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Abstract

Aiming at automatic estimation of naturalness in timing
control of non-native’s speech, we have analyzed the timing
characteristics of non-native’s speech to correlate with cor-
responding subjective naturalness evaluation scores given by
native speakers. In addition to word level statistical charac-
teristics showing the differences between natives and non-
natives, we analyzed phone and syllable level statistics to
attain an objective measure better fit to natives’ judgments.
An English speech corpus spoken by Japanese was collected
with temporal naturalness judgments by natives. The anal-
ysis results showed that timing differences between natives
and non-natives in average syllable durations, weak vowel
durations and vowel duration of function words were highly
correlated with natives’ naturalness evaluations. A liner re-
gression model and a regression tree model were employed
to estimate naturalness evaluation score from differences be-
tween native’s speech and non-natives one. The proposed
naturalness evaluation model was tested its estimation ac-
curacy using open data. The root mean square errors be-
tween predicted scores by the two models and scores given
by the natives turned out to be 0.63 and 0.66 comparable to
the differences 0.70 of scores among native listeners respec-
tively. These accuracies were better than one estimated by
the model using word statistics only.

1. Introduction

For prosody control, control characteristics and genera-
tion mechanisms of segment durations and fundamental fre-
quency have been studied for many languages over many
years. Recently with the ceaseless efforts of speech data
collection and scientific computational modeling have en-
abled the quantitative control with high precision using sta-
tistical optimization techniques through the minimization of
objective errors in the speech synthesis field [2]. This tech-
nology known as corpus-based modeling has successfully
been applied to both prosody and segmental characteristics
control for synthesizing high quality speech with natural
prosody. Though some of current corpus-based modeling put
too much emphasis on optimization and often neglect under-

lying scientific principles in speech generation, in principle,
they can be applied to the quantification of subjective evalu-
ation where so many underlying mechanisms and principles
have not yet been known.

On the other hand, in the study of foreign language learn-
ing, subjective evaluation by native speakers has been com-
monly used, which makes it difficult for learners to acquire
language skill by themselves more efficiently. An automatic
evaluation of non-native’s speech is expected to highly re-
duce the teacher’s efforts and promote the scientific under-
standing of speech generation control for a better design of
CALL (Computer Assisted Language Learning) system. Up
to now, little studies have been carried out on automatic eval-
uation based on objective criteria and scientific quantitative
analyses are needed for measures for scoring.

As a non-native’s speech is produced as a result of blend-
ing different control characteristics of the target language and
the speaker’s native one, the modeling of generation char-
acteristics is difficult. It requires much knowledge of two
languages on control factors and mechanisms in a common
modeling framework. In addition, not only speech genera-
tion control characteristics, but also perceptual characteris-
tics have to be taken into consideration for automatic evalua-
tion [3]-[5].

As a first step towards automatic evaluation of non-
native’s spoken language, we applied a corpus-based ap-
proach to evaluate the naturalness in the timing control of
non-native speech using objective measures of word level
statistics [1]. In this study, we adopt differences between
native’s and non-native’s in word level such as sentence du-
rations, word durations, function word durations and pause
durations for statistical analysis instead of complicated direct
modeling of non-native’s timing characteristics. The analy-
sis results showed high correlation between natives’ evalua-
tion scores and the differences between native’s and native’s
speech. Though word level statistical differences have nicely
explain the difference between native’s and non-native’s, we
can expect that more precise analysis of differences give
more detailed differences. In the current work, we tried to
analyze the detailed differences in smaller speech units such
as phones and syllables.



In Section 2, we will briefly look the timing control dif-
ferences between Japanese and English. Statistical analyses
are carried out using the original data to look for the objec-
tive factors highly correlating with native’s subjective scores
in Section 3. In Section 4, a linear regression and a regression
tree model are proposed for automatic naturalness evaluation
with experimental results applying to open data. Finally, the
effectiveness of the automatic evaluation model is summa-
rized and future problems are discussed.

2. The difference of timing control between
English and Japanese

Comparing prosodic characteristics between English and
Japanese, there is big difference in timing control. In En-
glish, stressed syllable and unstressed syllable appear al-
ternately, which is called stress-timed rhythm. While in
Japanese, moras are spoken in almost same length, which is
called mora-timed rhythm. It is known that Japanese seg-
mental durations are controlled by many factors [6]-[10].
Segmental durations are not characterized only by phoneme
intrinsic attributes but also by constraints from longer units.
In particular, a moraic constraint is clearly observed in the
control of Japanese vowel durations. A negative correlation
is found between vowel durations and adjacent consonant
durations. The temporal compensation of vowel duration is
more influenced by the preceding consonant duration than
the following one, and this is considered to be an acoustic
manifestation of mora-timing. This temporal compensation
has been observed both in raw duration data and in normal-
ized z-score data for each vowel [11]. Through such statis-
tical analyses, it has been confirmed that the compensation
takes place in mora units but not in syllable units. Mora-
timed rhythm of Japanese is in contrast to the stress-timed
rhythm observed for other languages such as English. It
has also been observed that not only segmental durations but
pause length is under moraic control [12]

Due to the presence of big difference in timing control,
it is difficult for Japanese to speak English in stressed-timed.
This causes one of the big unnaturalness of English speech
spoken by Japanese. In fact, some native speakers have
pointed out the unnaturalness of English speech spoken by
Japanese in rhythm over whole utterance more seriously than
incorrect pronunciation of individual words.

