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12. Discuss and interpret graphs related to the psychoacoustic
(perceptual) properties of loudness, pitch, temporal integration,

and localization.

We live in a world of sounds, some of which are
meaningful and some of which are just part of
our noisy environment. We often take for granted
the remarkable ability of the auditory system to
extract meaningful sounds from the less mean-
ingful so that we can sense danger, localize the
source of a sound, communicate, learn, and even
be entertained. Even when asleep we learn to
tune out familiar sounds, but may wake up at an
unfamiliar sound. At a noisy party, you can focus
on a conversation with one person while ignor-
ing the background conversations, but readily
become aware when someone calls your name
from across the room or your favorite song be-
gins. When you listen to an orchestra or band you
may find yourself listening to the whole song or
picking out the various instruments. Our ability to
hear in our everyday world requires the auditory
system to process complex sounds from our envi-
ronment. The process of hearing involves the gen-
eration of sounds, their travels and interactions
within the environment, physiological processing
by the ear, neural processing in the nervous sys-
tem, and psychological/cognitive processing by
the brain. The sounds we hear have basic physi-
cal properties that are processed by the auditory
system into meaningful information.

Acoustics is the study of the physical prop-
erties of sounds in the environment, how they
travel through air, and how they are affected
by objects in their environment. As you will
see in this chapter, any simple vibration can be
uniquely described by its frequency, amplitude,
and starting phase. Complex vibrations can be
described as combinations of simple vibrations.
However, not all sounds generated in the envi-
ronment are audible and the audible range may
be different across species; for example, dogs
and cats are more responsive to higher pitched
sounds than are humans. The human ear is ca-
pable of hearing a wide range of frequencies
over an extensive range of amplitudes. But how

does frequency relate to our perception of pitch?
How does amplitude relate to our perception
of loudness? How do we compare the loudness
of sounds across frequencies? How do we use
our two ears to localize the source of sounds?
These types of questions come under the area of
psychoacoustics, which is the study of how we
perceive sound. The psychoacoustic aspects of
sound covered in this chapter include some basic
perceptions of pitch, loudness, temporal integra-
tion, and localization. After reading this chapter,
perhaps you will be able to answer the age-old
philosophical question that goes something like,
“If a tree falls in the woods and there are no
living creatures around, does it make a sound?”

The definitions and terminology reviewed
in this chapter are necessary to be able to bet-
ter understand topics that are covered in the fol-
lowing chapters, including the physiology of the
auditory system, the clinical procedures used to
evaluate hearing loss, and the function of hear-
ing aids. A thorough understanding of acoustics
requires knowledge of some mathematical con-
cepts and formulas; however, in this introductory
text, only the basic concepts are presented and
every attempt is made to keep the mathematics to
a minimum. The interested reader is referred to
other textbooks (Gelfand, 2009; Mullin, Gerace,
Mestre, & Velleman, 2003; Speaks, 2017; Villchur,
2000) for a more thorough treatment of acoustics
and psychoacoustics.

SIMPLE VIBRATIONS
AND SOUND TRANSMISSION

Sounds are produced because of an object being
set into vibration. Some familiar examples in-
clude vibrations of tuning forks, guitar strings,
other musical instruments, stereo speakers, en-
gines, thunder, and the vocal cords while speak-
ing. Almost any object can be made to vibrate,



but some objects vibrate more easily than other
objects depending on their mass and elasticity.
Although most sounds in our environment are
complex vibrations, we begin by looking at very
simple vibrations called pure tones. Pure tones
are used by audiologists as part of the basic
hearing evaluation. In addition, an understand-
ing of pure tones is useful because all complex
vibrations can be described as combinations of
different pure tones, which was mathematically
proven by a man named Fourier. Today, we have
electronic instruments that can perform fast Fou-
rier transforms (FFTs) to determine the different
pure tones that comprise any complex vibration.

