=

N

Hearing Science
o 177 \\\\\ \
Norman J. Lass, PhD \ 0
N\
NN 72

Fundamentals
SECOND EDITION
Jeremy J. Donai, AuD, PhD \§§\\ | 4:,,’,325,’:/:22
pgpiian W / / //l )
X))

/
/
//
/
// /
r
\ \-\ \\ ‘,“/ /
PLURAL //
PUBLISHING =/




%LURAL IPUBLISHING

5521 Ruffin Road
San Diego, CA 92123

Email: information@pluralpublishing.com
Website: https:/ /www.pluralpublishing.com

Copyright © 2023 by Plural Publishing, Inc.

Typeset in 11/13 Palatino by Achorn International
Printed in the United States of America by McNaughton & Gunn

All rights, including that of translation, reserved. No part of this publication
may be reproduced, stored in a retrieval system, or transmitted in any form
or by any means, electronic, mechanical, recording, or otherwise, including
photocopying, recording, taping, web distribution, or information storage and
retrieval systems without the prior written consent of the publisher.

For permission to use material from this text, contact us by
Telephone: (866) 758-7251

Fax: (888) 758-7255

Email: permissions@pluralpublishing.com

Every attempt has been made to contact the copyright holders for material originally
printed in another source. If any have been inadvertently overlooked, the publisher will
gladly make the necessary arrangements at the first opportunity.

Library of Congress Cataloging-in-Publication Data

Names: Lass, Norman J., author. | Donai, Jeremy J. (Jeremy James), author.

Title: Hearing science fundamentals / Norman J. Lass, Jeremy J. Donai.

Description: Second edition. | San Diego, CA : Plural Publishing, Inc.,
[2023] | Includes bibliographical references and index.

Identifiers: LCCN 2021030103 (print) | LCCN 2021030104 (ebook) |
ISBN 9781635503289 (paperback) | ISBN 1635503280 (paperback) |
ISBN 9781635503296 (ebook)

Subjects: MESH: Hearing—physiology | Ear—physiology | Ear—anatomy &
histology | Auditory Perception—physiology | Psychoacoustics

Classification: LCC QP461 (print) | LCC QP461 (ebook) | NLM WV 272 |
DDC 612.8/5—dc23

LC record available at https:/ /lccn.loc.gov /2021030103

LC ebook record available at https://lccn.loc.gov /2021030104



CONTENTS

Preface
Acknowledgments
Contributors
Reviewers

SECTION I
Acoustics

1 Basic Acoustics
Key Terms
Learning Objectives
Sound
Sinusoidal Motion
Spatial Concepts
Amplitude
Wavelength ()
Temporal Concepts
Cycle
Period
Frequency
Phase
Velocity
Frequency/Period Relationship
Frequency/Wavelength Relationship
Sound Propagation and Interference
Complex Sounds
Periodicity Versus Aperiodicity
Resonance
Cavity (Acoustical) Resonance

xiii
Xix
xxi
XXiii

N Ok W W

10

12
13
13
13
13
15
15
17
17
19
20
22
25
28



Hearing Science Fundamentals

Frequency Response Curve
Ear Canal Analogy
The Decibel
Computational Perspective
Hearing Threshold Level and Audiometric Zero (0 dB HL)
Summary
Recommended Readings
References

2 Review of Speech Acoustics
Helen A. Boyd-Pratt and Jeremy |. Donai

Key Terms
Learning Objectives
Source-Filter Theory and Vocal Tract Anatomy
Acoustic Measures
Fundamental Frequency
Voice Onset Time
Root Mean Square Amplitude
Formants (Spectral Resonances)
Long-Term Average Spectrum (LTAS)
Speech Sound Classification
Consonant Classification
Vowel Classification

Speech Intelligibility Index (SII) and Count-the-Dots Audiogram

SII

Count-the-Dots Audiogram
Ling 6 Sounds Test
Summary
Recommended Readings
References

3 Digital Signal Processing

Key Terms
Learning Objectives
Amplitude Quantization and Sampling Frequency
Aliasing and Anti-Aliasing Filtering
Windowing

Frequency Versus Time Tradeoff

(Frequency Resolution Versus Temporal Resolution)

Pre-Emphasis
Digital Hearing Aid Signal Processing

Compression

Directional Microphones and Digital Noise Reduction
Summary
Recommended Readings
References

