-287

Interspeech.2004

7

10.2143

FORMULATING CONTEXTUAL TONAL VARIATIONS IN MANDARIN

Jinfu Ni', Hisashi Kawai' and Keikichi Hirose}

1+ ATR Spoken Language Translation Rescarch Laboratorics, Japan
i Dept. of Frontier Informatics, School of Frontier Sciences, University of Tokyo, Japan
{jinfu.ni, hisashi.kawai}@atr.co.jp, hirose@gavo.t.u-tokyo.ac.jp

ABSTRACT

This paper deals with both tone modeling and contex-
tual tonal variations for formulating the latter in a para-
metric form based on a [unctional [undamental [requency
(Fo) model. The contextual tonal variations are measured in
terms of Fy peak and valley targets from 1,560 Chinese poly-
syllabic words, taking into account two factors of contextual
tones and target tone position. The speaker-dependent effect
on these observed samples is eliminated by voice range nor-
malization. In the formulation with tone modeling, the peak
target of a tone is represented as its bias with respect to a
natural declination line, while the gliding feature of the tone
is expressed as the response time and amplitude of transition
bcetween its valley and peak targets. This paper presents the
details of formulated parameters for tri-tone contexts and al-
gorithms for converting tonal peak and valley targets into the
model parameters for synthesizing Fy contours. The achieve-
ment is useful for synthesizing neutral intonation.

1. INTRODUCTION

Chinese is a tonal language, and tone is extremely important
in the language. First, tone performs a discrimination func-
tion, like phonemes in a word. In the lexicon, there are only
407 base syllables without intonation, whereas around 1,300
toned ones exist. Second, tone is primary for constituting the
prosodic complex in that the smallest distinctive configura-
tion is a tone and that larger configurations, including the
complex itself, are specific modifications of a string of one
or more tones. The larger configurations can be predicted
given the string and modifications, whereas they cannot be
predicted from the modifications alone [1].

Contcxtual tonal variations addresscd here focus particu-
larly on the fundamental frequency (Fp) variations caused
by tone itself and its contextual tonal effects. There exist
four lexical tones in Chinese, named Tones 1 to 4. If the
range of a speaker’s voice is divided into four equal inter-
vals, marked by five points, 1 low, 2 half-low, 3 middle, 4
half-high, and 5 high, Tones 1 to 4 are represented by 55, 35,
21 (or 214), 51, respectively [2]. On the other hand, there
exist two contextual tonal effects. One is that a tone exerts
an influence on the Fy contour of the syllable that imme-
diately follows it, known as carryover effects. The other is
that a tonc with a low Fg point raiscs the Fy of the preceding
tone, known as the anticipatory effect [3]. Because the con-
textual tonal variations are not related to the Fy variations

triggered by syntactic and emotional factors, they shall be
predicable [rom designed read polysyllabic words. Formu-
lating contextual tonal variations is, therefore, essential for
analysis and synthesis of the neutral intonation (the general
intonation for normal descriptive sentences) and meaningful
for quantitatively studying expressive intonation.

Regarding formulation, it is possible to use the command-
response model (also known as the Fujisaki model) [4] for
tone modeling and representation of contextual tonal varia-
tions analyzed in a parametric form. In practice, however,
some difficulty arises in the process of component decom-
position required in the model for reliable analysis and rule
lormulation [rom several analyzed samples. This paper em-
ploys another functional Fy model [5] as the basic framework
for the task. The reason is that its model parameters are ba-
sically related to the Fy peak and valley targets, which are
directly measurable from an Fy contour.

The remainder of this paper is organized as follows. Sec-
tion 2 describes the functional Fy model. Section 3 argues
that the Fy peak and valley targets play a prominent role in
characterizing Mandarin tone and intonation patterns and
bridging the gap between acoustic Fy features and the model
paramcters. Scction 4 illustrates the tonc modcling and tonc
paramelerization. Section 5 oullines the conlextual tonal
variations, and Section € presents the parametric formula-
tion of them. A summary is given finally.

