Chapter 3

Acoustic Theory of Speech Production
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Speech production mechanism

Speech signal: waveforms and spectra
Sounds of language => phonemes(& &)
English speech sounds

Initials(7 ©5}) and finals(#J£}) of Mandarin(H



Basic Speech Processes

e idea—sentences — words — sounds — waveform

— |dea: it’s getting late, | should go to lunch, | should call Al
and see if he wants to join me for lunch today

— Sentences/Words: Hi Al, did you eat yet?

— Sounds: /h/ fay/-/ae/ /I/-/d/ [in/ [d]-/y/ [u/-[iy] [t/-]y/
/el It/

— Coarticulated Sounds: /h- ay-l/-/d-ih-j-uh/-/iy-t-j-e-t/ (hial-
dija-eajet)



Basic Speech Processes

* remarkably, humans can decode these sounds and
determine the meaning that was intended—at least at
the idea/concept level (perhaps not completely at the
word or sound level)

* often machines can also do the same task

— speech coding: waveform —(model) — waveform
— speech synthesis: words — waveform

— speech recognition: waveform — words/sentences
— speech understanding: waveform — idea



Basics

speech is composed of a sequence of sounds

sounds (and transitions between them) serve as a
symbolic representation of information to be shared
between humans (or humans and machines)

arrangement of sounds is governed by rules of language
(constraints on sound sequences, word sequences, etc)--
/spl/ exists, /sbk/ doesn’t exist

linguistics(15 & %) is the study of the rules of language

phonetics(15 & %) is the study of the sounds of speech



Speech Production Mechanism



Speech Production Mechanism

* air enters the lungs via normal
breathing and no speech is
?f, P proc?lu.ced (gelredr?clly) onhml—take |
Do, — VELUM as air is expelled rom the lungs, via
3.2 TONGUE the trachea ~"E" or windpipe, the
EPIGLDTT!S tensed vocal cords within the larynx
~ i vocaL Fouos i are caused to vibrate (Bernoulli
ESoPRAGUS — ogcillation) by the air flow

* air is chopped up into quasi-periodic

P FEFETLES 2y,
2 T 227,

R
THYROID CART coL UM pulses which are modulated in
TRACHEA AL frequency (spectrally shaped) in
| passing through the pharynx (the
/ throat cavity), the mouth cavity, and
0. possibly the nasal cavity; the
d CaviTy LIHAR positions of the various articulators

(jaw, tongue, velum, lips, mouth)
determine the sound that is
produced



Human Vocal Apparatus(#5'E)

e vocal tract(j71&) —dotted lines in
figure; begins at the glottis(7 [ ]) (the
vocal cords /i) and ends at the lips
— consists of the pharynx("H) (the

connection from the esophagus & 14 to
the mouth) and the mouth itself (the oral

: cavity)
i .
NOSTRIL — average male vocal tract length is 17.5
MOUTH — o % Ky, S | — cross sectional area (B [HIR),

determined by positions of the tongue,
lips, jaw and velum, varies from zero
(complete closure) to 20 sq cm

. * nasal tract(=/5¥) —begins at the velum
and ends at the nostrils

. Velum(#J5) —a trapdoor-like

|

mechanism at the back of the mouth
cavity; lowers to couple the nasal tract
to the vocal tract to produce the nasal
sounds like /m/ (mom), /n/ (night), /ng/

Mid-sagittal plane
X-ray of human
vocal apparatus

(sing)



Vocal Cords

arytenoid cartilage
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The vocal cords (folds) form a relaxation
oscillator. Air pressure builds up and
blows them apart. Air flows through the
orifice and pressure drops allowing the
vocal cords to close. Then the cycle is
repeated.
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Vocal Cord Views and Operations

Lax Vocal Cords -
Open for Breathing

Bernoulli Oscillation Tensed Vocal Cords -
Ready to Vibrate



Glottal Flow
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e Glottal volume velocity and resulting sound pressure at the mouth
for the first 30 msec of a voiced sound

