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Anatomy of the speech organs 

• The speech organs can be broadly divided into three groups:

– Lungs: 

• serve as a power supply

• provides airflow to the 
larynx

– Larynx (Vocal chords ): 

• modulate the airflow into 
either a periodic sequence of 
puffs or a noisy airflow 
source

– A third type of source is 
impulsive

– Vocal tract: 

• converts modulated airflow 
into spectrally colored signal
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Susannah Nelson Longenbaker - Mader's understanding human 

anatomy & physiology (2020)

The vocal tract

• The vocal tract can be divided into:

– Velum (soft palate): 

• controls airflow through the nasal cavity 

• In its open position is used for nasals

– Hard palate: 

• hard surface at the roof of the mouth. 

• When tongue is pressed against it, leads to 
consonants

– Tongue: 

• Away from the palate produces vowels; 

• close to or pressing the palate leads to 
consonants

– Teeth: 

• used to brace the tongue for certain 
consonants

– Lips: 

• can be rounded or spread to shape consonant quality, or closed completely to 
produce certain consonants
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Susannah Nelson Longenbaker - Mader's understanding 

human anatomy & physiology (2020)

Vocal Cords

Tensed Vocal Cords – Lax Vocal Cords

Ready to Vibrate Open for Breathing

• Two masses of flesh, 

ligament and muscle

across the larynx

• Fixed at the front of 

the larynx but free to 

move at the back 

and sides
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Vocal Cords

• Can be in one of three primary states

– Breathing: 

• Glottis is wide, muscles are relaxed, and air flows 

with minimal obstruction

– Voicing: 

• vocal folds are tense and are brought up together. 

– Pressure builds up behind, leading to an oscillatory 

opening of the folds (video)

– Unvoiced: 

• similar to breathing state, but folds are closer, which 

leads to turbulences
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Vocal Cords

• Other (minor) forms of voicing include
– Hoarse voice: 

• voicing period (pitch) jitters, as what results from laryngitis or a cold

– Breathy voice: 

• aspiration occurs simultaneously while voicing (audio)

– Creaky voice: 

• vocal folds are very tense and only a portion oscillates. 

– Result is a harsh sounding voice (audio)

– Vocal fry: 

• folds are very relaxed, which leads to 
secondary glottal pulses (video)

– Diplophonic: 

• secondary pulses occur, but during the 
closed phase
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Artificial Larynx

• An electromechanical device that enables a person after 

laryngectomy to produce speech. 

– When the device is placed against the region of the laryngectomy a 

buzzing sound is made that can be converted into simulated speech by 

movements of the lips, tongue, and glottis. (video)

• Called also electrolarynx
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Schematic View and Model of Vocal Organs
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Speech Production Mechanism 

• Air enters the lungs via normal breathing and no speech is 
produced (generally) on in-take

• As air is expelled from 
the lungs, via the
trachea (windpipe), the 
tensed vocal cords 
within the larynx are 
caused to vibrate 
(Bernoulli oscillation) 
by the air flow

• Air is chopped up into quasi-periodic pulses which are 
modulated in frequency (spectrally shaped) in passing 
through the pharynx (the throat cavity), the mouth cavity, and 
possibly the nasal cavity; the positions of the various 
articulators (jaw, tongue, velum, lips, mouth) determine the
sound that is produced
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[Quatieri, 2002] 

Models of speech production 

• Abstractions of Physical Model
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The Speech Signal

• Speech is a sequence of ever changing sounds

• Sound properties are highly dependent on context
(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)
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https://www.ims.uni-stuttgart.de/institut/arbeitsgruppen/ehemalig/ep-dogil/EGG/breathy.wav
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Speech Waveforms and Spectra

• 100 msec/line; 0.5 sec for
utterance

• S-silence-background-no 
speech

• U-unvoiced, no vocal cord 
vibration (aspiration, unvoiced 
sounds)

• V-voiced-quasi-periodic speech

• Speech is a slowly time varying
signal over 5-100 msec intervals

• Over longer intervals (100 
msec-5 sec), the speech 
characteristics change as rapidly 
as 10-20 times/second

• No well-defined or exact
regions where individuals 
sounds begin and end
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Speech Sounds

