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ABSTRACT

Measurements of pitch perception for FO glides are
described. The method of adjustment was prefered.
Stimuli were F0 glides centered at 220 Hz. The pa-
rameters under study were: the pitch glide extent (0,
0.2, 0.4, 0.8, 1.5, 3, 6, and 12 SemiTones (ST), i.e.
0, 2.5, 5, 10.17, 18.74, 38.17, 76.63, 155.56 Hz), the
tone duration (50, 100, 200 and 300 ms), the pitch
glide direction (rising or falling), and the extremity
of pitch glide matched (beginning or end). The inter-
pretation of the results shows that: 1/ perception cor-
respond to a time-average of the frequencies present;
2/ the the higher extremity of the glides seems more
important; 3/ there is an assymetry between rises
and falls. The experimental results are also compared
to models of pitch integration for FO glides, namely
Rossi’s 2/3 rule, and d’Alessandro and Castellengo’s
weighted time-average model.

1. INTRODUCTION

Although substantial work has already been de-
voted to pitch perception for speech sounds, mod-
elling pitch perception is still a challenging problem
in many areas of speech technologies and speech re-
search.

House [3] recently studied the influence of changing
spectral information on the perception of tonal move-
ments. The experimental results of his study demon-
strated that sensitivity to tonal movement is greatest
during areas of relative spectral stability and least
during areas of spectral and intensity change. This
implies that the problem of pitch perception in speech
can be decomposed into two smaller problems: 1/ de-
composition of F0 contours into short-duration tones;
2/ perception of short-duration tones. This idea was
successfuly applied to pitch contour stylisation in a
study by d’Alessandro and Mertens [2].

Numerical models of tonal perception are needed
for applications like e.g. automatic stylization or
automatic analysis. The aim of the present study
was to measure and to model the pitch perceived for
short-duration vocal tones. The paper describes an
experimental study of pitch perception for synthetic
FO glides. Althought many work has already been
devoted to pitch perception for speech sounds , we
thought it necessary to run new experiments, using a
large set of experimental conditions, and a different
experimental paradigm.

A simple model of pitch perception for pitch glides
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was proposed by Rossi [5] [6]. Rossi postulated the so-
called “2/3 rule” for perception of pitch glides, which
can be stated as follows:
For dynamic tones in a vowel, the pitch per-
ceived corresponds to a point between the
second and the third third of the vowel.

A quantitative model of pitch perception was also
proposed by d’Alessandro and Castellengo in the con-
text of intonation perception in singing [1]. This
model consist of a time-average of the F@ pat-
tern viewed through a data window (weighted time-
average model WTAM). The experimental data ob-
tained for intonation perception in speech that are
described in section 2 are compared to these models
in section 3.

2. EXPERIMENTAL DATA
2.1 Experimental procedure

The aim of the experiments was to measure pitch
perception for synthetic FO glides. Previous data
published on this subjects were generally obtained
using a forced-choice procedure [5] [6] [T]. We pref-
ered a method of adjustment because it has a number
of advantages: (1) each match gives an estimation of
the pitch perceived; (2) it helps concentration, as the
subject is actively engaged in the adjustment process,
and the data are less variable than forced-choice data
in frequency discrimination tasks.

The experimental paradigm already used for vi-
brato tones [1] was used for pitch glides. The stimuli
were synthetic vowels /a/, digitally computed by a
parallel formant synthesizer. Vocal synthetic stimuli
were chosen because, on the one hand, they are closer
to natural stimuli than pure tones or square waves,
and on the other hand they are completely under con-
trol. The pitch waveforms were linear glides in the
frequency (Hz) domain.

The stimuli consisted of two tones of the same du-
ration, with a 300 ms silent interval between each
member of a stimulus pair. Either the first tone (resp.
the second tone) for each stimulus pair was a pitch
glide, and the second tone (resp. the first tone) was
a flat tone.

Subjects were instructed to adjust the frequency of
the flat tone to be equal to that of the gliding tone.
The test was computerized, and the subjects could
adjust the frequency of the tones using a mouse device
to move a sliding bar on the computer screen. The
experiments were divided into 4 parts (ABCD, see fig.
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Fig. 1. Experimental sessions

Part first tone second tone adjustement at:
A rise flat end
B flat rise beginning
C fall flat end
D flat fall beginning

1). In part A, subjects were asked to adjust the end
of rises, in part B, subjects were asked to adjust the
beginning of rises, in part C, subjects were asked to
adjust the end of falls, and in part D, subjects were
asked to adjust the beginning of falls.

