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ՎF0يʹର͢ΔԻූਪఆͷͨΊͷ
ϕΠδΞϯ४ϏʔτಉظHMM

ݟۋ ྄1,a) தଜ ӫଠ1,b) ࢁࢳ (ण1,cࠀ ٢Ҫ Ղ1,d)

֓ཁɿຊߘͰ࿈ଓతͳՎ F0ي͔ΒࢄతͳԻූྻܥΛਪఆ͢Δ౷ܭతख๏Λࣔ͢ɽैདྷɼԻָԻ

৴߸͔ΒϑϨʔϜϨϕϧͷՎڹ F0Λਪఆ͢ΔͨΊͷ͕ڀݚଟ͘ߦΘΕ͍ͯΔͷͰɼզʑه߸తͳָ

ේͷ֫ಘΛతͱͨ͠ F0ي͔ΒͷԻූਪఆʹऔΓΉɽԻූਪఆʹର͢ΔૉͳΞϓϩʔνɼҰఆ

୯Ґʢྫ͑ɼϏʔτʣ͝ͱʹՎؒ࣌ F0ΛԻϨϕϧͰࢄԽ͢Δख๏Ͱ͋Δɽ͔͠͠ͳ͕Βɼ͜ͷ

ΞϓϩʔνͰՎ F0يָ͕ේʹ͞هΕͨԻ͔ߴΒେ͖͘ҳ͍ͯ͠Δ߹ʹ͏·͍͔͘ͳ͍ɽԻූ

ͷΦϯηοτϏʔτ͔ࠁ࣌ΒΕͨΓਐΜͩΓ͢ΔʢΦϯηοτมಈʣ͏͑ɼՎ F0ՎএදݱʹΑΓ

มಈ͢Δʢपมಈʣɽ͜ΕΒͷҳΛѻ͏ͨΊʹɼզʑԻූ͕Ϗʔτࠁ࣌ʹΏΔ͘ಉͯ͠ظมԽ͢Δ

ϕΠδΞϯӅΕϚϧίϑϞσϧΛఏҊ͢ΔɽԻූͷԻϨϕϧͷԻߴͱΦϯηοτมಈજࡏมͱΈͳ

͠ɼपมಈग़ྗʹΑͬͯهड़͢ΔɽԻූɼΦϯηοτมಈɼपมಈΪϒεαϯϓϦϯά

Λ༻͍ͯಉ࣌ʹਪఆ͢Δɽ࣮݁ݧՌΑΓϕʔεϥΠϯख๏ʹରͯ͠ఏҊख๏ͷԻූਪఆਫ਼্͕ͨ͜͠

ͱ͕ࣔͤͨɽ

1. ͡Ίʹ

Վ௨ৗϙϐϡϥʔԻָͷϝϩσΟϥΠϯΛܗͯ͠

͓Γɼָۂͷงғؾҹʹେ͖ͳӨڹΛ༩͑ΔͨΊɼՎ

ղੳԻָใॲཧͷʹ͓͍ͯॏཁͳςʔϚͷҰͭ

Ͱ͋ΔɽՎղੳʹ͓͍ͯɼԻָԻڹ৴߸ʹର͢Δجຊप

ʢF0ʣਪఆ [1–7] Վ [8, 9] ͞ڀݚ͘Εͯ

͍Δɽ͜ΕΒͷٕज़Վखಉఆ [10, 11] Վѹʹͮج

͘ΧϥΦέγεςϜ [12, 13]ɼϢʔβʔ͕ಛఆͷԻָతཁ

ૉʹযΛͯͳ͕ΒɼΑΓਂ͘ԻָΛཧղ͢Δ͜ͱΛॿ

͚ΔԻָؑγεςϜ [14] ͳͲʹ༻͍ΒΕ͍ͯΔɽ

ຊڀݚͰɼՎ F0ي͔ΒԻූྻܥΛऔΓग़͢͜ͱ

Λతͱͨ͠ԻූਪఆʹऔΓΉɽՎͷ F0ਪఆʹ

ؔ͢Δڀݚଟ͘ߦΘΕ͍ͯΔ͕ɼ࣮༻໘ͰָේͷΑ͏

ͳࢄతʢه߸తʣͳใΛநग़͢ΔʹऔΓΉඞཁ

͕͋Δɽ͠ɼϏʔτใ͕طͰ͋Εɼ͜ͷʹର

͢ΔૉͳΞϓϩʔνҰఆؒ࣌୯Ґʢྫ͑ɼϏʔτʣ

͝ͱʹଟܾʹΑͬͯԻϨϕϧͷ F0ʹࢄԽ͢Δํ๏

Ͱ͋Δ [14]ɽ͔͠͠ͳ͕ΒɼՎͷ F0ָ͕ේʹ͞هΕͨ

ਖ਼֬ͳԻϨϕϧͷ F0͔Βେ͖͘ҳ͢Δ߹ɼԻූ

1 େֶژ
a) nishikimi@sap.ist.i.kyoto-u.ac.jp
b) enakamura@sap.ist.i.kyoto-u.ac.jp
c) itoyama@kuis.kyoto-u.ac.jp
d) yoshii@kuis.kyoto-u.ac.jp

