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 Frequency discrimination of single-formant vowels

Abstract

Just-noticeable differences (jnds) in the center frequency of bandlimited harmonic
complexes were measured for normal hearing subjects. A triangular and a smooth
spectral envelope were used. The center frequency ranged from  to  Hz in
a region representing the first formant of vowels, and from  to  Hz in a
second formant region. The slope of the spectral envelope was either  or  dB/oct
for the first formant region and  or  dB/oct for the second formant region.
For the fundamental frequency of the complexes  and  Hz were used. Jnds
were determined for various phase relations between the individual components of the
complexes. For comparison we also determined jnds for a Gaussian white noise that was
filtered with the same spectral envelopes as the harmonic complexes. A three-interval,
three-alternative forced-choice task was used. All measurements were performed with
roving stimulus level. Jnds found for center frequencies that were halfway between
two harmonics were smaller than those found for center frequencies that coincided
with a harmonic. The jnds for the noise bands were mostly between those of the two
aforementioned groups. Except for a small group of stimuli, the phase relations had
little effect on the jnds. The majority of the results for both the harmonic and the noise
band stimuli can be described by a model using a spectral profile comparison. Most
of the remaining data can be explained in the temporal domain from changes in the
temporal envelope of the stimuli.

Introduction

In order to investigate the ability of normal hearing listeners to discriminate spectral
changes in vowels, we have measured frequency discrimination for bandlimited tones
with a spectrum resembling that of a single vowel-formant (resonance peak). In vowels
of natural speech a number of formants can be recognized, the first two or three of
which characterize the vowel. The ability to hear changes in the character of a vowel
during pronunciation depends on the sensitivity of the ear to changes in these formant
frequencies. To gain understanding of the sensitivity for changes in formants, it is a
logical first step to study the sensitivity for center frequency changes in tones with just
a single peak in the spectrum. After investigating frequency discrimination for such
tones with different center frequencies, two or more of these tones can be used together
to achieve a spectrum closer approximating that of a vowel. In a later paper we will
report on the frequency discrimination of the “formants” of such combined tones, in
relation to the known frequency discrimination of the constituting tones.

In the present paper we present an investigation of frequency discrimination for
stimuli in a first and in a second formant region. We used two shapes for the spectral
envelope shape: a triangular shape in a first experiment, and a more natural shape in
a second experiment. The triangular envelope shape was used before by Lyzenga and
Horst () for stimuli in the second formant region with a  Hz fundamental and
a sine phase relation. We used the fundamentals of  and  Hz; representative for
male and female speakers, respectively. Lyzenga and Horst used three values for the
spectral slopes; from these three values we chose the two most realistic values for the
present stimuli. Lyzenga and Horst found that the position of the center frequencies
relative to the harmonics was an important parameter, so we chose two dissimilar
values for this parameter.
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The role of the phase spectrum on the processing in hearing has been studied
in several investigations. In general, it appears that differences in phase spectrum can
be heard when they lead to audible differences in temporal envelopes (Duifhuis, ).
Effects have been reported e.g. in masking (Duifhuis, ), pitch (Ritsma and Engel,
; Moore, ), pitch perceptibility (Bilsen, ; Lundeen and Small, ), timbre
(Plomp and Steeneken, ), and frequency discrimination (Hoekstra and Ritsma,
; Moore and Peters, ). The effects are often not strong, and occasionally no
effects were found (Patterson, ). In recordings of responses to sound in single
auditory nerve fibers, strong influence on the period histograms (Horst, Javel and
Farley, ) and interspike-interval-histograms can be found (Horst, Javel and Farley,
). Goldstein and Srulovicz () have suggested that inter-spike intervals play an
important role in frequency discrimination. Therefore, we deemed it worthwhile to use
various phase spectra in the present investigation on discrimination of the frequency
of formants.

Lyzenga and Horst () measured jnds for bandlimited harmonic tones with
a triangular and a trapezoidal spectral envelope (on a log-log scale). They used center
frequencies near  kHz and a fundamental of  Hz; therefore, the components of
their stimuli were not resolved by the auditory periphery. The stimulus components
were added in sine phase. They used three values for the spectral slope (, ,
and  dB/oct). Near  kHz they chose five to nine center frequencies in such a
way that the center frequency was either located at a harmonic, or at a distance of one
quarter, one half, or three-quarters of the fundamental frequency above a harmonic. The
distance between the center frequency and the harmonics was a major influence on the
jnds, and divided the jnds into two groups: the smallest jnds under each condition were
found when the center frequency was halfway between two harmonics for the triangles
and when it coincided with a harmonic for the trapezia, i.e. when the largest changing
components were of approximately equal level. The jnds under these conditions showed
an inverse proportionality with the slope. A similar inverse proportionality was found by
Horst et al. (). They used a proportional change in the center and the fundamental
frequency, whereas these two parameters were independent in the experiments of
Lyzenga and Horst. Because of the correspondence between both the spectral envelopes
and the jnds of both studies, Lyzenga and Horst suggested a modified version of the place
model (see below for a detailed description) as a possible mechanism underlying the
discrimination for these jnds. In this modified place model, the excitation differences
caused by both the low and the high frequency slopes of the stimuli were combined to
increase sensitivity (see figure  of Lyzenga and Horst, ). This combination was
proposed to be stimulus dependent, so as to work well for the triangular stimuli, but
poorly for the trapezoidal stimuli, where the upper and lower flanks were separated by
a central plateau. Their data, however, were not sufficiently extensive to decide whether
the discrimination mechanism was strictly spectral, or whether a temporal mechanism
was involved, based on waveform changes within one frequency channel of the auditory
system. The jnds for the remaining conditions in the study of Lyzenga and Horst did
not behave inversely proportional with the slope. For the triangular envelope, however,
these jnds correlated very well with the amplitude modulation depth: the modulating-
power difference between just-noticeably different stimuli showed a linear correlation
with the initial modulation depth. For the trapezoidal envelope the jnds correlated
reasonably well with the modified place model. For these stimuli this model is in fact
equivalent to the original (i.e. non-modified) place model.
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The modified place model used by Lyzenga and Horst () consists of a lin-
ear filter bank followed by a detector of level differences. The filter bank consists
of  Roex filters (Rounded exponential; Moore and Glasberg, ) with a Q of :

