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TRANSFER FUNCTION FROM THE GLOTTIS TO THE
LIPS

@ We shown that for voiced speech:

H(z) = AG(z2)V (Z)R()
L (e
(1—bz)2(1 - Zk 1z k)




TRANSFER FUNCTION FROM THE GLOTTIS TO THE
LIPS

@ We shown that for voiced speech:

H(z) = AG(z2)V (Z)R()
L (e
(1—bz)2(1 - Zk 1z k)

@ However:

1
l—azl= ———, forl|z| >4

2k dz



TRANSFER FUNCTION FROM THE GLOTTIS TO THE
LIPS

@ However:

@ Then:




PRODUCING SPEECH [1]

Assuming as input t h train of unit samples, @with
z—transform@ then speech S(z) is given by: —/\
G
H(z) = &

Ug(z) 1> _jakzk -
“ 00

or

= Z akz %S(2) + AUg(2)

and in time domain:

‘ gaks[n — K] —i—E

Le sgn/ -
Useful terms: Linear predlct/on coefficients, Autoregress:ve (AR)
model/process, Linear prediction analysis
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FILTERING VIEW OF LINEAR PREDICTION
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JUSTIFICATION OF LP FOR SPEECH

o If speech is (almost) an AR process, then:

sl = aksln — k] + Augln]
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JUSTIFICATION OF LP FOR SPEECH
o If speech is (almost) an AR process, then:
P
sl = aksln — k] + Augln]
k=1

@ A pth linear predictor, means:

p
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e Prediction error:
e[n] = s[n] — §[n]



JUSTIFICATION OF LP FOR SPEECH

If speech is (almost) an AR process, then:

@.
s[n] = Z@;[n — k] + Aug[n]
k=1

@ A pth linear predictor, means:

§[n = les[n — K]
k=1

Prediction error: .
e[n] = s[n] —
e[n] %iAug[n] l if@%@ Vk



OUTLINE

© ANALYSIS
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@ Properties of the Autocorrelation method
@ Frequency-Domain Interpretation
@ Criterion of goodness
@ Comparing Covariance and Autocorrelation



ERROR MINIMIZATION

@ Over all time we wish to minimize the mean-squared
prediction error:
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ERROR MINIMIZATION

@ Over all time we wish to minimize the mean-squared
prediction error:

E= Y (slm]—3[m])?

@ Prediction error in the vicinity of n:
n+M
En="Y_ (slm]—3[m]y
m=n—M

e Prediction interval: [n — M, n+ M|



ERROR MINIMIZATION

@ Over all time we wish to minimize the mean-squared
(____._.__.
prediction error:

E= Y (slm] -~ 3[m))?

m=—0o0

@ Prediction error in the@
M
G S - stmp —
1

m=n—M

e Prediction interval: [n — M, n+ M| ~
. e wi)=5 131
< 6) " 7
E, ¥ e2[m
E) X <l Y
where "M
P

en[m] :s,,[m]—ZIks,,[m—k], n—M<m<n+M
k=1



COVARIANCE METHOD

I

T

N~ M W 'ﬁW\/]

° amples outside the prediction error interval are NOT zero

@ /Minimization of the mean-squared error in the prediction error
interval



SHORT-TIME SEQUENCES: COVARIANCE

s[m]

Prediction

RETGRIRREN
S S S

§[nol

Ny m
(a)

s[m]




COVARIANCE METHOD: FORMULATION

@ In matrix notation

2M+1x1 2M+1x1 2M+1x
eg +1x1) + )_S£7 + P)l(p><1)

:SE,



COVARIANCE METHOD: FORMULATION
@ In matrix notation
e572M+1><1) _ SE,2M+1X1) . S£72M+1><p)|(p><1)

@ Mean-squared error

eTe,7 =s, Ts, — 2sTS I+ITSTS |



COVARIANCE METHOD: FORMULATION

@ In matrix notation

e$72/w+1x1) _ 5512M+1><1) B S£72M+1><p)l(p><1)
@ Mean-squared error
eTe,7 =s, Ts, — 2sTS I+ITSTS |

o Solution:

- (s,?sn)*1 STs,



COVARIANCE METHOD: FORMULATION

¢ G s ]@:3 it

) In matrlx notanﬁ.