ド
ド#
レ

…
…

ド
ド#
レ

…
…

楽譜成分

+オンセット変動

+周波数変動

時刻

時刻

時刻

音高

音高

音高

ド
ド#
レ

…
…

ਤ 1: Վ F0يͷੜաఔɽ

ͷΦϯηοτ͕ਖ਼֬ͳϏʔτ͔ࠁ࣌Βେ͖͘ਐΜͩΓΕ

ͨΓ͢ΔΑ͏ͳՎ͍ํͰͷ߹ʹɼ͜ͷํ๏Ͱ͠͠

͏·͍͔͘ͳ͍ɽ

͜ͷΛղܾ͢ΔͨΊʹɼӅΕͨԻූ͔ྻܥΒͲͷΑ

͏ʹՎF0ي͕ੜ͞ΕΔ͔Λද͢ݱΔӅΕϚϧίϑϞ

σϧʢHMMʣʹ తख๏ΛఏҊ͢Δܭ౷ͮ͘ج (ਤ 1)ɽָේ

ΕͨԻූͷ͞هʹ F0ԻִؒͷࢄతͳͷΈΛऔΓɼ

ϏʔτɼϏʔτɼ1/4ϏʔτͷҐஔͰมΘΓ͍͢ɽҰ

ํͰɼ࣮ ͷՎࡍ F0ي࿈ଓతͳ৴߸Ͱ͋Γɼؒ࣌ͱͱ

ʹಈతʹมԽ͢Δɽੜతͳࢹ͔Β͜ΕΒ 2छྨͷ F0

Λѻ͏ͨΊʹɼϝϩσΟΛՎͬͨ࿈ଓతͳ F0ָ͕ේʹॻ͔

Εͨࢄతͳ F0͔Βํؒ࣌ͱपํʹҳ͢Δ͜
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ͱΛͨ͠ڐɼ४ϏʔτಉظHMMʢSemi-beat-synchronous

HMMɼSBS-HMMʣΛఏҊ͢ΔɽఏҊ͢Δ HMMʹ͓͍

ͯɼԻූͷԻϨϕϧͷ F0ͱΦϯηοτมಈજࡏม

ͱͯ͠ද͞ݱΕɼԻූͷपมಈग़ྗ֬ʹΑͬ

ͯϞσϧԽ͞ΕΔɽF0يͱϏʔτ͕ࠁ࣌༩͑ΒΕΕɼ

શͯͷมͱΪϒεαϯϓϦϯάΛ༻͍ͯಉ࣌ʹਪ

ఆ͞ΕΔɽ

2. ؔ࿈ڀݚ

ຊষͰՎʹؔ͢Δؔ࿈ڀݚΛհ͢Δɽ

2.1 ՎԻߴਪఆ

ԻָԻڹ৴߸ʹର͢ΔՎ F0يͷਪఆʹؔͯ͠ଟ

͘ͷ͕ڀݚͳ͞Ε͍ͯΔ [1–7]ɽSubharmonic Summation

ʢSHSʣ[1]جຊपͷީิ {f0, . . . , fM}ͷͦΕͧΕʹ
࣌Δ͜ͱͰɼ֤͢ࢉܭௐͷύϫʔͷ૯Λߴ͍ͯͭ

ຊपΛܾఆ͢Δํ๏Ͱ͋ΔɽPreFEstجͱͷ͝ࠁ [3]

ଟԻָԻڹ৴߸͔Β࠷༏ੑͳௐߏΛநग़͢Δ͜

ͱʹΑΓϝϩσΟͱϕʔεϥΠϯͷ F0يΛਪఆ͢Δख

๏Ͱ͋ΔɽٶΒ [2]Վͱ F0ਪఆΛ૬ิతʹ͏ߦ

ख๏ΛఏҊ͍ͯ͠Δɽ·ͣɼԻָԻڹ৴߸ʹର͢Δؒ࣌

ϑʔϦΤมʢSTFTʣʹ ΑͬͯಘΒΕͨεϖΫτϩάϥϜ

͔ΒϩόετओੳʢRPCAʣ[9] Λ༻͍ͯՎ͕

͞ΕΔɽͦͯ͠ɼͨ͠Վʹରͯ͠͞ࢉܭΕΔ SHSΛ

༻͍ͯϏλϏ୳ࡧʹΑΓՎ F0يΛٻΊΔɽSalamon

Β [4]ϝϩσΟநग़ʹରͯ͠Վ F0يʹಛΛ༻͍

͍ͯΔɽDurrieuΒ [5]ओટιʔεϑΟϧλʔϞσ

ϧͰද͞ݱΕɼԻඇෛྻߦҼࢠղʢNMFʣϕʔ

εͷϞσϧͰද͞ݱΕΔϝϩσΟநग़๏ΛఏҊ͍ͯ͠Δɽ

de CheveignéΒ [6]جຊपਪఆʹରͯ͠ޡΓΛݮ

গͤ͞ΔΑ͏֦ுͨࣗ͠ݾ૬ؔʹͮ͘ج YINͱݺΕΔ

ख๏ΛఏҊ͍ͯ͠ΔɽMauchΒ [7]֬తख๏Λ༻͍ͯ

YINΛ֦ு͢Δ͜ͱͰෳͷԻิީߴΛग़ྗ͢ΔΑ͏ʹ͠

ͨ pYINͱݺΕΔख๏ΛఏҊ͍ͯ͠Δɽ

2.2 ՎԻූਪఆ

ՎF0يͷԻߴΛࢄԽͯ͠ԻූྻܥΛਪఆ͢Δख๏

ఏҊ͞Ε͍ͯΔɽ1ষͰड़ͨଟܾ๏ Songle [14] ʹ

࣮͞Ε͍ͯΔɽ͜ͷख๏ͰɼՎএදݱԻߴͷੜա

ఔʹྀ͍͍ͭͯͯ͠ߟͳ͍ͷͰݶք͕͋ΔɽPaivaΒ [15]

 5ͭͷஈ֊ΛͯܦଟԻָ৴߸͔ΒϝϩσΟͷԻූΛਪ

ఆ͢Δख๏ΛఏҊ͍ͯ͠ΔɽRaphael [16] HMMʹͮج

͍ͯಠএՎԻڹ৴߸͔ΒϦζϜɼςϯϙɼԻූΛಉ࣌ʹ

ਪఆ͢Δख๏ΛఏҊ͍ͯ͠ΔɽPolinerΒ [17]Իߴ͋

Δجຊपͷߴௐͷू߹ͱ࣮ͯ͠͞ݱΕΔͱ͍͏Ծఆ

͕ඞཁ͕ͳ͍αϙʔτϕΫλʔϚγϯʢSVMʣʹͮ͘جख

๏ΛఏҊ͍ͯ͠ΔɽLaaksonen [18] ίʔυใΛ༻͍

ͯϝϩσΟ࠾ේख๏ΛఏҊ͍ͯ͠ΔɽRyynänenΒ [19]