34
35
36
38
41
42
42
42

43

43
44
44
46
46
48
49
51
51
52
53
55
57
57
59
60
61
63
63

65
65
66
66
70
72

73
74
74
75
77
80
81
81



SECTION 11
Structure and Function

4 Anatomy and Physiology of the
Conductive Auditory Mechanism
Key Terms
Learning Objectives
Outer Ear

Auricle (Pinna)

External Auditory Meatus (Outer Ear Canal)

Tympanic Membrane (Eardrum)
Middle Ear
Tympanic Cavity Proper (Tympanum)
Malleus
Incus
Stapes
Middle Ear Muscles
Function of the Conductive Mechanism
Non-Acoustic Function
Acoustic Function
Impedance
Impedance Mismatch
Auditory (Eustachian) Tube
Action of the Middle Ear Muscles
Summary
Recommended Readings
References

5 Anatomy and Physiology of the
Sensory Auditory Mechanism
Key Terms
Learning Objectives
Inner Ear
Function of the Sensory Mechanism

Mechanical Properties
Active Processes

Cochlear Electrophysiology
Resting Potential

Potentials Seen as Response to Stimulation

Single-Cell Electrical Activity
Phase Locking
Summary
Recommended Readings
References

Contents

85
85
86
88
89
90
92
93
96
97
98
98
99
100
100
100
102
102
106
107
108
109
109

111
111
112
113
119
119
126
126
126
127
128
128
129
130
130

vii



viii  Hearing Science Fundamentals

6 Anatomy and Physiology of the

Central Auditory Mechanism 131
Key Terms 131
Learning Objectives 132
Afferent Central Auditory Pathway 135
Interhemispheric Connections 140
Efferent Central Auditory Pathway 141
Summary 143
Recommended Readings 144
References 144
SECTION III
Psychoacoustics
7 Normal Hearing 147
Key Terms 147
Learning Objectives 148
Stimulus Characteristics 148
Stimulus Frequency 148
Stimulus Duration 149
Stimulus Intensity 150
Methods of Stimulus Presentation 151
Earphones 151
Speakers 151
Assessment of Auditory Sensitivity 153
Method of Limits 153
Method of Adjustment 154
Method of Constant Stimuli 154
Listener (Subject) Variables 155
Age Variation 156
What Is “Normal Hearing”? 157
Localization of Sound 160
Interaural Intensity (Level) Cues for Localization 160
Interaural Time (Phase) Cues for Localization 162
Hearing by Bone Conduction 164
Summary 166
Recommended Readings 167
References 167
8 Binaural Processing 169
Katharine Fitzharris
Key Terms 169
Learning Objectives 170
Advantages of Binaural Hearing 171

Listening in Noise 173



Contents ix

Binaural Squelch 173
Directional Hearing 175
Localization 175
Lateralization 178
Vertical Localization 178
Minimal Audible Angle (MAA) 179
Minimal Audible Movement Angle (MAMA) 180
Distance Perception 180
Precedence Effect 182
Disadvantages of Binaural Hearing 182
Physiology of Binaural Hearing 183
Afferent Pathways 183
Efferent Pathways 185
Summary 186
Recommended Readings 186
References 186
9 Masking 189
Key Terms 189
Learning Objectives 190
Masker-Signal Relationship and Sound Level 191
Masking of Tones by Other Tones 191
Masking of Tones by Narrow Noise Bands 195
The Critical Band 196
Masking of Tones by Wide Noise Bands 197
Special Cases of Masking 198
Energetic and Informational Masking 201
Masking in Clinical Audiology 203
Summary 206
Recommended Readings 207
References 207
10 Temporal Processing 209
Key Terms 209
Learning Objectives 210
Neural Physiology 210
Temporal Fine Structure and Temporal Envelope 212
Dip Listening 213
Modulation Rate and Modulation Depth 214
Temporal Processing Skills 216
Temporal Integration 216
Temporal Resolution 217
Temporal Patterning 218
Temporal Masking 221
Summary 222
Recommended Readings 222

References 222



X Hearing Science Fundamentals

11 Loudness and Pitch 225
Key Terms 225
Learning Objectives 226
Loudness 226
Pitch 231

Residue Pitch and the Missing Fundamental 233
Summary 237
Recommended Readings 237
References 237

12 Differential Sensitivity 239
Key Terms 239
Learning Objectives 240
The Fechner-Weber Fraction 240
Difference Limen for Intensity 242
Difference Limen for Frequency 243
Temporal Discrimination 244
Summary 247
Recommended Readings 247
References 247

