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ABSTRACT knowledge of the linguistic content of the utterance and the
The process of generating @& contour from a small knowledge on the general characteristics offgncontour.

number of linguistically meaningful parameters, has beel? the _present paper, we propose a met_hod for _auto_m_atlc
modeled quite accurately, and the model has been us_gétractlon of theFy contour parameters using the linguistic

extensively in speech synthesis. The present study dea]gormatipn of the qtterance t.o derive a 9°9d first-order ap-
with the inverse problem, i.e., that of extracting the moddproximation, which is then refined by Analysis-by-Synthesis.

parameters from a given contour, which can only be solved 2. A FUNCTIONAL MODEL FOR THE

by successive approximation. This paper presents a method
for deriving a first-order approximation to a givép contour PROCESS OF GENERATION OF THE Fo

from the linguistic information of the utterance, and refining CONTOUR OF AN UTTERANCE OF
the approximation by Analysis-by-Synthesis. The validity of JAPANESE

the method has been confirmed experimentally. The F, contour of an utterance of Japanese can be

1. INTRODUCTION rggargled as the response of the_mechanism of v.ocal cord
) vibration to a set of commands which carry information con-
_ Prosody of the spoken language plays important roles, ing jexical word accent, syntactic and discourse struc-
In conveying various types _Of mfo_rn_@tlon, and is therefor o5 of the ytterance. Two different kinds of command have
quite important both for the intelligibility and naturalness ofj)oep, foynd to be necessary to account for the formation of an
speech. I_n many Iangua_ges m_cludmg Japane_se and Ch'neﬁ(?contour of an utterance of the common Japanese; one is an
the most important manifestation of prosody is known to bffnpulse-like command for the onset of relatively slow rise-

the contour of the voice fundamental frequency (hencefortf), pattern of the fundamental frequency over a time span
the Fy contour). , roughly corresponding to a syntactic phrase, while the other

. The relajuonshlp betweeq mf% contour and t_he under- s o stepwise command for the onset and end of a relatively
lying mformatlon_can be quantitatively analy_zed ifwe have ?apid rise-fall pattern of the fundamental frequency over a
model that describes the process of generatidf@ontours  ime snan corresponding to the accented mora or morae of
In mathemgucal terms. Suc_:.h a.model .has been pre_sentgqNord or a string of words. Consequences of these two
and ex.tenswely used. by Fujisaki and his coworkers in th@/pes of command have been shown to appear as the phrase
analysis and synthesis df contours of Japanese, as We"component and the accent component, each being approxi-
as of several other Ian.guages [1]. The model can genergig, by the response of a second-order linear system to the
very close approximations to the actugy contours from respective commands. If we representEncontour as a

two kinds of commands. Since these commands direCtiy,yorn of the logarithm of the fundamental frequency along

correspond to phrasing and accentuation, the model provid&% time axis, it can be approximated by the sum of these

a powerful tool not only for synthesis of natural SpeeChcomponents. The entire process of generatingacontour

but also for finding the location of pitch accents and phrasgf a sentence can thus be modeled by the block diagram of
boundaries in automatic speech recognition. ;

The extraction of these underlying commands from ar'fIg
observedFy contour is an inverse problem for the generative )
model. Since it cannot be solved analytically, the solution has
to be obtained by Analysis-by-Synthgsis, i.ye., by successive In Fo(t) = In Fb + Z ApiGp(t — To:)
approximation. For the purpose of computational efficiency, 7 = (1)
it is quite important to find an appropriate first-order approx- + Z Aa;{Ga(t — Tyj) — Ga(t — Ty))},
imation. Finding such an approximation requires both the =1

1.
In this model, thefy contour can be expressed by



Ap, PHRASE COMMANDS Gp(t)
T T PHRASE PHRASE In Fy(t)
t © ot CONTROL | COMPONENTS
To Te | MECHANISM /ﬁ\[\j,[u\_
GLOTTAL t
Aa, ACCENT COMMANDS Ga(t) OSCILLATION f———
I ACCENT MECHANISM FUNDAMENTAL
C1 Lt CONTROL FREQUENCY
W L, LL MECHANISM|ACCENT CONTOUR
COMPONENTS

