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1 ͸͡Ίʹ

γεݱ࠶Ի৔͍ͨͮجʹཧݪͷޚքԻ৔੍ڥ

ςϜ (BoSCγεςϜ)͕ఏҊ͞Ε͓ͯΓ [1][2]ɼ

ʹͰ͸಺෦ۙ࠷ ܕͷεϐʔΧΛඋ͑ͨ຅ೖݸ96

ௌ֮σΟεϓϨΠͱ͠ ʠͯԻڹ୬ʡ͕ ։ൃ͞Εͯ

͍Δ [3]ɻԻڹ୬͸࠶ੜԻ৔ʹ͓͍ͯडௌऀ͕಄

෦Λಈ͔ͯ͠΋Ի৔ݱ࠶ਫ਼౓͕อͨΕΔಛ௃Λ

༗͢Δ͜ͱ [4]͔Βɼ࠶ੜԻ৔಺෦ʹָͯثΛԋ

૗ͨ࣌͠ʹԾ૝తͳࣨ಺Ի৔Λԋ૗ऀʹ͞͡ײ

ͤΔΑ͏ͳԻ৔γϛϡϨʔλ΁ͷԠ༻͕ظ଴͞

ΕΔɻͦ͜ͰຊڀݚͰ͸Իڹ୬Λ༻͍ͨԻ৔γ

ϛϡϨʔλΛఏҊ͢Δ [5]ɻ͜ͷγεςϜ͸Իڹ

୬಺ͷडௌऀ͕ࣗΒͷൃ͢ΔԻʢԻ੠΍ָثԻʣ

ʹॴ๬ͷԻ৔ͷݩ࣍ࡾతͳڹ࢒Λ෇Ճ͢Δγε

ςϜͰ͋ΔɻຊߘͰ͸ݪԻ৔ͱͯ͠ϗʔϧͷε

ςʔδ্ͷԻ৔ʹண໨͠ɼԻ৔γϛϡϨʔλͷ࠶

ඪΛ༻͍ͯධՁ͢Δɻࢦͷ෺ཧڹਫ਼౓Λࣨ಺Իݱ
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Fig. 1 Ի৔γϛϡϨʔλͷߏ੒

∗Development of a Sound-Field Simulation System Based on Boundary-Surface Contriol Principle
— Reproduction and evaluation of stage sound field —. by YOSHIDA, Hisato , WATANABE,
Yuko, IKEDA, Yusuke, ISE, Shiro (Tokyo Denki University/ CREST, JST)

2 Ի৔γϛϡϨʔλͷߏ੒

ݱ࠶ʹੜԻ৔࠶ಛੑΛڹԻ৔ͷۭؒతͳԻݪ

͢ΔԻ৔γϛϡϨʔλͷγεςϜߏ੒Λਤ 1ʹࣔ

͢ɻݪԻ৔ʹ͓͍ͯԻݯU͕ԻΛൃͨ࣌͠ɼ80ch

ͷϚΠΫϩϗϯΞϨΠ (ҎԼBoSCϚΠΫϩϗϯʣ

ʹ͓͚Δ৴߸ [Xj ](∈ C1×80)͸࣍ࣜͰද͞ΕΔɻ

[Xj ] = [Fj ]U = [Dj +Rj ]U (1)

͜͜Ͱ [Fj ](∈ C1×80)͸Իݯ U ͔Β BoSCϚΠ

Ϋϩϗϯʹ͓͚Δ఻ୡಛੑɼ[Dj ](∈ C1×80) ͱ

[Rj ](∈ C1×80)͸ͦΕͧΕ [Fj ]ͷ௚઀Ի੒෼ͱ൓

ࣹԻ੒෼Ͱ͋Δɻ࠶ੜԻ৔ʹ͸ࣗΒൃ͢ΔԻΛऩ

Ի͢ΔͨΊͷָԻ༻ϚΠΫϩϗϯΛઃஔ͢Δɻ͜

͜ͰԻڹ୬಺ͷԻݯ U ͔Β੍ޚ఺·Ͱͷ఻ୡಛ

ੑΛ [D̂j ](∈ C1×80)ɼԻڹ୬಺ͷ֤εϐʔΧ͔Β

఺·Ͱͷ఻ୡಛੑΛޚ੍֤ [Gij ](∈ C96×80)ɼԻ

ݯ U ͔ΒָԻ༻ϚΠΫϩϗϯ·Ͱͷ఻ୡಛੑΛ

D̂0ɼԻڹ୬಺ͷ֤εϐʔΧ͔ΒָԻ༻ϚΠΫϩ

ϗϯ·Ͱͷ఻ୡಛੑΛ [Gi0](∈ C96×1)ɼ࣮࣌ؒॲ

ཧʹىҼ͢Δ஗Ԇ࣌ؒΛ τ1ͱ͢Δɻָ Ի༻ϚΠΫ

ϩϗϯʹΑͬͯऩ࿥͞Εͨ৴߸͸࣮࣌ؒ৞ΈࠐΈ

૷ஔʹΑͬͯڹ࢒ੜ੒༻ϑΟϧλ [Qi](∈ C1×96)

