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ABSTRACT

Experimental approaches to the determination of psychological parametcrs for
complex sounds are discussed and relevant studies are sumarized. The results of
a series of experiments which were conducted treating the problem of parameters for
conplex sounds are included in this revort. The studies involved langusage of audi-
tory experience, scaling of auditory stimulus sets on egual-interval scales, paired-
comparisons scaling, scaling by direct magnitude estimations, observer generated
seales, multidimensional scaling of groupse of sounds, and changes in zuditory per-
ception under constant stimulation. The results of the variocus studies indicated
that the most promising approach for the study of parameters of complex sounds was
the multidimensional scaling model. In a pure tone study this scaling model isglated
the exnected dimensions, pitch and loudnsese, 1In the acaling of complex sounds, for
saveral stimulus sets evaluated, betwsen three and six dimensions appeared to emerge,
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INTRODUCTION

The basic concepts of this program of research were that dimensions of auditory
experience account for man's ability to differentiate ons auditory stimulus from an-
other; that these dimeneions relate in a meaningful manner to the capacities of the
perceiving organism, to the properties of the stimulus, to previous auditory experi.
ence, to the presently occurring set of stimuli, and that these dimensions are time
variant and are not independent of the total functioning of the organism.

PURPOSE

The purpose of the program of research summarized in this report was to investi-
gate and evaluate experimental approaches to the determination of psychological di-
mensions of steady-state complex sounds,

.PROBLEM

The understanding of man's reaction to sound requires kmowledge of the properties
of the auditory stimulus to which he may react. It ie firet necessary to determine
the dimensions of auditory experience in order to relate thesa dimensions to the physi-
cal properties of sound. The study of psychological dimensions of complex sounds is
a8 twofold problem, There is first the task of isolating and defining the dimensions,
and sscond, the task of measuring the dimemsions. A fortunate experimentsl approach,
‘or model, would be one which both defines and measures the dimensions. The test of
the utility of such a model would be the extent to which it successfully allowed pre-
diction of responses to sounds. The construction of predictive models which relate
to observables in nature or in behavior is the goal of all science.

FACTORS IN THE STUDY OF PSYCHOLOGICAL DIMENSICNS CF SCUND

Although in actual practice it is not possible to separzie these factors, the
study of paychological dimensions of sound may be considered with reference to the
measurement model, the observables in humen behavior, and the esuditory stimzlus, In
order to discover laws which govern auditory percsption or make predictions about ift,
it 48 necessary to consider each of these three factors as they relate io each other.
This might involve noting systematic variations in the observables of behavior as the
result of the altering of the auditory stimuli in a known menner. It might involve
studying the transformations which the auditory stimulus may undergo and still result
in constancy of auditory experience, Another possibility is that of holding stinulus
and observer constant and deriving a model which predicts changes in auditory experi-
ence in time.

MEASUREMENT MODEL

The model should involve the assignment of numbers to the property of an audiioery
event in a meaningful fashion., It is assumed that there ie an isomorphic relation-
ship between the numbers which are assigned and the gradations of the property. For
example, if we order sounds on a psychological continuum with regard to the property
of pitch, we are assuming that this is a property which may be related to a straight
line geometric function. We might further assume that the distances between the
numbers assigned to the proverty are some form of equalization unite. Finally we
might relate points on the continuum as distances from a common orgin. If we achieve
these three objectives, we have utilized the features of the number system to measure
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the property of pitch. We then have a predictive measurement model regarding pitch
because the relations between the numbers are indicative of the relations between
auditory eventsa with regard to pitch., In actual scaling we may he satiafied with
models whigh only define order, or only define order and distance between numbers,
with regard to the property of pitch, and do not define orgin.

OBSERVABLES IN HUMAN BEHAVIOR

The determination and messursment of observables in human behavior which relate
to auditory perception ia a basic task in the study of psychological dimensions of
sound. Perceptual scales may be based on direct judgmentes by an cbserver or inferred
from hie responses. The judgments an individual is able to make about auditfory stimu-
1li ie one kind of measurable behavior. Examples of this kind of behavior are judge
ments of the presence or absence of an auditory experience, judgments of order, equali-
ty, difference, and megnitude about stimuli with respect to a spscific property of
the stimuli, An observer's ability tc identify stimuli, his ability to localize the
source of a sound are other measurable aspects of behavior, The measurement of re-
action time and the performance of taske in response to auditory stimuli are also
observables in behavior which may be related to auditory perception. Non-verbal ree
ponsea such as changes in skin resistance, blood pressure, and nerve potentials are
physiological factors which may bs conasidered in the measurement of obssrvables which
relate to auditory stimuli,

THE AUDITORY STIMULUS

Sound may be completely defined in terms of wave form or spectrum., Wave form
considers amplitude and time; spectrum coneiders frequency, amplitude, and phase, In
the measurement of sound, for the purpose of relating peychological to physical paw
rameters of sound, it is necessary to use compremise methods which are not pure wave
form or spectrum analyaes, This is partly due to the limitations of sound measuring
devices and partly due to the influence of hypotheses as to how the human auditory
mechanism responda to sound, Frequency, amplitude, duration, phasse, frequency and
amplitude change in time, rate of frequency and amplitude change, band width, spectrum,
and various combinations of these parameters are physical measures of esound which are
frequently used in studiee which relate physical parameters to auditory experience,

APPROACHES TO THE STUDY OF PSYCHOLOGICAL DIMENSIONS OF SOUND

The study of psychological dimensions of sound may be approached with emphasis
on either the measurement model, the human obscrver, or the auditory stimulus, 1In
thie section, studies relevant to the problem of dimensions of auditory experience
are discussed from the point of reference of eithsr the model, the observer, or the
stimalus., This grouping of studies is largely arbritrary for convenience of discus=
sion since many of the studies could be treated equally well from any of the three
poinits of referenca. Stiudies which relate to psychological secaling, information
processing, and signal detection are discussed relative to the model since the cri-
teria as to the nature of the obssrver's responses are esf{ablished by the measure-
ment model. Auditory abilities, semantic descriptions of sounds, and changes in
auditory experience in time are related to the observer. Studies of synthetic speech
and music are discussed with regard to the auditory stimulus.



THE MEASUREMENT MODEL

Studies on auditory perception where the emphasis was on the measurement model
are treated in this section.

Unidimensional Scaling

The traditional apvproach in the study of psychological attributes of aound has
been unidimensional ir nature. 4&n attribute has been defined ae an experience which
could be ordered on & magnitude scale where the numbers of the scale have a meaning-
ful relationship to the experience of the individual. In the pasychophysics of sound,
the task for the observer in the development of these attribute scales has been either
direct magnitude judgments or subjective estimztes of scale values., Fractionation,
equisection, and direct magnitude estimations are variations of the direct judgment
tachniques, In the fractionation task it is assumed that an observer is capabls of
reporting the magnitude of a ratio between two stimuli. This may involve asking the
obsarver to indicate a prescribed ratio, as for exemple, one-~half or one-fourth magni-
tude of an attribute, or may require the observer to state the ratio which exists ba-
twaen two stimuli, In the equisection wethods the observer is asked to either bisect,
trisect, or in some other manner, divide the distance between stimuli into equal senss
distances. In direct megnitude estimation, the observer is required to provide a
numerical value for a stimulus with respect to an attribute of the stimulus. 4
standard stimulus may or may not be provided as a reference for the observer in making
his estimate of magnitude. In the subjective estimate method, an observer is required
to place a stimulus at some point on an equal-interval acale with respect fo a
particular attribute. A number of atiributes for both pure tones and complex sounds
have been scaled by ueing one of these techniques or a combination of these techniques,
Loudnees and pitch are two attributes which have been extensively studied, especially
the loudness and pitch of pure tones, The two physical parameters of pure tones, ampli-
tude and frequency, can be varied independently and because of this, the attributes of
pure tones have been considerably easier to study than have complex sounds where it
has not been possible to independently vary each physical parameter.

Loudness. Loudness is defined as an attribute of auditory experience where
sounds may be ordered on a scale which extends from soft to loude It is an attribute
of particular interest in this discussion because of ihe extensive work which has
been done in the attempts to scale loudness, especially the sealing of complex sounds
with respect io loudness, There has also been a very real interest in loudness be=
ceuse of the problems of noise and ths need to devise a measuring device which would
relate physical measures of the amplitude of sounds to the subjective experience of
loudness. The Pirst serious attempt to establish a scale of loudnese was made by
Fletcher and Munson(18). They inferred half-loudness values by measuring the in-
tensities of sounds heard by one and by both ears and established equal-loudness
contours by determining the intensity levels at various frequencies necessary to
sound as loud as a 1000 cps tone which was used as a standard at various intensity
levels, The resulting equal-loudness contours wes called a phon scale of loudness.
Stevens (66) propoeed the name sone for the loudnees scale and defined a sone as the
loudness of a 1000 cps tone 40 db above threshold. The adequacy of the phon or sone
scale to predict loudness is diminished for sounds of increased complexity and con-
siderable variability is found to occur between the direct judgments of loudness
by observers and the predicted loudncas from either of the two scales, This dis-
crepancy has resulted in numerous re-evaluations of loudnsse acaling. Pollack (3C)
wes concerned with the problem of whether or not loudness could be established as e



separate and distinct aspect of noiss. He required observers to match & narrow band
of noise to a standard noise signal in terms of loudness, volume, density, and force,
He found that experienced observers differ considerably in their judgments of thesa
attributes, Gearner (19 ) studied loudness scaling with reference to the technigues
of fractionation and bisection and questioned whether or not comparable scales

could be obtained using these two methods. Garner (22 ) subsaequently proposed what
he termed a true ratio scale of loudness, This scale was based on two loudness
functions, equisection and fractionation judgments, The advantages of using dis-
criminability criterion in the development of a loudness scale was discussed by
Garner (23 ), He advocated a loudness scale based on discriminability or judgmental
dispersion measures, He indicated that & scale based on these measures would have
less observer variability, be less influenced by exparimental conditions, and less
affected by total stimulus set than would a scale based on direct judgments by
observers, An equal discriminability scale based on dispersions of absolute judg-
ments has been shown to relate in a similar manner to intensity as does a scale which
is based on cumulative difference limen for intensity (20 )s Stevens, (67 ) in a
compreheneive review of the data on the measurement of loudness, summarized the
techniques of scaling and the resulis of numerous studies, He proposed a formula
for the caleulation of the loudness of complex sounds based on 2 considerstion of
over=all sound level and the spectrum of the sound. The notion of the sone scale
determined through direct magnitude estimation, equisection, and ratio determination
is retained as the method to rslate loudness to physical measures of amplitude of
sound. He suggests that magnitude and fractionation methods may be used t¢ generates
a retio scale and that these results may be used to predict the results which would
be obtained by the bisection methed. However, he noted that bisectiion slone would
not be suitable to establish 2 ratio scals, Stevens (68 ) also presented a formula
for the calculation of the loudness of complex noise basad on the loudnese in sones
of bands of noise of the total noise. Garner (24 ) presented a computational pro-
cedure based on a loudness scale determined by equisection for predicting the loud-
nees of complex sounds. The two basic assumptions wers that the loudnese of com-
ponents add in provertion to the sum of their squares and that a constent amount of
loudness should be subiracted from the total loudness due to the effects of masking.
It may be noted from this discussion on loudness that the developmeni of a msaningful
scale of loudness, one which succesefully predicts loudness from physical measures,
becomes increasingly difficult as one deals with those complex sounds which are more
realistic in terms of the sounds of the environment than are pure tones.

Pitch. Pitch is defined as an attribute of auditory experience in terms of which
sounds mey be ordered on a scale which axtends from low to high., Pitch correlates
primarily with the Ffreguency of a sound and also relates to the amplitude and wave
form of a sound. Since pitch relates primarily to freguency, a scale relating pitch
to frequency serves as a good approximation of the pitch function. Stevena, Volkmann,
and Newman (70 ) devised a subjective scale for the measurement of pitch based on
judzments of half-values of pitch at various frequenciea. This pitch scale showed
good agrsement with integration of difference limen for pitch. This original scale
was modified by Stevens and Volkmann {69 ) by the use of fractionation and bisection
procedures. For pure tone stimuli pitch seems to be a reasonably stable attribute
and the mel scals of pitch which reaulted from the two experiments cited above is
an excellent exampnle of good vsychophysical scaling, However, there appears to be
considerable variation between individuals in piteh judgmente of pure tones ( 47 )
and the task of judging pitch becomes extremely difficult for complex sounds (33,41 ).
3ince mozt of the attempis to scale complex scunds for pitch have besen unsuccessful,
investigators have suggested that it may be multidimensional in nature and have
proposed two dimensions to account for nitch perception ( 11,42).



