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1. Introduction
1.1. Voice pitch illusion

Voice pitch illusion is a phenomenon that appears when
the tone quality of the voice is different. Under certain tonal
conditions, even if the fundamental frequency ( fo) is low, it is
mistakenly recognized as a high voice [1–3].

For example, suppose that the frequency axis of the
spectral envelope of speech is expanded or compressed,
simulating reduction or increase in the vocal tract length.
Extention of the vocal tract length systematically changes the
tone quality of the voice from a thin voice to a deep voice.
Furthermore, when comparing ‘‘high fo and deep voice’’ with
‘‘low fo and thin voice,’’ ‘‘low fo and thin voice’’ sounds like
‘‘high voice’’ for some reason.

On the other hand, flattening the fo pattern degrades the
influence of the tone quality upon pitch perception. Moreover,
it restores the perceptual judgment corresponding to the high-
low relationship of the fo pattern. This means that the
dynamic attribute of the fo pattern is related to the appearance
and disappearance of the illusion.

Since expanding or compressing the spectral frequency
axis changes the position of the formants that characterize
linguistic speech, it is necessary to investigate whether this
illusion appears even if the formants remain in the same
position and the sound quality is different; for example, only
the spectral tilt is different.
1.2. Speaker’s body size

Irino et al. [4] introduced a computational model in which
the auditory system has the functional ability to estimate a
‘‘speaker’s body size’’ directly from the ‘‘tone quality’’ of the
speaker’s voice. They demonstrated that a large tall speaker
could be stably recognized from his or her voice, which has a
compressed spectrum on the frequency axis. A difference in
the body size could be discriminated based on a difference
of about 5% in the expansion or compression rate of the
frequency axis.

In experiments using speech with manipulated spectral
tilts, they found that body size perception varied greatly from
listener to listener. In addition to using standard speech, they
also investigated whispering. In an experiment using pseudo-
whispering, they also evaluated a model that considers virtual
pitch [5].

However, few experiments have manipulated both the
spectral envelope and fo even in standard speech.
1.3. The purpose of this research

First, the condition under which the voice pitch illusion
had been observed was reexamined. Then, the other con-
ditions with the formant position fixed for speech samples
with different tone qualities were examined. Specifically,
whether the high-low judgment was affected by altering the
voice by manipulating the spectral tilt was investigated.

Second, the effects of tone quality and fo on the
perception of the speaker’s body size were examined. In
addition to the expansion or compression of the spectral
frequency axis and manipulating the spectral tilt, a compa-
rative experiment combining the raising and lowering of fo
was performed. Moreover, the attributes that affect the
perception of the speaker’s body size were examined.

2. Generation of experimental speech samples
The original speech samples were eight (S1–S8) ATR

phoneme-balanced sentences [6] uttered by four male (M1–
M4) and four female (W1–W4) professional narrators.
Selected 16 samples were used, with two scripts assigned to
each speaker.
2.1. Manipulating spectral envelopes

The WORLD vocoder-based speech synthesis system
was used for voice conversion [7,8]. First, the spectral
envelope was extracted from the original speech sample.
Then, the spectral envelope was converted in two ways
(Figs. 1 and 2).
(1) Spectral scaling: The spectral frequency axis was

expanded 1.111 (1/0.9) times or compressed 0.9 times.
(2) Spectral weighting: The spectral envelope was directly

weighted to increase or decrease the spectral tilt. To
emphasize the high-frequency range, the spectrum was
linearly weighted from 1/2 times to 2.0 times on the
logarithmic frequency axis (100 Hz—10 kHz). To em-
phasize the low-frequency range, the spectrum was
weighted from 2.0 times to 1/2 times on the same axis.

2.2. Manipulating fo pattern
After the fo pattern of the original speech sample was

extracted using WORLD, the fo pattern was converted in
two ways that combined raising or lowering the fo value and
deforming the fo contour shape (Fig. 3). The fo patterns were
converted on the psychoacoustic mel-scale axis [1,2,9].
(1) Standard fo contour: The original fo pattern was raised
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by +10 on the mel axis, and the other was lowered by
�10 mel.

(2) Flattened fo contour: The original fo pattern was
flattened and then raised or lowered by +10 or �10 mel.

2.3. Experimental conditions and comparison speech pairs
The experiment speech sounds were generated by using

WORLD and combining the converted spectral envelope and
manipulated fo pattern. Tone quality conversion and fo pattern
transformation were performed simultaneously during speech
synthesis. Four experimental conditions were set.
2.3.1. Condition 1: Retest condition for pitch illusion

The comparison pair for Condition 1 consisted of a voice
with a compressed spectral frequency axis and raised fo
pattern and a voice with an expanded spectral frequency axis
and lowered fo pattern. Voice pitch illusion was expected to
occur under this condition.

