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Prior Knowledge: Human Listener and 
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Speech Production 
Outline:

• Speech Production – anatomy and physiology.

• The ”looks and feel” of digital speech signals

– Time domain.

– Frequency domain.

– Spectrograms.

• Speech production models

– Acoustic modeling.

– Discrete-time modeling.
<latexit sha1_base64="MIG417cutUsIxo7my3Lr51eRm0o="></latexit>
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Speech Production - Anatomy 
Overview of speech production system:

• Lungs

• Larynx (organ of voice production).

• Vocal Tract

- throat (pharyngeal cavity).

- oral+nasal cavity.
<latexit sha1_base64="us5fWqmlHxt6O3YTx4AsQM09uNY="></latexit>

From Docio-Fernandez L., Garćıa Mateo C.
Speech Production. In: Li S.Z., Jain A.K.
(eds) Encyclopedia of Biometrics.
Springer, Boston, MA, 2015.

<latexit sha1_base64="UDZIw6qLV0vn0iPJ1pMXdWz8fVs="></latexit>
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Speech Production - Anatomy 

Acoustic filter model:

• Lungs+vocal folds: Excitation.

• Cavities: Main acoustic filter.

• Velum: ”switch” for nasal sounds.
<latexit sha1_base64="fBSmZX1s8yJVB/r9eZWmsNrW0QA="></latexit>

From Docio-Fernandez L., Garćıa Mateo C.
Speech Production. In: Li S.Z., Jain A.K.
(eds) Encyclopedia of Biometrics.
Springer, Boston, MA, 2015.

<latexit sha1_base64="UDZIw6qLV0vn0iPJ1pMXdWz8fVs="></latexit>
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Speech Signals - A First Encounter 
Characteristics of speech change across time due to changing pro-
duction system:

<latexit sha1_base64="1XlFezUAo+C6LxB7O4PGlZ/klO0="></latexit>
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voiced: /a/
<latexit sha1_base64="bUzkPfqqAuOu8Bi0Yr4D78Kn6Hk="></latexit>

uvoiced: /s/
<latexit sha1_base64="Y3BRgz8E39pRJ8bC+GS7oyyG8EE="></latexit>
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Speech Signals - A First Encounter 
Speech bandwidth – Where is the information?

Cut-o↵ frequency fc:
<latexit sha1_base64="JAhoGvgXbZE17mGqJqvpbdKNmQY="></latexit>

• fc = 500 Hz.
<latexit sha1_base64="QLHJ0TgCBibwieW/C6q4UmACaio="></latexit>

• fc = 1000 Hz.
<latexit sha1_base64="/FnKIL5BU6mph926QI2nMDqR0gk="></latexit>

• fc = 1500 Hz.
<latexit sha1_base64="7bjhFFRV1ST+0r7DCD00+XPL1SQ="></latexit>

• fc = 2000 Hz.
<latexit sha1_base64="h97QPxLUYjbn80NW9soN7WA4IFg="></latexit>

• fc = 3000 Hz.
<latexit sha1_base64="fm3xjTZvVlY2X3nN7I6mnLLjQBA="></latexit>

• fc = 4000 Hz.
<latexit sha1_base64="ydWrIaXovMJoiOf2WcsZdUuF0pA="></latexit>

• fc = 8000 Hz.
<latexit sha1_base64="z8ye1K2tu5buwt38vjbVSwQTTk0="></latexit>

s = x ⇤ (�1) ?
Can you hear the di↵erence?

<latexit sha1_base64="oDOMICZf18ayGFyALBij6UG5Y4Q="></latexit>

s
<latexit sha1_base64="f50P2RjPsIpc+/hIO1ZxK0g8N5U="></latexit>

x
<latexit sha1_base64="4nDiyZg+GVtt9gkfDIk+BT7/QGc="></latexit>
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Speech Production - Excitation 
Excitation signal: The air stream signal that enters the paryngeal
cavity (throat), i.e., after vocal folds.

Types of excitation:

• Voiced: Air pushed through glottis which oscillate, gener-
ating quasi-periodic pu↵s of air (e.g. vowels /a/, /i/, etc.).

• Unvoiced: Air forced through constriction somewhere along
vocal tract (e.g. /s/, /f/).

• Mixed: Quasi-periodic excitation but with constriction along
vocal tract (e.g. /z/).

