఆΛ log2(n + ͷݸ(1 NOTήʔτͰ࣮ݱͰ͖Δར͕͋ΔҰํͰɺ

ཧճ࿏ͷྻଓͷ O(log(n))ɺશମͷཧԋࢉ O(n log(n))ͱ૿Ճ͢Δ [90]ɻߋʹෳࡶͳճ࿏Λ͑ߟ

Δ͜ͱͰɺNOTήʔτͷΛ log1+o(1) nɺਂ͞ log1+o(1) nɺཧԋࢉ O(n)ͷճ࿏ՄͰ͋Δ͑͞ࣄΒΕ

͍ͯΔ [91]ɻຊୈ 3ষͰհ͢Δಔςʔϓճ࿏͜ͷΑ͏ͳมͷ൱ఆ͑͞Ͱ͖ͳ͍ͱີݫʹҟͳΔ͕ɺ

NOTήʔτͷݮʹ͜ΕΒͷ݁Ռ༗༻Ͱ͋Δɻ

͜ͷ୯ௐճ࿏σδλϧճ࿏ͷඇৗʹ੍͞ݶΕͨճ࿏ϞσϧͰ͋ΔҰํͰɺཧࣜඇৗʹ੍͞ݶΕͨճ࿏Ϟ

σϧͰ͋Δɻྫ͑ճ࿏Ϟσϧͱͯ͠Έͨ߹ʹཧࣜϑΝϯΞτΛ ʹݶΕ͓ͯΓɺͦͷ੍͞ݶ੍ʹ1

ΑΓճ࿏ਤʹൺͯඇৗʹ͍ࣜͱͳΔ߹͋Δɻ୯ௐճ࿏ͷճ࿏ྔࢉܭɺԼք͕ࢦؔతͰ͋Δ͜ͱ͕

ΒΕ͍ͯΔҰํͰɺཧࣜͷճ࿏ྔࢉܭͷԼք Ω(n3−o(1))Ͱ͋ΓɺԼքͰ͋Δͱ͑ݴඇৗʹখ͘͞ੵݟ

ΒΕ͍ͯΔ [92]ɻ

ैདྷͷڀݚͰࠓճͷಔςʔϓճ࿏ͱ࣮ͨࣅͰ͋ΔʹɺϥμʔϩδοΫ [93]ͳͲ͕ଘ͢ࡏΔɻϥμʔϩδο

ΫϦϨʔͷͱίΠϧͰཧճ࿏Λهड़͢Δख๏Ͱ͋ΔɻϥμʔϩδοΫͷίΠϧ 2ຊͷઢ͕ిݯઢͱ

άϥϯυઢʹରԠ͠ɺϦϨʔ͕ಋ௨Λ੍͢ޚΔ͜ͱͰίΠϧͷಈ࡞ΛมԽͤ͞Δɻͦͯ͠ຊจͱͷରԠ

٭ 10ΫϦʔΫؔͱɺͦͷάϥϑͷதʹΫϦʔΫؚ͕·Ε͍ͯΔͳΒ 0 Λɺؚ·Ε͍ͯͳ͍ͳΒ 0 ΛऔΔؔͰ͋Δɻ
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ɺϥμʔϩδοΫͷϦϨʔ͕ંΕ͍ͯΔ͔Λఆ͢ΔεΠονʹɺίΠϧ͕ܗঢ়هԱ߹ۚͷಈ࡞ʹରԠ͢Δɻຊ

དྷͷϥμʔϩδοΫཧճ࿏Λ࣮ࡍʹϦϨʔͰಈ͕͍ͨͯͤ͞࡞ɺ࣮ࡍʹϥμʔ͕ಈ͘ճ࿏ͱ͚ͯͩ͠Ͱͳ͘ɺ

ϓϩάϥϚϒϧϩδοΫίϯτϩʔϥͷϓϩάϥϜޠݴͰ͋ΔɻຊจͰѻ͏ಔςʔϓճ࿏ͱಉ͘͡ɺϥμʔϩ

δοΫཧࣜͷ൱ఆΛ 1ૉࢠͰ࣮ݱͰ͖ͳ͍ੑ࣭Λͭ࣋ɻ

ͨͩ͠ಔςʔϓճ࿏ͱҟͳΔੑ࣭ͭ࣋ɻྫ͑ɺϥμʔϩδοΫಛʹϓϩάϥϜޠݴͱͯ͠ݟͳ͢߹ͦͷ

ϦϨʔͱίΠϧͷಈ࡞্͔ΒԼɺ͔ࠨΒӈͱॱংͩͬͯߋ৽͞ΕΔ͜ͱͰॲཧ͕ߦΘΕΔ༷Ͱ͋Γɺ

ճ࿏Ͱ͋ΓɺશͯͷηϯαͱશظɻҰํಔςʔϓճ࿏ඇಉͭ࣋ͱҟͳΔੑ࣭Λ࡞ͷϦϨʔίΠϧͷಈࡍ࣮

ͯͷΞΫνϡΤʔλ͕ಉ࣌ʹঢ়ଶΛߋ৽͢Δ߹͑ߟΔඞཁ͕͋Δɻ

͜ͷΑ͏ͳମͷҠಈΛ༻͍ͨճ࿏ʹɺྲྀମΛ༻͍ͨख๏ [94]͋ΔɻಋిੑྲྀମΛதʹೖ͠ɺۭؾͷ

ྲྀೖʹΑͬͯͷಋిੑྲྀମͷҐஔΛ੍͢ޚΔɻಋిੑྲྀମ͕ిؒۃʹ͋Δ߹ʹͷΈిྲྀ͕ྲྀΕΔͨΊɺ

ঢ়ͷʹಋిੑྲྀମΛྲྀ͠ଓ͚Δ͚ͩͰ܁Γฦ੍͕͠ޚՄͱͳΔɻຊจʹରԠͤ͞ΔͳΒɺಋ௨ύλʔ

ϯΛ࣮ͨ͠ಔςʔϓΛ ՄͱͳΔͩΖ͏ɻຊୈ͕ޚΓฦ੍͠܁ͷΞΫνϡΤʔλͰճసͤ͞Δ͜ͱͰݸ1 3ষ

Ͱಔςʔϓճ࿏ͷബ͞Λ͓ͯ͠ٻΓɺͦͷΞΫνϡΤʔλͷ͞ڐ͑͞ࡌͳ͍Ͱ͋ΔͨΊߦΘͳ͍ɻ

·ͨΑΓ໌ࣔతʹཧతͳҠಈͳͲ͕ରԠ͢ΔʹɺϏϦϠʔυϘʔϧίϯϐϡʔλͳͲ͕͋Δ [95, 96]ɻϏ

ϦϠʔυϘʔϧίϯϐϡʔλɺϘʔϧͷଘࡏͱඇଘ͕ࡏ 1ͱ 0Λද͢ཧճ࿏Ͱ͋ΓɺཧతͳϘʔϧ͕ຎࡲ

ͷͳ͍ۭؒΛશੑিಥ͢ΔϞσϧͰཧճ࿏Λߏ͢ΔɻϏϦϠʔυϘʔϧ AͱϏϦϠʔυϘʔϧ BΛʢ

͠ϏϦϠʔυϘʔϧ͕྆ํڞʹଘ͢ࡏΕʣিಥ͢ΔΑ͏ʹӡಈͤ͞Δ͜ͱͰɺͦΕͧΕͷܦ࿏্ʹϏϦϠʔυ

Ϙʔϧ͕ྲྀΕΔ͔͕ ¬A ·Bͱ A · ¬BʹରԠ͢ΔɻϏϦϠʔυϘʔϧίϯϐϡʔλͰ ANDճ࿏ͱ NOTճ࿏Λ

શੑΛ༗͢ΔɻͰ͖ɺνϡʔϦϯάߏ

࣮ੈքʹཧճ࿏͕ଘ͢ࡏΔҎ্ɺཧճ࿏ཧతʹߏՄͰ͋ΔɻࡏݱͰτϥϯδελͰߏ͞ΕΔ

ཧճ࿏͕ଟ͍͕ɺྺ࢙తʹ͜ΕΒͷΑ͏ͳཧతͳ৮Λ༻͍ͨཧճ࿏͕ଘ͍ͨͯ͠ࡏɻຊୈ 3ষͰհ

͢Δಔςʔϓճ࿏͜ΕΒͷΑ͏ͳཧతͳ৮Λ༻͍ΔͰ͋Γɺͦͯ͠ిѹͷߴͰͳ͘ಋ௨ͱஅઢΛ༻

͍ΔཧͰ͋ΔͨΊɺ͜ΕΒͷ࣌ʹߦΘΕ༷ͨʑͳΛࢀর͢Δ͜ͱͰߏங͕ޮతͰ͋ͬͨɻ

Έ߹Θͤճ࿏ͱϋβʔυ

ຊจʹ͓͚Δಔςʔϓճ࿏ɺηϯαͰ͋Δͱۦʹڞಈճ࿏Ͱ͋Δɻ͜Εɺಔςʔϓճ࿏͕ೖྗͰ͋Γ

ग़ྗͰ͋Δ͜ͱʹରԠ͢Δɻͦ͜Ͱɺຊ 3.2.5અͰΈ߹Θͤճ࿏ͷग़ྗΛࣗࣗͷೖྗͱ͢Δʹ͍ͭͯ

આ໌͢ΔɻΈ߹Θͤճ࿏ͷग़ྗͷҰ෦Λࣗࣗͷೖྗͱ͢Δճ࿏ଘͨ͠ࡏɻͦΕΒͷଟ͘ɺैདྷͷΈ

߹Θͤճ࿏ʹ͓͍ͯग़ྗΛೖྗʹ͢͜ͱࣗମΛతͱͨ͠Ͱͳ͘ɺճ࿏ͷͭྔࢉܭ·Γճ࿏ͷنΛখ͞

ͨ͘͠··ͰෳࡶͳࢉܭΛ͏͓ߦͱͨͨ͠Ίʹੜ·Εͨճ࿏Ͱ͋Δɻ

ྫ͑ɺ1ϏοτͷશՃػࢉΛ nݸΈ߹ΘͤΔ͜ͱͰ nϏοτͷશՃػࢉΛߏͰ͖Δੑ࣭͔ݩΒΒΕͯ

͓ΓɺͦͷΑ͏ͳߏΛՄʹ͢ΔͨΊʹશՃػࢉ܁Γ্͕ΓͷϏοτΛ͚ͩͭ࣋Ͱͳ͘ɺೖྗΛ ༗͢Δɻݸ3

͔͠͠ɺ͜ͷߏ͢ࢉܭΔϏοτ͕૿Ճ͢Δʹճ࿏͕ෳࡶʹͳΓɺઢܗͳ૿ՃͰ͋Δ͕ճ࿏ઃܭͷஈ֊Ͱ

ɻͭ࣋Εͯ͠·͏ܽΛ͞ݶͰ͖ΔϏοτ੍͕ࢉܭ

͔͠͠ɺ͠શՃػࢉͷग़ྗͷ ͷೖྗͷࠁ࣌ͷ࣍Γ্͕ΓͷϏοτΛɺ܁Ͱ͋Δݸ1 ͱ͢Δ͜ͱ͕Ͱ͖Εݸ1

͜ͷΛղܾͰ͖ΔɻશՃػࢉΛΈ߹Θͤͨ nϏοτͷՃࢉͰ Λѻ͍ɺΛׂ͢ࢉͷՃࣈͷݸ2

Δͱ֤ܻͱͦΕͧΕͷ܁Γ্͕ΓͷΈͷࢉܭͰ͋Δɻ͜͜Ͱɺ্ҐϏοτͷ݁ࢉܭՌԼҐϏοτͷ݁ࢉܭՌʹ

ӨڹΛ༩͑ͳ͍ͨΊɺԼҐϏοτ͔Βॱʹ 1ϏοτͣͭશՃػࢉΛ༻͍ͯ͢ࢉܭΕΑ͘ɺͦͷࢉܭʹಉ͡શ

ՃػࢉΛ͍ճ͢ઃ͕ܭՄͰ͋Δɻ͜ͷߏͰͷՃػࢉΛྻՃػࢉʢSerial binary adderʣͱݺͼɺશՃػࢉ

Λ ͳ͘ͱ͍༺͔͠ݸ1 nϏοτͷՃࢉΛ࣮͢ݱΔ [97]ɻ͜ͷख๏Ͱಉ͡ՃػࢉΛԿ͍ճ͢͜ͱʹͳΔ

ͨΊ͔͔ͨͩϏοτʹൺྫ͢Δ͔͔͕ؒ࣌ʹࢉܭ͚ͩؒ࣌Δ͕ɺͦͦ nճͷ܁Γ্͕ΓΛ͕ͭؒ࣌͜Ε

ʹ૬͢ΔͨΊͳ͍ɻ

͜ͷΑ͏ͳճ࿏Λಉظճ࿏Ͱઃ͢ܭΔͱɺग़ྗ͕͍ͭೖྗʹฦͬͯ͘Δ͔͕Θ͔Βͳ͘ͳΔͨΊʹෆ҆ఆͳग़

ྗͱͳͬͯ͠·͏ɻͦͷͨΊɺҰൠతʹ͜ͷΑ͏ͳճ࿏ಉظճ࿏Ͱ͋Γɺग़ྗΛೖྗ͢ࡍʹϝϞϦͷಇ

͖Λࣔ͢ϥονճ࿏ͳͲʹҰঢ়ଶΛهԱͤ͞Δɻ͔͠͠ຊจͰհ͢Δಉςʔϓճ࿏͜ͷΑ͏ͳϝϞϦΛ
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࣮͠ͳ͍ͨΊɺඇಉظճ࿏ͱͯ͠ग़ྗΛೖྗͱฦ͢ঢ়ଶͰ͑ߟΔ͜ͱͱͳΔɻ

ඇಉظճ࿏Ͱɺਤ 3.4 ͷΑ͏ʹग़ྗͷҰ෦ΛೖྗͷҰ෦ͱ͢Δճ࿏͕ଘ͍ͨͯ͠ࡏ [98]ɻͦͯ͜͠ͷΑ͏

x1
x2
y1
y2

z1
z2
Y1
Y2

ਤ 3.4: Ұൠͷॱংճ࿏ɻ֎෦͔ΒͷೖྗΛ xɺ෦͔ΒͷೖྗΛ yɺ෦ͷग़ྗΛ Yɺ֎෦ͷग़

ྗΛ zͱ͍ͯ͠Δ [98]ɻ

ͳճ࿏ͰɺϋβʔυͱݺΕΔܽؕΛ͑ߟΔඞཁ͕͋Δɻϋβʔυʹೖྗ͕ 1 ߹มԽ͍ͯ͠ͳ͍͔͠ݸ

ʢsingle-unput-changeʣʹཧήʔτͷԆʹΑͬͯҾ͖͜͞ىΕΔཧϋβʔυͱݺΕΔϋβʔυͱɺೖྗ͕

ෳݸಉ࣌ʹมԽ͢Δ߹ʢmultiple-input-changeʣʹੜ͡ΔػϋβʔυͱݺΕΔϋβʔυ͕ଘ͢ࡏΔɻ͜

ͷΑ͏ͳϋβʔυ͕ଘ͢ࡏΔ߹ʹɺҙਤ͠ͳ͍ग़ྗ͕ؒ࣌ग़ྗ͞ΕΔ߹͕͋ΔͨΊɺҙਤ͠ͳ͍ग़ྗΛ

ղফ͢Δ͕͍ͭ͘ߟҊ͞Ε͍ͯΔͨΊɺ͜ΕΒΛհ͢Δɻ

ཧϋβʔυͷղফʹɺͳ߲ΛՃ͢Δख๏͕ଘ͢ࡏΔ [99]ɻҰൠతͳΧϧϊʔਤΛ༻͍ͨ؆୯Խͷࡍ

ʹɺํܗͰग़ྗ͕ 1Ͱ͋ΔྖҬΛғΉ͜ͱͰ؆୯ԽΛ͍ߦɺͦͷํܗͷྖҬͷগͳ͍΄Ͳྑ͍ͱ͞Ε

ΔɻͦͷͨΊɺҰൠతʹਤ 3.5ͷࠨਤͷΑ͏ͳ؆୯Խ͕ߦΘΕɺϋβʔυ͕ੜ͡ΔՄੑ͕Δɻਤ 3.5ͷࠨਤ

Ͱɺ2ݸͷํܗͷྖҬ͕ଘ͠ࡏɺͦΕͧΕ͕ AC̄ͱ BCΛҙຯ͢Δɻ

00 01 11 10

0

1

AB

C

0

1 1

1

AC + BC AC + BC + AB

00 01 11 10

0

1

AB

C

1 0

1 1

10

0 0

01

0 0

ਤ 3.5: ͳํܗͷྖҬͷՃʹΑΔཧϋβʔυͷղফ [99]ɻࠨਤͷΑ͏ͳํܗͷྖҬͷ͕

ͷྖҬܗখͱͳΔ؆୯ԽͰͳ͘ɺӈਤͷΑ͏ʹ͋͑ͯํ࠷ ABΛՃ͢Δ͜ͱͰɺϋβʔυΛղ

ফ͢Δɻ

ਤ 3.5ͷࠨਤͷΑ͏ͳ؆୯ԽΛͨͬߦ߹ʹɺA = 1ɺB = 1ɺC = 0ͷঢ়ଶ͔ΒɺCͷঢ়ଶͷΈ͕ C = 1ͱ

ભҠ͢Δ߹Λ͑ߟΔɻ͜ͷભҠʹ͓͍ͯɺॠؒతʹ Cͷग़ྗͱ C̄ͷग़ྗ͕ͱʹ 0Ͱ͋Εɺͦͷॠؒ AC̄ͱ

BC͕ڞʹ 0ͱͳͬͯ͠·͏ɻͦͷͨΊɺཧࣜAC̄+BC = 0+ 0 = 0ͱͳΓɺग़ྗ͕ 0ͱͳͬͯ͠·͏ɻ͔͠͠

͜ͷભҠɺ1Λग़ྗ͢Δঢ়ଶ͔Β 1Λग़ྗ͢Δঢ়ଶͷભҠͰ͋ΔͨΊɺ్தͰ 0Λॠؒతʹग़ྗͯ͠͠·͏͜

ͱ·͘͠ͳ͍ɻ͜Ε͕ϋβʔυͰ͋Γɺϋβʔυͷղফ͜ͷભҠΛ 0ͷग़ྗͳ͠ʹ҆શʹ͏ߦઃܭͰ͋Δɻ

ϋβʔυͷղফͷͨΊʹɺ͋͑ͯͳํܗͷྖҬͰ͋Δ ABΛਤ 3.5ͷӈਤͷ੨͍ํܗͷΑ͏ʹՃ͢

ΔɻAC̄ͱ BC͕ڞʹ 0Λग़ྗͨ͠ͱͯ͠ABͳ͘ 1Λग़ྗ͢ΔͨΊɺCͷભҠʹΑͬͯग़ྗ͕ 0ͱͳΔ

͜ͱͳ͍ɻઌ΄Ͳ 0Λग़ྗͯ͠͠·ͬͨॠؒͷঢ়ଶΛཧࣜͰද͢ͱɺAC̄ + BC + AB = 0 + 0 + 1 = 1Ͱ͋

Δɻ͜ͷΑ͏ͳભҠதʹ௨Γ͏Δঢ়ଶΛғΉํܗͷू߹Λ༻͍ͨઃܭʹΑͬͯɺϋβʔυͷղফ͕࣮ݱͰ͖Δɻ

ಛʹɺࠓճѻ͏ಔςʔϓճ࿏ͷΑ͏ͳཧతͳ࣮ʹ͓͍ͯɺͦͦ AB Cͷঢ়ଶΛ؍ଌ͍ͯ͠ΔΘ͚Ͱ

ͳ͍ͨΊɺCͷભҠʹΑͬͯग़ྗ͕มΘΔ͜ͱ͕ͳ͍ɻͦͷͨΊɺҎ্ͷΑ͏ͳղܾྲྀ༻ՄͰ͋Δɻ

ຊୈ 3ষͰѻ͏੍ޚܗঢ়هԱ߹ۚͷ੍ޚʹ༻͍Δ੍͕ޚଟ͘ɺܗঢ়هԱ߹ۚͷಈ࡞ඇৗʹ͍ͨΊɺσδ

λϧճ࿏ͰҰॠͰ͋ΔΑ͏ͳؒҧͬͨग़ྗ͕ؒ࣌อ࣋͞Ε͍͢ɻͦͷͨΊɺܗঢ়هԱ߹ۚͷಈ࡞ʹ߹Θͤɺ

͜ͷΑ͏ͳಈ͕࡞ੜ͡ͳ͍Α͏ʹ͢Δඞཁ͕ڧ·ΔɻຊઅͰɺܗঢ়هԱ߹ۚͷಈ࡞ͷ͞Λʹͯ͠ɺ

??અͰؒؒ࣌ҧͬͨग़ྗΛ͠ͳ͍Α͏ͳંΓߏࢴʹΑΔϋβʔυͷղফΛհ͢Δɻ͜ͷϋβʔυʹ͍ͭͯ

ɺೖྗ͕ ΑΔʹܭΔͨΊɺϙςϯγϟϧΤωϧΪʔΛ༻͍ͨઃ͍ͯ͑ߟมԽ͍ͯ͠ͳ͍߹ͷΈΛ͔͠ݸ1

ཧϋβʔυͷղফͱ͍͑Α͏ɻ
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มԽ͢Δ߹ͷϋβʔυͰ͋Δ͕ɺΑΓʹ࣌ಉݸϋβʔυೖྗ͕ෳػϋβʔυղফ͢Δɻػɺʹ࣍

ϋβʔυʹ͍ͭͯػΔɻ͑ߟͷঢ়ଶͱભҠͯ͠͠·ͬͨ߹ʹ͍ͭͯ֎ܭɺ֎ཚͳͲʹΑΓઃ͑ߟ͘

ཧϋβʔυͷղফͱಉ༷ʹΧϧϊʔਤΛ༻͍ͨ؆୯Խʹ͓͍ͯɺਤ 3.6ͷΑ͏ͳํܗͱͦΕʹରԠ͢Δճ࿏ͷ

ՃʹΑΓ࣮ݱͰ͖Δɻ

00 01 11 10

00

01

AB

CD

11

10

AB+AD+BC+CD

0

1

1

1

0

0

1

1

1

1

1

1

1

0

00

00 01 11 10

00

01

AB

CD

11

10

0

1

1

1

0

0

1

1

1

1

1

1

1

0

00

AB+AD+BC+CD+AC

(a) (b)

ਤ 3.6: ͳํܗͷྖҬͷՃʹΑΔػϋβʔυͷղফ [85]ɻ(a)ʹࣔ͢ํܗͷྖҬͷ͕࠷

খͱͳΔ؆୯ԽͰͳ͘ɺ (b)ͷΑ͏ʹ͋͑ͯ੨৭ͷํܗͷྖҬΛՃ͢Δ͜ͱͰɺϋβʔυΛղ

ফ͢Δɻ

ਤ 3.6ͷ (a)શͯͷ 1Ͱ͋Δঢ়ଶΛؚΉɻͦͯ͠ɺ1Λग़ྗ͢Δঢ়ଶ 1010͔Β 1Λग़ྗ͢Δঢ়ଶ 1111ͷભ

ҠͰঢ়ଶ 1011Λܦ༝ͨ͠ભҠͰঢ়ଶ 1110Λܦ༝ͨ͠ભҠͰ 1Λग़ྗ͠ଓ͚ΔΑ͏ͳཧϋβʔυͷղফ

ߦΘΕ͍ͯΔɻ͔͠͠ɺঢ়ଶ 1010͔Βঢ়ଶ 1111ͷભҠʹ͓͍ͯભҠ͢Δɺ BͱDͷঢ়ଶ͕ʮڞʹʯෆ҆ఆ

ʹͳͬͨ߹ͷग़ྗ͕อূ͞Ε͍ͯͳ͍ɻ͜ͷΑ͏ͳ߹ʹɺಉ࣌ʹ Bͱ D͕ભҠ͢Δ͜ͱʹΑΓग़ྗ͕ෆ҆

ఆʹͳΒͳ͍Α͏ʹɺACͷ߲ΛՃ͢Δ͜ͱͰঢ়ଶ 1010͔Βঢ়ଶ 1111ͷભҠɺঢ়ଶ 1110͔Βঢ়ଶ 1011

ͷભҠʹ͓͍ͯ 1Λग़ྗ͠ଓ͚Δอূ͕ಘΒΕΔɻ

͜ͷΑ͏ͳෳݸͷೖྗ͕ಉ࣌ʹมΘΓ͏Δ߹ͷϋβʔυʹରͯ͠ɺৗʹ؆୯ԽͰͷํܗͷྖҬΛͰ͖Δ

͚ͩେ͖͘͢Δ͜ͱͰղܾͰ͖ΔΘ͚Ͱͳ͍٭ 11ɻͦͷͨΊඇৗʹ͍͕͠ࢉܭඞཁͱͳΔͨΊɺҙͷঢ়ଶ

ભҠΛͯͬ͠ߦ·ͬͨ߹ʹ͍ͭͯͷߟΛ??Ͱ͏ߦɻຊୈ 3ষͷଟ͘܁Γฦ͠ಈ࡞Λѻ͏ͨΊɺ܁Γฦ

͠ಈ࡞ͷܦ࿏ʹ෮͢ؼΔ͔൱͔ʹ͍ͭͯड़Δɻ

͜Εɺ܁Γฦ͠ಈݶʹ࡞Βͳ͍ͳΒɺϨʔεʢraceʣͱݺΕΔͰ͋ΔɻϨʔεͱɺෳͷग़ྗΛม

Խͤ͞ͳ͚Ε͍͚ͳ͍߹ʹɺͲͪΒ͔ͷঢ়ଶΛઌʹมԽͤͯ͞͠·͏͜ͱʹΑΓෳͷग़ྗΛมԽͤͨ͞ঢ়

ଶҎ֎Ͱ҆ఆ͢Δঢ়ଶͰ͋Δɻ͜ͷΑ͏ͳϨʔε෦ঢ়ଶ͚ͩͰͳ͘ɺਤ 3.4ͷΑ͏ͳ֎෦ͷঢ়ଶΛͭཧճ

࿏ʹଘ͠ࡏɺ܁Γฦ͠ಈݶʹ࡞Βͳ͍ཧճ࿏ʹ͍ͭͯΒΕ͍ͯΔͰ͋Δɻෳͷग़ྗΛͲͷΑ͏ͳॱ

ংͰมԽͤͯ͞తͷมԽΛߦͰ͖Δ߹ʹͦͷϨʔεΛ noncritical raceʢக໋తͰͳ͍Ϩʔεʣͱݺͼ

ॏཁ͠ࢹͳ͍ɻ͔͠͠ɺ͋ΓಘΔॱংͷҰ෦·ͨશ෦͕มԽͷ్தͰతͷঢ়ଶҎ֎Ͱ҆ఆͯ͠͠·͏߹ɺ

ͦͷϨʔεΛ critical raceͱݺͼॏཁ͢ࢹΔɻͦͯ͠͞Βʹɺతͷঢ়ଶҎ֎Ͱ҆ఆ͢ΔͷͰͳ͘ɺมԽʹ҆ఆ

ঢ়ଶΛͨ࣋ͳ͍͑͞ଘ͏͠ࡏΔɻϋβʔυϨʔεͱͯ͜͠ͷΛݟΔ߹ʹ͜ͷΑ͏ͳෆ҆ఆͳঢ়ଶΛ

ભҠ͠ଓ͚Δঢ়ଶආ͚Δ͖ܦ࿏Ͱ͋Δɻ

ෆ҆ఆͳঢ়ଶΛભҠ͠ଓ͚Δঢ়ଶɺ܁Γฦ͠ಈ࡞Ͱ͋Δɻͦͯ͠ɺંΓࢴϩϘοτΛ܁Γฦ͠ಈ࡞ͷΑ͏ʹ

ಈ͔͍ͨ͠ࡍʹ͜ͷಈ࡞Λ༗ޮ׆༻Ͱ͖Δɻࠓճ͜ͷෆ҆ఆͳঢ়ଶΛભҠ͠ଓ͚Δঢ়ଶΛ༻͍ͯɺཧճ࿏

ͱંΓࢴϩϘοτͷ܁Γฦ͠ಈ࡞Λ࣮͢ݱΔɻೖྗંΓࢴͷঢ়ଶͱ͠ɺग़ྗΞΫνϡΤʔλͷεΠονϯά

ͱͯ͠༻͍Δಔςʔϓͷෆ҆ఆͳঢ়ଶͷભҠʹΑͬͯɺΞΫνϡΤʔλͷ܁Γฦ͠ಈ࡞Λ࣮͢ݱΔɻ

٭ ݙจࡉ11ৄ [85] ͷਤ 11.5 Λࢀর
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3.2.6 ഉଞతཧͷཧతͳ࣮

ຊୈ 3ষͰத৺తʹѻ͏ಔςʔϓճ࿏ੵඪ४ܗͰߏͨ͠ճ࿏Ͱ͋Δɻ͔͠͠ɺੵඪ४ܗͰද͕ݱ

͘ͳΓɺಔςʔϓճ࿏ͷߏ͕ෳڊ͔ͭࡶେͱͳͬͯ͠·͏ഉଞతཧΛؚΉճ࿏ʹ͍ͭͯಛผʹഉଞత

ཧϢχοτΛ༻͍ͨઃܭʹ͍ͭͯຊจͰड़ΔɻͦͷͨΊɺഉଞతཧΛཧతͳ࣮ʹΑΓ࣮ͨ͠ݱ

ैདྷͷߏʹ͍ͭͯհ͢Δɻ

ഉଞతཧʮͲΕ͔ ͷೖྗΛసͨ͠߹ʹɺग़ྗస͢Δʯੑ࣭Λ༻͍Δ͜ͱ͕͋Δɻ͜ͷੑ࣭ݸ1

͠͠ 3࿏εΠονʹΑΔઢͰ࣮͞Εɺ2ΧॴͷεΠονͰ ٭ݸ1 12ͷग़ྗΛసͤ͞Δి౮ͷεΠο

νϯάΛ࣮͍ͯ͠ݱΔɻྫ͑ɺ͍࿓ԼͰͦͷ྆ʹి౮ͷεΠονΛઃஔ͢Δ͜ͱͰɺͲͪΒ͔Β࿓ԼΛ

௨ա͢Δਓ࿓Լʹೖͬͨࡍʹి౮Λ͚ɺ࿓ԼΛ௨ΓऴΘͬͨͱ͖ʹి౮Λফ͢͜ͱ͕Ͱ͖Δɻ·ͨಉ༷ͳε

Πονߏ֊ஈʹ͠͠༻͍ΒΕΔɻ

͜ͷΑ͏ͳ 3࿏εΠονͰɺεΠονࣗମΛόΠεςʔϒϧߏʹ͢Δ͜ͱͰɺͲͪΒͷεΠονΛԡͯ͠

ग़ྗ͕ΓସΘΔঢ়ଶΛҡ͍ͯ࣋͠ΔɻٯʹɺόΠεςʔϒϧߏͰͳ͍ͱ͢ΕɺยํͷεΠον͕ਤ 3.5ͷ

CͷΑ͏ʹ C C̄ 0Ͱ͋ΔΑ͏ͳঢ়ଶʹͳͬͯ͠·͍ɺ͏ยํͷεΠονͷঢ়ଶʹґΒͣ 0Λग़ྗ͢Δɻ͜

ͷΑ͏ͳ 0Λݻఆͯ͠͠·͏Α͏ͳঢ়ଶΛආ͚Δ 1ͭͷख๏ͱͯ͠ɺεΠον͕ͲͪΒ͔ยଆʹΕ͍ͯΔঢ়ଶ

͕҆ఆঢ়ଶͰ͋ΓɺεΠονΛதؒঢ়ଶͰҡ࣋͢Δ͜ͱ͕͍͠ߏػͱ͢Δख๏͕͋Δɻ

ͦͯ͠ɺ3࿏εΠονΛ Έ߹ΘͤͨΑ͏ͳݸ2 4࿏εΠονଘ͢ࡏΔɻ4࿏εΠονͱɺ2ೖྗ 2ग़ྗͷ

ࢠΛͭ࣋εΠονͰ͋ΓɺεΠονΛΓସ͑Δʹೖྗଆͷࢠͱͭͳ͕Δग़ྗଆͷ͕ࢠೖΕସΘΔεΠο

νͰ͋Δɻਤ 3.7ͷΑ͏ʹ {I1ͱ O1͕ଓɺI2ͱ O2͕ଓ }͞Ε͍ͯΔΑ͏ͳঢ়ଶ͕ɺ{I1ͱ O2͕ଓɺI2

ͱ O1͕ଓ }͞Ε͍ͯΔঢ়ଶʹΓସΘΔεΠονͰ͋Δɻ

I1

I2

O1

O2

I1

I2

O1

O2

(a) (b)

ਤ 3.7: 4࿏εΠονͷ 2ঢ়ଶɻ(a)Ͱ෦ͰฏߦʹͳΔΑ͏ͳଓ͕ߦΘΕɺεΠονΛԡ͢/Γ

ସ͑Δ͜ͱͰ (b)ͷঢ়ଶͱΓସΘΔɻ(b)ͷঢ়ଶͰ෦ͰަΘΔΑ͏ͳଓ͕ߦΘΕɺεΠον

Λԡ͢/Γସ͑Δ͜ͱͰ (a)ͷঢ়ଶͱΓସΘΔɻ

4࿏εΠονΛ༻͍Δ͜ͱͰɺ3ΧॴҎ্ͷεΠον͕ͲͷεΠονΛԡͯ͠ঢ়ଶΛΓସ͑ΔεΠονͱ͠

ͯಇ͘ճ࿏͕ߏͰ͖Δɻ·ͨଞͷख๏ʹɺεΠονΛԡ͢ʹ෦ͷঢ়ଶ͕ΓସΘΔΦϧλωΠτಈ࡞ͷ

εΠονΛԠ༻ͨ͠ख๏͕͋ΔɻΦϧλωΠτಈ࡞ͱɺҰϘλϯΛԡ͢ͱΦϯঢ়ଶΛอ࣋͠ɺ͏ҰϘλ

ϯΛԡ͢͜ͱͰΦϑঢ়ଶΛอ࣋͢ΔεΠονͰ͋ΔɻϘλϯΛԡ͍ͯ͠Δ͚ؒͩΦϯঢ়ଶΛอ࣋͢ΔϞʔϝϯλ

Ϧಈ࡞ͱҟͳΔɻ

·ͨεΠονͷ৮ࣜܗͱͯ͠ɺʮcʯͱݺΕΔࣜܗʹରԠ͢Δ [100]ɻεΠονͷ cɺεΠον

ͷ aͱ bͷ྆ऀΛߏͭ࣋Ͱ͋ΔɻεΠονͷ aɺڞ௨ࢠͷ COMɺϊʔϚϦʔΦʔϓϯͷ NO

ͷ 2ࢠΛͭ࣋εΠονͰ͋ΓɺεΠονΛԡ͍ͯ͠Δ͚ؒͩಋ௨͢ΔߏͰ͋Δɻͦͯ͠ɺεΠονͷ b

 COMɺϊʔϚϦʔΫϩʔζͷ NCͷ 2ࢠΛͭ࣋εΠονͰ͋ΓɺεΠονΛԡ͍ͯ͠Δ͚ؒͩಋ௨͠ͳ͍ߏ

Ͱ͋Δɻͦͯ͠ c COMɺNOɺNC͔ΒͳΓɺϘλϯ͕ԡ͞Ε͍ͯΔؒ COMͱ NO͕ɺϘλϯ͕ԡ

͞Ε͍ͯͳ͍ؒ COMͱNC͕ಋ௨͢ΔߏͰ͋Δ٭ 13ɻ3࿏εΠονͱ cεΠονʹڞ௨͢Δߏɺ2

Ͱ͋ΔɻߏҎ֎ͲͪΒ͔ͷঢ়ଶΛऔΔؒ࣌ͷঢ়ଶΛ҆ఆঢ়ଶͱ͠ɺભҠ͢Δ͍ݸ

ยํͷಋ௨͕ੜͨ͡߹ʹ͏ยํ͕ಋ௨͓ͯ͠Βͣɺยํ͕ಋ௨͍ͯ͠ͳ͍߹ʹ͏ยํ͕ʹີݫ

ಋ௨͍ͯ͠Δঢ়ଶ͕·͍͠ɻͦͷΑ͏ͳAͱ ¬AʹରԠ͢ΔεΠονɺߏͷ cΑΓΉ͠Ζ 1a1b

ʹ૬͢Δ٭ 14ɻຊઅͰɺ1a1bͷΑ͏ʹɺಉ࣌ʹঢ়ଶΛΓସ͑Δಔςʔϓߏ͕·͍͠ͱ͑ߟΔɻ

٭ 12ෳͷಉ͢ظΔग़ྗͰྑ͍
٭ 13ϦϨʔͱͯ͠ΈΔ߹ɺίΠϧ͕ྭ࣓͍ͯ͠ΔؒͰ͋Δɻ
٭ 141a1b ͱҧͬͯ c ྆ํಋ௨͠ͳ͍ঢ়ଶΛͭ࣋ɻ
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3.3 ఏҊ͢Δಔςʔϓཧճ࿏

ຊୈ 3ষͰఏҊ͢ΔͷɺંΓࢴϩϘοτͷঢ়ଶΛೖྗͱ͠ɺಋ௨ঢ়ଶΛग़ྗͱ͢Δɺܰͯ͘ബ͍ʢฏୱͳʣಔ

ςʔϓߏͰ࣮͢ݱΔཧճ࿏Ͱ͋Δɻిݯͷܗঢ়هԱ߹ۚͱͦͷཧճ࿏Λਖ਼ۃͱෛۃͷؒʹྻଓ͢Δ͜

ͱͰɺંΓࢴϩϘοτ͕ಛఆͷঢ়ଶͰ͋Δ߹ʹͷΈɺཧճ࿏͕ܗঢ়هԱ߹ۚʹରͯ͠ಋ௨ͷܗͰ 1Λग़ྗ͠ɺ

ͦͷܗঢ়هԱ߹ۚΛۦಈ͢Δ͜ͱ͕Ͱ͖Δɻཧճ࿏ಔςʔϓͷ৮ɾඇ৮Ͱঢ়ଶΛೖΕସ͑ΔͨΊඇઢܗɾ

ෆ࿈ଓͳ੍͕ޚՄͱͳΔɻ

ಔςʔϓࣗମ͕ཧճ࿏ͱͳ͓ͬͯΓɺͦͷཧճ࿏ͷग़ྗ͕ಋ௨ɾஅઢͰ͋Γɺͦͷग़ྗܗঢ়هԱ߹ۚ

ʹ͔͔Δిѹͱ͢Δճ࿏ΛఏҊ͢Δɻͭ·ΓɺηϯαͷΛϚΠίϯͳͲͷूੵճ࿏ͰಡΈग़͢ඞཁ͕ͳ͘ɺ

ܗঢ়هԱ߹ۚͷۦಈʹͭͳ͛Δɻ͜ͷճ࿏ʹΑΓɺްΈΛੵूͭ࣋ճ࿏Λඞཁͱ͠ͳ͍ɺܰͯ͘ബ͍ંΓࢴϩ

Ϙοτ͕࣮ݱͰ͖Δɻ

3.3.1 ߏૅج

ಔςʔϓిؾΛྲྀ͢ɻಔςʔϓͰཧճ࿏Λ࣮͢ΔͨΊɺંΕઢͷঢ়ଶʹରԠ͢Δมͱɺͦͷมʹର͢

ਤ 3.8: ஈϘʔϧͷష͞ΕͨిؾΛྲྀ͢ಔςʔϓɻిؾΛྲྀ͢ಔςʔϓΛࢴʹషΔ͜ͱͰɺಋઢͱ͠

ͯ༻͍Δ͜ͱ͕Ͱ͖Δɻ·ͨɺ5mͰ 6.79 gͰ͋ͬͨɻ٭ 15

Δೋ߲ԋߏࢉΛఏҊ͢Δ͜ͱͰཧճ࿏ͷఏҊͱ͢ΔɻͦΕͧΕͷંΕઢʹରͯ͠ɺંΕ͍ͯͳ͍ঢ়ଶͰ 0ʢઈ

ԑʣͰ͋ΓɺંΕ͍ͯΔঢ়ଶͰ 1ʢಋ௨ʣͰ͋ΔมΛ͑ߟɺͦͷมΛ Aͱ͢Δɻ۩ମతʹɺA, ¬A(not A),

AND, ORͷ 4ͭͷߏΛߏૅجͱͯ͠ఏҊ͢Δɻ

Ϧςϥϧ

·ͣɺંΕઢͷঢ়ଶΛಋ௨ɾઈԑʹରԠͤ͞ΔߏͰ͋ΔɺAͱ ¬AΛਤ 3.9ʹࣔ͢ɻਤ 3.9(a)͕ɺંΕઢ͕

(a) expanded state (b) folded state

ਤ 3.9: ંΕઢͷঢ়ଶΛಋ௨ɾઈԑʹରԠͤ͞ΔߏɻԞͷߏ͕ Aɺखલͷߏ͕ ¬AͰ͋ΔɻંΕ
͕ંΕ͍ͯͳ͍ঢ়ଶͰखલͷಔςʔϓͷΈ͕৮ͯ͠ಋ௨ঢ়ଶʹͳΓɺંΕ͕ંΕ͍ͯΔঢ়ଶ

ͰԞಔςʔϓͷΈ͕৮ͯ͠ಋ௨ঢ়ଶʹͳΔɻ
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ંΕ͍ͯͳ͍ঢ়ଶͰͷɺਤ 3.9(b)͕ંΕઢ͕ંΕ͍ͯΔঢ়ଶͰͷಔςʔϓߏͷঢ়ଶͰ͋ΔɻԞʹ࣮͞Εͨಔ

ςʔϓߏંΕ͍ͯͳ͍ঢ়ଶͰ͍ޓʹ৮͍ͯ͠ͳ͍ͨΊ 0ʢઈԑʣͷঢ়ଶͰ͋ΓɺંΕ͍ͯΔঢ়ଶͰ͍ޓʹ

৮͍ͯ͠ΔͨΊ 1ʢಋ௨ʣͷঢ়ଶͰ͋Δɻٯʹɺखલʹ࣮͞ΕͨಔςʔϓߏંΕ͍ͯͳ͍ঢ়ଶͰ͍ޓʹ

৮͍ͯ͠ΔͨΊ 1ʢಋ௨ʣͷঢ়ଶͰ͋ΓɺંΕ͍ͯΔঢ়ଶͰ͍ޓʹ৮͍ͯ͠ͳ͍ͨΊ 0ʢઈԑʣͷঢ়ଶͰ͋Δɻ

͜ͷΑ͏ͳߏʹΑΓɺંΕ͍ͯΔঢ়ଶͰͷΈಋ௨͢ΔεΠονͰ͋Δ AͱંΕ͍ͯͳ͍ঢ়ଶͰͷΈಋ௨͢Δε

ΠονͰ͋Δ ¬A͕࣮Ͱ͖Δɻ

ຊୈ 3ষɺബ͍ͯܰ͘ϩϘοτΛڀݚͨ͠ࢦͰ͋ΔɻͦΕɺബ͍ͯܰ͘ࡐྉͰ࡞ΒΕͨϩϘοτͰͳ

͘ɺ͞Εͨܗঢ়͕ബ͍ͯܰ͘ঢ়ଶͰ͋Δ͜ͱඞཁͰ͋Δɻͦ͜ͰɺંΓࢴϩϘοτΛંΓͨͨΜͩ߹Ͱ

ɺಔςʔϓͷߏ͕ഁյ͞Εͳ͍͜ͱɺͭ·ΓɺંΓͨͨΜͩޙʹల։͢Δ͜ͱͰಔςʔϓͷߏඞཁͳܗ

ঢ়ʹΔੑ࣭͕ඞཁͰ͋Δɻ·ͨંΓࢴϩϘοτΑΓ֎ଆʹඈͼग़ͯ͠͠·͏ͱɺԾྩͦͷߏ͕ฏୱͰ͋ͬ

ͯɺඈͼग़͢ྔͳͲΛؑΈͯંΓߏࢴΛઃ͢ܭΔඞཁ͕ੜ͡Δɻͦ͜ͰɺંΓͨͨΜͩࡍʹଆʹͨͨ·

ΕΔߏɺগͳ͘ͱฏୱʹԡͭ͠Ϳ͞Εͯಔςʔϓճ࿏ͱͯ͠ͷػΛࣦΘͳ͍ߏ͕ඞཁͰ͋Δɻͦ͜Ͱɺ

ਤ 3.9ͷΑ͏ͳɺଆʹંΓͨͨ·ΕΔ͜ͱͰඈͼͳ͞ͳ͍ߏͰંΓͷঢ়ଶΛѲ͢ΔߏఏҊ͢Δɻਤ

φ

ਤ 3.10: ଆʹંΓࠐ·ΕΔ͜ͱͰඈͼग़͞ͳ͍εΠονͷྫɻփ৭ ͷ࢛֯ࡐجʢࢴʣΛද͠ɺࠇ

৭ͷ͕ހಔςʔϓߏͰ͋Δɻ͕֯ φҎԼʹͳΔͱࠇ৭ͷހͰද͞ΕΔߏ͕ӈͷࢴʹுΒΕͨಔ

ςʔϓͱ৮͠ɺಋ௨͢Δɻ

3.9ͷߏɺ͕֯ φҎԼʹͳΔͱࠇ৭ͷހͰද͞ΕΔߏ͕ࢴʹுΒΕͨಔςʔϓͱ৮͠ɺಋ௨͢Δɻ֯

͕ φΑΓେ͖͘ͳΔͱࠇ৭ͷހͰද͞ΕΔߏ͕ࢴʹுΒΕͨಔςʔϓͱΕɺಋ௨ঢ়ଶ͕ऴΘΔɻͦͯ͜͠ͷ

Γ͍͢ɻ͜ͷʹݩʹࡍΔɻͦͷ݁Ռɺԡͭ͠Ϳ͞Εͨͤ͞ࢄશମతʹෛՙΛʹࡍԡͭ͠Ϳ͞Εͨߏ

ՄͰ͋Γɺ͕֯ݱରͯ͠ಔςʔϓΛҰ໘ʹషΔ͜ͱͰ࣮ʹࢴӈଆͷߏ φҎԼʹͳΔͱ৮ʹΑΓಋ௨͢

ΔߏͰ͋Δ٭ 16ɻ

͜ͷߏɺӈଆͷࢴʹష͞Εͨಔςʔϓͱ৮͢ΔҐஔ͕มԽ͠ͳ͕ΒંΕ͕֯খ͘͞ͳ͍ͬͯͬͨ٭ 17ɻ

ͦͷͨΊɺંΕ͕֯খ͍͞߹ʹ৮͍ͯ͠ΔॴͰಋ௨͠ͳ͍Α͏ͳߏΛઃ͢ܭΕɺંΕ͍ͯΔঢ়ଶͰ

அઢ͢Δ ¬AʹରԠ͢Δߏ͕࣮ݱͰ͖Δɻਤ 3.11͕ͦͷྫͰ͋Δɻࠇ৭ͷހͰࣔͨ͠ಔςʔϓ෦ਤ 3.10ͱ

ಉ༷ͷߏͰ͋Δ͕ɺӈଆͷࢴʹష͞Εͨಔςʔϓͷύλʔϯ͕ҟͳΔɻ͜ͷΑ͏ͳߏͰɺਤ 3.11(a)ͷΑ

(a) connected (b) disconnected (c) connected?

ਤ 3.11: ଆʹંΓࠐ·ΕΔ͜ͱͰඈͼग़͞ͳ͍ɺల։࣌ʹಋ௨͢Δߏɻ੨৭ͷઢͷ෦ʹͷΈಔ

ςʔϓ͕షͬͯ͋ΕɺંΕ͍ͯͳ͍ঢ়ଶͰ (a)ͷΑ͏ʹ৮͠ɺંΕ͍ͯΔঢ়ଶͰ (b)ͷΑ͏ʹ

৮͕ղআ͞ΕΔɻͨͩ͠ɺेંΕ͕֯େ͖͘ͳͬͨ߹ʹ (c)ͷΑ͏ʹ࠶৮͕ղআ͞ΕΔՄ

ੑ͋Δɻ

͏ͳંΕ͍ͯͳ͍ঢ়ଶͰಋ௨͢Δੑ࣭ͱɺਤ 3.11(b)ͷΑ͏ͳંΕ͍ͯΔঢ়ଶͰಋ௨͠ͳ͍ੑ࣭Λͭ࣋ɻ͔͠͠ਤ

3.11(c)ͷΑ͏ʹेల։͞Εͨঢ়ଶͰɺಋ௨ঢ়ଶ͕ҡ࣋͞Εͳ͍͕͋ΔɻͪͳΈʹਤ 3.12ͷΑ͏ʹɺંΕ

٭ 16ંΕͯΏ͘ʹͭΕͯ৮ॴ͕มΘΔɻ
٭ 17ંΕ͕֯খ͍͞ঢ়ଶ͕ંΕ͍ͯΔঢ়ଶͰ͋Δɻ
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͍ͯΔ߹ʹಋ௨͢ΔߏͰɺेల։͍ͯ͠Δঢ়ଶͰஅઢ͍ͯ͠Δঢ়ଶ͕·͍͠ঢ়ଶͰ͋ΔͨΊɺ͜ͷ

Α͏ͳͳ͍ɻ͜ΕΒͷߏɺӈଆͷࢴʹషΒΕͨಔςʔϓͷύλʔϯΛෳࡶʹ͢Δ͜ͱͰɺ͖͍͠Λ

(a) disconnected (b) connected (c) connected?

