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Chapter 1  Introduction

1. What is the speech chain? What are the three levels of the 
speech communication system? 

2. Why is speech so important?

3. What are some of the defining features of speech and 
language?

4. What is a phoneme?

5. What are the challenges that face engineers of human-
machine dialogue system?
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1. Introduction

 The field
» studies speech and language development, anatomy and 

physiology of speech and hearing, speech perception 
and production, speech, language and hearing 
pathologies, and basic evaluation, treatment and 
management procedures. 

» Video: http://slhs.umn.edu/
- Speech-Language Pathology
- Audiology
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2. The Importance of Speech
 Definition of speech

» the faculty or act of speaking - communication or 
expression of thoughts, feelings, perceptions in spoken 
words

» something spoken – utterance
» vocal communication – conversation
» a usually public discourse – address
» the language or dialect of a nation or region 
» an individual manner or style of speaking
» the study of oral communication, speech sounds, and 

vocal physiology
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Why is speech so important? 
 Some reasons

» communicate with each other, share experiences, 
exchange ideas, and transmit knowledge.

» think abstractly, reflect on past history and plan for the 
future.

» express our emotions and identities.
» efficient and primary way of information exchange.
» many great inventions.
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Comparison with Alternative Forms
 Speech vs. written language

» Efficiency 
–135 words/minute (normal speech rate)
–655 words/minute (World record)

–40 words/minute (average touch typing)
–216 words/minute (World record)

» Convenience

» For the sake of record
–Influence by dialects, accents, speaking habits, etc.
–Vulnerability to distortions, masking, and 

interference
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Comparison with Alternative Forms
 Speech vs. sign language

» Temporal structure (auditory system)
» Spatial structure (visual system)
» Linguistic organization 

– Phonetics, phonology, syntax, semantics, pragmatics

» Brain organization 
– Hemisphere specialization

» Language acquisition 
– Genetics or environment? (Nature vs. Nurture Debate)
– Is speech unique to humans? (Sign language?)
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The Talking Apes and Chimpanzees
 Meet Washoe

» http://www.friendsofwashoe.org/

 A conversation with Koko
» http://www.koko.org/
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3. The Speech Chain
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Linguistic Level

 Linguistic Entities 

» Phonemes
» Syllables
» Words
» Phrases
»
»

 What are the three major questions in linguistics?
»
»
»



11

Physiological Level
 Neural & muscular structures (CNS, PNS)

1. Auditory system (sensory)
» Outer ear, middle ear, inner ear (cochlea) 
» Auditory nerve – spiral gangalion – trapzoid body –

inferior colliculus – superior olive – medial geniculate 
body – primary auditory cortex – association auditory 
cortex
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2. Speech production system (motor)
» Diaphragm, rib cage, lungs, trachea, larynx, pharynx, 

oral cavity, nasal cavity
» Voicing: vocal folds, arytenoid, thyroid, cricoid, …
» Articulators: tongue, velum, teeth, jaw, lips …

3. Visual system
4. Tactile system 
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Acoustic Level
 Sound source and medium
 Properties of sound

»
»
»
»

 Speech acoustics
» Waveform, spectrum, spectrogram
» Acoustic features of speech
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Speech as a Code System
 The communication system must have a

» SOURCE (TRANSMITTER, encoding)

» TRANSMITTING MEDIUM
(COMMUNICATION CHANNEL)

» DESTINATION (RECEIVER, decoding)
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 How do we study speech and language?
» Diachronic vs. synchronic
» Prescriptive vs. descriptive
» Behavioral vs. neurophysiological

 Extra links on the world wide web
» http://www.asha.org/
» http://asa.aip.org/
» http://apu.sfn.org/
» http://www.cogneurosociety.org/
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Chapter 2 Linguistic Organization
1. How is linguistic organization analogous to that 

of an orchestra?
2. What are linguistic rules? How many different 

levels of linguistic rules there are? 
3. What is the relationship between phonemes, 

syllables, and words?
4. What are the two basic categories of phonemes? 
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 Throughout this course, we will examine 
speech at various levels: acoustic, 
neurologic, phonatory, articulatory, and 
perceptual

