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ABSTRACT
This paper investigates a potential linkage between pro-

duction and perception in the temporal aspect of speech
from an ecological point of view. The variability of the
segment duration is analyzed to estimate the temporal con-
trol precision in speech production, using large-scale speech
corpora comprising a commonly used word set (5240 word
entries spoken by 20 speakers) and a phonetically balanced
sentence set (503 sentence entries spoken by 10 speakers).
The results first show that the duration of a given segment
has little correlation with the estimated control precision of
that segment. They also show that the estimated precision
systematically changes as a function of vowel quality and
temporal position in an utterance unit, such as a word or
phrase. These findings are in good agreement with the per-
ceptual characteristics, i.e., sensitivity and acceptability of
deviation in segment duration; accordingly, the results sug-
gest the existence of some linkage between perception and
production.

1. INTRODUCTION
To estimate the temporal precision required for the duration
rules of speech synthesis applications, studies have investi-
gated perceptual sensitivity to temporal changes in speech
segments [6, 1]. Along these lines, a series of experiments
has systematically revealed that human perceptual sensitiv-
ity or acceptability of temporal deviation in segment duration
is significantly affected by several segmental and contextual
properties of the segment in question, e.g., the phoneme class
(vowel, nasal, or fricative) and temporal position within an
utterance unit such as a word or phrase [3, 4, 5, 10].

The observed perceptual effects have been, in general,
accounted for by using the psychoacoustical characteristics
of the speech material itself. For instance, a strong cor-
relation has been found between these perceptual effects
and psychoacoustic properties such as the loudness of the
segment in question. However, from an ecological point
of view, one’s perceptual characteristics develop under the
strong influence of the exposed environment during the pro-
cess of growth. Thus, one’s perceptual acceptability of a
temporal change in a segment at a particular context may re-
flect the temporal deviation generally expected for a segment
at that context in his/her environment.

On the other hand, the control precision or strategy of a
speaker may reflect the perceptual characteristics as a result
of the feedback through his/her auditory system. However,
it is still an open question whether such context-dependency
of perceptual sensitivity is also consistent with the temporal
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ties of spoken utterances, i.e., whether the control
on has correlation with the perceptual sensitivity.
vestigating this possibility could yield useful informa-
r understanding the nature of each of the perceptual
found, whether it involves an ecological constraint
the development process or solely reflects inherent

ry characteristics. Such analysis could provide useful
ation not only for exploring the ecological influence
perceptual factors but also for estimating the requisite
on of durational rules in speech synthesis.

answer this question, the present study, as a first
recisely analyzed the context-dependency of the con-
cision, or variability of segmental durations, by using
cale speech corpora. First, in Section 2, the major ef-
f the segment attribute and context on the perceptual
vity (or acceptability) to deviations in the segment
n are summarized from previous studies. Second, in

n 3, the methodology of estimating the control preci-
described. Finally, Section 4 shows the results of the
alysis and discusses the relationship between control
on and perceptual sensitivity.

ERCEPTUAL EVALUATION OF DEVIATION
IN SEGMENT DURATION

alidity of segmental duration as a basis of percep-
ual evaluation
rst subsection examines the relationship between a
segmental duration and the range of acceptable or
ble temporal deviation of that segment. Kato et al.
that the acceptable range in milliseconds does not
te with the segmental duration �r � 0�02� [4]. A
lack of relevance was observed in the sensitivity

s a non-correlation of the just noticeable difference
s base duration [7]. These results suggest that the
rs do not evaluate the segmental deviation in relation
the base segmental duration itself.

egmental and contextual factors affecting percep-
ual evaluation

he attributes and contexts of a segment are known to
the perceptual evaluation of temporal deviations of
gment. The former includes the phonemic type of
ment in question. The deviation of a vowel duration
cted more easily than that of a consonant duration
Among vowels, a change in /a/ is perceived as more
than a change in /i/. Figure 1 (a) illustrates the effect
el quality on the acceptability of the deviations in
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Figure 1: Differences in perceptual sensitivities to segment
duration. (a) Effect of vowel quality. An example showing
the difference in listeners’ evaluation between vowels /a/
and /i/ in word speech. (b) Effect of temporal position
in an utterance unit. An example showing the difference
in listeners’ evaluation between initial, medial, and final
positions in the phrase /tonikaku/ embedded in a sentence.
The parabolic fitting lines are shown in both panels.

segment duration. The acceptability rating score decreases
more drastically for /a/ than for /i/ with the duration change.
Such a phonemic effect can be accounted for by the loudness
value of the deviated segment [5], i.e., a segment with a
larger loudness is more perceptually salient than that with a
smaller loudness.

