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ABSTRACT -~

1

The phenomenon of pitch perception during auditory fatigue was
studied at the frequencies 250, 500, 550, 650, 850, 950, 1500, 2500,
and 4500 Hz. Three experiménts were. conducted using a newly devised:
system which permits continuous recording of the sub jects' percepti&n
of piﬁch undex perstimulafory and poststimulatory cqﬁditions, - In Exper-
iment I, the effects of auditory fapigue on pltch perception were stqdied
under per~ and poststimﬁlathry conditions with 60 and 90 dB ST signals.
In Experiment IT1, pitch perception was examined after stimulation of
10d dB SPL for ten minutes. In Experiment 1YL, 750 Hz for two minutes
at 120 dB was used as the fatiguing stimulus. Pitch perception at
adjacent frequencies was studied. No systematic chahge in pitch percep-
tion was obhserved under any of the experimeﬁtal conditions. Since these
findings'Wefe not in.agreement with those reported by dther researchers,
specigi attention was given to procedurai and theoretical reasons for

the discrepancies.

viii




INTRODUCTION

The phenomenon of pitch is a subject that has been stﬁdied for

more than>three hundred yeérs;'AEérly theories were formulated on the

basis oflpure speculation and gross observation of the hearing mechanism

(Wever, 1949). Today, even with the aid of moderﬁ gscientific technology,
researchers séill do not fully understand the mechanism of pitch. In

the following section, the theories of pitch perception presented
represent é considerably enlightened position with regérd to understandﬂ_

ing the percepﬁion of pitch., It is not unlikely; hoﬁever, that these
‘theories are preliminary sﬁepé to é true understanding of auditory

pitch perceptiongv

Review of Theories of Pitch Perception

Place Theories

" Resonance Theory

"%%:;&{

The resonance thégry as we know it today was first formulated
by Hermann L, F. Helmholtz-in 1557. The céncept of resonance was inte-
grated with Ohm's law of auditory.analysis, Muller's doctrine of specific
energies of nerves, and thée énatomical discoveries of Corti to form the
resonance theory of pitch perception. Ohm's law stated that the ear
performs a Fourier wave analysis. Muller proposed that various physical

causes, when brought to bear upon one sensory nerve, always give rise




to one quality peculiar to the nerve concerned. Corti's discovefﬁ-of
the hair cells (which he did not recognize as hairs, but described as
"teeth' anchored in the membrane) supplied the "'resonators' themseives°

.Thué we have a éystem of tuned resonétors, each responding to a differ-

ent pitch and to that pitch only (Wever, 1949).
Wmmimegz

Thevmost important of the wéve theories was Bekesy's traveling
wave theory. Bekesy discovered, through direct observatioﬁ,'that a
sound wave inﬁroduced into the cochlea "traveled" along thg basilar
membrane untll it produced a point of meximum displacement of thelmeﬁ«
~brane. The wave then died out within one or two cycles. At the point
of maximum displacement, circular eddies were presenﬁ in the cochlear .
fl@id, which, according to Bekesy, establishad a steady pressure on the
membrane and caused the excitation of the hair cplls; Thé wave always
began at the basal end of the cochlea and traveled toward the apical
end. High frequency tones reached_the point of mex imum disﬁlacemen?
close to the basal end, and low tones close to the apical end. Bekesy
also found that for tones up to 300 Hz therg was complete phase agree-
ment in all the ﬁgving parts of the cochlea at the exposed position.
For the low tones, the structuies movéd in phase with the stapes, and

, _ 4 ,

then as frequency was- raised, the phase of the strdctures progressively
lagged behind the stapes. Because one would not expect this sort of

phase variation in a series of resonatovs, Bekesy felt that a system




of tured elements did not exist as Helwholtz stated, but rather,
traveling waves whose wave length grows shorter as the frequency rises

(Wever, 1949).A
Volley 'Theory

The volley principle can best be understood by considering the
response of a group of nerve fibers which are being exposed to rapidiy
recurring stimulation of'a constant magnitudef‘ After being stimulated,
a.specific fiber responds, and then goes into a refractory phase. Dur-
ing this refractory periad? the fiber will not fire. After recovery,
anothef of the stimulus pulses will excite the fiber, and -it will. fire
again. There will then be another resting ﬁeriod, anotheyr impulse, and
so on until stimulation is ceased or the fiber fatigéesa As a result,.
there will be a series of fiber impulses, not at the excitation rate,
but at a s1§wer rate. |

Meanwhile, a second nexve fiber, if exposed to the same excita~
tion, will be respbnding in a like manner. If this second fiber fires
a moﬁent after the first fiber (while the first fiber is in its rest-
ing phase), then the silent intefvals in the firing of the first fiber
will be, in part, fiiled in by the firing of the second. The a&ditioﬁ~
al fiving of several other fibers may occur within this interval.
Therefore, a group of fibers working in rotation or sequence can respond
to every excitation 5f a series} vithin certain upper limits, without

.

any single fiber being. overloaded. A schematic of this principle

to

s

shown . in Figure 1.
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Figure 1. --The Volley Principle.

