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ABSTRACT

The sensation of timbre has intrigued and confused musicians
and psychoacousticians for over a century. Current timbre definitions
are not in agreement. Most are negative or catch-all in nature, and
state that timbre is the sensation left when loudness and pitch are
ignored.

This investigation was conducted to determine an individual's
sensitivity to changes in timbre as a function of the intensity change
of one partial in the spectrum of a complex sound. The relation of
differential sensitivity to partial number and loudness also was
investigated. The determination of a difference threshold for timbre
related to the power spectra of complex sounds yielded a more precise
definition for the term "timbre".

Six subjects were recruited from music camp participants and
music students at The University of Kansas: Four subjects were music
campers, one was an undergraduate music student, and one was a graduate
music student. Each subject participated in one training session and
six measurement sessions over two days.

A modified method of limits was employed to determine the
difference threshold for timbre. The standard stimulus was a complex
of seven in-phase simultaneous harmonic sinusoids with a fundamental
of 500 Hz. The comparison stimuli had energy added or subtracted from
a given partial of the standard and redistributed among the other six
partials. There were three random orders for the pairs of standard and
comparison stimuli. Each member of the stimulus pair was presented for

two seconds, with one second of silence between members of the pair. Four



seconds of silence were allowed between simulus pairs of stimuli for
the subject's response.

The stimuli were synthesized digitally using the MUSIC V
program. Digital to analog conversion was at 17,500 samples/sec.
sampling rate, and was recorded on standard recording tape. The
tape was played through a preamplifier having a low-pass filter to
help reduce switching transients. The stimuli were presented monaurally
to the left ear at 70 db SPL.

During each of the six measurement sessions, each subject responded
to seven sets of 19 stimulus pairs-~-one set for each partial varied in
the seven-component complex tone. Three additional subjects as well
as those participating in the timbre investigation listened to a tape
of stimuli varying the third partial and evaluated loudness differences
between stimulus pairs.

A computer recorded the subjects' '"same" and "different"
responses, and unscrambled the random stimulus order. The transitional
points were the intensities of the partial varied in relation to the
others, where the same response changed to different, with at least two
responses in the new direction. The upper and lower thresholds were the
midpoints between these transitional points and the next stimulus value
in each direction.

Difference thresholds (expressed in db Calculated SPL) were
subjected to a treatment by subject analysis of variance with partial
varied as the treatment condition. The results indicated no significant
difference between column means, supporting the hypothesis that there

would be no significant differences in difference thresholds obtained by



varying each of the seven components of the standard stimulus. No
significant difference was found for upper or lower threshold data
subjected to treatment by subject analysis of variance. Therefore,
an average difference threshold for timbre for the standard timulus
was calculated, and found to be 4.28 db CSPL.

No subject gave consistent responses for loudness changes.
It was concluded that, for the standard timulus, a larger power spectrum
change was required to induce a change of loudness than to induce a
change of timbre. Further, it was concluded that it was perfectly possible
to determine a difference threshold for timbre, and that each component
of the complex contributes equally to the overall timbre sensation. A
new definition for timbre was forwarded: Timbre is that aspect of sound
sensation related to the power spectrum of a complex when pitch and loud-

ness are held constant.
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CHAPTER I

INTRODUCTION

Background

Music is sound and silence moving through time in perceptible
forms expressive within a context (Heller, 1976). Inherent in this
definition is the concept of perception, the awareness of objects or
data through the medium of the senses. Perception, in a general semnse,
is concerned with an individual's understanding of the surrounding physical
world. Furth (1970) explains that perception is a knowing activity that
is focused on the immediately available sensory data. Perception refers
to relations between the input to a biological system and the output of
that system, both potentially observable. The task of the person studying
these relationships is the "task of making inferences, or guesses, about
relations” (Dember, 1960, p. 7). Thus perception is the catalyst for
the interchange between organism and environment, and is the foundation
for knowledge.

Music is concerned with auditory perception. Seashore (1938)
states:

Musical art and everyday experience of sound may proceed

without any knowledge of physics, physiology, or psychology; but

when the scientist attempts to explain these experiences he must

deal with the series as a whole, the sound wave, the nerve impulse,
and the experience of sound. The object of our study is music from
the psychological point of view. Music is the center of our interest,

the goal towards which we are working. (p. 15)

1



Music educators therefore must realize that knowledge of music is
derived in part from perception. How an individual perceives auditory
stimuli, and the limitations both physiologically and congnitively which
govern his or her perception, are of primary concern to the music
educator.
Physiological descriptions of auditory reception are now quite
detailed (viz.,, Flanagan, 1972). The physics of sound, embraced in
the discipline of acoustics, has been studied since the time of Pythagoras
(Backus, 1969, p. xi).. The study of living organisms, rather than
"things,'" has had a comparatively brief history, although they both
are concerned with behavior. The relation between sound's physical and
perceptual aspects has been investigated largely in the last century.
The science of psychophysics developed in response to the need
for understanding the relation between physical and psychological
parameters. Roederer (1975) states that
psychophysics tries to make predictions on the evolution
of a specific system subjected to given initial conditionms.
The system under consideration is the brain and associated
peripheral nervous and endocrine systems, the conditions are
determined by the physical sensorial input stimuli, and the
evolution is manifested by the individual physiologicalreactions
or by the whole complex behavior of the body commanded by that
brain. (p. 8)
The study of the relation between physical stimuli and organismic

response was given a systematic approach by Fechner (1860) in his

treatise Elements of Psychophysics. In the preface to this work, the

goals of psychophysics are clearly stated, and remain valid today:

By psychophysics . . . I mean a theory which . . . is new
insofar as its formulation and treatment are concerned; in short
it is an exact theory of the relation of body and mind.

As an exact science, psychophysics, like physics, must rest
on experience and mathematical connection of those empirical facts
that demand a measure of what is experienced or, when such a



measure is unavailable, a search for it. Since the measure of

physical magnitudes is already known, the first and main tasks

of this work will be to establish the as yet non-existant measure

of physic magnitudes; the second will be to take up the appli-

cations and detailed arguments that develop from it. (p. xii)
Psychoacoustics is the psychophysical study of sound. It is a subtest,
or branch, of psychophysics in general. In response to the challenge
issued by Fechner almost 100 years ago, this research will investigate
the psychoacoustics of timbre.
Sensation

Classical psychophysics makes a distinction between perception
and sensation. The general consensus is that perception is more
complex than sensation. The two are further distinguished in that
"perception is relatively more dependent upon learning, motivational,
and social, and personality factors than sensation' (Kimble, 1956,
p. 143). Dember (1960) notes that such distinctions are suspect. The
first basis for distinction, a tendency toward greater complexity,
as well as the second criterion, dependence on other factors, are
nebulous at best. Kimble (1956) seems to acknowledge this vagueness
in stating: "As is apt to be the case with dichotomies, however, the
sensation-perception one is somewhat arbitrary. The borderline
between sensation and perception is often obscure" (p. 143). In this
study the terms sensation and perception will be treated as synonymous.
A definition of semnsation is difficult, but approachable.

