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 Frequency discrimination of bandlimited harmonic tones

Abstract

Just-noticeable differences (jnds) in the center frequency of bandlimited harmonic
complexes were measured for normal hearing subjects. A triangular and a trapezoidal
spectral envelope were used. The center frequency ranged from  to  Hz for
the triangular envelope and from  to  Hz for the trapezoidal envelope. For
both envelope shapes the values , , and  dB/octave were used for the slope.
The fundamental frequency was  Hz for all complexes. A three-interval, three-
alternative forced-choice task was used. All measurements were performed with and
without roving of the signal level. Without roving, the jnds were in most cases about
a factor of . smaller than with roving. The bandwidth and the center frequency were
factors having the major influence on the jnds. For the triangular envelope, the jnds were
smallest for center frequencies that were halfway between two signal components. For
the trapezoidal envelope, the jnds were smallest for center frequencies that coincided
with a signal component. For the triangular envelope, the smallest jnds for each slope
were about half the value of those for the trapezoidal envelope. In the case of the smallest
jnds for each spectral envelope shape, the jnds were smaller when the spectral slope was
steeper. Part of our data for the triangular envelope can be explained by modulation
depth discrimination data. The data for the trapezoidal envelope can be interpreted in
terms of a spectral profile comparison. The remaining part might be interpreted either
in terms of a temporal mechanism, or of the mentioned spectral profile comparison.
It is argued that, for this spectral comparison, the ear probably combines information
over a limited frequency range by comparing the spectral profiles of the two presented
stimuli, rather than comparing individual component levels.

Introduction

In order to investigate the ability of humans to discriminate spectral changes in vowels,
we have measured frequency discrimination for bandlimited sounds that resemble a
single vowel-formant (resonance peak in the spectrum). In vowels of natural speech a
number of formants will be present. The frequencies of the first two or three formants
characterize the vowel. The fundamental frequency may differ strongly among speakers;
male speakers have relatively low fundamental frequencies (about  Hz), female
speakers and children higher (about  to  Hz). The ability to hear changes
between and within vowels is limited by the sensitivity of the ear to changes in the
fundamental and the formant frequencies. Neither the formants of a vowel, nor the
fundamental frequency are fixed in time. Variations may occur from vowel to vowel but
also during the pronunciation of a vowel. Variations of formant frequencies are largely
independent of each other and of the fundamental frequency. A change in fundamental
frequency is heard as a change in intonation. Thresholds for the audibility of changes in
the fundamental frequency of complex tones have been investigated by, e.g., Hoekstra
(), Cullen and Long () and Houtsma and Smurzynski ().

The ability of humans to discriminate spectral changes in bandlimited sounds,
including synthetic vowels, has been studied in a number of investigations. The just-
noticeable differences (jnds) found in these studies show a considerable spread (about
two orders of magnitude). Figure  shows examples of center-frequency jnds for first
formants (filled symbols) and second formants (open symbols) as a function of spectral
slope. Frequency discrimination for the first and second formant of isolated synthetic
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Figure : Center-frequency jnds for vowel-like tones. From each report two results are displayed;
the filled and the open symbols refer to jnds for the first formant (F), and the second formant
(F), respectively. Data for multiple-formant stimuli are connected by a solid line, and data for
stimuli with a single peak in the spectrum by a dotted line.

vowels containing at least four formants has been investigated by, e.g., Flanagan (),
Mermelstein (), Sinnott and Kreiter () and more recently Kewley-Port and
Watson () and Hawks (). In these studies a variable degree of complexity of
the stimuli was used. Flanagan, like Kewley-Port and Watson, investigated jnds for a
change of either the first or the second formant. Mermelstein investigated jnds for
separate and simultaneous changes of the first two formants, and he used consonant-
bounded vowels. Sinnott and Kreiter investigated the jnd for a simultaneous change of
the first three formants, where the first and the second formants changed in opposite
directions. Hawks investigated jnds for a parallel and an opposite simultaneous change
of the first two formants and for a simultaneous change of the first three formants.
For the stimulus generation Kewley-Port and Watson, Sinnott and Kreiter, and Hawks
used a cascade branch of a Klatt digital formant synthesizer (Klatt, ). Mermelstein
used an older version of digital synthesizer (Rabiner, ), and Flanagan used an
analog synthesizer. Whereas Flanagan () and Kewley-Port and Watson () used
a constant fundamental, Mermelstein (), Sinnott and Kreiter (), and Hawks
() added a transition to the fundamental frequency in order to make artificial vowels
sounding more naturally. Flanagan found relative jnds from % to %. Kewley-Port and
Watson found jnds decreasing rather abruptly from  to % for formant frequencies
from  to  Hz and then gradually sloping to about % for a formant frequency
of  Hz. The relative jnds that Mermelstein found for the first formant frequency
(% and .%) were slightly larger than for the second formant frequency (.%
and %). He found smaller jnds for a parallel simultaneous change of two formants
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than for a change of a single formant. The jnds he found for vowels within a consonantal
context were larger than those for vowels in isolation. Mermelsteins jnds are in general
larger that the results of the other studies, which is probably caused by the large stimulus
uncertainty in his measurement procedure, as also argued by Kewley-Port and Watson.
Sinnott and Kreiter found jnds between  and % of the first two formant frequencies
with a tendency to decrease with increasing slope. As compared to the jnds for a change
in one of the first two formants (.% averaged), and jnds for opposite simultaneous
changes (.%), Hawks found relatively small jnds for parallel simultaneous changes
(.%). Kewley-Port and Watson () discuss the spectral differences between just-
discriminable vowels and conclude that further research is needed before their data
can be modelled. Mermelstein () proposes a model for the prediction of jnds for
combined-formant changes from the single-formant jnds. The potential applicability
of this “weighted Euclidian distance model” was confirmed by Hawks ().