Volume, Brightness, and Density. In addition to“loudness and pitch, a number of
other peychological attributes have been proposed for both pure tones and complex sounds.
Some of the terms apnlied to describe attributes are timbre, volume, density, brightness,
fullness, roughness, rhythm, vocality, and harshness. With respect to pure tones,
volume, brightness, and density have been sfudied. Halverson {29) studied difference
limen for volumé as a function of amplitude of sound and Rich (55) measured dif-
ferenca limen for volume as a funciion of frecuency. The criterion of thess early
investigators as to whether or not volume was an attribute apart from loudness was
that if the difference limen for the two were different, then loudness and volume
could be considered as separate attributes. Gundlach (26) concluded that there was
not su”ficient evidence to indicats that volume was a separate attribute and in a
later study, concerned with the effect of phase upon perceived attributes of sound,
found that brightness and volume were equivocal attributes (27). Banister (3) and
also Zoll (83) in discussions of tonal attributes, questioned the existence of the at-
tribute volume. Stevens (63,64,65) required that his observers judge equality rather
than difference limens and plotted equel-volume, equal-dsnasity, and equal~brighiness
contours for various tones using a 1000 cps tone as a standard. Boring and Stevens
(4) later concluded that since brightness appeared to vary directly with intensity
and frequency of tones in the same manner as density, the two were not separate at-
tributes and density wae the appropriate term, Thomas (72) determined equal-volume
coptours for a wide range of intensities and frequencies and interpreted his results
as indicating that volume is an independent attribute and not a combination of loudness
and pitch judgments. Thomas (73) also determined equal-loudness and aqua l=volume
contours for bands of white noise. The two sets of contours apneared to be different
and this difference was cited as support for a aeparate volumic attribute. Timbre
has been discussed as another attribute of complex sounde (17,44) by a number of in-
vestipatora, particularily those concerned with music and speech. It appears to be
an ill-defined attribute much in the same category as the term quality as applied to
voice. In clinical spesech, nasality (59) and harshness (60) have been scaled to
the extent that there is good agreement among observers with respect to their ratings
of thess attributes. Threshold values for auditory flutter (51) and for trill (45)
have been determined and for flutter have been related to annoyance factors (10).
Lichte (40) concluded that, for complex tones, there were probably three attributes
in addition to pitch and loudness. He identified these atiributes as brightness,
roughness, and fullness,

Multidimensional Scaling

Multidimensional scaling dir'fers from traditional scaling methods in that judg-
mente of similarity betweoen stimuli may be utilized instead of judgments on a given
contiruum and, in that the dimensions and scale values are determined from the data
instead of the dimensions being specified by the experimenter. This approach has
advantage in stimulus domains where the stimuli dimensions are unknown, &s in the
area of complex Bounds. In traditional methods of scaling, as was noted in the
previous section, the experimenter determines the dimensions on which the ohserver is
to make his judgments. The obssrver needs to know what is meant by such terms as
loudness, brightness, volume, and density. In some cases, & dimension snacified by
the experimenter may be in reality complex, and in other cases, the dimension may
not be relevant. The inadequacy of tne traditiomal approach is apparent. Although
multidimensional scaling has not been applied in the arsa of auditory percepiion, it
has baen applied in various other fields to determine the naturs and number of
psychological dimensions. In the area of color perception, Richardson (56) and
Messick (43) found good agreement between the resulte of multidimensional secaling
and the Munsell color system (48), Meszick also used the muliidimensional method



of successive intervale to evaluate attitudes toward war, capital punishment, and
treatment of criminals., He found that ths three attitudes could he represented in

two dimensions, 8 war and punishment dimension. Attneave ( 2 ) differed size and

shape as well as color of objects and found that the scaling method revealed the
appropriate number of dimensions. Xlingberg ( 38) studied the mutual friendliness

of seven great powsrs before World War II and noted that a three-dimensional system
could account for mutual intermational distances., The multidimensional model and the
studies discussed above are based on psychological distance between stimuli which is
determined from observers' judgments of similarity of stimuli. Shepard ( 58) described
& stochastic model which may be used to represent stimuli or responses in psychological
space on the basis of overt errors made during learning rather than depending upon
direct judgments of similarity between stimuli., Multidimensional scaling would appear
to hold promise for scaling in the area of auditory perception, especially for the
perception of complex sounds where independent control of physical parameters is dif-
ficult.

Information Theory

Information theory is another model which may be of value in studying the di-
mensions of auditory perception. Specifically, the concept of channsl capacity, the
measure of covarience beiween the input and cutput of a system, may be utilized to
infer the paychological dimensions of stiwuli sets. In information theory, the unit
of meapure is a bit and a bit is defined as the amount of information needsd to make
a docision between two equally likely alternatives. We may -egard the observer as
the communication channel and, if we requirs him to make absolute Judgments about
stimuli, measure the extent to which hie recponses match the input stimuli, If
channel capacity is found to be a fairly stable measure with respact to dimension-
ality of stimuli, we might be able to infer from the observer's responses information
a8 to the dimenvions in domaine where the dimensions are unknown. Channel capacity
for unidimensional stimull seems to be stable. It has been generally found that about
2.5 bits of information are transmitted for unidimensional stimuli. In terms of abso~
lute judgments, this is about six stimuli identified correctly. Pollack ( 52) measured
the amount of information transmitted by observers who made absolute judgments of pitch.
He found that when there wers five or more tones there were a number of confusions.
Garner ( 21) obtained similar results for absolute judgments of loudness. Pollack
(53) had observers judge both loudness and pitch of pure tonss and Found that %.1
bits of information wers transmitted. This is short of the amount of information
which would be expected if the bits for pitch and loudness were dirsctly additive.

In another study of wultidimensional stimuli, Klemmer and Frick ( 37) regquired
observers to make absolute judgments of the position of a dot in a square. The
channel capacity for this task was 4.6 bits which may be compared to the channel
capacity of approximately 3,25 for a similar unidimensional task of judging positions
on a lizear scale( 28). Miller and Nicaly ( 46) analyzed the psrceptual confusions
among 16 Englieh consonants within an information theory model. The consonants were
heard by listeners under various conditions of noise and frequency distortions. The
listeners' responses were tabulated in confusion matrices and the pattierne of confusions
wers analyzed to reveal dimensions which distinguished the different consonants. Thie
was done by determining the sub-matrices necessary to eccount for the information
transmitted by the confusion matrices. Five dimensions appeared adsquate to explain
the confusions among the 16 consonants. These dimensions were judged to be volicing,
nasality, aff'rication, duration, and place of articulation. The basic notion of

this approach, that dimensione of auditory experience can be inferred from the nature
of observers' responses, would ssem to be promising and have apnlication in other
auditory areas other than spsech.



Information Processing and 3ignal Detection Models

In the preceding section a model, information theory, was described which could be
used to predict auditory behavior. This model was based on the notion of binary de-
cisions, 1In & sense, much of the work in the area of audition, particularly the work
which related physiological and nsurological data on sensory mechanisme of hearing to
auditory perception, hae been concerned with model building and were called theocries
of hearing. A number of theoretical models to explain certain aspects of auditory
perception have besn developed. The models attempt to describe the way the auditory
mechanism should operate and then experiments are performed to teet the adequacy of
the model, Two models which have been racently developed merit discussion ae possible
approaches to the study of pasychological dimensions of auditory experience. The first
of these models deals with the storage and filter action which is performed on incoming
auditory stimuli by the observer (5). The model is basad on the concept that since
the perceptual system has a limited capacity, a selective opsration is performed on all
inputs to the system. This selective operation takes tue form of selecting all inputs
having some characteristic in common and depends upon such factors as the magnitude of
the stimulus, the time of arrival of the stimulus, the absence of recent inputs to the
syatem, and the information which has been etored from previous auditory events,
Broadbent cites as evidence in support of the model that simultansous stimuli do inter-
fere with each other, the first of two nearly simultaneous stimuli has an advantage
in passing through the perceptual channel while the second ies at a disadvantage,
intenss siimuli are more likely to be responded to than are weaker stimuli, and that
2 channel which has been previously buay is less likely to pass a etimuli than a
channel which has been inactive. There are several powerful concepts in this appreach
which are useful in the study of auditory theory. These concepts have been admirably
expanded by Broadbent (6) and ars: that the organism has & limited capacity to res-
pond to etimuli, percepiion is in part determined by the information stored from previ-
ous auditory events, and that the study of the effect of one perception upon another
is a possible method to understand the functioning of the sensory process, If an
adequate model is to be developed to predict auditory perception, these variables need
to be considered as part of the model, The second model is concerned with the problem
of sensory detection (71). Thie is a probability model in which the responses of an
observer may be compared to what would bs expected of a perfsct detection device res=—
ponding to the same signals, Two concepts of this theory are called the detection
index and the efficiency index, The detection index is the specification of physical
parameters in terms of the ratio of signal energy over noise power per unit band width
necessary for the ideal detection device to metch the performance of the receiver under
study. Efficiency is defined as the ratio of the signal energy required by the ideal
receiver as compared to the signal ensrgy required by the receiver under study when the
performance of the two is the same. In the application of this model to the dstection
of auditory signals, Veniar (77,78,79) studied the detection of a eignal in noise as a
function of signal ensemble size and ensemble frequency rangs. 3She found that observer
performance decreesed with increasing ensemble eize but not with increasing ensemble
range, indicating that to describe the observer as a narrow-band scanning device
was not adequate to explain detection phenomena., Egan (16) applied the model to the
study of voice communication channels., He studied the probabilities associated with
the responses to voice messages in terms of ideniification of the message and the
decision that the receiver wade about his response. He applied this information to
the prediction of the reception of messages in noise and developed predictive techniques
whereby estimates could be made about message reception. It appears that increased
uee of probability models is warranted in the study of auditory percsption in that as
wa are better able to account for the variability in observer responses, our ability



to predict responses to auditory stimuli is increased. By way of comparison of this
kind of model with the traditional scaling models, in the traditional model the syste-
matie variation in responses is attributed to the stimuli rather than to the obeerver.

THE OBSERVER

In this ssetion auditory abilities, semantic descripiioms of SoundS, and measurable
changes in piteh and loudness as a function of time of stimulation are discussed.

Auditory Abilities

One approach to the study of psychologicual dimensions of sound, where the emphasis
is on the observer, is that of isolating primary auditory abilities. A major argument
for this approach is that the generally noted attributes, piteh, loudness, volume, and
denaity, under close examination do not appear to be unitary dimensions. Harris (32)
found that loudness discrimination and the ability to resist masking were not pure
auditory traits, but rather, appeared to be factorially complex, Pitceh, 2also, ap-
neared to be &4 binary trait rather than unitary in nature, Harris proposes to sample
small segments of the auditory area with factorial studies and, by using tag tests,
eventually isolate the primary auditory abilitiea, The study of auditory abilities
was pioneered by Seashorea (57 ) in his study of musical abilities and he developed
a saries of tests in this area, These tests were assumed to measure basic musiczal
abilities. Factorial analyses have becn applied to auditory areas other than music.
Karlin { 36 ) subjected the results of %3 tests covering such ite+s as pitch, loudness,
auditory analysis, age, and intelligence for 200 subjects to multiple factor analysis,
The snalysis indiczted that eight factors were necessary to account for the correlations
between the tests, He identified seven of these factors as pitch-quality discrimination,
loudness discrimination, auditory integral for perceptual mass, auditory memory span,
auditory synthesis and analysis, speed of closure, auditory span formation, memory
span, memery or incidental closure, and one unidentifiable residual fucter, Hanley
( %0 ) employed factor analysis in the study of speech psrception. Eight factors were
noted and identified as verbal facility, detectability for tones, Seashore batiery
factor, voice memory, resistance to signal distortion, unplsasantness, and synthesis,
Solomon {61 ) approached the problem of psychological dimensions of auditory experience
by first obtaining dzscriptive adjectives for complex sounds, The sounds were passive
sonar signals, Fifty descriptive adjectives which were obtained from sonar opsrators
were rated on a sseven-point scale where the adjective and its ovposite defined the
ends of the scale, The intercorrslations betwesn scalss were subjected to factor
analysis, Seven factors were isolated and these were identified as continua of heavye
light, beautiful-ugly, clear-hazy, mild-intense, loose~tight, familiar-strange, and
colorful-colorless, In a subsequent study, Solomon (62 ) attempted to relate these
factors to physical measures of sound., The physical measures were octave band analyses
of the sounds. Although some relations wsre found between the energy concentrations
and paychological factors, subjective experience of heavy correlated with low frequen-
cies and the expsrience of light with high frequencies, the relating of spectrum of
the sounds to psychologlcal dimensions was generally not fruitful. in a factor analysis
of 12 physical measures of spesch ( 1) four factors were isolated, These were identi-
fied as time, power, power variability, eand pitch variability. Although a factor
analysis aporoach to the study of psychological dimensions of awiitory experience has
merit, there are two major weaknesscs in the method. The first is the considerable
problem of factoring intercorrelations between variables to meaningful dimensions.

The second is the vroblem of selection of tests or measures to be included for the
factorial evaluation. Unless all meaningful measures are included, any subset of
these measures will only reveal dimensions of the subset and not dimensions of the
total area of auditory perception., Harris (32 } has anticipated this problsm by
advocating the use of tag tests from previous analyses in subseguent analyses,
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Loudness and Pitch Shifts in Time

Observers' responses with time as the variable and a constant stimulus are the
concern in studies of loudness and pitch changes in time. A considerable amount of
work has been done in measuring the changes in loudness which occur under conditions
of constant auditory stimulation. A lesser amount of work has been concerned with
pitch changes in time. The measurable change in loudness which occurs in time has
been given various names depending upon the measure used by the investigator and the
aspact of the phenomene where his interest was focused, Adaptation, porstimulatory
fatigue, post-stimulatory fatigue, and temporary threshold shift are some of the terme
applied to this measurable change in loudness with time. Wever and Truman (82) noted
that auditory threshold declined under conetant stimulation and that this decline in
threshold appeared to level off after about two minutes. Other investigators have
defined the course of changs as a function of characteristice of the stimuli and the
duration of the sexposure (13,15,35)., Although the time for the fatigue to reach an
asymptote is apparently different for pure tones as compared to noise, thres and one-
half minutes as compared to seven minutes, and also differs with frequency and ampli-
tude of the signal, the general function of a predicted change in loudness is well
established, Predictive formulae relating fatiguing stimuzli to recovery patterns for
the auditory threshold have been determined (80). Changes have alsc been noted in
pitch under constant stimulation. Pitch discrimination has besen found to decrsase as
a function of constant stimulation (76,%%,31). Pitch shifts, both upward and down~
ward, have been noted under prolonged stimulation with pure tones (8,81), The fact
that measurable changes may be noted in two attributes of auditory experience, both
during stimulation and following stimulation, is important in the study of psycholo-
gical dimeneions of sound. Under constant stimulation, any systematic variation in
reeponse may be attributed to the perceiving organiem and a predictive model developed
to explain these variations. A second possibility is that under constant stimulation
there may be changes in all of the meaningful dimensions of auditory experience as
well as in pitch and loudness. The measuremsnt of these changes might well define the
dimensions of the auditory process,

THE AUDITORY STIMULI

In the preceding sections the model and the ohbserver have been considered in
approaches to the study of psychological dimensions of sound. In this section the
emphasis is on the auditory stimuli, This includes the topice of synthetic speech
and music and the transformation of auditory stimuli into other modes of sensory
presentation.