The signals were presented diotically at a level of 80
dB-SPL, directly from the computer digital-to-analog
16 bit converter, through Beyer DT48 headphones.
Sound intensity varation within all the stimuli was
less than 2.4 dB. For each pattern, the subjects could
adjust FO for the constant tone within the limits of
one octave, centered at 220 Hz. The subjects were
asked always to give an answer, even if the pitch
seemed ambiguous.

For each match, the subjects had no time limits
to give an answer. Subjects typically listened to 10
stimulus pairs while manipulating the frequency of
the constant tone before reporting a match.

All the stimuli were centered at 220 Hz (which is
within the usual range of female voices). The pa-
rameters under study were: the pitch glide extent (0,
0.2, 0.4, 0.8, 1.5, 3, 6, and 12 SemiTones (ST), i.e.
0, 2.5, 5, 10.17, 18.74, 38.17, 76.63, 155.56 Hz), the
tone duration (50, 100, 200 and 300 ms), the pitch
glide direttion (rising or falling), and the extremity
of pitch glide matched (beginning or end).

A group of 9 subjects participated to the experi-
ments. 3 were the authors, and 6 were music stu-
dents (superior courses), that were paid for the ex-
periments. All the subjects participated in 5 test
sessions. All data recordings were made after some
training. Therefore, for each experimental condition,
45 responses were available.

2.2 Results

The results obtained are summarized in Tab. 1 1I
III IV. These Tables are representing the means and
standard deviations averaged for all subjects. Due to
space limitation, we can not present and discuss here
individual results. We decided to represent the data
in terms of percentage of the stimuli frequency extent
rather than absolute values. The underlined figures
in Tab. I are an indication of the glissando threshold,
according to the data reported in [7].

3. DISCUSSION

3.1 Significance of the results and Constant
error

The hypothesis that the subjects responses are sta-
tistically different from the central frequency (220
Hz) was checked. The measured Standard Deviations
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were used for computing statistics. It appeared that
this hypothesis was true (and highly significant) for
all the experimental conditons, including the 0 ST
conditions. The fact that significant deviation from
the mean is obtained for the 0 ST condition indi-
cates that a constant error is present in our data.
The effect of this constant error is to over-estimate
pitch when the match is at the end of glides, and to
under-estimate pitch when the match is at beginning
of glides. Of course this constant error is quite small
in absolute value: the maximum mean deviations is
between -5.25 and +3.5 Hz, for the shortest tones (the
difference limen for this duration is about 1.5 Hz [4]).

3.2 Perceptual integration

When subjects are asked to match the pitch of a
glide, they usually match the end. It was the case in
Rossi’s experiments and in many other experiients.
In the present experiments, subjects were specifically
asked to match either the beginning or the end of
the glides. For all pitch glide extents, the results
show that the subjects résponses correspond to time-
averaging of F0 patterns near one extremity of the
FO pattern. Subjects are unable to follow all the F0
variation in glides, but they rather make an average
of the frequencies present. Perceptual integration is
noticeable for all 4 parts, i.e. both for adjustments at
the beginning and end of glides.

because of time-averaging, the orientation of time
play a role: the end of falling pitch glides is better
perceived than the beginning of rising pitch glides
with equal pitch glides extent. An assymetry be-
tween rises and falls is noticeable. The pitch for rises
is perceived closer to the end, when matched at the
end, and farther off the beginning, when matched at
the beginning. Conversely, the pitch for falls is per-
ceived farther off the end, when matched at the end,
and closer to the beginning, when matched at the be-
ginning. This might indicate different durations for
time-averaging in pitch perception, which may be de-
pendent on the direction of the glide.

3.3 Influence of the higher extremity

It seems that subjects were more influenced by the
higher extremity than by the lower extremity. Typi-
cally, falls were adjusted closer to the higher extrem-
ity, 1.e to the beginning, whereas rises where adjusted
closer to the end. This is clear when one compares
conditions A and B on the one hand, and conditions
C and D on the other hand. Responses for part A
are closer to the end (higher) extremity, compared
to responses for part B, obtained for the beginning
extremity. Responses for part C are closer to the
beginning (higher) extremity, compared to responses
for part D, obtained for the end extremity. This influ-
ence of the higher extremity results in an assymetry
between rises and falls.