The '"psychic magnitudes' mentioned by Fechner are clearly synonymous
with the sensations spoken of by contemporary psychophysicists.
Pavlov (1927) was one of the first experimenters to suggest a cortical

mosaic upon which neural impulses from the sensory transducers are

displayed. This same concept is found in Roederer's (1975) definition of



sensation: "Sensation is related to neural activity, evoked by sensory
input signals, and presented in image on the cortical area associated
with the specific sensory transducer" (p. 8).

Important to the concept of sensation is that of attention.
Many sensory input signals may travel through the nervous system
unattended by the biological system. In order for semsation to
occur, the organism must be aware of these signals. In humans, this
awareness is facilitated by the selective action of the reticular
activating system of the lateral lemniscus. When this physiological
system is stimulated by sensory input signals, sensation occurs.

Many physiologists agree that the location, amplitude, and
spatial distribution of neural activity determine the class and
subjective intensity of the associated sensation. Sensations can be
classified into more or less well-defined types (Roederer, 1975).

This fact is demonstrated by the many labels invented for their
description, such as pitch, loudness, and timbre, even though there
may not be mutual recognition of the meanings of those labels.

Another important aspect of sensation is that two sensatioms,
one following the other, can be ordered by the individual as to whether
a specific attribute of one is perceived as different from the other.
The fact that such differences can have amount, that is, that there can
be greater or lesser differences within a given set of sensationms,
indicates the possibility for measuring the magnitude of such differences,
and hence the magnitudes, relative to a given criterion, of the individual

sensations.



Sensation thus arises as a comnstruct, "a conception built
upon the objective operations of stimulation and reaction' (Stevens,
1975, p. 51). The study of sensation involves the study of organismic
responses, responses which can be quantified objectively. It is not
concerned with the study of undefinable mental material that would,
by definition, defy objective tests. However, when investigators are
dealing with human subjects, rather than physical events, they are
concerned with the subjective.

Measurement

It is the subjective nature of the study of sensations which
fuels a controversy concerning psychophysical measurement. It is
important that this controversy be resolved and an adequate definition
of measurement be stated.

Those concerned with fundamental approaches to measurement
claim that sensation cannot be measured. One 'of the central features
of fundamental measurement is the measurement of numerosity, the
quantity of countable things (Stevens, 1975). Numbers representing
such quantities can be subjected to standard algebraic transformations
with no loss of validity. Helmholtz (1877) was the first to suggest
that any operation must be mirrored by the mathematical laws of
additivity. 1If they do not, the operations do not qualify as measure-
ment. In the fundamental measurement concept, mathematics is the model
upon which emperical results must be compared. Since sensations cannot
be counted "like beans'" (Stevens, 1975), the measurement of sensation

is, by definition, impossible.



This view has been embraced by a large number of scholars,
from the late nineteenth century to the present. The absence of
something to count stimulated William James to reject the idea of
sensation measurement. James believed that "the whole notion of
measuring sensations remains, in short, mere mathematical speculation"
(James, 1890, p. 539). Wundt (1890) felt that, although people have
the ability to judge one sensation as stronger or weaker than another,
they cannot say how much stronger or weaker. Stumpf (cited in James,
1890) also felt that "one sensation cannot be a multiple of another.

If it could [sic.], we ought to be able to subtract the one from the
other, and feel the remainder by itself" (p. 547). Savage (1970)
continues to argue from this concept that we should "abandon the
concept of psychological magnitude" (p. 408).

Stevens (1940) developed a new concept of measurement. In
essence, he rejected the rigidity of the rule that empirical information
must be subjected to the test of mathematical rules. He reasoned that
since mathematics is a description, and empirical information describes,
one should be able to form a union between empirics and mathematical
models.

We find, then, that in the business of measurement the number
system of mathematics can provide the schema; experimental
manipulations can provide the facts, the empirics. Properly
combined, the empirics and the schema form a schemapiric union
that results in useful measurement. (Stevens, 1975, p. 41)

Numbers, therefore, are simply representations of empirical operatioms.
The outcome of the union is a scale, of which there are four types:

nominal, ordinal, interval, and ratio. Each scale form applies

different features of the number system, depending on the ways the



numbers can be altered and still retain all of the empirical infor-
mation. Three scales, nominal, ordinal, and interval, do not allow
for the addition of numbers to retain empirical information, yet they
still provide procedures for measurement relative to their criteria
and limitationms.

Measurement thus can be defined as the assignment of numbers
to objects or events according to any consistent rule, as long as this
rule is not random assignment. By careful combination of empirics
and the mathematical model, sensation can be measured. Stevens (1975)
would argue that he has developed the means to measure sensations on
the ratio scale, preserving the numerosity of fundamental measurement.
But such measurement is only one form; people can measure anything
according to consistent rules.

In summary, psychophysics is the study of sensation, the
relation between physical stimuli and the response of a biological
system. Psychophysics is concerned with the measure of this relation,
and the application of a particular set of numbers to observed behavior
with given initial conditions. Psychoacoustics is the branch of
psychophysics which uses sound as the physical stimulus.

The relation between the physical components of a sound event
and the psychological response to that event is the basis for the study
of psychoacoustics, Sounds can be defined in terms of four physical
parameters: frequency, amplitude, time and waveform. Each of these
is associated with a psychological counterpart: pitch, loudness, duration

and timbre. In psychoacoustical research, these parameters serve as

variables in experimental designs.



Experiments in psychoacoustics, and psychophysics in general,
are designed to answer several important quesitons which are directed
at the input side of the perceptual system. The physical aspects of
sound serve as input variables; the output is the recorded behavior
of the system. These important questions are: 1. What general types
of energy is the system capable of receiving? 2. For a given type
of energy, what is the least amount of energy required for the system
to be activated. 3. For a given type of energy, what is the smallest
difference in amount of energy that the system can react to? 4. How

does the system react to variations in the amount of energy received?

Need for the Study

To date these questions have been answered for amplitude,
duration, and frequency, as is evidenced in the material presented in
Chapter II. Timbre has received considerably less attention. Plomp
(1970) states that "it is quite remarkable how little attention timbre,
as contrasted with loudness and pitch, has received in hearing research"
(p. 391).

The index to Backus's (1969) The Acoustical Foundations of

Music has only one entry for timbre; he seems to have equated (or
confused) the term with tone quality. In Hearing--Its Psychology and
Physiology (Stevens, 1938), there are extensive chapters on loudness

and pitch, however timbre is not even mentioned in the glossary. Winckel

(1967) in Music, Sound and Sensation, treats both loudness and pitch,

but completely ignores timbre, per se, instead referring to "tone



color". Even texts dealing specifically with psychoacoustics ignore

timbre, such as Harris' (1974) Psychoacoustics.

Those who have addressed themselves to the subject have
generally made comments that are, at best, nebulous. Licklider (cited
in Plomp, 1970) discusses the attributes of complex sounds, but con-
cludes that until careful scientific work has been done, it is impossible
to say more about timbre than that it is a "multidimensional dimension."
Zwicker and Feldtkeller (1967) also limited their remarks concerning
timbre to its multidimensional nature.

