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L2: Speech production and perception

ÅAnatomy of the speech organs

ÅModels of speech production

ÅAnatomy of the ear

ÅAuditory psychophysics 
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Anatomy of the speech organs

ÅThe speech organs can be broadly divided into three groups
ïLungsΥ ǎŜǊǾŜ ŀǎ ŀ άǇƻǿŜǊ ǎǳǇǇƭȅέ ŀƴŘ ǇǊƻǾƛŘŜǎ ŀƛǊŦƭƻǿ ǘƻ ǘƘŜ ƭŀǊȅƴȄ

ïVocal chords (Larynx): modulate the airflow into either a periodic
sequence of puffs or a noisyairflow source

ÅA third type of source is impulsive

Å9ȄŜǊŎƛǎŜΣ ǎŀȅ ǘƘŜ ǿƻǊŘ άǎƘƻǇέ ŀƴŘ ŘŜǘŜǊƳƛƴŜ ǿƘŜǊŜ ŜŀŎƘ ǎƻǳƴŘ ƻŎŎǳǊǎ 

ïVocal tractΥ ŎƻƴǾŜǊǘǎ ƳƻŘǳƭŀǘŜŘ ŀƛǊŦƭƻǿ ƛƴǘƻ ǎǇŜŎǘǊŀƭƭȅ άŎƻƭƻǊŜŘέ ǎƛƎƴŀƭ

[Quatieri, 2002]
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The vocal tract

ÅThe vocal tract can further be divided into
ïVelum (soft palate): controls airflow through the nasal cavity. In its 
ƻǇŜƴ Ǉƻǎƛǘƛƻƴ ƛǎ ǳǎŜŘ ŦƻǊ άƴŀǎŀƭǎέ όƛΦŜΦΣ ώƴϐΣ ώƳϐύΦ

ïHard palate: hard surface at the roof of the mouth. When tongue is 
pressed against it, leads to consonants

ïTongue: Away from the palate produces vowels; close to or pressing 
the palate leads to consonants

ïTeeth: used to brace the tongue for certain consonants

ïLips: can be rounded or spread to shape consonant quality, or closed 
completely to produce certain consonants (i.e., [p], [b], [m])

[Huang, Acero& Hon, 2001]
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[Taylor, 2009]
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The vocal folds

ÅTwo masses of flesh, ligament and muscle across the larynx
ïFixed at the front of the larynx but free to move at the back and sides

ïCan be in one of three primary states

ÅBreathing: Glottis is wide, muscles are relaxed, and air flows with minimal 
obstruction

ÅVoicing: vocal folds are tense and are brought up together.  Pressure 
builds up behind, leading to an oscillatory opening of the folds (video)

ÅUnvoiced:  similar to breathing state, but folds are closer, which leads to 
ǘǳǊōǳƭŜƴŎŜǎ όƛΦŜΦ ŀǎǇƛǊŀǘƛƻƴΣ ŀǎ ƛƴ ǘƘŜ ǎƻǳƴŘ ώƘϐ ƛƴ ΨhŜΩύ ƻǊ ǿƘƛǎǇŜǊƛƴƎ

http://biorobotics.harvard.edu/research/heather2.gif
http://academic.kellogg.edu/herbrandsonc/bio201_mckinl
ey/f25-5b_vocal_folds_lary_c.jpg 

http://www.youtube.com/watch?v=iYpDwhpILkQ
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ÅOther (minor) forms of voicing include
ïHoarse voice: voicing period (pitch) jitters, as what results from 

laryngitis or a cold

ïBreathy voice: aspiration occurs simultaneously while voicing (audio)

ïCreaky voice: vocal folds are very tense and only a portion oscillates. 
Result is a harsh sounding voice (audio)

ïVocal fry: folds are very relaxed, which leads to secondary glottal 
pulses (video)

ïDiplophonic: secondary pulses occur, but during the closed phase

[Quatieri, 2002]

