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Chapter 9

DIGITAL PROCESSING OF
SPEECH SIGNALS
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 The physical, anatomical, and symbolic 
bases of speech can be studied rigorously 
with the aid of digital computing

 To introduce this concept, we will discuss 
what is called “digital signal processing” 
with primary attention to the digital 
processing of speech signals

DSP
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 “Digital” means that things are represented 
with  numerals (sometimes called “numbers”)

A continuously time-varying speech waveform, for 
example, can be converted into digital form

Digital Signal Processing (DSP) devices can 
perform 10’s of millions of operations per s

When operated “in parallel,” the capacity increases 
to billions per s

DSP
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The Digital Age

 “The Digital Age” refers to the time period in 
the history of civilization (starting in the 
1950s) in which information is recorded and 
processed using digital devices. 

 Digital representation completely changed the 
way we live our lives. Its importance lies in 
the precision, reliability, speed, low cost, and 
small size of electronic systems that perform 
digital manipulations. 
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Digital devices are special in the sense that they all use 
numbers to represent the information (audio, video, etc.). 

For instance, digital cameras decompose and encode the colors 
and shapes in pixels using numbers. Film cameras use lighting 
effects directly printed on the analog negative film which has 
sensitive chemicals in response to light. 

The Digital Age
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Analog-To-Digital Conversion
Digital-To-Analog Conversion
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SAMPLING

 SAMPLING

Examine the signal periodically in time --- AND ---
disregard all information that resides in the signal 
between sampling moments

Example: Sample a waveform 10,000 times per sec

 SAMPLING FREQUENCY (Fs) = the number of 
samples per s, 10,000 Hz in this example

 SAMPLING PERIOD (Ts)?
The reciprocal of the sampling frequency: 
Ts = 1/Fs 



9

 The sampling frequency should be at least two 
times higher than the highest frequency of 
interest in the band-limited signal, Fs > 2Fn

 If Fs < 2Fn , undesirable signal distortion called 
aliasing occurs. 

NYQUIST’S SAMPLING THEOREM
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Aliasing Demo 1

In the following demo, you can change 
the frequency of a "continuous-time" 
sinusoid from 0 to 8,000 Hz. The sinusoid 
is sampled at 8 kHz and played through 
the computer audio system. 
a. What is the Nyquist frequency? 
b. What happens to sinewaves above 4 
kHz? Why?
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Sampling: QUANTIZATION

At each sampling moment, 
signal amplitude is assigned a 
QUANTUM VALUE, and that 
value remains constant until 
the moment of the next 
sample --- even though the 
amplitude of the analog signal 
is changing in the meantime
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 In practice, the number of quanta (levels) is 
expressed as an INTEGER POWER of 2

The exponent corresponds to the number of BITS (a 
binary digit, which is the fundamental unit of 
information, and has only two possible values --- 1 or 
0)

More computer memory is used when the bit 
resolution is higher (16 bits to represent a number 
verses 8 bits).
 speech coding and speech compression 

QUANTIZATION UNITS
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The base 2 raised to the exponent yields the 
number of QUANTA: the exponent specifies the 
number of BITS

QUANTA                        BITS
21 = 2 1
22 = 4 2
23 = 8 3
28 = 256 8
212 = 4096 12
216 = 65,436 16

QUANTIZATION UNITS
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 QUANTIZATION ERROR is the difference between the 
value of the analog signal and the sample values

It is a form of noise, and sometimes is called 
QUANTIZATION NOISE, and generally is expressed as 
a SIGNAL-TO-NOISE RATIO (S/N)

We achieve an increase in S/N of about 6 dB/bit

QUANTIZATION Error and S/N ratio
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Applications: Digital Filtering

 A digital filter limits the frequency range of the 
signal for analysis or further processing. 

