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CHAPTER 1
PRELIMINARY NOTES

This chapter is intended for the non-specialist reader. It presents an
elementary framework of some common concepts and experimental approaches in

auditory research and indicates the orientation of the present study withia
that framework.

For the purpose of this preliminary introduction we may consider the
hearing mechanism as a particular type of input-output system. The input,
typically air-pressure fluctuations, can be specified in physical terms,
whereas the "cutput", the sound sensation, is to be described in perceptual
terms. The general aim of auditory research is to establish the rules gov-
erning the input-output relationships and to understand the processes under-
lying these rules.

The wide variety of experimental approaches in auditory research can be
divided into two main groups: (1) psychocacoustics, a typical "over-all" ap-
proach, based on the responses of subjects to well-defined sound stimuli,
and (2) physialogy, a typical analytical approach, in which the structure
and organization of specific parts of the hearing pathway as well as their
auditory functions are studied. Psychoacoustics is particularly suited to
establish the input-output relationships, but it gives no direct information
about the underlying processes. For instance, listening experiments may teacr
us that a frequency increment of 1% for a pure tone is just audible by a
subje;t; however, there are many possible mechanisms which might explain
this input-output rule. On the other hand, physiology provides us with de-
tailed information about features and processes at various stages of the au-
ditory pathway, but the question remains whether a specific physiological



feature is relevant for perception. For instance, it has been found that a
frequency increment of & pure-tone stimulus may result in at least two physi-
ological changes: (1) a change in the temporal pattern of neural discharges
and (2) a change in the distribution of the number of discharges over differ-
ent neural elements. It is an open guestion which change is relevant for the
change of the pitch of the tone.

A functional description of the hearing mechanism, in the form of a mod-
el, should both reflect the rules found in psychoacoustics and be in line
with physiological data. I will present here only some basic properties of
such a model, based on current knowledge of both psychoacoustics and physi-
ology. The only purpose is to present a framework for indicating some main
topics of to-day's auditory research as well as the subject of the present
study.

A convenient step for arriving at a model is to distinguish two parts
in the auditory pathway, a mechanical part and a neural part. The first part
"simply" transmits the mechanical vibration, without a substantial modifi-
cation of the original vibration. Within the cochlea the two parts meet. The
"input" to the cochlea is the vibration of the stapes and its "output" is
the activity in the ensemble of singie nerve fibres leaving the cochlea. The
stapes vibrations are transformed into a "pattern" of activity in the ensem-
ble of primary fibres. (At a later stage, I will be more specific about the
vague notion "pattern".) This pattern of neural activity is transmitted to
higher centres, leading to the ultimate sound sensation. These latter pro-
cesses might be described in terms of pattern transformation and pattern
recognition.

The properties and limitations of the transformations in the cochlea, up
to the level of the primary fibres, are considered to be of fundamental im-
portance for the rules found in psychoacoustics, especially those in the
frequency domain. Te gain insight in these transformations is a most impor-
tant goal of physiological research in audition. For the present moment I
mention only two basic findings concerning the transformation from stapes
vibration into a pattern of (peripheral) neural activity. The first one is a
property in the freguency domain. For a pure tone as stimulus, the activity
in a particular neural unit (number of neural discharges or spikes per time
interval) is largest for a specific frequency of the tone (the so-called cha-
racteristic frequency or best frequency of the unit), When the frequency of
the tone is shifted away from the unit's best frequency, the activity will
drop considerably. This drop can be counterbalanced by an increase of the
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Tevel of the tone. This frequency selectivity of a unit's response is thought
to be closely related to the filtering properties of the mechanical struc-
tures in the cochlea. The second important feature to be menticned concerns
the time demain. Analysis of the relation between the temporal pattern of a
unit's activity and the time function of the stimulus reveals a high degree
of temporal resolution. One aspect of this is that, when the input is a tone
of not too high a frequency {up to 2 - 3 kHz), its periodicity is reflected
in the temporal pattern of the neural discharges. Another aspect of this
temporal resolution can be seen in a unit's response to a stimulus with fast
intensity fluctuations.

T can now be more specific about the notion of an acoustic stimulus be-
ing transformed into "a pattern of neural activity" in the ensemble of pri-
mary fibres. Acoustic stimuli, such as speech or music, bring about a specif-
ic distribution of neural activity along two "dimensions", time and fibre-
ensemble: (1) the time pattern of the spikes in a fibre (or in a restricted
group of fibres) is related to the zime function of the stimulus (within a
restricted frequency region) and (2) the distribution pattern of the number
of spikes within a (short) time interval in the fibre-ensemble is related to
the (short-term) sound epectrum of the stimulus. This latter pattern, which
may be named the "neural projection", or the "auditory projection", of a
stimulus' sound spectrum, is of primary interest to the present study.

Within the framework presented here. this study is orientated as follows.
From electrophysiological studies in animals some basic properties of the
auditory projection of a stimulus' sound spectrum are well known. One in-
triguing aspect is the effect known as lateral imhibition. At this place, it
may suffice to say that, possibly, lateral inhibition increases the “con-
trast" in the auditory projection of 'a stimulus' sound spectrum. Can such
effects of contrast enhancement be revealed by listening experiments? This
question 1ies at the roots of the present study.



CHAPTER 2
INTRODUCTION

Summazry

When a steady-state stimulus i1s presented to the ear, the shape of its
sound spectrum is reflected, to some degree, in the vibration pattern along
the basilar membrane and in the distribution pattern of neural activity in
the ensemble of primary auditory neurons. This cuditory projection of a
stimulus' sound spectrum is considered to form the basis for at least sever-
al perceptual attributes of the stimulus, such as timbre, loudness and, per-
haps, pitch. How well does this projection reflect the original shape of the
sound spectrum? In other words, what is the degree of "sharpness" of the
projection and, above all, is there any evidence for "contrast enhancement",
suggesting the operation of a2 lateral=-inhibition mechanism? These are the
basic questions of this study. An example of the effect of lateral inhibi-
tion in vision is given. It is indicated why I use the term lateral suppres-
stor rather than inhibition. It appears that, in contrast to some electro-
physiological studies, traditional psychophysiczl data give essentially no
indication for the existence of lateral suppression in audition. If it might
appear that other than such traditional psychophysical methods do reveal ef-
fects of lateral suppression, how to decide which method, if any, gives the
"correct" picture of the auditory projection of a sound spectrum?

The significance of frequency selectivity in hearing is beyond doubt. In
this respect, the frequency-selective properties of the mechanical structure
of the inner ear are considered most important. Each part of the basilar
membrane, between the oval window and the helicotrema, is set into vibration
most easily (thus, responds most heavily to) a stimulus with a specific fre-
guency; this "resonance frequency" becomes progressively lower when moving
upwards from oval window to helicotrema. Hence, in response to a sound stim-
ulus. the maximum deflection at different positions along the basilar mem-
brane shows a pattern which is related to the stimulus' sound spectrum; this
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vibration pattern reflects,to some degree, the sound spectrum of the stimu-
Tus. Although there are still many unknown details in the processes leading
from basilar-membrane vibrations to neural activity, initiated in the hair
cells located along the basilar membrane and transmitted by the ensemble of
single fibres leaving the cochlea, the result is such that the identity of a
vibration pattern is preserved as a specific distribution pattern of neural
activity in the ensemble of primary auditory neurons. Hence, the distri-
bution pattern of neural activity evcked by a stimulus reflects, to some de-
gree, the stimulus' sound spectrum.

0f course, as mentioned already in chapter 1, it should be realized that
the distribution pattern of neural activity is not the oniy possible source
of "information" about the actual stimulus, available at that peripheral
stage in the auditory pathway. The temporal structure of the neural dis-
charges in each individual fibre also carries information, namely about the
temporal fine structure of the vibration of that part of the basilar mem-
brane where the neural discharges are initiated. A very basic question in
hearing theory is what source of "information" (distribution pattern or tem-
poral structure of the neural activity) is relevant for the different per-
ceptual attributes of a sound. Most commanly, loudness and 4imbre of steady-
state sounds are thought to be derived from the distribution pattern, where-
as the temporal characteristics of the neural discharges are considered
highly relevant for the perception of the direction of a sound source. With
respect to piteh perception, theories have not yet converged into a common
opinion about which of the two "information carriers", distribution pattern
or temporal structure, is the relevant one.

The above considerations are meant to illustrate that, at a very early
stage in the auditory channel, the stimulus is transformed into a spatial
pattern of vibration and, subsequently, into a distribution pattern of neu-
ral activity. At least several perceptual attributes of steady-state sounds
are derived from specific features of the shape of this auditory projection
of the sound spectrum. How well then dces this shape reflect the contours,
peaks and valleys of the original sound spectrum? In other words, how "sharp"
is the projection, what is “lost" and what is still "resolved” in the first
stages of auditory processing? It is clear that the degree of frequency reso-
Tution is 1imited simply because an "infinite" frequency resolution would
imply an "infinite" time of analysis. Realizing that, in addition to reso-
lution in the frequency domain, another important feature of hearing is reso-
lution in the time domain (and that the inner ear as a frequency-selective



mechanism cannot be "by-passed") it is clear that neither of these can be
perfect. A given degree of resolution in the one domain sets a limit to the
degree of resolution in the other domain. For the moment, I go no further
than this simple qualitative notion: the auditory projection of a sound
spectrum is submitted to smoothing, contrast-diminishing effects caused by
the Timited degree of frequency resolution of the mechanical structure of
the inner ear.

The considerations given so far may be considered as very common and
generally accepted notions on hearing. I now come to the question underlying
the present study. Of course, some unsharpness is essential to any projec-
tion of a pattern, not restricted exclusively to the auditory projection of
a sound spectrum. For several other sense modalities (vision, skin sensation)
it is known that, besides the essential unsharpness, another important pro-
cess, named lateral inhtbition, is involved in the peripheral processing of
a stimulus pattern (for instance, in the case of a Tight distribution pat-
tern presented to the eye or a pattern of vibration along the skin). For a
survey of such effects in vision I may refer to Ratliff (1965), and with re-
spect to skin sensation to von Békésy (1958, 1960). The general feature of
this process of lateral inhibition is that "strong" parts in a pattern have
an inhibitory. suppressing effect on adjacent "weaker" parts. Hence, if the
projection of a pattern is subjected to Tateral inhibition, weak parts be=-
come still weaker relative to adjacent strong parts. Generally speaking, the
effect of lateral inhibition is conirast-enhancement. An intriguing question
is: does this phenomenon also play a role in hearing? In other words, is it
passible that the contrast in the auditory projection of a sound spectrum is
enhanced by a process 1ike lateral inhibition? Such an effect of contrast
ennancement would be of interest especially in the light of the contrast-di-
minishing effects introduced by the Timited degree of frequency resolution
of the mechanical structure of the inner ear.

As an illustration of the effect of lateral inhibition, let us conmsider
a well-known demonstration of it in vision: the Mach bands. This phenomenon
can be observed at the transition between two fields of different luminance.
(For example, such a configuration can be seen in Fig. 3.1, page 17). Paral-
lel to the boundary there appear two "bands": a dark one at the darker side
of the boundary and a bright one at the brighter side. This is a typical ef-
fect of contrast enhancement: whereas the luminance is distributed according
to a simple step function, the subjective brightness clearly shows "over-
shoot" and "undershoot". Apparently, the local brightness in a pattern is

6

not determined solely by the Tocal luminance. The common concept is that the
local brightness is subjected to negative influences from the near surround,
or, in other words, subjected to Tateral inhibition. The more the luminance

in the surround. the stronger this negative influence of lateral inhibition.

The auditory parallel of the visual Mach band would occur if we consider
a stimulus with a scund spectrum according to a step function, e.g. white
noise passed through a sharp high-pass or low-pass filter. If the auditory
projection of this sound spectrum is submitted to Tateral inhibition, we
would expect some enhancement near the adge of the noise spectrum. We will
return to this in the next chapter.

In vision, it is generally accepted that the origin of the contrast-en-
hancement is a newral inhibitory process. However, in audition it cannot be
excluded a priori that similar effects of contrast enhancement might have
their origin in properties of the mechanical structure of the inner ear.
Therefore, rather than using the "loaded" term lateral inhibition, I prefer
to use the more neutral term lateral suppression to dencte any process, of
which the origin may be either neural or mechanical, leading to contrast en-
hancement in the auditory projection of a sound spectrum. The primary goal
of the present study is to trace possible affects of lateral suppression in
hearing (thus, generally, contrast enhancement) rather than to investigate
or speculate on the nature of the underlying processes.

The idea that lateral suppression might play a role in audition is not
new. [t was promoted, for instance, by von Békésy, who pointed to the close
similarity between hearing and skin sensation (von Békésy, 1958, 1960). How-
ever, psychophysically its operation has not been demonstrated convincingly.
Some indications might be deduced from the phenomenon, reported by several
authors, that listeners can easily metch the frequency of a simple tone to
the cut-off frequency of a band of noise (von Békésy, 1963; Small and Dani-
Toff, 19675 Rakowski, 1968). This would indicate that some enhancement at the
edge of the noise spectrum might indeed occur; however, this is far from con-
clusive (see also Rainbolt, 1368).

Is it possible to investigate the auditory projection of a sound spectrum
more directly by psychophysical means? A traditional type of experiment is
to superimpose on the sound to be investigated a tesz fone of variable fre-
quency and to determine the masked threshold of the test tone as a function
of its frequency. This masking pattern is often considered to be closely re-
lated to the auditory projection of the masker's sound spectrum. This method,
besides others, will be used in this study and I will return to it in more



detail. The point of interest here is that, generally, such traditional
masking patterns do not reveal effects which are typical of the operation of
a lateral-suppression mechanism (thus, any effect of contrast enhancement).
This Teads to three possible conclusions: (1) lateral suppression plays no
role in audition, (2) lateral suppression plays arcle, but the "unsharpness"
caused by the Timited degree of frequency resolution is already so severe
that the over-all result does not show the typical contrast-enhancing ef-
fects, or (3) the traditional masking pattern gives no adequate picture of
the auditory projection of the masker's sound spectrum. As will be seen,
this Tatter possibility plays an important role in the present study.

Whereas there appears to be essentially no psychophysical evidence for
the operation of lateral suppression in hearing, the results of some elec-
trophysiological studies on the response of primary auditory neurons in a
number of different mammals do show typical effects of lateral suppression.
For example, it has been found that the response {average number of spikes
in a time interval) to a pure tone at a neuron's best frequency may decrease
when adding a second, strong, tone of appropriate frequency and level. (We
will return to this in chapter 5.) This well-documented phenomenon, named
two-tone inhibition, is a typical effect of a lateral-suppression mechanism:
the strong tone in the spectrum suppresses the response to an adjacent weak
tone. Thus, it would appear that at this peripheral neural level the audito-
ry projection of such a sound spectrum is, indeed, subjected to the oper-
ation of a Tateral-suppression mechanism.

Summarizing the present situation, we arrive at the following picture.
In vision, and also in skin sensation, the operation of a lateral-suppres-
sion mechanism in the peripheral processing of a stimulation pattern is well
accepted. The typical result of such a mechanism is contrast emhancement.
With respect to hearing, the only positive indication concerning the oper-
ation of lateral suppression in the auditory projection of a sound spectrum
is given by electrophysiclogical studies on neural responses to various
sound stimuli. Results of traditional psychophysical measurements, e.g. the
masktng pattern produced by a sound, do not show effects of contrast en-
hancement,

The primary goal of the present study is to investigate the possible
role of lateral suppression in hearing by psychophysical experiments. The
principle, as in traditional masking experiments, of using a test tone of
variable frequency, in an attempt to "scan" the auditory projection of a

8

sound spectrum, seems attractive. However, in addition to the traditional
approach of measuring the masked threshold of a test tone superimposed on
the sound to be investigated, I will use other methods as well. In the next
chapter, the different methods are introduced and, as an example, applied to
a stimulus which consists of white noice passed through a sharp low-pass
filter in an attempt to obtain the auditory parallel of the visual Mach-
band phenomenon.

The use of a number of different methods may raise a problem. Apparent-
ly, traditional masking patterns reveal no effects of Tateral suppression.
If it is found that the results of other methods do so, how to decide which
method gives the most adequate picture? Apart from possible theoretical con-
siderations, a most obvious approach is to apply the different methods to
the type of stimuli which is commonly used in electrophysiological studies
on single-nerve responses (e.g., one or two pure tones). Generally speaking,
that method which provides results in line with the single-nerve data can be
considered to give the most adequate picture of the auditory projection of
the sound spectrum. This notion underlies the experiments on one or two pure
tones described in chapters 4 and 5. The subsequent chapters are directed to
the auditory projection of stimuli with a more complex sound spectrum. Also
in those cases, the incidentally available electrophysiological data are

helpful in interpreting the results obtained with the different experimental
methods.



CHAPTER 3
THE MEASURING TECHNIQUES, AND AN EXAMPLE OF AN "AUDITORY MACH BAND"

Swmmary

Three measuring technigues of the "masker=—and~test=tone' type are de-
scribed: direct masking, forward masking and pulsation threshold., The lat-
ter is a relatively new technique. As an example, these methods are applied
to a masker consisting of sharply low-pass filtered noise. The main purpecse
is to show that the results of the three techniques are essentially differ-
gnt! a typlcal Mach-band phenomenon is revealed only by the latter two meth-
ods and not by the traditional direct-masking technique. In view of these
differences, we shall apply the three measuring techniques to the type of
maskers for which the neural response has been studied extensively.

Almost all experiments described in this study are of the "masker-and-
test-tone" type. The underlying concept is that such experiments might give
information concerning the auditory projection of the masker's sound spec-
trum. Within the group of masker-and-test-tone experiments, however, there
are many possible experimental paradigms. Before describing the paradigms
which are used in this study, I will first give some basic information, com-
mon to all experiments.

3.1. GENERAL TECHWICAL INFORMATION

A1l experiments were performed monaurally by means of a Beyer DT-48 tel-
ephone. Two types of stimuli were used most commonly: pure tones and noise.
The level L of a pure tone is expressed in decibel (dB) relative to the Tev-
el of a 200-msec 1000-Hz tone at hearing threshold: L in dB re 1000-Hz abso-
lute threshold. (This absolute threshold is determined with the 2-AFC up-
down procedure described below.) In some cases, a pure-tone level is ex-
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pressed in dB relative to the Tevel of a 200-msec tone of that same frequen-
cy at hearing threshold; then, it is indicated as dB SL (Sensation Level).
The noise is characterized by its spectral level NO: the intensity in 1-Hz
intervals in dB relative to the intensity of a 200-msec 1000-Hz tone at
hearing threshold (N; in dB/Hz re 1000-Hz absolute threshold).

Most figures include a schematic representation of the masker's sound
spectrum (see, for example, the upper diagram in Fig. 3.1). In these dia-
grams, the test tone is always indicated by an interrupted line. The double-
pointed arrow will always indicate the independent variable, set by the ex-
perimenter (thus, in Fig. 3.1, the test-tone frequency), whereas the single-
pointed arrow indicates the dependent variable of which the threshold value
is to be measured (in Fig. 3.1, the test-tone level). Several experimental
methods can be applied to measure a threshald value, depending on the time
pattern of presentation of masker and test tene and on the procedure used in
manipulating the dependent variable.

3.2. THREE TIME PATTERNS OF STIMULUS PRESENTATION

a. Direct masking

The essential feature of direct masking (or simultanecus masking) is
that the test tone is superimpesed on the masker. A most simple configura-
tion is given in Fig. 3.1, in which test-tone bursts are superimposed on a
cantinuous masker. In direct masking, the threshold value to be measured al-
ways refers to the detectability of the test tone. Generally, over some
range of the dependent variable. the detectability of the test tone changes
from "perfect” to "impossible" and this simple psychophysical relation forms
the basis for the different procedures to arrive at a threshold value.

b. Forwaerd masking

In this case, a short test-tone burst is presented shortly after the
termination of the masker, as in the second condition in Fig. 3.1. Again, as
in direct masking, the threshold value to be measured refers to the detecia~
bility of the test-tone burst.

¢. Pulsation threshold

In this method, masker bursts and test-tone bursts, both of 125 msec du-
ration, are presented alternately, as indicated in the Tower panel in Fig.
3.1. In this case, the threshold value to be measured does not refer to the
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effect of the masker on the detectabiility of the test tone. It refers to the
effect of the masker burst on the temporal character of the series of test-
tone burst as perceived by the listener, namely either as a pulsating tone
or as a continuous tone. This effect of continuity, which is a general phe-
nomenon when alternating fainter and louder sounds, has been described in
the literature. We will return to this in section 10.3.1. It has not been
applied systematically in masker-and-test-tone type of experiments. Its ap-
plicability may be illustrated by an example taken from Fig. 3.1. If, for
example, the test-tone frequency is 1000 Hz, the series of test-tone bursts,
alternated with the white-noise bursts, is perceived as a pulsating tone for
high test-tone levels (above 40 dB) and as a continuous tone for & range of
Tower test-tone levels (roughly between 10 and 40 dB). Thus, depending on
the value of the test-tone level {the dependent variable) the series of test-
tone bursts is perceived either as pulsating or as continuous and this sim-
ple psychophysical relation forms the basis for arriving at a threshold val-
ue of the dependent variable: the pulsation threshold.

It is clear that the pulsation-threshold method is somewhat different
from a "normal" masking experiment in which a threshold value always refers
to the effectiveness of the masker in making the test tone wndetactabie, The
pulsation threshold refers to the effectiveness of the masker in making the
series of test-tone bursts sound as a eentimwous tone. Still, also in this
case, I simply use the term "masker", although this goes beyond the usual
definition of masking. Strictly speaking, "masking" refers to the audibility
of the masked signal as a whole; pulsation threshold refers to the masking
of only one specific feature of the series of test-tone bursts, namely its
pulsating character.