• "Should we chase"

– /sh/ sound

– /ould/ sounds

– /we/ sounds

– /ch/ sound

– /a/ sound

– /s/ sound

• hard to distinguish weak sounds from silence

• hard to segment with high precision
14

Speech Sounds
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Estimate of Pitch Period
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Estimate of Pitch Period
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Spectrogram Properties

• Speech Spectrogram 
• sound intensity versus time and frequency

– wideband spectrogram 

• spectral analysis on 15 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 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

18

audio1.mp3
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Wideband and Narrowband Spectrograms
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Wideband and Narrowband Spectrograms
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Speech Sentence Waveform

• "Two plus seven is less than ten"
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Speech Wideband Waveform

• "Two plus seven is less than ten"
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Acoustic theory of speech production 

• Speech occurs when a source signal passing through the 
glottis is modified by the vocal tract acting as a filter

• Models of this kind are generally known as source-filter
models 

• Using the theory of linear time invariant (LTI) systems, 
the overall process can be modeled in the z-domain as 

𝑆 𝑧 = 𝐸 𝑧 𝑃 𝑧 𝑂 𝑧 𝑅(𝑧)
– where E(z) is the glottal source, and P(z), O(z), R(z) are the 

transfer functions at the pharynx, oral cavity and lips

• This model can be simplified as 

𝑆 𝑧 = 𝐸 𝑧 𝑉 𝑧 𝑅(𝑧)
– P(z) and O(z) are combined into a single vocal-tract transfer 

function, which represents the filter component of the model 

23

Source-System Model of Speech Production

𝑆  = 𝐸  𝑉  𝑅()

24
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Sound Source for Voiced Sounds

• Modelled as a volume velocity source at glottis
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Sound Source for Unvoiced Sounds

• Turbulence noise is produced at a constriction in the 

vocal tract

– Aspiration noise is produced at glottis

– Fricatiation noise is produced above the glottis

• Modelled as series pressure source at constriction, 

𝑃𝑠(𝜔)

V: Velocity at constriction D: Critical dimention =
4𝐴

𝜋
≈ 𝐴
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Acoustic waves 

• The effect of a sound source causes air particles to 

move back and forth, so the wave spreads from the 

source 

– In some areas, particles come close together (compression) 

whereas in others they move further apart (rarefaction). 

• Sound waves are longitudinal waves
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Acoustic reflection and tube models 

• Boundary conditions in the tube will determine how 
acoustic waves are reflected at the end of the tube
– At certain frequencies, determined by the length of the tube and 

the speed of sound, the backward and forward waves will 
reinforce each other and cause resonances

• The volume velocity can be 
modelled at position x and time t
as: 

𝑢 𝑥, 𝑡 = 𝑢+(𝑡 −  𝑥 𝑐) − 𝑢−(𝑡 +  𝑥 𝑐)
• 𝑢+, 𝑢−, 𝑐 : forward-backward-travelling wave, backward-travelling wave, 

the speed of sound 

• The pressure becomes 

𝑝 𝑥, 𝑡 =
𝜌𝑐

𝐴
(𝑢+(𝑡 −  𝑥 𝑐) + 𝑢−(𝑡 +  𝑥 𝑐))

•
𝜌𝑐

𝐴
: characteristic impedance of the tube 

– Notice how in this case the two waves add up as they meet at point 𝑥
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Acoustic reflection and tube models 

• If the area of the tube remains constant, the wave 
propagates through the tube 

• However, if the area 
changes, then the 
impedance changes, 
which causes reflection, 
which in turn leads to 
standing waves, which 
then cause resonances 

• Thus, the impedance 
pattern on the tube 
determines the resonance 
properties of the model 
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Acoustic reflection and tube models 

• The vocal tract can then be modeled as a series of short 

uniform tubes connected in series 

– By increasing the number of tubes, the vocal tract 

can be modeled with arbitrary accuracy 

– A tube model with N sections leads to N/2

resonances, so in practice only a few tube sections 

are needed to model the main formants in the speech 

signal 

30



Copyright 2000 N. AYDIN. All rights 

reserved. 6

Parametrization of Spectra

• Acoustic theory shows that the transfer function 
of energy from the excitation source to the 
output can be described in terms of the natural
frequencies or resonances of the tube