 Digital filters are used for two general 
purposes: (1) separation of signals that have 
been combined, and (2) restoration of signals 
that have been distorted in some way. Analog 
(electronic) filters can be used for these same 
tasks; however, digital filters can achieve far 
superior results. 
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Applications: 
FAST FOURIER TRANSFORM

 The FFT POWER SPECTRUM displays amplitude 
as a function of frequency, computed over a very 
small interval of time

 What measurements can we perform?
1. Harmonic Frequency
2. Harmonic Amplitude
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Applications:
LINEAR PREDICTIVE CODING (LPC)

 LPC is a complement of the FFT Power 
Spectrum

 The assumption: the values of some 
sample of a waveform are a linear function 
of the values of earlier samples

 Used to calculate formant values of the 
vocal tract
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Applications: The Making of a Spectrogram

 Praat software for digital speech analysis
 http://www.fon.hum.uva.nl/praat/
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Chapter 4

SPEECH PRODUCTION
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 Intricate, carefully timed movements of 
“vocal organs” generate sound waves 
known as “speech sounds”

 Four topics to be covered:
1. Global look at the speech production 

mechanism
2. Anatomy of the vocal organs
3. Movement of vocal organs to produce 

sounds of speech
4. Speech acoustics:  the vocal organs as a 

sound source and acoustical resonators
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 Source of energy:  steady stream of air from lungs 
through TRACHEA during exhalation. During normal 
breathing: basically inaudible airstream. Made audible 
by setting air into “rapid” vibration. Snoring is example

 Source of Vibration: For speech, VOCAL FOLDS or 
other ARTICULATORS are set into vibration

 Resonance/Filtering: The vocal organs form and shape 
an air-filled column called the VOCAL TRACT ---
extends from vibrating vocal folds upward to lip 
opening (pharynx, oral cavity, and nasal cavity). The 
shape of the vocal tract is altered by ARTICULATORS
(velum, tongue, lips, and jaws). 
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 Action of VOCAL FOLDS

Located in LARYNX

When closed (ADDUCTED toward midline), pose barrier for air 
stream

 Steady stream of air causes vocal folds to periodically 
open and close

 The steady stream is now pulsed, resulting in “puffs of 
air” into SUPRA-LARYNGEAL CAVITY above vocal 
folds

 A sound wave has been created
 Perceptually, the result is a buzzing sound that can be 

made to vary in frequency and intensity regardless of 
the vowel that we attempt to produce
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 The buzzing sound produced by the vibrating vocal folds is called 
the SOURCE SOUND WAVE, or GLOTTAL SOURCE WAVE
Why “GLOTTAL”?
The GLOTTIS is the opening between the vocal folds through 

which the pulsing air stream escapes

 The GLOTTAL SOURCE WAVE will then be modified by the 
acoustical properties of the VOCAL TRACT by the process of 
ACOUSTICAL RESONANCE

 The nature of ACOUSTICAL RESONANCE depends on the SHAPE 
of the VOCAL TRACT that extends from the vocal folds to the lip 
opening

 The shape of the vocal tract is governed by moving the appropriate 
ARTICULATORS --- What are they?
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Methods for speech production:
Vibratory action of vocal folds:  What class of 

sounds is produced?
Turbulence at point of constriction in vocal tract:  

What class of sounds is produced?
Simultaneous action of vocal folds and turbulence 

at point of constriction in vocal tract:  What class of 
sounds is produced?

Complete, momentary closure of vocal tract 
followed by explosive release:  What class of 
sounds is produced?
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 Vibration of vocal folds examples
Buzz to / i / as in “beet”
Buzz to /  / as in “bought”
Buzz to /u/ as in “boot”
Others?

 Note:  the GLOTTAL SOURCE WAVE can be identical for 
all three utterances, or it can vary in pitch and loudness.
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 Action of sound source other than the vocal folds: if the 
glottis is not closed by adducting vocal folds

Steady stream of air passes through glottis without pulsation
Create constriction by placing tongue close to the 

palate
Steady airstream becomes TURBULENT as it passes 

through constriction --- analogous to steam through 
narrow nozzle of boiling tea kettle

 Result is a COMPLEX, APERIODIC, VOICELESS 
speech sound: VOICELESS FRICATIVE. 
Examples:
/s/ in “see”               /  / in “she”
/f/ in “free”               /  / in “three”
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 A combination of two sound sources --- vibrating vocal 
folds and constriction in vocal tract.