These studies give an impression of the magnitude of the jnd for changes in vari-
ous formants and formant combinations. However, none of these studies describe basic
mechanisms for the discrimination process. A useful strategy to study the mechanisms
involved is the simplification of the stimuli. One such strategy would be to reduce the
number of formants in the stimuli to two, in order to investigate the mutual influence
of formants on the jnd. With two-formant “vowels” the jnd for various types of for-
mant changes can be investigated: the influence of a stationary formant on the jnd of a
changing formant, as well as the influence of a parallel and an opposite simultaneous
change of formants on the jnd. So far, such stimuli have not been investigated. Un-
derstanding such jnds would help clarify the discrimination for multi-formant vowels.
However, to understand the jnd for two-formant vowels, frequency discrimination first
has to be investigated for stimuli consisting of only one of the formants under study.
In this paper we start an investigation of the jnd for simplified one-formant “vowels”.
In a later paper we will report on the discrimination of more natural one-formant
“vowels”, created by adjusting the amplitude and phase spectra. After that two of these
stimuli can be combined to a two-formant “vowel”, in order to study jnds for various
strategies of changing these formants, in relation to the known frequency discrimina-
tion of the constituting tones. By starting with simple harmonic tones, and increasing
the complexity of the “vowels” step by step, we hope to bridge the gap in data on the
discrimination of simple stimuli and those of speech.

Center-frequency discrimination for bandlimited sounds with a single maximum
in the spectrum has been investigated by, e.g., Stevens (), Horst et al. () and
Gagné and Zurek (). Stevens studied jnds for changes in the frequency of a single
exponentially damped wave. The spectrum of such a damped wave resembles the
spectral envelope of a single formant, positioned at the frequency of the original wave.
He found that discrimination deteriorates with increasing effective bandwidth of the
stimuli. In terms of the spectral slope, his jnds were roughly inversely proportional
to the square root of the slope. Unfortunately, because of the dependence of the
effective duration on the bandwidth, these results cannot be compared directly with
frequency jnds of stimuli with fixed duration. Horst et al. used a proportional change
in the center and the fundamental frequency. In the experiments of Gagné and Zurek,
these two parameters were independent. This was also the case in the above described
formant-frequency discrimination experiments. Whereas Gagné and Zurek used a
smooth spectral envelope from an RLC-filter, Horst et al. used a triangular envelope
shape. Gagné and Zurek found jnds that were inversely proportional to the square root
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of the spectral slope. Horst et al. found jnds that were inversely proportional to the
spectral slope, with a pure-tone jnd of .% as the lower limit. Wier et al. () found
a similar pure-tone jnd at  dB SL between  Hz and  kHz. Except for Mermelstein
(), comparable measurement procedures were used in all these studies: no large
differences existed to explain the differences in the jnds.

An important consequence of passing a broadband signal through a narrowband
filter is a change in intensity. When the bandwidth of the filter is comparable to, or
smaller than the spacing between the harmonics, the output intensity can be very
dependent on the center frequency of the filter. Thus, the overall level of formants may
vary considerably in the course of a frequency discrimination experiment. This may be
regarded as a confusing or at least undesirable cue. In order to avoid this, Horst et al.
() maintained a fixed ratio between the fundamental and the center frequency, in
this way keeping the stimulus level constant. This, however, created another possible
cue, i.e., the jnds may have been confounded by the ability to discriminate fundamental
frequency. In natural speech, formants may change in level with changing frequency.
Therefore, we allowed the stimuli to vary in level in the present investigation, so we
could study the jnd under conditions closely related to speech. The influence of this
level variation was studied by using two conditions: One condition in which the level
information (due to the filtering) was available for the subjects, and one condition in
which the stimulus level was randomized (roving level).

The reported just-noticeable differences in center frequency of complex stimuli
in figure  show a considerable spread. This spread may be caused by differences in
psychophysical methods (which probably explains the large jnds found by Mermelstein,
), subject training, and vowel stimuli, as also argued by Kewley-Port (). The
present investigation aims to study the extent of the spread caused by differing vowel
stimuli, within one experimental setup and with the same subjects. We investigate
the ability of normal hearing subjects to detect changes in the center frequency of
bandlimited harmonic tones, whose spectrum resembles that of one formant of a
vowel.

I. General methods

A. Stimuli

Two experiments were carried out using bandlimited harmonic complexes as stimuli.
Stimulus parameters were: the spectral width of the envelope shape, the slope and the
center frequency. All frequency components of the complexes were in sine phase and
the fundamental frequency (F) was  Hz. In experiment  the spectral envelope
was triangular on a log-log scale. In experiment  the envelope was trapezoidal with
a -Hz wide constant-level plateau (i.e., twice F). Five values of the center frequency
(FC) were used for the triangular spectral envelope: from  to  Hz with a -Hz
increment. For the trapezoidal envelope, jnds were investigated for nine values of FC:
from  to  Hz with a -Hz increment. Three values for the slope (G) were
employed for both envelope shapes: ,  and  dB/oct. Figure  gives examples
of stimulus spectra with a slope of  dB/oct.

A set of stimuli, needed for the determination of one jnd, consisted of a reference
tone with center frequency FC and twelve targets with center frequencies FC + �FC.
The center-frequency difference �FC ranged from . to  Hz in eleven steps of
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Figure : Eight examples of spectra of the stimuli used. In the left column four stimuli are
displayed with a triangular spectral envelope whose slope is  dB/oct. The center frequencies
are from (a) to (d): , ,  and  Hz. The right column contains four stimuli with
a trapezoidal spectral envelope for the same conditions.

a factor . All components were added with starting phase angle of � (sine phase).
In the spectral slopes, components were added down to a level of  dB below the
top. The stimuli had a total duration of  ms, including tapering by a raised cosine
over the first and last  ms. Each set of stimuli was computed twice, i.e., according
to two different rules for the levels of the twelve target signals relative to the reference
signal. According to the first rule, the top (or plateau) of the spectral envelope filter
was held at the same level for reference and targets. The overall level of these stimuli
varied with the center frequency. In figure  this is shown for the triangular stimuli
with a slope of  dB/oct. These stimuli were used in the measurements under the
“Varying Level” or VL condition (see below). According to the second rule, all the
overall levels of a stimulus set (reference and targets) were constant. The stimuli of
such a set were virtually constant in loudness, since the spectral width of the stimuli
was at the most about one critical band. These stimuli were used in the measurements
under the “Constant Level” or CL and the “Roving Level” or RL conditions (see below).