Most data graphs are accompanied by a schematic presentation of the tem-
poral envelope of masker and test tone. In these diagrams, the masker is al-
ways indicated by hatching, and the test tone by an interrupted line. It
will be seen that the temporal envelopes have smooth rise and fall curves.
ATl gating was performed with "slow gates" such that the temporal envelope
of the gated signal changed gradually from zerc to maximum, or from maximum
to zero, according to half of & sinewave function. The time interval from
zera to maximum (or from maximum to zero) could be set between 1 and 200
msec and is indicated in the diagrams.
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3.3, THREE MEASURING PROCEDURES

s Adjustment

In this case, the subject himself can control the dependent variable by
turning a knob. The subject can manipulate it freely while the measuring
condition is repeated on and on. In the case of a detection threshold (di-
rect masking, forward masking), his instruction reads: adjust the knob to
that position at which the test-tone bursts are just not perceived; in the
case of a pulsation threshold: adjust the knob to that position at which
the pulsating character of the series of test-tone bursts is just not per-
ceived. The setting of the dependent variable thus obtained is considered
the threshold value.

Though the directness of this procedure may be considered as an advan-
tage, there are some serious objections against its "objectiveness". The ba-
sic problem is that the underlying psychophysical relation is always a more
or less gradual function: in varying the dependent variable, the perceptual
change may go from detectable via "less" detectable to undetectable, or from
pulsating via "hardly" pulsating to continuous. In & simple adjustment pro-
cedure, both the subject's strategy in changing the dependent variable (for
example, he can use large or small varfations, he can approach the threshold
from "above" or from "below") and his own interpretation of the criterion
"just not perceived" remains obscure. However, in so far a subject uses a
constant strategy and a constant criterion, the differences between the
threshold values for different conditions are still meaningful.

b. Béhkésy up-down

In this procedure, as in the previous one, the measuring condition is
repeated on and on. The dependent variable is changed automatically and the
subject can only control the dirsction of that change by pushing or releas-
ing a button. In this study, this procedure is only used for a level as the
dependent variable. For example, if the test-tone level is the dependent
variable, the subject's instruction in the case of a detection threshold
reads: release the button (the level decreases) when you cleariy hear the
test-tone bursts and push it (level goes up) when you do no longer hear them.
In the case of pulsation threshold his instruction reads: release the button
when you perceive the series of test-tone bursts as clearly pulsating and
push it when you perceive it as clearly continuous. The initial level, used
as the starting position, was always adjusted by the subject as a first ap-
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proximation of the threshold. The average value of the dependent variable
during a fixed period of this "up-down tracking" was considered as the final
threshold value, unless it deviated more than 6 dB from the first approxi-
mation. If this was the case, the procedure was repeated with the rejected
threshold value as the new starting position.

In this case, the method in changing the dependent variable is, to a
large extent, forced upon the subject. Stil11, the procedure is far from "ob-
jective" since the subject uses his own interpretation of criteria such as
"clearly detectable" or "clearly pulsating". But, again, insofar as the in-
fluences of these unknown factors are constant from condition to condition,
the differences between threshold values thus obtained are still reliable.

a. Two—alternative forced-choice (2-AFC wp-down)

This is considered an efficient and reliable method in psychoacoustics
(Levitt, 1971}). It can only be applied properly to a detection threshold,
thus, in case of direct masking or forward masking. In this study, it is ex-
clusively used for a level as the dependent variable. The stimuli are pre-
sented in a sequence of so-called "trials", typically one trial every 3 to 4
sec. Each trial consists of two observation periods which, if necessary, can
be marked by warning lights. Whereas the condition of the masker is identi-
cal for both observation periods, the test-tone burst is presented only in
one of the two periods, chosen at random. The subject has two push buttons
at his disposal. After the two observation periods, he has to indicate, by
pushing one of the two buttons, during which of the two periods a test tone
had been presented. The subject is immediately informed about the correct-
ness of his decision. Between the trials. the dependent variable is changed
according to the following rule: after an incorrect response the level is
changed 2 dB in that direction for which detectability improves (thus, the
test-tone level is increased or the masker level is decreased), whereas af-
ter two successive correct responses the level is changed 2 dB in the oppo-
site direction. The initial level, used as the starting position, is ad-
Justed by the subject as a first approximation of the threshold. The average
value of the Tevel during a fixed number of trials (typically, runs of 50 or
100) is considered as the threshold level, unless it deviates more than 6 dB
from the starting position. If this is the case, the procedure is repeated
with the rejected threshold level as the new starting position.

This procedure excludes to a large extent the unwanted and unknown ef-
fects of a subject's own strategy and criterion. The psychophysical relation
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between the detectability of the test tone and the level of the dependent
variable is often expressed here as a psychometric function: the probability
of a correct response as a function of the Tevel of the dependent variable.
This function goes from 50% (test tone not detectable) to 100% (test tone
perfectly detectable). It can be shown that the threshold value arrived at
with the present procedure is that level for which the probability of a cor-
rect response is about 71%. Thus, insofar as possible influences of a sub-
Ject's concentration or fatigue on the underlying psychometric function can
be neglected, the threshold values themselves as well as their differences
are meaningful.

Summarizing, the following information is essential to all data graphs
of masker-and-test-tone experiments:

a specification of the spectral composition of masker and test tone which,
in most cases, is illustrated by a schematic diagram which also indicates
the dependent and independent variables.

a specification of the temporal compositicn of masker and test tone (di-
rect masking, forward masking or pulsation threshold), which is also il-

lustrated by a schematic diagram in most figures.
= a specification of the procedure used to cbtain the threshold value (ad-
Justment, Békésy up-down or 2-AFC up-down).

J.4. APPLICATION TO LOW-PASS FILTERED NOISE

The aim of this experiment was to investigate possible effects near the
edge of a sharply low-pass filtered noise, which would suggest the influence
of lateral suppression. As a well-known visual illustration of such an ef-
fect, Fig. 3.1 (top left) presents a spatial 1ight-dark distribution accord-
ing to a simple step function, which shows the Mach-band phenomenon (a
"dark" and a "bright" band parallel to the boundary), as discussed in the in-
troduction.

3.4.1. Measurements

Two types of maskers were used, as indicated in the upper panel in Fig.
3.1: (a) white noise with a spectral level N of 36 dB/Hz and (b) that same
noise led through a sharp low-pass filter with a cut-off freguency of 1100
Hz (-3 dB at 1100 Hz and -20 dB at 1150 Hz). Additional to these two masker
conditions, a third condition was included in which no noise was presented
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(unmasked threshold). As indicated, the test-tone frequency was the indepen-

dent variable (settings from 700 to 1400 Hz) and the test-tone level was the
dependent variable., Three measuring techniques were used.

a. Dirvget masking, 2-AFC up~down

The masker was presented continuously. Two observation periods, separated
by an interval of 1 sec and marked by warning lights, were repeated every
3.5 sec. At one of the two periocds (randomly) a 200-msec test-tone burst was
presented with 17-msec rise and fall times. The 2-AFC up-down procedure with
runs of 50 trials was used to measure the threshold value. Each data point
is the average of two such threshold measurements by one subject.

b. Poruard masking, 5-AFC up-doun

Two observation periods, separated by an interval of lsec, were repeated
every 3.5 sec. In both periods, a 500-msec masker burst was presented, with
le-msec rise and fall times. After one of the two masker bursts (randomly) a
34-msec test-tone burst was presented with 17-msec rise and fall times. The
2-AFC up-down procedure with runs of 80 trials was used to measure the

threshold value. Each data point is the average of two such threshold meas-
urements by one subject.

o. Pulsation threshold, adjustment

125-msec masker bursts and 125-msec test-tone bursts were presented in
continuous alternation. A1l rise and fall times were 20 msec. The subject's
concentration on the test tone was facilitated by leaving out each fourth
test-tone burst. Then, the condition "continuity" corresponds to the percep-
tion of "long" test-tone bursts in a one-sec cycle (the three successive
test-tone bursts are perceived as one continuous tone), whereas the condi-

Fig. 3.1 (opposite page). "Sharpening" at the edge of a noise spectrum. As a
visual example, the figure in the top-left panel presents a light-dark pat-
tern in which a bright and a dark Mach band can be observed; whereas the lu-
minance is distributed as indicated by the continuous curve, the brightness
(interrupted curve) clearly shows edge effects, typical of lateral suppres-
sion, The masking experiments aim at an auditory parallel of the bright Mach
band. The spectral composition of the masker and the test tome is indicated
in the upper diagram, and the temporal composition according to the three
different masking paradigms in separate diagresms at the left side of each
data graph. (The test tone is always indicated by an interrupted line.) An
edge effect (shaded areas in the data graphs) is only shown by the second
and third methods. (Data of one subject.)
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tion "pulsating" corresponds to the perception of series of three "short"
test-tone bursts. The subject could control the test-tone level by turning a
knob and adjusted it to pulsation threshold. Each data point is the average
of two such adjustments by one subject.

3.4.2. Discussion

The interesting point of the data in Fig. 3.1 concerns the difference
for the two conditions white noise (a) and low-pass noise (b). It will be
seen that, both in forward masking and with the pulsation-threshold method,
the threshold values near the edge of the Tow-pass noise exceed those for
the white noise. This edge effect, which is typical of the operation of lat-
eral suppression and may be compared with the bright Mach band in the visual
example, is not present in direct masking. This result deviates from the re-
sults of similar experiments reported by Carterette e¢ al. (1969) who ap-
plied a direct-masking technique and did find edge effects, which were in-
terpreted in terms of auditory Mach bands. However, this interpretation was
subject to severe criticism (see Carterette et al., 1970). A replication of
these direct-masking experiments showed essentially no edge effect (Rainbolt
et al., 1972), which agrees well with our present result. For more extensive
data on the subject of "Mach bands in hearing", I refer to Houtgast (1972).

The main purpose of this example is to show that different measuring
techniquas of the masker-and-test-tone type may give essentially different
results. How to investigate then which method, if any, gives a correct pic-
ture of the auditory projection of the masker's sound spectrum? This ques-
tion led us to apply the different measuring techniques to the type of mask-
ers for which the activity evoked in primary auditory neurons has been stu-
died extensively.
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CHAPTER 4
PURE-TONE MASKERS AND NEURAL "TUNING CURVES"

Summary

The different masking paradigms (direct masking, forward masking, and
pulsation thresheld) are applied to a pure-tone masker. This enables a com-
parison between the frequency selectivity revealed by the different masking
techniques and the well-documented frequency selectivity in the neural res-
ponse to a pure tome. In this respect, the pulsation—thresheld data agree
well with "tuning curves" of primary auditory neuroms. )

In this chapter, the different masking techniques are applied to the sim-
ple case of a pure-tone masker. The aim of these experiments was to investi-
gate a possible correspondence between psychophysical masking data and elec-
trophysiclogical single-nerve data, with respect to frequency selectivity in
the case of a pure-tone stimulus.

4.1. FOUR MEASURING TECHNIQUES

This experiment is illustrated in Fig. 4.1. The test-tone was Tixed at
1000 Hz and 23 dB. The masker was @ pure tone with frequency fn and Tevel L,.
As indicated, f, was the independent variable (settings from 400 to 1350 Hz)
and L, was the dependent variable. For the condition fy = 1000 Hz the test
tone and the masker were presented in phase. Four measuring techniques were
used.

a» Direct masking, 2-AFC up-down (long test tone)
The masker was presented continuously. Two cbservation periocds, separated
by an interval of 1 sec and marked by warning lights, were repeated every 3.5
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sec. At one of the two periods (randomiy) a 250 msec test-tone burst was
presented with 100-msec rise and fall times. The 2-AFC up-down procedure
with runs of 50 trials was used to measure the threshold value. For each
setting of fg, three such measurements were performed with one subject and
each individual value is plotted in the data graph.

b. Divect masking, 2-AFC up—down (short test tone)

Two observation periods, separated by an interval of 1 sec, were repeated
every 3.5 sec. In both periods a 500-msec masker burst was presented with 16-
msec rise and fall times. At the tail of one of the two masker bursts (ran-
domly) a 34-msec test-tone burst was presented with 17-msec rise and fall
times, such that the end of the test-tone burst coincided with the end of
the masker burst. The 2-AFC up-down procedure with runs of 50 trials was
used to measure the threshold value. The results of three such measurements
for one subject at each setting of f2 are plotted as individual data points,

¢, Forward mosking, E-AFC up—down

This measurement was identical to the previous one, except that the test-
tone burst was "shifted" over an interval of 34 msec, such that its start.
rather than its end, coincided with the end of one of the two masker bursts.

d. Pulsation lhreshold, adjustment

The pulsation-threshold method was applied with the continuous alterna-
tion of 125-msec masker bursts and 125-msec test-tone bursts with, again,
each fourth test-tone burst missing. The subject adjusted L2 to pulsation
threshold (the lowest value of Ly for which the pulsating character of the
series of test-tone bursts was just not perceived). The results of three
such adjustments for one subject at each setting of f2 are plotted as indi-
vidual data points.

Each of the four curves in Fig. 4.1 can be considered as representing an
ensemble of pure-tone stimuli with a common feature, namely just masking a
particular test tone in a particular experimental paradigm. It will be seen
that the frequency selectivity revealed by these curves depends on the ex-
perimental paradigm. Typically, the two curves obtained in direct masking
are broader than the two other curves. However, the difference is not so
dramatic as to justify extensive experiments, invelving more subjects and

more conditions for the fixed test tone. with the explicit purpose to dif-
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ferentiate between the various experimental techniques by comparing the re-
sults with electrophysiological datz obtained on animals. Quantitative dif-
ferences of the same order of magnitude may very well exist between the au-
ditory systems of various specimens, which would make any conclusion based
on a detailed quantitative comparison rather dubious. The similarity between
equal-masking curves, obtained in direct masking, and tuning curves of pri-
mary auditory neurons in cat (e.g., Small, 1959) plays an important role in
auditory theories. I shall, therefore, restrict the more extensive experi-
ments to the new pulsation-threshold technique to show that also the results
of that experimental paradigm agree reasonably well with neural data.

4.2. EXTENSIVE PULSATION-THRESHOLD MEASUREMENTS

This experiment is illustrated in Fig. 4.2. A series of measu;ements was
performed for six conditions for the fixed test tone, each indicated by the
position of the triangle in the data graph. As indicated, the leve] L, of
the tonal masker was the independent variable and its frequency f2 was the
dependent variable. The subject adjusted f2 to pulsation threshold (the Tow-
est value of Fz below the test-tone freguency and, respectively, the highest
value above the test-tone frequency for which the pulsating character of the
series of test-tone bursts was just not perceived). Seven subjects partici-
pated in the experiment, five of them on both ears individually. Of the
twelve adjustments thus obtained in each condition, the average and the + one
sigma interval are plotted.

4.3. DICUSSION

As a typical example of tuning curves measured on primary auditory neu-
rons in cat, Fig. 4.3 reproduces some well-known data of Kiang (1965). It
will be seen that the general features of the curves in Fig. 4.2 agree
reasonably well with those of the curves in Fig. 4.3. As mentioned before, a
similar agreement holds for the results of direct-masking experiments as
well. Therefore, the confrontation of Figs. 4.2 and 4.3 is merely meant to
indicate that the similarity between psychophysics and electrophysiology
does not exist only for the well-known direct-masking technique, but also
for other measuring techniques. Since, in this particular case of tone-on-
tone masking, the nature of the differences between the results for the var-
ous masking techniques is only quantitative (magnitude of the slopes or
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width of the curves), any differentiation between the "neural relevance" of
the several masking techniques would be based here on .the explicit assump- SR
tion of a quentitative agreement between the auditory processes in man and
cat. Instead of continuing along this line, it seems more appropriate to
base a possible differentiation on gualitative differences, as will be shown
in the next chapter.

The various masking techniques have a more practical aspect which de-
serves further attention. The use of a direct-masking paradigm, with the
test tone superimposed on the masker, is complicated by possible interac-
tions between masker and test tone, leading to the perception of beats,
roughness or combination products which may very well have been invelved in
the threshold values measured for some direct-masking conditions in Fig. 4.1
(e.g., Egan and Hake, 1950; Greenwood, 1971). Additionally, the condition
FE = 1000 Hz is a very specific one since the phase relatian between masker
and test tone has great influence on the measured threshold value. There-
fore, different portions of the curves obtained in direct masking may re-
flect different aspects of auditory signal processing, some of which are per-
haps not directly related to the auditory projection of the masker's sound
spectrum. These possible confounding implications of the direct-masking tech-
nique are excluded when the test tone and the masker are presented monsimul-
taneously, as in forward masking or with the pulsation-threshold method. Al-
though the possibility of masker-test-tone interactions in some specific con-
ditions cannot serve as a conclusive argument against the use, in general,
of the direct-masking technique for investigating the auditory projection of
a masker's sound spectrum, the fact that such confounding interactions can
simply be avoided by using other technigues (pulsation threshold, forward
masking) favours the latter types as more appropriate.

The conclusion of this chapter is that the frequency-selectivity meas-
ures in tone-on-tone masking, as revealed by the various experimental para-
digms, are not dramatically different. The frequency selectivity in both di-
rect-masking data (in the literature) and in the present pulsation-threshold
data agree reasonably well with the frequency selectivity disclosed by
tuning curves of single fibres in the cat's auditory nerve. Therefore, these
experiments do not differentiate between the degree of "neural relevance" of
the various experimental techniques. However, for a more practical reason,
namely to avoid possible confounding interactions between masker and test
tone (beats, combination products), methods which make use of a nonsimul tane=
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ous test tone (pulsation threshold, forward masking) may be considered pref-
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CHAPTER &

TWO-TONE MASKERS AND "TWO-TONE INHIBITION"

Summary

Several masking techniques are applied to a two-tone masker with a test
tone_cantred aF the weaker of these two tones. In contrast to the tradit?s -
a} direct-masking technique, the results obtained with forward mask; o
with the pulsation threshold agree well with the phenomenon of " = T

hibition" revealed by single-nerve studies. SRS

5.1. FIVE MEASURING TECHNIQUES

This experiment is illustrated in Fig. 5.1. The two masker components
are labeled as 1 and 2. The frequency of component 1 was always fixed at
1000 Hz, which was also the frequency of the test tone. (Masker component 1
and the test tone were presented in phase.) Two conditions of the masker were
c?nsidered, corresponding to the two upper diagrams of Fig: 5.1. First, a5 a
kind of reference condition, only component 1 was presented as the masker.
The level Ll of this 1000-Hz masker was the independent variable (settings
from 20 to 60 dB) and the level Ly of the 1000-Hz test tone was the dependent
variable. Second, the level of component 1 was fixed at 40 dB and the masker
component 2 was added at a level of 60 dB. Now, the frequency fo of component
2 was the independent variable (settings from 1000 to 2500 Hz) and, again,
was the dependent variable. (For the condition fs = 1000 Hz this component

was presented in phase with the 1000-Hz test tone.) Five measuring techniques
were used,

by
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a. Direct masking, Békésy wp-down (long test tone)

The masker was presented continuously. Test-tone bursts with a duration
of 300 msec and rise and fall times of 150 msec were repeated every 600 msec.
The level of the test-tone bursts was varied automatically, with a 2-dB step
after each test-tone burst. The direction of these 2-dB steps, up or down,
was controlled by the subject who was instructed to push a button (2-dB steps
up) when he did not hear the test-tone bursts, and to release the button (2-
dB steps down) when he heard them. The average level during 50 test-tone pre-
sentations was considered the threshold value. In each condition, four such
measurements were performed with two subjects and the average values are pre-
sented in Fig. 5.1, first row.

b. Direct masking, 5-AFC up-down (short test—tone)

Two observation periods, separated by an interval of 1 sec, were repeated
every 3 sec. In both periods, a 500-msec masker burst was presented witn 1b-
msec rise and fall times. At the tail of one of the two masker bursts (ran-
domly) a 34-msec test-tone burst was presented with 17-msec rise and fall
times, such that the end of the test-tone burst coincided with the end of the
masker burst. The 2-AFC up-down procedure with runs of 50 trials was used to
measure the threshold value, For sach condition, four such measurements were
performed with two subjects and the average values are presented in Fig. 5.1,
sacond row.

z. Forward masking, £-AFC up-down

These measurements were identical to the previous ones, except that the
test-tone burst was "shifted" over an interval of 34 msec, such that its
start, rather than its end, coincided with the end of one of the two masker
bursts (Fig. 5.1, third row).

d. Gap masking, Békésy up-down

This technique was used exclusively in this experiment. The masker was
gated periodically, 150 msec on and 50 msec off, with 16-msec rise and fall
times. During the silent masker gaps, 34-msec test-tone bursts, with 17-msec
rise and fall times, were presented according to the following pattern: four
gaps with test-tone bursts, two gaps without, four gaps with, etc. Each se-
ries of four successive test-tone bursts, when presented at a level just a-
bove detection threshold, is perceived as cme continuous tone burst. (This
js the same phenomenon as the effect of continuity which plays an essential
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Fig. 5.2. Example of tone-on-tone inhibition in auditory nerve fibres in cat.
(Note the 'double" frequency scales.) The data in the right column indicate
that the addition of a second frequency component (SF), in particular with a
frequency just above the frequency of the fixed frequency component (CTCF),
may reduce the fibre's discharge rate below the baseline set by the CTCF com—
ponent alone. Our condition in Fig. 5.1, with the level of the second compo=
nent 20 dB above that of the first component, would correspond to a SF level
of =55 dBin this figure. (Sachs and Kiang, 1968, by permission of The Journal
of the Acoustical Society of America.)

Fig. 5.1.(opposite page). Masking experiments on tone-on-tone suppression.
Two masker conditions were investigated with a 1000-Hz test tone (upper dia-
grams): (1) a single—tone masker (1000 Hz, variable level Ly} and (2) a #wo-
tone masker (1000 Hz, 40 dB plus a second tone of variable frequency F, at 2
level of 60 dB). The shaded areas in the three lower data graphs indicate
that the addition of the second tone may reduce the masking effectiveness.
(Average of two subjects.)
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role in the pulsation-threshold technique.) Hence, the pattern of short test-
tone bursts (4 on, 2 off, etc.) is perceived as a series of single long test-
tone burst with a 1.2-sec repetition cycle. The usual BEk&sy up-down proce-
dure was applied to measure the detection threshold of these test-tone
bursts, similar as in case . above. The test-tone Tevel was changed 2 dB af-
ter each series of four successive test-tone bursts and the direction of that
change, up or down, was controlled by the subject. Again, each data point in
Fig. 6.1, fourth row, is the average of four threshold measurements with two
subjects.

e. Pulsation threshold, adjustment

The pulsation-threshold method was applied with the continuous alterna-
tion of l2b-msec masker bursts and 125-msec test-tone bursts of which, again,
each fourth test-tone burst was Teft out. The subject adjusted LT to pulsa-
tion threshold: the highest value of LT for which the pulsating character of
each series of three successive test-tone burst was just not perceived. (The
reference condition, with a single-tone masker of the same fregquency as the
test tone, is rather trivial in this case; since these measurements essen-
tially refer to the amplitude-modulation threshold, the adjustments are a-
bout 2 dB above the Tevel of the masker.) Again. the average of four adjust-
ments of two subjects are presented in Fig. 5.1, Tifth row.

