
ਓಉ࢜ͷःณʹΑΔಈతΦΫϧʔδϣϯͷఆࣜԽ

࡚ (a,1޾و ኍ৿ ૱ਔ1,b) ޱࢁ (७1,c߂ ౦໺ ً෉1,d)

֓ཁɿਓΛܭଌՄೳͳηϯαΛൣ޿ғʹෳ਺഑ஔ͢Δͱͱ΋ʹɼ͜ΕΒΛωοτϫʔΫͰ઀ଓ͢Δ͜ͱʹ
ΑΓɼਓͷҐஔΛ೺Ѳ͢Δߦಈηϯγϯά͕޿·Γͭͭ͋Δɽ͜ͷΑ͏ͳߦಈηϯγϯάγεςϜʹ͓͍

ͯ͸ɼܭଌର৅Ͱ͋Δਓͱηϯαͱͷؒʹःณ෺͕͋Δ৔߹ʹ͸ɼηϯα͔ΒਓΛ௚઀؍ଌͰ͖ͳ͍ͨΊɼ

ܭଓతʹ೺Ѳ͢Δ͜ͱ͸༰қͳ͜ͱͰ͸ͳ͍ɽน΍பͳͲͷःณ෺ʹΑΓਓ͕ܧଌൣғ಺ͷਓͷҐஔΛܭ

ଌͰ͖ͳ͍੩తͳΦΫϧʔδϣϯ͚ͩͰͳ͘ɼܭଌର৅Ͱ͋Δਓ͕ผͷਓʹରͯ͠ःณ෺ͱͳΔಈతͳΦ

Ϋϧʔδϣϯ΋૝ఆ͞Εɼ͜ΕΒ͸ɼηϯαͷ഑ஔ͚ͩͰͳ͘ɼਓͷҠಈ଎౓ɼਓͱηϯαͷҐஔؔ܎ͳ

ͲɼਓͷϞϏϦςΟʹىҼ͢Δ΋ͷͱ͑ߟΒΕΔɽຊڀݚͰ͸ɼಈతͳΦΫϧʔδϣϯʹΑΓܭଌͰ͖ͳ

͍ਓΛఆྔతʹ೺Ѳ͢ΔͨΊɼܭଌྖҬ಺ͷηϯαͱਓͷϞϏϦςΟʹΑΓੜ͡ΔΦΫϧʔδϣϯΛ਺

ཧతʹఆࣜԽ͠ɼਓͷϞϏϦςΟʹԠͯ͡ɼಈతͳΦΫϧʔδϣϯ͕ͲͷΑ͏ʹੜ͡Δ͔Λௐࠪͨ͠ɽγ

ϛϡϨʔγϣϯʹΑΔධՁ࣮ݧͷ݁ՌɼϞϏϦςΟͷҧ͍ʹΑΓɼಈతΦΫϧʔδϣϯʹΑΔӅณ࣌ؒͱ

Ӆณ۠ؒͷมԽʹಛ௃͕ੜ͡Δ͜ͱΛ֬ೝͨ͠ɽ

1. ͸͡Ίʹ

ਓΛܭଌՄೳͳηϯαΛൣ޿ғʹෳ਺഑ஔ͢Δͱͱ΋

ʹɼ͜ΕΒΛωοτϫʔΫͰ઀ଓ͢Δ͜ͱʹΑΓɼਓͷҐ

ஔΛ೺Ѳ͢Δߦಈηϯγϯά͕޿·Γͭͭ͋Δɽ͜ͷΑ͏

ͳߦಈηϯγϯάγεςϜʹΑͬͯऩू͞ΕͨਓͷҐஔ৘

ใΛ׆༻ͨ͠αʔϏε΋ݕ౼͞Ε͓ͯΓɼΠϕϯτձ৔΍

౎৺෦ʹ͓͚Δࠞࡶ؇࿨ɼ࣌֐ࡂʹ͓͚Δਓʑͷආ೉༠ಋ

ͳͲɼਓͷҐஔ৘ใʹͮ͘جαʔϏε্༷͕޲ʑͳ༻్ʹ

Εͨ೔ཱ͞࠵଴͞Ε͍ͯΔɽྫ͑͹ɼ2014೥ʹ։ظ͍͓ͯ

ΠϊϕʔγϣϯϑΥʔϥϜʹ͓͍ͯ͸ɼਓͷಈ͖ํΛྀߟ

ۭͨؒ͠ϨΠΞ΢τͷ࠷దԽΛ࣮͢ݱΔͨΊʹɼձ৔ʹ഑

ஔ͞Εͨଟ਺ͷηϯαʹΑΓདྷ৔ऀͷਓྲྀ৘ใΛܭଌ͢Δ

औ૊͕࣮͞ࢪΕ͍ͯΔ [1]ɽ͜ͷऔ૊Ͱ͸ɼ੺֎ઢηϯα

ʹΑΓɼϦΞϧλΠϜʹདྷ৔ऀͷಈઢΛ೺Ѳ͠ɼલ೥ͷಉ

Πϕϯτʹ͓͚Δདྷ৔ऀͷҠಈܦ࿏΍֤లࣔϒʔε΁ͷೖ

৔ঢ়گͱൺֱ͠ɼలࣔϒʔε഑ஔͷมߋ΍αΠωʔδͷઃ

ஔΛ݁ͨͬߦՌɼలࣔϒʔεͷू٬཰͕ 2ˋ্ঢɼਓ਺ʹ

ͯ͠ 850ਓ૿Ճ͢Δ࣮੷Λ͍͋͛ͯΔɽ·ͨɼࢪઃ಺ʹ͓

͚ΔਓͷҠಈي੻͸ɼ଺͕ؒ࣌ࡏ௕͍ళฮ΍ਓ͕ଟ͘๚Ε

ΔళฮΛ೺Ѳ͢ΔͳͲɼ঎ۀతʹ΋༗༻ੑͷ͍ߴ৘ใͰ͋
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ΓɼݸਓϨϕϧͷৄࡉͳߦಈηϯγϯά͕ٻΊΒΕ͍ͯΔɽ

͜ͷΑ͏ͳߦಈηϯγϯάγεςϜʹ͓͍ͯ͸ɼΧϝϥ

͚ͩͰͳ͘ɼର৅෺·ͰͷҐஔΛਖ਼֬ʹܭଌՄೳͳϨʔ

βʔϨϯδεΩϟφʢLRSʣͳͲɼੑߴೳͳηϯαΛར༻

͢Δྫ΋͛ڍΒΕΔ͕ɼܭଌൣғ಺ͷਓͷҐஔΛܧଓతʹ

೺Ѳ͢Δ͜ͱ͸༰қͳ͜ͱͰ͸ͳ͍ɽܭଌର৅Ͱ͋Δਓͱ

ηϯαͱͷؒʹःณ෺͕͋Δ৔߹ʹ͸ɼηϯα͔ΒਓΛ௚

઀؍ଌͰ͖ͳ͍ͨΊɼਓͷҐஔΛ೺Ѳ͍ͨ͠ྖҬʹ͓͍ͯɼ

͍ͣΕ͔ͷηϯα͕ਓΛܭଌͰ͖ΔΑ͏ɼෳ਺ͷηϯαʹ

ΑΓܭଌ͞ΕΔྖҬ͕࠷େͱͳΔΑ͏ͳηϯα഑ஔΛಋग़

͢Δ͔͍͕ͭ͘ڀݚҝ͞Ε͍ͯΔ [2–4]ɽҰํͰɼ͜ͷΑ

͏ͳน΍பͳͲͷःณ෺ʹΑΓਓ͕ܭଌͰ͖ͳ͍੩తͳΦ

Ϋϧʔδϣϯ͚ͩͰͳ͘ɼܭଌର৅Ͱ͋Δਓ͕ผͷਓʹର

ͯ͠ःณ෺ͱͳΔಈతͳΦΫϧʔδϣϯ΋૝ఆ͞Εɼ͜Ε

Β͸ɼηϯαͷ഑ஔ͚ͩͰͳ͘ɼਓͷҠಈ଎౓ɼਓͱηϯ

αͷҐஔؔ܎ͳͲɼਓͷϞϏϦςΟʹىҼ͢Δ΋ͷͱ͑ߟ

ΒΕΔɽ

ຊڀݚͰ͸ɼಈతͳΦΫϧʔδϣϯʹΑΓܭଌͰ͖ͳ͍

ਓΛఆྔతʹ೺Ѳ͢ΔͨΊɼܭଌྖҬ಺ͷηϯαͱਓͷϞ

ϏϦςΟʹΑΓੜ͡ΔΦΫϧʔδϣϯΛ਺ཧతʹఆࣜԽ

͠ɼਓͷϞϏϦςΟʹԠͯ͡ɼಈతͳΦΫϧʔδϣϯ͕Ͳ

ͷΑ͏ʹੜ͡Δ͔Λௐࠪͨ͠ɽ·ͣɼܭଌྖҬ಺ʹःณ෺

ͱͳΔਓͱܭଌର৅ͱͳΔਓ͕̍ਓ͍ͣͭΔ৔߹ͷɼ༷ʑ

ͳҠಈύλʔϯʹରͯ͠ɼಈతΦΫϧʔδϣϯʹΑͬͯਓ

ଌͰ͖ͳ͘ͳΔӅณ۠ؒͱӅณ࣌ؒΛಋग़͠ɼͦܭ͕ ͷޙɼ

ःณ෺ͱͳΔਓ͕ෳ਺ਓͷ৔߹ʹ֦ு͠ɼޙ࠷ʹηϯα͕
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ෳ਺͋Δ৔߹ʹ͍ͭͯɼͦͷӅณ۠ؒΛಋग़͢Δɽγϛϡ

