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ACOUSTIC FEATURES OF THE FUNDAMENTAL FREQUENCY CONTOURS
OF DECLARATIVE SENTENCES IN JAPANESE
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ABSTRACT

For the purpose of elucidating the relationship between the sentence
Py ~contour and the linguistic and non-linguistic information, an attempt
was made to extend the model for the word Fy-contour already published
by the authors to the sentence Fp-contour. The extended model is based
on the formulation of the process whereby the logarithmic fundamental
frequency is controlled in proportion to the sum of two components corre-
sponding respectively to the effects of voicing and accent; Fundamental
frequencies were extracted from utterances of various declarative sen-
tences, and the Fy-contours were used to test the validity of the model,
The model's parameters were determined to give the best approximation to
an observed Fy-contour on the basis of the mean squared error. The
model's validity was demonstrated by its ability of closely approximating
observed Fp-contours, The extracted parameters were found to be closely
related to linguistic factors and factors constituting the naturalness of
speech, and thus provide a means for generating natural Fp-contours from
a small set of parameters and rules for synthesis,

1, Introduction

The contour of the voice fundamental frequency (henceforth Fg-
contour) plays an important role not only in the transmission of linguistic
information concerning word meaning and sentence structure, but also in
the transmission of non-linguistic information such as naturalness, emo-
tion, and speaker idiosyncrasy.

Because of the difficulty in the accurate analysis and the quantitative
description of the characteristics of the Fjy-contour, which is usually a
quasi-continuous curve with rather complex undulations, the relationships
between the acoustic characteristics and the linguistic and non-linguistic
information are not always clear. The elucidation of these relationships
requires firstly the selection of characteristic parameters that are capable
of describing the essential features of an Fgp-contour, and secondly a
method for extracting thése parameters from an observed Fp-contour., In
other words, an analytical formulation (i.e., a model) of the control pro-
cess of the fundamental frequency is indispensable for the quantitative
analysis and linguistic interpretation of the Fg -contour characteristics,

It is of course widely recognized that Fj-contours of words and
sentences are generally characterized by a gradual declination from the
onset toward the end of an utterance, superposed by local humps corre-
sponding to word accent as well as those corresponding to such intonational
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factors as interrogation and emphasis. Careful observation of these con-
tours reveals that Fg-contours of the same linguistic expression uttered by
a number of speakers with different voice pitches are almost similar when
plotted on the logarithmic scale of the fundamental frequency as functions
of time !, and that Fp-contours of different linguistic expressions uttered
by the same speaker possess more or less the same baseline which drops
rather steeply at the beginning and then gradually tends to an asymptotic
value. The humps of the Fyp-contour are also found to rise and fall smooth-
ly, and the magnitude of a hump corresponding to a prosodic element, say
a word with a certain accent type in Japanese, expressed by the percentage
increase in Fy from its baseline value, remains nearly the same regard-
less of its position within a sentence,

Most of the models that have been proposed for the analysis and
interpretation of Fp-contour characteristics, however, are based on a
rather crude piecewise-linear approximation of an Fgp~contour on the linear
scale of the fundamental frequency, i.e., on a combination of a straight,
declining base line and humps of rectangular, trapezoidal, or triangular
shapes corresponding to various prosodic elements 2-17,

In view of the fact that a piecewise-linear function can yield a rea-
sonable approximation to any continuous curve, ‘it is not surprising that a
fair degree of naturalness can be obtained in speech synthesis by specifying
only one Fp value for each mora and by constructing a piecewise-linear
contour connecting these values 5-6, Although such a simplification may
seem to provide an apparent advantage, the advantage is more than offset
by the complexity of the rules for generating close approximations to
observed Fg-contours, and by the lack of clear and simple correspondence
between the characteristics of such crude approximations and the underly-
ing prosodic elements, For example, it is often claimed under the assump-
tion of the existence of such linear declination, that the rate of declination
varies with the sentence length 6-8, and therefore the speaker must be pro-
vided with a "look-ahead' mechanism to control the rate in accordance
with the length of an utterance yet to be produced 8. Likewise, the magni-
tude of the hump corresponding to the same presodic element does not
remain constant when it is expressed by the absolute value, but varies with
its position in a sentence. The simplicity and the generality of rules for
Fg-contour synthesis thus depend strongly on the accuracy of the model in
describing the essential characteristics.