Studies in hearing theory also have neglected the area of
timbre perception. Von Bekesy (1963) does not include timbre in his
list of the primary attributes of auditory sensation. Green (1976),

in An Introduction to Hearing, goes into much detail on loudness and

pitch discriminations of complex sounds, but does not cite similar
studies dealing with timbre. Plomp (1970) concludes that "hardly
any results of explicit experiments on timbre are available" (p. 392).

Definition of Timbre

Thus psychoacoustics has not addressed itself to answering
the fundamental questions about timbre as it has to pitch and loudness.
The reluctance to deal with timbre is exceeded only by the number of
different definitions given for the term itself.

Helmholtz (1877) described timbre as 'that peculiarity which
distinguishes the musical tone of a violin from that of a flute.
Every different quality of tone required a different form of vibrationm,
but on the other hand it will also appear that different forms of

vibration may correspond to the same quality. . ." (p. 10).



10

Seashore (1938) defines timbre as "that characteristic
of a tone which depends upon its harmonic structure as modified by
absolute pitch and total intensity" (p. 97). Seashore differentiates
between tone quality and timbre when he states that 'physically the
timbre of a tone is a cross section of the tone quality" at a given
moment in time (Seashore, 1938, p. 10).

The American Standards Association (cited in Plomp, 1970,

p. 397) defines timbre as '"that attribute sensation in terms of which

a listener can judge that two steady-state complex tones having the same
loudness and pitch, are dissimilar." Similarly, Webster (1966) defines
timbre as '"the characteristic quality of sound that distinguishes

one voice or musical instrument from another or one vowel from another
(p. 1525).

All of these definitions are rather broad in nature, and
indicate that timbre is dependent on several parameters of sound including
the spectral envelope and its change in time, periodic fluctuations of
the amplitude or fundamental frequency, and whether the sound is tone
or noise. These definitions all have a common characteristic: they
are all virtually negative descriptions. Plomp (1970) states that
"apparently the timbre concept is loaded rather negatively as the total
of all aspects of sound sensation when loudness and pitch are left out
of consideration" (p. 398)., Similarly, Howe (1975) notes that

The timbre or 'tone quality' of a musical instrument has

been used to denote that property which enables a listener to
identify the instrument. It is thus a 'bushel basket' or 'catchall'
concept that has caused many difficulties. It is clear, though,
that there are many distinct qualities subsumed under the term
timbre. (p. 23)

If timbre is defined in the broadest sense, the five major parameters

listed by Schouten (1968) must be accepted: tonal vs. noiselike
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character, spectral envelope, time envelope, change, and acoustic
prefix. If the definition is understood in a much stricter way, the
more dynamic aspects should be excluded and timbre should be understood
as being mainly related to sound spectrum.

Timbre is a multidimensional phenomenon. Of the attributes
of sound already presented, pitch and loudness are both one-dimensional.
Loudness differences, for example, are fully described by a single
scale from faint to strong; pitch differences can be described by a
scale from low to high. There is no such single one-dimensional scale
for the comparison of the timbres of wvarious sounds.

It is the multidimensional nature of timbre which accounts for
confusion in its definition and research. The tone of an instrument
may be placed on a bright-dull scale, but such a scale will not account
for the diversity of auditory sensation of various complex tones. As
early as 1890, Stumpf (1890) listed 20 semantic scales describing the
timbre of complex tomes.

The multidimensional nature of timbre is also evident in the
mathematical formula defining a complex sound (Green, 1976):

m
p(t) =nil 32 sin(2Inft + ¢n) (1)
where the variables are p the pressure, n the number of components,
a the amplitude, f the frequency, and ¢ the phase cycle. The many degrees
of freedom of this equation indicate the multidimensional nature of
timbre. From this mathematical definition, we can see that timbre

is determined by the amplitude spectrum a., a., . . . , a and the phase
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relation ¢l, ¢2, o e o ¢m of the successive harmonics. Timbre of
a complex tone containing m harmonics depends on 2(m-1) parameters.
In examining this evidence, it is clear that a uniform
distinction between timbre and quality of a sound is not made. At
times these terms are used interchangeably; at other times rather

specific distinctions are made. Roederer's (1973, 1975) Introduction

to the Physics and Psychophysics of Music, for example, lists this

sensation as tone quality in the first edition and timbre in the second.
In this study, timbre is defined as that attribute of sensation
in terms of which a listener can judge that two steady complex tones
having the same loudness, pitch, and duration are dissimilar. Timbre
is the psychological aspect of sound related to waveform. Timbre is a
dimension of tone quality. Quality also includes such aspects as
periodicity of the amplitude envelope, transient partials, and individual
partial amplitude envelopes. This narrow definition of timbre is
reflected in the studies of Plomp (1970, 1976) and is derived from the
simple mathematical formula of the complex sound (Equation 1).

Lack of Research

The dearth of studies on timbre is largely related to its
multidimensional nature. We know much more today about both the
production and the physical structure of complex tones, but little
quantitative data are available on the perceptual differences between
these tones.

Much of the work dealing with timbre perception has dealt with
comparisons and classifications of sounds. Factor analytic methods

have been used to reveal a cognitive classification of instrument types
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into "woodwind," "brass," and "string," and a classification of the
sound of these instruments into groups determined by the relative
amplitude of the sound's partials (Wedin and Goude, 1972). These
methods have also been used to derive factors said to correspond to
such abstract qualities as "feminine," "masculine," and "loneliness"
(Rahlfs, 1966), or volume and density as related to clarinet timbre
(Jost, 1972).

Scaling techniques have been developed for the judgment of
similarity of stimuli and interpretation of the cognitive distances
in n—-dimensional space between these stimuli (Plomp, 1970; Miller, 1976).
Investigations of timbre on a non-comparative basis have been confined
to the analysis of overtomne structure for specific instruments (Backus,
1971; Freedman, 1967; Seashore, 1938).

The application of psychophysical methods in investigating
timbre is virtually nonexistent. Although timbre is multidimensional,
it should be possible to isolate a few dimensions, and investigate
some of the basic questions cited as central to psychophysics.
Specifically, questions 3 and 4 (p. 8) should be investigated, since
the first two have received some attention (Plomp 1970, 1976).

For timbre, what is the smallest difference in amount of energy to
which the system can react? How does the system react to variatioms
in amount of energy?

An investigation of the relationship between the parameters
causing the timbre sensation is called for by the lack of attention
this has received. Although several musicality tests and recognition

studies have dealt with timbre, these studies have failed to investigate
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differential sensitivity in relation to a specific variable. To the
writer's knowledge, no study has systematically investigated the absolute
or differential thresholds for timbre, even though much attention to

these areas has been accorded pitch and loudness.

