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TRANSFER FUNCTION FROM THE GLOTTIS TO THE
LIPS
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H(z) = AG(z2)V (Z)R()
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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)

@ However:

1
l—azl= ———, forl|z| >4

2k dz

@ Then:
A

- 1-— Zi:l akz—k




PRODUCING SPEECH [1]

Assuming as input to H(z) a train of unit samples, ug[n], with
z-transform Ug(z), then speech, S(z) is given by:

~S(z2) A

CUg(z) 11— akzk

or

Zakz 2) + AU, (2)

and in time domain:
p
s[n] = Z aks[n — k] + Aug|n]
k=1

Useful terms: Linear prediction coefficients, Autoregressive (AR)
model/process, Linear prediction analysis



FILTERING VIEW OF LINEAR PREDICTION

A@2)

s[n]

P@)

Sin]

=) eln] = Aug[n]

Aug[n] ———>

———— s[n]

where

p

P(z) = Zakz*k prediction filter
k=1

A(z) = 1— P(z) prediction error filter
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o If speech is (almost) an AR process, then:

sl = aksln — k] + Augln]
k=1



JUSTIFICATION OF LP FOR SPEECH

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

sl = aksln — k] + Augln]
k=1

@ A pth linear predictor, means:

§[n = les[n — K]
k=1



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
§[n = les[n — K]

k=1

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



JUSTIFICATION OF LP FOR SPEECH

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

sl = aksln — k] + Augln]
k=1

@ A pth linear predictor, means:

§[n = les[n — K]
k=1

Prediction error:

e[n] = s[n] — 3[n]

eln] = Augln] if ax = I, Vk



OUTLINE

© ANALYSIS
e Covariance Method
@ Autocorrelation Method
@ 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])?

m=—0o0

@ Prediction error in the vicinity of n:

n+M
En=Y_ (s[m]—3[m])
m=n—M
e Prediction interval: [n — M, n+ M|
e [e.e]
En= Z ea[ml
where

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



COVARIANCE METHOD

@ Samples 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]
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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
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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

In matrix notation

QMHLX1) _ (2M+1x1) _ g(2M+1xp) (px1)

Mean-squared error
eTe,7 =s, Ts, — 2sTS I+ITSTS |

Solution:

(]

-1
- (s,? sn) STs,
@ Same solution by considering the Projection Theorem:

Sle,=0



AUTOCORRELATION METHOD

@ Samples outside the prediction error interval are all zero

@ Minimization of the mean-squared error in o0



SHORT-TIME SEQUENCES: AUTOCORRELATION

s[m]

[ ] Ny
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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
E,= Z e2[m]
m=0
@ Normal equations:
P
> h®ali k] = ©,[i,0], i=1,2,3,...,p
k=1

where

Ny+p—1
Onfi, k] = > silm—ilsafm—kK], 1<i<p, 0<k<p

m=0



CONSTRUCTING THE AUTOCORRELATION FUNCTION

Sn[m — K]

Solm ]

i i+Ny—1 m



USING THE AUTOCORRELATION FUNCTION
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rali — k] = @, K]
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USING THE AUTOCORRELATION FUNCTION

@ by denoting:
rali — k] = @, K]
o Then:

> (plerali = Kl =rali], 1<i<p
k=1

@ In matrix notation:
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USING THE AUTOCORRELATION FUNCTION

@ by denoting:
rali — k] = @, K]

o Then:

> (plerali = Kl =rali], 1<i<p
k=1

@ In matrix notation:
Rgpxp)|(px1) _ rS,le)

e Or (Toeplitz matrix):

ra[0] rn[1] o ralp—1] h
ra[1] rn[0] o rlp—2] h

wp—1 mlp—2] - 1] L

ral1]
ra[2]

rali]



LEVINSON RECURSION

> Build an order i + 1 solution from an order / solution until the
desired order p is reached:

@ Initial step:
§ =0, E"=r[0]

@ Step 1: Compute the partial correlation coefficients

P e S = ey

i

Ei—1
@ Step 2: Update prediction coefficients, /
o=k
i i—1 i—1 . .
L= Ij 7k,-/i7j,1§1§:71

@ Step 3: Update the minimum squared prediction error
E =1 —-kHE!

@ Step 4: Repeat steps L to 3 fori = 1,2,--- ,p
@ Final Step: at pth step, compute the optimal predictor coefficients, /j",



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:
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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- /
() = 4 AB=1-2 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)

o ldentical recursions if: k; = —r; = —ﬁ;ﬁjrﬁ;




ESTIMATING THE VOCAL TRACT AREA FUNCTIONS
VIA THE AUTOCORRELATION METHOD

Normalized
Cross-Section Area
Normalized
Cross-Section Area
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PROPERTIES OF THE AUTOCORRELATION METHOD
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PROPERTIES OF THE AUTOCORRELATION METHOD

o kil <1, Vi

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

p kil
I 1— k?