Vocal fry Diplophonia

http://www.ims.uni-stuttgart.de/phonetik/EGG/breathy.wav
http://www.ims.uni-stuttgart.de/phonetik/EGG/harsh.wav
http://www.youtube.com/watch?v=P74x3D4NOuk
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Models of speech production

ÅAcoustic theory of speech production
ïSpeech occurs when a source signal passing through the glottis is 

modified by the vocal tract acting as a filter

ïModels of this kind are generally known as source-filter models

ïUsing the theory of linear time invariant (LTI) systems, the overall 
process can be modeled in the z-domain (see lecture 4) as

Åwhere U(z) is the glottal source, and P(z), O(z), R(z) are the transfer 
functions at the pharynx, oral cavity and lips

ïwhich can be simplified as

Åby combining P(z) and O(z) into a single vocal-tract transfer function, 
which represents the filter component of the model

ὣᾀ ὟᾀὖᾀὕᾀὙᾀ
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The physics of sounds

ÅResonant systems
ïConsider the mass spring shown below

ÅIf you displace the mass, the system will try to return to its rest position

ÅIn the process, it will lead to oscillations around the rest position

ÅDue to frictions, the mass will eventually settle onto the rest position

ïNow consider a periodic forcing function being applied

ÅAt a certain frequency fR, the size of the oscillations will increase over 
time rather than decrease 

ÅEventually, and in the absence of other factors, the system will break

ÅFrequency fR is known as the resonant frequency of the system

[Taylor, 2009]
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The Tacoma Narrows Bridge

http://www.youtube.com/watch?v=j-zczJXSxnw
http://www.youtube.com/watch?v=j-zczJXSxnw
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ÅTravelling and standing waves
ïConsider a person holding a rope fixed to a wall on the opposite end

ÅThe person gives a jerk to the rope, and as a result a wave forms and 
starts travelling down the rope

ÅWhen the rope reaches the wall, it is reflected and begins to travel back 
towards the person

ÅWhen it reaches the person, the wave is reflected back towards the wall

ÅThis process goes on until all energy in the rope dissipates

[Taylor, 2009]
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ïNow consider the person performs a repetitive movement

ÅThe forward and backward wave will interfere, which may lead to full 
cancellation (if the two waves are in anti-phase)

ÅAt some frequencies, the reflected wave will reinforce the forward wave, 
and the rope settles into a fixed pattern

ÅThe resulting wave will appear not to be moving at all (a standing wave)

ÅThus the rope acts as a resonator: it amplifies some waves and attenuates 
others

http://www.cccc.edu/instruction/slympany/ELN/236/
Mod7/loet01-07-06new.gif

https://www.youtube.com/watch?v=7xCmtYXewdk
https://www.youtube.com/watch?v=7xCmtYXewdk
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ïWhat determines the behavior of the system?

ÅThe frequency of the oscillations is determined entirely by the hand

ÅThe rate of travel of the wave is determined entirely by the rope

ÅBoundary conditions: whether the rope is fixed or free at each end.

ïWhat is the relationship with the speech signal?

ÅThe hand acts as the source (the glottal pulses)

ÅThe rope acts as the filter (the vocal tract)
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ÅAcoustic waves
ïProperties of sound waves traveling in a tube (i.e., vocal tract) are 

similar to those moving down a rope

ÅThe effect of a sound source causes air particles to move back and forth, 
so the wave spreads from the source

ï In some areas, particles come close together (compression) whereas in others 
they move further apart (rarefaction).