• Resonances known as formants or formant 
frequencies for speech and they represent the 
frequencies that pass the most acoustic energy
from the source to the output

– Typically there are 3 significant formants below 
about 3500 Hz

– Formants are a highly efficient compact
representation of speech

31

Spectrogram and Formants

• "Why do i owe you 

a letter"

• Key Issue here is 

the reliability in

estimating

formants from the 

spectral data

32

Waveform and Spectrogram

• "Should we chase"
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Acoustic Theory 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

34

English Speech Sounds

• ARPABET 

representation

– 48 sounds

• 18 vowels/diphthongs

• 4 vowel-like consonants

• 21 standard consonants

• 4 syllabic sounds

• 1 glottal stop

35

• Pulmoner ünsüzlerin uluslararası sesbilim abecesindeki (IPA, 2005) 

gösterimi

36
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• Pulmoner olmayan ünsüzlerin uluslararası sesbilim abecesindeki (IPA, 2005) 

gösterimi
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• Diğer imlerin uluslararası sesbilim abecesindeki (IPA, 2005) gösterimi

38

• Ayırıcı imlerin uluslararası sesbilim abecesindeki (IPA, 2005) gösterimi
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• Türkçenin Ses Dizgesi

• October 2017

• Edition: 2. Baskı-2020

• Publisher: Seçkin Yayınevi

• ISBN: 9789750245220

• https://www.turcademy.com/tr/kitap/turkcenin-ses-dizgesi-
ses-unluler-unsuzler-konusma-organlari-9789750245220

• Kuramsal ve Uygulamalı Sesbilim

• May 2020

• Edition: 1. Baskı

• Publisher: Seçkin Yayınevi

• Editor: İpek Pınar Uzun

• ISBN: 9789750260124
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Phonemes—Link Between Orthography and Speech

• Orthography
– sequence of sounds

• Larry  /l/ /ae/ /r/ /iy/ (/L/ /AE/ /R/ /IY/)

• Speech Waveform
– sequence of sounds

• based on acoustic properties (temporal) of phonemes

• Spectrogram
– sequence of sounds

• based on acoustic properties (spectral) of phonemes

• The bottom line is that we use a phonetic code as 
an intermediate representation of language, from 
either orthography or from waveforms or 
spectrograms

41

Phonetic Transcriptions (Orthography)

• based on ideal (dictionary-based) pronunciations of
all words in sentence
– "My name is Larry"-/M/ /AY/-/N/ /EY/ /M/-/IH/ /Z/-/L/ 

/AE/ /R/ /IY/

– "How old are you"-/H/ /AW/-/OW/ /L/ /D/-/AA/ /R/-/Y/ 
/UW/

– "Speech processing is fun"-/S/ /P/ /IY/ /CH/-/P/ /R/ 
/AH/ /S/ /EH/ /S/ /IH/ /NG/-/IH/ /Z/-/F/ /AH/ /N/

• word ambiguity abounds
– "lives"-/L/ /IH/ /V/ /Z/ (he lives here) versus /L/ /AY/ 

/V/ /Z/ (a cat has nine lives)

– "record"-/R/ /EH/ /K/ /ER/ /D/ (he holds the world 
record) versus /R/ /IY/ /K/ /AW/ /D/ (please record my 
favorite show tonight)
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https://www.turcademy.com/tr/kitap/turkcenin-ses-dizgesi-ses-unluler-unsuzler-konusma-organlari-9789750245220
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She had your dark suit in…

43

Wideband Spectrogram
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Reduced Set of English Sounds

• 39 sounds

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

– 4 diphthongs (vowel-like combinations)

– 4 semi-vowels (liquids and glides)

– 3 nasal consonants

– 6 voiced and unvoiced stop consonants

– 8 voiced and unvoiced fricative consonants

– 2 affricate consonants

– 1 whispered sound

• Look at each class of sounds to characterize their 
acoustic and spectral properties

45

Phoneme Classification Chart

46

Vowels and Consonants

• Vovels are longest duration sounds 
– letters in the alphabet such as A, E, I, O, and U

