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ABSTRACT

Conventional methods for studying the temporal or-
ganization of speech generally suffer from inaccuracies in
finding segmental boundaries. The present paper proposes
a new method that allows one to measure the temporal
variations in speech rate of a given target utterance rel-

ative to another utterance chosen as reference. By the-

DP matching procedure commonly used in speech recog-
nition, a warping function is found for mapping the time
axis of the target onto that of the reference, and the rel-
ative local speech rate is defined as the reciprocal of the
slope of this time-axis warping function. Analysis of both
Japanese and English utterances has revealed the structure
of the local speech rate variations, and has proved the po-
tential utility of the method in speech synthesis of various
styles and speech rates,

1. INTRODUCTION

Itis well known that the speech rate varies both glob-
ally and locally in natural utterances due to various factors
such as lexical or contrastive stress [1], syntactic bound-
ary [2], emotion [3], etc., though the magnitude of their
effects may vary from one language to another {4]. Thus
an appropriate control of the speech rate is essential for
the synthesis of speech with high degrees of naturalness
and expressiveness. In order to construct rules for speech
rate control, however, one needs to have a clear defini-
tion of the speech rate and an objective method for its
measurement.

Conventional methods for measuring the local speech
rate require determination of specific time instants on the
speech waveform or a certain acoustic-phonetic feature
such as the short-time frequency spectrum as a function of
time. Since the speech signal is produced by a succession
of articulatory and phonatory gestures, this approach will
be quite useful if we have a reliable method for detecting
the crucial time instant corresponding to the start of each
one of the gestures. The validity and usefulness of such
an approach has been demonstrated by Fujisaki and his
coworkers in the case of the phonatory control, observed
as the contour of the voice fundamental frequency [5].
This was made possible by introducing a quantitative
model for the dynamic process of controlling the vocal
fold vibration.

In the case of the articulatory control as reflected in
the segmental features, however, such an approach has
not yet been established, mainly due to the complexity
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of the model for the dynamic process of articulation.
Thus most of the studies on the local speech rate rely on
measurements of segmental durations, usually obtained
by visual inspection of the speech waveform and/or the
frequency spectrum. In many cases, however, segmental
boundaries are not well defined nor can be measured
objectively. These difficulties cannot be avoided when
one tries to measure the absolute local speech rate, but can
be circumvented if we try to measure the relative local
speech rate, i.e., the local speech rate of a given utterance
relative to that of the corresponding portion of a reference
utterance with an almost identical linguistic content.

Based on these considerations, we propose here a
new method for quantifying the temporal variations of
speech rate of an utterance relative to another utterance
chosen as a reference, and demonstrate its validity by
some experimental results.

2. RELATIVE LOCAL SPEECH RATE

Temporal characteristics of speech can be described ei-
ther in terms of the durations of various linguistic/phonetic
units or in terms of the speech rate. If we adopt the former
approach, we need to define the durations of specific units
that can be measured objectively and accurately. This is
not difficult when we deal with larger units such as sen-
tences, clauses, or phrases whose boundaries are generally
well-defined and thus can be detected rather accurately,
and the relative errors of boundary locations are small. It
is also meaningful to define the average speech rate for
such larger units in terms of the number of smaller units,
say syllables or phones contained per unit time.

When dealing with smaller units such as words, syl-
lables, or phones, however, one encounters increased
difficulty since the boundaries become poorly defined due
to coarticulation and the relative errors of measured dura-
tions are larger. Even in cases where the waveform shows
fairly well-defined boundaries, these boundaries may not
be articulatorily equivalent. For example, the onset of an
intervocalic nasal [m] in an ttterance of ‘remain’ indicates
closure of the oral aperture, while the onset of the stop
gap of an intervocalic voicel€ss Stop [t] in an utterance of
‘retain’ indicates the cessation of the vocal cord vibration,
but not necessarily closure of the vocal tract. Furthermore,
itbecomes meaningless to define the local or instantaneous
speech rate using the duration of a small unit such as a
phone since it leads to circularity of definition.

This circularity can be avoided if we do not resort
to such concepts as ‘segmental durations’ or ‘segmental
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boundaries’ in defining the speech rate. Provided that
we have a way to define a time-axis warping function
that maps a given utterance (i.e., the targert) onto another
utterance (i.e., the reference) of the same linguistic and
phonetic content based on the local similarity of the
two utterances, we can define a relative local speech rate
without resorting to segmental boundaries [6,7]. Denoting
by W (¢) the time-axis warping function where ¢ indicates
the time variable of the reference utterance, the relative
speech rate of the target relative to the reference can be

defined b
ey dw ()

Since a short-time averaging process is always involved
in calculating the local similarity, the above definition
should be interpreted as giving the relative short-time
average speech rate at t, though it can be defined at any
given instant ¢. For the sake of brevity, however, R(t)
will referred to simply as the relative speech rate at £.