ͱ৞Έࠐ·ΕɼԻڹ୬಺ͷ֤εϐʔΧ͔Βग़ྗ

͞ΕΔɻ͜ͷ࣌ɼԻڹ୬಺ BoSCϚΠΫϩϗϯ

ग़ྗ [Yj ]͸

[Yj ] = [D̂j + R̂j ]U (2)

ͨͩ͠

[R̂j ] =
D̂0[Qi][Gij ]e−jωτ1

1− [Qi][Gi0]e−jωτ1
(3)

ͱͳΔɻ͜ ͜ͰݪԻ৔ͷ௚઀Ի੒෼ [Dj ]ͱݱ࠶Ի

৔ͷ௚઀Ի੒෼ [D̂j ]͕౳͍͠ͱ͢Ε͹ɼ[Xj ] =

[Yj ]ͱ͢Δʹ͸ [Rj ] = [R̂j ]ͱͳΔΑ͏ͳڹ࢒ੜ

੒༻ϑΟϧλ [Qi]Λઃ͢ܭΕ͹Α͍ɻ͜͜Ͱָ

Ի༻ϚΠΫϩϗϯΛԻݯ U ʹे෼͚ۙͮɼ௒ࢦ

Δ͜ͱʹΑΓ͢༺࢖ϚΠΫϩϗϯΛੑ޲ D̂0 = 1ɼ

[Gi0] = 0͕੒ΓཱͭͱԾఆ͢Ε͹ɼࣜ 3͔Β࢒

ੜ੒༻ϑΟϧλڹ [Qi]͸ҎԼͷࣜͱͳΔɻ
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[Qi] = [R′
j ][H

′
ji]e

jωτq (4)

τq = τ ′h − τr + τ1 (5)

ͨͩ͠ [R′
j ]͸൓ࣹԻ੒෼ [Rj ]Λ τrલํʹ࣌ؒγ

ϑτͨ͠৴߸ɼ͢ͳΘͪ [R′
j ] = [Rj ]ejωτrɼ[H ′

ji]

͸ҼՌੑΛอͭͨΊʹे෼ͳ࣌ؒ τ ′hͰઃͨ͠ܭ

γεٯͨ͠ܭγεςϜͰ͋Δɻ͕ͨͬͯ͠ɼઃٯ

ςϜ [R′
j ][H

′
ji]ʹରͯ͠ɼτqલํʹ࣌ؒγϑτ͢

Δඞཁ͕͋Δɻ

3 γεςϜͷ࣮ݱ

3.1 ֓ཁ

Ի৔γϛϡϨʔλΛҎԼͷखॱͰ࣮͢ݱΔɻ

1. Ի৔ͷ఻ୡಛੑݪΔ͢ݱ࠶ [Fj ]Λ BoSCϚ

ΠΫϩϗϯʹͯଌఆ͢Δɻ(αϯϓϦϯάप

೾਺͸ 48kHz)

2. ࣮࣌ؒ৞ΈࠐΈ૷ஔʹىҼ͢Δ஗Ԇ࣌ؒ τ1
Λଌఆ͢Δɻ

3. Ի৔ͷ఻ୡಛੑݪ [Fj ]ͷ௚઀Ի੒෼ͱ͑ߟΒ

ΕΔ࣌ؒ τr ·ͰͷൣғΛ̌ʹஔ͖͑׵ [Rj ]

ͱͯ͠ɼࣜ 4ΑΓڹ࢒ੜ੒༻ϑΟϧλ [Qi]