13 Signal Detection Theory 249
Key Terms 249
Learning Objectives 250
Response Distributions 250
Response Types 252

Sensitivity and Specificity 254
Response Bias 256
Discriminability Index (d') and ROC Curves 259
Ceiling and Floor Effects 261
Summary 262
Recommended Readings 263
References 263

14 Auditory Perception and Hearing Impairment 265
Key Terms 265
Learning Objectives 266
Outer Hair Cell (OHC) Damage 267

Auditory Recruitment 268
Inner Hair Cell (IHC) Damage 270
Cochlear Dead Regions 271
Auditory Nerve Damage 272
Effects on Frequency Selectivity 274
Auditory Excitation Patterns 276
Effects on Temporal Processing 278
Summary 279
Recommended Readings 279

References 280



Contents  Xi

SECTION 1V
Pathologies of the Auditory Mechanisms
15 Pathologies of the Conductive Auditory Mechanism 283
Key Terms 283
Learning Objectives 284
Pathologies of the Outer Ear 285
Auricle 285
Chondritis and Cauliflower Ear 285
External Auditory Canal 287
Impacted Cerumen 288
Pathologies of the Middle Ear 290
Eustachian Tube (Auditory Tube) 290
Otitis Media 290
Mastoiditis 292
Cholesteatoma 293
Pathologies of the Middle Ear Ossicles 293
Otosclerosis 293
Ossicular Discontinuity 293
Summary 295
Recommended Readings 295
References 295
16 Pathologies of the Sensory Auditory Mechanism 297
Key Terms 297
Learning Objectives 298
Inner Ear Pathologies 298
Cochlea 298
Auditory and Non-Auditory Effects of Noise 299
Noise-Induced Hearing Loss 299
Socioacusis and Presbycusis 302
Meniere’s Disease 303
Sudden Sensorineural Hearing Loss 305
Ototoxicity 305
Auditory Nerve 306
Acoustic Neuroma (Vestibular Schwannoma) 306
Auditory Neuropathy Spectrum Disorder 306
Summary 309
Recommended Readings 309
References 309
17 Pathologies of the Central Auditory Mechanism 311
Key Terms 311
Learning Objectives 312
(Central) Auditory Processing Definition 313
Signs and Symptoms 314

(C)APD Evaluation 314



Xii

Hearing Science Fundamentals

Behavioral (Central) Auditory Skill Areas
Auditory Figure Ground
Low-Redundancy Speech
Dichotic Listening
Temporal Processing

Electrophysiological Assessment
Neural Response Overview

Management Strategies
Environmental Modifications
Compensatory Strategies
Auditory Training
Assistive Listening Technology

Pathologies of the Central Auditory Pathway
Traumatic Brain Injury
Cortical /Central Deafness
Cerebrovascular Accident
Multiple Sclerosis

Summary

Recommended Readings

References

Glossary
Index

315
315
315
316
316
317
318
320
320
320
321
322
322
322
323
323
324
324
325
325

327
353



PREFACE

Hearing Science Fundamentals, Second
Edition, addresses basic concepts in
hearing science in an understandable
manner to facilitate the learning of
technical material by both undergrad-
uate and graduate students. The book
contains numerous student-friendly
features, including the following:

M learning objectives and key terms
at the beginning of each chapter to
prepare the student for learning the
chapter contents;

M audio examples illustrating con-
cepts within each chapter;

B recorded review lectures of each
chapter to enhance learning;

B more than 150 anatomical and line
illustrations to help in understand-
ing important technical concepts;

W Vocabulary Checkpoints throughout
the text to reinforce learning of criti-
cal terms;

W Clinical Notes throughout the text to
address potential clinical applica-
tions of the contents of each chapter;

Q & A boxes to reinforce important
information presented in the text;

study questions at the end of each
chapter for review of chapter
contents;

suggested readings at the end of
each chapter for further clarification
and study of the technical contents
of each chapter;

a Glossary of important terms used
throughout the text (terms included
in the glossary are in boldface type
the first time they appear in the text)
to enhance the learning process for
students; and

a PluralPlus companion website
containing a question test bank, a
sample course syllabus, an image
collection of figures from the text
for instructors and animations,
practice test questions, and anatomy
labeling exercises for students.