ਤ 3.12: ଆʹંΓࠐ·ΕΔ͜ͱͰඈͼग़͞ͳ͍ɺਤ 3.11ͱಉ͡ํ͑ߟʹΑΔɺંΕ͍ͯΔঢ়ଶͰಋ

௨͢Δߏɻ৭ͷ෦ͱ৮͢Δ͜ͱͰಋ௨͢Δɻ

ෳઃఆͰ͖ΔརΛͭ࣋ɻ

ͦ͜ͰఏҊ͍ͯ͠Δߏ͕ਤ 3.13Ͱ͋Δɻࠓ·ͰͷߏͱҟͳΓɺਤ 3.9ͷΑ͏ʹಔςʔϓ͕ҟͳΔԞ͖ߦ

(a) disconnected (b) connected

ਤ 3.13: ଆʹંΓࠐ·ΕΔ͜ͱͰඈͼग़͞ͳ͍ɺંΕ͍ͯͳ͍ঢ়ଶͰಋ௨͢Δߏɻփ৭ͷ෦

खલए͘͠Ԟʹಔςʔϓ͕͋Γփ৭ͷઢͰද͞Εͨಔςʔϓͱࠇ৭ͷઢͰද͞Εͨಔςʔϓಉ࢜

৮͠ͳ͍ɻࠇ৭ͷઢͰද͞Εͨಔςʔϓಉ࢜ಉ͡Ԟ্͖ߦʹ͋ΔͨΊ৮͢Δɻ

ʹଘ͍ͯ͠ࡏΔߏͰ͋Δɻփ৭ͷ෦खલए͘͠Ԟʹಔςʔϓ͕͋Γփ৭ͷઢͰද͞Εͨಔςʔϓͱࠇ৭

ͷઢͰද͞Εͨಔςʔϓಉ࢜৮͠ͳ͍ɻͦͯ͠ࠇ৭ͷઢͰࣔ͞Εͨಔςʔϓಉ࢜ಉ͡Ԟ্͖ߦʹ͋ΔͨΊ

৮͢Δɻ

͜ΕΒͷߏࢴΛల։ͨ͠ঢ়ଶͰͷฏୱͳঢ়ଶͰ্ʹඈͼग़ΔߏͰ͋Δɻ͔͠͠ɺંΓͨͨΉ߹ʹಔ

ςʔϓʹྗ͕͔͔͍ͬͯΔΑ͏ʹɺ্͔Βԡ͚͑ͭͨ͞߹ʹฏୱͳߏͱͳΔɻ·ͨࠓճͷ࣮Ͱಔςʔ

ϓ͕ݟ͍͢Α͏ʹɺΧϝϥ͔ΒͯݟखલଆંࢁΓଆʹಉ༷ͷಔςʔϓߏΛ࣮͢Δ߹͕ଟ͍ɻ

ཧੵɾཧ

Ϧςϥϧͷߏ͕࣮Ͱ͖ͨͨΊɺ࣍ʹɺཧੵͱཧͷ࣮ʹ͍ͭͯઆ໌͢Δɻཧੵͷߏʹ͍ͭͯઆ໌

͢ΔɻཧੵͷߏΛɺਤ 3.14(a)ʹࣔ͢ɻANDήʔτͱɺSwitch1 ͱ Switch 2 ͷ྆ํ͕ONʹͳͬͨͱ͖ͷ

(a) AND (b) OR

Switch 1 Switch 2

Switch 1

Switch 2

ਤ 3.14: ANDήʔτͱ ORήʔτͷࣜਤɻ(a)ANDήʔτɻSwitch1 ͱ Switch 2 ͷ྆ํ͕ ONʹ

ͳͬͨͱ͖ͷΈɺશମ͕ಋ௨͢Δɻ(b)ORήʔτɻSwitch 1 ͱ Switch 2 ͷͲͪΒ͔͕ ONʹͳͬͨ

ͱ͖ʹɺશମ͕ಋ௨͢Δɻ
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Έશମ͕ಋ௨͢ΔΑ͏ʹɺ͋Δཧࣜͱଞͷཧࣜͷ྆ํཱ͕ͨ͠߹ͷΈͦͷཧཱ͕ࣜ͢ΔΑ͏ͳήʔ

τʢԋࢠࢉʣͰ͋ΔɻͦͷͨΊɺਤ 3.14(a)ͷΑ͏ʹɺྻʹ 2ͭͷมɾཧࣜΛଓ͢Δ͜ͱͰ ANDήʔτ

ͷಇ͖Λඋ͑Δɻਤ 3.14(a)ͦΕͧΕ Switchͱॻ͔Ε͍ͯΔͨΊɺ1มʢϦςϥϧʣಉ࢜ͷ ANDʹ͑ݟΔ

͕ɺͦΕͧΕͷ SwitchΛཧࣜʹରԠͨ͠ཧճ࿏ʹରԠͤ͞Εɺ[ཧࣜ] AND [ཧࣜ]͕ՄͱͳΔɻ

ͦͯ͠ORߏΛɺਤ 3.14(b)ʹࣔ͢ɻORήʔτͱɺSwitch1 ͱ Switch 2 ͷগͳ͘ͱͲͪΒ͔ยํ͕ON

ʹͳͬͨͱ͖ͷΈશମ͕ಋ௨͢ΔΑ͏ʹɺ͋Δཧࣜͱଞͷཧࣜͷগͳ͘ͱͲͪΒ͔ยํཱ͕ͨ͠߹ͷ

Έɺͦͷཧཱ͕ࣜ͢ΔΑ͏ͳήʔτʢԋࢠࢉʣͰ͋ΔɻͦͷͨΊɺਤ 3.14(b)ͷΑ͏ʹɺฒྻʹ 2ͭͷมɾ

ཧࣜΛଓ͢Δ͜ͱͰ ORήʔτͷಇ͖Λඋ͑Δɻਤ 3.14(b)ͦΕͧΕ SwitchͰ͋ΔͨΊɺ1มʢϦςϥ

ϧʣಉ࢜ͷORʹ͑ݟΔ͕ɺͦΕͧΕͷ SwitchΛཧࣜʹରԠͨ͠ཧճ࿏ʹରԠͤ͞Εɺ[ཧࣜ] OR [ཧ

ࣜ]͕ՄͱͳΔɻ

ਤ 3.14 ͰɺAND ήʔτͱ OR ήʔτ 2 มͷήʔτͰਤ͕ࣔͨ͠ɺA · B · C = (A · B) · C Ͱ͋Γɺ
A+B+C = (A+B)+CͰ͋Δ͜ͱ͔Βɺ3มҎ্ʹ༰қʹ֦ுՄͰ͋Δɻͦͯ͠ɺ͜ΕΒͷߏଟ

มΛؚΊͯಔςʔϓͰ؆୯ʹ࣮ՄͰ͋ΓɺࢴʹషΔ͜ͱͰ΄ͱΜͲް͞Λͨ࣋ͳ͍ߏͰ࣮ݱՄͰ͋Δɻ

·ͨ୯७ͳߏͰ͋ΔͨΊɺANDήʔτ ORήʔτ໘ੵతʹ΄ͱΜͲॴΛऔΒͳ͍ߏͰ͋Δɻ



ୈ 3ষ ંΓࢴͷॱংಈ࡞ͷͨΊͷཧճ࿏ 37

3.4 ୈ3ষͷ·ͱΊ

ୈ 3ষͰɺബ͍ͯܰ͘ંΓࢴϩϘοτͷ੍ޚΛബ͍ͯܰ͘ճ࿏Ͱͨ͏ߦΊͷڀݚΛͨͬߦɻ·੍ͨޚͷ͠

͍ബ͍ͯܰ͘ΞΫνϡΤʔλͰ͋Δܗঢ়هԱ߹ۚΛ੍͢ޚΔͨΊͷճ࿏Ͱ͋Δɻ·ͣɺബ͍ͯܰ͘ಔςʔϓͰ࣮

ଌ͢Δ͜ͱͰηϯαΛ༻͍ͨɻͦͯ͠ɺྻଓͱฒ؍ঢ়ͷΈΛ༻͍ͯંΓͷঢ়ଶΛܗɺബ͞ΛଛͶͳ͍͠ݱ

ྻଓΛ༻͍Δ͜ͱͰཧੵͱཧΛಔςʔϓͷΈͰ࣮͠ɺIC͑͞ཁΒͳ੍͍ޚΛ࣮ͨ͠ݱɻ·ͨࣗંݾͰ

ѻΘΕΔ 2ஈ֊ͷંΓɺ֎෦ͷঢ়ଶͷѲʹ͍ͭͯઃܭɾ࣮ɾ࣮ݧΛ͓͜ͳͬͨɻͦͷ΄͔ʹɺཧࣜͷ

൱ఆ͕ෆՄͳ͜ͱͳͲͷಔςʔϓճ࿏ಛ༗ͷΛղܾͨ͠٭ 18ɻ

ຊୈ 3ষಛʹܗঢ়هԱ߹ۚΛ༻͍ͨۦಈʹணͨ͠ɻͪΖΜܗঢ়هԱ߹ۚബ͍ͯܰͨ͘ΊંΓࢴϩϘο

τͱͷ૬ੑ͕ྑ͍͔ΒͰ͋Δ͕ɺಔςʔϓճ࿏ଞͷΞΫνϡΤʔλͷ੍ޚʹ༻͍ΒΕΔɻྫ͑ɺϞʔλͱ

͔ͰɺͿ͔ͭͬͨΒࢭ·Δ͜ͱ͕Ͱ͖ɺ୯ͳΔϦϛοτεΠονͷΑ͏ͳڍಈΛࣔ͢ɻ

ճճ࿏ʹಔςʔϓΛ༻͍͕ͨɺखʹೖΓ҆͘͢ՁͳͨΊʹબΜ͚ͩͩͰ͋Δɻྫ͑ಔςʔϓۭࠓͨ·

ͳ͍ɻ͔ͦճ࿏ʹಔςʔϓ͏ؒظՃ͢ΔͨΊɺ૿͕߅ૉͱ݁߹͢Δ͜ͱʹΑͬͯ৮෦Ͱͷࢎதͷؾ

ͯ͠ɺܗঢ়ʹ͍͍͔ͭͯͭ͘ͷઃܭΛड़࣮ͯͨ͠ͷ࠷దͳܗঢ়͔Β·ͩԕ͍ͩΖ͏ɻ

Δɻྫ͑ɺް͢͞ࡏճఏҊ͍ͯ͠Δബ͍ճ࿏ΑΓബ͍ճ࿏ଘࠓͯͦ͠ 2 µmͷੑߴ༗ػτϥϯδελू
ੵճ࿏ͱ͍͏ɺҰൠతͳ A4༻ࢴͷ 1/50ఔͷް͞ͷճ࿏ଘ͢ࡏΔ [105]ɻಋిੑΠϯΫΛ༻͍ͨճ࿏ɺಔ

ςʔϓճ࿏ʹൺΔͱബ͍ͩΖ͏ɻ࡞Γ͢͞Λແ͢ࢹΕɺ͞ΒͳΔബ͞Λ࣮ݱͰ͖Δɻͦͯ͠ࢴͷҰ෦Λߋ

ʹΓંΓ͢Δ͜ͱͰಔςʔϓεΠονͷΑ͏ͳඈͼग़͢෦ΛߏஙͰ͖ɺࢴͷബͦ͞ͷͷͷΈͰ࣮Ͱ͖Δ

ճ࿏࣮ݱͰ͖ΔͱࢥΘΕΔɻ

ୈ 3ষɺંΓࢴͷมܗΛͨ͢͜ىΊͷܰബͳߏػͱͯ͠ܗঢ়هԱ߹ۚʹண͠ɺͦͷ੍ޚʹඞཁͳճ࿏ܰ

ബͳճ࿏Ͱ࣮ͨ͠ݱɻୈ 3ষͷٕज़ʹΑΓɺܗঢ়هԱ߹ۚͷϑΟʔυόοΫ੍ޚͱંΓࢴͷঢ়ଶʹΑͬͯ࣍ͷঢ়

ଶભҠ͢Δܰബͳ੍͕ޚՄͱͨ͠ɻ

٭ 18͜Εʹ͍ͭͯͰड़Δ
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ୈ 4෦Ͱɺ

Ұ෦ʹ༩͑ΒΕͨྗ͔ΒંΓࢴͷશମͷมܗΛܰ͢͜ىബͳߏػͰ͋Δɻୈ 2෦ͱલୈ 3෦ͰిؾతͳଓʹΑ

Δมܗɺͭ·Γճ࿏ͱ࣮ͯͨ͠͠ݱมܗͰ͋Δɻຊୈ 4෦͔ΒిؾΤωϧΪʔͷΘΓʹྗֶతΤωϧΪʔΛ༻

͍Δɻୈ 2෦͕ిؾతʹଓͯ͠શମͷมܗΛ͜͠ىɺຊୈ 4෦ಉ༷ʹྗֶతʹଓͯ͠શମͷมܗΛ͢͜ىɻ

ંΓࢴͷมܗʹྗֶతΤωϧΪʔΛ͏ม͕͋ܗΓɺࢴͷ࣭ྔΛແͯ͠ࢹંΓࢴʹੑม͕ܗੜ͡Δ͜ͱ

ͰੑΤωϧΪʔ͕ੵ͞ΕΔɻੑΤωϧΪʔΛ͏มܗΒ͔ʹͦͯ͠গ͠ΕͯྗֶతͳଓʹΑΓ࣍

ͷมܗΛ͜͠ىɺ͜ͷ࿈ʹΑΓ࠷ॳͷ 1ϢχοτͷΈΛมͤ͞ܗΔ͜ͱͰଟ͘ͷϢχοτͷมܗΛ͢͜ىɻ͜

ͷੑ࣭ΛγϛϡϨʔγϣϯͱ࣮ͨ͠ૹ࿏Ͱ͔֬Ίɺຊߏ͕࣮ݱՄͳߏͰ͋Δ͜ͱ·ͰΛ͔֬ΊΔɻͦ

ΤωϧΪʔΛ༨ΒͤʹޙܗϢχοτมࢴɺભҠલʹੵͨ͠ΤωϧΪʔΛղ์͠ͳ͕ΒભҠ͢ΔંΓʹߋͯ͠

ΔͨΊɺͦͷ༨ͳΤωϧΪʔΛ࣍ͷϢχοτͷมܗʹ༻͍ΒΕɺෆݮਰͳૹΛ࣮͢ݱΔɻ

ಛʹɺຊ 2෦Ͱബ͘ંΓͨͨΊΔંΓࢴͰ͋ΔԁંΛ༻͍ͨߏػͰ࿈తͳมܗΛ࣮͢ݱΔɻӡಈΤωϧ

ΪʔੑΤωϧΪʔԁંͷখ໘෦ʹ͑ΒΕɺมܗͷޙͰ͍Λ͚Δ͜ͱͰྡΓ߹͏ͷંΓࢴͷม

ΛɺใΛୡ͢Δૹ࿏ͱΈͳ͠ɺੑΤࢠΔ༷͜ى͕ܗʑͱม࣍ɻͨ͠ݱΛ࣮ߏػ͢͜ىతʹҾ͖Λ࿈ܗ

ωϧΪʔͷඇରশੑΛ༻͍Δ͜ͱͰ৴߸ͷݮਰิరͨ͠ɻຊՌʹΑΓɺిؾͷྲྀΕΔճ࿏Λͨ࣋ͳ͍ંΓࢴ

ͷ࿈తͳมܗΛɺҰ෦ʹ༩͑ΒΕͨྗ͔ΒંΓࢴͷશମͷมܗΛܰ͢͜ىബͳߏػͰ࣮ݱͰ͖Δɻ

ୈ 2෦ͷՌɺ

[A1]Fuminori Okuya, Kazuya Saito, Yoshihiro Kawahara, “Numerical Simulation of Stable Propagation of

Mechanical Signals by Cylindrical Origami,” IEICE Communications Express, (ComEX), vol.X8-B, Issue 12,

pp.518–523, Dec. 2019. doi: https://doi.org/10.1587/comex.2019GCL0031

[C6]Ԟ୩จಙɼ੪౻Ұ࠸ɼܓݪതɼ“ԁંͱͦͷੑΤωϧΪʔͷࠩΛ༻͍ͨػցత৴߸ͷෆݮਰૹɼ”

,ԋจूߨใ௨৴ֶձιαΠΤςΟେձࢠి no.A-1-5, Sept. 2018.ɹ

Ͱൃද͞Εͨ༰ͷ࠶ར༻ΛؚΉɻ
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4.1 ંΓࢴͱੑΤωϧΪʔ

ୈ 4෦ͰɺંΓࢴͷมܗʹ͏ੑΤωϧΪʔΛ׆༻͠ɺંΓࢴͷมܗͷػցతൖΛѻ͏ɻ߶ମંͱݺΕ

ΔંΓࢴߏ໘ͷܗঢ়ΛมԽͤ͞ͳ͍ંΓࢴͰ͋ΓɺͨͩંΓͷંΕ֯ΛมԽͤ͞ΔมܗͰ͋ΔͨΊંΔࡍ

ʹେ͖ͳྗඞཁͳ͍ɻͦͷͨΊਓӴͷଠཅޫύωϧͳͲͷંΓΈͳͲɺࡐ͍ߗྉͷંΓࢴʹɺ߶ମં

ɺં͛ͷ෯ΛࢴંΓࢴঢ়͕มԽ͢ΔંΓܗ໘ͷߏΘΕ͖ͯͨɻ͔͠͠߶ମંͷ݅Λ؇͢Δ͜ͱͰ͕

Δߏʹࡍ໘Λมͤ͞ܗΔྗ͕ඞཁͳંΓࢴɺඇײతͳڍಈΛࣔ͢ɻຊ෦ͰͦͷΑ͏ͳ߶ମંͰͳ͍ં

ΓࢴΛѻ͍ɺੑΤωϧΪʔΛ༻͍ͨંΓࢴͷڍಈΛ͑ߟΔɻ

ંΓࢴߏ໘ʹ͑ΒΕΔੑΤωϧΪʔ͕খ͘͞ͳΔঢ়ଶͰ҆ఆ͠ɺંΓࢴͷมܗંΓઢύλʔϯʹΑͬ

ͯෳͷঢ়ଶͰ҆ఆ͢Δɻͦͯ͠ɺંΓࢴੑΤωϧΪʔ͕খ͘͞ͳΔมܗΛ͢͜ىͱ͖ɺ֎෦ʹྗΛ༩͑

Δ͜ͱ͕Ͱ͖Δɻ͜ͷྗʹΑͬͯ৽ͨͳંΓࢴΛมͤ͞ܗΔ͜ͱͰɺંΓࢴͷมܗΛൖͤ͞ΒΕΔɻ͜͏ͯ͠

มܗΛൖͤ͞ΒΕΕɺԕ͘ΕͨॴʹྗֶతʹมܗΛ͑ΒΕɺંΓࢴͷมܗΛॴͷൣғͰ࣮ݱͰ͖Δɻ

ੑΤωϧΪʔΛ͏·͘༻͍ͨػցཁૉʹίϯϓϥΠΞϯτϝΧχζϜ͕͋ΔɻίϯϓϥΠΞϯτϝΧχζϜ

ɺैདྷ߶ମͷؔઅΛ༻͍͍ͯͨॴʹόωͷΑ͏ͳॊೈͳߏΛ༻͍ɺಈྗΛมɾୡ͢ΔߏػͰ͋Δɻί

ϯϓϥΠΞϯτϝΧχζϜߏ͕γϯϓϧͰ͋ΓɺܰྔͰখܕͰ͋Δར༗͢ΔɻίϯϓϥΠΞϯτϝΧχ

ζϜैདྷͷ߶ମͷؒʹॊೈͳߏΛ༻͍ΔͨΊ߶ମͱॊೈͳߏͷ༥߹Ͱ͕͋ͬͨɺંΓࢴ͔ࢴΒߏ͞Ε

͍ͯΔͨΊʹͦͷશମ͕ॊೈͳߏͰ͋Γશମ͕ม͏͠ܗΔɻͦͷͨΊίϯϓϥΠΞϯτϝΧχζϜͷརΛ׆

͔ͭͭ͠ɺෳࡶͳଓΛܰബͳࢴͷΈͰ࣮͠ݱɺܰͯ͘ബ͍ߏػͰෳࡶͳಈ͖Λ࣮͢ݱΔɻ

ຊ෦ͰԁંͱݺΕΔόΠεςʔϒϧߏʹண͠ɺมܗͷൖΛ࣮ͨ͠ݱɻԁંԁΛ࣠ํʹં

ΓΉΑ͏ͳંΓࢴͰ͋Γɺ৳ঢ়ଶͱऩॖঢ়ଶͰ҆ఆʢߏ໘ʹੑม͕ܗੜ͍ͯ͡ͳ͍ঢ়ଶʣͰ͋Δɻ

͜ͷԁΛଓ͢Δ͜ͱͰɺԁંͷ৳ɾऩॖͷॎΛൖͤ͞ΒΕΔɻͦͷͨΊʹԁંͷಛੑΛղੳ͠ɺ

ෳͷԁંΛಉ࣌ʹมͤ͞ܗΔख๏ͳͲΛ·ͱΊΔɻ·ͨɺԁંͷ֎෦ʹόωΛ༗͢Δ͜ͱͰɺۭؾ߅ͳ

ͲͰࢄҳ͢ΔΤωϧΪʔΛิঈͰ͖Δɻ͜ͷੑ࣭Λ༻͍ɺมܗͷൖͷදతͳԠ༻ͱͯ͠ɺݮਰ͠ͳ͍มܗͷ

ભҠΛ࣮͠ݱɺෆݮਰૹ࿏·ͰٞΛల։͢Δɻ
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4.2 ؔ࿈ڀݚ

4.2.1 ԁંʢTriangular Cylindrical OrigamiɺTCOʣ

ԁંંΓߏࢴͷҰͭͰ͋ΓɺԁߏΛͶ͡Γͳ͕Β࣠ํʹԡͭ͠Ϳ͢Α͏ͳંΓࢴͰ͋Δɻԁં

ͷྫΛਤ 4.1ʹࣔ͢ɻԁંɺԁߏΛฏୱʹંΓͨͨΉ͜ͱ͕ՄͰ͋ΔͨΊɺྫ͑ਓӴͷΞϯςφ

ͷંΓͨͨΈʹ༻͍ΒΕ͍ͯΔ [124]ɻԁંɺਤ 4.1 (a)ʹࣔ͢ંΓઢύλʔϯΛԁঢ়ʹ͘רΑ͏ʹંΔ͜ͱ

α

(a) (b) (c) (d)

A
B ha

b

1

δθ
β

ਤ 4.1: (a) ԁંͷંΓઢύλʔϯʢα = 45◦ʣɻ(b) ऩॖঢ়ଶͷԁંͷ্໘ਤɻ(c) ల։ঢ়ଶͷԁ

ંͷ্໘ਤɻ(d) ల։ঢ়ଶͷԁંͷଆ໘ਤɻa ͱ b ลAͱBͷ͞Ͱ͋Γɺh ԁંͷ͞٭ 1

Ͱ͋Γɺθ ԁંͷͶ͡Ε֯Ͱ͋ΓɺԁંͷͶ͡Ε֯ɺଆ໘ͷܗ֯ࡾͷ͕ɺఈล͔ΒͲͷఔ

ճసͨ͠Ґஔʹ͋Δ͔Ͱఆٛ͢Δɻδ  arcsin
(
a
h

)
Ͱ͋ΓɺͲͷఔԁં͕ల։͍ͯ͠Δ͔Λࣔ

͢ύϥϝʔλͰ͋Δɻ

Ͱ࣮͢ݱΔɻ͜ͷંΓઢΛ্Լʹͭͳ͛Δ͜ͱͰ͍ԁં͕࣮ݱͰ͖ɺ্Լʹͭͳ͛ͯંΒΕͨԁંਤ 4.2

ͷΑ͏ʹͳΔɻਤ 4.2ʹࣔ͢ 2ঢ়ଶͰ͜ͷԁંλϫʔ҆ఆঢ়ଶͰ͋Δ٭ 2ɻີݫʹɺ4Ϣχοτ͕ͦΕͧΕ

ਤ 4.2: ΒΕͨԁંʢ4Ϣχοτʣ্ɿऩॖঢ়ଶͷԁંɻԼɿల։ঢ়ଶͷԁંɻͦΕͧંʹࡍ࣮

Εɺ4Ϣχοτͷԁં͕ଓ͞Εͨܗঢ়Ͱ͋Δ͕ɺ1ຕͷ͔ࢴΒંΒΕ͍ͯΔɻ

ऩॖঢ়ଶͱల։ঢ়ଶͷ 2ঢ়ଶͰ҆ఆͰ͋ΔͨΊɺҟͳΔ 24 = 16ঢ়ଶͰ҆ఆͰ͋Δɻ

ԁંɺల։ɾऩॖ͢Δ͜ͱͰ 4ͭͷ؍ͰมԽ͍ͯ͠Δͱ͍͑Δɻ1ͭͷ؍ɺ͞ hͰ͋Δɻਤ 4.2

ʹࣔ͢ͱ͓Γɺऩॖঢ়ଶͷԁં͕͞΄΅ 0ͱͳΓɺల։ঢ়ଶͷԁંల։ਤఔͷ͞Λͭ࣋ɻ2ͭͷ

Ͷ͡Ε֯؍ θͰ͋ΔɻԁંͶ͡Εͳ͕ΒંΓ·Εɺऩॖঢ়ଶͷͶ͡Ε֯େ͖͘ɺల։ঢ়ଶͷͶ͡Ε

֯খ͍͞ɻ·ͨɺਤ 4.1(a)ͷܗ֯ࡾͷ͖Λٯసͤ͞Δ͜ͱͰɺͶ͡Ε֯ٯʹͳΔɻ3ͭͷ؍ܘͰ͋

Δɻऩॖঢ়ଶͷܘਤ 4.1(b)ͷΑ͏ʹখ͘͞ͳΓɺల։ঢ়ଶͷܘਤ 4.1(c)ͷΑ͏ʹେ͖͘ͳΔɻ4ͭͷ

٭ 2ͦͷͨΊɺखΛͨ͠ঢ়ଶͰ҆ఆͯࣸ͠ਅ͕ࡱӨͰ͖͍ͯΔɻ
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΅΄ମੵͰ͋Δɻऩॖঢ়ଶͷԁં͕͞؍ 0Ͱ͋Δ͜ͱ͔Βମੵ͕΄΅ 0Ͱ͋Γɺల։ঢ়ଶͷԁં

͕ܘେ্͖͍ɺ͞େ͖͍ͨΊମੵ͕େ͖͘ͳΔɻ

͜ΕΒ 4ͭͷ؍Ҏ֎ʹɺԁંͷঢ়ଶͷมԽʹΑͬͯύϥϝʔλมԽ͢Δ͕ɺຊষͰ͜ͷ 4ͭͷ؍ʹ

ண͢Δɻ͜ΕΒͷύϥϝʔλશͯ୯ௐʹมԽ͢ΔɻͦͷͨΊɺԁંͷঢ়ଶΛมԽͤ͞Δ͜ͱͰ͜ΕΒ 4ͭ

ͷύϥϝʔλΛ੍͢ޚΔ͕ࣄͰ͖Δ͚ͩͰͳ͘ɺ͜ΕΒ 4ͭͷύϥϝʔλΛ੍͢ޚΔ͜ͱͰԁંͷঢ়ଶΛม

Խͤ͞Δ͜ͱՄͰ͋Δɻ

ԁંऩॖঢ়ଶͰ҆ఆͰ͋ΔߏͰ͋Δ͕ɺαΛௐઅ͢Δ͜ͱͰɺల։ঢ়ଶͰ҆ఆͳߏΛਤ 4.2ʹࣔͨ͠

Α͏ʹ࣮ݱͰ͖Δɻͭ·Γɺऩॖঢ়ଶͱల։ঢ়ଶͷ 2ঢ়ଶͰ҆ఆͰ͋Γɺྗ͕ՃΘΔ͜ͱʹΑͬͯͦͷ 2ঢ়ଶΛ

ભҠ͢ΔΑ͏ͳߏ͕ՄͰ͋ΔɻϦϯΫߏػͷࡍʹʮຊষͰѻ͏ંΓࢴͦΕͧΕͷฏ໘Λ߶ମͱͯ͠ѻΘ

ͳ͍ɻʯͱड़͕ͨɺԁંࢴΛ߶ମͱͯ͠ѻ͏ʮ߶ମંʯͰͳ͍ɻΉ͠ΖɺԁંͦΕͧΕͷখ໘͕มܗ

͢Δ͜ͱͰ͡ΊͯંΔ͜ͱ͕ՄʹͳΔߏͰ͋Δɻͦͯ͠ɺͦͷมܗʹੑΤωϧΪʔ͕͑ΒΕΔ͜ͱʹ

Αͬͯɺ҆ఆͳঢ়ଶɾෆ҆ఆͳঢ়ଶ͕ੜ͡Δɻ

֯ αΛௐઅ͢Δ͜ͱͰόΠεςʔϒϧߏʹͳΔ͚ͩͰͳ͘ɺͦͷભҠʹඞཁͳྗɺ֯ αʹΑͬͯมԽ͢

Δ [125, 126, 127]ɻਤ 4.1ʹࣔͨ͠ԁંஅ໘͕֯ܗʹͳΔΑ͏ͳԁંͰ͋Δ͕ɺԁંఈ໘ͷΛ 6ʹ

ͷลͷܗఆ͢ΔͷͰͳ͍ɻԁંͷஅ໘ͷଟ֯ݶ nΛ૿Ճͤ͞Δ͜ͱͰԁંͷભҠʹඞཁͳྗݮগ͢

Δ [127]ɻτϥεϞσϧ [118, 128]Λ༻͍Δ͜ͱͰɺลͷ͞ a, b, Bͷࣗવ٭ 3bn, ͕ҎԼͷΑ͏ʹࢉܭͰ͖Δɻ

a =
sin

(
π − α− π

n

)

sin(πn )
, (4.1)

bn = 2 sin
(π
n
+ arcsin

(a
2

))
, (4.2)

b =

√(
2 sin

(π
n
+ arcsin

(a
2
cos δ

)))2
+ (a sin δ)2. (4.3)

ɺʹߋ (4.2) ͱ (4.3)ΑΓɺมܗ٭ 4dΛҎԼͷΑ͏ʹࢉܭͰ͖Δɻ

d =
b− bn
bn

. (4.4)

ͦͯͦ͠ͷมܗ͔ΒԁંͷϙςϯγϟϧΤωϧΪʔΛ͢ࢉܭΔͱɺਤ 4.3ͷΑ͏ʹͳΔɻਤ 4.3ͷϐʔΫɺ

0 0.5 1 1.5
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°

°

°

°
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ਤ 4.3: δ ΛมԽͤͨ͞ͱ͖ͷԁંͷϙςϯγϟϧΤωϧΪʔɻα Λ 40◦ ͔Β 45◦ ·ͰมԽͤͨ͞

[125]ɻ

ԁંΛભҠ͢ΔͨΊʹඞཁͳΤωϧΪʔΛද͍ͯ͠Δɻ·ͨɺਤ 4.3ͷ࠷େͷ͖ԁંΛભҠ͢ΔͨΊʹඞ

ཁͳྗΛද͍ͯ͠Δɻ·ͣɺδ͕ 0ۙͰϙςϯγϟϧΤωϧΪʔ 0Ͱ͋ΔͨΊɺ҆ఆͰ͋Δɻͦͯ͠ɺδ͕ 1

٭ 3natural length
٭ 4deformation ratio
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Λ͑ͨ͋ͨΓͰ࠶ϙςϯγϟϧΤωϧΪʔ 0ͱͳΓɺ2ݸͷ҆ఆͳঢ়ଶ͕ଘ͢ࡏΔ͜ͱ͕Θ͔Δɻ͜ͷ 2

ͷঢ়ଶ͕ͦΕͧΕऩॖঢ়ଶͱల։ঢ়ଶʹରԠ͍ͯ͠Δɻݸ

֯ αΛ૿Ճͤ͞Δ͜ͱͰɺϙςϯγϟϧΤωϧΪʔͷϐʔΫ͕େ͖͘ͳΔ͜ͱ͕Θ͔Δɻ͜ͷϐʔΫͷ͞ߴ

Δɻ͑ݴʯԁંͰ͋Δͱ͍ڧͲԁંભҠ͠ʹ͍͘͜ͱΛද͍ͯ͠ΔͨΊɺα͕େ͖͍ԁં΄Ͳʮ΄͍ߴ͕

·ͨɺ҆ఆͳల։ঢ়ଶʹ͓͚Δ δ มԽ͠ɺα͕େ͖͘ͳΔ΄Ͳ҆ఆͳల։ঢ়ଶͷ δ ૿Ճ͢Δɻ࣮ࡍͷંΓࢴ

ϩϘοτɺີݫͳ֯ΛંΔ͜ͱ͕Ͱ͖ͳ͍ͨΊʹஈ֊Ͱ͕ࠩޡੜ͡ɺຎີݫ͕ࡲʹҰఆͰͳ͍ͳͲ

ͷڥͷ͕ࠩޡੜ͡ΔɻͦΕΒͷࠩޡΛྀͯ͠ߟɺຊষͰɺ40◦ͱ 45◦ͷ 2छྨͷΈΛ༻͍ͨɻ·ͨɺԁંͷ

அ໘ͷଟ֯ܗͷลͷ n ఆͨ͠ɻݻʹ6

ԁંԁܗঢ়ͷંΓͨͨΈͱͯ͠ΘΕ͍ͯΔ͚ͩͰͳ͘ɺ͜ͷϙςϯγϟϧΤωϧΪʔΛ༻͍ͨར༻ྫ͕

ଟ͍ɻԁંͷϙςϯγϟϧΤωϧΪʔͱɺόωͷϙςϯγϟϧΤωϧΪʔΛΈ߹ΘͤΔ͜ͱͰɺ΄΅ 0ͷྗ

Ͱม͢ܗΔߏΛ࣮͠ݱɺ໔ߏػͱͯ͠ར༻͢Δ͜ͱ͕ఏҊ͞Ε͍ͯΔ [129]ɻ·ͨɺԁંͷ ͷঢ়ଶ͕ͦݸ2

ΕͧΕ҆ఆͰ͋Δੑ࣭ΛɺϝϞϦͷෆੑൃشͱͯ͠ར༻ͨ͠ػցతϝϞϦఏҊ͞Ε͍ͯΔ [116]ɻ͜ͷػցతϝ

ϞϦԁંΛ ͞Ε͍ͯΔߏҎ্ྻʹଓ͢Δ͜ͱͰݸ2 [116]ɻใɺల։ঢ়ଶͷԁંͷҐஔʹΑͬͯ

อଘ͞ΕΔɻͦͯ͠ɺ͜ͷػցతϝϞϦԁંߏͷώεςϦγεಛੑΛ༻͍͍ͯΔɻػցతϝϞϦʹ༻͍Β

Ε͍ͯΔώεςϦγεಛੑɺଓ͞ΕͨԁંͷʮࡏݱͷʯͶ͡Ε֯ͷΈʹΑͬͯԁંͷঢ়ଶ͕ܾ·ΔͷͰ

ͳ͘ɺʮաڈͷʯͶ͡Ε֯ʹࡏݱͷԁંͷঢ়ଶ͕Ө͞ڹΕΔੑ࣭Ͱ͋Δɻ͜ͷੑ࣭Λ༻͍ͯɺػցతϝϞϦ

 1ΞΫνϡΤʔλͰ Ҏ্ͷҙͷԁંϏοτΛอଘ͢Δ͜ͱΛՄͱͨ͠ɻݸ2

ԁંྻʹଓ͢ΔͱώεςϦγεಛੑΛͪ࣋ɺҟͳΔԁં٭ 5Λଓ͢Δͱಛʹͦͷڍಈڵຯਂ͍ɻ

͜ͷੑ࣭ 1ΞΫνϡΤʔλΛ༻͍ͯҠಈ͢ΔંΓࢴϩϘοτͷॏཁͳཁૉͰ͋ΓɺຊఏҊͷҰ෦Ͱ͋ΔͨΊ

ड़͢Δɻޙ

ԁંͷຌྫ

ຊষͰɺԁંΛ Triangulated Cylindrical OrigamiʹͪͳΜͰ TCOͱݺͿɻͦͯ͠ɺ1ݸͷԁંΛͦ

Ε୯ମͱͯ͠ѻ͏߹ʹԁંϢχοτʢTCO unitʣɺԁંΛྻʹଓͨ͠ͷΛԁંλϫʔʢTCO

towerʣɺͶ͡Εͷ͖ͷΈ͕ରͰ͋Γɺࡐྉɾ֯ αͳͲͷଞͷੑ࣭͕ಉ͡ԁંΛ ଓͨ͠ԁંͭͣݸ1

λϫʔΛԁંରʢTCO pairʣͱݺͿɻ

ԁંͷ၆ᛌਤΛਖ਼֬ʹඳը͢Δ͜ͱ͍ͨ͠Ίɺಛʹখ͞ͳਤʹ͓͍ͯԁંΛ୯७Խͨ͠ਤͰද͢ɻԁ

ંɺ·ͣͶ͡Εͷ͖ʹΑͬͯ 2छྨʹ͚ΒΕΔɻͦͯ͠ɺԁંͷঢ়ଶల։ঢ়ଶͱऩॖঢ়ଶͷ 2छྨʹ

͚ΒΕΔɻߋʹɺԁંΛભҠͤ͞ΔͨΊʹඞཁͳྗͰΘ͚ΒΕΔɻͦ͜Ͱɺਤ 4.4ͷΑ͏ʹԁંͷͶ͡Εͷ

ɾঢ়ଶɾભҠʹඞཁͳྗΛද͢ɻਤ͖ 4.4ͷࠨԁંͷͶ͡Εͷ͖ͷදهͰ͋Γɺ࢛֯ͷ෦ͷઢʹΑͬͯ

Expanded
TCO

Folded
TCO

Weak
TCO

Strong
TCO

State of the unit Strength of the unit

Left-handed
TCO

Right-handed
TCO

Direction of the unit

ਤ 4.4: ԁંͷຌྫɻࠨɿͶ͡Εํͷࠩͷදهɻதɿ৳ॖͷঢ়ଶͷදهɻӈɿભҠʹඞཁͳྗͷࠩ

ͷදهɻ

ද͢هΔɻਤ 4.4ͷதԝԁંͷঢ়ଶͷදهͰ͋Γɺ͞ͱ֎ܗʹΑͬͯද͢هΔɻਤ 4.4ͷӈԁંͷ͞ڧ

ͷදهͰ͋Γɺઢͷଠ͞ʹΑͬͯද͢هΔɻ·ͨɺԁંͷঢ়ଶల։ঢ়ଶͱऩॖঢ়ଶΛͦΕͧΕ “0”ͱ “1”ʹ

Αͬͯද͢ɻ

٭ 5ྫ͑ҟͳΔ α ͔ΒͳΔԁં
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4.2.2 ԁંͷৼಈͷൖ

·ͨຊڀݚͰ༻͍ΔԁંΛ༻͍ͨ৴߸ͷૹʹ͍ͭͯɺԁંࣗମͷৼಈʹ͍ͭͯͷղੳଘ͢ࡏΔɻԁ

ં࣠ํͱճసํͷӡಈͷંΓΈڍಈΛࣔ͠ɺ͜ͷΈ߹ΘͤʹΑͬͯಛघͳपԠΛࣔ͢ [115]ɻจ

ݙ [115]Ͱ࣠ํͷྗͱճసํͷτϧΫΛಉ࣌ʹ༩͑ͯৼಈͷڍಈΛ͍ͯ͠ࢉܭΔɻ࣠ํʹԡ͠ࠐΉͱԁ

ંͶ͡Εͳ͕Βऩॖ͢Δ͕ɺऩॖʹ͏Ͷ͡Εͷํͱಉ͡Ͷ͡ΕͷτϧΫΛ͔͚Δͱԁંͷϙςϯγϟϧ

ΤωϧΪʔͷͳͩΒ͔ͳஅ໘Λ༻͍ͨৼಈ͕ੜ͡ɺํٯͷτϧΫΛ͔͚ΔͱԁંͷϙςϯγϟϧΤωϧΪʔ

ͷٸफ़ͳஅ໘Λ༻͍ͨৼಈ͕ੜ͡Δɻ͜ͷ 2छྨͷτϧΫΛ༻͍Δ͜ͱͰɺԁંͷৼಈΛ 2Ϟʔυʹྨ͠ɺͦ

ͷৼಈͷൖͷʹ͍ͭͯ·ͱΊ͍ͯΔɻͦͯ͠ԁંͷύϥϝʔλΛมԽͤ͞Δ͜ͱͰόϯυΪϟοϓΛௐઅ

Ͱ͖ΔபΛ࣮͍ͯ͠ݱΔʢจݙ [115]தͷਤ 5(c)ʣɻ

զʑখ͞ͳੑมܗͰେ͖ͳܗঢ়มԽ͕ՄͳંֶࢴΛ׆༻͢Δ͜ͱͰɺഁյΛΘͳ͍ૹ࿏ɾཧճ

࿏Λߏங͢ΔɻੑΤωϧΪʔΛղ์͠ͳ͕Βૹ͢Δෆݮਰૹ࿏ͷଟ͘ɺੑมܗΛ༧Ί༩͓ͯ͘͠

҆ఆʢόΠεςʔϒϧʣߏΛ༻͍͍ͯΔɻͦ͜ͰɺͦͷΑ͏ͳ҆ఆߏͷҰͭͰ͋ΔԁંΛ༻͍ͯෆݮਰ

ૹ࿏Λߏங͢ΔɻԁંੑΤωϧΪʔΛ༗ޮ׆༻Ͱ͖ΔંΓࢴͰ͋ΓɺͶ͡ΕΛͬͯ࣠ํʹԁܗঢ়Λ

ΈࠐΉંΓࢴύλʔϯͰ͋ΔͱͱʹɺฏୱʹંΓΉ͜ͱ͕Ͱ͖Δɻ͜ͷԁંਐӡಈͱճసӡಈΛซ

Ͱ͋Δ͕ɺຊจͰਐӡಈͰใΛૹ͢Δɻߏ͏ߦભҠΛͭ࣋ͤ

ԁં 1ϢχοτͰόΠεςʔϒϧͰ͋Δ͕ɺ2ݸͷಉ͡ԁંΛྻʹ࿈݁͠ɺ߹ܭͷ͞ͷΈΛ੍͠

ͨʮԁંରʯΛ͑ߟΔɻ͜ͷԁંରԁંͷଓ໘ͷɺҐஔ h1֯ʹΑͬͯঢ়ଶΛอଘͰ͖Δ͜ͱ͕

ΒΕ͍ͯΔ [116]ɻ͜ͷଓ໘ͷҐஔʹΑͬͯ৴߸ͷૹΛͨ͏ߦΊɺຊจͰ͜ͷଓ໘Λ৴߸໘ͱݺͿɻ

ԁંͷల։ਤΛߏ͢Δখ໘ͷܗ֯ࡾͷఈลͷ͞Λ 1ͱͨ͠ͱ͖ʹɺԁંରͷ͞Λ ఆ͢Δͱɺݻʹ1.6

ੑΤωϧΪʔਤ 4.5ͷΑ͏ʹͳΔɻখ໘ͷܗ֯ࡾɺఈล͔Βͷ͕֯ 45◦ͱ 75◦ͱͳΔΑ͏ͳܗ֯ࡾͱ͢Δ

͜ͱͰ҆ఆੑΛ͍ͯͤͨ࣋Δɻ੍ͨ͠ԁંରͷ͞ɺ৳ঢ়ଶͷԁંͷ͞ͱऩॖঢ়ଶͷԁંͷ͞

Po
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ਤ 4.5: ԁંରͷੑΤωϧΪʔɻࠨͷԁં͕ऩॖ͍ͯ͠Δঢ়ଶΛ State0ɺӈͷԁં͕ऩॖͯ͠

͍Δঢ়ଶΛ State1ͱ͢Δɻஅ໘ͷਖ਼֯ܗͷҰลͷ͕͞ 1ͷԁંʢ45◦ɺ75◦ʣΛྻʹ 2ͭ࿈݁

͠ɺ߹ܭͷ͕͞ 1.6ʹͳΔΑ͏੍Λ՝ͨ͠ɻ

ͷఔʹௐ͢Δ͜ͱͰɺࠨӈͷԁંͷͲͪΒ͔ͷΈ͕ऩॖ͍ͯ͠Δঢ়ଶͰϙςϯγϟϧΤωϧΪʔ͕ 0Ͱ

͋ΔΑ͏ͳ҆ఆঢ়ଶΛܥͭ࣋ʹͳΔɻ͜ͷԁંର State0ͱ State1͕ରশతͳߏͰ͋ΓɺState0ͱ State1

Ͱಉ͡ੑΤωϧΪʔΛͨͭ࣋ΊɺState0͔Β State1ͱભҠ͢Δ߹ʹΤωϧΪʔิ͞څΕͳ͍ɻͦͷͨΊ

͜ͷ··Ͱෆݮਰૹ࿏ʹ༻͍Δ͜ͱͰ͖ͳ͍͕ɺͦΕͧΕͷঢ়ଶͰ҆ఆͰ͋Δੑ࣭Λ׆༻͠ෆੑൃشϝϞ

Ϧͱͯ͠ఏҊ͞Εͨ [116]ɻ

ຊڀݚͰɺ͜ͷߏʹඇରশͳόωΛՃ͢Δ͜ͱͰϙςϯγϟϧΤωϧΪʔͷඇରশੑΛ࢈Έɺͦͷඇର

শੑ͔ΒΤωϧΪʔΛิ͠څͳ͕Βૹ͢Δෆݮਰૹ࿏Λߏங͢ΔɻԁંΛൖ͢ΔৼಈͰɺ৳ͯ͠

͍ΔԁંΛऩॖͤ͞Δྗ͕͔͔ͬͨʹൺɺߋʹ৳ͤ͞Δ͕ઌͯ͠ߦൖ͢Δੑ࣭͕ΒΕ͍ͯΔ [117]ɻ

͜ͷੑ࣭ਤ 4.5ʹࣔ͢ϙςϯγϟϧΤωϧΪʔͷٸफ़ͳॴΛ͜͏ͱͰখ͞ͳมҐͰྗ͍ڧΛੜΈग़ͤΔੑ࣭

͔Βੜ·ΕΔɻ͔͠͠ຊڀݚͰɺΤωϧΪʔΛิ͠څͳ͕Βૹ͢ΔͨΊʹɺऩॖঢ়ଶͱભҠ͢Δ͜ͱ͕ॏ

ཁͰ͋ΔͨΊɺ৳͍ͯ͠ΔԁંΛऩॖͤ͞ΔํͷྗΛओʹ༻͍ͯෆݮਰૹ࿏Λߏங͢Δɻ
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4.2.3 ੑมܗͷൖʹ͍ͭͯͷؔ࿈ڀݚ

ઢӡಈతͳੑมܗͷൖ

Εͨॴ·ͰੑมܗΛൖͤ͞ΔͨΊʹɺͰ͖Δ͚ͩݮਰͷͳ͍ػցతͳൖΛඞཁͱ͢Δɻͦ͜Ͱ·

ͣෆݮਰͱݺΕΔૹΛத৺ʹհ͢Δɻ

Ұํɺࠓճѻ͏৴߸ཧతͳӡಈΤωϧΪʔྗɺҐஔͦͷͷͰ͋Δɻͦͯ͠ɺͦͷӡಈΤωϧΪʔͳͲ

Λଌఆͯ͠ྔࢠԽ͢Δ͜ͱͳ͘٭ 6ɺ࣍ͷϢχοτͷೖྗͱͯ͠༻͍ΔɻͦͷͰɺຊఏҊೖྗ͞Εͨ

͢໌ূʹਰͰ͋Δ͜ͱΛֶతݮΊ͍ͯͳ͍ɻҰํͰɺෆٻͷϢχοτͱग़ྗͰ͖Δ͔·Ͱ࣍··Λͦͷܗ

Δ߹ʹɺೖྗͱग़ྗֶ͕తʹશҰக͍ͯ͠Δ͜ͱΛূ໌͢Δͷ͕؆୯Ͱ͋ΔɻͦͷͨΊɺͦͷΑ͏ͳ

ਰૹ࿏ݮங͢Δ͜ͱͰෆߏΛܗ Stable propagationͱݺΕΔ͜ͱ͋Δɻ·ͨ৴߸Λૹ͢Δͱ͍͏؍

Ͱѻ͏ͨΊɺͷܗఆৗͰͳཱ͘ݽଋͱݺΕΔؒ࣌తʹۭؒతʹूத͍ͯ͠ΔΛૹΔ߹

ʹண͞ΕΔɻ

ෆݮਰૹ࿏ʹ͍ͭͯΘ͔Γ͍͢ྫʹυϛϊ͕͋͠Δɻυϛϊ͠Ұυϛϊ͕Ε͡ΊΕ࣍ʑͱ

υϛϊ͕ΕΔɻͦΕͧΕͷυϛϊཱ͍ͬͯΔঢ়ଶͰ҆ఆͰ͋Δ͕ɺҰΕ͡ΊΔͱΕ͖Δ·ͰΕΑ

͏ͱ͢Δྗ͕ಇ͘ɻͦͯͦ͠ͷ࠷தʹ࣍ͷυϛϊΛࠐ͖רΉͨΊʹɺ࣍ʑͱυϛϊΕɺͦͷΕΔ͍ݮਰ

͠ͳ͍ɻ

ੑΛߏ͔ͨ͠׆ͰɺมҐৼಈͳͲͷػցతͳ৴߸ૹͷத్Ͱݮਰ͠ɺతͷॴ·Ͱ৴߸Λ

ૹ͢Δ͜ͱ͍͠ɻͦ͜ͰɺૹલʹੑΤωϧΪʔΛૹ࿏ʹ͓͖͑ͯɺͦͷΤωϧΪʔΛղ์͠ͳ͕Β

ૹ͢Δ͜ͱͰɺ৴߸ͷݮਰΛิ͍ͳ͕Β৴߸Λૹ͢Δૹ࿏͕ߏங͞Εͨ [106]ɻྫ͑ɺਤ 4.6(a)ͷΑ͏ʹɺ

࣭Λ্Լ͔ΒόωͰݻఆ͢ΔͱɺͦΕͧΕͷόωࣗવͰ࠷ΤωϧΪʔ͕͘ͳΔͨΊɺݻఆ͔Βڑ

ͷॴͰ҆ఆ͢Δɻݻఆ͔Βڑͷਤ 4.6(a)ͷփ৭ͷઢͰ্֪ࣔ͢ٿʹ࣭ͷ҆ఆ͕ଘ͠ࡏɺ2ݸͷόω

͔Β͜ͷ҆ఆ੍͕͞ΕɺଞͷߏʹΑΓૹ࿏ͷૹํʹͷΈ࣭͕Ҡಈ͢ΔΑ͏ʹ੍͞ΕΔɻͦͷ݁

Ռɺ࣭͕҆ఆͳҐஔ͕ਤ 4.6(a)ʹࣔ͢ 2ͱͳΔɻ࣭ͷҐஔʹΑͬͯόωʹ͑ΒΕΔੑΤωϧΪʔਤ

Po
te

nt
ia

l e
ne

rg
y

x

m

(a) (b)