��Hcf (f )
�� =

p
( + pg) exp(�pg), where : g = jf � cf j /cf , ()

and : p = .Q

The spacing of the center frequencies of these filters is linear below, and loga-
rithmical above,  Hz. To form an excitation pattern, the outputs of the filters of all
channels are converted to a level Ln in dB (Fletcher, ). As a representation of the
absolute threshold, a noise floor of power  (i.e. a level of  dB) is added to the output
power of each filter before the conversion to dB:
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�
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where S(f ) denotes the amplitude spectrum of the stimulus. The level difference
detector compares the excitation patterns for two tones (Zwicker, , Patterson and
Moore, ). This detector has been modified for the application of the model to
experiments with roving stimulus levels. In the original place models this detector
judges two tones to be perceptually different when somewhere a difference of  dB can
be found between the two excitations, regardless of the sign of this difference. One
consequence of this strategy is that an increase of  dB in the level of a stimulus leads to
a detectable difference, which is in accordance with the often reported  dB overall-level
jnd. In experiments with roving stimulus levels, subjects have to ignore overall-level
information, so, a different strategy is needed. The strategy chosen by Lyzenga and
Horst is to roughly equalize the excitation levels (by matching their overall levels), then
to sum the maximum positive excitation difference and the maximum value of the
absolute negative difference (as indicated by the arrow in the upper panel of figure ,
Lyzenga and Horst, ), and lastly, to compare this sum with the detection threshold.

Alongside their modified place model, Lyzenga and Horst () used the am-
plitude modulation depth of the stimuli to explain the jnds for part of their stimuli. To
verify their findings, an extended group of such stimuli is used in the present study. Al-
ternative explanations may be found in differences in the frequency-modulation depth
of just-noticeably different stimuli, or in differences in their EWAIF or IWAIF values
(the Envelope-Weighted, or Intensity-Weighted Averaged Instantaneous Frequency;
Feth, ). These possibilities will be considered in the General Discussion.

In the present paper, we use both the triangular spectral envelope and a broader,
more natural envelope shape. For this natural shape we chose the specifications of the
Klatt synthesizer (Klatt, ). With one formant peak, this shape spreads out over
a broad spectral band at low component levels, with a sharp peak in the component
levels near the formant frequency. Stimuli with comparable spectral shapes have been
used by Stevens () and Gagné and Zurek (). Stevens studied just-noticeable
differences (jnds) for changes in the frequency of a single exponentially damped wave.
The spectrum of such a tone resembles the spectral envelope of one formant of a
vowel. Unfortunately, the effective duration of these tones depends on the bandwidth,
so, some care has to be taken when comparing these results directly with frequency
jnds of stimuli with fixed duration. Gagné and Zurek used RLC-type resonance filters
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to bandlimit harmonic sequences that had either a  or  Hz fundamental. They
used center frequencies from  to  Hz, so, in contrast to the stimuli used by
Lyzenga and Horst (), the components of their stimuli were well resolved. Gagné
and Zurek found that their jnds corresponded reasonably well with the expectations
of a place model. In their investigation, and in that of Stevens, jnds were found to
decrease with the slope, from roughly % down to .%, but less steeply than was
found by Horst et al. (). (The jnds of Gagné and Zurek are corrected in value to
correspond with a d0 of , as all jnds in the present study.) The jnds of the former
two studies corresponded roughly with those found by Lyzenga and Horst for both
the triangular and the trapezoidal spectral slope, under conditions where the largest
changing components were of unequal level.

To enable a comparison of jnds for harmonic stimuli with those for stochastic
stimuli, we investigate the jnd for Gaussian white noises that are filtered with the spectral
envelopes of the harmonic stimuli. These stochastic stimuli resemble single-formant
“vowels” from whispered speech. For comparable stimuli, jnds were investigated by
Michaels (), Moore (), and Gagné and Zurek (). Gagné and Zurek found
for filtered white noise bands with a center frequency of  Hz that jnds (corrected
in value to correspond with a d0 of ) decreased from % to .% for slopes increasing
from  to  dB/oct. Michaels and Moore measured frequency difference limens for
narrow bands of noise with the bandwidth of the spectral envelope as a parameter.
Michaels varied the bandwidth by adjusting the Q-factor of an analog filter with
a center frequency of  Hz. Moore directly varied the bandwidth of a rectangular
spectral envelope with a center frequency of  kHz. They both found that jnds decreased
from .% to approximately .% when decreasing the bandwidth from  Hz to  Hz
(Michaels), or  Hz (Moore). For smaller bandwidths the jnds remained between .%
and .%. So, the jnds appear to depend on the bandwidth rather than on the shape of
the spectral envelope. Both researchers proposed a temporal model for the description
of their data. With the same subjects and apparatus both found a constant-level pure-
tone jnd of .%.

Lyzenga and Horst () performed their experiments with both a roving and
a non-roving measurement paradigm. They found a roughly constant ratio between
the jnds for these two paradigms; the jnds for the roving condition were typically a
factor of . larger. They argued that this difference was due to the increased stimulus
uncertainty of the roving-level condition. Correcting the results of the roving-level
condition with this factor then yields identical jnds for both measurement paradigms.
This implies that for both paradigms the same discrimination mechanisms must have
been used. Because of the disturbance of overall-level information under the roving-
level condition, these mechanisms have to ignore the overall-level. Therefore, when
trying to explain the data, only models that do not use overall level cues should be
taken into consideration.

