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SUMMARY .

This thesié is concerned wiih”the application of basic theories
about the way in which thé ear perceives pitch to the understanding
of inaividual differences in the ability to discriminate between
tones differing only in frequency. Much of the evidence relating to
modern theories of pitch perception is reviewed before frequency
discrimination and its measurement are considered in more detail.
Experiments giving rise to the concept of the critical bandwidth,
which is related to the frequency-selective properties of the ear,
are considered as well as theoretical models which suggest that the
critical band may be related to frequency discrimination ability.
The possible relationship between individual differences in the
critical band and in frequency discrimination is tested at tﬁo
frequencies, 1 kHz and 5 kHz, in an experiment involving a group of
ten subjects in all, At neither frequency is any evidence found of
such a relationship. However there is strong evidence of a relation-
ship between frequency discrimination at 5 kHz and the frequency
resolving ability of individual ears, when the frequency resolving
ability is considered to be represented by the ability to detect a
narrow band of noise symmetrically masked by two tones within the
critical band, The results are consistent with a great deal of other
experimental work on frequency discrimination which indicates that
timing information in the auditory system playsva greatér role in

frequency discrimination at lower frequencies.
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CHAPTER 1. INTRODUCTION, -

It is very‘Well known that large differences exist between
individuals in their abilify to discriminate small changeé in frequency.
For example, many trained musicians can discriminate quite small
frequency changes whereas there are certain individuals who appear
to be exceptionally insensitive to such changes and are often described
by the term 'tone deaf'. To a large extent differences may be attributed
to the differences in the amount of practice which individuals may
have had in making such discriminations, but there still appear to be
quite significant differences in the basic abilities of individuals.

It is common in the literature on frequency discrimination to report
results for a few selected well-trained.subjects, with the object of
describing the limits of the ear's discrimination ability for the
particular task employed. However individual differences have occasion-
ally been noted (rather than systematicélly studied) in the literature,.
and the work in this thesis was originally motivated by the experimen-
tal results reported by Webster (1969). Measuring frequency discrimin-
ation ability in rather short sessions with inexperieﬁced subjects,
Webster found very large differences in ability, both when two tones
of different frequency were presented successively to the same ear

and when the second tone was presented to the opposite ear to the
first. These two methods of presenting the stimuli will be referred

to as ipsilateral presentation and contralateral presentation respect-
ively. The relationship between discrimination ability in the ipsi-
lateral and contralateral cases appeared to be different for diff-
erent individual subjects, but the interpretation of these results

was unclear. As a first step towards understanding these results it

is necessary to discover more about the frequency discrimination




mechanism and how it may operate differently for different individuals,
giving rise to differences in ipsilateral frequency discrimination
performance. There has been a widespread suggestion in the literature
that this mechanism has something in common with the mechanism giving
rise to the critical bandwidth (which may be considered as a type of
measure of the ear's frequency-selective properties). This suggestion
provides the basis forvoqr experimental work, which is basically a
study of the relationship between individual differences in frequency
discrimination ability and in the critical baﬁd.

Some of the terminology used in this work will be unfamiliar to
readers with a background purely in physics or psychology, and for
this reason a glossary is included to explain some common terms.
However as a preliminary it is necessary to make clear a few points
which are essential to understanding. One of the simplest but most
important is the distinction between 'ﬁitch' and 'frequency'. The
word frequency is used to define a physically measurable property of
a pure tone stimulus, whereas pitch refers to a propert& of the

sensation prodﬁced by the stimulus in the brain of an individual

listener, and can only be measured by reference to the response of the.

‘listener in certain tasks. A similar distinction .arises between 'loud- -

ness' and ‘intensity', loudness being a subjective property and intens-
ity being physically measurable as the power per unit area in the
stimulating sound wave, The distinction between intensity and energy

is important for short stimulus durations, because for example to

-detect a short duration sound the ear can integrate intensity to

obtain energy, so that sounds of different durations may be equally
detectable if their total energy is the same.

Three terms which are used repeatedly in this thesis are 'frequency
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discrimination', 'frequency selectivity' and 'frequency resolution'.
Frequency discrimination refers to experiments in which a subject is
required to discriminate between a tone of one frequency and a
subsequent tone differing only in frequency. Frequency resolution
refers to the ability to hear a component of a sound at one frequency
when components at other frequencies are also audible. We use ffequency
gselectivity as a more general term applying to a wide range of exper-
iments giving information about the ear's filtering action in relation
to the frequency spectrum of a sound.