These features make Hearing Sci-

ence Fundamentals, Second Edition, use-
ful not only to students in facilitating
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the learning process but also to instruc-
tors for the purposes of explaining
technical concepts; providing a source
of questions and illustrations for
quizzes, exams, and in-class learning
exercises; and assigning additional
readings on selected topics.

This new edition contains four
sections divided into 17 chapters. The
first section, Acoustics, includes three
chapters. Basic Acoustics introduces
students to important concepts associ-
ated with sound, including conditions
necessary to create sound, properties
of vibrating systems, sinusoidal (i.e.,
simple harmonic) motion, sine curves
and their spatial (i.e., amplitude and
wavelength) as well as temporal (i.e.,
period, frequency, phase, and veloc-
ity) features, and characteristics of
complex sounds. Also included is a
discussion of sound propagation and
interference as well as the phenom-
enon of resonance, specifically cavity
(i.e., acoustical) resonance involving
the tube model, which has direct rel-
evance to hearing because of its anal-
ogy to the human external auditory
meatus. Finally, this chapter addresses
the concept of the decibel. An under-
standing of these topics will assist the
reader in applying basic concepts in
acoustics to an understanding of the
hearing process.

The second chapter, Review of
Speech Acoustics, provides a concise
review of the acoustic structure of
the speech signal as well as informa-
tion regarding speech production. An
understanding of these concepts will
assist the reader in understanding and
applying concepts in future chapters
regarding the psychoacoustic process-
ing of auditory information.

The third chapter, Digital Signal
Processing (DSP), provides an entry-
level overview of DSP with applica-
tions to the hearing sciences. Given the
widespread use of DSP in speech- and
hearing-related fields, this chapter will
enhance the breadth of the reader’s
knowledge for future study.

The second section of the book,
Structure and Function, contains three
chapters intended to teach students
basic anatomy and physiology of the
auditory mechanism. Anatomy and
Physiology of the Conductive Auditory
Mechanism describes the structures
involved in conducting vibrational
sound energy from outside the head
through the outer ear (i.e., auricle and
external auditory meatus), tympanic
membrane, and middle ear (i.e., ossi-
cular chain) to the inner ear. Also in-
cluded is a detailed description of the
nonacoustic functions of the conduc-
tive mechanism (the role of cerumi-
nous and sebaceous glands and the
curvature of the ear canal in protect-
ing the tympanic membrane) as well as
its acoustic function, including the res-
onance of the external auditory canal
and the conversion of acoustic energy
from the auricle and external auditory
meatus to mechanical energy at the
tympanic membrane and through the
ossicular chain of the middle ear.
The transformer action function of the
middle ear is discussed, including
the condensation effect, lever action
of the malleus and incus, and curved
membrane buckling mechanism of the
tympanic membrane. In addition, the
function of the auditory (i.e., eusta-
chian) tube and the two middle ear mus-
cles (tensor tympani and stapedius) are
presented.



Anatomy and Physiology of the
Sensory Auditory Mechanism is con-
cerned with the auditory portion of the
inner ear contained in the cochlea, a
very complex structure with much still
unknown about its function. All infor-
mation that is necessary to understand
speech, interpret sounds indicating
danger to the organism, or appreciate
music must be coded in this tiny struc-
ture of approximately 35 mm in length.
The anatomical structure of the cochlea
is described in detail, including its three
canals and the organ of Corti, which
resides in one of the canals. In addi-
tion, the outer and inner hair cells of
the organ of Corti and their function are
addressed. The function of the cochlea
is very complex and not fully under-
stood. Mechanical, electrochemical,
and active processes contribute to the
conversion from mechanical movement
of parts of the conductive mechanism
(i.e., tympanic membrane and ossicular
chain) to the neural code that allows us
to detect and interpret acoustic aspects
of our environment. The mechani-
cal properties and active processes
involved in the sensory mechanism,
as well as cochlear electrophysiology
and single-cell electrical activity, are
described in detail.

A comprehensive description of
the anatomical structure and physio-
logical function of the central auditory
mechanism is presented in Anatomy
and Physiology of the Central Audi-
tory Mechanism, including the afferent
and efferent central auditory pathways.
The central auditory system is much
more than a conduit from the cochlea to
the brain. While actions like the startle
reflex, acoustic reflex, and localization
responses are initiated at levels that

Preface

are peripheral to the cerebral cortex,
complex analysis of speech, music, and
multisensory construction of our envi-
ronment take place within the cortex.
Thus, complexity of function usually
increases from the VIIIth nerve to the
cerebral cortex. In addition to informa-
tion flow from the cochlea to higher
centers, there is also neural energy
flow, much of which is inhibitory or
suppressive, from higher centers to
lower areas, including the cochlea and
efferent system. While the function of
the central auditory system is not com-
pletely understood, much is learned
from instances in which its function is
impaired, such as from cerebrovascular
accidents, head trauma, and (central)
auditory processing disorders.