The left column of data graphs in Fig. 5.1 indicates the "sensitivity" of
the various masking techniques in reflecting level changes of a tonal masker
centred at the test-tone frequency. The steeper the slope of the curve, the
more "sensitive" the method is in reflecting level changes of the masker. (Of
course, an additional aspect in relation to this "sensitivity" is the varia-
bility in the data points which is not considered here.) The pulsation-thresh-
old method has a relatively high degree of sensitivity and, additienally, it
has the attractive feature that the measured threshold value directly repre-
sents, within a few dB's, the actual level of the tonal masker.

The right column of data graphs in Fig. 5.1 indicates the effect of the
addition of a variable 60-dB tone to a fixed 1000-Hz 40-dB tone on the thresh-
old value of a 1000-Hz test tone. This effect can be estimated by a compari-
son of the curve in each graph with the horizontal dashed 1ine, which repre-
sents the condition when the 60-dB tone is absent. There appears an interest-
ing qualitative difference among the various masking techniques: whereas for
the last three methods the threshold values in case of the two-tone masker
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may drop considerably below the baseline set by the single-tone masker alone
(hatched areas), this effect does not occur for the two direct-masking tech-
nigues. Thus, only for the last three methods, the additior of an appropri-
ate strong tone to a first weak tone causes @ decrease of the threshold for
the test tone centred at the weak tone. Can this be related to electrophysi-
ological data on the neural coding of two simultaneous pure tones? Effects of
"two-tone inhibition" have been demonstrated by Nomoto et ai. (1964}, Sachs
and Kiang (1968), Liff and Goldstein (1970) and Arthur et al. (1971). For ex-
ample,Fig. 5.2 reproduces data obtained on primary fibres in the cat's audi-
tory nerve (from Sachs and Kiang, 1968). A fixed weak tone is centred at the
"best frequency" of a primary auditory neuron and set at a level which pro-
duces a baseline activity in the neuron well above spontanecus activity. When
a second tone is added. the response may drop considerably below the baseline,
set by the first tone alone, when the frequency of the second tone is just a-
bove or (only at higher levels) just below the frequency of the first tone.
If we accept a qualitative correspondence between auditory processing in man
and in cat, the comparison of Fig. 5.1 and Fig. 5.2 suggests that the results
of the last three masking techniques give an adequate picture of the way in
which the two-tone masker is coded neurally.

5.2. EXTENSIVE PULSATION-THRESHOLD MEASUREMENTS

The aim of these more extensive measurements, with more subjects and a
wider range of conditions, was to investigate further the correspondance be-
tween the results of the pulsation-threshold technique when applied to a two-
tone masker , and electrophysiclogical data on “two-tone inhibition".

The experiment is illustrated in Fig. 5.3. Again, the masker consisted of
two tones of which one was fixed at 40 dB and 1000 Hz. The second tone was
varied both in level (settings from 40 to 80 dB) and in frequency [from 200
Hz to 3100 Hz). The level of the 1000-Hz test tone was the dependent varia-
ble. The usual pulsation-threshold method was applied. Seven subjects parti-
cipated, five of them on both individual ears. The average values of the
twelve adjustments.are plotted in the data graphs at the left side in Fig.
5.3.

The graphs indicate, again, that the addition of the second masker com-
ponent to the first one may cause a considerable drop of the pulsation=-thresh-
old level below the value in case of the first masker component alone (hatched
areas below the baseline at 41 dB). The fz-vaiuas, at which the drop below the
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baseline Jjust amounts to 3 d8, are plotted, for each of the L,-values usad,
in one common graph at the right side in Fig. 5.3. Thus, the hatched areas in
this fz - L2 plane indicate for what second components the drop is 3 dB or
more. In other words: the pulsation threshold for a 1000-Hz test tone in case
of a first masker component at 1000 Hz and 40 dB (triangle) plus a second
masker component within the hatched area is more than 3 dB below the pulsa-
tion threshold in case of the first masker component alone.

In order to compare this psychophysical result with electrophysiological
data on "two-tone inhibition", Fig. 5.4 reproduces data of Arthur et ai.
(1971). The hatched areas indicate the "inhibitory areas": the response to a
first frequency component at the best frequency of the primary auditory neu-
ron (triangle) plus a second component within the hatched area is more than
20% Below the response to the first one alone. Accepting a qualitative sim-
ilarity between auditory processing in man and in cat, the correspondence

Fig. 5.3.(opposite page}. Pulsation-threshold measurements on tone-on—tone
suppression. The masker consists of a fixed tone at 1000 Hz and 40 dB plus a
second tone with variable frequency £, and level Lp. The pulsation threshold
Ly for a 1000-Hz test tone is measured as a function of £, (abscissa) and Lj
(parameter). The hatched areas in the figure at the right side indicate the
region of f, = L, values for which the addition of the seccond tone causes a
reduction D% the pulsation threshold by more than 3 dB. (Average of seven
subjects).
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between Fig. 5.3 and Fig. 5.4 strongly suggests that the pulsation-threshold
method correctly reflects the neural response to a two-tone masker in the
frequency region of the weaker tone.

The conclusion of this chapter is that various masking techniques, when
applied to a two-tone masker, reveal a gualitative difference. Only those
methods which use & nomsimultaneous test tone show an effect which corre-
sponds to the well-established phenomenon of "two-tone inhibition" in audito-
ry neurons. Extensive experiments with the pulsation-threshold paradigm re-
vealed that this correspondence holds for a wide range of conditions of a
"strong" component added to a fixed "weak" component. These results suggest
that nonsimultaneous masking techniques, as the pulsation-threshold method,
disclose an adequate picture of the auditory projection of a masker's sound
spectrum.,

CHAPTER 6
INTERIM DISCUSSION: DIRECT MASKING VERSUS NOMSIMULTANEOUS MASKING

Swrmnary

The data presented so far indicate that the results of masking experi-
ments with the test tome superimposed on the masker (direct masking) are sys-
tematically different from those for a test tone presented ncnsimultaneously
with the masker (forward masking, pulsation threshold); only the latter type
reveals effects typical of lateral suppression. A comparison with neural da-
ta favours momsimultaneous masking as an adequate method for disclosing the
auditory projection of a masker's sound spectrum. In the next chapter, we
shall consider more complex stimuli, and the main questions are: (1) does the
pulsation—-threshold method (and alsc the farward-masking method) conmsistently
reveal effects of lateral suppression, (2) are, in this respect, the results
obtained in direct masking systematically different and (3) if so, does the
comparison with available neural data for such stimuli further underline the
relevance of the pulsation-threshold method?

The purpose of this discussion is to emphasize some of the main features
of the experimental results presented so far, in particular concerning the
differences between the results obtained with the various experimental meth-
ods. This may serve as a basis for designing further experiments. At a later
stage (in chapter 10), I will speculate ahout possible mechanisms which may
underly the differences among the several experimental methods.

There are three main experiments which allow a comparison between the
various types of masker-and-tesi-tone experiments: Fig. 3.1 for a masker con-
sisting of sharply low-pass noise, Fig. 4.1 for a pure-tone masker, and Fig.
5.1 for a two-tone masker. There appear important differences, either quali-
tative, in the case of "Mach bands" and "two-tone suppression", or quantita-
tive in the case of "tuning curves". These differences are associated with
the way in which the masker and the test tone are presented temporally: di-
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rect masking versus nometmultaneous masking. This finding raises the guestion
anticipated in the introduction. The various masker-and-test-tone experiments
were performed here explicitly to study the effect of auditory processing
(filtering and. possibly, lateral suppression) on a masker's sound spectrum;
however, different experimental methods provide different results, and there
is no obvious a priori reason why one method would be more relevant than an-
other method. Insight concerning the relevance of the various methods, direct
versus nonsimultaneous masking, can be gained by a comparison with electro-
physiological data. As mentioned before, two-tone inhibition is a well-docu-
mented phenomenan, found throughout the auditory nervous pathway. Of course,
we should be aware of the danger in ascribing too much weight to a corre-
spondence between electrophysiological data obtained in animals and psycho=
physical data from men. Still, a comparison between Figs. 4.2 and 4.3, and
also between Figs. 5.3 and 5.4, strongly suggests that the results of nonsi-
multanecus-masking techniques are closely related to the way in which a mask-
er's sound spectrum is coded neurally.

Sunming up, the present situation is the following. Our primary interest
is to study what we called "the auditory projection of a masker's sound spec-
trum", with special interest in possible effects of lateral suppression. In
applying various methods of the nasker-and-test-tone type, we touched upon a
systematic difference between direct masking and nonsimultanecus masking: on-
Ty in the latter case the results strongly suggest the operation of a later-
al-suppression mechanism. Furthermore, such results appear to agree with elec-
trophysiological data from auditory-nerve studies. The general idea underly-
ing the next experiments, with other types of maskers, is to expand further
on these findings. Thus, in the following experiments both direct masking and
nonsimultansous masking will be applied to maskers of which the sound spectra
are interesting from the point of view of lateral suppression. Again, if re-
sults of electrophysiological studies with the same type of stimuli are a-
vailable, these are helpful in interpreting the psychophysical masking data.

Within the class of nonsimultanecus-masking techniques, I will concen-
trate on the pulsation-threshold method because this method is relatively new
(see also section 10.3.1) and, in the light of the previous results, appears
to be promising. However, it might be considered a drawback that the determi-
nation of a pulsation threshold cannot be fitted into a more "objective" pro-
cedure, such as the two-alternative forced-choice procedure (2-AFC). I realize
that many psychoacousticians may have their reservations in accepting results
obtained with an adjustment procedure as "hard facts" in the sense of more
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common psychophysical detection-threshold datz obtained with the well-ac-
cepted 2-AFC procedure. Therefore, in order to meet such possible reserva-
tions, some main conditions will be investigated also with the forward-mask-
ing technique, which is based on the detection threshold of the test tone and
hence, allows the application of a 2-AFC procedure. It has been shown already
that this method has a drawback as well, namely its lack of "sensitivity"
(e.g., Fig. 5.1 shows that a change of the Jevel of the masker is reflected
only partly in the change of the forward-masked threshold level). Thus, the
important gquestion is whether the qualitative similarity between pulsation-
threshold data and forward-masking data, as revealed by the previous experi-
ments, also holds for other types of masker. If so, this would further sup-
port the view that data obtained with the pulsation-threshold method, de-
spite the use of an adjustment procedure, are not exclusive, but that they
belong to a class of methods of whicn the essential feature is that masker
and test tone are presented nonsimultaneously.
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CHAPTER 7

TONE-PLUS-NOISE MASKERS, AMD THE EFFECT OF NOISE-ON-TONE SUPPRESSION

Surmmayy

Masking experiments are performed with a [000-Hz test tone and a masker
consisting of a 1000-Hz tone plus white noise at a variable level. Results
obtained with nonsimultaneous-masking technigues (pulsation threshold, for—
ward masking) indicate that the addition of noise may reduce the masking ef-
fectiveness of the 1000-Hz masker. This effect, which is typical of the oper-
ation of a lateral-suppression mechanism, is not found in direct masking. It

appears that the effect corresponds quantitatively to the well-known effect
of noise on the loudress of a tone.

7.1, THREE MEASURING TECHNIQUES

The experiment is illustrated in Fig. 7.1. The tone in the tane-plus~
noise masker was fixed at 1000-Hz. The test tone, also with a frequency of
1000 Hz, was presented in phase with the tonal masker. Two conditions of the
masker were considered, corresponding to the two diagrams at the top of Fig.
7.1. First, as a reference condition, only the tone, without the noise, was
presented as the masker. The Tevel L, of this 1000-Hz masker was the indepen-
dent variable (settings from 20 to 60 dB) and the level LT of the 1000-Hz
test tone was the dependent variable. Second, white noise was added to the
tonal masker of which the level was fixed at 40 dB. The spectral level of the
noise, N, was the independent variable (settings from -14 to 46 dB/Hz) and,
again, LT was the dependent variable. Additionally, for a few values of Ngs
the case of the noise masker alone, without the 40-dB tone, was also consid-
ered. Three measuring techniques were used.
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a. Direct masking, 2-AFC up-dewn

Two observation periods, separated by an interval of 1 sec, were repeated
every 3 sec. In both periods, a 500-msec masker burst was presented with 17-
msec rise and fall times. At the end of one of the two masker bursts (random-
1y} a 200-msec test-tone burst was presented with 17-msec rise and fall times,
such that the end of the test tone burst coincided with the end of the masker
burst. The 2-AFC up-down procedure with runs of 50 trials was used to measure
the threshold value. In each condition, three measurements were performed
With two subjects and the averages are presented in Fig. 7.1, first row.

b. Forward masking, 2-AFC wp-down
This measurement was identical to the previous ane, except that a short

(34 msec) test-tone burst was used which immediately followed one of the mask-
er bursts (Fig. 7.1, second row) .

e. Fulsation threshold, adiustment
The pulsation-thresheld method was applied with the continuous alterna-
tion of 125-msec masker bursts and 125-msec test-tone bursts with, again,

each fourth test-tone burst left out. The averages of three adjustments by
two subjects are presented in Fig. 7.1, third row.

As in a previous experiment (Fig. 5.1), the Teft column of data graphs in
Fig. 7.1 indicates the "sensitivity" of the various masking technigues to lev=
el changes of the tonal masker. The dashed horizontal line, based on the
threshold measured for a 40-dB tonal masker alone, serves as a reference line
for the data graphs in the right column. The orientation of the data points
for tone-plus-noise (circles) relative to this reference line (tone alone)
directly indicates the effect of the addition of the noise to the 40-dB to-
nal masker. It will be seen that both in forward masking and for pulsation
threshold the addition of the noise to the 1000-Hz masker may reduce the
masking effectiveness at 10600 Hz (hatched areas}. This is not the case in di-
rect masking: here the addition of noise only causes an increase of the masked
threshold. (This increase is found even for relatively low noise levels, which
illustrates the well-known effect that the increment threshold for a pure tone
is very sensitive to the addition of noise; see, for instance, Zwicker, 1956. )
Finally, in all three cases, the addition of high-level noise gives about the
same threshold values as for the condition "noise alone".

As in previous experiments, there appears an essential difference between
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the results of the two types of experimental techniques: direct masking ver-
sus nonsimultaneous masking. Only experiments of the latter type reveal an
effect which strongly suggests the operation of a lateral-suppression mech-
anism. This difference can be compared with electrophysiological data on the
response of single fibres in the cat's auditory nerve to tone-plus-noise stim-
uli, in which broad-band noise of variable level is added to a fixed tone at
the fibre's best frequency (Kiang, 1965). A typical result is that the re-
sponse to a tone-plus-noise stimulus is Zess than the response to the tone
alone.

7.2. NOISE-INDUCED LOUDNESS REDUCTION

A well-known effect of the addition of noise to a tone is the reduction
of the Zouwdness of the tone (e.g., Zwicker, 1963; Scharf, 1964). A short
loudness-matching experiment was performed, with the same subjects and the
same tone-noise combinations as in the previous experiment in order to inves-
tigate whether there exists a quantitative agreement between this phenonenon

1000Hz,40dB

1000Hz, Ly
A

e
i \5' \

L Jsec cycle time ——

No (dB / Hz)

Fig. 7.2, The effect of noise on the loudness of a tone. The 1000-Hz tomne
bursts with a fixed level of 40 dB, superimposed on white moise of variable
level N_ (abscissa), sound equally loud as the isolated tone bursts with lev-
el L, (grdinate). (Average data of two subjects.)
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and the noise-induced reduction of the musking effectiveness of a tone, as
found in the previous section.

The experiment is illustrated in Fig. 7.2. White-noise bursts, with on
and off times of 1.5 sec, were presented continuously. Both during the noise
bursts and in the silent intervals, 1000-Hz tone bursts of 0.5 sec duration
were presented. The subject was instructed to adjust the level LT of the
tone bursts in the silent intervals such that they sounded equally loud as
the 40-dB tone bursts superimposed on the noise. The median value of six ad-

Justments was taken. The data points in Fig. 7.2 are the averages of two sub-
Jects.

In order to facilitate a comparison of these data with the results of the
various masking experiments, the data should be plotted along & commen axis.
Such a graph is presented in Fig. 7.3. The abscissa gives, as in the previ-
ous graphs, the spectral level of the noise added to the 1000-Hz , 40-dE =one.
The ordinate presents, rather than the actual threshold values measured, the
level of a 1000-Hz masker aZome which would cause that same threshold value.
Thus, the effect of the addition of the noise to the fixed 1000-Hz masker is
"translated" into an "equivalent level" of the 1000-Hz masker when presented
alone. (These transformations of the actual threshold values are perfaormed as
indicated by the example in the Tower panel in Fig. 7.1.) The results of the
loudness-matching experiment are also reproduced in Fig: 7.8

A most interesting aspect of Fig. 7.3 is the similarity, over a consider-
able range of noise levels, between the egual-Toudness curve (@) and the two
curves based on nonsimultaneous masking (b) and (c). Of course, this similari-
ty is lost for high levels since the curves based on masking reflect the mask-
ing produced by tone plus noise, whereas the equal=loudness curve reflects
the loudness of the tone Z#seif in the noise. Given this restriction, it ap-
pears that the effect of noise on the loudness of a tone is closely related
to its effect on the masking effectiveness of the tone in nonsimultaneous
masking. If the latter is understood as reflecting an effect of lateral sup-
pression of the tone by the noise, it is not unreasonable to assume that the
same mechanism plays a part in the loudness reduction of the tone as well.

The consequences of this assumption with respect to current theories on noise-

induced Toudness reduction (or "partial masking") are discussed elsewhere
(Houtgast, 1374).
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Fig. 7.3. The curves indicate the relation between N and L, for which the i
two stimuli, presented schematically in the top diagram (tone-plus—molse an
tone alone), are equivalent with respect to:

(a) the loudness of the 1000-Hz tone,

(b) the forward-masked threshold of a 1000-Hz test tone,

(c¢) the pulsation threshold of a 1000-Hz test tone,

(d) the direct-masked threshold of a 1000-Hz test tone.

(Data adapted from Figs. 7.1 and 7.2.)

7.3. TONE PLUS BAND-REJECTED NOISE

In the previous sections, we considered the effect of adding uniform
(white) noise to a 1000-Hz tone. In view of a possible interpretation of the
results in terms of lateral suppression, it is of interest to investigate the
spectral region over which suppression is found. For that purpose band-re-
jected noise was used, with a spectral gap of variable width centred around
the tonal masker.
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with white noise filtered by a 900-
pass filter (slopes 48 dB/oct). After
n of low-level noise, a spectrum was

Fig. 7.4 indicates that the band-rejected noise was obtained by carrier-
suppressed modulation of a 1000-Hz component with a noise band, determined
by a fixed Tow-pass filter (900 Hz, 48 dB/oct) and a variable high-pass fil-
ter (0-500 Hz, 48 dB/oct). By this procedure, the noise band was modulated
"upwards" over a distance of 1000 Hz and appeared as two side bands around
the (suppressed) 1000-Hz carrier. The resulting spectrum was flat between 100
and 1900 Hz , with a sharp gap around 1000 Hz. The -3 dB width of the gap was
equal to two times the setting of the variable high-pass filter; its -48 dB
width was half its -3 dB width. By adding extra low-leve] noise, the "depth"
of the gap was fixed at -40 dB. The noise added to the 1000-Hz masker was
thus defined by two parameters: its spectral level NO in the two pass bands
and the -3 dB width B of the spectral gap. (For the example in Fig. 7.4, the
high-pass filter was set at 5Q Hz; the spectrum was measured with a Rohde &
Schwarz wave analysér type FAT 3, bandwidth 4 Kz and speed 10 min/1000 Hz.)

The first experiment is illustrated in Fig. 7.5. In this case, the spec-
tral level of the noise in the two side bands was kept constant (N, = 26 dB/Hz).
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The independent variables were the Tevel L, of the tone in the noise (set-
tings from 10 to 70 db) and the new parameter B (settings from O t? 1000 Hz).
The test-tone level LT was the dependent variable. Only the pulsation-thresh=
old method was used (see Fig. 7.1). Thus, the masker (noise plus 1000—52
tone) and the 1000-Hz test-tone were presented alternately and the subject
adjusted the test-tone level LT to the highest value at which the 1000-Hz
tone sounded continuously. In each condition, three such adjustments were
made by two subjects and the averages are presented in Fig. 7.5.

The second experiment is illustrated in Fig. 7.6. Here, for one value of
B (200 Hz). the effect of the higher or the lower noise band was investigated
separately. (This experiment was performed at 1100 Hz instead of 1000 Hz be-
cause of the availability of very steep Tow- and high-pass filters, needed
for the separation of the two noise bands, with cutoff frequencies of 1100
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Fig. 7.5. Pulsation-threshold measurements with a‘JQGG-Hz teat tone and a_ ~
masker which consisted of a 1000z tone with varlgble layel L. plus bgnghre
jected noise with variable gapwidth B. All data points wh;ch_f§11 b;;ow C e_
curve 'tone alone' indicate that the noise‘snppresses the masking effective
ness of the tome. (Average data of two subjects.)
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Fig. 7.6. This is an extension of the experiment in Fig. 7.5. For one value
of the width of the spectral gap (200 Hz), the effect of the higher or the
lower noise band was investigated separately. (Average data of two subjects.)

Hz.) For the rest, the procedure was identical to that of the previous exper-
iment.