Each fiber responds to certain of the sound waves, and their total
responses represent the full frequency of the wave. From Wever (1949).




If the intensity of the excitation is increased, the firing
progeduré will vary slightily from that mentioned above. At a higher
intensity the fiber will no longer require the completé recovery per-
iod, but wili fire sometime during its relativevrefractdry period. As
intenéigy'is increased the rate of firing is increased until the abso-
lute refractory period of.thg fiber is reached. A schematic of this
increased firing is shown in Figure 2.

Volley theory, in effect, accepts place theory and frequency
theory. Frequency theory‘states that the auditorxy nerve receives and
transmits a pattern that corresponds in all essential details to the
pattern of the external sounds. The ear therefore serves as a kind of
relay mechanism for the characteristics of the stimulus (Wever, 1949).
The low tones are served by frequency, the high tones by place, and the

mid fange by both.
vDuplex Theory

~In essenée, thé duplex-theory of Licklider (1951) is that thg
auditory system uses frequency analysis, which takes place at the coch--
jea, and autocorrelational analysis, which takes place in the neural
part of the_sygtem, The autocorrelational analysis is an analysis of-
nexve impulses coded by the cochlea.

The frequency analysis in the cochlea is essentially the same

in the duplex theory as has been mentioned earlier in both @lace and
volley theory, so it will not be discussed in detall in this section.

What distinguishes the duplex theory from other theories is the.process’
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Figure 2. --Intensity Representation in the Volley Principle.

Above, the pattern of discharge in a group of nerve fibers at one
intensity; and below, this pattern at a higher intensity. The fre-
quency is represented in both patterns, but the discharge is larger
in magnitude in the second. From Wever (1949).




of autocorrelationo In the autocorrelétion process a running avérage
(integral) of the acoustic stimulus is taken. étated quiﬁe simply,
autocorrelation is‘an.énalysié éarried out within the éime domain that
produées the same information as tﬁé poﬁer spectrum obtained,through
Vanalysis in the fréquéncy domain. According to Weiner (1959) tﬁe
autocorrélation and ﬁhe power spectrﬁm~of a wave are a Fourier ﬁréﬁSw
form pair. In actuality, autocorrelational analysis does not revéal.
anything that cannot be obféined through frequency énalysis. The main
differences lie in the operations.involved in the analysis. A‘schematic

of the overall analyzer ig shown in Figure 3.
Triplex Theory

Licklider (1959) extended thé duplex theory into the triplex
theory. Accoxding to tfiplex theory, mechanicél frequen;y anaiysis
takes place in ﬁhe cochlea, and the nerve impulses. are then subjected'
to. a dual correlafional analysis in-an uns?ecified'portién of the
asceﬁding auditory neural syétem. The first analysis, c:osscorrelation{
. correlates the impulses from thé two ears and mediates souﬁd_iocaliza*
tion in phenomenal épace, The second'analysié,'autocorrelation,rex~
poses perigdicities that may have appeared only in the envelopé,.énd
not necessarily in the actual waveform of the acoustic stimuli. A third .
step is thep.added,,the'basié operafion of which is ascribed to a self-
organizing neuronal network. TFigure 4 shows a schematié representationA

of the system. As seen in the figure, there is a "random each-to-

every network" between g and J. It is assumed that each point of H
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Figure 3. --Schematic Diagram of Overall Analyzer.

At the bottom is the uncoiled cochlea. 1Its length-
wise dimension and the corresponding dimension in
the neural tissue above it is designated the x-
dimension. The cochlea performs a crude frequency
analysis of the stimulus time function, distrib-

uting different frequency bands to different x-

positions., In the process of exciting the neurons

of the auditory nerve, the outputs of the cochlear
filters are rectified and smoothed. The resulting
signals are carried by the groups of neurons A

to the autocorrelators B, whose delay- or r-dimen-
sion is orthogonal to x. The outputs of the auto-
correlators are fed to higher centers over the
matrix of channels C, a cross-section through
which is called the (x, ®)-plane. (Output arrows
arise from all the spots; some are omitted in the
diagram to avoid confusion.) The time-varying
distribution of activity in the (x, T)-plane
provides a progressive analysis of the acoustic

stimulus, first in frequency and then in periodeci-
ty . From Licklider (1951 p. 131).
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Figure 4. --Schematic Illustration of Hypothetical
Auditory System.