I. General methods

A. Stimuli

Two experiments were carried out using bandlimited harmonic complexes as stimuli.
In experiment  the shape of the spectral envelope was triangular on a log-log scale.
In experiment  we used a smoothed envelope shape, equal to the shape of a single
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formant as generated by the digital Klatt synthesizer (Klatt, ), which we called the
Klatt envelope. For both envelope shapes two values for the fundamental frequency
(F) of the harmonic complexes were used:  and  Hz. We used two ranges of
center frequency (FC) values: one in the region of the first and one in the region of the
second formant. Two values for the slope (G) were employed for both formant regions:
 and  dB/oct for the first region and  and  dB/oct for the second region.
For the Klatt envelopes, these slope values corresponded with the steepest parts of the
spectral slopes. Under each condition jnds were measured for two center frequencies:
one at a harmonic component, and one halfway between two harmonic components.
In the first formant region these center frequencies were  and either  or  Hz,
and in the second formant region they were  and either  or  Hz. In
experiment  we used two phase relations between the harmonics of the complexes:
the sine-phase, and a random-phase. For one subject, jnds were also investigated for
the negative Schroeder-phase relation (Schroeder, ), which produces stimuli with
a maximally flat temporal envelope. In experiment  we used the same three phase
relations, and in addition we used the phase relation as it is generated by the digital
Klatt synthesizer (hereafter called the Klatt-phase relation). Figure  gives the stimulus
spectra for both spectral envelope shapes. We also investigated the jnd for a Gaussian
white noise that was filtered with the spectral envelopes shown in figure .

Figure : The spectra of the stimuli used. The first two columns show the stimuli for the first, and
the last two columns for the second formant region. The upper two rows display the stimuli with
the shallow slopes:  dB/oct for the first, and  dB/oct for the second formant region, and
the lower two rows those with the steep slopes:  dB/oct for the first, and  dB/oct for the
second formant region. The dotted lines indicate the spectral envelopes according to the Klatt
synthesizer (), the slanting solid lines indicate the triangular spectral envelopes.

The stimulus generation and presentation procedures were equal to those de-
scribed by Lyzenga and Horst () for the Roving Level condition. For both the
triangular and the Klatt envelopes, the spectral envelope shape was calculated first,
after which the harmonic components were added with the appropriate amplitude and
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phase. For the noise stimuli and the stimuli with random-phase relations, three sets
of stimuli were made with different random relations. During the measurements each
stimulus was picked at random from one of these three sets. In this way the correlation
between the stimuli was reduced.

B. Procedure

The jnds were measured using an adaptive three-interval, three-alternative forced-
choice method (IFC). Before the actual jnd measurements, the absolute threshold
of the reference tone was estimated, after which stimuli were presented at a level
about  dB above this threshold. We added a pink background noise to the stimuli at a
level of - dB relative to the stimuli, when measured with a -Hz bandwidth for the
first formant region, and with a -Hz bandwidth for the second formant region.
These bandwidth values approximate the critical bands for both formant regions
(Scharf, ); therefore, this procedure produced background noise levels close to
the absolute thresholds. We used a “Roving Level” (RL) condition for the levels of all
the tones. In this condition the levels of the stimuli were randomized, around one fixed
level value, within trials over a -dB range in .-dB steps (Henning, ). The sets
of stimuli (containing a reference and twelve targets) used in each jnd estimation were
of roughly constant loudness. Therefore, it is reasonable to expect that any remaining
overall-level information, that the subjects might have used as a discrimination cue, will
have been disturbed by the -dB rove. The background noise was varied in level along
with the roved stimulus, keeping the signal-to-noise ratio in the stimulus constant.

The adaptive procedure by which the jnds were estimated was equal to the one
used, and described in detail, by Lyzenga and Horst (). In short, subjects were
asked to identify the odd tone in a series containing two reference tones and one
target tone with a higher center frequency. They were given immediate feedback. The
frequency difference between the target and the reference tones was adapted according
to decision rules that were chosen so that the procedure converged at % correct
responses, which corresponds to a d0 of  for the IFC paradigm. Data were collected
until the direction of the center frequency adaption was reversed five times. On the
average, one jnd measurement contained about  trials. The whole set of jnds was
measured three times (involving at least  trials per jnd), in a pseudorandom order
for the two groups of stimuli with either the triangular or the Klatt envelope. The jnds
were estimated from the averaged scores with the same algorithm as used by Lyzenga
and Horst (). Since the subjects’ bias toward one of the three signal intervals was
found to be very small, it has been neglected in the calculations.

C. Subjects

Six normal-hearing subjects participated in the experiments. All were adults, four
female and two male, with ages ranging from  to  years. Four subjects participated
in experiment ; three of these subjects performed a series of jnd estimations for two
phase relations and for the filtered noise bands. For subject JL the Schroeder-phase
was also included. Six subjects participated in experiment . All subjects performed a
series of jnd estimates for two phase relations and for the filtered noise bands, except
for subject JWH who participated for one phase relation and for the noise bands, and
for subject JTB who participated for two phase relations. Of these six subjects, five had
participated in frequency discrimination experiments before, the novel subject was
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trained before data collection. For all six subjects no 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 region of the center frequency and one
value of the slope, in four panels with individual results. The rows contain the jnds for
the four combinations of formant frequency and slope. Each panel contains jnds for
two values of the center frequency: one coinciding with and one halfway between the
signal components, denoted as /|\ and /||\, respectively. The smaller value of these
pairs of center frequencies is plotted on the left and the larger on the right, except for
the first formant region with the -Hz fundamental. Here the center frequencies are
plotted in reversed order (i.e.  Hz,  Hz). For the -Hz fundamental, the jnds
for the sine-phase, random-phase and Schroeder-phase relations are shown as square,
circular, and hour-glass symbols, respectively. For the -Hz fundamental, the jnds for
these three phase relations are shown as triangular-up, triangular-down, and umbrella
symbols. For clarity, the jnds for the -Hz and -Hz fundamentals are connected
by a solid and a dashed line, respectively. Only subject JL contributed jnds for the
Schroeder-phase relation. The jnds for the filtered noise bands are shown as asterisks,
connected by a dotted line. For the noise bands the value of the center frequency relative
to the position of the harmonics is not relevant; we chose  and  Hz for the first
formant and  and  Hz for the second formant, plotted at the positions /|\
and /||\, respectively.