– least context sensitive

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

– Carry very little linguistic information 

• some languages do not display vowels in text (Hebrew, Arabic)

• Consonant are letters of the alphabet that represents a basic 
speech sound produced by obstructing the breath in the vocal 
tract 
– For example:

• T is pronounced using the tongue (front part)

• K is pronounced using the tongue (back part)

• B is pronounced with the lips

• H is pronounced in the throat

• F is pronounced by forcing air through a narrow gap

• M is pronounced using the nasal passage

47

Vowels and Consonants

• Text 1: all vowels deleted

Th_y n_t_d s_gn_f_c_nt _mpr_v_m_nts _n th_
c_mp_ny’s _m_g_, s_p_rv_s__n _nd m_n_g_m_nt.

• (They noted significant improvements in the company’s
image, supervision and management.)

• Text 2: all consonants deleted

A__i_u_e_ _o_a__ _a_ __a_e_ e__e__ia___ __e _a_e,
_i__ __e __i_e_ o_ o__u_a_io_a_ e___o_ee_ 
__i______e__ea_i__.

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

48
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Vowel Production

• No significant constriction in the vocal tract

• Usually produced with periodic excitation

• Acoustic characteristics depend on the position 

of the jaw, tongue , and lips

49

Vowel Articulatory Shapes

50

Vowel Waveforms & Spectrograms

51

Vowel Formants

• 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

52

The Vowel Triangle

53

Centroids of common vowels form clear

triangular pattern in F1-F2 space

Diphthongs

• 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

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

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

54
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Distinctive Features

• Classify non-vowel/non-diphthong sounds in terms of distinctive
features

– place of articulation

• Bilabial (lips)—p,b,m,w

• Labiodental (between lips and front of teeth)-f,v

• Dental (teeth)-th,dh

• Alveolar (front of palate)-t,d,s,z,n,l

• Palatal (middle of palate)-sh,zh,r

• Velar (at velum)-k,g,ng

• Pharyngeal (at end of pharynx)-h

– manner of articulation

• Glide—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,l,r

• Mixed source—both voicing and unvoiced-j,ch

• Whispered--h

55

Places of Articulation

Semivowels (Liquids and Glides)

• vowel-like in nature
– called semivowels for this reason

• voiced sounds 
– w-l-r-y

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

influenced by context

• Manner: 
– glides

• Place: 
– bilabial (w), alveolar (l), palatal (r)

56

Nasal Consonants

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

– nasals produced using glottal excitation => voiced sounds

– vocal tract totally constricted at some point along the tract

– velum lowered so sound is radiated at nostrils

– 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

• Place: 

– bilabial (m), alveolar (n), velar (ng)

57

Nasal 

Production

Nasal Sounds

58

Nasal Spectrograms

59

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

• /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

• Place: 

– labiodental (f), dental (th), alveolar (s), palatal (sh)

60

Unvoiced 

Fricative 

Production
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Unvoiced Fricative Sounds

61

Unvoiced Fricative Spectrograms

62

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)
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Voiced Fricatives

64

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, k)

65

Stop 

Consonant

Production

Voiced Stop Consonant

66
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Unvoiced Stop Consonants

67

Stop Consonant Waveforms and Spectrograms

68

Distinctive Phoneme Features

• 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

69

Distinctive Features

• place and manner of articulation completely define the consonant sounds, 

making speech perception robust to a range of external factors

70

71 72
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73

• Sesin perdesi, şiddeti ve kalitesi

74

• https://ws1.turcademy.com/ww/webviewer.php?

doc=20800#page=41&zoom=auto,-47,544

• Konuşma organları

75

• Solunum sistemi

76

77 78
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• Pulmoner ünsüzlerin uluslararası sesbilim abecesindeki (IPA, 2005) 

gösterimi
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• Pulmoner olmayan ünsüzlerin uluslararası sesbilim abecesindeki (IPA, 2005) 

gösterimi
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• Diğer imlerin uluslararası sesbilim abecesindeki (IPA, 2005) gösterimi

88

• Ayırıcı imlerin uluslararası sesbilim abecesindeki (IPA, 2005) gösterimi
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