The stimulus waveforms were computed digitally with -bit resolution on an
HP-/ workstation. In the experiments, the stimuli were retrieved from hard-
disk by a PC and converted to analogue signals using an OROS AU digital-to-analog
converter at a sample rate of  kHz. The waveforms were filtered by a th-order elliptical
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Figure : Overall level as a function of the center frequency, for the stimuli of the VL (Varying
Level) condition, with a triangular spectral envelope and a slope of  dB/oct. The dotted lines
indicate that a change in center frequency from  to  Hz (i.e., an increase of .%)
results in an overall-level change of . dB.

type low-pass filter with a cutoff frequency of . kHz. Attenuation was performed by
a computer-controlled mixer that was developed for this purpose at the Department of
ENT/Audiology. Stimuli were presented diotically through TDH headphones. They
were checked using an SR spectrum analyzer.

B. Procedure

The jnds were measured using an adaptive three-interval, three-alternative forced-
choice method (IFC). The IFC method was chosen, instead of the more commonly
used two-interval forced-choice method (IFC), to allow any cue, and to prevent
confusion due to changes in the discrimination cues over the target series. From one
target to another, cues might switch between loudness, pitch, timbre, or roughness
cues, sometimes in a very erratic way. In a few cases it even occurred that a target
with higher FC produced a lower pitch sensation (pitch inversion). When using a IFC
procedure the subject had to learn and remember which cues were associated with each
target. With a IFC method this problem could be avoided because the subject simply
tried to identify the odd tone.

We used three conditions for the levels of all the tones. In the first condition the
top (or the plateau) of the spectral envelope was held at the same level for reference and
targets. The overall level of these signals varied with the center frequency, as was shown
in the previous section (see figure ). This condition we termed VL for Varying Level.
In the second condition, the levels of the stimuli of a set with approximately constant
loudness were randomized, around one fixed level value, within trials over a -dB
range in .-dB steps (Henning, ). This condition was termed RL for Roving Level.
With the level rove used, it was impossible to use overall level as a cue. We chose a
limited level rove due to changes that take place in the spectral slopes of the stimuli
with a randomized level. A large level rove would change the number of frequency
components of the stimuli and with it influence the bandwidth. In the third condition
all the levels of a stimulus set (reference and targets) were constant. This condition was
termed CL for Constant Level.

All measurements were performed under computer control. This included ex-
perimental timing and the collection of responses. First the absolute threshold of the
reference tone was estimated, after which stimuli were presented at a level about  dB
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above this threshold. The estimation of one jnd consisted of several trials during which
the subject was presented with a series of three successive stimuli consisting of two ref-
erence tones and one target tone. The target tone always had a higher center frequency
than the reference tones. The silent interval between the three stimuli was . sec-
onds. The task of the subject in the experiment was to identify the odd tone in the
series of three by pressing the appropriate button. Immediate feedback was provided
on a monitor in the soundproof booth. Failure to respond within four seconds was
scored as an incorrect response. Each jnd estimation was started with the maximum
center-frequency difference of  Hz between the reference and the target tones. This
guaranteed starting at a center-frequency difference that was clearly audible for all sub-
jects, giving them optimal opportunity to become acquainted with the stimuli before
approaching the jnd. After four correct responses, the difference in center frequency
between reference and target was halved. It was also halved after one incorrect com-
bined with five correct responses, or after two incorrect combined with six correct
responses. The combination of three incorrect and six correct responses led to a test
repetition at the same�FC. After four incorrect responses,�FC was doubled. The tri-
als were repeated until one of these conditions was met, after which�FC was adapted
accordingly. Then, the next set of trials was performed. These decision rules were a
modification of a procedure introduced for the Same-Different paradigm by Cardozo
(). The decision rules were chosen so that the procedure converged at  percent
correct responses (see the Appendix), which corresponded to a d0 of  in the IFC case.
Data were collected until the direction of the�FC adaption was reversed five times, or
after three consecutive test repetitions at the same value of �FC . On average, one jnd
measurement required about  trials.

Estimates of the jnd were made after the whole set of jnds was measured three
times (making at least  trials), in a pseudorandom order. After these three series, the
scores for each stimulus were checked for consistency and where necessary additional
estimations were made, until a clear estimate of each jnd evolved. The percent correct
p(c) as a function of�FC was estimated by averaging the scores for each target. Detection
theory provides us with a p(c) versus d0 function for the IFC protocol (Swets et al.,
; Frijters, ):

p(c) =

p

�

Z
1

�1

e�/(d0
�k)

�
(k)dk ()

where �(k) is the cumulative normal distribution. Under the assumption of
proportionality between�FC and d0, the value for this ratio was estimated by making
a least-squares fit of the p(c) versus�FC data to the theoretical curve of p(c) versus d0.
The value of �FC corresponding to the point d0 = . was then taken to be the jnd.
According to equation () d0 = . corresponds to . percent correct, so that data
were indeed collected around a d0 of .

