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Abstract

An acceptability of segment duration changes in different
speaking rates was studied to know perceptual characteris-
tics for designing an objective naturalness measure in speech
synthesis. Based on a series of our studies on intra-phrase
positional dependency of perceptual acceptability, where lis-
teners were more sensitive to the phrase-initial segment dura-
tion than the phrase-final one, we designed perceptual experi-
ments using speech at three rates (fast, normal and slow) with
or without a carrier sentence. The duration of each vowel at
different phrase positions was either lengthened or shortened
from 10 ms to 50 ms and listeners evaluated the acceptability
of these changes. The results showed that the acceptability
declined more rapidly as a speaking rate became faster and
that the difference of acceptability declination between intra-
phrase positions was consistent. These results serve as fun-
damental data of speaking-rate dependent acceptability char-
acteristics for designing an objective temporal naturalness.

1. Introduction

In many corpus-based speech synthesis systems, segmen-
tal duration is calculated by using statistical techniques in or-
der to replicate the duration of natural speech. In these com-
putational duration models, a sum or an average of errors
between calculated durations and observed ones has been
widely used as a measure for optimization. Though this
measure may be reasonable to minimize errors in acoustic
domain, a series of works have pointed out that further per-
ceptual characteristic should be taken into consideration to
properly reflect perceptual weighting to the measure for op-
timization [1]-[5]. Following detailed analyses on word level
perceptual characteristics on temporal distortions [1]-[3], we
have started a study on phrase-level context dependency in
perceptual acceptability evaluation [4]. In this study, we
found that listeners are more sensitive to the phrase-initial
segment duration than the phrase-final one. It is well known
that besides the segment position, a local speaking rate is also
a crucial phrase-level factor to synthesize a natural speech
[5][6]. In this paper, we analyze an effect of longer range
control of a speaking rate on acceptability of changes in seg-
ment duration.
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A segmental duration within an utterance in general be-
comes shorter when the speaking rate becomes faster. As-
suming that the acceptability was evaluated based on the per-
ceived amount of change in segment duration, which is gen-
erally estimated as a relative value to the original duration, an
acceptability degradation caused by the same amount of the
absolute change becomes smaller when an original duration
becomes longer. This phenomenon on the jnd (just notice-
able difference) change can be explained by a general law
in psychophysics, the Weber’s law. For jnd measurement,
Bochner et al. reported that the absolute jnd of the vowel du-
ration increased with an increase in the vowel duration [7].
On the other hand, Klatt ef al. reported that vowel duration
had no significant correlation with the jnd’s of vowel dura-
tion [8], and Kato et al. also reported the same characteristics
[1]. The range of vowel durations in Bochner et al.’s, Klatt
et al.’s, and Kato et al.’s studies were 75-175ms, 165-340ms,
and 35-145ms, respectively. Bochner et al.’s range is com-
parable to Kato et al.’s, but not to that of Klatt et al.’s one.
As Bochner et al.’s results do not agree with Kato ez al.’s, the
range of original duration cannot explain the disagreement of
these results.

Kato et al. have concluded that the disagreement of these
results is attributed by the difference in context [1]. Bochner
et al. used vowels in only monosyllabic context while both
Kato et al. and Klatt er al. used those in polysyllabic con-
texts. In monosyllabic contexts, there exits no criterion for a
temporal change in the stimulus except the original duration
or syllable duration. In polysyllabic contexts, in addition to
the target original duration or syllable duration, a larger range
including the target syllable could be used as the criteria.
That is, the monosyllabic context might make the influence
of the original vowel duration effective while the polysyllabic
context reduces or hides it. In polysyllabic contexts, which
have a larger temporal structure than the monosyllable, the
speaking rate could be one of temporal cues that reduce the
effect of the original duration. As mentioned above, the orig-
inal durations widely altered in the past polysyllabic stud-
ies while the studies only used speech stimuli with a normal
speaking rate. This lack of variation in speaking rate possibly
hided the effect of original duration and, therefore, explains
the disagreement between the monosyllabic and polysyllabic
studies.



To test this hypothesis, the current study examined the
contextual effect with a wide variety of speaking rates. Using
speech stimuli uttered at three rates (fast, normal and slow)
with or without a carrier sentence, the speaking rate effect
was measured. Since a following segment could be a tempo-
ral cue in evaluation, the effect of a presence of a carrier sen-
tence was also investigated. Furthermore, we compared the
original duration and a tempo index that reflects perceptual
characteristics in terms of a correlation with the acceptability.

2. Experiment

The experiment was designed as a three-way factorial
fashion. The factors were speaking rates, positions within
a phrase and presence/absence of a carrier sentence.

