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ABSTRACT

The local speech rate is one of the important prosodic parameters
for representing both linguistic and paralinguistic information.
The present paper presents a command-response model for the
process of speech rate control, and applies it to the analysis of the
effects of emphasis on the local speech rate in English utterances.
It shows that the local speech rate as a function of time can be
approximated by the smoothed response of a second-order linear
system for speech rate control to a set of underlying commands,
whose timings and amplitudes serve as quantitative parameters
for representing paralinguistic information. Together with the
command-response model for F0 contour generation, it provides
a unified approach to the quantitative analysis of paralinguistic
information in prosody.

1. INTRODUCTION

In this paper linguistic information is defined as the symbolic
information that is represented by a set of symbols and rules for
their combination. It is thus discrete and categorical. On the other
hand, paralinguistic information is defined as the information that
is not inferable from linguistic information, but is deliberately
added by the speaker to modify or supplement it. It can be
both discrete and continuous. For example, the information
regarding whether a specific word or syllable is emphasized or
not is discrete, but the information as to the degree of emphasis
is continuous. Thus the speaker can express the degree within a
category. Although manifestations of paralinguistic information
in the fundamental frequency contours (henceforth F0 contours)
have been quantitatively studied [1], comparatively little has been
published on the quantitative analysis of its manifestation in the
local speech rate. The present paper describes our study on the
analysis and modeling of the effect of paralinguistic information,
especially of emphasis, on the local speech rate of an utterance,
and the relationship to its effects on other prosodic characteristics
such as F0 contours.

While the global average speech rate of an utterance or a set of
utterances can be defined by the number of phonetic units such
as syllables or morae uttered per unit time, the local speech rate
cannot be defined precisely. Namely, 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. 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 the same linguistic content. Based on
these considerations, the present authors have proposed a method
for quantifying the temporal changes in speech rate of a target
utterance relative to another utterance chosen as the reference,
and have demonstrated its usefulness in studying the effects of
various factors upon the local speech rate [2–5].

In the present study, we try to model the temporal variations in the
relative local speech rate as the response of a speech rate control
mechanism to hypothetical commands for speech rate changes,
and extract these commands from a measured contour of the
relative local speech rate.

2. RELATIVE LOCAL SPEECH RATE

2.1. Definition

Provided that we have a way to define a time-axis warping function
that maps a given utterance (i.e., the target) onto another utterance
(i.e., the reference) of the same linguistic content based on the
local similarity of the two utterances, we can define a relative local
speech rate without resorting to segmental boundaries. Denoting
by W (t) the time-axis warping function where t indicates the
time variable of the target utterance, the local speech rate of the
target relative to the reference can be defined by

R(t) =
dW (t)

dt
. (1)

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 t. For the sake
of brevity, however, R(t) will be referred to simply as the relative
speech rate at t.
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2.2. Calculation of Relative Speech Rate

The alignment of the time axis of the target utterance against that
of the reference utterance is conducted by a dynamic time-axis
warping (DTW) procedure in the 12-dimensional parametric space
of FFT cepstrum coefficients. The DTW procedure establishes a
one-to-one correspondence between a sequence of points on the
time axis of the target utterance and the corresponding time points
on the time axis of the reference utterance. This correspondence
serves as an approximation to the continuous time-axis warping
function W (t), from which the relative speech rate R(t) can be
calculated. Furthermore, we shall take the logarithm of R(t)
(lnR(t)), and call it as ‘R contour’. In order to remove the
granularity inherent in the DTW procedure and other fluctuations,
we apply a Hanning window of 500 ms width to obtain a smoothed,
observed R contour, ln R̃(t).

2.3. Modeling the Process of Local Speech Rate
Control

The R contour as defined above can be considered as the
consequence of motor control for accelerating/decelerating the
whole process of speech production. Exactly speaking, the
process of speech production consists of various sub-processes
whose temporal changes are governed, not by a single mechanism,
but by a group of mechanisms whose rates of change may differ
from each other. As a first approximation, however, we posit here
a single mechanism which is driven by hypothetical commands for
acceleration and deceleration (henceforth ‘rate commands’). For
the sake of simplicity, we assume that the shape of each command
is a step function of a finite duration, and the control mechanism
is a critically-damped second-order linear system. The resulting
R contour is the sum of its responses to the rate commands and
can be expressed by the following equation:

lnR(t) =
K∑
k=1

Ark{Gr(t − T1k)− Gr(t− T2k)}, (2)

Gr(t) =

{
1 − (1 + κt) exp(−κt), t ≥ 0,
0, t < 0,

(3)

where Gr(t) represents the step response function of the rate
control mechanism. The symbols in Eqs. (2) and (3) indicate

K : number of rate commands,
Ark : amplitude of the kth rate command,
T1k : onset of the kth rate command,
T2k : end of the kth rate command,
κ : natural angular frequency of the rate control mechanism.