Equation () assumes that the subjects are not biased toward one of the three
signal intervals in their answers. We checked this for a subset of about one third of
the jnd measurements. Of all the incorrect answers we found that % occurred for
the first, % for the second and % for the third interval (instead of % for all
three intervals). This showed that the subjects were slightly biased toward the first
interval. However, because this was only a minor effect, bias has been neglected in the
calculations.
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C. Subjects

Six normal-hearing subjects participated in the experiments. All were adults, three fe-
male and three male, with ages ranging from  to  years. Three subjects (including the
authors) performed the whole series of  jnd estimates. The other three subjects each
participated in one third of the measurements, comprising all the measurements for
one value of the slope. Five subjects had participated before in pure-tone experiments.
All subjects were given adequate training. For all six subjects no further improvements
in the scores were observed during the course of the measurements.

II. Experiment 1. The triangular spectral envelope

The results of the first experiment are presented in figure . Each column contains the
just-noticeable differences, measured for one value of the slope, in four panels with
individual results and a bottom panel with the averages. Each panel contains jnds for
five values of the center frequency. The jnds for conditions VL and RL are shown with
triangular and circular symbols, respectively. For clarity the triangular symbols are
connected with a dashed line and the circular symbols with a dotted line. The solid line
represents a prediction of just-noticeable differences due to overall-level variations of
the stimuli on the basis of a just-noticeable difference in overall level of . dB (which
represents the overall level jnd that we found in the present investigation, see below).

In most cases the jnds for the VL condition are somewhat below those for
the RL condition. This can be seen most clearly in the average results. Excluding
the exceptions described below (for FC =  Hz and G =  or  dB/oct),
the average ratio is . and is significantly larger than  (p < .). The observation
that this ratio is almost constant implies that it arises from differences between the
two conditions. It may be caused by subjects’ confusion during the RL experiment.
First, the random level variations increase the uncertainty in the experiment. Second,
the timbre of the complex tones used may change with the randomized level when
small components in the flanks appear in, or disappear from the signal spectrum
above threshold. Aspects like these are likely to confuse the subject and increase the
jnds. Versfeld and Houtsma () also found a roughly constant ratio (viz. a factor
of .), in favor of a “Constant Level” condition as compared to a “Roving Level”
condition, in jnds in relative component level in two-tone complexes (comparable to
our stimuli with FC =  Hz and G =  dB/oct). For the results that form an
exception to this ratio of ., it is likely that overall-level information was available
to the subject in the VL condition, as will be explained below. The constant ratio
between the results under the VL and the RL conditions implies that there is no
essential perceptual difference between these two conditions, provided that there is no
overall-level information available to the subjects in the VL condition.

For each slope the jnds are significantly smaller at FC =  Hz than at FC = 

and  Hz (p < .). The jnds for the RL condition are not symmetrical around
FC =  Hz; this is attributed to the fact that the change of the center frequency
in all jnd measurements was in the same, upward direction. A limited experiment
for G =  dB/oct with a downward change of FC yielded a reversal of the jnds around
approximately  Hz, that is we found an intermediate jnd for  Hz and a sudden
increase in the jnd somewhere between  and  Hz. At FC =  Hz the stimuli
with a triangular envelope have two components that are large and approximately equal
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Figure : Jnds for the triangular spectral envelope. Each row contains the jnds measured for one
value of the slope, showing individual results in four panels and the averages in one rightmost
panel. The error bars in the rightmost panels indicate the standard deviations of the averages. The
error bar in the left top corner indicates the mean standard deviation of the individual results.
The jnds for conditions VL (Varying Level) and RL (Roving Level) are shown with triangular and
circular symbols, respectively. Level jnds were measured for the subjects JWH, JTB and JL. These
jndLs were translated into center-frequency jnds using the relation between center frequency and
overall level like the one plotted in figure . These hypothetical jnds are indicated by the filled
diamonds. The solid line represents a prediction of just-noticeable differences due to overall-level
variations of the stimuli on the basis of a jndL of . dB. For G =  dB/oct these predictions
were all larger than %.
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in level (see figure , panel c). With an upward change of the center frequency of the
spectral envelope the levels of these two components change in opposite directions.
At FC =  Hz the stimuli have one major component at the center frequency
and smaller components flanking this large one on both sides (see figure , panel a).
With an upward change of the center frequency, the small components at the high-
frequency side change in level relative to the major component. Thus the data suggest
that small changes in the spectral envelope can be heard more easily when they occur
in approximately equally large components (i.e., for FC =  Hz), than when they
occur in one large and one or more smaller components (for FC =  Hz).

Figure : Average jnds for the triangular spectral envelope replotted as a function of the spectral
slope G for five values of the center frequency. Each panel contains the results for the conditions VL
(Varying Level) and RL (Roving Level). The error bars indicate the standard deviations of the
averages.

The dependence of the jnds on the spectral slope is presented explicitly in
figure , by replotting the average jnds. For each center frequency the jnds are plotted
as a function of the slope G. The symbols used are the same as in figure . If the
discrimination of a change in the center frequency of the spectral envelope was based
solely on a mechanism that compares level changes in the frequency components of
the stimuli, we would expect the jnds to be inversely proportional to the spectral slope.
The three points in each curve of figure  would then form a straight line with a slope
of -. With increasing spectral slope, components in the slopes of the spectral envelope
are decreased and may be masked by large components. Such an effect would disturb
the inverse proportionality of jnd and spectral slope. For the center frequencies 

and  Hz, the average jnds approximate a straight line with a slope of -. At FC = 

and  Hz, the jnds for the VL condition decrease with increasing spectral slope,
though less regular. At these center frequencies a concave shape is seen in the RL jnds,
and at FC =  Hz the RL jnds increase with the spectral slope, indicating that in
these cases other effects play a role in the discrimination process.