Speech 3ynthesis

The basic problem in synthetic speech, music, and the transformation of auditory
stimuli into other sensory modes is that of extracting the information carrying
parameters from the speech, music, or auditory etimuli and converting these parameters
into dimensions of the new information conveying medium. With regard tc spsech, we
might transform it into visible units and then transform the visible units back into
spesch, This is precisely the approach used in the pattern playback machine (12).

A source which generates 50 harmonic tones 120 cps apart is controlled by light re-
flected from paintings on a moving tape. The approach is that of converting a time-
frequency analyesis of speech back into speech. Other spesch synthesis devices first
code speech parameters and these parameters in turn are used to control the synthesi-
zer (14,7). BExtraction of pitch frequency, iwo formant amplitudes, two formwant
frequencies, central frequency, and average amplitude haes proved adequate to code



speech for synthesis. The work with synthetic speech has not yet resulted in an
unique coordinate system of physical parameters which'is adequate to reproduce all
of the auditory elements of speech. One of the most interesting aspects of the work
with synthetic speech has been the discovery that acoustic units will be identified
differently depending upon the units which follow or precede them, This precludes
establishing a one-tone relationship between phomenes and acoustic units and means
that the statistical nature of the language will need to be considered in establish-
ing simulated speech.

Music Synthesis

Music synthesis is comparable to speech synthesis with the exception that the
task ie probably eimpler for music since music is not as complex as Speech. Olson
and Belar (49 ) described an instrument for the production of music. The physical
paramsters of frequency, intensity, duration, growth and decay, frequency glide, wave
form, low-frequency modulation, and irregular deviation were given as the parameters
which must be controlled by a synthesizer in order to produce music, The psychological
parameters of pitch, loudness, portamento, timbre, and vibrato were related to the above
controllable physical aspects. Clark ( 9 ) considered similar physical parameters in
his proposed musical instrument and these parameters were growth and decay, frequency,
and harmonica.

Transformation of Auditory Stimuli into other Sensory Modes

Attempts have been made to transform spesch into & vieible, readable form (54 ).
The device, the visible speech apparatus, operates on the principle of spectrum
analyais in time, Since speech as portrayed in this manner is readable, it appears
that the essential parameters of speech are successfully transformed into a visual
presentation. Guelke and Huyssen (25 ) report on a device for transforming speech
into tactile sensations. Frequency was defined by positions on the fingers. The
device performed a frequency analysie on the speech sounds and transmitted this
informetion by means of vibrators to the fingers. It was found that vowels were
relatively easy to identify and that consonants were not easily identified. It is
difficult to generalize about the usefulness of the data on physical measures of
sound. Ons of the complications is that the perception of language is not based on
physical parameters alone but is also based on the characteristics of the language
itself. Any study of the physical paramesters necessary to reproduce spaech, musiec,
or speech through tactile sensory input with the notion that successful transformation
defines the parameters of auditory perception is complicated by the characteristice of
speech and music. The study of the physical parameters becomes confused with these
characteristics, language is highly redundant and for this reason a minimum of
information in transformed parameters will carry the information of the language.
With regard to the perception of languege, it is not certain whether it is the
absolute properties of the phomenes or the difference betiwesen phomenes which contiributes
to their identification. Perhaps the most important contribution that linguistics
can advance to the area of auditory perception is by studies of the way in which
languages are learned. In this way we might gain some knowledge as to how ths human
goes about structuring auditory events, particularily auditory svents as complex
as languaze.
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EXFERIMENTS

The curcose of the program of research was to isolate and mesmsure psychologlcal
dimensions of sound. With respect to the observer, two approaches were possible. The
dimensions could be based on direct judgments by observers about sounds or inferred
from the responses of observers to sounds. Both of these technidues were used. With
respect to the measurement model, traditional scaling methods and recently developed
scaling techniques were used, The program of research was ambitious in that it was
hoped that a set of unique psychological dimensions for steady-atate complex sounds
could be isolsted and sceled and the lndependence of the dimensions defended both in
terms of the nature of the observers' responses and the mathematical model which was
used to evaluste thelr responses.

STIMIFLI, OBSERVERS AND AP-ARATUS

Information relative to stimuli, observers and apparatus is noted in this section
in order to avold unnecessary revetition of these factors in the discussion of each of
the experiments. Pure tones, multitones, white noise, speech, and music were the sounds
used as stimuli. The multitones were prepared by recording back and forth between two
magnetic tape machines, sdding another pure tone to those which had already been re-
corded on each re-recording. Unless otherwise noted in the discussion of an experiment,
the stimuii were heard by the observers at a comfortable listening level of aporoximately
80 db ¢re .0002 dyve/cm?).

The observers were male and female college students, Although auditory thresholds
were not obtained on these subjects for all of the experiments, in cases where thres-
holde were not determined, individuals who indicated that they had or suspected that
they had depressed thresholds were not used as subjects.

The following equipment was available for use in programming or presenting stimulus
materials? magnetic tape recorders, Ampex Models 350, 350-3, 600, and 601} console,
eight channel Altec-Lansing Model 156043 oscillator, General Radio Model 130243 filter,
Spencer-Kennedy Model 3023 noise generator, H. H. Scott Model 8114 voltmeter, Hewlitt-
Packard Model 4O0AB: attenuamtors, Hewlitt-Packard Model 350A; speakers, Altec-Lansing
Model 504C end Ampex amplifier-speaker Model 6203 electronic switch, Grason-Stadler
Model 829351; interval timer, Grason-Stadler Model L4723 oscillograph, Dumont Model
LO1R; microphone, Altec-Lansing Model 21C; and headset circuits with matched ear-
phones, either PDR-3 or PIR-8 receivers. The exveriments were conducted in an isolated
and sound-treated room. There were nine listening positions in the room.

The experiments are summarized under the main headings of language of auditoery
experience, mbsolute judgments on edual-interval scales, scaling by paired-comparisons,
scaling by direct magnitude estimations, observer generated scales, differentiation
of auditory patterns, inference of dimensions from channel capacity of observers, effect
of complexity of stimuli on learaing, multidimensional scaling, and changes in auditory
perception under comstant stimulation.

THE LANGUAGE OF AUDITORY EXPERIENCE

The descriptive terms which individuals apply to auditory experience may be re-
vealing of the personts structuring of auditory events. There is no reasen to
believe that this structuring is not coherent, meaningful, and along efficlent di-
mensions., The following studies were concerned with obtaining descriptive terms which
might serve to define the exiremes of etdusl-intervel seales for subsequent studies,

11



Descriptive Terms Applied to Environmental Sounde

The task for the subjects was to prepare an exhaustive list of descriptive terms
which chsracterized the sounds of their environment., The subjects were glven instructions
a5 to their task and were allowed several days to vrepare the list of terms. Thirty
students served a® subjects,

The terms obtained from the subjects were tabulated according to freauency of oc-
currence, OSome of the most freauently cccurring words were whistle, buzz, bang, cry,
rattle, and ring. Other frequently occurring words were those which described active
events or objects, as for example, grinding and horn, The words which are usually
listed in the literature on sound as describing attributes of auditory experience, high,
low, soft, and loud, were listed by only about one-thivrd nf the subjects.

Descriptive Terms Applied to Complex Sounds

The subjects' task was to listen to a sound 10 times and give a different des-
eriptive term, if possible, which would characterize the sound each time the sound
was heard. There were 20 sounds and the duration of each sound was 15 seconds. EXach
sound was successively presented 10 times before another sound was presented. The
20 sounds were programmed on magnetic tape for presentation to the subjects and were
heard by the subjects under a free-field condition through a loudspeaker. The 20
sounds were taken from a group of sounds which had been produced by an electric organ.
Two subjeets participated in this task,

Descriptive terms were tabulated according to freguency of occurrence and the
words which occurred most frequently were loud, clear, high, low, bright, dull, hiss,
buzz, rlch, thin, and click. A few of the words which appeared were descriptive of
actions and objects as were the words of the previous study.

Descriptive Terms of Similarity and Difference for Paired Sounds

Five multitones were programmed in all possible pair combinations and presented
free field for listeners to mske judgments as to how the two sounds of each pair were
different and how they were similar., The subjects heard each pair of sounds for a
total of three minutes during which time they made their judgments of similarity and
difference. Each sound of the pair was of three seconds duration with a one second
interval sevarztlng the iwo sounds.

Five pure iones of the frequencies of 500, 1000, 2000, %000, and 8000 cps were
progremmed in the same manner in order that observers could wske similar judgments
regarding pure tone pairs as were made for the multitones. Twenty-seven subjects
participated in the task concerned with multitones and 14 subjects in the pure tone
part of the study.

The descriptive terms provided by the observers as to similarities and differences
between the sounds were tabulated for both sets of stimwli, For the complex sounds,
the terms which described similarities and differences between the sounds of each pair
related to loudness, pitch, smoothness, and clearness, In addition to these four
groupings of descriptive terms, words such as dense, diffuse, and full were also noted.
Only two sets of terms, those which related to loudness and pltch, were obtained for
the judgments relative to pure tones,
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Associative Terms for Complex Sounds

The subject's task was to listen to 100 multitones and either name the thing of
which the sound reminded him, indicate that it was & sound that reminded him of some-
thing but that he couldn't name the thing, or no, it was not a sound which could be
related to anything. Each sound was of 10 seconds duration, The sounds were pre-
sented free field, Nine students participated as subjects.

The responses which were obtained by asking for associative descriptions were
much the same as for the observers who were asked to describe the sounds of thelr
environment, That is, the sounds were described in terms of events and objects, as
for example, whistles, bells, drill, and grinding.

At the time these several studies were conducted, the results seemed highly dis-
aprointing. It was hoped that a set of terms could be obtained which, in the observers!
own language, defined polar dimensions of auditory experience. While words such as
volume, density, and brightness were not necessarily expected to appear, it was assumed
that descriptive words such as roughness, harshness, and mellowness might aprear. Re-
inspection of these data, which were collected early in the program of research, indicates
factors of interest. The descriptive terms which were given by observers were relative
to objects, movement of objects, and events which are characterized by particular
sounds. The most frequently occurring deseriptions, whistle, clang, ring, and cry,
were sounds which are immortant to the individual., Solomon, (61) in his recent semantic
approach to auditory perception, noted that several of the factors which he isolated
were listener orientated: pleasant, safe, gentle, and happy. These results may indi-~
cate that individusls extract meaningful information from sounds as it is important
for their well being (39). This is all by way of arguing that there is probably a hier-
archy of dimensions in auditory perceptlon and that this hierarchy and the structuring
of auditory events are dependent upon past auditory exveriences and those which are
likely to accur.

ABSOLUTE JUDGMENTS ON EQUAL.INTERVAL SCALES

Several sets of auditory stimali were scaled using this measurement model. The
stimili were bands of white noise, sounds produced by band instruments, and multitones.
The stimuli were scaled with respsct to arbitrarily selected attributes of sound.

Scaling of High-Pass and Low-Pass White Foise Samples

The task for the subjects was to rate 20 sounds with regard to eight characteristics,
Yhe ratings for each characteristic were made on a nine-voint scale. The eight character-
istics were descriptive terms which had appesred in the subjects' responses concerning
environmental sounds and differences and similarities between pairs of sounds. These
characteristics were clarity, fullness, brightness, loudness, highness, roaring, and
buzzing, The 20 sounds were produced by selective high~ and low-pass filtering of
ASA white noise at the cut-off fregquencies of 100, 200, k00, 500, 600, 700, 800, 900,
and 1000 cps for both filtering condltions.

Before each of the eight rating tasks, the subjects were told the characteristic
and how they were to judge the following group of sounds, For example, "You will rate
the following group of sowmds for clarity. Remember that one on the scale represents
least clarity and nine represents greatest clarity." General instructions to the
subjects as to the use of the rating scale preceded the specific instractions for each
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characteristic, The order of presentation of the 20 sounds was randomly varied for
each of the eight successive rating tasks. Twenty-two college age males served as
experimental subjects. The subjects heard the sounds through PDR-8 receivers.

Listener ratings for each of the 20 sounds with respect to the eight characterist-
ics were tabulated and median (S) scale values and semi-interquartile (Q) values were
determined according to the method outlined by Thurstone and Chave (75). Product
moment (r) correlations were computed betwsen the eight charscteristics using scale
values as criterion measures. These correlations are shown in the following table.