ϨʔγϣϯʹΑΔධՁ࣮ݧͷ݁ՌɼϞϏϦςΟͷҧ͍ʹΑ

ΓɼಈతΦΫϧʔδϣϯʹΑΔӅณ࣌ؒͱӅณ۠ؒͷมԽ

ʹಛ௃͕ੜ͡Δ͜ͱΛ֬ೝͨ͠ɽ

2. ؔ࿈ڀݚ

ଌ͢Δख๏ͱͯ͠ɼෳ਺ͷηϯα͔ܭΛऀߦଓతʹาܧ

ΒৗʹาऀߦΛܭଌͰ͖ΔΑ͏ɼηϯαΛ഑ஔ͢Δख๏͕

ଟ਺ݕ౼͞Ε͍ͯΔ [2–11]ɽηϯα഑ஔͷ࠷దԽͷ໰୊ͱ

ͯ͠ɼArt Gallery ProblemʢAGPʣ[2,5] ͕Α͘஌ΒΕͯ

͍ΔɽAGPͰ͸ɼ෦԰ͷܗͳͲͷزԿֶ৘ใ͕׬શʹط

஌ͷ৔߹ʹɼ࠷খ਺ͷܯඋһͰඒज़ؗ಺ͷશͯͷ஍఺Λ؂

ࢹ౓ͰશํҐͷਂݶඋһ͸ແܯͰ͖Δ഑ஔΛಋग़͢Δɽࢹ

໺Λ༗͢ΔͱԾఆ͓ͯ͠Γɼແਂݶ౓ແੑ޲ࢦΧϝϥͱଊ

͑Δ͜ͱ͕Ͱ͖ΔͨΊɼAGP͸زԿֶ৘ใ͕׬શʹط஌

ͷ৔߹ͷແਂݶ౓ແੑ޲ࢦΧϝϥͷ࠷దͳ഑ஔΛಋग़͢Δ

໰୊ͱ౳ՁͰ͋Δɽ

ਓΛஅଓతݸଌྖҬ಺ͷܭେԽͰ͸ͳ͘ɼ࠷ଌྖҬͷܭ

ଌ͠ଓ͚ΔɼτϥοΩϯάΛ໨తͱͯ͠ηϯα഑ஔΛܭʹ

ΘΕ͍ͯΔߦదԽ͢ΔͨΊͷऔΓ૊Έ΋࠷ [6, 7]ɽ୯७ͳ

ܭେԽΛ໨తͱͨ͠৔߹͸ɼ͋Δ஍఺ʹ͋Δ࠷ଌྖҬͷܭ

ଌର৅Λɼগͳ͘ͱ΋Ұͭͷηϯα͔ΒܭଌͰ͖Ε͹ͦͷ

஍఺ΛܭଌྖҬʹؚΉͱ͓ͯ͠Γɼʮ͋Δ஍఺͕গͳ͘ͱ

΋Ұͭͷηϯα͔ΒܭଌՄೳͰ͋Δʯͱ͍͏੍໿৚݅Λຬ

ͨ͢ྖҬΛ࠷େԽ͢ΔΑ͏ɼηϯα഑ஔΛ࠷దԽ͢Δ໰୊

ͱͯ͠ఆࣜԽ͞Ε͍ͯΔɽҰํɼτϥοΩϯάͷ৔߹͸ɼ

Ұͭͷηϯα͔Βܭଌର৅Λܭଌ͢Δ͚ͩͰ͸ɼஅଓతͳ

໿৚੍͕͍݅ڧΒͳ͍ͷͰɼΑΓݶଌ͕ՄೳͰ͋Δͱ͸ܭ

ඞཁʹͳΔ͕ɼͦͷ੍໿৚݅͸ར༻͢Δηϯαͷछྨ΍ੑ

ೳʹେ͖͘ґଘ͢Δɽจݙ [6]ʹ͓͍ͯ͸ɼηϯαͱͯ͠

ΧϝϥΛ࢖༻ͨ͠৔߹ʹ͓͚ΔτϥοΩϯάͷͨΊͷ੍໿

৚݅ͱͯ͠ɼʮ͋Δ஍఺͕গͳ͘ͱ΋ೋͭͷηϯα͔Βܭ

ଌՄೳͰ͋ΔʯͱఆΊ͍ͯΔɽ͜Ε͸ 2ͭҎ্ͷηϯα͔

Βܭଌର৅ΛܭଌͰ͖ͨࡍʹɼ֯ࡾଌྔʹΑΓผͷηϯα

͔Βͦͷ؍ଌର৅ͷҐஔ͕ಛఆՄೳͰɼηϯαؒͰܭଌର

৅ͷҐஔΛڞ༗Ͱ͖ΔͨΊɼܭଌର৅͕ݸʑͷηϯαͷܭ

ଌྖҬΛ·͕ͨΔΑ͏ʹҠಈͨ͠ࡍʹ͓͍ͯ΋ɼஅଓతͳ

τϥοΩϯά͕ՄೳͰ͋Δɽ͞Βʹɼܭଌର৅Λࣝผ͢Δ

ͨΊʹ͖޲Λྀ͠ߟɼʮ͋Δ஍఺ʹ͓͍ͯɼܭଌର৅ͷಛ௃

ΛΑ͘ද͢໘Λগͳ͘ͱ΋ೋͭͷηϯα͔ΒܭଌՄೳͰ͋

Δʯͱ͍͏੍໿৚݅ͷ΋ͱͰɼηϯα഑ஔͷ࠷దԽΛͬߦ

͍ͯΔɽ͜ͷ࠷దԽ͸ɼηϯαͷܭଌྖҬʹର੍ͯ͠໿৚

݅Λຬͨ͢ྖҬͷׂ߹͕ᮢ஋Ҏ্ʹͳΔΑ͏ʹɼηϯα਺

Λ࠷খԽ͢Δखଓ͖ͱɼͦͷ࠷దԽʹΑΓಋग़ͨ͠ηϯα

਺Ͱɼ੍໿৚݅Λຬͨ͢ྖҬΛ࠷େԽ͢Δखଓ͖͔Βߏ੒

͞ΕΔɽ͜ͷख๏Ͱ͸அଓతͳτϥοΩϯάʹඞཁͳ੍໿

৚݅ΛఆࣜԽͯ͠ηϯα഑ஔΛ࠷దԽ͍ͯ͠Δ͕ɼಈతͳ

ΦΫϧʔδϣϯ͸ྀ͞ߟΕ͍ͯͳ͍ɽΧϝϥͷ৔߹ɼபͳ

Ͳͷे͕͞ߴ෼ͳ੩తͳःณ෺͸ແࢹͰ͖ͳ͍͕ɼಈతͳ

ःณ෺ͱͯ͑͠ߟΒΕΔਓʹؔͯ͠͸ɼ͕͋͞ߴ·Γ͘ߴ

ͳ͍ͨΊɼΧϝϥΛे෼ͳ͞ߴʹઃஔ͢Δ͜ͱͰͦͷΦΫ

ϧʔδϣϯΛແࢹͰ͖Δͱ͍ͯ͠Δɽ

ಈతΦΫϧʔδϣϯ͸ɼ͋Δܭଌର৅͕ผͷܭଌର৅ʹ

ରͯ͠ःณ෺ͱͳΔ͜ͱͰൃੜ͢Δɽ͜ͷಈతΦΫϧʔ

δϣϯ͸ܭଌର৅ͷҐஔʹґଘ͢ΔͨΊɼಈతΦΫϧʔ

δϣϯΛѻ͏ηϯα഑ஔͷ࠷దԽख๏ͷҰͭʹ͓͍ͯ͸ɼ

ଌՄܭͷۉଌՄೳੑΛ֬཰తʹଊ͑ɼͦͷฏܭଌର৅ͷܭ

ೳੑΛ࠷େԽ͢ΔΑ͏ʹ࠷దԽΛ͍ͯͬߦΔɽจݙ [8, 9]