The interesting aspect in Figs. 7.5 and 7.6 is the effect of the addition
of the noise to the tonal masker. Thus, in each figure, the family of curves
should be related to the curve indicated as “tone alone". It appears that, for
a wide range of conditions, the effect of adding the noise is such that the
pulsation threshold reduces, but never below the value obtained for the con-
dition "noise alone". Fig. 7.5 shows that, given this 1imit set by the "noise
alone", the reducing effect of the noise is essentially the same for values
of B from 0 to 200 Hz. For B-values beyond 200 Hz, the reducing effect of the
noise becomes progressively smaller. In terms of lateral suppression, this
would indicate that the suppression region around a 1000-Hz tone is concen-
trated at a "distance" of about 100-200 Hz. Additionally, Fig. 7.6 indicates
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that such a suppression region is Jocated mainly at the high-frequency side
of the tene.

The conclusion of this chapter is that in all respects the present results
of noise-on-tone suppression agree with previous results of tone-on-tone sup-
pressiont (1) effects of suppression are found only with nonsimultaneous mask-
ing technigues, both in forward masking and with the pulsation threshold meth-
od, and (2) the location of the "suppression region" around a 1000-Hz tone a-
arees well with the more precisely estimated "suppression areas" in case of
tone-on-tone suppression (Fig. 5.3).
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MASKING EXPERIMENTS WITH NOISE OF VARIABLE BANDWIDTH, AND
THE "CRITICAL BAND" CONCEPT

Summary

Masking experiments are performed with a 1000-Hz test tone and a masker
consisting of a band of noise of wvariable width centred at 1000 Hz. Tn con-
trast to traditional direct-masking data, the results for pulsation threshold
indicate that an tneradse of the masker's bandwidth may result in a reduction
of the masking effectiveness in the centre of the noise band. This result is
typical of the operation of lateral suppression and is compared with an elec—
trophysiological study on neural responses to noise bands of varishle width.

8.1. THE MASKER

Fig. 8.1 illustrates that the masking noise was obtained by the same tech-
nique of carrier-suppressed modulation as applied in the previous chapter. In
this case, a 1000-Hz carrier was modulated with low-pass filtered noise (var-
iable cutoff frequency. 48 dB/oct). After cancellation of the carrier, a band
of noise is obtained with a constant spectral level within the range 1000 Hz
+ the cutoff frequency of the low-pass filter:; beyond that range the spectral
level falls off sharply and reaches -48 dB at the positions 1000 Hz + two
times the cuteff frequency of the low-pass filter.

The band of noise is defined by its width B and the spectral level N
within the pass band; both were varied in the experiment. The example in Fig.
8.1 refers to the case of 50-Hz low-pass noise and the resulting spectrum was
measured with a Rohde & Schwarz wave analyzer (type FAT 3, bandwidth 4 Hz,
speed 10 min/1000 Hz). It can be seen that the spectral shape closely fits
the theoretical one, except for the appearance of residual noise at a level
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Fig. 8.1. Band-pass noise, used in the experiment of Fig. B.2, was obtained
by modulation of a 1000-Hz carrier with white noise filtered by a variable
low-pass filter (48 dBfoct). After cancellation of the carrier, a spectrum
was obtained as indicated in the diagrams.

of about 60 dB below the level within the pass band.

8.2. TWO MEASURING TECHNIQUES

The experiment is illustrated in Fig. 8.2. The masking noise was defined
by its bandwidth B and its spectral Tevel Ng- Both were treated as indepen-
dent variables (settings of B from 20 to 2000 Hz and settings of N, from 21
to 51 dB/Hz}). The level L; of the 1000-Hz test tone was the dependent varia-
ble. As a Tower 1limit, for the condition b = 1 Hz, & 1000-Hz pure-tone mask-
er was used with a level equal to NO. (In the case of direct masking it is of
importance to specify the phase‘relation between pure-tone masker and test
tone; in view of the random-phase relation for the noise masker, we used a
90° phase relation for the pure-tone masker.] Two measuring techniques were
used.

a. Direct masking, Dékésy up-doun
The masker was presented continuously. Test-tone bursts with a duration
of 500 msec, and 25-msec rise and fall times, were repeated every 1000 msec.
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The level of the test-tone bursts was varied automatically, with a 2-dB step

after each test-tone burst. The subject was instructed to push a button

(2-dB steps up) when he did not hear the test-tone bursts, and to release the
button (2-dB steps down) when he did hear them. The average level over a pe-

riod of 5U test-tone presentations was considered as the threshold value. For
each condition, two measurements were performed with two subjects and the av-
erage values are presented in Fig. 8.2, upper panel.

b. Pulsation threshold, Békésy up—douwn

The pulsation-threshold method was used with the continuous alternation
of 125-msec masker bursts and 125-msec test-tone bursts with, again, each
fourth test-tone burst left out. The level of the test-tone bursts was varied
automatically, with a 2-db step after each series of three test-tone bursts.
The subject was instructed to npush a button (2-dB steps up) when he per-

ceived each series of three successive test-tone bursts as one continucus tone

burst, and to release the button (2-dB steps down) when he perceived the se-
ries of three successive test-tone bursts as a pulsating tone. The average
level over a period of 50 presentations of three successive test-tone bursts
was considered as the threshold value. For each condition, three measurements
were performed with two subjects and the average values are presented in Fig.
§.2, lower panel.

8.3. DISCUSSION

Fig. 8.2 shows several interesting aspects. Our main interest is the ef-
fect of bandwidth on the masking effectiveness in the centre of the noise
band. The two graphs reveal two different effects. When, starting with a
Targe bandwidth (B = 2000 Hz), the noise band is made progressively narrower,
the direct-masking curves only show a decrease of the masking effectiveness,
whereas the pulsation-threshold curves first show an Znerease of the masking
effectiveness, followed by a decrease for small values of B.

The nature of the direct-masking curves is very common. They illustrate
the traditional concept that the masking of a tone is determined mainly by
noise components within a restricted frequency region arcund the tone fre-

quency. The curves are not in conflict with the usual estimate of such a "cri-

tical bandwidth", in the 1000-Hz frequency region, of about 160 Hz (e.g. .
Scharf, 1970). However, the pulsation-threshold curves cannot be understood
on the basis of a simple critical-band concept. The curves indicate, addi-
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tional to the positive contribution of noise components close to the tone fre-
quency, a negative contribution to masking effectiveness of more remote noise
components. This agrees well with the concept of lateral suppression and it is
in line with the results presented in the previous chapters.

There is an electrophysiological study which is closely related to the
present psychophysical experiment. Greenwood and Goldberg (1969) performed ex-
periments in which bands of ncise were widened around the best frequency of
single units in the cochlear nuclear complex of the cat. Two types of effects
were observed: (1)"summation",in which increasing bandwidth from narrow width
(constant spectrum level) resulted in an increase in firing rate and (2) "sup-
pression", in which increasing bandwidth beyond the range in which summation
occurred resulted in a systematic reduction in firing. Though the degree of
the summation and suppression effects appeared to vary markedly for different
units, the general characteristics of these data are very similar to our re-
sults obtained with the pulsation-threshold method. Even their observation
that "The bandwidth at which sunmation ceased and suppression began decreased
somewhat at higher spectrum levels" seems to be consistent with a slight shift
of the position of the maximum in the pulsation-threshold curves for higher
values of NO. Thus, it would appear that the masking effectiveness in the cen-
tre of a noise band, as measured with the pulsation-thresheld method, is
closely related to the neural coding of such stimuli.

Fig. 8.2 reveals alsc another aspect which may be related to lateral sup-
pression. This concerns the relation between the threshold level LT and the
spectral level N, in the case of the broad-band masker (data for B = 2000
Hz). In direct masking, this relation is traditional: a change in No causes
an equal change in LT‘ However, in the pulsation-threshold approach, the re-
lation is different: when N, is increased by 30 dB (from 21 to 51 dB/Hz), Lt
increases only about 22 dB. This is typical of pulsation-threshold data with
a broad-band masker (see, for example, the curve "noise alone" in the lower
panel of Fig. 7.1). It should be realized that in the trivial case of a pure-
tone masker (data points at B = 1 Hz), the pulsation-threshold level exactly
follows the level of the pure-tone masker. Thus, for pulsation threshold, a
change of the level of a broad-band masker is less effective than a change of
the level of a pure-tone masker. This might be related to an observation of
Mg1ler (1970) that, for the response of units in the cochlear nucleus of the
rat, a change of the level of a broad-band noise stimulus is less effective,
(7.e., causes a smaller change in the unit's response) than a change of the
level of a pure-tone stimulus of a frequency equal to the unit's characteris-
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tic frequency. In a way, one might say thata broad-band stimulus is subjected
to its own effects of lateral suppression. This demonstrates once again the
similarity between pulsation-threshold data and neural-response data.

besides aspects related tc lateral suppression, Fig. B.2 reveals an addi-
tional point which deserves further attention. The pure-tone masker, repre-
senting the 1imit case for B = 1 Hz, is included in the data graphs merely
for the sake of curiosity. It should be realized that it is not in all re-
spects a "true" limit case: the temporal structure of a small band of noise,
with its strong envelope fluctuations, is very different from the steady-
ctate character of a pure tone. This aspect is totally neglected in the pre-
diction lines in the data graphs, which are drawn through each pure-tone data
point with a slope of +3 dB for each doubling of the masker's bandwidth. Hence,
the fact that, in the case of direct masking, these lines do not fit the
curves referring to "true" bands of noise is not surprising; it means that the
masking effectiveness of a narrow-band masker is not determined only by its
average, long-term intensity but that the temparal character of the masker,
steady-state or fluctuating, is important as well. It is surprising that the
prediction Tines do reasonably well fit the curves in case of pulsation thresh-
old. This implies that the pulsation threshold in case of narrow-band maskers,
a steady-state tone or a fluctuating 20-Hz band of noise, is determined essen-
tially by the average, long-term, intensity of the masker, regardless of its
temporal character.

The conclusion of this chapter is that the masking effectiveness in the
centre of a band of noise of variable width, when measured with the pulsation-
threshold method, strongly suggests the influence of lateral suppression: the
masking effectiveness decreases when the bandwidth is increased beyond some
critical value. In direct masking, no such effect is found. Furthermore, it
was illustrated that the pulsation-threshold data agree well with neural-res-
ponse data, both with regard to variations of noise bandwidth and of noise
level.
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CHAPTER 9
MASKING EXPERIMENTS WITH RIPPLED NOISE, AND THE "AUDITORY FILTER"
Sunmicry

The masker is "rippled" noise, with a spectrum (intensity on a linear fre-
quency scale) shaped according to a sinusoidal function. The masking effective-
ness depends on the localization of the test tone relative to the peaks and
valleys of the ripple, but this dependence decreases when the ripple is made
progressively finer (thus, when the peak-to—peak distances along the frequen-
cy scale decrease), The results of the masking experiments allow an estimation
of the degree of frequency resolution, in terms of a filter, involved in the
auditory processing of such rippled-noise spectra. It appears that the degree
of frequency resolution estimated from pulsation-threshold data, and also from
forward-masking data, is higher than that estimated from direct-masking data.
When expressed in terms of bandwidth of an auditory filter, the difference is
about a factor two. This difference is interpreted in terms of a lateral-sup~—

pression mechanism which, again, manifests itself only in nonsimultaneous mask-—
ing techniques,

Rippled noise is a stimulus which is particularly suited for investigat-
ing the "resalution power" of a system in the frequency domain. Generally
speaking, a limited resolution power will manifest itself by a decrease of
the peak-to-valley ratio at the output of the system when the ripple spacing
is made progressively finer. This is a common approach for investigating re-
solution power in some other domains: in optics (unsharpness, or resolution
in the place domain), and alsc in perception, one often uses test stimuli of
which the intensity is sine-wave shaped along the relevant dimension.

In the present experiment, the rippled noise will be used as a masker. In
principle, the difference between the masking effectiveness at the peak and
in the valley of the ripple may be used to estimate the extent to which the
ripple is "resolved" by the ear. In this case, a typical effect of lateral
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suppression would be an increase of "ripple resolution" for specific ripple
spacings.

9.1. THE MASKER

The masker was obtained by the well-known technique of the summation of
white noise and its delayed repetition (Fig. 9.1). White noise was sampled by
an analogue-to-digital converter and regenerated by two digital-to-analogue
converters (sample and regeneration time about 70 usec). The delay and polar-
ity of one of these signals was controlled digitally, whereas its amp1itude
was controlled by an attenuator. After summation and appropriate Tow=-pass
filtering, the resulting power spectrum (intensity on a linear frequency
scale) is sine-wave shaped. Four parameters are of importance (see Fig. 9.1):
(1)} I, the average intensity, which is the intensity at the half-way points
between a peak and a valley, (2) the modulation depth m of the ripple, which
is determined by the attenuation, (3) the peak-to-peak distance af of the
ripple, which is determined by the delay time, and {4) the phase of the rip-
ple at the point f = 0 (a peak or a valley), which is determined by the polar-

f
Int.it) = TItemcos ZRF]

white _ +
noise [q ‘

delay t— polarity — c“enuatcr_———————J

mod, depth m
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(1 +ml—> Gl
D= 10log1 =M. (dB)
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Fig. 9.1. Rippled noise was obtained by summation of white noise and its, de-

iti 1 i i t ined by the delay #ime, the
layed, repetition. The ripple density is determine che -
phzse,of the ripple at £ = 0 (peak or valley) by the polarity and the peak-to
valley ratic D by the attenuztion of the added noise.
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ity of the delayed noise.

In this chapter, we will use the following notation to characterize a rip-
pled-noise masker: (1) the spectral level NO in dB/Hz at the half-way points
between a peak and a valley, (2} the peak-to-valley Tevel ratio D in dB, (3}
the ripple density 1/4f (the number of ripples per Hz bandwidth) or the rela-
tive ripple density fT/af (the number of ripples between f = 0 and the test-
tone frequency f = ), and (4) the phase of the ripple at f = fr- In all
cases, the rippled-noise masker was passed through a Tow-pass filter (48 dB/
oct) with a cutoff frequency equal to three times the test-tone frequency.

9.2. FOUR MEASURING TECHNIQUES

The experiment is illustrated in Fig. 9.2. The primary purpose was to in-
vestigate possible differences among the results of the various masking tech-
niques. As indicated, the modulation depth D was fixed at 24 dB, the spectral
lTevel ﬁo was the dependent variable and the relative ripple density fo/of was
the independent variable (settings between 1 and 12). A test tone with a fixed
frequency (fr = 1000 Hz) and a fixed Tevel Ly was used. For each of the four
masking techniques, the fixed test-tone level LT was chosen such that the
threshold values obtained for N, were of the same order of magnitude in the
four cases. Two phases of the ripple at the test-tone frequency 1000 Hz were
used: (a) a peak centred at 1000 Hz, and (b) a valley centred at 1000 Hz.
Four measuring techniques were used.

@ tone ot peak:

@ tore in valley.
10 kHz lint

Fig. 9.2. Masking experiments with a rippled-noise masker.

Above: schematic presentation of the two conditions considered. Note that the
level of the 1000-Hz test tome was fized, that Af was the independent, and N{J
the dependent variable.

Opposite page: results of four types of masking experiments. The differences

between the two conditions (a) and (b) indicate the degree of auditory ripple
resolution. (Data of one subject,)
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a. Dreot masking, 2-AFC up—down

Two observation periods, separated by an interval of 1 sec, were repeated
every 3 sec. In both periods a 500-msec masker burst was presented with 17-
msec.rise and fall times. At the end of one of the two masker bursts (random-

1y) a 200-msec test-tone burst was presented with 17-msec rise and fall times,
such that the tail of the test-tone burst coincided with the tail of the mask-
er burst. The 2-AFC up-down procedure with runs of 50 trials was used to meas-

ure the threshold value. In each condition four measurements were performed
with one subject and the average values are presented in Fig. 9.2.

b. Direct masking, adjustment

The masker was presented continuously. The test tone was gated periodical-

1y, 125 msec on, 125 msec off, etc., with 20-msec rise and fall times. The

subject controlled the dependent variable NO and adjusted it to the Towest val=

ue for which the test-tone bursts were just not perceived. In each condition

four measurements were performed with one subject and the average values are
presented in Fig. 9.2.

e. Forward masking, 2-AFC up-down

Two observation perieds, separated by an interval of 1 sec, were repeated
every 3 sec. In both periods a 500-msec masker burst was presented with 16-
msec rise end fall times. Immediately after one of the two masker bursts (ran-
domly) a 34-msec test-tone burst was presented with 17-msec rise and fall
times. The 2-AFC up=down procedure with runs of 100 trials was used to meas-

ure the threshold value. In each condition, four measurements were performed

with one subject and the average values are presented in Fig. 9.2.

d. Pulsation threshold, adjustment

The pulsation-threshold method was used with the continuous alternation
of 125-msec masker bursts and 125-msec test-tone bursts and with each fourth
test-tone burst left out. The subject adjusted ﬁo to the lowest value for
which the pulsating character of each series of three successive test-tone
bursts was Jjust not perceived., In each condition, eight measurements were
performed with one subject and the average values are presented in Fi18. Gy

The data in Fig. 9.2 reveal some interesting aspects. First, it will be
seen that, also in the case of a rippled-noise masker, different experimental
techniques give different results. Apart from minor differences, thers appear
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essentially two types of curves, which are associated with the temporal pre-
sentation of masker and test tone: the two graphs for nonsimultaneous masking
show greater differences between the peak and valley conditions (thus, sug-
gest greater "ripple resoluticn"} than the two graphs for direct masking. I
will return to this later. For the moment, a most important implication of
the results in Fig. 9.2 is that the further experiments in this chapter can
be restricted toc only two measuring technigues (we will use the second and
fourth of Fig. 9.2}, the results of which may still be consideraed as typical
of the two classes involved: direct masking versus nonsimultaneous masking.
There is a second aspect of the data in Fig. 9.2 which deserves further
attention. Often, such data on the Timited resolution power of sine-wave mo-
dulated stimuli are used to estimate the width or the shape of a weighting
function, an "integration window", which could cause that Timitation. In our
case such an "integration window" would take the form of an intensity-weight-
ing function in the frequency domain, or & filter. However, we have to do
here with psychophysical data and we should formulate precisely the assump-
tion which underlies the use of such psychophysical data for estimating the
characteristics of that hypothetical filter. Because of the use of a test
tone with fiwed frequency and level, such an assumption can be very simple:
all threshold values measured with a fixed test tone and with a fixed experi-
mental paradigm reflect an ensemble of conditions for which the noise masker
has the same intensity within a filter around the test-tone frequency. In
other words: all noises which just mask a fixed test tone in a fixed paradigm
have the same intensity within a certain filter. Under this "equal-filter-
putput" assumption, the psychophysical data can be used to specify that par-
ticular filter which would satisfy the data. 1 will return to this later.
Here, 1 would like to indicate that some details of the data in Fig. 9.2 are
not in line with the equal-filter-output assumption. The extreme right point
in each of the four data graphs (for the Timit condition 1000/4f = «) refers
to a condition with flat, unmodulated noise with spectral level RO. The e-
qual-filter-output assumption implies a specific relation between this flat-
noise threshold and the peak and valley threshold for a rippled spectrum.
These values are not independent; given two of these values and given the e-
qual-filter-output assumption, the third value is completely determined. For
instance, the equal-filter-output assumption does not allow that the thresh-
old values for both the peak and the valley condition fall below the flat-
noise threshold, which appears to be the case very systematically for higher
ripple densities. Despite this, the equal-filter-output assumption will be
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used to interpret the masking data, especially the threshold difference be-
tween the peak and valley conditions as a function of ripple density, in terms
of a filter bandwidth. It should be kept in mind that this interpretation

does not account correctly for the orientation of the threshold values for

the peak and valley conditions relative to that for the flat-noise condition.

9.3. EFFECT OF MODULATION DEPTH

This experiment is illustrated in Fig. 9.3. [ts primary purpose was to
investigate possible effects of the modulation depth D on the "ripple reso-
Tution" as revealed by masking experiments. As indicated, three values of
the modulation depth D were used: 24 dB, 11 dB and 5.7 d3. The measurements
were identical to those described in the previous section except that, out
of the four experimental procedures, only direct masking (adjustment) and pul-
sation threshold (adjustment) were used. The data graphs in Fig. 9.3 always
present the difference between the threshold values of Ho for the two condi-
tions "tone at peak" and "tone in valley".

I will discuss the data in Fig. 9.3 in the Tight of the equal-filter-out-
put concept as described in the previous section. Thus, a threshold differ-
ence between a peak and a valley condition is interpreted as reflecting just
that Tevel difference for which the two rippled-noise maskers have the same
intensity within a filter around 1000 Hz. The gquestion here is: can the de-
gree of ripple resolution, as revealed for the three different values of b,
be understood as ref]ecfing the action of one and the same filter? This re-
quires a specific relation between the three curves, namely that their gener-
al characteristics should be the same, apart from a different "scale factop"
corresponding to the value of D. [This requirement can be formalized as fol-
lows: when all threshold differences (valley-peak) are converted into an ap-
parent intensity-modulation depth m according to: threshold difference dB =
10 Tog (14m) - 10 Tog (1-m) (see also Fig. 9.1). and when these m-values are
normalized with respect to the physical modulation depth of the ripple (m_ =
0.992, 0.B53 and 0.575,respectively), and when this ratio m/m is plotted as
a function of ripple density, this should result in three identical curves. |

[t can be seen, even without the formal slaboration, that the three
curves in the left panel of Fig., 9.3 {(direct masking) are in reasonable agree-
ment with the above requirement. This means that the limited degree of ripple
resolution, as revealed by the three curves for different modulation depths,
can be understood as reflecting the action nf one and the same filter. How-
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Fig. 9.3. Two masking experiments (direct masking_and pulsation—thrgshald
method) with a 1000-Hz test tome and a rippled-noise maskgr'fnr various peak/
valley ratios D (paramecer)., Each data point presents the d?ffereTca between
the threshold values for the two conditions 'tone in wvalley' and 'tone at
peak'. (Data of one subject.)

ever, it can be seen that this is »mot the case for the three' curves in the
right panel of Fig. 9.3 (pulsation threshold). Here, the shape of the curve
essentially depends on the modulation of the ripple. For D = 24 dB, the curve
decreases monotonically for increasing ripple density, whereas for D = 5.7 dB
the curve shows a distinct maximum around a relative ripple density of about

2 to 3. Thus, these three curves can zno# be understood as reflecting the ac-
tion of one and the same filter. This would suggest that, within the equal-
filter-output concept, the shape of the filter depends on the modulation depth
of the masker. A filter with such a specific behaviour is not very realistic.
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1t seems more realistic to conclude that in ripple resolution, as measured
with the pulsation-threshold technique, also processes other than simple in-
tensity weighting along the frequency scale (filtering) are involved (es, for
example, lateral suppression) and that the over-all result cannot be de-
scribed, in detail. by the action of a filter.