The signals enter the two cochleas., The cochlear fre-
quency analysis (F transformation) maps stimulus frequency
into the spatial dimension x, and the ordinal relations
along x are preserved in the excitation of the neurons of
the auditory nerve (operation G). The time-domain ana-
lyzer H preserves the order in x but adds an analysis in
the y dimension, based mainly on interaural time differences,
and an analysis in the z dimension, based on periodicities
in the wave envelope received from FG. 1In the projection
from H to J, the x analysis is largely preserved, but each
point in any frontal plane of H is, initially, connected

to every point in the corresponding frontal plane of J.

The H-J transformation organizes itself, according to rules
immosed by the dynamics of the neuronal network, under the
influence of acoustic stimulation. The patterns in J
thereby acquire the properties that are reflected in pitch
perception. From Licklider (1959 p. 95).
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'pfojects to evéry point of J, that a neuron of J is eicited by coinci-
dences of impulsgs from two of more .of the H-J neurons that impinge
updn it; and that some temporal and spatial épread of excitation exists;
As the H-J transformation organizes itself, it becomes a trans~-
 formation from patterns to péiﬁté, Each pattern in H excites a great
deal of activity at one particular locus in J, but also excites, go a -
lesser degree, other points. Clear subjeétive pitch emerges through tﬁe
activation of an isolated focus of tissue in J. Height of pitch depends

upon location of the focus, and definiteness depends upon the degree

of isolation.

Review of Studies Dealing with Temporary Pitch Shift

The study of‘induced pitch shifis has been used as one technique
in the effort to evaluate peripheral coding of pitch»in relation to the
theories of pitch perception. -Although it has been clearly Qstablished-
that auditory‘fatigue has an éffect on both the perception of loudness
and the perception of pitch, few researchers have adequately studied
this pheﬁomenon in pitch percegtiong Our understanding of damage-risk
criteria, auditory pathology, and auditory theory of loudness sensiti-
Vity and acuity has been much enbanced by the study of the effect of
auditory fatigue on loudness. Relatively little is known about pitch
chapges, and the limited research available is often contradictoryh' The
direction of observed pitchAshifts varies as reportéd from study to
study.. It is not kpown what relaﬁibnshipslif aﬁy; there is between

temﬁorary threshold shift (TTS) and temporary pitch shift (TPS), and
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if the samelméchanism.is invoived, Qur level of unde;sﬁanding pitch
percéptibn is such that any:information that .can be provided on this
subjecﬁ is significant merely because it 1s discovered.

Bekesy was among the first to étud§ pitch sﬁifts, Bekesy (1929)
fatigued the ear with an 800 Hz tone for two minutes a; the intensity
of % dB (10 dynes/cmz), and tested the frequencies 300, 400, 500, 600,
700, 900, 1000, 1100, 1200, and 1300 Hz. He fournd that the pitch of
low frequencies (below 800 Hz) shifted downward 1.4% (4.2 Hz) to 5.6%
(33.6 Hz), and the pitchlof the high frequencies shifted upward 1.4%
(18.2 Hz) to 9.1% (91 Hz). . The greatest amount of shift occurred ét
600 and 1000 Hz. Complete results appear in Table I.

Ruedi and Furrer (1946) found pitch shifts while studying the
effects of noise on human ears. They fatigued with pure tones from
270 to 7000 Bz from two to four minutes at.130«140 dB. Upward pitch
shifts of as much as 8% were found below 4000 Hz, aund downward pitch
sﬁifts of as much as 10% were found above 4000 Hz. No pitch shifis
Qere found at 4000 Hz.

Christman (1954) fatigued.with>the frequencies 400, 500, 600,
and 800 Hz at 35 dB for one to two minutes. He then studied shifts at
600 Hz. He found that no shifts occurred after the one minute fatigue
conditioncr After two minutes, however, he found that the pitch of the
600 Hz tone was lowered by the fatiguing tone of higher frequency and
raised by tones of lower frequency. The amount of shift was not re-
ported, but analysis‘of variance testsrshowéd a significant shift

beyond the .01 level.
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~ Table 1. --The Perecnt of Pitch Shift after Tatigue with
: an 800 Hz Tone for 2 Minutes at 9 dB.

From Bekesy (1929).

gggggéggz Fiequenéy Shift in %
300 mlod
400 ' w210
500 ' ~3.5
600 =5.6
700 ' -, 6
800 +0.1
900 454
1000 ‘ ' +9.1
1100 +7.8
1200 +3.5

1300 S 3 R

Christman later studied pitch shift using a wider range of fa-
tiguing frequencies and examining the influence of time interval between
the satiation tone and the standard tone (Christman and Williams, 1963).
In the first experiment, fatiguing tones of 300, 425, 5?5,'625, SSO;vaﬁd
1200 Hz at 85 dB for one minute wére used. A 600 Hz tone was then com-
paréd to 584, 588, 592, 600, 604, 612, and 615 Hz. It was found that
thé high frequency fatiguing tones (625, 850,»and 1200 Hz) shifted thé
pitch upward, and the low frequency fatiguiﬁg tones ( 300, 425, gnd

