Digital Speech Processing—
Lectures 5-6

Sound Propagation in
the Vocal Tract

Basics

« can use basic physics to formulate air flow equations for vocal tract
* need to make simplifying assumptions about vocal tract shape

and energy losses to solve air flow equations

« some complicating factors:

— time variation of the vocal tract shape (we will look mainly at fixed
shapes)

— losses in flow at vocal tract walls (we will first assume no loss, then a
simple model of loss)

— softness of vocal tract walls (leads to sound absorption issues)

— radiation of sound at lips (need to model how radiation occurs)

— nasal coupling (complicates the tube models as it leads to multi-tube
solutions)

— excitation of sound in the vocal tract (need to worry about vocal
source coupling to vocal tract as well as source-system interactions)

Bottom Line: simplify as much as possible and see
what we can learn about the mechanics of sound
propagation in the human vocal tract 2

Sound in the Vocal Tract
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* Issues in creating a detailed physical model
— time varying acoustic system

— losses due to heat conduction and friction in the
walls.

— radiation of sound at the lips and nostrils

— softness of the walls

— nasal coupling

— excitation of sound in the vocal tract 3

Schematic Vocal Tract
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Fig. 3.13 {2) Schematic vocal tract;, (b) corresponding area function; (c)

x—i plane for solution of wave equation
« simplified vocal tract area => non-uniform tube with time varying
cross section

* plane wave propagation along the axis of the tube (this assumption

valid for frequencies below about 4000 Hz)
4
*no losses at walls

Sound Wave Propagation

+ using the laws of conservation of mass, momentum and energy, it can be
shown that sound wave propagation in a lossless tube satisfies the
equations:

_op_ 8(ulA)
ox ot

_ou_ 1 alpA) A
ox pc® ot ot

* where
p = p(x,t)=sound pressure in the tube at position x and time t
u =u(x,t)=volume velocity flow at position x and time ¢
p = the density of air in the tube
¢ = the velocity of sound
A = A(x,t) = the 'area function' of the tube,
i.e., the cross-sectional area normal to the axis of the tube,
as a function of the distance along the tube and as a function of time 5

Solutions to Wave Equation

* no closed form solutions exist for the

propagation equations

— need boundary conditions, namely u(0,t) (the
volume velocity flow at the glottis), and p(/,t), (the
sound pressure at the lips) to solve the equations
numerically (by a process of iteration)

— need complete specification of A(x,t), the vocal
tract area function; for simplification purposes we will
assume that there is no time variability in A(x,t) => the
term related to the partial time derivative of A
becomes 0

— even with these simplifying assumptions, numerical
solutions are very hard to compute

Consider simple cases and extrapolate results
to more complicated cases




Uniform Lossless Tube

* Assume uniform lossless tube => A(x,f)=A
(shape consistent with /UH/ vowel)
..——-4 i1gn=igh

—_— . p =pressure v = voltage
Py gt ¢ wiLneo u = volume velocity i =current
piston ks = = p! A=acoustic inductance L =inductance

=0 i (.\l[ ] 1) . . )
tol - Al(pc?) = acoustic capacitance  C = capacitance
uniform acoustic tube <=——=> lossless transmission line
terminated in a short circuit,

Acoustic-Electrical Analogs

Acoustic Electrical

uoy ]

-

Fig. 3.14 (a) Uniform lossless tube with ideal terminations, (b}

line analogy.
op p ou ov oi v(l,t)=0, at one end, excited
“ox Aot T ox L ot by a current source i(0,t) = i(t)
ou A op oi ov at the other end
o9 el _9r _c¢c 4L
ox  pc? ot ax ot . .
Traveling Wave Solution Traveling Wave Solution
. ass:lm; trEveJi(r;g w7v? SO{l(J:iOI’] / )} —— _ o solve for K* and K-
u(xt)=| u —-X/c)—-u +X/C s u'(t,-x/c u'(t,-x/c) ) »
i u(0,t) = Uy (Q)e™™ =K'e™ —K e

pixt)=22[ u(t-xIc)+u (t+x10)] A

p(rt)=0=LE[Krei10 L Kogiotteiie)]
-- u*(t-x/c)wave travelling forward A

- u™(t+ x/c)wave travelling backward K' U (@) ezf"f“ : A ()
« boundary conditions at the glottis and at the lips gives: 1+ 4 1+ 2e

u(0,t) = Ug(Q)e™ e solve for u(x,t) and p(x,t)

p(4,t)=0

2jailc

u(x,t)=U, (Q)em{w}
/T re

« since the differential equations are linear with constant
coefficients, the solutions must be of the form .
+ _ e+ piQt-x/c) pC ot e
u'(t-x/c)=K'e p(XYt):TUG(Q)e/
u(t+x/c)=K e 9

1+e

2-x)le _ gjoxie
jQr
1+62/£2 le

Overall Transfer Function

+ consider the volume velocity at the lips (x=/) as a
function of the source (at the glottis)