The region of the auditory system with which we are large1y 
concerned involves the basilar membrane in the cochlea and subseguent
stages. Sound vibrations at the tympanic membrane (eardrum) are trans-
mitted by a series of bones to the fluid-filled cochlea in which the
basilar membrane is caused to vibrate. Attached to the basilar membrane
. are two groups of hair cells, the inner and outer hair ceils, of which
the outer hair cells are most numerous. Motion of the basilar membrane
deforms the hair cells.and causes firing in the associated nerve fibres.
The transduction process is not yet well understood.
| Much of the experimehtal evidence which we review in Chapter 2
relates to the motion of the basilar membrane and the relationship of
its pattern ofvviﬁration to the pattern of activity in the nerve fibres.
The psychophyéical experiments which we review and those we have
carried out are generali& aimed atrdeducing how the pattern of activity
in the nerve fibres is used by the brain in discriminating changes in

frequency.




i

CHAPTER 2. PITCH PERCEPTION,

2,1. Theories of hearing.

The principal forerﬁﬁners of our modern theories of pitch
percepfion were elaborated in the latter half of the 19th century.
The problems of musical perception were the main concern of psycho-
acousticians at the time so that any comprehensive theory of
hearing had to account mainly for pitch perception and frequency
analysis in the ear. In more recent times a great amount of inform-
ation has been gathered about many aspects of hearing so that no
current theory can be sufficiently comprehensive to explain more
than a few of the known facts in relation to a particular aspect of
hearing. However the study of pitch perception still appears to be
the key to understanding the basis of the functioning of the eaf,
and pitch discrimination remains the subject of much‘theoretical

debate.

The most important early versions of two basic types of theory
which have evolved to explain how the ear discriminates changes in
pitcﬁ came from von.Helmholtz (1863) and Rutherford (1886). Von
Helmholtz's theory provided a fairlf comprehensive explanation of
most of the experimental data available at the time and has had a
profound influence on the evolution of hearing theory. The basis of
the theory was the idea that independent resonators in the inner ear
would separately respond to tones of different frequency. The mag-
nitude of vibration of the résonators was related to the intensity
of the stimulating tone, and each resonator would excite its own
attached nerve fibre. Thus tones of different frequencies would cause
excitation in different places within the auditory system. This

theory and its descendants in which a change in pitch is detected




by a change in place of excitation are generally referred to as
'place’ theorieé(

To identify the resonators in his theory von Helmholtz had to
rely on the anatomical and physiological evidence available to him
at the time. A few years before von Helmholtz first described his
theory, Corti in his investigations of the inner ear had discovered
what are now known as the rods of Corti. Von Helmholtz originally
believed that these rods resonated at different frequencies due to
variations in their stiffness and tension. In view of increasing
evidence of the unsuitability of the rods of Corti for this purpose,
such as the fact that the rods were absent in birds, von Helmholtz
was forced to change his belief)in latér editions of his book (e.g.
von Helmholtz 1875). The resonators were now assumed to be parts of
the basilar membrane, This membranevinside’the cochlea changes
considerably in width along its length and was for some time thought
to be under transverse tension. Von Helmholtz believed that it
behaved like a series of stretched strings with different resonant
frequencies. This idea was again overthrown by direct experimental
evidence when von Békésy showed that the basilar membrane was not
under tension (von Békésy 1960). However von Békésy found support
for the general idea of a place theory when he showed that the
basilar membrane has different places of maximum response for stim-
ulating tones of different frequencies. This is due to a tiavelling

wave transmitted by the fluids in the cochlea. For high frequency

‘sounds the maximum in the envelope of the travelling wave occurs at

the basal end of the cochlea where the basilar membrane is relatively
narrow, whereas lower frequency sounds cause the travelling wave to

extend further towards the apex of the cochlea.
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The alternative to discrimination on fhe basis of a 'place!
mechanism is the use of timing information in the auditory nerve,
Theories in which this tyﬁe of information is utilized are generally
referred to as 'temporal' or 'periodicity' theories. The early
version of such theories described by Rutherford. (1886) has been
commonly referred to as the 'telephone' theory because of the analogy
between the operation of the ear and a telephone mouthpiece. Ruther-
ford assumed no frequency selectivity at all iﬁ the peripheral

auditory system and suggested that pitch discrimination takes place

at higher levels. This discrimination would be based on the fact

that sounds of different frequencies were assumed 1to cause different
rates of firing in auditory nerve fibres, the rate of firing increas-
ing with frequency. Physiological evidence has always imposed an

upper limit on the frequency at which such a mechanism could operate,
because there is a limit to the rate at which auditory nerve fibres
can fire in response to any stimulating sound. For single nerve fibres

an absolute limit is imposed by the refractory period of the nerve

_fibre which represents a basic feature of the response of nerve fibres.