Alternatively, we can consider the present stimuli and data in the time domain.
The waveform of a stimulus consisting of two equally large components can be described
as an amplitude-modulated tone with suppressed carrier. The waveform has a phase
change of � at the amplitude minimum that occurs once in each period of the
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fundamental. The amplitude minimum is exactly zero when the two components
have equal levels. When one component is decreased in level, the amplitude at the
minimum increases. However, the phase shift decreases below �, so instead of pure
amplitude modulation, a mix of amplitude and phase modulation is found. The depths
of these two modulation types are correlated for each stimulus. To obtain a useful
parameter, when considering the relation between the modulation depth and the jnd,
we use the following definition for the modulation depth: the relative decrease in the
absolute value of the amplitude between the maxima and the time halfway between two
maxima, expressed as a percentage. (Note that a minimum occurs at the time halfway
between two maxima.) With this definition, the modulation depth has a maximum
of % for two equally large components, and it decreases when the amplitude at
the minimum increases with a level change of one of the components. At FC = 

and  Hz the stimuli are amplitude-modulated tones with a carrier frequency equal
to the central component, and with intermediate modulation depth values. So, if we
describe the data in temporal terms, they imply that changes in modulation depth are
better discriminable in the vicinity of % modulation (i.e., for FC =  Hz), than
around % to % modulation (for FC =  Hz).

In a number of cases we see a ratio larger than . between the results under
the RL and the VL conditions. Clear cases are seen for FC =  and the slopes
of  and  dB/oct. For most subjects we observe a relatively large value for the
RL condition and a smaller one for the VL condition. Only subject JWH produced
a small jnd for both conditions. The large RL jnds for FC =  reflect the need to
increase the center frequency by more than  Hz, apparently in order to decrease
the level of the  Hz component relative to the  Hz component. (See figure 

panel (d): initially the level of the  Hz component is decreased relative to that of
the  Hz component; which apparently was inaudible for most subjects.) Figure 

illustrates that an overall level cue was available to the subjects under the VL condition.
At FC =  Hz a center-frequency difference of more then  Hz gives a substantial
overall level difference under the VL condition. So, in contrast to the RL condition, we
may assume that an overall-level cue was used under the VL condition.

In order to check when overall-level cues were used under the VL condition,
we measured the just-noticeable difference in level (jndL) for FC =  Hz and G =
 dB/oct. That is, a just-noticeable difference determined by changing only the
overall level of the stimulus and not the center frequency. We determined jndLs for
subjects JWH, JL and JTB. The jndLs ranged from . to . dB (comparable to the
jndLs of Viemeister and Bacon, ). Using the relation between FC and overall level
(plotted in figure ), the jndLs were translated into center-frequency jnds. These are
indicated in figure  by means of the filled diamonds. Next we made a prediction of
the VL jnds based on an overall-level difference of . dB. This prediction is indicated
by the solid lines in figure . For G =  dB/oct these predictions are not shown,
because they were all above %. In figure  we can find that the change in overall
level of the stimuli with a triangular envelope for  dB/oct as a function of FC is
minimal for FC =  Hz. Consequently, a relatively large jnd would be expected
contrary to the actual data. An overall-level difference of . dB would correspond
for G =  dB/oct and FC =  Hz to a center-frequency jnd of .%. In figure 

we see that at FC =  Hz and G =  and  dB/oct the VL jnds are near
the prediction, whereas the RL jnds are considerably larger. To a lesser extent, this is
also true at the center frequencies  and  Hz for G =  and  dB/oct.
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Therefore, the overall-level information available under the VL condition seems to be
a good explanation for the discrepancy between the shapes of the curves for the VL and
the RL jnds.

The possible effect of combination tones on the jnds has been investigated
for a limited number of cases. Subjects JWH, YW and JL provided additional jnds
for G =  dB/oct stimuli with a narrowband noise, which was added at either 

or  Hz. The noise was added to the stimuli at a level of approximately  dB above
absolute threshold. Subject JWH provided jnds with the  Hz masker for the center
frequencies  and  Hz for the VL and the RL conditions. Subjects YW and
JL provided jnds for the  and the  Hz maskers for FC = , , 

and  Hz for the RL condition. It turned out that these jnds differed little (at the
most about the standard deviation of the measurement) from the jnds without masker.
One exception occurred for JWH at FC =  Hz in the RL condition, where the
jnd showed a rather drastic increase. This jnd has been plotted in figure  as the open
square symbol in the upper right panel. This partially-masked RL jnd has a value that
is comparable to the RL jnds of the other subjects at FC =  Hz. At the masker
frequency of  Hz, no stimulus component exists. Therefore, it seems likely that
in this case JWH used variations in a combination tone in the experiment without
masker. This is in contrast with the jnd of JWH at  Hz and the jnds of the other
subjects; apparently discrimination was not influenced by combination tones in these
cases.

A complicating factor is that more combination tones may exist, all of these being
harmonics of F. Consequently, they may interact with the stimulus components and
with each other. If we try to mask all these harmonics, we would also have to interfere
with the stimulus components. It was beyond the scope of the present investigation to
address this problem. Therefore, we only used the narrowband noises at  and 

Hz for the stimuli at G =  dB/oct. At  Hz no harmonic is present for stimuli
with slope G =  dB/oct, at  Hz the level of the harmonic is small.

For the CL condition (Constant Level), the measurements were performed with
only one subject (JL). Under this condition the overall levels of the reference and the
target tones used within each jnd measurement were equalized; therefore, no overall-
level information was available to the subject. For the same reason, the information
of the individual component levels (from the VL condition) was disturbed. The jnds
measured under the CL condition are given in figure  (CL: asterisks, solid line), along
with the replotted RL and VL jnds of subject JL. In most cases, these CL jnds follow
the VL jnds and show a constant ratio with the RL jnds. Discrepancies between the CL
and the VL jnds occur at the center frequencies of ,  and  Hz, for the slope
of  dB/oct. These are just the cases where an overall-level cue was probably used
under the VL condition, as was argued above. In summary, the shape of the curves for
the CL jnds conforms with those for the RL jnds, and the magnitude of the CL jnds
agrees with the VL data, when these are not confounded by overall-level information.
This also illustrates that, apart from the increased uncertainty caused by the roving
of the stimulus level, there was no essential perceptual difference between the VL and
the RL condition.
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Figure : Comparison of the jnds of subject JL, for the triangular spectral envelope, under the
condition CL (Constant Level), VL (Varying Level) and RL (Roving Level). The VL and RL jnds
are replotted from figure , the CL jnds are shown as asterisks, connected by a solid line. The
error bars in the left top corner indicate the mean standard deviations of the individual results
for the three conditions.

