
ËÅÊÖÈß 6. ÏÐÈÇÍÀÊÈ. ÊÅÏÑÒÐÀËÜÍÛÅ
ÊÎÝÔÔÈÖÈÅÍÒÛ. MFCC

Ñåðãåé Íèêîëåíêî

1. Âûäåëåíèå ïðèçíàêîâ
Ïóñòü åñòü êàêîé-òî âõîäíîé ñèãíàë. Äëÿ òîãî, ÷òîáû åãî îöèôðîâàòü, òî

åñòü ïðèâåñòè â âèä, êîòîðûé èñïîëüçóåòñÿ àëãîðèòìîì ðàñïîçíàâàíèÿ, èñõîä-
íûé ñèãíàë äåëèòñÿ íà îêíà, íà êàæäîì èç êîòîðûõ îòäåëüíî ðàññ÷èòûâàþòñÿ
ñâîéñòâà. Äåëåíèå ïðîèñõîäèò òàêèì îáðàçîì, ÷òîáû êàæäàÿ òî÷êà ïåðåêðû-
âàëàñü äâà ðàçà. Íàïðèìåð, åñëè ìû ðàçäåëèì ñèãíàë íà ÷àñòè øèðèíîé δh,
òî êàæäîå îêíî áóäåò èìåòü øèðèíó 2δh, òîãäà óêàçàííîå âûøå óñëîâèå áóäåò
âûïîëíåíî.

Ðàññìîòðèì áîëåå ïîäðîáíî ïðîöåññ âûäåëåíèÿ ïðèçíàêîâ.
1.1. Áàíêè ôèëüòðîâ. Áåðåòñÿ ñèãíàë, íàä íèì ïðîèçâîäèòñÿ ïðåîáðàçîâà-
íèå Ôóðüå, äàëåå ýòî ïðåîáðàçîâàíèå äåëèòñÿ íà ôèëüòð ïî ÷àñòîòàì. Ñ÷èòà-
þòñÿ ñâîéñòâà ñèãíàëîâ íà êàæäîé èç ýòèõ ÷àñòîò.

x(t) −→ X(iw)
Ôèëüòðû ïî ÷àñòîòàì ñêëàäûâàþòñÿ â âåêòîð, à çàòåì íàä íèìè ïðîèçâîäÿò-

ñÿ äîïîëíèòåëüíûå äåéñòâèÿ. Ìèíóñû ñïîñîáà: ñëèøêîì áîëüøîé ðåçóëüòèðó-
þùèé âåêòîð, íå äîñòàòî÷íî õîðîøåå âûäåëåíèå ïðèçíàêîâ, òàê êàê ïðèçíàêè,
ïîëó÷åííûå íà ðàçíûõ îòðåçêàõ ÷àñòîò áóäóò äîâîëüíî ñèëüíî êîððåëèðîâàòü
ìåæäó ñîáîé, ÷òî ïðèâåäåò ê ïîòåðå èíôîðìàöèè.
1.2. Ëèíåéíîå ïðåäñêàçàòåëüíîå êîäèðîâàíèå (LPC). Ñèãíàë äåëèòñÿ
íà èñòî÷íèê è ôèëüòð. Äåëàåòñÿ ïðåäïîëîæåíèå, ÷òî ôèëüòð ìîæíî ïðåäñòà-
âèòü â âèäå ñëåäóþùåãî ìíîãî÷ëåíà:

H[n] =
A

1− akz−k

Êîýôôèöèåíòû ak è ÿâëÿþòñÿ ïðèçíàêàìè ñèãíàëà. Èõ íàäî ïîäâåðãàòü äî-
ïîëíèòåëüíîìó ïðåîáðàçîâàíèþ â çàâèñèìîñòè îò òîãî, êàê ìû âîñïðèíèìàåì
ñèãíàë (PLP ïðèçíàêè).
1.3. Mel Frequency Cepstral Coe�cients (MFCC). Äîêàçàíî, ÷òî ÷óâñòâè-
òåëüíîñòü ÷åëîâåêà ê çâóêîâîìó ñèãíàëó çàâèñèò îò åãî ÷àñòîòû: ÷åì íèæå ÷à-
ñòîòà, òåì ÷óâñòâèòåëüíîñòü âûøå. Â 1937 ãîäó áûëà âûâåäåíà ôîðìóëà, ïî
êîòîðîé ìîæíî ïåðåâåñòè ÷àñòîòó â ãåðöàõ â ÷àñòîòó â ìåëàõ.

Ìåë - ñïåöèàëüíàÿ åäèíèöà èçìåðåíèÿ ÷àñòîòû çâóêà, îñíîâàííàÿ íà ñòà-
òèñòè÷åñêîé îáðàáîòêå áîëüøîãî ÷èñëà äàííûõ î ñóáúåêòèâíîì âîñïðèÿòèè
âûñîòû çâóêîâûõ òîíîâ.

Çàêîíñïåêòèðîâàëè Ñåëèôîíîâ Åâãåíèé è Òèõîìèðîâ Àíäðåé.
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x

x ∗ h

- FT

XH

- ln

X̂ + Ĥ

-IFT

x̂ + ĥ

Ðèñ. 1. MFCC.