The third section of the book, Psy-
choacoustics, contains eight chapters
concerned with how sound is perceived
via the auditory pathway. In Normal
Hearing, several aspects of auditory
sensitivity are addressed, including the
frequency, intensity, and duration of
the auditory stimulus, mode of stimu-
lus presentation, psychophysical meth-
ods, and listener characteristics such as
preparatory set and age. The concept
of normal hearing is discussed and it
is concluded that hearing sensitivity
is dynamic, with the quantification of
threshold partially dependent on the
operational definition of the examiner.
Clinical assessment of auditory sensi-
tivity, the primary cues (i.e., intensity
and time) associated with localization
of sound sources, and hearing by bone
conduction are also addressed. It is
concluded that the processes involved
in normal hearing are not simple. The
role assumed by the auditory and other
sensory systems is very complex, and

XV
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the complexity and subtlety of their
interaction is usually taken for granted
as long as it functions as intended.

Binaural Processing builds upon
concepts in the previous chapter and
provides additional details regarding
how the human auditory system effec-
tively navigates the auditory scene.
Specific examples of processes and
mechanisms used to effectively listen
in noise are provided.

The chapter on Masking
addresses the concept of masking, a
process in which the threshold of one
sound (the signal) is raised by the
simultaneous presentation of another
sound (the masker). It involves the
introduction of a sound (the masker)
to an ear in order to preclude a per-
son from hearing another sound (the
signal) in the same ear. This chapter
includes the masking of tones by other
tones, masking as a function of noise
level, the concept and importance of
the critical band in masking, wide-
band noise as a masker of pure tones,
temporal (i.e., forward and backward)
masking, and masking level difference.
Also discussed is masking in clinical
audiology, including the concepts of
cross-hearing, cross-skull attenuation,
crossover, speech (or pink) noise, and
effective masking.

Temporal Processing describes
how the human auditory system pro-
cesses sound over time. It defines the
processes of temporal resolution and
temporal integration and provides
examples of each concept. It also intro-
duces concepts related to temporal pro-
cessing tests used in the evaluation of
(central) auditory processing disorders.

Loudness and Pitch addresses
the measurement of these subjective

perceptions of the objective physical
attributes of intensity and frequency,
respectively. It is concluded that both
loudness and pitch are very complex
psychophysical phenomena. While it
is possible to scale both loudness (in
phons and sones) and pitch (in mels)
with very high intrasubject consis-
tency, there are components of each
that are not fully understood. Neither
loudness nor pitch vary directly with
their physical counterparts of intensity
and frequency, respectively, while each
is influenced primarily by those physi-
cal properties.

The Differential Sensitivity chap-
ter is concerned with how much of a
change in a physical parameter of an
auditory signal must be made before it
is noticed by a listener. This minimum
change that is necessary for the signal
to be detected is called a just noticeable
difference (jnd) or difference limen. The
Fechner/Weber law is discussed and
some findings pertaining to difference
thresholds for the acoustic parameters
of intensity, frequency, and time are
presented. The general principle that
the magnitude of change necessary for
detection of a signal increases with the
magnitude of the standard (i.e., fixed)
stimulus applies over a broad range
of stimulus parameters in all sensory
systems.

Signal Detection Theory describes
how factors, including attention and
listener response criteria, influence the
perception of signals, particularly in
the auditory domain. Issues related to
conservative and liberal response crite-
ria and the effects on audiological test-
ing are discussed in detail.

The last chapter in this section,
Auditory Perception and Hearing



Impairment, is intended to provide
the student with information to aid in
understanding how hearing impair-
ment influences the perception of
auditory information. This chapter
naturally follows materials on the nor-
mal processing of information through
the auditory channel. The material
contained in this chapter provides an
excellent introduction for graduate-
level psychoacoustics courses and
future study in this area.