There is one additional aspect in Fig. 9.3 which deserves further atten-
tion. For the small modulaticn depth (D = 5.7 dB), the two measuring techni-
gues reveal an essential difference: whereas the curve for direct masking de-
creases monotonically for increasing ripple density, the curve for pulsation
threshold shows a distinct maximum. The occurrence of such a maximum s very
typical of the operation of a Tateral-suppression mechanism. For the inter-
pretation of this difference between the two measuring techniques it might be
helpful, as we have done before in this study, to compare these psychophysi-
cal data with electrophysiological results for the same type of stimuli. Ten
Kate et al. (1974) studied single-unit responses in cochlear nuclei of the
cat to rippled-noise stimuli, in which the modulation depth D was treated as
a parameter. For large values of D, the peak-valley difference in the firing
rate decreases gradually for increasing ripple density. However, for smaller
values of D (11 dB, 5.7 dB or 3.1 dB), the peak-valley differences show a
maximum for a relative ripple density (unit's CF/af) of about 3 to 4. This
suggests that the auditory representation of a rippled-noise spectrum. as re-
vealed by the pulsation-threshold method, is closely related to the neural
response to such stimuli.

9.4. FILTER CHARACTERISTICS DERIVED FROM RIPPLED-NOISE MASKING DATA

In this section, the equal-filter-output concept is used for transforming
the psychophysical masking data into the shape of a filter, although the pre-
vious sections indicated a typical non-Tinear aspect which is not in agree-
ment with that concept. Stil1, I will continue alang this Tine a little fur-
ther. Using the same two measuring techniques (direct masking, pulsation
threshold) and the same three modulation depths for the rippled-noise masker
as in the previous section, we shall arrive at six filter characteristics. If
we find that the differences between those filters associated with the three
modulation depths are only small in comparison with the differences associ-
ated with the two measuring technigues, the non=1inear aspect might be con-
sidered a second-order problem. Then, it would still be possible to speak of
a filter characteristic "typical" of direct masking and another characteristic
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"typical" of nonsimultaneous masking, and this is what we are interested in
primarily.

[t cannot be excluded a priori that the auditory filter we would like to
specify is asymmetric. Therefore, besides the two conditions "tone at peak"
and "tone in valley", we need two additional conditions: "tone at positive
slope" and "tone at negative slope". A difference between the thresholds for
these two conditions would illustrate the asymmetry of the underlying filter.
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Fig. 9.4. Two masking experiments (direct masking and pulsaticn-threshold
method) with a rippled-noise masker with a peak/valley ratio of 11 dB. Four
conditions were considered (upper diagrams). The data points present the dif-
ferences between the two conditions 'tome in valley' and 'tone at peak’ (cpen
symbols), and between 'tone at megative slope' and 'tone at positive slope’
(closed symbols). The vertical intervals represent standard errors. The
curves C(d) and S(d) are used to derive the filter characteristics in Fig. 9.5
middle panel. (Data of one subject.)
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Apart from this extension of the masker conditions, the measurements were i-
dentical to those in the previous section. Fig. 8.4 presents the data for the
condition D = 11 dB. Again, the differsmees between the threshold values for
two conditions (b-a and d-c) are plotted as a function of the relative ripple
density d. The two curves drawn through the data points will be referred to
as C(d), the level difference for the two cosine conditions, and S(d), the
level difference for the two sine conditions, respectively. The same experi-
ment was performed for D = 5.7 dB and D = 24 dB, respectively.

For each of the six conditions (twc measuring technigues and three modu-
lation depths) a filter characteristic was derived from the curves C(d) and
S(d) on the basis of the equal-filter-output concept. Thus, given a combina-
tion of C(d) and S(d) curves, the question was whar filter, when presented
with the rippled-noise signals, would have given those samz curves when the
criterion would have been to keep the filter output comstant rather than "just
mask" a fixed test tone. The results are presented in Fig. %.5. The formal der-
ivation is given below.

A filter can be defined as an intensity-weighting function W(f). It is
assumed that the filter, in case of a 1000-Hz test tone, is located within
the range f = 500 - 1500 Hz, thus, formally:

W(f) = 0, for f < 500 Hz and f > 1500 Hz.

Any filter within that range can be written as

o f-1000 N . £-1000
W(f) = Aq + ] A, cos 2an <555~ * E B, sin 2m —pm5 -

n=1 n=1

Since our primary interest is the shape of the filter, all coefficients can
be divided by Ag:

i £-1000 ; f-1000 |
w(f) =1+ [ a8 cos 2m o0 * n§1 b, sin 2mn —qFes= (1)

The coefficients a, and b can be derived from the curves C(d) and S(d), re-

spectively. Consider, for example, the rippled-noise spectra for the peak and
valley conditions:

LT f-1000" |
I(f) = I ._‘1 + m, cos 2 s

Or, with relative ripple density d = 1000/af:
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5 £-1000) |
I(f) = I (1 +m, cos 2nd “Tﬁfﬁr)

The intensity of the rippled noise within the filter w(f) is given by the con-
volution of the noise spectrum and the weighting function w(f). Hence, the
level difference (in dB) between the peak and valley conditions, C(d). can be
written:

1500
£-1000
Py (1 +m, cos 2md _Tﬁﬁﬁ_) w(f) df
C(d) = 10 log TE00 — . (2)
1=-m cos 2nd — ) w(f) df
£=500 g T000

By substitution of Eq. (1) in Eq. (2) it can easily be seen that, for the spe-
cific case d = n, this reduces to

1+ im

a
an
Sl T

C(n)

From this:

=
=
i
=
=]
El
w

Similarly:

wr
a

5(n)
010 -

bow e Mo =L (a)
noom S(n
’ 10_%ﬁl ¥ 1

With Egs. (3) and (4), a set of 2, and b coefficients can be derived from the
C(d) and S(d) curves for each of the six conditions. (0 = 24 dB, 11 dB and 5.7
dB corresponds to m, = 0.992, 0.853 and 0.575, respectively.) Then w(f) can
be obtained from Eq. (1). Since no finer gratings were used than those with a
relative ripple density d = 12, only the coefficients a, and bn up to n= 12
can be derived in this way. (Formally, the higher coefficients in Eg. (1) are
set zero.) This 1imits the details of w(f) which can be revealed in this way,
and, accordingly, w(f) is calculated only for 24 positions along the frequen-
cy scale between 500 and 1500 Hz.

Thus, under the assumption that, for a fixed test tone, "threshold" is al-
ways associated with a certain, fixed, signal-to-noise ratio within an audi-

65



FROM FROM
DIRECT MASKING PULSATION THRESHOLD

1Slllltlrl'lllll 1 TR R L o P R
|D=2s’.dB —elgh—

10F IF /£ 4

&:200Hz B=80Hz
N,
Ik G I s -
0 A oo |

V?J”“Ar
Y S N LY S G O S (S S ) T \GRLI o [ O o S (NS AR e [0 O S |

05 15 03 10 1.5

I
w

d
wn
]
o |]
n
[a R
(o]

o
L
EIE

normalised intensity weighting
o w
T
= > =
1
1

_5 3 O i o e (N I (RN P T 5 L ¢ j S S A [ AN i [ G N |
05 15 05 1.0 15
15 | T LR T T ) ! TT VT T T T TTTUERTT
[ =57 \ ' . . .
e o8 /_’i i Fi%. 9.5. Filter characteris—
10 41 F / 4 ties, in the form of intemsi-

B=230Hz B=80Hz ty weighting functions, as der-

ived from two types of masking

differences associated with
differences associated with
_5 o A O G T e I ) | a0 | iy iy e L ey AL/

Sl \if\}“_ i [ - experiments with the rippled-
the peak / valley ratio D are
05 10 15 05 o s the two types of masking ex-

noise masker. Note that the
0 - i
v small in comparison with the
periments.

fregquency (kHz)

tory filter, w(f) is the characteristic of that very auditory filter. Fig. 9.5
shows that the main difference among the six filters is associated with the
experimental technique: direct masking versus pulsation threshold. Compared
with this, the effect of the modulation depth D of the rippled noise is only
of secondary importance. Thus, it appears still to be possible to interpret
differences between direct-masking and pulsation-threshold data with respect
to ripple resolution in terms of typical differences between the underlying
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auditory filters. The direct-masking data reveal a relatively "simple" audi-
tory filter, with a bandwidth B of about 210 Hz. [B is the "equivalent rec-
tangular bandwidth": the width of a rectangular filter with the same area and
the same value w(1000 Hz) es the actual function w(f). For white noise, it
gives the same S/N ratic for a 1000-Hz tone as the filter w(f).] The pulsation-
threshold data reveal a much-sharper filter with a negative-going part at the
high-frequency side and a bandwidth B of 80 Hz. The negative-going part im-
plies that noise within that range reduces the output of the filter. It is
highly suggestive of the operation of lateral suppression which acts, in ac-
cordance with what was found in previous chapters, mainly from higher towards
lower frequencies. As was mentioned before, it is questionable whether the
operation of such a lateral-suppression mechanism can be accounted for cor-
rectly by a negative-going part in an intensity-weighting function. The site
and nature of such a mechanism are obscure, and it may very well operate at a
level where "intensity summation aleng the frequency scale" has totally lost
its meaning. Therefore, it is not surprising that a simple intensity-weight-
ing-function concept Teads to nonlinearities of the kind seen in the previous
section.

This section has shown that an estimation of an auditory bandwidth from
ripple-resolution data is well possible and that the modulation depth of ths
ripple has only a minor influence on the magnitude of that estimate. In the
next section, we will further proceed along this line.

9.5, AUDITORY BANDWIDTH DERIVED FROM RIPPLE-RESOLUTION DATA

In this section, more extensive threshold measurements with the rippled
noise will be described, for a number of additional test-tone frequencies and
with more subjects. The main purpose is to determine the order of magnitude
of the auditory bandwidth, or "critical bandwidth", which might underly such
data. We are not interested here in the exact filter shape. but primarily in
the differences between the bandwidths derived from direct-masking data and
from pulsation-threshold data.

1t will first be demonstrated that one needs only a limited amount of da-
ta to estimate the bandwidth of the auditory filter with some accuracy, with-
out further considerations about the exact shape of that filter. In Fig. 9.6
five filters, or intensity-weighting functions, are considered which differ
markedly in shape but all have the same bandwidth B. (Again, B is defined as
the bandwidth of a rectanguiar filtar with the same area and the same top val-
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ue as the actual filter.) When the rippled-noise signal. with ripple density
1/4f and D = 24 dB, is applied to such a filter, the level difference at the
filter output for the two conditions "filter centred at top" and "filter cen-
tred at valley" can be calculated. This leve] difference is a function of the
ratio B/af. The results for the five filter types are given in the lower pan-
el in Fig. 9.6. On the basis of these results it was decided to perform the
threshold measurements for only four values of ripple density 1/af, with in-
tervals of a factor two. Furthermore, it was decided to perform the bandwidth
estimation by fitting the data points thus obtained with the curve correspond-
ing to the Gaussian-shaped filter (curve ¢), unless it would appear that its
slope deviates systematically from the slope suggested by the data points.
The measurements will provide threshold differences between the peak and
valley conditions for four values of ripple density 1/af. Fig. 9.7 presents
a graph in which such ripple-resolution data can be plotted. The family of
curves in this graph is based on curve (¢} in Fig. 9.65 each curve indicates
how the level difference depends on 1/af for a Gaussian filter with the indi-
cated bandwidth B. Heﬁce, this family of curves, together with the B-scale in
the graph, provides an easy estimation of the order of magnitude of the band-
width B associated with the data points. As an example, the four data points
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E}‘é 5.._3-_103[1\\‘ ‘SQO o s e (Hz)—
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Fig, 9.7. This figure is based on curve (c) in Fig. 9.6. Lt gives the relation
between the expected peak-valley difference (ordinate) for filters with band-
width B (parameter), as a function of ripple density (abscissa). The rele-
vance of this figure for the purpose of bandwidth estimation is illustrated

by the data points which represent the peak-valley level difference as meas-
ured with a 1/3-oct band filter centred at 1000 Hz for which, theoretically,

B = 232 Ha.
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in Fig. 9.7 refer to physical measurements with the rippled noise, performed
with a Brugl and Kjaer 1/3-octave band-pass filter with 1000 Hz centre fre-
quency. They present the level difference at the filter output between the
two conditions "top centred at 1000 Hz" and "valley centred at 1000 Hz" for
the four values of 1/4f as indicated. From these data points one would esti=-
mate the filter bandwidth to be about 230 Hz:; the theoretical "rectangular

bandwidth" of that filter is 232 Hz. This illustrates the validity of this
approach.

9.5.1. Measurements

Two measuring techniques were used: direct masking and pulsation thresh-
old, as in the second and fourth examples in Fig. 9.2, In this case, five fre-
quencies for the fixed test tone were used: fT = 250, 500, 1000, 2000 and 4000
Hz, respectively. Each of the ten conditions (two measuring technigues, five
frequencies) was investigated in a separate session.

The four ripple densities used in a session were adapted to the test-tone
frequency, such that the relative ripple density fr/of was 1, 2, 4 or 8. For
both the top and valley conditions, each subject made four threshold adjust-
ments of the noise level ﬁo‘ Hence, one session consisted of 32 adjustments.
As we were interested in threshold differences between the peak and valley
conditions, these two conditions were always presented in immediate succes-
sfon (in random order). The 16 pairs in a session were presented in a random
sequence. Hence, for each ripple density, four values of the peak-valley
threshold difference were obtained and the average values are plotted in Fig.
9.8. Five subjects participated and their data are presented separately.

Finally, the level of the fixed test tone used in each of the ten condi-
tions in Fig. 9.8 has to be specified. For direct masking, the levels for the
different fy-values were chosen such that all tones were about 40 dB above ab-
solute hearing threshold. (We used, for fT = 250, 500, 1000, 2000 and 4000 Hz,
levels of 50, 44, 40, 38 and 35 dB pe 1000-Hz absolute threshold, respective-

Fig. 9.8 (Opposite page). Two types of masking experiments (direct masking and
pulsation-threshold method) were performed with a test tone_of various fre-
quencies (fy as indicated at the utmost right side). Again N, of the rippled
noise was the dependent variable. For four values of the ripple density (ab-
scissa), the threshold value of N, was measured for the two conditions 'tone
at peak' and 'tone in valley', and the differences between these two condi-
tions are presented. Each panel is a graph similar to Fig. 9.7, and the upper
and lower estimates of the bandwidth B, associated with the positions of the
data points, are indicated. (Individual data of five subjects.)

70

threshold difference valley-peak (dB)

DIRECT MASKING

PULSATION THRESHOLD

B 0
L NN _B=60HZ"
B=120Hz A -

B =100Hz 7
L L
T T T
g B=320Hz
{‘ -
2
o A
L L [l i i L L 1 1 A i 1 1i L 1lr|
'ZHLCCQ Thooa VYzso Vez Vigooo 1”1000 f2sq  'ls2
ripple density /¢

500

1000

2000

4000

71



1y.) For pulsation threshold somewhat lower levels were used in order to ar-
rive at adjustments of the noise level ND in the same range as those for di-
rect masking. (For 250, 500, 1000, 2000 and 4000 Hz this level reduction
was 0, 2, 5, 5 and 0 dB, respectively.) The exact values of the test-tone
level are not critical with respect to the data in Fig. 9.8, since these al-
ways refer to threshold differences.

9.5.2, Discussion

Each panel in Fig. 9.8 is a graph similar te Fig. 9.7. However, instead
of presenting the whole family of curves for different bandwidths B, only two
curves are plotted which form the upper and Tower boundary of the range cov-
ered by the data points of the five subjects. The bandwidth B associated with
the position of each curve is indicated in the figure. These upper and lower
estimates of the bandwidth for each of the five test-tone frequencies are pre-
sented in Fig, 9.9, both for the direct-masking data and for the pulsation=
threshold data.

Fig. 9.9 shows that the bandwidths derived from ripple-resolution data
obtained in direct masking, are of the same magnitude as the traditional "cri
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Fig. 9.9. The ranges between the upper and lower estimates of the bandwidrh
B, as indicated in each panel in Fig. 9.8, are plotted as a function of the
frequency of the test tone used in the corresponding masking experiment, The
dotted line represents the 'critical bandwidth' after Scharf (1970).
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tical bandwidths" which play a role in a wide variety of auditory phenomena
(e.g., Scharf, 1970). Compared with this, the bandwidths derived from the pul-
cation-threshold data are considerably smaller. The difference is about a fac-
tor of two. It seems justified to ascribe this difference to effects of later-
al suppression which, according to all previous experiments, is not revealed
by direct-masking experiments, but only when masker and test tone are pre-
sented nonsimultaneously. This point will be discussed further in the next

chapter.

I would like to underline the simplicity of the experimental method used
here for the estimation of a "critical bandwidth". Only a few threshold meas-
urements of tone in noise are needed and, furthermore, these can be obtained
by a simple procedure without special considerations about systematic devi-
ations, since only threshold differences are considered, Although this falls
beyond the scope of this study, this method might be well applicable, at Teast
in principle, as an audicmetric test to provide information about the status
of a patient's ear in terms of "critical bandwidth", or "resolution power a-
Tong the frequency scale", which is a fundamental property of the hearing me-
chanism. It might even appear that, when both the direct-masking method and
the pulsation-threshold method could be applied, the difference between the
two bandwidths (possibly associated with a lateral-suppression mechanism)
will give valuable additional information.
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CHAPTER 10
DISCUSSION
Summary

The.expeerenFal results strongly suggest that lateral suppression is in-
volved in the auditory projection of a sound spectrum. A major question is wh
one experlm?ntal paradigm (direct masking) does not show this effect, while =
other techniques do so consistently (nomsimulteneous masking). It is’shown
th%t this can b? understoed within a framewecrk of reasomable assumptions, of
which t@e mosk important are: (1) the effect of lateral suppressiom is c;m a-
rable with that of an attemuation fgetor in the suppressed frequency re ipn
(such that the Sf@ ratio in direct masking remains unchanged), and [z) t%ig ef-
fect ends almost instantaneously at the end of the masker (suéh that the argu-
ment of'c?nstant 5/W ratic does not apply to a monsimultaneocus Eest tone) W
) Addltlonglly, the relevance of the pulsation-threshold method is diselss d
in some detail. A theory about the possible underlying mechanism, based uLL ne
the cl9se ?orrespondence between pulsation-threshold data and ne;ralwres 2:5
data, implies that the pulsation-threshold method provides a most simpl v
to investigate what we called earlier the "auditory projection” of a ia:k::fs

sound spectrum. The last chapter gi i
; : glves some examples of thi: i i
the pulsation-threshold method. ¥ R e

10.1. EVALUATION OF THE EXPERIMENTAL RESULTS

Table I gives a survey of the experimental results on contrast enhance-
ment, suggesting the operation of a lateral-suppression mechanism. The main
conclusions to be drawn from this table are:

(a) direct-masking data consistently show no effects of lateral suppression,

(b) forward-masking data do consistently show effects of lateral suppression,

(c) pulsation-threshold data also consistently show effects of lateral sup-
pression,

(d) with respect to these effects of lateral suppression, the results do not
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Table I. Survey of experimental data on effects of lateral suppression. A +

indicates that the masking effectiveness (or the neural response) decreases

when the masker's intenmsity in an adjacent frequency regionm is inereased (or
vice versa). A — indicates that no such effect was found.

DIRECT FORWARD PULSATLON

EFFECT OF FIG. WSGING  MASKING  THRESHOLD  NEURAL DATA

enhancement at the 3.1 (e - (c) + (a) +
edge of a noise band

+

Nomoto et al. (1964)

Bl [b,g) - (c) + (a) + 3
tene-on-tene suppr. 5.3 (a) + Sachs and Kiang (1968) +
Brthur et al, (1971) +
noise-on-tone suppr. 1l te) - ke (e Kiang (1965) +
5 (a) +
suppression in the .7 ib) - (b} + Greenwood and

Goldberg (1970)

e

centre of a noise band

contrast enhancement
for rippled noise with 9.3 [a} - (a) +
small mod. depth

ten Kate st al. (1974) +

measuring procedures: (2) adjustment, (b) Békésy up-down, (c) 2-AFC up-down.

depend on the procedure used 1in measuring the threshold of the test tone

(2-AFC up-down, Bekésy up-down or adjustment) .

(e) in those cases in which electrophysiclogical data on the neural response
to the same type of stimuli are available, these consistently show ef-
fects of lateral suppression.

Conclusion (d) speaks for itself. The other conclusions (b, ¢ and e) strong-

1y suggest that lateral suppression is indeed involved in the auditory pro-

cessing of a stimulus' sound spectrum. Then, the main guestion remains: can

ve understand why nonsimultaneity of masker and test tone is an essential con-

dition for revealing the effect of lateral suppression?

In this section, I will develop a framework of some simple assumptions
about features of the lateral-suppression mechanism and about processes asso-
ciated with the different experimental techniques, which can account for the
conclusions given above.

10.1.1. Implications of direct-masking data

Let us consider the case of a masker and a test tone in a condition of si-
multaneous (direct) masking. A basic empirical finding is that the threshold
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of the test tone depends primarily upon the signal-to-noise ratio (S/N ratio)

in a restricted spectral region around the test-tone frequency. When the mask-

er's intensity in that spectral region is changed, the test-tone threshold

changes accordingly with the same faetor. and the S/N vetio at threshold re- ’
mains constant. (Although this rule has some exceptions, those will not be con-
sidered here.)