958



TABLE I. Part A

Duration

50 ms

100 ms

200 ms

300 ms

0M (22

0.94)

2M (218.75-221.25)
4M (217.5-222.5)

8M (214.97-225.14)
1.5 ST (210.63-229.37)
3 ST (201.74-239.91)
6 ST (184.99-261.62)
12 ST (155.56-311.12)

140% +322%

99.9% + 101.0%
71.1% + 26.6%
83.1% + 38.0%
86.8% =+ 20.0%
77.3% + 10.0%

120% =+ 331%

185% =+ 144.6%
112.5% + 91.4%
87.3% + 49.6%
90.8% + 31.1%
87.5% + 17.7%
79.9% + 10.1%

135% =+ 335%
215% + 298.8%
135% + 137%
112.3% + 90.5%

96.1% + 43.7%
96.3% =+ 30.4%
87.3% + 14.3%
83.9% + 12.6%

105% =+ 301%

169% + 213.2%
110% + 133.2%
120.7% + 95.3%
103.6% + 51.9%

97.8% + 33.9%
88.3% % 13.9%
84.5% + 13.0%

TABLE II. Part B

Duration

50 ms

100 ms

200 ms

300 ms

oM
2M (
M (
8M (

(220.94)
218.75-221.25)
217.5-222.5)
214.97-225.14)

1.5 ST (210.63-229.37)

38T
6 ST

(201.74-239.91)
(184.99-261.62)

12 ST (155.56-311.12)

-210% +£379%

35.5% =+ 26.1%
28.4% + 47.8%
33.1% + 29.4%
40.7% + 30.6%
39.7% + 26.0%

-146% + 263%

35.8% + 40.8%
33.5% + 29.6%
32.0% + 50.5%
36.7% + 30.7%
39.1% + 32.4%
36.5% + 26.3%

-165% =+ 264%
21.6% + 144%
33.8% =+ 33.0%
28.6% =+ 42.9%
30.6% =+ 54.9%
33.1% =+ 30.0%
33.5% =+ 26.6%
35.6% =+ 24.0%

-115% + 228%
35.6% % 55.2%
28.8% + 24.7%
33.5% + 39.2%
27.9% + 49.8%
29.4% + 29.0%
27.2% + 43.9%
32.1% + 20.6%

TABLE III. Part C

Duration 50 ms 100 ms 200 ms 300 ms

2M (221.25-218.75) - - 51.6% &+ 79.6% 59.6% x 78.4%
4M (222.5-217.5) - 44.8 + 42.4% 59.2% + 50.0% 38.8% + 46.0%
8M (225.14-214.97) 68.3% + 63.7% T71.8% £ 72.2% 72.3% £ 65.6% 74.2% + 44.9%

1.5 ST (229.37-210.63)

3ST
6 ST

(239.91-201.74)
(261.62-184.99)

12 ST (311.12-155.56)

55.4% + 19.0%
63.9% + 12.7%
67.4% + 20.3%
64.4% + 18.5%

57.7% + 21.9%
68.1% + 14.5%
71.1% + 18.8%
69.7% + 13.0%

69.5% + 34.5%
73.4% + 16.8%
76.8% = 15.3%
74.8% + 13.2%

75.1% + 29.6%
75.0% + 16.8%
80.9% + 15.2%
75.5% + 15.8%

TABLE IV. Part D

Duration 50 ms 100 ms 200 ms 300 ms
2M (221.25-218.75) - - 28.4% + 107.2%  40% + 77.6%
4M (222.5-217.5) - 44.2 + 46.2% 40.2% + 43.4% 30.2% + 50%

8M (225.14-214.97)

1.5 ST (229.37-210.63)
3 ST (239.91-201.74)

47.1% £ 31.6%
34.8% + 39.2%
32.7% £+ 19.7%
22.9% + 23.5%

40.2% + 34.9%
29.7% =+ 27.4%
25.0% + 23.0%
17.2% + 23.0%

21.09% + 50.73%

22.7% + 35.9%
15.1% + 27.5%
15.5% + 14.9%

25.71% + 36.57%

16.4% + 28.7%
14.8% + 19.9%
12.1% + 13.8%

6 ST (261.62-184.99)

12 ST (311.12-155.56)  28.1% =+ 13.6% 25.0% %+ 13.4% 26.0% + 15.1% 20.4% + 13.2%

3.4 Influence of the tone duration and the fre-
quency extent

pitch glide extents (0.4 and 0.8 ST). This means that
for longer tones, pitch perception exhibit a tendancy

A longer tone duration improves pitch perception to be closer to the extremities.

