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1. ͡Ίʹ
ࣗಈ࠾ේͱɼԻָԻڹ৴߸தʹؚ·ΕΔԻߴͱԻՁ

Λਪఆ͢ΔͰ͋ΓɼಛʹԻߴਪఆʹ͍ͭͯଟ͘ͷ
Δʹɼ͢ݱਪఆΛ࣮ߴͳ͞Ε͍ͯΔɽैདྷɼԻ͕ڀݚ
ࠞ߹ԻͰ͋ΔԻָԻڹ৴߸ͷԻݯ͕ඞཁͰ͋Δͱߟ
͑ΒΕ͖ͯͨɽྫ͑ɼඇෛྻߦҼࢠղ (NMF) Λ
༻͍Δͱɼࠞ߹ԻͷεϖΫτϩάϥϜ͔ΒɼҟͳΔԻߴ
ʹରԠ͢ΔجఈεϖΫτϧͱ֤جఈͷΞΫςΟϕʔγϣ
ϯ (Իྔ)ΛਪఆͰ͖Δ [1,2]ɽ͜͜ͰɼΞΫςΟϕʔγϣ
ϯ࿈ଓྔͰ͋ΔͷͰɼ֤ࠁ࣌ʹ͓͚Δ֤Իߴͷ on/off
Λఆ (ԻߴਪఆʹϐΞϊϩʔϧͷग़ྗ) ͢ΔͨΊʹɼ
ରԠ͢ΔجఈεϖΫτϧͷΞΫςΟϕʔγϣϯʹର͢Δ
ೋԽΛ͏ߦඞཁ͕͋ͬͨɽ͔͠͠ɼᮢઃఆ͕ࠔͰ
͋Δ͚ͩͰͳ͘ɼߴਫ਼ͳԻݯ͕Ͱ͖ΕԻߴਪ
ఆ༰қʹͳΔͷͱಉ༷ɼԻط͕ߴͰ͋ΕԻݯ
༰қʹͳΔͱ͍͏ܲͱཛͷ͕ؔଘ͢ࡏΔͨΊɼ͜ͷ
Α͏ͳॎྻॲཧຊདྷదͰͳ͔ͬͨɽ
ຊߘͰɼԻݯͱԻߴਪఆΛҰͨ͏ߦʹڍΊɼࠞ

߹ԻͷੜաఔΛ֬తʹఆࣜԽ͠ɼͦͷٯΛղ͘
ͱ͍͏ΞϓϩʔνΛͱΔ [1, 3] (ਤ 1)ɽ·ͣɼϕʔλա
ఔ NMF (BP-NMF) [4]ͱಉ༷ɼ֤ج֤͍͓ͯʹࠁ࣌ఈ
ͷ on/offΛ੍͢ޚΔೋมΛಋೖ͢Δɽ͜ΕʹΑΓɼ
ΞΫςΟϕʔγϣϯͷʹؔΘΒͣɼೋม͕ offΛ
औΔ߹ʹɼରԠ͢ΔԻߴࠞ߹Իͷੜʹد༩͠
ͳ͘ͳΔɽ͞Βʹɼ֤ࠁ࣌ʹ͓͚ΔԻߴͷΈ߹Θͤ
ίʔυʹґଘ͢Δ͜ͱ͔ΒɼίʔυભҠΛજࡏมྻܥ
ͱ͠ɼԻ܈ߴͷ on/off (ϐΞϊϩʔϧ) Λग़ྗ͢ΔӅΕ
ϚϧίϑϞσϧ (HMM) Λߏ͢Δɽ͢ͳΘͪɼHMM
ΛԻ܈ߴʹର͢ΔࣄલɼNMFΛࠞ߹Իʹର͢ΔԻ
ͷؔͱͨ͠౷Ұతͳ֊ϕΠζϞσϧ͕ఆࣜ܈ߴ
Խ͞ΕΔɽ͜ͷछͷޠݴϞσϧͱԻڹϞσϧͷ౷߹ɼ
ҰൠతͳԻೝࣝγεςϜͱಉ༷Ͱ͋Δ͕ɼΪϒεαϯ
ϓϦϯάΛ༻͍ͯԻߴਪఆΛ͏ߦͱಉ࣌ʹɼ྆ϞσϧΛ
Ұࢣڭʹڍͳֶ͠श͢Δ͕ҟͳΔɽ

