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ABSTRACT

Following a review of various approaches to the mod-
eling of Fy contours and a brief description of the authors’
model that has been successfully applied to the analysis of
Fy contours of Japanese and several other languages, an
experiment is described on the application of the model
to the analysis of Fy contours of a corpus of 200 English
declarative sentences uttered by four native speakers of
British English. The results confirmed the model’s appli-
cability to British English, at least as far as the present
material is concerned, but revealed a considerable amount
of individual differences in the patterns of phrasing and
accentuation. The implication of the results on the rela-
tionship of prosody and syntax is also discussed.

1. INTRODUCTION

It is widely recognized that the contour of the funda-
mental frequency of voice (henceforth the Fy contour),
along with the intensity and the duration of various speech
units, plays an important role in conveying prosodic infor-
mation, i.e., the information concerning the organization
and interrelation of various linguistic units that constitute
a spoken message, as well as the para- and non-linguistic
information concerning the intention, attitude, style, phys-
ical and emotional states of the speaker [1]. In the present
study, however, we will deal only with the linguistic in-
formation. While the linguistic information is primarily
symbolic and thus discrete in nature, the observed Fy
contour of an utterance used for its expression is essen-
tially continuous in nature, being a continuous function of
time except for certain interruptions due to the absence of
phonation at voiceless consonants and pauses.

Because of this intrinsic difference in their nature, it
has been a difficult problem to find an exact relationship
between the two; to start with the linguistic units and
structures of a message and try to detect the corresponding
features of the Fy contour, or to start with the Fy contour
of an utterance and try to infer the underlying units and
structures of the message. The problem can be solved
if we have sufficient knowledge on the mechanisms and
processes responsible for generating the Fy contour from
the underlying units and structures. Such knowledge,
stated as a quantitative model, would allow us not only to
infer the underlying information from a given Fy contour,
but also to synthesize an appropriate F contour from the
linguistic information of a given message.

On the basis of these considerations, Fujisaki and his
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coworkers have presented a quantitative model for the
mechanisms and processes involved in the generation of
the Fy contour {2,3]. The validity and utility of such a
model have been demonstrated at first for the analysis and
synthesis of Fy contours of words and sentences of the
common Japanese, and have since been extended to the
analysis and synthesis of Fy contours of other dialects of
Japanese as well as of several other languages including
Chinese, German, Spanish, and Swedish [4—7]. These
studies have revealed that the major features of the original
model for the Fy contours of the common Japanese are
valid for those of other dialects and languages, but certain
modifications and elaborations need to be introduced to
represent those features that are specific to certain dialects
and languages.

The present paper describes the method and results of
a preliminary study on the analysis and interpretation of
the Fy contours of spoken English, based on the approach
that has been proved to be successful for the Fy contours
of Japanese and other languages.

2. CONVENTIONAL MODELS AND
INTERPRETATIONS OF F; CONTOURS

Existing approaches to the interpretation of Fy con-
tours may be classified into two broad categories. One is
the so-called “superpositional approach,” which regards
an Fy contour as consisting of two different types of com-
ponents: local rise/fall components which are more or less
related to accented syllables, and global (rise and) decay
components which are related to linguistic units of larger
size, such as phrases, clauses, or sentences. Models in
this category are based on quantitative observations of the
Fy contour, and thus may be called ‘phonetics-oriented,’
but they differ from each other in sophistication: some
adopt a linear scale while others adopt a logarithmic (or
equivalently a semitone) scale, and some use a linear de-
cay while others use decaying functions of more complex
shapes.