Figure 1: Block diagram of a functional model for the process of generatinggheontour of an utterance.

where 3. AUTOMATIC EXTRACTION OF F o

Gp(t) = { o?texp(—at), 120 o CONTOUR PARAMETERS
> <o 3.1. The problem and previous approaches

) Because of the physiological and physical foundations
Galt) = { min[1 = (1+ 5t)exp(=f5t),7], £=20, 3 of the model just mentioned, and of its capability of generat-
0, t <0, ing extremely close approximations to obser¥gdontours,
respectively indicate the impulse response function of thene can say that the parameters of the model giving the
phrase control mechanism and the step response functionabddsest approximation to a givef, contour is actually the
the accent control mechanism. The symbols in Eqgs. (1), (arameters of the observeg contour itself. Hence the
and (3) indicate model can be used for the automatic extractiofgpEontour
Fb: asymptotic value of fundamental frequency in the abparameters.
sence of accent components number of phrase commands, It does not mean, however, that the extraction is simple
J: number of accent commanddp;: magnitude of the ith and straightforward, nor that the uniqueness of results is
phrase commandia;: amplitude of the jth accent command,guaranteed. In fact, the model is a formulation of the process
To;: timing of the ith phrase commandy;: onset of the jth  of generating arkp contour from a set of parameters. Hence
accent commandl;: end of the jth accent command,; the process of obtaining a set of parameters from a ghgen
natural angular frequency of the phrase control mechaniscontour is aninverseproblem. Inverse problems involving
to the phrase commands, natural angular frequency of the complex relations such as Eq. (1) can only be solved by
accent control mechanism to the accent commanda,pa- successive approximation, i.e., by starting from a first-order
rameter to indicate the ceiling level of the accent componeapproximation and successively refining the approximation
(generally set equal to 0.9). until it converges. Due to the multi-dimensionality of the
By the technique of Analysis-by-Synthesis, it is posparameter space, an exhaustive search for an optimum solu-
sible to decompose a giver, contour into its constituents, tion is impossible, so that only a small portion of the space
i.e., the phrase components and the accent components, ahduld actually be examined. On the other hand, an exces-
estimate the magnitude and timing of their underlying comsive limitation of the search space may always increase the
mands by deconvolution. Analysis &f contours of a large danger of being trapped at a local optimum. The problem
number of Japanese utterances has indicated that the maddlrther complicated by the presence of measurement noise
is always capable of generating, from a small number afs well as factors that are not accounted for in the model's
linguistically meaningful parameters, very close approximaformulation. In order to assure the accuracy and efficiency of
tions to observed contours [2]. It has also been shownautomatic extraction, therefore, we need a reasonable first-
that the model can be modified to apply ¢ contours order approximation that is close to the true optimum, and an
of a number of other languages including Chinese [3], Erefficient algorithm for successive approximation.
glish [4], German [5], Spanish [6], and Swedish [7]. In fact, There have been a few attempts toward automatic ex-
a specific modification of the model to apply fBg contours traction of Fpy contour parameters using the above-mentioned
of a particular language reveals the language-specific chanodel. Fujisaki and his coworkers have proposed a method
acteristics and constraints of the prosody of that languagesing the derivative of thé{ contour to obtain first-order
while the unchanged properties of the model correspond &pproximations for the timing and magnitude of the accent
characteristics common to speakers of various languages.cimmands, subtracting the corresponding accent compo-
has further been shown that the model actually represents thents from the contour, and then estimating the timing and
mathematical formulation of the dynamic characteristics ahagnitude of the phrase commands. These first-order ap-
the physiological and physical mechanisms of the larynx [8proximations are then refined by recursive optimization [9].

and



Onthe other hand, Geoffrois has presented a method basedhd. Experiment and results

recursive optimization followed by prosodic event detection The speech material is a set of utterance of declarative

by incrementing the analysis interval from the onset towardentences of the common Japanese uttered by two native male

the end of an utterance [10]. speakers. Each speech sample was digitized at 10 kHz with