ÅOne difference is that sound waves are longitudinal whereas those in a 
rope are transverse, but otherwise the same mathematical model can be 
used for both systems

[Taylor, 2009]
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ÅAcoustic reflection and tube models
ïAs with the rope, boundary conditions in the tube will determine how 

acoustic waves are reflected at the end of the tube

ÅAt 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

ïWe can model the volume velocity (e.g., particle 
velocity ³area) at position x and time t as:

Åwhere ό ὸand ό ὸare the forward- and backward-travelling waves, 
and ὧis the speed of sound

ïAnd the pressure becomes

Åwhere rὧȾὃis the characteristic impedanceof the tube

ÅNotice how in this case the two waves add up as they meet at point ὼ

[Taylor, 2009]
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ï If the area of the tube remains constant, the wave propagates through 
the tube

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

ïThus, the impedance pattern on the tube determines the resonance 
properties of the model

http://www.livingcontrolsystems.com/fests
chrift/nevin_files/image015.jpg
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ïThe vocal tract can then be modeled as a series of short uniform tubes 
connected in series

ÅBy increasing the number of tubes, the vocal tract can be modeled with 
arbitrary accuracy

ÅAs we will see in linear predictive coding (lecture 7), 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

http://www.gregandmel.net/burnett_thesis/2_3.ht7.jpg

[Taylor, 2009]
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Anatomy of the ear

ÅThere are two major components in auditory system
ïThe peripheral auditory organs (the ear)
ÅConverts sounds pressure into mechanical vibration patterns, which then 

are transformed into neuron firings

ïThe auditory nervous system (the brain)
ÅExtracts perceptual information in various stages

ïWe will focus on the peripheral auditory organ

ÅThe ear can be further divided into
ïOuter ear: 
ÅEncompasses the pinna(outer cartilage), auditory canal, and eardrum

ÅTransforms sound pressure into vibrations

ïMiddle ear: 
ÅConsists of three bones: malleus, incusand stapes

ÅTransport eardrum vibrations to the inner ear

ï Inner ear: 
ÅConsists of the cochlea

ÅTransforms vibrations into spike trains at the basilar membrane
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http://www.bissy.scot.nhs.uk/master_code/pilsinl/042.gif

Oval window

https://www.youtube.com/watch?v=qgdqp-oPb1Q
https://www.youtube.com/watch?v=qgdqp-oPb1Q
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ÅThe cochlea
ïA tube coiled in a snake-shaped spiral

ï Inside filled with gelatinous fluid

ïRunning along  its length is the basilar membrane

ïAlong the BM are located approx. 10,000 inner hair cells

ÅSignal transduction
ïVibrations of the eardrum cause movement in the oval window

ïThis causes a compression sound wave in the cochlear fluid

ïThis causes vertical vibration of basilar membrane

ïThis causes deflections in the inner hair cells, which then fire

ÅFrequency tuning
ïBM is stiff/thin at basal end (stapes), but compliant/massive at apex

ïThus, traveling waves peak at different positions along BM

ïAs a result, BM can be modeled as a filter bank (video)

http://www.youtube.com/watch?v=dyenMluFaUw
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http://upload.wikimedia.org/wikipedia/commons/6/65/Uncoiled_coc
hlea_with_basilar_membrane.png

(apex)

http://cobweb.ecn.purdue.edu/
~ee649/notes/figures/basilar_m
embrane.gif

http://www.youtube.com/watch?v=dyenMluFaUw&feature=related
http://www.youtube.com/watch?v=dyenMluFaUw&feature=related
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http://hyperphysics.phy-astr.gsu.edu/hbase/sound/cochimp.html
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[Rabiner& Schafer, 2007]
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Auditory psychophysics

ÅPsychoacoustics is concerned with 
quantitative modeling of human 
auditory perception
ïHow does the ear respond to different 

intensities and frequencies?

ïHow well does it focus on a sound of interest 
in the presence of interfering sounds?

ÅThresholds
ïThe ear is capable of hearing sounds in the range of 16Hz to 18kHz

ï Intensity is measured in terms of sound pressure levels (SPL) in units 
of decibels (dB)

ïHearing threshold: Minimum intensity at which a sound is perceived

ÅSounds below 1kHz or above 5kHz have increasingly higher thresholds

ÅThreshold is nearly constant across most speech frequencies (700Hz-7kHz)

http://msis.jsc.nasa.gov/images/Section04/Image126.gif

https://www.youtube.com/watch?v=H-iCZElJ8m0