Λઃ͢ܭΔɻ

4. Իڹ୬಺ʹָ͓͍ͯԻ༻ϚΠΫϩϗϯͰऩ

࿥͞Εͨ৴߸ʹ [Qi]Λ࣮࣌ؒͰ৞ΈࠐΈɼε

ϐʔΧ͔Βग़ྗ͢Δɻ

3.2 Ի৔ͷଌఆݪ

͕ؒ࣌ڹ࢒Ի৔ͱۭͯ͠੮࣌ͷݪ 1.5ඵͷଟ໨

తϗʔϧΛબΜͩɻଌఆ෩ܠΛਤ2ʹࣔ͢ɻBoSC

Fig. 2 ܠԻ৔ͷଌఆ෩ݪ

ϚΠΫϩϗϯΛεςʔδ্ͷதԝ͔Β্खํ޲ʹ

2 mɼεςʔδԑ͔Β 2.5 mɼ͞ߴ 1.2 mͷҐஔ

ʹઃஔͨ͠ɻԻݯͱͯ͠ 12໘ମεϐʔΧ (Bruel

ˍ Kjaer Type4292)Λ BoSCϚΠΫϩϗϯͷத

৺͔Βਫฏํ޲ʹ 0.35 mߴɼ ͞ 0.9 mͷҐஔʹઃ

ஔ͠ɼBoSCϚΠΫϩϗϯ΁ͷ఻ୡಛੑ [Fj ]Λଌ

ఆͨ͠ɻ൓ࣹԻ੒෼ͷ։࢝࣌ࠁ τr=25msͱͯ͠

[Fj ]ͷ 0ʙ25 msͷ৴߸Λ̌ͱͯ͠ [Rj ]ͱͨ͠ɻ

ʹ༺ਫ਼౓ͷධՁݱ࠶ͨ· BoSCϚΠΫϩϗϯͷ

த৺Ґஔʹແੑ޲ࢦϚΠΫϩϗϯ (RION NL-21)

Λઃஔ͠ɼԻ͔ݯΒͷ఻ୡಛੑΛܭଌͨ͠ɻ

4 Ի৔γϛϡϨʔλͷݱ࠶ਫ਼౓ͷධՁ

4.1 γεςϜͷධՁٯΑΔʹࢉܭ

ࢉγεςϜΛٯଌͨ͠ΠϯύϧεԠ౴͔Βܭ

ग़͠ɼධՁ͢Δɻ࣮࣌ؒॲཧʹىҼ͢Δ஗Ԇ࣌

ؒ τ1͸ΦʔσΟΦग़ྗʹ͓͚ΔόοϑΝαΠζ

ͳͲʹΑΓมԽ͢Δ͕ɼ஗Ԇ࣌ؒ τ1Λখ͘͢͞

Δͱࢉܭίετ͕͔͔ΔͨΊνϟϯωϧ਺΍৞

ΈࠐΈ࣌ؒ௕͕୹͘ͳΔՄೳੑ͕͋Δɻ͔͠͠ɼ

τ1͕େ͖͘ͳΔͱࣜ 5ʹ͓͚Δ τq΋େ͖͘ͳΓɼ

͕ͨͬͯ͠ઃٯͨ͠ܭγεςϜ [R′
j ][H

′
ji]Λલํ

ʹγϑτ͢Δ࣌ؒ τq ͕૿େ͠ɼҼՌੑ͕อͯͳ

͘ͳΔͨΊԻ৔ݱ࠶ਫ਼౓͕௿Լ͢ΔՄೳੑ͕͋

Δɻͦ͜Ͱ τq ͷมԽʹΑΔٯγεςϜͷݱ࠶ਫ਼

౓ΛධՁ͢Δɻτ ′h͕ͦΕͧΕ 10ɼ21ɼ42ms(ϑΟ

ϧλ௕N͕ 1024ɼ2048ɼ4096఺)ͷ 3छྨͷٯ

γεςϜ [HjiN ]Λ͠ࢉܭɼτqΛม͑ͨͱ͖ͷԻ

৔ݱ࠶ਫ਼౓Λͨ͠ࢉܭɻԻ৔ݱ࠶ਫ਼౓͸࣍ࣜʹ

ΑΓٻΊͨɻ

SNR = 10log10

∑80
j=1 |rj |2∑80

j=1 |rj − r̂j |2
(6)

ͨͩ͠ [rj ]͸ݪԻ৔ʹ͓͚Δ൓ࣹԻ͢ͳΘͪ [Rj ]

ͷٯϑʔϦΤม׵ɼ[r̂j ]͸࠶ੜԻ৔ʹ͓͚Δ൓ࣹ

ԻͰ͋Γɼ[R̂j ] = [Qi][Gij ]ͷٯϑʔϦΤม׵Ͱ

͋Δɻ࣌ؒγϑτ τqͱԻ৔ݱ࠶ਫ਼౓ SNRͷؔ܎

Λਤ 3ʹࣔ͢ɻϑΟϧλ௕N͕௕͍ํ͕ SNR͸

ɼτq͘ߴ = 0ʹ͓͍ͯ τ ′h = 42ms(N = 4096)