Research Questions

Several research questions thus arise: 1. What is the
sensitivity of an individual to changes in timbre as a function of the
intensity change of one of the partials in the overtone structure of a
complex sound? 2. Is this sensitivity to timbre sensation the same
regardless of which partial is varied? 3. How do loudness and timbre
relate?

A study of the difference threshold for timbre taking into
account every aspect of the multidimensional nature of the stimulus would
be an enormous, if not impossible, undertaking. Essential to this study
is the narrow definition of timbre presented earlier. Further, it should
be possible to isolate a number of parameters and eliminate them or render
them dependent on the power spectrum.

Although timbre is multidimensional, it has been evidenced in
simple tones. Helmholtz (1877) recognized that tones without harmonics
have a typical frequency dependent timbre. This concept has been experi-
mentally verified by Engel (1886), Stumpf (1890), Grassmann (1887), von
Wesendonk (1909), and Kohler (1911). Important to this study is the
fact that timbre can be related to relatively few parameters, as long as

the extraneous parameters are held constant.
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Psychoacoustical experiments with electronically generated
steady-state tones, of equal pitch and loudness but different over-
tone spectra and relationships among the harmonics, show that timbre
sensations are controlled mainly by the power spectrum (Plomp, 1970).
Phase changes, although perceptible, play only a secondary role. The
perceptibility of phase changes appears to increase in the higher harmonics
(Licklider, 1957). The writer therefore has chosen to describe the
sensitivity of human subjects to changes in timbre as related to variationms
of individual partial intensities in complex sounds with in-phase spectral
envelopes. As many dimensions of the stimulus as possible will be held
constant; this will facilitate the use of classical psychophysical

methodologies, although these will be modified for this study.

Definition of Terms

Before stating the hypothesis, it is necessary to define certain
terms used in this study. Because of the multidimensional nature of the
stimulus, many factors must be controlled. It is necessary that these
factors be identified and defined.

Tone

In this study, a tone is defined as any sound event eliciting
the three primary sensations of pitch, loudness, and timbre. The term
"simple tone" stands for periodic sound waves that are sinusoidal. The
term "complex tone" stands for a non-sinusoidal periodic sound wave that
is the sum of sinusoidal components called partials. A "harmonic" is
a component in integral multiple relation to the fundamental, which is the
lowest component. The mathematical definition of a sinusoidal wave is

given by the equation
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p(t) = Asin(2lft + ¢). (2)
where the variable p = the pressure; t = the time; A = the amplitude;
f = the frequency; and ¢ = the phase angle (Green, 1976).

Frequency and Pitch

The frequency of the wave is the number of times the wave
repeats itself per unit time. In this study, the standard terminology
will be used with reference to frequency, Hz (Hertz), which is the
European designation for the former American cycles-per-second. The
period of the wave is defined as the time it takes a wave to execute
one cycle. Mathematically this is 1/f, where f is frequency in Hz.

The psychological correlation to frequency in a sinusoidal
wave is pitch. The definition of pitch is that "subjective property of
a sound that enables it to be compared to other sounds in terms of 'high'
or 'low'" (Backus, 1969, p. 110). In this study, the concept of the mel
scale as a psychophysical measurement of pitch is rejected (Howe, 1975;
Radocy & Boyle, 1979).

Amplitude, Intensity, and Loudness

The amplitude of a wave is defined as the distance that the
sound-producing body moves during vibration. The greater the distance
from the point of equilibrium, the greater the amplitude. 1In this study
"instantaneous amplitude" refers to the excursion distance at any instant
in time, while "peak amplitude" refers to the greatest displacement
achieved by the sound source. The root-mean-square amplitude is a
statistical average of all amplitudes at all times. ¥For a sine wave,
the root-mean-square (RMS) amplitude is equal to the peak amplitude

multiplied by .707 (Harris, 1974).
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The physical strength of a sound wave is defined in this study
in several distinct ways. In Chapter III, the relationship of these
definitions will be explored further.

The power (I) of a sound wave is defined by the relation

I=p"/»ec. (3)

where I is the power per square centimeter (w/cmz) in the sound
wave, p is the pressure in the wave measured in dynes per square centi-
meter, and the denominator is the characteristic impedance of the air
(Green, 1976). For a standard temperature and atmospheric conditionms,
P.C = 40 dyne sec/cm3.

The intensity level (IL) of a sound is measured in decibels
(db), and is defined in terms of power ratios:

IL (db) = 10.logy, (I, / I). (4)

In the above equation, I, is a measured intensity in w/cmz, and I. is

2 w/mz). The reference

_1 -
a reference intensity of 10 6 w/cmz (10 1
intensity is an approximated value for the threshold of hearing at
1,000 Hz for normal hearing young adults,

The sound pressure level (SPL) of a sound is also measured

in decibels, and is defined in terms of pressure ratios:

SPL (db) = 20.log,, (p1 / po). (5)

where 2 is an observed sound pressure and p. is a reference pressure
of .0002 dyne/cm2 or 2 x 107> newtons/mz. This reference pressure is

considered to be the threshold of hearing. A decibel is thus a logarithmic
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ratio which compresses a large range of intensities or pressures into
a less unwieldly and workable system.

The sensation level (SL) of a sound is expressed in db S1 and
represents the number of decibels that the sound is above the audible
threshold for a given individual. This is always used to refer to an
individual only; db HTL refers to an individual's threshold relative
to established norms.

Loudness level (LL) is another sensation measurement related
to the intensity of a sound. The LL, expressed in phons, of any
frequency of sine tone, is equivalent to the SPL (re .0002 dyne/cmz)
of a 1,000 Hz tone judged to be of equal loudness. The loudness of a
given sine tone can also be measured in sones, with one sone being
equivalent to the loudness of a 1/3 octave band of noise centered at 3,
150 Hz, at a level of 32 db SL. Since this reference can only be made
for individuals (recall that SL is an individual measurement), one sone
is set arbitrarily equal to 40 phons.

The phase of a periodic waveform is defined as that portion of
a cycle which has elapsed at a given instant of time, relative to some
arbitrary reference point. In this study the reference point will be
the point of equilibrium. The time period required to complete one cycle
can be represented as 360° along the time axis because of the mathematical
relation between simple harmonic motion and circular functions. Thus
the phase at any point during a cycle may vary between 0° and 360°.

The phase angle or phase difference of a given sound event refers to

the relative location of two periodic waveforms at a given instant in time.
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Complex Tone

As stated earlier, a complex tone is defined as a periodic
waveform consisting of the sum of sinusoidal waves. The sound spectrum
of a complex tone is defined as the frequency by amplitude plot for such
a tone. Sound spectrum is synonymous with power spectrum and amplitude
spectrum.

The intensity (I) of a complex tone is defined as the sum of
the intensities of the components of the tone, as expressed by the follow-

ing equation:

+ + ...

—(total) = —1 T =2 =n’ (6)

where n is the nth component and I is expressed in w/cmz. The components
must be in phase (0° phase difference).

