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Introduction

Recent work by Green and colleagues (cf. Green, 1983) has begun to
demonstrate with psychophysical methods that the human auditory system is
capable of extracting a global representation of the spectral envelope of a
signal. This may serve to identify the resonance structure characteristics of a
sound source. However, this previous work has been exclusively confined to
relatively dense steady-state, inharmonic stimuli of simple spectral forms (a
single bump in the spectral profile). Dynamic stimuli, those with frequency
jitter or vibrato, might be helpful in reducing perceptual ambiguity in cases
where there are not enough partials present in a sound to clearly define a
spectral envelope. They may do this by tracing out the spectral envelope
through time, thus increasing information about the resonance structure,

While this seems intuitively obvious, previous work on high-pitched vowel
identification in the presence of frequency vibrato has yielded ambiguous
results (Sundberg, 1977). These researchers claim that intonation contours or
vibrato had slight, or even detrimental, effects on vowel identification. The
present study demonstrates, to the contrary, that if the amplitude behavior of
a given partial is coupled with its frequency behavior according to a given
spectral envelope, this information can be used by the auditory system to
discriminate and identify the vowel quality or timbre of complex harmonic
sounds.

Experiment 1: Spectral envelope discrimination

Stimuli

The experiment was conducted with both harmonic complex and sinusoidal
stimuli. All tones had a duration of | sec and an amplitude envelope with
raised cosine attacks (150 ms) and decays (200 ms). Complex tones consisted
of the first 8 harmonics of a 675 Hz fundamental. Sine tones were at 1350 Hz,
equivalent to the second harmonic of the complex. This high Fy gives wide
harmonic spacing and thus a poor spectral envelope definition in the absence
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Figure 1. The two spectral envelopes used in the experiment.

of frequency modulation.

Eight peak-to-peak widths were used throughout: 0, 1, 2, 3, 4, 6, 8, 10% of
the partials’ frequencies. A psychometric function was determined based on
this dimension. The vibrato was a sinusoidal frequency modulation with a
frequency of 6.5 Hz. The starting phase of the vibrato was randomly selected
from 0, x/2, m, 37/2. This was necessary to avoid discrimination judgments
based on counting the number of peaks in the amplitude envelope for the
modulated pure tone condition, since with sine phase vibrato the amplitude
would always increase at the beginning for one spectral envelope, and
decrease for the other.

The two table-lookup spectral envelopes applied to the components, SE1 &
SE2, are illustrated in Figure 1. They are like allophones of /A/ with SEI
being closer to /o/ and SE2 being closer to /&/. The envelopes were stored in
a table which returned the instantaneous amplitude corresponding to the
instantaneous frequency of each partial. In this way, the vibrato was coupled
to an amplitude modulation defined by the spectral envelope function. The
spectral envelopes consisted of 5 formants, 4 of which were identical in the
two cases. The only difference was the center frequency of the second
formant (F,=1215 Hz for SE1, F”,=1485 Hz for SE2). The skirts of these 2
formants intersect at the center frequency of the second harmonic, and the
main difference between them in the region just around this harmonic (at
small vibrato widths) is a change in the sign of the spectral slope. The part of
the slopes in the boxed area in Fig. 1 covers the range for a 20% peak-to-peak
vibrato, and was constructed over this range such that the two envelopes are
mirror images (in linear frequency) of one another about the 2nd harmonic
frequency. The envelopes were also constructed so that the frequency-
amplitude coupling for all other harmonics was identical in the 2 cases.
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In the non-roving global amplitude condition, complex tones were
presented at 75 dBA and sine tones were presented at 58 dBA, this latter being
equal to the intensity of that tone within the complex. The rms amplitudes of
the stimuli at a given vibrato width (2 spectral envelopes at 4 vibrato starting
phases) were identical. In the roving amplitude condition the tones were
presented at the above intensities or at that value + 5 dB.

Method

Stimuli were presented diotically over headphones. Each trial consisted of a
sequence of four tones arranged in two pairs, with each pair constituting one
observation interval. In one interval, both tones had the same spectral
envelope (SE). In the other interval, they had different spectral envelopes.
Four trial structures are thus possible: (SE1 SEI / SE1 SE2), (SE1 SE2 / SEI
SE1), (SE2 SE2 / SE2 SE1), and (SE2 SE1 / SE2 SE2). These structures were
counterbalanced across trials. The starting phase of the vibrato was randomly
selected for each of the 4 tones. In the roving condition the amplitude of each
tone was randomly selected from the 3 possible values.

The subject’s task was to identify the interval containing the "different"
pair by pressing a corresponding button. Feedback indicating the correct
response was given.