We found experimentally that, when according to other measures (nonsimul-
taneous masking, neural response) the degree of lateral suppression in the
frequency region of the test tone changed, this had essentially no effect on
the test-tone threshold in direct masking., For the lateral-suppression mecha-
nism this implies that, although it reduces the neural response to the mask-
er in the test-tone frequency region, it does not affect the apparent S/N ra-
tio in that frequency region. This means that, at whatever level of auditory
processing the lateral-suppression mechanism may operate, it deoes not influ-
ence the specific feature which, at that very level, is associated with con-
stant S/N ratioc. Such a mechanism can be easily conceived. A most simple mod-
el, which is more illustrative than realistic, is the following. Consider the
case that Tateral suppression operates at a very peripheral level, at which |
it is still relevant to speak of a $/N ratio in terms of intensities within
the test-tone frequency region. Then, if lateral suppression operates such
that addition of intensity in an adjacent frequency region causes a reduction

of the effectiveness in the test-tone frequency region by a certain faector,
this would not affect the S/N ratio and, hence, would leave the threshold of
the test tone unchanged. Another, more physiolegical but also highly schema-
tic, model is the following. Cansider the case that lateral suppression oper=
ates at a neural level where the rate of discharges is proportional to the
togarithm of the intensity in the corresponding frequency region. Then, the
feature associated with a canstant S/N ratio is a certain absolute, not rel-
ative, increment of the discharge rate, If lateral suppression operates such
that addition of intensity in an adjacent frequency region would accomplish

a reduction of the discharge rate in the suppressed frequency region by a cer-
tain amouns, this would not affect the absoluts increment brought about by a
test tone at threshold and, hence, would leave the threshold of the test tone
unchanged.

These considerations are meant to illustrate how our first conclusion,
"direct masking does not reveal effects of lateral suppression" can still be
reconciled with the existence of such a mechanism. It simply implies that the
mechanism is such that the effect of lateral suppression is comparable with
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a reduction of the intensity in that frequency region by a certain facior,
affecting otk the masker and the test tone. This implication is illustrated

in Fig. 10.1, upper panel (stimuli and response patterns). Here, two condi-
tions are compared, a single-tone and a two-tone stimulus, and two of the

main conclusions, as mentioned before, are accounted for: conclusion (e). the .
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Fig. 10.1., Illustration of the framework of assumptions which may account for

the main results of the present study. The addition of a second (strong) com-
ponent to a first (weak) component reduces the neural response to the weak
component (literature data on lateral suppression). If this lateral suppres-—
sion behaves as & reduction fzetor in the suppressed freguency Eeglon'(upper
panel), it has ne effect on the threshold for a test tone super%rposed‘on the
weaker component (direct masking), when this threshcld is assoc1ate§ with a
certain S/N »atio. If, additionally, the effect of lateral suppression stops
instantaneously at the end of the masker, the addition of the strong compo-
nent will have an effect in case of a nmonsimultaneous test tone (forward mask-
ing, pulsation threshold), when the first reflects a process of decay of (or
recovery from) neural effects of the preceding masker (middle panel) and when
the latter is associated with continuity of the neural response (lower panel).
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neural response to a single-tone stimulus is reduced by the addition of a sec-
ond strong tone, and conclusion (a), lateral suppression, comparable with a
reduction of the effectiveness in the suppressed freguency region by a certain
factor, does not affect the test-tone threshold in direct masking.

10.1.2. Implications of forward-masking data

In contrast to direct masking, forward-masking data do reflect the effect
of lateral suppression. This agrees with the model developed so far, if we
assume that the lateral-suppression mechanism is a "fast” mechanism, such
that the effectiveness of a test tone presented shortly after the masker is
not affected by it. The argument goes as follows. The origin of forward mask-
ing may be described either in terms of "decay of response" or in terms of
"recovery from adaptation". This distinction, which is of interest for hear-
ing theories, is not of importance for the argument here. Let us consider the
first concept. Thus, forward masking reflects a decay of the response caused
by the preceding masker in the frequency channel corresponding to the test
tone. Then, a change of the degree of Tateral suppression in that frequency
region will bring about a change in the forward-masked threshold if two con-
ditions are fulfilled: (1) Tateral suppression operates at a stage preceding
the decaying process involved in forward masking, and (2) the test tone it-
self, presented shortly after the termination of the masker, is wot subjected
to that same effect of lateral suppression. This is illustrated in Fig. 10.1,
middle panel (forward masking). The first condition means that the initial
level of the decay process at the end of the masker is lower in case of the
two-tone masker than in case of the single-tone masker. The second condition
means that the effectiveness of the test tone is the same in both situations.

Thus, in order to account for the forward-masking data, our model should
be extended with two more assumptions: (1) Tateral suppression set up by the
masker stops almost instantaneously at the end of the masker, and (2) forward
masking reflescts the decay of "something" (either a response level or an ad-
aptation level set by the preceding masker) at a level in the auditory path-
way beyond the stage were lateral suppression operates.

10.1.3. Implieations of pulsation=threshold data

The pulsation-threshold method is not a common method and there does not
exist a theory about the possible underlying processes. It appeared that the
pulsation threshold correctly reflects the effect of two-tone suppression
(see, for instance, Fig. 5.3) and, for that specific case, the theory can be
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very simple: when alternating a test tone and a two-tone stimulus (of which
the weaker tone has the same frequency as the test tone), the test tones will
saund as a continuous tome if the neural response to the test tone is of the
same "height" as the neural response to the weaker tone in the two-tone stim-
ulus. Thus, a tone is perceived as continuous when the corresponding neural
response s continuous. This condition of continuity should refer to the neu-
ral response at a level in the auditory pathway beyond the stage where lat-
eral suppression operates. Fig. 10.1, lower panel, illustrates the concept.
For the trivial case of a single-tone masker alternating with a test tone of
the same frequency, "pulsation threshold" is reached when the test tone has
the same level as the masker. When the second tone is added, suppressing the
neural response to the weaker tone, the condition of continuity is no longer
fulfilled until the test-tone Tevel is reduced appropriately. As in the case
of forward masking, it is essential that the lateral suppression brought a-
bout by the second tone acts "instantanecusly", since the response to the
test tone itself should, of course, not be subjected to the suppression ef-
fect of the second tone.

These considerations illustrate that conclusion (c) of section 10.1, refer-
ing to pulsation-threshold data, does not imply any additional assumption a-
bout the lateral-suppression mechanism. Within the model presented so far,
the assumption that perceptual continuity (pulsation thresheold) is associated
with continuity in the neural response accounts for conclusion (cj.

Our framework of assumptions, which can account for the main conclusions

of this study, has taken the following form.

Two assumpticns concerning the lateral-suppression mechanism:

(1) the effect of lateral suppression is comparable with a reduction of the
effectiveness in the suppressed frequency regicn by a certain factor,

(2) lateral suppression acts essentially imstanmtameously, such that its effect

" stops immediately at the end of the frequency components which cause that

suppression.

Three further assumptions concerning the different experimental technigues:

(3) the direct-masked threshold is associated with a certain S/N ratio in the
frequency region of the test tone,

(4) the forward-masked threshold is associated with a process of recovery or
decay at a level in the auditory pathway beyond the stage where lateral
suppression operates,

(5) the pulsation threshold is associated with comtfnuity of the neural re-
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sponse at a level beyond the stage where lateral suppression operates.

This framework of assumptions has a descriptive character and remains
rather vague in many respects. For instance, the notion "neural response",
which is frequently used here, remains unspecified with respect to the level
in the auditory pathway to which it refers. However, it must be kept in mind
that the present study is a psychophysical one. As mentioned in chapter 1,
psychophysics 1s particularly suited for investigating "input-output" rules
of the hearing mechanism as a whole, but does not reveal detailed processes
at the different stages of auditory processing; such information can only be
obtained from physiological studies. The psychophysical rules may only sug-
gest some general assumptions concerning the nature of the underlying pro-
cesses. The purpose of this section was to indicate at least one consistent

framework of such assumptions, which can account for the main results of this
study.

A most important conclusion of this section is that, within the framework
developed here, the contribution of lateral suppression in "sharpening" the
auditory projection of a masker's sound spectrum may be estimated from the
difference between pulsation-threshold data and direct-masking data: the first
do and the Tatter do not reveal its action. According to this, the various ex-
periments indicate that Tateral suppression contributes significantly to the
preservation (in some cases even an enhancement) of spectral contrasts. The
rippled-noise data indicate the order of magnitude by which lateral suppres-
sion contributes to the resolving power in the frequency domain: the bandwidth
of the "auditory filter" fncluding lateral suppression is about a factor of
two smaller than the classical "eritical bandwidth" derived from the direct-
masking data. Thus, it would appear that the auditory projection of a stimu-
lus' sound spectrum is about a factor of two "sharper" than according to clas-
sical theories. This will be illustrated further in chapter 11.

10.2. LATERAL SUPPRESSION AND NEURAL DATA

The evaluation of the experimental data suggested a lateral-suppression
mechanism which acts almost Znstantaneously, whereas its effect is compara-
ble with a reduction factor in the suppressed frequency region. Do such fea-
tures agree with the nature of lateral suppression as revealed by electro-
physiological studies? This question dnvolves more than a qualitative a-
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greement between masking data and neural-response data, as shown in some of
the previous chapters. Here, we are concerned with the question of whether
the nature of the lateral-suppression mechanism, as derived from our results,
is not in conflict with results of physiological studies. We will consider
this question only briefly.

Recently, an extensive review of physiological data on the coding of
sound in the lower levels of the auditory system is given by Mgller (1972).
The temporal aspect of a possible sharpening mechanism is illustrated most
clearly by a comparison between the frequency-response curve of neural units
in the cochlear nucleus of the rat in case of steady-state pure tones and
the impulse response as derived from the unit's response to paired clicks
(Mg1ler, 1970). The selectivity derived from the impulse response is not less
than in case of long pure tones. Hence, Mgller concludes that, if a lateral-
suppression mechanism is responsible for a sharpening of tuning, it must act
instantansously. Also in studies on two-tone inhibition no important differ-
ences between the latencies involved in the excitatory effect and the inhibi-
tory effect of a pure tone have been found, at least in primary auditory-
nerve fibres (Nomoto et af., 1964 and Arthur et al., 1871); at higher Tevels,
as in units in the inferior colliculus in rat (Vartanian, 1973), substantial
latencies in inhibition have been found.

The instantaneous character of lateral suppression, as revealed by most
electrophysiological studies, makes it highly improbable that a Tateral=-in-
hibitory mechanism in the traditional sense is involved. as a neural network
involving one or more synapses. It is considered most 1ikely that lateral
suppression is associated with processes within the cochlea. However, fur=
ther research will be needed to specify the site and nature of the mechanism
more precisely.

With respect to our second peint, namely that lateral suppression mani-
fests itself, psychophysically, as a reduction by a certain factor, there ap-
pears to be no clear physiological parallel. The main difficulty is a "trans-
lation" of this psychophysical rule in terms of neural responses. Some inci-
dental indications concerning a possible agreement are given, for example, in
the work of Sachs (1969) in which neural data on two-tone inhibition are de-
scribed by intreducing the concept "inhibitory-multiplier", and perhaps in
the work of Hind et al. (1967) and Hind (1970), who consider two-tone inhibi-
tion as a kind of modulation mechanism. This may illustrate that the neural
data at least are not in conflict with this psychophysical aspect of lateral
suppression.
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Finally, a few words about Tinearity. The phenomenon of two-tone suppres-
sion clearly reveals a non-linear aspect of the neural coding of a stimulus'
sound spectrum. On the other hand., it has been demonstrated that the relation
between the neural response in case of a broad-band stimulus (noise) and in
case of a narrow-band stimulus (pure tone) can be described rather well in
terms of a Ifnear frequency-selective mechanism. For example, de Boer (1969)
has shown, by correlating the temporal pattern of nerve discharges in & sin-
gle primary fibre in the cat with the temporal wave-form of a noise stimulus ,
that the unit is stimulated by noise components within a narrow freguency re-
gion around the unit's best frequency, which appeared to correspond closely
to the selectivity as revealed by the unit's tuning curve. It has been argued
(de Boer, 1967) that, in case of a broad-band noise stimulus, lateral suppres-
sion cannot contribute to frequency selectivity since the stimulation pattern
is essentially flat. However, this is only true in terms of the time-averaged
intensity spectrum; in view of the instantaneous nature of the lateral-sup-
pression mechanism, we should also consider the statistical, short-term, fluc-
tuations of the stimulating waveform at the different positions along the bas-
ilar membrane. It is not completely inconceivable that Tateral suppression,
responding to such sfatistica] level differences between adjacent positions,
may still contribute to frequency selectivity in case of a broad-band stimu-
Jus. Hence, the similarity between the degree of frequency selectivity as re-
vealed by the tuning-curve approach and by the correlation approach does not
necessarily imply that lateral suppression plays no role in frequency selec-
tivity, but rather that the frequency-selective mechanism as a whole, includ-
ing possible effects of lateral suppression, behaves substantially linearily.

Another example of linearity is presented by Wilson and Evans (1971). For
the same type of rippled-noise stimuli as we used in chapter 9, Tt was shown
that the degree of ripple resolution in the response of single cochlear-nerve
fibres in the cat corresponds closely to that expected on the basis of the
unit's spectral selectivity as revealed by its tuning curve.

These examples illustrate that in many electrophysiological experiments
the frequency-selective mechanism may be considered, as a first approximation,
to be linear. Nonlinearity manifasts itself only in extreme cases. How does
this relate to our results on frequency selectivity with the pulsation-thresh-
old method, of which we claim that it includes effects of lateral suppression?
We have seen, for example, that the data with the rippled-noise masker with
different modulation depths could not be accounted for in detail by one lin-
ear filter. On the other hand, the three filter characteristics in Fig. 9.5
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(right column) are nearly identical, indicating that the nonlinear aspect is
only of minor importance. To illustrate this further, we shall compare the
filter characteristics, derived from pulsation-threshold measurements with the
rippled-noise masker. with the freguency selectivity as revealed by pulsation-
threshold measurements with a pure-tome masker. This is illustrated in Fig.
10.2. The upper panel reproduces the pulsation-threshold data for a pure-tone
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masker of Fig. 4.2. A1l tones on such a curve have the same effect on the
1000-Hz test tone, indicated by the 1ittle triangle; thus, when the frequen-
cy-selective mechanism involved is linear, these curves should reflect the
filter characteristic at 1000 Hz as derived from the pulsation-threshold meas-
urements with the rippled-noise masker. The lower panel gives the average of
the three filter characteristics in Fig. 9.5. (Of course, the negative-going
parts of the original intensity-weighting functions cannot be represented on
this dB-scale.) It will be seen that the frequency selectivity in case of the
pure-tone masker is not dramatically different from that in case of the rip-
pled-noise masker, Thus, also on the basis of such psychophysical data, the
frequency-selective mechanism appears to be substantially linear. Nonlinear
aspects become manifest only for extreme types of stimuli (two-tone suppres-
sion), or when a more precise analysis is carried out, as we did for the rip-
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pled-noise masker with different modulation depths.
Summarizing, it appears that the nature of the lateral-suppression mecha-
nism, as revealed by the present psychophysical study, is not in conflict

with the way in which lateral suppression manifests itself in electrophysio-
logical studies.

10.3. ADDITIONAL NOTES ON THE PULSATION-THRESHOLD METHOD

10.3.1. Related studies

In view of the close correspondence between pulsation-threshold data and
neural-response data, as shown in this study, this method deserves further
attention.

The historical background is very limited. In 1857, Thurlow described the
effect of continuity for two alternately sounding tones in terms of an audi-
tory "figure-ground" effect: "Under certain conditions the more intense of
the two tones is heard.as clearly intermittent (somewhat as 'figure'), and
the less intense appears to sound continuously (somewhat as ‘ground')". It
was noted that this effect is only observed when the two tones are brought
near together in frequency. The quantitative relaticn between the frequency
difference and the intensity difference between the two tones, for which con-
tinuity of the fainter tone is perceived, was investigated by Thurlow and
Elfner (1959). This approach comes close to one of our experiments (Fig. 4.2),
although the temporal alternation pattern was somewhat different (in our terms
67-msec test-tone bursts alternated with 21-msec masker bursts). Additional
experiments were concerned primarily with the guestion to what extent the per-
ception of short interruptions in a fainter sound can be masked by short
bursts of a louder sound (e.g., Elfner, 1971). This is not related directly
to the present study.

The application of the phenomenon of illusory continuity, for relatively
long durations (> 100 msec), within the framework of masker-and-test-tone ex-
periments was introduced by Warren et «l. (1972) and Houtgast (1971, 1972).
Warren gt . refer to the effect of continuity as "auditory induction" and
they indicate that this is found generally in alternating a fainter and a
louder sound when the Touder sound has a broader spectrum, which includes
that of the fainter sound. This observation lead them to the following gener=-
al rule: "I there is contextual evidence that a sound may be present at a
given time, and if the peripheral units stimulated by a louder sound include
those which would be stimulated by the anticipated fainter sound, then the
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fainter sound may be heard as present". It is interesting to note that this
rule is very similar to the interpretation of the effect of continuity pro-
posed by Houtgast (1971, 1972), which will be further developed in this dis-
cussion. However, before aiming at such a theory underlying the effect of
continuity and. thus, underlying the pulsation threshold, we should first
consider possible effects of the rate at wnich masker and test tone are al-
ternated.

In this study, we always used an alternation rate of 4 Hz: 125-msec mask-
er bursts and 125-msec test-tone bursts. In other studies, different alter-
nation rates were used (e.g., 1.7 Hz as used by Warren et al., 1972), and in
one study the alternation rate was treated as a paranieter (van Meeteren, 1972).
It appears that the effect of continuity of the test tone occurs for a wide
range of alternation rates, of which the boundaries are rather vague. At the
Tower side (slow alternation rates), the phenomenon becomes less clear, it
"fades away". For example, for two tones with an alternation rate below 1 Hz,
the average subject will perceive "simply" an alternation of two tones with-
out any effect of continuity. Apparently, if the masker does not actually con-
tain the test-tone frequency, the duration of the masker bursts, which can be
bridged by the effect of continuity. is limited to a value of the order of
0.5 sec. At the higher side [fast alternation rates), the Timit is of a dif-
ferent nature. Temporal gating has am unwanted effect in the spectral domain:
generally, the faster the temporal. gating, the more the long-term spectra of
both the masker and the test tone are broadened. Since this might complicate
the interpretation of the results, the alternation rate should be taken as
slowly as the effect of continuity permits,

These considerations underly our choice of a 4-Hz alternation rate. It is
important to note that the parametric study (van Meeteren, 1972), with alter-
nation rates from 2.5 to 10 Hz, indicated that the results are essentially
independent of the alternation rate; the differences which were found could
be accounted for, in principle, by the spectral broadening for the faster al-
ternation rates. Thus, it would appear that the results with the 4-Hz alter-
nation rate apply generally to the range of alternation rates for which, at
one side, the phenomenon of continuity is unambiguous and, at the other side,
the effect of spectral broadening can be neglected. (See also Yerschuure eé
at., 1974.)
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10.3.2. A theory on the pulsation threshold

In section 10.1.3 of this discussion, the pulsation threshold was consid-
ered for the specific case in which the test tone alternated with a masker
whnich did contain a freguency component of the same frequency as the test
tone. However, this is not a necessary condition for the phenomencn of con-
tinuity. Therefore, the very simple theory put forward in section 10.1.3
should be generalized.

Consider the general case of a test tone and a masker, not necessarily
containing a frequency component of the same frequency as the test tone,
which are alternated according to the pulsation-threshold methed (Fig. 10.3
gives the example for a low-pass noise masker). When varying the test-tone
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Fig. 10.3. Illustration of the theory
underlying the interpretation of pul-
sation-threshold data. The basic assump-
tion is that the pulsation threshold re-
itiral Breemble flects a condition for which the neural
response pattern of the test tone Just
reaches that of the masker.

response

level, ane observes two different ways in which the series of test-tone bursts
is perceived: at high levels it sounds as a pulsating tone, in accordance
with the alternation rhythm, and at a range of lower levels it sounds as a
continucus tene, completely "separated" from the masker bursts., The boarder
Tine between these two Tevel regions is the pulsation-threshold level. The
theory about the underlying process refers again to the domain of "neural re-
sponses" and is essentially the same as that in section 10.1.3: pulsation
threshold is that particular test-tone level at which the neural response to
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the test tone has the same "height" as the response to the masker in the neu-
ral region associated with the test-tone freguency (see Fig. 10.3). In other
words: a neceseary condition for perceiving the pulsating chavacter of the
geries of test—towe bursts would be that at the transtticons from masker to
test teme there 48 an increase of the vesponee in the newral vegion associated
with the test tone frequewey; if not, the series of test-tone bursts is per-
ceived as & continuous tone.

Admittedly, this is an ad-hoc theory; at the other side, it must also be
admitted that given the phenomenon of continuity and given the close corre-
spondence between pulsation-threshold data and neural-response data, it seems
@ most simple and straight-forward theory.

The theory presented here would imply that the pulsation-threshold meth-
od is capable of revealing, in a most simple way, the features of the neural
response pattern associated with a masker's sound spectrum. Consider the gen-
eral case of a masker with some sound spectrum. The pulsation threshold meas-
ured as a function of the test-tone freguency can be named the pulsation—
threshold pattern of that particular masker. There exists an interesting re-
lation between the masker's sound spectrum and its pulsation-threshold pat-
tern: according to the theory put forward here. each single tone with a lev-
el according to the pulsation-threshold pattern gives the same response in
the neurcns for which that tone is the "best frequency", as the masker it-
salf. In other words: the pulsation—threshold pattert constitutes Lhe spec—
trum of just that hypothetical sound which, when presented to an "ideal! ear
in which neurons respond only to spectral components corresponding to their
"hast frequency" (thus, an "infinite" frequency selectivity and no lateral
interactions), gives the same neural-respense pattern as the masker iteelf
presented to the "real" ear. Thus, the pulsation-threshold pattern of a mask-
er reflects the effects of the "nonperfectness" of the actual ear (limited
frequency resolution, lateral interactions) on the masker's sound spectrum.
It may be considered the "apparent" or "equivalent" spectrum of the masker (at
a neural level to which our theory of "continuity of neural response" applies,
which remains unspecified).