The sensation of loudness of a complex tone is less accurately
defined, primarily due to the infancy of the investigation. As defined
in this study, the loudness of a complex sound is computed by the
procedure developed by Stevens (1961, 1972) and approved by ANSI. The
complex sound intensity is measured in third-octave bands. The Loudness
Index (LI) is found by comparison to a calculation nomograph (Harris,

1974). Then the following formula is applied:

+ F (LI
—s

—total —largest um of the remainder - —largest). (7)

The constant F is dependent on the frequency band of the loudest component.
This yields the total loudness in sones for a complex sound. Conversion
to phons is also possible by using a conversion scale built into the

calculation nomographs.
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No single, concise definition of the pitch of complex sounds
is feasible at this time, due to the large number of conflicting
studies on the subject. Various parameters influence the pitch elicited
by a complex waveform; these will be identified and discussed in Chapter
II.

Thresholds

A threshold is defined in this study as the minimum amount of
energy required for the accomplishment of a perceptual task at the
probability criterion of .50. The absolute threshold is thus
defined as the minimum stimulus which is capable of first eliciting
a response half of the time, The concept of an absolute threshold for
timbre must be rejected, except with reference to the absolute threshold
for loudness, It is clear that since even simple stimuli elicit a
particular frequency dependent timbre, the moment of perception (the
point of absolute threshold) will similarly yield a timbre response.
This conclusion is, however, conjecture, and focuses attention on a
further area of study with complex sounds.

The difference threshold in this study is defined as the
smallest increment or decrement in a parameter of a stimulus which
results in a change in sensation for a given subject. Synonymous with
the term "difference threshold" are the terms '"difference limen' and the
"just noticeable difference." The difference threshold is also a
statistical value, and is that change in a physical parameter which
elicits a response of being different from a comparison stimulus 50 per

cent of the time.
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Purpose and Hypotheses

The purpose of this study was to apply classical psychophysical
techniques to the problem of determining the difference threshold for
timbre as related to changes in the power spectrum of a complex sound.
The complex stimuli used in this study consisted of seven partials.
Each partial was increased or decreased from a standard intensity
value, with the surplus energy redistributed among the other components.
Difference thresholds were measured for the seven partials, which
served as independent variables.

The answer the research questions posed earlier, a hypothesis
suitable for investigative solution was stated:

There will not be a significant difference among subjects

for difference thresholds obtained by varying each of the seven
components of a complex sound.
To better understand the nature of this hypothesis, and the procedure
under which differential sensitivity to timbre will be described, it

was necessary to review the literature dealing with psychoacoustical

studies of both simple and complex tomes.



CHAPTER II

RELATED LITERATURE

A review of the literature related to the study of timbre
naturally must involve the presentation of work representative of its
multidimensional nature, This presentation therefore will cover
three distinct areas: 1, Research dealing with difference thres-
holds themselves, in which the results of the work are not as important
as theoretical and methodological considerations. 2. Research into
the loudness, pitch, and phase aspects arising from multicomponent

stimuli. 3, Research into timbre perception.

Difference Thresholds and Psychophysical Methodology

Developmental Background

Differential sensitivity is the relation between the difference
threshold for intensity and the intensity level of the stimulus. Weber
(1834) discovered that two relatively heavy weights must differ by a
greater amount than two relatively light weights for one weight to be
perceived as heavier than the other. The size of the difference
threshold was found to be a linear function of stimulus intensity, with
the stimulus always having to be increased by a constant fraction of its
value to be just noticeably different to an observer.

Weber (1834) found that different sense modalities did not
provide the same constant fractional value, He was able to specify a

22
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lawful relationship between the size of the difference threshold and
stimulus intensity level, This relationship is known as Weber's law:

the change in stimulus intensity that can just be discriminated is a
constant fraction of the starting intensity of the stimulus(A¢ = c¢).

In this form, Weber's law is not found to fit emperical data at low
stimulus intensities (Engen, 1971). Konig and Brodhum (1889) found that
in brightness discrimination, the value of A4 decreased as intensity
increased and then became approximately constant for the higher intensity
values. Riesz (1928) found that discrimination for sound intensity
followed a similar pattern; the brightness discrimination was apparently
better than loudness discrimination. It was apparent that a constant
value must be added to Weber's law to account for low intensity deviation.
The resultant law is A¢ = ¢ (¢ + a) (Gescheider, 1976).

Fechner (1860) extracted the theoretical framework for psycho-
physics from Weber's work. His initial premise was that an arithmetic
series of mental intensities might correspond to a geometric series of
physical energies, Fechner further proposed that sensation magnitude
could be quantified indirectly by relating the values of the physical
scale to the corresponding values of the JND in sensation on the
psychological scale, His central assumption was that all JNDs were
equal increments in sensation magnitude regardless of the size of A¢.

Since a basic unit was established (JND), it was simply a
matter of counting units to specify the amount of sensory magnitude.

The intensity in physical units of a stimulus at absolute threshold was
assumed to correspond to the zero point on the psychological scale of

sensation magnitude. Fechner (1860) soon discovered that sensation
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magnitude plotted against the logarithm of the stimulus intensity
produced a linear function. By integration over a series of values,
Fechner's law was derived: stimulus magnitude equals a constant times
the log of the stimulus over threshold - y = K log ¢.

However, the validity of Weber's law is suspect. (Engen, 1971).
Further, Fechner's law is based on the assumption that the JND is an
equal increment in sensation at all levels of stimulus intensity.
Stevens (1936) has shown that JNDs along the intensive dimension are
unequal. Fechner's law is no longer considered an accurate statement of
the relationship between stimulus intensity and sensation magnitude
(Gescheider, 1976).

The central assumptions of the classical threshold theory are that
fluctuations in threshold are random and that sensory dimensions are
continuous. Infrequently obtained vsychometric functions, where response
probability increases from O to 1 as a linear function of stimulus
magnitude, became the basis of the neural quantum theory, first made
explicit by Stevens, Morgan, and Volkmann (1941). They derived a linear
psychometric function from the assumption that discrimination occurs
along a sensory dimension within the observer that is made up of small
discrete (quantal) steps.

The first evidence in support of a quantal theory of discrimination
was reported by von Bekesy (1930). Similar results in loudness and
brightness were obtained by Stevens, Morgan, and Volkmann (1941).
Stevens (1972a) reviewed the data from a dozen investigations carried

out over a span of forty years. Some 140 step-like functions for auditory
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loudness and pitch were reproduced in his paper as support for neural
quantum theories.

However, it has been found that the conditions required to
produce the linear curve are extreme. Miller (1947) reported that the
stimulus must be very carefully controlled. When the standard and compar-
ison stimuli were bursts of white noise, a normal ogive rather than a
linear function was obtained. Stevens (1972a) reports that if the observer
is unable to maintain a constant criterion during an experimental session
the psychometric functions will tend to give ogives rather than straight
lines. Miller and Garnmer (1944) found that if the size of the neural
quantum changes within a session, the function will be an ogive. Neural
quantum theory has been criticized on both methodological and theoretical
grounds (viz., Corso 1956, 1973; Wright, 1974).