 Language may be conceptualized as the 
control mechanism that organizes and 
regulates (orchestrates) the combined 
operations of those overall speech systems
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Analogy
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 Consider the analogy of language being a 
symphonic musical score
» The rhythm, melody, harmony, intensity patterns, 

etc. for the orchestra are charted on the score
» The score identifies when each orchestra member 

should play.  The kettle drummer might sit silently 
for 10 min. or so, but then must spring into action 
at precisely the right moment
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 Who interprets the musical score?  The conductor, who 
has license to add variations from the score to supply 
his/her signature to the piece

 Each talker is, in a sense, a conductor -- but as a language 
user, the talker, like the conductor, will be constrained by 
certain rules that can be called LINGUISTIC RULES. 
Language is a system that consists of symbols and RULES 
FOR ORGANIZING THE SYMBOLS INTO 
SEQUENCES THAT WILL ENABLE THE TALKER TO 
EXPRESS THOUGHTS, IDEAS, AND SO FORTH.

 When operating within those rules, the talker-conductor 
specifies what, when, and how the “linguistic orchestra will 
play.”
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The Organization of Language

 At this introductory level, we will confine our 
discussion to phonology: phonemes formed 
into words

 The units of language are SYMBOLS that 
represent objects, concepts, ideas, and so 
forth
» Words are symbols:  “Chair” is the symbol for an   

object or a position occupied -- “Distraught” is a 
symbol for a state of mind
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 The units of language are SYMBOLS that 
represent objects, concepts, ideas, and so forth
» Words are symbols:  “Chair” is the symbol for an   

object or a position occupied -- “Distraught” is a 
symbol for a state of mind

» Language is a system that consists of these symbols 
-- and RULES FOR ORGANIZING THE 
SYMBOLS INTO SEQUENCES THAT WILL 
ENABLE THE TALKER TO EXPRESS 
THOUGHTS, IDEAS, AND SO FORTH
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 Words comprise a sequence of even smaller 
linguistic units called PHONEMES (speech 
sounds)

 Consider “heed,” “hid,” and “had”
» In this example, the initial and final elements   

(phonemes) are “identical”
» The three words are distinguished by the middle 

elements (a vowel phoneme) 
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The Phoneme
 The phoneme is the basic, or fundamental, 

linguistic unit
» The phoneme, when existing alone, usually 

symbolizes nothing 
» But in relation to other phonemes, words 

(combinations of phonemes) can be distinguished 
from one another

» /p/ symbolizes nothing -- but in combination with   
“_ it”, we can distinguish “pit” from “bit”

» We will confine our discussion to the phonemes of 
English
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The Phoneme

 Phonemes can be divided into one of two 
groups: 15 vowels and diphthongs, and 24 
consonants
» As we shall learn later, the vowels can be 

further divided into:
– MONOPHTHONGS (pure vowels, e.g. /ɒ/
– as in “bomb” and /Ʋ/ as in “book”) 
– DIPHTHONGS (a combination of two vowels 

into one phoneme, e.g.,  /aƲ/ as in “cow”
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» The consonants can be further divided into:
– STOPS (PLOSIVES) (e.g., /p/)
– FRICATIVES (e.g., /s/)
– AFFRICATES (e.g., / t/  as in “chew”)
– NASALS (e.g., /m/)
– APPROXIMANTS (e.g., /r/)

The Phoneme (Cont’d)
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The Phoneme (Cont’d)

 Recall that the independent phoneme does not 
necessarily symbolize anything, and therefore has no 
meaning

 We can, however, elevate certain phonemes to a status 
of meaning
» /s/ might mean “boo” or “hiss”
» /ʃ/ might mean “be quiet”

 How, then, do we form meaningful symbols?
» The phoneme can be combined with other phonemes to 

compose a larger unit, the SYLLABLE
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The Syllable and Word

 As the textbook indicates, most of us have an intuitive 
sense of what a syllable is, even though scholars 
sometimes disagree on a formal definition
» For example, how many syllables are there in each word of the 

following nonsensical sentence?
» “Small boat with a picture has become”
» 1       1       1     1      2        1        2

 In this case, the syllable is a unit of spoken language 
that consists of a vowel alone (/ /), or of a vowel (or 
diphthong) with one or more consonants (/h  z/ as in 
“has”)
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The Syllable and Word (Cont’d)