The fourth section of the book,
Pathologies of the Auditory Mecha-
nisms, contains three chapters. Pa-
thologies of the Conductive Auditory
Mechanism describes common audi-
tory pathologies affecting the outer and
middle ear; Pathologies of the Sensory
Auditory Mechanism describes com-
mon auditory pathologies of the inner
ear, including the organ of Corti and
the semicircular canals; and Patholo-
gies of the Central Auditory Mecha-
nism discusses pathologies of the
central auditory system. Multiple dis-
orders from each portion of the audi-
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tory system are described in detail.
These chapters are intended to provide
an introduction to auditory patholo-
gies to support future coursework in
audiology and related fields.

The authors have brought a com-
bined 60+ years of higher-education
teaching experience and understand-
ing of the learning process to the writ-
ing of this book, which is the result of
their compilation of material from jour-
nal articles, papers presented at profes-
sional meetings, books, and chapters
in books used in their classes. In addi-
tion, Dr. Jeremy Donai has brought
his extensive clinical experience to a
discussion throughout the entire text
of important clinical applications of
hearing science concepts discussed in
this volume. It is the authors’ intention
that the contents of this volume will
result in the reader’s understanding
of important basic concepts and cur-
rent unresolved issues in hearing sci-
ence that will facilitate a deeper, more
thorough appreciation for the complex
processes involved in audition.
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BASIC ACOUSTICS

absorption

amplitude

aperiodicity

audiometric zero (0 dB HL)

bandwidth

clinical audiometer

complex sounds

compression (condensation)

cycle

damping

decibel (dB)

elasticity

fast Fourier transform (FFT)

feedback

Fourier analysis

frequency

frequency response curve
(resonance curve)

fundamental frequency

harmonics

KEY TERMS

hearing threshold level (HTL)
impedance

inertia

J. B. Fourier

logarithm

mass

molecules

noise

peak amplitude
peak-to-peak amplitude
period

periodicity

phase

phase inversion
physicists” zero

pitch

pure tone

rarefaction

reflection

resistance




4 Hearing Science Fundamentals

resonant frequency (natural sound pressure level (SPL)
frequency) spectral envelope
rest position spectrum
reverberation spring-mass model
reverberation time stiffness
root mean square (rms) transduction
sinusoidal motion (simple velocity
harmonic motion) waveform
sound wavelength
sounding board resonance wideband noise
(sounding board effect)

LEARNING OBJECTIVES

After studying this chapter, the student will be able to do the following:

Define sound and identify the elements necessary for the production of
sound.

Describe the motion of a sine wave.
Discuss spatial and temporal concepts associated with sine waves.

Describe the relationship between frequency/period and frequency/
wavelength.

Discuss the difference between simple and complex sounds and provide
examples.

Differentiate periodicity and aperiodicity in sounds.
Define fundamental frequency and harmonics of complex sounds.

Define harmonics in terms of energy distribution on a discrete (line)
spectrum.

Identify the three components of impedance and explain how each affects
energy transfer.

Calculate the resonant frequencies of an inanimate tube system.

Discuss the importance of the decibel, how it is computed, and how it is
used in describing the energy of sound.




M Discuss the following concepts:
O frequency response curve
O undampened resonators
O damped resonators
O bandwidth

O audiometric zero

1. Basic Acoustics

J

his chapter addresses basic con-

cepts associated with sound. Its pur-
pose is to help the reader gain insight
into basic acoustics, which can then be
applied to an understanding of the pro-
cessing of auditory signals, both sim-
ple (e.g., pure tones) and complex (e.g.,
speech sounds, music).

Aspects of sound presented here
include basic parameters, spatial and
temporal aspects, spectral and pressure
measurements, and sound propagation
and conduction. This chapter is not
intended to be a comprehensive review
of acoustics, but rather an introduction
to those aspects of sound that are most
important in understanding the cou-
pling of our external acoustic environ-
ment to our perceptual mechanism
through the auditory system.

Sound can be defined as a condition of
disturbance of particles in a medium.
Three components are necessary for
the production of sound: (a) an energy

source, (b) a body capable of vibration,
and (c) a transmitting medium. The
propagating medium of most relevance
for humans is air. If a portion of air
could be observed microscopically, it
would be found to consist of billions
of air particles called molecules. A fur-
ther discovery would be that these
molecules are consistently spaced with
respect to one another.