575 Hz) shifted the pitch downward. The shift was approximately 5 Hz
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at all conditions. These results were opposite bf those obtained in the
earlier study (1954);1 Christman and Williams could not account for
this discrepancy in any concrete mantter. In the second éxperiment, the
infiuence of . time intexrval betwéen 575 and 635 Hz fatiguing tones andda
600 Hz comparison tone was studied, Time intervals of 1, 2, 4, 8, 15,
30 and 60 séconds were used. Upward shifts occurred ét the 575 Hz
condition and downward shifts at the 635 Hz condition. The largest
shifts for both conditions (8 Hz at 575 Hz and 6 Hz at 635 Hz) were at
the one second time interval, The 8 to 60 second intervals all produced
appfoximatély the same shift (1 to 2 Hz). Compiete results appear in
Table II.

Table IX. --Amouiit of Shift in'Apparent Pitch as a Function of

the Time Intexrval between Fatigue and Test Stimuli.

From Christman and Williams (1963).

Time Interval in Seconds Aﬁcunt of Shift in Hz
| 575 Hz 635 .
1 +8 -6 |
2 + -3
4 +3 - -2
8 +2 -1
15 N 42 : -1
30 | 42 -1

T 60 +1 -1
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A study of pitch Shifts at the frequencies 100, 150, 200, and
500 Hz was done by Ward (1963). He-foun& shifts of O ét 100, 2.5% (4 Hz)
at 150, 4.5% (9 Hz) at 200, and 6§5% (BZ_HZ) at 500 Hz; after sufficient
exposure to htgh intensity clicks to produce a temporary threshold shift
cf 20 dB or more at 4000 Hz. All shifts were downward.
Eliiott, Sheposh and Frazier (1964) studied plLCh shifts at

the frequeﬂ01es 1800 2000, 2800, and 5600 Hz. A 4000 Hz fatiguing
tone was used for the 5600 Hz tone, and a 2000 Hz fatiguing tomne for
the other three frequencies., ~The fatiguingbstimuli.ranged from 100 to
120 dB SL for 2 to 12 minutes. Upwafd shifts were found-below 4000 Hz,
but no significant shift .above. Ellioti et al. concluded that, in view
of the data obtained in their study, the results of Riedi and Furrer
‘must be questioned. They also criticized the 1a¢k of any statistical
test in the Ruedi study. |

' In all of the above studies ﬁitch shifts were reported. It is
inte:esting to note,‘however, thaf directionality was not clearly es-
tablished. Bekesy found a dovnward shifi in the low fiequéncies (300~
700 Hz) and an upward shift iﬁ the highs (900-1300 Hz). Ruedi énd
Furrer found an upwaerd shift in the lows (270-3000 Hz) and a downward
shift in the highs (5000-7000 Hz). Ward found a downward shift in the
lows (100-500 Hz) and Elliott et al. found an upward shift in the lows
(1800~2800 Hz) .and no shift at all in the highs (5600 z) Christman
found conLradchory results in two different studies. The experimenters
used a wide range of intensities-(SS to 140 dB) and durations (Z’to 12
minute_s)e All investigators used pure tones to induce fatigue and all

reported a shift.




15

The folloﬁing studies used noise bands ratherrthan pure tones.
They are important because the basilar membrané is étiﬁﬁlated over a
larger area under tﬁese conditions,

Egan and Meyer (1950)yused a narrow band of noﬁse (%0 Hz wide,
centered at 410 Hz} as their fatiguiﬁg stimulus.A'Their sub jects matched
the pitch of a tone heard in the presence of that band of noise tc the
pitéh of a tone heard alone. The partially masked tone Was'pfesented
20 dB above its masked threshold. Three experiments were conducted; In

zperiment I, the ffequencies 100, 200, 300, 420, 520, 620, 720, aﬁd_
880 Hz were studied. Band ?ressure level of the noise Qas 80 dB, and
pressure~spectrum level was 60.5 dB. .it was found that the p?esencevof
the noise band lowers the pitch of the tones below the center frequency

of the band (largest shift : 15 Hz at 300 Hz), and raises the pitch of

/
i

those above the center_frequency (largest shift : 20 Hz at 620Hz). In
Experiment II, 300 and 620 Hz alone were studied under wide (47 dB
pressure-spectrum ie?el),and narrow band (60.5 dB pressure-spectrum
level) conditions., Pitch shifts occurved under both conditiogs at both
frequencies, with greater shifté occurring in the narrow band condition.
At 300 Hz, shifts were as large as 14 Hz (narroﬁ band) and 4 Hz (wide
band), and at 620 Hz, 23 Hz (narrow band) and 2 Hz (wide band). In.
Experiment IiI,SOO and 620 Hz at 78 dB were studied using a larger
number of subjects than in Experiments I and II. The band pressure
level of the noise was 80 dB. The noise shifted fhe pitch of the 300
Hz toné-downﬁard on the average of 6065 Hz, and the pitch of the 620 Hz

tone upward on the aﬁerage of 12.1 Hz.
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A new method of pitch recording was intzoduced’in a study by
‘Webster and Schubert (1954); They used a system in which the frequency
knob‘of their variable oséillator controlled a pen-writing mechanism,
while the motor~driven standard oscillator controlled the papei drive.
In this ﬁay they could get a ;ontinuous and running recoxrd of pitch
matches with a continually changing standard frequenéy.