The average jnds for the sine-phase and the random-phase relations are shown
in figure . Each row contains average jnds for one of the four combinations of formant
frequency and slope. The columns on the left and on the right contain averages for the
fundamentals of  and  Hz, respectively. For clarity the jnds for the sine and the
random phase are connected by a solid and a dashed line, respectively. The averages for
the filtered noise bands (the asterisks) are connected by a dotted line. For comparison,
the predictions of the modified place model (see the Introduction) are shown for each
condition by means of the little line segments at the sides of each panel. The settings
of this model were: a Q of  for the Roex-filters, and a threshold of  dB. With this
modified place model much of our data, of both the first and the second experiment,
can be approximated successfully. The predictions of this model are introduced in
figure  to enable easy distinction of the jnds that are in agreement with this model
from those that require a different explanation. The solid and the dotted line segments
represent the expected jnds for the harmonic stimuli and the noise bands, respectively.

In the region of the first formant (FC �  Hz), the average jnds for the
filtered noise bands are .% for a slope of  dB/oct, and .% for a -dB/oct slope.
These values imply just audible level differences in the flanks of the stimuli of . dB
and . dB, respectively. The noise-band jnds for the center frequency of  Hz are
almost a factor of two larger than those for the -Hz center frequency (averaged
over the individual results this is a factor of ., and is significantly larger than unity
with p < .). A likely explanation for this difference arises from the specific random
phases of the noise bands: the perceived pitch of the noise bands is found to vary
slightly with the different phase relations, which affects the jnds. In the second formant
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Figure : Individual jnds for the triangular spectral envelope. Each column contains the jnds
measured for one formant region and slope combination, showing individual results in four
panels. The error bar in the right top corner indicates the mean standard deviation of the indi-
vidual results. The jnds for the -Hz fundamental with the sine-phase, the random-phase and
the Schroeder-phase relations are shown as square, circular and hour-glass symbols, respectively.
For clarity, these symbols are connected by solid lines. The jnds for the -Hz fundamental,
for the same three phase relations are shown as triangular-up, triangular-down and umbrella
symbols, respectively. These symbols are connected by dashed lines. The jnds for the noise bands
are shown by the asterisks, connected by a dotted line.
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Figure : Average jnds for the triangular spectral envelope. The rows show jnds for the same
parameters as in figure . The left column contains the averages for the -Hz, and the right
column for the -Hz fundamental. The meaning of the symbols is the same as in figure . For
clarity, the jnds for the sine phase are connected by a solid line, and those for the random phase
by a dashed line. The error bars indicate the standard deviations of the averages. The little solid
and dotted line segments at the side of each panel indicate the predictions of the modified place
model for the harmonic stimuli and the noise bands, respectively.

region (FC �  Hz) the average jnds are .% and .% for the slopes of 

and  dB/oct, respectively. These jnds correspond to level differences in the flanks
of the stimuli of . and . dB. So, in all cases we find that a level difference of slightly
over  dB is necessary for discrimination. When comparing the jnds for the filtered noise
bands with the predictions of the modified place model, we see a good correspondence
in the three upper-most rows of figure . For the stimuli with a -dB/oct slope in the
second formant region, the modified place model predicts somewhat larger jnds than
were measured.

When considering the average jnds for the harmonic stimuli in the first formant
region, we find no significant influence of the phase relation and the fundamental, and
a modest, but significant (p < .), influence of the position of the center frequency
relative to the harmonics. The jnds for the slope of  dB/oct are nearly a factor of
two smaller than those for corresponding conditions with the -dB/oct slope (on
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the average this factor is ., and is significantly larger than unity with p < .). An
exception to these observations is found for the -Hz fundamental with the -
dB/oct slope when the center frequency lies at a signal harmonic. Here we find very
large jnds. Note that this also holds for the individual jnds in figure , including those
for Schroeder phase of subject JL. These large jnds can be easily understood in terms
of a place model when we consider the spectrum of the harmonic stimuli for this
condition (see figure , panel h). The spectrum of the reference tone contains only one
frequency component at  Hz. A considerable increase in the center frequency (of
about  Hz) is needed to make a second component appear at  Hz; because of
the loudness correction and the roving stimulus level, there is no perceptual change in
the stimulus until this second component appears. When comparing the jnds for the
harmonic stimuli of the first formant region with the predictions of the modified place
model, we see a good correspondence.

For the second formant region the situation is more complex. For the slope of
 dB/oct, the phase relations affect the jnds when the center frequency lies halfway
between two harmonics. For the -Hz fundamental, a large difference is seen between
the average jnds for both phase relations, which is also significantly present in the
individual results of figure  (p < .). For the -Hz fundamental, a small difference
is seen between the jnds for the sine and the random phase. Such a difference can also
be found in the individual results, though not in the same direction for all subjects.
As a consequence, the difference between the average jnds is not significant. So, even
though the average jnds are near the predictions of the modified place model, we find
some influence of the phase relations on the individual jnds. When the center frequency
coincides with a harmonic, we see a good correspondence between the average jnds
and the predictions of the modified place model for the -dB/oct slope. For the slope
of  dB/oct we find a consistent influence of the position of the center frequency
relative to the harmonics: when the center frequency coincides with a harmonic,
the jnds are significantly larger than those for center frequencies halfway between two
harmonics (p < .). The jnds double when the fundamental is increased from  Hz
to  Hz (p < .), and there is no significant influence of the phase relations on the
jnds; this seems in good agreement with the concept of a place model, but all jnds are
smaller than the predictions of the model. So, even though no influence of the phase
relations is seen on the jnds, temporal effects may have influenced the jnds.