Traveling Wave Solution

e look at solution for u(/,t)

T ggivie v u(s,t) = UG, Q)e™ i |
u(t,t) =Ug(Q)e’™ | — o | = U(L,Q)e’™ 1 _ i\

1+ g2etle - T U (Q)e™ WA AT

COS(Q/,/C) G forrpan!s of uniform tube
e giving for the transfer function of volume velocity U(LQ) 1 L T |
V(@)= u(,Q) _ 1 Us(©) =V, ( ):m 2(/:27;:,;:/;:35'000 cm/sec; (=17.5 cm

a Us(Q) cos(Qt/c) 1 < o
Frequency response of cos{z”—”]:()when 27t _x 37 57
uniform tube in terms of c c 27272
volume velocities i.e., when f, :%-(Zn +1),n=0,12,...

f, =500Hz; f, =1500 Hz; f, = 2500 Hz....
1 12




Hardwalled Tube and Buzzer
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Summary of Solution of Sound Propagation
Equations in the Vocal Tract

Step 1--Basic sound wave ion equati Step 6--Simplified forward and backward waves
p_ o(ulA) u'(t-x/c)=K'el e
o U (t+xlc)=K e
_ou_ 1 LA tep 7--Determine K* and K-, and solve for u(x,t), p(x,t
ou_ 1 0(pA) oA Step 7--Determine K* and K, and solve for u(x,), p(x,t)
ax pct ot at o [@ir e, giaxie
Step 2-Boundary conditions u(x.t)=Ug (@’ {W}
u(0.t)=u,(t) = sound source at glottis P e _gmue
p(t.t)=0 = no pressure at lips p(x,t)=7UG(Q)E’ {W}
Step 3-Simplifying assumption = Mxedaread o ooy
-%:f% u(,t)=U(r, Qe
éu A’ » Step 9--Solve for transfer function of volume velocity
T VYL L

Uy(Q) ~ cos(Qt/c)

Step 10--Determine tube resonances
=175 cm; ¢=35,000 cm/sec =
_(@n+Yc
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Step 4--Assume travelling waves form of solution
u(x,t)=u"(t-x/c)—u(t+x/c)
Ly - -
POt =E2[u t-xlo)+u (texl0)] .

=500,1500,2500,...Hz
Step 5--Simplified boundary conditions
u(0,6) = Ug (@)™
p(Lt)=0 Vo(s)=

Step 11-Interpretation of traveling wave solution
Us)_ 26" 1
Uy(s) Lre™" cosh(si/c) 15

Traveling Wave Solution

e using s-transform notation (s = o - jQ) we get
—-sllc
V.(s) = u(s) 2e 1

Uy(s) 1+e™'’°  cosh(st/c)

w (I, n 2
u(l, 1)

u (1) u” (0, 1) |

ol

u (It
e slfe )

Frequency Domain Representation

« we can alternatively express p(x,t) and u(x,t) as
sin(Q(( - x)/c)

POt =2, cos(Q//c) Uy (e’
_ cos(Q(! - x)/c) o
utxt)= cos(Q//c) Uy (e’

Z,= ﬁ:: = characteristic acoustic impedance of tube

Alternative Wave Equation Solution (avoids solution
for forward and backward travelling waves)

« express p(x,t) and u(x,t) as complex transfer functions of the form:
p(x.t) = P(x, Q)™
u(x,t)=U(x,Q)e’™
« inserting these representations back into the wave equation gives:
dP

—=2ZU, Z= jQplA=acousticimpedance per unit length
dx Solution 1

,‘jTU =YP, Y =jQA/(pc’)=acoustic admittance per unit length
X

« can show that solutions of wave equation have form:
P(x,Q)=Ae’™* +Be7’*
U(x,Q) =Ce” +De
r= Vzy = jQlc
- by using boundary conditions, P(£,Q) =0, U(0,Q)=U,(Q), can solve for A B,C,D

18




Effects of Losses in VT

+ several types of losses to be considered

— viscous friction at the walls of the tube

— heat conduction through the walls of the tube

— vibration of the tube walls
+ loss will change the frequency response of the tube
+ consider first wall vibrations

— assume walls are elastic => cross-sectional area of the tube will
change with pressure in the tube

— assume walls are ‘locally’ reacting => A(x,t) ~ p(x,t)
— assume pressure variations are very small

A(x,t)=A)(x,t)+ SA(x,t)

Fig. 3.16 IBustration of the effects of wall vibration

Effects of Loss

« there is a differential equation relationship between area
perturbation 5A(x,t) and the pressure variation, p(x,t) of

the form:
d?*(5A)
w dtz

d(5A)
dt

+by,

+ky (5A) = p(x,t) where

m,, (x) =mass/unit length of the vocal tract wall
by, (x) = damping/unit length of the vocal tract wall
ky, (x) = stiffness/unit length of the vocal tract wall
* neglecting second order terms in u/ A and pA, the basic wave

equations become
_dp _ O(ulA)
x 7 a

ox pc® ot ot ot

u_ 1 o(pA) , oA, A(5A)
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Losses in Frequency Domain