Trials were presented in blocks of 80 with ten repetitions of each of the 8
vibrato widths in random order.

Subjects completed several training blocks until their psychometric
functions appeared to stabilize. The number of training blocks varied
considerably between subjects (5-35). Then ten blocks were collected, giving
a total of 100 2IFC judgments for a data point at each vibrato width. The %
correct measures at each vibrato width were averaged across the 10 blocks in
order to obtain the mean and standard deviation. This latter statistic was then
used to evaluate the reliability of the 75% threshold on the psychometric
function as described in the next section.

Four subjects completed the non-roving conditions for complex and sine
tones in that order. Afterward, two of these subjects completed the roving
conditions for complex and sine tones.

Results

A spline curve was fitted to the 8 data points for each subject in each
condition and the 75% point was determined as a measure of threshold
performance. In order to have a measure of the variability of this threshold,
spline curves were also fitted to points 1 standard deviation above and below
the means from which the 75% points were also determined. One notes that
these outer points are asymmetric with respect to the mean. Therefore, as a
rough measure of the overall variation in the threshold the mean distance
between the center point and the outer 75% points was calculated. This
measure was used as an estimate of the standard deviation along the stimulus
dimension. It is probably an over-estimation of the standard deviation,
making the statistical test very conservative.
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Figure 2. Psychometric functions for 4 subjects (non-roving condition)
showing % correct discrimination as a function of vibrato width in %f. The
points with horizontal bars in the lower portion of the plot indicate the 75%
point of the mean curve and the estimated range of standard error for each
subject.

The mean data for 4 subjects are shown for the non-roving condition for
both complex and sine tones in Fig. 2. All Ss attain near-perfect performance
in the range of vibrato widths used indicating that the stimulus difference is
easily discriminable. All psychometric functions are monotone increasing
indicating that the perceptual factor upon which discrimination is based
varies with vibrato width. The range of threshold vibrato widths for the 4 Ss
was 1.2-3.8% (16-51 Hz at the 2nd harmonic). For S1 & S4, complex thresh-
olds are significantly lower than sine thresholds (p<.0l; t-test). They are
approximately equal for S2 & S3. This may indicate differences in decision
strategies among the Ss. If complex thresholds were always less than sine
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Figure 3. Psychometric functions for 2 subjects showing % correct discrimi-
nation as a function of vibrato width. Points with horizontal bars as in Fig. 2.

thresholds, one might hypothesize that the same dynamic frequency-ampli-
tude slope information was more easily interpreted in the global context given
by the behavior of the other harmonics. Such may be the case for S1 & S4.

The mean data comparing roving and non-roving conditions for Ss 1 & 2
are shown in Figure 3. Both subjects attain near-perfect performance by 6%
peak vibrato width in both of these conditions. For complex tones, the
thresholds for roving amplitude stimuli appear to be greater than those
without roving for both Ss. Only the difference for Sl is statistically
significant (p<.01), though it is relatively small. For sine tones, neither S
shows an effect of amplitude roving. Comparing sine with complex tones
within the roving condition, S1 shows no difference while S2 does, complex
tones having a higher threshold (p>.05).

We might conclude from these data that the difference in spectral envelope
following for minimally different envelopes is indeed possible at relatively
low vibrato widths (1.2-3.8%). This discrimination is easier for some Ss in the
presence of a vowel-like spectral envelope on flanking harmonics than it is
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with a single sinusoid. While roving the global amplitude causes some
deterioration in performance, its effect is quite small indicating that Ss are
not using a within-frequency channel intensity discrimination strategy, but
are extracting the spectral profile and storing it in short-term memory.

Experiment 2 : Spectral envelope identification

Stimuli
The stimuli are identical to those used in Experiment 1.

Method

At the beginning of each block the subject was presented with a series of
tones alternating between SEIl and SE2, starting from 10% vibrato width and
descending progressively through the other values to 0%, each being
associated with a differently colored light and button in order to avoid verbal
labeling of the sounds. The initial presentation series could be replayed as
many times as necessary for the subject to become accustomed to the
differences. All 4 Ss had already participated in the previous experiment and
were thus quite familiar with the stimuli.

Ss were to identify the single tone presented on each trial. The tone had a
randomly selected vibrato starting phase as in Experiment 1. No feedback was
given. Trials were presented in blocks of 80 with ten repetitions of each of the
vibrato widths. An equal number of SE1’s and SE2's was presented in each
block. Four Ss performed the experiment for complex tones and then sine
tones in the non-roving condition. Two of these Ss then performed the roving
condition.

