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VOCAT TRACT SHAPES
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EXAMPLE

Let the excitation of vocal tract, h[n], be:

ulr] = gln] * plr]

then, the output speech, x[n, 7], is given by:

x[n, 7] = wln, T]{h[n] x (g[n] » p[n])}

and
o0

X(w,7) :é S H(wr) Gwi)W(w — wi, )

—_— —=——00
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HARMONICS AND FORMANTS

Amplitude
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SINUSOIDAL MODELS

@ Sinusoidal Model: M
K

x(t)= 3 et

P
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SINUSOIDAL MODELS

@ Sinusoidal Model:
K

x(t)= 3 et

k=K

@ Special case, Harmonic Model:

x(t) = EK: 7kej2
k=K
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SINUSOIDAL MODELS

@ Sinusoidal Model:
K

x(t)= 3 e

k=—K

@ Special case, Harmonic Model:

K
x(t) = > yxel?mHot
k=K

e Estimation of parameters (Linear approach):

Q==
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SINUSOIDAL MODELS

@ Sinusoidal Model:
K

x(t)= 3 e

k=—K

@ Special case, Harmonic Model:

K
x(t) = > yxel?mHot

k=—K

e Estimation of parameters (Linear approach):
v = Fgs
@ Model Evaluation, Mean-Squared Error (MSE):

¢ = / 1s(£) — x(¢)]? dt
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SOURCE-FILTER WITH SINUSOIDS

@ Source:
K(t)
u(t)= Y au(t)d
k=—K(t)
where: .
b(t) = / Qu(0)do +
0
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SOURCE-FILTER WITH SINUSOIDS

@ Source:
K(t)
u(t)= Y au(t)d
k=—K(t)
where:

t
o) = [ Qulo)do + o4
0
o Filter: h(t,7) with Fourier Transform (FT):

H(t,Q) = M(t,Q)e/ %D

——
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SOURCE-FILTER WITH SINUSOIDS

K(t)

s()= Y Ar)eO

k=1—K(t)

where:

Ac(t) = ar(t)M e, Q(t)]
Ok(t) = ou(t) + @[t Qu(t)]

/0 ' Qu(0)do + @ [, ()] +
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SINUSOIDAL ANALYSIS: STATIONARITY ASSUMPTION

We assume stationarity inside the analysis window:

Ak(t) = Ax
Qk(t) = Qk
K(t) = K
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SINUSOIDAL ANALYSIS: STATIONARITY ASSUMPTION

We assume stationarity inside the analysis window:

Ak(t) = Ak
Qu(t) = @
K(t) = K

which leads to:
Qk(t) = Qk(t — t/) + 0

yannis@csd.uoc.gr Sinusoidal Modeling 12/47


yannis
Pencil

yannis
Pencil


Outline Speech Production Modulators Sinusoidal Modeling Harmonic Modeling HNM; or QHM References

SINUSOIDAL ANALYSIS: STATIONARITY ASSUMPTION

We assume stationarity inside the analysis window:

Ak(t) = Ax
Qk(t) = Qk
K(t) = K

which leads to:
Qk(t) = Qk(t — t/) + 0
and to:

K Y T T
s(t)= ) é“*‘t‘t’) - <t<ut o
k=—K
P
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SINUSOIDAL ANALYSIS: STATIONARITY ASSUMPTION

We assume stationarity inside the analysis window:

Ak(t) = Ax
Qk(t) = Qk
K(t) = K

which leads to:
Qk(t) = Qk(t — t/) + 0

and to:
K T T
t) = ApelledUt=t) <<y —
s(t) kz—:Kk Imy Sttt
In discrete time: 47
K
. N, —1 N, —1
s[n] = kz_:KweM" - << =
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MEAN-SQUARED ERROR

Given the original measured waveform, y[n] and the synthetic
speech waveform, s[n], estimate the unknown parameters Al wL,
and QL by minimizing the MSE criterion:

n=(Nw—1)/2
= > |yl —sl]
n=—(Ny—1)/2
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MEAN-SQUARED ERROR

Given the original measured waveform, y[n] and the synthetic
speech waveform, s[n], estimate the unknown parameters Al wL,
and QL by minimizing the MSE criterion:

n=(Nw—1)/2
= > |yl —sl]
n=—(Ny—1)/2

which can be written as:

I LY 2 « I 12 NE
= PN (V) = | - v
n=—(Ny—1)/2 R AN
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MEAN-SQUARED ERROR

Given the original measured waveform, y[n] and the synthetic
speech waveform, s[n], estimate the unknown parameters Al wf(,
and QL by minimizing the MSE criterion:

n=(Nw—1)/2
= > |yl —sl]
n=—(Ny—1)/2

which can be written as:

n=(Ny—1)/2 K! )
Ao P Y [y b - )
n=—(Ny—1)/2 k=1
which can be reduced further to:
n=(Ny,—1)/2 K'
=Dyl = Ny ) Y (wp)P
n=—(Nw—1)/2 k=1
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KARHUNEN-LOEVE EXPANSION

@ Karhunen-Loeve expansion allows constructing a random
process from harmonic sinusoids with uncorrelated complex
amplitudes.
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KARHUNEN-LOEVE EXPANSION

@ Karhunen-Loeve expansion allows constructing a random
process from harmonic sinusoids with uncorrelated complex
amplitudes.