2. ఏҊ๏
ఏҊϞσϧɼԻڹϞσϧͰ͋ΔNMFͱޠݴϞσϧ

Ͱ͋ΔHMM͔ΒͳΔɽҎԼʹ֬ϞσϧͷఆࣜԽͱύ
ϥϝʔλͷޙࣄͷਪఆํ๏ʹ͍ͭͯઆ໌͢Δɽ

2.1 ԻڹϞσϧͷఆࣜԽ
ೋม͕ಋೖ͞ΕͨNMFͰɼࠞ߹Իͷৼ෯εϖ

ΫτϩάϥϜX ∈ RF×T
+ ʹରͯ͠ɼX ≈ W (H⊙S)ͱ

͍͏ϥϯΫۙࣅΛ͏ߦɽ͜͜ͰɼW ∈ RF×K
+ Kݸ

ͷجఈεϖΫτϧ܈ɼH ∈ RK×T
+ ͓ΑͼS ∈ {0, 1}K×T

ରԠ͢ΔΞΫςΟϕʔγϣϯϕΫτϧ͓܈Αͼೋม
ϕΫτϧ܈Ͱ͋ΓɼF पϏϯɼT ϑϨʔϜ
Λද͢ɽ·ͨɼपϏϯΛ f (1 ≤ f ≤ F )ɼϑϨʔ
ϜΛ t (1 ≤ t ≤ T )ɼجఈΛ k (1 ≤ k ≤ K)Ͱද͢ɽ
NMF؍ଌྻߦX ͱߏ࠶ྻߦW (H ⊙S)ͱͷۙ

Ͱఆٛ͞ΕΔࣜ࣍খԽ͢ΔͰ͋Δ͕ɼ࠷Λࠩޡࣅ

Pitch Estimation for Music Audio Signals based on a Hierarchical
Bayesian Model of Chords and Spectrograms: Yuta Ojima, Eita
Nakamura, Katsutoshi Itoyama, and Kazuyoshi Yoshii (Kyoto Univ.)

ਤ 1: Ϟσϧͷશମ૾
ؔ࠷େԽͱͯ͠ͷղऍ͕ՄͰ͋Δɽ

Xft | WfkHktSkt ∼ Poisson (
∑

k WfkHktSkt)

͜͜Ͱɼؔͱͯ͠ϙΞιϯΛ༻͍ͨ [1]ɽຊ
લΛಋೖ͢Δ͜ͱʹΑΓɼNMFࣄͰ͞Βʹɼڀݚ
ͷϕΠζϞσϧΛߏ͢Δɽ

Wfk ∼ Gamma (a, b) , Hkt ∼ InverseGamma (c, d)

͜͜ͰɼW ʹΨϯϚࣄલΛ༩͑Δ͜ͱͰ [5]ɼௐ
ߏͷΑ͏ͳεύʔεͳجఈεϖΫτϧʹ༠ಋͨ͠ɽ
ҰํɼHʹٯΨϯϚΛ༩͑Δ͜ͱͰɼඇεύʔε
ͳΞΫςΟϕʔγϣϯʹ༠ಋͨ͠ɽHkt͕΄΅ 0Ͱ͋Δ
߹ʹɼೋม SktͷʹؔΘΒͣͦͷجఈ k
ؔʹد༩͠ͳ͍ͨΊɼSkt ͷਪఆ͕దʹ͑ߦͳ͘
ͳͬͯ͠·͏ɽҰํɼHkt͕ৗʹ͋Δఔͷେ͖͞Λ
ͭΑ͏Ͱ͋Εɼ࣮ࡍʹͦͷԻ͕ߴଘ͠ࡏͳ͚Εɼ
Skt  0ΛऔΒ͟ΔΛಘͣɼదʹϚεΫͱͯ͠ͷػ
ΛՌͨ͢ɽ࣮ࡍʹɼํؒ࣌ͷΒ͔͞Λྀ͢ߟΔͨ
ΊɼٯΨϯϚ࿈ࣄલΛ༻͍ͨ [5]ɽ

2.2 ϞσϧͷఆࣜԽޠݴ
ίʔυભҠΛજࡏมྻܥ Z = {z1, · · · , zT } (zt ∈

{1, · · · , I})ʹͪ࣋ɼ؍ଌมྻܥS = {s1, · · · , sT } (ఏ
ҊϞσϧશମ͔ΒݟΕજࡏม) Λग़ྗ͢ΔϕΠζ
HMMΛఆࣜԽ͢Δɽ͜͜ͰɼIίʔυͷछྨ (ঢ়ଶ
) ͱͨ͠ɽ·ͣɼঢ়ଶભҠϞσϧࣜ࣍Ͱ༩͑ΒΕΔɽ

zt | zt−1,ψzt−1 ∼ Categorical(ψzt−1),ψi ∼ Dirichlet(1I)