In this study, subjects made S0 métches per octave from 150 to
9600 Hz. Various types and degrees of heariné losses were ostensibly
Vsimiiated by masking noises (bands of 400 to 564, 1600 to 2260, and
50 to 9600 Hz were used). Pitch shifts tended to oﬁcur awvay from the
region of hearing loss. Some downward shifts occurred, but the greatest
shifts were in an ﬁpward direction, Shifts ranged from 1.4 Hz at 150

Hz to 112.5 Hz at 3000 Hz.

Statement of Purpose

A1l of the studies cited above have one thing in common - all
judgments were mgde and recorded under poststimulatory conditions. Ex~-
_cept for the last study, all subjects made individual pitch matches at
various intervals after the cessation of the fatiguing stimulus. There
ﬁas no method fofbrecerding possible pitch changes occurring over time.
Tﬁere is a definite need for a mbre‘precise method of recording changes
in pifch due to auditofy fatigue. A method is needed that will allow
the recordinngf_gii changes, not just those that happen to occur at the
particular ;ntefval arbitrarily chosen to make a pitch match.

In the following study, changes were recorded coatinﬁousiy

under perstimulatery and poststimulatory conditions. 1In this way, all
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pitch information will be-continuously fecorded from the beginning of
fatigue through the recovery period. This method of recovding, which
will be described fullyvin the instxumegtation Section, was developed
- by Dr. Paul Skinner of the Auditcry Reseavch Laboratory of The

ﬁniversity'of Arizona. It 1is our hépe that this method will enable us

to study changes that occur over time under auditory fatigue.




METHODOLOGY

Subijects

Six college students were useﬁ in this study. Their ages ranged
from 19 to 24 years. Two were male an& four were feﬁale, aﬁd all
demonstrated normal th&esholds to counventional and'Bekesy audiometric
-testing. All subjects had participated in pitch studies for nine
months prior to this study and were highly experienced in making pitch

judgments.

Instrumentation

Pure tones were generated by two Hewlett-Packard 200 AB audio
osciliators. Stimulus presentation éndAcontrol were maintained by two
Grasoﬁ«Stadler model 829D electronic switches and model 471-1 interval
timer. . The signals were channelled through the necessary attenuation
énd impgdanceumatcbing networks to Grason-Stadler TDH-39 earphones.

The variable oscillator was driven by a Sié«Syn 1.5 rpm revetn
siblé motor controlled by the subject. The output ofAthis oscillator
was fedlthrough‘a Hewlett»?ackar§ 5512A electronic counter and 580 A
digital-analog converfer to a Moseley 7i01 M strip chart recorder with
a 17501-A range module. 1In this way, chamges‘in frequency of the var-
_iable oscillator were registered digitally on the frequéncy counter,
translated by the digital-analog convertér, and the voltage analog was

presented graphically on the strip chart recorder. Changes in the

18
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subject's piltch judgment could then be vecorded continuously under
perstimulatory as well as poststimulatory conditions. A schematic of -

the apparatus is shown in Figure 5.

Preliminary Study

In order to investigate whether loudness differences between
ears (due to TTS in the fatigued ear) had an effect on pitch judgments,
a pilot study was done using the same subjects used throughout this
study. In the pilot-studf, frequencies of 500, 2500, and 4500 Hz were
matched in pitch, with 1oudﬁess differences between eavs. Loudness
diffefences between ears raﬁged from 15 to 25 dB (this was the approxi-
mate range of TTS expected invtﬁe présent study). Aﬂalysié of wvariance
. showed no significant difference in the matches at the .05 level for
any frequency. Table III shows the results for a typical subject from
two sessions with a 20 dB difference between ears, and one in which
there‘was equal sensation level betweeﬁ ears. The standard stimulus (8s}
was 40 dB SL under all coﬁditions, and the wvariable stimulus (Sv) ranged
from 20 to 60 dB SL. Both Ss and Sv had a duration of one second and
a riSEudecay time of 50 msec. The two tones continuousiy alternated

between ears with a 50% duty cycle.