Propagation

m

(c)

ਤ 4.6: ෆݮਰૹ࿏ͷߏஙྫɻ(a)όωͰ੍͞Ε͍ͯΔ࣭ʢ[106]Λ࡞ʹߟࢀਤʣɻ࣮ઢͰදͨ͠

ঢ়ଶͱઢͰදͨ͠ঢ়ଶͷ 2ঢ়ଶͰϙςϯγϟϧΤωϧΪʔ͕ 0ͱͳΓɺ҆ఆͰ͋Δɻ(b)ૹ࿏ͱ͠

ͯ༻͍ΔͨΊʹલޙͷ࣭ͱόωͰଓ͞Ε࣭ͨʢ[106]Λ࡞ʹߟࢀਤʣɻ(c)ॊΒ͔͍൘ঢ়ͷࡐྉΛ

༻͍ͨมྫܗʢ[108]Λ࡞ʹߟࢀਤʣɻ

4.6(a)ͷԼਤͷΑ͏ʹͳΔɻ࣭ࠨӈͲͪΒ͔ͷ҆ఆʢϙςϯγϟϧΤωϧΪʔ͕͍ʣͰ҆ఆ͓ͯ͠Γɺ

ࠨͷঢ়ଶ͔Βӈͷঢ়ଶભҠ͢ΔͨΊʹதԝͷϙςϯγϟϧҎ্ͷΤωϧΪʔΛՃ͑Δඞཁ͕͋Δɻӈ͔Βࠨ

ͷঢ়ଶͷભҠಉ༷Ͱ͋Δɻ͞Βʹɺਤ 4.6(b)࣭ಉ࢜ΛόωͰࠨӈʹͭͳ͙͜ͱʹΑͬͯɺࠨӈͷ࣭ͷಈ

͖ʹΑ࣭͕ͬͯ҆ఆ͢ΔҐஔ͕ߋʹมԽ͢Δɻྫ͑ࠨͷ࣭͕ӈʹҠಈ͢Δ͜ͱͰόω͕ӈͷ࣭Λӈʹԡ

͢ྗΛੜΈग़͢ɻਤ 4.6(b)ͷΑ͏ʹભҠํΛӈͰ͋Δͱ͢Δͱɺਤ 4.6(a)ͷઢঢ়ଶ͕৴߸Λૹ͢Δલͷঢ়

ଶͰ͋Γɺ࣮ઢͷঢ়ଶ͕৴߸Λૹͨ͠ޙͷঢ়ଶͰ͋Δɻ

ਤ 4.6(a)શʹରশͳߏͰ͋ΔͨΊʹૹલͷࠨͷঢ়ଶͱૹޙͷӈͷঢ়ଶͰϙςϯγϟϧΤωϧΪʔ

٭ తͳͰ͋Δࢹڊʹ͍ͭͯड़͍ͯΔͰͳ͘ɺࢠ6ྔ
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͍͕͠ɺඇରশͳߏͱ͢Δ͜ͱͰɺૹલͷϙςϯγϟϧΤωϧΪʔʹൺͯૹޙͷϙςϯγϟϧΤω

ϧΪʔখ͘͞ઃఆͰ͖ΔɻͦͷͨΊɺ͜ͷϙςϯγϟϧΤωϧΪʔͷ͕ࠩɺ࣭ͷӡಈΤωϧΪʔͷ૿ՃΛҾ

ਰͨ͠ӡಈΤωϧΪʔΛิర͢Δɻݮɺ͜͠ى͖

ਤ 4.6(a)ͷΑ͏ʹɺෆݮਰૹ࿏جຊతʹʮ৴߸Λૹ͍ͯ͠ͳ͍ʯʮطʹ৴߸Λૹͨ͠ʯͷ 2ঢ়ଶ͔࣋͠

ͨͳ͍٭ 7ɻͦͷͨΊɺෆݮਰૹ࿏ͷঢ়ଶ͕ૹޙͰ͋Δ߹ʹ͍ࣔͯ͠Δঢ়ଶʮࠓ৴߸Λૹ͠Α͏ͱ͠

͍ͯΔঢ়ଶͰ͋ΔʯͰͳ͘ʮࠓ·ͰʹҰͰ৴߸Λૹͨ͠ʯͰ͋Δɻ͜Εɺෆݮਰૹ࿏ͷϙςϯγϟ

ϧΤωϧΪʔͷࠩʹΑΓ 0 → 1ͷભҠ͔͠ૹͰ͖ͳ͍ͨΊɺૹݩʹޙͷঢ়ଶʹ͢͜ͱ͕Ͱ͖ͳ͍͔ΒͰ͋

Δ٭ 8ɻ

͜ͷΑ͏ͳඇରশͳϙςϯγϟϧΤωϧΪʔΛੜΉͨΊʹɺਤ 4.6(c)ͷΑ͏ʹɺ҆ఆͳ 2ঢ়ଶ͕ଘ͢ࡏΔߏ

Λ༻͍ͨෆݮਰૹ࿏ଘ͢ࡏΔ [108]ɻॊΒ͔͍ࡐྉͷੑมܗͰϙςϯγϟϧΤωϧΪʔΛੜΈग़͓ͯ͠Γɺ

ઢͷঢ়ଶ͔Β࣮ઢͷঢ়ଶભҠ͢Δ͜ͱͰૹΛ͏ߦɻඇରশͳϙςϯγϟϧΤωϧΪʔͷதͰɺখ͞ͳΤω

ϧΪʔͰભҠ͕։ͯ࢝͠ભҠޙͷঢ়ଶ͔ΒભҠલͷঢ়ଶʹΓʹ͍͘ܗঢ়ͱͳ͍ͬͯΔɻͦͷͨΊɺ࣍ͷ࣭Λ

ԡ͢ྗͷ࡞༻ʹରͯ͠ߏ͍ڧͰ͋Δɻ

͜ͷΑ͏ʹɺෆݮਰૹ࿏ϢχοτΛྻʹଓ͢Δ͜ͱͰߏ͞ΕΔෆۉҰͳߏͰ͋Δɻ͔ࠨΒྗ͕Ճ

͑ΒΕɺਤ 4.6(a)ͷΑ͏ͳϢχοτͷ ͕ભҠ͢Δͱݸ1 ͷϢχοτͷભҠ͕ݸ͕ભҠ͢ΔΑ͏ʹɺnݸ2

n+ ͱͳ͍ͬͯΔɻߏ͢͜ىͷϢχοτͷભҠΛҾ͖ݸ1

͜͜·Ͱհͨ͠ෆݮਰૹ࿏ยํʹͷΈૹͰ͖Δૹ࿏Ͱ͕͋ͬͨɺํͷෆݮਰૹ࿏࣮͞

Εͨ [109]ɻෆݮਰૹ࿏ભҠલͷϙςϯγϟϧΤωϧΪʔભҠޙͷϙςϯγϟϧΤωϧΪʔΑΓେ͖͍ͨ

ΊɺભҠޙͷঢ়ଶ͔ΒભҠલͷঢ়ଶͷૹݮਰҎ֎ʹΤωϧΪʔ͕ඞཁͱͳͬͯ͠·͏ɻจݙ [109]ɺ2

छྨͷόΠεςʔϒϧߏΛแ͢ΔϢχοτʹΑ࣮͍ͬͯͯ͠ݱΔͨΊɺ࣮࣭తʹ 2ຊͷૹ࿏ΛಉҰ্࣠

ʹ࣮ͨ͠ͱ͑ݴΔɻ

·ͨ୯ͳΔෆݮਰૹ࿏Ͱͳ͘ɺ͋͑ͯยํʹͷΈ͢Δૹ࿏Λڀݚͨ͠ࡌଘ͢ࡏΔ [107]ɻ͜ͷ

Ҏ֎ʹɺཧੵήʔτɾཧήʔτΛߏͷΈ͢Δૹ࿏ͱͯ͠μΠΦʔυͷΑ͏ͳʹͰยํڀݚ

࣮͍ͯ͠ΔɻͦΕͧΕੑࡐྉͰߏ͞Ε͍ͯΔ͕ɺͦͷߏΛม͑Δ͜ͱͰલޙͷ࣭ͱͷଓͷੑ࣭Λ

มԽ͍ͤͯ͞Δɻྫ͑ɺࠨӈͷ࣭Λ݁ͿཁૉʹॊΒ͔͍όωͱ͍ߗόω͕࣮͞Ε͍ͯΔɻॊΒ͔͍όωͰ

࣭ಉ͕࢜ଓ͞Ε͍ͯΔ߹ɺલޙͷ࣭ͷ݁ͼ͖ͭऑ͍ͨΊɺ݁ͼ͖͕ͭݮਰ͠ɺͦͷपลͷ࣭ͷҠಈ

ʹͷΈӨ͢ڹΔɻҰํͰ͍ߗόωͰ࣭ಉ͕࢜ଓ͞Ε͍ͯΔ߹ɺલޙͷ࣭ͷ݁ͼ͖͕ͭ͘ڧͳΓΑΓ͍

ൣғͷ࣭ͷҠಈʹӨ͢ڹΔɻಉ࣌ʹͦͷ࣭ͷҠಈʢঢ়ଶͷભҠʣʹඞཁͳྗҟͳΓɺॊΒ͔͍όωͰଓ͞

Ε͍ͯΔ߹ʹൺ͍ͯڧόωͰଓ͞Ε͍ͯΔ߹ʹ͕ྗ͍ڧඞཁͰ͋Δɻཧήʔτɺ୯७ͳྫͰड़

ͨυϛϊ͠ʹ͍ͭͯ͑ߟΒΕ͍ͯΔ [110]ɻ

ਤ 4.7Aͷ 1ஈͷΑ͏ʹॊΒ͔͍όωͰଓ͞Ε͍ͯΔૹ࿏ͱ͍ڧόωͰଓ͞Ε͍ͯΔૹ࿏ʹΑΓμΠ

Φʔυ͕࣮͢ݱΔɻॊΒ͔͍όωͰߏ͞ΕΔૹ࿏Ͱ͋Δࠨͷૹ࿏͔Β৴߸͕ΘΖ͏ͱͨ͠߹ʹɺਤ

4.7Aͷ 2ஈͷΑ͏ʹɺ͍ڧόωͰͷଓ෦ΛભҠͤ͞Δྗ͕ΓͣɺॊΒ͔͍όωͷม͕ͨͬܗঢ়ଶͰભ

Ҡ͕ࢭ·ͬͯ͠·͏ɻ͔͠͠ٯʹӈ͔Β৴߸͕ΘΖ͏ͱͨ͠߹ʹɺਤ 4.7Aͷ 3ஈͷΑ͏ʹɺશͯͷঢ়ଶ

͕ભҠޙʹΓସΘΔɻ͜ͷΑ͏ʹɺૹʹਵ͢ΔΤωϧΪʔ͕খ͍͞ૹ࿏͔ΒɺૹʹඞཁͳΤωϧΪʔ

͕େ͖͍ૹ࿏ͷૹΛ્͢Δ͜ͱ͕Ͱ͖ΔɻॊΒ͔͍όωͷͶఆ 80N/mͰ͋Γ͍ߗόωͷͶఆ

 2100N/mͰ͋Δɻ·ͨॊΒ͔͍όωͱ͍ߗόωͷ݁ͼ͖ͭͷ͕͞ڧҟͳΔͨΊɺಛʹਤ 4.7CͰભҠͷͷ

ͰߴόωͰଓ͞Εͨૹ࿏Ͱͷૹ͍ߗड͚ΒΕΔɻॊΒ͔͍όωͰଓ͞Εͨૹ࿏ʹൺΔͱݟ͕ࠩ

͋Δɻ

·ͨਤ 4.7B͔Βɺ࠷ॳͷૹʹ͍͕ͳͯ͘ૹ͕҆ఆͯ͠ߦΘΕ͍ͯΔɻॎ͕࣠ؒ࣌Ͱ͋ΔͨΊɺ͕͖

؇͔Ͱ͋Δ΄Ͳૹ͕ߴͰ͋Δ༷ࢠΛද͢ɻ0.12 s͔Β 1൪ͷϢχοτͷม͕ܗ։࢝͠ɺঃʑʹϢχοτ൪

߸͕૿͑Δํʹ
20

0.03
≃ 660[unit/sec]ఔͷͰભҠ͍ͯ͠Δ͕ɺ0.16 sɺi = 22ۙͰૹ͕ఀ͍ͯ͠ࢭΔ

ʢਤதͰॎํʹ৳ͼΔઢʣɻૹલͷঢ়ଶ͕੨৭ɺૹޙͷঢ়ଶ͕৭Ͱ͋Γɺத్ͳঢ়ଶͰ͋Δ৭Ͱ

٭ 73 Ҏ্ͷ҆ఆΛ͔ͭ࣋͠Εͳ͍͕ɺͦͷ߹Կճૹ͔ͨ͠ͷΈͷใͰ͋Δɻ
٭ 8྆ํෆݮਰͰͰ͖͍ͯΔͳΒɺࢄΤωϧΪʔͱࢄҳΤωϧΪʔ͕ 0 Ͱ͋Γɺํ௨৴Մͳૹ࿏Ͱ͋ΓɺిಋͳͲͰͷΈՄ
Ͱ͋Δɻ
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ਤ 4.7: ෆݮਰૹ࿏ͰͷμΠΦʔυͷ࣮ [107]ɻA: ॊΒ͔͍όωͰଓ͞Ε͍ͯΔ෦Λɺ

ॊΒ͔͍όωͱ͍ߗόωͷڥքۙΛɺ੨͍ߗόωͰଓ͞Ε͍ͯΔ෦Ͱ͋Δɻ্͔Βॱ

ʹભҠલɺ͔ࠨΒͷྗʹΑΔભҠޙɺӈ͔ΒͷྗʹΑΔભҠޙͷঢ়ଶɻB: σʔྻܥ࣌ΒͷભҠͷ͔ࠨ

λɻ੨͕ભҠલɺ͕ભҠޙɻC: ӈ͔ΒͷભҠͷྻܥ࣌σʔλɻ੨͕ભҠલɺ͕ભҠޙɻ

͋ΔͨΊɺ1൪ͷϢχοτͷঢ়ଶ͕Ͱ͋Δ͕ؒ࣌͘ɺϢχοτ൪߸ͷ૿ՃʹͭΕͯ٭ 9৭ͷ͕ؒ࣌͘

ͳ͍ͬͯΔɻϢχοτͷෆ҆ఆͳঢ়ଶΛ௨ա͢Δ͕ؒ࣌Ϣχοτ൪߸͕૿Ճ͢ΔʹͭΕͯॖ͞Ε͍ͯΔ͜ͱ͔

ΒɺͳӡಈΤωϧΪʔͷগͳ͍ૹ͔ΒɺߴͳӡಈΤωϧΪʔΛ͏ૹͱมԽ͠ɺΑΓ҆ఆͨ͠ૹ

ͱ 25 < iͰ͋ΔϢχοτগ͠৭͕มΘ͍ͬͯΔͨΊɺมҐͷৼಈ͕গ͠Θ͍ͬͯΔ͕ɺঢ়ଶ͕ભҠ͢Δ΄

ͲͷΤωϧΪʔΓ͍ͯͳ͍ɻ

·ͨਤ 4.7CͰɺϢχοτ൪߸͕େ͖͍ i = 35͔ΒૹΛ։࢝͢ΔɻॊΒ͔͍ϢχοτͷભҠ։࢝ʹ 0.12 s

͔Β 0.14 sͷ 0.02 sఔͷؒ࣌Ͱ͕͋ͬͨɺ͍ߗϢχοτͷભҠ։࢝ʹ 0 s͔Β 0.07 sͷ 0.07 sͱ͍͔ؒ࣌͠

͔͔Βͳ͍٭ 10ɻͦͯ͠Ϣχοτ൪߸ i = 20·Ͱ΄΅ಉ࣌ʹભҠ͓ͯ͠ΓɺߴͰભҠ͍ͯ͠ΔɻͦͷޙॊΒ

͔͍Ϣχοτͷૹ
20

0.03
≃ 660[unit/s]Ͱ͋Γɺਤ 4.7Bͷૹͱ΄΅Ұக͢Δɻใͷૹͷ͖

ҟͳΔ͕ɺભҠલͷঢ়ଶͱભҠޙͷঢ়ଶ͍͠ɻ

ਤ 4.7ͰɺҟͳΔߏͷϢχοτΛ࿈݁͢Δ͜ͱͰμΠΦʔυΛ࣮ͨ͠ݱɻμΠΦʔυͱͯ͠ಇ͘ͷɺ͋Δ

ϢχοτͷભҠͷྗ͕࣍ͷϢχοτͷભҠΛҾ͖͢͜ىͷʹෆेͰ͋Δ͔ΒͰ͋ͬͨɻ͜͜Ͱɺ2ݸͷϢχοτ

Λೖྗͱ͢ΔϢχοτΛ͑ߟΔɻยํͷೖྗͷΈ͕ભҠ͖ͯͯ͠ભҠ͕͠ͳ͍ૹ࿏ͱ͠ɺ྆ํͷೖྗ͕

٭ 9i < 22 ఔ·Ͱ
٭ ͳ͍͕ํͷਤ͕ͦ͏ͳ͍ͬͯΔͨΊݙҟͳΔͨΊൺֱ͕͍͕͠ɺҾ༻ͨ͠จ͕࣠ؒ࣌10
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ભҠͯ͠ॳΊͯભҠ͕͢Δૹ࿏Λߏங͢Δͱɺཧੵήʔτͱͯ͠ಇ͘ɻͲͪΒ͔ยํͷೖྗͷΈͷભҠ

ͷͰ͋Εɺগͳ͘ͱยํͷೖྗʹΑΓભҠ͕͢ΔͨΊɺཧήʔτͱͯ͠ಇ͢͜ىͷભҠΛҾ͖͕࣍

͘ɻ͜ͷΑ͏ʹͯ͠ɺཧήʔτ͕࣮͞Εͨ [107]ɻͦͯ͠ɺಛʹͦͷࡐྉͷม͕ܗେ͖ͳཧήʔτͷಈ࡞

ʹਤ 4.8ͷΑ͏ͳഁյΛ͏ͨΊɺ࠶ͼ৴߸Λૹ͢Δʹ৽͍͠ૹ࿏Λඞཁͱ͍ͯͨ͠ɻจݙ [107]ͷख๏

ਤ 4.8: ෆݮਰૹ࿏ͰఏҊ͞Ε͍ͯΔཧήʔτ [107]ɻA ্͔Βೖྗ͞ΕΔ 2ೖྗʹΑͬͯɺԼ

ͷग़ྗΛ੍͢ޚΔ͜ͱͰཧήʔτͱͳΔɻB ೖྗͷ྆ํ͔Βૹ͞Εͨͱ͖ͷΈग़ྗૹ͢Δ

ཧੵͷήʔτɻC ೖྗͷগͳ͘ͱยํ͔Βૹ͞Εͨͱ͖ͷΈग़ྗిૹ͢Δཧͷήʔτɻૹ

͞Ε͍ͯͳ͍ૹ࿏ଆͷଓ෦͕ഁյ͞ΕΔɻ

ͶఆͰͳ͘ૹ࿏ͷ෯ dout Λม͢ߋΔ͚ͩͰཧήʔτΛ࣮͍ͯ͠ݱΔɻ

͜ͷήʔτͷഁյɺήʔτͰͷଓ͕όωͰͳ͍͔ΒͰ͋Δͱͨ͑ߟɻຊจͰɺೖྗͱग़ྗͷଓ

໌ࣔతͳόωͱ͢Δ͜ͱͰɺήʔτʹྗ͕ूத͢Δ͜ͱͳ͘ग़ྗͷঢ়ଶΛ੍ޚͰ͖ΔཧήʔτΛ࣮͢ݱΔɻͨ

ͩ͠ɺจݙ [107]Ͱόωଓ͢ΔΘΓʹɺഁյ͞ΕΔརଘ͢ࡏΔɻྫ͑ɺഁյ͞ΕΔ͜ͱʹΑͬͯํٯ

ͷૹΛ͍Ͱ͓Γɺೖྗঢ়ଶΛΓସ͍͑ͯͳ͍ɻͦͷͨΊɺຊจͰఏҊ͢Δߏɺ͋ΔೖྗͷʹΑͬͯ

ଞͷೖྗͷঢ়ଶΛΓସ͑ͳ͍Α͏ʹ͢Δඞཁ͕͋ΔɻಛʹཧͷߏͰยํͷೖྗ͕ଘ͢ࡏΔ߹ʹग़ྗ

มԽͯ͠͠·͏ͨΊɺ͏ยํͷೖྗͷมԽʹͭͳ͕Βͳ͍Α͏ͳͶఆͳͲͷ͕ඞཁͱͳΔɻ

4.2.4 ճసΛ༻͍ͨมܗͷػցతൖ

͜͜·Ͱհͨ͠ෆݮਰૹ࿏શͯઢӡಈΛ༻͍ͯ࣍ͷϢχοτͷΤωϧΪʔΛૹ͍͕ͯͨ͠ɺԁப

ͳͲͷճస֯ɾճసϞʔϝϯτΛ༻͍ͯ࣍ͷϢχοτͷΤωϧΪʔΛୡ͢Δෆݮਰૹ࿏ଘ͢ࡏΔ [111]ɻ

จݙ [111]ɺෆݮਰૹ࿏ͷߏஙͰͳ͘ɺΞϨϯʹΧʔϯͷ๏ଇͱݺΕΔԠ֦ࢄʹ͍ͭͯͷจͰ͋Δɻ

͔͠͠ɺਤ 4.9b)Ͱड़ΒΕ͍ͯΔϞσϧෆݮਰૹ࿏Ͱ༻͍ͨόωͷଓख๏Ͱ͋Γɺਤ 4.9d)ͷϙςϯγϟ

ϧόωʹΑΔϙςϯγϟϧͰ͋Δɻͦͯ͠όωʹΑΔϙςϯγϟϧΤωϧΪʔରͯ͠ඇରশͳཁૉΛՃ͑Δ͜ͱ

ʹΑͬͯɺ੨͍ഁઢͷΑ͏ͳભҠલͱભҠޙͰҟͳΔϙςϯγϟϧΤωϧΪʔΛͭ࣋ঢ়ଶ࣮͍ͯ͠ݱΔɻ͞Β

ʹਤ 4.9f) ͷߏઢӡಈ͔ΒճసӡಈʹԠ༻ͨ͠ 2ঢ়ଶΛ࣮͓ͯ͠ݱΓɺਤ 4.9e) ͷϢχοτಉ࢜ͷ࿈݁ɺ
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ෆݮਰૹ࿏ͷͦΕͧΕͱରԠ͢ΔɻઢӡಈͰૹΛ͏ߦγεςϜͰɺ1Ϣχοτ͕༩͑Δྗͦͷઢ
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at constant speed, provided the bistable energy potential is 
nonsymmetric, so that each snap releases elastic energy that 
propels the domain wall.[25,26] Unlike topological zero-energy 
modes,[18] these systems are statically determinate and the tran-
sition wave results from the stabilized competition between 
elastic energy release and dissipation through mechanical 
damping.[27,28]

We consider a 2D periodic network of cylindrical masses M 
with a single (rotational) degree of freedom φ, the polarization. 
A salient feature of the structure, multistability arises from 
elastic springs that attach eccentrically to each cylinder at one 
end and to an anchor point (elevated by a distance fz) at the 
other (Figure 1f). The action of gravity on additional masses 
m eccentrically placed on the cylinders creates a torque when 
the rotation axis and gravity field are not aligned. The resulting 
multiwelled energy landscape can be tuned by: i) moving the 
elevated plane (i.e., a ceiling) of anchor points (by a distance fx) 
and/or ii) tilting the entire system (by angles α, β). In the level 
condition (i.e., α = β = 0), choosing fx ≠ 0 imbues each element 
with multiple stable states φi ≠ 0, limited to two by the addi-
tion of a torsional spring (relaxed at φ = 0). Moving ceiling and 

cylinders relative to each other so that fx → 0 turns the bistable 
energy (with polar stable configurations φi ≠ 0) into a single 
energy well with stable unpolar ground state φ = 0.

The Hamiltonian of a 2D network with N periodically 
arranged cylinders of radius R is given by: 

1
2

, ,2

1 , 1

I Vi i

i

N

i j

N

i jff�H ∑ ∑θθϕ ψ ϕ ϕ ϕ( )( )= +⎡
⎣⎢

⎤
⎦⎥+ −

= =  
(1)

with I the total rotational inertia and ψ(φ, θ, f ) the nonlinear 
multiwelled energy resulting from springs and tunable via 
θ = {α, β} and f = {fx, fy, fz} (see Supporting Information). If 
elastic bands link the cylinders (Figure 1e), then V (∆φ) = kij 
(R∆φ)2 is an elastic interaction potential. In every realistic 
system, dissipation of kinetic energy through, e.g., friction is 
inevitable, thus motivating the inclusion of velocity-propor-
tional damping with damping constant η in the governing 
equation of momentum balance (Hamilton’s equation of 
motion). Hence, our discrete mechanical network is described 
by (for i = 1, …, N, and writing ψ′ = ∂ψ/∂φ: 
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Figure 1. Phase transformations, ferroic domain switching, and diffusive phase separation are material processes enabled by a multiwelled energy 
landscape. a) Below the Curie temperature, ferroelectrics exhibit a spontaneous polarization due to broken crystal symmetry which displaces the cen-
tral ion outside the midplane, creating a dipole. b) A mechanical system, e.g., in a 1D chain of bistable elements, may display a scalar polarization. 
c) The underlying kinetics of structural transformations are observed in discrete like continuous systems. d) Common to all, these systems possess a 
multiwelled energy landscape. e,f) Each element of our 2D mechanical system exhibits a bistable potential and, through the use of masses and springs 
(schematic (f)), recovers all the processes mentioned previously. Tilting the mechanical structure by α and/or β (positive counter-clockwise when 
looking down the respective axis) permits a gravitational field to induce domain switching.

ਤ 4.9: ෆݮਰૹ࿏ʹԠ༻ՄͳϞσϧɻb)ͷΑ͏ͳ࣭Λ࿈݁ͨ͠ϞσϧͱɺͦͷϙςϯγϟϧͰ

͋Δ d)ैདྷͷڀݚͱ΄ͱΜͲมΘΒͳ͍͕ɺf)ͷΑ͏ͳԁͷ֯Λ༻͍ͨճసΛͤ͞ΔϞσ

ϧఏҊ͍ͯ͠Δɻe)ͷΑ͏ʹ͍ޓΛ࿈݁͢Δ͜ͱͰ ૹΛՄͱ͢Δ͚ͩͰͳ͕ͨͬʹ্ݩ࣍2

͘ɺ8ۙͷϢχοτʹରͯ͠ྗΛ༩͑ΔߏͷߟҊ͍ͯͬߦΔɻ[111]ͷ Figure 1Ͱ͋Δɻ

ͷޙͷલํ 2Ϣχοτʹ੍͞ݶΕ͍ͯͨɻޙड़͢Δख๏ͰذΛ࡞ΔࣄʹΑͬͯ 2ϢχοτҎ্ʹྗΛ༩͑

Δ͜ͱ͕Ͱ͖Δ͕ɺӡಈͷํ͕มԽͯ͠͠·͏ͨΊʹଛࣦ͕ൃੜ͢Δɻ͔͠͠ɺਤ 4.9e)ͷϢχοτಉ࢜ͷ࿈݁

 Γɺগͳ͘ͱ͓͕ͯͬʹ্ݩ࣍2 8ϢχοτʹӨڹΛ༩͍͑ͯΔɻ͜ͷΑ͏ʹɺճసӡಈΛૹ͢Δγε

ςϜʹ͢Δ͜ͱͰɺෳͷϢχοτগͳ͍ଛࣦͰྗΛ͑Δ͜ͱɺෳͷϢχοτ͔ΒྗΛड͚Δ͕ࣄՄ

ͱͳΔɻ

·ͨ ͷΑ͏ʹɺ͋ΔϢχοτ͚ͩಛੑΛม͑Δͱͦؕܽࢠͳ͕͍ͬͯͳ͍ϢχοτͰɺ͔֨ͭ͠ʹ্ݩ࣍1

͜ʹΤωϧΪʔ͕ूத͢ΔڀݚߦΘΕͨ [112]ɻҟͳΔಛੑͷϢχοτ 1ϢχοτͱݶΒͳ͍͕ɺҟͳΔಛ

ੑͷϢχοτͷڥքۙͰΤωϧΪʔͷूத͕ੜ͡Δɻ͜ͷΑ͏ʹɺϢχοτؒʹݸମ͕ࠩଘͯ͠ࡏɺൺֱత

҆ఆͯ͠৴߸ͷૹ͕ߦΘΕΔɻҟͳΔಛੑͷϢχοτ͕࿈͍݁ͯ͠Δ෦Ҏ֎ʹɺૹ࿏ͷ྆ҟͳΔಛ

ੑͷϢχοτ٭ 11͕࿈͍݁ͯ͠Δͱ͑ߟΒΕΔɻόωͷΑ͏ʹ࿈ଓతʹྗΛड͚औΔϢχοτ͕ଘ͠ࡏͳ͍ͳΒ

ӡಈΤωϧΪʔΛিܸྗͷΑ͏ʹ༻͍ΒΕΔɻ·্ͨهͷΑ͏ͳੑߏԹʹΑͬͯಛੑ͕มΘΔࣄ

ΒΕ͍ͯΔ [113]ɻ͜ͷڀݚΛ༻͍Δ͜ͱͰɺಛఆͷԹʹୡͨ͠ΒૹΛ։࢝͢Δෆݮਰૹ࿏Λ࣮ݱͰ͖Δɻ

4.2.5 ંΓࢴμΠΦʔυͱཧήʔτ

ୈ 4.2.3અͰͶఆͷҟͳΔૹ࿏Λհͨ͠ɻ͔͠͠ɺߏࣗମΛඇରশʹ͢Δ͜ͱͰμΠΦʔυతͳ

ಈ͕࡞ՄͱͳΔɻຊষͰɺඇରশͳંΓߏࢴΛ༻͍Δ͜ͱͰμΠΦʔυతͳยํͷΈͷૹʹݶఆ͢Δ

ख๏Λհ͢Δɻ

ંΓֶࢴͷʹѹॖͰ͖Δʹ͔͔ΘΒͣɺҾͬுΕͳ͍ߏ͕ଘ͢ࡏΔ [114]ɻ͜ͷߏϝΧχΧϧ

μΠΦʔυͱݺΕɺ2ঢ়ଶΛ҆ఆͨ͠ঢ়ଶ٭ 12ͱͯͭ࣋͠ɻਤ 4.10ʹંΓࢴμΠΦʔυʹ༩͑ΒΕͨྗʹର͢

٭ 11ड͚Δྗ͕ 0 Ͱ͋ΔΑ͏ͳϢχοτ
٭ 12ୠ͜͜͠ͰϙςϯγϟϧΤωϧΪʔͷҰճඍ͕ 0 Ͱ͋Γɺೋ֊ඍ͕ਖ਼Ͱ͋Δ͜ͱΛ҆ఆͱදͨ͠ݱɻ͜͜·Ͱड़ͨ҆ఆϙςϯ
γϟϧΤωϧΪʔ͕ 0 Ͱ͋Δঢ়ଶͰ͕͋ͬͨɺϙςϯγϟϧΤωϧΪʔ͕ۃখͱͳΔঢ়ଶہॴతʹ҆ఆͰ͋Δͱද͢ݱΔɻ
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Fig. 3. Measured force–displacement curves of the two unit cell prototypes. Five
displacement-controlled tests are repeated for each cell, the solid curves are the
averaged results, and the shaded bands represent the standard deviations. Insets
show the photos of a cell at states ‘1’ and ‘2’, and illustrate the construction of the
unit cell, where (i) is the steel facets, (ii) is the pre-bent spring-steel stripes, (iii) is
the creases made of plastic film, and (iv) is the additional rectangular steel plates
and 3D-printed connectors for connecting with the universal testing machine.

A and cell B, respectively). Displacement control with a constant
crosshead speed (10 mm/min) is used in these tests.

Fig. 4(a) shows the averaged extension and compression test
data. The dual-cell chain, regardless of the inter-cellular connec-
tion, possesses four stable states: ‘1-1’, ‘2-1’, ‘2-2’ and ‘1-2’. How-
ever, test results show that only the first three of them can be
reached via displacement control at the two ends of the chain
(Fig. 4(b, c)). The differences in the critical forces of a single cell
(i.e. F PA

e
, F

PA
c

, F
PB
e

, and F
PB
c

) can explain the absence of the ‘1-2’
stable state in the tests. During extension, the top cell A always
‘‘bulges out’’ first because its corresponding critical force for snap-
out deformation (F PA

e
) is lower than that of bottom cell B (F PB

e
)

(Fig. 3), incurring a switch sequence of ‘1-1’!‘2-1’!‘2-2’. During
compression, the bottom cell B always ‘‘nests in’’ first because its
critical force for snap-in deformation (F PB

c
) is lower than that of top

cell A (F PA
c

), incurring a switch sequence of ‘2-2’!‘2-1’!‘1-1’. The
above switches are evidenced by the negative slopes in the force–
displacement curves (i.e., negative stiffness).

Despite exhibiting the same switching sequence between stable
states, the two sets of tests show a significant difference in terms of
the magnitudes of critical force for switching, especially between
the ‘2-1’ and ‘2-2’ stable states. The critical force corresponding
to the extensional ‘2-1’!‘2-2’ switch is considerably higher in
the film connected tests (i.e. F F

e
> F

R

e
in Fig. 4); however, the

critical forces corresponding to the opposite ‘2-2’!‘2-1’ switch
are similar between the two types of inter-cellular connections.
Here the superscript ‘‘R’’ and ‘‘F’’ represent the rod-connected and
film-connected tests, respectively. More specifically, in the film-
connected dual cell chain, the ratio of the critical forces F

F
e
/F F

c
=

7.21, while in the rod-connected chain F
R
e
/FR

c
= 3.42.

Since the only difference between the two sets of tests is the
connection between the two bistable cells, the observed differ-
ences in critical forces imply that the film connection can sig-
nificantly increase the potential energy barrier for the extension
switch from ‘‘2-1’’ to ‘‘2-2’’, however, it does not impose any
notable changes to the energy barrier of the opposite compression
switch. This surprising asymmetric behavior necessitates an in-
depth examination on the underlying physical principles, which is
discussed in the following sections.

4. Origin of the asymmetric energy barriers and the potential

of achieving static diode effect

The two different types of inter-cellular connection generate
fundamentally different deformation mechanisms. With the rod
connection, the deformations of constituent bistable cells are inde-
pendent with respect to each other, as long as the internal forces
between them are balanced. However, with the film connection,
deformations of the unit cells are instead directly coupled due to a
kinematic constraint from the zig-zag connecting creases. Define
a ‘‘spine’’ angle  = 2 tan�1 (cos ✓ tan �I) corresponding to the
connecting creases (Fig. 5(a)). If the rigid-folding assumptions are
strictly followed (i.e. rigid origami facets and hinge-like creases),
the spine angle associated to the zig-zag crease should be identical
between the two cells during the entire folding process so that

 A =  B. (5)

As a result, the folding angles of the two unit cells are not indepen-
dent but rather follow the relationship:

✓A = ±✓B. (6)

This relationship implies that folding of the ideally rigid dual-
cell chain possesses only one degree-of-freedom for folding, and
the corresponding admissible deformations are restricted to the
two paths shown in Fig. 5(b), where the total length of the dual-cell
chain L

t = L
A + L

B. The two unit cells have the same folding angle
on one path (‘‘a-b’’), or the opposite folding angles on the other
path (‘‘c-d’’). These two paths meet at the point of ✓A = ✓B = 0,
where the bottom sheets (i.e., Miura-ori sheets I) in both cells are
flat (position ‘‘o’’ in Fig. 5(b, c)).

However, close observations on the dual-cell prototypes sug-
gests that such ideal rigid-folding constraint cannot be fully
achieved due to fabrication errors and crease compliance. For a
more in-depth examination on the experiment observations, we
relax the constraint condition in Eq. (5) by allowing the spine
angles of the two cells to mismatch. In this way, the admissible
deformation of the dual cell chainwould be able to cover the entire
parallelogram in Fig. 5(b). However, such mismatch will induce
extra constraint energy

⇧⇤ = 1
2
k
⇤
bI

�
 A �  B�2, (7)

where k⇤ is an equivalent stiffness per unit length associated to the
strength of the deformation coupling from the zig-zag connecting
creases. The total energy ⇧ t of the dual cell chain is therefore the
combination of the elastic crease folding energy⇧ (defined in Eq.
(1)) and⇧⇤ so that

⇧ t = ⇧A
k

+⇧B
k

+⇧⇤. (8)

The effective magnitude of k⇤ is related to many factors such as
the stacked origami construction method and the material used.
It is worth emphasizing that, the interest of this study is not on
the accurate calculation of k⇤, but rather on how the changes in the

magnitude of k
⇤ can influence the overall elastic behaviors of the

dual-cell chain. In this way, we can obtain the physical insights on
how this kinematic constraint originated from folding induces the
asymmetric behaviors observed in the experiment.

We first study a special case that the effective stiffness k
⇤ is

zero, i.e., there is no constraint between the spine angles  A and
 B so that the two unit cells are simply connected in series. Such
case is consistent with the rod-connected tests. Fig. 6 plots the
energy landscape and the force–displacement curves based on (Eq.
(8)), where the designs of the two unit cells are the same as in
the case studies shown in Fig. 2. The energy contour map in Fig.

ਤ 4.10: 2छྨͷંΓࢴμΠΦʔυߏͷՙॏ - ͨΘΈۂઢ [114]ɻ5ճͷ࣮ݧΛ͍ߦɺฏۉΛۂઢ

Ͱɺඪ४ภࠩΛֻ͚Ͱද͢ɻ2छྨͷ Cell Aʢ੨࣮ઢʣͱ Cell Bʢഁઢʣʹ͍࣮ͭͯݧΛͯͬߦ

͓ΓɺͦΕͧΕதؙ࣮ͷͰ҆ఆͰ͋Γɺதൈ͖Ͱෆ҆ఆͰ͋Δɻඇತͳঢ়ଶͰ͋Δ State‘1’ ͔

Βತͳঢ়ଶͷ State‘2’ ʹભҠ͢ΔͨΊʹඞཁͳྗʢ৳ํʣɺͦΕͧΕ FPA
e ͱ FPB

e Ͱ͋ΔɻҰ

ํͰɺತͳঢ়ଶͰ͋Δ ‘2’ ͔Βඇತͳঢ়ଶͷ ‘1’ ʹભҠ͢ΔͨΊʹඞཁͳྗʢѹॖํʣɺͦΕͧΕ

FPA
c ͱ FPB

c Ͱ͋Δɻ[114]ͷ Fig. 3Ͱ͋Δɻ

Δ͞ͷมԽΛ͍ࣔͯ͠Δɻඇತͳঢ়ଶͰ͋Δ State‘1’ ͔Βತͳঢ়ଶͷ State‘2’ ʹભҠ͢ΔͨΊʹඞཁͳྗʢ৳

ํʣɺͦΕͧΕ FPA
e ͱ FPB

e Ͱ͋ΔɻҰํͰɺತͳঢ়ଶͰ͋Δ State‘2’ ͔Βඇತͳঢ়ଶͷ State‘1’ ʹભҠ͢

ΔͨΊʹඞཁͳྗʢѹॖํʣɺͦΕͧΕ FPA
c ͱ FPB

c Ͱ͋Δɻ͜͜Ͱɺ|FPA
c | < |FPA

e |Ͱ͋ΔͨΊɺ State‘2’

͔Β State‘1’ ͷભҠʹখ͞ͳྗͰભҠ͕ੜ͡Δ͕ɺ State‘1’ ͔Β State‘2’ ͷભҠʹେ͖ͳྗ͕ඞཁͰ͋

Δɻߋʹɺ State‘1’ ۙͷ͖ State‘2’ ۙͷ͖ΑΓେ͖͍ͨΊɺিܸͷٵऩ۩߹ҟͳΓɺState‘1’

ۙͰେ͖ͳྗ͕ՃΘͬͯ͋·Γม͠ܗͳ͍͕ɺState‘2’ͷۙͰେ͖ͳม͕ܗੜ͡Δɻͭ·Γɺ ಉ͡ํ

ͷྗͱͳΔΑ͏ͳߏͰଓͯ͠ State‘1’ ͷભҠͷલʹ State‘2’ ͷભҠΛҾ͖͢͜ىͳͲՄͰ͋Δɻ·ͨ

ંΓࢴόωతͳมܗͰͳ͘ંΓ֯ͷมԽʹΑΔมܗͰ͋ΔͨΊɺੑมܗͷΈΛ༻͍ͨมܗʹൺΔͱϢχο

τͷେ͖͋ͨ͞Γͷม͕ྔܗେ͖͍ɻͦͷͨΊɺӡಈΤωϧΪʔΛ࢈ΉͨΊͷՃʹ͍ετϩʔΫΛ༻͍Δ͜

ͱ͕Ͱ͖Δɻ
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4.3 ԁંΛ༻͍ͨมܗͷൖݱ

ຊষͰɺԁંΛ༻͍ͨෆݮਰૹ࿏ͷ۩ମతͳߏͱɺಈ࡞ͷݪཧΛઆ໌͢Δɻԁંల։ঢ়ଶͱऩॖ

ঢ়ଶͷ 2ͭͷঢ়ଶͰ҆ఆͳߏͰ͋Δ͕ɺ͜ΕΛ୯७ʹભҠલͱભҠޙʹରԠͤ͞ΔΘ͚Ͱͳ͍ɻભҠલͱભ

Ҡޙͷૹ࿏ͷ͕͞େ͖͘มΘΔͱɺૹ࿏ͷ͕͞มΘͬͯ͠·͏ͨΊʹͲ͔͜ʹෛՙ͕͔͔Γɺͦͷෛՙͷ

มܗͷͨΊʹ͞ΒͳΔΤωϧΪʔ͕ඞཁͱͳΔɻ·ͨ͞Λม͑Δ࠶ར༻ͷͨΊͷಈ͕࡞େ͖ͳಈ࡞ͱͳͬͯ͠

·͏ͨΊɺ࠶ར༻ʹଟ͘ͷख͕ؒඞཁͱͳͬͯ͠·͏ɻͦ͜ͰɺෆੑൃشϝϞϦͷڀݚΛߟࢀʹɺϢχοτͷ֎ܗ

Λม͑ͳ͍··ɺ෦ͷ৴߸໘ͷҐஔͷΈ͕มԽ͢Δ͜ͱͰ৴߸Λૹ͢Δෆݮਰૹ࿏ΛߟҊ͢Δɻ

4.3.1 ԁંରͱϙςϯγϟϧΤωϧΪʔ

લड़ͨ͠ͱ͓ΓɺԁંΛྻʹ࿈͚݁ͤͨͩ͞ͰରশͳߏͰ͋ΔͨΊɺ҆ఆͳ 2ঢ়ଶʹϙςϯγϟϧΤω

ϧΪʔͷࠩੜ͡ͳ͍ɻͦͷͨΊɺભҠલͱભҠޙͷϙςϯγϟϧΤωϧΪʔͷࠩΛࢄҳͨ͠ΤωϧΪʔͷิڅ

ʹ༻͍Δ͜ͱ͕Ͱ͖ͳ͍ɻͦ͜Ͱɺਤ 4.11ͷΑ͏ʹԁંͷ৴߸໘ʹૹํ͘͠Ͷ͡ΓͷྗΛՃ͑ͯɺϙ

ςϯγϟϧΤωϧΪʔͷࠩΛੜΈग़͢ɻ

h1
pull (rotate)

pull (rotate)pullpull

with axial force with rotational force

150

(a) (b)

ਤ 4.11: ԁંʹΑΔૹ࿏ʹ͞ࡌΕΔόωͷྫࡌɻ(a)ૹํʹόωͰҾͬுΔ߹ͷྫࡌɻ

(b)Ͷ͡ΓํʹόωͰҾͬுΔ߹ͷྫࡌɻճ࿏ਤʹ༻͍ΒΕΔίΠϧͷΑ͏ͳه߸ԁંͷϙ

ςϯγϟϧΤωϧΪʔΛඇରশʹ͢ΔͨΊͷόωͰ͋Δɻ

ૹํʹྗΛՃ͑ͨ߹ͷϙςϯγϟϧΤωϧΪʔΛਤ 4.12ʹࣔ͢ɻૹํʹՃ͑ͨྗόωʹΑͬͯ༩
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ਤ 4.12: ૹํͷྗΛՃ͑ΒΕͨԁંͷඇରশͳϙςϯγϟϧΤωϧΪʔɻʢഁઢʣӈ͔Βࠨʹ

ʹΒӈ͔ࠨઢʣͷྗΛ༩͑ͨ߹ͷϙςϯγϟϧΤωϧΪʔɻʢ੨Ұํٯͱɺૹํ͚ͯ

͚ͯɺૹํͷྗΛ༩͑ͨ߹ͷϙςϯγϟϧΤωϧΪʔɻ

͑ͨͱԾఆͨ͠ɻόω͕ࣗવͰ͋Δͱ͖ʹ৴߸໘͕ State1ͷҐஔʹདྷΔΑ͏ʹɺૹํʹόωΛͨ͠ࡌɻ
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Ͷఆ k 0.05ͱ͠ɺόωʹ͑ΒΕΔΤωϧΪʔ
1

2
kx2 Ͱ͋ΔɻόωʹΑΔϙςϯγϟϧΤωϧΪʔ৴

߸໘ͷҐஔ h1͕ 130ۙͰ 0ͱͳΔΑ͏ʹόωΛ͢ࡌΔͱɺ੨৭ҰઢͷϙςϯγϟϧΤωϧΪʔͷΑ͏ʹɺ

 130Λத৺ͱͯ͠มҐͷ 2ʹൺྫͨ͠ϙςϯγϟϧΤωϧΪʔͱͳΔɻ·ͨόωʹΑΔϙςϯγϟϧΤωϧ

Ϊʔɺ৴߸໘ͷҐஔ h0 ͕ 30ۙͰ 0ͱͳΔΑ͏ʹόωΛ͢ࡌΔͱɺ৭ͷഁઢͷϙςϯγϟϧΤωϧΪʔ

ͷΑ͏ʹɺ30Λத৺ͱͯ͠มҐͷ 2ʹൺྫͨ͠ϙςϯγϟϧΤωϧΪʔͱͳΔɻ͜ͷΑ͏ʹɺόωͷੑΤω

ϧΪʔΛԁંରͷϙςϯγϟϧΤωϧΪʔͱΈ߹ΘͤΔ͜ͱͰɺ҆ఆߏͰ͋Γ҆ఆঢ়ଶʹΑͬͯϙςϯ

γϟϧΤωϧΪʔ͕ҟͳΔߏΛ࣮ݱͰ͖Δɻ

ಉ༷ʹͶ͡ΓͷྗΛՃ͑ͨ߹ͷϙςϯγϟϧΤωϧΪʔΛਤ 4.13ʹࣔ͢ɻ͜͜ͰɺόωʹͶ͡ΓͷྗΛ༩
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ਤ 4.13: Ͷ͡ΓͷྗΛՃ͑ΒΕͨԁંͷඇରশͳϙςϯγϟϧΤωϧΪʔɻഁઢɿ͔ࠨΒӈʹ͚