Table I.
Correlations Between Eight Selected Characteristics for 20 White Noise Stimulil

Fullness Brightness Loudness Highness Rearing 3Buzzing Ringing

Clarity LU0 ~.48 -3 -39 .58 -.58 -.25
Fullness - 29 -.96 -.95 .73 -.91 -.95
Brighiness LG4 .90 -.79 .91 .90
Loudness .97 =77 .89 .94
Highness -.76 .92 .90
Roaring -.75 -.7h4
Buzzing « 90

The Q values which indicated dispersion of judgmentis were as feollows:

Clarity Fullness Brichtness Loudness Highness Roarin~ EBuzzing Ringlng
2.40 1.39 .44 1.06 1.15 2.62 1.33 1.29

The high correlatioans betwen characteristics would seem to indiecate that at
most the juégments were on the basis of not more than two dimensions. This is probably
a result of the limited variation which was present among the white noise samples. The
Q values give scpe indicstion of agreement among subjects and it may be noted by the
low § values for loudness and pitch (highness) that the observers agreed fairly well
on these characteristics.

Scaling of White Noise Samples of Differential Band Widths

The task for the subjects was to make repested ratings of six white noise samples
on a nine-point scale. The samples were rated with respect to six characteristics.
These characteristics were relative loudness, density, volume, pitch, brightness, and
fullness. Bach gample was rated four times with respect to each characteristic, The
six white noise samples differed in band width, The band widths were 100, 500, 1000,
2000, 4000, and 8000 cps with the center of the band at 4000 cps. A limiter amplifier,
Altec-Lansing, Model A3220, was used to maintain relatively constant amplitudes for
the different noise samples. The stimuli were heard through PDE-8 receivers. The
subjects were 20 college-age males.

The criterion measure for the evaluation was the mean value of each subject's
four ratings of each sample with respect to eech characteristic, A triple-classifica-
tion analysis of variance was employed to evaluate differences among characteristics
and noise samples, The results indicated significant differences in mean values e~
mong characteristics and among band widths ( Characteristics, F = 5.33, required for
5 % level, 2.19; band widths, F = 52,57, required for 5 % level, 2,19). The inter-
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action between characteristics and band widths was also significant ( F = 10.59, re-
quired for 5 % level, 1.60). This would indicate that.mean values for band widths did
not follow the same trend for each characteristic. The mean values for the six band
widths of noise are shown in Table II. A difference of 0.62 between mean values,
columns and rows, indicates a significant difference between means at the 5 % level.

Table II,

Mean Values of Observers' Ratings of Six White Noise Samvles With Respect to
Six Selected Charmcteristics of Sound

Band Width (cos)

Characteristic 100 500 1000 2000 L4000 8000
Loudness 3.21 3.21 3.56 3.81 k.51 6,09
Density 4,08 3.28 L, 06 b 4o 5.56 6.85
Volume 3.90 3.86 3.83 4,30 5,00 6.05
Pitch 5.63 5.40 5.58 5.76 5.5k k.28
Brightness 5.26 5.03 5.16 5,46 5.21 5.15
Fullness ooy - 3.71 3.04 LR 5.11 7.01

With increased band width of the white noise samples, ratings for all character-
istics, except brightness, significantly changed. Pitch was significantly decreased
for the band width of 8000 cps as compered to the other band widths, Mean rating
values for the remaining characteristics increased with increased band width. The mean
values for loudness, density, volume, and fullness follow similar patterns with increased
band width.

Scaling of Band Instrument Sounds
Forty-four sound samples were recorded from 16 different band instruments. The
subjects' task was to rate each of these sounds on s nine-veoint secale for volume,
pitch, density, loudness, clarity, fullness, and brightnese, ZEach sound was presented
for a duration of five seconds with an interval of 10 seconds between the onset of each
sound. Fineteen students served ss judges. The sounds were presented free field.
Scale (S) and semi-interquartile range (Q} values were determined ~ccording to the

method given by Thurstone and Chave (75). Product moment correlations (r) were deter-
mined between characteristics. These correlations are shown in Table III,

Table IlI.

Correlations Between Seven Selected Charscteristies for 44 Band Instrument Sounds

Pitch Density Loudness Clariiy Fullness Brightness

Volume A0 -1 .68 .20 -.20 .16
Pitch -1 .05 .1b -.83 95
Density .02 -.15 .86 -.93
Loudness - 04 -l 02 .07
Clarity ~e 26 .16
Fullness -.81

Semi-interquartile range (Q) values were!

Yolume Pitch Density Loudness Clarity Fullness Brighiness
2.52 1.18 2.48 1.82 2.22 2.36 1.44
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With respect to the particular sounds used in this study, only three independent
characteristics seemed to emerge, pitch, loudness, and elarity. Volume related directly
to londness and density, ¥uallness and brightness did not seem to be independent of
pitch. The variability among listeners with respect to the ratings was large as indicat-
ed by the size of the Q values.

Scaling and Factor Analysis of Multitones

Sub jects were required to rate 32 corplex sounds, multitones, on a nine-voint
scale for loudness, referring to the over-all softness or loudness of & sound;: loud-
ness coherence, referring in g negative sense to the ease with which a judgment of
loudness may be made and in a positive sense to the disversion of the loudness of a
sound; pitch, referring to the over-ell highness or lowness of a sound; pitch coherence,
again referring in a negative sense to the ease with which a judgment of pitch may be
made; coherence, referring to the over-all unity or non-unity of a sound; numerosity, a
related factor to coherence, referring to the number of dlstinguishable components of a
complex sound; clarity, referring to a dimension where muffled or highly damped represents
one extreme and ringing or undamped represents the other extreme; roughness, referring
to a continuum where smoothness represents the opposite extreme; and fullness, referring
to a dimension which runs from thinness to fullness.

Thirty-six students served as subjects. The subjects heard the sounds free field
and were instructed as to how the ratings were to be made in terms of the above explan-
ations of the. arbitrarily selected propertles. Practice sounds preceded the test sounds
before each of the nine serles of ratings. Inter-correlations {r) based on scale values
were determined and are shown in Table IV.

Table IV,
Correlations Between Nine Selected Characteristics for 32 Complex Sounds

Loudness Pitch Ower-All

Coherence Pitch Coherence Coherence Numeroaity Clerity Roushness Fullness
Loudness .89 -.22 .76 .62 .70 .09 o5k .82
Loudness Coherence —.34 .86 .77 .82 —~408 .63 .87
Pitch - 25 -.11 ~s17 .83 .12 ~.61
Pitch Coherence 1 .96 -.07 .82 .72
Over-All Cocherence .96 -.16 .85 .68
Fumerosity -.02 .82 .66
Clarity ~.18 -.36
Roughness <50

The inter-correlations between characteristics were factored by the centroid
method (74). The resultant factor matrix is shown in Table V.

Most of the varlance in factor loadings can be accounted for by the first three
factors, 70, 20, and 7 ¥ respectively for factore I, II, and III, Inspection of the
factor matrix indicstes that the varlables loudness, coherence, numercsity, roughness,
ané fullness characterize the first factor., In making judgments of coherence, the
observers were instructed that the low end of the scale represenied most coherence and
the high end of the scale represented least coherence, This accounts for the high
positive correlations between coherence judgments and the numerosity and fullness judeg-
ments. Fector I is probably bi-polar, although this is not indicated by the loadings,
with coherence defining one end of the scale and numerosity and roughness defining the
other end of the scale. TFactor II would appear to relate te piltch and clarity and
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Table V.,

Factor Matrix for Nine Selected Characteristics of Sound

Factors
Variables I 11 I1r iv ¥
Loudness 760 15 .216 -.073 029
Loudness Coherence .89 b2 . 285 .305 .178
Pitch - 450 .678 ~.335 .152 .032
Pitch Coherence .908 o342 .076 Noli% -,005
Over-All Coherence .853 324 -.167 -.096 045
Numerosity .862 Loy .076 L4 .027
Clarity -.272 .620 .022 .251 112
Roughness .751 .9 -.059 -.018 .008
Fullness 878 -.189 2501 -.039 L0085

factor III likewise may relate toc plitch as well as to fullness,

The results of the several studies based on discriminability Judgments by observers
do not provide for clear-cut isolation of psychological dimensions of sound. It would
appear that this type of unidimensional scaling model is not adeguate to deal with the
kind of psychological space involved in the perceptlon of complex sounds. However, in
this series of studies the use of another discriminability model to scale sounds was at-
tempted, This was the method of paired comparisons,

SCALING BY THE TECHNIGUE OF PAIRED COMPARISONS

The observers'® task was to Judge which member of a palr of sounds was louder,
higher, brighter, and smoother than the other member of the pair. The stimuli were
10 multitones which were programmed into all pair combinations. The sounds were pre-
sented through PDR-73 receivers. The observers were instructed as to their task and
were allowed to practice on a series of sound pairs before they made the judgments on
the test pairs of sounds. The experiment was conducted in four sessions, one for loud-
ness, one for pitch, one for brightness, and one for smoothnese judgments, Ten observers
participated in this experiment.

Scale (S) values were determined for each of the 10 stimull with respect to the
four attridutes of loudness, pitch, brighiness, and smoothness. These values are noted
in Table VI,

It may be seen, by inspection of the values in Table VI, that the ranges of scale
values for smoothness and brightness were less than for loudness and pitch, Scale values
followed a different order for loudness, pitch, and smoothness. The order of scale
values was almost identical for pitch and brightness, The results of this study apreared
promising, especially in terms of the ease of ithe task for the observers and as a method
of determining the range of a property for stimuli where the physical dimensions are not
known, However, because of the limited number of sounds which can be handled in tvhis
model, the computational time involved, and the observer judgment time involved, it does
not appear to be a method which can be used to an advantage in the scaling of various
groups of auditory stimuli,
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Table VI,

Seale Values for 10 Stimuli on Four Selected Continua

Scale Values

Stimali Loudness Pitch Brightness Smgothness
1 0,00 0.75 0.00 5,29
2 1.45 0.00 0.91 5.68
3 1.90 2,06 0.9 5.15
L 2.89 2.77 2,29 4,53
5 5.0k 3.03 2.09 3.43
[ 5.31 2. 42 2. 74 2,82
7 5.04 2,74 2.20 2.02
8 5,00 4,86 3.38 0.37
9 6.14 4,86 4,13 0.40

10 5.95 5.62 4,21 0.00

SCALING BY DIRECT MAGNITUDE ESTIMATICN

The task for the observers was to make direct magnitude estimations of properties
of complex sounds, The sounds consisted of 18 mulititones. The selected properties for
which the observers were to meke magnitude estimations were loudness, loudness coherence,
pitch, pitch coherence, over-all coherence, numerosity, clarity, roughness, and fullness,
The observers were instructed as to the nature of the property which they were to Judge
and were told to use any numberirng system which they felt was avpropriate for the sounds
which they were judging. Estimations of magnitude were made for the same 18 sounds for
each of the nine properties. Each observer made four estimations for each sound for each
property. The sounds were presented in random order and were heard by the observers for
a duration of 15 seconds for each estimation. A standard sound was not provided for the
observers in making their estimations, At the commletion of the experimental session,
each observer was asked to note the range of the numbering system which he had used in
assigning numbers to the series of sounds. Tre cbeerver's assigned values were converted
to a hundred-point scale and the values on this new scale were recorded for each observer,
Forty-five observers participated in the exveriment and since each observer made Judg-
ments with respect to only one property, this resulted in five subJjects estimating the
magnitude of each property for the 18 sounis. The mean value of the four judgments made
by each observer for each sound became the eriterion value for analysis of the data.
Product moment (r) correlations were determined betwesn the nine properties using as
values for each of the sounds the mean scores based on the judgments of the five observers
who made estimations with resvect to each property. The correlation mabtrix is shown in
Table VII,

Table VII,
Correlations Between Nine Selected Properties for 18 Complex Sounds

Loudness Pitch Over-ill

Coherence Pitch Coherence Coherence Numergsity Clarity Roughness Fullness
Loudness .65 .79 ~.11 .86 ~e 59 .88 .27 -~. 84
Loudness Coherence L7 .30 A2 -3l .61 45 -.47
Pitch ~-.10 +72 =76 .89 -0l - 91
Pitch Coherence -, 20 .13 -.15 «33 .21
Over-All Coherence - 43 .73 .29 -.73
Numerosity -.78 Bl .68
Clarity ~-.08 ~.92
Roughness .07
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Inspection of the values in the correlatlon matrix would seem to indicate that,
for these stimmli, pitch and loudness varied in a similar manner. Values for coherence
and roughness seemed to be different, however, from each other and from the other
values, Inspection of the values for each observer indicat=d that there was a consider-
able amount of variation, both in a single individual's successive judgments of the
game stimuli, and between different observers, The estimation of magnitude apeared to
be a difficult task for observers. The extremely variable responses which were obtained
both between individuals and within an individual's responses would appear to limit the
usefulness of this scaling procedure in the area of auditory perception of complex
sounds.

OBSERVER GENERATED SCALES

Several attempts were made to obtain the dimensions and the values on the di-
mensions directly from the observers. In one experiment the task for the observers
was to place six corplex sounds, multitones, into as many orders as possible and
describe their basis for ordering the scunds., By means of selector switches the observer
could alternate among the various sounds and listen to samples of each sound for
durations of his own cholce, Ten ohservers participated in this task. The acvproach
was not successful in thst there was little agreement smong observers and most of the
individusle did not go beyond pitch and loudness in selecting their own dimensions.

