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ABSTRACT

This paper describes the command-response model forF0

contour generation originally developed for the common
Japanese, and demonstrates its capability of generating
F0 contours of various other languages. It is shown
that intonations of various languages are produced by
language-specific patterns of input commands, while the
response mechanisms are essentially identical in speakers
of various languages, thus making the model especially
useful for multilingual speech synthesis.

1. INTRODUCTION

In many languages of the world, the contour of the voice
fundamental frequency (henceforth theF0 contour) is
used to convey linguistic information concerning lexical
tones/accents of syllables/words, syntactic structures of
sentences, and foci of discourses, as well as para- and
non-linguistic information concerning speaker’s intention,
attitude, speaking style, gender, physical and emotional
states, etc. [1].

Existing approaches for the representation/description of
the characteristics of anF0 contour can be classified into
the following three categories: (a) labeling, (b) stylization,
and (c) modeling.

The ‘labeling’ approach extracts, generally by visual in-
spection, salient points on anF0 contour and assigns labels
to each of them, and has no provision for quantitative
description [2]. The ‘stylization’ approach produces an
approximation of anF0 contour using elementary segments
which may be straight lines [3], spline functions [4], or
parabolic functions [5]. The process of segmenting the
original F0 contour is based on a subjective judgment,
but the subsequent piecewise approximation is done objec-
tively, and the resulting stylization retains the quantitative
features of the original contour. The ‘modeling’ approach
produces an approximation of anF0 contour on the basis
of a model for the generation process from a set of un-
derlying neuromotor commands which carry linguistic and

paralinguistic information. The process is objective and
quantitative.

From the point of view of high-quality speech synthesis,
it is necessary to have a method for generating an entire
F0 contour that closely approximates theF0 contour of a
natural utterance. The modeling approach, therefore, is
considered to be most appropriate.

It is widely accepted thatF0 contours of many languages
are characterized by relatively slow undulations (hence-
forth global components) which roughly correspond to
larger phrases, clauses, and sentences, and by relatively
fast rise/fall patterns (henceforth local components) which
correspond to either lexical tones of syllables (in tone lan-
guages such as Chinese) or lexical accent of words (in
non-tone languages such as Japanese and English).

Since theF0 contour is the consequence of control of the
vocal fold vibration by a set of neuromotor commands car-
rying linguistic information mentioned above, the process
of F0 contour generation can be modeled by the input com-
mands and the mechanism that generates theF0 contour as
the response. Such a command-response model has been
presented by Fujisaki and his coworkers, initially forF0

contours of the spoken Japanese [6], and has been shown
to be capable of producing extremely close approximation-
s to theF0 contours of natural utterances from a set of
commands that are closely related to their underlying lin-
guistic information [7]. The model has since been widely
extended to apply, with certain language-specific modifica-
tions, toF0 contours of various other languages including
Chinese, English, German, Greek, Korean, Spanish and
Swedish [8–16].

2. A COMMAND-RESPONSE MODEL FOR
THE PROCESSES OFF0 CONTOUR

GENERATION

A close examination of theF0 contour of the common
Japanese, plotted on the logarithmic scale of frequency as
a function of time, suggests that the global component has
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a shape similar to the impulse response of a second-order
linear system (i.e., a mass-viscosity-stiffness system), and
the local component has a shape similar to the step response
of another second-order linear system with a shorter time
constant than the former one. In view of the fact that a global
component corresponds roughly to a syntactic phrase with a
maximally left-branching structure, and a local component
to a word (or a word string) with a definite pitch accent in the
case of the common Japanese, the global component shall
be called the ‘phrase component’ and the local component
the ‘accent component,’ each being the response of the
corresponding command. These considerations have led to
a model for the generation process of theF0 contour shown
in Fig. 1.

In this model, the phrase commands are assumed to be
impulses applied to the phrase control mechanism to gen-
erate the phrase components, while the accent commands
are assumed to be positive stepwise functions applied to
the accent control mechanism to generate the accent com-
ponents. Both mechanisms are assumed to be critically
damped second-order linear systems, and the sum of their
outputs, i.e., the phrase components and accent compo-
nents, is superposed on a baseline value (lnFb) to form an
F0 contour, as given by the following equation:

lnF0(t) = lnFb+

I∑
i=1

ApiGp(t − T0i)

+

J∑
j=1

Aaj [Ga(t− T1j)−Ga(t− T2j)],

(1)

Gp(t)

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

(2)

Ga(t)

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

(3)

whereGp(t) represents the impulse response function of
the phrase control mechanism andGa(t) represents the
step response function of the accent control mechanism.
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Figure 1: A command-response model forF0 contour generation of Japanese utterances.