— 15 msec buildup to periodicity => pitch detection issues at beginning
and end of voicing; also voiced-unvoiced uncertainty for 15 msec
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Artificial Larynx
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Schematic Production Mechanism

wse * |lungs and associated muscles act as the source

OUTPUT

aiel smae —))))) of air for exciting the vocal mechanism
~_* muscle force pushes air out of the lungs (like a
& H fniT piston pushing air up within a cylinder)
vm"‘;%:'l;mx - ~"  through bronchi and trachea
T} | TRacrea Ao * if vocal cords are tensed, air flow causes them
to vibrate, producing voiced or quasi-periodic
Al speech sounds (musical notes)
e * if vocal cords are relaxed, air flow continues
D through vocal tract until it hits a constriction
J in the tract, causing it to become turbulent,
| thereby producing unvoiced sounds (like /s/,
== /sh/), or it hits a point of total closure in the
Schematic representation of vocal tract, building up pressure until the
physiological mechanisms of closure is opened and the pressure is suddenly
speech production and abruptly release, causing a brief transient

sound, like at the beginning of /p/, /t/, ori/k/



Abstractions of Physical Model

MUSCLE FORCE NASAL TRACT = NOSTRIL

-

s

LUNGS TRACHEA VOCAL VOCAL TRACT MOUTH
BRONCHI CORDS

excitation | Time-Varying speech
voiced Filter
unhvoiced

mixed



The Speech Signal



The Speech Signal

e speech is a sequence of ever changing sounds

* sound properties are highly dependent on context(i&
13%) (i.e., the sounds which occur before and after the
current sound)

* the state of the vocal cords, the positions, shapes and
sizes of the various articulators—all change slowly over
time, thereby producing the desired speech sounds

—>need to determine the physical properties of speech
by observing and measuring the speech waveform ( as
well as signals derived from the speech waveform—
e.g., the signal spectrum)



Speech Waveforms and Spectra

t _ S 4« 100 msec/line; 0.5 sec for
| - utterance

* S-silence-background: no speech
P S . ~| + U-unvoiced: no vocal cord

g 'ﬂ w F” U“U L BT vibration
* V-voiced: quasi-periodic speech
L., ' I ! + . "I * speech is a slowly time varying

signal over 5-100 msec intervals
* over longer intervals (100 msec-5

}-—5-]- U -|- v - sec), the speech characteristics

- change as rapidly as 10-
20times/second

e v .| *nowell-defined or exact regions

where individuals sounds begin
and end
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Speech Sounds

Ish/ "
* “Should we chase” N SR o ST | “h l“"""“"‘
— (Praat demo) : & " L
. Jould/ —— “'WE"" —
r.J|f|||||||lll.'l,r;N.u_ﬂ;,ﬂ_.\ AAAMAAMNMAATY ‘lhl |]|"||I J.I]l i aﬁl II T
LI il
fch/ o
—f—m [ IL"/J If \” l“h‘)a(J ,uj\" 'l‘fln
| — Jsel- '
.Jul]r M' |n1 »\,l - - - -

— hard to distinguish weak sounds from silence
— Hard to segment with high precision
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Source-System Model of
Speech Production

Excitation Vocal Tract
Parameters Parameters
T —» -
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Making Speech “Visible” in 1947

[om— : E AMALYZER RECORDER

WAGHETE:  SSECTROGAAK 4 SAAIRALE

RECORDING  RLCOMDING l—.— FILTER |
- 7 ! |

/ . -
e, iy ¢ PECHAMICAL |
ICRE- oy
2 . Lirdi |
PHINE - 0" |

STY¥LUS RECSROS FILTER
TUTPFUT O ELECTRICALLY
SEMSITWE FAFER LS FILTER |
TR M P FHarxF

LOOF OF WAGSETIC TAPE
ON WHICH SOUMDS ARE RECHADED
FOR RESEATER PLAY BACK

ELECT®ICALLY
SERSITIVE
FALHD PAFEH
SPECTROGA AR
BEING FORMED

| Loy
| tu\i

,‘
1
tEA
18]

iR

S e e

U SR I Py e T

B PPy o A

5,

by Raiph K. Polier
Georae & Kopp
Harriel Green Kopp



Spectrogram Properties

* speech spectrogram

— sound intensity versus time and frequency

 wideband spectrogram

— spectral analysis on 16 msec sections of waveform using a broad (125
Hz) bandwidth analysis filter, with new analyzes every 1 msec

— spectral intensity resolves individual periods of the speech and shows
vertical striations(254{) during voiced regions

* narrowband spectrogram

— spectral analysis on 50 msec sections of waveform using a narrow (40
Hz) bandwidth analysis filter, with new analyzes every 1 msec