III. Experiment 2. The trapezoidal spectral envelope

The results of the second experiment are presented in figure . The style of this figure
and the symbol usage are the same as of figure . Here, each panel contains jnds for
nine different values of the center frequency. The CL condition (Constant Level) was
not examined, because overall-level variations were assumed to be too small to be
of influence (at the discrimination thresholds, the overall-level changes were usually
about . dB and always smaller than . dB).

On comparing the jnds for the VL and RL conditions, we see a roughly constant
ratio. Most jnds for the VL condition are up to a factor  smaller than those for the
RL condition. The average ratio between the jnds under the RL and the VL condition
is ., which is significantly larger than  (p < .). Moreover, for the trapezoidal
envelope there is less variation in this ratio than for the triangular envelope. Therefore,
the results of the trapezoidal envelope indicate even more strongly, than those of the
first experiment, that there is no essential perceptual difference between the VL and
the RL conditions.

In general, the jnds at FC = ,  and  Hz are smaller than those at
the other center frequencies (p < .). The averaged jnds at either FC = , ,
, or  Hz are the largest for each slope. The jnd as a function of FC is not always
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Figure : Jnds for the trapezoidal spectral envelope. Each row contains the jnds measured for one
value of the slope, showing individual results in four panels and the averages in one rightmost
panel. The error bars in the rightmost panel indicate the standard deviations of the averages. The
error bar in the left top corner indicates the mean standard deviation of the individual results.
The jnds for conditions VL (Varying Level) and RL (Roving Level) are shown with triangular
and circular symbols, respectively.
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locally symmetrical around FC =  and  Hz. Like for the triangular envelope,
this is probably due to the fact that FC is always changed upwards. At FC =  Hz
the stimuli with a trapezoidal envelope have three major components around FC and
smaller components flanking these large ones to both sides (see figure , panel e).
With an upward change of the center frequency of the spectral envelope, the level of
the leftmost major component decreases compared to the level of the other two large
components. At FC =  Hz the stimuli have two major components, again with
smaller components flanking these large ones to both sides (see figure , panel g).
With a small upward change of the center frequency the levels of these two large
components are unaffected and only the levels of the smaller components flanking
them change. Thus, relating the jnds to the shapes of the spectra indicates that jnds
are best when there are components which change in level which are relatively intense
(e.g., at FC =  Hz).

Figure : Average jnds for the trapezoidal spectral envelope replotted as a function of the spectral
slope G for five values of the center frequency. Each panel contains the results for the conditions VL
(Varying Level) and RL (Roving Level). The error bars indicate the standard deviations of the
averages.

The dependence of the jnds on the spectral slope is shown explicitly for the
average jnds, replotted in figure  as a function of the slope G for five center frequencies.
The symbol usage is the same as in figure . At the center frequencies  and  Hz,
the average jnds approximate a straight line with a slope of -. At FC =  and  Hz,
the jnds decrease with increasing spectral slope, though less regular. At the center
frequency of  Hz the relation between the jnd and the spectral slope is very
irregular, which indicates that masking effects probably play a role here.

As in the case of the triangular spectral envelope, we can describe the stimuli in the
time domain. The waveform of a stimulus consisting of three equally large components
can be described as an amplitude-modulated tone. The modulation depth is %, that
is, the waveform has a phase change of � at two amplitude minima that occur in
each period of the fundamental, and between these two minima the amplitude rises
to % of its original value at a local maximum. When the low-frequency component is
decreased in level, the local maximum decreases. In addition, the phase shift decreases
below �, which gives rise to a mix of amplitude and phase modulation. To obtain a
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useful parameter, we use the same definition of modulation depth as in experiment .
(Note that here a local maximum occurs at the time halfway between two global
maxima.) Now, the aforementioned case will be described by a modulation depth
of % instead of %, and this modulation depth will increase with decreasing level
of the low-frequent component. At FC =  and  Hz the stimuli can be described
as % amplitude-modulated tones, as in the similar case of experiment . However,
with an increment in the center frequency the two largest components remain unaltered,
whereas only the smaller components around them show a level change. These smaller
components have no large effect on the modulation depth. So, if we describe the data in
temporal terms, they imply that changes in modulation depth are better discriminable
around % modulation depth (i.e., for FC =  or  Hz), than in the vicinity
of % modulation depth (for FC =  or  Hz).