͜͜Ͱɼψiίʔυ iʹ͓͚ΔભҠ֬Ͱ͋Γɼແใ
σΟϦΫϨࣄલΛ༩͑ͨɽҰํɼԻ܈ߴͷग़ྗϞσ
ϧࣜ࣍Ͱ༩͑ΒΕΔɽ

Skt | zt,πztk ∼ Bernoulli(πztk), πztk ∼ Beta(e, f)

͜͜Ͱɼ֤ࠁ࣌ tʹ͓͚ΔԻߴ kͷ on/offද͕ग़Δ֬
 πztk ͷίΠϯτεͰܾఆ͞ΕΔɽ͢ͳΘͪɼSkt = 1
ͱͳΔ֬ɼͦͷࠁ࣌ʹ͓͚ΔίʔυʹΑͬͯҟͳΔɽ
ಉ͡ʹͳΔ͕ͷ૬ରతͳؔߴԻͷԻߏɼʹࡍ࣮
ίʔυಉ࢜ɼԻߴͷग़֬ݱΛڞ༗͢ΔΑ͏ʹͨ͠ɽ

2.3 ͷਪޙࣄ
ޙࣄ p(W ,H,S,Z,π,ψ|X) Λۙ͢ࢉܭࣅΔͨ
ΊɼΪϒεαϯϓϦϯάΛ༻͍Δɽ·ͣɼNMFͷύϥ
ϝʔλW ,H ͱHMMͷύϥϝʔλ π,ψΛదʹॳظ
Խ͠ɼp(S|W ,H,π,ψ,X)͔ΒԻ܈ߴ SΛαϯϓϧ͢
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ਤ 2: "MUS-scn15_12_ENSTDkCl"ʹର͢ΔԻߴਪఆ݁
ՌɽԻߴਪఆ݁Ռͷഎܠ৭ίʔυਪఆ݁ՌΛද͢ɽ

ਤ 3: "MUS-scn16_3_ENSTDkCl"ʹର͢ΔԻߴਪఆ݁Ռ

Δɽ࣍ʹɼp(W ,H|S,X)͔ΒW ,HΛɼp(π,ψ,Z|S)
͔Βπ,ψ,ZΛͦΕͧΕαϯϓϧ͢Δɽ͜ͷͱ͖ɼNMF
ͱ HMMจݙ [4,6]Λߟࢀʹಠཱʹߋ৽Ͱ͖Δɽ͜Ε
Λ෮͢Δ͜ͱͰޙࣄʹऩଋ͢Δɽ͜ͷΑ͏ʹɼԻ
ߦਪఆΛߴదԽͯ͠Ի࠷ʹڍϞσϧΛҰޠݴϞσϧͱڹ
͏Ξϓϩʔνɼจݙ [7]ͰݟΒΕΔɽ

3. ݧ࣮
ຊख๏ͷ༗ޮੑΛ֬ೝ͢ΔͨΊɼMAPS σʔλϕʔ

ε [8] ͷ͏ͪ"ENSTDkCl"ͷϥϕϧ͕͞ΕͨϐΞϊۂ
ͷ಄ۂ30 30ඵؒʹର͠ɼԻߴਪఆΛ͍ߦɼجఈͷ੍
ͷΈΛՃ͑ͨݶ BP-NMFͱൺֱͨ͠ɽೖྗԻڹ৴߸ͱ
ͯ͠༧Ί variable-Qม [9]͓ΑͼϦαϯϓϦϯάʹΑ
ΓɼपϏϯ 926ɼؒ࣌ϑϨʔϜ 3000ͷεϖΫτϩά
ϥϜͱมޙͨ͠ɼௐଧָثԻ [10]Λͨͬߦ
ͷΛ༻͍ͨɽͳ͓ɼϋΠύʔύϥϝʔλ࣮ݧతʹܾఆ
ͨ͠ɽ·ͨɼHMMͷॳ֬ظͷࣄલҰ༷Ͱ͋Δ
ͱ͠ɼભҠ֬ɼϑϨʔϜ୯ҐͰͷίʔυͷભҠى
͜Γʹ͍ͨ͘ΊࣗݾભҠΛ 1−5.0×10−8ͱ͠ɼଞঢ়ଶ
ͷભҠ͕σΟϦΫϨʹै͏ͱԾఆͨ͠ɽίʔυ 12
छྨͷϧʔτԻʹର͠ɼMajorͱ Minorͷ 2ͭͷίʔ
υֶ͕ܗश͞ΕΔ͜ͱΛҙਤͯ͠ܭ 24छྨΛ༻ҙͨ͠ɽ
ԻΛදࡶͰ͋ΔߏఈͱඇௐجΛද͢ߏఈௐج
ఈΛجΔ͢ݱ 1ͭͣͭ༻ҙͨ͠ɽௐߏجఈΛγϑτ
͢Δ͜ͱͰԻߴʹରԠͤ͞Δɽ·ͨɼࡶԻදجݱఈͷε
ύʔεੑޠݴϞσϧʹґଘͤͣ͞ɼैདྷͷ BP-NMF
ͱಉ༷ʹܾఆͨ͠ɽධՁԻߴਪఆ݁Ռͱਖ਼ղσʔλΛ
ग़ͨ͠ࢉʹج fʹΑΓ͏ߦɽͳ͓ɼධՁʹ͋ͨͬͯۂ
શମͷΦΫλʔϒͷޡΓڐ༰ͨ͠ɽ
ධՁ࣮ݧͷ݁ՌΛද 1ʹࣔ͢ɽද 1ΑΓɼޠݴϞσϧ