音楽音響信号

歌声F0推定 ビートトラッキング

音符推定

ਤ 2: ఏҊ͢Δ४Ϗʔτಉظ HMMʹͮ͘جԻߴਪఆख๏

ͷશମਤɽ

ϝϩσΟɼϕʔεϥΠϯɼίʔυΛଟԻָ͔Βਪఆ͢Δ

ख๏ΛఏҊ͍ͯ͠ΔɽMauchΒ [20] ʹΑͬͯ։ൃ͞Εͨ

Tonyͱ͍͏ιϑτΣΞπʔϧ HMMͷϏλϏ୳ࡧʹ

ΑΓ pYINͷग़ྗ͔ΒԻූΛਪఆ͢Δɽ

2.3 Վ F0يͷղੳ

Վ F0ي͔ΒՎ͍ํͷੑݸบΛநग़͢Δڀݚ͓

͜ͳΘΕ͍ͯΔɽେੴΒ [21]ؒ࣌มಈͱपมಈΛߟ

ྀͨ͠Վ F0يͷੜաఔΛද͢ݱΔϞσϧΛఏҊ͠

ͨɽ͜ͷϞσϧʹ͓͍ͯɼՎ F0يϊʔτɼදݱɼඍ

มಈͷࡉ 3ͭͷ͔ΒΔɽϊʔτϊʔτͷཱͪ

্͕ΓΦʔόʔγϡʔτΛؚΈදݱϏϒϥʔτ

ϙϧλϝϯτΛؚΉɽϊʔτͱදݱϊʔτྩࢦ

ͱදྩࢦݱʹΑͬͯۦಈ͞ΕΔೋܥ࣍ઢܗγεςϜͷग़ྗ

ͱͯ͠ද͞ΕΔɽϊʔτྩࢦͱදྩࢦݱͦΕͧΕԻූܥ

ྻͱԻָతදݱҙਤΛද͠ɼHMMΛ༻͍ͯϞσϧԽ͞Ε

Δɽ͜ͷख๏ʹΑΓՎ F0ي͔ΒՎএදݱͷݸਓੑΛ

औΓग़͢͜ͱՄ͕ͩɼࣄલʹָේ͕༩͑ΒΔ͜ͱΛԾ

ఆ͓ͯ͠ΓɼతʹԻූਪఆʹద༻Ͱ͖ͳ͍ɽ

3. ఏҊ๏

ຊষͰ४Ϗʔτಉظ HMMʢSBS-HMMʣʹΑΓՎ

F0يͷੜաఔΛද͢ݱΔ͜ͱͰɼF0يͷഎޙʹ͋

ΔԻූྻܥΛਪఆ͢ΔͨΊͷख๏ʹ͍ͭͯઆ໌͢Δɽ؍ଌ

ͱͯ͠ಘΒΕΔՎ F0يָේʢԻූྻܥʣʹ Φϯηο

τมಈͱपมಈ͕֬తʹ༩͞ΕΔ͜ͱͰੜ͞Ε

Δͱͯ͠ఆࣜԽ͢Δɽ

3.1 ઃఆ

ԻූਪఆΛҎԼͷΑ͏ʹఆΊΔʢਤ 2ʣɽ

ೖྗ: Վ F0ي X = {xt}Tt=1 ͱԻָԻڹ৴߸͔Βࣗಈ

ਪఆ͞Εͨ 16Իූ୯ҐͷϏʔτࠁ࣌ ψ = {ψn}Nn=1

ग़ྗ: Իྻܥߴ Z = {zn}Nn=1.
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͜͜Ͱ tؒ࣌ϑϨʔϜͷΠϯσοΫεɼT ೖྗͷ F0ي

ʹʹ͓͚Δؒ࣌ϑϨʔϜͷɼxt ϑϨʔϜ tͰͷର

पʢ୯ҐηϯτʣɼN Ϗʔτࠁ࣌ͷɼψn n൪

ͷϏʔτࠁ࣌ɼzn ∈ {µ1, . . . , µK} ψn−1 ͱ ψn ͱͷؒ

ͷԻߴͰ͋ΓɼK ָේʹݱΕΔԻߴͷछྨͷͰ͋Δɽ

ͦΕͧΕޙ࠷ॳͱ࠷ͷۂ ψ0 = 1ͱ ψN = T+1ͱͰද͞

ΕΔɽຊߘͰɼ؆୯ԽͷͨΊ zn(n = 1, . . . , N)ͦΕͧ

Ε 16ԻූʹରԠ͢Δͱ͢Δɽ16ԻූΑΓ͍Իූ

࿈ଓͨ͠ಉ͡ԻߴΛͭ {zn}Nn=1 ͷྻܥͰද͞ΕΔɽ

3.2 ϞσϧͷఆࣜԽ

ԻූͷԻߴભҠɼΦϯηοτมಈɼपมಈΛಉ࣌ʹ

ද͢ݱΔ SBS-HMMΛఆࣜԽ͢Δɽ

3.2.1 ԻߴભҠͷϞσϧԽ

જࡏԻྻܥߴ Z ҎԼʹࣔ͢Α͏ʹҰ࣍Ϛϧίϑ࿈

Λͳ͢ɽ

zn|zn−1,A ∼ Categorical(zn|azn−1) (1)

͜͜ͰɼA = [aT
1 , · · · ,aT

K ]K ×K ͷભҠ֬ྻߦͰ͋

Γɼҙͷ j ∈ {1, . . . ,K}ʹ͍ͭͯ
∑K

k=1 ajk = 1͕Γ

ཱͭɽ࠷ॳͷજࡏঢ়ଶ z1 

z1|π ∼ Categorical(z1|π) (2)