— narrowband spectrogram resolves individual pitch harmonics and
shows horizontal striations during voiced regions
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Frequency (Hz)

Frequency (Hz)

Wideband and Narrowband Spectrograms
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10ms windows

50ms windows
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FREQUENCY (kHz)

Spectrogram and Formants
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reliability in
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formants from
spectral data
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Summary

basic speech processes — from ideas to speech
(production), from speech to ideas (perception)

basic vocal production mechanisms — vocal tract,
nasal tract, velum

source of sound flow at the glottis; output of
sound flow at the lips and nose

speech waveforms and properties — voiced,
unvoiced, silence, pitch

speech spectrograms and properties —wideband
spectrograms, narrowband spectrograms,
formants

24



Sounds of Language: Phonemes



English Speech Sound

A Condensed List of Phonetic Symbols
for American English

Phoneme ARPAbet Example Phoneme ARAPAbst Example

Tl Y beat fn/ M sing
I IH bit pf P pet
lef (e¥) EY bait it/ T ten

Jei EH bet fk/ K kit

Ja/ AE bat b/ B bet
fa/ AA Bob fdf D debt
Inl AH but g/ G get

fal AO bought /W HH hat

fol (%) ow boat bl F fat

fuf UH book n/ ™ thing
fu/ uw boot fsf ] sat

=Y AX about = SH shut
I/ 4 roses o W vat
I=f ER bird J&/ DH that
fad AXR butter iz/ Z Zoo
fa®/ AW down i) ZH agzure
fa¥! AY buy e CH church
fa¥/ oy boy i JH judge
fyl Y you faf WH which
i W wit Y, El battle
Il R rent fmf EM botiom
W L let /ni EN button
fm/ M met T/ DX batter
n N net I Q (glottal stop)

ARPABET representation

48 sounds

— 18 vowels(JG
)/diphthongs(5E & 0 1)

— 4 vowel-like consonants(4
~7
=)

— 21 standard consonants

— 4 syllabic sounds(J#% & 13 4
=)

— 1 glottal stop(MEZE %)
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Phonemes—Link Between

YA reaye

Orthography(##-) and Speech

* Orthography—sequence of sounds

— Larry — /L/ /AE/ /R/ /1Y/
* Speech waveform — sequence of sounds

— based on acoustic properties (temporal) of phonemes
e Spectrogram — sequence of sounds

— based on acoustic properties (spectral) of phonemes

We use the phonetic code as an intermediate representation
of language and therefore it is essential to understand the
acoustic and articulatory properties of all of the sounds
(phonemes) of a language in order to design the best speech

processing systems (especially for speech synthesis and
speech recognition applications)



Phonetic Transcription

* based on ideal (dictionary-based) pronunciations of all
words in sentence
— /’I\/I/y name is Larry’-/M/ /AY/-/N/ JEY/ /M/-/IH/ /Z/-/L/ /AE/ /R/
Y,
— ‘How old are you’-/H/ /AW/-/OW/ /L/ /D/-/AA/ /R/-/Y] JUW/
— ‘Speech processing is fun’-/S/ /P/ /IY/ /CH/-/P/ /R/ /AH/ /S/ /EH/
/S/ /\H/ ING/-/IH/ [Z/-/F] [AH[ [N/
 word ambiguity abounds

— ‘lives’-/L/ /IH/ /V/ /Z/ (he lives here) versus /L/ JAY/ /V/ /Z/ (a
cat has nine lives)

— ‘record’-/R/ /JEH/ /K/ JER/ /D/ (he holds the world record) versus
/R/ /IY/ /[K/ /AW/ /D/ (please record my favorite show tonight)



Reduced Set of American English Sounds

e 39 sounds

— 11 vowels (front, mid, back) classification based on tongue
hump position

— 4 diphthongs (vowel like combinations)

— 4 semi-vowels Y70 (liquidsiZl & /i & and glidesid &
— 3 nasal consonants

— 6 voicedi and unvoicedi# stop consonantsZE &

— 8 voiced and unvoiced fricative consonants{&&

— 2 affricate consonantsFE £ &

— 1 whispered sound

 |ook at each class of sounds to characterize their
acoustic and spectral properties