Ͱ͸ɼηϯαͷܭଌྖҬͷ໘ੵʹରͯ͠ΦΫϧʔδϣϯྖ

Ҭͷ໘ੵͷׂ߹͕େ͖͍΄Ͳɼܭଌର৅͕ܭଌ͠ʹ͘͘ͳ

ΔͱԾఆ͠ɼ͋Δ֬཰෼෍ʹैͬͯϥϯμϜʹग़ͨ͠ݱः

ณ෺ʹΑΓൃੜ͢ΔܭଌෆՄೳͳΦΫϧʔδϣϯྖҬͷ໘

ੵҎ֎ͷ໘ੵͷׂ߹Λɼܭଌର৅ͷฏۉͷܭଌՄೳੑͱ͠

ͯఆ͍ٛͯ͠Δɽॴఆͷηϯα਺Λ༩͑ͨࡍʹɼ͜ͷฏۉ

ͷܭଌՄೳੑ͕࠷େͱͳΔΑ͏ʹ࠷దԽΛ͜͏ߦͱͰɼಈ

తΦΫϧʔδϣϯΛܭྀͨ͠ߟଌՄೳੑ͕࠷େͱͳΔΑ͏

ͳηϯα഑ஔΛಋग़͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷख๏Ͱ͸੩త

ΦΫϧʔδϣϯ͚ͩͰͳ͘ɼϥϯμϜʹൃੜ͢ΔಈతΦΫ

ϧʔδϣϯΛྀ͍ͯ͠ߟΔ఺Ͱ༏Ε͍ͯΔ͕ɼ࣮ࡍʹ͸ਓ

͸ϥϯμϜʹग़͢ݱΔͷͰ͸ͳ͘ಛఆͷϞϏϦςΟʹैͬ

ͯҠಈ͢ΔͨΊ࣮ݱతͰͳ͍ɽ

3. ಈతΦΫϧʔδϣϯʹΑΔӅณ۠ؒͱӅณ
࣌ؒͷఆࣜԽ

ຊষͰ͸ɼਓಉ࢜ʹΑΓੜ͡ΔಈతΦΫϧʔδϣϯʹΑ

Γਓ͕Ӆณ͞ΕΔ۠ؒͱ࣌ؒΛఆࣜԽ͢ΔɽҎԼͰ͸ɼη

ϯα͔Βܭଌ͞ΕΔਓΛܭଌର৅ɼ͜ͷܭଌର৅ΛӅ͢ਓ

Λःณ෺ͱ͢Δɽ·ͣɼηϯα͕ҰͭͰɼःณ෺ͱܭଌର

৅͕Ұͭͣͭ͋Δ৔߹ʹ͍ͭͯఆࣜԽΛ͍ߦɼ࣍ʹఆࣜԽ

ͨࣜ͠Λःณ෺͕ෳ਺͋Δ৔߹ʹ֦ு͠ɼޙ࠷ʹෳ਺ηϯ

αʹ֦ு͢Δɽ͜ΕʹΑΓɼෳ਺ηϯαʹ͓͚ΔಈతΦΫ

ϧʔδϣϯʹΑΔӅณ۠ؒͱӅณ͕࣌ؒΘ͔Ε͹ɼΦΫ

ϧʔδϣϯൃੜͷલޙͰܭଌର৅ͷҰகΛ֬ೝ͢Δ͜ͱ΋

ՄೳͱͳΔͱ͑ߟΔɽ͜ͷఆࣜԽʹ͓͍ͯɼηϯα͸ܭଌ

͓࣌ؒΑͼεςοϓ͕֯ແݶখͰ͋Δཧ૝ηϯαͰ͋Δͱ

Ծఆ͠ɼܭଌର৅ͷҰ෦Ͱ΋ηϯα͔ΒܭଌͰ͖Ε͹ɼܭ

ଌՄೳͰ͋Δͱఆٛ͢Δɽ͜ͷఆࣜԽͰ͸ɼ·ͣɼಈతΦ

ΫϧʔδϣϯʹΑΔӅณ͕࣌ؒ௕͘ͳΓɼͦͷӨ͕ڹେ͖

͍ͱ͑ߟΒΕΔɼःณ෺ͱܭଌର৅͕ಉํ޲ʹҠಈ͢Δ৔

߹Λର৅ͱ͢Δɽ

3.1 ःณ෺ɼܭଌର৅ͷϞϏϦςΟͱಈతΦΫϧʔδϣϯ

ҎԼͰ͸ݪ఺ʹηϯα͕ઃஔ͞Ε͍ͯΔ xzฏ໘ঢ়Λɼz

࣠ਖ਼ํ޲ʹःณ෺ͱܭଌର৅͕Ҡಈ͢Δͱ৔߹Λ͑ߟΔɽ

͜ͷΑ͏ͳԾఆΛ͓͍ͯ΋ରশੑΑΓҰൠੑΛࣦΘͳ͍ɽ

͞Βʹ̎ͭͷ෺ମͷ൒ܘΛ rɼηϯαʹ͍ۙଆͷःณ෺ͷ
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ਤ 1 ಉ଎౓ͷ৔߹