In a similar manner, subjects were asked to place each of 150 sounds in categories
of their own choosing., The sounds were on individual magnetic tape loops. FEven with
unlimited time to complete the task, the subjects did not go beyond pitch and loudness
in selecting categories for the 150 sounds.

DIFFERENTIATIOK OF AUDITORY PATTERNS

In the studies which have been discussed up to this point, the concern has been
on observer Judgments of amounts of assumed proverties of sound and on the measurement
model within which these judgments have been evaluated, The study reported on in this
section was concerned with the effect of changing the amplitude of one component tone
of a multitone series upon listeners' judgments of sameness or difference of a sound.
The objective was to relate the physical changes in the sound to the observer's revort
of & change in the sound and attempt to determine the paychological property of the
sound which hed changed, resulting in the observer's response of a difference in the
sound.

Five experienced listeners heard stimuli composed of either two, three, four,
five or six pure tones. The stimill were altered by progressively increasing or de-
cressing the amplitude of one of the component tones, Bach listener's task was %o
signal when he perceived that the sound was no longer the same as the original sound.
The 1lsteners were instructed not to respond to only a change in loudness of the sound.
The tones msed were 700, 800, %00, 1000, 1100 and 1200 cps. The initial auditory
stimili for each judgmut were all possidle two-, three-, four-, five-, and six-tone
combinations of these tones with egusl amplitudes for all tones. Bach listemner's
score was the mean of five trials in decibels of change reouired for him to perceive
@ change in the stimulus, Mean values and standard deviations were determined on the
bagls of the responses of the five listeners. The overall mean value for all tones
in all combinatlons with respect to the amount of increase in amplitude needed to re—
sult in a response of perceptual difference was 2.7 db with a mean standard deviatlon
of 0.97 db. The overall mean for a decreased level of a tone was 3.8 db with a mean
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standard deviation of 1.2%9 db. Other than the consigtent difference between values for
increased and decreased levels of component tones, inspection of the dats did not reveal
consistent trends which relate frequency separation between tones snd nurnber of tones

to the listeners! judgments of a change in auditory experience. Several factors may
relate to the negative results of the study including the fact that the component tones
were not widely separated in frequency snd that the measure of amplitude of one component
is nrobably not a good measure of physical parameters which are changed when one tone

of a group of tones is altered im arplitude.

CHANNEL CAPACITY

Cha~rel capacity is defined in communication theory iramework as the upper limit
of the extent to which an observer is able %o match his restonses to the stimuli to
which he is responding., If it is assumed that an individual's ability to make absolute
Judgments about stimuii relates to the psychological vroveriies of the stimuli, then
from measures of channel capacity it should be possible to make inferences about the
dimensions of auditory experience,

Channel Capacity as a Function of Discriminable Units of Pitch and Loudness

The purpose of this exveriment was to evaluate information transmitted as a
function of difference limen separation and difference limen range of components for
21iteh and loudness singly and combined. Six auditory conditions were involved in the
study. These were pitch, spproximately 110 DL range; loudness, approximately 110 DL
range; pitch, approximately 55 DL range; loudness, aprroximately 55 DL range; the
Iirst two conditinms combined; and the third and fourth conditions combined. The
pure tone stlmuli for each of the six conditions are shown in Table VIII,

Table VIIT .

Pure Tone Stimuli for Six Conditions of Difference Limen Range of Loudness

and Pitch
Conditions
pe poy 111 v v Vi

cps db cps db cps db cps  db cos db cos db
1000 85 1000 70 1125 85 1000 77 1000 70 1125 77
1125 85 1000 77 1187 25 1000 81 1125 77 1187 81
1250 85 1000 85 1250 85 1000 85 1250 85 1250 8%
1375 85 1000 92 1313 85 1000 89 1375 92 1313 89
1500 85 1000 100 1375 85 1000 92 1500 100 1375 92

Four duration times of the components of the display system were also included.
as part of the exverimental conditions. These were 1.0, 0.5, 0.25, and 0.125 seconds
duration.

Twenty-five observers served as subjects. The observer's task was to select
from five sequentially vresented stimuli one which corresponded to a stimulus which
he heard immediately preceding the stimuli sequence. Eack observer made five Judg-
ments with regard to each stimulus for each condition.

The criterion messure for each observer wae the number of correct identifications
for erch display conditicn for each display time. The data were treated with analysis
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of variance instead of determining the usual communication theory measure, bits of
informetion, hecause the interest was in whether or not significantly more information
was trossmitied by stimuli zs frecuency and ampiitude range was increased, The resilts
indicpted tiol 2 significantly greater asmount of information is transmitted 2s freg—
uency and amplitude range between stimuli is increased ( Pz 24.55, required for § %
level, 2.35), that roughly the same amount of information is trensmitied by pitch and
louwdnes: for similar DL sevaration of compoments, snd that the amount of informaticn
trensmilied is not independent of the duration of the stimuli ( ® 2z b,56, reguired for
5 % level, 4.28). The mean values of correct stimuli identifications for the six
stimuli conditions and the four duration conditions are shown in Table IX., A difference
of 0.53 between mean values, coclwms ané rows, indicates a significant éifference be-
wween mesns at the 5 % level,

Table IX.
Mean Values of Correel Identifications for Six Stimuli Conditions at Four Durations

Conditions

Duration(Seconds) I 11 yes v v vI
1.0 3.16 3.04 2.68 2. 24 3,68 3.32
0.5 3.0h 2.96 3.00 2,04 3.52 2.76
0.25 3,00 2,60 2,04 1,88 3. 44 2.80
0.125 3.16 2.32 2.36 2,32 3.2k 3,04

Thet a predictable relationship existe between informalion transmitted by
gtimili and dimensions and scale values of stimuli, as was indicated in this study,
is of value in studying dimensions of sound because while it is probably not possible
to directly infer dimensions from amount of informatiion carried, it should be vossible
to test Lhe sdeguacy of a crovosed set of inclusive dimensions and scale values by
messuring the smount of informalion transmitted by the stimuli, That is, if the di-
mensions =nd the stimuli values on the dimensions sre correctly guessed, the predlcted
information transmitted should correspond to the actual information transmitted.

Confusion Mairices

One way in which the channel cevacity comecept may be used to infer psychclogical
dimensions for » set of auditory stimuli is by the use of confusion matrices. In a
confusion matrix the results of observers' absolute judgments for a set of input
stirmli are noted in terms of the correspondence between the stimulus which was given
and the siimulus which the observer selected as being given. By noting the error res-
vonses of the observer and combining and regrouping the stimili to minimize error res-
ponses, inferences may be made as to the dimensions of the set of stimuali, This was
the technicue used by Miller and Ficely (46) to determine the distinguishing features
for a set of consonanis. They induced error responses on the part of the observers
by submitting the consonants to nolse and frequency distoriion, and studied the pat-
terrn of errors which resulted, noting that five distinetive features (dimensions)
acpeared adecuate to explain observer confusions in Judging consonants.

An attemrt was made to use this approach to determine a set of vsychological
dimensions for complex sounds., The stimuli were 20 muliitones. An observer was re-—
quireé to learn an identifying mumter associated with each sound. The sounds were
then presented under various conditions of noise and high- and low-pass fredquency
filtering, The exreriment was noi successful, The observer, even after severzl
weeks of daily learning trials, was not able to correctly identify the stimuli to a
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satisfactory criterion. The error responzes, also, did not seem to fall in patterns
but rather, under the noise and distortion, rardomized. Although the negative resulis
may have bezn due in part to the varticular observer who particinated, the results
would seem to indicate that this apnroach is better suited for evaluating stimuli
systems which are already known to individuals, such as language, than in application
to stimuli systems unlmown to observers begause of the difficulty observers have in
learning new sats of comwplex auditory stimuli.

EFFECT OF COMPLEXITY OF STIMULL UPON LEARNING

In this sxperiment three grouss of stimuli of differing physical complexity were
prepared. The firat group consisted of. tonss of the fregusncies of 100, 200, 300, 400,
500, 600, 70C, 800, 900, and 1000 cps. For the second zroup of sounds, the first
multirle of sach tone was aided to each tone to producs a set of 10 multitones. For
the third set of stimuli, the first and sscond multiples of each of the original tones
were added to each tone to produce the 10 stimuli. The subject's task was to lsarn
a word associated with each of the sounds., Learning was by tne anticipation method.
Three groups, each combosed of 27 persons, servad as subjscts. Amount of learning was
measured on-the last 1% of 20 trials.

The criterion measure for each subject was {he number of correct anticipations on
the 15 trials. The significance of the difference between the means among the three
groups of subjects was evaluated by analysis of variance., The subjocts who learnad
words pajred with purs tones did significantly better than did %ne other two groups
of subjects ( F = 3,42, required for 5 #% level, 3.23), indicating that with increased
complexity of stimuli, learning is more difficult. These results may h.ve been due
in part, however, to increased similarity between complex stimuli which resulted from
adding first and then first and second multiples to each of the original tones. The
multioles in some instances corresponded to Prequencies of components of other stimuli,

It was noted previously that information transmitted by stimuli should be vre-
dictahble if the diwensions and stimuli values on dimensions are known for a set of
stinuli, lLearning as it relates to the complexity of stimuli is part of the same
problem. While it may not be possible to predict dimensions and scale values for
stimuli from measures of learning, it should be vossible to anticipate learning by
knowing properties of stimuli and valuee of the stimuli with respect to the vroverties.
The adequacy of a set of dimensions may thus be tested by measuring learning. The
knowledge that is necessary, however, is the general relationship between learning and
dimensions of stimuli, The possibility exists that individuals only sxtrzct that
information which is necessary in terms of dimensions for learning and may discard
dimensions which are not necessary to learn a particular set of stimuli. This
structuring of auditory perception by individuals may confound un attempt to relate
dimensions to learning.

MULTIDIMENSICNAL SCALING

Several studies were conducted which involved multidimensional scaling. The
stimuli for these studies waere pure tones, complex sounds, and spsech sounds. These
expériments are discussed in greater detail than the other studies summarized in this
raport because the results of these studies are more dirsctly concernsd with the hasic
purpoae of this program of research than are the other studies and because time wise,
a larger provortion of the effort was spent upon multidimensional scaling than with
the other exverimental techniques.



Multidimensional Socaling of Pure Tone Stimuli*

The purpose of this investigation was to apvly a multidimensional scaling model
to an auditory area of known dimensionaliy, that of pure tones, in order that this
model might be sveluated for use in auditory areas where the dimensions are not well
known.

Three basic stens were involved in the multidimensionzl sealing procedure used
in this study #3). First, compciative distancss in similarity were obtained betwesn
all pairs of purs tone stimuli; second, an esstimatsd alditive constant was used to
convert the comvarative distanczs inte absolute distances; and third, the dimensionaliiy
of the psychological aspace necassary to account for the absolute distances among the
purs tona stimuli were determined.

The stimuli were 15 pure tonss, four frequencies at four sound pressure levels,
The freguencies wers 500, 1000, 2000, and 3000 cpa each at the sound nres ure levels
of 70, 80, %0, and 100 db (re .C002 dyna/cmz). The stinmuli are identified by number
in Tabls Xo
Table X4,

Pure Tone Stimuli Identifis=d by Stimulus Humber

3timulus Number Fregquency {(cps) S3ound Pressuras Level (db)
1 500 70
2 1000 7C
3 2000 70
4 3000 70
> 500 80
6 1000 ac
7 2000 80
& 2000 80
1% 500 S0
10 1000 0
11 2000 90
12 2000 jve)
1 500 100
14 1000 160
15 2000 100
16 3000 100

The 16 pure tones were programmed in all nossible pair combinations. This resulted
in 120 pairs. The duration of each tons was one second. A one-second interval separated
the two tones of each pair. Ain identifying carrier number precsded each stimulus pair
with an interval of seven and a half seconds between the onset of each carrier number,
The presentation order of the pairs of tones was determined by random selsction,

Thirty-nine mals and female collsge students served as ohservers.

* This study is discussed more fully in WADC Technical Revort 53-201, Multi-
dimensional scaling aporoach to the determination of basic paychological paramefers
for pure ftonss,
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The observera' task was to judge each pair of sounds for similarity on a ninea
point scale., Humber one on the scale represented extreme similariiy =nd nueber nins
represent:d exirepe dissimilarity, Thne directione for making the judgments were tape
recorded and also printzd on the first vage of the test booklet so that the observsrs
both heard and read tne direcilona prior to each experimental session. Twenty practice
nairs of tones preceded the test stimuli. After the observers had judged the practice
stinuli, the directions were briefly repseated,

The obszrvers heard the stimuli through neadsets and took part in the experiment
in groups of nine or less, The comparative distances between stimuli wers determined
on the basis of the observer's judgments,

The raw data were tabulated in a 120 (stimulus pairs) x 9 {scule categories)
table where the call walues, fj s indicated the frequency that the 1th pair of stimuli
were placed in the z°° category. The frequencies were cumulaied, converted to vro-
nortions, and from the proportions were determined normal deviate wvaluss, zi,. The
deviate values were wei.hted according to the function, Zg/pq, whera Z was ithe ordinate
of the normal curve which corresponded to the provortion, p, and g = {l-p). A table
of successive differences in deviate values was c¢onstructed and the differences them—
salves were weighted according to the formula, WiWo/W1 % Wz, where W) referred to the
weizht apnlied to one devizte value and W, referred to the weight apvlied to the other
deviate valus, Welghted averages of successive differences were determined and acals
values, t,, were computed, This scale was used as the ordinate in determining graph-
ically the scale values and discriminal dispersions for each stimulus pair. The re-—
sulting scale values for each pair were convarted to positive values by setting the
smallest scale value to zero. These values, 8jks renresented comparative interpoint

distances,

Matrices, Szjk, squared relative distances, A, E, and H were constructed. The

alemonts, ajk’ ® ik and hjk of matrices A, B, and H ware:

n 2 n 2 _ 2. . 1 2 nn Z.
ajg = /2 (/n i S JK t i— S JK 5 JK A E’I:'\ S JK
€jk = A K K noj YK JH n o % JK

hjl( = yn Lor j F K and l'\JJ = (I— tn)

A B* matrix was determined (B* = A # cE 4 1/2¢7H) using as the additive constant,
e = 370
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The B* matrix was solved for eigen valu:s and eigen vectors. Five non-zsro roots
and their corresponding vectors were retained and the coefficients for the sum of the
latent rosts of the B¥ matrix were computed using the following equationt

TPz # of Nux £ 1/2 pe®

In the above =2quation p = the number of roots and ¢ is unknown. The coefficienta
for the sum of the diagonals of the B* matrix were determined. The equation for the
sum of the diagonal elementa was:

n ; nn 2 c on ' 2
SbTyy = an g St TR Sy v e (no)e

The two resulting equations wsre:
TP = k6125 £ W53 ¢ 4 2.5 &2
;”;‘L,*jj- 35,7818 £ 29.6663 £ 7.5 ¢2
J

These equations werse set to equal each other and the resulting quadratic was
solyed for two values of c: ¢ = -5,8147 and ¢ = 0.8437. The root which gave the
larger £Pwas ¢ = 0.8437, Becauss ¢ was a small positive number, the analysis was
continued with ¢ set for ¢ = Q.