Procedure

General Procedure

Under the perstimulatory condition, the subjects were given a

continuous tone in one ear and a pulsing tone of 500 msec duration with
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- ‘Table IIL. =--Results .of Pitch Matching with a 20 dB Intensity Difference
between Ears. !

: Sv = 20 dB Sv = 40 dB ' Sv = 60 dn
Frequency Ss = 40 dB Ss = 40 dB - Ss = 40 dB
pid T X o | X f o
500 502.5 L1 498.6 1.1 501.8 1.5
.2500 2502.3 2.4 . 2495.2 4.3 2507.2 4.8
4500 4490.1  15.1  4491.9  10.2 4692.3  17.4

a 50 msec rise~decay time in the other. Duration and intensity of the
stéady tone were varied with frequency in order‘tolstay within recom-
mended damage~risk levels. Damagenrisk‘contours for pure tones estab-
lished by K. D. Kryter et al. (1966) were used as a éuide.,

Under poststimuiatory conditions, the subjects wefe given 500
msec pulses which continuously alternated between eérs with a 50% duty
cycle. The risemdecay time of the pulses was 50 msec.

~ Three experimenté were undertaken in this study: one examined
primarily those changes which took place during fatigue (perstimula-
tory), and two examined those changes which took place immediately
after cessation of the fatiguing stimulus (poststimulatory). In all.
. y ,
experiments the frequencies of tﬁé‘two tones were set equal at the
outset. The subjectsvwould then "bracket! the standard (pulsed or
continuous) with the variabie tonen_’Iﬁ other words, the subjecé would
adjust the pitch>of tﬁe variable toﬁe until it was just noticeably
higher or lower than the standard. When a difference became apparent,

he would immediately switch in the opposite direction. The back and
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forth switching (JND»higher, JND lower) was coﬁtinued for the course

of the experimental session. At tiﬁes; the subject was asked to adjust-
the variable tone until the pitches ofrtﬁe twd’toneé appeared to be
equal. These points were marked and used to provide a more specific
measure than the JND's. )

Subjeéts were seated in a sound treated room, with their backs
toward thé observation windéw so that they could not obtéin'information
from the electronic counter or strip chart recprder., They used a
single-pole, double~throw switch to either raise or lower the variable
piltch (all had éxperience with this type of switch from previous studies
and weve completely familiar with its use). All were given the instruc~
tions as they appear in the Appendix (these instructicns were for the
perstimulatory condition; the poststimulatory condition differed only
in tﬁe fact that a pulsed toné was bracketed instead of a steady tone).

Each subject partiéipatéd in one testing session per day, four
days a week. Their hearing waS‘teste& ﬁefiodicaily by Bekesy<audiometry
to make certain that thresholds did not éhanOé more than wouldAnormaily

be expected,

.

Control Condition

In this condition, the differenées in JND size were studied
vundef perstimulatory and poststimulatory bracketing procedures. The
subjects were instructed to bracket continuous gnd pulsed standard
tones'fqr five minutes. In_order to accuraﬁelyranalyze the results of

the . following three experiments, it is important to knew the
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relaticnship-of the size of the-JND’s under the two procedures. Taking
‘this relationship into account during analysis should minimize the
possibility of reporting that certain differences aré due to the ex-
perimental ccnditions_when, in fact, they are inherent in the two

procedures.
Experiment T

In this experiment, the frequencies 250, 500, 1500, 2500, and
4500 Hz were tested. _Perstimulétoryichénges were plottéd ﬁsing the
bracketing method describeé'earlier. .The JND tracing was recorded for
ten minutes with tones of 60 or 90 dB SL in each ear. Poétstimulatory
changes were .then plotted ﬁntil recovery occurred. For the purpose of
this and the following experiments, ”recerry“ is defined as that point
in. the bfacketing'procedure when thé JND's high and JND's low become
| equiéistant from the standard fre@uenéy and remain that way fo: a per=
iocd of two minutes. ''Pitch shifﬁ" is defined as that point iﬁ the
bracketing procedure when the JND's higher or 1ow¢r shift a distance
that is greater than that subje;t's JNﬁ”s high and low prior to exposure

(see Figure 6).
Experiment II

Poststimulatory fatigue was examined. in this experiment after
stimulation of 100 dB SPL at 250, 500, 1500, 2500, and 4500 Hz for ten
minutes. No bracketing was dome during the fatigue condition. TImme-

diately at the cessation of the fatiguing stimulus. the subject began
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A. Pitch Shift.

Notice that the JND's have shifted a distance

reater than the JND's prior to exposure.