3. Analysis of timing control differences
between natives and non-native learners

In this section, we try to find remarkable durational dif-
ferences in temporal control at syllable or phoneme levels
between natives and non-native learners by calculating cor-
relation between subjective scores given by natives.

3.1. Speech data

For a speech database, English speech samples spoken by
six Japanese and one native speaker were recorded. Sen-
tences were selected from daily conversations that have from
3 to 15 words. In a text, not only phonetic information but
also some prosodic symbols indicating stress, phrase bound-
aries and pause locations had been pre-assigned to purely
measure learner’s speech generation skill. Speakers were re-
quested to practice the pronunciation of given sentences be-
fore recording. In recording, they were asked to read repeat-
edly until they could speak what they thought was the correct
pronunciation. Most of Japanese subjects are university stu-
dents with different English language skills. Native speaker
is a instructor of English conversation.

Each sample spoken by Japanese has multiple scores
evaluated by three native speakers having a plenty of experi-
ences in teaching English to Japanese. For timing character-
istics, they were asked to evaluate the rhythm of those utter-
ances using a five-point rating scale ranging from*“1” to “5”
with large number corresponding to closer to native rhythm.
Each utterance was evaluated by three persons. 180 speech
samples were selected. They were uttered by four adults
males and two female. One subject uttered at 30 sentences.
Native speech samples were uttered by one native male, and
were 30 sentences that were same as Japanese one.

3.2. Analysis factors for timing control differences

There seem to exist many timing differences between na-
tives and non-native learners that native listeners pay atten-
tion to when they evaluate the rhythm of non-native speak-
ers. In the previous study, considering beginner’s timing con-
trol characteristics and language dependent rhythmic differ-
ences observed in target language (English) and native’s own
(Japanese), the following factors affecting temporal differ-
ences were selected.

(1) Overall speech rate

Usually beginners cannot speak fast. Non-native beginners
tend to utter slower than natives. This characteristic will be
manifested in total speech duration.

(2) Local speech rate

Beginners cannot speak unfamiliar words as fast as natives.
This characteristics will be measured by the difference of in-
dividual word durations.

(3) Stress timing

(Timing control characteristics of the target language)
In English, durations of function words are highly reduced
to control time interval between stressed syllables. As strong
mora-timing constraint of speaker’s language makes it ex-
tremely difficult to reduce them, the duration difference in
function words is expected to be a good cue for evaluation.
(4) Mora timing

(Timing control characteristics of learners’ language)
Though the quantification of moraic control of subject lan-



guage itself is difficult to calculate without precise duration
modeling, pause information can be used for this purpose.
It is well known that pause length is also highly constrained
by moraic units in Japanese read speech. Kaiki showed that
the distribution of pauses in Japanese sentence has bimodal
peaks at one mora length and three mora length [12]. Not
only pause positions and counts but also their durations can
also be informative.

To quantify the contributions of above factors, the param-
eters expressing timing difference from native’s speech were
selected for analysis. They were sentence durations, word
durations, function word durations, pause durations. In the
current study, more detailed timing factors were added con-
sidering the language dependent rhythmic differences. They
were durations of syllables, vowels and consonants. To have
closer look, vowels and consonants are sub-categorized into
strong and weak or in function words and in content words.
For these phone and syllable level statistics, we measured
the correlation with subjective scores for both average differ-
ences and maximal differences in a sentence. In total, as seen
in Table 1, correlation scores were calculated for twenty-
three factors. Though we do not have any specific control
model in mind, these finer statistics were expected to capture
finer-level differences.

3.3. Correlations between timing control differences and
subjective scores

The subjective naturalness scores given by native speak-
ers on the rhythm of non-native utterances were compared
with timing control differences from native’s ones. To calcu-
late timing control differences, native’s durations were sub-
tracted from non-native speaker’s ones for each parameter
listed in Tablel. Subjective scores for each utterance were
pooled over three native judgments. The correlation coeffi-
cients between timing control differences and the subjective
scores are shown in Table 1. As shown in the correlation val-
ues, the following characteristics were observed for analysis
factors.