It is to be noted that the observedR contour is further smoothed by
a Hanning window. Thus the process of generating an observed R
contour can be represented by the block diagram shown in Fig. 1.

By the method of Anelysis by synthesis, it is possible to determine
the number, amplitude and timing of the rate commands that will
generate an R contour which is the closest approximition to the
observed R contour in the sense of the mean squeared error in the
logarithmic scale of R.
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Figure 1: A model for the process of generating an observed R
contour from accelerating/decelerating commands.

3. F0 CONTOUR MODEL

The F0 contour can be considered as the consequence of motor
control for the vibration of the vocal folds. It has been shown
by Fujisaki and his coworkers that lnF0(t) can be expressed as
the sum of global components and local components. While the
former is primarily related to phrasing in almost all languages,
the latter is related to word accent and stress in many languages
including English and Japanese. For these languages, the process
of F0 contour generation can be modeled by the block diagram
shown in Fig. 2. For the rest of the paper, we shall use the word
‘F0 contour’ to indicate lnF0(t).
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Figure 2: A functional model for the process of generating an F0

contour.

In this model, the F0 contour is expressed by

lnF0(t) = lnFb+

I∑
i=1

ApiGp(t− T0i)

+

J∑
j=1

Aaj{Ga(t − T1j)− Ga(t− T2j)},
(4)

Gp(t) =

{
α2t exp(−αt), for t ≥ 0,
0, for t < 0,

(5)

Ga(t) =

{
min[1 − (1 + βt) exp(−βt), γ], for t ≥ 0,
0, for t < 0,

(6)

where Gp(t) represents the impulse response function of the
phrase control mechanism and Ga(t) represents the step response
function of the accent control mechanism.

The symbols in these equations indicate
Fb : baseline value of fundamental frequency,
I : number of phrase commands,
J : number of accent commands,
Api : magnitude of the ith phrase command,
Aaj : amplitude of the jth accent command,
T0i : timing of the ith phrase command,
T1j : onset of the jth accent command,
T2j : end of the jth accent command,
α : natural angular frequency of the phrase control mechanism,
β : natural angular frequency of the accent control mechanism,
γ : relative ceiling level of accent components.



Parameters α and β are assumed to be constant at least within
an utterance, while the parameter γ is set equal to 0.9. By
the method of Analysis-by-Synthesis, it is possible to determine
the number, magnitude and timing of the phrase and accent
commands that will generate an F0 contour which is the closest
approximation to the observed F0 contour. It has been shown
that the effects of paralinguistic information is most prominent in
accent components [1].

4. ANALYSIS OF R CONTOURS AND
F0 CONTOURS

4.1. Speech Material

The speech material consists of recordings of English sentences
read with various intonation patterns: (1) neutral declarative
intonation (i.e., without emphasis on any part of the sentences),
and (2) with emphasis on one of the constituent words. Five
utterance samples were recorded with each intonation pattern.

4.2. Analysis Procedure

The speech signal was digitized at 10 kHz with 16 bit precision.
For the speech rate, each utterance was analyzed at 10 ms
intervals using a 25.6 ms Hamming window to obtain 12 cepstral
coefficients. The fundamental frequency was extracted at 10 ms
intervals by the modified autocorrelation analysis of the LPC
residual.
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Figure 3: Results of analysis of contours and extraction of
commands for an utterance of “We are nine very young men.”
The emphasis is on ‘are.’
(a) The inverse R contour and the rate commands.
(b) The F0 contour and the accent commands.

4.3. Results of Analysis

Figure 3 (a) shows an example of results of analysis of the
relative speech rate of the utterance “We are nine very young
men.” The emphasis is on the word ‘are.’ The figure shows,
from top to bottom, the speech waveform, the negative values of
measured R, i.e., − ln R̃(t) (bold line), the model-generated best
approximation (solid line), and the negative values of amplitudes
of the rate commands. The choice of negative values for the R
contour and rate command amplitudes is motivated by the fact
that an emphasis generally causes a decrease in relative speech
rate and an increase in F0. It can be seen that the emphasis on
the word ‘are’ produces a decrease in the local speech rate for the
word, but also produces an increases for the word ‘very’ at the
same time.

Figure 3 (b) shows the result of analysis of the F0 contuor of the
same utterance. It shows, from top to bottom, measured F0 values
(+ symbols), the model-generated best approximation (solid line),
the baseline frequency (dotted line), and the accent commands
(stepwise functions). The dashed lines indicate the contributions
of phrase components, and the differences between the F0 contour
and the phrase components correspond to the accent components.
For the sake of comparison, similar results are also shown in
Fig. 4 for the F0 contour of an uttcrance without emphasis on any
specific word. Whereas the word ‘are’ has no accent command in
Fig. 4, the emphasis produces a large accent command for ‘are’
and reduces the accent commands uniformly for other words, as
shown in Fig. 3. However, no specific de-accentuation is found
for the word ‘very.’