ΛՃ͑ͯԻߴਪఆਫ਼ͷฏۉ্͠ͳ͔ͬͨɽ͠
͔͠ɼ͝ۂͱʹ݁ՌΛൺֱ͢Δͱ தۂ30 ର͢Δʹۂ18
Իߴਪఆਫ਼্͕͍ͨͯ͠ɽ͜ͷ͜ͱ͔ΒɼҰ෦ͷۂ

ਤ 4: "MUS-scn15_12_ENSTDkCl"ʹ͓͚Δίʔυߏ
ਪఆ݁Ռ

ද 1: Իߴਪఆ݁Ռͷ f
Ϟσϧ f ݱ࠶ ద߹

ޠݴ +ԻڹϞσϧ 63.44% 70.02% 58.00%
ԻڹϞσϧͷΈ 64.05% 73.82% 56.56%

ʹରͯ͠େ͖͘ਫ਼͕མ͍ͪͯΔ͜ͱ͕Θ͔Δɽ
ਪఆਫ਼͕ߴϞσϧͷ౷߹ʹΑΓԻޠݴ 3.3ϙΠϯτ
Λਤۂ্ͨ͠ 2ʹɼ7ϙΠϯτѱԽͨ͠ۂΛਤ 3ʹࣔ
͢ɽ·ͨɼલऀʹର͢Δίʔυߏਪఆ݁ՌΛਤ 4ʹࣔ
͢ɽਤ 2,3ΑΓɼಉ͡Իͷ͖ڹΛ܁ͭ࣋Γฦ۠ؒ͠ಉ
Ұͷঢ়ଶׂ͕ΓͯΒΕ͓ͯΓɼޠݴϞσϧ͕ਖ਼ֶ͘͠
श͞Ε͍ͯΔ͜ͱ͕͔Δɽ·ͨɼਤ 4ΑΓɼࣄલใ
͕ͳ͘ͱԻָԻڹ৴߸͔Βίʔυͷߏ͕֓Ͷਖ਼͘͠
֫ಘͰ͖͍ͯΔ͜ͱ͕͔Δɽਤ 2ͰڹԻΛर͏ޡ
Γ͕ɼਤ 3Ͱසग़͢ΔԻ͕ίʔυߏͱͯ͠ਖ਼ֶ͘͠
शͰ͖ͳ͍͜ͱʹΑΔޡΓ͕ݟΒΕΔɽ

4. ͓ΘΓʹ
ຊߘͰHMMʹΑΔޠݴϞσϧͱ BP-NMFʹΑΔ
ԻڹϞσϧΛ౷߹͠ɼԻߴਪఆΛͨ͏ߦΊͷख๏ΛఏҊ
ͨ͠ɽίʔυߏΛྀͯ͠ߟԻߴਪఆ݁Ռ্͠ͳ
͔͕ͬͨɼ͜ΕۂʹΑΓίʔυߏΛ֫ಘͰ͖ͳ͔ͬ
ͨ͜ͱ͕ݪҼͰ͋Δͱ͑ߟΒΕΔɽͦͷͨΊޠݴϞσϧ
ʹվળΛՃ͑Δ͜ͱͰίʔυߏΛਖ਼֫͘͠ಘͰ͖Εɼ
ਫ਼ͷظ্͕Ͱ͖Δɽ͜ΕΛ౿·͑ɼޙࠓӅΕη
ϛϚϧίϑϞσϧΛಋೖ͢Δ͜ͱͰίʔυਐߦΛϑϨʔ
Ϝ୯ҐͰͳ͘ഥ୯ҐͰଊ͑ɼίʔυߏਪఆ݁Ռͷਫ਼
্ΛਤΔ༧ఆͰ͋Δɽ
ँࣙ ຊڀݚͷҰ෦ JSPS Պݚඅ 24220006, 26700020, 26280089,

JST CREST ͷࢧԉΛड͚ͨɽ
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