 Result is an APERIODIC, COMPLEX WAVE (from 
constriction) superimposed on a PERIODIC, COMPLEX 
WAVE (from vocal folds) ---called a VOICED FRICATIVE.

 Examples:

 /z/ in “zoo”

 /  / in “rouge”

 /v/ in “very”

 /  / in “this”
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 Effect of a complete, temporary closure at some point 
along the vocal tract, e.g., closing the lips
Pressure behind closure builds up and is exploded when 

closure is released
Called a STOP or PLOSIVE

 Examples:
 /p/ in “pop”    [closure formed by two lips]
 /b/ in “bop”    [closure formed by two lips]
 /t/ in “top”      [closure formed by tongue and hard palate]
 /d/ in “dop”    [closure formed by tongue and hard palate]

 What distinguishes /p/ from /b/;  /t/ from /d/;  and /k/ 
from /g/?
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 Other methods for speech-sound production:
Whisper

• A “hissing” sound created by turbulence at 
point of constriction formed by holding vocal 
folds still and close together, but not completely 
adducted

Clicks (as in some African languages)
• Formed by blocking vocal tract at two points, 

enlarging vocal tract between the two closures, 
and then reopening of the vocal tract
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2. The Vocal Organs

 Primary biological function of vocal 
organs is not speech production, but 
rather breathing, swallowing, chewing, 
belching, etc.
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 LUNGS

Spongy, elastic material within rib cage that 
supplies oxygen to blood and disposes carbon 
dioxide

Breathing in (INHALATION) and out 
(EXHALATION) accomplished by action of 
muscles of rib cage, abdomen, and the diaphragm, 
the large muscular partition between chest and 
abdominal cavities

During speech production, diaphragm relaxes and 
abdominal muscles press abdominal contents 
against the diaphragm to squeeze steady stream 
of air from lungs (ENERGY SOURCE)
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 Chest muscles also contract, reducing volume of 
air in chest cavity

 Ordinary lung volume of young adult female is 
about 3 liters of air (male; 4.6 liters)
Ordinarily inhale and exhale about 0.5 liters of 

air
 During exhalation, air pressure from lungs is 

about 0.25% greater than atmospheric pressure 
(106 dynes/cm2;  105 N/m2) for biological breathing 
and 1% greater than atmospheric pressure during 
conversational speech
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 Biological breathing rate:  about 0.2 times 
per sec (50% inhalation) 

 Speech breathing rate:  adjustable to 
perhaps only 15% inhalation
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 TRACHEA
An air-filled tube comprising rings of cartilage (a 

form of connective tissue, ground substance, and 
intercellular fibers)

Air from lungs travels up trachea and encounters:
- an open glottis

(biological breathing)
- a partially closed

glottis (whisper)
- or a closed glottis

(voiced speech production)
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 LARYNX
Acts as valve between lungs and vocal tract
Ingestion of food or inhalation of air reaches 

pharyngeal cavity with two openings:
The LARYNX (voice box), leading to trachea and 

lungs;
The ESOPHAGUS (food tube), leading to stomach

To keep food from lungs, larynx is raised under 
epiglottis during swallowing and glottis also is closed

Larynx also is closed and locked during strenuous 
activity
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 Laryngeal structures
Bone:  Hyoid
Cartilage:   Cricoid

Thyroid
Arytenoid
Epiglottis

Intrinsic Laryngeal Muscles:
Thyroarytenoid
Posterior Cricoarytenoid
Lateral Cricoarytenoid
Interarytenoids
Cricothyroid

Glottal valving is accomplished by VOCAL FOLDS --- the THYRO-
ARYTENOID  muscles
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 When ARYTENOID cartilages are rotated in one direction by 
muscular contraction, vocal folds are ADDUCTED;  glottis is 
closed

 When ARYTENOID cartilages are rotated in other direction by 
muscular contraction, vocal folds are ABDUCTED; glottis is open
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 Neurochronaxic Theory (Husson, 1950)

 Myoelastic Aerodynamic Theory (Van den 
Berg, 1958)

 Body-Cover model (Hirano)

 Self-Oscillation Theory (Titze, ~1990)

Theories of Vocal Fold Vibration
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 Frequency of vocal fold vibration

Determined by the vibratory rate of the mucosal 
wave.