ʹΑΓܾఆ͞ΕΔɽ͜͜Ͱɼπ = [π1, · · · ,πK ]T K ݩ࣍

ϕΫτϧͰ͋Γɼ
∑K

k=1 πk = 1͕Γཱͭɽ

3.2.2 ΦϯηοτมಈͷϞσϧԽ

ԻූͷΦϯηοτมಈ τ = {τn}Nn=1  {−G,−G+ 1,

. . . , G−1, G} ͷΛऔΔࢄજࡏมͱͯ͠ද͞Ε
Δɽn൪ͷԻූͷ࣮ࡍͷΦϯηοτࠁ࣌Λ φn = ψn + τn

ͱ͓͘ɽՎ F0يͷ࠷ॳͱޙ࠷Ͱ τ0 = 0ɼτN = 0ͱ

͢Δɽτn ҎԼͷΑ͏ʹ֬తʹੜ͞ΕΔͱ͢Δɽ

τn|ρ ∼ Categorical(τn|ρ) (3)

͜͜Ͱɼρ = [ρ−G, . . . , ρG]T  (2G+1)ݩ࣍ϕΫτϧͰ͋

Γɼ
∑G

g=−G ρg = 1͕Γཱͭɽ

3.2.3 पมಈͷϞσϧԽ

ଌ؍ F0 xt (φn−1 ≤ t < φn)֤Ϗʔτ۠ؒʹׂΓͯ

ΒΕͨԻ୯ҐͷԻߴʹ֬తͳपมಈΛ༩͢Δ͜

ͱͰੜ͞ΕΔɽxt֤ϑϨʔϜʹ͓͍ͯಠཱʹੜ͞Ε

Δͱ͠ɼn൪ͷϏʔτ۠ؒͷग़ྗ֬ɼҎԼͷΑ͏ʹ

༩͑ΒΕΔɽ

bznτn−1τn ≡

⎧
⎨

⎩

φn−1∏

t=φn−1

p(xt|zn)

⎫
⎬

⎭

1
φn−φn−1

(4)

͜͜Ͱɼp(xt|zn = k)֤ϑϨʔϜͷग़ྗ֬Ͱ͋Δɽભ

Ҡ֬ͱग़ྗ֬ͷόϥϯεΛऔΔͨΊɼ֤ϑϨʔϜ͝ͱ

ͷग़ྗ֬ͷੵΛϏʔτ۠ؒͷϑϨʔϜͰႈࠜΛͱ

Δɽզʑ p(xt|zn)ʹίʔγʔΛ༻͍Δɽίʔγʔ
֎Εʹ݈ؤͰ͋ΓɼҎԼͷΑ͏ʹ

Cauchy(x;µ,λ) =
λ

π {(x− µ)2 + λ2} (5)

Ͱఆٛ͞ΕΔɽ͜͜ͰɼµҐஔύϥϝʔλͰ͋Γɼ

ͷதԝΛܾఆ͢Δɽ·ͨɼλईύϥϝʔλͰ͋Δɽ

n൪ͷϏʔτ۠ؒͷԻ͕ߴ zn = k Ͱ͋Δ࣌ɼµ µk

ΛऔΔɽईύϥϝʔλԻߴ zn ʹґଘ͠ͳ͍ΛऔΔɽ

ͷՎࡍ࣮ F0يָේʹ͞هΕͨԻ͔ߴΒେ͖͘ҳ

͢Δ͜ͱ͕͋ΔͷͰɼίʔγʔͷईύϥϝʔλ

ྡ͢Δ F0ͷࠩ ∆xt ≡ xt − xt−1 ʹԠͯ͡มԽ͢ΔΑ͏

ʹ͢Δɽईύϥϝʔλઈର ∆xt ʹൺྫ͢ΔΑ͏ʹ

͠ɼ֤ϑϨʔϜ͝ͱʹҎԼͷΑ͏ʹఆٛ͢Δɽ

λt = c|∆xt|+ d (6)

͜͜ͰɼcൺྫͰ͋Δɽ·ͨɼ∆xt = 0ͷͱ͖ p(xt|zn)
Ͱ͖ͳ͘ͳΔΛආ͚ΔͨΊʹมࢉܭ͕ d > 0 Λಋೖ

͢Δɽ

3.3 લͷಋೖࣄ

զʑϞσϧύϥϝʔλAɼπɼρʹରͯ͠ҎԼͷΑ͏

ʹσΟϦΫϨڞࣄલΛ͓͘ɽ

aj ∼ Dirichlet(aj |ξj) (7)

π ∼ Dirichlet(π|ζ) (8)

ρ ∼ Dirichlet(ρ|η) (9)

͜͜Ͱɼξj = [ξ1, . . . , ξK ]T ͱ ζ = [ζ1, . . . , ζK ]T K ݩ࣍

ϕΫτϧɼη = [η−G, . . . , ηG]T  (2G + ϕΫτϧݩ࣍(1

Ͱ͋Δɽ

·ͨɼίʔγʔͷඇෛύϥϝʔλ cͱ dʹରͯ͠Ҏ

ԼͷΑ͏ʹΨϯϚࣄલΛ͓͘ɽ

c ∼ Gamma(c|c0, c1) (10)

d ∼ Gamma(d|d0, d1) (11)