« consider a time-invariant constant area tube excited by a complex
volume velocity source
ug(t)=u(0,t) = Uy (Q)e™™
« since the loss differential equation is linear and time-invariant,
the form for p(x,t) and u(x,?) is:
p(x,t)=P(x,Q)e’™

Effects of Loss on F_R

+ using estimates for my, by,
and k,, from measurements
on body tissue, and with
boundary condition at lips of
p(l,t)=0, we get:

u(x,t)=U(x,Q)e™™

« substituting into the wave equations yields the following:

SA(x,t) = SA(x,Q)e™™

v = )

can similarly account for effects of

0L Z(x,Q)U, Z(x,Q) = jQ p Solution 2—same
ox Ay(x) as Solution 1 with
A new term, Yy,
~VY yxQP+Y, (6Q)P, yx,Q)= jo2 | i Zand v
ox pC terms being
1 functions of x
Y, (x,Q)= e
JQmy, (x)+ by, (x)+ W,Q
J
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viscous friction and thermal
conduction at the walls

« increases bandwidth of
complex poles

« decreases resonance
frequency (slightly)

« complex poles with non-zero
bandwidths

« slightly higher frequencies for
resonances

» most effect at lower frequencies

Friction and Thermal Conduction Losses

» Viscous friction can be accounted for in the frequency
domain by including a real, frequency dependent term in
the expression for the acoustic impedance, Z, of the

: S(x .
form: Z()(,Q):[Aji)(;]2 1/;#/2”9%
S(x) is the circumference of the tube in cm
w is the coefficient of friction (0.000186)

p is the density of air in the tube (0.00114 gm/cm®)

» Heat conduction accounted for by adding a real
frequency dependent term to the acoustic admittance, of
the form:

Y(,Q)= S(X)('zfl) ﬁﬂn Ao():)
pC 2c,p PC
¢, is the specific heat at constant pressure (0.24)
1 is the ratio of specifiec heat at constant pressure
to that at constant volume (1.4)
A is the coefficient of heat conduction (0.000055)
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Friction and Thermal Conduction Losses

Fik) | 508 [ 1512 | 2508 | 3816 | 4519

frequency & (Hzh

Main effect of friction and
thermal conduction losses is
that the formant bandwidths
increase
« since friction and thermal
losses increase with Q'/2,
the higher frequency
resonances experience a
greater broadening than
the lower resonances
« the effects of friction and
thermal loss are small
compared to the effects of
wall vibration for
frequencies below 3-4 kHz

24




Effects of Radiation at Lips

we have assumed p(/,t)=0 at the lips (the acoustical analog of a
short circuit) => no pressure changes at the lips no matter how
much the volume velocity changes at the lips

in reality, vocal tract tube terminates with open lips, and sometimes
open nostrils (for nasal consonants)

this leads to two models for sound radiation at the lips

head

model valid when
™ lip opening is

) J } ) small compared

lips i to size of sphere

(al bl

Fig. 3.19 (a) Radiation from a spherical bafe; (b) radiation from an
infinite plane baffle. 25

Radiation at Lips

« using the infinite plane baffle model for radiation at the lips, can
replace the boundary condition for a complex sinusoid input with the
following:

P((,Q)=Z,(Q)U(/,Q) where
jQL R
ZL(Q) = / —

R, +jOL,

« this 'radiation load' is the equivalent of a parallel connection of a radiation
resistance, R,, and a radiation inductance, L,. Suitable values for these

-- 'radiation impedance' or 'radiation load' at lips

components are:

= £§ L,= 8—8, where a is the radius of the opening and c is the
o 3rc

velocity of sound

26

Behavi__or of Radiation Load

om wrEnaNc

radiation
losses most
significant at
higher
frequencies

jQLf Rf

O Aa@=g joL

of the radution empedunce

Fig. 330 Real und irmaging
« at low frequencies, Z, (Q) =~ 0 (short circuit termination) = old solution
« at mid-range frequencies, Z, (Q) ~ jOL, (inductive load) = R, > QL
« at higher frequencies, Z,(Q) = R, (resistive load)= QL, > R,

« for the case of a uniform, time-
invariant tube with yielding
walls, friction and thermal
losses, and radiation loss of an R e
infinite plane baffle, can solve ] L[]
the wave equations for the

transfer function:
. u(,Q)
V,(jQ)=
Us(Q)

e assuming input at glottis of form:
U(0,t) = Ug(Q)e™™

 higher bandwidths, lower resonance frequencies
« first resonance is primarily determined by wall loss

 higher resonance bandwidths are primarily
determined by radiation losses

Vocal Tract Transfer Function

 look at transfer function of pressure at the lips and
volume velocity at the glottis, which is of the form:
H.(Q) = P(LQ) _ P(£L,Q) U(4LQ)
Us(@) U(LQ) Ug(Q)