In summary, all jnds of the noise bands correspond with level differences of
just over  dB in the flanks of the stimuli. Under most conditions, they show good
correspondence with the modified place model. For the jnds of the harmonic stimuli
in the first formant region, we find no influence of the phase relation, and they are in
good correspondence with the modified place model. In the second formant region we
find phase effects for the slope of  dB/oct when the center frequency lies between
two harmonics. For the -dB/oct slope, we find a strong influence of the position
of the center frequency relative to the harmonics. Here we find poor correspondence
with the modified place model.

In the first and second formant regions (near . and  kHz) the critical band-
widths are approximately  and  Hz, respectively (Scharf, ). So, from the first
to the second formant regions of this study, the critical band doubles roughly. A factor
of two is also present in the stimulus parameters. Therefore, in terms of the critical
band, several stimuli of the first formant region are roughly similar to those of the
second formant region. First, a factor of two is present in the fundamental of  Hz
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combined with the slope of  dB/oct (figure , panels a and b) as compared to the -
Hz fundamental in combination with the -dB/oct slope (figure , panels m and n).
Second, it is present in the -Hz fundamental combined with the -dB/oct slope
(figure , panels c and d) as compared to the -Hz fundamental in combination with
the -dB/oct slope (figure , panels o and p). (For this reason the abscissa scales of the
leftmost and rightmost columns of figure  differ by the same factor of , which gives
the stimuli of the compared groups the same appearance in this figure.) So, in terms of
spectral resolution of the ear, these two combinations of conditions are roughly similar.
Therefore, a spectral explanation of the discrimination process can only be viable when
the jnds for the harmonic stimuli are roughly similar too. For the first combination
(with the shallow spectral slopes), the jnds for the first formant region are plotted in
panel a of figure , and those for the second formant region in panel g. These jnds
are similar when the center frequency coincides with a harmonic. When the center
frequency lies between two harmonics, the jnd for the sine-phase condition of the
second formant region is somewhat smaller than the others. Here we find phase effects
in the individual jnds, indicating that the phase relation influences the discrimination
process. For the second combination (with the steeper spectral slopes), the jnds for the
first formant region are plotted in panel b of figure , and those for the second formant
region in panel h. These jnds are similar when the center frequency coincides with a
harmonic. When the center frequency lies between two harmonics, the jnds for the
first formant region are much larger than those for the second formant region (.%
and .%, respectively). This indicates that for the second formant region temporal
aspects of the stimuli are likely to play a role in the discrimination process.

III. Experiment 2. The smoothed spectral envelope

The results of the second experiment are presented in figure . The format of this
figure is the same as that of figure . Each column contains six panels with individual
results. The meaning of the symbols is the same as in figure . In addition, the jnds for
the Klatt-phase for the -Hz and the -Hz fundamentals are shown as diamond
and picnic-table symbols, respectively. All subjects contributed jnds for two or three
conditions in such a way that three subjects participated for the sine, the random, and
the Klatt phase, two subjects for the Schroeder phase, and five for the noise bands.

The averages of the results are shown in figure . This figure has the same
format as figure . For clarity, the jnds for sine-phase, random-phase, Klatt-phase, and
Schroeder-phase relations are connected by a solid, a short dashed, a medium dashed
and a long dashed line, respectively. Note that, due to the distribution of subjects over
the various conditions, the averages for each phase relation and for the noise bands
are calculated over different groups of subjects. The predictions of the modified place
model are shown for harmonic stimuli and for noise bands at the sides of the panels
with the little solid and dotted line segments, respectively.

For the first formant region, the average jnd for the noise bands is .% for
the slope of  dB/oct, and .% for the -dB/oct slope. In the steepest part of the
spectral slopes of the stimuli, these jnds correspond to level differences in the flanks of
the stimuli of . and . dB, respectively. For the second formant region, the average
jnd for the noise bands is .% for the slope of  dB/oct and .% for the -dB/oct
slope, corresponding to a maximal level difference of . and . dB, respectively. The
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Figure : Individual jnds for the Klatt spectral envelope. The format of this figure, and the
meaning of the symbols are the same as in figure . The jnds for the Klatt-phase relation are
shown as diamonds for the -Hz fundamental, and as picnic-table symbols for the -Hz
fundamental.
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Figure : Average jnds for the Klatt spectral envelope. The format of this figure is the same as
in figure , the meaning of the symbols is the same as in figure . The error bars indicate the
standard deviations of the averages.

values for both the jnds and the level differences are quite similar to those found for
the triangular spectral shapes. When comparing the jnds for the filtered noise bands
with the predictions of the modified place model, we see that the measured jnds are
somewhat smaller than the predictions. This difference is largest for the -dB/oct
slope of the second formant region, which implies that the present modified place
model may not be applicable to these jnds.

In the averaged results for the harmonic stimuli in the region of the first formant,
we find no significant influence of the phase relation on the jnd for the -Hz
fundamental (in the individual jnds, the averaged ratios between the jnds for the sine
phase and the other phase relations do not differ significantly from unity). These jnds
are not significantly affected by the position of the center frequency relative to the
harmonics. They are all larger than those for the noise bands, indicating that the level
changes in the slopes of the spectral envelopes cannot be detected optimally due to
the large spacing of the components. For the -Hz fundamental, we seem to find an
influence of the phase relations on the average jnds. However, this effect is apparently
caused by the distribution of the subjects over the various phase relations, since the
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individual results in figure  show no significant phase effects. So, in this case the phase
effects shown by the average jnds are artifacts of the averaging. When we ignore the
thus caused spread in the jnds, we see a good correspondence between the jnds for the
harmonic stimuli of the first formant region and the predictions of the modified place
model.