The properties common to the
medium of air and other media used
for the transmission of sound waves
are mass, elasticity, and inertia. Mass
is any form of matter (solid, liquid,
gas). The particles in a medium such
as air consist of mass. If a medium has
elasticity, it is able to resist permanent
distortion to its original shape or the
distribution of its molecules. Thus, it
possesses the property of springiness,
or a propensity to return to its origi-
nal position when the forces of dis-
placement are removed. This elasticity
resulting in springiness is also referred
to as stiffness. Because air is not observ-
able, it is difficult to think of it as hav-
ing a shape that can be distorted. A
visual aid useful for an understanding
of these concepts is the spring-mass
model shown in Figure 1-1.

5
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FIGURE 1-1. Schematic of the spring-mass model.

In Figure 1-1, the initial portion (A)
depicts a weight attached to a spring
on a trapdoor. The spring is attached
to a solid suspension system. Note that
the spring is in a neutral position, nei-
ther extended nor compressed. The
second portion (B) shows the effects of
opening the trapdoor, at which point
the force of gravity moves the weight
downward until the elasticity of the
spring overcomes the effect of gravi-
tational force on the mass. The move-
ment then changes to an upward
motion. This up-and-down motion will
continue until the resistance of the air
results in the cessation of motion. This
phenomenon can be readily demon-
strated by attaching a small weight to a
rubber band. Using gravity as the force,
drop the weight and observe the elas-
ticity of the rubber band and the mass
of the weight interact in an up-and-
down motion.

< ’ Vocabulary Checkpoint

Elasticity: Ability of an object or
material to resume its original
shape (i.e., resist permanent dis-
tortion) after being stretched or

compressed.
\§ J

If we vary the size of the weight
and the elasticity of the rubber band,
we can observe the difference in move-
ment related to the various combi-
nations. The molecules (mass) in air
behave as if they had springs attached
to them (springiness = elasticity),
allowing them to be moved from and
returned to their original rest position.
Because of inertia, however, they do not
stop. Inertia is a property common to
all matter: A body in motion tends to



remain in motion, whereas a body at
rest tends to remain at rest unless acted
on by an external force. Because the
molecules are in motion as they move
toward their rest position, they will not
stop at this position, but rather will con-
tinue to move beyond it.

An energy source is used to acti-
vate a vibrator of some kind; the energy
source required often depends on the
vibrator itself. A vibrator such as a
tuning fork needs to be struck against
a hard surface to be activated. Drum
heads need to be hit with a stick or
mallet to cause disturbances in the me-
dium. If air is forced between tightly
constricted lips, a buzzing sound can
be made, which is used as a sound
source for trumpet and tuba players.
Air is also the primary propagating
medium for speech production.

A vibrating body will not remain
in motion indefinitely because of an-
other basic physical property: resis-
tance. Whereas mass and stiffness store
energy within a system, resistance dis-
sipates energy. This dissipation occurs
primarily by transduction (conversion)
into thermal energy. In a mechanical
system, mass, stiffness, and resistance
constitute impedance, which represents
overall opposition to energy transfer.
The dissipation of vibratory energy is
referred to as damping.

Pressure is a force distributed over
a particular area and is defined by the
following formula: p = F/A. In dis-
cussing pressure, historically both the
applied force and the area over which
it was distributed were noted; that
is, dyne/cm?, with the dyne being a
measure of force and square centime-
ters (cm?) a measure of area. Currently,
pressure is measured in units of pas-

1. Basic Acoustics

cals (Pa), in honor of Blaise Pascal, a
17th-century mathematician. For ex-
ample, 0.0002 dyne/cm? is equal to
20 micropascals (pPa).

Thus, when variations in pressure
from current atmospheric pressure
occur with a frequency of occurrence
that is detectable by the auditory sys-
tem, a sound is produced. For this to
happen, it is necessary to have some-
thing cause pressure to vary, usually
an object capable of vibrating, some
source of energy to cause this object to
vibrate, and some medium to transport
the pressure variations caused by the
vibrating object to our ears.

Sinusoidal Motion

Describing sound in such a way as to
visualize it is not a straightforward
process because of the abstract nature
of the concept of sound. One way is by
discussing the simplest type of sound
wave motion that can occur in a me-
dium. This simple wave motion is
called sinusoidal motion (or simple
harmonic motion). Sinusoidal motion
is a disturbance in a medium that oc-
curs when devices such as tuning forks
and clock pendulums are activated and
undergo simple “to and fro” motion.
An additional example is the motion
seen when viewing someone on a
swing. Figure 1-2 illustrates sinusoidal
motion as it is being traced from move-
ments of a clock pendulum.