These two methods rely solely on the informatiornl2-bit precision. Thég contour was extracted by a modified

contained in theFp contour. Both the accuracy and theautocorrelation analysis, while segmental boundaries were

efficiency will be much higher, however, if the linguistic marked automatically using the short-time average intensity,

content of the utterance is known and can be used to generatzo-crossing counts and the spectrum.

the first-order approximation. Figure 3 shows an example of the analysis results
for an utterance of /aoiaocinoewa jamanouenoienniaru/ (The

3.2. The proposed method picture of a blue hollyhock is in a house on the top of the

Here we propose a new method for parameter extractionrq10untam')' In both panels (a) and (b), theymbols indicate

. . . o measuredfy values, the curve in a solid line indicates a
of Fy contours using information on the linguistic Comemmodel- enerated contour. and the curve in a broken line
of the utterance, which may either be given by a text, or . 9 0 ’

indicates the phrase components. The panels also show

_by agtomatic speegh recognition. AIthoygh the method “Ae phrase and accent commands for the model-generated
in principle be applied to any language in which systematlcomour_ Panel (a) shows the comparison of the measured

correspondence exists between the linguistic content and t N . . .
P 9 contour and its first-order approximation given by the

fgp;?]rg::r, we shall describe the method in the case %f(r)oposed method, and indicates that the method can produce

Figure 2 illustrates the principle of the proposecf first-order approximation which is already quite close to

. . he given contour in its essential characteristics. Panel (b)
method.  The speech signal is analyzed to produce boskﬁows the comparison of the measu#gdcontour with the
segmental boundaries and thg contour, while the corre- . pars S

. . - final result of recursive optimization of model parameters by
sponding text is used as the input to a text-to-speech syst

. . nalysis-by-Synthesis, and indicates that the approximation
which generates segmental boundaries Bpdontour com- ) )
. . is almost perfect. Thus the model’'s parameters in panel (b)
mands for the message. After time alignment of the synthetic . .
X - an be considered as those of the acthialcontour itself.
parameters with the observed segmental boundaries of S .
: ﬁe validity of the proposed method has been confirmed by
speech signal, the phrase and accent commands generz%lal sis of a NUMber of utterances
ed by the text-to-speech system are used as the first-ord&rY )
approximation to those of the observéy contour. Re-
cursive optimization of the parameters of these commands 4. SUMMARY AND CONCLUSION
and other parameters such@sg and F'b are conducted by In this paper we have described a new method for
Analysis-by-Synthesis of thEp contour, i.e., by minimizing automatic extraction of the parametersHgfcontours which
the mean squared error between the obsefgembntour and utilizes the linguistic information of the utterance to be an-
the model-generated contour on the logarithmic scal&,of alyzed. Experimental results of analysis of a number of an
The text-to-speech system consists of four processing contour have shown that the method can always produce
stages: 1) linguistic processing, 2) phonological processing,good first-order approximation which, after recursive opti-
3) control parameter generation, and 4) speech waveformization, gives quite accurate values for the parameters of a
generation. Since the system is described in detail elsgiven Fy contour. Thus the method is especially useful for
where [11], we will not give the details. The present methodutomatic prosodic parameterization and labeling of a speech
utilizes the first three stages to obtain information both onorpora for which linguistic transcription is given. Even in
time alignment and on commands fi§ contour generation. cases where the linguistic content is not available, the method
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Figure 2: Block diagram of a method for automatic extractionfgfcontour parameters of speech using the corresponding
text.
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Figure 3: An example of automatic extraction dfy contour parameters from an utterance of the Japanese sentence

/aoiaoinoewa jamanouenoieniaru/. (a) First-order approximation derived from the linguistic information of the utterance.

(b) Final result of Analysis-by-Synthesis, yielding an almost perfect approximation to the Biveontour. Details in the

text.

will be useful when we combine it with a reliable method for 6.
automatic speech recognition. Work is under way to extend

the method to these cases, as well as to larger speech material
with greater variety. £
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