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    Before we dive into the how to of the

“Ultimate” Home Theatre, it is important to

understand what and why we are striving to

achieve it. The short answer is, goose

bumps, because it’s fun. But in order to get

there, all systems must work together per-

fectly. In this segment, we’ll look at what

sound is and what it means to us.

    We can’t see sound, yet it is always with

us. Our ears are never at rest. It is possible

to feel sound at times, but most of the time

sound consists only of bombarded air mole-

cules making their way to our aural recep-

tors (ears), which convert the energy first

into mechanical, then electrical impulses for

the auditory nerve, which are then sent to

the brain for processing, becoming neuro-

chemical reactions, or emotions.

Sound by definition––A vibratory distur-

bance in pressure and density of a fluid, or

in the elastic strain of a solid, with frequen-

cy in the approximate range between 20

and 20,000 cycles per second, and capa-

ble of being detected by the organs of

hearing (American Heritage Dictionary).  

    Sound may start via a mechanical vibra-

tion of some kind, i.e.  a vocal cord, a

plucked string, the impact of a struck

object, wind blowing, rubbing of…  These

vibrations disturb resting molecules and

cause them to bump into adjacent ones

and then return to their original position. So

while sound waves continue to travel, the

air particles are essentially stationary. These

sound waves are energy, and they will con-

tinue to travel until they are acted upon. The

energy may be re-directed by reflecting off

objects, or it may be absorbed by materials,

or as in most cases, a combination of the two.

    We can break down sound into two cate-

gories for further understanding: 

    1. Stimuli, the physical source of sound

energy.

    2. Response, our psychophysical receiv-

ing of sound energy.

    In this article, we will touch on the

mechanical and physical properties of how

we receive and perceive sound. Both will

offer a better understanding and apprecia-

tion for what we will discuss in the rest of

the series. Having this knowledge will help

you to make better decisions as you work to

create your “Ultimate” Home Theatre. 

    Let’s begin with some basic characteris-

tics of sound energy:

Physical Sound Waves

    The graphic below (Figure 1) can be a

helpful reference as we discuss some of the

physical characteristics of sound energy.

    Sound waves are pressure areas pro-

duced by mechanical vibrations, which

move through a medium such as air or

water, causing a reaction in the ear, which

the brain interprets as sound. They are

vibratory disturbances in the 20- to 20,000-

cycles-per-second range that can be

detected by our hearing mechanism. Sound

waves are characterized by wave proper-

ties such as: frequency (number of cycles

per second), wavelength (distance a wave

travels in one cycle period), period (time

duration of one cycle), amplitude (magni-

tude of change in atmospheric pressure

during one cycle), intensity (rate of energy

transfer averaged over a particular time

period), speed (1,130 ft/sec), and direction

(particle motion).

    Sound waves behave such that as

sound waves propagate through a home

theatre, they are subject to different effects

that determine their behavior. Sound can

bend around objects, be re-directed, dif-

fused, absorbed and transferred. The

behavior of sound is what we generally call

acoustics. Because sound waves behave,

they can be predicted (computer modeling)

and controlled. However, acoustic control is

often beyond our resources due to budget-

ary, décor, physical space and/or physical

weight constraints, construction errors, etc. 

    Sound waves are measureable in terms

of the relationships between the domains of

sound energy, time and frequency. Frequency

(perceived as pitch) is described in units as

Hertz, after Heinrich Hertz, and abbreviated

as Hz. They are the number of repeated cycles

that occur in one second. As you can guess,

time and frequency are two different mathe-

matical means of describing the same

thing. Energy (perceived as loudness) is

described as units of decibels after

Alexander Graham Bell and abbreviated as

dB, which are atmospheric sound-pressure

levels. Each of these domains can be col-

lected and analyzed when sound waves

impinge on a microphone diaphragm of

specific quality. 

    Because we can easily describe fre-

quency as time, we can break a single fre-

quency into time segments, or degrees of

phase (see Figure 1). This is important to

understand as we talk about sound waves

arriving at our ears at different times. Phase,

or timing errors, occur as a result of loud-

speaker drivers being out of alignment,

Norman Varney

Sound—Vibration And Perception

Figure 1. The basic components of a single cycle at any frequen-

cy. In the same amount of time or distance, a higher frequency

would have more cycles, while a lower would have fewer.
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sound reflecting off of surfaces, etc. When

they occur, they cause sound energy to

increase or decrease. Such distortions can

be perceived as alterations to timbre,

dynamics, pitch, and even location of

sounds (See Figure 2).