Phoneme Classification Chart

Phonemes

4
. Vibrating
Diphthnngsl Semivowels Consonants

z 5 Noise-Like
Front Mid Back AY W Excitation
Y AA  UW  OY L

H ER  UH AW
EH AH/AX OW EY

AE AO
|7Fricatives
l\
e . [ LY
Nasals | Stops | Voiced |Unv0ic:ed Affricates || | Whisper
|

:: < x \ F J H
NX Voiced || | Unvoiced DH TH CH

B P z >

D T ZH SH

G K
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Vowels

longest duration sounds — least context sensitive

can be held indefinitely in singing and other musical
works (opera)

carry very little linguistic information (some
Ianguages don’t display vowels in text- e.g. Hebrew

i fHKRIE, Arabiclr] HifH1E




Vowels and Consonants

* Text 1: all vowels deleted
Th yn tds gnfcnt mprvmnts nth_
cmpnysmg,sprvs n . ndm.ng m nt.
(They noted significant improvements in the company’s
image, supervision and management.)

* Text 2: all consonants deleted

A iue oa a ae e e a e _a_e,
i e i e 00 uUuaioa e oee |

(Attitudes pay stayed toward essentially the same, with
the scores of occupational employees slightly decreasing)



Vowels

produced using fixed vocal tract shape
sustained sounds
vocal cords are vibrating = voiced sounds

cross-sectional area of vocal tract determines vowel
resonance frequencies and vowel sound quality

tongue position (height, forward/back position) most
important in determining vowel sound

usually relatively long in duration (can be held during
singing) and are spectrally well formed
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Vowel Production

No significant constriction ([H2£) in the vocal tract
Usually produced with periodic excitation

Acoustic characteristics depend on the position of the jaw,
tongue, and lips

[i] [] [a] [u]

\ L L1 11.
LY 11 i
[}
! ri'
i F i 1
1 ] ] ]
' ! | A
] i ]
]
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Vowel Articulatory Shapes

Ju/

fif

A

Jaal

jaf.

TONGUE POSITION

HIGH

TONGUE
HEIGHT MID

LOwW

FRONT BACK
e i
2a I sT U
Gk «6 U
4a
e «5a

i teve) /IY/ 10m) /IH/ e (mate) /EY/ & (vET) /EH/
7 ,,\é %ﬁ%} Ev%%;_
=f = =
a (raruen) /AA/ 9 (a)/AO/ o tosev) /OW/

| |
=)

PR
i

&

U (root)/UH/ u tecor) /UW/

Aue) /AH/

S (miro) /ER/

i)

* tongue hump position (front, mid, back)

* tongue hump height (high, mid, low)

« /IY/, /IH/, JEH/,/AE/ => front => high resonances
« /AA/, /JAO/, /AH/, /ER/ => mid => energy balance
« /JUH/, JUW/, JOW/ => back => low resonances’”



Vowel Waveforms & Spectrograms
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REQUENCY OF F5 (Hz)

4000
3500

3000

2500

2000

1500

1000

500

Vowel Form

/J/I'-"!\l i °

[
L

0

200 400 600 800 1000 1200 1400
FREQUENCY OF F4 (Hz)

ants

Clear pattern of variability of
vowel pronunciation among
men, women and children

Strong overlap for different
vowel sounds by different
talkers

=> no unique identification
of vowel strictly from
resonances

=> need context to define
vowel sound
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Fa (Hz)

The Vowel Triangle

2400

1Y (i)

2200

2000~

1800~

16001

1400

1200+

1000

800 1l..l‘h-"ar'lulll

0A0 ()

FORMANT FREQUENCIES FOR THE VOWELS

|
|

oAE (09)

AA (a)

200 300 400

500

600

F4q (H2)

700 80c

Typewritten
Symbol for IPA Typical Fq Fa Fa
Vowel Symbol Word

Y i (beet) 270 | 2290 | 3010
IH t (bit) 390 | 1990 | 2550
Er £ (bet) 530 | 1840 | 2480
AE 2 (bat) 660 | 1720 | 2410
AH A (but) 520 | 1190 | 2390 |
AA a (hot) 730 | 1090 | 2440 |
AQ 2 (bought) | 570 840 | 2410
UH U (foot) 440 | 1020 | 2240
uw u (boot) 300 | 870 | 2240
ER 3 (bird) 490 | 1350 | 1690 |