_, A factor matrix was computed using the general matrix- factoring solution, (BX)

K~ = F, were X is the matrix of X; vectors and K is the matrix where X'BX = K'X., The
factor matrix was subiected to orthogonal rotation to achievs simple siructurs and
meaningful dimensions, The final rotated watrix of projections is shown in Table XI.
The projections of stimuli for the final rotated matrix for factors I, II, and V are
shown in Figures 1 and 2,

The reaults would ssem to indicate that two factcrs, pitch and loudness, arse
fairly well defined, A third factor, not as well defined, seems to relate to piteh.
FPactor I appears to be a pitch dimension with the freguencies of 500, 1000, and 2000
eps producing a continuum for the ssveral sound pressure levels, The exception for
this factor is that the 3000 cps stimuli occupy approximately the same scale positions
as the 2000 cps tones. The major loadings for factor II are accounted for by tne
four 3000 ¢ps stimuli and with resp-ct to these stimuli appears to relate {o pitch.
Factors III and IV do not have sufricient loadings to be considered legitimate di-
mensions, Factor V appears to be a loudness dimension which is best defined by the
scale positions for the 1000, 2000, and 3000 cpe stimuli and not well defined for the
500 cns stimuli.

It would apnear on the basis of the resulis of this study that the multidimensional
scaling model was successful in isolating the basic psychological parameters, pitch and
loudness, for pure tones and could therefore be of value as a wodel for exnloring
auditory areas whaere the dimensions are not well known.
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Tab le X -

Final Rotated Matrix of Projections for Pure Tone Stinuli

Factors
Ttems 1 II 111 v ¥
1 -1.543199  -0.420865  -0.164%03 0.321357 0.028359
2 -0,241817 0417206 -0.280011 =0.h42%572 -1.192284
3 0.510181 0.062482 1, 354003 =0,406371 -0.156507
i\ 0417622 1.748475% 0.123043 0.236991 ~0.4%5%28
5 -1.5673%62 0.310291 0.173105 -0.123389 -0.392301
8 0.152680 ~0.5421%2 -0,5258826 ~0. 132084 =0.830362
7 0.459168 0. 1255967 0.536876 1,592291 0.069693
8 0.665558 1,262105 0,016588 0.092865 0.479725
9 ~1,695652 0, 546389 «(, 296510 -0.278850 0.261841
10 0.290617 -1,479993 ~0.546379 0, 335696 0.003%222
11 0.968834 -0.2183%3% 0.539932 0.243135 0.045479
12 0.750189 0. 993678 0.013601 0.415003 0.8%5024
13 -1,381028 ~0.860953 1.56433%9 ~0.745929 0, 104332
14 0.2%0271 -0.471981 =0.608213% -1,854585 -0.316614
15 1.047424 —0.25993 1.G80559 -0,231475 0,.508725
16 0,725420 1,375894  -0.428802 0.181480 1,123717

Multidiwsnsional 3caling of Complex Sounds

The same multidimensional scalingz model was applied to a set of complex sounds.
The stimuli were 32 multitones. These 352 tones were selscted from 100 multitones
which had been rated by observars for loudness, viten, volume, clarity, roughness,
density, fullness, and brightness on & seven-point scale. Twenty cbservers made
judgments with respect to each attribute. Four sounds were chosen, on the basis of
these judgments, which represented low, medium-low, medium-high, and high scale values
for each attribute, The 32 sounds were selected in this menner in order that after the
multidimensional scaling had been completed, it could be determined whethar or not these
attributes could be related to the dimensions ravealed by the multidimensional modal,

The original 100 multitones were prepared with the rastriction that each sound
have at least two and not more than 10 pure tone components. The numbe - of components
was rendonly determined. The componenis for each sound were also chosen by random
selection with any frequency between 20 and 10,000 ¢ps having an equal chance for
inclusion.

The 32 complex sounds were programmed into all poasible pair combinations, result-
ing in 496 pairs. The duration of each sound was apnroximately two ssconds with a brief
inte-val separating the sounds of each pair. An identifying carrier number preceded
@sch pair of sounds with an interval of aporoximately five seconds between the onset
of each carrier numbsr. The order of presentation of the sound pairs was randomly
determined. The 32 stimuli are identified by stimulus number in Table XII.

Forty-six male and female college students served as observers in making judg-
ments of similarity-diseimilarity with regard to the stimuli pairs.
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Figure 1, Factor I versus Factor 1I, Fotated Factor Matrix, for 16 Pure
Tone Stimuli
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Figure 2.

Factor I versus Factor V, Rotated Factor Matrix, for 16 Pure
Tone Stimuli
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Table XII.

Comvlex Sound Stimuli Identified by Stimulus Number

Stimulus Number Appreoximate Frequency of Comoonents {cps)

1 636-813-8199-8601

2 7736-9882

3 6576564248005~ 16-5696=4128-3540.-1609

4 G769-9829-5020-994 3= T450=57 17-5007-57 584457
3 6652=6476~151-5509-6126=461

6 31105520

7 7092=2264-260=7510-472-4011=1375=3977~1784

8 559%5-3469-4467-6085

9 708 1-6553=6012

10 5078-5188~9830-7051-5178-603

11 4759=2310=3383=-59T2

12 1602-4723-8G41-4953-7351-2924

13 1114990

ih 2142-8908=5350=3784=l 165w 3530=920 9826 5=0572
15 7404 -6422-1201-2250-8440-524

16 2110-8013-5484-1018-5219-3168-2078~1152

17 2974-1410-149-0705-8524-29% 94 355-T07 7w 3115-6802
18 9130-4778-4930-5245-8203-1576-279

19 4062-5121-606-8100-8205
20 TOO 04226
21 99-622 9251 1-5575-926 5478 T=2660-554=9093-6722
22 991 9-655-8820.
23 8408-183-2818-558 35591-2014-346-7016
24 202+9103-5015=5950=52 08 ~0928=1355-320
25 636 9-6053-1468-8509
26 3191.6612

27 G387-88 96-H40T-53B0=8 999=242 341207 =27 55~7829
28 $204-4887
29 1954.8112-6743-9521.8782~4255=2200-6504

30 561-8139-8200=427~1123-8527~3128~35952
31 163=3785=1219=14 993372584 6-8405-762

32 2506=207 2164693047 37 382244470

The observers judged each pair of sounds for similarity on a nine-point scale.
The same as in the previous study, number one on the scale represented extreme similarity
and number nine resresented extrems dissimilarity, with other pointe on the scale re-
presenting equal distances in gimilarity-dissimilarity. The observers judged practice
paire of stimuli before judging the test stimuli. The sounds were heard by the listeners
through earphones,

The observers judgments were tabulited in a 496 (stimulus pairs) x 9 (scale
categories) table in which the cell values indicated the freguensy that a stimulus pair
was placed in a particular category. Two analyses were made with raspect to the data,
One analysis followed the procedure as outlinedin the preceding section with regard to
multidimensional scaling of pure tone stimuli, with the computations being done for the
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most part on a desk ecalculator. The eigen values and eigen vectors for the B*
matrix, however, were determined through use of a computer., Essentially the same
method that was described in the preceding pure tone study for obtalning compara-
tive distances between stimili, using a categorical judgment model and determining
dimensions and scale values using a multidimensional scaling model, was programmed on
an IBEM 1103A computer, The second analysis of the data was done on this computer.
Since the results of the two analyses, the desk calculator and computer, were com-
parsble, only the results of the latter are reported in thls paper.

The input data for computer processing was the 496 (stimulus pairs) x 9 (scale
categories) matrix in which the cell values were the frequency with which individuals
selected a sczle category number to indicate their judgment of similarity-dissimilar.
ity for each stimulus pair., Comparative distances between stimuli were determined,
and using the largest comparative distance element os an estimsted additive constant,
c = 3,224589, a B* matrix was obtained. The B* matrix was solved for elgen values
and eigen vectors. The eigen values were: 61.78, 33.95, 28.56, 21.74, 19.68, 18.35,
17.48, 16,69, 15.49, 14.97, 13.46, 13,04, 12,37, 11.69, 11.17, 10.3%, 9.51, 8.65,
8.52, 7.55, 7.41, 6.73, 5.91, 5.08, 4,72, 4.05, 3.38, 2,18, 2.01, «0,000004,20, -1,156,
and -2.71. Twenty-seven eigen values and thelr corresponding vectors were retained.
Two more guccessive estimations were made of the additive constant and two more suc—
cessive determinations were obtained providing two new B* matrices, The third ap-
proximation to the constant, c = 3.1923681, was in close agreement with the first
estimation of the constant, The final set of eigen values also corresponded closely
to the values listed above. The factor matrix was determined using the third B»
matrix, and, in order to determine the adequacy of the factorization, the sum of
squares of the B* matrix was compared to the sum of squares of the factor matrix,

Tee two sums of squares were 9246,9395 and 9229,6790, indicating good factorizatlon.

The matrix of vrojections, for 16 factors, for the 32 complex sounds, is shown
in Table XIII, The vrojections of the stimuli for factors I - VI are given graphic.
ally in Pigures 3 - 7. Inspection of the eigen values and of the factor loadings
for the 32 stimuli would indicate that possibly three, and not more than six, factors
should be considered as legitimate dimensions. Two methods were used in an attempt
to ldentify and name the dimensions, In the first method the stimulil projections
were evaluated with respect to the unidimensional scaling of the sounds which was
completed vrior to the multidimensional scaling. On the basis of unidimensional
scaling, each successive four siimuli represented scale points from least to most
for eigni arsvitrarily selected attributes. Stimuli 1 - 4 represented loudiness:

5 - B represented pitch; 9 - 12, volume; 13 - 16, clarity; 17-- 20, brightness;

21 - 24, density; 25 - 28, fullness; and roughness, stimull 29 - 32, In relating
these unidimensinnal results to the multidimensional results, factor I, multidi-
mensional scaling, appears to be a density, brightness, and pitch dimension. This may
be noted in Figure 3 where stimuli 21, 22, 23, and 24, stimuli 20, 19, 18, and 17, and
stimuli 8, 7, 6, and 5, representing density, brightness, and pitch respectively, each
form progressions on factor I, Factor II for the multidimensional scaling appears to
relate to ihe unidimensional scaling atiribute of elarity as indicated by the stimuli
items 13, 14, 15, and 16. Other than these instances which have been noted, stimuli
projections for the multidimensional sceling factors did not appear to relate to the
scale values for stimuli on the attribute scales which were obtained in the unidi-
mensional procedure, In programming the stimuli for presentation to the observers,

an attempt was made to maintain relatively equal loudness for all scunds. This is
probably the reason that a factor did not appear in the multidimensional scaling
which corresponded to the unidimensional scaling attribute of loudness,
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-0,76769
-1,80448
-0, 34479
-2,08777
2455705
2,32283
0.58711
-1.38567
=1,50663
0.84824
-1,14036
-0,56970
1.29975
Ou 21446
=0.12763
-0.72154
2.12956
0.87509
0.16852
-1.56141
-1,11846
~0.17472
1.01594
2,78058
-1.16532
=1,74645
-0,76995
1.32332
-1,75032
0.084730
1.33349
=1,22466

Matrix of Projections for 32

II
-1.41142
0. 60840
-1.44550
0.45203
1,65483
=0,59543
-1,02472
~0.36360
-0,68556
-0.51526
~0,48093
~0,53683
2.77669
-0,04599
-1.1239
-1,22246
-0.38028
-0,11975
-0.65487
0.77708
1,02865
-0,51629
0.69331
1,94956
0.14210
1.4890099
-0, 74588
~1,20438
0.76886
-1.03640
-0,10176
0,40785

Table XIII,

0.92316
0.81120
=0.52751
0.1C846
~0.15429
1.40473
-0.59522
-0.90980
~0,17633
0.27073
~-0.73806
-1.05178
-0,09526
~1,51658
-0.08608
-0.64069
~0.54507
-1.06536
1,06855
-0.30036
2,45632
~0.75437
-0,22129
w0,17664
-0,01405
-0,45218
2,24950
0.24521
-0,45870
-1.40862
0.89935