A single nerve fibre responds by emitting unit impulses whose minimum
possible separation in time is determined by a short time interval
after the passage of an impulse during which it is not possible for
the nerve fibre to fire again. This time interval is known as the
refractory period of the nerve fibre and is typically about 700 mS.
Wever (1949) described much of the historical development of
theories of hearing and attempted to synthesize the basic place and
temporal mechanisms in his 'volley' theory. This theory suggests that
at low frequencies timing information in single nerve fibres is

used for frequency discrimination. At intermediate frequencies Wever
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believed that timing information arising from the synchronous res-
ponse of a grouﬁ“of nerve fibres, known as a neural volley, could

be used for frequency discrimination. At these frequencies it is

- also possible for a place mechaniém to assist discrimination, while
at the lowest frequencies place mechanisms are relatively ineffective
because the low-frequency resolution of the basilar membrane is quite
poor. Wever assumed fhatuabove about 5 kHz a place mechanism takes
over completely because physiological experiments had shown no synch-
ronous response above this frequency.

In order to fully explain temporal theories in theiy modern form,
it is necessary to describe in more detail current knowledge about
the response of nerve fibres. Nerve fibres usually show some spon-
taneous activity even in the absence of stimulation. On stimulation
with a pure tone fibres tend to give neural firings at a ?articular
phase of the waveform so that a temporél regularity arises in the
response, This does not mean that there is a constant time interval
between firings because the nerve fibre will not always fire, but
the intervals between firings will all be multiples of the period of
the stimulating sound. The number of firings increases with intensity.
Thus firing rate, if defined as the number of firings in a particular
time interval, is intensity-dependent and changes in this rate do not
signify changes in frequency. However there are changes in the
temporal pattern of firing as a function of frequency. The upper limit
for synchronous response is generally considered to be about 5 kHz
(e.g. Rose, Brugge, Anderson and Hind 1967). This limit is imposed
not by the refractory periods of individual nefve fibres, but by the
precision with which nerve firings can be precipitated at a partic-

ular phase of the stimulating waveform,
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A combination of place and temporal theories following the
example of Wevéf‘avoids the major difficulties faced by the theories
Aindividually and it has become a widespread belief that different
mechanisms for frequency discrimination operate at the opposite ends
of the frequency scale. Nevertheless there is considerable difficulty
involved in determining the relative importance of the two mechanisms
at intermediate frequencies which are the most important in normal
hearing tasks.

2.2. Sharpness of frequency response.

One of the main difficulties which has always faced place
theories in general has been how to account for the very good ffeq-
uency discrimination performance shown by the ear, thch is typically
able to discriminate between tones differing by 0+3 % at 1 kHz.
Because observations of the basilar membrane showed rather broad
patterns of vibration (von Békésy 1960) there has been a continuing
interest in possible mechanisms by means of which the basilar mem-
brane response could be shérpened.-The 'law of contrast' which
relies on inhibitory action in the nervdﬁs system to sharpen the
éar's response was suggésted by von Békésy himself. This possibility
is indicated in hearing by analbgy with the visual system in which
a sharpening of visual contours is indicated by the presence of
Mach bands (these are additional brighter and darker bands of light
which appear near the edges when a bright band of light is observed
against a dark background). A number of alternative sharpening
; mechanisms based on mechanical processes in the cochlea were sugg-
ested by Huggins and Licklider (1951). More recently Tonndorf (1970,
1974) has also worked on cochiear models in which sharpening may be

obtained by mechanical events,




In recent years an incréasingkamount of physiological evidence
has enabled usnﬁb evaluate with a greater degree of certainty
exactly what>amount of shéfpening is necessary and at what stage in
the auditory system it should occur. This physiological evidence
includes measurements of the tuning curves of auditory nerve fibres
and measurements of basilar membrane response curves using a vafiety
of new experimental techniques.