Determined by cross-sectional mass, length, and 
tension as regulated by contraction of appropriate 
INTRINSIC LARYNGEAL MUSCLES

In humans, fundamental frequency ranges from 
about 60 to 350 Hz
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 The acoustic signal generated by the vocal 
folds includes:

Fundamental frequency + harmonics that are odd 
and even integer multiples of  fo

Amplitudes of harmonics DECREASE with 
increasing frequency
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 The ORAL CAVITY
(mouth)
Size and shape 

regulated by adjusting 
positions of palate, 
tongue, lips, jaw, and 
teeth

Note positions of 
tongue and 
configuration of vocal 
tract for four different 
vowels

/i/ /u/

/  / /  /
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 Teeth also play important role in sounds such as /f/, 
/v/, / /, and / /

 Palate
Upper gums (ALVEOLAR RIDGE)
Hard
Velum (soft)

 The pharyngeal, oral, and nasal cavities compose the 
VOCAL TRACT
Vocal tract is an acoustical resonator
Characteristics of resonator are changed by altering 

size and shape of vocal tract by movement of 
ARTICULATORS
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3. The Articulation of Speech Sounds

 SPEECH may be viewed as a system of 
symbolization, and PHONETICS may be called the 
study of symbols --- symbols that represent 
articulated sounds of speech

 Spoken language has always preceded written 
language
The written alphabet is a series of visual symbols ---

those visual symbols represent corresponding auditory 
symbols --- and those in turn represent ideas, 
relationships, or objects
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 In sixth century, Christian missionaries began 
to use characters of LATIN alphabet to 
represent native speech sounds --- forerunner 
of our ENGLISH alphabet
Initially, each character represented mainly a single 

speech sound --- each sound had a character to 
represent it:  that defines a PHONETIC ALPHABET

 PHONETIC ALPHABETS comprise PHONETIC 
SYMBOLS
Current orthographic representations are not a 

phonetic system
Consider examples:  The LETTER “a” and six 

different vowels
Aaron, at, ably, above, alms, and awe
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 Examples (cont’d)
Consider examples:  The SOUND “ee” (/i/) and 

seven spellings
liter, beat, Phoenix, deep, key, quay, and belief

Consider examples: The SOUND “sh” (//) and 
nine spellings
passion, ship, anxious, ocean, auction, chagrin, 
sugar, conscious, and schist
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 The written alphabet has five vowels (a, e, i, o, 
u, and sometimes y and w)
they are pronounced differently --- from three to 

eight different ways
 Webster’s diacritical markings:  multiple ones 

for each vowel
 A PHONETIC ALPHABET:  one symbol for 

each sound --- each sound has only one 
symbol
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 The various sounds of the language are 
divided into two broad categories:  VOWELS 
and CONSONANTS
Vowels are produced with a relatively open vocal 

tract with no significant constrictions to interrupt or 
alter airflow

Consonants are produced with a constricted or 
obstructed vocal tract that serves to interrupt or 
alter airflow
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 VOWELS
All vowels (except whispered vowels) are 

voiced:  vocal folds vibrate during production
Physiologically, various vowels are described 

primarily by the position of the tongue and 
secondarily by the configuration of the lip 
opening
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 Sometimes described as PURE VOWELS in that the 
“quality” of each remains relatively the same 
throughout an utterance
Also sometimes called MONOPHTHONGS, to distinguish the 

pure vowel from the…

 DIPHTHONG
A vowel-like phoneme whose quality changes 

during production: moving from constant vowel of 
origin to constant vowel of termination