If we regard the rate command as representing a force applied
for accelerating or decelerating the speech production process,
its effect can be evaluated by the magnitude of the ‘impulse,’
i.e., the product of its amplitude and duration. Table 1 shows
the magnitude of the impulse for rate control for each of the
emphasized words calculated from the estimated commands.

It is interesting to note that differences in the magnitudes of the
impulses in utterances with different positions of emphasis are
rather small. More precisely, the magnitudes fall into two groups:
those for we, are, men, and for nine, very, young.
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Figure 4: Results analysis of the F0 contour of an utterance of
“We are nine very young men,” without emphasis on any specific
word.



Table 1: Magnitude of the impulse for rate control on each of the
constituent words of “We are nine very young men.”

Emphasized
word

we are nine very young men

Command
amplitude

0.510 0.920 0.490 0.500 0.480 0.400

Duration 0.264 0.148 0.363 0.329 0.399 0.330

Magnitude
of impulse

0.135 0.136 0.178 0.165 0.163 0.132

As for F0 contours, we may regard the accent command as
representing a force applied for raising the voice fundamental
frequency, and evaluate its effect by the product of its amplitude
and duration. Table 2 shows the magnitude of the impulse for
F0 control for each of the emphasized words calculated from the
accent commands.

Table 2: Magnitude of the impulse for F0 control on each of the
constituent words of “We are nine very young men.”

Emphasized
word

we are nine very young men

Command
amplitude

0.910 0.800 0.550 0.730 0.780 0.970

Duration 0.201 0.215 0.321 0.235 0.227 0.207

Magnitude
of impulse

0.195 0.172 0.176 0.172 0.177 0.201

TIMING OF RATE COMMAND

1.0

0 1.0

T
IM

IN
G

 O
F

 A
C

C
E

N
T

 C
O

M
M

A
N

D

we
are

nine

very

young
men

 [s]

 [s]

1.5

0.5

0.5 1.5

Figure 5: Timings of the accent commands versus timings of the
rate commands for each of the emphasized words.
◦ : onset of command, • : end of command.

The differences in the magnitudes in this case are found to be
quite small. It should be noted, however, that we are dealing here
with the accent command itself in an emphasized utterance, but
not the difference in the command amplitude due to the presence
and absence of emphasis.

Finally, Fig. 5 shows the relationship between the timings of the
rate command and the corresponding accent command within the
same utterance. Roughly speaking, they are distributed in the
vicinity of the line with the slop 1, but certain deviations are also
observed. For instance, the rate command for the word ‘are’
is much shorter than the corresponding accent command, while
the tendency is recersed for the word ‘very.’ Further analysis is
necessary to find out the origin of these tendencies.

5. SUMMARY AND CONCLUSION

A method has been presented for modeling the process of local
speech rate control for the purpose of extracting its quantitative
characteristics in terms of parameters of the underlying ‘rate
commands.’ Together with the command-response model for
F0 contour generation, it allows one to study the effects of
emphasis as well as other paralinguistic factors in an objective
and quantitative way. The usefulness of the present approach
has been demonstrated on a limited speech material consisting
of English utterances with and without emphasis. Further work
is in progress to apply the present approach to a larger speech
material of English utterances involving differences in the degree
of emphasis, as well as utterances of other languages including
Japanese.

REFERENCES

[1] Fujisaki, H. and Hirose, K. “Analysis and perception of
intonation expressing paralinguistic information in spoken
Japanese,” Working Papers, Department of Linguistics and
Phonetics, Lund University, Vol. 41, pp. 254–257, 1993.

[2] Ohno, S. and Fujisaki, H. “A method for quantitative
analysis of the local speech rate,” Proceedings of the
4th European Conference on Speech Communication and
Technology, Vol. 1, pp. 421–424, 1995.

[3] Ohno, S., Fukumiya, M. and Fujisaki, H. “Quantitative
analysis of the local speech rate and its application to speech
synthesis,” Proceedings of the 1996 International Conference
on Spoken Language Processing, Vol. 3, pp. 2254–2257,
1996.

[4] Ohno, S., Fujisaki, H. and Taguchi, H. “A method for analysis
of the local speech rate using an inventory of reference units,”
Proceedings of the 5th European Conference on Speech
Communication and Technology, Vol. 1, pp. 461–464, 1997.

[5] Ohno, S., Fujisaki, H. and Taguchi, H. “Analysis of effects
of lexical accent, syntax, and global speech rate upon the
local speech rate,” Proceedings of the 1998 International
Conference on Spoken Language Processing, Vol. 3, pp. 655–
658, 1998.