ඪΛ࠲ (xi, zi),଎౓Λ viͱ͠ɼηϯα͔Βԕ͍ଆͷܭଌର

৅ͷ࠲ඪΛ (xj , zj),଎౓Λ vj ͱ͢Δɽ

3.1.1 ःณ෺ͱܭଌର৅͕ಉ଎౓ͰҠಈ͢Δͱ͖

શʹӅ͞ΕΔͷ͸ɼηϯα׬ଌର৅͕ःณ෺ʹΑͬͯܭ

ͱܭଌର৅ͷؒʹःณ෺͕ଘ͠ࡏɼηϯα͔Βܭଌର৅͕

શ֬͘ೝͰ͖ͳ͍Α͏ͳҐஔؔ܎ͷ࣌Ͱ͋Δɽ͜Ε͸̎࣍

ɼ͠ࡏଌର৅ͷؒʹःณ෺͕ଘܭฏ໘্Ͱ͸ɼηϯαͱݩ

ηϯαͱܭଌର৅ͷؒʹ̍ຊ΋௚ઢ͕Ҿ͚ͳ͍Ґஔؔ܎ʹ

૬౰͢ΔɽҎԼͰ͸ɼ͜ ͷΑ͏ͳҐஔ͕ؔ܎੒ཱ͢Δؒ͸ɼ

ಈతΦΫϧʔδϣϯʹΑΓܭଌର৅͕ܭଌͰ͖ͳ͍ͨΊɼ

͜ͷؒʹܭଌର৅͕Ҡಈ͢Δ۠ؒΛӅณ۠ؒɼӅณ۠ؒΛ

ଌର৅͕Ҡಈ͢Δ࣌ؒΛӅณ࣌ؒͱͯ͠ಋग़͢Δɽ͜ͷܭ

Α͏ͳҐஔؔ܎ΛٻΊΔࡍʹɼःณ෺ͱܭଌର৅ɼ̎ͭͷ

ԁͷڞ௨֎઀ઢʹண໨͢Δɽڞ௨֎઀ઢ͸̎ͭͷԁʹ઀͠

͍ͯΔ઀ઢͷ͏ͪɼ઀ઢΛڬΜͰಉ͡ଆʹ̎ͭͷԁ͕ଘࡏ

͢Δ̎ຊͷ௚ઢͰ͋Δɽ̎ຊͷڞ௨֎઀ઢͱःณ෺ʹғ·

ΕͨྖҬ͸ɼܭଌର৅͔Β̍ຊ΋௚ઢΛҾ͘͜ͱ͕Ͱ͖ͳ

͍ྖҬͰ͋ΔɽΑͬͯ͜ͷྖҬ಺ʹηϯα͕ଘ͢ࡏΔΑ͏

ͳҐஔؔ܎ͷ࣌͸ɼಈతΦΫϧʔδϣϯʹΑΓܭଌର৅͕

ଌର৅͕ͲͪΒ΋ਓͰܭଌͰ͖ͳ͍ɽ͜͜Ͱ͸ःณ෺ͱܭ

͋Γɼಉ͡େ͖͞Ͱ͋ΔͱԾఆ͓ͯ͠Γɼڞ௨֎઀ઢ͸ฏ

௨֎઀ઢͱःณ෺ʹғ·ΕͨڞͱͳΔɽΑͬͯɼ̎ຊͷߦ

ྖҬͷ୅ΘΓʹɼ̎ຊͷڞ௨֎઀ઢͷؒʹηϯα͕ଘ͢ࡏ

Δ৔߹ʹɼܭଌର৅͕Ӆณ͞ΕΔͱ؆ུԽ͢Δ͜ͱ͕Ͱ͖

ΔͨΊɼҎԼͰ͸ηϯαɼःณ෺ɼܭଌର৅͕͜ͷΑ͏ͳ

Ґஔؔ܎ͱͳΔ۠ؒͱ࣌ؒΛಋग़͢Δɽͦͷࡍɼःณ෺ͱ

ଌର৅ͷܭ x࣠ํ޲ͷࠩΛ dxɼz࣠ํ޲ͷࠩΛ dzɼͦΕͧ

Εͷ଎͞Λ vi = vj = vͱ͢Δɽ

ਤ 1͸ɼःณ෺ͱܭଌର৅͕ಉ଎౓ͰҠಈ͢Δͱ͖ͷɼ

ಈతΦΫϧʔδϣϯʹΑΔܭଌର৅ͷӅณ͕࢝·Δ௚લͱ

ऴΘΔ௚લͷɼःณ෺ͱܭଌର৅ͷҐஔؔ܎Λࣔͨ͠ਤͰ

͋Δɽਤ 1ͷɼ੨৭ͷԁ͸ःณ෺Λɼᒵ৭ͷԁ͸ܭଌର৅

Λද͓ͯ͠Γɼਤͷ࣮ઢ͸ःณ෺ͱܭଌର৅ͷڞ௨֎઀ઢ

Λද͍ͯ͠Δɽਤ 1தͷ৭ͷബ͍΋ͷ͸ɼܭଌର৅͕ःณ

෺ʹΑͬͯ׬શʹӅณ͞Ε࢝ΊΔ௚લͷҐஔؔ܎Λࣔͯ͠

͍Δɽ͜Ε͸ःณ෺ͱܭଌର৅ͷ z࠲ඪਖ਼ํ޲ଆͷڞ௨֎

઀ઢ͕ηϯαΛ௨ա͢Δͱ͖Ͱ͋Γɼ͜ΕҎ߱͸ηϯα͕

ःณ෺ͱܭଌର৅ͷ 2ຊͷڞ௨֎઀ઢͷؒʹೖΔͨΊɼಈ

తΦΫϧʔδϣϯʹΑΔܭଌର৅ͷӅณ͕ൃੜ͢Δ௚લͷ

Ґஔؔ܎Ͱ͋Δɽ৭ͷೱ͍΋ͷ͸ɼःณ෺ʹΑΔܭଌର৅

ͷӅณ͕ऴΘΔ௚લͷҐஔؔ܎Λ͍ࣔͯ͠Δɽ͜Ε͸ःณ

෺ͱܭଌର৅ͷ z࠲ඪෛํ޲ଆͷڞ௨֎઀ઢ͕ηϯαΛ௨

ա͢Δͱ͖Ͱ͋Γɼ͜ΕҎ߱͸ηϯα͕ःณ෺ͱܭଌର৅

ͷ 2 ຊͷڞ௨֎઀ઢͷ͔ؒΒ֎ΕΔͨΊɼಈతΦΫϧʔ

δϣϯʹΑΔܭଌର৅ͷӅณ͕ऴྃ͢Δ௚લͷҐஔؔ܎Ͱ

͋ΔɽΑͬͯɼಈతΦΫϧʔδϣϯʹΑΓܭଌର৅͕ܭଌ

Ͱ͖ͳ͍Ӆณ۠ؒ͸ਤ 1ͷ dͷ۠ؒͰ͋Δɽ

ਤ 1ΑΓɼηϯα sͰͷःณ෺ iʹΑΔܭଌର৅ jͷಈత

ΦΫϧʔδϣϯʹΑΔӅณ࣌ؒ ts,i,j ͱಈతΦΫϧʔδϣϯ

͕ൃੜ͢Δࡍͷڞ௨֎઀ઢͷํҐ֯ θs,i,j1 ͱಈతΦΫϧʔ

δϣϯ͕ऴྃ͢Δࡍͷڞ௨֎઀ઢͷํҐ֯ θs,i,j2 ͸

θ = θs,i,j1 = θs,i,j2 (1)

ts,i,j =
d

v
(2)

Λຬͨ͠ɼҎԼͷزԿత͕ؔ܎੒Γཱͭɽ

d =
2r

cos θ
(3)

cos θ =
dx√

dx2 + dz2
(4)

tan θ =
dz

dx
(5)

͜ΕΒͷࣜΑΓ
⎧
⎪⎪⎨

⎪⎪⎩

θs,i,j1 = θs,i,j2 = arctan
dz

dx
(6a)

ts,i,j =
2r
√
dx2 + dz2

vdx
(6b)

͕ಘΒΕΔɽ

3.1.2 ःณ෺ͱܭଌର৅͕ҟͳΔ଎౓ͰҠಈ͢Δͱ͖

ःณ෺ͱܭଌର৅͕ಉ଎౓ͰҠಈ͢Δ࣌ͱಉ༷ʹɼܭଌ

ର৅͕ःณ෺ʹΑͬͯ׬શʹӅ͞ΕΔͷ͸ɼηϯαͱܭଌ

ର৅ͷؒʹःณ෺͕ଘ͠ࡏɼηϯα͔Βܭଌର৅͕શ֬͘

ೝͰ͖ͳ͍Α͏ͳҐஔؔ܎ͷ࣌Ͱ͋Δɽ͜Ε͸̎࣍ݩฏ໘

্Ͱ͸ɼηϯαͱܭଌର৅ͷؒʹःณ෺͕ଘ͠ࡏɼηϯα

ͱܭଌର৅ͷؒʹ̍ຊ΋௚ઢ͕Ҿ͚ͳ͍Ґஔؔ܎ʹ૬౰

͢ΔɽΑͬͯɼःณ෺ͱܭଌର৅͕ಉ଎౓ͰҠಈ͢Δ࣌ͱ

ಉ༷ʹɼ̎ຊͷڞ௨֎઀ઢͷؒʹηϯα͕ଘ͢ࡏΔΑ͏ͳ

Ґஔؔ܎ͱͳΔ۠ؒͱ࣌ؒΛಋग़͢Δɽͦͷࡍɼःณ෺ͱ

ଌର৅ͷܭ x࣠ํ޲ͷࠩΛ dxɼͦΕͧΕͷ଎͞Λ vi, vjɼ

vi < vj ͱ͢Δɽ͜ͷͱ͖ɼःณ෺ͱܭଌର৅ͷ z࠲ඪ͕

ಉ͡ʹͳΔ࣌ͷ z࠲ඪΛ z′ͱ͢Δͱɼz′ͷ஋ʹΑͬͯɼಈ
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ਤ 2 ҟͳΔ଎౓ɼz′ = 0 ͷͱ͖

తΦΫϧʔδϣϯʹΑΔܭଌର৅ͷӅณ͕۠ؒมԽ͢Δɽ

z′ = 0Ͱ͸ɼਤ 2ͷΑ͏ʹ z < 0ͷྖҬͰӅณ͕։࢝͠ɼ

z > 0Ͱऴྃ͢Δɽz′ > 0Ͱ͸ਤ 3ɼਤ 4ͷΑ͏ʹ z > 0ͷ

ྖҬͰӅณ͕։࢝ɾऴྃ͢Δɽz′ < 0Ͱ͸ z < 0ͷྖҬͰ

Ӆณ͕։࢝ɾऴྃ͢Δɽ͜ͷΑ͏ʹ z′ͷ஋ʹΑͬͯӅณ͕

ൃੜ͢ΔྖҬ͕ҟͳΔͨΊɼ৔߹෼͚ͯ͠ఆࣜԽΛ͏ߦɽ

• z′ = 0ͷͱ͖

ਤ 2͸ɼःณ෺ͱܭଌର৅͕ҟͳΔ଎౓ͰҠಈ͢Δͱ

͖Ͱɼ͔ͭ z′ = 0ͱͳΔͱ͖ͷɼಈతΦΫϧʔδϣϯ

ʹΑΔܭଌର৅ͷӅณ͕࢝·Δ௚લͱऴΘΔ௚લͷɼ

ःณ෺ͱܭଌର৅ͷҐஔؔ܎Λࣔͨ͠ਤͰ͋Δɽਤ 2

தͷ৭ͷബ͍΋ͷ͸ɼܭଌର৅͕ःณ෺ʹΑͬͯ׬શ

ʹӅณ͞Ε࢝ΊΔ௚લͷҐஔؔ܎Λ͍ࣔͯ͠Δɽ͜Ε

͸ःณ෺ͱܭଌର৅ͷ z࠲ඪෛํ޲ଆͷڞ௨֎઀ઢ͕

ηϯαΛ௨ա͢Δͱ͖Ͱ͋Γɼ͜ΕҎ߱͸ηϯα͕ः

ณ෺ͱܭଌର৅ͷ 2ຊͷڞ௨֎઀ઢͷؒʹೖΔͨΊɼ

ಈతΦΫϧʔδϣϯʹΑΔܭଌର৅ͷӅณ͕ൃੜ͢Δ

௚લͷҐஔؔ܎Ͱ͋Δɽ৭ͷೱ͍΋ͷ͸ɼःณ෺ʹΑ

Δܭଌର৅ͷӅณ͕ऴΘΔ௚લͷҐஔؔ܎Λ͍ࣔͯ͠

Δɽ͜Ε͸ःณ෺ͱܭଌର৅ͷ z࠲ඪਖ਼ํ޲ଆͷڞ௨

֎઀ઢ͕ηϯαΛ௨ա͢Δͱ͖Ͱ͋Γɼ͜ΕҎ߱͸η

ϯα͕ःณ෺ͱܭଌର৅ͷ 2ຊͷڞ௨֎઀ઢͷ͔ؒΒ

֎ΕΔͨΊɼಈతΦΫϧʔδϣϯʹΑΔܭଌର৅ͷӅ

ณ͕ऴྃ͢Δ௚લͷҐஔؔ܎Ͱ͋ΔɽΑͬͯɼಈతΦ

ΫϧʔδϣϯʹΑΓܭଌର৅͕ܭଌͰ͖ͳ͍Ӆณ۠ؒ

͸ਤ 2ͷ dͷ۠ؒͰ͋Δɽ

ਤ 2ΑΓɼηϯα sͰͷःณ෺ iʹΑΔܭଌର৅ jͷ

ಈతΦΫϧʔδϣϯʹΑΔܭଌର৅ͷӅณ͕࢝·ͬ

͔ͨ࣌Β zi = zj = z′ ͱͳΔ·Ͱͷ࣌ؒ ts,i,j1 ͱɼ

zi = zj = z′ ͱͳ͔ͬͨ࣌ΒಈతΦΫϧʔδϣϯʹΑ

Δܭଌର৅ͷӅณ͕ऴΘΔ·Ͱͷ࣌ؒ ts,i,j2 ɼ͓Αͼಈ

తΦΫϧʔδϣϯ͕։࢝͢Δࡍͷڞ௨֎઀ઢͷํҐ֯

θs,i,j1 ͱɼಈతΦΫϧʔδϣϯ͕ऴྃ͢Δࡍͷڞ௨֎઀

ઢͷํҐ֯ θs,i,j2 ͸

t = ts,i,j1 = ts,i,j2 (7)

θ = θs,i,j1 = θs,i,j2 (8)