Autocorrelation matching: If, H(z) is an pth all-pole
minimum phase system, and if ry[0] = r,[0], then:

ralT] = ral7], for|7| <p



CONSEQUENCE 1

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

Glottal Flow Impulse Response Speech
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CONSEQUENCE 11

> Autocorrelation matching

n
T

| AnnnA

Amplitude
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CONSEQUENCE III

> Autocorrelation matching:

P
A% = r[0] = > liern[]
k=1

or

P
A2 =r,[0] = > leralk] = E,
k=1



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
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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

Residual
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FREQUENCY-DOMAIN: VOICED
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FREQUENCY-DOMAIN: UNVOICED
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COMPARING COVARIANCE AND AUTOCORRELATION
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COMPARING COVARIANCE AND AUTOCORRELATION

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

o Stability issues

@ Sensitivity, pitch-synchronous analysis



SENSITIVITY, PITCH-SYNCHRONOUS ANALYSIS
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SYNTHESIS

The synthesized speech is:
P
s[n] = Z ls[n — k] + Auln]
k=1

where u[n] could be:
@ A periodic impulse train
@ An impulse

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
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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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CONSIDER ...

e Window duration
e Frame interval (frame rate)
@ Model order

Voiced/unvoiced state and pitch estimation

Synthesis structure



OVERLAP AND ADD, OLA

Voiced Unvoiced Voiced
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SPEECH RECONSTRUCTION EXAMPLE
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Xpnuotodotnon

To mapov ekmalSeUTIKO UAKO £xelL avamtuxBei ota mAaiola Tou
ekmaldeutikol £pyou Tou Stédokovta.

To épyo «Avoikta Akadnuaikd Madnpata oto Naveniotipo Kptneg»
£XEL XPNHATOSOTAOEL LOVO T avadLlapopdwaon Tou eKmalSeUTIKOU UALKOU.

To £pyo uloroleital oto mAaiolo Tou Emixelpnotakol Mpoypdupotog
«Exmaideuon kat Al Biou MaBnon» kat ouyxpnuatodoteital oo tnv
Evpwnaikn Evwon (Eupwmaikd Kowvwvikd Tapeio) kat amnod eBvikoug
ndépoug.

:‘ % *2 E&ir}'mevm‘m AIA‘ ém MAeleH EznA
* * - -

YNOYPTEIO N KAl BPHEIKEY
EvpwnaikiBvwon  EATKH YITHPELIA ATAXELF L
OO el .. i v e EMGSa kar iixiic Evwone
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ZnHeiwpa aderodotnong

« To r(apov UAWKO SlatiBetal pe ToUug 6poug TG aéstaq xpnonq Creative Commons Avadopd, Mn
Epmopikn Xpnon, O)(L MNapdaywyo Epyo 4.0 [1] i petayevéatepn, AleBVAG EK600n EEaLpouvtaL
TOL AUTOTEAN €pya TpiTWV TL.X. Pwrtoypadieg, Staypaupata KA., Ta onoia EUNEPLEXOVTAL OE
QUTO KaL Ta omoia avadEépovtat Hadl e Toug 6POUG XPHONG TOUG OTOo «Znueiwpa Xpriong Epywv
Tpitwv».

[1] http://creativecommons.org/licenses/by-nc-nd/4.0/ @

* Q¢ Mn Epropukn opiletal n xprion:
— 1ou 8ev mepAapPAVEL AUECO 1) EUUECO OLKOVOULKO ODENOG QT TNV XProN TOU £pY0U, yLa TO Slavopéa
Tou épyou Kot adelodoxo
— mou Sev mepAapPavet otkovoptkr cuvaAlayr wg mpoindbeon yia tn xprion fi tpdopaacn oto £pyo
— Tou 8ev mpoomopilel oTo SLavopéa Tou £pyou Kal adelo80X0 EPUETO OLKOVOULKO OdeNOG (TT.X.
Sladnpioelg) anod tnv npoPoAr Tou £pyou oe SLadKTUAKO TOTO

e 0 8wkalolUyog Hrmopel va mapExet otov adelo80x0 EexwpLotr dSeLa va XpNOLUOTIOLEL TO £pYO0 Yo
EUTOPLKA XPHON, EPOoOV aUTO Tou INTNOEL.



Znueiwpa Avadopac

Copyright Navemiotrpo Kpntng, ZtuAiavou lwavvng. «Wnolakn Eneéepyacia
Qwvngc. Mpapptkn NpoBAewn: AvaAuon kat ZuvBeon». Ekdoaon: 1.0.
HpdkAelo/P€Bupvo 2015. AlaBéoio amo tn diktuakn dtevBuvon: http://
www.csd.uoc.gr/~hy578



Alatipnon ZNMHELWHATWVY

Onoladnmote avanapaywyr i Sltaokeun Tou UAKOU Ba TipEMeL
va oupTeEpAapBAaveL:

= 10 Inueiwpa Avadopag

= 10 Inuelwpa Adeloddtnong

= 1Tn 6nAwon Alatnpnong ZNUELWUATWY

= 10 Inuelwpa Xpnong Epywv Tpitwv (edpodoov umtapxel)

pall pe Toug cUVOSEUOUEVOUG UTIEPOUVOEGHIOUC.



2npeiwpa Xpnoneg Epywv Tpitwv

To Epyo auTto KAVEL Xprion Twv akoAouBwv Epywv:

Ewoveg/Zxfuata/Aaypappata/Pwroypadisg
Ewdvec/oxnuata/Saypaupata/dwtoypadies mou mePLEXOVTAL OE AUTO TO OPXELO TIPOEPXOVTAL ATtO TO
BuBAio:

TitAog: Discrete-time Speech Signal Processing: Principles and Practice
Prentice-Hall signal processing series, ISSN 1050-2769

Suyypadéac: Thomas F. Quatieri

Ek&0tng: Prentice Hall PTR, 2002

ISBN: 013242942X, 9780132429429

MéyeBog: 781 oehibeg

KaL avarnapdyovtal LeTtd and ddela tou ek8oTn.
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