The vibrating sound source sets up sound
waves that travel, called propagation (propa-
gate), through some elastic medium, such as air,
water, and most solids. Propagation of sound
through air occurs because of the back and
forth movement of air molecules around their
position of equilibrium in response to the back
and forth vibration of an object. The air mole-
cules closest to the vibrating object move back
and forth first. Because of the inertial and elastic
properties of the air molecules, the air molecules
only move within a localized region, but as they
push against adjacent air molecules the process
repeats itself, which causes the pressure varia-
tions to propagate through the medium. When
the vibrating object moves outward, the air mol-
ecules are pushed together causing an increase
in the density of air molecules (more molecules
per volume), called condensation, and this cor-
responds to an increase in sound pressure. When
the vibrating object moves in the opposite direc-
tion, there is a decrease in the density of air mol-
ecules, called rarefaction, and this corresponds
to a decrease in sound pressure. Figure 3-1 il-
lustrates how these increases and decreases in
the density of air molecules occur in response to
a simple vibrating object such as a tuning fork.
When the vibration repeats itself over and over,
as depicted in Figure 3-1, there are continuing
cycles of condensation and rarefaction that pro-
duce a continuous sound that can be measured
at different points in the surrounding area. In
Figure 3-1, you can see the areas in which the
air molecules are more densely packed (conden-
sations) and where the air molecules are less
densely packed (rarefactions). The condensa-
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FIGURE 3-1. A and B. lllustration showing prop-
agation of air molecules to a vibrating sound source.
A. Tuning fork vibration producing alternating areas
of increased density of air molecules (condensation)
and decreased density of air molecules (rarefaction)
that are propagated across the air from its source.
B. Sound waves as they propagated spherically away
from the sound source with alternating condensation
and rarefaction phases. As the distance from the
sound source increases, the force is distributed over
a wider area.

tions and rarefactions reflect a repetitive pattern
of increasing and decreasing air pressure. For un-
obstructed sound waves in air, the air molecules
move outward in a spherical direction and the
actual size of the air pressure peak (amplitude)
diminishes with distance because of friction, as
well as because the pressure is being radiated in
an increasing spherical pattern. At some distance
from the source, the pressure will no longer be
measurable because the energy is spread out
over a large enough spherical area. The actual
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amplitude of a sound at any point in space ob-
viously depends on the original intensity level
of the sound, that is, louder sounds will travel
greater distances than softer sounds.

Sound propagation can also be influenced by
how the waves are reflected or interfered with by
objects or walls. Much of our real-world listening
situations are in closed environments, whereby
much of the sound energy does not penetrate
the walls but instead bounces off or is absorbed
by the walls. The angle at which a sound will
bounce off a wall is similar to a ball bouncing
off a wall. The angle of reflection will depend on
the angle of incidence relative to the perpendic-
ular. This becomes even more complicated when
the encountered object is curved (convex or con-
cave), or in a room with four walls, where the
sound may bounce back and forth among the
walls. How sound waves might interact with an
object in its environment is also important. Some
sounds will bounce off an object, whereas other
sounds easily go around the object, and depends
primarily on the sound’s wavelength (see section
on wavelength). As you will learn in the follow-
ing sections, there are also areas in which the con-
densation phase of a wave meets up with another
wave’s rarefaction phase, resulting in wave can-
cellation (where no sound is present). In addition,
materials have certain absorption characteristics
that come into play in determining how sounds
act in the real world. Understanding acoustics
in these types of environments is especially im-
portant when designing theater or music venues
(something acoustic engineers are trained to do,
but it is well beyond the scope of this textbook).

Another characteristic of sound waves is
the speed or velocity with which they are prop-
agated through the medium. Sound travels faster
in water and most solids than it does in air.
The speed of sound in air is about 343 m/s or
1126 feet/s,! which is much slower than the
186,282 miles per second that light travels. You
probably use this knowledge, maybe unknow-

"The speed of sound in air is dependent upon both the
temperature and the density. The value used in this
textbook is an approximation for 68°F. The speed of
sound in air slows down as temperature decreases, for
example, it is about 341 m/s or 1086 feet/s at 32°F.

ingly, when you estimate how many miles away
you are from a storm by counting the seconds be-
tween seeing the lightning (seen instantaneously)
and hearing the thunder (heard later). Your esti-
mate of how far away the storm is will be more
accurate if you divide the number of counted sec-
onds by five to take into account that the speed
of sound is about one-fifth of a mile per second.