ਤ 3 z′ > 0 ͷͱ͖ͷΦΫϧʔδϣϯ։࢝Ґஔ

Λຬͨ͠ɼθ ͱ t͸࣍ͷ࿈ཱํఔࣜΛղ͘͜ͱͰಘΒ

ΕΔɽ

⎧
⎪⎪⎨

⎪⎪⎩

tan θ =
vj − vi
xj − xi

t (9a)

tan θ =
r√

a2 − r2
(9b)

ͨͩ͠ɼa͸࣍ࣜͰද͢΋ͷͱ͢Δɽ

a =
xivj − xjvi
vj − vi

(10)

͜͜Ͱ (vj − vi)t͸ zi = zj = z′ ͱͳ͔ͬͯΒಈతΦ

Ϋϧʔδϣϯ͕ऴྃ͢Δ·Ͱʹःณ෺ͱܭଌର৅͕ਐ

Ήڑ཭ͷࠩΛද͢ɽ͜ͷ࿈ཱํఔࣜΛղ͘ͱɼ

⎧
⎪⎪⎨

⎪⎪⎩

θs,i,j1 = θs,i,j2 = arctan
r√

a2 − r2
(11a)

ts,i,j1 = ts,i,j2 =
xj − xi

vj − vi

r√
a2 − r2

(11b)

͕ಘΒΕΔɽ

• z′ > 0ͷͱ͖

ਤ 3͸ɼःณ෺ͱܭଌର৅͕ҟͳΔ଎౓ͰҠಈ͢Δͱ

͖Ͱɼ͔ͭ z′ > 0ͱͳΔͱ͖ͷɼಈతΦΫϧʔδϣϯ

ʹΑΔܭଌର৅ͷӅณ͕࢝·Δ௚લͷɼःณ෺ͱܭଌ

ର৅ͷҐஔؔ܎Λࣔͨ͠ਤͰ͋Δɽਤ 3தͷബ͍΋ͷ

͸ɼःณ෺ͱܭଌର৅ͷ z࠲ඪ͕ಉ͡ʹͳΔͱ͖ɼͭ

·Γ zi = zj = z′ ͱͳΔͱ͖ͷҐஔؔ܎Ͱ͋Δɽ৭ͷ

ೱ͍΋ͷ͸ɼܭଌର৅͕ःณ෺ʹΑͬͯ׬શʹӅณ͞

Ε࢝ΊΔ௚લͷҐஔؔ܎Λ͍ࣔͯ͠Δɽ͜Ε͸ःณ෺

ͱܭଌର৅ͷ z࠲ඪෛํ޲ଆͷڞ௨֎઀ઢ͕ηϯαΛ

௨ա͢Δͱ͖Ͱ͋Γɼ͜ΕҎ߱͸ηϯα͕ःณ෺ͱܭ

ଌର৅ͷ 2ຊͷڞ௨֎઀ઢͷؒʹೖΔͨΊɼಈతΦΫ

ϧʔδϣϯʹΑΔܭଌର৅ͷӅณ͕ൃੜ͢Δ௚લͷҐ

ஔؔ܎Ͱ͋Δɽ

͜ͷͱ͖ɼಈతΦΫϧʔδϣϯ͕։࢝͢Δࡍͷڞ௨֎

઀ઢͷํҐ֯ θs,i,j1 ͱɼzi = zj = z′ ͱͳͬͨҐஔ͔

ΒಈతΦΫϧʔδϣϯʹΑΔӅณ։࢝·Ͱͷ࣌ؒ ts,i,j1

͸࣍ͷ࿈ཱํఔࣜΛղ͘͜ͱͰಘΒΕΔɽਤ 3ΑΓɼ
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ਤ 4 z′ > 0 ͷͱ͖ͷΦΫϧʔδϣϯऴྃҐஔ

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

tan θs,i,j1 =
vj − vi
xj − xi

ts,i,j1 (12a)

tan θs,i,j1 =
− rb

xj−xi
+ vjt

s,i,j
1 + z′

xj
(12b)

ͨͩ͠ɼb͸࣍ࣜͰද͢΋ͷͱ͢Δɽ

b =
√
(vj − vi)2(t

s,i,j
1 )2 + (xj − xi)2 (13)

͜͜Ͱ (vj − vi)ts,i,j,1 ͸ zi = zj = z′ ͱͳ͔ͬͯΒಈ

తΦΫϧʔδϣϯʹΑΔܭଌର৅ͷӅณ͕։࢝͢Δ·

Ͱʹःณ෺ͱܭଌର৅͕ਐΉڑ཭ͷࠩΛද͢ɽ·ͨɼ

͜ͷ࿈ཱํఔࣜΛղ͍ͨ݁Ռ͸ඇৗʹ൥ࡶͰ͋ΔͨΊ

লུ͢Δɽ

·ͨɼਤ 4͸ɼःณ෺ͱܭଌର৅͕ҟͳΔ଎౓ͰҠಈ

͢Δͱ͖Ͱɼ͔ͭ z′ > 0ͱͳΔͱ͖ͷɼಈతΦΫϧʔ

δϣϯʹΑΔܭଌର৅ͷӅณ͕࢝·Δ௚લͷɼःณ෺

ͱܭଌର৅ͷҐஔؔ܎Λࣔͨ͠ਤͰ͋Δɽਤ 4தͷബ

͍΋ͷ͸ɼःณ෺ͱܭଌର৅ͷ z࠲ඪ͕ಉ͡ʹͳΔͱ

͖ɼͭ·Γ zi = zj = z′ ͱͳΔͱ͖ͷҐஔؔ܎Ͱ͋

Δɽ৭ͷೱ͍΋ͷ͸ɼःณ෺ʹΑΔܭଌର৅ͷӅณ͕

ऴΘΔ௚લͷҐஔؔ܎Λ͍ࣔͯ͠Δɽ͜Ε͸ःณ෺ͱ

ଌର৅ͷܭ z࠲ඪਖ਼ํ޲ଆͷڞ௨֎઀ઢ͕ηϯαΛ௨

ա͢Δͱ͖Ͱ͋Γɼ͜ΕҎ߱͸ηϯα͕ःณ෺ͱܭଌ

ର৅ͷ 2ຊͷڞ௨֎઀ઢͷ͔ؒΒ֎ΕΔͨΊɼಈతΦ

ΫϧʔδϣϯʹΑΔܭଌର৅ͷӅณ͕ऴྃ͢Δ௚લͷ

Ґஔؔ܎Ͱ͋Δɽ

θs,i,j,1ɼts,i,j,1ͱಉ༷ʹɼಈతΦΫϧʔδϣϯ͕ऴྃ͢

Δࡍͷڞ௨֎઀ઢͷํҐ֯ θs,i,j2 ͱɼz1 = z2ͱͳͬͨ

Ґஔ͔ΒಈతΦΫϧʔδϣϯʹΑΔӅณऴྃ·Ͱͷ࣌

ؒ ts,i,j2 ͸࣍ͷ࿈ཱํఔࣜΛղ͘͜ͱͰಘΒΕΔɽਤ

4ΑΓɼ
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

tan θs,i,j2 =
vj − vi
xj − xi

ts,i,j2 (14a)

tan θs,i,j2 =
rc

xj−xi
+ vjt

s,i,j
2 + z′

xj
(14b)

ͨͩ͠ɼc͸࣍ࣜͰද͢΋ͷͱ͢Δɽ

c =
√

(vj − vi)2(t
s,i,j
2 )2 + (xj − xi)2 (15)

ਤ 5 ηϯα s ʹର͢Δःณ෺ i ʹΑΔӅณ۠ؒ

͜͜Ͱ (vj − vi)t
s,i,j
2 ͸ zi = zj = z′ ͱͳ͔ͬͯΒಈ

తΦΫϧʔδϣϯʹΑΔӅณ͕ऴྃ͢Δ·Ͱʹःณ෺

ͱܭଌର৅͕ਐΉڑ཭ͷࠩΛද͢ɽ·ͨɼ͜ͷ࿈ཱํ

ఔࣜΛղ͍ͨ݁Ռ͸ඇৗʹ൥ࡶͳͰ͋ΔͨΊলུ͢

Δɽ͜͏ͯͨ͠͠ࢉܭ ts,i,j1 , ts,i,j2 ΑΓɼӅณ࣌ؒ t͸

t = ts,i,j2 − ts,i,j1 ͰٻΊΔ͜ͱ͕Ͱ͖Δɽ

• z′ < 0ͷͱ͖

z′ > 0 ͷͱ͖ͱಉ༷ʹɼಈతΦΫϧʔδϣϯ͕։࢝

͢Δࡍͷڞ௨֎઀ઢͷํҐ֯ θs,i,j1 ͱ zi = zj = z′ ͱ

ͳͬͨҐஔ͔ΒಈతΦΫϧʔδϣϯʹΑΔӅณ։࢝·

Ͱͷ࣌ؒ ts,i,j1 ɼಈతΦΫϧʔδϣϯ͕ऴྃ͢Δࡍͷ

௨֎઀ઢͷํҐ֯ڞ θs,i,j2 ͱ zi = zj = z′ ͱͳͬͨҐ

ஔ͔ΒಈతΦΫϧʔδϣϯʹΑΔӅณऴྃ·Ͱͷ࣌ؒ

ts,i,j2 ΛٻΊΔ͜ͱ͕Ͱ͖Δɽ

3.2 ෳ਺෺ମͷҐஔؔ܎ͱΦΫϧʔδϣϯ

section3.1ͷؔ܎Λෳ਺෺ମͷ৔߹ʹ֦ு͢Δɽਤ 5ͷ

Α͏ʹηϯα sͷɼःณ෺ iʹΑͬͯൃੜ͢Δ؍ଌର৅ jͷ

ಈతΦΫϧʔδϣϯ͕։࢝͢ΔࡍͷํҐ֯Λ θs,i,j1 occlusionɼ

Ґஔͷ z࠲ඪΛ zs,i,j1 occlusionɼΦΫϧʔδϣϯ͕ऴྃ͢Δࡍ

ͷํҐ֯Λ θs,i,j2 occlusionɼҐஔͷ z࠲ඪΛ zs,i,j2 occlusionͱ͢Δ

ͱɼzs,i,j1 occlusionɼzs,i,j2 occlusion ͸࣍ࣜͰද͞ΕΔɽ

zs,i,j1 occlusion = x tan θs,i,j1 occlusion +
r

cos θs,i,j1 occlusion

(16)