Subjects completed training blocks until their psychometric functions (%
correct identification as a function of vibrato width) stabilized. Ten blocks
were then collected from which were determined the mean % correct and
standard deviation across the 10 blocks. From these values the 75% threshold
and range of its standard error were calculated from fitted spline curves as in
Experiment 1.

Results

The mean data for 4 Ss are plotted for the non-roving condition for both
types of tone in Figure 4. Three of the Ss attain near-perfect performance ata
vibrato width of 8% for both sines and complex tones. The range of threshold
vibrato widths is 0.6-3.6% (8-49 Hz at the 2nd harmonic). S3 attains threshold
for sine tones at 6.2%, but never achieves better than chance performance for
complex tones even at the largest vibrato width. This subject claimed to have
tried several criteria for identification, but could not latch onto anything that
allowed positive identification. With that one exception, all curves aré
monotone increasing indicating that the perceptual factor permitting
identification varies with vibrato width,

Reversing the trend in Experiment 1, Ss 2 & 3 have different thresholds for
complex and sines in this identification task (p<.05 for S2; threshold for
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Figure 4. Psychometric functions for identification (non-roving condition).
Points with horizontal bars as in Fig. 2.

complex well beyond stimulus range for S3), while Ss 1 & 4 show no
difference. The difference shown by S2 is from 0.6% for sines compared to
1.2% for complex tones. The threshold for sines may well be lower since more
data would be needed between 0 and 1% to accurately estimate the threshold.

The psychometric functions for roving amplitudes (Ss | & 2) showed no
differences between sine and complex tones nor between roving and non-
roving conditions.

These data suggest that even very similar spectral envelopes can be
successfully identified in the presence of vibrato (and with a severely
restricted set of choices), when the fundamental frequency is fairly high and
the spectral envelope is not well defined by the relative amplitudes of the
frequency components in the absence of vibrato.

A possible criticism of this experiment may be that the stimulus set was too
small, making the "identification” experiment one of "discrimination across
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trials". All Ss remarked during the experiment that when the vibrato width
was small for several trials, they tended to shift their criterion toward the less
bright of the 2 SE’s. Subsequently, a large vibrato stimulus would be judged
(sometimes erroneously) as SE2. These errors would raise the measured
thresholds.

Three of the four Ss (1,3,4) showed a tendency for discrimination
thresholds to be lower than identification thresholds in the non-roving
condition for both sine and complex tones. The general tendency seems to be
for identification to require greater perceptual difference than discrim-
ination. It seems intuitively obvious that sounds must be easily distinguishable
in order to be correctly categorized and identified, but given the limited
number of stimuli to be identified, these results must be interpreted with
caution.

Discussion

The main result of these experiments is that small differences in complex
spectral envelopes that are poorly filled with only a few frequency
components can be discriminated and identified in the presence of a small
amount of sinusoidal vibrato. This performance is relatively unaffected by
roving the global amplitude of the stimuli. The range of threshold vibrato
widths across subjects and conditions is approximately 0.6-3.8% peak-to-
peak (excepting the 6.2% sine identification threshold of S§3). At the
frequency of the 2nd harmonic, these values are above sinusoidal frequency
modulation detection threshold (0.1-0.3% in Hartmann & Klein, 1980). They
also correspond to peak-to-peak amplitude variations on the 2nd harmonic of
0.6-4 dB (6.7 dB for S3 sine identification), which are also either at or above
detection threshold (0.8 dB at 1000 Hz and 60 dB; cf. Riesz, 1928). One might
conclude that the modulation must be detectable along both dimensions in
order for its combined effect to be extracted as a spectral envelope tracing.

The apparently small difference in performance introduced by the
presence of other harmonics around the 1350 Hz 2nd harmonic (whose
frequency-amplitude coupling defines other regions of the spectral envelope)
bears some consideration. For the 2 Ss who show this trend (Ss 1 & 4), the
average increase in threshold when the flanking harmonics are removed is
only on the order of 1% of the component frequency. This corresponds to an
average increase of about | dB in the peak-to-peak amplitude fluctuation on
the 2nd harmonic. What this may suggest is that the information already
present in the modulated sine tone is sufficient to explain performance with
the complex tones, The reports from Ss about what they listened to in order to
make the judgments on sine tones varied. Ss | & 4 felt that they were listening
for a tone color difference in the two sines. Ss 2 & 3 felt that they were
listening to a pitch difference. This latter criterion is easily understood since
the amplitude of the sine is greater at lower frequencies for SEl and greater at
higher frequencies for SE2. A strategy that consisted of accumulating a
weighted pitch representation of the tone and deciding whether it was the
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higher or lower would be successful since the discrimination thresholds are
above frequency discrimination threshold if one were to measure the distance
between the lower excursion of SE1 and the upper excursion of SE2. All Ss,
however claimed to use tone color or vowel quality as the cue with the
complex tones. It is entirely possible that Ss 2 & 3 used different strategies in
the two cases.