IV. General discussion

We have argued in the previous sections that the constant ratio, between the jnds under
the VL and the RL conditions, implies that there was no essential perceptual difference
between these two conditions. On comparing the stimuli for these two conditions, it
is clear that their waveforms only differ in amplitude, not in shape. Therefore, when
considering the modulation depth, the VL and RL conditions do not differ; this is in
agreement with the data. For the triangular spectral envelope, discrimination is best
for modulation depths in the vicinity of %. For the trapezoidal envelope, however,
it is rather poor around %. For a more direct comparison of the jnds and the
modulation depth, the modulation depth has been calculated for each reference tone
and for the tone at discrimination threshold. The difference in modulation depth
between these two tones has been plotted in figure  as a function of the largest of these
two modulation depth values, thus forming a graph of the just-noticeable decrement in
modulation depth. For comparison we have displayed data for an amplitude-modulated
pure tone of  kHz (Fleischer, ), and for amplitude-modulated noise (Wakefield
and Viemeister, ). The data from Wakefield and Viemeister have been transformed
to a decrement in modulation depth. From  to % modulation depth, we found a
reasonable agreement between the results for the triangular spectral envelope and those
of the other two studies. Near % modulation there is no clear correspondence; this
may be due to differences in the temporal envelope shapes used in the various studies.
So, the data from the literature give no decisive answer whether just-noticeable changes
in amplitude modulation can account for the very small jnds at FC =  Hz. These
small jnds could also be attributed to another process in the time domain (like changes
in the phase modulation or in the specific shape of the temporal envelope), or to a
spectral process. For the trapezoidal spectral envelope, no comparative studies were
found. Our data for this case show no clear correlation between jnd and modulation
depth. Therefore, it appears that amplitude modulation depth differences can only
account for the jnds of the stimuli with the triangular envelope and intermediate
modulation depth.

From a spectral point of view, the RL condition forces the subject to perform
some sort of profile comparison of the two spectra of the presented tones, rather than
comparing the levels of individual frequency components from stimulus to stimulus.
Because our results for the VL and the RL conditions are essentially the same, it is likely
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Figure : The difference in modulation depth for each combination of reference tone and the
target tone that coincides with the average jnd, as a function of the largest modulation depth. The
dotted line displays data for amplitude-modulated noise with a modulation frequency of  Hz
of Wakefield and Viemeister (). These data have been transformed to a modulation depth
decrement. The dashed line gives data of Fleischer (), for an amplitude-modulated pure tone
of  kHz with a modulation frequency of  Hz.

that the subjects also used this form of profile comparison during measurements under
the VL condition (at least, when no overall-level information could be used). This
suggests a mechanism in which the ear compares the difference in level of neighboring
components in one stimulus with the difference in level of these components in the
second stimulus, rather than comparing the levels of individual frequency components
between the two stimuli. In other words, the ear performs a form of profile analysis of
the two stimuli under comparison (Ahumada and Lovell, ; Green, ).

Comparing the results for both spectral shapes, as they are plotted versus the
center frequency FC in the figures  and , we observe an essential difference in the
general shape of the curves. For the results of the triangular spectral envelope, the curves
tend to show a concave shape in the range of FC =  to  Hz (we assume that this
concave shape repeats itself from FC =  to  Hz). The curves for the trapezoidal
spectral envelope, on the contrary, tend to show a convex shape over the frequency
ranges of FC =  to  Hz and FC =  to  Hz. The stimuli from figure 

panels (c) and (e) are similar in that they both give rise to the smallest jnds. However,
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when considering the relative positions of the components in the slopes of the stimuli,
panel (a) corresponds to panel (e), panel (b) to panel (f), etc. The trapezoidal envelopes
can be constructed from the triangular ones by shifting the high-frequency slope up
by  Hz, and inserting two components, with a level equal to the plateau, at the
vacated harmonic positions. In term of the jnds, the insertion of these two components
apparently shifts the correspondence in terms of the panels of figure . Therefore, the
discrimination cannot be explained by effects that take place in either of the slopes of the
stimuli. The discrimination is found to be best in the situation of the panels (c) and (e)
of figure . In both these situations, two components of about equal size have a relative
change in level (the components at  and  Hz for the triangles, and those at 

and  Hz for the trapezia). Furthermore, the best jnds for the triangular envelope
are smaller than those for the trapezoidal envelope. For a slope of  dB/oct, the small
jnds for the triangular and the trapezoidal envelope correspond with level changes in
the individual components of . to . dB, and . to . dB, respectively. So, the level
changes for the triangular envelopes are roughly a factor of two smaller than those
for the trapezoidal envelope. This suggests that, in the case of the triangular envelope,
information from both slopes, or more specific, excitation changes with opposite signs,
can be combined in the discrimination process, whereas no combining of information
occurs for the trapezoidal envelope. This mechanism is illustrated in figure , where
we plotted the differences of the hypothetical excitations for each spectral envelope
shape, which were calculated using a place model (Patterson and Moore, ; Moore
and Glasberg, ). These excitations have been computed from the stimuli using a
linear filterbank with realistic bandwidth values from psychophysical measurements;
this mechanism disregards the phase information of the stimuli. For the trapezoidal
envelope, there is a small frequency interval of no excitation difference in the middle
of the curve (around  Hz). Such a neutral frequency interval is not seen for the
triangular envelope. So, we find that a place model can describe the measured jnds more
accurately when it is extended with the assumption that detection of center-frequency
differences arises from the maximal excitation differences as they are indicated by
the arrows in figure . For the triangular envelope, this is the maximal excitation
difference spanning both positive and negative values. For the trapezoidal envelope,
this difference includes only negative or positive values. We conclude that combining
the positive and negative values is not possible here, due to the neutral interval around
the characteristic frequency of  Hz. This neutral interval is caused by the two large
and unaffected central components of the trapezium, which apparently prevent subjects
from combining information from both spectral slopes. In contrast, for the triangular
envelopes combining information from both slopes boosts performance to jnds that
correspond to level differences in the individual components of less than . dB. This
leads us to the conclusion that the profile analysis occurs over a limited frequency
range, though from our data it cannot be concluded whether this really is a strictly
spectral mechanism (as suggested above), or a temporal mechanism based on waveform
changes within one frequency channel of the auditory system. Versfeld and Houtsma
(, ) performed an experiment with two-tone complexes in which they changed
the level of the two constituting components in opposite direction. The frequency
separation of the two components was one semitone (at FC =  Hz one semitone
is  Hz, which is comparable to our fundamental frequency of  Hz). They found
jnds of down to . dB in individual component levels. It is of interest to note that their
jnds increased with increasing separation between the two tones of the complex, which
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is in global agreement with our conclusion that optimal profile analysis occurs over a
limited frequency range.