zs,i,j2 occlusion = x tan θs,i,j2 occlusion − r

cos θs,i,j2 occlusion

(17)

zs,i,j1 occlusion < zs,i,jocclusion < zs,i,j2 occlusionͱͳΔ z = zs,i,jocclusion

ͷൣғͰ͸ःณ෺ iͷΦΫϧʔδϣϯʹΑͬͯܭଌର৅ j

ଌͰ͖ͳ͘ͳΔɽܭ͕

ෳ਺෺ମʹΑΔܭଌର৅ jͷӅณ۠ؒ zs,jocclusion ͸࣍ࣜ

Ͱද͞ΕΔɽ

zs,jocclusion =
⋃

i

zs,i,jocclusion (18)
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ਤ 6 ෳ਺ःณ෺ʹର͢ΔӅณ۠ؒʢࠨʣ

ෳ਺ηϯαʹର͢ΔӅณ۠ؒʢӈʣ

·ͨɼӅณ۠ؒͰͳ͘ɼܭଌՄೳͳൣғ zs,jsee ͸࣍ࣜͰද͞

ΕΔɽ

zs,jsee = {z|z /∈ zs,jocclusion} (19)

͜ΕΛෳ਺ηϯαͷ৔߹ʹ֦ு͢ΔɽͲΕ͔̍ͭͷηϯ

α͔Βܭଌର৅ j͕͍ͯ͑ݟΕ͹ɼܭଌՄೳͱ͢Δͱɼܭ

ଌՄೳͳൣғ zjsee ͸࣍ࣜͰද͞ΕΔɽ

zjsee =
⋃

s

zs,jsee (20)

Ҏ্ͰಈతΦΫϧʔδϣϯ͕ൃੜͯ͠΋ɼܭଌର৅Λܭଌ

ՄೳͳྖҬΛಋग़͢Δ͜ͱ͕Ͱ͖Δɽ

4. าߦύλʔϯͱӅณ࣌ؒʹؔ͢Δ࡯ߟ

ຊষͰ͸ɼγϛϡϨʔγϣϯʹΑΓηϯασʔλΛऩू

͠ɼ༷ʑͳาߦύλʔϯͱಈతΦΫϧʔδϣϯʹΑΔӅณ

࣌ؒͷؔ͢࡯ߟ͍ͯͭʹ܎Δɽ

4.1 γϛϡϨʔγϣϯڥ؀

ήʔϜ։ൃΤϯδϯ Unity ্ʹγϛϡϨʔλΛ࡞੒͠ɼ

γϛϡϨʔγϣϯʹΑͬͯηϯασʔλΛऔಘ͢Δ͜ͱ

ͰσʔλͷऔಘΛͨͬߦɽηϯα͸ɼLRSΛ༻͍ͨ԰಺

าऀߦͷҐஔͱي੻ͷτϥοΩϯάγεςϜͰ͋Δʮͻͱ

ͳͼʯ[12] Ͱ࢖༻͞Ε͍ͯΔɼ”UTM-30LX”Λ૝ఆ͍ͯ͠

Δɽ”UTM-30LX”͸૸ࠪൣғ͕ 30mɼࢹ໺͕֯ 270౓ɼε

ςοϓ֯ 0.25౓ɼεΩϟϯ࣌ؒ 25msͷੑߴೳηϯαͰ͋

Δɽ͜ͷηϯαΛ Unity ্Ͱ࣮૷͠γϛϡϨʔγϣϯΛ

ɼUnity͕ͨͬߦ ͷ੍໿্ɼεΩϟϯ࣌ؒ͸ 100msͱͯ͠

͍Δɽ·ͨɼਓͷ൒ܘ͸ɼฏۉͷݞ෯Ͱ͋Δ 20cmɼาߦ

଎౓͸ 25cm/sʙ100cm/sͱͨ͠ɽ

4.2 าߦύλʔϯͱӅณ࣌ؒ

าߦύλʔϯʹΑͬͯಈతΦΫϧʔδϣϯʹΑΔӅณ࣌

͕ؒͲͷΑ͏ʹมԽ͢Δͷ͔ΛɼγϛϡϨʔγϣϯʹΑΔ

ਤ 7 ःณ෺-ܭଌର৅ؒͷڑ཭Λݻఆͨ࣌͠ͷӅณ࣌ؒͷൺֱ

ਤ 8 ःณ෺Λݻఆͨ࣌͠ͷӅณ࣌ؒͷൺֱ

σʔλ͔Βͨ͠࡯ߟɽ

4.2.1 ಉ଎౓Ͱɼःณ෺-ܭଌର৅ؒͷ z࠲ඪͷͣΕ͕ͳ

͍৔߹

ʢvi = vj = v, dz = 0ͷ৔߹ʣ

ःณ෺ͱܭଌର৅͕ಉ଎౓Ͱɼz࠲ඪ͕ৗʹಉ͡Ͱ͋Δ

৔߹ͷӅณ࣌ؒͷಛ௃ʹ͍ͭͯهड़͢Δɽ

• ःณ෺ͱܭଌର৅ͷҐஔؔ܎ʹΑΔӅณ࣌ؒͷൺֱ
ਤ 11ʙਤ 9͸ɼdz = 0ͷ࣌ʹःณ෺ͱܭଌର৅ͷҐ

ஔؔ܎ΛมԽͤ͞ͳ͕ΒγϛϡϨʔγϣϯΛ͍ߦɼಈ

తΦΫϧʔδϣϯʹΑΔӅณ࣌ؒΛௐ΂ͨ݁ՌͰ͋

Δɽਤ 11͸ःณ෺-ܭଌର৅ؒͷڑ཭ΛҰఆʹอͬͨ

··ɼηϯα͔Βͷڑ཭Λม͑ͳ͕ΒγϛϡϨʔγϣ

ϯΛ݁ͨͬߦՌɼਤ 8͸ηϯα-ःณ෺ؒͷڑ཭ΛҰఆ

ʹอͪɼηϯα-ܭଌର৅ؒͷڑ཭Λม͑ͳ͕Βγϛϡ

ϨʔγϣϯΛ݁ͨͬߦՌɼਤ 9͸ηϯα-ܭଌର৅ؒ

ͷڑ཭ΛҰఆʹอͪɼηϯα-ःณ෺ؒͷڑ཭Λม͑ͳ

͕ΒγϛϡϨʔγϣϯΛ݁ͨͬߦՌɼ͜ͷ݁ՌΑΓɼ

ःณ෺ͱܭଌର৅ͷҐஔؔ܎ͱӅณ࣌ؒͷؔ܎ʹؔ͠
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ਤ 9 ఆͨ࣌͠ͷӅณ࣌ؒͷൺֱݻଌର৅Λܭ