@ Estimated power spectrum should not vary “too much” over
consecutive frequencies.
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KARHUNEN-LOEVE EXPANSION

@ Karhunen-Loeve expansion allows constructing a random
process from harmonic sinusoids with uncorrelated complex
amplitudes.

@ Estimated power spectrum should not vary “too much” over
consecutive frequencies.
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KARHUNEN-LOEVE EXPANSION

@ Karhunen-Loeve expansion allows constructing a random
process from harmonic sinusoids with uncorrelated complex

amplitudes.
@ Estimated power spectrum should not vary “too much” over
consecutive frequencies.
Following the above necessary constraints, for unvoiced speech,
and for a window width to be at least 20ms, an 100 Hz harmonic
structure provides good results.
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SINUSOIDAL ANALYSIS: PEAK PICKING
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SINUSOIDAL SYNTHESIS: OLA, A SIMPLE SOLUTION
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PROBLEM OF FREQUENCY MATCHING
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FRAME-TO-FRAME PEAK MATCHING
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THE BIRTH/DEATH PROCESS

Frequency
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A BIRTH/DEATH PROCESS IN SPEECH

Frequency (kHz)

h v = Time
[ngt Voiced segment
_—
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AMPLITUDE AND PHASE INTERPOLATION

@ Linear amplitude interpolation model:
Al = A+ (A= AL) (1) n=0.12 -1
@ Cubic Phase interpolation model g

0(t) = ¢ + vt + at® 4 8t J(’ "QDM
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BLOCK DIAGRAM OF THE SYNTHESIS SYSTEM
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SYNTHESIS: RECONSTRUCTION EXAMPLE
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HARMONIC MODEL

Sinusoidal Model:

K
)= 3 merrie &

k=—K

Special case, Harmonic Model:

K
X(t) = Z Vkej%’éét
k=—K
@ Estimation of parameters (Linear approach):
v = Fgs
Model Evaluation, Mean-Squared Error (MSE):

e:/ﬁqn—ﬂﬂfm
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BRIEF OVERVIEW OF HNM

@ HNM is a pitch-synchronous harmonic plus noise
representation of the speech signal.
@ Speech spectrum is divided into a low and a high band
delimited by the so-called maximum voiced frequency.
—\

@ The low band of the spectrum (below the maximum voiced
frequency) is represented solely by harmonically related sine
waves.

@ The upper band is modeled as a noise component modulated
by a time-domain amplitude envelope.

@ HNM allows high-quality copy synthesis and prosodic
modifications.
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HNM IN EQUATIONS

@ Harmonic part:

L(t)
h(t) _ Z Ak(t)ejkwo(t)t
k=—L(t)
@ Noise part: \\r
n(t) = Ble)lv(r

@ Speech:

s(t)|= h(t) + n(t)
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PERIODIC PART

@ HNMji: Sum of exponential functions without slope

L(n}) o -
hiln] = E: ak(n;)eﬂﬂk_ﬁ)(na)(nf”a)
k=—L(n)
yannis@csd.uoc.gr Sinusoidal Modeling
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PERIODIC PART

@ HNMji: Sum of exponential functions without slope

L(n}) . ‘
h[n] = Z ak(n;)eﬂﬂkﬁ)(n’a)("*n;)
k=—L(n})

@ HNMos: Sum of exponential fuhction with complex slope

L(n}) ' '
ha[n] = R Z Ak(n) expj27"’f_ﬁ)(”§a)(”*"$)
k=1

where . ' '
Ai(n) = ak(n}) + (n — n})bi(n})

with ax(n’), bi(n) to be complex numbers (amplitude and
slope respectively). R denotes taking the real part.
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PERIODIC PART continuing

@ HNMs;: Sum of sinusoids with time-varying real amplitudes

—_—
L(n})
hs[n] = ), ak(n)cos(pw(n))
k=0
where
ak(n) = ko + ek (n— i)+ - + cip (n — nl)P(™)

ok(n) = ex+2mk((n— n’a)

where p(n) is the order of the amplitude polynomial, which is, in
general, a time-varying parameter.
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RESIDUAL (NOISE) PART

The non-periodic part is just the residual signal obtained by
subtracting the periodic-part (harmonic part) from the original
speech signal in the time-domain

r[n] = s[n] — h[n]

where h[n] is either hy[n], ho[n], or hs[n].
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AMPLITUDES AND PHASES ESTIMATION

Having fp estimated for voiced frames, amplitudes and phases are
estimated by minimizing the criterion:

ni+N

e= 3 wAnl(s[n] - Anly?