͜͜Ͱɼc0ɼd0 ܗঢ়ύϥϝʔλɼc1ɼd1 Ϩʔτύϥ

ϝʔλͰ͋Δɽ

3.4 ϕΠζਪఆ

ϕΠζਪఆͷతޙࣄ p(Z, τ ,A,π,ρ, c, d|X) Λ

ͷ͍͠͏ߦʹΛղੳతࢉܭΔ͜ͱͰ͋Δɽ͜ͷ͢ࢉܭ

ͷͰɼզʑϚϧίϑ࿈ϞϯςΧϧϩʢMCMCʣ๏Λ༻

͍ͯ͜ΕΒͷมͷΛαϯϓϦϯά͢Δɽ͜͜ͰɼϞσ

ϧύϥϝʔλΛ Θ = {A,π,ρ} ͱ͢ΔɽΘͷαϯϓϧʹ

ΪϒεαϯϓϦϯάΞϧΰϦζϜΛ༻͍Δɽ·ͨɼજࡏ

มྻܥ Zɼτ ͷαϯϓϧʹϒϩοΫԽΪϒεαϯϓϦ

ϯάΞϧΰϦζϜͷҰͭͰ͋ΔɼϑΥϫʔυϑΟϧλϦϯ

άɾόοΫϫʔυαϯϓϦϯάΞϧΰϦζϜΛ༻͍Δɽ͜
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ΕΒͷύϥϝʔλมɼHMMͷࢣڭͳֶ͠शͰ༻͍

ΒΕΔόϜɾϰΣϧνΞϧΰϦζϜͱΑΕΔظ࠷

େԽ๏ʢEMΞϧΰϦζϜʣͱಉ༷ͷํ๏Ͱ෮ߋ৽͞Ε

Δɽcͱ dʹؔ͢Δڞੑ͕ຬͨ͞Εͳ͍ͷͰɼϝ

τϩϙϦεɾϔΠεςΟϯάεʢMHʣΞϧΰϦζϜΛ༻

৽͢Δɽߋ͍ͯ

3.4.1 જࡏม Zɼτ ͷਪ

જࡏมྻܥ Z ͱ τ Λαϯϓϧ͢Δํ๏Λઆ໌͢Δɽ

֤Ϗʔτ۠ؒ͝ͱʹɼҎԼͰ༩͑ΒΕΔ֬Λ͢ࢉܭΔɽ

βznτn = p(zn, τn|zn+1:N , τn+1:N , x1:T ) (12)

͜͜Ͱɼzn+1:Nɼτn+1:Nɼx1:T ͦΕͧΕ zn+1, . . . , zNɼ

τn+1, . . . , τNɼx1, . . . , xT Λද͢ɽn൪ͷϏʔτ۠ؒͷ

જࡏม (zn, τn) βznτn ʹै͍αϯϓϧ͞ΕΔɽࣜ (12)

ͷࢉܭͱજࡏมͷαϯϓϦϯάϑΥϫʔυϑΟϧλϦ

ϯάɾόοΫϫʔυαϯϓϦϯάΛ༻͍ͯߦΘΕΔɽ

ϑΥϫʔυϑΟϧλϦϯάͰҎԼͷ֬Λ෮ࢉܭͰ

ΊΔɽٻ

αznτn = p(X0τ1 , . . . , Xτn−2τn−1 , Xτn−1τn , zn, τn)

͜͜ͰɼXτn−1τn  φn−1 = ψn−1+τn−1͔Β φn = ψn+τn

·ͰͷϏʔτ۠ؒͷ؍ଌ xtΛද͢ɽαznτn ҎԼͷΑ͏

ΕΔɽ͞ࢉܭʹ

αznτn = p(X0τ1 , z1, τ1)

= p(X0τ1 |z1, τ1)p(z1)p(τ1)

= bz10τ1πz1ρτ1 (13)

αznτn = p(X0τ1 , . . . , Xτn−1τn , zn, τn)

=
G∑

τn−1=−G

p(Xτn−1τn |zn, τn−1, τn)

·
K∑

zn−1=1

p(X0τ1 , . . . , Xτn−2τn−1 , zn−1, τn−1)

· p(zn|zn−1)p(τn)

=
G∑

τn−1=−G

bznτn−1τn

K∑

zn−1=1

αzn−1τn−1azn−1znρτn

(14)

όοΫϫʔυαϯϓϦϯάͰɼn ൪ͷϏʔτ۠ؒ

ʹ͓͍ͯ αznτn ͷΛ༻͍ͯࣜ (12) ΕΔɼঢ়͞ࢉܭ͕

ଶ (zn, τn)͕ؼ࠶తʹαϯϓϧ͞ΕΔɽ(n+1)൪ͷঢ়ଶ

(zn+1, τn+1)͕αϯϓϧ͞Εͨ࣌ɼβznτn ҎԼͷΑ͏ʹܭ

ΕΔɽ͞ࢉ

βznτn ∝ p(Xτnτn+1 |zn+1, τn, τn+1)

· p(zn+1|zn)p(τn+1)

· p(X0τ1 , . . . , Xτn−1τn , zn, τn)

= bzn+1τnτn+1aznzn+1ρτn+1αznτn (15)

ಛʹɼજࡏม (zN , τN )ҎԼͷΑ͏ʹ αzNτN ʹ͕ͨͬ͠

ͯαϯϓϧ͞ΕΔɽ

βzNτN ∝ αzNτN (16)

3.4.2 ϞσϧύϥϝʔλAɼπɼρͷֶश

ຊষͰ Θͷͷֶशʹ͍ͭͯઆ໌͢ΔɽόοΫϫʔ

υαϯϓϦϯάʹ͓͍ͯαϯϓϧ͞Εͨજࡏมͷྻܥ

{zn, τn}Nn=1ʹ͍ͭͯɼzn = j ͔ͭ zn+1 = kͰ͋ΔભҠͷ

Λ sjkɼτn = gͰ͋ΔΦϯηοτมಈͷΛ ug Ͱද͢ɽ

·ͨɼz1 = kͷ࣌ɼvk ͷΛ 1ɼͦΕҎ֎Λ 0ͱ͢Δɽύ

ϥϝʔλ ajkɼρgɼπk ҎԼͰ༩͑ΒΕΔޙࣄ͔Βα

ϯϓϧ͞ΕΔ͜ͱͰߋ৽͞ΕΔɽ

p(aj |ξj + sj) = Dirichlet(aj |ξj + sj) (17)

p(ρ|η + u) = Dirichlet(ρ|η + u) (18)

p(π|ζ + v) = Dirichlet(π|ζ + v) (19)