ਤ 10 ଎౓ผͷӅณ࣌ؒͷൺֱ

ʢܭଌର৅͔Βηϯα·Ͱͷڑ཭͸ 10mʹݻఆʣ

ͯɼҎԼͷ 3ͭͷಛ௃͕͋Δ͜ͱ͕Θ͔ͬͨɽ

– ःณ෺-ܭଌର৅ؒͷڑ཭͕Ұఆͷ࣌ (ਤ 11)ɼःณ෺

ͱܭଌର৅͕ηϯα͔Β཭ΕΔ΄ͲӅณ࣌ؒ͸௕͘

ͳΔɽ͜Ε͸ःณ෺ͱܭଌର৅͕ηϯαʹ͍ۙ΄Ͳ

ʹଌର৅͕ΦΫϧʔδϣϯྖҬʹೖΓ΍͘͢ɼग़ܭ

͍ͨ͘ΊɼӅณ࣌ؒ͸௕͘ͳΔ͔ΒͰ͋Δɽ

– ηϯα-ःณ෺ؒͷڑ཭͕ݻఆͷ࣌ (ਤ 8)ɼܭଌର৅

͕ηϯα͔Β཭ΕΔ΄ͲӅณ࣌ؒ͸௕͘ͳΔɽ͜Ε

͸ηϯα-ःณ෺ؒͷڑ཭͕͍ۙ΄Ͳܭଌର৅͕ΦΫ

ϧʔδϣϯྖҬʹೖΓ΍͘͢ɼग़ʹ͍ͨ͘ΊɼӅณ

͕࣌ؒ௕͘ͳΔ͔ΒͰ͋Δɽ

– ηϯα-ܭଌର৅ؒͷڑ཭͕ݻఆͷ࣌ (ਤ 9)ɼःณ෺

͕ηϯα͔Β཭ΕΔ΄ͲӅณ࣌ؒ͸௕͘ͳΔɽ͜Ε

͸ःณ෺ͷҐஔ͕ݻఆͷͱ͖ͱಉ༷ʹɼःณ෺-ܭଌ

ର৅ؒͷڑ཭͕͍ۙ΄Ͳܭଌର৅͕ΦΫϧʔδϣϯ

ྖҬʹೖΓ΍͘͢ɼग़ʹ͍ͨ͘ΊɼӅณ͕࣌ؒ௕͘

ͳΔ͔ΒͰ͋Δɽ

• ःณ෺ͱܭଌର৅ͷ଎౓ʹΑΔӅณ࣌ؒͷൺֱ

ਤ 11 ःณ෺ͱܭଌର৅ͷҐஔؔ܎ʹΑΔӅณ࣌ؒͷൺֱ

ਤ??͸ɼdz = 0ͷ࣌ʹःณ෺ͱܭଌର৅ͷ଎౓Λม

Խͤ͞ͳ͕ΒγϛϡϨʔγϣϯΛ͍ߦɼಈతΦΫϧʔ

δϣϯʹΑΔӅณ࣌ؒΛௐ΂ͨ݁ՌͰ͋Δɽਤ??ͷ݁

ՌΑΓɼ଎౓͕େ͖͍΄ͲӅณ͕࣌ؒ୹͍͕ࣄΘ͔Δɽ

͜Ε͸ःณ෺ͱܭଌର৅ͷҐஔ͕ؔ܎ಉ࣌͡͸ɼ଎౓

ʹؔΘΒͣಈతΦΫϧʔδϣϯʹΑΔӅณ͕۠ؒಉ͡

ʹͳΔͨΊɼ଎౓͕େ͖͍΄ͲͦͷӅณ۠ؒΛ௨ա͢

Δ͕࣌ؒ୹͘ͳΔͨΊͰ͋Δɽ

4.2.2 ಉ଎౓Ͱɼःณ෺-ܭଌର৅ؒͷ z࠲ඪͷͣΕ͕͋

Δ৔߹

ʢvi = vj = v, dz > 0ͷ৔߹ʣ

• ःณ෺ͱܭଌର৅ͷҐஔؔ܎ʹΑΔӅณ࣌ؒͷൺֱ
ਤ 10͸ɼdz > 0ͷ࣌ʹःณ෺ͱܭଌର৅ͷҐஔؔ܎

ΛมԽͤ͞ͳ͕ΒγϛϡϨʔγϣϯΛ͍ߦɼಈతΦΫ

ϧʔδϣϯʹΑΔӅณ࣌ؒΛௐ΂ͨ݁ՌͰ͋Δɽਤ 10

ͷಉ͡৭ͷάϥϑ͸ःณ෺-ܭଌର৅ؒͷڑ཭͕ಉ͡

৔߹ͷάϥϑɼಉ͡ϚʔΫͷάϥϑ͸ηϯα-ःณ෺ؒ

ͷڑ཭͕ಉ͡৔߹ͷάϥϑͰ͋Δɽਤ 10ͷ݁ՌΑΓɼ

dz͕େ͖͍΄ͲӅณ͕࣌ؒ௕͍͜ͱ͕Θ͔Δɽ͜Ε͸

ਤ 1ʹࣔ͞ΕΔΑ͏ʹɼdz͕େ͖͍΄Ͳःณ෺ͱܭଌ

ର৅͕ηϯαʹରͯ͠Ұ௚ઢʹฒͿ࣌ͷ֯౓ θ͕େ͖

͘ͳΔͨΊɼӅณ۠ؒ d͕େ͖͘ͳΔͨΊͰ͋Δɽ·

ͨɼdz=0ͷ࣌ͱಉ༷ͷಛ௃΋ݟΒΕͨɽ

4.2.3 ҟͳΔ଎౓ͷ৔߹ʢvi ̸= vj ͷ৔߹ʣ

ःณ෺ͱܭଌର৅͕ҟͳΔ଎౓ͰҠಈ͢Δ৔߹ͷಈతΦ

ΫϧʔδϣϯʹΑΔӅณ࣌ؒͷಛ௃ʹ͍ͭͯهड़͢Δɽ͜

ͷ৔߹͸ःณ෺ͱܭଌର৅ͷ z࠲ඪ͕ಉ͡ʹͳΔ z࠲ඪɼ

z′ ͷ஋͕ 0ʹۙͮ͘ʹͭΕͯɼӅณ͕࣌ؒ௕͘ͳΔͱ͍ͬ

ͨಛ௃͕ݱΕΔ͜ͱ͕Θ͔ͬͨɽ

• ःณ෺ͱܭଌର৅ͷҐஔؔ܎ʹΑΔӅณ࣌ؒͷൺֱ
ਤ 12͸ vi = 50cm/sɼvj = 100cm/sɼ xj

xi
< vj

vi
ͷ࣌
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ਤ 12 vi = 50cm/sɼvj = 100cm/sɼ xj

xi
<

vj

vi
ͷ৔߹ͷ

ःณ෺Λݻఆͨ࣌͠ͷӅณ࣌ؒͷൺֱ

ਤ 13 vi = 50cm/sɼvj = 100cm/sɼ xj

xi
>

vj

vi
ͷ৔߹ͷ

ःณ෺Λݻఆͨ࣌͠ͷӅณ࣌ؒͷൺֱ

ʹɼਤ 13͸ vi = 50cm/sɼvj = 100cm/sɼ xj

xi
> vj

vi

ͷ࣌ʹःณ෺ͱܭଌର৅ͷҐஔؔ܎ΛมԽͤ͞ͳ͕Β

γϛϡϨʔγϣϯΛ͍ߦɼӅณ࣌ؒΛௐ΂ͨ݁ՌͰ͋

Δɽ͜ͷ݁ՌΑΓɼҎԼͷ̎ͭͷಛ௃͕͋Δ͜ͱ͕Θ

͔ͬͨɽ

– ηϯα-ःณ෺ؒͷڑ཭ : ηϯα-ܭଌର৅ͷڑ཭

= vi : vj ͱͳΔ࣌ʢ
xj

xi
= vj

vi
ͱͳΔ࣌ʣΛڥʹӅ

ณ࣌ؒͷಛ௃͕มԽ͢Δ͜ͱ͕Θ͔ͬͨɽਤ 12 Α

Γɼxj

xi
< vj

vi
ͱͳΔͱ͖͸ɼxj

xi
͕খ͘͞ͳΔ΄ͲӅ

ณ࣌ؒ͸୹͘ͳΔɽ

– z′ ͕ 0͔Β཭ΕΔ΄ͲɼӅณ͕࣌ؒ୹͘ͳΔɽ͜Ε

͸ z′ ͕ 0͔Β཭ΕΔ΄Ͳःณ෺ͱܭଌର৅͕ηϯα

ʹରͯ͠Ұ௚ઢʹฒͿࡍͷ֯౓͕େ͖͘ͳΔͨΊɼ݁

ՌతʹӅณ͕۠ؒେ͖͘ͳΔͨΊͩͱ͑ߟΒΕΔɽ

͜ΕΒͷಛ௃ʹՃ͑ͯɼηϯα-ःณ෺ؒͷڑ཭ :ηϯ

α-ܭଌର৅ͷڑ཭ = vi : vj ͱͳΔ࣌ʢ
xj

xi
= vj

vi
ͱͳ

Δ࣌ʣͷӅณ࣌ؒ͸ɼz′ = 0ͰແݶେʢͣͬͱӅΕͨ

ਤ 14 vi = 50cm/sɼvj = 75cm/sɼ xj

xi
<

vj

vi
ͷ৔߹ͷ

ःณ෺Λݻఆͨ࣌͠ͷӅณ࣌ؒͷൺֱ

ਤ 15 vi = 50cm/sɼvj = 75cm/sɼ xj

xi
>

vj

vi
ͷ৔߹ͷ

ःณ෺Λݻఆͨ࣌͠ͷӅณ࣌ؒͷൺֱ

··ʣͱͳΓɼͦΕҎ֎ͷ z′ ̸= 0Ͱ͸ 0ඵͱͳΔͱ͍

͏͜ͱ͕Θ͔ͬͨɽ·ͨɼ͜ΕΒͷಛ௃͸଎౓ͷൺΛ

ม͑ͯ΋ಉ༷ʹݱΕΔɽ

5. าߦύλʔϯͱӅณ۠ؒʹؔ͢Δ࡯ߟ

ຊষͰ͸ɼγϛϡϨʔγϣϯʹΑΓηϯασʔλΛऩू

͠ɼาߦύλʔϯͱಈతΦΫϧʔδϣϯʹΑΔӅณ۠ؒͷ

ΔɽγϛϡϨʔγϣϯ͸͢࡯ߟ͍ͯͭʹ܎ؔ 4ষͱಉ༷ͷ

ɽͨͬߦͰڥ؀

5.1 าߦύλʔϯͱӅณ۠ؒ

าߦύλʔϯʹΑͬͯಈతΦΫϧʔδϣϯʹΑΔӅณ۠

͕ؒͲͷΑ͏ʹมԽ͢Δͷ͔ΛɼγϛϡϨʔγϣϯʹΑΔ

σʔλ͔Βͨ͠࡯ߟɽγϛϡϨʔγϣϯ͸ɼҰํ௨ߦͷ௨

࿏Λ૝ఆͯ͠Ұํ޲ʹਐΉาऀߦͷΈͷӅณ۠ؒɼ͓Αͼ

ӈଆ௨ߦͷ௨࿏Λ૝ఆͯ྆͠ํ޲ʹਐΉาऀߦͷӅณ۠ؒ

ͷ̎ύλʔϯʹ͍͍ͭͯߦɼͱ΋ʹಈతΦΫϧʔδϣϯ͕

ൃੜ͠΍͍͢ɼࠞͨ͠ࡶঢ়گΛ૝ఆ͍ͯ͠Δɽ
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ਤ 16 Ұํ޲ʹਐΉาऀߦͷӅณ۠ؒͷώʔτϚοϓ