ͯɺܭ࣌ճΓͷͶ͡ΓΛ༩͑ͨ߹ͷϙςϯγϟϧΤωϧΪʔɻ੨Ұઢɿ͔ࠨΒӈʹ͚ͯɺ

ͷϙςϯγϟϧΤωϧΪʔޙճΓͷͶ͡ΓΛ༩͑ͨ߹ͷϙςϯγϟϧΤωϧΪʔɻ∆φભҠલܭ࣌

ͷࠩɻ∆ψભҠʹඞཁͳΤωϧΪʔɻ

͑ΔͨΊʹɺૹ࿏ͷ֎ଆʹόωΛઃஔͨ͠ɻόωͷҐஔૹ࿏ͷத৺͔Β 150ͱ͠ɺભҠޙͷঢ়ଶͷ֯Ͱό

ω͕ૹ࿏ͷத৺Λ௨ΓɺࣗવͱͳΔΑ͏ʹ͢ࡌΔɻόωͷยଆ৴߸໘Ͱ͋Δ͕ɺ͏ยํͷૹํͷ

ఆҐஔݻ h1 = 80ͱͳΔҐஔͱ͢Δɻ͜ΕʹΑΓɺૹํͷಈ͖ʹର͢ΔରশੑΛҡͨ࣋͠··Ͷ͡Γͷྗ

ͷΈΛ༩͑ΔɻભҠલͷҾͬுΓͷํ 40.89◦ͱͳΔɻ৴߸໘ʹରͯ͠ܭ࣌ճΓͷͶ͡ΓΛ༩͑Δ͜ͱͰɺਤ

4.5ͷ State 0 ͕ΑΓ҆ఆͱͳΔɻ͜ΕɺState 0 ͱ State 1 Ͱ State 0 ͷ৴߸໘ͷ΄͏͕ܭ࣌ճΓʹͶ͡Ε

ճΓͷͶ͡ΓΛ༩͑Δ͜ͱͰɺਤܭ࣌ͷঢ়ଶͰ͋Δ͔ΒͰ͋Δɻಉ༷ʹɺ৴߸໘ʹରͯ͠ޙͨ 4.5ͷ State 1 ͕

ΑΓ҆ఆͱͳΔɻ͜͜Ͱ༩͍͑ͯΔͶ͡ΓͷྗҰఆͷͶ͡ΓͷྗͰ͋Γɺਤ 4.9f)ͷΑ͏ͳӔ͖רόωΛ༻͍ͨ

ྗͱগ͠ҟͳΔ͕ɺ2ঢ়ଶͰ҆ఆͱͳΔϙςϯγϟϧΤωϧΪʔͷܗঢ়͕ଘ͢ࡏΔ͜ͱͱɺͦͷঢ়ଶͷؒͰϙς

ϯγϟϧΤωϧΪʔͷ͕ࠩੜ͡Δ͜ͱ͕ॏཁͰ͋Δɻ

ૹํͷྗΛՃ͑ͨ߹ʹɺਤ 4.14ͷΑ͏ʹͶ͡ΓͷྗΛՃ͑ͨ߹ʹϙςϯγϟϧΤωϧΪʔ΄ͱ

ΜͲಉ͡ܗঢ়ͱͳΔɻଞʹ৴߸໘ʹ࣭ྔ͕͋ΓɺॏྗΛड͚Δ͜ͱͰԼํͷૹΛՄͱ͢ΔΑ͏ͳඇର

শͳϙςϯγϟϧΤωϧΪʔ࣮ݱͰ͖Δɻ͜ͷ߹ʹԁંରͷϙςϯγϟϧΤωϧΪʔʹઢܗͳϙςϯγϟ

ϧΤωϧΪʔΛ͠߹Θͤͨܗঢ়ͱͳΔɻ·ͨ͜ΕΒͷόωॏྗΛ͠߹ΘͤΔ͜ͱՄͰ͋ΔɻόωʹΑ

ΔϙςϯγϟϧΤωϧΪʔ 2ͷ߲ʹͳΓɺॏྗʹΑΔϙςϯγϟϧΤωϧΪʔ 1ͷ߲Ͱ͋ΔͨΊɺ͜ͷ 2

ཁૉΛΈ߹ΘͤΔ͜ͱͰҙͷೋؔ࣍Ͱද͞ΕΔϙςϯγϟϧΤωϧΪʔΛ͠߹ΘͤΔ͜ͱ͕ՄͱͳΔɻ

͜͜ͰɺલͷϢχοτ͔Β∆ψҎ্ͷΤωϧΪʔΛಘΒΕΔͳΒɺԁંରঢ়ଶΛભҠͰ͖Δɻͦͯ͠ঢ়ଶ

ͷભҠͷલޙʹϙςϯγϟϧΤωϧΪʔͷ͕ࠩ∆φ͚ͩ͋ΔɻભҠલޙͷϙςϯγϟϧΤωϧΪʔͷࠩ∆φ͕ɺ

ભҠʹඞཁͳΤωϧΪʔ∆ψΑΓେ͖͍ͳΒɺભҠલޙͷΤωϧΪʔͷࠩ∆φΛ༻͍ͯ࣍ͷભҠΛҾ͖͢͜ىɻ

∆φ < ∆ψͰ͋ΔͨΊɺ∆ψ −∆φ͚ͩͷຎࡲʹΑΔࢄҳΤωϧΪʔΛิ͠څͳ͕Β৴߸ΛૹͰ͖Δɻ

ΑΓਖ਼֬ʹɺ∆φ < ∆ψͰ͋Δ͚ͩͰ࣍ͷભҠΛҾ͖͢͜ىͱݶΒͣɺϙςϯγϟϧΤωϧΪʔͷܗঢ়Λ

ΑΓਖ਼֬ʹٞ͢Δඞཁ͕͋Δɻਤ 4.15ͷΑ͏ʹɺࠨӈͷԁંͷϙςϯγϟϧΤωϧΪʔΛ P1(x)ͱ P2(x) ͱ

͠ɺόωͷมҐΛ xͱͨ͠߹ɺఀ͠ͳ͍݅Λ͑ߟΔඞཁ͕͋Δɻ৴߸໘ͷ࣭ྔ৴߸໘ͷۭؾ߅ͳͲΛ
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ਤ 4.14: (a)όωΛ͢ࡌΔલͷԁંରͷϙςϯγϟϧΤωϧΪʔɻ(b)ૹํʹόωΛͨ͠ࡌ

߹ʢഁઢʣͱͶ͡ΓͷํʹόωΛͨ͠ࡌ߹ʢ੨ҰઢʣͷϙςϯγϟϧΤωϧΪʔͷൺ

ֱɻ∆φભҠલޙͷϙςϯγϟϧΤωϧΪʔͷࠩɻ∆ψભҠʹඞཁͳΤωϧΪʔɻ

x1 x2

ｰkx

∂P1

∂x1

∂P2

∂x2

ｰkx

ｰ ｰ

ਤ 4.15: Ͷ͡ΕΛՃ͑ͨԁંͷϙςϯγϟϧΤωϧΪʔʢ੨ઢʣͱɺ৴߸໘ʢփ৭ԁɺ•ʣʹֻ͔Δ
ྗʢҹʣɻճ࿏ਤͰΘΕ͍ͯͨث߅ͷه߸ͷΑ͏ͳόωɺ৴߸໘ಉ࢜ͷଓΛ͏ߦόωͰ͋Δɻ

ϙςϯγϟϧΤωϧΪʔ͔Βʢઢͷʣ͖ʹΑΔྗΛड͚Δɻόωͷ྆ʹߴ͕ࠩੜ·Ε͍ͯ

Δ͕ɺ͜ΕͦΕͧΕͷ৴߸໘ͷϙςϯγϟϧΤωϧΪʔͷߴࠩͰ͋ΔͨΊɺόωʹΑΔྗࠨӈ

ͷڑͷΈͰܾఆ͢Δɻ

ແ͠ࢹɺੑ׳Λ༻͍ͳ͍߹ʹɺ− ∂

∂x
P1 =

∂

∂x
P2ͷΓ߹͍͕ੜ͡ΔͱόωͰଓ͞Ε࣭ͨͷฏۉม

Խ͠ͳ͍ɻ·ͨͦΕͧΕͷ࣭
∂

∂x
P1 + kx = 0ͱ

∂

∂x
P2 − kx = 0Ͱఀ͢ࢭΔɻͦͷͨΊɺ

∂

∂x
P1 +

∂

∂x
P2 = 0 (4.5)

∂

∂x
P1 + kx = 0 (4.6)

∂

∂x
P2 − kx = 0 (4.7)

ͷ 3͕ࣜΓ߹͏ɺ

− ∂

∂x
P1 =

∂

∂x
P2 = kx (4.8)

ਰૹ࿏ݮ༩͠తͱ͢Δෆدʹͷඞཁ݅Ͱ͋Δɻ͜ͷཱ͕ࣜ͠ͳ͍߹ͦͷྗͷ͕৴߸໘ͷಈ͖ࢭఀ͕

ΛߏஙͰ͖Δɻఀ͠ࢭͳ͍Α͏ͳϙςϯγϟϧΤωϧΪʔͱͶఆΛબఆ͢Δ͔ɺेͳੑ׳Λͤͨ࣋Δ͜ͱͰ

͜ͷΛղܾͰ͖Δɻ·ͨཧήʔτͷߏஙͰೖྗͷΈ߹ΘͤʹΑͬͯಈ࡞ΛΓସ͑ΔϙςϯγϟϧΤ

ωϧΪʔͱͶఆΛબఆ͢Δඞཁ͕͋Δɻ࣮ࡍͷ৴߸໘ʹ࣭ྔ͕ଘ͢ࡏΔͨΊɺޙड़͢ΔγϛϡϨʔγϣϯ

Ͱ࣭ྔΛͭ࣋৴߸໘Ͱ࣮ͨ͠ɻ

͜ͷΑ͏ͳϢχοτΛ࣍ʑͱଓ͢Δ͜ͱͰɺਤ 4.16ͷΑ͏ͳૹ࿏͕ߏஙͰ͖Δɻଓ͞ΕͨόωʹΑͬͯ

ԁંରͷભҠ࣍ʢӈʣͷԁંରͷભҠΛҾ͖͜͠ىɺ࿈తʹঢ়ଶ͕ભҠ͢Δ͜ͱͰӬٱతʹ৴߸Λ
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ૹͰ͖Δɻਤ 4.16ͷΑ͏ʹ৴߸͕͔ࠨΒӈͱૹ͞ΕΔ༷ࢠΛ͑ߟΔɻ੨৭Ͱࣔ͞ΕͨભҠޙͷԁંରͷ৴

F3 F3F2 F2

Propagation of mechanical signal

ਤ 4.16: ԁંରΛʹଓͨ͠ૹ࿏ɻ੨৭ભҠޙͷԁંϢχοτɻࢵ৭ભҠதͷԁંϢ

χοτɻ৭ભҠલͷԁંϢχοτɻ͔ࠨΒॱʹ৴߸͕ૹ͞Ε͍ͯ͘ɻ

߸໘ɺӈͷભҠલͷԁંରͷ৴߸໘ΛόωΛհͯ͠ԡ͢ɻ৭Ͱࣔ͞ΕͨભҠલͷঢ়ଶɺભҠޙͷঢ়ଶ

Ҡಈ͍͢͠ঢ়ଶͰ͋Δɻ͔ࠨΒॱʹભҠ͕ߦΘΕΔͱɺ੨৭Ͱࣔ͞ΕͨભҠޙͷঢ়ଶભҠલͷঢ়ଶͱΓ

ʹ͍͘ϙςϯγϟϧΧʔϒΛͨͭ࣋Ίɺੑ׳Λඞཁͱ͢Δ͜ͱͳ࣍͘ͷભҠΛҾ͖͢͜ىɻҎ্ͷϝΧχζϜʹ

Αͬͯɺෆݮਰૹ࿏Λ࣮ͨ͠ݱɻ

4.3.2 ૹํͷΓସ͑

͔͜͜Βɺෆݮਰૹ࿏ͷૹํʹ͍ͭͯड़ΔɻԁંରରশతͳߏͰ͋Γɺ֎ଆʹਵ͢Δόωʹ

ΑͬͯඇରশͳϙςϯγϟϧΤωϧΪʔΛ࣮͍ͨͯ͠ݱɻͦͷͨΊɺ֎ଆͷਵ͢Δόωͷ͖͑͞Γସ͑Δ͜

ͱ͕Ͱ͖ΕɺૹͷํΛసͰ͖Δɻྫ͑ɺͶ͡Γͷྗʹ͓͍ͯϞʔϝϯτͷ͖Λٯసͤ͞Δͱਤ 4.13

ͷઢͱ੨ઢ͕ΓସΘΓɺState0͕ΑΓ҆ఆͰ͋Δঢ়ଶʢਤ 4.5தͷഁઢʣͱ State1͕ΑΓ҆ఆͰ͋Δঢ়ଶ

ʢਤ 4.5தͷ੨Ұઢʣ͕ΓସΘΔɻͦͷͨΊɺϞʔϝϯτͷ͖ͷٯసʹΑΓํͷ࠶ར༻Մͳ௨৴࿏

ΛߏஙͰ͖Δɻ

ͦͷΑ͏ͳϞʔϝϯτΛੜͤ͡͞Δ֎෦ߏػΛ੍ޚͱݺͿͱɺਤ 4.17ͷΑ͏ʹ੍ޚΛճసͤ͞Δ͜ͱͰɺ

શͯͷ৴߸໘ʹ͔͔ΔϞʔϝϯτΛΓସ͑Δ͜ͱ͕ՄͰ͋Δɻਤ 4.17Ͱ੨৭ʹࣔ͢Α͏ʹ੍ޚΛࠨଆʹճ

Backward For
ward

ਤ 4.17: ޚ৴߸໘Λɺͦͷ֎ͷԁ੍͕͕ܗɻ֯ޚͷճసʹΑΔϙςϯγϟϧΤωϧΪʔͷ੍ޚ੍

Λࣔ͢ɻ੨৭ʹࣔ͢Α͏ʹ੍ޚΛࠨଆʹճస͢Δ͜ͱͰԁંΛࠨଆʹճసͤ͞Δྗ͕ಇ͘ɻ

৭ʹࣔ͢Α͏ʹ੍ޚΛӈଆʹճస͢Δ͜ͱͰԁંΛӈଆʹճసͤ͞Δྗ͕ಇ͘ɻ

స͢Δ͜ͱͰԁંΛࠨଆʹճసͤ͞Δྗ͕ಇ͘ɻਤ 4.17Ͱ৭ʹࣔ͢Α͏ʹ੍ޚΛӈଆʹճస͢Δ͜ͱͰԁ

ંΛӈଆʹճసͤ͞Δྗ͕ಇ͘ɻͦͯ͜͠ͷશͯͷԁંͷ৴߸໘ʹಉ࣌ʹྗΛ༩͑Δ͜ͱ͕Ͱ͖ΔͨΊɺ

ૹํͷΓସ͑ͷख͕ؒগͳ͘͢Ήɻ

Λճసͤ͞ΔͨΊʹશͯͷϢχοτʹؚ·ΕΔ৴߸໘ͷϙςϯγϟϧΤωϧΪʔΛҾ্͖͛ΔΤωϧޚ੍

Ϊʔ͕ඞཁͰ͋Γɺ͍ૹ࿏ʹରͯ͠େ͖ͳΤωϧΪʔ͕ඞཁͱͳΔɻͨͩ͠ɺैདྷͷෆݮਰૹ࿏ͦΕͧ
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ΕͷϢχοτΛ࠶ར༻͢Δࡍʹɺ৴߸໘ͷϙςϯγϟϧΤωϧΪʔΛҾ্͖͛Δ͚ͩͰͳ͘ɺ৴߸໘ΛݩͷҐஔ

ʹ͢Α͏ͳૢ࡞ඞཁͰ͋ͬͨɻຊจͰհ͢Δ੍ޚɺૹ࿏ͷঢ়ଶΛม͑ΔͷͰͳ͘ɺϙςϯγϟϧ

ΤωϧΪʔͷܗঢ়Λม͑Δख๏Ͱ͋ΔͨΊɺ࿈ଓ͔ͭ୯ௐͳྗͰ͑ߦΔɻΤωϧΪʔΛඞཁͱ͢Δͷ৴߸໘ͷ

ҐஔΛมԽͤ͞Δඞཁͳ͘ɺ·ͨόωͰͷΈଓ͞Ε͍ͯΔͰطଘͷख๏ͱҟͳΔͨΊɺ͜ͷੑΛಘͨɻ

Έͷૹ࿏ࡁར༻ͷͨΊʹ༗༻Ͱ͋Δɻૹ࠶ΛΓସ͑ΔͨΊ͚ͩͰͳ͘ɺͷճసɺૹํޚ੍ͨ·

ͷૹํΛม͢ߋΔͱɺState0ͱ State1ͷҙຯ͕มΘΓɺૹޙͷҐஔͰ͋ͬͨॴ͕ૹલͷҐஔͱͳΔɻ

ͦͷͨΊɺಉ͡ํʹෳճૹΓ͍ͨ߹ʹɺҰૹͨ͠ޙʹૹํΛม͠ߋɺҰ৴߸ΛૹΓฦ͢͜ͱ

Ͱ৴߸໘ͷҐஔ͕ݩͷҐஔʹΔ٭ 13ɻ੍ͦͯ͠ޚͷճసʹΑΓɺૹલͷঢ়ଶͱΔɻ͜͜ͰɺҰ৴߸

ΛૹΓฦ͢ߦҝλΠϛϯάಛʹҙຯ͕ͳͯ͘Α͍͕ɺ৴߸͕ૹΓฦ͞ΕΔ͜ͱʹΑͬͯʮૹલͷঢ়ଶͰ͋

Δʯͭ·Γʮ࠶ૹՄͰ͋Δʯͱ͍͏ใΛૹ͍ͯ͠ΔࣄʹͳΔɻ

͑Δ͚ͩͷΤωϧΪʔ͕ඞཁͰ͋Δ͕ɺΤωϧΪʔอଘͷ๏ଇΑΓආ͚ΒΕͳ͍࠶ҳͨ͠ΤωϧΪʔΛࢄ

Ͱ͋Δ٭ 14ɻຊখઅͰड़ͨ༰ૹํʹόωͷྗΛ༩͑Δख๏Ͱಉ༷ʹ͑ߦɺͶ͡Εͷྗͱಉ༷ʹ

όωͷҐஔΛ৴߸໘ʹରͯ͠ରশతͳॴʹҠಈ͢Εྑ͍ɻͦͷͨΊɺૹ࿏ͷૹ͍ͨ͠ํͱ੍ޚΛ

Ҡಈͤ͞Δ͜ͱͰૹํΛΓସ͑Δ͜ͱ͕Ͱ͖Δɻ৴߸໘ʹಇ͘ॏྗΛ༻͍Δख๏Ͱɺঢ়ଶͷ͖Λస

͢Δ͜ͱͰ࠶ར༻͕ՄͱͳΔɻ

·ͨෆੑൃشϝϞϦ [116]ͱಉ༷ʹɺͶ͡Γͷ͕͖ҟͳΔԁંΛଓ͢ΕɺΑΓେ͖ͳભҠྗΛʹ͚ͭ

ΒΕΔ͚ͩͰͳ͘ɺยํͷૹ࿏ΛͶ͡Γଓ͚Δ͜ͱͰૹ࿏ͷॳظԽ͕ՄͰ͋ΔɻͦΕͧΕͷϢχοτͷ

͞Λݻఆ͠ͳ͚Ε͍͚ͳ͍ੑ࣭ͱɺϢχοτͷͶ͡Γ͕ҰఆͰͳ͍͜ͱ͔ΒΑΓෳࡶͳߏػʹͳͬͯ͠·

͏͕ɺ͜ͷΑ͏ʹૹ࿏͔ΒͷॳظԽՄͰ͋Δɻ͜͜·ͰͷઃܭʹΑΓɺʮίϯύΫτʹ༌ૹՄͳෆݮਰ

ૹ࿏ʯͱʮํ௨৴Մͳෆݮਰૹ࿏ʯͱʮ࠶ར༻Մͳෆݮਰૹ࿏ʯ͕࣮͢ݱΔɻ࣍ʹɺ࠶ར༻Մ

ͳෆݮਰૹ࿏ɾཧήʔτΛઆ໌͢Δɻ

٭ ͷҐஔʹे͍ۙɻݩΔͱ͍͏ҙຯͰɺʹݩͷճసʹΑΓ৴߸໘ͷҐஔ͕ޚঢ়͕ҟͳΔ͕ɺ੍ܗϙςϯγϟϧΤωϧΪʔͷʹີݫ13
٭ 14͜ͷ੍ޚͷճసશͯͷ৴߸໘ͷϞʔϝϯτΛ੍͠ޚͳ͚Ε͍͚ͳ͍ͨΊɺ੍ޚࣗମΛ௨৴ʹ͜͏ͱͰૹ࿏ͱ͢Δ͜ͱՄ
Ͱ͋Δ͕ɺޙड़͢ΔిݯΛඞཁͱ͠ͳ͍ػͱ͍͏ΞϓϦέʔγϣϯͰ͜ͷੑ࣭༗༻Ͱ͋Δɻ
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4.3.3 ԁંૹ࿏ͷμΠΦʔυɾཧճ࿏

ຊষͰɺԁંૹ࿏ʹ͓͚ΔμΠΦʔυͱཧճ࿏Λઆ໌͢Δɻجຊతͳํ͑ߟจݙ [107]ͱಉ͡Ͱ͋Δɻ

ԁંૹ࿏ͷμΠΦʔυ

·ͣɺԁંͷૹ࿏ͷ৴߸໘Λଓ͢ΔόωͷͶఆΛม͢ߋΔ͜ͱͰɺจݙ [107]ͱಉ͘͡ɺͶఆͷ

͍ԁંૹ࿏͔ΒͶఆͷ͍ߴԁંૹ࿏ͱ৴߸ૹ͞Εͳ͍͕ɺͶఆͷ͍ߴԁંૹ࿏͔

ΒͶఆͷ͍ԁંૹ࿏৴߸͕ૹ͞ΕΔμΠΦʔυతͳยํͷ੍͕ݶՄͰ͋Δɻ

·ͨͦͷΑ͏ͳख๏ͱผʹɺԁંͷંΓઢύλʔϯΛม͢ߋΔ͜ͱͰભҠʹඞཁͳྗΛม͑ΒΕΔɻͦͷ

ͨΊɺԁંͷંΓઢύλʔϯͷ֯Λม͑ͯϙςϯγϟϧΤωϧΪʔΛௐ͠ɺnஈͷΤωϧΪʔࠩ∆φnͱ

n+1ஈͷભҠʹඞཁͳΤωϧΪʔ∆ψn+1Λ∆φn < ∆ψn+1ͱ͢Δ͜ͱͰ߱ॱʹͷΈભҠ͕ΘΓɺμΠΦʔυ

ͱͯͨ͠Β͘ɻਤ 4.18ͷΑ͏ͳϙςϯγϟϧΤωϧΪʔΛ༻ҙ͢Δ͜ͱͰɺ͔ࠨΒӈͷભҠ͕ෆՄʹͳΔɻ

∆φn ∆ψn+1

ਤ 4.18: ԁંͷંΓઢύλʔϯΛม͢ߋΔ͜ͱʹΑΔૹ࿏ͷμΠΦʔυͷུ֓ਤɻ͔ࠨΒӈʹ

ૹ͠ͳ͍͕ӈ͔Βࠨʹૹ͢Δɻ

ҰൠతʹμΠΦʔυͷૉࢠৗʹμΠΦʔυͷૉࢠͱͯ͠ػ͢ΔͨΊɺҰൠతͳճ࿏ͱͯ͠ਃ͠ͳ͍μ

ΠΦʔυͱͯ͠ಇ͘ɻ͔͠͠ɺ͜͜ͰͶ͡Γͷྗ͕͔͔͍ͬͯΔͨΊɺྫ͑Ͷ͡ΓͷྗʹΑͬͯμΠΦʔυ

ͷૉࢠͱͯ͠ػ͢Δ͔ΛมԽͤ͞ΒΕΕɺΑΓػߴͳૹ࿏ͱͯ͠ৼΔ͑Δɻͦͯ͠ɺ∆ψn+1ͷ͞ߴ

Ͷ͡ΓͷྗʹΑͬͯௐՄͰ͋ΔɻͦͷͨΊɺͦͷ৴߸໘ͷϞʔϝϯτΛௐ͢Δ͚ͩͰɺμΠΦʔυͱ͠

͢Δ͔ΛΓସ͑Δ͜ͱՄͰ͋ΔɻͪΖΜૹ࿏શͯʹର͢ΔͶ͡ΓͷྗΛมԽͤͨ͞߹ʹμΠػͯ

Φʔυͱͯ͠ػ͢ΔόωͰྑ͍ɻ

ԁંૹ࿏ͷཧճ࿏

ຊઅͰɺԁંૹ࿏ͰͷཧήʔτΛઆ໌͢ΔɻཧήʔτΛ͑ߟΔࡍʹɺجຊతʹͯ͢ͷΈ߹Θ

ͤΛ࣮͢Δ͜ͱɺ͘͠ཧͷશੑ٭ 15Λͭ࣋Έ߹ΘͤΛ࣮͢Δ͜ͱ͕ૅجͱͳΔɻ͔͠͠ɺͦͷΑ

͏ͳཧͷશੑΛ࣮͢Δͷɺ͜ͷΑ͏ͳෆݮਰૹ࿏ʹ͓͍ͯຊ࣭తʹෆՄͰ͋Δɻෆݮਰૹͦ

ͷੑΤωϧΪʔͷඇରশੑʹΑΓɺ0 → 1ए͘͠ 1 → 0ͷભҠͷΈΛ͢؍Δૹ࿏ͱͳΔɻͦͷͨΊɺย

ํͷใ͔͠ૹͰ͖ͣɺNOTήʔτຊ࣭తʹෆՄͰ͋Δɻͦ͜ͰɺຊจͰ ANDήʔτͱ ORήʔτ

ͷ࣮Λհ͢Δɻ

ෆݮਰૹͷӡಈΛճసӡಈͱ͠ɺ2্ݩ࣍ʹฒͯ֯Λୡ͢ΔϞσϧ [111]Λߟࢀʹ͠ɺ৴߸໘ͷͶ͡Γ

֯ʹΑͬͯͤ͞ΔϞσϧΛߟҊͨ͠ɻ͜ΕʹΑΓɺཧήʔτͷಈ࡞ʹΑΔഁյ [107]Λੜͤͣ͡͞ɺ͋

͘·ͰૹͷҰஈ֊ͱͯ͠ཧήʔτΛಈͤ͞࡞Δɻ

۩ମతʹɺਤ 4.19ͷΑ͏ʹͶఆ klogicͷόωͰ৴߸໘Λଓͯ͠ཧճ࿏Λߏங͢Δ͜ͱͰɺANDήʔ

τ͘͠ ORήʔτ͕࣮ݱͰ͖Δɻklogic ͷόωͷϞʔϝϯτʹΑΔྗΛ τk ͱ͢Δͱɺτk < ∆ψ < 2τk ͳΒ

྆ํͷόω͕Ҿ͖৳͞Εͨ߹ʹͷΈग़ྗૹ࿏ʹ৴߸͕ૹ͞ΕΔ ANDճ࿏ͱͳΔɻ

ຊख๏∆ψͱ τk ͷௐઅʹΑΓଟೖྗճ࿏ʹ༰қʹ֦ுՄͰ͋Δɻ3ೖྗͷANDճ࿏ 2τk < ∆ψ < 3τk

Ͱɺ3ೖྗͷORճ࿏∆ψ < τkߏஙͰ͖Δɻn = 4Ҏ্ͷೖྗʹରͯ͠ɺANDճ࿏ (n− 1)τk < ∆ψ < nτk

٭ 15ྫ͑ɺNANDήʔτͷΈͰཧͷશੑ͕อͨΕΔ͕ɺ͜Ε NANDήʔτͷΈͰ 2ೖྗʹର͢Δ 16௨Γͷग़ྗΛ࣮Ͱ͖Δͱ͍
͏ੑ࣭Λද͢ݱΔɻ
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0 to 1 0 to 1AND / OR

klogic
klogic

in1 in2out

ਤ 4.19: ԁંૹ࿏Ͱͷཧճ࿏ͷߏஙྫɻཧճ࿏ɺτk < ∆ψ < 2τk Ͱ ANDɺ∆ψ < τk ͰOR

ճ࿏ͱͳΔɻ

ͰɺORճ࿏∆ψ < τk ஙͰ͖ΔɻͦΕ͚ͩͰͳ͘ɺmೖྗͷ͏ͪߏ nҎ্ͷೖྗ͕͋ͬͨ߹ʹ৴߸Λૹ͢

Δཧ (n− 1)τk < ∆ψ < nτk ͰߏஙͰ͖Δɻ͞ΒʹɺͦΕͧΕҟͳΔͶఆͷ klogic ͱ͠ɺԁંૹ࿏ 3

ຊ͔ΒͦΕͧΕ τk1ɺτk2ɺτk3 ͷྗΛड͚Δͱ͠ɺ

τk2 < ∆ψ (4.9)

τk3 < ∆ψ (4.10)

∆ψ < τk1 = τk2 + τk3 (4.11)

ͱ͢Εɺૹ࿏ 1 +ૹ࿏ 2 ·ૹ࿏ 3Λ݅ͱ͢Δཧճ࿏ՄͰ͋Δ٭ 16ɻ

্ड़ͨ͠ͱ͓Γɺෆݮਰૹ࿏ 0 → 1ए͘͠ 1 → 0ͷભҠͷΈΛ͢؍Δૹ࿏ͱͳΔɻͦͷͨΊ NOT

ճ࿏࣮Ͱ͖ͳ͍͕ɺૹ࿏ͷ 0ͱ 1ͷҐஔؔΛٯసͤ͞Δ͜ͱͰڍͨࣅಈΛ࣮ݱͰ͖Δɻྫ͑ɺࠓ·Ͱ

આ໌ͨ͠ૹ࿏ࠨʹ৴߸໘͕͋Δঢ়ଶΛ 0ʢ৴߸ͳ͠ʣɺӈʹ৴߸໘͕͋Δঢ়ଶΛ 1ͱͯ͠ૹ͠ɺཧճ࿏

ங͍ͯͨ͠ɻͦͯ͠ཧճ࿏Ͱɺ৴߸໘ͷͶ͡Ε֯Λ༻͍࣮ͯ͞Ε͍ͯΔɻߏ

ྫ͑ೖྗͷยํͷૹ࿏ͷઃܭΛม͠ߋɺͶ͡Εͷ͖Λٯʹͯ͠ૹ࿏ͱͯ͠ਤ 4.20ͷΑ͏ʹ࣮͢Δɻ

ਤ 4.20ɺ΄ͱΜͲਤ 4.19Ͱ͋Δ͕ɺཧήʔτͷೖྗͷยํͰ͋Δ in2ͷͶ͡Εͷٯ͕͖స͍ͯ͠Δɻ͜͜

0 to 1 0 to 1AND 

klogic
klogic

in1 in2out

ਤ 4.20: NOTΛؚΉཧճ࿏ͷߏஙྫɻANDήʔτͷ࣮Ͱ͋ΔͨΊɺτk < ∆ψ < 2τk ͱͳΔΑ͏

ʹઃ͢ܭΔɻยํͷೖྗͰ͋Δ in1ɺભҠ͢Δ͜ͱͰग़ྗͷԁંʹྗΛՃ͑Δ͕ɺ͏ยํͷೖྗ

Ͱ͋Δ in2ભҠ͢Δ͜ͱͰग़ྗͷԁંʹྗΛՃ͑ͳ͘ͳΔɻ

Ͱɺԁંૹ࿏ in2ԁંૹ࿏ in1ΑΓઌʹೖྗ͞ΕΔ੍Λ༩͑Δɻ͜͜Ͱԁંૹ࿏ in2ʹ৴߸͕

ૹ͞Εͳ͍··ԁંૹ࿏ in1ʹ৴߸͕ૹ͞ΕΔͱɺ∆ψ < 2τk ΑΓԁંૹ࿏ out৴߸Λૹ͢ΔɻҰ

ํɺԁંૹ࿏ in2ʹ৴߸͕ૹ͞ΕΔͱɺin2͔Β༩͑ΒΕΔྗ τk ͕ফ͑ΔɻͦͷͨΊɺͦͷޙԁંૹ

࿏ in1ʹ৴߸͕ૹͯ͠ԁંૹ࿏ outʹ͔͔Δྗ τk Ͱ͋Γɺτk < ∆ψΑΓԁંૹ࿏ out৴߸Λ

ૹ͠ͳ͍ɻ

Ҏ্ͷΑ͏ʹͶ͡Εͷ͖Λٯసͨ͠ԁંૹ࿏Λೖྗͱ͢ΔཧήʔτɺͦͷೖྗΛసͨ͠ͷͱղ

ऍͯ͠ग़ྗ͢ΔήʔτͱͳΔɻೖྗΛసͨ͠ͱͯ͠ղऍ͢Δԁંૹ࿏ͷঢ়ଶ͕ઌʹมԽ͍ͯ͠Δͱ͍͏

ೖྗͷλΠϛϯάͷ੍͕ଘ͢ࡏΔ͕ɺԁંૹ࿏ͷૹؒ࣌͞৴߸໘Λଓ͢ΔόωͷͶఆʹΑͬ

ͯมԽͤ͞ΒΕΔͨΊɺೖྗͷλΠϛϯάΛ੍͢ޚΔ͜ͱՄͰ͋Δɻ

٭ 16͜ͷख๏ͷΈͰͲͷఔෳࡶͳཧճ࿏͕Ͱ͖Δ͔චऀΒͳ͍͕ɺຊ݁Ռͷओཁ෦Ͱͳ͍ͨΊผจݙʹৡΔ
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4.4 γϛϡϨʔγϣϯ

ຊষͰɺઃͨ͠ܭԁંૹ࿏ͷཧγϛϡϨʔγϣϯΛ͏ߦɻγϛϡϨʔγϣϯΛ͏ߦԁંૹ࿏ɺϚ

εόωμϯύܥͰ͋Δͱ͠ɺϚε͕৴߸໘ͷ࣭ྔ٭ 17Λɺόω͕ͦͷ৴߸໘Λଓ͢Δόωͱඇରশͳϙςϯγϟ

ϧΤωϧΪʔΛ࣮͢ݱΔͨΊͷόωΛɺμϯύ͕ࢄҳ͢ΔΤωϧΪʔΛද͢ཁૉͱͨ͠ɻ֎෦ʹόωΛͨ࣋ͳ͍ݮ

ਰ͢Δԁંૹ࿏ʢ֎෦όωͳ͠ɺnormalʣɾૹํʹҾͬுΔόωΛͨ͠ࡌԁંෆݮਰૹ࿏ʢૹํ

όω͋ΓɺaxialʣɾͶ͡ΕํʹҾͬுΔόωΛͨ͠ࡌԁંෆݮਰૹ࿏ʢͶ͡Εํόω͋Γɺrotationalʣ

ͷ 3ख๏ΛγϛϡϨʔτ͠ɺͦΕͧΕͷૹ࿏ʹ͓͚Δ৴߸໘ͷҐஔΛͨ͠ࢉܭɻ

৴߸໘ͷ࣭ྔΛ ٭0.5 18ͱ͠ɺ৴߸໘Λଓ͢ΔόωͶఆ͕ ٭0.05 19Ͱ͋Δɻࢄҳ͢ΔΤωϧΪʔ 1

୯Ґ٭ؒ࣌ 20ʹ 40%ͱ͠ɺ͕ؒ࣌ 1୯Ґܦؒ࣌ա͢Δʹ ݅ͰͷγϛϡϨʔγϣϯ͍͠ݫΒͳ͍60%͔͠

ͱͨ͠ɻεςοϓؒ࣌ 0.01Ͱ͋ΓɺࢄҳޙͷΤωϧΪʔ֤εςοϓͰ 0.60.01Ͱ͋Δɻఈลͷ͕͞ 100Ͱ͋

ΔԁંΛ Έ߹Θͤͨԁંର͞ݸ2 160Ͱݻఆ͞ΕɺϙςϯγϟϧΤωϧΪʔτϥεϞσϧΛ༻͍ͯ

ͨ͠ࢉܭ [118]ɻͦͯ͠ϙςϯγϟϧΤωϧΪʔʹΑΔྗϙςϯγϟϧΤωϧΪʔͷඍ͔ΒٻΊͨɻ

ਤ 4.21ʹɺ3छྨͷԁંૹ࿏ͷγϛϡϨʔγϣϯ݁ՌΛࣔ͢ɻ10Ϣχοτͷૹ࿏Ͱ࣮ݧΛͨ͠ɻ

1st     2nd    3rd    4th     5th     6th     7th     8th     9th    10th unit

(a) normal

(b) axial

(c) rotatiolnal

ਤ 4.21: ԁંૹ࿏ͷγϛϡϨʔγϣϯͷ݁Ռʢ৴߸໘ͷҐஔʣɻ(a)֎෦όωͳ͠ૹ࿏ͷ৴߸໘

ͷҐஔɻ(b)ૹํόω͋Γૹ࿏ͷ৴߸໘ͷҐஔɻ(c)Ͷ͡Εํόω͋Γૹ࿏ͷ৴߸໘ͷҐஔɻ

৴߸ͷૹ 1൪ͷϢχοτͷ৴߸໘ͷҐஔͷΈΛؒ࣌ 0.01ʹ͓͍ͯ State1ʹҠಈͤ͞Δ͜ͱͰ։࢝͞Ε

Δɻͦͷޙ 1൪ͷϢχοτͷ৴߸໘Λݻఆͨ͠··ɺϚεόωμϯύܥͷڍಈΛ͢؍ΔͷΈͰ͋Δɻ͜͜

ͰɺͦΕͧΕͷૹ࿏ϙςϯγϟϧΤωϧΪʔ͕ҟͳΔͨΊɺState0ͱ State1ͷҐஔ͕ҟͳΔɻͦΕͧΕͷ

ૹ࿏ͷ State0ͱ State1ͷҐஔΛද 4.1ʹࣔ͢ɻૹํόω͋Γૹ࿏ີݫʹ State1ͷҐஔ֎෦όωͳ͠

ද 4.1: ͦΕͧΕͷૹ࿏ͷ State0ͱ State1ͷҐஔ

State0 State1

֎෦όωͳ͠ૹ࿏ 31 129

ૹํόω͋Γૹ࿏ 41 129

Ͷ͡Εํόω͋Γૹ࿏ 36 130

٭ 17γϛϡϨʔγϣϯ্ઃఆ͕ͨ͠ɺܰബͳߏػͷͨΊʹখͯ͘͞͠ྑ͍ɻ
٭ 18ແݩ࣍
٭ 19ແݩ࣍
٭ 20ແݩ࣍
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ૹ࿏ͱ͍͕͠ɺͶ͡Εํόω͋Γૹ࿏ State1ͷҐஔ͕ 1ͣΕ͍ͯΔɻ͜Εόωํૹ࿏ͰͦΕ

ͧΕͷԁંͷ҆ఆঢ়ଶ͔ΒͶ͡Ε֯ΛٻΊ͍ͯΔ͔ΒͰ͋ΓɺΑΓେ͖͘Ͷ͡Ζ͏ͱ͢Δ͔ΒͰ͋Δ٭ 21ɻ

ؒ࣌ 0ʹ͓͍ͯɺi൪ͷϢχοτͷ৴߸໘ͦΕͧΕͷ State0Ͱ͋Δ i× 160 + {31, 41, 36}ʢͦΕͧΕ {
֎෦όωͳ͠ૹ࿏ɺૹํόω͋Γૹ࿏ɺͶ͡Εํόω͋Γૹ࿏ }ʣʹҐஔ͢Δɻ

֎෦όωͳ͠ૹ࿏ɺϢχοτ൪߸͕૿Ճ͢ΔʹͭΕͯ৴߸ͷૹ͕ݮਰͯ͠͠·͏ͨΊɺ్த·Ͱ৴߸໘

ͷӡಈ͕͍͕ͯ͘͠ɺ10൪ͷϢχοτͰ΄ͱΜͲ৴߸໘ಈ͍͍ͯͳ͍ɻҰํͰɺૹํόω͋Γૹ

࿏ͱͶ͡Εํόω͋Γૹ࿏Ͱ 10൪ͷϢχοτ·Ͱ৴߸໘ͷӡಈ͕Θ͍ͬͯΔɻਤʹࣔͨ͠γϛϡϨʔ

γϣϯ݁Ռ 10Ϣχοτ͚ͩΛଓͨ͠ૹ࿏Ͱ͋Δ͕ɺগͳ͘ͱ 100ϢχοτΛଓͨ͠γϛϡϨʔγϣϯ

ʹ͓͍ͯશͯͷϢχοτͷ৴߸໘͕ State1ͱભҠͨ͠ɻ

1൪ͷϢχοτʹೖྗͨ͠৴߸ͷܗશͳεςοϓͰ͋Δ͕ͦͷܗόωμϯύͷཁૉʹΑͬͯঃʑʹ

่ΕΔɻจݙ [117]ͰѹॖํͷมҐΛೖྗͯ͠ԁં͕ҾͬுΒΕΔྗͱܗঢ়͕มԽ͕ͨ͠ɺຊߏऩ

ॖঢ়ଶͱมԽ͢ΔͨΊʹ༻͍͍ͯΔϙςϯγϟϧΤωϧΪʔͷྖҬ͕ҟͳΔͨΊͦͷΑ͏ͳมԽ͕ੜ͍ͯ͡ͳ

͍ɻෆݮਰૹ࿏Ͱɺ4൪ͷϢχοτۙͰ؇͔ͳೋ࣍ΕܥͷΑ͏ͳܗͱͳΓɺे͍ૹ࿏Ͱ

͜ͷܗঢ়Ͱ҆ఆͯ͠৴߸͕ૹ͞ΕΔɻͦͯ͠ޙ࠷ͷϢχοτͷ৴߸໘ʹ༳Γ͕͠ੜ͡ɺͦͷ৴߸͕ૹํ

ͱํٯʹ͍ͯ͠Δɻޙ࠷ͷϢχοτͷ৴߸ͷΦʔόʔγϡʔτΛ͛͜ͷݱফ͑ΔͩΖ͏ɻ

·ͨ৴߸ͷૹ͕࠷ॳͷϢχοτͷભҠͷ͍ʹΑΔͰͳ͍͜ͱΛ֬ೝ͢ΔͨΊʹɺ1൪ͷϢχοτͷ৴

߸໘ΛΏͬ͘Γಈ͔͢͜ͱͰ৴߸ͷૹΛ։ͤ࢝͞Δ࣮ݧ͓͜ͳͬͨɻ͜ͷ࣮ݧͰ৴߸ͷૹ 1൪ͷϢ

χοτͷ৴߸໘ͷҐஔͷΈΛؒ࣌ 10·Ͱઢܗʹ State1ʹҠಈͤ͞Δ͜ͱͰ։࢝͢Δɻͦͷ։ํ࢝๏Ͱͷγϛϡ

Ϩʔγϣϯ݁ՌΛਤ 4.22ʹࣔ͢ɻ

1st     2nd    3rd    4th     5th     6th     7th     8th     9th    10th unit

(a) normal

(b) axial

(c) rotatiolnal

ਤ 4.22: ։࢝τϦΨ͕Ͱ͋Δԁંૹ࿏ͷγϛϡϨʔγϣϯͷ݁Ռʢ৴߸໘ͷҐஔʣɻ(a)֎෦

όωͳ͠ૹ࿏ͷ৴߸໘ͷҐஔɻ(b)ૹํόω͋Γૹ࿏ͷ৴߸໘ͷҐஔɻ(c)Ͷ͡Εํόω͋

Γૹ࿏ͷ৴߸໘ͷҐஔɻ

֎෦όωͳ͠ૹ࿏ͷΈͷ࣮ݧͰɺਤ 4.23ʹࣔ͢ͱ͓Γ 6ϢχοτͰ͋Εޙ࠷ͷϢχοτ·ͰભҠͨ͠ɻ

͜ͷ݁ՌΑΓɺόωͳ͠ͰมܗΛ࿈ͤ͞Δੑ࣭Λ༗͢Δ͜ͱ͕Θ͔Δɻ

1൪ͷϢχοτͷભҠ͕Ώͬ͘ΓͰ͋ͬͯɺ֎෦όωͳ͠ૹ࿏Ͱ৴߸ݮਰͯ͠৴߸ͷૹ్தͰࢭ

·ΔɻҰํɺૹํόω͋Γૹ࿏ͱͶ͡Εํόω͋Γૹ࿏ 1൪ͷϢχοτͷભҠͷͷԼʹ͔

͔ΘΒͣਤ 4.21ͱಉ͡Α͏ͳܗঢ়ͷભҠΛ࣮͍ͯ͠ݱΔɻ͕ͨͬͯ͠ɺຊԁંૹ࿏ 1൪ͷϢχοτͷભ

٭ 21͍͍ͪͪͶ͡Ε֯Λͯ͠ࢉܭόωΛઃఆ͢Δ͜ͱඇৗʹ໘Ͱ͋ΔҰํɺͦΕͧΕͷԁંͷ҆ఆঢ়ଶͷͶ͡Ε֯؆୯ʹࢉܭͰ͖Δ
্ɺ΄ͱΜͲͦͷڍಈ͕มΘΒͳ͍ɻ
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1st    　　 2nd　　  　  3rd  　  　4th 　　    5th 　　    6th unit

ਤ 4.23: ֎෦όωͳ͠ૹ࿏ͰͷભҠ͕ޙ࠷·ͰΘΔγϛϡϨʔγϣϯͷ݁Ռʢ৴߸໘ͷҐஔʣɻ

Ҡͷ͍͕Ώͬ͘ΓͰ͋ͬͯૹΛ࣮ݱͰ͖ΔɻΉ͠Ζɺ1൪ͷϢχοτ͜ͷ։࢝ͷͨΊͷભҠʹ͓͍ͯɺ

State1ʹભҠ͠Α͏ͱ͍ͯ͠Δྗ͕ಇ͍͍ͯΔʹ͔͔ΘΒͣભҠͷΛ্͛ͳ͍Α͏ͳભҠͰ͋Δɻͦͯ͜͠

ͷγϛϡϨʔγϣϯʹ͓͍ͯɺਤʹࣔͨ݁͠Ռ 10Ϣχοτ͚ͩΛଓͨ͠ૹ࿏Ͱ͋Δ͕ɺগͳ͘ͱ 100

ϢχοτΛଓͨ͠γϛϡϨʔγϣϯʹ͓͍ͯશͯͷϢχοτͷ৴߸໘͕ State1ͱભҠͨ͠ɻ

Ҏ্ͷΑ͏ʹɺ1൪ͷϢχοτͷભҠ͕ߴʹੜͨ͡߹ʹʹੜͨ͡߹ʹेޙͷϢχοτͰ

Δɻ͢ࡏͷϢχοτͰΦʔόʔγϡʔτ͕ଘޙ࠷௨͍ͬͯΔɻͦͯ͠ɺࣅ͕ܗ

ಉ༷ʹɺཧήʔτͷಈ࡞ʹ͍ͭͯγϛϡϨʔγϣϯΛͨͬߦɻཧήʔτͷಈ࡞ʹ͍ͭͯɺਤ 4.20ͷ klogic

͕ͲͷΑ͏ͳʹ͓͍ͯ ANDήʔτ ORήʔτͱͳΔ͔Λଌఆͨ͠ɻೖྗͷૹ࿏ͱग़ྗͷૹ࿏ͱʹ

͞Λ 3Ϣχοτͱ͍ͯ͠ΔɻຊγϛϡϨʔγϣϯͰೖྗͷҐஔΛݻఆ͓ͯ͠Γɺೖྗ͕ in1ͱ in2͕ڞʹ 0ͷ

߹ʹૹ͕ߦΘΕͳ͍͜ͱΛ֬ೝ͠ɺยํͷΈ͕ 1Ͱ͋Δ߹ʹૹ͕ߦΘΕͨήʔτΛ ORήʔτɺೖྗ

͕ͱʹ 1Ͱ͋Δ߹ʹͷΈૹ͕ߦΘΕͨήʔτΛ ANDήʔτͱͨ͠ɻͦͷ݁Ռɺද 4.2ʹࣔ͢ klogicΛ༻͍

Δ͜ͱͰ ANDήʔτͱ ORήʔτΛ࣮ݱͰ͖ͨɻ

ද 4.2: ཧήʔτͷछྨͱͦΕΛߏங͢ΔͨΊͷ klogic

klogic

ཧήʔτ ૹํόω͋Γૹ࿏ Ͷ͡Εํόω͋Γૹ࿏

AND 0.05–0.14 0.07–0.25

OR 0.15– 0.26–

ઃܭஈ֊Ͱɺτk < ∆ψ < 2τk ͷൣғͰANDճ࿏͕࣮͠ݱɺ∆ψ < τk ͷൣғͰORճ࿏͕࣮͢ݱΔͱड़ͨɻ

ͦͯ͠ɺγϛϡϨʔγϣϯͰมԽ͍ͤͯ͞ΔͷͶఆ klogicͰ͋Γɺτkʹൺྫͦ͠͏ͳύϥϝʔλͰ͋Δɻ͠

͔͠ɺͶఆΛ্ঢͤ͞Δ͜ͱʹΑͬͯ in1 in2ͷ৴߸໘ͷಈ੍͖͞Εɺoutͷ৴߸໘ͷಈ͖େ͖͘ͳ

ΔɻͦͷͨΊɺີݫʹ τk < ∆ψ < 2τk ͱ∆ψ < τk ͕ͦͷ··༻͍Δ͜ͱͰ͖ͳ͍ɻ

ૹํόω͋Γૹ࿏ͷ ANDճ࿏Λ࣮͢ݱΔͶఆΛ͑ߟΔͱɺද 4.2Ͱ 0.05–0.14Ͱ͋ΔɻͶఆ

ͱ τk ʹରͯ͠ aklogic = τk ͱ͢ΔͱɺԼݶͷ 0.05Λ͑ߟΔͱɺτk < ∆ψ < 2τk ʹ͓͍ͯ τk < ∆ψ = 2τk ΑΓ

∆ψ = 0.1aͱͳΔɻҰํɺ্ݶͷ 0.14Λ͑ߟΔͱ τk < ∆ψ < 2τkʹ͓͍ͯ τk = ∆ψ < 2τkͰ͋ΔͨΊ∆ψ = 0.14a

Ͱ͋Δɻ࣮ࡍʹೖྗͨ͠ ͱࢥܭͳΔɻ͜ͷͨΊɺઃ͘ψͷ෯∆ʹߋΔͱɺྀ͢ߟΛࣄΈͰ͋Δࠁ0.01

ͯ͠ τk < ∆ψ < 2τk Λ༻͍Δ͕ɺ࣮ࡍͷද 4.2ͷΑ͏ʹΛม͑ͳ͚ΕͳΒͳ͍ɻ

Ͷ͡Εํόω͋Γૹ࿏͜ͷ͕ࠩΑΓܹ͍͠ɻͶ͡Εํόω͋Γૹ࿏ɺૹํόω͋Γૹ࿏ʹ

ൺͯ∆ψ
∆ψ

∆φ
͕େ͖͍ͨΊɺΑΓޙଓͷϢχοτ͔ΒͷྗΛड͚Δ͜ͱӨ͍ͯ͠ڹΔɻORήʔτे

େ͖ͳͶఆͱ͢Εͳ͍͕ɺܰඍͳ͕͋ΔͨΊ??ʹͯड़Δɻ

Ҏ্ͷ݁ՌΑΓɺԁંͱ֎෦ͷόωΛ༻͍Δ͜ͱͰɺμΠΦʔυཧήʔτ͕ՄͰ͋Δͱ͚݁ͮΔɻ1

൪ͷϢχοτͷભҠʹͦΕ΄ͲඞཁͰͳ͍͜ͱͱɺͶఆͷௐઅ͚ͩͰཧճ࿏͕ߏஙͰ͖Δ͜

ͱ͕໌ͨ͠ɻ
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4.5 ෆݮਰૹ࿏ͷ࣮

ຊઅͰఏҊ͢Δෆݮਰૹ࿏Λ͠࡞ɺࡱӨʹΑΓભҠΛଌఆ͢Δɻ࣮ͨ͠ෆݮਰૹ࿏Λਤ 4.24ʹࣔ͢ɻ

ΒॱʹϢχοτ͔ࠨ 1ɺϢχοτ 2ɺϢχοτ 3ɺϢχοτ 4ͱݺͿɻ্هͰઆ໌͖ͯͨ͠ෆݮਰૹ࿏ͱߏૅج

ਤ 4.24: ࣮ͨ͠ 4Ϣχοτͷෆݮਰૹ࿏ɻॏ͞ 114 gʢ͏ͪݻఆͷͨΊͷث۩͕ 106.4 gʣɻް͞

 28mmʢ͏ͪݻఆͷͨΊͷث۩͕ 16mmʣɻ

ಉ͡Ͱ͋Γɺԁં 8ஈ͔ΒͳΔɻͦΕͧΕͷϢχοτԁંΛ ༗͓ͯ͠ΓɺͲͪΒ͔ยํͷԁંͷݸ2

Έ͕৳ঢ়ଶͰ͋Γɺ͏ยํͷԁંऩॖ͍ͯ͠Δঢ়ଶͰ҆ఆͰ͋Δɻྫ͑ɺਤ 4.24ͷࠨͷϢχοτ 1

ͷதͷԁંɺࠨଆ͕ऩॖ͠ɺӈଆ͕৳͍ͯ͠Δɻͦͯ͠ɺϢχοτ 2Ҏ߱ͷதͷԁંɺࠨଆ͕৳͠ɺ

ӈଆ͕ऩॖ͍ͯ͠Δɻ

ࢴʢλϯτࢴްࢴɺʹࡍͰԁંΛ࣮͢Δࢴ N-61ɺ0.1 kg/m2ɺࣜגձࣾඌʣΛ༻͍ɺͦͷࢴΛςʔϓͷ

ΓʢυοτϥΠφʔɺλ-DM400-08ɺίΫϤࣜגձࣾʣΛ༻͍ͯணͨ͠ɻ͔͠͠Ұล 25mmɺα = 45◦ ͷԁ

ંΛ͜ͷࡐྉͰ࣮ͨ͠ͱ͜Ζɺԁં͕͏ߦ৳ॖΑΓઌʹɺςʔϓͷΓͷண͕ണ͕ΕΔ͜ͱʹΑΔ่յ͕

ੜͨ͡٭ 22ɻண͢Δখ໘Λ૿Ճͤ͞Δ͜ͱʹΑͬͯ͜ͷணࣗମΛڧԽͰ͖Δ͔͠Εͳ͍͕ɺண͢Δখ໘

Λ૿Ճͤ͞Δ͜ͱʹΑͬͯંΓʹ 2ຕҎ্ͷ͕ࢴॏͳΔͱɺෆۉͳྗ͕͔͔ΔͨΊʹண͢Δখ໘Λ 1໘ʹ

ੜ͡ΔԁંΛ༻ҙ͢ΔͨΊ··ͨ࣋͠ΔɻͦͷͨΊɺԁંͷҙਤͨ͠ભҠͰ͋Δ৳ॖ͕ணΛҡ͍ͯ͠ݶ੍

ʹԁંͷ֯Λ α = 40◦ มԽͤͨ͞٭ 23ɻ

ਤ 4.25: ԁંૹ࿏ʹ༻͍ͨԁંͷల։ਤʢ1ஈʣɻࠇઢ͕ંΓΛɺઢ͕ΓऔΓઢΛࣔ͢ɻ

༻͍ͨԁંͷ Λਤݸ1 4.25ʹࣔ͢ɻࠇઢ͕ંΓΛද͠ɺઢ͕ΓऔΓઢΛද͢ɻ·ͣࠇઢͷ෦ΛΧο

ςΟϯάϓϩολʢCFL-605RTɺϛϚΩΤϯδχΞϦϯάʣͷϖϯػͰͳͧΔ͜ͱͰંΓΛ͚Δɻͦͷޙ

ઢͷ෦Λ CFL-605RTͷΧολʔػͰΔɻ

ઢͱࠇઢͰғ·ΕͨྖҬɺ࠷ӈʹ͋Δܗ֯ࡾͷ෦Ҏ֎ͷΓ͠ΖͰ͋Δɻͦͯ͠ɺࠨͷͷΓ͠Ζ࠷

ӈʹ͋Δܗ֯ࡾͷ෦ʹண͞ΕΔɻ্Լʹ͋ΔํܗͷྖҬ৴߸໘·ͨ͞Λݻఆ͢ΔͨΊͷ໘ʹண͞

ΕΔɻ͜ͷͱ͖ͦΕͧΕͷ໘֯ܗͷଆʹདྷΔΑ͏ʹંΓ·Εͯண͞ΕΔ٭ 24ɻ

ͦΕͧΕͷϢχοτҰล 25mmɺα = 40◦ ͷԁંͱͨ͠ɻϢχοτͷԁંಉ࢜Ϙʔϧࢴͱςʔϓͷ

ΓͰண͞Ε͓ͯΓɺϘʔϧࢴҰล 25mmͷ֯ܗʹஅ͞Ε͍ͯΔɻ͜ͷϘʔϧࢴ৴߸໘Ͱ͋ΓɺϘʔϧ

Ͱଓ͞Εͨࢴੜ·ΕΔɻϘʔϧ͕༺࡞ޓͷ૬࢜όω͕ଓ͞ΕɺϢχοτಉʹ࢜ಉࢴ ͷͦʹߋͷԁંɺݸ2

֎ଆ͔Β͞Λ੍͞ΕΔɻͦͷ͞ͷ੍ͷͨΊʹਤ 4.26ͱਤ 4.27ʹࣔ݀͢ͷۭ͍ͨ֯ܗঢ়ͷ൘Λ༻͍ͨɻ
٭ 22ͷΓ͚͕ണ͕ΕͨΓɺഁ͕ࢴΕͨΓ͢ΔભҠɺਖ਼͍͠ભҠͰͳ͍ͱ͍ͮݴΒ͍͕ɺҙਤ͠ͳ͍ભҠͰ͋Δɻ
٭ 23ணख๏Λ͑ߟͯ͠ྑ͍ɻ
٭ 24֎ଆͰྑ͍͕ɺ࣮ݧଆʹંΓࠐΜͰͨ͠࡞ɻ
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ਤ 4.26: ෆݮਰૹ࿏ʹ༻͍Δɺ͞Λݻఆ͢ΔͨΊͷԁંͷݻఆ൘ɻը૾ STLϑΝΠϧͷϓϨ