A remarkable negative correlation was observed be-
tween syllable duration differences and subjective evaluation
scores. As well as syllable duration differences, there ex-
ist a negative correlation between sentence, individual word
or function word duration differences and subjective evalua-
tion scores. The correlation of vowels was higher than that
of consonant, as well as in function and content word. That
seems to be due to a larger duration variation of a vowel than
that of a consonant. The correlation of the vowel of function
word was higher than that of the vowel of content word. It
could be because durations of function words were largely
reduced to control time interval between stressed syllables
in English. Subjects with lower English proficiencies tend
not to reduce the vowel durations of function words. That
could be observed the rhythmic difference of two languages.
That tendency was dominantly shown in the correlation of

Table 1: Correlation between timing control differences and
subjective evaluation scores. “(average)” and “(max)” show
an average and a maximum of timing differences in a sen-
tence respectively.

timing control differences correlation
sentence (average) -0.485
word (average) -0.573
function word (average) -0.547
pause (average) -0.211
syllable (average) -0.566
(max) -0.554

vowel (average) -0.302
(max) -0.355
consonant (average) -0.185
(max) -0.345

strong vowel (average) -0.071
(max) -0.036

weak vowel (average) -0.356
(max) -0.339

vowel of function word (average) -0.367
(max) -0.303

consonant of function word (average) -0.192
(max) -0.084

vowel of content word (average) -0.297
(max) -0.184

consonant of content word (average) -0.207
(max) -0.057

strong vowels and weak vowels. The correlation of strong
vowels was quite smaller than that of weak vowels. That
is, the native speaker and Japanese spoke strong vowels at
almost same duration, on the other hand, Japanese speaker
spoke weak vowels longer than native speaker did.

4. A model for automatic estimation of
naturalness in timing control

Using timing control differences from native’s utterances
highly correlated with subjective evaluation scores, we made
a statistical model for naturalness evaluation in timing con-
trol for English utterances spoken by Japanese. We divided
180 sentence to analysis and test data set. The test data con-
sists of one subject sample, i.e., the analysis data and the test
data were 150 and 30 sample respectively. Each subject data
set were tested.

A linear multiple regression model and a regression tree
model were adopted for computing an evaluation score. For
control factors of a model, only highly correlated timing con-
trol differences from native’s utterances were selected. We
used the combination of timing control differences under-
lined in Table 1, which gives the highest multiple correlation



Table 2: Multiple correlation coefficients. “1” consists of
factors underlined in Table 1. “2” consists of only word level
statistics.

test set ID L_1 L2
subject #1 | 0.612 | 0.491
subject #2 | 0.605 | 0.528
subject #3 | 0.709 | 0.434
subject #4 | 0.662 | 0.526
subject #5 | 0.648 | 0.518
subject #6 | 0.630 | 0.511

Table 3: Average of root mean square errors of models and
standard deviation of evaluation score among raters. “L”
and “T” show a liner regression model and a regression tree
model respectively.

test set ID L1 L2 T_1 T2 SD
average 0.630 | 0.642 | 0.661 | 0.710 | 0.704

coefficient Table 2. The linear multiple regression model and
the regression tree model are denoted as “L” and “T” respec-
tively in Table 2, 3. To compare with the previous model,
those model were also adapted using only four timing con-
trol differences reported in the previous study. The current
model consisting of phone and syllable level statistics in ad-
dition to word level statistics underlined in Table 1, and the
previous model consisting of word level statistics are denoted
as “1” and “2” in each Table.

To evaluate the accuracy of models for automatic estima-
tion, estimated evaluation scores were compared with subjec-
tive evaluation scores given by native speakers. Averages of
root mean square for each subject test set and the standard de-
viation of evaluation score among raters were shown in Table
3. The root mean square errors of the current model turned
out to be 0.63 for a liner regression model and 0.66 for a re-
gression tree model. Both of these vales are smaller than the
previous model’s one. Furthermore, both are smaller than the
standard deviations among four subjects 0.70. These results
show the reasonable performance of the proposed evaluation
model.

5. Conclusion

Aiming at automatic evaluation of naturalness with ob-
jective measures, we analyzed the correlations between the
timing control differences from native speaker’s utterance
and the native speakers’ subjective scores. We analyzed
phone and syllable level statics in addition to word statis-
tics using English speech data spoken by Japanese learners
and the corresponding English native’s speech. We found
the high correlation between native’s subjective evaluation
scores and phone and syllable level statics, i.e., differences

from native’s speech in syllable durations, weak vowel du-
rations and vowel durations of function word. Next, using
timing control differences correlated with subjective score,
we estimated subjective scores using a statistical model. The
estimation accuracy test confirmed the effectiveness of the
proposed model using open data. Further analyses of phone
and syllable level statistics are need for better estimation per-
formance.
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