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 theith phrase command,
Aaj : amplitude of thejth accent command,
T0i : timing of theith phrase command,
T1j : onset of thejth accent command,
T2j : end of thejth 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.

Parametersα andβ are assumed to be constant at least with-
in an utterance, while the parameterγ is set equal to 0.9.

By the method of Analysis-by-Synthesis, it is possible to
determine, within the constraints of the linguistic content
of the sentence, the number, magnitude and timing of
the phrase and accent commands as well as the baseline
frequencyFb that will generate anF0 contour which is the
closest approximation to that of an given utterance, in the
sense of the least mean squared error in the logarithmic
scale ofF0, while keeping the time constants (α andβ)
at their respective values empirically obtained from the
analysis of utterances of a number of speakers. The
procedures for automatic determination of parameters of
input commands and the baseline frequency have been
described elsewhere [17].

Figure 2 (a) illustrates the closeness of approximation that
can be achieved by optimizing the model (i.e. the input
commands and system parameters) for theF0 contour of an
utterance of the common Japanese:

Aoi aoinoewa yamanouenoieni aru.(The picture of
the blue hollyhock is in the house on the top of the
mountain.)

The two positive phrase commands correspond to the sub-
ject phrase and the predicate phrase, respectively, while the

negative phrase command to-
ward the end of the utterance
corresponds to the utterance-
final fall in F0. The accen-
t commands, which are al-
ways positive in the case of
the common Japanese, corre-
spond to the prosodic words.
The model-generatedF0 con-
tour is so close to the measured
F0 contour that they are per-
ceptually indistinguishable in
synthetic speech.
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Figure 2: Examples of Analysis-by-Synthesis ofF0 contours of various languages.
(a) Japanese, (b) English, (c) German, (d) Greek, (e) Korean, and (f) Spanish.

3. APPLICABILITY OF THE MODEL TO F0

CONTOURS OF OTHER LANGUAGES

3.1. Languages with only positive local com-
mands

Considering that the model captures essential characteris-
tics of the dynamics of the human larynx which is similar,
if not completely identical, among speakers of different
languages, the model is expected to be applicable, with
certain language-specific modifications, toF0 contours of
languages other than the common Japanese.

From this point of view, analysis has been made ofF0

contours of a number of utterances of each of the following
languages: English [8], German [9], Greek [10], Kore-
an [11], and Spanish [12]. The five panels (b)∼(f) in Fig. 2

show examples of results ofF0 contour analysis for one
utterance each of these five languages. The texts of these
utterances are

(b) English: It’s strange that I slept so long since I wasn’t
feeling tired.

(c) German: Sie haben den Wagen geliehen und sind
tats̈achlich gefahren.(They have rented the car and
have actually driven away.)

(d) Greek: Eίναι τo σύµβoλo óχι µóνo της Aϑήνας,
αλλά και της Eλλάδας. (It is the symbol not only
of Athens, but also of Greece.)

(e) Korean: Onwrwn barami ma:nido bu:mnida.(It is
very windy today.)

(f) Spanish: La buena abuela de Lola le da un melon a la
nena. (The good grandmother of Lola gives a melon
to the baby.)



These results indicate that both the polarities of the input
commands and the response mechanisms are essentially the
same as for those of the common Japanese, showing that
the identical model can be applied toF0 patterns of all these
languages, and the only differences among these languages
are in the timing patterns of occurrence of the commands.

3.2. Languages with both positive and negative
local commands

There are languages, however, which use local commands
of both positive and negative polarities. For example, the
F0 contours of the four tones in the Standard Chinese,
conventionally classified as High (Tone 1, T1), Rising
(Tone 2, T2), Low (Tone 3, T3), and Falling (Tone 4, T4),
can be approximated quite well by assuming a positive tone
command for T1, a negative one followed by a positive one
for T2, a negative one for T3, and a positive one followed
by a negative one for T4 within a syllable [4].