ϏϡʔͰ͋Δɻ

ਤ 4.27: ෆݮਰૹ࿏ʹ༻͍Δɺ͞Λݻఆ͢ΔͨΊͷԁંͷݻఆ൘ɻΞΫϦϧͰްΈ 2mmͰ

͋Δɻ

͜ͷ֯ܗͷҰล 35mmͰ͋Γɺԁંͷஅ໘ΑΓߋʹ 5mmͣͭ֎ʹ༨༟Λͭ࣋ɻதԝʹόω͕௨Δͨ

Ίͷܘ 15mmͷ͕ۭ͚݀ΒΕ͓ͯΓɺ֎पۙʹ 6ΧॴʹωδͰݻఆ͢ΔͨΊͷܘ 3.3mmͷ͕ۭ͚݀Β

Ε͍ͯΔɻ͜ͷ֯ܗͷݻఆ൘ಉ࢜ωδϩουʢϨΠϯϘʔϓϩμΫπɺܘ 3mm͞ 51mmʣͰݻఆ͞Ε

Δɻ͜ͷωδϩουશ 51mmͰ͋Γɺ྆ଆʹ 10.5mmͣͭωδ͕ͬͯ͋ΔͨΊɺ30mmͷ෯Λݻఆ͢Δ͜

ͱ͕Ͱ͖Δɻωδϩουͷ྆ଆʹφοτΛ φοτͷʹߋఆ͢ΔͨΊɺݻఆ൘Λݻʹɺͦͷφοτͷ͍ؒ༺ͭͣݸ2

ް͞Λ͠߹Θ͕ͤͨ͞ݻఆ൘Ͱݻఆ͞Εͨԁંͷ͞ͱͳΔɻࠓճ༻͍ͨφοτް͞ 2mmͰ͋ΔͨΊɺ

30mm͔Βߋʹ 2mmͣͭ֎ଆ͕φοτͷ໘ͱͳΓɺ2ݸͷԁં͞ 34mmͰݻఆ͞Ε͍ͯΔɻݻఆΛߦΘ

ͣɺྗ͕ՃΘΒͳ͍Α͏ʹஔ͍ͨঢ়ଶͰɺԁંϢχοτͷ͞લͷঢ়ଶɾݸମࠩɾͷࠩ٭ 25ΛؚΊͯ

33mm͔Β 37mmͰ͋ͬͨɻ

ͷܗఆ൘ʹ֯ݻ ͢ΔܗΛܗ֯ࡾͷۙʹ͕ۭ͍͍݀ͯΔͨΊɺਖ਼ݸ6 ͷͰϢχοτͷ͞ݸ3

Λ੍ͭͭ͠ݶɺ͍ޓҧ͍ʹωδࢭΊ͢Δਖ਼ܗ֯ࡾΛஔ͢Δ͜ͱͰྡͷϢχοτͱͷ݀ΛͣΒͯ͠ߏஙͰ͖Δɻͦ

ఆ͞ΕͨԁંϢχοτ͕ਤݻͯ͠͏ 4.24ʹࣔ͞ΕΔԁંͰ͋Δɻ͜ͷԁં 4ϢχοτͰ͋Δ͕ɺಉ͡Ϣ

χοτΛωδϩουʹΑΓಉ༷ʹଓ͠ଓ͚Δ͜ͱʹΑΓɺԁંͷૹ࿏ΛͲ͜·Ͱ৳ͤΔɻਤ 4.24ɺ

ωδϩουͷૠೖͱφοτʹΑΔݻఆ͢Δख͕ؒଘ͢ࡏΔɻ͔͜͠͠ͷख๏ͰΈཱͯΔ͜ͱڑͷૹΛ

Λखؒͳߏػͳ͍ɻͦͷͨΊɺΑΓ͍͘͠·߹ʹϢχοτ͕૿͑ɺखؒ૿Ճ͢ΔͨΊʹ͋·Γ͏ߦ

ͳͲͰɺંΓΜͩঢ়ଶ͔Β৳͢Δ͚ͩͰࣗಈతʹ͞ΛߏػΓΈંͭ࣋ϩοΫΛݾΔͨΊʹࣗ͢ݱ࣮͘

Ϣχοτ͝ͱʹݻఆ͢Δ͕ߏػ·͍͠ɻ

٭ 25ԁંཧ্Ԗʹ৳ͼΔ͕ɺաఔʹ͓͚ΔࠩޡͳͲʹΑͬͯগࣼ͠ΊʹͳΔ߹͕͋ΔɻͦͷͨΊɺ6 Χॴͷ͕͞ߴશ͘ಉ͡ͱ
ݶΒͳ͍
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4.5.1 ಈڍ

͜ͷԁંͰ࣮ͨ͠ෆݮਰૹ࿏ͷϢχοτ 1Λ֎෦͔ΒͷྗʹΑͬͯભҠͤ͞ɺϢχοτ 2Ҏ߱ͷભҠΛ

ͰϢχοτݧճͷ࣮ࠓΔɻ͢؍ 1ͷભҠखಈͰͨͬߦɻϢχοτ 1ͷ৴߸໘ͷத৺ۙΛͰૹ࿏ͷ

ૹํͱԡ͢͜ͱʹΑͬͯભҠͤͨ͞ɻಈըͷϑϨʔϜϨʔτ 60 fpsͰ͋Δɻ

·ͣɺભҠ్͕தͰࢭ·ͬͯ͠·͏λΠϓͷڍಈΛࣔ͢ɻͦΕͧΕͷ৴߸໘ͷҐஔͷਪҠΛਤ 4.28ʹࣔ͢ɻਤ

ਤ 4.28: ભҠ్͕தͰࢭ·ͬͯ͠·͏ύϥϝʔλͰͷ৴߸໘ͷҐஔͷάϥϑɻ͔ࠨΒ৭ɾ৭ɾ੨

৭ɾࠇ৭ͷάϥϑͰ͋ΓɺͦΕͧΕϢχοτ 1ɾϢχοτ 2ɾϢχοτ 3ɾϢχοτ 4ͷҐஔΛࣔ͢ɻഁ

ઢ 0.25 sͰ͋Γɺ1ຕͷભҠ͕։ࠁ࣌ͨ࢝͠Ͱ͋ΔɻҰઢ 4ຕͷ৴߸໘͕ભҠͰ͖ͣʹੜ

ͨ͡༳Γ͠ͷϐʔΫͰ͋Δɻ

4.28Ͱɺ৴߸໘ͷҐஔΛɺࡱӨଆʹ͋Δ৴߸໘ͷͷҐஔͱͯ͠άϥϑԽ͍ͯ͠ΔɻͰൣͨݟғͰɺͲ

ͷ৴߸໘ૹํʹਨͳฏ໘Ͱ͋Γଓ͚ΔભҠΛͨͨͬߦΊɺ৴߸໘ͷͷҐஔ৴߸໘ͷҐஔͱ΄΅Ұ

க͍ͯ͠ΔͣͰ͋Δɻ

खͰԡͨ͠ྗʹΑΓϢχοτ 1͕ભҠ͢Δͱ΄΅ಉ࣌ʹϢχοτ 2ભҠ͍ͯ͠Δɻͦͯͦ͠ͷಈ͖Ϣχοτ

3ͱΘΖ͏ͱ͢Δ͕ɺϢχοτ 3ͷભҠ్தͰࢭ·ͬͯ͠·͍ɺόωͷྗʹΑͬͯԡ͠͞Ε͍ͯΔɻ·

ͨϢχοτ 4΄ͱΜͲભҠ͢Δ͜ͱͳ͘ɺ༳Γ͠ੜ͍ͯ͡ΔɻϢχοτ 1΄΅શʹભҠ͖͍ͬͯ͠Δ

ͨΊ 18mmఔ·ͰભҠ͍ͯ͠Δ͕ɺϢχοτ 2 15mmఔ·ͰͷભҠͰ͋Δɻ͜ͷࠩɺϢχοτ 2ͱϢ

χοτ 3ͷؒʹ͋ΔόωͷྗʹΑΔͱ͑ߟΒΕΔɻͦͯ͠Ϣχοτ 4શ͘ભҠ͍ͯ͠ͳ͍͕ɺϢχοτ 3

1mmఔભҠ͓ͯ͠Γɺ্هͷྗ͕ಇ͍͍ͯΔ݁Ռͩͱ͑ߟΒΕΔɻ

Ϣχοτ 1ʹՃ͑ͨྗϢχοτ 1͕ભҠͨ͠ޙ͠Β͘ଓ͚ͯ༩͑ΒΕΔ͕ɺ༩͑Δྗ͕ 0ͱͳͬͨঢ়

ଶͰϢχοτ 1ભҠͨ͠ঢ়ଶΛอͬͨɻਤ??Bͱ CͷΑ͏ͳ 2ஈ֊ͷભҠ͕͍͖ͯىΔɻͨͩ͠ਤ 4.28ͷ 2

ஈ֊ͷભҠਤ??ͷ 2ஈ֊ͷભҠͱҟͳΔɻਤ??BભҠ։࢝ͷ͕ΘͬͨͰ͋Γɺਤ??CભҠ͕֬ఆ

ͯ͠શͯͷભҠ͕ྲྀΕ࢝ΊͨͰ͋Δɻͦͯ͠ਤ 4.28ͷ 1ͭͷϐʔΫભҠ։࢝ͷ͕ΘͬͨͰ͋Δ͕ɺ

ਤ 4.28ͷ 2ͭͷϐʔΫϢχοτ 1ͱϢχοτ 2͕ಉ࣌ʹੜ͓ͯ͡Γ৴߸໘ۙͰંΓ͕ਤ 4.29(a)ͷΑ͏

ʹͳ͍ͬͯͨɻ

ਤ 4.29(a)ɺཧతͳંΓͷঢ়ଶͰ͋Δਤ 4.29(b)ͱဃ͓ͯ͠Γɺਤ 4.29(c)ͷΑ͏ͳંΓ͕ੜͯ͡

͠·͍ͬͯΔɻਤ 4.29(b)ԁંͷཧతͳંΓΛ࣮͢ݱΔ͕ɺਤ 4.29(c)ͷંΓ૿Ճͨ͠ંΓ͕όω

ͷΑ͏ͳৼΔ͍Λࣔ͢ɻͦͷόωͷΑ͏ͳৼΔ͍͕ਤ 4.28ͷ 2ஈ֊ͷભҠʹͭͳ͕͍ͬͯΔͱͨ͑ߟɻ

ͦͯ͠༳Γ͠ํٯʹΘ͍ͬͯΔɻ༳Γ͠ͷྗ͕Ϣχοτ 1·Ͱ͍ͯ͠Δ͜ͱಉ͘͡ਤ 4.28ʹ

Ε͍ͯΔɻ༳Ε͕҆͠ఆ͢Δ·Ͱͷಈ͖ʹ͍ͭͯݱ 0.4 sʙ0.8 s͋ͨΓͰ͋Γɺൺֱత͍ؒ࣌ଓ͍͓ͯΓɺ

ભҠ͠Α͏ͱ͍ͯ͠ΔྗͱભҠͤ͞·͍ͱ͍ͯ͠ΔྗͷͤΊ͗߹͍͕͡ײΒΕΔɻભҠ͕ߦΘΕͳ͍߹ʹจ

ݙ ͕ཹ·Δͱ͍͑Δɻؒ࣌ΒΕΔԁં͕ҾͬுΒΕΔྗੜ͡ΔͨΊɺ͜ͷΑ͏ʹ͍ݟʹ[117]
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(a) (b) (c)

ਤ 4.29: ཧ্ͷԁંͷંΓઢͱ࣮ͷࠩɻ(a)࣮ࡍͷંΓͷࣸਅɻ(b)ཧతͳંΓͷ֓೦ਤɻ

(c)࣮ࡍʹੜ͍ͯ͡ΔંΓɻෆཁͳંΓʹΑͬͯཧతͳܗঢ়͔Βဃ͢Δɻ

ͱಉ༷ʹɺͦΕͧΕݧ࣮͏·ͯͬ͠·ࢭಈΛࣔ͢ɻભҠ్͕தͰڍͰૹ͞ΕΔλΠϓͷ·ޙ࠷ɺભҠ͕ʹ࣍

ͷ৴߸໘ͷҐஔͷਪҠΛਤ 4.30ʹࣔ͢ɻਤ 4.30Ͱɺ৴߸໘ͷҐஔΛɺࡱӨଆʹ͋Δ৴߸໘ͷͷҐஔͱͯ͠

ਤ 4.30: ભҠ͕ޙ࠷·Ͱૹ͞ΕΔύϥϝʔλͰͷ৴߸໘ͷҐஔͷάϥϑɻ͔ࠨΒ৭ɾ৭ɾ੨৭ɾ

৭ͷάϥϑͰ͋ΓɺͦΕͧΕϢχοτࠇ 1ɾϢχοτ 2ɾϢχοτ 3ɾϢχοτ 4 ഁઢ 0.42 sۙͰ

͋Γɺ1ຕͷભҠ͕։ࠁ࣌ͨ࢝͠Ͱ͋ΔɻҰઢ 4ຕͷ৴߸໘͕ભҠͰ͖ͨʹؔΘΒͣੜ͡

Δ༳Γ͠ͷϐʔΫͰ͋Δɻ

άϥϑԽ͍ͯ͠Δɻਤ 4.28ͱಉ༷ʹϢχοτ 1͕ભҠ͢Δͱ΄΅ಉ࣌ʹϢχοτ 2ભҠ͍ͯ͠Δɻͦͯͦ͠ͷ

ಈ͖Ϣχοτ 3ͱΘΓɺϢχοτ 4·ͰભҠ͕͍ͯྃ͠ΔɻϢχοτ 4͔Βͷ༳Γ͠খ͘͞ɺϢχο

τ 1Ͱ΄ͱΜͲ؍ଌ͞Ε͍ͯͳ͍ɻ

Ϣχοτ 4ͷ࠷ॳͷભҠʹ͍͔͔͕ͯͬؒ࣌ΔΑ͏ʹ͑ݟΔͷɺଞͱൺͯભҠ͕େ͖͍ੑ࣭ʹ༝དྷ͍ͯ͠

ΔɻଞͷϢχοτɺޙଓ͢ΔϢχοτΛಈ͔͢ͱ͍͏ΤωϧΪʔΛඞཁͱ͍ͯ͠Δ্ɺ࣍ͷϢχοτʹ༩͑Δྗ

͕ඞཁͰ͋ΔͨΊɺͦΕΒͷӨڹʹΑΓ৴߸໘ݮ͢ΔɻҰํͰϢχοτ 4৴߸໘͕Ϣχοτ 3ͱͷΈଓ

͞Ε͓ͯΓɺϢχοτ 5ଘ͠ࡏͳ͍ɻͦͷͨΊɺଞͷϢχοτʹൺͯେ͖͘৴߸໘͕ҠಈͰ͖Δɻ͜ͷɺ࠷

ɺγϛϡϨʔγϣϯͷ݁ՌͰ͋ΔਤࢠͷϢχοτ͚ͩେ͖͘৴߸໘ΛҠಈͤ͞Δ༷ޙ 4.21ͱҰக͍ͯ͠Δɻͦ

ͷޙͷ༳Γ͠ͷখ͞͞ਤ 4.21ͱҰக͢Δ͕ɺͦͷগ͠ҟͳΓɺ࣮ࡍͷંΓ͕ࢴ͍͕͋Δ٭ 26ɻ

٭ 26ભҠ͠ͳ͍߹ͷ༳Γ͠ಉ༷Ͱ͋Δɻ
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4.5.2 γϛϡϨʔγϣϯͱͷࠩҟ

·ͣɺγϛϡϨʔγϣϯʹͳ͔ͬͨཁૉͱͯ͠ɺ࣮ݱͷࢴʹް࣭͞ྔ͕ଘ͢ࡏΔɻ·ͨ͜ͷް͕͋͞Δ͜

ͱʹΑΓɺંΓશͳώϯδͰͳ͘ɺ͋Δ֯ʹΖ͏ͱ͢ΔώϯδͱͳΔɻͦͷͨΊɺ࣮ࡍͷԁંɺ

ް͞ 0ͷશʹऩॖͨ͠ঢ়ଶʹͳΒͳ͍ɻࠓճ༻͍͍ͯΔϢχοτยํͷԁં͕৳͠ɺ͏ยํͷԁ

ં͕ऩॖͨ͠ঢ়ଶΛ҆ఆঢ়ଶͱͯ͠ѻ͍ͬͯΔ͕ɺ͜ͷதؒͷ͕֯Ζ͏ͱ͢Δʮ͋Δ֯ʯͱͳ͍ͬͯͳ͚

ΕରশతͳϙςϯγϟϧʹͳΒͳ͍٭ 27ɻͦͷͨΊɺ100ճ΄ͲભҠΛ܁Γฦͨ͋͠ͱʹ࣮ݧΛ͓͜ͳͬͨɻ

ͦͯ͠৴߸໘Ҏ֎ʹ࣭ྔ͕ଘ͢ࡏΔɻ

ԁંɺ৴߸໘ʹ͕ۭ͍͓݀ͯΒͣɺϢχοτͨͬߦճࠓͨ· 1ͱϢχοτ 2ͷ৴߸໘ͷؒͳͲ৴߸໘ͱԁ

ંʹΑͬͯີด͞Ε͍ͯΔɻͦͷͨΊɺ୯ʹԁંͷࢴͷมܗʹΑΔϙςϯγϟϧҎ֎ʹɺͦͷۭؾͷѹॖɾ

ுͷΤωϧΪʔൃੜͯ͠͠·͏ɻ࣮ࡍʹີݫʹີดͨ͠Θ͚Ͱͳ͍ͨΊۭ͕ؾ࿙ΕΔ͜ͱʹΑͬͯؒ࣌

ൈ͚ΔԻͳͲ͕ભҠʹਵͨͨ͠Ίɺྗ͕ಇ͍͍ͯͨ͜ͱ͕ؾա͢Δ͜ͱͰղফ͢ΔͰ͋Δ͕ɺۭܦ͕

͔֬Ͱ͋Δɻ͜ͷ৴߸໘ʹ݀Λ։͚Δ͜ͱʹΑͬͯ༰қʹղܾͰ͖ΔɻࠓճϘʔϧࢴΛ৴߸໘ʹ༻͍ͨ

͕ɺ৴߸໘ΞΫϦϧ൘Λ༻͍ͯ͢࡞Δ͜ͱͰΑΓڧ͕૿͠ɺ݀Λ։͚ͯेͳڧ͕ಘΒΕΔͣͰ͋

Δɻ͜ͷ෩ѹʹؔͯ͠ɺ৴߸໘ಉ࢜ΛόωͰଓ͠ͳ͍߹ʹྡΓ߹͏৴߸໘ʹ৴߸໘ͷಈ͖͕Ө͢ڹΔ͜

ͱ͔Β֬ೝͰ͖Δ٭ 28ɻ৴߸໘ม͠ܗͳ͍ͨΊ͍ߗΞΫϦϧ൘Λͯͬͳ͍͕ɺԁં෦খ໘ͷม

ݙద͍ͯ͠Δɻจ͕࡞ͰͷࢴΛ͏ͨΊܗ [116]ͷΑ͏ʹɺτϥεϞσϧʹରԠ͢ΔόωͱΞΫϦϧ൘ͳͲͰͷ

ઃܭՄͰ͋Γɺ͜ͷ߹ΞΫϦϧ൘ͳͲͷ߶ମʹ͍ۙࡐྉͰՄͰ͋Δɻ͔͠͠ҰํͰ͜ͷΑ͏ͳઃܭ

ࡐྉʹΑΓܰബ͕͞ଛͳΘΕ͍͢ɻ

ͦͯ͠τϥεϞσϧͷϞσϧԽʹΑΔ͕ࠩޡଘ͢ࡏΔɻτϥεϞσϧԁં 1ϢχοτͰͷ҆ఆঢ়ଶΛਫ਼

ΊΔ͜ͱ͕ՄͰ͋Δ͕ɺ1ϢχοτͰͷٻ͘ྑ α = 40◦ ͷԁંͱɺಉ͡ԁંΛΈ߹Θͤͨ͞Λݻఆ͠

ͨԁંରͷϙςϯγϟϧΤωϧΪʔͷࠩϞσϧʹൺ࣮ͯͰ૿େ͍ͯ͠ΔΑ͏ʹମ͞ײΕͨɻͦͷϙςϯ

γϟϧΤωϧΪʔͷ૿େૹͷߴԽʹͭͳ͕Γɺਤ 4.30Ͱॱʹૹ͞ΕΔ͜ͱ͕ͯݟऔΕΔҰํͰ

Ͱ͖ͳ͍Ͱ৴߸͕ૹ͞Εͨɻࢹ

ͦͯ͠ɺೖྗͷܗঢ়ͷ͕ࠩੜ͍ͯ͡Δɻೖྗͷܗঢ়ͷࠩʹΑͬͯૹʹӨ͕͋ڹ·Γͳ͍͜ͱΛγϛϡϨʔγϣ

ϯͰ͕ࣔͨ͠ɺϘʔϧࢴΞΫϦϧ൘ͳͲ߶ମͰͳ͍ͨΊɺܸྗʹΑͬͯΈ͕ੜ͡Δɻޙ࠷ʹɺ࣮ݱͰ

ͷ࣮Ͱόω͕ૹํҎ֎ʹྗΛಇ͔ͤΔཁҼ͕ଘ͢ࡏΔɻόω͕શʹҰઢ্ʹଘ͠ࡏଓ͚Δ͜ͱ

͘͠ɺѹॖ͞Εͨόω͕ҰͲͪΒ͔ʹͣΕͯ͠·ͬͨ߹ʹͦͷζϨ͕૿Ճ͢Δɻ

4.6 ηϯαϊʔυͷτϦΨͷԠ༻

ຊষͰ୯ʹػցత৴߸͕ݮਰ͢Δ͜ͱͳ͘ૹ͞ΕΔ͚ͩͰͳ͘ɺηϯαϊʔυͷτϦΨͱͯ͠༻͍Δԁ

ંૹ࿏Λհ͢ΔɻϞχλϦϯάΛ͕ثػ͏ߦηϯαʹΑͬͯىಈɾಈ͢࡞Δඞཁ͕͋Δ߹ɺηϯα

Λ͢ࢹΔͨΊʹԿηϯγϯάΛ͏ߦඞཁ͕͋Δɻͦͷηϯγϯάʹॲཧஔͷىಈ͕ඞཁͰ͋Δ߹ͳͲɺ

ηϯαిΛܹ͘͠ফඅ͠ɺಛʹແઢηϯαϊʔυʹΑͬͯిͷফඅిͷަͷखؒͷ૿ՃՔಇؒ࣌

ͷݮগʹͭͳ͕ΔͨΊͱͳΔɻΕ༷ͨʑͳҐஔͷηϯαʹΑͬͯൃಈ͢Δ߹ͳͲʹɺͦͷॴ͝ͱ

ʹηϯαɾॲཧஔΛઃஔ͢ΔࣄՄͰ͋Δ͕ɺૹ࿏Λ༻͍Δͱ͍͏ख๏ՄͰ͋Δɻ

ຊষͰɺຊ෦ͰఏҊͨ͠ԁંૹ࿏Λ༻͍Δ͜ͱͰɺॲཧஔ͕ Ͱ͋ΓϞχλϦϯάΛফඅిྗͳ͠ݸ1

Ͱ͏ߦख๏ΛఏҊ͢Δʢਤ 4.31ʣɻྫ͑ɺԹʹΑͬͯͶఆ͕มΘΔόωͰ֎෦ͷόωΛߏஙͨ͠Γɺ߶ੑ

ͷมΘΔ൘ࡐͰԁંΛંͬͨΓ͢ΕɺԹʹΑͬͯૹ͕։࢝͢Δԁંૹ࿏͕ՄͱͳΔ [119]ɻଞʹɺ

͕࣪͘ߴͳΔͱ͕ࢴॊΒ͔͘ͳΔ͜ͱͰૹ͕։࢝͢Δԁંૹ࿏ɺৼಈʹΑͬͯૹ͕։࢝͢Δԁં

ૹ࿏͑ߟΒΕΔɻ͜ͷΑ͏ͳཧతͳಛੑΛ༻͍͍ͯΕɺηϯαࣗମΛཧతͳτϦΨͱͯ͜͠͏ͱ͕

ՄͰ͋Δɻͦͯ͠ɺਤ 4.21ʹࣔ͞Εͨޙ࠷ͷ৴߸໘͕Φʔόʔγϡʔτ͍ͯ͠Δ৴߸໘Λɺѹిૉࢠিಥ

ͤ͞Δ͜ͱͰిѹΛੜΉ͜ͱ͕Ͱ͖Δɻ֎෦ͷϐϯͷిѹΛ͘͢ߴΔ͜ͱ͕Ͱ͖ΕɺϚΠΫϩίϯϐϡʔλͷ

٭ 27ΑΓີݫʹɺ͋Δ֯ʹΖ͏ͱ͢Δϙςϯγϟϧͱͷ͕ରশͰ͋Εྑ͍ɻ
٭ 28ભҠ͕ੜ͡Δ΄ͲͰͳ͍͕ɺଟগҐஔ͕ͣΕΔɻ
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Ultra Low-Power Wake-UpʢULPWUʣػΛ༻͍ͯిྗͰػͰ͖Δ [120]ɻ·ͨΞϯςφͳͲʹ݁ͤ͞

Δ͜ͱͰ͋ΔपͷిΛҰॠग़͢͜ͱՄͰ͋Ζ͏ɻ

ଟ͘ͷ͜ͷΑ͏ͳཧతͳಛੑΛ༻͍Δηϯαඍऑͳిྲྀ߅ͷมԽ͔ࣔͣ͠͞ɺΏͬ͘Γͱͨ͠มԽͷ؍

ଌ݁ՌΛແిྗͰԕ͘ͷॲཧஔ·Ͱ͑Δ͜ͱ͔ͬͨ͠ɻຊจͰɺԁંૹ࿏ͷ 1൪ͷϢχοτ

Ώͬ͘Γͱͨ͠ಈ࡞ͰૹΛ։࢝͠ɺϢχοτޙͰ҆ఆͨ͠ʹมΘΔ͜ͱΛ͍ࣔͯ͠Δɻͦ͜Ͱɺແ

ిྗͰͭͭ͠ػɺඍऑͳڥͷมԽΛԕ͘·ͰૹͰ͖Δૹ࿏ͱͯ͠ԁંૹ࿏Λ༻͍ͨෆݮਰૹ࿏͕

Ͱ͖Δɻݱ࣮
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ਤ 4.31: ηϯαϊʔυͷԠ༻ྫɻԹޫਫʹΑͬͯม͕ܗ։࢝͢ΔΑ͏ͳԁંΛ༻ҙ͠ɺ

ͦͷྗֶతΤωϧΪʔΛѹిૉࢠ༩͑Δ͜ͱͰϚΠΫϩίϯϐϡʔλͷೖྗͱ͢Δɻ͜ͷख๏ʹ

ΑΓϚΠΫϩίϯϐϡʔλͷΈ͕ిྗΛඞཁͱ͢Δηϯαϊʔυ͕࣮͢ݱΔɻ

4.7 ୈ4෦ͷ·ͱΊ

ୈ 4෦Ͱɺมܗʹ͏ӡಈΤωϧΪʔΛͦͷ··࣍ͷมܗͷҾ͖ۚͱ͢Δχϡʔτϯྗֶతͳख๏ΛఏҊ͠

ͨɻม͕ܗχϡʔτϯྗֶతʹ࣍ͷมܗΛҾ͖ߏػ͢͜ىΛฒΔ͜ͱͰɺ࣍ʑͱҾ͖͜͞ىΕΔӡಈͷྫΛ

҆ఆߏ͔ΒͳΔػցత৴߸ͷෆݮਰૹ࿏Ͱࣔͨ͠ɻͦͯ͠ɺͦͷෆݮਰૹ࿏ͷϙςϯγϟϧΤωϧΪʔΛ

ௐ͢Δ͜ͱͰ͠ɺμΠΦʔυɾཧճ࿏Λߏங͠ɺ୯ͳΔॱংͩͬͨมܗҎ֎ʹΛల։ͨ͠ɻ·ͨૹ࿏ɾ

μΠΦʔυɾཧճ࿏ΛഁյΛΘͳ͍ߏͱ͠ɺ࠶ར༻ΛՄͱ͢Δ͜ͱͰ࣮༻ੑ্ͨͤ͞ɻ͜ͷߏɺ

ੑߏͷ҆ఆͨ͠৴߸ͷૹɺແిྗͰػͰ͖ΔηϯατϦΨͱͯ͠Ԡ༻Ͱ͖Δɻ

·ͨૹํͷมߋͱૹ࿏ͷ࠶ར༻Λɺ੍ޚͱݺΜͩ֎෦ͷ 1෦ͷҠಈʹΑ࣮ͬͯͨ͠ݱɻ࣠ํͷྗ

Ͷ͡Γͷྗ੍ޚͱͦΕΛಈ͔͢ 1ΞΫνϡΤʔλͰશͯͷϢχοτʹ༩͑ΒΕΔͨΊɺ୯७ͳߏͰ࣮ݱ

Ͱ͖ΔɻӬؔػٱͰͳ͍ͨΊɺํ௨৴ૹ࿏ͷ࠶ར༻ʹ༩͑ΔྗͷํΛม͑ΔͨΊʹΤωϧΪʔ͕

ඞཁͰ͋Δ͕ɺૹ࿏ͷঢ়ଶΛม͑ΔͷͰͳ͘ɺϙςϯγϟϧΤωϧΪʔͷܗঢ়Λม͑Δख๏Ͱ͋ΔͨΊɺ࿈ଓ

͔ͭ୯ௐͳྗͰ͑ߦΔɻ

ͦͯ͠ɺηϯαϊʔυͷτϦΨͱͯ͠ͷԠ༻ͰిྗΛඞཁͱ͠ͳ͍ηϯαͱૹ࿏Λ࣮͠ݱɺϚΠΫϩίϯ

ϐϡʔλిྗͰػͰ͖ΔγεςϜͷՄੑड़ͨɻৼಈʹΑͬͯ৴߸ͷૹ͕࢝·ΔηϯαͷԠ༻Λ

ड़͕ͨɺৼಈʹΑΔ৴߸ͷͨͬޡૹΛ͑ߟΔͱɺͶ͡ΕͷࠩΛ༻͍Δ͜ͱͰɺฒྻҠಈʹൺͯৼಈʹΑ

Δ֎ཚʹ࠶͍ڧར༻Մͳෆݮਰૹ࿏͕ՄͰ͋Δ٭ 29ɻ

ຊڀݚͰԁંͷ৴߸໘ͷૹํͷҐஔͱͯ͠ɺૹํͷมҐ͚ͩΛ༻͍͍ͯͨɻԁંͷϙςϯγϟ

ϧΤωϧΪʔ͞ͱͶ͡Εͷ 2มʹΑܾͬͯ·ΔɻຊจͰओʹѻ͏ϙςϯγϟϧΤωϧΪʔ͞ͷΈΛ੍

ͨ͠ࡍʹϙςϯγϟϧΤωϧΪʔ͕࠷খ͘͞ͳΔΑ͏ͳͶ͡Εʹ͓͚ΔϙςϯγϟϧΤωϧΪʔͰ͋ΔɻͶ

͡Εʹ੍͍ͭͯ͠ͳ͍߹ɺϙςϯγϟϧΤωϧΪʔ͕࠷খʹͳΔΑ͏ʹͶ͡Ε͕ࣗಈతʹੜ͡ΔͨΊɺͶ͡

٭ 29֎෦͔ΒͶ͡Εͷྗ͕Ճ͑ΒΕΔ͜ͱɺૹํͷܸྗʹൺͯ֬Ͱ͋Δ
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ΕΛ੍͠ͳ͍͜ͱͰ͜ͷঢ়ଶΛ༻͍͍ͯΔɻҰํɺจݙ [115]Ͱͦͷ྆ํΛ੍͍ͯ͠ΔͨΊɺԁંͷϙς

ϯγϟϧΤωϧΪʔ੍ʹରԠ͢Δہ໘ͷஅ໘ΛݟΔ͜ͱͱͳΔɻมҐͱͶ͡ΕΛ੍ޚͰ͖ΔΑ͏ͳૹ৴ثػ

Λ༻ҙ͢Εɺෳͷपͷ৴߸Λಉ࣌ʹԁંૹ࿏ʹྲྀ͢͜ͱɺૹͷௐՄͱͳΔͩΖ͏ɻ

ୈ 4෦ͰɺંΓࢴͷมܗΛͨ͢͜ىΊͷܰബͳߏػͱͯ͠ંΓࣗࢴͷੑΤωϧΪʔʹண͠ɺม͕࣍ܗʑ

ͱมܗΛੜͤ͡͞ΔંΓߏࢴΛԁંͰ࣮ͨ͠ݱɻୈ 4෦ͷٕज़ʹΑΓɺճ࿏ͳͲͷిؾతͳ੍ޚΛ༻͍ͳ͍ɺ

ંΓࢴͷ࣍ͷมܗΛҾ͖ߏػ͢͜ىΛՄͱͨ͠ɻ



ୈ5ষ

ԁંʹΑΔॱংಈ࡞ͷ࣮ݱ

ୈ 5ষͷ༰ɺંΓࢴͷมܗͷॱΛ੍͢ޚΔܰബͳʮߏػʯͰ͋Δɻୈ 3ষͰॱʹมܗΛੜͤ͡͞Δʮճ࿏ʯΛ

ఏҊ͕ͨ͠ɺຊୈ 5ষͰશମʹྗ͕͔͔Δʹ͔͔ΘΒͣɺંΓઢύλʔϯ͚ͩͰંΕΔॱΛ੍͢ޚΔʮߏػʯ

ͷઃܭʹ͍ͭͯड़Δɻ

ैདྷͷଟஈ֊ͷมܗΛં͏ߦΓࢴͦΕͧΕͷஈ֊ͱͦΕͧΕͷંΓʹରͯ͠ΞΫνϡΤʔλΛ༗͠ɺద

ͳλΠϛϯάͰۦಈ͢Δ͜ͱͰมܗͷॱΛ੍͍ͨͯ͠ޚɻ͔͠͠ΞΫνϡΤʔλͷ૿ՃɺΞΫνϡΤʔλࣗ

ͱઢʹΑΔॏ͞ͱް͕͞ંΓࢴͷܰബ͞Λଛͳͬͯ͠·͏ɻ͍͠͠ྗʹ͔͔ΘΒͣଟஈ֊ʹંΕΔંΓ

ΑΓʹݮՄͰ͋ΓɺΞΫνϡΤʔλͷ͕ܗΔΞΫνϡΤʔλͷΈͰଟஈ֊ͷม͢ޚΕɺશମΛ੍͢ݱ࣮͕ࢴ

ંΓࢴΛܰബͳߏͱ෮ͤ͞׆ΒΕΔɻ

ຊୈ 5ষͰ͜ͷʮଟஈ֊ʹંΕΔંΓߏࢴʯΛઃ͠ܭɺ͍͔ͭ͘ͷઃܭΛ࣮͢Δ͜ͱͰΞΫνϡΤʔλ

ͷݮʹΑΔܰബͳߏΛ࣮ূͨ͠ɻଟஈ֊ʹંΕΔߏόΠεςʔϒϧߏͰ͋ΔԁંΛ༻͍࣮ͯͨ͠ݱɻ

ԁંંΓઢύλʔϯͷ֯Λม͑Δ͜ͱͰͦͷϙςϯγϟϧΤωϧΪʔΛௐઅͰ͖ɺ͍ڧʢ͍ߗʣԁં

ऑ͍ʢॊΒ͔͍ʣԁંΛ࣮Ͱ͖Δɻͦͯ͜͠ΕΒͷԁંΛྻʹଓ͢Δ͜ͱͰɺৗʹऑ͍ԁં͔Βॱ

ʹஈ֊తʹऩॖ͢Δੑ࣭Λࣔ͢ɻͦͯ͠ల։࣌ʹऑ͍ԁં͔Βॱʹஈ֊తʹऩॖ͢Δੑ࣭Λͪ࣋ɺԁંΛ

ଓͨ͠ߏώεςϦγεޮՌͭ࣋ɻ͜ΕΒͷ༰ʹ͍ͭͯຊষͰड़Δɻ

ຊୈ 5ষͷՌɺ
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5.1 ંΓࢴϩϘοτͱॏ͔ͯ͘͞ΔΞΫνϡΤʔλ

ϩϘοτͷॏྔେ͖͞ʹ੍͕ݶͳ͚Εɺߏʹ੍গͳ͍͕ɺӉɾମɾڱॴͳͲͷڥͰಛʹɺॏ

ྔେ͖͞ॏཁͳ੍ʹͳΔɻҰํͰɺંΓࢴେ͖ͳల։ߏΛίϯύΫτʹɾബ͘ંΓͨͨΉ͜ͱ͕Ͱ͖ɺ

͍ܰૉࡐͰߏ͍ڧΛ࣮ݱͰ͖ΔͨΊɺͦͷΑ͏ͳ੍Λຬͨ͢ߏͷ࣮ݱΛ༰қʹ͢Δɻ͜ͷΑ͏ͳརΛ׆

͔͠ɺંΓߏࢴਓӴͷιʔϥʔύωϧͷંΓͨͨΈ [121]ɾؤৎͳݐஙߏ [122]ɾεςϯτάϥϑτͷε

ςϯτ [78]ͳͲʹԠ༻͞Ε͖ͯͨɻ͜ͷΑ͏ͳྫͰల։͘͠ંΓͨͨΈҰ͔͠ߦΘΕͣɺେ͖ͳ࠷ऴ

ΔɻҰํͰɺંΓΊΔϥΠ͍ͯ͠༺࠾ΛߏࢴΛɺখ͘͞ӡൖ͢Δ͜ͱΛతͱͯ͠ંΓߏΔ͢ݱঢ়Λ࣮ܗ

Φοτγʔϧυ [123]ਤ 5.1ʹࣔ͢ંΓࢴϩϘοτ [11]ɺల։ͱંΓͨͨΈΛ܁Γฦͯ͠༻͍Δɻ

ਤ 5.1: ैདྷͷંΓࢴϩϘοτͷྫ [11]ɻંΓߏࢴͰ͋Δന͍൘෦ฏୱͰ͋Δ͕ɺϞʔλόο

ςϦͷ෦ฏୱͰͳ͍ɻ

ંΓΊΔϥΠΦοτγʔϧυંΓͨͨΈঢ়ଶͰͷӡൖͱɺల։ঢ়ଶͰͷ໘ੵͷ֦େΛతͱ͓ͯ͠Γɺ

ંΓࢴϩϘοτ [11]ંΓߏࢴΛϦϯΫͷΑ͏ʹͯ͠༻͍͍ͯΔɻ͔͠͠ɺओͱͯ͠༻͍͍ͯΔͷંΓͨͨ

Έঢ়ଶʢฏୱͳঢ়ଶʣͰͷӡൖͱల։ঢ়ଶͰͷϦϯΫߏػͰ͋Δɻ͜ͷΑ͏ͳల։ͱંΓͨͨΈΛߋʹԠ༻͢Δɺ

ల։͔ΒંΓͨͨΈߏͷભҠ్தͷมԽΛ༻͍ΔγεςϜΛ͑ߟΒΕΔɻ

͜ͷΑ͏ʹંΓߏࢴల։ɾંΓʹΑͬͯંΓߏࢴͷԠ༻͕ΔҰํɺଟ͘ͷΞΫνϡΤʔλແࢹͰ

͖ͳ͍ॏ͞ͱް͞Λͭ࣋ɻંΓߏࢴΛܰബ͞ͷͨΊʹ࠾༻ͨ͠ʹ͔͔ΘΒͣɺΞΫνϡΤʔλ͕ܰ͘ബ͘ͳ͍

ͳΒར͕ੜ͔ͤͳ͍ɻ·ͨଟ͘ͷΞΫνϡΤʔλΛ͢ࡌΔͨΊʹΞΫνϡΤʔλͷݻఆͳͲͷଟ͘ͷॲ

ཧ͕ඞཁͰ͋Δɻ͜ͷΑ͏ͳཧ༝ʹΑΓΞΫνϡΤʔλͷ૿ՃҰൠతͳϩϘοτҎ্ʹંΓࢴϩϘοτʹக

໋తͳͰ͋Δɻ

ຊ 5ষͰɺંΓߏࢴͷརΛં͔ͭͭ͠׆ΓࢴϩϘοτΛ࣮͢ݱΔͨΊʹɺ࠷খݶͷΞΫνϡΤʔλͰબ

తʹંΓࢴͷมܗΛ࣮ݱͰ͖ΔߏΛఏҊ͢Δɻల։ͱંΓͨͨΈͷ܁Γฦ͠ʹΞΫνϡΤʔλΛ༻͍ΔͨΊɺ

ͦͷΞΫνϡΤʔλͷಈ࡞ʹΑΓબతͳมܗΛ࣮ݱͰ͖ΔߏΛߟҊͨ͠ɻ
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5.2 ԁંλϫʔͷબతมܗͱώεςϦγεಛੑ