    Sound waves have size, which is

important to understand, especially when

we talk about acoustic room treatments in

future articles. In order for frequencies to be

reflected or absorbed, they need to be

smaller than the governing material. In air,

sound wavelengths for the following fre-

quencies are:

10 Hz. = 113 feet long

100 Hz. = 11.30 feet long

1 kHz. = 1.13 feet long

10 kHz. = 1.3 inches long

    Sound waves have speed, which varies

with the medium. In air of 68º F at sea level,

sound travels about 767 miles per hour, or

1,130 feet per second. Sound travels faster

and further in other mediums. For example:

in water sound moves 4,724 feet per sec-

ond; in marble, 12,467 feet per second; in

aluminum, 17,060 feet per second; and in

glass, 19,685 feet per second. Have a

friend hit a railroad track with a hammer 50

yards away and you’ll hear the sound con-

ducted through the dense steel rail arrive

well before the airborne arrival. Denser

mediums mean better conduction and fur-

ther distance before dissipation. Whales

can communicate with each other under

water hundreds of miles apart. 

     Understanding that denser materials

conduct better will be helpful when we talk

about de-coupling, damping and other

means of sound absorption and isolation

used for sound mitigation.

    Sound waves travel—When molecules

are displaced from their original or equilibri-

um position due to energy impinging on

them, inertia causes the particles to move

beyond their resting point, and then elastic

forces cause them to return. The sound

wave continues to travel, while the mole-

cules return home. This happens in gases,

liquids and solids. The particle motion of

sound waves can move in longitudinal (as

in air travel), transverse (as in a guitar string

where the string moves at right angles to

the direction of wave travel along the

string), or circular (as in the concentric

waves created when a rock is dropped into

a pool of water). Richard Heyser expressed

it well when he said, “Sound is what hap-

pens when air gets pushed.”

    Sound waves tend to radiate spherically

from the source out into the room. Low-fre-

quency wavelengths, being large, tend to

be enveloping and less directional com-

pared to high frequencies. This is helpful to

know when positioning loudspeakers in the

room, as we will cover in another article.

Some loudspeaker types control angular

dispersion to avoid boundary reflections.

    Two other important features related to

sound propagation are sound pressure and

particle velocity, which we will get into when

we talk about acoustic treatments in a

future article.

    The relationship between physical

acoustic measurements and human per-

ception is non-linear. Both require distinct

descriptors in order to communicate. Both

are still evolving as we learn more about

how the brain works, as technology

improves, and as we continue to explore

acoustics in new ways.

Psychophysical Sound waves

Hearing System Anatomy And Function 

    a. The Ear—Our pick-up device. A

remarkable mechanism capable of

responding to energy a million, million

(1012) times greater than the weakest per-

ceivable sound. At some frequencies, the

eardrum may move as little as about one

tenth the diameter of the hydrogen atom. It

is estimated that the vibrations of mem-

brane that transmits this stimulus to the

auditory nerve is even 100 times smaller in

amplitude. Hearing also includes vibrations

to the skull via bone conduction. 

    The outer ear is a sound collector, and

as the molecules vibrate down the ear

canal they bombard the eardrum, causing it

to move. The ear canal also acts as a pipe

resonator that boosts hearing sensitivity in

the 2 kHz to 5 kHz range. The extent of the

eardrum movement equals loudness and

the frequency equals pitch. The eardrum

changes sound wave pressure variations

into mechanical vibrations for the three ossi-

cle bones. These bones take the very small

pressure exerted by the eardrum into

greater pressure (up to 30 times). Another

function of these bones is to protect the

inner ear from loud noises and sudden

pressure changes. A loud noise will trigger

two sets of muscles; one tightens the

eardrum, while the other pulls the stirrup

away from the oval window. This mecha-

nism is called acoustic reflex.

    Because the eardrum makes an airtight

seal to the inner ear, it is crucial to provide

a means of equalizing pressure. This safety

feature is performed by the Eustachian

Figure 2. When identical signals start at the same time from two separat-

ed loudspeakers, they sum their loudness with an increase of 3 dB and

appear to be centered in space. When an identical signal arrives 180

degrees behind the other, under ideal circumstances, no sound will be

heard. Different phases, or arrival times, will offer different perceived

loudness and source positions in space. This type of manipulation is how

multi-track recordings create a 3D soundstage. Recordings played back

in uncontrolled environments distort what was created. 
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tube, which connects the middle ear to the

oral cavity.

    The movement of the ossicles bones

causes movement of the oval window,

which is connected to the cochlea. The

cochlea is filled with fluid (actually two

kinds, totaling less than one drop) that

moves in response to the vibration dis-

placement of the oval window. As the fluid

moves, the cochlear partition (basilar mem-

brane and organ of Corti) moves thousands

of hair cells (See Photo 1). 

    The fluids in the cochlea have more

force than that of air, and these hydraulic

pressure waves can cause the basilar

membrane to bend, forcing attached hair

cells to be bent. There are well over 20,000

of these cells. Each hair cell has many hairs

or cilia that are bent when the basilar mem-

brane responds to sound. The bending of

the cilia stimulates the hair cells. Each hair

cell has a characteristic frequency at which

it has maximum sensitivity. The high fre-

quencies are detected near the entrance of

the cochlea where the membrane is thin

(only two cells thick), taut and only fractions

of a millimeter wide. Continuing down the

31.5 mm long cochlea bone toward the

other end, the interior membrane becomes

heavier, looser and a few millimeters wide

for low-frequency sensitivity. When bent by

the fluid undulations, the hair cells convert

the motion to electrochemical signals that

are communicated via neurotransmitters to

many thousands of nerve cells in the audi-

tory nerve, which are then sent to the brain

for processing, which eventually become

neurochemical reactions, or emotions. 

