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Introduction 

Re cent work by Green and colleagues (cf. Green , 1983) has begun to 
demonstrate with psychophysical met hods that the hum an auditory syste m is 
capab le o f extracting a global representation of the spectral envelope of a 
signal. This may serve to ident ify the resona nce st ru cture characteristics of a 
sound source. However , this previous work has been exclusive ly confined to 
relative ly den se stead y-s tat e, inharmonic stimuli of simpl e spect ral forms (a 
single bump in the spec tral profile). Dynam ic st imul i, those with frequency 
jitter or vib rato , might be helpful in reducing perceptual ambiguity in cases 
where ther e are not enough partial s present in a sound to clearly define a 
spectral envelope . The y may do this by tra cing ou t the spectra l envelope 
thr ough time, thu s increasi ng informati on about the resonance st ructu re. 

While this seems intuitively obvio us, previous work on high-p itched vowe l 
identifi catio n in the presence of frequency vibrato has yielded ambiguous 
results (Sundb erg , 1977). The se researchers cla im that intonation contours or 
vibrato had slight , or even detrimental, effects on vowel identificat ion. T he 
present stud y demonstrates, to the cont rar y, that if the amplitude behavi or of 
a given partial is coup led with its frequency behavior accor d ing to a given 
spectral envelo pe, this information can be used by the audit ory system to 
discr iminat e and identify the vowel quality or tim bre of comp lex harmo nic 
sounds. 

Experiment 1: Spectral envelope discrimination 
Stimuli 

T he experiment was cond ucted with bot h harmonic comp lex and sinusoidal 
stimuli . All tones had a durati on of l sec and an amplitude envelope with 
raised cos ine attacks (150 ms) and decays (200 ms) . Complex tones co nsisted 
of the first 8 harm onics of a 675 Hz fund ame ntal. Sine tones were at 1350 Hz, 
equivalent to the seco nd ha rmo nic of the com plex. Thi s high F0 gives wide 
harm onic spacing and thu s a poor spect ral envelope defi niti on 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, l, 2, 3, 4 , 6, 8, l 0% 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, -,;/2, ,r, 31r/2. This was neces sary to avoid discr imination judgm ents 
based on counting the number of peaks in the amplitude envelope for the 
modu lated pure tone condition, since with sine phase vibrato th e 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, SE! & 
SE2, are illustrated in Figure l. They are like allophones of / A/ with SEI 
being closer to /o/ and SE2 being closer to /re/. The envelopes were sto red 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 spectra l 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' 2=1215 Hz for SE!, F"2=1485 Hz for SE2). The skirts of these 2 
formants intersect at the center frequency of the seco nd 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 spectra l slope. The part of 
the slopes in the boxed area in Fig. I 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 amp litude condition, complex tones were 
presented at 75 dBA and sine tones were presented at 58 dBA , this latt er 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 amp litude 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: (SE! SEI / SEl SE2), (SEI SE2 / SEI 
SEI), (SE2 SE2 I SE2 SE!), and (SE2 SE! / 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 tota l of JOO 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 standa rd deviation. This latter statistic was then 
used to evaluate the reliability of the 75% threshold on the psychomet ric 
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 . 

Res ults 
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 I 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 tthe 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 conditi on) 
showing % correct discrimination as a function of vibrato width in %f. The 
points with horizontal bars in the lower portion of the plot indicat e the 7 5% 
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 performan ce 
in the range of vibrato widths used indicating that the stimulus difference is 
easily discriminable. All psychometric functions are monotone increa sing 
indicat ing that the perceptual factor upon which discrimination is based 
varies with vibrato width . The range of thresho ld vibrato widths for the 4 Ss 
was 1.2-3.8% (16-5 1 Hz at the 2nd harmonic). For SI & S4, complex thresh ­
olds are significantly lower than sine thresholds (p<.01; t-test). They are 
approximately equal for S2 & S3. This may indicate differences in decis ion 
strategies among the Ss. If complex threshold s were always less than sine 
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Figure 3. Psychometric functi ons for 2 subjects showing % correct di scrimi-
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 behavio r of the other harmonics . Such may be the case for SJ & S4. 

The mean data comparing roving and non- roving conditions for Ss I & 2 
are shown in Figure 3. Both subjects attain near-perfec t performance by 6% 
peak vibrato width in both of these conditions . For complex tones, the 
thresholds for roving amplitude stimuli appear to be greate r than those 
without roving for both Ss. Only the diffe rence for SI is statistica lly 
significant (p<.0 I), though it is relative ly small. For sine tones, neither S 
shows an effect of amplitude roving . Comparing sine with complex tones 
within the rovi ng condition, SI shows no diffe rence while S2 does , complex 
tones having a higher thresho ld (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 (I.2 - 3.8%). This discrimination is easier for some Ss in the 
presence of a vowel-like spectra l envelope on flanking harmonics than it is 
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with a single sin usoid. While roving the global amplitude ca uses some 
deterio ratio n in performance, its effect is quite sma ll indicating that Ss are 
not using a within-freque ncy channe l intensity disc rim ination strategy, but 
are extracting the spectral profile an d storing it in short-term memory. 