5Ҏʹग़൛༧ఆ

ຊষͰɺҟͳΔੑ࣭ͷԁંΛଓͨ͠ԁંλϫʔͰ࣮ݱͰ͖Δબతมܗͱԁંλϫʔ͕༗͢Δώε

ςϦγεಛੑʹ͍ͭͯઆ໌͢Δɻ·ͨɺͦͷΑ͏ͳԁંλϫʔͷঢ়ଶΛɺώεςϦγεಛੑΛ׆༻͢Δ͜ͱͰ

Ͱ͖Δ͜ͱΛࣔ͢ɻޚ੍

͜Ε͔Βઆ໌͢ΔԁંλϫʔͷબతมܗͱώεςϦγεಛੑɺҟͳΔԁંϢχοτΛଓ͢Δ͜ͱͰ

ੜ͡ΔɻંΓઢύλʔϯͷ֯ αΛௐઅ͢Δ͜ͱͰɺԁંϢχοτ͕ભҠ͢ΔͨΊʹඞཁͳྗ Ftrans ௐઅͰ

͖Δɻͦ͜Ͱɺ͜͜ͰંΓઢύλʔϯͷ֯ α͕ҟͳΔԁંϢχοτ͕ଓ͞Ε͍ͯΔঢ়ଶΛఆ͢Δɻ

͞ɾͶ͡Ε֯ͳͲɺ੍͢ޚΔ͜ͱͰԁંΛભҠͤ͞ΒΕΔύϥϝʔλෳ͋Δ͕ɺ͜͜Ͱ͞ͷ੍

٭ΑΔԁંͷಛੑΛઆ໌͢Δʹޚ 1ɻਤ 4.3ʹࣔ͢௨Γɺऩॖ͖ͬͨ͠ԁંͦΕҎ্ऩॖͤͣɺల։͖ͬ͠

ͨԁંͦΕҎ্৳͢ΔͨΊʹඇৗʹେ͖ͳྗ͕͔͔Δɻେ͖ͳԁંͷࡐྉͷഁյʹ௨ͳ͕ΔͨΊɺల

։ͨ͠ԁંʹଞͷԁંΛల։͢ΔͨΊͷྗҎ্ʹҾுྗΛ͔͚ͳ͍ͷͱ͢Δɻͭ·Γɺશͯͷԁં͕

ऩॖ͍ͯ͠Δঢ়ଶ͔Βߋʹऩॖͤ͞Δ͜ͱͳ͘ɺશͯͷԁં͕৳͍ͯ͠Δঢ়ଶ͔Βߋʹ৳ͤ͞Δྗ

Λ͔͚ͳ͍ͱ͢Δɻ

͜Ε·Ͱ͞Λ੍͢ޚΔ͜ͱʹΑͬͯભҠ͍͕ͤͯͨ͞ɺ৳ྗΛൃੜͤ͞Δ߹ʹಉ༷ͷભҠ͕ՄͰ͋

Δɻ͍ڧԁંͦͷ໊ͷ௨Γɺঢ়ଶͷભҠʹΑΓྗ͍ڧ (Fstrong)Λඞཁͱ͠ɺऑ͍ԁંঢ়ଶͷભҠΑΓऑ

͍ྗ Fweak(< Fstrong)Ͱੜ͡ΔɻͦͷͨΊɺԁંʹѹॖɾҾுྗΛ༩͑ͨ߹ɺਤ 5.2ͷΑ͏ͳભҠΛੜ͡Δɻ

Expanded

Folded Folded

Expanded

State
10

State
01

State
01

State
10

Fweak

Fstrong Fweak

Fstrong Fweak

Fstrong Fweak

Fstrong

ਤ 5.2: ҟͳΔԁંϢχοτΛଓͨ͠ԁંλϫʔͷώεςϦγεಛੑɻࠨɿऑ͍ԁંͱ͍ڧԁ

ંΛଓ͠ɺѹॖɾҾுྗΛ༩͑ͨ߹ͷભҠɻӈɿ࣮࡞ʹࡍͨ͠ԁંʹΑΔઆ໌ɻ

શͯͷԁં͕ల։ঢ়ଶͰ͋ΔԁંλϫʔʹѹॖྗΛՃ͑Δͱɺऑ͍ԁંΓͱ͍ڧԁંͷ྆ํʹಉ͡ѹ

ॖྗ͕ՃΘΔɻѹॖྗ͕ Fweakʹୡ͢Δͱɺऑ͍ԁંͷঢ়ଶ͕ભҠ͠ɺऑ͍ԁંͷΈ͕ऩॖঢ়ଶͱͳΔ ʢਤ

5.2தͷ “Expanded” state → State 10ʣɻߋʹѹॖྗ͕͘ڧͳΓѹॖྗ͕ Fstrong ʹୡ͢Δͱɺ͍ڧԁંऩॖ

ঢ়ଶͱભҠ͢Δʢਤ 5.2தͷ State 10 to “Folded” stateʣɻ͜ͷΑ͏ʹɺѹॖྗΛՃ͑ͨ߹ʹɺԁં

“10”ͷঢ়ଶΛܦ༝ͯ͠ભҠ͢Δɻີݫʹɺਤ??ͱਤ??͕ҟͳΔͱ͓Γɺऩॖ࣌ͷ (Fstrong)ͱల։࣌ͷ (Fstrong)

ҟͳΓɺ(Fweak)ಉ༷Ͱ͋Δɻ

ʹԁંͷ྆ํ͍ڧɺશͯͷԁં͕ऩॖঢ়ଶͰ͋ΔԁંλϫʔʹҾுྗΛՃ͑ͯɺऑ͍ԁંΓͱʹٯ

ಉ͡Ҿுྗ͕ՃΘΔɻҾுྗ͕ Fweak ʹୡ͢Δͱɺऑ͍ԁંల։ঢ়ଶͱਪҠ͠ɺऑ͍ԁંͷΈ͕ల։ঢ়

ଶͱͳΔʢਤ 5.2தͷ “Folded” state to State 01ʣɻͦͯ͠ߋʹҾுྗ͕͘ڧͳΓɺҾுྗ͕ Fstrong ʹୡ͢Δͱɺ

ԁંల։ঢ়ଶͱભҠ͢Δʢਤ͍ڧ 5.2தͷ State 01 to “Expanded” stateʣɻ͜ͷΑ͏ʹɺҾுྗΛՃ͑ͨ

߹ʹɺԁં “10”ͷঢ়ଶΛܦ༝ͯ͠ભҠ͢Δɻ

ऩॖաఔͰ “01”ͷঢ়ଶΛܦ༝ͯ͠ભҠ͢Δ͕ɺల։աఔͰ “10”ͷঢ়ଶΛܦ༝ͯ͠ભҠ͢Δɻ͜ͷΑ͏ͳɺ

͕͞ 1ϢχοτͱͳΔΑ͏ʹ੍ࡍͨ͠ޚʹɺల։ঢ়ଶ͔ΒભҠͨ͠Βঢ়ଶ 10ʹͳΓɺऩॖঢ়ଶ͔ΒભҠͨ͠

Βঢ়ଶ 01ʹͳΔͱ͍͏ɺࡏݱͷ੍ޚύϥϝʔλ͚ͩͰͳ͘લͷঢ়ଶ͕ࡏݱͷঢ়ଶʹӨ͢ڹΔੑ࣭ΛώεςϦγ

٭ 1Yasuda Β͕͍ͨͯͬߦΑ͏ʹɺͶ͡Ε֯Λ੍͢ޚΔ͜ͱͰԁંͷঢ়ଶΛભҠͤ͞Δ͜ͱՄͰ͋Δ [116]ɻ
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εಛੑͱݺͿɻ͜ͷώεςϦγεಛੑͶ͡Ε֯ʹΑΔ੍ޚͰɺମੵʹΑΔ੍ޚͰಉ༷ͷੑ࣭͕ੜ·ΕΔɻ

ΑΓଟ͘ͷԁં͕ɺભҠ͢ΔͨΊͷྗ͕͍ڧॱʹଓ͞Ε͍ͯΔ߹ʹɺਤ 5.3ͷΑ͏ͳભҠ͕ੜ͡Δɻਤ
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ਤ 5.3: Βॱʹల։͔ࠨॱʹଓ͞ΕͨԁંλϫʔͷώεςϦγεಛੑɻ͍ڧͷҟͳΔԁં͕ݸ5

͠ɺ͔ࠨΒॱʹऩॖ͢Δɻ੨ઢ͕ల։աఔΛɺઢ͕ऩॖաఔͷԁંλϫʔͷ͞Λද͍ͯ͠Δɻಉ

͡ྗΛ༩͍͑ͯͯɺల։աఔͱऩॖաఔͰԁંλϫʔͷ͞ҟͳΔ [B1]ɻ

5.3தͷ੨ઢͷྗ͕ 0ͷ෦͔Βઆ໌͢Δɻऩॖঢ়ଶͷԁંλϫʔʹྗΛ༩͍͑ͯͳ͍߹ɺԁંͷ͞ 0

ͷ··ҡ࣋͞ΕΔɻԁંʹҾுྗΛ༩͑Δͱɺԁંλϫʔ৳͢Δɻͦͯ͠ɺҾுྗ͕มԽͤͣʹԁંλ

ϫʔͷ͕͞มԽ͢Δॴ͕ݱΕΔɻ͕͜͜ɺα = 40◦ͷԁં͕ల։ঢ়ଶͱભҠͨ͜͠ͱΛද͍ͯ͠Δɻಉ༷

ʹɺԁંॱʹల։͠ɺશͯͷԁં͕ల։͢Δ͜ͱͰऩॖաఔͷઢͱҰக͢Δɻ͜͜ͰҾுྗΛ 0ͱͯ͠

ɺԁંͷ͞ 7ఔͱͳΔɻ͜Εɺશͯͷԁં͕ల։ঢ়ଶͰ҆ఆͨͨ͠Ίɺऩॖঢ়ଶͱΒͣɺ

͞Λͨͬ࣋ঢ়ଶΛҡ࣋͢ΔݱͰ͋Δ٭ 2ɻ

ԁંॱʹऩॖঢ়ଶͱભҠ͢ΔɻԁંͷϙςϯγϟϧΤωϧΪʔɺలʹٯɺѹॖྗΛ༩͑Δͱɺʹ࣍

։ঢ়ଶͱऩॖঢ়ଶͷؒͰඇରশͳܗΛ͍ͯ͠ΔͨΊɺώεςϦγεۂઢઢରশͰରশͰͳ͍ɻ·ͨɺԁ

ં༩͑Δѹॖྗ͕े͘ڧͳΔͱશͯͷԁં͕ऩॖঢ়ଶͱભҠ͢ΔͨΊɺ࠷ॳͷঢ়ଶͱΔɻͦͯ͠

͜ͷঢ়ଶͰѹॖྗΛ 0ʹͯ͠͞ 0ͷ··Ͱ͋Δɻ

͜͜·Ͱશͯͷԁં͕৳͢Δ·Ͱ৳Λଓ͚ɺશͯͷԁં͕ऩॖ͢Δ·ͰऩॖΛଓ͚͍͕ͯͨɺભҠ

ͷ్தͰ੍ޚͷํΛม͑Δ͜ͱͰɺਤ 5.4ͷΑ͏ͳଟ༷ͳભҠ͕ՄͰ͋Δɻਤ 5.2ͷΑ͏ͳ ͷϧʔϓͷΑݸ1

͏ͳ୯७ͳώεςϦγεಛੑͰͳ͘ɺ ਤ 5.4ʹෳࡶͳώεςϦγεಛੑ͕ଘ͠ࡏɺ1ύϥϝʔλͷ੍ޚʹΑ

Γɺҙͷঢ়ଶ͔Βҙͷঢ়ଶͷભҠ͕ՄͰ͋Δɻਤ 5.4Ͱ ͷԁં͕ͦΕͧΕݸ5 ͷঢ়ଶͰ҆ఆͰ͋ݸ2
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ਤ 5.4: ͱܗɻ֤ํॱʹଓ͞ΕͨԁંλϫʔͷώεςϦγεભҠ͍ؔڧͷҟͳΔԁં͕ݸ5

ͦͷ෦ͷ֤͕҆ࣈఆঢ়ଶΛද͠ɺ্ͷҹ͕ѹॖʹΑΔભҠઌΛɺԼͷҹ͕ҾுʹΑΔભ

ҠઌΛ͍ࣔͯ͠Δ [B1]ɻ

ΔͨΊɺ͜ͷԁંλϫʔ߹ܭͰ 25 = 32छྨͷঢ়ଶͰ҆ఆͰ͋Δɻ֤ํܗͱͦͷ෦ͷ֤͕҆ࣈఆঢ়ଶ

٭ ճࠓ͜͜ͰҰॠෛͷྗ͕͔͔Δ͕ɺʹີݫ2 Strain ʹࣔͨ͠ྗΛ༩͑ͨ߹ͷ৳ͼͨ݁ՌΛ͍ࣔͯ͠Δɻ
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Λද͠ɺ্ͷҹ͕ѹॖʹΑΔભҠઌΛɺԼͷҹ͕ҾͬுΓʹΑΔભҠઌΛ͍ࣔͯ͠Δɻѹॖૢ࡞ʮల

։ঢ়ଶͷ࠷ऑ͍ԁંΛऩॖঢ়ଶͱભҠͤ͞Δʯૢ࡞Ͱ͋ΔͨΊɺʮ0Ͱ͋Δ࠷ԼҐϏοτΛ 1ͱ͢Δʯͱ͍

Ͱ͋ΔͨΊɺ࡞ऑ͍ԁંΛల։ঢ়ଶͱભҠͤ͞Δʯૢ࠷ʮऩॖঢ়ଶͷ࡞ɺҾுૢʹٯ૬͢Δɻʹ࡞ૢ͏

ʮ1Ͱ͋Δ࠷ԼҐϏοτΛ 1ͱ͢Δʯͱ͍͏ૢ࡞ʹ૬͢Δɻਤ 5.4Ͱɺ্͖ͷҹ্ลͷࠨͷঢ়ଶʹભ

Ҡ͠ɺԼ͖ͷҹԼลͷӈͷঢ়ଶʹભҠ͢Δɻ·ͨɺਤ 5.4֤ஈʹ 1ͷ͕͍͠ঢ়ଶΛஔ͠ɺ֤ஈͷ

෦Ͱࠨӈͷঢ়ଶʹରͯ͠ࠨͷঢ়ଶ < ӈͷঢ়ଶཱ͕͢ΔΑ͏ʹฒɺ্Լͷঢ়ଶʹԼͷঢ়ଶ < ্ͷঢ়

ଶͱͳΔΑ͏ʹฒΔ͜ͱͰಘΒΕΔɻ

ԁં͔Βॱʹɺͭ·Γ্ҐϏοτ͔Βॱʹॴͷঢ়ଶͱભҠ͍͞ڧ࠷ͱͰɺ͜͏ߦΛ࡞ͷΑ͏ͳૢه্

ͤΔૢ࡞ʹΑΓɺҙͷঢ়ଶ͔Βҙͷঢ়ଶʹભҠͰ͖Δ͜ͱ͕Θ͔Δɻ͔͠͠ɺॴͷঢ়ଶͱભҠ͢ΔͨΊ

ʹɺඇৗʹଟ͘ͷঢ়ଶΛܦ༝͢Δඞཁ͕͋Δ߹͋Δɻྫ͑ 00000 ঢ়ଶ͔Β 10101 ঢ়ଶɺ࠷Ͱ

00000 → 00001 → 00011 → 00111 → 01111 → 11111 → 11110 → 11100 → 11000 → 10000 → 10001 →
10011 → 10111 → 10110 → 10100 → 10101ͱ 15ճͷૢ͕࡞ඞཁͰ͋Δɻ͜ͷભҠ͜ͷԁંλϫʔͷ 2ঢ়ଶ

ؒͷભҠͱͯ͠࠷ͷܦ࿏Ͱ͋Δɻnݸͷԁં͕ଓ͞Ε͍ͯΔ߹ʹɺ
n(n+ 1)

2
ճͷભҠ͕ඞཁͳ߹

͕ଘ͢ࡏΔͨΊɺߴʹҠಈ͢Δ༻్ʹ͔ͳ͍ɻ

·ͨɺॴͷঢ়ଶͱͨ͏͔Ίʹ͋Δঢ়ଶΛܦ༝͢Δඞཁ͕ଘ͏͠ࡏΔɻྫ͑ 00000ͷঢ়ଶ 00001ɾ

00010ɾ00100ɾ01000ɾ10000ͷ 5छྨͷঢ়ଶ͔ΒભҠ͕ՄͰ͋Δ͕ɺ10101ͷঢ়ଶ 10100͔ΒͷΈભҠ͕

ՄͰ͋Δɻ10100ͷঢ়ଶΛආ͚ͯ 10101ͷঢ়ଶͱભҠ͢Δ͜ͱͰ͖ͳ͍ͨΊɺॴͷαΠΫϧΛඳ͜͏ͱ

͢Δ߹ʹɺܦ࿏ʹ·͘͠ͳ͍ঢ়ଶΛؚ·ͳ͍Α͏ʹઃ͢ܭΔඞཁ͕͋Δɻ͜ΕΒ 1ΞΫνϡΤʔλʹ੍

ΛఏҊ͢Δ͜ͱͰߏػͰੜͨ͡Ͱ͋Δ͕ɺ͜ΕΒͷ͕ੜ͡ͳ͍ൣғͰݱΑΔࣗ༝ͷʹࣄͨ͠ݶ 1Ξ

ΫνϡΤʔλͰҠಈ͢ΔϩϘοτ࣮ݱͰ͖Δɻͦͯ͜͠ΕΒͷඇৗʹෳࡶͳԁંλϫʔͱͦͷঢ়ଶΛ

ΔͨΊʹੜ͡Δ͕ɺਤ͢ݱ࣮ 6.6ఔͷಈ͖Ͱ͋ΕɺԁંͷଓॱͷͰղܾͰ͖Δɻ͕ੜ͡ͳ͍ൣ

ғͰͷߏػΛ࣍ষ͔Βઆ໌͢Δɻ
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ԁંͱંΓࢴճ࿏Λར༻ͨ͠Ҡಈ
ϩϘοτ

͜ͷόΠεςʔϒϧߏͱώεςϦγεޮՌΛ༻͍Δ͜ͱͰɺΞΫνϡΤʔλ͕ Ε͍ͯͳ͘ͱɺ͞ࡌ͔͠ݸ1

͔͋ͨෳݸͷΞΫνϡΤʔλͰ੍͞ޚΕ͍ͯΔΑ͏ͳଟஈ֊ͷંΓಈ࡞Λ࣮ͨ͠ݱɻͦͯͦ͠ͷંΓࢴϩϘο

τΛ࡞͠ɺಈ࡞Λଌఆ࣮ͯ͠ݱՄੑͱ༗༻ੑΛͨ͠ূݕɻ

·ͨͦͷભҠͷॱͱɺԁંͷભҠʹ͏͞ͷมԽɾͶ͡Ε֯ͷมԽɾମੵͷมԽɾܘͷมԽΛΈ߹Θ

ͤΔ͜ͱͰɺҠಈΛ࣮ͨ͠ݱɻຊՌʹΑΓɺΞΫνϡΤʔλΛ͠ݮɺܰͯ͘ബ͍ಈ͘ંΓࢴϩϘοτ͕࣮ݱͰ

͖Δɻ

ຊୈ 6ষͷՌɺ

[B1]Fuminori Okuya, Takuya Umedachi, Kazuya Saito, and Yoshihiro Kawahara, “Crawling Cylindrical

Origami Robot Driven by Single Actuator,” The 7th International Meeting on Origami in Science, Mathematics

and Education (7OSME), vol.3, pp.949–963, Sept. 2018.

[C7]Ԟ୩จಙɼകؘɼ੪౻Ұ࠸ɼܓݪതɼ“ԁંΛ༻͍ͨ୯ҰΞΫνϡΤʔλͰઢ্ͷମ্Λਐߦ

͢ΔϩϘοτɼ”ใॲཧֶձશࠃେձߨԋจू, no.6B-01, March 2018.

Ͱൃද͞Εͨ༰ͷ࠶ར༻ΛؚΉɻ
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6.1 ຊষͷؔ࿈ڀݚ

ຊষͰɺैདྷͷંΓࢴϩϘοτɾ1ΞΫνϡΤʔλͰಈ͘ϩϘοτͷʹ͚ͯؔ࿈ڀݚΛհ͢Δɻຊݚ

ͭ࣋ͷརͰ͋ΔίϯύΫτʹബ͘ऩೲͰ͖Δੑ࣭͕ॏྔɾް͞ΛࢴɺંΓͭ࣋ϩϘοτ͕ࢴɺैདྷͷંΓڀ

ΞΫνϡΤʔλʹΑΓ͍͔ͯͤ׆ͳ͍Λɺ1ΞΫνϡΤʔλͰಈ͘ैདྷͷϩϘοτΛߟࢀʹղܾ͢Δɻ
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6.1.1 ંΓࢴϩϘοτ

ંΓࢴϩϘοτͱɺϩϘοτͷମ͕ંΓ͔ࢴΒͰ͖͍ͯΔΑ͏ͳϩϘοτͰ͋ΓɺᐆດͳఆٛͰ͋Δ͕ɺຊ

͍ͯ༺ΛߏࢴͰ͋ΔϩϘοτͱ͢ΔɻFeltonΒɺંΓߏࢴͰѻ͏ϩϘοτͷେ෦͕ંΓڀݚ 1ຕͷ

ฏୱͳঢ়ଶͷ͔ࢴΒંΓ্͕ΔϩϘοτΛ࣮ͨ͠ [11]ɻͦͷϩϘοτͷฏୱʹંΓΊΔ෦ɺ͍ΘΏΔ֨ࠎ

෦ͷΈͰ͋ΓɺΞΫνϡΤʔλʢಛʹϞʔλʣɾόοςϦɾICͱͦΕΒͷݻఆ෦ฏୱͰͳ͍ɻࣗંݾͷٕज़

Λ͍ͯͬΔͨΊɺਓͷखͰΈ্͛Δඞཁͳ͍͕ɺࣗંݾͷͨΊͷ 28ΧॴͷΛ༻͍ͨΞΫνϡΤʔλɾҠ

ಈͷͨΊͷ ΔɻʹΑΔંΓɺୈ͍ͯ͠ࡌͷϞʔλΛݸ2 3.2.4ষͰड़ΔύνϞʔλͳͲΛ͜͏ͱͰ࣮

Մ͕ͩɺϞʔλඇৗʹް͍ɻ·ͨɺਤ͕ݱ 5.1ͷ Aʹࣔ͢Α͏ʹɺ2ͭͷόοςϦʔେ͖͘ɺંΓ্͕ͬ

ͨঢ়ଶΛͯݟόοςϦʔʹΑΓ࠷େͷްͦ͞Ε΄ͲมΘ͍ͬͯͳ͍ɻ

ંΓࢴϩϘοτͷ͏Ұͭͷಛͱͯ͠ɺંΓࢴϩϘοτࣗମ͕ബͯ͘ɺͦͷ੍ޚͷͨΊͷ֎෦ஔ͕ڊେͰ

͋Δͱ͍͏͕͋Δɻྫ͑ɺMiyashitaΒ࣓ੴ͕ Δ͕ɺͦΕҎ֎΄΅ฏୱʹͳΔϩϘοτΛ͍ͯͬࡌ1ͭ

ͨ͠ݱ࣮ [6]ɻ͜ͷϩϘοτϩϘοτࣗମ͕ܰ͘ɾ΄΅ฏୱʹͳΔͱ͍͏໘Ͱɺ༌ૹޮ͕͍͍ͱ͑ݴΔɻ͜ͷΑ

͏ͳখܕͳϩϘοτંΓͨͨΜͩঢ়ଶͰ༌ૹͯ͠ମͰಈͤ͞࡞ΔͳͲͷԠ༻͕͋Δ [6]ɻͨͩ͠ɺંΓࢴϩϘο

τଆʹΞΫνϡΤʔλ͕ 1͍ͭͯͬࡌͳ͍͜ͱ͔Β͔Δ௨Γɺ͜ͷϩϘοτಈ࡞ʹ֎෦ஔ͕ඞཁͰ͋Δɻ

MiyashitaΒͷڀݚͰɺਤ 6.1ͷΑ͏ͳେنͳ֎෦ஔ͕ඞཁͰ͋ΓɺંΓࢴϩϘοτΛಈ͔͢γεςϜΛ༌

ૹ͢Δ͜ͱΛ͑ߟΔͱɺॏ͘ɾް͍ମΛ༌ૹ͢Δඞཁ͕ग़͖ͯͯ͠·͏ɻMiyashiyaΒͷંΓࢴϩϘοτͱ֎෦

ਤ 6.1: ࣓ੴΛંͨ͠ࡌΓࢴϩϘοτΛ੍͢ޚΔͨΊͷ֎෦ஔ [6]ɻંΓࢴϩϘοτ͕ന͍ਖ਼ํܗͷ

ॴͰࣗޙͨ͠ંݾɺ੨͍ΤϦΞͰҠಈΛ࣮͢ݱΔɻંΓࢴϩϘοτͷαΠζҰล͕ 1.7 cmͰ͋ͬ

ͯɺҰล͕ 20 cmͷίΠϧ͕ ΕͨҰล͕͞ࡌݸ4 50 cmͷஔ͕ඞཁͰ͋Δɻ

ஔΛݟΔͱɺͷαΠζҰล͕ 1.7 cmͰ͋ͬͯɺҰล͕ 20 cmͷίΠϧ͕ ΕͨҰล͕͞ࡌݸ4 50 cmͷ

ஔ͕ඞཁͰ͋ΓɺંΓࢴϩϘοτͷҠಈγεςϜશମΛ͑ߟΔͱܰബͰ͋Δͱ౸ఈ༌ૹ͕༏͍͠ͱ͍͑ͳ͍ɻ

͜ΕΒ [11, 130]ͷڀݚൺֱత୯७ͳಈ͕࡞ՄͳϩϘοτΛɺฏୱͳ͔ࢴΒ࣮ͨ͠ݱͷͰ͋Δɻෳࡶͳಈ

Δ͕ɺͦΕͧΕͷϞδϡʔϧ͕͋ڀݚͿݺͱࢴϩϘοτʹɺϞδϡʔϧϩϘοτΛંΓࢴΛՄͱ͢ΔંΓ࡞

͕ෳͷΞΫνϡΤʔλʢϞʔλʣΛͨͭ࣋Ίඇৗʹॏ͘ɾߴՁʹͳͬͯ͠·͍ͬͯΔ [131]ɻ

͜ͷΑ͏ʹɺંΓࢴϩϘοτ୯ʹંΓߏࢴΛ༻͍ͨϩϘοτͰ͋Δ͜ͱ͕ଟ͘ɺల։ɾऩॖʹΑΓେ͖͞ɾ

ϩϘοτγεࢴఏҊ͢ΔંΓ͕ڀݚΔɻຊ͑ݴͷརΛੜ͔͍ͯ͠Δͱࢴঢ়Λม͑Δͱ͍͏ҙຯͰͷΈંΓܗ

ςϜશମͰͷΞΫνϡΤʔλͷΛ࠷খݶ·Ͱ͢ݮΔ͜ͱͰંΓࢴͷް͞ɾܰ͞ΛଛͳΘͳ͍ߏΛͭͷ

Ͱ͋Δɻ
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ԁંΛ༻͍ͨϩϘοτ

ຊ 6ষͰѻ͏Α͏ͳԁંΛ༻͍ͨϩϘοτɺຊ͕ڀݚॳग़Ͱͳ͍ɻԁંΛ༻͍ͨϩϘοτ͍͔ͭ͋͘

Δ͕ɺ࠷ॳʹԁંͷ͞ͷมԽΛ༻͍ͨϩϘοτΛհ͢Δ [132]ɻจݙ [132]ͷϩϘοτɺԁંͷ͞ͷม

ԽͷΈΛ༻͍͍ͯΔɻԁં͞ΛมԽͤ͞ΔΞΫνϡΤʔλͱͯ͠༻͍ΒΕɺʢ໘ͱͷ৮෦ʣʹ͍ͭͯ

͍Δ߶ໟʹΑΓඇରশͳԠྗΛੜΉ͜ͱͰҠಈΛ࣮͍ͯ͠ݱΔɻԁંͷͶ͡Ε֯Λ੍͢ޚΔ͜ͱͰԁંͷ

͞Λ੍͍ͯ͠ޚΔϩϘοτͰ͋Γɺԁંશͯಉ͡ੑ࣭Λͨͭ࣋Ίɺ֯ͱ͕͞΄΅ൺྫؔʹ͋Δ٭ 1ɻ

ಉ༷ʹɺԁંΛ͞ͷมԽ͢ΔંΓࢴͱͯ͠༻͍ͨϩϘοτͱͯ͠ɺࠨӈʹ͕ۂΔ͜ͱ͕Ͱ͖ΔϩϘοτఏ

Ҋ͞Εͨ [133]ɻจݙ [133]ͷϩϘοτԁંΛ 2ຊͨͬϩϘοτͰ͋Γɺ୯ͳΔલਐ͚ͩͰͳ͘ɺΑΓ͘৳

ͨ͠ԁંͱٯଆͱ͕ۂΔ͜ͱ͕Ͱ͖ΔϩϘοτͰ͋Δɻ߶ໟΛ༻͍ͨඇରশੑͰͳ͍͕ɺ͜ͷϩϘοτ

ͷߏͷʹΑΓඇରশͳຎࡲΛੜͯ͡Ҡಈ͢ΔϩϘοτͰ͋Δɻ

͜ΕΒͷϩϘοτԁંΛͶ͡ΓΛͯͬ৳ॖͤ͞Δ͜ͱͰϩϘοτͷ৳Λ࣮͠ݱɺલޙඇରশͳʹΑͬ

ͯҠಈΛ࣮͍ͯ͠ݱΔɻͭ·Γԁં୯ʹ৳ॖൺ͕ඇৗʹେ͖͍ΞΫνϡΤʔλͷҰ෦ͱͯ͠ԁં༻͍Β

Ε͖ͯͨɻ

ैདྷͷಈΞΫνϡΤʔλΞΫνϡΤʔλͷ͞ʹൺͯେ͖ͳ͞ͷมԽ͕Ͱ͖ͳ͍ͷ͕ଟ͔ͬͨͨΊɺ

ԁંΛ༻͍Δ͜ͱͰɺ৳ॖൺΛେ͖͘Ք͙͜ͱ͕Մͱͳ͍ͬͯΔɻ͔͠͠ɺຊ࣭తʹͷԠྗͷඇରশੑ

͕ҠಈΛੜ͍ͯ͡Δ͚ͩͰ͋ΔͨΊɺԁંͰ͋Δඞཁ΄ͱΜͲແ͍ɻ

ͦͯ͠ԁંͷ৳ॖʹਵ͢Δଞͷੑ࣭Λ༻͍ͨɺԁંࣗମΛ֎֨ࠎͱͯ͠ར༻͢ΔϩϘοτఏҊ͞Εͯ

͍Δ [126]ɻ͜ͷϩϘοτԁંͷม͕ܗҠಈΛੜ͍ͯ͡ΔͷͰ͋ΓɺఏҊ༰͕ຊষͷ༰ͱඇৗʹࣅ௨ͬ

͍ͯΔ٭ 2ɻ৳ॖʹͭΕͯมԽ͢ΔંΓࢴͷ֯ͷมԽΛ༻͍Δ͜ͱͰɺԁંͷ֎ܗʢ֎ܘʣΛมԽͤͯ͞Ҡ

ಈΛ࣮͢ݱΔϩϘοτͰ͋Δɻ

ຊڀݚͱจݙ [126]ͷڀݚͷओͳ૬ҧΛ͛ڍΔͱɺ

• ຊ 6ষͷ༰ 3छྨͷڥͰͷҠಈʹ͍ͭͯઆ໌͍͕ͯͨ͠ɺจݙ [126]ͷڀݚ ʢύΠڥͷݸ1

ϓͷதʣͰ͔͠ҠಈͰ͖ͳ͍͜ͱɻ

• ຊ 6ষͷ༰ԁંʹ΄ͱΜͲΞλονϝϯτΛඞཁͱ͠ͳ͍٭ 3͕ɺจݙ [126]ͷڀݚΞλονϝϯ

τ͕ඞཁෆՄܽͰ͋Δ͜ͱɻ

• ຊ 6ষͷ༰ཧͷઆ໌͚ͩͰͳ࣮͘ࡍͷϩϘοτΛ੍ͯ͠࡞ධՁ͍ͯ͠Δ͕ɺจݙ [126]ͷڀݚཧ

తͳٴݴͷΈʹͱͲ·͍ͬͯΔ͜ͱɻ

ΒΕΔɻ͛ڍ͕

จݙ [126]ͷڀݚҎ֎ɺ୯ʹԁંΛಈΞΫνϡΤʔλʹ͢ΔఔͰ͋Γɺԁંͷଟ͘ͷੑ࣭ͷ΄ͱΜͲ

Λ͍ͯͬͳ͍ɻຊষͰɺ3छྨͷڥΛҠಈ͢ΔԁંΛ֎֨ࠎͱͨ͠ϩϘοτΛఏҊɾ࣮͢Δɻ͜ͷϩ

ϘοτɺԁંΛ୯ͳΔಈΞΫνϡΤʔλͱͯ͠Έͳ͚ͩ͢Ͱͳ͘ɺͲͷϩϘοτ͞ͷมԽɾͶ͡Ε֯

ͷมԽɾମੵͷมԽɾܘͷมԽɾંΕઢύλʔϯͷ֯ αͷมԽʹΑΔԁંͷભҠʹඞཁͳྗͷมԽͷɺ

গͳ͘ͱ 3ཁૉΛ͔ͨ͠׆ϩϘοτͰ͋Δɻ֎෦ͷΞλονϝϯτͳͲͷඇରশͳߏΛ৽ͨʹ͚Δ͜ͱͳ

Ͱ͖Δݱ࣮͘ 1ຕͷ͔ࢴΒ࡞ΕΔख๏ɾϩϘοτͰ͋Δɻ

٭ 1ԁંஈ֊తʹંΕΔͳͲͷඇઢੑܗଘ͢ࡏΔ
٭ 2͜ͷൃ͕ڀݚද͞Εͨͷ 2018  8 ݄ 26 ʙ2018  8 ݄ 29 ͷֶձͰ͋Γɺචऀ͕ຊষͷ༰ΛॳΊͯൃදͨ͠ͷ 2018  9 ݄
3 ʙ2018  9 ݄ 5 ͷֶձͰ͋Δɻ
٭ 3ຎࡲΛมԽͤ͞ΔͨΊʹͨ͠ࡌຎࡲ൘ͱɺޮͷ্ͷͨΊʹड़ͨϑΟϯͷΈ
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6.1.2 1ΞΫνϡΤʔλͰಈ͘ϩϘοτ

1ΞΫνϡΤʔλͱ͍͏ͱɺ1ݸͷϞʔλͱλΠϠ͍͍͑ͭͯ͞ΕҠಈՄͰ͋Δ͕ɺંΓࢴͰਖ਼֬ͳԁ

Λ༗ݶճͷંΓͨͨΈͰฏୱʹ͢Δ͜ͱෆՄͰ͋ΔͨΊɺλΠϠͰͷҠಈগͳ͍ɻλΠϠͰ͋ͬͯɺܘ

͕ଟগมԽ͢Δͷ͕ଘ͢ࡏΔఔͰ͋Δ [134, 135, 136, 137]ɻจݙ [134]ʹൺͯจݙ [135]ۦಈʹ͍ͭͯৄ

ݙͰ͋Γɺจࡉ [136]ߴͱߴτϧΫΛΓସ͑Δख๏Λड़͍ͯΔɻ·ͨɺจݙ [137]͚ͩܘͰͳ͘෯ͷม

Խ༻͍͍ͯΔɻͨͩ͠ɺંΓࢴΛ༻͍ͯɺల։ͱಉ͡ΞΫνϡΤʔλͰҠಈΛ࣮͢ݱΔ͜ͱΛྀͯ͠ߟɺʮԟ෮

ӡಈΛ༻͍ͨʯ1ΞΫνϡΤʔλͰಈ͘ϩϘοτΛ·ͱΊΔ͜ͱͱ͢Δɻ

ંΓࢴϩϘοτʹݶΒͣɺΞΫνϡΤʔλͷ૿Ճॏྔͷ૿ՃɾՁ֨ͷ૿େɾཱۀ࡞ͷखؒͷ૿Ճʹͭͳ͕Δ

ͨΊɺ·͍͠ੑ࣭Ͱͳ͍ɻಛʹখ͞ͳϩϘοτͰɺ1ΞΫνϡΤʔλͰಈ͘ϩϘοτ͕͍͔ͭ͘։ൃ͞Εͯ

͍Δɻ·ͨɺجຊతʹ 1ͭͷΞΫνϡΤʔλͰԟ෮ӡಈΛ͏ߦͱɺಉ͡ܦ࿏ΛԿԟ෮͢Δ͚ͩͰ͋Γɺରশ

తͳӡಈͰ͋ΕͦΕಉ͡ॴͰ܁Γฦ͠ӡಈΛ͚ͩ͏ߦʹͳΔͨΊɺ༷ʑͳʹΑΓඇରশੑΛ࢈ΈɺҠ

ಈΛ࣮͍ͯ͠ݱΔɻ

τήΛ༻͍ͨҠಈ

ྫ͑ɺϛϛζ͕͍ͯͬߦΔ߶ໟʢsetaeʣΛ༻͍ͨҠಈΛͨ͠ϩϘοτ͕͋Δ [138]ɻ͜ͷϩϘοτਤ 6.2

ͷΑ͏ʹͯ͠Ҡಈ͢ΔɻϩϘοτͷલޙʹτή͕͍ͭͨϒϩοΫ͕͋ΓɺͦΕͧΕͷτήલʹҠಈ͢Δͱ͖ʹ

ਤ 6.2: ϛϛζͷಈ͖Λߟࢀʹͨ͠ɺ1ΞΫνϡΤʔλͰҠಈ͢ΔϩϘοτͷಈݪ࡞ཧ [138]ɻͦΕͧΕ

ͷτήલʹҠಈ͢Δͱ͖ʹൈ͚Δ͕ɺޙΖʹҠಈ͢Δͱ͖ʹͯͬ͞ମઅΛݻఆ͢Δɻ

ൈ͚Δ͕ɺޙΖʹҠಈ͢Δͱ͖ʹͯͬ͞ମઅΛݻఆ͢ΔׂΛՌͨ͢ɻ͜ͷτήɺલํޙʹඇରশͳຎ

ਤʹࡍΛ༩͍͑ͯΔΑ͏ͳಇ͖Λ͍ͯ͠Δͱ͍͑ΔɻϩϘοτ͕ऩॖ͢Δࡲ 6.2(b)ͷΑ͏ʹલͷମઅͷτή

͕લͷମઅΛݻఆ͢ΔͨΊɺޙΖͷମઅ͕લʹҠಈ͢Δɻͦͯ͠ϩϘοτ͕৳͢Δࡍʹɺਤ 6.2(c)ͷΑ͏ʹ

৳ఆ͢ΔͨΊɺલͷମઅ͕લʹҠಈ͢Δɻ͜ͷͨΊɺ͜ͷϩϘοτମௐͷݻΖͷମઅΛޙΖͷମઅͷτή͕ޙ

ॖͷ܁Γฦ͠Λ͜͏ߦͱͰલʹҠಈ͢Δ͜ͱ͕Ͱ͖Δɻ

͜ͷϩϘοττήͷํΛม͑ΒΕͳ͍ͨΊɺৗʹӈʹ͔͠ҠಈͰ͖ͳ͍ɻ͜ͷΑ͏ʹ 1ΞΫνϡΤʔλͰ

ಈ͘ϩϘοτͷଟ͘ยํʹͷΈҠಈͰ͖ΔϩϘοτ͕ଟ͍ɻ·ͨɺτήͳͲʹΑΔҠಈ֎෦Λই͚ͭΔͨ

ΊɺΑΓڥʹইΛ͚ͭͳ͍ಈٻ͕࡞ΊΒΕΔɻ
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ྲྀମͷ೪ੑΛ༻͍ͨҠಈ

͍ͨ༺ѹΛؾΛই͚ͭʹ͍͘ϩϘοτͱۭͯ͠ڥ 1ΞΫνϡΤʔλͰಈ͘ϩϘοτ [139]͕͋Δɻ͜ͷϩϘο

τਤ 6.3ͷΑ͏ʹ 3ͭͷ෦Λͪ࣋ɺ1ͭͷۭ͔݀ؾΒۭؾΛग़͠ೖΕ͢Δ͚ͩͰҠಈ͢ΔϩϘοτͰ͋Δɻۭ

ਤ 6.3: ύΠϓதΛҠಈ͢ΔۭؾѹΛ༻͍ͨ 1ΞΫνϡΤʔλͰҠಈ͢ΔϩϘοτͷಈݪ࡞ཧ [139]ɻࠨ

ۭؾΛೖ͍ͯ͠Δঢ়ଶΛද͠ɺӈۭؾΛഉग़͍ͯ͠Δঢ়ଶͰ͋ΔɻݩͷਤΑΓॎͰ͋ͬͨ

͕ɺจࣈͷࢹೝੑͳͲΛཧ༝ʹɺԣʹͨ͛ਤͰ͋Δɻ

Λग़͠ೖΕ͢Δɻཧతʹྲྀମͷѹྗଓ͞Ε͍ͯؾۭʹଆʹ͍͓ͭͯΓɺͦͷ͔ΒϩϘοτࠨͷؾ

Δશͯͷॴʹಉ͡ѹྗ͕͔͔ΔΑ͏ʹͨΒ͕͘ɺ࣮ࡍͷ࣭ʹۭؾͰ͋ͬͯ೪ੑଘ͢ࡏΔɻಛʹɺ͜

ͷϩϘοτͰ෦খ͞ͳ݀Ͱ͔͠ଓ͞Ε͓ͯΒͣɺ͔ࠨΒۭؾΛೖ͢Δͱɺ͔ࠨΒॱʹۭཷ͕ؾ·͍ͬͯ

ͱͳ͍ͬͯΔɻͦͷͨΊɺਤߏ͘ 6.3ͷࠨͷΑ͏ʹɺ͔Β͍ۙॴ͔Βۭ͕ͨؾ·Δɻ

ͷೖʹΑؾΒॱʹɺ෯͕৳ͼΔ෦ɾ͕͞৳ͼΔ෦ɾ෯͕৳ͼΔ෦ͱ͍͏ॱʹଓ͞Ε͓ͯΓɺۭ͔ࠨ

Γ·ͣࠨͷ෦͕ு͢Δɻ͢ΔͱɺͦͷுʹΑΓࠨͷମઅ͕ݻʹڥఆ͞ΕΔɻ࣍ʹɺதԝͷ෦ʹۭ͕ͨؾ

·Δ͜ͱͰϩϘοτ৳͢Δɻ͜ͷͱ͖ࠨͷମઅͷΈ͕ݻʹڥఆ͞Ε͍ͯΔͨΊɺӈͱϩϘοτ৳ͼΔ

͜ͱͱͳΔɻͦͯ͠ޙ࠷ʹɺӈͷ෦ʹۭ͕ؾೖ͞ΕΔ͜ͱͰ྆ํͷମઅͰݻʹڥఆ͞Ε͍ͯΔঢ়ଶͱͳΔɻ

ڥͷମઅ͕ࠨͣ·ഉग़͞ΕΔɻͦͷͨΊɺ͕ؾۭʹͷ෦͔Βॱࠨͣ·Λഉग़͍ͯ͠Δঢ়ଶͰɺؾۭʹٯ

ͷݻఆΛࢭΊɺϩϘοτऩॖ͢Δɻͦͯ͠ޙ࠷ʹɺશͯͷ෦͔Βۭ͕ؾഉग़͞Εɺ࠷ॳͷঢ়ଶͱΔɻ

͜ͷΑ͏ʹͯ͠ɺۭؾͷೖͱഉग़Λ܁Γฦ͚ͩ͢Ͱɺ͜ͷϩϘοτӈͱҠಈͰ͖ΔɻઌఔͷτήΛͨͬ࣋

ϩϘοτͱಉ༷ʹɺ͕͍͍ͭͯΔͷৗʹࠨͷ෦Ͱ͋ΔͨΊɺӈʹ͔͠ҠಈͰ͖ͳ͍ɻ·ͨɺτήͷ͋Δϩ

Ϙοτͱൺֱ͢ΔͱڥΛই͚ͭΔཁૉͨͬݮͱ͍͑Δ͕ɺڥͷݻఆ͕ுʹΑΔͷͰ͋ΔͨΊɺฏ໘

্Ͱͳ͘ͷதͰͷҠಈͷΈʹରԠͰ͖Δɻ·ͨɺۭؾͷҠಈΛͭඞཁ͕͋ΔͨΊɺ͜ͷҠಈख๏ൺֱత

ʹ͔ͣ͑͠ߦɺ·ۭͨؾͷύΠϓ͕ඞཁͰ͋ΔͨΊɺγεςϜͷେ͖͞૿Ճ͍ͯ͠Δͱ͍͑Δɻ

ͨͩ͠ɺۭؾѹͰͷಈ࡞ϩϘοτ͚ͩͷॏ͞ΛݟΔͱඇৗʹ࣮ܰ͘ݱͰ͖Δͱ͍͏ར͕͋ΔɻંΓߏࢴ

Λີดߏʹ͢Δ͔ɺંΓߏࢴʹ෩ધΛೖΕΔͳͲʹΑΓۭؾѹͰಈͤ͞࡞Δ͜ͱՄͰ͋ΓɺͦͷΑ͏ͳ

ٕज़ʹΑͬͯંΓࢴϩϘοτͷܰྔԽΑΓޮՌతʹͳΔɻे͍ҠಈΛ͑ߟΔͱɺۭؾΛೖ͢Δͷ͞

ʹൺྫͨ͠ॏྔ͕ੜ͡ɺۭؾѹΛ੍͢ޚΔγεςϜిྲྀͷON/OFFͷ੍ޚʹൺॏ͘େ͖ͳγεςϜ͕ඞཁʹ

ͳΓ͕ͪͰ͋Δɻ
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ϝλϚςϦΞϧΛ༻͍ͨҠಈ

ͷΛղܾͨ͠ϩϘοτͱͯ͠ɺϝλϚςϦΞϧΛ༻͍ͨ 1ΞΫνϡΤʔλͰಈ͘ϩϘοτ [140]͕͋Δɻ

Ұൠతͳ࣭ͷଟ͘ϙΞιϯൺ͕ਖ਼Ͱ͋Γɺԡͭ͠Ϳ͞Εͨͱ͖ʹͦͷํͱਨͳํʹ৳ͼΔੑ࣭Λ༗͢

Δɻ͔͠͠ɺϙΞιϯൺ ν ͕ෛͷ࣭ɾߏ࣮ݱՄͰ͋Δɻ͜ͷɺʮϙΞιϯൺ͕ෛͷ࣭ʯͷΑ͏ͳɺࣗવ

քͷ࣭΄ͱΜͲͨ࣋ͳ͍ৼΔ͍Λ͢ΔࡐྉɾߏΛϝλϚςϦΞϧͱݺͿ٭ 4ɻϩϘοτͷߏਤ 6.4a

ʹࣔ͢ͱ͓ΓͰ͋Δɻ

ਤ 6.4: ύΠϓதΛҠಈ͢ΔϝλϚςϦΞϧΛ༻͍ͨ 1ΞΫνϡΤʔλͰҠಈ͢ΔϩϘοτͷಈݪ࡞ཧ

[140]ɻ৭ͷ෦ϙΞιϯൺ ν ͕ਖ਼ Ͱ͋ΔͨΊԡͭ͠Ϳ͞Εͨͱ͖ʹͦͷํͱਨͳํʹ৳

ͼΔ࣭Ͱ͋ΔɻҰํɺͷ෦ϙΞιϯൺ ν ͕ෛ Ͱ͋ΔͨΊԡͭ͠Ϳ͞Εͨͱ͖ʹͦͷํͱਨ

ͳํʹ௵ΕΔϝλϚςϦΞϧͰߏ͞ΕΔɻ

ਤ 6.4ʹ͓͍ͯɺ৳࣌ʢਤ 6.4bʣʹɺ྆ํͷࡐྉ͕ԡͭ͠Ϳ͞ΕΔΑ͏ͳྗΛड͚ΔɻͦͷͨΊɺํޙʹ͋

Δ ৭Ͱࣔͨ͠ϙΞιϯൺ͕ਖ਼ͷ࣭ ԣʹ৳ͼΑ͏ͱ͢ΔͨΊɺύΠϓʹಥͬுΔΑ͏ͳྗΛੜ͡Δɻٯʹɺ

લํʹ͋Δ ৭Ͱࣔͨ͠ϙΞιϯൺ͕ෛͷ࣭ ԣʹॖ͏ͱ͢ΔͨΊɺύΠϓ͔ΒΕΔΑ͏ͳྗΛੜ͡Δɻ

ͦͷͨΊɺਤ 6.4bͷΑ͏ʹɺԼଆͷମઅ͕ύΠϓʹݻఆ͞ΕͯϩϘοτ৳͠ɺϩϘοτ্ʹҠಈ͢Δɻ

ʢਤ࣌ऩॖʹٯ 6.4cʣʹɺ྆ํͷࡐྉ͕Ҿ͖৳͞ΕΔΑ͏ͳྗΛड͚ΔɻϙΞιϯൺʹΑΔྗٯస͢Δ

ͨΊɺํޙʹ͋Δ ৭Ͱࣔͨ͠ϙΞιϯൺ͕ਖ਼ͷ࣭ ԣʹॖ͏ͱ͢ΔͨΊɺύΠϓ͔ΒΕΔΑ͏ͳྗΛ

ੜ͡Δɻٯʹɺલํʹ͋Δ ৭Ͱࣔͨ͠ϙΞιϯൺ͕ෛͷ࣭ ԣʹ৳ͼΑ͏ͱ͢ΔͨΊɺύΠϓʹಥͬுΔΑ

͏ͳྗΛੜ͡ΔɻͦͷͨΊɺਤ 6.4cͷΑ͏ʹɺ্ଆͷମઅ͕ύΠϓʹݻఆ͞ΕͯϩϘοτऩॖ͠ɺϩϘοτ

্ʹҠಈ͢Δɻ

·ͨ ϙΞιϯൺ͕ਖ਼ͷߏ ͪΖΜɺϙΞιϯൺ͕ෛͷߏ ંΓࢴͰ࡞Δ͜ͱ͕ՄͰ͋Δ [141]ɻ͞Β

ʹɺͦͷϙΞιϯൺ͕ෛͷνϡʔϒߏฏୱʹંΓΊΔߏͰ͋Δ [141]ͨΊɺϝλϚςϦΞϧ෦ΛؚΊͯ

ฏୱʹંΓΊΔϩϘοτͷઃܭࠔͰͳ͍ɻ

͜ͷΑ͏ʹͯ͠ɺ2छྨͷࡐྉͷؒʹ͋ΔϦχΞΞΫνϡΤʔλͷ৳ͱऩॖΛ܁Γฦ͚ͩ͢ͰɺϩϘοτҠ

ಈ͢Δ͜ͱ͕Ͱ͖ΔɻτήΛͨͬ࣋ϩϘοτʹൺͯڥΛই͚ͭʹ͘͘ɺۭؾѹΛ༻͍ͨϩϘοτʹൺΔͱߴ

ʹҠಈ͕Ͱ͖ΔརΛ༗͢Δɻͨͩ͠Γɺ͜ͷϩϘοτৗʹϙΞιϯൺ͕ෛͰ͋ΔࡐྉΛલଆʹͨͭ࣋

Ίɺৗʹಉ͡ํʹ͔͠ҠಈͰ͖ͳ͍ɻ

٭ 4ి࣓ʹରͯ͠ͷੑ࣭ͷΈΛ͢ࢦ߹͋Δ
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Λ༻͍ͨҠಈੑ׳