    In summary, sound waves travel down

the ear canal and hit the eardrum, whose

movement causes mechanical vibrations to

the ossicles bones, which vibrate against

the oval window, which causes fluid pres-

sure variations in the cochlea, which causes

movement in the basilar membrane that

cause hair cells to transmit electrical

impulses to the brain. 

    There is so much more to this amazing

organ than we can go into here, but hope-

fully, you appreciate its sensitivity and com-

plexity a little bit more than before.

    As a side note, the Semicircular canals

seen in Figure 3 are not auditory devices,

but are detectors for vertical and horizontal

balance of the body. There is a separate

nerve running to the brain to serve this

function.

Brain Auditory Anatomy And Function

    Thanks to advancements in research in

the fields of cognitive psychology, neuro-

chemistry, imaging sciences, etc., we are

Figure 3. The anatomy of the ear and how it works. Not to scale; the mid-

dle ear is about the size of a cube of sugar, and the cochlea is the size of

a pea.

Photo 1. Human cochlea. Indicated in green are just a few of the >20,000

hair cells in the cochlea. To give a sense of scale, each of the green cells

is less than 20 micrometers long (0.0007 inches). The tiny hairs on top of

the hair cells move in response fluid disturbance caused by sound vibra-

tions. Their movement stimulates electrochemical signals within the larger

green hair cells. The yellow parts are part of the auditory nerve and are

the pathways that send these electrical signals to the brain.
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much closer to understanding the brain and

how we experience, and how we react to

the world of sound. 

    b. The Brain—The Auditory Cortex is the

first stage in analyzing sound and is divided

into three regions. 

    i. Primary Auditory Cortex—This

area of the brain is thought to identify fun-

damental elements, such as pitch, loudness

and location. It also selects what data is

important and which is not.

    ii. Secondary Audio Cortex—

Relationship modeling. Believed to also

process harmonic, melodic, rhythmic pat-

terns, etc. 

    iii. Tertiary Audio Cortex—

Integrates the audio scene into the overall

experience.

    c. Emotion—There are several areas of

the brain, which can be called into action to

trigger emotion:

    i. Hippocampus—Memory of audio

experiences.

    ii. Nucleus Accumbens and

Amygdala—Emotional reactions. 

    iii. Cerebellum—Emotional reactions

and triggers for Motor Cortex, etc.

    Let’s place you now in your “Ultimate”

Home Theatre, where your auditory scene

(playback system, which includes the room)

is working perfectly and your sense of reali-

ty is fooled to the point that your brain

thinks you are in the movie (See

Widescreen Review Issue 182 December

2013, page 44). You hear a sound behind

your right shoulder. After the ear has con-

verted the sound waves to electrical pulses

through the auditory nerve, neurons in the

primary auditory cortex process the pitch of

the sound to help you discern that the

sound is a voice moaning in the distance.

More precisely, it helps you distinguish that

it is not a man’s voice or a baby’s voice, but

a woman’s voice. Another network of neu-

rons determine the location of the sound.

These and other networks work together to

summon a visual map and then an emotion-

al response––you turn toward the sound or

maybe jump back as the result of neuron

activity in the motor cortex triggered by the

amygdala. This is a very primitive part of

the brain developed to discern the correct

action to take in case of danger––freeze,

flight or fight.

    On another occasion, while you are lis-

tening to enjoyable music, the primary audi-

tory cortex will activate additional regions of

the brain in the temporal lobe, incorporating

the superior temporal sulcus and the supe-

rior temporal gyrus (on both sides of the

brain) to discern timbres. The hippocampus

is called in to categorize between different

timbres by retrieving memories of similar

sounds you may have heard in your past

experiences, which will require activating

your mental glossary, which require areas

of the brain between the temporal, occipital

and parietal lobes. Yet, more areas of the

brain come into play as you continue to

analyze pitch sequences, harmony, rhythms

and emotion. Finally, other network groups,

called the mesolimbic system, come into

action. Here the nucleus of accumbens

resides, which is the reward or pleasure

center, and where the signals to release

dopamine and serotonin (produced by the

brain stem) occur. This is why music can be

used to “get high.” It actually regulates

delivery of drugs into the body that cre-

ate a positive mood, smiles, even tears

of joy. It is all miraculous. It is why we

strive for playback perfection. We want

to get the most entertainment value

possible and to experience what the

artists created for us.

    In the next segment, we will delve

into psychoacoustics to better under-

stand why construction materials and

methods, room layout, physical set up

of equipment and calibration of the

electro-acoustical system contributes

so much to what we ultimately

experience. WSR
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Figure 4. Anatomical approximation of specific brain processing locations

related to hearing.
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