For many years the measurements of von Békésy on basilar
membrane response curves formed the basis of our knowledge of freq-
uency response in the cochlea. Most of these experiments were carried
out using stroboscopic illumination in conjunction with a microscope
to measure vibration amplitude of the Basilar membrane in the ears
of déad animals. The iesolution of the methdd is determined by the
wavelength of light so that it is necessaiy that the vibration
amplitude of the membrane should be made at least of the order of the
wavelength'of vigible light.lThis means that only the low-freguency
region of the membrane can be studied, as the vibration amplitude is
greater in this region, and even then only at high levels of sound
intensity (tyi:ically 140 dB SPL). The high intensities and possible
post-mortem effects are two of the factors which havé been consid-
ered as possible causeé of a broadening of the measured frequency
response curves,

Johnstone and Boyle (1967) were the first of several experim-

enters to apply more modern techniques to the measurement of basilar

‘ membrane vibrations. They made measurements on anaesthetized guinea

pigs using the Méssbauer effect. This allows the vibration velocity
of a small gamma-ray source placed upon the basilar membrane to be

determined, by observation of the Doppler shift in wavelength -of




ihe emitted gamma radiation. Because the vibration velocity of the
membrane increQSes with frequency this method is most sensitive at
high frequencies and thia/is the frequency region in which later
measurements using the same technique have been carried out (John-
stone, Taylor and Boyle 1970, Rhode 1971, Rhode and Robles 1974).
The measurements are therefore on a different region of the membrane
from those of von Békésy so that a direct comparison of the response
curves obtained by the two different methods is impossible., However
Tonndorf and Kharma (1968) compared the Johnstone and Boyle data
with an extrapolation of von Békésy's results and condluded thét fhe
two sets of results were consistent.

The results obtained by Rhode (1971) using the MBssbéuer effect
are particﬁlarly important from a theoretical point of view because
of a nonlinearity he observed. Measuring at a frequency banbout
7 kHz in the cochlea of the squirrel ﬁonkey he found that the tuning
curve of the basilar membrane response tended to broaden with inc-
reasing intensity above about 70 dB SPL, which was the lowef limit
of resolution of his techhique. The’implication of this is that von
Békésy's measuremenfs af high intenéities would necessarily give
broader tuning curves than at more normal intensities, and if the
nonlinearity continued down to even lower intensities the measured
basilar membrane tuning curves could become as sharp as the tuning
curves obtainéd for primary auditory nerve fibres, which are commonly
measured at threshold and are considered in more detail in section
. 2.3. Rhode and Robles (1974) confirmed Rhode's original observation
of the ﬁonlinearity and also observed rapid post-mortem changes in
the cochlea, which again suggests that von Békésy may have observed

unnaturally broad tuning curves in the ears of dead animals. Rhode




and Robles also found that the observed nonlinearity disappears after
death. Post—moffem changes were also observed by Kohlldffel (1972b).
However Rhode's observed nonlinearity in the squirrel monkey has not
been confirmed by other workers using different techniques and
working in the cochlea of the guinea pig. Kohlldffel (1972abc) used
'fuzziness detection' with laser light for measuring vibration
amplitude, whereas Wilsaqn and Johnstone (1975) used a capacitive
probe which enabled them to measure at intensities down to 40 dB SPL.
In neither case was any nonlinearity of the type observed bvahode
reported.,

Although there are discrepancies between the various measure-
ments of basilar membrane response, due possibly to the use of
different animals, different techniques and different physiological
states of the cochlea, there is clearly a general trend emerging.
The crucial question which must be asked about basgsilar membrane
response curves is whether they can account for the observed tuning
of primary auditory nerve fibres., It is this gquestion which is
considered in detail in the hext section. |

2.,3%. Comparison of mechanical and neural tuning.

There have been many measurements of the tuning curves of nerve
fibres, for example tne extensive measurements made on the cat by
Kiang, Watanabe, Thomas and Clark (1965). It is important to under-
stand the technique by which such tuning curves are measured if we

wish to make a valid comparison with curves of basilar membrane

. response or with curves obtained by psychoacoustic methods.

The most common method used to measure tuning curves of nerve

" fibres is to measure some threshold of response to a tone burst as

a function of frequency, using microelecirodes to observe the nerve



impulses. Even in the absénce of stimulation there is usually some
spontaneous activity in nerve fibres and on stimulation with a pure
tone some temporal regularity arises in the pattern of nerve firings.
In measuring tuning curves some criterion has to be chosen as repre-
senting an increase over the spontaneous firing rate. This is

usually close to the smallest change in activity which can be detected

by the experimental arrangement, The intensity of a stimulating tone-

" burst necessary to elicit this minimal change in response is recorded

as a function of the frequency of the tone-burst to give the thres~-
hold tuning curve of the fibre. The frequency at which the required

intensity is smallest is known as the characteristic frequehcy (cF)

‘of the nerve fibre. Fibres with similar characteristic frequencies

tend to be found in the same part of the nerve bundle leading from

. the cochlea (Kiang et. al. 1965) and it is generally assumed that

their frequency selectivity is derived from the particular region
of the basilar membrane which excites them.

