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ABSTRACT

This paper describes a functional model
to generate dynamic characteristics of
formant trajectories at various speaking
rates. The formant trajectories are mo-
delled as the sum of two kinds of tem-
poral functions: a second order delay
function which represents vowel-to-
vowel transitions, and two first order
delay functions which represent the ef-
fects of surrounding consonants on the
vowel formant trajectories. Using this
model, VCV speech samples were syn-
thesized at slow and fast speaking rates,
and their intelligibility tested. Results
suggested that the model works very
well, although some additional strategies
are needed to improve the intelligibility
of the consonants at fast speaking rates.

1. INTRODUCTION
There are still numerous differences
among the conclusions of studies on
the effects of speaking rate[3, 5, 6, 7, 8,
10, 11]. Some studies indicate the occur-
ence of "vowel reduction"[10]. Some
others claim that such "vowel reduction”
" does not always occur at fast speaking
rates[5, 11]. Other studies claim that ad-
Jjustments in speaking rate are achieved
by strategies which differ among
speakers, and on the carefulness of their
articulation[3, 6, 8].
One approach to arrive at correct con-
clusion for this issue is to construct a
model, by which we can test if under-
shoot or reorganization is necessary or

not to generate high quality speech at
various speaking rates. Although some
models have been proposed to generate
formant transitions[1,2,7,9],there are still
problems remaining to be solved to gen-
erate natural formant trajectories.

In this paper, we proposed a functional
model which describes the formant
transitions as the sum of two kinds of
temporal  functions: one represents
vowel-to-vowel transitions, and the
otherrepresents CV or VC transitions.
The model was assessed via an intelligi-
bility test.

2. METHOD

2.1 Formant Transition Model

The trajectory of nth formant, F(t), in a
vowel segment is assumed to be ex-
pressed as

F,()=U,()-C,(1)-C (1) (1).
Here, Un(t) is the step response of a sec-
ond order delay function which repre-
sents vowel-to-vowel transition, C,(t) is
the first order delay function which
represents the effect of a preceding con-
sonant, and C_(t) is the first order delay
function which represents the effect of a
following consonant.

To generate U, (1), the putative target fre-
quency R;; of each vowel in the sequence
V,C V.GV, (i=1, 2, 3, j=1, 2, 3) is as-
sumed to be set at t, as a step input. The
suffix i represents vowel number, j form-
ant number. For the back vowels /a,u,0/,

j represents jth lower formant frequency.
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For the front vowels /ie/, R, is the
lowest, R, the third, and R ; the second.
Let W(t) represent the step response of a
second order delay function, W(t) can be
expressed as
wj(t)=RlJ+ai(t)(RiJ_Ri-lJ)v (2)
a(t)=1-{1+b() Jexp(-b(t)u(t-t),
b(O=(t-t)/8;
u(t-t)=1 for >t =0 for t<t, B
g;time constant representing transition
speed.
For transitions from a back vowel to a
front vowel or vice versa, W,(t) and
W;(t) intersect each other. Such intersec-
tion never occur in actual speech due to
the coupling between two resonance fre-
quencies. Therefore the resonance t:re-
quencies W(t) are modified accounting
for the coupling between W,(t) and W,(t)
as follows [4].
U|=W,,U,—-d(WZW,),U,-—q{WzW,)/c,
ca/e,d=(W,W,+W,W,)/W,W,, 3)
e=d-(dd-4(1-kk))/2(1-kk), k=0.2.
Two functions representing the effect of
a preceding consonant Cm(t) and of the
effect of a following consonant C(t)
upon the formant trajectories in the seg-
ment V, are assumed as follows. -
C,(t)=c,,.exp((t-t,)/g,}, for <t
Co (ty=c.p exp{-(t-0/g;), for 1<t (5)
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Fig.1(a). An example of formant trajec-
tories Fn(t), and those obtained bx analy-
sis fn(t) for a slow utterance of /abiba/.

t,;: initial time of vowel V,,

t;: final time of V,,

g,8::time constant representing the decay

speed.

In this paper, only the temporal para-
meters, t:onset time of the targets for
vowel V, t;: initial time of V; and tg
final time of V, are changeable depending
on the speaking rate. This means that this
model does not take account of possible
changes or "reorganization” in the vowel
targets or other parameters such as g, and

g

2.2 ModelParameters Estimation

The speech material used here consisted
of V,C,V,C,V, samples, where V,, V,
were one of /a, i, u,/, V,=V,, and C, or C,
was one of /b, d, g, p, t, k, r/. Those
samples were recorded from two male
speakers spoken at slow (S) and fast (F)
speaking rates. The original utterances
were /korewa V,C)V,CV, desu/, that
means, "this is V,C,V,C;V,". Among ﬁv.e
Japanese vowels, only three vowels /a, i,
u/ were used as the typical examples of
low-back, high-front, and intermidiate
vowels.