In conclusion: when accepting the theory on the phenomenon of continuity,
the pulsation-threshold pattern of a masker discloses just that what we called
in the introduction the "auditory projection" of the masker's sound spectrum;
it reflects the "apparent" shape of the masker's sound spectrum after the
first stages of auditory processing. It was also mentioned in the introduc-
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tion that this shape is probably highly relevant for several perceptual at-
tributes of a sound, such as loudness, timbre and, perhaps, pitch. Therefore,
in the next chapter, we will proceed a little further along this line and
give some examples of this application of the pulsation-threshold method.
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CHAPTER 11

AUDITORY SPECTRA OF VARIOUS STIMULI

Summary

This chapter is based on the results and the theory put forward in the
preceding chapters: the pulsation-threshold method reveals an adequate pie—
ture of the anditory projection of a sound spectrum, including effects of la—
teral suppression. Three types of stimuli, commonly used in psychoacoustics,
are investigated: pure tones, complex tones and vowel-like sounds. Features
of the auditory spectra of these stimuli are related to several perceptual as-
pecta, such as loudness, pitch and timbre. Of course, the question remains in
how far such perceptual attributes are derived from the auditory projectiocn
of a stimulus' sound spectrum. The present results may contribute to the dis-
cussion on current theories about hearing processes, as theories on pitch per-
ception and theories on vowel perception.

11.1. GEMERAL

The nature of this chapter is somewhat different from that of the pre-
ceding ones. In those chapters we typically used a fized test tone and we were
interested in the ensemble of maskers which had a specific effect on that test
tone. This facilitated the interpretation of the results, since such data re-
flect the properties of auditory processing for one specific frequency region
(generally, such properties are not invariant. but depend on the frequency re-
gion considered). Furthermore, the approach was attractive in view of a com-
parison with neural-response data. referring to the ensemble of stimuli which
have a specific effect on a neural unit. In the present chapter, we return to
the approach used in the very first experimental chapter (chapter 3), where
we touched upon the auditory "Mach band". Thus, we will use a fixed masker
and a variable test tone with the explicit purpose to map out the "auditory
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spectra” of some stimuli which are commonly used in psychoacoustics.

The "auditory spectrum" is defined as follows: the auditory spectrum of
a sound constitutes the spectrum of a hypothetical sound which, when applied
to o "tdeal” ear in which newrons respond omly to gpectral components corre-
sponding to their "best frequency"” (thue, an "infinite! freguency seleerivity
and no lateral tnteractions), would give the same neural-response pattern as
the actual sound applied to ithe actual ear. (The stage in the auditory chan-
nel to which this neural-response pattern applies remains unspeficied.) Thus,
the auditory spectrum reflects the effect of the actual ear being net "ideal
on the stimulus' sound spectrum. According to the theory presented in the
preceding chapter, this auditory spectrum can be obtained by measuring the
pulsation-threshold pattern of the sound. Although the foundation of that
theory, namely the close correspondence between pulsation-threshold data and
neural-response data, could be verified only for a limited number of cases,
its validity is plainly accepted in this chapter. The reason for this is two-
fold: (1) insight in the shape of the auditory spectrum of. for instance, com-
plex tones or vowels is of interest to theories on pitch perception and vowel
perception, and (2) besides the pulsation-threshold method, which might give
a correct picture, there exists no obvious alternative.

With respect to this second point, I will briefly summarize my objections
against more traditional masking methods. With regard to direct masking, there
are two major points. First, we have seen in this study several cases in which
direct-masking data were essentially different from neural-response data. Sec-
ond, as mentioned in Chapter 4, it is well known that in many cases confound-
ing interactions between a masker and a superimposed test tone occur (beats.,
combination products), which might play a role in the detection threshold of
the test tone. In such cases, the detection threshold is probably not direct-
1y related to the neural response to the masker in the neural regicn associ-
ated with the test-tone freguency. Although these two objections can be a-
voided by using a forward-masking technique, this introduces the problem of
a low "sensitivity" (see. for example, Figs. 5.1 and 7.1): according to the
model presented in the discussion, forward masking reflects an after effect
which, at the moment the test tone is presented, has recovered already con-
siderably. Additionally, both direct masking and forward masking would re-
quire extensive reference measurements with single-tone maskers, relating
masked threshold to the Tevel of a single-tone masker, in order to transform
such masking patterns into an auditory spectrum according to cur concept. Fi-
nally, apart from these considerations, it should be realized that for any
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psychophysical method the interpretation of a masking pattern in terms of an
auditory spectrum always requires a theory about underlying neural processes
and, consequently, remains vulnerable.

Briefly: the pulsation-threshold method appears to be the most acceptable
approach to disclose the auditory spectrum of a stimulus.

11.2. PULSATION-THRESHOLD PATTERNS OF PURE TONES

The experiment is illustrated in Fig. 11.1. The pulsation-threshold meth-
od was applied, with, again, each fourth test-tone burst Teft out. The masker

fixed masker ltonev)
////r_ test tone fr
ALT/r !

pulsation threshold Ly (dB)

01 0.2 05 10 20 50 10
f'r“(Hz)

Fig. 11.1. Pulsation-threshold patterns of various pure-tone maskers (indi-
cated by the positions of the triangles in the data graph). The dotted curves
are direct-masking patterns for three narrow-band maskers (redrawn from Mai-
wald, 1967). (Average data of three subjects.)
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was a fixed pure tone. Four such maskers were used, of which the levels and
frequencies are indicated by the little triangles in the data graph. The test-
tone freguency fT was the independent, and the test-tone level L, the depen-
dent variable. For each setting of fT, the subject was instructed to adjust
LT to the highest value at which the pulsating character of the series of
test-tone bursts was just not perceived. Each of three subjects made one such
adjustment and the median values are presented in Fig. 11.1, The curves con=
necting the data points are referred to as pulsation-threshold patterns.

According to the theory presented before, each pulsation-threshold pattern
constitutes the auditory spectrum of the corresponding pure-tone masker. It
is interesting to compare these with the results of more traditional masking
procedures, such as direct-masking patterns. The confounding interactions in
the case of tone-on-tone masking can be avoided to a large extent by using a
narrow-band noise masker, rather than a tonal masker, of not too high a level
(Egan and Hake, 1950; Maiwald, 19687). Some direct-masking patterns produced
by such narrow-band maskers are reproduced in Fig. 11.1 (from Maiwald, 1967).
It will be seen that the main difference between pulsation patterns and di-
rect-masking patterns concerns the steepness of the Tow-frequency slope. This
agrees well with some of the concepts developed in the present study: (1) la-
teral suppression acts mainly in the direction from higner towards lower fre-
quencies and (2) pulsation threshold does, and direct masking does not, re-
flect its action. Thus, it would appear that the extreme steepness of the low-
frequency slope of the pulsation-threshold patterns reflects the effect of
lateral suppression by the peak of the pattern towards lower frequencies. The
high-frequency slopes of the pulsation-threshold patterns and the direct-mask-
ing patterns are in reasonably good agreement. Also the typical nonlinear be-
haviour, in that this slope depends on the level of the tonal masker, is tra-
ditionally found in direct masking as well (Zwicker, 1958).

The results in Fig. 11.1 should be considered in the light of the impor-
tant role of the direct-masking patterns in traditional theories on hearing
(Zwicker, 1958: Maiwald, 1967). According toc these theories, a direct-masking
pattern of a narrow-band masker can be transformed, by a vertical shift over
a number of dB's, into a so-called "psychoacoustical excitation pattern" of
a pure tone; this pattern takes the position of the auditory spectrum accord-
ing to our concept. Thus, perceptual attributes of a steady-state pure tone,
as loudness and pitch, are thought to be associated with features of this ex-
citation pattern. (The excitation pattern also involves a transformation of
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the frequency scale, but this is not essential for the present discussion.)
The implication of the present study is that this theory is not correct since
it is founded on an incorrect assumption: a direct-masking pattern does not
give a complete picture of the effects of the first stages of auditory process-
ing because it does not reflect the effect of lateral suppression. According

to our concept. such a theory should be built on the auditory spectrum as
measured with the pulsation-threshold method.

Admittedly, this new insight does not immediately contribute to our under-
standing of pure-tone perception. On the contrary, it seems to raise problem
rather than solving one: at one side, we have reason to dispute the relevance
of the excitation-pattern model whereas, at the other side; it has been shown
(e.g. , Iwicker, 1970) that the application of that model appears to be rather
successful. For instance. the steepness of the low-frequency slope of the ex-
citation pattern (dB/Hz) might explain the ratio between just-noticeable dif-
ferences (JND's) in level and frequency of a pure tone. Since this may be con-
sidered a strong point in favour of the excitation-pattern model, it is inter-
esting to specify exactly what assumptions are invalved in this explanation:
(1) the excitation pattern of a pure tore can be derived from the direct-mask-
ing pattern of a narrow-band noise, and (2) a JND in frequency or in level of
a pure tone reflects a condition in which the level in the excitation pattern,
anywhere along the frequency scale, changes by a certain dB-step. This is a
good example of a simple framework of assumptions which can account correctly
for a psychophysical rule, i.e., the relation between JND's of frequency and
level of a pure tone measured under certain conditions. I am in the unfortu-
nate position that I dispute the validity of this model without offering a
clear alternative. A similar reasoning applied to the pulsation-threshold pat-
tern rather than to the direct-masking pattern, would imply, for instance, a
much smaller JND in frequency. Although there are data in the Titerature which
might suggest that the accuracy in pitch perception is indeed nmuch greater
than that explained by the excitation-pattern model (e.g.. Rakowski, 19713
Verschuure and van Meeteren, 1374), ‘such arguments cannot lead to a fruitful
discussion. It should also be noted that the very concept itself, in relating
JND's of level and frequency to the slope of a pattern set up by the tone,
leans on the nypéthesis that the pitch of a pure tone is derived from the dis-
tribution pattern (place theory) and not from the temporal pattern of neural
response (periodicity theory).

In conclusion: according to the present study, the pulsation-threshold
pattern of a pure tone reflects the distribution pattern of the neural res-
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ponse to the tone., A(monaural) pure tone has two perceptual attributes: Toud-
ness and pitch. An interesting aspect of the relation between loudness and
pulsation threshold was discussed in chapter 7. With respect to pitch, the
extreme steepness of the slope of the pulsation-threshold pattern might play
a role, in the Tight of the place theory for pitch perception, in the great
accuracy in pure-tone pitch perception as reported in the Titerature.

There is an additional aspect in Fig. 1ll1.1 which deserves further atten-
tion. A comparison of the two pulsation-threshold patterns for the 1000-Hz
tone at the two different levels suggests that the low-frequency slope is
steeper for the high-level tone than for the low-level tone. Similar results
have been found in other studies as well (Verschuure et al., 1974). This may
have consequences for the interpretation of pulsation-threshold data. This
interpretation leans on the concept that pulsation threshold is reached when
the neural-response pattern of the test tone reaches that of the masker (see
Fig. 10.3), and it was assumed implicitly that this would apply to the top of
the test-tone pattern. In other words, the test-tone pattern was assumed to
be not less peaked, not broader, than that of the masker. However, Fig. 1l.1
would suggest that the slope of the pattern of a high-level tone (masker) is
steeper than that of a low-level (test) tone. Thus, the pulsation thresholds
at the low-frequency side of & pure-tone masker may refer to a situation in
which it is not the top of the test-tone pattern, but some other part of it
which first reaches the masker's pattern. In that case, the interpretation of
that part of the pulsation-threshold pattern in terms of an auditory spec-
trum, according to our definition, is not correct. We now are in a difficult
situation: if the steep slopes of the pulsation-threshold patterns in Fig.
11.1 are interpreted in terms of neural patterns, it can be inferred that
the pattern of a (low-level) test-tone is broader than that of the masker
and, consequently, that the interpretation is probably incorrect.

Conseguently, in view of the ambiguity of the interpretation of pulsation
thresholds at the low-frequency side of a pure-tone masker, we should not a-
scribe too much weight to the exact shape of a pulsation-threshold pattern in
that freguency region. Fortunately, this has no important consequences for
the present study. In all cases considered, there is no reason to suppose that
the finite width of the test-tone pattern has caused serious complications.
However, we should be aware of the possibility that in extreme cases, like
the present one, this might be the case and lead to incorrect interpretations.
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11.3. PULSATION-THRESHOLD PATTERNS OF COMPLEX TONES

This experiment is illustrated in Fig. 11.2. In this case, the masker was
a complex tone consisting of the first 10 harmonics of the fundamental fre-
quency 250 Hz. The harmonics had equal amplitudes and were added in sine
phase. The results obtained with two such maskers, with a level difference of
30 dB, are presented in the figure. At each setting of the test-tone frequen-
cy fT (in random order), each of threes subjects made two adjustments (in sep-
arate sessions) of the test-tone level Ly to pulsation threshold. The average
values are presented in Fig. 11.2.
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Fig. 11.2. Pulsation-threshold patterns of two complex tones, consisting of

the first ten harmonics of the fundamental frequency 250 Hz (positions of the
triangles in the data graph). Note that the lower harmonics are associated
with distinct peaks in the pulsation-threshold patterns. (Average data of
three subjects.)
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According to our theory, the pulsation-threshold patterns in Fig. 11.2
constitute the auditory spectra of the two complex tones. It is interesting
to note that the peaks of the auditory spectra way fall considerably below
the levels of the individual harmonics (1ittle triangles). This may be inter-
preted as the result of Tateral suppression of the individual harmonics by
adjacent parts of the complex, which is in Tine with the concept developed in
this study. The most interesting aspect of the auditory spectra in Fig. 11.2
is the extent to which the individual harmonics of the complex are reflected
in the auditory spectra. Generally, only the lower harmonics appear to be as-
sociated with distinct peaks in the auditory spectra. This result is, of
course, not unexpected. The specific contribution of the present result is
the guantitative nature of the data. Can these data be related to perceptual
aspects of such complex tones?

The many experiments on complex tones are mainly concerned with two is-
sues: (1) the number of (lower) harmonics in a complex that can be perceived
as individual tones and (2) the pitch of complex tones. With respect to the
first issue, a basic type of experiment was performed by Plomp and Mimpen
(1968). That experiment was set up in such a way that the score of a two-al-
ternative recognition task (ranging from 100% to 50%) was related to the au-
dibility of an individual harmonic, ranging from "perfect" to "unaudible™.
For the complex tone with a fundamental freguency of 250 Hz, their data are
reproduced in Fig. 11.3, upper panel. Although there sre some minor differ-
ences betﬁeen the complex tone used in that experiment and the one used in
the present experiment (the harmonics were added in cosine phase, the ampli-
tude of each harmonic was adjusted to equal sensation level and the number
of harmonics extended beyond » = 10), it seems interesting to compare their
results with features of the present auditory spectra. We determined the rel-
ative "height" of the peak in the auditery spectra, associated with each in-
dividual harmonic =n, by taking the difference between the pulsation threshold
for f; = n.250 Hz and the average for fy = (n + %).250 Hz. This "peak-to-val-
ley ratio" for » from 1 to 9 is plotted in Fig. 11.3, lower panel. (The four
symbols refer to four different levels LC of the complex, of which only two,
the 70-dB and 40-dB conditions, have been represented in Fig. 11.2.) For the
lower harmonics., the hearing threshold has a marked influence on the peak-to-
valley ratio, especially for the complexes at the lawer levels. However, the
interesting aspect of Fig. 11.3 is the generé] correspondence between the
graphs in the upper and lower panels. (The upper panel refers to a complex
tone with a sensation level of 60 dB, which agrees perhaps best with the 55=
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Fig. 11.3. The upper panel reproduces the results of a forced-choice experi-

ment, in which the identification seore (from 100% to 50%) is related to the
audibility of each individual harmonic (from 'perfect' to 'inaudible') in a
complex tone with & fundamental frequency of 250 Hz (redrawn from Plomp and
Mimpen, 1968). The lower panel presents the "height' of the peaks in the pul-
sation pattern of the complex tonme for each individual harmonic. The parame—
ter L. is the level of the harmonies in the complex tome. Fig. I1.2 represents
the pulsation—threshold patterns for only two of the four conditions investi-
gated (Lc = J0O dB and Lc = 40 dB).

ds condition in the lower panel; this would suggest a very detailed corre-
spondence, but we are not inclined to ascribe much weight to that.) The
similarity suggests that the audibility of an individual harmonic in a com-
plex tone is related to the "height" of the peak associated with that har-
monic in the auditory spectrum of the complex. It supports the view that the
pulsation-threshold pattern gives a relevant picture of the auditory projec-
tion of a sound spectrum.

A second main issue of psychophysical experiments on complex tones con-
cerns pitch. In this field, a great variety of experiments are pe%Formed and
the discussion and interpretation of the results is focussed mainly on one
central theme: is the pitch of a complex tone derived from the neural projec-
tion of the spzetrum of the complex tone (place or "pattern" theory) or from
the neural correlate of the periodicity of the complex tone (periodicity the-
ory)? At the present time, the discussions on this theme are still very ani-
mated and it would go beyond the scope of this study to take part in that,
Briefly, one might say that, after some decades during which the periodicity
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theory found general favour, pattern theories (see also de Boer, 18956) are
rapidly gaining grounds as very serious alternatives (e.g. » Houtsma and Gold-
stein, 1972; Terhardt, 1972 a, b; Wightman, 1973;van de Brink,1974). Within
the framework of the present study, the auditory spectrum of a complex tone,
as revealed by the pulsation-threshold pattern,reflects the very pattern to
which such pattern theories might apply. Can some features of the auditory
spectra be related, then, to psychophysical results of pitch experiments with
complex tones? Let us consider, briefly, two aspects: the dominance region
and the existence region.

The dominance region refers to the harmonics in a complex which appear o
have a major contribution to the pitch of a complex tone. For complexas with
a fundamental frequency of about 250 Hz, this dominance region is located a-
round the fourth harmonic, thus in the frequency region around 1000 Hz (Rits-
ma, 1967; Ritsma e+ al., 1967; Plomp, 1967). In terms of the pattern theory,
one would expect this dominance region to be associated with that frequency
region in which a change of the fundamental frequency of the camplex leads to
the most significant change in the auditery spectrum of the complex. Realizing
that a change of the fundamental frequency accomplishes a change of the fre-
quency of each individual harmonic by a certain factor, the dominant region
would be associated with that frequency region at which the auditory spectra
in Fig. 11.2 (with a logarithmic frequency scale) have the most prominent and
sharp peaks. It appears that this notion is not in conflict with the Tocation
of the dominance region around 1000 Hz.

The existence region refers to the highest harmonics in a camplex which
can still evake a low pitch. According to a basic study of Ritsma (1962).
this 1imit, for a fundamental frequency of 250 Hz, is reached at harmonic num-
bers around n = 16. However, the interpretation of such experiments with com-
plex tones, consisting of only a few higher harmonics, is often canfounded by
combination tones, generated in the ear, such that the "effective" spectrum
of the stimulus may include a number of lower harmonics beyond the "physical”
spectrum. Recent experiments (Smoorenburg, 1970; Houtsma and Goldstein, 1972
Moore, 1973) indicate that the "effective" spectrum of a complex tone (thus,
including possible aural combination tones) should contain some harmonics
pelow about » = 10 in order to evoke a low pitch. In terms of a pattern
theory, one would expect this 1imit to be associated with that frequency re-
gion at which the peak-to-valley ratio for the individual harmonics in the
auditory spectrum has essentially reduced to zero dB. It should be noted that,
theoretically, one might expect that the peak-to-valley ratio for high har-
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monics in the auditory spectrum approaches zero dB, but never reaches 7k
Hence, a quantitative comparison of this limit with the peak=-to-valley ratio
in the auditory spectrum requires a specification of what is meant by "essen-
tially reduced to zero": is the limit of pitch perception associated with a
peak-to-valley ratio of the order of 1 dB, or perhaps 0.1 dB? Given this fun-
damental uncertainty, it would seem that the data on the peak-to-valley ratio,
as presented in Fig. 11.3, agree reasonably well with a limit of about n = 10.

In canclusion: the pulsation-threshold patterns of complex tones, inter-
preted as the auditory spectra of such stimuli, correspond well to psychophy-
sical data on the audibility of the individual harmonics. Furthermore, within
the framework of a pattern theory for pitch perception, the features of the
auditory spectra agree with the dominance region and the existence region for
pitch perception of complex tones.

11.4. PULSATION-THRESHOLD PATTERNS OF VOWEL-LIKE SOUNDS

This experiment is illustrated in Fig. 11.4. Two maskers were considerad.
Each masker consisted of the first 32 harmonics of the fundamental frequency
125 Hz, all added in sine phase. The two line spectra, which are presented in
Fig. 11.4, differed only with respect to the exact Tocations of three formants
(positions along the frequency scale where the envelope of the line spectrum
has a maximum). The first sound, labelled "a", had its formants at 720, 1180
and 2600 Hz, and the second sound, labelled "e", at 580, 1700 and 2460 Hz.
The normal pulsation-threshold method was used. The test-tone frequency fT
was set randomly at a frequency corresponding to one of the harmonics from
v = 2 ton = 26 and each of three subjects made two adjustments (in separate
sessions) of the test-tone level Ly to pulsation threshold. The average val-
ues are presented in Fig. 11.4.

1t should be noted that, in this case, the test-tone frequency was always
set at a frequency component of the masker. Consequently, the curves connect-
ing the data points should be interpreted here as auditory Itne spectra. re-
flecting the effect of the first stages of auditory processing on the shape
of the original Tine spectra.
These results may play a role in the discussion on theories about vowel per=
ception. There exist various theories on the auditory mechanisms underlying
vawel recognition and discriminatien. Commonly, it is assumed that the audi-
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Fig. 11.4. Pulsation-threshold patterns of two vowel-like sounds with a fun-
damental frequency of 125 Hz. The line spectra of the two 'vowels', with a
typical formant structure, are indicated in the data graph. Note that the
test tone was always centred at one of the harmonies (fromm = 2 ton = 26).
(Average data of three subjects.)

tory projection of a vowel's Tine spectrum forms the basic source of informa=-
tion, but with respect to the subsequent processing there exists a major dif-
ference of opinion. According to one theory, the positions of the formants
play a major role in vowel perception (e.g., Chistovich, 1971) and, conse-
guently, it is assumed that the processing of the auditory spectra is prima-
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rily a process of "formant extraction". According to another theory (e.g. s
Pols et al., 1969), the whole shape of the auditory spectrum is considered

to be important, without any specific weight ascribed to the peaks, and, con-
sequently, the processing of the auditory spectra is assumed to take the form
of a more general type of "pattern processing'.