Ôîðìóëû ïåðåâîäà ÷àñòîòû â ãåðöàõ (f) è â ìåëàõ (m) ïðåäñòàâëåíû íèæå:
m = 1127.01048 ln(1 + f/700)

f = 700(em/1127.01048 − 1)

Ñèãíàë ïðåäñòàâëÿåòñÿ êàê ñâ¼ðòêà äâóõ ôóíêöèé: èñõîäíîãî ñèãíàëà è
ôèëüòðà, ïàðàìåòðû êîòîðîãî ìû õîòèì îöåíèâàòü. Ìû õîòèì âûäåëèòü ýòè
îòäåëüíûå êîìïîíåíòû. Äëÿ ýòîãî íàì íåîáõîäèìî ïðåîáðàçîâàíèå, êîòîðîå áû
ïðåâðàùàëî ñâ¼ðòêó â ñóììó:

x ∗ h → x̂ + ĥ

Äëÿ ýòîãî ââîäèòñÿ ïðåîáðàçîâàíèå êåïñòð:
C[n] = 1

2π

π∫
−π

ln |X(eiω)|eiωn dω - âåùåñòâåííûé êåïñòð

C[n] = 1
2π

π∫
−π

ln(X(eiω))eiωn dω - êîìïëåêñíûé êåïñòð

Èòàê, ñõåìà ïðåîáðàçîâàíèé ñèãíàëà áóäåò âûãëÿäåòü ñëåäóþùèì îáðàçîì:
• Ïðåîáðàçîâàíèå Ôóðüå: x ∗ h → XH
• Ïðåîáðàçîâàíèå êåïñòð: XH → X̂ + Ĥ

• Îáðàòíîå ïðåîáðàçîâàíèå Ôóðüå: X̂ + Ĥ → x̂ + ĥ

Òàêèì îáðàçîì, ðàçäåëåíèå íà èñòî÷íèê è ôèëüòð ïðîèñõîäèò ñàìî ñîáîé.
Íà ðèñóíêå ïðåäñòàâëåíà ñõåìà ïðåîáðàçîâàíèÿ ñèãíàëà.
Ïðè ýòîì â ïðåîáðàçîâàíèè x ∗ h → x̂ + ĥx[n] ∗ h[n] → x̂[n] + ĥ[n] ïîëó÷àåì,

÷òî x̂[n] - èñòîê, à ĥ[n] - ñîîòâåòñòâåííî ôèëüòð.
Ïðè÷åì x̂[n] ≈ 0 ïðè áîëüøèõ n, ĥ[n] ≈ 0 ïðè ìàëûõ n.

Ïðèìåð 1
Ïðèìåð ðàñ÷åòà êåïñòðàëüíûõ êîýôôèöèåíòîâ.

H(z) =
AzrΠ(1− akz−1)Π(1− ukz)

Π(1− bkz−1)Π(1− vkz)

⇒ Çäåñü ïðåîáðàçîâàíèå Ôóðüå óæå âûïîëíåíî.
Ĥ(z) = ln A + ln |zr|+ Σ ln(1− akz−1) + Σ ln |1− ukz| − Σ ln(1− bkz−1)− Σ ln |1− vkz|

Çäåñü ln A + ln |zr| - ñäâèã ôàçû.
Íàì íåîáõîäèìî íàéòè ĥ[n] - êîýôôèöèåíòû ïðè z−n.
Çàìåòèì, ÷òî ln(1− x) = −x− x2

2
− x3

3
− ... = −Σxk

k
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Òàêèì îáðàçîì:

ĥ[n] =

8
>>><
>>>:

ln A n = 0P
k

vn
k−un

k
n

n < 0

P
k

bn
k−an

k
n

n > 0

⇐

Ïðèìåð 2
Ïðèìåð ðàñ÷åòà êîýôôèöèåíòîâ äëÿ LPC.

H(z) =
G

1−
pP
1

akz−k

⇒

Ĥ(z) = ln G− ln(1−
pX
1

akz−k) =

∞X
n=−∞

ĥ[n]z−n

Íàì íåîáõîäèìî íàéòè êîýôôèöèåíòû ïðè z−k, ò.å. ĥ[n].
Äëÿ ýòîãî âîçüìåì ïðîèçâîäíóþ îò ëåâîé è ïðàâîé ÷àñòåé:

∞X
n=−∞

−nĥ[n]z−n−1 =

P
k

kakz−k−1

1−
pP

k=1

akz−k

Ïðîâåäåì äàëüíåéøèå ïðåîáðàçîâàíèÿ:
∞X

n=−∞
nĥ[n](1−

pX

k=1

akz−k)z−n =

pX

k=1

kakz−k

Ðàñêðîåì ëåâóþ ÷àñòü:
∞X

n=−∞
nĥ[n]z−n −

∞X
n=−∞

 X

k

akĥ[n]zk−n

!
=

pX

k=1

kakz−k

Ðàññìîòðèì êîýôôèöèåíòû ïðè z−n.
Íà ìíîæåñòâå (n < 1)× (n > p) ìû ïîëó÷àåì ñëåäóþùåå âûðàæåíèå:

X
n

X

k

nakĥ[n]z−k−n =
X

n

z−n

 
pX

k=1

(n + k)akĥ[n + k]

!