The other is the so-called “linear approach,” which
regards an Fy contour as a linear succession of high or low
tones, each corresponding to a local specification of Fy
values. Models in this category are based on rather qual-
itative observations of the distinctive and salient features
of the Fy contour and thus may be called ‘phonology-
oriented.” However, a closer examination of the so-called
linear approach indicates that it also assumes the existence
of other factors such as pitch ranges and downsteps which
have influences on the global shape of the Fy contour,
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Fig. 1. A quantitative model of the process of Fy contour generation for J apanese, German and Spanish.

so that the overall Fy contour can be regarded also as
the result of superposition of local and global factors. In
this sense, the above-mentioned classification is some-
what misleading. To the present authors, the difference
between the two approaches seems to reside in whether or
not they provide explicit and quantitative representations
for the global factors. Various conventional approaches
differ mainly in the sophistication of mathematical and
quantitative expressions for the local and global factors
and in the manner in which they are combined to constitute
the entire contour.

Our previous studies on Fy contours of Japanese,
German and Spanish indicate that the Fy contour, when
plotted on the logarithmic frequency scale as a function
of time, can be very closely approximated as the sum
of global components (henceforth phrase components)
which initially rise and then gradually decay to approach
zero, and positive local components (henceforth accent
components) which occur at accented syllables or morae
but may be concatenated over a succession of syllables to
form a plateau-like pattern.

Figure 1 shows the configuration of the model that have
been proved to be valid for F; contours of these languages.
The phrase commands are assumed to be impulses applied
to the phrase control mechanism to generate the phrase
components, while the accent commands are assumed
to be positive stepwise functions applied to the accent
control mechanism to generate the accent components.
Both mechanisms are assumed to be critically damped
second-order linear systems, and the sum of their outputs,
ie., the phrase components and accent components, is
superposed on a baseline value (In Fb) to form an F
contour, as given by the following equation:

I
In Fo(t) =InFb+ ZAPiGP(t — To,‘)

The symbols in these equations indicate

Fb : asymptotic value of fundamental frequency,

I : number of phrase commands,

J : number of accent commands,

Ap; : magnitude of the ith phrase command,

Aa;: amplitude of the jth accent command,

Toy; : timing of the ith phrase command,

Ty; : onset of the jth accent command,

T3; : end of the jth accent command,

« : natural frequency of the phrase control mechanism,
B : natural frequency of the accent control mechanism,
v : relative ceiling level of accent components.

The parameters o and § are assumed to be constant at
least within an utterance, while the parameter 7 is set equal
to 0.9. It has been shown that the ability of the model
to produce vary accurate approximations to observed Fy
contours has its basis in the physiological and physical
mechanisms of the larynx [8].

3. ANALYSIS-BY-SYNTHESIS OF F; CONTOURS
OF ENGLISH UTTERANCES

3.1 Speech Material

Although earlier works by Fujisaki et al. [9, 10]
demonstrated the validity of the model for a limited num-
ber of dissyllabic words and short sentences of English,
we intended to test the model’s applicability to a much
larger number of utterances differing in linguistic contents
and in speakers.

The speech material consists of recordings of 200
phonetically-balanced declarative sentences of English
read by four native speakers of British English (two males
and two females). Although the text is not selected for
the study of prosody, these sentences have wide variety
of syntactic structures. The speech signal was digitized
at 10 kHz with 16 bits. Fundamental frequencies were

;g = 9] extracted at every 10 ms by a modified autocorrelation
+Z Aa;[Ga(t — Tyj) — Galt — Ty))], analysis of the LPC residual.
J=1 3.2 Analysis Procedure
The validity of the proposed model can be tested by
= 2 -
Go(t) {:g texp(—at), iglr. : E g’ )] Analysis-by-Synthesis, i.e., by constructing the best ap-

=min[l — (1 + fBt)exp(—pt), 7], fort >0,
Ga() {= 0, for ¢ <0, %)

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.
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proximation to an observed Fy contour, and by examining
the closeness of the approximation. The optimization
is carried out by minimizing the mean squared error in
the In Fy(t) domain through a hill-climbing search in the
space of model parameters. This allows one to decompose
a given F; contour into its constituent components, and to
estimate their underlying commands by deconvolution.
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3.3 Experimental Results and Discussion