1ΞΫνϡΤʔλͰલํ྆ޙʹಈ͚ΔϩϘοτʹɺੑ׳Λ༻͍ͨϩϘοτ͕͋Δ [142]ɻຎࡲʹେ͖͘

͚ͯಈຎࡲͱ੩ຎࡲͷ Ҡಈ͠ͳ͍͕ɺେ͖͍͔͔ͯͯͬؒ࣌ɺখ͞ͳྗ͍͠ࡏ͕ଘͷݸ2

ͳྗ͕͔͔ؒ࣌ΕҠಈ͢Δͱ͍͏ੑ࣭͕͋ΔɻͦͷͨΊɺϩϘοτͷ͓ΓΛยํʹߴʹಈ͔͠ɺ

ͰݩͷҐஔ·Ͱ͢͜ͱΛ܁ΓฦͤɺͦͷຎࡲͷΓସΘΓΛ༻͍ͯҠಈͰ͖ΔɻϩϘοτͷ΄ͱΜͲ

ͷॏྔ͕͓Γʹଘ͢ࡏΔΑ͏ͳߏͰ͋ΔɻͦͷϝΧχζϜ͕ਤ 6.5Ͱ͋Δɻਤ 6.5ͷ Static Frictionͱॻ͔Ε

ਤ 6.5: ͍ͨ༺Λੑ׳ 1ΞΫνϡΤʔλͰҠಈ͢ΔϩϘοτͷಈݪ࡞ཧ [142]ɻࠨӈʹҠಈ͢ΔਤΛɺ

ӈࠨʹҠಈ͢ΔਤΛද͍ͯ͠Δɻ

ͨॴɺ͓ΓΛͰҠಈͨ͠߹ͷ࡞༻ͰΒͣɺ͓ΓΛߴͰҠಈͨ͠߹ͷ࡞༻ͰΔΑ

͏ͳ෦Ͱ͋ΔɻӈʹҠಈ͍ͨ͠߹ʹਤ 6.5ͷࠨʹࣔ͢Α͏ʹɺ͓ΓΛͰӈʹಈ͔͠ʢ৳͠ʣͨޙɺ

͓ΓΛߴͰࠨʹಈ͔͢ʢऩॖ͢Δʣɻ͢ΔͱɺͰͷҠಈ࣌ʹ Static Frictionݻఆ͞Ε͍ͯΔ͕ɺߴ

ͰͷҠಈ࣌ʹ Static FrictionΔͨΊɺϩϘοτӈʹಈ͘͜ͱ͕Ͱ͖Δɻ

Ҡಈ͍ͨ͠߹ʹਤʹࠨɺʹٯ 6.5ͷӈʹࣔ͢Α͏ʹɺ͓ΓΛͰࠨʹಈ͔͠ʢऩॖ͠ʣͨޙɺ͓ΓΛ

ʹ࣌Ͱӈʹಈ͔͢ʢ৳͢Δʣɻ͢ΔͱɺͰͷҠಈߴ Static Frictionݻఆ͞Ε͍ͯΔ͕ɺߴͰͷҠಈ

ʹ࣌ Static FrictionΔͨΊɺϩϘοτࠨʹಈ͘͜ͱ͕Ͱ͖Δɻ

͜ͷϩϘοτɺઌఔ·ͰͷΑ͏ͳඇରশͳߏʹىҼͨ͠ҠಈͰͳ͘ɺඇରশͳӡಈʹىҼͨ͠ҠಈͰ͋

ΔɻͦͷͨΊɺࠨӈͷ྆ํʹ 1ΞΫνϡΤʔλͰಈ͘͜ͱ͕ՄͰ͋Δɻ

͔͠͠ɺ͜ͷϩϘοτɺંΓߏࢴΛ༻͍ͨͱͯ͠ɺେ෦ͷ࣭ྔΛΊΔ͓Γ͕ඞཁͱͳΔɻͦͷͨ

ΊɺંΓߏࢴͷܰྔͰ͋Δͱ͍͏ੑ࣭Λଛͳ͏ͨΊɺ͜ͷΑ͏ͳੑ׳Λ༻͍ͨҠಈ͍͠ɻ

զʑ͕͢ࢦͷɺ1ΞΫνϡΤʔλ͔ͨ࣋͠ͳ͍ͳ͕ΒɺંΓߏࢴͰੜ͡ΔඇରশੑΛ༻͍ɺ୯ͳΔԟ෮

ӡಈͰͳ͍ಈ࡞ʹΑΔҠಈͰ͋Δɻ·ͨͦΕɺߴʹҠಈՄͰ͋Δੑ࣭ɺՃͰ͓ΓΛඞཁͱ͠ͳ͍

ੑ࣭͕·͍͠ɻͦͯ͠ߋʹɺંΓͨͨΜͩঢ়ଶͰ΄ͱΜͲฏୱͰ͋Δੑ࣭݉Ͷ߹ΘͤΔ͜ͱͰɺίϯύΫ

τʹɾബ͘ऩೲՄͰ͋ΓɺܰྔͰ͋ΔંΓࢴϩϘοτ͕࣮ݱͰ͖Δɻ
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ຊ 6ষͰɺैདྷଟͷΞΫνϡΤʔλΛඞཁͱ͍ͯͨ͠ϩϘοτʹંΓߏࢴΛΈೖΕΔ͜ͱͰɺ1ΞΫ

νϡΤʔλͰಉ༷ͳಈ͖Λ࣮͠ݱɺંΓߏࢴʹΑΔΞΫνϡΤʔλͷͷݮΛࣔ͢ɻෳͷΞΫνϡΤʔλ͕

ʮશʹʯಠཱʹಈ͘Α͏ͳಈ͖Λ 1ΞΫνϡΤʔλͰ࣮͢ݱΔͷෆՄͰ͋ΔɻҰํͰɺෳͷΞΫνϡΤʔ

λ͕ಉ͡ಈ͖Λ͍ͯ͠ΔΑ͏ͳϩϘοτΛ 1ΞΫνϡΤʔλͰ͜͏ߦͱ୯ʹͳΞΫνϡΤʔλΛ͢ݮΔ

ͱͳͬͯ͠·͏ɻͦ͜ͰɺෳͷΞΫνϡΤʔλ͕͞ࡌΕ͍ͯΔϩϘοτͰ͋ΓɺͦͷதͰͰ͖Δ͚ͩͦ

ΕΒͷΞΫνϡΤʔλ͕ҟͳΔಈ͖Λ͍ͯ͠ΔϩϘοτʹରͯ͠ંΓߏࢴΛΈೖΕΔɻ

લʹҠಈ͢Δࡍʹɺओʹ 3ཁૉɾ6ঢ়ଶͷมԽ͕ඞཁͰ͋Δɻੑ׳Λ༻͍ͨϩϘοτ [142]ྫ֎Ͱ͋Δ͕ɺ

հͨ͠ϩϘοτجຊతʹਤ 6.6ͷಈ͖Λඞཁͱ͢Δɻલ෦Λ͔ڥΒ͠ɺ৳͠ɺલ෦Λݻʹڥఆ͠ɺޙ

1

2

3

4

5

6

7(1)

ਤ 6.6: ҠಈͷͨΊͷجຊಈ࡞ɻલ෦Λ͔ڥΒ͠ɺ৳͠ɺલ෦Λݻʹڥఆ͠ɺޙ෦Λ͔ڥΒ

͠ɺऩॖ͠ɺޙ෦Λݻʹڥఆ͢ΔαΠΫϧͰલਐ͕࣮͢ݱΔɻ

෦Λ͔ڥΒ͠ɺऩॖ͠ɺޙ෦Λݻʹڥఆ͢ΔαΠΫϧͰલਐ͕࣮͢ݱΔͨΊɺંΓߏࢴ͜ͷಈ͕࡞ඞ

ཁͰ͋Δɻ·ͨɺ͜ͷಈ࡞ʹલ෦ɾޙ෦ɾ৳ॖͷ 3ཁૉͷঢ়ଶมԽ͕ඞཁͰ͋Δɻͭ·Γɺ୯७ʹ࣮͢ݱΔͱɺ

͜ͷͨΊʹ ͷΞΫνϡΤʔλ͕ඞཁͰ͋Δɻ͜ͷݸ3 Λɺ1ΞΫ࡞ΘΕΔಈࢥͷΞΫνϡΤʔλ͕ඞཁͩͱݸ3

νϡΤʔλͰ࣮͢ݱΔંΓߏࢴΛ͑ߟΔɻ͜ͷҠಈ༷ࣜୈ??અͰࣔͨ͠ 3ηάϝϯτ͔ΒͳΔ܁Γฦ͠ಈ࡞

Λߏػ͏ߦͷಈ͖ͱҰக͍ͯ͠Δɻ
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ϦϯΫߏػͱͷؔ

ϩܕΔɻଟ͘ͷϔϏ͛ڍϩϘοτΛܕɺଟͷΞΫνϡΤʔλΛඞཁͱ͍ͯͨ͠ϩϘοτͷྫͱͯ͠ϔϏʹٯ

Ϙοτਤ 6.7ͷΑ͏ʹɺʮମઅʯͱݺΕΔϞδϡʔϧ͕ྻʹ࿈݁͞ΕΔ͜ͱͰߏ͞ΕΔ [143]ɻͦͯͦ͠ͷ

ΞΫνϡΤʔλΛɺλΠϛϯάΛͣΒͯ͠ಈ͔͢͜ͱʹΑΓɺϩϘοτͷҠಈΛ࣮͍ͯ͠ݱΔɻ

ਤ 6.7: ϩϘοτͷྫܕॴΛҠಈ͢ΔϔϏڱ [143]ɻϞδϡʔϧͷؒʹαʔϘϞʔλ͕͞ࡌΕ͍ͯ

Δɻ

ϔϏܕϩϘοτɺؔઅΛମʹԊͬͯʮॱʹʯಈ͔͢͜ͱͰϩϘοτҠಈ͢ΔɻϞδϡʔϧಉ࢜Ґ૬ΛͣΒ

ͯ͠ಈͨ͘ΊɺͦΕͧΕͷΞΫνϡΤʔλҟͳΔಈ͖Λ͢Δ͕ɺجຊతʹৗʹಉ͚ͩ͡ͷҐ૬ΛͣΒͯ͠ಈ͘

ͨΊɺͦΕͧΕͷΞΫνϡΤʔλͷಈ͖ͷؔಠཱͰͳ͍ɻ͜ͷΑ͏ͳʮҟͳΔॴ͕ҟͳΔಈ͖Λ͢Δ͕ɺ

ͦͷ͕ؔҰҙͰ͋Δʯͱ͍͏Α͏ͳಈ͖Λ࣮͢ݱΔࡍʹɺϦϯΫߏػΛ༻͍Δ͜ͱ͋Δɻ1ࣗ༝ͷϦϯΫ

͕࡞ͳಈࡶΓͷϦϯΫͷঢ়ଶܾఆ͞ΕΔͨΊɺ1ΞΫνϡΤʔλͰෳɺ͋ΔϦϯΫͷঢ়ଶΛܾఆ͢Δͱߏػ

ՄͰ͋Δɻ

ંΓߏࢴͱϦϯΫߏػΛൺֱ͢ΔͱɺϦϯΫߏػɺ߶ମ͕ؔઅͰͭͳ͕͍ͬͯΔߏػશମΛ͕͢ࢦɺંΓ

٭ͱൺֱ͢ΔͱɺϦϯΫߏࢴ 5͕ঢ়Ͱ͋Δ͕ࣄଟ͍ɻંΓߏࢴϦϯΫ͕ฏ໘Ͱ͋ΔͰҟͳΔ͕ɺંΓ

ମͰ͋Δଟ໘ମͱಉ༷ʹɺϦϯέʔδཱͭ࣋ෳฏ໘ΛࢴͷҰ෦ͱͯ͠ଊ͑ΒΕΔͨΊɺંΓߏػϦϯΫࢴ

ʢϦϯΫʣͱҰॹʹޠΒΕΔ͜ͱ͕͋Δ [144]ɻ

ϦϯΫߏػϦϯΫͦΕͧΕΛ߶ମͱ͢ΔɻҰํͰɺຊষͰѻ͏ંΓࢴͦΕͧΕͷฏ໘Λ߶ମͱͯ͠ѻΘ

ͳ͍ɻΉ͠ΖɺͦΕͧΕͷฏ໘ͷมܗͱɺͦΕʹΑͬͯੜ͡ΔੑΤωϧΪʔΛ༻͍Δ͜ͱͰɺΞΫνϡΤʔλ

ͷͷݮΛ࣮͢ݱΔɻͦͷͨΊɺຊষͰड़ΔંΓߏࢴɺϦϯΫߏػͱҟͳΔͷͰ͋Δɻ

ຊ͕ڀݚతʹड़Δͷɺԁܗঢ়ͷϩϘοτͷҠಈͰ͋Δɻ͔͠͠ɺຊ࣭తʹલ෦ɾޙ෦ɾ৳ॖͷ 3ཁ

ૉͷঢ়ଶมԽΛ 1ΞΫνϡΤʔλͰ࣮ͨ͠ݱ͕ओͨΔൃͰ͋Δɻ1ΞΫνϡΤʔλͷಈ͖Λɺஈ֊తͳɾॱং

ͩͬͨಈ࡞ʹม͢Δͱ͍͏໘Ͱଊ͑ΕɺෳͷҟͳΔߦಈΛ 1ΞΫνϡΤʔλͰ࣮͢ݱΔ͜ͱ͕ՄͰ͋Δ

ͨΊɺҠಈҎ֎ͷԠ༻ՄͰ͋Δɻͦͷ࣮ʹඇৗʹෳࡶͳ͕ߏػඞཁʹͳΔ͔͠Εͳ͍͕ɺ͜͜ͰϔϏ

ͷΈద༻ՄͰ͋Δͱड़ΔҙਤͰͳ͍ɻʹߦϩϘοτͷഝܕϩϘοτʹऔΓΜͩ͜ͱɺϔϏܕ

٭ ຊཁૉͱͳΔ߶ମج5
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6.2 ҠಈΛ࣮͢ݱΔԁંͷஔ

ຊষͰɺԁંΛ༻͍ͯҠಈ͢ΔϩϘοτͷɺԁંͷஔʹ͍ͭͯड़ΔɻదʹԁંΛஔ͢Δ͜ͱ

Ͱɺਤ 6.6ͷಈ࡞Λ࣮͠ݱɺԁંͷώεςϦγεಛੑ͔ΒҠಈΛ࣮͢ݱΔɻຊষͰҠಈ͢ΔϩϘοτͱͯ͠ɺ

ϫΠϠ্ΛҠಈ͢ΔϩϘοτɾਫதΛҠಈ͢ΔϩϘοτɾฏ໘ঢ়ΛҠಈ͢ΔϩϘοτͷ 3छྨΛհ͢ΔɻͦΕ

ͧΕͷԁંͷஔҟͳΔͨΊɺͦΕͧΕ͕ͲͷΑ͏ʹׯʹڥব͠ɺԁંͷมܗΛҠಈͱد༩͍ͤͯ͞

Δ͔Λઆ໌͢Δɻ

6.2.1 ϫΠϠ্ΛҠಈ͢ΔϩϘοτͷϝΧχζϜ

ϫΠϠ্ΛҠಈ͢ΔϩϘοτͷϝΧχζϜΛઆ໌͢Δɻ͜ͷϩϘοτܘΛมԽͤ͞ͳ͕ΒਐΉϩϘοτͰ͋

Γɺ֎ܘΛมԽͤ͞ͳ͕ΒύΠϓͷதΛҠಈ͢ΔϩϘοτ [126]ͱԁંͷஔ͍ͯ͠ࣅࠅΔɻԁંͷߏɾ

࣮ɾҠಈͷϝΧχζϜΛਤ 6.8ʹࣔ͢ɻ͜ͷϩϘοτɺ͞Λ੍͢ޚΔ͜ͱͰҠಈΛ࣮͢ݱΔϩϘοτͰ͋Δɻ

Configulation State Transition

0000

Operation

contract

contract

expand

expand

0011

1111

1100

0000

Control Length

Actual structure

Stride

ਤ 6.8: ϫΠϠ্ΛҠಈ͢ΔϩϘοτͷߏɾ࣮ɾҠಈͷϝΧχζϜɻ্ࠨɿԁંͷஔɻ͜ͷϩ

Ϙοτ͞Λ੍͢ޚΔ͜ͱͰҠಈΛ࣮͢ݱΔɻࠨԼɿ࣮ͨ͠ԁંϩϘοτͷԁં෦ɻதԝɿ

Ҡಈʹ͏ԁંͷঢ়ଶɻӈɿԁંʹରͯ͠͏ߦతͳ੍ޚɻؙ͍ •ϫΠϠΛ௫ΜͰ͍Δ
ॴΛࣔ͢ɻ

લड़ͨ͠ͱ͓Γɺԁંऩॖঢ়ଶͰ͕ܘখ͘͞ͳΔંΓࢴͰ͋ΔͨΊɺϫΠϠ্ΛҠಈ͍ͯ͠ΔϩϘοτɺ

ऩॖঢ়ଶͰͦͷϫΠϠΛ௫ΈɺԁંΛϫΠϠʹݻఆ͢Δྗ͕͔͔Δ٭ 6ɻ

ਤ 6.8ʹࣔ͢ͱ͓Γɺऑ͍ԁંΛલํʹஔ͠ɺ͍ڧԁંΛํޙʹஔ͢Δɻ·ͣɺల։ঢ়ଶ͔Βઆ໌͢Δ

ͱɺѹॖྗʹΑͬͯऑ͍ԁં͕ऩॖ͢Δɻͦͯͦ͠ͷऩॖͨ͠ԁંɺԁંͷܘͷมԽʹΑͬͯϫΠϠ

Λؙ͍ •ͷ෦Ͱ௫Ήɻ࣍ʹɺѹॖྗΛߋʹՃ͑Δ͜ͱͰɺ͍ڧԁંऩॖ͢Δɻऑ͍ԁંͱಉ༷ʹɺڧ
͍ԁંϫΠϠΛؙ͍ •ͷ෦Ͱ௫ΈɺԁંϩϘοτϫΠϠ্ʹݻఆ͞Εͨঢ়ଶͱͳΔɻԁંऩॖ
ঢ়ଶͱભҠ͢Δͱ͖ʹ͞มԽ͢ΔͨΊɺલͷԁં͔Βॱʹ௫Έɺલͷԁં͔Βॱʹऩॖ͢Δಈ࡞ʹΑ

ΓɺԁંϩϘοτମΛલʹਐ·ͤΔɻ

ऩॖঢ়ଶ͔ΒҾுྗΛ༩͑Δͱɺ·ͣऑ͍ԁં͕ల։͢Δ٭ 7ɻͦͯͦ͠ͷల։ͨ͠ԁંɺԁંͷ

ԁં͍ڧԁંల։͢Δɻಉ༷ʹɺ͍ڧՃ͑Δ͜ͱͰɺʹߋɺҾுྗΛʹ࣍ͷมԽʹΑͬͯϫΠϠΛ͢ɻܘ

ϫΠϠΛ͠ɺԁંϩϘοτϫΠϠ্Ͱ։์͞Εͨঢ়ଶʹͳΔɻԁંల։ঢ়ଶͱભҠ͢Δͱ͖ɺ

͞มԽ͢ΔͨΊɺલͷԁં͔Βॱʹ͠ɺલͷԁં͔Βॱʹ৳͢Δಈ࡞ʹΑΓɺԁંϩϘοτମΛલ

ʹਐ·ͤΔɻ

٭ 6ऩॖঢ়ଶͰϫΠϠΛ͔ͭΉΑ͏ͳઃ͕ܭඞཁͰ͋Δɻ
٭ 7͜ͷঢ়ଶ͕ల։࣌ͱҟͳΔͨΊʹҠಈ͕࣮͢ݱΔɻ
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͜ͷΑ͏ʹɺ͜ͷԁંϩϘοτऩॖաఔͰల։աఔͰલʹҠಈ͢ΔɻώεςϦγεಛੑΛͨ࣋ͳ͍ϩ

ϘοτͰ͋ΕɺऩॖաఔͰલʹҠಈ͢Δ߹ʹɺͦͷٯͷಈ࡞ͷల։աఔͰޙΖʹҠಈͯ͠͠·͍ɺͦͷ

Ͱલ͢ޙΔ͚ͩͰ͋Δ͕ɺώεςϦγεಛੑΛ༗͢Δ͜ͷϩϘοτରশతͳ܁Γฦ͠ͷ੍ޚʹΑͬͯલʹҠ

ಈ͢Δɻ

͜ͷϩϘοτ͞ͷΈͷ੍ޚͰͳ͘ɺͶ͡Ε͕֯ҰఆͰ͋ΔΑ͏ʹมԽͤ͞Δͱ͍͏੍ޚͰ͋Δɻ্࣮

͞ͷ੍ޚʹͶ͡Ε֯ͷ੍ਵ͢Δ͕ଟ͘ɺΉ͠ΖͶ͡Ε֯Λࣗ༝ʹͨ͠··͞ΛมԽͤ͞Δ͜

ͱʹ͕ඞཁͰ͋Δɻମੵͷ੍ޚʹΑͬͯಉ༷ͷ੍͕ޚͰ͖Δ͕ɺ·ͣҰൠతͳϩϘοτʹΑ͘༻͍Β

ΕΔΞΫνϡΤʔλͰͷ੍ޚΛͨ͢ࢼΊʹɺ࣮ࡍͷϩϘοτͶ͡Ε͕֯ҰఆͰ͋ΔΑ͏ʹมԽͤ͞Δɺ͞

ͷ੍ޚʹΑͬͯಈͨͤ͞࡞ɻ࣮ͨ͠ԁંͷঢ়ଶࠨͱӈͰͶ͡Εͷٯ͕͖స͍ͯ͠Δ͕ɺٯస͠

͍ͯͳͯ͘Α͍ɻͦΕͧΕͷԁંରͷ৳ॖʹΑͬͯੜ͡ΔͶ͡Εԁંରͷ֎ʹӨ͠ڹͳ͍ɻ

·ͨͦͷͨΊ͞ͷΈͷ੍Ͱ͋Ε߹ܭ 2ϢχοτͷԁંͰಉ͡ಈ͖͕࣮ݱͰ͖Δɻਤ 6.8ͰϫΠϠʹݻఆ

͢Δ͍ •࠷ѱͷ߹Ͱ͋Δͱͯ͠ԁંͷҐஔΛඳը͍ͯ͠Δɻ߹ܭ 2ϢχοτͷԁંͰͷಈ͖͕ਤ 6.8

ͷ StrideʹରԠ͢ΔͨΊɺશͯͷؙ͍ •͕͍͠ྗΛൃੜ͢ΔͳΒɺ߹ܭ 4Ϣχοτͷਤ 6.8ͷϩϘοτ 2

ഒͷ StrideΛ࣮͢ݱΔɻ

ಉ༷ͷϝΧχζϜͰ͋Δͱઆ໌ͨ͠ɺύΠϓͷதΛҠಈ͢ΔϩϘοτ [126]ԁંϢχοτͷஔ͜ͷԁ

ંϩϘοτͱಉ͡Ͱ͋Δɻԁંͷ֎ଆʹɺऩॖঢ়ଶͰํܘʹΒΉΞλονϝϯτΛ͚Δ͜ͱͰऩॖ͠

ͨԁં͕ಥͬுΔΑ͏ʹͯ͠ύΠϓʹମΛݻఆ͢ΔΑ͏ͳϝΧχζϜͰ͋ΔɻຊϩϘοτɺऩॖঢ়ଶͰܘ

ఆ͠ͳ͕ΒҠݻΒΉΞλονϝϯτΛ͚Δ͜ͱͰऩॖͨ͠ԁં͕ಥͬுΔΑ͏ʹͯ͠ύΠϓʹମΛʹํ

ಈͰ͖Δɻ

͜ͷԁંͷஔʹɺऩॖঢ়ଶͰંΓ͕ࢴϫΠϠΛ͔ͭΉརଘ͢ࡏΔɻԁંϩϘοτΛແཧΓલਐ͞

ͤΑ͏ͱޙΖ͔ΒྗΛֻ͚Δ߹ɺԁંϩϘοτ͕ऩॖ͢ΔΑ͏ͳྗ͕͔͔ΔɻͦͷͨΊɺΑΓϫΠϠΛ௫Ή

ྗ͕૿Ճ͢ΔͨΊɺԁંϩϘοτ֎෦͔Βͷྗʹରͯ҆͠ఆͰ͋Δɻͦͯ͠ɺٯʹల։ঢ়ଶͰંΓ͕ࢴϫ

ΠϠΛ͔ͭ·ͳ͍ར͕ଘ͢ࡏΔɻखલʹҾͬுΔಈ࡞Ͱ͔ͭΈ͜Ήྗ͕ಇ͔ͳ͍ͨΊɺෛՙͳ͘ҾͬுΕΔɻ
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5Ҏʹग़൛༧ఆ

6.2.2 ฏ໘্ΛҠಈ͢ΔϩϘοτͷϝΧχζϜ

ɾ࣮ɾҠಈͷϝΧχζϜΛਤߏɺฏ໘্ΛҠಈ͢ΔϩϘοτͷϝΧχζϜΛઆ໌͢Δɻԁંͷʹޙ࠷ 6.9

ʹࣔ͢ɻ͜ͷϩϘοτɺମੵ·ͨ͞Λ੍ͯ͠ޚҠಈ͢Δ͜ͱ͕Ͱ͖Δɻਤ 6.9ʹࣔ͢ͱ͓ΓɺϩϘοτͷຎ

Configulation State Transition

0000

Operation

0110

1111

1001

0000

Control Volume

Actual structure

contract

contract

expand

expand

Stride

ਤ 6.9: ฏ໘ঢ়ΛҠಈ͢ΔϩϘοτͷϝΧχζϜ্ࠨɿԁંͷஔɻ͜ͷϩϘοτͶ͡Ε֯Λ੍

Լɿ࣮ͨ͠ԁંϩϘοτͷԁં෦ɻதԝɿҠಈʹ͏ԁࠨΔɻ͢ݱΔ͜ͱͰҠಈΛ࣮͢ޚ

ંͷঢ়ଶɻӈɿԁંʹରͯ͠͏ߦతͳ੍ޚɻ৭ͷؙ •ฏ໘ͱେ͖ͳຎࡲͰ͍ͯ͠Δॴ
Λɺ੨৭ͷؙ •ฏ໘ͱখ͞ͳຎࡲͰ͍ͯ͠ΔॴΛࣔ͢ɻ

ͷࡲͷͷԁંຎޙΓฦ͢͜ͱͰҠಈ͢Δɻதԝͷԁં৳ॖΛɺલ܁Λௐઅ͠ͳ͕Βɺ৳ɾऩॖΛࡲ

มԽʹد༩͍ͯ͠Δɻ

ਤ 6.9ʹࣔ͢ͱ͓Γɺऑ͍ԁંΛଆʹஔ͠ɺ͍ڧԁંΛલޙʹஔ͢Δɻ͜ͷϩϘοτɺϫΠϠ্Λ

Ҡಈ͢ΔϩϘοτͱಉ༷ʹɺͶ͡Ε͕֯ҰఆʹͳΔΑ͏ʹ੍͠ޚͳ͕ΒԁંΛಈͤ͞࡞Δɻ·ͨɺ྆ͷԁ

ંͷҐ૬͕ฏ໘ʹରͯ͠ݻఆ͞Ε͍ͯΔঢ়ଶΛҡ࣋͢Δɻ

·ͣɺల։ঢ়ଶ͔Βઆ໌͢Δͱɺۭؾͷഉग़٭ 8ʹΑΓɺԁંϩϘοτͷ෦ͷମੵݮগ͢Δɻ͢Δͱɺશ

ମʹԁંΛऩॖͤ͞Δྗ͕ಇͨ͘Ίɺऑ͍ԁં͕࠷ॳʹऩॖ͢Δɻؾۭʹߋʹ࣍Λഉग़ͤ͞Δͱɺߋʹԁ

ંϩϘοτͷ෦ͷମੵݮগ͢ΔͨΊɺ͍ڧԁંऩॖ͢Δɻ

ϫΠϠ্ΛҠಈ͢ΔϩϘοτͷϝΧχζϜͱਤ 6.6ͷ 6ঢ়ଶΛ༻͍ͯҠಈ͢Δͱ͍͏ҙຯͰඇৗʹ͍ͯࣅΔɻ

ͨͩ͠ɺ͜ͷϩϘοτຎࡲΛม͑ΔͨΊͷ൘ʢຎࡲ൘ɾFriction diskʣΛඞཁͱ͢Δɻਤ 6.10ʹࣔ͢Α͏ͳ൘

Λԁંʹ͢ࡌΔ͜ͱͰɺԁંͷͶ͡Εͳ͕Βੜ͡ΔӡಈΛ෦ͷຎࡲͷมԽʹ͛ܨΒΕΔɻԁંͷஅ

Circular friction disk Hexagonal friction disk

ਤ 6.10: ԁંʹ͢ࡌΔຎࡲ൘ɻ͍࣮ઢ෦͕ຎ͕ࡲେ͖͍ॴͰɺ੨৭ͷઢ෦͕ຎ͕ࡲগ

ͳ͍ॴΛද͍ͯ͠Δ [B1]ɻ

٭ 8֎෦ஔ͕ٵҾ͢Δ͜ͱ
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໘֯ܗͱͯ͠ઃ͕ͨ͠ܭɺ֎प͕֯ܗͰ͋Δඞཁͳ͍ɻΉ͠Ζɺ֎पΛԁͱ͢Δ͜ͱͰɺฏ໘ͱͷ৮

ΛৗʹϩϘοτͷਅԼͰ͜͏ߦͱ͕ՄʹͳΔɻ·ͨɺ֯ܗͷຎࡲ൘΄ͱΜͲৗʹͰฏ໘ͱ͢Δ͜ͱ

ʹͳΔ͕ɺԁ࿈ଓతʹฏ໘ͱ͢ΔҐஔ͕มΘΔͨΊɺਤ 6.10ͷΑ͏ʹҰपΛ͢ΔΑ͏ʹຎࡲΛೖΕସ

͑ΔҎ֎ʹࣗ༝ʹຎࡲΛมԽͤ͞Δ͜ͱ͕ՄͱͳΔɻͦͯ͠ɺҐ૬ʹΑͬͯຎ͕ࡲมΘΔΑ͏ͳຎࡲ൘Λ

Ͱ͖ΔɻݱΛ࣮ߏ༩͢ΔدʹͷมԽࡲΔ͜ͱͰɺԁંͷͶ͡Ε͕֯ɺԁંϩϘοτͷ໘ͷຎ͢ࡌ

લͷຎࡲ൘ɺऩॖաఔͰຎ͕ࡲେ͖͘ͳΔΑ͏ʹɺޙΖͷຎࡲ൘ల։աఔͰຎ͕ࡲେ͖͘ͳΔΑ͏ʹҐ૬

Λௐઅͯ͢͠ࡌΔɻ͢Δͱɺਤ 6.9ͷΑ͏ʹల։ঢ়ଶͰલ͕ϩϘοτΛฏ໘ʹݻ͘ڧఆ͢Δঢ়ଶͱͳΔɻ͜ͷ

ঢ়ଶͰۭؾΛഉग़͢Δͱɺऑ͍ԁં͔Βॱʹऩॖ͢ΔͨΊɺଆͷԁં͕ऩॖ͠ɺલͷຎࡲ൘Λݻఆͱ͠

ͯϩϘοτऩॖ͢Δɻ͜ͷஈ֊Ͱͷԁંͷऩॖຎࡲ൘ͷճసʹد༩͠ͳ͍ͨΊɺຎࡲ൘ͷҐ૬มΘΒͳ

͍ɻؾۭʹߋΛഉग़͢Δͱɺ͍ڧԁંऩॖ͠ɺ֎ଆͷԁંऩॖ͢Δɻ͜ͷͱ͖ɺԁંϩϘοτͷ྆

ͷҐ૬͕ݻఆ͞Ε͍ͯΔͨΊɺ͍ڧԁંͷऩॖΛಉ࣌ʹભҠ͓ͤͯ͞Γɺͦͷੑ࣭ʹΑΓऑ͍ԁંͱ͍ڧԁ

ંʹڬ·Εͨ෦͕ճస͢Δɻ͜ͷճస͢Δ෦ʹຎࡲ൘͕͞ࡌΕ͍ͯΔͨΊɺຎࡲ൘ճస͢Δɻ͢Δͱɺ

ຎࡲ൘͕ฏ໘ͱ͢Δ෦͕มΘΓɺલͷຎࡲ൘ฏ໘ͱͷຎ͕ࡲখ͘͞ͳΓɺޙΖͷຎࡲ൘ฏ໘ͱͷຎ͕ࡲେ

͖͘ͳΔɻ

ͦͯ͠ɺ͜ͷঢ়ଶ͔ΒۭؾΛྲྀೖͤ͞ΔͱɺԁંϩϘοτશମʹҾுྗ͕ͨΒ͖ɺऑ͍ԁં͕ల։͢Δɻ

͜͜Ͱɺઌ΄ͲͱҟͳΓޙΖͷຎࡲ൘Λݻఆͱͯ͠ԁંϩϘοτ͕৳͢ΔͨΊϩϘοτલʹҠಈ͢Δɻ

ͦͯ͠ɺ͞ΒʹۭؾΛྲྀೖͤ͞Δ͜ͱʹΑ͍ͬͯڧԁંల։ঢ়ଶʹͳΔͨΊɺຎࡲ൘Λճసͤ͞ͳ͕Β৽ௐ

ॳͷঢ়ଶͱભҠ͢Δɻ࠷ͯ͠

͜ͷϩϘοτɺࠓ·Ͱհͨ͠ϩϘοτͱҟͳΓຎࡲΛ੍͢ޚΔຎࡲ൘Λඞཁͱ͢Δ͕ܽ͋Δɻຎࡲ൘

ඇৗʹബͯ͘ͳ͍ͨΊɺฏୱͳߏΛଛͶΔͷͰͳ͍͕ɺҰຕͷฏ໘ͷࡐྉ͔Β࡞ΒΕ͍ͯͳ͍ੑ࣭

ɺંΓͨͨΈҙ֎Ͱͷաఔ͕ඞཁͳͲͷܽΛ༗͢Δɻ

͔͠͠ɺ͜ͷϩϘοτʹਤ 6.11ͷΑ͏ʹԁંΛߋʹ֎ଆʹՃ͢Δ͜ͱͰҠಈํΛٯసͰ͖ΔརΛ༗

͢Δɻ͜ͷҠಈํͷٯసैདྷͷ 1ΞΫνϡΤʔλͰҠಈ͢ΔϩϘοτʹ΄΅ݟΒΕͳ͍ੑ࣭Ͱ͋Δ٭ 9ɻ

Switcher(R) Hyst.(R) Hyst.(L) Switcher(L)

Rotate 60° by Switchers

ਤ 6.11: ਐํߦΛม͑ΔεΠονϟʔΛͨ͠ࡌԁંϩϘοτʢ[B1]Λվมʣɻ৽ͨʹͨ͠ࡌε

ΠονϟʔͱݺΕΔԁંࠓ·Ͱઆ໌ͨ͠ϩϘοτશମΛճసͤ͞Δɻ

͜ͷɺԁંϩϘοτͷਐํߦΛΓସ͑ΔԁંΛεΠονϟʔͱݺͿɻ͜ͷԁંɺଆͷԁંΑ

Γ͍ڧʹߋԁંͱ͢Δ͜ͱͰɺ্هͷҠಈʹ͓͍ͯঢ়ଶΛભҠͤ͞ͳ͍ԁંͰ࣮ݱͰ͖Δɻͦͯ͠ɺΑΓ

٭ 9ϞʔλΛͨͤࡌϩϘοτେՄͰ͋Δ
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͍/ؾۭ͍ڧͷഉग़ɾྲྀೖʹΑͬͯঢ়ଶΛมԽͤ͞ΔԁંͱͳΔɻ

ͦͯ͠ɺ͜ͷεΠονϟʔͷঢ়ଶ͕ભҠ͢ΔͱɺεΠονϟʔͷଆʹ͋Δຎࡲ൘ճస͢Δɻਤ 6.10ʹࣔ͢

Α͏ʹɺຎࡲ൘ͷຎࡲަޓʹͳΔΑ͏ʹઃఆ͓͚ͯ͠ɺεΠονϟʔͷঢ়ଶͷભҠʹΑͬͯຎࡲΓସ

ΘΔɻຎࡲͷେখ͕ೖΕସΘΔͨΊɺલͷຎࡲ൘ɺऩॖաఔͰຎ͕ࡲখ͘͞ͳΔΑ͏ʹɺޙΖͷຎࡲ൘ల։

աఔͰຎ͕ࡲখ͘͞ͳΔΑ͏ʹௐઅ͞ΕΔɻͦͷͨΊɺεΠονϟʔͷঢ়ଶͷมԽʹΑͬͯਐٯ͕ํߦస͢Δɻ

ԁંͷ 4͔Β 6ͱ૿Ճ͕ͨ͠ɺ͜ͷΑ͏ͳԁંΓ 1ຕͷ͔ࢴΒંΓ্͛Δ͜ͱՄͰ͋Δɻ

ਤ 5.3ʹରԠ͢ΔਤͰ͑ߟΔͱɺ͜ͷϩϘοτਤ 6.12ͷΑ͏ͳભҠΛ͍ͯͬߦΔɻӈͱҠಈ͍ͯ͠ΔαΠ

000

001 010

011 110

111

101

100

ਤ 6.12: ฏ໘ঢ়ΛҠಈ͢ΔϩϘοτͷϝΧχζϜ͕ରԠ͢ΔભҠɻԼҐϏοτ͕ऑ͍ԁંɺͭ·Γ

ଆͷԁંͷঢ়ଶΛ͍ࣔͯ͠Δɻ੨৭ͷഁઢӈͷҠಈͰߦΘΕΔαΠΫϧΛࣔ͠ɺ৭ͷҰ

ΘΕΔαΠΫϧΛࣔ͢ɻͦͯ͠ɺεΠονϟʔͷભҠߦͷҠಈͰࠨઢ 000·ͨ 111ͷҠ

ಈΛҙຯ͢Δɻ

Ϋϧʢ੨৭ͷഁઢʣͰεΠονϟʔͷঢ়ଶʢ্࠷ҐϏοτʣมԽͤͣɺࠨͱҠಈ͍ͯ͠ΔαΠΫϧʢ৭ͷ

ҰઢʣͰεΠονϟʔͷঢ়ଶมԽ͍ͯ͠ͳ͍ɻͦͷͨΊɺҠಈͷܧଓαΠΫϧͰ࣮͠ݱɺͦͷαΠΫ

ϧ͔Βൈ͚Δಈ͕࡞ϩϘοτͷਐํߦͷΓସ͑ʹରԠ͢Δ٭ 10ɻ

൘ͷࡲͰհͨ͠ɺϫΠϠ্ΛҠಈ͢ΔϩϘοτͷϝΧχζϜͱਫதΛҠಈ͢ΔϩϘοτͷϝΧχζϜຎ·ࠓ

Α͏ʹަޓʹຎࡲΛઃఆ͢ΔͳͲͷ͕ࠔͰ͋ΔɻͦͷͨΊɺԁંͷΛ૿ͯ͠Ҡಈํͷٯస

͍͕͠ɺຎࡲ൘Λ͜͏ͱͰަޓʹੜ͡Δੑ࣭Λ༻͍Δ͜ͱ͕ՄͱͳΓɺҠಈํͷٯసՄͱͳͬͨɻͦ͠

ͯɺ͜ΕΒͷಈ࡞ͯ͢ԁંϩϘοτͷۭؾͷഉग़ɾྲྀೖͷΈʹΑͬͯ͑ߦΔͨΊɺΞΫνϡΤʔλ͕ ݸ1

Ͱ͋Δʹ͔͔ΘΒͣɺҠಈͱਐํߦͷΓସ͕͑ՄʹͳΔɻ

͜ͷΑ͏ʹɺ͞ڧͷҟͳΔԁંΛྻʹଓ͢Δ͜ͱͰɺ1ΞΫνϡΤʔλʹΑΔ੍͕ޚɺऑ͍ԁંͷભҠ

→ ԁંͷભҠͱ͍͏ॱ൪ʹੜ͡ΔӡಈͱมԽͤ͞Δ͜ͱ͕ՄͰ͋ΔɻϫΠϠ্ΛҠಈ͢ΔϩϘοτͱ͍ڧ

ਫதΛҠಈ͢ΔϩϘοτͷϝΧχζϜͰԁંͷల։ɾऩॖͱڥͷݻఆΛಉ͍ߦʹ࣌ɺͦͷಈ͕࡞લ͔Β

ॱʹੜ͡ΔΑ͏ʹௐ͢Δ͜ͱͰഝߦΛ࣮ͨ͠ݱɻฏ໘্ΛҠಈ͢ΔϩϘοτɺऑ͍ԁંͷભҠΛϩϘοτ

ͷ৳ॖͱ͠ɺ͍ڧԁંͷભҠΛϩϘοτ͕ڥʹମΛݻఆ͢ΔॴͷΓସ͑ͱ͢Δ͜ͱͰɺਤ 6.6ͷΑ͏ͳҠ

ಈͷجຊಈ࡞Λॱʹੜ͡ΔΑ͏ʹௐ͢Δ͜ͱͰҠಈΛ࣮٭ͨ͠ݱ 11ɻ

6.3 ࣮ͨ͠ԁંϩϘοτͷҠಈ

ຊઅͰɺୈ 6.2અͰઆ໌ͨ͠ϩϘοτͷجຊཁૉΛ࣮͠ɺͦͷҠಈ͕࣮ݱͰ͖Δ͜ͱΛࣔ͢ɻऑ͍ԁંͱ

ԁંɺͦΕͧΕ͍ڧ α = 40◦ ͱ α = 45◦ ͷԁંͰ࣮ͨ͠ɻͦͯ͠ɺ࣮ͨ͠ϩϘοτͷҠಈڑΛࡱӨ

ʹΑͬͯٻΊͨɻਫதΛҠಈ͢ΔϩϘοτɺ࣮ࡍͷҠಈڑͷΘΓʹɺϙϯϓͱͯ͠ར༻ͨ͠߹ʹͲΕ͚ͩ

ͷମੵͷਫΛҠಈ͔ͤͨ͞ʹΑͬͯܭଌͨ͠ɻಛʹࣔ͞ͳ͍ݶΓɺԁંͷఈล͕ 25mmͱͳΔΑ͏ʹɺλϯτ

ʢN-61ɺ0.1ࢴ kg/m2ɺࣜגձࣾɹඌʣͰંͬͨͷΛ༻͍ͨ٭ 12ɻંΓઢύλʔϯΧοςΟϯάϓϩολ

ʢFC2250-120VC, GRAPHTEC Corporationʣ͘͠ΧοςΟϯάϓϩολʢCFL-605RTɺϛϚΩΤϯδχΞ

٭ 10ຊߏ 23 = 8 ௨Γͷঢ়ଶΛͪ࣋ɺͦΕͧΕ͕എͳ 4 ঢ়ଶΛͨͭ࣋Ίඒ͍͠ɻ
٭ 11ͦͷͨΊɺີݫʹଆͷԁંԁંͰ͋Δඞཁ͕ͳ͘ɺόΠεςʔϒϧߏͰ͋Δඞཁ͑͞ͳ͍ɻ͔͠͠;͍͝ఆཧ [146] ͱݺ
ΕΔɺ߶ମંͰମੵͷมԽ͢ΔંΓࢴෆՄͰ͋ΔͨΊɺ͜ͷΑ͏ͳখ໘ͷม͕ܗ͍ɺ·ͨԁંͱ࿈ଓͳࢴͰ࣮ݱͰ͖ΔંΓࢴͷҰͭ
ͱͯ͠ԁંͰ࣮ͨ͠ɻ

٭ 12ෆݮਰૹ࿏ͱಉ͡ܕ൪ͷࢴͰ͋Δ
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ϦϯάʣΛ༻͍ͯϘʔϧϖϯͰͳͧΔΑ͏ʹΛ͚ͭͨޙʹखۀ࡞ͰંΓ্͛ɺςʔϓͷΓʹΑΔކ͚Ͱԁ

٭ͨ͠ݱঢ়Λ࣮ܗ 13ɻ

6.3.1 ϫΠϠ্ΛҠಈ͢ΔϩϘοτ

͜ͷϩϘοτɺ͞Λ੍ͯ͠ޚಈ͘ϩϘοτͰ͋Γɺ͞αʔϘϞʔλʢRB90ɺϛχελδΦ༗ݶձࣾʣ

Λ༻͍ͯ৳ॖͤͨ͞ɻ͜ͷϩϘοτɺಉ͡ϫΠϠΛ௫Ήඞཁ͕͋Δɻ͕ͨͬͯ͠ɺऩॖঢ়ଶͰͷશͯͷԁં

ͷܘҰக͢Δඞཁ͕͋Δɻ༻͍ͨϫΠϠͷܘ 16mmͰ͋Δ٭ 14ɻԁંͷఈลͷ͞ aʹରͯ͠ɺԁ

ંͷ٭ܘ 15ͦΕͧΕ a|α=40◦ sin 20
◦ͱ a|α=45◦ sin 15

◦ͱͳΔɻԁંͷฏۉͷఈล͕ଞͷԁંͱҰக͢

Δ 25mmͱͳΔΑ͏ʹɺͦΕͧΕͷఈล aTCO1 = 22mm, aTCO2 =28mmͱઃఆͨ͠ɻຊϩϘοτಉ͡ϫΠ

ϠΛ௫ΉͨΊ͕ܘ͘͠ͳΔΑ͏ʹ͕ͨ͠ࢉܭɺύΠϓͷதΛਐΉϩϘοτ [126]ɺಉ͡ύΠϓΛਐΉͨΊʹ

ܘͷ࣌Δඞཁ͕͋Δɻ͜͜Ͱऩॖ͢ࢉܭʹ͘͠ͳΔΑ͏͕ܗ֎

22mmsin(20◦) = 7.524 · · ·mm (6.1)

28mmsin(15◦) = 7.247 · · ·mm (6.2)

Ͱ͋Δɻ͜ΕΒͷ͔ͭΉྗΛଌఆ͠ͳ͕Βௐઅͨ͠Ͱ͋Γɺ͕ܘ 8mmΑΓগ͠খ͘͞ͳ͍ͬͯΔ͜ͱͱ

ͦͷζϨʹΑΔྗΛؑΈͯඇରশͳΛ༻͍Δ͜ͱͱͨ͠ɻ

࣮ͨ͠ϩϘοτΛਤ 6.13ʹࣔ͢ɻ·ͨɺ࣮ͨ͠ϩϘοτͷͦΕͧΕͷঢ়ଶΛਤ 6.14ʹࣔ͢ɻ

ਤ 6.13: ࣮ͨ͠ϫΠϠ্ΛҠಈ͢ΔϩϘοτɻॏ੍͞ޚ෦͕ 38.5 gɺΞΫνϡΤʔλ෦͕ 15.4 gɺ

͕۩ఆݻͱࢴ 8.9 gɻް੍͞ޚ෦͕ 18.4mmɺΞΫνϡΤʔλ෦͕ 18.1mmɺࢴͱݻఆ۩͕ 9.7mmɻ

ϩϘοτͷલ෦ʢਤ 6.13தͷӈ෦ʣʹ͞ࡌΕͨऑ͍ԁં͕ల։ঢ়ଶͰ͋Γɺͦͷ͞

22

√
2
√
3 sin 20◦ mm = 28.95mm (6.3)

ͱͳΓɺϫΠϠΛ௫ΜͰ͍Δঢ়ଶͰɺͦͷ͕͞ܘ 8mmͰ͋Δ࣌ͷ͞Ͱ͋Δ
√

(2 · 22 sin 50◦)2 −
(
22

sin(60◦ − arcsin (8/22))

sin 30◦

)2

mm = 6.62mm (6.4)

ͱͳΔɻ͕ͨͬͯ͠ɺϩϘοτͷલ෦ͷԁંͷ͞ͷมԽ͜ͷ͔ࠩΒٻΊΒΕɺ22.33mmͰ͋Δɻ

ಉ༷ʹɺϩϘοτͷޙ෦ʹ͞ࡌΕ͍ͨڧԁં͕ల։ঢ়ଶͰ͋Δͱ͖ɺͦͷ͞

28

√
2
√
3 sin 30◦ mm = 36.85mm (6.5)

٭ 13ҟͳΔΧοςΟϯάϓϩολ͕༻͍ΒΕ͍ͯΔͷͦͷʹظ࣌༻ՄͰ͋ͬͨΛ͚ͩͨͬͰ͋ΔɻͲͪΒ͔ͷΧοςΟϯάϓϩο
λͰͳ͚ΕͰ͖ͳ͍Ͱͳ͘ɺखۀ࡞ͰͷંΓʹਫ਼͑͞อোͰ͖ΔͷͰ͋ΕΛ͚Δඞཁͳ͍ɻ

٭ 14ܘ r  8mm Ͱ͋Δ
٭ 15֯ܗͷԁ
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State ‘00’ State ‘01’ State ‘11’

State ‘10’ State ‘00’

ਤ 6.14: ࣮ͨ͠ϫΠϠ্ΛҠಈ͢ΔϩϘοτͷͦΕͧΕͷঢ়ଶɻऩॖͱ৳ͷૢ࡞ʹΑΓ State ‘00’

͔ΒॱʹɺState ‘01’ɺState ‘11’ɺState ‘10’ͱม͠ܗɺState ‘00’ͱΔɻ1ͷ State ‘00’ͱ 2

ͷ State ‘00’ͰҐஔ͕ҟͳ͓ͬͯΓɺ͜Ε͕࣮ͨ͠ݱҠಈͰ͋Δɻ

ͱͳΓɺϫΠϠΛ௫ΜͰ͍Δঢ়ଶͰͦͷ͞
√

(2 · 28 sin 45◦)2 −
(
28

sin(60◦ − arcsin (8/28)

sin 30◦

)2

mm = 9.4mm (6.6)