Centroids of common vowels form clear

triangular pattern in F1-F2 space
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* Gliding speech sound that

starts at or near the

articulatory position for one
vowel and moves to or toward
the position for another vowel =

— /AY/ in buy
— /AW/ in down
— /EY/ in bait
— /OY/ in boy

Diphthongs

4000 |

3000

5000 (v

FREQUENCY (Hz)

4000 t :E ..1. hikbiabts

3000 ) |

5000 [ e greepe

T et

00 01 02 03 04 05 nn"51 ﬂé 0.3 04”05

— /OW/ in boat (usually classified
as vowel, not diphthong)

— /Y/ in you (usually classified as
glide)

2000 PRI

1000} i . 1

00 01 02 03 04 0.0 01 02 03 04
TIME (sec)
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Distinctive Features

. CIassnc non -vowel/non-diphthong sounds in terms of distinctive features
X PSR AIE

— place of articulation & & &
* Bilabial X{U& & (lips)—p,b,m,w
* Labiodental /514 & (between lips and front of teeth)-f,v
 Dental 14 # (teeth)-th,dh
* Alveolar i #R & (front of palate)-t,d,s,z,n,|
 Palatal ﬁjiiﬂ””*(mlddle of palate)-sh,zh,r
* Velar #Jl5 & (at velum)-k,g,ng
* Pharyngeal " # (at end of pharynx)-h

— manner of articulation & & /5 2\
* Glide/Liquid—smooth motion-w,l,r,y
* Nasal—lowered velum-m,n,ng
* Stop—constricted vocal tract-p,t,k,b,d,g
* Fricative—turbulent source-f,th,s,sh,v,dh,z,zh,h
* Voicing—voiced source-b,d,g,v,dh,z,zh,m,n,ng,w,|,r
* Mixed source—both voicing and unvoiced-j,ch
* Whispered--h



Place of Articulation

Lfv \
Palato-Alveolar ala

Labial

Dental

Alveolar

g

Velar

Uwular
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Semivowels (Liquids and Glides)

e vowel-like in nature (called semivowels for this reason)
e voiced sounds (w-I-r-y)

Type Semivowel Nearest Vowel
Glides | /w/ w wet /u/

/[yl 'y yet /if
Liquids | /t/ r red /3/

/1/ 1 et Jo/

e acoustic characteristics of these sounds are strongly
influenced by context—unlike most vowel sounds which
are much less influenced by context

Manner: glides/liquids

Place: bilabial (w), alveolar (l),palatal (r)
uh-{w,l,r,y}-a
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Nasal Consonants

* The nasal consonants consist of /M/, /N/, and /NG/

— nasals produced using glottal excitation => voiced sound
— vocal tract totally constricted at some point along the tract
— velum lowered so sound is radiated at nostrils 2 £,

— constricted oral cavity serves as a resonant cavity that traps
acoustic energy at certain natural frequencies (anti-resonances
or zeros of transmission)

— /M/ is produced with a constriction at the lips => low frequency
Zero

— /N/ is produced with a constriction just behind the teeth =>
higher frequency zero

— /NG/ is produced with a constriction just forward of the velum
=> even higher frequency zero

Manner: nasal
uh-{m,n,ng}-a Place: bilabial (m), alveolar (n), velar(ng)




Nasal Production

* Velum lowering results in airflow through nasal cavity
* Consonants produced with closure in oral cavity
* Nasal murmurs have similar spectral characteristics

[m] [n] [D]
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Nasal Sounds

‘ Hole in |
£, | u('spectrum |
. W gy

G _

UHM AA TIME




Nasal Spectrogram

LS

W |,
L T

simmer
/sim3/

sinner

/smz/

singer
/smz/
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Unvoiced Fricatives

 Consonant sounds /F/, /TH/, /S/, /SH/

— produced by exciting vocal tract by steady air flow which
becomes turbulent in region of a constriction in the vocal
tract

» /F/ constriction near the lips

e /TH/ constriction near the teeth

» /S/ constriction near the middle of the vocal tract
* /SH/ constriction near the back of the vocal tract

— noise source at constriction => vocal tract is separated into
two cavities

— sound radiated from lips — front cavity

— back cavity traps energy and produces antiresonances
(zeros of transmission)