2. A FUNCTIONAL F;, MODEL

In this paper, a functional Fy model (henceforth, the model)
[5] is employed to represent the acoustic features of an ob-
served Fy contour using a few model parameters. Generally,
the Fy contour is first transposed to a so-called RONDO scale
to eliminate the effect of the voice register (a frequency regis-
ter of utterances) of a speaker on it. The RONDO-Fy contour
is then expressed in terms of concatenative mountain-shaped
patterns lined up in series at the time axis. The Fy contour
Fy(¢) as a function of time ¢ is given as follows:

In Fo(t) —Info,  A(A(t)) — A(My)

In fo, —In fo, - A()‘t)—A()\b) Jfor >0, (1)
where
1
AN = >, 2
®) \/(1—(1—2C2)A)2 T4 (1 - 2N (2)
and

n—1

AW = Ar () + Y min(Ag (0, Arpy () + Ap (1), (3)
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Here, min(Zl,ZQ) means the smaller one of both z; and z».
Equations (1) and (2) jointly indicate the transposition of
the voice register, while equation (3) expresses the RONDO-
Fo contour A(t), where A, (t) and Ay, (t) indicate the rise
and fall components of the :th mountain-shaped pattern, re-
spectively. Particularly,

A, + AN, (1

Ar,(t) = { 0,

— )‘P1+A)‘fz(l_sz(t_th))7 for t2> tp,,
Anlt) = { 0, otherwise,

where Dg,(¢) = (1 +

Dy (tp, — 1)), Tor & < ly,,

otherwise,

(4)

(5)

A8t —As
F) e 2= for t > 0. (6)

Parameters ¢, A+ and A can be commonly fixed at 0.237,
1 and 2, respectively [5]. There are then two speaker-
dependent, but utterance-independent parameters,

[fo,, fo.] : the top and bottom frequencies of a voice register,

and five utterance-dependent but speaker-independent pa-
rameters in the RONDO-time space,

n: the number of mountain-shaped patterns,

Aty : the response time for the ith rise/fall component,
AM;, : the amplitude of the ith rise/fall component, and
(tp;s Ap, ) :the peak of the ith mountain-shaped pattern.

The last five model parameters are directly measurable
from the Fy contour of an utterance. Basically, n corre-
sponds to the number of Fy peak targets, and (¢p,, Ap,) Tep-
resents the ith Fy peak target. The other two parameters
are closely related to the transition between Fy peak targets
and corresponding Fp valley targets, respectively. Both Fp
peak targets and Fy valley targets are hereafter termed by
Fy targets, which are in turn determined by the underlying
tone structures involving in the utterance.
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Fig. 1. Demonstrating that £y targets anchor tone and in-
tonation patterns. The exact shape of an Fy contour
can be predicted by the model, given the Fy targets.

3. ROLES OF F;, TARGETS

Previous work [6] indicated that the Fy targets characterize
Mandarin tone and intonation patterns; the exact shape of
an Fp contour is predictable, given the Fy targets. Fmploying
the analysis-by-synthesis technique with the model, an Fy
contour can be decomposed into its £y targets. An algorithm
is available for the skeletonization, as described in [7].

Figure 1 shows an example demonstrating that an Fy con-
tour can be closely represented by its underlying Fp targets,
whereas the model bridges the gap between the discrete Fj
targets and the continuous Fy contours. In panel (a), the
“4+” sequence shows a measured Fy contour in the logarith-
mic scale for the Chinese sentence “ping2jiadshangldiand
xuan3gou4 juthao4” (shopping at a discount shop period
(-)), where digits indicate lexical tones. In panel (b), the “+”
scquence indicates the mceasured Fy contour in the RONDO
scale (i.e., so-called RONDO-Fjy contours) aller voice range
normalization; an algorithm for converting Fy contours from
frequency to RONDO scales is available, as described in
[8]. The larger a frequency value, the smaller correspond-
ing RONDO value. P;, 2 =0,...,8, mark the F; peak targets
(filled circles) and V., i = 0, ...,9, mark the Fp valley targets
(empty circles). According to the framework of the model,
(tp;s Ap;) is measured from the sth peak P;. Let (t.,, As;)
denote the ith Fy valley targets. The parameters At,, and
A, for an optimal approximation of the Fy contour can be
then calculated by