(falling as much as rising pitch glide) even with little When the pitch glide extent increases, there is a
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slight tendency for the subjects to adjust pitch far-
ther off the extremity matched for rises. On the con-
trary, pitch matches for falls are slightly closer to the
extremity matched when the extent increases.

3.5 Numerical models: Rossi’s 2/3 rule

Our data are not fully in agreement with Rossi’s
2/3 rule. Of course, this rule might apply only to
parts A and C, because in Rossi’s experiments only
the case of final match was considered. Our sub-
Jjets generally adjusted rises higher than predictions
based on the 2/3 rule. This might be explained by
several factors. On the one hand, our subjectswere
more trained to pitch recognition (they were all musi-
cians). On the other hand, the test paradigm and test
environment we used was more accurate, compared
to Rossi’s experiments [5] [6] (method of adjustment
vs. constant method, and headphone presentation vs.
loudspeaker presentation of stimuli). Falls were gen-
erally adjusted within the limits predicted by the 2/3
rule (i.e in the range 60-78 % of stimulus fequency
extent).

3.6 Numerical models: WTAM

The WTAM was designed for modelling experimen-
tal data on pitch perception for vibrato tones. Only
adjustments at the end of tones were studied. Again,
the WTAM is applicable only for parts A and C of
our experiments. The WTAM is defined by Eq. 1.
Let p(t) denote the pitch perceived at time ¢, f the
time-varying FQ@ function beginning at time 0, and
let a, B be two constants:

_ J (et 4 pyf(r)dr
w= Jo(emot=") 4 B)dr W

were the consfant § accounts for the time averag-
ing, and the constant o accounts for the weighting of
the past. In the vibrato experiment, the model pa-
rameters were estimated by minimization of the root
mean-square (RMS) distance between the model re-
sponse and the experimental data. This two dimen-
tional RMS minimization gave the optimal parame-
ters o = —22 and 8 = 0.20.

Optimal parameters for the present experiment are
displayed in Fig. 2, for parts A,B,C,D, and joint parts
AC, BD and ABCD. For the comparable conditions
(joint parts AC), the two “time-averaging” constants
are of the same order of magnitude (decay of the expo-
nential function is faster in the present experiments).
The “weighting of the past” constant is much lower
in the present study, compared to the vibrato study.
These two results indicate that the matches are closer
to the extremity in the present experiment. It must
be noted that in the vibrato experiment, stimuli were
not unidirectional glides, but rather oscillating pat-
terns.

If the same WTAM model is applied to parts B
and D, the optimal parameters are rather differ-
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Fig. 2. WTAM parameters
Part a B

A -33  0.003

B -88  0.09

C -15 0.03

D -40  0.02
AC  -27 0.008
BD -46  0.04
ABCD -29 0.02

ent. Parameters are also differing a lot among parts
ABCD. The explanations proposed above (orienta-
tion of time, importance of the higher extremity) are
consistent with the WTAM optimal parameters com-
puted in Fig. 2. The optimal parameters obtained for
joint parts ABCD are relatively close to the vibrato
optimal parameters.

3.7 Summary

This study presents new experimental data on per-
ception of FO glides in speech. The results demon-
strated the importance of 1/ time averaging; 2/ in-
fluence of the higher extremity; 3/ assymetry between
rises and falls. The results are not fully in agreement
with Rossi’s 2/3 rule. Moreover, an assymetry be-
tween rises and falls was observed. The results were
also examined in the light of a weighted time-average
model of pitch perception. The optimal parameters
of this model are varying significantly among parts
A, B, C, and D (rises vs. falls, adjustment at the
end vs. adjustment at the beginning). Nevertheless,
the global optimal model parameters obtained for all
the joint parts (ABCD) are different, but consistent
with those obtained for previous experiments on pitch
perception for vibrato tones [1].
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