͜͜Ͱɼsj = [sj1, . . . , sjK ]Tɼu = [u−G, . . . , uG]Tɼv =

[v1, . . . , vK ]T Ͱ͋Δɽ

3.4.3 ίʔγʔͷύϥϝʔλ cɼdͷֶश

ύϥϝʔλ cͱ dͷਪఆʹɼMHΞϧΰϦζϜΛ༻͍

ΔɽίʔγʔڞࣄલΛͨ࣋ͳ͍ͷͰ cͱ dͷ

Ͱ͋ΔɽcͱࠔΔͷ͢ࢉܭʹΛղੳతޙࣄ dͷ

͕ͦΕͧΕ ci ͱ di Ͱ͋Δͱ͖ɼఏҊΛҎԼͷΑ͏ʹ

ఆΊΔɽ

qc(c|ci) = Gamma(c|γci, γ) (20)

qd(d|di) = Gamma(d|δdi, δ) (21)

͜͜Ͱɼγ ͱ δ ఏҊͷϋΠύʔύϥϝʔλͰ͋Δɽ

qc(c|ci)͔Βαϯϓϧ͞Εͨ c∗ Λ༻͍ͯɼҎԼͷΑ͏ʹ࠾

Λ͢ࢉܭΔɽ

gc(c
∗, ci) = min

{
1,

fc(c∗)qc(ci|c∗)
fc(ci)qc(c∗|ci)

}
(22)

͜͜Ͱɼfc(c)ҎԼͷΑ͏ʹ͞ࢉܭΕΔؔͰ͋Δɽ

fc(c) ≡ p(c|x1:T , z1:N , τ1:N ,Θ, di)

∝
N∏

n=1

ρτnbznτn−1τn

N∏

n=2

azn−1znπz1q(c)

=
N∏

n=1

ρτn

⎧
⎨

⎩

φn−1∏

t=φn−1

Cauchy(xt|µzn ,λ
c
t)

⎫
⎬

⎭

1
φn−φn−1

·
N∏

n=2

azn−1znπz1Gamma(c|c0, c1) (23)

λct = ci ·∆xt + di (24)

ͦͯ͠ɼ͠ gc(c∗, ci)ͷ͕۠ؒ [0, 1]ʹ͓͚ΔҰ༷

͔Βαϯϓϧ͞Εͨཚ rΑΓେ͖͚Εɼci+1 = c∗ͱ

͠ɼͦ͏Ͱͳ͚Εɼci+1 = ciͱ͢Δɽͨͩ͠ɼc0ࣄલ
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 q(c)͔Βαϯϓϧ͞ΕΔɽ

dͷ cͱಉ༷ͷํ๏Ͱߋ৽͞ΕΔɽqd(d|di)͔Βαϯ
ϓϧ͞Εͨ d∗ Λ༻͍ͯɼҎԼͷΑ͏ʹ࠾Λ͢ࢉܭΔɽ

gd(d
∗, di) = min

{
1,

fd(d∗)qd(di|d∗)
fd(di)qd(d∗|di)

}
(25)

͜͜Ͱɼfd(d)ҎԼͷΑ͏ʹ͞ࢉܭΕΔؔͰ͋Δɽ

fd(d) ≡ p(d|x1:T , z1:N , τ1:N ,Θ, ci+1)

∝
N∏

n=1

ρτnbznτn−1τn

N∏

n=2

azn−1znπz1q(c)

=
N∏

n=1

ρτn

⎧
⎨

⎩

φn−1∏

t=φn−1

Cauchy(xt|µzn ,λ
d
t )

⎫
⎬

⎭

1
φn−φn−1

·
N∏

n=2

azn−1znπz1Gamma(d|d0, d1) (26)

λdt = ci+1 ·∆xt + di (27)

ͦͯ͠ɼ͠ gd(d∗, di)ͷ͕۠ؒ [0, 1]ʹ͓͚ΔҰ༷

͔Βαϯϓϧ͞Εͨཚ r ΑΓେ͖͚Εɼdi+1 = d∗

ͱ͠ɼͦ͏Ͱͳ͚Ε di+1 = di ͱ͢Δɽͨͩ͠ɼd0 ࣄ

લ q(d)͔Βαϯϓϧ͞ΕΔɽ

3.5 ϏλϏ෮߸

ԻූΛද͢જࡏมྻܥֶशաఔʹ͓͍ͯҎԼͷ

ࣜ (28)Ͱ༩͑ΒΕΔ͕࠷େͷ࣌ͷύϥϝʔλΛ༻͍

ͨϏλϏΞϧΰϦζϜʹΑͬͯਪఆ͞ΕΔɽ

p(x1:T ) =
K∑

zN=1

G∑

τN=−G

αzNτN (28)

ਪఆ͍ͨ͠Իූ p(Z, τ |X) Λ࠷େԽ͢ΔજࡏมͷͰ

͋ΔɽϏλϏΞϧΰϦζϜʹ͓͍ͯ ωznτn ΛҎԼͷΑ͏ʹ

ఆΊΔɽ

ωznτn=

max
z1:n−1
τ1:n−1

lnp(X0τ1 , . . . , Xτn−1τn , z1:n−1, zn, τ1:n−1, τn) (29)

ͦͯ͠ɼωznτn ҎԼͷΑ͏ʹؼ࠶తʹ͞ࢉܭΕΔɽ

ωz1τ1= ln ρτ1+ ln bz10τ1+ lnπz1 (30)

ωznτn=

ln ρτn+max
τn−1

[
ln bznτn−1τn+max

zn−1

{
ln azn−1zn+ωzn−1τn−1

}]

(31)