In recent years, the concept of thresholds for sensory stimuli
has come under serious doubt. Early psychophysicists assumed a close
connection between the verbal responses of an observer and the concurrent
neurological changes in the sensory system caused by stimulation. They
assumed that, in a well controlled psychophysical experiment, the
probability of a particular response was entirely a function of the
stimulus and the biological state of the system. Tanner and Swets
(1954) have proposed that statistical decision theory and certain asvects
of electronic signal detecting devices might be used to build a model
closely approximating how people actually behave in detection situationms.

The model they developed is called the Theory of Signal Detection (TSD).
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Green (1960) applied the TSD to auditory stimuli. Each subject
was told that he would be given money for each correct response when
a signal was presented against a background of Gaussian noise. The
subject was penalized an amount for a false alarm, responding when no
signal was present. He also was told there would be a signal on 10 percent
of ~300-trials. Points were plotted on a graph in which the abscissa
was the probability of responding "yes" when noise alone was present,
and the ordinate was the probability of responding "yes" when a signal
Plus noise was presented. The resulting curve was the receiver operator
characteristic curve; this then was subjected to statistical analysis
to determine the index of detectibility for the subject.

Parducci (1970) found that in comparative loudness discriminations,
the proportion of loudness judgements was independent of the presentation
probabilities. This suggests that there are limitations when applying
the methods of the theory of signal detection to differential semnsitivity
measurements.

Gescheider (1976) feels that the classical threshold theory
does provide a useful means of measuring sensation in terms of the
amount of stimulus energy necessary to produce certain changes in the
observer's behavior. Sensation is thus treated as a concept which
must be defined in terms of stimulus-response relationships. The
extent to which the threshold or value of the matching stimulus has
been measured carefully under controlled conditions will determine the
extent to which measurement can be used to infer the operation of the

sensory processes within the observer.
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Psychophysical methodology for quantifying the relatioms
between physical and psychological dimensions is primarily concerned
with presenting a stimulus to an observer and asking whether or not
he/she perceives it. The variable state of the biological system
implies that an observer presented with the same auditory event on
several trials is likely to perceive on some trials and not on others.
This concept is central to the theory of signal detection. Classical
psychophysical methodologies also define the threshold in statistical
terms. Typically, the threshold has been defined as the stimulus
value which is perceptible 50 percent of the time. This is usually
an average threshold, obtained over a number of observations and observers
(Gescheider, 1976). Fechner (1860) developed three methods for
threshold measurement: the methods of constant stimuli, limits, and
adjustment.

Method of Constant Stimuli

The method of constant stimuli can be used to determine
difference thresholds. This method was used in many early studies
to produce the difference threshold for pitch (Shower and Biddulph,
1931; Stucker, 1908). The observer's task in this procedure was to
examine pairs to stimuli and to judge which stimulus produced a sensation
of greater magnitude. The standard stimulus (St) had a fixed value;
the comparison stimulus (Co) was changed from trial to trial. It
was sometimes greater than, sometimes less than, and sometimes equal
to the value of the standard stimulus. Five, seven, or nine values of
the comparison stimulus were used. These were separated by equal distances

on the physical scale. Each of the comparison stimuli were paried
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several times with the standard stimulus in a random sequence. The
observers reported which stimulus had the greater sensory magnitude.
This report was verbal in earlier studies (Stucker, 1908), but was
changed to electrical indicators when electronic sound sources became
the norm.

A psychometric function was charted in which the value of the
comparison stimulus in physical units was plotted on a graph against
the proportion of responses indicating greater sensory magnitude.

The value of the comparison stimulus at the .5 proportion 'greater"
response level was known as the point of subjective equality, and
represented the value of the comparison stimulus which was subjectively
equal to the standard stimulus. The upper difference threshold was

the stimulus range from the point of subjective equality to the .75
point. The lower difference threshold was the stimulus range from

the point of subjective equality to the .25 point. These two difference
thresholds were averaged to give one difference threshold representative
of a particular standard stimulus value.

Gescheider (1976) expressed concern over two possible sources
of error in the method of constant stimuli. A space error may occur
when comparison stimuli are presented to different receptors. Most
auditory studies use only one receptor and are therefore void of this
error. A time error can occur when the standard and comparison stimuli
are presented successively, as in the case with auditory experiments.
If the comparison stimulus is presented after the standard, the propor-
tion of times it is judged greater is higher than when it is presented

first. The most likely explanation for this is memory image fading.
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This is not solved by placing the stimuli in extremely close proximity
since the sensation images become confused. To counterbalance for time
error effects, most method of constant stimuli studies present the
standard stimulus first on half of the trials and second on the other
half of the trials. The problem of the order of presentation of stimuli
plays an important role in the controversy over procedure as related
to the analytical power of the ear and lateral suppression; this will
be evident in the material presented in the second section of this
chapter.

The method of constant stimuli cannot be applied to the
problem of determining the difference threshold for timbre. Since
the method of constant stimuli is based upon magnitude as well as
direction of the stimuli, its application is limited to stimuli with
such characteristics, It is doubtful whether an observer can tell
which of two stimuli has greater timbre; he can only determine if the
two stimuli have the same or different timbre. The writer must reject
this method for use in the present study.

Method of Adjustment

The method of adjustment has been used in many studies to
determine the difference threshold for loudness. Reisz (1928),
Feldtkeller and Zwicker (1956), and Harris (1963) have used variations
of this method to confirm the difference threshold for loudness using
modulated sine-tones. The observers'task was to adjust a comparison
stimulus until it seemed equal to a standard stimulus. This procedure
is also known as the method of average error, since the experimenter
is concerned with the magnitude of the discrepancy between the adjusted

comparison stimulus and the fixed standard (Hays, 1967). Over a large



30

number of trials, the settings of the observers were sometimes less
than and sometimes greater than the standard stimulus. It was assumed
that a frequency distribution of the results would be more or less
symmetrical, and if enough trials were held, would be distributed
normally. The mean of this distribution was defined as the point of
subjective equality. The difference threshold was the amount of
dispersion in the settings, and thus emerged as the standard deviation
of the distribution. If the standard deviation of the distribution

was large, this indicated that over a wide range of stimulus values

the two stimuli appeared equal and discrimination was poor. If the
standard deviation was small, this indicated that the observations were
clustered around the value of the standard stimulus and that discrimination
was good.

The method of adjustment is difficult to apply when stimuli
are not continuously variable. The precise control of the parameters
of a complex tone is very difficult, therefore this method does not
lend itself for use in determining the difference threshold for timbre.

Method of Limits

The most popular method for determining the difference
threshold is the method of limits (Gescheider, 1976). Bekesy (1967)
and Gassler (1954) used the method for measuring the difference
threshold and absolute threshold for loudness. The method was used
to investigate differential sensitivity for loudness in relation to
stimulus duration by Harris (1963). Turnbull (1944) determined the

difference threshold for pitch in relation to duration using the method

of limits.
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In a typical experiment, the observer was presented with a
standard and comparison stimulus in succession, and was asked if the
comparison stimulus was greater than, equal to, or less than the
standard stimulus, The parameter was varied by equal increments in
the comparison stimuli. Gescheider (1976) describes the determination
of the difference threshold for loudness for a 20 db 1,000 Hz tome.