ͱͳΔɻ͕ͨͬͯ͠ɺϩϘοτͷޙ෦ͷ͞ͷมԽ͜ͷ͔ࠩΒٻΊΒΕɺ27.45mmͰ͋Δɻ͕ͨͬͯ͠ɺϩϘο

τશମͷ͞ͷมԽલ෦ͱޙ෦ͷ͞ͷมԽͷͰ͋Δ 22.33 + 27.45 = 49.78mmͰ͋Δɻ

શʹऩॖঢ়ଶʹ͍ۙঢ়ଶͰϫΠϠΛ௫Ή͜ͱʹΑͬͯɺ͞ͷมԽΛେ͖͘͢Δ͜ͱ͕Ͱ͖Δɻͦͯ͠ɺେ

͖ͳ͞ͷมԽ 1αΠΫϧͰͷҠಈڑେ͖͘͢Δɻ͔͠͠ͳ͕Βɺऩॖঢ়ଶʹ͋Δʹ͔͔ΘΒ͕ͣ͞ 0

ͱͳΒͳ͍ભҠΛ༻͍͍ͯΔͷɺີݫʹ͕͞ 0ͷঢ়ଶͷԁં௫Ήྗ 0ͱͳͬͯ͠·͏ͨΊͰ͋Δɻऩ

ॖঢ়ଶ͔Βগ͠Εͨঢ়ଶͰϫΠϠΛ௫Ή͜ͱͰɺ҆ఆͳऩॖঢ়ଶͱભҠ͠Α͏ͱ͢ΔྗΛ௫Ήྗͱͯ͠ར༻

͢Δ͜ͱ͕Ͱ͖Δɻ

࣮ͨ͠ϩϘοτ͕࣮ࡍʹಈ͍ͨيΛɺਤ 6.15ʹࣔ͢ɻ͜ͷਤΑΓɺϩϘοτ҆ఆͯ͠ҠಈͰ͖Δ͜ͱ͕

Θ͔Δɻ·ͣɺલͱޙɺԁંͷ৳ॖʹΑͬͯେ͖͘ৼΕΔ͕ɺऑ͍ԁંͱ͍ڧԁંͷ߹෦҆ఆ͠
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ਤ 6.15: ϫΠϠ্ΛҠಈ͢ΔϩϘοτͷيɻ͍ࠇҰઢϩϘοτͷલʢheadʣɺ͍ഁઢऑ

͍ԁંͱ͍ڧԁંͷ߹෦ʢmidʣɺ੨͍࣮ઢϩϘοτͷޙʢtailʣΛ͍ࣔͯ͠Δɻ1αΠΫϧ

ͷͦΕͧΕ 00ɾ01ɾ11ɾ10ͷঢ়ଶͰ͋Δؒ࣌Λ փ৭ɾ৭ɾ৭ɾ੨৭ ͷֻ͚Ͱࣔ͢ɻਤத

ʹ 3αΠΫϧͷσʔλؚ͕·ΕΔ [B1]ɻ

ͯલͱਐΜͰ͍Δ͜ͱ͕Θ͔Δɻ͜ͷৼΕϩϘοτͷલͱޙͰৼ෯͕ҟͳΔɻ͜ͷࠩͷݪҼޙΖͷԁ
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ંͷ͞ͷมԽ͕େ͖͍ͨΊͰ͋Δɻ·ͨɺલͱޙํܗͷΑ͏ʹಈ͍͍ͯΔ͜ͱ͔ΒɺͦΕͧΕͷԁ

ંͷঢ়ଶͷભҠ͕ඇৗʹ҆ఆͯ͠ੜ͍ͯ͡Δ͜ͱΘ͔ΔɻԁંͷભҠ͕ɺऑ͍ԁંͷભҠ͕ऴΘ͔ͬͯ

Β͍ڧԁંͷભҠ͕ऴΘΔɺ͖ͬΓͱͨ͠ॱংͩͬͨભҠͰ͋ΔɻલͷઌʹൺͯޙΖͷઌ͕ܹٸʹҐ

ஔΛม͍͑ͯΔੑ࣭ɺ͍ڧԁં҆ఆͳঢ়ଶͱΑΓૣ͘ભҠ͠Α͏ͱ͢ΔͨΊͰ͋Δɻ

ڑਐΜͩʹࡍ࣮ 1αΠΫϧ͋ͨΓ 25mmͰ͋ͬͨɻ͜ͷଌఆϑΥʔϜੳιϑτKinovea[147]Λ༻͍

ɻͨͬߦͯ

1αΠΫϧͰੜ͡ΔϩϘοτશମͷ͞ͷมԽʹൺͯɺ1αΠΫϧͰਐΉྔ͕͍ͷɺϩϘοτͷલͷͰ

ϫΠϠΛ௫ΜͰ͍ͳ͍͜ͱɺ1ΞΫνϡΤʔλʹͨ͠ݮͱ͍͑ɺαʔϘϞʔλͷॏྔ͕ϩϘοτͱϫΠϠͷຎ

ΑΔʹܘൺͯʹࡲΒΕΔɻे͍ܰΞΫνϡΤʔλͱ͢Εͷຎ͛ڍͰ͖ͳ͍ͷͱͨ͜͠ͱ͕ࢹΛແࡲ

٭ͳΔͨΊɺ͜ͷղܾ͢ΔͩΖ͏͘ڧఆ͕ेݻ 16ɻͨͩ͠ɺਤ 6.8ͷؙʹࣔ͞ΕͨҐஔ͕ಉ྅ͷ௫Ή

ྗΛੜͨ͡߹ɺਐ͢ߦΔڑԁંϩϘοτશମͷ͞ͷมԽͷʹͳΔɻͦͷͨΊɺಉ͡ԁં͕ಉ

Ͱ͖͍ͯΔͱ͍͑ΔɻݱΛੜ͍ͯ͡ΔͱԾఆ͢Δͱɺ΄΅ཧతɾཧతͳҠಈ͕࣮ࡲऩॖ͠ɺಉ͡ຎʹ࣌

ऩॖ͠ͳ͕Β௫Ήͱड़͓ͯΓɺ࣮ࡍʹ͞ͷऩॖͱܘͷऩॖಉ͍͖ͯىʹ࣌Δ͕ɺܘͷऩॖʹൺྫͯ͠

௫Ήྗ͕ੜ·ΕΔͷͰͳ͘ɺऩॖ͖ͬͨ͠ঢ়ଶʹ͍ۙঢ়ଶͰ௫Ήྗ͕ੜ͡Δɻߋʹɺ௫Μͩ͜ͱʹΑΓͦΕҎ্

͕ܘऩॖͰ͖ͳ͘ͳΔͨΊɺ͞ͷऩॖಉࢭʹ࣌·Δ͜ͱͱͳΔɻͦͷͨΊɺऩॖޙʹ௫ΜͰ͍Δͱ͍͑Δɻ

ϫΠϠΛ͢աఔಉ༷Ͱ͋Γɺ৳͕։࢝͢ΔͱͱʹܘϫΠϠͷܘΑΓଠ͘ͳΔͨΊɺଈ࠲ʹ௫Ήྗ

ΛࢭΊΔɻͦͷͨΊɺ͔ͯ͠Β৳͍ͯ͠Δͱ͑ݴΔɻ͜ͷʹ͢Δͱɺਤ 6.6ͷ 6ঢ়ଶΛ܁Γฦ͢͜ͱͰ

͜ͷԁંϩϘοτ͕Ҡಈ͍ͯ͠Δ͜ͱ͕Θ͔Δ٭ 17ɻ

ʢ5Ҏʹग़൛༧ఆʣ

6.3.2 ฏ໘্ΛҠಈ͢ΔϩϘοτ

ฏ໘্ΛҠಈ͢ΔϩϘοτɺମੵͷมԽΛ༻੍͍ͯ͢ޚΔͨΊɺԁંϩϘοτͷ྆Λີด͠ɺۭؾΛ

͢ࡌΔɻຎࡲ൘ 3DϓϦϯλʢObjet 260, Stratasys, Ltd.ʣΛ༻͍ͯ࡞ͨ͠ɻຎࡲ൘ͷܘɺ27.5mmͱ

͠ɺԁંͷஅ໘ͷΛ։͚Δ͜ͱͰԁંϩϘοτʹࡌͰ͖Δܗঢ়ͱͨ͠٭ 18ɻຎ͕ࡲେ͖͍෦ͱຎ͕ࡲ

খ͍͞෦ɺͦΕͧΕTango Black PlusͱVero WhiteͰ࣮ͨ͠ݱɻTango BlackΰϜঢ়ͷࡐྉͰ͋ΓɺVero

WhiteϓϥενοΫঢ়ͷࡐྉͰ͋Δɻີด͢ΔͨΊͷ൘ͱંΓࢴɺۭؾΛͭ࣋൘ͱંΓࢴͦΕͧΕணࡎ

ʢηϝμΠϯεʔύʔ X GoldʣͰண͠ɺγϦίϯνϡʔϒΛଓͨ͠٭ 19ɻ

ڑΓฦ͢͜ͱͰϩϘοτҠಈ͢Δɻଆͷԁંͷ͞ͷมԽ͕ɺ1αΠΫϧͰલਐ͢Δ܁ͷೖͱഉग़Λؾۭ

ʹ૬͠ɺϫΠϠΛ௫ΉͨΊͷྗΛඞཁͱ͠ͳ͍ͨΊɺશʹऩॖͤ͞Δ͜ͱ͕ՄͰ͋Δ٭ 20ɻͦ ͷͨΊཧతͳ

1αΠΫϧͰલਐ͢Δڑɺ2ͭͷऑ͍ԁંͷల։ঢ়ଶͷ͞Ͱ͋ΔͨΊɺ2 ·25
√

2
√
3 sin 20◦ mm = 54.42mm

ͱͳΔɻ

࣮ͨ͠ϩϘοτΛਤ 6.16ʹࣔ͢ɻ·ͨɺ࣮ͨ͠ϩϘοτͷͦΕͧΕͷঢ়ଶΛਤ 6.17ʹࣔ͢ɻ

Ҡಈͨ͠يਤ 6.18ͷΑ͏ʹͳͬͨ ͜ͷϩϘοτɺ1αΠΫϧ͋ͨΓ 38.2mmҠಈͨ͠ɻޙΖͷຎࡲ

൘ޙୀ͓ͯ͠Βͣɺ͔ͬ͠ΓͱຎࡲΛͨΒ͔ͤͯ౿Μு͍ͬͯΔ͜ͱ͕Θ͔ΔҰํͰɺલͷຎࡲ൘͕ඍখͰ

͋Δ͕ޙୀ͍ͯ͠Δɻ͜Εɺνϡʔϒͷॏ͕͞νϡʔϒ͕ଓ͞ΕͨޙΖʹ͔͔͍ͬͯΔ͜ͱͰɺޙΖͷຎ

νϡʔϒಈ͔ʹ࣌ΘΕΔɻ·ͨɺϩϘοτͷ৳ࢥͩͱݱੜͨͨ͠Ίʹੜͨ͡ൃ͕ࡲ൘ʹΑΓେ͖ͳຎࡲ

ͳ͍͕ɺϩϘοτͷऩॖ࣌ʹνϡʔϒΛલʹҾͬுΔඞཁ͕͋Γɺͦͷෛՙʹຎ͕ྗࡲ͑ΒΕͳ͔͔ͬͨΒ

ੜͨ͡ͱ͑ߟΒΕΔɻ͜ΕɺંΓߏࢴ͕ܰ͗͢ΔͰ͋Δɻνϡʔϒʹൺͯඇৗʹ͍ܰંΓࢴɺ

ͦͷॏྗʹΑͬͯಇ͘ຎྗࡲখ͘͞ͳͬͯ͠·͏ɻͦͷͨΊɺۭؾΛ௨͢νϡʔϒेܰ͘͢Δඞཁ͕͋Δɻ

·ͨɺԁંͷ͞ີݫʹ 0ʹͳΒͳ͔ͬͨɻਤ 6.18ͷຎࡲ൘ͷؒͷڑ͕ 0ͱͳΒͳ͍݁Ռ͕Θ͔Γɺٯ

٭ 16͜ͷΑ͏ͳΞΫνϡΤʔλͷܰബԽͷϞνϕʔγϣϯͱͳΔ
٭ 17ભҠதͷঢ়ଶͷղऍʹΑΔ
٭ 18֯ܗͷҰล 25mm Ͱ͋ΔͨΊɺ͞Βʹ֎ଆʹ 2.5mm ͷଠ͞Λͭ࣋
٭ 193D ϓϦϯλʔܗͷணΨΠυ CEMEDINE ΑΓɺObjet 260 ͷܗʹηϝμΠϯεʔύʔ X Gold ͕ద͍ͯ͠Δͱड़ΒΕ
͍ͯΔ

٭ ʹີݫް͕͋͞ΓɺώϯδͷྗͳͲ͔Βʹࢴ20 0 Ͱͳ͍͕ɺ֎෦ͷཁҼʹΑΔ્ੜ͡ͳ͍ɻ
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ਤ 6.16: ࣮ͨ͠ฏ໘্ΛҠಈ͢ΔϩϘοτɻ͔ࠨΒॱʹഎ໘ਤɾଆ໘ਤɾਖ਼໘ਤͰ͋Γɺਖ਼໘ʹͷΈ

Δɻॏ͕͋͞ؾۭ 14.1 gɻްۭ͞ؾΛؚΊͯ 23.45mmɺۭؾҎ֎ 13.0mmɻ

(a) state ‘0000’ (b) state ‘0110’ (c) state ‘1111’ (d) state ‘1001’

ਤ 6.17: ࣮ͨ͠ϫΠϠ্ΛҠಈ͢ΔϩϘοτͷͦΕͧΕͷঢ়ଶɻۭؾͷഉग़ɾྲྀೖʹΑΓ state ‘0000’

͔Β state ‘0110’ɺstate ‘1111’ɺstate ‘1001’ͱม͠ܗɺstate ‘0110’ͱΔɻ
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ਤ 6.18: ԁંͷঢ়ଶͱͦΕͧΕͷຎࡲ൘ͷҐஔɻ্͔ΒॱʹɺϩϘοτͷઌ಄ɾલͷຎࡲ൘ɾޙΖ

ͷຎࡲ൘ɾϩϘοτͷޙͰ͋Γɺີด͢ΔͨΊͷ൘ 3DϓϦϯλͰҹͨͨ͠Ίɺศ্ٓ diskͱ

දͨ͠هɻ փ৭ ɾ ৭ ɾ ৭ ɾ ੨৭ ͷֻ͚ͦΕͧΕ 0000ɾ0110ɾ1111ɾ1001ͷঢ়ଶͰ͋Δ

ʹΛࣔ͢ɻਤதؒ࣌ 5αΠΫϧͷσʔλؚ͕·ΕΔ [B1]ɻ

ʹ 54.42mmΛ͍͑ͯΔॴ٭ 21؍ଌ͞Ε͍ͯΔɻ͜ͷΑ͏ͳཁҼʹΑΓɺཧతͳ 1αΠΫϧͰͷҠಈڑ

ʹൺ࣮ͯࡍͷҠಈڑ͕ྼͬͨͱ͑ߟΒΕΔɻ

ϫΠϠ্ΛҠಈ͢ΔԁંʹൺΔͱɺຊϩϘοτॏྗʹΑΔຎࡲͷΈͰฏ໘ʹରͯ͠ϩϘοτΛݻఆ͍ͯ͠

Δɻ͔ͭΉྗް͞ͳͲͷࡐྉʹӨ͢ڹΔ͕ɺંΓࢴͷബ͞ʹΑΔ͔ͭΉྗͷݮগʹൺͯંΓࢴͷܰ͞ʹΑ

ΔຎྗࡲͷݮগݦஶͰ͋ΔɻͦͷͨΊฏ໘ͷݻఆ͕ϫΠϠΛ͔ͭΉߏػ΄Ͳߦ͘ڧΘΕͳ͔ͬͨͨΊɺϫ

ΠϠ্ΛҠಈ͢ΔԁંʹൺͯҠಈΛࣔ͢άϥϑͷํܗ͔Βͷဃ͕ܹ͍͠ɻԁંͷભҠʹӡಈΤωϧ

Ϊʔ͕ੜ͡ΔͨΊʹԁંͷભҠʹΑͬͯੜͨ͡ΤωϧΪʔ͕ϩϘοτશମΛৼಈͤ͞ฏ໘͔Βු͔ͤΔྗಇ

٭ 21ల։ঢ়ଶͰྲྀ͕ؾۭʹߋೖ͞Εͨ߹ʹੜ͡Δ
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͍ͨՄੑ͕͋Δɻಛʹۭؾѹॖ͞ΕΔͨΊɺԁંͷભҠͷ͘ɺ·ͨԁંͷϙςϯγϟϧΤωϧ

Ϊʔ͕৳͖ͬͨ͠ঢ়ଶ͔Βٸʹ্ঢ͢Δੑ࣭ܸྗͷΑ͏ʹಇ͍ͨͰ͋Ζ͏ɻ

5Ҏʹग़൛༧ఆ

6.4 ຊ෦ͷ·ͱΊ

ୈ 6ষͰɺંΓࢴͷมܗͷॱΛ੍͢ޚΔܰബͳʮߏػʯΛఏҊͨ͠ɻ۩ମతʹ͕ɺԁંͷঢ়ଶͷϙςϯγϟ

ϧΤωϧΪʔɾϙςϯγϟϧΤωϧΪʔΛ༻͍ͨભҠɾల։ऩॖͰੜ͡ΔཧతͳӡಈΛར༻ͯ͠ɺ1ΞΫνϡ

ΤʔλͰҠಈ͢ΔϩϘοτΛ࣮ͨ͠ݱɻಛʹɺମΛॱ൪ʹಈ͔ͯ͠Ҡಈ͢ΔϩϘοτΛ 1ΞΫνϡΤʔλͰ࣮ݱ

͠ɺંΓߏࢴʹΑΓΞΫνϡΤʔλͷେ෯ͳݮΛࣔͨ͠ɻ

తʹԠͯ͡ԁંΛฒͼସ͑Δ͜ͱͰɺڥʹԠͨ͡ҠಈΛ࣮ݱͰ͖ΔɻຊষͰɺ3छྨͷڥͰͷҠಈΛ

ఏҊ͠ɺ࣮ʹΑΓҠಈ͕ՄͰ͋Δ͜ͱΛࣔͨ͠ɻ࣮ࡍͷࢴͱ࣮ڥݧʹཧతͳંΓࢴͱҟͳΔੑ࣭ͷ

ͨΊɺ࣮ࡍͷҠಈڑཧతͳҠಈڑͷ 1
2 ఔͰ͋Δͷ͋ͬͨɻ

ຊষͰɺҰํݩ࣍ʹͷΈ͍ϔϏܕϩϘοτͷಈ࡞Λ࣮͕ͨ͠ݱɺຊ࣭ώεςϦγεಛੑʹ͋Δɻͦ͠

ͯɺ1ΞΫνϡΤʔλͷ୯ௐͳӡಈΛஈ֊తͳӡಈͱม͢ΔߏͷఏҊͰ͋ΔɻͦͷͨΊɺҟͳΔॴͰ͏ߦ

༷ʑͳભҠΛॱ൪ʹ͏ߦɺҰݟෳͷΞΫνϡΤʔλ͕ඞཁͳӡಈΛ 1ΞΫνϡΤʔλͰ࣮ݱͰ͖Δख๏ͷ։ൃ

ͱ͑ݴΔɻ

ୈ 6ষͰɺંΓࢴͷมܗΛͨ͢͜ىΊͷܰബͳߏػͱͯ͠ંΓࣗࢴͷੑΤωϧΪʔʹண͠ɺશମʹ͔͔

Δྗʹରͯ͠ॱংͩͬͨมܗΛੜͤ͡͞ΔંΓߏࢴΛԁંͰ࣮ͨ͠ݱɻୈ 6ষͷٕज़ʹΑΓɺ1ΞΫνϡΤʔ

λͷಈ࡞ΛଟΞΫνϡΤʔλͰ੍͞ޚΕͨಈ͖ʹม͠ɺগͳ͍ΞΫνϡΤʔλͰɺંΓࢴͷมܗΛ੍͢ޚΔػ

ΛՄͱͨ͠ɻߏ
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͓ΘΓʹ

7.1 ୡ߲

ຊจɺંΓࢴͷมܗΛܰ͢͜ىബͳߏػͱճ࿏ΛఏҊ͠ɺ2ݸͷ؍ʹΑͬͯྨͨ͠ɻ1ݸͷ؍֎

෦͔ΒΤωϧΪʔΛҰ෦ͷΈʹ༩͑มܗΛ࿈తʹ͢͜ىઃܭͱΤωϧΪʔΛશମʹ༩͑Ұ෦ʹूதͤͯ͞มܗ

Λॱʹ͢͜ىઃܭͰ͋Δɻ2ݸͷ؍ߏػͱճ࿏ͷྨͰ͋ΓɺྗֶతΤωϧΪʔΛओʹ੍͢ޚΔߏػͱిؾ

ΤωϧΪʔΛओʹ੍͢ޚΔճ࿏Ͱ͋Δɻࢴʹ৽ͨͳཁૉΛ͚Ճ͑Δճ࿏ʹൺߏػંΓࢴͷંΓઢύλʔϯ

ͷʹΑ࣮ͬͯ͢ݱΔͨΊɺΑΓંΓࢴͷਅʹ͍ۙͱͯ͠ޙʹஔͨ͠ɻ

ୈ 2෦Ͱ֎෦͔ΒΤωϧΪʔΛҰ෦ͷΈʹ༩͑มܗΛ࿈తʹ͢͜ىճ࿏ΛఏҊͨ͠ɻখ໘Λిۃͱͯ͠ѻ

͏ͱখ໘ಉ͕࢜ΩϟύγλΛ͠ɺަྲྀిݯʹΑΓมܗʮখ໘ͷৼಈʯ͕ੜ͡Δɻͦ͜ͰંΓࢴશମిؾΤω

ϧΪʔΛ͖ߦΒͤΔܰബͳճ࿏ʹ͍ͭͯ͠ڀݚɺಋిੑΠϯΫΛҹࢴͨ͠Ͱͷճ࿏ύλʔϯͷੜΛͨͬߦɻ

ಋిੑΠϯΫΛ༻͍ͨҹʹΑΔΞΫνϡΤʔλճ࿏طʹଘ͕͍ͨͯ͠ࡏɺܰ͞ͱബ͞ͷͨΊʹશઢΛ

ҹύλʔϯͷΈͰ࣮͢ݱΔֶత͕͋ͬͨɻຊจͰ༩͑ΒΕͨిۃʹରͯ͠શͯͷిۃΛަࠩͳ͘࿈

ଓʹଓͰ͖Δύλʔϯͷ༗ແͷผख๏Λ༩͑ɺߋʹଘ͢ࡏΔ߹ަࠩΛؚ·ͳ͍ҹύλʔϯͷಋग़Ξϧ

ΰϦζϜΛ༩͑ͨɻ·ͨύλʔϯ͕ଘ͠ࡏͳ͍߹ʹ࠷ऴతͳંΓࢴͷܗঢ়Λ΄ͱΜͲม͑ͳ͍ɺઢ͕Մ

ͳંΓઢύλʔϯͷมܗख๏ఏҊͨ͠ɻୈ 2෦ͷՌʹΑΓɺަྲྀిݯΛ 1খ໘ͣͭʹଓ͢Δ͚ͩͰશͯ

ͷখ໘ʹిѹΛҹՃͰ͖ɺંΓࢴશମͰͷখ໘ͷৼಈ͕ՄͱͳΔɻಋిੑΠϯΫඇৗʹܰ͘ബ͍ͨΊɺిؾ

ΤωϧΪʔΛҰ෦ͷΈʹ༩͑ંΓࢴશମͷมܗΛܰ͢͜ىബͳճ࿏Λ࣮ͨ͠ݱɻ

ୈ 3෦Ͱ֎෦͔ΒΤωϧΪʔΛશମʹ༩͑มܗΛॱʹ͢͜ىճ࿏ΛఏҊͨ͠ɻંΓ֯Λ੍ޚͰ͖Δܰͯ͘ബ

͍ΞΫνϡΤʔλͱͯ͠ܗঢ়هԱ߹ۚʹண͠ɺܗঢ়هԱ߹ۚΛॱʹۦಈ͢Δ͜ͱͰંΓࢴͷมܗΛॱʹ͢͜ى

ճ࿏Λ࣮ͨ͠ݱɻܗঢ়هԱ߹ۚΛ༻͍ͨંΓࢴͷมܗطʹଘ͕͍ͨͯ͠ࡏɺܗঢ়هԱ߹ۚͷ੍ޚͷ͔͠͞Β

ηϯα੍ޚૉ͕ࢠ͞ࡌΕΔͨΊܰ͞ͱബ͕͞ଛͳΘΕ͍ͯͨɻຊจͰܗঢ়هԱ߹ۚͷηϯαΛബ͍ܰ͘

ಔςʔϓͷΈͰ࣮͠ݱɺ·ͨͦͷηϯαΛిݯͱΞΫνϡΤʔλͷઢʹૠೖ͢Δ͜ͱͰંΓࢴͷܗঢ়ʹΑͬ

ɻୈͨ͠ݱ࣮ޚಈঢ়ଶΛΓସ͑Δ੍ۦͯ 3෦ͷՌʹΑΓɺྲྀిݯΛંΓࢴͷ྆ʹଓ͢Δ͚ͩͰશͯ

ͷΞΫνϡΤʔλʹॴͷॱʹిѹΛҹՃͰ͖ɺંΓ֯ͷมԽʹΑΔม͕ܗՄͱͳΔɻಔςʔϓඇৗʹܰ͘

ബ্͍ɺੑΛ༻͍ͯฏୱʹ௵ͤΔߏΛ༻͍ΔͨΊɺిؾΤωϧΪʔΛશମʹ༩͑ંΓࢴͷมܗΛॱʹ͢͜ى

ܰബͳճ࿏Λ࣮ͨ͠ݱɻ

ୈ 4෦Ͱɺ֎෦͔ΒΤωϧΪʔΛҰ෦ͷΈʹ༩͑มܗΛ࿈తʹߏػ͢͜ىΛఏҊͨ͠ɻંΓࢴͷมܗʹ

খ໘ͷܗঢ়͕มԽ͠ੑΤωϧΪʔ͕ੜ͡Δม͕ܗଘ͠ࡏɺੑΤωϧΪʔΛੜ͡ΔંΓࢴΛྗֶతʹଓ͢Δ

͜ͱͰ࿈తͳมܗΛ࣮ͨ͠ݱɻ·ͨ֎෦ͷੑΤωϧΪʔΛ༻͍Δ͜ͱͰੑΤωϧΪʔͷࢄҳΛิॆ͢Δ͜

ͱͰ࿈ΛԆ͠ɺෆݮਰૹ࿏ͱͯ͠ͷγϛϡϨʔγϣϯΛͨͬߦɻͦͯ͠ݸͷંΓ͕ 1Χॴʹ༩͑ͨྗ

ͷΈͰભҠ͢Δ༷ࢠΛγϛϡϨʔγϣϯ͚ͩͰͳ࣮ͨ͘͠ંΓߏࢴͰ࣮ূͨ͠ɻୈ 4෦ͷՌʹΑΓɺΞ

ΫνϡΤʔλ͔ΒΕͨॴมܗΛ࿈Ͱ͖ɺ·ͨҰ෦ʹͷΈྗΛ༩͑Δ͜ͱͰͷશମͷંΓͷม͕ܗՄ

ͱͳΔɻຊจͰ༻͍ͨંΓࢴԁંͱݺΕɺฏୱʹંΓͨͨΊΔંΓࢴͰ͋Γฏୱͳঢ়ଶͰ҆ఆͰ͋Δɻ

ંΓࢴͷੑΤωϧΪʔখ໘ࣗମͷมܗͰੜ͡ΔͨΊࢴͷΈͰ࣮ݱՄͰ͋ΓɺྗֶతΤωϧΪʔΛҰ෦ͷΈ

ʹ༩͑มܗΛ࿈తʹܰ͢͜ىബͳߏػΛ࣮ͨ͠ݱɻ

ୈ 6෦Ͱɺ֎෦͔ΒΤωϧΪʔΛશମʹ༩͑มܗΛॱʹߏػ͢͜ىΛఏҊͨ͠ɻಉ͡ྗ͕ಉ࣌ʹՃ͑ΒΕͨ

߹ʹΑΓऑ͍ʢʹॊΒ͔͍ʣ෦͕ม͢ܗΔͨΊɺมܗʹඞཁͳྗ͕ҟͳΔંΓࢴΛΈ߹ΘͤΔ͜ͱͰม

͍ͯ༺Λࢴ࿈ಈ͢ΔંΓ͕ܘɻ·ͨͦͷԠ༻ͱͯ͠ંΕ֯ͱ͞ͱͶ͡Ε֯ͱମੵͱͨ͠ޚͷॱΛ੍ܗ 1ΞΫ

νϡΤʔλͰಈ͘ϩϘοτΛઃͨ͠ܭɻͦͯ͠ఏҊ͢ΔߏͷΞΫνϡΤʔλͷछผʹґΒͳ͍൚༻ੑΛ࣮ূ͢

ΔͨΊʹମੵͷมԽɾͶ͡Ε֯ͷมԽɾ͞ͷมԽΛ༻͍ͨ 3छྨͷϩϘοτΛ࣮ͨ͠ɻୈ 6෦ͷՌʹΑΓɺ

શମʹྗΛ༩͑Δ 1ΞΫνϡΤʔλͷΈͰมܗΛॱʹ͜͠ىɺ·ΔͰෳͷΞΫνϡΤʔλ͕͞ࡌΕ͔ͨͷΑ
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͏ͳϩϘοτΛ࣮ͨ͠ݱɻંΓߏࢴୈ 4෦ͱಉ༷ฏୱʹંΓͨͨΊΔંΓࢴͰ࣮ͨ͠ݱɺΞΫνϡΤʔλΛ

ɻͨ͠ݱΛ࣮ߏػബͳܰ͢͜ىʹΛॱܗͰ͋ΓɺྗֶతΤωϧΪʔΛશମʹ༩͑ͯมߏΔܰബͳ͢ݮ

7.2 లɾݶք

7.2.1 ֤෦ͷలɾݶք

ୈ 2෦ͷలɾݶք

ಋిੑΠϯΫΛҹ͕ࢴͨ͠ඇৗʹܰ͘ബ͍ҰํɺຊڀݚͰड़ͨಋిੑΠϯΫΛҹ͕ࢴͨ͠Մͱ͢Δม

͢ػ͕มԽ͠εϐʔΧৼಈମͱͯ͠ڑͷؒۃѹΛ͔͚Δ͜ͱͰిిߴͰ͋Δɻܗఆ͞Εͨมݶʹඇৗܗ

Δ͕ɺંΓࢴͷมܗશͯʹ༗༻ͳख๏ʹͳΓಘͳ͍ɻຊจͰಋిੑΠϯΫͷిؾ߅ͱ੩ి༰ྔͷΈʹண

ͨͨ͠ΊɺಋిੑΠϯΫͷۙͰ͔͠ྗΛൃشͰ͖ͳ͍͔ΒͰ͋Ζ͏ɻͦͷͨΊɺಋిੑΠϯΫͰίΠϧΛ࣮

͕߅ؾΔɻಋిੑΠϯΫͷബͦ͞ͷిͰ͖ΔՄੑ͕شΕಋిੑΠϯΫ͔ΒΕͨॴͱྗΛൃ͢ݱ

ແࢹͰ͖ͳ͍΄ͲͰ͋Γɺೋݩ࣍ঢ়ʹ͕ΔΩϟύγλͱൺΔͱίΠϧಋిੑΠϯΫͱͷ૬ੑ͕ѱ͍ɻ͔͠͠

ಋిੑΠϯΫͷվྑిۃͷछྨͷ૿Ճ৽ͨͳมܗΛՄͱ͠͏Δɻ

·ͨɺઢύλʔϯΛແͯ͠ࢹઃܭͰ͖ΔͨΊંΓࢴεϐʔΧͷઃ͕ܭඇৗʹָʹͳΔͩΖ͏ɻંΓࢴεϐʔ

ΧͷҹύλʔϯͷཁٻάϥϑཧͷֶίϯϐϡʔλάϥϑΟοΫεΛઐͱ͢Δਓ͔Β͚ͩͰͳ͍ɻͦ͜

ͰંΓύλʔϯΛύιίϯʹೖྗ͢Δඞཁͳ͘ɺࢴͷ্ͰͳͧΓͳ͕Β͑ߟΒΕΔΑ͏ͳ؆୯ͳख๏Ͱ࣮͠ݱ

ͨຊख๏ɺଟ͘ͷਓ͕ར༻Ͱ͖Δख๏Ͱ͋Ζ͏ɻંΓࢴʹܰബͰ͋ΔརҎ֎ʹɺखʹೖΓ͍͢ࡐྉͰ͋

Δ͔ࢴΒಓ۩ΛΘͣʹ࡞ΕΔརଘ͢ࡏΔɻͦͷͨΊɺύλʔϯΛखͯ͠ࢉܭಋిੑΠϯΫΛखͰృΔࣄɺ

ંͬͯΈͨંΓࢴΛҰ։͍ͯεϐʔΧͱ͢Δ͑͞ࣄՄͱͳΔɻྫ͑ɺંΓͨͨ·Εͨ෦ͷ໘ੵʹ͕ͨͬ͠

ͯεϐʔΧͷԻྔΩϟύγλͷ༰ྔมԽ͢Δɻطଘख๏ͰԻྔ༰ྔͷมԽ͕ఏҊ͞Ε͍ͯΔ͕ɺંΓύλʔ

ϯ͔ΒࣗಈతʹઢύλʔϯΛಘΒΕΔΑ͏ʹͳΕɺΑΓෳࡶͰ༗༻ͳԻྔ༰ྔͷมԽΛఏҊ͘͢͠ͳΔ

ͩΖ͏ɻંΓࢴεϐʔΧͷ͔ੑࢦΒͨݟ·Ͱɺిۃύλʔϯʹ͍ͭͯ͑ߟΔ͜ͱͳ͘·ͣઃ͢ܭΔ͕ࣄՄ

ͱͳΓɺΑΓࣗ༝ͳઃܭʹͭͳ͕ΔͩΖ͏ɻ

ৼಈΛൃੜͤ͞ΒΕΔͱड़͍ͯΔ͕ɺ͜ͷৼಈʹిߴѹ͕ඞཁͰ͋Δɻྫ͑ંΓࢴεϐʔΧʹ 600Vͷ

ަྲྀిѹΛ༻͍͓ͯΓɺจݙ [37]Ͱ 7 kVͷిѹΛ༻͍ͯҠಈΛ࣮͍ͯ͠ݱΔɻిߴѹͷަྲྀిݯೖख͕͠

͍͚ͩͰͳ͘ݥةͰ͋Γɺ͜ͷΑ͏ͳిߴѹͰॳΊͯԻ͕ฉ͑ͨ͜ΓҠಈ͕࣮ͨ͠ݱΓ͢ΔͨΊɺߏػճ࿏ͷ

ΔɻΔ͕ɺӡ༻ʹ͕͑ߦʹܰബ͔ͭखܰݱ࣮

ୈ 3෦ͷలɾݶք

ബ͍ΞΫνϡΤʔλͱͯ͠ܗঢ়هԱ߹ۚΛ༻͍͕ͨɺύνϞʔλ [75]ͳͲΛ༻͍ΕۭؾѹͰͷۦಈ͕Մ

Ͱ͋Δɻܗঢ়هԱ߹ۚͷ 50mg/mʹٴͳ͍·Ͱܰബͳߏػͱͯ͠༗༻Ͱ͋Γɺܗঢ়هԱ߹͕ۚҾுྗͷΈ

Λ࣮͢ݱΔҰํͰύνϞʔλѹॖྗ࣮ݱͰ͖ΔɻύνϞʔλܗঢ়هԱ߹ۚಉ༷ԹͰۦಈ͢ΔΞΫνϡ

ΤʔλͰ͋ΓɺಋిੑΠϯΫΛ༻͍ͨώʔλͱͷΈ߹ΘͤܰബͳߏػͰ࣮ݱͰ͖ɺಔςʔϓͰͷ੍ޚՄͩ

Ζ͏ɻ·ͨܰബͳΞΫνϡΤʔλʹݶΒͳ͍ຊจͷ༰ɺߴਫ਼͔ͭܰബͳંΓ֯ηϯαͱͯ͠༻͍ΒΕɺ

ยଆ͚ͩͰ࣋͠ࢧͳ͚Ε͍͚ͳ͍ߏͳͲͷॏ͍ηϯαΛࡌͰ͖ͳ͍ߏʹ༗༻ͩΖ͏ɻ·ͨࠓճ

ಔςʔϓͰͷ࣮ݱΛ͕ͨͬߦɺಋిੑΠϯΫΛҹࢴͨ͠ΛཱମతʹંΔ͜ͱͰ࣮ݱͰ͖ΔͩΖ͏ɻંΔ͜ͱͰ

ม͠ܗͳཱ͍ମతߏΛ৮ʹ༻͍Δख๏ͱɺંΓ͕֯มԽ͢ΔʹͭΕཱͯମతʹඈͼग़ͯ৮͢Δख๏͕Մ

Ͱ͋ΔɻೖखՃ͕༰қͰ͋ΔͨΊʹಔςʔϓΛ༻͍͕ͨɺؒ࣌อ͢Δͱಔͷද໘ࢎԽͯ͠৮ʹΑ

Δಋ௨ݟΒΕͳ͘ͳΔ٭ 1ɻ

٭ Խಔࢎ1 Cu2O ͷిؾ߅ 10× 105 Ωm Λ͑Δ
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·ͨɺୈ??અͰड़ͨഁյͰ͋Δɻಔςʔϓຎࡲ೪ணࡎʹΑͬͯுΓ͍ͯ͠·͏ͳͲͰಋ௨ͯ͠

͍ͳ͍ͣͷ֯Ͱಋ௨Λҡ͕ނࣄ͏·ͯ࣋͠͠ੜͨ͡ɻͦͷͨΊഁյʹͭͳ͕Δಈ͖ͷલʹϦϛοτεΠο

νతߏΛ༻ҙ͢ΔͱΑΓΑ͘ɺͦͷͨΊʹߏ͕ෳࡶʹͳͬͯ͠·͏ɻ

ୈ 4෦ͷలɾݶք

ຊจͰ࣮ͨ͠ෆݮਰૹ࿏Ͱ֎ʹόωΛ͍ͯ͠ࡌΔ͕ɺંΓࢴͷଓϙςϯγϟϧΤωϧΪʔͷ

ௐઅʹԁંͳͲͷฏୱʹંΓͨͨΊΔߏΛ༻͍ΕΑΓฏୱͳߏ͕ಘΒΕΔͩΖ͏ɻࠓճંΓࢴ෦

ͱͦͷपลͰΓ͚ΔͨΊʹόωͳͲͷྗΛ༻͍͕ͨɺશͯΛંΓࢴͰ࣮͢ΕંΓࢴΛόοςϦͷΑ͏ʹ

༻͍Δ͜ͱ͕ՄͰ͋ΔɻҰൠతͳόοςϦ͕ΤωϧΪʔͷྔʹΑΒͳ͍ॏ͞ͱް͞Λͭ࣋ͷʹରͯ͠ંΓࢴ

ܰ͘ɺ͍ͣΕ͔ͷঢ়ଶʹ͓͍ͯബཱ྆͢͞Δઃ͕ܭՄͰ͋ΔɻͦͷͨΊඞཁͳ࣌ʹۭؒΛ༻͍ͯΤωϧΪʔ

Λॆర͢ΔΑ͏ͳܰബͳόοςϦͷ࣮ݱͱ͑ݴΔɻࣗݾϩοΫߏػͱΈ߹ΘͤΔ͜ͱͰɺҾுͳ͕Βల։͢

Δ͚ͩͰੑΤωϧΪʔΛ͑ͳ͕Βૹ࿏Λߏங͢ΔͳͲͷઃܭͷ͜Ε͔Β͑ߦΔɻ·ͨɺࠓճҐஔ

తʹྡ͍ͯ͠ΔϢχοτಉ࢜ͰͷΈ૬࡞ޓ༻Λ͍ͯ͑ߟΔ͕ɺͦΕͧΕͷྗΛ͑ΔཁૉΛผʹ༻ҙ͢Δ͜

ͱͰΕͨϢχοτͷมܗҾ͖ͤ͜ىΔɻͦͷྗΛ͑ΔཁૉΛશͯฏ໘্ʹ༻ҙ͢Δ͔ɺંΓͨͨΊΔߏ

ͰྗΛ͑ΔཁૉΛ࣮͢ݱΕܰബͳੑ࣭Λҡͨ࣋͠··ΑΓଟ༷ͳಈ͖ͷ࿈ΛੜΉ͜ͱ͕Ͱ͖ΔͩΖ͏ɻ

ୈ 6෦ͷలɾݶք

ຊจͰมܗʹΑͬͯมԽ͢Δύϥϝʔλ͕ଟ͍ԁંΛ༻͍Δ͜ͱͰ༷ʑͳҠಈ༷ࣜΛ࣮͕ͨ͠ݱɺԁ

ંͷϙςϯγϟϧΤωϧΪʔͷܗঢ়͞ߴʹରͯ͠࿈ଓతͰͳΊΒ͔ͳۂઢΛඳ͍͍ͯΔɻͦͷͨΊ࠷ऑ͍ԁ

ંͷΈ͕ભҠ͢Δ߹ʹ࠷ऑ͍ԁંҎ֎ʹมܗੜͯ͡͠·͍ɺಛʹ৳ݦʹ࣌ஶͰ͋ΔɻԁંҎ֎

ͷϙςϯγϟϧʹ͍ͭͯ͑ߟΕɺΑΓٸफ़ʹมԽ͢ΔϙςϯγϟϧΤωϧΪʔ͕ಘΒΕɺΑΓஈ֊తͳมܗ

Λ࣮ݱͰ͖ΔͩΖ͏ɻ

ڀݚΛ༻͍ͨؔ࿈ੑ׳ͷͷࠩΛੜΈɺ࣌ॖ৳ͷϙςϯγϟϧΤωϧΪʔͷඇରশੑΛ༻͍Δ͜ͱͰ͜ʹߋ

[142]ͷΑ͏ͳҠಈ࣮ݱͰ͖Δɻੑ׳Λ༻͍Δͱͦͷੑ׳ͷͨΊʹॏྔ͕૿ܰ͠ബͳߏͰͳ͘ͳΔ͕ɺൕͷ

Α͏ͳܰബͳߏͱۭؾਫͷ߅Λ༻͍Εɺߴͳಈ͖ʹରͯ͠ӷମʹରͯ͠ൕ͕ݻఆ͞Εͳಈ͖ʹ

ରͯ͠ฏ໘ʹຎࡲͰݻఆ͞ΕΔಈ͖͕ՄͱͳΔͩΖ͏ɻϙςϯγϟϧΤωϧΪʔͷۂઢͷࠨӈΛೖΕସ͑Δ

͜ͱෆՄͰ͋Δ͕ɺ1ΞΫνϡΤʔλͷ੍͢ޚΔൣғΛมԽͤ͞Δ͜ͱՄͰ͋Δɻͦ͜Ͱਤ 6.11ͷΑ͏

ʹෳͷԁંΛ͠ࡌɺਤ 6.12ͷΑ͏ʹෳͷભҠαΠΫϧΛ༻ҙ͢Ε 1ΞΫνϡΤʔλͰ྆ํʹҠಈͰ

͖ΔͩΖ͏ɻ

ຊจͰͨͬߦҠಈϩϘοτ͕ඇৗʹ͍ܰͨΊʹେ͖ͳྗΛඞཁͱ͠ͳ͍ͨΊɺԁંͷϙςϯγϟϧΤω

ϧΪʔͷΈͷ͕ࢉܭ΄΅ͦͷ··࣮͍ͯ͠ݱΔɻ͔͠͠ྫ͑ϫΠϠΛ͔ͭΉ߹ʹɺϫΠϠͱ৮͍ͯ͠Δ

෦͕ຎࡲΛੜΉͳͲͯ͠֎෦͔Βͷྗ͑ߟͳ͚Ε͍͚ͳ͍ɻͦͯ͠େ͖ͳྗ͕֎෦͔Β͔͔Εͦͷྗʹ

ΑͬͯҟͳΔม͕ܗੜ͡ΔՄੑ͕͋ΔɻংػͷΑ͏ͳٸफ़ʹมԽ͢ΔϙςϯγϟϧΤωϧΪʔ͜ͷʹͭ

͍ͯӨ͞ڹΕʹ͍͘ߏΛ࣮͢ݱΔɻ

7.2.2 શମʹ͍ͭͯͷలɾݶք

ࢴΛ༻͍Δ͜ͱ͕ॏཁͰ͋Γɺࢴྉͷબఆʹ͍ͭͯ΄ͱΜͲड़͍ͯͳ͍ɻྫ͑ԁંʹ͍ͭͯࡐճࠓ

ͷҰંΕͨͱ͜ΖͰંΕ͘͢ͳΔੑ࣭ͱંΓͷ͍͍ͭͯͳ͍ͱ͜Ζʹ৽ͨʹંΓΛੜ͡ʹ͍͘ੑ࣭͕ԁ

ંͷભҠͷੑٱΛ্͍͛ͯΔɻྫ͑ΫϦΞϑΝΠϧۚଐͰಉ༷ʹԁંΛ࡞͕ͨ͠ɺԁંͷมܗʹ

ͬͯ༨ͳંΓΛੜͯ͡ҟͳΔڍಈΛࣔͨ͠ɻτϥεϞσϧͰͳ͘খ໘ͷมܗΛ༻͍ͨԁંߏචऀ

ͷΔݶΓͦͷ΄ͱΜͲ͕ࢴͰ࡞ΒΕ͓ͯΓɺଞͷԁંʹ͍ͭͯͳͲΛ༻͍͍ͯΔɻͷ߹ཱ͠ͳ

͍ͨΊόΠεςʔϒϧߏͰ͋Δੑ࣭Λ༻͍͍ͯΔͰͳ͘ɺ୯ʹԁͷંΓΈΛ࣮͍ͯ͠ݱΔͰ͋Δͨ
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Ίຊจͷୈ 4෦ͱୈ 6෦ͷ༰ݱ࠶Ͱ͖ͳ͍ɻଞͷࡐྉΛ༻͍ͯԁંΛߏங͢Δ͜ͱͰ͞ΒͳΔԠ༻Λൃ

Δɻ͍ͯ͠Ͱ͖ΔՄੑΛݟ

ۚ߹Աهঢ়ܗɻ͢ബʹ͢ΔՄੑܰʹߋΛڀݚྉΛ༻͍Δ͜ͱͰຊࡐͷԹʹΑͬͯมԽ͢Δڥͯͦ͠

ΛԹʹΑͬͯ͞ΛมԽ͢ΔΞΫνϡΤʔλͱͯ͠औΓ্͍͛ͯΔ͕ɺڥͷมԽͰͳ͘௨ిʹΑΓۦಈ͠

ͨɻྫ͑ύνϞʔλࣨԹͰੜ͡ΔൣғͰ૬มԽΛػߴ͏ߦੑӷମNovec 7000ʢ3MʣΛ༻͍͓ͯΓɺ

 34 ◦CͰ͋Δɻ͜ͷӷମΛೖΕͨԁંਓಈ͕৮ΕͨࡍɺޫͳͲͰ֎ؾԹ্͕͕ͬͨ߹ʹۦಈ͢Δͨ

ΊɺόοςϦෆཁͳมܗΛ࣮͢ݱΔɻଞʹྫ͑࣪ͷมԽͷΈͰҠಈ͢Δ͜ͱ͕Ͱ͖Δࢴঢ়ͷΞΫνϡΤʔ

λ [150]Λ༻͍Ε࣪ʹରͯ͠ۦಈՄͰ͋Δɻ

पԠΛ༻͍ͯ 1ΞΫνϡΤʔλͰঢ়ଶΛม͑Δ͕͋ڀݚΔ [151]ɻ͜ͷڀݚ 1ΞΫνϡΤʔλͰෳͷ

ંΓΛ੍͍ͯ͠ޚΔ͕ɺपԠΛ༻͍͍ͯΔͨΊʹ֎෦ʹྗΛ༩͑ʹ͍͘٭ 2ɻ·ͨจݙ [151]͕ۚଐ൘Λ

ྉͰ͋Ε࣭ྔΛ༻͍ͨ͜ͷࡐͰ͋Δཧ༝ͷҰͭʹͦͷ࣭ྔͷେ͖͕͋͞ΔͩΖ͏ɻܰ͘ͳ͍͕ബ͍ڀݚ͍ͨ༺

Α͏ͳ͕ՄͰ͋Δɻܰ͞ͱബ͞ͷ྆ํ͕ඞཁͰ͋Εຊจͷ༰͕ద͍ͯ͠Δ͕ɺͲͪΒ͔ยํ͚ͩΛ

ඞཁͱ͢Δ໘ͰΑΓࣗ༝ͳઃ͕ܭՄͰ͋ΔͩΖ͏ɻ

·ͨม࣌ܗʹܰബͰͳ͘ͱྑ͍͕ɺܰബͳঢ়ଶΛؒ࣌ҡં͍ͨ࣋͠ΓࢴʹંΓࢴΛંΔͨΊʹࢴΛҠ

ಈ͢ΔϩϘοτ͕ՄͰ͋Ζ͏ɻ1ݩ࣍ͷଟؔઅͷΛɺͷ্Λಈ͘ 1ΞΫνϡΤʔλͱ֤ؔઅͷ֯ΛܾΊΔ

1ΞΫνϡΤʔλͷ߹ܭ 2ΞΫνϡΤʔλͰ੍͢ޚΔख๏͕͋Δ [152]ɻંΓࢴͰฏ໘Λಈ͔ͳ͚Ε͍͚ͳ͍

ͨΊࢴͷ্Λಈ͘ 2ΞΫνϡΤʔλͱ֤ંΓ֯ΛܾΊΔ 1ΞΫνϡΤʔλͷ 3ΞΫνϡΤʔλͰ੍ޚͰ͖Δɻ

٭ 2֎෦͔Βͷྗ͕ҟͳΔܥʹ͍ͭͯͷઃ͕ܭඇৗʹ͍ͩ͠Ζ͏
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ँࣙ

ຊจ౦ژେֶେֶӃ ใཧڀݚܥֶՊ ߈ใֶઐࢠి ത࢜՝ఔͰͷڀݚՌΛ·ͱΊͨจͰ͋Δɻຊ

ڀݚ JST ERATOݪສ༗ใϓϩδΣΫτ (JPMJER1501)ͱ JSPSಛผڀݚһྭඅ (JP19J14472)ͷॿ

Λड͚ͨͷͰ͋Δɻ
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