Aty, =max(0.05,t,, — ty;) (7)
AXr, = max(0.02, Xy, — Xp,) (8)
Aty = max(0.05,t,,,, —ty,) (9)
Adg, =max(0.02, Ay, — Ap,), 1=0,..,8 (10)

With these model parameters estimated and the voice reg-
ister [85 Hz, 210 Hz] of the speaker, the Fy contour can be
re-synthesized by the model. The lines in panel (b) show the
re-synthesized RONDO-F, contours A(t), and those in panel
(a) show the re-synthesized Fy contours Fy(¢).

Perceptual experiments were conducted on designed
speech data to rate the similarity between re-synthesized
tone and intonation patterns with Fy targets and the orig-
inal [6]. The speech data includes double recordings with
a female speaker of 72 Chinese sentences divided into four
groups with the same grammatical structures. Each group is
characterized by the mapping of an identical tone onto the
entire sentence. The sentence type consists of statements
and various questions including lexically and grammatically
unmarked yes-no questions, yes-no questions with the inter-
rogative particle ma0Q, yes-no questions with X-not-X struc-
tures, alternative questions, and all kinds of wh-questions.
The results obtained by error analyses and perceptual tests
consistently indicated that Fy targets are prominent for char-
acterizing Mandarin tone and intonation patterns; the scores
were 1.89 vs. 1.93 (a score of 2 for “no difference”) for the
perceptual similarity between the re-synthesized intonation
with Fy targets and the original vs. that between the re-
synthesized intonation with optimal model parameters and
the original [6].

We argue from these results that Fy targets are suited for
(1) mcasuring thc contcxtual tonal variations involving in
speech samples, (2) configurating tones, and (3) bridging the
gap between acoustic Fy features and the model parameters.



4. PARAMETERIZING TONES

There exist four lexical tones (Tones 1 to 4) and a neutral
tone named Tone 0 in Chinese. On the 5-point scale, Tones 1
to 4 are represented by 55, 35, 21 (or 214), 51, respectively.
In real speech, however, both the actual intervals and the
absolute pitch are relative to the individual voice and the
mood at the moment of speaking [2]. In the framework of
the model, the four tones are configurated by Fpy targets and
parameterized by the model parameters, as shown in Fig. 2.
In Fig. 2, the thin lines indicate the mountain-shaped
patterns used for shaping tonc patterns, and the thick lines
indicate the primary portion of a tone, which are fixed by the
peak targets marked by P; (tp,, Ap;) and the valley targets
marked by V; (¢u;, Av,), which can be computed by
to, = tp, — Ay, 11
to, =tp, + Aty, 5‘12}
Av; = Ap; + Adsy, x € {r f}. (13)
The Fp targets and the model parameters related to the same
mountain-shaped pattern can be converted to one another.
In the casc of Tonc 1, for instance, thc modcl paramcters
Aly, and Alg, necessary [or generaling ils [ealures can be
calculated from the model parameters superimposed in Fig.
2 by using equations (11) and (13) to estimate the valley V1,
and using (9) and (10) to calculate them from Py and V;.
Note that in real speech, there may exist an end rise of
Tone 3, particularly before a pause, and an alternative peak
at the initial part of a Tone 2 pattern. They are not consid-
ered in the tone modeling because they can be generated by
rules when the primary tone features are fixed. Also, there
is no need for the extra tone pattern for Tone 0 because its
Fy valucs depend on its contextual toncs. In practice, Tonc
0 may share a part of its preceding tone pattern, or take one
of these tone patterns according to its actual value.