 However, as we learned earlier, there are restrictions on which 
phonemes can be combined and how they can be combined
» If there were no restrictions, and if, for 

computational convenience, we could produce 50 
phonemes, we could form

– 2,450 two-phoneme syllables
– ?          three-phoneme syllables

 Because of constraints, the English language probably 
comprises less than 2,000 syllables, and most words in English 
comprise a sequence of 2-5 phonemes and only 
1-3 syllables
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The Syllable and Word (Cont’d)
 One prominent restriction

» One of the nasals /ŋ/ cannot be in the syllable-
initial position of a word in English

 The WORD is a larger linguistic unit that 
ordinarily consists of a sequence of phonemes 
combined into one or more syllables
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The Syllable and Word (Cont’d)

 Finally, words can be combined into still longer 
linguistic units such as PHRASES or SENTENCES 

 The structure of sentences can be described by the 
GRAMMAR of a language, which includes: 
PHONOLOGY, MORPHOLOGY, SYNTAX, AND 
SEMANTICS

 Those concepts, which will be introduced in more 
advanced coursework.
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Chapter 3 The Physics of Sound

 What is sound? What is sound wave?
» Wave motion
» Source & Medium

 How do we analyze sound?
» Classifications
» Fourier Analysis

 How do we measure sound?
» Amplitude, frequency, period, phase, wavelength
» Pressure, intensity, dB

 How do we apply acoustic knowledge?
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Some Applications
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» It may be characterized as the propagation of 
compressions and rarefactions through an 
elastic medium, or 

» the propagation of density changes through an 
elastic medium

What is sound?
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Sound Waves in Air
 Air mass comprises 400 billion billion molecules per 

cubic inch (4 x 1020 / in3)
 In quiescent state, molecules are in random motion, 

moving at speeds that average 1085 mph (1750 kph)
 On average, molecules maintain some average 

distance from one another
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 A wave of compression (and rarefaction) moves 
through space --- even though the individual 
particle oscillates over a small distance about its 
average equilibrium position

 A small distance?   
0.0000000768 m     (7.68 x 10-8 m)

» 1/520 of the diameter of a hydrogen molecule

Sound Waves in Air (Cont’d)
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Bell Jar Demos

 https://www.youtube.com/watch?v=Fa0c9ON
ZMck

 https://www.youtube.com/watch?v=X98cx2P
f7Fs
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Categories of Wave Motion

 Two types of wave motion:
1) Longitudinal --- sound in the air

2) Transverse --- steel strings or rails
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What makes a wave a wave?

 Mechanical wave motion occurs when 
something is vibrating --- moving to and 
fro

 System is set into vibration via interaction 
of two material properties:
1.  inertia

2.  elasticity
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Properties  of Vibrating Systems

 Five properties (dimensions) of vibration

1) Amplitude  --- Intensity

2) Frequency (f) --- Pitch

3) Period (T)  --- Pitch

4) Phase  --- Relative timing

5) Wavelength --- Distance of a wave cycle
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» The magnitude of maximum displacement from 
equilibrium

» Displacement ranges from 0 to “+” Amplitude (maximum 
displacement in a positive direction) and “-” Amplitude 
(maximum displacement in a negative direction)

» Magnitude at some given instant in time is called 
instantaneous displacement

1. Amplitude (A)
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 Units of Measure of FORCE
» MKS metric system (meter -- kilogram -- second)

The Newton (N)
» cgs metric system (centimeter -- gram -- second)

The dyne 
1 N = 100,000 dynes

 Atmospheric pressure:  1,000,000 dynes/cm2

How many N/m2? 100,000  N/m2

 Threshold of audibility:  0.00002 N/m2 (0.0002 dynes/cm2)
 Damage to ear:  20 N/m2 (200 dynes/cm2)

Sound Pressure (Force/Area)
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Sound Intensity
 Energy is something that can produce a change 

in matter;  it is the capacity to do work
» Energy:  something that a body possesses
» Work:  something that a body does
» W = F x d

 Just as pressure equals force per unit area, INTENSITY = 
power per unit area

 Unit of Intensity:
» MKS system:  Watt/m2

 Threshold of audibility: 
0.000000000001 watt/m2

0.0000000000000001 watt/cm2
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Decibel Scale
 Expressing sound intensity or sound pressure in a relative way 

involves using a DECIBEL SCALE.
 The standard for comparison is called the REFERENCE 

PRESSURE (Pr) or the REFERENCE INTENSITY (Ir)
 Thus, decibels for intensity involve an intensity ratio

 Ix/ Ir

 And, decibels for pressure involve a pressure ratio
 Px/Pr

 Specifically, a decibel is 10 times the logarithm (base 
10) of an intensity ratio, or
20 times the logarithm (base 10) of a pressure ratio
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Log vs. Exponent

 Exponential function
=

 Logarithmic function
= log 

 Why do we use them? 