B. Recovery.
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bracketing with tones presented at 30 dB SL in each ear. Bracketing

continuaed until the criteria for recovery had been fulfilled.
‘ , ¥
Experiment IIX

~This experﬁment questi&ngd if a pitch shift oééurred at fre-
quencies adjacént to the standard (fatiouing§'f;equency. The frequen-
cies 550, 650, 850, and 950 Hz were studied. The standard was 750 Hz
undexr all éondiﬁions. Each subject bracketed a pulsed tone for approxi-
mately five minutes. This was used as a control condition and was
repeated for each frequency. VThe 750 Hz stimulus was.them presented
for two minutes at . 120 dB SPL. After cessation of'the fatiguing
stimulus, the subjeéts bracketed at 85 dB SPL until the cyriteria for

recovery were fulfilled. ©Pulsed tone bracketing averages were compared

-to poststimulatory averagés to determine if a shift took place.




RESULTS

Control Condition

It was found that JND's with a continuous standard tone were
larger at all of the tested frequencies (250, 500, 1500, 2500, and
4500 Hz). On the average, they were 32% larger. At 250 Hz they were
40% larger, 500 Hzr36%, 1500 Hz 27%, 2500 Hz 34%, and 4500 Hz 21%.
JND‘é high and low were equidistant from the stahdard freqﬁency in b&th
conditions (this was ascertained by direct measurement of thé distance
of the JND's from the stendard frequency on the strip chart rec§rdings),
therefore,rné pitch shift ﬁas apparent. Average distances between JHD
high and JND low are shown in Table IV.

Table IV. ~-Average Number of Cycles between Subjects'
Judgment of JND High and JND Low.

Distance between JND High

Frequency | _.and JND Low in Hz
Steady ' Pulsed
250 : 10 6.
500 . 22 14
1500 | , 51 37
2500 68 45
4500 | 3 109 - 86
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Experiment T

No pitch éhifts occurred for any of the subjects at any of the
tested frequéncies at'either intensity. At the Higher ffequencies,
some subjects varied from the standard frequency, but none deviated from
the JND range pfior to ezppsuréo _JND'S held to the same relationship
as reported in the:control condition. Point of subjective,equality
(PSE) and JND range for all squecés are shown in Tabie V. The averaged

‘data are highly representative of individual subjects.

Table V. --Point of-Subjective Equality and JND Range for Experiment 1.

60 dB | 90 dB_
JND JND JND JND

Range Range Range Range
Frequency High Low PSE "High Low PSE
250 252 - 248 250 251 249 250
500 504 4,98 502 520 492 503
1500 1555 1450 1508 1550 1480 1507
. 2500 2550 2480 2503 2542 2475 2511
4506 4535 4433 ‘4496 4553 - 4438 4498

Experiment TT

No pitch shift was apparent under poststimulatory conditions at
‘any of the tested frequencies. As shown in Table VI, the average fre~
quency of the brackets was either identical or extremely close to the

standard frequency. As in Experimeut I, JND relationships held constant

for all subjects.
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Table VI. --Point of Subjective Equality and JND Range
for Experiment IL. - .

JND JND
Range Range
Frequency High “Low PSE
250 - 252 , 248 250
500 : 504 4,96 500
1500 1509 1489 1498
2500 2504 2493 2499

4500 ' 4540 4475 4509

Experiment ITIL

As.éeen in Table VII, no shift was apparent at any of the fre-
quencies adjacent to the 750 Hz fétiguipg frequency. Control and
poststimulatory averages and JND's remained almost identical for all
subjeéts.

Table VII. --Prestimulatory and Poststimulatory Comparisons for
Experiment IIL. 2

Prestim- Poststime JND . JND

: ~ulatory ulatory Range Range
Frequency PSE PSE High ‘ Low
550 5500 550.5 554 547
650 649.7 . 650.9 653 648
850 ~ 850.5 851.2 | 866 843

950 . 950.2 950.4 967 94y




DISCUSSION

Pitch shifts were not appareni in any of the thrée eXpefiﬁents.
These findingsfare not consistent with the observations of Bekesy,
Christman, Ward, and Elliott et al., all of whom ?epbrted pitch shifts
under conditions somewhat similar to those of the present study. It
must be noted, however, that the findings of the previous studies pre-
sent many'diéérepancies in additibn to those of this stuéy regarding
the occurrence, amount, and-direétion of pitch shifc. Severél possibil-

ities exist which may have produced these discrepancies,

Psychophysical Measurement

In previous studies'tbe method of adjustment was used to enablé
the subject to esﬁablish separate, independént points of subjective
equality; whereas, in the present study the subject continually adjusted
JND's above and below his PSE, and only established an actual PSE
_occasionally.  In studies where only PSE's were determined, the sﬁbject
made pitch matches at various intervals of time after gessation'of the
fatiguing stimulus. These measures are more-suéceptible to sporadic
error and lack the religbility inherent in tracking techniques which

provide continuous observation and monitoring.