5. CONTEXTUAL TONAL VARIATIONS

Contextual tonal variations are commonly observed, as de-
scribed in [3]. They are one of the primary sources of causing
Fo variations in the manifestation of neutral intonation. We
quantitatively analyzed contextual tonal variations based on
the model using speech data including 1,560 Chinese di-, tri-
and tetra-syllable words covering all kinds of tone combina-
tions, each combination having three to five samples.

As examples, Fig. 3 shows the contextual tonal variations
manifesting in the variations of Fy peak targets. Panel (a)
displays the samples of Fy peak targets measured for H (Tone
1) in the tone combinations HHH, HHX and XHH, where X
€ { R (Tone 2), L (Tone 3), F (Tone 4) }. The line in panel

(a) indicates the regression line

Ap, = 11654+ 0.1 x t},, (14)
Tone 1 Tone 2 Tone 3 Tone 4
P4
PO o 2
Vi lq/\ P3
V2
V4
tpo‘ 7‘90, v
tPl,xpl,Atfl,Mﬁ tpz,xpz,Atl'z,Mrz tps,hPaAtfs,Mfg tp4,7"p4,Atf4,Mf4

Fig. 2. Configurating and parameterizing Mandarin tones.

which was estimated from 78 samples observed from the tone
combinations HH, HHH and HHHH; the root mean square
error was 0.02. Panel (b) shows the samples measured for R
in the seven tone combinations of RRR, RXR and XRX, X
€ {H, L, F}. The line in panel (b) indicates a regression line
estimated from these samples extracted from RRR. Several
observations can be made from this figure regarding the con-
textual tonal variations besides the so-called carryover and
anticipatory effects [3].

First, contextual tone variations are distinct from the nat-
ural declination; the regression line measured from Hs is re-
garded as the effect of natural declination. This presence
of this distinction is confirmed by the considerable difference
visible between the two regression lines shown in (a) and (b).

Second, the strength of contextual tonal effects is probably
tone-dependent. For instance, there exist larger contextual
variations in Tone 2 (R) than those occurring on Tone 1 (H).

Third, the contextual tonal variations are systematic and
predictable. It is clear that the Fy peaks for R at the first
and second syllable positions systematically move downward
when the next tone changes from L to R, and then to H/F.

6. PARAMETRIC FORMULATION

The formulation of contextual tonal variations was based on
the experimental results obtained from the 1,560 Chinese di-,
tri- and tetra-syllable words, particularly 84 disyllables cov-
ering 20 di-tone combinations including Tone 0 at the second
syllable, 538 tri-syllables covering 64 tri-tone combinations,
and 938 tetra-syllables covering 256 tetra-tone combinations.
Examples and experimental evaluations have been reported
clscwhere [9]. Becausc of the nccessity of contcxtual tonal
variations in analysis and synthesis of Mandarin prosody, this
paper formulates them with the updated tone modeling for
a general purpose, such as, synthesizing neutral intonation
and generating a baseline for analyzing expressive intona-
tion. Compared to the method used in [9], the formulation
here focuses on the primary tone features illustrated in Fig.
2. Because a tone sequence is characterized by a sequence
of Fy targets, auxiliary tone features can be then estimated
from the contextual tonal targets assigned. Consequently,
the current method makes the formulation flexible for mul-
tiple applications. Notc that the Fy targets usced for the
formulation were acquired by minimizing the error between
observed and model-generated Fy contours of these samples
with the same tone structure specified.

5] jpoapini o] Trzorm  roneew
A7 *PO&PLin XHH 47 thein +P2in
PO &PLin HHX #P2inRLR % P2inLRL
+P2inRFR o P2inFRF
o~ T T T T T T T T T N T T T T T T T T T
0 05 10 05 1
Time (sec) Time (sec)

Fig. 3. Contextual tonal variations manifesting in Fy peak
targets. Po, P1, P2 follow those shown in Fig. 2.