ωznτn ͷࢉܭؼ࠶ʹ͓͍ͯɼ(zn, τn)=(k, g) ͷ࣌ͷ ωznτn

ͷΛ࠷େԽ͢Δঢ়ଶ͕ (zn−1, τn−1)=(j, f)Ͱ͋Δ߹ɼ

͜ΕΒͷঢ়ଶ h(z)
nk = j, h(τ)

ng = f ͱͯ͠ه͞ΕΔɽ

{ωzNτN }K,G
zN=1,τN=−G ɼࣜޙΕͨ͞ࢉܭ͕ (30)ͱ (31) Λ

༻͍ͯɼજࡏมྻܥ {zn, τn}Nn=1 ͕ҎԼͷΑ͏ʹؼ࠶త

ද 1: ฏۉҰகͱඪ४ࠩޡ

Ϟσϧ Ұக

SBS-HMM 66.3± 1.0

ଟܾ๏ 56.9± 1.1

ϑϨʔϜϕʔε HMM 56.1± 1.1

BS-HMM 67.0± 1.0

ਤ 3: Ұக [%]. ശͻ͛ਤͰɼઢதԝɼ੨৭ͷ

ശୈ Ґ͔Βୈ࢛1 ۉฏࣈ৭ͷेࠇҐͷൣғɼ࢛3

ɼ৭ͷेࣈ֎ΕΛࣔ͢ɽ

ʹਪఆ͞ΕΔɽ

(zN , τN ) = arg max
zN ,τN

{ωzNτN } (32)

zn = h(z)
(n+1)zn+1

(33)

τn = h(τ)
(n+1)τn+1

(34)