Whatever the mechanism responsible for this performance, it is clear that
one must take into account the dynamic nature of the stimuli. The basilar
membrane activity pattern proposed by Green (1983) as the stimulus structure
used to make the profile comparison is never present at any given moment in
these stimuli. It is thus necessary for the auditory system to accumulate it
through time.
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Comments

Moore:

You suggest that your results indicate that subjects do not use a within-
channel strategy, but rather extract the spectral profile and detect changes in
that profile. However, it would be possible for the subjects to perform the
task using a within-channel strategy. Consider the behaviour of the second
harmonic, at 1350 Hz. For one stimulus, increases in frequency are coupled
with increases in amplitude, while for the other increases in frequency are
coupled with decreases in amplitude. If the subject were to listen to the
output of an auditory filter centred somewhat below 1350 Hz, say at 1100 Hz,
then the depth of modulation at the output of that filter would differ for the
two stimuli; it would be greater for the second than for the first. Thus the
depth of modulation within a channel would provide a cue,

Reply by McAdams and Rodet:
This is a reasonable criticism which reflects more on the nature of the
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experimental task (2 IFC with feedback - which allows the development of
such listening strategies) than on real-world behavior. If we assume a slope of
27 dB/Bark on the lower side of the activity pattern resulting from stimula-
tion at 1350 Hz (Zwicker and Feldkeller, 1967), the amplitude modification
depth of the activity in a frequency channel at 1100 Hz may be estimated for
SE 1 as approximately four times that for SE 2 at any of the vibrates width
used in this experiment (see Fig.Cl). Since the slope is independent of the
sound pressure level of the component, the difference in modulation depth
between SE 1 and SE 2 is independent of the global amplitude and would thus
be unaffected by amplitude roving. For this cue to be usable, the absolute
level of activity in this channel needs to be detectable. Based on the above
slope estimate and a 58 dB level of the component, the level of stimulation at
1100 Hz varies around a value of 21.5 dB. It is also necessary that the
modulation depth be sufficient to be detectable. The estimated depths for
stimuli with vibrato widths around threshold discrimination are listed below:

4% 109 dB 2.8 dB
2% 5.4 dB 1.4 dB
1% 2.7 dB 0.7 dB
/EZ
amplitude 4~ = = ~ 2 _.._.' ..__-' ~ 5 " .
mmwﬂmml Sk .
in 1100 Hz Fe g
e R = |vibrate
width

5

1100 1350
27 dB/Bark

slope \ \

amplitude ' \\si‘l
modulation depth
in 1100 Hz

channel K ;lbula ~

4 ~
___‘,.‘,_,_.‘.- ‘d!'
basilar membrane T_ f
1100 1350

Figure C1. Frequency modulation of the basilar membrane activity pattern due
to the component at 1350 Hz yields amplitude modulation depth in a channel al
1100 Hz that are larger for SEI than for SE2.
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If a listener attends to this channel, the amplitude modulation should always
be detectable, at least for SE 1. However, no subject reached threshold
discrimination at 1%. Also, if this cue was responsible for the discrimination
observed, there should be no difference in performance between sine and
complex tone conditions. Such a difference does exist for 2 Ss, though it is
small. One of the subjects for whom there is no difference has very high
thresholds, perhaps indicating that this information is not used. In any case,
for these spectral envelopes, even roving the Fy + 5% across tones in a trial
would not succeed in completely thwarting the possibility of using this kind
of listening strategy. Different envelopes would need to be chosen to allow a
greater frequency roving range.

Houtsma:

As shown in your figure you have chosen your stimuli such that for zero %
vibrato width the stimuli were identical and, consequently, indiscriminable.
Could you tell what would happen if for zero% modulation the second
harmonics of the alternative signals are made unequal? This would allow us to
assess the relative importance of frequency modulation compared with fixed
differences between partials in the complex-tone discrimination task.

Reply by McAdams:

That would, of course, be more like the steady-state profile analysis
experiments with wide component spacing and a small number of compo-
nents, but with harmonic frequencies and a multi-formant profile. We have
planned some studies to compare modulated and steady-state thresholds in
spectral envelope discrimination and to compare performance on harmonic,
multi-formant stimuli with the inharmonic flat spectrum used by Green and
colleagues.
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