3. EXPERIMENTAL PROCEDURE AND RESULTS

3.1 Speech Material

The speech material for the current study consists of
the following two sets of utterances, one in Japanese and
the other in English.

Utterance Set A (Japanese): Several question-answer
pairs were chosen from a text of a dialogue in Japanese
on ski resorts. At first, each sentence was read in iso-
lation at one of the three speech rates: normal, slow,
and fast. It was then uttered as if it were a part
of a dialogue at a rate which the speaker found to
be most natural, but without placing prominence on
any particular word. Finally, it was uttered in the
style of a dialogue but with prominence on one of the
constituent prosodic words. In addition, each of the
prosodic words was uttered in isolation for the sake of
comparison. The informant was a male native speaker
of the common Japanese, and uttered each of the above
items at least three times.

Utterance Set B (English):
sen from a text of another dialogue in English con-
cerning a common friend. Each sentence was read in
ways exactly similar to those for the Japanese material
except that utterances of isolated words, rather than of
isolated prosodic words, were collected for the sake of
comparison. The informant was a male native speaker
of American English.

Method of Analysis
All the utterances were recorded first on a DAT tape
recorder and were subsequently stored in a digital com-
puter at 10 kHz with 16 bit precision. Each utterance was
then analyzed at 10 ms intervals using a 25.6 ms Hamming
window to obtain 12 FFT cepstrum coefficients.

In the analysis of the relative speech rate, one of
the utterances of normal, plain reading is chosen as the
reference, and a given utterance is used as the target. The
alignment of the two utterances is conducted by a dynamic
time-axis warping (DTW) procedure on their spectral

3.2

EUROSPEECH ’95, Madrid, Spain, September 1995

Several sentences were cho-

features represented by the FFT cepstrum coefficients.
In order to cope with large differences in speech rate to
be found in a wide variety of speaking styles, the DTW
procedure has the following features:

(1) Separate processing of silent intervals within each
utterance: Since the presence/absence and duration
of silent intervals within an utterance can vary consid-
erably depending on the speaking style, these intervals
are detected on the basis of the short-time average
power and are treated separately.

(2) Use of a wider range of slope limitation for time-
warping of non-silent intervals: Instead of the range
[1/2, 2] conventionally used in DTW for automatic
recognition of spoken words, a wider range [1/3, 3]
is adopted to allow for greater differences in speech
rate of non-silent speech intervals. Figure 1 shows the
local DP (dynamic programming) matching paths and
the weights allowed in the present method.

The DTW procedure establishes a one-to-one corre-
spondence between a sequence of points on the time axis
of the reference utterance and a sequence of points on the
time axis of the reference by £, (n = 1 ~ N) and the
corresponding time point on the time axis of the target
by W (t,), the discrete function W (t,) serves as an ap-
proximation to the continuous time-axis. warping function
W (t) mentioned in Eq. (1). Note that the time points
ty,t;,- - -, ty are not necessarily equally spaced. By intro-
ducing a window function w(t), the relative local speech
rate R(t) at any given time instant can be approximated
by the reciprocal of the slope of the weighted regression

line of W (t,,) as

() = <D St~ Dk
S Wy S wnty W (tn) — 3 watn 30 wnW(tn)( ’2)
I 3)

In the following analysis, a triangular window, given by
Eq. (4), is adopted.

where wy, = w(t—t,)

w(t):{ (1)—|2t/T|

The value of T can be varied according to the requires
time resolution. In the present paper it was set at 300 ms.

for —T/2<t<T/2, 4
elsewhere. 4)

Target Utterance

i3 02 il
Reference Utterance

Fig. 1. The local DP matching paths and the weights used
in the proposed method. '
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3.3 Experimental Results

Figure 2 illustrates the results of analysis of a slow
reading sample of the Japanese sentence “Soryaa Nae-
banohooga zuttoooidesu.” (Of course Naeba has a lot
more (ski lifts)), using a sample of normal rate reading
as the reference. The ordinate of the upper panel (a)
indicates the time axis of the slow reading sample, while
the abscissa indicates that of the reference. The speech
waveform is displayed along each axis. The time-axis
warping function is shown as a piecewise-linear curve in
the figure. The lower panel (b) indicates the smoothed
relative speech rate function plotted against the time axis
of the reference. Panel (b) shows that the global speech
rate for the slow reading sample is about 78 % of the ref-
erence, and the local speech rate drops mostly at vowels,
especially the elongated vowels indicated by the under-
lines in the following phonemic transcription:

/sorjaH naebanchoHga zuQtooHidesu/.
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Fig. 2. Speech rate analysis of a slow reading sample
relative to a reference utterance, reading the Japanese
sentence “Soryaa Naebanohooga zuttoooidesu” at a nor-

_mal rate. (a) Time-axis warping function. (b) Smoothed
relative speech rate function.
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Fig. 3. Smoothed relative speech rate function for a fast
reading sample of the same Japanese sentence as in Fig. 2.
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Figure 3 illustrates the smoothed relative speech rate
function for a fast reading sample using the same reference
as in Fig. 2. The global speech rate is almost 150 % of the
reference, and the local speech rate rises especially at the
vowels. Together with Fig. 2(b), this figure indicates that
speech rate is controlled mainly at the vowels.

Figure 4 illustrates the results of analysis of a dialogue-
style utterance sample of the same sentence using the same
reference as in Figs. 2 and 3. The global speech rate is
almost 130 % of the reference, but the local speech rate
shows a tendency that is somewhat different from that of
fast reading, being higher toward the end of the initial and
second prosodic words.

Figure 5 illustrates the smoothed relative speech rate
functions for the three dialogue-style utterances of the
same sentence with varying positions of prominence
against the dialogue-style utterance analyzed in Fig. 4, i.e.,
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Fig. 4. Speech rate analysis of a dialogue-style utter-
ance sample. of the same sentence as in Figs. 2 and 3.
(a) Time-axis warping function. (b) Smoothed relative
speech rate function.
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Fig. 5. Smoothed relative speech rate functions for three
dialogue-style utterances with varying positions of promi-
nence. The positions of prominence are: (a) on “Soryaa,”
(b) on “Naebanohooga,” and (c) on “zuttoooidesu.”
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the one without prominence on any one of the prosodic
words. The three panels comrespond, from top to bottom,
to the dialogue-style utterances with a prominence on one
of the prosodic words, “soryaa”, “Naebanohooga”, and
“zuttoooidesu,” respectively. The three curves clearly
indicate that the local speech rate drops markedly at the
beginning of the prosodic word on which prominence is
placed. Speaking more precisely, this drop in the local
speech rate is found to coincide approximately with the
rise in the fundamental frequency at the second mora of
the prominent prosodic word.

Figure 6 illustrates the results of analysis of English
utterances similar to that of the Japanese shown in Fig. 2.
The sentence is “Lewis is teaching physics in Cambridge.”
Panel (a) indicates the time-axis warping function of the
slow reading sample against a reference utterance read at
anormal speech rate, and panel (b) indicates the smoothed
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Fig.6. Speech rate analysis of a slow reading sample rela-
tive to a reference utterance, reading the English sentence
“Lewis is teaching physics in Cambridge” at a normal
rate. (a) Time-axis warping function. (b) Smoothed
relative speech rate function.
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Fig. 7. Smoothed relative speech rate function for a fast
reading sample of the same English sentence as in Fig. 6.
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relative speech rate function. The global speech rate for
the slow reading is about 77 % of the reference, but the
tendency of local speech rate is somewhat different from
that of slow reading of Japanese, being lower at the nuclei
of unaccented syllables.

Figure 7 illustrates the smoothed relative speech rate
function for a fast reading sample using the same reference
as in Fig. 6. The global speech rate is 124 % of the
reference, and the local speech rate is seen to increase at
most of the syllable nuclei, especially at the nucleus of the
first syllable of “Lewis” and of “in.”

4. SUMMARY AND CONCLUSION

We have described a novel approach to quantify the
speech rate of a given utterance relative to a reference
utterance having the same linguistic and phonetic content,
without resorting to concepts such as segmental durations
and boundaries. Although the method is applicable to
any characteristic parameter of speech, we have chosen
in this paper to apply it to the FFT cepstrum coefficients
which are considered to be closely related to the segmental
features of speech. The results of analysis of Japanese
and English utterances revealed the changes in the relative
local speech rate due to changes in the global speech rate,
speaking style, and position of prominence, as well as
some interesting differences in the pattern of speech rate
control in the two languages. Although the current work
is still preliminary, the results suggest the potential utility
of the proposed approach in synthesis of speech of various
styles and speech rates. Work is in progress to apply
the current approach to the investigation of the temporal
structure of units of various size and their interactions, as
well as the interrelationship of the timing of segmental
and suprasegmental features.
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