=Z,(Q) V,(@)

Notice:
* zero at Q=0

« high frequency
emphasis (compare
with previous chart)

29

Vocal Tract Transfer Functions
for Vowels

* using the frequency domain equations,
can compute the frequency response
functions for a set of area functions of the
vocal tract for various vowel sounds, using
all the loss mechanisms, assuming:

— A(x), 0=x</ (glottis-to-lips) measured and
known

— steady state sounds (dA/dt=0)

—measure U(1,Q)/U;(Q) for the vowels
[AALLIEHLNYTIUW/

30




Area Function from

X-Ray Photographs

Gunnar Fant, Acoustic
Theory of Speech
Production,

Mouton, 1970 n

Area Functions and FR for Vowels
[AA/ and /EH/

A Vi e Fimt M [T e———

32

Area Functions and FR for Vowels

. Vimas om0

1Y/ 'and /UW/
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VT Transfer Functions

« the vocal tract tube can be characterized by
a set of resonances (formants) that depend
on the vocal tract area function-with shifts
due to losses and radiation

« the bandwidths of the two lowest
resonances (F1 and F2) depend primarily on
the vocal tract wall losses

« the bandwidths of the highest resonances
(F3, F4, ...) depend primarily on viscous
friction, thermal losses, and radiation losses

34

Nasal Coup

T ’l_—)-|radiauon
*J impedance

—
open circuit

Fig. 337 {a) Tube model for production of nassbs. ib) comespoading]
docirical analog.

ling Effects

« at the branching point

« sound pressure the same as at input of
each tube

« volume velocity is the sum of the
volume velocities at inputs to nasal and
oral cavities

« can solve flow equations numerically

« results show resonances dependent on
shape and length of the 3 tubes

« closed oral cavity can trap energy at certain
frequencies, preventing those frequencies
from appearing in the nasal output => anti-
resonances or zeros of the transfer function

« nasal resonances have broader bandwidths
than non-nasal voiced sounds => due to
greater viscous friction and thermal loss due
to large surface area of the nasal cavity

Sound Excitation in VT

1. air flow from lungs is modulated by vocal cord
vibration, resulting in a quasi-periodic pulse-like
source

2. air flow from lungs becomes turbulent as air
passes through a constriction in the vocal tract,
resulting in a noise-like source

3. air flow builds up pressure behind a point of
total closure in the vocal tract => the rapid
release of this pressure, by removing the
constriction, causes a transient excitation (pop-
like sound)

36




Vocal Cord Simulation

REST CORD

= LIPS

AREA TENSION [
FRACHEA :.‘333;| VOCAL TRACT
SUBGLOTTAL VOCAL GLOTTAL
AIR PRESSURE - CORD [+— VOLUME ulo,1]
Byl MODEL VELOCITY
J. L. Flanagan and K.
Ishizaka, did the first
GLOTTAL i i i
ordiing an detailed simulations

' of vocal cord oscillators.
g Subsequent researchers

have refined the model
for singing voice.

SUBGLOTTAL

VOCAL TRACT

PRESSURE
Bltl MODEL

37

Voiced Excitation in VT

Fig. 3.28 Schematic representation of the vocal system

« lung pressure is increased, causing air to flow out of the lungs and through
the opening between the vocal cords (the glottis)

« according to Bernoulli’s law, if the tension in the vocal cords is properly
adjusted, the reduced pressure in the constriction allows the cords to come
together, thereby constricting air flow (see dotted lines above)

« because of closure of the vocal cords, pressure increases behind the vocal
cords and eventually reaches a level sufficient to force the vocal cords to
open and allows air to flow through the glottis again

sustained Bernoulli oscillations => rate of opening and closing is controlled by air pressure
in the lungs, tension and stiffness of the vocal cords, and area of the glottal opening; the vocal
tract area at the glottis also effects the rate

Glottal Excitation Model

« vocal tract acts as a load on the vocal
cord oscillator

« time varying glottal resistance and
inductance-both functions of 1/As(t) =>
when Ag(t)=0 (total closure), impedance
is infinite and volume velocity is zero

build-up of glottal pulses

Fig. .08 Glomal valsrs velocty aad seund pressune o4 the moath for
el [/, (Afir Iitaka usd Flasagas (1.1

Rosenberg Glottal Pulse and
Spectrum

)

| =

e
e
0 ™

) L L3 0 T ¥
TRIE B SAMPLES 4T ) PR R
1t -

gln] = 0.5[1-cos(zn/N,)] 0<n<N,
= cos[z(n-N,)/(2N,)] N, <n<N,+N,
0 otherwise

e Note the high frequency fall off due to the lowpass
—d “ pulse shape

‘ 40

Other Excitation Sources

» voiceless excitation occurs at a i
constriction of the vocal tract o :
when volume velocity exceeds - I
a critical value (called the e
Reynolds number) => this can = 4 e |
be modeled using a randomly
time varying source at the point [ m———
of constriction K y