—ni—
n=n,—N

and P(n.1) denotes the pitch period
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AMPLITUDES AND PHASES ESTIMATION

Having fp estimated for voiced frames, amplitudes and phases are
estimated by minimizing the criterion:
ni+N
e= Y w[n|(s[n] — A[n])?
n=n,—N

where ni, = ni=1 4+ P(ni=1), and P(ni1) denotes the pitch period

at ni—1.

o for HNM; and HNM,, this criterion has a quadratic form and
is solved by inverting an over-determined system of linear
equations.

@ For HNM3, however,a non-linear system of equations has to
be solved.

The residual signal r[n] is estimated by
—> [ttt —@

yannis@csd.uoc.gr Sinusoidal Modeling 30/47


yannis
Pencil

yannis
Pencil

yannis
Pencil


Outline Speech Production Modulators Sinusoidal Modeling Harmonic Modeling HNM; or QHM References

TIME DOMAIN CHARACTERISTICS OF 7[n]
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VARIANCE OF THE RESIDUAL SIGNAL

The variance of the residual signal is given as:

E(re") =1 — WP(P"W"WP)~1PrW"

Variance using the three harmonic models

0 10 20 30 40 50 60 70 80 20
Timein samples
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MODELING ERROR

3X 10" (a) Original signal
T T T

. .
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MODELING THE RESIDUAL SIGNAL

e Full bandwidth representation using a low-order (10th) AR
filter
@ Time-domain characteristics of the residual signal can be

modeled using various functions
e ————d
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TIME DOMAIN ENERGY MODULATION

Il Il Il Il Il
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time in samples

A WA f

-0.1 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
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TRIANGULAR ENVELOPE

A1

A0
TO T1
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SIGNAL ENVELOPE

There are many ways to obtain the “envelope” of a signal, as:

@ Hilbert Transform (analytic signal)
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SIGNAL ENVELOPE

There are many ways to obtain the “envelope” of a signal, as:

@ Hilbert Transform (analytic signal)

@ Low-pass local energy (energy envelope):

N

1
e[n] = Mk;,v\f["— K|

where r[n] denotes the residual signal.
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EXAMPLE OF ENERGY ENVELOPE

Example of Energy Envelope, with N =7

—01 I I I I I I I I
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time in samples

The energy envelope can be efficiently parameterized with a few
Fourier coefficients:

Le
&[n] = Z Ay ef2mk(fo/f)n
k=—Le

where L, is set to be 3 to 4
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COMPARING TIME-DOMAIN MODULATIONS

0 Vr
-0.1 Il Il Il Il
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SOUND EXAMPLES USING HNM;

Examples with HNM; and Maximum Voiced frequency fixed at
4000 Hz

Original  Triangular Hilbert Energy

Male R7 e R E

Male Bl k| Eel el

Female [ [ FE ]

Female FE [ FE ]
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SOUND EXAMPLES USING HNM,

Examples with HNMj and Maximum Voiced frequency fixed at
4000 Hz

Original  Triangular Hilbert Energy

Male R7 e R E

Male Bl k| Eel el

Female [ [ FE ]

Female FE [ FE ]
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HNM,

We recall that the HNM, is given by:

L
s(t) = ( Z (ak + tbk)e%jkfot) w(t)

k=—L
or in frequency domain:

L

S(F)= > (axW(Ff — kfo) + jbx W'(f — kfy))
k=—L

where W(f) is the Fourier Transform of window w(t)
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FREQUENCY DOMAIN PROPERTIES OF HNM,

Let 3, and Bk denote the vectors corresponding respectively to the
complex a, and by and
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FREQUENCY DOMAIN PROPERTIES OF HNM,

Let 3, and Bk denote the vectors corresponding respectively to the
complex a, and by and
let’'s decompose Ek into two components:

@ one collinear to ai, and

@ one perpendicular to 3.

Thus, by is given by
by = p1,k3x +i7

where
=1 I .R\T
ax = (—akax)
(3, bi)
P1,k ~
|3k |2
<ak7Bk>
P2k = -
|ak|?

(.,.) denotes the inner product between two vectors.
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LET’S LOOK AT THE k" COMPONENT

@ The kth component can be written as:

Sk(F) (=3[ W(F — kfy) — po W' (F — kfy) + jp1k W'(f — kfo)]

@ For small values of py «, using a first order approximation of
the Taylok series of W(f), we have:

W(f - kfo) — pokc W'(f — ki) = W(Ff — kfy — p2.x)

@ and then:

Sk(F)& plW(F — kfo _éPZ,kb +jp1 W' (f — kfo)]

@ Then, HNM; becomes Quasi-Harmonic Model (QHM).
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SENSITIVITY ON f ~—

Maginute (db)

I 1l
0 500 1000 1500 2000 2500 3000 3500 4000
(a) Frequency inHz

Maginute (db)

)
Ll 1
1500 2000 2500 3000 3500 4000
(b) Frequency in Hz
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THANK YOU

for your attention on this part
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