The comparison stimulus was varied 5 db above and below the standard

in .5 db increments. Some trials were started from the lowest (15 db)
level, and were alternated with trials starting from the highest level.
The upper limen was the point on the physical dimension where the
"greater" responses changed to "equal" responses. The lower threshold
was the point where the "lesser" responses changed to "equal" responses.
The point of subjective equality was half of the mean upper threshold
plus the mean lower threshold. The interval of uncertainty was the
area on the stimulus dimension over which an observer could not perceive
a difference between the comparison and standard stimuli. Half of

this interval was considered the difference threshold for that stimulus,
Usually six to eight trials were averaged for each standard stimulus
level,

The method of limits is subject to the effects of errors of
habituation and expectation, and to errors due to time (Warren, 1970;
Gescheider, 1976). To attempt to counterbalance for these effects,
the standard and comparison stimulus are usually placed in a random
order of presentation.

The method of limits in its classical form cannot be used to
measure the difference threshold of timbre for the same reasons that

the method of constant stimuli is unsuitable. However, since the concern
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in the method of limits is with transitional points as related to a
stimulus value, rather than with the direction of the stimulus
magnitude, modifications of the procedure have promise for investigating

differential sensitivity for stimuli which do not lie on a sensory

continuum.

Research with Multicomponent Stimuli Critical Bandwidth

Much of the research in contemporary psychoacoustics has
utilized sinusoidal tones. Recently, research with multicomponent
tones has increased, Much of this research has direct bearing on this
study.

One of the most significant studies with multicomponent stimuli
was carried out by Zwicker (1954). He investigated the masking effect

of two simple tones f. and f, on a narrow band of noise with a center

1 2
frequency of %(f. + fQ). The two simple tones were of 50 db SPL
at equal frequency distances above and below 570 Hz. The probe sound
was a band of noise with a bandwidth of 30 Hz centered on 570 Hz.
One subject was in the experiment, The masked threshold was measured
with the von Bekesy up-and-down tracking technique used in a modified
method of limits format. The subject was required to press the button
on an automatic attenuator if the probe sound was audible and to
release the button if the sound became inaudible. The position of the
attenuator was continuously recorded on a strip chart mechanism. This
record was used to determine the masked threshold.

7wicker found that the masked threshold was constant for

frequency separations less than 130 Hz, but that the threshold decreased
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progressively beyond that value, The masked threshold at ﬁz - £ =50
Hz was 35 db. This value was maintained until about 130 Hz., At
£2 - 21 = 200 Hz, for example, the masked threshold was found to be
33 db. Zwicker termed the frequency difference at which the change in
masked threshold occurred the "critical frequency difference," or
"critical band." The procedure was repeated with two subjects for other
frequencies. A graph was made plotting critical bandwidth against the
center frequency of the masker. This allowed one to perceive the size
of the critical bandwidth as a function of frequency. This experiment
thus provided an estimate of the ear's analytical power. The ear,
with respect to this study, is viewed as a set of adjacent filters of
a given bandwidth, that bandwidth being the critical band.
Gassler (1954) determined the difference threshold for a
probe tone masked by another tone. The pure tone threshold for a
standard was found using the Von Bekesy method of limits procedure.
Another tone of equal intensity was added to the standard, but had a
frequency of 10 Hz lower than the first tone. The threshold was again
found using the Von Bekesy tracking procedure. Additional tones were
added until up to forty components of various spacings and various
frequency regions were used. Two subjects participated in the experiment.
Gassler found that, up to a certain point, the amplitude of the individual
tones decreased as more and more of them were added, but after a
point no further decreased occurred. The point at which this happened
was found to approximate the critical bandwidths found by Zwicker (1954).
Greenwood (196la, 1961b), using subjects who had at least

two months of training, conducted experiments to confirm Zwicker's
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results, He used pure tones monitored with an electronic counter.
Signals were interrupted by an electronic switch for presentation at
three pulses per second. Each signal had a rise-fall time of 25 msec.
Noise was ring modulated with a carrier to obtain two sidebands
centered around the carrier frequency. A wave analyzer was used to
monitor the resulting waveform. The Von Bekesy technique was employed
to determine the difference threshold., Each session lasted two hours
with a ten minute break between sessionms.

Greenwood found Zwicker's estimates of the critical band at
frequencies greater than 1000 Hz to be larger than his results, which
indicated a correspondingly smaller critical bandwidth estimate above
this frequency.

Green (1965) found larger critical bandwidth estimates than
either Zwicker (1954) or Greenwood (196la, 1961b). The maskers were
two sinusoidal tones of 77 db SPL. The signal was gated for a
presentation time of 124 msec with a linear rise-fall of 12 msec.

A two-alternative-forced-choice (2AFC) procedure was used. The signal
occurred at random in either of two temporal intervals which were marked
for the observer by lights. For each condition of the experiment,

five signal levels separated from each other by two db were used.

At each of three center frequencies (250 Hz, 1000 Hz, and 4000 Hz), the
frequency separation of the maskers was varied from a minimum width

of four Hz to a separation exceeding the frequency response character-
istic of the headphones. Observers were told which of their responses

were accurate, They were trained extensively for two weeks and paid on

an hourly basis.
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A psychometric function was plotted relating the percentage of
correct decisions to the signal level, The .75 level was used as a
criterion. The results of the experiment indicated a masked threshold
for a single masker at 80 db SPL was 80-75 db at 250 Hz, 65-70 db at
1000 Hz, and 70 db at 4000 Hz, These results indicate a critical
bandwidth two times smaller than that reported by Zwicker (1954), as
the amplitude levels required for masking are twice as high.

Zwicker and Fastl (1972) repeated experiments by Green (1969),
Elliott (1976), and Scholl (1962) which determined that the critical
bandwidth varied with time after the onset of the masker. Two subjects
listened for a probe tone with a gated masker and continuous masker.
The probe tone was 1,000 Hz signal. The maskers were at 70 db SPL,
and ranged in frequency from 300 to 5,000 Hz. Zwicker and Fastl found
that differences between the difference thresholds for gated and continuous
thresholds disappeared if a 1/3 octave band filter was used to narrow
the energy spread of the gated signal.

These studies indicate that the resolving power of the ear is
no better than about 1/3 octave. The experiment of Zwicker (1954)
is badly in need of replication with a much larger sample size, Until
this is done, it will not be possible to speculate whether the results
of Green (1965) with a single masker are more acceptable. Evidence
from experiments in lateral suppresion characteristics of the ear
suggest that they are. However, experiments in loudness calculations
for complex sounds are not in total agreement with the lower estimates

of Green (1956). These topics will be dealt with later in this chapter.
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A study using multicompenent stimuli in which each of the
components is varied, such as the present study, must take into account
the limited resolving power of the ear. The implication from the studies
of Zwicker, et al is that variations in the intensity of two partials
of an inharmonic complex might not be discriminated if these partials
lie within the critical band, Therefore, harmonic complexes with
relatively low partial numbers, each lying in a separate critical band,
might be more suitable for the present study.