The details of recording, analyses, para-
meter estimation method were reported
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Fig.1(b). Same as Fig.1(a), but for a fast
utterance of /abiba/.
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in other place [6,7). The formant trajec-
tories were estimated mainly using the
closed phase LPC analysis.The estima-
tion of the model parametrs was carried
out based on a least square error method
and interactive modification using only
speech uttered slowly and clearly.

2.3 Intelligibility Test

To assess how well the model could gen-
erate formant trajectories, an intelligibil-
ity test was carried out for two kinds of
synthetic speech (G and M), and the orig-
inal speech samples (O) from which
model parameters were extracted. Here,
synthetic speech samples G were gener-
ated using the formant frequencies f(t)
obtained from SO by the analysis and the
glottal source obtained from the poly-
nomial glottal source model. Synthetic
speech samples M were generated using
the model formant trajectories F(t) and
the model glottal source. The speech
samples were synthesized or recorded at
two speaking rates, slow (S) and fast (F).

Each group consisted of 84 V,.Cv,
samples, where V., V, were one of /a, i,
u,/, V=V, and C was one of /b, d, g p
t, k, r/. For SO and FO, V.GV, and
V,C,V, parts were extracted from the
original utterances /korewa V,C,V,CyV,
desu/. For the synthetic speech SM and
FM. V.C,V,C\V, was synthesized to
simulate effects of articulately under-
shoot, and then the segments of
V,CV,C,V, and V.CV,C\V, were ex-
tracted.

Hearing subjects were five adults with
healthy hearing who were not familiar
with this study.

3. RESULTS AND DISCUSSION

The average intelligibility of three vo-
wels /a,i,u/ for six speech groups were
50:100.0%, SG:100.0%, SM:100.0%,
FO:92.7%, FG:91.7% and FM:93.8%,
The intelligibility of FM is 93.8% which
is better than those of FO and FG. Con-
cerning the vowels, it is suggested that
the formant model maintains or even

slightly improve the intelligibility com-
pared to the original speech in slow and
fast speaking rates.

On the other hands, the average intelligi-
bility of the consonants /b,d,g1/ were
SO:91.7%, SG:81.3%, SM:83.3%,
FO:79.2%, FG:68.8% and FM:62.5%.
For the consonants, the use of model
voicing source without plosion decreases
the intelligibility about 10%. The use of
the formant model slightly increases the
intelligibility by about 2%(SM-SG). For
the consonants in the slow speech, the
formant model works well on average,
and even slightly improve the intelligibil-
ity comparing with that of SG. However,
for the fast speech, the formant trajec-
tories predicted by the model for the fast
speech decreases the intelligibility by
about 6%.

There were, however, some differences
among the intelligibility of the conson-
ants, or the goodness of the model. Fig. 2
shows the intelligibility of the consonants
/b,g/ for the six speech groups. The box-
whisker graph in this figure shows the
minimum, 25%-tile, median, 75%-tile,
and maximum of the intelligibility
scores.

As shown in Fig. 2(a), the intelligibility
of /b/ for SM and FM is higher than that
of SG and FG respectively, which indi-
cates that the model formant trajectories
give higher intelligibility than those ob-
tained by the analysis. The formant
model may improve the intelligibility be-
cause it does not make the formant tra-
Jectories unclear around the /b/ closure,
which are sometimes unclear in the fast
speech.

For /g/ in the fast original speech (FO),
as shown in Fig. 2(c), the intelligibility is
41.7% which is quite low comparing
with other consonants. The decrement in
the intelligibility of /g/ seems to be ac-
counted for mainly by the shortening of
segments due to the speaking rate. Be-
cause the formant transition of /g/ is
slower than that of other stops, the speak-
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Fig.2(a) The intelligibility of /b/.

ing rate change may affect largely the in-
telligibility of /g/.

In this model, only the timing parameters
are changeable depending on the speak-
ing rate. It shoud be noted that the inte}li-
gibility of the consonants at fast speaking
rates might be improved by taking ac-
count of possible changes in some para-
meters such as those representing
transient speed which are set constant in
this report.

4. CONCLUSION

This paper proposes a model of formant
trajectories at various speaking rates, and
reports on the intelligibility of VCV
speech samples synthesized based on the
model at two speaking rates, slow and
fast. The model works very well for the
vowels at both rates. For the consonants
at the slow rate, the formant model works
well on average. However, at the fast
rate, the formant trajectories predicted by
the model for the fast speech decreases
the intelligibility by about 6%.
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