In the second formant region, we find a clear influence of the phase relation on
the average jnds for the -Hz fundamental; this influence is found in the individual
results of four of the six subjects. It is systematic: for the sine phase the jnds for center
frequencies positioned at a harmonic are significantly larger than those for the other
phase relations (p < .), and for center frequencies between two harmonics they are
significantly smaller (p < .). For the -Hz fundamental no significant influence
of the phase relation on the individual jnds is found for the slope of  dB/oct: the
observed spread in the averages is due to the averaging over a different group of subjects
for each phase relation. For the -dB/oct slope, some influence of the phase relation
can be found in the individual jnds of figure , though not in the same direction
for all subjects. The observed spread in the averages, however, is largely due to the
averaging over different subjects for each phase relation. When comparing the jnds for
the harmonic stimuli with the predictions of the modified place model, we see a good
correspondence for the -Hz fundamental; correspondence is poor for the -Hz
fundamental.

In summary, all jnds of the noise bands correspond with a level difference in
the flanks of the stimuli of just over  dB. Nevertheless, these jnds are consistently
somewhat smaller than the predictions of the modified place model. For the harmonic
stimuli, we find no consistent influence of the phase relation on the jnds for the first
formant region in general, and we find small phase effects for the second formant
region in the case of the -Hz fundamental. Under these conditions, the jnds are
close to the predictions of the modified place model. For the second formant region
and the -Hz fundamental, we find clear phase effects in the jnds, indicating that
here the discrimination is influenced by a temporal process.

Like for experiment  we can compare the results of the first formant region
for the -Hz fundamental with those of the second formant region for the -Hz
fundamental. In terms of the critical bandwidth, the stimuli under these two conditions
roughly correspond with each other. A spectral explanation of the jnds can only be
viable when the jnds in the panels (a) and (b) of figure  are in agreement with those
in the panels (g) and (h), respectively. For both combinations, the jnds for the first
formant region are close to the corresponding ones for the second formant region.
Furthermore, these jnds are all in the vicinity of the predictions of the modified place
model.

IV. General discussion

A. Applicability of the place model

When comparing the jnds for the harmonic stimuli under the corresponding conditions
of both experiments as they are plotted in the figures  and , we find for both formant
regions that correspondence is best for the combination of the -Hz fundamental
and the shallow slope. For the combination of the -Hz fundamental and the steep
slope correspondence is worst. For the average noise-band jnds, resemblance is good
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for the corresponding conditions of both experiments. So, we find that correspondence
between the jnds of both experiments is better when the peaks of both spectra resemble
each other more closely (see figure ). As was expected, we find smaller jnds for the steep
than for the shallow slopes, for the low than for the high fundamental, and for center
frequencies halfway between harmonics than for those coinciding with a harmonic.

For the second formant region, Lyzenga and Horst () suggested a modified
place model with a -dB excitation-difference threshold to explain their data for the
triangular spectral envelope with a center frequency halfway between two harmonics.
However, in the present experiments we often find phase effects for similar stimuli,
indicating a temporal rather than a spectral discrimination process. Below we will
propose a temporal discrimination mechanism that describes the jnds found for these
stimuli.

The model, suggested by Lyzenga and Horst () to explain their jnds for
stimuli with the trapezoidal envelope, is equivalent to an original (i.e. non-modified)
place model with an excitation-difference threshold of  dB. For a good correspondence
between place model predictions and the present data we need a modified place model
with a -dB threshold. (Both models use Roex filters with a Q of .) For the stimuli with
trapezoidal envelope used by Lyzenga and Horst the predictions of these two models
hardly differ; the squared relative error: �

��
jnd � prediction

�
/jnd

�
between the data

and the model predictions is . for the original place model, and . for the modified
place model (both summed over  jnds). For the present data the modified place
model describes the data considerably better; the squared relative error is . for the
original place model, as compared to . for the modified place model (both summed
over  jnds for experiment  and  jnds for experiment ). When disregarding the
above mentioned jnds for the second formant region with a center frequency halfway
between two harmonics, the squared relative error for the original place model is .,
and for the modified place model it is . (both summed over  jnds for the first
and  jnds for the second experiment). So, the use of the modified rather than the
original version of the place model greatly improves the accuracy of the modelling.

For the first formant region, we find that the modified place model provides a
good explanation of our jnds. This is in good agreement with the observations that for
both experiments the jnds of the first formant region show no phase effects and that the
jnds for the noise bands correspond with a level difference in the flanks of the stimuli
of just over  dB. Therefore, it is likely that spectral cues dominate the discrimination
process here.

In the second formant region for the -Hz fundamental, we find phase effects
in the jnds of both experiments. Under these conditions, three stimulus components
fall within one critical band (of  Hz), so their relative phases can influence the
waveform. This is in agreement with findings of Edwards and Viemeister (), and
of Narayan and Long (). Because of its insensitivity to the phase relations of the
stimulus components, the modified place model clearly cannot explain the data for
the -Hz fundamental. For the -Hz fundamental, we find good correspondence
between the predictions of the modified place model and the data for the stimuli with
the Klatt envelope and for those with the triangular envelope with the -dB/oct slope.
However, for these conditions, except for the Klatt envelope with center frequencies that
coincide with a harmonic, alternative explanations will be given below. The modified
place model fails to describe the data for the triangular envelope with the -dB/oct
slope.
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For the noise stimuli of the second formant region, we only find good agreement
with the predictions of the modified place model for the triangular envelope with the
slope of  dB/oct. We have tried various schemes for decreasing the discrepancies
between the jnds for the -dB/oct slope and the model predictions, such as using
steeper or different filters, using different rules for quantifying the excitation differences
(like comparing the threshold with the area under the excitation patterns, rather than
with the excitation differences at one or two positions), or introducing a non-linearity
into the model before the filter bank. We found that the discrepancies cannot be
reduced without interfering with the expected jnds for the harmonic stimuli of the
first formant region. Yet, all the noise-band jnds correspond with a level difference in
the flanks of the stimuli of just over  dB. From a spectral point of view, this implies
that the auditory filters near the center frequencies of the stimuli are steeper than the
slopes of the noise bands. With a Q of  the high-frequency slope of the Roex filter,
that was used in the modified place model, is about  dB/oct, which is much smaller
than the -dB/oct slope of the stimuli. Therefore, the present modified place model
fails to describe these data. One possible explanation for the small noise-band jnds for
the -dB/oct slope arises from the observation that these narrow noise bands start
to approximate pure tones with fluctuating amplitudes. This implies that for narrower
noise bands the jnd should approach, but remain slightly above, the pure-tone jnd
(for roving level experiments). For the slope of  dB/oct, our noise-band jnds are
between .% and .%. This is in good agreement with Michaels (), and Moore
() who found a limit of .% for noise bands with decreasing bandwidths. In both
experiments a constant-level pure-tone jnd of .% was found. They both proposed a
temporal explanation for their results, based on inter-spike intervals and the integration
time of the auditory system in relation to the rate of the amplitude fluctuations.