• Plosive: Complete closure of vocal tract, build-up of air
pressure + release (e.g. /p/, /t/).

<latexit sha1_base64="fLMXXwOkJSDRfVhxbDAct/5Ty4o="></latexit>
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Speech Production – Excitation Signal 

Voicing:

(a) Vocal chords closed, complete
constriction of windpipe.

(b) Air pushes from lungs, building
up pressure below vocal chords.

(c) Vocal chords (elastic muscle tis-
sue) cannot withstand air pres-
sure and starts to open.

(d) Air flows through glottis.

(e)-(f) Air pressure below glottis is low,
vocal chords begin to close.

<latexit sha1_base64="x0jIwlrlrK4DYODTql7AgZNWj9Q="></latexit>

After Deller, Hansen, and Proakis:

”Discrete-Time Processing of Speech

Signals”, p. 111, IEEE Press, 2000.
<latexit sha1_base64="GAU+ssGSe4Q31OrY5T4qdGfU8kI="></latexit>
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Speech Production - Excitation Signal 
Voicing:

• Fundamental period T0: Time interval between successive
vocal fold openings.

• Fundamental frequency F0: Rate of vocal chord vibration
(F0 = 1/T0).

• Pitch: Perceived fundamental frequency (whether or not
present in waveform).

<latexit sha1_base64="9/ierCJlWxmwlhZmmYTSeqgCM3w="></latexit>
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Speech Production - Excitation Signal 

Voicing:

Fundamental period/frequency dependent on size and tension of

speaker’s vocal folds.

• Men: F0 between 50–250 Hz.

• Women: F0 between 120–500 Hz.

• Children: sometimes even higher

F0 related to stress, emotion, intonation.
<latexit sha1_base64="nx3HkktFwVMuIng48FzKb6tczK8="></latexit>
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Speech Production - Excitation Signal 

Voicing:
The fundamental period/frequency is evident in the time domain
as well as the frequency domain representations of speech.

<latexit sha1_base64="XOCgRbr6vXw8YmM9XIApyqqTxtQ="></latexit>

Female speaker
<latexit sha1_base64="xQyCenkxMMGDvMycFQJrNhHFiRE="></latexit>

Male speaker
<latexit sha1_base64="eDMwMgu9fWuSQ+9Pa7a6XJZFLTc="></latexit>
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Speech Production - Excitation Signal 

Unvoiced regions:
In unvoiced regions, the excitation signal is noise-like (i.e., without
the periodicity that characterizes voiced signals.)

<latexit sha1_base64="CTK/IJ3a0rCMCWPKJRlVi0+baeA="></latexit>
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Speech Production - The Vocal Tract 

• Configuration of vocal tract ”shapes” excitation to generate
specific speech sound, i.e., overall spectral characteristic
determined by vocal tract.

• Resonance frequencies of vocal tract system give rise to
peaks in overall spectrum ⇠ formants (3-5 formants within
Nyquist band).

<latexit sha1_base64="GfUpYcdPWXZxk0PJSkZvAp7cu8s="></latexit>
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Speech Production - The Vocal Tract 
• Vocal tract system changes over time ) spectral/temporal

characteristics of the speech waveform are time-varying )
only short segments of speech waveform can be assumed

to have similar acoustic properties (”non-stationarity” vs
”short-term stationarity”).

• Speech signals typically assumed stationary over 20-30 ms

time frames.

• Typical maximum speech bandwidth 7-8 kHz.
<latexit sha1_base64="7PhLHqstyaoeMT+XAbimCwXvAhA="></latexit>
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Speech Production - The Vocal Tract 

Observation:

• Articulators have mass (tissue/muscles, etc.) and can there-

fore not move instantly.

Consequences:

• Speech is not string of discrete sound events, but rather

output of continuous and relatively slowly varying system.

• Coarticulation: Neigboring speech sounds colour each other.
<latexit sha1_base64="LclCcrJVJhVncfH7a9tztax6COA="></latexit>
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Categorization of Speech 
Phonemes:

• The basic theoretical unit for describing how speech conveys
linguistic meaning.

• Each phoneme represents a speech sound class that di↵er-
entiates words of a language. For example, ”cat”, ”bat”,
”hat” consists of three speech sounds, the first of which
gives word distinctive meaning, i.e., /c/, /b/, and /h/ are
di↵erent phonemes.