Figure 3 illustrates the analysis of theF0 contour of the
utterance of the Standard Chinese:

Wo3 xiang3 mai3 yi4 ben3 han4 ying1 ci2 dian3.(I
want to buy a Chinese-English dictionary.)

The figure indicates that the modified model with tone
commands of both polarities can generate anF0 contour
which perfectly matches the measured contour. Note that
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Figure 3: An example of Analysis-by-Synthesis of theF0

contour of an utterance of the Standard Chinese.
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Figure 5: An example of Analysis-by-Synthesis of theF0 contour of an utterance of Swedish.

the tone of the second syllable ‘xiang’ is realized as T2
instead of its intrinsic T3 by the ‘tone sandhi’ rule.

Figure 4 shows another example of the Standard Chinese:

Mu4 ni2 hei1 buo2 lan3 hui4 bu2 kui4 shi4 dian4 zi3
wan4 hua1 tong3.(The Munich exposition is really an
electronic kaleidoscope.)

Swedish is another language which uses local commands
of both polarities. For example, the dissyllabic ‘anden’
can be two different words depending on the lexical accent:
‘anden (1)’ (with Accent 1) (the wild duck) and ‘anden (2)’
(with Accent 2) (the spirit). It was shown that theF0

contours of these words are generated by a pair of accent
commands of different polarities; a positive one followed
by a negative one for Accent 1, and a negative one followed
by a positive one for Accent 2.

Figure 5 illustrates the analysis of theF0 contour of the
Swedish utterance:

Av inv̊anarna i Sverige ber̈aknas f̈or närvarande cirka
10% vara av utl̈andsk ḧarkomst.(”Of the inhabitants of
Sweden, about 10% are estimated to be born in foreign
countries.”)

In certain languages, a negative local command is used
occasionally to replace a positive one. For instance, local
dips in theF0 contour occur more often in British English
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Figure 4: Another example of Analysis-by-Synthesis of
theF0 contour of an utterance of the Standard Chinese.
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Figure 6: Examples of Analysis-by-Synthesis of theF0 contours of British utterances.

than in American English. Their occurrences are somewhat
idiosyncratic — some speakers use them more often than
others. Figure 6 illustrates three utterances in which they
occur. The utterances are:

(a)Whereare you going? (a female speaker)
(b) Have you made up your mind?

(another female speaker)
(c) Youalways try to do everything at the lastminite.

(a male speaker)

In each of these examples, a negative command is used at
the underlined word. As shown in the three panels, these
dips can be modeled perfectly well by negative accent
commands.

4. LANGUAGE-SPECIFIC AND UNIVERSAL
FEATURES

The results of analysis of a number of utterances for
each of the eight languages thus far analyzed suggest that
these languages fall broadly into two groups, depending on
whether the command for the localF0 component is always
positive, or can be both positive and negative, as shown in
Table 1.

As it will be shown elsewhere [17], parametersα andβ are
found to be nearly constant across speakers and languages,

Table 1: Grouping of languages on the basis of tone/accent
command polarity.

Group
Tone/Accent

Command Polarity
Languages

1 positive only
English*, German,
Greek, Japanese,
Korean, Spanish

2 positive and negative Chinese, Swedish

* Certain speakers of English (both American and British)
occasionally use negative accent commands, especially
in order to express paralinguistic information.

while the baseline frequencyFb is speaker-dependent. It
has been shown that these parameters characterize the
physiological and physical mechanisms of the speaker’s
larynx [18, 19]. These results indicate that the command-
response model is capable of producingF0 contours of
natural intonation from the same mechanism but with
various language-specific patterns of input commands, just
as a multilingual speaker can produce natural intonation of
various languages using one and the same larynx.

5. CONCLUSIONS

The present paper has shown that the command-response
model can be used to generateF0 contours of speech of
a number of languages whose tonal characteristics are ap-
parently quite different from each other, indicating that
these differences originate mainly from the differences in
the pattern of commands for the local components of the
F0 contour. These results make the command-response
model forF0 contour generation especially useful for mul-
tilingual speech synthesis, in whichF0 contours of various
languages can be generated by the same mechanism driven
by the commands derived from language-specific prosodic
structures of the messages in the respective languages.
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