If a sheet of paper could be pulled
underneath the back-and-forth move-
ments (i.e., oscillations) of a swinging
pendulum with a pen attached to the
bottom of the pendulum, the picture
of a sine wave would emerge on the
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FIGURE 1-2. Example of sinusoidal motion.

paper. The pendulum would begin its
movement from a point of rest, move
in one direction to a point of maximum
displacement, return to its point of rest,
go through its point of rest to a maxi-
mum displacement in the opposite di-
rection, and then again return to its rest
position. The result is a sine wave trac-
ing, which is a graph displaying two
basic properties of motion: time and
displacement.

The sound that is generated from
vibrators that produce sinusoidal move-

ment is often designated as a pure tone,
a sound that has almost all of its energy
located at one frequency. Pure tones
are rarely heard in everyday situations;
most of the sound that we routinely
hear in our environment are complex
in that their energy is concentrated at
more than a single frequency.

When sinusoidal wave motion dis-
turbs the particles of the medium, they
react in a predictable way (Figure 1-3).
As the pendulum or tuning fork tine
begins to move from rest to maximum



| 2 Clinical Note

As a result of simple harmonic
motion, tuning forks create sig-
nals containing energy concen-
trated at one frequency and have
a long history in diagnostic audi-
ology. Prior to the advent of the
clinical audiometer (i.e., equip-
ment currently used to evaluate
hearing), tuning forks were used
to determine the type of hearing
loss. Two common tuning fork
tests are called the Rinne and
the Weber and are described in
Huizing (1973).

\§ J

1. Basic Acoustics

displacement in one direction, the par-
ticles in the medium are pushed closer
toward each other; they are said to be
in a state of compression (or conden-
sation). Maximum compression takes
place at the point of maximum excur-
sion of the vibrating pendulum or
tuning fork tine. As the pendulum or
tuning fork tine begins to move in the
opposite direction, the particles attempt
to return to their original positions
because of elasticity, but they overshoot
that position because of inertia before
coming to rest again. This overshoot,
where the particles are spread apart
more than they normally would be, is
called a state of rarefaction (or expan-
sion). These two concepts are shown in
Figure 1-3.

Rarefaction

Condensation

FIGURE 1-3. Condensation and rarefaction.
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These condensations and rarefac-
tions are the actual sound disturbances
that travel through the medium from
the sound source. It should be noted
that the particles (molecules) themselves
are not moving through the medium.
The particles near an environmental
noise during sound production will
move around their points of origins
(rest positions), but once the sound dis-
turbance has traveled away from the
point of origin, those particles will re-
turn to their rest positions. Thus, the
disturbance will have moved away from
the noise source, but not the individ-
ual particles in the medium; they will
simply be displaced temporarily from
their rest position.

The sine wave tracing can provide
a spatial or temporal picture of par-
ticle disturbances in the medium. As
a spatial picture, the sine wave trac-
ing indicates the relative positions of
the particles in the medium at a single
instant in time. As a temporal picture,
it can be used to study the movement
of a single particle over time as it
changes its location around its rest posi-
tion. Each view of the sine wave trac-
ing has a set of terms associated with it.

J. B. Fourier, a French mathema-
tician who lived in the early 19th cen-
tury, showed that any complex periodic
sound wave disturbance (i.e., sound
with more than one frequency) can be
mathematically broken down into its
individual sine wave (e.g., pure tone or
sinusoidal) components, which vary in
frequency, amplitude, and phase rela-
tions with respect to one another. This
mathematical analysis of complex sig-
nals into their sinusoidal components
is called Fourier analysis, or its more
efficient derivative, the fast Fourier

| 2 Clinical Note

The FFT is a foundational tech-
nique used by a host of profes-
sions, including speech and
hearing scientists, audiologists,
speech pathologists, and engi-
neers. As previously described,
the FFT takes information from
the time domain (i.e., waveform)
and transforms it into the fre-
quency domain (i.e., spectrum).
For speech and hearing profes-
sionals, the FFT is used in clinical
and research settings to decom-
pose signals, such as speech or
music, into their individual fre-
quency components. Because of
its foundational nature, the FFT
will be discussed throughout this
text. For a historical overview,
please refer to Heideman, John-
son, and Burrus (1984).

transform (FFT). Thus, when we look
at a pure tone, we are studying the
most basic element of sound.

SPATIAL CONCEPTS

Amplitude

Amplitude refers to the maximum dis-
placement of the particles of a medium.
It is related perceptually to the mag-
nitude (i.e., loudness) of the sound.