* acombination of voiced and : . ‘
voiceless excitation is used for
voiced fricatives

+ atotal closure of the tract is
used for stop consonants

Source-System Model

Excitation Vocal Tra
Parameters Parameters =
—-~ -

J T AT 4
£y pa— L.llJ Linear
Excitation - - .
# — System
Generator | excitation signal )

elr)

~ Piteh, Formants, Vocal Tract Area
Voiced/Unvoiced, Functions, Articulatory
Amplitude Paramameters

42




Summary of Losses, Radiation
and Boundary Condition Effects

« considered losses due to friction at walls, heat conduction through
walls, vibration of walls

 losses introduce new terms into sound propagation equations

« effects of losses are increased bandwidth of complex poles (from 0
to a finite quantity) and changes in the regular spacing of the
resonance (formant) frequencies of the tract

« radiation at lips adds a parallel resistance and inductance
component and is most significant at higher frequencies

* nasal couplinfg adds components to solution which include anti-
resonances (frequency response zeros)

« sound excitation models lead to simplified model with a distinct
gl(?ttal Ipulse (for voiced speech) with strong high frequency drop-off
in level

«+ the overall vocal tract is well modeled as a variable excitation
generator exciting a time-varying linear system

43

Lossless Tube Models

approximate A(x) by a
series of lossless,
constant cross sectional
area, acoustic tubes of
the form shown at the
right

as the number of tubes
becomes larger (smaller
approximation error for
the vocal tract area
function), the
approximation error for
modeling the vocal tract
goes to zero

Fig. 3.32 Concatenation of § lossless acoustic tubes.

How do we use the lossless tube model to solve for various
vocal tract transfer functions

Concatenated Tube Models

Glottis

As | Ag Ap | Apiy

——<

Ay

45

Lips

Wave Propagation in Lossless Tubes

» since each individual tube is lossless, can solve
the basic wave equation for each individual tube,

giving:

o for k™ tube:

pk(x,t):%C[u;(t—x/c)+u;(t+x/c)], 0<x<t,
k
u (xt)=u,(t-x/c)-u.(t+x/c), 0<x</,

« where x is the distance measured from the left-hand end of the k"
tube (0< x </, ) and u;( )and u,( ) are positive-going and
negative-going traveling waves in the k" tube

46

Wave Propagation in Lossless Tubes

* boundary conditions at edges of adjacent tubes state that
both pressure and volume velocity must be continuous in both

time and space
o consider junction between k" and (k +1)" tubes

— —
U (1) U (1)

wln) Gl upalt] Uner{H47gag)

—y——n

47
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Lossless Tube Junction

o at the junction between k™ and (k +1)* tubes, we get:
Pe(lit) = Prs(0.8)
U (Ct) = Uy, (01)

« substituting from the previous set of equations, we get:

A . , " .
f[uk (t-z)+u (t+7, ):' = U () + Uy (1)
'

u(t—z)-u (t+z,)=ug,(t)—u,(t)
o where 7, =/, /c is the time for a wave to travel the length
of the k™ tube
« at the junction between tubes, part of the positive going wave
is propagated to the right while part is reflected back to the left
« similarly part of the negative going wave is propagated to the

left while part is reflected back to the right
48




Lossless Tube Model

o solve for uy,,(t) and u (t +7,) in terms of u,,(t) and u, (t -7, )

. 2A, . Aa—Al -
Uga(t) = {ﬁ} U(t-z,)+ {ﬁ}ukﬂ(n

W T A s + Ay

u;(r+rk>:—[M}u;<r—rk>+[ o }u;,lm

k+1 + k k+1 + Ak

« the quantity

o= Aa= A =amount of u,,(t) that is reflected at the junction
Ao+ A
o r, is called the 'reflection coefficient' for the k" junction, with
—1<r, <1 and rewriting above equations as

Uea(t) = L+ r)u (t -7, )+ n ucq(t)

Ut +7,) = —n u(t-7,)+(L-r) U ,(t)

49

Lossless Tube Model

Ua ()= A+ r)u (t —7,) +r.u, 4 (t)

ut+z)=-ruct-7)+1-r) u.,t)

o115t TUBE

Fig. 3.34 Signal-Now representation of the junction between two lossless 50
tubes.