B. Applicability of temporal models

We related the present jnds with changes in the amplitude modulation depth of the
stimuli. To do this we used a generalization of the concept used by Lyzenga and
Horst (). We extended their definition of modulation depth to: the decrease in the
absolute value of the temporal envelope over one fundamental period, expressed as a
percentage of the maximum absolute value of this envelope. The temporal envelopes
were calculated using the Hilbert transforms of the stimuli. We found reasonably good
correspondence between the modulation depth and the jnds for the stimuli of the
second formant region with the triangular envelope and a center frequency coinciding
with a harmonic (very similar to the results in the upper panel of figure  of Lyzenga
and Horst, ). However, correspondence was not found for the stimuli with the Klatt
envelopes. This may be connected with the often very irregular temporal envelopes of
the Klatt stimuli (see the left column of figure ). To smooth these temporal envelopes,
and to approximate the stimuli and their temporal envelopes as they appear within
separate frequency channels of the auditory system, we applied an “auditory” filter
to all the stimuli. For each stimulus, the center frequency of this filter was chosen
equal to that of the reference. We used a Roex filter with a Q of , as was also
used in the modified place model. After this auditory filtering, the correspondence
between the modulation depth and the jnd was good again for the triangles but still
poor for the Klatt stimuli. This is shown in figure . This figure shows the amplitude-
modulating power difference (the square root of the difference between the squares of
the modulation indexes) between the just-noticeably different stimuli as a function of
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the maximal modulation depth for the triangular (top panel) and the Klatt envelope
(bottom panel). For comparison data are displayed of Wakefield and Viemeister ()
for amplitude-modulated noise, and of Fleischer () for amplitude-modulated pure
tones.

Figure : The difference in modulating power for each reference and its just-noticeable target, as
a function of the largest modulation depth. The stimuli were filtered with a Roex filter with a Q

of . The dotted lines display 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 lines give data of Fleischer () for an amplitude-modulated
pure tone of  kHz with a modulation frequency of  Hz.

For the stimuli with a center frequency coinciding with a harmonic (open sym-
bols), the line described by the modulating power difference as a function of the
maximal modulation depth for the triangular envelopes coincides reasonably well with
the data of Wakefield and Viemeister () and Fleischer (). But these data only
function as an upper limit for modulation differences found for the Klatt envelope.
For these stimuli the differences in modulating power are mostly smaller than for the
triangles. The results in figure  may change when off-frequency auditory filtering is
used in the model. However, when the center frequencies are not chosen too remote,
the overall behavior will not be much affected. So, here we find a essential difference for
the bandwidth of the stimuli: for the triangular stimuli the modulation depth provides
a good explanation of the jnds found for stimuli with a center frequency coinciding
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with a harmonic, but for the Klatt stimuli this is not the case. When fitting the data
for these triangles (the open symbols) to a straight line using a least-squares method,
we find the relation: y = . � x + ., shown as the solid line in the upper panel of
figure . All data in the open symbols lie within % of this line. The actual model now
is defined as finding the center frequency difference that yields a modulation depth in
accordance with this line.

For the triangular stimuli of the first formant region, we found a correlation
between the modulation depth and the jnd only when no auditory filtering was applied
in the calculation of the modulation depths of the stimuli. Under these conditions,
the correlation between the modulating power and the jnd was comparable to the one
found for these stimuli in the second formant region. For the stimuli with the Klatt
envelope, the correlation found for the triangles only provided an upper limit for the
modulating power. After auditory filtering of the stimuli with a frequency equal to
their center frequency, the modulation depths and differences were negligible. For the
first formant region the critical bandwidth is about  Hz as compared to the 

and -Hz fundamentals. Therefore, all the stimuli are well resolved by the auditory
system, and modulation depth is not likely to be involved in the discrimination.

In analogy to the definition of amplitude modulation that we used, a definition
of the phase or frequency modulation can be formulated for the present stimuli: the
absolute shift in the phase over one fundamental period relative to a sinusoid with a
frequency equal to the center frequency of the stimulus. When the phase is expressed in
radians, this value is two times the frequency modulation index (m) for a sinusoidally
modulated pure tone. For both the first and the second formant regions, we did not
find any correspondence between the phase- or frequency-modulation depth and the
jnds.

Alternatives for explaining the jnds for harmonic stimuli might be found in
the EWAIF or the IWAIF fractions, which are defined as:

�EWAIF =

RT


Er(t)fr(t)dtRT


Er(t)dt
�

RT


Et(t)ft(t)dtRT


Et(t)dt
()

�IWAIF =

RT


E
r (t)fr(t)dtRT


Er(t)dt

�

RT


E
t (t)ft(t)dtRT


Et(t)dt

()

where T is the fundamental period of the stimuli, and Er(t) and Et(t) are the tem-
poral envelopes for the reference and the just-noticeably different target, respectively;
while fr(t) and ft(t) are the corresponding instantaneous frequencies. These instanta-
neous frequencies were calculated from the first order derivative of the instantaneous
phases generated by the Hilbert transforms of the stimuli. The envelope-weighted av-
eraged instantaneous frequency was introduced by Feth () to describe the pitch
of unresolved two-tone complexes. Many of our stimuli of the second formant region
are unresolved, and a number of them resemble two-tone complexes. If the EWAIF or
IWAIF fractions provide an explanation of the jnds, we expect a constant difference
for just-noticeably different stimuli. We calculated these frequency differences both
for the stimuli filtered with an auditory filter at their center frequency, and for the
unfiltered stimuli. For the auditory filtering, we used a Roex filter with a Q of . For
both the filtered and the unfiltered stimuli of the second formant region, the EWAIF
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and IWAIF fractions showed little correspondence with the jnds. So, neither EWAIF
nor IWAIF provides a viable explanation for our data.