Ïîëó÷èì ñëåäóþùåå ñîîòíîøåíèå:
8
>><
>>:

(n < 1)× (n > p) 0 = nĥ[n]−
n−1P

k=n−p

kĥ[k]an−k

0 < n 6 p nan = nĥ[n]−
n−1P

k=n−p

kĥ[k]an−k

Âî âòîðîì âûðàæåíèè an−k èìååò ñìûñë ðàññìàòðèâàòü òîëüêî â ïðåäåëàõ îò 1
äî p, ò.ê. îñòàëüíûå áóäóò ðàâíû íóëþ.
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Ðèñ. 2. Òðåóãîëüíûå ôèëüòðû.

Ðåøåíèåì äàííîãî ñîîòíîøåíèÿ ÿâëÿåòñÿ:

ĥ[n] =

8
>>>>><
>>>>>:

an +
n−1P
k=1

k
n
ĥ[k]an−k 0 < n < p

n−1P
k=n−p

k
n
ĥ[k]an−k n > p

ln G n = 0

Òàêèì îáðàçîì, ìû íàó÷èëèñü âûðàæàòü êåïñòðàëüíûå êîýôôèöèåíòû äëÿ LPC.
⇐

1.4. Òðåóãîëüíûå ôèëüòðû. Óìíîæàÿ ôóíêöèþ íà ôèëüòð, ìû óñðåäíÿåì
åå íà íåêîòîðîì ó÷àñòêå. Ðàññìîòðèì òðåóãîëüíûå ôèëüòðû. Áóäåì èñõîäèòü
èç òîãî, ÷òî ÷åëîâåê ëó÷øå ðàçëè÷àåò çâóêè íà íèçêèõ ÷àñòîòàõ.

Ôîðìóëà äëÿ ðàçäåëåíèÿ îñè ÷àñòîò íà òðåóãîëüíûå ôèëüòðû áóäóò èìåòü
ñëåäóþùèé âèä:

f [k] =
N

Fs
m−1(m(fmin) + k

m(fmax − fmin)
N + 1

Çäåñü N - êîëè÷åñòâî ñåìïëîâ, Fs - ÷àñòîòà äèñêðåòèçàöèè, m(f) - ôóíêöèÿ
ïåðåâîäà ÷àñòîòû â ãåðöàõ â ÷àñòîòó â ìåëàõ, ðàññìîòðåííàÿ ðàíüøå.

Ôîðìóëà äëÿ âûñîòû òðåóãîëüíîãî ôèëüòðà:

Hm[n] =





0 n < f [m− 1]× n > f [m + 1]
2(n−f [m−1])

(f [m+1]−f [m−1])(f [m]−f [m−1]) f [m− 1] 6 n < f [m]
2(f [m+1]−n)

(f [m+1]−f [m−1])(f [m+1]−f [m]) f [m] 6 n < f [m + 1]

Âàæíóþ ðîëü èãðàåò ïîíÿòèå ëîãàðèôìè÷åñêîé ýíåðãèè íà ó÷àñòêå:

S[m] = ln

(
N−1∑

k=0

|X[k]|2Hm[k]

)

Ê ýòîé ýíåðãèè ïðèìåíÿåòñÿ äèñêðåòíîå êîñèíóñíîå ïðåîáðàçîâàíèå:

c[k] =
I−1∑
m=0

S[m] cos
(

π

I
(m +

1
2
)k

)
, 0 6 k 6 I

Ýòî ïðåîáðàçîâàíèå îáëàäàåò ñâîéñòâîì êîìïàêòíîñòè ýíåðãèè: áîëüøåé
ýíåðãèè ñîîòâåòñòâóåò ìåíüøåå êîëè÷åñòâî êîýôôèöèåíòîâ.



Ëåêöèÿ 6. Ïðèçíàêè. Êåïñòð. MFCC 5

Òàêèì îáðàçîì, îáùàÿ ñõåìà ïðåîáðàçîâàíèé âûãëÿäèò òàê:

x[n] →FT X[n] →TF





X[n]H1[n] →LE S[1]
X[n]H2[n] →LE S[2]
...

X[n]HI [n] →LE S[I]

→DCT c[k]

Çäåñü:
• FT - ïðåîáðàçîâàíèå Ôóðüå
• TF - ïðèìåíåíèå òðåóãîëüíûõ ôèëüòðîâ
• LE - ëîãàðèôìè÷åñêàÿ ýíåðãèÿ
• DCT - äèñêðåòíîå êîñèíóñíîå ïðåîáðàçîâàíèå

Íà âûõîäå ìû ïîëó÷àåì êîýôôèöèåíòû c[k], èç êîòîðûõ â êà÷åñòâå ïðèçíà-
êîâ îáû÷íî áåðóò ïåðâûå 13-20.