As examples, Table 1 lists the parameter values in the for-
mulation with tri-tone contexts that represent the relatively
contextual tonal variations for each of the 64 tone combi-
nations from HHH to FFF. Three parameters A\, At, and
AM; represent a tone. In order to make the formulated re-
sults flexible for use, Fy peak targets are expressed as their
bias AA, toward the declination line. That is,

AXp = 1.165 + 0.1 X tp, — Ap,

(15)

In application, the reference line can be reset according to
synthesis conditions. A string of local peak targets is then
flexibly relocated. Relerring Lo Fig. 2, paramelers Ay, Alg
and A); are related to Ay, Ap, and Aty for H, Ap,, Atr,
and AX,, for R, Ay, Aty, and Ady, for L, and Ay, , Aty, and
AMy, for F. In the box for a tone combination, parameters
listed in the first line correspond to the first tone in the tone
combination, and so on. Note that At for H all indicates the
AMp related to Ap,, and some parameters for L. are treated
as those for R due to tone sandhi effects. Namely, HLL —
HRL, RLL — RRL, LLH — RLH, LLR — RLR, LLL —
RRL, LLF — RLF, and FLI. — FRL.

Table 1 Parameter values for relative tri-tone variations.
H R L F

Al p, Atx, AAx|ANp, Atx, AAx|ANp, Atx, AAx|ANp, Atx, AAx
-.01, .01, .02 |-.02, -.02, .03|-.05, -.06, .02 |-.06, -.04, .02
HH|--01, .01, .03 |-.04, -.02, .02 |-.07, -.05, .04 |-.03, -.02, .02
.00, -.00, .03 | .13, .18, .20 | .23, .14, .24 |-.04, .22, .45
-.04, -.05, .05 |-.09, -.07, .04 |-.13, -.13, .04 |-.06, -.06, .04
HR| .17, .12,.15| .08, .15, .20 | .02, .14, .21 | .12, .14, .20
.07, .06, .03 | .17, .15,.18 | .23, .14, .22 | .02, .22, .45
-.06, -.06, .03 |-.09, -.11, .03|-.13, -.13, .03 |-.08, -.08, .02
HL | -18, .16, .30 | .15, .14, .28 | .02, .14, .21 | .19, .14, .30
.07, .06, .02 | .15, .18, .24 | .23, .12, .22 | .06, .25, .42

-.03, -.03, .03 |-.09, -.08, .03 |-.04, -.08, .05 |-.04, -.05, .08
HF |04, 25! 50 |-.09, 25. 50 |-.11. .30, .60 |-.03. .30, .35
.07, .06,.02 | .16, .15, 18 | .28, .13, .18 | .06, .30, .50

.04, .16, .23 .00, .15, .20 .00, .15, .22 | .05, .15, .20
RH| .03, .04, .02 |-.04, -.04, .04 |-.06, -.05, .03 |-.01, -.01, .03
.02, .02,.04] .15, .19,.21 | .28, .14, .20 |-.02, .30, .55

.16, .25 |-.04, .20, .30 (-.11, .18, .29|-.05, .18, .28
RR| .16, .14,.15] .02, .16, .19 |-.06, .17, .25 .10, .15, .20
.05, .05,.03] .12, .16,.19| .25, .14, .23 |-.00, .30, .55

-.02, .16, .22 (-.13, .17, .32|-.14, .13, .28 |-.07, .15, .25
RL | -25, .15,.20 | .21, .16, .22 |-.02, .15, .22 | .14, .16, .35
.07, .07,.02| .12, .20,.27 | .23, .13, .20 .09, .30, .45