ਪఆ͞Εͨજࡏม {τn}Nn=1 ʹΑͬͯද͞ΕΔपมಈ

Λิਖ਼͢Δ͜ͱʹΑΓԻූ͕ྻܥಘΒΕΔɽ

4. ධՁ࣮ݧ

ఏҊ๏ͱैདྷ๏Λ༻͍ͯՎ F0ي͔Βਪఆ͞ΕͨԻ

ූྻͷਫ਼ΛධՁ͢Δ࣮ݧΛͨͬߦɽ

4.1 ݅ݧ࣮

ʹݧ࣮ RWCσʔλϕʔε [22] ͷϙϐϡϥʔԻָ

ରͯ͠ɼϞσϧύϥϝʔʹۂΛ༻͍ͨɽͦΕͧΕͷۂ100

λͷֶशɼԻූྻܥͷਪఆɼਪఆ͞ΕͨԻූྻܥͷਫ਼ͷ

ɽೖྗͷͨͬߦଌΛܭ F0يٶΒ [2]ͷख๏Λ༻͍

ͯϞϊϥϧԻָԻڹ৴߸͔ΒಘΔɽ·ͨɼϏʔτࠁ࣌

DurandΒ [23]ͷϏʔττϥοΩϯάγεςϜʹΑͬͯಘ

ΒΕͨͷΛ༻͍Δɽ͜ͷγεςϜશԻූ୯ҐͷϏʔτ

Λਪఆ͢ΔͷͰɼਪఆ͞ΕͨϏʔτ۠ؒΛࠁ࣌ 16͢

Δ͜ͱͰ 16Իූ୯ҐͷϏʔτࠁ࣌ΛٻΊͨɽ

ఏҊ๏ͷϋΠύʔύϥϝʔλ ξ = ɼζ = 1ɼη = 1ɼ

c0 = d1 = d0 = d1 = 1 ͱͨ͠ɽ͜͜Ͱɼ ͱ 1ͦΕͧ

Εશཁૉ͕ 1Ͱ͋ΔྻߦͱϕΫτϧͰ͋ΔɽఏҊͷύ

ϥϝʔλ γ = δ = 1ͱͨ͠ɽτn ͕औΓ͏Δ࠷େ G

5ʢͭ·Γ 50ϛϦඵʣͱͨ͠ɽ

ϕʔεϥΠϯͱͯ͠ଟܾ๏Λςετͨ͠ɽ16෦Իූʹ

ରԠ͢Δؒ۠ؒ࣌͝ͱʹՎ F0ͷଟܾΛͱΔ͜ͱͰԻ

5ⓒ 2016 Information Processing Society of Japan

Vol.2016-MUS-112 No.7
2016/7/30



ใॲཧֶձڀݚใࠂ
IPSJ SIG Technical Report

ਤ 4: ֶश͞ΕͨϞσϧύϥϝʔλ ρͷྫɽ

ਤ 5: ԻߴਪఆޡΓͷྫɽਪఆԻ͕ߴਖ਼͍͠߹লུɽ

Λܾఆ͢Δɽൺֱͱͯ͠ɼϑϨʔϜϕʔεߴ HMMͱϏʔ

τಉظ HMMʢBS-HMMʣςετͨ͠ɽϑϨʔϜϕʔ

ε HMMશͯͷϏʔτ͕۠ؒ 1ϑϨʔϜͷΈͰ͋Δͱ

͢ΔɽBS-HMMΦϯηοτมಈΛྀ͠ߟͳ͍͜ͱҎ֎

SBS-HMMͱಉ͡Ͱ͋Δɽ

ਪఆ͞ΕͨԻූྻָۂͷϝϩσΟͱಉͨ͠ظ MIDI

σʔλͱൺֱ͠ɼҰகʢͭ·ΓɼԻ͕ߴਖ਼͘͠ਪఆ͞Ε

͍ͯΔϑϨʔϜͷൺʣΛධՁईͱͯ͠༻͍ͨɽ

4.2 Ռ݁ݧ࣮

Իූਪఆͷ݁ՌΛද 1ͱਤ 3 ʹࣔͨ͠ɽఏҊ๏ฏۉҰ

கʹ͓͍ͯଟܾ๏ͱϑϨʔϜϕʔε HMMΛେ্͖͘

ճͬͨɽҰํͰɼఏҊ๏ͱ BS-HMMͷҰக΄΅͠

͘ɼͦͷࠩ౷ܭతʹ༗ҝͳͷͰͳ͔ͬͨɽ

͜ͷ݁ՌભҠ֬ʹΑΔָේϞσϧͱग़ྗ֬ʹΑΔ

पมಈϞσϧ͕Իූਪఆਫ਼ͷ্ʹରͯ͠༗ޮͰ͋

Δ͜ͱΛ͍ࣔͯ͠ΔɽΦϯηοτมಈͷϞσϧʹΑΓਫ਼

ͳ͔ͬͨͷɼϞσϧύϥϝʔλ্͕͠ ρ͕ਖ਼ֶ͘͠श

͞Εͳ͔ͬͨ͜ͱ͕ݪҼͩͱ͑ߟΒΕΔʢਤ 4ʣɽΦϯηο

τมಈΦϯηοτͷ྆ଆͷԻߴͷ͞ۂશମͷςϯϙ

ʹґଘ͢ΔͷͰɼ୯ҰͷࢄͰΦϯηοτมಈΛଊ͑

Δͷ͍͠ɽԻ͕ߴભҠ͍ͯ͠Δؒͷ F0Λද͢ݱΔͨ

ΊͷӅΕঢ়ଶΛ༻͍ΔͳͲͯ͠ɼΑΓৄࡉʹΦϯηοτม

ಈΛϞσϧԽ͢Δ͜ͱ͕ඞཁͩΖ͏ɽ

4.2.1 ԻߴਪఆޡΓ

ओʹೋछྨͷޡΓ͕؍ଌ͞Εͨʢਤ 5ʣɽҰͭՎख

ͷՎএදݱʹΑΔͷͰ͋Γɼ1Ի 2ԻͷޡΓͱ͠

Δ͜͢ڹΕΔɽ͜Εपมಈ͕Իූਪఆਫ਼ʹӨݱͯ

ͱΛҙຯ͢Δɽೋͭ F0ਪఆޡΓʹΑΔͷͰ͋Γɼ7

Ի 12ԻޡΓͱͯ͠ݱΕΔɽ7Ի 12Իશ

̍ΦΫλʔϒʹରԠ͢Δɽޒ

4.2.2 Վএදݱநग़ͱੑ݈ؤ

ਤ 6ͷԻූਪఆ݁ՌͷྫՎखͷՎএදݱΛఏҊϞσϧ

(a) Φϯηοτมಈ

(b) पมಈ

ਤ 6: Իߴਪఆ݁Ռͷྫɽ౧৭ɼ੨৭ɼ৭ɼ৭ɼࠇ৭ͷ

ઢͦΕͧΕMIDIϊʔτɼΦϯηοτมಈΛؚΉ F0ي

ɼଟܾ๏ʹΑͬͯਪఆ͞ΕͨԻߴɼఏҊ๏ʹΑͬͯਪ

ఆ͞ΕͨԻߴɼࣄલʹਪఆ͞ΕͨϏʔτࠁ࣌Λද͢ɽ

͕ଊ͑Δ༷ࢠΛ͍ࣔͯ͠Δɽ্ͷਤʹ͓͍ͯɼ࠷ॳͷϏʔ

τͰͷΦϯηοτϏʔτࠁ࣌ΑΓΕ͍ͯΔɽఏҊ๏Ͱ

ΦϯηοτͷΕΛਖ਼͘͠ଊ͍͑ͯΔͷʹର͠ɼଟܾ

๏Φϯηοτͱ͖͢Ϗʔτࠁ࣌Λޡೝ͍ࣝͯ͠ΔɽԼ

ͷਤϏϒϥʔτͷྫͰ͋Δɽଟܾ๏Ͱਪఆ݁Ռ͕େ

͖ͳपมಈʹӨ͞ڹΕ͍ͯΔɽҰํɼఏҊ๏Ͱίʔ

γʔͷੑ݈ؤʹΑΓϏϒϥʔτʹӨ͞ڹΕΔ͜ͱͳ͘

ਖ਼͘͠Ի͕ߴਪఆͰ͖͍ͯΔɽ

5. ͓ΘΓʹ

ຊߘͰɼϏʔτࠁ࣌Λطͱͯ͠Վ F0ي͔Βָ

ख๏ΛఏҊͨ͠ɽՎ͏ߦͷԻූਪఆΛۂ F0يͷੜ

աఔΛϞσϧԽ͢Δʹ͠ࡍɼָේ͚ͩͰͳ͘Φϯηο

τɾपมಈΛྀͨ͠ߟɽSBS-HMM ଟܾ๏ϑ

ϨʔϜϕʔε HMMΑΓਖ਼֬ͳԻߴਪఆΛ࣮ͨ͠ݱɽ

ఏҊ๏Λ༻͍ͯಘΒΕͨΦϯηοτมಈͱपมಈ

ՎএදݱͷಛΛଊ͑Δ͏͑ͰॏཁͰ͋Δɽޙࠓɼ2࣍

ୡؔͳͲΛ༻͍ͯՎܥ F0يΛৄࡉʹϞσϧԽ͠ɼ

ՎএදݱΛछྨ͝ͱʹநग़͢Δख๏ͷ։ൃΛ͍͍ͨߦɽఏ

Ҋ๏ͰɼF0ਪఆɼϏʔττϥοΩϯάɼԻූਪఆผʑ

ΘΕ͕ͨɼ͜ߦʹ ΕΒͷख๏Λ౷߹͢Δ͜ͱඞཁͰ͋Δɽ

·ͨɼ࣮ࡍͷָۂʹଘ͢ࡏΔແ෦Λѻ͏͜ͱ͕Ͱ͖ͳ

͔͕ͬͨແ෦Λదʹѻ͑ΔΑ͏ʹ͍ͨ͠ɽ

ँࣙ ຊڀݚͷҰ෦ JST OngaCRESTϓϩδΣΫτɼ

JSPSՊݚඅ 24220006ɼ26700020ɼ26280089ɼ15K16054ɼ

16H01744ɼ16J05486ͱךใՊֶৼஂࡒڵॿۚʹΑ

ΔࢧԉΛड͚ͯߦΘΕͨɽ
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