Experiment 2 : Spectral envelope Identification 

Stimuli 
The sti muli 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 SEJ and SE2, sta rting from 10% vib rato widt h and 
descending progressively through the other values to 0%, each bein g 
associated w.ith a differently co lored light and button in ord er to avoid verbal 
labeling of the sounds. The init ial presentation serie s could be replayed as 
many times as necessary for the subject to become accustomed to the 
differences. All 4 Ss had already pa rt icipated in the previous exper iment and 
we re thus quite familiar with the stimuli. 

Ss were to identify the single tone pre sented on eac h trial . Th e ton e had a 
ran doml y selected vibrato starting phase as in Experiment 1. No feedba ck was 
given. Trials were presented in blocks of 80 with ten repetitions of each of the 
vibrato widths . An equa l number of SE J's and SE2's was presented in each 
block. Four Ss performed the experiment fo r comp lex tones and then sine 
tones in the non-roving condition. Two of these Ss then performed the roving 
condition. 

Subjects comp leted training blocks untU their psychometric functions (% 
corre ct ident ifi cation as a function of vibrato width) stabilized . Ten blocks 
we re then collected from which were determined the mean % co rrect and 
standa rd deviation across the 10 blocks . From these values the 75% threshold 
and range of its standard error were calculated from fi tted spline curves as in 
Experiment 1. 

Re sults 
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 attai n near -pe rfect performance at a 
vibra to width of 8% fo r 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 chan ce pe rfo rm ance for 
comp lex tones even at the largest vibrato width. This subject claimed to have 
tried severa l cri teria for identification, but could not latc h onto anything that 
allowed positive identification . With that one exception , all curves are 
monotone increasing indi cating that the perceptual factor pe rmitting 
ident ifi cation varies with vibrato width. 

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

com plex we ll beyond stimulus range for S3), while Ss I & 4 show no 
difference. Th e difference shown by S2 is from 0.6% for sines com pared to 
I .2% for complex tones. The threshold for sines may well be lower since more 
data would be needed between O and 1 % to accurate ly estimate the threshold. 

The psyc homet ric functions fo r roving amplitudes (Ss 1 & 2) showed no 
diff erences between sine and complex tone s nor between rov ing and non­
roving conditions. 

These data suggest that even very similar spectral envelopes can be 
successfu lly iden tifi ed in the presence of vibrato (and with a severe ly 
restricted set of choices), whe n the funda menta l frequency is fair ly hi gh and 
the spectral envelope is not we ll defined by the relative amplitudes of the 
frequency components in the absence of vibrato. 

A possible criticism of this experimen t may be that the stimulus set was too 
sma ll, 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 severa l trials, they tended to shift their criterion toward the less 
bright of the 2 SE's . Subsequently, a large vibrato stimu lus 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 th.resholds 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 

spectra l envelopes that are poorly filled with only a few frequ ency 
components can be djscriminated and identified in the presence of a small 
amount of sinusoidal vib rato. This performance is relatively unaffect ed 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 S3). At the 
frequency of the 2nd harmonic, these values are above sinuso idal 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 othe r regions of the spectral envelope) 
bears some consideration. For the 2 Ss who show this trend (Ss I & 4), the 
average increase in threshold when the flanking harmoni cs are remove d is 
only on the order of 1% of the component frequency. This corresponds to an 
average increase of about I 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 I & 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 SE I 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 SE I 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 possib le 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 stimu lus 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 reasonab le 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 Jjstening strategies) than on real-world behavior . If we assume a slop e 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 l 100 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 thu s 
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 abo ve 
slope estimate and a 58 dB level of the component , the level of stimulati on 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 fo r 
stimuli with vibrato widths around threshold discrimination are listed below : 

SE l SE 2 

4% 
2% 
1% 

10.9 dB 
5.4 dB 
2.7 dB 

27 dB/Bark 
slope ............... 

amplitude ,.,/ 
modulation depth •• • 

lnltOOHz / 
chan nel _./ 

-- - _.,·· - - - - ~·: 

basilar membrane 

2.8 dB 
1.4 dB 
0.7 dB 

1100 13 50 

1 100 1350 

Figure Cl. Frequency modulation of the basilar membrane activity pattern due 
to the component at J 350 Hz yields amplitud e modulation depth in a channel at 
I JOO Hz that are larger for SE/ than f or SE2 . 
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If a listener attends to this channel, the amplitude modulation should always 
be detectable, at least for SE I. However, no subject reached threshold 
discrimination at I%. 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 F0 ± 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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