• ⇡ 45 phonemes (American English).
<latexit sha1_base64="70MkYWDbXVvA1gw2VtBBLqO31Ws="></latexit>



04/05/20 18 

Categorization of Speech 

Phoneme classes (American English):

• vowels.

• nasals, e.g. /m/ in ”mama”, /n/ in ”no”, /G/ in ”sing”.

• fricatives, e.g., /s/ in ”sand”, /f/ in ”fan”.

• plosives, e.g., /t/ in ”top”, /b/ in ”bob”.

• dipthongs, e.g., /w/ in ”we”, /W/ in ”out”.
<latexit sha1_base64="F+ky6sdnk5eQbM3wYEuRut7nVZI="></latexit>
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Characterizing vowels: 

From Deller, Hansen, and Proakis:

”Discrete-Time Processing of Speech

Signals”, IEEE Press, 2000.
<latexit sha1_base64="baabqDqrUdNburVxq5EF3Q/a4I8="></latexit>
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Characterizing vowels: 

From Deller, Hansen, and Proakis:

”Discrete-Time Processing of Speech

Signals”, IEEE Press, 2000.
<latexit sha1_base64="baabqDqrUdNburVxq5EF3Q/a4I8="></latexit>

Formant locations for vowels:
<latexit sha1_base64="/11eOOOQv5Of/4qyZdTlQkoWUn0="></latexit>
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Characterizing vowels: 

From Deller, Hansen, and Proakis:

”Discrete-Time Processing of Speech

Signals”, IEEE Press, 2000.
<latexit sha1_base64="baabqDqrUdNburVxq5EF3Q/a4I8="></latexit>

Formant locations for vowels:
<latexit sha1_base64="/11eOOOQv5Of/4qyZdTlQkoWUn0="></latexit>
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Categorization of Speech 
Spectrogram: Time-vs-Freq-vs-Spectral Magnitude (no phase!).

“His captain was thin and haggard and his beautiful boots...”
<latexit sha1_base64="/GZorpKs2suQaIdmMPV5QE/0Gbk="></latexit>
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Categorization of Speech 
Spectrogram: Time-vs-Freq-vs-Spectral Magnitude (no phase!).

“His captain was thin and haggard and his beautiful boots...”
<latexit sha1_base64="/GZorpKs2suQaIdmMPV5QE/0Gbk="></latexit>
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Speech Production - General Model 

General acoustical (short-time) model:

S(f) = U(f)H(f)R(f),

where

S(f) is Fourier transform of speech signal.

U(f) is Fourier transform of source excitation.

H(f) is vocal tract transfer function.

R(f) describes radiation e↵ects at lips.
<latexit sha1_base64="MB5Kz2fHg8Txo6m9r49E9AsBlls="></latexit>
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Speech Production - General Model 
General acoustical (short-time) model:

S(f) = U(f)H(f)R(f),

Model assumptions:

• S(f) constant with time (model valid for short time duration).

• U(f), H(f), and R(f) are linear.

• U(f), H(f), and R(f) are separable (no coupling between sub-

systems).

Our goal: Discrete-time model:

S(z) = ✓0U(z)H(z)R(z), ✓0 is gain factor.
<latexit sha1_base64="pEPdOa0ZvUUrsnSPO78mGxbTRJw="></latexit>
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Speech Production - Vocal Tract 
Multitube lossless (time-continuous) model of vocal tract H(f):

General assumptions:

• Vocal tract is series of con-
catenated acoustic tubes.

• Tubes are hardwalled (no
wall friction, no wall vibra-
tion), and lossless (no heat
conduction).

• All air-particles within same
cross-sectional area Ak have
same velocity.

<latexit sha1_base64="UU0ioX8ogniWqAr6ekdS4vt/kEg="></latexit>
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Speech Production - Vocal Tract 

Reflection at tube junctions:

• Reflection coe�cient: ⇢k = Ak+1�Ak

Ak+1+Ak

• Value of ⇢k depends on area mismatch:

– Ak ⇡ Ak+1 => ⇢k ⇡ 0

– Ak � Ak+1 => ⇢k ⇡ �1

– Ak ⌧ Ak+1 => ⇢k ⇡ 1
<latexit sha1_base64="kmhzwogAI/8fWex4LZqHfCQJCY4="></latexit>
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Speech Production - Vocal Tract 
Signal flow graph (2-tube model):

Model consists of additions, multiplications and delays ) Filtering
operations!