Boundary Conditions

« for a 5-tube model there are 5 sets of forward
and backward delays, 4 junctions (each
characterized by a reflection coefficient), and a
set of boundary conditions at the lips and glottis

» assume N sections (indexed 1 to N) starting at
the glottis

« want to relate pressure (py(/y,f)) and volume
velocity (up(ly,t)) at output of Nt tube to the
radiated pressure and volume velocity (at the
lips)

51

Boundary Conditions

o earlier we saw that at the lips we have
PN(ZNYQ) =Z- UN([ng)
e giving the time domain relation
Ccr . _ . _
%I:UN(t —Ty)+uy(t+ TN)] =Z I:u/v(t —y) - Uy(t+ TN):I
N
e solving for uy(t +z,) we get
uy(t+zy)=—ruy(t-rzy)
» where the reflection coefficient at the lips is

1{&}1

pclAy+Z, |~
52

Termination at Lips
uy(t+zy)=—r uy(t—1y)
¢ output volume velocity at the lips is
Uy (L, t)=up(t—7y)—uy(t+17y)
=+ )uy(t-zy)

vy (1) [oecar] up (-7 i)

H [AETR]
-
- DELAY
unlt) N uy (1ary)

Fig. 3.35 Termination at lip end of a concatenation of lossless tubes.53

Adding the Excitation Source

« assume that the excitation source and the vocal tract
are linearly separable, then at the first tube we have the
boundary relation:

U,(0.2) = Us(@)-R(0.2)/ Z, | {Lr:: '
N L £ B el R
U (-1 (0= us(0) Ai i }

o solving for u/ (t) we get:

;0= 8 u ) 0

« where the reflection coefficient, r;, is

pc uglt siin [oewar ] up f8]
Zs ’K :'—'2'-‘] l Esl
1< rg = <1 "
Zs +%C | DELAY
i i e

Fig. 3.36 Termination at gloual end of a concatenation of lossless tubes.




Lossless Two Tube Model

ught [oecar | en) [oeLar] b
(e | L2 |
L e [oerar]
i [T ™y

Fig. 3.37 Complete Now diagram of a two-tube model.
« volume velocity at lips is u, (t) = u,(¢,,t)
« transfer function from glottis to lips is

Vi) B

__ 05(1+rg)+r)(A+ r,)e )
1+ nree %+ rre” ™% 1 r e /)

« note total delay of (z, +7,) is total propagation delay from
glottis to lips

Gain (dB)

Two-Tube Model for Vowel /AA/

l=%m, Al=lsgem, 12=8em, A2=Tsqem, rle=1, rG=1 (and .T)

I

0'— Er— .

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

frequency in Hz

Two-Tube Model for Vowel /1Y/
(Losses at Lips)
[1=%m, Al=8sqem, 12=8em, A2w=lsgem, rfl=1 (and .7), :G=1
\\
g 500 1000 1500 2000 200 3000 3500 4000 4500 5000
frequency in Hz .

Two Tube Model Resonances

R — Fotmass P e

59

Two-Tube Model for Vowel /1Y/
(Losses at Glottis)
o i i i B o e AR
S | |
° 0 ./ : \ I|i-l -!'!_ ;'i Iirl 4
10 \, / - /’]
b ,/ \5 _
30 1000 1500 2000 00 3000 3500 4000 4300 5000
frequency in Hz
Summary of VT Model
u(0,t) u(lt)
uG(t)T Vocal Tract
= 60

Fig. 3.32 Concatenation of 5 lossless acoustic tubes.
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Lossless VT Sections

. 41 - Lips: 141,
e Tk s Tk
N 1-n, o —
Tk
K, Ay i k1, Ay, b N, Ag. Iy Infinite tube, z,
A —A . L
o= ﬁ; reflection coefficient e -z,
ot + P n= Ag ; reflection coefficient
) L z
Glottis: (1415)12 Ay
e _£C, Z5
A :/;2‘7; reflection coefficient
ini £ 42,
Infinite tube, zg 1,A, 1 A, ¢
61

Relationship to Digital Filters

+ observation that lossless tube model appears similar to digital filter
implementations => consider a system of N lossless tubes, each of
length Ax=I/N where [ is the overall length of the vocal tract

D B

Ay Az Lt by Ay A5 Ay

~aal_
=~ fa Ay ==
By =

-—L -l -

1
LIPS

GLOTTIS
Fig. 3.38 Concatenation of (N=T) lossless wbes of equal length.

« all delays equal to 7 = Ax/c, the time to traverse the length of one tube
62

Relation to Digital Filters

* consider response to a unit impulse, ug(t) = 5(t)

« impulse propagates down the series of tubes, being partially reflected
and partially propagated at the junctions; can show that the impulse
response (the volume velocity at the lips) is of the form:

V() = a,d(t ~-N2)+ Y a,8(t ~ Ne - 2kz)

1 =

initial successive impulses
propagation with one or more
with delay N reflections

x Tau

e overall system function is:

Va(s) _ Zake—s(N+2k)r _ e—serakestkr
k=0 k=0

Relation to Digital Filters

Va(S) — e—sNrZake—szkr
k=0

=&V (5) >V, (t) = v, (t+Nr)

Fig. .39 (a) Biock dagram representation of lossless acoustic tube
model, [b] equivalent discrete-lime system. 64