Figure 2 illustrates the results of Fy contour analysis
of the sentence “We have proof that the regime wields
sufficient power in the North to exploit the entire pop-
ulation.” uttered by two male speakers (M; and M;)
and two female speakers (F, and F,;). Each panel dis-
plays, from top to bottom, the speech wave, measured
Fy values (4 symbols), the best approximation by the
model (solid line), the baseline frequency (dotted line),
the phrase commands (impulses), and the accent com-

mands (stepwise functions). The broken lines indicate the
phrase components wherever they differ from the model’s
approximation, and the differences between the solid line
and the broken lines indicate the accent components. As
shown by all the four panels, the model is capable of
producing very close approximations to the measured Fp
contours, and the commands and resulting components
clearly indicate the timing and the magnitude of both
phrasing and accentuation, including the complete lack of
accentuation on certain syllables.
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Fig.2. Four examples of the results of Fy contour analysis of the sentence “We have proof that the regime wields
sufficient power in the North to exploit the entire population.” (a) Speaker M; (male), (b) speaker M, (male),

(c) speaker F; (female), (d) speaker F; (female).
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At a first thought it may seem strange that the same
model should apply equally well to both Japanese and En-
glish, two languages that are prosodically quite different.
Since the model captures the dynamic characteristics of
the mechanism of Fj control, however, it simply indicates
that the characteristics are not much different between
speakers of the two languages. It also tells us that major
differences between the two languages reside in the man-
ner of Fy control as indicated by the timing and magnitude
of the commands that are applied to the model.

Comparison of the four panels also indicates the exis-
tence of a considerable amount of individual differences
both in phrasing and in accentuation. For instance, the
number of prosodic phrases are much smaller in the ut-
terances of Speakers M; and F, (3 for M, and 4 for F;)
than in those of Speakers M, and F, (6 for both M, and
F,. This does not seem to be related to differences in
the speech rate nor in the gender, but seems to be related
to the habit and style of speaking. However, utterances
of all four speakers are in agreement in that the phrasing
occurs at the beginning of the sentence as well as at the
boundaries before and after the object phrase “sufficient
power in the North.” Further examination of analysis
results of other Fy contours confirms that,ina S+ V + 0O
sequence, prosodic phrasing occurs much more often at
the boundary between V and O (hence (S + V) + O) than
at the boundary between S and V' (hence S + (V +0)), a
discrepancy between syntax and prosody already pointed
out in the case of Chinese [11]. This discrepancy is quite
natural since syntax describes the structure of a completed
sentence, while prosody indicates the actual on-line pro-
cess of utterance generation. Thus the phrase component
is considered to indicate the chunking of linguistic in-
formation in the course of its realization as the speech
signal.

As for accentuation, the four utterances show rather
wide variations. For instance, the adjective “sufficient” is
uttered either with approximately equal levels of accentu-
ation (i.e., equal amplitudes of accent commands) on the
second and third syllables (i.e., ~fi-cient) as in the utter-
ances of Speakers M; and Fy, or completely deaccented
on all the three syllables as in the utterances of Speakers
M; and F,. The patterns of accentuation are different also
between M, and F, for the noun phrase “sufficient power.”
While the levels of accentuation for the second and third
syllables of “sufficient” are apparently higher than that for
the initial syllable of “power” in the utterance of Speaker
M|, they seem to be approximately the same in the utter-
ance of Speaker F). Speaker F apparently assigns a single
accent command for a sequence of syllables, resulting in
a plateau-like pattern not only for “sufficient power” but
also for “the entire population.” These differences may
reflect the freedom of focus placement in reading a single
sentence without a context and/or an instruction.

4. SUMMARY AND CONCLUSION

This paper has described an attempt to test the appli-
cability of a quantitative model of Fy contour generation,
originally developed for Fy contours of Japanese, to the
analysis and modeling of Fy contours of British English
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utterances. The results confirmed the essential validity
of the model as far as the current speech. material is
concerned, and indicated that the model-based analysis is
capable of extracting quantitative information on phrasing
and accentuation. The analysis also revealed a consider-
able amount of individual differences in the patterns of
phrasing and accentuation. The implication of the results
on the relationship between prosody and syntax has also
been discussed.
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