Since tuning curves determined in this way represent only the
tuning of nerve fibres oloée to threshold, additional measurements
are desirable at higher sound levels. Such measurements are generally
presented either as iso-rate contours or as iso;intensity contours,
Iso-rate confours are measured in-a similar way to tuning curves
except that instead of a thréshold criterion the required response
is some pre-determined firing rate. The contours obtained are

typically very similar to the threshold tuning curves. To obtain iso-

intensity contours the intensity of the stimulating tone is kept

constant and the firing rate is recorded as a function of frequency.
These curves differ from tuning curves and also vary with the int-

ensity at which they are measured (Rose, Brugge, Anderson and Hind
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1971). Rose et. al. kept the intensity constant near the eardrum using
a probe, but tgé iso-intensity curves tend to be difficult to interpret
because firing rate is not a simple‘function of intensity, which leads
ﬁo the variation in shape of the curves at different intensities.
Comparison of neural tuning curves with basilar membrane
response data is essential for our understanding of frequency sel-
ectivity in the cochlea; Difficulties in making the comparison have
'arisen in the past for a variety of reasons. Many of the neural
tuning curves have been measured in the cat whereas the guinea pig
has been a more popular‘animal for basilar membrane observations.
The basilar mémbrane data have been obtained using four different
techniques in different frequency regions, and the results of Rhode
(1971) for the squirrel monkey are inconsistent with the guinea pig
data in suggesting an intensity~dependenée for fhe sharpness of
tuning. However the guinea pig'data afe reasonably self-consistent
and it is possible to make a direct comparison with the resﬁlts
obtained by Evans (1970ab, 1972) on threshdld‘tuning curves of
_single cochlear nerve fibres in the guinea pig. Unlike the earlier
guinea pig ﬁeasurements of Tasaki (1954), Evans found quite sharp
tuning curves similar to thosé obtained by other workers for the cat.
As was pointed out by Evans, there is a considerable difference
between these tuning curves and those for the basilar membrane. The
difference is most marked in the slope of the response curves just
below the peak, as this slope is‘considerably greater for the nerve
fibre tuning curves on the low-frequency side. The difference can
also be described in terms of bandwidth which is greater by about
a factor of ten for the basilar membrane tuning curves. This diff-

erence cannot simply be attributed to the surgical procedures
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necessary to observe the response of the basilar. membrane, as
equally sharp féSpbnses can be obtained in nerve fibres under the
appropriate conditions of'éxposure of the basilar membrane (Evans
1970b).

A direct comparison of neural and mechanical tuning was also
made by Geisler, Rhode and Kennedy (1974), using results of ébser-
vations on the squirrel monkey. They replotted basilar membrane data
as iso-amplitude curves (that is, the intensity correspondiné to a
given amplitude of basilar membrane response was determined for
different frequencies) and compared these with iso-rate contours for
herve fibres. They remarked upon the similarities in the high-frequency
slope and the asymptotic 1ow—frequencyrslope, but agreed with Evans
that the two types of tuning curve were sigﬁificantly different in
the slope at frequencies just below the fféquency of maximuﬁ response.
The differences between the curves are.illustrated qualitatively in
Figure 1.

This marked discrepancy between mechanical and neural tuning has
led to the general belief‘that the amplifude of basilar membrane
response cannot represent the ultimate mode of input to the auditory
nerve, and that a second frequency-selective mechanism must be active
in the peripheral auditory system to account for the observed tuning
of nerve fibres. There has been much speculation recently on the
possible site of this mechanism and the way in which it operates (see
e.g. Zwicker and Terhardt 1974). Tonndorf (1974) has maintained that
‘the difference in low-frequency slopeg can be accounted for by a
hydromechanical frequency-sharpening mechanism in the cochlea, in
which the stimulation of hair cells is dependent on shearing motions.

According to Tonndorf, this model produces higher values of the low-
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Figure 1. Comparison of basilar membrane and nerve fibre tuning curves

in the squirrel monkey (based on Geisler et. al., 1974).