63
« frequency response VB(Q) is
VE(Q) _ iake jQ2ke
k=0
o can easily show that
V,(Q+ il) =V,(Q) => periodic in frequency
T
« if input at glottis is bandlimited to frequencies below 7 /(27)
we can sample the input at the glottis with period T =27 and
filter the sampled signal with a digital filter whose IR is
vinl=a, n>=0
=0 n<0
o for T =27, the delay of Nz corresponds to a shift of N/2 samples
giving the digital filter implementation of part b.
65

Signal Flow Graph Model

o z-transform of v(n) is simply \73(3) with e°" replaced by z, giving

V(z)= iakz’k
=)

« signal flow graph for the discrete system can be obtained from the flow
graph of the analog system by replacing each node variable in the analog
system by the corresponding sequence of samples

« each 7 second delay is replaced by a 1/2 sample delay since 7 =T/2

« section propagation delay is z "'

« better digital signal flow graph model is of the form of a ladder with the
delay elements only in the upper and lower paths; in the upper paths signals
propagate to the right and in the lower paths they propagate to the left =>

can move delay elements in the lower paths to the upper paths; this
only changes the overall delay from input to output, but has no practical

significance
66
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Signal Flow Graphs

1o =y |
2 DELAY [IETN] DELAY ergl DELAY (herd
ught 1 : L | St
" =y " -y 2 i |
[oevar] DEL&Y oeear | |
I BT ¥ 1t-ey) g
Analog model
' '_ z"ME {h+n] P (LR T R ]
w ATl
e R 1112

| D-T equivalent for bandlimited inputs |

== ] Land ™"

Wizl A Merdz®?

1=n) =iy}

| D-T equivalent without half-sample delays

ulaTH

Transfer Function of Lossless Tube Model

* want to determine

V(z)= U2
Us(2)
« at junctions we have the relations
s 12 772
Upi(2)=U,(2)2 " (141, )+ Uy, = UJ(Z):WUL«(Z)* 1k+ . Uea(2)

12
Ui @=U; @z (1) + Uy (2)1-1,)2 " = ()= 72—

+ rk
« at lips use same formulation with fictitious (N +1)st tube that is infinitely
long (no negative going wave)=> (N +1)st tube terminated in its characteristic
impedance

2
Uea(2)+ WU@(Z)

Ui (2) Uia(2)
Uni(2)=U,(2)
Uni(2)=0 "
A,M:‘Z)—L, ry=r, Ui (2) TeEn Uia(2)
68

Transfer Function of Lossless Tube

Model

o at the glottis

2 Ui e
1+rg 1+rg
o putting it all together gives

UG(Z) =

Ui (2

Uy(z 1 2 2ry | 1
G( ): — - G HQK
U(z) V(z) [1+rs 1415 |k 0
1 =I
1+r, 1+r,
-rz' 7'

1+r, 1+,

1 el 2 2n |1
Vi ¢ {1”@’ Ter |11

1/2 1124
Q =z =7"°Q,

69

Transfer Function of Lossless Tube
Model
e consider a 2-section tube (N =2)

1 200+nnz ' +rrsz ' sz %)z
V(z) (1+r5)(1+1)(1+1,)

-1
Viz)- 01.5(1+r6)(1+r17)1(1+r2)%2
+(rr+nrg) 2 + 15z
e in general
N
O.5(1+re){l_[(nrk)}z”‘”2
V(z)= k=

D(2)

1 -, 1 —ry || 1
D(Z):[‘I'*”G]{_AZA 271:|“'{_er71 271:||:0}

Transfer Function of Lossless Tube
Model
N
D(z)=1-) a,z*
k=1
o special case of ry, =1(Z; = »)
Dy(z)=1
D(z)=D, ,(2)+rz*D_(z"), k=12..,N
D(z)=D,(z)
e Examples:
D(z)=1+rz" =Dy(2)+rz'Dy(z*) =1+ rz (1)
Dy(z)=1+rz"+rnz " +r,z? =D(z)+r,z2°D(z™")
=14zt + 2 (+nz)=1+nz +rrz* +r,z?
e choose N =10 as a reasonable number of tubes for model
ry=1= A, = (infinite tube at lips)
r,=0714 = A, =28cm’ 7

70
Transfer Function of Lossless Tube
Model
i t
| [ |
WL AN
72
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Summary of Lossless Tube Models

1. The vocal tract area function, A, is now a function of x, A(x)

Fig. 3.0 Coacuneration of § lovibesn scountic tobas

2. Solve the wave equation for the k" tube:
pk(x,t)=p7f:[u;(t—x/c)+u;(t+x/c)}, 0<x</,
uk(x,t):[u;(t—x/c)—u;(tﬁ-x/c)], 0<x</,

73

Summary of Lossless Tube Models

3. add boundary conditions at the edges of adjacent tubes
- both pressure and volume velocity must be continuous
in both time and space at boundaries

Fig. 303 llusirasion of the jesctios betwsen rw fomlew tubt.
1. pe(list) = Pia(0,8)