ਤ 17 Ұํ޲ʹਐΉาऀߦͷɼ5m Ҏ্࿈ଓͯ͠Ӆณ͞ΕΔ۠ؒͷ

ΈͷώʔτϚοϓ

5.1.1 Ұํ޲ʹਐΉาऀߦͷӅณ۠ؒ

ਤ 16 ͸ɼҰํ௨ߦͷ௨࿏Λ૝ఆ͠ɼηϯα͔Β 2mʙ

14m཭Εͨ৔ॴΛɼ଎౓ 25cm/sʙ75cm/sͰҰํ޲ʹҠಈ

͢ΔาऀߦΛɼ2000ਓੜ੒ͨ͠৔߹ͷಈతΦΫϧʔδϣ

ϯʹΑΔӅณ۠ؒΛɼx,z࠲ඪ͕ͱ΋ʹ੔਺஋ͷ࠲ඪ͝ͱ

ʹώετάϥϜͱͯ͠ه࿥͠ɼͦΕΛώʔτϚοϓʹͯ͠

දͨ͠΋ͷͰ͋Δɽ੨৭ͷ۠ؒ͸Ӆณ͞Εͨਓ਺͕ 1ʙ2

ਓͱগͳ͍۠ؒɼ੺৭ͷ۠ؒ͸Ӆณ͞Εͨਓ਺͕ 12ਓҎ

্ͱଟ͍۠ؒͰ͋Δɽਤ 16ΑΓɼҰํ޲ʹਐΉาऀߦͷ

Ӆณ۠ؒʹؔͯ͠͸ɼηϯα͔Β x࠲ඪɼz࠲ඪ͕཭ΕΔ

΄ͲಈతΦΫϧʔδϣϯ͕ൃੜ͠΍͍͢͜ͱ͕Θ͔Δɽ·

ͨɼ2000ਓͷา͕ऀߦଞͷาऀߦʹӅณ͞Εͨ࠲ඪͷ਺ͷ

͸ܭྦྷ 317801Ͱ͋ͬͨɽ͞Βʹɼਤ 17ΑΓɼ5mҎ্࿈

ଓͯ͠Ӆณ͞ΕΔ۠ؒʹؔͯ͠͸ɼηϯα·Ͱͷ x࠲ඪͷ

Өڹ͸খ͘͞ɼz࠲ඪ͕཭ΕΔ΄Ͳ௕ظతͳӅณ͕͜ىΓ

΍͍͕͢ࣄΘ͔Δɽ

5.1.2 ͷӅณ۠ؒऀߦਐΉาʹ޲ํ྆

ਤ 18 ͸ɼӈଆ௨ߦͷ௨࿏Λ૝ఆ͠ɼηϯα͔Β 2mʙ

7m཭Εͨ৔ॴΛɼ଎౓ 25cm/sʙ75cm/sͰҰํ޲ʹҠಈ

͢Δาऀߦͱɼηϯα͔Β 7mʙ14m཭Εͨ৔ॴΛɼ଎౓

ਤ 18 ͷӅณ۠ؒͷώʔτϚοϓऀߦਐΉาʹ޲ํ྆

ਤ 19 ͷɼ5mऀߦਐΉาʹ޲ํ྆ Ҏ্࿈ଓͯ͠Ӆณ͞ΕΔ۠ؒͷ

ΈͷώʔτϚοϓ

25cm/sʙ75cm/sͰ൓ରํ޲ʹҠಈ͢ΔาऀߦΛɼͦΕͧ

Ε 1000ਓੜ੒ͨ͠৔߹ͷಈతΦΫϧʔδϣϯʹΑΔӅณ

۠ؒΛɼx,z࠲ඪ͕ͱ΋ʹ੔਺஋ͷ࠲ඪ͝ͱʹώετάϥ

Ϝͱͯ͠ه࿥͠ɼͦΕΛώʔτϚοϓʹͯ͠දͨ͠΋ͷͰ

͋Δɽ੨৭ͷ۠ؒ͸Ӆณ͞Εͨਓ਺͕ 1ʙ2ਓͱগͳ͍۠

ؒɼ੺৭ͷ۠ؒ͸Ӆณ͞Εͨਓ਺͕ 12ਓҎ্ͱଟ͍۠ؒ

Ͱ͋Δɽਤ 18ΑΓɼ྆ํ޲ʹਐΉาऀߦͷӅณ۠ؒʹؔ

ͯ͠͸ɼҰํ޲ͷ࣌ͱಉ༷ʹɼηϯα͔Β x࠲ඪɼz࠲ඪ

͕཭ΕΔ΄ͲಈతΦΫϧʔδϣϯ͕ൃੜ͠΍͍͢͜ͱ͕Θ

͔Δɽ·ͨɼ2000ਓͷา͕ऀߦଞͷาऀߦʹӅณ͞Εͨ࠲

ඪͷ਺ͷྦྷܭ͸ 357036Ͱ͋ΓɼҰํ޲ͷ࣌ͱൺ΂ͯେ͖

͘ɼΑΓಈతΦΫϧʔδϣϯʹΑΔӅณ͕ൃੜ͠΍͍͢ࣄ

͕Θ͔ͬͨɽਤ 19ΑΓɼ5mҎ্࿈ଓͯ͠Ӆณ͞ΕΔ۠ؒ

ʹؔͯ͠͸ɼҰํ޲ͷ࣌ͱಉ༷ʹηϯα·Ͱͷ x࠲ඪͷӨ

Γ΍͜ىతͳӅณ͕ظඪ͕཭ΕΔ΄Ͳ௕࠲͸খ͘͞ɼzڹ

Θ͔Δɽ͕ࣄ͍͢

6. ͓ΘΓʹ

ຊڀݚͰ͸ɼਓͷҐஔΛ೺Ѳ͢Δߦಈηϯγϯάγες

Ϝʹ͓͍ͯɼܭଌର৅Ͱ͋Δਓ͕ผͷਓʹରͯ͠ःณ෺ͱ

ͳΔಈతͳΦΫϧʔδϣϯ͕ͲͷΑ͏ʹൃੜ͢Δͷ͔ɼͦ

ͷಈతΦΫϧʔδϣϯʹΑΔӅณ۠ؒͱӅณ࣌ؒʹ͍ͭͯ
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਺ཧతʹఆࣜԽΛͨͬߦɽ·ͨɼ͜ͷಈతΦΫϧʔδϣϯ

ʹΑΔӅณ͕࣌ؒਓͷϞϏϦςΟʹΑͬͯͲͷΑ͏ʹมԽ

͢Δͷ͔ʹ͍ͭͯɼγϛϡϨʔγϣϯʹΑΔௐࠪΛͨͬߦɽ

γϛϡϨʔγϣϯͷ݁Ռɼःณ෺ͱܭଌର৅͕ಉ଎౓ͷ࣌

͸ɼಈతΦΫϧʔδϣϯʹΑΔӅณ͕࣌ؒ௕͘ͳΔ৚͕݅ɼ

ःณ෺ͱܭଌର৅͕ηϯα͔Β཭Ε͍ͯΔ͜ͱɼःณ෺-ܭ

ଌର৅ؒͷڑ཭͕཭Ε͍ͯΔ͜ͱɼ଎౓͕খ͍͜͞ͱɼͰ

͋Δ͜ͱ͕Θ͔ͬͨɽ·ͨɼःณ෺ͱܭଌର৅ͷ଎౓͕ҟ

ͳΔ࣌͸ɼಈతΦΫϧʔδϣϯʹΑΔӅณ͕࣌ؒ௕͘ͳΔ

৚͕݅ɼܭଌର৅͕ःณ෺ʹ௥͍ͭ͘Ґஔ͕ηϯα͔Β཭

Ε͍ͯΔ͜ͱɼःณ෺ͱܭଌର৅ͷ଎౓ͷൺͱɼःณ෺ͱ

཭ͷൺ͕཭Ε͍ͯΔ͜ͱɼͰ͋ڑଌର৅ͷηϯα͔Βͷܭ

Δ͜ͱ͕Θ͔ͬͨɽ

ʹ͸ɼਓͷϞϏϦςΟ͝ͱʹɼಈతΦΫϧʔδϣϯޙࠓ

ΑΔӅณ͕۠ؒͲͷΑ͏ͳಛ௃Λ࣋ͭͷ͔ʹ͍ͭͯɼΑΓ

ಈηϯγϯߦΔɽ͍ͦͯͯ͑͠ߟͱ͍͍ͨߦͳௐࠪΛࡉৄ

άγεςϜʹ͓͍ͯɼಈతΦΫϧʔδϣϯൃੜ৚݅ԼͰ΋ɼ

͍ߦଌՄೳͳख๏ͷ։ൃΛܭʹଌର৅ͱͳΔਓΛஅଓతܭ

͍ͨɽ
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