7K ﬂ N g E(2M-1-1><1 (2M+1><1) @M—l—lxp)_lfgxl) Q_,1
CV' W e:s- ﬁ»ﬁ _— i’t
5

C'\H"g’ ﬁﬁ E rtze,,—s Tsn—2s S 1 +17 STSI
>\)o olutlorj _?ﬁ ﬂ SI \ ‘31:

0 ,N> =Y I/T > ST@] —
@ Same solution by considering the Projection Theor;ﬂms e S
=
=0
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ﬁ 09 -26 51955205




AUTOCORRELATION METHOD

@ Samples outside the prediction error interval ar

@ Minimization of the mean-squared error in o0



SHORT-TIME SEQUENCES: AUTOCORRELATION

s[m]
[—‘ n+Ny,—1
t [rl 1ol /(T '
T I3

n

(a) |

s[m+n] Shift
]
'T*TTTL Te1 tlst
oI AN ] m
o T
Window
sp[m]=s[m+n]w[m]
o W
. (O 4.
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AUTOCORRELATION METHOD: FORMULATION

e Error is nonzero in the interval [0, N,, + p — 1]

Nw+p_1

E,= Z e2[m]

m=0



AUTOCORRELATION METHOD: FORMULATION

e Error is nonzero in the interval [0, N,, + p — 1]

Nw+P_1
- > eln
m=0 /\b)
@ Normal equations: JE R

wvi
— )

p
> heali k] = ®,[1,0], i=1,23,...,p
k=1

where

-
¥ _
Ny+p—1

Oufikl|= Y salm—ilsam—k], 1<i<p, 0<k<p
f

()| ———md
m=0
“‘-\-._\_\_



CONSTRUCTING THE AUTOCORRELATION FUNCTION
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USING THE AUTOCORRELATION FUNCTION
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USING THE AUTOCORRELATION FUNCTION

@ by denoting:
rali — k] = @i, K]

@ Then:
P
S erali = Kl =mli], 1<i<p
k=1

@ In matrix notation:

REPXP)l(pX 1) rff’“)



USING THE AUTOCORRELATION FUNCTION

@ by denoting:

i~ K= @ali k] <

@ Then:

o Or (Toeplitz matrix): é/ /
= ¥

ra[0] (1] e rplp—1] h

ra[1] 0 - rplp—2] |
: \ :raC':.) : B

lp =1 ralp—2] 4, 0] P

~



LEVINSON RECURSION
""'-_——"‘\-._

> Build an order i + 1 solution from an order i solution until the
desired order p is reached:
8 =0, : r[0]

@ Initial step:
“‘"_——-—-_
@ Step 1: Compute the partial correlation coefficients

—_—

—_———
@7 A= S - ) o vTd
- Ei—1 { - —_—
vCoJ
@ Step 2: Update prediction coefficients, /
|
o= K { |- l« 1

( /=)
— o= TlekiT] 1<i<i-n f < Z:
o .

Step 3: Update the minimum squared prediction error

e () Z)E"
"]

Step 4: Repeat steps 1 to 3 for i = 1 2

Final Step: at pth step, compute the optlmal predlctor coefficients|
—
l:[< 1 Pofrsise [ M
L)



LossLESS TUBE MODEL AND LINEAR PREDICTION

There is a strong resemblance to the recursions in the lossless tube
model and in the Autocorrelation Method for Linear Prediction:

@ Transfer functions:

v _ A D(z)=1 3 lez™k
(Z) - D(Z) (Z) -+ ; kZ
H(z) = Af‘z) Az)=1-) Iz *



LossLESS TUBE MODEL AND LINEAR PREDICTION

There is a strong resemblance to the recursions in the lossless tube
model and in the Autocorrelation Method for Linear Prediction:

@ Transfer functions:

A N
V(z) = D(z)=1- Iz 7k
() = py DEO=1-3 ke
k=1
A P .
H = A == 1 - I -
() = 4 AD=1- ke
k=1
@ Recursions:
Do(z) = 1 | A%z = 1
Fork = 1,2,---,N | Fpri = 1,2,---,p o
D(z) = Dy_1(@)+nz ¥ Dpq1(z7Y) | Alr) = ATz - Kz AT
D(z) = Dy(2) | Alz) = Ap(2)



LossLESS TUBE MODEL AND LINEAR PREDICTION

There is a strong resemblance to the recursions in the lossless tube
model and in the Autocorrelation Method for Linear Prediction:

@ Transfer functions:

N
A
v = D(z)=1-Y lz*
() = pry PE=1- ke
k=1
A P .
H = A == 1 - I -
() = 4y AD=1-2 ke
k=1
@ Recursions: / 1 £
Do(z) = 1 (’ | A%z = 1
Fork = 1,2,---,N | Fpri = 1,2,---,p o
Di(z) = Dr_a(@)+nz ¥ De1(z7H | AR) = AT - kzTTAT(ETY
D(z) = Dn(2) | Al = =)

o ldentical recursions if:




ESTIMATING THE VOCAL TRACT AREA FUNCTIONS
VIA THE AUTOCORRELATION METHOD

S
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o kil <1, Vi



PROPERTIES OF THE AUTOCORRELATION METHOD

o kil <1, Vi

e H(z) is a minimum phase system (stability)



PROPERTIES OF THE AUTOCORRELATION METHOD

o |ki| <1, Vi
e H(z) is a minimum phase system (stability)

@ Flip all maximum-phase poles inside the unit circle to their
conjugate reciprocal locations



PROPERTIES OF THE AUTOCORRELATION METHOD

o |ki| <1, Vi
e H(z) is a minimum phase system (stability)