When the increases and decreases in pres-
sure occur in the direction of the vibrating ob-
ject, as for sound waves, the sound is called a
longitudinal wave. The process of localized back
and forth movement of air molecules results in
the propagation of a longitudinal sound wave
through the air, more precisely in a spherical pat-
tern. When this sound wave reaches the ear, the
corresponding condensations and rarefactions
in air pressure cause the tympanic membrane to
move in and out, thus beginning the process of
hearing. You will see in the next chapter how
vibrations are received by the ear and how the
ear transforms the incoming vibrations into audi-
tory information. Before that, however, we need
to turn our attention to understanding the basic
physical parameters of sound, frequency, ampli-
tude, and starting phase.

FREQUENCY

Pure tones are characterized by regular repeti-
tive movements. Imagine holding a pencil in your
hand and moving it up and down on a piece of
paper at a consistent height and speed. As you
are moving your hand up and down, begin to
move the paper from right to left; you should see
a pattern that looks something like those shown
in Figure 3-2. The actual separation of the peaks
that are produced will depend on the speed at
which you move the paper (the slower the paper,
the closer the peaks). To be able to quantify the
pattern of vibratory movement, the motion is
displayed as a function of time along the x-axis.
The y-axis represents a measure of magnitude or
amplitude of the vibrations (e.g., how far up and
down you moved your hand). When the pattern
of movement is displayed with amplitude as a
function of time, it is called a time-domain wauve-
Jform or simply a waveform.
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FIGURE 3-2. A and B. Representations of two dif-
ferent pure-tone vibration patterns as a function of
time in arbitrary units. The vibration in (A) is slower
than the vibration in (B) even though the time scales
are equal.

A cycle of vibration describes the pattern
of movement as the object goes through its full
range of motion one time. In other words, one
cycle represents the movement of an object from
its starting point to its maximum peak, then to
its negative peak, then back to its starting point.
Figure 3-3 shows one cycle of a pure tone.

Most vibrations repeat themselves; therefore,
pure tones are usually described by how many
cycles occur in 1 second (s), called frequency of
vibration. However, instead of using cycles per
second as the unit of measure for frequency, the
term bertz (Hz) is used to mean the same thing.
For example, a vibration that repeats itself 100
cycles in 1 s is called a 100 Hz pure tone. Con-
versely, a 100 Hz pure tone would complete 100
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cycles in 1 s. An 8000 Hz pure tone completes
8000 cycles in 1 second. The frequency range of
audibility for bumans is from 20 to 20,000 Hz.
Figure 3-4 shows some examples of differ-
ent frequencies as they would appear on paper
when graphed with a 1 s time scale. As you can
notice, it is difficult to visually count the number
of cycles as the frequency increases, and count-
ing would be extremely difficult for much of the
audible frequency range if graphed using a 1 s
time scale. However, another way to graphically
represent the different frequencies of pure tones
is to change the time scale along the x-axis. In
other words, only a few cycles (or even a single
cycle) are plotted over a specified time scale. The
actual frequency is calculated from knowing how
long it takes to complete one cycle, called the pe-
riod of the vibration. Figure 3-5 shows some ex-
amples of how the period is related to frequency.
In Figure 3-5A, you can see that the time it takes
to complete the one cycle is equal to 0.01 s (one
hundredth of a second), which means it would be
able to complete 100 cycles in 1.0 s (100 Hz). In
Figure 3-5B, the time it takes to complete the one
cycle is 0.001 s, which means this vibration would
be able to complete 1000 cycles in 1 s (1000 Hz).
In Figure 3-5C, the time it takes to complete the
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FIGURE 3-3. Time domain waveform showing one
cycle of vibration. The vibration moves from its start-
ing point to its maximum peak (amplitude), then to
its negative peak, then back to its starting point as a
function of time.