The data in Fig. 11.4 indicate that the formants in the original line
spectra are clearly reflected in the auditory line spectra. It should be
noted that, in general, any effect of lateral suppression, by which weaker
parts in 2 spectrum are suppressed by adjacent stronger parts, stresses the
significance of the formants. Does this imply that the present study, which
underlines the role of such a lateral-suppression mechanism, would favour
the "formant-extraction" theory as the more relevant orne? The answer is ne-
gative. Admittedly, the effect of lateral suppression is such that the posi-
tions of maxima in a spectrum are marked more clearly. On the ather hand, one
also might say that, generally, lateral suppression helps to preserve, and
perhaps even to enhance, the original shape of a stimulus' line spectrum.
This favours a general type of '"pattern processing" as much as it would fa-
vour a specific "formant-extraction" type of process.

There is one aspect which deserves further attention. It is often assumed
that the relation between the original line spectra and the auditory Tine
spectra might be approximated by 1/3 octave-band filtering, in 1ine with tra-
ditional ideas about the filter properties of the ear (Plomp et al., 1967).
Accordingly, within the framework of "pattern-processing" theories, perceptu-
al differences between two vowels, or between two sounds in general, are rel-
ated to the spectral differences as measured in a number of adjacent 1/3 oc-
tave-band filters (Plomp, 1970). The present data indicate that this does not
account correctly for the high degree of ‘spectral resolution as revealed by
the auditory spectra. This is illustrated in Fig. 11.5, in which the spectral
aifferences between the vowel-like sounds "e" and "a" are presented. The up-
per panel gives the original level difference for each of the 32 harmonics.
The middle panel gives the difference between the pulsation-threshald valu-
ues measured at each of the harmonics from n = 2 to n = 26. The lower panel
gives the level difference as measured with a 1/3 octave-band filter when
centred. successively, at each of the harmonics from n = 2 to n = 28. It can
be seen that the difference between the two auditory line spectra (middle
panel) contains considerably more details of the original spectral difference
(upper panel} than after a process of 1/3 octave-band filtering (lower panel).
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Fig. 11.5. Upper panel: difference between the line spectra of the two 'vow-

els' in Fig. 1l.4. Middle panel: difference between the two corresponding pul-
sation-threshold patterns. Lower panel: difference between Lhe levels meas—
ured with a 1/3-octave band—pass filter when centred at each individual har—
monic successively. Note that the middle panel mirrors the original spectral
differences in greater detail than after spectral znalysis with a 1/3-octave
band-pass filter.

spectral difference

In conclusion: the pulsation-threshold patterns of vowel-like sounds, in-
terpreted as auditory line spectra, are of interest to theories about vowel
perception. The auditory Tine spectra reveal a high degree of resolution of
the shape of the original line spectra. Although the present study strongly
suggests that lateral suppression plays a role here, this should not be inter-
preted as being in favour of a "formant-extraction" type of theory exclusive-
ly. Finally, it appears that a simulation of the effect of the first stages
of auditory processing by 1/3 octave-band filtering can serve only as & very
first approximation, which does not account for the high degree of spectral
resolution revealed by the pulsation-threshold patterns.
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SUMMARY AND CONCLUSIONS

The present study should be considered in the 1ight of the common concept
that the sound spectrum of a steady-state auditory stimulus is represented as
a specific stimulation pattern along the basilar membrane in the cochlea, and
also as a specific distribution pattern of neural activity in the auditory
pathway. The properties of this auditory projection of a stimulus' sound spec-
trum are considered to play a fundamental role in perception (as in the per-
ception of loudness, timbre and, perhaps, pitch). Therefore, it is of inter-
est to study the features of that projection.

The results of many electrophysiolegical experiments in animals suggest
that the auditory projection of a sound spectrum, in 2 way comparable with
the visual projection of a light-dark distribution, is subjected to both wm—
sharpnees (such that fine details of the original shape of a sound spectrum
are not resolved), and, in some cases, sharpeming (such that the original
spectral contrasts are enhanced). This Tatter phenomenon is often understood
as an effect of lateral inhibition or lateral suppression: when "weaker"
parts in a pattern are suppressed by adjacent "stronger" parts, the contours
of the projection may become more pronounced than the contours of the origi-
nal frequency spectrum. The main issue of the present study is to gain in-
sight into the role of sharpening in the auditory projection of a sound spec-
trum.

The experimental approach is based on the usual concept that masking ea—
veriments, Wwith a test tone of variable frequency, can be used to investigate
the auditory projection of a masker's sound spectrum: the effect of the mask-
er on the threshold of the test tone, as a function of the test-tone frequen-
¢y (@ masking pattern), is often interpreted as reflecting the auditory pro-
jection of the masker's sound spectrum. )

In this study, three different measuring techniques are applied for inves-
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tigating the auditory projection of a masker. iireet masking is a very tra-
ditional method. The test tone is superimposed on the masker and the criter-
ion always refers to the detectability of the test tone. Forward masking is
also a commonly used technique. A brief test tone iz presented shortly af-
ter the termination of the masker and, again, the criterion refers to the de-
tectability of the test tone. The pulsaiéion—threshcld method is a relatively
new method. The masker and the test tone are presented in continuous alter-
nation, without silent intervals, with an alternation rate of 4 Hz. The cri-
terion refers to the way in which the test tones are perceived: either as a
puleating tone corresponding to the alternation rhythm (for high test-tone
levels), or as a contimuous tone (for low test-tone Tevels).

In chapter 3, these three methods are applied to investigate the auditory
projection of a masker consisting of sharply filtered low-pass noise. In this
case, lateral suppression would manifest itself as an enhancement at the adge
of the noise spectrum, in a way similar to the well known Mach bande in vi-
sion. The results are typical of the present study: whereas the traditional
direct-masking pattern shows no such edge effect, the patterns obtained with
the two other methods clearly do so.

The purpose of the subsequent experiments (up to chapter 9) is twofold:
(1) to compare the results of the three different types of masking experi-
ments with published data on the neural response to various auditory stimuli,
and (2) to investigate maskers with sound spectra which are interesting from
the point of view of lateral suppression. (The main results are summarized in
Table I on page 75.) It appears that the two methods in which the masker and
the test tone are presented nonsimultaneously (forward masking and pulsation
threshold) consistently reveal effects of lateral suppression: the masking
effectiveness in a frequency region may decrease when the intensity of the
masker in an adjacent (higher) freguency region is fnoreased. These results,
especially those obtained with the pulsation-threshold method, agree well
with neural-response data. This suggests that this method gives a correct
picture of the auditory projection of a masker's sound spectrum. On the oth-
er hand, the results ebtained with direct masking consistently show »no ef-
fects of lateral suppression.

In the discussion in chapter 10 it is indicated that the results suggest
a lateral-suppression mechanism with the following properties: (1) the sup-
pression acts mainly in the direction from higher towards lower freguencies,
(2) suppression in some frequency region does not affect the signal-to-noise
ratic for a test tone superimposed on the masker in that frequency region,
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and (3) the suppression acts almost instantaneously. The second property
would explain why effects of lateral suppression cannot be revealed by tra-
ditional direct-masking methods.

If indeed the pulsation-threshold method does, and the direct-masking
method does not reveal the effect of lateral suppression. the degree of
sharpening by lateral suppression can be derived from the difference between
the results of these two experimental techniques. According to this, the re-
sults presented in chapter 9, obtained with a rippled-noise masker (noise of
which the intensity as a function of frequency is sine-wave shaped). indicate
that lateral suppression substantially increases the freguency selectivity
in the auditory projection of a sound spectrum. When this is expressed in
terms of the bandwidth of an auditory filter, it appears that the bandwidth,
derived from pulsation-threshold data, is about a factor of two emziler than
the classical "critical bandwidth" derived from the direct-masking data. It
is also shown that this high degree of frequency selectivity, including the
effect of lateral suppression, can be described roughly in terms of a (nar-
row) IZinecr filter. Nonlinearities, which are encountered at several places
in this study, can be considered as second-order effects.

Briefly, the present study indicates that lateral suppression contributes
substantially to the preservation of spectral contrasts in the auditory pro-
jection of a sound spectrum and, furthermore, that the pulsation-threshold
method, in contrast to the traditional direct-masking method, gives a correct
picture of this projectiaon.

In the final chapter. this new insight is applied to investigate the au-
ditory projection of several stimuli which are commonly used in psychcacous-
tics: pure tones, complex tones and vowel-like sounds. [t is shown that var-
jous traditional psychoacoustical data, as, for example, the number of (lower)
harmonics in a complex tone which can be heard individually, can be related
to specific features of the auditory projection of the stimulus. The results
are discussed in the light of the fundamental question in how far the various
perceptual attributes of a sound (timbre, pitch) can be understood as being
derived from the auditory projection of the sound spectrum. The results ob-
tained with the pulsation-threshold method contribute to the discussions on
several current theories in this field, such as theories on pitch perception
and theories on vowel perception.
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SAMENVATTING EN KDNKLUSIES

De onderhavige studie moet gezien worden tegen de achtergrond van de al-
gemeen aanvaarde gedachte dat, bij een auditieve stimulus met een konstant
karakter, het geluidspektrum wordt "afgebeeld" in de vorm van een specifiek
stimulatiepatroon langs het basilair membraan in de cochlea, en ook als een
specifiek distributiepatroon van zenuwaktiviteit in de gehoorbaan. Inzicht in
de eigenschappen van deze afbeelding is van belang daar deze eigenschappen
gen fundamentele rol spelen bij verschillende aspekten van de geluidwaarne-
ming, zoals bij de perceptie van luidheid, klankkleur en misschien ook toon-
hoogte.

Uit velerlei elektrofysiologische dierexperimenten kan worden afgeleid
dat bij de auditieve afbeelding van een geluidspektrum, enigszins in analo-
gie met de visuele afbeelding van een licht-donkerverdeling, enerzijds een
zekere mate van onscherpte optreedt (waarbij fijne details van de oorspronke-
lijke vorm van een geluidspektrum verloren gaan) terwijl anderzijds in be-
paalde gevallen juist een opscherping kan optreden (waarbij de oorspronkelijk
aanwezige spektrale kontrasten kunnen worden versterkt). Dit laatste ver-
schijnsel wordt veelal beschreven als een effekt van laterale suppressie of
zijdelingse onderdrukking: doordat "zwakke" gedeelten in een patroon worden
onderdrukt door naastliggende "sterkere" gedeelten kan de uiteindelijke af-=
beelding een overdreven beeld van de corspronkelijke vorm van het geluid-
spektrum geven. Het centrale thema van de huidige studie is in welke mate op-
scherping zich manifesteert in de auditieve afbeelding van een geluidspek-
trum.

De experimentele benadering sluit aan bij de, in de psychoakoestiek al-
gemeen aanvaarde gedachte dat met behulp van maskeermetingen, met als test-
signaal een zuivere toon van variabele frekwentie, de auditieve afbeelding
van het frekwentiespektrum van de maskeerder kan worden afgetast. De drempel-
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verhoging van de testtoon als funktie van diens frekwentie (het maskeerpa-
troon) wordt veelal geacht een afspiegeling te zijn van de auditieve afbeel-
ding van de maskeerder.

In deze studie worden drie verschillende typen maskeermetingen naast el-
kaar toegepast. Direkte maskering is een klassieke methode waarbij de test-
toon op de te onderzoeken maskeorder wordt gesuperponeerd en waarbij als meet-
kriterium geldt het al dan niet waarnemen ven de testtoon. Voorwaartse maske—
ring 15 een eveneens niet ongebruikelijke methode waarbij een (korte) test-
toon vlak na de maskeerder wordt gepresenteerd en waarbij eveneens het al
dan niet kunnen waarnemen van de testtoon als meetkriterium wordt gehanteerd.
De pulsatiedrempeimethode s een nieuwe methode waarbij de maskeerder en de
testtoon in voortdurende snelle afwisseling, zonder stille intervallen, wor-
den gepresenteerd (met een afwisselingsritme van 4 Hz) met als meetkriterium
of hierbij de testtoon als een pulserende toon, overeenkomstig het afwisse-
lingsritme, dan wel als een doorlopende, kontinue toon wordt waargenomen.

In hoofdstuk 3 worden deze meetmethoden toegepast voor het "aftasten" van
een maskeerder die bestaat uit scherp gefilterde ruis, zodat het frekwentie-
spektrum een scherpte knik vertoont. De invloed van laterale suppressie zou
hierbij tot uitdrukking kunnen komen. in analogie met de bekende Machbanden
bij de visuele waarneming, als een opscherping. ter plaatse van de knik in het
frekwentiespektrum, De resultaten zijn typerend voor die van de verdere me-
tingen: het klassieke maskeerpatroon, verkregen met direkte maskering, ver-
toont geen opscherping terwijl de twee andere methoden wel duidelijke effek-
ten van opscherping te zien geven.

De verdere experimenten {t/m hoofdstuk 9) hebben een tweeledig doel: (1)
het vergelijken van de resultaten van de drie typen maskeermetingen met uit
de literatuur beschikbare gegevens betreffende de neurale responsies voor
verschillende stimuli en (2) het aftasten van maskeerders met frekwentie-
spektra die interessant 1ijken met het oog op effekten van laterale suppres-
sie. (De belangrijkste resultaten zijn samengevat in de tabel op blz. 75.)
Hieruit komt het volgende beeld naar voren. [De resultaten van metingen vol-
gens de methode waarbij de maskeerder en de testtoon nzet gelijktijdig wor-
den aangeboden (voorwaartse maskering en pulsatiedrempel) geven zeer syste-
matisch effekten van laterale suppressie te zien: de maskerende werking in
een bepaald frekwentiegebied kan afnemsn door het verhogen van de intensiteit
van de maskeerder in een naastliggend (hoger) frekwentiegebied. Deze resulta-
ten, vooral die volgens de pulsatiedrempelmethode, sluiten goed aan bij be-
schikbare elektrofysiclogische gegevens. Dit wijst er op dat deze metingen
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een juist beeld geven van de auditieve afbeelding van het geluidspektrum van
de maskeerder. De resultaten van de klassieke methode van direkte maskering
geven daarentegen in alle gevallen geen effekten van laterale suppressie te
zien.

In de diskussie in nhoofdstuk 10 wordt uiteengezet dat deze resultaten be-
grepen kunnen worden in het kader van laterale suppressie met de volgende ei-
genschappen: (1) de suppressie werkt voornamelijk in de richting van hogere
naar lagere frekwenties, (2) suppressie van een bepaald frekwentiegebied tast
de signaal-ruisverhouding voor een testtoon, die in dat frekwentiegebied op
de maskeerder wordt gesuperponeerd, niet aan en (3) de suppressie werkt na-
genoeq momentaan. Op grond van de tweede eigenschap kan worden begrepen dat
effekten van laterale suppressie zich niet manifesteren bij metingen volgens
de klassieke methode van direkte maskering.

Indien het juist is dat metingen volgens de pulsatiedrempelmethode de in-
vieed van laterale suppressie korrekt weergeven en de metingen volgens direk-
te maskering deze invloed niet weergeven, dan kan de mate van opscherping
door laterale suppressie worden afgeleid uit het verschil tussen deze twee
metingen. Wanneer de metingen in hoofdstuk 9 met de "geribbelde ruis" (ruis
waarvan de intensiteit als funktie van de frekwentie een sinusvormig verloop
heeft) op deze wijze worden geinterpreteerd, blijkt dat het frekwentie-op-
lossend vermogen bij de auditieve afbeelding van een frekwentiespektrum be-
langrijk toeneemt door de invlced van laterale suppressie. Als dit wordt uit-
gedrukt in termen van bandbreedte, dan is de bandbreedte die kan worden afge-
leid uit de pulsatiedrempelmetingen een faktor twee amailer dan de klassieke
"kritieke bandbreedte" zoals die volgt uit de metingen volgens de methode van
direkte maskering. Hierbij blijkt bovendien dat de frekwentieselektiviteit,
inklusief de bijdrage van laterale suppressie, in grote trekken beschreven
kan worden als het effekt van een (smal) Zineair filter. De niet-linearitei-
ten, die zich alleen bij een nauwkeurige analyse manifesteren, kurnen worden
beschouwd als tweede-orde effekten.

Samenvatiend leidt de huidige studie tot het inzicht dat opscherping door
laterale suppressie wezenlijk bijdraagt tot het behoud van de spektrale kon-
trasten in de auditieve afbeelding van een geluidspektrum en. bovendien, dat
de metingen volgens de pulsatiedrempelmethode, in tegenstelling tot de klas-
sieke methode volgens direkte maskering, hiervan een juist beeld geven.

In het laatste hoofdstuk wordt dit nieuw verworven inzicht toegepast voor
net onderzoeken van de auditieve afbeelding van stimuli die een belangrijke
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rel spelen in de psychoakoestiek: zuivere tonen, komplexe tonen en klinker-
achtige signalen. Het blijkt dat enkele traditionele gegevens uit de psycho-
akoestiek, zoals bijvoorbeeld het zantal (lage) harmonischen van een komplexe
toon dat afzonderlijk kan worden waargenomen, goed aansluiten bij de speci-
fieke eigenschappen van de auditieve afbeslding van de geluidspektra van der-
gelijke stimuli. Hierbij speelt steeds de fundamentele vraag op de achter-
grond in hoeverre de auditieve afbeelding van het frekwentiespektrum van een
stimulus een rol speelt bij de perceptie, zoals bij toonhoogtewaarneming of
bij de diskriminatie van klinkers. Het "aftasten" van de auditieve afbeel-
ding volgens de pulsatiedrempelmethode kan een bijdrage leveren tot de dis-
kussie hetreffende de verschillende theoriedn op dit gebied.
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STELL INGEN

[
De verklaring dat de donkere Mach-band in visuele experimenten niet tot uit-
drukking komt in een overeenkomstige drempelverlaging in direkte maskering
doordat "In the region of the dark Mach Band a superimposed Tight must be
made quite strong to be noticed since inhibition also reduces the effect of
the superimposed (test) light" (1) impliceert dat de heldere Mach-band even-
min tot uitdpukking zal komen in een overeenkomstige drempelvérhoging, het-
geen in strijd is met experimentele resultaten.
(1) G. von BEkésy, J. Opt. Soc. Amer. 58, 1-8 (1968).

11
Metingen betreffende het frekwentieanalyserend vermogen van het oor met be-
hulp van sinusrasters in het frekwentiedomein, zoals in dit proefschrift be-
schreven, kunnen een Waardevelle aanvulling betekenen bij audiclogisch on-
derzoek.

101
Dat, onder bepaalde omstandigheden, een toonhcogte avereenkemstig de (afwe-
zige) grondfrekwentie van twee opeenvolgende harmonischen ock kan worden
waargenomen wanneer de twee harmonischen niet gelijktijdig doch alternerend
worden aangeboden, heeft belangrijke kensekwenties voor theorie&n over de
toanhoogtewaarneming.

IV
Bij het cordeel van een luisteraar of een bepaalde geluidbron zich recht
v6or of recht achter hem bevindt kan een rol spelen dat, ten gevolge van de
akoestische eigenschappen van de corschelp en de oriEntatie van het slakke-
huis in het hoofd, het verschil tot uitdrukking kemt in een overeenkomstig
verschil van het zwaartepunt van de projektie van het geluidspektrum in het
slakkehuis.

v
De mogelijkheid tot het waarnemen van de richting van akoestische waarschu-
wingssignalen in het verkeer, zoals gevoerd door politie-, brandweer- en
ziekenwagens, kan wellicht worden bevorderd door een geschikte keuze van zo-
vel de spektrale als de temporele samenstelling van dergelijke signalen.



VI
De ongunstige invlced van nagalm op de verstaanbaarheid van spraak kan wor-

den gekwantificeerd door de "onscherpte in de tijd" waaraan het signaal bij

de transmissie van bron naar luisteraar onderworpen is, te meten met behulp
van sinusrasters in het tijddomein {modu1atie-overdrachtsfunktie}.

VII
Bij het toepassen van lawaaibeoordelingskrommen (Noise Rating Curves) voor
het bepalen van de mate waarin stoorlawaai het yerstaan van spraak bein-
vioedt (1), kan een betrouwbaarder waarde worden afgeleid uit het geluid-
drukniveau van het Tawaai in de oktaafband met de gunstigste signaal/ruis
verhouding dan, zoals gebruikelijk, uit die met de ongunstigste signaal/
ruis verhcuding.
(1) Proposal of the International Organization for Standardization, Techni-

cal Committee 43, Acoustics.

VITI
In het licht van de diskussies omtrent, enerzijds, de lawaaibelasting rond-
om v1iegvelden en, anderzijds, de bevordering van het openbaar (rail-)ver-
voer is het interessant te bedenken dat de oppervlakte van de zdne van
overmatige lawaaibelasting rondom een vliegveld van dezelfde groottearde is
als die langs een baanvak met een lengte van 100 km, indien daarbij even-
eens een zonegrens volgens de 'Kosten-formule' (1) wordt vastgesteld.

(1) G.J. Kleinhoonte van Os, Publ. nr. 12 v.h. Ned. Akoest. Gen. (1968).

IX
Dat juist de zoom van een bos veelal wordt gekenmerkt door een weelderige
boomgroei kan worden opgevat als een 'Mach-band', die de invloed weerspie-
gelt van 'zijdelingse onderdrukking' waaraan aan alle zijden ingesloten bo-
men zijn onderworpen.

b
Voor wegen binnen de bebouwde kom die geen funktie nebben als verkeersader
(te karakteriseren als 'woonstraten'), dient de toegestane maximum snelheid
aanzienlijk lager gesteld te worden dan 50 km/uur,

T. Houtgast Amsterdam, 27 maart 1974
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