1,21469
0.24674
0,407
-1.21121
0434734
=0,89424
-0,98036
-0.10880
0.47015
-0,86234
-0,61342
-0.73328
0.50264
«0,20736
=0.73392
-1,54210
0.76010
1.51532
~1,06519
0.04641
1,04564
-0.46965
0.62235
1.04537
=0,10608
=0.45050
~0,60485
0.58338
-0, 34872
0.03704
0. 44665

51

Comnlex Sounds

kA

0.24767
0, 4l42a00
0.43510
-0,.58268
0.41690
-1,02982
0.28111
-0,61668
-0,41148
~0.52030
=0,23179
-1.61826
0.05281
=0, 96406
0.93280
1.18399
0.07809
0.51931
-0.8880%0
1.23393
~0,92612
0.25431
~0.12237
-0,18016
0.01600
-0.00020
-0,.43485
~0.26166
1.12257
-0,077305
1,87611
=1,10417

VI

-0,60573
0.03834
0.20537

~0.80200
N.51491

=0,20937
0.76438

-0,61399

=0,77456

~0,79800

-0.37243

-0,37504

=~0.,15947
1.01729

~1.19095
=0.73544

-=0.88370

~0,27909
0.12360
0.45807
0.67428
1,17657
1.54850

-1.55162

-0,21661
0.24552
0.01977
0.03315
1,726093
0.46283
0.47882

¥II

-0.55854
0.11400
0.06837
0,87086
0.52361
0.030C0

=1.49670
0.76286

~0,63103
0.01792

-0,20679

-0.85656
0,.86318
0.09391

-0,49618
0.35790
0.96337
0.84862
1.55134
0.20002

-0, 41385
0.58851
0.21328

-1,30468

-1,06639

-~0,70331
0.23223

-0.25066

=1,16620
0.15516
0.04990

YILL

-0,.93763
0.28208
1,63445

~0.5040k
0.32155

-0,20790
0.53033

~0,10388
0.82874
0.54439
0.22349

-0,02129
1.33449

«0, 64664

=0.45059
0.57430

-1,01248
0414503

~0.04597
0.13102

=1,17224

-0.,25863

=1,40429
0.21555

~0.90754
~0,10101
~0.14454
0.20746
~0,06751
1.42046

-0.86271

0. 4651
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0.12024
=0.77452
0.5231q9
0.89819
-0.15834
~-0,05717
1,22807
047269
-0,29735
0.46555
-0.19317
-0. 50074
~0,89206
-0 ,07877
~0.78814
-0,3%36
0.29356
1.52141
~0.63588
-0 44491
=0.42639
~0.59221
0.525%
0.00060
-0.,75987
1.09268
-1.42018
0.27876
1,16069
~0.,47724
-0,28569
0.5%132

Table XIII (cont.)

Matrix of Projections for 32 Complex Sounds

X

0.20032
~0,20159
-0, 32601

0.50391
-0,83147
-0.61889
-0,07443
-0,31242

n,52303
-1,04496

0.,702uk
-0.13383

1.33384

0.5L254

1.18663
-0.55994
-0.31052

0.82437
-0.14765
-0.93372
-1.04693

0.89328

0.37481
-0, 40139

0.65058
~0.14472
~1.24491

0.49820
-0.92504
~0,01235

0.16314

0.68720

X1

-0.49333
1.37775
-0.75516
-0.30264
~0,32817
-0,30030
0.88284
-0.23380
-0,81383
0.46891
-0,B2644
1.4818%
0.29552
0,38353
0.27537
~0.14545
0.04808
0.58730
0.,30709
0.87473
-0,33363
~-0,02834
0.09769
«0,10262
-0.07767
-1.,47357
-0,69422
0, 24545
0.812%
~0.49226
-0, 62441,
~0,11314

Factors
XI1

-0.83825
0.60022
~0.7387360
0.04783
0.48158
1.15754
~0.05223
-0.14178
0.15494
-0,08867
-0,02973
~0.51829
~0,90598
=~0,55233
0.20534
0.35354
~1,04767
1.15914
0.06305
0.34914
-0.98321
~0.53515
1,1791%
1,32351
0.93296
0.03813
0.76809
-0,09108
-1,00977
-0.26018
-0.,67402
0,48892

52

XII1

-0.254109
0.63756
~0,21874
0.23089
0.29763
0.08382
-0.55814
149974
-0, 38960
-1,04597
-0,48714
0, 48030
~0.61551
1.01%09
~0.43710
0.0771%
~0.26593
0.12661
0.13814
0.25%46
0.12152
-0, 54870
~1.21351
0.57022
0.53475
~0.11369
-0.86924
1.25555
~0.40142
0.6L4532
0.40039
0.00166

X1V,

0.34956
0.50579
~0,06213
-0.05692
~0.74326
0.48472
~0.32570
-0,7614]
0.52581
0.28207
~1.05875
-0.18788
0.58358
1,00082
-0,04483
1,44773
~0.65705
0.58001
-0,49003
~0,50717
0.77032
-0.30345
0, 244737
~0, 45568
~0,66730
0.71440
-0, 06467
0.58577
-0,30331
-0.28051
~0,09191
~1,01169%

v

~0.74177
0.71235
«0.19085
0.31685
0.87796
~0.25133
1.03719
-0, 92942
0.27061
-0,46713
-0,18622
~0.51759
~0,66551
0.72293
1.15415
-0,37270
0.52097
~0,22303
1.00051
-0.67865
-0.17785
0.05514
-0.88533
~0,07570
~0.60335
0.88338
0.30416
~0.18706
-0.06598
~0.27671
=0.15671
-0,19457

xv1

1.22081
-0.36811
-1.10418
-0,32878

1.38144
=0,.66244

0.59183

0.37924

0.09147
-0.08871

0.55643

0.10576
~0.25969
=0.62024

1,20480

0.04544

0.736381

0.01055

0.06597
-0,12706

0.26821
-0,45298
-0,61106
~0,10349
-0, 24802
~0.01321
~0,. 34510
-0,56767
-0,21030
-0.56148

0,41610
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Figure 7. PMactor I versus Factor VI for 32 Complex Sounds

27



The second method used in the attemot to identify and name the multidimensiosnal
scaling dimensions was that of presenting a series of sounds to observers and asking
the observers to describe the dimension which appeared to be represented by the series
of sounds. The sounds of each of the series represented successive points on each of
the first six multidimensional scaling factors. The observers were in good agreement
that the sounds for factor I described a highaess to lowness continuum. This is in
accord with relating this factor to unidimensional attributes where it appeared to be
a Gensity, brightness, and pitch dimension, Factor II was termed by some observers as
a2 ringing to muffled dimension. Factor III was termed a clarity scale and also in-
volved ringing to muffled aspects, Factor IV appeared to have an aspect of loudness
according to the observers and was also described as being on a tight to loose contlinu-
um. Factor V sounds were noted as describing a progression from a poorly defined tone
to s well defined tone, or, in the language of the observers, as having a forced or an
unforced quality, The variability of a sound, smoothness, and dullness were responses
ziven by observers to sounds which represeanted a continuum for factor V1. It was not
felt that this attempt to cbtein names for dimensions was successful becsuse for the
most part, the observers, with exception of factor I, did not agree in their descrip-
tions of & dimension. The observers' task of naming the dimensions was oprobably con-
founded by the language which they have available for describlag sounds, Peonle tend
to zeneralize when they label sounds as soft-loud, high-low, and bright-dull, and,
since each of the sounds varied in seversl ‘imensions, the task of isolating a single
dimension snd naming it precisely was difficult, The results of this study would seem
to indicaie thai for this set of complex sounds between three and six psychological
dimenslone were vresent, In dealing with complex sounds it is difficuit to know
whether or not all pnssible dimensions are present with adequate representation of
gsounds on each dimension, More conclusive results than those presented here could
only result from a series of multidimensional studies in which various groups of com-
vlex sounds were scaled, The lik%elihood of success of this approach would depend upon
the adequacy of the souads used to represent all possible dimensions.

Multidimensional Scaling of Speech Sounds

The multidimensional scaling method, as outlined in the two preceding studies,
was applied to another set of complex sounds. The stimuli were 32 volce produced
sounds of the English language. The sounds were produced by an individual trained
in phonetics who practiced each sound until the sound could be continued for at
least five seconds with level and guality of each sound held relatively constant.
The sounds used were:

S N P
A O &
. »n ©
X -
Q0 O £
N
o N
< N



The 32 spesch sounds were programmed in all possible pair combinations, 496
pairs. The duration of each sound was 1,5 seconds with a rise-~fall time of 100
milliseconds, 4An interval of 0.5 seconds separated the two members of each pair
and each pair of sounds was praeceded by an identifying carrier number. The inter-
val between the onset of each carrier numher was approximately five seconds. The
sounds were played in reverse direction from the master tape which contained the
speakerTs original production to the tape on which the stimulus pairs were program—
med which meant that the sounds heard by the observers were backward presentations of
the sounds. The order of presentation of the stimuluas pairs was randomly determined.

The observers judged each pair of sounds for similarity-dissimilarity on a
nine-point scales. Practice stimuli preceded the test sounds to acquaint the subjects
with the task and the scunds which were to be judged for similarity. One hundrad
subjects served as observers and heard the sounds through earphones.

Analysis of the data resulting from the observers' judgmenta of similarity of
stimulus pairs was completed on the IBM 1103A computer. The analysis method was the
same as described in the two preceding multidimensional studies, The input to the
computer was the 498 % 9 matrix in which the cell values indicated the frequency with
which each of the scale categories, representing nine degrees of similarity, were
gselected by observers for each of the 496 siimulus pairs. Comparative distances bet-
waen stimuli were obtained using the categoricul judgment model of successive inter-
vals, The B* matrix was determined using an estimated additive constant, ¢ = 6.3700641,
which was the largest element in the comparative distance between stimuli matrix.

The B* matrix was solved for eigen values and eigen vectora. The eigen valuss were:
539,95, 110.93, 70.46, 67.27, 65.29, 62.93, 62.49, 58.71, 54.23, 52.41, 50.99, 49.83,
46.86, 45.54, 44,55, 43.%6, 41.96, 40,94, 40.25, 38.71, 38.11, 35.30, 33.84, 33.62,
30,86, 29,76, 26.05, 22,24, 20,26, 19.02, 14.70, and ,00009.91, Thirty eigen values
and their corresponding eigen vectors were retained and the analysis was continued
through four successive B* matrix determinations and corresponding approximations

to the additive constant., The final approximation to the constant was, ¢ = 3,1209517.
The final set of eigen values were: 223,10, 63,351, 36.39, 34,13, 33.49, 31,46, 31,%4,
28,88, 26.10, 24,70, 23.68, 22,76, 20.70, 19,97, 19.22, 18.45, 17.69, 16.76, 16.33,
15,40, 14.98, 12.85, 11,93, 11.54, 9.5, 9.49, 5.99, 4,16, 2,17, and 1.81, The final
B* matrix was faciored to obtained the final matrix of projections. The adequacy of
the factorization was evalusted by producing an additional B* matrix from the factor
matrix, B* = FF!', and by comparing the sum of the squaree of the B* matrix elements
to the sum of the squares of the factor matrix. The factorization was exceptionally
good as may bs noted by the two values, 66116,104 and 66116.107.

The matrix of projections, for 1& factors, for the 32 apsech sounds is given in
Table XIV., In Figures 8-12 the projections for the first six factors are shown
graphieally, Inspection of the eigen values whers a considerable decrease in values
may be noted, 223,10, 63,31, 36,39, and 34.13, and of the factor loadings for factors
I and II as compared to the leadings for successive factors, would seem to indicate that
a good part of the variance for the B* matrix could be accounted for by the first two
factors., PFactor I, ses Table XIV and Figure 8, is defined by three groupings of sounds,
vowels, voiced consonants, and unvoiced consonants. The loadings for factor II
indicates primarily a consonant dimension with the voiced consonants differentiated
from the vowels and the unvoiced consonants, Factor III is a vowel dimension and in
terms of sound production appears to represent a continuum from least to greateat
opening of the oral cavity. Although factor loadings continue to be relatively high
for some asounds through factor VI and beyond, as may be noted in Table XIV, it is
questionable whether or not those beyond factor III should be coneidered as relevant.