ͷͱ͖ 17.3 dBɼ21ms(2048) ͷͱ͖ 13.7 dBɼ

10ms(1024)ͷͱ͖ 7.0 dBͷ SNRͱͳͬͨɻ·

ͨ τ ′h = 42msͷͱ͖ τq͕ 30 msΛ௒͑Δͱݮਰ

Λ࢝ΊΔɻ͢ͳΘͪ N=4096Ͱٯͨ͠ࢉܭγε

ςϜΛ 3000఺Ҏ্੾Γ٧ΊΔͱݱ࠶ਫ਼౓͕௿Լ

͢Δɻಉ༷ʹ τ ′h = 21msͷͱ͖ τq͕ 10 msΛ௒

͑ΔͱݮਰΛ࢝ΊΔɻ͢ͳΘͪ N=2048Ͱࢉܭ
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γεςϜΛٯͨ͠ 1000఺Ҏ্੾Γ٧ΊΔͱݱ࠶

ਫ਼౓͕௿Լ͢Δɻ͜ΕΒͷ݁Ռ͔Βݱ࠶ਫ਼౓Λ

ҡ࣋͢ΔͨΊʹ͸ݩʑͷٯγεςϜͷ࣌ؒ৴߸

ͷ-10 msҎ߱ΛٯγεςϜʹؚΊΔ΂͖Ͱ͋Δ

͜ͱ͕Θ͔Δɻ
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Fig. 3 τq ͱ SNRͷؔ܎

4.2 ΑΔγεςϜͷධՁʹࢉܭ

Ի৔γϛϡϨʔλͷݱ࠶ਫ਼౓Λଌఆͨ͠Πϯ

ύϧεԠ౴͔Βࢉग़͢ΔɻԻ͔ݯΒධՁ༻ϚΠ

Ϋϩϗϯ·ͰͷΠϯύϧεԠ౴Λ௚઀Ի੒෼ɼ࢒

ੜ༻εϐʔΧ࠶୬಺ͷڹੜ੒༻ϑΟϧλͱԻڹ

͔ΒධՁ༻ϚΠΫϩϗϯ·ͰͷΠϯύϧεԠ౴

ͷ৞ΈࠐΈ৴߸Λڹ࢒੒෼ͱͯ͠ɼ͜ΕΒΛՃ

৴߸ΛධՁ఺ʹ͓͚ΔγϛϡϨʔγϣϯͨ͠ࢉ

Ի৔ͷԠ౴ p(t)ͱ͢Δɻ࣮࣌ؒॲཧʹىҼ͢Δ

஗Ԇ࣌ؒ τ1͸ 11msͱԾఆ͠ɼ஗ԆΛ෇Ճͨ͠ɻ

γεςϜ͸ٯ 4.1અͷ݁Ռ͔Β௕͞ 4096఺ͱ͢

Δɻ

ग़ͨ͠ΠϯύϧεࢉԻ৔ͷΠϯύϧεԠ౴ɼݪ

Ԡ౴Λ 1msຖʹฏۉԽͨ͠ΤωϧΪʔ೾ܗΛਤ

4(a)(b)ʹࣔ͢ɻݪԻ৔ʹ͓͍ͯ௚઀ԻͷϐʔΫ

͔Β 60msʢਤதͷ఺ઢʣͷ෇ۙʹ࠶ੜԻ৔Ͱ΋

΄΅ಉ༷ͷ࣌ࠁʹॳظ൓ࣹԻ͕֬ೝͰ͖Δɻਤ

5(a)ʹ 1ΦΫλʔϒଳҬຖʢத৺प೾਺ 125ʙ

8000Hzʣͷؒ࣌ڹ࢒Λࣔ͢ɻਤதɼ࣮ઢ͸ݪԻ

৔ɼഁઢ͸࠶ੜԻ৔ʹ͓͚Δ݁ՌͰ͋Δɻਤ 5(a)