The latter, a contextual factor, includes the effects of
the temporal position in an utterance unit and the type of
adjacent segments. It was found that the deviation of a word-
initial segment is more salient than that of a word-medial
segment [4]. A similar tendency has been found as the intra-
phrase positional effect as shown in Fig. 1 (b): The listeners
were most sensitive to a phrase-initial deviation and least
sensitive to a phrase-final one, with phrase-medial deviation
having an intermediate sensitivity [10]. With regard to the
type of adjacent segments, a duration change of a segment
was more saliently perceived when it was followed by an
unvoiced segment than when it was followed by a voiced
segment [4].

3. MEASURE OF CONTROL PRECISION

3.1. Speech corpora
The source speech data were taken from the ATR Japanese

speech database [8]; they were a set of commonly used
words spoken by 10 male and 10 female professional speak-
ers (5240 words/speaker, 104800 words in total) and a pho-
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ly balanced set of sentences spoken by 6 male and 4
professional speakers (503 sentences/speaker, 5030

ces (113220 words) in total).
ey were segmented by trained transcribers with a
precision. The average segmentation disagreement
n transcribers ranged from 0.5 to 7.5 ms irrespectively
difference in phoneme. This range is sufficiently

r than the expected range of the control precision to
ied in this paper.

ancellation of known control factors
riation in segment duration of the prepared data in-
several systematic deviations in addition to those
onding to the control precision. They are the de-
s intrinsic to particular segmental or contextual prop-
caused by the control factors of speech production
. The influence of these factors can be observed in
ic duration, durational compensation among neibor-
nemes, lengthening or shortening associated with the

nce in the temporal position within an utterance unit,
her effects; the factors are summarized in Table 1 of
ka’s paper in this volume [11].

cancel out the influence of these control factors as
as possible, a linear regression model was applied to
ze the influence on the segmental durations by each of
trol factors. Next, segmental durations were synthe-

o replicate the observed ones by using the quantized
in accordance with the linear prediction procedures

inally, the influence of the control factors was can-
out by subtracting the predicted segmental durations
he corresponding observed ones. These residual er-
ere regarded as representing the control precision in
dy because each error corresponded to the deviation

h observed duration from the expected duration for
rticular phoneme and context.
e control factors considered were basically the same
e of the previous study [2]. These cancelling pro-
s were applied to the data from each speaker. The
le correlation coefficients which represent the good-
f each linear regression, ranged from 0.734 to 0.866
re comparable with or better than those in the previ-
dy. Figure 2 shows the histograms of the segmental
ns and the residual errors (the data from the sentence
of all ten speakers).
te that the normal distribution function accurately

the histogram of the residual errors as superimposed
ower panel of Fig. 2. This paper, therefore, took this
teristics into account and exploited the standard devi-
s an index representing the width of error distribution
control precision.

ELATIONSHIP BETWEEN CONTROL AND
PERCEPTUAL CHARACTERISTICS

ection shows the estimated control precision under
l conditions and discusses their relevance to percep-
nsitivity, with a focus on the vowel segments in the
ce speech material. This is because the control of
duration is in general more flexible than that of con-
duration [6] and, therefore, a large amount of tempo-
iation could be expected for it; the sentence material
onetically balanced, so the segments adjacent to the
are expected to maintain a maximum phonetical vari-
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Figure 2: The raw and normalized distributions of segmen-
tal duration. Upper: The histogram of the observed segmen-
tal duration with a fitting curve of the normal distribution.
Lower: The histogram of the residual error, i.e., a predicted
duration minus the corresponding observed duration, with a
fitting curve of the normal distribution.

ation.