For example,
/a/ buy
/  / cow
/  / boy
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CONSONANTS
 Unlike vowels, consonants may be:
voiced (sound source is vibrating vocal folds)
voiceless (sound source is a point of 

constriction in the vocal tract - no vocal fold 
vibration)

both (sound source is vibrating vocal folds 
AND constriction in vocal tract)
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Classification of English Consonants

Consonants are classified with respect to:

•PLACE OF ARTICULATION in vocal tract,

•MANNER OF ARTICULATION, and

•VOICING



55

 PLOSIVES (STOPS)

Vocal tract completely blocked at relevant PLACE 
OF ARTICULATION:
 Bilabial (p, b);
 Alveolar (   );
 Velar (   )

Airflow momentarily stopped; pressure builds 
behind point of blockage; sudden release (an 
explosion of air)
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 Voicing distinction
Voiced Plosives (b,d,g)

 Vocal fold vibration begins before, 
simultaneous with, or just after release of 
blockage

Voiceless Plosives (p,t,k)
 Vocal fold vibration begins well after release 

of blockage

 Time from RELEASE OF EXPLODED AIR (the burst) 
to the ONSET OF VOCAL FOLD VIBRATION  is 
called VOICE ONSET TIME (VOT)
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 FRICATIVES
Air flow is constricted (more severely than for 

any vowel, but without complete blockage as with 
PLOSIVES) at appropriate PLACE OF 
ARTICULATION in the vocal tract.  Smoothly 
flowing air behind the constriction becomes more 
turbulent to produce a “hissy” quality.

 Labiodentals (f, v)
 Dentals (/  /, /  /)
 Alveolars (s,z)
 Palatals (/ /, /  /)
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 Voicing Distinction for Fricatives:

Voiceless:  Source is POINT OF 
CONSTRICTION

Voiced:  Source is VIBRATING VOCAL 
FOLDS AND POINT OF CONSTRICTION
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 AFFRICATES

 An initial PLOSIVE, followed by a FRICATIVE

 In English, palatal (/   /, /   /)

 APPROXIMANTS

 Moving from constant vowel of origin to variable vowel of 
termination

 Bilabial and Velar (w -- from /u/ to vowel that follows)
 Palatal (j -- from /i/ to vowel that follows)
 Dental  (r -- tongue tip thrust upward)
 Dental (l -- a lateral approximant)
 All voiced
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 NASALS

Velum lowered, coupling nasal cavity with 
pharyngeal and oral cavities.

PLACE OF ARTICULATION occurs within oral
cavity !!!
Bilabial (m)
Alveolar (n)
Velar ( ) 
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4. Speech Acoustics 
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 The FORMANT FREQUENCIES are determined by 
the shape of the vocal tract

 The HARMONIC FREQUENCIES are determined 
by the rate of vocal fold vibration (mass, length, 
and tension of vocal folds)

 Formant frequencies need not correspond to 
harmonic frequencies

 The vocal tract and vocal folds move
independently of one another
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 The fo depends on the relevant properties of the 
vocal folds: their mass, length, and tension

 The harmonics are integer multiples of fo

 The FORMANT FREQUENCIES (FN) depend on 
the size and shape of the vocal tract, and that 
size and shape depends on the positions of the 
articulators
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 If FN is held constant and fo is varied, what 
do you experience perceptually?
A change in pitch, but no change in vowel 

identity
 If fo is held constant and FN is varied, what 

do you experience perceptually?