102 = 100

2 = log10 100
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The Decibel (dB) Scale
 dB for INTENSITY

dB = 10 log10 (I x / I r)
 Examples:

1) The ratio I x / I r = 2:1.
How many dB?
dB = 10 log 2 = 3 dB
Moral:  Any increase in intensity by a 
factor of 2 (ratio = 2:1) corresponds 
to 3 dB (2:1, 4:2, 8:4, 16:8, etc.)
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 dB for PRESSURE
dB = 20 log10 (Px / Pr)

Examples:
1)  The ratio Px /Pr = 2:1. How many dB?
dB = 20 log 2 = 6 dB
Moral:  Any increase in pressure by 
a factor of 2 (ratio = 2:1) 
corresponds to 6 dB

The Decibel Scale (Cont’d)
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 A decibel is a decibel
 dB for intensity = dB 

for pressure
 X dB IL = X dB 

SPL, where X can be 
any real number.

The Decibel Scale (Cont’d)

SPL
SPL
SPL
SPL
SPL
SPL
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» Movement from equilibrium to (+) displacement, back to 
equilibrium, to (-) displacement, back to equilibrium 
defines one CYCLE of vibration

» Frequency (f) is the number of cycles completed in one 
second (cps); cycles per second (cps) = Hertz (Hz)

» 1 cps = 1 Hz
500 cps = 500 Hz

2. Frequency (f)
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The Frequency of a Sound Wave

 Frequency (f)
» The frequency (number of cycles per second) of vibration 

of air particles defines the FREQUENCY of a sound wave
 Frequency of particle vibration is identical to 

frequency of vibration of sound source !!!
f tuning fork                 = 250 Hz
f air particle vibration =      250 Hz
f sound wave               =      250 Hz
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 Units of Measure of Frequency (f)

» Hz,  kHz,  MHz,  GHz

 Units of Measure of Period (T), where  
T = 1 / f

» s,  ms,  micros (sec),  nanos (nsec)
 Examples:

» Human hearing:  20 Hz to 20 kHz (f)
» 0.05 ms to 0.05 s (T)

The Frequency of a Sound Wave (Cont’d)
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 Complex waves have energy at more than a single frequency.
 Fourier (1768-1830) discovered: 

Complex wave = summation of simple (or sine) waves
These component waves may differ in amplitude, frequency, 
and phase.

 Results of Fourier Analysis can be plotted by showing
a) a series of waveforms
b) the AMPLITUDE SPECTRUM

Fourier Analysis
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 The three sine waves 
SUM to compose 
COMPLEX WAVE at 
bottom
» 5 Hz + 3 Hz + 1 Hz
» With respect to relative 

timing (PHASE), they all 
begin with the same 
timing

Sound Superposition
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 Here, frequencies and 
amplitudes of the three 
components are the same as 
before

 What is different?
» The relative timing 

(phase):  the lowest 
component begins at max 
positive displacement

» The complex wave that 
results is now different

Sound Superposition
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 The amplitude spectrum 
shows the relative 
amplitude of the 
sinusoidal components 
as a function of 
frequency

The Spectrum
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 APERIODIC
» Energy at all 

frequencies (not just 
integer multiples)

» The amplitude 
spectrum is a 
CONTINUOUS 
SPECTRUM

The Spectrum (Cont’d)
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Acoustical Resonance

 The air-filled pipe of an organ is a resonator
 The soundboard on a piano is a resonator
 Other examples:

» Column of air in a brass instrument

» Column of air between vibrating vocal folds and lip 
opening

» The ear canal
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Acoustical Resonance (Cont’d)
 Enclosed volumes of air can be forced to vibrate just 

like the spring-mass systems described previously
 Energize spring-mass system or tuning fork --they 

vibrate at their own NATURAL FREQUENCY, 
determined by mass and stiffness of system