<latexit sha1_base64="NeXaFTbEypg5qfnAHjHz4f5oO3U="></latexit>

From Deller, Hansen, and Proakis: ”Discrete-Time Processing of

Speech Signals”, IEEE Press, 2000.
<latexit sha1_base64="+MAULVQxH1lzCQFJ8YBLygWMhFo="></latexit>
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Speech Production - Vocal Tract 
Signal flow graph (2-tube model):

Model consists of additions, multiplications and delays ) Filtering
operations!

<latexit sha1_base64="NeXaFTbEypg5qfnAHjHz4f5oO3U="></latexit>

From Deller, Hansen, and Proakis: ”Discrete-Time Processing of

Speech Signals”, IEEE Press, 2000.
<latexit sha1_base64="+MAULVQxH1lzCQFJ8YBLygWMhFo="></latexit>

Two tube section (with glottis input, lips output):

• H2tube(z) =
Ulips(z)

Uglottis(z)
=

1+⇢glot

2 z
�2/2(1 + ⇢1)(1 + ⇢lips)

1 + (⇢1⇢glottis + ⇢1⇢lips)z�1 + ⇢glottis⇢lipsz
�2

=

Gz
�1

1�
P2

k=1 bkz
�k

with G = (1+⇢glot)(1+⇢1)
2(1+⇢lips)

,

b1 = �(⇢1⇢glottis + ⇢1⇢lips) and b2 = �⇢glottis⇢lips.
<latexit sha1_base64="v/KY2wADNdCprGEJI6hYPtQhycs="></latexit>
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Speech Production - Vocal Tract 
Discrete-time model H(z):

• Assume l1 = l2 = · · · = lN = �x.
<latexit sha1_base64="ItCNtn8dVZb+PK3HWkjxp9cQjUU="></latexit>

• H(z) =
1 + ⇢glot

2

z
�N/2

QN
k=1(1 + ⇢k)

1�
PN

k=1 bkz
�k

=
Gz

�N/2

1�
PN

k=1 bkz
�k

.
<latexit sha1_base64="Ruc0Zztmvf4FvCyYso9G5Wu6UD4="></latexit>
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Speech Production - Vocal Tract 

We note

• H(z) has N poles.

• H(z) has N/2 zeros at z = 0.

The vocal tract discrete-time model used in practice is the following
all-pole simplification:

H(z) =
G

1�
PN

k=1 bkz
�k

=
G

QN
k=1(1� pkz

�1)
,

where pk denote (complex-valued) pole locations.
<latexit sha1_base64="1hDXdnbzTXk7CddnzPh4QY+fNIM="></latexit>
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Speech Production – U(z) and R(z) 

• Voiced excitation:

Sv(z) = ✓0

Uv(z)z }| {
Ev(z)G(z)H(z)R(z),

where ev(n) is discrete-time impulse train and G(z) is glottal
shaping filter (usually assumed to be low-order, all-pole).

<latexit sha1_base64="GINEd9C3hGMQdxzeTg7q/zWyF60="></latexit>
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Speech Production – U(z) and R(z) 

• Unvoiced excitation:

Su(z) = ✓0

Uu(z)z }| {
Eu(z)H(z)R(z),

where eu(n) is normally modeled using white noise sequence.

• Lip radiation R(z) is often modeled as:

R(z) = 1� z0z
�1

, z0 ⇡ 1 (z0 < 1)

It can be shown that

R(z) =
1Q1

k=0 z
k
0z

�k
⇡ 1

QL
k=0(1� bkz

�k)
for some finite L.

<latexit sha1_base64="3wU4p927E470sRtkFNZTX06r8KQ="></latexit>
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 Speech Production - Source-Filter Model 

S(z) =

(
✓0Ev(z)G(z)H(z)R(z) if voiced

✓0Eu(z)H(z)R(z) if unvoiced

We have argued that H(z), G(z), and R(z) are/can be approximated
as all-pole.