Manner: fricative
uh-{f.th,s,sh}-a Place: labiodental (f), dental (th), alveolar
(s), palatal (sh)




Unvoiced Fricative Production
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Unvoiced Fricatives

|| \ Ty ' ” ||!J’L[ Fnllll ||L i'.'-

Wll w ‘ML,M M "lIJ I ‘l‘ 1 Wlw ”'r“'lh — i f””ﬁl " 'W iy
A l. =

il

UH SH AA 49



Unvoiced Fricative Spectrograms

L |

fee thief see

/tv/ /6it/ /stv/
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Voiced Fricatives

 Sounds /V/,/DH/, /Z/, [ZH/

— place of constriction same as for unvoiced

counterparts

— two sources of excitation; vocal cords vibrating
producing semi-periodic puffs of air to excite the
tract; the resulting air flow becomes turbulent at
the constriction giving a noise-like component in
addition to the voiced-like component

Manner: fricative
Place: labiodental (v), dental (dh), alveolar

(z), palatal (zh)

uh-{v,dh,z,zh}-a




V0|ced Frlcatlves
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Voiced and Unvoiced Stop

Consonants

* sounds-/B/, /D/, /G/ (voiced stop consonants) and /P/, /T/ /K/
(unvoiced stop consonants)

— voiced stops are transient sounds produced by building up pressure
behind a total constriction in the oral tract and then suddenly
releasing the pressure, resulting in a pop-like sound

» /B/ constriction at lips
» /D/ constriction at back of teeth
» /G/ constriction at velum
— no sound is radiated from the lips during constriction => sometimes

sound is radiated from the throat during constriction (leakage through
tract walls) allowing vocal cords to vibrate in spite of total constriction

— stop sounds strongly influenced by surrounding sounds

— unvoiced stops have no vocal cord vibration during period of closure
=> brief period of frication (due to sudden turbulence of escaping air)
and aspiration (steady air flow from the glottis) before voiced
excitation begins

Manner: stop
Place: bilabial (b,p), alveolar (d,t), velar (g,

uh-{b,d,g}-a uh-{p,t,k}-a k)




Stop Consonant Production

Complete closure in the vocal tract, pressure build up
Sudden release of the constriction, turbulence noise

Can have periodic excitation during closure

[b] [d] 9]
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Voiced Stop Consonant

M Hwﬂuum.']wﬁ‘ o hw_ﬂuﬂ# 4

- i
5000 T ————————— .

P i

3000

FREQUENCY (Hz) | _
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Unvoiced Stop Consonants

e ‘w -‘W i wh“m"‘ y %MW“ =
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Affricates and Whisper

e Affricates
— Dynamical sound

— Can be modeled as the concatenation of a stop and a
fricative

— [CH/=/T/+ /SH/
— /IH/ =/D/ + [ZH/ uh-{ch,jh,h}-a
* Whisper /H/
— Produced by exciting the vocal tract by a steady airflow

— Without the vocal cords vibrating, but with turbulent flow
being produced at the glottis

— The characteristics of /H/ are invariably those of the vowel
that follows /H/



Distinctive Phoneme Features

Place p k t b d g f thin s sh
bilabial +

labiodental = = = = - - 4+ - - =
dental - = = = = = - + U e
alveolar - - 4+ = 4+ = - - 4+ -
palatal I R T T = S
velar = M R B ORE O OB OB s =
pharyngeal - - - - - - - - - - - - -
Manner

glide - - -
nasal — =
stop + + +
fricative - - =
voicing - -

the z azure m n ng | r w
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FIGURE 17.7 Binary distinctive feature set of Jakobson et al. From [10].

the brain recognizes sounds by doing a distinctive feature
analysis from the information going to the brain

the distinctive features are somewhat insensitive to noise,
background, reverberation => they are robust and reliable
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Distinctive Features

Manner of articulation

Place of
articulation
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Dental
Alveolar
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Pharyngeal
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—
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FIGURE 17.8 Articulatory classification of consonants. From [15].

place and manner of articulation completely define the

consonant sounds, making speech perception robust to a
range of external factors
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Summary

sounds of the English language—phonemes, syllables,
words

phonetic transcriptions of words and sentences —
coarticulation across word boundaries

vowels and consonants — their roles, articulatory
shapes, waveforms, spectrograms, formants

distinctive feature representations of speech
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