It was from this point of view that a functional model was proposed
for generating Fj-contours of various word-accent types in the Tokyo and
the Osaka dialects of Japanese, and was demonstrated to be capable of pro-
ducing close approximations to these contours from binary commands for
voicing and accent 9-11, Some of the model's parameters were found to
correspond to linguistic information on the word accent types, while the
other parameters were found to be characteristic of the Fy control mecha-
nism of the individual speakers. The model also proved to be valid for
disyllabic words of English 12, 13, A preliminary effort was made to
extend the model to Fy-contours of spoken Japanese sentences, showing
that at least two additional intonational factors, i.e., those of interrogation
and emphasis, had to be incorporated into the model 14,

Based on the results of these preliminary studies, the present report
describes an improved formulation of Fy-contours of simple declarative
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sentences of Japanese, and presents a quantitative analysis of the relation-
ship between the sentence length and the declination of the Fg-contours, as
well as an analysis of the variations in the characteristics of humps corre-
sponding to various prosodic elements found within an utterance,

2. Speech Materials

Considering the aforementioned factors, the selection of the utter-
ances for this study observed the following conditions,

(1) The utterances to be analyzed present a continuous Fp-contours and the
fundamental frequencies are easily extracted.

(2) The sample sentences possess various lengths,
(3) The same words appear in different positions of the sentences,

Table 1 shows the list of ten sentences selected for the present analysis,
The sample sentences contain only the voiced segments, ranging in length
from 8 to 24 morae, A male Japanese speaker of the Tokyo dialect read
the list naturally without respiratory pauses for each sentence and the
readings were recorded on an audio tape. The list of 10 sentences were
read five times, but the first reading was excluded from the analysis, The
speech materials were sampled at 10 kHz, quantized with 10 bit accuracy
and stored in a magnetic tape memory., A detailed analysis was made on
the readings of sentences 1, 2 and 8 of Table 1.

Table 1. List of sentences adopted for the analysis
of Fp-contours,

Number Phonemic transcription Number of morae
1 /aoinoewaaru/ 8
2 /aoiaoinoewaaru/ 11
3 /aoinoewaieniaru/ 11
4 /anoaoiaoinoewaaru/ 13
5 /aoiaoinoewaieniaru/ 14
6 /aoinoewd jamanouenoieniaru/ 17
7 /aociaoinoewauenoieniaru/ 17
8 /aoiaoinoewajamanouenoieniaru/ 20
9 /ancaociaoinoewajamanouenoieniaru/ 22
10 /anocaociaoinoewaanojamanouenocieniaru/ 24

3. Analysis of Sentence Fg-contour
3.1 Modelof the sentence Fj-contour generation

Through the preliminary analysis of the extracted sentence Fp-con-
tours, it became clear to us that, similar to the word Fg-contour, the
sentence Fg-contours can be decomposed into two types of components,
viz., into the voicing and accent components, They correspond to the
gradual decay and the local humps of the Fy-contour, respectively. In
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order to formulate the process of sentence Fy-contour generation, we made
three assumptions.

(1) Commands for voicing and accent take the form of step function,

(2) Separate mechanisms exist for voicing and accent, which can be
approximated by linear systems that convert these commands into their
respective control signals.

(3) These control signals are combined and applied to the mechanism of
glottal oscillation, whose fundamental frequency is an exponential
function of the control signal.

The model of sentence Fy-contour generation based on the above assump -
tions is illustrated schematically in Fig.1. Note that the number of the
voicing commands and the number of the accent commands are not limited
to one, which differs from the case of word Fg-contours. By representing
the amplitudes of the i-th voicing and the j-th accent command as Ay; and
Ag; . respectively, the output fundamental frequency Fy(t) as a function of
time ¢t is given by

111“70“}) /Fvﬁin] = I_}i Ay; {GV;(t‘To,') - GV,-(t-T:;,')}
J
+I'2=:l Aaj {Gaj(t—le) —Gaj(t—sz)} . (1)

where Fmin is the lowest frequency of the vocal chord vibration; Iand J
are the number of voicing and accent commands, respectively; Ty, is the
onset time (in sec) and T3; is the offset time of the 7-th voicing command;
Ty; is the onset time and T; is the offset time of the j-th accent command,
In accordance with the word Fyp-contour, Gv; and Gg; in equation (1) can be
approximated by the following step response functions of the critically
damped linear system of the second order:

Gv; (t) =q; texp(-a; t) ult), (2)
Ga; (t)={1- (1+ 8; t) exp(-8; )} u(t), (3)

where u(t) is the unit step function. In the absence of respiratory pauses
within a spoken sentence, the offset time Tj3; for all the voicing commands
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Fig.1. A functional model for theprocess of generating
a Sentence Fp-contour.
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are assumed to be identical for all ¢'s within an utterance. On the other
hand, the following restriction is introduced on the timing of the accent
commands,

T3i<Thju, (4)

in order to avoid the overlap between accent components.