A change in vowel identity, but no change in 
pitch
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Chapter 5

HEARING

The mind is for seeing, the heart is for hearing.
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 Two aspects of hearing will be 
considered:
Anatomy and physiology of the hearing 

organs, from the visible external organs of the 
ear, to the point where sound signals are 
transformed into neural activity
Outer ear, middle ear, inner ear

Perception of sound -- the sensations we 
experience in response to the input of a variety 
of sound signals
Loudness level and loudness
Pitch (simple tone, complex tone)
Differential threshold
Masking
Localization and lateralization
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Hearing:  The Hearing Organs



68

 THE OUTER EAR
Includes the AURICLE, or PINNA (the visible portion of 

the ear), and the EXTERNAL AUDITORY MEATUS (ear 
canal)

The ear canal is an air-filled tube that is slightly more 
than 25 mm (2.5 cm; about 1 in.) long

The canal is an acoustic tube that is open at outer end 
and closed at inner end by the TYMPANIC MEMBRANE
(ear drum)

Sound waves impinging on the external ear are 
transmitted through the ear canal to the tympanic 
membrane

The tympanic membrane is set into forced vibration 
with a frequency equal to the frequency of the applied 
force
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 Outer Ear (cont’d)
The external ear and the ear canal form an 

ACOUSTICAL RESONATOR, an air-filled tube that is 
open at one end (outer) and closed at the other 
(inner)

Sound waves with frequencies corresponding to the 
resonant frequency will have greater amplitudes of 
vibration

The resonant frequency is approximately 3500 Hz, 
and pressure on the ear drum for frequencies of 
about 3500 Hz will be as much as 10 times greater 
than the pressure observed at entrance to the canal
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 THE MIDDLE EAR
Contains the AUDITORY OSSICLES, the three 

smallest bones of the body that compose the 
OSSICULAR CHAIN
MALLEUS (hammer)
INCUS (anvil)
STAPES (stirrup)

 Middle ear chamber is an air-filled cavity
Malleus attached to tympanic membrane (ear drum)
Vibratory motion of the ear drum is transmitted to the 

malleus, then to the incus (which acts as a fulcrum 
between the other two bones), and then to the stapes
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 Why do we need a middle ear?
99.9% of air-borne sound, upon encountering the oval 

window, would be reflected back.  We would lose about 
30 dB of sound energy

The middle ear acts as a transformer, and increases 
sound pressure by slightly more than 30 dB (not 38 dB 
as stated in the text), essentially recovering nearly all 
that would have been lost with the air-fluid barrier

 How does the transformer work?
» AREAL mechanism
» OSSICULAR LEVER
» MEMBRANE BUCKLING
» Combined benefit from all three mechanisms

 17.7 x 1.3 x 2 = 46:1
 20 log 46 = 33 dB
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 How does the transformer work?
AREAL mechanism
Area of footplate of stapes is much smaller than 

area of tympanic membrane --- thus, pressure 
on footplate is greater by a factor of 17.7:1, 
which increases the sound pressure

OSSICULAR LEVER
Lever action provides an additional advantage 

of 1.3:1 over a single straight bone
MEMBRANE BUCKLING
The curved membrane of the ear drum provides 

a lever-like advantage of 2:1
Combined benefit from all three mechanisms
17.7 x 1.3 x 2 = 46:1
 Finally, 20 log 46 = 33 dB
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 THE INNER EAR
System of fluid-filled cavities in 

temporal bones of skull
 Inner Ear comprises:
semicircular canals (maintaining 

equilibrium and balance)
COCHLEA (mechanical vibrations 

transformed to electrical signals 
to be transmitted to the central 
nervous system (CNS) for 
processing

Total volume of inner ear:  a small 
grape
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 The Cochlea
Snail-like shape with length of 3.5 cm completes 2 

3/4 turns
 Divided into three regions along most of length

by the COCHLEAR PARTITION
SCALA MEDIA (filled with endolymph)
SCALA VESTIBULI (filled with perilymph)
SCALA TYMPANI (filled with perilymph)
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Organ of Corti
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 ORGAN OF CORTI comprises a large number of 
cells lying on the basilar membrane
Contains HAIR CELLS, which are sensory receptors 

that accomplish the mechanical to electrical 
conversion

Auditory nerve enters through modiolus
 The organ is divided into two parts by the PILLARS, or 

RODS OF CORTI
On inner side is single row of INNER HAIR CELLS 

(about 3,500)
On outer side are three or four rows of OUTER HAIR 

CELLS (about 12,500)
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 Organ of Corti (cont’d)
Organ of Corti is covered by the TECTORIAL 