ΑΓݪԻ৔ͱ࠶ੜԻ৔ͷؒ࣌ڹ࢒ͷࠩޡ͸ 0.1s

Ҏ಺Ͱ͋Γྑ޷ͳରԠΛ͍ͯ͠Δ͜ͱ͕Θ͔Δɻ

·ͨϗʔϧεςʔδ্Ͱԋ૗Ո͕ࣗ਎ͷָث

͔Β௚઀͏͚ΔΤωϧΪʔʹର͢Δϗʔϧͷ൓

ࣹԻͷΤωϧΪʔͷ૬ର஋ͱͯ͠ද͢ࢦඪ [6]ͱ

ͯ͠ɼॳظ൓ࣹԻΤωϧΪʔ Ler ͱڹ࢒ԻΤω

ϧΪʔ Lrev ΛҎԼͷΑ͏ʹఆٛ͢Δ [7]ɻ

Ler = 10log10

∫ 100ms
25ms pN (t)2dt
∫ 10ms
0 pN (t)2dt

(7)

Lrev = 10log10

∫∞
100ms pN (t)2dt
∫ 10ms
0 pN (t)2dt

(8)

ͨͩ͠pN (t)͸p(t)ʹத৺प೾਺Nͷ1ΦΫλʔ

ϒଳҬϑΟϧλΛ͔͚ͨ৴߸Ͱ͋Δɻਤ 5(b)ʹ

ॳظ൓ࣹԻΤωϧΪʔɼਤ 5(c)ʹڹ࢒ԻΤωϧ

ΪʔΛࣔ͢ɻॳظ൓ࣹԻΤωϧΪʔͱڹ࢒ԻΤω

ϧΪʔͷͲͪΒʹ͓͍ͯ΋प೾਺ಛੑ͸࠶ੜԻ

৔͸ݪԻ৔ʹ͍͕ۙɼ1kHzҎԼͷप೾਺ଳҬʹ

Δ͜ͱ͕֬ೝͰ͖Δɻ͑૿͕ࠩޡ͍͓ͯ
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(b)࠶ੜԻ৔ (ΠϯύϧεԠ౴͔Βࢉग़)
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(c)࠶ੜԻ৔ (࣮ଌ)

Fig. 4 ΠϯύϧεԠ౴ͷΤωϧΪʔ೾ܗ

4.3 ࣮ଌʹΑΔγεςϜͷධՁ

Ի৔γϛϡϨʔλʹ΋͍ͪΔָԻ༻ϚΠΫϩϗ

ϯͱͯ͠௒୯Ұੑ޲ࢦϚΠΫϩϗϯ (sennheiser

MKH416)ΛԻ͔ݯΒ 50cmͷҐஔʹઃஔͨ͠ɻ

ΛݯଌͰ༻͍ͨ΋ͷͱಉ͡ԻܭԻ৔ʹ͓͚Δݪ

Իڹ୬಺ʹઃஔͯ͠TSPΛग़ྗ͠ɼָԻ༻ϚΠ

ΫϩϗϯͰऩԻ͞Εͨ৴߸ʹڹ࢒ੜ੒༻ϑΟϧλ

[Qi]Λ࣮࣌ؒͰ৞ΈࠐΈɼεϐʔΧ͔Βग़ྗͨ͠

৴߸ΛධՁ༻ϚΠΫϩϗϯͰଌఆͨ͠ɻ࣮࣌ؒ

৞ΈࠐΈ͸ Steinberg Nuendo 6.0 Reverenceʹ

ΑΓͨͬߦɻ࣮࣌ؒॲཧʹىҼ͢Δ஗Ԇ࣌ؒ τ1
͸ଌఆʹΑΓ 11msͰ͋ͬͨɻ

ଌఆͨ͠ΠϯύϧεԠ౴ͷΤωϧΪʔ೾ܗΛ

ਤ 4(c)ʹࣔ͢ɻॳظ൓ࣹԻͷλΠϛϯά͸ݪԻ

৔΍γϛϡϨʔγϣϯԻ৔ͱൺ΂ɼಥग़ͨ͠೾ܗ

ͱͯ͠ॳظ൓ࣹԻΛ֬ೝ͢Δ͜ͱ͕Ͱ͖ͳ͔ͬ

ͨɻ͜Ε͸Իڹ୬಺ʹ͓͍ͯεϐʔΧͷΤϯΫ

ϩʔδϟʹΑΔߴҬͷ൓ࣹ΍಺෦ͷٵԻࡐͰ͸
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Fig. 5 ΠϯύϧεԠ౴͔Βࢉग़ͨ݁͠Ռ
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Fig. 6 ࣮ଌʹΑΔ݁Ռ

㻙㻌㻣㻜㻞㻌㻙᪥ᮏ㡢㡪Ꮫ఍ㅮ₇ㄽᩥ㞟 㻞㻜㻝㻠ᖺ㻥᭶