2.U,(04, 1) = U, (0.1) "

Summary of Lossless Tube Models

4. at each junction:
- part of the positive going wave is propagated to the right while
part is reflected back to the left
- part of the negative going wave is propagated to the left while
part is reflected back to the right
5 1= A=A _ efiection coefficient for the k” junction
AK+| + Ak
Uy () = (4 n)u (=7, )+ ru, 4 (t)
Ut +7) = =1 U (= 7,) + (1= 1 4 (8)

75

Summary of Lossless Tube Models

6. for an N-tube model there are (N —1) junctions with reflection
coefficients
- there are boundary conditions at the lips and glottis
7. need to relate p,(/,,t) and u,(/,.t) to pressure and volume
velocity at the lips via:
; _pClA -2
b opcl Ay +z,
where z, is lip impedance, i.e.,
Pty Q) =2, Uy(£,,Q)

unlth SELAT | e L=yl [ B
T | [+n)

=,

L

. DELAY |
uplt) 4 uy [1emy] |

Fig. 3.35 Termination at lip end of a concatenation of lossless wbes,

76

Summary of Lossless Tube Models

8. boundary condition at the glottis:
_Zg—pelA
zg+pcl A,

where z; is glottal impedance

G

wglth win ,ml Al
Le |

L]

oE;
Erid] " ujlter)

Flg. 3.36 Termination a1 glottal end of a concatenation of lossless tubes,

7

Summary of Lossless Tube Models

9. for the special case of a 2-tube model we get:

ugltl DELAY [1erd

(2%

Wt

s

i
-ty
DELAY | DELAY
n =)

Fig. 3.37 Complete flow diagram of a two-tube model.

4

UL(Q) _ 0.5(1+rG)(1+r1)(1+rL)e—jn(r,+,2)
Ug(Q)  1+rr,e % e /920 4y r g 1027

78
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Digital Models for Speech

« sound is generated in 3 ways—each yielding a distinctive output

« vocal tract imposes resonance (and anti-resonance) structure so as to
produce different speech sounds

=> this leads to a “terminal analog” speech model—correct at the terminal
points, but without mimicing the physics of speech production

AREA FUNCTION
REFLECT EFFICIENTS) FARAMETERS
N [ LINEAR STSTEM
- R | i il

[ [

Fig. 3.44 (2} Block diagram representation of the lossless tube model,
b} terminal analoa model

G
Vs ——
1-Y gz
=
* need to model time varying, u; 1) 79

Digital Model Features

 poles of V(z) correspond to vocal tract resonances
* missing zeros of V(z) for nasals
— modify V(z)
— increase N to large number to model zeros
« roots of V(z) are at:
S, S, =—0, * j2zF, (s-plane)
2,z = e VT AT
=e %" cos(2zF,T)+ je " sin(2zF,T)

1N
) |z )= e, 6, =2zFT

Fig. 145 G} splase. and (b) >plane representations of & vocal 1wt 80
rrmnce

Other Synthesis Implementations

» direct form difference el I G
; —
equation |
———
| B O

» cascade of second
order systems

via=[T%@

1-2|2, |cos(aF,T)+ |z, [ v sas ot diss e imekesuien o uhose s i

Radiation at Lips

P.(z)=R(2)U,(z) -- high pass filtering
R(z)=R,(1-z") - crude differentiator

PARAMETERS
VOCAL TRACT RADIATION
MODEL MODEL |———
uglnl viz) S B T Pulnk

Fig. 3.47 Terminal analog model including radiation effects.

Vi(2)= ) casade [ —
W2) 1-2|z, |cos(2zF,T)z '+ | z, [P 272 16 =1~ shalems, = a2 22
81
PITCH PERIOD
MP GLOTTAL
TRAN LSt >(X) {n)
MODEL Ygtn
GENERATOR
Glz)
AMPLITUDE
CONTROL
Ay
Fig. 3.48 Generation of the excitation signal for voiced speech.
83

82
Glottal Pulse Model
glnl=0.5[1-cos(zn/N,)], 0<n<N,
=cos(z(n—N,)/2N,), N,<n<N,+N,
=0 otherwise
-lowpass filtering effect :
84
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General Synthesis Model

VDAL TRACT
PARAMETERS

<>

o] .{m_]_ p.[n]
vir Rl UL[”]

R(z)=1-az™

Fig. 3.50 General discrete-time model far speech production

85

Components of Speech Model

™~ — v

20l

8 40!
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20
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80

a0 S S

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
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02 i i ) i i i

(EE 08 5 10 15 20 25 30

time in msec 86

Summary of Lecture

» Derived sound propagation equations for vocal
tract
— first considered uniform lossless tube
— added simple models of loss
— added model for radiation at lips
— added source model at glottis
— added nasal model for nasal tract

— broadened the model to N-tube approximation—
lossless case

— looked at 2-tube models for simple vowels

— examined range of digital speech
production/synthesis models

87
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