MEMBRANE -- the tips of the tallest row of cilia from 
each of the outer hair cells are in contact with tectorial 
membrane

Basilar membrane is displaced by vibration of fluids
Cilia from hair cells are stimulated to move by shearing 

forces
The nerve at the base of the hair cell initiates a neural 

potential, and that electrical signal is transmitted by the 
auditory nerve
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 The shearing forces on cilia stimulate nerve fibers at 
base of outer hair cells, and mechanical energy is 
converted (transduced) into electrochemical activity by 
hair cells

 Comprises on the order of 30,000 nerve fibers
Each fiber arises from a few hair cells
Each hair cell excites several nerve fibers

 Nerve fibers excited by stimulation of hair cells
 Signals arrive at auditory cortex located in the temporal 

lobe -- a PLACE-FREQUENCY arrangement of the basilar 
membrane is preserved
What is meant by place-frequency arrangement?
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Travelling wave on basilar 
membrane sorts sounds by 

frequency
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The Perception of Sound

 The discipline of psychoacoustics is a 
branch of psychophysics
Quantification of sensations of listeners to 

physical, acoustic events (signals) --
measurement of psychological correlates of 
physical signals
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Symptoms of SNHL
• Raised thresholds:  

helped by amplification

• Wider bandwidths:  
no help possible

• Recruitment (restricted dynamic range):  
partly helped by automatic gain controls in 
modern digital aids

• Often accompanied by tinnitus
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Physical Versus Subjective

 When we refer to the intensity or 
frequency of a sound wave, we focus on 
PHYSICAL ATTRIBUTES of sound

 Loudness and pitch, on the other hand, 
are SUBJECTIVE ATTRIBUTES

 The subjective attributes are the 
psychological correlates of the physical 
characteristics, but they are distinctly 
different from one another
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LOUDNESS LEVEL

LOUDNESS LEVEL of comparison signal “is 
defined as the intensity (measured in decibels) 
of a 1000 Hz tone that sounds equal in 
loudness (Denes and Pinson, 1993) to the 
reference signal” (1000 Hz).

The unit of measurement of LOUDNESS 
LEVEL is the PHON
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Loudness
 S.S. Stevens (Harvard Psychoacoustic Laboratory) in 

1930’s attempted to define relation between LOUDNESS 
LEVEL (in phons) and LOUDNESS (expressed in sones)

 An experimental method (MAGNITUDE ESTIMATION)
First, loudness of a 1000 Hz sinusoid at 40 dB SPL is defined as 1 

SONE: 1 SONE = 40 PHONS
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 Magnitude 
Estimation cont’d
Present L with two 

sinusoids of same 
frequency

L adjusts intensity 
of one until it is 
just, for example, 
twice as loud as the 
other.  That defines 
2 sones.
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Pitch and Frequency

 PITCH is the subjective attribute most closely 
related to frequency

 Just as loudness is not governed exclusively by 
intensity, pitch is not governed exclusively by 
frequency
For sinusoids, pitch can be altered by changing 

intensity
For complex waves, the piano for example, pitch is 

affected little by changes in intensity
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Frequency:  100-Hz Sine Wave
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Frequency: 500-Hz Sine Wave
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Excitation pattern of complex tone on 
bm
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 The unit of pitch is the MEL -- 1000 mels are 
defined as the pitch of a 1000 Hz tone (at 40 
phons) -- Therefore,
500 mels is pitch of some tone that sounds half as 

high
2000 mels is pitch of some tone that sounds twice 

as high
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The Pitch of Complex Tones
 Complex tones such as music, spoken words, 

etc. also evoke the sensation of pitch
 For many complex, periodic sounds, the pitch is 

associated primarily with the fundamental 
frequency, fo

 Earl Stanley Gardner and “the case of the 
missing fundamental frequency”
Combine 700, 800, 900, and 1000 Hz
Pitch corresponds to a frequency of about 100 Hz --

the common difference frequency -- the missing 
fundamental frequency
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 The missing fundamental frequency (cont’d)

Combine 400, 600, 800, and 1000 Hz -- to what 
frequency does the pitch correspond?