59



L¥2]
SO RA FMLIT I AKLUND G D~ ECa>gdo oW E

L

-1.84998
-1,67710
-1,97834
=-1,90476
-1,75452
~1.75825
-1.707%
-~1,99258
~1.89557
-2.01519
-1.75054
=1.%410
=2.00976
~1.37696
~1.65914
5.,19551
4,98315
5.06143
1.45748
0.21253
0.42750
-0, 61402
-1.75672
-1.73728
-1.86064
3.92187
L, 45980
-0.,3482L
L, 54685
-0,91348
4, 98796
~0,28920

Matrix

11

~0.26764
~-0.37799
~0.77495
-0, 56088
~0,45293
-0,69293
~1.43638
-0,82567
-0.86962
~0.50203
~0.67943
-0.45961
-0.738893
~0.74769
~1.09544%
0.36682
N, 49192
0.23182
2,69571
2.28618
3.42575
3.24632
-0.34698
-0,37625
-0.53899
-1.58496
-1,10676
2. 42646
~1.94302
0.89695
-1.63182
1.5%486

Table XIV,

of Projections for 32 Speech Sounds

L

2,14862
1.57955
1.56690
0.79416
0.40114
-1,98508
-0.01386
-0.63480
-0, 66985
-1.41287
-0,86378
=1.12162
1.54188
1.35228
1.27045
-0,38802
0.62868
-0.88197
-0.48985
1,04086
~0.47191
0.23529
-1,26508
-1.31937
~1,87634
0.83693
0.60650
0.37487
-0,58792
-0,16620
~0.01522
-0.21515

Factors
I

-0.37746
0.03809
~1.15295
-1.22956
-0.11856
=0,01343
0.54114
=0,2979%
~0.87092
1.26071
0.27151
1.96834
1.43959
1.49307
1.61774%
0,98489
1.57450
0.40620
0.25206
0.19403
0.05884
-0.80334
0.17888
1.12233
-1.26195
-0.89177
~1.32279
~1.52721
-1,28367
-0.43583
~1,88906

¥

0.2879%6
0.26003
~0,58887
~0.91513
-0.82372
0.81473
-0.73%07
0.10598
0.09128
0.12109
1.58898
1.07528
0.47755
-0.17849
-0.%94171
0.46256
-1.71817
-1.14873%0
1,70836
1.80837
~0.73697
=1.592h5
-0, 40160
~1,14218
0.33747
2.19564
1.54213
0,79058
~1.21249
w0, 17412
~0.52330
~0.53236

VL

-0,18143
~0.59066
1.40505
0.03300
-0,21402
=0.40946
-0.275%
~2.11043
~1,34524
~0.74194
1.,95946
2.84884
0.17977
-0.38171
=0.15211
~0.58%960
1.30707
-0.65574
-0,01571
~1.,41012
-0.15739
-0.21285
0.11348
0.51891
=0.37256
-0.78207
0.31176
0.88650
-1.01068
2.8229
1.483%
0.28005

Laey
~1.51631
1,31622
=1,54274
-0,87931
-1.79638
=0,17815
-0,29193
1.17645
=1.72274
0.93040
-0,04865
0,79881
0.25360
1.19447
2,068640
0.27670
-0.69624
0, 60425
-0, 80939
-1,00933
0.25L59
0.29196
=0,33681
-0.57792
-0.82957
0.22312
0.43735
0.12525
0.22166
1.38933
0.13664
1,74724

¥III

1.08647
0.76112
0.41487
~0, 94794
w1 46699
~0.86551
2,84017
0.10081
-0.26095
-0.32862
0.90561
1,17496
=1,33608
-0,96203
-0,25635
0.10032
-~0,31330
~0,31963
-0,14746
0.11321
1.24189
0,79118
-0.77372
~0,16118
-0,26892
0.59253
~0.82697
-0.732465
1,70435
0.06158
-1.03135
-1.30034
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0.23469
«0.833227
-0.50787
-0.73208
-1.14654
-0,96571
-0.79333

0.38146
~0.09550
-0,31902

0.01327

1.45144

0.41224
~0,17891
~1.61984

1.66184
~0,72142

0.,08228

0.3%002

0.35677
-0,00671

0.03111

2,12985
~0,15856

1.44553

0.,18600
-1.40552

0.79953

1.15175
~-1.46430
~0.13971

Matrix

X

-0.26672
1.96213
0.22231

-0,97504
0.838%
0. by

~1.46155

-0, 47858
1.74607

~0,69545
0.79106
0,09465

-0,.88883
0.38512
0.57586

~-0,75207

~0,23328

-0, 26404
2.01818

~0,78656
0.34991

~0,07629
=0.77334

-0,28774

~0,80266

-0,58082

-0,60814

~1.217319
1.,17645

~0.43951
0.51784
0.46210

Table XIV {cont.)

of Projections for 32 Speech Sounds

XI

1,68759
1,04871
0.74183
-0,99852
-1.16843
0.86387
-1.13%2
-0, 36887
0.97830
-0, 90410
-0, 56610
-0,11029
-1,18021
0.90359
0.09464
0.08171
0.15073
-0,02994
-0.71034
C.Lhhshly
=0,04834
0.76074
-0, 26607
1.32411
~1,26966
2.04240
-0, 32989
=0,72947
-0,62062
0.14900

Pactor
XII

-~0,22926
1.90786
0.12616
0,29954
0.47742

=0.74663

-0,61687

-0 43103

~1.59938
0.08641

-1,10777
0.Lb6ul2

~0,93598
0.23817

-0.57961
0.92704
0.35678
0.64046
0.29958

=1.23440

~0,65818
1.,77866
1.47346
0.11644
=1.07708
0.22570
0.10047
0.96506

—0-5030?

=0,13105
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XI1L

0432673
0,13440
=1, 46495
-0,36293
0.54598
0.41463
1,26221
~1,92833
0.68154
-1,17900
-0.24988
~0,00772
0.08114
0.55038
0.12839
0.14707
-~0,27842
0.62899
0.15049
~0,18322
-0, 67042
=0, 73642
1.53767
~1.07503
~0.336%90
0.08231
0.61550
0.29706
1,98082
=0,70624
0,05875

XIV

~1.3%%2
1.42235
~0.83940
1.97648
-0,02209
-1.20557
~0.51984
~0,58657
0.805%90
-0,14810
1,16752
0.12746
0.64299
-1,65216
0,03814
0.18852
0.09631
~0.04792
-0,98943
0.71916
0.13151
0,21887
=0.02917
~0,03067
C.738856
0.9%023
-0 43411
0. 42922
0.07531
-0,85721
-0.16097

v

~0,60086
=0, 62076
0.16882
-0.,61085
0.62182
0.,29324
0.69692
-1.68900
0.,L42898
1.77048
0,32816
-1,11540
~0,37613
1.67295
~0,20877
0.28342
0.,07368
1.68017
~0.68230
-0.05936
-1,44590
0.13623
-0,16982
0,24120
=0, 32266
-0,03143
-0, 45841
0.18872
0.17211
0,.468138

VI
1.67955
-1.31632
‘0-?595?
0.162%
1,79236
=0, 66778
~1.04536
0.54762
=1,02772
-0,00971
0.76690
0.69663
-0,6%%8
~0, 24045
0.62347
0.11639
=0, 34404
0.14547
-0, 36429
0.15154
1.00828
~0.52754
=0,13442
-0.,64368
0.24794
-0,04585
0.35105
-1,39852
0.33118
0.67h27
~0,50837
0.42740
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Multidimensional Scaling of Visual and Auditory Stimuli

The purpose of this experiment was to compare the results of multidimensional
scaling for the same siimuli which were separately seen and separately heard by the
obssrvers, The stimuli were heard by ithe observers through earphones and, for the
visual portion of the experiment, viewed on an cscillograph. The stimuli consisted
of nine multitones. The stimuli were programmed in all pair combinztions which
resulted in 36 pairs, The duration of each stimulus was two seconds with a brief
interval separating the members of each vair. Each pair was preceded by an identi-
fying carrier number, There was an interval of 10 seconds betiween the onset of
gach carrier number. The pairs of stimuli were presented in random order.

Twenty individuals judged the stimulus pairs for similarity-dissimilarity on a
nine-peint scale. Each observer made three judgments of similarity for the stimulus
pairs for both the visual and auditory presentations. In an attemot to minimize
order effect, presentation of the iwo conditions was systematically varied., The
first juigment by each observer of each presentation, visual and auditory, was practiceg
to aecquaint the subject with the stimuli and the experimental task.

Comparative distances between stimuli were determined for both sets of data,
visuael and auditory, using the multidimensional scaling procedure of succeszive
intervals. B* matrices were determined and were factored by the centroid methed
(74). Four factores were extracted for each B* matrix., The factor matrices for the
auditory and visual presentations are shown in Table XV. The projectionas of the
stimuli for the four factors are shown in Figurea 13-15, The c¢ircled numbers re-
present the auditery stimuli and ths boxed numbers, the visual stimuli. Although
the visual and the auditory structure in the space defined by the four dimensions
for the nine stimuli was simileur, tuere was not complete accord betwesn the two
stimuli sets. The agreement between the two sets of stimuli was most pronouncsd
for factor I and in least agreement for factor II. The observers were questioned
after each experimental session as to their bases for judging the visual stimuli
for similarity-dissimilarity. Their responses included the relative height of the
stimuli, spacing between successive oscillograph tracings, regularity or irregularity
of the tracings, and rate of change in the pattern of tihe tracings. If the structure
for the two sets of stimuli had been in cless accord, indicating that much of ths
auditory informeiion was also present in the oscilleograph time-amnlitude presentation
of the stimuli, it would have been possible to make inferences relating physical
parameters to psychological parameters, ‘The correspondence beiween the two sets of
stimuli appearsd to relate loudness and pitch to the oscillograph display of amplitude
and frequency. The interest in this study was on those psychological dimensions of
complex sounds other thuan loudness and pitch and in this sense wis not successiul
in relating physical to psychological dimensicns.

CHANGIE3 IN AUDITORY PERCEPTION UNDER COWSTAKT STIMULATION

There is a considerable amount of evidence which indicates that sounds which
are heard by an observer for a period of time changes in loudness and in pitch.
It is conceivable that sounds undergo other perceptusl changes and that these changes
may relate to the dimensions of auditory experience. In consideration of this pos-
8ibility a series of studies were conducted which involved observers listening to
a constant sound for & period of time, either 15 or 30 minutes, and reporting on

47



Matrix of Projecticns for Nine Complex Sounds

Auditory Iresentali
Faeters
item 1 11
1 -1.8787 2.8160
2 2.6055 -0,3927
3 ~0,6038 0.3992
4 ~G.0061 ~1.5527
5 -2,4086 -0,85%
6 2.7662 1.6417
7 4,2227 ~0.66%1
8 -2,2085 -0,L284
9 -2.5329 -0.3088
Yisual Presentation
Factors
Ltem i 1L
1 -2.7415 -1.9451
2 0,1010 2.1926
3 ~0,2192 2.5869
4 0.4673 L4, 2565
5 -0.60730 -0.8278
6 L, 5820 -0,3252
7 L.ibic -1.6806
8 -0.5781 -0.9632
9 -2,34L6 -0.73510

the changes which occurred with respect to the sound.
bands of white noise, and multitones.

Tahle xv.

ITT

-1.9021
0.2599
-0,1229
0.8796
-1.9003
1.3942
2,1153
-1.848%
-1,6972

v

-0,1574
0. 2468
-1,2227
2,2611
0.8290
0.6336
-1,8616
~0.6375
-1.1719

v

~0,1569
2,6961
2.5707
1.1481
~0,L0o%k
-0.90%2
-0,4348
=0.3256
-0,4263

The sounds were pure tones,

The sounds were pressnted at various sound

pressure levels, When questioned after the period of listening about the changes
which had oecurred in & sound, the observers consistently reported changes in loud-
ness, in piteh, in the number of comvonsnts present, in the relationship of the

fragmenting comoonents, and in the smoothness or roughness of the sound.

Attempts

were made to formulate a predictive time model which related to these changes. Thess
attempts were not successful beceuse, when the subjects wers required to write, or

report verbally whils listening, the perceptive exverience was altsred.

Responses

under these conditions were inconsistent between subjecis and for the same subject

on successive listening trials.



-"

$+3

@

L

+2

+3

Figure 13,

pa

Factor I versus Facter II for @ Complex Sounds

L9



I-'

o-r-fz'

+3

IP'
L™

]
™

i
++
.t
»

L

Figure 14, Factor I wversus Factor III for 9 Complex Sounds

50



Te

++3

L 3 F

@ o+

_‘3 —:2. -=| f!l' P‘Z ?.J

¥

o

JI"A
Figure 15. Factor 1 versus Factor IV for 9 Complex Sounds

51



SUMMARY aND CONCLUSTONS

The purvese of the prograam of research summarized in this report was to investi-
gate and evaluate experimental apnroachss to the determination of psychological paraw
metera for complex scunds. Approaches to the problem were discussed with referencs
to measurement model, observables in human behavior, and auditory stimulus. Measure-
ment models discussed ineluded:; unidinensional scaling with reference to scaling of
loudness, vitch, volums, orightnsss, and density; multidimensional scaling; informa-
tion theory; and information orocessing. With respect to observables in human be-
havior, studizs conc:zrned with auditory abilities and loudness and pitch shifts in
time were summarized. 3pee¢ch and music synthesis, and the tranaformation of audi-
tory stimuli into other sensory modes wers discussed in relation to auditory stimulus.

In the attempt to isolate and define psychological parameters of cowplex sounds,
a series of experiments were conducted which involved language of auditory experiznce,
scaling of stimulue sets on egual-intérval scales, paired-comparisons scaling, scaling
by direct magnitude estinations, observer generated scales, differentiation of auditory
vatterns, inference of dimensions from measurss of channel capacily of obaervers,
evaluating atimulus sets of sounds within a multidimensional scaling model, and changes
in auditory perception under constant stimulation,.

The most promising approuch Ffor the isolation and definition of paycholegical
narameters of complex sounds was the multidimensional scaling model. 1In a test of the
adeguacy of the method, pitch and loudnsss, the expected dimensions, were isolated for
pure tones., In the scaling of complex sounds, for the several stimulua sets evaluasted
in this program of research, between three and six dimensions appneared %o emerge. 4
major problem in evaluatirg the rosults of multidimensional scaling of sounds is that
of insuring that the set of sounds scaled revresent differing values on all possible
dimensions. Since this information is not necessarily reflected in the scali-g results,
the alternite apnroach is to scale a number of stiwmuli sets and compure the dimensions
which have besen obtained in the several svaluations.
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