@ Flip all maximum-phase poles inside the unit circle to their
conjugate reciprocal locations

@ One-to-One correspondence: k; = [;, I; = rp]i].
ki = I
) /J’ + ki/l-'ij
J 1— k?
1



PROPERTIES OF THE AUTOCORRELATION METHOD

=

°
Uy L WS H(z) is a minimum phase system (stab/hty)

Flip all maximum-phase poles inside the unit circle to their
conjugate reciprocal locations



CONSEQUENCE 1

> Flip all maximum-phase poles inside the unit circle to their
conjugate reciprocal locations

Impulse Response

Glottal Flow Speech
| T | | |
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CONSEQUENCE 11

©

> Autocorrelation matching é'-

Amplitude

{

Time (ms) Time (ms)
p (© (d)



CONSEQUENCE III

> Autocorrelation matching:

P
A% = 0] = > lern[K]
k=1

or




ESTIMATIONS IN THE FREQUENCY DOMAIN

o Let |S(w)| be the magnitude spectrum of speech and
H(w) = A/A(w) be an all-pole model



ESTIMATIONS IN THE FREQUENCY DOMAIN

o Let |S(w)| be the magnitude spectrum of speech and
H(w) = A/A(w) be an all-pole model
@ Define a frequency-domain error function

_ 1 [Mrew _
I = 5 [e Q(w) — 1]dw

—T

where

EW)*

Q(w) = log|S(w)|* — log |H(w)[* = log | =




ESTIMATIONS IN THE FREQUENCY DOMAIN

o Let |S(w)| be the magnitude spectrum of speech and
H(w) = A/A(w) be an all-pole model
@ Define a frequency-domain error function
1

_ L [Mrew _
I = 5 [e Q(w) — 1]dw

—T

where
Q() = 1081S()P? ~ log [ H(w)]? = log| =)

@ Minimizing I over the linear prediction coefficients, results in

the minimization of:
™
JREEER™
-7

w) [




ESTIMATIONS IN THE FREQUENCY DOMAIN

Let |S(w)| be the magnitude spectrum of speech and
H(w) = A/A(w) be an all-pole model
@ Define a frequency-domain error function

_ 1 [Mrew _
I = 5 [e Q(w) — 1]dw

—T

where

)|*

E(w)
A

Minimizing | over the linear prediction coefficients, results in

the minimization of:
™
JREEER™
-7

Qw) = log |S(w)|* ~ log |[H(w)|* = log

@ Minimizing | over A it gives:
1 ™



FAVORING SPECTRAL PEAKS
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TIME-DOMAIN
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FREQUENCY-DOMAIN: UNVOICED
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COMPARING COVARIANCE AND AUTOCORRELATION

@ Simple test of estimation
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COMPARING COVARIANCE AND AUTOCORRELATION

@ Simple test of estimation
s[n] = a"u[n] % §[n]

o Stability issues



COMPARING (COVARIANCE)AND é_l{'_I‘_(EORRELATION

P> |
@ rp V. — @ o
Ol Dt @

.w }qmﬂ" ne 1@9
- ur\a§ ‘@u[nl*a[nl o urn) 2>

AVTo 6L Ny ..51.
o Stability i |ssues

° Sen5|t|V|ty pitch-synchronous analysis
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SENSITIVITY, ITCH-SYNCHRONOUS ANALYSIS
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SYNTHESIS

Qn] = kZ:lks[n — k] + Ai[i]

—

where u[n] could be: T
e A periodic impulse train J _L ____}L _/]

@ An impulse !L

Wi
Y M/ U/W

/

o White noise



SYNTHESIS STRUCTURE

Auln] -
R —— s[n]
o1
oy ~
o2
Olp—1 -
U,p
(a)
Auln] (1+719) (1+1) (1+713) (1+1p)z72
- - ] R a0
+ *71} { ] *fz{ ‘ r2 *fs) Fs 1 -
T (1 —r1)l z1 —rz). 1 (1- rg)l ’ .z"1
(b)
Auln] A
S[n]
wKe w1
ko Ky
z1 z!

(©)



Window duration
e Frame interval (frame rate)
Model order

Voiced/unvoiced state and pitch estimation

Synthesis structure
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CONSIDER ...

@ Window duration

e Frame interval (frame rate)
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e Window duration
e Frame interval (frame rate)

@ Model order



CONSIDER ...

e Window duration
e Frame interval (frame rate)

@ Model order

Voiced/unvoiced state and pitch estimation



CONSIDER ...

@ Window duratio

o Frame interval (frame rate)

o(Modei order )+~ J___df%ﬂﬁ'_{j ;

@ Voiced/unvoiced state and pitch estimation

@ Synthesis structure
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SPEECH RECONSTRUCTION EXAMPLE

Amplitude

Time (ms)

(a) |
L~




How DOES IT SOUND ...

e /a/
o /e/
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