29
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Measurement Ervors (Context Effects)

It has been observed by Jeffress (1944), Skinner (1963}, énd
Gaeth and Worris (1965) that order of presentation of standard and var-
iable and interstimulus interval can produce differences in the amount
and direction of ﬁitch‘éhiftg .Thgse erroxrs are usually not consistent
enough to be predictable but are nevertheless observable;'

- ggtor'SEeeq

Considerable attention has been given to the accuracy of mech-
anical or electrical contvol of the variable signal, and to motor sﬁeed
or attenuation time in studying cﬁanges in sensitivity (loudness). The
mgasurement'techniques used to studynpitch shifts rarely are described
éufficiently in studies., The speed of reverse drive motors is of course
guite basic to gaining accurate pitch judgments. In using different
motor speeds to drive oscillators, marked changes occur in the accuracy
of pitch judgments. Since frequency commonly appears on a logarithmic
scale on oscillators, small movements of the vernier control at mid and.
high frequencies produce relétive1§ large changes in frequency which
exceed the enlarging width of the pitéh JND of the ear. Unless optimum
motor épeeds afe used, this leads to inaccurate judgments by the oﬁm
server. It was found in our laboratory (with Helwetthgckard 200 series
oscillators) that a motor speed of about 1.5 rpﬁ was optimum for permit-
ting éccurate judgments, If faster speeds. up to 3.3 rpm were used in the
mid and high frequencies, the subjects were unable to make.accuraée.

judgments.
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Size of Pitch Shift

Changes in pitch have been reported as pitch shifts based upon
statistically significant differences and yet these differences are
often less than the smallest JND's in pitch that are clearly observable

to the subject at a given frequency (Egan and Meyer, 1950}).

Mechanism of TTS and TPS

Christman (1954) postulated that TPS tekes place in an ”auditbry'
proiection areé” of the brain and expiained it by-the kéhler-Wallach
theéry of figural after-effects. It is-more commonly held that ﬁhe
primar§ mechanism of TPS and TTS is the hair cells of the Oxgan of
Corti (Bekesy, 1960; Ward, 1963).

Studies of'pitch-shift, therefore,AhaVe been done to evaluate
the placé theory of hearing. It has been postulated that if place
theory ié invoked, and if TTé is the result of metabolic changes in the
region of the hair cells, then under TTS, temporary pitch shift should
also be observed sin;e frequency information should then be provided
by adjacent fibers (Galawbos and Davis, 1943; Davis et al., 1950).

| The ipney hair cells have a threshold higher than the outer hait
cells (Tasaki, 1954; Davis et gl?, 1935; Davis et al., 1953). This dif-
ference is approximately 4Q dB (Davis et al., 1958). Studies of acoustic
trauma suggest that there are.sensitivity differences among the rows of
the outer hair cells‘(Davis et al., 1935; Dévis et al., 1953). Since
changes in sensitivity,appear to be traﬁsverselj oriented in the coch-

lea, and changes in pitch longitudinal (Davis, 1958), TTS would not
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necessarily produce any change in pitch. One might reason that fatigue
of the outer halr cells results in TTS, while higher thresholdﬂhéir
cells continue to provide the same‘frequency informatieﬁ, ‘In order to
fatigue most of thé hair cells in a latitudinal plane very high inten-
sity ievels are probably required. The orthogonal relationship between
'pitch and sensitivity on the memwbrane would then permit a wide range of
independence of TTS and TPS.

The foregoiné discussion is provided to support the skepticism
regarding pitch shifts which was rajsed in the absence of any observed
pitch shifts in the present study, as well as tﬁé discrepancies which
exist regarding pitch shifts in other studies. It would seem that the
subject of TPS requires thofbugh and'exécting study'since it remains too

controversial for use in evaluating auditory theory.




APPENDIX
Instructions to Subjects

Your task is to adjust ?he pitch of a pulsed, or interrupted,
tone to the pitch of a steady tone; " You must continually adjust the
pitch of the pulsed tone to where it is just noticeab1§ higher tﬁan_the
;pitch of the stea&y tone, and immediately reverse the pitch of the

_ : : .
pulsed tone to where it sounds just noticeably lower. Continue to
bracket in this manner. |

Occassionally.you will be asked to match the two tones ?n pitch.
rAs soon as éhe two are matched to your satisfaction, immediately con-
tinue with the bracketing.

Deﬁermininé the pitch sensation of a steady, or constant, tone
‘is a task which requires constant concentration. TFocus your attention
to the pitch seusation prodﬁced by the sgteady tone and brackei the
‘pulsed tone around it. Be careful not to éall into the habit of merely‘
bracketing by the movements of the switch. Rather, concentrate on the
pitch of ﬁhevsteady tone and use this as yoﬁr énly reference for deter-
miniﬁg pitch judgments. At times the pitch of the steady tone méy‘
éhange, You are, therefore, to be extremely carefﬁl to bracket the
exact pitch you are hearing ét that moment,.father,than thekpitéh you

may remember from the start of the session.
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