In the case of the very small jnds for the triangular envelope, the center frequency
discrimination is partly affected when a large background noise is added to the stimuli.
The jnd for FC =  Hz and G =  dB/oct is increased by a factor of , when noise
and stimulus are about equal in level when measured within a bandwidth of  Hz (the
approximate width of the auditory filter at  kHz). At such a signal-to-noise ratio, the
initial amplitude modulation of the stimulus is disturbed by the random fluctuations of
the temporal envelope of the noise. The stimulus component levels, on the other hand,
can be estimated by spectral averaging. This suggests that at a low signal-to-noise ratio a
spectral rather than a temporal mechanism is used for the discrimination process used
for these jnds. From this argument it can, however, not be concluded that a spectral
mechanism is also used at a high signal-to-noise ratio.

Figure : The difference of the hypothetical excitations, for stimuli with a triangular spectral
envelope (top panel), changes sign abruptly near  Hz. For the trapezoidal spectral enve-
lope (bottom panel), there is a neutral frequency interval as the excitation difference changes
sign (around  Hz). The arrows indicate the maximum excitation differences used for the
modelling of the discrimination process.

As mentioned before, the results of the triangular spectral envelope tend to show
a concave shape for center frequencies lying between component frequencies, whereas
the curves for the trapezoidal envelope tend to show a convex shape in such areas.
When we compare the best and worst cases for both spectral shapes, it appears that
a level change in a large component relative to one or two other large components
can be heard best. When the level changes occur for a large and one or more smaller
components, the measured jnds are significantly larger. This indicates that the profile
analysis mechanism works better when the (two) components compared have about
the same level, in agreement with models by Maiwald () and Zwicker ().

An important principle in research on masking and profile analysis is the as-
sumption that the critical detection parameter is a change in level of the output of the
channel or critical band situated at or near the signal frequency. Early experiments were
done by Fletcher () and Gässler (), basically giving support to this critical band
concept. However, the data from Gässler could not be replicated by Spiegel () and
Horst and Ritsma (). Zera et al. () provided some data in support of the critical
band concept and other deviating from it. The very small jnds in the present data also
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suggest that other or more complicated mechanisms are involved. Berg et al. ()
and Green et al. () suggest that when narrowband stimuli are discriminated, other
factors such as pitch and temporal waveform provide important additional cues. The
cues that the subject used, or perceived, varied strongly during a jnd measurement, due
to the initially large center-frequency differences. They could also differ strongly over
the various stimuli. It turned out to be very hard to keep track of the cues utilized. Sub-
jects contradicted themselves and each other. Differences in pitch, roughness, timbre,
loudness and duration were all heard when the center-frequency differences were large,
but they tended to blend to a mere “just different” near the threshold. Due to the poor
correlation of all the descriptions, they seemed unreliable for use as a classification of
the cues that were used for each stimulus. We plan to pursue the issue of spectral versus
temporal explanations of the jnds in a subsequent paper.

The present data give another example of the observation that the jnds in center
frequency for narrowband stimuli are usually at least an order of magnitude smaller
than the bandwidths of auditory filters. Also the jnds are about an order of magnitude
smaller than appears necessary to, adequately, mutually compare, and identify the
vowels of a spoken sentence. This redundancy in performance provides us probably
with a large range of signal-to-noise ratios in which the auditory system can process
speech satisfactorily.

Our results for the triangular envelope at FC =  Hz resemble the jnds of
Horst et al. (). Their jnds are smaller for each value of the slope than the other
jnds for complex tones plotted in figure . The majority of these other jnds form
a band with a negative slope. The rest of our results are comparable to these data.
This indicates that the band with a negative slope represents jnds for broad spectral
peaks or non-optimal alignment of the center and the component frequencies. The
smallest jnds for the triangular envelope (FC =  Hz) represent jnds for the case of
an optimal alignment of center frequency and frequency components, which enabled
the subjects to combine the information from both spectral slopes. This provides an
explanation for the small jnds from Horst et al. (). In that investigation frequency
and fundamental were proportional; consequently the signal spectrum did not change
shape when it shifted along the frequency axis together with the center frequency. This
would cause positive and negative changes of the excitation with an abrupt transition
near the center frequency. And this, as argued above, would be the optimal condition
for discrimination.
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Appendix

The adaptive procedure used is a modification of an adaptive procedure introduced
for the Same-Different paradigm by Cardozo (). It converges at  percent correct
responses, as is illustrated in figure . In this figure the chances are shown of adapting
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Figure : The chances p(Down), p(Up) and p(Repeat) as functions of percent correct for the
adaptive procedure used in the experiments. The procedure converges toward the intersection
of the “Up”and the “Down” chances at  percent correct.

the frequency difference in the upward and the downward direction, and of keeping the
same frequency difference in the next set of trials, respectively p(Up), p(Down), and
p(Repeat). These chances are given as a function of the percent correct scores of the
subject. For a small percentage correct the “Up” chance is practically one, which means
the center-frequency difference is likely to be increased. For a large percentage correct
the “Down” chance is nearly unity, so the center-frequency difference is likely to be
decreased. Thus the center-frequency difference will converge toward the intersection
of the “Up” and the “Down” chances at  percent correct.

The first reason for using this procedure was the objective that a subject should
always be presented with at least four trials at a given center-frequency difference. This
gives the subject optimal opportunity to adjust to the stimuli, and to carefully search
for a cue. The subjects that participated in the present investigation experienced this
procedure as “comfortable” or “agreeable”.

The second reason for using this procedure was that it required only short
training periods of the subjects. This is probably connected with the fact that the
subjects were given ample opportunity to become acquainted with the stimuli and
search for a cue, at each center-frequency difference. No improvements in the scores of
the subjects were observed after a training period of six sessions of six jnd estimations
(i.e., about six hours of training).
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