For the stimuli in the second formant region with a center frequency halfway
between two harmonics (the closed symbols in both panels of figure ) neither the
modified place model nor the modulation depth provide an explanation of the data.
Under these conditions we often find a sudden change in the direction of the temporal
envelope of the triangular stimuli. These changes in direction occur when the temporal
envelope touches zero, where it shows a sharp notch. Such notches produce peaks in
the second order derivative of the temporal envelope, the size of which give a measure
of the sharpness of the notch. This is illustrated in the top half of figure  for triangular
stimuli with a fundamental of  Hz and a slope of  dB/oct. We see that the peaks
in the second order derivative depend strongly on the center frequency, and that they
are influenced in their size and shape by the phase relation of the components.

Figure : Temporal envelopes (left column) and their second order derivatives (right column)
shown for the triangular spectral envelope in the upper two rows, and for the Klatt envelope
in the lower two rows. Each panel shows curves for sine phase (solid lines), Schroeder phase
(long-dashed lines), and random phase (dotted lines). For the Klatt envelope, the Klatt-phase
relation is shown with the short-dashed lines. The center frequency is indicated on the right. For
the triangular envelope with the center frequency of  Hz, we find peaks in the second order
derivatives for all three displayed phase relations.

The temporal envelopes of the stimuli with the Klatt envelope differ strongly
from those with the triangular envelope; the first behave very erratically, as do their
second order derivatives (see the bottom half of figure ). The differences between the
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two types of stimuli are much reduced when both are filtered with an auditory-filter
shape: we used a Roex filter with a Q of . We have tried a number of phase relations
for the auditory filter: zero phase, an arctangent phase, and (inspired by Kohlrausch
and Sander, ) an exponential phase with various amplitudes for the phase sweep.
The correspondence between the temporal model, as described in the next paragraph,
and the data was best for the exponential-phase relation shown in figure .

Figure : The amplitude and phase characteristic of the assumed auditory filter.

In the temporal model, the second order derivative of the filtered stimuli is
used to predict jnds for the second formant region. When a peak in the second order
derivative of the reference tone is present, the center frequency is increased until
this peak is reduced to a certain threshold value. Optimal correspondence between
model and data was found for a threshold equal to one-third of the initial peak value.
When the threshold is reached within a reasonable center frequency shift ( Hz), the
corresponding center frequency difference is taken as the expected jnd. This procedure
works only for stimuli with a center frequency halfway between two harmonics. When
the center frequency coincides with a harmonic, either no peak is present, or it does
not sufficiently change its size. In figure , the predictions of this temporal model
are compared with the jnds of the second formant region for both experiments. In
this figure only jnds under the conditions with center frequencies halfway between
two harmonics are considered. For the triangular envelope, the jnds plotted for the
Schroeder phase are the individual data of subject JL. For the random phase, under
the condition of the Klatt envelope with the -Hz fundamental and the -dB/oct
slope, the model failed to produce an expected value. However, under this condition
we find a good correspondence with the modified place model (see figure ). In general
we see a good correspondence between temporal model and data in figure . The
presence of phase effects in these data indicates that a temporal mechanism is used in
the discrimination process. The correspondence between the predictions of the present
model and the data indicates that such a temporal mechanism may well be based on
changes in the temporal envelopes of the stimuli.

This temporal mechanism shows analogy with a model proposed by Green
et al. () for spectral shape discrimination of narrow-band sounds. Their model
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Figure : The average jnds, for the second formant region and for center frequencies halfway
between harmonics, compared with the results of the temporal model. The averages are replotted
in the center of the panels, and the predictions of the model are plotted at the sides, using the same
symbols for the phase relations as in figure . The column on the left displays this comparison
for the triangular envelope, and the column on the right for the Klatt envelope. The slope
is  dB/oct for the top row, and  dB/oct for the bottom row.

uses changes in the power spectrum of the temporal envelope as a discrimination
cue, whereas our model uses changes in the sharpness of the minima in the temporal
envelope. These two properties are related: a sharp change in the temporal envelope will
produce one or more peaks in the high frequency region of the power spectrum of the
temporal envelope. When changing the center frequency of our stimuli, sharp changes
in the temporal envelope may either appear or disappear, and so will the corresponding
peaks in the power spectrum of the temporal envelope. This is comparable to the
situations displayed in the bottom panels of the figures  and  of Green et al. (),
where peaks in the power spectrum are seen in the presence of a  dB signal, whereas
they are absent without the signal. The calculation of the power spectrum of the
temporal envelope of a tone requires an algorithm considerably more complex than
ours. Still, our method produced excellent agreement with the present data.

V. Conclusions

The jnds of the noise bands are mostly in agreement with the predictions of the
modified place model. For very narrow bands they approach the roving-level pure-
tone jnd. The jnds for the harmonic stimuli of the first formant region are in good
agreement with the modified place model. For the harmonic stimuli of the second
formant region, the explanation depends on the shape of the spectral envelope of the
stimuli and on the position of the center frequency relative to the harmonics. Here
we find three mechanisms involved in the discrimination process, where, under each
stimulus condition, the best performing mechanism determines the jnd. When the
center frequency coincides with a harmonic, the jnds for the Klatt envelope are in
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agreement with the modified place model, and those for the triangular envelope with
modulation depth differences. For the stimuli with a center frequency halfway between
two harmonics, we find good correspondence between the jnds and a temporal model
that is based on the sharpness or spikiness of the minima in the temporal envelope
(represented by the peaks in the second order derivative of the temporal envelope).
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