 Enclosed volumes of air can be forced to vibrate over 
a wide range of frequencies
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 PRINCIPLE OF RESONANCE

» When a periodic force is applied to an elastic system, the 
system will vibrate at frequency of applied force (in this 
case, from 500 Hz to 3.5 kHz)

» The nearer the frequency of the applied force to the 
NATURAL FREQUENCY OF THE ELASTIC 
SYSTEM, the greater will be the amplitude of vibration

Acoustical Resonance (Cont’d)
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Natural Frequencies

» Mass on spring - only one natural freq:
f = s / 4L
» String - many natural frequencies:
f = s / 2L 

Higher frequencies are odd and even integer 
multiples of the lowest frequency

» Air column - many natural frequencies:
 C-C or O-O:   f = s / 2L (odd and even integer 

multiples)
 O-C: f = s / 4L (odd integer multiples)
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Fundamental, Harmonics, etc.

 Fundamental frequency: is the lowest vibratory mode of the 
system (also referred to as fo).

 Harmonics: the fundamental frequency and all whole-
number multiples permitted by system (fo is the first 
harmonic)

 Overtones:  some systems have frequencies (above the 
fundamental) that are not whole number multiples of the 
fundamental. Note: the first overtone is the first frequency 
above the fundamental.

 Partials:  the partials are all of the frequency components (ie: 
the fundamental and all of the overtones).
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Case Study: Percussion Instruments
 Vibration of membranes, bars, or plates
 The lowest frequency of vibration depends on the 

Tension, Density, and Diameter of the head
 Although many frequencies are present, they are not 

harmonics (not integer multiples of lowest frequency), 
but instead are called PARTIALS
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 f = 1 Hz;  What is T?
 f = 10,000 Hz; What is T?

 T = 1 / f
 f = 1 / T

Period is the inverse of frequency.
 Frequency is the inverse (reciprocal) of period

3. Period
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Periodicity
 Two types of COMPLEX WAVES

» PERIODIC
» APERIODIC

 PERIODIC
» For most of the periodic complex waves you will see, each 

frequency component is an INTEGER (whole number) 
MULTIPLE of lowest frequency component

» Lowest component: the FUNDAMENTAL FREQUENCY, 
or FIRST HARMONIC
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1. Which is which? 
2. Why? 
3. Are they simple 

waves or complex 
waves?

WAVEFORMs for /a/ & /sh/ 
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Categories of Sounds

Periodic Aperiodic 

S
im

ple
C

om
plex

sinewave 
sounds

Sounds with 

f0 + harmonics
Sounds without

f0
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4. The Speed of Sound

 Speed (s)
» In air, at sea level, at 0° C:  331 m/s or 

1,086 ft/sec --- corresponds to 740 mph

» Compare with speed of light waves
299,728,377  m/s

186,282  mi/sec
670,615,200  mph (nearly 1,000,000 
times faster than sound)
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• Speed of sound depends on properties of the 
medium.

 Speed of sound is independent of the source.

» Air:             331 m/s

» Water:     1,433 m/s (about 4 x air)

» Steel: 4,704 m/s (about 14 x air)
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5. Wavelength: distance traveled in one 
period

 Wavelength () 

» A third dimension of a sound wave
= sT = s/f

» Wavelength equals the distance between the two 
compressions
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 Example:  Adult male:  f = 100 Hz

» Wavelength = 3.3 m or 10.8 ft

» Range of human hearing: 
20 Hz ---- 54 ft ( 17 m)

20,000 Hz ----.05 ft (.02 m)

Frequency (Hz)   |    Air     |     Water     |     Steel    
20 17 72               235

20,000 0.02 0.07 0.24

Wavelength
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Keywords: Physics of Sound
 Sound wave
 Longitudinal vs. transverse
 Periodic vs. aperiodic
 Simple vs. Complex
 Frequency and period (related to pitch perception)
 Amplitude of pressure/intensity (related to loudness perception)
 Wavelength
 Fundamental frequency and harmonics
 Decibel (dB vs. dB IL vs. dB SPL)
 Resonance (forced vibration and free vibration)