3.2 Method of analysis

The Fg-contour analysis involves the extraction of fundamental
frequency followed by the feature extraction of Fy-contour. The fundamen-
tal periods are detected pitch synchronously by the method based on the
short-term autocorrelation analysis and the peak detection. 15, These
fundamental periods are converted to fundamental frequencies, which are
further interpolated to produce Fy-contours uniformly sampled. at intervals
of 12.8 msec., The parameters of the above-mentioned model are deter-
mined by minimizing the mean squared error between the extracted Fy-
contour and that of the model in logarithmic scale. The minimization pro-
cess utilizes the method of Analysis-by-Synthesis, and is conducted as
follows 10, First, the number of voicing commands I and that of the
accent commands J for the sample are determined by the preliminary ob-
servation of the extracted Fj-contour. Second, the point of minimun
mean squared error is sought using the computer in the 4 (I+J)+1 dimen-
sional space, composed of the parameters for the voicing, viz., Ty, T3;,
Av;, «;, the parameters for the accent, viz., le , T2;, Agj, 8j, and the
lowest frequency of vocal chord vibration Fmin. The optimal values of
these parameters are defined as the characteristic values of the observed
Fg-contour, The initial values and the intervals of the parameters for the
search are given manually to the computer. An appropriate selection of
the initial values is important for an efficient search, The intervals used
in the present analysis are 2 Hz for Fnin, 0.01 sec for Tg, T3, Ty, T3,

0.05 for Ay, 0.02 for Ag, 0.2 sec-! for a, and 0.5 sec-! for 8.

3.3 Results of analysis

In Fig, 2 the extracted logarithmic fundamental frequencies (indicated
by ''0") and the best approximations by the model (solid lines) are shown for
the samples: (a) sentence 1 (8 morae), (b) sentence 2 (11 morae), and
(c), (d) sentence 8 (20 morae) listed in Table 1. For ease of exposition,
the extracted fundamental frequencies are shown with intervals of 38.4
msec in the figure. The number of voicing commands I and that of
accent commands J for Fig, 2 (a) through (d) are ( I =1, J=2), ( I =1, J=3),
(I=1, J=4), and (I=2, J=4), respectively.

When the number of voicing commands I is assumed to be one, the
discrepancy between the observed Fg-contour and its best approximation by
this model is very small in the case of sentences 1 and 2 as shown in Fig, 2
(a) and (b), but is large especially in the latter half of sentence 8 as shown
in Fig. 2(c). On the other hand, if I is assumed to be 2, the matching in
sentence 8 between the observed contour and the approximation becomes as
close as those in sentences 1 and 2 as shown in Fig, 2(d), Consequently, the
number of voicing commands for the samples of sentence 8 must be two,
although the sentence was read in one breath., This fact implies that each
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voicing command does .not necessarily correspond to a breath group but,
instead, closely correlates with the syntactic structure of the sentence.
The seemingly slow declinations observed in long sentences can be ascribed
to the existence of such ''re-voicng' within a sentence as exemplified
above, in addition to the exponential decay in the voicing component,

The close agreement between the abserved Fy-contours and the best
approximations, shown in Fig. 2(a), (b) and (d) confirms the validity of the
model, and indicates that the parameters of the model determined by the
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method mentioned in section 3.2 can represent the precise characteristics
of the sentence Fp-contour. The values of the parameters of the best
approximations are listed in Table 2.

Table 2. Parameters of sentence Fp-contours extracted by
Analysis-by-Synthesis without constraints,

Sentence | Fnin | i : To T3 Av a |3 : 7, T, 4a 8
{Hz) ! (sec) (sec) (sec™!) l (sec) (sec) (sec™ )
Ex. (1) 83 1{ -0.21 1.01 1.18 3.3 |1 { 0.13 0.64 0.46 20.5
8 morae | 2| 0.71 0.99 0.13 20.8
Il 1
] T
84 | 11-0.21 1.42 1.20 3.6 |11 0.08 0.27 0.54 21.2
Ex.(2) i | , ,
11 morae | 2 0.51 1.00 0.49 20.5
: 3 } 1,02 1.34 0,20 20.0
76 1: -0.13  2.90 1.55 3.4 |1 : 0.15 0.34 0.64 20,0
Ex. (8) 21 1.19 2.90 0.80 4.2 |2 : 0.59 1.15 0.24 23.5
20 morae { 34 1.44 2.40 0.54 21.5
; 4 : 2.44 2,84 0.24 30.5

4. Characteristics of Sentence Fy-contour

The analysis of Fg-contours in the preceding section was conducted
without any constraints on the values of various parameters characterizing
the voicing and accent components of a sentence, It is, however, natural
to assume that some of the parameters, i.e., such as those characterizing
the speaker's physiological mechanism, may not vary over a wide range
but remain rather constant within a sentence or even across sentences.

On the other hand, parameters conveying linguistic information are ex-
pected to vary over a wide range depending on the information content of
each element. It is also expected that the distribution of values of the
latter parameters may not be unimodal but may rather be multimodal,
reflecting the discrete nature of the linguistic code.