2.3.2. Condition 2: Examination of the single effect of
frequency-band emphasis

The comparison pair for Condition 2 consisted of a voice
with emphasized low frequencies and a voice with empha-
sized high frequencies. The fo patterns were the same as for
the original voice sample. The effect of the spectral tilt on
pitch judgment was evaluated based on this condition.
2.3.3. Condition 3: Examination of appearance of pitch

illusion with frequency-band emphasis
The comparison pair for Condition 3 consisted of a voice

with emphasized low frequencies and a raised fo pattern and
a voice with emphasized high frequencies and a lowered fo
pattern. This condition was used to determine whether pitch
illusion appears when the tone quality changes while the
formant is fixed.
2.3.4. Condition 4: Examination of flattened fo pattern

with frequency-band emphasis
The comparison pair for Condition 4 consisted of a voice

with the low frequency emphasized and the flattened fo raised,
and a voice with the high frequency emphasized and the
flattened fo lowered. This condition was used to determine
whether the correspondence between the high-low relation-
ship of fo and perceptual judgment is restored when fo pattern
is static.

3. Listening experiment using paired comparison
3.1. Procedure

The participants in the experiment were 123 first-year
students from 10 national universities in the Tokyo metro-
politan area. They were divided into eight groups, and 64
voice comparison pairs were also divided into eight test sets.

The participants listened to the stimuli in each pair one
after the other through stereo earphones connected to a
portable CD player (Sony: D-EJ002) at the most comfortable
sound level.

Fig. 1 Manipulation of spectral envelopes.

Fig. 2 Time-averaged spectral envelopes (M1S1).

Fig. 3 Manipulation of fo pattern (M1S1).
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Table 1 shows the adjective items for subjective evalua-
tion. They related to voice quality, including evaluation of
voice height and speaker’s body size [1,2,10].

The participants were asked to evaluate which voice
stimulus was more relevant and appropriate to each adjective
item in ten stages. Since the evaluation was based on even-
numbered choices, participants dared to choose which voice
fits each adjective item more even if the two voices sounded
almost the same. The participants had 60 s per pair to rate 20
adjective items.
3.2. Evaluation index

The ten-stage rating was converted into a number (�4:5 to
4.5) for each evaluation item. A positive number means that
the voice with a lowered fo conformed better to the item. A
negative number means that the other voice conformed better
to that item. The participants’ average score for each item for
each comparison pair was used as the evaluation index. The
evaluation index was analyzed on the basis of the results of a
two-sided t-test with � ¼ 0 as the null hypothesis H0.
3.3. Results
3.3.1. Subjective evaluation of voice pitch

The characteristics of the perceived voice pitch based on
the results are summarized and plotted in Fig. 4. First, under
Condition 1, a voice with a lowered fo pattern and a thin voice
due to the expansion of the spectral frequency axis was
evaluated as a higher voice (tð15Þ ¼ 12:69, p < 0:0001). The
high-low relationship of fo and the perceptual judgment were
reversed. That is, pitch illusion appeared.

Next, under Condition 2, even if the fo pattern was the
same, the high-frequency emphasized voice was evaluated to
be higher (tð15Þ ¼ 7:38, p < 0:0001). This result shows that
the difference in tone quality affected the judgment of high
and low even when the formant was fixed.

A voice with high fo was supposed to be evaluated as a
high voice generally. However, under Condition 3, a voice
with a high fo pattern and emphasized low frequency was
not significantly perceived as high voice (tð15Þ ¼ �0:66, n:s:).
The emphasis of the low-frequency range as a tone quality
might affect the judgment of high and low. Moreover, the
high-low relationship of fo and the perceptual judgment were
not beeing reversed either. Thus, voice pitch illusion did not
appear.

Under Condition 4, all fo patterns had been flattened. The
voice with a raised flat fo and emphasized low frequencies
was correctly evaluated as a higher voice more than the voice
with a lowered flat fo and emphasized high frequencies
(tð15Þ ¼ �9:86, p < 0:0001). Even when the formants were
fixed, the flattening of fo restored the perceptual judgment
corresponding to the fo height relationship.
3.3.2. Subjective evaluation of speaker’s body size

The perceptual characteristics of the speaker’s body size
based on the results are summarized and plotted in Fig. 5.
Under Condition 1, the speaker with a deep voice due to the
compressed spectral axis was evaluated as larger and taller
(tð15Þ ¼ �9:26, p < 0:0001). The fo of the other voice in the
pair was lower, indicating that the tone quality factor related
to the vocal tract length plays a more significant role in
perceiving the speaker’s body size than the fo factor.