-02, .16, .25| .01, .15, .21 | .01, .16, .24 | .04, .15, .22
RE |-.04. .30, .55 |-.07, .28, .49 |-.13, .30, .58 |-.04, .30, .50
.07, .07..04 | 14, 16, 20 | .24, 14, 22| .03, 30, .50

.23, .20,.18] .19, .20, .18 .21, .18, .13 | .21, .18, .22
LH | .06, .05, .03 |-.01, -.01, .02 |-.03, -.07, .03 | .07, .03, .05
.04, .04,.02] .17, .15,.15] .24, .14, .22 | .01, .30, .55

.22, .18,.21| .22, .17,.17 | .21, .14, .14 | .21, .18, .18
LR | .14, .18, .25 |-.01, .20, .35|-.08, .20, .40| .07, .18, .30
.03, .04, .03 | .15, .15,.14 | .29, .14, .18 .01, .30, .55

-.05, .20, .30 (-.05, .16, .26 |-.02, .20, .28 |-.05, .15, .26
LL | .22, .15,.31 | .21, .16, .18 |-.02, .20, .27 | .20, .15, .31
.10, .10,.03 | .15, .15,.15| .24, .13, .22 .11, .30, .51

.23, .16, .16 | .21, .18,.16| .22, .18, .16 | .20, .16, .18
LF | .02, .30, .45 |-.05, .25, .46 |-.09, .30, .55 |-.04, .25, .48
.06, .06,.04 ] .13, .16,.20 ]| .25, .12,.20| .08, .30, .55

-.04, .25, .40 (-.05, .25, .38 |-.06, .32, .42 |-.04, .25, .40
FH | .05, .05,.02 | .02, .01, .03 |-.02,-.01, .05| .03, .01, .03
.03, .04,.03] .15, .16,.18 .28, .12,.14 | .01, .30, .50

-.04, .25, .40 (-.05, .29, .42 |-.06, .26, .40 |-.04, .25, .40
FR | .14, .15,.18] .07, .18, .24 | .02, .16, .26 | .14, .16, .20
.07, .06,.03 ] .14, .15,.18| .27, .12,.14 | .03, .30, .50

-.06, .26, .40 (-.05, .26, .40 |-.04, .25, .36 |-.08, .25, .45
FL | .27, .14,.22 | .25, .14, .18 | .01, .18, .26 | .27, .14, .22
.07, .06, .02 | .13, .20,.24 | .23, .13, .21 | .06, .25, .45
.00, .25, .33 |-.04, .20, .30|-.07, .25, .28 |-.05, .25, .33
FF | .06, .25, .40 .01, .25, .40 |-.05, .30, .50 .00, .25, .34
.08, .07,.03] .14, .16,.19] .27, .12,.18 | .07, .30, .40

As a result, the parametric formulation covers all of the
di-, tri-, and tetra-tone combinations with two range types:
Type-A (normal range) and Type-B (narrow range) [9]. By
normalizing the voice range, the results shall be in compli-
ance with those of other speaker. The formulated results
could thus be used as a rule for synthesizing neutral intona-
tion from input tone sequence, or generating a baseline for
quantitatively analyzing expressive intonation.

7. SUMMARY

This paper presented a method for formulating the contex-
tual tonal variations in Mandarin. In the process of formu-
lation, the speaker-dependent voice range was normalized,
and the tonc patterns mcasured from obscrved samples were
characterized in terms of Fy peak and valley targets. Con-
textual tonal variations, including tonal peak and gliding
features, were then formulated in a parametric form accord-
ing to various tone contexts with two types of tone range
(normal and narrow); the results with a narrow range are
suitable for tones occurring at either the lower or higher re-
gions of a voice range. The formulation of contextual tonal
variations could be used as a rule to assign Fy peak and val-
ley targets around a given reference line according to input
tone sequence for analyzing and synthesizing intonation.

Evaluation of the rule-based formulation by speech synthe-
sis experiments and comparison of it with machine-learning-
based formulation will be included in future work.
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