<latexit sha1_base64="QDcq/AuyTeGgLp+DI+nAV8XczDg="></latexit>
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 Speech Production - Source-Filter Model 

S(z) =

(
Ev(z)Hv(z) if voiced

Eu(z)Hu(z) if unvoiced

where Hv(z) =
✓vQPv

k=0(1�pkz�k)
and Hu(z) =

✓uQPu
k=0(1�pkz�k)

.
<latexit sha1_base64="ocMFc4HcQU3rNd1Nm4nhBAWQFt0="></latexit>
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Speech Production - Examples 

Example: ”The birch canoe slid on the smooth planks”

• Original speech.

• Modelled speech.

• Modelled speech assuming only unvoiced speech.
<latexit sha1_base64="rgVODVfBACu6vI0QpVv35kkl2TE="></latexit>
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 Speech Production - Source-Filter Model 

From Docio-Fernandez L., Garćıa Mateo C.
Speech Production. In: Li S.Z., Jain A.K.
(eds) Encyclopedia of Biometrics.
Springer, Boston, MA, 2015.

<latexit sha1_base64="UDZIw6qLV0vn0iPJ1pMXdWz8fVs="></latexit>

H(z)
<latexit sha1_base64="+h0wHukmDJDIdVYsZio8/sHmtos="></latexit>

T0
<latexit sha1_base64="YzVioKaGLGsoSOj3ddSMHU4FjKE="></latexit>

e(n)
<latexit sha1_base64="8OqWquuDRrxuVbeyjiYbOMQtEcQ="></latexit>
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Speech Coding - Example 

speech
<latexit sha1_base64="5Sqbk4CN0PORGByLTLxMayiMjLE="></latexit>

Parametric
description
of speech

<latexit sha1_base64="KhE8Xe+v2C2e8wQ38xSvQgq+nCU="></latexit>

decoded
speech

<latexit sha1_base64="az11eD+p4tlcBJQcT/cLYVD2DoU="></latexit>

What to transmit?
<latexit sha1_base64="uCIORhnjTwRv2+KApNP+GkhcSJ4="></latexit>

The statistical description
of the speech process.

<latexit sha1_base64="qnZMftriMXdiYaYO7aBwAsK9nqU="></latexit>
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Speech Coding - Example 

1 Determine filter h(n) using Yule – Walker equations and error
variance.

2 Determine whether speech is unvoiced or voiced

3 Transmission/Quantization of h(n) and voiced/unvoiced informa-
tion.

<latexit sha1_base64="9oEWLYdjmFtqYSwJ4W3WEjXTgyE="></latexit>

4 Synthesis of speech based on received filter h(n) and voiced/unvoiced
information.

<latexit sha1_base64="dnXXKJu0/pLv32wTuXSKsctyksY="></latexit>

excitation
<latexit sha1_base64="2vwuWPgPLxKr0YtHnCorn1CNNA4="></latexit>

�2
W

<latexit sha1_base64="VaSjgglv5fTeZznH3PmKtihU0PI="></latexit>

�2
W

<latexit sha1_base64="VaSjgglv5fTeZznH3PmKtihU0PI="></latexit>

excitation
<latexit sha1_base64="2vwuWPgPLxKr0YtHnCorn1CNNA4="></latexit>

period T
<latexit sha1_base64="mKEI4a4smkrdCl1CJdGT9WlNvs8="></latexit>

T0
<latexit sha1_base64="LROUjwi3f6PGIDl33Eu6NZbJ/jQ="></latexit>

T0
<latexit sha1_base64="LROUjwi3f6PGIDl33Eu6NZbJ/jQ="></latexit>

h1(n)
<latexit sha1_base64="I9aZ803gGk/bJ4hAzi9dvLnfmM4="></latexit>

h2(n)
<latexit sha1_base64="XTJCsg4j6V0sJncrdFFElZ6yLd8="></latexit>

AR model
<latexit sha1_base64="Z3jEiA5cejMEXiIyL31ESfxIzGI="></latexit>

Speech
<latexit sha1_base64="DCrDkjs8GovMgMqP9wCFT0xhBWE="></latexit>

Speech
<latexit sha1_base64="DCrDkjs8GovMgMqP9wCFT0xhBWE="></latexit>

sender
<latexit sha1_base64="J1s7xNn4wUqqBqMk3NTUW4yt2s4="></latexit>

receiver
<latexit sha1_base64="x+cdjXQYePcWMBOrmL0T7daKin8="></latexit>