(a) Isoamplitude curve of basilar membrane displacement (65 nm).
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frequency slopes and higher values of Q for the tuning curves (Khanna,
Sears and Tonndbrf 1968). Evans (1972) provided evidence of the
possible phySiological vulherability of the 'second filter' when he
observed that in guinea pigs with evidence of circulatory inefficiency
in the cochlea, tuning curves of nerve fibres became as broad as
measurements of the guinea pig basilar membrane response. Evans later
directly showed the vulnerability of tuning to hypoxia and to the
ototoxic agents cyanide and furosemide (Evans 1974a, Evans and Klinke
1974). Robertson and Manley (1974) observed a loss of sharpness of
tuning when the oxygen supply to their experimental animal (the
guinea pig) was reduced. Evans and Harrison (1976) have also shown
that damage to the outer hair cells induced By the administration

of the drug kanamycin céuses a deterioration in threshold tuning
curves, This suggests that the intactness of the outer hair cells

is necessary for the ear 1o maintain fﬁll frequency selectivity, in
spite of the fact that the majority of nerve fibres (about 90 %)

innervate only the inner hair cells, according to Spoendlin (1970).

2.4. Comparison'ofAphysiolbgical and psychoacoustical freguency

gelectivity.

Although physiological experiments can fell us much about whaf
sort of iﬂ%ormatiﬁn is made available to the brain by the ear, we
must rely largely on experiments in psycﬁoacoustics to tell us how
the brain utiiizes this information. It is of interest to try to
compare certain psydhoacoustical and physiological results although
- this is not usually straightforward because of the differing tech-
.niques employed. Also most of the physiological results come from
animals whereas psychoacoustical experiments are usually carried out

on man., A general statement which can be made is that the bandwidths
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of single nerve fibres are comparable to the psychoacoustically
measured critiéél bandwidth, which is discussed in detail in Chapter
4. |

A more specific and direct comparison may be made between
certain types of masking experiment and threshold. tuning curves for
nerve fibres. Recently both Zwicker (1974) and Vogten (1974) have
carried out masking experiments which are suitable for such a com-
parison. Zwicker's experiment attempts to imitate psychoacoustically
the way in which threshold tuning curves are measured for nerve
fibres, described in section 2.3. The sound pfessure level of the
stimulus (a tone-burst) and its frequehcj may be varied in the game
way as in the physiological experimenté, but it is necessary to
define psychoacoustical equivalents bf‘the resbonse criterion and
the single nerve fibres used in such expefiments. Zwickef used a
very faint sinusoidal tone, at a frequency considered to represent
the characteristic frgquency, to simulate activity in a singlevnerve
fibre. This tone was used as the maskee in a masking experiment and
its threshold was consideréd equiQalent to the physiological response
criterion. The tuning curve was observed by finding the intensity of
a masking tone necessary to produce threshold of thé maskee, as a
function of the frequencj of the masker. This may be thought of as a
reversal of the more usual type of masking experiment (in which the
intensity of the maskee and its frequency are varied) at a very low

level (5 dB sensation level). The curves obtained by Zwicker are

‘very similar in form to tuning curves of single auditory nerve

fibres in the cat. Thus the frequency selectivity present at an early
stage in the auditory nerve can be reproduced in a psychoacoustical

experiment in which the later stages of the auditory system are

e e




involved. Frequency selectivity as measured by this type of exper-
iment can theréfbre be regarded as completely developed at the stage
of primary auditory nerve fibres.

Vogten (1974) carried out masking experiments in which the
masker (a pure tone) was continually present and a probe tone or
“maskee was repeated periodically, always commencing at the same phase
of the masker., This was intended to avoid the usual difficulties‘
caused by temporal effects when masker and maskee are close together
in frequency. Vogten carried out some experiments similar to those
of Zwicker, by keeping the maskee fixed and varying the frequency and
intensity of the masker. The curves obtained by Vogten with the
maskee constant at 10 dB SL are suitable for comparison with tuning
curves and are rather similar to the masking curves obtained by
Zwicker. Both experimenters point out that individual differences
in the masking curves are quite clearly to be seen. The curves
obtained are also similar to those measured earlier by Small (1959),
who carried out the same type of masking experiment at slightly higher
levels of the maskee,

In none of theée eiperiments‘is it likely that a single nerve
fibre alone is involved as in the physiological experiments but at
low intensities the results approach this as a limiting case. At
higher intensities the analogy is with i$o-rate contours, based on
the assumptioh that in order for the activity caused by the maskee
in a nerve fibre to be just masked, the activity caused by the masker

. must reach a certain constant rate in the same nerve fibre, whatever
the masker frequency.
A second type of masking experiment which is particularly

interesting from a theoretical point of view involves the ‘pulsatidn



























































































































































































































































































































































