Under Condition 2, there was no significant effect of
band emphasis on body size perception (tð15Þ ¼ �1:26, n:s:).
In other words, even if the low frequencies were emphasized,
the speaker’s body was not always perceived to be large and
tall.

Under Condition 3, even if the high frequencies were
emphasized, the speaker with a low fo pattern was perceived
as larger (tð15Þ ¼ �4:97, p < 0:001). Furthermore, under
Condition 4 of flattening fo, the speaker with a low fo pattern
was perceived as larger and taller (tð15Þ ¼ �6:67, p <

Table 1 Adjective items for subjective evaluation.

Trait Adjectives

Voice Quality (12) —— High, Manly, Husky, Placid, Powerful,
Young, Deep, Forceful, Nasal,
Falsetto, Whisper, Fast-talking

Naturalness (4) —— Natural, Comprehensible, Clear,
Listenable

Body size (4) —— Large, Tall, Fat, Robust

M1S1 M1S5 M2S2 M2S6 M3S3 M3S7 M4S4 M4S8    
W1S1 W1S5 W2S2 W2S6 W3S3 W3S7 W4S4 W4S8
Means (with std. errors)

-4 -3 -2 -1 0 1 2 3 4 505-

****

High Emph.
Orig. f

o

Low Emph.
Orig. f

o

Sp. Exp.
Low f

o

n.s. n.s.

****

****

Evaluation Index

Sp. Comp.
High  f

o

High Voice

Low Emph.
High f

o

High Emph.
Low f

o

Low Emph.
High f

o

[flattened]

High Emph.
Low f

o

[flattened]

Fig. 4 High voice score for each experimental condi-
tion. (�p < 0:05, ��p < 0:01, ���p < 0:001, ����p <
0:0001, n:s: not significant)
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Evaluation Index
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High f
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Body Size
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n.s. n.s.

Fig. 5 Body size score for each experimental condition.
(�p < 0:05, ��p < 0:01, ���p < 0:001, ����p < 0:0001,
n:s: not significant)

T. UCHIDA: VOICE PITCH ILLUSION & SPEAKER’S BODY SIZE

75



0:0001). Thus, fo may play a bigger role than the spectral tilt.
The same result was obtained regardless of whether the fo
pattern was dynamic in standard speech or static in flattened
fo. In that respect, the speaker’s body size evaluation was
appreciably different from that of voice pitch.

4. Discussion
4.1. Pitch perception and two acoustic attributes

Ishida and Akagi [11] found that pitch is perceived not
only based on the fundamental frequency but also based on a
spectral centroid. This finding came from experiments in
which the shape of the spectral envelope and the fundamental
frequency were independently manipulated to produce com-
plex harmonic sound.

In the current experiment, pitch illusion was observed.
Under Condition 1, the spectral centroid rose or fell due to
the expansion or compression of the frequency axis. The voice
pitch illusion might be a phenomenon that appears when the
spectral centroid plays an extremely dominant role in pitch
perception. When fo changes dynamically as in standard
speech, the factor of the spectral centroid as a tone quality
is considered to play a dominant role in pitch perception. On
the other hand, when fo is static, as in a flattened fo pattern,
the fo is considered to dominate pitch perception, even if the
tone quality remains the same.

The difference in tone quality due to manipulating the
spectral tilt with fixed formants also affected pitch perception.
This result is consistent with the hypothesis that the spectral
centroid affects the perception of pitch. However, the effect
was small compared with those of the expansion and
compression conditions of the spectral frequency axis, and it
did not lead to the reversal of high and low evaluations that
could be called an illusion.
4.2. Body size perception and vocal tract length, fo,

spectral tilt
In this experiment, a speaker with a deep voice due to the

imitation of a long vocal tract by compressing the spectral
frequency axis was evaluated as having a large body even if
the fo was high. In contrast, even if the voice emphasized the
low-frequency range, the speaker’s body was not always
evaluated as large. Furthermore, the speaker’s body was
evaluated as large when the fo was low, even if the voice
emphasized the high-frequency range.

Overall, the fo plays a more dominant role in body size
perception than frequency band emphasis. In addition,

expansion or compression of the spectral axis plays a more
dominant role than the fo height. That is, the vocal tract length
is the most dominant factor. Interestingly, the effect of fo
exceeded that of the spectral tilt.

The band enhancement condition used in this experiment
is only one example. Future work includes investigating the
target range of weighting and the shape of the weighting
function.
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