2.1. Stimuli

Ten Japanese phrases were selected as speech stimuli.
They consist of three-mora phrases with one of two different
types of accent (no accent or accented on the first mora). The
phrases were embedded in a same carrier sentence; sorewo
(that) xxx kiita (listened, heard) (which means xxx heard
that), where xxx was replaced by each of the ten phrases.
They are natural Japanese sentences and were spoken at three
speech rates (fast, normal and slow) by one male professional
narrator. Original durations of vowels ranged from 21 ms to
300 ms. The average duration of phrases at the slow rate was
more than two times as long as that at the fast rate as shown
in 1. Each vowel at phrase initial, medial and final position
was either lengthened or shortened (180 vowels). There were
five levels of change in duration for each direction, i.e., 10,
20, 30, 40, and 50 ms. The modifications of speech stim-
uli were carried out using the STRAIGHT speech analysis-
synthesis method [9] at 22.1-kHz, 16-bit precision. The re-
sult of a preliminary listening test showed that the original, as
produced, durations were not necessarily the most naturally
perceived durations. Therefore, we re-assigned the center of
modification range so as to match the most natural duration
of each target vowel as much as possible. The shortening
manipulation of the shortest vowels did not reach the full-
step modification (13 vowels). In total, 921 sentence stimuli
were prepared, i.e., 10 phrases x 10 modification steps X
3 vowels x 3 speech rates + 30 unmodified - 9 incomplete
steps of modification for the shortest vowels. Similarly, 926
phrase stimuli were prepared, i.e., 10 phrases X 10 modifi-
cation steps X 3 vowels x 3 speech rates + 30 unmodified -
4 incomplete steps of modification for the shortest vowels.

2.2. Listening conditions

Speech stimuli were presented to the listeners through
headphones. To help listeners pay attention to the target of
evaluation, the corresponding sentence texts were displayed
on a computer screen and the phrase containing the modified
vowel was underlined. Fourteen adult listeners with normal
hearing participated in the experiments of stimuli with car-
rier sentences. Seven of them also participated in the experi-
ments of stimuli without carrier sentences. All of them were

Table 1: Averages of sentence duration, phrase duration and
vowel duration (ms).

rate carrier sentence | phrase Ist 2nd 3rd
vowel | vowel | vowel

fast with 1097 378 68 61 99
fast without - 398 72 69 120
normal with 1599 532 93 82 149
normal | without - 551 88 100 172
slow with 2230 743 121 133 223
slow without - 1051 194 254 316

native speakers of Japanese. They were asked to evaluate the
subjective acceptability of these stimuli on a seven-point rat-
ing scale ranging from “1” to “7”, with the larger number
corresponding to greater acceptability. All stimuli were ran-
domized and presented to each listener four times in total.

3. Results

The obtained rating scores were first pooled over four rep-
etitions, and then they were subtracted by the maximum of
the pooled scores for each listener to cancel out individual
response biases. Hereafter, this normalized value is referred
to the acceptability rating score. In accordance with the pro-
cedure of our former works [1], a parabolic curve was fit-
ted to the acceptability rating scores obtained for each target
vowel and listener. Since the absolute value of the second-
order coefficient of the parabolic curve represents the de-
gree of acceptability degradation with changes in duration
as shown in Figure 1, we took this value as the object vari-
able of the present study and referred to it as the vulnerabil-
ity index.The vulnerability indices pooled over subjects for
phrases are shown in Figure 2. For cases in which the ac-
ceptability rating scores did not decrease with the change in
duration, the vulnerability index was regarded as “0”.

The effect of speaking rate, position in a phrase and pres-
ence of carrier sentence on the vulnerability index was statis-
tically tested by a three-way ANOVA of repeated measures
with subjects as a blocking factor. The overall tendency of
the effect of speaking rate was that the vulnerability index
decreased with the decrement of the speaking rate. The ef-
fect of speaking rate was statistically significant at medial
position in a phrase with carrier sentence [F(2,419)=52.60,
p < 0.0001], and at final position with and without carrier
sentence [F(2,419) = 75.61, p < 0.0001, F(2,419) = 39.19,
p < 0.0001]. As the Figure 2 shows, the positional effect
was consistently observed in all cases at each speaking rate,
the vulnerability indices of the phrase-initial segments were
the largest, those of the phrase-final segments were small-
est and those of the phrase-medial segments were a level be-
tween initial and final. The main effect of position was sig-
nificant at “fast rate” without carrier sentence and at “normal
rate”, “slow rate” with carrier sentence [F(2,419)=91.88,p <
0.0001, F(2,419) = 167.53, p < 0.0001, F(2,419)=92.99, p <
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Figure 1: An example illustrating an acceptability-change.
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Figure 2: The difference of degradation due to speaking
rate. “Ist”, “2nd” and “3rd” indicate segment positions in
a phrase. “CA” and “NC” indicate “with carrier” and “with-
out carrier” respectively.

0.0001]. The main effect of presence of carrier sentence was
significant at final position of “fast rate”, initial and medial
position of “slow rate” [F(1,139) = 6.10, p < 0.05, F(1,139)
=40.07, p < 0.0001, F(1,139) = 28.98, p < 0.0001].