The interpretation of the ear as a perfect linear filter is
questioned by the results of some recent experiments. Von Bekesy
(1963) asked subjects to match a probe tone with the upper and lower
cut-off frequencies of an octave band of noise routed through a bandpass
filter. The filter had a bandpass of 400-800 Hz. Subjects made ten
consecutive matches each. The average adjustment of the probe tone
was 398-399 Hz for the lower cut-off frequency and 804-805 Hz for the
upper cut-off frequency. Von Bekesy considered this as demonstrating
that the edges of a band of noise are emphasized by contrast phenomena
similar to the Mach bands in vision. These results are supported by
Carterette, Friedman, and Lowell (1970), who demonstrated the masked
threshold of a pure tone as a function of frequency in the presence
of a band of masking noise which had very sharp edges at the lower
and upper cut-off frequencies. Their results indicated a slight increase
in the masked threshold near the edges of the noise spectrum; they
interpret this as indicating the existence of Mach bands in hearing,

due to lateral inhibition.
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Houtgast (1971, 1972, 1973) conducted a series of investigations
which describe the nature of lateral suppression in the ear. Houtgast
argues that nonsimultaneous masking techniques must be applied in study-
ing lateral suppression, because if both the masking noise and the
probe tone are subjected to lateral suppression effects, the masking
countour will not demonstrate these effects.

Houtgast (1971) used two subjects in an experiment designed
to contrast direct with gap masking techniques. The three masking
stimuli were bands of noise at 60 db SPL. The masker had a variable
cut-off frequency. The probe frequency was at 1500 Hz. The masker
was presented in a rhythm of 150 msec on and 50 msec off. The test tone
bursts, each 20 msec long, were presented in the gaps. The Von Bekesy
tracking technique was used. When the level of the test tone was just
above the threshold, the series of tone bursts sounded continuously.
This was termed the pulsation threshold. The median level during fifty
presentations defined the threshold value,.

Although no statistical evidence was offered, the curves for
direct masking and gap masking appeared different. The direct masking
curves were smooth and thus suggest the operation of a linear filter.
The gap masking curves, however, had sharp edges, suggesting a non-
linear filter of the signal-compressing type.

Houtgast (1973) supports the evidence for lateral suppression by
suggesting that a tone should be able to suppress to a certain extent
another simultaneous tone of close frequency. Five different experimental
paradigms were used with two subjects. The stimulus consisted of a weak

tone of 1000 Hz at 40 db SL. A stronger suppressing tone ranged from
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1000 to 2500 Hz, and was at 60 db SL. Houtgast found that for
direct masking paradigms the detectability as the suppressing tone
approached 1000 Hz increased. Non-simultaneous paradigms revealed
that the detectability decreased abruptly to a minimum at 1150 Hz.
Thus a tone of 40 db SL at 1150 Hz can reduce a 1000 Hz 40 db SL
tone by 20 db in threshold, Houtgast (1973) also found that tone
higher in frequency suppresses a lower tone substantially more strongly
than conversely,

The evidence for lateral suppression in the ear illustrates
the complexity of the filter characteristic of the ear. Direct
masking techniques show excellent agreement in results for the masked
threshold of noise (Zwicker, 1954; Houtgast, 1971). The bandwidth of
the auditory filter when determined by non-simultaneous masking reveals
values about half of what might be expected. The intrusion of lateral
suppression into an otherwise linear system casts uncertainty into any
experiment dependent upon critical bandwidth calculations. Any use
of direct-masking ciritical bandwidth estimates should be toward a
conservative bandwidth,
Loudness

A given sound complex can yield sensations of timbre, pitch,
and loudness. Investigations into the parameters which control these
sensations have been confined largely to the last 25 years. The
results indicate a complex, if not confusing, relationship between
three physical parameters and the elicited sensation. The power spectrum
is such a parameter; it effects loudness, timbre, and pitch. Important

to this study is an understanding of the loudness sensation produced

by a complex sound.



39

Zwicker, Flottorp, and Stevens (1957) investigated the
relation of power spectrum to the loudness sensation. The complex
stimulus was generated by four oscillators. The four-component complexes
were centered on 500, 1000, and 2,000 Hz. The tones were presented
binaurally through headphones at 57.5 db SPL. The subject adjusted the
level of a sinusoidal comparison signal to match the loudness of the
tone complex. The two sounds were presented alternately for about one
second each with .5 second silent intervals between them. The reverse
procedure, in which the complex stimulus was matched to the sinusoidal
stimulus, also was used. The level of the complex stimulus was calculated
by measuring a single component. In all cases the center frequency of
the tone complex was equal to the frequency of the comparison sinusoid.
The independent variable was the spacing of the four tones of the complex
stimulus.

Results showed that when the overall spacing of the compenents
of the complex stimulus reached a critical value, the subjective loudness
increased. Superposition of the graphs of masking experiments (Zwicker,
1954) with these data showed that the data were predicted from the critical
bandwidth estimates.

Graphs of loudness vs. spacing and level showed that the
estimated critical bandwidth was iindependent of level. However,
for a complex sound of 17.5 db SPL the results suggested that the
critical band may make loudness decrease at low levels as spacing
increases within the band.

Experiments with bands of noise showed that noise bands with a

center frequency of 1420 Hz and a bandwidth from 20 to 10,000 Hz do not
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evidence increased loudness when the bandwidth of such noises exceeds
the critical bandwidth.

Zwicker, Flottorp, and Stevens (1957) further state that when
two sounds differ in quality, the matching of their loudnesses was
difficult and subject to considerable variability. They also suggested
that the difference threshold for frequency of sinusoidal tones is a
constant fraction of the critical band, indicating a correspondence to
equal distances along the basilar membrane. The model presented thus
is one of a set of adjacent auditory filters.

Scharf (1959) investigated the loudness of complex sounds near
threshold. One-hundred subjects, eight to twelve in each experiment,
were used. The stimuli consisted of complex sounds with four components
of equal loudness level. This LL was determined separately for each subject.
The fundamental frequency was the independent variable, and was centered
on 500, 1,000, 2,000, and 3,000 Hz. The complexes were matched with
sinusoidal tones by a forward-masking procedure. The signals were
alternated on and off at one second intervals. Comparison sound
threshold was measured by a modified method of limits. Comparison stimuli
were presented at a sound level of 15, 25, and 35 db. The complexes
were adjusted to equal the loudness of the sinusoid. Scharf found that
spreading of energy over more than a critical band increased the loudness
at sensation levels above 10 to 15 db, but that loudness was unchanged
or decreased below that level.

These results indicate that confounding factors surface in the

analytical power of the ear at low intensity levels. The reason for this
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is not clear, however Plomp (1976) explains:
If a level of difference of 10 db corresponds to a factor
of two in l<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>