4.1. Validity of segmental duration as a basis of control
precision

Figure 3 shows the absolute values of the residual errors as
a function of the corresponding original segmental duration.
Although a notable positive correlation can be observed in
the region where the segmental duration is 130 ms or longer,
the percentage of samples in this region is only 8%. On the
other hand, no correlation was observed �r � 0�0058� in the
remaining region, which includes 92% of the samples. This
lack of correlation between the original segment duration
and the control precision is in good agreement with the lack
of correlation between the original segment duration and the
range of acceptable deviations observed in the perceptual
studies.

The remaining part of this paper, therefore, does not
employ relative errors to original durations but the raw errors
(in ms) in referring to the control precision.

4.2. Vowel quality, position in an utterance unit, and
voicing of adjacent segments

This subsection examines the phonemic and contextual de-
pendencies of the control precision using the standard devi-
ation of the residual errors.

First, the effect of vowel quality was examined. Fig-
ure 4 shows control precision as a function of the vowel
quality of the segment in question. Each point represents
the observation from each speaker. The estimated control
precision was worst for vowel /i/ and best for vowels /a/,
/e/, /o/, with vowel /u/ between those. A similar tendency
was also observed in the word speech, i.e., the control pre-
cision of high vowels tended to be worse than that of mid
or low vowels. This tendency is in good agreement with
the perceptual characteristics introduced in Fig. 1 (a). Note
that the effect of vowel quality on the perceptual sensitivity
could be accounted for by the loudness of the segment in
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3: Absolute prediction error as a function of segment
n. Although a mild positive correlation is observed
�24� as a whole, there is no correlation �r � 0�006�
-axis is limited up to 130 ms; this range covers more
% of the observed points.
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4: Vowel control precision represented by the stan-
eviation (SD) of the residual errors as a function of
quality. Each point represents the SD of each of ten
rs. Triangles and error bars show the averages and
rd deviations of the SDs, respectively. Asterisks mark
rs of levels whose averages are significantly different
ach other �p � 0�05�.

n; a larger loudness corresponded to a smaller ac-
le deviation. This also seems to be the case also in
trol precision; it is acknowledged that the loudness
vowels is generally smaller than that of mid or low
[9].

cond, the effect of temporal position in an utterance
s examined. As shown in Fig. 5, the control precision

orse at the final position of an utterance unit than at
tial or medial position. This tendency was commonly
ed for all units examined, i.e., a word, minor phrase,
phrase, breath group, and sentence. This tendency is

d agreement with the perceptual characteristics intro-
in Fig. 1 (b), with the exception of that between initial
edial positions, where the perceptual effect was ob-
while the effect on control precision was not always
ed.
nally, the effect of the adjacent segment was exam-
Although the perceptual sensitivity was higher for a
nt followed by an unvoiced segment than for one fol-



lowed by a voiced segment, no significant difference was
observed in the control precision due to the voicing of the
adjacent segment.

5. CONCLUSIONS
For clues to a linkage between control precision and percep-
tual sensitivity, a comparison was performed between the
variability of the segmental durations in spoken utterances
and the perceptual evaluation of deviations in segment dura-
tion. The results showed that several segmental or contextual
factors, such as the vowel quality and temporal position in
an utterance unit, commonly affected both production and
perception in a similar way. On the other hand, some of the
other factors affecting the perceptual evaluation had appar-
ently no effect on control precision; these included the voic-
ing of the following segment and the difference in the initial
and intermediate intra-unit positions. Clearly, a linkage is
not necessarily found in every aspect between perception
and production. However, further studies are expected to
determine the crucial conditions that are responsible for the
existence of agreement between the control precision and
perceptual sensitivity.
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5: Vowel control precision represented by the stan-
eviation (SD) of the residual errors as a function of
poral position in the following utterance units: (a)

(b) Phrase, (c) Accent phrase, (d) Breath group, and
tence. Each point represents the SD of each of ten
rs. Triangles and error bars show the averages and
rd deviations of the SDs, respectively. Asterisks mark
els whose averages are significantly different from
f the other levels �p � 0�05�.
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