200 Hz (the missing fundamental, the 
periodicity pitch, or the residue pitch)

Add 500, 700, and 900 Hz to that series above --
to what frequency does the pitch correspond?

100 Hz
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Hearing:  Differential Thresholds

 ABSOLUTE THRESHOLD -- minimum 
intensity required to detect a signal

 DIFFERENTIAL THRESHOLD -- how small 
a difference can L detect?
Called a DIFFERENCE LIMEN (DL), or a JUST 

NOTICEABLE DIFFERENCE (jnd) -- “limen” is 
the German word for threshold

DL is not a constant -- varies with both 
intensity and frequency
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 How many different pure tones can an 
ordinary listener detect?
Hold loudness level constant at 40 phons
About 1,400 distinguishable frequencies

Hold frequency constant at 1000 Hz
About 280 distinguishable intensities

Co-vary frequency and intensity -- nearly 
400,000
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Hearing:  Masking Effects

 The interest is in how the presence of a 
certain sound “drowns out” -- makes it 
difficult to hear -- other sounds
Listening to car radio with windows open in 

traffic
Talking to a partner in a crowded, noisy   room

 The noise that makes it difficult to hear the 
intended signal is called a MASKER, or 
MASKING NOISE
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 How are masking experiments conducted?
Measure two thresholds:
Threshold for signal (dB S)
Threshold for signal + masker (dB S + N)
Measure of masking?

 dB masking = (dB S + N) – (dB S)
 If measure of masking is a ratio, why can we 

simply subtract: (dB S + N) – (dB S) ?
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In the experiment, we can hold S intensity constant 
and vary N, or we can hold N constant and vary S

Importantly, the amount of masking depends not 
only on the intensities of the masker and the signal, 
but on the spectrum and temporal characteristics of 
the masker and, in the case of speech as a masker, 
on the linguistic complexity of the signal
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 Pure tones as maskers:  two important findings:
At moderate intensities, tones provide greater 

masking for sinusoids of similar frequency rather 
than sinusoids at remote frequencies

Upward spread of masking:
Low-frequency tones can mask high-frequency 

tones
High-frequency tones produce less masking of 

low-frequency tones
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 Noise as a masker
Noise is the summed result of many sinusoids in 

combination
With noise as the masker and a sinusoid as the 

signal, the most important sinusoidal components 
of the masker are those frequencies that lie 
closest in frequency to the signal
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Hearing:  Binaural Effects

 The experiments discussed to this point 
have involved MONAURAL, or MONOTIC, 
presentation of a signal -- the signal is 
delivered to only one ear

 In ordinary listening, however, a single 
sound wave reaches both ears, but not 
necessarily in identical ways (BINAURAL 
EFFECTS)
Signal intensity may not be the same for both 

ears
Time-of-arrival at the two ears may not be the 

same
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Interaural time-difference -
ITD

t L

t R

ITD = t R - t L 

Maximum c 0.6 ms
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Localization: 
Interaural Time Difference

Processed in Medial Superior Olive
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Localization:
Interaural Level Difference

Processed in Lateral Superior Olive
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 A second binaural effect concerns 
INTRACRANIAL LATERALIZATION, which the 
textbook incorrectly calls LOCALIZATION

 An experiment:
Two identical sine waves are presented binaurally to L 

through earphones
L hears a single, fused image arising from within the 

cranium close to median plane (in line with L’s nose)
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 Experiment (cont’d)
Now, introduce some differences for the two ears
Time-of-arrival is under control of the experimenter

RE signal, for example, can be made to lead LE signal, or
RE signal can be made to lag LE signal

Listener attempts to identify the direction from which the sound 
arrives

 If LE signal lags, the origin moves toward the RE: origin moves 
toward leading ear

 If time-of-arrival is equal but intensity is decreased for RE, the 
origin moves toward LE:
origin moves toward ear with greater intensity