Among the parameters characterizing the accent component, B8;
represents the response rate of the glottal control mechanism to an accent
command, so that its value remains rather constant, as shown in Table 1,
On the other hand, the magnitude Aqg; of the accent command is seen to be
distributed over two distinct ranges of values! one from 0,46 to 0.62, and
the other from 0,15 to 0.24. These results suggest that the approximation
by the present model to an Fy-contour may not be seriously impaired by
constraining all the B;'s to be equal, and by allowing only two valies for
the Ag;'s. As for the voicing components, their overall characteristics
are naturally expected to be similar, if not equal in magnitude, when there
are two or more voicing components in a sentence. Hence the value of q;
may also be constrained to be equal without seriously impairing the
approximation by the model.

Figure 3 compares the results of Analysis-by-Synthesis of the P,-
contour of one utterance sample of sentence 8 ''faciacinoewajamanoueno-
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ieniaru/, " obtained with various constraints, Figure 3(a) shows the
result obtained without any constraints, Fig. 3(b) shows the result obtained
when all the 8j's are constrained to be equal, Fig, 3(c) shows the results
obtained with an additional constrant on Ag;, viz., all the 4g;'s being con-
strained to take either one of two values, and Fig. 3(d) shows the results
obtained with still another constraint on q;, viz., the two a;'s being con-
strained to be equal, These results indicate the validity of the present
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formulation in obtaining simple yet accurate rules for generating realistic
Fg-contours of sentences, The values of the parameters for sentences
1. 2 and 8 obtained under the same condition as in Fig. 3 (d) are listed in

Table 3.

Table 3. Parameters of sentence Fg-contours extracted by
Analysis-by-Synthesis with constraints on «, 8 and Aq.

Sentence | Fpin | i : To Ty Av a 3j : T Ty Aa B
(Hz) ! (sec) (sec) {sec™ ! (sec) (sec) {sec™))
Ex. (1) 83 1: -0.22 1.01 1.18 3.3 1: 0.12 0.64 0.46 20.3
8 morae | 2] 0.72 0.99 0.15 20.3

— - i
g4 | 11 -0.21 1.42 1,20 3.6 |11 0.07 0.28 0.50 20.8
Ex. (2) I | ;

11 morae i 2| 0.51 1.00 0.50 20.8
; 3 { 1.02 1,34 0.20 20.8
76 1{‘-0.17 2.90 1.55 3.0 |1 : 0.15 0.36 0.52 24.0
Ex. (8) 21 1.10 2.90 0.65 3.0 |21 0.61 1.08 0.22 24.0
20 morae : 3 { 1.43  2.39  0.52  24.0
: 4 } 2.39  2.84 0,22 24.0

The relationships between the sentence length and the parameters
a, B are shown in Fig. 4, where the ordinate indicates the values of a and
B obtained under the same condition as in Fig, 3(d), and the abscissa
indicates the sentence length represented in terms of the number of morae
n within.a sentence. The influence of nupon o and B are seen to be mini-
mal. The constancy of o indicates that the shape of the natural declination
in the fundamental frequency is almost independent of the sentence length
within our formulation. As mentioned in Section 3. 3, the apparent slow
declination in longer sentences can be well explained within our hypothesis
of "re-voicing., " The relationships between the sentece length and the
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amplitude parameters of voicing Av or of accent Ag are shown in Fig. 5,
indicating that the influence of n upon these parameters is also negligible,
The ratio of the two values determined for the amplitude of the accent
commands also does not vary appreciably with n, suggesting that the
amplitude is controlled in a binary way to show the presence/absence of
emphasis, at least as far as the speech samples for the present study are
concerned.

5. Conclusion

In order to elucidate the essential characteristics of the sentence Fy-
contour in Japanese, and to establish simple and universal rules for the
synthesis of Fp-contour of speech, an attempt was made to extend the
model of the word Fy-contour already proposed and validated in formula-
ting the characteristics of Fg-contours of both Japanese and English words.
The present model is based on the formulation of the Fy-contour on the
logarithmic frequency scale, and allows for the existence of one or more
voicing and accent commands within a sentnece, The model's validity was
tested by an analysis of Fg-contours of various declarative sentences of
Japanese, It was shown that the characteristics of the sentence Fy~contour
can be represented by a rather small number of parameters, and, con-
versely, that the sentence Fp-contour can be reproduced with high accur-
acy from these parameters, Within our formulation, it was shown that the
shape of the voicing component, responsible for the natural declination of
the Fp-contour, does not fluctuate appreciably with the sentence length, and
that the amplitude of the accent command can be constrained to have only
one of two values, corresponding to the presence/absence of emphasis.
These results lead to simple and accurate rules for describing as well as
for reproducing the essential characteristics of Fy-contours of declarative
sentences in Japanese. Further investigations are necessary, however, on
the effects of syntax, speech rate, and speaker idiosyncracies, using a
larger number of utterance samples than in the present study.
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