4. Discussion
4.1. Effect of speaking rate

Through the measurements of naturalness score degra-
dation caused by vowel lengthening and shortening, it was
confirmed that the acceptability declined more rapidly as a
speaking rate became faster. Overall declination character-
istics are quite consistent with respect to phrase positional
effect. It is the clearest at the most sensitive phrase-initial
positions and less clearer at the least sensitive phrase-final

positions. An unclear difference in the vulnerability index
between the fast- and normal-rate conditions at the phrase-
initial position is probably due to a sort of the ceiling effect.
That is, the current experimental measure may not have a
sufficient resolution to clarify the difference in listeners’ per-
formance between these conditions.

4.2. Effect of carrier sentence

It may be expected that the change in segment duration
at the final position with a carrier sentence is more sensi-
tive than without it, since a carrier sentence might give us an
evaluation cue of segment duration change. A consistent car-
rier sentence effect was clearly observed in slow rate. When
a carrier sentence exists, the vulnerability indices are lager.
Though the difference was not significant at normal or fast
rate, this can be understood as a floor effect. As the vul-
nerability indices are the lowest level in these cases, the dif-
ference could not be observed. It could was supported by a
part from these quantitative results, where the listeners told
us the impression that the evaluation with a carrier sentence
was much easier than the one without it.

4.3. Effect of original duration

Klatt ef al. reported that vowel duration had no signif-
icant correlation with the jnd’s of vowel duration [8] and
Kato ef al. also have observed that the original duration had
no significant correlation with the acceptability degradation
[1]. Those studies were carried out only using normal-speed
speech where the range of vowel durations were 165-340 ms
(Klatt’s) and 35-145ms (Kato’s). The range of vowel du-
rations in the current study was 20-381 ms which covers
the range of the previous studies. Correlation coefficients
between the original durations and vulnerability indices for
each condition were shown in Table 2. The negative corre-
lation indicates that the vulnerability index is larger as the
original duration is shorter. As well as the previous studies,
the result showed no correlation between the original dura-
tion and the acceptability degradation when the speaking rate
was constant. The correlation coefficient for overall stimuli
was -0.51, which results from a speaking rate changes.

4.4. Effect of tempo

A speaking rate, generally speaking, tempo could be de-
fined by only intervals of a signal without the duration as a
click, and is independent of the segment duration. In click
sequences of a non-speech, Hibi reported that a larger tempo
was yielded a smaller jnd of a click interval [10]. This fact
agrees with the current result and suggests that the effect of
speaking rate on the acceptability degradation is not due to
the original duration itself but to the difference of the tempo.
Since the speaking rate highly correlates with the segment
duration in natural speech, the high correlation may be ob-
served in the current study. To measure the effect of the
tempo on the acceptability degradation, the correlation be-
tween the tempo index defined as a vowel onset interval and
the vulnerability index was calculated.



Table 2: Correlations between the vulnerability index and
original duration for each utterance condition.

rate carrier 1st 2nd 3rd
vowel vowel vowel

fast with 0.054 0.306 -0.178
fast without -0.003 -0.058 0.004
normal with -0.138 0.024 -0.036
normal without 0.033 -0.138 -0.015
slow with -0.083 -0.193 -0.005
slow without -0.081 -0.129 -0.312

Table 3: Average of tempo calculated by vowel onset inter-
vals for each utterance condition.

rate carrier | sentence | phrase
fast with 111.69 -
fast without -1 107.83
normal with 166.86 -
normal | without - | 149.21
slow with 233.37 -
slow without - | 314.67

Table 4: Correlations between tempo calculated by a vowel
onset interval and the vulnerability index for each utterance
condition.

rate carrier 1st 2nd 3rd
vowel vowel vowel

fast with -0.274 -0.303 -0.203
fast without 0.046 -0.051 -0.060
normal with -0.330 -0.269 0.109
normal without 0.010 -0.001 0.096
slow with -0.437 -0.390 -0.049
slow without -0.209 -0.119 0.244

The previous study showed that the perceived tempo of
speech highly correlated with the inter-vowel onset intervals
[11]. We adopted the average of vowel-onset intervals as
the index of tempo. The tempo index for each condition
was shown Table 3. The correlation coefficients between
the tempo indices and the vulnerability indices are shown
in Table 4. The negative correlation indicates that the vul-
nerability index is larger as the tempo index is smaller. The
correlation coefficient for all stimuli was -0.35. Though the
absolute score of the correlation was not so big, consistent
negative correlations were observed in most of them.

5. Conclusion

To obtain perceptual characteristics of naturalness degra-
dation due to segment duration change for designing an ob-
jective naturalness measure for speech synthesis, the accept-
ability of segment duration change was studied using speech
stimuli with a wide variety of speaking rates. The percep-

tual result showed that changes in the segment duration at
slow speaking rate were more acceptable than those at nor-
mal or fast rate. Furthermore, a consistent intra-phrase posi-
tional effect was observed at all speaking rates. The duration
change of a phrase-initial segment was the least acceptable
and that of a phrase-final segment was the most acceptable,
with that of a phrase-medial segment in between. The pres-
ence of a carrier sentence seems to enhance the acceptabil-
ity judgments. These findings will be served as fundamental
data for designing an objective measure of subjective speech
quality in speech synthesis.
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